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ROLE OF LINC COMPLEX PROTEINS IN SPERM FORMATION
Kurchashova SYu'®™, Gasanova TV?, Bragina EE'?

" Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, Moscow, Russia
2 Bochkov Medical Genetic Research Center, Moscow, Russia
8 Faculty of Biology, Lomonosov Moscow State University, Moscow, Russia

Spermatogenesis is characterized by the significant changes of three-dimensional organization of the nucleus in spermatocytes, spermatides and spermatozoa.
The functional cooperation between the nuclear envelope proteins and the acroplaxome/manchette is essential for nuclear elongation, acrosome biogenesis, formation
of the flagellum. Furthermore, the nuclear envelope ensures the non-random chromosome arrangement within the nucleus. The LINC (linker of nucleoskeleton and
cytoskeleton) complex proteins are involved in interaction between the cytoskeleton and the nucleoskeleton, as well as in the control of mechanotransduction. The
LINC complex contains proteins of the outer and inner nuclear membranes: KASH and SUN, respectively. The LINC complex proteins are involved in formation
of the sperm head and flagellum, and are, therefore, essential for male fertility. This review will consider the issues of the LINC complex protein localization in cells
during the successive stages of spermatogenesis, the role in regulation of sperm maturation, and mutations of the LINC complex proteins resulting in male infertility.

Keywords: LINC complex, nuclear lamina, nuclear pores, globozoospermia, male infertility
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POJ1b BEJIKOB LINC-KOMITJIEKCA B @OPMUPOBAHNN CMNTEPMATO30110B

C. 0. Kypyawosa'™, T. B. lacaHosa®, E. E. BparuHa'?

' Hay4Ho-vccnepoBaTenbCkuii MHCTUTYT (hU3MKO-XMMUYecKoin 6uonorum nvenn A. H. Benosepckoro MoCKOBCKOro rocyfapCTBEHHOIO YHUBEPCUTETA UMEHN
M. B. JlomoHocoBa, Mocksa, Poccust

2 MefyKo-reHeTUHECKUIA Hay4HbIN LieHTP 1MeHn H. M. Boukosa, Mocksa, Poccus

3 Buonornyeckumin dhakynsteT MOCKOBCKOIo rocyaapCcTBeHHOro yH1BepcuTeTa nmern M. B. JTomoHocoBa, MockBa, Poccus

[MpoLecc cnepmMaToreHesa xapakTepuayeTcs 3Ha4UTENBHBIMU U3MEHEHNSMIN B TDEXMEPHOW OpraHn3aLmm Saep B cnepmaroumTax, cnepmarugax 1 cnepmarosoniax.
OnoHraums sapa, 61uoreHe3 akpocombl, OPMUPOBaHIE XKIyTUKa TREBYIOT (DyHKLMOHAILHOM KooMepaLmm Mexxay 6enkamm saepHo 060104KM 1 akponiakCoMbl/
MaHxXeTbl. [Mlommrmo aToro, saepHas obonoyka obecnevmBaeT Hec/y4anHoe pacnpefeneHne XpomMocoMm B aape. benkn komnnekca, CBA3bIBAKOLLEro
HykneockeneT 1 umtockeneT (linker of nucleoskeleton and cytoskeleton, LINC), y4acTBytOT BO B3aUMOAENCTBUN LIUTO- 1N HYKIIEOCKENETa, a Takxe ynpasnsioT
MexaHoTpaHcaykument. B coctas LINC-koMnnekca BXoasaT 6enku BHeLHeN 1 BHyTpeHHen membparbl KASH n SUN cooteeTcTBeHHO. benkn LINC-komnnekca
BOBJIeYeHb! B (POPMUPOBAHIE MOMOBKUN U XKIyTVKa CnepmMaTto3omnaa, Takim 06pasom, OHV HEOOXOAUMbI AN My>XCKOW (pepTuneHoCcTU. B 0630pe npeacTasneHb!
BOMpockl nokanudaumnm 6enkos LINC-koMmnnekca B kneTkax Ha nocneaoBaTenbHbIX CTafysx criepMaToreHesa, porb B PerynsLmm co3pesaHunsi CrepmMaTo3omios
1N MyTaumn 6enkoB LINC-koMnnekca, NprBoasLLme K My>KCKoMy 6ecrinoguto.

Kntouesble cnosa: LINC-KoMMeKe, saepHas nammHa, saepHble nopbl, robynosoocrnepmus, Gecrnioane

®duHaHcupoBaHue: paboTa Obina BbiNosHeHa Npy noaaepxke Hay4Ho-obpasoartensHon Wwkonbl MY uM. M. B. JlomoHocoBa «MonekynsipHble TeXHONOorm
>KMBbIX CUCTEM W CUHTETMYECKast O1MONorvis».
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Spermatogenesis, which is responsible for sperm differentiation,
is coordinated in space and time. During the process, male germ
cells undergo changes when going through three fundamental
phases: spermatogonial stem cell self-renewal, spermatogonial
proliferation, meiotic division of spermatocytes to produce
haploid round spermatids, and transformation of spermatids into
spermatozoa. Spermatozoa acquire optimal architecture; the
nuclear structures undergo changes that ensure the pairing of
homologous chromosomes during meiosis, formation of haploid
cells, extremely marked chromatin condensation to protect the
parental genome from chemical and physical stress, and sperm
head size reduction. Spermatogenesis involves formation of the
acrosome and the flagellum in round spermatids, cytoplasm
elimination, and nuclear condensation that requires histone
replacement by protamines. The nuclear envelope alterations
affect both inner and outer nuclear membranes. The outer
membrane is involved in nuclear positioning and movement;

EXTREME MEDICINE | 2, 24, 2022 | MES.FMBA.PRESS

the inner membrane is associated with the nuclear lamina,
the 3-dimensional protein meshwork of lamins together with
lamina-associated proteins and chromatin. This regulates a
broad range of functions of the nucleus, such as chromatin
organization, DNA transcription and replication. Chromosomes
occupy specific regions of cell nucleus, called "chromosome
territories". Chromosomes in sperm nuclei are characterized by
radial arrangement that affects gene expression. The nuclear
envelope and integral proteins of the inner nuclear membrane
play a key role in chromosome positioning and sperm head
formation [1]. Nuclear reorganization is typical for both
spermatocytes and spermatids. During meiotic prophase, the
nuclear envelope proteins together with cytoskeletal elements
control chromosome positioning. The nuclear envelope provides
a platform for assembly of multiprotein complexes involved
in gene expression regulation that results in morphological
alterations of cells, such as nuclear elongation, acrosome
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biogenesis, and flagellum formation [2]. A physical link is
formed between the nucleoskeleton and cytoskeleton, which
is essential for the nuclear positioning and motion. The LINC
protein complex, the linker of nucleoskeleton and cytoskeleton,
is formed by two transmembrane protein systems: the Nuclear
Envelope Spectrin repeat proteins (NESPRIN), located in the
outer nuclear membrane, and Sad1p-UNC84 (SUN), located
in the inner nuclear membrane [3-5]. The central domains of
NESPRIN proteins are of various lengths. C-terminal KASH
(Klarsicht, ANC-1, Syne homology) transmembrane domain
promotes the nuclear envelope localization and N-terminal
domain is linked to the cytoskeleton [6-8]. On the contrary,
SUN protein has a nucleoplasmic N-terminal domain linked to
the nucleoskeleton, and a C-terminal domain located to the
perinuclear space [2]. Nesprins include four proteins identified
as KASH proteins, encoded by four genes, known as SYNET,
SYNE2, SYNES, and SYNE4. The SUN family is comprised of
five proteins (SUN1-5) [6, 9, 10]. The most common Nesprin
isoforms, KASH1 and KASH2, are able to interact with F-actin.
KASHS is associated with intermediate filaments through the
plectin-binding sequence [11]. KASH 4 interacts with kif5b, the
microtubule-dependent motor kinesin-1 subunit, and, therefore,
with microtubules [2]. In addition to these four members,
KASHS5 is the most divergent one; the KASH5 N-terminal
domain interacts with dynein—dynactin. KASH5 mediates
attachments between microtubules and chromosomes, and
contributes to the rapid movement of chromosomes in the
nuclei, thus facilitating chromosome pairing. Furthermore, this
protein plays an important role in human fertility [12]. Among
SUN proteins, SUN1 and SUN2 are expressed in somatic cells,
while SUN3, SUN4 (the alternative name is SPAG4), and SUN5
(the alternative name is SPAG4L) are expressed exclusively
in the testis [2, 9, 13]. The intracellular signaling pathways
involve not only the LINC complex, but also the nuclear
pore complex [14]. Firstly, SUN proteins located in the inner
nuclear membrane require protein import into the nucleus,
i.e. the properly functioning nuclear pores are necessary.
Secondly, SUN1, colocalized with nucleoporin Nup153,
affects the arrangement of the nuclear pore complexes
[15]. The combination of SUN1 and SUN2 interacts with the
mRNA particles, directly involved in the mRNA export through
the nuclear pores in mammalian cells [16]. The regulatory
function of the LINC complex during spermatogenesis was
assessed in a number of studies. It has been shown that the
LINC complex proteins are involved in proper chromosome
pairing, meiotic chromosome recombination, telomere motion
and attachment. SUN1 deficiency in mice prevents telomere
attachment to the nuclear envelope, effective pairing of
homologous chromosomes, and synapsis formation during
prophase of meiosis. KASH5, being a specific partner of
SUNT, is also involved in these events. SUN2 binds to KASH5
to form the SUN1-SUN2-KASH5 complex involved in meiotic
telomere attachment to the nuclear envelope [2, 17]. SUN5 is
involved in meiotic recombination as well. It is assumed that
the SUN5-KASH2-LINC complex is involved in meiotic division
of murine spermatocytes [18]. This function is associated
with the presence in the cells of the properly functioning
nuclear lamina, the fibrous layer underlying the inner nuclear
membrane. In mouse cells, KASH5, colocalized with lamin
B1, is involved in the nuclear motion during meiosis [19]. The
LINC complex is also involved in sperm head formation and
head-to-tail linkage. Thus, the LINC complex proteins play
important role in male fertility [13, 20, 21]. Further study of
characteristics of proteins of this complex will make it possible
to create a relevant express test system, allowing us to

assess the contribution of each protein to the development
of spermatozoa, impaired spermatogenesis and infertility
treatment adjustment.

The issues regarding the role of proteins in the development
of mature spermatozoa and the role of the LINC complex
protein mutations in male infertility are discussed in this review.

Role of LINC complex in mechanotransduction

Mechanobiology describes how mechanical forces influence
cell morphology and physiology. Such exposure is involved in
regulation of cell development and differentiation. The majority
of mechanical effects result in nuclear motion, alterations in
the nuclear shape, chromatin structure, and gene expression.
The LINC complex plays a crucial role in these processes.
Via mechanotransduction, cells convert mechanical stimuli
to biochemical signals, thus providing the link between the
cytoskeleton and the nucleoskeleton. Mechanical forces
applied to cells are converted to biochemical signals transmitted
from the cytoskeleton to the nucleus, providing modulation of
the nuclear envelope composition, nuclear shape, and gene
expression. The LINC complex is hub for signal transduction
from the cytoskeleton to the cell nucleus. This idea emerged after
the study of the isolated nuclei exposed to mechanical stimuli.
This experiment showed that the LINC complex disruption or
impaired communication between the LINC complex and the
nuclear lamina caused cytoskeletal disorganization and affected
both signal transduction through the cytoskeleton to the nucleus
together with gene expression [22]. Actin plays a key role in
mechanotransduction. Actin is involved in cellular motility, signal
transduction and response to mechanical stress. Some other
functions of actin have been reported recently: the network
formed by actin filaments near the nuclear envelope may be
involved in regulation of the nuclear motion and may affect
gene expression [23]. The LINC complex provides mechanical
coupling between the nucleus and the actin cytoskeleton that
affects nuclear motion and positioning. Binding between actin
and LINC complex is mediated by KASH proteins, which on the
one hand interact with SUN proteins of the nuclear envelope,
and on the other, interact with the cytoskeleton via the actin-
binding domain [24]. Actin forms thread-like structures that
cover the surface of the nucleus. In these structures, actin
interacts with KASH2 or KASH3 by contributing to the nuclear
orientation and shaping, and protects the nucleus from
mechanical deformation. Mutations of KASH2/KASH3 are
associated with inhibition of the perinuclear actin cap assembly
and adversely affect mechanotransduction [26]. Hippo kinase
signaling cascade is one of the major pathways for signal
transduction from mechanoreceptors. This evolutionary
conservative pathway is involved in regulation of cell proliferation
and tissue differentiation, as well as in specifying the organ
size. The cascade of reactions induces activation of actin. The
signaling pathway involves Yes-associated protein (YAP) and
the homologous TAZ protein (transcription co-activator) with
PDZ binding motif. PDZ motif is a sequence of 80-90 amino
acids, arranged in six 3-sheets (BA-BF) and two a-helices (aA,
aB). Moving between the nucleus and the cytoplasm, YAP and
TAZ transmit signals from mechanoreceptors to the nucleus
[26]. During mitosis, actin and the LINC complex proteins
regulate centrosome and chromosome positioning; during
meiosis, actin is also involved in nuclear motion [27]. Actin and
the LINC complex proteins control gene expression. Thus, actin
is involved in the determination of the nuclear volume, chromatin
conformation, and chromatin accessibility for transcription
factors responsible for gene expression. Alterations in gene
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expression result from the LINC complex abnormalities and
the LINC complex-dependent mechanisms. KASH protein
downregulation leads to gene expression alterations in epithelial
cells [28]. In other words, transcription is not only regulated
via mechanosignaling, but also depends directly on the LINC
complex protein integrity. Currently, it is still unclear whether
the LINC complex proteins are directly bound with chromatin,
or interaction is realized via the nuclear lamina. Furthermore,
histones are replaced by protamines in the post-meiotic germ
cells. In somatic cells, the Lamin B receptor (LBR), the integral
protein of the inner nuclear membrane, interacts with lamin
B1 and provides the link between the nuclear lamina and
chromatin. The interaction involves heterochromatin protein 1
(HP1) and BAF protein (barrier to autointegration factor) 29, 30].
In germ cells, LBR can temporarily bind to protamine 1. During
mammalian spermatogenesis, protamines are phosphorylated
to ensure the binding of chromatin in spermatids and are
completely dephosphorylated during sperm maturation [31].
In elongated spermatids, phosphorylation is required to ensure
the temporary association of protamine P1 and LBR [32].
Localization of a number of the nuclear envelope proteins during
spermatogenesis in humans was studied [30]. Polymerase chain
reaction and immunfluorescence analysis revealed LEMD1
protein, together with ANKLE2, LAP2f and the short isoform
of protein LEMD2 in spermatids. However, no emerin, LBR, full-
length forms of LEMD2 and LEMD3 were found in the samples.
Proteins LEMD1, ANKLE2, LAP2B3, emerin, LBR, full-length
forms of LEMD2 and LEMD3, lamins A, C and B2 were not found
in ejaculated spermatozoa. Thus, the nuclear envelope proteins
involved in interaction with chromatin in somatic cells change
their localization in the nuclei of spermatids and spermatozoa in
accordance with the chromosome positioning and stabilization
in specific areas of the nucleus. In humans, such alterations
in the composition of the nuclear envelope in spermatids may
provide chromatin detachment from the nuclear envelope and
lamina that increases the potential of the histone-to-protamine
transition [30]. BAF and BAF-L (BAF-like) proteins were found
in spermatozoa [33]. BAF homodimers are involved in chromatin
condensation, BAF/BAF-like heterodimers are able to increase
the massive histone-to-protamine transition due to more “open”
chromatin conformation [30]. Actin, being the conventional
cytoskeletal component that provides communication with the
LINC complex, circulates between the nucleus and the cytoplasm.
In the nucleus, actin regulates the activity of transcription factors,
contributes to the assembly of some chromatin remodeling
complexes, and appears to be associated with three different
RNA polymerase complexes [34]. One of the mechanisms
underlying mechanotransduction functions as follows:
mechanical stimuli are able to induce physical alterations in the
nuclear pore complexes regardless of the LINC complex [35].
Mechanical alterations can also modulate the phosphorylation
status of the nuclear envelope proteins. Lamins A and C are
examples of proteins, whose phosphorylation define nuclear
stiffness in response to mechanical stimuli [36]. Chromatin
organization can be changed under the influence of cell exposure
to environmental factors and cytoskeletal reorganization; such
alterations of the chromatin status affect gene expression.
Perinuclear actin provides the LINC complex protein-mediated
regulation of the lamins A and C hyperacetylation, chromatin
decondensation, and gene expression activation. The nuclear
import is an alternative mechanism designed for regulation of
gene expression induced by mechanotransduction. Import of
histone-lysine N-methyltransferase EZH2 causes gene silencing
due to histone methylation, while import of histone deacetylase
(HDAC) leads to gene repression due to hypoacetylation [37, 38].
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LINC proteins and sperm head

Acrosomal and postacrosomal segments are distinguished in
the sperm head. The nucleus containing highly compacted
chromatin occupies almost the entire sperm head. It is covered
partially by the acrosome, a cap-shaped organelle derived
from the Golgi apparatus that contains enzymes and receptors
for oocyte binding. The acroplaxome is a structure located
between the acrosomal membrane and the nuclear membrane
that surrounds the developing acrosome and attaches it to the
nuclear envelope. The acroplaxome contains keratin 5, F-actin
and profilin IV. The manchette is a transient structure containing
microtubules of centrosome [39]. Sperm capacitation occurs
in the female genital tract. Capacitation involves biochemical
modifications essential for oocyte fertilization. The testis-
specific form of the SUN protein (SUN1n is the most
interesting component of this cascade [20]. SUN1n is located
at the anterior pole of the nucleus and points to the acrosomal
membrane instead of the inner nuclear membrane. This protein
participates in assembly of the extranuclear LINC-KASH3
complex involved in the plectin-mediated interaction with the
acroplaxome. The same complex is assembled on the posterior
pole of the nucleus (except for the area of the implantation fossa)
[40]. Recent studies have shown that SUN3 and SUN4 are
essential for sperm head formation. During spermatogenesis,
the expression of SUNS increases when the round spermatids
are formed, and further increases during formation of elongated
spermatids. SUNG is localized in the lateral and posterior parts
of the spermatid nucleus, however, no SUN3 was found in the
implantation fossa and the rearmost part of the nucleus. KASH1
is the partner of SUN3 in the sperm head. KASH1, colocalized
with SUNS, is involved in the LINC complex assembly. The LINC
complex is capable of interacting with actin by the actin-binding
domain or with microtubules via the dynein-dynactin complex.
It can improve the interaction between the manchette and the
outer nuclear membrane [20]. SUN4 is expressed only during
spermatogenesis. It is localized to the posterior poles of the
round and elongated spermatids. The protein complex SUNSG-
SUN4-KASH1 provides the link between the manchette and
the nuclear envelope. Abnormal numbers of round spermatids,
impaired sperm head elongation, and nuclear envelope
disintegration with subsequent production of the deformed
spermatozoa could be observed in the Sun4 knockout mice.
The decrease in the level of SUN4 induces the SUNS protein
migration to the cytoplasm and manchette disorganization. This
indicates that SUN4 is essential for normal SUN3 and KASH1
localization in the cell [13]. In humans, SUN4 forms the complex
with the cytoskeletal protein septin (SEPT12) expressed
specifically in testes and lamin B1 involved in the sperm
head formation in post-meiotic germ cells, as well as in the
sperm flagellum arrangement [41]. Along with actin filaments,
microtubules, and intermediate filaments, the cytoskeleton also
contains septins engaged in various physiological functions. In
particular, SEPT12 is involved in mammalian spermatogenesis:
it is expressed around the manchette, in the necks of elongated
spermatids and annuli of mature spermatozoa [42]. In the study
of the role of the LINC complex in acrosome biogenesis, the
new testis-specific protein SPAG4L-2 of the family SPAG4L
was characterized. High level of protein expression was
observed during spermatogenesis; the protein was localized
in the apical region of the round spermatid nucleus that
points at the acrosome [43]. During nuclear elongation, SUN5
progressively migrates to the posterior pole of the nucleus in
elongated spermatids to finally reach the implantation fossa.
Such redistribution of protein excludes the protein from
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the sperm head formation process. Sun5 knockout mice
showed no disturbances of acrosomal development, however,
abnormalities of the sperm flagella were found [44, 45]. Lamins
are also involved in acrosome biogenesis. Lamins A and C
were characterized as the components of the acroplaxome
that is essential for acrosome biogenesis and spermatid
head formation. Phosphorylation is an important mechanism
responsible for the localization of lamins A/C in the cytoplasm,
nucleoplasm or nuclear lamina [46]. Lamin B1 interacts with
the testis-specific protein DRY19L2 synthesized mainly in
spermatids. Disruption of DRY19L2 results in the altered
localization of lamin B1 during spermatogenesis, as well as
in the disturbed communication between the nuclear envelope
and the acroplaxome during acrosome biogenesis. The sperm
nucleus seems to be poorly compacted, and histones are
not replaced by protamines. This results in globozoospermia,
the condition characterized by abnormal sperm with rounded
heads [47]. No KASH2 and KASH4 were found at any stage
of the post-meiotic sperm development. The germ cell-
specific protein KASHS5 is localized to the cytoplasm. KASH5,
forming complexes with SUN1 and SUN2, mediates telomere
attachment to the cytoskeleton and chromosome movement in
spermatocytes [2, 20, 48].

LINC complex and sperm flagellum

The sperm flagellum is divided into the connecting piece, the
midpiece, the principal piece, and the end piece (see Figure). The
axoneme that comprises two central and nine pairs of peripheral
microtubules, is the core structure of the flagellum. The axoneme
is surrounded by periaxonemal structures: nine longitudinally
oriented outer dense fibers in the midpiece and principal piece,
the fibrous sheat in the principal piece, and mitochondria that
form a mitochondrial sheat surrounding the outer dense fibers
in the midpiece of the flagellum. The flagellum is responsible
for sperm motility that is essential for fertilization. Flagellar
motility is ensured by the normally functioning cytoskeleton,
ATP production by mitochondria, and correct arrangement of
the axonemal components. ATP synthesis is ensured by both
glycolysis and oxidative phosphorylation. Implantation fossa,
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i.e. the segment providing the head-to-tail connection, plays
a vital part in sperm function. The coupling apparatus is an
asymmetric structure formed during spermatogenesis that
contains centrioles (proximal and distal), dense fibrous stucture
(capitulum), and segmented columns [2]. The LINC complex
proteins are involved in interaction between the coupling
apparatus and the sperm head: particularly, SUN4 and SUN5
are involved in the head-to-tail anchorage [21]. SUN4 protein
contributes to the outer dense fiber positioning, providing a
link between axonemal microtubules and outer dense fibers.
The researchers studied the mechanisms responsible for such
interactions [9]. Sun4 knockout mice have been reported
[13]: the flagellum is wrapped around the murine sperm head,
suggesting incorrect connection of these structures. Coupling
apparatus abnormalities associated with the SUN4 deficiency
were not found, however, the lower head-to-tail linkage efficiency
was observed [48]. The coupling apparatus is to a lesser extent
attached to the lateral areas of the nucleus, suggesting that
SUN4 is involved in the interaction. Such proteins as ODF1,
SEPT12 and lamin B1 are the partners of SUN4. SEPT12 is
involved in formation of the flagellum; together with SUN4 and
lamin B1, SEPT12 is associated with the sperm neck [49].
According to available data, SUN5 is essential for the head-
tail anchoring. SUN5 is localized in the nuclear envelope during
spermatogenesis, however, in mature sperm, SUN5 is found
exclusively in the head-tail coupling apparatus (HTCA) in the
implantation fossa essential for the head-tail connection.
Destroyed connection of the coupling apparatus to the sperm
head with subsequent releasing of the flagellum into the lumen
of the seminiferous tubule and retention of sperm head within
the tubular epithelium was found in elongated spermatids of the
Sun5 knockout mice [45]. A similar disorder was discovered
in men with homozygous deletions of Sun5 associated with
the emergence of decapitated spermatozoa [50]. To ensure
interaction, SUN5 can co-operate with the heat shock protein
DNAJB13, the structural component of axoneme found
in spermatids and spermatozoa. It is believed that SUN5
prevents separation of the sperm head from the flagellum
during sperm migration into the lumen of the seminiferous
tubule [45].
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Table. Nuclear envelope proteins involved in human spermatogenesis
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Protein Cells Localization Functions Reference
Spermatocytes Nuclear envelope (NE)
Nuclear envelope, posterior
Round spermatids pole of the nucleus . ) .
Nucleoplasm The decreasing levels of lamin B1 are essential to reduce
mechanical forces of NE, which is necessary to ensure
Lamin B Posterior pole chromosome movement during meiotic prophase. Ensures [51]
Elongating spermatids £ the n ? the specific non-random arrangement of chromosomes in the
orthe nucleus nuclei during cell maturation. Progressive decrease in lamin B1
. Posterior pole is essential for the sperm head formation
Elongated spermatids
of the nucleus
Posterior pole
Mature sperm of the nucleus
Spermatogonia Nuclear envelope
Spermatocytes Nuclear envelope,
cytoplasm
Round spermatids Posterior pole Ensures the specific non-random arrangement of
LAP1 P of the nucleus chromosomes in the nuclei during cell maturation. Ensures [52]
- manchette formation
Elongating spermatids Posterior pole
of the nucleus
Elongating spermatids Posterior pole
gating sp of the nucleus
Nuclear envelope Ensures the specific non-random arrangement of
LAP2 Round spermatids nucleoplasm (for LAIpDZ‘beta) chromosomes in the nuclei during cell maturation. Ensures [30]
P chromatin compaction (together with BAF, BAF-L)
Round spermatids Nucleoplasm, posterior
pole of the nucleus
LEMD1 Elongating spermatids Posterior pole Ensures chromatin compaction (together with BAF, BAF-L) [30]
of the nucleus
Elongated spermatids Posterior pole
9 P of the nucleus
Round spermatids Nuclear envelope Ensures manchette microtubule attachment to the nucleus
together with SUN3 and nesprin-1.
Elongating spermatids Neck Lateral binding of the coupling complex in the implantation
SUN4 ; ) . [13]
- fossa essential for the tight head-to-tail anchorage.
Elongated spermatids Neck Ensures sperm flagellum arrangement during spermiogenesis
together with ODF1
Mature sperm Axoneme

LINC complex and infertility

The LINC complex proteins are crucial for sperm differentiation.
Impaired SUN and KASH protein interactions result in
significantly lower sperm quality.

1. Knockout of Sun1 in mice results in infertility due to
impaired interactions between SUN1 and telomeres during
recombination in primary spermatocytes. Since the SUN1-
KASH5 complex regulates telomere motion, KASH5 mutations
result in inefficient telomere attachment to the nuclear envelope,
and compromises homologous chromosome pairing [17]. It was
shown that Sun1 knockout mice were infertile. Furthermore,
cells of testes of such mice contained no coding or non-coding
RNAs essential for spermatogenesis. This fact shows the new
role played by the SUN1 protein in gene regulation [2].

2. Sun3 knockout mice are infertile; they display disruption
of both flagellum and head. The main defects emerge during
formation of elongated spermatids, since spermatid nuclei are
unable to elongate due to impaired signal transduction between
the cytoskeleton and the nuclear envelope. Animals producing
a low concentration of spermatozoa are characterized
by acrosome defects, low motility, and globozoospermic
phenotype. It has been shown that SUN3 is engaged in the
manchette attachment to the nuclear envelope via SUNS-
SUN4-KASH1 [13]. Sun3 knockout mice demonstrate lower
expression of SUN4 protein in association with abnormal
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manchette formation. Spermatogenesis of SUN4-deficient
mice progresses normally before meiosis. However, impaired
post-meiotic differentiation results in infertility. Spermatid nuclei
are round-shaped or altered, impaired chromatin remodeling
is observed. The disorganized manchette is unable to ensure
the nuclear envelope attachment necessary for the sperm head
formation; acrosomal alterations occur and formed spermatozoa
show signs of globozoospermia. Sun4 knockout mice show the
reduced amount of SUN3 in spermatids along with abnormal
sperm head elongation. Instead of the typical distribution of SUN3
polarized to the posterior pole of the nuclear envelope, this protein
moves to the cytoplasm. The altered amounts of SUN4 correlate
with inefficient sperm head-to-tail anchorage. In particular,
spermatids of the Sun4 knockout mice show detachment of the
coupling apparatus from the nuclear membrane that adversely
affects the head-to-tail anchorage [48]. Taking into account the
SUN4 capability of binding to SEPT12, the need to study the role
of SEPT12 in infertility becomes clear. Indeed, Sept12 knockout
mice produce sperm with multiple defects of flagella and
heads, disrupted nuclei, premature chromosome condensation.
Spermatozoa obtained from such mice cause preimplantation
embryo developmental failure [2].

3. Sun5 knockout mice produce acephalic spermatozoa.
SUNS protein is essential for the sperm head-to-tail anchorage;
knockout leads to their separation in elongated spermatids,
thus causing infertility [51].
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CONCLUSION

Male infertility remains a pressing issue of human
reproduction. Infertility affects 15% of couples of reproductive
age in the world. Quantitative, kinematic and morphological
characteristics of sperm are assessed in order to estimate
the fertilization potential of spermatozoa. According to the
current WHO Manual for human semen analysis (WHO,
2021), in 95% of fertile men, ejaculate contains at least
4% of spermatozoa with the morphology typical for the
potentially fertile subpopulation, that penetrated through
cervical mucus in vivo after the coitus. The rest of the
sperm subpopulation is characterized by morphological
heterogeneity: spermatozoa have various structural defects
of the head, acrosome, neck, and flagella. In particular,
globozoospermia is diagnosed when the sperm morphology
assessment reveals head defects, such as round head
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METHODS FOR PREVENTION AND TREATMENT OF CONVULSIVE DISORDERS ASSOCIATED WITH
CHOLINERGIC CONVULSANT INTOXICATION

Zorina VN B, Evdokimova EA, Rejniuk VL
Golikov Scientific and Clinical Center of Toxicology of the Federal Medical and Biological Agency, Saint-Petersburg, Russia

Organophosphates (OPs) and carbamates are a common cause of intoxication associated with convulsive disorders. These cholinergic substances form a bond
with acetylcholinesterase (AChE), thus contributing to accumulation of acetylcholine in synapses and causing typical manifestations of toxicity, including seizures.
Standard antidote therapy provides sufficient symptom control, reduces seizures and decreases mortality only in case of prescription at the early stage of poisoning
or preventive administration. Traditionally, atropine is used, that blocks the activity of the muscarinic cholinergic receptors in the parasympathetic nervous system
and reduce the smooth muscle contraction activity, along with oximes that reactivate the reversibly inhibited AChE in the nicotinic acetylcholine receptors found
in skeletal muscle. If these are not sufficient, benzodiazepines that interact with y-aminobutyric acid receptors are used to jugulate seizures, prevent organic brain
desease and post-traumatic epilepsy. There are no unified guidelines for the cases of antidotes having no effect or insufficient efficacy of antidotes. Unwanted side
effects of the existing drugs and progressive decrease of efficiency within 30 min after exposure to OPs necessitate the search for new agents. Combination therapy,
new dosage forms, developing original molecules or modifying the existing ones are among the developed approaches discussed in our review.
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METOAbI MPO®UNAKTUKN N TEPANNN CYOOPOXXHOIO CUHAPOMA NMPU OTPABJIEHUU
KOHBYJIbCAHTAMU XOJIMAHEPTMYECKOIO PAOA

B. H. SopuHa = E. A. EBookvmoBa, B. J1. PeiHiok
Hay4HO-KNMHUYECKWIA LEHTP TOKCUKonorim venn akagemmka C. H. fonvkosa ®efepanbHoro Meayko-buonorudeckoro areHtcTsa, CaHkT-NeTepbypr, Poccus

PocdopopraHndeckre coeanHerns (POC) n kapbamaTtbl — PacnNPOCTPaHEHHas NPUYMHA OTPAaBIEHNI, aCCOLMMPOBAHHBIX C Pa3BUTUEM CYAOPOXKHOMO
cuHApoMa. STV XONMHEePrnYeckne BeLLecTBa 0bpasytoT CBA3b C aLleTUNXoNnHacTapasoi (AX3O), 4To cnocobCTBYET HAKOMNEHNIO aLeTUNXONNHA B HEPBHbIX
cuHamncax 1 NPYBOAUT K XapaKTePHbIM TOKCUYECKM MPOSIBAEHUAM, B TOM Y1CAe K pasBuTuio cydopor. CTaHaapTHas aHTMAoTHas Tepanus obecnednsaeT
[OCTaTO4HbIA KOHTPOMb CUMMTOMOB, OCNAONAET CyAOPOrH 1 CHDKAET CMEPTHOCTb TOSIBKO MPU Ha3HA4YeHM Ha CaMOln PaHHEeN CTaguy OTPaBieHns Inbo npu
NPOUNaKTUHECKOM BBEAEHUN. TPaANLMOHHO MPUMEHSIIOT aTPOMH, KOTOPbIN GIOKMPYET MyCKapUHOBbIE XONMHEPIHECKME PELenTopbl B MapacMnaTn4ecKom
HEPBHOW CUCTEME U YMEHBLLIAET aKTVBHOCTb COKPALLIEHNS IaAKMX MbILLILL, @ TakXKe OKCUMbI, PEaKTUBMPYIOLLIE OBPaTUMO MHMMOMPOBaHHYIO AXD B HUKOTVHOBbIX
XOSIMHEPIMYECKMX CUHAMNCaxX CKENETHbIX MbllL,. ECM 1x HEAOCTATOYHO, ANA KyNMPOBaHUA CyA0POr U MPOMUIAKTUKA Pa3BUTUA OPraHNYECKIMX MOBPEXOEHNN
rOMIOBHOrO MO3ra, MOCTTPaBMAaTUHECKON SMMNencun MPYMEHSIOT CpeacTBa HeH30AMa3enHOBOrO Psfa, B3aUMOAENCTBYIOLLME C peLienTopamm y-aMMHOMAaCSHOM
KNCNOTbl. EAuMHbIX orLpmanbHbiX PYKOBOACTB Ha Clyyai, KOorga aHTUMaoThl He AEeNCTBYIOT Uv AeNCTBYIOT HEAOCTATOYHO SdEKTUBHO, HE CyLLECTBYET.
HexxenatenbHble NOO0YHbIE dPMEKTLI 1 MPOrPECCUPYIOLLEE CHIKEHME I(MEKTVBHOCTA CYLLECTBYIOLLMX CPeacTs Yeped 30 muH nocne sospencteuna $OC
0bycnasnMBatoT HEOOXOAVMOCTb MOVICKa HOBbIX CPeAcTB. Cpean pazpabaTbiBaeMbix MOAXOA0B — KOMOUHMPOBAHHBIE CXEMbI SIEHEHNS, HOBbIE NleKapCTBEHHbIE
dopMbl, co3aaHME OPUrMHANBHBIX UM MOAMMDMKALMS CYLLECTBYIOLLIMX MOMEKYI1, PACCMOTPEHMIO KOTOPbIX MOCBSLLEH HACTOSALLMIA 0630p.

KrntoyeBble crioBa: Cy[0pOXKHbIN CUHAPOM, HEMPOTOKCUKAHTbI, (h0CHOpOpraHNHecKe COEAMHEHIIS, XONMHEPTMYECKIE BELLLECTBA, aHTVKOHBY/IbCaHT, aHTUAOTHI,
Tepanus, NpodunakTka
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B. J1. PeiHiok — BHECEHME JOMONHEHNI 1 YTOHHEHWI B TEKCT PYKOMUCH.
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Prevalence and pathogenetic mechanisms of intoxication
with cholinergic convulsants

Intoxication with chemical convulsant agents is associated with
generalized seizures in the form of single/repeated seizures
or symptomatic status epilepticus [1]. The mechanisms
underlying the development of seizure activity include
stimulation of excitation or inhibition of inhibitory pathways
in the central nervous system (CNS) [2]. Neurotoxicants
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can affect neurotransmitters (synthesis, storage, release,
reuptake), receptors (stucture, expression levels, affinity for
neurotransmitters), and the mechanisms undelying coupling
with the cellular effector system involved in the receptor-ligand
interactions [3].

Organophosphates (OPs), produced in the form of the
esther, amide or thiol derivatives of phosphoric, phosphonic
or phosphinic acid are the greatest contributors to intoxication
associated with seizures. Prohibition of the use and disposal
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of chemical weapons have reduced, but not nullified the risk
of the population exposure to OPs, since OPs are extensively
used for production of agrochemicals (pesticides); OPs are
components of medicines [4, 5], plasticizers, and many
polymeric materials; OPs are still used for terrorist attacks [6].
Pesticides, herbicides and insecticides are key contributors to
the structure of acute toxicity in the developing world [4, 6, 7], and
constitute over 40% in the structure of occupational disorders
in rural areas. The working-age population is mainly affected,
and the percentage of cases of the long-term loss of earning
capacity and disability is high. Up to million people all over
the world suffer from OP poisoning every year, of them about
300,000 die. In 2020, 3 milion and even 5 million cases were
reported [4, 5]. Approximately 100,000 people every year die
from only insecticide poisoning. Self-poisoning with high-dose
insecticides often causes death from cardiovascular shock.
Only 22% of poisoned patients with an out-of-hospital cardiac
arrest survive to admission, and 10% survive to discharge [8].

Based on the mechanism of action, OPs are classified as
cholinergic substances. When a nerve impulse is transmitted,
acetylcholine, stored in the presynaptic vesicles of neurons,
is released into the synaptic cleft to interact with cholinergic
receptors of two types: nicotinic (directly interacting with ion
channels) and muscarinic (indirectly affecting the ion channel
permeability). Acetylcholine is broken down by the enzyme,
acetylcholinesterase (AChE), which quickly terminates
signal transmission and ensures the AChE molecule release
required for the new reaction [2]. OPs are structurally similar to
acetylcholine, but are able to form a strong bond with AChE,
blocking its functions. OP poisoning occurs in two phases:
reversible AChE inhibition, when the bond hydrolysis is still
possible (spontaneous or antidote-induced), which results
in the enzyme function restoration, and subsequent bond
“maturation” or “aging” associated with irreversible inhibition
of the enzyme [4, 7]. The heavier radicals (R contained
in OPs, the faster is aging [6]. AChE deficiency associated
with OP poisoning contributes to excessive accumulation of
acetylcholine in synapses and neuromuscular junctions of the
peripheral and central nervous systems that eventually results
in typical manifestations of toxicity (cholinergic syndrome),
seizures, bradycardia, bronchoconstriction or even death
[4, 7, 9]. The early stage of a seizure is followed by the mixed
cholinergic and noncholinergic stage, which transfoms into
the noncholinergic stage associated with the glutamate
excitotoxicity and neuronal death [2, 9].

Inflammatory mediators that increase the severity of
subsequent seizures and enhance epileptogenesis are
released upon exposure to OPs. A significant increase in
the levels of pro-inflammatory cytokines (IL1b, TNFa, IL6)
and prostaglandin E2 2-24 h after exposure to OP has been
reported [10]. Glutamate releasing actively from presynaptic
terminals increases intracellular calcium concentration due
to inhibition of the KCNQ2/3 potassium channels, promotes
other physiological and metabolic effects. Acute OP poisoning
may be followed by chronic neuropathological complications
resulting from initiation of neurodegenerative processes
caused by excitotoxicity and neuroinflammatory responses
[9, 11-13]. In addition to cholinergic and glutamatergic effects,
insecticides inhibit monoacylglycerol lipase activity, which results
in the increased brain levels of 2-arachidonoyl glycerol, being
the cannabinoid receptor agonist. Insecticides also inhibit the
endocannabinoid-degrading enzyme, fatty acid amide hydrolase
(FAAH) [8]. OPs can directly sensitize cholinergic receptors.

Biological activity of carbamates (carbamic acid derivatives),
that are constituents of pesticides, herbicides, fungicides,

insecticides, and medicines, including drugs for treatment of
Alzheimer's disease, myasthenia gravis, glaucoma, is similar to
that of OPs [7]. Carbamate poisoning, similar to OP intoxication
based on the underlying mechanism, has some features [7, 8].
Carbamate activation requires no metabolic transformations [7];
clinical manifestations of intoxication are observed almost
immediately after absorption [14]. The carbamate-AChE bond
is weaker than that formed by OPs: the enzyme hydrolyzes
spontaneously more rapidly, and there is no aging of the
bond [7]. However, carbamates are comparable to OPs in
terms of toxicity: cases of respiratory failure 12 h after poisoning
have been reported [14]. In addition to anticholinesterase
effect, carbamates have a direct cholinomimetic effect on the
cholinergic receptors of synapses [3].

Analysis of the social status of individuals poisoned with OPs
and carbamates produced unexpected results: 23% of victims
were farmers, 27% were daily wagers, 21% were housewives,
11% were salaried employees, and 8% were students [5].
Thus, along with the risk of occupational poisoning due to
harmful working conditions or terrorist poisoning, accidental
and deliberate self-poisoning is rather widespread, together
with toxic effects resulting from drug overdose. This determines
the relevance of developing agents for jugulation of seizures.

The review was aimed to analyze published data on the
existing and developed methods for prevention and treatment
of convulsive disorders asssociated with the cholinergic
convulsant intoxication, and to define the most promising
areas for further development of medicines and comprehensive
approaches to treatment. The RISC and PubMedNet
databases were used. The search by keywords (antidote,
organophosphorus compounds, anticonvulsant, antiepileptic
agent, etc.) among the reports piblished over the last ten years
was perfomed.

Standard treatment methods

In case of OP poisoning, it is extremely important to provide
timely care to the affected person. Treatment with standard
antidotes provides adequate symptom management, reduces
seizures, and decreases mortality only in case of prescription
at the early stage of poisoning or preventive administration [4].

Comprehensive treatment is commonly used: oxygen
therapy, decontamination of skin and mucous membranes,
and, if possible, hemodialysis. Atropine administration is started
prior to administration of oxygen, since the lack of secretion
management hinders oxygenation [7]. Moreover, atropine
blocks the activity of the muscarinic cholinergic receptors
in the parasympathetic nervous system, thus reducing the
smooth muscle contraction activity [2, 4], however, it has no
pronounced therapeutic effect in case of the CNS toxicity [11]
due to difficulty crossing the blood-brain barrier (BBB). It also
has no prominent effect on the cholinergic synapses of the
skeletal muscle. Atropine cannot relieve nicotinic effects of
OPs (spasms and fasciculation) [9]. In case of severe hypoxia,
administration of atropine may be fatal due to blockade of the
vagal nerve terminals and ventricular fibrillation [3].

The use of oximes (obidoxime, methoxime, azoxime, etc.)
is recommended to reactivate AchE; pralidoxime chloride
(2-PAM) is most commonly used [4, 6, 13, 15]. At an early
stage of poisoning, oximes effectively reactivate the reversibly
inhibited AChE in the nicotinic acetylcholine receptors found
in skeletal muscle. However, oximes become almost useless
after the bond maturation and irreversible AChE inactivation.
Furthermore, oximes have difficulty crossing the BBB [9, 11].
First generation oximes are toxic, their interaction with OPs
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may result in accumulation of the toxic OP-oxime complex
in the body [3, 6]. Second generation oximes (H oximes,
including HI-6, HLo-7, HGG-42) show better biological activity
and bioavailability together with lower toxicity, however, many
of them are unstable in aqueous solutions [6]. Among second
generation oximes, levetiracetam has a good history of clinical
use [16]. Carboxim, which has been developed in the USSR, is more
stable in aqueous solutions and more easily crosses the BBB.
It is much more effective compared to first generation oximes.
New AChE reactivators are developed based on amidines and
hydrazones. However, none of AChE reactivators are the broad-
spectrum antidotes effective against poisoning with OPs of any
type. Experimental studies of the oxime combinations, such as
2-PAM/carboxime, carboxime/atropine, are conducted in order
to increase the protection index [6]. Reversible AChE inhibitors
are also used (pyridostigmine, aminostigmine, physostigmine,
galantamine) [3, 4, 9, 12], which have low toxicity, but are
effective only in case of preventive administration.

When the effectiveness of first-line antidotes is insufficient,
these are supplemented by anticonvulsants, including
for prevention of the organic brain desease and post-
traumatic epilepsy [4, 15]. Benzodiazepine are used, most
often high-dose diazepam or lorazepam. Pharmacological
efficacy of benzodiazepines results from interaction with the
y-aminobutyric acid (GABA) receptors and modulation of
neurotransmission [17]. These days, the use of midazolam, the
new drug that has shown benefits based on the comparative
analysis of pharmacokinetics, is recommended [4, 13, 15],
new drugs are developed [4, 18]. In case of OP-induced
damage, benzodiazepines should be used as early as possible:
benzodiazepine administration within 30 min jugulates seizures
in the majority of cases [4, 19]; after 40 min their efficacy
decreases significantly [4, 15], and after 60 min after the
OP exposure benzodiazepines are ineffective, regardless of the
total dose and amount that have passed through the BBB [9].
Despite high anticonvulsant activity and broad therapeutic range
of benzodiazepines, elimination of convulsive disorder does not
protect the victim's life: death may occur even in case of the
complete seizure termination [3]. The cases of diazepam and
midazolam resistance have been reported, which is considered
to be associated with the OP-mediated disorders of binding
with the target receptors or the receptor loss (benzodiazepine
receptors disappear in more than 50% of neurons within 10-20 min),
with the neuronal death and concomitant inflammation
[9, 15, 20]. In case of BBB dysfunction, leukocytes and albumin
enter the CNS. Albumin activates astrocytes, production of the
seizure-provoking cytokine IL1B is increased, and excessive
TGF is produced, which has a negative effect on the signal
transmission in the CNS. The resulting inflammation affects
neuromodulators, regulatory transport proteins, thus promoting
seizures that cannot be managed using benzodiazepines [21].

Single administration of atropine, oximes (obidoxime,
2-PAM, HI-6) and drugs affecting GABA (diazepam, avizafone)
is used for prevention or emergency therapy of the OP
intoxication. In addition, pyridostigmine is sometimes used as a
component of preventive antidotes [22]. Antidote auto-injectors
have been designed: for example, the dual-chamber MARK-1
and DuoDote auto-injectors contain atropine (2.1 mg/0.7 mL)
and 2-PAM (600 mg/2 mL), IM auto-injector contains 2 mg of
atropine and 200 mg of obidoxime chloride; triple-chamber
auto-injectors are available (atropine, oxime and diazepam)
[4,13, 23]. The use of the atropine sulfate and obidoxime mixture
is acceptable [23], the release of auto-injectors containing
midazolam instead of diazepam has been announced [13].
However, even the combination and preventive regimens for
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administration of antidotes that reduce immediate fatality do
not necessarily suppress seizure activity, unless high-dose
atropine is administered very quickly [22]. Auto-injectors have
some limitations: for example, adult doses of atropine could be
administered to children, however, the adult dose of pralidoxime
is too much for a child [23].

Currently, there are no unified official guidelines for the
cases of antidotes having no effect or insufficient efficacy of
antidotes. In case of failure to respond to prehospital treatment
with benzodiazepines, the status epilepticus clinical protocols
are most often used for treatment [19]. Antiepileptic drugs,
such as levetiracetam, phenobarbital, phenytoin, fosphenytoin
and valproates, are used in clinical practice. It is known that
phenytoin (fosphenytoin) stabilizes the inactivated state of the
neuronal voltage-gated sodium channels, but has such side
effects as arrhythmogenicity. Phenobarbital (the long-acting
barbiturate) affects GABA and AMPA ionotropic glutamate
receptors, inhibits the release of neurotransmitters, but is
capable of providing excessive inhibition of the CNS functions,
including respiratory function. Levetiracetam suppresses
neurotransmitter release by means of binding to the synaptic
vesicle protein 2A (SV2A); the possibility of the glutamate
receptor (mainly AMPA) modulation is assumed. Lacosamide
enhances slow inactivation in voltage-gated sodium channels,
however, the drug is capable of causing conduction disorders
[21]. Pregabalin and tiagabine block calcium channels [24].
There is no clear understanding of these drugs comparative
efficacy. According to a number of clinical trials, these drugs
have virtually the same efficacy of about 50% [4, 19].

In the experiment that involved rats exposed to OPs,
administration of high-dose midazolam and lorazepam (four
times the therapeutic dose) suppressed seizures only in 10 and
6% of cases. In another experiment, phenobarbital first showed
higher efficacy against persistent or recurrent convulsive
disorder compared to valproic acid (35% vs. 56%), however,
the drug ensured long lasting relief only in 19% of cases [19].
When testing pregabalin, levetiracetam and valproic acid as
second-line drugs (in cases of refractory status epilepticus),
the rats' behavioral response was delayed by 30-60 min
(compared to diazepam and ketamine). Seizures stopped
only when the levels of acetylcholine decreased by more
than 50%. Pregabalin and valproic acid jugulated seizures,
however, animals did not regain awareness. Levetiracetam
stopped seizures, rats regained awareness, but experienced
tremor. Furthermore, levetiracetam was more long-acting than
pregabalin and valproic acid. The mechanism of action of these
drugs is unclear. It is assumed that the drugs are capable of
reducing the release of acetylcholine and glutamate [16].

When antiepileptic drugs are unable to terminate seizure
activity, general anesthetics, such as ketamine, pentobarbital,
or propofol, are administered within 24-48 h [4, 19]. The
efficiency of ketamine (inhibits ion channels of the NMDA-type
glutamate receptors, interacts with opioid, monoaminergic,
muscarinic and nicotinic receptors, affects L-type calcium and
sodium channels, and provides cytokine modulation, including
IL1, IL6, IL8, IL10, THFa) supplementation has been
confirmed after using first-line antidotes and benzodiazepines.
The experiment showed that the use of ketamine and propofol
made it possible to jugulate seizures in benzodiazepine-
resistant rats [19, 21].

Valproic (2-propyl-pentanoic) acid [16] and its derivatives
(valproates) deserve special attention. Their mechanism of
action involves presynaptic and postsynaptic modulation
of GABAergic transmission (valproates increase synthesis,
release and therefore the inhibiting activity of GABA,
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potentiate GABAergic transmission, show direct effects on
GABA receptors due to reduced activity of B-hydroxybutyric
acid possessing excitatory effects) [25-27]. Valproic acid
directly affects cell membranes, thus reducing paroxysmal
discharges from neurons, provides modulation of sodium,
calcium and potassium ion channels. Furthermore, valproic
acid modulates glutamate activity. Valproates are capable of
increasing the hippocampal extracellular levels of serotonin and
dopamine. Suggestions have been also made that valproic
acid has epigenetic effects and can modulate neurogenesis.
Neuroprotective properties of valproates have been reported.
The efficiency of valproic acid during generalized seizures in
patients with epilepsy has been shown [25, 26]. However, the
effective dose of valproic acid is significantly higher compared
to that of benzodiazepines. During the experiments aimed
at assessing the valproic acid efficiency, only high doses
administered (=150 mg/kg) to rats by intraperitoneal injection
suppressed generalized seizures [28]. In case of OP-induced
status epilepticus that was resistant to benzodiazepines,
intravenous administration of the significantly lower dose
valproic acid derivatives to experimental rats was effective [19].

Alternative treatment methods

Unwanted side effects of the existing drugs and progressive
decrease of efficiency within 30 min after exposure to OPs
necessitate the search for new agents. Since OPs are fast-
acting agents, emergency care is often delayed, that is why
versatile and fast-acting anticonvulsants are required that
could be delivered via the most easy administration routes
[25]. Combined treatment regimens, new dosage forms,
development of original molecules and modification of existing
molecules are among the approaches.

Combination therapy

Early polytherapy (for example, combining benzodiazepines
with second-line drugs or NMDA receptor antagonists) may
improve seizure control associated with the slightly enhanced
side effects, however, there are just a few completed clinical
trials [21]. Polytherapy is also capable of reducing the number
of side effects due to reduction in drug dosage and drug
synergism [29]. Particularly, the combination of midazolam,
ketamine and valproate significantly reduced seizure severity
and duration in experimental rats compared to monotherapy
with higher doses [20]. The combined use of valproate and
diazepam contributes to activation of neurogenesis [10]; there
have been also attempts to combine valproates with carnitine [21].
The efficiency of reducing seizure activity in rats by using
the combination of midazolam and dexmedetomidine (a2
adrenergic receptor antagonist) was higher compared to that of
midazolam monotherapy, including when administered 60 min
after initiation of seizures [29]. Prescription of sodium valproate
to experimental rats after using midazolam reduced seizure
frequency and duration, and supplementation of losartan
(anesthetic agent) reduced the amount of brain damage [30].
In experimental rats, the combination of 3 mg/kg midazolam,
30 mg/kg ketamine and 90 mg/kg valproate showed the
significant decrease in the number and duration of seizures
compared to monotherapy with high-dose midazolam. The
effects persisted 40 min after exposure to OPs, when midazolam
became ineffective [20].

The efficiency of procyclidine supplementation was studied
in experimental rats poisoned with OPs by intraperitoneal
administration of triple (procyclidine 6 mg/kg, diazepam

10 mg/kg and pentobarbital 30 mg/kg) and dual (procyclidine
10 mg/kg and propofol 50 mg/kg) combinations. In the first case
seizures stopped within 30-40 min after poisoning, however,
mortality was 43%, and survivors had neurological disorders. In
the second case seizures stopped, but 17% of rats died in 24 h.
When using the combination of levetiracetam (50 mg/kg) with
procyclidine (10 mg/kg) or caramiphen (10 mg/kg), seizures
stopped in the majority of rats, however, mecamylamine
supplementation was sometimes required. Procyclidine had a
better effect than caramiphen, and preventive administration
(20 min before OP intoxication) was far more effective than
administration after poisoning. The combination of atropine
and ketamine showed anticonvulsive effect when administered
30-120 min after poisoning [22].

In experimental animals, the effects of diazepam (10 mg/kg)
were enhanced due to flupirtine supplementation
(50 mg/kg) [12]. The use of memantine (neuroprotective
agent) in addition to benzodiazepines showed a very narrow
therapeutic index [4].

Novel non-invasive dosage forms

Increasing bioavailability and simplifying administration of
the registered substances by means of developing non-
invasive dosage forms (nasal dosage forms, aerosols,
buccal solutions) are considered promising approches. When
using intranasal drug administration, adequate circulation in the
nasal mucosa can provide pharmacokinetic benefits: the drug
travels directly to the CNS and systemic circulation. Delayed
absorption requires dosage increase, thus increasing the risk
of overdose. However, benzodiazepine-containing sprays are
recommended for pediatric use as sedatives. According to
meta-analysis of the experience of using nasal dosage forms
in children as sedatives, midazolam is more effective than
diazepam. Bioavailability of lorazepam is 80%, and the time
of peak concentration is 30 min, which is almost two times
faster compared to that observed after intramuscular injection;
there are no significant differences in the drug effect timing
and duration when comparing with the intravenous infusion
dosage form. When jugulating seizures, no differences in
efficiency between the nasal dosage form of midazolam and
intravenous infusion or rectal dosage form of diazepam were
revealed. On average, seizures terminated within 3—4 min after
the midazolam administration; maximum plasma concentration
was achieved in 25 min, and clinically relevant concentration
was reached within 10 min [31]. The majority of nasal dosage
forms of benzodiazepines and buccal form of midazolam were
registered as sedatives and hypnotics only. However, the
VALTOCO diazepam-containing nasal spray was registered in
the USA, which was indicated to be used as anticonvulsant.
Atropine-containing nasal sprays that have been tested on
rats demonstrate efficiency comparable with that of parenteral
drug administration, and rapid systemic absorption. The limited
clinical trial of the atropine—chitosan nasal drops was carried
out, during which peak concentration was achieved within
30 min. The nano-atropine dry powder inhaler turned out to
be ineffective: only a small peak in the blood was observed
in volunteers after 15 min, the second peak observed after
60 min was associated with the intestinal substance absorption.
During the experiment involving volunteers, six atropine
poweder inhalations (in a dose of 0.4 mg per inhalation) were
required to reach blood levels equivalent to single intramuscular
injection (2 mg), which was considered not a promising avenue [4].
Atropine fast-disintegrating sublingual tablets were developed,
comparable with the solution in terms of permeation rate.
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However, bioequivalence of the sublingually administered
atropine has not been defined [4].

Developing new valproic acid derivatives

The use of valproic acid as antidote is hardly acceptable due to
high dose required for effective seizure termination. However,
amide derivatives (for example, new derivative of valproic acid
and 1,3,4-thiadiazole (valprazolamide)) demonstrate higher
anticonvulsant activity and lower neurotoxicity in experimental
settings. After intraperitoneal injection of valprazolamide to
mice, DL, and TD,, were 924.8 (756.9-1063.7) mg/kg and
456.7 (325.4-603.6) mg/kg [32].

Valnoctamide is more effective and has fewer side effects
than sodium valproate [21]. It was tested on rats of various
ages (21, 28 and 70 days), ED, was 34-165 mg/kg. Only 9%
of animals experienced sporadic short seizure episodes 2-3
h after the treatment initiation. The efficiency of valnoctamide
intraperitoneal injection was shown in rats and guinea pigs
(ED,, 62-80 mg/kg), including in case of delayed administration
and the use in combination with diazepam in a dose of
2.2 mg/kg (monotherapy with the same dose of diazepam was
ineffective) [28].

Sec-butyl-propyl-acetamide (SPD) is a more powerful
homologue of valnoctamide, which has been shown in
experimental rats [21]. ED,; of both SPD and valnoctamide
is about 65 mg/kg, while ED,, of valproic acid is 366 mg/kg.
The drug was tested on mice, rats and guinea pigs. Diazepam,
valproic acid, valnoctamide were ineffective in the rat model
of convulsive disorder when administered by intraperitoneal
injection 30 min after exposure to OPs, and SPD suspension
administered in a dose of 84 mg/kg suppressed seizures [33].

Anticonvulsant efficacy of the intraperitoneal injection
of N-substituted valpromides was shown in mice [26]. The
extended-release dosage form of valproic acid (metabolically
activated prodrug) selectively bound to L-amino acid transporter 1
(LAT1) in experimental animals, thus contrubuting to more
effective penetration into the CNS and slow release of the
active ingredient [34]. Amide detivatives of valproic acid
(RDG1-RDG8) are more active than sodium valproate in
experimental settings [27].

Other treatment methods

Among the developed antiepileptic drugs, brivaracetam inhibits
neurotransmitter release, more effectively binds to SV2A
protein, is more fast-acting and has fewer side effects than
levetiracetam during the preclinical testing. Preclinical studies
have shown high efficiency of perampanel (selective antagonist
of AMPA glutamate receptor) [21]. New antagonist of AMPA
and KAR ionotropic glutamate receptors is developed [29].

It is suggested to use neurosteroids in cases OP
exposure took place more than 30 min ago [9]. It is believed
that neurosteroids act as positive allosteric modulators
(nanomolar concentrations) and direct activators (micromolar
concentrations) of all isoforms of GABA receptors (synaptic and
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The COVID-19 pandemic affected every sector of society, radically altering the work of health systems throughout the world. In the situation of the mass influx
of patients seeking medical care that was hard to control, the issue of the widespread adoption of the medical sorting (triage) principles became urgent within
weeks. The review provides analysis of 49 publications dealing with various aspects of arranging pre-hospital triage. The dynamic changes in approaches to
triage, its objectives and technologies, as well as in the contribution of various X-ray imaging methods depending on the evolving experience of working with the
novel infection, are of great interest. The search for literature in Russian and English published before March 10, 2022 was performed in a number of databases
(Embase, Medline/PubMed, Researchgate, medrxiv.org, RISC). The search was performed using the following keywords: COVID-19, coronavirus, kopoHaBupyc,
SARS-COV-2, 2019nCOV, lung ultrasound, computed tomography, computerized tomography, komrstotepHast Tomorpagus, CT, triage, coptvposka. The strategy
of establishing pre-hospital triage centers or stations in case of pandemic makes it possible to reduce both the burden on the emergency departments and the
occupancy rate for inpatient services. Quick access to various imaging methods (X-ray imaging, lung ultrasound or computed tomography) greatly facilitates taking
clinical decisions, and could be considered beneficial in the current extraordinary situation.
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NMEPBUYHAA MEOVWLUMNHCKAA COPTUPOBKA MNMALUMEHTOB C COVID-19 HA AOIrOCIMNMNTAJIbHOM 3TANME
M. A. YepkawmH' = H. C. BepeanH?, H. A. BepeanHa', A. A. Hukonaes', [. V. Kynnesaukasa', B. W. Kynnesauxuin', T. M. Pakoga!, U. C. LLlenapes®

" INe4ebHO-ANarHOCTUHECKIIA LIEHTP MEXIYHAPOAHOr0 MHCTUTYTa Bronorndeckix cucteM nmenn C. Bepeauna, CaHkT-TeTepbypr, Poccust
2 MexxayHapoaHbIi UHCTUTYT Buonornyecknx cuctem, CaHkT-MNeTepbypr, Poccus
2 HaupoHanbHbI MeanKo-xupyprudeckumii ueHTp uvenn H. . Muporosa, Mocksa, Poccust

Mangemunst COVID-19 3aTpoHyna Bce cepbl XXN3HU 1 KapayHabHO 13MeHnna paboTy CUCTEM 34PaBOOXPaHEHMA BO BCEX CTpaHax. B ycnoBusx MaccoBoro,
TPYAHO KOHTPOMMPYEMOro 0bpalLleHns NaLUmMeHToB 3a MeaULMHCKONM MOMOLLIbIO, C MEePBbIX HedeNb OCTPO BCTas BOMPOC LUMPOKOrO BHEAPEHVS B PYTVHHYHO
NPaKTUKY MNPUHLMNOB MEAULIMHCKOM COPTUPOBKM (TPraxka). B 0630pe AaH aHanma 49 nybnmkaumii, NOCBALLEHHbBIX Pa3HbIM acneKkTam opraHm3aLm JorocnmTanbHOM
MEOVLIMHCKOWM COPTUPOBKW. 3HaYTENbHbI MHTEPEC NPEACTABNAET ANHAMMKA N3MEHEHNI MOAXOA0B K TPUaXKy, €ro Lenein 1 TEXHONOIWIA, a TakxKe ponn pasHbIxX
METOLOB Ny4eBOV AMArHOCTVIKN, B 3aBMCUMOCTW OT TOrO, Kak Hakanmeasncs onbIT paboTbl ¢ HOBOW MHMDeKUMEN. MoCK nuTepaTypbl Ha PYCCKOM U aHMIMACKOM
a3blkax nposegeH 3a nepuoa Ao 10 mapta 2022 r. ¢ MCNoNb30BaHNEM pa3nnyHbix 6a3d daHHbIX 1 penosuTopures (Embase, Medline/PubMed, Researchgate,
medrxiv.org, PVIHLY). Mowuck ocyLuectsnanm no knto4esbiM cnoam «COVID-19», «coronavirus», «kopoHasupyc», «SARS-COV-2», «2019nCOV», «lung ultrasound»,
«computed tomography», «<computerized tomography», «<koMnbtoTepHas Tomorpadust», «CT», «triage», «CopTUpoBKar. CTpaTerns Co3aanHns LeHTPOB U MyHKTOB
[OroCnmnTanbHON COPTUPOBKM B CllydYae NaHAeMun NO3BOMSET CHU3WTEL Harpy3Ky Ha MpueMHble OTAENEeHUS 6ONbHNL, 1 3arpy>KEHHOCTb CTaLMOHaPOB. BbICTpbIN
[OCTYN K pasnmMyHbIM METOAaM MEAMLMHCKOWN BU3yanm3aumn (peHTreHorpadus, ynsTpasByKOBOE UCCNEAOBaHME NErkMX UM KOMMbIOTEPHas ToMorpadms)
3HaYMTENBbHO 0BMeryaeT NPUHSATIE KIMHUYECKOTO PELLEHUS U B CIIOXMBLUMXCS HECTAHAAPTHBIX YCIOBUSX MOXET ObITb MPYI3HAH NONE3HbIM.
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At the end of 2019, the spread of the novel coronavirus infection
began in China with an epicenter in the city of Wuhan, Hubei
province [1, 2]. The virus was soon identified, and was given the
name SARS-CoV-2 by the Coronaviridae Study Group (CSG)
of the International Committee on Taxonomy of Viruses [3].
Acute infection caused by SARS-CoV-2 was named COVID-19
(Coronavirus disease 2019) [1]. In early 2020, the active global
spread of COVID-19 began [4]. In March 2020, the epidemic
also affected the Russian Federation. On March 11, 2020, the
World Health Organization (WHO) classified COVID-19 as a
pandemic due to the growing number of new cases.

As the experience of foreign countries had proved, the
mass influx of patients revealed a severe mismatch between
the needs and capabilities of inpatient services. Accumulation
of patients potentially not in need of admission in emergency
departments resulted in the shortage of beds and increased
mortality among seriously ill patients [5, 6]. Within weeks of the
novel coronavirus infection outbreak, there was an urgent need
in the methods for identification of individuals with COVID-19
and their distribution based on the prognosis.

The obvious solution was the widespread application
of medical sorting (triage) principles normally implemented

EXTREME MEDICINE | 2, 24, 2022 | MES.FMBA.PRESS



in case of a major catastrophe or natural disaster. The main
principle of triage is as follows: when resources are insufficient,
one has to segregate between patients who are in need of
immediate inpatient care, and patients who can be referred to
the outpatient clinic or treated less urgently.

The paper provides an analytical review of the data on the
pre-hospital triage arrangement for patients with suspected
CQOVID-19 and the role of various medical imaging methods
in clinical decision-making published over the past two years.
The approaches to X-ray diagnostics vary from country to
country, and the attitude towards these diagnostic techniques
has changed during the pandemic. The authors have focused
on using chest computed tomography (CT), since this method
remains most widely available in our country.

The search for literature in Russian and English published
before March 10, 2022 was performed in a number of
databases (Embase, Medline/PubMed, Researchgate,
medrxiv.org, RISC). The following keywords were used
for search: COVID-19, coronavirus, kopoHasupyc, SARS-
COV-2, 2019nCOV, computed tomography, computerized
tomography, komnbtoTepHasa Tomorpadus, CT, triage, copTu-
poBeka. Given the lack of knowledge and the great importance
of the issue, available preprints, in-press articles and abstracts
for scientific conferences were also included in analysis. At least
two authors rated each of the 156 reports that were found from
a scale of 1 to 5 (methods, the use of at least X-ray diagnostic
method, results, clinical significance). In case of disagreement,
the author team took a decision by vote. Finally, 49 reports
were included.

Triage and its implementation

Pre-hospital triage of patients with suspected novel coronavirus
infection in the environment of emergency department is a key
to further strategy of the patient management and routing [7].
In the context of the ongoing pandemic, outpatient triage is
a complex of diagnostic procedures aimed at assessing the
patient's condition severity and making a decision as objective
as possible on urgency and need for the patient's admission
to the specialized hospital. Medical institutions can move on
to triage in exceptional cases, generally in case of multiple
simultaneous admissions. The main purpose of triage is to
provide optimum care to the maximum number of victims or
patients [7].

Low availability of PCR-based laboratory tests for primary
diagnosis of patients with suspected COVID-19 was a common
pressure faced by all countries during the first months of the
pandemic [8-10]. The average delay after swabbing in the
emergency department was 573 + 327 min (189-2,812 min) [10].

It is necessary to promptly filter out the conventionally “zero-
infection” patients, who should be provided care in outpatient
clinics, and to deduce a group af patients with coronavirus
infection to be referred to the conventionally “red zone” hospitals.
Furthermore, in is important to perform primary pre-hospital
differential diagnosis of the causes of respiratory failure, since this
may result from the noncommunicable somatic disorder [10-12].

Initially, triage involved the patients' separation into COVID+
and COVID-; the majority of reports published in 2020
described exactly that strategy [10, 13]. However, this goal was
soon supplemented with sorting based on the disease severity,
since the hospitals were overloaded, and the need to establish
clear criteria for admission in the context of acute shortage of
beds became apparent.

In such circumstances, the search for diagnostic methods
capable of affecting clinical decision-making on a short-term
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basis began. Since damage to the respiratory system prevailed,
some authors proposed the use of various X-ray imaging
modalities for additional quick assessment of the patient's
condition, such as chest computed tomography, ultrasound
investigation, conventional X-ray imaging [11, 14-17].

As aresult, by February 2020 there was a consensus opinion
that the triage protocol had to include clinical, laboratory, and
radiological data (usually the chest CT results) [18-20].

X-ray imaging

Conventional diagnostic X-ray imaging methods, being the
most accessible and widely used, were adopted in patients with
CQVID-19 since the first days of the pandemic. However, it was
found that CT was more sensitive [17, 21]. Nevertheless, X-ray
imaging provides some advantages over CT. lower radiation
burden, faster data acquisition, possible use in the intensive
care units, portability. The method is still meaningful and useful
for follow-up and quick diagnosis of possible complications in
patients already admitted to hospital [20, 22]. The data of the
retrospective comparative study aimed to assess the efficiency
of CT and chest X-ray for the hospital admission triage were
published [17]. A total of 113 patients with suspected COVID-
19-associated pneumonia admitted to the university clinic
in lzmir (Turkey) from March 15 to September 1, 2020 were
enrolled. The inclusion criteria were as possible: positive PCR
test result, availability of chest X-ray images with the preliminary
diagnosis of pneumonia, availability of chest CT images in
addition to X-ray images. The Brixia scoring system modified
by the authors was used to assess lung injury: each lung was
divided into 6 zones, each lung field was evaluated based on
the presence and the grade of the ground glass opacities,
reticular densities, and areas of consolidation. The scoring
system details are provided in Table 1.

The authors noted that at an earlier stage of the disease,
when the ground glass opacities prevailed, X-ray imaging
was characterized by low sensitivity, that is why CT was more
effective in this situation. However, at the progressive stages,
the methods showed comparable sensitivity, thus allowing
to suggest the use of X-ray imaging not for triage, but for
assessing the dynamic changes in the condition of patients
admitted to the intensive care unit [17].

Diagnostic ultrasound

Lung ultrasound (LV) is widely used for rapid assessment of
patients with respiratory failure within the framework of the
BLUE protocol [23]. The potential of using LU for differential
diagnosis of viral and bacterial pneumonia was described
during the pandemic of the H1N1 influenza (2009) [24]. To date,
portable ultrasound units are widely used, that is why LU is
applied at all stages of care provision, from outpatient clinics
to intensive care units, in the context of the ongoing pandemic
[14, 25, 26]. In contrast to X-ray imaging and CT, ultrasound
imaging enables rapid assessment (the BLUE protocol duration
is less than 3 min), there is no radiation burden, assessment
can be repeated many times at any moment, there is no need to
transport the patient [14-16]. LU makes it possible to promptly
assess pulmonary lesion and the presence of pneumothorax
or pleural effusion in severe patients with severe hypoxemia,
when the patient's transfer to the CT unit is associated with
organizational difficulties [14, 27].

The first recorded case of using LU to assess the pulmonary
lesion grade in patient with COVID-19 was published in 2020 by
the group of ltalian physicians. The authors concluded that the
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Table 1. Scoring system for assessment of radiographic findings and CT results (Brixia scoring system modified by Cinkooglu)

Radiographic feature CT feature Grade (X-ray) Score (CT)
No No 0 0
Hazy density Ground glass opacity 1 1
Reticular density Crazy paving, reticular density 2 2
Consolidation Consolidation 3 3

method could be used for primary screening in the emergency
department since it allowed to divide patients into low-risk (no
pathological findings; the patients can wait for the next-level
X-ray imaging if necessary) and high-risk (pathological findings;
the patients need further investigation and the decision
whether to start therapy) group [25]. It was also mentioned that
ultrasound imaging simplicity and availability of portable devices
made it possible to use ultrasound for pre-triage screening in
outpatient clinics.

Other authors proposed an ultrasound classification system
based on the clinical trial data for assessing the lung injury
severity, the need of patient's admission to ICU, and the need
for mechanical ventilation [16]. Classification was based on the
scoring system: damage to 12 areas (two anterior, two posterior
and two lateral for each lung) was visually assessed (0-4 points).
Classification was named LUZ (lung ultrasound Zaragoza score)
by the authors. The LUZ score of 22 points or more was a
predictor of the patient's need for mechanical ventilation [16].

Other authors suggest a pre-hospital triage algorithm
based on the respiratory distress (RD) assessment, saturation
mesurement and ulrtasound findings [26]. The patients should
be divided into 4 groups:

— self-quarantine at home (no symptoms of RD, SpO, = 93%,
no pathological ultrasound findings);

— self-quarantine at home with subsequent follow-up
(no symptoms of RD, SpO, = 93%, pathological ultrasound
findings);

— oxygen therapy at home with straight follow-up, or
hospital admission for patients at risk (symptoms of RD, SpO, < 93%,
no pathological ultrasound findings);

— hospital admission (symptoms of RD, SpO, < 93%,
pathological ultrasound findings) [26].

A number of comparative clinical trials revealed that LU
and CT showed similar sensitivity and specificity when used for
primary diagnosis of the COVID-19-associated pneumonia [19].

In general, ultrasound imaging can be used both at the pre-
hospital stage and in emergency departments for primary triage
of patients, as well as for assessment of the disease severity
and course in pulmonology departments and ICUs [14].

Computed tomography

Chest CT in patients with COVID-19 is used for the instrumental
clinical decision support when performing triage, as well as

Table 2. CO-RADS classification [7, 38]

for primary X-ray diagnostics and assessment of the disease
pattern (in outpatient and hospital settings, including intensive
care units) [28]. Initially, the data on the CT sensitivity and
specificity in the diagnosis of the COVID-19-associated viral
pneumonia were quite controversial, however, situation had
improved significantly after standardization and establishing
clear criteria [29].

As early as April 2020, a number of clinical guidelines were
issued by various medical associations (Fleischner Society,
Society of Thoracic Radiology, American College of Radiology,
Radiological Society of North America), which discussed the
use of CT for the diagnosis of coronavirus pneumonia [30, 31].

Initially, great hope was placed on CT in terms of the
COVID-19 diagnosis. The study is quite illustrative, during
which a series of telephone interviews with seven emergency
department clinical leads from across England were taken in
April 2020 [32]. Triage of patients during the pandemic was
one of the themes. All the surveyed leads reported that they
often faced situations when asymptomatic patients in the
emergency department with such presentations as trauma
were unexpectedly demonstrating incidental viral pneumonia on
CT. That is why undertaking chest radiography and significantly
increasing the use of chest CT even in asymptomatic patients
were started in order to promptly exclude lung injury [32].
French researchers reported the experience of three university
hospitals of Lyon, France, gained from March to April 2020
[10]. Chest CT was performed in all patients regardless of the
cause of the visit for triage and further transfer of patients to the
CQOVID+ or COVID- hospital unit [10].

However, it quickly became apparent that radiograpic
features of all types of interstitial pneumonia caused by
respiratory viruses were quite the same; in actual practice,
it was almost impossible to distinguish between the COVID-
associated lesion and, for example, influenza. It was only
possible to evaluate the lung injury severity [33]. As a
consequence, the agreement was reached to avoid using
both X-ray imaging and CT for screening of asymptomatic
patients, since the changes revealed had low specificity [28].
Thus, currently there is only one recommendation: to use X-ray
methods in moderate to severe patients showing symptoms of
respiratory distress with clinical suspicion of COVID-19, even in
case of negative PCR test results. The interim guidelines issued
by the Ministry of Health also suggest that pre-hospital X-ray
diagnostics in patients with acute respiratory infections for the

CO-RADS Suspicion for COVID-19 CT imaging results
CO-RADS 1 No Normal or non-infectious disease
CO-RADS 2 Low Pathological fegtutirizttépgalljf?{gother infections
CO-RADS 3 Medium Equivocal findings for COVID-19
CO-RADS 4 High Suspicious for COVID-19
CO-RADS 5 Very high Typical COVID-19
CO-RADS 6 PCR+ COVID-19
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Table 3. Classification of the CT scan results based on the changes revealed
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Score Radiological findings Changes
CT-0
; ) Nomal or no CT signs of viral pneumonia in patient with typical clinical manifestations and relevant exposure history
zero
CT-1 (mild) Ground glass opacities with no other signs Lung parenchymal involvement below 25%

CT-2 (moderate)

Ground glass opacities with no other signs

Lung parenchymal involvement 25-50%

CT-3 (severe)

Ground glass opacities and areas of consolidation

Lung parenchymal involvement 50-75% or lesion
increase by 50% within 24-48 h in patient with
respiratory distress

CT-4 (critical)

Diffuse ground glass opacification and areas of consolidation
in combination with reticular pattern. Hydrothorax

Lung parenchymal involvement over 75%

purpose of triage is indicated only for moderate, severe and
critical cases [1].

Features of CT performed in patients with suspected
COVID-19

In most cases, low-dose CT scan is the best option, which
allows to reduce radiation exposure without compromising the
quality of assessment [34, 35]. The procedure is performed
without intravenous contrast; the contrast could be additionally
used in case of suspected pulmonary embolism or necrotizing
pneumonia [1, 34-37].

Classifications have been developed by various radiological
associations, that are currently widely used all over the world.

The CO-RADS classification system for assessment
of the viral pneumonia likelyhood, developed by the Dutch
Radiological Society in March 2020, was the first effort for
standardization of the criteria [7, 38].

Based on the number of radiological symptoms, according
to this classification, the likelyhood of having COVID-19 varies
between very low (CO-RADS-1) and very high (CO-RADS-5),
and the maximum score of CO-RADS-6 provides laboratory
confirmation (Table 2).

At the stage of the CO-RADS clinical implementation, it
turned out that this classification made it impossible to confirm
reliably the diagnosis of COVID-19, despite of the high hopes.

Meanwhile, in early spring of 2020, the colleagues from
China and USA proposed a number of variants for classification
of lung involvement severity in patients with viral pneumonia [39].

Four groups are distinguished based on the percentage
of pulmonary parenchymal involvement: nomal lung (0%), less
than 25%, 25-50%, more than 50% involved [39].

The modified version of this scoring system was included
in the consensus of the Russian Society of Roentgenologists
and Radiologists and approved in our country (Table 3) [37, 40].

The proposed scale greatly simplified characterization
of findings and became a tool for preliminary assessment of
the patient's condition severity by clinicists. In the context
of the lack of hospital beds, this pneumonia severity scoring
system provided the basis of the outpatient and emergency
department triage. To date, hospitalization of patients assigned
CT-8 and CT-4 scores has become a routine approach. The
patients with pneumonia scores of CT-0-2 and no risk factors
(age over 60, diabetes mellitus, pregnancy, etc.) are returned to
the outpatient clinics [7, 40].

Organization of a pre-hospital triage center

During the initial phase of the pandemic, the burden of working
with the majority of first admitted symptomatic patients
fell on emergency departments making them considerably
overburdened [32, 41-45].
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The growing number of patients, difficulties in ensuring
infection control, insufficient preparedness of hospitals for
the large number of daily admissions, limited resources,
difficulties in rapid obtaining the PCR test results resulted in
implementation of strategies of both expanding the capacity of
existing emergency departments and performing pre-hospital
triage.

Thus, in April 2020, a group of authors from Milano
published an article describing preperation of their hospital for
patient admissions [44]. Primary assessment (pre-triage) was
performed in the ambulance car or in a shelter unit created
at the entrance of the emergency department, where body
temperature, SpO,, and respiratory system were assessed.
The patients with suspected COVID-19 and SpO,< 94% were
referred to CT and swabing in the “red zone” of the emergency
department; symptomatic patients with SpO,> 94% were
referred to swabbing only. After obtaining the results, each
patient was re-examined by the physician who decided
whether he/she required admission. In case a severe patient
arrived in need of immediate critical care, an isolated area with
the necessary equipment was prepared in the emergency
department. The patients of this category were admitted to the
dedicated intensive care unit after CT and received respiratory
support pending laboratory confirmation of COVID-19. The
patients with positive swab test results were transferred to the
COVID-19+ department, and the patients with negative results
were transferred to the specialized COVID-19- department [44].

A group of authors from the universities of Milano and Parma
proposed a diagnostic algorithm based on the experience
in working with the first 702 patients in 2020. The algorithm
included primary patient assessment in the shelter unit created
at the entrance of the emergency department followed by CT
referral to address the issue of admission [46].

In September 2020, a survey of heads of 283 Spanish
emergency departments was published [43]. In the majority
of emergency departments, triage was launched, observation
beds were provided, and patient flow separation was
introduced. The nursing staff was increased by 83%, and the
number of physicians increased by 59% [43].

The following measures were proposed to increase the
emergency department efficiency [32]:

1. Splitting patients into five cohorts based on clinical
observations and investigations:

— suitable for outpatient discharge;

— suitable for outpatient discharge after in-depth assessment;

— admit to medical ward;

— admit to critical care;

— commence end of life care.

2. Early escalation of care decisions in the emergency
department.

3. Deployment of mobile emergency rapid intubation teams
enabling early airway care in high-risk patients [32].
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Examination room
COVID-19

Emergency department

CT COVID-19

Clean radiology department

Tent for initial assessment

Fig. 1. Layout of the Sichuan university clinic triage station (adapted from [49])

In addition, the decision to establish pre-hospital pre-triage
and triage centers was taken by a number of hospitals. Thus,
on April 14, 2020, the first experience of creating such center
in the indoor ambulance bay of the Massachusetts General
Hospital, Boston, USA was reported [12]. The following areas
were allocated and equipped:

— waiting area;

— desk;

— triage desk;

— swabbing area.

After assessment the patient was referred for home treatment
under the supervision of general practitioner or admitted to hospital
[12]. It was found that patients arrived via two main pathways: 75%
of patients were referred from primary care offices, the other 25%
were walk-ins. Over the first three weeks of operation, the center
saw a total of 2667 patients (160 people daily on average), of them
only 1% were transferred to the emergency department [12].

The strategy of using outpatient centers (OCTCs) for
screening, routing, and follow-up of patients with suspected
COVID-19 was implemented in Moscow in late March — early
April [40]. A total of 47 centers equipped with CT scanners
were deployed in city outpatient clinics. All the scanners
were merged into unified digital space, thus enabling remote
image assessment by radiologists and thus reducing the risk
of infection in medical personnel. In addition, OCTCs were
segregated into “red,” “buffer,” and “green” zones. The “red”
zone contained CT scanners. All medical personnel assigned
to this zone were provided with grade 3 personal protective
gear. “Buffer” zone was used to put on personal protective
gear. In the “green” zone there were consulting rooms and staff
rooms. The outpatient centers saw over 268,000 patients by
October 2020 [40].

The experience of the outpatient triage centers deployment
in St. Petersburg was reported [7, 47]. During the first 6 months
of operation, the centers saw only those patients admitted by
ambulance, about 400 cases daily. Then the routing of patients
changed, resulting in 80% of patients referred from outpatient
clinics. The major goal was to provide preliminary assessment
of the patient's condition severity and decide on hospitalization.

The standard algorithm of assessment was as follows:

— history taking;

— contactless temperature measurement;

— assessment of patient complaints;

— respiratory rate assessment and pulse oximetry;

— obtaining information on comorbidities and additional risks;

— in addition, taking the history of vaccination against
COVID-19 was started from June 2021 [48]. The authors noted
that auscultation was impossible when wearing protective
equipment, and such components of physical examination as
palpation and percussion were severely limited. However, the
data obtained were usually enough for primary assessment of
the disease severity. The patient's physical examination was
followed by CT. Then re-examination was performed using the
image assessment results, and the decision of admission was
made. Respiratory support and monitoring of vital functions
were provided when necessary [7].

The time spent on triage is a key issue. The long patient's
stay in the emergency department or triage center adversely
affects his psychological state. However, in case of severe
disease, the necessary care provision is delayed. Thus, analysis
of 1,945 emergency department visits showed that the mean
delay between CT appointment, CT scanning, and CT report
was 187 = 148 min [10]. However, taking into account the fact
that the delay for PCR test results was several times longer at a

Office of admitting physician

Office of medical record administrator

ALS

CT scan room

WC for patients

Waiting area

Elevator lobby and staircase
from the ground floor

Passage to the sanitary
inspection room

Fig. 2. Layout of the floor with CT scanner. O, — oxygen source, ALS — emergency trolley [7]
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< Surgical cap . Surgical cap Surgical cap
Safety goggles Fully enclosed safety goggles ) Fully enclosed safety goggles
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(

Surgical suit

2 pairs of disposable
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Xanat xupypruyeckui

. |
- & Shoe covers

Fig. 3. Levels of protection dependig on working conditions [7]

moment, the authors concluded that CT was a fast and simple
method facilitating patient triage [10].

In general, implementation of pre-hospital triage was
effective. According to the data from St. Petersburg obtained
from April to November 2020, triage centers saw a total of
37,537: pneumonia was found in 21,986 cases, 5,532 patients
needed hospitalization due to severe disease and severe lung
injury, 32,005 patients were referred to outpatient clinics [47].

Providing infection control

To ensure adequate infection control, in practice it is necessary
not only to modify the procedures, but also to perform some
engineering and oganizational operations, reconfigure units
and facilities [32, 44].

In June 2020, the authors from the West China Hospital
(Sichuan, China) reported the experience of the radiology
department reconfiguration for primary triage [49]. There were 4,300
beds in the Sichuan university clinic. The clinic was reconfigured to
handle cases of COVID-19 on January 21, 2020. Tents, in which the
patients with suspected COVID-19 were assessed, were set up in
front of the emergency department. After assessment the patients
were sent to the emergency department for CT. To ensure infection
contral, the department was divided into four areas: contaminated,
semicontaminated, buffer, and clean areas (Fig. 1) [49].

The authors of another article described another zoning
variant: CT scan room, examination room, emergency cases
and oxygen sources are in the contaminated area (Fig. 2) [7].

The patients are admitted to the center by ambulance,
medical records are processed in the waiting area. Then physical
examination, CT scan, and re-examination based on the CT results
are performed. After that physician desides on evacuation to the
specialized hospital or referral to the outpatient clinic [7].

Rearrangement of the routine diagnostic procedures is
required to reduce the risk of infection in the staff. Thus, elective
procedures (screening, etc.) must be delayed, the number of
the first-line personnel must be reduced; it is recommended to
perform radiography with a portable device at the bedside to
avoid the movement of patients. Only a radiographer should be
in the CT room, while radiologists should assess the images in
the clean area [20].

High risk of the personnel contamination with viral aerosal,
the need for regular treatment and desinfection of the rooms,
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the use of personal protective equipment, and other factors
make CT scan much more difficult and require thorough
planning [34, 49]. The rational use of personal protective
equipment seems to be a serious matter. In the beginning of
the pandemic, information was extremely controversial, the
majority of healthcare professionals were not trained to use
PPE, that is why special training was required. For example,
a three-step training scheme was implemented in one large
regional hospital in Italy: lectures with live demonstration of
the PPE donning and doffing, in-situ similation of the PPE
donning, use, and doffing, surprise individual assessment
after the beginning of work [44]. Currently, all domestic and
foreign regulatory agencies (Rospotrebnadzor, Ministry of
Health, CDC, NHS u T1. n.) distinguish the following levels of
PPE protection (1, 71:

— level 1: possibility of contact with the patient with
suspected infection (emergency department staff; ambulance
units; hospital ward staff; outpatient clinics personnel;
diagnostic department personnel, etc.);

— level 2: prolonged contact with the patient in the unit of
the infectious disease/reconfigured hospital;

— level 3: prolonged contact with the patients with
suspected infection or infection confirmed by laboratory tests
in the intensive care unit, invasive respiratory interventions in
patients of this category.

Possible sets for various levels of PPE are provided in Fig. 3.

Thus, to date, the use of level 1 PPE is enough when
working in the pre-hospital triage stations [1, 7].

CONCLUSION

The concept of establishing pre-hospital triage centers or
stations in case of pandemic makes it possible to reduce both
the burden on the emergency departments and the occupancy
rate for inpatient services as a whole. Quick access to various
imaging methods (X-ray imaging, lung ultrasound or CT) greatly
facilitates taking clinical decisions, and could be considered
beneficial in the current extraordinary situation. However, it is
necessary to strictly follow the clinical practice guidelines in
order to avoid the excessive use of chest CT without medical
reasons. Organization of the activities of such centers requires
careful preparation in terms of infection control, creation of safe
routes, and patient flow separation.
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Tuberculosis, caused by Mycobacterium tuberculosis, remains a global burden on our country and entire world. According to the World Health Organization,
10 million incident cases of tuberculosis were registered in 2019. A steady increase in the drug-resistant tuberculosis aggravates the situation and appears to be
the major obstacle to the fight against the disease. A thorough understanding of the pathogen physiology and virulence properties is extremely important for the
development of new diagnosis methods and treatment strategies. Multiomics approaches to studying the infectious agents are indispensable in understanding the
nature of the disease. Despite the availability of sufficient genomic and transcriptomic data, pathogenic potential, survival rate, persistence, immunomodulation,
mechanisms underlying drug resistance and host-pathogen interaction remain poorly understood. The use of proteomic approaches has been more informative,
and provides more information about the true state of the cell in various conditions. Proteomic and bioinformatic approaches helped considerably in identification
and characterization of target proteins that could be used for the development of new therapeutic options. Nevertheless, OMICs data integration with simultaneous
use of the system approach to studying various clinically significant mycobacterial strains makes it possible to increase knowledge about the disease mechanisms and
infection control methods. The review outlines various OMICs technologies and their role in the development of the M. tuberculosis diagnostic panels.

Keywords: tuberculosis, diagnosis, system analysis
Funding: the study was supported by RSF grant Ne 20-75-10144.

Author contribution: Bespyatykh JA — study concept, manuscript writing and editing; Basmanov DV — analysis of raw data on biosensors and microarrays,
manuscript writing.

><] Correspondence should be addressed: Julia A. Bespyatykh
Malaya Pirogovskaya, 1a, Moscow, 119435, Russia; JuliaBes@rcpcm.org

Received: 12.04.2022 Accepted: 27.04.2022 Published online: 16.05.2022
DOI: 10.47183/mes.2022.013

OMUKCHDbIE TEXHOJIOT'M B JUATHOCTUKE MYCOBACTERIUM TUBERCULOSIS
tO. A. Becnatbix'2& 1. B. Bacmaros!

T defeparnbHbIi HayHHO-KITMHUHECKNI LIEHTP (OM3MKO-XUMUHECKON MeaULvHbI PefepanbHoro Meayko-61onornieckoro areHTcTea, Mocksa, Poccust
2 POCCUNCKININ XUMUKO-TEXHONOTMHECKNIA YHUBEPCUTET UMern . V1. MeHgeneesa, Mockga, Poccusi

Tybepkynes, Bbi3biBaeMblii 6akTepusimm Mycobacterium tuberculosis, NpofomkaeT ocTtaBaTbCs robanbHbIM BpeMeHeM 1S Hallel CTpaHbl U BCero Mmnpa.
Mo paHHbIM BcemumpHoi opraHmdaummn 3apaBooxpaHeHst, 10 MH cnyyYaeB BriepBble BbIiBNEHHOro Tybepkynesa 3apernctpuposaHo B 2019 1. MoCTOSHHbIN
POCT NEKapPCTBEHHO-YCTONHMBOIO TybepKynesa ycyrybnaeT CUTyaumio 1 OKadblBAETCA OCHOBHbIM MPenATCTBMEM B 6opbbe ¢ 3abonesanneM. [ns pa3paboTku
HOBbIX CNOCOBOB AMArHOCTUKA U CTPATENMIA NIEHYEHNST KpaiHe BaXKHO MakCUMAaIIbHO MOSIHOE MOHMMaHne OU3MOoNorim naToreHa 1 ero BUPYNEHTHbIX CBOWCTB.
MynETUOMUKCHBIE NMOAXOAb! B U3YHYEHUM MHAEKLMOHHBIX areHTOB SBMSIOTCS KpaiHe MonesHbiMi AN MOHVMMaHWs CyTu 3aboneBaHvs. HecMoTps Ha Hanundne
60MbLLIOrO KOMMYECTBA MEHOMHbIX 1 TPAHCKPUMTOMHbBIX AaHHbIX, MATOrEHHbIA NOTEHLMaU, BbPKMBAEMOCTb, MEPCUCTEHLMS, MMMYHOMOZYNALMS, MEXaHN3MbI
NIEKAPCTBEHHOW YCTOMYMBOCTY 1 B3AUMOAEVICTBUS MEXIY XO3SMHOM W MaTOreHOM OCTaroTCs Manon3yyYeHHbIMU. [Ccronb3oBaHne NpOTEOMHbIX MOAXOLOB
okasanocb 6onee MHPOPMATUBHBIM 1 NMPEROCTaBnseT 6onee NOAPOOHYIO MHOPMALMIO 06 UCTUHHOM COCTOSIHAM KNETKN B PasdnuyHbix ycnoswusx. MNogxomp!
NMPOTEOMUKM 1 OUOVMH(POPMATUKM 3HAYUTENBHO MOMOMIN B UASHTUMKALMI 1 XapakTEPUCTUKE LeneBbix OEMKoB, KOTOPble MOryT ObITb MCMONb30BaHbl 414
CO3[aHusi HOBbIX TEPaNEeBTUHECKNX CPEACTB. B TO >xe BpeMsi IMEHHO MHTerpaumsi OMUKCHbIX JaHHbIX 1 AMHOBPEMEHHOE NCTONb30BaHNe CUCTEMHOMO Moaxoaa
K UBYHEHNIO Pa3MINYHBIX KIMHUYECKM 3HAYMMBIX LLUITAMMOB MUKODAKTEPUIA MO3BONSHOT CYLLECTBEHHO PaCLLMPUTh 3HaHKS B MOHUMaHUM MexaHi3ma 3aboneBaHms
1 cnocoboB 60pedbl C MHbeKLmeln. B 0630pe onmncaHb! pasmnyHble OMVKCHbIE TEXHOMOMMM 1 X POk B paspaboTke AvarHOCTUHECKVX NaHenen M. tuberculosis.

KnioyeBble cnosa: TyOepKynes, AMarHOCTVKa, CUCTEMHbIN aHanm3
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6roceHcopam 1 HY1nam, HammcaHme TexkcTa.
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Mycobacterium tuberculosis is a causative agent of
tuberculosis (TB) and holds one of the leading roles among the
causes of the infectious disease deaths. The major issues of

approach to treatment regimens, the increase in cases of
MDR and XDR TB creates new obstacles to the available
drug therapy [4]. Thus, the need to improve medicines and

TB management include the increase in cases of infection with
the multidrug-resistant (MDR) and extensively drug-resistant
(XDR) strains, and human immunodeficiency virus (HIV)
co-infection [1]. Currently, TB therapy includes first-line
drugs taken for 6-9 months and has severe side effects [2].
MDR/XDR TB requires extended treatment with the second-
line anti-TB drugs in addition to the first-line drugs, pyrazinamide and
high-dose isoniazid [3]. Regardless of the current stage-by-stage
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infection control methods together with the need to develop
new vaccine preparations becomes apparent.

M. tuberculosis is transmitted mainly by airborne droplets,
by inhaling an aerosol containing cells of the pathogen [5].
After entering the lungs, bacteria infect alveolar macrophages
and escape the host's immune response [6]. To further spread
through the body, mycobacteria suppress the protective
mechanism of macrophages, including autophagy, phagosome
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oxidation, reactive oxygen and nitrogen species release [7, 8].
Furthermore, infected macrophages produce chemokines,
which attract inflammatory cells, such as neutrophils and
natural killer cells, thus promoting the further development of
inflammation and the formation of multinucleated giant cells
known as granulomas [9]. Thus, these are precisely granulomas
that provide the niche for bacteria and serve as a reservoir of
infection.

Proteins secreted by M. tuberculosis (secretome) play a
key role in the abnormal immune responses and intracellular
growth progression [10, 11]. The early secreted antigenic
target protein 6 (ESAT-6) being the major virulence factor of
M. tuberculosis is known to regulate the host immune responses
by inhibiting pro-inflammatory responses, such as interferon
(IFN) vy [12] and interleukin-12 (IL12) production [13]. Moreover,
ESAT-6 stimulates IL6 production by macrophages [14] and
plays an important role in inducing macrophage polarization
and macrophage transition to epithelioid macrophages being
the main component of the tuberculous granuloma [15, 16]. It
is shown that Rv1988, a secreted effector protein, methylates
the host cell histones, thus providing epigenetic modulation
of the anti-mycobacterial function of macrophages [17]. All of
this confirms the important role of the M. tuberculosis proteins
in virulence [18]. In addition, high-throughput proteome-wide
screening of potential antigens of M. tuberculosis can be used
to develop new vaccines [19].

Despite the fact that the M. tuberculosis genome was
extensively studied in the early 2000s, analysis of its proteome
lagged due to protein isolation protocol complexity and the need
to use a complex and expensive equipment [20]. To date, more
than 30% of proteome have not been characterized and are
represented by hypothetical proteins [21]. Decoding the function
of these proteins would contribute to better understanding of
the M. tuberculosis physiology and virulence. Clearly, this is
only possible with the use of other OMICs technologies, such
as transcriptomics and proteogenomics. There is no doubt that
it is important to identify and characterize all genes, however,
special attention should be paid to gene products responsible
for virulence and pathogenesis. Transcripts, protein products,
and metabolites can be defined and quantified, thus allowing
one to reveal the differences in the pathogenicity and drug
resistance between the lineages and strains of M. tuberculosis.
In general, the combination of such approaches could help to
find new anti-TB drug targets and contribute to implementation
of the WHO End TB Strategy.

Genomics

Currently, understanding the genetic potential of the studied
object would determine the future strategy of any research.
The M. tuberculosis H37Rv strain complete genome sequence
was first published in 1998 [22], and the development of
sequencing technologies has resulted in the fact that there
are more than 13,000 genomes of M. tuberculosis currently
available in the NCBI database. However, it is worth mentioning
that the majority of those are not arranged in rings. Annotation
of the M. tuberculosis H37Rv strain genome (version 27
according to the Tuberculist database (http://tuberculist.epfl.ch/))
containing 4018 protein-encoding genes, of which 26%
belong to the class of proteins with hypothetical functions, has
been considered a reference system and the most complete
sequence for a long time. In 2019, complete sequence of the
RUS_BO strain belong to the Beijing family was published [23].

Mycobacteria have all the genes necessary for synthesis
of essential amino acids, vitamins, enzymes, and cofactors.

It was found that these bacteria have a high proportion
of genes encoding enzymes involved in lipogenesis and
lipolysis. Furthermore, M. tuberculosis has genes necessary
for synthesis of glycolytic enzymes, enzymes involved in
the anabolic pentose phosphate pathway, which generates
NADPH and pentoses, enzymes of the tricarboxylic acid and
glyoxylate cycles synthesizing carbohydrates from fats. The
tubercle bacillus also has enzymes involved in the aerobic,
microaerophilic and anoxic electron transfer. It is shown that
mycobacteria are able to survive in various environments,
including oxygen-rich lungs, macrophages, and the center of
caseous granuloma [24].

Mycobacterial genome is rich with fatty acid metabolism-
related genes, including mycolic acids containing acidic
asparagine- and glycine-rich motif polypeptides. The major
part of the genome is also constituted by genes encoding PE
(proline-glutamate, n = 99) and PPE (proline-proline-glutamate,
n = 68) protein family, variability of which provides the
differences between antigens and the ability to inhibit immune
response [25].

Large amounts of DNA sequences repeats are one of the
M. tuberculosis genome features: for example, insertion
sequences (IS), contributing to mycobacterial DNA
polymorphism, and variable number of tandem repeats
(VNTR). Along with the IS, there are direct repeat regions (DR)
separated by variable sequences (spacers), major polymorphic
tandem repeats (MPTR), and polymorphic GC-repetitive
sequence (PGRS). All these features of the M. tuberculosis
genome provide the basis for the pathogen diagnosis and
typing techniques: 1S6110-based restriction fragment length
polymorphism (RFLP typing) [26], spoligotyping [27], VNTR
typing [28]. In addition, prophage-like sequences, phiRv1 and
phiRv2, have been found in the genome of H37Rv. These are
considered to be associated with the pathogenicity factors due
to the fact that no prophages have been found in the genomes
of avirulent H37Ra and M. bovis BCG strains.

The development of more specific typing methods, for
example, including drug resistance and virulence in certain
different lineages of M. tuberculosis, requires confirming the
functions of certain genes, their contribution to cell metabolism,
and especially realization of the unique features of the pathogen.
Clearly, all of that could be defined only with the use of additional
methods, such as transcriptome and proteome analysis.

Proteomics

Proteomics is an important tool for identification of both known
and new protein targets that are a part of the virulence system
and cell protective mechanisms, and are a key element of
the host-pathogen interaction. The increased or decreased
synthesis of various proteins related to the host immunity and
pathogen virulence indicates the role of these proteins in the
protective mechanisms or pathogenesis. Such upregulation
or downregulation is useful for identification of proteins that
could be considered the important targets for medications
or the development of diagnostic tools representing various
stages of pathogenesis and the level of infection. Starting with
identification of any such protein in order to find out whether
the protein is a drug target or a diagnostic marker, as well as
to monitor protein kinetics in various organs in response to
infection, it is necessary to use the approach that includes
the following consistent steps: identification of new targets, in
vitro verification of their role, comparative analysis of the target
unicity and specificity, in vivo verification of the effects of the
target in in vivo models.

MEOVILIMHA SKCTPEMATbHBIX CUTYALNW | 2, 24, 2022 | MES.FMBA.PRESS



The methods of proteome analysis were most comprehensively
described earlier [20], including considering the key results of
the proteome analysis of the TB causative agent. To date, these
are supplemented by information about the proteomic and
transcriptomic data integration. For example, system OMICs
analysis of the Beijing BO/W148 cluster was performed [23]
that made it possible to reveal additional unique features of the
cluster members.

The relevance of using the system approach could be also
attributed to the fact that the transcript (even the abundant
one) availability does not always result in protein synthesis.
Thus, if there is no proteome analysis, transcriptomics will not
be fully suggestive. For its part, proteome analysis makes it
possible to register the end product, and combining these
data with transcriptomic data provides additional insights into
cell physiology. Currently, the acquired data inconsistencies
are also a major shortcoming. It is clear that when developing
diagnostic panels, each finding should be dealt with in the
context of other findings, and the system should be considered
as a whole.

Transcriptomics

As mentioned above, bacteria must extremely quickly adapt to
changing environmental conditions, that is why gene expression
alterations occurring in response to the host protective
mechanisms or the effects of medications are essential for
the pathogen survival and functioning. Transcriptome (full set
of transcripts produced by bacteria cell) studies performed
using various approaches complement primarily the genome
sequencing data. The methods used for transcriptome analysis
of mycobacteria have been discussed in detail earlier [29].
Clearly, the main discoveries of transcriptomics are related to
studying the resistance of the causative agent of TB. Advances
in technology have facilitated the emergence of DNA-
microarrays, which have provided a powerful tool to explore
differential gene expression, including under in vivo conditions
[30]. However, this method has not yet been extended to the
diagnosis. The use of transcripts as the diagnostic targets has
a number of critical disadvantages, foremost among which is
their lifetime. Anyway, transcriptomics is extremely important
for understanding of cell metabolism and the use of other
OMICs data for the diagnosis, since it was system analysis
that made it possible to reveal the complex changes in the
abundance of proteins responsible for fatty acid biosynthesis
in the M. tuberculosis virulent strains (at the transcriptome and
proteome levels) [23, 31, 32]. For its part, the latter showed the
relevance of understanding of how various molecular fragments
of the genome (genes and transcripts) became integrated into
networks representing metabolism, regulation, signaling, and
protein-protein interactions.

Metabolomics

Metabolic pathways provide the basis for cell functioning.
Studying metabolic pathways and metabolic reconstruction is
an important step in modelling of cellular activities and, most
important, in understanding the underlying mechanisms at the
system level.

Mycobacteria owe much of their unique properties to
mycolic acids being the components of the bacterial cell wall.
Several studies demonstrate the importance of mycolic acids
for bacterial growth, survival, and pathogenesis [33]. In this
way biosynthesis of mycolic acids has become the subject
of numerous biochemical and genetic studies [34]. Thus, the
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detailed model of the mycolic acid synthesis in M. tuberculosis
was constructed that included 197 metabolites involved in 219
reactions catalyzed by 28 proteins. Comparative analysis of the
M. tuberculosis H37Rv strain and human metabolic pathways
showed that AccD3, Fas, FabH, Pks13, DesA1/2, DesA3 were
potential targets for development of anti-TB drugs [35].

Continuous accumulation of protein data, decoding of
their enzymatic properties allowed modeling a number of
metabolic networks of mycobacteria. Thus, genome-scale
metabolic network (GSMN) includes 849 unique chemical
reactions involving 739 metabolites and 726 genes [36]. It
should be noted that there is currently a lot of confusion due to
incomplete characterization of some proteins and incomplete
information about the biochemical reactions these proteins
are involved in. Meanwhile, the use of available metabolic
networks has made it possible to define 318 proteins essential
for mycobacterial growth [35]. Thus, it can be assumed that
these 318 proteins play an important role in maintaining
metabolism of mycobacteria.

Protein-protein interactions provide the basis for intracellular
signaling pathways, as well as for various transcriptional
regulatory networks. To date, the extended version of the
M. tuberculosis H37Rv strain protein interaction network is
represented by the STRING database [37]. STRING contains
literature data that describe both empirical interactions and
interactions explored by genome analysis with the use of
bioinformatic algorithms. Thus, network covers various types of
direct mediated interactions and linkages, such as: a) physical
complex formation of two proteins essential for the functional
unit formation; b) co-regulation of genes belonging to one
operon or adjacent genes; c) interaction of proteins involved in
certain metabolic pathway and therefore affecting each other;
d) associations between proteins based on the predominant
coexistence, co-expression or domain fusion. The network
represents the first integrated view of linkages between various
proteins similar to acquiring the road map of the city. Currently,
the database is filled during integration of system analysis,
including the main emphasis on experimental specification of
predicted relationships. Based on this information, a functional
distance matrix and a subsequent protein proximity index were
obtained, which help to understand how the influence of a
particular protein can distribute to the metabolic network as a
whole. This index was used to predict the strategy of maximum
metabolic disruption by inhibiting the least amount of proteins.
The study found that simultaneous inhibition of the combination
of four proteins could affect a total of 471 proteins involved in
33 pathways, which resulted in 75% metabolic disruption [38].

OMICs in diagnostics

The studies on finding TB biomarkers are conducted
constantly. A lot of promising candidates for defining the risk
of infection, disease risk, probability of cure, and protection
against infection have been found [39]. The majority of such
biomarkers are associated with the host immunity and include
proteins, metabolites, cell markers, and transcripts [40]. Despite
numerous reports of the correlations with various TB stages,
especially in children [41], there are currently no commercially
available predictive biomarkers. Clearly, this indicates insufficient
clinical significance of the described markers and the need for
further search.

Certainly the most success is seen in molecular testing
using genomic data both for the presence of M. tuberculosis
and drug resistance. Thus, Xpert XDR (Cepheid; CA, USA)
allows one to detect the genetic material of M. tuberculosis
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together with mutations associated with resistance to
rifampicin, isoniazid, injectable drugs, and fluoroquinolones.
For its part, the Russian equivalent, the hydrogel microarrays
developed by the Engelhardt Institute of Molecular Biology of
Russian Academy of Sciences [42], particularly TB-TEST, make
it possible to perform typing and simultaneously determine
resistance based on atotal of 114 genetic determinants: of those
28 mutations in rpoB associated with rifampicin resistance;
11 mutations in katG, five in inhA and five in ahpC associated
with isoniazid resistance; 18 mutations in embB assiciated with
ethambutol resistance; 15 mutations in gyrA; 23 mutations
in gyrB associated with resistance to fluoroquinolones;
4 mutations in rrs; 5 mutations in eis assicuated with resistance
to aminoglycosides and capreomycin [43].

The whole-genome sequencing is becoming an increasingly
attractive option for identification of drug resistance in
M. tuberculosis, the method can be also used to improve
understanding of the TB transmission [44]. This technique is
based on detecting mutations associated with drug resistance
in the M. tuberculosis genome, the data show the correlation
between the genetic mutations and the results of the culture-
based drug susceptibility tests performed at least for four first-
line drugs (isoniazid, rifampicin, ethambutol, and pyrazinamide)
[45, 46]. At the same time, some differences regarding
phenotypic and genetic drug resistance profiles suggest that
the use of genomic data does not always allow to define the
drug susceptibility of the bacterium. Taking into account the
fact that the structure of the M. tuberculosis population is
heterogenous and has its own characteristics, one could
speak of developing the local diagnostic test systems. It's
been reported that Beijing family strains prevail in our country
(50-80% of all cases) [47]. Strong association with the drug
resistance and higher virulence compared to other genotypes
have been proven for this genotype family [48]. The latter was
shown by both studying in vivo models [49] and epidemiological
research. The increased abundance of virulence factors in
Beijing family strains has been shown at the molecular level,
including through the system OMICs analysis [23, 32, 50].

Taking into account all of the above, it can be assumed that
early diagnosis of the Beijing family strains is the most promising.
To date, the use of the label-free microfluidic biosensor device
based on the photonic crystal surface mode (PC SM) is the
most common approach. The PC SM biosensor makes it
possible to assess a broad range of interactions: from the
formation of various protein—protein complexes to interaction
between oligonucleotides with different sequences. The fact
that chemical reactions occur in an isolated zone of minimum
volume, thus precluding contamination, reducing analysis time,
and making the analysis procedure more user-friendly, is the
main advantage of the technique. Such interactions, which
are registered in the real-time mode, require no pre-labeling
of target biomolecules [51], thereby simplifying and speeding
up the analysis.

Taking into account the potential of the PC SM biosensor
with atwo-dimensional spatial resolution [52], we have proposed
a fundamentally new method for typing of the TB causative
agent [53]: the photonic crystal surface was modified with
dextran, and the oligonucleotide system was used to detect the

M. tuberculosis single-stranded DNA. It is worth mentioning that
the surface modification method was optimized for detection
of the M. tuberculosis DNA [54]. In addition, a simplified variant
has been proposed for differential detection of the Beijing and
LAM families, which are most common in our country. Such
an approach would make it possible not only to simplify the
diagnosis, but also to reduce the costs of the diagnostic test
system development and production. Furthermore, the platform
itself could be used for the M. tuberculosis proteome typing.

Currently, two main immunological approaches to the
diagnosis of latent TB infection are used that are included in the
WHO guidelines [55]: tuberculin skin test (TST) and interferon-y
release assay (IGRA). Despite the fact that IGRA is more specific
than TST, none of these tests allow one to distinguish between
latent TB infection and active TB. Both tests have reduced
sensitivity in various immunocompromised subpopulations.
Cohort studies have shown that both TST and IGRA have low
predictive value for the latent TB infection progression to active
TB [56], that is why it is important to test only people at high risk
of the disease progression and use all the available clinical data
to complement test results. There are a number of convenient
estimation tools, such as Online TST/IGRA Interpreter. C-Tb
skin test (Statens Serum Institut; Copenhagen, Denmark)
based on the specific TB antigens ESAT-6 and CFP10 showed
the safety profile and accuracy similar to those of IGRA during
the third phase of the clinical trial [57, 58].

Several groups of researchers reported a possibility of using
HspX protein as a marker of the disease, including the latent
form [59, 60]. However, subsequent systemic analysis of various
M. tuberculosis strains showed the insolvency of such approach
[32]. Thus, the search for the infectious process biomarkers is
still the most pressing task for researchers all over the world.

CONCLUSION

Tuberculosis remains one of the main health problems in
our country. Despite the existence of various test systems,
identification and particularly typing of the pathogen are still an
urgent task both in Russia and abroad. Available technologies
are based mostly on the use of the well-studied genomic data.
In the recent decades, plenty of other OMICs technologies
have been introduced worldwide, such as metagenomics,
transcriptomics, proteomics, metabolomics, and culturomics,
which play a key role in understanding the main mechanisms
of the bacterial virulence, resistance, and pathogenicity. We
have reviewed various OMICs technologies and the possibility
of their use as diagnostic tools. According to the state-of-the-
art knowledge, OMICs technologies should be used in concert
rather than separately in order to obtain meaningful data on the
pathogenesis of Mycobacterium tuberculosis. Furthermore, for
the nuanced and holistic understanding, new technologies are
needed, such as bioinformatics, nanotechnology, single-
cell genomics, together with the new technologies of gene
expression, such as nanostring, and imaging tools. The sets of
the existing and new OMICs data considered together should
create an integrated presentation of the M. tuberculosis gene
regulation and promote the development of both diagnostic
panels and new efficient treatment methods.
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NEUROPHYSIOLOGICAL ASSESSMENT OF SPEECH FUNCTION IN INDIVIDUALS HAVING
A HISTORY OF MILD COVID-19

Gulyaev SA =, Voronkova YuA, Abramova TA, Kovrazhkina EA
Federal Center for Brain and Neurotechnologies of Federal Medical and Biological Agency, Moscow, Russia

Establishing a link between the objective research data and the thought process is one of the major issues of modern neurophysiology. The study was aimed to find
an opportunity to perform objective analysis of the causes of cognitive impairment in individuals having a history of mild novel coronavirus infection by solving the
inverse EEG problem. A total of 38 COVID-19 survivors were assessed, who had returned to work. The control group included 33 healthy individuals. EEG was
recorded using a 128-channel system with an average reference. The data obtained were subjected to the EEG microstate segmentation and converted using
the algorithm for solving the inverse EEG problem implemented in the sLORETA software package. In individuals with no history of COVID-19 being in a state of
relaxed wakefulness, the component of rhythmic activity within Brodmann area 47, responsible for perception and realization of music, was found in all classes
of EEG microstates (0.01 < p < 0.05; x*-test). Auditory-speech load was characterized by rhythmic activity within areas 22, 23, 37, 39, 40, 44, 45, and 47. In
individuals having a history of novel coronavirus infection being in a state of relaxed wakefulness, rhythmic activity within areas 22, 37, 39, 40 was detected. Under
auditory-speech load, there was rhythmic activity within areas 37, 39, and 41 (p < 0.05; x*-test). Thus, alterations in realization of speech function in the form of
the disordered sequence of switching on the main language centers were revealed in COVID-19 survivors.
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HEWPO®U3NONIOMMYECKOE UCCNEAOBAHUE PEHYEBOW ®YHKLUW Y JTNL,
NMEPEHECLUUX NErKYHO ®OPMY COVID-19

C. A. Tynaes =, HO. A. BopoHkosa, T. A. AbpamoBa, E. A. KoBpakkrHa
PenepanbHbil LIEHTP Mo3ra 1 HeipoTexHonoruii GefepansHoro Meanko-ronoruieckoro areHTcTea, Mocksa, Poccus

OpHolt 13 Hambonee BaxkHbIX MPOONEM COBPEMEHHOW HEMPOMU3NONOTN ABMSIETCS YCTAHOBNEHME CBA3W MEXAY AaHHbIMU OOBbEKTUBHbBIX MCCNeoBaHUA
N MbICAUTENBHBIM MpoLieccoM. Llenbto nccnefoBaHvst 6bi 0OBEKTUBHBIA aHaIM3 MPUYNH Pa3BUTUSE KOTHUTUBHBIX ANCHYHKLUMA Y NNLL, NEPEHECLUMX NErKyo
hopMy HOBOW KOPOHaBMPYCHOM MHMEKLIM, C MOMOLLbIO TEXHOMOMMK pelleHnst obpatHon 93M-3agaqun. MNposeaeHo obcnepoBaHne 38 YenoBek, NepeHecLUnX
COVID-19 1 BEPHYBLUMXCS K BbINMOMHEHWIO NPOdeCcCcrnoHanbHbix 0683aHHOCTEN. KOHTPOMBHYIO rpynny cocTaBumv 33 300pOBbIX YenoBeka. I3[ pernctpuposani
C NOMOLLBO 128-KaHasbHO CUCTEMbI C YCPeAHEHHBIM pedhepeHTOM. [NonydeHHble faHHble CErMEHTUPOBAaNM C BblAeNeHneM OTAeNbHbIX DOM-MUKPOCOCTOSHWIA 1
npeobpa3oBbiBasv C MOMOLLIBIO anropuTMa pelleHns obpaTHol 3agaqn 93l peanm3oBaHHOM B NakeTe npuknagHbix nporpammv sLORETA. Y nvu, He 6oneBLunx
COVID-19, B COCTOSIHUM MacCUBHOrO paccnabneHHoro 604pcTBOBaHMS BO BCex kiaccax O3-MUKPOCOCTOSIHWIA MPUCYTCTBYET KOMMOHEHT PUTMUHYECKON
aKTVBHOCTW 47-ro nons bpoamaHa, OTBETCTBEHHOMO 3a BOCMPUATHE U peanm3auimio My3biki (0,01 < p < 0,05; x*-test). CnyxopeveBas Harpy3ka xapakTepusosanach
NoSIBIEHVEM PUTMNYECKON aKTUBHOCTU Hag, nonsmu 22, 23, 37, 39, 40, 44, 45 n 47. Y nepeboneBLUMX HOBOV KOPOHaBMPYCHOW MHMEKLMEN B COCTOSIHIM
MaccuBHOrO paccnabneHHoro 60ApCTBOBaHNUA PUTMMYECKAs akTMBHOCTb Oblia 3aperncTpupoBaHa Hag nonsamun 22, 37, 39, 40. MNpu crnyxopedeBon Harpyske
pUTMUYECKast aKTUBHOCTb Bblgensinack Hag nonsmm 37, 39 n 41 (p < 0,05; x*-test). Takvm obpazom, y nuu, nepeHectunx COVID-19, BbiSiBNEHb!I U3MEHEHS
peannsaLmm peyeBo hyHKLMM B BUAE Ae30praHm3aLmm nocnefoBaTelbHOCTY BKIKOHYEHNST OCHOBHbIX PEYEBbIX LIEHTPOB.

KniouyeBble cnoBa: HoBasi KOPOHaBUPYCHas MHdekuns, D3N, pelleHne obpaTHo 3aaaqm

Bknag aBTopoB: C. A. [ynseB — aHanm3 faHHbIX, HanvcaHne Tekcta, odopmnerine; 0. A. BopoHkoea, T. A. ABpamoBa — nosydeHine aaHHbIx; E. A. KoBpakkuHa —
othopMnenve.

CobniopgeHne aTM4ecKnx CTaH[apToB: VICCNefoBaHne 0gobpeHo atndeckm komutetom GLIMH OPMBA Poccnn (mpoTtokon Ne 148-1 ot 15 mnioHs 2021 r.). Bee
VL@ NPYHSNM yHacTue B 9KCNIepMEHTE Ha AOBPOBOSIBHbIX Havanax, 6e3 [AOMOHUTENBHOrO NOOLLPEHUS. lccneaoBaHst akcrepyiMeHTa NpoBOANIM COTPYAHMKA
Orby OLIMH ®MBA Poccum B pamkax Hay4HOM paboTbl yHpexxaeHns 6e3 NpuBneHeHnsi CTOPOHHKX CPeacTB.
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Establishing a link between the objective research data and
the thought process is one of the major issues of modern
neurophysiology. Currently, activity in the neural structures
of the brain is studied by functional brain imaging methods,
such as functional magnetic resonance imaging (fMRI) and
positron emission tomography (PET), and neurophysiological
techniques based on the electroencephalography/
magnetoencephalography (EEG/MEG) studies in various
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modalities (continious or discrete EEG). All these methods have
disadvantages, resulting in difficulties in data interpretation.
Thus, functional brain imaging methods detect the major
changes in the neuronal activity over a rather long period of
time. Regardless of the almost direct temporal relationship with
brain activity, continious EEG/MEG is so complex and diverse
that it is unable to precisely answer the question, which neural
structures are responsible for its formation. In case of discrete
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recording widely used to study the neural structures responses
to external stimuli (evoked potential (EP) tests), this method
provides information on the nervous tissue direct response to
the selected stimulus, which makes it impossible to study brain
fuction as a whole even in case of recording long-latency EPs,
resulting in determining recognition of a particular stimulus [1].

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

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

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

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

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

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

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

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

METHODS
Main group

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

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

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

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

Control group

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

General characteristics of methods

The eyes-closed resting state EEG was recorded in the
darkened room using the 128 channel HydroCel-128 system
(Magstim; USA) with an average reference, combined with
the EGI-GES-300 bioampilifier (Magstim; USA). The resulting
signal was converted into a digital form by discrete sampling
with a sampling rate of 500 Hz, thus allowing to eliminate
signal distortion in the frequency range of 1-250 Hz. The signal
pbandwidth with the applied 50-Hz notch filter was 0.5-70 Hz,
which made it possible to integrate the main ranges of interest.
No recording was performed within a minute after connecting a
volunteer to the device in order to eliminate movement-related
artifacts resulting from the subject's maladaptation.
Impedance, the total resistance of the neural interface
electrodes, was maintained within 10 kOhm. It was
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Table 1. Comparative characteristics of the class 1-6 EEG microstate duration in controls

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
m SD m SD m SD m SD m SD m SD
Resting state 0,02 0,01 0,02 0,01 0,03 0,01 0,02 0,01 0,03 0,01 0,02 0,01
Task state 0,04 0,01 0,04 0,01 0,04 0,01 0,04 0,01 0,05 0,01 0,04 0,01
p (t-test) < 0,001 < 0,001 < 0,001 < 0,001 < 0,001 < 0,001

Note: m — mean; SD — standard deviation.

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

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

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

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

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

Statistical data processing

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

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

RESULTS

Comparative characteristic of EEG microstates recorded
during realization of speech function

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

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

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
m SD m SD m SD m SD m SD m SD
Resting state 0,04 0,02 0,04 0,02 0,04 0,01 0,05 0,02 0,04 0,02 0,05 0,01
Task state 0,04 0,02 0,04 0,02 0,04 0,01 0,04 0,01 0,05 0,01 0,04 0,02
p (t-test) >0,5 0,4 >0,5 >0,5 0,02 > 0,1
Note: m — mean; SD — standard deviation.
Table 3. Comparative characteristics of the class 1-6 EEG microstate occurrence in controls
Class 1 Class 2 Class 3 Class 4 Class 5 Class 5
m SD m SD m SD m SD m SD m SD
Resting state 6,18 3,43 6,57 3,48 5,65 3,91 5,66 3,93 5,71 4,09 5,40 3,80
Task state 3,88 0,00 3,88 0,00 3,88 0,00 3,88 0,00 3,87 0,01 3,88 0,00
P (t-test) <0,01 < 0,001 0,01 0,01 0,01 0,02

Note: m — mean; SD — standard deviation.
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Table 4. Comparative characteristics of the class 1-6 EEG microstate occurrence in individuals having a history of novel coronavirus infection

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
m SD m SD m SD m SD m SD m SD
Resting state 3,88 0,00 3,88 0,01 3,88 0,00 3,88 0,00 3,88 0,00 3,88 0,01
Task state 3,88 0,01 3,88 0,00 3,88 0,00 3,88 0,01 3,88 0,01 3,63 0,95
p (t-test) >0,5 0,4 >0,5 >0,5 0,4 0,2

Note: m — mean; SD — standard deviation.

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

Microstates source analysis by solving the EEG inverse
problem

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

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

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

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

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

DISCUSSION

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

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

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

However, the most complete characteristics of bioelectrical
changes in the COVID-19 survivors were shown when solving
the inverse EEG problem, which made it possible to detect

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

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
m SD m SD m SD m SD m SD m SD
Resting state 17% 14% 19% 13% 17% 14% 16% 15% 18% 16% 13% 12%
Task state 17% 3% 17% 4% 16% 3% 17% 3% 18% 4% 16% 4%
p (t-test) 0,8 0,4 0,6 0,9 0,9 0,2
Note: m — mean; SD — standard deviation.
Table 6. Comparative characteristics of the class 1-6 EEG microstate coverage in individuals having a history of novel coronavirus infection
Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
m SD m SD m SD m SD m SD m SD
Resting state 17% 7% 15% 7% 17% 6% 17% 6% 16% 6% 18% 6%
Task state 15% 6% 17% 7% 17% 5% 16% 8% 20% 3% 15% 7%
p (t-test) >0,5 >0,4 >0,5 >0,5 0,02 0,1

Note: m — mean; SD — standard deviation.
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Fig. Rhythmic activity occurrence in accordance with the Brodmann area in controls
state of relaxed wakefulness and under auditory-speech load; p < 0.05 (x*-test)

the disrupted sequences of the rhythmic activity registration
within distinct brain structures and their association with the
Brodmann's map of cortical areas.

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

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

CONCLUSIONS

1. Individuals having a history of novel coronavirus infection
who have returned to work after convalescence show
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CEREBRAL ENERGY EXCHANGE IN EMPLOYEES OF HAZARDOUS NUCLEAR FACILITIES AND
PRODUCTIONS WITH THE LOW DEGREE OF PSYCHOPHYSIOLOGICAL ADAPTATION
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Psychophysiological assessment of employees of 10 Russian nuclear power plants revealed a low degree of psychophysiological adaptation (PPA) in 30% of
subjects. Studying the fuctional activity (FA) of the brain by EEG revealed the decline in FA in individuals with the low degree of PPA. The impaired cerebral energy
exchange could be one of the factors contributing to the decline in the brain functional state. The study was aimed to assess the features of the cerebral energy
exchange in the employees of the hazardous nuclear facilities and productions with the low degree of PPA. A total of 159 EEG recordings acquired from individuals
with the low degree of PPA (50.8 + 4.6), and 152 EEG recordings acquired from individuals with the high degree of PPA (48.8 + 1.5) were studied. Energy exchange
was assessed in individuals with the low FA of both brain as a whole and the following conditionally distinguished structural and functional units (SFUs) of the CNS:
mainly cerebral cortex (SFU-1), cortical-subcortical interactions (SFU-2), central control of the cardiovascular system (SFU-3). EEG was recorded by standard
method using the electroencephalography unit. The magnitude of the hemispheric differences (HD) in the power of biopotentials (BP) between the homologous EEG
leads was used to assess the cerebral energy exchange. There is evidence of the cerebral energy exchange increase in the anterior cortical areas of individuals with
the low degree of PPA. The increased cerebral energy exchange has been also revealed in SFU-1 and SFU-2 responsible for the mental and psychophysiological
functions of the CNS. However, cerebral energy exchange remains unchanged in the SFU-3 reflecting the central control of the CVS.
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LIEPEBPAJIbHbIV QHEPITOOBMEH Y PABOTHUKOB AA0EPHO OMACHbIX MPELNPUATUN
M MPOU3BOACTB C HU3KUM YPOBHEM NMCUXO®U3NONTIOMMYECKOWN AOAMTALIA

3. ®. 3Bepesa' = @. C. Topybapos', H. I. BaH4akosa?, E. A. deHncosa’

T ®epeparnbHbli MeULMHCKIA Brodunandeckuii LeHTp umenn A. V. BypHassHa, Mocksa, Poccus
2 MNep.bit CaHKT-MNeTepbypreknii rocyAapCTBEHHDbIN MeaVLMHCKNIA yHBepcuTeT UMeHn V. . Tanosa, CaHkT-MNeTepbypr, Poccus

B pesynsrate ncuxodusmonornyeckoro obcnenosanmns pabotHrkos 10-1 ASC Poccun y 30% obcnenoBaHHbIX BbISBNEH HU3KNIA YPOBEHL NMCUXOMIU3VONOrMHECKO
apantaunm (MOA). VsyveHre dyHKUMOHaNBHOM akTMBHOCTH (PA) rofnoBHOMO MO3ra ¢ MoMOLLbo O30T yCTaHOBWIIO €€ CHIDKEHWE Y UL, C HU3KMM YPOBHEM
M®OA. OgHUM 13 (HaKTOPOB CHYKEHWNST (DYHKLIMOHANBHOIO COCTOSIHUSI FOMIOBHOMO MO3ra MOXET ObITb HapylLleHve LepebpanbHoro aHeproobmeHa. Liensto
pPaboTbl ObINIO N3YHUTb OCOBEHHOCTY LiepebpanbHOro aHeproodMeHa y paboTHUKOB SAEPHO OMacHbIX MPEANPUATUAIA U MPOU3BOACTB C HU3KUM ypoBHEM DA,
Wceneposann 159 336 nnw, ¢ HM3kmnm yposHem MPA (50,8 + 4,6), 152 33T nny, ¢ Bbicokum yposHeM [NPA (48,8 + 1,5). SHeproobmeH 13ydani npu H1uakon GA
Kak Mo3ra B LiefIoM, Tak 1 OTAeNbHbIX YCNOBHO BblAENEHHbIX HaMy CTPYKTYPHO-(YHKUMOHabHLIX 06padoBanmii (CPO) LIHC: npenmyuiectBeHHO kopbl (CPO-1),
KOPKOBO-MNOAKOPKOBOro B3ammonencTams (CPO-2), LeHTpanbHoM perynsaumm cepaeqHo-cocyamnctor cuctemsl (CPO-3). D3I perncTpupoBanv 0BLLENPUHATLIM
CMOCcOBOM Ha aneKTposHLiedanorpade. s oLeHKN LepebpasibHOro SHEProobMeHa NCNoNbL30BASN MOKa3aTeNb BEMMHUHBI MEXMONYLLAPHBIX padnnynin (BMIP)
MOLLHOCTW 61onoTeHumanos (BIM) 931" roMonornyHbIX oTBeAeHWIA. [onyyeHbl AaHHble 06 yeuneHn Npu H13KoM ypoBHe MNPA LepebpanbHoro aHeproobmeHa B
nepefHVX oTaenax Kopbl rofoBHOMO Mo3ra. YcuneHue LepebpansHoro aHeproobmeHa BbisiBneHo Takke B CPO-1 1 CPO-2, 0TBETCTBEHHbIX 32 NCUXMYECKUE U
ncmxomamonorudeckme dyHkummn LIHC. Mpn atom B CPO-3, oTpakatoLeMm LieHTpanbHyto perynaumio CCC, LepebpabHbii 3HEProooMeH He MEHASCS.

KnioueBble cnoBa: paboTHUKM, SAEPHO OMacHble MPEeAnpUsaTYs, LeHTpaslbHas HepBHas cuctema, 930, ncuxoursmonormyeckas agantaumsi, LepebpasbHbli
3HEProobmMeH, PyHKUMOHaIbHOE COCTOsIHME
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The work of operating personnel of the hazardous nuclear
facilities and productions is associated with severe emotional
strain and high responsibility. The employees' top priorities are as
follows: timely and accurate perception of complex information,
evaluation of information, decision making and adequate
response. All the tasks are implemented by the central nervous

system (CNS). The impaired functional state (FS) of the CNS
resulting in the low degree of psychophysiological adaptation
(PPA) affects the professional activities reliability and can lead to
the increased risk of accidents being the fault of the staff [1].
Psychophysiological assessment (PA) of employees of
the hazardous nuclear facilities and productions performed
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within the framework of the mandatory annual medical
check-ups makes it possible to assess the CNS FS and the
degree of PPA [2, 3]. The experience of PA has proven the
feasibility of using a comprehensive approach to assess the
degree of PPA by methods taking into account human mental,
psychophysiological and physiological spheres [1, 3, 4].

Our conceptual model of PA, developed for the personnel
of the hazardous nuclear facilities and productions, makes it
possible to assess the functional activity (FA) of the allocated
conditional structural and functional units (SFUs) of the CNS,
the functional state of the entire CNS, and the degree of PPA
[6]. The following SFUs of the CNS are considered: primarily
cerebral cortex (SFU-1); cortical-subcortical interactions (SFU-2);
central control of the cardiovascular system (SFU-3).

The functional activity of the CNS structural and functional
units is assessed in the following way:

— SFU-1 is assessed by psychological techniques that
reflect the mental sphere: personal characteristics, individual's
mental state, character traits, intelligence level, the degree
of internality-externality (individual's preparedness to take
responsibility for what happens to him/her and around), which
are mostly ensured by cerebral cortex [6];

— SFU-2 is assessed by psychophysiological techniques
that reflect the dynamics of neural processes, switching
between the processes, the level of eye-hand coordination,
overall efficiency and activity of the CNS, which are ensured
mostly by the cortical-subcortical interactions [7];

— SFU-3 is assessed by physiological technique for
determining the heart rate variability (HRV) that reflects the
central control of the cardiovascular system (CVS), which is
ensured by subcortical structures, the diencephalic region of
the brainstem [8].

The FA levels of the CNS SFUs are determined as high,
medium or low. This makes it possible to define the degree
of PPA as a an integrated indicator, which could also be
high, medium or low [2, 3, 4]. PA is performed with the PFS-
CONTROL software-hardware complex (SHC) [2, 4].

The previously conducted PA of the operating personnel
of 10 Russian nuclear power plants showed that 30% of
employees had a low degree of PPA [9, 10]. When assessing
the CNS FS in these employees by EEG given the low degree
of PPA, abnormal parameters were detected significantly
more often than in case of high degree of PPA [11, 12]. This
suggested the decline in the CNS FS. The greatest number of
abnormalities was revealed in individuals with the low degree of
PPA in the SFU reflecting the central control of the CVS [9-12].

In matters of human adaptation to living conditions, including
tense and responsible professional activity, studying brain
energy metabolism [13] underlying the functional plasticity of
the brain [14] is considered important. In the studies unvolving
the use of neuroergometry for evaluation of the cerebral energy
exchange by recording the brain direct current (DC) potentials
[15], alterations in the CNS associated with the harsh living
conditions and the development of adaptive response were
defined. It was shown that the altered adaptive response in the
form of the increased cerebral energy exchange was observed
in migrants and individuals permanently residing in the harsh
climate of the Arctic Zone of the Russian Federation (RF) [16].
The close correlation between the light pattern, cerebral energy
exchange and anxiety was found in the residents of the Arctic
Zone of the RF. The seasonal variation of the cerebral energy
exchange in the form of the increase during the lighter periods
of the year in people with high levels of anxiety is associated with
the more prominent increase in energy exchange compared
to people with low levels of anxiety [17]. When studying
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the relationship between the brain activity and the energy
metabolism, it was shown that heavier mental workloads were
associated with the more prominent increase in the cerebral
energy exchange compared to the less heavy workloads [13].
The differences in the cerebral energy exchange increase
between various cortical areas under mental workloads of
different types were also revealed [18].

Despite their importance, the issues of human brain
energy metabolism associated with adaptive response in the
employees of the hazardous nuclear facilities and productions
are poorly understood. Cerebral energy exchange in the
nuclear industry workers with the low degree of PPA has not
yet been explored.

For electroencephalography, widely used in studying
the mechanisms underlying the normal and abnormal
rearrangements in the CNS FS, an indicator, the magnitude of
the hemispheric differences (HD) in the power of biopotentials
(BP) between the homologous EEG leads, was developed to be
used during the study [19]. Matching this indicator with the DC
potentials used in neuroergometry has revealed their similarity
when assessing alterations in the CNS FS [20] and justified the
use of the magnitude of the HD in the power of BP between
the homologous EEG leads for analysis of the cerebral energy
exchange in individuals with the low degree of PPA.

The study was aimed to assess the features of the cerebral
energy exchange in the employees of the hazardous nuclear
facilities and productions with the low degree of PPA.

METHODS

Archive EEG recordings obtained from the employees of the
hazardous nuclear facilities and productions during the PA
performed within the framework of medical check-up were
studied. Inclusion criteria: EEG recordings of individuals with
no contraindications to further work based on the results of
medical check-up and PA. A total of 311 EEG were extracted,
of those 159 EEG recordings of individuals with the low degree
of PPA (50.8 + 4.6 years; 146 males, 13 females), and 152 EEG
recordings of individuals with the high degree of PPA (48.8 + 1.5
years; 140 males, 12 females). Due to the low number of female
subjects, the groups were recognized as homogenous.

PA was performed using the PFS-CONTROL SHC [2-4].
The following psychological techniques were used:

— multiphasic personality test (MPT, adapted version of
MMPI [2, 3, 21, 22]);

— Raymond Cattell's 16 Personality Factors Questionnaire
(16PF, form A) [2, 3, 23];

— John Raven's Progressive Matrices Test [2, 3, 24];

— questionnaire of the level of subjective control (USC) [2, 3, 25];
SFU-1 was distinguished based on the methods.

Psychophysiological methods:

— simple visual-motor reaction (SVMR), complex visual-
motor reaction (CVMR), reaction to a moving object (RMO);
SFU-2 was distinguished based on the methods.

Physiological method: HRV; SFU-3 was distinguished
based on the method.

Two groups were formed based on the degree of PPA in
order to access the cerebral energy exchange:

— group 1 with the low degree of PPA (n = 159);

— group 2 with the high degree of PPA (comparison group;
n=152).

Two subgroups were also formed based on the FA of the
CNS SFUs:

— subgroup 1 with the low FA: SFU-1 (n = 48), SFU-2 (n = 53),
SFU-3 (n = 110);
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Table 1. HD in the power of BP between the homologous EEG leads acquired from the anterior and posterior cortical areas associated with the high and low degree

of PPA
HD in the power of BP between the homologous EEG leads (AU)
Degree of PPA Cortical areas Test/p
anterior posterior
Low - . t/0,0089°
n-159 18,1 + 0,09 15,9 + 0,04 £/0.0034"
High 17,3 £ 0,05 15,7+ 0,02° t/0,0056*
n=152

Note: * — significant differences between the anterior and posterior cortical areas; * — significant differences between the high and low degree of PPA.

— subgroup 2 with the high FA: SFU-1 (n = 117), SFU-2
(n=71), SFU-3 (n = 87).

EEG recording was acquired with the EEGA-21/26
Encephalan-131-083 unit (Medicom MTD; Russia) using the
standard 10-20% system with the subject in a state of passive
wakefulness. Electrodes were placed over the following cortical
zones: Fp1, Fp2, F3, F4, F7, F8, T3, T4, T5, T6, C3, C4, P3,
P4, O1,02. Monopolar montage was used with the reference
electrodes placed on the earlobes. The signal digitization rate
was 1024, and the reading speed was 30 mm/s. The following
ranges were recorded: 0-3.5 Hz — §; 4.0-7.0 Hz — #6;
8.0-13.0 Hz — «a; 14-24 Hz — B1; 25-35 Hz — B2.

To calculate the cerebral energy exchange value:

— the artifact free sections of the recording (1.5-2 min)
were processed with the EEGA-21/26 Encephalan-131-03
sotware to obtain the numerical values for 10 fragments of the
EEG BP power spectrum in each of the leads placed over the
hemispheres;

— to calculate the difference between two values (%), the
values of the HD in the power of BP between the homologous
EEG leads were calculated using the formula (A-B)/(A+B) —
100%, where A was the power of BP in the EEG lead set up
over the left hemisphere, and B was the power of BP in the
EEG lead set up over the right hemisphere, based on the
conditional mean;

— the absolute values of the HD in the power of BP between
the homologous EEG leads were averaged over all the ranges
(o, 8, B, B1, B2) for each electrode pair; the resulting values
were considered the indicators of the cerebral energy exchange
measured in arbitrary units (AU);

— the average cerebral energy exchange values were
calculated for the anterior (Fp1, Fp2, F3, F4, F7, F8, T3,

T4, T5, T6) and posterior cortical areas (C3, C4, P3, P4, Of,
02) [19].

Statistical data processing was performed with the
STATISTICA 6 for Windows (StatSoft Inc.; USA) and Biostat
(AnalystSoft; USA) software. The data set processing with the
STATISTICA 6 software involved calculating the mean values
(M) and errors (m). Student's t-test was used to assess the
significance of differences between the mean values. The
differences in the comparison groups were considered
significant at p < 0.05. The data set processing with the Biostat
software involved applying the x? test, the significance level was
set at 0.05 (p < 0.05).

RESULTS

Table 1 presents the values of the HD in the power of BP
between the homologous EEG leads acquired from the anterior
and posterior cortical areas in individuals with the high and low
degree of PPA.

The values acquired from the anterior cortical areas
were higher than those acquired from the posterior areas in
individuals with both high and low degree of PPA. The cerebral
energy exchange was higher in anterior than in posterior areas.
These ratios are similar to normal ratios of healthy people [19].

In individuals with the low degree of PPA, HD in the power
of BP between the homologous EEG leads increased in the
anterior cortical areas (in relation to the high degree). There
were no differences between the values of the HD in the
power of BP between the homologous EEG leads obtained in
individuals with the low and high degree of PPA.

From the above, it is clear that in individuals with the low
degree of PPA, cerebral energy exchange increased in the

Table 2. HD in the power of BP between the homologous EEG leads acquired from the anterior and posterior cortical areas associated with the high and low degree of PPA

HD in the power of BP between the homologous
EEG leads (AU)
SFU of CNS FA Cortical areas Test/p
anterior posterior
low - . t/0,0062°
n- 48 18,8 + 0,07 16,1 + 0,08 £/0.0030"
SFU-1
high o . .
17,2 £ 0,02 15,5 + 0,05 t/0,0050
n=117
low " . t/0,0058°
n=53 18,2 + 0,06 15,9 + 0,04 /0,046
SFU-2
high o . .
n=T71 17,0 £ 0,02 15,7 + 0,05 t/0,0062
low 17,9 + 0,04° 15,9 = 0,06° £/0,0052°
n=110
SFU-3
high 17,2 + 0,03° 15,7 + 0,09° t/0,016°
n=287

Note: * — significant differences between the anterior and posterior cortical areas; * — significant differences between the high and low FA of the SFUs.

EXTREME MEDICINE | 2, 24, 2022 | MES.FMBA.PRESS




anterior cortical areas and remained unchanged in the posterior
areas.

Table 2 presents the values of the HD in the power of BP
between the homologous EEG leads acquired from the anterior
and posterior cortical areas associated with the high and low
FA of the SFUs.

In the SFU-1 of individuals with the low FA, the values of the
HD in the power of BP between the homologous EEG leads
increased (in relation to the high FA) in the anterior cortical areas
and remained unchanged in the posterior areas.

Similarly, in the SFU-2 of individuals with the low FA, the
values of the HD in the power of BP between the homologous
EEG leads increased (in relation to the high FA) in the anterior
cortical areas and did not change in the posterior areas.

From the above, it is clear that in the SFU-1 and SFU-2 of
individuals with the high FA, cerebral energy exchange increased
in the anterior cortical areas and remained unchanged in the
posterior areas.

In the SFU-2 of individuals with the low FA, the values of the
HD in the power of BP between the homologous EEG leads
acquired from the anterior and posterior cortical areas were
similar to those acquired from individuals with the high FA. The
cerebral energy exchange remained unchanged both in the
anterior and posterior cortical areas.

Thus, in individuals with the low degree of PPA and low FA
of the SFU-1 and SFU-2, cerebral energy exchange increased
in the anterior cortical areas and never changed in the posterior
areas. In individuals with the low FA of the SFU-3, cerebral
energy exchange remained unchanged both in the anterior and
posterior cortical areas.

DISCUSSION

The findings showed that the cerebral energy exchange
increased in individuals with the low degree of PPA. In the past
electroencephalographic studies of the nuclear power plant
personnel it was found that the signs of the CNS FS decline in
the form of the increase in indicators recognized as anomalous
were found in EEG recordings of individuals with the low
degree of PPA [9-12]. According to literature, the types of
activity significantly different from normal and showing the CNS
FS decline are revealed in EEG recordings of individuals with
the low degree of adaptation almost in 80% of observations
[9-12]. Based on the data provided it can be assumed that the
increased cerebral energy exchange in the employees of the
hazardous nuclear facilities and productions with the low level
of PPA is the evidence of the CNS FS decline.

PPA is the body's systemic response to the impact of the
external and internal factors aimed at adaptation [1, 4, 21, 26].
Stress is considered the main underlying mechanism [27, 28].
[t was shown that stress developing as a non-specific
body's response to the significant impact of the external and
internal factors [27, 28] results naturally in the low degree
of adaptation, CNS FS decline, and the increased cerebral
energy metabolism [15]. These data have been confirmed by
studying the cerebral energy exchange in individuals living in
the harsh climate of the Arctic Zone of the RF [16], as well
as in the Arctic Zone residents with the high anxiety levels
[17]. It can be assumed that the increased cerebral energy
exchange in individuals with the low degree of PPA revealed
during our study results from stress developing in the nuclear
industry workers in response to the significant impact of the
external and internal factors during their tense and responsible
professional activities.
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The increased cerebral energy exchange indicates
the probable switching to additional psychophysiological
mechanisms allowing individuals with the low degree of PPA to
cope with stress. However, this compensatory mechanism is not
optimal, it results in fatigue and requires further recovery. That
is why the emergence of such alterations should be considered
the critical factor for the employees of the hazardous nuclear
facilities and productions.

Based on the study results, the cerebral energy exchange
increased in individuals with the low FA of the SFU-1 and SFU-2,
reflecting human mental and psychophysiological spheres,
and remained unchanged in individuals with the low FA of the
SFU-3, reflecting human physiology.

In accordance with the conceptual model of PPA, SFU-1 is
considered as mainly cortical, SFU-2 as the cortical-subcortical
interactions, SFU-3 as the central control of the cardiovascular
system [5]. Cerebral cortex is the main area responsible for
the functions involving SFU-1 [6]. The cortical-subcortical
interactions play a dominant role in the implementation of
functions involving SFU-2 [7]. Subcortical structures, the
diencephalic region of the brainstem, are the main areas
responsible for functions involving SFU-3 [8]. Currently, PPA
is believed to be a systemic process based on information
processing [29]. Based on the above it can be assumed that
the cerebral energy exchange processes are to the greatest
extent involved in information processing associated with
implementation of functions involving mainly cerebral
cortex (SFU-1). The same for functions implemented with
the dominant role of the cortical-subcortical interactions (SFU-2).
The cerebral energy exchange processes are less involved in
information processing associated with implementation
of functions involving mostly subcortical structures, the
diencephalic region of the brainstem (SFU-3).

It can be also assumed that the increase in the cerebral
energy exchange is a compensatory neurochemical process
aimed at increasing the FA of the most important SFUs of the
brain.

The increased cerebral energy exchange in the anterior
cortical areas associated both with low PPA and low FA of
the CNS SFUs, involved in mental and psychophysiological
functions, is related to the more dynamic nature of these
functions in the context of the increased stress compared
to physiological functions. SFUs related to regulation of the
cardiovascular system are autonomous, and FA of these SFUs
seems to involve different mechanisms.

CONCLUSIONS

In the employees of the hazardous nuclear facilities and
productions with the low degree of psychophysiological
adaptation, cerebral energy exchange increases in the anterior
cortical areas and remains unchanged in the posterior areas. In
individuals with the low functional activity of the structural and
functional units reflecting both mental and psychophysiological
spheres, cerebral energy exchange increases in the anterior
cortical areas and does not change in the posterior areas. In
individuals with the low functional activity of the structural and
functional unit reflecting the central control of the cardiovascular
system, cerebral energy exchange remains unchanged in
both anterior and posterior cortical areas. Advanced research
is required to define the cause of no changes in the cerebral
energy exchange in this SFU. The findings are important not
only for neuroscience but for practical application in medicine.



ORIGINAL RESEARCH | HEPATOLOGY

References

1.

10.

11.

12.

Samojlov AS, Bushmanov AYu, Bobrov AF, Shheblanov VYU, Sedin I,
Kalinina MYu. Psixofiziologicheskie aspekty obespecheniya
nadezhnosti professional'noj deyatel'nosti rabotnikov organizaci
atomnoj otrasli. V sbornike: Materialy lll otraslevoj nauchno-
prakticheskoj konferencii. ANO DPO «Texnicheskaya akademiya
Rosatoma». M., 2018; s. 62-76. Russian.

Organizaciya i provedenie psixofiziologicheskix obsledovanij
rabotnikov organizacij, ehkspluatiruyushhix osobo radiacionno
opasnye i yaderno opasnye proizvodstva i ob"ekty v oblasti
ispol'zovaniya atomnoj ehnergii, pri proxozhdenii rabotnikami
medicinskix osmotrov v medicinskix organizaciyax FMBA Rossii.
Metodicheskie rekomendacii R FMBA Rossii 2.2.9.84-2015.
Moskva, 2015. Russian.

Rukovodstvo po ocenke i interpretacii rezul'tatov monitoringa
psixofiziologicheskogo sostoyaniya rabotnikov —organizacij,
ehkspluatiruyushhix osobo radiacionno opasnye i yaderno
opasnye proizvodstva i ob"ekty v oblasti ispol'zovaniya atomnoj
ehnergii. FMBA Rossii 2.2.9. 2014; 40 s. Russian.

Bobrov AF, Bushmanov AYu, Sedin VI, Shheblanov Wu. Sistemnaya
ocenka rezul'tatov psixofiziologicheskix obsledovanij. Medicina
ehkstremal'nyx situacij. 2015; (3): 13-9. Russian.

Torubarov FS, Bushmanov AYu, Zvereva ZF, Kretov AS,
Lukyanova SN, Denisova EA. Koncepciya psixofiziologicheskogo
obsledovaniya personala ob'"ektov ispol'zovaniya atomnoj
ehnergii v medicinskix organizaciyax. Medicina ehkstremal'nyx
situacij. 2021; 23 (1): 13-8. Russian.

Luriya AR. Vysshie korkovye funkcii cheloveka i ix narushenie pri
lokal'nyx porazheniyax mozga. M.: Akadem. proekt, 2000; 433 s.
Russian.

Loskutova TD. Ocenka funkcional'nogo sostoyaniya central'noj
nervnoj sistemy cheloveka po parametram prostoj dvigatel'noj
reakcii. Fiziologicheskij zhurnal SSSR. 1975; 61 (1): 3-12. Russian.
Baevskij RM. Koncepciya fiziologicheskoj normy i kriterii zdorov'ya.
Rossijskij fiziologicheskij zhurnal im. I. M. Sechenova. 2003; (4):
473-87. Russian.

Isaeva NA, Torubarov FS, Zvereva ZF, Lukyanova SN, Denisova EA.
Bioehlektricheskaya aktivnost' golovnogo mozga u rabotnikov
Novovoronezhskoj i Beloyarskoj AEhS s raznym urovnem adaptacii
k usloviyam ix trudovoj deyatel'nosti. Medicinskaya radiologiya i
radiacionnaya bezopasnost'. 2016; 61 (5): 5-12. Russian.
Torubarov FS, Zvereva ZF, Lukyanova SN. EhEhG pokazateli
sostoyaniya central'noj nervnoj sistemy u lic s razlichnymi
urovnyami psixofiziologicheskoj adaptacii. Saratovskij nauchno-
medicinskij zhurnal. Prilozhenie oktyabr'-dekabr'. 2019; 15 (4):
965-7. Russian.

Torubarov FS, Zvereva ZF, Lukyanova SN. Bioehlektricheskaya
aktivnost' golovnogo mozga u operativnogo personala AEhS
Rossii ¢ nizkim urovnem psixofiziologicheskoj adaptacii.
Medicinskaya radiologiya i radiacionnaya bezopasnost'. 2021; 66
(2): 23-35. Russian.

Zvereva ZF, Torubarov FS, Denisova EA, Miroshnik E.
Prognosticheskie kriterii psixofiziologicheskoj adaptacii po
dannym sravnitel'noj xarakteristiki vizual'nogo analiza i pokazatelej
moshhnosti biopotencialov EnEhG u rabotnikov yaderno opasnyx

Jutepatypa

1.

Camonnos A. C., Byumaros A. FO., Bobpos A. ®., LLiebnaHos B. HO.,
CegnH B. ., KannnunHa M. HO. Tlcuxoduamonornyeckme
acnekTbl obecnevYeHnss HageXHOCTU NPOdeCCUoHaNbHOM
0EeATeNbHOCTN PabOTHNKOB OpraHu3aLnii atoMHon otpaciv. B
cbopHvke: Matepuanbl Il oTpacneBor Hay4HO-NMPaKTUHECKOM
koHpepeHumn. AHO OO «TexHnyeckas akagemunst Pocatomar.
M., 2018; c. 62-76.

OpraHmgdaumss 1 NPOBEAeHME  NCUXOPU3UONOTNHECKIX
obcnefoBaHNA PaboTHVKOB OpraHnM3aumin, SKCNyaTUPYOLLMX
0COB0 pagmaLMOHHO ONacHble 1 AAePHO ONacHble MPOU3BOACTBA
N 00beKTbl B 06nact MCMONb30BaHMA aTOMHOW 3SHepruu,
NPy MPOXOXOEHUN PABOTHUKAMM MEOULIMHCKMX OCMOTPOB B

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

predpriyatij i proizvodstv. Medicina truda i promyshlennaya
ehkologiya. 2021; 61 (9): 588-94. Russian.

Kirsanov VM. Ocenka stepeni adaptacii individa na osnove
pokazatelej ehnergeticheskogo potenciala golovnogo mozga i
psixodiagnosticheskogo obsledovaniya. Innovacii v nauke. 2012.
(8): 64-8. Russian.

Foster C, Steventon JJ, Helme D, Tomassini V, Wise RG. Cerebral
Metabolic Changes During Visuomotor Adaptation Assessed
Using Quantitative fMRI. Front Physiol. 2020 May 8; 11: 428.
Fokin VF, Ponomareva NV. Ehnergeticheskaya fiziologiya mozga.
Moskva: «Antidor», 2003; 288 s. Russian.

Gribanov AV, Anikina NYu, Gudkov AB. Cerebral'nyj ehnergoobmen
kak marker adaptivnyx reakcij cheloveka v prirodno-klimaticheskix
usloviyax Arkticheskoj zony Rossijskoj Federacii. Ehkologiya
cheloveka. 2018; (8): 32—40. Russian.

Gribanov AV, Kotcova ON, Anikina NYu, Pankov MN, Korelskaya IE.
Sezonnye izmeneniya cerebral'nogo ehnergoobmena pri raznom
urovne trevozhnosti u molodyx lyudej v arkticheskoj zone rossijskoj
federacii. Chelovek. Sport. Medicina. 2021; 21 (4): 73-80. Russian.
Trimmel M, Stréssler F, Knerer K. Brain DC potential changes of
computerized tasks and paper/pencil tasks. Int J Psychophysiol.
2001; 40 (3): 187-94.

Zvereva Z. F. Xarakter mezhpolusharnogo raspredeleniya
moshhnosti biopotencialov golovnogo mozga v norme i pri ego
lateralizovannom porazhenii [dissertaciya]. M., 2004. Russian.
Miroshnik EV, Zvereva ZF, Bobrov AF, Baskakov IS, Vanchakova NP,
Elanskaya OV. Sopostavlenie pokazatelej bioehlektricheskoj
aktivnosti golovnogo mozga i ehnergeticheskix processov v
tkani mozga (Velichiny mezhpolusharnyx razlichij gomologichnyx
otvedenij i urovnya postoyannogo potenciala golovnogo mozga).
Medicina ehkstremal'nyx situacij. 2017; 60 (2): 49-59. Russian.
Berezin FB. Psixicheskaya i psixofiziologicheskaya adaptaciya
cheloveka. L.: Nauka, 1988; 270 s. Russian.

Berezin FB, Miroshnikov MP, Sokolova ED, Metodika
mnogostoronnego issledovaniya lichnosti (MMIL): struktura, osnovy
interpretacii, nekotorye oblasti primeneniya. M.: lzd-vo «Berezin
Feliks Borisovich», 2011; 320 s. Russian.

Cattel RB, Eber HW. Handbook for the Sixteen Personality factor
Questionnaire. lllinois, 1964.

Raven JC. A manual for Raven's progressive matrices and
vocabulary tests. London: H.K. Levis @ Go. Ltd, 1988.

Sekoyan I. Eh. «Lokus kontrolya» Dzhuliana Rottera s pozicij
psixometrii. Nezavisimyj psixiatricheskij zhurnal. 2008; 3: 18-25.
Russian.

Anoxin PK. Ocherki po fiziologii funkcional'nyx sistem. M.: Nauka,
1975; 447 s. Russian.

Sele G. Stress bez distressa. M.: Progress, 1979; 124 s. Russian.
Yunusova SG, Rozental AN, Baltina TV. Stress. Biologicheskij i
psixologicheskij aspekty. Uchenye zapiski Kazanskogo universiteta.
ser. gumanitarnye nauki. 2008; (3): 139-150. Russian.

Sudakov KV. Informaciya v deyatel'nosti funkcional'nyx sistem
organizma. Vestnik Chelyabinskogo gosudarstvennogo universiteta.
Filosofiya. Sociologiya. Kul'turologiya. 2009; 149 (11): 35-46.
Russian.

MeOVUMHCKNX  opraHn3aumsax OMBA Poccun. Metogudeckme
pekomMeHgaumm P ®MBA Poccun 2.2.9.84 - 2015. Mockga,
2015.

PykoBOACTBO MO OUEHKE W UHTepnpeTauuu pesynbLTaTtoB
MOHUTOPUHIa MCUXOU3NONOrM4ECKOro COCTOSIHMSA PaboTHMKOB
opraHv3aLmin, aKCryaTypyroLLMX 0c060 paaviaLyoHHO OrnacHbIe
N A0epHO ornacHble MPOW3BOACTBA M 0OBLEKTbl B 06/1acTh
1CNoNb30BaHNsA atomHom aHeprun. PMBA Poccun 2.2.9. 2014;
40 c.

Bobpos A. @., Bylumaros A. HO., Ceaun B. ., LLiebnaHos B. HO.
CuctemMHas oueHka pes3ynskTaToB  NCUXOMU3N0IOrnYecKmnx
obcnenoBaHnii. MeoyupyHa aKeTpeManbHbIX cutyauumin. 2015; (3):

EXTREME MEDICINE | 2, 24, 2022 | MES.FMBA.PRESS



OPUNIMMHAJIBHOE NCCJIEQOBAHWE | TEMATOJ10I A

10.

11.

12.

13.

14.

15.

MEOVILMHA SKCTPEMATbHBIX CUTYALIUI | 2, 24, 2022 | MES.FMBA.PRESS

13-9.

Topybapos @. C., bywmaHos A. 0., 3eepesa 3. ®., KpetoB A. C,,
JNlykbsiHoBa C. H., Henucosa E. A. KoHuenuus ncuxo-
dusnonornyeckoro obcnefoBaHns nepcoHana oO6beKTOB
MCMONB30BaHNA aTOMHOM SHEPIUM B MEAVILMHCKVX OpraHu3aLyisX.
MenunumHa akcTpemManbHbIx cutyaumin. 2021; 23 (1): 13-8.

Nypua A. P. BbiClune KOpKOBble YHKLMKM YenoBeka U 1x
HapyLLeHVe Mpun JIoKaNbHbIX MopavkeHusx moara. M.: Akagem.
npoekT, 2000; 433 c.

NockytoBa T. [O. OueHka QyHKLMOHANBHOMO COCTOSIHUSA
LieHTpanbHOM HEPBHOW CUCTEMbl YefioBeka Mo napameTpam
NPOCTON ABuraTeNlbHOM peakumm. PU3nonorm4ecknin >xypHan
CCCP. 1975; 61 (1): 3-12.

Baesckuin P. M. KoHuenumns uanonorn4eckon Hopmbl 1
KpUTEpUM 300P0BbS. POCCUMACKUIA  (PU3MONOTUHECKMIA XKypHanN
M. U. M. CedeHoBa. 2003; (4): 473-87.

Vcaesa H. A., Topybapos @. C., 3sepesa 3. ., JlykesHosa C. H.,
LeHuncoBa E. A. BuoanekTpuyeckass akTUBHOCTb FOSOBHOMO
Mo3ra y paboTHMKoB HoBoBOpOHeckolm 1 Benospckon ASC
C pasHbIM YpPOBHEM ajanTauun K YCNOBUAM UX TPy[OBOW
nedrenbHocT. MeauumHCKas pagmnonorvs 1 pagmadyonHas
BesonacHocTb. 2016; 61 (5): 5-12.

Topybapos ®. C., 3eepea 3. @., JlykpaHoBa C. H. 33l
rnokasaTtefi COCTOSHNUSA LIEHTPasIbHOM HEPBHOW CUCTEMbI Y JINLY
C PasMYHbIML YPOBHAMU MCUXO(U3MONOTNHECKON adanTaLumn.
CapaToBCKUIN  Hay4YHO-MEOVNLMHCKUA >XypHan. [1punoxeHve
OKTAOPb-AeKkabpb. 2019; 15 (4): 965-7.

Topybapos ®. C., 3BepeBa 3. @., JlykbgHoBa C. H.
BuosnekTpunyeckas  akTMBHOCTb  FOMOBHOMO — MoO3ra Yy
onepatsHoro nepcoHana ASC Poccun € HU3KKMM YPOBHEM
ncuxoguaronormyeckor agantauny. MeguumHekas paguonorus
1 pagvaumoHHast 6esonacHocTb. 2021; 66 (2): 23-35.

3Bepesa 3. ®., Topybapos @. C., denncosa E. A., MypolHvk E.
[MporHOCTHECKME KPUTEPUM MCUXO(N3NONOTMHECKON atamTauym
Mo [JdaHHbIM CPaBHUTENBHON XapakTepUCTUKM  BU3yaslbHOro
aHanmsa 1 nokasartener MOLLHOCTU BuonoTeHumanos 930 y
pPabOoTHMKOB SAEPHO OMacHbIX MPEANPUSTUA 1 NMPON3BOACTB.
MegunumHa Tpyga v NpoMbIlieHHasa akonormsa. 2021; 61 (9):
588-94.

KnpcaHoB B. M. OueHka cTeneHn agjantaumy MHOVBMAA Ha
OCHOBE MoKasaTenei 3HepreTM4eckoro noTeHuUMana rofoBHOMo
MO3ra 1 NCUXOAUarHOCTUHECKOro obcnefoBanHuns. VIHHoBauun B
Hayke. 2012; (8): 64-8.

Foster C, Steventon JJ, Helme D, Tomassini V, Wise RG. Cerebral
Metabolic Changes During Visuomotor Adaptation Assessed
Using Quantitative fMRI. Front Physiol. 2020 May 8; 11: 428.
®okuH B. ®., MNoHomapesa H. B. SHepretnyeckas usmonorvs

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

mMo3ra. Mocksa: «AHTaop», 2003; 288 c.

[pnbaHos A. B., AHuknHa H. O, Nyokos A. B. LlepebpanbHbiii
9HEProobMeH Kak Mapkep afanTuBHbIX peakuuii YenoBeka
B MPUPOAHO-KNMMATNHECKNX YCNOBUSAX APKTUHECKOW 30HbI
Poccuiickon ®epepaummn. Sxkonorus Yenoseka. 2018; (8): 32-40.
[pubarHoB A. B., Kotuosa O. H., AHukuHa H. HO., Markos M. H.,
Kopenbckas M. E. Ce30HHblE M3MEHeHNs uepebpanbHOro
3HEpProobMeHa Mpu Pa3HOM YPOBHE TPEBOXKHOCTW Yy MOMOAbIX
NIOQEN B apKTUHECKOWM 30HE POCCUMCKON dedepaum. Henosek.
Cnopt. MegvupHa. 2021; 21 (4): 73-80.

Trimmel M, Stréssler F, Knerer K. Brain DC potential changes of
computerized tasks and paper/pencil tasks. Int J Psychophysiol.
2001; 40 (3): 187-94.

3BepeBa 3. @. XapakTep MEeXMonyLUapHOro pacnpeneneHns
MOLLIHOCTI BMOMOTEHUMAN0B FONIOBHOMO MO3ra B HOPME 1 Mpu
€ro narepasm3oBaHHOM NopaxkeHUn [auccepTtauus). M., 2004.
MwvpowHuk E. B., 3Bepesa 3. @., Bobpos A. ®., Backakos . C.,
Banvakosa H. TI1., EnpaHckas O. B. ConocTtaeneHue
rokasarenen 61MoaneKTPUHECKON aKTMBHOCTN FOIOBHOMO MO3ra
N SHEepreTMHYecKnx MnpoLeccoB B TKaHu Mosra (BennunHbl
MEXMOSYLLIAPHBIX  PasNYUA  FTOMOMOMUYHBIX OTBEAEHUA U
YPOBHS MOCTOSIHHOMO MOTeHUMana rofoBHOro Mo3ra). MegvuvHa
IKCTPeMabHbIX cuTyauuin. 2017; 60 (2): 49-59.

BepesnH @. B. lMevxnyeckas 1 nenxohusmnonormHeckas aganraums
yenoseka. J1.: Hayka, 1988; 270 c.

BepesnH ®. b., MupowuHrkos M. 1., Cokonosa E. [1., MeToguka
MHOIFOCTOPOHHErO 1ccnepoBaHns andHoct (MMUT): cTpykTypa,
OCHOBbI VHTEPMPETaLN, HEKOTOPbIE 06NacT MpUMeHeHVs. M.:
13a-Bo «bepesnH ®envike Bopucosmy», 2011; 320 c.

Cattel RB, Eber HW. Handbook for the Sixteen Personality factor
Questionnaire. lllinois, 1964.

Raven JC. A manual for Raven's progressive matrices and
vocabulary tests. London: H.K. Levis @ Go. Ltd, 1988.

CekosH /. 3. «Jlokyc kKoHTpons» [xynnaHa PoTtepa ¢ noavumii
ncuxoMeTpun. Hesdasncumbi meuxmaTpuHeckuin »xypHan. 2008;
3:18-25.

AHOXVH M. K. O4epku Mo hrsnonorim MyHKLMOHaTBHBIX CUCTEM.
M.: Hayka, 1975; 447 c.

Cenbe I Ctpecc 6e3 auctpecca. M.: Mporpecc, 1979; 124 c.
tOHycoBa C. I, PoseHTans A. H., bBantnHa T. B. Ctpecc.
Brionorndecknin n MCMXONOTMHECKIA acneKTbl. YdeHble 3ammcKu
KasaHcKoro yH1BepceuTeTa. cep. ryMaHuTapHble Hayku. 2008; (3):
139-150.

Cypakos K. B. VIHhopmauys B fesdaTensHOCTY yHKLMOHAMbHBIX
CYCTeM opraHmama. BecTHUK HensabrnHCKoro rocyaapCTBeHHOro
yHuBepcuTeTa. dunocodud. Couymonornd. KynsTyponorus.
2009; 149 (11): 35-46.




ORIGINAL RESEARCH | IMMUNOLOGY

DYNAMICS OF HUMORAL IMMUNITY TO SARS-COV-2 IN THE PROFESSIONALLY HOMOGENEOUS
GROUP OF PEOPLE OVER A TWO-YEAR PERIOD OF COVID-19 OUTBREAK

Pomelova VG =, Bychenkova TA, Bekman NI, Osin NS, Ishkov YuN, Styazhkin KK
State Research Institute of Biological Instrumentation of the Federal Medical Biological Agency, Moscow, Russia

It is important to control the levels of specific IgG against SARS-CoV-2 to ensure the timely monitoring of immunity in patients with COVID-19. Yet it is unclear
what antibody levels protect against new infection and how long the protection is maintained. The study was aimed to assess the dynamic changes in the levels of
1gG against SARS-CoV-2 by the two-year controlled observation. Healthy individuals (n = 70), COVID-19 survivors (n = 42), and people vaccinated with Sputnik V
(n = 43) were enrolled. They were followed-up from April 2020 to April 2022. Serum IgG levels were defined (n = 312) using immunochip and the commercially
available test system. Significance of differences was estimated using the Mann-Whitney U test for p < 0.05. IgG levels in the disease survivors (median 97.1;
95% Cl: 80-162 BAU/mL) and vaccinated individuals (103.1; 78-139 BAU/mL) were significantly higher than in healthy people (4.3; 4.1-4.5 BAU/mL). Intensity of
immune response significantly increased after vaccination of the disease survivors (up to 1023; 657-1191 BAU/mL) or administration of booster dose to vaccinated
individuals (413; 213-545 BAU/mL). In elderly convalescents (60+), IgG levels were significantly higher, and in vaccinated people these were significantly lower, than
in people under the age of 60. IgG levels decreased faster in vaccinated individuals (after 3-4 months), than in the disease survivors, and stabilized at <100 BAU/mL
in 60% of subjects within 5-9 months. Thus, intensity and duration of immune response in COVID-19 survivors and vaccinated people vary significantly depending
on age, observation period, and additional vaccinations/revaccinations. Three cases of infection after full vaccination were reported over the entire follow-up period,
including infection in a patient having a history of the disease and subsequent vaccination.

Keywords: COVID-19, IgG, SARS-CoV-2, dynamics of immune response, patients, age, Sputnik V vaccine, immunochip
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ONHAMUWKA N'YMOPAJIbHOITO MMMYHHOIO OTBETA K SARS-COV-2 B MPO®ECCUOHAJIbHO
O[JHOPOAHOW rPYNME NOAEV 3A ABYXJIETHUN SNUAEMUYECKUIA NEPNOJ, COVID-19

B. I Momenosa ™, T. A, BbldeHkoBa, H. V. Bekman, H. C. OcuH, HO. H. Mwkos, K. K. CTsXKMH
[ocynapCTBEHHbIN Hay4YHO-UCCNen0oBaTeNbCKNIA MHCTUTYT B1ON0OMMHECKOro NprbopocTpoeHrs deaepanbHoro MeaMko-o1onoriyeckoro areHTcTea, Mocksa, Poccust

[ng onepaTMBHOrO MOHWTOPWHIAa COCTOSHNSA cucTeMbl UMMyHUTETa npu COVID-19 BaXKHO KOHTPONMPOBATL YPOBeHb creumdunyHblx IgG k SARS-CoV-2.
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(n = 42) n BakumHMpoBaHHble «CryTHkoM V» (n = 43). MNepuog HabmoaeHns: anpenb 2020 r. — anpenb 2022 r. IgG BbISBASM B CbIBOPOTKE Kposn (N = 312)
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y nepebonesnx COVID-19 1 BaKUMHMPOBAHHbIX JIOAEN CUIBHO BapbMPyIOT B 3aBMCHMOCTU OT BO3pacTa, CPOKa HabnoaeHns, JONOMHUTENBLHON BakLmHaLmK /
peBakLMHaLwK. 3a BeCb nepviof, HabnoaeHW OTMEHeHO TpU crydas 3abonesaHus nocne NoMHOro LKA BakLMHaLMK, B TOM Y1cne y paHee nepebonesLlero
(a 3aTeM BakLMHMPOBAHHOIO) YenoBeka.
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The pandemic of novel Coronavirus Disease 2019 (COVID-19),
declared by the WHO in March 2020, required a substantial
effort on the part of the health systems of different countries,
including Russia, to provide morbidity surveillance and the
measures to reduce the risk of infection. From an epidemiological
standpoint, the most effective protection is ensured by herd
immunity developing naturally due to the growing proportion
of insusceptible people having a history of infection in the
population, or due to vaccination.

It is recommended to control the levels of circulating IgG
antibodies to ensure timely monitoring of immunity [1, 2]. For
that purpose, it is necessary to use the registered test systems
for quantification of antibodies against various coronavirus
antigens (S, S1, RBD, N). It is believed that there is a strong
correlation between the levels of antibodies against the spike
protein S1 receptor-binding domain (RBD) of SARS-CoV-2 and
the neutralizing antibody titers measured using neutralization
test [3].

However, it is still unclear what antibody levels ensure
sufficient protection of the patient against the same and
especially against new variants of SARS-CoV-2, and how
long the necessary protection is maintained, that results
from infection or vaccination [4]. The intensity and duration
of immune response vary significantly among patients [5] and
are largely dependent on gender, age, and COVID-19 severity
[6-9].

The dynamic changes in humoral immunity are studied
mainly within 6-8 months after the disease onset or vaccination
[5, 8, 9]. That is why a longer follow-up is needed to assess
individual characteristics of the developing protective immunity,
which provide the basis for forecasting future trends of the
pandemic [10], and developing personalized protocols for
vaccination [8] and treatment.

It is of interest to obtain data on IgG formation and
maintaining the level of IgG antibodies against SARS-CoV-2
over the two-year observation period, the longest-ever reported
in the literature.

The study was aimed to assess the dynamic changes in the
levels of IgG against SARS-CoV-2 in the two-year controlled
observation of the State Research Institute of Biological
Instrumentation staff members, and to define the factors
affecting the intensity and duration of humoral immunity.

METHODS
Patients

The study was carried out in the molecular diagnostic laboratory
of the State Research Institute of Biological Instrumentation
from April 2020 to April 2022. A total of 77 research institute
staff members and 8 members of their families were enrolled,
who had COVID-19 or were vaccinated during the period.
Inclusion of family disease history was justified by the possibility
of expanding the age range (16-88 years) when assessing IgG
levels and dynamic changes in people who had recovered from
or were vaccinated against the disease, and by identification
of possible disease features in cohabiting family members.
Inclusion criteria: well-documented case of COVID-19 or
vaccination/revaccination (discharge summary, vaccination
certificate). Exclusion criteria: incomplete information about the
patient, error in labeling or inadequate appearance of serum
samples (hemolysis, drying, microbial germination).

The subjects (a total of 155 people) were divided into
three groups (Table 1): control group H that included healthy
donors (70 people; serum samples were collected before the

MEOVILMHA SKCTPEMATTbHBIX CUTYALINI | 2, 24, 2022 | MES.FMBA.PRESS

OPUIMMHAJTIBHOE NCCJIEQOBAHNE | UMMYHONOT NA

pandemic in order to perform another study [11]); group D
that included convalescents (COVID-19 survivors, who had
not been vaccinated before the disease onset); group V that
included vaccinated people (who had no COVID-19 before
vaccination and were vaccinated with two doses of Sputnik V).

In group D, 24 out of 42 disease survivors (57.1%) were
fully vaccinated with Sputnik V 6-22 months (13.5 on average)
after the disease onset; among them 3 individuals were later
vaccinated with Sputnik Light (subgroup D + V).

In group V, 14 out of 43 people (32.6%) were revaccinated
(RV). They received a booster dose of one of the vaccines
(6-9 months after receiving the first dose of Sputnik V): two
doses of Sputnik V (8 people) or CoviVac (2 people), and a
single dose of Sputnik Light (4 people) (subgroup V + RV).

All the listed above vaccines, Sputnik V, Sputnik Light
(N. F. Gamaleya National Research Center for Epidemiology and
Microbiology; Russia), CoviVac (Chumakov Federal Scientific
Center for Research and Development of Immune-and-
Biological Products; Russia), were registered and approved
in the Russian Federation. Vaccination was performed by
healthcare professionals in accordance with the manufacturer's
instructions.

There were no significant differences between the groups
in gender (there were 71 males and 84 females) or age (the
average age was 52 years, the age range was 16-88 years).

A total of 1-12 serum samples were obtained from each
subject, including before the disease onset (or vaccination)
and on various dates after the disease onset (or administration
of the first vaccine dose); a total of 312 serum samples were
collected (Table 1). Serum aliquots were stored at =20 °C prior
to analysis.

Based on medical records (taking into account the length
of hospital stay and the extent of lung damage based on the
computed tomography results), moderate to severe COVID-19
was diagnosed in 11 out of 42 infected people (26.2%) in the
group D; the others had a mild disease.

Assessment of IgG against SARS-CoV-2

In 99 out of 312 serum samples (31.7%), 1gG levels were
measured by chemiluminescence immunoassay with
the ARCHITECT i1000sr immunoassay analyzer (Abbott
Laboratories; USA) using the SARS-CoV-2 IgG Il Quant Reagent
Kit (Abbott Ireland Diagnostic Division; Ireland). Analysis was
performed by INVITRO (Moscow).

In 312 serum samples (100%), IgG levels were measured
using the experimental immunochip-based test system (State
Research Institute of Biological Instrumentation), based on the
domestic patented PHOSPHAN phosphorescence analysis
technology for identification of the infectious and somatic
disease markers [11-13]. Immunoassay was performed in
the wells of standard polystyrene microplates by the method
similar to the enzyme-linked immunosorbent assay (ELISA). In
contrast to ELISA, eight microzones (0.5 mm in diameter each)
were printed on the bottom of each well, four microzones per
each of two antigens: recombinant SARS-CoV-2 spike protein,
RBD, Wuhan variant (catalog number ATMP02479CQV,;
AtaGenix, China), and recombinant SARS-CoV-2 spike protein,
RBD (L452R, T478K), variant B.1.617.2, Delta (code YP-
009724390.1, catalog number ATMP02527COV; AtaGenix, China).

Serum samples diluted 1 : 100 were injected into the wells
of the microplate 50 pL per well. After the 1.5-hour incubation,
50 pL of biotinylated (100 ng/50 L, 1-hour incubation)
monoclonal antibody against human IgG (SORBENT, Russia),
and 40 pL of streptavidin (Sigma-Aldrich; USA) conjugated
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Table 1. General characteristics of blood sera donors

) Code of the Time range of the Number Average age Number of assessed
Group (number) of subjects registered disease cases
group I (range), years serum samples
or vaccination events
males females
Healthy people (70) H No 30 40 50 (20-64) 70
COVID-19 survivors (42) D 04.2020 - 10.2021 22 20 50 (16-78)" 132
Of them vaccinated with Sputnik V 6-22 N
months after the disease onset (24)" D+V 02.2021 - 11.2021 12 12 49 (21-78) 32
Vaccinated people (43) \Y 12.2020 - 09.2021 19 24 55 (26-88)* 110
Of them revaccinated (14)*** V + RV 07.2021 - 01.2022 8 6 61 (38-76)" 14
Total (155) 04.2020 - 01.2022 71 84 52 (16-88)* 312

Note: * — extreme points of the age range (16, 76, 78, 88 years) are represented by relatives of the research institute staff members; ** — including 3 people
revaccinated with Sputnik Light about 6 months after receiving the first dose of Sputnik V; *** — booster vaccination with Sputnik V, 2 doses (8 people), Sputnik Light

(4 people) or CoviVac, 2 doses (2 people) 6-9 months after receiving the first dose of Sputnik V.

to platinum coproporphyrin (13 ng/40 pL, 30-min incubation)
were added to each well. All steps were performed at room
temperature with the samples shaken in a shaker. Microplate
was three times washed with buffer solution between the
steps, and at the final stage it was additionally three times
washed with distilled water. Microplate was dried, and then
fluorescence intensity was measured with the IPI-05 indicator
unit (Immunoscreen, Russia; MA number RZN, January 21,
2022) by time-resolved scanning of the microplate well bottoms.

IgG levels (measured in BAU/mL) were calculated using
calibration curves for each of two antigens of the immunochip.
Calibration samples were certified based on the first WHO
International Standard. The measurement range was 0-10000
BAU/mL. Quality control measurements involved the use of the
positive control serum (obtained from the COVID-19 survivor)
with the IgG level of about 500 BAU/mL, and the negative
control serum (made of serum obtained from healthy donor
before the pandemic; according to the commercially available
immunoassay, contained no IgG against SARS-CoV-2),
which were included in the assay settings. Test results were
considered positive (antibody detected) when 1gG levels
exceeded 10.0 BAU/mL.

Statistical analysis

Statistical processing of the results was performed using
the standard Microsoft Office Professional Plus Excel 2013

20 —
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Number of cases
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10 11 12 01 02 03 04 05 06 07 08 09 10 11 12 01

v. 15.0.4727.1000 (Microsoft; USA) and MedCalc v. 10
(MedCalc Software; Belgium) software using the parametric
and non-parametric techniques for data analysis. The
Pearson correlation method was used to assess the degree of
correlation; significance of differences was estimated using the
Mann-Whitney U test for the significance level of 0.05 (p < 0.05).

RESULTS

There was a high degree of correlation between IgG levels
measured by commercially available immunoassay and with
the use of immunochip containing SARS-CoV-2 Wuhan variant
(r =0.928544; N = 99) or Delta variant (r = 0.933363; N = 99);
correlation coefficient for the results obtained for two variants of
the virus was 0.978057 (N = 312). Against this background, the
results of IgG identification are provided only for immunochip
containing a Wuhan variant of the virus.

Distribution of the COVID-19 cases among the subjects is
presented in Fig. 1. The first cases were reported in April 2020,
and the maximum number of infected people was reported in
May. The second wave of infection took place from September
2020 to January 2021: 27 out of 42 group D members (64.3%)
were infected; of them five people were unvaccinated, and
one was a COVID-19 survivor who had been vaccinated with
Spitnik V 10 months after recovery.

Vaccination campaign was launched in late December
2020. By April 2021, 30 out of 43 people (69.8%) were fully

02 03 04
2022

Observation period (month)

Fig. 1. Monthly distribution of people getting COVID-19 (histograms) and vaccinated with Sputnik V (curve) over the two-year observation period
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Table 2. Serum anti-SARS-CoV-2 IgG levels as a function of gender and age
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) Median [95% CI] IgG levels,
Group Indicator Number of samples BAU/ML p
Gender:
44 83,1 [56,5-106,7]
male 39 160,1 [85,9-225,7] 0,2099
female
D: COVID-19 survivors
Age, years: N
26 162,8 [95,9-241,2]
=60 57 84,4 [55,6-128,5]" 0,0268
< 60
Gender:
19 79,7 [35,7-143,4]
male 33 117,7 [86,6-224,5] 0.1104
female
V: vaccinated
Aoe, years: 22 77,4 [25,9-99 6] 00191
; 60 30 137,0 [101,8-228,1]* ’

Note: Cl — Confidence Interval; * — the difference between the groups is statistically significant.

vaccinated with Spitnik V, and by October 100% of the group
V. members were vaccinated. Two members of this group were
infected in January 2022, six months after administration of the
first vaccine dose (Fig. 1).

In elderly COVID-19 survivors (aged 60+), IgG levels were
significantly higher (o = 0.0268) than in people under the age
of 60. On the contrary, significant negative correlation with age
was revealed in fully vaccinated people who had no COVID-19
(o = 0.0191). The patients' gender had no significant effect on
the antibody levels (Table 2).

The majority of infected individuals (73.8%) had a
mild disease. Moderate to severe course of infection was
reported in 11 people (26.2%). These cases were evenly
distributed over the months of the observation period. Males
were severely ill more frequently than females (eight out of
22 (36.4%) vs. three out of 20 (15%)); however, the differences
were non-significant due to small sample size. The age

of individuals with severe COVID-19 was 35-77 years
(on average, 58 years). Among eight severely ill males,
only three were elderly (70-77 years), and the others were
53 years of age or younger.

High heterogeneity of antibody levels was noted in both
COVID-19 survivors (Fig. 2A) and people vaccinated with two
doses of Sputnik V (Fig. 2B), especially shortly after the disease
onset or administration of the first vaccine dose (Fig. 2A, B).

In vaccinated people, IgG levels gradually declined (Fig. 2C).
The maximum value (median 195.3; 95% Cl: 45.5-403.2 BAU/mL)
was reported on day 37-55 after administration of the first
vaccine dose. By month 3-4, antibody levels declined by half
(median 108.7; 95% CI: 75.1-147.2 BAU/mL), and by month
7-9 these decreased by four times (median 48.7; 95% CI:
29.8-145.7 BAU/mL). The same trend of the IgG decrease
was observed in convalescents (Fig. 2C). The exception were
antibody levels observed by month 3-4 after the disease onset.
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Fig. 2. A. Distribution of the serum levels of antibodies against SARS-CoV-2 in COVID-19 survivors. 0 — before the disease onset (n = 16); | —2-8 (n = 14); | — 9-16
(n=17); Il —17-24 (n = 14); IV — 25-36 (n = 22); V — 37-68 (n = 15). B. Distribution of the serum levels of antibodies against SARS-CoV-2 in people vaccinated with
Sputnik V. 0 — before vaccination (n = 38); | —6-8 (n = 10); | —9-16 (n = 24); Il —17-24 (n = 12); IV — 25-36 (n = 12). Median values with 95% ClI are provided
for A and B (red dot). C. Median IgG levels for the observation period. 0 — before the disease onset or vaccination; | — 2-8 (survivors) or 6-8 (vaccinated individuals);
Il —9-16; Il — 17-24; IV — 25-36; V — 37-68. Median IgG levels are provided for the disease survivors (red line) and vaccinated people (blue dotted line)
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These values (median 249.8; 95% ClI: 94.9-427.5 BAU/mL) were
significantly higher (o = 0.029) compared to those of vaccinated
people observed within the same period after receiving the first
vaccine dose. After 5-9 months, antibody levels stabilized at
less than 100 BAU/mL (Fig. 2C) in about 60% of the subjects.

In general, antibody levels measured in the group D
convalescents (median 97.1; 95% ClI: 80-162 BAU/mL)
and group V vaccinated individuals (median 103.1; 95%
Cl: 78-139 BAU/mL) were comparable; these values were
significantly higher (o < 0.0001) than that of healthy donors
(median 4.3; 95% CI: 4.1-4.5 BAU/mL). Vaccination of the
disease survivors (subgroup D + V) or administration of booster
dose to vaccinated people (subgroup V + RV) resulted in the
significantly (p < 0.0001) increased immunity: up to median
values of 1023 BAU/mL (95% Cl: 657-1191) and 413 BAU/mL
(95% CI: 213-545 BAU/mL), respectively (Fig. 3).

Three new COVID-19 cases confirmed by positive PCR
test results were revealed during the whole observation period
(Fig. 1, Table 3). Three women aged 40-43 were infected.
Among them two women had no history of COVID-19, and
one woman had COVID-19 about 16 months before the new
infection. All of them were infected after full vaccination with
Sputnik V, about six months after receiving the first vaccine
dose; mild course of the disease was observed in all the
women.

DISCUSSION

Significant effects of age on IgG levels were found (Table 2). In
elderly convalescents (60+), antibody levels were significantly
higher than in people under the age of 60. On the contrary,
negative correlation with age was observed in fully vaccinated
people who had no history of the disease. Similar patterns were
revealed in other studies [6, 7].

No significant effects of gender on the antibody levels in
CQOVID-19 patients could be determined due to small sample
size. However, it is obvious that endocrine profile associated
with biological differences between men and women can affect
the immune response. According to our data, antibody levels in
men are almost twice lower compared to those in women (Table
2). Furthermore, men have moderate to severe COVID-19 twice
as frequently as women.

These observations are consistent with the results
of assessing representative patient samples [6, 14, 15].
According to some reports, men have lower levels of CD4+
T cells and CD19+ B cells, which play a vital part in humoral and
cellular immunity providing protection against COVID-19 [6].
This could result in delayed formation of protective antibodies
against the coronavirus S1 protein receptor-binding domain. In
women, 1gG levels dramatically increased and reached peak
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Fig. 3. Distribution of the serum levels of antibodies against SARS-CoV-2 in
groups H (0 = 70), D (n = 84), D+ V (n = 32), V (h = 58), and V + RV (n = 14).
Median values with 95% Cl are provided (red dot)

values during the fourth week after the emergence of clinical
symptoms, and in men antibody levels increased gradually and
reached peak values during the seventh week [6, 14]. The fact
of delayed antibody formation in combination with the clinical
and biochemical data set made it possible to consider the
patient's male gender a risk factor of more severe COVID-19
and death [6, 9.

We have failed to trace the influence of the disease severity
on the protective immunity levels and dynamic changes,
despite the availability of evidence of such relationship [7].
Unfortunately, we had only later samples collected mainly not
earlier than 7—12 months after the disease onset, because staff
members having a history of moderate to severe COVID-19
refused to provide samples shortly after recovery.

Analysis of family history of the disease in three research
institute staff members revealed no patterns in the COVID-19
course in their cohabiting relatives (six people), who were
infected with an interval of 2-3 days. Two staff members
(woman aged 63 and man aged 58) had a mild disease;
among their relatives (three people aged 26-78 and two people
aged 16 and 42, respectively) only one person (aged 78) was
admitted to hospital due to moderate disease. The third female
employee (aged 62) was critically ill, however, her husband
(aged 65) had a mild disease.

The intensity of humoral immunity was dependent on the
time passed since the disease onset or administration of the
first vaccine dose. IgG levels in vaccinated people decreased
rapidly by month 3-4 of follow-up (Fig. 2B), which was in
line with the literature data [8]. Antibody levels observed in
convalescents during month 3-4 of follow-up were significantly

Table 3. Characteristics of new COVID-19 cases in staff members having a history of the disease and vaccinated individuals

Name Date of previous Vaccination date, vaccine Date of new COVID-19
(group) Gender Age COVID-19 infection type (dose) I9Gi levels, BAU/mL infection
RAA Sputnik V:
W) F 43 No 02.05.2021 (1) 360,5* 15.10.2021
23.05.2021 (2)
ZhOA Sputnik V:
D+V) F 40 15.10.2020 18.07.2021 (1) 617,2** 31.01.2022
08.08.2021 (2)
Sputnik V:
ZX;;N F 43 No 23.07.2021 (1) 37,2 26.01.2022
07.08.2021 (2)

Note: * — IgG level on day 42 after administration of the first vaccine dose; ** — IgG level on day 90 after administration of the first vaccine dose; *** — IgG level at

the time of the disease onset.
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higher (o = 0.029) than those observed in vaccinated people
(Fig. 2B). This was due to the contribution of sera with high
antibody levels obtained from elderly patients of both genders,
especially males, who's antibody levels reached maximum
values during this period (no data reported). The findings
support the conclusion that there is a positive correlation
between age and IgG levels in COVID-19 survivors (Table 2)
and are probably an indirect evidence of the delayed protective
immunity formation in men, as noted earlier [6].

In general, antibody levels decreased by month 5-9 and
stabilized at less than 100 BAU/mL (Fig. 2B) in about 60% of
surveyed patients, as noted by other researchers [10]. At the
same time, significant individual differences in the dynamics
of humoral immune response between the study participants
were revealed given that at least two serum samples had
been collected from each subject. In vaccinated people,
IgG levels gradually decreased, as previously reported for
the integral indicator of this group (Fig. 2B, 2C), however, in
some COVID-19 survivors the levels of protective immunity
remained unchanged until the end of the follow-up period (no
data reported).

Only three new cases of infection after full vaccination with
Spuntik V were revealed over the entire observation period (Fig. 1,
Table 3). The subjects were infected and had a mild disease
in October 2021 and January 2022, i.e. during the period
when the highly contagious Delta and Omicron coronavirus
variants predominated in Moscow, and the daily cases increase
reached 9,000 and 26,000, respectively [16, 17]. Taking into
account the total number (Table 1) of vaccinated people with
no history of the disease (43 people) and vaccinated disease
survivors (24 people), the prevalence of COVID-19 among
vaccinated people was 4.5%. These findings were in line with
the available data supporting the fact that Sputnik V vaccine
never provided 100% protection [18, 19], but contributed to the
milder COVID-19 course in vaccinated people [20].

It should be noted that in one infected female patient out
of three, I1gG level was low at the time of the disease onset
(87.2 BAU/mL). In the other two female patients, antibody
levels were 360.5 and 617.2 BAU/mL on days 42 and 90 after
receiving the first vaccine dose, respectively (i.e. 3-4.5 months
before the disease onset) (Table 3); however, these levels could
be reduced in half or more at the time of the new infection,
given the dynamics of IgG levels in vaccinated people (Fig. 2B).
Although until now there is no clear understanding of what
antibody levels are capable of providing sufficient protection
against the same and especially against new variants of the
SARS-CoV-2 coronavirus [4], the presence of antibodies is
clearly not the only factor of protection against COVID-19 [9].
No new cases of infection in 95.5% of the surveyed people, the
majority of them having the circulating antibody levels below
100 BAU/mL (Fig. 2C), support the view that the long-term
protective immunity is largely ensured by complex interactions
between the humoral and cellular immunity factors [5].

An important feature of the study is the use of immunochip
allowing us to simultaneously assess the levels of antibodies
against the receptor-binding domains of two SARS-CoV-2
variants (Wuhan and Delta). The data for the first variant are
provided, since antibody levels measured for both variants are
almost identical (r = 0.978057). This suggests that immune
response in COVID-19 survivors and people vaccinated with
Sputnik V provides effective protection against both variants,
as noted earlier [21]. However, such overlapping results were
obtained only for sera collected from patients, who had been
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infected from April 2020 to January 2021, i.e. during the first
two waves of infection among staff members (Fig. 1), when
the majority of COVID-19 cases were caused by Wuhan
(reference) variant and local Russian variants of the virus
[22, 23]. People infected in July—October 2021 (the third wave
of infection presented in Fig. 1) had at least twice as high levels
of antibodies against the Delta variant, that prevailed in the
population during this period [17, 23].

The increase in the analysis multiplexity, and, as a
consequence, in informativeness is a global trend related to
the possibility of combining several tests in a common format
by means of miniaturization and development of high-density
microarrays. Advanced multiplex technologies based on
chemiluminescence methods and flow cytometry (for example,
test systems manufactured by Merck, Luminex, etc.) provide
an opportunity for simultaneous detection of up to 100 various
markers and are best suited to assess the composite immune
response when studying various aspects of COVID-19 [24, 25].
However, such tests are expensive; sophisticated equipment
and highly qualified operator are required.

In our opinion, more simple and cost-effective tests, such
as PHOSPHAN, are more beneficial when used for monitoring.
Indeed, the resulting data set (high degree of correlation with the
commercially available test, and possibility of detecting specific
features of the specific antibody binding to the receptor-binding
domains of two variants of novel coronavirus) taking into
account the fundamental possibility of constructing multiplex
tests of various design depending on the research tasks (for
example, the use of a wider range of diagnostically significant
antigens, internal positive and negative controls in immunochip)
supports the assumption that PHOSPHAN technology platform
may be beneficial when used to monitor the levels of circulating
antibodies in COVID-19 survivors and vaccinated people. The
immunochip developed can make it possible not only to detect
specific antibodies, but also to distinguish between variants of
the virus based on the significant differences in antibody titers,
at least in people with no history of COVID-19 and unvaccinated
patients. The detailed analysis of this situation is beyond the
current scope of this study and will be reported later.

CONCLUSIONS

1. The intensity and duration of immune response in COVID-19
survivors and vaccinated people varied significantly depending
on age, observation period, and additional vaccinations/
revaccinations. 2. 1gG levels were significantly higher in
the following groups: elderly people (60+) having a history
of COVID-19 compared to individuals under the age of
60; COVID-19 survivors and individuals vaccinated with
Sputnik V compared to people with no disease history and
unvaccinated individuals; disease survivors after vaccination
and vaccinated individuals after receiving the booster dose.
3. 1gG levels were significantly lower in vaccinated elderly
people (60+) compared to individuals under the age of 60. 4.
IgG levels in vaccinated individuals decreased faster (within
3-4 months), than in COVID-19 survivors; after 5-9 months
IgG levels were stabilized at less than 100 BAU/mL in about
60% of subjects. 5. The prevalence of COVID-19 among
vaccinated people was 4.5% (three vaccinated people
out of 67 were infected). 6. Multiplex immunochip analysis
is a promising method for simultaneous quantification of
antibodies against two or even more variants of the novel
SARS-CoV-2 coronavirus.
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SUBPOPULATION COMPOSITION OF T-HELPERS IN THE PERIPHERAL BLOOD OF PERSONS
CHRONICALLY EXPOSED TO RADIATION IN THE LONG TERM

Kotikova Al'?=, Blinova EA'?, Akleyev AV'?

" Urals Research Center for Radiation Medicine, Chelyabinsk, Russia
2 Chelyabinsk State University, Chelyabinsk, Russia

Earlier, it has been convincingly established that exposure to ionizing radiation (IR) alters the T cell-mediated immunity in the long term. However, a search for papers
describing the effect chronic exposure to radiation has on various subpopulations of T-helpers yielded no results. Therefore, we designed this study seeking to
investigate the quantitative characteristics of various subpopulations of T-helpers in the peripheral blood of individuals chronically exposed to low-level radiation
for a long period of time. The study involved 102 chronically exposed Techa Riverside residents (Russia) aged 60-87 years. The participants were divided into two
groups, one comprised of exposed individuals with the average red bone marrow (RBM) irradiation dose of 567 + 73 mGy, another, the control group, comprised
of people with the irradiation dose below 70 mGy. With the help of flow cytometry, we identified the quantitative characteristics of T-helper subpopulations in the
peripheral blood at various stages of their differentiation, as well as various T-helper subpopulations of central and effector memory. The study revealed no significant
differences in the composition of T-helper subpopulations in the compared groups. We discovered a significant growth of the double positive follicular T-helper 17
subpopulation in the population of central memory T-helpers, which is associated with the increase of RBM (p = 0.04; S = 0.19), thymus and peripheral lymphoid
organs (p = 0.03; S = 0.22) irradiation dose. In the group of exposed individuals, the number of naive T-helpers (p = 0.009) and double positive follicular T-helpers 17
in the T, subpopulation (o = 0.04) was decreasing as the age of participants increased, and the number of effector memory T-helpers, on the contrary, increased
with age (p = 0.04). We have not registered similar phenomena in the comparison group.
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CYBNONYNALUNOHHbIA COCTAB T-XEJINEPOB B NEPUGEPUYECKON KPOBU XPOHUYECKU
OBJTYHEHHbIX JINL, B OTOAJIEHHOM MNMEPUOAE

A. V. Kotvkosa'? B E. A. BrmHosa'?, A. B. Aksiees'?

T YpanbCkuii Hay4HO-NPaKTUYECKUIA LIEHTP paavialyioHHOM MeauLmHbl PefepanbHOro Meamnko-61onornyeckoro areHTeTea, YenabuHek, Poccus
2 YenabuHCKNIA rocyAapCTBEHHbIN YHUBEPCUTET, HYensabuHek, Poccus

K HacTosiLeMy BpeMeHn ybeamTenbHO NokadaHo, YTo BO3AENCTBUE MOHN3MPYHOLLEro mnanyyeHus (M) Bbi3biBaeT AOATOCPOHHOE U3MEHEHWEe T-KNeToHHOro
NMMyHUTeTa. OIHAKO KOMMYECTBEHHbIX MCCNEeA0BaHNI BANSHUS XPOHUYECKOrO pafmnaLiMoHHOrO BO3AEVCTBIUS Ha pasnnyHble cybnonynsaumm T-xennepos B
[LOCTYMHOW InTepaType HaaeHOo He Obino. MoaToMy Lienbto paboTbl ObNo NCCNEA0BATL KONMMHECTBEHHBIE XaPaKTEPUCTVKM Pa3NHHbIX Cybnonynauuii T-xennepos
B NMepuepryeckor KpoBIU NL, NMOABEPTLLUMXCS XPOHUYECKOMY HU3KOWHTEHCUBHOMY pafMaLiOHHOMY BO3LEMCTBUIO, B OTAANEHHbIE CPOKM MOCAe Havana
0bnyyeHns. B nccneposaHn NpuHaNo ydacte 102 XpoHUHYeCKn 0bnyHeHHbIX XXUTeNs nprbpexHbIx cen pekn Teudn (Poccust) B BospacTe 60-87 NneT, KoTopble
Oblnv noapasfeneHbl Ha 06yHeHHbIX NINL, (CPeaHas HakomnneHHas [o3a 0byHeHns KDaCHOro KOCTHOO MO3ra cocTasuna 567 + 73 MIp) 1 rpynny CpaBHeHNs
(nosa obnyyeHns He npesbilwana 70 MIP). MeTogoM MPOTOYHON LIMTOMETPUM OMPEAENSNN KONMHECTBEHHbIE XapakTePUCTUKK cyornonynsaumii T-xennepos B
nepuepnHecKon KpoBK Ha pasHo cTadum nx AudepeHLUMPOBKI, a Takke padnnmyHble cybnonynsaumm T-xennepoB LeHTpanbHoM 1 3heKkTopHOM namsTu.
B xope nccnepnoBaHnsa He BbIABNEHO CTATUCTUHECKM 3HAYMMbIX Pasfvymin B CyononynaumoHHOM cocTaBe T-XxennepoB B CpaBHMBaeMblx rpynnax. OTMedeHo
CTaTUCTUYECKM 3HAYMMOE MOBbILLEHNE CofepXKaHns cybrnonynsumm «double positive» honamkynspHbIX T-xennepoB 17 B nonynsummn T-xennepoB LEeHTpasnbHOM
namaT ¢ yBenndeHrem o3bl 0bnyderns KKM (p = 0,04; S = 0,19), a Takxe Tmyca v nepudepmndeckmx numdonaHsix opraHos (o = 0,03; S = 0,22). B rpynne
0ByHEeHHbIX JINL, 3aPErCTPUPOBAHO CHYDKEHWE KOM4ecTBa HamBHbIX T-xennepos (p = 0,009) n «double positive» donnmkynsapHbix T-xennepos 17 B cocTase
cybronynsaumm T, (o = 0,04) n yBenu-eriie konniecTsa T-xennepos adexTopHoi namatu (p = 0,04) ¢ ysennieHrem BO3pacTa, 4ero He Habnio[anoch B rpynne
CpaBHeHVIS.
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Earlier, it has been convincingly established that exposure to
jonizing radiation (IR) alters the T cell-mediated immunity in the
long term. A number of studies have identified that irradiated
individuals, including Techa Riverside residents, have more
mutations in the genes of the T cell receptor (TCR mutations). An
in-depth analysis of the immune status of such people allowed
establishing the special role cytotoxic CD3*CD16+*CD56+
lymphocytes play in the elimination of TCR mutant cells [1].

Regarding the impact of IR on T cell populations, there
are data showing changes in the peripheral blood T helper
indices. For example, 20 years after exposure, survivors of
the Hiroshima and Nagasaki atomic bombing that received
the dose greater than 1 Gy had the number of naive T helpers
(CD4+*CD45RA* phenotype) decreasing [2]. The Chernobyl
accident victims exhibited similar reactions: those who received
high doses of radiation had less T-helpers in the peripheral
blood [3]. A study that involved employees of Mayak Production
Association (a nuclear industry production facility) has revealed
a linear dose-dependent decrease in the number of peripheral
blood T helpers [4]. A study of low dose occupational exposure
that involved employees of Kozloduy, a Bulgarian nuclear
power plant, yielded an assumption about a possible immune
response shift from Th, to Th, [5]. However, a search for
quantitative studies describing the effect chronic exposure to
radiation has on various subpopulations of T helpers, including
Th,,, Th,,, Thy etc., yielded no resullts.

This study aimed to investigate the quantitative characteristics
of various subpopulations of T helpers in the peripheral blood
of individuals chronically exposed to low-level radiation for a
long period of time.

METHODS

The study of T helper subpopulations involved 102 people whose
irradiation conditions and nature were described in detail earlier
[6]. Techa Riverside residents were exposed to gamma radiation
both externally and internally, mainly from *°Sr and *’Cs. The
contamination came from the liquid radioactive waste discharged
into the river by Mayak. The largest doses were absorbed by the red
bone marrow (RBM) in 1950s—-1960s; the associated key source
of radiation was *Sr. We divided the chronically exposed people
into two groups: exposed individuals (n = 54) and the control group
(n = 48). It is important to note that currently, among the Techa
Riverside residents, people with the accumulated radiation dose
exceeding 100 mGy (localization — stomach and RBM) suffer
and die from malignant neoplasms, including leukemia, more
often [6].

Table 1. Characteristics of the studied groups

OPUIMMHAJTIBHOE NCCJIEQOBAHNE | UMMYHONOT A

The study inclusion criteria were: permanent residence in one
of the 41 Techa River villages from 01.01.1950 to 12.31.1960;
availability of data on the established doses accumulated in the
RBM, thymus and peripheral lymphoid organs (as measured
with the TRDST 2016 dosimetric system) [7]; absence of
autoimmune, oncological, acute or chronic (exacerbating)
inflammatory diseases, hemoblastoses, renal or hepatic
insufficiency, acute cerebrovascular accidents in the previous
three months; no intake of antibiotics, glucocorticoids and
cytostatics in the previous six months; no X-ray examinations
in the previous six months.

The control group included people living in the similar socio-
economic conditions whose RBM radiation dose accumulated
over their entire lives did not exceed 70 mGy [8] (Table 1).

For the study, we sampled 9 ml of fasting blood of the
participants into vacuum tubes filled with K3-EDTA (Greiner
Bio-One; Austria). Flow cytometry enabled assessment of
the relative number of T helper subpopulations by the level
of expression of CD45RA (naive T helpers marker), CD62L
(marker of directed cell migration to the peripheral lymphoid
organs), CCR4, CCR6, CXCR3, and CXCR5. Into the flow
cytometer (Beckman Coulter; USA) tube, we added 100 pl of
the test sample, 5 pl of CD3 and CD4 monoclonal antibodies
(Beckman Coulter, USA; conjugated with Krome Orange
and Pacific Blue, respectively), 20 pl of CD45RA and CD62L
monoclonal antibodies (Beckman Coulter, USA; conjugated
with PE and FITC, respectively), 5 ul of monoclonal antibodies
CCR4, CCR6, CXCR3 and CXCR5 (Beckman Coulter, USA;
conjugated with APC, Per-CP-eFluorTM710, PE-Cyanine7 and
PE-eFluor® 610 respectively). The samples were incubated for
20 minutes in a dark place at room temperature. Then, we
added 1 ml of Versalyse Lysing Solution (Beckman Coulter;
USA) to the tube to remove erythrocytes, and then left the
samples to incubate for 10 more minutes under the same
conditions. After incubation, the samples were analyzed in a
Navios flow cytometer (Beckman Coulter; USA).

The gating tactic we employed in the context of T
helper subpopulations analysis relied on the identification of
T helpers by the presence of CD3 and CD4 markers on the
cell surface. Next, we divided the population of CD3*CD4*
cells into subpopulations of T helpers at different stages of
differentiation by the presence of surface markers CD45RA
and CD62L. Namely, we differentiated between phenotype
CD3*CD4*CD45RACD62L* naive T helpers (T, ), central
memory phenotype CD3*CD4*CD45RACD62L* T helpers
(Te), effector memory phenotype CD3*CD4*CD45RACDG2L
T helpers (T, and terminally differentiated phenotype

EM)

Exposed individuals Control group
Group characteristics
n=54 n=48
. - ) 73.26 + 0.58 68.73 + 0.96
Age at the time of examination, years, M + SE (min-max) (67-84) (60 -87)
male 22 (40.7) 17 (35.4)
Gender, person (%)
female 32 (59.3) 31 (64.6)
Slavs 17 (31.5) 21 (43.8)
Ethnicity, people (%) Turks 35 (64.8) 26 (54.2)
Not established 2(3.7) 1)
) . 567 + 73 17.20 £ 2.25
Dose accumulated in the RBM, mGy, M + SE (min—-max) (80.20-2930) (1.89-55)
Dose accumulated in the thymus and peripheral lymphoid organs, mGy, 79.80 + 10.70 7.35+1.29
M + SE (min-max) (4.63-355) (0.21-39.5)

Note: n — the number of subjects; M + SE — mean + standard error.
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Table 2. Phenotype characteristics of the studied T helper subpopulations, peripheral blood of exposed individuals

Cell phenotype

Population name

CXCR5-CXCR3-CCR6-CCR4*

T helpers 2 (Th,)

CXCR5-CXCR3-CCR6*CCR4-

T helpers 17 (Th,,)

CXCR5CXCR3-CCR6*CCR4*

T helpers 17 and T helpers 22 (Th,, and Th,,)

CXCR5"CXCR3*CCR6-CCR4~

T helpers 1 and T helpers 9 (Th, and Thy)

CXCR5"CXCR3*CCR6*CCR4~

"Non-classical" Th17 (Th,/Th,,)

CXCR5*CXCR3-CCR6"CCR4-

Follicular T helpers 2 (Tfh,)

CXCR5*CXCR3-CCR6"CCR4*

Follicular T helpers 2 (Tfh,)

CXCR5*CXCR3-CCR6*CCR4-

Follicular T helpers 17 double negative (double negative Tfh,.)

CXCR5*CXCR3-CCR6*CCR4*

Follicular T-helpers 17 (Tth,,)

CXCR5'CXCR3*CCR6"CCR4~

Follicular T helpers 1 (Tth,)

CXCR5*CXCR3*CCR6*CCR4*

Follicular T helpers 17 double positive (double positive Tfh, )

CD3+*CD4*CD45RA*CD62L" T helpers (TEMRA). In the T,
and T, populations, subpopulations of various T helpers
were identified by the presence of CCR4, CCR6, CXCRS, and
CXCR5 markers [9-11] (Table 2).

For statistical data processing we employed SigmaPlot
software (SYSTAT Software; USA). Kolmogorov-Smirnov test
enabled verification of normalcy of distribution of the indicators.
To compare the arrays of nonparametric data, we applied the
Mann-Whitney U-test. First of all, the above parameters were
evaluated for T helpers at different levels of differentiation, then
we processed the data describing subpopulations of central
and effector memory T helpers.

To identify dependencies, we used the Spearman's rank
correlation coefficient and the Pearson correlation coefficient,
as well as linear regression. The results were considered reliable
at 5% significance level.

RESULTS

The currently adopted approach is to rely on CD markers
expression to identify T helpers at different stages of
differentiation. The literature offers detailed descriptions of the
ability of TNaive not differentiated in the secondary lymphoid
organs (antigen-dependent differentiation) to give rise to memory
T cells and effector cells. T,,s carry the CD62L adhesion
molecule, which determines their ability to largely localize in the
secondary lymphoid organs. T, s are not able to penetrate into
the peripheral lymphoid organs, however, they carry a wide
range of different adhesion and chemokine molecules on their
surface, which aid their migration into tissues and organs. The

ability of T, s to proliferate and differentiate is reduced, and the
cells part of this population are the main producers of effector
cytokines, such as IFNy and IL4. TEMRA effector cells are
considered to be the final stage of T lymphocyte differentiation
process in the peripheral blood. The effector properties of
TEMRA require no costimulation; they manifest under the action
of cytokines produced by the inflamed tissue [12].

At the first stage of the study, we relied on the expression of
CD45RA (surface marker) and CD62L (marker of directed cell
migration to the peripheral lymphoid organs) to investigate the
relative number of T helpers at different stages of differentiation:
Toaver Tow Tew @nd TEMRA (Table 3).

Comparison of the quantitative indicators of lymphocytes
and T helpers at different stages of differentiation in the exposed
and control groups revealed no significant differences (Table 3).

The expression of CCR4, CCR6, CXCR3, and CXCR5
chemokine receptors allowed estimating the number
of T helper populations in the T, and T, subpopulations.
The Th,, Th,, Th,, and Th,,, Thy subpopulations, as well as
follicular T helpers, are predominantly found in the T, and T,
populations. All these cells have unique developmental and
regulatory pathways and play different roles in the immunity
and immunity-mediated pathologies [13].

Tables 4 and 5 present the results of estimation of
representation of various subpopulations of T helpers in the T,,,
and T, populations, as well as the ratio of Th,/Th, and Th,/Th,,
in the exposed individuals group.

We discovered no significant differences in the T,
population T helper subpopulation values between the exposed
individuals and control groups.

Table 3. The number of T helpers of different subpopulations in the compared groups

Exposed individuals Control group
Indicator
Me (Q,-Q,)
217 2.07
Lymphocytes, abs. (1.49-2.76) (1.62-2.55)
32.00 31.10
0,

Lymphocytes, % (22.00-36.80) (26.00-38.75)

36.34 39.50

+ +o 0

CD3*CD4+-cells, % (31.83-41.54) (83.15-45.22)

o 26.04 27.79
Naiver 70 (14.89-39.66) (17.46-36.77)

T o 36.83 36.74
owr 70 (30.23-42.65) (31.87-43.48)

T 27.85 30.63
ew 7 (20.35-38.58) (23.24-38.09)

2.37 1.83

0,
TEMRA, % (1.15-4.18) (1.22-5.72)
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Table 4. Relative number (%) of T, population T helpers (data for the study participants)
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Indicator. % Exposed individuals Control group
Me (Q,-Q,)
Th, 2.51(0.99-5.16) 4.33 (2.54-6.63)
Th,, 2.43 (0.92-3.64) 2.58 (1.38-4.19)
Th,, nTh,, 0.23 (0.07-0.75) 0.40 (0.07-0.97)
Th, nThy 32.79 (24.65-37.70) 33.03 (25.03-37.43)
Th/Th,, 1.28 (0.58-2.61) 1.41 (0.36-3.05)
CXCR5*CXCR3-CCR6-CCR4-, Tth, 8.46 (5.69-11.11) 8.03 (5.29-10.68)
CXCR5*CXCR3-CCR6-CCR4+, Tth, 0.13 (0.05-0.39) 0.13 (0.06-0.31)
double negative Tfh,, 5.98 (3.26-9.67) 7.56 (4.29-11.32)
Tth,, 0.14 (0.04-0.34) 0.21 (0.05-0.53)
Tth, 6.11 (4.07-8.92) 6.54 (4.98-8.14)
double positive Tfh,, 0.05 (0.00-0.16) 0.04 (0.00-0.08)
Th,/Th, 11.70 (6.24-32.08) 7.73 (3.60-15.97)
Th,/Th,, 13.43 (7.65-38.59) 11.63 (7.51-22.32)

Comparison of the T, populations' T helper subpopulation
indicators revealed no significant differences between the study
groups.

To establish the long-term dependence of the number
of different subpopulations of T helpers at different stages of
differentiation in the peripheral blood of the exposed individuals
we applied the Spearman's rank correlation coefficient and the
Pearson correlation coefficient. "Long-term" here means
that RBM, thymus, and peripheral lymphoid organs have
accumulated the dose a long time ago. The analysis procedure
covered both groups.

The correlation analysis did not reveal significant
associations of the number of T helpers at different stages of
differentiation in the peripheral blood of the exposed individuals
with the dose accumulated by RBM, thymus and peripheral
lymphoid organs.

Investigating the dependence of content of various T,
population's T helper subpopulations on the radiation dose
accumulated by the RBM, thymus and peripheral lymphoid
organs, we discovered that the content of double positive
Tfh,, subpopulation depended significantly on the degree
of irradiation of the thymus and peripheral lymphoid organs
(p = 0.02; S = 0.23). However, linear regression analysis
did not reveal significant dose-based dependences. As for

the remaining studied subpopulations of T helpers, we also
discovered no significant dependences on the dose values.

A similar analysis was carried out to investigate the
dependences of the content of various T, population's
T helper subpopulations on the degree of irradiation of RBM,
thymus and peripheral lymphoid organs. No statistically
significant dependences of the studied parameters of the T,
populations on the dose values were found.

It is known that with age, immune system of the human
beings undergoes involutional changes: the number of some
subpopulations of T helpers goes down [14], the direction of
differentiation changes [15], and their functioning is disrupted
[16]. With this in mind, we have also investigated dependence of
the content of various peripheral blood T helper subpopulations
on age (Table 6; the age was that reached by the participants
at the time of the study).

Correlation analysis revealed a significant association
between the decrease in the number of of T, . and age in the
exposed group. The values were p = 0.009, S = -0.35 and
p = 0.01, R = -0.34 (Spearman's rank correlation coefficient
and Pearson correlation coefficient, respectively). No such
association was registered in the control group. In the exposed
group, we have also found that the number of T, grows up
significantly with age (p =0.04, S =0.28 and p =0.02, R =0.33,

Table 5. Relative number (%) of TEM population T helpers (data for the study participants)

Exposed individuals Control group
Indicator, %
Me (Q,-Q,)

Th, 0.67 (0.26-1.52) 0.94 (0.34-2.30)
Th,, 4.29 (2.37-6.80) 5.22 (3.17-6.82)
Th,,nTh,, 0.23 (0.03-0.52) 0.17 (0.05-0.59)
Th, n Thy 45.96 (39.49-57.57) 51.51 (36.74-56.46)
Th,/Th,, 2.52 (1.08-5.52) 3.34 (1.35-7.23)
CXCR5*CXCR3-CCR6-CCR4-, Tth, 2.29 (1.59-3.33) 2.22 (1.18-7.23)
CXCR5*CXCR3-CCR6-CCR4+, Tth, 0.02 (0-0.09) 0 (0-0.04)
double negative Tth,, 2.11 (1.24-3.45) 2.75 (1.55-4.35)
Tfh,, 0.02 (0-0.10) 0.04 (0-0.15)
Tth, 2.48 (1.49-3.87) 2.42 (1.84-3.62)
double positive Tth,, 0 (0-0.03) 0 (0-0.02)
Th,/Th, 62.63 (26.95-224.95) 44.66 (20.59-111.95)
Th/Th,, 10.19 (6.13-21.56) 9.92 (6.15-15.25)

MEANLIHA SKCTPEMAJIbHBIX CUTYALIN | 2, 24, 2022 | MES.FMBA.PRESS




ORIGINAL RESEARCH | IMMUNOLOGY

Table 6. Dependence of indicators of various subpopulations of T helpers on the age of participants (as of the time of the study)

Indicator. % Exposed individuals Control group
S () R (p) S (o) A (p)
Toae -0.35 (0.009) -0.34 (0.01) - -
T, 0.28 (0.04) 0.33 (0.02) - -
Central memory T helpers
double positive i, | _ | _ | - | 0.32 (0.03)
Effector memory T helpers
double positive Tih,, | ~0.28 (0.04) | - | 0.37 (0.01) | 0.39 (0.006)

Note: S (p) — the Spearman's rank correlation coefficient (correlation significance level); R (p) — Pearson linear correlation coefficient (correlation significance level).

Spearman's rank correlation coefficient and Pearson correlation
coefficient, respectively). Nothing similar was discovered in the
control group. These dependencies were investigated with a
linear regression analysis (Figure 1; moving average graphs).

We discovered a significant dependence of the content
of T, subpopulation's double positive Tfh,, (peripheral
blood) on age in both groups, but these associations were
multidirectional: in the exposed individuals, the number of
cells of this population decreased significantly with age (p = 0.04;
S = -0.28), and in the control group, on the contrary, the
said number increased (p = 0.003, S = 0.32 and p = 0.05,
R =0.29, Spearman's rank correlation coefficient and Pearson
correlation coefficient, respectively). Moreover, in the control
group we revealed an age-dependent increase in the T,
subpopulation's double positive Tfh,, counts (o = 0.009,
R = 0.38), while in the exposed group no such dependence
was registered.

Linear regression analysis of the dependence of number
of T, and T, subpopulations' double positive Tfh,, on the
age of the exposed group participant revealed no significant
correlations; for the control group, the results are shown on
Fig. 2 (moving average graph).

The analysis of dependence of the content of various
peripheral blood T helper subpopulations on the age of
exposed individuals at the beginning of exposure showed the
following correlations: the amount of T, decreased as the
age increased (p = 0.03, S =-0.34 and p = 0.04; R = -0.32,
Spearman's rank correlation coefficient and Pearson correlation
cosfficient, respectively), while the number of T_ s increased
(o =0.03,S=0.35and p =0.04, R = 0.32, Spearman's rank
correlation coefficient and Pearson correlation coefficient,
respectively) (Fig. 3).

A
45

y = 33.18 - 1.39x
R=0.32,R?=0.11

40 4 p=0.04

Relative amount of T, . . cells (%)

15 T T T T T T T

5-10 6-13

Age at the beginning of exposure (years)

As for the remaining T helper populations, we discovered
no significant dependences on the age reached at the time of
the study and at the beginning of exposure.

DISCUSSION

T helper cells are critically important to the regulation of
immune system: the range of their actions stretches from
activating B-lymphocytes, cytotoxic T-lymphocytes and other
cell populations to suppressing immune response.

However, in addition to supporting the functions of adaptive
immunity, T helpers can also be involved in the development of
autoimmune [17, 18] and oncological diseases [19, 20]. The
development of chronic lymphocytic leukemia was reported to
be associated with the spread of abnormal follicular T helper
cells that elevate levels of cytokines and produce costimulatory
factors that promote tumor cell proliferation [21]. Other studies
[22, 28] have shown protumor activity of Th,,, which manifests
in the production of immunosuppressive cytokines and
chemokines in the tumor microenvironment, thus stimulating
its growth and metastasis.

The balance of various subpopulations of T helpers plays an
important role in the immune response. For example, cytokines
produced by Th, cells block production of Th, cytokines and
are their natural killer cells. In addition, Th1 cells can inhibit the
differentiation and proliferation of basophils and eosinophils, the
activity of which is controlled by the synthesis of Th, cytokines
[24]. lonizing radiation compromises the Th./Th, immune
balance and tilts it towards Th, dominance, the unbalanced
state potentially contributing to immune system dysfunction
after exposure [25]. A number of studies report a shift in the
Th,/Th, balance towards Th, in the cases of hematological

B

45

40

35

30

Relative amount of T, cells (%)

251 y = 25.61+1.29x

R=0.32,R,=0.10
p=0.04

20

0-2 1-3 2-4 3-5 4-9 5-10 6-13

Age at the beginning of exposure (years)

Fig. 1. Dependence of the relative amounts of peripheral blood TNaive (A) and TEM (B) on age, exposed individuals; linear regression

EXTREME MEDICINE | 2, 24, 2022 | MES.FMBA.PRESS



OPUIMMHAJTIBHOE NCCJIEQOBAHNE | UMMYHONOT A

A 0.16
£
~ 014 A
S
'_
_g;\a 0.12
£
85 0.10 -
03
a3
S a |
3 8 0.8
55
= "’E 0.6 A 12
3~
£2 04 13
2 { g y=-0.17+0.003x
g 0.2 4 R=0.32, R?=0.10
& p=0.03

0.00

60-64 62-66 64-68 66-70 68-2 70-78 72-81 74-87

Age at the beginning of exposure (years)

oy}

Relative amount of double positive Tfh,, in

0.05

0.04 -

g T 2
5 0031 1T
£ -
2 9 »
o 0.02 - 1 11 L
Q [
o L
=]
[
£ 0.01 A B
[
Q
= Pz 15 119 {

0.00 - 13 y =-0.10+0.002x
R=0.39,R,=0.16
p=0.006

-0.01

60-64 62-66 64-68 66-70 68-2 70-78 72-81 74-87
Age at the beginning of exposure (years)

Fig. 2. Dependence of the content of double positive Tth,, in T, (A) and T, (B) subpopulations (peripheral blood) on age (as of the time of the study), control group;

linear regression

malignant neoplasms [26-28]. More recent papers describe
another association of immunocompetent cells, Th./Th,,
which, when unbalanced, contributes to the development of
autoimmune diseases, primarily rheumatoid arthritis [29, 30].

Investigating the long-term effects of exposure to radiation,
we discovered no significant differences in the relative content
of various peripheral blood T helper subpopulations, as well as
the Th,/Th, and Th,/Th, associations, between the exposed
individuals and control groups. However, in the exposed
group, we did reveal some peculiarities (differences from the
control group indicator values) in the dependence of individual
populations of peripheral blood T helpers on the degree of
irradiation of thymus, peripheral lymphoid organs and age.

In the exposed group, we established that the increase
in the amount of peripheral blood T, population's double
positive Tfh,, depends on the dose accumulated by the
thymus and peripheral lymphoid organs. Other studies that
involved people exposed to radiation have also registered
dose-dependent changes in the number of T helpers and their
functional properties. Thus, the Hiroshima and Nagasaki atomic
bombing survivors exhibited a dose-dependent decrease in
the number of CD4+ T cells in peripheral blood [3], a higher
occurrence of T cell receptor mutations (mainly in CD4*
T cells population) [31], and a dose-dependent shortening of
the T helper telomere length at doses above 0.5 Gy [32]. In
Mayak employees that were chronically exposed to radiation
the T helper part of the immune system was also changed:

A

B

a greater dose (2-4 Gy, external irradiation) translated into
a smaller number of CD4* cells [33]; the concentrations of
some cytokines and chemokines changed, too. The results
obtained allowed a conclusion that the identified changes in
the parameters of immune systems of the examined individuals
supported chronic inflammatory status and could contribute to
the development of late radiation-induced pathologies, such as
cardiovascular and malignant diseases [5, 34].

In addition to the dependences on radiation dose, age-
related changes were found in the groups. We discovered
that the number of T, . in the peripheral blood of the exposed
individuals decreased with age, and the amount of Ts
increased, the latter capable of migrating through the vascular
and tissue endothelium to inflammation foci and triggering a
rapid immune response with the synthesis of predominantly
effector cytokines [12]. These results are consistent with the
literature data describing the decrease of naive T helper cell
numbers with age in people older than 70-75 years [14]. In
addition, naive T cells in older people grow prone to effector
differentiation [35]. It should be noted that no such correlations
were found in the control group, where the number of double
positive Tth . in the T, and T, subpopulations increased
with age, while in the exposed group, on the contrary, the T,
subpopulation's double positive Tfh,, content was growing
down very slightly with age. Follicular T helper cells express
CXCR5 chemokine receptor, which allows them to migrate to
its CXCL13 ligand in the B-cell follicle. Normal follicular T helper
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cells produce a unique range of cytokines and chemokines
needed for supporting survival and proliferation of B-cells in the
germinal centers [9, 21, 36, 37]. Thus, Tfh,, produce IL21 and
IL17, which are involved in enhancing the interaction between
T and B cells and are necessary for the formation of germinal
centers [38].

Thus, in the exposed individuals, the late effects after chronic
exposure to radiation include some changes in the T helper part
of the immune system, which depend both on the radiation dose
and on the age reached at the time of the study. However, the
limited sample recruited for this study disallows unequivocal
conclusions at this stage and necessitates further research.

CONCLUSIONS

1. The long term effects of chronic exposure to radiation with
the doses predominantly accumulated by the RBM (average
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EVALUATION OF THE IMPACT OF COVID-19 PANDEMIC ON OVERALL MORTALITY
IN OZYORSK URBAN DISTRICT

Osipov MV'BS, Sokolova VA?, Kushnir AS?

" Southern Urals Biophysics Institute of the Federal Medical Biological Agency, Ozyorsk, Russia
2 Clinical Hospital “RZhD-Medicine”, Chelyabinsk, Russia

COVID-19 pandemic announced by World Health Organization in March 2020 raised concern on potential demographic losses. This retrospective study was
aimed to analyze the pandemic-related changes in the demographic status of the Ozyorsk urban district located close to the nuclear industry facility — the “Mayak”
Production Association. Population changes in the Ozyorsk urban district over the last decade were analyzed based on the open-access demographic data. The
impact of the COVID-19 pandemic on the demographic status of the Ozyorsk urban district was assessed using the crude overall mortality rates. Comparison of the
overall mortality rates has been performed between 2020 and each previous year to assess the deviation of mortality from the forecasted value. The overall mortality
rate in 2020 has been found increased significantly by 19%. Excess mortality attributed to the impact of the pandemic was 13.4%. The expected absolute number
of excess deaths from COVID-19 being the main cause of death was 60 (4.2%). The COVID-19 pandemic had a significant negative impact on the demographic
status of the Ozyorsk urban district; however, the role of COVID-19-associated deaths in overall mortality was not predominant.
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OLIEHKA BNUAHNA NAHOEMUU COVID-19 HA OBLLUUIA KO3®®ULIMEHT CMEPTHOCTU
HACEJIEHUA O3EPCKOI'O rOPOICKOIO OKPYTA

M. B. Ocvnos'™, B. A. Cokosnosa?, A. C. KylHmp?

T KOXKHO-YpanbCKuii MHCTUTYT Brodmrarkin defepanbHoOro Meamnko-6ronorndeckoro areHTcTea, O3épcek, Poccust
2 KnuHnyeckas 6onbHuua «PXKO-MeavupyHar, YensouHek, Poccurst

MaHpoemust COVID-19, obbsiBneHHas BcemypHol opraHusaupmen 3npaBooxpaHeHns B Mapte 2020 r., obycnosuna HeoOXoaUMOCTb OLEHKM MOTEHLMaNbHOro
nemorpacduyeckoro yulepba ans HaceneHus. Llenbto paboTbl ObI10 MPOBECTU PETPOCMEKTUBHbIN aHannM3 U3MeHeHUst demorpadmryeckon cutyaunum B
O3epCKOM rOpOACKOM OKpPYre, PacronoXeHHOM BOIM3N NpeanpusiTus aToMHon npombituneHHocTv MO «Masik». Ha ocHoBe ony6nmMkoBaHHbIX B OTKPbITOM
[0CTyne AeMorpauyecKx JaHHbIX 6bI10 PETPOCNEKTVBHO NPOaHaM3MPOBaHO N3MEHEHWE YMCNIEHHOCTI HACEeNeHNs 3a AECATUNETHII Nepuos. YpoBeHb obLLeln
cMepTHOCTY B 2020 . cpaBHUBANCS C KaxkAbIM NMPeablayLLVIM rOA0M B TeHeHVe NCCRedyeMoro Neprnoaa A1 OLEHKM BENMHMHbB! OTKIIOHEHWS YPOBHS CMEPTHOCTM
OT €ero MporHoavpyemoro 3HadeHns. OueHka BanaHus nangemun COVID-19 Ha pemorpadudeckuin ctatyc O3epCKOro ropoAckoro OKpyra BbINMOMHANACh
C VCronb3oBaHnem rpyboro nokasatens obLiei CMepTHOCTM. [oka3aHo CTaTUCTUYECKM 3HaYMMOE MOBbILIEHWE YPOBHSI 0bLuein cmepTtHocT B 2020 I no
CPaBHEHNIO C ero OXXMaaeMoin oLeHKoM Ha 19%. AGCOMIOTHbIA N36LITOK 0OLLIEI CMEPTHOCTH, OTHECEHHbIN K BIMSHUIO NaHaemun, coctaBun 13,4%. Oxunpaemoe
HMCII0 N3ObITOYHBIX Cly4aeB CMepTU B pedynsTtarte 3abonesaHna COVID-19 kak 0OCHOBHOM Npu{mnHbI cMepTr cocTasuno 60 (4,2%). Mangemna COVID-19 okasana
CTaTUCTUYECKM 3HAYMMOE HeraTUBHOe BAMSIHKE Ha aeMorpadmdeckuii ctatyc O3epckoro ropofckoro okpyra, OfHaKo ee BMsSHME Ha OBLLY0 CMEPTHOCTb He
Ob1110 NPEBaANVPYIOLLIAM.
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On March 11, 2020 the World Health Organization (WHO)
announced a new global threat, the outbreak of COVID-19
caused by the novel coronavirus infection SARS-CoV-2, the
spread of which had become a pandemic. The COVID-19
associated atypical severe acute respiratory syndrome (SARS)
[1], prone to progression towards severe forms in 20% of
infected [2] and characterized by high probability of lethal
outcome [3], has become a subject of concern for clinicians
and epidemiologists all over the world. As of December 31,
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2020, the total number of diseased due to infection of novel
coronavirus SARS-CoV-2 in the world was about 83,200,000
[4], with over 1,815,000 deaths from various causes among
them. Case fatality rate among patients with confirmed cases
of COVID-19 varied greatly from country to country within a
range of 0.3-5.8% [5].

The global spread of the novel coronavirus infection
associated with increased morbidity and mortality is a risk
factor potentially affecting the population changes. This could
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be particularly important for the sparsely populated areas and
small urban districts, such as the closed administrative territory
Ozyorsk, located close to the “Mayak” nuclear complex [6].
The sanitary and epidemiologic wellbeing of the Ozyorsk urban
district population is an important task of the Federal Target
Program “Nuclear and Radiation Safety in 2016-2020, and
until 2030” [7], that is why evaluation of possible sanitary losses
due to impact of the pandemic becomes especially important.

Since the announcement of the pandemic, a number of
research studies has been conducted by Russian and foreign
scientists, including those aimed to assess the COVID-19-
associated demographic losses [3-5, 8-12]. Specific mortality
rates such as infection fatality ratio (IFR) and case fatality ratio
(CFR) based on the number of deaths among infected has
been widely used by the epidemiologists to characterize the
impact of the pandemic to population. However, these specific
indicators used to characterize the prevalence of infection
depend on certain demographic and economic conditions
which may vary from country to country. According to WHO,
the true level of transmission is frequently underestimated
because a substantial proportion of people with the infection
are undetected either because they are asymptomatic or have
only mild symptoms [13]. Therefore, the use of specific fatality
rates (IFR and CFR) to assess true level of the pandemic spread
could be compromised by underestimation {11, 12].

On the other hand, an in-patient specific mortality indicator
used to monitor the infection spread [14] which is calculated for
patients seeking medical care, would be obviously higher than
among the rest of the population. Thus, the consequences of
the SARS-CoV-2 spreading in the population estimated using
specific indicators are likely to be overestimated [15]. The fatality
rates calculated in different periods of the epidemic process
may vary greatly, which could result in erroneous interpretation
of the comparison results in various populations at different
time [8] and make it difficult to predict the expected sequelae
[16]. The use of different methods for fatality rates calculation
implemented in different countries serves as a source of bias
that led to wide variability (0.1-25% and more) [13], which
could mislead researchers when comparing the data reported.

The one of the possible ways to minimize the impact of
these uncertainties is the use of the non-specific crude overall
mortality rate indicator, which, unlike specific indicators, is
insensitive to the use of different calculation methods, since
it is a proportion of deaths from all causes in the population.
According to that, in this study the pandemic-associated
excess mortality in the population of the Ozyorsk urban district
has been evaluated using the comparison of the crude overall
mortality rates.

93.000

METHODS

A retrospective cohort study has been conducted among the
population of the Ozyorsk urban district during the period from
2010 to 2020. The statistical analysis has been performed
using the data from official statistics [17]. The number of deaths
from all causes (M,) and the population size (P) given by the end
of the year (f) were used to calculate the overall crude mortality
rate (u,) per 1000 using equation:

=M 1000
He = P, .

The annual increase in the crude mortality rate was calculated
using equation:

(1)

Ht — He-1

Ap = X 100% , )
He-1
where p, — crude overall mortality rate in the current year,
H,, — crude overall mortality rate in the previous year. Excess

mortality was calculated as the difference between the 2020
crude mortality rate and the average mortality rate during
the decade before the COVID-19 pandemic announcement,
assuming the static demographic trend over the years. Trend
estimation was performed using the linear correlation coefficient
(n and approximation coefficient R? [18].

To characterize the mortality rate per 1000 (%o), a conventional
scale was used [19]. According to that scale, the mortality rate
in the Ozyorsk urban district was ranged:

(1) < 10%0 — low,

10%0 < (|Jt) < 15%0 — medium,

15%o < (1) < 25%0 — high.

The statistical hypothesis on the existing impact of the
CQOVID-19 pandemic on the mortality rate in the Ozyorsk urban
district population was tested against the null hypothesis using
the comparison of the overall crude mortality rates given by
previous decade. Statistical significance of the differences
between the annual mortality rates was assessed by frequency
analysis of binary outcomes (presence or absence) in 2 x 2
contingency tables using Pearson Chi-square test implemented
in the “WinPepi” statistical software package [20]. The results
were considered significant at p < 0.01. The probability of
replication of the results (P-rep) [21] was considered sufficient
reaching 80% with the significance level a = 0.05.

©)

RESULTS

The dynamics of population changes in the Ozyorsk urban
district during the study period is shown in Fig. 1.

92.500
*
92.000

S

91.500
91.000

R?=09744 @
=

90.500

90.000

Population size

89.500

R2=0.9925

89.000
88.500

88.000 T T

=

2010 2012 2014

Fig. 1. Dynamics of population changes in the Ozyorsk urban district, 2010-2020

2016 2018 2020

Calendar year

MEOVILIMHA SKCTPEMATbHBIX CUTYALIUW | 2, 24, 2022 | MES.FMBA.PRESS



Table 1. Population size and mortality in the Ozyorsk urban district, 2010-2020

ORIGINAL RESEARCH | EPIDEMIOLOGY

Year Population Deaths Deaths increase Mortality rate (u,) Ay, %
2010 97,832 1309 - 13.38 -
2011 92,335 1243 -66 13.46 0.6
2012 91,744 1226 -17 13.36 -0.74
2013 91,285 1181 -45 12.94 -3.14
2014 90,567 1240 59 13.69 5.8
2015 90,029 1237 -3 13.74 0.37
2016 89,724 1279 42 14.25 3.71
2017 89,545 1227 -52 13.7 -3.86
2018 89,230 1241 14 13.91 1.53
2019 88,835 1197 -44 13.47 -3.16
2020 88,399 1430 233 16.18 20.12

The dynamics of population changes in the Ozyorsk urban
district over a 10-year period show a clear downward trend
which can be approximated using linear quadratic model
(R? = 0.99). The linear correlation coefficient is 0.84 (p < 0.05).
The linearity of the trend was within 0.7 < r < 0.9 (R*> = 0.97),
which points to the distinct linear component.

Annual overall crude mortality rates (u), as well as annual
absolute and relative mortality rate increase (Ay, %) during
2010-2020 are shown in Table 1.

The increase in the absolute number of deaths by 2020
in Ozyorsk urban district population was 233, compared to the
previous year, or 192 deaths, compared to the average number
of deaths for the previous decade (2010-2019). The expected
number of excess deaths that could be related to the first year of
the pandemic was 2.17 per 1000, or 13.4% of the overall mortality.

The increase in the overall mortality rate (Ap) in the Ozyorsk
urban district in 2020 was 20.12%, compared to the 2019. The
overall mortality ratio, p,,, /M,o10.0010 COMPared to the previous
decade was 1.19 (95% Cl: 1.1-1.28; p = 6.0 x 10 which
corresponds to 19% average excess mortality.

According to the mortality range scale (3), the mortality level
observed in the Ozyorsk urban district remained “medium” until
2019, and increased to a “high” level since 2020. The changes
in the overall mortality rates in the Ozyorsk urban district
compared to similar indicators for Chelyabinsk region in the
recent decade (2010-2020) are shown in Fig.2.

During the recent decade, a linear downwardl trend of
the overall mortality rate (R° = 0.9) in Chelyabinsk region has

persisted, compared to the same in the Ozyorsk urban district
which fluctuates between 12.5 and 14.5 showing a weak
upward trend (linear correlation 0.69). It is noteworthy that in
recent years mortality rates in the Ozyorsk urban district exceed
that of the region.

According to the official demographic data, the mortality
rate in Chelyabinsk region in 2020 reached 15.9, compared
to the Ozyorsk urban district (16.2) [22], which showed a
substantial deviation from the predicted value calculated based
on linear extrapolation. Pairwise comparisons of the annual
2020 mortality with the previous decade were performed in
order to test the null hypothesis, using the 2019 mortality as a
reference value.

Comparisons of the 2020 overall mortality within the
decade, significance testing and reproducibility of the results
are shown in Table 2.

Pairwise comparisons of the 2020 mortality with the each
mortality rate for the non-pandemic years revealed significant
differences in all pairs (p <<0.05) with the high level of
reproducibility (> 80%). At the same time, comparison with the
reference value (2019) revealed no significant differences in any
of the pairs (p > 0.05), except for the 2020.

DISCUSSION
Our findings show a significant increase of crude mortality rate

by 20.1% in the Ozyorsk urban district compared to the 2019,
and by 19.0% compared to the average estimate for the non-
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Table 2. Comparison of the overall mortality rates in the Ozyorsk urban district within the decade

2 2
Year PF‘:;/S;E eX P-rep, % Year Pjif;zex P-rep, %
2010 5.8 x 107 93 2010 0.86 -
2011 1.8 x10° 92 2011 0.98 -
2012 7.6 x107 93 2012 0.84 -
2013 1.0x10® 94 2013 0.32 67
2014 1.4 x10° 92 2014 0.69 -
2015 2.3x10° 91 2015 0.63 -
2016 9.3 x10* 89 2016 0.16 28
2017 1.7 x10°° 92 2017 0.68 -
2018 8.7 x 10°° 91 2018 0.43 89
2019 2.6 x10° 92 2019 - -
2020 - - 2020 2.6 x10° 92

pandemic decade (2010-2019). This suggests that in 2020 a
new negative factor appeared in the study population which
has significantly affected the mortality.

These results are consistent with the national statistics
data. According to the Russian Government Statistical Service
(“Rosstat”) [23], 288,000 more people died in 2020 in the
Russian Federation compared to the average number of deaths
over the previous 5-year period, and the excess mortality was
18.9% compared to the previous year (2019), which was
confirmed by recent studies [10-12]. The estimated proportion
of deaths caused by the COVID-19 as the main cause of death in
the 2020 in the Russian Federation (excess mortality) was 31%.

In this study we have limited access to the information on
the number of fatal cases among infected with SARS-CoV-2
in the Ozyorsk urban district. However, the COVID-19 specific
mortality for the Ozyorsk population can be estimated using the
“Rosstat” excess mortality coefficient, in the assumption that
there are no substantial differences in age and gender structure
between the populations of the Ozyorsk urban district and the
Russian Federation, and the changes in mortality rate with time
at risk, as well. Assuming the aetiological fraction of 31%, the
expected number of deaths due to COVID-19 in the Ozyorsk
urban district would be 59.5, and the expected annual specific
mortality rate per 100,000 would be 67.3.

In comparison with the crude mortality from cardiovascular
diseases (CVD) and cancer, as the most socially significant
disorders, ranked as the leading causes of death in the Russian
Federation, the role of COVID-19 in the overall mortality was
not predominant. In case of main cause of death, COVID-19
mortality would be 8.5 lower compared with the CVD-associated
mortality rate for 2019 (573.2 deaths per 100,000 population)
[24], and 3.0 times lower (203.5 deaths per 100,000 compared
to cancer-induced deaths.

According to that, the expected number of related to the
pandemic but not induced by the COVID-19 excess deaths in
the Ozyorsk urban district in 2020 would be about 132. These
excess fatal cases may be associated both with SARS-Cov-2
infection, and the other causes that are not related to COVID-19
itself, but significantly related to the pandemic.

Due to the rapid spread of the pandemic in early 2020,
according to WHO recommendations governments of the

majority of the countries, including Russia, imposed certain
restriction measures aimed to reduce the number of SARS-
CoV-2 infected individuals and improve medical care to
CQOVID-19 patients. Despite these mandatory measures,
the healthcare system forced real difficulties because the
number of in-patient beds for patients with non-communicable
diseases in the Chelyabinsk region decreased rapidly in favour
of COVID-19 beds (Table 3).

Repurposing of many hospital departments and clinics into
the infectious in 2020 has led to insufficiency of healthcare
providing to patients with chronic non-communicable
diseases, e. g. cardiovascular pathology and cancer, which has
the highest prevalence in the population [24]. Such healthcare
interventions are particularly sensitive for people older than
60 [12, 25] who shared 29% of the Ozyorsk urban district
population at the end of 2020, due to severe chronic diseases
and comorbidities [26] which can result in excess mortality. The
situation was further complicated by the quarantine measures
implemented in many medical hospitals, along with the
shortage of specialists engaged in fighting against COVID-19.
All this showed that healthcare system experienced serious
difficulties when working in a pandemic mode [27] that could
result in the increased mortality from non-infectious diseases.

Thus, in the context of the pandemic, along with the
specific COVID-19-associated mortality, it is necessary to
distinguish the excess mortality not directly related to the
SARS-CoV-2 infection, but resulted from the impact of socio-
economic factors and preventive measures, the effectiveness
of which in reducing the COVID-19 related mortality is widely
discussed [28]. Based on the above considerations, planning
sanitary anti-epidemic measures during the pandemic requires
the assessment complex character of potential sanitary losses.

CONCLUSIONS

Announcement of the global COVID-19 pandemic in 2020
had a distinct negative impact on the demographic status of
the Ozyorsk urban district. A significant increase in the overall
mortality rate of population has been found compared to
the previous non-pandemic decade. The overall mortality
rate increase observed during the first pandemic year was

Table 3. Number of in-patient beds in medical hospitals of the Chelyabinsk region, 2016-2020

Number of beds per year Difference
Hospital bed profile
2016 2017 2018 2019 2020 2019-2020
Non-infectious 20,064 19,525 19,124 19,035 15,846 -3189
Infectious 1230 1209 1180 1134 6355 5221
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19%. Excess overall mortality attributed to the impact of the
pandemic was 13.4%, and the expected COVID-19-associated
specific mortality rate was 4.2%. The significant impact of
CQOVID-19, however, doesn’t play a predominant role in the
total demographic losses of the Ozyorsk urban district. Taking
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Studying the features of radiological situation in the workplace and assessing the individual effective doses in employees of research organizations working with
open radiation sources (RS) are an urgent scientific task due to additional risks resulting from variability in the conditions and regimes of the technological operations.
The study was aimed to assess the working conditions and intake of radionuclides by the employees of the V. G. Khlopin Radium Institute working with open RS.
The data on exposure to work-related radiation factors were obtained by dosimetry, radiometry, and spectrometry. It was found that radiological situation in the
employees' workplaces was characterized by the broad range of the gamma ambient dose equivalent rate values (0.10-122 uSv/h), alpha and beta working surface
contamination, radioactive pollution of air in the working areas. In some individuals, spectrometry revealed the following: '?°l in the thyroid gland (up to 9,850 Ba),
%8r in the skeleton (up to 16,500 Bq), "*’Cs in the whole body (up to 1,100 Bq), etc. The findings can provide the basis for developing the measures to improve the
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CKPUHWHIT AKTUBHOCTU MHKOPIMOPUPOBAHHbIX PAOUOHYKTMAOB Y NMEPCOHAJIA
HAYYHO-UCCNEQOBATE/IbCKOW OPTAHU3ALINU

HO. C. Typnakos|, HO. B. lpabekuin, . B. ApedbeBa ™, A. A. LLIasxmeTtoBa, B. B. ®dupcaHos, A. B. MNeTyuiok
Hay4Ho-vccnenoBaTensCKuin MHCTUTYT MPOMBILLNEHHON 1 MOPCKON MeamumHbl PeaepanbHOro Meavko-6ronoriydeckoro areHtcTea, CaHkT-lNetepbypr, Poccus

ViccnepoBanne ocobeHHoCTel hopMUpPOBaHUS paamaLiOHHON 0BCTaHOBKM Ha paboymx MecTax M OueHKa MHAvBUayanbHbIX 3hMEKTUBHBIX 403 06yHeHns
nepcoHana Hay4HO-1CCNeAoBaTENbCKMX OPraHn3aLmii NPy BbINOMHEHUN PABOT C OTKPbITbIMU NCTOYHUKAMI MOHM3MPYIOLLIMX 13nydeHnii (V) aenaeTcs akTyansHom
Hay4HOW 3afaqeit B CBSA3W C HanM4MeM AOMONHUTENBHBIX PUCKOB M3-3a BapUATUBHOCTUW YCNOBUIA 11 PEXXMMOB BbINMOSIHEHWSI TEXHONOrMYeCKMX onepauyii. Liensto
paboTbl BbINO OLIEHWTL YCNOBUS TRYAA W MOCTYNNEHVe PagvoHyKIMAOB B opraHnam nepcoHana AO «PagueBblii UHCTUTYT UM. B. I XnonuHa», paboTatoLLero ¢
oTkpbITbiMy V. [JaHHbie 06 ypoBHE BO3AENCTBUS MPON3BOACTBEHHBIX (haKTOPOB paamaLiMOHHON NPUPOAbl HAa MePCOHaN NOyYeHbl B XOAE A03MMETPUHECKIX,
PafNOMETPUHECKNX U CMEKTPOMETPUHECKNX M3MEPEHWIA. YCTaHOBMNEHO, YTO paamaLoHHas 06CTaHOBKa Ha pabo4vx MecTax nepcoHana xapakTepuayeTcst
LUMPOKMM ANana3oHOM YPOBHEN MOLLHOCTV aMOVEHTHOrO SKBMBaneHTa fo3bl raMma-unanyyenns (0,10-122 Mk3B/M), Hanmymem NOBEPXHOCTHOMO 3arpsi3HeHs
pabo4mx noBepxHocTer anbda- 1 beTa-4acTmuamn, Ham4meM 3arpsasHeHVs pagmoakTVBHbIMI BELLECTBaMM BO3dyxa paboqmx nomelleHnn. B pesynsrate
CMNEKTPOMETPUHECKMX MCCNefoBaHWA 0OHaPY>KEHO Hanm4ne y OTAeNbHbIX 1L, 13 nepcoHana %%l B wmutoBmaHoM xenese (qo 9850 bk), ®°Sr — B ckenete (0o
16 500 bk), *"Cs — B0 BceM Tene (o 1100 bk) n gp. PesynsraTsl nccnenoBaHmii MoryT 6biTb OCHOBOW A1 pa3paboTki MEpONPUATIA MO NOBbILLEHWIO KadecTsa
KOHTPONS MHAMBUAYaNBHbIX 103 BHYTPEHHEro 06y4eHnst 1 3hPeKTVBHOCTL MEANLIMHCKOrO OBeCrieqeHns NMepcoHaa Hay4HO-UCCNea0BaTeNbCKUX OpraHn3aLni,
MNMEIOLLIEro KOHTaKT C OTKpPbITbIMU V.

KntoueBble crioBa: BHyTpeHHee 06ny4eHe, NepcoHan, paanaumyoHHbI hakTop, YCroBus Tpyaa
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Active development of the nuclear industry and nuclear
medicine results in the increase in the volume of work with
radioactive substances, including open radioactive sources.
When carrying out such work, employees are exposed to a
combination of harmful and/or dangerous work-related radiation
factors: gamma ambient dose equivalent rate, alpha and beta
surface contamination, radioactive air pollution in the work areas,
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which increase the risk of the radionuclide intake by workers.
Objective assessment of internal exposure and forecasting its
effects on the human health are an urgent scientific issue that
remains poorly understood despite the progress made by
experimental studies in this area and clinical trials [1, 2].

The use of open radioactive sources (RS) in scientific
research poses additional risks due to variability in the
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conditions and regimes of the technological operations
depending on the tasks to be performed. According to the
production control data, individual effective doses from internal
exposure in employees of the companies and organizations,
whose professional activities involve dealing with the sources
of ionizing radiation, do not exceed maximum permissible
levels. However, in certain cases, especially when perfoming
some non-standard technological operations, or in emergency
situations, the risk of intake and accumulation of radionuclides
present in the working environment by workers increases.
Depending on the route of intake and the radionuclide physical
and chemical properties, the methods for assessment of the
expected internal effective dose are distinguished that are
currently based on the workplace dosimetric monitoring data
or individual dosimetric control data (by direct and indirect
measuring methods) [3].

During their professional activities, the employees are
exposed to the so-called low doses, characterized by the
risk of the stochastic effect emergence [4, 5]. Therefore, it
is also necessary to take into account the type of radiation
(alpha, beta, gamma, etc.), incorporated radionuclide
half-lives, duration of the radionuclide retention in the body,
and radionuclide localization in organs and tissues to predict
the internal exposure effects on the human body.

The study was aimed to perform the radiation hygiene
assessment of working conditions and intake of radionuclides
by the employees of the V.G. Khlopin Radium Institute working
with open radioactive sources.

METHODS

The system of individual dosimetric monitoring for internal
exposure of the research organization personnel working with
open radioactive sources (RS) was the object of the study.

The study was carried out in 2019-2021 in the V.G. Khlopin
Radium Institute.

The following parameters were measured in order to
obtain the baseline data on the characteristics of harmful
and/or dangerous work-related radiation factors the surveyed
personnel was exposed to:

— gamma ambient dose equivalent rate (ADER);

— spectral composition of the gamma-emitting radionuclides
at workplaces (spectral measurements);

— removable radioactive working surface contamination;

— alpha and beta particles flux density;

— volumetric activity of radionuclides in the air of working
premises.

Gamma ADER was measured using the DKS-AT1123
dosimeter (Atomtex; Republic of Belarus) in accordance
with the operating manual and Methodological Guidelines
MU 2.6.5.008-2016 “Monitoring of Radiation Environment.
General Requirements”. To get a picture of the radiation
field formation in the workplace, the measurements were
performed in every point at the following height from the floor:
0.1m, 1 m, 1.4 mand 1.7 m. The levels of alpha and beta
working surface contamination were measured with the MKS-
AT1117M dosimeter-radiometer (Atomtex; Republic of Belarus)
in accordance with the operating manual. The expanded
uncertainty (k = 2) of measurement was considered equal to
the relative error of the measuring tool assuming a normal
distribution of readings.

Removable radioactive surface contamination was
measured by the indirect method involving taking smears with
subsequent determination of their activity in accordance with
the regulatory documents [6, 7], measurement uncertainty

was calculated in accordance with the measurement
procedure [7].

To define volumetric activity of radionuclides, air samples
were collected in the working premises using the PA-300M-1
aspirator (Ecotech-Ural; Russia) with the aerosol filters AFA RSP-20
(Electroforming Technologies; Russia) and iodine fitter AFA SRF-20
(Electroforming Technologies; Russia) in accordance with the
aspirator operating manual, with subsequent measurement
using the MKGB-01 RADEK spectrometer-radiometer (STC RADEK;
Russia). The expanded uncertainty of measurement was
calculated taking into account the error of the spectrometer
sensitivity coefficient (8%), error of the ambient air sample
volume (10%), and procedural error resulting from incosistency
of the load composition (5%) that accounted for 16%.

Spectrometric study of employees engaged in working with
open RS (45 people, of them 34 were assessed in 2019 and
21 were assessed in 2020) and the control group employees
(10 people) was performed by the direct measurement
of radionuclides in the human body or organ with the
SEG-10P-02 (STC RADEK; Russia) and SICH-100 (Scientific
Research Institute of Marine and Industrial Medicine of FMBA,
Russia) whole body spectrometers. Inclusion criteria: working
with open RS during the last year, prior to assessment. Control
group inclusion criteria: no exposure to open RS when working.
Measurements were performed by registration of the photon
radiation emitted by human body. Measurements with the
SICH-100 spectrometer were performed in the “linear
longitudinal scan” mesurement geometry, and SEG-10P-02
used the “lung” and “thyroid” measurement geometries.
The content of the ®Sr radionuclide in the bone tissue was
defined based on the bremsstrahlung radiation spectrum with
the energy range of 50-150 keV registered by two scintillation
detectors with the Csl(Tl) single crystals sized @150 x 3 mm,
installed in the SICH-100 unit. The measurement duration of
30 min was used in both spectrometers.

Calibration of the SICH-100 spectrometer was performed
using the UP-02T unified solid phantom of the whole body
and the ARDF-11-C anthropomorphic whole body phantom
with ®Sr radionuclide in the skeleton. The UP-02T phantom
consists of a number of PET blocks with the set of rod
sources assembled into models, the phantoms of human
body with the specified radionuclide content, on site. The
ARDF-11-C phantom is a prefabricated unit consisting of the
anthropomorphic models of organs (thyroid gland, liver, lung,
kidney, etc.), skeleton, and integument manufactured from
materials that mimic biological tissues, equivalent to human
tissues in terms of interaction with ionizing radiation.

Calibration of the SEG-10P-02 whole body spectrometer in
the “lung” measurement geometry was performed by direct
calibration with the use of the FLT-05 chest phantom in
combination with the standard phantom of an adult man (body
weight 70 kg, height 170 cm). There was a polyurethane lung
simulator equipped with the large RSs containing %°Co, *?Eu,
24Am radionuclides in the chest phantom. Calibration was
performed serially for each of the listed above radionuclides.

To measure the activity of 2% in the thyroid gland, thin
Nal(Tl) detection unit previously calibrated based on the '*Ba
characteristic radiation using the phantom of thyroid PT-04T
was used. The phantom was a model of human neck with two
33Ba radionuclide sources in its cavity positioned similar to the
thyroid lobes. Since the detection area of the unit included not
only the thyroid gland, but also blood vessels of the neck, the
energy spectrum of background radiation was measured in the
forearm in order to take into account the contribution of these
blood vessels.
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Table 1. Gamma ADER, alpha and beta particles flux density measured at the n employees' workplaces

Maximim flux density,
. ) ]
Tasks performed at the workplace Range of measured ADER particles/(cm?® x min)
values, uSv/h
alpha particles beta particles

Analysis of highly radioactive solutions, X-ray absorptiometry, working
with samples under the fume hood or in the box 4,0-53,0 30 1830
Technological operations with highly radioactive solutions, packing and )
distribution of the *Sr preparations 5,0-122,0 No data available 1100
Opening ampoules, dissolution, calibration of solutions and producing 3.4-56,0 42 4000
the sources
Preparation of the simulant solution containing ®Sr, '¥Cs, 24'/Am, "2Eu
and other isotopes. Extraction of ®°Sr, '3’Cs from the simulant solution. 05-43 08 15
Preparation of the 2**U and #**Pu nitric acid solution. Preparation of the T ’
238 and 2**Pu oxide powders, sorption extraction of impurities, packing
Packing '#I 0,9-18,2 < 0,1 1680
Extraction and chromatographic separation of products from the spent

- ) 0,4-4,6 29 32
nuclear fuel and irradiated 2?°Ra processing
Acceptance, chopping up, storage and transfer of the spent
nuclear fuel and highly radioactive materials, nuclear waste 0,1-0,6 0,4 30
repacking and discharge
Dissolution, precipitation, evaporation, clarification of the spent nuclear 0.1-0,2 <01 200
fuel components
Extraction, evaporation, solidification of nuclear waste 0,1-0,3 <0,1 20
Technological equipment decontamination and repair, nuclear waste
sorting, packing and preparation for removal 11,0-54,5 8 1680

Note: the values were calculated taking into account the expanded uncertainty of measurement (k = 2).

The expanded uncertainty for the confidence level of
P = 0.95 and coverage factor of k = 2 for the SEG-10P-02 and
SICH-100 spectrometers was calculated taking into account the
errors of the spectrometer sensitivity coefficients defined based
on the phantoms (8%), procedural error resulting from uneven
distribution of activity in the human body or organs (10%), and
procedural error resulting from incomplete equivalence of the
phantoms and human body (20%), which accounted for 24%.

Statistical data processing was performed by standard
methods used for analysis of the radiation hygiene and
biomedical data. The mean, median, standard error of the
mean, and significance of the differences were calculated for
all parameters with the significance level set at p = 0.95. All
the calculations were performed using the modern software
products (Microsoft Excel, v. Professional Plus 2010; USA)
designed for working with spreadsheets, as well as for data
visualization and analysis.

The employees' working conditions were assessed in
accordance with the regulations [8].

RESULTS

When performing the radiation hygiene assessment of the
employees' workplaces in the research organization, a total
of 17 production premises were assessed where the work
with open RS was carried out. The results of the gamma
ambient dose equivalent rate and the alpha and beta particles
flux density measurement at the employees' workplaces are
provided in Table 1.

The highest gamma ADER values were observed when
working with highly radioactive solutions. The maximum values
of the alpha and beta particles flux density were registered
when opening ampoules, perfoming dissolution and calibration
of solutions, producing the sources. Surface contamination
by alpha particles in the amount not exceeding the reference
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values in accordance with the requirements of RSS-99/2009
was also observed in the workplaces. In addition, removable
surface activity and volumetric activity of radionuclides in the air
of working areas were measured due to surface contamination
of the employees' workplaces.

Based on the results of measuring the levels of the alpha
and beta working surface contamination in the employees'
workplaces, removable surface activity was detected not
exceeding the permissible values defined by the RSS-
99/2009 [9]. The highest levels of the beta removable surface
contamination (90Sr) were registered when opening ampoules,
perfoming dissolution and calibration of solutions, producing
the sources .

Based on the results of measuring the volumetric activity
of radionuclides in the air of working areas, the highest
values were registered when working with the 2%l and '*’Cs
radionuclides (volumetric activity of '?°l was 240 Bg/mé, and
volumetric activity of ¥"Cs was 315 Bg/m?).

Based on the radiation monitoring data, the potential upper
effective dose limit for the pesonnel performing technological
operations was calculated in accordance with legislative
requirements [8]. It was found that the working conditions of
personnel working with open RS were within the range from
acceptable (class 2) to dangerous (class 4) based on the
characteristics of exposure to harmful and/or dangerous work-
related radiation factors.

According to the data obtained in 2016-2019, the average
values of the employees' individual effective doses from external
exposure were 3.4 mSv per year, which was well below the
dose limit established for the group A personnel. The highest
values were registered in the leading industial engineers, and
the average values for the four-year period were 7.5 mSv.

When performing the spectrometric study in some
employees working with open RS, incorporated radionuclides
were found in their bodies (Table 2). The table also presents
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Table 2. Characteristics of the surveyed employees' internal exposure

Radionuclide Radionuclide activity, Bq Expected equivalent dose from internal
exposure, mSv per year
0.001-0.004
137, _
Cs 120-1100 (whole body)
sogy 5200-16500 0.3,0.9
(bone tissue)
226Rg 360-770 0-47-1.00
(bone tissue)
23R 550-2800 0.9; 4.8
(bone tissue)
0.18-2.1
125 ¢
! 2930-9850 (thyroid gland)
%Co 0.03 (lungs)

the values of the expected equivalent dose from internal
exposure of the employees resulting from the radionuclide
intake. Calculations were performed taking into account the
spectrometry data of reference dose coefficients [10, 11].

In addition to radionuclides presented in Table 2,
incorporated ?*'Am was found in three employees. Due to the
lack of calibration of the used measuring equipment, it was
impossible to accurately measure activity of this radionuclide
in the skeleton.

DISCUSSION

According to the results of the radiometric survey, radiological
situation in the workplaces of the research organization
employees working with open RS could be characterized as
follows:

— broad range of the gamma ADER levels (0.10-122 pSv/h);

— alpha and beta working surface contamination (the
following radionuclides were detected in smears from working
surfaces: '¥Cs, 29I, 21Am, ®Eu, >**Am with the ?*Np decay
product, and ??°Ra with the ?"'Bi decay product);

— radioactive pollution of air in the working areas (including
sich radionuclides as %l and '¥"Cs).

In some individuals the following were found: | in the
thyroid gland (up to 9,850 Bq), ®°Sr in the skeleton (up to
16,500 Bq), ™"Cs in the whole body (up to 1,100 Bq). The
finding of the ?°Ra intake in employees stands out, since the
2°Ra half life period is 11 days, and the ?*°Ra contribution to
the internal exposure dose is much higher compared to other
radionuclides.

The fact of radionuclide incorporation was confirmed
by periodic spectrometry-based assessment of the same
employees performed in 2019 and 2020. These employees
should be considered a group at high risk of occupational,
work-related and chronic diseases.

Currently, in the research organization under consideration,
the expected effective doses from internal exposure in
employees are monitored by computation (based on the
dosimetry in worklaces), which is not fully effective when
working with the large number of radionuclides, including
the short-lived ones. That is why developing the programme
of screening with the use of portable spectrometers is one of
the ways to improve the efficiency of the internal dosimetry
monitoring system in employees working with open RS. The
studies are aimed to confirm the fact of the radionuclide
intake and determine the radionuclide composition. In case

of radionuclide intake detection in the employee, assessment
should be performed in the specialized institution using the high
precision whole body radiation spectrometer. Such approach
would provide the radiation safety service employees with the
main instruments for effective implementation of the internal
exposure monitoring programme [12-14].

The database was developed and registered in order to
perform accumulation and processing of data on the levels of
the employees' external and internal exposure in the planned
exposure situations together with the results of the periodic
medical examinations [15]. Introduction of the database in
practice would make it possible to assess the general trends
in occupational exposure of the staff and analyze the research
results in order to reveal the correlation between the incidence
of occupational, work-related, and chronic somatic disorders,
as well as the emergence of medical contraindications for work,
and the levels and duration of exposure to the harmful and/or
dangerous work-related radiation factors and other factors
(length of employment, age, gender, etc.).

CONCLUSIONS

(1) Working conditions of the research organization personnel
working with open RS are within the range from acceptable
(class 2) to dangerous (class 4) based on the characteristics of
exposure to harmful and/or dangerous work-related radiation
factors. Compliance with the established norms and radiaion
safety regulations does not exclude radionuclide intake and
incorporation in employees. (2) Regular spectrometry-based
assessment of the V. G. Khlopin Radium Institute employees
and the development of screening programmes (with the use
of portable spectrometers), aimed at assessing radinuclide
intake and, in case of confirming incorporation, performing in-
depth spectrometry-based assessment with the high precision
whole body radiation spectrometer, are required for analysis of
the dynamic changes in the individual effective doses from
internal exposure. This will make it possible to improve the
quality of the individual internal dose control and the efficiency
of the radiation protection of workers. (3) Further studies are
necessary aimed at assessing the trends and defining the
correlation between the incidence of occupational and chronic
somatic disorders, as well as the emergence of medical
contraindications for work in the research organization
employees working with open RS, and the levels and duration
of exposure to harmful and/or dangerous work-related
radiation factors and other factors.
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PSYCHOLOGICAL WELL-BEING OF THE DEPARTMENT HEADS AT HEALTHCARE ORGANIZATIONS
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Increased workloads among heads of clinical departments that result from working as both clinicists and managers may lead to the significant decline in their
psychological well-being. The study was aimed to assess psychological well-being of the clinical department heads. The online survey of 216 department heads
aged 32-70 having a 8-51-year experience in heathcare was conducted using the Ryff's scales of psychological well-being adopted by Shevelenkova—Fesenko,
sent by e-mail or posted on the distance learning portal. The survey involved 123 men (56.9%) and 93 women (43.1%%): among them 117 people (54.2%) worked
in inpatient settings, 114 people (52.8%) worked in the red zone, 138 people (63.89%) were assigned a qualification category, 63 people (29.1%) had an academic
degree. Mean values, percentage, Pearson correlation coefficient, Student's t-test were calculated with the IBM SPSS Statistics 23 software. Correlations and mean
differences were considered significant at p < 0.05. The average psychological well-being score was 378.67 + 78.33; in 26 men (26%) and 28 women (43.1%)
aged 36-55, the score was below standard values. Psychological well-being correlated with age (r = 0.2; p = 0.019) and years of service (r = 0.2; p = 0.008). No
correlations were revealed between psychological well-being and gender (p = 0.798), type of organization (p = 0.642), the fact of having second higher education
(p = 0.854), qualification category (p = 0.645), academic degree (p = 0.204), and the experience of working in the red zone (p = 0.926).Thus, more than a third of
individuals aged 36-55 have psychological well-being scores below standard values. Psychological well-being of women is lower than that of men. Psychological
well-being of men over the age of 35 decreases to a greater extent than standard values.
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NMCUXOJIOTNMHECKOE BJIArOnoy4Yme SABEAYOLLNX OTOEJIEHUAMU
MEOVULWMHCKNX OPTAHU3ALMUIA

A. B. Kouwy6ein' =, C. tO. Apouxuin’, B. B. Kouybeir?

T ®PepepasibHbIA HayYHO-KIIMHUYECKMIA LIEHTP Crneuvan3npoBaHHbIX BUOAOB MEAMLIMHCKON nomolmn defepasnbHoro Meamko-6uonornieckoro areHTcTaa, Mocksa,
Poccuns

2 MOCKOBCKUI roCyAapCTBEHHbIN MEAMKO-CTOMATONOMMHYECKIMiA yHUBepcuTeT MeHn A. V. EBpokrmoBa, Mocksa, Poccust

lMoBblLLEHHas Harpy3Ka 3aBeaytoLLNX KIMHUHECKVIMN OTAENEHNSIMIA B CBSI3W C peanm3aLiyiei TpyAoBbIX (PyHKLMIA Bpada-KIMHULMCTA 1 MEHELKepa MOXET MPUBECTN
K 3Ha4YMMOMY YXYALIEHWUIO Ncuxonorudeckoro 6narononyyus. Llensto paboTbl 6bI10 M3y4nTh NCUXoNormiyeckoe tnarononyyme 3aBefytolmx KIMHUYECKUMMN
oTgeneHamu. Vicnoneayst Bepcuto LLleseneHkoBon-®eceHko onpocHvka Pudda, ¢ NOMOLLBIO 91EKTPOHHOM MOYTLI U nopTana AUCTaHUMOHHOrO 0by4eHns
NPOBOAMIN 3a04HOE aHKETNPOBaHWE 216 3aBeaytoLLmX oTaeneHsiMm B BospacTe 32—70 NeT Co CTaxkeM paboTbl B cchepe 3apaBooxpaHeHs 8-51 net. B onpoce
yyacteoBanm 123 My»4nHbl (56,9%) 1 93 »eHLHbI (43,1% %), 13 HUX paboTanu B cTaumoHape 117 Yenosek (54,2%), B «kpacHoi 3oHe» — 114 (52,8%), nmetoT
KBanMrKaLmoHHyto kateropuio 138 venosek (63,89%), ydeHyto cteneHb — 63 (29,1%). PacHeTbl CpeaHnx 3Ha4eHUI, NPOLEHTOB, KO3(MMULIMEHTA KOPPENaLmn
MupcoHa, kputepusi CTblogeHTa npoBoaunv B nporpavme IBM SPSS Statistics 23. Koppenaumio 1 pasHiLy CPeaHX 3HaYeHU CHATaNM 3Ha4vMon npu
p < 0,05. CpegHuin Gann nerxonorndeckoro tnarononyymns — 378,67 + 78,33, Hbke HOPMAaTUBHBIX 3HaYeHMIA — Y 26 (26%) My>k4urH, 28 (43,1%) »eHwuH 36-55 ne.
BbisiBNneHa koppenaums ncuxonornd4eckoro énarononyyusi ¢ Bospactom (r = 0,2; p = 0,019) n ctaxem (r = 0,2; p = 0,008). He obHapy>keHa 3aB1CUMOCTb
MCUXonorn4eckoro énarononyyms ot nona (p = 0,798), Tvna oprannsaumn (p = 0,642), Hann4ms BToporo obpazoBaHust (0 = 0,854), kateropum (o = 0,645), y4eHoi
cteneHn (p = 0,204), paboTbl B «KpacHo 3oHe» (o = 0,0,926). Takum o0bpasomM, 6onee TpeTy nuy, 36-55 neT UMetoT Gansibl NCUXONOrMHYEeCKoro Grnaromnony4ms
HIKE HOPMATVBHBIX 3HAYeHWI. XKEHLLVHbI MEIKOT XyALLlee NCUXONOrMYeckoe 6r1aronosnyyme, Yem My>xXUmHb!. [1CUXonornieckoe 61arornonyume My>xyHmiH nocne
35 neT cHWKaeTcs B 60sbLUEN CTEMNeHN, YeM HOPMaTVIBHbIE 3HAYEHNS.

KnioueBble cnoBa: NCHXOnorn4eckoe 6naronosyyme, IMYHOCTHbIN POCT, 3aBefyHoLLMA OTAENEHNEM

Bknap aBTopoB: A. B. Kouy6eit — vaes, avaaiiH, KOOpAVHALWS UCCNefoBaHVIs, CTAaTUCTUHECKUI aHanM3 1 MHTEPNpeTaLys pesdysTaToB, MOAroTOBKa PyKOM1CH;
C. KO. Apoukuin — aHanua, NnaHMpoBaHNe UCCNeaoBaHVs, MHTepNpeTaums fAaHHbIX, 06CyxaeHne peaynstaTtos; B. B. Kovybeln — paboTa ¢ nutepaTypon, aHanms
N MHTepPpeTaLyst AaHHbIX, NOArOTOBKA PYKOMUCH.

CobniofeHne 3TUHECKMX CTaHAapTOB: VICC/IEN0BaHME MPOBEAEHO B COOTBETCTBUN C STUHECKUMM MPMHLMMAMM XENbCUHKCKOM [eKTapaLyin BCeMUpHOM MEOVILMHCKOM
accoumaumm.
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In 1989, the World Health Organization announced that effective method for quality assurance in medical care [2-4].
facilitating innovations by encouraging professional curiosity in - The health service staff professionalism provides extraordinary
healthcare professionals was one of the objectives for healthcare  basis for improving the processes and results [5]. For its part,
quality assurance [1]. Such strategy of the WHO results  professional curiosity of the staff depends on psychological well-
from the fact that the impact on human resources is a highly  being, including the desire for personal growth [6].
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Unfortunately, healthcare providers are a professional group
at risk of psychological problems [7] due to high levels of stress
and psychological disorders [8, 9]. Occupational well-being
was studied in physicians [10-12] and nursing staff [13, 14] of
various medical specialties. It was found that depression, being
the worst manifestation of psychological ill-being, formed the
basis for medical malpractice [13].

Heads of clinical departments are the key figures in
healthcare quality assurance [15], that is why their psychological
well-being is extremely important. Heads of clinical
departments work as both clinical specialists and healthcare
managers [15], i.e., increased workloads are coupled with the
responsibility for directing the work of the entire department.
These factors together with the requirements for mastering a
wider range of competencies and professional development
in both medical specialty and management can adversely
affect the psychological well-being of this cohort of healthcare
professionals.

The study was aimed to assess psychological well-being of
the department heads at healthcare organizations.

METHODS

The study involved an online survey of residents who
received the continuing professional education training at the
Academy of Postgraduate Education of the Federal Scientific
and Clinical Center of Specialized Types of Medical Care of
FMBA in 2019-2021. Inclusion criteria: respondents holding a
position of the head of clinical department. Exclusion criteria:
unfinished questionnaires. The survey was conducted using
the standardized Russian version of the Ryff's scales of
psychological well-being adopted by Shevelenkova—Fesenko
[16]. Such choice is explained by the fact that standard values
of psychological well-being for four gender and age groups are
provided in relation to this version. The questionnaires were
sent to respondents by e-mail or incorporated in the training
courses and posted on the distance learning platform.

The questionnaire includes 84 items with six scales: Positive
Relations with Others, Autonomy, Environmental Mastery,
Personal Growth, Purpose in Life, Self-Acceptance, and three
integral categories, Affect Balance, Meaningful Life, Human
Being as an Open System, which were scored separately.
A 6-point Likert scale (1 — Strongly disagree, 6 — Strongly
agree) was used to assess psychological well-being. Higher
scores indicated better subjective well-being. This principle
was applicable to all scales of the questionnaire and two
integral categories (Meaningful Life, Human Being as an Open
System). Lower scores in the Affect Balance category indicated
better condition of the respondent.

Characteristics of respondents

The survey involved 216 respondents (Table 1). Owing to
the unavailability of data on the sampled population size,
deterministic sampling method was used that was based on
the expert judgement provided by the group of experts [17].
Characteristics were selected based on the third party
research data on the impact of gender, age, increased
workloads, better education and professional development
on psychological well-being. It was thus suggested that
increased workloads, experienced by the respondents working
in inpatients settings and in the red zones, adversely affected
their psychological well-being. We also assumed that the fact
of having second higher education, qualification caregory,
academic degree, that could be regarded as an indirect

confirmation of the desire for personal growth, had a beneficial
effect on psychological well-being.

The differences in years of service between men and women
were significant: t = 7.44; p < 0.001. There were significant
differences in age and years of service between the respondents
working in inpatient and outpatient settings: t = 6.87; p < 0.001. At
the time of the survey, more than half of the respondents worked
in the departments that provided care to patients with coronavirus
infection, where enhanced hygiene and infection prevention and
control regime together with specific zoning (hereinafter, “the red
zone”) were used. The differences in the average age and years of
service between those who had an experience or no experience
of working in the red zone were significant: t = 6.62; p < 0.001.
There were no significant differences in age (t = 0.648; p = 0.197)
and years of service (t = 0.457; p = 0.095) between individuals
assigned and not assigned a qualification caregory. The differences
in age (t = 2.536; p = 0.012) and years of service (t = 1.987;
p = 0.048) between the respondents having and not having
an academic degree were significant. The differences in age
(t =0.123; p = 0.902) and years of service (t = 0.186; p = 0.853)
between the respondents having and not having second higher
education were non-significant.

Comparative analysis of scores was performed for three
gender and age groups, men aged 20-35 and 36-55, women
aged 36-55, where the standard values of psychological
well-being were available. There were no women aged 20-35
among the respondents. The average psychological well-being
scores were provided for the general group and five gender and
age groups: men aged 20-35, 36-55, and over 56; women
aged 36-55 and over 56.

IBM SPSS Statistics 23 software (IBM Company; USA) was
used to calculate the mean, median, mode, standard deviation,
percentage, Student's t-test, Pearson correlation coefficient.
Correlations and mean differences for independent samples
were considered significant at p < 0.05.

RESULTS

The mean score of psychological well-being on the Ryff's scales
was 378.67 + 78.33, median was 398.5, mode was 438.00; in
54 respondents (25%), the psychological well-being score was
below 342.25, and in 54 people (25%) it exceeded 442.75.
In 86 respondents (39.8%) the scores of psychological well-
being were below average. The average levels of psychological
well-being in women aged 36-55, men aged 20-35 and 36-55
exceeded standard values (Table 2). However, in 26 men (26%)
and 28 women (43.1%) aged 36-55, the levels of psychological
well-being were below standard values.

The correlation of psychological well-being with age (- = 0.2;
p = 0.019) and years of service (r = 0.2; p = 0.008) was
revealed. There were no significant differences in the mean
scores of psychological well-being between men (377.47 + 81.13)
and women (380.25 + 74.87; t = 0.257, p = 0.798); heads
of departments working in inpatient settings (376.38 + 82.38)
and primary health care institutions (381.37 + 73.58; t = 0.466,
p = 0.642); respondents having (379.63 + 81.23) and not
having second higher education (377.66 + 75.51; t = 0.185,
p = 0.854); those assigned (380.52 + 78.06) and not assigned
a qualification category (375.39 + 79.21; t = 0.461, p = 0.645);
those having (389.24 + 68.48) and not having an academic
degree (374.32 + 81.86; t = 1.274, p = 0.204); those having an
experience (378.20 + 81.26) or no experience of working in the
red zone (379.19 + 75.32; t = 0.093; p = 0.926).

The mean scores for the categories and scales of the Ryff's
questionnaire by gender and age groups are provided in Table 2.

MEOVILIMHA SKCTPEMATbHBIX CUTYAL | 2, 24, 2022 | MES.FMBA.PRESS



Table 1. Characteristics of respondents
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Characteristics Number, abs. (%) Average age, years Average years of service
All respondents 216 47.9 + 8.08 23.18 + 8.60
Women 93 (43.1) 52.15 + 6.653 27.06 + 7.079.
Men 123 (56.9) 44.77 £7.621 20.06 + 8.435
Worked in inpatient settings 117 (54.2) 4479 +7.715 20.10 + 8.569
Worked in outpatient settings 99 (45.8) 51.68 + 6.848 26.59 + 7.229
Worked in the red zones 114 (52.8) 44.81 + 7.803 20.14 + 8.669
Never worked in the red zones 102 (57.2) 51.46 + 6.878 26.35 + 7.259
Were assigned a qualification 138 (63.9)
caregory
- board certification 83 (38.4) 47.7 +7.19 22.5+7.51
- second category 22 (10.2) 48.1 +9.66 23.4 +10.06
- first category 33 (15.3) 49.7 + 8.22 252 +8.78
No qualification caregory 78 (36.1) 47.5 + 8.49 22.7+9.18
Had an academic degree 63 (29.2)
- doctoral degree 48 (22.2) 49.5 + 8.26 24.2 £ 8.79
- post-doctoral degree 15(6.9) 51.9+8.72 27.0 £ 10.27
No academic degree 153 (70.8) 471 +£7.82 22.3 +8.28
Had second higher education 111 (51.4) 47.9 + 8.25 23.2 £ 8.92
- specialization in management 105 (48.6)
No second higher education 105 (48.6) 48.0 + 7.94 22.9+8.29

The mean scores in the categories Affect Balance and
Meaningful Life were below standard values in all the surveyed
gender and age groups. In 20 men (20%) and 17 women
(26.2%) aged 36-55, the Affect Balance scores exceeded
standard values.

The Meaningful Life scores were below standard values in
11 men (54.5%) aged 25-35, 60 men (60%) and 46 women
(70.8%) aged 36-55. The mean scores in the category Human
Being as an Open System were below standard values in
women and men aged 35-55, but exceeded standard values
in men aged 25-35. The scores in this category were below
standard values in 2 men (18.2%) aged 25-35, as well as in 53
men (53.0%) and 41 women (63.1%) aged 36-55.

In the general group of respondents, the Affect Balance
scores were above average in 88 people (40.7 %), the Meaningful
Life scores were below average in 88 people (40.7%), and the
scores in the category Human Being as an Open System were
below average in 95 people (44.0%).

The mean scores on the Ryff's scales Personal Growth,
Positive Relations with Others, Autonomy, Environmental
Mastery, Purpose in Life, Self-Acceptance exceeded standard
values in all the gender and age groups. The Personal Growth
scores were below standard values in 3 men (27.3%) aged 25-35,
47 men (47%) and 15 women (23.1%) aged 36-55. The scores
on the scale Positive Relations with Others were below standard
values in 22 men (22%) and 23 women (35.4%) aged 36-55.
The Autonomy scores were below standard values in 25 men
(25%) and 16 women (24.6%) aged 36-55. The Environmental
Mastery scores were below standard values in 25 men (25%)
and 18 women (27.7%) aged 36-55. The scores on the scale
Purpose in Life were below standard values in 28 men (28%)
and 23 women (35.4%) aged 36-55. The Self-Acceptance
scores were below standard values in 23 men (23%) and
24 (36.9%) women aged 36-55.

In the general group of respondents, the scores on
the following scales were below average: Personal Growth in
93 people (43.1%), Positive Relations with Others in 103 people
(47.7%), Autonomy in 77 people (35.6%), Environmental
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Mastery in 79 people (36.6%), Purpose in Life in 90 people
(41.7%), Self-Acceptance in 99 surveyed department heads
(45.8%).

There was a correlation of age and years of service with
the scores in all categories and scales of the questionnaire
(o < 0.05), except the Self-Acceptance scale (p > 0.05). Age
and years of service negatively correlated with the Affect Balance,
and positively correlated with other categories and scales.

All the categories and scales of the questionnaire were
intercorrelated (p < 0.05), there was a negative correlation with
the Affect Balance category. Based on some categories and
scales of psychological well-being, there were no correlations
between scores and gender, the fact of having second higher
education, qualification category, or academic degree, the
type of organization where the respondent worked, and the
experience of working in the red zone (p > 0.05).

DISCUSSION

Psychological well-being of almost 40% of respondents scored
below average. Since standard values of psychological well-
being for all gender and age groups are not available, let is
focus on the respondents aged 36-55, whose share in the
age structure of department heads is the largest. Thus, 43.1%
women and 26% men in this age group have psychological
well-being scores below standard values. The results of survey
that targeted this age group from the prospective of categories
and scales reveals the variants of psychological ill-being.

Based on the Affect Balance category, almost a third of
women and 20% of men aged 36-55 show life dissatisfaction,
low assessment of their capabilities of learning and overcoming
life's problems, poor skills of maintaining healthy relationships
with others. Based on the scale Positive Relations with Others,
more than a third of women and more than 20% of men have
a propensity for privacy and distrust in relationships; based
on the Personal Growth scale, more than 20% of women and
almost half of men of this age group show no desire for self-
realization, cognition, behavioral changes.
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Table 2. Mean scores and standard values for scales and integral categories of the Ryff's scales by gender and age groups (M + o)

Gender Age Psychological Affect Meaningful Openness Personal Positive Autonom: Environmental Purpose Self-
groups well-being Balance Life P Growth Relations Y Mastery in Life Acceptance
25-35 _ _ _ _ _ _ _ _ _ _
years, n=0
Standard
values 370 + 34.68 84 +15.61 97 +12.61 65 +6.07 65 +6.04 65 +8.28 58 +7.31 58 +7.35 64 +8.19 61+9.08
36-55 years,
=65 358.8 + 79.27 81.0 + 25.52 83.36 + 17.26 61.12 + 12.44 58.94 + 13.58 62.25 + 14.88 58.75 + 13.79 60.54 + 12.60 61.75+13.18 60.95 + 14.80
Standard
Female values 351 +23.93 93 +9.58 95 + 10.06 64 + 3.95 63 +7.90 58 +7.59 57 + 5.61 59 +8.32 59 + 6.99 57 +6.14
56 years and
older, n =28 430.04 +22.93 60.03 + 7.11 100.64 + 5.65 73.82 + 4.94 73.75 + 2.96 75.96 +7.16 69.43 + 3.80 69.82 + 3.85 74.71 £3.76 71.43 +6.40
Standard
No
values
antgg 380.25 + 74.87 74.68 + 23.69 88.56 + 16.74 64.95 + 12.21 63.40 + 13.29 66.38 + 14.46 61.97 + 12.68 63.33 + 11.54 65.66 + 12.68 64.11 +13.70
25-35
years, 422.36 + 24.17 62.45 + 6.15 97.45 +6.12 72.27 +5.55 70.36 + 7.51 73.91 +4.61 67.45 £ 2.07 69.55 + 3.78 73.73 + 4.41 73.00 +5.98
n=11
Standard
values 363 + 24.20 91 +17.09 99 +7.64 65 + 5.62 65+ 4.94 63 +7.12 56 + 6.86 57 +6.27 63 +5.16 59 +6.99
36-55 years,
=100 364.52 + 84.30 80.07 + 27.59 84.04 + 18.37 62.43 + 13.22 59.90 + 15.20 63.41 + 15.49 59.41 +13.98 61.23 + 13.45 62.98 + 14.56 62.08 + 15.28
Male S;Z'I’L?:S’d 336 + 33.94 105 + 13.66 95 + 12.74 63 + 5.58 58 +7.80 54 +6.52 57+7.73 56 +8.27 58 + 8.51 52 +5.31
56 years and
older, n=12 444.33 +9.73 55.83 + 3.58 103.41 + 1.67 76.33 + 1.87 74.67 +1.37 80.42 + 2.81 71.75 £ 3.33 72.00 +1.21 76.75+1.14 75.50 + 3.50
Standard No
values
nE):azl;; 377.48 + 81.13 76.13 + 26.31 87.183 +17.91 64.67 + 12.94 62.28 + 14.76 66.01 + 15.12 61.33 + 13.30 63.02 + 12.74 65.28 + 14.05 64.37 + 14.72
25-35 years,
n=11 422.36 + 2417 62.45 + 6.15 97.45 +6.12 72.27 +5.55 70.36 + 7.51 73.91 +4.61 67.45 + 2.07 69.55 + 3.78 73.73 + 4.41 73.00 + 5.98
36;75_5 zlggrs, 362.27 + 82.16 80.43 + 26.72 83.77 + 17.89 61.92 + 12.90 59.52 + 14.53 62.95 + 15.22 59.15 + 13.87 60.96 + 13.09 62.50 + 14.00 61.64 + 15.06
Total
56 years and
older, n = 40 434.33 + 20.85 58.77 + 6.55 101.47 + 4.95 74.58 +4.38 74.08 + 2.61 77.30 +6.48 70.13 +3.78 70.48 + 3.42 75.33 +3.32 72.65+5.95
n-l?t;le 378.67 + 78.33 75.50 + 25.17 87.75 +17.39 64.79 + 12.60 62.76 + 14.12 66.17 + 14.81 61.61 +13.01 63.16 + 12.21 65.44 +13.45 64.25 + 14.26

Based on the Self-Acceptance scale, almost 40% of
women and 20% of men aged 36-55 are concerned about
poor personal characteristics, but are dissatisfied with their
status in society in the perception of the surrounding world.
That explains why 70.8% of women and 60% of men in this age
group tend to perceive their life as meaningless and pointless
based on the Meaningful Life category; more than a third of
women and almost a third of men have no sense of purpose
together with limited or no goals and aspirations based on the
scale Purpose in Life.

Based on the category Human Being as an Open System,
63.1% of women and 53% of men aged 36-55 show a lack
of willingness to make use of the experience gained and are
reluctant to perceive adequately the realities of life. In addition,
based on the Environmental Mastery scale, more than a quarter
of women and a quarter of men are unable not only to control
things, but also to take advantage of emerging opportunities to
implement changes; based on the Autonomy scale, a quarter
of women and men show dependence on people around them
and are prone to submissive behavior.

[t should be noted that the findings are correlated with
the data on poor professional competencies in the field of
management in heads of medical organizations [18].

A survey of women deserves special attention. The groups
of men and women showed similar levels of psychological
well-being in general, and in certain psychological well-being
categories and scales (p > 0.05). However, we would like to
remind that psychological well-being scores in the age group
36-55 were below standard values in 26% of men and 43.1%
of women. It should be noted that there were no women below
the age of 35 among the respondents, while men of this age

accounted for 8.9% of male respondents. On the contrary,
there were 30.1% of women over 56 among the respondents
of this gender, and men of this age accounted only for 9.6%.
The number of women among the respondents over the age of
56 was more than two times higher than the number of men:
28 and 12, respectively, while in the population of the country
the number of females per 1000 males increases from 1,067
between the ages of 35-55 to 1,233 between the ages of
56-60 (Rosstat, https://rosstat.gov.ru/folder/12781). That is,
women become heads of departments later and less frequently
(the average age of female respondents is significantly higher
compared to male respondents; t = 7.44, p < 0.001). We
believe that there is discrimination against women concerning
career progression. Our assumptions, that career inhibition and
inefficient struggle against it result in lower psychological well-
being among women, are in line with other studies [19-21].
The decline in indicators of psychological well-being
as a whole and in all the categories and scales in men over
the age of 35 is one more interesting aspect of the study. It
should be noted that the components of psychological well-
being change with age: well-being decreases until midlife and
increases in late life [22]. Detrimental changes in standard
values are also observed in men over the age of 35, but to a
lesser degree. However, Autonomy scores become even higher
(Table 2). In male respondents over the age of 35, mean levels
of psychological well-being decrease to 58 points (=14.0% of
the level of 25-35 years). The most significant reduction in
scores in terms of category is observed in the Affect Balance
category: the score is reduced by 18 points (29.0% of the level
of 25-35 years). The Autonomy and Environmental Mastery
categories are the least affected: the score is reduced by
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8 points (=11% of the level of 25-35 years). The Meaningful
Life score has decreased by 13 points (=14.0% of the level of
25-35 years); the scores on the scales Personal Growth,
Purpose in Life, Self-Acceptance have decreased by 11
points (=15% of the level of 25-35 years), and the Openness
and Positive Relations scores have decreased by 10 points
(=14.0% of the level of 25-35 years).

We have found no effects of the other studied respondents'
characteristics on their psychological well-being. We expected
that increased workloads experienced by employees
working in the res zones would have a negative impact on
their psychological well-being. It can be assumed that the
effects of increased workloads are alleviated by satisfaction
from the growing sense of accomplishment, direct personal
involvement in addressing a global health problem, realization
of altruistic behavior, markedly positive attitude of the
society [7, 8]. We also expected to find a positive correlation
between psychological well-being and formal characteristics
of professional development: second higher education,
qualification category, academic degree. However, formal
characteristics of professional development had no effect, even
on the respondents' personal growth (qualification category,
p = 0.990; academic degree, p = 0.430; second higher
education, p = 0.686). At the same time, the fact that more
than 40% of respondents have Personal Growth scores below
average is a particular cause for concern, as the requirements

References

1. The principles of quality assurance. WHO Working Group. Qual Assur
Health Care. 1989; 1 (2-3):79-95. DOI: 10.1093/intghc/1.2-3.79.

2. Donabedian A. Evaluating the quality of medical care. 1966.
Milbank Q. 2005; 83 (4): 691-729. DOI: 10.1111/j.1468-
0009.2005.00397 .x.

3. Brynza NS, Kicha DI, Zaxarchenko NM. Ehffektivnost' podxodov
obespecheniya kachestva medicinskoj pomoshhi i nepreryvnogo
medicinskogo obrazovaniya v kontekste polozhitel'nyx trendov
zabolevaemosti VWyatskij medicinskij vestnik. 2017; 1 (563). 60-63.
Russian.

4, Manturova NE, Kochubey VV, Kochubey AV. The competence
of plastic surgeons. Bulletin of RSMU. 2018; 2: 63-7. DOI:
10.24075/brsmu.2018.023.

5. Donabedian A. Methods for deriving criteria for assessing the
quality of medical care. Med Care Rev. 1980; 37 (7): 653-98.

6.  Chmielewska M, Stokwiszewski J, Filip J, Hermanowski T.
Motivation factors affecting the job attitude of medical doctors
and the organizational performance of public hospitals in Warsaw,
Poland. BMC Health Serv Res. 2020; 20 (1): 701. DOI: 10.1186/
$12913-020-05573-z.

7. Yates SW. Physician stress and burnout. Am J Med. 2020; 133
(2): 160-4. DOI: 10.1016/j.amjmed.2019.08.034.

8. Azam K, Khan A, Alam MT. Causes and adverse impact of
physician burnout: A systematic review. J Coll Physicians Surg
Pak. 2017; 27: 495-501.

9. Sibeoni J, Bellon-Champel L, Mousty A, Manolios E, Verneuil L,
Revah-Levy A. physicians’ perspectives about burnout: a
systematic review and metasynthesis. J Gen Intern Med. 2019;
34 (8): 1578-90.

10. Rotenstein LS, Torre M, Ramos MA, Rosales RC, Guille C, Sen S, et
al. Prevalence of burnout among physicians: a systematic review.
JAMA. 2018; 320 (11): 1131-50. DOI: 10.1001/jama.2018.12777.
PMID: 30326495; PMCID: PMC6233645.

11. Shawahna R, Magboul |, Ahmad O, Al-lssawy A, Abed B.
Prevalence of burnout syndrome among unmatched trainees and
residents in surgical and nonsurgical specialties: a cross-sectional
study from different training centers in Palestine. BMC Med Educ.
2022; 22 (1): 322. DOI: 10.1186/512909-022-03386-8. PMID:

EXTREME MEDICINE | 2, 24, 2022 | MES.FMBA.PRESS

ORIGINAL RESEARCH | PSYCHOLOGY

for intense professional development of physicians and
healthcare managers grow.

CONCLUSIONS

Although the average levels of the respondents' psychological
well-being exceed standard values, the findings reveal several
problematic aspects. First, high proportion of individuals with
the scores of psychological well-being and its components
below standard values was found in the group aged 36-55.
Second, lower psychological well-being of women was noted
in the studied group. Third, there was a significant decline
in psychological well-being among men over the age of 35.
The findings expand understanding of psychological well-
being of the department heads and healthcare professionals.
However, the features of psychological well-being discovered
entail identification of the underlying cause. Furthermore, it
is necessary to confirm no correlation of psychological well-
being, especially personal growth, with formal characteristics
of professional development and workloads. In this regard,
further research in this area could be recommended, involving
the expansion of certain gender and age groups included
in the sample population and the use of a larger number of
the respondents' characteristics, to develop fully fledged
recommendations regarding personnel management of
medical organizations.

35473599; PMCID: PMC9041277.

12. Clough BA, March S, Leane S, Ireland MJ. What prevents doctors
from seeking help for stress and burnout? A mixed-methods
investigation among metropolitan and regional-based australian
doctors. J Clin Psychol. 2019; 75 (3): 418-32. DOI: 10.1002/
jclp.22707.

13. Melnyk BM, Kelly SA, Stephens J, Dhakal K, McGovern C,
Tucker S, et al. Interventions to improve mental health, well-being,
physical health, and lifestyle behaviors in physicians and nurses:
a systematic review. Am J Health Promot. 2020; 34 (8): 929-41.
DOI: 10.1177/0890117120920451. PMID: 32338522; PMCID:
PMC8982669.

14. Collin V, Toon M, O'Selmo E, Reynolds L, Whitehead P. A survey
of stress, burnout and well-being in UK dentists. Br Dent J. 2019;
226 (1): 40-49. DOI: 10.1038/sj.bd}.2019.6. PMID: 30631165.

15.  Prikaz Ministerstva truda i social'noj zashhity RF ot 7 noyabrya 2017
g. # 768n «Ob utverzhdenii professional'nogo standarta «Specialist
v oblasti organizacii zdravooxraneniya i obshhestvennogo
zdorov'ya». Russian.

16. Shevelenkova TD, Fesenko TP Psixologicheskoe blagopoluchie
lichnosti. Psixologicheskaya diagnostika. 2005; 3: 95-121. Russian.

17. Otdelnova KA. Opredelenie neobxodimogo chisla nablyudenij
v social'no-gigienicheskix issledovaniyax. Sbornik trudov 2-go
MMI. 1980; 150 (6): 18-22. Russian.

18. Konanyxina AK. Ocenka kompetencij kak osnova formirovaniya
individual'noj traektorii nepreryvnogo obrazovaniya rukovoditelej
medicinskoj organizacii. Sbornik nauchnyx trudov Akademii
postdiplomnogo obrazovaniya FGBU FNKC FMBA Rossii. 2022;
1: 3-16. Russian.

19. Lucia-Casademunt AM, Salinas-Pérez JA. Gender differences in
psychological well-being and health problems among european
health professionals: analysis of psychological basic needs and
job satisfaction. Int J Environ Res Public Health. 2018; 15 (7):
1474. Available from: https://doi.org/10.3390/ijerph15071474.

20. Moreau E, Mageau GA. The importance of perceived autonomy
support for the psychological health and work satisfaction of
health professionals: Not only supervisors count, colleagues too!
Motiv Emot. 2012; 36: 268-86.



21.

22.

OPUTMHAJIbBHOE NCCJIEOOBAHME | NMCUXOJ10INA

Koropec OA. Social'no-psixologicheskoe blagopoluchii rabotnikov
raznyx kategorij. Vestnik Altajskoj akademii ehkonomiki i prava.
2020; 11 (3): 499-506. DOI: 10.17513/vaael. 1454. Russian.

Blanchflower DG, Oswald AJ. Do humans suffer a psychological

JNutepatypa

1.

2.

10.

11.

12.

The principles of quality assurance. WHO Working Group. Qual Assur
Health Care. 1989; 1 (2-3):79-95. DOI: 10.1093/intghc/1.2-3.79.
Donabedian A. Evaluating the quality of medical care. 1966.
Milbank Q. 2005; 83 (4): 691-729. DOIl: 10.1111/j.1468-
0009.2005.00397 .x.

BpbHza H. C., Knya . U., 3axapyeHko H. M. S dexTrBHOCT
noaxofoB obecrnevyeHnss Kadectsa MeOULMHCKOW MOMOLLM
N HEMpepbIBHOrO MeAVLMHCKOro 06pal3oBaHusi B KOHTEKCTE
MONOXUTENBHBIX TPEHAOB 3a001EBAEMOCTN BATCKMIA MEOVILIMHCKA
BeCcTHUK. 2017; 1 (53). 60-63.

ManTtyposa H. E., Kouy6en B. B., Kody6en A. B. KomneTeHTHOCTD
MNacTUHECKIX XUPYProB. BeCTHMK Poccuinckoro rocynapcTBeHHOrO
MegunumHekoro yHueepcuteTa. 2018; 2: 67-71. DOI: 10.24075/
vrgmu.2018.023.

Donabedian A. Methods for deriving criteria for assessing the
quality of medical care. Med Care Rev. 1980; 37 (7): 6563-98.
Chmielewska M, Stokwiszewski J, Filip J, Hermanowski T.
Motivation factors affecting the job attitude of medical doctors
and the organizational performance of public hospitals in Warsaw,
Poland. BMC Health Serv Res. 2020; 20 (1): 701. DOI: 10.1186/
§12913-020-05573-z.

Yates SW. Physician stress and burnout. Am J Med. 2020; 133
(2): 160-4. DOI: 10.1016/j.amjmed.2019.08.034.

Azam K, Khan A, Alam MT. Causes and adverse impact of
physician burnout: A systematic review. J Coll Physicians Surg
Pak. 2017; 27: 495-501.

Sibeoni J, Bellon-Champel L, Mousty A, Manolios E, Verneuil L,
Revah-Levy A. physicians’ perspectives about burnout: a
systematic review and metasynthesis. J Gen Intern Med. 2019;
34 (8): 1578-90.

Rotenstein LS, Torre M, Ramos MA, Rosales RC, Guille C, Sen
S, et al. Prevalence of burnout among physicians: a systematic
review. JAMA. 2018; 320 (11): 1131-50. DOI: 10.1001/
jama.2018.12777. PMID: 30326495; PMCID: PMC6233645.
Shawahna R, Magboul |, Ahmad O, Al-lssawy A, Abed B.
Prevalence of burnout syndrome among unmatched trainees and
residents in surgical and nonsurgical specialties: a cross-sectional
study from different training centers in Palestine. BMC Med Educ.
2022; 22 (1): 322. DOI: 10.1186/s12909-022-03386-8. PMID:
35473599; PMCID: PMC9041277.

Clough BA, March S, Leane S, Ireland MJ. What prevents doctors
from seeking help for stress and burnout? A mixed-methods
investigation among metropolitan and regional-based australian

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

low in midlife? Two approaches (with and without controls) in
seven data sets. Bonn: Institute of Labor Economics (IZA). 2017;
Available from: https://Awww.econstor.eu/bitstream/10419/170942/1/
dp10958.pdf.

doctors. J Clin Psychol. 2019; 75 (3): 418-32. DOI: 10.1002/
iclp.22707.

Melnyk BM, Kelly SA, Stephens J, Dhakal K, McGovern C,
Tucker S, et al. Interventions to improve mental health, well-being,
physical health, and lifestyle behaviors in physicians and nurses:
a systematic review. Am J Health Promot. 2020; 34 (8): 929-41.
DOI: 10.1177/0890117120920451. PMID: 32338522; PMCID:
PMC8982669.

Collin V, Toon M, O'Selmo E, Reynolds L, Whitehead P. A survey
of stress, burnout and well-being in UK dentists. Br Dent J. 2019;
226 (1): 40-49. DOI: 10.1038/sj.bdj.2019.6. PMID: 30631165.
[Mpukas MuHrcTepcTBa Tpyda v coumansHon 3awmTel PO ot 7
Hos6pst 2017 . Ne 768H «O6 yTBEP>KAEHUM MPOGECCUOHATTBHOMO
cTaHpapTa «CneumanincT B 06nactv OpraHv3aLmn 3apaBooxpaHeHns
11 OOLLIECTBEHHOMO 340POBbSI».

LLlesenerkosa T. [., ®ecerko T. . MNcmxonorndeckoe Gnarononyyve
nmdHocTw. Merxonorudeckasa amarHoctika. 2005; 3: 95-121.
OtpenbHoBa K. A. OnpepgeneHne HeoOXOOMMOro 4ucna
HabnoaeHn B COLMANIbHO-TUMMEHNHYECKNX NCCNEenOBaHMSX.
CbopHuk Tpyaos 2-ro MMW. 1980; 150 (6): 18-22.
KoHaHbixnuHa A. K. OueHka KOMMEeTeHUMA Kak OCHOBa
hopmMrpoBaHVst MHAVBUAYaNbHOM TPAEKTOPUM HEMNPEPLIBHOMO
0bpa3oBaHVa PyKOBOAWTENEN MEAULIMHCKOM OpraHv3aLun.
COOpHMK  HayyHbIX TpyaoB Akademuy  MnoCTAUMIOMHOrO
obpaszosanug Prey GHKLL PMBA Poccum. 2022; 1: 3-16.
Lucia-Casademunt AM, Salinas-Pérez JA. Gender differences in
psychological well-being and health problems among european
health professionals: analysis of psychological basic needs and
job satisfaction. Int J Environ Res Public Health. 2018; 15 (7):
1474. Available from: https://doi.org/10.3390/ijerph15071474.
Moreau E, Mageau GA. The importance of perceived autonomy
support for the psychological health and work satisfaction of
health professionals: Not only supervisors count, colleagues too!
Motiv Emot. 2012; 36: 268-86.

Koponey, O. A. CoumanbHO-Ncuxonornieckoe 6narononyymm
PabOTHMKOB Pa3HbIX KaTeropuii. BeCTHNK ANTackon akagemmnm
9KOHOMUKM 1 MpaBa. 2020; 11 (3): 499-506. DOI: 10.17513/
vaael.1454.

Blanchflower DG, Oswald AJ. Do humans suffer a psychological
low in midlife? Two approaches (with and without controls) in
seven data sets. Bonn: Institute of Labor Economics (IZA). 2017;
Available from: https://www.econstor.eu/bitstream/10419/170942/1/
dp10958.pdf.

MEOVILIMHA SKCTPEMATbHBIX CUTYAL | 2, 24, 2022 | MES.FMBA.PRESS



ORIGINAL RESEARCH | MEDICAL REHABILITATION

MEDICAL REHABILITATION OF HIGH PERFORMANCE ATHLETES AFTER RECONSTRUCTION
OF ANTERIOR CRUCIATE LIGAMENT OF THE KNEE

Boichenko RA, Gornov SV =
Federal Research and Clinical Center for Sports Medicine and Rehabilitation of the Federal Medical Biological Agency, Moscow, Russia

The professional activity of high performance, or elite sportsmen involves loads approaching extreme exertion, which often leads to injuries of the lower limbs.
Anterior cruciate ligament (ACL) injury is one of the most common types of knee injuries. This study aimed to evaluate the effectiveness of a comprehensive
rehabilitation program for athletes that underwent arthroscopic ACL reconstruction. The study involved 64 athletes aged from 17 to 31 years. Treatment group
participants were offered a comprehensive medical rehabilitation program that included isokinetic training sessions on the TECNOBODY IsoMove biomechanical
exercising machine; the sessions followed a purpose-designed method. The results of medical rehabilitation of the athletes were assessed through gait analysis
done with a DIERS Motion 4D complex. The assessments took place 8 and 15 weeks after the reconstruction. At 8 weeks after the surgery, gait analysis parameters
revealed no significant differences between the groups. Fifteen weeks after the reconstruction, when treatment group (TG) members were through all the isokinetic
training sessions, the results were as follows: for the Stand Time parameter, the operated limb (OL) support deficit was 0.04% compared to the healthy limb (HL)
support, and for the Single Limb Support parameter it was 3.71%, while in the control group (CG) that had no isokinetic training sessions the values were 12.44%
and 18.55%, respectively. As for the Swing Time parameter, TG participants showed the deficit of HL transfer symmetry (relative to OL) of 3.99%, while the value
of this parameter in the CG was 20.54%. The difference is significant, which proves the effectiveness of the developed isokinetic training method as part of the
comprehensive medical rehabilitation program, the application of which resulted in faster recovery of muscle strength and compromised walking-associated support
and locomotor functions in TG athletes.
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MEOVLVHCKAS] PEABUNTUTALINSA B CMOPTE BbICLLUUX JOCTUXXEHUW NMOCNE PEKOHCTPYKLMN
NEPEAHEN KPECTOOBPA3HOWN CBA3KW KOJIEHHOIO CYCTABA

P. A. Boryenko, C. B. lopHos =
DefepanbHbI HayHHO-KIMHUYECKUI LIEHTP CMIOPTUBHOW MEAMLVHBI 1 peabunuTaummn PegepanbHOro Meamnko-6ronornydeckoro areHTctea, Mockea, Poceusa

MpodbeccuoHanbHas AedTenbHOCTb CMOPTCMEHOB CNopTa BbICLLUMX AOCTUXKEHUIA B YCOBUAX HArPY30K, BNM3KNX K SKCTpemMasbHbIM, YacTo MPUBOAUT K TpasmMam
HIDKHEN KoHeYHOCTW. oBpexxaeHve nepegHen kpectoobpasdHoi ceaskm (NMKC) — oaunH 13 Hanbonee pacnpoCTpaHeHHbIX BUOOB TPaBM KOMIEHHOMO CycTasa.
Llenbto nccnenoBaHms 66110 OLEHUTE 9DHEKTVBHOCTE KOMMIEKCHOW MPOrpaMMbl peabunTaLyin CopTCMEHOB MOCHE apTPOCKOMNMHECKOM PEKOHCTPYKLN MKC.
B vccnenosaHun yqacteoBann 64 crnoptcmeHa (0T 17 no 31 roga). YdacTHMKaM OCHOBHOW Mpymrbl, MPOXOAVBLUMM KOMMMIEKCHYIO MporpaMmy MeanLMHCKOM
peabunuTaumm, NPOBOAWIM N3OKNHETNHECKIE TPEHNPOBKIM Ha BriomexaHndeckomM kommnekce TECNOBODY IsoMove no paspaboTtaHHoi MeToavke. PesynsraTsl
MELMLMHCKON peabunmTaLmy CrnopTCMEHOB OLEHMBANM NMyTeM aHanm3a noxogki Ha annapatHoM komnnekce DIERS Motion 4D yepes 8 n 15 Hepenb nocne
onepauun. Yepes 8 Hefdenb Nocie onepaumn He HabNtoAaNoCh CTaTUCTUHECKM 3HAYMMBIX PasNYMIA B rpynnax no napamMeTpam aHaimsa noxogku. Yepes 15
HeZlenb noce onepauyn no 3aBepLUEHNM UBOKUHETUHECKX TPEHNPOBOK Y CMOPTCMEHOB OCHOBHOM rpynnbl (O) no napameTtpy Stand time aecvumT B onope Ha
OnepupoBaHHYO KoHe4HOCTb (OK) oTHOCKUTENBHO 300P0BON kKoHe4YHOCTH (3K) cocTasnn 0,04%, No napameTpy «0gMHOYHas nogaepkka» — 3,71%, B cpaBHeHWN
CO cropTCMeHamm rpynbl KNMHMYeckoro cpasHeHus (FC), y koTopblx No napameTtpy Stand time aeduvumt B onope Ha OK otHocuTensHo 3K coctasun 12,44%,
no napameTpy «0anHoYHas nopaepxka» — 18,55%. [lo napametpy Swing-time y cnoptecmeHoB O gecbuumt B cummetpumn nepeHoca 3K otHocutensHo OK
coctaBun 3,99%, a y cnoptcmeHoB 'C — 20,54%, 4TO CTATUCTUHECKU 3HAYMMO U JOKAa3bIBaET 3(PMEKTUBHOCTL Pa3paboTaHHOM METOLNKN N3OKUHETUHECKIMX
TPEHNPOBOK B KOMMIEKCHOW MporpaMMe MeAMLMHCKOM peabunutaumn, 4To npviseno K 6onee ObICTPOMY BOCCTAHOBMEHMIO MbILLEYHON CUbl, HapyLLEHWI
OMOPHOW 1 JTIOKOMOTOPHOW PyHKUMM X0ab0bl y crnopTcMeHos Or.

KnioueBble cnosa: KC, apTpocKonu4, peaGMﬂMTauMﬂ, NBOKNHETNHECKME TPEHNPOBKIN, aHaIn3 NOXOOKN, BbICOKOKBaﬂMCpIALLI/IpOBaHHbIe CMNOPTCMEHbI

Bknap aBTopoB: P. A. bolveHko — 0630p nuteparypbl, cOop MaTepuana, aHanma nosyYeHHbIX AaHHbIX, HanMcaHue TekcTa, onpeaeneHvie napameTpoB
CpaBHEHNS NMOX0oaKM, cTaTucTuyeckas obpaboTka aaHHblx; C. B. TopHOB — paspaboTka ansariHa nccnefoBaHus, pefakTvpoBaHmne 1 yTBepKaeHne (rHansHoro
BapuaHTa ctaTbu.
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Anterior cruciate ligament (ACL) reconstruction is the main  alpine skiing, etc. [1, 2]. Every year, about 3% of amateur
method of treatment of ruptured ACL in elite athletes. Non-  athletes suffer ACL injuries. In the high performance sports
contact ACL injuries are most common in athletes aged 15-40  realm, this figure can go up to 15% [2]. Women are two to
years that practice sports involving sharp changes of the  eight times more likely to damage the ACL, a probable reason
movement biomechanics: football, handball, rugby, volleyball,  thereof being the differences in neuromuscular patterns in
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men and women during and after puberty [3, 4]. Studies have
shown that 35% of elite athletes fail to achieve their previous
level of performance within two years after injury [5]. In 2015,
Federal clinical guidelines "Rehabilitation of Knee Capsular
Ligaments Injuries (Surgical Treatment)" were published [6].
The rehabilitation includes four stages. Duration of the first
(early postoperative) and second (late postoperative) stages is
up to three to four months, that of the third stage (pre-training)
is up to six months, fourth stage (training) — up to a year.
Some authors have identified the following timeframes in the
four main stages of rehabilitation of patients with ACL injury:
early postoperative (1 week); late postoperative (2—4 weeks);
functional (5-8 weeks); training and recovery (9-24 weeks)
[7]. The program of post-ACL reconstruction rehabilitation [8]
allows strength training in the training and recovery period
(9-32 weeks) from the ninth week; such training involves use
of cable (pulley) machines to load knee and hip joint during
flexion and extension exercises. High-class athletes need more
advanced exercises to restore muscle strength of quadriceps
and hamstring muscles, and these exercises should not put the
ACL autograft in danger. Currently, biomechanical exercising
machines capable of providing biofeedback meet these
requirements better than any other option.

Athletes need accelerated rehabilitation programs, since a
long path back to loads common to competitions can translate
into deterioration or loss of their professional skills. There are
some general post-ACL reconstruction care trends adopted by
the orthopedic community, but there is neither a standardized
protocol nor an established timeframe for returning to the
competition level training loads [9]. Therefore, the rehabilitation
of athletes after ACL reconstruction is an urgent topic today.

This study aimed to design a comprehensive rehabilitation
program for athletes after arthroscopic ACL reconstruction,
develop the isokinetic exercising technique that relies on the
TECNOBODY IsoMove biomechanical exercising machine and
evaluate the effectiveness thereof.

Table 1. Federal Clinical Guidelines (Recommendations) Program

METHODS

By design, this study was a prospective controlled non-
randomized study; it involved 64 athletes aged 17-31 years,
all practicing sports that imply extreme locomotor activity;
all had their ACL reconstructed. Gender-wise, we recruited
38 (59.4%) women (mean age 22 + 4.2 years) and 26 (40.6%)
men (mean age 26 + 4.8 years). In all cases, the surgery took
place less than a week after the athletes were diagnosed
with ACL rupture. The ligament reconstruction materials
were autografts of tendons of the semitendinosus and tender
muscles, tendons of the long peroneal muscle.

The inclusion criteria were: age 16-40 years; first ever
arthroscopic ACL reconstruction with/without partial resection
of the meniscus, with/without arthroscopic meniscus suture.

The exclusion criteria were: age below 16 and over 40 years;
arthroscopic interventions on adjacent and contralateral joints
of the lower limbs; history of knee osteoarthritis; refusal to
participate at any stage of rehabilitation.

The total duration of the study was 38 months (from
October 2018 to November 2021).

We compared effectiveness of the designed
comprehensive rehabilitation program and the one
suggested by the Federal clinical guidelines "Rehabilitation
of Knee Capsular Ligaments Injuries (Surgical Treatment)"
(hereinafter referred to as the Recommendations) in the
context of rehabilitation of athletes. The comparison
necessitated division of the participants into two groups:
treatment group (TG) of 30 individuals that were rehabilitated
following the purpose-designed program, and control
group (CG) of 34 athletes whose rehabilitation followed the
Recommendations.

The rehabilitation of all participating athletes was organized
at the Federal Research and Clinical Center for Sports Medicine
and Rehabilitation of the Federal Medical Biological Agency.
The programs started 3-4 weeks post surgery, which is the

Period Timeframe

Treatment plan

Isometric muscle tension.

Full extension within 2-3 weeks.
Passive movements of the patella.
Electromyostimulation.

1, early
post-surgery

up to 34

General developmental exercises for the contralateral limb.
Dynamic exercises for non-immobilized joints of the ipsilateral limb.
Knee brace allowing leg bending at an angle of 160-150°, which is gradually brought to 100-90°.

Training to use a functional splint and walk with crutches

months i e .
Removal of immobilizing bracing.

Self-assisted dynamic exercises.

I, late
post-surgery

Hydrokinesitherapy.
Massage

Relaxation exercises, active-passive exercises.
Isometric muscle contractions in limited amounts.
Postural exercises (postural treatment techniques).
Mechanotherapy with cable (pulley) machines.

Hydrokinesitherapy (swimming).

I, up to 6
pre-training months

stapler, etc.).
Massage.
Dynamic electrical stimulation.

Therapeutic gymnastics (walking training, running, complexly coordinated exercises with additional weights and resistance).

Mechanotherapy (pendulum type and isokinetic devices for muscle training), exercise machines (bicycle ergometer,

Training sessions adjusted to factor in the phase of postoperative restructuring of connective tissue structures and the
functional state of the periarticular muscles

1V, training up to 1 year | of the practiced sport

Recovery of special locomotor skills

Training of special locomotor capabilities, with the set compiled by a sports coach to factor in specifics
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Table 2. Comprehensive program of medical rehabilitation of athletes after surgery on the knee joint

Criteria for transition to the
Phase Timeframe Treatment plan next phase and completion of
rehabilitation
Extension exercises with a towel roll under the heel, hanging the lower leg out while lying
on the stomach on a couch.
Motor retraining of the quadriceps femoris muscle (electromyostimulation).
Knee brace locked in the full extension position (1st week), then a 30° bend (2nd week).
Crutches-assisted limited loading of the limb (1st week — 25%, 2nd week — 50% of body | Ability to raise the operated leg when
weight) [11]. it is straightened. Absence of
Arbitrary tension of the anterior and posterior thigh muscle groups, gluteal muscles. flexion-related contracture
| up to2 Mobilization of the patella. manifestations.
weeks Active flexion/passive extension of the knee joint while sitting on a couch; the range is Knee joint motion range from 0 to 60°
0-60°, repetitions assisted with the healthy leg. (assisted).
Straight leg raises (in all planes). Absence of pain the operated limb
For leg raises from supine position the knee brace should be locked at 0°. when loaded
Exercising on a bicycle ergometer with a short pedal crank.
Resistance exercises for thigh muscles.
Cardio training and training for the upper shoulder girdle (as tolerated).
Local cryotherapy
Knee brace bending limits: up to 60° (3rd week), up to 90° (4th week), up to 120° (5"
week), up to 140° and more (from the 6" week) [11].
Increased reliance on the operated limb for support (monitor severity of the pain), in the
absence of antalgic elements in the gait - refusal of crutches.
Exercising on a standard bicycle ergometer (when the knee starts to bend for over 115°). Knee joint motion range from 0 to
Active and assisted exercises aimed at extending the range of motion. 140°.
Mini squats/shifting body weight from side to side. Normal gait type.
Proprioceptive training on unstable platforms, on simulators like a gymnastic spin, with Ability to step up to a platform
1] Weeks 3-6 | elastic bands on the opposite limb. 20 cm high.
Beginning of step-up training (step platform height — 10, 15, 20 cm). Restoration of mobility of the patella.
Training on the stair climber. Improvement of functional indicators,
Straight leg raises with progressive resistance as registered with arthrometry and
Hamstring and posterior chain muscles training with progressive resistance. motor tests
Improvement of elasticity of the musculoskeletal system of back of thigh and lower leg.
Hardware arthrometry of the knee joint 6 weeks after surgery; no manual examination with
application of maximum traction force to the lower leg should be done.
Lymphatic drainage massage, electrical stimulation, magnetotherapy, US therapy
Squats.
Beginning of step-down training.
Leg presses.
Lunges. - .
Knee joint extensions in isotonic mode, range 90 to 40° (preference should be given to Un_ll_m|ted knee joint mover_nent.
h ] ’ . . Ability to descend stairs with a step
exercises in a closed kinematic chain). ; . . N
) ) - . ) height of 20 cm without pain, with
I Weeks Advanced proprioceptive training (active unbalancing). good control of the leg
7-14 Training on the TECNOBODY IsoMove biomechanical exercising machine. A
L . . Improvement of functional indicators,
Agility development exercises (with stretch cords). . .
L as registered with arthrometry and
Reverse ladder training.
. ] motor tests
Backward walking/running.
Thigh and calf muscles stretching.
Arthrometry 3 months after surgery.
Adjustment of the home training program based on the results of dynamic observation
Running, if the patient descends from a 20 cm step platform successfully.
More advanced/difficult strength and flexibility exercises. Symmetric painless running.
Weeks Advanced sport-specific agility exercises. Minimum symmetry between limbs in
\% 15-21 Plyometric training, if the adequate muscle strength level has been achieved. the jump test — 75%.
Knee joint extensions in isotonic mode, full movement range, no pain neither crepitus Progress in functional training.
(preference should be given to exercises in a closed kinematic chain). Successful passing of the functional
Home rehabilitation program based on the results of dynamic monitoring of the patient
Strength training for the lower limbs with sport-specific elements. Muscle strquth deﬂc.lt '?SS tlhan_
X X 15%, as registered with isokinetic
Advanced program of plyometric exercises. testin
Use of the knee brace when practicing sports. 9- )
h o o o ) . . Symmetry over 85%, as registered
from week | Dynamic monitoring of the patient's condition and assessment of his/her complaints (pain, f . : )
\% 29 swelling). W|thla smglg leg jump test. No pain
Adjustment of the rehabilitation program, if necessary. nor instability during all sport-specific
) ) . movements.
Persuading the patient to work out at home on a regular basis. - .
Flexibility as required for the
Arthrometry 6 months after surgery .
particular sport

biofeedback. Isokinetic training of muscles in the concentric
mode delivered a significant improvement of the quadriceps
and hamstring muscle strength (average and maximum torque
at angular velocities of 30 and 60° per second) [10]. Biodex
3 System (Model 333-250; Biodex Medical Systems, Shirley;
USA) was employed with the following parameters: angular
velocity of 180° per second, three sets of 20 repetitions twice
a week.

Il phase in the timeframe of the purpose-designed program. Al
participants attended the sessions 3 times a week.

The Recommendations program [6] is divided into four
periods (Table 1).

The comprehensive rehabilitation program designed in the
context of this study has five phases (Table 2).

The comprehensive program of medical rehabilitation
included isokinetic training on a machine providing
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We have proposed a technique involving the TECNOBODY
IsoMove biomechanical complex (Figure 1). Isokinetic exercises
had the knee flexors and extensors loaded in the concentric
mode, with the range of motion from 20 to 110° and angular
velocity of 30° per second. The sessions took place twice a
week; for the first two weeks, the number of repetitions was 10,
then the routine changed to three sets of repetitions for the first
two weeks, then twice a week, three sets of 15 repetitions for
the next 2 weeks, then three sets of 20 reps for two weeks and
then a week with three sets of 20 repetitions. The total number of
sessions was 15. The movements started with extension of the
knee joint. First, the healthy limb was trained, then the operated
one. These training sessions began eight weeks post surgery.

Eight weeks post surgery, during the Il phase of the
rehabilitation, both groups had the following parameters/
indicators assessed: impairments in the support and locomotor
functions; lower limbs load distribution symmetry (enabled by
DIERS Motion 4D, Figure 2) in the gait analysis mode (pedogait)
at the speed of 3 km/h. The repeated control examinations
took place 15 weeks post surgery at the end of the isokinetic
training program.

The stride cycle (SC) for each limb consists of two main
phases, support phase and transfer phase. The duration of the
support phase is 58-61% of the SC, that of the transfer phase is
42-39%. The distinction is made between right and left SC, with
the two constituting the act of walking [12, 13]. We evaluated
CS phases of OL and HL and compared the respective results
registered in the TG and the CG. The evaluated parameters
were Stand time (%), which is the time the limb supports from
the moment the toe is off the ground to the moment heel of
the contralateral limb accepts the load; Swing-time (%), which
is the time of transfer of the non-supporting limb; Single limb
support (%); Load sensitivity (%); Pre-swing (%), which is the
time from resting on the toe to bouncing off (Fig. 3). The
first three parameters were statistically significant for the
comparison.

Statistical processing of the results was done manually in
Microsoft Excel and Statistica for Windows v. 5.1. To establish
significance of the differences we used Student's t-test. The
differences (t) were considered statistically significant at p < 0.05.

RESULTS

The following criteria were chosen for an objective assessment
of effectiveness of the programs compared: pain assessment
on a visual analogue scale (VAS), range of motion, zigzag jump
test, stride parameters in gait analysis.

The participants took the jump test 15 weeks after surgery.
In the TG, less than 75% symmetry between limbs during the
jump was seen in two athletes (6.7%), while in the CG it was
registered in nine athletes (26.5%).

In the TG group, four athletes (13.3%) reported pain of
4 VAS points and one (3.3%) — 5 VAS points; in the CG, seven
participants (20.6%) put the pain sensation at 4 VAS points
and two (5.9%) at 3 VAS points. Three months later, only one
athlete (3.3%) reported pain of 2 VAS points in the TG, and in
the CG the respective number of participants was 3 (8.8%).

A month later, the recorded active flexion radius in both
groups was 100-110°, and passive flexion ranged up to 115-130°.
One athlete from the TG had active extension limited to 7° and
passive extension to 3°. After months later, no contractures
were registered in any of the groups.

Stability tests (Lachman drawer test, pivot shift test)
performed 15 weeks later revealed no positive symptoms in any
of the TG athletes. In the CG, these tests allowed registering a

Fig. 1. TECNOBODY IsoMove biomechanical exercising machine

)

Fig. 2. DIERS Motion 4D complex

slight anterior translation of the lower leg with a clear final point.

Table 3 shows the results of assessment of violations of the
support and locomotor functions, lower limbs load distribution
as registered with the DIERS Motion 4D complex.

Eight weeks after surgery, there were no significant
differences found between groups in the parameters of support
and locomotor functions violations as registered and analyzed
with the DIERS Motion 4D complex. However, fifteen weeks
after the reconstruction, when the TG members were through
all the isokinetic training sessions, the results were as follows:
for the Stand Time parameter, the OL support deficit was
0.04% compared to the HL support, and for the Single limb
support parameter it was 3.71%, while in the CG the values
were 12.44% and 18.55%, respectively. As for the Swing Time
parameter, TG participants showed the deficit of HL transfer
symmetry (relative to OL) of 3.99%, while the value of this
parameter in the CG was 20.54%.

DISCUSSION

The results of the gait parameter analysis for the TG participants
indicate a more effective recovery of muscle strength of the
knee joint stabilizers, healing of disorders of the support and
locomotor functions in the postoperative period that included
isokinetic training, which implies resistance when a certain
angular velocity is reached, translating into load for exercised
muscles. These findings are consistent with those reported by
other authors earlier [9, 10]. Therefore, the resistance that the
athlete has to overcome is adaptable, it changes constantly
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Fig. 3. Gait parameters on the DIERS Motion 4D complex
Table 3. Comparison of the results of examinations of participating athletes
TG (n=30) CG (n=34)
Gait parameters Me/Q,/Q,
HL oL HL oL

Stand time, %

After 8 weeks

68,6/68,03/ 69,75

57,6/55,23/ 59,78

69,15/ 67,05/ 50,45

55,70/ 50,45/ 56,9

Single limb support, %

42,9/37,65/45,23

31,9/31,4/32,6

44,1/ 43,48/ 48,43

31,35/ 30,13/ 32,73

Swing-time, %

31,4/30,3/32

42,4\40,2/44,8

30,85/29,43/ 34,73

44,3/43,1/49,55

Sensitivity to load, %

12,35/11,23/15,4

13,4/11,33/15,58

11,85/10,9/12,3

12,25/11,9/14,18

Pre-swing, %

15,1/12,56/16,7

11,95/11,6/14

12,05/11,6/13,65

11,65/ 11,33/ 13,08

Stand time, %

After 15 weeks

65,8/64,4/69,2

63,7/63/65,5

67,5/65,3/68,7

59,1/58,7/60,3

Single limb support, %

36,4/31,1/37,1

35,05/31,2/35,8

41,5/40,2/42,7

33,8/31,6/34,7

Swing-time, % 34,85/31,55/35,58 36,3/33,65/36,98 32,5/31,3/34,68 40,9/39,73/41,28
Sensitivity to load, % 15,2/14,3/18,5 14,7/18,1/18,1 13,4/12,7/14,8 18,56/12,7/14,1
Pre-swing, % 15/14/18,7 15,25/14,2/18,4 13,3/12,7/14,6 13,4/12,9/14,5

Note: Me — (median); Q, is the 25% quartile; Q, is the 75% quartile; differences between TG and CG at p < 0.05.

in proportion to the effort exerted. As a result, the process of
muscle strength recovery gain in effectiveness.

healing of the support and locomotor function disorders,
poor symmetry in the distribution of load on lower limbs. 2. The

use of equipment providing biofeedback for rehabilitation of

CONCLUSIONS

athletes allows speeding this process up and thus have the

athletes recover their competition level capabilities sooner. 3.

1. The designed comprehensive post-ACL reconstruction
medical rehabilitation program for elite athletes has proven
to be effective in restoring the knee joint stabilizer strength,
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Postoperative paresis and paralysis of the larynx, associated with breathing, voice and swallowing disorders, are actual problem of surgical treatment of the thyroid
and mediastinal diseases. Traditionally, more attention is paid to phonation disorders treatment. Swallowing recovery methods are not described sufficiently. The
paper reports a clinical case of early speech therapy intervention aimed at alleviating postoperative dysphagia caused by the limited flexibility of the larynx. Detailed
swallowing disorder diagnosis in patient was carried out before and after the logopaedic correction of dysphagia. The main directions and results of the correctional
and pedagogical work with psychological support within comprehensive rehabilitation are described. The findings confirm the need for correctional impact during
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Xupypryeckoe nevenne 3aboneBaHunii LUMTOBUOHON >XXenesbl ¥ OpraHoB CPefOCTEHVSE MOXKET MPUBECTI K MOCNEoNepaUVoHHbIM Napesam v napanmyam ropTaHu,
COMPOBOXAAIOLLMMCS PacCTPOCTBaMM (hyHKLIMIA AbIXaHWs, ronoca 1 roTaHus. TpaauUMoHHO 60bLLOE BHUMAaHWE YAENSETCA KOPPEKLUM HapyLLEHWI (hoHaLMM.
MeTomp! HopMan“3aLumn roTaHns onmcaHbl HEQOCTAaTOMHO. B cTaTbe MpefcTaBneH KAVHWUHECKUIA Clydall paHHEro fIOroneaM4eckoro BO3AeNCTBYS B LensxX
HVBENMPOBaHNS MOCTONEPaUMOHHOM ancdarum, 0byCnoBNEHHON OrpaHNHeHneM NMoaBYXKHOCTI ropTaHn. [poBedeHa nogpobHast AMarHOCTVKa paccTpoicTea
rNOTaHWS Y MaLMEHTKN A0 Hadana Noroneany4eckorn KoppekLumm amcdarim 1 no ee 3aepLueHnn. OnmcaHbl OCHOBHbIE HANPaBneHns 1 pe3ysbTaTbl KOPPEKLMOHHO-
nefarornyeckor paboTbl C MCUXONOrMYECKMM COMPOBOXAEHVNEM B pamMkax KOMMIEKCHOW peabunutaumn. MofnyyYeHHble pesynstaTbl MOATBEPXAA0T
HEeobX0AVMOCTb KOPPEKLIMOHHOIO BO3AENCTBUA Ha PaHHUX aTanax peabunmtaumm B Cyvae BO3HVKHOBEHWA avcdariv npyu napesax v napanmyax roptaHi y
MaLmMEHTOB XMPYPrMYECKOro NPoguns.
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Paresis and paralysis of the larynx caused by recurrent
laryngeal nerve impairment are among the most common
complications of the thyroid, parathyroid, and thoracic surgery
[1, 2]. Successful surgery does not always have the expected
functional result and sometimes leads to postoperative
complications associated with the breathing and voice
function disorders, thus leading to communication difficulties
and reduced working capacity. Phonatory and breathing
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disorders persist for a long time and become a problem during
comprehensive rehabilitation measures aimed at resocialization
and improving the quality of life [3, 4].

The larynx not only enables breathing and voice
functions, but is also involved in swallowing. According to
our observations, there are specific swallowing disorders in
postoperative period. In the literature, when discussing clinical
picture of the peripheral neurogenic laryngeal paresis and
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paralysis, the authors focus on the breathing and voice function
disorders; when correcting functional disorders no attention is
paid to leveling of specific swallowing disorders, caused by
the limited flexibility of the larynx. The majority of well-known
effective methods for elimination of swallowing disorders have
been proposed by foreign and domestic experts to improve
meal process in patients with acute cerebrovascular disease,
traumatic brain injury and brain tumors [3, 5-71.

The methods of sequential rehabilitation could not be
considered reasonable in cases of vital function disorders.
The risk of food and liquid aspiration in airways developing
within a few hours after surgery calls for early rehabilitation
impact. Traditionally, speech pathologists are responsible for
correctional measures for elimination of swallowing disorders
[8-10]. Specific manifestations of the peripheral neurogenic
swallowing disorders in surgical patients, including cancer
patients, present certain difficulties for specialists and
demand specific approaches to rehabilitation. Malignant
tumor diagnosis limits in application of a number of methods
for overcoming dysphagia (logopaedic massage, hardware
techniques stimulation), widely used in the rehabilitation
system for patients with cerebrovascular diasease and post-
stroke patients [6, 7].

According to the Ministry of Health of the Russian Federation
regulations, rehabilitation process should be carried out by
the interdisciplinary rehabilitation team in accordance with the
clinical guidelines. It is recommended to carry out the first stage
of rehabilitation in the structural units of medical organization,
including the oncology profile. There will be specialists of the
psychological and pedagogical field (a speech pathologist/
medical speech pathologist and a psychologist/medical
psychologist) as a link of the team necessary for achieving the
most possible effect of rehabilitation [11].

The study was aimed to discuss the clinical case in order
to identify the features of the swallowing disorder manifestation
and to find effective ways for early rehabilitation of swallowing
function in patients with postoperative dysphagia, provide
a personalized early rehabilitation program for patients with
swallowing disorders after the surgical treatment of the head
and neck tumors within interdisciplinary interaction [12],
and the optimal and effective logopaedic techniques for
the postoperative swallowing disorders leveling, taking into
account the features of the underlying disease.

Clinical case

A patient K-ko GS was under our observation after readmission
for surgical treatment after thyroidectomy due to thyroid cancer
(TIN1MO).

Preoperative indirect laryngoscopy showed that all parts of
the larynx were well defined, vocal folds were even, mobility
was fully preserved. Voice and speech respiration were normal.
No meal disorders were noted.

The patient was interviewed before surgery in order to initiate
contact, provide psychological support, form motivation for
rehabilitation, and provide information about the mechanisms
undelying voice production and speech respiration. The patient
was informed about the main principles of speech respiration
as physiological function and trained in basic diaphragmatic
breathing skills.

The surgical procedure included the right-sided fascial
compartment neck excision, anterior neck lymph node
dissection. During the postoperative period, the patient
complained about discomfort in the operated area and
the larynx, impaired voice and speech respiration, trouble

in swallowing liquids (cough and choking). The right-sided
laryngeal paresis was diagnosed by indirect laryngoscopy.

To assess the swallowing disorder severity, the condition of
oral cavity and dentition along with difficulties when chewing
and swallowing liquid or solid food, and preferred food textures
were defined through a questionnaire; the feeling of having food
stuck in the throat, pain when mealing were recorded. Special
attention was paid to emotions associated with meals, as well
as to body weight changes. When filing out the questionnaire
for subjective assessment of swallowing problems, the woman
noted trouble in swallowing liquids (tea, coffee, water, juice),
that she identified as very threatening.

Psychological support included the meaning-narrative
analysis of interviews with the patient within the meaning-
activity approach during the rehabilitation course and was
focused on assessing her psychological condition dynamics at
various stages of speech therapy [13]. It was found that such
categories as anxiety, fear, worry, introversion, and difficulty
of interacting with the specialists prevailed at the stage of
diagnosis. Motivational combination included evenly the
achieving tendency and failure tendency, the affiliative tendency
and sensitivity to rejection, that created difficulties in forming
motivation for rehabilitation.

To clarify the character and severity of swallowing disorders
in the early postoperative period (on day 2), speech pathology
assessment was performed, which included assessing
respiration and phonatory breathing, maximum vowel
phonation time (MPT), and auditory assessment of voice using
the Union of the European Phoniatricians (UEP) scale [3]. When
performing auditory evaluation, opinions of three auditors
among the members of the interdisciplinary rehabilitation team
were taken into account. In the reported case, auditory voice
evaluation was assigned UEP score 3 (moderate dysphonia),
and MPT was 5.3 s.

Preliminary assessment of the swallowing disorders was
carried out using the 3-sip test (the patient was asked to take
three sips of water from a spoon. After the patient coped with
the task, she was asked to drink half a glass of water; at this
stage choking was detected, the patient started to cough).
Furthermore, endoscopist, in the presence of operating surgeon
and speech pathologist, performed videolaryngoscopy with
the real-time swallowing evaluation using the Patent Blue V
Food Color (Zeelandia; Netherlands), water and the Resource
ThichenUp Clear thickening agent (Nestle; Switzerland).
Swallowing was assessed by sequential swallowing of three
different liquid consistencies with subsequent assessment of
the larynx condition with patented method [14].

Videolaryngoscopy with swallowing evaluation showed that
epiglottis was symmetrically arranged and mobile. The right
half of the larynx had limited flexibility. The vocal fold was in
paramedian position. The glottis was sufficient for respiration, a
linear slot under 2 mm persisted during phonation. Subglottic
space and pyriform sinuses were free. When swallowing liquid,
all components of the larynx up to and including the vocal folds
were stained with the contrast agent; the dye solution entered
the lower respiratory tract reaching the infraglottic space, caused
cough, which was considered as aspiration into the airways with
an adequate protection reflex. The dye test was positive.

Conclusion: right-sided laryngeal paresis. Moderate
pharyngeal dysphagia.

Excercises for further speech rehabilitation were chosen
based on the laryngoscopic condition and the swallowing
process condition [4, 10].

On day 3 after surgery, the speech therapy course with
psychological support was started. The main tasks were to
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increase pharyngeal muscle activity and the pharynx-larynx
interaction recovery in the swallowing process.

The patient was recommended to continue practicing
breathing exercises in order to recover phonatory expiration and
develop physiological respiration, she was also recommended
to do the Effortful Swallow exercise (three repetitions up to 10
times a day) [15].

To alleviate physical and psychological discomfort during
meals, the patient was provided advice on nutrition based on
the character and severity of the swallowing disorders (posture:
the Chin Thuck maneuver), food consistencies (thickening
liquids to a thick syrup) [4].

It is worth mentioning that the need for intense activity in the
postoperative period had a positive influence on the patient's
emotional sphere, that facilitated specific meaning work in the
new non-everyday life situation. It is important to emphasize
postoperative asthenia, which could worsen as dysphagia
became more severe, among features of conducting speech
therapy during the early postoperative period. This fact required
training in a sparing mode, in a fractional manner, with the
progressively increasing load and training session duration,
as well as the increasing complexity of the proposed material
when changing the stages of the rehabilitation impact.

In a week the patient was able to do breathing exercises,
that made it possible to move to the stage of active training
using the methods of “direct” therapy (exercises on
strengthening pharyngeal muscles, muscles of the soft palate
and larynx). The methods of “indirect” therapy were also used:
functional training using small amounts of food or liquid. The
patient continued repeating the Effortful Swallow exercise with
increasing load (5 repetitions 10-12 times a day).

After 14 days further improvements were noted: the number
of choking episodes during meals decreased, the voice sonority
and phonatory expiration time increased. It was recommended
to keep the diet and increase the number of repetitions of the
Effortful Swallow exercise to 7 times per session. After 21 days,
the stage of the “safe” swallowing skill automatization started:
exercises for practicing vowel sounds and their combinations,
as well as for differentiation of the swallowing, respiration and
phonation processes.

Clinical case discussion

After the four-week course of speech therapy, videolaryngoscopy
with swallowing evaluation was performed again [14]. It showed
that epiglottis was symmetrically arranged and mobile. The
right half of the larynx had limited flexibility. The vocal fold was in
paramedian position. The glottis was sufficient for respiration;
the tendency for vocal fold closing on the injured side due to
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the increased activity of the left vocal fold was observed during
phonation. Subglottic space and pyriform sinuses were free.
When swallowing liquids of three proposed consistencies, all
components of the larynx up to and including the vocal folds
showed no signs of staining. No aspiration in airways was
revealed. The dye test was negative.

Conclusion: right-sided postoperative laryngeal paresis. No
dysphagia.

When re-filling in the questionnaire, the patient denied
difficulties when drinking liquids and had no feeling of having
food stuck in the throat when swallowing. She noted that
she could take meals of any consistencies and experienced
no negative emotions when drinking liquids. Speech therapy
sessions aimed at improving phonatory expiration and acoustic
characteristics of voice were resumed during the final stages of
rehabilitation and had a positive effect [3].

Thus, speech therapy sessions, which were conducted
from early postoperative period within the comprehensive
rehabilitation program, aimed not only at phonatory respiration
and voice. Logopaedic impact started with adaptation to the
new conditions of taking liquids and elimination of dysphagia
on day 3 after surgery. The measures for dysphagia correction
during the early postoperative period had a positive influence
on the rehabilitation effectiveness and smoothed out the meal
difficulties in a short time. Immediate alleviation of swallowing
disorders made it possible to reduce significantly physical
and psychological discomfort in the patient. Comparative
analysis of narratives provided by the patient before and
after the completion of measures to level dysphagia revealed
motivational shift towards achieving tendency and affiliative
tendency. The number of patient's statements related to the
categories of anxiety and fear decreased with the increasing
number of statements related to confidence in achieving good
rehabilitation result. All of the above provided the necessary
conditions for further successful speech rehabilitation.

CONCLUSION

The findings show that the timely speech therapy impact aimed
at swallowing process recovery, discussed in the case study, may
be considered the necessary and urgent type of rehabilitation
impact used during the early stages of rehabilitation in case
of the postoperative dysphagia occurrence. Early correctional-
pedagogical sessions with psychological support within
comprehensive rehabilitation facilitated the lasting positive
effect, improved the patient's psychological condition, had a
favorable influence on the quality of life, facilitating leveling up of
rehabilitation potential and specific meaning work of the person
in the new non-everyday situation of being.
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