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NEUTRALIZING ANTIBODY CREATION TECHNOLOGIES: CASE OF SARS-COV-2
Baklaushev VP23 Samoilova EM'?, Kuznetsova SM', Ermolaeva EV?, Yusubalieva GM'?, Kalsin VA'?, Lipatova AV? , Troitsky AV'
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Monoclonal antibodies (mAbs) are the most promising and most intensively replenished type of bioactive pharmaceuticals. Currently, there are over 100 different
mAbs approved by the FDA and other regulating agencies for treatment of oncological, infectious, systemic, autoimmune and other diseases. Design of antibodies
neutralizing pathogens of socially significant infections, such as HIV, hepatitis viruses, SARS-CoV-2, is a separate direction. The SARS-CoV-2 pandemic has
shown how urgent it is to have a technological platform enabling production of fully human antibodies. The development of recombinant DNA technology and
antibody phage display enabled compilation of libraries of antigen-binding fragments and screening with target antigens. This review discusses the advantages and
disadvantages of phage display, including use of single-domain antibody technology based on the heavy chain variable domain. We describe the state-of-the-art
(and practical results of its application) technology enabling production of human antibodies by sorting and sequencing the genome of individual memory B cells,
using monoclonal virus-neutralizing antibodies against SARS-CoV-2 as an example. The prospects of further development of the recombinant human antibody
production technology are discussed; in particular, we consider creation of sequences of variable fragments of antibodies with the help of artificial intelligence.

Keywords: COVID-19, SARS-CoV-2, neutralizing antibodies, phage display, B cells, NGS sequencing
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TEXHONOMU CO30AHUA BUPYCHEWUTPANIU3YOLLIMX AHTUTES YEJIOBEKA HA MPUMEPE SARS-COV-2

B. M. Baknaywes"**=, E. M. Camornosa'?, C. M. KysHeLjoa', E. B. Epmonaesa?, I. M. tOcy6anuesa'?, B. A. KanbcuH'?, A. B. JlvunaTtosa?,

A. B. Tponukuin'

T denepanbHbI HayHHO-KIMHUHECKUA LIEHTP CreLmanma3npoBaHHbIX BULOB MEAMLIMHCKOM MOMOLLV 1 MEAULIMHCKIX TEXHOMOr i deaepanbHOro Meavko-610orvHeckoro
areHTcTBa, Mockea, Poccua

2 IHCTUTYT MonekynspHoi Guonorum nvenn B. A. SHrenbrapata Poccuiickor akaaemum Hayk, Mocksa, Poccus

8 Hay4Ho-1ccnenoBaTensCKuin MHCTUTYT MyribMOHOsorn defeparnbHOro Meavko-61oorn4eckoro areHTcTea, Mocksa, Poccust

MoHOKNOHanbHble aHTUTena (MAT) — cambli NEPCNEKTUBHbBIA 1 Havbonee VMHTEHCUBHO MOMOMHAEMbIN BUA, BMOaKTUBHbIX (hapmMnpenapatoB. B HacTosulee
Bpems 6onee 100 pasnmyHbix MAT ofobpeHsl FDA 1 opyrumm perynstopaMmin Ans Tepaniy OHKOMOMMHECKNX, UHEKLMOHHBIX, CUCTEMHbIX, ayTOUMMYHHbIX 1
apyrux 3abonesaHuin. OTAenbHBIM COBPEMEHHBIM HANPaBNeHNEM SBASETCS NOyHeHNe BUPYCHENTPANMBYIOLLMX aHTUTEN K BO3OYAUTENSM COLMATbHO 3HAYMMBIX
VHpekUmn, Taknx Kak B, Bupycel renatuta, SARS-CoV-2. MNMaHgemms HOBOW KOPOHABMPYCHON MHEKLMM Mokasana, HAaCKONMbKO akTyallbHO MOXET ObiTb
Hanm4me TeXHOMOrMYeCKon NnaTopMbl MO MPOV3BOACTBY MOMHOCTHIO NYMaHN3MPOBaHHBIX aHTUTEN YenoBeka. PasBute TeXHOMorm pekoMonHaHTHbIX JHK
1 paspaboTka (haroBoro AWCMes aHTUTeN NMO3BONMAN CO3AaBaTb OUOMMOTEKN aHTUMEHCBA3bIBAIOLLMX (PPArMEHTOB 1 MPOBOAUTL CKPVHWHE C LIeNeBbIMU
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Since Kohler and Milstein developed the technology of
production of monoclonal antibodies (hybridoma technology) in
1975[1], hundreds of diagnostic and therapeutic antibodies have
been designed, tested, registered, applied and discontinued
[2]. This technology enabled production of Muromonab-CD3,
the first registered therapeutic antibody produced in
mice [3]. Advancements of the recombinant DNA technology
allowed humanization of mouse immunoglobulins, partial or
complete, which was the next step in the development of the
therapeutic (monoclonal) antibodies production technology
[4]. Approximately simultaneously with the first human trials
of mouse monoclonal antibodies the phage display technique

EXTREME MEDICINE | 4, 24, 2024 | MES.FMBA.PRESS

was developed, first for peptides [5], then for antibodies
[6]. Arguably, this technique became the most powerful
tool enabling creation and "improvement of monoclonal
antibodies; gradually, it replaced the hybridoma technology [2, 7].
Development of single cell sequencing yielded an alternative
to phage display, a technique that allowed producing human
monoclonal antibodies by cloning variable antibody fragments
from a specific clone of plasma cells [8].

One of the most promising directions of medical application
of human monoclonal antibodies is production of neutralizing
antibodies (NAbs) and their use in prevention and treatment
of socially significant infectious diseases. The COVID-19
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pandemic made development of the SARS-CoV-2 neutralizing
antibodies a particularly urgent task [9]. Over 20 NAbs have
been designed, clinically tested and registered with the FDA
and other regulating agencies since the beginning of the
pandemic. Emergence of the new variants of SARS-CoV-2
rendered most NAbs ineffective, but a number of them have
demonstrated a broad neutralizing activity against the most
common subvariants of Omicron [8, 11]. Despite a significant
decrease in the proportion of severe COVID-19 cases, NAbs
still remain the most effective agents of etiotropic therapy,
which is especially relevant for patients with oncological and
hematological diseases and other primary and secondary
immunodeficiencies [12].

The purpose of this review is to describe the current state of
production of recombinant human antibodies using the example
of neutralizing antibodies designed against SARS-CoV-2.

Antibody phage display

The antibody phage display method was developed
independently by several groups of researchers, the first
of which was the group of McCafferty from the University of
Cambridge [6]. The method implies compilation of a phage
library containing all possible variants of immunoglobulin
variable regions. For this purpose, the antigen-binding antibody
sequences are cloned into the plll surface protein sequence of
filamentous bacteriophages M13, fd or f1, which produces a
number of unique clones, each of which presents a variable
fragment of a certain specificity on its surface. The next step
is to screen and select phages by this or that useful property,
e.g., by the binding affinity to an antigen immobilized on the
solid phase, followed by cloning of the selected sequences
into vectors for antibody expression [6]. A phage library can be
compiled from variable regions of immunoglobulin sequence of
an immunized animal or human, but it can also be a random set
of synthetic peptides [13].

Compared to other technologies, such as ribosome display
[14], yeast display [15] or mammalian cell display [16], phage
display libraries can have the variety of unique clones greater
than 1011, with all of them stored for considerable periods in a
state ready for screening with any antigen panel [7]. The variable
fragments of antibodies in phage libraries can be antigen-
binding Fab-fragments [17] or single-domain scFv-fragments
(single chain fragment variable) [18, 19]. ScFv are monovalent
fragments of antibodies with molecular weight of 25-27 kDa,
consisting of the variable domains of heavy (VH) and light (VL)
immunoglobulin chains connected by a peptide linker [20]. Fab
are relatively large fragments of immunoglobulins that consist
ofV,,V,, C, and C,1 domains. Compared to Fab, scFv offers
a higher level of expression in phages, which is an advantage
somewhat offset by the risk of loss of affinity upon conversion
to Fab or full-length IgG [7]. There are variants of antibody
phage libraries, those which include single-domain antibodies
(human V,,, camelid VHH, and shark V, ., respectively); they
are covered in a separate section below.

The antibody phage display enabled production of
NAbs acting against HIV [21], anthrax toxin [22], tick-borne
encephalitis [23], and, of course, SARS-CoV-2 [24]. The latter
study demonstrated that phage display can produce high-affinity
NAbs against the SARS-CoV-2 S protein with ID,, < 2 ng/mL
from a semi-synthetic library of variable fragments of naive
antibodies. Thus, compilation of an accurate CDR library of
naive B cells is the key factor ensuring stable pairing of V,
and V,_ domains and, as a result, production of high-affinity
neutralizing antibodies [24]. At the same time, it should be

noted that far from all attempts at this task are successful,
and the vast majority of highly active NAbs are obtained from
samples of hyperimmune convalescents [8].

A noteworthy shortcoming of the canonical oligomeric
antibody phage display technique is the fact that the resulting
antibodies, as a rule, mismatch the natural repertoire, since
they are generated from random pairs of VH and VL. One of
the possible solutions to the VH/VL domain pairing problem
involves use of phage libraries of the camelid family single-
domain antibodies, the so-called nanobodies [25, 26].

Single-domain antibodies as a developmental platform for
immunity preparations produced using the phage display
technology

Single-domain antibodies, or nanobodies, are recombinant
variable domains of VHH heavy chains derived from non-
canonical immunoglobulins, with the Fab fragment consisting
only of a shortened heavy chain, without a light chain. Normally,
such antibodies are present in cartilaginous fish and the
Camelidae in addition to the "classical' immunoglobulins G,
which are comprised of two heavy and two light chains [25].
The key advantage of nanobodies is that the VHH domain,
represented by a single polypeptide sequence, can be easily
cloned in prokaryotic or yeast expression systems. The size of
a nanobody is 12-15 kDa; they are highly soluble and capable
of refolding after denaturating purification [25]. The increased
solubility of VHH is the results of peculiarities of their amino
acid composition. Compared to conventional antibodies, which
have the V,, and V,_domains pairing interface dressed with
hydrophobic amino acid residues, VHH have the hydrophobic
amino acids in homologous regions replaced by more
hydrophilic ones, which increases solubility of the recombinant
products by reducing aggregation capacity [27].

With their small size and single-domain nature, nanobodies
can penetrate structures inaccessible to full-length antibodies,
and bind epitopes that are sterically shielded for conventional
antibodies [25, 28-30]. Another reason behind the single-
domain antibodies' capacity to penetrate steric shielding is
the CDR3 loop in the VHH domain: it is longer than that of
conventional antibodies, which allows single-domain antibodies
to bind antigens located, for example, in the catalytic clefts
of enzymes or in three-dimensional congruent regions of the
ligand-receptor interaction [7]. With SARS-CoV-2 in particular,
greater mobility allows single-domain antibodies to recognize
the RBD of the S protein in its "down" conformation and disrupt
the transition to the "up" conformation, rendering the protein
nonfunctional [31] (see below).

The affinity of single domain antibodies is similar to that of
conventional heavy and light chain antibodies, but nanobodies,
unlike classical antibodies, are highly stable over a wide range of
ionic strengths, pH values and temperatures [32]. The production
of nanobodies in bacteria is cheaper than production of classical
antibodies. The level of homology of framework regions of single-
domain camelid VHH and human IgG3 subclass VH domains
is high, which means the former can be easily humanized and
retain their functional properties in the process [25]. All of the
above translates into the prerequisites justifying research and
practical application of recombinant single-domain antibodies
both for diagnostic and therapeutic purposes [33, 34].

Bi- and trispecific/valence nanobodies

Small size of single-domain antibodies awards them rapid
kinetics in the systemic circulation; they are eliminated
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through the kidneys within a few hours. On the one hand,
this is an advantage usable, for example, in development
of radioisotope diagnostic tools [26]. On the other hand, it
limits the use of nanobodies as preventive and therapeutic
agents and necessitates additional efforts aimed at increasing
their half-life in the bloodstream. The solution to the problem
of rapid elimination of nanobodies from the body is their
oligomerization and/or creation of bi- and trispecific antibodies.
Heterodimerized and bi- and trivalent nanobodies have
significantly longer pharmacokinetic persistence. An example
thereof is the ALX-0061 heterodimeric bispecific nanobody
produced by Ablynx; it consists of a high affinity VHH domain
binding the IL6 receptor with an affinity coefficient of 0.19 pM
and a VHH domain specific to serum albumin. The latter brings
the half-life of the heterodimeric complex up to 6.6 days, with
the molecular weight of the former of 26 kDa [35] and this is
clearly not the ultimate limit. This high an affinity of the ALX-0061
nanobody is the result of "affinity maturation", also enabled by
phage display; the technology increased the affinity 200-fold
compared to the initial VHH domain [35]. Another example of a
therapeutic antibody produced through heterooligomerization
of nanobodies is Ozoralizumab, a humanized bispecific trivalent
antibody including two TNFa-binding VHH domains and one
serum albumin-binding VHH domain [36]. Supplementing the
bi- and trivalent antibodies with VHH domain that binds serum
albumin can be considered one of the standard approaches to
augmentation of half-life of recombinant nanobodies [37].

Oligomerization of VHH domains to create bi- and trivalent
antibodies not only increases the half-life of these antibodies
but also enhances their functionality by building up the avidity
of such antibodies [38]. Another way to boost half-life and
functionality of nanobodies is through creation of fusion proteins
with the Fc fragment of human immunoglobulins. A nanobody
modified with an Fc fragment has a significantly longer half-
life in the bloodstream; the fusion also promotes activation of
the Fc-mediated effector functions (antibody-dependent cell-
mediated cytotoxicity, complement-dependent cytotoxicity,
etc.) [39, 40].

Virus neutralizing nanobodies

In the pre-pandemic era, different groups of researchers
designed nanobodies neutralizing the respiratory syncytial
virus [41], MERS-CoV [42], pandemic variants of the influenza
(H1N1 [43], H5N1 [44]), as well as multidomain broad-spectrum
influenza neutralizing nanobodies that bind hemagglutinin [45].
When the SARS-CoV-2 pandemic began, this technological
knowledge enabled development of neutralizing nanobodies
acting against the new pathogen. For example, yeast display
technology [46] allowed producing synthetic neutralizing
mNb6-tri nanobodies targeting the SARS-CoV-2 S-protein.
These nanobodies were shown to bind with the S trimer in
the "down" conformation, stabilize it in this inactive form and
thus make interaction with the ACE2 impossible [31]. Genetic
engineering optimization gave trivalent mNb6-tri antibodies
femtomolar affinity and picomolar concentration for complete
SARS-CoV-2 virus neutralization. These antibodies retain
their properties having undergone lyophilization, heating,
aerosolization, and thus can be used in inhalations for the
purpose of virus neutralization in the bronchoalveolar tree [31].

A panel of RBD-specific nanobodies was obtained from a
library of VHH phage displays created from B-cells of a Bactrian
camel immunized with recombinant RBD [47]. Three clones,
P2C5, P5F8, and P2G1, were selected with in vitro virus
neutralization test as completely suppressing the cytopathic
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effect of SARS-CoV-2 at concentrations of 12-48 nM. Seeking
to further improve antivirus properties of the antibodies, a group
of researchers produced homodimeric and heterodimeric
forms of nanobody clones that had 100-fold (minimum, some
were more potent) higher virus neutralizing potency compared
to monomers [47].

The new variants of SARS-CoV-2 that are better at avoiding
virus-neutralizing antibodies add urgency to the task of creation
of broadly neutralizing antibodies that bind all possible SARS-
CoV-2 variants. At least one option thereof has been produced
with the help of the single-domain antibody technology.
A group of researchers immunized a llama alternately with the
S protein of SARS-CoV-1 and MERS-CoV, then derived a phage
library of antibody variable domains and screened it against the
S protein of SARS-CoV-2, among other things. They found the
VHH72 nanobody, which boasts high cross-neutralizing activity
against SARS-CoV-1 and SARS-CoV-2. The researchers have
created a bivalent antibody based on VHH72 as a fusion protein
with the Fc fragment of human Ig, and shown its promise as
a possible base for a broadly neutralizing antiviral drug [48].
Phage display and VHH have enabled design of other virus-
neutralizing nanobodies that inactivate SARS-CoV-2 [49].

Thus, using the single-domain antibody technology, a
number of promising homo- and heterodimeric NAbs were
produced, all of them showing promise as base for an etiotropic
drug for treatment and prevention of COVID-19.

Production of recombinant human antibodies
from individual B cells

From the historical and methodological points of view, the
approach to production of human monoclonal antibodies
most advanced currently is direct isolation of specific B cells
followed by sequencing of the genomes of individual cells
and identification of variable fragments of MAbs produced by
them [50]. There are three variations of this approach, each
with its own methodology of the first stage (identification and
cultivation of the antigen-specific clone of B cells). For example,
the hybridoma technology allows producing hybridomas of
target B cells with myeloma cells and carrying out selection on
the HAT medium, and then collect hybridomas with the desired
specificity (1); or, isolate, culture and collect memory B cells (2);
or, directly isolate memory B cells with a target BCR interacting
with a fluorescently or magnetically labeled antigen, and then
analyze the repertoire of specific B cell clones using the single-
cell sequence technology (3). The latter option is the most
advanced one; it allows producing panels of specific NAbs
in a relatively short time [8]. Antigen-specific memory B cells
can be obtained from the plasma of hyperimmune patients or
from transgenic mice carrying human immunoglobulin loci and
producing fully human antibodies in response to immunization
with the target antigen [51]. There is a number of technological
solutions that improve performance of screening of individual
antibody-producing cells, like microfluidic sorting of B-cells
with assessment of BCR specificity, followed by bar-coding of
VH and VL pairs and high-throughput sequencing [52].

The advantage of the new technology is that its result does
not depend on the diversity of the library of variable domains,
but, at the same time, it is always a variant of the natural
repertoire of antibodies, which means an acceptable safety
profile and a significantly lower probability of non-specific (off-
target) interactions with its own antigenic determinants [50].
Along with single-cell NGS sequencing, high-performance
technological solutions enable simultaneous analysis of
hundreds of different clones of memory B-cells secreting
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antibodies of a given specificity and subsequent selection by
various useful properties (affinity, avidity, overlapping antigenic
epitopes, etc.) [8, 52].

The approach implying production of NAbs from individual
clones of B cells the with the help of the single cell sequence
technique has proven to be highly efficient in creation of broadly
neutralizing antibodies that block the CD4 binding site in the
V1/V2 and V3 regions of gp120, as well as HIV gp41 [53, 54].
In addition, this technology is behind design of MAbs against
cytomegalovirus [55], S-antigen of hepatitis B virus (HBsAQ)
[66] and a large number of NAbs against the SARS-CoV-2
S protein [57-60].

Some of the first neutralizing antibodies REGN10933
(casirivimab) and REGN10897 (imdevimab) were obtained by
applying the single B cell assay technology to the material
collected from immunized humanized mice and convalescents
after COVID-19 [58]. NGS sequencing and 3D mapping of
antigenic epitopes (done with hydrogen-deuterium exchange
mass spectrometry) enabled analysis of a panel of more than
200 virus-neutralizing antibodies, which ultimately yielded four
antibodies characterized by non-overlapping epitopes. Used in
a cocktail, the pairs of these antibodies effectively neutralized
all SARS-CoV-2 variants known at that time.

A similar study aimed at creation of a panel of SARS-CoV-2
virus-neutralizing antibodies was conducted in 2021 [8]. As a
result of NGS sequencing of clones of B cells from patients
that had severe COVID-19, 18 high-affinity antibodies to RBD
with KD in the range of 0.47-13.3 nM and virus-neutralizing
capacity were produced; four of them have shown 100%
virus neutralization at concentrations below 16 ng/ml [8]. The
next step was to do a competitive analysis of interaction of
the obtained antibodies with a panel of commercially available
neutralizing antibodies with a known 3D structure of the
antigenic epitope. COVA2-15 [59] and COV2-2504 [60] can be
named here in addition to the already mentioned REGN10933
(casirivimab) and REGN10897 (imdevimab) [58]. The results
of the competitive analysis and a series of SARS-CoV-2 RBD
(with known point mutations) viral neutralization experiments
allowed an accurate identification of antigenic epitopes of
the obtained ultra-neutralizing antibodies. By combining
antibodies complementing each other NAb cocktails that
effectively neutralize all studied variants of SARS-CoV-2 were
mixed. This experience shows that a comprehensive panel
of broadly neutralizing antibodies from individual memory
B cells that covers all possible antigenic epitopes and avoids
point mutations allows compilation of effective virus-neutralizing
cocktails against any new variant of SARS-CoV-2. If necessary,
the panel of broadly neutralizing antibodies can be supplemented
with targeted mutagenesis of antigen-binding sites.

There was developed a number of microfluidic platforms that
significantly increase cloning throughput and single antibody
expression. One of them is the 10x Genomics platform: drops
containing one antibody-producing cell each, as well as a lysis
buffer with microbeads coated with bar-coded primers, are
generated in a microfluidic device to encode cDNA of specific
native pairs of VH and VL domains [61].

A recent advancement is LIBRA-seq (linking B cell receptor
to fntigen specificity through sequencing) a technology enabling
high-throughput BCR screening by binding B lymphocytes to
antigens barcoded using oligonucleotides, followed by NGS
sequencing [62]. Using this technology, several thousand B
cells from HIV-infected patients were screened for antigenic
specificity, which vyielded confirmation of the predicted
specificity for antibodies to HIV, influenza and SARS-CoV-2,
including known and unknown NADbs.

The MAbs produced using the single B cell technology
can be genetically modified in the same way as antibodies
obtained by phage display. For example, it is possible to
modify the Fc fragment to increase the circulation of antibodies
in the bloodstream. Among the most advanced modified
antibodies to SARS-CoV-2 is sotrovimab, also known as
VIR-7831 and GSK4182136, designed by Vir Biotechnology
and GlaxoSmithKline, approved by the FDA in 2021. The Fc
fragment of sotrovimab includes amino acid substitutions
M428L and N434S (LS modification), which prolongs its half-life
[63]. Another example is AZD7442, a cocktail of tixagevimab
(AZD8895) and Cilgavimab (AZD1061) [64] compiled by
AstraZeneca. Both NAbs, combined, have engineered Fc
domains including L234F/L235/P331S substitutions (TM
modification), resulting in little or no binding to various FcyRs
or C1g complement protein, and insignificant to non-existent
manifestations of the effector function in vitro [64].

Prospects of artificial intelligence (Al) in further
development of the human antibody design technologies

Today, there is an already established candidate for the role
of a fundamentally new human antibody modeling technology:
Al-enabled in silico antibody structure prediction [65]. The
AlphaFold2 neural network launched in 2021 can predict spatial
structure of proteins from their primary sequence with accuracy
at the atomic level [66]. AlphaFold2 is the first successful
application of machine learning to the task of modeling tertiary
structure of a protein. AlphaFold2 relies on the so-called multiple
sequence alignment (MSA), analyzing information about the
pairing of amino acid residues and structural templates for the
primary sequence [67].

The AbAdapt service was developed specifically to predict
the 3D structure of antibodies and antigenic epitopes; it
combines structural modeling of antibodies and antigens with
modeling of their interaction. By default, AbAdapt takes primary
sequences as input and uses the Repertoire Builder [68], a high
performance antibody structure modeling service. In 2022,
AlphaFold and AbAdapt were merged to build the AbAdapt-
AF system [69], which more accurately predicts the structure
of paratopes and antigenic epitopes specific to antibodies.
The authors used the service to analyze the virus-neutralizing
antibody to RBD domain of SARS-CoV-2 and showed that their
system is best in modeling the antigen-antibody interaction.
The recently built Ablooper [70] and DeepAb [71] specialized
neural networks have proven to have a better throughput than
the Rosetta Antibody Benchmark and AlphaFold2 networks.

In August 2022, there was launched the NanoNet neural
network, which is optimized to predict the 3D structure of VHH
[72]. Its architecture includes a high-precision neural network
(CNN) and two additional neural networks (ResNet). The first,
ResNet, analyzes scaffolds and hypervariable CDR cycles,
while the second perceives interactions between amino acid
residues. Comparison of NanoNet and AlphaFold2 in terms of
prediction of 3D structure of the known 16 VHHs deposited
in the PDB in 2021, which means they were not part of the
dataset AlphaFold2 was trained on, revealed that NanoNet
offered better accuracy on the atomic level. Thus, NanoNet is a
very promising new tool for modeling the structure of VHH; it is
used, inter alia, to optimize the predictions of structure of CDR3
loops that neutralize VHH acting against SARS-CoV-2 [73].

It can be concluded that today, it is already theoretically
possible to create high-affinity variable domains of antibodies
in silico, i.e., without actual use of B cells and immunization.
There is no doubt that in the future, selection of a high affinity
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sequence for specific antigenic epitopes with the help of
machine learning will be a routine method of production of
human antibodies.

CONCLUSION

Currently, the monoclonal human neutralizing antibody
production technologies rely on phage display and derivation
of antibodies from individual B cells. Each technology has
its own advantages and limitations. Phage display allows
rapid screening of phage libraries with antigen-binding site
sequences, such a screening done against novel antigens. The
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This review looks at analytical capabilities and composition of portable equipment based on lateral flow immunoassay for rapid indication of human pathogenic
bacteria, viruses and toxins which was developed by the State Research Institute of Biological Instrumentation under the auspices of the Federal Medical and
Biological Agency of Russia. The review presents technical characteristics and composition of portable test kits UIHE-1 designed for taking monoanalytical and
multi-analytical lateral flow immunoassay on pathogenic microorganisms and toxins in washes from environmental objects surfaces and in culture media; it also
describes kits EkB and EkB-01 for analysis of biological aerosol samplers contents. Information is given on the analytical properties of luminescence lateral flow
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TEXHUYECKWE CPEACTBA HA OCHOBE NUMMYHOXPOMATOIPA®UI OANA UHONKALNA
MATOMEHHbIX MUKPOOPITAHN3MOB N TOKCUHOB

C. M. Apkos &, V1. B. Lunenko, C. . Tpetbakos, tO. H. Nwkos, K. K. CTspkkiH
[ocynapCTBEHHbI Hay4YHO-MCCNeoBaTeNbCKUN MHCTUTYT B1MONOrM4ecKoro NprnbopocTpoeHns deaepanbHoro Megrko-brnonornieckoro areHTcTea, Mockea, Poccust

B 0630pe paccMOTpeHbl aHaIMTUHECKNE BO3MOXXHOCTM U COCTaB TEXHUYECKNX CPEACTB Ha OCHOBE WMMyHOXpomMaTorpadun Ans SKCNPEeCCHON NHOMKaLWm
naToreHHbIX s YenoBeka GakTepuii, BUPYCOB M TOKCUMHOB, paspaboTaHHbix B MOCYAapCTBEHHOM HayYHO-MCCNEeLOBATENbCKOM MHCTUTYTE OMONOrM4ecKoro
npubopocTpoeHs PMBA Poccumn. PaccMOoTpeHbl TEXHUHECKME XapaKTepUCTVKIA 1 COCTaB CepuinHbIX yKnaaok YVIX3-1, npeaHasHa4eHHbIX 418 OCYLLECTBNEHS
MOHOAHAIUTHOIO 1 MyNBTUAHAIUTHOO MMMYHOXPOMAaTOrpad4eckoro aHanmnaa natoreHHbIX MYKPOOPraH3MOB U TOKCYHOB B CMblBax C MOBEPXHOCTEN 0ObEKTOB
OKpY>KatoLLet cpefbl, B KynsTypasbHbIX cpefax, KoMmnektoB Okb 1 Okb-01 ana aHanusa copepXMmMoro npoboOTOOPHMKOB B1ONOMMHECKOro aapo3onsi.
[MprBeeHbl cBefeHA 06 aHaNIMTUHECKMX CBOVMCTBAX YKNaaKu Ans NOMUHECLIEHTHOrO MMMYyHOoXpomMaTorpadudeckoro aHanmaa Y/-1, akcnepumeHTanbHOM
obpasue hnyopumeTpa-pednekTomeTpa «30HAaXK». [1pOBEAEHO CpaBHEHWE TEXHUYECKUX XapaKTEPUCTUK WHAMKALMOHHBLIX YKIa[oK WU KOMMIEKTOB C
3apybeXkKHbIMY aHanoramu, ykadaHbl HanpasfeHVst COBEPLLEHCTBOBaHNS TEXHNHECKMX CPEACTB Ha OCHOBE MMMyHOXpoMaTorpadun.
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Immunochemical analysis in which liquid immunochromatography
processes are based on specific (immune) interactions between
an analyte and specific receptor molecules deposited on a
porous thin membrane is called lateral flow immunoassay, or
LFIA. The history of the method began in the 1980s with the
development of urine chorionic gonadotropin test strips, which
allowed the detection of pregnancy outside the laboratory (1).
A schematic of a test strip for the sandwich version of the LFIA
is shown in Fig. 1.

Typically, an lateral flow immunoassay uses a multi-
membrane composite consisting of several membranes of
different chemical structure and porosity, fixed to a substrate that
provides structural rigidity and housed in a polymeric frame.
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The principle of the sandwich version of LFIA has been
described many times in the literature [2-4]. A liquid sample,
potentially containing analyte antigens, is placed on a substrate
for the sample to be applied. Capillary forces move the liquid
through the multi-membrane composite. First the colloidal
gold nanoparticles (CGN) conjugate with specific antibodies
is solubilized. The CGN conjugate is cherry colored and its
movement along the membrane can be observed visually.
When a detectable antigen is present in the sample, an
antigenic immune complex is formed, which starts to move
along the analytical membrane with an excess of conjugate
with the flow of liquid. The immune complex is then immobilized
on the analytical membrane by specific antibodies in the
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analytical region (AR), forming a 'sandwich', while unbound
conjugate antibodies are immobilized by antibodies located in
the control region (CR) of the test strip resulting in two colored
lines. In the absence of antigen in the sample, no antigenic
immune complex is formed, so a single visible line is formed
by the binding of the conjugate antibody and the CR antibody
(antispecific to the conjugate antibody) only in the CR.

Depending on the task at hand, additional reagents can be
added to the test strip and some membranes can be added,
combined or eliminated. However, the general design and
principle of analytical interactions during the movement of
reagents along the membranes is retained. Simplification of the
assay with respect to the Enzime Linked Immunosorbent Assay
(ELISA) can be achieved by avoiding additional treatments,
washes, signal-enhancing incubations, and visual assessment
of the results. Typical LFIA times are 10-25 min, sensitivity for
bacterial suspensions is 10°-10¢ CFU/ml, for viral suspensions
10*-10¢ PFU/ml; for protein toxins, sensitivity ranges from
1-100 ng/ml, depending on toxin type. Since immunochemical
interactions at the membrane are in non-equilibrium mode,
LFIA is considered to be inferior to ELISA in sensitivity. At the
same time, there are techniques and methods to increase
the sensitivity of LFIA to protein antigens to 0.1 ng/ml and to
103 cells/ml, but this requires either additional reagents or
instrumental registration and significantly increases assay time.

The focus on the LFIA method has emerged against a
backdrop of external global events affecting the interests of the
world's major economic powers and global public health. Four
waves of interest in LFIA methods can be distinguished, related
to the mass use of human pathogenic bacteria, toxins and the
emergence of new viral infectious diseases.

1. For the US Army's Operation Desert Storm in January-
February 1991 immunofiltration personalized anthrax detection
devices were created that were included in military equipment.
In the event of use of anthrax spores by the Iragi army, rapid
detection was expected to reduce personnel casualties.

2. Acts of individual bioterrorism, such as mailing envelopes
to US government agencies containing anthrax spores in
August-October 2001. Several firms in the US have produced
LFIA sandwich test strips to detect anthrax spores and other
dangerous pathogens (plague, tularemia, brucellosis).

3. The US Irag War 2003-2011. There has been an
expansion in the nomenclature of tests for the detection of
pathogens in environmental media.

4. COVID-19 pandemic from late 2020 — up to the
present. Rapid LFIA tests have become available to detect
the nucleocapsid antigen of SARS-CoV-2 coronavirus and
antibodies to it in exposed individuals in nasopharyngeal wipes
and serum. Production of immunochromatographic test strips
has reached hundreds of millions worldwide.

Biosecurity is extremely important in modern society.
Information on the presence of pathogens and toxins in
environmental media should preferably be obtained immediately
and directly at the sampling site. In addition to the biological
threats posed by individual bioterrorism, there are concerns
about the presence of biological laboratories working with
highly dangerous pathogens, funded by unfriendly states, in
CIS countries. The activities of these biolaboratories are not
transparent and are not monitored by the local administration.

The application of LFIA in sanitation and hygiene is driven
not only by biosafety issues, but also by the need for rapid
information on commodities of mass consumption, e.g. the
quality of agricultural raw materials entering the plant and
finished food products destined for the retail chain [5]. The
last decade has seen an increase in the development of
modifications to the LFIA that allow for highly sensitive analysis
while retaining the key strengths of speed of execution, ease of
implementation and interpretation of results [6-8].

The above makes the development and serial production
of domestic technical means of rapid indication of pathogenic
microorganisms and toxins, suitable both for medical needs
and for the control of environmental objects urgent.

Federal State Unitary Enterprise "State Scientific Research
Institute of Biological Engineering" FMBA of Russia (FSUE
“SSRIBE”) is the only agency in the country which is actively
involved in development and massive production of portable
equipment for indicating pathogens in environmental objects,
based on LFIA principle.

This overview is to present the characteristics of domestic
LFIA-based means for indication of pathogenic microorganisms
and toxins in environmental objects (wipes from surfaces,
liquids, contents of biological aerosol samplers) developed by FSUE
"SSRIBE" and to compare with similar items of foreign origin.

A kit of lateral flow immunoassay indicator elements UIHE-1

The UIHE-1 kit was developed for the detection of plague,
anthrax, tularemia, glanders and botulinum toxin type A in
wipes from environmental objects. The kit consists of lateral
flow immunoassay indicator elements and surface sampling
equipment, brushes, assay buffer container, sterile swab and
assay chart, all stowed in a water and dust-proof polymer case.
The kit has enough consumables for 10 tests to be carried out
for five different types of pathogens. A refill set is available to
quickly replace expended indicator elements and assay buffer
and other disposable accessories. In the regulatory documents
of FMBA of Russia the kit is recommended for use in the
practical work of the centers of hygiene and sanitation acting
under the auspices of FMBA of Russia. The main technical
characteristics of the kit are given in Table 1.

6 7 1

Fig. 1. Schematics of the test strip for the LFIA. 1 — rigid plastic substrate; 2 — substrate for sample application; 3 — conjugate substrate with dried conjugate of
colloidal gold nanoparticles (CGN) with specific antibodies; 4 — analytical membrane with applied lines of antibody solutions; 6 — analytical zone; 7 — control zone;
5 — adsorbent substrate. The vertical arrow indicates the application of the liquid sample on the substrate, the horizontal arrow indicates the direction of flow of the

test sample
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Table 2. Comparative characteristics of UIHE-1 kit and other methods of rapid pathogen indication [9]

Concentration min cl./ml PCR time (2,0 h) IHR time (3,5 h) ELISA time (2,0 h) UIHE-1 time (15-20 min)
Y. pestis 0,1 + + + +
Y. pestis 0,01 + - - /=
B. anthracis 1,0 + + + +
B. anthracis 0,1 + +/- + /-
B. anthracis 0,01 + - - _
Fr. tularensis 0,1 + + + +
Fr. tularensis 0,01 + - _ A

Note: PCR — polymerase chain reaction; IHR — indirect haemoagglutination reaction; ELISA — enzyme linked immunosorbent assay.

The characteristics of lateral flow immunoassay indicator  weights of 5.5 kg and 2.0 kg make them also suitable for use as a
elements of the kit in terms of sensitivity and speed, in  portable specific indication.
comparison with other lateral flow immunoassay express
methods of pathogen indication are given in Table 2. The  Express Kit-Bio
data were obtained in the course of exercises on detection
of microbial cells of vaccine strains of anthrax, plague and  The Express Kit Bio (EkB) is designed for:
tularemia pathogens [9]. — sampling and preparing samples of the contents of
As can be seen from comparative tests, the LFIA method  biological aerosol samplers, culture media after the biological
and the UIHE-1 lateral flow immunoassay indicator elements  enrichment stage, wipes from environmental objects;
have sensitivity comparable to indirect haemagglutination — detection of viruses (orthopoxviruses, Lassa and
reaction (IHR) and ELISA, and outperform them in terms of = Machupo haemorrhagic fevers, Dengue fever, West Nile fever,
speed. The range of lateral flow immunoassay indicator  virus accumulation medium and rickettsia (antigens of growing
elements that can be optionally supplied with the kit has now  chicken embryos), vegetative and spore forms of bacteria
been extended to 15 items [10, 11]. As a further effort, a version  (plague pathogens, glanders and melioidosis, brucellosis,
of UIHE-1 kit was created which is complete with multi-analyte  anthrax spores, tularemia), bacterial and plant toxins (botulinum
lateral flow immunoassay indicator devices (MID) designed for  toxin type A (BTA), botulinum toxin type B (BTB), staphylococcal
the detection of bacteria and toxins [12]. The test strips in the  enterotoxin type B (SEB), cholera exotoxin, ricin;

MID are arranged in separable polymeric rims of 5 pieces each, — recording the results of the LFIA and transmitting the
whereby the selected liquid sample has to be introduced into  results to authorities.
the sample application hole and distributed evenly over all test The kit is designed for sampling, preparation and carrying

strips. The top cover of the polymeric MID rim has rectangular ~ out assays of 50 samples and is operated between +10 °C
slots for visual recording of assay results and appropriate labeling.  and +40°C [13]. It consists of a kit of accessories for the
The use of the MID has made the kit more compact and increased  preparation of selected samples for carrying out assays, which
the nomenclature of bacteria (five names) and toxins (five names)  includes a device for elution of the sample from solid sorbent
detected in a single assay cycle. The causative agents of glanders ~ media of aerosol samplers; a set of multi-analyte lateral flow
and melioidosis have no species distinction in LFIA, due to the  immunoassays (MLFIA). The indication capability of the kit is
close antigenic structure of the Burkholderia genus. Both versions  provided by three types of MLFIA: Bacterial MLFIA, Virus and
of UIHE-1 kit have high resistance to mechanical and climatic ~ Accumulation Medium MLFIA and Toxin MLFIA (Fig. 2).

factors and are used in mobile biolaboratories. The plastic kit The detection and indication of glanders and melioidosis
cases are resistant to disinfectants. The small dimensions and  pathogens is indistinguishable from the bacterial species.

g 5
z
= 2 3
£ o 32 ¢ g 38 \ g
o 3 T @ El o @5
= 2 89 2 2 = = =l | S
£ % 3 8 SR sORS 3 [ dg 3
S i B IS R SRR mte e
ot g & 3 2 E} 3 T ZAR R
K- K- K-
A- A- A=

L/

MWUT Bupychbl n cpepa
HakorneHus

MWT Baktepun MWT TokcuHbl

Fig. 2. Appearance of the multi-analyte lateral flow immunoassays included in the EkB and EkB-01 kits. A. Bacteria for multi-analyte lateral flow immunoassays.
B. Viruses and accumulation media for multi-analyte lateral flow immunoassays. C. Toxins for multi-analyte lateral flow immunoassays 1 — sample put-in opening;
2 — opening for recording the test finding; 3 — analytical area; 4 — control area
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In the case of orthopoxviruses, Lassa fever and Machupo
fever viruses, detection and indication by LFIA is also without
species distinction. This is due to a lack of antibodies capable
of differentiating the antigens of these pathogens at the species
level. The kit is equipped with a reflectometric device (Fig. 3)
whose software allows automatic recognition of positive
analysis results, setting of intensity thresholds for coloring
MLFIA zones, archiving of assay data and transmission by
email to higher authorities for decision-making.

The computer used in the reflectometer device is highly
resistant to mechanical stress and moisture. The EkB kit is fully
autonomous, has its own power supply for the reflectometer
and can be deployed both in the laboratory and in the field.
The kit is housed in four impact-resistant, waterproof polymer
cases and contains all the necessary accessories for carrying
out an assay of the contents of the aerosol sampler when
sampling into liquids, filters or dense sorbent media. The kit
is also equipped with a transport container, allowing it to be
transported by all means of air and ground transport.

Portable version of the kit "Express-kit-Bio"

A portable version of the "Express-Kit-Bio " (EkB-01), (Fig. 4)
allows it to be used as a means of individual control of the
biological situation. The EKB-01 kit is designed to analyze five
samples for 17 types of pathogens. The device is designed for
LFIA of prepared samples of the contents of aerosol samplers,
immunochemical verification of microbial colonies after sample
enrichment on culture media, making wipes from the surfaces
of environmental objects and their analysis.

The portable version of the kit uses the same MLFIA as for
the EKB, the kit casing is dustproof, made of carbon composite
material, the total weight of the kit is 0.405 kg.

Development of indication tools based on luminescent
tags in lateral flow immunoassay

Luminescent tag molecules have also been successfully
used in LFIA, along with NCG. For example, Response
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Fig. 3. Exterior view of the reflectometer device of EkB kit

Biomedical Corp. (Canada) created the RAMP analyzer for
lateral flow immunoassay detection of pathogenic bacteria,
orthopoxviruses, and toxins. Technical specifications are
presented in Table 1.

The Federal State Unitary Enterprise "SSRIBE" under FMBA
of Russia developed and tested a prototype of luminescent
lateral flow immunoassay kit ULI-1 containing luminescent
lateral flow immunoassay indicator elements based on latex
sub-micron particles functionalized with carboxyl groups.
Obtaining conjugates of antibodies with latex particles was
performed by covalent binding. The ULI-1 kit also contains
a battery-operated LED visualizing device that allows the
operator to observe the luminescence of the analytical and
test zones of the lateral flow immunoassay indicator element
and perform visual registration of the assay results [14]. There
is an advantage in terms of detection sensitivity when using

Fig. 4. Exterior view of the EkB-01 kit. A. Kit with open cover. B. Attachment of the kit to the operator's uniform
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fluorescent tags, compared with NCG -based lateral flow
immunoassays, and namely: for the spore form of the anthrax
pathogen it is twice as much, for the vegetative forms of the
plague pathogen it is twice as much, for the F1 antigen of the
plague microbe it is five times higher, and for various types of
botulinum toxin it is two to four times higher.

For the purpose of recording LFIA results, an experimental
prototype reflectometer-fluorometer "Zondazh" was also
developed to record the intensity of light reflection from an
analytical or control zone of an lateral flow immunoassay in four
spectral ranges of visible light: white (400-800 nm), red (650 nm),
green (525 nm) and blue (470 nm). The spectral range of
the instrument makes it possible to record reflectograms not
only of CGN conjugates but also of colored latex particles
of different colors, often used as a dispersed phase in the
LFIA. In the luminescence intensity measurement mode the
"Zondazh" instrument allows the recording of luminescent
immunochromatograms. [t provides a luminescence excitation
wavelength of 380 nm and emission wavelength of 490 nm. The
device operates based on the reflectometry of digital images
of immunochromatograms, or the recording of luminescence
intensity in the case of luminescence tests. Emitting LEDs are
used as light sources. A solid-state video camera serves as an
image receptor. The device is electrically powered (220V/50Hz)
and weighs 1.30 kg. The software allows not only setting
of recording parameters but also integral peak intensities
of immunochromatograms and quantitative comparison of
different samples. The LFIA logs are stored in memory and can
be transmitted by email.

Directions for improving LFIA for pathogen indication

Ways to improve LFIA are to increase sensitivity, specificity and
speed of the method. A review of the literature suggests that a
pre-analytical sample concentration procedure, the selection of
high affinity receptor molecules, the use of colloidal tags with
a low detection threshold, instrumentation and methods for
recording these tags are promising for this purpose. The use of
magnetosorbents to concentrate bacteriaand viruses is effective
in the pre-analytical phase [15, 16]. In order to select the most
efficient receptor molecules, it should be taken into account
that immune reactions in LFIA are carried out in a kinetic mode.
Therefore, it does not matter whether the detected complexes
dissociate within hours or days. Their number is determined
primarily by the kinetic association constants, which are similar
in magnitude and vary within a limited range for receptors and
antigens with the same structure. Additionally, the affinity can
be increased by genetic modification (targeted design) of the
antibody active centre. The use of these methods is still very
limited, despite the confirmation of their efficacy [17].

With the development of molecular biology techniques, the
production of modified traditional receptors (antibodies) and
new receptors — aptamers [18-20], single domain antibodies
[21] are becoming available. Targeted immobilization of
antibodies on the dispersed phase via receptor staphylococcal
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REGULATORY T CELLS AND T HELPER 17 CELLS EXPRESSING CD39 AND CD73 ECTONUCLEOTIDASE
IN CHILDREN WITH SEVERE INJURY

Zakirov RSh'? = Kuptsova DG', Freidlin EV', Semikina EL', Petrichuk SV', Karaseva QV'?

" National Medical Research Center for Children's Health, Moscow, Russia
2 Institute of Urgent Children Surgery and Traumatology, Moscow, Russia

Frequent resulting disability and case mortality support the urgency of investigation of the immune response mechanisms triggered by severe injury (Sl) in children.
This study aimed to determine the informative immunological criteria of traumatic injury severity and prognosis in children (n = 43) based on the assessment of
expression of CD39 and CD73 ectonucleotidase in populations of regulatory T cells (Treg, CD4+CD127°“CD25"") and T-helper 17 cells (Th17, CD4*CD161+CD3%)
in Sl cases grouped by the outcome (favorable (Slfav, n = 24), unfavorable (Slunfav, n = 17) and lethal (n = 2)). With the help of flow cytometry, we identified a
pronounced decrease in the absolute number of 'Eeg and Th17, as well as 'I'reg and Th17 expressing CD39 and CD783, in the early post-traumatic period. In the Slfav
and Slunfav groups the relative number of'I'reg and Th17 cells expressing CD39 differed significantly (o <0.05); it was substantially higher form the first to the third day
post injury in the Slunfav group. The level of Treg CD39 (44.4%) is a premise for an unfavorable outcome in children surviving an Sl. In fatality cases, we registered
extremely low ectonucleotidase expression rates: CDSQ*‘I’reg — 9.52% (9.52-13.75) and CD39*Th17 — 0.92% (0.74-1.1). In the Slunfav group, the intensity of
fluorescence (FL) of CD39 on T cells in the early post-traumatic period was higher than seen in the Sifav group. The threshold value for the average fluorescence
intensity (FL) of CD39 on Treg was 8.25 c.u. In fatality cases, the ng CD39 FL values were extremely low: 3.95 c.u. (3.7-4.67). The results of the study indicate that in
children, the expression of CD39 and CD73 in 'I'reg and Th17 populations is significantly associated with the severity of injury and outcome of the traumatic disease.

Keywords: children, severe injury, T_, Th17, CD39, CD73, immune suppression
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PEFYNSATOPHbBIE T-KJIETKU U T-XENMEPbI 17-r'0 TUMNA C SKCMNPECCUEN 9KTOHYK/EOTUOAS CD39 U
CD73 NPU TAXKENON MEXAHNYECKOW TPABME Y JETEN

P. LLI. Baknpos? = [1. I Kynuosa', E. B. ®pengnvH’, E. J1. CemmknHa', C. B. Metpudyk!, O. B. Kapacesa'?

" HaupoHanbHbIn MeguLMHCKIN CCnefoBaTenbCKuUi LIEHTP 340p0Bbs AeTein MuHsgpasa Poccun, Mocksa, Poccurst
2 Hay4Ho-vcCnenoBaTenbCKuin UHCTUTYT HEOTIIOXKHOW AETCKON XVpypriv 1 TpaBMaTonorimn [enaptameHTa 3gpaBooxpaHeHist . Mockssl, Mocksa, Poccust

ViccnenoBaHne MexaHM3MOB Pa3BUTUSt IMMYHHOMO OTBETA MPK TSHXENON MexaH4eckon Tpasme (TMT) y feTein — akTyanbHasi U CoLmarnbHO 3HaUMMast 3agaqa no
NPUYMHE BbICOKOW MHBaNMAM3aLmmn 1 netansHocTU. Llensto paboTsl 6bin1o onpefenenmne MHPOpPMaTUBHBIX UMMYHONOMMHECKUX KPUTEPUEB TSHXXECTU 1 NMPorHosa
1cxopda TpaBmaTnydeckor 6onesHn y aeten (n = 43) Ha OCHOBE OLIEHKM 3KCMpeccuy akToHykneoTnaas CD39 n CD73 B nonynsumsix perynsaTopHbIX T-KNeTok
(Treg, CD4+*CD127°*CD25"") 1 T-xennepos 17-ro tvna (Th17, CD4*CD161+*CD3*) npu TMT B rpynnax ¢ 6naronpustHbiM (TMT6n, n = 24), HebnaronpusitHeIM
(TMTHebn, n = 17) 1 neTanbHbIM UCXoAoM (N = 2). C NOMOLLbO MeToAa MNPOTOYHOW LITODNYOPUMETPUM BbINO BbISBIEHO BbIPAXXEHHOE CHUXKEHNe abCoNoTHOrO
Konu4ecTaa 'I'reg n Th17, a Takke T__ 1 Th17, akcnpeccupytolimx CD39 n CD73, B paHHeM nocTTpasmaTydeckom nepvioge TMT. B rpynnax TMT6n n TMTHe6n

reg

oTHocuTenbHoe Ymeno T 1 Th17, akenpeccupytolx CD39, 3Haqnmo padnmnyanochk (o <0,05) 1 6o CyLLIECTBEHHO NOBbILLEHO C MEPBbIX N0 TPETLYM CYTKM NOCNe

reg
Tpasmbl Ans TMTHebn. YpoBeHb ‘I'reg CD39 (44,4 %) sBnsieTCA NPeanochIKON HeGNAroNPUSTHOrO UCXOAA Y BePKVBLLUMX AeTe npu TMT. ns 605bHbIX C NeTasbHbIM
1CX0A0M BbIN NONyYeHbl KpariHe HU3KME NokaaaTen SKNpeccumn akToHykneotnaad: CD39* T — 9,562% (9,52-13,75) n CD39*Th17 — 0,92% (0,74-1,1). ns
TMTHebn nHTeHCMBHOCTL thrtoopecueHumn (FL) CD39 Ha T B paHHeM NOCTTpaBMaTU4ECKOM NEPVOAE Oblia NoBbILLeHa B cpasHeHun ¢ TMTon. Onsa cpenHein

reg
reg

NHTEHCUBHOCTI hnyopecueHuun (FL) CD39 Ha 'I'reg MoporoBoe 3Ha4eHue coctaBuno 8,25 y.e. [na naumeHToB ¢ fleTasnbHbIM MCXoaoM 3HaveHust FL CD39 Ha 'Ijeg
BbISIBNEHbI KpaHe Huskue: 3,95 v.e. (3,7-4,67). [NonyyeHHble pedynstaTbl NokadbiBatoT, H4To akenpeccust CD39 1 CD73 B nonynsiumsix Treg 1 Th17 B 3Ha4MTENBHOM

CTerneHn ces3aHa C TAXKEeCTbO 11 UICXOO0M TpaBMaTI/IHeCKOVI bonesHn Yy ,D,eTeI;I.

Knto4yeBble cnoBa: AeTw, Tshkenas TpaBma, PerynsaTopHble T-numdoumTbl, T-xennepb! 17-ro Trna, CD39, CD73, uMMyHocynpeccus
®durHaHCUpOBaHMe: 1CCeaoBaHme NPOBEAEHO B pamMKax rocyapCTBeHHOro 3ananHnsa MuHsapasa Poccun, Ne AAAA-AT19-119021190051-6, Ne 122040800163-9.
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Konneram u3 OTAeNa COYEeTaHHOW TpaBMbl, aHECTE3UONOrnM 1 peannMaumn HU HeOTNOXHOM OETCKOW XMpyprim 1 TpaBMmaTofnorui [denaptameHTa
3ApaBooxpaHeHs ropofa Mocksbl.
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Severe mechanical injury (Sl) is one of the main reasons
behind children's disability and mortality [1, 2]. Sl triggers
decompensation of the body's life support systems as a
result of combined effect of such damage factors as traumatic
mechanical damage, blood loss and hypoxia. Mechanical
damage is the initiating factor: it triggers the release of damage-
associated molecular patterns (DAMPs), which, in turn, can
disrupt the cellular immune response to exogenous antigens
and pathogen-associated molecular patterns (PAMPs), thus
promoting dysfunction of the immune system. Extracellular ATP
(eATP) is one of the endogenous tissue DAMPs that trigger and
regulate the immune response to damage [3]. In trauma cases,
the level of eATP grows persistently in the injury [4, 5]. This
compound is one of the main components of the purinergic
system; being a strong pro-inflammatory signal, eATP plays an
important part in the T cell functioning regulation. As a powerful
damage-associated molecular pattern, eATP basically initiates
inflammatory response through purinergic P2R receptors.
At the same time, the end product of eATP degradation,
extracellular adenosine, being an immunosuppressor, plays an
important part in limiting that response. Extracellular adenosine
functions through the A2A adenosine receptors, blocks the
T cell receptor (TCR) signal by inhibiting phosphorylation of
the zeta-associated protein 70 (ZAP-70) and activates the
activating protein 1 (AP-1), thus decreasing the production of
IL2, expression of CD25 and inhibiting the T cell proliferation.
The levels of eATP and extracellular adenosine, as well as
their biological effects, are strictly regulated by the catalytic
effects of CD39 (E-NTPDasal) and CD73 (Ecto5'NTasa),
ectoenzymes expressed on the plasma membrane of immune
cells. CD39 metabolizes ATP to ADP, pyrophosphate and AMP.
CD73 ectonucleotidase degrades AMP into adenosine and
phosphate. Thus, CD39 and CD73 exonucleotidase secure
a balance between pro-inflammatory action of ATP and anti-
inflammatory action of adenosine in the focus of inflammation
[6-9]. In case of a severe trauma, there is usually a period of
prominent immunosuppression the pathogenesis of which
is largely shaped by the decreasing level of T-lymphocytes.
Absolute and relative number of T helper subpopulations is a
significant marker in determining the severity of the pathological
process and predicting its outcome [10-13]. Establishing the
levels of expression of CD39 and CD73 exonucleotidase
on various populations of circulating lymphocytes is of
great clinical importance in the context of diagnosing and
predicting the outcome of a wide range of diseases [14].
Therefore, the purpose of this study was to identify informative
immunological criteria for the traumatic disease severity and
outcome prognosis as applicable to children. The identification
relies on the assessment of absolute and relative number of
T lymphocyte subpopulations and the level of expression of
CD39 and CD73 ectonucleotidase in Treg and Th17 populations
in severe mechanical trauma cases.

METHODS

The study involved 43 patients (28 boys (65.1%), 15 girls (34.9%);
116 observation sessions) with SI, treated at the Department of
Anesthesiology and Resuscitation of the Research Institute of
Emergency Pediatric Surgery and Traumatology, Moscow, in
2020-2021. We used the laboratory of the National Medical
Research Center for Children's Health for laboratory studies,
which were prescribed 1 to 5 times, depending on the length of
stay of a given child at the Department of Anesthesiology and
Resuscitation (DAR). The mean age of the children was 13.0
(6.0-15.0) years (Me (Q,.—Q.,)). The time options for laboratory
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studies were the first, third, fifth, seventh and 14" days from
the day of injury.

The control group was comprised of 41 apparently healthy
children; all of them underwent medical examination at the
National Medical Research Center for Children's Health. The
children were comparable in age and sex: age — 12.41 (7.4-16.2)
years; 26 boys (63.4%), 15 girls (36.6%).

Assessing the injury, we relied on the Injury Severity Score
(ISS), the Glasgow Coma Scale (GCS) and its modification for
patients under 2 years old, the pediatric GCS (pGCS) [15].

The outcome of an Sl was assessed with the help of
the Glasgow Outcome Scale (GOS) and the Severe Injury
Qutcomes Scale (OISS) [16], which suggest the following
categories: category 1 — full recovery (the patient can live
and be as active as before the injury); category 2 — good
recovery (there are consequences that do not limit the level
of social adaptation, but the patient cannot return to the pre-
injury level of functional activity and needs further treatment
or rehabilitation); category 3 — moderate disability (there are
consequences that disallow return to the pre-injury functional
level, but the patient retains independent living skills); category
4 — severe disability (the patient needs assistance of others
and cannot live independently); category 5 — death. These
scales were applied to assess the condition of the patient at
discharge from the hospital.

The patients were included in the study if they had an SI
(ISS = 16) and were treated in the ICU. Concomitant acute
inflammatory and chronic diseases were a reason for exclusion.

At the first stage, we analyzed the results from the control
group and the Sl group. At the second stage, we analyzed
the two groups formed with the help of GOS and OISS, the
favorable outcome group (Slfav, n = 24) and the unfavorable
outcome group (Slunfav, n = 17) (Table 1). The distribution into
these groups was based on the scores: patients were allocated
to the Slfav group if they scored 4-5 points on the GOS scale
and 1-2 points on the OISS scale, and to the Slunfav group if
they scored 2-3 points on the GOS scale and 3-4 points on
the OISS scale. A group of fatal cases (Sldeath, n = 2) was
described separately (Table 1).

We assessed the quantity of Th17 Ilymphocytes
(Th17 — CD3+*CD4+CD161%), regulatory T lymphocytes
(Treg — CD4+*CD127°vCD25"") in the patients and established
the level of expression of purinergic signaling receptors on
T, (CD39T  — CD4"CD127°*CD26""CD39" and CD73T , —
CD4*CD1Z%OWCDZS"‘Q"CDm*) and Th17 lymphocytes
(CD39*Th17 — CD3*CD4+*CD161*CD39* and CD39*Th17 —
CD3+*CD4+CD161+CD73%). Two-platform technology enabled
assessment of the quantitative indicators of the subpopulation
composition of peripheral blood T lymphocytes. The absolute
number of lymphocytes was calculated with the help of a
Sysmex XT-2000i hematology analyzer (Sysmex Corporation;
Japan). The preparation of samples for cytofluorimetric
analysis included incubation of 100 pl of whole blood with 10 pl
of monoclonal antibodies tagged with fluorochromes for
20 min in a dark place. The erythrocytes were lysed with BD
FACS™ Lysing Solution (BD Biosciences; USA); the duration
of incubation therewith in the dark at room temperature did not
exceed 10-12 minutes. The resulting samples were analyzed
in a Novocyte flow cytometer (ACEA Biosciences; USA). The
surface markers used to determine lymphocyte subpopulations
were as follows: CD45, IgG1, IgG2a, CD3, CD4, CD25, CD127,
CD161, CD39, CD73 (Beckman Coulter, USA; BD Biosciences,
USA; SONY corp., Japan).

We used MS Excel 2016 (Microsoft corp.; USA), Statistica 10
(StatSoft, Inc.; USA), and IBM SPSS Statistics 25 (IBM corp.; USA)
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Table 1. Clinical characteristics of patients

Sl outcome
Factor
Slfav Slunfav Sldeath
n 24 17 2
girls 9 (37.5) 6 (35.3) -
Sex, %
boys 15 (62.5) 11 (64.7) 2 (100.0)
Age (Me [IQRY]), years 12.5[6.0-15.0] 13.0 [8.0-14.0] 7.5[4.7-10.2]

Days in DAR (Me [IQRY])

9.00 [7.00-13.25]

16.00 [10.00-25.00]

6.00 [6.00-6.00]

Total days in hospital (Me [IQR])

23.00 [16.00-29.25]

53.00 [23.00-58.00]

6.00 [6.00-6.00]

ISS (Me [IQRY]) 26 (19-29) 27 (26-34) 25135
TBI, % 21(87.5) 16 (94.1) 100
GCS (Me [IQR]), points 12 (8-12) 7 (4-13) 7n3
Coma, % 5(20.8) 8 (47.0) 2 (100)
Concomitant injury, % 21(87.5) 16 (94.1) 2 (100)
Multiple trauma, % 11 (45.8) 7(41.9) 1(50)
Blood loss, % 16 (66.6) 13 (76.4) 1(50)
Unstable hemodynamics, % 8(33.3) 12 (70.5) 2 (100)
Respiratory support (ALV), % 16 (66.6) 16 (94.1) 2 (100)
Multiple organ failure, % 1(4.1) 2(11.7) 2 (100)

to process the data obtained. The results are presented as a  RESULTS
median (Me) and quartiles (Q,;~Q,,). Mann-Whitney U-test with
Bonferroni correction enabled comparison of differences in the
attributes. Spearman's rank correlation coefficient (R) was used
to assess relations between the attributes. The significance
of quantitative indicators was assessed and threshold values
(cut-off points) chosen with the help of the receiver operating
characteristic curve (ROC curve). The threshold values were
determined factoring in the maximum sensitivity and specificity
requirements. The conclusions were considered significant at  of gradual growth of the level of Th17 from the third day on
p < 0.05 (9. (Tables 2, 3).

Table 2. Subpopulations of CD4*-lymphocytes, 'I'reg and Th17 expressing CD39 and CD73, and ectonucleotidase fluorescence intensity on 'I'reg and Th17 in Sl and
control groups, regardless of the traumatic disease outcome

The analysis of data from the control and S| groups revealed a
pronounced decline in the absolute number of T_ and Th17 in
the early post-traumatic period. The values of these indicators
in S| patients were significantly different from the respective
values registered in the control group (Table 2, 3). Third to
fifth day post injury, the T@/T h17 ratio was decreased in the
Sl group compared to the control group, which is the result

S| (days elapsed since injury)
Control group
Indicators 1st day 3¢ day 5t day 7" day 14t day
n=41 n=18 n=233 n=16 n=21 n=24
T, abs 72.2 [57.3-86.2] 34.9 [22-48]* 38.3 [24.2-54.4]* 36.5 [24-67.2] * 36.5 [24-67.2]* 61[49.1-78.9]
Th17, abs 144.6 [97.7-150.6] 78.1 [54.7-97.2] 87.2 [64.4-136.3]* 93.2 [75.3-145.9] 93.2 [75.3-145.9] 163.3 [118.4-232.9]
T./Th17 0.6 [0.5-0.8] 0.4 [0.3-0.7] 0.4 [0.3-0.5]* 0.4 [0.3-0.5]* 0.4 [0.3-0.5] 0.4 [0.3-0.5]*
CD39", % T, 35.2[29.1-39.4] 27.6[17.3-43.1] 33.3[15.4-53.2]* 36.4 [15.8-49.6] 36.4 [15.8-49.6] 43.4 [28-52]
CD39", abs T, 27 [18.3-31.7] 9.3[5.9-13.1* 10 [7-14.2] 12.4[6.7-18.8]* 12.4[6.7-18.8] * 23.2[10.9-38.7]
CD39*, % Th17 9.6 [8.6-12.1] 9.8 [6.5-12.4] 7.7 [3.4-10.6]* 6.8 [5.3-10.7]* 6.8 [5.3-10.7] 7.3[4-8.9]*
CD39+, abs Th17 12.5[10.9-14.7] 7.9 [3.5-9.2]* 6.0 [2.2-9.6]" 7.1 [4-10.5]* 7.1 [4-10.5] 11.3 [4.3-18.5]
CD73", % T, 8.9[7.3-11.1] 6.5[4.1-13.1] 6.9 [4.9-11.8] 11.2 [6.1-22.3] 11.2[6.1-22.3] 6.7 [4.6-16.9]
CD73+,abs T, 8[3-10] 2.7 [1.3-3.3]* 2.2[1.6-4.7T" 5.2 [2.7-6.5] 5.2 [2.7-6.5] 4.3 [2.5-8]
CD73%, % Th17 10.2 [7.3-14.4] 8.1[6.1-13.7] 10.8 [7.4-19] 13.8 [10.6-16.5] 13.8 [10.6-16.5] 15*[9.2-19.8]
CD73*, abs Th17 13.6 [8.4-17] 6.5 [3.3-9.2] 10.3 [4.3-22.4] 14.7 [11.9-28.2] 14.7 [11.9-28.2] 26.7 [12.3-34.9]*
CD39/CD73 T, 3.4[2.6-5.1] 3.9[1.9-6.9] 4.5[1.9-7.8] 2.8[1.6-5.4] 2.8[1.6-5.4] 4.6[2.5-9.1]
CD39/CD73 Th17 1.1 [0.7-1.7] 1.4 [0.5-2.2] 0.7 [0.2-1.3] 0.5[0.2-1.3] 0.5 [0.2-1.3] 0.5 [0.1-0.7]
FLCD39T 7.9[7-9.2] 8[6.7-13] 8.4[6.2-11.3] 8.1[5.6-10] 8.1 [5.6-10] 9.4[7.1-12]
FL CD39 Th17 7.2[5.8-8.9] 6.6 [5.4-7.7] 7.8 [6.2-9.3] 7.2 6.6-9.1] 7.2 [6.6-9.1] 7.8 [6.8-8.8]
FLCD73T 3.3[2.7-3.7] 3.2[2.7-4.1] 4.2 [3.2-6.2]* 3.3[2.8-4.7] 3.3[2.8-4.7] 4.4 [3.6-5.7]*
FL CD73 Th17 3.6 [3.3-4.7] 4[3.2-6.1] 4.6 [3.2-5.7] 4.11[3.9-6.8] 4.1[3.9-6.8] 4[3.3-6.4]

Note: Me [Q,,-Q,,%]; * — p < 0.05, Mann-Whitney U-test with Bonferroni correction, compared groups (healthy children, Sl).
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Table 3. Adjusted level of reliability of the analyzed parameters (with Bonferroni correction), control and S| groups, regardless of the traumatic disease outcome

Parameter Mann-Whitney U-test (control group/Sl)

Days since injury 1 3 5 7 14

# of observation sessions 18 33 16 21 24
Ty abs 0.0000* 0.0000* 0.006* 0.03* 0.605
Th17, abs 0.0000* 0.003* 0.215 1.407 0.232
T./Th17 0.1035 0.005* 0.015* 0.3665 0.011*
CD39", % T, 0.509 4.1445 3.206 4.2395 0.3365
CD39", abs T, 0.0000* 0.0000* 0.002* 0.017* 1.9045
CD39*, % Th17 4.13 0.0335* 0.0125* 1.9935 0.0015*
CD39*, abs Th17 0.0005* 0.0000* 0.0165* 0.2125 1.091
CD73", % T, 2.2375 1.0035 2.6035 1.836 3.6035
CD73%, abs T, 0.0015* 0.0000* 0.206 0.98 0.926
CD73%, % Th17 1.6255 1.418 0.758 2.152 0.063
CD73*, abs Th17 0.006* 2.032 1.1885 4.7335 0.0065*
CD39/CD73 T 4.3845 4.1865 1.2375 1.4005 1.9915
CD39/CD73 Th17 4.462 0.1255 0.0885 1.2715 0.007*
FLCD39T 4.8375 4.8275 3.333 3.079 1.4725
FL CD39 Th17 1.936 1.105 2.7475 2.547 2.438
FLCD73T 2.5445 0.0245 * 3.462 0.1695 0.0005*
FL CD73 Th17 1.584 0.5755 0.223 2.6665 0.993

Note: Me [Q,-Q, %]; * — p < 0,05, Mann-Whitney U-test, compared groups (control group, SI).

The dynamics of the absolute number of Treg and Th17
cells expressing CD39 and CD79 was similar to the dynamics
of small subpopulations of CD4* lymphocytes during the acute
post-traumatic period, but the changes were more pronounced
incase of T cells (Tables 2, 3). The relative amount of CD39*T_,
in children with Sl varied from 6.3 to 76.6% and significantly
exceeded the value of CD39*Th17 (range of variability:
0.3-24.1%) (Table 2). As for CD73, the relative number of this
marker was significantly higher on Th17 (range of variability:
2.6-99.9%) than on Treg (range of variability: 0.5-55.2%). We
uncovered no significant differences with the control group.
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However, at some observation sessions the registered values
significantly exceeded the maximum levels seen in the control
group (Table 2).

The analysis of ectonucleotidase mean fluorescence
intensity (FL) on Ieg and Th17 revealed differences for CD73
on T@. Compared to the control group, the FL values for CD73
three days after the injury were increased (Tables 2, 3).

Correlation analysis revealed a relationship between the
percentage of Ieg and Th17 expressing CD39 and CD73
and the intensity of marker fluorescence. In case of Th17,
the percentage of enzyme-expressing cells increases slightly
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Fig. 1. Dependence of the percentage of 'Eeg and Th17 cells expressing CD39 and CD73 enzymes on the intensity of fluorescence (FL) of CD39 and CD73. A. FL CD39
Th17: CD39", Th17%. B. FLCD39 T_: CD39", T_ %. C. FL CD73 Th17: CD73', Th17%. D. FLCD73 T_: CD73", %T,_
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Table 4. Relative amount of 'I'reg and Th17 cells expressing CD39 and CD73 enzymes, first through third days, children with SI

Indicator Slunfav Slfav Sldeath Statistical significance level
# of observation sessions 19 3 p. Slunfav and Sifav
T,y % CD4 9.24 [8.12-10.84] 8.9[8.48-11.4] 9.9 [8.84-10.5] 0.968
CD39, % T, 52.33 [43.7-62.2]* 21.7 [14.9-25.2] 9.52 [9.52-13.75] 0.000026
CD78, % T, 6.24 [3.2-8.8] 6.54 [4.0-9.2] 4.9 [3.53-7.2] 0.84
Th17, % CD4 30.76 [25.2-35.2]* 15.5[12.2-17.8] 19.5[17.91-28.5] 0.0008
CD39, % Th17 14.55 [8.9-19.1]* 6.72 [3.14-9.0] 0.92 [0.74-1.1] 0.012
CD73, % Th17 12.38 [7.7-19.21] 10.38 [4.15-15.77] 5.7 [4.7-6.7] 0.599

Note: Me [Q,.-Q,,%]; Mann-Whitney U-test, compared groups: Slunfav, Slfav.

as the intensity of fluorescence of CD39 (r = 0.27; p = 0.002)
and CD73 (r = 0.20; p = 0.018) grows (Fig. 1A, B). In case of
Treg, as the fluorescence intensity grows, the share of enzyme-
expressing cells increases for CD39 (r = 0.71; p < 0.001) and
decreases slightly for CD73 (r = -0.18; p < 0.05; Fig. 1). The
strongest direct dependence was found for CD39+Treg (Fig. 1B).

A comparative analysis of the post-traumatic period data
from Slfav and Slunfav groups has shown a significant increase
in the relative amount of Th17 that occurred first through third
days in the Slunfav group. At the same time, there were no
differences between groups in terms of the number of T
cells (Table 4). The levels of expression of CD39 on 'I'reg and
Th17 lymphocytes differed significantly in the Sifav and Slunfav
groups: patients from the latter group had it considerably
higher (Table 4, Fig. 2). We did not do the comparative analysis
for the STMdeath group (n = 2) because of the small number of
observation sessions (three), but it can be noted that in case of
such patients, with the relative amounts of 'I'reg and Th17 being
comparable, the registered expression of ectonucleotidase on
Treg and Th17 was extremely low (Table 4).

The following clinical cases show the dynamics of CD39
expression on Treg and Th17 in patients with unfavorable (Case #1,
Fig. 3) and favorable (Case #2, Fig. 3) injury outcome.

The analysis of fluorescence of ectonucleotidase on T_ and
Th17 in children from the Slfav and Slunfav groups revealed

that the respective parameter differed significantly between
the groups in case of CD39 on Treg. In the Slunfav group we
registered a slight increase in the fluorescence of CD39 on 'I'reg
days 1 through 7 post-injury (Table 5). As for the Sldeath group,
the fluorescence values there were as follows: FL CD39 T —
3.95(3.7-4.67), FLCD73T  — 4 (2.55-4.55), FLCD39 Th17 —
6 .77 (6-8.55), FL CD73 Th17 3.52 (3.1-3.95). Compared to
Slfav and Slunfav, the FL CD39 'I'reg values there were extremely
low (Table 5).

We built a ROC curve (both Slifav and Slunfav groups) for
the indicators that proved to be of high prognostic significance
in traumatic disease cases in children. A good quality division
model was generated for CD39* Treg % (AUC = 0.741) and FL
CD39 T, (AUC = 0.721). The resulting cut-off for CD39'T |
was 44.4% (sensitivity — 66.6, specificity — 84.7) and FL
CD39 Treg — 8.25 c.u. (sensitivity — 87.5, specificity — 62.5).

DISCUSSION

This study shows that a severe mechanical trauma in children
unbalances the Treg/Th1 7 ratio in the early post-injury period, the
imbalance translating into a slight shift towards Th17 while the
absolute number of T_and Th17 cells decreases noticeably.
These findings are consistent with the data published by
other researchers [11-13, 17]. Among Treg and Th17, the
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reg

absolute number of cells expressing CD39 and CD73 also
proportionally decreases in the critical period of traumatic

disease.

The analysis of cells expressing CD39 and CD73
ectonucleotidase in CD4+-lymphocyte populations in children
with S| revealed that the highest expression of CD39 in the
Treg population is up to 76.6%, that of CD73 in Th17 — up to
99.9%. In apparently healthy children, by contrast, the CD39
expression in the Treg population ranged from 19 to 49%, and
that of CD73 by Th17 — from 7 to 35% [18].

Table 5. Fluorescence parameters (FL) of CD39 and CD73 purinergic signaling on T__and Th17, critical period, S, children

reg

We have established that depending on the traumatic
disease outcome, the expression of ectonucleotidase in
children going through the early post-injury period may be
different. Compared to the patients for whom the outcome was
favorable, children from the Slunfav group had the percentage
of CD39 on T, and Th17 increasing and the intensity of CD39
fluorescence on Treg growing on days first through seventh
post-injury. A possible reason therefor is the role played
by ectonucleotidases, especially CD39, in enhancing the
hydrolysis of eATP and accumulation of extracellular adenosine

Slfav, days since injury Slunfav, days since injury
Indicators 1 3 5 7 14 1 3 5 7 14
n=10 n=18 n=6 n=14 n=12 n=6 n=13 n=8 n=7 n=12
FL CD39 7.7 7.3 9.7 7.7 7.5 10.7 10.8 8.5 12.9 10.3
T [6.1-9.3]* [6.2-9] * [6.6-14.8] [6.6-9.9] [6.3-11.8] [8.5-14] [8.8-12.4] [7.9-8.8] [9.4-14.1] [8.3-12]
FL CD39 6.5 7.3 9.9 7.9 7.3 7.3 8.7 7 9.3 8.2
Th17 [6.4-7] [6.7-8.4] [6.1-10.6] [6.4-8.2] [6.1-8.8] [6-8.7] [7.1-9.8] [6.8-7.9] [5.3-10.3] [7.1-9]
FL CD73 3.2 3.8 3.2 3.9 4.6 3.2 5.1 3.4 4.7 4.4
Teo [2.7-5.9] [3-4.8] [3.1-4.9] [2.4-4.8] [2.8-6] [2.6-3.7] [3.7-8.7] [2.8-5.5] [4.3-7.1] [3.8-5.6]
FL CD73 3.7 4.2 4.1 3.9 4.3 4.3 5.1 4.5 4.7 3.9
Th17 [3.1-6.1] [3.7-4.8] [3.9-5.1] [3.1-5.7] [3.3-7.4] [4-6.9] [3.3-8.4] [3.9-7.9] [3.3-5.9] [3.2-5.3]

Note: Me [Q,.~Q,;%]; p is the adjusted significance level (Bonferroni correction applied); * — p < 0.05 significance level, Mann-Whitney U-test, compared groups (Slfav
and Slunfav on the first, third, fifth, seventh, and 14" days post injury).
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in the injury locus, which triggers a cascade of reactions
through the A2R system of adenosine receptors, this cascade
ultimately leading to suppression of the immune response to
prevent massive tissue damage [14]. The direct correlation
between the level of CD39 fluorescence and the percentage of
CD39+'I',eg that we discovered indicates that the proportion of
Treg abundantly expressing CD39 ectonucleotidase increases
in response to injury. Previous studies that involved healthy
adult donors have shown that cells with a large amount of
CD39on T hydrolyze ATP more efficiently [8]. As for the CD73
ectonucleotidase, we established no correlation between its
percentage and fluorescence intensity, probably due to the fact
that CD73 is found both on the cell membrane and in soluble
form [19]. In the deceased patients, the identified values of
ectonucleotidase expression were extremely low, which may
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One of the approaches to cartilage tissue restoration problem relies on cellular technologies that use iPSCs, induced pluripotency stem cells that are an
unlimited source of cellular material for tissue engineering with significant differentiation potential. However, there are no standardized protocols for chondrogenic
differentiation of iPSCs. This study aimed to make cartilage tissue samples using 3D spheroid cultures and following four chondrogenic differentiation protocols, then
compare characteristics of the cartilage samples made under different protocols and isolate the most effective way of differentiation. The iPSCs were differentiated
chondrogenically, the four protocols were "long", "short", "combined" and with conditioned medium from a primary culture of autologous chondrocytes; the
combinations of TGFR1, BMP2, Chir 99021, and PK factors varied. Microwell plates were used to make spheroids. Immunocytochemical staining, real-time PCR
and histological staining enabled assessment of the synthesis and expression profiles. High rates of synthesis and expression of chondrogenic markers Sox9,
aggrecan, type Il collagen were observed in spheroids experimented with under the "long", "combined" protocols and the conditioned medium protocol. The
"combined" differentiation protocol made chondrogenesis most effective, and conditioned medium was highly efficient in inducing and supporting chondrogenic
differentiation.
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OpHaKo CTaHAapTU3NPOBaHHbIX MPOTOKOSOB XoHAporeHHon anddepeHLmpoBkm UMCK HeT. Lienbto paboTbl 6bi10 NonyymTb XpswenofobHble obpasiibl TKaHn ¢
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Peculiarities of morphology of the hyaline cartilage tissue make
its ability to heal rather low. Without proper therapy, most
defects of the cartilage caused by trauma, focal lesions or
degeneration processes progress, for example, into arthrosis,
which negatively affects the quality of life. Cellular technologies
that can cover losses of functionally active cells in the damaged
tissue area and trigger effective healing offer a promising
approach to this problem.

CO.DON, a German company, has been using such cellular
technologies in the clinic for over 10 years: the respective
protocols of treatment of the damaged articular cartilage rely
on autologous chondrocytes, which ensure development of a
phenotypically stable cartilage during healing [1-3]. However,
transplantation of autologous chondrocytes, although a
proven successful approach to the damaged hyaline cartilage
restoration, is quite invasive: collection of the donor material
requires a biopsy [4, 5]. In addition, the amount of cellular
material collected is quite small, which necessitates long-term
cultivation that puts the cells at risk of losing chondrogenic
qualities and differentiating into fibroblasts, which can lead to
fibrosis after transplantation [4, 5]. In connection with these
shortcomings, it is especially important to have a selection of
alternative cellular resources.

Induced pluripotent stem cells (iPSCs) are one of the
promising sources of cellular material. Their properties, such
as pluripotency, a wide potential for differentiation into all
types of somatic cells, including chondrocytes, as well as the
unlimited self-renewal ability, make iPSCs an equivalent of
embryonic stem cells (ESCs) that lacks the ethical problems
associated with derivation of the latter [4, 6, 7]. Any type of
somatic cells of the body can be used to make iPSCs [5, 8].

Chondrocytes differentiated from iPSCs have a juvenile
phenotype, which translates into a high proliferation rate and
increased production of extracellular matrix (ECM). This quality
makes healing of articular defects more effective [4, 5]. Thus,
iPSCs are a promising source of cells that can yield a large
amount of biomaterial for cellular technologies. However,
despite a large number of studies investigating the subject,
there is still no standardized protocol that ensures quality
chondrogenic differentiation [9]. An actively used method is
that of directed differentiation, which roughly reproduces the
process of chondrogenesis [10]. The common choice in this
context are recombinant proteins that are similar to the main
chondroinducers in the developmental processes, as well as
various combinations thereof (Fig. 1).

Proteins of the transforming growth factor — (TGFB)
superfamily, such as TGFf proper and those of the bone
morphogenetic protein family (BMP2), are widely used for in
vitro chondrogenic differentiation. One study [11] had TGFB3 as
the only differentiation factor, and the resulting chondrogenesis
in iIPSC cultures was registered as incomplete. Another group
of researchers relied on a combination of TGFB1 and BMP2
[12], and the results they achieved were of better quality. The
effectiveness of in vitro chondrogenesis may also be increased
through differentiation into an MSC-like cell population as
a preparative step; this approach was used in the "classic"
protocol [3], which implies preliminary induction of mesenchymal
precursors with Wnt3a and Activin A. The next step was to induce
chondrogenesis using TGF1 and BMP2, thus creating cartilage
structures with a high expression of chondrogenic markers and a
low level of hypertrophy. A similar protocol that differed in longer
cultivation time has also yielded effective chondrogenesis; the
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Fig. 1. General sequence of chondrogenesis processes. A. Migration of the mesenchyme. B. Prechondrogenic mesenchymal condensation. C. Formation of cell
contacts, synthesis of ECM. D. Intercellular space and microenvironment of differentiating cells. E. Beginning of chondrogenic differentiation. F. Cartilage formation
G. Phase contrast microscopy pictures, magnification x10: 1-56 — spheroids after 1, 2, 3, 4 and 5 weeks of cultivation, 3D cultivation condition
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Table 1. Chondrogenic differentiation protocols

Differentiation (35 days)

Protocol name

In monolayer culture (7 days)

In 3D culture (28 days)

with conditioned medium

"Long" TGFB,, BMP2, FBS 10%
"Short" Base medium with additives
"Combined" Chir 99021, RA — 2 days TGFpB1, BMP2, FBS 10%

RA — 5 days

Conditioned medium from chondrocytes, GlutaMAX

Control groups

Positive control

Base medium with additives, FBS 15%

Base medium with additives, FBS 10%

Negative control

TeSR1, Essential8 (1 : 3)

Base medium without additives

resulting structure was transplanted subcutaneously to a mouse
with subsequent formation of a cartilage of a juvenile phenotype
with a high content of proteoglycans [4]. Retinoic acid (RA) and
retinoids are necessary for the development of limbs, since they
trigger activation of Hox genes involved in determining the area
of bud formation [13]. In vitro, a combination of Chir 99021
(6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl-1H-imidazol-2-yl)-2-
pyrimidinyllamino]ethyljamino]-3-pyridinecarbonitrile, an inhibitor
of glycogen synthase kinase 3 (GSK-3)) and RA promoted
directed differentiation into chondrocytes within a short period of
time [14]. In addition, low molecular weight compounds are quite
simple to use, non-immunogenic and can be efficiently delivered
to cells [15].

The standard 2D culture approach does not match the natural
environment of the cells and limits differentiation significantly [16].
Both in vivo and in vitro, cells need a 3D environment.

One of the common methods of 3D cell cultivation and
differentiation is the production of spheroids [17, 18]. Spheroid
cultures were shown to significantly improve cell proliferation while
maintaining the phenotype and key signals [16, 19]. Moreover,
this 3D culturing technique mimics the process of mesenchymal
condensation at the early stage of cartilage development [20].
There are various methods vyielding spheroids, including the
hanging drop method [21, 22], centrifugation of a suspension of
cells of certain density [23-25], self-aggregation into spheroids in
suspension cultures [2], formation in U-shaped microwell plates
[26-28 ], as well as methods involving biomaterials [29, 30]. The
finished constructs can be effectively cultured under dynamic
conditions, for example, in a 3D orbital shaker [8].

In this work, we followed four protocols of the 3D spheroid
culturing method to form cartilage tissue. Two of the four protocols
were developed by our laboratory. The main purpose of this study
was to identify and compare the features of the resulting structures
and single out the most effective way of differentiation.

METHODS
iPSC cultures

We used the FD4S iPSC line derived from human skin fibroblasts
by the method described in [41], using a non-integrating Sendai
viral vector carrying the genes of transcription factors OCT3/4,
SOX2, KLF4, and C-MYC. The cells were cryopreserved at —80 °C.

Cultivation was conducted at 37 °C with CO, at 5%, in a
mixture of growth media without a mTeSR1 feeder (STEMCELL
Technologies; Canada) and Essential 8 (Thermo Fisher
Scientific; USA), at a 1 : 3 ratio, with 40 pg/ml of gentamicin
(PanEco; Russia). The medium was changed once a day. Upon
appearance of a monolayer, we subcultured the culture at
1 : 3 ratio; to improve cell viability after this procedure, we used
10 uM of the Y27632 Rock kinase inhibitor (StemMACS,
Miltenyi Biotec; Germany).

Differentiation protocols

Chondrogenic differentiation of iPSCs was conducted following
the four tested protocols (Table 1):

—"long" [3};

— "short" [14];

— "combined";

— with conditioned medium.

Cultures of human chondrocytes and fragments of human
articular cartilage were used as a positive control. Cultures of
iPSCs and 3D structures from them served as negative control.

Monolayer cultures

Monolayer iPSC cultures were differentiated for 7 days in
Advanced DMEM base medium (Gibco, Thermo Fisher
Scientific; USA) supplemented with 10 ng/ml of bFGF
(STEMCELL Technologies; Canada), 100x GlutaMAX (Gibco,
Thermo Fisher Scientific; USA), 50x B27 (Gibco, Thermo Fisher
Scientific; USA), 1% insulin transferrin selenite (ITS) (PanEco;
Russia), 50 pg/ml ascorbic acid (Sigma Aldrich; USA), 50 pM
B-mercaptoethanol, 5 pg/ml plasmacin, gentamicin (PanEco;
Russia) and 40 pg/ml gentamicin solution (PanEco; Russia).

For the "long" protocol we also added 10 ng/ml of TGFB1
(Miltenyi Biotec; Germany), 10 ng/ml of BMP2 and 10% FBS to the
base medium. For the "short", "combined" and conditioned medium
protocols the supplements were 10 uM of Chir 99021 (Miltenyi
Biotec; Germany) and 10 nM of RA (Sigma Aldrich; USA) introduced
together for two days, and after that — only 10 nM of RA.

The medium was changed once a day. On the third or
fourth day we subcultured the cultures at the ratio of 1:3 with a
0.25% trypsin solution.

The previously obtained culture of human chondrocytes was
thawed from the cryobank of the Federal Research And Clinical
Center of Physical-Chemical Medicine. The process implied
heating the cryovial in a water bath until the ice completely
disappeared and then washing the DMSO cryoprotector off
the cells in 10 ml of pure Advanced DMEM medium preheated
to +37 °C, the washing done by centrifuging in a 15 ml test
tube (Servicebio; China) at 1000 RPM for 5 min. The precipitate
with chondrocytes was diluted for subsequent cultivation in
Advanced DMEM supplemented with 15% FBS or 10% human
serum. The medium was changed every 4 days; the conditioned
medium was taken out and filtered twice through syringe filters
(0.45 pm pore and 0.22 um pore, respectively).

3D cultures
The spheroids were formed in AggreWell 800 microwell plates
(STEMCELL Technologies; Canada) with Anti-Adherence

Rinsing Solution (STEMCELL Technologies; Canada); we
followed the protocol provided by the manufacturer [31].
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Factoring in the number of cells, we added 1 or 2 ml of medium
with 10 pM Y27632, as per the protocol of chondrogenic
differentiation in 3D cultures, seeking to reach the concentration
of 1-1.5 x 10° cells/ml. Each well of a plate contained 1 ml
of this suspension. The plates with cells evenly distributed in
microwells were incubated at 37°C with CO, at 5% for 24 h.

To prepare Petri dishes for cultivation of spheroids we
applied chloroform-plastic glue strictly to the center of 60 mm
Ultra Low Attachment Petri dishes (Corning Inc.; USA). The
applied chloroform-plastic glue had the shape of a drop with
the diameter of about 1 cm. Then, the cups without lids were
placed under ultraviolet light for 6 hours. Before use, we rinsed
the surface several times with Versene solution [32].

After 24 h of incubation in microwell plates, we carefully collected
spherical cell aggregates using pipettes with tips cut off (to avoid
damage to the spheroids) and then transferred them to prepared
Petri dishes, the medium therein as per the differentiation protocol.
Dishes with spheroids were subjected to dynamic processing in a
3D orbital shaker at 37°C and with CO, at 5%.

For the differentiation of 3D cultures under the "long", "short"
and "combined" protocols, as well as to cultivate the positive
control spheroids, we used the Advanced DMEM base medium
supplemented with 10 ng/ml of bFGF (STEMCELL Technologies;
Canada), 100x GlutaMAX (Gibco , Thermo Fisher Scientific; USA),
50x B27 (Gibco, Thermo Fisher Scientific; USA), 1% insulin-
transferrin selenite (ITS) (PanEco; Russia), 50 ug/ml of ascorbic
acid (Sigma Aldrich; USA ), 50 pM of B-mercaptoethanol, 5 pg/ml
of plasmacin, gentamicin (PanEco; Russia) and 10 ml/L 100x
penicillin/streptomycin solution (PanEco; Russia). For the "long"
and "combined" protocols we also added 10 ng/ml of TGFB1
(Miltenyi Biotec; Germany), 10 ng/ml of BMP2, 10% FBS to
the medium. For the conditioned medium protocol we used the
conditioned medium from a culture of human articular chondrocytes
supplemented with 200x GlutaMAX. For cultivation of the positive
control spheroids the medium was supplemented with 10% FBS.
Negative control spheroids were cultured in Advanced DMEM
supplemented with antibiotics and 200x GlutaMAX.

The period of differentiation of spheroids was 28 days. The
medium was changed every 4 days. We evaluated morphology
of the spheroids every 7 days using an Olympus IX53F phase
contrast microscope (Olympus; Japan) and CellSens Standart
morphometry software.

Immunofluorescence analysis

For the purposes of immunocytochemical staining of 3D cultures,
every 7 days of cultivation we transferred the spheroids into
48-well plates that had bottoms of wells preliminarily covered
with a 0.1% gelatin solution. Within 1 to 2 days, the spheroids
attached and spread over the surface.

Monolayer cultures fixed with 4% paraformaldehyde (PFA)
and attached organelles were treated with 0.1% Triton as

Table 2. Primers used in the work

OPUNIMMHAJIBHOE NCCJIEQOBAHWUE | PETEHEPATVIBHAA MEOVLIVIHA

follows: for 20 minutes in order to stain for the nuclear marker;
for 10 minutes — to stain for the surface and cytoplasmic
markers. After permeabilization, the cultures were treated
(for 30 minutes) with a 0.01 M PBS blocking solution containing
3% goat serum and 0.1% Tween.

Monolayer cultures, as well as spheroids at all stages of
differentiation, were stained with primary antibodies to the
nuclear marker of chondrogenesis Sox 9 (Rabbit, 1 : 400,
Invitrogen; Thermo Fisher Scientific, USA), to the proteoglycan
cartilage ECM marker agrecan (Mouse, 1 : 500, Invitrogen;
Thermo Fisher Scientific, USA), fibrillar ECM hyaline cartilage
marker type Il collagen (Rabbit, 1 : 200; Abcam, UK) and
fibrocartilage marker type | collagen (Rabbit, 1 : 800, Invitrogen;
Thermo Fisher Scientific, USA), as well as the surface marker of
CD105 prechondrogenic mesenchyme (Human, 1 : 500; Sony,
Japan). At room temperature, the staining with primary antibody
solutions based on blocking solution lasted for 1.5 hours, while
at 4 °C the duration thereof was 12 hours.

Alexa Fluor 488 (Goat, Anti-Mouse, 1 : 500), Alexa Fluor
555 (Goat, Anti-Rabbit, 1 : 500), and Alexa Fluor 546 (Goat,
Anti-Human, 1 : 500) were used for staining with secondary
antibodies (Invitrogen; Thermo Fisher Scientific, USA). The
process lasted 1 hour and was conducted in the dark. Nuclei
were stained with 100 ng/ml DAPI (Sigma Aldrich; USA).

Stained preparations were examined using an Olympus
IX53F fluorescence microscope with four fluorescence filters
(Olympus; Japan) and CellSens Standard morphometry software.

Real-time polymerase chain reaction (PCR)

To initiate cell lysis in monolayer cultures and spheroids we
used RLT buffer (QIAGEN; Germany) supplemented with
10 pl/ml of B-mercaptoethanol. Spheroids, in batches of 3 to
5 pieces, depending on their size, and monolayer cultures were
pipetted into 600 pl of RLT for lysing.

To isolate the total RNA, we used RNeasy Plus Mini
Kit (QIAGEN; Germany) following the instructions supplied
therewith [33]. Total RNA was purified from genomic DNA with
the help of DNase solution (SibEnzyme; Russia)

MMLV RT kit (Evrogen; Russia) was used, as described in
the manual [34], to synthesize the first cDNA strand from the
RNA template.

For real-time PCR, we added 5 pl of 5x gPCRmix-HS SYBR
(Evrogen; Russia), 0.8 pl of 10 yM primer, 18.2 pl of water and
1 pl of cDNA matrix (Table 2) to each well of a 96-well plate (SSlbio,
Scientific Specialties; USA), . The reaction was enabled by a C10000
Touch version of 1000 CFX Manager nucleic acid amplification
thermal cycler (Bio-Rad; USA) and CFX Manager software. The
number of cycles was 39. SYBR (Evrogen; Russia) was used as
the probe. To increase specificity of the reaction we used a "hot
start" polymerase, HS Tag DNA polymerase (Evrogen; Russia), and
selected the optimal primer annealing temperature (60 °C). cDNA

Gene name Sequence 5'-3' Product length, b.p.
509 A CACGTOGCGOAAGTCOATAG 263
ACAN Ft GCTOACAGATOTGOCTGTCE 167
coLza P COATTGATGGTTTOTGOAAACG 142
YWHAZ A COGOOAGGACAMAGCAGTAT o
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Fig. 2. Immunocytochemical analysis of monolayer cultures. A. Use of TGFB1, BMP2 and 10% FBS. B. Using Chir99021 and RA. C. Articular chondrocyte culture,
positive control. E. FD4S iPSC culture, negative control. 1 — aggrecan (green) and Sox9 (red), 2 — type | collagen (red), 3 — type Il collagen (red), 4 — CD105 (red).

Scale bar — 200 microns

isolated from iPSCs was used as a negative control in assessment
of specificity of the reaction once the results were available.

Microsoft Excel enabled analysis of the results (AACt
method). Mean values and confidence intervals are shown. For
statistical analysis, we used the Welch's t-test that accounts for
the possible differences in standard deviations of means of two
groups of independent samples.

Histological analysis

To make paraffin sections, we sequentially fixed spheroids and
fragments of cartilage, treated them with xylene and ethanol
(concentrations of 70, 80, 96, and 100%) to dehydrate and
degrease, and poured liquid paraffin. Then we cut series of
paraffin sections 4 pm thick. Cryosections of spheroids (7 pm
thick) were prepared according to the protocol described earlier
[35]. For that purpose, we used the Shandon Cryotome FSE
resin (Thermo Fisher Scientific; USA) to form a histological block.
The sections were stained with hematoxylin-eosin, picrosirius
red, and safranin O. After staining they were dehydrated and
embedded in polystyrene.

The photographed of the sections were taken with a
DM4000 B LED microscope (Leica; Germany).

RESULTS

Differentiation in monolayer cultures

Undifferentiated iPSC cultures were dense colonies of small
cells with a high nuclear-cytoplasmic ratio; the morphology

of such colonies was described earlier [36]. On the second
day of differentiation by exposure to Chir 99021 and RA

or recombinant factors TGFB1, BMP2, and 10% FBS, the
cells assumed a rounded shape. Following the Chir 99021
differentiation protocols, we registered growth in cell mortality,
which was assessed by staining with a trypan blue solution (the
volume of dead cells that included the dye reached 30-35%
of the population). On the 4th day of differentiation the cells
assumed a polygonal and elongated shape. On the 7th day we
noticed individual populations of chondrocyte-like cells that had
a rounded shape and a large nucleus. Also, on the second and
third day of differentiation we observed budding cell clusters in
the experimental group cultures, the effect especially pronounced
in cultures differentiated according to the Chir 99021 protocol.

Analyzing the results of immunocytochemistry we discovered
a significant fluorescence on the part of aggrecan and type | and
Il collagens in monolayer cultures obtained following protocols
implying the use of both recombinant factors TGFf1 and BMP2
and Chir 99021 and RA (Fig. 2). However, the Sox9 synthesis
was most effective in cultures differentiated with the help of
TGFB1 and BMP2 (Fig. 2A1). As for the CD105 mesodermal
marker, it synthesis was low in experimental and control groups
(Fig. 2A4-E4), although a small signal was observed in cultures
differentiated with Chir 99021 (Fig. 2B4).

The analysis of results of real-time PCR revealed that the
indicators of expression of chondrogenic markers in the samples
were comparable to those registered in the positive control group.
The use of protein factors TGFB1 and BMP2 made the expression
of SOX9 higher than application of Chir 99021 and RA (Fig. 3).

Differentiation in spheroid cultures

Immediately after the formed cell aggregates were put in 3D
cultivation conditions they acquired an irregular shape and their
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surface became uneven, but on the 35" day of differentiation
all spheroids (all protocol groups and control groups) became
whitish translucent structures with a smooth shiny surface
(Fig. 1G). The only exception were the cultures developing in
3D cultivation conditions following the conditioned medium
protocol.

On the 14" and 21¢' day of differentiation we observed
nonintense fluorescence of aggrecan in the constructs of
cultures of spheroids cultivated in 3D conditions, all protocols
(Fig. 4). The highest fluorescence intensity of this marker was
recorded on days 28 and 35 in spheroids of the "combined"
protocol (Fig. 4B3, 4). On the 21st and 28th days we also
registered a high level of synthesis of aggrecan in spheroids
obtained following the conditioned medium protocol (Fig. 4D1-3).
In the "long", "combined" and conditioned medium protocols
the level of ACAN expression was comparable to that in the
spheroids of the positive control group. At the same time, on
the 28th and 35th days of differentiation, ACAN expression
significantly increased in the spheroids of "combined" and
conditioned medium protocols (Fig. 5A).

The synthesis of Sox9 was observed in spheroids formed
following the "combined" protocol at each step, and the intensity
of fluorescence of this marker was increasing as differentiation
progressed (Fig. 4B1-4). As for other protocols, we registered
intense Sox9 fluorescence signals on the 28th day in the "long"

protocol spheroids and on the 35th day in the conditioned
medium protocol spheroids (Fig. 4A3, D4). The fluorescence
associated with this marker was also seen in spheroids of the
negative control group (Fig. 4E1-4). The results of PCR analysis
of SOX9 expression show its comparability with the indicators
peculiar to the positive control group in samples of the "long"
and "combined" protocol groups (Fig. 5B).

The intensity of fluorescence of type | collagen was
recorded as high in all experimental groups, but the highest
values were registered in the "long" and "combined" protocol
groups. The expression of COL1A2 increased with the progress
of differentiation in spheroids of all protocol groups (Fig. 6A).
The highest rates were observed in the "long" and "combined"
protocol group samples.

In the spheroids formed following "long", "combined"
and conditioned medium protocols the observed intensity of
fluorescence of type Il collagen was high, and it can be said
that it increased with time. The expression of COL2A1 was
pronounced in spheroids of all differentiation protocol groups
(Fig. 6B). The maximum values were registered in the samples
of "long" and "combined" protocol groups: they were several
times greater than expression seen in the positive control group.

The synthesis of CD105 was detected at the beginning
of cultivation under 3D conditions. The fluorescence of this
marker was well expressed in the "long" and "combined"
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protocol spheroids, but it significantly decreased by the end of
differentiation.

Examining the sections of "long" and "combined" protocol
spheroids stained with picrosirius red we saw bright pink
collagen fibers covering the entire area of said sections (Fig. 7).
However, staining of spheroids of all protocol groups with
safranin O was not intense (Fig. 7).

“I_Ong"

Hematoxylin-
eosin

Picrosirius red

Safranin O

"Combined"

DISCUSSION

Comparing the morphological characteristics of monolayer
cultures, we noted that iPSC differentiation can be induced
with both Chir 99021 and RA and TGFB, BMP2, and 10% FBS.
The elongated polygonal shape the cells assume on the 4th
day may indicate that their morphology becomes MSC-like

Protocol

With conditioned medium Positive control ~ Negative control

Fig. 7. Histological analysis of 3D spheroid cultures of different differentiation protocols. Differentiation protocols: "long" (A), "short" (B), "combined" (C), with conditioned
medium (D). Control groups: positive control (fragments of articular cartilage) (E), negative control (F). Type of histological staining: 1 — hematoxylin-eosin, 2 —

picrosirius red, 3 — safranin O
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during chondrogenic induction. The increased cell death that
we observed in cultures differentiated with Chir 99021 and RA
is most likely associated with the action of Chir 99021, since,
as shown in the past experiments, this molecule enhances
apoptotic activity [14]. Self-aggregation of cells with the
formation of hyaline-like structures peculiar to the early stages
of chondrogenic differentiation, when adhesion molecules
actively form and accumulate (10).

The positive effect exogenous presence of TGFB1 and
BMP2 has on the synthesis and expression of Sox9 in
monolayer cultures is most likely the result of participation of
these molecules in stimulation and stabilization of production
of this transcription factor [37]. Since Chir 99021 mimics
mesoderm-inducing signals, the presence of CD105 can
be explained by similarity of the culture, at that stage of
differentiation, to the early prechondrogenic mesenchyme
[1, 14]. It can be concluded that use of both TGFB1, BMP2,
and 10% FBS and Chir 99021 and RA triggers fairly efficient
differentiation in monolayer cultures.

Microwell plates were used to make spheroids. In such
plates, cell aggregation is gravity-driven, which may lead to
formation of cell conglomerates of irregular shapes [27]. Cartilage
structures that were obtained by other researchers from spheroid
cultures were ultimately translucent and whitish, with a smooth
surface [3]. At the final stages of cultivation, the spheroids of all
protocol groups except for the conditioned medium group has
similar characteristics. The exception may be the result of a
slower compaction rate, which disallows the outer layer cells to
generate a sufficient number of intercellular contact molecules.

In our study, the expression of chondrogenic markers in
groups using TGFB1 and BMP2 were fairly high. In addition,
we saw spontaneous differentiation of iPSCs in negative control
spheroids, which coincided with registration of fluorescent
signals of Sox9 and type Il collagen, as well as expression
of COL2A1. The production of cartilage ECM is largely a
mechanodependent process, therefore, we could observe the
synthesis of type Il collagen in response to the presence of cells
in dynamic conditions [38, 39].

The synthesis of CD105 in spheroid cultures on the 14th
and 215t days can be explained by the transition from MSC-like
to chondrocyte phenotype, which was happening as cells in
spheroids were differentiating. in vivo, CD105, along with other
surface markers such as CD34, CD44, and CD45, is one of
the markers characteristic of prechondrogenic mesenchymal
cells [1, 40].

The increased synthesis and expression of type | collagen
in spheroids of all protocol groups indicate that the resulting
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ASSESSMENT OF CYTOTOXICITY AND ANTIVIRAL ACTIVITY AGAINST SARS-COV-2 OF THE MIXTURE
OF LACTOFERRIN, ARTEMISININ, AND AZITHROMYCIN /N VITRO

Ryabchenkova AA'®, Kopat VW', Chirak ER', Chirak EL', Leneva IA?, Glubokova EA?, Kartashova NP2, Kolmakov NN?, Dukhovlinov IV

T ATG Service Gen LLC, St. Petersburg, Russia
2 Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia
SInstitute of Experimental Medicine, St. Petersburg, Russia

Lactoferrin, artemisinin, and azithromycin exhibit a broad spectrum of antiviral, immunomodulatory, and anti-inflammatory effects. The experiments show that these
drugs partially inhibit the infection caused by SARS-CoV-2 in vitro. This allows us to conclude that the effects on the entry of virions into cells mediated by each
of these substances taken separately are insufficient for complete inhibition of the SARS-CoV-2 infection. The study was aimed to perform in vitro assessment of
cytotoxicity and antiviral activity against the laboratory SARS-CoV-2 strain of the mixture of active ingredients: lactoferrin, artemisinin, and azithromycin. We used
the Vero CCL81 (ATCC) cell line and the Dubrovka laboratory strain of SARS-CoV-2 (GenBank ID: MW161041.1), isolated in the Vero CCL81 cell culture from
the nasopharyngeal swab of patient with COVID-19. Cytotoxic effects and antiviral activity against SARS-CoV-2 of the drug mixture were assessed based on
the cytopathic effects using the MTT (methylthiazolyldiphenyl-tetrazolium bromide) assay. Hydroxychloroquine was used as a reference drug. It has been shown
that at high (MOI 100) and low (MOI 20) multiplicity of infection used in the Vero CCL 81 cell culture, the mixture of artemisinin, lactoferrin and azithromycin has a
significant effect on the SARS-CoV-2 reproduction, and IC50 (half maximal inhibitory concentration) is estimated as the 1 : 2 dilution in both cases. The findings
make it possible to conclude that the studied mixture is low toxic and shows significant antiviral effects in vitro.
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OLEHKA LIMTOTOKCUYHOCTU U MPOTUBOBUPYCHOW AKTUBHOCTU CMECU JTAKTO®EPPUHA,
APTEMU3NHNHA N ASUTPOMULMHA B OTHOLLUEHWW SARS-COV-2 IN VITRO

A. A. Pabyerkosa'™, B. B. Konatb', E. P. Yupak’, E. J1. Yupax’, U. A. Jleresa?, E. A. My6okosa?, H. 1. KapTawiosa?, H. H. Konmakos®,
V. B. dyxoBnvHos'

" O6LLECTBO C OrpaHn4eHHol oTBeTcTBeHHOCTHO «ATIT Cepauc MeH», CaHkT-MNeTepbypr, Poccus
2 Hay4Ho-1ccnenoBaTenbCKMii HCTUTYT BaKLWH 1 CbIBOPOTOK UMeHM W. V1. MevHrkoBa MuHobpHayku Poccumn, Mocksa, Poccurst
8 VIHCTUTYT 9KCrepyMeHTaIbHOM MeduLmHbl MinHoGpHaykin Poccuin, CaHkT-MNeTepbypr, Poccust

JNakToeppuH, apTeEMU3MHUH 1 a3UTPOMULMH 06nafatoT LUMPOKMM CNEKTPOM MPOTUBOBMPYCHOIO, MMMYHOMOLYIMPYIOLLErO 1 MPOTMBOBOCMNANNTENBHOIO
NeCTBUSA. DKCrepyMeHTaIbHO NokasaHHOe YacTUYHOEe MHMMONPOBaHWe MM MHAEeKLMK, BbiaBaHHOM SARS-CoV-2 in vitro, NO3BONSET 3aKMOHUTb, YTO BAVSIHIS
Ha MPOHUKHOBEHNE BMPVIOHOB B KIETKM, OMOCPEAOBAHHOE KaXKabIM 13 3TVX BELLECTB B OTAENBHOCTY, HEAOCTATOMHO AJ1s MOHOMO MHIMOMPOBaHWS MHAEKLMM
SARS-CoV-2. Lenbto paboTbl 6bI10 OLEHWTD in Vitro LTOTOKCUYHOCTb W MPOTYBOBMPYCHYKO aKTUBHOCTL CMECH aKTVBHbIX AEACTBYIOLLMX BELLECTB NakTohepprHa,
apTeMU3VHMHA 1 a3UTPOMULIMHA B OTHOLLEHUI NabopaTtopHoro wramma SARS-CoV-2. Vicnonb3oBanu nepesrBaemMyto Kynstypy knetok Vero CCL81 (ATCC) u
nabopaTtopHbIn WTamm kopoHasupyca SARS-CoV-2 «[dybposka» (naeHTndrkaumoHHbin Ne GenBank: MW161041.1), BblgeneHHbI Ha KynsType KneTtok Vero
CCL81 n3 HasohapvHreansHoro maska 6onbHoro COVID-19. OnpeneneHne LMTOTOKCMHYECKOro AENCTBMS CMECK NpenapaToB 1 UdyyeHne NpoTMBOBMPYCHON
aKTVBHOCTW B OTHOWeHUn Bupyca SARS-CoV-2 oueHvBaim no athdekTy LmMTonaTuHeckoro AencTBrsa ¢ ucnonb3oBaHvem MTT (MetuntuadonunandeHnn-
TeTpazonns bpomng). B kadecTBe npenapara CpaBHEeHUs MCMONb30BaIM MMAPOKCUXIOPOXMH. [TokasaHo, YTO MpW BbICOKON MHOXXECTBEHHOCTI 3apavkeHust (100
MOI) n Huskolt (20 MOI) B kynType knetok Vero CCL81 cmecn apTeMmnsunHmnHa, naktodepprHa 1 asutpoMmLvHa OKasbiBaeT 3HaUYMMbIA 3PdEKT Ha BUPYCHYHO
penpoykumnio SARS-CoV-2, VK50 (nonymakcumManbsHas MHIMOMPYIOLWAsS KOHLEHTPAaLWMS) OLEHMBaETCA B 0060MX Cy4asx kak passegeHvie 1 : 2. [onydeHHble
pesynsTaThl NO3BONSIOT CAENAaTb BbIBOL O HA3KOW LIUTOTOKCUYHOCTY 3YHaeMO CMECH 11 O HAIMHM 3HAHYMMOTO MPOTUBOBUPYCHOMO AENCTBYS in Vitro.

KnioyeBble cnoBa: apTeMU3NHIH, a3UTPOMULIH, NaKTO(PEPPUH, LIMTOTOKCUHHOCTb, MPOTVBOBMPYCHas akTUBHOCTL, SARS-CoV-2, COVID-19, nepenpodunmpoaHie
npenapara

BnarogapHocTtu: EBreHunio baxtneposudy @ainzynoesy (PrEHY HAMBC um. . MedHvkoBa) 3a npenocTaBfeHHbI BUpPYC. VccnenoBaHue BbIMONHEHO C
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Currently, the issue of the spread of COVID-19 coronavirus
infection caused by SARS-CoV-2 is still relevant. Despite the
fact that timely vaccination can decrease the risk of severe
infection, the development of additional safeguard that can
either alleviate severe course or prevent COVID-19 infection
is still a priority, especially because antibodies against vaccine
antigens may not recognize new variants of the virus.

To date, COVID-19 prevention and treatment consist
primarily of the use and development of vaccines for the
formation of neutralizing antibodies binding spike protein,
immune sera and monoclonal antibodies, antiviral drugs [1], and
drugs directed against hyperactivation of the immune response
[2] along with the symptomatic supportive treatment and
respiratory support of the infected individuals. During the fight
against the COVID-19 pandemic, special attention was paid to
drug repurposing, since the known safety and pharmacokinetic
profiles allowed for timely introduction of the drugs, in contrast
to the new medications that required full scale testing and
registration. Currently, the most recent (16th) update of the
Temporary Guidelines on the “Prevention, Diagnosis, and
Treatment of Novel Coronavirus Infection (COVID-19)” includes
favipiravir, molnupiravir, nirmatrelvir + ritonavir, remdesivir, and
umifenovir as the direct-acting antiviral agents. Biotechnology
medications are also recommended: interferon alpha, synthetic
small interfering ribonucleic acid (double-stranded) [3].
However, the clinical trials of these drugs used for treatment
of COVID-19 are limited and often controversial, there is no
indisputable evidence and experience of using the drugs. The
presence of multiple mutations in the S protein suggests its
capability of acquiring new ligand specificity properties [4].

The mechanism underlying the SARS-CoV-2 cell entry,
that is associated with the angiotensin converting enzyme
2 (ACE2), is a complex multifactorial process that involves
many accessory molecules: proteinases, co-receptors and
activators of their expression. Availability of co-receptors allows
SARS-CoV-2 to infect cells with low ACE2 expression on the
membranes.

Thus, as a glycoprotein, S protein can interact with
receptors not only via its protein component, but also by
binding to the lectin receptors via its carbohydrate component
(N-glycans of S1 subunit containing oligomannose and complex
carbohydrates that protect the virus against antibodies) [5, 6].
Binding of the lectin-like S1 sites to the target cell glycocalyx
via O-acetylated sialic acids [7] and heparan sulfate [8] may
facilitate cell infection. It has been shown that heparan sulfate
promotes cell entry in viruses of many types [9], including
SARS-CoV-2 [10]. The majority of polysaccharide chains found
in the heparan sulfate proteoglycans are strongly negatively
charged. This makes it possible to recruit SARS-CoV-2 viral
particles on the cell surface due to interaction with S protein,
thereby increasing its local concentration for further binding to
ACE2. There are reasons to believe that the positively charged
binding groove located in the S protein RBD domain might be
the putative binding site for negatively charged polysaccharide
chains of the heparan sulfate proteoglycans [8, 11], and the
binding specificity depends largely on the complementary
spatial arrangement of the main protein groups and of sulfate
and carboxyl groups on the polysaccharide [12-14].

As for strong inhibitors of the SARS-CoV-2 cell entry,
the drug repurposing screening has made it possible to
identify a number of compounds targeting the heparan
sulfate proteoglycans and dependent on them endocytosis
pathways. One such compound is lactoferrin (LF), the
naturally occurring non-toxic glycoprotein that is available as
dietary supplement [15].
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Assessment of the LF antiviral activity in the model of the
human colon adenocarcinoma cell line Caco-2 and monkey
kidney epithelial cell line Vero 6 infected with coronavirus has
shown that LF partially inhibits infection and SARS-CoV-2
replication [16]. A number of studies focused on assessing the
effects of LF binding with to the receptor show that binding
affects various signaling systems and pathways, including
NF-kB and various interferon regulatory factors. This results in
modulation of antiviral immune response [17]. The effects of LF
on regulation of TLR, especially TLR3 and TLR7, involved in
recognition of RNA viruses [18, 19] and inhibition of cathepsin L
[20] have been also shown. These result in blocking the SARS-
CoV-2 entry into the human embryonic kidney 293/hACE2 cells
[21]. The experimental study [16] shows that LF can inhibit the
TGFB1 immunosuppressive cytokine expression, suppress
the expression of thymic stromal lymphopoietin, high levels of
which have been found on the bronchial mucosa of patients
with asthma and chronic obstructive pulmonary disease, and
reduce the expression of pro-inflammatory cytokines IL1B and
IL6. These immunomodulatory effects of LF may counteract
the cytokine storm activation.

Azithromycin that affects a variety of processes is one more
promising repurposed drug. First of all, azithromycin affecting
the decline in the expression of matrix metalloproteinases
related to CD147 attracted attention of the researchers, who
hypothesised that azithromycin was capable of inhibiting
CD147 and eventually blocking viral entry into host cells
[22]. It has been shown that CD147 induces the PISK/AKT
signaling pathway activation, thus promoting NF-«B induction
and production of pro-inflammatory cytokines [23, 24]. The
PIBK/AKT signaling pathway increases the TMPRSS2 serine
protease expression, thus enchancing viral entry.

Immunomodulatory properties of azithromycin [25] may
play a vital part in treatment of hyperinflammation caused by
cytokine storm associated with COVID-19. In vitro studies
of azithromycin have shown the decreased secretion of pro-
inflammatory cytokines and chemokines [26, 27]. Furthermore,
azithromycin reduces accumulation of inflammatory cell
infiltrates in the bronchoalveolar lavage fluid [28]. In fibroblasts,
azithromycin inhibits proliferation and collagen production
by reducing the concentration of transforming growth factor
(TGFB) and demonstration of pulmonary antifiorotic activity [29, 30].
Azithromycin exhibits mucoregulatory effects: it reduces mucus
hypersecretion and improves mucociliary clearance [31].

Research has shown that azithromycin can modify
ACE2 glycosylation, thus preventing SARS-CoV-2 entry into
cells. Molecular mimicry of azithromycin and cellular GM1
ganglioside (ganglioside-lipid that acts as a cofactor of the
respiratory virus attachment to host cells) is the other proposed
mechanism underlying antiviral effects. Azithromycin can bind
the ganglioside-binding domain of S protein, thus blocking the
S protein-GM1 interaction on the host cell plasma membrane [32].

Indirect blocking of furin system promoting viral entry after
the S1-ACE2 binding is one more mechanism underlying the
effects of azithromycin. The furin system is activated in the
acidic conditions of the trans-Golgi network. In the active form
furin cleavages S1 subunit from spike protein. It is assumed
that azithromycin reduces furin activity by increasing the
organellar pH [33]. Furthermore, azithromycin can alkalinize
vesicles containing SARS-CoV-2 virions, thus preventing the
pH-dependent membrane fusion.

Artemisinin, the anti-malarial drug that exhibits
immunomodulatory properties is the third candidate remedy
against SARS-CoV-2. Artemisinin, together with chloroquine
and quinine, has a long history of clinical use, it shows a broad-
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spectrum antiviral potential. It has been shown that chloroquine, the
anti-malarial drug possessing immunomodulatory activity, that is
well-known for decades, and hydroxychloroquine, the chloroquine
derivative, can effectively inhibit SARS-CoV-2 in vitro [34, 35].

In addition to its role in treatment of malaria, artemisinin
was studied for its potential effects on the immune responses
under physiological and pathological conditions [36-38]. Many
bacteria and viruses, including SARS-CoV-2, activate the NF-kB
signaling pathway in human cells. Activation of the NF-kB
signal transduction results in subsequent activation of the
p50/p65 transcription factors. Artemisinin and artesunate can
act as the NF-xB signaling pathway inhibitors by blocking the
function of p50/p65. Research shows that artemisinin can
interact with the cell surface via inhibition of the SARS-CoV-2
S protein binding to the cell surface receptors. This potentially
prevents both endocytic entry of the virus and activation of
the NF-xB signal transduction. Thus, artemisinin can prevent
cytokine storm by inhibiting the kB kinase [39-41]. However,
the molecular docking studies show that artemisinins can also
bind to coronavirus proteins, such as E protein, helicase protein,
N protein, protein 3CL PRO, S protein, non-structural protein 3
(nsp3), nsp10, nsp14, nspi15, cathepsin L, and GRP78 [42, 43].
Therefore, biological activities of artemisinin may be partially
based on inhibition of functions of these viral proteins.

Partial inhibition of the SARS-CoV-2 infection by lactoferrin,
artemisinin, and azithromycin in vitro suggests that potential
blocking of the entry of virions into cells mediated by each of
these substances is insufficient for complete inhibition of the
SARS-CoV-2 infection. However, the combination use of these
drugs may be more promising in terms of clinical use. That is
why the search and development of new drugs effective against
novel coronavirus infection are going on, and the relevance of
such studies is beyond doubt. The cell culture study of the drug
antiviral activity is the first step of the search.

The study was aimed to assess cytotoxicity and antiviral
activity of the mixture of active ingredients, lactoferrin,
artemisinin, and azithromycin, against SARS-CoV-2 and to
compare the mixture with hydroxychloroquine, since many in
vitro studies that involved assessment of antiviral activity were
limited by non-utilization of reference drugs.

METHODS
Viruses and cells

The experiments involved the Vero CCL81 (ATCC) kidney
epithelial cells from the African green monkey that were
obtained from the collection of the Mechnikov Research
Institute of Vaccines and Sera and the Dubrovka laboratory
strain of SARS-CoV-2 (GenBank ID: MW161041.1), isolated in
the Vero CCL81 cell culture from the nasopharyngeal swab of
patient with COVID-19. The virus was cultivated at 37 °C in
the DMEM growth medium containing glutamine and glucose
4.5 g/L), 5% fetal bovine serum (FBS), L-glutamine (300 pg/mL),
gentamicin (40 pg/mL) in the 5% CO, atmosphere conditions
(growth medium, GM). The strain derived after 20 serial
passages, it caused strong cytopathic effects (CPE) of the virus.
The samples of viral material were stored at a temperature of
°80 °C as aliquots. Aliquots of one stock were used in all the
experiments.

Preparing the drug mixture

Ten milliliters of DMSO were added to 45 mg of azithromycin
to obtain the solution with a concentration of 6 pmol/mL. Then

0.5 mL of phosphate buffer were added to 10 mg of lactoferrin
to obtain the solution with a concentration of 20 mg/mL. Five
milliliters of DMSO were added to 21 mg of artemisinin to obtain
the solution with a concentration of 15 pmol/mL. To prepare
the working solution, we mixed 5 plL of azithromycin solution,
125 pL of lactoferrin solution, and 50 pL of artemisinin solution,
the growth medium was used to adjust the volume to 5 mL.

The concentrated solution of the reference drug
(hydroxychloroquine) was prepared using the dosage form
(the pill) that was diluted in the sterile distilled water individually
for each experiment on the very day of use in equimolar
amounts corresponding to the amount of pure substance in the
drug. All the compounds, including hydroxychloroquine, were
weighted to 0.1 mg using the analytical balance.

Cell culture assay for assessment of drug cytotoxicity

The cells were seeded in the 96-well Corning plates with the
average seeding density of 20,000 cells per well and grown in
the DMEM growth medium containing glutamine and glucose
(4.5 g/L), 5% fetal bovine serum (FBS), L-glutamine (300 pg/mL),
gentamicin (40 pg/mL) in the 5% CO, atmosphere conditions
(GM) for three days until a monolayer was completely formed.
Then the medium was removed, and 100 pL of the specified
test drug concentrations (eight concentrations of each drug) in
appropriate medium with no serum (working medium, WM) were
added to the plate. Then 100 yL of WM were added to each
well of the plate. Four iterations of each experimental step were
performed (n = 4). Cells containing 200 pL of WM were used
as negative controls. To define the thresholds of cytotoxicity
concentration (TCD, ), the plates were incubated for 72 hrs at
37 °C in the 5% CO, atmosphere. When assessing antiviral
activity, cells were incubated with drugs for five days, that is why
the same incubation time (five days) was used for cytotoxicity
assessment in the other series of experiments in order to rule
out the toxic effects of the tested samples. Cytotoxic effects
of the drugs were visually estimated based on the condition
of cellular monolayer and quantified using the MTT assay. For
that 160 pL of DMEM growth medium containing no phenol red
and 40 pL of the 5 mg/mL methylthiazolyldiphenyl-tetrazolium
bromide dye (MTT) solution were added to each well and
incubated for 2 hrs at 37 °C in the 5% CO, atmosphere. The
culture broth was removed, and 100 pL of DMSO were added
to the wells, then the plates were incubated for 20 min at room
temperature with continuous shaking. The optical density (OD)
was measured at 530 nm taking into account the background
values obtained at 620 nm using a spectrophotometer for plate
reading. The maximum drug concentration that did not change
the OD by more than 10-15% compared to control cells was
considered as maximum tolerable concentration (MTC). The
substance concentration that reduced OD by 50% compared
to control cells was considered as TCD,,.

Assessment of drug antiviral activity against SARS-CoV-2
based on the cytopathic effect (CPE) using MTT assay

To assess antiviral activity of the samples, the Vero CCL81
cell culture was plated in the 96-well flat bottom cell culture
plates (20,000 cells/well) and grown in aprropriate GM. On day
three, after the monolayer was completely formed, the WM was
removed from the plate wells. Then 100 pL of the tested drugs,
undiluted or diluted with the WM to the specified concentrations
(seven concentrations), were added to the wells. Some wells
were used as virus control or cell control. Four iterations of each
experimental step were performed (n = 4). In parallel, to rule out
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Fig. 1. Cytotoxicity of various dilutions of the mixture of active ingredients in the Viero CCL81 cell culture during the 3- and 5-day incubation

the cytotoxic effects of the drugs in the experiments focused
on assessing antiviral activity, the same drug concentrations
in the same conditions were added to the non-infected wells.
After the 2-hrs incubation, the virus at a dose of infection (MOI)
of 20 or 100 (per 100 pL) was added to all the wells, except
for the cell control wells. Then the cells were incubated for five
days at 37 °C in the 5% CO, atmosphere until the CPE was
clearly visible in the virus control cells. The CPEs observed in
the cells were quantified using the MTT assay as previously
described. IC,; was calculated using the Excel application in
accordance with the following formula:

OO - (ODCe" control experimen ) X OO ( / )
(o]

Inhibition of viral reproduction of 30% or more was considered
significant for exhibiting antiviral activity. The drug concentration
that reduced OD by 50% was considered as IC,.

The dosage form of hydroxychloroquine was used as a
reference drug. Hydroxychloroquine concentration of 10 pg/mL
that corresponded to IC,  was selected for the study [34, 44].

Inhibition =

cell control virus control

RESULTS

Assessing cytotoxic effects of the samples in the Vero
CCL81 cell culture

In the first series of experiments we studied cytotoxicity of
various dilutions of the tested drugs. We used the Vero CCL81
cell line that was later used to define antiviral activity. Visual
assessment performed using the inverted microscope after
the 72-hrs incubation showed that there were no cytotoxic/
morphological changes or cell monolayer breakdown. After
adding some concentrations of substances, partial breakdown
of monolayer was observed in experimental wells, the cells had
a more rounded shape, and cell morphology was different from
that of cell control. Complete breakdown of cell monolayer was
observed in some wells. The research conducted by the more
precise quantitative method involving MTT staining confirmed
the data obtained by visual assessment of the cell condition.
Based on the cell culture assessment of cytotoxic effects
exhibited by the mixture with the use of the MTT assay, the
dose-response curves were plotted (Fig. 1) that were used
to define the MTC and TCD,, values: 1 : 500 and less than
1. 2 for three-day incubation, 1 : 50 and less than 1 : 2 for
five-day incubation, respectively. The method involving the use
of MTT is also used to define antiviral activity, that is why the
same dilutions of samples, with the same volume and time
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of incubation as in the method of assessing antiviral activity
involving no cell infection, were added to the cells for control to
rule out the cytotoxic effects of the mixture during the five-day
incubation.

Antiviral activity of the mixture of active ingredients against
SARS-CoV-2 in the Vero CCL81 cell culture

Antiviral activity against SARS-CoV-2 was assessed in the Vero
CCL81 by the method of viral CPE inhibition revealed using the
MTT staining. Two multiplicity of infection values, MOl 100 and
MOI 20, were used to infect the cells. Inhibition was observed at
no more than 15-times dilution for both variants of infection. The
data obtained are provided in Fig. 2. Adding mixture to the cells
significantly suppressed (viral reproduction inhibition exceeded
30%) replication of the SARS-CoV-2 coronavirus. At the same
time, hydroxychloroquine with a concentration of 10 ug/mL that
was used as a reference drug showed SARS-CoV-2 reproduction
inhibition of 65% (data not shown).

DISCUSSION

Several studies have shown that other co-receptors and cellular
molecules in addition to ACE2 are required for SARS-CoV-2
infection [45]. Currently, the complete list of them is unknown to
date. Initial step of viral entry is often triggered by the low-affinity
binding to the attachment sites that promotes accumulation
of virions on the cell surface. The subsequent binding to the
high-affinity receptor triggers the viral entry [46, 47]. The study of
molecular mechanisms underlying the SARS-CoV-2 cell infection
has revealed a number of drugs that make it possible to inhibit
infection.

The tested mixture of artemisinin, azithromycin, and
lactoferrin is low toxic, it significantly inhibits the infection
and SARS-CoV-2 replication in vitro. It is assumed that its
mechanisms of action are mediated by active ingredients.
Binding to the SARS-CoV-2 entry receptors and inhibition of viral
protein functions may underlie prevention of cell infection with
SARS-CoV-2, since these affect the related signaling systems
and pathways, including NF-kB, PIBK/AKT, various interferon
regulatory factors, and pro-inflammatory cytokine production
[23, 24]. Furthermore, the decrease in furin activity provided
by azithromycin significantly reduces cell infection. Moreover,
azithromycin can alkalinize vesicles containing SARS-CoV-2
virions and prevent the pH-dependent membrane fusion.

CONCLUSIONS

The findings show that the mixture of active ingredients
containing azithromycin, lactoferrin, and artemisinin shows low
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Fig. 2. Antiviral activity of the mixture of active ingredients in the culture of Vero CCL81 cells infected with MOI 20 and MOI 100 of the SARS-CoV-2 coronavirus

toxicity during the three-day and five-day incubation in the Vero
CCL 81 cell culture. All the dilutions reduce cell viability by no
more than 10-30%, the estimated TCD50 values are lower than
the lowest dilution that is available for assessment (1 : 2). At
high (MOI 100) and low (MOI 20) multiplicity of infection used in
the Vero CCL 81 cell culture, the mixture has a significant effect
on the SARS-CoV-2 reproduction, and IC50 is estimated as the
1: 2 dilution in both cases. Thus, IC50 of the mixture is achieved
by using the following concentrations of active ingredients:
3 umol/L of azithromycin, 5 mg/L of lactoferrin, and 7.5 pmol/L
of artemisinin.

Such molecular mechanisms underlying cell infection
with the SARS-CoV-2 virions are still poorly understood,
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ISOLATION AND CHARACTERIZATION OF KLEBSIELLA PNEUMONIAE BACTERIOPHAGES ENCODING
POLYSACCHARIDE DEPOLYMERASES WITH RARE CAPSULE SPECIFICITY
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Bacterial infections caused by antibiotic resistant strains of Klebsiella pneumoniae are among the most dangerous threats for the world's public healthcare. Treatment with
bacteriophages and/or their derivatives could become one of the alternative methods for therapy of infections caused by K. pneumoniae. The study was aimed to isolate
from the environment and characterize the capsule-specific K. pneumoniae bacteriophages that are useful for therapy and possess the polysaccharide depolymerase genes.
Bacteriophages were isolated from the river water samples by enrichment method. The host range of bacteriophages were assessed using the collection of 180 K. pneumoniae
clinical strains. Bacteriophage whole genome sequencing was performed on the MiSeq platform (lllumina). Four new bacteriophages from different taxonomic groups were
isolated and characterized during the study: vB_KpnM_NDO71 (Vequintavirinae family), vB_KpnS_MAG26fr (Casjensviridae family), vB_KpnS_MDA2066 (Ackermannviridae
family), and vB_KpnS_PMM-G3 (Drexlerviridae family). Bacteriophages vB_KpnM_NDO71, vB_KpnS_MAG26fr, and vB_KpnS_PMM-G3 had a narrow lytic spectrum and
lysed all strains with the capsular type of the host: KL45, KL19 or KL28, respectively. Bacteriophage vB_KpnS_MDA2066 showed lytic activity against strains with two different
capsulartypes: KL19 and KL107. Bacteriophages were strictly virulent and contained no integrase genes, potentially dangerous toxin genes or antibiotic resistance determinants.
This allows them to be used in therapeutic practice. Receptor-binding proteins represented by polysaccharide depolymerases were predicted for each bacteriophage.
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BbIAENTEHUE N XAPAKTEPUCTUKA BAKTEPUO®DAIOB KLEBSIELLA PNEUMONIAE, KOOUPYIOLLINX
MOJINCAXAPUA-AENONMMEPAS3bI C YHUKAJIbHOW KAMCYJTbHOMN CNELM®UYHOCTbLIO

P. B. lopoaHnyes' =, M. A. Koprierko!, [. A. Becrnatbix!, M. B. Manaxosa', B. A. Becenosckuit!, O. B. lonowanos?, A. B. YyxnosuH?S,

HO. A. Becrsatbix', E. A. LLnTnkos'

T ®epepanbHbI HayYHO-KIMHUYECKUIA LIEHTP (hU3UKO-XUMUHECKO MeanLUVHbI PefepansHoro Meayko-6ronorieckoro areHTcTea, Mockea, Poccus

2 MepBbit CaHKT-MNeTepbyprekuii rocyAapCTBEHHbIN MEAULIMHCKUN YHUBEPCUTET UM. akag. W. T1. Masnosa, CaHkT-MeTepbypr, Poccust
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BakTepunaneHble MHMEKLMW, Bbi3blBaEMbIE YCTOMHMBLIMA K aHTMOMOTUKaM WTammamm Klebsiella pneumoniae, BXOOAT B CMMCOK CaMblX OMacHbIX Yyrpo3 ans
MMPOBOIO OBLLECTBEHHOMO 3apaBooxpaHeHst. OfHVMM 13 abTepHATUBHBIX CMIOCOO0B Tepanuy MHEKLWIA, BbI3BaHHbIX K. pneumoniae, MOXET CTaTb Tepaniist
BakTeprodaraMmmn 1/unm nx NPonsBoaHbIMU. Lienbto paboTbl ObiNo BbIAENUTL U3 BHELLHEN CPefbl U OXapakTepn3oBaTh Karncyno-crneundunyHble 6akteprodari
K. pneumoniae, NpurogHbie A1 TepaneBTUHECKOro MPUMEHEHNS 1 HECYLLIME FeHbl Monncaxapua-aenonuvepas. baxkteprodary Belgensnm ns npob pe4Horn Bogbl
METOAOM HaKOMUTENBHBIX KyNbTYp. CnekTp x039eB 6akTeprodaros oLeHVBan Ha konnekuum 13 180 KMHUYeCKKX LTaMMoB K. pneumoniae. MNonHoreHoMHoe
CekBeHvpoBaHne bGakTeprodaroB BbinonHsanM Ha nnatdopme MiSeq (lllumina). B pamkax uccnefoBaHvs BblAENEHO 1N OXapakTepu3oBaHO YeTblpe HOBbIX
BakTepurodara, NPUHaANEeXaLLMX K pasin4HbiM TakcoHoMmdecknm rpynnam: vB_KpnM_NDO71 (nogcemeiictso Vequintavirinae), vB_KpnS_MAG26fr (cemeiicTBo
Casjensviridae), vB_KpnS_MDA2066 (cemeiictBo Ackermannviridae) n vB_KpnS_PMM-G3 (cemeiictBo Drexlerviridae). Baktepvodarn vB_KpnM_NDO71,
vB_KpnS_MAG26fr n vB_KpnS_PMM-G3 obnafann y3kvM CNeKTPOM JIMTUHECKON aKTVBHOCTW W NM3MPOBaIN BCE LUTaMMbl C KancysbHbIM TUMOM LUTaMma
xo3avHa: KL45, KL19 nnm KL28 cootseTcTBeHHO. BakTtepunodar vB_KpnS_MDA2066 npossnsn AUTUHECKYIO akTUBHOCTb B OTHOLLEHWMW LUTAMMOB ABYX
pasnu4Hbix kancynbHbix Thnos: KL19 n KL107. BakTepuodary obnaganv CTporo BUPYNIEHTHON MPUPOLOV U HE HECIIN B CBOEM COCTaBE MEHOB MHTErpas, a Takke
MOTEHLMANBHO OMacCHbIX MEHOB TOKCVHOB W AETEPMUHAHT YCTOMHYMBOCTY K aHTUOMOTMKAM, YTO MO3BOMSET NMPUMEHSATb 1X B TepaneBTU4eCcKon npakTuke. [ns
KapK[oro 6akTepuroara npeackadaHbl PeLEenTop-CBa3biBatoLLme 6eNkn, MPEACTaBNEHHbIE NONMCaxapua-AeNOMMePa3amMi.

KntoyeBble crnoBa: BypyneHTHble 6akTepuodaru, Klebsiella pneumoniae, aHTMONOTYKOPESVCTEHTHOCTb, haroTepanyisi, nonncaxapua-aenonvmepasbi
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Klebsiella pneumoniae is a Gram-negative non-motile facultative
anaerobic bacterium that occurs everywhere in nature and can
constitute a part of normal flora in humans and other animals
[1, 2]. At the same time, K. pneumoniae is the second most
common nosocomial pathogen in the world capable of causing
numerous infections, such as abscesses, purulent wounds,
pneumonia, urinary tract and gastrointestinal tract infections
[3]. The Russian study “Marathon 2015-2016" has shown that
K. pneumoniae strains prevail (47.2%) among all nosocomial
strains of Enterobacterales [4]. According to the same study
and the map of antibiotic resistance in Russia [5], the share of
carbapenem-resistant isolates is 6.9-41.6%, 80.1-90.2% are
resistant to Ill-IV generation cephalosporins, and 6.11% are
resistant to colistin. The K. pneumoniae strains associated with
antibiotic resistance rank third in terms of mortality rate among
antibiotic-resistant bacteria [6].

Treatment with bacteriophages and/or their derivatives
could become one of the alternative methods for therapy of
infections caused by K. pneumoniae [7]. Bacteriophages are
the most widely spread and abundant group of viruses that are
described as natural parasites of bacteria in natural populations
[8]. Bacteriophages have been used as antimicrobial agents
since early XX century due to their ability to infect and lyse
bacterial cells [9]. Phage therapy has a number of advantages,
such as the ability to lyse bacteria regardless of their antibiotic
resistance, and no side effects to patients, which make it
possible to use bacteriophage even for therapy of children and
immunocompromised patients [10]. Today, the therapeutic use
of bacteriophages is undergoing a rebirth, and the reports of
successful treatment cases are more and more often found in
the literature [11-13].

Along with the use of bacteriophages, close attention
is currently paid to certain phage proteins showing activity
against the bacterial surface structures. One such example are
polysaccharide depolymerases [14]. These proteins can destroy
bacterial capsular polysaccharides, thus providing sensitization
of bacteria to antimicrobial drugs and the immune system
[15]. Depolymerases usually show narrow specificity limited
to certain type of the bacterial capsular polysaccharide [14].
In this regard, the search and description of bacteriophages
encoding depolymerases that show activity against a broad
range of capsular types of the clinically significant bacteria
is an urgent task of the innovative approaches to therapy of
infections caused by multidrug-resistant bacteria.

The study was aimed to isolate from the environment
and characterize the capsule-specific K. pneumoniae
bacteriophages that are useful for therapy and contain genes
encoding polysaccharide depolymerases.

METHODS
Bacterial strains and their characteristics

The study involved a total of 180 K. pneumoniae clinical isolates
collected in 2019-2022 in the Gorbacheva Research Institute of
Pediatric Oncology, Hematology and Transplantation (Saint
Petersburg, Russia) and the Clinical Hospital Ne 123 (Odintsovo,
Russia), including 12 strains obtained from the State Collection
of Pathogenic Microorganisms and Cell Cultures (Obolensk,
Russia). Bacterial strains were grown in the lysogeny broth (LB)
(Himedia; India) at 37 °C. Species identification was performed
by the direct bacterial lysate mass spectrometry profiling
in accordance with the previously reported method [16].
Mass spectra were acquired using the Microflex time-of-
flight mass spectrometer (Bruker Daltonics; Germany). The
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flexControl 3.0 and flexAnalysis 3.0 software packages (Bruker
Daltonics; Germany) were used for recording, processing and
analysis of mass spectra. Species identification was performed
in the MALDI Biotyper 3.0 software package (Bruker Daltonics;
Germany). The K. pneumoniae capsular type was defined by
the wzi gene sequencing [17].

Bacteriophage isolation and purification

The river water sample was used as a source of phages. The
sample was centrifuged (4000 g, 10 min), and supernatant
was filtered through the 0.22 um filters (Merk Millipore; USA)
to remove the bacterial fraction. Equal aliquots (15 mL each) of
filtered water and double concentration LB broth were mixed
and inoculated with 20 pm of the potential host strain overnight
culture. The mixture was incubated overnight at 37 °C on the
rocking shaker. The resulting suspension was sterilized by
filtration through the 0.22 pm filter, and the filtrate was tested
for the presence of bacteriophages by the spot test assay [18].
Phage isolates were purified by triple passage through a single
plaque.

Host range determination

The phage host range were defined by the spot test assay [18].
For that 100 um of the culture of each strain being through
the logarithmic phase of growth were added to 5 mL of the
unset semi-solid LB agar (0.7% agar) and poured onto Petri
dishes containing a thin layer of LB agar (1.5% agar). Testing
was performed by applying 5 pL of the bacteriophage serial
dilutions onto the fresh lawns of the strains. The Petri dishes
were incubated overnight at 37 °C. The bacteriophage Iytic
activity was defined by the presence of the zones of solid
bacterial cell lysis matching the drops by shape. The presence
of translucent halo surrounding the lysis zone or a single phage
plague was interpreted as bacteriophage polysaccharide
depolymerase activity.

DNA sequencing and analysis

Genomic DNA of the phage was extracted using the standard
phenol-chloroform extraction protocol [19]. Sequencing was
performed with the MiSeq tool (lllumina; USA) using the MiSeq
Reagent Nano Kit v2 (500cycle) (lllumina; USA) in accordance
with the manufacturer's recommendations. Genomes were
assembled with the SPAdes tool (v.3.14.0). The GeneMarkS
online service (ver. 4.32) was used for identification of open
reading frames (ORFs) in the genome. The search for tRNA
genes was performed with the ARAGORN tool.

The predicted genes were annotated manually using
BLASTp, HHPred and InterPro. The absence of genes encoding
toxins and antibiotic resistance determinants was confirmed by
matching against the databases of the pathogenic bacteria
virulence factors [20] and antibiotic resistance genes [21].
The annotated genome sequences of bacteriophages
vB_KpnM_NDO71, vB_KpnS_MAG26fr, vB_KpnS_MDA2066,
and vB_KpnS_PMM-G3 were deposited in the GenBank
database with the numbers OP558001, OP558002,
OP558003, and OP558005, respectively.

Phylogenetic analysis involved 62 reference bacteriophage
genomes recommended by the International Committee
on Taxonomy of Viruses (ICTV). Phylogenetic trees were
constructed in the offline version of the ViPTree server (v. 1.1.2)
based on the pairwise genetic distanced between the phage
genomes [22]. The closest bacteriophage homologues were
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defined using the BLASTn algorithm. BLASTp services were
used to compare the sequences of certain proteins.

RESULTS

Isolation, morphology and host range of the
K. pneumoniae bacteriophages

A total of four K. pneumoniae bacteriophages were isolated
from the water sample collected from the Likhoborka River
(Moscow) by enrichment culture method: vB_KpnM_NDO71,
vB_KpnS_MAG26fr, vB_KpnS_MDA2066, and vB_KpnS_
PMM-G3. The clinical strains with certain capsular types
isolated in 2020 were used as host strains: K. pneumoniae
Kp71 (capsular type KL45), Kp26f (KL19), Kp2066 (KL107),
and KpG3 (KL28).

Bacteriophage vB_KpnM_NDO71 formed small (0.5 mm)
plagues surrounded by wide (2-4 mm) halos. The plaques
formed by bacteriophage vB_KpnS_PMM-G3 were much
larger (1-2 mm) and had wide (4-5 mm) halos. Bacteriophages
vB_KpnS_MAG26fr and vB_KpnS_MDA2066 formed small
(0.5 mm) plaques surrounded by small (1-2 mm) halos (Fig. 1).

Bacteriophage host ranges were assessed on a collection
of 180 K. pneumoniae strains with known capsular types based
on the wzi gene sequence typing. The strains had 31 unique
capsular types, among which KL2 (19.4%), KL23 (9.4%), KL39
(8.9%), KL64 (8.9%), and KL20 (6.1%) were the most common.

Bacteriophages vB_KpnM_NDO71, vB_KpnS_MAG26fr,
and vB_KpnS_PMM-G3 had a narrow lytic spectrum and lysed
all strains with the capsular type of the host strain: KL45 (n = 4;
2.2%), KL19 (n =6; 3.3%), and KL28 (n = 4; 2.2%), respectively.
Bacteriophage vB_KpnS_MDA2066 demonstrated lytic activity
against strains with two different capsular types: KL19 and
KL107 (n =7; 3.9%).

Bacteriophage whole-genome sequencing
and phylogenetic analysis

Genomes of the studied bacteriophages were represented
by double-stranded DNA molecules with the length of
49,477-158,414 bps and G+C content of 44.4-56.1% (Table 1).
The number of predicted open reading frames (ORFs) varied
between 76 and 236. Some tRNA genes were revealed in
bacteriophages vB_KpnM_NDO71 and vB_KpnS_MDA2066
(21 and 7, respectively).

A phylogenetic tree was constructed based on the whole-
genome sequences of phages recommended by ICTV in
order to define the taxonomic status of bacteriophages (Fig. 2).
Bacteriophages vB_KpnM_NDO71, vB_KpnS_MAG26fr,
vB_KpnS_MDA2066, and vB_KpnS_PMM-G3 belonged to
different phyla and were parts of the clusters formed by
members of the Mydovirus, Yonseivirus, Taipeivirus, and
Webervirus genera, respectively, of the phylogenetic tree.

According to the results of BLASTn analysis, Klebsiella
phage vB_KpnM_KB57 (GenBank KT934943.1; 84% query
coverage and 96.49% sequence identity) turned out to be the
closest homologue of phage vB_KpnM_NDO71, Klebsiella

Fig. 1. Morphology of the vB_KpnM_NDO71, vB_KpnS_MAG26fr, vB_KpnS_
MDA2066 and vB_KpnS_PMM-G3 phage plaques

phage S9a (GenBank ON623732.1; 71% query coverage
and 93.88% sequence identity) was most close to phage
vB_KpnS_MAG26fr, Klebsiella virus UPM 2146 (GenBank
NC_049472.1; 95% query coverage and 98.98% sequence
identity) was most close to phage vB_KpnS_MDA2066, and
Klebsiella virus UPM 2146 (GenBank NC_049472.1; 95%
query coverage and 98.98% sequence identity) was the closest
homologue of phage vB_KpnS_PMM-G3.

Functional analysis of K. pneumoniae phages

We successfully predicted the functions of 61 proteins during
functional annotation of the vB_KpnM_NDO71 phage genome.
The bacteriophage structural organization was typical for
rV5-like phages: the phage did not encode RNA polymerase and
produced o-spanin as a lytic protein. In contrast to homologue
phages Seu621 and VIK251 [23, 24], DNA polymerase gene
found in the vB_KpnM_NDO71 phage genome was divided
into two reading frames by the gene encoding homing
endonuclease.

As for phage vB_KpnS_MAG26fr, the expected functions
(structural proteins; enzymes involved in replication, regulation,
transcription and translation of DNA; lysis of the host) were
attributed to the products of 42 ORFs. Of these 19 were
structural proteins of the phages, while the cassette comprising
five proteins (0-spanin, component of the inner membrane

Table 1. General characteristics of the genomes of phages vB_KpnM_NDO71, vB_KpnS_MAG26fr, vB_KpnS_MDA2066, and vB_KpnS_PMM-G3

Bacteriophage Genome size, bp G+C ORF tRNA
vB_KpnM_NDO71 136 566 44,40% 236 21
vB_KpnS_MAG26fr 59 701 56,10% 79 0
vB_KpnS_MDA2066 158 414 46,40% 208 7
vB_KpnS_PMM-G3 49 477 50,10% 76 0
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Fig. 2. Phylogeny of the K. pneumoniae bacteriophages. The studied bacteriophages are highlighted in red

spanin, endolysin, and two proteins of the choline—anti-choline
system) was responsible for the host cell lysis.

Bacteriophage vB_KpnS_MDA2066 encoded 80 proteins
assigned the expected functions. Of these 27 were structural
proteins, 52 belonged to genes involved in replication,
regulation, transcription and translation of DNA. Furthermore,
phage encoded one endolysin protein responsible for lysis of
the host bacterium.

Of 76 ORFs of the vB_KpnS_PMM-G3 phage, 43 encoded
proteins assigned the expected functions, the majority of which
were considered structural proteins. The bacteriophage had
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genome structural organization typical for T1-like bacteriophages
and encoded no genes of DNA and RNA polymerases.

Bacteriophage receptor-binding proteins

Five ORFs of the vB_KpnM_NDO71 bacteriophage were
annotated as proteins of the phage tail fibers based on the
results of functional analysis. It was later found that NDO71_
orf047 carried a depolymerase domain represented by pectate
lyase 4 (Table 2). The analysis performed using BLASTp
showed that this protein shared a high degree of homology
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Table 2. Predicted depolymerase domains of phages vB_KpnM_NDO71, vB_KpnS_MAG26fr, vB_KpnS_MDA2066 and vB_KpnS_PMM-G3

Similarity with the closest homologue, %
ORF Depolymerase domain Protein size, aa
N-terminal domain | Depolymerase domain | C-terminal domain
vB_KpnM_NDO71
orf047 Pectate lyase 4 507 0 | 90,8 | 57,8
vB_KpnS_MAG26fr
orf055 Family 48 glycoside 941 29,4 418 50,8
hydrolase
vB_KpnS_PMM-G3
orf046 Pectate lyase 3 742 98,5 83,5 99,7
vB_KpnS_MDA2066
orf130 Pectate lyase 3 960 0 38,2 33,5
orf131 Family 28 glycoside 766 6,8 73,4 64,7
hydrolase
orf133 Family 28 glycoside 660 100 100 100
hydrolase
orf135 Family 28 glycoside 721 31,8 67,2 59,6
hydrolase

with the hypothetical proteins of the K. pneumoniae prophages
(GenBank WP_180812430.1; 89% query coverage and
68.97% sequence identity).

The vB_KpnS_MDA2066 genome also encoded five
proteins annotated as proteins of the phage tail fibers. However,
in contrast to vB_KpnM_NDO71, four predicted phage tail fiber
proteins out of five carried the polysaccharide depolymerase
domains: pectate lyase 3 in MDA2066_orf130 and family
28 glycoside hydrolases in MDA2066_orf131, MDA2066_orf133,
and MDA2066_orf135. Two phage tail fiber proteins of
bacteriophage vB_KpnS_MDA2066 (orf131 and orf135)
demonstrated more than 50% homology with the previously
reported tail fibers of Klebsiella phage K64-1 that showed
specificity for capsular types K30/K69 and KN4, respectively.
The tail fiber protein MDA2066_orf130 shared a certain degree
of homology (563% query coverage and 34.87% sequence
identity according to BLASTp) with the tail fiber protein of the
previously reported phage P929 showing lytic activity against
strains with the KL19 capsular type (Table 2). The fourth tail fiber
protein MDA2066_orf133 was identical to the tail fiber protein of
the Klebsiella virus UPM 2146 phage and shared a high degree
of homology with similar proteins of the Taipeivirus genus phages
(100% query coverage and 99% sequence identity).

The vB_KpnS_MAG26fr phage genome encoded two
proteins annotated as proteins of the phage tail fioers. One of
these proteins (MAG26fr_orf055) encoded a depolymerase
domain represented by the family 48 glycoside hydrolase
(Table 2). The Soft bacteriophage distal tail protein (GenBank
YP_009851405.1; 100% query coverage and 46.36% sequence
identity) was the closest homologue of this tail fiber protein.

Similar to phage vB_KpnS_MAG26ft, the vB_KpnS_PMM-G3
encoded two tail fiber proteins. A closer analysis made it possible
to predict a polysaccharide depolymerase domain represented
by pectatlyase 3 for one of these proteins (PMMG3_orf046).
This protein shared a high degree of homology with the tail
fiber protein of the undescribed Klebsiella phage VLCpiD7¢c
(GenBank UVX29830.1; 100% query coverage and 95.15%
sequence identity).

DISCUSSION
A total of four bacteriophages capable of lysing K. pneumoniae

strains with the capsular types KL19, KL28, KL45 and
KL107 were isolated during the study. It should be noted that

bacteriophages showing activity against three types were
reported for the first time, while phages vB_KpnS_MDA2066
and vB_KpnS_MAG26fr showed activity against strains with
the KL19 capsular type, just like the previously reported
Klebsiella phage P929 [25].

We have used the whole-genome sequencing, that has
been increasingly used to define the phage taxonomic status
and structural organization in recent years [26], to describe the
genetic features of the phages. Phylogenetic analysis has revealed
that the studied phages belong to different genera and families.
Furthermore, genome alignment using the BLASTn algorithm
has revealed significant differences (> 5%) from genomes of the
closest phages, thus allowing the researchers to conclude that
the studied bacteriophages are members of new species [26].

Functional analysis of the encoded genes showed that
the genome structural organization of the phages was typical
for the members of appropriate genera. Bacteriophages were
strictly virulent and contained no integrase genes, potentially
dangerous toxin genes or antibiotic resistance determinants.
This makes it possible to use the phages in therapeutic practice.

The receptor-binding proteins represented by polysaccharide
depolymerases were predicted in genomes of all four
bacteriophages. No homology with the bacteriophages
previously reported in literature was revealed in depolymerases
of bacteriophages vB_KpnM_NDO71, vB_KpnS_MAG26fr, and
vB_KpnS_PMM-G3. This expands the theoretical knowledge
and the possibilities of the future development of the broad-
spectrum polysaccharide depolymerase-based drugs. Three
tail fibers of the vB_KpnS_MDA2066 bacteriophage (orf130,
orf131, and orf135) showed a certain degree of homology
with the tail fiber proteins with known specificity: KL19, K30/
K69, and KN4, respectively. Meanwhile, the main differences
were found in the N-terminus that encoded sites of the tail fiber
attachment to other phage proteins. By contrast, a high degree
of homology was observed in the region of the predicted
enzyme domain and in the C-terminus responsible for substrate
recognition [27] (Table 2). It is also worth mentioning that there
were no samples with the K30/K69 capsular type in the tested
collection of K. pneumoniae clinical isolates, and the other
typing scheme should be used to define the KN4 type.

The lytic spectrum of the studied phages is limited to four
capsular types. Despite the fact that there is a small number
of strains with capsular types KL19, KL28, KL45, and KL107
in the tested collection (11.7%), isolates with these capsular types
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are associated with nosocomial infections resistant to a wide range
of antibiotics, including colistin [28]. Furthermore, two phages
show activity against strains with the KL19 capsular type
(VB_KpnS_MAG26fr and vB_KpnS_MDA2066 have polysaccharide
depolymerase domains of different types), which could potentially
result in lower frequency of mutation in case of the combined use.

When developing medications, several bacteriophages
with various Ilytic profiles are usually combined into phage
cocktails to increase the therapeutic efficiency. Currently,
the following requirements are applied to such cocktails: the
bacteriophage titer in the preparation should not be below
10® PFU/mL, bacteriophages should be strictly virulent and
should not contain potentially dangerous genes, bacteriophages
should effectively lyse causative agents of infections [29, 30].
Thus, combining these phages with other capsule-specific
bacteriophages has the potential to raise the therapeutic
cocktail efficiency to 100%.
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CONCLUSIONS

The studied bacteriophages vB_KpnM_NDO71, vB_KpnS_MAG26fr,
vB_KpnS_MDA2066, and vB_KpnS_PMM-G3 belong to
new species of the well-characterized families and subfamilies
and are promising candidates for the development of efficient
phage cocktails. In turn, the predicted depolymerases showing
activity against rare capsular types KL19, KL28, KL45, and
KL107 may be the subjects of further study as potential
therapeutic agents.
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EVALUATION OF METHODS OF AVIAN LEUCOSIS VIRUS INACTIVATION IN PRODUCTION
OF INFLUENZA VACCINES

Savina NN', Ekimov AA' ™, Shuklina MA?, Trukhin VP!, Evtushenko AE', Zhirenkina EN', Stepanova LA?
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The process of production of inactivated influenza vaccines involves a stage of inactivation of both the influenza virus and the possible viral contaminants that can
come from the raw materials (chicken embryos). One of such contaminants is the avian leucosis virus. The minimum viral contaminant load reduction that the
inactivating agents should guarantee is by 4 Ig/ml; this or higher level of the deactivating ability ensures the finished vaccine is free from viral contaminants. The
purpose of this work was to cultivate the leucosis virus to the titer of 5 Ig/ml (minimum) and to measure the reduction of the avianleucosis virus titer in influenza
vaccine intermediates upon exposure to the inactivating agents. The RAV-1 and RAV-2 leucosis virus strains and influenza vaccine intermediates such as virus-
containing allantoic fluid and virus concentrates were used in the study. Avian leucosis virus titers were determined by enzyme immunoassay. We created conditions
for cultivation of the RAV-1 and RAV-2 avian leucosis virus strains in the primary culture of chicken embryo fibroblasts (CEF); the inactivating agents considered were
the most commonly used B-propiolactone and UV radiation. It was found that after 12 hours of exposure to B-propiolactone, the RAV-1 avian leucosis virus load
decreased by 4.61 + 0.46 Ig, and that of RAV-2 strain — by 4.33 + 0.33 Ig, which indicates that B-propiolactone is an effective inactivating agent. Five minutes of
exposure to UV radiation reduces the RAV-1 strain viral load by 4.22 + 0.31 Ig and RAV-2 strain viral load by 4.44 + 0.48 Ig.
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OLIEHKA METOA0OB MHAKTUBUPOBAHWUA BUPYCA JIEMKO3A MTUL, MPU NPON3BOACTBE
rPUMMNO3HbIX BAKUWH

H. H. CasuHa', A. A. Ekumos'=, M. A. LLyknnna?, B. T1. Tpyxun', A. 3. EsTyluerko!, E. H. XXupeHkuna', J1. A. CtenaHosa?

" CaHKT-TeTepbyprekuii Hay4YHO-UCCNEA0BATENBCKNIA UHCTUTYT BaKLWH U CbIBOPOTOK M MPeAnpusiTVe Mo NMpon3BOACTBY GakTepuiiHbix npenapaTtos deaepanbHOro
MeAvKo-bronormndeckoro areHTcTea, CaHkT-lNetepbypr, Poccusa

2 Hay4Ho-1ccneaoBaTenbsCKuin MHCTUTYT rpunna umenn A. A. CmopoauHuesa MuHaapasa Poccun, CaHkT-Tetepbypr, Poccus

[Np1 NPOV3BOACTBE NHAKTUBMPOBAHHBIX MPMMMO3HbIX BAKLH Ha CTaAMN MHAKTUBALWM AOMMKEH ObiTb MHAKTVBMPOBaH Kak BMPYC rpunna, Tak 1 BO3MOXKHbIe BUPYCHbIe
KOHTaMVHaHTbI, KOTOPbIE MOFYT MOMacTb B BaKLMHY U3 Cbipbs (KypPUHbIX SMOPUOHOB). OOHUM 13 BOSMOXHbIX KOHTAMUHAHTOB SBJISETCA BUPYC JIEMKo3a MTULL.
VIHaKTVBaTOPbI AOMKHBI 06ECTeHMBaTL rapaHTUPOBAHHOE CHYDKEHME BUPYCHOM Harpy3ky KOHTaMUHaHTa He MeHee Yem Ha 4 Ig/mn, 4To obecnedunT ero oTcyTCTave
B rOTOBOW BakLyHe. Llenbto paboTbl 66110 OCYLLECTBUTL HAPabOoTKy BUPYCa Nerkosa Ans AOCTVKEHUS MUHUMaIBHOrO TUTPa 5 Ig/Mn, OLEHUTL CHWKEeHWe TUTpa
BMpYCa Nevikosa NTWL, B MONYMPOAYKTax MpUMMO3HbIX BaKLWH MPU BO3AENCTBUM MHAKTVBATOPOB. B 1ccnenoBaHni ncnons3oBam WTaMMbl BUPYca Nekosa RAV-1
1 RAV-2 11 nonynpoayKTbl MPYNNO3HbIX BaKLWH, Takvie Kak BYpyCCoAepKallas annaHToMCHas XXUAKOCTb W BUPYCHbIE KOHLIEHTpaTbl. TUTPbI BUpYCa neikosa nruL,
OMPEeAensnM METOAOM UMMYHO(EPMEHTHOMO aHanm3a. Bbinn Noao6paHb! YCIoBMS HaPaboTKM BUPYyCa Nenkosa ML Lwtammos RAV-1 1 RAV-2 B nepBryHOI KynbType
hrbpobnacToB aMEPHOHOB Kyp (PIK); pacCMOTPEHbI OCHOBHbIE UCTIONBb3YEMbIE MHAKTUBATOPbLI — B-MPOMMONAKTOH 1 YP-1n3nyqerne. BoigeneHo, 4to crnycta 12 4
MHaKTMBaLM1 B-NponmonakToHOM BUPYC Nnerkosa ntvy, tamma RAV-1 nokadan CHuKeHne BUPYCHOM Harpy3ku Ha 4,61 + 0,46 Ig, a BMpyC nevkosa ntuL, Lutamma
RAV-2 —Ha 4,33 + 0,33 Ig, 4T0 yKasbiBaeT Ha athheKT1BHOE AEVICTBIE B-NPOMMONaKTOHa NPU MHaKTVBaLWmN. MpoBeaeHVe HakTueauum YP-1any4eHriem no3sonset
CHU3UTb BUPYCHYIO Harpy3ky wtammva RAV-1 Ha 4,22 + 0,31 Ig, a wramma RAV-2 Ha 4,44 + 0,48 Ig 32 5 MuH.

KnioueBble cnoBa: rpunmnosHble BakLnHbI, MHAKTUBaLWSA, BUPYC nerkoda ntuy, RAV-1, RAV-2, nponunonakToH, Y®-unanydeHue

Bknap aBTOPOB: BCe aBTOPbI BHEC/IM PAaBHO3HAYHbIN BKag, B pa3paboTky METOAVIKM MCCNEA0BaHus, MosyHeHne, aHanma v HTeprpeTaumio AaHHbIX, B HanvicaHme
1 PEAKTPOBAHNE CTaTbU.

CobntoaeHne 3TMHECKNX CTaHAAPTOB: 1CCNefoBaHMe NMPOBEAEHO C COBMOAEHMEM ITUHECKUX MPUHLIMNOB XENbCYHKCKOM Aeknapau BceMnpHon MenuLmMHCKOM
accoupnaummn 1964 r. 1 nocneayoLLmx ee NepecMoTpPOoB.
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To make the end product safe, the influenza virus should be
completely inactivated during production of the inactivated influenza
vaccines. This is a recommendation by both the World Health
Organization and the European Medical Agency [1, 2]; for vaccines
of international quality, it is a requirement. Chicken embryos used in
the production of influenza vaccines can potentially carry zoonotic
infections, such as the avian leucosis virus, avian adenovirus,
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mycoplasma. The mentioned recommendation prescribes that
the vaccine production technology includes measures aimed at
inactivation of the listed contaminants, too.

There are various ways of inactivating viruses in production
of vaccines, including those employing UV radiation,
formaldehyde or B-propiolactone [3]. The efficacy of these
agents against viruses differs.
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An earlier research investigated the effect of inactivating
agents on avian adenovirus of CELO and Fontes strains [4]: both
B-propiolactone and UV radiation were found to be effective in
inactivating these strains. It was established that after 10 hours
of exposure to B-propiolactone, the viral load associated with
the CELO strain adenovirus decreased by 4.12 + 0.06 Ig (PFU)/mI
and that by the Fontes strain adenovirus — by 4.20 + 0.19 Ig
(PFU)/ml, which indicates that B-propiolactone is an effective
solution to the inactivation task. Five minutes of exposure to
UV radiation reduces the CELO strain viral load by 4.22 + 0.31 Ig
and Fontes strain viral load by 4.44 + 0.48 Ig. It was noted that
detergent added at the scission stage also reduces the viral
load by 0.93 + 0.15 Ig (PFU)/ml and 1.04 + 0.12 Ig (PFU)/mI
in case of CELO and Fontes strains, respectively, when the
substance is n-octyl-B-D-glucopyranoside, and by 1.18 + 0.17 Ig
(PFU)/ml and 1.12 + 0.38 Ig (PFU)/ml when the substance is
tetradecyltrimethylammonium bromide.

In this connection, it became necessary to study in detalil
the effect of the above agents on another possible contaminant,
the avian leucosis virus. The avian leucosis virus belongs to
RNA-containing oncornaviruses of the Retraviridae family; they
cause leucosis and sarcomas in birds and include six antigenic
subgroups A, B, C, D, E, J. The viruses of this group are found
in tumor tissue, blood, parenchymal organs and in chicken
eggs. A team of researchers has investigated the subject of
avian leucosis virus in poultry farms of the Russian Federation
and found antibodies thereto at 90% of the farms involved in
the study [5]. Thus, there is a serious risk of contamination of
eggs used in vaccine production with avian leucosis virus. It
should also be noted that there is an urgent need to introduce
regulations in the Russian Federation prescribing use of
hatching eggs free from the avian leucosis virus in vaccine
production.

The use of UV radiation to inactivate viruses has been
investigated earlier, but there was only one strain considered,
RAV-1 [6]. Formaldehyde is one of the potential inactivating
agents, but it can jeopardize the stability of the finished influenza
vaccine and its immunogenicity, since it is a highly reactive
compound; moreover, formaldehyde is capable of chemically
modifying the influenza virus hemagglutinin and affecting the
antigenic determinants [7, 8]. Another chemical inactivating
agent, B-propiolactone, does not have these drawbacks; it
effectively inactivates the influenza virus and is hydrolyzed to
3-hydroxypropionic acid, an intermediate metabolite of human
lipid metabolism [9], this hydrolysis being a positive factor for
the safety of the vaccine.

The purpose of this study was to select an optimal agent
to inactivate the contaminant of influenza vaccines, avian
leucosis virus, its most common groups RAV-1 (subgroup A)
and RAV-2 (subgroup B) in particular. We also aimed to find out
the minimum duration of the inactivation stage that guarantees
viral load reduction by at least 4 Ig infectious units (IU)/ml [10].

METHODS
Materials

For our study, we used:

— avian leucosis virus RAV-1 (ATCC-VR-335) from the ATCC
collection (USA);

— avian leucosis virus RAV-2 (ATCC-VR-1828) from the
ATCC collection (USA);

— 10-day-old chicken embryos from Sinyavinskaya Poultry
Farm (Russia);

— IDEXX ALV Ag Test (IDEXX Laboratoties, Inc., USA).

Virus-containing allantoic fluid

We used 9-11-day-old chicken embryos to cultivate the
influenza virus. The embryos were infected with a dose of 0.2 ml,
infectious activity 102.0-104.5, and an egg infective dose 50
(EID,,). Chicken embryos were incubated at 35 °C for 48 hours
for type A influenza virus and for 72 hours in case of type B
influenza virus. After incubation, the embryos were cooled and
allantoic fluid containing the virus (AF) harvested.

Virus concentrates (VC)

We filtered AF through a cascade of filters with a pore diameter
of 10.6 and 1 um, then concentrated the resulting fluid and put it
into the ultrafiltration unit with cutoff at 300 kDa. The concentrated
virus-containing allantoic fluid was ultracentrifuged in the
sucrose density gradient (60-20%). We harvested fractions
of the sucrose gradient in the range of 40-25% of sucrose. The
harvested fractions were mixed and stored at —20 °C until the
study.

RAV-1 and RAV-2 avian leucosis virus strains cultivation

We used the primary fibroblast cell culture (CEF) prepared from
10-day-old chicken embryos to cultivate the avian leucosis
virus strains RAV-1 and RAV-2. Production of the CEF culture
followed prescriptions provided in the respective publication
[11]; it was done in 75 cm? culture flasks.

After formation of the cell culture monolayer, we diluted
the virus on a medium as needed (nutrient medium 199,
with the addition of TPCK-trypsin to a final concentration
of 2 pyg/ml and BSA (fraction V) to a final concentration of
0.2%). The resulting virus culture dilution was introduced
to the primary cell culture of CE fibroblasts (85-95%
monolayer), preliminarily washed twice with PBS, in a
volume of 2-3% of the mattress volume (necessary for
complete coverage of the monolayer with the virus-
containing liquid). Three ml of the virus culture were added
to the fibroblast cell culture, the cultures left in contact for
1 hour at +37 °C. Then, we added the maintenance medium
(6 ml) and incubated the culture in a CO, incubator at +37 °C.
The medium was changed on the 5" day of incubation.

The samples (virus-containing culture fluid) were harvested
on the 13" (RAV-1) or on the 7™ (RAV-2) days. At the end of
the incubation, the vials with the virus-containing liquid were
frozen at =20 °C and left to thaw at room temperature; the
freezing-thawing routine was repeated 2-3 times. Then the
virus-containing liquid was taken from the vials, centrifuged at
1159 g for 10 minutes to pellet the cells.

Determination of the RAV-1 and RAV-2 avian leucosis
virus titers in the CEF primary cell culture

To determine the titers of RAV-1 and RAV-2 viruses in the
AF and VC in the context of modeling their inactivation with
B-propiolactone (B-PL) and UV irradiation, we titrated the
samples at different periods of inactivation on the CEF primary
cell culture and then tested them for p27 in each dilution with
the help of ELISA. Each sample was studied in triplicates.
We prepared 10-fold dilutions of the samples (from 10" to
109 cultured on the maintenance medium. The dilutions
used in modeling the RAV-1 virus inactivation with B-PL or
UV irradiation, as well as the negative control culture (AF and
VC series free from contaminants) were added to the CEF cell
culture, 0.5 ml per well (each dilution studied in triplicate), and
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Fig. 1. Dynamics of inactivation of the RAV-1 and RAV-2 avian leucosis virus strains with B-propiolactone

left in contact for 5 hours at the temperature of +37 °C. Then
the virus-containing culture fluid was removed and maintenance
medium added, 1 ml per well. The plates were incubated in a
CO2 incubator at +37 °C, 5% CO,, for 7 days.

At the end of the incubation, the plates with the CEF
primary cell culture were frozen at —20 °C and left to thaw at
room temperature; the freezing-thawing routine was repeated
2-3 times. Then culture liquid was harvested from the wells and
centrifuged at 3000 rpm to pellet the cells.

The supernatant was further tested for p27 antigen with
ELISA, testing enabled by the IDEXX ALV Ag Test (IDEXX
Laboratoties, Inc., USA) as per the manufacturer's instructions.
We took as a titer the highest dilution of the virus-containing
liquid sample that had the the optical densities ratio with the
positive control greater than 0.2. The sensitivity limit of the
method is 1lg IU/ml. A titer less than 1lg IU/ml was taken as
0.5.

Statistical processing of results

We processed the results with Microsoft Excel 365 (Microsoft
corp.; USA) and Minitab 19 (Minitab Inc.; USA). The confidence
intervals of the mean value were calculated with a confidence
level of 95%.

RESULTS

Investigation of the dynamics of inactivation of avian
leucosis virus in virus-containing allantoic fluid by
B-propiolactone

The simulation of AF infection with the avian leucosis virus and
subsequent inactivation thereof followed the pattern applied
in the avian adenovirus inactivation study [4]. We added the
preliminarily titrated infectious material containing avian leucosis

virus to the AF samples in a volume equal to 10% of the initial
sample volume, so that its final content was at least 5 Ig IU/ml.
The resulting contaminated samples were supplemented with
B-propiolactone to a final concentration of 0.09%, and the
avian leucosis virus titer in the samples was determined in
accordance with the described method. Figure 1 shows the
inactivation dynamics.

According to the data obtained, the viral load decreased
by at least 4 Ig IU/ml in at least 12 hours after supplementation
with B-propiolactone at the temperature of +4 — +8 °C (Table 1).

Investigation of the dynamics of inactivation of avian
leucosis virus in virus concentrates with UV radiation

The simulation of VC infection with the avian leucosis virus and
subsequent inactivation thereof followed the pattern applied
in the avian adenovirus inactivation study [4]. We added the
preliminarily titrated infectious material containing avian leucosis
virus to the VC samples in a volume equal to 10% of the initial
sample volume, so that its final content was at least 5 Ig 1U/ml.
Seven ml of the contaminated VC were placed into 90 mm Petri
dishes. The dishes were then irradiated with 60 W UV light from
0, 0.5, 1, 2 and 5 minutes; the source of light was 20 cm away.
The inactivation was carried out at the temperature of +18 °C.

After the specified time intervals, we removed the cups
from the unit and took samples (1 ml) for further determination
of the virus titer as per the described method. Figure 2 shows
the inactivation dynamics.

The viral load decreased by at least 4 Ig IU/ml in at least
5 minutes under UV light (Table).

DISCUSSION

According to the long-term data collected at the St. Petersburg
Research Institute of Vaccines and Serums of the FMBA

Table. Reduction of the viral load by avian leucosis virus under the action of various inactivating agents

Strain
Inactivating agent
RAV-1 RAV-2
B-Propiolactone
(inactivation time: 12 hours) 46104619 4,33+0,331g
UV radiation
(inactivation time: 5 minutes) 42203119 4,33+0,481g
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Fig. 2. Dynamics of inactivation of the RAV-1 and RAV-2 avian leucosis virus strains with UV radiation

of Russia, the term of full inactivation of the influenza virus
strains that the WHO recommends for inclusion in inactivated
influenza vaccines is 4-6 hours in case of B-propiolactone and
3-4 minutes under UV radiation. However, these terms do not
guarantee inactivation of the possible contaminants, which
makes the risk of producing unsafe vaccines real. In an earlier
study [4], we have shown that both B-propiolactone and UV
radiation are effective against adenovirus (strains Fontes and
CELOQO), which is a possible a contaminant. The associated viral
load decreases by more than 4 Ig PFU / mlin at least 10 hours
when B-propiolactone is used to inactivate AF (4.12 + 0.06 Ig
and 4.20 + 0.19 Ig for CELO and Fontes, respectively) and in at
least 5 minutes when the inactivating agent is UV (4.69 + 0.89 Ig
and 4.44 + 1.06 for CELO and Fontes, respectively).

According to the published research, the common
inactivating agents used against avian leucosis virus are
temperature and formalin (inactivation term of 24 hours) [12, 13],
but they are hardly usable in production of the influenza
vaccines since both temperature and formalin decrease their
immunogenicity and formaldehyde itself is toxic. UV radiation
has only been described as an inactivating agent for RAV-1 [6];
the reported viral load decrease was by 2 Ig after 10 minutes
of irradiation of virus-containing materials from a distance of
40 cm with lamps with a total power of 30 W.

This study has shown that B-propiolactone and UV
radiation are also effective against RAV-1 and RAV-2 strains
of the avian leucosis virus. However, the avian leucosis virus is
inactivated with B-propiolactone in no less than 12 hours, while
the term for adenovirus is 10 hours. Therefore, to inactivate
both contaminants, the influenza vaccine production process
should include the stage of inactivation with B-propiolactone
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that lasts at least 12 hours at a temperature of +4—+8 °C. As
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SOLUTION TO THE PROBLEM OF DESIGNING A SAFE CONFIGURATION OF A HUMAN UPPER
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This study aimed to develop a method allowing to improve safety of use of robotic medical rehabilitation devices by designing and testing an algorithm for calculation
of the angular positions of rehabilitation robotic manipulators or robotic prostheses and allowing to reproduce the natural arc of a human arm under control of a CVS.
The Introduction section supports the urgency of development of the methods granting control over positioning of robotic manipulators with the help of a computer
vision system (CVS) and thus guarantee safety of patients and medical personnel in the context of work with medical robotic rehabilitation devices. The Materials
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PELLEHUE 3AOA4YY ®OPMUPOBAHUA BEE3OMACHOW KOH®UINYPALIM POBOTUYECKOIO
MPOTE3A BEPXHEW KOHEYHOCTU YEJIOBEKA

A. LLI. Bypees'?, E. B. lono6okoea'?, [1. C. XXnaHos"? & 4. B. KocTenein'?, P. B. Kowenes?, E. A. ®omMeHKo?

" LleHTp pa3BuTHs HayKW, TEXHOMOMMIA 1 0Bbpa3oBaHKs B 06n1acTy 060POHbI 1 06ecneqeHnst 6e30MacHOCTIN roCyAaPCTBa, HauVoHanbHbIN NCCNER0BATENLCKAN
ToMcKuIn rocyaapCTBEHHbIN YHUBEpCUTeET, ToMck, Poccus

2 depepanbHbIi HayHHO-KIMHUHECKII LIEHTP MEANLMHCKOW peabunmntauumn n kypoptonornn defepansHoro Meamnko-brnonorndeckoro areHtetsa, Mocksa, Poccyst

Ha cerogHAWHWA AeHb OCTaeTCca aKkTyanbHOW paspaboTka METOAOB KOHTPOMS MO3ULIMOHNPOBaHNS POBOTUHECKMX MaHUMYNATOPOB C MOMOLLBIO CUCTEM
TexHM4eckoro 3peHns (CT3) ¢ Lenbio obecnevenmnst 6e30nacHOCTY NaLMEHTOB Y MEAULIMHCKOrO NepcoHana npu paboTte ¢ MeAUUMHCKMI POBOTU3MPOBaHHBLIMI
peabunuTaumMoHHbIMK ycTporcTBamu. Llenbio nccnenoBarHusa Obino padpabotatb MeTOA MOBbILeHUst 6e30MacHOCTV MPUMEHEHNS POBOTU3NPOBAHHbIX
MEAVLIHCKIMX peabumnTaunoHHbIX YCTPOMCTB NyTem pas3paboTku 1 anpobaumy anroputMa pacyeTa yrioBbiX MNONOXKEHW POBOTU3NPOBaHHbIX MaHUMYNSTOPOB
N POOOTUHECKNX MPOTE30B, MPUMEHSEMbIX B BOCCTAHOBUTESIBHOM NEYEHWI 1 MO3BOMSIOLLMX BOCMPOM3BECTN €CTECTBEHHYIO TPaEeKTOPUIO MepemMeLLeHns
PyK1 YenoBeka nog, koHTponem CT3. [JaHo onncanne poboTr3npOBaHHOrO MaHWMYIATOPa, MCMONbL30BAHHOIO NPY NPOBEAEHNM NCCNE0BaHNN, NPEeACTaBNEHbI
CYLLECTBYIOLLME MOAXOAb! K PaCHeTy YITI0BbIX MOMOXEHWI MPUBOAOB, a Takxe onucaHue npefnaraeMoro anroputma. MNpueeaeHsl CpasHUTENbHbIE pesynsTaThl
paboTbl MpefiaraeMoro anropuTMa 1 CyLLEECTBYIOLLMX METOAOB pacyeTa YroBbIX MOSIOXKEHWI MPUBOAOB POOOTUSNPOBAHHBLIX MaHUMYASTOPOB (POOOTUHECKINX
NpOTEe30B) U NpeAnonaraeMble HanpasneHns Ana ero 4opaboTKM.

KnioyeBble crioBa: 6e30MacHOCTb YEMI0BEKa, YrpassieHne MaHNMyISTOPOM, POBOTUHECKI NMPOTES, POBOTU3MPOBAHHAS PeabuvTaLms, KOOpAMHATa B TPEXMEPHOM
MPOCTPaHCTBE, CUCTEMbI TEXHUHECKOrO 3PEHIS, KuHeMaTvika

®duHaHcupoBaHue: pesynsratbl OblIn NOMyYeHbl B PamMKax BbINOMHEHNSI FOCYAaPCTBEHHOMO 3aaanuns MuHobpHaykm Poccum, npoekt Ne FSWM-2022-0008.

BnaropapHocT: 3amectutento reHepansHoro anpextopa Orey OHKL MPrK ®MBA Poccumn H. AGaynknHOM 3a NOAAEPKKY HAyHHOrO KONEKTNBA; MPOPEKTOPY
MO Hay4YHOWN 1 MHHOBaLMOHHON AeatensHocTV HIA TTY A. BopoxxLIOBY 3a MOMOLLb B Pa3BUTUM UCCNEA0BaHUIA B 061aCTV MEANLIMHCKOM POBOTOTEXHNKM.
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nporpaMmHasi peanvaaumns anroputmos; A. LU BypeeB — aHanva prckoB NMpUMeHeHVs MEAVILIMHCKIX POBOTOB 1 poBoTU3MPOBaHHbLIX NMpoTe30B; E. B. fonobokosa,
P. B. Kowenes — 0630p nutepatypsbl; E. A. DOMEHKO — aHann3, HanpaBieHHbIN Ha BbIABEHVE TPAEKTOPWUIA NepemMeLLIEHNS], HEUCMONHUMBIX C TOYKI 3pEHs
MeXaTPOHVIKN.
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The current worldwide trend around the latest R&D achievements
involves active introduction of robotic equipment in all sectors of
the economy. A paper by The Boston Consulting Group (BCG)
states that by 2030 the total global market of professional
robotics will reach $260 billion [1].

Medical robotics is one of the leading segments of
professional robotics by the level of technology employed and
demand present. As Joseph Engelberger, father of commercial
robotics, said, "... hospitals are the ideal place and the ideal
environment for use of robots" [2].

Nevertheless, despite the broad introduction of robotic
medical systems, the matters of safety of patients and medical
staff that use such systems have not been investigated
sufficiently. Some of the published studies point to the
documents reporting results of operations that employed
robots, and the number of subsequent adverse consequences
exceeded one and a half thousand [3]. During the period from
2000 through 2013, surgeries done with the help of robots
resulted in death of 144 people. Between 2000 and 2013, the
equipment ignited or failed on more than 190 cases. Almost
800 other cases of adverse consequences of robotics-enabled
operations resulted from systemic errors such as loss of the
video feed [3].

According to the authors of the article, robotic rehabilitation
implies slightly different risks for patients: robot arms may
move incorrectly (along an unacceptable trajectory or at an
unacceptable angle) and thus injure the patient or medical
personnel. With this in mind, we undertook to make use of
medical rehabilitation robots safer for people by developing
a method installing an additional control loop for the robot
manipulator's movements that relies on a computer vision
system (CVS). "Robot arm movement control" in the context
of this study means establishing the fact of that arm reaching
a preset point within a local coordinate system. Thus, we
employed CVS only to confirm the successfully performed
movements without assessing the controlled manipulator's
final configuration. For the stated purpose, we analyzed the 3D
coordinates for each manipulator's structural components.

The subject we tested the developed method of positioning
robotic manipulator's components on was an AR-600E
anthropomorphic robot (NPO Androidnaya Tekhnika; Russia).
The testing sought to confirm the possible way to improve
safety of use and accuracy of positioning of anthropomorphic
robotic prostheses of human upper limbs. We paid special
attention to finding a solution to the problem of establishing
the coordinates of individual components of the manipulator to
design its configuration to mimic movements of a human arm
in the best possible way. The solution allows designing missing
or dysfunctional arm replacements with kinematics matching
kinematics of a human arm as close as possible, which makes
them safer in use.

It should be taken into account that, unlike industrial robot
arms, an anthropomorphic robotic rehabilitation manipulator is
not fixed on a rigid base. Coupled with mechanical complexity
and a large number of interconnected components, this
translates into considerably inaccurate positioning values,
which, in some cases, can make the robotic prosthesis
dangerous to its owner or people around him/her. Under such
conditions, the task of accurate and safe positioning is not a
trivial one; it largely depends on the method of designing the
mechanism itself.

A suggested solution to this task involves a CVS module
integrated into the robotic rehabilitation anthropomorphic
manipulator's control loop. This module would monitor the
position of the manipulator in its field of view and generate
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commands to interrupt or correct a potentially dangerous
movement. The module is supposed to recognize and track
both the manipulator's grip and special markers attached to
its components [4, 5]. However, even with a CVS enhancing
the traditional methods of estimation of the manipulator's
position (relative to the elements of the CVS), the absolute
mean calibration error between the system [6, 7] and the
manipulator's grip is more than + 5 cm [4].

The traditional approach to determining the current position
of the manipulator's components involves requesting their 3D
coordinates from the direct kinematics logic. The inputs are
the values transmitted by the angular position sensors of the
corresponding drives. The logic also contains the current
coordinates by the CVS. At the initial stages, the software must
search for the target object and calculate its spatial position
relative to the elements of the system or the absolute zero
of the kinematics logic. This can be done with the help of
position-based (PBVS), image-based (IBVS) visual servoing or
hybrid methods. In general, the above methods calculate the
needed coordinates by analyzing images; they are applicable
to both industrial manipulators and anthropomorphic robots
and robotic prostheses of the human hand.

Image-based visual servoing allows comparing the
calculated needed and current positions of the manipulator
or object on a plane. The difference between the needed
and the current positions (the error) is used as feedback. The
connection between the received information and changes
in the position of the components is made through a Jacobi
matrix and the direct kinematic logic of the robot [8]. There
are a large number of methods to determine this connection
[9-11]. It should be taken into account that a single marker on
the object (either the manipulated object or the manipulator
itself) enables control over only two degrees of freedom. At least
four markers are needed to control six degrees of freedom.
Greater number of markers also increases the probability of
an unambiguous decision supporting the control command
[11, 12]. The IBVS method does not allow linear control of the
robot components and does not rely on 3D information about
position of the manipulated object. This leads to generation
of non-optimal or unrealizable trajectories, a problem that can
be solved through adjustments by selected visual parameters
[13-15].

The PBVS method implies the coordinates of objects
inside the manipulator operating space are determined relative
to the coordinate system of the camera part of the CVS. The
parameters of the geometric model of the tracked object and
camera parameters are factored in together for this purpose.
The parameters of the tracked manipulator in the operating
space are known; the changes of these parameters can be
tracked by responses from the robot's kinematics logic.
Geometrical parameters of the manipulated object, on the
contrary, strongly depend on the CVS parameters and the
adopted methods of 3D localization [16-22].

Hybrid visual servo-enabled control involves both the IBVS
and PBVS methods. This approach improves the accuracy
of the generated commands through separation of control
over manipulator's degrees of freedom [23-27]. Systems that
rely on such an approach are less dependent on the robot
cameras' calibration accuracy and give a more true idea of the
objects' geometry. However, such systems harder to build and
consume more computing resources. Moreover, they do not
eliminate the risk of non-optimal or unrealizable trajectories,
which can still impair the process due to positioning errors and/
or incorrect estimation of the 3D coordinates of the tracked
objects by the CVS.
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Fig. 1. Structure of the AR-600E manipulator

Calculation of the optimal positions of the manipulator's
grip should factor in mechanical limitations of the joints peculiar
to both the initial positioning and the subsequent manipulation
stages. In addition, since of anthropomorphic prostheses are
supposed to be a safer robotic rehabilitation device fir for use
in "human" environment, positioning of the manipulator may
include stopping before obstacles while moving to target
position.

With the current methods of processing data inputs from
the CVS, development of the software generating movement
trajectories for the AR-600E manipulators does not exclude the
possibility of generation of a trajectory (arm to target object)
that is either unsafe or unrealizable. In addition, we undertook
to enable generation of the trajectories that mimic natural
movements of the human arm. In the context of this study,
we assessed various options of solutions to the manipulator's
inverse kinematics problem and formulated a method that
ensures building the movement trajectory as expected.

This study aimed to develop a method making use of robotic
medical rehabilitation devices safer by designing and testing
an algorithm for calculation of the angular positions of robotic
manipulators or robotic prostheses used for rehabilitation
purposes and capable of reproducing the natural human.

METHODS

For this study, we developed a number of algorithmic solutions
allowing to build a movement trajectory for an anthropomorphic
manipulator that closely resembles that of a human arm.
The solutions were implemented as software that controls
the manipulator of an AR-600E anthropomorphic robot in a
simulation environment enabled with quaternion algebra. The
manipulator includes the following components (Fig. 1):

1) the Shoulder groups of components moves the Elbow
component and the lower components of the manipulator
along the frontal (ShoulderS), sagittal (ShoulderF) and vertical
axes (ElbowR);

2) the Elbow component moves its child components along
the sagittal axis;

3) the WristR component moves its child component along
the vertical axis;

4) the WristF and WristS components move the hand along
the frontal and sagittal axes, respectively.

The fingers are driven with actuators located on the WristS
component.

The Forward and Backward Reaching Inverse Kinematics
(FABRIK) method [28] was used to calculate the spatial position
of the manipulator's components. This method accounts
for the constraints and represents the components of the
components, which, combined, allow bringing the hand to the
target position in the 3D space.

Two cameras on the head of the anthropomorphic
mechanism captured color images within the operating space.
Machine learning methods enabled control of the movements
of manipulator's grip and tracking thereof, assessment
point being whether it has reached the set coordinate in the
operating space or not. The main task set before the routines
that incorporate machine learning is to detect the grip and
assess how it performs a given task within the operating space.

Two approaches to assess correctness of the grip
positioning were applied: 1) by requesting responses from
the manipulator drives and modeling the current configuration
of the manipulator based thereon, and 2) with the CVS of
anthropomorphic mechanism. Configuration of the manipulator
in its entirety is not controlled, since the CVS' field of view
does not cover all of its components. This task is solved after
modeling the spatial position of the manipulator, through
calculation of angular positions of the drives that bring it to the
set 3D coordinates. Below, we consider the possible ways of
their calculation on the example of the Shoulder group (Fig. 1)
the movements of which affect the spatial position of all other
components of the manipulator. The following methods of
angular positions calculation were compared:

1) using orthogonal projections of specific points on the
manipulator's components. The angle between two points
(for example, axis of the Elbow component and the Shoulder
group) was calculated by the following formula:

angle = 90° — asin(%), (1)

where a is the module of the y coordinate for the corresponding
axis of the component, and c¢ is the distance between
components in the corresponding orthogonal plane;
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2) as angle of rotation of the orthogonal plane between
projection of the Eloow component during initialization of the
kinematic logic and projection in the analyzed plane of its
movement. We used the following formula in this case:

(@:b) a b tasb ta_b,
= ’
z, 2, 2 2, ., 2,2
'\/al +a, +a, -\/bl +f:r2 +b3

where 4 and b are the 3D vectors between which the angle is
calculated, and a,, b, are the corresponding coordinates of 3D
vectors after modeling of the orthogonal projections;

3) through the Elbow component's 3D coordinates
projection onto the corresponding Shoulder group movement
planes:

co S(E; E) = @

[af+2]

_ [, Etbowyrdist _Etbaw.zdist
vz = [O’ Elbow.x+dist ' Elbow.x+dist ]’

Elbow.x*dist

Xz = Elbow.y+dist ’

. _Elbow.z*dist
* Elbow.y+dist |

(3)

Elbow.x*dist  Elbow.y*dist
XY = [ ; - -0].

Elbow.z+dist * Elbow.z+dist *

dist = ‘\j(Elbuw.x — null. 1)2 + (Elbow.y — null.y)z + (Elbow.z — null.z)z

where dist is the distance between the current coordinate
on the Elbow component axis and the common axis (null) of
ShoulderF, ShoulderS components (Shoulder group). We used
both (1) and (2) to calculate the angular positions;

4) with the help of the "Shortest arc" method used by
game developers to calculate the shortest arc of movement of
connected components of virtual objects from the initial point
to a given point in 3D space. Practically, implementation by this
method means generation of the rotation quaternion from the
double rotation and zero rotation quaternions, with the resulting
quaternion being the sum of the double rotation quaternion and
the identity quaternion;

5) using the algorithm suggested by the authors of this
article.

The angular positions calculation method suggested
and tested by the authors makes use of a matrix containing
interrelated positions of the manipulator components, i.e., a set
of coordinates corresponding to certain angles. The increment
between them is set during initialization of the algorithm, which
prevents repeated generation of the matrix. The input data for
the suggested algorithm is the 3D coordinate of a point (center
of the hand; Fig. 1) on the manipulator's grip. Next, application
of the FABRIK approach yields a set of coordinates of the axis
points of the main components’ nodes, which, combined,
form configuration of the manipulator in 3D space. After that,
inside the generated matrix of interrelated positions, using the
principle of minimum distances (dist; formula (3)), the most
suitable angular position of the drive is selected between the
coordinates of the estimated position of the Eloow component
and the coordinates stored in the matrix. If necessary, the
angular position is adjusted through generation of a local matrix
of interrelated positions with a more accurate increment within a
small range of rotation angles. Then the angular position of the
Elbow component drive is calculated by formula (1), with a being
the y axis value by the orthogonal projection of the target position
and ¢ being the length of the component. The ElbowR drive's
angular position is calculated relative to the axis of the WristR
component (Fig. 1). This step involves a number of iterations:
sequentially formed quaternions enable rotation of WristR to
a given increment. The procedure stops upon reaching the
minimum distance between the coordinates calculated by the
FABRIK method and the coordinates extracted from the matrix
of interrelated positions.
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Fig. 2. Example of configuration of the manipulator of AR-600E anthropomorphic
mechanism

RESULTS

The experimental part of the study involved application of the
considered methods to calculate angular positions of drives
of the AR-600E anthropomorphic robot's manipulator in a
simulation environment. For this purpose, operator manually
set target positions of the components and registered the
resulting angular positions of their drives and 3D coordinates
of the axes of Elbow and WristS drives. The next step was to
compare the results and select the best method by proximity
of the resulting coordinates with the coordinates of axes of
the components registered by the operator. Figure 2 shows
one of the manipulator configurations recorded during the
experimental part of the study.

Table 1 shows angular positions of the components of the
Shoulder group and Elbow component:

1) O — initial position for the anthropomorphic mechanism;

2) 1 — angular positions set by the operator;

3) 2 — angular positions for the configuration calculated by
formula (1);

4) 3 — angular positions for the configuration calculated by
formula (2);

5) 4 — angular positions for the configuration calculated
through the projection of the coordinate onto the respective
axis by formula (1);

6) 5 — angular positions for the configuration calculated
through the projection of the coordinate onto the respective
axis by formula (2);

7) 6 — angular positions calculated by the suggested
method.

Elbow and WristS cells of Table 1 contain the 3D
coordinates of axes of these components that were discovered
through application of the formed angular positions of the
drives to them. Cells Elbow and WristR present information
about angular positions of the drives (in degrees) that move the
respective components to target points in 3D space.
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Table 1. Comparison of the results of application of various algorithms enabling calculation of the angular positions of component drives of the anthropomorphic

manipulator
Position |
Angular positions of components Coordinates of components
Method Elbow WristS Elbow WristS
ShF, © ShS, ° EIR, ° El, ° X, mm ¥, mm Zz, mm X, mm ¥, mm z, mm
0 0 0 0 0 191,92 229 3,58 201,85 -14,5 -49,5
1 -26,72 39,16 -3,16 -52,48 321,34 304,77 109,56 394,25 239,27 338,9
2 -27,42 43,16 58,51 -53,52 340,21 318,79 105,39 526 320,28 271,84
3 27,42 47,72 52,23 -53,52 353,67 330,78 101,59 544,74 347,27 261,05
4 -27,42 43,16 58,51 -53,52 340,25 318,85 105,42 525,96 320,33 271,87
5 -27,42 60,97 52,23 -53,52 586,38 432,61 223,53 387,28 370,68 86,67
6 -26,73 39,15 -2,90 -52,53 321,31 304,78 109,6 394,77 239,73 338,92
Position Il
Elbow WristS Elbow WristS
Method
ShF, °© ShS, ° EIR, ° El, ° X, mm ¥, mm z, mm X, mm ¥, mm Z, mm
0 0 0 0 0 191,92 229 3,58 201,85 -14,50 -49,50
1 10,45 2,54 11,73 -84,81 211,85 231,44 -35,88 222,95 116,65 185,26
2 10,52 3,07 20,71 -85,86 215,97 231,91 -36,70 264,48 124,16 182,92
3 10,52 8,61 20,71 -85,86 238,42 234,61 -31,99 292,75 135,74 190,43
4 10,52 3,07 20,71 -85,86 215,97 231,91 -36,70 264,48 124,16 182,92
5 10,52 8,61 20,71 -85,86 238,42 234,61 -31,99 292,75 135,74 190,43
6 10,51 3,04 11,15 -84,89 213,77 231,59 -35,70 223,09 117,25 185,78
Position I
Elbow WristS Elbow WristS
Method
ShF, °© ShS, ° EIR, ° El, ° X, mm ¥, mm Z, mm X, mm ¥, mm Z, mm
0 0 0 0 0 191,92 229 3,58 201,85 -14,50 -49,50
1 -70,09 69,21 9,7 -31,31 393,83 443,58 112,32 598,23 493,83 246,09
2 -74,57 85,2 69,97 -32,36 419,98 465,41 50,68 658,75 533,46 72,92
3 -76,68 85,49 68,62 -32,36 421,26 467,23 45,12 660,52 535,69 59,34
4 -74,57 85,2 69,97 -32,36 419,98 465,41 50,68 58,75 533,46 72,92
5 -76,68 86,64 68,62 -32,36 421,5 467,5 44,02 660,75 536,27 57,02
6 -70,00 69,64 8,2 -31,41 394,33 444,03 111,57 598,59 494,73 2453

Table 2 below illustrates the absolute difference between the
coordinates of the Elbow and WristR axes, i.e., the difference
between the coordinates resulting from operator's actions
(manual movement of the components) and coordinates
discovered through application of each of the considered
method to calculate angular positions to which the drives
moved. Table 2 does not include information on positions
Oand 1.

DISCUSSION

Analysis of the results given in Tables 1 and 2 allows deducing
that the suggested drive angular position calculation method
ensures generation of the target configuration of the manipulator
and movement of its components to the target points. There are
also visible differences between the manipulator components'
position coordinates calculated by the suggested algorithm
and learned as a result of manual movements by the operator.
Axis coordinate of the WristS component presents the greatest
discrepancy between the obtained results and the reference
values. To compensate for this error, we applied an algorithm
that, like the one discussed above, uses a matrix of interrelated
positions. The WristS component should be moved to its

initial position for this purpose. Then, the matrix of interrelated
positions is scanned for the drive's angular position value that
fits the minimum distances condition. To speed up performance
of the algorithm, we decided to calculate the initial value of the
WristF drive's angular position:

angle =— (nulIWristF — (11 - acos(%})}, (4)
where angle is a precalculated rotation angle of the WristS drive
along the sagittal axis; nullWristfF is the static angle of rotation
of WristS relative to WristF, calculated during the initialization
of the anthropomorphic robot's software; a is the length of the
forearm of the anthropomorphic robot; b is the distance from
the WristF axis to the WristS axis; ¢ is the distance from the axis
of WristS to the axis of WristR.

We calculated the angular position of the WristR drive in a
similar way to the respective calculation for EloowR. Table 3
presents adjustments of the manipulator configurations shown
in Table 1.

The '"Difference between deviations" line in Table 3
reflects the magnitude and direction of changes of distances
(in millimeters) between the target 3D coordinates of the
manipulator components and their values calculated before

EXTREME MEDICINE | 4, 24, 2022 | MES.FMBA.PRESS



OPUIMHAJTIBHOE NCCJIEQOBAHNE | MEOVLIMHCKASA PEABUJTNTALINA

Table 2. Absolute difference between the coordinates of the axes of Elbow and WristR components discovered through application of the considered methods to calculate

their drives' angular positions

Position |
Angular positions of components Coordinates of components
Method Elbow WristS Elbow WristS
ShF, °© ShS, ° EIR, ° El, © X, mm ¥, mm Z, mm X, mm ¥, mm zZ, mm
2 0,7 4 61,67 1,04 18,87 14,01 417 131,75 81,01 67,06
3 0,7 8,56 55,39 1,04 32,33 26 7,97 150,49 108 77,85
4 0,7 4 61,67 1,04 18,91 14,08 4,14 131,71 81,06 67,03
5 0,7 21,81 55,39 1,04 265,04 127,84 113,97 6,98 131,41 252,23
6 0,01 0,01 0,26 0,05 0,03 0,01 0,04 0,52 0,46 0,02
Position Il
Method Elbow WristS Elbow WristS
ShF, °© ShS, ° EIR, ° El, ° X, mm ¥, mm z, mm X, mm ¥, mm Z, mm
2 0,07 0,53 8,98 1,05 4,12 0,47 0,82 41,53 7,51 2,34
3 0,07 6,07 8,98 1,05 26,57 3,17 3,89 69,8 19,09 5,17
4 0,07 0,53 8,98 1,05 4,12 0,47 0,82 41,53 7,51 2,34
5 0,07 6,07 8,98 1,05 26,57 3,17 3,89 69,8 19,09 5,17
6 0,06 0,5 0,58 0,08 1,92 0,15 0,18 0,14 0,6 0,52
Position I
Elbow WristS Elbow WristS
Method
ShF, °© ShS, ° EIR, ° El, ° X, mm ¥, mm Z, mm X, mm ¥, mm z, mm
2 4,48 15,99 60,27 1,05 26,15 21,83 61,64 60,52 39,63 173,17
3 6,59 16,28 58,92 1,05 27,43 23,65 67,2 62,29 41,86 186,75
4 4,48 15,99 60,27 1,05 26,15 21,83 61,64 539,48 39,63 173,17
5 6,59 17,43 58,92 1,05 27,67 23,92 68,3 62,52 42,44 189,07
6 0,09 0,43 1,5 0,1 0,5 0,45 0,75 0,36 0,9 0,79

and after adjustment for the angular positions of the WristS
drive. The analysis of the presented data allows deducing that
an additional stage of adjustment of the coordinates makes
manipulator movements more accurate. In such a case, the
movement error does not exceed 0.5 mm. This mechanism can
be used when setting a large search increment in generation of
the interrelated positions matrices. A more accurate adjustment
of the configuration is undertaken at an additional adjustment
stage, which ultimately speeds up the suggested algorithm.

CONCLUSIONS

We developed an algorithm for calculation of angular positions
of the manipulator components' drives that produces the most
accurate and predictable result (Tables 2, 3), which ultimately
allows forming the configuration designed by the operator. The
algorithm also minimizes the probability of an unpredictable

Table 3. Results of adjustment of the angular position of WristS drive

result and robot arm movements along a trajectory unsafe for
human beings. It should be noted separately that the accuracy
of calculation of the coordinates with the help of the suggested
algorithm depends directly on the search increment value
(in degrees) set for the interrelated positions matrices generation
stage. The algorithm was coded and optimized in C++. Its
execution time on a personal computer (Intel Core i7-4770
3.40 GHz, RAM 16 Gb) ranged from 5 to 8 ms, which is
sufficient for the purpose of controlling the manipulator of
an anthropomorphic robot and a robotic prosthesis. The
accuracy of the drives' angular position calculations can
be improved by reducing the increment used at interrelated
positions matrices generation stage. This, however, would
require more RAM capacity for the control software and
slow down execution of the algorithm. The way to mitigate
this problem is to add a modified version of the suggested
algorithm to the control software, i.e. a version that would

Position Position | Position Il Position Il

WristF WristS WristR WristF WristS WristR WristF WristS WristR
Angular positions, * 0 0,25 004 | 025 0,25 0,21 0,25 15 0,01
Coordinate axis, mm X y z X y z X y z
Target coordinate 394,25 239,27 338,9 222,95 116,65 185,25 598,23 493,83 246,09
Before adjustment 394,77 239,73 338,92 223,09 117,25 185,78 598,59 494,73 245,3
After adjustment 394,93 239,8 338,88 222,08 117,03 185,45 598 494,15 246,13
Deviation along the coordinate axis, mm X y z X y z X y z
Before adjustment 0,52 0,46 0,02 0,14 0,6 0,53 0,36 0,9 0,79
After adjustment 0,68 0,53 0,02 0,15 0,38 0,2 0,23 0,32 0,04
Difference between deviations -0,16 -0,07 0 -0,01 0,22 0,33 0,13 0,58 0,75
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calculate angular positions of the manipulator drives factoring
in its previous configuration. In this case, the search in the
matrices of interrelated positions will be significantly more
narrow, which will speed up generation of the move command
by the manipulator/robotic prosthesis control software while
also improving the accuracy of its positioning. In the context
of application of the suggested algorithm, CVS will be used
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COMPUTATIONAL PHANTOM FOR RED BONE MARROW DOSIMETRY FROM INCORPORATED
BETA EMITTERS IN A NEWBORN BABY
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Active (red) bone marrow (AM) exposure due to ingested bone-seeking radionuclides can lead to grave medical consequences. For example, a radioactive
contamination of the Techa River in the 1950s caused exposure to AM for riverside residents and led to chronic radioactive exposure syndrome in some of
them, with higher risk of leukemia. The main sources of the marrow exposure were the bone-seeking beta emitters #%°Sr. Improving the dosimetry of AM internal
exposure is an important step in clarifying the risks of chronic radiation exposure for riverside residents. To evaluate the energy absorbed by AM from incorporated
%Sr it is customary to use computational phantoms where radiation transport can be emulated. A phantom is a representative digital representation of skeletal
bone geometry and AM The goal of this work was to develop a computational phantom of a newborn skeleton for dosimetry of AM from incorporated ®Sr. The
researchers have used the Stochastic Parametric Skeletal Dosimetry method (SPSD), where hematopoietic sites were modeled as a set of phantoms of simple
geometric shape describing individual skeletal bone areas. The AM content in the skeleton as well as the phantom parameters were evaluated on the basis
of published measurements of real bones. As a result, a computational phantom of the main skeletal hematopoietic sites was generated for a newborn baby,
including 34 phantoms of bone areas. The simulated phantom simulates the bone structure as well as the variability of skeletal parameters within the population
and corresponds well to measurements of real bones.
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BbIYUCJTUTENIbHbIA ®AHTOM ANA AO3SUMETPUN KPACHOIMO KOCTHOIO MOS3IrA
HOBOPOX>XAEHHOIO PEBEHKA OT MHKOPMOPUPOBAHHbIX BETA-U3NTYYATENEN

M. A. WWaparvd' = E. A. LLnwkuHa'2, E. W. ToncTbix!

T YpanbCKuii Hay4HO-MPaKTUHECKY LIEHTP PaanaLMoHHON MeavLvHbl defepanbHOro Meamko-6ronorn4eckoro areHTcTea Poccun, YensibrHek, Poccis

2 YenabuHCKNIA rocyAapCTBEHHbIN YHBEpPCUTET, HYensabuHek, Poccus

=Y

BHyTpeHHee 061y4eHme kpacHOro kocTHoro Mosra (KKM), 06ycnoBneHHoe TEXHOrEHHbIMU OCTEOTPOMHBIMU PaAVIOHYKMAAMM, MOXET MPUBOAUTE K CEPbE3HBIM
MEOVLIMHCKUM MOCNEACTBUAM. TaK, PagvoakTUBHOE 3arpasHeHne peku Tedn B 1950-e rogpl ctano npudmHon obnyderns KKM y >xutenert nprbpexKHbix
TEPPUTOPUIA, HTO MPYBENO K BOSHUKHOBEHWIO XPOHNHYECKOTO Jly4EBOrO CYHAPOMA Y HEKOTOPbIX U3 HUX, & TaKXKe MOBBICUIIO PUCK Pa3BUTUS NIENKO30B B KOropTe
3TUX xuTenen. OCHOBHbIMU NCTOYHKaMK BHYTPEHHero obnydeHns KKM 6bi11n ocTeoTpornHble 6eTa-nanyyateny 0°°Sr. YcoBepLUeHCTBOBaHWE LO3UMETPUN
BHYTPeHHero obnyqerns KKM aBnseTcd BakHbIM 3TarnoM YTOYHEHUS PUCKOB XPOHWUHYECKOrO PaavaLOHHOrO BO3LAENCTBUS ANA >KUTenel npubpexkHbix
TeppuTopumin. Ons oueHKX mnornolleHHon aHepriv B KKM OT MHKOpMopupoBaHHOro “Sr 1Mcnonb3ytoT BblMUCAUTENbHbIE (haHTOMbI, B KOTOPLIX MOXHO
VIMUTUPOBATb TPaHCMOPT M3MyyeHuin. PaHToM — 3TO penpeseHTaTVBHOEe LMMPOBOe NpeacTaBfeHne reomeTpun kocten ckeneta n KKM. Llenbto paboTsl
6b110 pa3paboTaTh BbIMUCUTENBHbIA (haHTOM CKeneTa HOBOPOXXAEHHOro pebeHka ans AoanmeTpun KKM oT nHkopriopupoBaHHoro Sr. st MofenMpoBaHus
CcKefneTa 1cnonb3oBav opuriHanbHyto Metoamnky SPSD (Stochastic parametric skeletal dosimetry): y4acTku ckeneta ¢ akTUBHbIM reMOMN0330M MOAENMPOBAaIN Kak
Habop (haHTOMOB MPOCTOWN rEOMETPUHECKON DOPMbI, ONMCbIBAIOLLMX OTAEMbHbIE YHaCTKM KocTeln ckeneTa. CopepxaHvne KKM B ckeneTe, a Takke napameTpsl
haHTOMOB OLIEHMBaNM Ha OCHOBE OMYOIMKOBaHHbIX PESYLTATOB M3MEPEHWIN PeabHbIx KOCTe. B pesynstate 6bin CreHeprpoBaH BbIMUCIUTENbHbIA (haHTOM
OCHOBHbIX Y4aCTKOB CKefleTa C aKTVBHbIM reMOMN0330M A1 HOBOPOXXAEHHOMO pebeHka, BKoYatoLlLmin 34 daHTomMa y4acTKoB KocTeiln. CMoaennpoBaHHbIin
aHTOM MMUTUPYET CTPYKTYPY KOCTHOWM TKaHW, a Takke BapuabenbHOCTb MapaMeTpoB CKeneTa BHYTPY MOMNYNSLMN 1 XOPOLLO COOTBETCTBYET U3MEPEHNSM
peasibHbIX KOCTEN.

KnioueBble crnosa: KpaCHbIVI KOCTHBbIIA MO3T, Tpa6eKyﬂﬂpHa9| KOCTb, KOPTUKasibHaaA KOCTb, AO3MMETPUA KOCTHOIO MO3ra, BblHUCNNTENbHbIE CpaHTOMbI, Gy

®duHaHcupoBaHue: paboTa BbiNoNHeHa B pamkax peanmaaumn enepanbHoit Lenesoi nporpaMmbl «ObecnedeHne saepHol 1 pagmaumoHHor 6e3onacHocTn» 1
npwv chrHaHcoBo nogaepxke PenepanbHoro Meamnko-61onornieckoro areHTcTea Poccun. MeTtogonorndeckime noaxoabl Obin pagpaboTaHbl NMpr hYHAHCOBON
nopaepkke defepanbHoro MeayiKo-6ronorm4eckoro areHTcTea Poccun 1 YnpasneHns MexxayHapoaHbIX MporpaMm 3apaBooxpaHennst MYHCTEPCTBa SHepPreTUkm
CLLIA B pamkax COBMECTHOrO amepykaHo-poccuiickoro npoexkta JCCRER 1.1,
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Active marrow (AM) exposure due to internal radiation from
man-made bone-seeking radionuclides can lead to grave
medical consequences. Such exposure can occur both as part
of radionuclide therapy and due to radionuclides have been
released into the environment as a result of nuclear weapons
testing or radiation accidents. Radioactive contamination of
the Techa River in the 1950s led to exposure AM of riverside
village residents to doses of about 0.35 Gy, which caused
chronic radiation syndrome [1-4] and an increased risk of
leukemia. The main sources of AM internal exposure were
the bone-seeking beta emitters 8°°Sr [2]. This demonstrates
that improvement of AM dosimetry from incorporated %Sr
is an urgent task of radiobiology and radiation protection.
%Sr dosimetry includes biokinetic modeling to estimate its
distribution in body tissues and calculate the specific activity
of ®Sr in the source tissues, as well as dosimetric modeling
of energy transfer from the source tissue (bone) to the target
tissue (AM). The results of dosimetric modeling are dose
factors (DF), which allow converting the specific activity of the
incorporated radiation source into the absorbed dose rate in the
target tissue. An important step in dosimetric modeling is the
development of computational phantoms, i.e., a representative
digital representation of source and target tissue geometries
in which researchers can model the radiation transport. The
bone is an object of modelling when constructing phantoms
for AM dosimetry. The dosimetric bone model is a simplified
representation of a real bone; it consists of a solid cortical bone
layer that covers the phantom from the outside, whereas the
spongiosa fills the model from the inside. Spongiosa is a set
of trabecular bone, which modeled as a network of rod-like
trabeculae and the AM located between them. Currently, there
are several approaches for modeling the shape and structure
of bone, based on the analysis of computed tomography (CT)
images [5-9]. These methods require pathoanatomic material
and do not allow taking into account the individual variability of
the size of human bones. Instead, in the Urals Research Centre
for Radiation Medicine” was developed an original parametric
method for stochastic modeling of bone structures, known
as SPSD modeling (stochastic parametric skeletal dosimetry)
[10]. This method is based on the use of published averaged
measurements of bone structures as phantom parameters, thus
avoiding using of autopsy material, and assessing uncertainties
associated with skeletal variability in different individuals.

The aim of this study is to develop a computational phantom
of newborn skeleton for AM dosimetry from incorporated ®°Sr.

METHODS

The original SPSD technique was used for the skeleton
modeling. In the frame of this approach, only skeletal areas with
active hematopoiesis, i.e., those containing AM (hematopoietic
sites), are modeled. The SPSD phantom of skeletal
hematopoietic sites consist of a set of smaller phantoms —
the Bone Phantom Segments (BPS) of a simple geometric
shape, describing individual skeletal bone sites. Each phantom
includes a description of the simulated media and a description
of the source and target tissue geometries.
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The modeled skeletal sites with active hemopoiesis
(hemopoietic sites) were identified according to published data
on AM distribution.

Each BPS consists of mineralized bone tissue and AM.
To simulate the transport of energy in these two medias, we
determined their chemical composition and density according
to published data. These characteristics were used as parameters
for all phantoms.

We evaluated parameters characterizing irradiation
geometry for each BPS: linear bone dimensions, cortical layer
thickness (Ct.Th), trabecular thickness (Tb.Th), trabecular
separation (Th.Sp.), bone fraction in spongiosa volume (BV/TV).
We evaluated the listed parameters based on published data.
To assess the characteristics of bone geometry, articles in
peer-reviewed publications, atlases, manuals, monographs
and theses were considered. Also, we analyzed electronic
resources containing collections of X-rays. The results of
measurements of people/samples, which the authors identified
as healthy and without diseases leading to bone deformation,
were taken for analysis. Ethnically people/samples belonged to
Caucasians and Mongolians due to the fact that these groups
are characteristic of the population of the Ural region. We
considered data from measurements of skeletal bones using
various techniques: micrometers, anatomical boxes, ultrasound
and radiological studies, CT (for linear dimensions and Ct.Th),
histomorphometry and micro-CT — for microarchitecture
parameters (Tb.Th, Tb.Sp, BV/TV). Averaged estimates of bone
characteristics were taken as parameters of digital phantoms. If
published data on individual measurements were available, we
combined them and calculated arithmetic means and standard
deviations (SDs). In the case of averaging the results of studies
of groups of people, we would introduce a weighting coefficient
(Whn), which took into account the number (n) of the studied
subjects: Wn =1, if n = 25; Wn = n/25 if n < 25. Methods for
the selection and analysis of literature data are described in
detail [11-14].

Based on the average values of the selected parameters
for each bone segment, using the original Trabecula software
[15] a computational phantom in voxel form — Bone Phantom
Segment (BPS ) was generated. BPS is a model of a simple
geometric shape (rectangular parallelepiped, cylinder, prism,
etc.), filed inside with spongiosa and on the outside covered
with a cortical layer, as shown by the example of the phantom
of the iliac bone of a newborn (Fig. 1).

Each phantom element (AM, trabecula, cortical layer) was
imitated by a set of three-dimensional elements — voxels — from
which simulated structures were composed. Each voxel imitate
either mineralized bone or bone marrow (BM), depending on the
location of the voxel center in the phantom. As source tissues, the
dosimetric model considers trabecular bone (TB) and cortical
bone (CB) separately, and bone marrow is considered as a target
tissue, assuming that AM is uniformly distributed inside the
BPS. The voxel size differed between phantoms, did not exceed
70% of the trabecula thickness [15, 16], and varied from 50 to
200 pm. Volumes of source and target tissues were
automatically calculated in Trabecula software for each voxel
phantom.

Fig. 1. Newborn’s iliac phantom section (trabeculae’s and cortical bone are shown in black, red bone marrow is shown in white)
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Table 1. Mass fraction of AM (% of the total mass of AM in the skeleton) in the main hematopoietic sites of the skeleton of a newborn baby [17]

Ne Hematopoietic site AM mass fraction, %
1 Femur 6,7
2 Humeri 4,5
3 Sacrum 4.4
4 Tibia bones 71
5 Pelvic bones 11,4
6 Skull 28,2
7 Clavicle 0,7
8 Scapula 2,3
9 Ribs 7,1
10 Radius and ulna 2,4
11 Hand and foot bones 10,8
12 Cervical vertebrae 1,7
13 Thoracic vertebrae 7,2
14 Lumbar vertebrae 5,5

To simulate population variability of size and microstructure
characteristics, 12 Supplementary Phantom Segments
(SPS) were created with parameters randomly selected within
the range of their population variability (within the limits of
minimum and maximum measured values) for each BPS.

RESULTS

The main hematopoietic sites of a newborn’s skeleton and the
mass fraction of AM in them were determined according to the
data of MRI studies [17] and are presented in Table 1.

The phantom of skeletal hematopoietic sites of a newborn
baby includes 14 hematopoietic sites. AM content of these
varies from 1.7 to 28.2%.

Hematopoietic sites include bone regions that were not
modeled in the SPSD approach. So, epiphyses of long bones
were not modeled, since they are mostly composed of cartilage
tissue [18-22]. We did not model the bones of the facial skull,
since its share compared to the brain is about 13%, and
a significant part of the body of the maxilla and mandibula
is occupied by developing teeth [33-35]. Besides, vertebral
processes were not modeled, since only small ossification
centers are observed in newborns [23].

The chemical composition of the simulated medias was
selected based on ICRP data for adults [19]. The chemical
composition of bone tissue and the AM used for all BPS is
presented in Table 2.

Table 2. Chemical composition of simulated media adopted for all BPS

The density of mineralized bone tissue was estimated based
on the results of measurements of the cortical bone density of
newborns [24] and is 1.65 g/cm?®. The density of the red bone
marrow was taken equal to the density of water (1 g/cm?®) [25].

We estimated the parameters of the spongiosa
microarchitecture based on published data already described
in detail [14]. The linear dimensions and thickness of the cortical
layer as BPS parameters are presented in Table 3.

Thus, the phantom of skeletal hematopoietic sites of a newborn
consist of 34 BPSs. Depending on the form of the simulated
hematopoietic site, it may include 1 (ribs) to 5 (sacrum) BPSs.
Most of the BPSs are cylinders and rectangular parallelepipeds.
The sizes of phantoms vary widely: from 2 to 33 mm. As shown in
Table 3, not all phantoms are covered with a cortical layer, which
is associated with an incomplete process of ossification of the
spine and skull bones. The highest Ct.Th value for a newborn is
characteristic of the diaphysis of the femur (1.7 mm).

DISCUSSION

To test the adequacy of the SPSD approach, we performed a
comparison of simulated phantoms and real bones. There are
unique data on the mass of wet mineralized bones obtained
during the study of 40 full-term newborns [68]. Masses
corresponding to the sizes of phantoms were calculated as
the sum of the volumes of simulated medias (BM, TB, CB)
multiplied by their density.

Chemical composition, rel. unit
Chemical element Bone Active marrow

H 0,035 0,105
C 0,16 0,414
N 0,042 0,034
(0] 0,445 0,439
Na 0,003 0,001
Mg 0,002 0,002
P 0,095 0,002

0,003 0,002
Ca 0,215 _
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Table 3. Linear dimensions and cortical thickness accepted for BPS of a newborn baby

Phantom parameters, mm (CV, % is in parentheses)?
Hematopoietic site Segment Shape’ References
h a b c d Ct.Th.
Diaphysis* c 30 7.2(11) 7.2 (11) - - 1.7 (24)
Femur Proximal end dc 19 (5) 26 (9) 12 (12) 7.2 (11) 7.2 (11) 0.5 (24) 26-32
Distal end dc 19 (5) 26 (9) 12 (12) 7.2(11) 7.2 (11) 0.4 (24)
Diaphysis tube* c 30 6(12) 6 (12) - - 1.3 (15)
Humeri Proximal end dc 13 (10) 13 (12) 13 (12) 6(12) 6 (11) 0.4 (15) 26-31, 33
Distal end dc 13 (10) 17 (13) 6(12) 6(12) 6 (11) 0.3 (19)
Ribs Ribs* p 5.7 (38) 30 3.2(12) - - 0.4 (37) 34,35
Body of the 1% p 63@l) | 1510 | 7500 - - -
BO?};g;ﬂ: 2 p 6.3 (21) 12 (10) 6 (10) - - -
Sacrum Body of the & p 5719 | 89(10) | 530 - - - 36-39
Body of the 47 p 38@1) | 89(10) | 530 - - -
BO‘\’/’(;:;L;?: 5" p 38@) | 75010 | 38(11) - - -
Fibula ¢ c 30 2.9(7) 2.9(7) - - 0.7 (14) 26, 30, 40
bl bones Tibia diaphysis.* c 30 6.9 (28) 6.9 (28) - - 1.4 (14)
Tibia proximal end dc 19 (9) 21 (9) 13 (18) 6.9 (28) 6.9 (28) 0.3(17) | 26-29, 32, 41, 42
Tibia distal end dc 15 (9) 15 (23) 15 (23) 6.9 (28) 6.9 (28) 0.3(17)
lliac bone part 1 p 4 (23) 24 (3) 24 (3) - - 8_52(237?;?3
Pelvic bones lliac bone part 2 p 4(23) 20 (3) 20 (3) - - 0.2 (25) 23, 43-47
Pubic bone c 16 (13) 7.5 (16) 7.5 (16) - - 0.4 (9)
Ischial bone c 7.5 (16) 18 (11) 12 (8) - - 0.4 (9)
Skull Flat bones* p 2 (25) 30 30 - - - 49-52
Body c 33 (15) 4.3 (23) 5.9 (25) - - 0.8 (25)
Clavicle Sternum end dc 5.9 (15) 12 (24) 10 (24) 5.9 (25) 4.3 (23) 0.3 (24) 53-58
Acromial end dc 5.9 (15) 10 (24) 5.9 (49) 5.9 (25) 4.3(23) 0.3 (24)
Fadivs and uina Diaphysis* c 30 3.9(8) 3.9(8) - - 0.9(13) | 26,27, 29, 30, 41
End dc 12 (6) 5.8 (7) 5.8 (7) 3.9(8) 3.9(8) 0.3 (29)
Hand and oot Tubular bones c 8.9 (43) 3.8 (42) 3.8 (42) - - 0.2 (25)
bones The talus and e - 7.8 (14) 12 (11) 7.8(14) - 0.2 (25) 2,5, 59,
calcaneus
Glenoid c 5.4 (4) 10 (21) 7.6(18) - - 0.5 (29)
Scapula Acromion p 7(19) 16 (14) 13 (25) - - 0.4 (13) 53, 60-63
Body* p 2.7 (13) 30 30 - - 0.4 (17)
Cervical vertebrae Vertebral body c 4.1 (1) 6.9 (1) 6.5 (1) - - - 64-66
Thoracic vertebrae Vertebral body c 5.1(2) 7.6 (2) 11 (2) - - - 66, 67
Lumbar vertebrae Vertebral body c 7.1(1) 7.7 (1) 15 (1) - - - 37, 66, 67
Note: ' — the shape of the phantom was designated as follows: ¢ — cylinder, dc — deformed cylinder, p-rectangular parallelepiped, e — ellipsoid; 2 — the dimensions

of the BPS were designated as follows: h — height; a — major axis (c), major axis for a larger base (dc), or side a (p); b — minor axis (c), minor axis for a larger base (dc),
or side b (n); ¢ — major axis for a smaller base (dc); d — minor axis for a smaller base (dc); for an ellipsoid (e), a, b, ¢ denote the axes of the ellipsoid; ¢ — the thickness
of the cortical layer was taken to be different for the inner (medial) and outer (gluteal) surfaces of this segment of the iliac bone (Fig. 1); * — the BPS imitated only a part
of the simulated bone segment, if the dimensions of the bone segment significantly exceeded 30 mm, since in such cases, from the point of view of dosimetry, it does
not have it makes no sense to model the entire bone section as a whole [11, 12].

A comparison of the measured bone masses and masses
of SPSD phantoms (calculated as the sum of the masses of the
segments describing the bone) is shown in Fig. 2.

As can be seen from the comparison, the masses
corresponding to the sizes of SPSD phantoms in most cases fall
within the range of standard deviation of the values obtained by
the author of the compared work [68], that is, they correspond
well to the masses of real bones.
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A feature of the SPSD phantom is the generation by
the BPS of a simple geometric shape, that is, a simplified
representation of the real shape of the bone site. A simplified
representation can result in biased estimates of simulation
results. As mentioned earlier, BPS is modeled with mean
population parameter values, and SPS parameters were
randomly selected within their population variability range. As
a result, the simulated bone segment is "inside" a set of SPSs
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Fig. 2. Comparison of measured bone masses [68], and masses corresponding to the sizes of SPSD phantoms estimated as the sum of masses of all segments
describing specific bones (left + right) of newborns, taking into account repeating and paired segments. Error bars showed the standard deviations."

geometric shapes. The variance of the DF set calculated for
SPS reflects the effect of variability in bone size, shape, and
microstructure.

CONCLUSIONS

As a result of the work, computational phantoms of the main
skeletal sites with active hematopoiesis for a newborn were
generated. The simulated phantom imitate the structure of
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Personnel safety is a priority when decommissioning obsolete nuclear facilities. The study was aimed to develop the methodological basis for the medical and
sanitary support of the nuclear industry enterprise personnel radiation safety during the nuclear legacy elimination on the example of Siberian Chemical Plant (SCP,
Seversk). The study involved the data of the SCP employees' medical and dosimetric register containing information about all cases of death (with an indication
of the cause) of former and current employees of the enterprise. The study results were used to justify selection of the area for development of scientific and
methodological support of activities in the field of medical and sanitary support of radiation safety during the nuclear legacy elimination. Death rates and the risk of
dying from cancer of certain localizations (trachea, bronchi, lung, skin, stomach, colon, lymphoid, hematopoietic and related tissues, breast and prostate glands) in
the nuclear industry enterprise employees were assessed. The directions for improving the medical support of the nuclear enterprise employees and the population
of the surveillance zones during the nuclear legacy elimination were defined. The findings will make it possible to adjust the medical support of the nuclear industry
enterprise employees in order to extend their working longevity, as well as to reduce the adverse radiation-induced health effects in people engaged in the nuclear
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METOANYECKOE COMPOBOXXAEHUE PABOT MO BbIBOAY U3 SKCMIYATALIMN OB bEKTOB
ATOMHOW OTPACIU

[. E. Kanurkun'252 A, P. Taxayos', J1. P. Taxayosa'?, V. B. Munsto'?, P. M. Taxayos'?

" CeBepcKui BUOMUSNHECKUI Hay HbIN LieHTP PefepanbHOro Meanko-ronornyeckoro areHTcTaa, Ceepck, Poccus
2 CMOMPCKMIA roCcydapCTBEHHbIA MEAULMHCKUIN yHBEPCUTET, ToMcK, Poccus

Be3onacHoCTb nepcoHana sIBfseTcst MPYopUTETOM MPU BbIBOAE 113 SKCryaTaLyn yCTapeBLLMX OObEKTOB aToMHOI oTpacim. Llenkto vccnenosaHns 6biio paspabotarb
METOLMHECKIE OCHOBbI MEAVKO-CaHUTAPHOMO 0BECTIEHEHSt PaaMaLIOHHON 6e30MacHOCTV NepcoHana NPennpUsTASt aTOMHOM OTPaC/M NPU NIMKBULALWM SAEPHOMO
Hacneams Ha npumepe Crbmpckoro xmmmyeckoro kombuHata (CXK) r. CeBepck. VccnenoBarue NpoBeneHo Ha OCHOBaHWM CBEAEHWIA MeANKO-A03VIMETPUNHECKOrO
perucTpa nepcoHana CXK, cogepxxalliero MHhopmMaLmio 060 BCEX CyHasx CMEPTH (C yKasdaHeM MPUHMHbI) ObIBLLVMX 1 AEACTBYIOLLIMX PAOOTHUKOB NPeanpuaTUS.
B pesynsrate pabotbl 060CHOBaH BbIOOP TeppUTOpUM Onst padpaboTki Hay4HO-METOANHECKOrO COMPOBOXAEHMS paboT B 06facTi Meavko-CaHUTapHOro
obecnedeHnst paguaLyoHHo 6e30MacHOCTV NpU NMKBUAAUMM OOBEKTOB SAepHOro Hacnegms. [NpoaHanmanpoBaHbl nmokasatennm CMEePTHOCTU HaceneHus
BbIOPaHHON TEPPUTOPUM 1 PUCKV CMEPTHOCTW MepcoHana MpeanpysiTis aTOMHOW VHAYCTPUM BCNEACTBUE 3MOKAYECTBEHHBIX HOBOOOPA30BaHUI HEKOTOPbIX
nokanmaauuii (Tpaxest, BPOHXM, Nerkoe, Koxa, »KeynoK, ToNcTas K1LwKa, MMMAONAHON, KPOBETBOPHOW 1 POACTBEHHbIX VM TKaHel, MonoYHas 1 npeacrarensHas
»xenesbl). OnpefeneHbl HanpaBneHVsi COBEPLLEHCTBOBaHMSA MEAMLMHCKOrO obecredenns nepcoHana npeanpustus aToMHOW WHOYCTPUM U HaceneHns 30H
HabnofAeHVst NPV IMKBUAALMN SAEPHOro Hacneayst. MonyyeHHble AaHHbIE MO3BOMAT CKOPPEKTUPOBATE MEAVLIMHCKOE COMPOBOXAEHUE NepCcoHana NpeanpusTvis
aTOMHOWN OTpac/v C Lenbio NPOANEHNUs TPYAOBOro LOMroneTvst paboTHUKOB, a Takke CHWU3WUTb HeraTviBHble pafviaunoHHO OOYCNOBNEHHbIE NOCNEACTBUS Ha
3[0POBbLE NtofAer, 334eNCTBOBaHHbIX B IVKBUAALWMN OOBEKTOB SAEPHOMO Hacneans.

KnioueBble croBa: saepHoe Hacneane, paavaumoHHast 6e30nacHOCTb, MPEANPUSTAE aTOMHOW MHOYCTPWN, MepCoHa
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Over the past few decades, the issue of decomissioning
obsolete factories and nuclear facilities that have reached the

environment in the areas where the enterprises are located is
one of the priorities declared by the Rosatom State Corporation [1].

end of their service life is becoming more and more urgent due
to rapid development of nuclear industry in Russia. When doing
such work, ensuring the safety of personnel working at these
enterprises, as well as ensuring the safety of the population and

Some enterprises of the Russian nuclear industry have
been functioning for more than 60 years, these move closer
to inevitable scheduled decomissioning. Over more than
75 years of the development of domestic nuclear power, the
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technologies, equipment and types of fuel have changed
considerably, that is why modernization of the existing nuclear
enterprises is sometimes impossible. In this regard, the
problem arises of the sheduled elimination of the nuclear legacy
created at various stages of the nuclear industry development,
including elimination with the possibility to reuse these territories
for construction of new infrastructure nuclear facilities. This
challenging task can be accomplished only through bringing
together specialists from various fields (engineers, ecologists,
biologists, etc.) and through preliminary development of the
evidence-based methodological support taking into account
the features of the nuclear legacy to be eliminated [1, 2].

Medical and sanitary support of radiation safety of the
eliminated nuclear industry enterprise employees and the
population of the surveillance zones is one of the most
important activities preceding safe decommissioning of nuclear
facilities [1].

Scientific and methodological support of activities aimed
at ensuring radiation safety during decomissioning of nuclear
facilities requires the assessment of the ionizing radiation
(IR) exposure biomedical effects on the personnel of nuclear
enterprises, as well as the estimation of radiogenic risks in
employees of these enterprises. Scientific and methodological
support should be developed based on the production features
(technology type, radionuclide spectrum, radiation type, etc.)
[2, 3]

In each specific case, the Medical Dosimetric Registry
(MDR) of the nucler enterprise employees and the population of
adjacent areas together with the data of organizations engaged
in monitoring of the conditions of manufacturing process in
the main facilities of the enterprise and the employees' health
should be used as a source of specific information for such
studies [4].

Scientific and methodological support of activities on the
nuclear legacy elimination will make it possible to define the
major biomedical health effects in the employees engaged in
decommissioning of nuclear facilities and to determine a set of
measures for extension of their working longevity [3].

At the current phase of the Russian nuclear industry
development, given the good progress in radiation safety that
had been achieved over the recent years, the focus should
be placed on assessing the effects of IR (for example, risk of
cancer) involving accumulation of the total external dose (TED)
of no more than 100 mSv [1].

The results of numerous epidemiology studies do not allow
an unambiguous conclusion about the increased risk of cancer
or death from cancer in people who are exposed to IR from
man-made sources at work. Some researchers have managed
to reveal the increased risk of dying from cancer in the nuclear
facility employees [2—4], while other researchers point out that
there is no increase in the relative risk of cancer or dying from
cancer in employees of such production facilities [5-7].

Methodological support of activities aimed at nuclear legacy
elimination requires implementation of the high-tech methods
for continuous public health monitoring aimed at identification
of the radiation exposure health effects in employees
engaged in the nuclear legacy decommissioning, for example,
implementation of the automated health monitoring system for
the registered population, creation and management of the
decommissioned nuclear facility employees' MDR.

The study was aimed to develop the methodological basis
for the medical and sanitary suport of the nuclear industry
enterprise personnel radiation safety during the nuclear legacy
elimination on the example of Siberian Chemical Plant
(SCP, Seversk).
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METHODS

It is impossible to obtain the evidence-based study results
without the use of appropriate research method, i.e. without
the correct selection of the objects and methods of research.
While the research methods and interim mathematical tools
are generally well known and easy to choose (in most cases,
these are epidemiologic methods used to assess the risk of
the stochastic effects induced by the radiation hazardous
facility personnel exposure to IR, primarily of the malignant
neoplasms), the selection of object and, therefore, the research
territory, is a challenging practical task. The research object and
the area where the object is located should meet the following
requirements.

1. The research object (nuclear industry enterprise) should
have the longest possible history of trouble-free operation;
decommissioning of such objects that should be performed
on a scheduled basis requires appropriate scientific and
methodological support. In case the object has a history of
accidents associated with the release of radionuclides into the
environment, “accidental” exposure of the personnel and the
population of adjacent areas, it is necessary to develop the
quallitatively different scientific and methodological support.

2. The development of the mentioned above scientific
and methodological support is not possible without using the
MDR of the enterprise employees and the population of the
surveillance zone taking into account the occupational doses
and all cases of cancer. In turn, full maintenance of MDR is
possible only in the administratively closed territories, where
only one medical institution provides a centralized medical
support to the radiation hazardous facility personnel and the
population of the surveillance zones.

Based on the above, the Closed Administrative-Territorial
Unit (CATU) Seversk is the optimal platform for the development
of methodological support for the scheduled decommissioning
of nuclear legacy. CATU Seversk is formed around the city
of Seversk, where SCP is a city-forming enterprise. The first
facilities of SCP (for example, sublimation plant and separation
plant) were commissioned in 1953. Over more than 60 years of
SCP operation no major accidents resulting in the radionuclide
release into the environment were reported. The most notable
radiation accident occurred in 1993 at the SCP radiochemical
plant. The accident was assigned level three according to the
seven-point international radiological event scale.

Medical support of the CATU Seversk population (105,238
people as of 2022), including the SCP employees, is provided
by one large medical institution, the Federal Siberian Research
Clinical Centre of FMBA of Russia (FSRCC).

The SCP employees' MDR was created by the Seversk
Biophysical Research Center of FMBA of Russia (SBRC).
The MDR database contains up-to-date information about
all employees who ever worked at the SCP, the data about
all cases of death (with an indication of the cause) of the
former and current SCP employees in CATU Seversk, and the
data about the major socially significant non-communicable
diseases in SCP employees.

The cohort of SCP employees included all employees
(regardless of the type of production) who were hired between
1 January 1950 and 31 December 2020 and worked at the
SCP for at least one year.

The SCP structure includes the main and auxiliary
production facilities (MP and AP, respectively).

The MP facilities of SCP include the reactor (RF),
radiochemistry (RCF), plutonium (PF), separation (SF) facilities,
and sublimation plant (SP).
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Table 1. Characteristics of the cohort of SCP employees hired between 01 January 1950 and 31 December 2019

Indicator Gender RF RCF PF SF SP AP

M 6651 5272 7569 4935 3581 21,373
Total number of employees

F 1323 1115 2267 1492 1101 8766

M 5493 4454 6561 3389 2477 13,343
Number of employees with the defined vital status

F 1165 1019 2120 1143 865 6643

M 418 286 456 300 226 1312
Number of employees who died from cancer

F 101 80 171 103 79 579
Number of employees who were provided personal dosimetry due to external M 5171 4632 3254 1113 1935 2043
exposure F 710 802 832 309 487 847
Number of employees who were provided personal dosimetry due to internal M 86 1990 3491 534 1039 163
exposure F 14 441 1100 270 322 121

The employees of four production facilities (RCF, PF, SF, and
SP) are exposed mainly to the combination radiation, while the
RF employees are exposed to external radiation only and can
be used as a control group when assessing the contribution of
internal exposure to radiation-induced effects.

Currently, the MDR database contains the following
information about the SCC employees:

— total number of the SCP employees hired since 1950 in
accordance with the production type (it should be emphasized
that information about all the SCP employees registered by
the enterprise Human Resources departments for the whole
period of the combine activity has been added to the database
since the moment of the MDR creation; this approach makes it
possible to form various control groups in accordance with the
broad spectrum of scientific tasks);

— personal radiation doses and doses accumulated over
time;

— number of deceased SCP employees;

— SCP employees who developed cancer.

All available data is stored electronically and in the form of
the archived hard copies.

Table 1 contains information about the employees hired by
the SCP MP facilities in 1950-2019.

Tables 2 and 3 present the demographic characteristics of
the CATU Seversk population for the period of 1970-2019.

In 1970-2019, the total population (all age groups) of CATU
Seversk increased, along with the adult population. Most
notably, the number of people over the age of 60 dramatically
increased. At the same time, the share of the child population
significantly decreased: from 29.5% in 1970-1974 rr. To 15.8%
in 2015-2019. The share of males in the population decreased
from 48.6% in 1970-1974 to 46.3% in 2015-2019.

Birth rate significantly decreased and mortality increased
during the observation period. This resulted in the natural
population decline. Changes in the demographic structure of

the population, in particular, population ageing, was the cause
of the above processes. At the same time, the population life
expectancy significantly increased.

Indicators that have been used in the study and information
sources for calculation of these indicators are provided in Table 4.

The risk of dying from cancer in the SCP employees was
calculated based on the standardized relative risk (SRR).

SRR was calculated in accordance with the following formula:

SRR = A
E

where A was the actual number of the disease cases or deaths;
E was the expected number of the disease cases or deaths .

The lower and upper limits of the SRR 95% confidence
interval were calculated in accordance with the following
formulae:

1,96
LL=SRRx(1-— :
-7
1.96 . A+1

UL =8RRx(1- : %
vaAJrl) A

where UL was the upper limit and LL was the lower limit.

It was believed that the incidence in the studied group was
significantly higher than that in the comparison group when the
lower limit of the SRR confidence interval exceeded 1.

To estimate the relationship between the SSR and the
increase in TED, we devided the employees into subgroups with
various TED values. The indicators of incidence (or mortality)
among the SCP employees with no reported exposure doses or
employees who never contacted with the man-made radiation
sources at work were used as a comparison group (standard).
The direct standardization method was used, age stratification
was not applied. The calculations were performed twice: first
for the dose ranges with the clearly defined lower and upper
TED limits (0-20 mSy, 20-50 mSy, 50-100 mSy, 100-150 mSy,

Table 2. Demographic characteristic of the CATU Seversk adult population in the years 1970-2019

Category of the Range within the studied period, years
population 1970-1974 1980-1984 1990-1994 | 1995-1999 | 2000-2004 | 2005-2009 | 2010-2014 | 2015-2019
overall population 87 121 97 763.2 109 230.0 111 701.4 110 816.4 109 949.7 115 511.1 113 728.8
pop +2302.0 +1310.1 +1580.6 +344.2 +1732.9 +3500.7 +750.0 +861.5
Adults 57 019.3 68 548.4 78 609.4 84 024.0 88 255.6 91036.6 95 679.0 92 716.8
+1792.0 +965.9 +2048.1 +1667.0 +695.8 +3313.3 + 674.1 +909.1
People over the age 4140.1 57243 11 402.4 15 462.8 19 223.0 20 021.3 213357 26 783.8
of 60 +268.9 +254.9 +1117.8 +1592.5 +486.3 +1236.4 +5821.3 +1207.7
Men of working aae 27 252.9 30 946.1 33 790.4 35 095.2 35282.6 35919.0 36210.6 33599.9
9ag +775.9 +882.1 +661.9 +320.0 +208.0 +996.5 +512.1 +754.1
Women of working ace 27 480.3 29 670.0 327432 33 029.4 34 487.2 33709.9 33207.0 29 699.6
989 +551.9 +877.1 +204.3 +697.1 +557.2 +816.6 +1006.2 +862.9
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Table 3. Major demographic characteristics of the CATU Seversk population in 1970-2019 (per 1000 population)

. Range within the studied period, years
indieator 1970-1974 1980-1984 1990-1994 1995-1999 | 2000-2004 2005-2009 2010-2014 2015-2019
Birth rate 18.7 +1.7 16.9+0.9 10.6 + 2.1 8.1+0.4 8.5+0.2 9.6+1.0 10.9+ 0.3 9.4+15
Mortality 3.8+0.1 5.7+0.3 89+21 10.2+04 121+ 0.9 12.2 + 0.6 11.9+04 12.5+0.2
Natural increase 149+1.8 11.2+0.7 1.8+4.2 -21+05 -3.6+0.8 -2.6+1.1 -1.1+£04 -3.1+02
Life expectancy, years 7246 £0.48 | 71.18+0.55 | 68.67 +2.89 | 68.60 + 1.36 | 68.44 +0.88 | 70.89 +0.38 | 73.25 +0.60 | 74.25 + 0.63

150-200 mSy, 200-300 mSy, 300-500 mSv, and 500-1000 mSv),
then for broader ranges in which only the lower limit was defined
(>0mSy, > 100 mSy, > 200 mSy, > 300 mSy, > 500 mSv), since
the range expansion (and, therefore, the increase of person
years of observation) increased the statistical significance of the
results.

RESULTS

Information about the death rates caused by cancer
affecting bronchi, trachea, lungs, stomach, colon, lymphoid,
hematopoietic and related tissues, breast and prostate glands,
skin among male and female populations of CATU Seversk in
1970-2019 is provided in Tables 5 and 6.

The increase in death rates caused by malignant neoplasms
of the stomach, colon, bronchi, lung, and prostate gland
among male population of CATU Seversk was observed during
the studied period (Table 5).

The same trend was observed among females (including
death rates caused by breast cancer); the exception were the
death rates caused by malignant neoplasms of the stomach
that surpassed the high recorded in 2005-2009 and dropped
10 25.4 cases per 100,000 population by 2015-2019 (Table 6).

Tables 7 and 8 show the SRR of dying from cancer affecting
trachea, bronchi, lungs, skin, stomach, colon, lymphoid,
hematopoietic and related tissues, breast and prostate glands,
in relation to the TED values of the SCP employees for the period
between 01 January 1970 and 31 December 2019. TED means
the external effective dose absorbed by the employee during the
entire period of working at the nuclear industry enterprise.

The analysis did not take into account the employees' age
and the calendar time of observation due to the relatively small
sample size.

The cases of cancer affecting the digestive organs
(stomach and colon), respiratory organs (trachea, bronchi,
lung), skin, organs of the male reproductive system (prostate
gland), lymphoid, hematopoietic and related tissues among
male SCP employees were analyzed. Malignant neoplasms of
these organs and tissues were selected because of the fact
that these cancer localizations were most common among
male population of CATU Seversk not exposed to the man-
made IR.

Table 4. Indicators and information sources used during the study

The assessed range covers “low” IR doses (< 100 mSv)
that are typical for normal working conditions at modern nuclear
enterprises and “medium” IR doses (< 1 Sv) that become possible
during radiation emergencies at the nuclear industry enterprises.

Male SCP employees who have been exposed to IR at
work with the TED values of 200—-1000 mSv have a higher SRR
of dying from prostate cancer (Table 4).

The cases of cancer affecting breast, digestive organs
(stomach and colon), respiratory organs (trachea, bronchi,
lung), skin, lymphoid, hematopoietic and related tissues
among female SCP employees were also assessed. Malignant
neoplasms of these organs and tissues were selected because
of the fact that these cancer localizations were most common
among female population of CATU Seversk not exposed to the
man-made IR.

Statistical accuracy of the data on female employees is
lower than that of the data on male employees due to small
sample size resulting from the significantly lower number of
women engaged with the IR sources.

The lack of data on some cancer localizations (for example,
trachea, bronchi, lung, skin, lymphoid, hematopoietic and
related tissues) in female employees exposed to “medium”
IR doses is due to the extremely small sample size that is
insuffucient for statistical analysis.

Female SCP employees with the TED values reaching
100-150 mSv have the increased SRR of dying from malignant
neoplasms of trachea, bronchi, lung, stomach, colon, skin,
breast, and lymphoid, hematopoietic and related tissues.

It is especially worth noting that the SRR of dying from
malignant neoplasms of trachea, bronchi, lung, and breast is
increased among female employees with the TED values of
0-20 mSv (Table 8).

Medical support of employees during elimination of nuclear
legacy should involve three phases.

Phase one: defining health risk factors for the described
population.

Identification of the set of risk factors includes the following:

— assessment of demographics (birth rate, mortality, rate
of natural increase), life expectancy, and disability rate in the
studied population;

—assessment of morbidity patterns in the studied population
and identification of the most prevalent disorders;

Studied indicator

Information source

Cancer mortality in the CATU Seversk population
in 1970-2019

Information obtained from:

- Territorial unit of the Federal State Statistics Service, Tomsk Region (Tomskstat);

— Federal Siberian Research Clinical Centre of FMBA of Russia;

- database of the regional MDR of the CATU Seversk population and SCP employees containing the
up-to-date information about all cases of death from cancers of the main localizations (trachea, bronchi,
lung, skin, stomach, colon, lymphoid, hematopoietic and related tissues, breast and prostate glands) in
CATU Seversk in 1970-2019

Risk of dying from cancer in the nuclear industry
enterprise employees between 01 January 1970
and 31 December 2019

The data obtained from the database of the regional MDR of the CATU Seversk population and SCC
employees containing the up-to-date information about all cases of death from cancers of the main
localizations (trachea, bronchi, lung, skin, stomach, colon, lymphoid, hematopoietic and related tissues,
breast and prostate glands) in SCP employees in 1970-2019

MEOVILIMHA SKCTPEMATTBbHBIX CUTYALINI | 4, 24, 2022 | MES.FMBA.PRESS



ORIGINAL RESEARCH | RADIATION MEDICINE

Table 5. Death rates caused by cancer among adult male population of CATU Seversk in 1970-2019 (per 100,000 population; group average)

Cancer localization Range within the studied period, years
(ICD-10 code)
1970-1974 1975-1979 1980-1984 1985-1989 1990-1994 1995-1999 | 2000-2004 | 2005-2009 | 2010-2014 | 2015-2019

Stomach (C16) 19 22.4 20.5 19 18.4 259 38.3 44 431 24.6
Colon (C18) 0 0 2.2 10.2 14.9 12.2 14.3 22.4 26 26.3
Trachea (C33) 0 0 0 0 0.7 1.5 0.8 1.9 1.9 0.8
Bronchi and lung (C34) 1.2 10.2 36.1 50.8 65.7 80 75.6 80.1 70 99
Skin (C43-44) 0 0 1 2 0.8 2.6 2.8 29 3.7 2.8
Prostate gland (C61) 23 1.7 0.5 0.7 6 8.7 14.3 19.8 24.6 29.3
Lymphoid, hematopoietic

and related tissues 5.3 6 9.2 8.4 ik 13.2 20.8 9.5 18.3 25.2
(C81-96)

— identification of the risk factors and determination of the
potentially modifiable risk factors, such as social-economic,
behavioral, medical-organizational, and technogenic factors.

Phase two: formulation of proposals to manage the most
common disorders and risk factors identified in the population.
Thus, our findings show that the main focus should be on
cancer prevention and treatment when developing the strategy
for medical support of employees engaged in the activities on
the nuclear legacy decommissioning.

Phase three: development of the strategy for medical
support of employees engaged in the activities on the nuclear
legacy decommissioning by adjustment of the existing strategy
based on the new information about the health status of the
studied population (demographics, data on morbidity and
disability rates) and risk factors in the population.

According to the study, male SCP employees have a high
SRR of dying from prostate cancer, while female employees
have a high SRR of dying from malignant neoplasms of
trachea, bronchi, lung, stomach, colon, skin, breast, lymphoid,
hematopoietic and related tissues.

The strategy for medical support of employees engaged in
the activities on the nuclear legacy decommissioning should
be developed based on the above data in accordance with the
goals and outputs of the Healthcare national project and the
Fight Against Oncological Diseases federal project. In particular,
it is necessary to define the list of additional instrumental and
laboratory tests for diagnosis of cancer to be used during the
routine medical check-ups in employees engaged in the nuclear
legacy elimination (primarily based on the cancer localizations
identified).

According to the Fight Against Oncological Diseases federal
project, the death rate caused by cancer in the population
should not exceed 185 cases per 100,000 population by
the year 2024. It is appropriate to consider these values as
the target indicators when developing the strategy for health

protection of employees engaged in the activities on the nuclear
legacy decommissioning.

DISCUSSION

Organizing activities on decomissioning the nuclear facilities
that have reached the end of their service life is one of the areas
of nuclear safety. In turn, safe decomissioning of the nuclear
facility is impossible without medical and sanitary support [1].

In this regard, the study was aimed to develop the
methodological basis for the medical and sanitary support of
the nuclear industry enterprise personnel radiation safety during
the nuclear legacy elimination on the example of SCP (CATU
Seversk). For that the following tasks were accomplished:
selection of the area for the development of methodological
support of activities on ensuring radiation safety during
elimination of nuclear legacy was substantiated; death rates
caused by cancers of most common localizations were defined;
the risk of dying from cancers of most common localization in
employees engaged in decommissioning the nuclear industry
enterprise (nuclear legacy) was assessed; directions for
improvement of the medical support of employees engaged in
the nuclear legacy elimination were determined.

During the study we managed to justify the use of CATU
Seversk as a platform for the development of methodological
support of activities on the scheduled nuclear legacy
decommissioning. The analysis of death rates caused by
malignant neoplasms of bronchi, trachea, lung, stomach,
colon, lymphoid, hematopoietic and related tissues, breast
and prostate glands, and skin among male and female SCC
employees in 1970-2019 made it possible to reveal the
increase in the studied indicators, except for the malignant
neoplasms of the stomach in women. It is clear that the
increase in cancer mortality observed in the studied population
is mainly due to the population ageing. This is clearly illustrated

Table 6. Death rates caused by cancer among adult female population of CATU Seversk in 1970-2019 (per 100,000 population; group average)

Cancer localization Range within the studied period, years
(ICD-10 code)
1970-1974 | 1975-1979 | 1980-1984 | 1985-1989 | 1990-1994 | 1995-1999 | 2000-2004 | 2005-2009 | 2010-2014 | 2015-2019

Stomach (C16) 313 15.9 247 27.2 18.9 217 19.6 38.8 15.9 25.4
Colon (C18) 45 43 77 7.4 16.3 6.8 235 18 19.5 225
Trachea (C33) 0 0 0 0 0 0 0 0 0 0

Bronchi and lung (C34) 6.8 23 9.7 7.6 12.4 35 15.5 9.8 1.4 245
Skin (C43-44) 03 22 0.4 0.6 1.9 36 13.8 8.4 3.4 45
Breast (C50) 48 12.9 15 18.9 19.1 25.9 30.2 365 38.4 306
fégggi;ﬁ;g:;ﬁgffg;‘c and 4.9 12.9 95 53 17.4 223 19.9 8.1 9.1 15.9
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Table 7. SRR of dying from cancer in male nuclear industry enterprise employees based on TED (95% confidence interval)

TED, mSv
Cancer localization
0-20 >20-50 >50-100 >100-150 > 150-200 >200-300 > 300-500 > 500-1 000
Stomach and colon 0.68 0.70 1.06 0.49 0.73 0.74 0.98 1.25
(-0.11-5.18) (-0.10-0.94) (0.04-1.34) (-0.16-0.69) (-0.09-0.97) (-0.09-0.98) (0.01-1.25) (0.14-1.56)
Trachea, bronchi, and 0.52 0.48 0.66 0.54 1.24 1.09 0.49 2.29
lung (-0.15-4.90) (-0.16-0.70) (-0.11-0.92) (-0.15-0.77) (0.13-1.58) (0.06-1.41) (-0.16-0.72) (0.73-2.73)
Skin _ 1.59 2.08 B _ _ 2.21 B
(0.15-4.99) (0.32-5.72) (0.37-5.91)
Prostate gland 0.69 0.24 1.26 0.57 0.85 3.08 3.96 3.16
(-0.06-5.20) (-0.04-1.13) (0.10-2.61) (-0.08-1.65) (-0.03-2.05) (1.03-4.93) (2.18-6.61) (1.60-5.60)
Lymphoid, hematopoietic 0.77 0.73 0.96 0.58 0.86 1.25 1.36 0.53
and related tissues (-0.06-5.34) (-0.07-1.45) (0.00-1.75) (-0.10-1.25) (-0.06-1.62) (0.11-2.12) (0.16-2.25) (-0.11-1.18)
Table 8. SRR of dying from cancer in female nuclear industry enterprise employees based on TED (95% confidence interval)
TED, mSv
Cancer localization
0-20 > 20-50 > 50-100 > 100-150 > 150-200 > 200-300
Stomach and colon 0.6 1.07 0.48 1.78 0.56 1.07
(0.45-5.13) (0.82-5.86) (0.32-4.83) (1.42-6.97) (0.38-4.97) (0.82-5.86)
Trachea, bronchi, and lun 1.93 0.49 0.80 1.75 - -
’ ’ 9 (1.20-7.25) (0.16-4.83) (0.36-5.39) (1.05-6.96)
Skin _ 1.65 _ 5.94 B B
(0.55-6.80) (3.59-13.06)
Breast 1.66 0.66 0.36 1.58 1.27 _
(1.18-6.81) (0.38-5.15) (0.16-4.61) (1.12-6.69) (0.86-6.18)
Lymphoid, hematopoietic and 0.18 0.83 0.69 2.97 _ _
related tissues (0.02-4.27) (0.41-5.43) (0.30-5.18) (2.11-8.83)

by the above population dynamics of the major age groups.
The analysis of the SCP employees' SRR of dying from cancer
of key localizations has made it possible to reveal the significant
increase (compared to non-exposed employees) in the
studied indicators for prostate cancer in males and malignant
neoplasms of trachea, bronchi, lung, stomach, colon,
skin, breast, lymphoid, hematopoietic and related tissues in
females. The findings are generally consistent with the results
obtained by other authors [2-4]. However, we believe that our
findings cannot form the basis for definitive conclusions about
the impact of ionizing radiation on cancer in employees of the
nuclear industry enterprises. That is why further research is
required involving larger samples of employees.

In our study we defined the main phases of improving the
medical support of employees during elimination of nuclear
legacy (identification of the set of risk factors, formulation of
proposals to manage the major risk factors, development of
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PROBLEMS OF MORTALITY ANALYSIS IN TOWNS OF THE RUSSIAN FEDERATION
Saltykova MM B2 Antipina Ul, Balakaeva AV
Centre for Strategic Planning and Management of Biomedical Health Risks of the Federal Medical Biological Agency, Moscow, Russia

Mortality rate is one of the main indicators of how healthy a population is, and planning and implementing measures aimed at reducing morbidity and increasing life
expectancy in the population is impossible without an adequate analysis and interpretation of mortality data. At the same time, as pointed out by many researchers,
there are factors external to a human body being that can have a significant effect on the mortality rate in a population. This study aimed to assess the impact of one
of these factors, the number of beds in hospitals (per 10,000 people) of cities with population exceeding 100,000 people. The analysis included data from Rosstat
(Russian statistics service) on the population size, mortality, number of hospital beds, average monthly wages in 12 cities within the period from 2017 through
2019. Five cities from these 12 were selected as a more homogeneous subgroup in terms of socio-economic conditions. We found a positive correlation between
mortality rate per 1000 inhabitants (R > 0.7; p < 0.009) and the number of hospital beds per 10,000 people in the sample of 12 cities. This correlation was higher
(R =0.9; p <0.037) in the more homogeneous subgroup. A factor that may condition this correlation may be that of deaths of people from other regions in hospitals
of the cities in question, which are counted when estimating the mortality rate and have a significant effect on that estimation. The results of the study point to the
need to differentiate between people registered in a city and those living there permanently when assessing mortality rate therein.
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MPOBJIEMbl AHANTU3A CMEPTHOCTW B FTOPOJAX POCCUNCKOWN ®EAEPALIAA
M. M. Cantbikosa =, Y. V. AHTunuHa, A. B. Banakaesa

LleHTp cTpaTern4eckoro NnaHMpoBaHns 1 ynpaBneHns Meanko-61onorniecKMim pyckamm 300poBbio deaepanbHOro Meanko-61onornyeckoro areHTcTea, Mockea,
Poccust

YpoBeHb CMEPTHOCTY ABASIETCS OAHVIM 13 OCHOBHbIX NHAVMKATOPOB 300POBbA HACENEHVS, MOITOMY NIaHMPOBaHKE Y NPOBEAEHVE MEPONPUATAN, HAaNPaBNEHHbBIX
Ha CHW>KeHWe 3a00M1eBaeMOCTY 1 YBENMYEHNE NPOLOSMKUTENBHOCTI >KN3HN HACENEHMs, HEBO3MOXHbI 6e3 afieKBaTHOro aHanmsa 1 UHTeprnpeTauum AaHHbIX O
CMepTHOCTW. BMecTe ¢ Tem, Kak OTMeYatoT MHOr1e UCCNefoBaTenu, CyLLECTBYIOT BHELLHME 19 OpraHn3ma YenoBeka (hakTopbl, KOTOPbIE MOMYT CyLLIECTBEHHO
BNWATH Ha NoOKasaTeny CMEePTHOCTU HaceneHuns. Lieneto paboTsl b0 OLIEHWTb 3HAYMMOCTb BAUSHUA OAHOMO 13 Takmx (hakTOpOB — pasmMepa KoevHoro hoHaa
60nbHNYHbIX OpraHu3aLmin (Ha 10 Tbic. HaceneHns) — B ropoaax ¢ HaceneHvem 6onee 100 Tbic. YENOBEK Ha NoKadaTen CMePTHOCTY HaceNeHus B 3TUX ropoaax.
B aHanm3 6binm BrtodeHb! AaHHble PoccTata 3a 2017-2019 I 0 KonMHecTBe HacemneHns, CMEPTHOCTU, KOMMHECTBE BOMbHNYHBLIX KOEK, CpeaHeMecsHHoN 3apaboTHo
nnate B 12 ropogax. 13 atnx ropogos 6bina chopmmpoBaHa bonee 0AHOPOAHAA MO COLMAaTbHO-9KOHOMUHECKIMM YCOBMSIM MOArPYMna, BKkoHaoLLas 5 ropofos.
BbIsiBNeHo, 4To nokasaTtesib CMepTHOCTU HaceneHust Ha 1000 »xuTenelt nonoxunTensHo koppennposan (R > 0,7; p < 0,009) ¢ 41McnoM GONbHUYHBIX KOEK Ha
10 TbiC. HaceneHns B rpynne 13 12 ropoaos 1 koppensaums 6eina Beiwe (R = 0,9; p < 0,037) B 6onee ogHOpoAHON noarpynne. YkadaHHasi 3akOHOMEPHOCTb MOXET
ObITb 0BYCNOBEHa TEM, HTO MPU OLIEHKE Nnokasartenen CMePTHOCTY HaCeneHNst 3Ha4VMbIM OKa3bIBAETCS BKAA KONMYECTBA yMEPLUMX B FOPOLACKIX CTaLMOHapax
XUTenemn apyrux pervoHoB. MonydeHHble peaysnsTaTbl YKasbliBatoT Ha HEOOXOAMMOCTb MPU U3YHeHUN CMEPTHOCTY HACemeHVst B ropofax aHanmampoBaTh YUCo
CcMepTel, He TONbKO 3aperyCTPUPOBaHHbIX B FOPOAE, HO U MOCTOSIHHO MPOXMBAIOLLWX B HEM XKUTENEN.

KntoyeBble cnoBa: CMEPTHOCTb, AOCTYNMHOCTb MEAMLIMHCKOWN MOMOLLM
®duHaHcnpoBaHue: paboTa BbINOHEHa B paMkax rocyaapcteeHHoro 3agaHusa Per. Ne HVIOKTP AAAA-A19-119020890029-1.

Bknap aBTopoB: M. M. CantblkoBa — KoHUenuust 1 ansaiH nccneposanus; M. M. CantbikoBa, Y. . AHTunnHa, A. B. Banakaesa — aHanns 1 nHTepnpetauvist
[aHHbIX, HanvcaHve, PeAaKTMPOBaHME 1 OKOHYATENbHOE YTBEPXKAEHWE TEKCTA.

><] Ansa koppecnoHgeHunn: MapuHa MuxarnnoHa CantbikoBa
yn. MoroanHekas, A. 10, ctp. 1, . Mocksa, 119121, Poccus; saltykova@cspmz.ru

Cratbs nony4eHa: 21.09.2022 Ctatbsi NpuHsaTa K nevatu: 13.10.2022 Ony6nukosaHa oHnaiH: 07.11.2022

DOI: 10.47183/mes.2022.035

Since mortality rate is one of the main indicators of how healthy
a population is, adequate analysis and interpretation of the
data on mortality are mandatory prerequisites for measures
aimed at reducing morbidity and increasing life expectancy in
a population.

As of 2019, there were over 1100 cities in Russia. Most
of them (about 1000) are cities with a population of less than
100,000 people, i.e. medium and small towns [1]. Most of
the restricted administrative-territorial entities and territories
serviced by the Federal Medical Biological Agency (FMBA) of
Russia also fall into this category [2]. Relatively small population
in such localities considerably impedes statistical analysis of
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data on mortality of the population stratified by sex, age and
cause of death [3].

In addition, it should be noted that such factors as the rules
of death registration and indication of the cause thereof, which
are essentially external to the human body, have an effect on
the mortality data [4, 5]. Throughout the world, it is common
practice to keep track of morbidity and causes of death
relying on the 10th revision of the International Classification of
Diseases (ICD 10). Many researchers note that in the Russian
Federation there is a relatively high percentage of fatalities the
conditions of which are recorded in an obscure way: "injuries
with uncertain intentions", "ill-defined and unspecified causes of
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death", "unspecified cardiomyopathy", "old age" [6-10]. These
causes of death can be used to underrate contribution of the
so-called "socially significant causes of death" (alcohol and drug
poisoning, murder and suicide) and causes that were targeted
with a mitigation and reduction plan (diseases of the circulatory
system) [7]. Some causes of death that were registered as
belonging to the circulatory system diseases category before
2013 have been attributed to other categories thereafter,
which significantly distorts the real structure of mortality in a
population [6]. High losses from ill-defined conditions disallow
adequate assessment of the potential for reducing mortality
and development of the effective prevention measures.

Another factor that significantly distorts mortality statistics
is the following one. Currently, in addition to the deaths of city
residents, indicators of mortality in a given city incorporate
deaths of persons who permanently lived in another place but
died and were registered dead (Civil Registry Office) in that given
city [7, 11]. This problem has been analyzed in greatest detail
for Moscow [11, 12]. The large population of the metropolis
allows obtaining the most reliable and reproducible results; they
clearly show the significance of this problem. In addition, at any
given moment there is a significant population of migrants in
Moscow that includes both citizens of other countries and Russian
nationals from other regions of the country. In 2003, migrants that
died from neoplasms in Moscow made up 5.3% (men) and 6.3%
(women) of the respective mortality rate for the entire population
of the city, and the shares of migrants in the category of deaths
from circulatory system diseases were 8.4% (for men) and 6.0%
(forwomen) [11]. Atthe same time, the contribution of this population
group to mortality from infections, injuries and poisoning, as well
as inaccurately described conditions, was over 33% for men and
more than 25% for women; from a quarter to a third of all deaths
from all major causes at a young working age also happened in this
group. The revealed patterns persisted through 2013. The authors
of this study conclude that if only the residents of Moscow were
factored in, the mortality rate there would have been lower than
what is recorded by the statistics currently, and the structure of
causes of death would be closer to that seen in European countries
due to lower mortality from external causes. Similar patterns were
also registered in other regions of the Russian Federation [13].

In addition, city hospitals throughout the Russian Federation
set up primary vascular departments, and there are also
dedicated regional vascular centers established. In a centralized
manner, these medical facilities receive patients with the most
severe cardiovascular pathologies, and these patients come
not only from the city where such center/hospital department
operates but also from other cities, towns and villages. On
the one hand, the said centers/hospital departments improve
accessibility of qualified medical care for the population, and
on the other hand, they contribute to the city's mortality rates
because deaths of patients from outside the city are factored
in when calculating the respective indicators. This factor has
the greatest impact on mortality rates in cities with relatively
small populations. Another factor that significantly affects a
small town's mortality rates but bears no relation to the state of
health of its population is the presence of penitentiary facilities
therein, which show high mortality from socially significant
diseases [14].

[t should be noted that a complete and detailed analysis of
the death rate of residents of a given city is required in order
to implement targeted measures that account for the specifics
of that city, such analysis factoring in all possible statistical
artifacts. Small sample size makes conducting such an analysis
in small towns most difficult. It seems appropriate to target larger
cities with analytical studies in order to identify the possible

statistical artifacts. Such studies should include cities with
similar natural-climatic and socio-economic conditions, since
this approach allows excluding the impact of factors of natural
conditions (how favorable they are) and living standards, which
are significant for public health. As noted above, one of the
possible statistical artifacts that can affect the mortality rates
in a city is the presence of a large hospital therein, including
a dedicated regional vascular center, since this would mean
that the overall number of the deceased recorded in the that
city will include deaths of people from other cities and regions
[7, 11]. This allows hypothesizing that the number of hospital
beds (per 10,000 people of population) can affect the mortality
rate (the number of deaths per 100,000 residents) in cities with
a population of up to 500,000 people. It is obvious that this
factor will be of smaller significance in the largest cities and
cities with over a million residents.

The purpose of this study was to assess the significance of
impact of the number of hospital beds (per 10,000 people of
population) on the mortality rates in the cities of the Moscow
region with a population ranging from 100,000 to 500,000 people.

METHODS

The study included 2017-2019 Rosstat [15] data on the number
of deaths per 1000 people, the average monthly nominal
accrued salaries, the number of hospital beds in round-the-
clock hospitals (per 10,000 people), as well as the population
of 12 cities of the Moscow region (range from 100,000 to
500,000 people). The study included: 1) only the cities that
have the all the indicators considered in the study published in
freely available press; 2) only the cities of the Moscow region,
which nullifies the effect differences in natural and climatic
conditions have on mortality rates (the entire Moscow region
is in the same climatic zone) and reduces the impact of socio-
economic conditions. To improve accuracy of the assessment
of possible impact of living standard on the mortality in a
population, the analysis included data on the average monthly
nominal accrued wages.

Table 1 presents data on the main group (12 cities, G_12)
population in 2017 and shows the proportion of people outside
the working age.

Spearman's rank correlation coefficient (R) was used
to assess the statistical dependence between the studied
indicators. Descriptive statistics data are presented in the
tables as a median (Med) and an interquartile range (Q,; Q,).
To assess reproducibility of the identified patterns, we analyzed
the statistical relationship separately for each year (2017, 2018,
2019). The study analyzed statistical relationship between
the mortality rate (the number of deaths from all causes per
1000 people), the average monthly nominal accrued wages of
employees and the number of hospital beds in round-the-clock
hospitals (per 10,000 people of population). Additionally, we
analyzed such indicators as the share of residents over the
working age (according to Rosstat [15]) and distance from
the considered city to the center of Moscow. These indicators
were included in the analysis to form a more homogeneous
subgroup and thus eliminate the influence of the following
factors: transport accessibility of medical institutions located in
the regional center and share of older age people.

Since a relatively small sample size disallowed multivariate
analysis, we formed a relatively homogeneous group of cities
(G_5) lying within 30 kilometers from the center of Moscow
(Balashikha, Khimki, Reutov, Mytishchi, Korolev) where the
average monthly nominal accrued wages of exceeded 50,000
RUB in 2017.
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Population at the end of 2017, thousand human Share of residents over the working age, %
Domodedovo 127.9 20
Balashikha 468.2 20
Reutov 103.8 23
Khimki 250.7 23
Mytishchi 211.6 22
Elektrostal 158.2 28
Korolev 223 27
Serpukhov 125.8 27
Zhukovsky 108.2 29
Podolsk 302.8 24
Kolomna 142.7 29
Orekhovo-Zuevo 118.8 27

Table 2. Statistical characteristics (median, lower and upper quartiles) of the studied indicators in the G_12 group

Med (Q,;Q,)
2017 2018 2019
Mortality (per 1000 people) 12.25 (10.8; 13.7) 12.1 (10.6; 14.1) 11.65 (10.2; 13.7)
Number of hospital beds (per 10,000 people) 48.2 (35.0; 58.7) 47.4 (33.0; 55.8) 47.45 (32.6; 54.3)
Average salary 52,133 (44,795; 58,443) 57,551 (48,286; 65,401) 62,727 (51,390; 69,294)

RESULTS

Table 2 presents the statistical characteristics of such studied
indicators as the population mortality rate (per 1000 people),
the number of hospital beds in round-the-clock hospitals (per
10,000 people) and the average monthly salary in 12 cities
(G_12)in 2017-2019.

At the first stage, we analyzed the dependence of population
mortality rates on the number of hospital beds and the level of
wages, as well as on such factors as the share of people above
working age (in 2017) and distance to the center of Moscow.

Table 3 presents Spearman's correlation coefficients
between population mortality rates, number of hospital beds
and the level of salary in the G_12 group.

The mortality rates per 1000 residents correlated (R > 0.7)
with the number of hospital beds per 10,000 people. This
dependence is highly significant; it was registered every year.
The correlation coefficient between wage and mortality rates
was negative, smaller in absolute value and also differing
significantly from O every year.

We have analyzed the values of Spearman's correlation
coefficients between the mortality rates and the share of
population over working age in 2017, as well as between the
mortality rates and the distance to the center of Moscow.
The former was 0.675 (p < 0.016) and the latter 0.904
(o < 0.0001).

Thus, there is a strong statistical relationship between
mortality rates in the population, number of hospital beds and
distance from the considered city to the center of Moscow
(positive relationship). The relationships with wages (negative)
and the share of population over the working age (positive
relationship) are not as strong.

Having identified these patterns, we additionally analyzed
the values of Spearman's rank correlation coefficients
between the distance to the center of Moscow and wages,
as well as the distance to the center of Moscow and the
share of population over the working age. All the correlation
coefficient values differed from O significantly (p < 0.04) and
amounted to -0.601, -0.629, -0.625 for wages in 2017, 2018
and 2019, respectively, and 0.615 for the share of population
over the working age in 2017. To a large extent, the identified
dependencies on the distance to the center of Moscow are
conditioned by the specifics of the cities of Orekhovo-Zuevo,
Kolomna, Serpukhov, Elektrostal, which are 60-115 km
away from Moscow. There, the wages were lowest (in 2017 —
42,000-45,000 RUB), the proportion of residents over the
working age was 27-29% and the number of hospital beds
per 10,000 people was largest (from 13 to 16.7).

The identified significant patterns, on the one hand, and the
small sample size, on the other hand, necessitated formation
of a more homogeneous group of cities. This group consisted
of five cities (G_5) located within a 30-kilometer radius from
the center of Moscow: Balashikha, Khimki, Reutov, Mytishchi,
Korolev. The average monthly nominal accrued wages therein
exceeded 50,000 RUB in 2017. Table 4 presents the statistical
features of the studied indicators in this group, which show that
on average, both the mortality rate and the number of hospital
beds are smaller in this subgroup.

Table 5 shows the G_5 Spearman's rank correlation
coefficient values of the population mortality rates, wages and
the number of hospital beds in 2017, 2018 and 2019. In a
subgroup of cities relatively homogeneous in terms of socio-
economic conditions, an even stronger positive statistical
relationship was registered between the population mortality

Table 3. Spearman's correlation coefficients (R) between population mortality rates, salary and the number of hospital beds in 2017, 2018 and 2019, group G_12

2017 2018 2019
R P R P R P
Number of hospital beds (per 10,000 people) 0.828 0.001 0.727 0.007 0.709 0.009
Average salary -0.585 0.046 -0.594 0.042 -0.628 0.029
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Table 4. Statistical characteristics (median, lower and upper quartiles) of the studied indicators in the G_5 group

Med (Q1;Q3)
2017 2018 2019
Mortality (per 1000 people) 9.5(8.7;11.2) 9.4 (8.4; 11) 9.3 (8.0; 10.5)
Number of hospital beds (per 10,000 people) 35.8 (32.4; 42.0) 34.3 (29.2; 39.8) 33.3 (30.5; 37.7)

Average salary

52,602 (51,664; 60,621)

60,349 (58,106; 66,172) 65,233 (63,066; 69,031)

Table 5. Spearman's correlation coefficients (R) between population mortality rates, salary and the number of hospital beds in 2017, 2018 and 2019, group G_5

2017 r. 2018 . 2019r.
R P R P R P
Number of hospital beds (per 10,000 people) 0.975 0.005 0.9 0.037 0.975 0.005
Average salary 0.5 0.391 0.7 0.188 0.668 0.219

rate and the number of hospital beds (R = 0.9), while there was
no significant dependence on salary recorded.

We identified no significant dependence of the G_5 population
mortality rate on the distance to the center of Moscow and the
share of people over the working age in 2017. The respective
correlation coefficients amounted to 0.4 (p = 0.505) and 0.7
(o =0.188).

DISCUSSION

The results of this study, which considered 12 cities of the
Moscow region, confirmed the well-known negative correlation
between population mortality rate and standard of living
[8, 12, 16, 17] (in this study — between mortality and the
average monthly nominal accrued salary).

This study has also revealed a positive correlation between
the number of deaths per 1000 people of population, a widely
used indicator in healthcare, and the number of hospital beds
in round-the-clock hospitals (per 10,000 people of population),
another widely used indicator. The latter indicator (number
of beds) also characterizes availability of medical care [18].
The apparent contradiction — mortality is higher with greater
availability of medical care in a hospital setting - has the following
reasons behind it. Hospitals, especially in regional centers,
admit not only residents of the city where they are located but
also residents of the neighboring towns and villages, as well
as people from other regions. When a patient dies, the death
can be registered in the city of the hospital [7, 11]. This applies,
first of all, to the residents of other subjects of the Russian
Federation and foreign countries. It should be noted that in the
largest cities and cities with over a million residents there is
no effect from large medical institutions on the overall death
rate assessment, since residents of these cities constitute the
majority in the number of deaths per 1000 people of population
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ATTENTION INDICATORS AS MARKERS OF FATIGUE IN AMBULANCE WORKERS
Bolobonkina TA®, Dementiev AA, Minaeva NV
Pavlov Ryazan State Medical University, Ryazan, Russia

Medical care at the pre-hospital stage requires concentration of attention from ambulance workers and induces stress on the functional systems of their bodies.
The spread of COVID-19 has increased the workload on mobile ambulance teams and worsened functional state of the team members' central nervous systems.
This study aimed to investigate the impact of professional activity on changes in the indicators reflecting attention capacity, allocation and switching in mobile
ambulance healthcare workers in the context of the COVID-19 pandemic. We used the Number Square method to assess these indicators. The participants were
divided into groups with the help of standard tens, through standardization of the number of digital symbols, correct answers, mistakes made and time spent.
The clear signs of fatigue by the end of the work shift are the decreased attention capacity, registered in 40.48% (p < 0.0001) of participants, and deteriorating
attention allocation, registered in 64.29% (p < 0.05). The dynamics of the indicators were revealed to be associated (negative trends) with length of service and
age. The registered values did not decrease at each subsequent shift, which proves the rest period between the shifts ensures a sufficient recovery. Decreased
attention capacity and allocation by the end of the shift, as objective signs of fatigue, depend on age and length of service. Lack of negative dynamics shift-to-shift
shows that the functional resources of the body are restored during the prescribed rest period even in the intense conditions of mobile ambulance teams' work
during the COVID-19 pandemic.

Keywords: medical worker, ambulance, fatigue, functional state, COVID-19
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MOKASBATEJ/IN BHUMAHUS KAK MHOWKATOPbI YTOMJTEHUA MEANLIMHCKNX PABOTHUKOB
CKOPOU MEONLIMHCKOW NMOMOLLIN

T. A. Bono6orkuHa =, A. A. OemeHTbeB, H. B. MvHaesa
PasaHckuin rocynapCTBEHHbIN MEAMLIMHCKMIA yHBepcuTeT nmenn W. M. Masnosa, Pasanb, Poccus

OkazaHne MeOMUMHCKON MOMOLLM Ha [OroCnuTasbHOM 3Tane TpebyeT KOHLEHTPpaUmMN BHUMaHUS U HaNpPsiKeHUsT (DYHKLMOHABbHBIX CUCTEM OpraHnu3Ma
COTPYAHNKOB CKOPOW MeANLIMHCKOM nomoLLm. PacnpoctpaHeHne COVID-19 yBenn4mnio Harpysky Ha Bble3aHble 6pvrafipl 1 MPUBENO K HeraTuBHbIM U3MEHEHWSIM
hYHKLMOHANBHOrO COCTOAHNSA LIEHTPaNIbHOM HEPBHOW CUCTEMbI PABOTHUKOB. Llenbto nccnepgoBanms 66110 13yHnTb BAVSIHUE NPOgQeCCUOHaNbHOM AeATENBHOCTH
Ha M3MeHeHue nokasarenein oobema, pacnpeneneHns 1 NEPEKHEHNs BHUMaHNS MEAVLIMHCKIX PabOTHMKOB BblE3AHbIX 6puUraz CKOpon MeAMLIMHCKOM MOMOLLM
B ycnosusx naHaemun COVID-19. [1ns oueHKkn o6bema, pacrnpeneneHuns 1 nepextoHeHns BHUMaHMs UCronb3oBai MeToavKy «H1McnoBoin keaapar». PasgeneHve
obcnegyemMblx Ha rpynnbl MPOBOAUAM MO MHAEKCAM CTEHOB MyTem CTaHAapTv3aLmn nokasaTenelt KonmyecTsa LUMpPOBbIX CUMBOIOB, NpPaBMIbHbIX OTBETOB,
[OMNYLLIEHHbIX OLUMOOK 1 3aTpadeHHOro BpemMeHn. CHbkeHne obbema BHUMaHus y 40,48% (p < 0,0001) obcnefoBaHHbIX U CHYDKEHWE ero pacrpefeneHns y
64,29% (p < 0,05) cBUAETENLCTBYIOT 06 YTOMIEHWM K KOHLLY paboyert CMeHbl. BbisiBNeHb! HeraTuBHble TEHASHLM ANHAMVIKI NoKasaTeneit C yBenmyeHem ctaxka
paboThl 1 BospacTa. OTCYTCTBME OTPULATENBHON AVHAMUWKYM NMoKasaTtenen Mexxay COCeaHVIMY CMeHamy CBUAETENbCTBYET O [OCTATOYHOM BOCCTAHOBMEHWM 3a
nepuog oTAbIxa. YMeHbLLeHVe obbema 1 pacnpeneneHmst BHMaHKs K KOHLY CMEHbI Kak OO beKTUBHbIE MPU3HAKYM YTOMIEHVS MEIOT 3aBMCKYMOCTb OT BO3pacTa
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pernaMeHTPOBaHHOIO OTAbIXa B YCNOBUAX HAMPSPKEHHOM paboTbl Bble3aAHbIX Opurag CKOpor MeayUmMHCKOM NoMoLLy B nepurog, nanaemuin COVID-19.
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The work of healthcare professionals implies extensive  intensity associated with their work, which is especially true
reliance on memory, concentration of attention, need to make  apout medical workers providing emergency care [3]. Such
complex decisions in non-standard situations, often based on  conditions lead to professional burnout, which, according to
insufficient information and pressed for time, with hlgh personal the pub“shed research papers, deve|ops more often among
I’eSpOﬂSibi"ty for the result [1, 2] These factors explain the hlgh healthcare professiona|s he|p|ng patients in emergency
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situations, when diagnosing and treatment become a complex
tactical task that sometimes requires knowledge and skill
beyond the competence of these specialists [4, 5]. The work
schedule has a significant impact on the overstrain of functional
systems of emergency responders. Medical personnel working
in shifts or at night are especially susceptible to the negative
effects of the respective factors on the functional state of
the central nervous system (CNS), which directly affects the
occurrence of dangerous health consequences [6]. Shift work
can negatively affect awareness and performance due to lack
of sleep and disruption of biological rhythms [7].

Attention is a dynamic characteristic of the psyche; it
represents the orientation and concentration of consciousness.
The ability to activate attention enables clear understanding of
the situation [8, 9].

The levels of attention allocation and switching reflect the
degree of mobility of nervous processes in the cortical parts of
the CNS and determine the ability to quickly navigate a complex
and changing situation. The latter quality is one of the most
important components of a successful discharge of professional
duty by mobile ambulance medics. The high intensity of work
associated with their professional activity adversely affects the
functioning of various body systems, translates into the growth
of inhibition processes in the CNS and development of fatigue,
the severity of which largely depends on gender, age, length of
service and schedule (shift) [10].

The COVID-19 pandemic has significantly increased the
load on the primary care system and further boosted the
persistent fatigue processes evident among medical workers,
including ambulance personnel [11]. Intensification of work at
the pre-hospital stage exacerbated the negative dynamics of
the professional burnout syndrome prevalence among workers.
The main reasons for this were the limitedness of the healthcare
system resources, the threat of viral contamination as an
additional professional risk, increased time spent with a single
patient because of the epidemic prevention steps made before
and after contact with the patient, sleep disturbance, work-life
balance, neglect of personal and family needs with increased
workload in the background and lack of information about the
methods of treatment and prevention of COVID-19 [12].

The above factors determined the relevance of this study, the
purpose of which was to investigate the impact of professional
activity on changes in the indicators reflecting attention capacity,
allocation and switching among mobile ambulance healthcare
workers in the context of the COVID-19 pandemic.

METHODS

City clinical ambulance station of Ryazan was the base facility
for the study. Sample size sufficiency was calculated with
the help of the standard resampling formula using the small
population size correction technique. The inclusion criteria
were: employment with Ryazan city clinical ambulance station
as a member of a mobile ambulance team, shift-based:
24-hour work shift and a rest period of 72 hours; age up to
65 years (inclusive); length of service as a mobile ambulance
medic — over a year; absence of medical contraindications to
24-hour shifts and hazardous working conditions.

Because of the severe epidemic situation and the
pronounced ambulance staff shortage in the region, the
teams of all specialties were literally devoid of breaks between
calls, and the specifics of patient conditions became similar
throughout the practice. Data from the Ambulance automated
information system: the number of calls responded to by a single
team through a shift ranged from 15 to 26 (average 19.45 + 3.37), the
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total time of one call averaged at 45.46 + 15.98 minutes. The
participants were exposed to similar occupational factors and
characteristics of the work process.

The sample was formed from May to October 2021.
[t included 42 medical workers (11 male and 31 female);
10 of them occupied positions of doctors, 32 — positions
of paramedics. The mean age of the participants was
35.77 + 3.39. NS-PsychoTest hardware and software complex
(Neurosoft; Russia) was used for the study. Attention capacity
(AC), attention allocation (AA) and attention switching were
assessed with the help of the Number Square [13]. The
examinations were done three times, during the time period
from 7.00 to 8.00 AM, in accordance with the daily schedule
of work shifts as follows: first examination — at the beginning
of the daily work shift, second examination — 24 hours later
at the end of the same shift, third examination — after 72 hours
of rest (recovery period as per the applicable regulations), at the
beginning of the next shift. The time allocated to the participants
for the test was limited to 90 s. A single examination did not last
longer than 3 minutes, including the methodology explanation
and equipment set up stages.

The participants were divided into groups depending on
the attention capacity and allocation levels, with the help of
standard tens, which are normalized and centered assessments
resulting from standardization of the number of digital symbols,
correct answers, mistakes made and time spent.

The normality of the distribution of variables was checked
with the help of Kolmogorov—Smirmnov test. The Wilson's test
(Wilson, 1927) was used to establish the confidence intervals for
the stage of distribution of the examined into groups depending
on the dynamics of the indicators; the significance of differences
registered among the subgroups exhibiting oppositely directed
trends was checked with the Pearson's chi-squared test; mean
values of quantitative variables with a normal distribution are
presented as M + tm (M is the arithmetic mean of the indicator,
expressed in absolute figures; m is the standard error, t is the
test of validity with the given sample size).

We analyzed significant individual changes in functional
indicators as registered during the work shift, when they
fluctuate dynamically, and between adjacent shifts. Depending
on the trend of indicator value changes, the participants were
divided into three groups: group 1 — indicator value increased,
group 2 — indicator value decreased, group 3 — indicator value
did not change. Then we calculated the percentage of workers
showing different dynamics of the studied functional changes,
after that — compared groups of workers (occupation, age,
length of service) by the percentage of participants exhibiting
different trends of the considered indicators. The final exercise
was to conduct a comparative assessment of the group
means. To assess the significance of the average indicator
value dynamics (mean difference between raises and falls) as
registered considering the dynamics of the work shifts, we used
the paired Student's t-test (the data obtained had a normal
distribution). The statistical significance of the hypothesis was
accepted at p < 0.05.

Statistical processing of the data was done with the help of
Microsoft Excel 2007 (Microsoft; USA) with the Data Analysis
add-on.

RESULTS

Table 1 shows the distribution of workers into groups by the
nature of changes in AC through the work shift.

The physiological study revealed that by the end of the shift
40.48% of workers had the AC falling by 3.61 units on average
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Table 1. Structure of workers with different individual dynamics of the attention capacity indicator against the shift-based schedule

- ) . ) Groups with
Groups with increasing AC Groups with decreasing AC unchanging AC
Groups of workers
Share, % Average growth of AC Share, % Average fall of AC Share, %
On, p < 0,05 t-test Cl, p<0,05 t-test Cl, p<0,05
Total 11,9 3,57 +1,04* 40,48 3,61 + 0,98 47,62
n=42 [5,19; 25,0] 3,42 [27,04; 55,51] 7,33 [33,36; 62,28]
Sex distribution
Women 12,9 3,16 + 3,20 41,94 3,07 + 1,04 45,16
n=31 [5,13; 28,85] - [26,42; 59,23] 5,87 [29,16; 62,23]
Men 9,09 4,66 + 4,04 36,36 5,0 + 1,90 54,55
n=1 [1,62; 37,74] - [15,17; 64,62] 5,27 [28,01; 78,83]
Age distribution
Up to 30 y.o. 18,75 25+1,73 50 3,00 + 1,51* 31,25
n=16 [6,59; 43,01] - [28,0; 72,0] 3,97 [14,16; 55,6]
30-39 y.0. 14,29 425+33 14,29 6,00 + 0,00 71,43
n=14 [4,01; 39,94] - [4,01; 39,94] - [45,35; 88,28]
40 years and older 0 _ 58,33 3,62 + 1,41 41,67
n=12
[31,95; 80,67] 5,14 [19,33; 68,05]
Distribution by length of service
0-5 years 23,08 2,50 +1,73 30,77 2,0+1,15 46,15
n=13 [8,18; 50,26] - [12,68; 57,63] - [23,21; 70,76]
6-10 years 8,33 1,00 + 0,00 41,67 3,6 +2,15* 50
n=12 [1,49; 35,39] [19,33; 68,05] 3,34 [25,38; 74,62]
11 years and over 5,88 7,00 + 0,00 47,06 4,33 + 1,33 47,06
n=17 [1,05; 26,98] - [26,17; 69,04] 7,33 [26,17; 69,04]

Note: “* —p < 0.05; ** — p < 0.01; ™ — p < 0.001 — degree of significance using paired Student's t-test; Cl, p < 0.05 — 95% confidence interval.

(o < 0.0001). The share of participants whose AC increased
was 3.4 times smaller; this indicator value did not change in the
remaining participants throughout the working shift. It should
be noted that the average AC decrease for men was 5.00 units
(o < 0.0001), which is 1.6 times greater than that for women
(o > 0.05). In 58.33% of the participants aged 40 years and
older, we registered a significant mean AC decrease by 3.62
units (p < 0.001), and the remaining 41.77% of this age group's
participants had this indicator unchanged.

We revealed an AC decrease trend associated with the
length of service: from the 0-5 years mark to 11 and more years
in service, the share of persons whose AC has deteriorated
changed from 30.77 to 47.06%.

Table 2 shows the distribution of workers with different AA
dynamics through a shift.

Most of the participants (64.29%; p < 0.05) had their AA
decreasing by the end of the shift by an average of 3.0 units
(o < 0.0001), with no pronounced gender differences registered
in the choice behavior in the context of the work schedule's phase.

We have identified significant oppositely directed trends
in the AA dynamics that depended on the age of workers
(x® = 11.407; p = 0.023). In particular, half of the workers aged
30 and below exhibited a positive AA trend by an average of
2.62 units (p = 0.0013) and only 37.5% had the value of this
indicator decreasing by an average of 3.28 units (p = 0.0001).
On the contrary, in the age groups of 30-39 years and 40 years
and older, the majority of participants (78.57 and 83.33%,
respectively) had their AA value decreasing by the end of the
work shift by an average of 3.60 and 3.45 units (p < 0,0001).

We have registered that the number of people whose AA
value decreases tends to grow larger with the length of service.

Thus, 82.35% of medical workers with an experience of
11 years or more have had their AA decreasing by an average
of 38.71 units during the shift (p < 0.0001 — confidence level
using Student's paired t-test), while those whose length of
service ranged from 0-5 years to 6-10 years, lost in their AA
capability 2.1 and 1.2 times less, respectively.

Physiological test have shown that, by the beginning of
the next shift, 62.5% of the participants had their AA value
changing to the better by an average of 2.2 units (o < 0.0001).
This inter-shift AA improvement dynamics were registered in
both men and women, the percentage of participants exhibiting
the pattern — 55.56% (value increased by 2.33 on average)
and 83.33% (value increased by 1.8 on average), respectively
(o < 0.0001).

DISCUSSION

The significant deterioration of AA registered in most of the
participants of the study signals of the fatigue-induced negative
changes in the functional state of the CNS by the end of the
work shift. A possible reason behind these processes is hard
work with frequent calls and longer visit durations, as well as
the need for additional anti-epidemic measures when coming in
contact with infected patients. During the COVID-19 pandemic,
the use of personal protection equipment contributed to the
number and severity of fatigue symptoms, which resulted from
the changes in the ergonomics of the work process ultimately
compromising functional state and efficiency [14]. It is also
known that emergency medical personnel performs better on
day shifts than on night shifts [15]. The actual lack of sleep
breaks with a continuous stream of calls from patients was
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Table 2. Structure of workers with different individual dynamics of the attention allo
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cation indicator against the shift-based schedule

- : . ’ Groups with
Groups with increasing AA Groups with decreasing AA unchanging AA
Groups of workers
Share, % Average growth of AA Share, % Average fall of AA Share, %
Cl, p< 0,05 t-test Cl, p< 0,05 t-test Cl, p< 0,05
Total 23,81 3,98 + 1,46 64,29* 3,46 + 0,78 11,9
n=42 [13,48; 38,53] 4,47 [49,17; 77,01] 8,81 [5,19; 25,0]
Sex distribution
Women 25,81* 2,89 +1,51* 61,29" 2,95 £ 1,13 12,9
n=31 [13,7; 43,25] 3,83 [43,82; 76,27] 7,7 [5,13; 28,85]
Men 18,18* 55 72,73" 4,00 + 3,05 9,09
n=11 [5,14; 42,70] - [43,44; 90,25] 8,1 [1,62; 37,74]
Age distribution
Up to 30 y.o. 50 2,62 + 1,41 37,5 3,28 + 0,84 12,5
n=16 [28,0; 72,0] 3,72 [18,48; 61,36] 7,81 [3,5; 36,02]
30-39 y.0. 14,29 5,33 + 2,08 78,57 3,60 + 1,37 7,14
n=14 [4,01; 39,94] - [62,41; 92,43] 5,24 [1,27; 31,47]
40 years and older 0 ) 83,33 3,45 + 1,56 16,67
n=12 [55,2; 95,3] 4,43 [4.7; 44,8]
Distribution by length of service
0-5 years 46,15 2,50 + 1,61 38,46 3,16 + 0,95 15,38
n=13 [23,21; 70,76] 3,1 [17,71; 64,48] 6,63 [4,33; 42,23]
6-10 years 25 4,00 + 2,64 66,67 6,25 + 1,29 8,33
n=12 [8,89; 53,23] - [39,06; 86,19] 4,08 [1,49; 35,39]
11 years and over 5,88 5004262 82,35 3,71 +1,26"* 17,65
n=17 [1,05; 26,98] B [58,97; 93,81] 5,87 [6,19; 41,03]

Note: * —p < 0.05; ™ — p < 0.01; ™ — p < 0.001 — degree of significance using paired Student's t-test; Cl, p < 0.05 — 95% confidence interval.

one of the important factors in the development of fatigue.
There was also established a correlation between shift-based
schedule, prevalence of drowsiness and a higher risk of
workplace injury among ambulance workers [16, 17]. In this
connection, monitoring attention indicators among providers of
emergency medical services in order to reduce the number of
occupational injuries is a task of practical importance.

The significant multidirectional trends seen in the dynamics
of AA depending on the age of workers, as well as a pronounced
increase of the proportion of workers with deteriorating AA in
older age groups, indicate that the reserves a body has for
adaptation to the specifics of work grow smaller with age,
which leads to a more rapid development of fatigue [18]. The
respective changes are caused by natural processes: aging
disrupts the finely tuned balance of excitation and inhibition
in the cerebral cortex and translates into functional disorders
[8, 19].

We have found that the percentage of participants whose
AC and AA tend to decrease through the shift as their length of
service grows indicates its adverse effect on the development
of fatigue processes in the higher parts of the CNS [20]. Long
and hard work in the ambulance service leads to disruption
of the processes of excitation and inhibition in the cortical
parts of the CNS, which compromises attention allocation and
switching.

Significant improvement of the AA indicator value registered
in most workers at the beginning of their next shift (compared
to the state recorded during the previous one) signals of a fairly
complete restoration of the functional state of the CNS during
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the rest period prescribed by the applicable regulations, which
is a positive factor.

Prolonged work implying continuous strain on the regulatory
systems can lead to the development of various pathological
conditions in a worker, as well as cause professional burnout
[4, 5, 21]. Potentially, schedules without night shifts for the most
maladjusted groups of workers combined with elimination of
the shortage of teams (by employing reserve personnel) when
the incidence is rising will help solve the problem.

CONCLUSIONS

The significant decrease of the AA indicator value registered
in the majority of ambulance medics by the end of the work
shift can be viewed as one of the objective signs of fatigue.
The share of medical workers suffering deterioration of the
functional capabilities of CNS in terms of AA tends to grow with
age, which is an adverse trend. Comparison of the attention-
related indicators registered at the beginning of adjacent shifts
reveals no negative trends, which means the rest period, as
prescribed by the applicable regulations, ensures sufficient
restoration of the functional state of CNS. Tailored work
schedules combined with elimination of the shortage of teams
when the incidence is rising can help solve the stated problem.
The next study dedicated to this subject, as planned, will rely
on the similar algorithm and seek to evaluate effectiveness of
the recommended preventive measures, as well as compare
the attention-related indicators during the highest and lowest
workload periods.
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METABOLIC ACTIVITY OF IMMUNOCOMPETENT CELLS IN ASSESSMENT OF INDIVIDUAL COLD SENSITIVITY
Patrakeeva VP B4, Schtaborov VA
N. Laverov Federal Center for Integrated Arctic Research of the Ural Branch of the Russian Academy of Sciences, Arkhangelsk, Russia

The rapid switch on of the transient short-term responses involved in adjustment of homeostasis plays a key role in human adaptation to low temperatures that
is essential for adjustment to low-temperature environment. The network of signaling pathways together with metabolic regulators provide sufficient plasticity of
the cells of immune system, the normal function of which is extremely important for successful human adaptation. Sufficient energy supply to immunocompetent
cells makes it possible to form an adequate immune response to any negative factor and to ensure adaptive functional rearrangements. The study was aimed
to assess the variants of the immunocompetent cell metabolic pathways involved in acquiring individual cold sensitivity. A total of 180 people aged 25-55 (130
females, 50 males) were assessed before and after the short-term whole body cooling. Enzyme immunoassay was used to define the levels of IL10, IL6, TNFa, irisin,
transferrin, sTfR, HIF-1a, Sirt3 in peripheral blood and cell lysate. The levels of glycogen (cytochemical methods) and ATP (luciferin-luciferase assay) in lymphocytes
were defined. The decrease in peripheral blood lymphocyte levels after cooling was indicative of the formation of immediate adaptive response and activation of
glycolysis amid less intense inflammatory response. The increase in the levels of circulating lymphocytes after the cold esposure was associated with activation
of inflammatory responses. The lower ratio of HIF-1a/SIRT3 metabolic regulators was found in the surveyed volunteers who showed no changes in the levels of
lymphocytes. This indicated predominance of mitochondrial activity in adaptation to low temperatures.
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METABOJINHECKASI AKTUBHOCTb UMMYHOKOMIMETEHTHbIX KJTETOK B OLIEHKE VHANBUAYAJIbHON
X0J1040BOWU HYBCTBUTEJIbHOCTA

B. IN. Matpakeesa =, B. A. LLITabopos

VIHCTUTYT chrsmonorum npmpogHbix agantaumin PegepanbHbii MCCeaoBaTeNbCKUM LEHTP KOMMAEKCHOTO 13ydeHns ApKTuki umenn H. T, Jlaséposa Ypanbckoro
oTAeneHns Poccuinckon akagemun Hayk, ApxaHrensck, Poccust

LleHTpanbHyto ponb B aganTtaumm opraHmamMa YefioBeka K Xonogy UrpaeT ObICTPOe BKIIIOHEHNE NepeXOdHbIX KPATKOCPOYHbIX PEaKLMin, KOTOpbIE y4acTBYyIOT
B KOPPEKTUPOBKE romMeocTasa, HeOOXOAMMON AN MPUCMOCOBNEHNs K H3KoTeMMepaTypHoi cpefie. CeTb CUrHasnbHbIX MyTer U perynsaTopbl MeTabonmaMa
obecneymBatoT JOCTATOYHYIO MIACTUHHOCTE PaboThl KNETOK UMMYHHOW CUCTEMbI, HOPManbHOe (DYHKLMOHMPOBAHME KOTOPOW KpaiHe BaXKHO A1 YCMeLIHOM
ajanTaummn opraHna3ma Yenoseka. IHeproobecneHeHHOCTb MMYHOKOMMETEHTHBIX KNETOK AAET BO3MOXXHOCTb (DOPMMPOBAHNS aAEKBATHOMO MMYHHOMO OTBETa
Ha BO3LeNCTBME NOOOro HeraTMBHOIoO hakTopa, 0becrneyeHns aaanTaLMoHHbIX (yHKLIMOHANBHBIX NepecTpoek. Liensto paboTsl 6bI10 U3y4nTb BapuaHTbl MyTei
MeTaboNM4ECKON aKTUBHOCTV MMMYHOKOMMETEHTHbIX KIETOK B (hOPMMPOBAHUM MHAVBMOYaNbHOW XONOL0BOM YyBCTBUTENBHOCTU. [1poBedeHo obcnefoBaHvie
180 yenoBek B BogpacTe 25-55 neT (130 >keHLLMH, 50 My>H1H) 4O 1 MOCNe KPaTKOBPEMEHHOrO OBLLEro OxnaxkaeH!s. B nepndeprHeckoin KpoBuW 1 niaare KNeTok
NMMYHO(EPMEHTHBIM aHann3oM onpefensnn yposHu IL10, IL6, TNFa, npuauHa, TpaHcdheppuHa, sTfR, HIF-1a, Sirt3. B numcouputax onpegensany cogeprkaHve
rnKoreHa (uitoxummndeck) n AT® (noumdepnH-noundepasHbii MeTom). CHKEHVE YPOBHSA NMMAOLMTOB B Mepuepryeckoin KPOBIM MOCE OXNaxXaeHUs!
CBUOETENLCTBYET O (POPMUPOBAHNN CPOYHON aAanTVBHOM PEaKLMM 1 akTVBaLUM MIVKOMUTUHECKMX MPOLECCOB B KNETKe Ha (hOHe Oonee HM3KOro YypOBHS
BOCMa/MTENbHON peakLyn. MNoBbILLEHME YPOBHS NMMMGOLIMTOB B LIMPKYNSLIMA MOCAEe BO3LENCTBYS XOnofda NPOUCXoauT Ha (hoHe aKTvBaLuMM BOCHaMTeNbHbIX
peakumni. [ns obcnefoBaHHbIX BONOHTEPOB, Y KOTOPbIX He BbIN0 3aperyCTPPOBaHO N3MEHEHWI B YPOBHE NMMAOLMTOB, BbISBIIEHO 60Mee H13KOEe COOTHOLLIEHVE
perynatopos MeTabonmama HIF-1a/SIRT3, 4To cBMAETENECTBYET O NpeobnafaHnyn MUTOXOHAPUANBHON aKTUBHOCTY MPUY aaanTalmi K XOnomdy.

Knto4eBble croBa: xonof, MeTabonm4eckas akTMBHOCTb, MIMKOreH, puauH, AT®, caTypauus kiucnopoga

DduHaHcupoBaHue: paboTa BbINoNHeHa B paMKkax nporpaMMbl yHoaMeHTasbHbIX Hay4HbIX MCCNefoBaHWin No Teme NabopaTopuin SKONOrMHYECKOM UMMYHOMOMN
VIHcTuTyTa chramnonorum npupoaHbix agantaumii OreEYH GULIKKA YpO PAH Ne roc. pernctpauumm 122011300377-5.
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Adaptation to the Northern environment is associatied with
the body's ability to adapt to low temperatures, which results
in the need for metabolic rearrangements. Glycolysis, that is
used by cells during proliferation or when exposed to extreme
loads, is the quickest way to acquire energy [1]. Mitochondria
slower but more effectively facilitate ATP production, however,
mitochondrial oxidative metabolism sensitizes cells to
apoptosis [2]. Sirt3 is one of the key mitochondrial metabolic
regulators [3-6]. The Sirt3 downregulation can be observed
in individuals with cardiovascular disorders, diabetes mellitus,
cancer and metabolic disorders, it is also involved in regulation
of oxidative stress via the Sint3-AMPK-a-PGC-1a pathway
[7-11]. Hypoxia-inducible factor HIF-1a that increases glycolysis
and suppresses mitochondrial activity is the other factor
involved in regulation of cellular metabolism [12]. Evaluation of
the relationship between these two regulators would make it
possible to assess the direction of cellular metabolic activity.
QOur previous studies showed that people living in the North
respond differently to the short-term whole body cooling,
which was evident in altered peripheral blood lymphocyte
levels (decreased levels, increased levels or no response)
[13, 14]. Thus, it would be interesting to assess the role of the
immunocompetent cell metabolic activity pathways in acquiring
individual cold sensitivity. This consideration has become the
aim of the study.

METHODS

Examination of 180 people (among them 130 females and
50 males) aged 25-55 before and after the short-term whole
body cooling in the cooling chamber at —25 °C for 5 min was
performed. Blood was collected from the cubital vein before and
immediately after cooling. Inclusion criteria: healthy working-
age people with no chronic and/or recurrent diseases at the
time of examination. The leukogram patterns were defined
with the XS-1000i haematology analyser (Sysmex; Japan).
Concentrations of cytokines IL10, IL6, TNFa, irisin, transferrin,
sTfR, HIF-1a, Sirt3 were measured by enzyme immunoassay
using the Evolis (Bio-Rad; France) and Multiscan MS (Finland)
enzyme immunoassay analyzers. Glycogen levels were
assessed by cytochemical method (Abris+; Russia). Adenosine
triphosphate (ATP) was quantified by luciferin-luciferase assay.
The results of chemical reaction were assessed in the LUM-1
luminometer (Lumtek; Russia) using the Lumtek standard
reagent kits. Oxygen saturation levels were defined with the
pulse oximeter (Armed YX300; China). Body weight (kg), body
length (cm) were measured and body mass index (kg/m?) was
calculated in all the surveyed individuals. Subcutaneous and
visceral fat assessment was performed with the portable device
by Omron (Japan). In accordance with the manufacturer's
guidelines, visceral fat percentage of 1-9% was considered
normal, the percentage of 10-14% was considered high,
and the percentage of 15-30% was considered very high.

Table 1. Concentrations of transferrin and sTfR in peripheral blood, Me (25-75)
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The study results obtained were assessed in three groups
based on alterations in peripheral blood lymphocyte counts
after the short-term whole body cooling. In group 1, lymphocyte
counts decreased by 1.5-2 times from 2.1 (1.77-2.44) to 1.69
(0.95-2.16) x 10° cells/L (p < 0.001); in group 2, lymphocyte
counts increased from 1.49 (1.26-1.74) to 2.22 (1.48-2.61) x
% 10° cells/L (p < 0,01); no significant changes were observed
ingroup 3 (1.88 (1.46-2.17) and 1.82 (1.46-2.56) x 10° cells/L).
There were no differences in age between groups; the average
age was 33 years in group 1, 2-31 years in group 2, 32 years
in group 3. Statistical processing of the results was performed
using the Statistica 10 software package (USA). Trait distribution
was non-normal (Shapiro-Wilk test), that is why the data were
expressed as median and 25"-75" percentile (Me (25-75)).
Multiple data samples (of three groups) were compared using
the Kruscal-Wallis test (p < 0.05). Mann-Whitney U-test was
used for pairwise comparison (p < 0.017).

RESULTS

There were no significant differences in body mass index
between groups: it was 23.50 kg/m? in group 1, 24.16 kg/m?
in group 2, and 24.78 kg/m? in group 3. Comparison of
bio-impedancemetry data showed that higher visceral fat
percentage of 12.1% (group 1 — 7.2%, group 2 — 5.3%j;
p'2, 1-3 < 0.01) was typical for people whose peripheral
blood lymphocyte counts decreased in response to the short-
term whole body cooling. However, there were no significant
differences in the percentage of subcutaneous adipose tissue
between the surveyed people: it was 31.8% in group 1, 30%
in group 2, and 30.1% in group 3. High visceral fat percentage
increases the risk of cardiovascular and metabolic disorders,
and positively correlates with elevated fasting levels of
triglycerides and glucose, as well as with the decreased levels
of high density lipoproteins (HDL) [15-17]. It is known that
dysfunctional visceral fat contributes to hypoxia [18]. This was
reflected in lower oxygen saturation that made up 97% (min —
94%, max — 99%) in group 1, 98% (min — 97%, max — 99%)
in group 2, and 99% (min — 98%, max — 99%, in group 3. After
the short-term whole body cooling, oxygen saturation in group 1
actually equaled the values obtained on other two groups
and rose to 98% (min — 97%, max — 99%). The combined
effects of hypoxia and low temperatures resulted in activation
of gene that encoded transferrin and transferrin accumulation
in plasma (Table 1). The relatively high levels of soluble sTfR
transferrin receptor and transferrin were detected in all groups:
the concentrations exceeded 340 mg/dL in 75% of surveyed
people in group 1, 77.8% in group 2, and 90.9% in group 3.
Such an increase in the levels of transferrin and sTfR is
indicative of iron deficiency affecting tissues and hypoxia.
Furthermore, high transferrin levels are a risk factor of
cardiovascular disorders, since these facilitate activation
of blood clotting factors and hypercoagulation [19, 20].

Transferrin, mg/dL sTfR, yg/mL

Before cooling 455.9 (306.5-846.7) 27.1 (1.5-53.4)
Group 1

After cooling 430.3 (333.1-480.0) 35.9 (17.4-344.6)*
G » Before cooling 371.4 (341.4-543.4) 20.0 (18.46-22.60)

roup

After cooling 573.8 (434.20-640.2)"* 22.6 (21.54-46.2)

Before cooling 434.2 (363.8-517.0) 22.3 (20.0-126.2)
Group 3

After cooling 434.2 (324.2-663.2) 25.6 (18.72-130.8)

Note: *—p_ , <0,01;, " —p, ,<0,01.
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Tabnuua 2. Concentrations of HIF-1a of SIRT-3 in peripheral blood lymphocytes, Me (25-75)

Indicator Group 1 Group 2 Group 3
HIF-1a, 10° cells/mL 1.3(0.9-1.8) 1.8 (1.48-2.1) 1.3(1.13-2.0)
SIRT-3, 10° cells/mL 0.2 (0.1-0.2) 0.3 (0.12-0.5) 0.3 (0.19-0.5)

Alterations in cellular metabolic activity determine the capability
of adaptation to changing environment. For cells, glycolysis
is the fastest way to acquire energy, and ATP synthesis takes
an average of 2-4 min. The decrease in peripheral blood
lymphocyte levels after the short-term cooling was associated
with the decrease in lymphocyte glycogen levels from 4 to
2.83% (p = 0.0056); in other two groups, glycogen levels in
lymphocytes did not change, these were 5.8 and 6.2% in group 2,
and 3.6 and 4.8% in group 3, respectively. The decrease in
glycogen levels results in the increased ATP production by
lymphocytes (from 0.98 (0.42-2.87) to 3.16 (0.55-4.19)
pmol/bn cells); cells are unable to deposit ATP for prolonged
use due to the lack of specific mechanism, that is why such
an increase in ATP levels is indicative of cell activation. The
increase in the HIF-1a/SIRT3 ratio observed in the cells
during the increased ATP production testifies in favor of the
increased glycolytic activity, since HIF-1a has a predominantly
inhibiting effect on the oxidative phosphorylation pathways and
stimulates glycolysis, thus inducing both glucose uptake and
expression of glycolytic enzymes (Table 2) [21-23].

Irisin, the member of myokine family, the receptors
to which are found in all cells of the body, is involved in
regulation of adaptation to low temperatures [24, 25]. Irisin
enables thermoregulation processes due to activation of
thermogenin (UCP1) and increases energy expenditure.
Moreover, irisin  exerts anti-inflammatory effects and
protects cell junctions against damage due to interaction
with Src tyrosine kinase and AMPK phosphorylation [26-28].
The highest levels of this myokine, 6.29 (3.04-7.98) ug/mL,
were observed in group 1. The levels observed in other
two groups were lower: 3.06 (1.59-6.70) pg/mL in group
2, and 4.32 (3.11-8.08) pg/mL in group 3 (p'? = 0,005).
After exposure to low temperatures, irisin levels in group 1
significantly decreased to 3.17 (1.349-6.64) pg/mL
(p < 0.01). Such a decrease in irisin levels after cooling
could enhance endothelial permeability and increase
cellular adhesion and migration. This was associated with
the decrease in the levels of circulating lymphocytes in this
group of surveyed people. Higher background levels of irisin
increase the concentration of anti-inflammatory cytokine

IL10
o =0.008

IL6
P2 =0.0116

IL10 in peripheral blood amid lower concentrations of pro-
inflammatory cytokines L6 and TNFa (see Fig.).

DISCUSSION

It is known that the early period of acclimatization to low
temperatures (within 7 days) is associated with the increase in
the levels of HIF-1a protein that facilitates activation of glycolysis
and f-oxidation [29, 30]. Our study showed that even the
short-term exposure to low temperatures for 5 min contributes
to adaptive responses, as determined by the background
immune defenses and regulatory mechanisms that underly
cellular metabolic activity. The combined effects of hypoxia
and low temperatures are associated with the elevated levels
of transferrin and soluble transferrin receptor, that are the risk
factors of cardiovascular disorders prevalent among residents
of the Northern territories, in almost all the surveyed volunteers.
Transferrin is a principal carrier of the iron ions involved in
various metabolic pathways [31, 32], which have a direct
impact on the response to cold exposure due to immediate or
long-term adaptive responses. Thus, the determined decrease
in peripheral blood lymphocyte levels in response to the short-
term whole body cooling is indicative of the establishment of
immediate adaptive response associated with activation of
glycolysis in the cells that ensures rapid boosting of the energy
reserve essential for lymphocyte activation. Higher background
levels of irisin found in group 1 of the surveyed people ensure
regulation of inflammatory response due to stimulation of the
higher anti-inflammatory cytokine levels. The increased levels
of circulating lymphocytes found in group 2 of the surveyed
people are associated with the more intense inflammatory
response reflected in the levels of pro-inflammatory cytokines.
Furthermore, this group is characterized by the higher visceral
fat percentage that is also capable of promoting more severe
inflaonmation. No activation of immediate adaptive response
has been found in the surveyed individuals who have shown
no changes in lymphocyte levels (group 3). This group shows
lower ratio of the HIF-1a/SIRT3 metabolic regulators, which
indicates predominance of mitochondrial activity in adaptation
to low temperatures.

B Group 1
Group 2
TNFa M Group 3
o2 = 0.0286
I I I I I I I
0 2 4 6 8 10 12

Concentration (pg/mL)

Fig. Cytokine levels in peripheral blood
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CONCLUSIONS

Background immune defense and the concentrations of pro-
and anti-inflammatory factors are associated with immediate and
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COMPARATIVE ASSESSMENT OF THE IMPACT OF WEATHER AND CLIMATE CONDITIONS IN THE ARCTIC
REGION BY BIOCLIMATIC INDICES
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There are single and multi parameter bioclimatic indices that enable assessment of the impact of weather and climatic conditions on health of a human being. This
study aimed to comparatively assess health risks in the Arctic's open area using the bioclimatic indices. Relying on the data from the Central Siberian Department
for Hydrometeorology and Environmental Monitoring (Krasnoyarsk) that describe the weather on Cape Chelyuskin in 2010-2022, we assessed the temperature,
the integral indicator of body cooling conditions (IIBCC), the wind chill factor (WCF), the effective (ET) and the net effective temperature (NET), and the universal
thermal climate index (UTCI). It was found that the WCF temperature can characterize the degree of frost risk as established by the IIBCC: the indicator has the
critical frost risk period lasting November through April, and the respective risk level by WCF is "discomfort" (coolness) and "very cold", that by UTCI — "extreme
stress", by ET — "caution — frostbite of exposed skin" (shorter), by NET — "threat of frostbite" (longer). The IIBCC and the UTCI show that the risk of cold injury
in the conditions of Cape Chelyuskin is year-round: according to the IIBCC, its level changes between moderate (4-6 months) and critical (4-6 months), and
according to UTCI, it may be very strong (4 months), and very strong and extreme (8 months). We have proven the advantages of UTCI over other integral indicators
in assessment of the cold-related health risk and updated the basis for the hygienic requirements regulating practice of work in the open or in unheated enclosed
spaces during the cold season.

Keywords: Cape Chelyuskin, bioclimatic indices, cold injury risk

Author contribution: RS Rakhmanov — study design and concept, article authoring; ES Bogomolova — editing, approval of the final version of the article;
DA Narutdinov — collection of the material, participation in its statistical processing; SA Razgulin — selection of the reference data sources, participation in the
statistical processing of the material.

P><] Correspondence should be addressed: Rofail Salykhovich Rakhmanov
ploschad Minina i Pozharskog, 10/1, Nizhny Novgorod, Russia; raf53@mail.ru

Received: 31.10.2022 Accepted: 08.12.2022 Published online: 22.12.2022
DOI: 10.47183/mes.2022.041

CPABHUTEJIbHASA OLIEHKA BUAHUSA MNOrOAHO-KITMMATUYECKUX YCITOBUW B APKTUKE
MO BUOKJNTMMATUHECKUM NHOEKCAM

P. C. Paxmaros'=, [1. A. HapytauHos?, E. C. Boromosnosa', C. A. PasrynmH!

" TPUBOMKCKMIN NCCneaoBaTenbCkuii MeauUMHCKIIA yHrBepcuTeT, HuxHinia Hosropop, Poccus
2 MepmumHckas cnyxxba BoickoBow YacTu 73633, KpacHosipek, Poccust

BnvsgHre Ha 300poBbe MOrOAHO-KAMMATUHECKMX YCNIOBUIA OMPEAENsOT MO OAHO- WM MHOronapameTpuyecknM OUOKIMMaTUHeCKUM MHAekcaMm. Llensto
paboThbl BbIIO MPOBECTU CPABHUTENBHYIO OLIEHKY PUCKa ANt 3A0POBbSA Ha OTKPLITOM TEPPUTOPUM B APKTUKE MO BUOKMMATUHECKUM MHOEKCaM. 10 AaHHbIM
METEOPOIONMHECKOTrO LieHTpa "CpeaHecbnpckoe yrpaeneHe no rapoMeETeOPOSIONN 1 MOHUTOPHIY OKPY»KaroLLier cpefbl» (I KpacHosipek) 3a 20102022 T Ha
MbICe HYentoCKNH OLEHWN TeMMepaTypy, HTerpabHbIi nokasaTenb YCNoBui oxnaxxaeHns opranmnama (VIMyOO), BeTpo-xonoposon nHaekc (BXW), ahdekTvisHyto
(3T) n aKBMBaNEHTHO-3PEKTUBHYIO TemnepaTypbl (D3T), nHTerpanbHbIn nHAEKC Tennosoro komaopTa (UTCI). Onpenenero, 4to Temneparypa BX moxet
XapaKTepr30oBaThb CTeMNeHb X0NoA0BOro pycka, ycTaHoBneHHyto no VIMyOO. Mepriogy KpUTUHeckoro Xonoaosoro prcka no VIMyOO (Hosbpb—anperb) COOTBETCTBYET
prck no BX, ougHMBaeMbi Kak «avckomdopT» (Mpoxiafa) U «o4deHb XonoaHo», no UTCI — «akcTpeMasibHbIi CTpece»; Mo 9T — «OCTOPOXKHO — OBMOpPOXEHUE
OTKPbITbIX Y4aCTKOB KOXU» (60s1ee KOpoTkuit); no O3T — «yrpo3a 06MopoxkeHns» (6onee prmtensHbi).  MYOO n UTCI ykasbiBatoT Ha KPYHIOrOAMHHbIN PUCK
XONOLOBOV TPaBMbl B YCNOBMSIX Mbica HentockmH: no UMYOO — ymepeHHbIii (4-6 mecsiLeB) n Kputudeckuii (4-6 mecsues), no UTCI o4eHb cunbHbIi (4 mecsila),
a Takke 04eHb CUMBbHBIN 1 SKCTpemManbHbI (8 MecsueB). [JokasaHo MpenmMyLLecTBo mcnonb3oBaHms UTCI ansg oueHKM xOnodoBOro pycka Afs 300POBbS.
AKTYanmanpyeTcs BOMPOC HOPMUPOBAHUS MMMEHNHYECKIX TPEOOBaHWA K PEXUMY PaboT Ha OTKPbLITOM TEPPUTOPUN WM B HEOTArIMBAaEMbIX MOMELLEHVSX B
XONOAHBIVM Nepuog roga.

Knio4yeBble cnoBa: MbIC HentocknH, BUOKMMaTHECKNE MHAEKChI, PUCK XONOA0BOM TpaBMbl

Bknap asTtopos: P. C. PaxmaHoB — pa3paboTka auaanHa 1 KoHLEeNUm nccnefoBaHns, Hanmcanve crateu; E. C. BoromonoBa — pefakTvpoBanmne, yTBepKaeHue
OKOHYaTenbHOro BapuaHta ctatbu; . A, HapytavHoB — c6op matepvana, yd4acTve B CTaTuCTMHeckomn obpabotke matepuana; C. A. PadrynmH — nopbop
MTEPaTyPHbIX AaHHbBIX, yHacTVe B CTaTUCTUHECKOM 0BpaboTke Matepriana.
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The meteorological factors of the environment can have a
pathological, sanogenic, stable and unstable, direct and indirect
effect on an individual [1-3]. Therefore, the approach practiced
to determine their significance for human health involves
assessment of one factor or multicomponent physical quantities
(expressed as bioclimatic indices), which allows establishing
health risks related to morbidity, mortality, injuries, as well as
describe meteorologically conditioned sensations in zones of
comfort and discomfort and under extreme conditions [4-9].
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Studies by various researchers prove that it is air
temperature and wind speed that influence safety of work
outdoors or the risk of frostbite associated therewith when the
weather conditions are severe [10-12].

At the same time, air humidity or radiation temperature are
two other major factors determining how safe it is to work in
the open. For example, when the air temperature is extremely
low and wind speed and humidity are high, clothing loses its
heat insulation properties, which dramatically increases the
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risk to human health [13, 14]. Radiation temperature (average
temperature of radiation, including short-wave and long-wave
radiation of the atmosphere) is one of the key components
shaping the pattern of heat exchange between a person's
body and the environment [15-16].

The purpose of this study is to comparatively assess
weather and climatic conditions in the Arctic by bioclimatic
indices, factoring in various combinations of air temperature,
radiation temperature, air humidity and movement speed.

METHODS

The basis for the study were the weather and climatic conditions
at Cape Chelyuskin (77.717,104.300). Using the data reflecting
physical factors (temperature, relative air humidity, air speed
(wind), all registered on a daily basis) collected by the Central
Siberian Department for Hydrometeorology and Environmental
Monitoring in 2010-2020, we calculated the daily average
monthly indicators describing the conditions in the open:

— temperature;

— two parameter indicators (factor in temperature and
wind speed), which are the integral indicator of body cooling
conditions (IIBCC) and the wind chill factor (WCF);

— three parameter indicators (also factor in relative air
humidity), which are the net effective temperature (NET) as
per the Missenard's formula and the effective temperature (ET)
under the Robert Steadman's formula;

— four parameter indicator (factors in radiation temperature),
which is the universal thermal climate index (UTCI).

The IIBCC score was calculated as prescribed by the
regulations (MR 2.2.7.2129-06). The health risk criteria levels
are as follows: < 34 — no risk; < 34 — < 47 — moderate risk;
< 47 — < 57 — critical risk; > 57 — catastrophic risk. The
IIBCC score allows determining the safe duration of work in
the open: when the level of risk is moderate, it is safe to work
outdoors for 60 minutes, when it is critical - for 1 minute only,
and catastrophic risk level means it is safe to work outdoors for
no more than half a minute.

The wind chill factor (°C) reflects the time of onset of
hypothermia (without frostbite) in uncovered parts of a human
body in cold environments. An environment is considered to
be cold when the temperature there is +10 °C and below. For
work that involves light physical exertion an environment with
the temperature of +10 °C or below is a cold one. The pattern
of establishing the health risk by WCF is as follows: from —10
to —24 °C — uncomfortable, chilly; from -25 to -34 °C — very
cold, skin surface hypothermia; from —35 to -59 °C — extremely
cold, possible hypothermia of the exposed parts of the body
in 10 minutes; from —-60 °C down — extremely cold, possible
hypothermia of the exposed parts of the body in 2 minutes.

NET (°C) is used to establish thermal comfort/discomfort
zones: from —24 °C and below (threat of frostbite); from —18 °C
through —24 °C (very cold); from =12 °C through —18 °C (cold);
from —6 °C through —12 °C (moderately cold); from —6 °C through
0 °C (very cool); from 0 °C to +6 °C (moderately cool) [17, 18].

We used the Steadman's formula to calculate the effective
temperature (ET, °C). Subzero temperatures indicate the
likelihood of frostbite (below —50°C — possibly in less than
5 minutes; from —=38 °C to =50 °C — possible in 10-15 minutes;
from —28 —C to —-38 °C — possible after 20-30 minutes of
exposure; from -28 °C to —-27 °C — no danger for a properly
dressed person) [19].

Using UTCI, we assessed the risk to health associated with
the cold by stress, which can be weak (from 0 to +9.0 °C),
moderate (from —13 to 0 °C), severe (from —27 to —13 °C), very

severe (from —40 to —27 °C), extreme (below —40 °C) [15, 20] and
non-existent (from +9.0 to +18.0 °C). The UTCI values were
calculated with the help of BioKlima 2.6 software [21].

To calculate the indicators, it was necessary to determine
the daily average wind speed by months, which was done
using the Beaufort scale (0 to 12 points), and the average
daily relative humidity of the air, which could be dry (565.0%
and below), moderately dry (56.0-70.0% ), moderately humid
(71.0-85.0%) and highly humid (85.0% and above) [22, 23].

We used the Statistica 6.1 software (StatSoft; USA) to
statistically process the database. The mean values and
standard errors (M + m) were determined and Student's t-test
employed. The differences were considered significant at
p < 0.05.

RESULTS

The air in December through April (5 months) was moderately
humid, and in May through October (6 months) — highly
humid. In November, the air humidity level fluctuated between
"moderately humid" and "highly humid" marks (Table 1).
Compared to April, the relative humidity in May was greater
(o = 0.001), same as for October and November (p = 0.001),
which provoked special interest. Relative humidity reached its
maximum in July and was decreasing afterwards.

The wind was moderate (4 points) throughout the year.
There were no statistically significant differences identified by
months of the year.

By average monthly temperatures, weather conditions in
the Arctic allowed labeling it as "cold environment" throughout
the year. The temperature in the open was above zero only in
July and August; in June and September, it fluctuated between
above zero subzero values (Table 2).

Temperature calculations factoring in the complex influence
of various physical factors led to a conclusion that all the values
obtained were below the outdoor temperatures considered.

All bioclimatic indices shared a distinctive feature: the
temperature difference was decreasing January through
August and then increasing again towards January (Table 3).
Another feature was the dynamics of differences between WCF
and ET values and temperature in the open. If the former follow
a clear "decrease-increase" pattern, the latter's dynamics
relative to the former fluctuates noticeably: in January-April,
the temperatures were higher than those accepted for the
former, in May and October they were equal to each other, and
in June-September the values were lower.

As for the health risk criteria, the data were as follows: IIBCC
signaled of the year-round risk of frostbite in exposed parts of
the human body, with the values of this index reaching the top
of the "moderate risk" span in April and November (Table 4);
according to the WCF, hypothermia is a possibility 8 months in
a year, with the most severe period ("extremely cold") lasting for
2-4 months; ET alarmed of a risk of frostbite during the winter
months and in March, and NET cautioned of the risk of frostbite
during 8 months of a year; the UTCI, same as IIBCC, indicated
a year-round health risk associated with the cold.

DISCUSSION

According to regulations documents, the duration of warm
and cold periods of the year is determined by the outdoor
temperature, same as patterns of work in the open and work
management conditions for cold environments. It also affects
the body's energy expenditure and the need for proteins, fats
and carbohydrates, as well as morbidity [13]. Extreme weather
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Assessed indicators, M + m
Month of the year
Relative humidity, % Wind speed, m/s
January 81.1+0.5 6.4 +0.5
February 81.6+0.4 6.5+04
March 81.6+0.4 59+04
April 81.5+0.5 5.8 +0.3
May 88.5+0.7 57+0.2
June 89.2+0.9 5.8+0.2
July 90.5+0.9 6.1+0.2
August 89.6 +1.0 59+0.3
September 88.5+0.6 6.0+ 0.3
October 85.1+0.6 6.2 +0.3
November 81.1+£0.3 6.4 +0.4
December 82.1+0.3 5.8+0.3

conditions, including "cold waves", modify morbidity, mental
health and mortality [24-26].

Some researchers believe that for cold conditions, it is
best to rely on IIBCC and WCF in establishing the impact
of bioclimatic factors of weather on a body [27]. Regression
models of frostbite risk built on the values of temperature, wind
speed and air humidity indicate that, for work done outdoors,
the key factors are temperature and wind speed [10]. It is likely
the reason behind the recommendation to rely on IIBCC and
WCF for any practical purpose.

However, the "cold indices" do not allow establishing the
degree of bioclimatic comfort peculiar to an environment. For
this purpose, ET and NET can be used [17, 18].

Our data show that air humidity matters in assessing
severity of the weather. For example, the ET value depends
thereon: with the air moderately humid, the ET was higher than
the temperature according to the WCF, and it decreases as the
humidity increases. The NET indicator, which also accounts for
air humidity, shows temperatures lower than those by WCF:
the difference between them was 6.8 °C only in January, and
during the remaining months it ranged from 10.4 °C to 11.7 °C.

However, all three indices (WCF, ET and NET) give different
assessments of the impact of outdoor weather conditions on
health of a human being. The WCF shows that for 8 months a
year the conditions range from "discomfort" to "extremely cold",
while 4 months present no risks. This index is a recommended
basis for the work conditions management routines, including

Table 2. Annual temperature indicators, outdoor and by bioclimatic indices

work outdoors, in cold environment, with temperatures below
+10 °C. But such conditions are already uncomfortable, which
translates into the need for protection from the cold.

According to the Steadman's ET formula, there is a risk of
cold injury only 4 months in a year. The comfort zone range
considered in the context of this indicator is 17.2 to 21.7 °C
[28], so it can be assumed that during the remaining months,
when the temperature fluctuates between —4.1 and -25.0 °C,
the conditions are also not comfortable for a person and can
cause cooling of the body.

According to the Missenard's NET index, the period of cold
in the considered area lasts longer, with its conditions more
severe: it is significantly cold there for 8 months of a year, and
the remaining 4 months are not warm but also cold.

The effect of cold and the pathogenesis associated
therewith are based of body cooling. The related changes
can be both functional and pathological. Compensatory
reactions to local cooling cause reflex-driven shifts in the
work of cardiovascular, respiratory and endocrine systems,
with the gravity of such shifts depending on the body part
undergoing cooling (more for face, less for hands). When the
cold affects face, respiratory organs, arterial vessels shrink in
the limb circulatory and coronary systems, which leads to the
elevation of blood pressure. Chronic exposure to cold impairs
motor activity, coordination and the ability to perform precise
operations; the inhibitory processes in the cerebral cortex
intensify and, following respiratory failure and oxygen deficiency,

Evaluation criteria
Month of the year
T,°C IIBCC, points WCEF, °C ET, °C NET, °C UTCI, °C
January -26.0 + 1.1 50.8 + 0.8 -389+17 -345+0.4 -45.7+1.3 -48.8+1.4
February -245+1.0 50.2 + 0.7 -37.0+2.1 -33.1+0.3 -49.2+1.1 -49.7 +1.3
March -229+1.2 49.1+0.8 -34.5+23 -31.0+0.3 -46.1 +1.2 -46.7 + 0.9
April -16.3+0.4 459+04 -26.0+2.0 -241+04 -37.3+0.9 -41.0+ 1.1
May -8.0+ 0.5 42.0+0.4 -15.4+2.8 -15.2+0.4 -26.9+0.6 -32.0+0.6
June -0.3+0.2 38.5+0.2 -58+25 -6.8 + 0.4 -16.5+0.5 -23.1+0.8
July 1.4+0.2 379+0.2 -3.7+25 -5.0+0.4 -145+0.3 -21.7+0.6
August 21+04 37.4+0.4 -2.8+20 -4.1+04 -13.2+0.5 -20.2+0.7
September -0.05+0.4 38.5+0.4 -55+20 -6.6 + 0.4 -16.1 £ 0.7 -23.1 1.1
October -6.8 + 0.6 41.8+0.5 -143+2.2 -143+0.4 -25.4+0.9 -32.3+1.2
November -17.0+0.8 459+ 0.6 -271+19 -25.0+0.4 -38.4 +1.1 -42.0+1.3
December -223+0.7 48.7 +0.5 -33.6+2.3 -30.3+0.4 -45.3 +0.7 -45.8 + 0.9
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Table 3. Fluctuations of temperature by bioclimatic indices relative to the temperature registered in the open

Month of the year Absolute values of bioclimatic temperature fluctuations
WCF, °C ET, °C NET, °C UTCI, °C
January -12.9 -8.5 -19.7 -22.8
February -12.3 -8.4 -24.7 -25.0
March -11.6 -8.1 -23.2 -23.8
April -9.7 -7.8 -21.0 -24.7
May -7.4 -7.2 -18.9 -24.0
June -5.5 -6.5 -16.2 —22.8
July -2.3 -3.6 -13.1 -20.3
August -0.7 -2.0 -11.1 -18.1
September -5.5 -6.6 -16.1 -23.1
October -7.5 -7.5 -18.6 -25.5
November -10.1 -8.0 -21.4 -25.0
December -11.3 -8.0 -23.0 -23.5

"polar hypoxia syndrome", "chronic hypoxic syndrome" or
"cold hypoxia" may develop [11, 12, 23, 29-31] . Cold violates
nutrient metabolism, which increases the risk of diseases and
disorders [14].

According to two bioclimatic indices (IIBCC and UTCI), the
risk associated with cold is real all the year round, i.e., frostbite
can develop in uncovered areas of the body. But, on the one
hand, the first bioclimatic index does not produce the equivalent
temperature value determined based on temperature and wind
speed. This value is taken from the table given in Appendix 6 to
MR 2.2.7.2129-06 approved by the Chief Sanitary Officer of the
Russian Federation. However, this table presents a fairly wide
range of equivalent temperatures, which complicates selection
of specific values. On the other hand, it does not account for
the influence of air humidity and radiation temperature. Our data
suggests that it corresponds to the equivalent temperatures
determined with the help of the WCF formula.

The universal thermal climate index has given the lowest
equivalent temperature values and shown a longer period of
severe ambient conditions at Cape Chelyuskin. Against the
temperature by WCF, the minimum difference therewith was
9.9°C (in January), the maximum — 18.0 °C (July and October).
In general, the average annual temperature by WCF was 2.1
times lower than that by UTCI: —20.4 + 4.0 °C versus —42.8 + 3.3 °C
(p = 0.008).

Table 4. Characteristics of the risk criteria as factored by various bioclimatic indices

[t looked interesting that the temperature values according
to UTCI and Missenard's NET in December — March were
almost equal.

Thus, based on the data describing Cape Chelyuskin, we have
shown the advantages of using UTCI to assess the risk to human
health associated with cold; this index can be used to predict the
risk considering the severity of weather and climatic conditions. In
addition, we generated the data in the context of assessment of
the average values of physical indicators describing the conditions
outdoors. A combination of maximum/minimum air humidity,
extreme physical factor values (in this case, minimum temperature,
maximum wind speed) and radiation temperature make the
negative effect on the body much more pronounced. Probably, it is
necessary to evaluate the influence of weather factors by extreme
(unfavorable) values, as pointed out by other researchers [32].

This study updates the basis for the hygienic requirements
regulating practice of work in the open or in unheated enclosed
spaces during the cold season.

CONCLUSIONS

The temperature determined by the WCF formula (in degrees
Celsius) can reflect the degree of cold risk established by the
[IBCC in points. The latter indicator has the critical frost risk
period lasting November through April, and the respective risk

Ne Index Type of risk Months of the year / number of month
Moderate IV-XI (8-6)
1 IIBCC
Critical XIl-1I (4-6)
lacking VI-IX (4)
Discomfort, chill V, X (2)
2 WCF
Very cool -1V, XI-XII (4-2)
Extremely cold -1l (2-4)
Lacking IV-XI (8)
3 ET
Be careful — frostbite of exposed skin is possible after 20-30 minutes X111 (4)
Cold VI-IX (4)
4 NET Very cold Het
Threat of frostbite X-V (8)
Strong VI-IX (4)
5 uTCl Very strong V, X (2)
Extreme XI-IV (6)
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level by WCF is "discomfort" (coolness) and "very cold", that
by UTCI — "extreme stress", by ET — "caution — frostbite of
exposed skin" (shorter), by NET — "threat of frostbite" (longer).
The IIBCC and the UTCI show that the risk of cold injury in the
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SWOT ANALYSIS OF ORGANIZATION OF ANTI-DOPING MEASURES IN THE CONTEXT OF MEDICAL AND
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The anti-doping efforts on the part of medics should be constantly improved, which means the exploration and analysis of ways to increase the effectiveness of such
efforts should be constant. SWOT analysis (Strengths, Weaknesses, Opportunities, Threats) is one of such ways. It investigates internal problems and resources of
an organization and the influence of external factors. This study aimed to improve the anti-doping efforts based on the analysis of their strengths and weaknesses,
taking into account external threats and directions of development. We have conducted an express SWOT analysis of anti-doping work in medical organizations of
the Federal Medical Biological Agency of Russia and compiled a simple matrix. The factors under consideration are internal, which can be controlled, and external,
which are often uncontrollable but should be accounted for. We identified the most significant factors influencing organization of this line of work, compiled the
SWOT matrix that allows assessing the possible resources for intensifying the anti-doping work, determined its strengths and weaknesses, threats and opportunities
imposed by the environment in this activity takes place in. The express SWOT analysis enabled evaluation of the factors that have the greatest impact on the
organization of anti-doping work. Informational and educational programs, including workshops for medics and monitoring of their level of knowledge, can be the
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SWOT-AHAJI3 OPTAHU3ALUN AHTUOOMUHIOBbIX MEPOMPUATUIA NP NMPOBEQEHUN
MEOVNKO-BNOJTIOrMYECKOIO OBECMNEYEHA CITOPTCMEHOB

A. A. Oepesoenos’, A. B. XonuHckuin', B. C. @eterko’?, N. T. Boixogew?, K. A. CTawyk', A. A. MNaenosa'®=

T ®epepanbHbIi HayHHO-KITMHUHECKNI LIEHTP CMOPTUBHOM MeAVLMHBI 1 peabunmtaumm PenepanbHoro Meamyko-61onornieckoro areHTcTea, Mocksaa, Poccust
2 POCCUNCKUNIA HALMOHaBHbI MCCenoBaTeNbCKUii MEAVLIMHCKIIA yHMBEpCUTET MeHn H. . Minporosa, Mockea, Poccus

B cBs3M C HEOOXOOMMOCTBIO COBEPLUEHCTBOBAHUSA aHTUAOMMHIOBON paboThl Bpayen TpebyeTcsd MOCTOAHHBIM aHanmn3 1 MOUCK MyTer MOBbILIEHVSA ee
achcbekTBHOCTM. OfHMM 13 Takmx HanpasneHui sensetcs SWOT-aHanma (0T aHm. strengths, weaknesses, opportunities, threats), oCHOBaHHbIN Ha N3y4eHN
BHYTPEHHMX MPOBIEM 1 PECYPCOB OPraHM3aLmMmn 1 BINSHUS BHELLHMX (hakTopoB. Lienbto nccnenosaHns 6bi10 COBEPLUEHCTBOBAHME aHTUAOMMHIOBOM paboThl Ha
OCHOBE aHanM3a CUIbHbIX 1 CNabbix ee CTOPOH C YHETOM BHELLHIX YrpO3 1 HanpaBneHuin passntus. MNposeaeH akcnpecc SWOT-aHanva aHTMaonMHroBoM paboThbl
B MEeOULWHCKNX opraHmn3aumsx PenepanbHoro Meamko-6vonorMieckoro areHTcTea Poccun ¢ cocTaBnenneM npocToi MaTpupl. PaccMoTpeHbl BHYTPEHHWE
(haKTopbl, MOAN(UKALIMSA KOTOPbIX BO3MOXKHA, a TakKe BHELLHME (DaKToPbl, BVSHNE HA KOTOPbIE 3a4aCTyl0 HEBO3MOXKHO, HO OHW AO/MKHbI ObiTb MPUHSATLI BO
BHUMaHVe. BbigeneHbl Hanbonee 3HauvMble (DakTopbl, BAMSIOLLME Ha OpraHn3aLmio 3Toro pasaena paboTsl, cocTaBneHa matpuua SWOT, No3BonsioLLasa OLEHNTb
BO3MOXHbIE PECYPChI aKTVBIU3ALMM aHTUAOMMHIOBOM PaboThl, e CUfbHbIE U Crabble CTOPOHbI, @ TakXKe Yrpo3bl 1 BOSMOXXHOCTH, BbISBIEHHbIE B pe3ynsTarte
aHanmsa cpefpl, B KOTOPOWN OCYLLECTBASIETCS aTa AeATeNbHOCTb. Okenpecc SWOT-aHanm3 no3sBonmn oLUeHUTb (hakTopbl, OKasbiBatoLLe Hanbosbluee BAUSHME
Ha OpraHv3aumio aHTMAOMMHIOBOM PaboTbl. OCHOBHLIM HanpasBneHeM aTo paboTbl MOMyT ObITb MH(POPMaLWIOHHO-06pa3oBaTeNbHbIE MPOrPaMMbl, BKOHaA
NpoBefeHNe CEMMHAPOB ¥ KOHTPOJb YPOBHS 3HaHWIA Bpadel.
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In medical organizations operating under the Federal Medical
Biological Agency (FMBA of Russia), the activities aimed at
prevention of use of doping in sports (anti-doping activities) are
a constant part of work performed on an ongoing basis, as
prescribed by the regulations.

Since 2017, these activities have been structured with
the aim of creating a system helping clinicians to prepare
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Therapeutic Use Exemption (TUE) applications as the main
component of anti-doping work. A number of regulatory
documents were developed [1, 2], organizational events
conducted, regular publication of reference, information and
educational materials set up, and most importantly, from then
on, clinicians can request and receive assistance at any stage
of preparing the said TUE applications.
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The effectiveness of anti-doping activities was constantly
analyzed; a number of weaknesses therein were identified and
eliminated, and some sections improved. The quality of the
TUE application documents prepared by medics of FMBA's
medical organizations was also controlled on a regular basis.

Whenever possible, the identified deficiencies were
remedied immediately, for those that could not be
addressed without delay there were developed remedial
action suggestions. The risks of violations of anti-doping rules
by an athlete or his/her supporting staff cannot be completely
and permanently eliminated.

Seeking to further improve anti-doping work, we analyzed
its strengths and weaknesses, external threats and directions
of development, i.e., did a SWOT (strengths, weaknesses,
opportunities, threats) analysis.

There are various approaches to the analysis of effectiveness
of anti-doping measures taken by medical professionals.
SWOT analysis is a universal matrix that allows not only listing
the key resources of an organization and outside threats but
also grouping them in an understandable way as the basis for
continuous effective planning.

Division of external factors into those that can be predicted
and addressed with organizational measures and those that
are unpredictable allows identifying the main risks and ways to
overcome or mitigate them.

In general, SWOT analysis is one of the components of
a comprehensive approach to improving the counter-doping
measures as practiced by medical professionals in sports;
it enables assessment of the dynamics and evaluation of
individual changes in this work.

This study aimed to evaluate various aspects of activities
of an organization from the viewpoint of effectiveness of anti-
doping measures in the context of biomedical support (BMS)
of the Russian Federation national team athletes while factoring
in internal resources, external threats and risks subject to
constant monitoring and mitigation and ultimately seeking to
improve the results of this work.

METHODS

SWOT is a list of an organization's strengths and weaknesses
based on the examination of its resources, as well as a register
of threats and opportunities identified through analysis of
the environment it operates in [3]. Planning based on SWOT
should build on strengths and existing opportunities, account
for threats and overcome weaknesses (figure).

According to some researchers, SWOT analysis is one of
the most popular strategy tools among managers [4].

The analysis may yield various SWOT matrices; its main
purpose is to assess the current state of the company or
important lines of its business and, based of this assessment,
develop a strategy and an action plan aimed at improving work
efficiency.

Applied in a broader sense, the SWOT method allows
structuring a subject matter into a clear matrix that makes
positive and negative sides easily seen from the first sight
(instead of making a list of advantages and disadvantages) [5].
Strengths and weaknesses reflect whether an organization has
internal resources needed to achieve the set goals (improved
effectiveness of anti-doping activities, in this case) or not.

RESULTS

As prescribed by the SWOT analysis structure, we identified
and analyzed the following aspects of anti-doping work.

Strengths (S) of organization and implementation of anti-
doping measures in the context of BMS activities

In recent years, the patterns of anti-doping work as done by
FMBA's medical specialists have changed significantly.

The strengths include, first of all, availability of highly
professional personnel, organizational structure and documentary
support of the anti-doping efforts:

Professional personnel

In a daily basis, medics rendering the BMS have to decide on
prescribing substances, methods, dietary supplements while
taking into account their anti-doping status. Most of them
have the necessary experience and motivation for further
improvement.

The developed programs of postgraduate education and
programs designed for doctors of national teams

Recently, sections of the postgraduate programs covering the
anti-doping issues have been updated. A special program
for doctors of national teams was designed to help them in
organizing the main sections of anti-doping work.

Availability of anti-doping regulatory documents by the
Ministry of Health of Russia, FMBA of Russia and the Federal
Research and Clinical Center of Sports Medicine and
Rehabilitation

Since 2018, the main documents that regulate medical assistance
to athletes of various levels (released by the Ministry of Health of
Russia) have been updated. The entire system of anti-doping
activities in medical organizations under the FMBA was structured
by orders issued by the FMBA and the Federal Research and
Clinical Center of Sports Medicine and Rehabilitation [1, 2].

Allocation of responsibility for anti-doping efforts in the FMBA's
medical organizations

The order #49 of April 05, 2016 by FMBA of Russia prescribes
selection of persons responsible for anti-doping activities in a
medical organization, outlines their rights and obligations and
states the procedure of interaction with other participants of
the process [6].

Organization and development of a system designed to
assist medics in their anti-doping efforts and, as part of that
system, active interaction between a medic professional as a
person responsible for counter-doping activities in a medical
organization (a physician in a Russian national team) and a
specialist in anti-doping measures from the Federal Research
and Clinical Center of Sports Medicine and Rehabilitation under
FMBA of Russia.

Constant updating of the information on anti-doping issues as
relevant to medical professionals (comments to the Prohibited
List [7], Permitted List [8], translations of articles covering anti-
doping matters).

Two key documents to help medics have been published since
2018, Comments to the Prohibited List and Permitted List.
In addition, on a regular basis, medical professionals receive
translated articles and materials published to the websites of
anti-doping organizations and medical journals.
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Strong suits of the organization
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N

Opportunities that may
be used to improve
the quality of work
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Fig. Key components investigated as part of the SWOT analysis
Weaknesses (W)

As a rule, weaknesses reflect problems and shortcomings in
the ways of work the organization has adopted, and largely
shape the options of their improvement. This section can be
conditionally divided into main blocks: outdated documentation,
personnel problems, behavioral (psychological) problems.
Currently, it is possible to single out a number of weaknesses
in anti-doping work.

QOutdated regulatory documentation

A number of regulatory documents should be revised because
they were put in force over 5 years ago and the governing anti-
doping documentation is amended almost every year [6]. Not
all of the amendments require modification of the regulatory
documents, but some of them must be accounted for in the
work organization process.

Lack of an anti-doping section in the Federal State Medical
Informational and Analytical System

Anti-doping work was not factored into the Medical Informational
and Analytical System enabling functioning and keeping of the
electronic register of health status of the Russian national team
athletes (MIAS) when it was developed. Systematization of
the respective information in the database could significantly
support organization of the efforts aimed at countering doping
in sports. There were developed amendment and modification
suggestions for the Sports Medicine Physician services part of
the MIAS.

Lack of information about TU in outpatient records
Standard medical papers contain no sections related to the
anti-doping activities. In particular, they include no records about
TU applications. Therefore, any analysis of the said papers does
not allow assessing quality of the anti-doping work.

Personnel

1) staff turnover (doctors). As a rule, medical professionals
Starting in sports medicine, although experienced in other areas
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Flaws in work that
affect is result

Threats

Threats, obstacles to
mind and remove

of medicine, have not previously dealt with doping problems in
general and TU in particular. The situation calls for appropriate
educational activities with subsequent control of the knowledge
acquired;

2) graduates without experience and basic knowledge
entering the field. This point is similar to the one above,
although young doctors have a chance to learn at the continued
education cycles covering anti-doping measures (developed
for various medical specialties). In any case, young specialists
have no experience of such work;

3) long trips with the national teams that prevent the
involved medics from continuing their education. Doctors
of the national teams can spend most of the year at training
camps, which disallows their participation in educational and
knowledge control activities. This raises the importance of
printed and electronic materials on anti-doping topics, on the
one hand, and the capabilities enabling remote consultations
on the other hand;

4) doctors do not track the outcomes of applications
they helped prepare. Following up on applications to the final
decisions by the anti-doping agency is an important resource
for improvement of the anti-doping work done by medical
professionals and the respective educational activities.

Psychological problems

Often, medics perceive doping and the related issues as
something secondary, optional, interfering with their main work.
The list of problems of this kind includes the following points:

1) lack of interest on the part of doctors in learning more
about the anti-doping measures, coupled with superficial
attitude towards this subject. A doctor starts looking for the
relevant information and thus acquire new knowledge only when
the matter at hand concerns him/her directly. This approach
can translate into unprofessional decisions and increases the
risk of possible sanctions from anti-doping agencies;

2) lack of understanding on the part of healthcare
professionals of the risks associated with the possible violations
of anti-doping rules. Poor awareness leads to underestimation
of risks (sometimes, on the contrary, to a panic-driven avoidance
of the problem), which may also be associated with inaptitude
and unwillingness to use reference programs, with the habit of
asking colleagues and coaches and not seeking answers in
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Table. The SWOT analysis matrix

Useful factors
(S-0)

Threatening factors

(W-T)

Strengths
- Professional personnel

doctors of national teams
Internal factors
(s-w)

Clinical Center of Sports Medicine and Rehabilitation

- Current anti-doping information for physicians"

- Programs of postgraduate education and programs designed for

- Availability of anti-doping regulatory documents by the Ministry of
Health of Russia, FMBA of Russia and the Federal Research and —

- The system of assistance to physicians in anti-doping matters

Weaknesses

- Staff turnover (doctors).

- The doctors are not interested in learning more about the
anti-doping measures, coupled with superficial attitude towards
this subject.

— Outdated individual regulations

- Lack of information about TU in medical records and MIAS

- Popularization of DS

Opportunities

doping organizations

External factors

©-7

— Improvement of educational programs for doctors

incorporate the sports-related anti-doping efforts

of doctors on a regular basis

— Constant monitoring of updates of documents made by anti-
— Introduction of amendments to the current regulatory documents
— Introduction of amendments to the MIAS and outpatient card to

- Implementation of a system to control the anti-doping knowledge

Threats

- Regular, not always announced changes in the documents
released by anti-doping organizations

- Reliance on European standards by anti-doping organizations
developing materials for the physicians

- Progressive accusatory bias in anti-doping legislation

- Anti-doping organizations are not interested in cooperation

- Risks associated with falsification of DS

documents or with persons responsible for countering doping
in a medical organization. The situation is continually improving,
more and more doctors realize the need for deeper knowledge
of anti-doping matters, but the risks remain;

3) the established opinion that the athlete is responsible
for everything. The recent anti-doping documents and new/
updated Russian laws have made the doctor's responsibility for
doping rule violations significantly more expanded, yet it is still
a prevailing point of view that the responsibility for all violations
lies solely with the athlete;

4) unrestrained interest in dietary supplements (DS). Some
medical professionals have developed a dependence on
fashionable, advertised and widely used, but far from always
effective dietary supplements. The risks associated with poor
control over their composition and possible falsification of such
products are not taken into account;

5) poor command of English on the part of the doctors.
This is a serious problem that limits the ability to work with
professional publications most often released in English. The
problem is not only psychological but also structural, and it
requires a solution at the level of educational institutions.

Opportunities (O)

Opportunities reflect the dynamics of external factors and the
effect they have on the organization of work. In some cases,
opportunities can turn into threats and vice versa, depending
on the situation and the availability of resources needed to use
or counter them.

The two components that are affected by external factors
as pertains the process of improvement of anti-doping activities
are the documents adopted by anti-doping organizations or
federal executive bodies and the status of medical professionals,
specifically, their knowledge and skills they have acquired while
learning and working.

Improvement of educational programs for doctors

Effective and regularly organized anti-doping education is
the key prerequisite to prevention of violations of anti-doping
rules and the main resource enabling anti-doping efforts
in medical organizations. Implementation of the respective
educational programs allows doctors to stay up-to-date with
their knowledge, receive the necessary recommendations and
materials covering the key areas of anti-doping work. This
point was placed among the external factors because the

documents regulating educational activities and the content
of such programs are approved outside the professional
community and require quick and effective adaptation.

Introduction of amendments to the regulatory documents

Regular revisions of the main documents of anti-doping
organizations (the Russian National Anti-Doping Rules, the
Code of the World Anti-Doping Agency (WADA), the Prohibited
List and other WADA international standards) require prompt
introduction of amendments to the existing departmental
documents.

Introduction of amendments to the MIAS and outpatient card
to incorporate the sports-related anti-doping efforts

From the point of view of training, analysis of errors and medical
care provision continuity, the introduction of these amendments
is one of the key tasks. Solving it would also mean automation
of registration of TU applications and their analysis by various
parameters.

Implementation of a system to control the anti-doping
knowledge of doctors on a regular basis

This approach is a continuation and a mandatory integral part
of the educational process.

Threats (T)

The concept of threats in this case is a rather arbitrary one,
since in some cases, with the right approach, they can also be
a resource used in development of the organization.

This section includes the threats that cannot be mitigated
on the level of medical practice and thus require actions
influencing organization of work.

Regular changes in the documents of anti-doping
organizations that should be incorporated into the regulations
governing operations of the medical personnel

The frequency of introduction of amendments into the
documents released by anti-doping organizations differs: the
WADA Code is reviewed every 5 years, the Prohibited List —
at least once a year, International Standards are amended,
as a rule, once every 5 years (can be done more often), the

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 24, 2022 | MES.FMBA.PRESS



WADA guidelines and other advisory documents are changed
regularly, and the changes often remain unannounced. It is
necessary to monitor the anti-doping documents on a regular
basis to prevent missing significant changes thereof.

Progressive accusatory bias in anti-doping legislation

As experience shows, each subsequent edition of the WADA
Code has expanded list of anti-doping rule violations, and the
sanctions against athlete's support personnel grow more and
more strict. This is also true about internal Russian regulatory
documents. Recently, the Criminal Code and the Code of
Administrative Offenses have been supplemented with the
relevant articles, and already there are cases of their real-life
application.

In the case of anti-doping organizations, their desire to
make the penalties more severe, including those applied to
the athlete's support staff, does not correlate with the wish
to increase the effectiveness of the main anti-doping toal, i.e.,
laboratory tests that return positive as a result of compilation of
an effective test distribution plan.

Reliance on European standards by anti-doping organizations
developing materials for doctors, the resulting presence of
diseases and conditions there that are neither diagnosed nor
treated in the Russian Federation or diagnosed and treated
extremely rarely

The TUE Physician Guidelines developed by WADA [9] provide
models of best practices that do not always coincide with the
requirements of the Clinical Guidelines of the Russian Ministry
of Health. Often, substances and methods from the Prohibited
List are used to treat diseases that are not covered in the TUE
Physician Guidelines. In such cases, the doctor must follow the
national regulations and attach extracts therefrom to the TUE
applications. These are some of the significant risks that require
attention and competence from the doctor.

The WADA's TUE Physician Guidelines includes 18
diseases and conditions, some of which are practically not
applied in the Russian clinical practice. Such diseases and
conditions are ADHD, congenital sleep disorders, transgender
athletes, neuropathic pain. Treatment of some of them involves
substances prohibited in the Russian Federation, which must
be taken into account when conducting therapy.

Discrepancies between Clinical Guidelines of the Russian
Ministry of Health and the TUE Physician Guidelines

For example, according to the Clinical Guidelines by the Ministry
of Health of Russia, the diagnostic sign of diabetes mellitus is
the fasting glucose level of over 6.1 mmol/l [10]. According to
the European criteria, the minimum level is 7 mmol/I [11]. There
may be more discrepancies of this type in the regulations, but
finding them would require a detailed analysis of the documents.

Secrecy in the work of anti-doping organizations

As a rule, anti-doping organizations do not employ medical
professionals with practical experience, which affects the
quality of the advisory services they provide. Doctors are not
allowed to attend the TU conferences held annually by WADA
and its structures, and information on the issues discussed
is not readily available. Thus, the risks are growing up and
the effectiveness of implementation of the results of such
discussion (and decisions taken) grows down.
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The SWOT matrix

There are several ways to summarize the results of a SWOT
analysis. The most common approach is to create a so-called
matrix, which allows bringing all sections of the SWOT analysis
into a table that groups the key features by the selected criteria.

To form the matrix, we selected the approach that highlights
useful and threatening factors and accounts for them being
external or internal [4]. The most significant factors in each
group were selected for the analysis.

According to the table, the organization has all the
necessary resources to remedy the shortcomings (weaknesses)
and mitigate the possible threats. Such resources include, first
of all, active informational and educational work, as well as
constant monitoring of changes in the documents released by
the anti-doping organizations.

DISCUSSION

The main directions of a SWOT analysis applied to a medical
organizations include investigation of its activities in general,
analysis of the effectiveness of implementation of various
preventive programs among different groups of population,
introduction of various diagnostic and treatment methods, use
of drugs etc. [3]. The available literature offers no information on
application of a SWOT analysis to assess the effectiveness and
planning of anti-doping activities in sport.

The anti-doping work of medical professionals, as an
integral part of the BMS, is a small section thereof. At the same
time, this work is important because of the urgency attached to
it and the possible negative consequences associated with the
risks of violations of anti-doping rules.

A key task, as it seems, is to bring the relevant sections of the
MIAS and outpatient records in line with the anti-doping measures
taken. The emergence of a digital component of anti-doping
work can bring it to a new level with the possibility of analyzing
documents and developing educational programs based thereon.

Essentially, amending the current regulatory documents is a
technical task that also requires monitoring of changes introduced
to the relevant documents by anti-doping organizations [1, 2, 6].

It is necessary to provide doctors with information when
TUE Physicians Guidelines do not cover the case at hand and
it is necessary to follow the Clinical Guidelines by the Ministry
of Health of Russia. Some reference materials may have to
be published, although this task is hampered by the constant
changes in the documents by anti-doping organizations.

A number of threats (risks) cannot be compensated,
eliminated or predicted. One of them is the desire of all parties
involved in the anti-doping process to expand the responsibility
of the medical personnel. Only once the regulatory documents
are available will it be possible to understand the goals, the
mechanism, and the risks themselves.

This approach, in fact, transfers the blame from ineffective
doping control to specialists providing professional assistance
to the athlete. A physician under constant pressure and control
tries to avoid prescribing prohibited substances even when they
should be prescribed, which can affect the efficacy of medical
care. This is one possible reason for the relatively low number
of TUEs that athletes apply for but that are usually initiated by
a physician.

CONCLUSIONS

The analysis conducted as part of this study confirms the
expediency of selection of the key anti-doping work improvement
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directions, the first of which is the effective assistance to physicians
in preparing TUE applications and development of information and
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EFFECTS OF THE SOCIAL MEDIA INTERFERENCE FACTOR ON MEMORY CONSOLIDATION
IN ADOLESCENTS
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The relevance of this study is due to the need to answer the question of how the factors of digital medium affect the development of mental functions in the younder
generation. The study was aimed to assess the effects of the social media interference factor on memory (auditory-speech and visual-figurative) consolidation in
adolescents. The sample was 130 adolescents aged 11-17. The groups were formed based on the age stages (11-12, 13-14, 15-17 years). The study involved
the use of the method for the diagnosis of the short-term auditory-speech and visual-figurative memory span. Viewing video content and reading the fragment of the
fiction book were used as interference. A significant decrease in the short-term auditory-speech and visual-figurative memory span was observed in adolescents.
The short-term memory span is reduced in the context of social media interference (prolonged continuous viewing the heterogenous visual-acoustic and visual-
speech content). The high risk of the long-term memory loss due to the impact of the social media interference factor on memory consolidation in adolescents is
empirically proven. The more the duration of the maximum continuous video stream and the total time the adolescents spend on Internet (including social media),
the larger is the loss of information.
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B/IMAHUNE ®AKTOPA UHTEP®EPEHLMN COLUMUANIbHbIX CETEA HA NMPOLECCHI KOHCONMNOALUN
NMAMAT Y NOOPOCTKOB

E. A Metpaw' ™ B. b. HukuwwHa', T. H. Pagdysaesa?, M. B. Cokonbckas', A. A. KyaHelosa®, V. B. 3anecoukas

T POCCUNCKINIA HaLWOHabHBIV MCCNELoBaTENbCKMA MEAVLIMHCKII YHUBEpCUTET UMeHn H. . Muporosa, Mocksa, Poccus
2 BenropoAcKuUi rocyAapCTBEHHbIA HALMOHANBbHbIN NCCNERoBaTENLCKUIA YHUBEPCUTET, Benropoa, Poccust
3 KypcKuin rocyaapCTBEHHbI MeanUMHCKINIA yHBepcuTeT, Kypck, Poccust

AKTyaIbHOCTb HACTOSALLIErO UCCIEA0BaHMst 0OyCNIOBEHa HEOBXOAMMOCTLIO MOMCKa OTBETA Ha BOMPOC O TOM, Kak (hakTopb! LMAPOBOI Cpeabl OKasblBatoT BINAHME
Ha (hopMMPOBaHME NMCUXNHECKIX (DYHKLIMIA MOAPAaCTArOLLEro NMoKoneHust. Lienbto paboTbl 6bi10 1dyyeHne BivsiHUS hakTopa MHTepdepeHLMn coLmarbHbIX CeTein
Ha NPOLECChI KOHCOMMAALIM NaMSITIA (CyXOpeYeBO 1 3puUTeNbHO-06pasHol) y noapocTkoB. O6beM Bbibopki cocTaBun 130 NogpocTkoB B Bo3pacTe 11-17 neT.
PopMMPOBaHKE MPYMM OCYLLECTBAAIM MO BO3PACTHbIM aTanam (11-12, 13-14, 15-17 ner). Vccnenosarne ocyLLEeCTBAANM C UCNONBE30BAHNEM METOANK AMArHOCTUKN
obbema KpaTKoBPEMEHHOMN CrlyXOpe4veBol 1 3puTenbHO-06padHol namMsaTin. B kadecTBe MHTEpepVpyoLLEro BO3AENCTBIS BbICTYrNan NMpOCMOTP BUOAEOKOHTEHTA
1 NpoYTeHNe hparMeHTa XyLOXKECTBEHHOMO NMPOMN3BeaeHNs. YCTaHOBEHO 3HAUYMMOE CHIKEHE 0O beMa KPaTKOBPEMEHHOM CyXOPEe4EBOW 1 3pUTENbHO-06pa3Hoi
namsTV y NOAPOCTKOB. B yCnoBmsx MHTePMEPUPYIOLLEro BO3AENCTBISA COLMAabHbIX CETEN (AMTENBHOMO HEMPEPbLIBHOMO MPOCMOTPA BU3YalbHO-aKyCTUHECKOrO
1 BU3yaSlbHO-PEYEBOrO KOHTEHTA METEPOreHHOrO COAEPXKAHMS) MPOUCXOAUT CHUXKEHVE OObeMa KPaTKOBPEMEHHON NaMsTL. SMMMPUHECKN [OKa3aH BbICOKMIA
PUCK NOTEPU JONrOBPEMEHHON NamsTV MOf, BNSHVEM hakTopa MHTepdepeHLMM coumansHbix CETer Ha MPOLLECChl KOHCOMMAALIWMN NaMsTX y MOAPOCTKOB. Yem
60nbLUe ANIMHA MaKCUMASTBHOrO HEMPEPbLIBHOMO BMAEOMNOTOKA, a Takke 06LLas AIMTENbHOCTb HAXOXKAEHMS MOAPOCTKOB B MIHTEPHETE (B TOM YMCIIE B COLMANBHbBIX
ceTsx), TeM 6onblie 06beM NoTepn nHopMaLmn.
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For the first time in the history of civilization, the current generation
of adolescents lives in two realities, the one mediated by technical
devices (digital reality) and another one not mediated by technical
devices. The micro- and macrocharacteristics of both realities
affect the younger generation mental development. Modern
psychologists must now start raising specific questions of how
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the factors of digital environment affect the development of mental
functions in the younger generation.

One of the popular theses on the theories of memory is
the thesis that we are our memory. The issue of the impact of
the factors of digital environment on memory processes in the
younger generation is a specific research issue [1-8].
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More than four and a half billion people all over the world
(567.6% of the world's population) are active users of social
media. Internet users on average spend 6 h 54 min a day online
and are on 6-7 various social media (according to the Digital
Global Statshot Report in partnership with We Are Social and
Hootsuite, 2021).

Regardless of the legal and regulatory framework [9] (the
children's use of Internet and social media is regulated by
the the letter of the Ministry of Education and Science of the
Russian Federation), as well as of the existing age limitations
imposed by the social media and/or providers (for example,
the TikTok user minimum age is 13 years), children find ways
to bypass the established limitations. This significantly expands
their access to the shared content with no age-restricted
content.

The fundamental process of long-term memory formation
referred to as consolidation occurs in many different types of
memories, species and memory systems [2, 10, 11].

Initially, the memory is unstable and can be disturbed
by several types of interference, including behavioral and
pharmacological. Over time, the memory acquires resistance
to these forms of interference due to consolidation [2]. Memory
formation is a two-stage process. The first stage is a phase of
short-term memory that lasts up to several tens of minutes.
During this stage the memory is vulnerable to environmental
influences: interference from new learning or alterations in gene
expression. The phase of long-term memory, being a more
stable structure formed 24 h after the engram emergence,
constitutes the second stage of memory formation. A number
of studies [10, 11] have shown that the consolidated memories
that have passed the phase of long-term memory can also
become labile, if a conditioned stimulus is applied after memory
formation and stabilization. This reflects the process of memory
reconsolidation [3, 5, 13].

Experimental studies of memory consolidation were
focused on the time window of several hours after learning.
Empirical evidence about the fact that memory consolidation in
humans may take weeks, months or possibly years suggests
that memory consolidation consists of various stages. The proof
that different stages of consolidation depend on different cellular
mechanisms and brain systems is represented by the findings
of human and animal studies showing that hippocampal lesions
usually disturb the recently acquired memories. However, the
ability to recall past information is preserved.

System consolidation represents the changes associated
with memory storage. Memory consolidation and storage involve
activity in the hippocampus followed by such cortical areas as
entorhinal cortex (CA1-CA3) and posterior parietal cortex [11].
A memory trace (engram) is formed in the hippocampus as a
result of encoding information received from various sensory
modalities. The incoming information is transformed into the
integrated internal representation of the disparate elements of
environmental perception that is interpreted and conceptualized
by involving elements of past experience linked to actual
experiences. Thus, internal representation is transformed into
engram subsequently passing the stage of consolidation.

The method used in the study reported was developed
based on the concept of working memory by B. B. Velichkovsky
[4, 13] and the concept by K. V. Anokhin [14]. Memory, the
higher mental function, is characterized by processuality and
is implemented through memorizing. Memorizing ensures
preservation of information content that goes through two
stages (phases). The short-term stage is characterized by
retaining the information stored in its fullest form (without
losses or distortions of the content) over a short time. This is

a labile memory phase to which there corresponds retention of
information trace in the form of the nerve impulse reverberation.
The long-term stage of memorizing is characterized by
reduction of the amount of information during the long-term
storage without modification.

Consolidation that ensures the information content
transition from the short-term to the long-term stage also
involves further transformation of the information stored in
accordance with the existing experience and addition of this
information to the already existing information (incorporation
into the system of long-term storage). The long-term memory
involves preservation of the trace through consolidation and
subsequent structural changes.

Working memory is a system of those cognitive processes
that ensure rapid storage and processing of information. The
working memory stores information using the mechanisms
of short-term and long-term storage. Information is retrieved
(this process is referred to as reconsolidation) from the long-
term memory (that includes the system of images, system of
symbols and signs, and the semantic system organized into
holistic experience). Furthermore, information consolidated in
prior experience is initially reconsolidated. Active reconstruction
of information occurs during retrieval in case of memory
reactivation that ensures information retrieval. Reconstruction
is, in turn, accompanied by recategorization. Each round of
recategorization is followed by reconsolidation (re-storing
information). Each round of memory retrieval involves
replacement of the old trace with the new content (the content
could be partially or fully modified).

The interfering information (in our study this information is
represented by the visual-acoustic and visual-speech content)
occupies the short-term memory. This, in turn, results in
consolidation of the initially limited information content.

The study was aimed to study the effects of the social media
interference factor on memory consolidation in adolescents.

METHODS

The total sample was 130 in-school adolescents aged 11-17.
Three study groups were formed based on age. The first one
included 44 adolescents aged 11-12 (23 boys and 21 girls);
the second one included 41 adolescents aged 13-14
(20 boys and 21 girls); the third one included 45 adolescents aged
15-17 (23 boys and 22 girls). The control groups also included
adolescents of the specified age ranges: 46 people aged
11-12 (26 girls and 20 boys); 42 adolescents aged 13-14
(20 girls and 22 boys); 42 people aged 15-17 (23 girls and
19 boys). Inclusion criteria: screen time, i.e. the time spent
on Internet, including social media, had to be at least 6 hrs
a day.
The study was performed in three steps (Fig. 1).

Step one

The short-term auditory-speech and visual-figurative memory
span was assessed together with the long-term memory span
(delayed recall after 40 min); the experimental study of memory
consolidation-reconsolidation during storage of figurative-
symbolic information was performed. The short-term auditory-
speech and visual-figurative memory span was assessed by
the method of memorizing ten words proposed by A. R. Luria
and the methods “Two Groups of Three Words”, “Five Figures
That are Hard to Verbalize”.

The visual-figurative working memory span was assessed
using the Block Span method [15].
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Step two

The experimental study of interference in the form of viewing
video content on the TikTok social media platform (experimental
groups) or in the form of reading the fragment of the children's
picture book (control groups) was carried out. Subjects in
the experimental groups were offered to watch two series
of videos. The first series consisted of 18 videos lasting up
to 10 s or longer (the total length of this video content was
5 min). The videos for this series were selected based on the
visual-acoustic features. The videos featured video content
with some background music or other rhythmic melodic
accompaniment, but no background speech. The second
series was represented by 22 videos lasting 10-20 s (the total
length was 5 min). These videos were selected based on the
visual-speech features. The videos featured video content with
the direct speech production.

After watching both series of videos (visual-acoustic and
visual-speech ones) the subjects were offered to answer the
following questions about the video: ordinal number of the
video, semantic content, details, impression (in the like/dislike
format).

Subjects in the control groups were offered to read
several pages of text with pictures (the fragment of the book
“Naksitrallid" by Eno Raud) silently (not aloud) within 10 minutes.
After reading, the subjects had to retell the piece of text they
had read as detailed as possible. Assessment was performed
based on the following parameters: number of characters;
sequence of actions committed by the main characters;
number of semantic units in the retelling.

Step three

The process of auditory-speech and visual-figurative memory
reconsolidation in the context of interference was assessed:
such parameters as span, pace, precision, and duration
of memory trace storage within the framework of auditory
and visual modalities were reassessed using the method of
memorizing ten words by A. R. Luria, and the methods “Two
Groups of Three Words”, “Five Figures That are Hard to Verbalize”.

The methods of descriptive (mean and standard deviation)
and comparative (nonparametric Mann-Whitney U test,
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Wilcoxon signed-rank test, p < 0.05) statistics were used
for quantitative data processing. The studied groups were
compared based on the quantitative indicators obtained before
(memory consolidation) and after (memory reconsolidation) the
interference exposure.

RESULTS
Step one

When completing the task of assessing the short-term and
long-term memory span and memory consolidation and
reconsolidation in adolescents during the first phase of the
study, we revealed the reduced memory span for all memory
types in the groups of subjects. The maximum reduction of the
short-term auditory-speech and visual-figurative memory span
was observed in the groups of adolescents aged 11-12 (Fig. 2).
The maximum short-term memory span (for both auditory-
speech and visual-figurative memory) was revealed in the
experimental group of adolescents aged 15-17. Significant
differences between three experimental groups of adolescents
were observed. As for the short-term auditory-speech memory
span, there were no significant differences only between the
experimental groups of adolescents aged 13-14 and 15-17
in the fourth series to be recalled (immediate recall after the
stimulus words) repeated for the fourth time (p = 0.137). The
same results were obtained in the control groups. There were
no significant differences in the short-term auditory-speech
memory span between the control groups of adolescents aged
13-14 and 15-17 in the fourth series to be recall (p = 0.132).
When recalling two groups of three words, the decrease in
the short-term auditory-speech memory span was observed in
the group of adolescents. After the fourth series, two groups
of three words were not available for recall in full. In the control
and experimental groups of adolescents aged 11-12 one word
per series (the last one) was available for recall. The other words
named were the inflicted ones that are semantically similar to
the stimulus words. Adolescents aged 13-14 in both groups
recall two words of each group. The grouping principle was
not followed: adolescents named together those two words
that had been named in different groups during presentation.
It should be noted that there was no substitution of words with
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Fig. 1. Design of the study aimed at assessing the effects of the social media interference factor on memory consolidation in adolescents
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Fig. 2. Parameters of the short-term auditory-speech and visual-figurative memory span in adolescents

the semantically similar ones (typical for adolescents aged
11-12). As for adolescents aged 15-17, the subjects recalled
correctly two words of the first group (the first and the last one)
and all three words of the second group (out-of-order) after
presentation of the fourth series.

A pairwise comparison of experimental and control groups
in accordance with age ranges (adolescents aged 11-12 with
the control groups of adolescents aged 11-12; adolescents
aged 13-14 with the control groups of adolescents aged
13-14; adolescents aged 15-17 with the control groups of
adolescents aged 15-17) performed when assessing the
short-term auditory-speech and visual-figurative memory span
revealed no significant differences.

The findings are also confirmed by the results of using the
Block Span instrumental method. Thus, the initial decrease in
the short-term memory span can be observed in adolescents
who spend at least 6 hrs a day on Internet and social media. The
maximum decrease in the short-term (both auditory-speech

and visual-figurative) memory span has been revealed in the
groups (both experimental and control) of adolescents aged
11-12. The reduced span leads to the fact that the information
content is simplified and reduced during the stage of storing,
which, in turn, results in consolidation of the initially distorted
information content. Distortions are reflected in simplification
and reduction of the information stored. The average loss of
original information is 44.16% of the total information content
in the experimental group and 44.89% in the control group.
The decrease in the short-term memory span in also typical for
adolescents aged 13-14. However, in contrast to adolescents
aged 11-12, the loss of semantic content is 32.56% in the
experimental group and 33.04% in the control group. The form
is substituted with equivalent or similar semantic content at
the stage of consolidation. When recording auditory-speech
information, adolescents of this group replace the stimulus
words with semantically similar words or synonyms. The
minimum decrease in the short-term memory span has been

Table. The average values of such parameters as idea, details, and impression for video content presented to the groups of adolescents

Parameters
Groups of subjects . . Details Impression
Idea (number of semantic units) ":‘#:::;re?; Number of objects Like Dislike
Visual-acoustic content (18 videos)
11-12 years 11 8 6 15 2
13-14 years 16 14 12 10 8
15-17 years 24 18 16 9
Visual-speech content (22 videos)
11-12 years 14 10 7 18 4
13-14 years 19 14 9 14
15-17 years 26 18 12 12 10
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Fig. 3. Bar graph showing the average values of the auditory-speech and visual-figurative memory span obtained in the experimental groups after exposure to

interference

revealed in the groups of adolescents aged 15-17. Furthermore,
the distortion of information at the stage of storing is minimal.
The loss errors are reported more often than in other groups:
adolescents recall only a part of information content, with no
distortions or substitution with semantically similar information.

Step two

The factor of interference was analyzed during the second
phase.

The consolidated interfering content was assessed in the
experimental groups of adolescents after viewing the 10-minute
video content based on three parameters: idea (number
of semantic units), details (number of characters, humans
and animals, as well as the number of objects in the video),
impression (whether the subject likes or dislikes the video).
These parameters were assessed for each video constituting
the video sequence (Table).

Imagine the qualitative structure of the consolidated content
of the recently watched video content for two series (visual-
acoustic and visual-speech content).

When watching both visual-acoustic and visual-speech
content, adolescents of all groups show the loss of semantic
content of the videos. When describing the resently watched
pieces of video the subjects disrupt the video sequence (all the
asolescents enrolled used the sequence that was different from
the presented sequence when describing the contents and the
characters of the video fragments). The contents of various
video fragments is “mixed”: when describing semantic content
of the video fragment, adolescents specify the characters
and other objects from the other videos, either previous or
subsequent ones. It is worth mentioning that adolescents most
often describe the characters from the first two or three video
fragments of the content, or from the last ones in the sequence
demonstrated. This is a regular feature that corresponds to the
edge effect.

In the experimental group of adolescents aged 11-12, the
idea of single video fragment is formilated as a simple sentence
or a phrase “noun + adjective”. Only 15% of video fragments
(six videos) are available for description. The subjects usually
specify the character of the video (human or animal), its action
or trait. Furthermore, if the adolescent specifies the character,
he/she does not specify the objects present in the video. And,
vice versa, if the adolescent specifies the objects present in the
video, he/she is unable to specify and describe the character.
As for the impression criterion, the adolescents like 90% of
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video fragments constituting both visual-acoustic and visual-
speech content and note these as ‘“interesting”, “funny”,
“curious”, “zany”, “cool”, etc. The authentically established fact
is that not the original content, but the emotional response to
the content is recorded during consolidation or reconsolidation
of video content. Adolescents do not identify information that
have made certain impression. The subjects aged 13-14 in
the experimental group use enlarged simple sentences that
characterize the relationships between the characters of the
video and external objects when describing the ideas of the
recently watched video fragments, constituting both visual-
acoustic and visual-speech content. Only 32% of videos (13)
are available for description that constitute mainly the visual-
acoustic content. Positive impressions predominate over
negative ones by a ratio of 60/40. Adolescents conserve their
impressions without recalling the semantic content and details
of the video. In the subjects aged 15-17, the percentage of
videos available for description increases to 48% (19 video
fragments). This age group is characterized by the more
precise and detailed description of videos. In contrast to other
age group, these adolescents describe the details (characters
and other objects) as precisely as possible.

Assessment of the social media interference impact on
memory consolidation in adolescents shows loss of the
significant amounts of information in the form of missing (the
content of the part of videos is recorded only via impression with
no semantic content or details) or distorted information (mixing
the content of several viewed video fragments). The maximum
losses of both visual-figurative and auditory-speech information
due to interfering effects of social media are observed in the
group of adolescents aged 10-12.

The content consolidated after reading the text was
assessed in the control groups of adolescents based on the
following parameters: number of characters; main characters'
sequence of actions; number of semantic units in the retelling.

The consolidated content qualitative structure allows stating
the semantic content distortion manifested in the disruption
of the main characters' sequence of actions; actions of one
character are attributed to another one; minor characters are
lost. The details are missing in the description of events during
retelling. The figurative-graphic information represented by the
pictures seen when reading the fragment of the book is also
modified. When describing the pictures, adolescents correctly
specify the main characters. However, they make mistakes
when describing actions committed by main characters or their
location.
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Fig. 4. Bar graph showing the average values of the auditory-speech and visual-figurative memory span obtained in the control groups after exposure to interference

The following specific features of the information
consolidated observed in the control groups of adolescents
should be noted. Adolescents of the control group aged
11-12 retell mostly in short simple sentences (consisting
of 4-5 words on average). The number of semantic units
is lower than the number of sentences: the same semantic
content is represented using several sentences. When retelling,
adolescents recall mostly the contents of the last 20-25
sentences they have read. In 90% of cases, retelling of the
prior content is reduced to the description of the pictures
watched. When retelling the recently read fragment of the book,
adolescents aged 13-14 in the control group use enlarged
simple sentences. They reproduce the semantic content that
reflects interaction between the characters as dialogs. The
semantic content is recalled in fragments and is correlated with
the pictures found in the recently read pages. In the retelling,
the detailed description of pictures predominates over the
semantic content of the recently read text. The more precise
and detailed retelling of the recently read fragment is typical
for the 15-17 age group (control group). Adolescents of this
group provide the most precise description of the characters'
actions compared to other groups. The sequence disruptions
observed in the retelling are minimal, the pictures are described
using 5-7 sentences that are represented by mentioning the
objects depicted and specifying their characteristics, without
regard to the recently read text.

Assessment of the recently read text interference effects
on memory consolidation in adolescents of the control groups
shows distortion of the substantial amount of information.
Distortions are manifested as the disrupted sequence of
actions committed by the characters observed during retelling
of the text and the lack of semantic correspondences between
the recently read textual information and the pictures. The
maximum distortions are reported in the control group of
adolescents aged 11-12.

Step three

Reconsolidation of the auditory-speech and visual-figurative
memory was assessed during phase three. After watching two
series of videos (visual-acoustic and visual-speech content),
adolescents of the experimental groups were offered to recall
10 words; groups of three words; and five images of the figures
that are hard to verbalize together with the symbol (letter
of Greek alphabet) they had memorized before watching.
Adolescents of the control group were offered to complete a
similar task after reading a fragment of the picture book.

A significant decrease in the amount and quality of the
information recalled was observed in all experimental groups
of adolescents during reconsolidation after exposure to the
social media interference. Assessment of the significance
of differences in the auditory-speech memory span values
observed in the experimental groups of adolescents before
and after exposure to interference revealed the significantly
decreased values in the groups of adolescents aged 11-12
(o =0.026), 13-14 (p = 0.022), and 15-17 (p = 0.024). Similar
results were obtained when assessing the visual-figurative
memory span. The maximum significant decrease in the
amount of information recalled is reported in the experimental
group of adolescents aged 11-12 (p = 0.024). The visual-
figurative memory span is also decreased in the experimental
groups aged 13-14 (p = 0.022) and 15-17 (p = 0.021) (Fig. 3).

The quantitative indicator of the amount of information
recalled and the information content are modified in the
context of social media interference. The group of subjects
aged 11-12 replace the stimulus words to be recalled by the
names of objects or produced speech (words) from the videos
constituting the visual-speech content. Elements of the videos
constituting the visual-acoustic content are also reported in
the visual imagery recalled (particular movements resembling
the contours of the figures recalled, contours of the displayed
objects, etc.). In the group of adolescents aged 13-14 and
15-17, the qualitative transformation of the information recalled
occurs primarily in the form of reduction. The interfering social
media contents “blocks” the information content consolidated
before the interference exposure. This, in turn, results in the
loss of information content.

A significant decrease in the amount and quality of
information recalled after exposure to the text reading
interference is also reported in the control groups of adolescents.
Assessment of differences in the auditory-speech memory
span values obtained in the control groups of adolescents
before and after the exposure to interference has revealed the
significantly decreased values in the group of adolescents aged
11-12 (p = 0.044), 13-14 (p = 0.049), and 15-17 (p = 0.047).
Similar results have been obtained when assessing the visual-
figurative memory span. The maximum significant decrease in
the amount of information recalled is observed in the control
group of adolescents aged 11-12 (p = 0.042). The visual-
figurative memory span is also significantly decreased in the
groups aged 13-14 (p = 0.044) and 15-17 (p = 0.044) (Fig. 4).

In the context of interference provided by reading the text
with illustrations, the quantitative reduction of the amount
of information recalled is observed along with the modified
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qualitative context. Adolescents aged 11-12 in the control
group replace the stimulus words recalled with the names of
objects presented in the illustrations to the text they have read.
They also record the elements of illustrations in the recalled
visual images. In the groups of adolescents aged 13-14 and
15-17, the qualitative transformation of the information recalled
occurs primarily in the form of reduction. The interfering
content of the recently read text “blocks” the information
content consolidated before the interference exposure, just
like the recently viewed video content. This is the cause of the
information content loss.

Assessment of the significance of differences showed that
the decrease in both auditory-speech and visual-figurative
memory span was more pronounced in the experimental
groups of adolescents where watching video content was
used as interference compared to the control group where
interference was provided by reading the fragment of the
fiction picture book. In adolescents aged 11-12, significance
of differences (p) between the indicators of auditory-speech
memory was 0.021, and that of visual-figurative memory was
0.024; in adolescents aged 13-14, significance of differences
between the indicators of auditory-speech memory was
0.024, while that of visual-figurative memory was 0.024;
in adolescents aged 15-17 significance of differences in
auditory-speech memory between the experimental and
control groups was 0.019, and that of visual-figurative
memory was 0.018.

The findings indicate more severe interfering effects of video
content compared to reading textual information.

DISCUSSION

According to the review of domestic and foreign studies [15],
the findings do not allow us to speak about the unified and
consolidated effects extending to the whole population of
children and adolescents. The authors of the review believe
that the lack of definitive evidence of the effects of digital
technology, including social media, is due to non-linear and
differential effects. The power of these effects depends on the
number of factors: individual characteristics, intensity of using
the technologies, and socio-economic characteristics of the
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Thus, the findings should be included in the programs of
mental hygiene and development of the younger generation
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reality itself, but its unconscious and uncontrollable effects on
the fundamental mechanism that links the short-term and long-
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