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REVIEW | INFECTIOUS DISEASES

THE SPECIFICS OF ENCEPHALITIS AFTER COVID-19

Bobrov MP'&, Vloitenkov VB'?, Ekusheva EV'?, Kiparisova ES'

" Postgraduate Education Academy of the Federal Scientific and Clinical Center for Specialized Types of Medical Care and Medical Technologies, Federal Medical
Biological Agency, Moscow, Russia

2 Pediatric Research and Clinical Center of Infectious Diseases, Federal Medical Biological Agency, St. Petersburg, Russia

% Belgorod State National Research University, Belgorod, Russia

Encephalitis is a group of acute infectious diseases affecting the substance of the brain. They often lead to disability or death, and, therefore, require urgent medical
attention. The article discusses the etiology, pathogenesis, and clinical picture of encephalitis, with special attention to the course of this disease after the COVID-19
pandemic. We note the growing number of encephalitis cases, especially of autoimmune variety and those caused by herpes. The possible reason behind this trend
is the disruption of operation of the immune system brought by COVID-19, which manifests as a cytokine storm, neuroinflammation, and autoimmune reactions.
There are cases of COVID-19-dependent encephalitis described. The pathways taken by SARS-CoV-2 to penetrate into the cells of the central nervous system
have not yet been fully studied, although there are hypotheses that this happens both trans-synaptically through mechanoreceptors and chemoreceptors of the
respiratory system into the medulla oblongata, and through receptors of the angiotensin converting enzyme 2.
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OCOBEHHOCTU TEYEHUSA 3HLE®ANIUTOB MOCJE NEPEHECEHHON HOBOW KOPOHABWPYCHOM
MH®EKLIMN COVID-19

M. M. Bobpos'™, B. B. BoiTteHkos'?, E. B. Ekywesa'?, E. C. Kunapucosa'

" Akagemmns NOCTAMMIIOMHOMO obpasoBaHma PeaepanbHOrO HayYHO-KIMHMHECKOTO LIEHTPa CNeLmannanpoBaHHbIX BUAOB MEAMLIMHCKOM MOMOLLM U MEOVLIMHCKIX
TexHonorui GefepansHOro Meanko-bronornieckoro areHTcTea, Mockea, Poccus
2 [leTCKUN HayYHO-KIMHUYECKUIA LIEHTP MHDEKLMOHHbIX 60ne3Hen ®PMBA Poccuin, CaHkT-MNetepbypr, Poccus

3 BenropoACKUIA rocyAapCTBEHHDIA HALMOHABbHBIN UCCNER0BATENLCKUIA YHUBEPCUTET, Benropoa, Poccust

OHuedannTbl NpeacTaBnAlT cobon rpynmny OCTPbIX MHAPEKUMOHHBIX 3ab0neBaHnii, NOPakatoLLMX BELLECTBO rON0BHOrO mMo3sra. OHM 4acTo NPUBOAAT K
VHBaNIMOHOCTY UMW NETanbHOMY UCXOOY M B CBSI3W C STUM TPEOYIOT HEOTNOXHON MeaULWHCKOM MOMOLLM. B cTaTbe paccMOTPeHb! 3TUOMOMMs, naToreHes n
KNMHMYecKkasa kapTuHa aHUedanntoB. Ocoboe BHUMaHWE yaeneHo TedeHmo sHuebanmtoB nocne naHgemun COVID-19. OTMeveH pocT umcna sHuehanmTos,
OCOBEHHO Ccpeau ayTOUMMYHHbIX SHLEe(anMToB, 3HLEe(aMToB, Bbi3BaHHbIX reprec-Brpycammn. BeposTHo, aTa TEHAEHUMS CBsi3aHa C TeM, YTO B3aMMOLEVCTBIE
Bupyca COVID-19 ¢ opraHn3mMoM NprBOAUT K HapyLLEHWIO paboTbl UMMYHHO CUCTEMbI, YTO MPOSIBASIETCS Pa3BUTUEM LIMTOKVHOBOIO LUTOPMA, HepoBOCTaneHnemM
1 pasBUTUEM ayTOMMMYHHOW peakuun. OnmcaHbl cnydan passutns COVID-19-3asucumoro aHuedanuta. MexaHnambl NpoHMkHOBeHMSA Bupyca COVID-19 B
KNETKN LEHTPANBHON HEPBHOW CUCTEMBI ELLLE HE 10 KOHLIA M3YyYeHbl, XOTS M CYLLECTBYIOT rMNoTEe3bl, 4TO 3TO MPOUCXOOUT Kak TPAHCCUHANTUYECKUM NyTeM Yepes
MeXaHOPeLEnTopbl 1 XeMOPELENTOPbl PECMMPATOPHON CUCTEMbI B MPOAOCNTOBaTbIA MO3I, Tak 1 Yepe3 PeLenTopbl aHMMOTeH3MHNPeBpaLLatoLLero epmenTa 2.

KntouyeBble cnosa: aHuehanmt, COVID-19, HeMpOUHMEKLMS, ayTOUMMYHHbI SHLIedanuT
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Encephalitis is an acute inflammation of the brain tissue [1].
The urgency of discussion of this subject is substantiated by
the severe course of the disease, need for emergency medical
care, sometimes without delays, and the possible disability
or lethal outcomes [2]. Understanding the etiology, links of
pathogenesis, and knowing the clinical picture of encephalitis,
a clinician can correctly diagnose the condition and initiate the
necessary therapy.

Among neuroinfections, the share of encephalitis varies
from 3.8 to 65%; this wide a range can probably be explained
by the epidemiological situation in a given region and availability
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of advanced laboratory and diagnostic equipment therein [3-5].
Encephalitis is a polyethological disease, but its most common
pathogens are viruses [5, 6]: they make up to 90% of all
cases [4]. The prevailing varieties thereof are the tick-borne
encephalitis (TBE) virus, enteroviruses (various strains of
Coxsackieviruses and ECHO viruses), and herpes virus [7].
Autoimmune encephalitides (AIE) form a group of their
own. They are characterized by an autoimmune inflammatory
process in the brain and production of antibodies to extracellular
or intracellular structures of the central nervous system [8]. The
most common AIE is anti NMDAR encephalitis [9]. The known
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reasons triggering autoimmune process in the context of this
diseases are neoplasms and herpetic encephalitis [10].

The clinical picture of encephalitis includes a general
infectious syndrome (weakness, fever, myalgia, arthralgia),
a cerebral syndrome (nausea, vomiting, dizziness), and focal
symptoms [11]. Depending on the cause, the prevailing
conditions may be flaccid paralysis of upper limbs and neck
(associated with tick-borne encephalitis) [12], oculomotor
disorders (Von Economo encephalitis) [13], or mental disorders
(autoimmune encephalitis) [14].

The purpose of this literature review is to analyze the course
of encephalitis against the background of the new coronavirus
infection, and to compare the respective data with those
describing the pre-pandemic period.

Main part

The state of the person's immune system plays an important
role in the pathogenesis of various forms of encephalitis. Over
the past 3 years, the world has seen the COVID-19 pandemic
brought by SARS-CoV-2.

In addition to the damage to respiratory system, COVID-19
caused extrapulmonary complications under the influence of
several factors: a long-lasting inflammation; persistence of
the virus or parts thereof in organs with possible reactivation
of inflammation; production of antibodies that cross-respond
with body tissues; development of coagulopathies [15]. The
growth of neurological complications, including encephalitis,
is natural. One of the pathways of damage to the central
nervous system (CNS) may be through the link between SARS-
CoV-2 and receptors of angiotensin-converting enzyme 2
(ACE 2), which are common in neurons and glial cells of the
CNS [16]. Another considered pathway involves transsynaptic
penetration into medulla oblongata through mechanoreceptors
and chemoreceptors found in the lungs [17].

The analysis of data from 23 sources, which covered about
130,000 COVID-19 patients, showed that the proportion of
patients with encephalitis is about 0.215%, while mortality is
13.4% [18]. Among all patients with neurological symptoms,
the share of encephalitis ranges from 13 to 40% [19].
Neuroimaging scans of 127 patients revealed the following:
86 patients had nonspecific COVID-19-associated
encephalitis; 13 — acute demyelinating encephalomyelitis;
4 — acute necrotic encephalopathy; 9 — limbic encephalitis;
5 — Bickerstaff brainstem encephalitis; 13 — encephalitis with
focal or diffuse leptomeningeal disorders; 26 — concomitant
encephalopathy and encephalitis with other clinical and
morphological findings [19].

The symptoms registered in patients with encephalitis
during the acute phase of COVID-19 were seizures (29.5%),
confusion (23.2%), headache (20.5%), disorientation (15.2%),
and a change in mental status [20]. In over half of the cases
considered, laboratory examination revealed changes visible
on MRI scans, EEG records, and in composition of the
cerebrospinal fluid [20, 21].

COVID-19-associated encephalitis can develop a few weeks
after the acute phase of the disease. A clinical case report [22]
describes acute hemorrhagic leukoencephalitis in a 46-year-
old patient who, after hospitalization with confirmed COVID-19,
was discharged for quarantined treatment at home. Five weeks
later, he was urgently taken to the hospital with complaints of
headache and impaired consciousness. His neurological status
included depression of consciousness (up to 11 points on the
Glasgow Coma Scale), upper left limb plegia and lower left
limb paresis (up to 3 points), while the tendon reflexes were

preserved. Computed tomography revealed multifocal non-
hemorrhagic lesions in both hemispheres of the brain, MRl —
lesion of white matter in the bilateral frontal, parietal lobes,
left thalamus, left cerebral peduncle and medulla oblongata.
Lymphocytic pleocytosis with increased protein content was
observed in the cerebrospinal fluid. The patient was prescribed
intravenous administration of 1 g of methylprednisolone per
day for 5 days. After 5 days, against the background of
deterioration of the patient's condition, new MRI scans were
made, and they showed greater number of lesions, now
hemorrhagic, and edema with trunk wedging. The treatment
plan was extended with reinforced decongestive therapy
and a trepanation, but the patient died on the same day. A
meta-analysis of the reported cases of acute hemorrhagic
leukoencephalitis showed that their amount has grown
compared to the pre-pandemic period, and the number of the
associated deaths was up to 32% [23].

Herpes encephalitis (HE) is one of the most common
varieties of the disease [24]. Typically, infection with a herpes
virus occurs at an early age. It penetrates into the cell, release
proteins, viral DNA, and begins production of new viral units
[25]. Immune system triggers cellular immunity, which involves
activation of CD8+ T cells, differentiation of CD4 cells into
T helpers, production of humoral immunity elements (IFN-y,
IL-2, TNF-a), and activation of B lymphocytes. As a result,
virus replication slows down and it becomes latent, persisting
in sensory and sympathetic ganglia. A possible pathway to
development of HE is retrograde transport of virus particles
along the fibers of the olfactory or trigeminal nerves [26]. With
CQOVID-19 in the background, CD 8- and CD 4- cells are
depleted, gamma interferon production slows down, which
probably leads to increased replication of the herpes virus and
subsequent development of HE [25, 26].

Another consequence of the immune system's reaction to
SARS-CoV-2 is cytokine storm. Some researchers believe that
cytokine storm is a factor in the development of AIE in patients
who had COVID-19 [27, 28]. A meta-analysis revealed that the
most common type of the disease is limbic encephalitis (37%),
followed by anti NMDAR encephalitis (26%). There were cases
of encephalitis registered in vaccinated patients, with 38.5% of
them having AstraZeneca vaccine, 33.8% — Pfizer vaccine,
and 16.9% — Moderna vaccine [29, 30]. The mechanism of
development of this condition after vaccination remains unclear.
Russian vaccines, designed with the negative experience
factored in, were not found to be associated with encephalitis,
therefore, in our opinion, they can be the best recommendation
for prevention of COVID-19 [31].

Influenza can develop complications in the form of influenza-
associated encephalitis [5]. It was reasonable to expect that
in the epidemic season of 2022-2023, in a population whose
immunity has been weakened and modified by repeated
infection with SARS-CoV-2, there will be more cases of damage
to the nervous system done by the influenza virus. A group of
researchers examined a Romanian cohort of children aged 1-6
years (n = 301), comparing the frequency of such cases with that
registered during the previous epidemic seasons. They found
that the 2022-2023 flu season was characterized by a large
number of coinfections (viral, bacterial, fungal, and parasitic),
which were more severe, with longer hospital stays and more
complications (p < 0.05); moreover, the patients received
oxygen therapy for significantly longer periods of time (p < 0.05),
and none of them was vaccinated against influenza [32]. The
researchers concluded that a history of COVID-19 aggravates
flu, at least in minors, especially among young children who are
more prone to developing serious complications. The second
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conclusion of this study is a recommendation to encourage the
widest possible flu vaccination.

The data obtained are of great interest from a fundamental
point of view: it is well known that during the COVID-19
pandemic, the incidence of influenza significantly decreased
throughout the world [33]. Moreover, the curve of incidence of
all other airborne infections dropped [34, 35], and there were
similar trends registered for infections transmitted otherwise (in
particular, HIV and hepatitis B) [36]. SARS-CoV-2 was assumed
to actively suppress circulation of other infectious agents during
the pandemic, but currently, we are witnessing a return of other
nosological forms, and, as we tried to highlight in this work,
there are noticeable changes in their patterns and character of
damage to the CNS.

There is no doubt that any encephalitis should be treated
immediately. The common approach is to identify its etiology,
cause, and begin etiotropic treatment [11, 37-40], adding
pathogenetic and symptomatic therapy. It is also necessary
to account for the possibility of a more severe course of the
disease in people with a history of COVID-19.
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MODERN APPROACHES TO ASSESSMENT OF MINIMAL RESIDUAL DISEASE IN MULTIPLE MYELOMA
(PLASMA CELL MYELOMA) CASES
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The treatment of multiple myeloma is inextricably linked to the need for assessment and monitoring of the minimal residual disease (MRD). Assessment of the
MRD allows evaluating the efficacy of therapy and obtaining significant prognostic information; it is an indicator of the degree of eradication of the tumor clone. The
methods for detecting residual tumor cells evolve constantly, which translates into updates of the criteria reflecting the scale of response to therapy. There is no
single MRD detection technique; common recommendations suggest seeking for pathological cells both intramedullary and extramedullary. This review describes
current MDR determination methods, including imaging, next generation multiparametric flow cytometry, and methods based on DNA analysis — allele-specific
oligonucleotide polymerase chain reaction and next generation sequencing. We compare their advantages, limitations, disadvantages, clinical significance, and
show the necessary sensitivity thresholds of the described methods and the conditions that make this or that approach ideal in the context of detection of MRD.
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COBPEMEHHbIE Noaxoabl K OLEHKE MUHUMAJIBHOW OCTATOYHOW BEOIE3HA
MPU MHOXXECTBEHHO MUENOME (M/TA3MOKJ/TIETOYHON MUEJIOME)

T. B. Masarosa =, E. P. LLnnosa, C. C. beccmenbLies
Poccuinckuin Hay4HO-MCCNEROBATENLCKUN MHCTUTYT FeMaTonorn 1 TpaHcdyauonorun PeaepansHOro Meanko-61monorn4eckoro areHTcTsa, CaHkT-MNetepOypr, Poccunst

JleveHne MHOXXeCTBEHHON Mrenombl (MM) HepaspbIBHO CBA3AHO C HEOBXOANUMOCTBIO OLIEHKIM I MOHUTOPUPOBAHWS MUHUMAaIbHOM ocTaToqHoi 6onesHn (MOB).
OnpepneneHve MOB sBnsieTcs BaxxHOW 3aaadeit, no3sonsioLlen 6onee rnyboko oLeHWUTb 3DMEKTUBHOCTL Tepanin, nosy4nTe 3HAYMMYIO MPOrHOCTUHECKYHO
MHDOPMALMIO, U SBAISIETCS ONPEAENSOLLM KPUTEPUEM CTEMEHN 3paavKaLM OrnyxoneBoro KioHa. 310 00yCroBMBasT HEOOXOAVMOCTb COBEPLUEHCTBOBAHMS
METO/IOB BbISIBAIEHNS OCTATOYHbIX OMyXOSEBbIX KIIETOK W MPUBOAUT K OBHOBMEHMIO KPUTEPUER ONpeaeneHst rybuHbl OTBeTa B COOTBETCTBUM C ypoBHeM MOB.
B HacTosiLLiee Bpemsi He CyLLECTBYET eayHOro metofa obHapy»keHnst MOB, pekoMeHayeTCs UCMOoNb30BaTh Kak MHTPaMELyIspHYIO, Tak 1 SKCTpamemyisipHyio
LETEKLIO MaTONOMMYECKIX KNETOK. B 0630pe onvcaHbl coBpemMeHHble MeTomp! onpeneneHst MOB, BkoYas MeETOLb! BU3yanm3aLyin, BbiSBIEHNE OCTATOMHbIX
OryX0neBbIX KIIETOK B 06pasLiax KOCTHOro Mo3ra v neputhepuHeckoit KpoBIM C MCNob30BaHeM MHOronapaMeTpruHeckor NpPoToYHo umtomeTpun (ML), B Tom
yumcne Hoeoro nokoneHust (NGF), n meTofpl, ocHoBaHHble Ha aHanmade JHK — annenb-cneumnduyHas onMroHykneoTuaHas nonMMmepasHas LienHas peakumsa (ACO-
MUP) n cekseHnpoBaHune HoBoro nokonenvs (NGS). MNpoBeneH CpaBHUTENbHBIM aHaN3 UX NMPEVMYLLECTB, OrPaHNYeHniA, HeLOCTaTKOB 1, COOTBETCTBEHHO,
KIIMHMYECKOMN 3HAYMMOCTY. IMokasaHbl HeOOXOAMMbIE MOPOTH YyBCTBUTENBHOCTU OMNMCLIBAEMbIX METOAOB U CUTYaLMK, B KOTOPbIX NMPUMEHEHWE TOrO MM MHOTO
MeToAa ABNAETCS ONTUMasbHbIM Anst AvarHocTukn MOB.

KntoyeBble cnoBa: MHOXXECTBEHHas! M1enoMa, MUHUMabHas OcTaToqHast 6onesHb, MEeTOAbl OLUEHKW, NPOTOYHaA LIMTOMETPUSA, CEKBEHNDOBaHME HOBOIo NOKOIEHNA

Bknap aBTopoB: T. B. [MagaHoBa — pa3paboTtka KoHLenumn, c6op 1 aHanus nutepatypsl; E. P. LLiInnoBa — pegakTupoBaHve TekcTa, NOAroToBKa PyKOnmucu;
C. C. beccMmerbLeB — pefakTpoBanmne TeKCTa, YTBEPXKAEHNE OKOHYATENBHOrO BapuaHTa cTaTbu.
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Multiple myeloma (MM) is a B-cell malignant tumor, the
morphological substrate of which are plasma cells producing
monoclonal immunoglobulin. In 2017, World Health Organization
(WHO) replaced "multiple myeloma" with "plasma cell myeloma"
in its registers. However, in the context of the 5" Edition of the
World Health Organization Classification of Hematolymphoid
Tumors (2022), experts discussing mature lymphoid and
histiocyte-dendritic cell neoplasms strongly supported the term
"multiple myeloma" rather than "plasma cell myeloma," and thus
it was adopted in the International Consensus Classification of
Mature Lymphoid Neoplasms [1]. Therefore, in this article, we
call the considered disease "multiple myeloma," as is habitual
for hematologists.

It is generally recognized that monitoring of minimal
residual disease (MRD) in multiple myeloma cases, which
aims at detecting subclinical amounts of myeloma cells after
successful antitumor therapy, is an important task that allows a

more in-depth assessment of the said therapy's efficacy, adds
significant prognostic information regarding overall survival (OS)
and progression-free survival (PFS) of MM patients, and yields
data needed to establish the degree of eradication of the tumor
clone. In this connection, improvement of the methods for
detecting residual tumor cells is a continuous effort, and the
categories of degree of response in accordance with the MRD
level are being constantly updated [2—4].

In recent years, MRD detection methods have been
developing rapidly, and their sensitivity and applicability have
expanded significantly. To improve the sensitivity of myeloma
cell detection, there were developed new high-performance
bone marrow (BM) aspirates evaluation methods, including
multiparametric  flow cytometry (MFC), allele-specific
oligonucleotide qualitative polymerase chain reaction and next-
generation sequencing (NGS). These methods enable quick
examination of several thousands to a milion BM cells or the

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS



corresponding amount of DNA in a single test, thus quantifying
the residual tumor cells in BM.

It is known that MRD-negative (MRD(-)) patients will
inevitably relapse, and in some of them, neither MFC nor PCR
can detect tumor cells, which supports the need for further
efforts to standardize and improve MRD diagnostics.

A lower MRD detection cutoff value peculiar to the sensitive
types of examination, such as NGS or highly sensitive MFC,
will further improve disease prediction capabilities [5, 6]. For
example, using NGS and allocating patients into 3 groups by
time to progression (TTP), a group of researchers has shown
that people with high (< 109), intermediate (10°-107), and
low (> 107 levels of MRD can have significantly different TTP
(27, 48 and 80 months, respectively) [5]. Thus, currently, 10 is
the threshold for affirmation of an MRD-negative status.

In 2016, the International Myeloma Working Group (IMWG)
published the following MRD(-) status criteria [7]:

e persistent MRD(-) status, i.e., MRD negative results of
BM cells examinations with NGF and/or NGS and PET-CT,
persisting for 1 year;

e MRD(-) status confirmed by flow cytometry, that is,
absence of aberrant phenotype clonal plasma cells (PCs) in BM
aspirates according to NGF that follows the standard EuroFlow
operating procedure (or an equivalent validated protocol),
minimum sensitivity of 107 or higher;

e MRD(-) status confirmed by sequencing, i.e., absence
of clonal PCs in the results of NGS of BM aspirates, with
clone presence defined as less than two identical readings in
BM aspirates' DNA sequences established with a minimum
sensitivity of 107 or higher;

e MRD(-) status confirmed by NGF or NGS plus
disappearance of each area of increased absorption of the
marker that was detected initially or by previous PET-CT, or a
drop of the number thereof below the mediastinum SUV value,
or below normal.

This review aims to comparatively analyze the advantages,
limitations, disadvantages, and clinical significance of the
current MRD assessment methods, and describe conditions
making this or that method optimal in a given clinical situation.

MRD assessment methods in multiple (plasma cell)
myeloma cases

Serological methods of identification of tumor clone

In MM cases, tumor load is diagnosed and monitored through
identification of free light chains (FLC) in serum and urine [8].
Currently, assessment of serum FLC k and A is one of the
routine tests, especially for patients with nonsecretory and
oligosecretory myeloma and AL-amyloidosis [9].

Back in 2006, IMWG group included normalization of
the FLC level and absence of clonal myeloma cells in BM
biopsies sampled from MM patients, as established by
immunohistochemistry and/or immunofluorescence, in the
list of more stringent criteria defining complete response (CR)
[10]. In diagnostics, FLC ratio is an independent prognostic
factor of aggressiveness of the disease [11], which also helps
stratify patients into risk groups [12]. However, there is still
no single opinion about inclusion of the FLC test into routine
monitoring of MRD in MM patients, because some studies
report contradictory results, even in the context of treatment
response [13, 15]. For example, it was shown that normalization
of the FLC level is not associated with better survival rate in
patients whose CR meets the traditional criteria. In addition,
it was suggested to replace identification of FLC with that of
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heavy chains, which should be considered more a surrogate
marker of immune system recovery than an MRD monitoring
item; moreover, FLC testing was criticized as reliable method of
assessment of MRD in myeloma, although FLC ratio is one of
the response evaluation criteria.

Morphological study

Morphological study of BM is the most common method for
determining tumor load in MM cases. Several large-scale
studies have shown the independent prognostic value of BM
microscopy [16, 17], however, the sensitivity of this method
is limited by the number of cells sampled and variability of
sampling conditions.

Visualization methods

Multiple myeloma differs from other hematological diseases
in the patterns of infiltration of BM with MM cells, which vary
depending on the type of the disease and sampling location.
Moreover, dilution of BM aspirates with peripheral blood can
lead to false negative results. These problems, along with the
possible extramedullary (EM) lesions, complicate interpretation
of results of all MRD tests relying on BM. Therefore, affirmation
of the MRD(-) status may be false. Alternative methods, such as
imaging [18, 19], monitoring of clonogenic MM progenitor cells
[19, 20] or circulating myeloma tumor cells can give additional
information about MRD [2]. Sensitive imaging techniques
enable reliable assessment of small EM lesions due to the high
frequency of EM recurrences in MM cases. Magnetic resonance
imaging (MRI) is the most sensitive non-invasive method of
detection of skeletal bone foci, assessment of prevalence and
nature of soft tissue lesions, and identification of the type of
BM infiltration. Inter alia, MRI is the study indicated in cases
of monoclonal gammapathies of undetermined significance
(MGUS) and smoldering myeloma, as it detects foci measuring
5 mm and, thus, clarifies progression of the tumor process.
However, in the presence of necrosis and inflammation, focal
lesions may remain over-intense in both responding and
non-responding patients, therefore, an unambiguous CR
conclusion based on the results of MRI may be impossible.

While MRI does not allow correctly assessing active foci
after myeloma therapy, positron emission tomography (PET)
has proven its prognostic significance [18, 21] and may be
the most effective method for monitoring MRD in MM cases.
The specific advantage of PET is the ability to identify both
bone marrow and EM lesions, and to separately show tumor
and necrotic tissues. Despite the PET/CT combination being
common in clinical practice, it has a number of problems: not
all MM patients have detectable foci, and interpretation of data
is complicated by heterogeneity of the imaging criteria and
insufficient reproducibility in various studies. Moreover, PET/CT
is not always sufficiently informative because of spatial
resolution limit of 0.5 cm and potential for false negative results
when the level of absorption of fluorodeoxyglucose is very low.
For repeated examinations, it is necessary to factor in radiation
exposure, which is higher than peculiar to radiography and CT
[22, 23].

A more specific PET/CT with fluorodeoxyglucose
("8F-FDG) is considered a standard imaging method for
assessment of efficacy of treatment. Persistence of significant
abnormal "®F-FDG uptake after treatment is an independent
negative prognostic factor, which substantiates the importance
of this MRD diagnostic method when used before starting
maintenance therapy. The definition of complete metabolic
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response as detected by PET has recently been standardized,
and interpretation criteria harmonized. Researchers note
promising results shown by innovative radiopharmaceuticals
(small molecules targeting CXCR4 chemokine receptors,
isotope-labeled CD38 antibodies) as potential theranostics that
are both diagnostic and antitumor agents [24].

Allele-specific oligonucleotide PCR (ASO PCR)

A relapse in an MM patient means that not all clonogenic
malignant cells were destroyed, and there persist residual tumor
cells not detected by the above methods. In this connection,
it is important to use more accurate monitoring techniques
during remission and relapse, namely, molecular biological
methods, including ASO PCR and quantitative real-time PCR.
The tumor marker selected in MM cases for MRD assessment
is the hypervariable region of rearrangement of immunoglobulin
heavy chain genes (IgH). Location of this region and analysis of
the sequence require synthesis of allele-specific oligonucleotide
primers and probes of specific design [25].

In the context of identification of clonal rearrangements of
IgH, ASO PCR allows detecting very small amounts of tumor
PCs with sensitivity of 1 x 10, Unlike qualitative or semi-
quantitative PCR methods, ASO PCR accurately quantifies
MRD. The method involves synthesis of primers complementary
to the junctional region of rearranged IgH genes; they are used
to learn the depth of response in BM samples taken at various
times, which also requires a baseline (taken before treatment)
diagnostic sample.

The advantages of PCR methods of MRD diagnosing are
their sensitivity, accuracy, reproducibility, low DNA amount
requirements, and indispensability in the context of retrospective
studies. On the other hand, they are more complex, expensive,
take longer and reveal only the initial tumor clone. Nevertheless,
detection of tumor markers with the help of PCR is a common
practice in clinical testing of patients for early recurrence or
tumor contamination of hematopoietic stem cells (HSCs) during
autologous transplantation (autoTHSC). Thus, with fully patient-
specific primers/probes, ASO PCR is effective in >90% of MM
patients; the method allows detection of dynamic changes of
MRD during autoTHSC, regardless of the CR established by
traditional accepted methods [26].

NGS

NGS is another technique used to establish the MRD status in
cases of malignant lymphoid neoplasia. It is a quantitative method
based on the use of consensus primers for universal amplification
with sequencing of all rearranged segments of Ig genes found
in the clonal myeloma cells [5, 27]. NGS is applicable in more
than 90% of cases; its sensitivity is <10°. Utilizing automated
data analysis and requiring no expert interpretation relying on
knowledge of the tumor clone's characteristics, this method
can be used in most laboratories. Moreover, such molecular
studies are not affected by genetic heterogeneity and changes
in the clonality of malignant cells occurring during treatment. The
results of NGS can also be interpreted with the aim to identify
subclones and clonal evolution at the MRD stage [4]. However,
applicability of this test in the context of stratification of patients
into risk groups requires additional validation.

MFC

Currently, MFC is one of the main methods for diagnosing
malignant neoplasms, detecting their PCs in BM by aberrant

expression of surface markers in approximately 90% of patients.
The sensitivity of 6-color MFC is 1 x 10* myeloma cells; 8 and
more colors, or markers, increase it up to 1 x 10 tumor cells, and
make the test more specific. The method can also differentiate
the expression of light k or A chains of Ig (IgL) [28, 29]. In recent
years, the sensitivity of MFC has increased to =10° thanks to
simultaneous assessment of 8 or more markers in one tube, which
allows identifying aberrant PC phenotypes while assessing MRD
and counting the sufficient number of cells (= 5 x 109 [30-32].
Invention of flow cytofluorometry that can detect up to 30 markers
simultaneously increased the number of fluorochromes that can
be used in one tube, as well as the number of cells examined.

MFC also allows evaluating the role of tumor microenvironment
in plasma cell diseases [33] and identifying the possible
therapeutic targets on malignant PCs [34].

There have been described many surface markers signaling
difference between tumor PCs from normal ones. The most
common are CD138, CD38, CD45, CD56, CD19, and cytoplasmic
k and A Ig light chains. Additional diagnostic markers, many of
which are characterized by aberrant expression on the PC, are
CD20,CDh27,CD28, CD81,CD117 and CD200 [35]. In the context
of monoclonal antibodies therapy against CD38 or CD138, CD54,
CD229, CD319 may be useful. However, heterogeneity of the
expression of these markers, differences in the number of studied
events and analysis strategy complicate interpretation of results of
various studies and add contradictions thereto [36].

MFC has known value in prediction of results of autoTHSC.
Many researchers note that MFC-confirmed 100" day
MRD(-) status of patients after autoTHSC is one of the most
important predictors of disease outcome, and it is associated
with a statistically significant improvement of the PFS indicator
regardless of the cytogenetic characteristics [6, 37, 38].

According to a study, 58% of the patients who underwent
autoTHSC and received lenalidomide maintenance therapy for
1 year achieved CR, and 68% of them were MRD(-) according
to the results of MFC. At the three-year mark, PFS was 77%,
and OS 100%. None of the patients who became MRD(-) had
a relapse after 39 months (median value) [35].

However, there are factors that limit efficacy of MFC: quality
of BM samples (should be high), no standard MFC protocols and
variable sensitivity, contents of the monoclonal antibody panels
and level of execution in various laboratories [39]. Moreover, first
generation MFC is not as sensitive as ASO PCR and NGS.

Next generation MFC

Considering the many options of execution of MFC test, the
unified MRD definition criteria should be established by a
consensus [40]. A consortium of EuroFlow and IMWG have
developed next generation MFC, or NGF (next generation
flow), which is more sensitive, relies on a new design, and
allows counting larger number of cells. There was created and
validated eight-color antibody panel for MM diagnostics: 1t
tube — CD45/CD138/CD38/CD56/B2 microglobulin/CD19/
cylgkappa/cylglambda, 2™ tube — CD45/CD138/CD38/
CD28/CD27/CD19/CD117 [41], with 4 basic markers (CD38,
CD138, CD45, CD19) and 8 additional ones for subsequent
identification, counting and characterization of tumor PCs.
This method allows simultaneous analysis of up to 10° cells.
Software algorithms have also been developed for automatic
identification of clonal PCs (i.e. MRD) in BM samples.
International Myeloma Working Group approved NGF as
a reference method for establishment of immunophenotypic
CR in MM cases. lts sensitivity is up to 2 x 107, surpassing
that of the previous MFC tests (10%-10), but it strongly
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Table. Comparison of MRD assessment methods utilizing BM samples [7]
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ASO PCR

MFC NGS

Applicability 60-70%

About 100%

>90%

Yes, requires synthesis of

Need for baseline sample patient-specific probes

No, tumor PCs can be identified in any
sample by their phenotypic differences
with normal PCs

Baseline samples are needed for
identification of the dominant clone;
alternatively, the initial state can be learned
from stored samples with tumor cells

Sample requirements < 106 cells

> 5 x10° cells

< 106 cells, greater amount increases
sensitivity

May be delayed; works with fresh

Sample processing and stored samples

Study within 24-48 hours after
sampling

May be delayed; works with fresh and
stored samples

Impossible. Requires additional

Sample quality control studies

Immediate, with global analysis of
BM cell

Impossible. Requires additional studies

Sensitivity >1in 10° cells

>1in 10° cells

>1in 10° cells

Additional information

about contents of the sample None

Detailed information on the content of
leukocyte populations

Information about the repertoire of Ig
B-cell genes in the studied samples

Duration and complexity of
execution

Requires synthesis of patient-specific
primers/probes; may take several days

Takes a few hours, relies on an
automated data processing system

May take several days, requires
significant bioinformatics support

Completed for other diseases

Standardization (EuroMRD), can be done for MM

Standardized by EuroFlow

Work in progress

Widely available, there are about 60
EuroMRD member laboratories that
undergo quality control twice a year

Availability

Most clinics have flow cytometers
(4 or more colors). Many laboratories
use EuroFlow protocols and kits.

Limited to one company/platform

depends on the correctness of identification of the pathological
immunophenotype, which translates into the need for highly
qualified specialists [42].

Next generation flow cytometry was shown to perform
better than NGS, although on a small amount of data [40]. In a
series of experiments, researchers compared the two methods:
they used both to test for MRD samples from MM patients that
underwent autoTHSC 3 months ago. The specific protocols
were LymphoTrack® (NGS) and EuroFlow (NGF). The experiment
has shown high correlation between the methods (- = 0.905),
although it was concluded that NGF was the preferred one for the
task. Three-year PFS, according to NGS and NGF, was higher in
MRD(-) than in MRD(+) patients (NGS: 88.7 vs. 56.6%; NGF: 91.4
vs. 50%; p < 0.001 for both comparisons), which translated into
better 3-year OS (NGS: 96.2 vs. 77.3%; NGF: 96.6 vs. 74.9%,
p < 0.01 for both comparisons). In the Cox regression, MRD(-)
status meant similar results of both NGS and NGF tests, but the
latter was the preferred one considering PFS (RR: 0.20, 95% ClI:
0.09-0.45, p < 0.001) and OS (RR: 0.21, 95% CI: 0.06-0.75,
p = 0.02). These results confirm that sensitivity of MFC can be on
par with that of molecular methods [43].

Currently, NGF enables the shift to the new phase of
quantification of residual disease, replacing "minimal" with
"measurable" in MRD [44].

The use of therapeutic drugs based on CD38 antibodies,
such as daratumumab [45], which weaken the expression of
CD38 antigen on PCs, gave rise to the need for alternative
markers enabling identification of normal or neoplastic PCs.
For this purpose, CD269, CD319, CD229 and CD54 markers
proved to be informative, as they allowed identifying PCs in
more complex samples, including long-stored ones [29]. It
should be noted that monoclonal antibody therapy does not
have such an effect on the results of NGS.

Comparison of methods

Each of the described MRD assessment methods (based on
the PC phenotype and/or genotype) has both advantages and
disadvantages that should be taken into account (Table).
There is a study [46] that compares applicability, sensitivity
and prognostic significance of ASO PCR and MFC for MRD
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assessment, which involved 170 MM patients who responded
to therapy at least partially [46]. Ultimately, data from only 42% of
PCR tests were used, the reasons being lack of detected clonality
(18%), sequencing failures (10%), and suboptimal characteristics
of the ASO PCR results (30%). The comparison of MRD
assessments by PCR and MFC revealed a significant correlation
of the results delivered by both methods (- = 0.881). The results
of PCR allowed allocating patients with CR into 2 risk groups with
different PFS (49 vs 26 months, p = 0.001) and OS (not achieved
vs 60 months, p = 0.008). Although less widely applicable than
MFC, ASO PCR enables evaluation of the effectiveness of therapy
and stratification of MM patients into risk groups [46].

The prognostic capacity of these methods has also been
compared in the context of the emerging new approaches to
MM therapy and novel drugs [47]. The survival curves produced
by both methods were almost identical, with very high MRD
assessment prognostic values for both intensively and non-
intensively treated patients, which confirms the significance of
both methods in prediction of results of the therapy. However,
neither method can detect EM relapses in 100% of cases.

Thus, ASO PCR and MFC are reliable methods for monitoring
the effectiveness of treatment. They can support accurate
predictions of the outcomes for patients who underwent
autoTHSC and those who did not. ASO PCR has greater
sensitivity, but MFC is more common. MFC should be considered
the method of choice for assessment of MRD in MM cases, and
molecular methods can be regarded as additional tools until clear
demonstration of their comparative advantages [48].

Real time PCR has greater sensitivity compared to MFC,
but the latter is simpler and faster, so they can complement
each other in MRD testing. A study [49] has shown a significant
correlation between MRD assessment with the help of real-time
PCR and by CD138 expression.

Results of the RV-MM-EMN-441 study show that in patients
who underwent auto THSC, the value of MRD is lower than in those
who received cyclophosphamide + lenalidomide + dexamethasone.
The progression of MRD was preceded by clinical manifestations of
a relapse with a median of 9 months, and biochemical signs thereof
with a median of 4 months. The assessment of MRD by both MFC
and real-time PCR allowed allocating patients to a low-risk group
and improving characterization of the effect of therapy [50].
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An ideal MRD testing method should meet a number of
requirements, including: high degree of applicability (usable in most
cases), high sensitivity and specificity, good executability, availability,
short duration, low sample requirements (low amount thereof, simple
transportation), reproducibility, proven clinical significance, and cost-
effectiveness. A significant disadvantage of the sequencing-based
molecular methods is the need for a baseline sample, which is
used to establish tumor-specific sequences. Currently, there are
no methods that fully satisfy these ideal criteria, but the NGS and
NGF meet most of the given requirements [5, 27, 51].

MRD assessment using peripheral blood

Typically, clonal PCs are localized in BM, but sensitive methods
can detect small amounts of them in the peripheral blood of
most MM patients. Circulating tumor cells usually mean worse
PFS and OS. MFGC-enabled test for PCs in peripheral blood
returned negative for patients with CR and positive in those
who suffered a relapse [52].

Small amounts of tumor cells circulating in peripheral blood can
also be detected by molecular genetic methods. Although ASO
PCR was shown to give significantly lower MRD values in preipheral
blood tests than BM studies, patients that underwent autoTHSC
and whose test returned negative, 3 months after the operation had
better PFS (median 15 months vs 4 months) and OS (median 52
months vs 17 months) values [53]. Sequencing-enabled monitoring
of clonotypic cells in peripheral blood helped detect MM recurrence at
its early stage. Results of another study of ASO PCR's capabilities
showed that this method allows detection of myeloma cell clones
with occurrence of less than one cell per 10° leukocytes; allin all, the
researchers found myeloma cells in the peripheral blood of 96% of
patients [54]. Despite the correlation between MM clone value in
parallel studies of BM and peripheral blood samples, none of the
patients in the described studies reached complete remission.
Several studies investigated DNA of circulating cells, searching
for small amounts of residual tumor cells, which enables tracking
of individual tumor clones [55, 56].

CONCLUSION

Given the importance of determining the MRD status of
MM patients in the context of production of novel drugs,
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Tolerance to food antigens is essential for body’s sustainable development under constant antigenic load. Specific IgG against food antigens have been extensively
studied in the literature over the recent years. The presence of those associated with various disorders and introduction of elimination diets for certain food products
result in good treatment outcomes related not only to the gastrointestinal tract. Investigation of the impact of the long-term IgG-mediated hypersensitivity to food
antigens associated with the increased blood-brain barrier permeability is also relevant when studying pathogenesis of the central nervous system disorders.
However, identification of specific IgG in the generally healthy people having no history of allergy or inflammation currently provides no clear understanding of their
nature and functional significance. Specific IgG are of great interest in terms of predicting the development of functional disorders, remission and treatment of
disorders, changes in susceptibility to food antigens at certain age. The results of specific IgG studies are equivocal, which confirms the need to study their structure,
epitopes capable of activating autoimmune processes considering the combined effects of medication, environmental conditions and social living conditions. The
paper provides the analysis of the currently available research focused on studying specific IgG against food antigens. The data on identification of specific IgG in
individuals with various disorders are provided, as well as the gender-related and age-related differences in antibody detection, the relationship between the antibody
levels and the rate of food product consumption.

Keywords: food antigens, specific IgG, anergy, tolerance, atopy

Funding: the study was supported by the RSF grant (project Ne 22-25-20145 “Exploring the Mechanisms Underlying the Effects of Tolerance to Food Antigens
on the Glucose Utilization”.

Author contribution: Patrakeeva VP — study planning, collection and review of papers, manuscript writing; Schtaborov VA — collection and review of papers;
Alesich RS — collection and review of papers.

><] Correspondence should be addressed: Veronika P. Patrakeeva
Nikolsky prospect, 20, Arkhangelsk, 163020, Russia; patrakeewa.veronika@yandex.ru

Received: 12.09.2023 Accepted: 08.11.2023 Published online: 27.11.2023
DOI: 10.47183/mes.2023.049

YPOBHU CNEUNPUNYHDBIX IGG K NMALLEBbIM AHTUTEHAM B HOPME U NMPU NATOJ1I0I N
B. M. Matpaxeesa ™, B. A. LLITaGopos, P. C. Anecuy

depepanbHbIn UCCNEe[OBaTENLCKUA LIEHTP KOMMIEKCHOrO U3yHenHnst APKTUKK nMeHn akagemuvka H. M. JlaBéposa Ypansckoro otaeneHns Poccuinckon akagemum
Hayk, ApxaHrensck, Poccus

TonepaHTHOCTb K MULLIEBLIM aHTUreHaM — HeobxoauMoe ycnosue Ans (DOPMMPOBaHMS YCTOMYMBOMO Pa3BUTUS OpraHn3ma npyu MOCTOSIHHOW aHTUreHHOM
Harpy3ke. B nocnegHvie rofpl JOCTATO4HO LUMPOKO M3ydeHbl cneumdudHble IgG K NULLEBBIM aHTUreHaM. VX Hanndme npu pasnmyHbix NaTonorusx, a Takke
BBEAEHVE SNMUMUHALMOHHBIX ANET K OnpefeneHHbIM NPOAYKTaM MTaHUst AatoT XOpoLUMe pesynbTaTthl B SleHeHnn 3ab0oneBaHnii, 1 He TONbKO KacatoLLMXCs
XKENyLOYHO-KMLLIEYHOro TpakTa. VI3dydeHve BavaHns anutenbHon IgG-onocpefoBaHHOM rmnepyyBCTBUTENBHOCTU K MULLEBLIM aHTUreHam, CBA3aHHOW C
MOBbILLEHMEM MPOHULIAEMOCTI remaToaHLedanyeckoro 6apbepa, akTyanbHO 1 NPpU NCCNeR0BaHNM NaTtoreHesa 3abonesaHnii LIeHTpaibHOM HEPBHOM CUCTEMBI.
Ho BbisiBNeHve cneundunyHbix IgG y NpakTU4ecky 3A0PO0BbIX SIOAEN, HE MMEIOLLMX B aHaMHE3e anneprim, BOCNaMTeNbHbIX PeakUmii, Ha AaHHbIN MOMEHT He
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Food antigen ingestion associated with the development
of the defense mechanisms aimed at ensuring tolerance to
these antigens takes shape within a few months after birth.
Interaction between food antigens and the immune system in
the intestine results in generation of Tregs CD4+*CD25* specific
for food antigens, which is crucial for induction of tolerance
to these antigens. Furthermore, the Treg cells have an anti-
inflammatory effect due to expression of IL10, TFGp, as well as
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to inhibition of the basophil, eosinophil and mast cell activity.
Anergy, being an essential mechanism underlying tolerance
to food antigen ingestion, helps maintain gomeostasis in the
intestine in cases of chronic high antigenic load. It should
be borne in mind that the today’s food production is often
associated with exposure to chemical substances negatively
affecting the immune system function by causing disruptions
in the tolerance mechanism, breaking barriers and increasing
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intestinal permeability to food antigens. The use of medications,
such as aspirin and non-steroidal anti-inflammatory drugs, can
interfere with the barrier function of the intestinal epithelium and
increase its permeability, and the effect is enhanced in case
of simultaneous food antigen ingestion [1-4]. Disruption of
the intestinal barrier causes inflammation in the intestine and
autoimmune disorders [5-11].

According to the data provided by the US Food and Drug
Administration, the main foods causing food allergy in 90% of
cases include milk, eggs, peanuts, hazelnuts, shellfish, wheat,
soybeans, fish and other food products containing these
allergens as direct or hidden ingredients [12]. Corn, sesame,
meat, celery, lupine, honey, fruit and vegetables also have
high allergenic potential [13]. However, the allergic reaction is
caused not by the food product itself, but by certain allegens it
contains. For example, these are casein and whey proteins for
milk [14], ovomucoid, ovotransferrin, conalbumin, lysozymes,
ovalbumin, etc. for eggs [15], tropomyosin, arginine kinase,
myosin light chain for shellfish [16], parvalbumins, gelatin,
enolase, aldolase, tropomyosin, etc. for fish [17]. Processed
foods may contain certain hidden allergens, which also induce
immune response in the body.

There are several mechanisms underlying crossing the
intestinal mucosal barrier by food antigens. These can permeate
through the small intestinal epithelium due to passages formed
by secretory epithelial cells (SAPs), which allows food antigens
to enter the underlying mucous membranes of the small
intestine. SAP formation is induced by the IL13 cytokine through
the STAT6-independent and CD38-cADPR (cyclic adenosine
diphosphate ribose)-sensitive pathway, it requires IL-4Ra
expression by the small intestinal epithelium [18]. Another variant
is represented by capture and transport of food antigens by
goblet cells (GAP) associated with developing tolerance to these
antigens by means of maintaining the level of the CD4*Foxp3+
regulatory T cells and stimulation of the IL10 anti-inflammatory
cytokine secretion by macrophages in the lamina propria [19].
Thus, tolerance to the ingested foreign antigen is formed. Food
antigen ingestion also becomes possible when the intestinal
epithelium tight junctions are disrupted, which is observed in
individuals with inflammatory disorders of the gastrointestinal
tract. Furthermore, food allergens and some food emulsifiers
can have the same effect, increasing epithelial permeability,
transport, and allergic sensitization, causing pro-Th2 cytokine
activation, and facilitating permeability to other food allergens
[20, 21]. Transcytosis mediated by microfold cells (M cells) is
the best-studied mechanism underlying food antigen entry. The
M cell function is to transport luminal substances in order to
induce IgA and T cell responses in the Peyer's patches and
lymphoid follicles. Infections, aging, inflammation can reduce
M cell density, thereby increasing the body’s susceptibility to
infections [22]. Moreover, food antigens can be captured directly
by the lamina propria antigen-presenting cells (LP-APC) via
elongation of transepithelial dendrites (TEDs) into the intestinal
lumen. TEDs are capable of squeezing through epithelial cells
to capture bacteria without epithelial barrier disruption [23, 24].

The data on the gender-related differences in the range of
identified specific IgG against food antigens are ambiguous,
however, the majority of researchers note that elevated levels
of such IgG are observed in women. According to the findings,
women have higher levels of specific IgG against all foods than
men, except for IgG against chicken and corn [25]. Women
had much more specific IgG against wheat (74% vs. 25.5%
in males), corn (77.3% vs. 22.7%) and kola nut (71.9% vs.
28.1%) [26]. A significant increase in the levels of anti-egg
and anti-shrimp IgG was also reported in women [27]. Food

intolerance is much more prevalent among women than among
men [28, 29], which is probably due to the fact that female
sex hormones (estrogens) have a pro-inflammatory effect and
increase susceptibility to atopy, while testosterone is a potent
inhibitor of histamine that is known to suppress the mast cell
degranulation [30, 31]. The findings of studies focused on the
age-related features of identification of specific IgG against food
antigens are also equivocal. There is evidence that individuals
under the age of 40 have higher levels of specific food IgG
against gliadin, egg white proteins and barley compared to
elderly patients [26]. According to the findings, the levels of
anti-shrimp and anti-crab IgG increase with age; the levels of
IgG against tomatoes, chicken, pork, and codfish decrease
starting from childhood and then slightly increase by the age
of 45; the concentrations of IgG against eggs, milk, soybeans,
wheat, corn, and rice decrease with age [27].

Serum levels of specific IgG associated with various
disorders are rather extensively studied, which can be useful
for the diagnosis of adverse food reactions. However, the role
of these antibodies in the disease pathogenesis is still poorly
understood and the clinical benefits of testing for the antibodies
are highly questionable. It has been shown that depression
in adolescents is associated with higher detection rate of
lgG antibodies to food antigens against the background of
elevated histamine, S100b protein, and homocysteine levels.
Furthermore, the authors believe that the chronic food antigen-
specific IgG-mediated hypersensitivity reaction or chronic food
intolerance, not chronic low-grade inflammation, underlies the
adolescent depression pathogenesis [32]. The IgG antibodies
against rice, tomatoes, egg yolk/white, wheat, and corn are
most often identified in individuals with Crohn's disease.
In this case introduction of the elimination diet contributes
to induction of the long-term remission [33]. The feature of
response to food antigens is that some of antigens have the
structure homologous to that of the body’s tissues; when the
intestinal barrier is disrupted, ingestion of such antigens causes
the immune response, triggering the autoimmune processes
[34, 35]. The following food products show the highest degree
of homology to proteins of human tissues: milk, wheat, food
proteins rich in glycine, glucans, pectins, shrimp tropomyosin,
and pork [36—-40]. Similarity of the peptide sequences of the
antibody against wheat gliadin (EQVPLVQQ) and antibody
against the cerebellar nervous tissue (EDVPLLED) has been
found in children with autism, thus, antibodies against both
Purkinje cells and gliadin peptides can be produced in such
patients, which can be the cause of certain neurological
symptoms of autism [41]. Type 1 diabetes mellitus is an
organ-specific autoimmune disease, which is linked to the
effects of the cow's milk proteins by some researchers [42].
It is also assumed that the produced antibodies against the
cow's milk albumin can cross-react with the surface protein
specific for B-cells (p69) and, therefore, cause their dysfunction.
Furthermore, similarity of the cow's milk proteins to proteins of
human tissues is considered to be the cause of such disorders,
as uveitis, multiple sclerosis, systemic lupus erythematosus,
Crohn's disease [43, 44]. High similarity of human aquaporins
and aquaporins found in plant-based foods (soybeans, corn,
spinach, tomatoes), as well as inhibitors of serine proteinases
(serpins) of legumes (beans, lentils, peas, peanuts, lupine,
alfalfa, and clover) has been revealed. Aquaporins are
membrane proteins found, inter alia, on the blood-brain barrier
astrocytes and involved in maintaining homeostasis and water
metabolism, electrical activity, neurotransmission modulation,
and excitability. Aquaporins of plant-based foods are very stable
and, therefore, are ingested in the unmodified form. These can
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trigger autoimmune responses to aquaporins of human tissues,
which results in sensory impairment and neuroautoimune
inflammatory disorders [45]. Glycines of food proteins of meat,
chicken, eggs, fruit, vegetables, grains, cereals, rice, soybeans,
etc. show molecular similarity to collagen, keratin, actin, and
human ribonucleoprotein, thus, their penetration through
the intestinal barrier can trigger auroimmune responses.
Hypersensitivity reaction to food antigens of cereals and dairy
products has been revealed in children with autism spectrum
disorder [46]. Hypersensitivity reaction to casein is reported in
individuals with metabolic disorders and insulin resistance [47].
Furthermore, the researchers assume that the IgG-mediated
hypersensitivity to the casein and soybean antigens increases
the risk of anemia and hypothyroidism [48]. Food antigens can
play a role in etiology and symptoms of Hashimoto's thyroiditis,
which is associated with the significantly higher levels of
IgG antibodies specific for plums; a negative correlation
between the combined levels of IgG against coffee, tea and
the number of symptoms has also been revealed [49]. Food
allergy is associated with the decrease in the intestinal IgA
levels, increased allergen absorption and microflora alteration
[50]. Specific food IgG against kola nut, yeast, wheat, kidney
beans, peas, corn, and egg white proteins are most often
found in patients having symptoms of allergy and no laboratory
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Latex, made from Hevea brasiliensis sap, is the material used to make many medical products, including catheters, balloons and gloves. Hundreds of allergens
from natural rubber latex have been identified, and 15 of them were numbered, from Hev b1 to Hev b15. Natural proteins in rubber cause both asymptomatic
sensitization and type | IgE-mediated hypersensitivity. Treatment of latex makes use of chemical antioxidants that can also bring about type IV hypersensitivity
reactions. Latex allergy is one of the most common causes of anaphylaxis in the operating room, and its prevalence has been growing since 1980s, together with
the popularity of latex gloves. It is a well-known problem among medical professionals, with gloves and inhaled aerosol particles being the sources thereof. This
study aimed to review the current scientific research and practical data in this only partially investigated area. In addition, increasing the awareness of doctors and
patients minimizes the existing risks of latex allergy.
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AJINEPINA HA NNATEKC
C. B. l'ynbko', I, tO. BabapykaHosa'2 >

' MOCKOBCKMI rocyfapCTBEHHbIN yHBepeuTeT nMenn M. B. JlomoHocoBa MuHrcTepcTBa obpasosaHus Poccun, Mocksa, Poccus
2 Hay4Ho-uccnenoBaTensCkuin MHCTUTYT MynbMoHonornm defepanbHoro Meayko-61Monorn4eckoro areHTcTaa, Mocksa, Poccust

JNatekc, nony4aemblil N3 COKa kay4ykoBOro Aepesa Hevea brasiliensis, CNONb3yOT ONA U3rOTOBAEHNA MHOMMX MEANLIMHCKIX N3OENUIA, BKIOYasa KaTteTepsl,
6annoHbl 1 Nep4aTky. Bblnn MaeHTUMNLMPOBaHbLI COTHW anfiepreHoB 13 HaTypPasibHOro Kay4yKOBOrO Nlatekca, 15 13 KOTOpbIX MPUCBOEHbI oyLMasibHbIe HoMepa
(ot Hev b1 po Hev b15). MpupoaHblie 6enku B kayvyke CBA3aHbI kKak ¢ 6ECCUMMTOMHOM CeHcnbunmaaumen, Tak 1 ¢ IgE-onocpenoBaHHON rnepYyBCTBUTENBHOCTHIO
| Tvna. Mpn 06paboTke natekca [O6ABNSOT XMMUHECKVE aHTUOKCUAAHTBI, KOTOPbIE TaKXKe MOMYT BbI3blBaTb peakLn runepyyBcTBUTENBHOCTY IV TUna. Annepriist
Ha naTekc — ofHa 13 Hamboree YacTbIX MPUHMH aHabUNaKcKv B ONepaLioHHOM, 1 ee PacnpOCTPaHEHHOCTb BO3POCHA C YBEMHEHVEM MCMOMNb30BaHMS NATEKCHBIX
nepyaTok HadmHasa ¢ 1980-x rr. OHa cTana LWMPOKO U3BECTHOM NPOBNEMON Cpeay MEAULIMHCKIX PabOTHMKOB MU HOLLEHWI NEepHaTOK Y BAbIXaHWM a3p030S1bHbIX
YacTuu,. Llenb HacTosiLLero 063opa — M3ydeHne akTyanbHbIX HayYHbIX UCCNeLOBaHMIA U MOMyHYeHHbIX faHHbIX B 3TON NOKa eLLe He A0 KOHLA N3y4eHHO 0bnacTu.
Kpome 31oro, nosbiLLeHre MH(POPMUPOBAHHOCTY BpaYei 1 NaLyeHTOB MUHUMUSUPYET UMEIOLLIMECS PVICKYW MOSIBNEHWS anneprn Ha NaTexc.

KntoyeBble cnoBa: annepris Ha faTekc, naTekc, naTekcHasa aHaunakcurs, pesnHa, rmnepYyBcTBUTENBHOCTL | Tna
Bknap, aBTopos: C. B. [ynbko — Mouck nutepatypbl 1 odopmneHne paboTsl; I 0. BabamkaHoBa — pPyKOBOLCTBO, peflakLmsi, BHECEHVE MPaBOK.

<] Ansa koppecnoHaeHumn: yneHapa KOcynosHa babapykaHosa
Opexosbit Oynesap, A. 28, . Mocksa, 115682, Poccus; babadjanova@rambler.ru

Cratbsi nonyyeHa: 08.11.2023 CtaTtbsa npuHsATa K nevatu: 15.12.2023 Ony6nnkoBaHa oHnaiiH: 31.12.2023

DOI: 10.47183/mes.2023.064

Polyisoprene, commonly known as natural rubber latex
(NRL), is the base of a wide range of commercial products,
including medical gloves and aircraft tires. The main source of
natural rubber is latex, a juice-like liquid harvested from Hevea
brasiliensis (Hev b), a tree growing mainly in Africa and Southeast
Asia, especially in Thailand, Indochina, Malaysia, and India [1].

Under the bark of Hevea brasiliensis, there is a network of
latex vessels that contains natural rubber, which is a compound of
polymer hydrocarbon 1,4-cis-polyisoprene, water, cytoplasmic
organelles, and several enzymes and structural proteins
involved in biosynthesis of polyisoprene, latex coagulation,
and protection of plants from microbes. Some of these
proteins are strong allergens that can trigger sensitization
and allergic reactions at initial exposure and production of
human immunoglobulin E (IgE), provoking a number of allergic
reactions, upon subsequent exposure [2, 3].

The purpose of this review is to study scientific papers
covering latex and analyze the data on latex allergy.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

Terminology

The word "latex" can have several definitions. In the context
of this review, it refers to a natural polyisoprene substance, a
milky or white liquid. It is produced by the cells of various seed
plants, such as milkweed and poppy. This liquid is a source of
natural rubber, gutta-percha, chicle, and gutta-balata, widely
used in medicine. In addition, the term "latex" may refer to an
aqueous emulsion of synthetic polyisoprene, nitrile, neoprene
or plastic, products of polymerization. This type of latex is used
in production of coatings, adhesives, medical gloves, etc.

Hevea latex allergens

There are about 250 different types of NRL polypeptides, and 60
of them can bind to human IgE antibodies. Fifteen key allergens
of those 60 were given official numbers (from Hev b 1 to Hev b 15)
by the Committee on International Allergen Nomenclature of
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Table. Latex allergens from Hevea brasiliensis

Name Description Weight (kDa) Family Cross reaction
Hev b 1* Rubber elongation factor 58/14.6 - Papain, figs
Hevb 2 Beta 1/3 glucanase 34-36 PR-2 -
Hev b 3* Prenyl transferase 24-27 - -
Hev b 4 Microhelix 110/115 - -
Hev b 5* Acidic protein 16 - Kiwi
Hev b 6.01 Hevein preprotein (prohevein) 20 PR-3 Avocado, banana, chestnut
Hev b 6.02* Hevein protein (mature hevein) 4.7 PR-3 Avocado, banana, chestnut
Hev b 6.03 C-terminal fragment of hevein 15.3 PR-3 Avocado, banana, chestnut
Hevb 7 Patatin homologue (Hev b 7.01/7.02) 43-46 - Potato (patatin Sol t 1)
Hevb 8 Hevea profilinus 14-14.2 MpodunuH Pollen, celery
Hevb9 Hevea enolase 51 - Mould
Hev b 10 Mn superoxide dismutase 22-26 - Mould
Hev b 11 Class | chitinase 33 PR-3 Banana, avocado
Hev b 12 Lipid transfer protein 9.4 PR-14 Peach and other stone fruits
Hev b13 Esterase 42 - -
Hev b 14 Chitinase, glycosidase hydrolases family 18 30.2 - -
Hev b 15 Serine protease inhibitor 8 PR-6 Wheat
Hev b CitBP Citrate-binding protein 27 - -
Hev b CyP Cyclophilin-rotamase 18 - -
Hev b GADPH Glyceraldehyde-3-phosphate dehydrogenase 37 - -
Hev b HSP80 Chaperone protein 80 - -
Hev b IFR Isoflavone reductase 35 - -
Hev b PRS Proteasome subunit 2 - -
Hev b TRX Thioredocine oxidoreductase 12 - -
Hev b UDPGP Uridine diphosphate-glucose-pyrophosphorylase 52 - -
Note: pathogenesis-associated protein; Sol t: solanum tuberosum. * — "Indicator" proteins, used to assess allergen content in rubber products or as markers of

environmental pollution.

the International Union of Immunological Societies (IUIS) [4, 5].
Hevea's 15 allergen proteins have a wide range of applications:
rubber biosynthesis, plant protection (from diseases), structure
and housekeeping. In addition, there were identified 9 other
Hevea proteins that can trigger secretion of IgE antibodies
(Table).

The most sensitizing Hevea allergens are Hev b 1, 2, 3,
4, 5, 6.02, 7.01, and 13 [4, 5]. Clinical importance of some
of them (Hev b 2and Hev b 13) is still a debated matter, but
this discussion is mostly academic in nature, since treatment
of latex allergy involves removal of all Hev b allergens from the
immediate environment of the patient.

Hevea indicator allergens

The table describes four hevea proteins that can be used
as "indicator" allergens in the context of assessment of the
content of allergens in rubber products or detection of latex
in the environment [6]. Two of these allergens, Hev b 1 (rubber
elongation factor) and Hev b 3 (prenyltransferase), are found
on the surface of polyisoprene rubber particles; to trigger
sensitization, they need to directly contact mucous membrane.
Hev b 5 (acidic protein) and Hev b 6.01/6.02 (mature hevein)
allergens are soluble, they are part of latex cytosol or serum
C. In most cases, these allergens are released by impregnated
rubber products, especially latex gloves, and transferred
through the aerosol powder used to put on gloves, or pollute
the environment. Medical professionals are exposed mainly to
the above proteins.

Latex, fruit, and pollen cross sensitization

Polyvalent latex allergy implies a combination of sensitivity
to latex and certain fresh fruits and vegetable products. This
variety of the condition affects from 30 to 50% of people
suffering from latex allergy [7]. The respective allergic reactions
can be severe, with up to 50% of such triggered by food being
anaphylactic. The food containing allergens associated with
latex are bananas, kiwi, avocado, chestnut, papaya, white
potato, and tomatoes; the structural homology of the allergens
in them is similar to that of Hev b allergens in latex (Table). The
main pan-allergen behind cross-reactivity of fruits and latex
is a protective protein, class 1 chitinase, which is structurally
homological to Hev b 6.01. Hev b 5 is homological with acidic
protein of kiwi, peach, and apricot, and Hev b 6.02 — with
agglutinin and endochitinase of the wheat germ in avocado and
banana. Hev b 7.01 and Hev b 7.02 are esterases structurally
homological with patanine patatin (Sol t 1), the main storage
protein in potato. Hev b 8 is a profilin promoting cross reactivity
with other highly sensitizing profilins of trees, herbs, pollen of
weeds, and food [8-10].

Hevea latex treatment

Centrifugation can separate NRL into three layers [1], with the
topmost containing natural rubber particles insoluble in water
and having a high content of Hev b 1 and 3, the middle layer,
or serum C, containing soluble proteins and plant enzymes,
including Hev b 5, 7, 8 and 9, and the lower layer — a
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precipitate, or serum B, consisting of heveamines, hevein, and
other proteins with chitinase and lysozyme activity. This fraction
has high content of Hev b 2, 4, 6.01/6.02, 7, 10, 11 and 18.
Serum B and C proteins are water-soluble; they are used in
production of diagnostic extracts of skin tests.

There are two approaches to treatment of NRL [11].
Approximately 90% of NRL are acid coagulated and used as
base for molded rubber products: tires, plungers for syringes,
and shoe soles. This process makes the items less allergenic.
The remaining 10% are ammoniated and turned into rubber
products: gloves, catheters, and balloons. These items have
high content of latex allergens, including Hev b 5, Hev b 6
and Hev b 13. They are the key cause of allergic reactions
to NRL proteins. Current latex gloves production technology
involves treatment with protease, which decreases the levels
of extractable latex protein in them, but a certain amount of
allergenic proteins remains. Powder free latex gloves usually
have the lowest content of allergens because they are washed
with chlorine.

Epidemiology

In the mid-to-late 1990s, latex gloves of natural rubber caused a
spike of latex allergies among medical professionals who used them.
Subsequently, powdered latex gloves were largely refused, which
pushed down the number of latex allergy cases among medical staff
and patients who had several operations [12]. However, such gloves
and other natural rubber products, such as urinary catheters, are still
used in some countries, which supports urgency of the latex allergy
problem there. Florists, food vendors, and patients, such as those
on dialysis, are also at risk of developing allergies [13].

In North America and Europe, there were several factors
that caused the latex allergy epidemic. In 1992, the U.S.
Occupational Safety and Health Administration (OSHA) issued
the Bloodborne Pathogens Standard, which prescribed using
protective gloves [12] and also added medical gloves to the
list of "universal precautions." Thereafter, the technology was
changed to quick processing of latex instead of long storage,
which minimized the degree of protein denaturation that
naturally occurs during such storage. Thus, the amount of
allergenic protein in raw materials and finished medical gloves
increased, exacerbating the problem of latex allergy among the
medical community [12, 14, 15].

Prevalence in the general population

Prevalence of latex allergy varies depending on the size of the
population and techniques used to identify new cases. Skin
tests and serological methods are designed to detect Hev b
6.02, the most common allergen in latex extracts [16]. In the
mid 1990s, between 3 and 9.5% of the general population
had IgE antibodies to NRL. However, as NRL was increasingly
removed from the production process, the prevalence of latex
sensitization decreased to < 1% by 2006. Clinical allergy is even
less common, but the respective indicators disregard patients
with non-IgE-mediated allergic contact dermatitis [7].

Prevalence among medical professionals

Latex allergy became a serious health problem in the late 1980s,
especially among medical professionals who were exposed to
hevea allergens via powdered latex gloves, which means both
direct skin contact with them and inhalation of aerosols thereof
[17]. By the mid-1990s, the prevalence of sensitization to hevea
allergens in the medical community was at 12.1%, but with

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

REVIEW | IMMUNOLOGY

Fig. Contact dermatitis

the introduction of powder-free gloves, it decreased to 4-7%.
However, balloons, latex plates, and rubber dam sheets used
in dentistry still cause latex allergy [18].

In Western countries, where natural rubber gloves have
been generally abolished, the COVID-19 pandemic weakened
state control over the type of gloves ordered. However, in Asia
and other regions that have not banned natural rubber gloves on
the national level, latex allergy remains an urgent problem [19].

Prevalence of latex allergy among patients who had
several operations

Latex sensitization and allergies are common in people who had
multiple surgeries, especially on the organs of the abdominal
cavity or genitourinary system. Children with spina bifida are
considered to be at high risk, as they are often exposed to latex
in the context of numerous operations, catheterization of the
bladder and manual removal of the rectum. It was estimated
that from 1/3 to 2/3 of children who underwent surgery in the
1990s became sensitive to hevea allergens. In some parts
of the world, the prevalence of latex allergy in patients with
myelomeningocele remains high (19.5%), and more than five
surgeries is the most important risk factor for this condition [20].

Risk factors

The main factors that increase the risk of developing latex allergies
are professional exposure and atopy. People with eczema or
allergies to fruits and vegetables are also more likely to further
develop these conditions [21]. Compared to people without
atopy, predisposed medical professionals with latex allergies
are more likely to have certain polymorphisms of interleukin (IL)
promoters, such as IL13 and IL18 [21]. However, in patients with
spina bifida or bladder exstrophy and concomitant latex allergy,
such polymorphisms were not abnormally frequent. Instead,
the risk factors for these patients are the number of previous
operations and the history of atopy [22].

Clinical manifestations

The symptoms occurring as part of reaction to latex are shaped by
various factors, including method of exposure, amount of allergen
present in the natural rubber product, and the main reaction
mechanism (irritation, non-IgE-mediated or IgE-mediated) [23].
People wearing medical gloves of hevea latex most often
complain of dry, cracked and irritated skin [24]. Erythema
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and vesicles are also common. This rash looks like allergic
contact dermatitis, but it cannot be attributed to delayed
hypersensitivity to additives in gloves. On the contrary, it is an
irritant contact dermatitis caused by sweating due to glove
occlusion, prolonged contact with alkaline pH medium (made
such by corn starch used in many powder gloves), frequent
hand washing, and use of aggressive products for this purpose.

Allergic contact dermatitis

Skin rash and itching are common symptoms of allergic contact
dermatitis that manifests 1-4 days after contact with a product
made of NRL. The rash initially takes form of acute eczematous
dermatitis, often with vesicles, then becomes dry, crusted and
lichenized. Lichenization (thickening of the skin with emphasized
folds or a pattern that looks like deep grooves and wrinkles) is a
delayed hypersensitivity (type IVc) mediated by T cells, triggered
by oxidizing chemicals and accelerators (thiurams, carbamates,
benzothiazoles, thiourea, amines) used in latex production, i.e.,
it is not a reaction Hev b allergens. However, contact dermatitis
may increase the risk of IgE-mediated sensitization to latex due
to increased absorption of allergens through skin lesions [25].

Allergic contact urticaria

Allergic contact urticaria or contact dermatitis is an immediate
type | hypersensitivity reaction mediated by IgE, manifesting
as contact urticaria (Fig.) [26]. This type of reaction is often
reported by medical professionals using latex medical gloves.
Within 10-15 minutes of exposure, redness, itching, blisters
and rashes may appear.

Rhinoconjunctivitis and asthma

In the process of using powdered latex gloves, hevea allergens
are released as haze, which can cause symptoms of rhinitis
and asthma in people sensitive to latex [23]. Latex-induced
sneezing, itching, lacrimation, nasal congestion and runny nose
are similar to the symptoms of seasonal pollen allergy.

A history of asthma is not a mandatory prerequisite for
development of latex-induced asthma. Allergic symptoms
manifesting in the upper and lower respiratory tract can be so
severe that some people who are exposed to latex at work have
to quit unless their employer totally removes latex from their
environment or significantly limits contact therewith [25, 23].

Anaphylaxis

There are reports of anaphylactic reactions to various latex-
containing products, both in medical and non-medical settings
[25, 27, 28]. The products that most often cause anaphylaxis are:

e gloves;

e balloon catheters;

e dental cofferdams or latex sheets designed to isolate one
or more teeth in the oral cavity during treatment;

e condoms;

¢ bonding glues for hair extensions;

e toy balls;

e pacifiers, teethers, bottle nipples.

Diagnostics
Diagnosing latex allergies can be difficult. The best way to

determine if a person is allergic to latex is to carefully study
his medical history, especially what concerns exposure and

symptoms. Although skin tests, not yet available in Russia,
serology and provocative tests can be used to confirm the
diagnosis, they have limitations connected with unavailability of
reagents, variable sensitivity and specificity, and possibility of
severe reactions.

Medical history

Diagnosing a latex allergy requires a thorough clinical history
of allergic reactions associated with exposure to products
containing NRL [29]. If the patient shows proves hypersensitive
to a product (reaction within minutes after contact), and the
suspected cause thereof is NRL, it is necessary to investigate
all potential allergens, since the first assumption about NRL
may be false. For example, there was reported a case of
a life-threatening anaphylactic reaction in a woman allergic
to cow's milk immediately after using new kickboxing gloves, and
it was later discovered that the trigger was not NRL but casein,
a component of cow's milk that is part of the glove filler [30].

Latex allergy is associated with various risk factors: hand
dermatitis, allergy to fruits/vegetables, and atopy. If clinical
history suggests latex allergy, the next step is testing for
sensitization to hevea allergens by either epidermic method or
search for hevea-specific IgE in serum. Patch tests (application
tests) can help differentiate between cell-mediated delayed
hypersensitivity reactions to Hev b latex components and
immediate hypersensitivity reactions caused by IgE antibodies
in response to chemicals added to rubber [29]. Unfortunately,
all these tests are not yet available in Russia.

Objective latex allergy studies

In different countries, there are different recommendations for
diagnostic tests used to confirm a latex allergy diagnosis.

Study strategies and available reagents

In the USA, the equipment commonly used to detect NRL-
specific IgE antibodies in serum are FDA-approved analyzers.
The respective systems (ImmunoCAP, Immulite, etc.) are
typically operated by clinical immunology laboratories [31, 32].
If the known reagents are available in a country, the first
step may be a skin test (injection or puncture), followed by
a search for latex-specific IgE antibodies in serum enabled by
an automatic analyzer, if results of the skin test contradict the
diagnosis based on the patient's medical history [33, 34].

Skin tests

Extracts of whey proteins B and C from NRL are a reliable and
safe base for skin tests designed to detect latex allergy. The
effectiveness of this procedure can be improved by standardizing
allergen extracts and their stability, as recommended in previous
studies [29-32].

In Europe and Canada, a skin puncture test usually
employs glycerinated latex extracts of hevea from at least
three commercial sources [33]. The extracts are prepared
with sterile filtered serum C obtained from non-ammoniated or
ammoniated NRL; they are glycerinated to keep them stable
and prolong their shelf life. Serum C contains both soluble
and lutoid allergens released from rubber particles. The non-
ammoniated form of serum C, used in European reagents for
skin tests, has an extensive allergenic composition.

Diagnosing a latex allergy involves a skin puncture test
and successive concentrations of the NRL extract. However,
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there have been reports of cases of anaphylaxis caused by this
procedure. The sensitivity and specificity of this test ranged
from 65 to 96% and from 88 to 94%, respectively, in children
with urticaria, rhinoconjunctivitis and/or asthma, whose history
suggested latex allergy [34].

In the USA, there are no commercially available reagents for
skin tests, and shop-made NRL extracts differ significantly
in the content of allergens. Such non-standard extracts
undermine trust in the results of the tests, which can be false-
positive, and the testing itself can trigger systemic reactions.
Puncturing a hevea-containing item is not recommended, since
this technique disallows control over the amount of allergen
distributed in the skin, thus posing a threat of a systemic allergic
reaction as a result of exposure to high doses, or unintentional
inhalation [35].

Serology

In the absence of NRL skin test reagents, the preferred alternative
is a latex-specific IgE test [29, 34-36]. There are two widely
used solutions therefor, ImmunoCAP and Immulite automated
analyzers [36]. Noveos analyzer, approved by the U.S. Food and
Drug Administration and used in Europe, remedies the problems
associated with interference of anti-CCD IgE and exogenous
biotin, which may arise with ImmunoCAP and Immulite,
respectively. These tests include incubation of human serum with
an allergen-containing NRL reagent, and detection of the bound
IgE antibody with a reagent labeled by an anti-IgE enzyme.
The reported lower quantification limit of these tests is 0.1 kU/I
(0.24 ng/ml). ImmunoCAP and Immulite have diagnostic sensitivity
and specificity of approximately 70% and > 95%, respectively
[37, 38]. A chip-based micromatrix containing eight recombinant
Hev b allergens showed better specificity against anti-latex IgE, but
it is more expensive and offers analytical sensitivity inferior to that
of single IgE assays [39]. ImmunoCAP ISAC can detect latex allergy
and sensitization, and identify sensitized but asymptomatic
individuals [40]. However, it has only 55% diagnostic sensitivity
for IgE antibodies to at least one Hev b allergen, as applied to
patients with latex allergy and positive skin tests.

Provocative tests

There are various provocations that aim to induce skin reactions
or respiratory allergic symptoms, including glove, nasal, and
inhalation tests [41-45]. However, most of these methods are
still considered to belong in the realm of research, i.e., they are
not recommended for routine clinical practice.

Detection of cross-reactivity food allergies

Patients with latex allergies who specifically request testing
for possible cross-reactivity can be prescribed skin prick tests
with food extracts or food-specific IgE tests. However, in such
situations, skin test or serology without a previous reaction can
return a "positive" result confirming secretion of IgE antibodies,
which may have no clinical significance and lead to unnecessary
measures designed to prevent contact with the allergen.

Mechanisms of development of latex allergy

Latex allergy can manifest as delayed (type IV) or immediate
(type 1) reactions. Individuals with delayed hypersensitivity
triggering contact dermatitis associated with chemical
sensitization by accelerants are more likely to develop
IgE-mediated systemic reactions (type ) [37]. Thus, everyone
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with latex sensitivity confirmed by a positive response of
IgE antibodies to NRL should be treated the same way.

Latex allergy prevention and treatment strategies

After a confirmed latex allergy diagnosis, there are four applicable
prevention and treatment strategies:

e abstention, the most efficient and cost-effective approach
implying prevention of contact with NRL allergens [46-50]. In many
regions, the prevalence of latex allergy has dropped significantly
among healthcare professionals and population in general,
and in some cases, it was rendered undetectable by common
measures designed to prevent contact with the allergen. This
includes a practical latex-safe (not latex-free) strategy adopted
by most general and dental clinics, and retirement homes [49];

e pharmacotherapy, which is applicable against acute
and chronic allergic symptoms, but it is preferable to prevent
reactions and the possibility of increased sensitization.
Unfortunately, preventive pharmacotherapy is usually ineffective;

e immunotherapy (IT), which has limited use due to lack
of approved therapeutic NRL extracts and high frequency
of adverse reactions associated with experimental extracts
[47, 50, 51], which have not been approved to this day;

Anti-IgE therapy, which is currently being studied in the context of
latex allergy treatment, with no approval for this purpose so far [52].
In some cases, anti-IgE treatment is combined with IT. However,
it is important to note that it can be expensive, and its applicability
depends on the patient's body weight and the total serum IgE level,
which should be in the range from 30 to 700 kU/I [52, 53].

Rejection of latex in clinics, retirement homes, etc.
Latex-safe environment

Creation of completely NRL-free environment is an unrealistic
goal. Instead, effective prevention of latex allergies in healthcare
settings was realized through creation of a "safe latex
environment," which prioritizes control over the effects of latex
allergens on healthcare professionals, population, and people
allergic to NRL.

Latex advisory committees

Most medical institutions in the United States have established
latex committees and programs aimed at eliminating exposure
to NRL allergens [48, 54-56]. Interdisciplinary advisory bodies
usually comprise local experts in various fields, such as legal,
procurement, occupational safety, allergies, and glove use
in surgery, anesthesiology, and other branches of medicine
[46, 54, 57, 58]. There were also established commissions
providing advice on all latex-related issues.

Creation of alatex safe environment includes implementation
of policies aimed at replacing NRL-containing products with
synthetic alternatives lacking the compounds, or at identifying
such products that emit fewer latex allergens. Switch to
powder-free latex gloves helps minimize exposure to natural
latex allergens in medical settings and other industries where
NRL products are often used [59].

Medical/surgical gloves

From 1980 to 2010, powdered examination/surgical gloves
were the primary cause of NRL exposure in clinics and hospitals
[48, 59, 60]. The amount of allergenic protein released from
latex gloves is a measurable indicator, and some institutions
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have switched to synthetic alternatives of products with high
NRL content [61-63], while others have completely refused
gloves containing hevea [49, 54, 56, 58]. Some healthcare
establishments created a safer environment by opting for
powder-free latex gloves with low allergen content [64, 65].

It may be time to more broadly reconsider the use of NRL
gloves that secrete small amounts of latex or no latex at all,
along with synthetic medical gloves, which was especially
relevant during the COVID-19 pandemic, when they were in
high demand. However, currently, there is no generally accepted
value that would enable this process, such as < 0.15 mcg of
total Hev b 1, 3, 5 and 6.02 per 1 g of a glove, which would
be adopted by manufacturers or regulatory authorities and
allow describing the respective items as having low allergenic
potential, although this issue is being considered [46]. Moreover,
is it possible to control the content of total Hev b at every stage
of glove production and ensure it never exceeds < 0.15 mcg
per 1 g of a glove [66-68]?

Healthcare workers at high risk of latex allergy
and sensitized patients

Institutions employing people with latex allergies must follow
strict rules to prevent their exposure to the respective
allergens. At a minimum, these rules should allow all workers
to use powder-free, low protein latex products, and guarantee
sensitized people come in contact with latex-free items only. If
colleagues of allergic workers use powder-free latex gloves with
low protein content, it can alleviate symptoms in them, but not
eliminate them completely [69].

Monitoring of NRL products and the environment

Measuring the amount of hevea allergens released from various
products, especially medical gloves, and monitoring the levels
of these allergens in the workplace air are crucial to confirmation
of the properties of new low protein NRL medical gloves in the
context of creation of a safe work environment.

ASTM International has approved three standardized tests
designed to assess the safety of NRL-containing products
and to monitor airborne allergens in workplaces where these
products are used. The preferred one is enzyme immunoassay
(IEMA; ASTM D7427-08), since it establishes the content of
allergens in the product most accurately. At the same time,
other tests for hevea allergens, like competitive inhibition [70]
based on human anti-latex IgE, are still used in individual
laboratories for research purposes, and require large amounts
of serum anti-latex IgE [71].

Hev b 1, 3, 5, and 6.02 are the four key allergens monitored
in the environment and reflecting the overall level of allergens
therein. In food extracts and environmental samples, they can be
quantified with the help of IEMA utilizing monoclonal antibodies
with two sites (ASTM D7427-08). It is impossible to establish an
item's allergenicity by quantifying only Hev b 1 and Hevamine.
The results of ELISA of inhibited IgE has shown that a glove
can be labeled as having low allergenic potential if the total
concentrations of Hevb 1, 2, 5 and 6.02 in it are below 0.15 mcg
per 1 g of glove. For a workplace environment, an earlier study
suggested a threshold value of 0.5 ng of latex aeroallergens per
g/m3 of air. However, this threshold has not been qualified using
ASTM D7427-08 IEMA for allergen content [71-77].

Hevea proteins causing antibody reaction can be detected
by an enzyme immunoassay of the ASTM D6499 antigen [78, 79].
This method has limitations: it disallows differentiation of latex
allergens that induce IgE and antigens that do not induce IgE.

Similar to the total protein study, the test for hevea antigen
cannot be used to determine if a product or an environment
is latex safe, since this label requires an exact assessment of
allergen content.

Modified Lowry method was the initial test allowing to
measure the total hevea protein content in food extracts or
environmental samples (ASTM D5712) [78, 80]. It is one of the
colorimetric techniques for determining proteins in a solution, but
low analytical sensitivity limit its usefulness in case of allergenic
hevea protein. Moreover, this test disallows distinguishing
allergenic and non-allergenic hevea proteins. In 2016, ASTM
International published information on an immunological
method for determination of 4 allergenic hevea proteins, Hev
b 1, 3, 5, 6.02. However, this technique allows qualifying the
product as containing allergens, but not quantifying the total
amount thereof that the product can release.

NRL alternatives

There have been developed synthetic elastomers and hevea-
free rubber (Yulex) that are used in production of commercial
rubber-like products:

e Synthetic elastomers such as butyl rubber, neoprene
(2-chlorobutadiene polymers), and butadiene and acrylonitrile
copolymers are commonly used as an alternative to NRL in
medical gloves. These materials contain no allergenic proteins
and are therefore safer for healthcare professionals and
patients with latex allergies. The most common types of non-
latex examination gloves are made of nitrile, neoprene, vinyl or
synthetic polyisoprene rubber [81].

e |n the past, natural rubber from guayula (Parthenium
argentatum) was also used as an alternative to NRL [82, 83].
This plant is extremely low in protein, and appears to have no
cross-reactivity with NRL allergens either in vitro or in vivo.
However, since 2021, the company manufacturing Guayule
products has switched from parthenium to low hevea protein
latex supplied from Central America, and uses it in production
of consumer goods (wetsuits, and, subsequently, medical
gloves) [84].

Individual abstention from latex
General approach

Latex can be found in over 40,000 consumer products used
in everyday and medical settings, so people allergic to latex
should avoid contact with them [84, 85]. In the USA, medical
items containing NRL must be labeled thusly.

Duration of contact restriction and possibility of latex
allergy reassessment

It is well known that creating a latex safe environment in medical
institutions can help alleviate the symptoms caused by latex
and hypersensitivity thereto, as reported by staff and patients.
However, within 5 years after last contact, latex-specific IgE
antibodies can still be detected in the skin and blood of those
avoiding exposure to the substance [48, 49, 56, 70, 86-88].
Therefore, the recommendation is to make contact restriction
continued.

People with persisting sensitization, running the risk of
re-sensitization, can undergo reassessment relying, in the first
place, on anti-NRL IgE assays. Therefore, even if subsequent
serological tests return negative, it is necessary to take
precautions to prevent the effects of latex allergens.
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Reassessments are typical before a necessary medical
or dental procedure, or during an annual check-up. Anti-
latex IgE serology is the only assessment test available in
the USA, approved because of the well-documented latex
allergosorbent, consistent assay outcomes, and the capacity to
give a semi-quantitative result (kUa/L). In vivo skin test methods
are not available in the USA due to the lack of approved NRL
extracts needed therefor. In Europe, patients can choose
between serology and puncture skin test, since at least one
approved and well-characterized NRL extract is available there.
Unfortunately, it is not present in Russia yet.

Additional management issues
Workplace

In the context of monitoring an employee allegedly allergic to NRL,
the first step is to confirm the diagnosis using reliable diagnostic
methods [46, 57, 64]. In the USA, this is done with the help of
several automatic IgE antibodies analyzers approved by the state.
In Europe, an alternative thereto is a skin puncture test with an
NRL extract. Once latex sensitivity is confirmed, it is necessary to
prevent further contact with NRL at the person's workplace.

Although 15 well-described allergenic components of NRL
have been thoroughly studied for diagnostic potential, testing
for specific IgE antibodies against individual components of the
latex allergen does not increase diagnostic sensitivity for latex-
induced occupational asthma compared with the detection of
IgE antibodies to a natural extract [89]. However, testing for IgE
antibodies to latex components can help distinguish different
routes of exposure, such as inhalation (Hev b 5/6.02) and
mucosal contact (Hev b 1/3).

In Russia, there are two tests available to the patients, a
skin allergy test and a blood test. The former involves applying
a small amount of latex allergen solution to the person's skin on
the forearm or back. Then, the skin is punctured with a needle
to let the solution under it. If the person os allergic to latex, there
will appear a blister at the site of application of the solution.
Therefore, the test is performed by an allergist or a specially
trained doctor. The latter, blood test, implies sending a blood
sample to a medical laboratory, where it is analyzed (ELISA) with
the aim to find allergen-specific IgE to latex (natural rubber). The
units of measurement used are IU (international units)/ml.

It is important have documents supporting claims that
deterioration of the person's health and disability are the result
of latex exposure in the workplace.

Schools

When a student is diagnosed with a confirmed allergy to NRL,
systematic treatment thereof begins with the development of an
individual health plan and a school-wide prevention plan. It is
extremely important to teach the student self-examination skills,
especially when there is a risk of anaphylaxis [90].
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Following are the measures recommended for prevention of
exacerbation and treatment of allergic reactions in people with
latex allergies [84, 91]:

e wearing a medical bracelet signaling of a latex allergy;

e prescription of adrenaline for self-administration to patients
with a history of systemic reactions to latex;

e use of non-latex gloves;

e announcing the allergy before any medical, dental,
gynecological or surgical procedure, as well as requesting a
safe environment for people with latex allergies [92].

Immunotherapy

In the context of treatment of IgE-mediated latex allergy, IT is
limited by the lack of extracts approved by regulatory authorities,
and frequency and severity of adverse reactions thereto.

Conventional subcutaneous immunotherapy (SCIT) utilizing
unpurified latex extracts has been tested in several small randomized
trials, and shown varying efficacy [93-95]. One study reported
alleviation of the symptoms of urticaria and rhinoconjunctivitis,
while another showed decreasing respiratory hyperreactivity to
latex. However, adverse events, including systemic reactions,
often occurred in all studies. In one test, they were frequent both in
the introductory and maintenance phases [93].

Sublingual immunotherapy (SLIT) may offer a lower
frequency and severity of adverse events than SCIT [96-100],
however, the results vary, and, moreover, there were reported
cases of anaphylaxis associated therewith [101-104].

Currently, there is ongoing research of the new approaches
to IT that seek to reduce the risk of severe adverse reactions
while maintaining or increasing efficacy, such approaches
employing recombinant allergens, peptides based on the T-cell
epitope, and adjuvants that are conjugated or administered with
the allergen [84, 105]. These treatments are still experimental.

CONCLUSION

Thus, latex allergy is a set of pathological conditions that
combine intolerance to products made of natural or (less
often) synthetic rubber with local or systemic reactions that
can significantly affect quality of life. This allergy is caused by
sensitivity to proteins contained in NRL, and its manifestations
vary from skin irritations to anaphylaxis.

It is important to remember that latex allergy can be prevented.
People at risk should carefully choose medical and everyday
products, and avoid contact with NRL. Many alternatives (synthetic
latex or polyurethane products) can be a safe substitute.

Moreover, educating and raising awareness of this problem
are key aspects of the latex allergy management. Despite the
challenges posed by the condition, preventive measures and
proper management of the situation allow most people with
this diagnosis to continue living a full and healthy life. Further
research and development of new technologies will also
contribute to improving the lives of such people.
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Staphylococcus aureus is a bacterial pathogen that is frequently associated with drug resistance and causes serious infectious diseases. The challenge in
treating staphylococcal infections arises not only from the strains resistance to antibacterial drugs but also from the bacteria's capacity to form biofilms. As an
alternative to traditional antibiotic therapy, phage therapy, employing virulent bacteriophages, is being explored. Research on bacteriophage's effectiveness against
S. aureus encompasses both individual use and their combination with antibiotics. The combined approach appears most promising, enhancing therapeutic
efficacy substantially through the synergistic action of both the antibiotic and the phage. This review discusses the effects of using both agents together and the
methodologies for their evaluation. It summarizes the latest in vitro and in vivo research on the combined approach against S. aureus, including experiments focused
on biofilm elimination. Special emphasis is placed on clinical case studies in treating patients.
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KOMBUHALUMA BAKTEPUO®AIOB U AHTUBNOTUKOB KAK HAUBOJIEE 3®®EKTUBHbIN
noaxoa 60Pbbbl CO STAPHYLOCOCCUS AUREUS

H. K. Abgpanvosa =, E. A. LLnTukos, P. B. fopogHnyes, M. A. KopHreHko

denepanibHbIN HAYHHO-KIMHNHECKUA LIEHTP (PUSUKO-XUMMHECKON MeamumHbl veHn HO. M. JlonyxuHa ®depepanbHoro Meamko-61onorn4eckoro areHTcTea, Mockea,
Poccus

Staphylococcus aureus — HakTepuanbHbIi NaTtoreH, 06naaaroLLMin CNOCOBHOCTBIO K Pa3BUTUIO aHTUOMOTMKOPE3VCTEHTHOCTI U BbI3bIBAIOLLMIA PS, CEPbE3HBIX
MHeKUn. Mpobnema Tepanun cTaUmoKOKKOBBIX MHAEKLWIA CBS3aHa He TOMbKO C YCTOMYMBOCTBIO LUTAMMOB K aHTMbaKTepuasibHbIM npernapartam, Ho U Co
CMOCOBHOCTBIO HakTepuii hopmrpoBaTb BronneHKW. Kak anstepHaTyviBa KiiacC4ecKon aHTMOBMOTUKOTEpanuy paccMaTpyBaeTcs dharotepanis — UCToNb30BaHNe
BUPYNEHTHbIX HakTeprodaros. VccnenoBaHus, AEMOHCTPUPYIOLLME AeicTBMe GakTeprodaroB NpoTuB S. aureus, BKIKOHAOT Kak OTAENbHOE VCMONb30BaHme
haroB, Tak 1 UX KOMBUHALMIO C aHTUBMOTUKaMK. KOMOUHMPOBaHHbIV MOAXOA, NPEACTaBSETCS Hanbonee NePCrneKTUBHBIM, Tak Kak MO3BOSISIET 3HAYMTENBHO
MoBbICUTE 3PEKTUBHOCTL TEPANMN 3a CHET CUHEPTUYECKOro AenCTBUsS aHTubmnoTvka 1 dara. B gaHHoM 0630pe npeacTasneHo obcyxaeHne addexTos
COBMECTHOIO NMPUMEHEHNS ABYX areHTOB 1 METOL0B 1X oueHKM. OBO6LLEHbI PE3YLTaThl MOCAEAHNX PaOOT, MOCBALLEHHbIX KOMOVHMPOBAHHOMY MNOAXOAY NPOTUB
S. aureus B UCCNefoBaHVSX in Vitro v in vivo, a Takke B SKCNepUMEHTax Mo anMMmnHaLmmn 6uonneHkn. OTaenbHoe BHUMaHWE YAENEHO KIMHNHECKM CryYasiv
NeYeHns NaLyeHToB.

KntouyeBble cnoBa: 6aktepunodarn, Staphylococcus aureus, harosas Tepanus, 6aktepriodaroBas Tepanus, KOMOVMHMPOBaHHAA Tepaniis, aHTUBMOTUKI, MHOXE-
CTBEHHas NIeKapCTBEHHAsH YCTOMUMBOCTb, BUOMMIEHKM, CUHEPT3M aHTUBMOTUKOB 1 GakTeprodaros
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Staphylococcus aureus is a gram-positive microorganism that
is one of the main pathogens for human beings causing a wide
range of clinical manifestations. This type of bacteria is the
main cause of bacteremia and infective endocarditis, bone and
joint infections, skin and soft tissue lesions, pleuropulmonary
infections and infections associated with use of medical
devices. Staphylococcal infections are prevalent both in the
general population and in hospital settings; their treatment
is a challenging task because of the spread of multidrug-
resistant (MDR) strains. Previous studies have shown that
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Staphylococcus aureus ranks second after E. coli as a cause of
death associated with bacteria insusceptible to antibiotics [1].

Strains of S. aureus implement various mechanisms of
antibiotic resistance. One of them involves synthesis of beta-
lactamase enzymes and production of the Rvp2A protein, an
alternative transpeptidase [2, 3]. The latter grants protection
from natural and synthetic betalactams; the respective evolution
yielded a clinically important group of resistant strains called
MRSA (methicillin resistant Staphylococcus aureus). Against
vancomycin, S. aureus can build a thick cell wall that prevents
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penetration of the antibiotic [4]. Resistance to aminoglycosides
is ensured by rRNA methyltransferase and other enzymes that
modify such drugs. Tetracycline-resistant strains often have
protective ribosome proteins TetM and TetO [5]. In case of
linezolid, S. aureus modifies the target sought by this antibiotic,
such modification enabled by the spread of mutant variants of
the 23S rRNA gene [6]. Efflux pumps play an important role
in the development of antibiotic resistance of Staphylococcus
aureus. Some of them are substrate-specific, like Tet(K) and
Tet(L) efflux systems [7]. Others, on the contrary, can recognize
and export a wide range of drugs. In S. aureus, the latter are
membrane proteins from several families: ABC (ATP-binding
cassette), MATE (multidrug and toxin extrusion), MFS (major
facilitator superfamily), SMR (small multidrug resistance),
and RND (resistance-nodulation-cell division) [8]. Moreover,
S. aureus can build biofilms, cellular aggregates preventing
antibiotic molecules from reaching cells. Biofilms also facilitate
colonization of various surfaces by Staphylococcus aureus,
which underpins infections associated with medical devices [9].

In recent years, to effectively treat infections caused
by multidrug resistant (MDR) strains, there have been
developed alternative approaches, including phage therapy.
Bacteriophages (phages) are viruses capable of infecting
bacterial cells. Compared to antibiotics, they offer a number of
advantages [10]: bacteriophages are highly specific, i.e., there is
no risk of disruption of the normal flora nor their self-replication,
and they are highly likely to reach the focus of infection; the
mechanism of action of bacteriophages, as a rule, is different
from that of antibiotics, which makes them effective against
antibiotic-resistant strains; another important advantage is the
relative simplicity of bacteriophage isolation and subsequent
production of the medicines based on them [11].

Despite the potential for bacteriophages to replace
conventional antibiotics, several challenges hinder their
widespread use in clinical practice. The main barriers have to
do with bacteriophage registration and application: the former is a
complex and costly process, the latter lacks approved protocols
[12]. Other factors that should be mentioned in this context is the
bacteria's potential to develop resistance to phages, and their
strain specificity, i.e., a narrow range of action [13].

Use of bacteriophages in combination with antibiotics is
one of the main ways of their introduction to therapy regimens
considered. Currently, many in vitro experiments and clinical
studies show efficacy of simultaneous action of these two
agents [14, 15]. According to a number of experts, such an
approach should significantly simplify registration and patenting
of the medicines significantly [16]. Moreover, a combination
of two agents with different action patterns can be relevant
against MDR strains [11].

This work aims to review the current results of research
analyzing treatment of infections caused by S. aureus with
the help of bacteriophages, alone and in combinations with
antibiotics. Below, we look into both in vitro and in vivo (animal
model) studies investigating the effectiveness of phage-
antibiotic pairs, and present the results of works experimenting
with such pairs as means against biofims of S. aureus, as
well as components of complex therapy regimen designed to
combat infections caused by the bacteria.

Results of combined use of bacteriophages and
antibiotics and methods of their assessment

The efficacy of combination of antibiotics and lytic bacteriophages
was first demonstrated in 1941, when the phages were used in
combination with sulfonamide preparations against S. aureus

and Escherichia coli [17]. Later, an animal study confirmed
positive effects of the combination [18]. Similar results were
achieved for the phage and penicillin pair [19]. Combined
therapy was successful against infectious diseases like
endocarditis, bacteremia, osteomyelitis, and peritonitis [18, 20].
The term "synergism" ("synergistic effect") was introduced
much later, only in 2007. A group of researchers has described
enlargement of E. coli culture lysis zones when targeted by a
bacteriophage augmented by sub-inhibitory concentrations
of antibiotics (aztreonam, cefotaxime, ticarcillin, piperacillin,
ampicillin, nalidixic acid, mitomycin C) [21]. The main explanation
for the observed phenomenon was the increased production
of bacteriophage particles due to abnormal growth of bacterial
cells in the presence of antibiotics. Over time, the term "synergy"
has acquired a broader meaning. In particular, the term became
applicable to cases when the effectiveness of a phage and
antibiotic combination significantly exceeds the sum of their
individual effects [15, 16]. Some authors began to introduce
additional terminology around positive effects of such combined
therapy. For example, in one study, they are divided into an
additive effect, synergism, and facilitation, with the first of these
understood as resulting in cell growth arrest enabled by the two
agents that equals the sum of the effects of each component
individually, the second as a stronger version of the first, and the
third as the combination having the bacterial growth suppression
effect significantly more pronounced that that achievable with
the most effective agent alone, but still weaker than the additive
effect [15]. The same study also describes the neutral effect of the
combined therapy, when a combination's action is as strong as
that of its most potent component, and antagonism, when such
therapy is less effective than individual use of the agents [15].
The growing interest in combination therapy yielded a variety
of laboratory methods designed to assess its effectiveness. In
the first works on the subject, the parameter measured was the
diameter of plaque size caused by the phage in combination
with a sub-inhibitory concentration of an antibiotic [21].
Currently, this traditional approach is still practiced [22]. but
the more common methods nowadays aim to measure optical
density of the cells infected with antibacterial agents, one of
them or both [13, 15]. The suppressive effect is appraised
through calculation of the areas under growth curves or by
evaluating optical density of the culture after 16-24 hours
[13, 15]. This approach is popular because of the clarity and
experimental convenience. Colorimetric measurements aimed
at estimating the number of living cells (including biofims) after
treatment with antibacterial agents are less common [23, 24].
There was developed an experimental system of continuous
cultivation that allows registering pharmacodynamics of the
process in addition to revealing the efficacy of combined therapy
[25]. A group of researchers has described an isothermal
microcalorimetry method for assessing the effects of phages
and antibiotics on bacterial biofim [26]. In the context of in vivo
studies employing animal models, the controlled parameters are
survival, bacterial load, duration of the infection process, size of
the lesion (edema), histopathological indicators, etc. [27-29].
Thus, the increased interest in the joint use of bacteriophages
and antibiotics has ushered introduction of the new terms
describing the respective effects, and a number of methods were
adjusted to the purpose of studying the combined approach.

Combined use of bacteriophages and antibiotics against
S. aureus in in vitro experiments

In in vitro experiments, bacteriophages were paired
against S. aureus with virtually all commercially available

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 25, 2023 | MES.FMBA.PRESS



REVIEW | MICROBIOLOGY

Table 1. In vitro studies of the effect of combined bacteriophages and antibiotics on S. aureus strains

Year Phage Family Antibiotic Result Reference

2012 | SA5 Herelleviridae Gentamicin Synergism [25]
Ampicillin, cefotaxime, kanamycin, Synergism (ampicillin, cefotaxime,

2018 | SA11 Herelleviridae tetracycline, ciprofloxacin, mitomycin C, tetracycline, ciprofloxacin, mitomycin [32]
sulfamethoxazole, trimethoprim C, trimethoprim)

2020 | Sb-1 Herelleviridae Daptomycin, vancomycin, ceftaroline, Synergism [33]
cefazolin

2021 | Cocktail AB-SAO1 Herelleviridae Vancomycin, ceftaroline, cefazolin Synergism (vancomycin, cefazolin) [13]

2021 Henu?2 Temper_a?e Clanthromycm, Ilnezohdl, cefotaxime, Synergism [31]

unclassifiable tetracycline, ciprofloxacin

Tetracycline, oxacillin, vancomycin, Antagonism (tetracycline, azithromycin,

2021 | PYOSa Herelleviridae kanamycin, azithromycin, daptomycin, linezolid, vancomycin, daptomycin, [34]
rifampin, linezolid, streptomycin kanamycin)

2021 | Sb-1 Herelleviridae Oxacillin Synergism, additive effect, facilitation, [15]

antagonism

2022 | @SA115, 9SA116 Herelleviridae Tetracycline, gentamicin Antagonism [22]

2022 | vB_SauM-515A1 Herelleviridae OxaC|II|n: vancomycin, .t_;]er'!tamlc!n, Synelrglsm (tetracycline, linezolid, [14]
tetracycline, levofloxacin, linezolid oxacillin)

2023 | vB_Sau S90 Temperg?e Fosfgmycm, ciprofloxacin, vancomycin, Synergism [35]

unclassifiable oxacillin

antibiotics: aminoglycoside (gentamicin), beta-lactam (oxacillin),
glycopeptide (vancomycin), macrolide (clarithromycin),
oxazolidinone (linezolid), tetracycline (tetracycline), cephalosporin
(ceftaroline, cefazolin), cyclic peptides (daptomycin), etc. (Table 1).
As a rule, this approach involves virulent bacteriophages of the
Herelleviridae (formerly Myoviridae) and Rountreeviridae (formerly
Podoviridae) families, with the former being the preferred option
due to their extensive lytic capabilities (they can lyse 80-95%
of strains) [30]. In some studies, researchers also use temperate
bacteriophages, but only in the context of in vitro experiments [31].

As Table 1 shows, bactericidal and bacteriostatic drugs
of various classes are included in experiments as antibiotics,
and a significant number of studies consider the effect of
vancomycin and oxacillin due to their clinical significance. For
example, it has been shown that Sb-1 phage (Herelleviridae
family) and vancomycin, combined, synergistically boost
each other against VISA (vancomycin intermediate S. aureus)
strains [33]. Moreover, the authors have found that use of two

Table 2. Studies dedicated to combined therapy against S. aureus biofilms

antibiotics of different classes (daptomycin or vancomycin with
ceftaroline; daptomycin or vancomycin with cefazolin) with a
bacteriophage also yields synergy. It should be noted that a
trio of a phage and two different antibiotics does not have an
effect significantly different from that of a phage-antibiotic pair
provided this combination yields synergy. Henu2, a temperate
bacteriophage, combined with vancomycin was observed to
enhance inhibition of bacterial growth [31]. In a sample of 27
strains, it was shown that Sb-1 phage (Herelleviridae family)
in combination with different concentrations of oxacillin, in
most cases, boosts bacterial growth arrest through synergism,
additive effect, and facilitation [15]. The researchers note that
cases of antagonism, when phage and antibiotic weaken one
another, were extremely rare. Similar results were registered
for vB_SauM-515A1, a lytic bacteriophage: combined with
oxacillin in certain concentrations, it improved the antibacterial
effect, with no cases of antagonism seen in any of the the
considered cases [14].

Year Phage Family Antibiotic Result Reference
2011 SAP-26 Rountreeviridae | Azithromycin, vancomycin, rifampicin Synergism (rifampicin) [23]
2014 MR-5 Herelleviridae Linezolid Synergism [41]
Synergism (vancomycin, cefazolin)
Antagonism (vancomycin, cefazolin, dicloxacillin,
2018 SATA-8505 | Herelleviridae Cefazoln?, var_1comycm, dicloxacillin, linezolid, tetracycline) [24]
tetracycline, linezolid
Additive effect
(dicloxacillin, cefazolin, tetracycline, linezolid)
. . . . Synergism (ciprofloxacin, tetracycline)
Ciprofloxacin, daptomycin, erythromycin,
2019 PYO Herelleviridae gentamicin, linezolid, oxacillin, . . . . . [16]
X . Antagonism (ciprofloxacin, vancomycin, tetracycline,
tetracycline, vancomycin . o .
gentamicin, erythromycin, linezolid)
2020 | Sb-1 Herellevirigae | DOXYcyline, levofloxacin, linezolid, Synergism [26]
clindamycin, rifampin
2023 | Phage K Herelleviridae Vancomycin Synergism [42]
2023 \FI?staUM* Herelleviridae Vancomycin Synergism [43]
emus
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Table 3. Clinical cases and in vivo studies investigating combined therapy against S. aureus infection

Year Phage Family Object Infection Antibiotic Result Reference
In vivo study

2013 | Sb-1 Herelleviridae Rats Implant-associated infection Teicoplanin Synergism [46]
2013 | MR-10 Herellevirida Mice Hind paw infections in mice with diabetes | Linezolid Synergism [27]
2019 2003, 2002, 34, COth.a” of phz_ages Mice Pneumonia Teicoplanin Neutral effect [28]

and K of various families

vB_SauH_2002, | Herelleviridae, . - - .
2022 phage 66 Rountreeviridae Mice Endocarditis Fluoxacillin Synergism [29]

VB SauM Larvae of
2023 Ren - Herelleviridae Galleria - Vancomycin Synergism [43]

emus
mellonella
Clinical cases
. . . Fluoxacillin,

2019 Cocktail AB- Herelleviridae - Infectious enq ocarditis ciprofloxacin, Patient recovery [47]

SAO01 of a prosthetic valve . S

rifampicin
Infectious endocarditis associated with

Cocktail AB- . an auxiliary device in the left ventricle, Cefazolin, .

2019 SA01 Herelleviridae complicated by sternal osteomyelitis and | minocycline Patient recovery (48]
bacteremia
2021 gzglitall AB- Herelleviridae - Infection in a prosthetic joint Cefazolin Patient recovery [49]
2022 | Mallokai no data - Infection in a prosthetic joint Daptomycml Patient recovery [45]
and ceftaroline

The exact mechanisms underpinning the synergistic effect of
combined use of phages and antibiotics against S. aureus strains
are still unclear. Various hypotheses have been proposed to explain
this phenomenon. One of them points to the increased production
of phage particles in the presence of sublethal concentrations of
an antibiotic, as suggested for tetracycline, linezolid, telithromycin,
clarithromycin, cefotaxime and ciprofloxacin, which, in the
respective experiments, expanded the lysis zones made by
the phage, a probable marker of the said increased production
of bacteriophage particles [31]. Another study demonstrated
sublethal concentrations of antibiotics to cause S. aureus cells to
swell, which, in some cases, was accompanied by increased
production of bacteriophage SA11 (family Herelleviridae) [32].
According to the authors, this synergy relies on lysis delay caused
by a lack of choline, which is necessary for cell lysis and further
release of daughter viral particles. Another explanation for the
synergistic effect mentioned antibiotic-induced overcoming of
phage resistance, an effect registered for the combination of Sb-1
and vancomycin/daptomycin, which prevented development
of resistance to bacteriophages [33]. In addition, an experiment
staged in the continuous cultivation system has shown that
gentamicin induces formation of cells with a phenotype prone
to aggregation into conglomerates, which, in turn, are most
sensitive to the phages [25].

Synergism was noted in a significantly greater number
of publications than antagonism [15, 22, 34]. Some of them
associate the latter with bacteriostatic antibiotics [22, 34],
which seems quite reasonable, since bacteriostatic antibiotics
are aimed at limiting reproduction and restraining activity of
bacterial cells but lack the effect on the protein and nucleic
acids biosynthesis systems that triggers death. It is possible,
then, that bacteriophages may also be subjected to the said
inhibitory effects. Additionally, it should be noted that antibiotics
generally reduce the density of bacteria and thus the ability of
the phage to replicate.

At the same time, there are noteworthy contradictions in
research papers by different authors. On the one hand, some

experiments confirm that the ultimate effect a combined phage
therapy regimen is strain-specific, and the selection of phage
itself is crucial for success [15]. On the other hand, it may be the
concentration of the antibiotic that conditions the said effect,
its magnitude, or lack thereof. For example, a combination of
10 mkg/ml of linezolid, a bacteriostatic antibiotic, and PYOSa
(family Herelleviridae) produces an antagonistic effect [34], but
at lower concentrations (1-2 mkg/ml) and with Henu2 phages
(temperate, unclassifiable), there appears synergy [31], same
as in a combination of vB_SauM-515A1 (family Herelleviridae) [14].

Thus, combination therapy has significant potential, and
in most cases, simultaneous administration of bacteriophages
and antibiotics does not reduce efficacy of the agents but has
the potential to improve it. At the same time, it is obvious that
there are many dimensions to such combinations and their
applicability, and the ultimate effect depends on a number
of parameters: concentrations of the drugs used, type of
the antibiotic, and bacterial strain. A more comprehensive
generalization of data requires additional studies investigating
correlations between the above aspects, and, for example,
factoring in strain typing data.

Combined effect of bacteriophages and antibiotics on
S. aureus biofilms

Many strains of S. aureus can form biofims, which are increasingly
resistant to antimicrobial agents because of their complex spatial
structure that mechanically prevents penetration of the antibiotic,
and due to the changes in cell phenotype (emergence of slow-
growing cells and persistent cells) [36]. Most clinical cases of
S. aureus infections are associated with biofilms capable of
colonization of surfaces of organs and medical devices [37-40].

Combined therapy employing bacteriophages and
antibiotics aimed at S. aureus biofims is a subject actively
investigated currently (Table 2).

In case of treatment of biofilms, a crucially important factor
is the sequence of administration of the agents. Combined
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therapy has shown the best results when a bacteriophage is
followed by an antibiotic. Presumably, the effectiveness of this
approach rests upon the phage's ability to penetrate biofilm
matrix and destroy it, which triggers release of planktonic cells
and their subsequent destruction by both the phage and the
antibiotic [23]. There are many studies that confirmed these
findings [16, 24]. Moreover, not only the "phage — antibiotic"
sequence (the former of family Herelleviridae, the latter
vancomycin or cefazolin) was shown to be effective, but also
lack of bactericidal results against a biofilm when the considered
agents are used separately, and antagonism when the phage
followed antibiotics (vancomycin, cefazolin, tetracycline,
linezolid) [24]. Another study describes antagonism in cases
of simultaneous administration of the agents (vancomycin or
tetracycline with bacteriophage PYO (family Herelleviridae)),
and synergism for most of the tested drugs when they follow
the phage [16].

Sequential administration of a phage and an antibiotic
was also shown to be effective against biofilms formed by two
types of bacteria, S. aureus and Pseudomonas aeruginosa.
For example, a combination of gentamicin (or ciprofloxacin)
and a bacteriophage, the former following the latter, completely
arrests growth of the biofilm [44]. The authors emphasized that
high concentrations of antibiotics (8 MIC (minimum inhibitory
concentration)) ensure best results. Classical antibiotic
therapy aimed at biofilms also relies on high concentrations of
antibiotics. A number of studies have demonstrated the need
for such concentrations in combination with bacteriophages when
the goal is to eliminate a biofilm [16, 22, 45]. There, concentrations
of the antibiotic vary from 2 [16] to 250 MIC [43]. In addition,
researchers have shown the dependence of the biofilm elimination
effect on concentration of the antibiotic: the degree of biofilm
suppression was directly proportional to the concentrations
of linezolid and tetracycline and inversely proportional to the
concentrations of vancomycin and cefazolin (up to 128 mkg/ml);
in the case of other antibiotics (dicloxacilin and tetracycline), no
obvious linear dependence was observed [24].

Biofilms are known to play a significant role in implant-
associated infections. A group of authors have successfully
used a combination of MR-5 (family Herelleviridae) and linezolid
against biofims on medical products and devices; they suggested
coating orthopedic wires with hydroxypropylmethylcellulose, a
polymer carrying mixture of the above agents. The approach
not only ensured eradication of biofilms but also weakened
adhesion of bacterial cells. In addition, this study showed that
two agents used in conjunction decrease the frequency of
formation of bacteriophage-resistant mutants [41].

Based on the above, it can be concluded that sequential
administration of a bacteriophage and an antibiotic in high
concentration ensures elimination of biofilms, and, moreover, a
mixture of the two agents can be used together with a polymer
coating of medical products and devices. These results can
lay the foundation for development of the new approaches to
application of implants and catheters.

Studies into combined use of bacteriophages and
antibiotics on S. aureus infection models; clinical cases

The development of new therapeutic approaches requires
confirmation of their effectiveness in animal models.
Combinations of bacteriophages and antibiotics are tested
on both vertebrates and invertebrates. In former, researchers
create models of various infectious diseases, including implant-
associated infections, pneumonia, endocarditis, and soft tissue
infections induced by diabetes mellitus. Such studies employ

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

REVIEW | MICROBIOLOGY

the most advanced antibiotics to date, like linezolid, teicoplanin,
and vancomycin (Table 3).

Animal studies listed above demonstrate successful
application of the combined approach for treatment of
infections caused by S. aureus. A combination of teicoplanin
and Sb-1, a lytic bacteriophage, was shown to destroy biofims
on an intravenous catheter [46]. A study employing a rat
model of endocarditis highlighted the prospects of the phage
and antibiotic therapy [29]. In an experiment, the most potent
combination was that of fluoxacilin and a cocktail of phages
of families Herelleviridae and Rountreeviridae. Another study
notes that in animals receiving bacteriophage together with
antibiotics, the infectious process is much milder and shorter
than in those given only an antibiotic or a bacteriophage [27].
A 2018 work was an exception, however: its authors, using
a model of ventilator-associated pneumonia, did not register
significant differences between individual use of a phage or an
antibiotic and their combined administration [28].

The amount of the reported clinical cases of use of a
combination of a phage and an antibiotic against various
infections caused by S. aureus has been growing recently. A
case of 2019, first of its kind, describes successful application of
a phage cocktail AB-SAO1 (family Herelleviridae) in combination
with antibiotics (fluoxacillin, ciprofloxacin and rifampicin) to treat
prosthetic valve endocarditis [47]. Intravenous administration
of the bacteriophage gradually alleviated symptoms (fever,
tachycardia, hypotension, and rash) significantly, and lead to
a complete recovery. The same bacteriophage preparation
was successfully used in conjunction with cefazolin and
minocycline in the case of a patient with infectious endocarditis
associated with a left ventricular assist device [48]. There was
also described a case of successful treatment of an infected
joint implant using intravenous infusions of the AB-SAO1 phage
cocktail and cefazolin, combined with surgical intervention
[49]. In all the above mentioned studies, authors noted that
bacteriophages are safe, and reported no side effects.

The reports of successful testing of the combined therapy in
animal models and positive clinical practice allow a conclusion
that use of lytic bacteriophages in conjunction with antibiotics is
a promising approach to treatment of Staphylococcus aureus
infections of varying severity.

CONCLUSION

The use of Iytic bacteriophages as an addition to classical
antibiotics in the context of treatment of S. aureus infections
caused by MDR strains has been actively investigated in the
recent decades. In vitro and in vivo experiments demonstrate
that frequently, combined administration of a phage and an
antibiotic significantly hampers bacterial growth, and the cases
of antagonism are much less common. An important advantage
of this approach is, undoubtedly, its effectiveness against not
only planktonic cells, but also biofilms built by many strains of
Staphylococcus aureus. Treatment with bacteriophages and
antibiotics in vitro can resensibilize and significantly increase
susceptibility of MDR strains of S. aureus. However, the currently
available results of in vitro and in vivo experiments are not
exhaustive, and contain many contradictions, which necessitates
further research aimed at accumulating and generalizing data.
In addition, effective application of the presented approach
requires a fundamental basis explaining the mechanisms
involved in elimination of S. aureus under the combined influence
of bacteriophages and antibiotics. Thus, further research should
investigate interaction of the phage—antibiotic-bacteria system
using methods of systematic biology and omix technologies.
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The promising results of application of the combined
therapy in patients should be emphasized separately. However,
mass introduction thereof requires optimization of the doses
of agents and further clinical studies (including a double-blind
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POBOTOTEXHUYECKUE CPELCTBA PEABUIUTALIUU OBUTATENIBHOW AKTUBHOCTU NAUMEHTOB
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. HO. Bemnakos?, [. C. XKpoaHos'? =, A, LLI. Bypees'?, E. B. lono6okosa'?, 4. B. Kocteneir'?2

" HaunoHasnbHbIn NCCNEeROBaTENBCKNI TOMCKMIA FOCYNapCTBEHHBIN YHUBEPCUTET, TOMCK, Poccusi
2 GepepasbHbIA HayYHO-KIMMHUHECKUIA LIEHTP MEAULIMHCKONM peabunutaumm n KypopTonorin deaepanbHoro Meamko-6uonornydeckoro areHTctea, Mocksa, Poccus
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Mpobnema pacnpoCTpaHEeHHOCTN NHCYNBTOB OAHa U3 CaMblX OCTPbIX B MEAVLIMHCKOW 1 COLMAaIIbHON COCTaBASIOLLEN XXI3HN OBLLECTBA — WHCYNBTbl 3aHUMaOT
BTOPOE MECTO MO PacnpoCTPaHEHHOCTM B CTATUCTMKE CMEPTHOCTU HaceneHuns. B Poccuiickon ®enepaummn nHeynsT HabnopaeTcsa exxerogHo noyti y 500 000
YemoBeK 1 SBMSIETCS NMePBbIM CPEAV NMPUHNH CMEPTU OT HEBPOSIOMMHECKIX 3a00NeBaHNIA 1 BTOPbIM MO YacToTe B CTPYKTYPE CMEPTHOCTM Nocse 3aboniesaHnii cepaua.
Hanbonee 4acTble NOCNEACTBMSA UHCYNbTA — ABUraTeNbHble HAPYLLEHUST Pa3NYHON CTENEHN BbIPDXKEHHOCTU, MPOABNSIOLLMECS B BUAE U3MEHEHNS MbILLEYHOrO
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KIMHVIK, HO 1 MPOCTbIX MOBWbHBIX CrELManM3MpoBaHHbIX TDEHAXKEPOB C yaaneHHbIM BpadebHbIM KOHTPOIEM [/1s aMOyNaToOpHOMO NCMONb30BaHWS.
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Medical robotics is a complex and very specific field that lies
at the intersection of several high-tech areas of science and
technology. According to D. Engelberger, titled "The Father
of Robotics," "hospitals are the perfect place and the perfect
environment for robots to be used" [1]. Nevertheless, robotic
systems will not be able to completely replace humans in the
near future — so far they can only perform routine and repetitive
actions [2, 3.

Robotic devices (RDs) in medicine were first used in 1985
to precisely guide needle movement in brain tissue biopsies
using a PUMA 560 arm [2]. In the future, the development of
positioning surgical systems has become the main focus of
medical robotics. However, remotely controlled manipulators
cannot be called robotic devices in the full sense, although they
have proven themselves in microsurgery [4].

With the development of microelectronics and general
robotics, the implementation of RDs in medicine has expanded
significantly [5]. Their implementation in laboratory diagnostics
[5], surgery [6], psychiatry and psychology [7], dentistry [8] and
other areas has become possible. At the same time, the early
introduction of service RDs in hospitals to serve patients with
low mobility is of high relevance. By performing routine tasks,
they significantly reduce the workload of nurses [9].

There is another area of healthcare where RDs may be in
high demand. Globally, about 17 million people suffer from
strokes each year, losing some or all of their motor function.
Survival rates have trended upward in recent years and will
reach 70 million by 2030, placing a significant burden on national
health and social care systems [10]. RDs for rehabilitation of
this category of patients are designed to solve the problem of
restoring the functioning of the affected limbs.

The purpose of the review was to conduct a technical
analysis of the existing robotic systems for motor rehabilitation of
patients in the post-stroke period, and to describe the expected
trends of robotics development. Materials were searched in
the National Library of Medicine, Scopus, eLIBRARY, Google
Patents, and a number of other scientific and patent-oriented
databases.

Trends in the development of rehabilitation RDs

Restoration of motor functions of stroke patients is currently
possible with the help of external robotic devices (exoskeletons)
and electromechanical devices that conduct forced training of
the limb in accordance with the methods of kinesotherapy.
Electromechanical RDs were first used at the turn of the 1980-90s
[11, 12]. By utilizing the feedback sensors of the RD design
during exercises, an attempt was made to ensure that the
exoskeleton interacted with the human in the atraumatic and
most complete manner possible. Thus, the positive effect of
exoskeleton use in neurorehabilitation was first described in
1998 [13]. The authors showed the absence of side effects,
good tolerance of the prescribed procedures and a significant
effect of manipulations with the injured limb on the process of
recovery of motor centers of the cerebral cortex.

Over the next 20 years, the number of publications
devoted to poststroke neurorehabilitation with the use of RD
grew rapidly. In the Russian-language literature, the issue of
neurorehabilitation with the use of RD up to 2018 is reflected
in the analytical review [14]. The use of RDs in the domestic
clinical practice of neurorehabilitation of that period can be
estimated by counting the number of cited articles by Russian
authors: only 5 out of 71 articles were cited. Another national
review mentions more than 240 models of RDs for restorative
care [15]. The authors came across findings saying that to fix in

memory a motor act it is necessary to perform the exercise at
least 400 times. However, in the absence of an RD, it is difficult
to do this without errors.

The authors of one review point to the ever-increasing cost
of rehabilitation courses for stroke patients in the recovery
and residual periods, as well as the high cost of appropriate
equipment [16]. This is related to the process of development
and implementation of RDs with the possibility of individual
adaptation, including the use of artificial intelligence elements.
High cost of such products determines a small number of
manufactured products given the significant labor input and
expenses to obtain appropriate certificates [17]. The second
development trend is that more and more mobile compact
devices designed for individual continuous use are appearing
on the market [18]. Compared to stationary rehabilitation
simulators, they are more demanding in terms of materials
used, workmanship and energy consumption, which also
affects the cost of production. The market for rehabilitation
devices is expected to grow by a third to reach $16.6 billion
annually over the five years from 2020 to 2025. At the same
time, it should be taken into account that the high-tech devices
in question are currently available to less than 50% of those
who need it [16].

The high burden on the staff of rehabilitation departments,
the significant cost of equipment and the scarce number of
specialized clinical centers make it necessary to limit the
duration of the rehabilitation therapy cycle to a few weeks. The
way out of this situation may be the growth of production
and expansion of the range of rehabilitation RDs for home
use, which are relatively inexpensive due to their narrow
specialization and therefore simplified design. It will make it
possible to organize a continuous rehabilitation process under
periodic medical supervision and achieve positive results in less
time. Unfortunately, the domestic segment of the market for
personalized rehabilitation RDs is in its infancy and thus is not
broad enough [16].

Neurorehabilitation devices

RDs for neurorehabilitation can be qualified as service robots in
the subcategory "robots for patient rehabilitation" [19]. Some
experts proposed subdividing them into two subclasses: robots
designed to train lost motor function after stroke (therapeutic
devices) and robots designed to compensate for lost skills
(assistive devices) [20]. The relevance of using both types of
RD is explained by the fact that they organically complement
each other at different stages of rehabilitation. The workload on
medical personnel is reduced due to the saving of time for face-
to-face control of the correctness of exercise performance, and
there is an economic effect expressed in an increase in the
number of supervised patients even though there is a minor
increase in the workload on one physician.

Devices designed for neurorehabilitation of limbs and their
parts can be divided into three types [21-23]:

1) static orthopedic devices whose primary function is that
of limb support. They do not have any actuators. These are
various types of splints, lumbars, braces and fixators [24];

2) dynamic orthoses that preserve the mobility of the limb.
They can be passive, supportive, or active, with mechanical
actuators that train a specific joint [25];

3) robotic exoskeletons that replicate the mechanical
properties of the limb and, as a result, better match its anatomy.
Despite their cumbersome feel and high cost, these solutions
are the most suitable for the tasks of neurorehabilitation and
functional prosthetics in conditions of free movement.
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Let us consider the latter option as the most universal
solution, although so far exoskeletons for medical use have not
been identified as a separate category in the domestic system
of standards [26]. Exoskeletons involve safe, collaborative
work with the patient to enable use and improve residual
motor function. Consequently, actuation and control systems
must provide a minimum of two modes of operation: position-
controlled mode and force-controlled mode. In position-
controlled mode, the RD moves along predetermined spatial
and temporal trajectories defined by its settings. The force-
controlled mode relies on the use of the patient's muscular
effort to generate a full range of motion in the RD: this mode
is suitable for minor muscle paresis. Position control can be
added as an additional loop to correct the correctness of the
exercise.

The reduction in rehabilitation time using exoskeletons in
kinesiotherapy was first shown in paper [21]. At the same time,
no significant differences in the effectiveness of exercises with
exoskeletons with and without adaptive control were found
[22]. The authors even lean in favor of RDs without adaptive
capabilities because of their lower cost, higher reliability, and
ease of use and maintenance.

The period of the start of rehabilitation measures and the
parameters for robot-assisted gate training (RAGT) depend on
many factors [23]. It has been found that the best results can
be obtained in the acute period of the disease, with a session
lasting 30 minutes, three times a week for four weeks. Six clinical
parameters were used to assess the condition, including the Fugl-
Meyer Sensomotor Function Assessment Scale, the Berg Balance
and Balance Impairment Assessment Scale, the Torso Movement
Control and Impairment Assessment Scale, the modified Barthel
Index for assessing independence in basic activities of daily
living, and the modified Ashworth Muscle Spasticity Scale. This
statement was confirmed by the results of electromyogram
(EMG) studies of a group of 36 patients. The difference of EMG
parameters (frequency of peaks, its duration and area) between
the control and experimental groups was reliable [27].

Exoskeletons of the upper limbs are more complex in
relation to RDs of the same type for the lower limbs. This is due
to the fact that the simple movements of the large joints are
supplemented by rotations of the hand, as well as grasping or
pinching movements of the fingers [28, 29]. However, robotic
devices known to date able to perform finger movements, do
not take into account the movement of the wrist, so the devices
either hold it stationary, or allow it to make movements only in
one plane: to bend and unfold. Functional multifacetedness of
the simulation of human hand and finger movements implies a
high complexity of the task of controlling the RD, including the
use of artificial intelligence elements and methods of detecting
the patient's movement intentions, including registration of
extensometric and electrophysiological signals of paretic
muscles [30].

Devices for restoration of upper limb function

There is still no unified coordinated, functionally and
physiologically grounded concept of neurorehabilitation
measures of arm and hand mobility using robotic devices
despite a sufficient number of RD models focused on restoring
upper extremity function [31]. This is caused by the ambiguity
of existing approaches to neurorehabilitation of stroke patients
and the diversity of clinical conditions, which often have no clear
distinctions and are combined [31]. As a result of the described
situation, there are now available RDs designed to restore hand
function based on EMG with brain-computer interface (BCI)
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and somatosensory RDs with functional electrical stimulation
(BCI-FES) [32].

The rehabilitation process using EMG can be based on
the principles described below. No significant difference in the
effectiveness of the described methods has been found yet [33]:

1) stimulation of the muscles of the paretic limb with
electrostimulator signals that correspond to physiological norms
and are stored in an appropriate database: the electromyogram
is used to monitor the effects;

2) use of the "mirror" principle, whereby an amplified signal
is applied to the paretic limb, which is recorded on the healthy
limb when the patient attempts to perform identical movements;

3) use of EMG in a biofeedback circuit (biofeedback), when
electromyograms are presented to the patient in the "mirror"
mode when the patient attempts to make identical movements
with the paretic and healthy hand.

RDs using BCI implement different approaches based on
recording electroencephalograms (EEG) of motor cortical areas.
The main problem of such RDs is the ambiguity of interpretation of
the recorded signal. An algorithm based on the analysis of spatial
and temporal characteristics of the EEG in several frequency
ranges of the total bandwidth of an electroencephalogram signal
appears to be relatively simple and specialized even though it
requires substantial computational power [34]. A more universal
and faster algorithm for minimizing the energy of the signal of
the recognized image, allows to obtain approximate solutions,
which in some cases turn out to be more effective [35]. The PSD
(power spectral domain) algorithm is based on measuring the
power spectral density of a signal consisting of a large number
of sinusoids generated by independent sources, as observed in
many noise-like signals [36]. The general disadvantages of RDs
with neurointerfaces include the current impossibility to isolate
weak activation signals of small muscles of the hand and forearm
that control individual fingers.

Somatosensory RDs are based on the creation of a
biofeedback loop between completed sets of movements and
sensations received from the visual, auditory or tactile systems
of the body [37]. Audio-visual biofeedback combined with virtual
or augmented reality technologies, where patients performed
exercises with somatosensory immersion effects, proved to
be the most effective. Feedback sensors installed to capture
movements record force, speed of movement, or position in
space of the arm, hand, and/or fingers. Subsequent studies
have proven that multisensory stimulation and mechanical
feedback to aid in rehabilitation training significantly shorten the
rehabilitation process and have long-lasting effects [38].

An effective means of restoring mobility is BCI-FES, in
which stimulating pulses induce muscle activity in parallel
with forced movements of the entire limb or some part of it.
Thus, through reciprocal relations in the motor centers of the
cortex, a stable connection between the external stimulus and
the corresponding movement is formed. The effectiveness of
the method has been shown to restore mobility of both lower
[39, 40], and upper limbs regardless of age and gender [41, 42].
At the same time, the greatest effect was demonstrated in the
acute phase of stroke. Being slightly inferior in efficiency to
somatosensory RDs, rehabilitation simulators of this type can
be simpler, cheaper and more compact due to their narrow
specialization aimed at training a limited number of movements.

Devices for restoration of lower limb function
Many authors have noted a significant reduction in

neurorehabilitation time in patients with lower limb paresis when
using robotic exoskeletons, as well as a more effective recovery
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of their functioning [43-46]. Recently, flexible lower limb
exoskeletons have begun to proliferate, effectively addressing
some of the problems of traditional rigid exoskeletons by
providing better simulation of the biomechanics of normal
walking, increased stiffness at the joints, lighter weight and a
relatively compact control system [43].

According to the findings, the attention of lower limb
exoskeleton developers over the past decades has focused
on three main areas: materials, manufacturing technology and
controls [44]. No fundamental improvements have been made to
the mechanical part of the design. Biologically neutral lightweight
titanium-based alloys and carbon fiber composite plastics have
expectedly come to the fore. This makes it possible to significantly
simplify the production technology, replacing stamping under the
press by modeling the product in a lightweight mold with heating
and subsequent solidifying during polymerization of binding
resins. Thus, the manufacturing of the basis for the mechanical
part of exoskeletons became feasible to small companies.
Also, it became possible to customize exoskeleton parts during
the production stage. Control of exoskeleton mechanics is
developing rapidly, power consumption becoming much lower
and elements are becoming more compact — all this due to
the emergence on the market of microcontrollers comparable in
performance to desktop computers of the early 2000s, as well
as miniaturized stepper motors with high torque.

The introduction of BOS to enhance exoskeleton control
capabilities appears to be a positive development. One
direction is the development of adaptive control based on
motion intention recognition using acceleration sensors and
percutaneous EMG sensors [45]. In this case, as the authors
rightly point out, the main obstacles become the multiplicity
of inconsistent scales and assessments of motor activity
in post-stroke patients; this makes it difficult to objectively
assess the effectiveness of interventions, the lack of adequate
mathematical models linking EMG activity of motor nerves with
the corresponding leg movement, especially when walking up
and down the stairs, as well as the very nature of EMG signals
with impaired muscle coordination after stroke, which requires
the use of multilayer neural network models for their recognition.
Addressing these challenges will allow for partial automation
of the rehabilitation process, primarily in terms of modifying
the exoskeleton's effect on gait as progress is made in motor
skill recovery. The authors rightly note that the introduction
of exoskeletons with adaptive control will not only reduce the
burden on the rehabilitation physician by taking over the solution
of routine tasks, but will also give a significant economic effect
due to the increase in the number of patients per one physician.

At the same time, even the use of simplified robotic actuators
that implement the motion of only the hip and knee joints
during training already has a positive effect on the restoration
of walking biomechanics. When analyzing the results of the
effect of such a scheme on the recovery of motor functions, we
found a general improvement in motor movements, a decrease
in extensor muscle tone and an increase in the duration of the
support phase in the step cycle; at the same time, the step
cycle itself was reduced from five parts to three. The authors
concluded that robotic training with active actuators for the
hip and knee joints indirectly promotes changes in kinematic
parameters in the ankle joint by bringing pattern parameters
closer to some average movement pattern [46].

CONCLUSION

Analyzing the works describing the effect of RDs on functional
recovery of limbs of post-stroke patients, one cannot but

agree with the position stated in one of the works: most
sources describe only ideas, at best preliminary design
and testing of prototypes, rather than evaluation of devices
already in production or ready for mass production [47]. In
addition, despite the social significance and importance of the
introduction of medical RDs, so far the bulk of proposals in
the domestic market is represented by foreign inventions. It
should be noted that their high cost and complexity of service
maintenance amid sanctions imposed on Russia require a
speedy solution of the problems of development and serial
production of domestic devices of similar purpose.

The main conclusion of the presented review is that in order
to maintain the continuity of the rehabilitation process and really
improve the quality of life of patients, it is necessary to develop
not only highly effective robotic complexes available for large
clinics and rehabilitation centers, but also relatively simple,
inexpensive and readily available RDs for home use. This will
make the rehabilitation process truly continuous. An example
of this could be relatively simple and inexpensive specialized
BCI-FES-type RDs for post-stroke patients, the fabrication and
sale of which, in our opinion, would not require large investments.

The use of medical service robots for patients with limited
mobility at home is still difficult due to the high cost and the
need to create an extensive network of service centers. However,
the use of such voice-activated RDs in clinical settings is more than
justified, as it can reduce the workload of nurses and automate
such routine procedures as dispensing medications or monitoring
patients' temperature and blood pressure in the morning.

If we analyze the state and immediate prospects for the
development of rehabilitation RDs, we should expect their
development in two complementary directions.

On the one hand, the emergence of an increasing number of
models of universal stationary complexes, oriented for operation
in clinical settings and large rehabilitation centers. Initially, each
such complex should have a library of profiles of "standard"
training sessions of the general plan with the possibility of
expansion and supplementation with new combinations of
exercises. A prerequisite for such systems should be the use of
multi-loop biofeedback, providing individual adaptation to the
capabilities of each patient with elements of self-learning. The
individual patient profiles developed during the training sessions
should be stored in a digital library and used for follow-up visits.
At the same time, the distribution of such profiles is hardly
advisable due to their high individuality.

On the other hand, to ensure the continuity of the rehabilitation
process, we should expect to see the development of a market
for relatively inexpensive specialized, possibly mobile, devices
for home use. The cost of such RDs can be reduced in case
of their functional specialization, use of simplified technologies
and unification of the mechanical part and electromechanical
equipment, as well as if we keep the set of exercise profiles at a
reasonable minimum. But even in this case, the use of at least one
biofeedback, allowing to organize adaptation and self-learning of
the RDs, should be considered as a necessary condition. Providing
these products with the means of objective control (surface EMG,
accelerometry) of motor activity of the affected limbs together with
the data transmission channel to a remote server will provide the
most complete conditions for full rehabilitation measures.

In conclusion, the authors would like to note that the
introduction of robotics in medicine is bound to increase the
efficiency of diagnostic, therapeutic, and rehabilitative procedures
and improve the long-term survival rate of patients. Widespread
robotization of healthcare can create conditions for a fairly rapid
transition of medicine to a completely different level of diagnosis
and treatment, which was recently considered fantastic.
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ASSESSING REHABILITATION OF CONVALESCENT CHILDREN AFTER INFECTIOUS DISEASES
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The fact that the disease sequelae can limit the development of the growing child’s activity is the feature of pediatric medical rehabilitation, that is why there is
a need for repeated courses of rehabilitation or habilitation, where each subsequent course is a continuation of the previous one. The specialist’'s mission is to
determine indications for rehabilitation. The paper reports phenomenology and methods to diagnose abnormal activity and participation in convalescent children
after infectious diseases in order to set the rehabilitation goals in the International Classification of Functioning, Disability and Health domains (categories). The use
of method to estimate activity and participation from the point of view of both child and parent or caregiver is considered. The paper provides information useful
for specialists dealing with the issues of rehabilitation of children after infectious diseases.
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The combination of the child’s growth and development with
the development of activities and skills on the one hand and
disabling condition on the other hand is the feature of pediatric
medical rehabilitation. Productive communication with the child
and his/her parents is also important for pediatric rehabilitation,
since family and closest relatives, physical surroundings, are
essential for the child’s develpment.

Modern medical rehabilitation has changed significantly and
is developing dynamically. Now, as never before, it is important

to understand and master the tactical rehabilitation techniques,
including in the field of pediatric infectology [1, 2].

ICF value and capabilities
International Classification of Functioning, Disability and Health
(ICF) describes functional health as interaction between the

individual’s physical and mental states (the level of body’s
structures and functions) and his/her ability to manage daily
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activities (activity level), as well as his/her involvement in real-life
situations (participation level). It is believed that the individual’s
functioning and disability, including his/her participation, result
from interaction between health and the factors of context,
or environmental factors (such as air quality, environment
accessibility, relationships with peers, availability of services,
etc.), and personal factors (such as age, gender, virtues,
lifestyle, etc.) [3]. Thus, the disease course and functioning
are considered as interactive and evolving processes that
can be affected at each of these levels via understanding
and modification of human behavior. A clear and functioning-
related rehabilitation goal increases motivation and leads to
a significantly better outcome. Today, collaborative goal setting
as part of a family-oriented approach is widely promoted in
pediatric rehabilitation, and the focus is shifted from the level
of body’s structures and functions to expansion of children’s
activity and participation in daily activities [4].

According to ICF, human health is influenced by personal
and environmental factors extending beyond anatomy and
physiology. Alphanumeric characters are used to designate the
ICF domains and further divide each domain into categories,
thereby ensuring a comprehensive list of disabilities and
providing a standard conceptual basis for classification
of the components of health and disability [5]. However, such
ICF completeness and extensive encoding structure (ICF can
describe any deviation in health status) to some extent limited
its use in daily clinical practice [6].

In terms of ICF participation means involvement in
real-life situations and activities [7]. Participation takes place
in the environment, where a person lives, works and plays.
It is important to remember that it is participation in various life
situations that is considered as an end-product of rehabilitation
of disabled people of any age. Based on definition
of participation provided in ICF, it is necessary to use the
complex assessment instruments that can be tailored to the
community culture and used to estimate children’s participation
in various real-life situations.

Advanced instruments for assessment
of children’s participation

The modern instruments measuring children’s participation
in meaningful activities are as follows: Children’s Assessment
of Participation and Enjoyment (CAPE) [8], Pediatric Activity
Card Sort (PACS) [9], Children Participation Questionnaire
(CPQ) [10], and Life-Habit [11]. The listed above instruments
do not cover all speres of activity. For example, the frequently
used CAPE scale provides good psychometric characteristics
for disabled and non-disabled children, estimates participation
inimportant events in the field of leisure and play. This scale does
no allow one to estimate participation in such fields, as daily
activities, instrumental activities, daily life and rest/sleep. Thus,
there are two options for assessment of children’s participation
in meaningful activities: using the combination of several
scales/instruments (CAPE, PACS, etc.), or using an instrument
providing comprehensive assessment of participation in various
real-life situations [12].

Participationis amultidimensional construct thatisinfluenced
by multiple factors (such as gender, age, performance skills), as
well as by environmental factors (such as accessibility, social
and economic status). Given the definition of participation
provided in ICF and the fact that participation is considered
to be the end-product of rehabilitation of disabled people
[13], it is important to thoroughly and adequately assess
participation in various life aspects using inclusive and complex
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instruments for goal setting, realization of treatment programs
and intervention efficiency estimation [14].

Value of contact with parents for pediatric rehabilitation

In pediatric rehabilitation, a full contact with parents and
their involvement in rehabilitation activities, specifically
in rehabilitation goal setting, provide the basis for successful
work. However, the literature data suggest that physicians,
who make an effort to determine the goals of the patient and
the family, often set the goals that do not reflect the patient’s
or caregiver’s preferences. Patients often consider goal setting
as a kind of implicit agreement between the physician and the
patients. Sometimes the family and the patient are not aware
of rehabilitation goals [14], while collaborative goal setting
allows the patient and his/her family to define their interests and
help develop the rehabilitation plan [15]. Collaborative setting
of goals and objectives in adults is associated with the increased
patient’s motivation and better treatment outcomes. As for
pediatric population, improving the competence of caregivers
during collaborative goal setting turned out to be the resource [4].

The experience of physical medicine and rehabilitation
(PM&R) physicians shows that parents often feel uncomfortable
when setting goals for children of early age due to the lack
of knowledge about the condition and the rehabilitation
interventions available [16]. In such cases parents can rely
on the physician’s expertise to set achievable and meaningful
goals. Frankly speaking, this limits the depth of cooperation
between patient and the family. In other cases PM&R
physicians can feel more comfortable when using simplified
goal-setting methods not involving the patient and the
caregiver. Practitioners sometimes cast doubt on the ability
of patient and the family to set realistic goals [17]. However,
according to the literature data, understanding of rehabilitation
goals by caregivers is improved when the patient, his/her
family and physician set the goals together [18]. Moreover,
the data show that caregivers and physicians often have
different views on improvement during rehabilitation, which
emphasizes the importance of the goal-setting model focused
on ICF that guarantees that the goals would remain significant
for patient and his/her family [6].

Determining the rehabilitation goal in pediatric practice

Rehabilitation goal is usually determined before the beginning
of rehabilitation course. During the meeting rehabilitation
specialists ask the patient and his/her family the following
questions: “What matters most to you?”, “What would you
like us to help you achieve?” Among identified ICF domains,
3-5 most important ones are selected. The SMART (Specific,
Measurable, Achievable, Relevant, and Time-Bound) goal is set
based on these domains.

Limitations of rehabilitation goal setting in the “activity and
participation” domains in children over the age of five years can
be overcome by using the CASP questionnaire.

The Child and Adolescent Scale of Participation (CASP)
measures the children’s participation in activities at home,
at school and in society relative to children of the same age
[19, 20]. The scale was developed as part of the program “Child
and Family Follow-up Survey” to monitor the results and needs
of children with traumatic and other acquired brain injuries.
The content and methods used in CASP that are based on
ICF [7] have made possible the studies aimed at assessing
participation of children/young adults with various chronic
disorders, including disabling ones, as well as the studies
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aimed at assessing environmental factors, phactors of physical
and social surroundings that support or impede functioning.

Capabilities of CASP scale

Regardless of some limitations, CASP remains a brief and
relatively simple to complete instrument offering a good
coverage at the level of the “activity and participation” domains.
Due to its brevity and simplicity it is useful in clinical practice,
as well as for assessment of programs and population studies.

At the same time, CASP is one of very few measures
of activity and participation at home, at school and in society
for children and young adults with chronic disorders/disability,
which can be used for both parents and children.

CASP consists of 20 ordinal-scaled items and four
subsections: 1) Home Participation (6 points), 2) Community
Participation (4 points), 3) School Participation (5 points), and 4)
Home and Community Living Activities (5 points). The 20
items are rated on a four-point scale: “Age Expected” (Full
Participation in the subscale), “Somewhat Restricted", “Very
Restricted", “Unable" (“Unable” in the subscale). The “Not
Applicable” response is selected in cases, when the item
describes activity, in which the child must not participate due
to age (for example, work).

Most of the items are applicable to children of five years and
older, that is why it was suggested to use CASP for children
starting from senior preschool age.

Each CASP item considers a broad aspect of activity or
real-life situation. The item, subsection and total score can
be used in research and practice. Higher scores reflect more
active participation in community life in accordance with the
age-related expectations. CASP also contains open-ended
questions about effective strategies and supports, as well as
about the obstacles affecting participation (for CASP protocol
see Appendix).

CASP can be used for planning of distinct interventions,
estimation of rehabilitation efficiency, and research. CASP does
not include demographic data, that is why supplementary
demographic information is required (for example, age, gender,
disability type, organization, geographic location, time since
diagnosis).

CASP has been translated into different languages. About
10 min is required to apply CASP. The specialists using CASP
for their purposes must be aware of the content and estimation
scales of CASP, the key terms subject to assessment
(specifically “participation” and “environmental factors) as
defined in ICF [7, 21]. Self-completion of the questionnaire
(in person or via email) by both child having an appropriate skill
and parent is possible, like interviewing by specialist in person
or by telephone.

The analysis of original sources suggests that the CASP
version for children’s self-reports in promising from the
perspective of assessing activity and participation of the child
having a history of acute disorder or having a chronic disease/
disability. The questionnaire is likely to almost evenly rank
activity and participation to justify the use of questioning the
child only, when the main interest of rehabilitation goal setting is
focused on working with patient, or the use of parent’s report,
when no child’s report is available (for example, due to the
adolescent’s cognitive limitations), or the parallel use, when
it is important to understand the nuances of differences
between the parents’ and children’s points of view [22].

Despite the fact that children know best about their role
in activities and participation at home, at school and in society,
the differences between the reports provided by parents and

children are not likely to show, whether the study has been
conducted correctly or incorrectly. These are more likely
to reflect each person’s ideas about health, functioning, and
child’s well-being. It is obvious that the points of view of both
child and parent are important for selection of rehabilitation
intervention or organizational measures. CASP is an interesting
and promising specific instrument for estimation of activity and
participation of children with various disorders due to the earlier
reported by researchers [21, 22] correlations of impairments
identified based on the data from the parents’ reports with
certain disorders. A more thorough investigation of these
correlation involving larger samples for each disorder/disability
(for example, for the most prevalent infectious diseases
constituting up to 90% of the causes of morbidity of children
under the age of 14) can be useful for future research [23].

Features of rehabilitation of children
with infectious diseases

It is well-known that up to 50% of all disability cases in children
are associated with infectious diseases, and infectious diseases
account for about 70% of the death rate of children in their first
year of life [24-26]. The Russian experts more than once and
in great detail raised the issue of arranging medical rehabilitation
for children with communicable diseases due to the possibility
of developing persistent severe residual effects [27-29].

The global data suggest that the ICF-oriented approaches
to arranging and conducting rehabilitation treatment of
children with infectious diseases are used. The results show
significant heterogeneity of rehabilitation goals and emphasize
that the goals should be assessed individually for each child,
regardless of health status and such factors, as age or
functional independence [4]. Furthermore, the studies that are
of some organizational and practical value are based on the
use of both rehabilitation diagnosis in terms of ICF domains and
supplementary questionnaires.

Thus, the study focused on rehabilitation of children, who
survived bacterial meningitis (BM), showed that children often
suffered from the quality of life reduction due to disabling
sequelae. The authors wanted to assess the health-related
quality of life (HRQOL) and the impact of neurological and
auditory sequelae in children, who had a history of BM, using the
Pediatric Quality of Life Inventory (PedsQL) instrument to reveal
the differences in HRQOL between patients and the control
group. The findings showed that survivors had significantly
lower scores than controls based on the parent-proxy PedsQL
reports, which was indicative of lower quality of life (physical
health: 82.5 vs. 100, p = 0.001; psychosocial health: 80 vs.
90, p = 0.005; total score: 82.61 vs. 93, p = 0.004), while the
children’s PedsQL self-reports showed no differences between
cases and control. In all classes of the Glasgow Outcome
Scale cases were quite different from the control groups in
terms of the parent-proxy PedsQL reports with the total score
of 84.21 (mild/no disability), 43.54 (moderate disability) and
55.56 (severe disability), while the score of the control group
was 91.3 (p = 0.04, p = 0.02 and p < 0.001, respectively). The
parents believed that the BM survivors’ quality of life decreased
regardless of the presence or absence of disability. Follow-up
and timely rehabilitation (if necessary) had to be provided to all
BM survivors [30].

The study aimed at exploring the patients’ beliefs and
perceptions with regard to the needs of their children with
congenital Zika virus infection using the ICF criteria is extremely
interesting [31]. The findings have shown that, despite the fact
that parents actually focused on the issues related to motor
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ability of their children, their attention was generally focused
on the environmental factors. These factors included services,
system and policy for prevention and treatment of children
and the factors, that could ensure healthy lifestyle, promote
physical and psychological well-being, and contribute to the
childeren’s social status. Furthermore, given the children’s early
age, rehabilitation goals had to be adjusted later, when the
children would be able to express their opinion [32].

The next study is focused on the importance of systemic
approach to determination of all factors affecting the effects of
rehabilitation, as well as on the impact of time on the natural
course of recovery from acute encephalitis [33]. The study
involved the use of five functional outcome measures for
patients with neurological impairment or disability, including
the Functional Independence Measure for Children (WeeFIM),
Glasgow Outcome Scale-Extended (GOS-E), Modified
Rankin Scale, International Classification of Functioning (ICF),
and Liverpool assessment scale. The WeeFIM components
obtained during patient assessment included estimates of
assistance needed for moving, daily activities, bladder and gut
control, need for transportation means, communicative and
cognitive abilities. The clinically significant ICF domains included
the degree of difficulty in moving body in space, maintaining
sitting position, amount of sleep, maintaining sleep, adequacy
of sleep, muscle tone of the whole body, involuntary jerking of
muscles, and generalized pain.

ICF core sets for pediatric rehabilitation

It is well-known that ICF includes 1685 categories, which
makes reliable goal selection during clinical work very
difficult. The ICF core sets (i.e. the short list of ICF categories
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considered to be the most suitable for an individual with certain
health condition) mitigated this problem to some extent. The
core sets are developed during the research process involving
researchers, physicians, caregivers or patients from all over the
world. Currently, there are only three ICF core sets for children
and young adults with childhood-onset disability. The core
sets have been developed for cerebral palsy (CP) [34]; autism
spectrum disorder (ASD) [35]; and attention deficit hyperactivity
disorder (ADHD) [36]. The common short datasets represent
an international minimum standard for assessment and
description of functioning at any age using the lowest possible
number of categories [37]. Despite the fact the the core sets
have reduced the number of ICF categories per diagnosis,
problems with clinical realization persist. For example, the ICF
core set for ADHD includes 111 categories, while a common
short set for ADHD uses 73-81 categories depending on the
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METHYLATION OF CELL CYCLE AND APOPTOSIS GENES’ PROMOTERS IN EXPOSED INDIVIDUALS WITH
SUBSEQUENT MALIGNANT NEOPLASMS
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DNA methylation plays an important role in carcinogenesis; there are many studies that investigate the degree of methylation of the entire genome, gene promoters,
and non-coding elements in cancer cells, but much less information about changes of the methylation patterns in blood cells and links with the development of
malignant neoplasms (MN). This study aimed to investigate the degree of methylation of promoter regions of cell cycle control and apoptosis genes (BAX, MDM2,
TP53, NFkBT1) in peripheral blood cells of persons chronically exposed to radiation with MN developing latently. The study included 200 persons chronically exposed
to radiation from the Techa River, contaminated with nuclear wastes dumped into it. The level of methylation was assessed by real-time PCR. The participants
were divided into exposed and control groups; comparing them, we found that in the former, the distribution of exposed individuals with latent MN by the degree of
methylation of promoter regions of BAX, MDMZ2 and NFkB1 genes was significantly different from that in the latter (p < 0.001; p < 0.001; p = 0.004, respectively). It
was established that, compared to the control group, the share of the test group participants with subsequent MN who had up to 10% of the BAX gene promoter
regions methylated was significantly higher, and amounted to 98%, while in the control group this figure did not exceed 73% (p < 0.00001).
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METUITMPOBAHUE MPOMOTOPOB NEHOB KJIETOYHOI' O LKA U AMOMTO3A Y OBJIYHEHHbIX JINL,
BMNOCJIEACTBN 3ABOJIEBLLNX 3JTOKAHECTBEHHbIMA HOBOOBPA30OBAHUAMUN

E. A. BrvHoga'? B A. B. Kopederkosa', B. C. Hukudopos'?, A. B. Aknees'?

" YpanbCKuii Hay4HO-NPaKTUHECKUIA LIEHTP paanaLoHHON MeauLvHbl efepanbHoro Megrko-brnonornieckoro areHTcTea Poccnn, HensbuHek
2 YensabuUHCKNIA roCyAapCTBEHHbIN YHUBEPCUTET, HensbuHeK

Metununpoarne OHK vrpaet BaxkHyto ponb B KaHLEporeHese, B nutepaTtype BCTpeyaeTcs AOCTaTO4HO MHOMO UCCNEA0BaHUA YPOBHSA METUNMPOBAHNS BCErO
reHoma, NPOMOTOPOB MEeHOB W HEKOAVIPYIOLLIMX SIEMEHTOB B PakoBbIX KieTkax. [pu 3TOM AaHHbIX 06 U3MEHEHUN naTTepHa METUMPOBaHWS B KNETKax KpoBM 1
CBS31 C pa3BUTMEM 3/10Ka4eCTBEHHbBIX HOBOOOPpasoBaHui (3HO) cylecTBeHHO MeHbLUe. Llenb paboTbl — nccnegoBaHmne ypoBHS METUIMPOBAHMS MPOMOTOPHbBIX
PErVOHOB reHOB KOHTPONSA KIIETOYHOTO Linkna v anontosa (BAX, MDM2, TP53, NFkB1) B kneTkax nepudepny4ecKon KpoBm N, NOABEPTLLMXCA XPOHUHECKOMY
pagvaLyoHHOMY BO3OENCTBUIO B TAaTEHTHOM NEPVOAE PasBUTUSA 3/10Ka4eCTBEHHbLIX HOBOOOPasoBaHuii. ViccnegosaHve nposoaym y 200 4enoBek, Nnoaseprilmxcs
aBapUINHOMY XPOHUYECKOMY paanaLOHHOMY BO3AENCTBUIO B pedysisrate COPOCOB PafavoaKTVBHbBIX OTXOA0B B PeKy Tedy. YPOBEHb METUIMPOBAHWS OLEHMBaM
metozom TMLP B peansHoM BpemeHn. Bbino yctaHoBneHo, 4To pacnpegenerne obnydeHHbix avua ¢ 3HO B naTteHTHOM nepuoge no ypoBHIO METUIMPOBaHMSA
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To date, the potential usefulness of genetic factors in prediction
of risks of malignant neoplasms (MN) has been investigated
fairly well. For some MN, there were established highly
reliable genetic markers, like BRCA1 and BRCA2 mutations
for breast cancer and ovarian cancer [1], TP53 mutations for
breast, lung, stomach and intestinal cancers [2], ATM gene
mutations for pancreatic and breast cancers [3]. However,
polygenic nature of MN prevents determination of the role of
such changes in radiation-induced carcinogenesis. Epigenetic
indicators, including DNA methylation, which are modifiable by
environmental factors like ionizing radiation, can underpin an
alternative approach to the MN risk prediction.

Epigenetic maodifications, including methylation, affect the
expression of genes involved in carcinogenesis at different stages,
from initiation to progression [4]. Hypermethylation of suppressor
genes, mobile genetic elements, and oncogenes, is registered
in tumor cells, the examples thereof including hypermethylation
of tumor suppressor genes in non-small cell lung cancet,
colorectal cancer, breast, prostate, and bladder cancer cases
[5-7]. Hypomethylation of mobile genetic elements, such as Alu
and LINE-1, as well as individual gene regions, was registered in
breast, ovarian, hepatocellular, and stomach cancer cases [8, 9].

[t should be noted that epigenetic marks reflect both the
innate genetic background and the impact of environmental
factors, which is important in the context of investigation of the
effects exogenous factors have on carcinogenesis [10].

DNA methylation is tissue-specific, therefore, methylation
patterns obtained from, for example, blood, cannot be easily
extrapolated to tissues in which cancer grows [11]. However,
this is possible, since the correspondence between DNA
methylation in different tissues depends on the locus and
the degree of inter-tissue correlation, and methyl marks can
be inherited or form at early stages of development, as a
consequence of which they will be detected in many tissues
[12]. Changes of methylation patterns peculiar to the aging
genes (epigenetic clock) may also be associated with the risk of
development of various pathologies, including cancer [13-15].

There are published papers that report development of the
MN risk prediction algorithms based on the analysis of blood
cell DNA methylation. The phenotypic aging and mortality
risk assessment algorithms based on the level of methylation
of CpG-dinucleotides of DNA associated with age, plasma
protein levels, smoking status, and key disease factors, were
shown usable in the context of both overall and specific MN risk
evaluation, including that for lung, prostate, breast, colorectal
cancers [16-18]. A systematic review of studies investigating
human blood DNA methylation established a stable relationship
between breast cancer risk and global hypomethylation of
blood cell DNA and epigenetic age [19].

However, despite the mentioned works, there is still no
reliable evidence of the alleged link between DNA methylation
patterns and MN development risks.

Cell cycle arrest and apoptosis are some of the mechanisms
preventing cell's oncotransformation; with this in mind, we
conducted this study seeking to assess the level of methylation of
promoter regions of cell cycle control and apoptosis genes (BAX,
MDM2, TP53, NFkBT) in blood sampled from individuals who
were chronically exposed to radiation and subsequently had MN.

METHODS
Characteristics of the examined individuals

We determined the degree of methylation of CpG dinucleotides
in promoter regions of peripheral blood BAX, MDMZ2, TP53,
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and NFkBT1 genes in people exposed to chronic low dose
rate radiation emitted by the Techa River contaminated with
liquid radioactive wastes dumped from the Mayak Production
Association in 1950-1960. Individual doses accumulated by red
bone marrow (RBM) were calculated for each participant using
the Techa River Dosimetry System (TRDS) 2016 [20]. They
were divided into two groups: a test group, which included 100
exposed persons who were subsequently diagnosed with MN
(we collected blood samples prospectively, in the latent period,
5 years before MN developed), and a control group, which
consisted of 100 exposed persons not diagnosed with cancer.
In this study, the latent period was up to 5 years, because the
level of methylation depends on various environmental factors
and may change over time, consequently, a longer follow-up
period would weaken the link with cancer risk. One of the
previously published systematic reviews has shown that the
DNA methylation patterns can change in different periods of
observation [19].

The inclusion criteria were: residence in one of the 41 Techa
riverside villages from 01.01.1950 to 31.12.1960; availability of
the individual red bone marrow dose data calculated based
on TRDS 2016 [20]. The exclusion criteria were: autoimmune
diseases, hemoblastoses and malignant neoplasms at the time
of blood sampling (including in 2023 for the control group).

The following MN were diagnosed in the test group 2002
to 2020: lip cancer (ICD 10 code CO0 — 3 cases), cancer of
digestive organs (esophagus, C15 — 1 case; stomach, C16 —
14 cases; transverse colon, C18.4 — 5 cases; rectosigmoid
junction, C19 — 3 cases; pancreas, C25.9 — 8 cases), cancer
of respiratory and thoracic organs (trachea, bronchus, lung,
C34 — 19 cases), breast cancer (C50 — 16 cases), cancer
of female genitalia (cervix, C53 — 7 cases; uterine body, C54 —
4 cases; ovary and uterine appendages, C56 — 3 cases),
male genitalia (prostate gland, C61 — 8 cases); urinary tract
(bladder, C67 — 6 cases; kidneys, C64 - 3 cases).

Table 1 presents characteristics of the examined individuals.

The mean age of the examined persons with MN was
68.3 + 0.7 years (from 51 through 86 years). More than half
(54%) of members of this group were female. The average
accumulated RBM dose there was 731.5 + 68.3 mGy (dose
range: 10.1-3,507 mGy).

By each of the studied genes, the number of people in test
and control groups differed, but by age at the time of examination,
sex and RBM dose, the groups were comparable (Table 2).

All participants of the study signed a voluntary informed
consent form approved by the Ethics Committee of the Urals
Research Center for Radiation Medicine.

Research methods

Genomic DNA isolated from frozen blood samples was
denatured and converted with bisulfite using the EpiJET
Bisulfite Conversion Kit (Thermo Scientific; USA), as per the
manufacturer's protocol. After bisulfite treatment, we applied
primers specific to the methylated DNA sites for amplification
purposes. Methyl Primer Express Software V.1.0 (Applied
Biosystems; USA) was used to construct the sequences
of primers for PCR fragments of promoter regions of BAX,
MDM2, TP53, NFKB1. We selected genes based on the results
of earlier studies investigating their transcriptional activity and
level of methylation of the gene's promoter regions in irradiated
individuals [21, 22].

The oligonucleotides were synthesized by DNK Synthes
(Russia). Table 2 shows sequences of oligonucleotides specific
to the methylated DNA sequence.
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Table 1. Characteristics of the studied groups

. Test group (patients Control group
Group characteristics ’
with latent MN) BAX MDM2 TP53 NFKB1
Number of participants n=100 n=73 n=140 n==69 n=90
Age at the time of examination, years: 68.3 +0.7 71.7+0.8 71.8+0.5 70.4 +£0.8 71507
M + SE (min-max) (51-86) (59 - 87) (56-87) (58 - 84) (59-84)
Male 46 (46) 26 (36) 51 (36) 17 (25) 29 (32)
Sex, person (%)
Female 54 (54) 47 (64) 89 (64) 52 (75) 61 (68)
Accumulated RBM dose, mGy, 722.5 +69.3 542.4 + 63.4 617.6 + 52.2 507.6 + 62.0 765.8 + 83.3
M + SE (min-max) (10.1-3507.1) (10.1-2869.8) (10.1-3179.7) (10.0-2869.8) (10.1-3715.5)

Note: RBM — red bone marrow, M — mean; SE — standard error; n — number of people; (min-max) — range of values.

The status of methylation of the gene promoters was
established with the help of real-time PCR and high resolution
melt curve analysis (HRM analysis). The reaction was triggered
in 20 pl of a 5x gPCRmIix-HS (Eurogen; Russia) reaction
mixture consisting of a highly recessive Tag-DNA polymerase
with specific monoclonal antibodies, SYBR Green | dye, a
mixture of dNTP, Mg2* and PCR buffer. For real-time PCR,
we used a StepOnePlus Real-Time PCR System (Thermo
Scientific; USA) amplifier. The temperature and time sequences
for this procedure were as follows: first denaturation (95°,
5 minutes), denaturation (95°, 30 seconds), annealing (see
Table 2 for annealing temperature for each gene, 30 seconds),
and elongation (72°, 30 seconds) — 50 cycles; construction
of the melting curve (95°, 10 seconds; 60°, 1 minute; 95°,
15 seconds; 60°, 15 seconds).

Bisulfite-converted samples of commercially available fully
methylated DNA, CpG Methylated Human Genomic DNA
(Thermo Fisher Scientific; USA), and unmethylated Human
Genomic DNA Male (Promega; USA) were used as controls
enabling assessment of methylation of the studied CpG islands
of the gene promoter regions. The controls were mixed in the
following ratios: 0/100, 5/95, 10/90, 25/75, 50/50, 75/25 and
100/0, respectively. The degrees of methylation for each control
sample were 0%, 5%, 10%, 25%, 50%, 75% and 100%. For
the analysis, we used HRM software (Applied Biosystems;
USA); it was based on the comparison of the experimental
DNA samples melt curve profiles with the standard samples,
i.e., those with a known level of methylation. Based on the
standard samples, the following degrees of methylation were
distinguished: 0%; 0-5%; 5-10%; 10-25%; 25-50%; 50-75%;
75-100%. Experimental DNA samples were distributed
accordingly.

Statistical analysis of the data

SPSS Statistics 17.0 software package was used for statistical
processing of the results. Yates's chi-squared test enabled
comparison of distribution of the participants by the level
of methylation; the differences were considered significant

Table 2. Characteristics of the used oligonucleotides

at p < 0.01. To distinguish between methylation levels of O
through 10% and over 10%, we used Fisher's exact test. The
differences were considered significant at p < 0.05. Spearman's
rank correlation coefficient (R) enabled correlation analysis
designed to evaluate the effect of RBM dose and age on the
degree of methylation; correlations were considered statistically
significant at p < 0.05.

RESULTS

We found that by the degree of methylation of promoter regions
of BAX, MDM2 and NFkB1, test group (exposed individuals
with latent MN) differed significantly from the control group (see
Figure). It should be noted that in the vast majority of those
who eventually developed MN, the level of methylation of the
mentioned promoter regions did not exceed 10%, and the
bulk of differences in distribution as compared to the control
group were registered in this span. Thus, in the test group,
the proportion of those who had NFKB7 promoter region
methylated by 0-10% was 100%, while in the control group this
figure equaled 87%. At the same time, in the test group, there
were 50% and 49% of those whose NFKB1 promoter region
was hypomethylated (0% methylation) and lightly methylated
(methylation up to 5%), respectively, and in the control group
these figures were 63% and 23%, respectively. As for the MDM2
gene, the bulk of differences between test and control groups
was also in the 0-5% span, with hypomethylation registered
in 29% of the test group cases and light methylation (0-5%) in
62%, while in the control group promoter region of MDM2 was
hypomethylated in 55% of participants and lightly methylated
in 41%. For BAX, the trend was similar: in 98% of test group
participants, the level of methylation was below 10%, and
2% exhibited hypermethylation (50 through 75%) of this gene
promoter region. It is worth noting that in the control group, we
registered all the designated spans of level of methylation of
BAX's promoter region.

Given the relative uniformity of distribution by the levels of
methylation, we divided the sample into two groups: group 1,
methylation up to 10%; group 2, methylation over 10% (Table 3).

Gene Primer sequences (5'-3') Number of CpG sites Amplicon length Primer length Ta
o el o : .
mowm2 R CCTIAGTAGAATTTCGAACGTA 6 120 25 60
1P0 COTACTACGOOOTOTACARAGS. 1 135 2 61

Note: F — forward primer; R — reverse primer; Ta — annealing temperature.
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Fig. Distribution of the participants by level of methylation of CpG-dinucleotides of the studied gene promoter regions. Chi-squared test value incorporates Yates correction

We revealed significant differences only for BAX, the pro-
apoptotic gene. Compared to the control group, the share of
test group participants who had its promoter regions methylated
for up to 10% was significantly higher (p < 0.00001).

Methylation is a dynamic process that may depend on a
number of factors, including age and radiation dose. With this
in mind, we correlated the levels of methylation with RBM dose
and age at the time of examination. This analysis revealed no
dependence of the methylation pattern on RBM dose and age
in the test group, and in the control group, we registered a
weak negative correlation between BAX and TP53's promoter
regions methylation and age of the participants (R = -0.35;
p =0.002 and R =-0.28; p = 0.02, respectively) (Table 4).

DISCUSSION
The subjects of this study were the cell cycle (MDM2, TP53)

and apoptosis (BAX, NFkB1) genes. By distribution of the levels
of methylation of BAX, MDMZ2 and NFkB1 promoter regions,

test group (exposed individuals, subsequent MN) differed
significantly from the control group (exposed individuals, no
subsequent MN). However, having divided the sample into two
groups by the degree of methylation (up to 10% and above
10%), we discovered statistically significant differences only for
BAX. In the test group, 98% of the participants had the levels
of methylation between 0 and 10%, while in the control group,
this figure did not exceed 73%.

BAX is a member of BCL-2 family; it induces apoptosis
and is considered a potential tumor suppressor [23]. Normally,
in response to genotoxic damage, the p53 protein alters the
level of expression of genes involved in mitochondrial-mediated
apoptosis, and activates BAX, inter alia [24]. At the same time,
tumor cells suppress pro-apoptotic genes, seeking to survive and
metastasize. It is important to note that decreased concentration
of the BAX protein is associated with mutations in the Tp53 gene
[25]. According to our studies, exposed individuals with latent
MN have BAX promoter in blood cells hypomethylated, which
may affect the transcriptional activity of this gene. It is interesting

Table 3. Cases of methylation of CpG islands of the promoter regions of BAX, MDMZ2, TP53, NFKB1 in the study sample

Gene Level of methylation Control group N (%) Exposed individuals with latent MN N (%) p-value
0-10% 53 (72.6) 98 (98)
BAX p < 0.00001
Over 10 % 20 (27.4) 2(2)
0-10% 69 (100) 98 (98)
TP53 p=0.51
Over 10 % 0(0) 22
0-10% 135 (96.4) 96 (96)
MDM2 p=0.99
Over 10 % 5(3.6) 4(4)
0-10% 87 (96.6) 100 (100)
NFkB1 p=0.10
Over 10 % 3 (3.6) 0 (0)

Note: p — is the level of statistical significance of differences between groups, as given by Fisher's exact test.
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Table 4. Spearman's rank correlation coefficients (R), dependence of the degree of methylation of the studied gene promoter regions on RBM dose and patient's age
at the time of the study. The p-value for Spearman's correlation coefficients is given in parentheses

Control group Exposed individuals with latent MN
Gene RBM dose Age at the time of examination RBM dose Age at the time of examination
MDM2 -0.03 (0.69) 0.09 (0.31) -0.06 (0.53) -0.05 (0.64)
BAX -0.55 (0.64) -0.35 (0.002) 0.08 (0.44) 0.08 (0.45)
TP53 -0.08 (0.53) -0.28 (0.02) -0.01 (0.99) 0.07 (0.48)
NFkB1 0.14 (0.19) 0.10 (0.34) 0.04 (0.70) -0.02 (0.86)

to note that findings of a previous study that involved residents of
the Techa riverside villages and investigated expression of mRNA
of apoptotic genes: in those whose RBM dose exceeded 522
mGir, transcriptional activity of BAX was increased significantly [21].
Another study looked into death of peripheral blood lymphocytes
in the same cohort, and found that in the exposed with obligate
precancers, the level of respective apoptosis was higher than in
those who were also exposed but had no precancer [26].

There is a sufficient number of published works investigating
profiles of methylation of DNA in cancer cells, with colon, breast
and lung cancers being the most common neoplasms considered
[27]. At the same time, there are significantly fewer retrospective
studies that look into methylation of DNA in normal tissues (for
example, blood) before the onset of the disease, studies that seek
cancer risk predictors; moreover, most of them consider genes
associated with changes in the chronological age (epigenetic
clock) [13, 15, 17]. There are, however, isolated studies of
proto-oncogenes and tumor suppressor genes. One of them
analyzed patterns of methylation of 17 genes potentially indicating
predisposition to breast cancer, including cell cycle regulation
genes, and found that, compared to the control group (no breast
cancer), patients suffering the disease had the intragenic repeating
element of the ATM gene hypermethilated [28].
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FREQUENCY OF INVERSIONS IN THE T-LYMPHOCYTE CHROMOSOMES OF EXPOSED RESIDENTS
OF THE SOUTHERN URALS

Krivoshchapova YaV &=, Vozilova AV
Urals Research Center for Radiation Medicine of the Federal Medical Biological Agency, Chelyabinsk, Russia

It is well-known that ionizing radiation is among factors increasing the rate of chromosomal rearrangements. The inversion rate was poorly understood due to
difficulty of inversion identification by the conventional differential staining method. A comprehensive study of chromatin and its complex rearrangements has
become possible with the use of the high-tech molecular genetic method, fluorescence in situ hybridization (FISH). The study was aimed to assess frequency
of inversions involving the chromosome telomeric regions in 36 residents of the South Urals, almost all of them were affected by combined chronic exposure.
The calculated individualized cumulative external and internal doses were 0.0001-4.7 Gy. Inversions were identified by fluorescence staining of the chromosome
telomeric region. It was found that chromatid inversions were more abundant than chromosomal variants (9 : 0.3 per 100 cells (o < 0.001). No relationship between
the studied parameters and the absorbed dose, sex and age at the time of the examination was revealed.
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YACTOTA MHBEPCUIN B XPOMOCOMAX T-JIMM®OLIUTOB Y OBJTYSEHHbIX
XKUTENEN FOXKHOIO YPAJA

4. B. Kpusowarnosa =, A, B. Boawnosa
YpanbCKuin HayHHO-NMPaKTUHECKUIA LLEHTP paavaLyoHHON MeauumvHel PeaepanbHOro Meanko-6ronormyeckoro areHTeTea, YensbuHek, Poceus

V13BECTHO, YTO MOHN3MPYHOLLIEE U3MyHEHNE — 3TO OAMH M3 (HaKTOPOB, MOBbILLAKOLLIMX HACTOTY XPOMOCOMHbIX NMEPECTPOeK. PacnpocTpaHeHHOCTb MHBEPCUIA Bbina
MaUio 13yyeHa 13-3a CNOXHOCTU UX BbISBNEHWS OBLLENPUHATLIM METOAOM AnddepeHLmManbHON OKpacku. KOMNNeKcHoe naydeHre XpomMaTiHa, ero CrnodxHbIX
NepecTpoek CTano BO3MOXKHO C MPUMEHEHVMEM BbICOKOTEXHOMOMMHHOMO MOSEKYISPHO-TEHETUHECKOrO MeToaa — (yOpecLEHTHOW in situ rmbpuamdaumm
(FISH). Llenbto nccnepoBaHvs 6bI10 U3y4nTb HacToOTy MHBEPCUIA C BOB/IEHYEHNEM TENIOMEPHbIX YHaCTKOB XPOMOCOM Yy 36 uTenein KOxxHoro Ypana, noytv Bce
13 KOTOPbIX MNOABEPIMINCH COHETAHHOMY XPOHNHYECKOMY 06/1yHeHM0. PaccumTaHHble MHAVBUOYanM3MpOBaHHbIE CyMMapHbIe 003bl OT BHELUHErO W BHYTPEHHErO
0bnyyeHns — ot 0,0001 no 4,7 Mp. ViHBepcun BbISIBAANM METOAOM (DIyOPECLIEHTHOM OKPACKI TENIOMEPHOIO y4acTKa XpOMOCOM. B peaynsrate 06Hapy»xmnm, 4To
pacnpocTpaHeHbl MPENMYLLIECTBEHHO XPOMaTUAHbBIE MHBEPCUMN MO CPaBHEHMIO C XPOMOCOMHbIMM BapuaHTamu (9 : 0,3 Ha 100 kneTok (p < 0,001). He BbisiBneHo
3aBMCVIMOCTU UCCEA0BaHHbIX Mokadateneit oT A03bl 06yYeHns, Mona 1 Bo3pacTa Ha MOMEHT 06CnefoBaHuS.

Knto4yeBble crnoBa: XpOMOCOMHbIE abeppauyn, UHBEPCUM, TENOMEPHbIE PaioHbl XPOMOCOM, NOHM3MPYtoLLee nanydeHre, FISH, peka Teda

®durHaHcupoBaHme: paboTa bblna HacTUHHO NogaepKaHa rpaHTom Poccuiickoro PoHpa PyHaameHTanbHbIx necnepoBanni (PODI) coBmecTHO ¢ MNpaButenscTBom
YHenabuHckor obnactu, foroBop Ne 20-44-740007\20 ot 28.01.2021, a Takke PMBA PO OLIM «MoaepHn3aLms BbICOKOTEXHONOMMHHbBIX METOAOB, HAMPaBAeHHbIX
Ha BbIABNEHNE MeONLMHCKNX NOCNEACTBUA pagmaLmoHHbIX BO3AENCTBUN Ha nepcoHan MO "Mask" 1 HaceneHne YpanbCckoro perroHa» (wudp «MeauumHekme
nocneacTevsa-21»).

BrarogapHoOCTH: aBTOpbI BbpabkatoT 611arofapHOCTb CTapLlemMy natopaHTy H. ®. CaBkoBOW 38 TEXHUHECKYIO 1 1aB0PATOPHYIO MOALAEPKKY.

Bknap aetopoB: A. B. Boannosa — mnaes nccnefoBaHns, NOCTaHOBKA HayYHbIX 3afad, aHanm3 nutepatypbl, HanucaHne ctatbu; A. B. Kpusowlanosa —
paspaboTka KpUTEPUEB aHanm3a, NokKpacka 1 aHanma CTekon, CTaTUCTUKa, aHanns IMTepaTypbl, HanncaHue ctaTbu.

CobniopgeHne aTn4ecKnx CTaHAapToB: 1ccneaoBaHne ogobpeHo atnyeckum kommtetom YHIL PM (mpotokon Ne 7 0T 20 okTs6psa 2023 1), y L, yHaCTBYOLLMX
B LIMTOrEHETUHECKIX NCCNefoBaHnsX, ObIo Nony4eHo MHOPMMPOBaHHOE cornacue Ha 3abop 06pasLoB KPOBY 1 AabHENLLNE UCCNEA0BaHNS.
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For more than 60 years individuals, chronically exposed
due to the Mayak PA liquid radioactive waste releases into
the Techa River (Southern Urals), have been undergoing
medical examinations in the Urals Research Center for
Radiation Medicine of the Federal Medical Biological
Agency of Russia (URCRM). The long-term follow-up of the
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cohorts of exposed people leads the researchers to the
understanding of the complex interaction of radiation and
non-radiation factors and its further effects on human health.
Studying the chronic exposure effects on the body remains
an essential task for researchers and medical professionals,
since it helps to reveal the mechanisms underlying the
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effects of radiation and prevent adverse impact of radiation
exposure [1].

Great amount of research is focused on exploring the
mechanisms underlying the emergence of chromosomal
mutations and identifying their role in evolution of species,
implementation of the ontogenesis, effects on the organs
and tissues of a human body [2, 3]. The exposure to ionizing
radiation can trigger development of various biological effects,
also including chromosomal aberrations [4, 5], translocations
(stable aberrations), as well as ring and dicentric chromosomes
(unstable aberrations) being the most thoroughly studied ones.
Follow-up of the cohort of individuals affected by combined
chronic exposure (hereinafter referred to as exposure) in the
Southern Urals demonstrates high frequency of translocations
and unstable chromosomal aberrations relative to background
indicators even 70 years after the beginning of exposure
[6]. Today, there are sporadic reports showing the direct
correlation between the increased frequency of chromosomal
rearrangements and diseases in humans. Some investigations
consider cancer as an effect. The studies have shown that
up to 70% tumor cells contain chromosomal rearrangements
of various types [7].

In recent years, the researchers’ attention was focused
on exploring the chromatin packaging and behavior in the
nucleus, since the range of methods suitable for such studies
expanded. The scientists construct models and predict
the effects of various factors and genetic mutations on the
chromatin architecture based on the data on the frequencies
of various types of chromosomal rearrangements and
differentiated chromatin arrangement in the cell nucleus in the
3D format [8].

Chromatin, consisting of heterochromatin and euchromatin
regions, has a complex structure and compaction. It is well-
known that chromosomal rearrangements result in redistribution
of these structures across the chromosome arms or different
chromosomes in the nucleus or in elimination of certain regions,
which inevitably affects expression of oncogenes, suppressor
genes, etc., as well as cell functioning.

Among stable chromosomal aberrations, inversions are the
most poorly understood, because these are difficult to identify.
Inversions are chromosomal rearrangements in which the
chromosome structure alteration is caused by the 180-degree
turn of one of its regions. Inversions are divided into two classes:
pericentric and paracentric. Pericentric inversion includes the
centromere and changes the chromosome structure, which
makes it easy to verify during karyotyping. Paracentric inversion
is less easy to detect, since it does not change the ratio
of the chromosome arms. The DNA breakage/fusion
mechanism underlies the emergence of inversion [9].

Inversion plays an important biological role. According to
the published data, inversions in chromosomes are most often
found in the cells that are undergoing malignant transformation,
in individuals with congenital syndromes associated with
developmental delay, autism and epilepsy [10, 11]. It is well-
known that inversion affects the occurrence of crossing over
between sister chromatids and segregation of chromosomes into
daughter cells, which can result in aneuploidy or cell death [12].

There are various methods to detect chromosomal
inversion. Among cytogenetic approaches, G-banding (GTG-
banding) is the most widely used and affordable one. However,
the complex and time-consuming nature of the analysis made it
impossible to widely use the approach to assess the abundance
of various types of inversions in human cells. Fluorescence
in situ hybridization, to be more specific high-resolution
multicolour banding FISH (mBAND), is a modern high-tech

method to determine chromosomal inversion [13-15]. This
method is reliable, but rather expensive to study the population
frequencies of inversions in human cells. We have tried to use
FISH with locus-specific telomeric probes for this purpose [16].
When assessing the length of the metaphase chromosome
telomeric regions, we sometimes detected fluorescence signals
of telomeres within chromosome arms, which was indicative
of the chromatin inversion involving the chromosome terminal
regions. The pilot-stage findings of the study of the frequency
of inversions involving telomeric regions were presented in our
previous paper [16], however, to be confident in the obtained
results it was necessary to expand the sample and then assess
the relationship between the indicators and the radiation and
non-radiation factors.

The objective of the study was to assess the frequency
of inversions involving the metaphase chromosome telomeric
regions in T-lymphocytes of individuals affected by combined
chronic exposure on the Techa River. To accomplish this
objective a task was set to assess the relationship between
the frequency of inversions and the cumulative external and
internal dose, as well as the age at the time of examination
and sex.

METHODS
Characteristics of examined individuals

The study involved residents of the Southern Urals born before
1960, the majority of them had cumulative absorbed doses
to RBM (red bone marrow) of 0.0001-4.7 Gy (calculated
according to the TRDS-2016). These individuals were either
members of the Techa River Cohort (TRC) or Techa River In
Utero Exposed Cohort (TRCIU). Information about the studied
sample and health status of exposed individuals was provided
by the “Database “Man” Department. Individualized cumulative
external and internal doses (hereinafter referred to as doses) to
RBM were calculated using the TRDS-2016 in the Biophysics
laboratory, the data on the history of cancer in the examined
individuals were provided by the Epidemiology Laboratory of
the Urals Research Center for Radiation Medicine (URCRM) [1].

The fact of combined exposure (internal B- and external
y-exposure in a wide dose range) was the specific feature of
chronic exposure of the residents of the Techa Riverside villages.
A total of 29 females and 7 males were examined during the
study. Inclusion criteria: age 61-81 years. Ten donors had high
absorbed doses to RBM (1-4.7 Gy), 12 individuals had the
absorbed doses to RBM within the range of 0.3-0.9 Gy. The
comparison group included two non-exposed individuals and
12 exposed individuals with the absorbed doses to RBM of
0.0001-0.01 Gy.

Exclusion criteria: individuals born in 1961 and later; history
of autoimmune diseases, cancer, exacerbation of chronic
inflammatory diseases. People taking cytostatics, antibiotics
were not included. The characteristics of studied groups are
provided in Table 1.

Obtaining the peripheral blood T-lymphocyte metaphase
chromosome preparations

The cytogenetic study involved metaphases of the peripheral
blood T-lymphocytes stimulated with phytohemagglutinin
(PHA). The chromosome preparations were obtained in
accordance with the protocol including four consecutive
stages: cell culturing to the metaphase stage, hypotonic
treatment of cells, metaphase plate fixation and making
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Table 1. Characteristics of studied groups
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Number of donors (total)
Females Males
Dose group, Gy Age, years
Number, n Age, years Number, n Age, years Number, n Age, years

0-0.01 14 62-72 10 62-72 4 62-70
0.3-0.9 12 69-81 11 69-81 1 72

1-4.7 10 70-76 8 70-76 2 71-72

Total 36 62-81 29 62-81 7 62-72

the chromosome preparations [17]. When drops of the cell
suspension were pipetted onto the slides, slides were dried at
42 °C on the slide dryer, then stored in the freezer at 20 °C
prior to fluorescent staining.

Telomeric region staining by fluorescence in situ
hybridization (FISH) with locus-specific probes

Chromosomal inversions involving telomeric regions were
assessed using the Telomere FISH Kit/Cy3 telomeric probes
(Dako; Denmark). The Cy3-conjugated peptide nucleic acid
used to produce the probe is synthetic DNA analog capable of
binding to DNA of chromosomes in accordance with the base
pairing rules. In peptide nucleic acid, the sugar-phosphate
backbone is replaced with the neutral peptide-polyamide
backbone, however, the distance between base pairs remains
the same as in DNA. It is important to note that the probe from
this set does not recognize subtelomeric chromatin sequences
and therefore enables staining of the chromosome telomeric
regions only [18]. Chromosomes were stained in accordance
with the protocol of the probe manufacturer. The fluorescence-
stained preparations were analyzed using the Axio Imager
Z2 microscope (Zeiss; Germany) with the DAPI and SpO
(Spectrum Orange) filter and the Isis software package.
Metaphases containing 46 chromosomes without overlapping
or artifacts were included in the analysis. All the chromosomes
were analyzed in each cell to find inversions. A total of 100 cells
per donor were counted, a total of 3,600 cells were analyzed
during the study. We estimated total number of inversions by
types and the sum of all inversions per 100 cells, as well as the
group-average values. Since the criteria of dividing inversions
into chromatid and chromosomal were discussed in detail in
previous report [16], here we provide a brief reminder of the

=
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Fig. 1. Potential mechanism underlying the emergence of inversion involving the
chromosome telomeric region
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mechanisms underlying the emergence of inversions and
various inversion types (Fig. 1, 2).

Statistical analysis

The results were analyzed using the STATISTICA 10 software
package (StatSoft; USA). Statistical processing of the results
was performed using the nonparametric Mann-Whitney U test.

RESULTS

Frequency of chromosomal inversions in the range of 0-2
was reported in 9 individuals, while chromatid inversions in
the range of 3-26 were reported in all examined individuals.
In non-exposed individuals (2 people), the chromatid inversion
frequency was 6 and 19% and the chromosomal inversion
frequency was 0 and 1%, respectively. The ratio of average
frequencies of chromatid and chromosomal inversions was 9 :
0.3 per 100 cells (p < 0.001) (Table 2).

As it is shown in Table 2, frequency of inversions in the
studied groups with increasing absorbed dose to RBM
demonstrates no significant differences. Low values were
observed in individuals with the highest doses of 1-4.7 Gy.
Maximum values were typical of chromatid inversions (frequency
was 9.2, 9.5 and 8.7, respectively). The chromosomal inversion
frequency was between 0.4 in the first two dose subgroups
and 0.2 in the subgroup of individuals exposed at high doses.

The dependence of the inversion frequency on the age at
the time of examination is provided in Fig. 3.

Therefore, no age-dependence of the inversion frequency
was found in the studied age range (60-80 years).

No dependence of the inversion frequency on the absorbed
dose to RBM was revealed either.

A B

Fig. 2. Inversion types: chromosomal (A) and chromatid (B) (telomeric region is
highlighted in gray)
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Table 2. Frequency of inversions (M + SD) (median, 25 and 75%) involving telomeric regions in T cells of exposed residents of the Southern Urals (per 100 cells)

Chromatid inversions Chromosomal inversions Total inversions
Dose groups, Gy M + SD, M + SD, M + SD,
(n) Median, Median, Median,
(25-75%) (25-75%) (25-75%)
. 9.2+47 0.4 +0.7 9.6 + 5.1
Comparison group
(13) 9 0 9.5
(6-11) (0-1) (6-12.5)
9.5+6.0 0.4+0.2 9.6 +6.0
0.3-0.9 (11) 8 0 8
(6.5-9) (0-0) (7.5-9)
8.7 £+ 3.7 02+04 8.3+4.8
1.00-4.7 (11) 7 0 7
(6-10.5) (0-0) (6-10.5)
9.1+438 0.3+05 9.4+50
Entire group (36) 8.5 0 8.5
(6-11) (0-0.25) 6-11)

There were few men in the studied sample. That is why,
to assess the sex effect on the studied parameter a group of
women was formed. Women were selected in accordance with
the case-control principle for each examined man taking into
account the absorbed dose to RBM and age (Table 3).

Thus, no dependence of the inversion frequency on the sex
of the examined individuals was revealed.

DISCUSSION

The study reported in the paper is a continuation of a pilot project
started more than two years ago in the Laboratory of Radiation
Genetics, Urals Research Center for Radiation Medicine as
part of the Russian Foundation for Basic Research grant.
During this project we assessed the metaphase chromosome
inversion frequency in the cultured peripheral blood T cells of
exposed residents of the Southern Urals [16]. For this purpose
a method of fluorescent staining of the chromosome telomeric
regions was proposed and tested. In the given paper the size
of the examined individuals sample was increased and the
impact of radiation and non-radiation factors on chromosomal
rearrangements (inversions involving telomeric regions of
chromosomes) was analyzed. It has been found that thanks to
the increase in the sample size the earlier reported frequencies
of inversions have been confirmed: chromatid inversions were
the most abundant and their ratio to chromosomal inversions
was 9:0.3.

It is obvious that chromatid inversion is formed in one of the
sister chromatids after the cell is through the synthesis phase
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of cell division, while chromosomal inversion results from the
inversion emerged before the synthesis phase, which eventually
causes duplication of the inverted chromatid during this phase. In
this case the ends of the sister chromatid arms are left without
telomeric regions, which is a marker of the cell death. This thesis
is proven by lower frequencies of chromosomal inversions. If
cells could survive such rearrangements, we would see high
frequencies of chromosomal inversions or other chromosome
rearrangements (for example, translocations or di- or multiple-
centric chromosomes, ring chromosomes). However, this was
not observed when assessing preparations.

The analysis of the published papers gives reasons
to believe that there are some mechanisms that eliminate
damaged chromosomes or cells, which makes it possible to
preserve integrity of chromosomes in the cell and the genome
in all cells of the bodly.

Our findings show that a large number of inversions contain
telomeric repeats. The analysis of the published papers has
allowed us to find reports noting that telomeric sequences
are found in the chromosomal chromatin of many organisms,
including human beings, and are referred to as interstitial
telomeric sequences (ITSs) [19, 20]. Such regions are considered
to result from genomic rearrangements during the course of
karyotype evolution, which emphasizes the importance of
studying these regions. There are assumptions explaining the
mechanisms underlying the telomeric region insertion during
repair. It is believed that short telomeric repeats can be inserted
by the double-strand break repair systems involving telomerase
[21] or result from replication induced by the double-strand
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Table 3. Inversion frequency versus sex (M + SD) per 100 cells
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Chromatid Chromosomal . .
Sex (n) Age, years Dose, Gy inversions inversions Total inversions
M (7) 61-72 0.003-1.35 8.3+4.3 0.1+04 8.4 +4.6
F(7) 62-75 0.0001-1.35 7.7+34 0.3+0.5 8+3.8

breaks or targeted insertion of telomeric sequences [22] based
on the mechanism of alternative lenghthening of telomeres
involving some homologous recombination components [23].
The loops formed by telomeric sequences are an important
component of three-dimensional chromatin organization in the
nucleus, which, in turn, is an important aspect of functional
regulation of all processes in the genome [24]. Thus, ITSs can
mediate telomeric regulation of the genome regions located far
from the telomeres.

Considering the fact that the mechanism underlying
inversion is the same as that underlying translocation (DNA
breakage/fusion), it can be assumed that deletion of genes
encoding proteins ensuring the chromosome end stabilization
(such as TRF2) occurs due to the effects of regulatory
mechanisms, which results in the chromosomal rearrangement.
Consequently, the chromosome can either be eliminated, form
a ring or “escape” via inversion. The single-stranded telomeric
sequence, once inside the chromosome, is probably completed
by telomerase, which is triggered by the interaction between
the RNA matrix and the single-stranded primer. Telomerase
adds nucleotides to the primer following the order dictated by
the matrix structure [25].

Previously, we have reported the frequencies of chromosomal
aberrations obtained for the group of individuals exposed
to high-dose radiation in the Southern Urals [16]. Thus,
during the analysis of chromosome preparations, chromatid
inversions were the most abundant (9%), simple translocations
accounted for 5%, complex translocations for 0.6%, and
chromosomal inversions were the least abundant (0.3%). Given
that each chromosome occupies a strictly defined space in the
nucleus and normally does not overlap with chromatin of other
chromosomes, the fact that the most frequent alterations are
found within a single chromatid (chromosome) becomes quite
explicable [8]. Thus, it is well-known that up to 55,000 single-
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EFFECT OF CYSTAMINE ON GASTRIC PROPULSIVE FUNCTION AND GAS EXCHANGE
IN THE RAT MODEL OF RADIATION-INDUCED MYELOABLATION
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Radiation exposure of recipients before hematopoietic stem cell transplantation can cause gastrointestinal (Gl) stasis. It is associated with complications of
myeloablative radiation therapy: delayed vomiting, excess bacterial growth, endotoxicosis, systemic inflammation, and sepsis. The study was aimed to assess
the possibility of Gl stasis prevention by intragastric administration of cystamine dihydrochloride when using radiation-induced myeloablation. The severity of Gl
stasis, levels of enterocyte markers in the small intestinal tissues and the indicator of intestinal endotoxicosis, urinary indican excretion, were assessed in rats
72 h after the single total-body X-ray exposure to the dose of 9.64 Gy (1.1 LD, ); the animals’ whole body oxygen consumption was recorded daily. Irradiation
caused Gl stasis with predominant gastric stasis, the 1.5-4.8-fold decrease in the cholinesterase and alkaline phosphatase activity in the small intestinal tissues,
doubled the urinary indican excretion, the whole body oxygen consumption reduction by 17-32%. Cystamine administration generally prevented gastric stasis, but
had no significant effect on the characteristics of radiation-induced enterocytopenia and did not prevent accumulation of chyme in the caecum, hyperindicanuria,
radiation-induced spleen hypotrophy, and decrease in gas exchange rate. Cystamine is promising for testing in large animals as a selective agent for emergency
prevention of gastric stasis during myeloablative radiation therapy.
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BNUAHUE LLIUCTAMUHA HA NMPOMYJ1IbCUBHYHO ®YHKLINIO XXENTYAKA N TASOOBMEH
Y KPbIC NPU JTYMEBO MUENOABNALNNA

O. A. BakyHenrkosa', tO. HO. Mernukuin!, O. A. Oannnosa?, T. B. LLedep? ™=, B. J1. PeiiHiok!

" Hay4HO-KNMHUHECKUNI LIEHTP TOKCUKOMOMN nMeHn akademvika C. H. Tonnkosa PefepanbHoro Meamko-61onornieckoro areHTcTea, CaHkT-MNetepbypr, Poccus

2 TocyaapCTBEHHbIN Hay4HO-MCCNEA0BATENBCKUIA UCTIbITATENbHbIA UHCTUTYT BOEHHOM MeanLHbl MyHUCTepCTBa 060p0oHbI Poccuiickon ®enepadim, CaHkT-Tetepbypr,
Poccuns

ObnyyeHvie peunnueHTOB nepes NepecagKkort CTBONOBbLIX KPOBETBOPHBIX KNIETOK CMOCOOHO BbI3BaTb »Keyao4HO-kuweyHbIn cTad (PKKC). C H1uM cBsidaHbl
OCNOXHEHWST Ny4eBOA MUEN0abnALMOHHON Tepannu: NO3AHAS PBOTA, M30bITOYHbI GaKTepuanbHbIA POCT, SHAOTOKCUKO3, CUCTEMHOE BOCMASIEHVE 1 Cencuc.
Llensto paboTbl G610 OLEHUTE BO3MOXXHOCTE MpepynpexaeHns XKKC npu ny4eBoi Mnenoabnsaumm npodunakTUHecKM BBEAEHNEM B XXeNyAoK LycTammHa
avrnapoxnopuga. Y KpbiC onpefensnu BelpakeHHOCTb YKKC, copepyxaHne MapKepoB SHTEPOUMTOB B TKaHAX TOHKOW KUMKW 1 nokasaTenb KULLEYHOro
SH[OTOKCMKO3a — SKCKPELMIO UHAVKaHa C MOHOM — 4epes 72 4 Moche OOWero OfHOKPaTHOMO PEHTIEeHOBCKOro obnyYeHust B gosde 9,64 Tp (1,1 NI, . );
©KeJHEBHO PerucTpypoBan noTpediieHre XMBOTHbIMK Kucnopoda. ObnyyeHre BoisbiBano YKKC ¢ npeobnagaHnemM ractpocTasa, CHWXKaNo akTUBHOCTb
XONMHACTEPasbl U LLENOYHON hochaTasbl B TKaHSAX TOHKON kuwky B 1,5-4,8 pasa, BABOE MOBbILLAIO SKCKPELWIO MHAVKaHa C Mo4ol, Ha 17-32% cHukano
noTpebneHne K1ucnopoga opraHMaMoM. BeepdeHne LMcTamvHa B OCHOBHOM MPEefynpexaano ractpocTas, HO He OKasblBaslo CyLLECTBEHHOrO BAVSIHUS Ha
rokasarenu sly4eBov SHTEPOLMTOMNEHWN, He MPedynpPexXaano HakomIeHe XMMyca B CNenom KULLKe, TMNepUHAVIKaHYpWIO, STyHeBYHO MNOTPOMUIO Cene3eHkn
1 CHIDKEHWE WHTEHCMBHOCTY ra3oobmena. LinctamuH nepcnektviBeH ana anpobaummn Ha KpyrHbIX XKMBOTHbIX B KA4ECTBE CEMIEKTUBHOMO CPEACTBa SKCTPEHHOM
NPOMUNaKTVIKM racTpocTasa npu Jly4eBor MMenoabnaLmMoHHON Tepanmm.

KniouyeBble cnosa: KpbIChbI, NydeBas MI/IeJ'IOa6J'IFILLVIFI, LUMCTaMmnH, )KeJ'Iy,EI,OHHO-KI/ILLIeHHbII;I CTag, ractpocTtas, MHOKaH, SHTEPOLNTOMNEHUA, ra3o0bmeH
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CobniopeHne aTMHeCKnX CTaHAAPTOB: UCCNEA0BaHNe BbIMOMHANM C COBMOAEHNEM NpaBun BUOSTUKM, YTBEPXKAEHHbIX EBPONENCKOM KOHBEHLWEN O 3alumTe
MO3BOHO4YHbBIX XKMBOTHbIX, UCMOMb3YEMbIX 15 9KCNEPUMEHTaSbHBIX U APYrX Lienen.
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The term “myeloablation” was proposed in 1952 to define
irreversible pancytopenia following the single total body
X-ray exposure to a supralethal dose [1]. Radiation-induced
myeloablation has found application in clinical practice:
it is used to prepare recipients for hematopoietic stem cell
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transplantation; such preparation is referred to as “conditioning”
[2]. Irradiation involving 1-3 fractions with the total doses of
8-12 Gy and transplantation of hematopoietic stem cells after
2-5 days is used for radical treatment of hemoblastoses, some
solid tumors, myelodysplastic and autoimmune disorders [3]. In
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individuals with acute leukemia, radiation-induced myeloablation
is used solo or in combination with chemotherapy. In the latter
case, it is considered as a method to combat chemoresistance
in cancer cell clones [4]. Radiation-induced myeloablation is
the main method to treat T-cell acute lymphoblastic leukemia in
children and adults [5, 6]. Irradiation with myeloablative doses
can also occur outside the clinic: during the first stage of the
nuclear power reactor accident, under exposure to penetrating
radiation of a nuclear explosion, when staying in the zones of
dangerous or extremely dangerous radioactive contamination
of the terrain with the nuclear explosion products [7].

The most prevalent and severe complications of
myeloablative therapy are represented by the disorders referred
to as “oral mucositis” and “gastrointestinal toxicities” in foreign
clinical trials [8, 9]. Impaired regeneration of the gastrointestinal
tract mucosal epithelium is a common pathogenetic basis of
these disorders. Among organs of the gastrointestinal tract,
damage to the small intestinal epithelium is the most important.
That is why selective radiation shielding of the small intestinal
mucosa seems o be a promising approach to prevention of the
myeloablative radiation therapy gastrointestinal complications.

One of those is gastrointestinal (Gl) stasis, the reversible
dose-dependent slowing of the gastrointestinal transit of chyme.
There are few reports of such clinical cases, however, the
possibility of modeling Gl stasis by exposure of rats [10], guinea
pigs [11], dogs [12] and monkeys [13] to the doses exceeding
1 Gy suggests that Gl stasis comlplicates myeloablative
radiation therapy more often, but under the “mask” of other
diagnoses. Gl stasis occurred in 26% of recipients after the end
of primary acute radiation-induced response and manifested
itself in the form of nausea, vomiting, bloating and distension of
the stomach; it was confirmed by scintigraphy [14].

The Gl stasis clinical significance is determined by its
influence on the radiation exposure outcome: it hampers the
patients’ nutrition, makes it pointless to prescribe oral drugs,
contributes to damage to the gut-blood barrier with the influx
of lipopolysaccharides of Gram-negative bacteria into the
blood and the development of sepsis [15]. Its accompanying
overgrowth of gastrointestinal microbiota results in realization
of the quorum sensing effect, intensification of generation of
toxic substances by bacteria, endotoxemia and endotoxicosis
[16]. Some of these substances show pulmonary toxicity, and
the stomach congested with chyme can limit diaphragmatic
excursion. In some recipients, X-ray gastric shadow spreads
to large parts of both abdominal and thoracic cavities after the
course of myeloablative therapy [17]. That is why abnormal
external respiration and gas exchange are potential effects of
gastric stasis.

Perhaps, Gl stasis is a defensive response to acute radiation-
induced mucositis, the main pathogenetic link of which is
represented by cytopenia. In this regard, it can be assumed that
the drugs preventing cytopenia, radioprotectors, can prevent Gl
stasis. Of greatest interest are indralin, one of modern standard
radioprotective agents [18], and cystamine dihydrochloride that
has been earlier used as a radioprotective agent. The latter
remained the only sulfur-containing radioprotector registered in
our country for a long time; in 1960-2012, it was part of first-
aid and sanitation kits for the military unit of the medical service
of the Russian Armed forces. There is an experience of using
the substance in clinical practice [19]. Despite the fact that this
drug is not listed in the State Register of Medicines as at 20
November 2023, it seems reasonable to test the drug as an
agent for pathogenetic prevention of radiation-induced Gl stasis.
The study was aimed to test the hypothesis that cystamine
dihydrochloride administered by intragastric route prevented Gl

stasis, endotoxicosis and gas exchange abnormalities in the rat
models of radiation-induced myeloablation.

METHODS

The study involved male Wistar rats (161-190 g), purchased
from the Rappolovo laboratory animal nursery. The diet included
standard rat food and ad libitum access to water. Animals
were randomized into experimental groups. To be deprived
of food, rats were placed in the slatter floor cages, preventing
coprophagy and consumption of the bedding components,
with access to water only.

The time period of myeloablative conditioning was an
order of magnitude shorter than the half-time of recovery
after radiation exposure (25-45 days in humans). That is why,
despite the fact that the myeloablative exposure dose is usually
fractionated, the effective value does not differ significantly from
the value of the sum of fractions. Therefore, radiation-induced
myeloablation was modeled by the single X-ray irradiation in the
multifunctional mobile X-ray apparatus (ELTECH-MED; Russia).
Rats were placed in the polyethylene terephthalate pencil
cases (eight rats per pencil case) positioned radially head to
center in the circular polymethyl methacrylate rack. Irradiation
parameters: focal range — 564 mm; anode voltage — 60 KV,
anode current — 13 mA,; filter: polymethyl methacrylate 8 mm
+ polyethylene terephthalate 0.4 mm; absorbed dose to the
geometric center of the body — 9.64 Gy (1.1 LD, ). This dose
was identified based on preliminary assessment of the dose
dependence of the average life expectancy of exposed rats
as a maximum dose, with which life expectancy of all animals
was at least 3 days after exposure; in humans this corresponds
to the average time period of myeloablative conditioning. The
radiation dose rate was 0.27 Gy/min. The minimum to maximum
body’s exposure dose ratio was 0.9 in the caudo-cranial and
0.5 in the ventro-dorsal direction. Irradiation that lasted for
52 min was applied in three fractions of 12 min with two
intervals of 8 min. In preliminary experiments, such exposure
resulted in the development of pancytopenia syndrome after
3 days, reduction of relative weight of the spleen by 62 % and
femoral bone marrow by 41 %, DNA density in these tissues by
2 and 1.9 times, respectively, as well as in the animals’ death
after 5.9 + 1.5 days M +m, n = 16).

Laparotomy and organ harvesting were performed under
the mask halothane anaesthesia. The Gl stasis severity was
assessed based on the relative weight of chyme in the stomach
and caecum calculated as a difference between the weight of
the organ filled with chyme and the weight of the empty organ
(gaster, caecum) in grams relative to body weight in kilograms.

In the first phase of the study we assessed the dynamics
of Gl stasis following myeloablative conditioning. For that
animals were divided into eight groups, among them four were
represented by animals deprived of food 2, 24, 48 or 72 h after
exposure, while the other (control) ones were represented by
animals deprived of food within the same time frame, but non-
exposed and provided unlimited access to water. After 72 h
severity of Gl stasis in animals was assessed.

In the second phase we assessed the cystamine
dihydrochloride effects on the Gl stasis severity, growth rate of
gastrointestinal microbiota and the levels of enterocyte markers
in the small intestinal tissues. We used rats having unlimited
access to water, but deprived of food between 24 and 72 h after
exposure. Animals were divided into three groups, among which
the first group was represented by intact animals not receiving
cystamine and other groups consisted of exposed animals.
Animals of the third group received intragastric injection of 10
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ml/kg of the cystamine dihydrochloride (synthesized in the State
Scientific Research Test Institute of the Military Medicine of
Defense Ministry of the Russian Federation) aqueous solution in
a dose of 120 mg/kg 30 min before the beginning of irradiation.
This dose, based on the body weight to body surface area ratio
of humans, is bioequivalent to the drug dose of 1.2 g prescribed
to be taken 30-40 min before irradiation, i.e. to the content of
the case contained in individual first-aid kits Al-1, Al-1M and Al-2.
Rats were placed in metabolic cages for urine collection 48 h
after the exposure. Animals were subjected to laparotomy
72 h after the exposure to assess the Gl stasis severity,
proximal sections of the duodenum, jejunum and distal sections
of the ileum were retrieved. To assess the radioprotector effect
selectivity, relative weight of the spleen was determined along
with the relative weight of the gaster and caecum chyme as a
measure of myeloprotective effect.

In the third phase we assessed the dynamic changes in the
gas exchange and external respiration indicators for 3 days after
irradiation of unprotected animals or animals receiving cystamine.

The gastrointestinal microbiota growth rate was assessed
based on the urinary indican excretion. The levels of indican
in the urine collected within 24 h were determined by the
quantitative colorimetric method [20]; indican excretion was
expressed in micrograms per kilogram of body weight per hour.

Enterocytopenia was quantified based on the enterocyte
membrane marker activity in the tissues of the duodenum,
jejlunum and ileum: cholinesterase (ChE) and alkaline
phosphatase (ALP). The small intestinal segments with the
length of 4 cm were weighed, homogenized in the 15-fold larger
volume of the Tris-HCI buffer solution (50 mmol/L, pH 7.4), frozen
at-20°C, thawed 15 h later at 4°C and centrifuged for 10 min at
2000 g. The supernatant protein content was determined using the
Bradford assay. The ChE activity was determined by the Ellman's
method in the ChemWell 2910 biochemical analyzer (Awareness
Tech.; USA) using acetylthiocholine iodide as a substrate. The ALP
activity was measured by the kinetic method using the reagent kit
(Oivex Diagnosticum LLGC; Russia) at 37°C in the ChemWell 2910
biochemical analyzer (Awareness Tech.; USA).

The whole body oxygen consumption was determined in the
apparatus constructed by Miropolsky. Animals were habituated

A
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to the respirometry chamber for two days before the beginning
of the study. The following equation was used to calculate the
whole body oxygen consumption (Q.,, mL/(kg - min)):

Q, = V- F/(m - ),

where V was the volume of manometric fluid in the burette,
mL; F was a coefficient used to adjust the oxygen volume to
standard conditions; m was the aminal’s body weight, kg; At
was the length of the rat’s stay in the sealed chamber, min.

The duration of measurement was 3 min, its absolute error
was 0.1 mL (< 2 % of V value), and the respirometry chamber
volume was 0.9 L. Animals were not secured, they could
move freely in the respirometry chamber and looked dazed.
During this time the animals’ respiratory rate (RR, min™') was
determined, which was considered as a measure of external
respiration. The whole body average oxygen consumption per
respiratory cycle (mlL/kg) calculated as a ratio of Q,, to RR was
used as a measure of the external respiration efficiency. The
Q.,» RR and Q,/RR values calculated after irradiation were
expressed as a percentage of baseline level taken as 100%.

The results were presented as mean and error of the
mean (M + m). The effects of radioprotector on the studied
quantitative characteristics were assessed using analysis of
variance. When the differences obtained were significant, the
intergroup comparison of mean values was performed using
the Tukey's honest significance test. The correlations between
characteristics were represented as the Spearman's rank
correlation coefficients (). The a-value of 0.05 was considered
to be a critical significance level.

RESULTS

In rats deprived of food within 48 h before laparotomy, the
stomach that was dilated and filled with chyme occupied most
of the abdominal cavity 72 h after irradiation; it looked empty
in intact animals. The volume of the caecum increased to the
lesser extent after the exposure (Fig. 1). Food consumed after
iradiation accumulated in the stomach throughout the time
of observation, which resulted in the progressive increase in

B

Fig. 1. Abdominal organs of rats deprived of food 48 h before laparotomy. A. Intact. B. 72 h after single total body X-ray exposure at a dose of 9.64 Gy. Arrows: 1 —

stomach; 2 — caecum
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the gastric chyme relative weight. Accumulation of chyme in
the caecum was slower, which increased the gastic to caecal
chyme weight ratio by 2—-6 times depending on the duration of
access to food relative to corresponding values of non-exposed
animals (Fig. 2).

In exposed rats not receiving cystamine and deprived of
food 24 h after irradiation, body weight was 78.9 + 1.1% of
the baseline value 72 h after exposure. In non-exposed animals
deprived of food within the same time frame, it was 84.6 + 0.7%
of the baseline value (p < 0.05). Furthermore, the relative weight
of gastric and caecal chyme in exposed rats was 5.9 and 2.3
times higher than that of intact rats, respectively. Cystamine
administration before irradiation partially prevented gastric
stasis: the relative weight of gastic chyme was on average
three times lower than that of unprotected animals. The use
of cystamine returned the gastic to caecal chyme weight ratio
of 1.1 + 0.2 in unprotected animals to the value of 0.4 + 0.2
typical for intact rats, with equal duration of access to food
(p < 0.05). Cystamine had no significant effect on the
relative weight of caecal chyme in exposed rats. Cystamine
administration also had little effect on the radiation-induced
hypotrophy of the spleen (Fig. 3A). Urinary indican excretion
measured 72 h after irradiation was on average twice higher
than that of intact rats; cystamine had no significant effect on
indicanuria (Fig. 3B). Indican excretion by the exposed rats
receiving no radioprotector negatively correlated with the relative
weight of gastric chyme, r, = -0.77, and positively correlated with

difference from control, p < 0.05

the relative weight of caecal chyme, r, = 0.68 (o < 0.05); weak
correlation was observed against the background of cystamine
administration. Irradiation decreased the activity of enterocyte
markers (ChE and ALP) in the small intestinal tissues. The most
significant decrease (4.8-fold) in the ChE activity was observed
in the ileum. The values of ChE activity in all parts of the small
intestine and ALP activity in the duodenum and ileum tended to
moderately exceed these values of unprotected rats against the
background of using cystamine. This most prominent increase
(2.5-fold) was reported for ChE in the ileum, however, it was
represented in the form of the trend only (Fig. 3C and D).

The whole body oxygen consumption was lower than that
of intact animals throughout the period after irradiation. On day
three, this trend was significant when calculating per both time
unit and respiratory cycle; the trend was stronger in the latter
case. Intergroup differences in RR were insignificant. Cystamine
administration had little effect on the gas exchange and external
respiration characteristics (Fig. 4).

DISCUSSION

Modelling myeloablative radiation therapy in rats was
associated with deep inhibition of the stomach propulsive
function developing in the first hours after irradiation. The time
of the chyme gastric transit exceeded two days, while the
normal values of healthy humans do not exceed 48 min [21].
Extrapolation of these data to humans shows that gastric stasis
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Fig. 3. Mass indexes of gastric chyme, caecal chyme and the spleen (A), urinary indican excretion (B), cholinesterase (C) and alkaline phosphatase (D) activity in the
intestinal tissues of rats 72 h after the single total body X-ray exposure to the dose of 9.64 Gy, M + m, n = 8, depending on the duration of access to food since the
time of irradiation. “Intact” — non-exposed rats which obtained no medication. “Irradiation” — rats exposed without administration of radioprotector. "Cystamine” —
intragastric administration of cystamine dihydrochloride in a dose of 120 mg/kg 30 min before the beginning of irradiation. All animals were deprived of food 24 h after
irradiation. Significant difference, p < 0.05: * — from intact group; T — from “Irradiation” group

persists for most of the myeloablative conditioning course. It
can be associated with the complaints typical for such patients:
loss of appetite, nausea, vomiting, pain, epigastric heaviness
and bloating. Rodents lack emesis relieving the stomach; that
is why the stomach overfilling could be more prominent in rats,
than in humans exposed to equal doses.

Despite inhibition of the chyme release into the caecum
resulting from gastric stasis, the relative weight of caecal chyme
measured 3 days after irradiation was 2.3 times higher than that
of non-exposed animals, which reflected the decrease in the
colonic propulsive function. The total relative weight of gastric
and caecal chyme increased by 3.4 times in exposed rats: on
average to 29.5 vs. 8.8 g/kg in controls. Despite accumulation
of chyme, body weight after irradiation was 7% lower than in
non-exposed animals fasting during the same time period,
which indicates possible involvement of Gl stasis in deterioration
of body’s general condition. Intestinal endotoxicosis, indicated
by the two-fold increase in the urinary indican (indoxyl sulfate)
excretion, could be one of the mechanisms underlying such an
effect. Indoxyl sulfate is the end product of indole oxidation to
indoxyl and its sulfonation in the liver. The reaction catalyzed by
the gut microbiota-derived tryptophanase is the only source of
indole in the body. Toxicity is exhibited by both indoxyl sulfate
concentration two order of magnitude exceeding physiological
levels [22] and indole [23]. Hyperindicanuria is indicative of
more intense production of ammonia, the other toxic product
of the tryptophanase reaction, in the gastrointestinal tract,
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along with indole. Endotoxicosis may involve other intestinal
toxic substances and products of their biotransformation:
bacterial endotoxin, p-cresol, p-cresyl sulfate, trimethylamine,
trimethylamine N-oxide, influx of which into blood is increased
when there is Gl stasis [22].

The content of bacteria in the colonic chyme, 10" mL",
is eight orders of magnitude higher than that in the gastric
lumen, < 10° mL™" [24]. That is why accumulation of chyme in
the caecum played a major role in the development of intestinal
endotoxicosis. Under these circumstances, gastric stasis that
slowed chyme entry into the caecum could limit intestinal
endotoxicosis. This is indicated by negative correlation between
the relative weight of gastric chyme and the urinary indican
excretion, as well as by positive correlation between the latter
and the relative weight of caecal chyme in exposed rats not
receiving radioprotector.

The gastric stasis protective role could come not only from
its inhibiting effect on production of toxic substances in the
intestine, but also from prevention of further damage to the
small intestinal epithelium by chyme released from the stomach
under conditions of emerging enterocytopenia. It was indicated
by the decrease in the enterocyte marker (ChE and ALP) activity
in the small intestinal tissues after irradiation.

A more than three-fold decrease in the relative weight of
gastric chyme associated with intragastric administration of
cystamine resulted from its local radioprotective effect on the
gastric mucosa (Fig. 3A). This was evident from the lack of
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significant cystamine effect on the radiation-induced spleen
hypotrophy, the sensitive indicator of systemic radioprotector
effects. Such aresultis consistent with impossibility to reproduce
the cystamine systemic radioprotective effect by itragastric
cystamine administration to rats reported in the literature
[19]. Cystamine prevented gastric stasis, despite its thiol form
(cysteamine) capability of reversible inhibition of gastric chyme
evacuation via enchanced hydrochloric acid secretion by the
gastric parietal cells known from the literature [25].

Gastric stasis prevention could not be mediated by the
cystamine local radioprotective effect in the small intestinal
mucosa: the effect was weak, which was evident from the lack
of significant influence on the enterocytopenia characteristics,
ChE and ALP activity in the small intestinal tissues (Fig. 3C
and D). It can be assumed that the anatomical structure of the
rat stomach lead to the fact the radioprotector solution failed to
enter the small intestine till the end of irradiation and contacted
mostly with the gastric mucosa.

The hypothesis of gastric stasis prevention as a result of
cystamine local radioprotective effect on the gastric mucosa
is consistent with the emergence of Gl stasis in rats after local
irradiation of the abdomen reported more than 70 years ago,
while irradiation with equal doses without abdominal shielding
never causes Gl stasis [10]. The findings suggest that the
Gl stasis triggers are localized in the mucous membranes of
appropriate gastrointestinal tract parts and can be “switched
off” through local exposure to cystamine.

In case of ingestion of equivalent cystamine dihydrochloride
dose (1.2 g) by humans 30-40 min before radiation exposure
to the dose causing bone marrow syndrome, the nominal

radiation dose change factor is 1.4 [7]. This means that in
case of ingestion of the recommended dose of cystamine
by humans, gastric stasis prevention would be associated
with systemic radioprotective effect that is unwelcome when
preparing patients for hematopoietic stem cell transplantation.
That is why selectivity of emergency gastric stasis prevention
involving cystamine during exposure of rats to myeloablative
doses cannot be unconditionally extrapolated to humans.
Using cystamine to prepare patients for hematopoietic stem
cell transplantation requires determination of the conditions for
realization of its capability of preventing gastric stasis without
exhibiting myeloprotective activity in large animals.

In this study we assessed gas exchange under conditions
that were close to the conditions for determination of basal
metabolic rate, that is why the oxygen consumption decrease
observed in exposed animals could not result from their dazed
state. The finding is consistent with the reduced oxygen
consumption in rats earlier followed up for 3 days after the X-ray
exposure to the doses of 300-1000 R [26]. Gas exchange
inhibition could not result from reduction of respiratory volume
due to restriction of diaphragmatic excursion by the dilated
stomach: this was evident from the lack of significant irradiation
effect on the RR (Fig. 4B). This also could not result from the
direct damaging effect of the applied radiation dose on the tissue
energy metabolism: there is no information about such effect
in the literature. Reduced whole body oxygen consumption
could be a manifestation of intestinal endotoxicosis indicated
by the increased urinary indican excretion in exposed animals
(Fig. 3B). Such gut microbiota products, as bacterial endotoxin
and p-cresyl sulfate, are characterized by the capability of

MEOVILIMHA SKCTPEMATbHBIX CUTYALIUW | 4, 25, 2023 | MES.FMBA.PRESS



causing damage to the blood-gas barrier followed by pulmonary
edema [27, 28]. Indoxyl sulfate and bacterial endotoxin damage
mitochondria, thereby disturbing oxygen utilization at the cellular
level [29, 30]. The hypothesis of the intestinal endotoxicosis
involvement in the effect of gas exchange reduction following
radiation exposure is supported by no effect of cystamine on
the latter; preventive cystamine administration did not prevent
hyperindicanuria.

The data obtained show that the pathogenetic approach
to prevention of gastric stasis caused by myeloablative radiation
exposure involving the use of radioprotectors is promising.
This approach cannot be considered as an alternative to using
symptomatic drug treatment to relieve primary systemic response to
irradiation (particularly, treatment with 5-HT,, receptor antagonists).

CONCLUSIONS

The single total-body X-ray exposure of rats to the dose of
9.64 Gy corresponding to that used for myeloablative
conditioning leads to the decrease in enterocyte counts in the
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COMPUTATIONAL PHANTOM FOR A 5-YEAR OLD CHILD RED BONE MARROW DOSIMETRY
DUE TO INCORPORATED BETA EMITTERS
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The red bone marrow (RBM) exposure due to bone-seeking radionuclides can lead to grave medical consequences. In particular, the increased risk of leukemia in
people exposed due to contamination of the Techa River in 1950s is associated with the RBM exposure due to 89Sy, Improvement of the internal RBM dosimetry
methods includes the development of computational phantoms that represent 3D models of the skeletal sites. Modeling radiation transport within such phantoms
enables estimation of conversion factors from the radionuclide activity in the bone to the RBM dose rate. This paper is an extension study focused on generating
a set of computational phantoms representing skeletons of individuals of different ages. The aim was to develop a computational phantom representing a 5-year-
old child for internal RBM dosimetry from incorporated beta emitters. The phantoms of the skeletal sites with active hematopoiesis were created using the original
Stochastic Parametric Skeletal Dosimetry (SPSD) method. With this method, every such site represented a set of smaller phantoms of simple geometric shape.
RBM distribution across the skeleton, bone size, characteristics of bone micro-architecture, as well as density and chemical composition of the simulated media
(RBM, bone) were determined based on the published data. As a result, a computational phantom of the major skeletal sites with active hematopoiesis representing
a 5-year-old child was generated that included 43 phantoms of bone fragments. Linear dimensions of phantoms were within 3-75 mm. Micro-architecture
parameters varied greatly: BV/TV ratio —13-52%, Tb. Th. — 0.09-0.29 mm, Tb. Sp. —0.48-0.98 mm.
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BbIYUCITUTENbHbIA ®AHTOM ANA AOSUMETPUN KPACHOIO KOCTHOIO MOS3IA NATUNETHENO
PEBEHKA OT UHKOPMOPUPOBAHHbIX BETA-U3JTYYATENEN

M. A LLaparnH' =2 E. L. ToncTbix!, E. A. LUnwknHa'?

T YpanbCkuii Hay4HO-NPaKTUYECKUIA LEHTP paavialyioHHOM MeauLmHbl PefepanbHOro Meamnko-6uonornydeckoro areHTcTea Poccum, YenabuHek, Poccus
2 YenabuHCKNIA rocyAapCTBEHHbIN YHUBEPCUTET, HYensabuHek, Poccus

O6ny4yeHne KKM (kpaCcHOro KOCTHOrO Mo3ra) OCTEOTPONMHbLIMI PafNOHYKIMAAMN MOXET NPUBOAUTL K CEPbe3HbIM MEAVLIMHCKM NOCeacTBMsM. B 4acTHoCTw,
yBENIMYEHNE pUCKa PasBUTUS NEKO30B Yy tofdel, NOABEPTLUNXCA padnaLvoHHOMYy BO3AENCTBUIO B pedynbrate 3arpssHeHus peku Tedn B 1950-e rr.,
CBsizaHO ¢ 00sydeHreM KKM ot 89Sy, CoBeplUeHCTBOBaHNE METOAOB BHYTPEHHeN fo3umMeTpun KKM BKloHaeT paspaboTKy BblMMCAUTENBHBIX (haHTOMOB,
KOTOpble NMPeACTaBNAOT COOOM TPEXMEPHbIe MOLENN YHacTKOB CkeneTta. MogenvpoBaHme nepeHoca N3yHeHnin BHyTPU Takvx (DaHTOMOB MO3BONSET OLEHUTb
KO3 PULIMEHTBI Nepexofa OT aKTUBHOCTU PafMoHYKIMAa B KOCTU K MOLLUHOCTM fo3bl B KKM. HacTosias cratbs — NpopokeHre paboTbl MO CO3AaHMIO
Habopa BblHMCAUTENBHBIX (haHTOMOB CKeneTa Ansa Ntoaen pasHoro BodpacTta. Lienb: pagpaboTtaTb BbIMUCIUTENBHBIN (haHTOM Ckeneta NATUNeTHero pebeHka ans
BHyTpeHHen goaumetpu KKM oT MHKOPNopUpoBaHHbIX 6eTa-manydareneit. @aHToMbl y4aCTKOB CKeneTa C akTVBHbIM reMON0330M CO3aaBaiv C MCMNosb30BaHNEM
opurHanbHon metoamkin SPSD (stochastic parametric skeletal dosimetry). B pamkax aTon METOAMKIM Kbl TAKOW yHaCTOK NpeacTaBnsn cobom Habop MeHbLLIMX
(haHTOMOB MPOCTON reomeTpuyeckor opmbl. PacnpeneneHne KKM B ckenete, pasmepbl KOCTEN, XapakTePUCTUKM KOCTHOW MUKPOAPXUTEKTYPbI, a Takxe
NAOTHOCTb U XUMUYECKMIA cocTaB Mopenmpyemblx cpeq (KKM, KocTb) onpeaensnm Ha ocHOBe Ony6iMKoBaHHbIX AaHHbIX. B pesynsrarte 6bin creHepnpoBaH
BbIMMCANTENBHBIA (haHTOM OCHOBHbIX YHaCTKOB CKefleTa C akTUBHBIM reMOMN0330M ANs NATUNETHEro pebeHka, BKIYaoLWmMi 43 daHToMa y4acTKOB KOCTEN.
JInHeHble pa3mepbl haHTOMOB Oblm B mpeaenax ot 3 MM A0 75 MM. NapameTpbl MYKPOapXUTEKTYPbl BapbpOBasiv B LUMPOKMX Npeaenax: oTHolweHve BV/TV — ot
13% 1o 52%, Tb. Th. — ot 0,09 mm go 0,29 mm, Thb. Sp. — ot 0,48 mm o 0,98 MMm.

Knio4yeBble cnosa: Tpa6eKynﬂpHaﬂ KOCTb, KOpTKallbHasA KOCTb, AO3NMETPUA KOCTHOIO MO3ra, Bbl4UCIUTENTbHbIE (,JpaHTOMbI, Sr
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After entering the body, bone-seeking radionuclides accumulate
in the mineralized bone tissue and cause local red bone
marrow (RBM) exposure, which can lead to grave medical
consequences. Thus, for example, the increased risk of
leukemia and the development of chronic radiation syndrome
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in people from the cohort of the Techa River contaminated
with radionuclides in 1950s are largely attributed to ingestion
of strontium isotopes (8%°Sr) [1-4]. It was strontium isotopes
that were the main sources of the RBM internal exposure in
these people. Thus, improvement of dosimetry methods for
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bone-seeking radionuclides can help prepare for potential
emergency situations related to radioactive contamination
of the environment and represents an important challenge of
radiobiology and radiation protection. Biokinetic and dosimetric
models are used to estimate the absorbed dose to RBM.
Biokinetic ones are used to assess specific radionuclide activity
in the source tissue (skeletal bones). Such models simulate
metabolic processes in the body allowing one to estimate the
ingested radionuclide fraction in various organs, particularly in
the bones, depending on its quantity and time after ingestion
[5]. The dose conversion factors (DF) for conversion of specific
radionuclide activity in the source tissue (skeleton) into the
absorbed dose rate in the target tissue (RBM) are used to
calculate the dose to RBM. DF represents a dosimetric model
output. The computational skeletal dosimetry phantoms
representing surrogates of real body tissues and describing
relative positions of the source (bone) and target (RBM) tissues,
in which radiation transport is simulated, are used to simulate
the exposure geometry. The existing computational phantoms
for RBM dosimetry are based on the analysis of a limited
number of post mortem bone CT images [6-12]. The use of
such phantoms makes it impossible to consider individual
variability in bone size and microstructure, as well as the
associated uncertainty in the DF estimates. As an alternative,
Stochastic Parametric Skeletal Dosimetry (SPSD) modeling,
the original parametric method for stochastic bone structure
modeling, was developed in the Urals Research Center for
Radiation Medicine [13, 14]. The SPSD phantom parameters
are based on the numerous published measurement results
of real bones in people of different ages. A lot of statistics
reported in the papers used enable estimation of uncertainties
associated with individual variability in the skeletal parameters.
A phantom is a virtual model of simple geometric shape. A
computational phantom is filled with spongiosa (a combination
of trabecular bone and bone marrow) and covered with a dense
layer of cortical bone. RBM, trabecular bone and cortical bone
were modeled as distinct media constituting the phantom.
Such complex model is a simplified representation of the real
bone that is well suited for internal dosimetry from the bone-
seeking beta emitters [13, 14]. The model consistency was
demonstrated in the reported numerical experiments [13, 15, 16]
yielding the energy curves for SPSD phantoms that were
matched to the published data.

When the environment is contaminated with bone-seeking
radionuclides (e.g. contamination of the Techa River), these
can be ingested by people of different ages (from newborns to
adults) [1-3, 17]. That is why it is important to develop phantoms
for various age groups. We have already created phantoms
representing skeletons of a newborn [18] and a 1-year-old child
[19] within the framework of the SPSD approach.

The study was aimed to develop a computational phantom
representing a 5-year-old child’s skeleton for estimation of
doses to RBM from the beta emitting radionuclides incorporated
in the bone. This study represents the next stage of work on
the development of a set of reference man computational
phantoms for various age groups.

METHODS

Phantoms were created using the original SPSD method
previously used to create phantoms representing a newborn
[17] and a 1-year-old child [18].

Only the bone fragments containing RBM, i.e. skeletal sites
with active hematopoiesis (hematopoietic sites), determined in
accordance with the published data on the RBM distribution

across the skeleton, were modeled within the framework of the
SPSD methodology [20].

The SPSD phantom of the skeletal hematopoietic
sites consists of a set of smaller phantoms, the Bone
Phantom Segments (BPS) of a simple geometric shape with
homogenous bone tissue microarchitecture and cortical
layer thickness, describing distinct skeletal bone sites. Such
segmentation simplifies the modeling process and enables
estimation of the bone microarchitecture heterogeneity within
a single hematopoietic site. BPS parameters are based on the
published data. The segmentation process details are provided
in the earlier reports [13, 21].

Parameters of phantoms included the mineralized
bone tissue and bone marrow (simulated media) chemical
composition and density, along with the geometry of the source
and target tissues comprised in the modeled bone fragment.

Chemical composition and density of the simulated media
determined based on the published data were used in all
phantoms representing a 5-year-old child [22, 23].

To describe relative position and geometry of tissues
inside the bone, we assessed linear dimensions, cortical layer
thickness (Ct. Th.), and microarchitecture characteristics for
each modeled bone site.

To assess morphometric parameters of the phantoms
representing a 5-year-old child, we reviewed articles published
in peer-reviewed journals, atlases, manuals, monographs, and
dissertations. We also reviewed digital resources containing
collections of x-ray images. To perform analysis, we collected
the measurement results of individuals/samples that were
considered to be healthy by the authors and had no disorders
resulting in bone deformities. Ethnicity: Caucasians and
Mongoloids, since these groups are typical of the Urals region.
The subjects’ age was 37 years.

In this study, the following bone microarchitecture characteristics
were assessed based on the published data: trabecular thickness
(Th. Th.), trabecular separation (Tb. Sp.), bone fraction in the
spongiosa volume (BV/TV). We considered the measurement data
of skeletal bones obtained using various techniques: micrometers,
osteometric board, ultrasound and radiography, as well as
computed tomography (CT). Histomorphometry and micro-
CT data were used to estimate the trabecular bone parameters
(Tb. Th., Th. Sp., BV/TV) and the cortical layer thickness.

Average estimates of bone characteristics were taken as
computational phantom parameters. When the published data
on individual measurements were available, we combined
these data to calculate the means and standard deviations
(SD). When the measurement results of groups of people were
averaged, a weighting factor (W,) for each group considering
the number of subjects (V) was introduced: W, = 1, when N = 25;
W, = N/25, when N < 25. Methods to select and assess the
published data were previously discussed in detail in [24-26].

A voxel BPS was constructed for each segment using the
original Trabecula software [27]. The BPS voxels imitated either
mineralized bone, or bone marrow (BM), depending on the
voxel center position in the phantom.

Trabecular bone (TB) and cortical bone (CB) were considered
as source tissues, while bone marrow (BM) was considered as
target tissue. BM was evenly distributed across the trabeculae
in the BPS. Voxel size selected individually for each phantom
did not exceed 70% of trabecular thickness and varied between
50-200 pm in the generated phantoms [27, 28]. The source
and target tissue volumes were automatically calculated in the
Trabecula software for each BPS.

Hematopoietic sites of a 5-year-old child, segmentation and
BPS generated are provided in Fig. (exemplified by the scapula).
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Fig. Segmentation of the skeletal hematopoietic site of a 5-year-old child exemplified by the scapula. A. Skeleton of a 5-year-old child (skeletal sites with active
hematopoiesis are highlighted in blue). B. Scapula. C. Scheme of bone division into BPS and BPS dimensions. G. BPS of the scapula — voxel representation, cross
section (voxels simulating bone tissue are highlighted in black, those simulating RBM are highlighted in white)

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

RESULTS

The main hematopoietic sites of the 5-year-old child’s skeleton
and the mass fraction of RBM in these sites were determined
based on the MRI data (Table 1) [20].

The skeleton of a 5-year-old child includes 14 hematopoietic
sites for simulation (Table 1). The share of RBM in these sites
in the total skeletal RBM content varies from 0.9% to 18.1%.
Distribution of RBM within each hematopoietic site was also
determined based on the published MRI data [29-33].

Chemical composition of the simulated media was selected
based on ICRP data for adults (Table 2) [22].

The mineralized bone tissue density estimated based on
the cortical bone density measured in 5-year-old children was
1.80 g/cm?® [23]. The RBM density was taken equal to the water
density (1 g/cm?®) [22].

The spongiosa parameters were assessed based on
the published data; the analysis and calculation of average
population value of the spongiosa parameters were described
in detail in [26]. The BPS micro-architecture parameter values
for a 1-year-old child are provided in Table 3.

The linear dimensions and thickness of the cortical layer
assumed/used for the BPS representing a 5-year-old child are
provided in Table 4.

The phantom representing skeletal hematopoietic sites of a
5-year-old child consists of 43 BPS (Table 4). A different number
of BPS was used to describe these, depending on the shape of
the simulated hematopoietic site: 1 (ribs) to 9 (sacrum).

As in phantoms representing skeletons of people
of other ages, most BPS of a 5-year-old child are cylinders
and rectangular parallelepipeds; BSP size is within 3-75 mm.
The minimum Ct. Th. value was reported for the sternal BPS
(0.1 mm), while the maximum value was reported for the femoral
diaphysis (3.7 mm). The spongiosa parameters varied greatly.
The BV/TV ratio of BPS was 13-52%, Tb. Th. was 0.09-0.29 mm,
and Th. Sp. was 0.48-0.98 mm (Table 3).

The average individual variability of the BPS dimensional
parameters was 14%; the highest variability value was reported
for the ribs (35%), while the lowest value was reported for the

Table 1. Mass fraction of RBM (% of the total mass of RBM in the skeleton) in the main hematopoietic sites of the 5-year-old child’s skeleton

Ne Hematopoietic site RBM mass fraction, %
1 Femur 13.5
2 Humerus 4.8
3 Sacrum 5.7
4 Tibia bones 9.3
5 Pelvic bones 135
6 Skull 18.0
7 Clavicle 0.9
8 Scapula 2.8
9 Sternum 1.7
10 Ribs 9.0
11 Radius and ulna 21
12 Cervical vertebrae 23
13 Thoracic vertebrae 9.2
14 Lumbar vertebrae 7.0
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Table 2. Chemical composition of simulated media adopted for all BPS

Chemical composition, rel. units
Chemical element Bone Active marrow

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

0.095 0.002

0.003 0.002
Ca 0.215 -

distal part of the humerus (3%). The average cortical layer
thickness was 26%, with the maximum value of 35% reported
for the sacral segments and the minimum value of 7% reported
for bodies of the cervical vertebrae. The average variability of
spongiosa parameters was 18%, with the minimum value of
2% and maximum value of 70%.

Variability values were used for SPS modeling. SPS volume
varies greatly, it can differ from the BPS volume by a factor of
three, both upwards and downwards. In our future studies, DFs
will be calculated for both BPS and SPS. Standard deviation
of DFs calculated for SPS from DFs calculated for BPS will
characterize the DF population variability.

DISCUSSION

Comparison of the modeling outcome with the masses of real
bones was performed for the newborn in order to confirm the
methodological approach accuracy. We have found no masses
or volumes of the wet bones of 5-year-old children, that is why
we cannot compare the modeling outcome with the real bones.
The existing computational phantoms obtained by scanning
autopsy material are non-parametric, that is why it is impossible
to compare parameters of these phantoms with the SPSD
phantom parameters. For most bones, it is also impossible
to compare the characteristics of phantoms obtained as a
result of their generation (masses of simulated media) with
the published phantom masses, since only skeletal sites with

active hematopoiesis are modeled within the framework of the
SPSD approach, not the entire skeleton. The SPSD phantom
masses (sums of masses of all segments comprised in the
phantom) were compared with the published data for the
bones, which were modeled as a whole: pelvic bones and the
clavicle of a 5-year-old child [7, 12]. The comparison showed
that the difference between the phantom masses reported in
the published papers and the SPSD phantom masses did not
exceed 20%.

It makes sense to assess age-related changes in the
characteristics of phantoms representing a newborn, 1-year-old
and 5-year-old children. The phantom representing a skeleton
of a 5-year-old child consists of a larger number of BPS than
the phantoms representing skeletons of younger children.
This is associated with the processes underlying cartilage
mineralization that are intense within the first five years of life; in
particular, vertebral processes and the sternum have undergone
significant mineralization by the age of 5. Furthermore, the
process of the RBM substitution with adipose tissue in the
tubular bone diaphysis is not over yet in children of this age,
that is why BPS were modeled for these sites. Significant
changes in the RBM distribution across the skeleton occur
by the age of 5. Thus, children of this age have a significantly
lower mass fraction of RBM in the skull compared to 1-year-old
children (28.7% vs. 18.1%), furthermore, fraction of RBM in
other skeletal segments is increased. The BPS micro-structure
parameters show little changes. The cortical layer thickness

Table 3. Spongiosa parameters taken for BPS of a 5-year-old-child [11, 34-55] (coefficient of variation (CV) is given in parentheses, %)

Hematopoietic site BVITV, % Tb. Th, mm Tb. Sp, mm

Femur (proximal part) 35 (6) 0.24 (22) 0.77 (70)
Femur (central and distal parts) 26 (6)

Humerus 22 (7) 0.21 (13) 0.58 (47)
Ribs 20 (6) 0.23 (34) 0.51 (14)
Tibia bones* 25 (3) 0.13 (13) 0.74 (11)
Pelvic bones 25 (2) 0.15 (11) 0.48 (23)
Skull* 52 (5) 0.29 (31) 0.57 (35)
Clavicle* ;g gg 09'125%2:;) 0.80 (25)
Radius and ulna 16 (5) 0.16 (13) 0.77 (16)
Scapula® 22 () 0.24 (42) 0.96 (23)
Sternum* 15 (27) 0.14 (33) 1.0 (6)
Cervical vertebrae 21 (5) 0.14 (14) 0.60 (20)
Kumbar veriebras + sacrum 134 0.09 (40) 0.60 20)

Note: * — spongiosa parameters were calculated based on the measurement results of similar bones or based on the data for other age groups; the calculation method

was reported previously in [25].
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Table 4. Linear dimensions and thickness of the cortical layer taken for the BPS representing a 5-year-old child

Phantom parameters, mm (CV is given in parentheses, %)?

Hematopoietic site Segment Shape' Data sources
h a b c d Ct.Th.
Diaphysis* c 30 17 (6) 17 (6) 3.7 (8)
Proximal end (upper part) c 25 (4) 23 (30) 23 (30) 1.3 (14)
Femur [56-64]
Proximal end (lower part) c 25 (4) 23 (30) 23 (30) 1.2(14)
Distal end dc 49 (4) 68 (6) 25 (7) 17 (6) 17 (6) 1.1(7)
Diaphysis* c 30 15 (3) 15 (3) 2.5(20)
Humerus Proximal end dc 20 (4) 32 (5) 32 (5) 15 (5) 15 (5) 0.9 (18) [56-59,65]
Distal end dc 27 (4) 46 (7) 15 (3) 15 (3) 15 (3) 0.8(19)
Ribs Ribs* P 9.4 (32) 30 4.4 (35) 0.5 (33) [66-68]
Body of the 1%t vertebra p 17 (20) 75 (20) 21 (6) 0.7 (35)
Body of the 2™ vertebra p 16 (20) 60 (20) 15 (10) 0.7 (35)
Sacrum Body of the 3" vertebra p 14 (20) 52 (20) 11 (10) 0.7 (35) [69-72]
Body of the 4" vertebra p 10 (20) 45 (20) 6.4 (9) 0.7 (35)
Body of the 5" vertebra P 10 (20) 22 (20) 6.4 (9) 0.7 (35)
Fibula* c 30 8.1 (6) 8.1 (6) 1.5 (20) [56, 73, 74]
Tibia bones Tibia diaphysis* c 30 15(4) 15 (4) 29(17)
Tibia proximal end 6. 6. de 34 (5) 55 (6) 22 (20) 15 (4) 15 (4) 0.7 (18) 55, 56, 60, 75-77]
Tibia distal end dc 34 (5) 24 (22) 24 (23) 15 (4) 15 (4) 0.7 (18)
llium part 1 p 7.9 (13) 30 30 t;.1é6(2(g)33)“
llium part 2 p 7.9 (13) 30 30 0.8 (20)
Acetabular part of the ilium dc 20 (8) 35(10) 16 (30) 34 (30) 27 (30) 0.8 (20)
Acetabular part of the pubis dc 7.3 (15) 22 (20) 18 (20) 13 (11) 8.8 (20) 0.5 (30)
Pelvic bones Pubis bone (superior ramus) c 29 (15) 13 (11) 8.8 (20) 0.5 (30) [78-85]
Pubis bone (inferior ramus) c 19 (15) 8.8 (20) 8.8 (20) 0.5 (30)
Ace‘abil‘s';'ﬂﬁ;“ of the p 21 (15) 21 (15) 2715 | 21(15) 0.5 (30)
Ischial tuberosity c 25 (15) 18 (15) 14 (15) 0.5 (30)
Inferior ramus of the ischium [ 19 (15) 8.8 (20) 8.8 (20) 0.5 (30)
Skull Flat bones* p 4.2 (26) 30 30 1.1 (26) [86-88]
Body* c 30 8.7 (9) 6.8 (10) 1.109
Clavicle Sternal end dc 12 (13) 18 (10) 16 (9) 8.7 (9) 6.8 (10) 0.5(10) [89-92]
Acromial end dc 12 (13) 15 (11) 8.7 (18) 8.7 (9) 6.8 (10) 0.5 (10)
Diaphysis* c 30 8.3 (25) 8.3 (17) 1.5(12)
Radius and ulna [56, 58, 73]
End dc 26 (5) 13 (6) 8.3 (5) 8.3 (5) 8.3 (5) 0.5 (29)
Glenoid c 12 (8) 25 (11) 18 (7) 0.9 (28)
Scapula Acromion P 7.6 (18) 20 (12) 16 (12) 0.8 (13) [93-96]
Lateral border p 30 3.2(6) 10 (12) 0.8 (13)
Sternum Sternum p 6.9 (13) 30 30 0.1 (19) [37, 97, 98]
Cervical vertebrae Vertebral body c 7.3(8) 11.3 (12) 18.1 (12) 0.2 (7) [61,99-102]
Vertebral body c 12 (17) 17 (17) 21 (20) 0.2 (25)
Thoracic vertebrae Transverse process p 7.3(19) 11 (19) 5.3(19) 0.2 (25) [51,100-103,104]
Spinous process p 5.9 (21) 17 (21) 3(21) 0.2 (25)
Vertebral body c 16 (11) 23 (12) 34 (13) 0.2 (25)
Lumbar vertebrae Transverse process p 6.4 (13) 12 (12) 5(12) 0.2 (25) 151,71 111005(;_1 03,
Spinous process p 15 (20) 13 (20) 5 (20) 0.2 (25)
Note: ' — phantom shape was designated as follows: ¢ — cylinder, dc — deformed cylinder, p — rectangular parallelepiped, e — ellipsoid; 2 — BPS dimensions 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 large base (dc) or side b (p);
¢ — major axis for a small base (dc); d — minor axis for a small base (dc); ® — cortical layer thickness was considered to be different for the inner (medial) and outer
(gluteal) surfaces of this segment of the ilium; * — BPS imitated only a part of the simulated bone segment, when the bone segment dimensions significantly exceeded
30 mm, since in such cases it makes no sense to simulate the entire bone fragment in terms of dosimetry [14, 21].
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Table 5. Comparison of BPS volumes of 1-year-old and 5-year-old children

Modeled structure volume, cm?®
BPS Simulated medium
1 year 5 years 1year/
Y Y 5 years
BM 6.53 22.9 3.51
B 1.88 7.56 4.02
Distal end of the femur
CB 1.41 5.21 3.7
Entire BPS 9.82 35.67 3.63
BM 0.35 0.89 2.54
B 0.14 0.36 2.57
Sternal end of the clavicle
CB 0.09 0.22 2.44
Entire BPS 0.58 1.47 2.53
BM 1.32 8.51 6.45
B 0.2 1.34 6.7
Body of the lumbar vertebra
CB - 0.3 -
Entire BPS 1.52 10.15 6.68
BM 0.45 0.89 1.98
B 0.11 0.24 2.18
Body of the cervical vertebra
CB - 0.05 -
Entire BPS 0.56 1.18 2.1

significantly increases during this period; all the modeled
skeletal segments become covered with the cortical layer by
the age of 5, in contrast to phantoms representing a newborn
and a 1-year-old child. In the period from the age of one to five
years, the size of all parts of the skeleton increases significantly.
Comparison of the volumes of phantoms representing skeletal
segments of 1-year-old and 5-year-old children exemplified by
the distal part of the femur, clavicle, bodies of the cervical and
lumbar vertebrae is provided in Table 5.

As shown in Table 5, the volumes of simulated media of a
5-year-old child largely exceed those of the 1-year-old child.
The increase in the source tissue volume for this period is
3.26-fold and 2.78-fold for TB and CB, respectively. The
CB volume increase is 3.03-fold. The total BPS volume of a
5-year-old child is on average 2.8 times larger than the volume
of the phantom representing a 1-year-old child.

We expect that such age-related changes will have a significant
impact on the average DF of the skeleton and, therefore, on the
dose rate. The increase in the BPS linear dimensions can have
the greatest effect on the DF for strontium incorporated in the
trabecular bone. Previous studies have shown that the larger the
BPS size, the greater the chance is of absorbing energy from
the incorporated radionuclide within the phantom, not outside it
[15, 16]. The opposite pattern is typical of strontium in the cortical
bone: the larger the phantom size, the lower the likelihood of
energy transfer from the source incorporated on the outer cortical
layer to the target (RBM) is. Thus, when the BPS size increases,
one can expect the increase in DF for 8Sr in the trabecular bone
and decrease in DF for Sr in the cortical bone.

References

1. Degteva MO, Shagina NB, Vorobiova MI, Shishkina EA, Tolstykh El,
Akleyev AV. Contemporary Understanding of Radioactive
Contamination of the Techa River in 1949-1956. Radiats Biol
Radioecol. 2016; 56 (5): 523-34. PMID: 30703313.

2. Krestinina LY, Epifanova SB, Silkin SS, Mikryukova LD, Degteva MO,
Shagina NB, Akleyev AV. Chronic low-dose exposure in the Techa

The phantom parameters provided (Tables 3, 4) can
be integrated in the Trabecula software to generate voxel
phantoms. Modeling of radiation transport using voxel
phantoms will make it possible to assess DFs for bone-seeking
beta emitters, thereby allowing one to determine the RBM
absorbed dose rate.

CONCLUSIONS

The study resulted in the development of computational
phantoms representing the main skeletal sites of a 5-year-
old child with active hematopoiesis. These phantoms were
developed using the same method, as for the newborn and
1-year-old child. The phantoms modeled imitate bone tissue
structure, while the sets of phantoms simulate population
variability in the size of structures of distinct bones. The
provided phantom representing a 5-year-old child will be used
to calculate DFs for 829Gy, which, in turn, are essential for
estimates of adjusted coefficients linking individual radionuclide
uptake and dose to RBM, which will help to improve dose
estimates for the Urals region residents. As the way forward,
we also plan to create SPSD phantoms representing skeletons
of people of other age groups: 10 year-olds, 15-year-olds and
adults. SPSD phantoms can be used for the incorporated
bone-seeking beta emitter dosimetry in the population, in case
of radionuclide contamination of the environment, as well as
for dosimetry from other bone-seeking beta emitters, including
those used in radionuclide therapy, such as ®Sr, %P, '®Re,
8Re, 7mSn.

River Cohort: risk of mortality from circulatory diseases. Radiat
Environ Biophys. 2013; 52 (1): 47-57. DOI: 10.1007/s00411-
012-0438-5.

3. Akleev AV. Hronicheskij luchevoj sindrom u zhitelej pribrezhnyh sel
reki Techa. Cheljabinsk: Kniga, 2012; p. 464. Russian.

4.  Preston DL, Sokolnikov ME, Krestinina LY, Stram DO. Estimates

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 25, 2023 | MES.FMBA.PRESS



ORIGINAL RESEARCH | RADIOBIOLOGY

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

of radiation effects on cancer risks in the Mayak Worker, Techa
River and Atomic Bomb Survivor Studies. Radiat Prot Dosimetry.
2017; 173 (1-3): 26-31. DOI: 10.1093/rpd/ncw316.

Degteva MO, Napier BA, Tolstykh El, et al. Enhancements
in the Techa River dosimetry system: TRDS-2016D Code
for reconstruction of deterministic estimates of dose from
environmental exposures. Health Phys. 2019; 117 (4). 378-87.
DOI:10.1097/HP.0000000000001067.

Spiers FW, Beddoe AH, Whitwell JR. Mean skeletal dose factors
for beta-particle emitters in human bone. Part I: volume-seeking
radionuclides. The British journal of radiology. 1978; 51 (608):
622-7.

O'Reilly SE, DeWeese LS, Maynard MR, Rajon DA, Wayson MB,
Marshall EL, et al. An 13 image-based skeletal dosimetry model
for the ICRP reference adult female-internal electron 14 sources.
Phys Med Biol. 2016; 61 (24): 8794-824.

Xu XG, Chao TC, Bozkurt A. VIP-Man: an image-based whole-
body adult male model constructed from color photographs of the
Visible Human Project for multi-particle Monte Carlo calculations.
Health Phys. 2000; 78 (5): 476-86. DOI: 10.1097/00004032-
200005000-00003. PMID: 10772019.

Shah AP, Bolch WE, Rajon DA, Patton PW, Jokisch DW. A paired-
image radiation transport model for skeletal dosimetry. J Nucl
Med. 2005; 46 (2): 344-53. PMID: 15695796.

Pafundi D. Image-based skeletal tissues and electron dosimetry
models for the ICRP reference pediatric age series [dissertation].
Gainesville: University of Florida, 2009.

Hough M, Johnson P, Rajon D, Jokisch D, Lee C, Bolch W. An
image-based skeletal dosimetry model for the ICRP reference
adult male—internal electron sources. Phys Med Biol. 2011; 56 (8):
2309-46. DOI: 10.1088/0031-9155/56/8/001.

Bolch WE, Eckerman K, Endo A, et al. ICRP Publication 143:
Paediatric Reference Computational Phantoms. Ann ICRP. 2020;
49 (1): 5-297. DOI: 10.1177/0146645320915031.

Degteva MO, Tolstykh El, Shishkina EA, Sharagin PA, Zalyapin VI,
Volchkova AY, et al. Stochastic parametric skeletal dosimetry
model for humans: General approach and application to active
marrow exposure from bone-seeking beta-particle emitters.
PLoS ONE. 2021; 16 (10): e0257605. DOI: 10.1371/journal.
pone.0257605.

Degteva MO, Shishkina EA, Tolstykh El, Zalyapin VI, Sharagin PA,
Smith MA, et al. Methodological approach to development of
dosimetric models of the human skeleton for beta-emitting
radionuclides. Radiation Hygiene. 2019; 12 (2): 66-75. DOI:
10.21514/1998-426X-2019-12-2-66-75. Russian.

Volchkova AYu, Sharagin PA, Shishkina EA. Internal bone marrow
dosimetry: the effect of the exposure due to 90Sr incorporated
in the adjacent bone segments. Bulletin of the South Ural State
University. Ser. Mathematical Modelling, Programming & Computer
Software. 2022; 15 (4): 44-58. DOI: 10.14529/mmp220404.
Shishkina EA, Sharagin PA, Volchkova AYu. Analytical description
of dose forming in bone marrow from 90Sr in calcified tissues.
Issues of Radiation Safety. 2021; 3: 72-82. Russian.

Silkin SS, Krestinina LYu, Startsev VN, Akleev AV. Ural cohort of
emergency-irradiated population. Extreme medicine. 2019; 21
(8): 393-402. Russian.

Sharagin PA, Shishkina EA, Tolstykh El. Computational phantom
for red bone marrow dosimetry from incorporated beta emitters
in a newborn baby. Extreme Medicine. 2022; 4: 74-82. DOI:
10.47183/mes.2022.045. Russian.

Sharagin PA, Shishkina EA, Tolstykh El. Computational red
bone marrow dosimetry phantom of a one-year-old child
enabling assessment of exposure due to incorporated beta
emitters. Extreme Medicine. 2023; 3: 44-55. DOI: 10.47183/
mes.2023.030. Russian.

Cristy M. Active bone marrow distribution as a function of age in
humans. Phys Med Biol. 1981; 26 (3): 389-400.

Sharagin PA, Shishkina EA, Tolstykh El, Volchkova AYu, Smith MA,
Degteva MO. Segmentation of hematopoietic sites of human
skeleton for calculations of dose to active marrow exposed to
bone-seeking radionuclides. RAD Conference Proceedings.
2018; 3: 154-8. DOI:10.21175/RadProc.2018.33.

Valentin J. Basic anatomical and physiological data for use in

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

radiological protection: reference values. Annals of the ICRP.
Annals of the ICRP. 2002; 32 (3-4): 1-277.

Woodard HQ and White DR. The composition of body tissues. Br.
J. Ru&ol. 1986; 59: 1209-18.

Sharagin PA, Tolstykh El, Shishkina EA, Degteva MO. Dosimetric
modeling of bone for bone-seeking beta-emitting radionuclides:
size parameters and segmentation. In: Proceedings of the
contemporary issues of radiobiology — 2021 International Scientific
Conference; 2021 Sept 23-24; Gomel, Belarus. 2021; p. 200-4.
Russian.

Tolstykh El, Sharagin PA, Shishkina EA, Degteva MO. Dosimetric
modeling of red bone marrow exposure from 89,90Sr: resolving
age-dependent trabecular bone parameters. In: Proceedings of
the contemporary issues of radiobiology — 2021 International
Scientific Conference; 2021 Sept 23-24; Gomel, Belarus. 2021;
p. 176-9. Russian.

Tolstykh El, Sharagin PA, Shishkina EA, Volchkova AY, Degteva MO.
Anatomical and morphological basis for dosimetric modeling
of the human trabecular bone using a stochastic parametric
approach. Clinical Bulletin of the Burnazyan State Medical Center.
2022; 3: 25-40. Russian.

Shishkina EA, Timofeev YS, Volchkova AY, Sharagin PA, Zalyapin VI,
DegtevaMO, et al. Trabecula: arandom generator of computational
phantoms for bone marrow dosimetry. Health Phys. 2020; 118
(1): 53-9. DOI: 10.1097/HP.0000000000001127.

Zalyapin VI, Timofeev YuS, Shishkina EA. A parametric stochastic
model of bone geometry. Bulletin of Southern Urals State
University, Issue «Mathematical Modelling. Programming &
Computer Software» (SUSU MMCS). 2018; 11 (2): 44-57. DOI:
10.14529/mmp180204.

Robinson RA. Chemical analysis and electron microscopy of
bone. In: Rodahl K, Nicholson JT, Brown EM, editors. Bone as a
tissue. New York: McGraw-Hill, 1960; p. 186-250.

Vogler JB 3rd, Murphy WA. Bone marrow imaging. Radiology.
1988; 168 (3): 679-93.

Vande Berg BC, Malghem J, Lecouvet FE, Maldague B. Magnetic
resonance imaging of the normal bone marrow. Skeletal
Radiology. 1998; 27: 471-83.

Vande Berg BC, Malghem J, Lecouvet FE, Maldague B. Magnetic
resonance imaging of normal bone marrow. Eur Radiol. 1998; 8
(8): 1327-34.

Taccone A, Oddone M, Dell'Acqua AD, Occhi M, Ciccone MA.
MRI «road-map» of normal age-related bone marrow. Il. Thorax,
pelvis and extremities. Pediatr Radiol. 1995; 25 (8): 596-606.
PubMed PMID: 8570312.

Taccone A, Oddone M, Occhi M, Dell'Acqua AD, Ciccone MA.
MRI «road-map» of normal age-related bone marrow. |. Cranial
bone and spine. Pediatr Radiol. 1995; 25 (8): 588-95. PubMed
PMID: 8570311.

Milovanovic P, Djonic D, Hahn M, Amling M, Busse B, Djuric M.
Region-dependent patterns of trabecular bone growth in the
human proximal femur: A study of 3D bone microarchitecture from
early postnatal to late childhood period. Am J Phys Anthropol.
2017; 164 (2): 281-91. DOI: 10.1002/ajpa.23268.

Ryan TM, Krovitz GE. Trabecular bone ontogeny in the human
proximal femur. J Hum Evol. 2006; 51 (6): 591-602.
Cunningham C, Scheuer L, Black S. Developmental Juvenile
Osteology. 2rd ed. Elsevier Academic Press, 2016; p. 630.

Ryan TM, Raichlen DA, Gosman JH. Structural and mechanical
changes in trabecular bone during early development in the human
femur and humerus. Chapter 12. In: Percival CJ, Richtsmeier JT,
editors. Building Bones: Bone Formation and Development in
Anthropology. Cambridge University Press, 2017; p. 281-302.
Glorieux FH, Travers R, Taylor A, Bowen JR, Rauch F, Norman M,
et al. Normative data for iliac bone histomorphometry in growing
children. Bone. 2000; 26 (2): 103-9.

Volpato V. Bone endostructure morphogenesis of the human ilium.
C. R. Palevol 7. 2008; 463-71. DOI: 10.1016/j.crpv.2008.06.001.
Rodriguez-Florez N, lbrahim A, Hutchinson JC, Borghi A, James
G, Arthurs OJ, et al. Cranial bone structure in children with sagittal
craniosynostosis: Relationship with surgical outcomes. J Plast
Reconstr Aesthet Surg. 2017; 70 (11): 1589-97. DOI: 10.1016/j.
bjps.2017.06.017.



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

OPUI'MHAJTIbHOE NCCJTIEOOBAHNE | PAOVOBKOJIONMA

Gao S, Ren L, Qui R, Wu Z, Li C, Li J. Electron absorbed fractions
in an image-based microscopic skeletal dosimetry model of
chinese adult male. Radiat Prot Dosimetry. 2017; 175 (4): 450-9.
Pafundi D. Image-based skeletal tissues and electron dosimetry
models for the ICRP reference pediatric age series [dissertation].
Gainesville: University of Florida, 2009.

Milenkovi¢ P. Age Estimation Based on Analyses of Sternal End
of Clavicle and the First Costal Cartilage Doctoral Dissertation
[dissertation]. Belgrade: University Of Belgrade School of
Medicine, 2013.

Kirmani S, Christen D, van Lenthe GH, Fischer PR, Bouxsein ML,
McCready LK, et al. Bone structure at the distal radius during
adolescent growth. J Bone Miner Res. 2009; 24 (6): 1033-42.
DOI: 10.1359/jomr.081255.

Mitchell DM, Caksa S, Yuan A, Bouxsein ML, Misra M, Burnett-
Bowie SM. Trabecular bone morphology correlates with skeletal
maturity and body composition in healthy adolescent girls. J Clin
Endocrinol Metab. 2018; 103 (1): 336-45. DOI: 10.1210/jc.2017-
01785.

Li X, Wililams P, Curry EJ, Choi D, Craig EV, Warren RF, et al.
Trabecular bone microarchitecture and characteristics in different
regions of the glenoid. Orthopedics. 2015; 38 (3): 163-8.
Knowles NK, G Langohr GD, Faieghi M, Nelson A, Ferreira LM.
Development of a validated glenoid trabecular density-modulus
relationship. J Mech Behav Biomed Mater. 2019; 90: 140-5. DOI:
10.1016/j.jmbbm.2018.10.013.

Jun BJ, Vasanji A, Ricchetti ET, Rodriguez E, Subhas N, Li ZM,
lannotti JP. Quantification of regional variations in glenoid
trabecular bone architecture and mineralization using clinical
computed tomography images. J Orthop Res. 2018; 36 (1): 85—
96. DOI: 10.1002/jor.23620.

Frich LH, Odgaard A, Dalstra M. Glenoid bone architecture J
Shoulder Elbow Surg. 1998; 7 (4): 356-61.

Kneissel M, Roschger P, Steiner W, et al. Cancellous bone
structure in the growing and aging lumbar spine in a historic
Nubian population. Calcif Tissue Int. 1997; 61 (2): 95-100.
DOI: 10.1007/s002239900302.

Arbabi A. A quantitative analysis of the structure of human
sternum. J Med Phys. 2009; 34 (2): 80-6.

Bartl R, Frisch B. Biopsy of bone in internal medicine — an atlas
and sourcebook. Dordrecht: Kluwer Academic Publishers, 1993;
p. 250.

Baur-Melnyk A. Magnetic Resonance Imaging of the Bone
Marrow. Springer Science & Business Media, 2012; p. 371.
Florence JL. Linear and cortical bone dimensions as indicators of
health status in subadults from the Milwaukee County Poor Farm
Cemetery. M. A.: University of Colorado at Denver, 2007.
Maresh MM. Measurements from roentgenograms. In:
McCammon RW, editor. Human Growth and Development.
Springfield, IL: Charles C. Thomas, 1970; p. 157-200.

Singh SP, Malhotra P, Sidhu LS, Singh PP. Skeletal frame size of
spitian children. Journal of Human Ecology. 2007; 21 (3): 227-30.
Zivicnjak M, Smolej Naranci¢ N, Szirovicza L, Franke D, Hrenovi¢ J,
Bisof V, et al. Gender-specific growth patterns of transversal body
dimensions in Croatian children and youth (2 to 18 years of age).
Coll Antropol. 2008; 32 (2): 419-31. PubMed PMID: 18756891.
Svadovskij BS. Vozrastnaja perestrojka kostnoj tkani. O roste i
razvitii diafizov plechevoj i bedrennoj kostej. M.: 1zd-vo akad. ped.
nauk RSFSR, 1961; p. 110. Russian.

Miles AEW. Growth Curves of Immature Bones from a Scottish
Island Population of Sixteenth to mid-Nineteenth Century:
Limb-bone Diaphyses and Some Bones of the Hand and Foot.
International Journal of Osteoarcheology. 1994; 4: 121-36.
Dhavale N, Halcrow SE, Buckley HR, Tayles N, Domett KM, Gray AR.
Linear and appositional growth in infants and children from the
prehistoric settlement of Ban Non Wat, Northeast Thailand:
Evaluating biological responses to agricultural intensification
in Southeast Asia, Journal of Archaeological Science: Reports.
2017; 11: 435-46. ISSN 2352-409.

Djuri¢ M, Milovanovi¢ P, Djoni¢ D, Mini¢ A, Hahn M. Morphological
characteristics of the developing proximal femur: a biomechanical
perspective. Srp Arh Celok Lek. 2012; 140 (11-12): 738-45.
PubMed PMID: 23350248.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Gosman JH, Ketcham RA. Patterns in ontogeny of human
trabecular bone from SunWatch Village in the Prehistoric Ohio
Valley: general features of microarchitectural change. Am J Phys
Anthropol. 2009; 138 (3): 318-32. DOI: 10.1002/ajpa.20931.
PubMed PMID: 18785633.

Petit MA, McKay HA, MacKelvie KJ, Heinonen A, Khan KM, Beck TJ.
A randomized school-based jumping intervention confers site and
maturity-specific benefits on bone structural properties in girls:
a hip structural analysis study. J Bone Miner Res. 2002; 17 (3):
363-72. PubMed PMID: 11874228.

Danforth ME, Wrobel GD, Armstrong CW, Swanson D. Juvenile
age estimation using diaphyseal long bone lengths among ancient
Maya populations. Latin American Antiquity. 2017; 20 (1): 3-13.
Byers S, Moore AJ, Byard RW, Fazzalari NL. Quantitative
histomorphometric analysis of the human growth plate from birth
to adolescence. Bone. 2000; 27 (4): 495-501.

Beresheim AC, Pfeiffer S, Grynpas M. Ontogenetic changes to
bone microstructure in an archaeologically derived sample of
human ribs. J Anat. 2019; DOI: 10.1111/joa.13116.

Pfeiffer S. Cortical Bone Histology in Juveniles. Available from:
https://www.researchgate.net/publication/303179375_Cortical_
bone_histology_in_Juveniles.

Hresko AM, Hinchcliff EM, Deckey DG, Hresko MT. Developmental
sacral morphology: MR study from infancy to skeletal maturity.
Eur Spine J. 2020; 29 (5): 1141-6. DOI: 10.1007/s00586-020-
06350-6.

Kuznecov LE. Perelomy taza u detej (morfologija, biomehanika,
diagnostika). M.: Folium, 1994; p. 192. Russian.

Mavrych V, Bolgova O, Ganguly P and Kashchenko S. Age-
related changes of lumbar vertebral body morphometry. Austin J
Anat. 2014; 1 (3): 7.

Sadofeva VI. Normal'naja rentgenoanatomija kostno-sustavnoj
sistemy detej. Leningrad: Medicina, 1990; p. 216. Russian.
Bernert Zs, Evinger S, Hajdu T. New data on the biological
age estimation of children using bone measurements based
on historical populations from the Carpathian Basin. Annales
Historico-Naturales Musei Nationalis Hungarici. 2007; 99: 199-
206.

White TD, Black MT, Folkens PA. Human osteology: 3rd ed.
Academic Press, 2011; p. 688.

Gindhart PS. Growth standards for the tibia and radius in children
aged one month through eighteen years. Am J Phys Anthrop.
1973; 39: 41-8.

Lopez-Costas O, Rissech C, Trancho G, Turbén D. Postnatal
ontogenesis of the tibia. Implications for age and sex estimation.
Forensic Sci Int. 2012; 214 (1-3): 207.e1-11. DOI: 10.1016/j.
forsciint.2011.07.038. PubMed PMID: 21862250.

Suominen PK, Nurmi E, Lauerma K. Intraosseous access in
neonates and infants: risk of severe complications — a case
report. Acta Anaesthesiol Scand. 2015; 59 (10): 1389-93. DOI:
10.1111/aas.12602. PubMed PMID: 26300243.

Blake KAS. An investigation of sex determination from the subadult
pelvis: A morphometric analysis [dissertation]. Pittsburgh: University
of Pittsburgh, 2011.

Cunningham CA, Black SM. lliac cortical thickness in the neonate —
the gradient effect. J Anat. 2009a; 215 (3): 364-70. DOI:
10.1111/).1469-7580.2009.01112.x.

Cunningham CA, Black SM. Anticipating bipedalism: trabecular
organization in the newborn ilium. J Anat. 2009b; 214 (6): 817—
29. DOI: 10.1111/j.1469-7580.2009.01073.x.

Rissech C, Garcia M, Malgosa A. Sex and age diagnosis by
ischium morphometric analysis. Forensic Science International.
2003; 135: 188-96.

Rissech C, Malgosa A. Pubis growth study: Applicability in sexual
and age diagnostic. Forensic Science International. 2007; 173:
137-45.

Corron L, Marchal F, Condemi S, Chaumoitre K, Adalian P. A
New Approach of Juvenile Age Estimation using Measurements
of the llium and Multivariate Adaptive Regression Splines (MARS)
Models for Better Age Prediction. Forensic Sci. 2017; 62 (1): 18-
29. DOI: 10.1111/1556-4029.13224.

Parfitt AM, Travers R, Rauch F, Glorieux FH. Structural and cellular
changes during bone growth in healthy children. Bone. 2000; 27

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 25, 2023 | MES.FMBA.PRESS



ORIGINAL RESEARCH | RADIOBIOLOGY

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

(4): 487-94. PMID: 11033443.

Schnitzler CM, Mesquita JM, Pettifor JM. Cortical bone
development in black and white South African children: iliac crest
histomorphometry. Bone. 2009; 44 (4): 603-11. DOI: 10.1016/j.
bone.2008.12.009.

De Boer HH, Van der Merwe AE, Soerdjbalie-Maikoe VV. Human
cranial vault thickness in a contemporary sample of 1097 autopsy
cases: relation to body weight, stature, age, sex and ancestry. Int
J Legal Med. 2016; 130 (5): 1371-7. DOI: 10.1007/s00414-016-
1324-5.

Margulies S, Coats B. Experimental injury biomechanics of the
pediatric head and brain. Chapter 4. In: Crandall J, Myers B,
Meaney D, et al, editors. Pediatric Injury Biomechanics. New York:
Springer Science+Business Media, 2013; p. 157-190.

Li Z, Park BK, Liu W, Zhang J, Reed MP, Rupp JD, et al. A
statistical skull geometry model for children 0-3 years old. PLoS
One. 2015; 10 (5). DOI: 10.1371/journal.pone.0127322.

Bleuze MM, Wheeler SM, Williams LJ, Dupras TL. Growth of the
pectoral girdle in a sample of juveniles from the kellis 2 cemetery,
Dakhleh Qasis, Egypt. Am J Hum Biol. 2016; 28 (5): 636-45.
McGraw MA, Mehlman CT, Lindsell CJ, Kirby CL. Postnatal
growth of the clavicle: birth to eighteen years of age. Journal of
Pediatric Orthopedics. 2009; 29: 937.

Bernat A, Huysmans T, Van Glabbeek F, Sijbers J, Gielen J,
Van Tongel A. The anatomy of the clavicle: a three-dimensional
cadaveric study. Clin Anat. 2014; 27 (5): 712-23.

Corron L. Juvenile age estimation in physical anthropology:
A critical review of existing methods and the application of two
standardised methodological approaches. Biological anthropology
[dissertation]. Marseille: Aix-Marseille Universite, 2016.

Vallois HV. L'omoplate humaine. Bulletin de la Sociétié
d’Anthropolgie de Paris. 1946; 7: 16-99.

Saunders S, Hoppa R, Southern R. Diaphyseal growth in
a nineteenth-century skeletal sample of subadults from St
Thomas’ Church, Belleville, Ontario. International Journal of
Osteoarchaeology. 1993; 3: 265-81.

Badr El Dine F, Hassan H. Ontogenetic study of the scapula
among some Egyptians: Forensic implications in age and sex

JNutepatypa

1.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

Degteva MO, Shagina NB, Vorobiova MI, Shishkina EA, Tolstykh El,
Akleyev AV. Contemporary Understanding of Radioactive
Contamination of the Techa River in 1949-1956. Radiats Biol
Radioecol. 2016; 56 (5): 523-34. PMID: 30703313.

Krestinina LY, Epifanova SB, Silkin SS, Mikryukova LD, Degteva MO,
Shagina NB, Akleyev AV. Chronic low-dose exposure in the Techa
River Cohort: risk of mortality from circulatory diseases. Radiat
Environ Biophys. 2013; 52 (1): 47-57. DOI: 10.1007/s00411-
012-0438-5.

AkneeB A. B. XpOHWYECKWA Ny4EBOW CUHOPOM Yy >KUTenen
npUbpexxHbIX cen pekn Teda. YensbuHek: KHura, 2012; 464 c.
Preston DL, Sokolnikov ME, Krestinina LY, Stram DO. Estimates
of radiation effects on cancer risks in the Mayak Worker, Techa
River and Atomic Bomb Survivor Studies. Radiat Prot Dosimetry.
2017; 173 (1-8): 26-31. DOI: 10.1093/rpd/ncw316.

Degteva MO, Napier BA, Tolstykh El, et al. Enhancements
in the Techa River dosimetry system: TRDS-2016D Code
for reconstruction of deterministic estimates of dose from
environmental exposures. Health Phys. 2019; 117 (4): 378-87.
DOI:10.1097/HP.0000000000001067.

Spiers FW, Beddoe AH, Whitwell JR. Mean skeletal dose factors
for beta-particle emitters in human bone. Part I: volume-seeking
radionuclides. The British journal of radiology. 1978; 51 (608):
622-7.

O'Reilly SE, DeWeese LS, Maynard MR, Rajon DA, Wayson MB,
Marshall EL, et al. An 13 image-based skeletal dosimetry model
for the ICRP reference adult female-internal electron 14 sources.
Phys Med Biol. 2016; 61 (24): 8794-824.

Xu XG, Chao TC, Bozkurt A. VIP-Man: an image-based whole-
body adult male model constructed from color photographs of the

96.

97.

98.

99.

100.

101.

102.

108.

104.

106.

10.

11.

12.

13.

14.

15.

estimation using Multidetector Computed Tomography. Egyptian
Journal of Forensic Sciences. 2015; 6 (2): 56-77.

Rissech C, Black S. Scapular development from neonatal period
to skeletal maturity. A preliminary study. Int J Osteoarchaeol.
2007; 17: 451-64.

Bayarogullan H, Yengil E, Davran R, Aglagiil E, Karazincir S, Balci A.
Evaluation of the postnatal development of the sternum and
sternal variations using multidetector CT. Diagn Interv Radiol.
2014; 20 (1): 82-9.

Riach IC. Ossification in the sternum as a means of assessing
skeletal age. J Clin Pathol. 1967; 20 (4): 589-90.

Johnson KT, Al-Holou WN, Anderson RC, Wilson TJ, Karnati T,
Ibrahim M, et al. Morphometric analysis of the developing pediatric
cervical spine. J Neurosurg Pediatr. 2016; 18 (3): 377-89. DOI:
10.3171/2016.3. PEDS1612. PubMed PMID: 27231821.
Caldas Md P, Ambrosano GM, Haiter Neto F. New formula to
objectively evaluate skeletal maturation using lateral cephalometric
radiographs. Braz Oral Res. 2007; 21 (4): 330-5. PubMed PMID:
18060260.

Peters JR, Chandrasekaran C, Robinson LF, Servaes SE,
Campbell RM Jr, Balasubramanian S. Age- and gender-related
changes in pediatric thoracic vertebral morphology. Spine J.
2015; 15 (5): 1000-20. DOI: 10.1016/j.spinee.2015.01.016.
Peters JR, Servaes SE, Cahill PJ, Balasubramanian S. Morphology
and growth of the pediatric lumbar vertebrae. Spine J. 2021; 21
(4): 682-97. DOI: 10.1016/j.spinee.2020.10.029.

Newman SL, Gowland RL. The use of non-adult vertebral
dimensions as indicators of growth disruption and non-specific
health stress in skeletal populations. American journal of physical
anthropology. 2015; 158 (1): 155-64.

Comeau A. Age-related changes in geometric characteristics
of the pediatric thoracic cage and comparison of thorax shape
with a Pediatric CPR Manikin [dissertation]. Philadelphia: Drexel
University, 2010.

Knirsch W, Kurtz C, Haffner N, Langer M, Kececioglu D. Normal
values of the sagittal diameter of the lumbar spine (vertebral body
and dural sac) in children measured by MRI. Pediatr Radiol. 2005;
35: 419-24. DOI: 10.1007/s00247-004-1382-6.

Visible Human Project for multi-particle Monte Carlo calculations.
Health Phys. 2000; 78 (5): 476-86. DOI: 10.1097/00004032-
200005000-00003. PMID: 10772019.

Shah AP, Bolch WE, Rajon DA, Patton PW, Jokisch DW. A paired-
image radiation transport model for skeletal dosimetry. J Nucl
Med. 2005; 46 (2): 344-53. PMID: 15695796.

Pafundi D. Image-based skeletal tissues and electron dosimetry
models for the ICRP reference pediatric age series [dissertation].
Gainesville: University of Florida, 2009.

Hough M, Johnson P, Rajon D, Jokisch D, Lee C, Bolch W. An
image-based skeletal dosimetry model for the ICRP reference
adult male—internal electron sources. Phys Med Biol. 2011; 56 (8):
2309-46. DOI: 10.1088/0031-9155/56/8/001.

Bolch WE, Eckerman K, Endo A, et al. ICRP Publication 143:
Paediatric Reference Computational Phantoms. Ann ICRP. 2020;
49 (1): 5-297. DOI: 10.1177/0146645320915031.

Degteva MO, Tolstykh El, Shishkina EA, Sharagin PA, Zalyapin VI,
Volchkova AY, et al. Stochastic parametric skeletal dosimetry
model for humans: General approach and application to active
marrow exposure from bone-seeking beta-particle emitters.
PLoS ONE. 2021; 16 (10): e0257605. DOI: 10.1371/journal.
pone.0257605.

Oértea M. O., LUnwikuHa E. A., ToncTbix E. V., 3ansanvH B. .,
LLaparuH M. A., Cmut M. A. n op. MeToaonorm4eckumin noaxomn, K
pa3paboTke [03VMETPUHECKIMX MOLENEN CKeneTa YenoBeka a1st
BeTa-m3nyyaroLmx pagvoHyknmMaoB. PaanalmoHHas rurmeHa.
2019; 12 (2): 66-75. DOI: 10.21514/1998-426X-2019-12-2-66-75.
Volchkova AYu, Sharagin PA, Shishkina EA. Internal bone marrow
dosimetry: the effect of the exposure due to 90Sr incorporated
in the adjacent bone segments. Bulletin of the South Ural State



16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

OPUI'MHAJTIbHOE NCCJTIEOOBAHNE | PAOVOBKOJIONMA

University. Ser. Mathematical Modelling, Programming & Computer
Software. 2022; 15 (4): 44-58. DOI: 10.14529/mmp220404.
WnwknHa E. A., LWaparud 1. A., BondkoBa A. IO.
AHanMTU4ecKoe onucaHne [03006pa3oBaHNS B KOCTHOM MO3re
oT 90Sr, IHKOPMOPVPOBAaHHOMO B KasTbLIMMULIMPOBaHHBIX TKaHSIX.
Bonpocbl paguaumoHHon 6e3onacHocTn. 2021; 3: 72-82.
CunkuH C. C., KpectuHuHa J1. 0., Ctapues H. B, Aknees A. B.
Ypansckasi KoropTa aBapuiiHo-06y4eHHOro Hacenenns. MeaviuyHa
aKCTpeManbHbIX cuTyaumin. 2019; 21 (3): 393-402.

LWaparvH . A., LLUnwkmHa E. A., ToncTeix E. V. BelamcnntensHbin
paHTOM Ans OO3MMETPUMM  KpaCcHOro KOCTHOro  Mo3ra
HOBOPOXXAEHHOrO pebeHKa OT MHKOPMOpMPOBaHHbIX GeTa-
nanyyarenen. MeguupHa skcTpemanbHbix cutyaumn. 2022; 4:
74-82. DOI: 10.47183/mes.2022.045.

LWaparvH . A., LLUnwkmHa E. A., ToncTeix E. V. BelamcnntensHbin
haHTOM AN AOUMETPUN KPaCHOrO KOCTHOMO MO3ra rofoBasioro
pebeHka OT MHKOPMOpUPOBaHHbIX BeTa-n3nyyarenen. MeauumHa
aKCcTpemMasbHbIX cutyauuin. 2023; 3: 44-55. DOI: 10.47183/
mes.2023.030.

Cristy M. Active bone marrow distribution as a function of age in
humans. Phys Med Biol. 1981; 26 (3): 389-400.

Sharagin PA, Shishkina EA, Tolstykh El, Volchkova AYu, Smith MA,
Degteva MO. Segmentation of hematopoietic sites of human
skeleton for calculations of dose to active marrow exposed to
bone-seeking radionuclides. RAD Conference Proceedings.
2018; 3: 154-8. DOI:10.21175/RadProc.2018.33.

Valentin J. Basic anatomical and physiological data for use in
radiological protection: reference values. Annals of the ICRP.
Annals of the ICRP. 2002; 32 (3-4): 1-277.

Woodard HQ and White DR. The composition of body tissues. Br.
J. Ru&ol. 1986; 59: 1209-18.

LLaparuH M. A., Tonctbix E. N., WnwkuHa E. A., Oertesa M. O.
[lo3nmeTpurydeckoe MOAENMpPOBaHE KOCTU A1 OCTEOTPOMHbIX
6eTa-nsnyyaroLmx paguoHyKIMaoB: pasMepHble napameTpbl
n cermeHTaums. B cbopruke: MaTepuanbl MexxayHapoaHom
Hay4HoM KOHbepeHuum «CoBpemMeHHble npobaembl
paanobuonorm»; 23-24 centadpsa 2021 r., fomenb, Benapyce.
CoBpeMeHHble Npobaembl paguobuonorun — 2021, 2021; 200-4.
Tonctbix E. V., LWaparvH I, A., WuwkvHa E. A., Oertesa M. O.
dopMmnpoBaHe [03 00yYeHVs KpacHOro KOCTHOro Mo3ra
YenoBeka OT 8%Gr, oueHka napameTpoB TpabeKkynsipHon
KOCTW AN OO3VMETPUHECKOro MopennpoBanust. B cOopHuke:
Mateprars! MexayHapOaHON Hay4HOM KoHdepeHLN «CoBpeMEHHbIE
npobnembl pagnobuonorim»; 23-24 ceHtsbps 2021 r., lfomenb,
Benapyck. CoBpemMeHHble Npobnembl pagmobronorn — 2021.
2021; 176-9.

Tonctbix E. W., Waparun M. A., LUnwkuHa E. A., Bondkosa A. 0.
Herteea M. O. AHaTOMO-MOpdoOnorvdyeckuin 6asuc ans
[O3VMETPUYECKOrO MOLENMPOBaHUs TpabeKynspHON KOCTK
YeroBeKa C MCMosb30BaHNEM CTOXaCTUHECKOrO MapamMeTPUHECKOro
nogxopa. KnuHunyeckmn BeCTHUK [HL, ®MBLL nmern A. W.
BypHasaHa. 2022; 3: 25-40.

Shishkina EA, Timofeev YS, Volchkova AY, Sharagin PA, Zalyapin VI,
DegtevaMO, et al. Trabecula: arandom generator of computational
phantoms for bone marrow dosimetry. Health Phys. 2020; 118
(1): 53-9. DOI: 10.1097/HP.0000000000001127.

Zalyapin VI, Timofeev YuS, Shishkina EA. A parametric stochastic
model of bone geometry. Bulletin of Southern Urals State
University, Issue «Mathematical Modelling. Programming &
Computer Software» (SUSU MMCS). 2018; 11 (2): 44-57. DOI:
10.14529/mmp180204.

Robinson RA. Chemical analysis and electron microscopy of
bone. In: Rodahl K, Nicholson JT, Brown EM, editors. Bone as a
tissue. New York: McGraw-Hill, 1960; p. 186-250.

Vogler JB 3rd, Murphy WA. Bone marrow imaging. Radiology.
1988; 168 (3): 679-93.

Vande Berg BC, Malghem J, Lecouvet FE, Maldague B. Magnetic
resonance imaging of the normal bone marrow. Skeletal
Radiology. 1998; 27: 471-83.

Vande Berg BC, Malghem J, Lecouvet FE, Maldague B. Magnetic
resonance imaging of normal bone marrow. Eur Radiol. 1998; 8
(8): 1327-34.

Taccone A, Oddone M, Dell'Acqua AD, Occhi M, Ciccone MA.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

MRI «road-map» of normal age-related bone marrow. Il. Thorax,
pelvis and extremities. Pediatr Radiol. 1995; 25 (8): 596-606.
PubMed PMID: 8570312.

Taccone A, Oddone M, Occhi M, Dell'Acqua AD, Ciccone MA.
MRI «road-map» of normal age-related bone marrow. |. Cranial
bone and spine. Pediatr Radiol. 1995; 25 (8): 588-95. PubMed
PMID: 8570311.

Milovanovic P, Djonic D, Hahn M, Amling M, Busse B, Djuric M.
Region-dependent patterns of trabecular bone growth in the
human proximal femur: A study of 3D bone microarchitecture from
early postnatal to late childhood period. Am J Phys Anthropol.
2017; 164 (2): 281-91. DOI: 10.1002/ajpa.23268.

Ryan TM, Krovitz GE. Trabecular bone ontogeny in the human
proximal femur. J Hum Evol. 2006; 51 (6): 591-602.
Cunningham C, Scheuer L, Black S. Developmental Juvenile
Osteology. 2rd ed. Elsevier Academic Press, 2016; p. 630.

Ryan TM, Raichlen DA, Gosman JH. Structural and mechanical
changes in trabecular bone during early development in the human
femur and humerus. Chapter 12. In: Percival CJ, Richtsmeier JT,
editors. Building Bones: Bone Formation and Development in
Anthropology. Cambridge University Press, 2017; p. 281-302.
Glorieux FH, Travers R, Taylor A, Bowen JR, Rauch F, Norman M,
et al. Normative data for iliac bone histomorphometry in growing
children. Bone. 2000; 26 (2): 103-9.

Volpato V. Bone endostructure morphogenesis of the human ilium.
C. R. Palevol 7. 2008; 463-71. DOI: 10.1016/j.crpv.2008.06.001.
Rodriguez-Florez N, Ibrahim A, Hutchinson JC, Borghi A, James
G, Arthurs OJ, et al. Cranial bone structure in children with sagittal
craniosynostosis: Relationship with surgical outcomes. J Plast
Reconstr Aesthet Surg. 2017; 70 (11): 1589-97. DOI: 10.1016/j.
bjps.2017.06.017.

Gao S, Ren L, Qui R, Wu Z, Li C, Li J. Electron absorbed fractions
in an image-based microscopic skeletal dosimetry model of
chinese adult male. Radiat Prot Dosimetry. 2017; 175 (4): 450-9.
Pafundi D. Image-based skeletal tissues and electron dosimetry
models for the ICRP reference pediatric age series [dissertation].
Gainesville: University of Florida, 2009.

Milenkovi¢ P. Age Estimation Based on Analyses of Sternal End
of Clavicle and the First Costal Cartilage Doctoral Dissertation
[dissertation]. Belgrade: University Of Belgrade School of
Medicine, 2013.

Kirmani S, Christen D, van Lenthe GH, Fischer PR, Bouxsein ML,
McCready LK, et al. Bone structure at the distal radius during
adolescent growth. J Bone Miner Res. 2009; 24 (6): 1033-42.
DOI: 10.1359/jomr.081255.

Mitchell DM, Caksa S, Yuan A, Bouxsein ML, Misra M, Burnett-
Bowie SM. Trabecular bone morphology correlates with skeletal
maturity and body composition in healthy adolescent girls. J Clin
Endocrinol Metab. 2018; 103 (1): 336-45. DOI: 10.1210/jc.2017-
01785.

Li X, Wililams P, Curry EJ, Choi D, Craig EV, Warren RF, et al.
Trabecular bone microarchitecture and characteristics in different
regions of the glenoid. Orthopedics. 2015; 38 (3): 163-8.
Knowles NK, G Langohr GD, Faieghi M, Nelson A, Ferreira LM.
Development of a validated glenoid trabecular density-modulus
relationship. J Mech Behav Biomed Mater. 2019; 90: 140-5. DOI:
10.1016/j.jmbbm.2018.10.013.

Jun BJ, Vasanji A, Ricchetti ET, Rodriguez E, Subhas N, Li ZM,
lannotti JP. Quantification of regional variations in glenoid
trabecular bone architecture and mineralization using clinical
computed tomography images. J Orthop Res. 2018; 36 (1): 85—
96. DOI: 10.1002/jor.23620.

Frich LH, Odgaard A, Dalstra M. Glenoid bone architecture J
Shoulder Elbow Surg. 1998; 7 (4): 356-61.

Kneissel M, Roschger P, Steiner W, et al. Cancellous bone
structure in the growing and aging lumbar spine in a historic
Nubian population. Calcif Tissue Int. 1997; 61 (2): 95-100.
DOI: 10.1007/s002239900302.

Arbabi A. A quantitative analysis of the structure of human
sternum. J Med Phys. 2009; 34 (2): 80-6.

Bartl R, Frisch B. Biopsy of bone in internal medicine — an atlas
and sourcebook. Dordrecht: Kluwer Academic Publishers, 1993;
p. 250.

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 25, 2023 | MES.FMBA.PRESS



ORIGINAL RESEARCH | RADIOBIOLOGY

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Baur-Melnyk A. Magnetic Resonance Imaging of the Bone
Marrow. Springer Science & Business Media, 2012; p. 371.
Florence JL. Linear and cortical bone dimensions as indicators of
health status in subadults from the Milwaukee County Poor Farm
Cemetery. M. A.: University of Colorado at Denver, 2007.
Maresh MM. Measurements from roentgenograms. In:
McCammon RW, editor. Human Growth and Development.
Springfield, IL: Charles C. Thomas, 1970; p. 157-200.

Singh SP, Malhotra P, Sidhu LS, Singh PP. Skeletal frame size of
spitian children. Journal of Human Ecology. 2007; 21 (3): 227-30.
Zivicnjak M, Smolej Naranci¢ N, Szirovicza L, Franke D, Hrenovi¢ J,
Bisof V, et al. Gender-specific growth patterns of transversal body
dimensions in Croatian children and youth (2 to 18 years of age).
Coll Antropol. 2008; 32 (2): 419-31. PubMed PMID: 18756891.
Ceaposckuin b. C. BospacTHas nepecTpoiika KOCTHoM TkaHu. O
pocTe U pas3BuUTUM aMadur3oB nieveBon 1 6eapeHHon KoCTel.
M.: Viaa-Bo akag. nen. Hayk PCOCP, 1961; 110 c.

Miles AEW. Growth Curves of Immature Bones from a Scottish
Island Population of Sixteenth to mid-Nineteenth Century:
Limb-bone Diaphyses and Some Bones of the Hand and Foot.
International Journal of Osteoarcheology. 1994; 4: 121-36.
Dhavale N, Halcrow SE, Buckley HR, Tayles N, Domett KM, Gray AR.
Linear and appositional growth in infants and children from the
prehistoric settlement of Ban Non Wat, Northeast Thailand:
Evaluating biological responses to agricultural intensification
in Southeast Asia, Journal of Archaeological Science: Reports.
2017; 11: 435-46. ISSN 2352-409.

Djuri¢ M, Milovanovi¢ P, Djoni¢ D, Mini¢ A, Hahn M. Morphological
characteristics of the developing proximal femur: a biomechanical
perspective. Srp Arh Celok Lek. 2012; 140 (11-12): 738-45.
PubMed PMID: 23350248.

Gosman JH, Ketcham RA. Patterns in ontogeny of human
trabecular bone from SunWatch Village in the Prehistoric Ohio
Valley: general features of microarchitectural change. Am J Phys
Anthropol. 2009; 138 (3): 318-32. DOI: 10.1002/ajpa.20931.
PubMed PMID: 18785633.

Petit MA, McKay HA, MacKelvie KJ, Heinonen A, Khan KM, Beck TJ.
A randomized school-based jumping intervention confers site and
maturity-specific benefits on bone structural properties in girls:
a hip structural analysis study. J Bone Miner Res. 2002; 17 (3):
363-72. PubMed PMID: 11874228.

Danforth ME, Wrobel GD, Armstrong CW, Swanson D. Juvenile
age estimation using diaphyseal long bone lengths among ancient
Maya populations. Latin American Antiquity. 2017; 20 (1): 3-13.
Byers S, Moore AJ, Byard RW, Fazzalari NL. Quantitative
histomorphometric analysis of the human growth plate from birth
to adolescence. Bone. 2000; 27 (4): 495-501.

Beresheim AC, Pfeiffer S, Grynpas M. Ontogenetic changes to
bone microstructure in an archaeologically derived sample of
human ribs. J Anat. 2019; DOI: 10.1111/joa.13116.

Pfeiffer S. Cortical Bone Histology in Juveniles. Available from:
https://www.researchgate.net/publication/303179375_Cortical_
bone_histology_in_Juveniles.

Hresko AM, Hinchcliff EM, Deckey DG, Hresko MT. Developmental
sacral morphology: MR study from infancy to skeletal maturity.
Eur Spine J. 2020; 29 (5): 1141-6. DOI: 10.1007/s00586-020-
06350-6.

KyaHeuoB J1. E. lMepenombl Taza y pnOeten (Mopdonorus,
OromexaHuka, auarHoctuika). M.: ®onmym, 1994; 192 c.
Mavrych V, Bolgova O, Ganguly P and Kashchenko S. Age-
related changes of lumbar vertebral body morphometry. Austin J
Anat. 2014; 1 (3): 7.

CapodbeBa B. . HopmanbHas peHTreHoaHaTOMUST KOCTHO-
cycTaBHOWM cucTembl aeten. JlennHrpan: MeguumHa, 1990; 216 c.
Bernert Zs, Evinger S, Hajdu T. New data on the biological
age estimation of children using bone measurements based
on historical populations from the Carpathian Basin. Annales
Historico-Naturales Musei Nationalis Hungarici. 2007; 99: 199-
206.

White TD, Black MT, Folkens PA. Human osteology: 3rd ed.
Academic Press, 2011; p. 688.

Gindhart PS. Growth standards for the tibia and radius in children
aged one month through eighteen years. Am J Phys Anthrop.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

1973; 39: 41-8.

Lopez-Costas O, Rissech C, Trancho G, Turbén D. Postnatal
ontogenesis of the tibia. Implications for age and sex estimation.
Forensic Sci Int. 2012; 214 (1-3): 207.e1-11. DOI: 10.1016/j.
forsciint.2011.07.038. PubMed PMID: 21862250.

Suominen PK, Nurmi E, Lauerma K. Intraosseous access in
neonates and infants: risk of severe complications — a case
report. Acta Anaesthesiol Scand. 2015; 59 (10): 1389-93. DOI:
10.1111/aas.12602. PubMed PMID: 26300243.

Blake KAS. An investigation of sex determination from the subadult
pelvis: A morphometric analysis [dissertation]. Pittsburgh: University
of Pittsburgh, 2011.

Cunningham CA, Black SM. lliac cortical thickness in the neonate —
the gradient effect. J Anat. 2009a; 215 (3): 364-70. DOI:
10.1111/).1469-7580.2009.01112.x.

Cunningham CA, Black SM. Anticipating bipedalism: trabecular
organization in the newborn ilium. J Anat. 2009b; 214 (6): 817—
29. DOI: 10.1111/].1469-7580.2009.01073.x.

Rissech C, Garcia M, Malgosa A. Sex and age diagnosis by
ischium morphometric analysis. Forensic Science International.
2003; 135: 188-96.

Rissech C, Malgosa A. Pubis growth study: Applicability in sexual
and age diagnostic. Forensic Science International. 2007; 173:
137-45.

Corron L, Marchal F, Condemi S, Chaumoitre K, Adalian P. A
New Approach of Juvenile Age Estimation using Measurements
of the llium and Multivariate Adaptive Regression Splines (MARS)
Models for Better Age Prediction. Forensic Sci. 2017; 62 (1): 18-
29. DOI: 10.1111/1556-4029.13224.

Parfitt AM, Travers R, Rauch F, Glorieux FH. Structural and cellular
changes during bone growth in healthy children. Bone. 2000; 27
(4): 487-94. PMID: 11033443.

Schnitzler CM, Mesquita JM, Pettifor JM. Cortical bone
development in black and white South African children: iliac crest
histomorphometry. Bone. 2009; 44 (4): 603-11. DOI: 10.1016/j.
bone.2008.12.009.

De Boer HH, Van der Merwe AE, Soerdjbalie-Maikoe VV. Human
cranial vault thickness in a contemporary sample of 1097 autopsy
cases: relation to body weight, stature, age, sex and ancestry. Int
J Legal Med. 2016; 130 (5): 1371-7. DOI: 10.1007/s00414-016-
1324-5.

Margulies S, Coats B. Experimental injury biomechanics of the
pediatric head and brain. Chapter 4. In: Crandall J, Myers B,
Meaney D, et al, editors. Pediatric Injury Biomechanics. New
York: Springer Science+Business Media, 2013; p. 157-190.

Li Z, Park BK, Liu W, Zhang J, Reed MP, Rupp JD, et al. A
statistical skull geometry model for children 0-3 years old. PLoS
One. 2015; 10 (5). DOI: 10.1371/journal.pone.0127322.

Bleuze MM, Wheeler SM, Williams LJ, Dupras TL. Growth of the
pectoral girdle in a sample of juveniles from the kellis 2 cemetery,
Dakhleh Oasis, Egypt. Am J Hum Biol. 2016; 28 (5): 636-45.
McGraw MA, Mehlman CT, Lindsell CJ, Kirby CL. Postnatal
growth of the clavicle: birth to eighteen years of age. Journal of
Pediatric Orthopedics. 2009; 29: 937.

Bernat A, Huysmans T, Van Glabbeek F, Sijoers J, Gielen J,
Van Tongel A. The anatomy of the clavicle: a three-dimensional
cadaveric study. Clin Anat. 2014; 27 (5): 712-23.

Corron L. Juvenile age estimation in physical anthropology:
A critical review of existing methods and the application of two
standardised methodological approaches. Biological anthropology
[dissertation]. Marseille: Aix-Marseille Universite, 2016.

Vallois HV. L'omoplate humaine. Bulletin de la Sociétié
d’Anthropolgie de Paris. 1946; 7: 16-99.

Saunders S, Hoppa R, Southern R. Diaphyseal growth in
a nineteenth-century skeletal sample of subadults from St
Thomas’ Church, Belleville, Ontario. International Journal of
Osteoarchaeology. 1993; 3: 265-81.

Badr El Dine F, Hassan H. Ontogenetic study of the scapula
among some Egyptians: Forensic implications in age and sex
estimation using Multidetector Computed Tomography. Egyptian
Journal of Forensic Sciences. 2015; 6 (2): 56-77.

Rissech C, Black S. Scapular development from neonatal period
to skeletal maturity. A preliminary study. Int J Osteoarchaeol.



97.

98.

99.

100.

101.

OPUI'MHAJTIbHOE NCCJTIEOOBAHNE | PAOVOBKOJIONMA

2007; 17: 451-64.

Bayarogullan H, Yengil E, Davran R, Aglagill E, Karazincir S, Balc A.
Evaluation of the postnatal development of the sternum and
sternal variations using multidetector CT. Diagn Interv Radiol.
2014; 20 (1): 82-9.

Riach IC. Ossification in the sternum as a means of assessing
skeletal age. J Clin Pathol. 1967; 20 (4): 589-90.

Johnson KT, Al-Holou WN, Anderson RC, Wilson TJ, Karnati T,
lbrahim M, et al. Morphometric analysis of the developing pediatric
cervical spine. J Neurosurg Pediatr. 2016; 18 (3): 377-89. DOI:
10.3171/2016.3. PEDS1612. PubMed PMID: 27231821.

Caldas Md P, Ambrosano GM, Haiter Neto F. New formula to
objectively evaluate skeletal maturation using lateral cephalometric
radiographs. Braz Oral Res. 2007; 21 (4): 330-5. PubMed PMID:
18060260.

Peters JR, Chandrasekaran C, Robinson LF, Servaes SE,
Campbell RM Jr, Balasubramanian S. Age- and gender-related

102.

108.

104.

106.

changes in pediatric thoracic vertebral morphology. Spine J.
2015; 15 (5): 1000-20. DOI: 10.1016/j.spinee.2015.01.016.
Peters JR, Servaes SE, Cahill PJ, Balasubramanian S. Morphology
and growth of the pediatric lumbar vertebrae. Spine J. 2021; 21
(4): 682-97. DOI: 10.1016/j.spinee.2020.10.029.

Newman SL, Gowland RL. The use of non-adult vertebral
dimensions as indicators of growth disruption and non-specific
health stress in skeletal populations. American journal of physical
anthropology. 2015; 158 (1): 155-64.

Comeau A. Age-related changes in geometric characteristics
of the pediatric thoracic cage and comparison of thorax shape
with a Pediatric CPR Manikin [dissertation]. Philadelphia: Drexel
University, 2010.

Knirsch W, Kurtz C, Haffner N, Langer M, Kececioglu D. Normal
values of the sagittal diameter of the lumbar spine (vertebral body
and dural sac) in children measured by MRI. Pediatr Radiol. 2005;
35: 419-24. DOI: 10.1007/s00247-004-1382-6.

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 25, 2023 | MES.FMBA.PRESS



ORIGINAL RESEARCH | SPACE MEDICINE

THE ROLE OF FAST RUNNING IN PREVENTION OF NEGATIVE EFFECTS OF PROLONGED EXPOSURE
TO WEIGHTLESSNESS

Fomina EV B2 Senatorova NA, Bakhtereva VD, Yarmanova EN,

State Scientific Center of Russian Federation — Institute of Biomedical Problems RAS, Moscow, Russia
The prospects of deep space exploration necessitate modification of the principles and methods underlying the system designed to prevent negative impact of
weightlessness on the human body. This work aimed to determine how fast running, as part of locomotor training during a space flight (SF), helps maintain physical
ability of a person. The study involved 10 cosmonauts; their physical performance was assessed at all stages of the SF with the help of the Individual Strategies
Test (IST). The parameters registered when the participants were doing the IST included heart rate (HR), gas exchange, capillary blood lactate concentration.
The cosmonauts were divided into two groups based on the differences in the mean distance covered while fast running on a treadmill (single session). Group A
(n = 4) run 949 m/day on average, group B (n = 6) — 2669 m/day. After SF, HR in group A increased at speeds from 5 to 8 km/h (p < 0.05), pulmonary ventilation
indicators grew at speeds from 8 to 15 km/h (p < 0.05), and the capillary blood lactate concentration measured during the post-test recovery period increased
by 37% (p = 0.03). Moreover, after SF, the pulse sum recorded under load and during recovery was 14% (p = 0.02) and 15% (p = 0.03) in group A, respectively,
while in group B we registered no differences. Thus, our hypothesis that fast running triggers sensory reactions simulatingEarth conditions for the body, which
consequently activates physiological mechanisms counteracting the negative effects of weightlessness, has been confirmed in a space experiment.
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POJ1b BEbICTPOIO BEIA B NMPEAOTBPALLEHUN HEFATUBHbIX BNUSAHUIA NPEBLIBAHUA
YEJIOBEKA B HEBECOMOCTHU

E. B. ®omnHa B, H. A. Ceratoposa, B. [l. Baxtepesa, E. H. fipmarosa, [/1. B. Kosnosckasi|

[ocynapCTBeHHbIN HayqHbIN LIeHTp Poccuinckon ®egepauim — VIHCTUTYT Meguko-6ronormdecknx npobnem Poccuiickon akagemmn Hayk, Poccus, Mocksa
[NepcnekTBa 0CBOEHWS AanbHEro KocMoca onpefenseT HeobXoAMMOCTb MOANMUKALWN NPUHLMMOB 1 METOLOB CUCTEMbI MPOMUNAKTVIKV HEraTUBHOMO BAMSIHIS
HEBECOMOCTU Ha OpraHnam Yenoseka. Llenbto nccnenosaHnst 66110 onpefenuTb Posib 6era C BbICOKOW CKOPOCTLIO BO BPEMST IOKOMOTOPHbIX TPEHNPOBOK,
BbIMNOJHAEMbIX B X0fe kocMudeckoro noneta (Kr), B CoxpaHeHnn ypoBHA (h13NHeCKon paboTOCMOCOBHOCTY Yenoseka. B nccnegosaHnn NpuHAmm yqactue
10 kocMmoHaBToB. OleHka usmydeckolr paboTocnocobHOCTY npoBoannack Ha Becex atanax Kl Ha ocHose TecTa «/HamBuayanbHble ctpateriv» (TVIC). Bo
Bpemst BbinonHeHus TVIC perncTprpoBanivch HYacToTa cepaeqHbix cokpalleHmin (HCC), napameTpbl ra3oobMeHa, KOHLEHTpaLWs nakTaTa B KanuinisipHo KpoBU.
KocMmoHaBTbI 6binn pa3aeneHbl Ha ABe rpynnbl Ha OCHOBE Pasinyni B CpeaHeM 0bbeme 6era C BbICOKOM CKOPOCTLIO B XOAe OAHOM TPEHNPOBKMN Ha JOPOXKKE.
B rpynne A (n = 4) cpeaHsas auctaHums bbicTporo 6era coctasuna 949 m/aeHb, B rpynne b (n = 6) — 2669 m/neHb. YCC B rpynne A nocne KI yBenuymnnach Ha
CTyneHsix oT 5 00 8 kM/M (p < 0,05). MNoBbllweHWe nerovHo BeHTUNsAUMK nocne K Habntoganock B rpynne A Ha CTyneHsx Harpyaku ot 8 fo 15 kv/d (p < 0,05).
[Mocne KN KOHLEeHTpaums flaktaTa B KanuaispHOM KPOBI B MepUoae BOCCTAHOBIEHNS NMOce TecTa B rpynne A yBenndmnace Ha 37% (o = 0,03). Mynscosast cymma
paboThl 1 BOCCTAHOBNEHMS OKasanvch Bbille nocne KM B rpynne A Ha 14% (p = 0,02) 1 15% (p = 0,03) COOTBETCTBEHHO, B TO BpeMsi Kak B rpynne b pasnnyunin He
0BHapy>keHo. TakM 06pa3om, Hallia rmnoTesa O TOM, YTO 6er C BbICOKOW CKOPOCTHIO BOCMPON3BOANT CEHCOPHbIA MPUTOK, COMOCTaBVMbIA C YCAOBUAMI 3emnu,
1, KaK CrneacTaume, obecrneymBaeT BKIIOHEHUE (PU3NONOMMHECKIX MEXAHN3MOB, MPOTUBOAENCTBYIOLLVIX HEraTUBHOMY BIUSIHUIO HEBECOMOCTU, NMOATBEPXAEHA B
KOCMUYECKOM 3KCMEPUMEHTE.

Knio4yeBble crnoBa: TOKOMOTOPHbIE TPEHMPOBKM, TECT C (PU3NHECKOI HArpy3Koi, rnsnyHeckas paboTocrnoCcobHOCTb, KOCMUYECKMIA MONET, SProCnMpPOMETPUS
®duHaHcupoBaHue: paboTta nogaepaHa purHaHcposaHnem PAH 63.1 1 rockopnopaumein Pockocmoc.

BnaropgapHocTu: BblpakaeMm 6narodapHOCTb KOCMOHaBTaM 3a yyacTve B akcnepumerTe (LMK um. MarapuHa), ctapliemy HayYHOMY COTPYOHUKY, K.O.H.
H. KO. Jbicosoi (THLL PO IMBIT PAH), C. B. Peasanooi (TKY «LICTnCK» MockomcrnopTa) 3a yHacTue B NPOBEAEHNN SKCNepUMeEHTa 1 coope faHHbIx, bega O. O.
3a y4acTvie B CONMpPOBOXXAEHNM CeaHCOB akcnepumMenTa B LIYTe, CmmnpHoy HO. . 3a y4acTve B nogrotoBke aokymeHTauum, Kykoba T. b., Babwd . P, Pomarosy 1. B.
3a pa3paboTKy HAMBMAYabHBIX MPOTOKOOB CUOBBIX TPEHMPOBOK 11 COMPOBOXKAEHME CUMOBBIX TDEHMPOBOK B XO4e KOCMUYECKOrO noneTa.
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Development of methods of preservation of health and physical
ability of cosmonauts during long space flights is a key task for
space medicine [1-4]. Preparation for Moon and Mars missions,
or survival scenarios in the event the ship lands in an unplanned
place, substantiate the quest for ways to maintain high levels of
cosmonauts' performance , to support functional reserves and
reliability of their bodies, to ensure effectiveness of their actions
when discharging complex extravehicular tasks on the surface.
Prolonged exposure to weightlessness affects cardiovascular
[6-10], respiratory [11], and musculoskeletal [12—-14] systems;
thus, prevention of the negative effects thereof should be
aimed to all of them. Data collected during space flights and
from simulations indicate that in axial unloading, translates
into sensory deprivation degrading regulation of the support
afferentation, which subsequently leads to atony, muscle
fiber atrophy, and compromises the vestibular system [14, 15].
Proprioceptive and tactile inputs enable postural control,
therefore, activating the respective systems and keeping them
"tuned" to maintaining vertical balance with the help of running
in zero gravity can help improve the ability to perform functional
tasks after the flight [16, 17]. Thus, intensive physical training
designed to counteract the weightlessness-induced negative
changes in the functioning of gravity-dependent physiological
systems is a mandatory component of medical support during
long space flights [16, 18-20].

Previously, we determined the values of axial load and the
volume of locomotion needed to move treadmill in the passive
mode using leg strength, which translates into an effective
locomotor training during space flight [21]. This study aimed
to assess the role of fast running on a moving treadmill in the
context of locomotor training effectiveness. In our opinion,
countermeasures to the negative impact of weightlessness
can take form of the work that simulates keeping weight
elevated or moving it in the conditions of the Earth. It can be
said that the preventive efficacy of the method revolves around
mechanical work that creates conditions reproducing the
effects of gravity and generates the respective sensory inputs.
In weightlessness and with lack of mechanical loading, only
intensive exercising activates metabolic and functional systems
to the levels comparable to those specific to Earth conditions.
The purpose of this study was to determine the role of fast
running in maintaining a person's physical performance during
a long-term space flight.

METHODS
Characteristics of the examined individuals

The article presents results of the Profilaktika-2 experiment
conducted during a space flight. The study involved 10
cosmonauts (age 44 + 6 years, weight 84 + 6 kg, duration
of space flights 173 + 33 days). The inclusion criteria were
gender (male), and space flight duration (about 6 months).
The exclusion criteria were incomplete or untimely completion
of the experiment sessions, and significant deviations from
training protocols designed for the space flight.

Prevention of negative effects of weightlessness
during space flight

The method for prevention of the negative effects of
weightlessness relies mainly on physical training. During the
space flight, they consumed 2.5 hours a day on average,
including preparations and hygienic procedures. According
to the onboard documentation, the cosmonauts did two

physical training sessions every day. BD-2 treadmill (Institute of
Biomedical Problems; Russia) was used on a daily basis, and
VB-3M ergocycle (Institute of Biomedical Problems; Russia)
and ARED exercise device (NASA; USA) were alternated every
other day.

Treadmill sessions are a key element of the countermeasures
against hypogravity disorders developed for Russian
cosmonauts. The on-board treadmill training protocols for a
four-day microcycle were compiled based on the simulations
run in the Earth conditions [22]. After introduction of the
BD-2 treadmill, they were modified slightly, but still suggested
alternating intervals of high-intensity running and walking.
Strictly speaking, in accordance with the existing classification
of training methods, all exercises under the protocols imply a
pattern that alternates different maximum running speeds and
physical exercise levels conditioned by the proportion of time
when the treadmill is in passive-mode, i.e., it is rotated only
by the strength of the cosmonaut's legs. BD-2 treadmill can
work in active mode, i.e., it is driven by a motor, and in passive
mode, when it is rotated by strength of the cosmonaut's legs.

All treadmill training protocols prescribed a warm-up of
4 minutes, which is running at 7 km/h, then — physical loading
with the treadmill in passive mode, which is walking and two
2-minute sessions of running at 6-8 km/h.

The final component included 2 minutes of walking at
5 km/h, then running for 2 minutes at 8 km/h with treadmill
in the active mode, then walking in the passive mode for
1 minute.

The main partof the treadmill training protocol changed on
different days of the microcycle:

Day one — four 1-minute fast running takes (at 14 km/h),
alternating with 2-minute walks.

Day two — two 2-minute passive mode running takes (at
8 km/h), one active mode running take (at 12 km/h), alternating
with 2-minute walks.

Day three — 4-minute running takes (at up to 13 km/h),
alternating with 2-minute walks.

There were no exercises prescribed for day 4, except for
individual locomotor training.

Most of the participants followed the above-described
protocols in their prevention activities; on the fourth day, four
cosmonauts did not abstain from physical activity but started
the microcycle anew, two cosmonauts worked out under
individual protocols (interval training), and two more preferred
to rest. Two cosmonauts who were in space for the fourth time
followed a individuallocomotor training program that spanned 7
days, with the last day being Sunday, a day of rest.

The parameters of each training session during the long-
term SF were analyzed based on the weekly ergometric and
physiological data, the analysis yielding further treadmill training
recommendations. The response of the cardiovascular system
to locomotor loads was registered as reflected in the heart
rate (HR) recorded during training. When the flight was over,
we calculated the mean values of each type of locomotion,
monthly and overall (entire flight). Among the participating
cosmonauts, the main parameters of treadmill training — the
magnitude of axial load, the ratio of passive and active treadmill
modes, the distance covered in a day — varied only slightly.
The recommended axial load value was 70% of the body
weight or more, and, for the most part, the participants took
this recommendation into account. As for the modes, the share
of passive mode varied through the microcycle and amounted
to 30% over three days. One cosmonaut, who followed an
individual training program, run with the treadmill in passive
mode only for 8.2% of the total daily training time, while for
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all the other participants this value ranged from 23 to 41%.
The distance covered during a session also varied through the
microcycle and ranged from 3000 to 6000 m on different days.

For the strength training part enabled by ARED, all the
cosmonauts had individual protocols. Initially, the load factored
in the cosmonaut's body weight before flight, and during the
flight it was adjusted to make the training process wavelike.
Specialists supervising the program of countermeasures
against negative effects of microgravity received information
about exercises on ARED every week, and adjusted the
workout routines.

As reported by the crew, they trained on the ergocycle
following guidance from the on-board documentation, that is,
alternating intervals of various intensity. Currently, there are no
systems enabling transmission of objective information about
the magnitudes of loads and the response of cardiovascular
system to physical exercise on the ergocycle.

Experimental groups

The cosmonauts were divided into two groups based on the
duration of fast running intervals. Pre-flight, locomotor tests
revealed no differences between the groups.

During the flight, in group A (n = 4), the average distance
covered while running fast, with treadmill in the active mode,
was 949 m per day, while group B (n = 6) covered 2669 m per
day under similar conditions.

Test procedures

The cosmonauts' physical performance was assessed on the
basis of the IST 30 days before the flight, 3-4 times during the
flight (42-68, 83-113, 115-131 and 140-156 days thereof), and
10 + 2 days after its completion [23]. The IST followed a standard
protocol and employed the BD-2 treadmill in active mode; the
components thereof were a warm-up with alternating intervals
of walking at 3 km/h and 6 km/h in a pseudo-randomized
sequence, and an interval of growing load, from 3 km/h to
15 km/h, with the speed increasing for 1 km/h every 30 seconds.

During the test, heart rate was recorded using Polar (Polar;
Finland) and Cardiocassette-2010 (Institute of Biomedical
Problems; Russia). Ergospirometry (Earth conditions) was
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enabled by Oxycon Mobile (Jaeger; Germany), "breath-
by-breath" method. The lactate content in capillary blood
was measured using the Lactate-2 kit (Institute of Biomedical
Problems; Russia), at rest before the test, then at the first and
fifth minutes of the post-test recovery period.

The functional reserves of the cardiovascular system
were assessed based on the total heart rate under load (area
under the heart rate curve for the entire IST) and that during the
recovery period (area under the heart rate curve reflecting the
5 minutes of recovery after the test). The said totals were sums of the
heart rate values, which were registered every 10 seconds during
the test and through the 5 minutes of the subsequent recovery.

The "heart rate deficiency" value was calculated as the
difference between the number of recovery period heartbeats
and that peculiar to relative rest [24]. This indicator reflects
the post-exercise physiological and metabolic changes in the
body. We also calculated the delta heart rate that shows the
difference between maximum heart rate and resting heart rate.

Statistical data processing was performed using Minitab
19.1 (USA); it included checking the distribution in samples with
the help of the Shapiro-Wilk test, calculating indicator means
and variance (one-way ANOVA). The results were considered
significant at p < 0.05 under the Fisher test or the Tukey test.
We considered only the significant differences in the results.

RESULTS

Before the space flight, the groups were similar in all the
studied indicators. Compared to the pre-flight data, heart rate
increased significantly in group A at each load increment from
5 km/h to 8 km/h post flight. No such changes were registered
in group B (Fig. 1). The post-flight IST did not reveal differences
in heart rate between groups A and B.

In group A, compared to the pre-flight values, we registered
a significant growth of pulmonary ventilation at each load
increment from 8 km/h to 15 km/h (Fig. 2). In group B, this
parameter was higher than before the flight only at the load
increments of 9 km/h and 10 km/h. Compared at each load
increment, the groups exhibited no differences in terms of
pulmonary ventilation post-flight.

Comparing the respective pre-flight and post-flight data,
we registered increased capillary blood lactate concentration
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Fig. 1. Heart rate as registered with the IST before and after the space flight. * — compared to the preflight level in the group, p < 0.05
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Fig. 2. Pulmonary ventilation before and after the space flight, as registered with the IST. * — compared to the preflight level in the group, p < 0.05

during the first minute of recovery (5.3 + 1.6 before flight and
8.5 + 3.4 mmol/L after flight, p = 0.03) in group A, and in group
B these values did not differ significantly (5.3 + 2.7 before flight
and 6.7 + 3.4 mmol/l after flight). We believe that higher capillary
blood lactate concentration indicates flaws in utilization of this
metabolite during exercise in group A, which means their level
of physical ability was lower after the flight (Fig. 3).

At the final stage of the flight (days 140-156), we registered
intergroup differences in the total heart rate values: they
were 19.4% (17,897 + 529) higher in group A than in group B
(14,678 + 3148) (p = 0.009).

Post-flight, the total heart rate value in group A was higher
than the background value recorded before the space mission:
16,475 + 1257 and 19,143 + 1972, respectively (p = 0.02).
In group B, the differences in this indicator were insignificant:
14,983 + 1572 before the flight and 16,148 + 2651 after the
flight (Fig. 4).

At the final stage of the flight, the total recovery heart rate
value was higher in group A than in group B: 2838 + 188 and
2181 + 490, respectively (p = 0.009) (Fig. 5).

Post-flight, the total recovery heart rate value in group A
was 3027 + 405, which is higher than what was registered in
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Fig. 3. Capillary blood lactate concentration, first minute of recovery after the IST.
* — compared to the pre-flight level in the group, p < 0.05; 1 — days 42-68,
2 — days 83-113, 3 — days 115-131, and 4 — days 140-156

this group before the flight (2575 + 326, p = 0.03) and more
than seen in group B after the flight (2599 + 350, p = 0.02).

Analysis of the heart rate deficiency, oxygen consumption,
carbon dioxide release and maximum respiratory rate before
and after the flight revealed no significant differences between
the groups and within them.

DISCUSSION

We hypothesized that the effectiveness of prevention of the
negative effects of weightlessness depends on the degree of
reproduction of action of gravity. If the preventive measures
bring around internal and external sensory inputs comparable
to those peculiar to the Earth conditions, the body's gravity-
dependent systems function nearly as if it had weight. The
respective effects are reproduced most accurately when a
cosmonaut is running on a treadmill in the special training suit
that simulates 60-70% of his Earth body weight, exerting the
load along the vertical axis. A person standing or performing
locomotions on a treadmill works out, but the intensity of this
training in space flight conditions is significantly lower than on
Earth, mainly because the magnitude of axial load usually does
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Fig. 4. Total heart rate value registered during the IST. * — p < 0.05 compared to
the background value in the group; @ — p < 0.05 in comparison with the value of
the same flight period in group A; 1 — days 42-68, 2 — days 83-113, 3 — days
115-131, and 4 — days 140-156 of the flight
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not exceed 70% of that person's body weight on Earth. We
have previously shown that running at the speed of 7 km/h
in space triggers response from the body's support systems
consistent with its weight at 1G [21]. Thus, in order to launch the
physiological mechanisms governing muscular activity, and to
have the respective vegetative system functioning in the mode
resembling that peculiar to the Earth conditions, it is necessary
to run at high speed. Obviously, the greater the physical load,
the higher the physiological load. If a person's body is not only
held upright, countering gravity simulated with the training suit,
but also moves, then the physiological load increases, and the
preventive effect is more pronounced. Based on the above, it
was suggested that the proportion of fast running will play a
role in maintaining the cosmonauts' physical performance after
a long exposure to weightlessness.

Earlier, we have shown that alternating intensity in a training
session (intervals of fast running and walking) is more effective
from the prevention standpoint than running at a constant speed
[25], the result consistent with a study that involved cosmonauts
[26] and the present study, which registered a higher level of
capillary blood lactate concentration at the 1 recovery minute
after a locomotor load in the group that had fewer fast running
intervals during the space flight. The mentioned higher lactate
concentration indicates that the subject is in an unstable
metabolic state that shifts the acid-base balance, which may
be associated disruptions of operation of nerve centers, lower
level of activity of enzyme systems, and, consequentially,
inhibition of muscles [27-29]. In the group that had more fast
running spans in the protocols, concentration of lactate in
the capillary blood during the post-test recovery period was
at the pre-flight level, which, according to the concepts of
sports physiology, means healthy functioning of the aerobic
mechanisms supplying energy to muscles, and retention of the
ability to utilize lactate [30]. Protocols with a greater proportion
of fast running launched physiological mechanisms that
preserve the aerobic system supplying energy to the muscles,
and, as a result, anaerobic mechanisms were triggered at the
later stages of the incremental loading test. Accordingly, there
was no significant accumulation of lactate, which is a product
of the glycolytic system supporting muscle activity.

Increased pulmonary ventilation registered at days 10 + 2
post-flight during the test at increments from 8 km/h to
15 km/h, compared to the pre-flight data, accords with higher
capillary blood lactate concentration and indicates an overstrain
of the oxygen transport system in the group that had fewer fast
running intervals during the space flight. Other studies have
also reported increased pulmonary ventilation registered with
an ergocycle test in astronauts on the 10th day after a long-
term space flight [18, 31].

The results of this study clarify the concepts of mechanisms
countering the negative effects of weightlessness. Fast
transition from low- to high-intensity locomotor training
activates the vegetative systems supporting muscle activity,
which underpins the efficacy of the alternating load method
described previously [25]. In this study, we factored in only
the distance traveled at a speed of more than 9 km/h, and
the transitions from low-intensity to high-intensity activity were
disregarded. We assume that fast running with an axial load of
about 70% of the Earth body weight effectively prevents the
adverse influence of weightlessness, since this load, in terms
of energy consumption and sensory inputs, is comparable with
maintaining the body in an upright position or walking slowly
under the Earth's gravity. Thus, running at a speed of more than
9 km/h, as we believe, triggers gravity-dependent physiological
mechanisms by simulating the Earth weight conditions.
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Fig. 5. Total recovery heart rate value registered during the IST. * — p < 0.05
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There is a number of obvious limitations to a comparative
analysis of the efficacy of countermeasures against adverse
effects of weightlessness. Itis possible to conduct aretrospective
analysis of the effectiveness of training machines that were
used earlier; such knowledge valuable, since some of them
are still kept in the ISS as backups [32]. Earth-side simulations
reproducing some effects of a space flight offer more extensive
opportunities. One of such simulations is antiorthostatic
hypokinesia (ANOG), which implies a supine position with the
subject's head tilted down by 6°; ANOG simulations yield data
on prevention of the negative effects of hypokinesia [33, 34]. A
90-day ANOG simulation experiment has shown that the most
effective training program includes treadmill sessions with a
vertical axial load of about 80% of the body weight and 80-
90% of the maximum oxygen consumption, combined with
high-intensity resistance training [34], which is consistent with
results of our space experiment.

Our study identified new prognostic indicators in the IST,
namely, the total heart rate value under load and the total
recovery heart rate value; when these values were high during
the space flight, the cosmonaut's physical ability post-flight
was hindered. Countermeasures against negative effects of
weightlessness will be more effective if these indicators are
taken into account in the context of training supervision. In the
interests of deep space exploration missions, it is planned to
conduct studies investigating readaptation to Earth conditions
in the earlier post-flight period and identifying the degree of
applicability of the prevention methods used for an orbital flight.

CONCLUSIONS

Countermeasures against negative effects of prolonged exposure
to weightlessness may be more effective if the cosmonaut has
more sessions of fast running (speed of 9 km/h or faster).

The standard incrementally increasing locomotor load
with the treadmill in active mode that allows registering the
cardiorespiratory system's parameters provides data enabling
prediction of the level of physical ability post-flight.

New predictors of the cosmonaut's physical ability after a
long-term space flight are suggested, namely, the total heart
rate value under load and the total recovery heart rate value, as
registered with the help of a standard incrementally increasing
locomotor load test.



OPUTMHAJIbHOE UCCJIEJOBAHNE | KOCMUYECKAA MEOVLIMHA

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lee SM, Scheuring RA, Guilliams ME, Kerstman EL. Physical
performance, countermeasures, and postflight reconditioning.
Principles of clinical medicine for spaceflight. 2019; 609-58.
Stepanek J, Blue RS, Parazynski S. Space medicine in the era of
civilian spaceflight. New England Journal of Medicine. 2019; 380
(11): 1053-60.

Baker ES, Barratt MR, Sams CF, Wear ML. Human response to
space flight. Principles of clinical medicine for spaceflight. 2019;
367-411.

Grimm D. Microgravity and space medicine. International Journal
of Molecular Sciences. 2021; 22 (13): 6697.

Navasiolava N, Yuan M, Murphy R, Robin A, Coupé M, Wang L, et al.
Vascular and microvascular dysfunction induced by microgravity
and its analogs in humans: mechanisms and countermeasures.
Frontiers in physiology. 2020; 11: 952.

Gallo C, Ridolfi L, Scarsoglio S. Cardiovascular deconditioning
during long-term spaceflight through multiscale modeling. npj
Microgravity. 2020; 6 (1): 27.

Pramanik J, Kumar A, Panchal L, Prajapati B. Countermeasures
for Maintaining Cardiovascular Health in Space Missions. Current
Cardiology Reviews. 2023; 19 (5): 57-67.

Vernice NA, Meydan C, Afshinnekoo E, Mason CE. Long-term
spaceflight and the cardiovascular system. Precision Clinical
Medicine. 2020; 3 (4): 284-91.

Jirak P, Mirna M, Rezar R, Motloch LJ, Lichtenauer M, Jordan J,
et al. How spaceflight challenges human cardiovascular health.
European journal of preventive cardiology. 2022; 29 (10): 1399-
411.

Sayed AH, Hargens AR. Cardiovascular physiology and fluid shifts
in space. Spaceflight and the central nervous system: clinical and
scientific aspects. Cham : Springer International Publishing. 2023;
9-21.

Prisk GK. Pulmonary challenges of prolonged journeys to space:
taking your lungs to the moon. Medical Journal of Australia. 2019;
211 (6): 271-6.

Genah S, Monici M, Morbidelli L. The effect of space travel on
bone metabolism: Considerations on today’s major challenges
and advances in pharmacology. International Journal of Molecular
Sciences. 2021; 22 (9): 4585.

Juhl IV OJ, Buettmann EG, Friedman MA, DeNapoli RC, Hoppock GA,
Donahue HJ. Update on the effects of microgravity on the
musculoskeletal system. npj Microgravity. 2021; 7 (1): 28.
Shenkman BS, Kozlovskaya IB. Cellular responses of human
postural muscle to dry immersion. Frontiers in Physiology. 2019;
10: 187.

Comfort P, McMahon JJ, Jones PA, Cuthbert M, Kendall K,
Lake JP, et al. Effects of spaceflight on musculoskeletal health:
a systematic review and meta-analysis, considerations for
interplanetary travel. Sports Medicine. 2021; 51: 2097-114.
Macaulay TR, Peters BT, Wood SJ, Clement GR, Oddsson L,
Bloomberg JJ. Developing proprioceptive countermeasures
to mitigate postural and locomotor control deficits after long-
duration spacefligh. Frontiers in Systems Neuroscience. 2021;
15: 658985.

Tays GD, Hupfeld KE, McGregor HR, Salazar AP, De Dios YE,
Beltran NE, et al. The effects of long duration spaceflight on
sensorimotor control and cognition. Frontiers in neural circuits.
2021; 15: 723504.

Scott UM, Feiveson AH, English KL, Spector ER, Sibonga JD,
Dillon EL, et al. Effects of exercise countermeasures on
multisystem function in long duration spaceflight astronauts. npj

JNutepatypa

1.

Lee SM, Scheuring RA, Guiliams ME, Kerstman EL. Physical
performance, countermeasures, and postflight reconditioning.
Principles of clinical medicine for spaceflight. 2019; 609-58.

Stepanek J, Blue RS, Parazynski S. Space medicine in the era of
civilian spaceflight. New England Journal of Medicine. 2019; 380

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Microgravity. 2023; 9 (1): 11.

Petersen N, Jaekel P, Rosenberger A, Weber T, Scott J, Castrucci F,
et al. Exercise in space: the European Space Agency approach to
in-flight exercise countermeasures for long-duration missions on
ISS. Extreme physiology & medicine. 2016; 5 (1): 1-13.

Rivas E, Strock N, Dillon EL, Frisco D. Risk of impaired performance
due to reduced muscle mass, strength &, endurance (short title:
muscle) and risk of reduced physical performance capabilities
due to reduced aerobic capacity (short title: aerobic). Evidence
Report. 2023; 96-106.

Fomina EV, Lysova NU, Savinkina AO. Axial load during the
performance of locomotor training in microgravity as a factor of
hypogravity countermeasure efficiency. Human Physiology. 2018;
44 (1): 56-68. Russian.

Stepantsov VI, Tikhonov MA, Eremin AV. Fizicheskaya trenirovka
kak metod preduprezhdeniya gipodinamicheskogo sindroma.
Kosmich. biol. i aviakosm. med. 1972; 6: 64-9. Russian.
Koschate J, Hoffmann U, Lysova N, Thieschafer L, Drescher U,
Fomina E. Acquisition of cardiovascular kinetics via treadmill
exercise—a tool to monitor physical fithess during space missions.
Acta Astronautica. 2021; 186: 280-8.

Volkov NI, Popov OIl, Samborskii AG. Pulse rate criteria for
determining the energy cost of exercise. Human Physiology. 20083;
29 (3): 98-103. Russian.

Popov D, Khusnutdinova D, Shenkman B, Vinogradova O,
Kozlovskaya |. Dynamics of physical performance during
long-duration space flight (first results of "Countermeasure"
experiment). Journal of gravitational physiology: a journal of the
International Society for Gravitational Physiology. 2004; 11 (2):
231-2.

English KL, Downs M, Goetchius E, Buxton R, Ryder JW, Ploutz-
Snyder R, et al. High intensity training during spaceflight: results
from the NASA Sprint Study. npj Microgravity. 2020; 6 (1): 21.
Brooks GA. The science and translation of lactate shuttle theory.
Cell metabolism. 2018; 27 (4): 757-85.

Poole DC, Rossiter HB, Brooks GA, Gladden LB. The anaerobic
threshold: 50+ years of controversy. The Journal of physiology.
2021; 599 (3): 737-67.

Gunina LM, Rybina IL, Sanauov Zh. Training process control
and management using laboratory marker complex. Science in
Olympic Sports. 2020; 2: 33-43. Russian.

Szanto S, Mody T, Gyurcsik Z, Babjak LB, Somogyi V, Barath B,
et al. Alterations of selected hemorheological and metabolic
parameters induced by physical activity in untrained men and
sportsmen. Metabolites. 2021; 11 (12): 870.

Moore Jr AD, Downs ME, Lee SM, Feiveson AH, Knudsen P,
Ploutz-Snyder L. Peak exercise oxygen uptake during and
following long-duration spaceflight. Journal of applied physiology.
2014; 117 (3): 231-8.

Scott JP, Weber T, Green DA. Introduction to the Frontiers research
topic: optimization of exercise countermeasures for human
space flight-lessons from terrestrial physiology and operational
considerations. Frontiers in physiology. 2019; 10: 173.

Hedge ET, Patterson CA, Mastrandrea CJ, Sonjak V, Hajj-Boutros G,
Faust A, et al. Implementation of exercise countermeasures
during spaceflight and microgravity analogue studies: developing
countermeasure protocols for bedrest in older adults (BROA).
Frontiers in Physiology. 2022; 13: 928313.

WanglL, LiZ, LiuS, ZhangJ, DaiX, DaiZ, etal. The Astronaut Center
of China 90-d head-down bed rest: overview, countermeasures,
and effects. Space: Science & Technology. 2023; 3: 0023.

(11): 1053-60.

Baker ES, Barratt MR, Sams CF, Wear ML. Human response to
space flight. Principles of clinical medicine for spaceflight. 2019;
367-411.

Grimm D. Microgravity and space medicine. International Journal

MEOVILIMHA SKCTPEMATbHBIX CUTYALINW | 4, 25, 2023 | MES.FMBA.PRESS



ORIGINAL RESEARCH | SPACE MEDICINE

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

of Molecular Sciences. 2021; 22 (13): 6697.

Navasiolava N, Yuan M, Murphy R, Robin A, Coupé M, Wang L, et al.
Vascular and microvascular dysfunction induced by microgravity
and its analogs in humans: mechanisms and countermeasures.
Frontiers in physiology. 2020; 11: 952.

Gallo C, Ridolfi L, Scarsoglio S. Cardiovascular deconditioning
during long-term spaceflight through multiscale modeling. npj
Microgravity. 2020; 6 (1): 27.

Pramanik J, Kumar A, Panchal L, Prajapati B. Countermeasures
for Maintaining Cardiovascular Health in Space Missions. Current
Cardiology Reviews. 2023; 19 (5): 57-67.

Vernice NA, Meydan C, Afshinnekoo E, Mason CE. Long-term
spaceflight and the cardiovascular system. Precision Clinical
Medicine. 2020; 3 (4): 284-91.

Jirak P, Mirna M, Rezar R, Motloch LJ, Lichtenauer M, Jordan J,
et al. How spaceflight challenges human cardiovascular health.
European journal of preventive cardiology. 2022; 29 (10): 1399-
411,

Sayed AH, Hargens AR. Cardiovascular physiology and fluid shifts
in space. Spaceflight and the central nervous system: clinical and
scientific aspects. Cham : Springer International Publishing. 2023;
9-21.

Prisk GK. Pulmonary challenges of prolonged journeys to space:
taking your lungs to the moon. Medical Journal of Australia. 2019;
211 (6): 271-6.

Genah S, Monici M, Morbidelli L. The effect of space travel on
bone metabolism: Considerations on today’s major challenges
and advances in pharmacology. International Journal of Molecular
Sciences. 2021; 22 (9): 4585.

Juhl IV OJ, Buettmann EG, Friedman MA, DeNapoli RC, Hoppock GA,
Donahue HJ. Update on the effects of microgravity on the
musculoskeletal system. npj Microgravity. 2021; 7 (1): 28.
Shenkman BS, Kozlovskaya IB. Cellular responses of human
postural muscle to dry immersion. Frontiers in Physiology. 2019;
10: 187.

Comfort P, McMahon JJ, Jones PA, Cuthbert M, Kendall K,
Lake JP, et al. Effects of spaceflight on musculoskeletal health:
a systematic review and meta-analysis, considerations for
interplanetary travel. Sports Medicine. 2021; 51: 2097-114.
Macaulay TR, Peters BT, Wood SJ, Clement GR, Oddsson L,
Bloomberg JJ. Developing proprioceptive countermeasures
to mitigate postural and locomotor control deficits after long-
duration spacefligh. Frontiers in Systems Neuroscience. 2021;
15: 658985.

Tays GD, Hupfeld KE, McGregor HR, Salazar AP, De Dios YE,
Beltran NE, et al. The effects of long duration spaceflight on
sensorimotor control and cognition. Frontiers in neural circuits.
2021; 15: 723504.

Scott JM, Feiveson AH, English KL, Spector ER, Sibonga JD,
Dillon EL, et al. Effects of exercise countermeasures on
multisystem function in long duration spaceflight astronauts. npj
Microgravity. 2023; 9 (1): 11.

Petersen N, Jaekel P, Rosenberger A, Weber T, Scott J, Castrucci F,
et al. Exercise in space: the European Space Agency approach to
in-flight exercise countermeasures for long-duration missions on
ISS. Extreme physiology & medicine. 2016; 5 (1): 1-13.

Rivas E, Strock N, Dillon EL, Frisco D. Risk ofimpaired performance

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

due to reduced muscle mass, strength &, endurance (short ftitle:
muscle) and risk of reduced physical performance capabilities
due to reduced aerobic capacity (short title: aerobic). Evidence
Report. 2023; 96-106.

®omuHa E. B., Nbicoa H. tO., CaBuHkmHa A. O. OceBas Harpy3ka
Npv  BbINOSHEHUN JIOKOMOTOPHbBIX TPEHVMPOBOK B YCNOBUSX
HEBECOMOCTU Kak akTop 3MMEKTUBHOCTU NPOPUNaKTUKM
rMNOrPaBUTALMOHHBIX  HapyLleHnn. Puanonorus Yenoseka.
2018; 44 (1): 56-63.

CtenaHuyoB B. V., TuxoHoB M. A., EpemuH A. B. ®dusmnyeckas
TPEHNPOBKA Kak METOL NPemynpexaeHns rrnoauHaMm4eckoro
cuHgpoma. Kocmumd. 6ros. 1 aBnakocm. Med. 1972; 6: 64-9.
Koschate J, Hoffmann U, Lysova N, Thieschafer L, Drescher U,
Fomina E. Acquisition of cardiovascular kinetics via treadmill
exercise—a tool to monitor physical fitness during space missions.
Acta Astronautica. 2021; 186: 280-8.

Bonkos H. W., Monos O. W., Cambopckun A. I Mynscosble
KPUTEPUN SHEPrETNHECKO CTOMMOCTI YNpavkHeHNs. Pr3nonorvis
Yyenoseka. 2003; 29 (3): 98-103.

Popov D, Khusnutdinova D, Shenkman B, Vinogradova O,
Kozlovskaya |. Dynamics of physical performance during
long-duration space flight (first results of "Countermeasure"
experiment). Journal of gravitational physiology: a journal of the
International Society for Gravitational Physiology. 2004; 11 (2):
231-2.

English KL, Downs M, Goetchius E, Buxton R, Ryder JW, Ploutz-
Snyder R, et al. High intensity training during spaceflight: results
from the NASA Sprint Study. npj Microgravity. 2020; 6 (1): 21.
Brooks GA. The science and translation of lactate shuttle theory.
Cell metabolism. 2018; 27 (4): 757-85.

Poole DC, Rossiter HB, Brooks GA, Gladden LB. The anaerobic
threshold: 50+ years of controversy. The Journal of physiology.
2021; 599 (3): 737-67.

[yHuHa J1. M., PbibuHa W. J1., CaHayos XK. KOHTpOSb 1 ynpasneHne
TPEHVPOBOYHBIM ~ MPOLECCOM € MOMOLLBID  KOMMMeKca
nabopaTtopHbIx MapkepoB. Science in Olympic Sports. 2020; 2:
33-43.

Szanto S, Mody T, Gyurcsik Z, Babjak LB, Somogyi V, Barath B,
et al. Alterations of selected hemorheological and metabolic
parameters induced by physical activity in untrained men and
sportsmen. Metabolites. 2021; 11 (12): 870.

Moore Jr AD, Downs ME, Lee SM, Feiveson AH, Knudsen P,
Ploutz-Snyder L. Peak exercise oxygen uptake during and
following long-duration spaceflight. Journal of applied physiology.
2014; 117 (3): 231-8.

Scott JP, Weber T, Green DA. Introduction to the Frontiers research
topic: optimization of exercise countermeasures for human
space flight-lessons from terrestrial physiology and operational
considerations. Frontiers in physiology. 2019; 10: 173.

Hedge ET, Patterson CA, Mastrandrea CJ, Sonjak V, Hajj-Boutros
G, Faust A, et al. Implementation of exercise countermeasures
during spaceflight and microgravity analogue studies: developing
countermeasure protocols for bedrest in older adults (BROA).
Frontiers in Physiology. 2022; 13: 928313.

WangL, LiZ, LiuS, Zhang J, Dai X, Dai Z, et al. The Astronaut Center
of China 90-d head-down bed rest: overview, countermeasures,
and effects. Space: Science & Technology. 2023; 3: 0023.




ORIGINAL RESEARCH | SPORTS MEDICINE

SPECIFICS OF REACTION OF HUMAN CARDIOVASCULAR SYSTEM TO IMMERSION IN COLD WATER
Baranova TI', Rybyakova TV?, Dmitrieva MO', Anisimov DA, Tarasova MS?, Ogannisyan MG®

' Saint Petersburg State University, St. Petersburg, Russia
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Winter swimming implies extreme cold stress, which can cause respiratory disorders, arrhythmias, and elevated blood pressure even in generally healthy people.
Pre-training examinations for athletes practicing winter swimming should include additional criteria evaluating reaction of the cardiovascular system (CVS) to cold
water. This study aimed to determine the risk of pathological abnormalities in the examined individuals exhibiting different CVS reactions to immersion in cold
water. We assessed reactivity of CVS with the help of a cold-hypoxic test (CHT), following a previously developed algorithm. The subjects of the analysis were CVS
reactions to CHT and physical data collected after swimming in cold water. The study involved 255 female and 205 male participants, all of them almost healthy,
aged 18-25 years. They participated in testing in a laboratory setting. Poly-Spektr-8/E cardiograph was used to record ECGs, and GraphPad Prism 8 package
for Windows 10 for statistical analysis. Findings: in highly reactive and reactive participants, CHT causes lengthening of the PQ interval, with its value in the initial
state (IS) equal to 158 + 7.2, and with CHT — 178 + 9.1 (p < 0.01); in subjects of he paradoxical type, CHT, against the background of higher pulse, triggered
increase of QTc, which in the IS was 405 + 7.1, with CHT — 420 + 7.5 (p < 0.05). As for blood pressure, on average, CHT made it grow, SBD by 17.4 + 4.3 mmHg,
DBP by 12.9 + 3.1 mmHg (o < 0.05). Swimmers adapted to cold, when swimming in cold water, had QTc above normal in 50% of cases: e.g., if IS of QTc was
434 + 24 s, after swimming it increased to 492 + 25 s. After a 200 m swim at t = 1.5-2 °C, the average blood pressure in the group, compared to IS, increased, with
SBD growing by 16.9 + 3.1 mmHg, and DBP — by 12.3 + 2.3 mmHg (p < 0.05). Having analyzed the data, we conclude that CHT can be the basis of additional
criteria extending examinations for athletes seeking admittance to cold water swimming.

Keywords: winter swimming, respiratory system, cardiovascular system, autonomic regulation, cardiac arrhythmias, intracardiac conduction, peripheral vasospasm,
hypertension
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OCOBEHHOCTUW PEAKLIW CEPAEYHO-COCYOUCTON CUCTEMbl OPTAHU3MA YEJTOBEKA
HA NMOrry>XEHME B XONOAHYIO BOOY

T. V. Baparoga', T. B. Pbibbsikosa?, M. O. Omutpresa’, [. A. AHricumos!, M. C. Tapacosa®, M. I. OraHHucanH® =2

" CaHkT-lNeTepbyprekunii rocyfapcTBeHHbIN yHBepcuTeT, CaHkT-IeTepOypr, Poccus
2 HaupoHasbHbIN rocyAapCTBEHHbIN YHUBEPCUTET (hU3NHECKO KYNETYPbI, CopTa U 300poBbst MMeHu [1. @. Jlecradta, CaHkT-MeTepbypr, Poccus
¢ GepnepasbHbIfi HaYYHO-KIMHUYECKUIA LLEHTP CMOPTVBHOM MEOVLIMHBI 1 peabunnTaumn deaepansHoro Meamko-6rnonorndeckoro areHTcTea, Mocksa, Poccust

3VIMHee NnaBaHVie OTIMHAETCSt SKCTPEMANBHOM XONOA0BOMN Harpy3KO, KOTOPast MOXKET BbI3blBaTb HapYLLEHWE AbIXaHust, apUTMUK, NoBbiLLeHre ALL (apTepuanbsHOro
[aBNeHns) fake y noYT 30opoBbIx tofert. CnopTcMeHaMm 3UMHEro naaBaHys HeoBxoA4UMbl AOMONHUTENBHbIE KPUTEPUN AOMYCKa K TPEHVPOBKAM, OLEHMBatOLLMe
peakuuio cepaeqHo-cocyancToin cuctembl (CCC) Ha xonogHyto BoAy. Lienbto nccnenosaHms Obiio onpeaenits pUCK NaTtoNorM4eCKmx OTKIOHEHW Y 06CnenoBaHHbIX
C pasnun4Hoi peakTneHocTer0 CCC Ha Morpy»<eHue B XonoaHyto Bofy. PeakTvBHocTbs CCC oLeHVBanm NOCPEACTBOM MPOObl XONOLA0-MMMOKCUYECKOro BO3LAENCTBIA
(XI'B) no paspaboTtaHHOMy paHee anropuTMy. [NpoaHanmanpoBaHbl peakumns CCC Ha npoby XI'B v AaHHble Mocne 3anbiBOB B X0N04HOM Bofe. B nabopartopum
06cnenoBaHb! MPaKTUHECKM 300PO0BbIE 255 XeHLLWHbI 1 205 MyxxdnH 18-25 net. OKI™ pervicTpripoBany Ha kapavioaHanmsatope «[lonm-Crnextp-8/E». [na crammctndeckoro
aHanvaa ncnonbdoBann naket GraphPad Prism 8 ans Windows 10. YcTtaHoBneHo: npu XI'B y BbICOKOPEaKTUBHbIX 1 PEaKTVBHbIX 06CNef0BaHHbIX YOASMHSAETCS
PQ-vHTepBan: B ncxogHoM coctosiHum (C) 158 + 7,2, npu XI'B — 178 + 9,1(p < 0,01); y UcnbITyeMbix NapafokcansHoro Tuna npu XIMB Ha doHe yBenmyeHust
YCC Habnoganu yeenuyerve QTc — B VIC 405 + 7,1, npy XI'B — 420 + 7,5 (p < 0,05). Mpw XI'B otHocutensHo VIC B cpegHem AL noBbilwanocs — CAL Ha
17,4 + 4,3 mm pT. cT.,, OAL Ha 12,9 + 3,1 MM pT. cT. (0 < 0,05). Mpwn 3annbiBax B XONOAHOW BOAE Y afanTupoBaHHbIX K X0Noay nnoBUoB B 50% cnyyvaes QTc
npesbiwan Hopmy, Hanpumep, B VIC QTc — 434 + 24, nocne 3annbiBa — 492 + 25 c¢. MNocne 3annbiea Ha 200 M npu t = 1,5-2 °C B cpeaHem no rpynne AL
noBblILLanock no cpasHeHnto ¢ IC CAL Ha 16,9 + 3,1 mm pT. cT., JAL Ha 12,3 + 2,3 MM pT. CT. (p < 0,05). MNpoaHananpoBas AaHHbIe, MPWILLIV K BbIBOAY — Ha
ocHoBe Npobbl XI'B MOXXHO padpaboTaTb creupmdmyeckrie KpUtepun fomycka K 3aHSTUSM XONOL0BbIM NiaBaHneM.

KnioyeBble cnoBa: 3nMHee nnasaHue, AbixatenbHas cucTema, CepAeHHO-COCYANCTasA CUCTEMA, aBTOHOMHAS PEryNsiLins, CepaeqHble apUTMUN, BHYTPYCEpAeHHOe
npoBefeHue, nepuheprHecknin Ba3ocrnasm, rmnepTeH3nBHbIA OTBET

®uHaHCMpOBaHMe: VICClefoBaHVe NPOBEAEHO B PaMKax BbINOMHEHWSt CBOVIX TPYAOBbIX 06si3aHHOCTeN no 3agaqHnio Crery.
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In 2022, winter swimming was included in the Russian National
Register of Sports. Extreme cold stress is inherent in this
activity, which makes it significantly different from classical
and open water swimming. The said stress also requires the
practicing athlete to have higher functional reserves that should
be evaluated and controlled.

There are two body temperature maintaining mechanisms
triggered upon immersion in cold water without special
equipment, one boosting bodily heat production and another
limiting heat release [1, 2]. Such an act also activates
reflective defense mechanisms: controlled by the sympatho-
adrenomedullary system, peripheral vessels spasm, blood flow
in skin and superficial muscles slows down (thus the output of
heat is restricted), liver releases glucose, fat depots mobilize
fatty acids, brown adipose tissue starts generating heat [3-5].
When the face is in the water, the body triggers diving reflex to
save oxygen, and parasympathetic stimuli from cold receptors
(mainly in facial skin) running along the vagus nerve's cholinergic
pathway to the heart's sinus node intensify. Heart rate slows
down, since the said reflex has a strong arrhythmogenic effect
[6-8]. Further aggravation of the cholinergic stimuli affecting
airways can lead to bronchoconstriction, which entails the risk
of lung ventilation impairment [9].

Given the above, it should be noted that swimming in cold
and ice-cold water is a rather common activity, which does not
always trigger adverse reactions on the part of the cardiovascular
system [10]. We believe that the negative reactions of the body
that threaten human life when immersed in cold water may
stem from high reactivity of the efferent part of reflex response.
There are several factors that can make said reactivity high;
for example, beginner cold swimmers may experience it
because their bodies are unaccustomed to extreme cold, and
other reasons may be rooted in the peculiarities of vegetative
regulation formed during postnatal development, as well asin a
person's genetic makeup [11-15].

This article analyzes the results of the earlier studies
investigating the effect of cold water on adaptive reflex
reactions, and, thereupon, seeks to characterize individuals at
risk of a negative (health- and/or life-threatening) response to
cold water immersion on the part of cardiovascular system.

The purpose of this work was to identify the specifics of
adaptive cardiovascular reactions and assess the possibility
of pathological abnormalities in the individuals exhibiting
different vegetative reactivity of cardiovascular system to
cold-hypoxia test (CHT) and cold water immersion in the
context of swimming.

METHODS

We have summarized two types of research activities,
laboratory and field. The first part presents materials from
laboratory studies that involved triggering of the diving reflex by
immersion of face into cold water, the cold-hypoxia test (CHT).
We assessed arrhythmogenicity of the said reflex in people
with different reactivity of the cardiovascular system to a cold
stimulus.

The second part gives results of field studies, which took
form of relay and competitive swims in water of different
temperatures (+7-9 °C, +16-17 °C, and +1.5-2.5 °C). The
analyzed factors of the cardiovascular system's reaction to
swimming in cold water are myocardial conduction, blood
pressure (BP), and heart rate (HR).

The study was conducted in 2008-2023, on the basis of St.
Petersburg University, in the Systemic Adaptivity Laboratory.
The participants were 205 male and 255 female individuals,
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all practically healthy, aged 18-25 years, whose cardiovascular
system exhibited no pronounced abnormalities. Those with a
history of sinus node dysfunction, stage Il hypertension, atrial
fibrillation were excluded from the study.

According to the survey, 15% of the participants were
smokers with an average experience of 4.3 + 1.7 years. As a
rule, we asked all subjects to abstain from smoking and coffee
for at least 2 hours before the test, which usually took place in
the morning, from 10 a.m. to 12 p.m.

Laboratory part of the study

For the test, the subjects lied down on a couch, back up, in
the most relaxed state. The test simulating diving involved
immersing face in water. The water temperature was +10 + 2.2 °C,
the temperature of air in the room +21 + 2.3 °C. As a rule,
there were three immersions, all after an unforced exhale.
The participants were not allowed to hyperventilate before
the immersions. The rest period between the immersions was
2 minutes; as a rule, this time was sufficient for pulse to restore
to its original rate. For the first immersion, the participants held
their breath until they started to feel uncomfortable, and for the
following immersions — for as long as they could.

To register response of the cardiovascular system, we used
electrocardiography (ECG), photoplethysmography (PPG), and
continuous blood pressure monitoring before, during and after
immersion, while the participants were recovering. Peripheral
vessels blood filling was indirectly determined by the amplitude
of systolic wave in finger phalanges (ACB, pm), vascular tone —
by the time of its propagation (VPRVY, s). PPG was recorded
and analyzed with the help of REAN POLY 6/12 rheograph-
polyanalyzer, modification 03, version Elite (Medikom-MTD;
Russia). To continuously monitor blood pressure, we used
Finometer® MIDI (Finapres Medical Systems; Netherlands).
The device employed to register ECG was Poly-Spektr-8/E
cardioanalyzer (Neurosoft; Russia).

To describe the nature of the heart's chronotropic function
during CHT, we used the following indicators: latent time of
development of reflex bradycardia — |, s; time of occurrence
of the maximum cardiointerval during the test — tmax, s,
bradycardia aggravation rate — V, severity of bradycardia —
S.B. Earlier studies present a detailed description of the types
determination method [16]; based on these indicators, we
distinguished four types of response: highly reactive, reactive,
areactive, and paradoxical (Fig. 1).

To analyze the data, we used GraphPad Prism 8 package
for Windows 10. Mann-Whitney and Kruskal-Wallis tests
allowed establishing the significance of differences for
unrelated variables and for related paired samples. To assess
the significance of differences in samples with a normal
distribution, we used Student's t-test and one-way ANOVA.
Statistical significance was registered at p < 0.05. In small
groups, we looked for significance of changes for each person,
before and after the swim, with ECG registered for 5 minutes.
After assessing normality of distribution, we applied Student's
t-test.

Results

Analysis of cardiovascular system's response to CHT revealed
a reflex-driven heart rate slowdown, narrowing of the peripheral
vessels (Fig. 2, 3; Table 1), and growth of the blood pressure
(Fig. 2, Table 1).

In the first series of laboratory tests, which involved 460
subjects, we investigated chronotropic reaction of the heart to
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Fig. 1. Types cardiovascular system's response to immersion of face in water (types of diving reaction): highly reactive (A), reactive (B), areactive (C), paradoxical (D).

Down arrow — immersion, up arrow — withdrawal from water

CHT. Based on the occurrence and rate of aggravation of reflex
bradycardia (one of the diving reflex components) caused by
CHT, the participants were distinguished into 4 types, according
to the method we developed earlier [16]. The relative figures were
as follows: 40% of the subjects belonged to the highly reactive
type, 45% — to reactive type, 10% — areactive type, and 5% —
paradoxical type. This typification by cardiovascular system's
parasympathetic reaction to CHT was needed to understand
whether it affects development of cardiac arrhythmias, and,
conversely, what deviations from the normal can result in the
participants from the paradoxical type group (predominance of
sympathetic stimuli). This was necessary in order to assess the
possible pathological abnormalities risk in people with various
intensity of reflex parasympathetic and sympathetic stimuli sent
to the myocardium when immersed in cold water.

Analysis of myocardial conduction during CHT in subjects
with different types of reactivity

Analysis of the dynamics of changes of myocardial conduction
indicators in response ot CHT revealed that in those of highly
reactive and reactive type, reflex-driven parasympathetic stimuli
not only slow down heart rate (statistically significant increases of
RR intervals), but also alter the rate of atrioventricular conduction
(PQ intervals increase). We observed CHT slowing down atrial
conduction (PQ interval grows longer) in most participants belonging
to the said type groups, but, as a rule, the registered PQ intervals in
such cases were within the normal range. However, two individuals
of the highly reactive type and three of the reactive type group had
the PQ interval exceeding the norm, which indicates a delay in pulse
conduction and partial atrioventricular blockade (Table 2).
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Fig. 2. Changes in the cardiovascular system characteristics during CHT. ECG — electrocardiogram, IRGT — Tishchenko integral rheogram, IRGTd — IRGT pulse
ware differential curve, PPG — photoplethysmogram (distal phalanx of the thumb), PPGd — PPG pulse differential wave curve, RPG — shoulder rheoplethysmogram,
RPGd — RPG pulse wave differential curve. Vertical lines — beginning and end of the test with face immersion in water
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Table 1. Changes in the cardiovascular system characteristics at rest and during simulated diving, men and women (n = 80)

Indicators HR, beats/minute DBP, mmHg. SBP, mmHg. ACB, pm VPRV, ms
At rest 64.8 3.2 71.2+5.8 113.8 +6.2 1.67 + 0.91 217 +11.1
CHT 55.5 + 3.8* 84.1+7.3" 130 + 10.1* 0.35 + 0.20** 199 + 20.5*
Recovery 63.5+2.3 76.5 + 5.1 1211741 0.36 + 0.19** 195.8 + 15.3*

Note: SBP — systolic pressure, DBD — diastolic pressure, ACB photoplethysmogram pulse wave amplitude, VRPV — pulse wave propagation time. * — p < 0.05;
**—p < 0.01 — at comparison of the indicators during CHT and at the initial resting state.

In participants of areactive type, CHT triggered no significant
changes (Table 4). In those of paradoxical type, against the
background of CHT, RR, QT and TP intervals were decreasing,
and QTC growing, which means that while HR accelerates,
ventricular conduction is slowing down (Table 2).

Analysis of CHT-associated changes of blood pressure
showed that DBP and SBP increased significantly in all the
participants (Fig. 4, 5). We identified subjects of the highly
reactive type to have higher initial BP. Those with paradoxical
type had the lowest SBP. Moreover, in participants from the highly
reactive group, repeated CHT caused DBP to progressively
increase, reaching 175/115 mmHg in some cases.

Thus, in the majority of participants with moderate reactivity,
CHT triggers reflex changes of adaptive nature, but in some
subjects with high reactivity it can provoke atrioventricular
blockade, cause a slowdown in ventricular conduction (in some
of paradoxical type), push blood pressure up with a vasospasm
in the background. These are the findings from CHT conducted
in comfortable conditions with minimum stress. If the immersion
in cold is full, the associated stress can make such deviations fatal.

Effect of cold-hypoxia training on reactivity
of cardiovascular system

In order to establish the effect of adaptation to cold and hypoxia
on vegetative regulation, we conducted a respective 6-week
course with daily sessions. After CHT and typification by reactivity,
40 selected participants were distributed into 4 type groups
(n =10). Every day, in the course of 6 weeks, they immersed their
faces into water with the temperature of +8 + 2 °C, 3-4 times,
having made an unforced exhale. After the course, CHT revealed
decreased reactivity, which manifested mainly in a longer
latent time of reflex bradycardia development and its slower
progression. Seven individuals out of 10 from the highly reactive
group transferred to the reactive group, but 3 retained reactivity
at high level. From the reactive group, 4 participants moved to
the areactive group, from paradoxical — 2 to the areactive, 3 to
the reactive group, and 1 retained the original level of reactivity.
The analyses of reflex constriction of peripheral vessels and
blood pressure dynamics also showed that training decreased
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Fig. 3. Dynamics of blood pressure: systolic (SBP) (A), diastolic (DBP) (B), heart rate (HR) (C). Abscissa axis — time, ordinate axis for A and B — mmHg, for C — beats/

minute. Down arrow — CHT begins, up arrow — CHT ends
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Table 2. Temporal ECG indicators at rest and during CHT, participants of various types of reactivity

Indicators Duration of cardiac cycle intervals, ms
RR av. P PQ QRS QT QTc TR
Highly reactive type (n=18)

At rest 1052 + 22.7 98 + 6.2 158 + 3.9 97 +10.4 383 +6.7 418 £7.3 512 +20.2
During CHT 1466 + 25.4** 99 + 8.0 167 + 4.1* 106 + 8.6 403 +£7.9 376 +11.3 906 + 19.9*
Reactive type (n = 23)

At rest 1145 £ 31.8 96 + 3.0 158 +7.2 106 + 8.0 404 £10.4 432 +14.8 584 + 23.3
During CHT 1371 + 30.9* 113 £ 8.3" 178 £ 9.1 110+ 9.1 411 £19.0 414 +£15.0 796 + 25.8™
Areactive type (n = 24)

At rest 1066 + 29.5 96 +7.0 149 +11.0 107 + 9.1 392 + 12.6 425 +11.0 525 +19.4
During CHT 1063 + 25.4 94 +8.3 151 £ 10.0 101 +10.5 388 +11.0 409 + 8.4 524 +18.1
Paradoxical type (n = 15)

At rest 1245 + 37.0 97 +7.6 152 + 6.2 97 £ 6.1 406 + 8.3 405+ 7.1 687 + 18.9
During CHT 1056 + 22.6"* 95 £ 8.7 150 + 5.5 95+£5.8 387 +10.2* 420 +7.5* 523 + 13.5"

Note: reliability of differences between the initial state and during CHT. * —p < 0.05, *™* — p < 0.01.

reactivity, which was reflected in a smaller growth of DBP
during CHT. On the contrary, after the course, SBP increased
significantly in the context of CHT (Table 3), accompanied by an
increase in pulse pressure, and, consequently, stroke volume of
the left ventricle.

Thus, adaptation to cold-hypoxia effects decreases
reactivity of the cardiovascular system somewhat. However,
there were participants whose reactivity did not change after
the course; the possible reasons behind this are their individual
characteristics, including genetic ones [12-14].

Changes in myocardial conductivity caused by swimming
in open cold water

We analyzed state of the cardiovascular system after two relay
swims. The first swim from Elagin Island to Kronshtadt took
place on October 20, 2019, when the water temperature was
+7.5-9 °C. The distance was 25 km. Four experienced winter
swimmers (aged 37-52 years) participated in the relay swim.
As prescribed by the rules of the International Winter Swimming
Association (IWSA), the participants swam without wetsuits.

Each individual swim lasted 20 minutes, with 60 minutes of
rest inbetween.

We recorded ECG 30 minutes before the swim and at the
30th minute of the post-swim recovery. Under the influence
of cold and physical activity, two out of four athletes had
significantly longer QTc interval, i.e., ventricular conduction
slowed down in them (Table 4).

The second relay swim took place at the Oreshek Kronstadt
site on June 12-13, 2021. Same 4 swimmers participated
therein. They covered 103 km in 22 hours and 16 minutes.
The air temperature varied from +16 to 22.3 °C. The water
temperature in the Neva river and the Gulf of Finland was
+16-17 °C. The swims lasted for 30 minutes, the rest between
them — 90 minutes. The analysis of ECG revealed a statistically
significant growth of the QTc indicator in 3 out of 4 swimmers
(Table 5), while one athlete had it decreasing significantly.

After both swims, no swimmer exhibited significant changes
in the BP at the 30th minute of recovery. Thus, in the context
of the 2nd swim (t = +17 °C), before it the overall SBP was
119.4 + 7.3 mmHg, DBP — 78 + 4.5 mmHg, and post-swim
SBP was 123.3 + 85 mmHg, DBP — 73 + 5.3 mmHg,
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Fig. 4. CHT-triggered changes in systolic blood pressure. Abscissa axis: background — resting state, lying back up; CHT2 — second face immersion test; CHT3 —
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areactive — n = 24; paradoxical —n =15

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS



OPUIMHAJTIbHOE NCCJIEQOBAHNE | CIMOPTVBHAA MEOVLIVIHA

120.00 A I I 1
=)
T
€ 100.00 o
% Types of diving reaction
% *% | Highly reactive
g T T 1 [J Reactive
-g- O Areactive
S 80.00 4 @ Paradoxical
o
Q
°
(2]
>
@

60.00 -

T

T
Background CHT2

T
CHT3

Fig. 5. CHT-associated changes in diastolic blood pressure. Second (CHT2) and third (CHT3) immersions. Ordinate axis — diastolic pressure, mmHg. Other indicators
as in Fig. 5. ™ — p < 0.01. Highly reactive type — n = 18; reactive — n = 23; areactive — n = 24; paradoxical —n = 15

respectively. However, control of the athletes' BP pressure
dynamics (n = 17) short after swimming 200 m (at 39-5"
minutes of recovery) at water temperature of +1.5-2.5 °C
revealed significant changes. Overall, we registered significant
growth of SBP in the group. At rest, SBP was 134.4 + 6.1 mmHg,
after swimming — 148.5 + 5.2 mmHg (o < 0.05); DBP at rest
= 79.8 + 3.1 mmHg, after swimming — 91.3 + 7.1 mmHg
(o < 0.05). However, in some swimmers, the pressure changed
only slightly, but in others, SBP grew up to 190 mmHg, and DBP
to 120 mmHg. The data describing these individuals were excluded
from the processed pool. After swimming 200 m, heart rate of
the athletes increased: at rest it was 76.8 + 4.4 beats/minute,
after swimming — 98.1 + 4.7 beats/minute (p < 0.01). For one
participant, cold water swimming translated into heart rate
slowdown: before the swim it was 88 beats/minute, after the
swim — 64 beats/minute.

DISCUSSION

The analysis of cold-hypoxia tests conducted in the laboratory
showed that even when it is only the person's face immersed
in water, there occurs a complex of reactions that reflect
considerable changes in the cardiovascular system's
operation. The reason behind this phenomenon is the diving
reflex [17-19], which includes a set of actions simultaneous
with activation of the sympathetic and parasympathetic parts
of the ANS that send signals to the myocardium. The total
effect of stimuli acting on the sinoatrial node from n. vagus
and postganglionic sympathetic neurons also depends on
the background state of cells of the sinoatrial node, which

is shaped by various neuropeptides secreted by vascular
endothelium and cardiomyocytes. The magnitude of the
cardiovascular system's response to cold water swimming
varies depending not only on external factors, such as water
temperature, degree of adaptation to cold, etc., but also on
the individual characteristics of the body's vegetative reactivity.
Diving reflex causes parasympathetic bradycardia, whereas
cold stress activates sympathetic tachycardia. These effects,
although different in nature, can lead to arrhythmias [7, 8],
especially in people with pronounced diving bradycardia. Thus,
in some individuals of the highly reactive and reactive types,
reflex parasympathetic stimuli affecting sinus node of the heart,
in the presence of a pronounced bradycardia, can cause
atrioventricular blockade, when impulses cannot reach the
ventricles from the atria, which pushes the PQ interval beyond
the norm. In some people of the paradoxical type that react to
CHT as if it were a stress (expanding sympathetic stimuli to the
myocardium), intraventricular conduction deteriorates against
the background of a shorter cardiac cycle, i.e., QTc exceeds
the norm. This reaction is common for open cold water swims,
registered, inter alia, among experienced swimmers adapted
to cold water. These data confirm the current understanding
that has the diving reflex possessing arrhythmogenic power
[6-8]. In addition, these deviations may aggravate against the
background of disruption of K* metabolism associated with
physical exertion during swims, as well as hypothermia while
in the water and several minutes afterwards, when the body
temperature continues to decrease, including that of the core.
These factors may increase the risk of QTc reaching critical
values that can lead to cardiac arrest [20, 21].

Table 3. Changes in blood pressure levels (mmHg) caused by the 6-week cold-hypoxia training course (n = 40)

Indicator SBP DBP SBP DBP SBP DBP
cators at rest at rest During CHT During CHT recovery recovery
Before training 108.3 + 4.1 62.7 + 4.4 1222 +6.7° 84.2 + 5.3°° 105.8 + 4.9 60.9 + 4.1
After training 1104+ 7.8 62.1 +3.6 135.3 £ 5.1*° 71.2 £ 4.8% 104.5 + 6.1 58.7 +4.3

Note: °,* — p < 0.05; °° — p < 0.01; * — significance of differences before and after the training course; ® — significance of differences between CHT-associated and

initial state indicators.
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Table 4. Changes in cardiac conduction before and after swimming (water temperature t = +8 °C)

Swimmer 1 Swimmer 2 Swimmer 3 Swimmer 4
ECG indicators
Before After Before After Before After Before After
R-Rcp 696 + 32 693 + 37 662 + 37 584 + 22* 560 + 25 648 + 27* 1088 + 42 781 + 25*
P-Q, ms 172 £ 8.1 174 £ 741 140+ 4.2 148 £ 5.2 152 + 4.4 164 £ 5.1* 158 £ 3.9 165+ 4.3
QRS 86 +4.3 106 + 5.3* 80 +4.9 86 +5.1 84 + 3.6 86 +4.2 107 £ 6.1 102 £5.9
QTc 457 + 19 501 + 21* 447 + 17 448 + 22 445 + 23 498 + 25* 402 + 21 420 + 27

Note: before — initial state before the swim, after — 30-40 minutes of recovery after the relay swim. * —p < 0.05, Student's t-test used to analyze individual post-swim

data against the initial state (ECG recording time — 5 minutes).

Peripheral vessels constrict in response to signals
associated with the diving reflex that originate in the vasomotor
center of medulla oblongata and move along adrenergic
sympathetic fibers to the vessels' muscle walls. Some of the
participants, mainly those of the highly reactive type, exhibit
growth of BP progressing with each subsequent face immersion
in cold water, which is associated with a slow recovery of tone
of peripheral vessels that fail to return to their original state
within a two-minute interval between dives. We observed a
similar reaction in some winter swimmers, when successive
swims in cold water with short breaks between them lead to
persisting growth of blood pressure. Further examinations in
the laboratory setting that involved CHT have confirmed this fact.

Does adaptation to immersion in cold water change the
nature of the cardiovascular response? A 6-week training
course implying daily sessions of immersion of face in cold
water has shown to somewhat improve peripheral vasospasm,
which is reflected in a significantly smaller increase of DBP
during CHT. On the contrary, SBP increases significantly during
CHT, same as pulse pressure, which indirectly reflects expansion
of the left ventricle's stroke volume. Against the background of
the developing bradycardia, reaction allows maintaining
cerebral blood flow at the required level [19, 22-25]. Thus, these
changes are adaptive and protective in nature. Reactivity of
the heart's chronotropic function CHT also decreases after
adaptation. But in some subjects, both cardiac and vascular
reactivity remained high, which may be due to their genetic
characteristics, in particular — those of the vascular response
effector link. Reflex-driven regulation of tone of vessels in the skin
is controlled by the sympathetic part of the autonomic regulation
with the help of a,-adrenoreceptors (constrictor function) and
B,-adrenoreceptors (dilator function). The degree of reflex
response depends on the ratio of these receptors and the

effectiveness of their functioning, which are largely determined
on the genetic level. However, there is another factor that affects
reflex-driven vascular reactions: biochemical background, which
depends, in particular, on the activity of the renin-angiotensin
and kinin-bradykinin systems. Thus, using CHT, we have shown
that in the context of the diving reflex vascular tone and blood
pressure significantly depend on the polymorphism of genes
encoding ADRA1A (rs1048101), BDKRB2 (rs1799722), ADBR2
(rs1042713), and ACE (I/D, rs4340) [12, 13].

CONCLUSIONS

Disruption of operation of the cardiovascular system pose
the greatest risk associated with cold water swimming. It
should be remembered that, under the influence of cold water,
practically healthy people with adequate body response to
physical exertion may have the functions of their cardiovascular
systems changing pathologically, with development of cardiac
arrhythmias, including fatal ones, blood pressure spikes
and the consequences thereof. Body's regulatory systems,
autonomic nervous system in particular, can trigger reflex
defense mechanisms in specific ways that increase the risk of
a pathological response to a cold stimulus. The key factor is
the increased reactivity to extreme stimuli of the autonomous
regulatory circuit and its effector link, the myocardium, as well
as the smooth muscle walls of peripheral vessels of the skin,
non-functioning muscles, and the gastrointestinal tract. In this
connection, it is necessary to develop additional tests and
criteria for winter swimming athletes' training and competition
admission examinations. In our opinion, CHT, carried out with
ECG recorded and blood pressure controlled, can be very
informative for identifying people facing higher risks on the part
of the cardiovascular system.

Table 5. Changes in cardiac conduction before and after swimming (water temperature t = +17 °C)

Swimmer 1 Swimmer 2 Swimmer 3 Swimmer 4
ECG indicators
Before After Before After Before After Before After

R-Rcp 927 + 25 1105 + 39" 718 £ 27 674 + 23 961 + 29 637 + 19* 956 + 31 789 £ 41
P, mc 120+ 3.7 114 441 124 + 41 116 £ 4.2 124 +741 110+7.3 114 +4.5 110+ 3.1
P-Q, ms 168 + 4.3 169 + 5.1 177 + 41 162 + 4.7* 173+741 160+ 7.4 150 + 4.3 146 + 3.9
QRS 94+5.9 83+4.9 85+3.7 90 + 4.1 97 £ 4.9 96 + 4.7 88 +4.4 88 + 4.1
QT, ms 464 + 17 429 + 18 371 + 11 372 + 17 423 + 23 394 + 21 400 + 17 390 + 15
QTc 482 + 28 393 + 29* 440+ 7.5 459 + 11* 434 + 24 492 + 25™ 405 + 16 439 + 15*

Note: before — initial state before the swim, after — 30-40 minutes of recovery after the relay swim. * — p < 0.05; ** — p < 0.01, Student's t-test used to analyze

individual post-swim data against the initial state (ECG recording time — 5 minutes).
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ASSESSMENT OF LIPID SPECTRUM AND C-REACTIVE PROTEIN IN PEOPLE WORKING
IN THE ARCTIC ZONE OF RUSSIA

Narutdinov DA, Rakhmanov RS?=, Bogomolova ES?, Razgulin SA?, Potekhina NN?

" Voino-Yasenetsky Krasnoyarsk Medical University, Krasnoyarsk, Russia
2 Privolzhsky Research Medical University, Nizhny Novgorod, Russia

Adaptation to the extreme living conditions of the North causes dyslipidemia, a risk factor for cardiovascular diseases (CVD), in people working there. This study
aimed to assess the level of lipids and C-reactive protein (CRP), a marker of inflammation in CVD cases, in the blood of men staying in the Arctic and Subarctic
zones of Russia. Accordingly, the sample was divided into two group, Arctic and Subarctic, the former included 51 participants, aged 35.7 + 0.6 years, the latter —
54 individuals, aged 34.2 + 0.9 years (p = 0.167); the duration of their work/stay in the Arctic and Subarctic zones was 7.1 + 0.2 and 6.4 + 0.6 years (p = 0.447),
respectively. We sampled blood of the participants and measured triglycerides, total cholesterol, low (LDL) and high (HDL) density lipoproteins, atherogenic index
(Al), CRP content. Arctic group had higher levels of triglycerides (1.71 + 0.03 and 1.38 + 0.14 mmol/l, p = 0.021), total cholesterol (6.15 + 0.08 and 5.47 + 0.14 mmol/,
p =0.001), HDL (1.5 + 0.06 and 1.1 + 0.04 mmol/l, p = 0.001); the values of LDL did not differ significantly between the groups (4.07 + 0.08 and 4.1 + 0.15 mmol/l,
p =0.88), and Al and CRP values (3.41 + 0.18 and 4.18 + 0.2, p = 0.007; 3.41 + 0.18 and 4.91 + 0.22 mg/l, p = 0.006, respectively) were greater in the Subarctic
group. By triglycerides, dyslipidemia was diagnosed in 49.0% and 18.4% of Arctic and Subarctic participants, respectively, by total cholesterol — in 98.0% and
57.8%, by LDL — in 94.1% and 88.0%. As for HDL, their level was lower than normal in 2.0% of the Arctic group subjects and 36.7% of the Subarctic group
subjects, which means a higher risk of cardiovascular diseases in the Subarctic region. The level of CRP indicated that 90% of the Arctic group participants were
at risk of CVD (moderate risk for 23.5%, high risk for 66.7%), and in the Subarctic group this number was 100% (moderate risk for 7.7 %, high risk for 88.5%). The
likely reasons behind this are the specifics of nutrition and living conditions. Program of prevention of CVD in the Arctic zone should include lipid profile and CRP
tests as part of every periodic medical examination, regardless of age. It is necessary to implement dyslipidemia alimentary correction measures.
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OLIEHKA NUNMNAHOIO CNEKTPA U C-PEAKTUBHOIO BEJIKA KPOBU
Y PABOTAIOLLIX B APKTUYECKOW 30HE POCCUU

. A. HapytauHos', P. C. Paxmaros?™ E. C. Boromonoga?, C. A. Pasrynus?, H. H. MNoTexuHa?

T KpacHOsipCKMin MEAMUMHCKIIA YHNBEPCUTET MeH npodeccopa B. ®. BolHo-AceHeLkoro, KpacHospek, Poccus
2 MpUBOMKCKINIA MCCnenoBaTenbCKnin MEAMUMHCKIMIA yHMBEPCUTET, HxkHMIA HoBropog, Poccust

Y ntopen, padotaioLmx Ha Cesepe, Npu afanTaLyn K 3KCTPeMasbHbIM YCIOBUSM XKN3HM pa3BMBaETCS AUCIMMMAEMUS, (hakTop prUcka Npu cepaeyHo-CocyanCTbIX
3abonesaHusx (CC3). Llensto paboTbl Gbina oueHka ypoBHA nmnnbos 1 C-peakTtvieHoro 6enka (CPB), mapkepa BocnaneHus npu CC3, B KPOBU Y My>KHMH B
ApkTunyeckorn 3oHe Poccun. B kposn ayx rpynn: B ApkTuke (n = 51) n Cybapktuke (n = 54) (Bospact — 35,7 + 0,6 n 34,2 + 0,9 net (p = 0,167), [AMTENBHOCTL
pabor — 7,1 + 0,21 6,4 + 0,6 net (o = 0,447)) onpeaensanv aHa4eHnst TpUrmmuepuaoBs, obLLero xonectepuHa, nunonpotenaos Huakow (JTTHIM) 1 eicokoi (JTNBIM)
NNoTHOCTW, koapduumeHTa ateporeHHocTn (KA), CPB. B ApkTuvke BbisiBNeHbl 6onee BbiCokMe ypoBHNU Tpurmmuepuaos (1,71 + 0,03 1 1,38 + 0,14 mmonb/n,
p =0,021), obuero xonectepwHa (6,15 + 0,08 1 5,47 + 0,14 mmone/n, p = 0,001), JTNBM (1,5 + 0,06 1 1,1 + 0,04 mmonb/n, p = 0,001); paBHble 3Ha4eHns — JITHI
(4,07 + 0,08 n 4,1 + 0,15 mmons/n, p = 0,88); MeHee 3Ha4MMble nonyyeHbl Mo KA (3,41 + 0,18 n 4,18 + 0,2, p = 0,007) n CPB (3,41 + 0,18 1 4,91 + 0,22 mr/n,
p = 0,006). Avcnunupgemus onpegenera no tTpurnuuepnaam y 49,0% ny 18,4%, no obiiemy xonectepuHy —y 98,0% n 57,8%, no JINHM — vy 94,1% 1 88,0%.
JIMBI Hwke Hopmbl y 2,0% 1 36,7%, 4TO yKasbiBaeT Ha 60siee BbICOKNN PUCK Cepae4HO-COCYanCTbIX 3abonesaHnii B CybapkTuke. Puck no CPE B ApkTuke —
y 90% (cpenHun — y 23,5% n Bbicoknn — y 66,7%), Cybapktvke — y 100,0% (cpeaHut — vy 7,7%, Bbicokuii — y 88,5%). BeposiTHO, 3TO 06ycnosneHo
OCOBEHHOCTAMM MUTAHUS 1 YCNOBUIA XKI3HW. [ns npodunaktkin CC3 B APKTUHECKON 30He nccnepoBaHve nunnaos 1 CPB KpoBW HEO6X0AMMO NPOBOAUTL NpK
KaXXA0M NepUOANHECKOM MEOVLIMHCKOM 0OCNefloBaHMN HE3ABUCMO OT BO3pacTa. TpebyeTcst anMeHTapHas KOpPeKLWst AVCINMMAEMUN.

Knio4yeBble cnoBa: ApkTuyeckas 3oHa, nunabl, C-peakTnBHbI 60K, cepagHHO-COCyaANCTbIN PUCK
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Dyslipidemia is one of the risk factors for cardiovascular
diseases (CVD) [1]. The pathogenesis of CVD includes not
only lipid metabolism disorders, but also inflammation, with
C-reactive protein (CRP) being one of the most important
markers thereof [2, 3]. It can participate in all stages of
development of atherosclerotic process [4, 5]. CRP test is part
of both primary (distribution into CVD risk groups, qualification
for statin therapy) and secondary CVD prevention programs
(prognosis of CVD and treatment complications, evaluation
treatment efficacy in moderate CVD risk groups) [6].

Extreme cold causes polar hypoxia, which ups body's
energy metabolism and switches nutrients processing from
carbohydrate to lipid type. Thus, a polar metabolic type is
formed [7]. The traditional way of life and nutrition of indigenous
people of the North enable adaptation to extreme climatic and
geographical factors and prevent cardiovascular and other
metabolic diseases. Individuals not native to that zone and
arriving there develop specific biochemical changes in the body
manifesting as hormonal and metabolic shifts [8, 9].

This study aimed to evaluate the lipid spectrum and the
content of C-reactive protein in blood of men working in the
Arctic zone of Russia.

METHODS

The study was conducted in July-August 2022 and involved
two groups of men working in the Arctic and Subarctic zones,
73rd parallel north (n = 51, group 1) and 69th north latitude
(n = 54, group 2), respectively. The inclusion criteria were lack
of history of cardiovascular diseases, obesity, inflammatory
process in the body. Indigenous people of the North practicing
the traditional way of life, as well as people that temporarily left the
Arctic zone, were excluded from the study. The participants were
practically healthy people aged 35.7 + 0.6 and 34.2 + 0.9 years
(o = 0.167), undergoing routine periodic examination. None of
them expressed any health complaints at the time of examination.
Their duration of stay in the Arctic and Subarctic conditions was,
respectively, 7.1 + 0.2 and 6.4 + 0.6 years (p = 0.447).

We evaluated the conditions of living and work environment
of the participants. Aimost all of them were smokers. As for the
body mass index, no one was obese or underweight. Group 2
worked in the city of Norilsk, which is a zone with anthropogenic
pollution [9, 10].

All participants donated blood samples in Norilsk; unfrozen,
they were brought to the airport of Norilsk, flown to Krasnoyarsk
therefrom, then delivered to the Central Research Laboratory of
Krasnoyarsk State Medical University, and analyzed there.

We used an AU5800 analyzer (Beckman Coulter; USA) to
establish the lipid metabolism parameters (triglycerides (TG),
total cholesterol (TC), low and high density lipoproteins (LDL,
HDL), atherogenic index (Al), and a Cobas Integra 400 Plus
analyzer (Roche Diagnostics; Switzerland) to reveal the levels
of C-reactive protein.

Triglycerides reference values: 1.7 mmol/l; 1.7-2.25 mmol/l —
moderately elevated, 2.26-5.65 mmol/l — elevated. TC
reference values: 3.5-5.2 mmol/l; 5.2-6.2 mmol/| — borderline
high; &gt; 6.2 mmol/| — high. LDL reference values: up to 3.37
mmol/l; 3.37-4.27 mmol/l — elevated; &gt; 4.27 mmol/l —
high. HDL reference values: 0.9-1.3 mmol/l [1]. Normal
atherogenic index value — < 3.5. CRP reference values — up
to 6 mg/l. The levels < 1.0 mg/l, 1.0-2.9 mg/l, = 3.0 mg/l were
associated with low, medium and high risk of occurrence and
progression of CVD [11, 12]. We established means of the
considered indicators that accord with the reference values or
are below/above the respective ranges.

The primary data acquired were processed with a
Statistica 6.1 software package (StatSoft; USA). We used the
Kolmogorov-Smirnov test to check whether the distribution
of values is normal or not, established means and standard
errors, (M + m), applied Student's t-test (p < 0.05) to confirm/
disprove reliability of differences in the parametric samples, and
analyzed individual indicators.

Using the averaged statistical data peculiar to the Arctic,
we investigated the relationship between lipidograms and CRP
indicators, i.e., established the Pearson correlation coefficients
(rxy) and their statistical reliability. With values ranging from O to
0.3, the linear connection was considered weak, from 0.3 to
0.5 — light, from 0.5 to 0.7 — moderately strong, from 0.7 to
0.9 — high, and from 0.9 up — very strong.

RESULTS

The conditions of living and work environment were different
between the groups. In the Arctic zone, the participants ate
in the canteens, their meals were cooked from canned food;
additionally, they received foodstuffs as prescribed for people
working in the Far North [13]. Drinking water was melted.
Accommodation was provided in the specially equipped
modules. They worked 24-hour shifts with 48 hour of rest
between them, in enclosed spaces as well as in the open (hard,
strenuous labor). In the Subarctic zone, the participants lived
in comfortable urban apartments, and worked in rooms that
meet hygienic standards. Their food was homemade. Fresh
vegetables, fruits, berries were consumed rarely; they ate fish
twice or thrice a week. However, the food intake pattern was
uneven, with 47.3% of group 2 subjects having 3 meals a day,
and 52.7% — 2 meals a day; anthropogenic environmental
pollutants had an obvious effect on their living. The work of
these men was strenuous, but implied little motor activity.

The lipid metabolism data allowed identifying statistically
significant differences among a number of means (Table 1): in
group 1, the average level of TG was higher by 24.6%, total
cholesterol — by 12.4%, HDL — by 36.5%, but Al — 22.6%
lower than in group 2.

As for the individual indicators, 51.0% of group 1 participants
had TG within the normal range, same as 81.6% of men from
group 2. Accordingly, TG tests returned moderately elevated values
for 47.1% and 4.1% of the blood samples, and elevated for 2.0%
(1 person) in the Arctic group and 14.3% in the Subarctic group
(Table 2). In the latter group, the proportion of samples with
moderately elevated TG level was more significant: higher by 8.3%.

The level of total cholesterol in the Arctic group was normal
in 1 person only, while in the Subarctic group it was within the
normal range in 42.2% of the participants. Borderline TC values
were registered in 60.8% and 24.4% of subjects, high values —in
37.3% and 33.3%, respectively (Table 3). Overall, group 2 had less
borderline TC occurrences and similar number of high TC cases.

In group 1, the level of LDL was normal in 5.9% of the
participants, in group 2 — in 12.0%; it was elevated in 64.7%
and 48.0% of them, and high — in 29.4% and 40.0% of the
subjects, respectively (Table 4). We registered no LDL values
beyond the reference range in either of the groups.

In group 1, 35.3% of the participants had HDL within the
normal range, 62.7 — above normal, less than 2.0% — below
normal. In group 2, the respective figures were 48.3% (normal),
32.3% (above normal), 19.4% (below normal).

As for the Al, it was normal in 56.8% of group 1 participants
and 29.4% of group 2 subjects, while 43.1% and 70.6%,
respectively, had it above the normal range (Table 5). There was
significant difference between normal and high Al values.
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Arctic zone, M + m p

Ne Lipid spectrum indicators

Arctic Subarctic
1 Triglycerides 1.72 £ 0.03 1.38 £ 0.14 0.021
2 Total cholesterol 6.15 + 0.08 5.47 £ 0.14 0.001
3 Low-density lipoproteins 4.07 £ 0.08 41 +£0.15 0.88
4 High-density lipoproteins 1.5+ 0.06 1.1 +£0.04 0.001
5 Atherogenic index 3.41 +£0.18 418 £ 0.2 0.007

Table 2. Blood plasma triglycerides, both groups, absolute values
Assessment, M + m

Ne Arctic Zone

Normal Moderately elevated Elevated
1 Arctic 1.61 £0.03 1.8 £ 0.01 2.56
2 Subarctic 1.0 £ 0.07 1.95 + 0.07 33104
p 0.001 0.001 -

In group 1, only 9.8% of the participants had low CRP, while
in 23.5% the level thereof was moderate, and in 66.7% — high. In
group 2, these values were 0%, 7.7% and 88.5%, respectively
(Table 6).

Searching for correlations between lipid metabolism and
CRP, we established only one, with TG, which was moderately
strong, negative, statistically significant (Table 7).

The correlations between individual indicators of the lipid
spectrum and the Al turned out to be interesting. We established
a significant positive strong relationship between TC, LDL and TG,
but in case of HDL, it was insignificant and weak. Triglycerides had a
moderately strong significant positive association with LDL. We have
also identified significant relationships between Al and HDL (negative,
rather strong), Al and LDL (moderately strong, positive) (Table 8).

DISCUSSION

The land and marine areas comprising the Arctic zone of Russia
are stipulated by the Russian legislation [14]. Extreme weather
and climatic conditions that undermine health and influence
morbidity, mortality, and working capacity of the population are
common to all of those areas [15-21].

People coming to the North and staying there for a long time
begin to adapt to the said conditions; rearrangement of lipid
metabolism is one of the aspects of that adaptation, and it entails
dyslipidemia. Several studies report that already in the first year
of living in the high latitudes, TC grows up to borderline-high and
high values. This is when the body responds with mobilization
of its reserves, which manifests in the increasing level of HDL
and prevents atherogenic changes. However, after five years in

Table 3. Plasma cholesterol, both groups, absolute values

the North, residents not native to this zone start suffering
dyslipidemia with hyperglyceridemia, high TC and LDL levels,
while those of HDL in them decrease 1.4-fold compared to the
first year [22, 23].

The participants of our study, who came to the Arctic zone
to work there, had the mean level of HDL high for a longer
period of time than registered in non-native residents, which
indicates an adequate mobilization of the body's reserves
in response to the conditions of the North. In group 1, the
proportion of people with such a level of HDL was 1.9 times
higher, and with a low level — 9.7 times less, which shows that
those working in the Arctic adapt better. Comparing the Arctic
and Subarctic groups, we may conclude that higher share of
those with elevated HDL levels in the former points to a greater
importance of the compensatory action of lipid metabolism in
that group, as confirmed by the Al

Dyslipidemia is associated with an increased risk of
cardiovascular events [24]. There is evidence confirming the
inverse relationship between HDL levels and the risk of coronary
heart disease [25]. HDL condition reverse cholesterol transport
from arterial wall and peripheral tissues to the liver, protect LDL
from oxidation, produce anti-inflammatory and vasodilating
effects on vascular wall cells [26]. Thus, a significant proportion
of those working in the Subarctic had the HDL perform their
protective functions to a lesser degree. The list of reasons for
low plasma HDL includes insufficient intake of cholesterol with
food and low motor activity [27]. Anthropogenic environmental
pollutants may have caused the decrease of levels of HDL,
but it is impossible to arrive at such a conclusion without
further research.

Assessment, M + m
Ne Arctic Zone
Normal Borderline High
1 Arctic 5.11 5.83 + 0.04 6.74 + 0.11
2 Subarctic 4.41+£0.15 5.49 + 0.09 6.64 + 0.1
p - 0.011 0.542
Table 4. Low-density lipoproteins, both groups, absolute values
Assessment, M + m
Ne Arctic Zone
Normal Borderline High
1 Arctic 2.8-3.3 3.83 +0.04 477 + 0.1
2 Subarctic 1.79-2.36 3.73 £ 0.05 4.86 + 0.08
p 0.122 0.498
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Table 5. Atherogenic index, both groups

Assessment, M + m
Ne Arctic Zone
Normal Above normal

1 Arctic 256 +0.13 4.47 £0.2

Subarctic 2.68 +0.1 4.46 £ 0.16
p 0.729 0.988

Table 6. C-reactive protein levels, both groups, absolute values
Arctic zone, M £+ m
Ne Assessment P
Arctic Subarctic

1 CRP by group 3.41£0.18 491 +0.22 0.006
2 Low CRP 0.87 £ 0.09 (5) 0.86 -
3 Moderate CRP 2.0+0.17 (12) 2.45-2.89 -
4 High CRP 4.97 + 0.15 (34) 5.12 £ 0.12 0.467

The pathogenesis of most CVD of athero- and thrombogenic
origin involves both lipid metabolism disorders and inflammatory
processes; CRP is the leading mediator of the acute phase and a
marker of inflammation [2, 28-30]. It is considered a real risk factor
for cardiovascular diseases, like TC and LDL, which expands the
concept of residual risk of cardiovascular inflammation [30]. CRP
deposits in atherosclerotic plaques and damaged tissues [3, 26, 27].
The higher the content of CRP, the greater the association with
the relative risk of occurrence and progression of cardiovascular
events [11-12]. In our study, CRP values were within the reference
range. However, 90% of those working in the Arctic zone ran the
risk of CVD, more than 2/3 of them — high risk thereof; for the
Subarctic zone, this figure was 100%, with the proportion of those
at high risk of CVD 21.8% higher than in the Arctic zone.

The investigation of correlations revealed that CRP has
relationship only with TG, which confirms it is an independent
CVD risk factor for people working in the Arctic zone.

Thus, the risk of cardiovascular diseases is more
pronounced among those working in the Subarctic than in the
Arctic zone. The likely reasons behind this are the specifics of
nutrition and living conditions. Thus, dyslipidemia requires
alimentary correction measures, and, possibly, therapeutic
interventions to reduce the level of CRP.

It is recommended to test for CVD risk factors, including
dyslipidemia, men aged 40 and above, and women once they
turn 50 or begin menopausal transition [1]. Our study highlights
the need for lipid spectrum assessments and CRP tests in
connection not with age, but with employment in the Arctic
zone; such assessments and tests should be done annually,

Table 7. Correlations between lipid spectrum indicators and CRP

during periodic routine medical examinations, since they would
allow timely correction of atherosclerotic and inflammatory
changes in the body and reduction of the risk of CVD.

CONCLUSIONS

In the Arctic zone, as compared to the Subarctic, we established
higher values of triglycerides (1.71 + 0.03 and 1.38 + 0.14 mmol/,
p = 0.021), total cholesterol (6.15 + 0.08 and 5.47 + 0.14 mmol/,
p = 0.001), high-density lipoproteins (1.5 + 0.06 and
1.1 = 0.04 mmol/l, p = 0.001); equal values of low-density
lipoproteins (4.07 + 0.08 and 4.1 = 0.15 mmol/l, p = 0.88);
less significant differences in the atherogenic index (3.41 + 0.18
and 4.18 = 0.2, p = 0.007) and C-reactive protein levels
(8.41 £ 0.18 and 4.91 + 0.22 mg/I, p = 0.006). By triglycerides,
dyslipidemia was diagnosed in 49.0% of the Arctic group
participants and 18.4% of the Subarctic subjects; by total
cholesterol — in 98.1% and 57.7%, by low-density lipoproteins —
in 94.1% and 88.0%, respectively. As for HDL, their level was lower
than normal in 2.0% and 19.4% the participants, respectively,
which points to a higher risk of cardiovascular diseases in the
Subarctic region. As shown by the level of CRP, 90% of the Arctic
group participants were at risk of CVD (moderate risk for 23.5%,
high risk for 66.7%), and in the Subarctic group this number was
100% (moderate risk for 7.7%, high risk for 88.5%). Prevention of
cardiovascular diseases and sound basis for decisions related to
medical assistance, as they concern people working in the Arctic
zone, require lipid spectrum assessments and CRP tests to be part
of every periodic routine medical examination, regardless of age.

Ne Lipid spectrum — CRP indicators Pearson's test p
1 Total cholesterol -0.022 0.917
2 High-density lipoproteins -0.06 0.675
3 Low-density lipoproteins -0.081 0.588
4 Triglycerides -0.453 0.02
5 Atherogenic index 0.097 0.497
Table 8. Correlations between lipid spectrum indicators
N Indicator HDL LDL Triglycerides Al
Pearson's test p Pearson's test p Pearson's test P Pearson's test p
1 Total cholesterol 0.282 0.172 0.837 0.001 0.894 0.001 0.164 0.435
2 Triglycerides 0.129 0.528 0.51 0.008 - - 0.009 0.986
3 Low-density lipoproteins -0.155 0.298 - - 0.51 0.008 0.412 0.004
4 Atherogenic index -0.912 0.001 0.412 0.004 0.009 0.966 - -
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ASSESSING BIODISTRIBUTION OF BIOMEDICAL CELLULAR PRODUCT BASED ON HUMAN
CHONDROCYTES FOLLOWING IMPLANTATION TO BALB/C NUDE MICE

Pikina AS'™™ Golubinskaya PA', Ruchko ES?, Kozhenevskaya EV?, Pospelov AD?, Babayev AA®, Eremeev AV'?

" Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological Agency, Moscow, Russia

2 Koltzov Institute of Developmental Biology of Russian Academy of Sciences, Moscow, Russia

% Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia

Despite the prospects of the approach to cell therapy of cartilage damage in humans involving autologous chondrocytes, similar technologies are just beginning to
be introduced into medical practice in the Russian Federation. In this regard, the development of biomedical cell products (BCPs) for cartilage tissue repair is quite
topical, while the use of organoid technology is the most close to the native tissue conditions. According to requirements of legislation of the Russian Federation,
it is necessary to assess biodistribution characterizing migration potential of the cells, their tropism for body tissues following implantation within the framework of
preclinical trials. The study was aimed to assess biodistribution of novel BCP based on human chondrocytes in the form of chondrospheres after subcutaneous
implantation in Balb/c nude mice. Implantation to 12 mice was performed during the first phase, along with administration of saline to 12 control animals. Weighting
and follow-up were conducted for 90 days. Then mice were withdrawn from the experiment to collect samples of organs and tissues for histological analysis of
the implant, estimation of its viability, integration. During the second phase biodistribution was assessed by PCR in order to detect human DNA in the organ and
tissue samples. Chondrospheres successfully integrated in the tissues surrounding the inoculation zones and formed cartilage tissue. No significant (p < 0.05)
changes in weight were reported. No human DNA found in chondrosphere implantation zones was detected in the samples collected from other organs and tissues.
BCP demonstrated no biodistribution across other tissues and organs of mice 90 days after implantation, which suggested that the product developed was safe.
Keywords: biomedical cellular product, chondrocytes, biodistribution, preclinical trials, chondrospheres
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MCCNEOOBAHUE BUOPACMNPEOENEHNA BUOMEOUMUNHCKOIO KINETOYHOIO NMPOAYKTA

HA OCHOBE XOHAPOLUNTOB YENNIOBEKA NMPU UMIMJTIAHTALUN MbILLAM JIMHUN BALB/C NUDE

A. C. MuknHa'™d, T1. A. TonybuHckas', E. C. Pyyko?, E. B. KoxxeHesckas®, A. 1. MNMocnenos®, A. A. babaes?, A. B. Epemees'*

' ®epepanbHbIi HayYHO-KIMHUHECKIIA LEHTP (PU3NKO-XUMUHECKON MeauumvHbl nvenn FKO. M. JlonyxuHa, Mocksa, Poccurst

2 NHctutyT 6ronorum passutust umeHn H. K. Konbuosa Poccuiickoin Akagemun Hayk, Mocksa, Poccus

3 HxeropoAcKuin rocyaapCTBeHHbIN yYHMBepCUTeT nmenn H. V1. Jlobavesckoro, HuxHuin Hosropoa, Poccus

HecMmoTps Ha NepCneKTMBHOCTL MOAXOAa KNETOYHOM Tepanii MOBPEXXAEHWIA XPALLA YenoBeKa C MOMOLLbIO ayTOMOMMYHbIX XOHAPOLMTOB, MOA0OHbIE TEXHONOM M
TOSIBKO HAYMHAIOT BHEAPATb B MEAVLIMHCKYIO NPakTuKy B Poccuickon depepaummn. B cBA3K ¢ 3TM pa3paboTka BUOMEALIMHCKINX KIETO4HbIX npoaykTos (BMKIT)
[/191 BOCCTAHOBMEHMS XPSLLEBOW TKaHW JOCTATOYHO aKTyasibHa, a UCMob30BaHMe OpraHoOMAHbIX TEXHOMOMIA Hambonee NPUBAMKEHO K YCNOBWSIM HATUBHOW TKaHW.
CornacHo TpeboBaHWsaM 3akoHodaTenscTea P®, B paMkax AOKIMHUHYECKNX UCCNenoBaHWA HEOOXOAMMO M3ydeHre BropacnpeneneHns, XxapakTepuaytoLero
MUMPALIMOHHBIV MOTEHLIMAS KNETOK, UX TPOMHOCTL K TKaHsIM opraHnamMa npu uMnnaHtaummn. Liensto paboTsl 66110 nccnenoBaTb 6ropacnpeneneHmne HoBoro
BMKIT Ha ocHOBE XOHAPOUMTOB YeMoBeKa B BuAe XOHAPOCHEP nocne NoaKOXHOW MMMaHTaLUmmn Mellam nHum Balb/c nude. Ha nepsom aTane ocyLecTsnsnm
nMAnaHTaumio 12 Mblwam, a Takke BBefeHne usmnonorm4eckoro pactaopa 12 KOHTPOMbHBIM XXUBOTHbIM. B TeveHne 90 AHel NMpOBOAMM B3BELLVBAHWE U
HabnoaeHVe, a 3aTeM BbIBOAWIN MbILLIEV 13 SKCNEPVIMEHTA A1 MOyYeHs 06pasLoB OpraHoB 1 TKaHEN st TMCTONOrMHYECKOro aHanmaa UMMaHTa, OLEHKN ero
COCTOATENBHOCTU, MHTErpauun. Ha BTopom atane nsyyanv uopacnpepenerne metogom MNUP ans sbiseneHns OHK venoBeka B obpasLiax TkaHel 1 OpraHoB.
XoHapocthepbl YCrnewHO MHTEMPUPOBAINCH B OKPY>KatOLLIME TKaHW 30HbI MHOKYNALMM, (hOpMUpOBany XPALLEBYIO TkaHb., CTaTUCTUHeCKn 3HaqmMMbIx (o < 0,05)
N3MEHEHNIN B Bece He 3acdvkcupoBany. B obpasuax 13 30Hbl MnaaHTaumm xoHapocdep 6bina BbissneHa OHK denoseka, KOTopyto He ObHapyxusanm B
Opyrx opraHax 1 TkaHsx. BMKI yepes 90 aHer nocne nMnnaHTaummn JeMOHCTPUPOBaN OTCYTCTBIE BropacnpefeneHns B Apyrne TKaHW 1 opraHbl MbllLer, YTo
CBUAETENLCTBYET O 6830MacHOCTY paspabaTbiBaeMOro NPoayKTa.

KniouyeBble cnosa: 61OMEeONLMHCKNIA KNETOYHbIA NPOAYKT, XOHAPOLWMTLI, BropacnpefeneHne, [OKIMHUHYECKNE UCCNEeA0BaHNs, XxoHapocdepbl

duHaHCHUpOoBaHMe: Hay4YHOe VCCNeAoBaHVe NPOBEAEHO B paMKkax roCyAapCTBEHHOIO 3aAaHns «XoHapocdepa», HOMep rocyaapcTeeHHoro yydeta HVIOKTP
AAAA-A19-119052890054-4.

BnaropapHOCTU: aBTOPbI BbIPXKAIOT CBOKO MPU3HATENBHOCTb HayHHbIM COTRYAHMKaM fabopaTopun KnetoqHo Gronorn OBy GHKLL GXM OMBA 3a MeTogonorHeckyto
MOAAEPKKY B MPOLLECCE UCCNefoBaHNS.

Bknap aBtopos: A. C. MNuknHa — 0630p nutepaTypbl, COOP 1 aHanM3 nMTepaTypHbIX MCTOYHUKOB, HanmncaHne TekcTa ctatbu; 1. A. fonybuHckas — nonydeHve
N aHanM3 faHHbIX, pefakTupoBaHue TekcTa ctaten; E. C. Pyduko — nonydeHve v aHanm3 gaHHblx; E. B. KoxeHeBckasi — npoBefeHvie paboT B BMBapuu;
A. . MNocnenos — ructonorndeckmin aHanns; A. A. babaeB — Kypauust SKCNepUMEHTAsIbHOM YacT Ha »XXMBOTHbIX; A. B. EpemeeB — ausainH aKcnepnmMeHTa,
hrHaNbHas KOPPEKTUPOBKa TEKCTa CTaTbu. BCce aBTopbl MOATBEPKAAIOT COOTBETCTBME CBOErO aBTOPCTBA MexayHapoaHbIM kKputepuam ICMJE.
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Advances of recent years in the development of various
approaches to cell therapy for cartilage tissue damage
enable treatment of some joint disorders, including disorders
associated with human cartilage lesions of multifactorial etiology
[1]. Implantation of autologous chondrocytes is considered to
be an effective and promising method to treat cartilage tissue
damage with minimal risk of adverse events [2]. The principle of
this procedure consists in scaling up and culturing chondrocytes
obtained from the biopsy specimen of the patient’s articular
cartilage fragment with subsequent transplantation of cells
immediately into the defect [2]. The researchers became more
and more interested in cell therapy since the first report of
implantation of autologous chondrocytes into the damaged
area of human articular cartilage [3]; new methods to modify
and optimize this approach appeared over the decade [1]. The
use of biomedical cell products (BCPs) based on autologous
chondrocytes was superior to more conventional methods,
arthroscopic debridement and microdamage, in terms of
efficacy [4-7]. Today, a number of BCPs are through various
phases of pre-clinical and clinical trials [1, 2, 6, 8, 9]; some
products are approved for treatment of the human cartilage
focal lesions [11-14].

Spheroids, the 3D structures resulting from self-
aggregation of cells cultured under certain conditions, have
many advantages over BCPs of other types when used
for treatment of articular cartilage defects [15]. Thus, 3D
conditions have a beneficial effect on proliferative activity and
phenotypic stability of mature chondrocytes [9]. In contrast
to suspension of autologous chondrocytes, which become
capable of producing extracellular matrix (ECM) only after
a certain time after transplantation, the cells comprised in
spheroids can secrete the ECM components even in the phase
of culturing [16, 17]. In addition, autologous spheroids do not
require using third-party biomaterials, they easily integrate into
the tissue in the damaged area; there is no need for systemic
immunosuppression after implantation [15]. In combination,
specified properties of spheroid BCPs can contribute to high-
quality filling of the cartilage tissue defect. This, the efficacy
of spheroids based on autologous chondrocytes has been
demonstrated in animal models [17] and clinical trials [18, 19].
Spheroid BCPs have shown significantly better therapeutic
effect in terms of structural cartilage defect restoration
compared to the microdamage procedure [6, 7].

Spheroxtv (Co.don; Germany), one of the globally approved
cell therapy drugs for restoration of human articular cartilage
defects, represents a spheroid BCP. Today, the Generium
company produces this drug under license from Co.don and
completes phase Il clinical trial in the Russian Federation [10].
At the same time, no analogues of such BCPs are available in
the Russian Federation Thus, the only product that is, in fact, a
technology transfer from Co.don, is currently undergoing clinical
trials in the Russian Federation Given optimistic results of the cell
therapy trials conducted by foreign partners, the development
and introduction of such technology into research and clinical
practice in the Russian Federation eems to be very topical.

The main task of working with BCPs is to maintain efficacy
and meet the critical quality parameters to ensure safety and
the expected effect, which should be predicted before the start
of the clinical trial. That is why BCPs, as all other medications,
must meet strict requirements to be approved by the authorities
for further research and implementation [8]. This requires the
development and implementation of appropriate assessment
methods to evaluate the cell-based product before and after
implantation within the framework of pre-clinical trial [19, 20].
Thus, it is necessary to identify the major risk factors, such as

tumorgenicity, carcinogenicity and biodistribution, before the
beginning of pre-clinical trial involving animals [21].
Biodistribution is one of the most important safety criteria
characterizing migration potential of the cells comprised in BCP
after implantation, along with the capabilities of forming ectopic
tissue and persisting inside/outside the administration site
[9, 22-24]. Biodistribution is usually assessed in immunodeficient
animal models; subcutaneous implantation is preferred due to
its less invasive nature [24]. Since the tested product should be
as close as possible or similar to the final BCP variant based
on its properties, it is advisable to avoid the use of fluorescent
tags or any other approaches potentially changing the product
structure and properties when assessing biodistribution [8].
The study was aimed to assess biodistribution of the
Chondrosphere spheroid BCPs designed for treatment of
articular cartilage lesions in humans after subcutaneous
implantation to the Balb/c Nude immunodeficient mice.

METHODS
Legal regulation

The study represents a preclinical trial of novel BCP conducted
in accordance with the current regulatory requirements [21, 25-27].
The study was carried out according to the approved written
plan and Standard Operating Procedures. The employees,
who took part in the experiment, were trained to ensure proper,
humane care and use of laboratory animals.

Spheroid BCPs

The stidued BCPs represented a 3D culture of spheroids
based on human chondrocytes obtained using the Aggre Well
800 microwell plate (STEMCELL Technologies; Canada) in
accordance with the manufacturer’s protocol. The number of
cells per microwell of the plate was 4-5 x 10°. The spheroids
obtained (the cellular or tissue-engineered product is referred
to as Chondrosphere) were cultured in miniature bioreactors on
the 3D orbital shaker (Infors HT; Switzerland) at 37 °C and 5%
CO, [28]. Advanced DMEM (Gibco, Thermo Fisher Scientific;
USA) supplemented with 10% fetal bovine serum (FBS), 50 uM
B-mercaptoethanol, 10 ng/ml bFGF (STEMCELL Technologies;
Canada), 100X Glutamax (Gibco, Thermo Fisher Scientific;
USA), 50X B27 (GIBCO, Thermo Fisher Scientific), 1% Insulin-
Transferrin-Selenium (ITS) (PANECO; Russia), 50 pg/ml of
ascorbic acid (Sigma Aldrich; USA), 5 pg/ml of plasmocin,
gentamicin (PANECO; Russia) and 10 mL/L 100x solution of
penicillin/streptomycin (PanEco; Russia) were used as culture
medium. Spheroids were cultured for 28 days; the medium
was changed every 4 days.

Experimental design

Inbred Balb/c Nude immunodeficient mice were selected for
safety assessment. BCPs were administered to animals (n = 12;
6 females, 6 males) by a single subcutaneous injection in the
head in a dose of five spheroids in saline (groups 1, 2). In addition,
12 mice (6 males and 6 females) were used as control animals
thet received subcutaneous injection of 50 pL of saline
(groups 3, 4). The animals were weighted regularly, and the
inoculum size was measured in the implantation area during
the experiment. Then, 90 calendar days after administration
12 females and 12 males were euthanized by decapitation under
inhalation anesthesia. After that specimens from the following
organs and tissues were harvested: lymph nodes, thyroid,
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Table 1. Primers used in the study

Name Sequence 5'—-3' Product size
mActb-F GAT GCA CAG TAG GTC TAA GTG GAG
mActb-R CAC TCA GGG CAG GTG AAACT 121
CO1-F CAA CCT CAA CAC CACCTTC
CO1-R CTC GTG TGT CTACGT CTATTC 208

aorta, heart, lungs, thymus, esophagus, stomach, pancreas,
smallintestine, large intestine, liver, spleen, kidney, bladder, adrenal
glands, brain, testes, ovary, administration site, blood, tumor.

The euthanized animal was treated with 96% ethanol. All
subsequent phases of organ harvesting were accomplished
under a laminar flow hood in aseptic environment.

Histological analysis

Biomaterial was fixed in the Histosafe 10% formaldehyde solution
(BioVitrum; Russia) for 24 h, then washed with running water for
20 min to remove excess fixing agent and dehydrated five times
with the Blic modified isopropyl alcohol (BlicMedicalProduction;
Russia). Then the specimens were embedded in paraffin. The
4-5 pm histological sections were obtained using the Microm
HM325 microtome (Microm; Germany). Paraffin removal was
performed in accordance with the following scheme: xylene
Ne 1 — 2 min, xylene Ne 2 — 2 min, 96% ethanol Ne 1 — 2 min,
96% ethanol Ne 2 — 2 min, 70% ethanol — 2 min, distilled
water — 2 min. Histological sections were stained with hematoxylin
and eosin (Mayer's haematoxylin, eosin 1% aqueous solution
(BioVitrum; Russia)). The resulting slices were assessed using the
Levenhuk 625 microscope (Levenhuk; Russia).

Genomic DNA isolation

The M-SORB-OOM kit (Sintol; Russia) was used in accordance
with the manufacturer’s instructions to extract genomic DNA
from the organs of mice and human capillary blood to be used
as positive control for human DNA. The 10-20 mg fragments of
organs or 10-20 L of capillary blood were used for extraction.
Samples with no organ or tissue specimens were used as
negative controls. Genomic DNA was eluted in 400 pL of
elution buffer. The finite volume of the solution with isolated
genomic DNA was 400 pL.

Polymerase chain reaction (PCR)

PCR was performed in the CFX96 Touch system for nucleic
acid amplification (Bio-Rad; USA) using the ready-made 5X
Screen Mix for PCR (Evrogen; Russia) in accordance with the
manufacturer’s instructions. We used primers specific for the
cytochrome C oxidase subunit | (CO1) genes to detect human
DNA and B-actin specific for mice (mActb) to detect murine
DNA when performing the reaction (Table 1).

Amplification was performed in accordance with the following
protocol:

1) 95 °C — 5 min;

2)95°C — 15 s
3)58°C—15s:
4)72°C—30s.

Steps 2, 3 and 4 were repeated in 40 cycles.
Agarose gel electrophoresis

DNA electrophoresis was conducted in 1% agarose gel in
Tris-Acetate-EDTA (TAE) buffer in the horizontal electrophoresis

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS

chamber (Biorad; USA). Visual detection of amplification
products involved the use of 0.5 pg/mL ethidium bromide.
Voltage was set as 120 V, and the run time was 20 min.
The amplification products were detected with the UV
transilluminator (Vilber; Germany).

Statistical analysis

The results of weight estimation in the animal subjects were
processed using the Microsoft Excel (Microsoft; USA) and
SPSS Statistics 17.0 (IBM; USA) software packages. The
Shapiro-Wilk test was used to test the trait distribution for
normality. Mann-Whitney U-test was used for comparison.
Bonferroni correction for multiple comparisons was applied.
The differences between groups were considered significant
at p < 0.05. Graphs were plotted with the GraphPad Prism
software (Dotmatics; USA).

Handling the remaining BCPs

BCPs not used in the experiment were autoclaved and disposed
as class B waste.

RESULTS
Morphometric analysis

Regular weighting for 90 days revealed no significant differences
in body weight between the groups receiving BCPs and control
groups (Fig. 1).

There were no significant differences in the animals’ general
health between the experimental and control groups. The
animals remained active and showed normal feeding behavior.

Histological analysis

After histological staining of speciments from the BCP
implantation area we observed stable cartilage tissue with the
large number of chondrocytes and the emerging lacunae (Fig. 2).
Cell migration from the implantation area was minimal.

Detection of human DNA in murine tissues and organs

The analysis of whole blood samples, mirine organ and
tissue specimens revealed human DNA in the chondrosphere
injection area only (Table 2). No traces of the tested BCP were
detected in other tissues and organs of male and female mice
(LOQ < 0.001 ng of DNA). Thus, the BCP biodistribution pattern
was optimal for the recommended administration route.

DISCUSSION

Obtaining 3D spheroid BCPs based on autologous human
chondrocytes using the organoid technique is considered to
be a rather promising direction of the development of products
for cell therapy of large focal hyaline cartilage defects [28].
Despite the fact that the composition of the product we are
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developing now is similar to that of the product by Generium,
it is obtained using a modified technique, which requires safety
testing. According to the current standards, the study of BCP
pharmacokinetics includes assessment of biodistribution
characterizing migration potential of the cells comprised in the
construct [27]. Previously, the SpheroxTm product researchers
assessed biodistribution of their invention implanted in
immunodeficient animals as part of registration activities after
consulting with the regulator [8]. The analysis by PCR showed
that there were no human DNA in the tissues and organs
distant from the subcutaneous implantation site. Thus, it seems
reasonable to assess biodistribution of BCPs designed for
impantation in humans using the discussed approach within
the framework of safety testing.

Our study was aimed to assess biodistribution of the
spheroid BCP designed for treatment of human articular
cartilage lesions in immunodeficient mice. As far as we know,
this is the first large-scale preclinical trial of BCP based on
autologous chondrocytes in the Russian Federation.

Balb/c Nude mice were used to assess biodistribution.
These immunodeficient mice are widely used in the trials of
xenografts, including that based on human chondrocytes
[29-30]. We used subcutaneous implantation of spheroids,
since this procedure is less invasive, expandable and easier
to implement — for example, compared to implantation in the
small rodent’s joint. A single BCP dose was calculated based
on the estimated therapeutic dose for humans in accordance
to the cartilage tissue defect size: 10-70 spheroids per 1 cm?
of damaged tissue [8]. In mice, the dose was five spheroids
per animal.

To assess stable cartilage tissue formation in the BCP
administration site, the injection sites were examined
using histological analysis. We observed cartilage tissue
development 90 days after implantation, which was indicative
of successful integration of spheroids into murine tissues.
Morphometry revealed no significant changes in body weight
in the experimental groups, which suggested no systemic
morbid effect. Furthermore, there was no abnormal tissue
growth associated with carcinogenesis (month 3 of follow-up)
or tumorgenesis.

30 —

20 —

Weight (g)

1 2 3 4
Group number
[l before implantation

M after implantation

Fig. 1. Changes in the experimental animals’ body weight by groups before and
after the experiment. 1, 2 — groups of males and females, which underwent
BCP implantation, n = 12; 3, 4 — groups of males and females, which received
subcutaneous injection of saline, n = 12. * — significant intragroup differences,
p <0.05

To assess biodistibution, biopsy specimens of murine
organs and tissues were qualitatively tested for expression of the
human-specific sequence of the gene encoding cytochrome C
oxidase subunit 1 (COI) 90 days after implantation. Our findings
showed that a single subcutaneous administration of BCP to
experimental mice resulted in the fact that human DNA was
detected exclusively in the administration site, not in the other
assessed tissues and organs. Thus, human DNA is related
exclusively to the cells comprised in the spheroids implanted.
However, in the future we plan to assess BCP biodistribution
and carcinogenicity in mice throughout a longer period after
implantation in order to evaluate potential delayed effects.

Fig. 2. Chondropheres in murine tissues 90 days after implantation. Hematoxylin and eosin stain. 10x magnification. Scale bar — 100 pm
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Table 2. Human DNA detection

Group number (n = 24)

Organ/Tissue

Lymphnodes | e | e

Thyrod | e e

Aota

Heart |1 e s

Lwvng | e s

Thyyws | e s

Esophagus | e | e

Stomach | e— e

Pancreas | - -

Small intestne | e— |

Liver 1 e s

Spleen | e e

Kidney 1 e s

Bladder | — | -

Adrenalglands |  e—— |

Brain | e— e

Testes | e -

Ovary | e s

Implantation site +H++++ ++++++ = s

Blooda |1 e s

Tumor | e e

Note: Positive (indicative of the presence of human DNA) qualitative data were obtained for the samples designated as “+”; 1, 2 — groups that received BCP; 3, 4 —

groups that received saline.

The results obtained in this phase suggest no cell migration
processes, which indicates that the product developed is safe
in terms of biodistribution.

CONCLUSIONS

In this study we assessed biodistribution of BCPs in the
form of chondrospheres based on human chondrocytes by
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Various local hemostatics (based on collagen, gelatin, cellulose, etc.) are used to stop bleeding from parenchymal organs of the abdominal cavity. In the context of
an acute in vivo experiment, this study aimed to comparatively assess the time and volume of bleeding from a trauma of abdominal cavity's parenchymal organs
covered with a new collagen-based spongy hemostatics combined with Na-CMC. We used new multicomponent polymer sponge implants (MPSI) based on marine
collagen and carboxymethy! cellulose sodium salt, Na-CMC; the components were mixed in the ratios of 15/85, 25/75, 50/50. Hemostatic activity of the samples
was assessed by bleeding time and blood loss volume. For the experiments, rats underwent laparotomy and resection of the left lobe of liver (series 1) and lower
pole of spleen (series 2). In both series of experiments, the controlled parameters (bleeding time and blood loss volume) were smallest in group 6, where the MPSI
were 50/50 Na-CMC/collagen. The hypothesis of higher efficacy of composite local hemostatic agents (namely, made of Na-CMC and deep-sea squid collagen) in
cases of trauma of the parenchymal organs was confirmed experimentally, and same experiment has also shown that collagen in the composition of MPSI boosts
bleeding arrest (for liver injury, the smallest blood loss and hemorrhage control time was 41 s, for spleen injury — 57 s, respectively; p < 0.05).
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CPABHUTEJ1bHbIN AHATTU3 3®®EKTUBHOCTU HOBbIX OBPASLIOB MECTHbIX
FEMOCTATUHMECKUX CPEOCTB

B. A. Jlunatos', C. B. Jlazaperko’, [I. A. Ceepuros'™, A. A. deHucos', E. I. YynaxuH?, E. H. AHnckuHa®

T KypcKkuii rocyapCTBEHHbIN MEAVUMHCKMIA yHBEPCUTET MUHMUCTEPCTBA 3ApaBoOXpaHeHns Poccuiickon ®epepaumn, Kypek, Poccus
2 BanTuiickuii hegepanbHblil YHUBEPCUTET MeHW immarymnna Kaxta, KanuHuHrpag, Poccust
3 Poccuinckuin coto3 NpeanpusaTiAi 1 opraHmMaumii XMMn4eckoro komnnekca, Mocksa, Poccust

[N 0OCTaHOBKM KPOBOTEHEHUS U3 NMAPEHXMMATO3HbIX OPraHOB OPIOLLHOM MOMOCTY MPUMEHSIOT PasnyHble BapuaHTbl MECTHbIX MrEMOCTAaTUHECKUX CPEACTB
(Ha ocHOBe konnareHa, »kenatuHa, Lennonosbl 1 np.). Llensio paboTel 66110 NPOBECTU CPABHUTENBHYIO OLEHKY BPEMEHW 1 06bemMa KPOBOTEYEHUst nocne
TPaBMbl NapeHXMMATO3HbIX OPraHOB BPIOLLHON MOMOCTY C MCMOMIb30BaHNEM HOBbIX 06Pa3LI0OB ry64aThbix KDOBOOCTaHAIMBAIOLLMX CPEACTB HAa OCHOBE KosareHa
B codetaHn ¢ Na-KML| B oCTpoM aKcrneprMeHTe in vivo. VIcnonb3oBamm HoBble 06pa3Libl MHOrOKOMIOHEHTHbIX MOAMMEPHbIX ry6yaTbix umnnaHtos (M)
(Ha OCHOBE MOPCKOro KonnareHa, B pasHblXx COOTHOLLEHMSX MO Macce C HaTpreBOW Conblo kapbokcumetunnuennionossl — Na-KML, (15/85, 25/75, 50/50).
OLeHVBan reMoCTaT4ECKyYo akTUBHOCTb (BPEMS KPOBOTEHEHIS 1 06BEM KPOBOMOTEPW) YKasaHHbIX U3AENNA B 9KCNIEPVMEHTE: KpbiCaMm BbIMOMHANM 1anapoTOMUIO
1 PE3EKLMIO IEBON 0NN NeYeHM (Cepust 1) 1 HXKHEro Notoca CenedeHkm (Cepus 2) B KoarysIOMETPUHECKOM M3MEPEHIN BPEMEHW CBEPTbLIBAHNS KPOBW OHOPOB-
[06POBONbLEB. HanmeHbLUMEe 3HAYEeHNSA OLIEHNBaEMbIX MoKasaTtenel (Bpemst KpOBOTEHHMS 1 06 bEM KPOBOMOTEPK) B 060NX CEPUAX SKCMEPUMEHTA OOHAPYKEHbI
B rpynne 6 ¢ ncnonb3oBaHnem HoBbix 06paduios MMM/ (Na-KMLU+konnareH, B cootHoLeHnn 50/50). funoTtesa 06 yBennyieHnn adhhekTMBHOCTIA UCMONb30BaHMS
MECTHbIX KPOBOOCTaHaBIMBAIOLLX CPEACTB MNPV TPpaBMe NapeHXMMaTO3HbIX OPraHOB 3a CHET Pa3paboTKy KOMOVHMPOBAHHbIX U3AENNA (& UMEHHO Ha OCHOBE
Na-KML| n konnareHa rnyboKOBOAHOIO KasbMapa) nomy4unna NOATBEPXKAEHVE B 9KCMEPUMEHTE, B KOTOPOM TakKe [0Ka3aHO MO3UTUBHOE BAWAHWE BHECEHUS
konnareHa B coctaB MIMI V1 Ha CKOPOCTb OCTAHOBKM KPOBOTEHEHS (MW TPaBME MeHeHy HaMeHbLLMA 06beM KPOBOMOTEPY 1 BPEMS OCTaHOBKW KpoBOTeYeHUs — 41 ¢, a
npwv TpaBMe ceneseHkn — 57 ¢ COOTBETCTBEHHO; p < 0,05).

Knio4yeBble cnoBa: reMocTas, reMocTaTnyeckmne ryoku, nommepbl, aKCNepuMEHT in Vitro, KpOBOTEYEHWE, KonnareH
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Currently, there is a significant number of patients admitted to
surgery departments with trauma of the abdominal cavity's
parenchymal organs [1, 2]. This category of patients requires
special attention, as their injuries can be complicated by
massive intra-abdominal bleeding. Despite the advanced
diagnostic equipment available at clinics today, including
CT, thromboelastography in specialized hospitals, etc., the
proportion of fatal liver and spleen trauma cases remains high,
at 20 to 60% [3, 4]. Time is of crucial importance: the quicker
the patient receives assistance (counting from the moment of
injury), the better are his chances of recovery [5].

In such cases, the key goal of assistance is to stop bleeding,
which is achievable not only in the context of a surgery but
also with the help of a combination of hemostatics [6]. There
are various hemorrhage arrest techniques, from the Pringle
manoeuvre through atypical resections to suturing the wound [7].
However, currently, the preferred options are those allowing to
preserve organs, enabled by the advancements in electrosurgery
(coagulators and high-energy equipment forming the final
clot), cryosurgery (non equilibrium plasma or cold plasma),
multicomponent polymer sponge implants (MPSI), adhesive
compositions (sulfacrylate adhesives), etc. [8]. The latter are gels,
sponges, plates, powders; the choice of such product's shape
depends on the degree of organ damage and its localization,
and the possible pattern of surgery (laparotomy, as a rule, since
laparoscopic access is used extremely rarely in urgent situations,
with unstable hemodynamics a contraindication thereto) [9].

There are many polymers and organic compounds used as
base for such products: gelatin, collagen, cellulose derivatives,
etc. The respective MPSIs have proven to be effective, and they
are common in clinical practice [10]. The relevance of research
in this area is underpinned by a large number of publications
by national and foreign authors that cover testing of MPSIs in
in vitro and in vivo experiments, the goal of these studies being
to find most effective hemostatic that would be highly adhesive
and capable of arresting bleeding quickly [11].

This study aimed, in an acute in vivo experiment, to
comparatively assess the time and volume of bleeding arrested
with new collagen sponge hemostatics combined with Na-CMC.

METHODS

The materials used in this study are the new MPSI ("Composite
hemostatic sponge," Russian Federation patent application

Table 1. Characteristics of the examined materials and study groups

OPUIMHAJIbHOE NCCJIEQOBAHNE | XNPYPIUA

#2023123284 of September 07, 2023; Table 1 below lists
characteristics thereof), and hemostatics common in clinical
practice.

The study was performed on mature male Wistar rats
weighing 200-250 g, under general inhalation anesthesia,
in two series (liver and spleen) of 60 animals each, divided into
6 groups as per the number of types of tested MPSlIs (Table 1).
All surgical interventions were carried out in sterile conditions
of the operating unit of the Laboratory of Experimental Surgery
and Oncology of the Research Institute of Experimental
Medicine of KSMU.

We developed a technique to inflict damage to liver, which
included a median laparotomy, liver's left lobe brought out
through the wound for marginal resection (10 x 5 x 5 mm) [12].
The injury of the spleen was modeled similarly, with its posterior
pole of appropriate dimensions cut off.

The tested sponge, measuring 1.0 x 1.0 cm with a known
mass, was applied to the bleeding incision. We registered the
volume of blood loss, i.e., how much blood the sponge absorbs,
and the time of bleeding. The former (V) was established using
the E.M. Levitae gravimetric method, which compares the
weight of sterile material before surgery (m1, g) and after (m2,
g), when it has siaked up blood. The latter (t, s) was controlled
visually and timed with a stopwatch; we lifted the sponge up
from the wound every 10 s, and the bleeding was considered
arrested when there was no more blood absorbed by it. The
animals were removed from the experiment by CO2-induced
euthanasia immediately after surgery.

In the context of data processing, we determined the
median, 25" and 75" percentiles — Me [25;75] (indicators
of descriptive statistics). Due to the small size of the sample
on the level of groups (n = 10), we established significance
of differences with the help of the Mann-Whitney test, and
normality of distribution using the Kolmogorov-Smirnov test,
with p < 0.05, as acceptable for experimental biomedical
research. The software used for the purpose was a licensed
version of Statistica 13 Pro (Dell Software Company; Round
Rock, USA).

RESULTS
According to the results of series 1 experiments (liver injury),

hemorrhage was arrested fastest in group 6, where the new
MPSI based on marine collagen and Na-CMC was used. In

Ne Name Manufacturer Composition Product form
1 Tachocomb Takeda Austria GmbH, Collagen from horse tendons; riboflavin; Absorbing hemostatic,
4020 Linz, Austria lyophilized human fibrinogen; thrombin; aprotinin | sponge
Surgicel Ethicon, ) - Absorbable fibrous
2 Fibrillar Johnson & Johnson, USA Fibers of oxidized and reduced cellulose hemostatic material
Laboratory of Experimental Surgery and Oncology Sponge produced through
3 | Na-CMC of the Research Institute of Experimental Medicine | 1% Na-CMC gel lyophilic drying of
of KSMU, AS RS LLC, Kaliningrad, Russia suspension
1% Na-CMC gel
4 Na-CMC + 3% suspension of deep-sea squid collagen; Iszorllﬁii péro?nuceo? through
collagen (85/15) 1% Na-CMC gel Syusp ension'y 9
collagen/Na-CMC ratio, % by weight 15/85 P
Na-CMC + 3% suspension of deep-sea squid collagen; Sponge produced through
5 collagen (75/25) 1% Na-CMC gel lyophilic drying of
9 collagen/Na-CMC ratio, % by weight 25/75 suspension
Na-CMC + 3% suspension of deep-sea squid collagen, Sponge produced through
6 collagen (50/50) 1% Na-CMC gel lyophilic drying of
9 collagen/Na-CMC ratio, % by weight 50/50 suspension
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Table 2. Controlled MPSI performance indicators, Me [25;75]

Series 1: liver injury Series 2: spleen injury
Ne Group name N Blood loss volume, N Blood loss volume,
Bleeding time, s Bleeding time, s
m2-mi, g m2-mi, g
1 | Tachocomb 93.5 0.04 105 0.024
[89.5; 104.75] [0.03; 0.05] [101.75; 109.75] [0.019; 0.035]
2 | Surgicel Fibrillar 85 0.02 95 0.019
[83.25; 96.5] [0.021; 0.029] [85.5; 101.5] [0.017; 0.023]
96 0.019 97.5 0.016
8 | Na-CMC [60.25; 135] [0.007; 0.038] [85; 126.75] [0.01; 0.027]
65 0.006 130 0.03
4 | Na-CMC + collagen (85/15) [35.25; 80] [0.005; 0.012] [120; 156.75] [0.027; 0.033]
97 0.025 97 0.015
5 | Na-CMC + collagen (75/25) [80; 122.75] [0.017; 0.028] [80; 113.25] [0.01; 0.021]
41 0.01 57 0.014
6 | Na-CMC + collagen (50/50) [40; 50] [0.007; 0.012] [41.25; 70] [0.007; 0.024]

that group, the bleeding was stopped 2.3 faster than in group 1,
where a collagen plate (commonly used in clinical practice) was
used (Table 2, 3). We registered significant differences (twofold
and greater) between almost all control groups and group 6,
in which the MPSI was 50% collagen, the highest proportion.
Group 4, where the MPSI was 15% collagen, also exhibited
significant differences with control groups 1 and 2 (sponge
plates common in clinical practice).

The bleeding time comparison data given above are
supported by the blood loss volume values in the respective
study groups (Tables 2, 4). Minimum blood loss was registered
in group 6, maximum — in group 3 (MPSI without collagen).

Series 2 (spleen injury) also confirmed efficacy of the
sponges developed at KSMU (Table 2, 5, 6). In group 6, the
time of bleeding and the volume of blood loss was at least
1.5 times less than in other test groups. The former was
significantly different between groups 4 and 6 (Table 5), the
latter — significantly different generally (Table 6).

A noteworthy fact is the lack of differences between
new MPSI from group 5 and common hemorrhage arresting
products used in control groups. However, the blood loss

Table 3. Statistical significance of differences, bleeding time, liver injury, p

value registered for the group 5 sample differed from that
recorded for group 1. It should also be noted that we have also
established significant differences among between test groups
(both controlled indicators, series 1 and series 2 experiments).

DISCUSSION

There are numerous published papers that present assessments
of MPSI based on collagen and cellulose derivatives (usually,
oxidized cellulose) that have already been adopted in clinical
practice and currently are a standard for comparison, like
Tachocomb and Surgicel Fibrillar. Nevertheless, new MPSI
are being intensively developed, because the demand for
such products is high, and their users are not satisfied with
what is commercially available currently [13, 14]. There are
solid philosophies dedicated to the design of such medical
commodities, each with a certain opinion regarding their
composition. In most cases, foreign manufacturers with
established reputation on the market of medical products
base their MPSIs on animal collagen or fibers of oxidized and
reduced cellulose, medical gelatin, etc. [15, 16].

Group name
Group Ne 2 4 5 6
. _ . Na-CMC + collagen | Na-CMC + collagen | Na-CMC + collagen

Surgicel Fibrillar Na-CMC (85/15) (75/25) (50/50)

1 Tachocomb 0.211 0.879 0.037* 0.622522 0.0004*

2 Surgicel Fibrillar 0.791 0.049* 0.363262 0.001*

3 Na-CMC 0.13 1 0.004*

4 Na-CMC + collagen (85/15) 0.129 0.271

5 Na-CMC + collagen (75/25) 0.003*

Note: * — statistically significant differences (o < 0.05).
Table 4. Statistical significance of differences, blood loss volume, liver injury, p
Group name
Group Ne 2 4 5 6
) _ . Na-CMC + collagen | Na-CMC + collagen | Na-CMC + collagen

Surgicel Fibrillar Na-CMC (85/15) (75/25) (50/50)

1 Tachocomb 0.001* 0.053 0.001* 0.003* 0.0002*

2 Surgicel Fibrillar 0.623 0.004* 0.85 0.0002*

3 Na-CMC 0.104 0.677 0.212

4 Na-CMC + collagen (85/15) 0.006 0.623

5 Na-CMC + collagen (75/25) 0.001*

Note: * — statistically significant differences (o < 0.05).
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Table 5. Statistical significance of differences, bleeding time, spleen injury, p

Group name
Group Ne 2 3 4 5 6
. . ] Na-CMC + collagen | Na-CMC + collagen Na-CMC +

Surgicel Fibrillar Na-CMC (85/15) (75/25) collagen (50/50)
1 Tachocomb 0.064 0.307 0.002* 0.472 0.0002*
2 Surgicel Fibrillar 0.791 0.0005* 0.791 0.0008*
3 Na-CMC 0.045* 0.733 0.003*
4 Na-CMC + collagen (85/15) 0.006* 0.0002*
5 Na-CMC + collagen (75/25) 0.012*

Note: * — statistically significant differences (o < 0.05).
Table 6. Statistical significance of differences, blood loss volume, spleen injury, p
Group name
Group Ne 2 4 5 6
) _ . Na-CMC + collagen | Na-CMC + collagen | Na-CMC + collagen

Surgicel Fibrillar Na-CMC (85/15) (75/25) (50/50)
1 Tachocomb 0.14 0.162 0.623 0.026* 0.054
2 Surgicel Fibrillar 0.623 0.028* 0.344 0.427
3 Na-CMC 0.121 0.571 0.678
4 Na-CMC + collagen (85/15) 0.011* 0.017*
5 Na-CMC + collagen (75/25) 0.791

Note: * — statistically significant differences (o < 0.05).

Authors of this study accumulated data from the experiments
designed to assess properties of MPSI based on marine collagen
(publications describing it in this capacity are not freely available)
and Na-CMC, which is known to prevent commissures, adhere
well and have a pronounced hemostatic effect [17, 18].

Considering the acquired data, we can conclude that
effectiveness of an MPSI grows together with concentration
of collagen therein, which translates into shorter bleeding time
and smaller blood loss. Collagen's hemostatic action has been
studied sufficiently; it is assumed to trigger coagulation and blood
clot formation. The results of our study confirm veracity of this
statement for products based on collagen derived from deep-sea
squid. Marine collagen has a number of advantages, including low
immunogenicity, which reduces the risk of anaphylactic reactions
(possible in case of products based on animal collagen), and high
hemostatic efficacy that, in a respective MPSI, is boosted by the
porous structure of Na-CMC, which adsorbs the liquid component
of blood and thus increases concentration of shaped elements in
the sponge-injury contact area.
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LOCAL TREATMENT OF A CONTAMINATED SKIN WOUND USING AN ORIGINAL DRUG COMBINATION
AND MAGNETIC THERAPY IN AN EXPERIMENT

Terekhov AG =, Pankrusheva TA, Chekmareva MS, Turenko EN, Artyushkova EB, Mishina ES, Grigoryan AYu, Myatechkin AA
Kursk State Medical University, Kursk, Russia

Currently, treatment of contaminated skin wounds aggravated by ischemia of superficial soft tissues is a problem that presents certain difficulties. The search for the
new ways of treatment and drugs possessing a multidirectional effect is a relevant problem. In this study, we aimed to explore the peculiarities of wound evolution
and the effectiveness of the designed combination of medicines and magnetic therapy in a contaminated skin wound case. For the experiment, we divided male
Wistar rats into 3 groups and modeled a contaminated skin wound in each of the animals. In the first group, no treatment was performed, in the second, we used
the developed combination (benzalkonium chloride, dexpanthenol, pentoxifylline and carboxymethylcellulose sodium salt, combined with magnetic therapy), in
the third — ointment with dioxomethyltetrahydropyrimidine + chloramphenicol and magnetic therapy. Planimetry, acid-base balance registration, measurements of
microhemocirculation and local temperature of the wound bed underpinned monitoring assessment of the wounds. At the end of the study, the wound area in the
second group was 10.7 and 3.7 (p < ; 0.05 ) times smaller than in the first and third groups, respectively, and healing rate — 2.6 and 1.3 (p < 0.05) times faster. The
maximum values of microhemocirculation and the lowest pH were registered in the second group. Thus, combination of drugs and magnetotherapy we designed
promoted healing of a contaminated skin wound, which allows recommending this treatment method for further study at the preclinical level.

Keywords: contaminated wound, local wound treatment, benzalkonium chloride, pentoxifylline, wound process
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MECTHOE NNEYEHVUE KOHTAMUHUPOBAHHOW KOXXHOW PAHbI OPUTMHAJIbHON IEKAPCTBEHHOMN
KOMBWUHALIME B COYETAHUN C MATHUTOTEPAINMEN B 3KCMEPUMEHTE

A.T. Tepexos =, T. A. MankpyLlesa, M. C. Yekmapesa, E. H. Typerko, E. B. ApTiolkosa, E. C. MuiuvHa, A. FO. TpuropbsH, A. A. MATeUKH
Kypckuin rocynapCTBEHHbIN MEAULIMHCKMI yHBepcuTeT MuHaapasa Poccumn, Kypek, Poccuns

JledeHre KOHTaMVHMPOBAHHbIX PaH KOXXU B YCIIOBUSX ULLEMUN MOBEPXHOCTHBIX MAMKMX TKaHEN B COBPEMEHHOM MMPEe — 3TO Npobnema, koTopas NpeacTaBnaeT
onpeaeneHHble TPyOAHOCTW. AKTyaneH MovCK HOBbIX CMOCOBOB U CPEeACTB JledeHns, obnafatolnx MynsTYHaNpaBieHHsIM AeiicTBreM. Llienbio nccnepgosaHms
ObI10 U3Yy4MTE OCOBEHHOCTU TEYEHNS PaHEBOrO NpoLiecca U aPEKTVBHOCTY BO3AEACTBMS HA KOHTAMVHUPOBAHHYHO KOXHYIO paHy COYETaHHOrO MPUMEHEHNIS
paspaboTaHHON KOMOMHALMN. SKCNEPUMEHTaNbHYIO PaboTy MPOBOAMM Ha TPEex rpynnax KpblC-CamuoB Nopoabl «Buctap», KOTOpbIM MOAEMpPOBanu
KOHTaMUHVPOBaHHYIO KOXHYIO paHy. B nepsoit rpynne nedeHne He NpPOBOAWAW, BO BTOPOW UCMONb30BaM pa3paboTaHHyt0 KOMOMHALWO — GeH3anKoHNUs
Xnopua, AEKCNaHTEHOS, MEHTOKCUMUANNH 1 HAaTPUEBYIO COMb KapOOKCUMETWILIENIONOSbI, B COYETAHUM C MarHuWToTepanven, B TPeTbell — Masb C
[OVOKCOMETUTETPArNAPOMMPUMMONHOM + XJI0PaMPEHNKONOM U MarHUToTepanuio. [11s OLEHKN TeHEHNS PaHEBOrO MPOLLECCa MCMONb30BaM MNaHNMETPUHECKIIN
METOf, Onpefensny KWCNOTHO-LLENOYHON 6anaHc, rnokasateny MUKPOreMOLWIPKYNSLMM 1 NOKaNbHOW TemnepaTypbl paHesoro sioxa. o 3aBepLueHiio
1cecnenoBaHns NnoLaab paH Bo BTOPOW rpynne Bbina MeHblLUe, YeM B nepBoit 1 TpeTbelt B 10,7 1 3,7 (o < 0,05 ) pasa. CKOpOCTb 3aXKVBEHNS BbiLLE BO BTOPOW
rpynne — B 2,6 1 1,3 (o < 0,05 ) paza. MakcumasbHble nokasaTen MKPOreMOLIMPKYISILMA 1 HaMMEHbLLIME 3HaYeHns pH oTMedan Bo BTOPOW rpynne. Takum
06pasoM, codeTaHHOe MpUMeHeH1e paspaboTaHHOM HaMK IEKapCTBEHHOM KOMBUHALWM 1 MarHUToTepaniy 6aaronpusTHO BUSIO Ha MPOLECC 3aKMBNEHUS
KOHTaMUHMPOBAHHOW KOXXHOW paHbl, YTO MO3BONSET PEKOMEHA0BATb AaHHbIN CMOCOD NeveHVs AN AaSibHENLLEro N3y4eHns Ha AOKMMHUHECKOM YPOBHE.

KntoyeBble cyioBa: KOHTaMUHMPOBaHHAA paHa, MECTHOE NledeHne paH, GeH3aIKOHISt XIOpWL, NEHTOKCUMUIIINH, PAaHEBOI NMPOLECC

Bknap aBTopoB: A. I TepexoB — pagpaboTka KOHLEeNUMn 1 ausaiiHa UcCnefoBaHmns, aHanma nosyYeHHbIX AaHHbIX, pefakTvposaque; T. A. MNaHkpylesa —
paspaboTka nekapcTBeHHON kombuHaumm, cbop daHHbix; M. C. HYekmapesa — paspaboTka NekapcTBeHHOM KoMbuHaummn, coop aaHHbIX; E. H. TypeHko — cbop
mMaTepviana, ctatnucTndeckas 06paboTka AaHHbIX, aHann3 NoyYeHHbIX AaHHbIX, MoAroToBka TekcTa; E. Bb. ApTiollkoBa — cHop maTtepuana, aHanma noslyYeHHbIX
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Currently, treatment of a contaminated wound is a rather
complex problem for a medical professional practicing surgery.
Chronic wounds associated with diabetes mellitus, chronic
arterial insufficiency, translate into disability of patients, cosmetic
defects, and also create conditions for the spread of infection,
thus increasing the threat of ulcerative necrotic process,
subsequent gangrene and amputation [1]. In economically
developed countries, the number of limb amputations varies
from 13.7 to 32.3 for every 100,000 people, with 50% of
amputees dying within the first year thereafter, which underpins
the urgency of this problem [2, 3]. This group of patients
needs inpatient treatment. Open wounds require dressings
that prevent entry of microorganisms thereinto, and contain
no components that have toxic, allergic, mutagenic, and
carcinogenic effects [4]. Considering the methods of treatment,
a practitioner should look for shorter healing time, prevention
of complications, and scar tissue esthetics. These criteria
substantiate the search for new techniques, development
of drug combinations and a balance between medicinal and
physiotherapeutic parts of wound treatment [4].

Thus, the question of creating a new multicomponent drug
combination that will meet all the above requirements takes
priority. Sodium salt of carboxymethylcellulose (Na-CMC), on
which the active substances are immobilized, can be the basis
thereof. As reported in the literature, Na-CMC is the base for
films that accelerate formation and maturation of new tissue,
influence fibrillogenesis, and also markedly stimulate reparative
processes in the infected skin wounds [5]. Na-CMC-based
gels are used to prevent intraoperative drying of peritoneum
and formation of postoperative commissures in the context of
operations on organs with a serous coating [6].

It is feasible to augment the combination with a component
that enhances skin regeneration. One of these is dexpanthenol;
this drug, applied topically, turns into pantothenic acid,
which, in turn, is part of coenzyme A. All oxidoreductases
require a coenzyme: redox processes are impossible without
it. Dexpanthenol enhances epidermal differentiation and
proliferation of dermal fibroblasts, thereby supporting skin
regeneration [7]. Therefore, there have been designed various
topical preparations containing this compound, widely used in
dermatology. Topically, dexpanthenol is also recommended in
cases of small and superficial wounds [8].

The preferred antiseptic should be bactericidal, since
pathogenic microflora is less likely to grow resistant thereto;
one of the proven agents of this kind is benzalkonium chloride.
It reduces surface tension between two media and attracts
negatively charged particles, thus disrupting integrity of the cell
membranes, upsetting denaturation of intracellular proteins,
and disordering metabolic processes in the cells, which triggers
release of vital elements into intercellular space and ultimately
eliminates the microorganisms [9].

Since we are considering healing of a contaminated
wound, it seems promising to complete the combination with a
component that improves microcirculation in the tissues, such
as pentoxifylline. Previous studies confirm that pentoxifylline
improves blood's rheological parameters by reducing the viscosity
plasma and whole blood, increasing the elasticity of erythrocyte
membranes and suppressing erythrocyte aggregation, and
reducing platelet aggregation. The compound also possesses
anti-inflammatory and antioxidant properties [10]. To boost
healing, many researchers recommend extending the treatment
protocol with physical factors, such as magnetotherapy, since
an external magnetic field supports targeted delivery of the
therapeutic nanocomplex and helps maintain concentration of
the drug in the wound at the optimal level [10, 11].

Therefore, this study aimed to investigate the specifics
of the wound process and the efficacy of the combination
of benzalkonium chloride, dexpanthenol, pentoxifylline, and
magnetic therapy on contaminated skin.

METHODS

The study included in vivo experiments on 90 white male Wistar
rats. The animals were allocated into 3 groups (n = 30). The weight
of each rat was 180.0 + 20.0 g. All animals received inhalation
anesthesia in a sterile operating room at the Laboratory of
Experimental Surgery and Oncology of the Experimental
Medicine Research Institute, and had a contaminated skin
wound modeled (ischemic conditions) by our proprietary
method (patent decision 2023124868/14, invention "Method
for modeling a skin wound in ischemic conditions").

Would modeling required access to the femoral
neurovascular bundle on the medial surface of the thigh under
inguinal ligament. Using 4/0 catgut, we ligated a.femoralis and
resected 1/3 of its trunk distally from the inguinal ligament.
Seven days 7 days after resection, on a shaved patch of skin,
after applying an antisetic solution and hydrotreating the field
with 0.9% NaCl solution (5 ml), we excised a 14 mm round
skin flap (down to the superficial fascia) in the middle third
of the anterolateral surface of the thigh. After hemostasis, the
wound was covered with an aseptic dressing. For 4 days, the
wound was not treated, dressed with a Cosmopor bandage
with the absorbent pad removed, which created conditions
for its contamination. To standardize the treatment process,
a special protective collar for rats was put on animals. The
rats were kept in individual boxes (cages) to prevent contact
between them, and ate the same standard diet. The bedding
was replaced once a day in all cages. On the 5" day after the
excision, we started treatment, which was when the experiment
was considered launched. The presence of a contaminated
wound formed under ischemic conditions was confirmed by
microbiological examination and laser Doppler fluorometry of
the affected limb.

Study groups:

Group 1 — control group, no treatment;

Group 2 — treatment with a combination of benzalkonium
chloride + dexpanthenol + pentoxifylline (topically) + NaCMC +
magnetic therapy;

Group 3 —treatment with an dioxomethyltetrahydropyrimidine
ointment + chloramphenicol ointment combined with magnetic
therapy.

According to  the register of  medicines,
dioxomethyltetrahydropyrimidine + chloramphenicol ointment
has anti-inflammatory and antimicrobial effects; it combats
gram-positive and gram-negative microorganisms, easily
penetrates deep into the tissues without damaging biological
membranes, and stimulates regeneration. Its antibacterial
effect persists in the presence of pus and necrotic masses.
This ointment is widely used in outpatient practice.

Combinations of drugs and physiotherapeutic methods of
treatment:

1) benzalkonium chloride 0.02 g + dexpanthenol 5 g + 2%
pentoxifylline solution up to 100 g (topically) + NaCMC 4.0 g
and magnetotherapy;

2) dioxomethyttetrahydropyrimidine ointment + chloramphenicol
and magnetotherapy.

Second group received 0.5 ml of the respective gel to the
wound and magnetotherapy in the given mode; in the third
group, it was 0.5 ml of the dioxomethyltetrahydropyrimidine
ointment + chloramphenicol and magnetotherapy. For the
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Fig. 1. Wound area reduction percentage (%), Me (25; 75). * — p < 0.05 in comparison of group 1 (control) and other groups; # — p < 0.05 in comparison of group

2 and group 3.

latter, we used Milta-F-8-01 (Binom; Russia) (GOST25052-87)
magnetic, IR, and laser therapy device in the magnetotherapy
mode. The frequencies used were 80, 150, 300, 600, 1500,
5000 Hz; power — 50 MW; session duration — 6 min (1 min at
each frequency), conducted once a day.

The treatment protocol implied daily dressings in sterile
conditions for 10 days, the bandages carrying the above
combinations.

We used Lesion Meter planimetry software to monitor the
progress.

The percentage of wound area reduction was calculated
from the initial size by the following formula:

S~ S
S
where WARP is the wound area reduction percentage, S, the
initial average wound area at the beginning of treatment, mm?,
and S the average wound area at the time of measurement, mnm?.

The rate of wound healing was calculated by the following
formula:

WARP =

x 100%,

0

WARP -WARP,

T

where HR is the healing rate, WARP, is the wound area
reduction percentage (compared to the initial size) at the time of
measurement, WARP, the wound area reduction percentage at
the previous measurement, and T the number of days between
measurements.

To monitor microcirculation in the wound and the
surrounding tissue, we employed laser Doppler flowmetry
(LDF), with LDF100C laser Doppler flow module (Biopac
system Inc.; USA) and TSD-144 probe taking measurements,
and Acq Knowledge 4.2 for MP150 doing the processing. The
acid-base balance was determined by recording the pH values
on the wound surface using a PH98110 pH meter (Kelilong;
China), and local temperature was taken with the help of a
WF-5000 infrared thermometer (B.Well; Switzerland) [12, 13].

The results of the experimental study were recorded on the
18t 3, 51 8" and 10" day. For statistical processing thereof,
we used Microsoft Excel 2014 and Statistica 13.0 software.
Quantitative attributes were given as median, 25" and 75"
percentiles (Me (25; 75)). For statistical analysis, we applied
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the Kruskal-Wallis test to the results, and compared the mean
ranks by groups. The differences were considered statistically
significant at p < 0.05.

RESULTS

Planimetry showed that on the first day, WARP was similar in
all three groups studied. It was gradually decreasing through
the experiment; in group 2, WARP was the largest among the
three groups already on the 3™ day, with the differences being
significant (Fig. 1). Overall, on the 3 day, the figures were as
follows: group 1 — (21.26 (20.6; 25.19) %), group 2 — (61.54
(57.47; 65.77) %), group 3 — (33.18 (30.6; 36.36) %). Thus, in
absolute values, WARP in group 2 was 2.9 times greater than
in group 1 and 1.8 times greater than in group 3. On the 5" day,
the difference, remaining significant, was as follows: group 1 —
(73.5 (76.85; 81.41) %), which is 2.1 times more than in group 1
(34.69 (28.13; 39.87) %) and 1.4 times more than in group 3
(563.33 (47.85; 55.77) %). By the end of the experiment, on
the 10" day, WARP in group 2 was (95.74 (89.45; 99.92) %),
in group 1 — (566.22 (54.53; 61.91) %), in group 3 — (84.59
(73.35; 86.78) %); the differences were significant, with the
values in group 2 1.7 and 1.1 times greater than in group 1 and
group 3, respectively.

The data in Table 1 indicate that during the first 3 days,
healing rate in group 2 was significantly higher than in group 1
and group 3 (2.2-fold and 1.4-fold, respectively). Group 2 keeps
its leadership during days 5 through 8, with healing rate there
2.8 and 1.3 times greater than in groups 1 and 3, respectively.
By the end of the experiment, during days 8 through 10, the
differences, still significant, were 1.9 times and 1.2 times (group 2
vs. group 1 and group 3, respectively).

Weighted average LDF values (surfaces of the wounds) of
group 2 were significantly different from those of groups 2 and
3 on the 3¢, 5", 8" and 10" day of the experiment (Fig. 2). In
terms of perfusion units (p.u.), on the 3rd day, the values in
group 2 were (304.74 (288.21; 320.1)), which is 1.2 and 1.03
times more than in groups 1 (253.18 (245.39; 260.27) p.u.) and
the 3 (293.77 (278.51; 307.01) p.u.). Data for the 5" day: group
1 (269.26 (263.15; 275.79) p.u.), group 2 (371.69 (366.58;
377.17) p.u.)), group 3 (341.07 (334.61; 345.88) p.u.). Thus,
the values registered in group 2 are 1.4 and 1.08 times higher
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Table 1. Dynamics of wound healing in the treated experimental animals, Me (25; 75)

Healing rate, %/day

Group Days 1-3 Days 3-5 Days 5-8 Days 8-10
n=24 n=18 n=12 n==6
Group 1 (control) 9.05 (7.75; 2.66) 5.17 (3.66; 7.93) 2.61(1.90; 3.19) 3.52 (2.74; 3.88)
Group 2 20.38 (18.80; 22.67)* 15.99 (11.99; 16.11)* 8.70 (6.98; 9.46)" 7.02 (4.91; 8.2
Group 3 14.22 (11.39; 15.32)*** 11.96 (6.73; 11.38)"** 6.66 (3.69; 8.56)"** 5.91 (3.85; 9.14)***

Note: “*— p < 0.05 in comparison of group 1 (control) and other groups; ** — p < 0.05 in comparison of group 2 and group 3.

than in groups 2 and 3. On the 8" day, the difference in the LDF
value between group 1 (289.18 (284.97; 292.76) p.u.) and group 2
(461.17 (457.33; 463.07) p.u.) was 1.6 times, between group 1
and group 3 (403.84 (399.66; 407.39) p.u.) — 1.1 times. By the
end of the experiment, on the 10th day, the value in group 2
(505.11 (499.29; 511.71) p.u.) was significantly higher than in
group 1 (301.45 (296.23; 307.01) p.u.) and group 3 (436.93
(431.59; 443.34) p.u.), by 1.7 and 1.1 times, respectively.

The analysis of the wound acid-base balance data reveals
that on days 3, 5, 8, and 10, the respective value in group 2 was
significantly lower than in groups 1 and 3 (p < 0.05) (Table 2). On
the 3 day, the difference was 1.2 times 1.1 times (group 2 vs.
group 1 and group 2 vs. group 3, respectively). The dynamics
persisted through day 5. In comparison of the groups, the
lowest pH values were registered in group 2, the greatest
significant difference recorded on the 10" day: by 1.4 and
1.3 times for groups 1 and 3, respectively.

Wound bed thermometry revealed no differences between
the groups on the 1t day of the experiment (Fig. 3). On the 3¢
day of treatment, local temperature was the lowest in groups 2
(34.15 (33.6; 34.5) °C) and 3 (33.95 (33.7; 34.3) °C); the
difference with the control group (35.25 (35.1; 36.05) °C) was
significant, and equaled 1.03 times for both groups. On the
8" day, the difference between group 1 (37.85 (37.5; 38.8) °C)
and groups 2 and 3 was still 1.03 times: (36.55 (36.45; 36.8) °C) in
group 2, and (36.83 (35.45; 37.3) °C) in group 3, by 1.03 times.
Thus, the progress in the control group was the weakest.
Moreover, on the 10th day, the difference increased to 1.2
times compared to the 1st day (38.92 (38.3; 39.3) °C vs. (33.75
(33.2; 34.3 °C).

DISCUSSION

Planimetry data shows that significantly higher values were
registered in group 2 on all days of the experiment. As for the
healing rate, on days 1 through 5, this indicator was greater in
group 2 than in groups 1 and 3 by 2.6 and 1.4 times, respectively.

LDF values were also highest in group 2: 1.3 and 1.2 times higher
than in groups 1 and 3, respectively, which means the wounds in
group 2 had the best loacal blood microcirculation. In terms of pH,
the values in group 2 were significantly better than in groups 1 and
3 on days 3 through 10, which indicated development of an acidic
environment that adversely affects pathogenic microorganisms.
Local temperature was significantly lowest in groups 2 and 3,
compared to the control, on days 8 and 10; moreover, in group 1,
wound bed temperature was steadily increasing, which may
have indicated a pronounced inflammatory process.

Reports by other authors are consistent with our findings:
the components we used in the combination effectively
accelerate the processes associated with wound healing.

Thus, topical pentoxifyline improved local blood flow in the
injured tissue, which boosted healing [14]. It was also proven
effective against burn wounds [15]. A randomized prospective
clinical trial confirmed beneficial effects of a dexpanthenol
ointment applied to skin damaged as a result of fractional
ablative CO, laser resurfacing. The authors found that in
dry skin, dexpanthenol can compensate, to some extent, for
low hydration by increasing the water content and producing a
positive effect on the molecular mobility of lipid layers and stratum
corneum proteins [16]. A number of authors have investigated
the physico-chemical properties and therapeutic effect of
benzalkonium chloride. This antiseptic was found to possess a
pronounced antimicrobial powers not only against pathogenic
bacteria, but also Candida fungi [17]. Another group investigated
the effect of benzalkonium chloride carried by polyethylene oxide
on the purulent-inflammatory process in soft tissues; the results
confirmed that this antiseptic accelerates healing rate of the skin
defect in the first phase of the wound process [18].

There have also been conducted studies looking into the
benefits of magnetotherapy in the context of would healing.
One has established that a pulsed electromagnetic field
applied to patients with diabetic angiopathy accelerated wound
healing by 1.5 times [19]. Another reported a positive effect
of therapeutic magnetic resonance on the healing of trophic
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Fig. 2. Laser Doppler flowmetry dynamics (p.u.), Me (25; 75). * — p < 0.05 in comparison of group 1 (control) and other groups; # — p < 0.05 in comparison of group

2 and group 3
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Table 2. Wound pH changes, Me (25; 75)
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Group

Day 1
n=30

Day 3
n=24

Day 5
n=18

Day 8
n=12

Day 10
n=6

Group 1 (control)

7.7 (7.54; 7.91)

7.54 (7.38; 7.71)

7.22 (7.18; 7.36)

7.275 (7.18; 7.36)

7.22(7.11;7.32)

Group 2

7.56 (7.02; 7.45)

6.5 (6.55; 6.83)"

6.28 (6.33; 6.512)"

5.42 (5.55; 6.245)"

5.01 (4.82; 5.95) *

Group 3

7.63 (7.54; 7.99)

7.33 (7.20; 7.37)*

7.27 (6.93; 7.52)*

6.83 (6.55; 6.935)"

6.58 (6.43; 6.84) **

Note: * — p < 0.05 in comparison of group 1 (control) and other groups; # — p < 0.05 in comparison of group 2 and group 3.
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Fig. 3. Local wound temperature dynamics (°C), Me (25; 75); * — p < 0.05 in comparison of group 1 (control) and other groups; # — p < 0.05 in comparison of group 2

and group 3

ulcers, which took 44 days in the experimental group and 97
days in the control group [20].

CONCLUSIONS

Based on the planimetry, wound microhemocirculation,
acid-base balance, wound bed thermometry data
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B cTaTbe paccMOoTpeH CemeliHblin Cy4ait XpOMOCOMHOM MHTerpaummn BM4Y-6A, kotopas SBNSeTCs BaXKHON 1 akTyasibHOM TeMOo B 061aCTIN FeHETVIKA 1 MEAULIHDI.
Llensto nccnenoBaHms Gb110 NPOBEPUTL MMNOTE3Y O XPOMOCOMHOM MHTerpaLmn BI'H-6A 1 ero BepTukanbHOM nepefade y naumeHTa ¢ AnmtenbHbIM OBHapy>KeHnem
BMpyCa BO BPEMS PEKYPPEHTHbIX PECMMPATOPHbIX 3aboneBaHnii, a Takxe B 6eCCYMMTOMHBIN Nepuod, NMpu OTCYTCTBUM Xanob Ha 340poBbe. [1poBeaeHo
cekBeHvpoBaHne reHoMHon [JHK oTua nauveHTa, nocTpoeHo unoreHeTn4eckoe AepeBo nyTeM BblpaBHMBaHMS 270 reHOMHbIX coopok BIMY-6A/B 13 6asbl
naHHbIx GenBank. B pesynstare nccnenoBaHmns yCTaHOBAEH CeMelHbIin cydai nepefaqn xmBIMY-6A. MokadaHo, YTo 0bHapy»xeHHbI X1BIM-6A, Habntogaembii
Ha (OUNOreHETNHECKOM APEBE, HAXOAUTCS B TECHOM KOHTaKTE C ABYMS APYrIMU XPOMOCOMHO-MHTErPUPOBaHHbIMI NocneaoBatensHocTamy BI'H-6A, 0 koTopbix
coobLLany MOCKOBCKMe viccneaoBatenu. Viccnenosarie NogTeepano XPOMOCOMHYIO MHTerpaumio BI'Y-6A. JanbHeiillee ToO4HOe XPOMOCOMHOE KapTupoBaHue
x1BIM'Y-6A/B 66110 Obl MONE3HO AN UCKITIOHEHMS BEPOATHBIX COMATUHECKIMX 3a001eBaHWA, CBA3AHHBIX C M3MEHEHNEM CTPYKTYPbl XDOMOCOM MPW MHTErpaumm
BIr'4-6, B 4actHocTv BIM'Y-6A, a Takoke Ans ngeHTudrkaumm y4acTkoB MHCEPLM, CNeumMdUIHbIX 418 PadnnyHbIX reorpanHeckmnx TOHeK.
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Human betaherpesvirus 6A/B (HHV-6A/B) is widely spread in
human population. In 1986, the research team of the laboratory
at the National Cancer Institute (USA) isolated the virus from
patients with lymphoproliferative diseases and identified it
as human B-lymphotropic virus, however, later its affinity for
T cells and belonging to the family Herpesviridae, subfamily
Betaherpesvirinae, genus Roseolovirus, were determined [1].
The virus is primarily transmitted through contact with saliva or
less often by airborne droplets, sexual contact, and transplanted
organs. CD4+ T cells are the main target cells for the virus. HHV-
6 enters the cells via receptor-mediated endocytosis followed
by virus replication. After primary infection viral DNA persists in
mononuclear peripheral blood cells [2, 3]. HHV-6A/B can trigger
immunosuppression and chronic autoimmune processes [4].

In 2012, International Committee on Taxonomy of Viruses
(ICTV) ratified HHV-6A division into two distinct taxonomic
variants: HHV-6A and HHV-6B [5, 6]. Despite the fact that
the genomes of these viruses demonstrate 90% homology,
the viruses show phenotypic differences, are tropic for
different cellular receptors, and in the majority of cases have
different clinical manifestations [7]. HHV-6A is a less explored
virus, it is acquired later in life and more often detected in
immunocompromised individuals. It is assumed that this
virus is associated with such neurodegenerative disorder as
Alzheimer's disease [3, 8]. HHV-6B is common everywhere,
more than 90% of the population get infected during the first
three years of life, while reactivation can occur at any age [3].
The viruses show different tropism against immunocompetent
cells. Thus, HHV-6A uses CD46 receptors for cell entry, it is
capable of affecting T helper cells, cytotoxic T cells, and natural
killers. By contrast, HHV-6B uses CD134 receptors and fails to
persist in cytotoxic T cells [9, 10].

HHV-6A/B genome consists of a double-stranded DNA
with an average length of about 160 kbps. It is noteworthy that
the genome of HHV-6A is shorter than that of HHV-6B, it is
about 159 kbps vs. 162 kbps, respectively [11]. The majority
of genes are located in the unique segment flanked by direct
repeats (DR). DRs, in turn, are surrounded by pac1 and pac2
being the cis-acting packaging signals [11, 12]. The number
of open reading frames (ORF) depends on the virus type (A/B)
and the detection method. A total of 115-119 ORFs were
earlier predicted based on the sequence [11, 13], however, the
researchers managed to identify 268 ORFs in HHV-6A and 216
in HHV-6B using advanced Ribo-seq and RNA-seq methods
[8]. The average sequence similarity of HHV-6A and HHV-
6B is 90%. U39 and U48 that encode gB and gH envelope
glycoproteins, respectively, are the most conservative genes.
Their nucleotide sequences show 94% similarity, and amino
acid sequences show 96% similarity [11, 14]. Moreover, the
most variable genes that are located close to the genome
termini primarily encode proteins that are likely to be involved in
immunomodulation, signaling (chemotaxis), and viral entry [12].

Polymerase chain reaction (PCR) is considered to be the
main method of HHV-6A/B diagnosis, however, to date no
clear boundary between identification of latent and active
viral infection based on PCR results has been determined.
Absence of HHV-6A/B DNA in blood plasma or serum does
not mean that there is no persistent virus in low concentrations
in the tissues (for example, in the heart, thyroid gland, brain).
Detection of specific IgM and IgG antibodies in blood serum is
also of some diagnostic significance [16]. The researchers have
proposed the test systems considering different reading frames
for HHV-6A (U11, p100) and HHV-6B (101K) [17].

HHV-6 capability of integration into subtelomeric region of
the cellular chromosome was found in 1993 [18]. Today, it is

known that viral integration most often occurs in the telomeric
regions of chromosomes 1q, 64, 99, 10q, 11p, 17p, 18p, 19q,
22q, Xp, however, the mechanisms are poorly understood
[19-23]. HHV-6 integration into the germ cell genome enables
transmission of the virus to the next generations and formation
of the inherited chromosomally integrated HHV-6A/B (inherited
CiHHV-6A/B) in accordance with the Mendel's laws [24].
CiHHV-6A/B can be also transmitted with the transplanted
cells, organs, and tissues. CiHHV-6A/B abundance varies
between 0.2% in Japan, 0.6% in Canada and 1-3% in Europe,
it depends on geographic factors and the assessed population
of patients [25, 26].

The cases of integrated ciHHV-6A/B reactivation up to
clinically manifested forms in individuals with immunodeficient
conditions and pregnancy have been reported [2, 27, 28].
Reactivation of the chromosomally integrated virus during
pregnancy can result in the increased risk of spontaneous
abortion [29]. The British study conducted in 2020 showed
that women with fetuses infected with ciHHV-6A/B had a 2.5-3
times higher risk of preeclampsia [30]. Biological and medical
effects of HHV-6A and HHV-6B chromosomal integration
are currently being studied. For example, telomeres linked to
endogenous HHV-6A/B are often prone to sudden deletions,
which lead to telomere shortening. As a result, premature cell
ageing and impaired tissue homeostasis are observed [31-33].
Genome instability can cause cancer.

The study was aimed to test the hypothesis of the HHV-6A
chromosomal integration and vertical transmission in patient
with persistent virus detection during recurrent respiratory
diseases and the asymptomatic period when there were no
health complaints.

METHODS

Five family members, mother (36 years old), father (39 years
old), three sons (4 years, 6 years, and 14 years old), were
the research objects. The family lived in the town of Kirishi
(Leningrad region).

Nucleic acid isolation and HHV-6A/B detection

Nasopharyngeal smears and venous blood were collected
during the study for further molecular genetic tests and
enzyme-linked immunoassay. Specific fragments of nucleic
acids of influenza viruses A and B, respiratory syncytial virus,
type 1-4 parainfluenza viruses, seasonal coronaviruses,
metapneumovirus, rhinoviruses, as well as DNA of group
B, C, E adenoviruses and bocaviruses were detected in the
nasopharyngeal smears using AmpliSens Influenzavirus A/B-
FL and AmpliSens ARVI-screen-FL kits (Rospotrebnadzor;
Russia) for multiplex PCR with fluorescent hybridization
detection of amplification products. DNA of Epstein—-Barr
virus (EBV), HHV-6A/B and cytomegalovirus (CMV) was
detected in blood and oropharyngeal mucosal smears by
real-time PCR (RT-PCR) using AmpliSens EBV/CMV/HHV6-
screen-FL kit (Rospotrebnadzor; Russia). The HHV-6A/B
viral load in the studied biomaterials was assessed within
the range of 22-38 ampilification cycles (Ct) and expressed
in genome equivalents per 1 mL (gEg/mL) of native sample
after preanalytical processing. The results obtained within the
range of 35 cycles (10°-10* gEg/mL) were considered to be of
diagnostic significance. Venous blood collected into K2-EDTA
blood sampling tubes was used to extract DNA. Oropharyngeal
smears were placed into Transport Medium with Mucolytic
Agent (ILS; Russia). DNA was extracted from venous blood
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Table 1. Laboratory markers of herpesvirus infections at admission
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Patient assessment results
Biomaterial Markers of herpesvirus infection
S.T., 4 years old S.A., 6 years old

Blood EBV DNA Positive Positive

EBV IgG (VCA) Positive Positive
Blood HHV-6A DNA Negative 105*
Oropharyngeal smear HHV-6A DNA Negative 104
Blood HHV-6B DNA 103* Negative
Oropharyngeal smear HHV-6B DNA 104 Negative
Blood HHV-6 IgG Negative 6.9"

Note: * — gEg/mL; ™ — AU.

using MagNa Pure automated nucleic acid extraction system
(Roche; Switzerland) by standard sample preparation method.
Biomaterial from the oropharyngeal smear was purified using
RealBest Extraction 100 kit (Vector-Best; Russia). Sample
preparation and extraction were carried out in accordance
with the manufacturers’ instructions. Extraction was controlled
with  NanoStar spectrophotometer (BMG; Germany). The
extracted material was quantified using Quantus fluorimeter
(Promega; USA).

The standard GAPDH cellular gene was used to test the
extracted sample for the presence of DNA and its quality [34].
Amplification was performed in CFX-96 PCR system (BioRad;
USA) using gPCRmix-HS kit (Evrogen; Russia).

IgM and IgG antibodies against the listed above
herpesviruses were detected by qualitative enzyme-linked
immunosorbent assay (ELISA) using VectoEBV-VCA-IgM/G
and VectoCMV-IgM/G kits (Vector-Best; Russia) and semi-
qualitative ELISA using the HHV-6-IgM/G-ELISA-BEST kit
(Vector-Best; Russia) in the open type Lazurite unit (Dynex
Technologies Inc.; USA) within the framework of standard
laboratory testing. The results were represented by positivity
rate (PR) expressed in arbitrary units (AU) according to the test
system manufacturer’s instructions.

The semen sample collected from the father was used
as supplementary material. Spermatozoa were obtained by
density gradient centrifugation using SupraSperm System
(ORIGIO; USA) for extraction of viable sperm. DNA was isolated
from spermatozoa by phenol chloroform extraction. The quality
of isolated DNA was estimated using 4200 TapeStation System
and Genomic DNA ScreenTape kit (Agilent Technologies; USA),
concentration was measured using QuantiFluor dsDNA System
(Promega; USA).

Other laboratory tests

Standard diagnostic tests were supplemented by differentiation
of HHV-6A/B variants using the reported primers [34]. Alignment

of primers to the HHV-6 reference sequences was checked
using the BLAST tool (NCBI; USA):
HHV-6A/B FP: 5’- GACAATCACATGCCTGGATAATG-3;
HHV-6A RP, 5’- TGGTAATGTAATTGTGTGTTGTTTTA-3’;
HHV-6B RP, 5’- TGGTAATGTAAGTGTGCGTTATTTTC-3;
HHV-6 probe, 5’-FAM- AGCAGCTGGCGAAAGCTGTGC-
TAMRA-3'.

NGS library preparation

The sequencing libraries were prepared for two instruments in
order to obtain long and short reads. Long reads were acquired
using MinlON system (Oxford Nanopore Technologies; UK).
Libraries were prepared in accordance with the whole-genome
sequencing protocol using SQK-LSK109 sample preparation
kit (Oxford Nanopore Technologies; UK) and NEBNext module
(New England Biolabs Inc.; USA) for preparation of Oxford
Nanopore Technologies libraries (NEBNext). Short reads were
acquired by sequencing in the MGISEQ 2000 system (MGI
Tech Co.; China). Libraries were prepared in accordance with
the guidelines [35].

The quality of resulting libraries was assessed using
D1000 ScreenTape and High Sensitivity D1000 ScreenTape
kits (Agilent Technologies; USA); concentration was measured
with Quantus fluorimeter using QuantiFluor dsDNA System kit
(Promega; USA).

DNA sequencing

To perform whole-genome sequencing in the MinlON system,
the R10 (FLO-MIN111) flow cell for nanopore sequencing
(Agilent Technologies; USA) was used.

Whole-genome sequencing in the MGISEQ 2000 system
was performed using the DNBSEQ-G400 CoolMPS High-
throughput Sequencing Set (PE100, 320 G) (MGI Tech
Co.; China). One lane was selected for whole-genome
sequencing.

Table 2. Laboratory markers of herpesvirus infections obtained during re-examination eight months later

Patient assessment results
Biomaterial Markers of herpesvirus infection
S.T., 4 years old S.A., 6 years old
Blood EBV DNA Negative Negative
Blood HHV-6A DNA Negative 106*
Oropharyngeal smear HHV-6A DNA Negative 104*
Blood HHV-6B DNA Negative Negative
Oropharyngeal smear HHV-6B DNA Negative Negative
Blood HHV-6 IgG 5.4* 6.1

Note: * — gEg/mL; ** — AU.
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Table 3. Laboratory markers of herpesvirus infection in other family members

) ) Markers of herpesvirus Patient assessment results
Biomaterial ) )
infection S. A., 14 years old Mother, 36 years old Father, 39 years old
Blood HHV-6A DNA 106" Negative 106*
Oropharyngeal smear HHV-6A DNA 104 Negative 105*
Semen HHV-6A DNA - - 106*
Blood HHV-6B DNA Negative Negative Negative
Oropharyngeal smear HHV-6B DNA Negative Negative Negative

Note: * — gEg/mL.

Genome assembly

The data obtained from the Nanopore platform were used for
viral genome assembly. Genome was assembled using the
customized assembly line: the herpes virus-associated reads
were extracted with the Cookiecutter tool [36] using Moscow
strain (GenBank ID: MK630134, MK630133) as reference [37],
since it was characterized by larger depth (500x). Later only a
fragment of gene gB (U39) was used in the study, which was
completely assembled in these sequences. The reads were
assembled with the SPAdes tool [38]; the assembled contigs
were configured manually by searching for complete reference
sequence in BLAST [39].

Phylogenetic analysis

The glycoprotein B (9B, U39) HHV-6A gene (Gene ID: 1487917)
nucleotide sequence was used for phylogenetic analysis. All

sequences of 270 herpes virus assemblies (both 6A and 6B)
available from the GenBank database were included in the
analysis. MAFFT v7.505 algorithm with Kimura 1 parameter
substitution model were used for sequence alignment [40].
Then the resulting alignments were arranged to construct
the tree using the Neighbor-Joining method (Jukes-Cantor,
Bootstrap resampling = 100) [41].

RESULTS

In December 2018, the child S. A., 6 years old, with his
brother S. T., 4 years old, were admitted to the Pediatric
Research and Clinical Center for Infectious Diseases of FMBA
of Russia with the primary diagnosis of “acute nasopharyngitis,
tonsillitis of moderate severity”. PCR revealed no markers of
respiratory viruses in oropharyngeal smears, no bacterial
pathogens were detected by bacteriological method.
Considering a positive PCR test for herpes viruses, the

Fig. Phylogenetic position of novel type 6 herpesvirus relative to other herpes strains based on gene gB: position of new virus is highlighted in red in the tree, two viral

strains from Moscow are highlighted in blue
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diagnosis was clarified as “mixed etiology herpesvirus infection
(HHV-6 + EBV), acute rhino-tonsillopharyngitis of moderate
severity”. HHV-6A/B and EBV DNA was found in peripheral
blood of both patients. Positive tests for EBV DNA in blood
cells, along with late IgG against EBV capsid antigen (VCA) in
blood serum, proved virus reactivation. The data of laboratory
tests provided in Table 1 were obtained during assessment in
the first days after admission.

No CMV markers (DNA, IgM, IgG) were found in patients.
Meanwhile, HHV-6 genotyping in blood and oropharyngeal
smears confirmed the presence of HHV-6A variant in S.A.
and diagnostically significant concentrations of HHV-6B in his
brother S.T. However, no antibodies against HHV-6A/B were
found in blood of S.T., which could be due to early stage of
acute viral infection, before the start of antibody synthesis, or
low concentrations of antibodies being outside the limits of
the diagnostic test system sensitivity; high concentrations of
IgG against HHV-6A/B (6.9 AU) were found in the 6-year-old
patient, which could be indicative of longer infection duration.

Re-examination of these patients was performed during the
follow-up visit on August 14, 2019 (Table 2).

When assessing both patients eight months later, no EBV
DNA was found in blood. There were diagnostic concentrations
of IgG against HHV-6A/B in blood, however, persistent HHV-6A
viral load in blood and oropharyngeal smear was reported in
the child S.A. over time, while no HHV-6B DNA was found in
blood and oropharyngeal smear of the child S.T. Both children
were clinically healthy at the time of re-examination. The fact
of persistent HHV-6A isolation from blood and oropharyngeal
smear of the followed-up 6-year-old patient could be associated
with the viral genome integration into DNA of human cells,
which required further confirmation.

To prove the HHV-6A chromosomal integration, we invited
parents (Mother, 36 years old, father, 39 years old) and the followed-
up patients’ elder brother (S.A., 14 years old), having no health
complaints at the time of screening tests, for examination (Table 3).

Thus, it was found that the clinically asymptomatic father
and elder brother of the patient were also characterized by high
viral load represented by diagnostic concentrations of HHV-6A
in blood and oropharyngeal smears. However, no HHV-6A or
HHV-6B DNA was found in the mother’s biomaterials. Since
equally high levels of HHV-6A DNA were found in the samples
of two elder brothers and the father, we suspected hereditary
transmission of ciHHV-6A/B from the father to his children.
[t was decided to collect the parent’s biomaterial other than
blood with no leukocytes and cytoplasmic DNA, i.e., sperm
as in the study [42], to answer the question concerning
possible vertical transmission of ciHHV-6A due to technical
impossibility of testing hair follicles or nail plates. DNA of
spermatozoa was subjected to RT-PCR, separated from other
ejaculate. After that DNA was extracted. Then we revealed
the HHV-6A load of 106 gEg/mL, which was equivalent to
virus concentrations in other biomaterials. This also confirmed
chromosomal integration.

Later we tried to assembly the genome of this HHV-6A
isolate. The HHV-6A genome sequencing involving acquisition
of short and long reads of viral gene regions was carried out
to confirm HHV-6A chromosomal integration and perform
phylogenetic analysis.

Genome structure and position on a phylogenetic tree
We obtained a HHV-6A genome assembly, however, coverage

of the reads did not exceed 3—4 reads per nucleotide, that is why
genome assembly for certain genes was performed manually.
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To determine the novel viral isolate phylogenetic position,
we selected the gB gene, which was conventionally used
to compare phylogenetic trees of herpesvirus [43]. For that
the search for similar sequences of this gene among related
genome assemblies using the BLAST local alignment tool
was performed, and manual assembly was performed based
on the results obtained. The sequences of 270 herpes virus
genome assemblies were used to assess phylogenetic identity.
According to phylogeny constructed for gene gB, the resulting
virus strain turned out to be very similar to two strains presented
by the Moscow group (GenBank ID: MK630134, MK630133)
(Figure). The fact that these strains are integrated into human
genome is their important feature. This conclusion can confirm
our findings showing integration of novel reported strain into
the host genome.

DISCUSSION

The first case of HHV-6A/B chromosomal integration was reported
in early 1990s. After that the virus was often found in a number of
human chromosomes: 1q, 64, 9g, 10q, 11p, 17p, 18p, 199, 224,
and Xp [19-23]. It is acknowledged that this is typical for both
HHV-6A and HHV-6B, it is observed in telomeric chromosome
regions. The paper [43] shows that the integrated HHV-6A
remains inactive throughout human lifespan. The integrated virus
can re-activate under exposure to various factors, which is more
common for HHV-6B, and trigger infection. It has been shown that
ciHHV-6A splits into clades characterized by certain chromosome
and locus, in which the virus is integrated.

During the study we came across the case of prolonged
HHV-6A DNA detection in biomaterials (venous blood and
nasopharyngeal smears) of the patients, when performing testing
at admission and during follow-up, after eight months, during
the period of having no health complaints. However, viral load in
venous blood and nasopharyngeal smear remained high (10°-10°
gEag/mL and 10* gEg/mL, respectively). We suspected HHV-6A
chromosomal integration based on the findings. Subsequent
clinical and laboratory assessment of other family members
made it possible to revealed comparable high viral load in similar
biomaterials of the patient’s elder brother and father. Furthermore,
HHV-6A was detected in the father’s germ cells. Thus, it was
hypothesized that the virus could be not only integrated into
chromosome, but also passed to the followed-up child paternally.

We performed phylogenetic analysis based on the sequence
of gene gB encoding one of the viral envelope glycoproteins to
clarify the origin of HHV-6A detected in the father’s germ cells. It
was found that the studied HHV-6A was closely related to two
assembled sequences of ciHHV-6A isolated by the research team
[37] in Moscow in 2017 (GenBank ID: MK630134, MK630133).
The findings confirmed the relationship of the virus we had studied
with other ciHHV-6A included in the GenBank database.

CONCLUSIONS

Determination of exact position of ciHHV-6A in the chrommosome
locus by FISH aimed at excluding probable somatic disorders
caused by chromosome structure impairment after the virus
integration over time and determining the pattern of integration
depending on the geographic locations of the cases revealed
is an important direction of further research. Further studies will
also allow us to accept or reject the earlier hypothesis that the
viral genome sequence corresponds to the site of integration
into human chromosome. This will make it possible to avoid
using the expensive and time-consuming FISH method and
adapt the tests for clinical practice.
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CLINICAL AND LABORATORY PREDICTORS OF SEVERE COMMUNITY-ACQUIRED PNEUMONIA
IN CHILDREN UNDER FOUR YEARS OF AGE

Kozyrev EA'ES, Babachenko V2, Orlov AV®, Martens EA'?, Nikitina EV', Tian NS'2, Orlova ED’

" Pediatric Research and Clinical Center for Infectious Diseases of the Federal Medical Biological Agency, Saint Petersburg, Russia
2 Saint Petersburg State Pediatric Medical University, Saint Petersburg, Russia
3 Mechnikov North-Western State Medical University, Saint Petersburg, Russia

Community-acquired pneumonia (CAP) is a major cause of pediatric morbidity and mortality. Currently, there is no common approach to determination of CAP
severity in children, which hampers early diagnosis and treatment of the disease. The study was aimed to determine clinical and laboratory predictors of severe CAP
in children under 4 years of age. Analysis of clinical data, parameters of complete blood count (CBC), C-reactive protein (CRP) using nonparametric methods for
hypothesis testing, univariate correlation analysis, cross-tabulation (Statistica 10.0), logistic regression, and ROC analysis (SPSS Statistics 20.0) was performed in
72 children aged 1 month to 3 years 11 months admitted to hospital due to CAP. Severe CAP was diagnosed in 16.7% of children. Causes of severe CAP included
respiratory distress (moderate — 58.3%, severe — 16.7% of cases) and sepsis (25%). We identified significant clinical predictors of severe CAP: vomiting (OR 4.2),
tachypnea (OR 28.3), chest wall retractions (OR 6), wheezing (OR 4), and the absence of rhinitis (OR 0.21). Isolated assessment of the CBC and CRP did not allow
to predict CAP severity. We have developed a prediction model predicting severe CAP in children under 4 years of age based on the presence of rhinitis, tachypnea,
as well as leukocyte count (sensitivity and specificity 91.7%). Thus, currently the main cause of severe CAP in children under 4 years of age is respiratory distress,
in which wheezing predominates. Physical examination with an emphasis on detection of rhinitis and respiratory distress is essential for diagnosing severe CAP.
The use of a pneumonia severity prediction model may contribute to improvement of management of CAP in patients under 4 years of age.

Keywords: community-acquired pneumonia, children, severity assessment, prognosis, predictor
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KNNMHUKO-JTABOPATOPHBbIE MPEAVUKTOPbDI TAXKENOWN BHEBOJIbHUYHON MHEBMOHUN
Y OETEWN OO YETbIPEX NET

E. A. Kosbipes'= /. B. baba4eHko'?, A. B. Opnog?, 3. A. MapteHc'?, E. B. HukutuHa', H. C. TaH'?, E. . Opnoga’
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Community-acquired pneumonia (CAP) remains the leading
infectious cause of pediatric morbidity and mortality. According
to the World Health Organization (WHO), about 150 million
cases of CAP in children under the age of five all over the
world were reported before the pandemic of novel coronavirus
infection. Severe course was reported in 7-13% of CAP cases,
which results in up to 20 million hospitalizations and up to
1 million deaths annually. Children under one year are most at
risk of severe pneumonia, especially in the countries of South
Asia and Africa [1, 2]. According to Rospotrebnadzor, in 2019,
the CAP incidence in Russia was 518.9 per 100,000 population
with the highest values in children (977.5 per 100,000
population); mortality rate for CAP was 3.73 per 100,000
population, including 0.28 per 100,000 population in children
[8]. To date, the long-term average annual morbidity and
mortality in CAP showed no downward trend, which was due
to high variability of respiratory pathogens and the increase in
the share of children at risk of CAP (premature babies, children
with congenital malformations, organic central nervous system
disorders, etc.) [4]. The emergence of new etiopathogens has
a significant effect on epidemiological parameters and clinical
manifestations of CAP, including severity. Thus, in the first
year of the pandemic of novel coronavirus infection (2020),
the number of fatal cases increased by almost 12 times and
reached 44.45 per 100,000 population [3, 5].

Currently, there is no common approach to determination of
CAP severity in children. This is enabled by polymorphic clinical
manifestations of the disease, significant impact of the child’s
body response to infection, and changes in the CAP etiological
structure over time. The clearly demonstrated increase in the
share of viral pneumonia in children under the age of five and the
decrease in the rate of local complications (pleural empyema,
lung tissue destruction) determine the need to reassess the
contribution of various symptoms in the disease severity (6, 7].
Different criteria of CAP severity in children have been proposed.
According to the WHO, severe CAP is diagnosed in cases of
children’s refusal to drink, repeated vomiting, seizure, lethargy,
stridor or severe protein calorie malnutrition. British Thoracic
Society (BTS) has proposed 12 criteria of pneumonia severity in
children, while Pediatric Infectious Diseases Society/Infectious
Diseases Society of America (PIDS/IDSA) has proposed four
major and 11 minor criteria, however, their diagnostic value
needs clarification [8, 9]. Thus, more than a half of children
having severe CAP based on the PIDS/IDSA criteria did not
require hospitalization [10]. The majority of authors believe that
hypoxemia, impaired mental status, age of a baby less than
3-6 months, dyspnea, multilobar infiltrates and pleural effusion
on the chest X-ray (CXR) are sensitive, but mildly specific
predictors of severe CAP [9].

The diagnostic significance of laboratory biomarkers
associated with severe CAP in children is poorly understood,
and the data available are controversial. A number of papers
convincingly show that isolated WBC elevation is a significant
predictor of severe CAP in children [11, 12]. The association
of leukopenia below 4 x 10° kL/L with the complicated CAP
and increased mortality rate (OR 6.5; 95% Cl 2.7-15.6) has
been revealed [13]. It has been shown that absolute neutrophil
count (ANC) can be a predictor of systemic complications
of pediatric CAP, including bacteremia. Elevated C-reactive
protein (CRP) levels and serum levels of procalcitonin are
associated with the severe course of CAP, including the
development of complications (pleural empyema, lung tissue
destruction, bacteremia), in cases of typical bacterial disease
etiology only [14, 15]. However, no association of CRP and
serum procalcitonin levels with CAP severity, including the

development of hypoxemia, dyspnea and tachycardia, has
been revealed [16].

The study was aimed to determine clinical and laboratory
predictors of severe CAP in children under the age of four.

METHODS

Clinical follow-up of 72 children with community-acquired
pneumonia (CAP) was performed January 2021 to June 2022
at the Pediatric Research and Clinical Center for Infectious
Diseases of FMBA of Russia and St.Olga City Children's Hospital.
Inclusion criteria: patients’ age between 1 months and 3 years
11 months 29 days; availability of clinical, anamnestic and
objective data allowing one to suspect pneumonia; detection
of infiltration on CXR; pneumonia meeting the criteria for
community-acquired pneumonia (occurred outside the hospital
or within 72 h after hospital admission); antibiotic therapy
duration at admission not exceeding 24 h. Exclusion criteria:
chronic somatic disorder (including disorders of respiratory
and cardiovascular systems, diabetes mellitus, confirmed
immunodeficiency, etc.); history of hospital admission during
previous 14 days; positive PCR test of nasopharyngeal and
oropharyngeal discharge for SARS-CoV-2. The median and
interquartile range (Me (IQR)) of the children’s age were 2.53
(1.71-2.99) years, the male to female ratio was 1.17/1. Me (IQR)
of time until hospital admission was 3 (2-4) years. The criteria
for severe pneumonia were as follows: impaired vital functions
resulting in the need for the child’s admission to an intensive
care unit (ICU), i.e. severe progressive respiratory failure (RF),
impaired consciousness, peripheral microcirculation and
systemic hemodynamics determined together with the critical
care physician.

Admission complaints were collected and medical history
was taken (disease duration, presence and type of fever,
cough, catarrhal condition of the upper respiratory tract,
facts of intoxication, dyspnea, vomiting, diarrhea, abdominal
and chest pain), the facts of taking antibacterial drugs at
the outpatient stage, vaccination against pneumococcal,
hemophilic infections and influenza were clarified. Physical
examination involved evaluation of the presence and severity of
fever, intoxication, RF, local changes in the lungs based on
percussion and auscultation, bronchial obstructive syndrome
(BOS), catarrhal condition of the upper respiratory tract
(based on ENT examination), lymphoproliferative syndrome,
hepatomegaly and splenomegaly. Peripheral microcirculatory
status was determined based on the capillary refill time (CRT):
CRT < 2 s was considered as normal range. The RF symptoms
were as follows: tachypnea, dyspnea (labored breathing, nasal
flaring, accessory muscles involvement in respiration, grunting
breathing, retractions of the chest), cyanosis, blood oxygen
levels (SpO,) decrease to less than 96% during atmospheric
respiration. Age dependent criteria for tachypnea were used in
accordance with the WHO guidelines: respiratory rate = 60/min
in children under the age of 2 months, > 50/min in children aged
2-12 months, = 40/min in children over the age of 12 months
[1]. BOS was diagnosed when hearing prolonged expiration
with a lot of bilateral wheezing. Intoxication syndrome included
a number of symptoms that were considered separately:
loss of appetite, decline in activity, irritability, refusal to eat
or drink, drowsiness, unusual crying, lack of eye contact,
impaired consciousness [17]. When there were nausea,
vomiting, diarrhea (n = 17), intestinal infection was excluded
by testing feces for bacteria of the genera Shigella, Salmonella,
Campilobacter, as well as for diarrheagenic Escherichia, group
A rotavirus, genotype Il noroviruses, astroviruses, subgroup F
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Table 1. Distribution of patients’ complaints with significant differences depending on CAP severity

CAP severity
Symptom Moderate Severe OR (95% CI) Significance level (p)
n % n %
Rhinorrhea 52 86.7 7 58.3 0.21 (0.05-0.8) 0.02
Dyspnea 21 35 8 66.7 3.71 (1.01-13.8) 0.04
Vomiting 15 25 7 58.3 42 (1.2-15.2) 0.02
Refusal to drink 2 3.3 3 25 9.7 (1.4-66) 0.03

adenoviruses by PCR (AmpliSense OKI screen-FL reagent kit;
Central Research Institute of Epidemiology of Rospotrebnadzor,
Russia; FRT detection format). Pulse oximetry, chest
radiography with two projections, complete blood count
test and serum CRP test were performed in all children. The
complete blood count test performed in the Sysmex XP-300
hematological analyzer (Sysmex; Japan) involved assessment
of the following parameters: white blood count (WBC), red
blood cell count, hemoglobin, platelet (PLT) count, mean
platelet volume and platelet distribution width, platelet larger cell
ratio, erythrocyte sedimentation rate. Blood smear microscopy
was used to determine the percentage of each type of white
blood cells (segmented and band neutrophils, myelocytes,
metamyelocytes, eosinophils, basophils, lymphocytes (Lym),
plasma cells). Absolute neutrophil count (ANC) and absolute
band count (ABC) were calculated considering total WBC and
WBC differential.

Serum CRP levels were determined with the Taurus
automated analyzer (Instrumentation Laboratory; Italy) using
reagents manufactured by Vector-Best (Russia) and BioSystems
(Spain).

Statistical processing of the results was performed using
the Statistica 10.0 software package (TIBCO; USA) to test
quantitative data for normality (Shapiro-Wilk test), calculate
Me, IQR. When describing extensive characteristics,
95% confidence interval (95% Cl) was calculated by the
Wilson’s method. Significance of differences between groups
was assessed using Mann-Whitney U test (quantitative
data), Fisher's exact test or Pearson's chi-squared (x?) test
(qualitative data). Correlations between quantitative data were
assessed using the Spearman's rank correlation coefficient
(), correlations between nominal variables in a four-column
table were assessed using a ¢ coefficient and calculation of
odds ratio (OR), while correlations between ordinal variables
in the contingency tables were assessed using Somers' D.
Sensitivity (Se), specificity (Sp), negative (NPV) and positive
(PPV) prognostic value represented the diagnostic test
characteristics. Binary logistic regression implemented in
SPSS Statistics v. 20.0 (IBM; USA) was used to analyze the
relationship between the independent and dependent variables;

direct selection of predictors based on the likelihood function,
step selection criteria (inclusion — 0.05, exclusion — 0.1) with
the significance level set as p < 0.05 were used. The threshold
values of continuous characteristics were determined by ROC
analysis according to the requirement of maximum total Se and
Sp. The binary classifier quality was assessed based on the
area under the ROC curve (AUC). All statistical tests involved
the use of critical significance level set as p < 0.05 [18, 19].

RESULTS

The condition of 12 children (16.7%; 95% CI: 9.8-26.9%) at
admission was considered to be severe. In 9 children out of
12 (75%), the disease severity was determined by respiratory
failure: stage Il RF — 7 patients (68.3%), stage Il RF — 2
patients (16.7%). Three patients out of 12 (25%) were admitted
to the ICU with severe CAP due to complications: sepsis (n = 3;
25%) and pleural empyema (n = 1; 8.3%).

In cases of severe CAP, patients were significantly younger
(Me (IQR) = 1.66 (0.96-2.59) years) compared to the cases of
moderate CAP (Me (IQR) = 2.6 (2.02-3.11) years); p = 0.008.
The logistic regression analysis showed that the likelihood of
severe CAP decreased 2.6 times with increasing age factor per
unit (o = 0.009; OR 0.39, 95% ClI: 0.19-0.78).

Assessment of the patients’ complaints at admission
revealed significant differences for some of them depending on
the pneumonia severity (Table 1).

Gender-related characteristics, features of antenatal period,
duration of breastfeeding, indicators of children’s physical
development (at birth and at admission), as well as vaccination
status against pneumococcal, hemophilic infections and
influenza did not affect the risk of severe CAP (p > 0.2). There
was also no correlation between CAP severity and body
temperature increase, duration of fever, facts of intoxication
and cough.

Physical examination revealed significant differences
depending on pneumonia severity for some symptoms (Table 2).

We found a significant, direct, relatively strong correlation
between the RF stage and CAP severity in children (Somers'
D 0.68; p < 0.001). The relationship between BOS and various

Table 2. Distribution of physical findings with significant differences depending on CAP severity

CAP severity
Symptom moderate severe OR (95% ClI) Si?:\izi:z(a;)ce
n % n %
RF of any kind 29 48.3 11 91.7 11.8 (1.4-96.8) 0.005
Tachypnea 9 15 10 83.3 28.3 (5.3-151.3) <0.001
Retraction of the chest 20 33.3 9 75 6 (1.5-24.6) 0.007
SpO, < 96% 18 30 8 66.7 4.7 (1.2-17.5) 0.02
Acrocyanosis 0 0 2 16.7 - 0.02
Local medium bubbling rales 18 30 0 0 - 0.03
Diffuse bilateral wheezes (BOS) 14 33.3 8 66.7 4 (1.07-14.9) 0.03
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CAP severity
Laboratory parameter o " R
(units) moderate severe OR (95% CI) Significance level (p)
Me (IQR) Me (IQR)
WBC (*10%/L) 10 (7.6-15.1) 14.5 (11.2-22.9) 1.08 (1.004-1.17) 0.01
ANC (*10%L) 5(3.1-7.6) 9.9 (4.6-15.1) 1.12 (1.01-1.24) 0.02
ABC (*10%L) 0.24 (0.08-0.94) 0.9 (0.3-2.5) 1.4 (1.01-2.1) 0.01
Lym (%) 31.5 (20-44.5) 19 (7-36) 0.94 (0.9-0.99) 0.02
PLT (*10%L) 280 (223-335) 428 (270.5-549) 1.009 (1.003-1.015) 0.02

Note: *when the laboratory parameter value increases by one.

stages of RF depending on CAP severity was analyzed. It was
found that the contribution of BOS to RF was significantly
larger in individuals with severe CAP (8 cases out of 11; 72.7%)
compared to the cohort with moderate CAP (14 cases out of 29;
48.3%), p = 0.03. BOS was significantly associated with the RF
stage (Somers' D 0.49; p < 0.001), and the correlation strength
was significantly higher in the cohort with severe CAP (Somers'
D 0.583; p = 0.005) compared to individuals with moderate CAP
(Somers' D 0.25; p = 0.03). Laboratory parameters, for which
significant differences have been revealed depending on CAP
severity, are provided in Table 3.

When performing ROC analysis, cut-off points were
determined for these laboratory parameters, enabling optimal
differentiation between severe and moderate CAP (Table 4).

The logistic regression analysis, in which CAP severity
was a dependent variable, while the listed above clinical and
hematological parameters showing significant differences
depending on the disease severity were independent variables,
was performed to estimate rationality of the integrated
assessment of clinical and laboratory parameters for diagnosis
of severe CAP. We have constructed a significant (o < 0.001)
regression model for prediction of severe CAP in children under
the age of four:

1
y=

T 11 4.0486+269°X1-4.99X2-0.17°X3)

where y is the likelihood of severe CAP; X1 is rhinorrhea (no — O,
yes — 1); X2 is tachypnea (no — 0, yes — 1); X8 is WBC
(x10%L). Table 5 provides characteristics of the regression
model independent variables.

We determined the best cut-off probability value, y = 0.305,
by ROC analysis: in case of satisfying inequality, severe CAP is
predicted with Se 91.7%, Sp 91.7%, PPV 68.9%, NPV 98.2%
(AUC 0.947; 95% CI: 0.889-1). When y < 0.305, moderate
CAP is predicted with Se 91.7%, Sp 91.7%, PPV 98.2%, NPV
68.9%. In the third phase of construction the prognostic model
has the following statistical characteristics: —2Log likelihood = 30.2
(o < 0.001), Nagelkerke's R squared coefficient 0.64
(o < 0.001), Hosmer-Lemeshow goodness-of-fit test 0.82
(o = 0.66). The lack of mullticolinearity between predictors (1] =0.5)

Table 4. Disgnostic ability of laboratory parameters in detection of severe CAP

and the distribution of resudials close to normal (Shapiro-Wilk
test 0.76; p = 0.05) have been revealed, which suggest that the
analysis conducted is correct.

DISCUSSION

The identified distribution of CAP by severity across children
under the age of four is generally consistent with the literature
data. The prevalence of severe CAP in the study (16.7%) is
slightly higher than that in general pediatric population (7-13%)
[20] and, according to other data, by at least 3% [21]. This
confirms a significant impact of age factor on the likelihood of
severe CAP and the maximum medical and social significance
of this issue in infants and young children [22, 23]. It has been
found that nowadays severity of the majority of CAPs in children
under the age of four does not result from the features of early
stages of ontogeny and nutrition, which can be related to
improvement of the population quality of life, including reduced
exposure of children to household pollutants (biofuel used for
cooking, second-hand smoke, etc.) [24]. In our study, the fact of
vaccination against pneumococcal, hemophilic infections and
influenza had no significant effect on CAP severity in children,
which was inconsistent with the available literature data [9, 24].
It can be assumed that this observation reflects alteration of
CAP etiological structure in children with the increase in the
share of primary viral pneumonia [6, 7].

It has been found that stage II-lll respiratory failure (75%),
in the structure of which bronchial obstructive syndrome
significantly predominates (72.7%), is currently the main cause
of severe CAP in children under the age of four. The leading
role of BOS in pathogenesis of severe pneumonia is probably
due to predominance of respiratory viruses in etiology of CAP
in young children [6, 7]. The history of dyspnea was a weak
predictor of CAP severity, which could be explained by vague
understanding of the term by parents. In contrast, detection of
age-depenent tachypnea (according to the WHO criteria) and
retractions of the chest during physical examination significantly,
many times increased the chance of severe disease (28.3 and
6 times, respectively).

Dyspepsia in the form of vomiting made a significant
contribution to the development of severe CAP, increasing

par:?::t:t?urzits) Cut-off point (306) (35) T‘VF:’;/ 'El"/F‘”\)/ Auc e eh
WBC (*10°/L) >11.05 83.3 617 30.4 94.9 0.732 (0.6-0.86)
ANC (*10/L) >8.31 58.3 783 35 90.4 0.71 (0.56-0.86)
ABC (10°/L) 0.3 83.3 53.3 26.3 94.1 0.729 (0.6-0.86)
Lym (%) <22 66.7 717 32.1 915 0.711 (0.53-0.89)
PLT (10°/L) 4235 58.3 90 53.9 915 0.714 (0.53-0.89)
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Table 5. Traits included in the logistic regression model for prediction of severe CAP in children under the age of four

Predictors and their - Standard error Significance Odds ratio
Ne n/n gradation Code | Coefficient (B) ©) Wald test (W) level (o) (95% Ci)
Rhinorrhea:
1 no —0; X1 -2.69 1.33 4.05 0.04 0.68 (0.005-0.931)
yes — 1
Tachypnea:
2 no —0; X2 4.99 1.51 10.9 0.001 147 (7.6-2851)
yes — 1
WBC,
3 *10° cells/L X3 0.17 0.07 5.4 0.02 1.19 (1.03-1.38)
4 Constant - -4.86 1.97 6.1 0.01 -

the chance on average 4 times. The emergence of reflex
vomiting in the structure of endogenic intoxication and faster
development of exicosis in young children can constitute
possible pathogenetic substantiation of this observation. The
fact of vomiting is among CAP severity criteria according to
BTS [8, 9], which confirms the importance of assessing this
symptom in children with pneumonia.

The fact attracts attention that some symptoms earlier
proposed as criteria for severe pneumonia were seldom
(refusal to drink — 25%, acrocyanosis — 16.7%) or never
(nasal flaring, refusal to eat, cyanosis, apnea and groaning in
infants, increased CRT, impaired consciousness) reported in
our study [9]. The rhinitis syndrome and local medium rales
in auscultation were negative predictors of severe CAP. This
interesting observation can reflect predominant involvement
of upper respiratory tract and bronchi of medium caliber in
individuals with mild pneumonia.

Among leukocyte indicators, absolute WBC, segmented
and band neutrophil counts, relative lymphocyte counts were
potential predictors of the disease severity. When assessing
diagnostic value of laboratory biomarkers, the inequality
0.7 < AUC < 0.8 was fulfilled in all cases, which was indicative of
good discriminatory ability [19]. It has been found that assessment
of leukocyte indicators does not improve the detection rate
of severe pneumonia (positive prognostic value < 50%), but
makes it possible to exclude it with high probability (negative
prognostic value > 90%). It should be noted that platelet counts
in individuals with severe CAP were significantly higher (1.52
times) compared to individuals with moderate CAP. Activation
of the platelet component of hemostasis in severe CAP can be
associated with significant involvement of the lungs being the
main site of platelet formation in the disease process [25]. Other
hemogram indicators, such as relative counts of immature
neutrophils (band neutrophils, meta- and myelocytes) and CRP
concentration were not predictors of severe pneumonia.
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A significant model for prediction of severe CAP in children
under the age of four was constructed using binary logistic
regression. This made it possible to substantiate the feasibility
of integrated assessment of clinical and hematological
characteristics during examination of children with CAP aimed
at early diagnosis of severe pneumonia and optimization of
treatment tactics. Statistical analysis showed good quality of
model approximation to hypothetic real situation, no significant
differences between the reported and predicted values of the
response factor and its high share of dispersion explained
by the model. The model advantages include accessibility
and simplicity of assessment of the proposed combination
of parameters, enabling early and effective prediction of CAP
severity in children under the age of four.

CONCLUSIONS

The goal of the study was achieved: clinical and laboratory
predictors of severe CAP in children under the age of four
were identified and assessed. Currently, respiratory failure, in
the pathogenesis of which BOS predominates, is the main
cause of severe pneumonia. Clinical assessment of patient’s
condition focused on detection of the rhinitis syndrome and
RF, including age-dependent tachypnea and retraction of the
chest, plays a leading role in the diagnosis of pediatric CAP.
Isolated assessment of hematological parameters and serum
CRP levels makes it impossible to predict pneumonia severity. A
model for early prediction of CAP severity in children under the
age of four has been proposed, the use of which can contribute
to the treatment tactics improvement. Given small size of the
sample used in the study (72 patients) and no consensus about
the criteria of severe CAP diagnosis based on the literature
data, further research with the prospect of creating a validated
quantitative system for assessment of pneumonia severity in
children is necessary.
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ISOLATION AND CHARACTERIZATION OF VIRULENT BACTERIOPHAGES AGAINST KLEBSIELLA
PNEUMONIAE OF SIGNIFICANT CAPSULAR TYPES
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The growing proportion of antibiotic-resistant Klebsiella pneumoniae strains raises challenges to the healthcare system and requires the development of alternative
treatment options. Bacteriophage therapy is one of such options. The study was aimed to isolate and describe bacteriophages effective against K. pneumoniae
strains of clinically significant capsular types. The bacteriophages were isolated from the sewage and river water samples using the enrichment culture technique.
The spectrum of Iytic activity of the phages was tested on the collection of K. pneumoniae clinical isolates (n = 279). The studied bacteriophages lysed 52.8-100%
of K. pneumoniae strains of respective capsular types: phage VKV295 lysed 100% of strains with the capsular type KL1, SAA231 — 52.8 of strains with KL2,
NNK-G4 — 100% of strains with KL39, VSG32 — 66.7% of strains with KL41, NKA196 — 87.5% of strains with KL47, Rappa3 — 87.5% of strains with KL57,
PEA128 — 95.5% of strains with KL64, and ChM-G5 — 69.6% of strains with KL102. Whole-genome sequencing and subsequent bioinformatic analysis revealed
that the phages belong to the Autographiviridae family and are classified into three genera.The lytic spectrum of phages was limited to specific capsular types due to
the presence of specific receptor-binding proteins, polysaccharide depolymerases. The isolated bacteriophages were strictly virulent, did not carry harmful genetic
determinants, and had a specific host range, making them applicable in therapeutic practice for combating antibiotic-resistant infections caused by K. pneumoniae.
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BbIOEJIEHUE N XAPAKTEPUCTUKA BUPYJIEHTHbIX BAKTEPUO®AIOB MNMPOTUB
KLEBSIELLA PNEUMONIAE 3HAHNMbIX KAMCYJIbHbIX TUMNOB

P. B. lopogHnyes' =4, M. A. KopHunerko', [. A. Becrnatbix!, M. B. Manaxosa', A. O. Kpusyns', B. A. Becenosckuin!, HO. A. BecnsTbix’,

O. B. lTonowanos?, T. B. YepHeHbkas?, E. A. LLnTkoBs'

! PepepanbHbIA HayHHO-KIMHUHECKII LIBHTP (MBNKO-XVMHECKOV MeayLvHLI viveHm KO. M. JlonyxiHa deaepanbHOro Meavko-61onor4eckoro areHtcTsa, Mocksa, Poccus

2 MepBbit CaHKT-MNeTepbyprekuin rocyaapCTBEHHbIN MEAVLIMHCKII YHBepcUTeT uMeHun W. M. Masnosa, CaHkT-MeTepbypr, Poccust

8 Hay4Ho-vccnenoBaTenbCKuin MHCTUTYT CKOPO noMoLLy uMeHn H. B. Cknandocosckoro [enaptameHTta 3apaBooxpaHeHns ropoda Mocksbl, MockBsa, Poccust
B KOHTEKCTE pacTyLLein YCTOMHMBOCTU K aHTUOMOTUKaM BakTepurodar — anstepHaTvea TPaavLVIOHHOM aHTUMMKPOOHOI Tepann. Tepaniist GakTepriodaramn — ofHa
13 Takux anstepHaTtve. Llenbto nccneqoBanns Gbinn BblaeneHne 1 xapaktepuctnka 6akteprodaros, adekTnBHbIX NPOTUB WTamMoB Klebsiella pneumoniae
KNMHWUYECKN 3HAYYMBIX KancCymbHbIX TUMOB. 13 MpoB CTOYHbIX M PeYHbIX BOA, METOAOM HakoMUTeNbHbIX KynbTyp Oblio BblaeneHo BoceMb haros. OnpeneneHvie
CMeKTpa NUTUYECKOM aKTUBHOCTY (haroB NPOBOAMIN Ha KOMNEKLMM KIMHUYECKIMX N30MISTOB K. pneumoniae (n = 279). Baktepunodarn nuavposani 52,8-100%
130519ToB K. pneumoniae COOTBETCTBYIOLLMX Karcy/bHbIX TUnoB: dar VKV295 — 100% m3onsToB ¢ KancymbHeiM Tvnom KL1, SAA231 — 52,8% ¢ KL2, NNK-G4 —
100% ¢ KL39, VSG32 — 66,7% ¢ KL41, NKA196 — 87,5% ¢ KL47, Rappa3 — 87,5% c KL57, PEA128 — 95,5% ¢ KL64 n ChM-G5 — 69,6% ¢ KL102.
VIX reHOMbI BbINM CEKBEHMPOBaHbI 1 MpoaHanM3npoBaHb! GronHpopmaTieckn. Parv NpyHagnexan K ceMeincTsy Autographiviridae v oTHoCUAMCh K Tpem
pofam. JIntndeckuii crekTp haros Obl OrpaHnHeH KOHKPETHbIMI KarnCysbHbIMM TUNamy BCAEACTBME HAMMHMS CreLmyHbIX peLenTop-CBASbIBAOLLYIX BENKoB —
nonvcaxapugaenonimepas. BbigeneHHble 6akteprodaryt Gl CTPOro BUPYNEHTHBIMU, HE HECNIN BPEOHbIX MEHETUHECKMX AETEPMVHAHT, YTO MO3BOMSET UX
NPUMEHSTb B TEPANEBTUHECKON MPaKTUKe AN 60pbbbl C aHTUOMOTUKOPE3UCTEHTHBIMN MHIEKLWISIMM, BbI3BaHHBIMU K. pneumoniae.

KntouyeBble cnoBa: BYpyneHTHble bakTepunodaru, Klebsiella pneumoniae, aHTUBUOTUKOPESINCTEHTHOCTb, NONMCaxapua-aenonmMepassbl
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Klebsiella pneumoniae is a Gram-negative, rod-shaped bacterium
belonging to the Enterobacteriaceae family. Bacteria of this species
are the cause of many human infectious diseases. Pneumonia
(inflammation of the lungs) is the best known one, however
K. pneumoniae can also cause urinary tract infections, bloodstream
infections, wound infections, and sepsis [1]. Antibiotic therapy
remains the main method to prevent and treat infections caused
by K. pneumoniae, despite the fact that the share of mulridrug-
resistant strains can reach 20-30% [2, 3]. The K. pneumoniae
infection mortality is as high as 38%, while the annual number of
deaths associated with antibiotic resistance is 650,000 people [4, 5].

Bacteriophage therapy is considered to be a simple, safe and
highly effective alternative to antibiotics [6]. Bacteriophages are the
largest and most common group of viruses; they have been used as
antimicrobials since their discovery in the early 20" century. Today,
monophages and cocktails of several Iytic phages are successfully
used for personalized therapy [7-9]. However, commercially
available broad-spectrum phage cocktails have limited efficacy [10].

The K. pneumoniae bacteriophage efficacy is largely defined by
the type of capsular polysaccharide of the host bacterium [11]. The
K. pneumoniae polysaccharide capsule is a key factor of virulence
protecting the bacterium against environmental factors, including
host immunity [12]. Today, more than 100 different polysaccharide
capsule types are distinguished based on the conventional
serological method and the method of sequencing distinct genes
of the cps gene cluster, some of them (KL1, KL2, KL8, KL20, KL39,
KL41, KL47, KL53, KL57, KL64, KL102 1 KL107) are associated
with increased virulence and antibiotic resistance [13-17].

The K. pneumoniae bacteriophages are adsorbed on the
surface of bacteria, they dissolve the polysaccharide capsule with
the specialized enzymes, polysaccharide depolymerases, usually
found on the phage tail fibers fiberand spikes. Polysaccharide
depolymerases possess enzyme activity against certain bond
between monosaccharides in the polysaccharide monomer [11].

The study was aimed to isolate and describe bacteriophages
capable of lysing K. pneumoniae strains of clinically significant
capsular types.

METHODS
Bacterial strains and their characteristics

The collection of (n = 279) K. pneumoniae clinical isolates was
compiled in 2018-2022: 79 strains were obtained from the
Raisa Gorbacheva Memorial Research Institute for Pediatric
Oncology, Hematology and Transplantation (Saint Petersburg,
Russia), 66 from the Sklifosovsky Research Institute for
Emergency Medicine (Moscow, Russia), 64 from the collection
of the Pediatric Research and Clinical Center for Infectious
Diseases of FMBA of Russia (Saint Petersburg, Russia), 58 from
the Clinical Hospital Ne 123 of the Lopukhin Federal Research
and Clinical Center of Physical-Chemical Medicine of FMBA
of Russia (Odintsovo, Russia); 12 isolates were generously
provided by SCPM-Obolensk (Obolensk, Russia).

Bacterial strains were grown using the lysogeny broth
(LB) (Himedia; India) at 37°C. Bacterial species were identified
by MALDI-TOF mass spectrometry [18]. The fact of the
K. pneumoniae belonging to certain capsular type was
determined by the wzi gene sequencing [19].

Bacteriphage isolation and purification
Hospital sewage, from which K. pneumoniae strains were

isolated, and water of the Likhoborka (Moscow) and Klyazma
(Korolev) rivers were used as the sources of bacteriophages.
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To eliminate bacterial component, the sample of sewage or river
water was centrifuged at 4000 g for 10 min, supernatant was filtered
using the 0.22 um filters (Merk Millipore; USA). Equal amounts
(15 mL) of fittered water and double concentration LB broth were
combined and inoculated with 20 pL of the overnight culture of
the potential bacterial host strain. This mixture was incubated
overnight on the shaker at 37 °C. The resulting suspension was
sterilized by filtering through the 0.22 um filter, and the presence
of bacteriophages in the filtered liquid was confirmed by the spot
test [20]. Isolation and buildup of pure bacteriophage culture was
accomplished via three passages through a single plaque.

The study also involved NER40 bacteriophage isolated
from the Chermyanka river (Moscow) that was described in the
previous paper [21].

Determination of lytic spectrum

The lytic spectra of bacteriophages were defined by the
spot test assay [20]. For that 100 pL f the culture of each
K. pneumoniae strain grown to logarithmic phase (OD,,, = 0.3)
were mixed with 5 mL of semi-solid agar in LB (0.7% agar) and
distributed among the Petri dishes with thin layer of agar in LB
(1.5% agar). Testing included application of 5 pL of monophage
lysates with a titre of 106 PFU/mL to the surface of fresh lawns
of the tested K. pneumonia strains. Then the Petri dishes were
incubated at 37 °C overnight. Lytic activity of bacteriophages
was determined based on the presence of the zone of
continuous bacterial cell lysis matching the shape of initial drop.
The presence of translucent area surrounding the zone of lysis
was interpreted as polysaccharide depolymerase activity.

Whole-genome bacteriophage sequencing and
bioinformatics data analysis

The phage genomic DNA was extracted using the standard phenol-
chloroform extraction protocol [22]. Sequencing was carried out
using the MiSeq toal (lllumina; USA) and the MiSeq Reagent Nano Kit
V2 (500 cycle) (llumina; USA) in accordance with the manufacturer's
instructions. Genomes were assembled with the SPAdes software
(v. 3.14.0). The GeneMarksS online service (v. 4.32) was used to
identify open reading frames (ORFs) in the genome. Assessment of
tRNA genes was performed with ARAGORN (v. 1.2.41).
Genes were predicted and annotated manually using
BLASTp, HHPred, and InterPro. To confirm the lack of genes
encoding toxins and antibiotic resistance determinants,
comparison with the databases containing virulence factors of
pathogenic bacteria [23] and antibiotic resistance genes [24]
was performed. The annotated sequences of bacteriophage
genomes were deposited in the GenBank database.
Phylogenetic analysis involved 40 reference bacteriophage
genomes proposed by the International Committee on
Taxonomy of Viruses (ICTV). Phylogenetic trees were
constructed based on the bacteriophage complete genomes
using the VICTOR tools [25]. The closest homologues among
bacteriophages were determined with the BLASTn algorithm.
Comparative analysis of distinct protein sequences was
accomplished using the BLASTp service. Comparative analysis of
complete genomes was performed using the Circoletto tools [26].

RESULTS
Characteristics of K. pneumoniae strains

The wzi gene nucleotide sequence was determined for
all 279 strains of the collection. Comparative analysis of the
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Fig. 1. Diversity of capsular types in the K. pneumoniae collection

resulting sequences and the sequences from the Institut
Pasteur database made it possible to determine the alleles
corresponding to distinct capsular types. A total of 40 unique
wzi gene allele variants were found, among which 37 were
associated with certain capsular types; no associations with
the known capsular types were found for three variants (wzi
475, wzi 493 and wzi 163). The collection included 29 different
capsular types, among which seven constituted 70% of all
isolates: KL2 (19%), KL23 (12%), KL20 (9%), KL39 (9%), KL64
(8%), KL102 (8%), and KL107 (6%) (Fig. 1). The shares of other
capsular types, often associated with high virulence, were less
than 5%: KL1 — 3%, KL41 — 1%, KL47 — 3%, KL57 — 3%.

Isolation, phenotypic characteristics and lytic spectrum of
bacteriophages

A total of eight bacteriophages (VKV295, SAA231, NKA196,
NNA-G4, VSG32, Rappa3, PEA128, and ChM-Gb) lysing the
K. pneumoniae strains of eight clinically significant capsular
types (KL1, KL2, KL39, KL41, KL47, KL57, KL64, and KL102)
were extracted from three sewage samples and two river water
samples. Strains of these capsular types constituted 53.05%
of the collection.

The majority of bacteriophages formed small, round,
transparent plaques (1-2 mm) surrounded by the 1-2 mm halo.
Certain bacteriophages (VKV295 and Rappa3) formed larger
round, transparent plaques (2—-4 mm) also surrounded by halo
(Fig. 2, Table 1).

Bacteriophages showed high specificity of the lytic
spectrum: each isolated phage was capable of lysing only
strains with the same capsular type as the strain, on which
the bacteriophage was isolated. All the studied bacteriophages
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lysed 52.8-100% of strains of certain capsular types (Table 1).
The previously described bacteriophage NER40 specifically
lysing strains with the capsular type KL2 was included in the
study for reference [21].

Whole-genome bacteriophage sequencing
and phylogenetic analysis

Complete genomes of phages were assembled and deposited
in the NCBI GenBank database (Table 2). The genome size
varied between 39058 and 44575 bp, the G + C content was
50.4-54.3%. All phage genomes had terminal repeats sized
167-282 bp on both ends. No tRNA genes were found in
the phage genomes, and the number of open reading frames
(ORFs) predicted for various bacteriophages was 42-53 (Table 2).

Phylogenetic analysis has shown that all the studied
bacteriophages belong to three genera of the family
Autographiviridae (Fig. 3). Phages VKV295, SAA231, NKA196,
and NNA-G4 belong to the genus Drulisvirus, Rappa3 and
PEA128 are members of the genus Przondovirus, while VSG32
and ChM-G5 belong to the genus Teetrevirus. According to the
BLASTN analysis results, the closest homologues of Drulisvirus
phages were represented by KpV2883 (GenBank MT682065.1;
90.53% identity) for phage VKV295, vB_KpnP_KpV74
(GenBank NC_047811.1; 88.12% identity) for phage SAA231,
and KPPK108.1 (GenBank OK583892.1; 90.56% and 85.03%
identity) for NNA-G4 and NKA196. The closest homologues of
phages Rappa3 and PEA128 were represented by phages of
the genus Przondovirus K5-2 (GenBank NC_047798.1; 81.32%
identity) and 066037 (GenBank MW042800.1; 86.27 % identity),
respectively. Homologues of phages TeetrevirusVSG32 and
ChM-G5 were represented by Salmonellaphage phiSG-JL2
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Plague morphology
Source of bacteriophages Bacteriophage Bacteriophage capsular Number of lysed strains of Halo,
phag phag specificity certain capsular type mm
Plaque, mm

Sewage of the Clinical Hospital No. VKV295 KL1 777 2 3
123 of the Lopukhin Federal Research
and Clinical Center of Physical- NNA-G4 KL39 25/25 0,5-1 1
Chemical Medicine of FMBA of Russia
Sewage of the Sklifosovsky Research Rappa3 KL57 7/8 4 3
Institute for Emergency Medicine VSG32 KL41 2/3 1-2 1-3
Sewagg of the Raisa qubacheva PEA128 KL64 21/92 1-2 1
Memorial Research Institute for
Pediatric Oncology, Hematology and
Transplantation ChM-G5 KL102 16/23 1 1
Klyazma river SAA231 KL2 28/53 1 1
Likhoborka river NKA196 KL47 7/8 1-2 2-3
Chermyanka river NERA40 [21] KL2 49/53 3-5 2-4

(GenBank NC_010807.1; 84.00% identity) and Klebsiellaphage
6998 (GenBank OL362282.1; 90.13 % identity), respectively
(Table 2).

Functional annotation and comparative analysis
of genomes

All the studied bacteriophages were members of the family
Autographiviridae and, therefore, had similar genome structure:
all genes were located on the leading DNA strand, phages
encoded both DNA and RNA polymerases, while genes of
nucleic acid metabolism and genes encoding structural proteins
formed clusters in the left and right parts of the genome,
respectively. Members of this family are virulent phages that
carry no integrase genes. The annotated genes of the studied
bacteriophages include no genes encoding integrases,
antibiotic resistance determinants, toxins or any other known
genes that are potentially unfavorable in terms of therapy.

The genomes of phages of the genus Drulisvirus carried
51-53 ORFs, among which 22-24 were annotated as genes
encoding hypothetical proteins, 12-14 were nucleic acid
metabolism genes, 12-13 were genes encoding capsid
proteins; there were also three genes responsible for host cell

lysis represented by the genes encoding spanin, choline and
endolysin following one another.

Each of four phages of the genus Drulisvirus carried two
genes encoding phage fiber proteins, however, both genes
encoded polysaccharide depolymerase domains only in
VKV295; in three other phages, a depolymerase domain was
found on one fiber out of two only. The fiber genes of phage
VKV295 (0rf0043 and orf0051) carried glycoside hydrolase
family 28 and K1 lyase domains and showed 82.53 and 99.75%
identity with the fibers of phage KpV2883 that was considered
to be the closest based on BLASTN. In turn, the fiber genes
of bacteriophage SAA231 showed 96.18 and 97.57% identity
with the closest homologue, phage vB_KpnP_KpV74; the first
fiber gene (0rf0044) carried no depolymerase domain, while the
second one (0rf0052) encoded the glycoside hydrolase family
28 domain. This depolymerase (SAA231_ orf0052) showed
98.1% homology with the earlier reported fiber orf0053 of
phage NER40. Bacteriophage NNA-G4 carried two fiber genes,
among which only one (orf0052) encoded depolymerase with
pectate lyase 3 domain and showed 95.65% identity with the
fiber gene of phage VLC5 (GenBank MT197175.1; 74.97%
identity). As in NNA-G4, only the second fiber of phage NKA196
(orf0052), which showed 99.13% identity with the fiber of phage

Fig. 2. Plaque morphology of phages VKV295 (A), SAA231 (B), NKA196 (C), NNK-G4 (D), VSG32 (E), Rappa3 (F), PEA128 (G), and ChM-G5 (H)
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Table 2. Genetic characteristics of bacteriophages

Bacteriophage GenBank Taxonomic status Size, bp ORF G+C Identity with the closest homologue, %

VKV295 OR287807 Drulisvirus 42380 51 54.10% 90.53
SAA231 OR287809 Drulisvirus 44281 53 54.30% 88.12
NNA-G4 OR287810 Drulisvirus 44575 52 53.80% 90.56
NKA196 OR287808 Drulisvirus 44083 52 53.90% 85.03
Rappa3 OR287806 Przondovirus 40593 42 53.10% 81.32
PEA128 OR287812 Przondovirus 40386 47 52.80% 86.27
VSG32 OR287811 Teetrevirus 39058 48 50.40% 84

ChM-G5 OR287804 Teetrevirus 39235 45 50.90% 90.13

KPPK108.2 (GenBank OK583892.1; 85.03 % identity), carried
a depolymerase domain of glycoside hydrolase family 28.

Genus Przondovirus was represented by two phages, the
genomes of which carried 42-47 ORFs. As a result of the
annotation, we managed to predict the functions of 71.2—
73.8% of hypothetical proteins. A total of 15-16 nucleic acid
metabolism genes, 14-15 structural genes, and two genes
responsible for host bacterium lysis represented by class I
choline and Rz-like spanin were annotated.

Rappa3 bacteriophage had two fibers (0rf0037 and orf0038)
containing depolymerase domains represented by pectate
lyases 3. The first fiber showed 29.28% identity with the fiber
of phage K11 (GenBank NC_011043.1; 81.01% identity), while
the second one showed 71.38% identity with the fiber of phage
vB_KpnP_KpV767 (GenBank NC_047772.1; 78.09% identity).
A single fiber of phage PEA128 showed 99.72% identity with
the fiber of phage TUN1 (GenBank HG994092.1; 84.11%
identity) and carried the glycoside hydrolase family 28 domain.

— Klebsiella phage vB KpnP PRA33

Eﬁ
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10

T

- Klebsiella phage vB KpnP KpV766
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Fig. 3. Phylogeny of the K. pneumonia bacteriophages. The studied bacteriophages are highlighted in red
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SAA231

NER40

Fig. 4. Comparison of the NER40 and SAA231 phage genomes (percentage of homology is highlighted in blue < 25%; green < 50%; orange < 75%; red >75%)

Bacteriophages VSG32 and ChM-G5 of the genus
Teetrevirus had 48 and 46 ORFs, respectively, among which
functions were predicted for 83.33 and 78.26% ORFs: 21 and
19 ORFs encoded nucleic acid metabolism genes, 17 and 15
encoded structural genes. Genes responsible for host lysis
were organized in the same manner as in phages of the genus
Przondovirus and represented by two ORFs encoding choline
and Rz-like spanin.

Each of the isolated phages carried one fiber gene encoding
the receptor-binding protein. Depolymerase of phage ChM-G5
was represented by the orf0040 fiber showing 90.41%
identity with the fiber of phage 6998 (GenBank OL362282.1;
90.13% identity) and carrying the pectate lyase 3 domain.
BacteriophageVSG32 encoded the orf0042 fiber showing
94.97% identity with the fiber of phage KPP-5 (GenBank
MW600722.1; 87.70% identity) and carrying an adhesion
domain of indeterminate nature.

DISCUSSION

The K. pneumoniae strains taken as host strains have the
capsular types associated with nosocomial infections that are
difficult to treat due to the presence of antibiotic resistance
determinants [3, 16, 27]. These strains are widespread in Russia
and neighboring countries, they often carry genes responsible
for carbapenem and broad spectrum B-lactam antibiotic
resistance, as well as genes responsible for hypervirulence [16, 27].
Strains with the capsular types KL1, KL2, KL39, KL41, KL47,
KL57, KL64, and KL102 constitute 53.05% of the collection
compiled, which means high relevance of isolating therapeutic
bacteriophages against them.

Novel bacteriophages were isolated from sewage of the
same hospitals, where the strains of the collection were
isolated, as well as from water of the rivers flowing through
Moscow. All the isolated bacteriophages formed specific
translucent halos surrounding individual plaques, which was
a characteristic feature of the presence of receptor-binding
proteins represented by polysaccharide depolymerases. This is
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also confirmed by the narrow range of phage hosts limited to
K. pneumoniae strains of specific capsular types. Bacteriophages
specific for K. pneumoniae strains of the capsular types KL1,
KL2, KL47, KL57, KL64, and KL102 were earlier described
in the literature as members of different taxons. However, to
date, only one phage specific for K. pneumoniae strains of the
capsular type KL39 have been reported; no phages able to
specifically lyse K. pneumoniae strains of the capsular type
KL41 have been reported [28].

The analysis of genomes of the isolated bacteriophages
has shown that all phages are members of the family
Autographiviridae and are more than 5% different from the
closest phages presented in the NCBI database, which
allows us to say that the isolated bacteriophages are new
species of appropriate genera [29]. Despite the differences
between complete genomes sufficient for identification of new
species, the fiber genes responsible for phage adsorption on
the surface of bacteria and largely determining the host range
showed higher degree of homology with the earlier reported
bacteriophage fibers. Thus, for example, fibers of phages
VKV295, SAA231, NKA196, and PEA128 turned out to have
82.53-99.75% homology with the fibers of earlier characterized
bacteriophages KpV2883, vB_KpnP_KpV74, KPPK108.2 and
TUNA1. In contrast, fibers of phages NNA-G4, ChM-G5, VSG32
and Rappa3 were either homologous to bacteriophages with
undescribed host specificity, or showed poor (< 75%) homology
with the closest fibers of the known phages (based in BLASTp).

Interesting is the fact that our collection includes the earlier
reported bacteriophage NER40 (GenBank MZ602146.1) of
the genus Drulisvirus specific for K. pneumoniae strains with
the capsular type KL2 [21]. A significant difference between
the two bacteriophages was that, while specifically lysing
K. pneumoniae strains with the capsular type KL2, bacteriophage
NER40 showed higher efficiency, 49/53 (90.57%) vs. 28/53
(562.8%) for SAA231. The main differences between genomes
of phages NER40 and SAA231 are within the region between
6.5-17.5 kbp, where the genes responsible for life cycle are
located, while the genes of adsorption apparatus have shown
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high degree of homology (98.1%) (Fig. 3). Given the above,
such significant differences in the host ranges can be due to
the differences in the success in bypassing bacterial antiphage
defense systems, such as restriction modification system and
CRISPR. It can be assumed that the genes ensuring successful
bypassing of such systems are located in this specific region
of the phage genome (6.5-17.5 kbp) and determine the
differences in potential therapeutic efficacy.

[t is important to note that no potentially undesired
determinants have been found in the genomes of isolated
bacteriophages, which, along with their phylogenetic position,
characterizes them as strictly virulent bacteriophages suitable
for antibacterial therapy. In turn, high Iytic activity of phages and
the presence of polysaccharide depolymerases as receptor-

References

1. HeY, Li W, Wang Z, Chen H, Tian L, et al. Nosocomial infection
among patients with COVID-19: A retrospective data analysis of
918 cases from a single center in Wuhan, China. Infect Control
Hosp Epidemiol. 2020; 41 (8): 982-3.

2. European Centre for Disease Prevention and Control. Antimicrobial
resistance in the EU/EEA (EARS-Net). AER for 2021. Surveillance
report. 2022; p. 20.

3. Sukhorukova MV, Edelstein MV, Ivanchik NV, Skleenova EYu,
Shajdullina ER, Azyzov IS, et al. Antimicrobial resistance of
nosocomial Enterobacterales isolates in Russia: Results of
multicenter epidemiological study «MARATHON 2015-2016».
Clinical Microbiology and Antimicrobial Chemotherapy. 2019; 21
(2): 147-59. Russian.

4. Li D, Huang X, Rao H, Yu H, Long S, Li V, et al. Klebsiella
pneumoniae bacteremia mortality: a systematic review and meta-
analysis. Front Cell Infect Microbiol. 2023; 13: 1-9.

5. Murray CJ, lkuta KS, Sharara F, Swetschinski L, Aguilar GR, Gray A,
et al. Global burden of bacterial antimicrobial resistance in 2019:
a systematic analysis. Lancet. 2022; 399 (10325): 629-55.

6. Gorski A, Miedzybrodzki R, Wegrzyn G, Jonczyk-Matysiak E,
Borysowski J, Weber-Dabrowska B. Phage therapy: Current
status and perspectives. Med Res Rev. 2020; 40 (1): 459-63.

7. Aslam S, Lampley E, Wooten D, Karris M, Benson C, Strathdee S,
et al. Lessons learned from the first 10 consecutive cases of
intravenous bacteriophage therapy to treat multidrug-resistant
bacterial infections at a single center in the United States. Open
Forum Infect Dis. 2020; 7 (9): ofaa389.

8. Dedrick RM, Smith BE, Cristinziano M, Freeman KG, Jacobs-
Sera D, Belessis Y, et al. Phage Therapy of Mycobacterium
Infections: Compassionate Use of Phages in 20 Patients With
Drug-Resistant Mycobacterial Disease. Clin Infect Dis. 2023; 76
(1): 103-12.

9. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J,
Lessor L, et al. Development and use of personalized
bacteriophage-based therapeutic cocktails to treat a patient
with a disseminated resistant Acinetobacter baumannii infection.
Antimicrob. Agents Chemother. 2017; 61 (10): 1-15.

710. Kuptsov NS, Kornienko MA, Gorodnichev RB, Danilov DI,
Parfenova TV, Makarenko Gl, et al. Efficacy of commercial
bacteriophage products against ESKAPE pathogens. Bulletin of
RSMU. 2020; 3 (2020): 19-26. Russian.

11. Pires DP, Oliveira H, Melo LD, Sillankorva S, Azeredo J.
Bacteriophage-encoded depolymerases: their diversity and
biotechnological applications. Appl Microbiol Biotechnol. 2016;
100 (5): 2141-51.

12. Follador R, Heinz E, Wyres KL, Ellington MJ, Kowarik M,
Holt KE, et al. The diversity of Klebsiella pneumoniae surface
polysaccharides. Microb genomics. 2016; 2 (8): e000073.

13.  Liao CH, Huang YT, Hsueh PR. Multicenter surveillance of capsular
serotypes, virulence genes, and antimicrobial susceptibilities
of Klebsiella pneumoniae causing bacteremia in Taiwan, 2017—-
2019. Front Microbiol. 2022; 13: 783523.

binding proteins make it possible to use both bacteriophages
and their derivatives for therapy.

CONCLUSIONS

We have isolated and characterized bacteriophages possessing
specific lytic activity against clinically significant K. pneumoniae
strains of certain capsular types: VKV295 against KL1,
SAA231 against KL2, NNK-G4 against KL39, VSG32 against
KL41, NKA196 against KL47, Rappa3 against KL57, PEA128
against KL64, ChM-G5 against KL102. The phage genomes
were tested for any genes potentially dangerous for therapy
(integrases, toxins, antibiotic resistance factors), which means
that these phages may be used for treatment.

14. Jin'Y, Dong C, Shao C, Wang Y, Liu Y. Molecular epidemiology
of clonally related Metallo-B-Lactamase-Producing Klebsiella
pneumoniae isolated from newborns in a hospital in Shandong,
China. Jundishapur Journal of Microbiology. 2017; 10 (9): 14046.

15. Rojas LJ, Weinstock GM, De La Cadena E, Diaz L, Rios R, Hanson BM,
et al. An analysis of the epidemic of Klebsiella pneumoniae
Carbapenemase-Producing K. pneumoniae: convergence of two
evolutionary mechanisms creates the “Perfect Storm”. J Infect
Dis. 2018: 217 (1): 82-92.

16. Shaidulina ER, Schwabe M, Rohde T, Shapovalova W, Dyachkova MS,
Matsvay AD, et al. Genomic analysis of the international high-
risk clonal lineage Klebsiella pneumoniae sequence type 395.
Genome Med. 2023; 15 (1): 17.

17. Egorov SK, Semenov VM, Dmitrachenko TI. Analysis of Klebsiella
pneumoniae isolates with extremely high antibiotic resistance.
Paediatrics. Eastern Europe. 2022; 10 (3): 325-33. Russian.

18. Ryzhov V, Fenselau C. Characterization of the protein subset
desorbed by MALDI from whole bacterial cells. Anal Chem 2001;
73 (4): 746-50.

19. Brisse S, Passet V, Haugaard AB, Babosan A, Kassis-Chikhani N,
Struve C, et al. Wzi gene sequencing, a rapid method for
determination of capsulartype for klebsiella strains. J Clin
Microbiol. 2013; 51 (12): 4073-8.

20. Mazzocco A, Waddell TE, Lingohr E, Johnson RP. Enumeration of
bacteriophages by the Direct Plating Plaque Assay. Methods Mol
Biol. 2009; 501: 77-80.

21. Gorodnichev RB, Kornienko MA, Kuptsov NS., Malakhova MV,
Bespiatykh DA, Veselovsky VA, et al. Molecular genetic
characterization of three new Kilebsiella pneumoniae
bacteriophages suitable for phage therapy. Extreme medicine.
2021; 23 (3): 90-7. Russian.

22. Green MR, Sambrook J. Molecular cloning. A Laboratory Manual
4th. Cold Spring Harbor Laboratory, 2012; p. 1936.

23. LiuB, ZhengD, Jin Q, ChenL, Yang J. VFDB. 2019: A comparative
pathogenomic platform with an interactive web interface. Nucleic
Acids Res. 2019; 47 (D1): D687-D692.

24. Liu B, Pop M. ARDB — Antibiotic resistance genes database.
Nucleic Acids Res. 2009; 37 (SUPPL 1): 443-7.

25. Meier-Kolthoff JP, Goker M. VICTOR: genome-based phylogeny
and classification of prokaryotic viruses. Bioinformatics. 2017; 33
(21): 3396-404.

26. Darzentas N. Circoletto: visualizing sequence similarity with
Circos. Bioinformatics. 2010; 26 (20): 2620-1.

27. Fursova NK, Astashkin El, Ershova ON, Aleksandrova IA, Savin IA,
Novikova TS, et al. Multidrug-resistant Klebsiella pneumoniae
causing severe infections in the neuro-ICU. Antibiotics. 2021; 10
(8): 1-17.

28. Beamud B, Garcia-Gonzédlez N, Gémez-Ortega M, Gonzalez-
Candelas F, Domingo-Calap P, Sanjuan R. Genetic determinants of
host tropism in Klebsiella phages. Cell Rep. 2023; 42 (2): 112048.

29. Turner D, Kropinski AM, Adriaenssens EM. A roadmap for
genome-based phage taxonomy. Viruses. 2021; 13 (3): 506.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS



OPUTMHAJTBHOE NCCJIEQOBAHNE | MNKPOBMONOTINA

Jlutepatypa

1.

10.

11.

12.

13.

14.

MEOVILMHA SKCTPEMATTbHBIX CUTYALNI | 4, 25, 2023 | MES.FMBA.PRESS

He Y, Li W, Wang Z, Chen H, Tian L, et al. Nosocomial infection
among patients with COVID-19: A retrospective data analysis of
918 cases from a single center in Wuhan, China. Infect Control
Hosp Epidemiol. 2020; 41 (8): 982-3.

European Centre for Disease Prevention and Control. Antimicrobial
resistance in the EU/EEA (EARS-Net). AER for 2021. Surveillance
report, 2022; p. 20.

CyxopykoBa M. B., OngensbwtenH M. B., VBaHuink H. B.,
CkneeHoma E. tO., WangynnuHa 9. P., Asusos . C. n ap.
AHTUONOTUKOPE3NCTEHTHOCTb  HO30KOMMASIBHBIX  LLITAMMOB
Enterobacterales B cTaumoHapax Poccun: pesyneratsl
MHOFOLIEHTPOBOrO  3MMAEMUOSNIONMHYECKOrO  UCCeoBaHNs
«MAPA®OH 2015-2016». KnuHu4yeckass MUKpPOOMONOrusa 1
aHTUMUKPOOHas xummoTtepanus. 2019; 21 (2): 147-59.

Li D, Huang X, Rao H, Yu H, Long S, Li V, et al. Klebsiella
pneumoniae bacteremia mortality: a systematic review and meta-
analysis. Front Cell Infect Microbiol. 2023; 13 (April): 1-9.

Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, Gray A,
et al. Global burden of bacterial antimicrobial resistance in 2019:
a systematic analysis. Lancet. 2022; 399 (10325): 629-55.
Gorski A, Miedzybrodzki R, Wegrzyn G, Jonczyk-Matysiak E,
Borysowski J, Weber-Dabrowska B. Phage therapy: Current
status and perspectives. Med Res Rev. 2020; 40 (1): 459-63.
Aslam S, Lampley E, Wooten D, Karris M, Benson C, Strathdee S,
et al. Lessons learned from the first 10 consecutive cases of
intravenous bacteriophage therapy to treat multidrug-resistant
bacterial infections at a single center in the United States. Open
Forum Infect Dis. 2020; 7 (9): ofaa389.

Dedrick RM, Smith BE, Cristinziano M, Freeman KG, Jacobs-
Sera D, Belessis Y, et al. Phage Therapy of Mycobacterium
Infections: Compassionate Use of Phages in 20 Patients With
Drug-Resistant Mycobacterial Disease. Clin Infect Dis. 2023; 76
(1): 103-12.

Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J,
Lessor L, et al. Development and use of personalized
bacteriophage-based therapeutic cocktails to treat a patient
with a disseminated resistant Acinetobacter baumannii infection.
Antimicrob. Agents Chemother. 2017; 61 (10): 1-15.

Kynuos H. C., KopHreHko M. A., TopoaHndes P. b., Janmnos . .,
[MapdpeHosa T. B., MakapeHko I. V1. n gp. SddhekTnBHOCTb
npenapatoB 6HakTepnodaros MNpPOTUB MNaTOreHoB rPynMbl
ESKAPE. Becthuk PIMY. 2020; 3 (2020): 19-26.

Pires DP, Oliveira H, Melo LD, Sillankorva S, Azeredo J.
Bacteriophage-encoded depolymerases: their diversity and
biotechnological applications. Appl Microbiol Biotechnol. 2016;
100 (5): 2141-51.

Follador R, Heinz E, Wyres KL, Ellington MJ, Kowarik M,
Holt KE, et al. The diversity of Klebsiella pneumoniae surface
polysaccharides. Microb genomics. 2016; 2 (8): e000073.

Liao CH, Huang YT, Hsueh PR. Multicenter surveillance of capsular
serotypes, virulence genes, and antimicrobial susceptibilities
of Klebsiella pneumoniae causing bacteremia in Taiwan, 2017-
2019. Front Microbiol. 2022; 13: 783523.

Jin'Y, Dong C, Shao C, Wang Y, Liu Y. Molecular epidemiology

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

of clonally related Metallo-B-Lactamase-Producing Klebsiella
pneumoniae isolated from newborns in a hospital in Shandong,
China. Jundishapur Journal of Microbiology. 2017; 10 (9): 14046.
Rojas LJ, Weinstock GM, De La Cadena E, Diaz L, Rios R, Hanson BM,
et al. An analysis of the epidemic of Klebsiella pneumoniae
Carbapenemase-Producing K. pneumoniae: convergence of two
evolutionary mechanisms creates the “Perfect Storm”. J Infect
Dis. 2018: 217 (1): 82-92.

Shaidullina ER, Schwalbe M, Rohde T, Shapovalova W, Dyachkova MS,
Matsvay AD, et al. Genomic analysis of the international high-
risk clonal lineage Klebsiella pneumoniae sequence type 395.
Genome Med. 2023; 15 (1): 17.

Eropos C. A., CeméHoB B. M., OmutpaderHko T. . AHanna
naonsatoB Klebsiella pneumoniae, obnaparowmx LLNPOKOM
PE3NCTEHTHOCTBIO K aHTUMbKoTUKaM. [Negnatpus. BocToyHas
Espona. 2022; 10 (3): 325-33.

Ryzhov V, Fenselau C. Characterization of the protein subset
desorbed by MALDI from whole bacterial cells. Anal Chem. 2001;
73 (4): 746-50.

Brisse S, Passet V, Haugaard AB, Babosan A, Kassis-Chikhani N,
Struve C, et al. Wzi gene sequencing, a rapid method for
determination of capsulartype for klebsiella strains. J Clin
Microbiol. 2013; 51 (12): 4073-8.

Mazzocco A, Waddell TE, Lingohr E, Johnson RP. Enumeration of
bacteriophages by the Direct Plating Plaque Assay. Methods Mol
Biol. 2009; 501: 77-80.

[opoagHuyes P. B., KopHrerko M. A., Kynuos H. C., Manaxosa M. B.,
Becnateix . A., Becenosckuin B. A. n gp. MonekynsipHo-
reHeTU4Yeckas xapakTepucTnka Tpex HOBbIX HakTepuodaros
Klebsiella pneumoniae, nepcnekTnBHbIX A8 MPUMEHEHUS B
chbaroBom Tepanun. MegmupmHa skcTpemasbHbIx cutyauumin. 2021;
23 (3): 90-7.

Green MR, Sambrook J. Molecular cloning. A Laboratory Manual
4th. Cold Spring Harbor Laboratory, 2012; p. 1936.

Liu B, Zheng D, Jin Q, Chen L, Yang J. VFDB. 2019: A comparative
pathogenomic platform with an interactive web interface. Nucleic
Acids Res. 2019; 47 (D1): D687-D692.

Liu B, Pop M. ARDB — Antibiotic resistance genes database.
Nucleic Acids Res. 2009; 37 (SUPPL 1): 443-7.

Meier-Kolthoff JP, Goker M. VICTOR: genome-based phylogeny
and classification of prokaryotic viruses. Bioinformatics. 2017; 33
(21): 3396-404.

Darzentas N. Circoletto: visualizing sequence similarity with
Circos. Bioinformatics. 2010; 26 (20): 2620-1.

Fursova NK, Astashkin El, Ershova ON, Aleksandrova IA, Savin IA,
Novikova TS, et al. Multidrug-resistant Klebsiella pneumoniae
causing severe infections in the neuro-ICU. Antibiotics. 2021; 10
(8): 1-17.

Beamud B, Garcia-Gonzalez N, Gémez-Ortega M, Gonzalez-
Candelas F, Domingo-Calap P, Sanjuan R. Genetic determinants
of host tropism in Klebsiella phages. Cell Rep. 2023; 42 (2):
112048.

Turner D, Kropinski AM, Adriaenssens EM. A roadmap for
genome-based phage taxonomy. Viruses. 2021; 13 (3): 506.




ORIGINAL RESEARCH | HEMATOLOGY

DETECTION AND PREVENTION OF IRON DEFICIENCY IN DONORS OF BLOOD (BLOOD COMPONENTS)
Grishina GV ™, Krobinets Il, Kasyanov AD, Sidorkevich SV
Russian Research Institute of Hematology and Transfusiology of the Federal Medico-Biological Agency of Russia, St. Petersburg, Russia

The problem of iron deficiency among donors is relevant and directly affects the provision of hemocomponents to the blood service. Donors, being a risk group
for the development of iron deficiency, are examined before donation, including a study of hemoglobin levels. However, there is no information about the state of
iron stores, when depleted, iron deficiency anemia develops. In turn, anemia is a contraindication to donation and, therefore, leads to medical exemptions from
donation. The purpose of the study was to evaluate the main indicators of iron metabolism in donors of blood and (or) blood components at risk of developing
latent iron deficiency. The examination of 174 donors included a hemogram, assessment of the level of hemoglobin, serum ferritin (SF), transferrin, and soluble
transferrin receptors. When assessing the intensity of changes in reserve and transport iron indicators, 228 deviations from the reference range were analyzed.
The criterion for the risk of developing iron deficiency was hemoglobin values at the lower limit of normal (130-135 g/l in men and 120-125 g/l in women) and the
threshold level of ferritin (30 pg/l in male donors and 20 pg/l in women). The risk group included 58.3% of young donors — women who donate blood 1-2 times
during the year (p < 0.01) and 66.6% (p < 0.01) of donors — men who donate blood regularly throughout 4 and > years. The average ferritin level in male donors
was 27.37 pg/l (o < 0.02) and lower than the reference values. It is concluded that it is advisable to assess the indicators of iron metabolism in donors in the case
of borderline hemoglobin levels, in women of reproductive age after 2 blood donations and in men with the number of donations > 10. To replenish the iron depot
in the body, when iron deficiency is detected in donors, it is necessary to consider the issue of prevention.
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BbIABJIEHUE N MPOPUNAKTUKA XXENNESOAEPULIUTHOIO COCTOAHNA Y IOHOPOB KPOBU
(KOMIMOHEHTOB KPOBW)

I B. MpuwmHa &9, V. . KpobuHeu, A. [1. KacbsaHos, C. B. Cugopkesny
Poccuiickuii Hay4HO-1CCnenoBaTenbCKMii UHCTUTYT remMaTtonorim 1 TpaHcdyamnonorim PeaepanbsHoro Meayko-buonormdeckoro areHTcTsa, CaHkT-INeTepbypr, Poccust

[Mpobnema gedmumta »kenesa cpeay JOHOPOB ABMSETCS akTyanbHOM 1 HANPSMYIO BIMSIET HAa 00ECneHeHe reMOKOMMOHEHTaMM Cry»<6bl KpoBu. [IoHOPbI, ABNSSICh
rpynrow prcka no pasBUTKIIO XXene3oaeULIMTHOrO COCTOSIHUSA, MPOXOAAT obcnenoBanHne neper AoHaLMel, BKIoYatoLLee NCCNeaoBanHmne ypoBHS reMornodrHa.
[Mpw 3TOM OTCYTCTBYET MHOPMALIMS O COCTOSIHUM 3aMacoB »Kenesa, Mpu MCTOLLEH KOTOPbIX Pa3BMBAETCS »xene3opedyiLmTHas aHemust. B cBoto odepens aHemmst
SABNAETCS NPOTUBOMNOKa3aHEM K JOHOPCTBY 1, CNeaoBaTeNlbHO, MPUBOAUT K MEAVLIMHCKIM OTBOAAaM OT AoHauuu. Llenbto nccnenosaHmns 66110 OLEHWUTL OCHOBHbIE
rokazarenv obmMeHa >kenesa y [JOHOPOB KPOBU U (M) KOMMOHEHTOB KPOBU, MNOABEPXKEHHBLIX PUCKY Pa3BUTUS NaTeHTHoro xenesonedyvumta. ObcnenosaHvie
174 NOHOPOB BKIKOHAIIO remMorpamMMy, OLiEHKY YPOBHS reMorriobrHa, CbiBOPOTOHHOMO thepputiHa (CP), TpaHChepprHa, pacTBOpUMbIX PELIENTOPOB TpaHchepprHa.
[Mpn OLEHKE MHTEHCUBHOCTU M3MEHEHWIN MoKadaTenell 3anacHoro 1 TPaHCMOPTHOrO »xenesa Obln NpoaHaIM3npoBaHbl 228 OTKIIOHEHWUIA OT pedepeHTHOro
nmanasoHa. Kputeprem purcka pasBuTUs xene3ofedmrLMTHOrO COCTOSIHUSA Obl 3HAYEHUS FeMOTIoBMHA Y HUXKHER rpaHnLbl HopMbl (130-135 /1y My>X4mH 1
120-125 /N y XeHLLWH) 1 MOPOroBbIn ypoBeHb heppuTiHa (30 MK/ 'y AOHOPOB-MYyXUMH 1 20 MKI/N Y >xeHLmH). B rpynny prcka sownimv 58,3% MonombIx JOHOPOB-
SKEHLLMH, CoaloLmx KpoBb 1-2 pasa B TedeHve rofa (p < 0,01) n 66,6%, (p < 0,01) LOHOPOB-MY>XXHMH, CAAIOLLMX KPOBb PEMYNSIPHO B TEYEHWE YeTbIpeX 1 bonee
net. CpeaHwin nokasarenb heppuUTHa Y LJOHOPOB-MY>XHH — 27,37 MKI/n (o < 0,02) 6bin HUXKe pedepeHCHbIX 3Ha4eHW. CaenaH BbIBOL, O Lienecoobpa3HocT
OLIeHKM nokasatenelt obMeHa xenesa y JIOHOPOB B Clly4ae MorpaHNyYHOro YPOBHS reMOrfiobrHa, Y XKEHLLMH PenpodyKTUBHOMO Bo3pacTa nocne 2 AoHaLMm KpoBH
1N MY>XXHMH C 4mcnom goHauui > 10. [Ins BOCNonHeHns 4eno »kenesa B OpraHn3me npu BbiSBNEHN »xenesodeduumta y JOHOPOB HEOOX0AMMO paccMaTpuBaTb
BOMPOC O NPOUNaKTUKE.

KniouyeBble cnoBa: »enesoneuumT, LoHaLWs, PUCK, (DEPPUTUH, TPAHCMOPTHOE Xeneso
®duHaHcupoBaHue: paboTa BbINosiHeHa B paMkax BbinonHeHvs HP no loc. 3apaHuio.

BnarogapHocTu: aBTopbl BbipaxatoT 6narofapHoCTb cOTpyaHMKaM LleHTpa nabopaTopHbIx nccnenoBaHuin KnmHukin Poccuinckoro HW remaTonorim u
TpaHcdyamonorun PMBA Poccun 3a nabopaTopHyto NMoaaepKKy.

Bknap aBTOpPOB: paBHO3HAYHbIN.

CobniopeHne 3aTUHECKUX CTaHQAPTOB: 1CcneaoBaHne ofobpeHo aTndeckum komutetom OIBY PocHIT ®MBA Poccun (npotokon Ne 61 oT 22 pexabpst
2022 r.); BCe y4aCTHWKM UCCnefoBaHvist noanvcany 4obpoBonbHOe MHOPMUMPOBaHHOE cornacre Ha 3abop 06pa3LoB KPOBU 1 AafbHENLLIIA aHann3.
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In every blood donation, iron loss can promote latent iron
deficiency (LID) in recurrent donors, especially among women.
Progression of iron deficiency results in iron deficiency anemia,
which subsequently becomes the reason for temporary
exemption of donors from donation [1-6]. Iron deficiency can
be accompanied with such symptoms as weakness, absent-
minded behavior, somnolence, fatigue, taste disturbances, skin
dryness, severe loss of hair, fragility and deformity of nail plates,
gastrointestinal disturbances, menstrual disorder in females, etc.
It is known that not only whole blood collection is accompanied
with iron loss. Apheresis damages red blood cells, which go
back to the blood stream [7]. Thus, when platelets are donated
using apheresis, donors lose up to 100 ml of blood. Then there
is risk that iron deficiency can be developed. The majority of
values (Hb, HCT, transferrin, transferrin saturation and ferritin)
were significantly lower than the reference values [8]. With
the increased interval between donations, the percentage
of donors with iron deficiency dropped [9]. An increased rate
of apheresis can trigger low iron [10]. It should be noted that
after donation iron deficiency anemia can be developed in
0.14-0.8% of male donors only. For female donors, the value
is a sequence higher. It is 1.7-17.4%. Donation of 450 + 10% ml
of whole blood results in Hb drop in a donor by 3.5-14 g/L
from baseline. Each donation results in the loss of 200 to 250 mg
of iron. It is about 5-6% of entire iron stores in the body [11].
Maximum Hb drop is seen at day 5 post-donation. It gets
gradually replenished to the pre-donation value at an average of
about 30 days. To synthesize new Hb molecules, a healthy donor
uses the available iron stores. Taking into account stages of iron
deficiency, WHO recommends to determine the concentration of
both Hb and ferritin [11,12] in order to diagnose iron deficiency
among people who look healthy. It happens because plasma/
serum ferritin is positively correlated with total iron stores in the
lack of inflammation [13-15]. At the stage of latent iron deficiency,
lab values of serum ferritin (SF) have more pronounced changes.
Not only depletion of iron depot such as low serum ferritin but
also low iron concentration in serum and carrier proteins are
recorded. Decrease of serum ferritin below 15 pg /I in adults
(adjusted below 30 pg/l) and 70 pg /I in adults with inflammatory
diseases means inevitable drop of Hb in the future [12].

By now, numerous works demonstrating ferritin blood test
results in donors have been published. Retrospective trials
with outcomes obtained during 10 and more years are of the
greatest interest. Among donors with high rate of donations,
9.4% of males and 25.7% of females had low ferritin levels.
An increased donation interval (up to 6 months in males and
8 months in females) results in low risk of iron deficiency
[15]. Meanwhile, authors assess iron deficiency depending
on gender, age, postmenstrual period, quantity and rate of
donations in donors of whole blood only. They, however, fail to
assess the values in platelet donors. Thus, it seems relevant to
assess the effect of donation type (including mixed donations),
donation rate, age, gender and donor experience on the values
of iron exchange due to a higher volume of highly specialized
medical aid and, as a consequence, whole blood and platelet
concentrate banking.

The purpose of the study is to assess the principal values of
iron exchange in donors of blood and (or) blood components at
risk for developing latent iron deficiency.

METHODS
174 donors of blood and blood components (101 males and

73 females) at the age of 19-62 years (median of 35 years)
were investigated. Inclusion criteria: age >18 years, weight
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over 50 kg, readiness to sign an informed consent form (ICF)
and refusal from participation in other clinical trials. To examine
iron exchange in donors, six groups were formed depending
on donor experience, rate and type of donations (blood,
platelets, mixed donations for those who donate whole blood,
plasma and platelets for four and over years on a constant
basis). All patients were divided into groups according to
gender and age. Donors were distributed into three groups:
under 25 (students), 25 to 45 (regular donors, middle group)
and above 45 years (active donors). A group consisting of 130
blood donors was isolated to determine an effect produced
by a number of donations on a donor's body. Donors were
recruited and examined as specified in regulatory documents.
Exclusion criteria: temporary or constant contraindications to
blood donation established on the day of assumed donation
as per regulatory documents [16]. Hematological, biochemical
and statistical methods of research were used in the work. A
set of reagents (Coulter LH Series Retic PAK Reagent Kit; US)
(Roche Diagnostics GmgH; Germany) was utilized to estimate
iron exchange. Hemogram values were assessed using the
Medonic M-Series (Boule Medical AB; Sweden) Hematology
Analyzer, medical devices registered under the established order
(S-Monovette vacutainer tubes 2.6 ml K2EDTA labeled as REF
04.1901.001 (Sarsted AG Co.KG Germany); microtubes 1.5 ml,
Sarsted, Eppendorf type, 39*10.8 mm with RR graduation,
neutral with Safety cap (Sarsted AG Co.KG; Germany). Serum
ferritin was examined to assess iron stores in donors by
immunoturbidimetric technique. Concentration of transport
iron was analyzed based on serum iron (Sl), serum transferrin
(ST), total (TIBC) and unsaturated iron-binding capacity (UIBC)
of serum and such an estimate as Transferrin Saturation Index
(TSI). Cobas Integra 400 plus Biochemistry Analyzer (Roche
Diagnostics; Switzerland) was used to perform studies. Soluble
transferrin receptors (sTfR) were determined using automated
immunochemistry analyzer (Beckman Coulter LH Series;
Coult USA company) by immunoenzyme technique. Statistical
analysis was done using SPSS 24.0 program (Dell; USA). The
obtained results were represented as a median, first and third
quartiles. Mann-Whitney test was used to assess significance
of parameters between the groups. Intragroup differences
were assessed using pair-wise comparison and Wilcoxon test.
Differences were considered statistically significant when the
probability of error was not exceeding 0.05 (p < 0,05).

RESULTS

It was found out that 174 donors distributed into six groups
depending on the type, rate of donation, gender and age,
blood picture values were almost similar to reference values.
During assessment of intense changes in spare and transport
iron values, 228 abnormal values from the reference range
were analyzed (Table 1).

Comparative analysis of examination results of the principal
values of iron metabolism in the investigated donors has shown
that the level of ferritin is the most informative value. Levels of
ferritin below the reference values were seen in donors of all
groups, except for primary male donors (Figure).

Low ferritin levels below the reference values were seen in
39 of investigated males of 101 (38.6%). Depleted iron stores
were detected in 32 of investigated females of 73 (43.8%).
Level of ferritin, which identifies the absence of body iron stores
(less than 12-15 pg/l), was seen in 14 male donors (13.9%) and
19 female donors (26%).

Borderline values of Hb were seen in 19.8% of regular
donors of blood and blood components (n = 174). It was 119 g/l
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Table 1. Factors of latent iron deficiency in different groups of donors of blood (blood components)

) SF !
of Iaterljtlsi:(o;agtec;irciency Ecsc?érllci)rré Normi::value Latr_an_t fron St ST1 TiBC T TSl STRT de\-/rlgtteilcl)ns
deficiency
Deviations from reference values 30 103 71 (40.8%) 25 10 41 36 15 228
(17.2%) 59.2%
TYPE of donation:
Primary 4 26 3 2 - - 2 - 11
Donations 1-2 times during a year 13 11 (45.8%) 4 1 7 7 3 38
Regular, every 3 years 4 10 5 (33.3%) 2 3 9 5 2 30
Regular, every 4 and more years 10 21 30 (58.8%) 9 3 14 12 8 86
Mixed donations 13 6 (31.6%) 4 1 4 5 - 23
TCP donors 4 20 16 (44.4%) 4 2 7 5 2 40
Gender of donors:
Males 10 (26.3%) 62 39 (38.6%) 14 7 22 21 9 122
Females 20 (66.7%) 41 32 (43.8%) 11 3 19 15 6 106
Age of donors:
Younger than 25 years 8 21 14 (40.0%) 6 1 8 10 2 49
25-45 years 18 61 46 (43.0%) 10 5 23 18 9 129
Over 45 years 4 21 11 (34.4%) 9 4 10 8 4 50

in three females (1.7%) from various groups only. Donors with
Hb values at the lower limit of normal (130 g/I in males and
120 g/l in females) with deviations of 3-6 g/l and donors of
thrombocytapheresis (TCP) often have a tendency to depletion
of iron stores in case of continuous subsequent donations and
are, consequently, at risk of latent iron deficiency [13]. Hb values
at the lower limit of normal and low SF levels were detected in
30 (42.2%) of 71 donors. Borderline values of Hb and threshold
values of ferritin (30 pg/l in male donors and 20 pg/l in females)
were risk criteria for iron deficiency (Table 2).

The group at risk of iron deficiency included 58.3% of young
female donors who gave their blood 1-2 times per year and
54.4% of female apheresis platelet donors (Table 3). The risk of
early latent iron deficiency was detected among male (66.6%)
and female (50%) donors who gave blood during four and over
years on a regular basis. Mean value of ferritin in male donors
was 27.37 pg/l, which is below the reference values (30.0 pg/l).

The values of iron exchange were analyzed in 130 blood
donors to detect the effect of the number of donations on
iron deficiency. Low SF was noted among three investigated

female donors within the control group (primary donors,
28 people) during the first donation. Following the second
donation, female donors (n = 11) had an increased level of sTfR
(4.28 + 0.26 g/l), TIBC and UIBC in a significant drop of ferritin
(17.38 + 3.2 pg/l). The reasons can include significant changes
in the values of iron exchange during the first year of donation,
which are particularly pronounced among female donors.
It is known that females have less iron stores in the body
(85-40 mg/kg) as compared to males (50 mg/kg body mass)
[17]. The third blood donation was followed by a progressive
drop of SF concentration among male donors with a
subsequent increase of sTfR and TIBC. It is established that iron
stores gradually decrease with increased donation intensities.
This is particularly notable for the concentration of SF in
males. According to the studies, a significant decrease of SF
(28.1 = 4.4 ug/l; n = 28) below reference values (30.0-400.0ug/)
was detected among male donors after ten blood donations.
The changes are less evident in female donors. This is probably
associated with an increased interval between donations.
Low level of SF was found after the second blood donation

ndd
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Fig. Changes in the level of serum ferritin (ug/l) among donors from the investigated groups
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Table 2. Risk criteria of latent iron deficiency in different groups of blood (blood component) donors, (M + SD)

Value Primary (control) 1-2 times a year Regular 3 years Regular 4 years and > Mixed donations TCP
Females n=14 n=12 n=6 n=24 n=6 n=11
Ferritin, pg/ 33.3+45 1(73'358_;35 26.8+5.4 28.9+35 2(2'34_22';) 22.8+5.13

(9.3-65.9) p = 0.0042" (14.5-47.8) (9.00-77.4) p=0.007" (9.6-55.3)
HGB. o/l 131.2+1.9 131.1+2.8 133.0 £ 4.6 130.9+1.8 132.2+3.9 128.7+2.3
'9 (120-144) (121-150) (117-146) (119-153) (121-145) (121-132)
Males n=15 n=12 n=9 n=27 n=13 n=25
Ferritin. ua/! 132.3 £ 245 88.2 + 34.0 417 +9.9 27(372_1723)2 57.8+8.9 60.9 + 8.77
» Mg (83.3-379.0) (8.5-296.0) (13.0-101.8) i L (14.8-122.0) (5.8-177.9)
p=0.0014
HGB. o/l 154.3 + 3.83 148.7 + 2.8 142.9 + 4.1 146.5+1.9 150.6 + 2.3 147.7 £ 1.53
'9 (128-168) (132-164) (130-167) (132-170) (134-163) (128-158)

Note: * p < 0.01 — statistical significance in the group of primary donors.

with a subsequent significant drop below the reference range.
This is the basis for determination of SF during examination
of donors after the second and every tenth blood donation.
Thus, borderline allowable values of Hb and (or) HCT prior to
blood or platelet donation (I in 30 people), number of donations
(6-10) [13] and duration of donor experience (3—4 years) [13]
produced an effect on iron metabolism in donors. Depleted iron
stores were seen among young female donors between the
second and sixth donations, and among male donors with 10
donations and more.

Thus, periodic control of SF level is required for timely
diagnostics of aberration of iron metabolism, including in case
of normal content of Hb in blood. The reason for iron deficiency
in donors of blood and blood components is the loss of certain
amount of iron during every donation and its slow restoration
from the incoming food [18]. During donations, donors have
to consider an issue about prevention of iron deficiency to
replenish the iron depot in the body. Signs of LID will require
preventive activities and, if necessary, an increased interval
between donations. This will promote preservation of a donor
capacity. Preventive activities that can decrease the risk of LID
are shown in Table 4.

DISCUSSION

Iron deficiency is a serious threat to donor potential. In
accordance with the obtained data, latent iron deficiency in
donors is developed due to duration of donor experience and
short intervals between donations. To preserve donor potential,
donors are examined to detect depleted iron stores. Common
ferritin and alternative values of iron exchange (transferrin,

soluble transferrin receptors) can be used as markers. All
donors with borderline Hb level, female donors of a reproductive
age after the second donation and males with > ten donations
have to measure the levels of SF. The basic principles of LID
treatment include correction of reasons, which form the basis
of iron deficiency, and elimination of iron deficiency in blood and
tissues [14, 15].

According to our data, the level of SF below the reference
range requires correction of this value due to an increased
interval between donations and intake of iron preparations.
However, the treatment strategy can result in lower stores of
donor blood components at blood transfusion centers (blood
banks). Thus, an increased interval between donations resulted
in lower stores of donor blood by 8% in the first year. In five
years, the value was 4.7% [19]. A number of donors with
iron deficiency and anemia dropped by 13.6% and 29.3%
respectively. The treatment strategy produced a slight effect on
blood stores (-3.2% in 5 years). In our opinion, this is a long-
term approach. In 10 years, it will allow to return to initial values
of donor blood stores, increase the stores, and improve the
quality of erythrocyte-containing components.

Thus, it is reasonable to have ongoing monitoring over
donors with an increased number of blood donations per year
by a number of necessary parameters of iron exchange and
borderline Hb value and take a decision regarding the increased
duration of an interval between donations or regarding a limited
allowable number of donations per year.

When the donor experience is increased in four and
over years, the rate of LID within the group of investigated
donors is progressing. This prevents iron deficiency and
stores donor's health. Iron deficiency is mainly the issue

Table 3. Groups of donors of blood and (or) blood components which are more prone to the risk of iron deficiency

Groups of donors of blood and (or) blood components

Lab value

Regular male donors
Donor experience: > 3 years
Age group:< 25 and over 45 years

Donations: > 6
HGB > 130 g/l
Sl < 9.0 uM/l; SF < 29.0 pg/I

Regular male donors
Donor experience: > 4 years
Age: 25-45 years

HGB > 130 g/I
Donations: = 10
Sl < 9.0 uM/l; SF < 29.0 pg/I

Female donors
who gave their blood 1-2 times a year
Age: 18-25 years

Donations: = 2
HGB > 120 g/I
Sl < 9.0 uM/l; SF < 20.0 pg/I

Female donors
mixed donations
Age: 18-25 years

Donations: = 6
HGB > 120 g/I
Sl < 12.0 yM/l; SF < 19.0 pg/I

Female donors
thrombocytapheresis
Age: over 45 years

Donations: = 10
HGB > 120 g/I
Sl < 9.0 uM/I; SF < 19.0 pg/I
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Table 4. Preventive activities reducing the risk of iron deficiency

Donors at risk of LID

Strategy of reducing the risk of iron deficiency in donors

Donors aged < 25 years

Donors with frequent donations (> 3 times per year for males and > 2 per
year for females)

Donors with Hb values close to the lower limit of normal
(within 135 g/I for males and 125 g/I for females)

Donors with ferritin values below the reference range are < 20 ug/I for
females and < 30 pg/I for males

1. Increased interval between donations (for instance, > 6 months if no iron
preparations are taken)

2. Measurement of ferritin as the basis for the motivation of donors to an
independent increase of intervals between donations or recommendation of
iron preparations

of nutrition. Thus, an adequate and balanced diet at any age
constitutes primary prevention of iron deficiency conditions
and latent iron deficiency. It is important to diagnose iron
deficiency even in the lack of clinical signs, inform donors of
consequences and select an optimal drug in every case by
using the personalized approach [20, 21]. It is necessary to
develop new programs of rational diagnostics and prevention
of iron deficiency by using drugs with high effectiveness
and good tolerance, which allow to replenish iron stores in
LID. Preventive activities for depleted iron stores allow to
preserve health of donors and reduce the rate of exemption
of donors from donation in repeated blood donations and,
thus, to preserve donor potential.

References

1. Lukina EA, Cvetaeva NV, Dvimyk VN, Rumjancev AG, Maschan AA,
Chemov VM, i dr. Zhelezodeficitnaja anemija — 2021-2022-
20283: klinicheskie rekomendacii. 2021. Dostupno po ssylke:
https://gbpokachi.ru/upload/medialibrary/81b/hmct9ew0cod31z
wgy2y2skydhvgcndgk.pdf. Russian.

2. Fillet A-M, Gross S. Prevention of anemia in blood donors.
Transfus Clin Biol. 2017; 24 (3): 143-47.

3. Stuklov NI, Mitchenkova AA. Anemija i deficit zheleza. Global'nye
problemy i algoritmy reshenij. Terapija. 2018; 24 (6): 147-55. Russian.

4. Rogachevskij OV, Zhiburt EB, Chemodanov IG, Moiseev SV.
Zhelezodeficitnaja anemija u donorov krovi. Klinicheskaja
farmakologija i terapija. 2018; 27 (3): 4-9. Russian.

5. Martynov Al, Gorohovskaja GN, Jun VL, Vasjuk JuA, Nikolin OP,
Petina MM, i dr. Sovremennyj vzgljiad na problemu deficita
zheleza. Poliklinika. 2022; 6 (2): 16-20. Russian.

6. Danilova IN, Kovtunova ME, Suhorukova JeE, Sherstnev FS,
Krivokorytova TV. Risk razvitija deficita zheleza u donorov krovi i
ee komponentov. Transfuziologija. 2022; 23 (S2): 22-23. Russian.

7. CondonF, LiH, Kessler D, et al. Evidense of relative iron deficiency
in apheresis platelet donors correlates with donation frequency.
Blood. 2013; 22 (21): 1565.

8. Macher S, Sipurzynski-Budrap S, Rosskopf K, Semmelrock M,
et al. Influence of multicomponent apheresis on donors'
haematological and coagulation parameters, iron storage and
platelet function. Vox Sang. 2012; 103 (3): 194-200.

9. Page EA, Coppock JE, Harrison JF. Study of iron stores in regular
plateletpheresis donors. Transfus Med. 2010; 20: 22-29.

70. Ma CH, Guo R, Wu W, Yan J-X, Yu J-L, Zhu Y-H, et al. Serum
ferritin in donors with regular plateletpheresis. Zhonggquo Shi Yan
Ye Xua Za Zhi. 2011; 19 (2): 508-10.

11.  Popovich MJu. Zhelezodeficitnaja anemija: ocenka statusa zheleza
vV organizme po urovnju syvorotochnogo ferritina s uchetom
rekomendacij VOZ (2020). Gematologija. Transfuziologija.
Vostochnaja Evropa. 2020; 6 (4): 479-88. Russian.

12, WHO guideline on use of ferritin concentrations to assess iron
status in individuals and populations. Geneva: World Health

CONCLUSIONS

The conducted studies confirm that the complex assessment of
iron exchange is necessary during the first medical examination
of donors to allow for access to blood and blood component
donation in order to detect latent iron deficiency and preserve
health. Timely detection of latent signs of iron deficiency and
risk factors of anemia belong to the most important aspect.
Donors with multiple blood donations require to assess the
processes of iron exchange as the rate of LID increases. As the
issue of iron deficiency in donors is pressing, assessment of Hb
level and introduction of serum ferritin study into the extensive
practice of donorship can be of a great preventive value.

Organization, 2020.

13. Grishina GV, Kasjanov AD, Lastochkina DV, Krobinec Il. Vlijanie
kolichestva donacij na soderzhanie ferritina v organizme donora.
Vestnik gematologii. 2023; 19 (4): 24-29. Russian.

14. Chechetkin AV, Danilchenko VV, Plockij RA. Problema
zhelezodeficita u donorov krovi i puti ee reshenija. Transfuziologija.
2020; 21 (2) : 129-45. Russian.

15. Gestsdottir E, Magnusson MK, Lund SH, et al. Monitoring iron
stores in Icelandic blood donors from 1997 through 2019.
Transfus Med. 2022; 32 (2): 128-34.

16.  Ob utverzhdenii porjadka prohozhdenija donorami medicinskogo
obsledovanija i perechnja medicinskih protivopokazanij
(vremennyh i postojannyh) dlja sdachi krovi i (ili) ee komponentov
i srokov otvoda, kotoromu podlezhit lico pri nalichii vremennyh
medicinskih pokazanij, ot donorstva krovi i (i) ee komponentov.
Prikaz Ministerstva zdravoohranenija Rossijskoj Federacii ot
28.10.2020 g. # 1166n (zaregistrirovan Ministerstvom justicii
Rossijskoj Federacii 26.11.2020 g., registracionnyj # 61104).
Dostupno po ssylke: http://publication.pravo.gov.ru/Document/
View/0001202011260032. Russian.

17.  Brittenham G. Pathophysiology of iron homeostasis. Hematology: basic
principles and practice. Philadelphia: Elsevier, 2018; 6 (35): 468-77.

18. Kruglov DS. Lekarstvennye sredstva primenjaemye dlja profilaktiki
i lechenija zhelezodeficitnyh sostojanij. Nauchnoe obozrenie.
Medicinskie nauki. 2017; 4: 26-41. Russian.

19. Richard P, Fillet A-M, Malard L, Leclerc C, Chanut C, Woimant G,
et al. Impact of donor ferritin testing on iron deficiency prevention
and blood availability in France: A cohort simulation study. Vox
Sang. 2023; 118: 24-32.

20. Sweegers MG, Zalpuri S, Quee FA, Huis EMJ, Prinsze FJ,
Hoogendijk EO, et al. Ferritin measurement in Donors-
Effectiveness of iron Monitoring to diminish iron deficiency and low
haemoglobin in whole blood donors (FIND'EM): study protocol for
a stepped wedge cluster randomised trial. Trials. 2020; 21 (1): 823.

21. Al-Nasim A, Sallam A, Chowdhury S, Thachil J. Iron deficiency without
anaemia: a diagnosis that matters. Clin Med (Lond). 2021; 21 (2): 107—13.

EXTREME MEDICINE | 4, 25, 2023 | MES.FMBA.PRESS



OPUI'MHAJTIbHOE NICCJIEOOBAHNE | TEMATOJIOIMA

JNutepatypa

1.

10.

11.

12.

MEOVILMHA SKCTPEMATbHBIX CUTYALII | 4, 25, 2023 | MES.FMBA.PRESS

NykuHa E. A., LiBetaesa H. B., OsupHbik B. H., PymaHues A. T,
MacuaH A. A., YepHos B. M. n ap. >KenesopgehmumHas aHemms —
2021-2022-2023: knuHmn4eckue pekomeHgaumm. 2021. JocTynHo
no ccbinke: https://gbpokachi.ru/upload/medialibrary/81b/hmct9
ewOcod31zwgy2y2skydhvgen4dgk.pdf.

Fillet A-M, Gross S. Prevention of anemia in blood donors.
Transfus Clin Biol. 2017; 24 (3): 143-47.

CtyknoB H. V., MutdenkoBa A. A. AHemuns 1 aeuumnT xenesa.
[nobanbHble NpobnemMbl 1 anropuUTMbl peLleHnin. Tepanua. 2018;
24 (6): 147-55.

Poradesckin O. B., XKvbypr E. B., HYemopaHos . T, Moncees C. B.
XKenesopemumtHas aHemMms y OOHOPOB KPoBW. KnnHu4eckas
hapmakonorus un Tepanud. 2018; 27 (3): 4-9.

MapTbiHOB A. W, Topoxosckad I H., KOH B. J1., Baciok tO. A,
HukonuH O. T1., MetnHa M. M. 1 ap. CoBpeMeHHbI B3N, Ha
npobnemy geduumta xenesa. NonvknuHmka. 2022; 6 (2): 16-20.
Lannnosa . H., KosTyHoBa M. E., Cyxopykosa 3. E., LLlepcTHeB
@. C., Kpusokopebitosa T. B. Puck passutusa geduvumra xenesa 'y
[OHOPOB KPOBW 1 €6 KOMMOHEHTOB. TpaHcdyaunonorus. 2022; 23
(S2): 22-283.

Condon F, LiH, Kessler D, et al. Evidense of relative iron deficiency
in apheresis platelet donors correlates with donation frequency.
Blood. 2013; 22 (21): 155.

Macher S, Sipurzynski-Budraf3 S, Rosskopf K, Semmelrock M,
et al. Influence of multicomponent apheresis on donors'
haematological and coagulation parameters, iron storage and
platelet function. Vox Sang. 2012; 103 (3): 194-200.

Page EA, Coppock JE, Harrison JF. Study of iron stores in regular
plateletpheresis donors. Transfus Med. 2010; 20: 22-29.

Ma CH, Guo R, Wu W, Yan J-X, Yu J-L, Zhu Y-H, et al. Serum
ferritin in donors with regular plateletpheresis. Zhongquo Shi Yan
Ye Xua Za Zhi. 2011; 19 (2): 508-10.

Monosuy M. HO. >KenezogeduumtHads aHemMnsa: OLEeHKa
cTatyca >enesa B OpraHn3mMe Mo YPOBHK CbIBOPOTOYHOIO
heppuTHHa € y4eToM pekomeHgaumin BO3 (2020). fematonorus.
TpaHcdyanonorus. BoctouHasa EBpona. 2020; 6 (4): 479-88.
WHO guideline on use of ferritin concentrations to assess iron
status in individuals and populations. Geneva: World Health

13.

14.

15.

16.

17.

18.

19.

20.

21.

Organization, 2020.

MovwmHa I B., KacsaHos A. ., JlactoukuHa . B., KpobuHew, . W
BnvsaHve konmdecTBa poHaUM Ha cogeprkaHue hepputnHa B
opraHusmMe foHopa. BecTHuk rematonorum. 2023; 19 (4): 24-29.
YHeuvetknH A. B., JanunsdeHko B. B., Mnoukun P A. Mpobnema
xenesogeduumTa 'y LOHOPOB KPOBM WM MyTW €e PeLleHus.
TpaHcdyanonorus. 2020; 21 (2) : 129-45.

Gestsdottir E, Magnusson MK, Lund SH, et al. Monitoring iron
stores in Icelandic blood donors from 1997 through 2019.
Transfus Med. 2022; 32 (2): 128-34.

O6 yTBepXAeHUN nopsagka  MNPOXOXAEHWUS  OOHOpamu
MEOULMHCKOro 00CnefoBaHns U MNepeyvHs MeOULMHCKNX
NPOTUBOMOKAa3aHN (BPEMEHHbIX 1 MOCTOSAHHbIX) ANA chadqu
KPOBW 1 (M) ee KOMMOHEHTOB M CPOKOB OTBOAQ, KOTOPOMY
NOANEXUT NULO MPU  HanU{MuM BPEMEHHbBIX MEeOULIMHCKIX
nokasaHuii, OT LOHOPCTBa KPOBM W (MN) ee KOMMOHEHTOB.
Mpukad MwuHuCTEpCcTBa 34paBOOXpaHeHns  Poccuinckom
®epepaumm ot 28.10.2020 . Ne 1166H (3apernctpmpoBaH
MuHmcTepcTBOM tocTULMM Poccuickon ®epepaupmn 26.11.2020 r,
permctpaumoHHein Ne 61104). JocTynHo no ccbiike: http://
publication.pravo.gov.ru/Document/View/0001202011260032.
Brittenham G. Pathophysiology of iron homeostasis. Hematology:
basic principles and practice. Philadelphia: Elsevier, 2018; 6 (35): 468-77.
Kpyrnos 1. C. JlekapCTBEHHblE CPeAcTBa NpUMeHsieMble 01
NPOMUNAKTUKM N NEHEHNS XXene304edULNTHBIX COCTOAHUN.
HayuHoe 0603penue. MeguumHcekme Hayku. 2017; 4: 26-41.
Richard P, Fillet A-M, Malard L, Leclerc C, Chanut C, Woimant G,
et al. Impact of donor ferritin testing on iron deficiency prevention
and blood availability in France: A cohort simulation study. Vox
Sang. 2023; 118: 24-32.

Sweegers MG, Zalpuri S, Quee FA, Huis EMJ, Prinsze FJ,
Hoogendijk EO, et al. Ferritin measurement in Donors-
Effectiveness of iron Monitoring to diminish iron deficiency and low
haemoglobin in whole blood donors (FIND'EM): study protocol for
a stepped wedge cluster randomised trial. Trials. 2020; 21 (1): 823.
Al-Nasim A, Sallam A, Chowdhury S, Thachil J. Iron deficiency
without anaemia: a diagnosis that matters. Clin Med (Lond). 2021;
21 (2): 107-13.




OPUTMHAJIbBHOE NCCJIEOOBAHME | OBLLIECTBEHHOE 3OPOBbE

PATTERNS OF ACUTE CHEMICAL POISONINGS IN A METROPOLIS AGAINST THE BACKGROUND
OF THE COVID-19 PANDEMIC IN 2020-2021
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The spread of COVID-19 in Russia has led to restrictive measures. The stress associated therewith had a noticeable psychoemotional effect on the population, which
could not but affect the numbers and patterns of acute chemical poisonings (ACP). This study aimed to investigate the patterns of ACP in Moscow in the context
of the COVID-19 pandemic. We analyzed data describing cases admitted with ACP to N.V. Sklifosovsky Research Institute for Emergency Medicine in 2019-2021,
factoring in the dynamics COVID-19 prevalence as diagnosed with RT-PCR tests. The results of the analysis were processed using nonparametric methods and
GraphPad Prism 9 software. Within the considered period, 2020 was the peak year. The number of acute poisonings (AP) with ethanol and its surrogates in 2020
was 109.7% greater than in 2019 (both sexes; the figure for women alone was 286.2%). Male patients suffered AP with drugs and corrosive substances more
often than female (p < 0.0001). The number of drug abuse cases in 2019-2021 varied slightly, increasing by 2.4 and 6.7% annually. Synthetic narcotic substances
were most common: methadone, cathinones, psychostimulants, and mixtures of substances. We discovered parallel trends in dynamics of ethanol intoxication and
COVID-19 cases, and no such between drug poisonings and the said morbidity. Thus, the identified specifics of ACP patterns in the capital of Russia associated
with the COVID-19 pandemic are a spike in alcohol abuse (especially among women), and lack of noticeable effect of the disease on use of drugs.
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CTPYKTYPA OCTPbIX OTPABJIEHUI XUMUYECKOW 3TUONOIMN B MEFTANOJINCE
HA ®OHE NAHAEMUKN COVID-19 B 2020-2021 I'T.

C. A. Conorun' =2 M. B. Benosa'?, H. E. Tepelwkuna', E. A. KawonkuHa', U. A. Tiopun', M. A. Togkos'?, M. M. Mouxsepus’

" Hay4Ho-1ccneoBaTenbCKmii MHCTUTYT CKOpO noMoLLmn uMern H. B. Cknndocosckoro [enaptameHTa 3apaBooxpaHeHst ropofa Mocksbl, Mocksa, Poccust
2 MepBblii MOCKOBCKMIA rocyAapCTBEHHbIN MEAVLIMHCKIIA yHMBEpCUTET UMeHn . M. CeveHoBa MuHMCTepCTBa 3apaBooxpaHeHst Poccuiickoin ®epepauym (CeHeHoBCKui
YHueepcuTeT), Mocksa, Poccus

3 Poccuiickan MegmuvHCKas akagemust HenpepbIBHOrO NpoeccoHanbHOro obpasoBaHus MUHUCTEPCTBA 3apaBooxpaHeHnst Poccuiickor ®epepaumn, Mocksa,
Poccus

PacnpocTpaHeHne COVID-19 B Poccumn 06ycnoBuno NpoBeagHre orpaHnimnTenbHbIX MeponpusTiii. CBasaHHas C HAMW CTPECCOBasi CUTyalVist okasasna 3aMeTHoe
NCYXO3MOLOHaNbHOE BO3AENCTBIE Ha HACENeHe, YTO He MO0 He OTPa3UTLCS Ha AMMAEMUONONN OCTPbIX OTPaBAEHUI XMndeckol atronorim (OOX3). Lienbto
1ccnenoBaHns 6ui10 13y4unTb CTPykTypy OOX3 B Mockse B ycnosusax naHaemm COVID-19. MNpoaHanmanpoBaHbl AaHHble 06CNEA0BaHNS ML, MOCTYMMBLLIMX C
OOX3 B HAM CINM nmern H. B. Cknndpocosekoro B 2019-2021 rT., ¢ y4eToM avHamrki BeisisiemocTv COVID-19 metogom OT-MNLP. [Ansa ctatnctdeckor 06paboTkim
pesynsTaToB 1CMONb30BaW HENapameTpUHecKrie MeTOb! 1 NporpammHoe obecrneverne GraphPad Prism 9. B 2020 r. konm4ecTBo rocnutanmavpoBaHHbix ¢ OOXD
6b110 HAVOOMBLLIMM 38 aHaM3MPYeMbI nepuog,. 1o cpasHeHnio ¢ 2019 . uncno octpbix otpasneHnin (OO) aTaHonoMm 1 ero cypporaramy B 2020 T y mu, 060ero nona
Bo3pocno Ha 109,7%, Y XeHLLH — Ha 286,2%. Y My>xdnH Yatue (o < 0,0001) pernctpuposani Takke OO HapKOTUKaM1 1 pasbeaatoLLyimm BelecTsamu. Yucno
cnyyaes OO HapkoTukamm B 2019-2021 IT. MEHANOCh HE3HAYMTENBHO, yBenuymBasich Ha 2,4 1 6,7% exerogHo. [Npeobnafanv CUHTETUHECKME HAPKOTNHECKNE
BELLEeCTBa: METaAOH, KaTUHOHBI, MCUXOCTUMYMSATOPbI, @ TakKe CMEeCU BeLLeCTB. BbIABNEHbl COOTBETCTBME TEHAEHLMA MOMECAYHON ANHAMUKA MHTOKCUKaLWIA
aTaHoNoM ¢ BbisiBnsiemocTeto COVID-19 1 OTCyTCTBME TAKOBOIO MY OTPAaBNEHUSIX HAPKOTVKaMW. YCTaHOBEHbI XapakTepHble 0COOEHHOCTI CTPYKTYpbl OOXO B
cronuue Ha hoHe naHaemum COVID-19: pocT vncna OO, cBs3aHHbIX CO 3/10ynoTpebneHemM ankoronem (0COBEHHO Y XKEHLLWH), NPpY CPaBHUTENBHO CTabUIbHOM
ypoBHe OO, 06yCNOBAEHHbIX HAPKOMOTPEONEHNEM.

KntoueBble cnosa: OTpaBneHns, 3noynotpebneHne ankoronem nnm Hapkotnkamm, COVID-19, HapKOTUKN, METALOH, allKOrofb, STaHOJS, IEKapCTBEHHbIE CPeACTBa
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In the early 2020, a new severe acute respiratory infection,
COVID-19 (CoronaVirus Disease 2019), caused by the SARS-
CoV-2 coronavirus, entered the Russian Federation and
rapidly spread therethrough. The country's capital, being a
logistics and transport hub, was one of the first locations
to see imported cases and a sharp increase in the incidence
of COVID-19 [1, 2]. In March, Moscow imposed restrictions
aimed at preventing spread of the new coronavirus infection:
citizens were forbidden to leave their places of residence (stay)
and told to observe social distancing [3].

The forced self-isolation, characterized by drastically
fewer social contacts, and much less active habitual social
and physical activities, had a significant stressful effect on the
population [3], including vulnerable groups thereof, comprised
of, inter alia, drug addicts and people suffering from anxiety and
depressive disorders [4-6]. The resulting traumatic conditions
could not but affect the patterns of acute chemical poisonings
(ACPs). In this connection, investigation of the character and
frequency of acute poisonings (APs) in the capital metropolis
during the new coronavirus infection spread was deemed to
be a relevant task.

The purpose of this study was to investigate the patterns of
chemical poisonings in Moscow the context of the COVID-19
pandemic.

METHODS

This is a retrospective cohort study assessing the results of
chemical-toxicological analysis of samples taken from patients
admitted to the acute poisonings and somatopsychiatric
disorders department (APSDD) of N. V. Sklifosovsky Research
Institute for Emergency Medicine (Sklifosovsky Institute) in
2020-2021. To create a comparison dataset, we analyzed similar
cases (APs, presumably associated with COVID-19) of 2019.

In ACP cases, laboratory diagnosis included 2 stages:
preliminary, which employs immunochromatographic assay
and thin-layer chromatography, and confirmatory, which
uses liquid chromatography with mass-selective detection
enabled by SCIEX QTRAP 6500+ (Sciex; USA) to detect
phenazepam (benzodiazepines), synthetic cannabimimetics,
and derivatives of cathinone, and gas chromatography enabled
by Agilent 7890B with mass-selective detector 5977B (Agilent
Technologies; USA), Agilent 7820A with mass-selective
detector 5975 (Agilent Technologies; USA), to detect other
substances.

The study included citizens with various types of AP
admitted to the Sklifosovsky Institute via the emergency room
and the reception ward. Persons that refused hospitalization
were excluded from the study. All AP cases were ranked
according to the main nosologic groups according to ICD-10
(Table 1). We analyzed cases of poisoning with individual

Table 1. Patients with ACPs by main etiological groups
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toxic compounds, medicines, drugs, psychotropic substances,
and combinations thereof. APs with illicit stimulants, such
as amphetamine (methamphetamine), were considered
intoxication with psychotropic agents (ICD-10 class T43, T43.6
- Psychostimulants with abuse potential).

The patients were tested for SARS-CoV-2 RNA by
reverse transcription- polymerase chain reaction (RT-PCR),
using a set of reagents registered in the Russian Federation.
Nasopharyngeal and oropharyngeal swabs served as biological
material for molecular studies. Data for the retrospective
analysis of COVID-19 incidence were taken from the unified
city medical informational and analytical system (ALISA).

Detectability, the ratio of the number of positive SARS-
CoV-2 tests to the total amount of tests made within a certain
period (as a percentage), was used in collation of the ACP and
COQOVID-19 cases admitted to the Sklifosovsky Institute.

The results were processed using GraphPad Prism 9
(GraphPad Software; USA). The data is given as absolute (n)
and relative (%) values. The trends of the frequency of ACP
cases with COVID-19 in the background were established
with the help of moving average. The relationship between
COVID-19 cases registered in the Sklifosovsky Institute and in
Moscow in general was determined using the Spearman's rank
correlation coefficient. In the context of analysis of attributes,
we looked into the frequencies of their occurrence by building
contingency tables and applying the Pearson's chi-squared
test. The differences were considered statistically significant at
p < 0.05 (95% probability).

RESULTS

From 2019 to 2021, 9590 patients sought medical assistance
at APSDD of the Sklifosovsky Institute (Table 1).

To compare the dynamics of admittance with ACPs (and
the respective etiological patterns) to the Sklifosovsky Institute
with the specifics of spread of coronavirus infection in Moscow,
we analyzed the overall rate of detection of COVID-19 in people
admitted in 2020-2021 (Table 2, Figures 1, 2).

Previously, it was established that SARS-CoV-2 morbidity
in the capital of Russia has two seasonal spikes [7], which
is consistent with data from the concurrent epidemiological
studies [2]. A comparative analysis has shown that detection of
SARS-CoV-2 RNA in all patients admitted to the Sklifosovsky
Institute reflected the COVID-19 epidemic process in the
metropolis perfectly: the correlation with the screening
of Moscow's population (data collected at the city's clinics
and hospitals of various profiles) was very high, Spearman's
r=0.8402, p < 0.0001 [7]. Thus, data on the COVID-19 cases
in the Sklifosovsky Institute can be used in the analysis of ACP
patterns in the context of the general epidemiological situation
associated with the pandemic (Fig. 1, 2).

Studied period (year)
Etiological groups of toxicants ICD-10 code 2019 2020 2021
Abs. % Abs. % Abs. %

Medicines T36-39, T41-50 1642 50.7 1389 39.9 1377 48.1
Drugs T40 583 18 597 174 637 22.2
Alcohol, organic.solvents, aromatic T51-T53 434 13.4 910 26.1 249 8.5
and non-aromatic hydrocarbons

Corrosive substances T54 324 10 349 10 267 9.3
Other T55-T65 257 7.9 240 6.9 342 11.9
Total - 3240 100 3485 100 2865 100
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Table 2. Dynamics of COVID-19 detection among patients of the Sklifosovsky Institute, years 2020-2021

Time of PCR testing for COVID-19
2020 2021
Month SARS-CoV-2 RNA detection results
Number of tested patients Number of positive tests Number of tested patients Number of positive tests
Abs. % Abs. %
January - - - 4985 652 13.1
February - - - 4262 359 8.4
March - - - 5052 422 8.4
April 1031 354 34.3 4598 393 8.6
May 2406 524 21.8 4107 363 8.8
June 4526 345 7.6 5042 705 14
July 4102 87 2.1 4646 518 11.2
August 3981 139 3.5 3958 253 6.4
September 4490 209 4.7 4359 291 6.7
October 6987 889 12.7 5056 683 135
November 5906 910 15.4 4758 536 11.3
December 6537 1009 15.4 4990 325 7.2
Total 39966 4466 1.2 55313 5500 9.9

The age of those admitted with acute intoxication ranged
from 16 to 96 years, with male patients and young people
prevailing among them throughout the entire period covered by
this study (Tables 3, 4).

From the perspective of etiology, acute poisoning with
medicines prevailed among the reasons for admittance to
Sklifosovsky Institute's APSDD, with most such patients being
female (Table 5). In 2019 and 2021, the proportion of such
poisonings in women, among all the acute intoxication cases,
was largely the same, whereas in 2020 it decreased noticeably.
The number of female acute alcohol (and its surrogates)
poisoning cases, on the contrary, has increased significantly (by
286.2%) in 2020 compared to 2019, and in 2021 it dropped
down again.

Within the entire analyzed period, the etiological patterns
of ACPs in women remained largely the same. They sought
medical assistance at Sklifosovsky Institute's APSDD because
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of acute intoxications with prescription medicines, including
dormitives and sedatives, antidepressants, neuroleptics,
spasmolytics, antiparkinsonians medications, taken, in some
cases, with alcohol and/or drugs. The most commonly
identified drugs were psychodysleptics, psychostimulants,
diacetylmorphine (heroin), and synthetic opioids — methadone,
fentanyl, and tramadol.

Overall, men had similar medicines behind their acute
poisonings. However, unlike women, they exhibited no spikes
in respective numbers: the share of medication-induced acute
intoxications has been decreasing steadily in relative and
absolute values, with the drop in 2021 against 2019 equaling
22.4%.

Gender-related differences were observed for other
types of toxic agents, too. Men were significantly more often
(p < 0.0001) diagnosed with APs caused by drugs, alcohol and
its surrogates, corrosive substances, etc. (Table 5).

I, s\ ﬁ\ £~
’ =g =g =y g N7 ~
N -
-
XX DD DD DD D D
D D s NN R
F O F FFW W @SR S

Dynamics of admissions of patients with acute drug poisoning (T40); patterned filling — period of self-isolation in Moscow

== Detection of COVID-19 in patients of the Sklifosovsky Institute

=== 2" per.: moving average (Dynamics of admissions of patients with acute drug poisoning (T40); patterned filling — period of self-isolation in Moscow)

Fig. 1. Dynamics of admissions of patients with acute drug poisoning (T40) in 2019-21, and detection of COVID-19 in 2020-21 among patients of N. V. Sklifosovsky

Research Institute for Emergency Medicine
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Fig. 2. Dynamics of admissions of patients with acute poisoning with alcohol and its surrogates (T51-T53) in 2019-21, and detection of COVID-19 in 2020-21 among

patients of N. V. Sklifosovsky Research Institute for Emergency Medicine

With the COVID-19 pandemic in the background, the
situation with drug-related APs has changed significantly
from the viewpoint of range of substances abused, while the
absolute number of cases remained largely stable. In 2020,
the number of drug poisonings that required admission to the
hospital has grown by only 2.4% compared to 2019. In 2021,
the upwards trend continued, but the rise was still only slight
(by 6.7% compared to the previous year) (Table 1).

During the entire study period, synthetic opioid methadone
(T40.3) was the most frequently detected drug (Fig. 3). It was
the prevailing reason of poisonings in men, with 148 patients
hospitalized in 2019, 173 in 2020, 143 in 2021. In this group,
acute intoxications with methadone were 1.5-2.4 times more
common than with other opiates/opioids. As for women, there
were only 17, 33, and 21 cases registered in the considered
years, respectively.

The drugs detected in female patients most often were
psychodysleptics (T40.9). Men also sought medical assistance
because of intoxication with psychodysleptics, and the number
of the respective cases doubled through the study period
(48 cases in 2019, 76 in 2020, 101 in 2021).

It should be noted that intoxications solely with methadone
were rare: 4.2-5.0% (men) and 0.3-0.8% (women) of all drug-
induced APs. All other cases involved other drugs, ethanol and/
or substances from different pharmacological groups.

Compared to 2019, in 2020 the share of APs with
methadone and psychostimulants, psychostimulants/
psychodysleptics, and medicines increased from 8.5 to
11.6% and from 6.3 to 13.7%, respectively. The proportion
of intoxications with psychodysleptics in combination with
opiates/opioids (excluding methadone) and psychostimulants
increased from 7.4 t0 9.7%, and poisonings with combinations
of psychodysleptics and psychostimulants — from 8.3
to 10.2%. The share of APs caused by a combination of

Table 3. Dynamics of acute poisoning, men and women, years 2019-2021

methadone and medicines, psychodysleptics and cannabis/
psychostimulants, psychodysleptics and medicines, including
cases with involvement of ethanol, dropped in 2020, but
increased again in 2021. New combinations of toxicants
not registered in the previous years were recorded in 2021:
opiates/opioids with medicines; synthetic drugs with medicines
and/or psychodysleptics and/or cannabis; cocaine with
psychostimulants and/or medicines (Fig. 3).

From 2019 through 2021, the overall proportion of AP cases
involving a mixture of different substances has grown by 44.2%,
but the gender-wise distribution of this rise was very unequal:
0.6% for men, 152.8% for women. As a rule, the mixtures
included drugs combined with one or more psychotropic
or multidirectional medicines, or with alcohol. Quite often,
NSAIDs (sodium metamizole, ibuprofen, naproxen, salicylates,
paracetamol) and/or psychotropic medicines (barbiturates,
benzodiazepines, tri- and tetracyclic antidepressants) were
found combined with drugs. Overall, through the study period,
the frequency of registration of intoxications with combinations
of drugs and medicines in men increased by 6.6% (Table 5).

The shares of APs with opioids (heroin, morphine, codeine
(T40.0-T40.2)) taken alone or in a complex combination of
drugs (excluding methadone) and psychopharmacological
medications, including T43.6 (derivatives of amphetamine and
methamphetamine), varied during the study period from 11.0
1o 18.5% (108 cases in 2019, 110 cases in 2020, 70 cases in
2021). In 2019 and 2020, such intoxications were registered
in men exclusively, but in 2021, women appeared in the
respective group of patients, with these kinds of poisonings
making up 13.3% of all cases.

In 2020 and 2021, COVID-19 epidemic process did not
influence the monthly dynamics/number of admission of
patients with drug-induced APs (Fig. 1). Moreover, when the
frequency of detection of SARS-CoV-2 RNA decreased, which

2019 2020 2021
Gender
Abs. % Abs. % Abs. %
Male 1721 53,1 1988 57 1473 51,4
Female 1519 46,9 1497 43 1392 48,6
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Table 4. Age of patients with ACPs admitted to the Sklifosovsky Institute's APSDD

2019 2020 2021
Age group

Abs. % Abs. % Abs. %
16-29 years old 944 29,1 1014 29,1 926 32,3
30-39 years old 884 27,3 1044 30 772 27
40-49 years old 612 18,9 668 19,2 485 16,9
50-59 years old 347 10,7 333 9,5 265 9,3
60-74 years old 271 8,4 262 7,5 239 8,3
> 75 years old 182 5,6 164 4,7 178 6,2
Total 3240 100 3485 100 2865 100

indicated a temporary improvement of the epidemiological
situation, the number of such intoxications increased sharply,
reaching the maximum in July-October 2021.

During the study period, 2020 was the year when the
number of cases of intoxication with alcohol and its surrogates
spiked (109.7% more than in 2019 and 2021), and this reason
became more common in the overall patterns of ACPs (Table 1).

In 2020, on the level of months, there were 2.5-4.5 times
more admissions for this reason than in 2019; the respective
indicator spiked in March and April, same time when the
number of COVID-19 registrations was maximum (Fig. 2). In
24.8-31.4% of cases (880 persons in 2019, 729 in 2020, 651
in 2021), patients with poisonings of various etiology, with the
exception of group T51-T53, were also in a state of alcoholic
intoxication.

The number of APs with corrosive substances peaked in 2020
(Table 1). However, in 2021, the respective figures decreased
significantly, both in absolute and relative values. In this group,
the prevailing patterns were oral intake of organic (acetic) and
inorganic (sulfuric, hydrochloric) acids, alkalis (amnmonia, sodium
hydroxide), oxidants (potassium permanganate, iodine), and
corrosive substances part of household chemicals. There were
also cases of poisoning with chlorine vapors.

In 2021, compared to the means recorded in 2019 and
2020, the quantity of intoxications with primarily non-medical

substances (groups T55-T65, "Other") increased by 33.1%,
which translated into growth of their share in the overall ACP
patterns (Table 1). The most common reasons for poisonings
were carbon monoxide (31.1-39.2%) and toxic substances
contained in mushrooms (13.6-29.2%). Cases of the latter
kind were registered throughout the year, predominantly during
summer and autumn.

In 2020 and 2021, compared to 2019, the number of
hospitalizations with toxicological trauma caused by poisonous
plants increased 4-fold, from 13 cases in 2019 to 50 and 53
in the following years, respectively. These injuries were mainly
seasonal, registered in spring and summer, with photochemical
dermatitis (burns) caused by Heraclium sosnowsky being the
most common: their proportion varied from 72 to 100% within
the studied three years.

DISCUSSION

ACP is a serious public health problem, one of the frequent
causes of admission to emergency rooms [8, 9] and mortality
in working age [10, 11].

Although far from all persons suffering intoxications of
various etiology seek medical assistance, analysis of prevalence
and patterns of APs based on the records from multidisciplinary
hospitals of metropolises yields valuable information that

Table 5. Etiology of ACPs, men and women admitted to the Sklifosovsky Institute's APSDD

Male Female
Year Etiological groups Statistical analysis results, 95% ClI
Abs. % Abs. %

Medicines (T36-39, T41-50) 604 18.6 1038 321

Drugs (T40) 471 14.5 112 35
2019 Alcohol and its surrogates (T51-T53) 340 10.5 94 2.9 p < 0,0001 (¥ = 466,7, df = 4)

Corrosive substances (T54) 166 5.1 158 4.9

Other (T55-T65) 140 4.3 117 3.6

Total 3240 (100%)

Medicines (T36-39, T41-50) 553 15.8 836 24.0

Drugs (T40) 500 14.3 97 2.8

Alcohol and its surrogates (T51-T53) 641 18.4 269 7.7 p<0,0001 (¥ =421,9, df = 4)
2020 Corrosive substances (T54) 180 5.2 169 4.9

Other (T55-T65) 114 3.3 126 3.6

Total 3485 (100%)

Medicines (T36-39, T41-50) 469 16.4 908 31.7

Drugs (T40) 502 17.5 135 4.7

Alcohol and its surrogates (T51-T53) 177 6.2 65 23 p < 0,0001 (¥ = 407,6, df = 4)
2021 Corrosive substances (T54) 131 4.5 136 4.7

Other (T55-T65) 194 6.8 148 5.2

Total 2865 (100%)
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= Methadone + Opiates/Opioids (T40.3+T40.0-T40.2)

= Methadone + Medicines (T40.3+T36-T50)

= Methadone + cannabis/Medicines (T40.3+40.7, T36-T50)

= Psychodisleptics (T40.9) + cannabis/psychostimulants (T40.7, T43.6)

= Psychodisleptics (T40.9) + Medicines/ethanol (T36-T50, T51)

= Synthetic drugs (T40.4) + Medicines (T36-T50)/Psychodisleptics (T40.9)/Cannabis (T40.7)
= Drugs (T40.0-T40.9) + ethanol (T51)

Fig. 3. The proportion of poisonings with drug mixtures

allows deducing trends and regularities peculiar to this branch
of medical toxicology [8, 12]. Therefore, it was interesting to
investigate the degree and etiological patterns of ACPs against
the background of a complicated sanitary and epidemiological
situation associated with the COVID-19 pandemic.

Fluctuations of COVID-19 incidence caused, inter alia, by
the emergence of the new genetic variants of SARS-CoV-2,
and the respective rise and fall of the hospitalizations curve
were registered in Moscow and generally in Russia both in
2020 and 2021 [2, 13]. However, from the point of view of
population's socio-psychological adaptation to the sanitary
and epidemiological situation, the most difficult was 2020,
when the imposed restrictive measures were most stringent,
and the level of psycho-emotional stress highest [5, 14].

Our study revealed distinct differences in the dynamics of
admissions to the Sklifosovsky Institute with toxicological trauma
throughout the year preceding the COVID-19 pandemic, then when
it was at its highest point, and afterwards, when the epidemiological
situation has stabilized. Our data on the number of laboratory-
confirmed cases of the new coronavirus infection among those
admitted to the hospital allowed objectifying information about the
spread of infection in the population during the study period.

Compared to 2019 and 2021, the frequency of referrals
to the Sklifosovsky Institute's APSDD with ACPs in 2020 was
considerably greater, which is a noteworthy fact. Another
interesting aspect in this context is the growth of hospitalizations
with APs caused by ethanol and its surrogates. In absolute
values, the peak thereof was registered during the first months
of sanitary restrictions. This sharp growth of the share of
patients with alcohol poisoning probably stems from the high
level of psychological stress [5, 15] caused by movement
restrictions imposed due to the COVID-19 pandemic, and,
apparently, from the widespread opinion that drinking strong
alcohol reduces the risk of contracting colds [16].

Intoxication with isopropyl alcohol, a result of abuse of
alcohol-containing liquids intended for sanitary treatment
of hands and surfaces, also shaped the general patterns of
alcohol poisoning. As reported in the published studies, against
the background of the COVID-19 pandemic, many countries
registered unusually numerous complaints connected with
poisoning with disinfectants [17].
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Methadone + Psychostimulants (T40.3+T40.5, 43.6)
Methadone + psychedisleptics/Medicines (T40.3+40.9/T39, T42-T45)

Opiates/Opioids + Psychodisleptics (T40.0-40.2, +T40.9)/psychostimulants (T43.6)/Medicines T36-T50

Psychodisleptics (T40.9) + psychostimulants (T43.6)

Opiates/Opioids (T40.0-T40.2) + Medicines (T36-T50)

Cocaine (T40.5) + Psychostimulants (T43.6) / Medicines (T36-T50)

= Other drugs and "mixtures"

On the other hand, there may be another reason behind
the increased number of admitted patients with APs caused
by ethanol and its surrogates: when COVID-19 was spreading,
the process of rendering emergency medical care in Moscow
was adjusted to challenges. Thus, some of the inpatient clinics
that previously received such cases were completely or partially
repurposed to work with COVID-19 patients (under Orders
Ne 44 of January 30, 2006, Ne 349 of April 5, 2020, Ne 392
of April 10, 2020, Ne 584 of June 4, 2020, all issued by the
Moscow Department of Health and in force during the study
period), which largely diverted the flow of AP cases to the
Sklifosovsky Institute.

However, such a redistribution of the said ethanol/
surrogates AP cases between Moscow's hospitals should have
mainly affected the absolute number of hospital admissions.
This is exactly what happened in St. Petersburg, Russia's
second largest metropolis, where |. |. Dzhanelidze Research
Institute of Emergency Care marked a decrease in the number
of referred alcohol poisonings because of the changes in the
conditions of hospitalization to medical institutions of the city
during the pandemic [18].

At the same time, regardless of the absolute number of
admitted patients, the apparent coincidence of the peaks of
hospitalizations and COVID-19 detection that occurred in both
2020 and 2021 indicates a spike in alcohol abuse against the
background of the pandemic, which is confirmed the moving
averages calculated with a smoothing interval of two (Figure 2).
This phenomenon may be explained by the psychogenic factor
rooted in the population's constant awareness of the morbidity
dynamics and the gradual tightening of restrictive measures.
This hypothesis is further confirmed by a considerable drop
in the absolute number of hospitalizations with this type of
poisonings in 2021, as compared to 2020: many restrictions
had been canceled in Moscow during the second year of
the pandemic, regardless of the still high incidence [2, 19]. In
addition, the dependence we have established is consistent
with the data of some foreign researchers, who also registered
abnormally higher numbers of alcohol poisonings in 2020
[20, 21]. The factor of stress can also be behind the increased
proportion of female patients in the 2020's alcohol APs pool: in
adverse conditions, women are more likely to develop various
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affective disorders, like reactive depression, generalized anxiety
and panic disorders [22].

A particularly interesting subject was that of the effect of
COVID-19-associated stress and restrictive measures on the
patterns of acute drug poisonings in the metropolis.

Both the absolute number of such intoxications and their
share in the overall patterns of ACPs remained stable throughout
the study, showing only a slight growth by 2021. During the
two years of the pandemic, neither the total number of patients
admitted with drug poisonings nor the undulating fluctuation
thereof through the year have shown any dependency on the
CQOVID-19 incidence rate (Fig. 1), which makes the dynamics
of drug-induced APs within the considered period totally
different from that of acute intoxications caused by alcohol.

To a certain extent, a probable reason behind the growth of
the number of drug poisonings is the involuntary social isolation
and the related stress, which turned people to drugs [5], and
some of them continued using them afterwards. On the other
hand, people who used drugs irregularly before COVID-19
could reduce or even stop taking them during the pandemic,
while regular users, on the contrary, could increase doses and/
or frequency [23]. In this case, we would have witnessed more
intoxication cases requiring hospitalization. Anyhow, it is obvious
that sanitary and epidemiological situation has a significantly
lower effect on drug abuse than on alcohol overindulgence,
since spirits are a more affordable, legal "corrector" of the
psycho-emotional status.

Against the background of the pandemic, drug use
patterns have changed more qualitatively than quantitatively,
with an upwards trend for simultaneous consumption of several
narcotic and psychotropic substances. Such mixtures, detected
with the help of laboratory tests, indicate either a "falsification,"
when the initial drug is diluted with other substances, or a
switch to an "alternative" preparation with the aim of relieving
the withdrawal syndrome [24-26].

Throughout the entire study period, we have also registered
a consistently high proportion of "pharmaceutical addiction"
cases, i.e., people suffering intoxication with official medicines
taken either alone or in combination with alcohol [27].

In 2020, the number of poisonings with natural (morphine,
opium) and semi-synthetic (heroin) opiates decreased
significantly, by 33.3%, which was probably caused by
disruption of the supply chains carrying these drugs along
the "Balkan route" from Afghanistan and Pakistan due to the
closed borders between the countries [28]. The admitted cases
of APs with synthetic narcotic substances and their various
combinations with other drugs, medicines and ethanol, on the
contrary, have spiked during the pandemic (Fig. 3).

It is obvious that, despite the complete or partial lockdown
in different countries, drug users were able to quickly adjust
to the difficulties of trafficking. lllicit substances were actively
purchased through specialized Internet websites and delivered
in a contactless manner [29]. It is likely that the growing
frequency of use of synthetic drugs, and, consequently, their
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POSSIBILITY OF USING SUBMENTAL FLAP FOR LOWER LIP RECONSTRUCTION
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Head and neck reconstruction surgery is a challenging area of surgery that requires the surgeon to be familiar with various reconstructive options. Achieving both
functionality and aesthetic harmony of facial proportions constitutes one of the most important aspects of the head and neck defect elimination. For that various
methods are used involving application of local, regional and free flaps on vascular pedicles. The reconstructive method is selected based on the defect size,
location, composition, as well as on the age, comorbidity, surgeon’s and patient’s preferences. Submental flap is a regional flap that has proven to be a reliable
fasciocutaneous flap, the tissues of which are identical to that of the lower face in width, texture, and color. Long vascular pedicle ensures wide flap rotation
arc, thereby allowing one to use the flap for elimination of defects of the upper and lower lips, mental region, tongue, floor of the mouth, and preauricular area.
Damage to the donor site is minimal, it is cosmetically invisible due to the scar hidden in the mental region. The paper presents the results of surgical treatment of
the 38-year-old female patient with the soft tissue defect of the lower third of the face and the lip resulting from trauma. The wound did not heal for more than six
months, no improvement was observed. It was decided to eliminate the defect using a rotation submental flap. The patient was followed up for a year after surgery.
We managed to achieve complete aesthetic and functional rehabilitation of the patient.

Keywords: submental flap, lip defect, regional flap, maxillofacial defects, reconstructive surgery, microsurgery, plastic surgery
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BO3MO>XHOCTU MPUMEHEHUA NOANOABEOPOA0OYHOIO JIOCKYTA AN PEKOHCTPYKLUN
HUXXHEWN rYBbl

O. N. Oanvwyk'2, 0. H. Hazapax?2, E. V1. Kapnosa'?, A. A. XadatpsH>*=, C. C. Paavapaze®®

T depeparnbHbli KIMHUHECKUIA LIEHTP BbICOKMX MEOVILIMHCKIMX TexHonorni deaepansHoro Meavko-6ronoriydeckoro areHtctea, Mockea, Poccust

2 HauoHanbHbI MeauLMHCKUIA CCNefoBaTeNbCKUN LIEHTP OTOpUHONapuHronorim ®enepansHoro Meamko-61onormieckoro areHTcTea, Mocksaa, Poccus

3 Akademvst MOCTAMMIOMHOrO obpasoBaHns PeaepanbHOrO HayYHO-KMHUHECKOrO LeHTPa CneumanvavpoBaHHbIX BUOAOB MEAMLIMHCKOM MOMOLLM Y MEOMUMHCKMX
TexHonorui GefepansHOro Meanko-bronornieckoro areHTcTea, Mocksa, Poccus

PeKoHCTPYKTVBHaS XMPYPriist TOMOoBbI U Len — CAOXHas 06acTb XMpyprim, TpebytoLlas oT xvpypra BnafeHnst pasinyHbIMA PEKOHCTPYKTVBHBIMU OMLMSMU.
OfHVM 13 BaXKHbIX aCMeKTOB yCTpaHeHVst 4ePEKTOB roNoBbl U LUEV SBNSETCS OOCTUXKEHME He TONbKO PYHKLMOHANBHOCTW, HO U 3CTETUHECKOW rapMOHUM
nporopuuin nnua. Ons aToro NpUMEHSIOT pasniyHble METOZb!, BKIOHaOLLIME MCNONb30BaHNE MECTHBIX, PErMOHAPHBIX 1 CBOOOAHbIX JIOCKYTOB Ha COCYAMCTOM
HOXKKe. BblBop PEKOHCTPYKTVIBHOrO MeTofa 3aBMCUT OT pasmepa, JSlokannsauumm, coctaBa fedekTa, Bo3pacTa, COMyTCTBYIOLLEN NaTonorim, npeanoHTeHui
xvpypra 1 naupeHTa. CybmeHTanbHbI TOCKYT — 3TO PErMoHapHbIN JIOCKYT, KOTOPbIN 3apeKOMeHA0BaI1 CeOS Kak HaOEKHbI KOXXHO-(acLanbHbIA TOCKYT, TKaHK
KOTOPOrO NAEHTUNHHbI TAKOBbIM HYKHE 30HbI LA MO TOMLLMHE, KOHCUCTEHLMM U LIBETY. [InHHAsA CoCyamcTas HoXKa 06eCcrneqmnBaeT LUMPOKYHO CTeMNeHb poTaLimum
JIOCKYTa, YTO NMO3BONSET MPVMEHWTb €ro AN YCTPaHeHWst AEEKTOB BEPXHEN W HKHEN rybbl, NTOAO0POA0HHOM 06NacTy, A3blka, AHA MONOCTX pTa 1 NpeyLUHOM
obnacTu. Yilepb AOHOPCKON 06NnacTt MUHMMANEH 1 KOCMETUYECKN HE3aMETEH 3a CHET CKPbITOro B MOAO0OPOAOYHOM obnacTv pybua. B ctatee npeactasneH
pesynsTaT XMPYPriv4eckoro neveHns 38-neTHemn naumeHTKy C AeEKTOM MArKVX TKaHE HYXKHE TPETU nLia 1 ryObl, KOTOPbI Obli NonyyeH B pedynsrare TpaBMbl. PaHa
He 3akmBana 60MbLLe LLECTN MECSLIEB, MONOXUTENbHASA AyHAMMKa OTCyTCTBOBaNA. BbINo MPUHATO peLLeHne YCTpaHTb AeeKT PoTaLmOHHbIM CyOMeHTabHbIM
nockyToMm. NocneonepauroHHbI nepros HabnogeHns 3a naumeHToM coctasun rofd. Ham yoanock fobutbest MOMHOM 3CTETUHECKOWN M (OyHKLIMOHABHOM
peabunuTaumn naumeHTa.
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Fig. 1. Anthropophotometry on the day of treatment

Maxillofacial defects have a significant effect on the patients’
health and quality of life. Defects of this region result primarily
from injuries of different etiology, tissue resection following
surgical procedures on resection of masses of different origin,
blast injuries, congenital anomalies, and iatrogenic injuries.

High aesthetic value of facial zone, structural features
of maxillofacial region represented by the compactly located
vital structures, and functional value of this zone determine the
difficulty of conducting surgical procedures involving selection
of individual plan in each particular case.

Today, selection of surgical treatment for patients with
facial defects implies an integrated multidisciplinary approach
involving maxillofacial and plastic surgeons, thereby ensuring
optimal morphofunctional and aesthetic rehabilitation of patients.

Here we provide a clinical case of complex multistage
surgical treatment of the female patient with soft tissue defect
in the lower third of the face (jaw and lower lip) involving the use
of submental flap and subsequent local tissue correction.

Submental flap proposed by D. Martin in 1993 was selected
due to its popularity among oncologists and maxillofacial
surgeons commonly operating head and neck for elimination
of defects of the neck, esophagus, tongue, floor of the mouth,
upper and lower lips [1-3].

The flap is supplied by the submental artery, after which
it was named. The submental artery being a branch of the
facial artery is a reliable and consistent blood supply source.
The average artery diameter is 1.7 mm. On its way the artery
produces 1-4 perforator branches to the skin area of the flap,
thereby enabling harvesting the flap with a skin paddle sized 18
cm (length) and 7 cm (width). Venous drainage is provided by
the eponymous vein that runs into the factial vein. The average
vein diameter is 2.2 mm. The vascular pedicle can be 8 cm
long, which enables flap rotation up to the zygomatic arch,
thereby covering most possible zones in the middle and lower
face [4-5].

The advantages of the flap include reliable blood supply,
invisible scar hidden in the neck area, large skin paddle and
long vascular pedicle, enabling a wide arc of flap rotation [6].

Meta-analysis involving comparison of using submental flaps
and free tissue transfer for elimination of oral defects showed
that the use of rotation submental flap was associated with
less operative time, shorter hospitalization, fewer perioperative
complications [7].

There are multiple case studies, in which the rotation submental
flap was used to eliminate various maxillofacial defects. In particular,
such flap was used to eliminate the upper lip defect with a very
good aesthetic outcome [8]. The flap was applied to eliminate
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the lower lip defect preserving the oral cavity airtightness [9]. A
case study was provided, in which two submental flaps were
used for total reconstruction of the lower lip defect resulting
from the malignant neoplasm resection [10].

A

Fig. 2. View of the defect and the harvested submental flap with vascular pedicle
(marked with asterisk)

Fig. 3. View of the wound after flap fixation in the defect area and the donor bed
suturing
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Thus, submental flap is an ideal flap for elimination of facial
defects due to texture that is similar to that of facial skin and
color match. This can be an excellent alternative to free flaps
when used in the head and neck reconstructive surgery [11, 12].

Clinical case

Female patient S., 38 years old, contacted the Department of
Maxillofacial Surgery at the National Medical Research Center
for Otorlaryngology of FMBA of Russia due to lower lip defect
resulting from trauma, non-healing wounds in the chin region
(Fig. 1). Histological examination of wound tissues performed in
the Center confirmed tissue necrosis and chronic inflammation.

The first stage of surgical treatment involved dissection of
necrotic tissue in the mental region and lower lip. To close the
resulting defect sized 7 x 3 cm, a submental fasciocutaneous
flap sized 8.5 x 2 cm was harvested on the right submental
artery and vein (Fig. 2) with subsequent flap rotation through
the skin tunnel and fixation in the mental region. The Minidop
8 portable Doppler (Bioss; Russia) was used to identify
perforators supplying skin (Fig. 3). The donor region was closed
by placing a layer-by-layer suture to form a linear scar that was
hardly visible in the submental region.

Venous stasis in the flap formed was observed during the
first day. Hirudotherapy was performed for five days in order to
improve circulation and reduce venous stasis (Fig. 4). Beneficial
effect was reported, the patient was discharged on day 7 in
satisfactory condition (Fig. 5).

Fig. 5. Anthropophotometry: view of the wound on day 7

.
¥ T

Fig. 6. Anthropophotometry four months after surgery
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Fig. 4. View of the flap on day three; hirudotherapy is applied

Seven months after the defect closure a residual deformity
in the form of cicatricial lower lip shortening and vermillion defect
on the left was observed. The second stage of reconstruction
involved restoration of the lower lip length/height on the left and
elimination of vermillion defect using local tissues. To eliminate
the lower lip mucosal defect, we cut a rotation flap via a “rabble”
incision along the transitory fold, which was moved into the
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Fig. 7. Second-stage surgery: reconstruction of the lower lip and mental region tissues seven months after the main stage

resulting defect after dissection of mucosal scars. After scar
tissue dissection we cut multiple transposable triangular flaps
(Z-plasty) from the skin of the lip and chin on the left, which
enabled increasing the lower lip length on the left. The vermillion
defect was eliminated using the method by Mirault involving
cutting a triangular (tongue-shaped) flap from the vermillion
border of the lateral lip fragment and a bed for the flap in the
medial lower lip fragment. To restore the lower lip function, the

l(‘ ;’ ‘//w//ﬂ‘////////////////////w | ]

Fig. 8. Anthropophotometry 11 months after surgery

remaining orbicularis oris muscle fragments were identified that
were sutured by plication (superimposition of fragments). After
that sutures were placed layer-by-layer. Stitches were removed
on day 10. Wound healing by primary intention took place; no
signs of inflammation were observed (Fig. 6, 7).

The patient was followed up for a year after surgery, good
aesthetic and functional results were yielded with minimal donor
region deformity. The patient could close her lips completely,

Fig. 9. Contrast-enchanced MSCT and maxillofacial MRI before surgery: no foreign objects are visible in the defect area
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Fig. 10. Contrast-enchanced MSCT after surgery: submental artery is marked with arrow

she had no difficulty consuming fluids and foods of any texture
(Fig. 8-10).

Clinical case discussion

Various methods for reconstruction of surgical defects of the
lower third of the face have been reported. Reconstructive
options vary between primary closure and the use of free flaps,
depending on the defect size and type [9].

However, for optimal outcome to be achieved, the donor
and recipient sites should have similar characterstics in terms of
skin quality, thickness, color and texture match. Thus, selection
of local regional flap near the facial soft tissue defect is a perfect
option [8, 13].

Closure of mental and buccal defects using free flaps and
microsurgical technique does not allow one to obtain identical
skin color and texture in Caucasian patients when using flaps
harvested from the thoracortical, radial, femoral or shoulder areas.

To eliminate residual deformity after the defect closure,
supplementary surgical reconstruction with local tissues is
required for the patient’s appearance improvement.
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