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FREEZE-DRIED PLASMA FOR EMERGENCY TRANSFUSION CARE M) Check for updates
IN EXTREME CONDITIONS

Svetlana E. Ziganshina™, Elena S. Kormshchikova', Elena N. Kalinina', Elena V. Rosina', Ekaterina A. Konovalova',
Sergey V. Ignatyev', Aleksey V. Lyanguzov', Olga V. Eihler?, Konstantin A. Vorobiev', Igor V. Paramonov'

"Kirov Research Institute of Hematology and Blood Transfusion, Kirov, Russia
2Federal Medical and Biological Agency, Moscow, Russia

Introduction. In the context of limited availability of fresh frozen plasma, the use of freeze-dried plasma offers significant logistical advantages
in extreme conditions. The effectiveness of freeze-dried plasma depends on the preservation of coagulation potential in the manufacturing
process.

Objective. Review of research achievements both in Russia and aboard in the field of freeze-dried plasma technologies, including manufac-
turing, quality control, and blood component application.

Discussion. Commercial products such as FLyP, LyoPlas N-w, Bioplasma FDP, OctaplasLG Lyo, as well as freeze-dried plasma (Belarus or
China), which have proven their effectiveness and safety, are available in glass vials. The production of freeze-dried plasma in polymer con-
tainers using membrane technology is a promising direction offering the advantage of using blood components in extreme conditions. The
freeze-dried plasma products developed by Terumo BCT Biotechnologies and Teleflex Inc. are currently undergoing clinical trials and are used
in military operations to a limited extent. In the Russian Federation, the Lyokon polymer container has been registered. During the lyophilization
process, the pH increases to alkaline pH values of 8, which is associated with the removal of carbon dioxide. When assessing the coagulation
potential, the most significant decrease is observed in the activity of factor VIl — up to 50%, factor V — up to 37%, protein S — up to 34%,
and von Willebrand Factor — up to 25%. The prolongation of prothrombin time (PT) and activated partial thromboplastin time (@PTT) is noted.
In the Russian Federation, freeze-dried plasma belongs to the group of blood components; therefore, the introduction of foreign production
experience (the introduction of cryo- and lyoprotectors, pH adjustment, etc.) is restrained by legislation. This emphasizes the importance of
developing domestic technologies.

Conclusions. The production of freeze-dried plasma in polymer containers contributes to uninterrupted transfusion support in the provision
of medical care, thus increasing the survival rate of the injured with acute blood loss in emergency situations. In this regard, creation of do-
mestic plasma lyophilization technologies and enhancement of their effectiveness are relevant tasks.
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NMOPUNTN3NPOBAHHASA MNA3SMA A1 OKASAHUA 3KCTPEHHON
TPAHC®Y3MONIOMMYECKOW MOMOLLIM B 3KCTPEMAJIbHBIX YCJTOBUAX

C.E. BuraHwumHa’, E.C. Kopmukosa', E.H. KanuHuHa', E.B. PocuHa’, E.A. KoHosanosa', C.B. irHaTtebes', A.B. J1aHry3os',
O.B. Oinxnep?, K.A. Bopobbes', 1.B. MNapamoHoB!

"KNpOoBCKUIA HayYHO-UCCNeaoBaTeNbCKNA MHCTUTYT remMaTofiorn 1 nepenmBania Kposn GeaeparnbHOro Meako-61onorm4eckoro
areHTcTBa, Knpos, Poccus
2 depepanbHoe Meanko-buonornieckoe areHTcTeo, Mockea, Poccus

BeepeHune. B ycnoBusx orpaHnyeHHbIX BO3MOXXHOCTEN MPUMEHEHNST CBEXXE3AMOPOXXEHHOW Ma3mMbl B 9KCTPEMAaSbHbIX YCIOBUSAX BaXkKHbl
JIOFUCTUHECKNE NPENMYLLIECTBA, KOTOPbIE AAET UCMOAb30BaHNe NMOMUAN3NPOBAHHOM MnasmMbl. SPMEKTUBHOCTL €€ MPUMEHEHNS 3aBUCUT
OT COXPaHHOCTM KoarynsaumMoHHOro noTeHLmana B npoLecce npov3BoaCTBa.

Llenb. AHanv3 nepcneKTUBHbIX HanpaBneHn COBEPLUEHCTBOBAHNS TEXHONOMMI NOyYeHVS NMOMUIM3NPOBaHHONM NnasMbl C MCNONb30Ba-
HUEM MEXAYHaPOA4HOrO 1 OTEHECTBEHHOMO OMbiTa NPOM3BOACTBA, OLEHKM KOHTPOMNSA Ka4eCTBa U MPUMEHEHMS FTEMOKOMMOHEHTA.
O6cyxpeHue. MNpumeHsioLmMecs 1 aokasaslune cBo aPdeKTMBHOCTb M 6e30MacHOCTb KoMMepydeckune npenapatbl FLyP, LyoPlas N-w
1 Bioplasma FDP, OctaplasLG Lyo, a Takxxe nnodunmanpoBanHas nna3ma Pecnybnunku Benapycb n KHP BbinyckatoTCsa B CTEKNAHHbIX hna-
KOHax. [epCneKkTUBHbIM HaNPaBNEHNEM CHATAETCA NONyHeHME NMOPUNN3MPOBAHHON NNasMbl B MOAMMEPHbBIX KOHTENHEPaX C MPYMEHEHNEM
MeMOPaHHOWM TEXHOMOTUK, YTO 06ecnevnBasT NPerMyLLECTBA MCMONb30BaHWSA rEMOKOMIMOHEHTa B 3KCTPeMasbHbIX YCIOBUSX. I3BECTHBI
paspaboTku komnaHui Terumo BCT Biotechnologies v Teleflex Inc., mony4eHHble M MPOayKTbl IMOMUAN3MPOBAHHON NMia3mbl HAXOOAATCH
Ha CTagnn KNMHNYECKNX NCCNeaoBaHUi 1 OrpaHUYeHHO MPUMEHSIKOTCS B BOEHHbIX onepaumsx. B Poccuiickon ®enepaum 3apernctTprupoBaH
noNMMepHbIN KOHTeHep «JIMokoH». B npoLecce nnodunmaaummn HabnogaeTcs yeenmdeHne pH oo WenoYHbix 3HadeHu nopsiaka 8, 4To cBs-
3aHo C yaaneHnem yrnekmncnoro rasa. [Npu oueHke koarynsaumoHHOro noTeHumana Hanbonee 3HavnMMo CHYDKeHNe akTBHocTy hakTopa VIl
0o 50%, taxktopa V — 0o 37%, npotenHa S — 0o 34%, dakTopa Bunnebpanoa — no 25%. OTMmedeHa NponoHraums NpoTPOMOUHOBOIO
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I.V. Paramonov , 2025
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BpemMeHru (I1B) 1 akTBNPOBaHHOMO YacTUYHOro TpoMbonnacTMHoBOro BpemeHn (A4TB). B Poccuiickon ®egepaumn nnohunmanpoBaHHas
naasMa OTHOCUTCS K FeEMOKOMMOHEHTaM, MO3TOMY BHeOpeHNe 3apyOeXKHOro OnbiTa NPOV3BOACTBA (BHECEHWNE KPUO- 1 NMOMPOTEKTOPOB,
KOPPEeKTUpoBKa pH 1 Ap.) OrpaHnyYeHo 3aKOHOAATENBHO, YTO NOAYEPKMBAET BAXXHOCTb Pas3paboTKy OTEHECTBEHHbIX TEXHONOTMN.
BbiBogbl. [Mpor3BoACTBO MMOPUAM3NPOBAHHOM NNa3Mbl B MOANMEPHbBIX KOHTEMHEpPax SBNSETCS OAHVM 13 nyTel 6ecnepebonHoro TpaHc-
(y3rMOHHOro obecnedeHnss Npu OKasaHUM MEAMLUMHCKOM MOMOLLKM, 4TO OyAeT CrnocOoOCTBOBATb MOBLILLEHWIO BbDKMBAEMOCTU PaHEHbIX
C OCTPOW KPOBOMOTEPEN B YPE3BbIHANHBIX CUTYyaLMsAX. B CBA3M C 9TUM akTyanbHO CO34aHNe OTEHECTBEHHBIX TEXHONOMMIA IMounmsaumm
nnasmbl 1 paspaboTka NOAXOA0B K NMOBbILLEHUIO ee 3(HEKTUBHOCTU.

KntoyeBble cnoBa: MModunManpoBaHHas nnasma; TeEXHONOr st NosyYeHst; IMouIM3aLns; KoarynsauMOoHHbI NOTeHLMan; TPaHCHy3MOoHHas
Tepanus

Ons yutuposanus: 3uraHiunHa C.E., Kopmumkosa E.C., KanmHuHa E.H., PocuHa E.B., KoHoBanoBa E.A., VirHaTeeB C.B., J1aHrysos A.B.,
Snxnep O.B., Bopobbes K.A., MNapamoHoB W.B. JTnodunmnanposaHHas nnasma st okasaHus SKCTPEHHOM TpaHCdy310N0rn4eckor MoMOLLM
B 9KCTPemMasbHbIX YCnoBusax. MeauimHa SkCTpemasbHbix cutyaumi. 2025;27(3):271-282. https:/doi.org/10.47183/mes.2025-248
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INTRODUCTION

The availability of blood component therapy is extremely
important for patients with massive blood loss already
at the stage of their medical evacuation [1, 2. In treat-
ment of post-traumatic coagulopathy, the use of donor
plasma as a source of physiological procoagulants and
anticoagulants, activators and inhibitors of fibrinolysis is
justified [3, 4, 5]. The use of fresh frozen plasma (FFP)
in extreme conditions, including remote and hard-to-
reach areas, at sea, and during air transportation, is
complicated by logistical factors and the impossibility of
providing a cold chain. The limited use of FFP is also
associated with the fragility of containers with frozen
blood components and the high risk of damage during
transfer with plasma transportation and thawing. Up to
40% of containers are written off as expenditure due to
defects [6]. Prior to transfusion, the blood component
must be thawed and warmed, which requires time and
specialized equipment. Similar problems in the provision
of transfusion care arise in cases of mass destruction
due to natural or man-made disasters accompanied by
damage to infrastructures [4-8].

Due to logistical challenges of using FFP in extreme
conditions, dry plasma offers significant advantages, in-
cluding the ease of transportation and preparation for
transfusion, as well as its long shelf life. This increases
the availability and efficiency of transfusion care in life-
threatening conditions [4-8].

Lyophilization is an effective method of dry plasma
production [9]. Liquid plasma is subjected to shock
freezing following its freeze-drying under low vacuum
conditions (less than 35 Pa). The solvent is removed from
the product by its transfer from the frozen state to the
gaseous state during gradual heating in the temperature

range from —-45 °C to +35 °C, which reduces the loss of
functional activity of the target proteins during dehydra-
tion.

Freeze-dried plasma (FDP) is included in the list
of blood components approved by Enactment of the
Government of the Russian Federation No. 797 (dated
22.06.2019)".

Another method for biomaterial dehydration is spray
drying, when plasma is dispersed in a stream of hot air
at a temperature of 60-150 °C [5, 7, 10, 11]. In compari-
son with freeze-drying technology, spray drying requires
no sophisticated equipment but ensures high productiv-
ity. However, the as-dehydrated plasma is not available
in European countries; in the USA, such technologies
are currently under development and clinical trials [10,
11]. In Russia, spray-dried plasma is not included in the
list of blood components?.

The effectiveness of FDP largely depends on the
preservation of blood coagulation factors, natural anti-
coagulants, and other proteins that enable plasma he-
mostasis [3-5]. In Russia, FDP can be obtained from
quarantined or pathogen-reduced plasma3. The techno-
logical process includes shock freezing, thawing and re-
freezing, exposure to light and chemical agents to inac-
tivate pathogens, as well as direct freeze-drying. These
stages have a significant impact on the structure and
functional activity of plasma proteins, especially thermo-
labile ones, which include blood clotting factors [4, 5, 7,
12]. In this regard, the technological parameters of FDP
production should be selected such that to ensure its
maximum preserved coagulation potential and safety
parameters in full compliance with regulatory require-
ments.

In this article, we review promising directions in the
field of freeze-dried plasma production technologies,

" Enactment of the Government of the Russian Federation No. 797 (dated 22.06.2019) “On approval of the Rules for Procurement, Storage, Transportation
and Clinical Use of Donated Blood and Its components and on the Invalidation of Certain Acts of the Government of the Russian Federation.” Moscow: RF

Government; 2019.
2 ibid.
¢ ibid.
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both in Russia and abroad, evaluating approaches to
quality control and use of the blood component.

MATERIALS AND METHODS

The literature search was conducted across electron-
ic bibliographic databases in the Russian (eLibrary,
CyberlLeninka) and English (PubMed, Web of Science,
Scopus) languages, as well as patent sources (Google
Patent Search, FIPS). The search queries included the
following keywords: lyophilized plasma, freeze-dried
plasma, production technology, lyophilization, coagu-
lation potential, transfusion therapy (lyophilized plas-
ma, technology of acquiring, lyophilization, coagula-
tion potential, transfusion therapy). The search depth
was 10 years. The publications containing information
on freeze-dried plasma production technologies and
promising developments in this field were included in
the review.

RESULTS AND DISCUSSION

First experiments on the production and
application of freeze-dried plasma

The FDP production technology was developed in
the 1930s [3, 5, 7, 8, 13, 14]. In 1939, specialists of
the Leningrad Institute of Blood Transfusion (since
2011, Russian Research Institute of Hematology
and Transfusiology) under the supervision of Prof.
L.G. Bogomolova developed one of the world’s first
chamber-type sublimation devices, which marked an
important stage in the development of lyophilization in
Russia [14]. Research efforts in the field of blood plasma
lyophilization and the development of respective equip-
ment were undertaken in the UK, USA, Canada, and
other countries [3, 5, 7, 8, 13].

Large-scale FDP production began during World
War Il. Millions of dry plasma units were supplied from
the USA and Great Britain to the allied forces [5-8]. In
the USSR, even during the blockade, FDP production
was carried out in Leningrad (1941-1944), primarily for
the needs of the Baltic Fleet. Blood components were
produced mainly from blood plasma of the AB (IV) blood
group, packaged in glass bottles or ampoules [14, 15].

In the USSR, FDP had been produced on an indus-
trial scale since the 1960s. Plasma was manufactured
according to the following standard regulations. Pre-
freezing was carried out in glass vials in alcohol baths.
To distribute the plasma over the surface of the vial,
the containers were rotated at an angle of 3—5° around
the horizontal axis. This process yielded the thinnest
possible layer of frozen product and allowed the evapo-
ration surface to be extended. This approach, as well
as the selected lyophilization regime, made it possible
to dehydrate the plasma to a residual humidity of less
than 1% within 20-26 h or 28-32 h, depending on the
lyophilization device used. All technological operations
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were carried out in compliance with aseptic technique
and sterility control. For better preservation of plasma
proteins, a glucose-based protective medium was
used. During lyophilization, a sterile solution of this
monosaccharide (5 or 40%) was added to plasma in a
1:9 ratio [9, 16].

The finished products were monitored accord-
ing to the following quality parameters: solubility — no
more than 10 min, authenticity — formation of a dense
clot in the presence of a 5% calcium chloride solution
(qualitative reaction to the presence of fibrinogen), re-
sidual moisture — less than 1%, sterility — sterile, total
protein — not less than 55 g/L. The shelf life of such a
medicinal product was 5 years at a storage tempera-
ture of 5-25 °C. According to the results of studying the
product stability after 8 years of storage, the dissolution
time increased 2.5 times without exceeding the norm
(4—10 min); the remaining parameters did not change
significantly. The pH of the FDP was close to neutral,
comprising 7.5 + 0.2 [9]. However, it should be noted
that in the 1960s, it was not possible to assess the he-
mostasis system parameters, their level in production
batches was not normalized, and the shelf life was set
without taking into account the dynamics of the activity
of thermolabile proteins during storage.

FDP was used mainly in cases where it was not pos-
sible to transfuse donated blood; its use proved its ef-
fectiveness in the wounded with acute blood loss and
traumatic shock. The large-scale production of FDP was
discontinued in the 1980s due to the detection of cases
of hemotransmissive viral infections (HTVI). Attempts
made to reduce the infection risk of recipients by remov-
ing viruses and reducing the plasma pool size were inef-
fective [3, 5-8].

Development of freeze-dried plasma production
technologies

Freeze-dried plasma technologies have received a new
impetus for development since the emergence of reli-
able standardized methods for ensuring virus security.
In 1991, to meet the need for blood transfusions and
its components during military operations in the Persian
Gulf, FDP production was resumed in France [5-8].
Safety was ensured by the formation of small plasma
pools (less than 11 donors) with strict control over the
absence of HTVI markers, plasma quarantine and re-
peated examination of donors. An additional measure
to increase the product safety was the introduction of
blood plasma screening from females for the presence
of antibodies to the human leukocyte antigen.

The French Military Blood Institute produces FDP
under the trade name of FlyP. It is a pooled, pathogen-
reduced by amotosalene and ultraviolet radiation, ABO-
universal FDP. In order to ensure the required level of fac-
tor VIII in the dry blood component, taking into account
the effect of pathogen reduction, FFP with an activity of
at least 0.96 IU/mL is preferred [17]. After thawing, the
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selected plasma doses are pooled, aseptically poured
into glass vials, and freeze-dried. The lyophilization pro-
cess lasts for 4-6 days [17-20].

In the early 1990s, the Blood Service of the German
Red Cross began producing pulled FDP (up to 1000 do-
nors) treated with a solvent-detergent method. Due to
the concerns that the technology used was not capable
of inactivating the prions that cause Creutzfeldt-dakob
disease, since 2007, the pooled plasma has been re-
placed with a single donor FDP. Currently, LyoPlas N-w
is a single-donor quarantined FDP. The plasma is stored
frozen for at least four months until the donor is exam-
ined again, then it is thawed and connected to a pat-
ented sterile filling system consisting of a glass vial and
a rubber stopper inside a plastic bag [5-8, 20]. Plasma
(200 mL) is poured into the vial through a filter with a
nominal pore size of 0.2 y; the vial is closed with a stop-
per and removed from the system. The plasma is then
frozen to —30 °C. Drying occurs with a stepwise increase
in temperature from —45 °C to +15 °C for six days; the re-
sidual humidity of the plasma is no more than 1% [5, 20].

The commercial Bioplasma FDP product has been
manufactured by the National Bioproducts Institute of
South Africa since 1996. It is pulled, treated with a sol-
vent-detergent method, ABO-universal FDP [6-8, 20].

Since 2016, the Republican Scientific and Practical
Center for Transfusiology and Medical Biotechnology
of the Republic of Belarus has been actively develop-
ing pooled (at least 10 units of plasma), pathogen-
reduced (photochemical treatment using riboflavin
or amotosalene), fibrinogen-standardized FDP. To
reduce the loss of blood clotting factors during lyo-
philic drying, auxiliary substances are added to the
intermediate product, the composition of which is not
disclosed [21, 22].

The Swiss company Octapharma AG has received
approval from European regulatory authorities for the
production of OctaplasLG Lyo FDP [23]. It is obtained
from a pool consisting of 630-1520 units of single-group
donor plasma, which is filtered to remove aggregates and
cell fragments. A solvent-detergent treatment method is
used to ensure virus safety. The fundamental difference
between this technology and the previously described
ones is the stage of chromatographic purification using
affinity ligands for prion proteins. The plasma is subjected
to sterilizing filtration and bottled in non-pyrogenic glass
vials of 200-210 mL followed by lyophilization. It should
be noted that the production stages of OctaplasLG Lyo
are accompanied by pH adjustment using citric acid or
phosphoric acid to compensate for the increase in this
indicator during the lyophilization process. Glycine in a
final concentration of 5 g/L is used as a stabilizer. Prior
to application, the FDP is rehydrated in 190 mL of water
for injection [20, 24].

Plasma lyophilization technologies, including platelet-
rich plasma, have been patented in China (Institute of
Pharmacology and Toxicology of AMMS, First Medical
Center of PLA General Hospital, Qilu Cell Therapy
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Technology Co Itd Yinfeng Biological Group Ltd). The
blood component is dried for 4-6 days. The material is
cooled to —45 °C, then gradually heated to +20 °C at
a vacuum value of 0.1 mbar. At the secondary drying
stage, the pressure is reduced to 0.001 mbar, and the
temperature is raised to +25 °C [25-27].

The above FDP products are produced in glass vi-
als. The disadvantages of this package are fragility,
bulkiness, and significant weight. Care is required dur-
ing transportation, which is quite difficult to ensure in
extreme conditions. In addition, for the filling stage and
lyophilization itself, it is necessary to create aseptic con-
ditions to prevent contamination of the product [28-29].

Innovative technologies for producing freeze-dried
plasma in polymer containers

The inconveniences of transporting and using FDP in
glass vials drive the need to develop technologies for
producing freeze-dried plasma in polymer containers.
The lightness, compactness, strength, and tightness
of such consumable systems increases the availability
and efficiency of early transfusion therapy in extreme
situations outside of inpatient conditions. To date, the
most promising direction has been the membrane lyo-
philization technology, when one of the container sur-
faces is made of a gas-permeable polymer. This ma-
terial is highly hydrophobic and non-toxic, capable of
preventing the penetration of microorganisms and at
the same time being permeable to water vapors. All
this allows the FDP manufacture in a closed system
while maintaining the sterility contour, thus offering the
advantages of using dry blood components in extreme
conditions [8, 28, 29].

Abroad, the United States is the leader in the devel-
opment of FDP production technologies in polymer con-
tainers. In 2007-2008, the U.S. Army Medical Materiel
Development Activity (USAMMDA) and the U.S. Army
Special Operations Command (USASOC) launched pro-
grams for the production of FDP in polymer containers.
In 2008-2013, HemCon Medical Technologies, Inc. was
a partner of the U.S. Department of Defense. Although
plasma pooling ensured its standardization in terms of
the level of blood clotting factors, preference was given
to FDP obtained from a single donor. In 2011, this prod-
uct successfully passed the first phase of clinical trials.
Afterwards, however, the collaboration with HemCon
Medical Technologies, Inc. was terminated. In 2014, to-
gether with a new partner Vascular Solutions, Inc., the
FDP under the commercial name of RePlas was devel-
oped and passed the first phase of clinical trials [5, 7, 20,
30]. This company also produces ESPLAS, an FDP from
a single donor [8].

In 2016, Terumo BCT Biotechnologies, LLC, a bio-
tech company, received funding to develop a decen-
tralized FDP production in polymer containers from
plasma pools (up to 10 donors) for use in blood cent-
ers and extreme situations. Currently, the technology
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and consumables developed by this company for FDP
production are used not only in the USA, but also in
Canada [31-33].

The gas permeable membrane of lyophilization poly-
mer containers developed in the USA is made on the
basis of foamed polytetrafluoroethylene (e-PTFE). The
choice of this material is due to its porous and flexible
structure, chemical stability, and biocompatibility [34].
The presence of negative charges on the polymer sur-
face blocks the coagulation of blood proteins and lim-
its platelet activation. The pore size of the lyophilization
container membrane ranges within 0.2-0.3 L, ensuring
protection of the product from microbial contamination.
The porosity of 50-95% allows efficient removal of lig-
uid vapors. The developed containers are presented in
a two-piece design. One of the parts is equipped with a
gas-permeable membrane, while the other is made of a
non-breathable polymer material such as polyvinyl chlo-
ride or polypropylene. To increase the sublimation ef-
ficiency during the process, the plasma does not come
into contact with the membrane surface [35-37].

The design of Terumo BCT Biotechnologies, LLC
containers may include a temporary seal in the form of
a reinforcing insert separating a part of the plasma con-
tainer and an unfilled section with a breathable mem-
brane. In this case, an occlusion area is required to cre-
ate an air space in order to accelerate the outflow of
solvent vapors during the sublimation process [35, 36].
In the design of Teleflex Inc. containers, a device can
be provided in the form of a frame made of inert medi-
cal plastic supporting the membrane above the plasma
layer [37].

The duration of plasma drying in such polymer con-
tainers is comparable to that of lyophilization in vials, be-
ing about 4-7 days. After lyophilization, the dry product
is stored in the non-breathable part of the container (or
poured thereon, if necessary), which is separated from
the membrane section by a sealed seam. The con-
tainer in which the FDP is stored is equipped with the
ports for solvent injection and transfusion of rehydrated
plasma [35-37].

A number of developments in the field of plasma
lyophilization in polymer containers are also known in
the Russian Federation. In 2021, Haemogenics patent-
ed a system consisting of a container comprising two
sections hermetically connected by a peel-open heat-
sealed seam, which makes it possible to freeze, store
and use the blood component while maintaining the
sterile contour [38]. A non-woven polymer Tyvek is used
as an air-permeable material, which performs the func-
tion of a membrane. Plasma drying is carried out in the
gas-permeable part of the container. The second sec-
tion, into which the lyophilizate is poured at the end of
the process, is made of polyvinyl chloride and is used
for storage, transportation, and transfusion of the blood
component. A similar principle was implemented by
NPO Biotech-M when developing a method for plasma
lyophilization in a two-section container, characterized
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by the design features of the intersectional seam, a dif-
ferent composition of the breathable material, and the
configuration of ports and tubing lines [39]. Later, the
authors noted that the main disadvantage of binary con-
tainers is their large area, which requires a significant
increase in the working surface of the freeze chamber.
The membrane materials are hygroscopic; therefore, the
transfer of FDP from one section to another can lead to a
significant increase in the moisture content of the blood
component [40].

Single-section containers are easy to manufacture
and are free from the above disadvantages. Currently,
such containers are registered as a Liokon medical de-
vice (NPO Biotech-M, Russia) and are used for plasma
drying according to a protocol integrated into the soft-
ware of the Liomed lyophilization unit (the same produc-
er). The containers are made in the form of a flattened
container with an area of about 420 cm? (linear size
15.5 cmx27.3 cm). One of its surfaces is made of water-,
gas-, and vapor-proof material, the other is a membrane
with a pore size in the range of 0.1-0.45 y and a porosity
of 20—80%. Lyophilic drying of plasma in these contain-
ers is carried out at temperatures from —40 to +37 °C for
4—7 days. After completion of lyophilization, immediate
sealing of the membrane surface is necessary. For ad-
ditional protection against ingress of moisture from the
environment and damage during storage and transpor-
tation, the container is placed in an external bag and
evacuated [41].

Research is underway in the institutions of the Federal
Medical and Biological Agency (FMBA of Russia) to de-
velop production technologies of FDP in polymer con-
tainers [42]. Since 2024, the Kirov Scientific Research
Institute of Hematology and Blood Transfusion has been
working on the production of dry plasma with increased
coagulation potential using membrane technology as
part of a versatile package to provide emergency trans-
fusion care to the wounded and injured with massive
blood loss in extreme situations.

Use of pathogen reduction technologies to ensure
the infectious safety of freeze-dried plasma

Pathogen reduction technologies make it possible to in-
crease the infectious safety of blood components. Such
technologies are aimed at removing a wide range of
viruses, and not just four HTVI, the detection of which
is mandatory during a medical examination of donors
[5, 43]. There exists evidence that modern technolo-
gies prevent hemotransmissive bacterial sepsis. The in-
troduction of the pathogen reduction stage eliminates
a long period of quarantine, avoids the rejection of the
product due to the failure of donor re-examination, and
reduces the time to obtain a suitable blood component
for clinical use [43].

From the point of view of ensuring viral safety, the
single-donor FDP production is preferable. However,
the wide variability of the plasma physiological
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parameters makes it difficult to ensure the quality of the
finished product. Combining plasma units into a pool
makes it possible to standardize the product in terms
of total protein, blood clotting factors, fibrinogen, and
natural anticoagulants. In this case, the introduction of
the pathogen reduction stage is of particular impor-
tance [7, 28].

The solvent-detergent method, introduced in 1991 as
an alternative to quarantine, is used to process plasma
pools (up to hundreds and thousands of units). The dis-
advantage of this method consists in a decrease in the
activity of natural anticoagulants: protein S up to 44%
and a,-antiplasmin up to 79% [44].

Methods based on photoinactivation of pathogens
are used to process individual plasma units and pools
of up to 2-3 units. Such technologies involve visible light
and methylene blue treatment (THERAFLEX system,
Macopharma, France) for plasma doses of 235-315 mL,
ultraviolet irradiation with riboflavin (Mirasol system,
Terumo BCT, USA) for plasma doses of 170-360 mL, ul-
traviolet in combination with amotosalene (INTERCEPT
system, Cerus Corporation, USA) for apheresis doses
of plasma with a volume of no more than 650 mL or
pooled plasma with a volume of 385-650 mL obtained
from whole blood [43].

The conducted comparison of photochemical tech-
nologies for pathogen reduction [43] found their effect
on the plasma coagulation potential. In 2014, Jose
Coene et al. noted a decrease in fibrinogen concentra-
tion (16.8-33.2%), activity of factors Il (2.2-22.6%), V
(7.8-38.2%), VI (22.3-44.7%), IX (9.2-33.9%), and Xl
(14.8-47.4%). The greatest change in the plasma hemo-
static properties was observed when irradiating plasma
with ultraviolet light and treating with riboflavin [45]. The
same trend was observed when studying the coagula-
tion potential of pathogen-reduced FDP produced in
Belarus using the Mirasol and INTERCEPT systems.
The decrease in the activity of factor VIl was 39.3% and
19%, and the decrease in fibrinogen content was 33.6%
and 25.3%, respectively [21]. The [46] of plasma drying
technologies in 10 mL glass vials involving three patho-
gen reduction methods found no significant effect of the
viral activation method of the biomaterial on the preser-
vation of its hemostatic properties. The work observed a
decrease in the activity of factors V and VIl by 18-20%
and 15-19%, respectively, as well as an increase in PT
and aPTT compared with the same parameters in the
FDP. The remaining parameters ranged within the physi-
ological norm [46].

The introduction of pathogen reduction technologies
requires specialized equipment and expensive consum-
ables. At the same time, the expenditures are justified
by increasing safety, reducing the duration of the FDP
production, and making more rational use of the donor
resource [43, 46].

Production of group AB(IV) freeze-dried plasma

FDP can be effectively applied only provided the com-
parability of the ABO system between donor and recipi-
ent. The use of group AB(IV) plasma in extreme condi-
tions provides a time advantage and reduces the risk of
transfusion of a blood component incompatible with the
blood group. Therefore, due to the possibility of imme-
diate transfusion, products based on the group AB(IV)
blood component are in high demand [6, 28, 29].

According to literature data, the AB(IV) blood group
prevalence among the population is only 8-9%. To in-
crease the availability of plasma transfusions in extreme
situations, it is allowed to use plasma with a low titer of
anti-A antibodies as a “universal” plasma or to combine
plasma of groups A, B, and AB in certain proportions.
For example, there is a known method for forming a pool
for FDP production with a relative content of individual
plasma units of group A(ll): 40-45%, group B(lll): 40—
45%, group AB(IV): 10-20% (6, 17, 19, 28, 29].

In accordance with Enactment of the Government of
the Russian Federation No. 797 (dated 22.06.2019), in
the absence of same-group plasma, only AB(IV) plasma
transfusion is allowed. In this regard, the formation of
a reserve of AB(IV) donor plasma is of strategic impor-
tance for Russian healthcare.

Studying the properties of freeze-dried plasma

During plasma lyophilization, it is important to maximize
its coagulation potential, i.e., the activity of blood clotting
factors and natural anticoagulants, and the concentra-
tion of fibrinogen. At the same time, these values should
be considered in conjunction with the data of global
coagulological tests, such as thromboelastography.
Humidity is controlled in the finished product. Under
its of less than 2%, it is believed that FDP stability is
ensured during long-term storage. The amount of total
protein is determined, and a sterility test is performed.
In addition to the main quality parameters, the physico-
chemical properties and FDP composition are verified
by the dissolution time, pH, osmolarity, and residual
concentrations of excipients.

When studying the properties of FLyP, the following
values of coagulation potential were obtained: fibrino-
gen level — 2.4 + 0.3 g/L; factor V activity — 0.51 +
0.16 IU/mL; factor VIl — 0.62 + 0.10 IU/mL; factor IX —
0.79 = 011 IU/mL; factor Xlll — 1.08 + 0.12 1U/mL;
protein C — 96 + 9%; protein S — 77 + 16%; anti-
thrombin I — 1.01 + 0.05%; o, -antiplasmin — 95 +
30%. At the same time, out of the nine studied pa-
rameters, only two showed a significant decrease
during lyophilization. The activity of factors V and VIl
decreased by 25 + 12 and 20 + 7%, respectively. The
remaining parameters were stable, varying within 7%.

4 Enactment of the Government of the Russian Federation No. 797 (dated 22.06.2019) «On approval of the Rules for Procurement, Storage, Transportation
and clinical use of donated blood and its components and on the invalidation of certain acts of the Government of the Russian Federation ». Moscow: RF

Government; 2019
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A prolongation of aPTT by 11% and PT by 8% was
also observed, which was associated with a decrease
in the activity of V and VIll factors [17, 18, 20].

The thromboelastography data for FFP and FLyP
were found to be similar, which indicates the preser-
vation of the hemostatic properties of the blood com-
ponent after lyophilization [18]. FDP humidity did not
exceed 2%. The lyophilizate is dissolved in 200 mL of
water for injection in less than 6 min. The pH value of the
rehydrated hemocomponent is alkaline-shifted equaling
about 8. The shelf life is limited to 2 years at room tem-
perature [4, 17, 18]. Regarding the stability of FLyP, this
product was found to be most susceptible to changes in
the activity of VIl and V factors, as well as the concentra-
tion of fibrinogen, at an elevated ambient temperature of
38-53 °C [14].

In the process of obtaining FDP LyoPlas N-w, a
21.6% decrease in the activity of VIl factor was ob-
served (to a level of 0.79 + 0.12 IU/mL). In compari-
son with the study results of French FDP, no changes
in the factor V activity during lyophilization was noted,
with the value of 1.07 = 0.08 IU/mL being obtained.
At the same time, a 25% decrease in the activity of
the von Willebrand factor was shown, which was not
evaluated in the FLyP study. The glycoprotein structure
remained intact before and after lyophilization, which
indicates the preservation of the function of the primary
link of hemostasis. The remaining parameters varied in
the range of 5.1-11.1% and corresponded to the physi-
ological norm. A decrease in the factor VIII activity led
to a prolongation of aPTT by 12.8%. Data on changes
in PT was not provided. When LyoPlas N-w was rehy-
drated in 200 mL of water for injection, the dissolution
time did not exceed 10 min [20, 47, 48]. The pH value of
the rehydrated blood component was 7-7.2 [10]. After
recovery, the product is recommended for use within
6 h. The shelf life of LyoPlas N-w is 15 months at a
storage temperature 2-25 °C [5, 20, 48]. The results
of a study of the safety limits of LyoPlas N-w under
extreme conditions showed the stability of the blood
component under a short-term temperature increase
to 50 °C [48].

Highly limited information is available on the effect of
lyophilization on the hemostatic properties of Bioplasma
FDP. This product is known to have an efficiency pro-
file similar to that of FFP. Bioplasma FDP is available in
doses of 50 mL and 200 mL and is reconstituted with
water for injection. The dissolution time does not exceed
10 min. The shelf life is 2 years at a temperature not ex-
ceeding 25 °C [6-8, 20].

The study of OctaplasLG Lyo showed a 30% de-
crease in the activity of factor VIIl compared to FFP, as
well as significantly lower protein S safety than for FLyP
and LYOPLASN-w (a 34% decrease in activity). The re-
maining parameters of coagulation potential, including
the activity of factor V and von Willebrand factor, varied
within 7-19%. The most stable parameters were fibrin-
ogen, factors X, XII, Xlll, and protein C. The hemostasis
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system parameters were within the reference ranges
established for blood plasma. No significant changes
in PT and aPTT during lyophilization were recorded.
The parameters of OctaplasLG Lyo thromboelastom-
etry are comparable to the parameters of FFP. Other
quality parameters met the requirements of the speci-
fication, including osmolarity — 333-350 mOsmol/kg;
pH — 7.4-7.6; protein content — 55 mg/mL; humid-
ity — no more than 1%; dissolution time — no more
than 15 min. Since the production of OctaplasLG Lyo
involves the introduction of excipients of citric and
phosphoric acids, concentrations of citrate and phos-
phate ions of 20 mmol/L and 5.3 mmol/L, respectively,
were additionally determined. These concentrations
were higher than the similar values for FFP (16 mmol/L
and 3.3 mmol/L, respectively). The identified devia-
tions were recognized as acceptable, provided that the
compliance of the quality and safety parameters with
the established requirements was confirmed. The gly-
cine content was determined at a level of 5 mg/mL. In
general, the conclusion was made about the compara-
bility of OctaplasLG Lyo and FFP quality profiles. The
shelf life of the blood component is 2 years at room
temperature storage [20, 24].

According to the results of quality control studies of
pilot-scale FDP series developed in Belarus, compliance
with the requirements of the internal specification was
established. Coagulation potential was studied (II, V, VII,
VI, 1X, X, XI, and XIlI factors, protein C, antithrombin Il
and a-antiplasmin, PT, aPTT). The activity of factor VIII
was found to be 0.82 IU/mL, the other coagulation fac-
tors were 0.66-0.83 IU/mL, natural acticoagulants —
83-99%, and fibrinogen content —2.51 + 0.25 g/L. Data
on changes in the parameters during lyophilization are
not provided [21].

In an in vitro experiment, when adding FDP to the
blood of patients with acquired coagulopathy, normal-
ization of thromboelastometry parameters was shown.
This indicated the potential clinical effectiveness of the
blood component [22]. The conducted assessment of
the FDP physicochemical properties found its humidity
ranging 0.58 + 0.3%, osmolarity — 284.1 + 29.2 mOs-
mol/kg, and the total protein content — 53 + 2 g/L. It was
shown that the content of citrate ions, calcium, sodium,
and potassium did not exceed the reference ranges [21].
According to the results of pyrogenicity and abnormal
toxicity tests, FDP was recognized as safe [22].

When studying the FDP properties obtained with-
out the addition of protective agents (Institute of
Pharmacology and Toxicology of AMMS, China), a de-
crease in the activity of factor V by 19.3%, factor VI by
21.4%, and von Willebrand factor by 26.5% was noted;
despite this, the values of the parameters corresponded
to the physiological norm. The activity of factors II, VII, IX,
X, X, Xll, plasminogen, antithrombin lll, o -antiplasmin,
protein C, and protein S decreased by no more than 5%
during lyophilization [25]. To increase the coagulation
potential, mannitol was introduced into the plasma at a
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concentration of 25 g/L and the pH of the solvent (water)
was adjusted to 7.3-7.4 with a phosphate-buffer saline
(First Medical Center of PLA General Hospital, China).
This made it possible to increase the safety of factors V
and VIl by 12% and 18%, respectively, and to achieve
their activity in FDP of more than 0.8 IU/mL. The residual
moisture content of the dry blood component did not
exceed 2%, and the recovery time with water for injec-
tion was 13 min [26].

Studies of a new generation FDP product devel-
oped by Teleflex Inc. (USA) using polymer containers
with a membrane demonstrated a slight decrease in
fibrinogen content within 7%, factor V activity within
15%, factors VIl and von Willebrand within 10%, as
well as protein C and protein S within 9% and 7%, re-
spectively. The decrease in the activity of other blood
coagulation factors did not exceed 16%. Prolongation
of PT 10 12.9 s (by 7%) was noted. All parameters of the
coagulation potential of FDP were in the range of refer-
ence values. The revealed differences did not exceed
the threshold of bioequivalence of FDP with FFP —
20%. The experimental samples were characterized by
humidity of the order of 1%, protein content of at least
50 g/L, osmolarity of 298.1 + 7.2 mOsmol/kg, pH of
6.9 = 0.2, and recovery time with water for injection of
1 min. According to the results of stability assessment,
it is recommended to store FDP for no more than 3
years at a temperature 2-8 °C and for several months
at room temperature [20, 30].

In the process of obtaining a similar product man-
ufactured in the USA and Canada using the Terumo
BCT Biotechnologies technology, factor VIII turned out
to be the most susceptible to inactivation with its ac-
tivity during lyophilization decreasing by 12.8-14.8%.
A decrease in the concentration of o -antiplasmin by
14.3% and protein S by 12.1% was observed. Changes
in other coagulation parameters (fibrinogen, protein C)
were absent or ranged 2.2-8.7%. The aPTT and PT
levels increased by 4.9% (to 29.4 + 2.5 s) and 4.1%
(to 11.3 £ 0.7 s), respectively. In general, the changes
in coagulation potential observed during lyophilization
did not exceed 20%; therefore, the FDP hemostatic
properties were considered comparable to those of
FFP. In addition, no deterioration in the parameters of
thromboelastometry was established when comparing
FDP with native plasma. The quality parameters of the
dry blood component were within the normal range:
humidity — less than 2%, total protein — more than
50 g/L. The dissolution time ranges within 5 min in
water for injection. The values of osmolarity of 280.8 +
12.8 mOsmol/kg and pH of 7.8 + 0.1 were measured for
the rehydrated blood component. Based on the results
of the stability analysis, a shelf life of 2 years at room
temperature was determined [20, 31-33].

In the Russian Federation, the following require-
ments for FDP safety parameters are set: humidity —
less than 2%, total protein — more than 50 g/L, factor
VIl activity — at least 0.5 IU/mL, sterility. The shelf life is
5 years at a temperature 2-20 °C®. The FDP produced
using the Lyokon lyophilization technology exhibits the
total protein content of 61.9 + 3.6 g/L, the factor VIII
activity of 0.56 = 0.03 IU/mL, the fibrinogen concentra-
tionof 2.5 + 0.2 g/L, aPTT of 79 + 3 s, and PT of 23 +
1 s. When comparing the plasma coagulation profile
before and after lyophilization, a significant inactiva-
tion of factor VIII by 50% and prolongation of aPTT
by 2.3 times were determined. Practically no changes
in PT were observed [49]. When FDP was dissolved
in 250 mL of 0.9% saline solution, moderate hyperos-
molarity of the blood component at a level of 640 +
22 mOsmol/L was noted [50]. A stability study after
3 months of storage in a hot climate with an increase
in ambient temperature to 40 °C showed inactivation
of factor VIIl to 0.01 IU/mL and a significant decrease
in fibrinogen content. During the same period at room
temperature 20-25 °C, the activity of factor VIl fell
below normal (0.46 + 0.02 IU/mL). When stored in a
refrigerator at 5 °C, it was at the lower limit of the regu-
lated range and amounted to 0.49 + 0.03 IU/mL [51].
Long-term stability tests are currently underway [50].

The presented results of studying the properties of
FDP indicate the relevance of developing approaches
to improving its coagulation potential. To increase the
stability of FDP, it is possible to introduce lyoprotectors,
such as glutamine, glycine, sucrose, trehalose, sorbitol,
mannitol, or pH regulators [40, 52, 53]. To compensate
for the pH value, it is possible to add bicarbonate buffer
solution, citric or phosphoric acids to the native plasma,
or saturate the dry blood component with purified CO,
after the completion of the drying process [20, 24]. The
possibility of using HEPES medium (4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid), which is a high-ca-
pacity zwitterionic organic buffer at neutral pH values
(pH = 7.55), was demonstrated [54]. In the presence of
HEPES, the activity of factor VIII in FDP was found to
increase by 12-18% compared to that in FDP obtained
without the addition of stabilizers [12, 40]. Correction of
the hydrogen index can also be carried out by restoring
FDP with water for injection, acidified to a pH value of
1.5 ascorbic acid or citric acid [5, 7, 20]. Some authors
recommend avoiding the use of glucose and other re-
ducing sugars as lyoprotectors, which may interact with
free amino acid residues during lyophilization, affecting
protein properties [52]. It should be noted that when in-
troducing excipients into the plasma, their harmlessness
must be carefully proven. In the Russian Federation, it is
currently possible to use only solutions and media ap-
proved in transfusion practice®.

5 Enactment of the Government of the Russian Federation No. 797 (dated 22.06.2019) «On approval of the Rules for Procurement, Storage, Transportation
and clinical use of donated blood and its components and on the invalidation of certain acts of the Government of the Russian Federation ». Moscow: RF

Government; 2019.
5 ibid.
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Use of freeze-dried plasma in extreme conditions

FDP is used in the provision of medical care in many
countries. The FDP effectiveness for early transfusion
therapy has been repeatedly confirmed in practice.

FLyP was used to provide transfusion assistance in
military operations in the Sahel region of Central Africa,
Djibouti, Afghanistan, and Iraqg. Its clinical effectiveness
has been studied in patients in intensive care units in
Afghanistan. This product is approved in France for ci-
vilian use in extreme conditions [4-8, 17]. The United
States also used FLyP in special military operations in
Afghanistan and Iraqg; since July 2018, its emergency
use has been allowed [6, 10].

LyoPlas N-w has been used in medical institutions
in Germany, by helicopter ambulance crews in the UK,
Sweden, Norway, Finland, and Australia and, since 2012,
by foot patrols in the UK. The safety and effectiveness
of its use at the prehospital stage in the treatment of
traumatized children has been proven [4-8]. Since 2013,
the Israel Defense Forces has approved the use of FDP
LyoPlas Nw at the pre-hospital stage. Currently, Israeli
air and ground ambulances are equipped with LyoPlas
Nw [5, 8, 48]. Military specialists in extreme medicine
(physicians and paramedics) have two sets of AB(IV)
FDP in their tactical vests [8].

Since 1996, Bioplasma FDP has been used in South
Africa along with joint ventures to provide transfusion
care to patients with blood loss resulting from trauma or
postpartum bleeding [6-8].

CONCLUSION

The most promising areas of FDP production include
quarantined or pathogen-reduced plasma, or a single-
donor pooled blood component.
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FUNCTIONING PRINCIPLES OF THE NETWORK OF BIOLOGICAL M) Check for updates
RISK MONITORING OF THE FEDERAL MEDICAL AND BIOLOGICAL
AGENCY OF RUSSIA

Oleg A. Melnikov™, Vasily N. Bolekhan, Sergey A. Kraevoy

Centre for Strategic Planning of the Federal Medical and Biological Agency, Moscow, Russia

Introduction. The activity aimed at biological risk monitoring (BRM) ensures timely response against emerging biological threats in order
to prevent their negative impact on human health. The improvement and further development of the existing network of BRM of the Federal
Medical and Biological Agency (FMBA) of Russia requires understanding of its functioning principles.

Objective. Substantiation of the functioning principles of the BRM network in the entitled territories and organizations of the FMBA.
Materials and methods. The study was conducted using the automated information system of the FMBA Center for BRM, which aggregates
BRM data from the territories and organizations serviced by FMBA. The methods of systems analysis, reverse engineering, classical logic,
analysis, synthesis, comparison, generalization, categorization, and classification were used.

Results and discussion. A comprehensive study of the operating BRM network of FMBA was conducted. Its aims, objectives, functions,
characteristics, and activities were examined. Using the method of reverse engineering, 19 key principles of the BRM network were substanti-
ated. These principles were classified based on stratification of classes according to the types of activities that ensure the BRM network func-
tioning as a complex organizational system. As a result, the principles were distinguished into informational and technological, organizational
and managerial, and scientific and practical classes.

Conclusions. The functioning principles of the MBR network in the territories and organizations serviced by the FMBA were identified, formu-
lated, substantiated, and classified. These include the use of the systems approach, the principle of continuous monitoring and reporting, the
principle of comprehensive information and analytical support, etc. The results obtained can be used as the basis for decision making when
optimizing the technology of BRM monitoring by FMBA.
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NPUHUUMbI ®YHKUNOHUNPOBAHUA CETU MOHUTOPUHIA BUOJIOTMYECKNX PUCKOB
HA TEPPUTOPUAX N B OPTAHU3ALIUAX, OBCNY>XKUBAEMbIX ®PMBA POCCUN

O.A. MenbHukoB™, B.H. BonexaH, C.A. Kpaeol

LleHTp cTpaTermndeckoro nnaHMpoBaHKs 1 ynpaBneHust Meamko-oronormdeckummn puckamm 3gopossbio PMBA Poccun, Mocksa, Poccust

BeepeHune. MoHuTOpuUHr 6rionormndeckunx pruckos (MBP) obecne4nsaeT CBOEBPEMEHHOE pearpoBaHmne Ha BO3HUKAIOLLIME BUONOrn4eckmne
Yyrpo3bl 1 NPefoTBpaLLEHNE NX HEraTUBHOIO BO3AENCTBIMS Ha 300P0Bbe YenoBeka. [ns coBepLUeHCTBOBaHWA 1 pas3suTnsa cet MBP ®MBA
Poccumn HeobxoayMo 3HaHVe 1 NOHUMaHWe NPUHLMNOB ero yHKLMOHNPOBAaHNS.

Llenb. Hay4Hoe o60CcHOBaHWE MPUHLIMAOB PYHKUMOHMPOBaHns cetn MBP Ha Tepputopursax 1 B opraHmdaumnsx, obcnyxvsaembix PMBA
Poccun.

MaTepunanbl n meTofpl. VIHthopmaLVoHHOM NNaThopMon ANa NCCNeA0BaHNS NOCY>Ka aBToOMaTM3MpoBaHHas MHPOPMaLMOHHasA cncTe-
mMa PefepanbHOro MHPOPMaLMOHHO-aHaMMTUHECKOrO LieHTPpa MOHMTOPUHIa brionormndecknx puckos ®MBA Poccun (PNALL MMBP ®MBA
Poccun), arpervpytollast gaHHbie MBP Ha Tepputopusix 1 B opraHmsaumsx, obcnyxvsaembix ®PMBA Poccun. ccnegosaHvie nocTpoeHo
Ha NPUMEHEHWN Hay4YHbIX METOL0B CUCTEMHOIO aHanMaa, 06paTHOrO MHXXUHMPUHIE, KNAaCCUHEeCKOo NOMVKK, aHannaa, CrHTe3a, CpaBHEHS,
00006LLEHNSA, KaTeropnaaLmm 1 Knaccugurkaumm.

PesynbTathl 1 nx obcyxxaeHue. NpoBeneHo BCeCTOPOHHEe nccnenoBaHmne aenctaytollen cetn MBP ®MBA Poccun. PaccMoTpeHbl 1 fe-
TaNbHO NPOaHaNM3NPOBaHbl Liefib, OCHOBHbIE 3afa4n, (hyHKLMW 1 HanpasneHns aeatensHoCTH co3naHHon cetv MBP, ee ceoiicTea, xapak-
TEPUCTUKN N OCOBEHHOCTN. Ha OCHOBaHUM MPUMEHEHNS MeToAa 0BPaTHOIO MHXUHMPUHIA 060CHOBaHbI 19 KOYEBbIX MPUHLMMOB paboThl
cetn MBP. PaspaboTtaHa v npeactasneHa knaccugukaums nepeqncneHHbiX NPUHLMMNOB, OCHOBAHMEM [N KOTOPOW MOCY XN NMPU3HaK
paspeneHns Ha knaccbl No BuaaM AedTensHOCTH, obecnedmsalowen dMyHKLUMOHpoBaHne cetn MBP kak CRoXHOM opraHn3aunoHHON cu-
cTembl. B pesynbrate BbigeneHo 3 knacca NpUHUMNOB: MHMOPMALIMOHHO-TEXHONOMMYECKOW, OPraHn3aLOHHO-YNPaBIeH4YEeCKOM 1 HayYHO-
NPaKTUHECKON HanpaBAeHHOCTU.

3akntoyeHne. 1o pesynsratam NPoBeAeHHOro NCCnefoBaHns Oblnn onpeaeneHsl, cchopmynmpoBaHbl, 060CHOBaHbI 1 KnaccuuumpoBaHsbl
MPUHLMMALI (hyHKLMOHUpoBaHns cetr MBP Ha Tepputopusax n B opraHmnsaumsx, obcnyxvsaembix PMBA Poccun. Cpeaun HYX: CUCTEMHBI
noaxom, NPVHLMN HENPEPbLIBHOCTW MOHUTOPMHIa 1 NPeACTaBNEHVS ero Pe3ynsTaTos, MPUHLMM KOMMIEKCHOCTU MH(POPMaLMOHHO-aHaNnT1-
4eCKOro obecne4veHrs 1 HekoTopble Apyrvie. Hay4Hoe 060CHOBaHME KNOYEBbIX MPUHLMNOB, 6a3MpytoLLIEECs Ha pedybTaTax cCnefoBaHns

© O.A. Melnikov, V.N. Bolekhan, S.A. Kraevoy, 2025
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npoLeccoB PyHKLUMOHNPOBAHKSA CETY MOHUTOPUHIA, OyAeT CNoCOOCTBOBATb BbIPaboTKe MPEAOXKEHN MO ONTUMM3ALMN 1 COBEPLUEHCTBO-
BaHMIO TEXHONOMMN MOHUTOPUHra bronormndecknx puckos PMBA Poccum.

KnioyeBble cnoBa: 6uonorndeckas 6e30MacHOCTb; MOHUTOPUHI 610N0rMHeCKNX PrCKOB; NPUHLMMbI beHKLJ'I/IOHI/IpOBaHI/Iﬂ CeTn; CeTb
MOHNTOPVHIra B1ONOrMHECKNX PNCKOB; CUCTEMHBIN nogxon
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INTRODUCTION

At present, the issues of biological safety are acquiring
a greater importance and relevance. According to the
experts of the Federal Medical and Biological Agency
(FMBA) of Russia [1], the objective need to create an
effective biosafety system is determined by the grow-
ing biological threats posed by various types of infec-
tions caused by pathogenic and opportunistic micro-
organisms (e.g., Flavivirus, SARS-CoV-2, MERS-CoV,

and Ebola viruses), as well as ESKAPE pathogens (a

group of multi-drug resistant bacteria, mostly respon-

sible for nosocomial infections — Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae,

Acinetobacter baumannii, Pseudomonas aeruginosa,

Enterobacter spp.). The antimicrobial resistance of these

microorganisms has increased dramatically, having

reached pandemic proportions [2, 3].

FMBA is responsible for the health and sanitary-epi-
demiological well-being of employees in more than 730
organizations with highly hazardous working conditions,
including radiation, chemical, and biological risks. The
FMBA provides support to more than 3.3 million peo-
ple residing and working in 20 closed administrative-
territorial entities, 39 satellite cities, and science cities in
59 Russian regions and on the territory of the Baikonur
complex. FMBA is responsible for ensuring the biological
safety and security of the personnel in the government-
approved list of territories and organizations (referred to
as entitled territories and organizations).

Activities in the field of biological risk monitoring
(BRM) are aimed at timely response to emerging biologi-
cal threats in order to prevent their negative impact on
human health, including the following:

e dentification, analysis, prediction, evaluation, and
biological risk ranking based on unified criteria ap-
proved by the Russian government;

e accumulation of data and its implementation to as-
sess the effectiveness of measures aimed at ensur-
ing biological safety;

e development of measures to prevent and reduce bio-
logical risks, improve the protection of the population

284

and the environment from the effects of dangerous

biological factors, and mitigate biological threats.

In order to address these problems, the FMBA of
Russia has established a BRM network, which has been
operating since January 2022 in the entitled territories
and organizations.

The growing amount of biological threats and the as-
sociated health risks determine the importance of ana-
lyzing the processes and functioning principles of the
FMBA BRM network with the purpose of its optimization
and further development based on the evidence-based
approach. There is a lack of research studies that would
substantiate the functioning principles of BRM technolo-
gies in general and the BRM network operated in the enti-
tled territories and organizations of FMBA. These circum-
stances determine the relevance and novelty of this study.

In this article, we set out to develop a scientific basis
for the functioning principles of the network of biological
risk monitoring in the entitled territories and organiza-
tions of the FMBA of Russia.

MATERIALS AND METHODS

The study was based on Russian and foreign publica-
tions in peer-reviewed scientific journals presented in
electronic bibliographic databases in the Russian (eLi-
brary, CyberlLeninka) and English languages (Web of
Science, Scopus, PubMed, Google Scholar, Cochrane
Library).

The FMBA database “Regulatory Legal Acts of
Radiation, Chemical and Biological Monitoring” and the
regulatory legal documents of the BRM network database
(FMBA) were used to analyze the content of legal docu-
ments. The automated information system of the FMBA
Center for BRM, which aggregates data on biological risks
monitoring in the entitled territories and organizations of
FMBA, served as the information platform for the study.

The study was conducted using the methods of
systems analysis and reverse engineering [4], as well
as general scientific methods, including classical logic,
analysis, synthesis, comparison, generalization, catego-
rization, and classification.
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RESULTS AND DISCUSSION

The processes and operations of the FMBA BRM net-
work were studied based on the data provided by the
FMBA Information Analysis Center. The aims, objec-
tives, functions, and activities of the established MBR
network, as well as its properties, characteristics, and
features, were thoroughly examined. In total, 19 key prin-
ciples of the BRM network were identified, formulated,
and justified. The FMBA BRM network is a complex or-
ganizational system, which functions based on operat-
ing principles.

Principle of the network architecture of biological
risk monitoring

The organizational architecture of biological risk moni-
toring in the entitled territories and organizations of
FMBA is a geographically and functionally distributed
network of governmental institutions participating in
the BRM network, consisting of subordinate medical
organizations (177); microbiological research organiza-
tions (56); blood supply service institutions (17); territo-
rial authorities (63), and other institutions of the FMBA
of Russia (5) (Fig. 1).

As of today, the BRM network comprises 318 FMBA
organizations, including six reference centers based at
leading research and medical FMBA organizations, two
of which have a federal status. Since January 1, 2022,
the FMBA has established the Biological Risk Monitoring
Information Analysis Center, which serves as the coordi-
nating authority (coordinator) of the BRM network.

The FMBA BRM Information Analysis Center solves
the following tasks:

e gctivity coordination of the BRM network within the
established FMBA scope;

Coordinati thority of the Biol

Risk Monito'? Network

Reference Center
Created in leading research and medical
organizations of the Russian Federal
Medical and Biological Agency

e collection and processing of information about bio-
logical threats in the entitled territories and organiza-
tions, as part of: medical activity; federal state epi-
demiological surveillance (supervision); state control
(oversight) over the safety of donor blood and its
components;

e continuous monitoring of biological risks using the
information resources of the FMBA BRM Information
Analysis Center, including identification, analysis,
forecasting, evaluation, and biological risk ranking in
accordance with unified criteria;

e prompt reporting to the FMBA management on the
identified biological threats in the entitled territories
and organizations;

e resource support monitoring of the FMBA medical
organizations for carrying out diagnostic, preventive,
medical, and rehabilitation measures in the event of
biological threats in the entitled territories and organi-
zations.

The structure of the Center includes two adminis-
trations: data collection and analysis, forecasting and
assessment of biological risks. Taking into account the
specifics of their activity, the following structural units
have been formed (Fig. 2). Thus, the principle of BRM
network architecture is implemented.

Principle of prioritization of compliance with the
intended purpose

This principle is determined by the FMBA priority of
protecting human life and health. The main purpose of
establishing the network of biological risk monitoring
was to create a reliable mechanism for monitoring bio-
logical risks in the entitled territories and organizations of
FMBA, in accordance with Federal Law No. 492-FZ" and
the relevant Decree of the Russian government.

Blood supply service
2 Blood centers

3 Hemotransfusion station
| 12 Donor plasma centers

=l
' IO
=ik

[ 63
+ Territorial authorities

35 Inte gionalcﬁrectorates

B Territorial subdivisions

4

Research institutes with laboratories

Research centers
without a clinical base

Figure prepared by the authors
Fig. 1. FMBA Biological Risk Monitoring network

' Federal Law No. 492-FZ dated 30.12.2020, “On Biological Safety in the Russian Federation”.
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Therefore, the main purpose underlying the organi-
zation of the BRM network was to ensure the biological
safety of the FMBA personnel. In this regard, the principle
of compliance with the intended purpose, or the target
purpose principle, has been identified as one of the main
functioning principles of the BRM network. All network
activities are subordinated to this main purpose, which is
given absolute priority: ensuring the biological safety of
the FMBA work force, as well as protecting the environ-
ment from the effects of hazardous biological factors.

Principle of relying on a regulatory framework

Currently, the FMBA have developed regulatory legal
acts that govern the process of biological risk monitor-
ing in its entitled territories and organizations. The legal
basis for the creation and operation of the BRM network
is the Federal Law?, Russian Federation Presidential
Decree?®, Decrees of the Russian Government, depart-
mental regulatory legal acts.

At present, the database of regulatory legal docu-
ments, created in the FMBA BRM Information Analysis
Center, comprises 69 documents regulating the BRM
network activities. These include Federal laws of the
Russian Federation, Russian Federation Presidential
decrees, resolutions and executive orders of the
Government of the Russian Federation, departmental
orders and instructions of the FMBA, departmental or-
ders of the Ministry of Health of Russia, Sanitary Rules
and Regulations, National State Standards, orders and
instructions of the Centre for Strategic Planning of the
FMBA, recommendations, instructions and methods of
the FMBA MBR Information Analysis Center.

The current regulatory legal framework is the legal
foundation for implementing state regulation measures
in the field of ensuring biological safety and counter-
ing biological threats. This foundation determines the
legal regulation of relations in the field of establish-
ing, applying, and enforcing mandatory requirements
for biological safety, including BRM, in the prevention
and occurrence of natural and man-made dangerous
biological situations of internal and external (cross-
border) origin caused by natural and anthropogenic
factors, as well as bioterrorist acts [5]. Thus, another
essential principle of the MBR network is that of rely-
ing on a regulatory framework, or the regulatory regu-
lation principle.

Principle of systems approach

This principle implies considering the BRM network as
a system that combines a holistic set of interconnected
elements [6]. The BRM network has the characteristics
of a complex specialized organizational system, includ-
ing the following:

e holism (the dependence of each element on its place
within the overall network “organism”);

e primacy of the whole (subordination of the purposes
of local elements to the main purpose of the entire
system);

e connectivity (the presence of intra-system relation-
ships between elements, including horizontal and
vertical connections);

e structural properties (the ability to represent a system
through the structure of connections and relations
between elements);

FMBA MBR
Information Analysis Center

Data Collection Administration

Department of Interaction with the
Biological Risk Monitoring Network

Department of Primary Control
and Data Verification

Department of Operational Duty
i Service

Figure prepared by the authors

Monitoring Network Development
and Coordination Department

Administration of Analysis, Forecasting,
and Assessment of Biological Risks

Department of Biological Risk Analysis

Department of Biological Risk
Forecasting

Biological Risk Assessment Department

Fig. 2. Structure of the FMBA Biological Risk Monitoring Information Analysis Center

2 Federal Law No. 492-FZ dated 30.12.2020, “On Biological Safety in the Russian Federation”.
8 Russian Federation Presidential Decree No. 97 dated 11.03.2019, “On the Fundamentals of the Russian Federation State Policy in the Field of Chemical and

Biological Security for the Period up to 2025 and Beyond”.
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e hierarchy/mono-centricity  (subordination of the
structural elements to a coordinator — FMBA BRM
Information Analysis Center);

e synergy (functioning of interconnected elements
such that generating qualitatively new properties of
the system, which are not a mere sum of the proper-
ties of its elements) and some others.

The systems principle allows not only assess-
ment of the integrity of the study object and the
connections between its elements, but also de-
termination of the sources and vectors of its
development [7].

The formation of the BRM network as a system that
functions both in planned and emergency modes re-
quired the determination of the object of this system’s
activities and the methodological approaches necessary
for developing its multi-level, hierarchically subordinate
structural and functional organization of elements cov-
ering the relevant functional spectrum of FMBA in the
field of biological safety. A detailed analysis of the BRM
network activity as a system is the subject of a sepa-
rate study, which should include, among other things,
the study of its properties, characteristics, and features,
as well as the system’s connections with the external
environment.

Principle of continuous monitoring and its results
reporting

The purpose-oriented activity of the BRM network,
regulated by relevant legal documents, determines
its continuous operation to implement its main tasks
and ensure the biological safety of FMBA personnel.
The geographical distribution of the entitled organi-
zations and territories of the FMBA of Russia, which
covers many time zones, necessitates the provision
of round-the-clock data collection and processing,
including continuous monitoring, screening, indica-
tion, identification, data verification, and etiological
diagnostics of the quantitative and qualitative state
of dangerous biological factors and risks to hu-
man health, including taking into account long-term
negative consequences for the present and future
generations.

An important component is the provision of timely
information, presentation to consumers of the results of
analysis and forecasting of biological threats and risks,
operational analytical and forecast information for the
organization of work to prevent, neutralize, or eliminate
threats and risks to health [8]. Information users are the
departments and management staff of the Centre for
Strategic Planning of the FMBA of Russia, the interested
agencies, the state information system in the field of en-
suring biological safety (GIS BB). The main principle in
this area of work is the principle of continuous monitor-
ing and reporting of results.

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Principle of interconnectedness of information flow
management and data aggregation

Data aggregation is the process of combining and sum-
marizing data from disparate sources into a single data
set. The aggregation process prepares data for analysis,
making it easier to understand the patterns of informa-
tion flow [9].

The main tool of the FMBA BRM Information Analysis
Center is its information system (IS), which is used for
aggregation — collection and processing of data on bio-
logical threats and risks and formation of a single set of
data. Currently, more than 3500 users are connected
to the BRM IS. To date, the FMBA BRM Information
Analysis Center is equipped with a modern powerful
computing complex, which includes server equipment,
memory blocks for data storage, high-speed communi-
cation channels. The existing computing complex allows
achievement of the main tasks of BRM in the entitled
territories and organizations of FMBA. It also allows for
collecting and verifying any type of data.

Currently, the FMBA BRM Information Analysis
Center receives data in four information streams. The
first stream includes the submission of information by
medical organizations based on the results of labora-
tory tests. The second stream includes data submitted
by medical organizations based on the nosology of pa-
tients, including initial data. The third stream allows for
the aggregation of data based on confirmed diagnoses
through hygiene and epidemiology centers. The fourth
stream includes information about identified outbreaks
of infectious diseases and the respective measures
taken.

The development of information technologies has led
to a sharp increase in the speed and volume of data
transmission. The structure of information exchange is
changing significantly. The processes of data aggre-
gation and information flow management require con-
tinuous technological monitoring, including their control
and analysis, as well as the optimization of information
streaming and aggregation.

Principle of complex automation of information
processes and systems

Automation of information and technological processes
and systems is the introduction and use of advanced
information technologies and technical means that per-
form tasks and operations without direct human inter-

vention [10].

The automation of the BRM network aims to solve
the following tasks:

e reduction of monotonous routine work through the in-
troduction of technologies for data replication, trans-
mission, and interconnection, as well as the ability to
automate and solve simple and complex tasks;
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e expansion of the information and analytical capabili-
ties of specialists, analysts, and managers through
the creation of automated workplaces, the rapid
and scientific processing of large and diverse data,
including the use of artificial intelligence, neural net-
works, and hybrid methods;

e the ability to remotely obtain and share information,
and to interconnect data from different sources;

e identification of the logic behind violations of sanitary
rules and regulations.

Comprehensive automation includes the standardi-
zation and unification of equipment and software, the
rational integration of information technologies into the
existing workflow, ensuring the flexibility of the systems
being created and the optimization of information pro-
cesses, as well as the scalability and extensibility of the
functionality of information systems and their resistance
to failures.

The automated information system (AIS) of the FMBA
BRM Information Analysis Center provides for the auto-
matic input of data through the IP-interface, which en-
sures direct data collection from the information systems
of medical and laboratory organizations participating in
the BRM network. This approach ensures the prompt
collection of up-to-date and reliable information.

For automatic operation of IS in identifying biologi-
cal factors influencing changes in biological threats, the
average annual morbidity rates (population in the enti-
tled of FMBA) have been established as the threshold
for informing. When the specified threshold is exceeded,
measures are taken to analyze, predict, and assess bio-
logical risks. To ensure the effective operation of the au-
tomatic tracking system of biological threats (hazards),
reference books of threshold values are systematically
updated.

One of the main prospects for the automation de-
velopment is integration with artificial intelligence and
machine learning. To automate the monitoring of open
sources of information about possible biological threats
that can lead to an emergency, a subsystem based on
Al technology has been developed and implemented at
the FMBA BRM Information Analysis Center. This sub-
system allows for rapid and high-quality content analysis
of media news and social networks in order to identify
information about a possible biological threat.

Principle of a friendly interface

The user interface is an important component of any
automated, human-oriented system. A user-friendly (UF)
interface refers to the intuitive means by which a user
interacts with information systems, including data trans-
mission systems. A UF interface should have a minimal-
ist design and a high data loading speed.

In the information system of FMBA BRM Information
Analysis Center, special electronic forms are used to in-
teract with the BRM network participants. These forms
are designed to meet the specific needs of medical
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organizations, hygiene and epidemiology centers, dis-
trict medical centers, and territorial authorities. For spe-
cific events, data “showcases” and specialized user
“‘windows” are developed and implemented for partici-
pants in planned training sessions.

Principle of import substitution for software
products and hardware

An important technological feature of the present day
is the need to switch to domestic information tech-
nologies and software and hardware tools in order to
create a reliable domestic alternative to foreign ana-
logues. Currently, the FMBA BRM Information Analysis
Center carries out a transit to a domestic operating
system that provides the required degree of informa-
tion security and thereby reduces the vulnerability of
software tools.

Principle of effective management of network
activities

Various management levels of intra-network units and
structures, as well as external stakeholders and/or par-
ties in the monitoring process, are involved in informa-
tional, functional, and organizational cooperation within
the BRM network [11]. These include:

1. Internal network elements: subordinate FMBA
organizations — network participants and reference
centers; structural and functional divisions of the FMBA
BRM Information Analysis Center, including informa-
tion and analytical units for data collection, process-
ing, control, and verification; AlS information technology
support units; network coordination and development
units; operational duty service; contact center; the units
for ensuring the activities of the FMBA BRM Information
Analysis Center and the network development; training
units, etc.

2. External information users, suppliers, and sources
of information: administration of the Centre for Strategic
Planning of the FMBA, the Center for Operational
Management of the FMBA, FMBA Operations Control
Centre, FMBA executive team, authorities (Emergency
Control Ministry, Ministry of Health, Russian Federal
State Agency for Health and Consumer Rights, Ministry
of Defense, Ministry of Industry and Trade, etc.), insti-
tutions, information and scientific centers, the State
Information System for Biological Security in the Russian
Federation, Internet resources, etc.

3. FMBA work force, represented by the organiza-
tions served by FMBA, and the population residing in the
territories served by FMBA.

4. External management structures: the Centre
for Strategic Planning of the FMBA, the FMBA, the
Government and the President of the Russian Federation.

A general structural diagram of the informational,
functional, and organizational interaction of the BRM
network is presented in Fig. 3.
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As can be seen from Fig. 3, the informational, func-
tional, and organizational interaction of the BRM net-
work is a complex multidisciplinary process that requires
effective management. This process management and
its work coordination are entrusted to the FMBA BRM
Information Analysis Center, which is the BRM network
coordinator. Functioning of the BRM network is provided
in two modes:

1) the mode of daily activities with the implementation
of procedures for identifying, analyzing, forecasting, and
evaluating biological factors;

2) emergency response to biological threats that
could lead to an emergency situation.

In order for the BRM network management system to
function successfully, it is necessary to continuously an-
alyze changes in the external and internal environment
and adapt actions to new conditions.

Subordination principle

The principle of subordination (co-ordination) implies
management, within the framework of which the follow-
ing processes are implemented: vertical ordering, i.e.,
vertical subordination of network elements, where one
of the interacting elements acts as a leader, determining
the activities of other participants in the relationship; hor-
izontal ordering of business relations, where interaction
between participants of the same level is established.
Within the BRM network, the role of such a leading
body belongs to the network coordinator — the FMBA
BRM Information Analysis Center, which manages the
activities of network participants. In turn, the FMBA
BRM Information Analysis Center is part of the structure
and subordinate to the Centre for Strategic Planning of

| External information sources

1

|
o[>

| Liaison protocol |

Network members

FMBA. Medical support organizations are subordinate
to the district FMBA centers. At the same time, all par-
ticipants and the network coordinator, together with the
Centre for Strategic Planning of FMBA, are subordinate
to the FMBA and are obliged to comply with all direc-
tives, orders, and instructions of its structural divisions
in accordance with those appointed by the head of the
functional subordination Agency.

Since June 17, 2024, in accordance with the Decree
of the President of the Russian Federation®, the President
of Russia is in charge of the FMBA activities.

Thus, the subordination vertical for the BRM network
can be represented as follows: “President of Russia —
FMBA — Center for Strategic Planning of FMBA —
FMBA BRM Information Analysis Center (coordinator) —
BRM network participants”.

Principle of permanence operational and duty
support

The process of continuous monitoring of biological risks
and the presentation of its results, together with the
principle of effective management of biological risks, is
implemented in the network, including through the ac-
tivities of the operational duty service established at the
FMBA BRM Information Analysis Center. The shifts of
this structure operate around the clock and consist of
operational duty officers and specialists who take over
during daytime hours. Every day, the operational duty
service provides the FMBA management with a report
on the epidemiological situation in the entitled territories
and organizations of FMBA. This is how the principle of
permanent operational support is implemented in the
BRM network.

| Information users

Assessment of
biological threats
and risks

. ) 3

' @ , :
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Call centre andrisks
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Fig. 3. Structural scheme of informational, functional, and organizational interaction of the BRM network

4 Decree of the President of the Russian Federation No. 522 dated 17.07.2024
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Principle of comprehensive information and
analytical support

According to the Federal Law®, biological risk monitor-
ing includes the identification, analysis, forecasting,
assessment, and ranking of biological risks based on
unified criteria. This includes the information and ana-
lytical activities that are implemented in the FMBA BRM
network.

Medical network organizations collect and perform
initial analytical processing of medical and biologi-
cal information, which is then forwarded to the FMBA
BRM Information Analysis Center IS. The FMBA BRM
Information Analysis Center conducts daily analysis of
epidemic incidence, new, rare, recurrent, and spontane-
ous infections, changes in the properties and forms of
pathogens, diseases associated with disruption of the
normal human microbiota, infections associated with
medical care (during accidents and terrorists attacks)
at facilities where pathogens are used, the spread of
drug resistance, and immunodeficiency conditions in
humans.

The FMBA BRM Information Analysis Center con-
ducts primary data verification and biological risk
analysis, resulting in the receipt of structured informa-
tion arrays on individual biological threats (hazards).
It also determines methods for predicting biological
risks. In accordance with the established criteria,
the FMBA BRM Information Analysis Center submits
information about identified biological threats (haz-
ards) to the reference centers of the BRM network,
which verify information about biological threats, in-
cluding the analysis of biomaterial samples within
72 hours.

At the next stage, biological risks are predicted,
i.e., the probability of dynamic changes in the bio-
logical threat indicators and their quantitative and
qualitative characteristics is assessed. The outcome
of biological risk prediction is the acquisition of data
necessary for assessing the harm probability associ-
ated with the biological threat identified during the as-
sessment of biological risks. If necessary, a report is
prepared on the biological threat identification, which
is submitted to the FMBA central office for subse-
quent transmission to the state information system for
ensuring biological safety (SIS BS). In 2024, the FMBA
Center for Strategic Planning created a database re-
ferred to as “Scientific Forecasting Methods”, which
includes descriptions, characteristics, and features
of approximately 100 scientific methods. The pre-
sented stages of the activity of BRM experts and their
collaboration in collecting, analyzing, forecasting,
and evaluating specialized data related to biological
threats and risks demonstrate the comprehensive na-
ture of information and analytical support in the MBR
network [12].

Principle of ensuring the quality of information
provided

The control mechanism of the BRM network ensures
that specialized data on all cases of diseases registered
in medical organizations is provided in a timely man-
ner and that the data is transmitted to the FMBA BRM
Information Analysis Center information system. At the
same time, the quality of the information provided is
monitored, including its completeness, relevance, and
accuracy. In addition, the control mechanism includes
automated analysis and notification of detected errors,
as well as verification of operational and reporting data
on key indicators.

The following types of activity are carried out daily in
the FMBA BRM Information Analysis Center to ensure
the information quality: checking the completeness and
timeliness of filling out questionnaires by medical organi-
zations of the BRM network in a single data collection
format; deleting erroneous entries in the information
resource (duplicates of infectious diseases cases and
biological threat report files); detecting repeated filling of
electronic forms.

The obtained quantitative indicators are verified on
a weekly basis against statistical reports received from
medical organizations, territorial authorities, hygiene and
epidemiology centers. The reliability of incoming infor-
mation is an important factor affecting the BRM network
functioning quality. Reliable information refers to informa-
tion (reports, data) from a reliable source about events,
facts, phenomena, and processes that are authentic,
truthful, and evidence-based, eliminating any doubt [13].
In this regard, particular attention is paid to the process
of verifying information about biological threats, which is
carried out by the reference centers of the FMBA BRM
network. The assessment of biological risks is carried
out based on unified criteria for the types of biological
threats (hazards) to human health and the levels of bio-
logical risk.

Further forecasting, assessment, and ranking of bio-
logical risks are carried out by the Center’s analysts only
for biological threats that have been verified by refer-
ence centers. To calculate the biological risk level, the
severity of harm to human health caused by dangerous
biological factors and the causing harm likelihood are
used. The result of biological risk assessment is the de-
termination of its level: acceptable, significant, or critical,
which is reflected in the relevant information and analyti-
cal documents and reports.

Principle of professional competence development

One of the important areas in ensuring the BRM net-
work quality is the appropriate professional training and
retraining of senior officials and all employees of the
BRM network organizations as a whole, as well as their

5 Federal Law No. 492-FZ dated 30.12.2020, “On Biological Safety in the Russian Federation”.
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coordinated interaction [14]. As part of specialized pro-
fessional training, the network coordinator, the FMBA
BRM Information Analysis Center, holds monthly semi-
nars, training sessions, and classes with the participa-
tion of employees from medical organizations, territorial
authorities, hygiene and epidemiology centers, blood
centers, reference centers, district medical centers, and
scientific institutions.

The coordinator organized the work of the FMBA
BRM Information Analysis Center contact center for
interaction with organizations participating in the BRM
network. The contact center processes phone calls,
messages received through the VKontakte widget, and
e-mail requests, and conducts sessions with members
of the BRM network in the order of sending and review-
ing requests.

Principle of effective communication

The activities of the BRM network involve a wide range
of specialists with different professional backgrounds
and qualifications from various fields of scientific knowl-
edge and practical industries, including medical profes-
sionals, biologists, hygienists, analysts, engineers, and
programmers in the IT and telecommunications indus-
tries, dispatchers and operators of operational servic-
es, consultants, training instructors, methodologists,
inspectors, etc. They must clearly and unambiguously
understand each other, using the same terms and con-
cepts, which ensures smooth functioning of the BRM
network as a unified, well-coordinated, and effectively
developing system.

In order to improve the quality of internal corporate
communications, it was decided to develop the termino-
logical apparatus of the FMBA BRM network and create
a departmental thematic glossary of terms and defini-
tions of the network. To that end, a special algorithm for
creating a thesaurus-type glossary was developed, and
the subject area and terminology of the BRM network
were researched and categorized. The typology of the
subject area is presented in Fig. 4.

Currently, work is underway to develop the terminol-
ogy system of the BRM network [15], form dictionary
definitions, and create a glossary project.

Principle of integrated scientific support

Scientific support includes a range of scientific, scien-
tific-technical, scientific-methodological, and other ac-
tivities aimed at obtaining and effectively implementing
new knowledge, techniques, and technologies related
to the BRM network functioning in the fields of medi-
cine (including hygiene, sanitation, epidemiology, etc.),
biology, management, analysis, and forecasting of
biological threats and risks, information technologies,
professional training, and social and biological emer-
gencies.

Currently, as part of the scientific support for the
BRM network activities, research is being carried out
with the participation of specialists and researchers
from the Sysin Research Institute of Human Ecology and
Environmental Hygiene, the State Research Center —
Burnasyan Federal Medical Biophysical Center of
Federal Medical Biological Agency, etc.
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Fig. 4. Typology of the subject area of the BRM network
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Principle of targeted methodological support

Scientific support for biological risk monitoring includes
providing targeted assistance to the BRM network par-
ticipants in implementing functions that fall within their
professional competencies and are related to the activity
of the BRM network.

In order to improve cooperation and solve the prob-
lems of identifying and neutralizing biological threats and
risks, the network coordinator develops methodologi-
cal manuals, recommendations, instructions, booklets,
and memos. Methodological assistance is provided to
responsible specialists of the organizations participat-
ing in the BRM network on the issues of collecting and
presenting information on biological threats (hazards). In
accordance with the methodological recommendations,
interdepartmental, regional, and facility-based exercis-
es (trainings), classes, and gatherings are held, where
qualified specialists from the FMBA BRM Information
Analysis Center participate as instructors, methodolo-
gists, and intermediaries.

With the purpose of raising the professional compe-
tencies of the BRM network members working in the en-
titled territories and organizations of FMBA, the coordi-
nator sends special teams (brigades) to provide targeted
methodological assistance.

As part of the BRM network activity, a contact cent-
er has been established to provide daily advisory and
methodological assistance to the network participants.
To ensure its targeted nature, specific organizations
have been assigned to each contact center employee. In
2024, the FMBA BRM Information Analysis Center con-
tact center received 2549 requests from the FMBA or-
ganizations:1388 incoming calls, 1078 incoming emails,
and 83 messages via the VKontakte widget; 34% of
requests were completed with responses during the
conversation, while the remaining 65% were completed
within one working day.

Principle of sustainable development

Sustainable development is a controlled process aimed
at developing society and nature, as well as production
and other types of organizational systems. This also in-
cludes the network of biological risk monitoring, which,
as noted above, refers to organizational systems. In a
broad sense, sustainable development is aimed at pre-
serving and ensuring favorable conditions for the life of
current and future generations of people [16]. The con-
cept of sustainable development is based on the fol-
lowing principles: ensuring an upward trend in develop-
ment, ensuring a long-term character of development,
and meeting the functional needs of the organizational
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system in both short- and long-term periods. These ob-
jectives are directly related to the network of biological
risk monitoring.

When developing a concept for the sustainable de-
velopment of the BRM network, it is advisable to imple-
ment standards and methodologies that can be used
to monitor the functioning of the network itself and its
subsystems (structural elements), as well as to qualita-
tively and quantitatively assess the target indicators [17].

Classification of the functioning principles of the
BRM network

Following determination of the key functioning principles
of the MBR network, they were subjected to classifica-
tion. The classification feature was the type of activities
that ensure functioning of the MBR network as a com-
plex organizational system. Such a classification basis
allows the overall set of fundamental principles estab-
lished above to be divided into classes (groups) neither
overlapping nor mutually excluding each other.

As a result, the following three classes of MBR net-
work functioning principles were identified: (1) principles
of information and technological orientation; (2) organi-
zational and managerial principles; 3) principles of scien-
tific and practical orientation. The distribution of princi-
ples by classes is presented in Fig. 5. When combined,
the resulting classes form the initial set of principles.

CONCLUSION

As a result of the conducted research, the basic func-
tioning principles of the MBR network in the entitled ter-
ritories and organizations serviced of FMBA were identi-
fied, formulated, justified, and classified. The formed list
of principles includes: a systems approach; the principle
of compliance prioritization with the intended purpose;
continuity of monitoring and presentation of its results;
the principle of sustainable development; the complexity
of information and analytical support, and some others.
The reliance on these principles is one of the key fac-
tors that enable the biological risk monitoring network
to function successfully, thus providing for the availability
of the necessary resources and capabilities to identify
and neutralize biological threats and to ensure biological
safety.

The evidence-based substantiation of the key princi-
ples, based on the research of BRM network function-
ing, lays the foundation for the development of proposals
for optimizing and improving the technology of biological
risk monitoring by the FMBA of Russia, as well as for the
development of a conceptual model for the functioning
of the biological risk monitoring system.
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Figure prepared by the authors
Fig. 5. Classification of the basic functioning principles of the BRM network
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HEAVY METAL CONTENTS IN PLANTS GROWING IN THE RUSSIAN BALTIC M) cCheck for updates
COASTAL AREA

Vladimir P. Andreev, Elena S. Martynova, Zhanna V. Plakhotskaya™, Elena F. Sorokoletova

Kirov Military Medical Academy, St. Petersburg, Russia

Introduction. Prior to use in the production of food additives, ingredients, and biologically active substances, wild plants should be assessed
in terms of heavy metal (HM) accumulation. This task is also relevant because wild plants can be consumed by the survived after accidents,
disasters, or military operations at sea.

Objective. To assess the HM-related danger of coastal flora in the areas of potential landing of shipwrecked crews in the seas of the Russian
Federation.

Materials and methods. The study objects were coastal algae and higher plants growing in the coastal area of the Gulf of Finland. Plant sam-
ples were collected in the Bolshoy Beryozovy Island, Hogland Island, and the Kurgalsky Peninsula. Prior to elemental analysis, the samples
were dried at 80°C to a constant weight; their dry weight was estimated with an accuracy of 1 mg. The raw mass was estimated based on the
dry weight data and the assumption that the water content in native tree leaves comprises 75%, in grass leaves — 85%, and in F. vesiculosus
thalli— 70%. The dried material was mineralized by an MS-6 microwave sample preparation system (Volta, Russia). Elemental analysis was
performed using an MGA-915M atomic absorption spectrometer. The measurement results were processed using the Statistica software.
Results. The Cu and Pb content in the studied plants was found to range within permissible limits. The permissible level of cadmium was
exceeded by 2-4 times in A. ptarmica, C. angustifolium, and U. dioica on the Kurgalsky Peninsula, indicating the risk of food consumption. The
minimum values of Mn content (less than 20 mg/kg of dry matter) were typical of two plant species (L. japonicus and Salix sp.) from the Bol-
shoy Beryozovy Island and A. podagraria from the Kurgalsky Peninsula. The toxic effects of Mn begin to appear when the daily intake exceeds
2 mg/day, while the maximum Mn content in the studied objects was 11.9 mg/kg. The high Zn content was typical of all plants on the Hogland
Island, as well as T. repens and A. podagraria from the Kurgalsky Peninsula and Salix sp. and L. japonicas from the Bolshoy Beryozovy Island.
The maximum amount of plant material that can be safely consumed was calculated to be approximately 0.17 kg/day of raw leaf mass.
Conclusions. The absence of daily intake limits for essential elements in regulatory documents makes it difficult to assess the severity of
consequences of using plant raw materials for food and medicinal purposes and to apply a risk-based approach to assessing food safety.
The high degree of danger associated with the use of plants from the Kurgalsky Peninsula (A. ptarmica, C. angustifolium, and U. dioica) is
due to a significant excess of Cd limits. The Cu and Pb levels in all the studied plants was below the limits, indicating the absence of danger
associated with these elements. The Zn content can be considered safe, since more than 1 kg of raw leaf mass must be consumed daily to
meet the daily requirement, which is practically impossible in actual conditions.

Keywords: wild plants; wild plant-based food; micronutrients; heavy metals
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COOEP>XAHVE TAXKE/bIX METAIIOB B PACTEHUSAX MOBEPEXXbSI BANTTUCKOO MOPS
B POCCUICKOW ®EAEPALN

B.I'N. AHgpees, E.C. MapTbiHoBa, XK.B. MNnaxotckaa™, E.®. CopokoneToBa

BoeHHo-MeguumHekas akagemust M. C.M. Knposa, CaHkT-IeTepbypr, Poccus

BeepeHue. Vicnonb3oBaHne OUKOPACTYLMX PacTeHUA B MPOM3BOACTBE MULLEBLIX MPOAYKTOB, A0OABOK, MHIPEONEHTOB 1 B1ONOrnMHYecKu
aKTUBHbIX BELLECTB TPebyeT OLEHKN Cbipbs HAa COAepKaHne Tskenblx MeTannos (TM). OTo BaXKHO y4ecCTb 1 B CBS3M C UCMOb30BaHNEM
OVKOPOCOB B MKILLY MPW BbPKMBAHWN MOCe aBapui, KatacTpod 1nm 60eBbIX AENCTBMI Ha MOPE.

Llenb. OueHnTb NOTEeHLMAaNbHYKO ONaCHOCTb YNOTPEONeHNs B NULLYY NPUBPEXHOM hiopbl, CNOCOOHOM akkymMynmposaTb TM, B MecTax BO3-
MOXHOW BbICa[IKM SKUMNaXKen cyaoB, Tepnsamx 6eCcTBMe B akBaTopumn Mopein Poccuiickon ®epepaumm.

MaTtepuanbl u MeTogbl. O6beKTamMu UCCegoBaHns CY>XUN NPUOPEXHbIE BOAOPOCN U BbICLLVE pacTeHWs], NporspacTarolme Ha nobe-
pexxbe PrHCKoro 3anmea. ObpasLipl pacTeHnn cobpaHbl Ha y4acTkax nobepexxunini PUHCKoro 3anmea: 0-sa bonbluon Bepesosein, 0-Ba Mo-
rnang, a Takke Kypranbckoro n-osa. [Jo NpoBeAeHVst 3N1eMeHTHOro aHannsa obpasLbl Bcex pacTeHuin gocylumsany npu 80 °C [o NOCTOSH-
HOrO Beca 1 OLEHMBANM UX CYXYH MaCCy C TOYHOCTbIO A0 1 M. OUeHKY CbIpO MacChl OCYLLECTBASN, ONMPasiCb Ha AaHHbIE MO CyXOn Macce
11 YCNIOBHO MPUHMMAs, YTO COAEePXaHne BOObl B HATUBHBIX INCTbAX AEPEeBbEB COCTaBnaeT 75%, B nMMCTbax TpaB — 85%, a B cnoesuLiax
F. vesiculosus — 70%. MuHepanunsaumo BbICyLLIEHHOro MaTepuana ocyllectsnsnu B CBY-muHepanmaatope MC-6 («<Bonsta», Poccus). One-
MEHTHbIN aHann3 BbINOHAAN Ha aTOMHO-abCopPOLIMOHHOM cnekTpomeTpe MIA-915M. Pe3ynetaTthl M3mMepeHuit obpabdbaTbiBan C MOMOLLbIO
nakeTa npvknagHbix nporpamm Statistica for Windows 7.

PesynbraTbl. CogeprkaHne Meay 1 CBUHLLA Y U3YYeHHbIX pacTeHni 6binm B rpanvuax MAY. JonycTumbli ypoBeHb KaamMmns Obin NpeBbilleH
B 2-4 pasa y A. ptarmica, C. angustifolium v U. dioica Ha n-oBe KypraibCKuii, 4TO ONpeaensieT pUcK MCMONb30BaHUs X B nuLly. MuHu-
MaJibHbIE BENVYMHBI COAepXKaHVsa MapraHua (MeHee 20 MI/Kr Cyxoi MacChbl) XapakTepHbl ANs AByX BUOOB pacTeHui (L. japonicus v Salix sp.)
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EXTREME MEDICINE | 2025, VOLUME 27, No 3 295



https://crossmark.crossref.org/dialog/?doi=10.47183/mes.2025-335&domain=pdf&date_stamp=2025-09-20

OPUI'MHAJIbHAS! CTATbA | BESONMACHOCTb B YPE3BbIYANHbLIX CUTYALUAX

c 0-Ba bepesosbIn 1 ansa A. podagraria ¢ n-osa Kypranbckunin. Tokcu4eckoe aencramre mapraHya (Mn) Ha4mHaeTcs Npy NpeBbILLEHNI HOPMbI
CYTOYHOro NOTPebneHnst 2 Mr/cyT, B TO BPEMSt Kak MakcuMalibHoe codepykaHne Mn y nayyeHHbix 06bekToB cocTtasnsno 11,9 mr/kr. Bel-
COKOE COofepKaHue Zn xapakTepHo ANa BCex pacTeHun o-Ba fornang, a takxke T. repens n A. podagraria ¢ n-osa Kypranbsckuii n Salix sp.
n L. japonicas ¢ o-Ba bonbLuoi bepesoBbit. BbiNo paccymTaHo NpeaenbHoe KOMMYeCcTBO PacTUTENIbHOro MaTeprana, KoTopoe MOXXHO 6e3-
OMacHo ynoTpebnTb B MKLLLY; OHO COCTaBMI0 NpnbananTensHo 0,17 Kr/CyT Cblpoi MacChl IMCTLEB.

BeiBogbl. OTCYTCTBME B HOPMATUBHbIX AOKYMeHTax BLY cyTO4HOro NoTpebneHns aCCeHUmManbHbiX 91EMEHTOB 3aTPYAHSET OLEHKY TSXKECTUN
nocneacTBUIA NCMONBb30BaHNS PACTUTENBHOIO Chipbs AN MULLEBbIX 1 IEKAPCTBEHHbIX LieNei 1 MpUMeHeHVe PUCK-OPUEHTUPOBAHHOMO Nof-
XOfa B OLeHKe 6e30MacHOCTY NTaHus. Beicokasi cTeneHb OMacHOCTU MCMOb30BaHMs B MULLY pacTeHuii n-oBa Kypranbckuii (A. ptarmica,
C. angustifolium v U. dioica) o6ycnosneHa cyLLecTBeHHbIM npeBbieHnem MY no Cd. Copepxxanne Cu, Pb BO BCex N3y4eHHbIX PaCTEHUSX
Hwke MY, T.e. onacHOCTb Mo 3TUM 3nieMeHTam oTcyTcTeyeT. CopeprkaHune Zn aBnsieTcs 6e30nacHbIM, MOCKONbKY A5 06ecneyenns cyTou-
HOW NOTPEBHOCTN B HEM HEOOXOAMMO YNOoTPebnsATb 6os1ee 1 KIr CbIpOi MacChbl IMCTLEB EXXEAHEBHO, YTO B PeasibHbIX YCNOBUSX MPaKTUYECKM
HEBO3MOXKHO.

KntoueBble cnosa: ONKOpacTyLUMe pacTeHnd,; nvieBoe rnprMeHeHne OMKOpOCOB; MUKPOHYTPUEHTI; TAXXe ble MeTallbl

Ons uutupoBaHus: AHgpees B.I1., MapteiHoBa E.C., lNMnaxotckas >K.B., CopokonetoBa E.®. CopepxaHme TspKeNbIX MeTasnioB
B pacTuUTeNbHOCTH Nobepexxbsa bantunckoro mops B Poccurickon ®enepaunn. MeauimHa skcTpemasibHbix cuTyauymi. 2025;27(3):295-302.
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duHaHCcUpoBaHne: 1ccnegoBaHmne BbIMOHEHO 6e3 CMOHCOPCKOM NOAAEPKKM.

nOTeHLI,I/IaJ'IbeIVI KOHd)HI/IKT WHTEepeCOoB: aBTOPbI 3aABMAIOT o6 OTCyTCTBUMN KOHCbJ'II/IKTa MHTEPECOB.
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INTRODUCTION

The study of wild edible and medicinal plants combines
two seemingly unrelated research directions: the search
for safe food resources for human survival in nature and
the development of innovative technologies for special-
ized and functional foods, food ingredients (food organic
acids, enzymes, food and feed additives, biologically ac-
tive substances, etc.). The use of wild plants is impos-
sible without a related safety assessment of new types
of plant-based food raw materials obtained from plants
growing in areas that are not protected from pollutants
produced by modern industries, energy facilities, and
transportation vehicles.

Heavy metals (HM) are among the most dangerous
agents that pollute the natural environment. It is cus-
tomary to divide microelements into non-essential (not
necessary for vital activity) and essential (microelements
or indispensable nutritional factors). Excess amounts of
even essential elements, such as zinc (Zn), copper (Cu),
and manganese (Mn), have a toxic effect on living organ-
isms, including humans [1].

The above problem necessitated the development of
standards for physiological requirements for micronutri-
ents, as well as the identification of maximum permis-
sible levels (MPL) for their intake'2. The methodological
guidelines that establish the regulatory levels of mi-
cronutrients are revised on a constant basis; however,

the daily requirements for Zn, Cu, and Mn remain un-
changed at 12, 1 and 2 mg/day, respectively®+5, On the
contrary, the MPL values for Zn and Mn were revised
downward in 2004-2008 and, in the latest version of
20218, were excluded from the list of regulated param-
eters. This situation makes it difficult to assess the risks
of using wild plants for food and medicinal purposes.
However, paragraph 21 of the Food Security Doctrine of
the Russian Federation calls for the continued harmo-
nization of the characteristics and parameters of food
quality and safety based on fundamental research in the
fields of hygiene and nutrition science’.

In the above connection, research efforts aimed at
developing approaches to expert assessment of the
risks of using wild plants for nutritional and (or) medicinal
purposes due to their possible contamination with HM
seem highly relevant. In the present study, we set out to
assess the potential danger of consuming coastal flora
in terms of HM accumulation, with a particular focus on
the areas of potential landing of marine crews in distress
in the seas belonging to the responsibility zone of the
Russian Federation.

MATERIALS AND METHODS
Plant samples were collected along the coast of the Gulf

of Finland, including the Bolshoy Beryozovy Island, lo-
cated in the northern part of the Gulf, Hogland Island,

" MR 2.3.1.2432-08 Standards of physiological requirements for energy and nutrients for various population groups in the Russian Federation. Moscow: Federal

Center for Hygiene and Epidemiology of Rospotrebnadzor; 2009.

2 MR2.3.1.1915-04:2.3.1 Healthy eating. Recommended levels of food and biologically active substance consumption. Moscow: State Sanitary and Epidemiological

Standards of the Russian Federation; 2004.

¢ MR 2.3.1.2432-08 Standards of physiological requirements for energy and nutrients for various population groups in the Russian Federation. Moscow: Federal

Center for Hygiene and Epidemiology of Rospotrebnadzor; 2009.

4 MR2.3.1.1915-04:2.3.1 Healthy eating. Recommended levels of food and biologically active substance consumption. Moscow: State Sanitary and Epidemiological

Standards of the Russian Federation; 2004.

5 MR 2.3.1.0253-21 Standards of physiological requirements for energy and nutrients for various population groups in the Russian Federation. Moscow: Federal
Service for Supervision of Consumer Rights Protection and Human Welfare; 2021.

¢ Ibid.

7 Food Security Doctrine of the Russian Federation. Moscow: Rosinformagrotech, 2020.
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located in the center of the water area, and the Kurgalsky
Peninsula, which protrudes into the Gulf of Finland from
the south and separates its Narva and Luga bays. The
study objects were coastal algae and higher plants that
grow in the coastal area of the Gulf of Finland. These
plants have a long history of being consumed as food
and are known for their medicinal properties:

Atriplex prostrata Boucher — hastate-leaved (spear-
leaved) orache. It is widespread in the European part of
the Russian Federation, in the Altai region, and in Eastern
and Western Siberia. The leaves of this species contain
vitamins A, E, P, PP, rutin, proteins, essential oil, fiber,
and minerals. The leaves are a nutritious component of
salads, hot and cold vegetable soups, side dishes, and
omelets. The leaves are consumed before flowering.
This species contains a set of substances with antioxi-
dant and radioprotective properties [2].

Achillea ptarmica L. — pearl yarrow. In Russia, it is
widespread in the European part, and, as an adventive
plant, can be found in Western Siberia. The leaves have
a tart, spicy taste with a slight bitterness, as well as a
pleasant herbal aroma. The infusion reduces appetite
and lowers blood glucose levels. Fresh herbs are added
to ready-made dishes. The study of the phytochemis-
try and biological activity of substances extracted from
different species of the Achillea genus has shown the
prospects of their use in the food and pharmaceutical
industries [3].

Aegopodium podagraria L. — bishop’s goutweed.
It is widespread in the European part of the Russian
Federation, except for the Far North. Young light green
leaves are edible. By autumn, the vitamin C concentra-
tion increases, sometimes up to 60-100 mg. It contains
fiber, malic and citric acids, choline, beta-carotene, fla-
vonoids, coumarins, mineral salts and essential oils, in
noticeable quantities of iron, magnesium, potassium [4].
In terms of antioxidant activity, extracts of Aegopodium
podagraria L. are superior to those of other studied spe-
cies [5].

Chamaenerion angustifolium L. — narrow-leaved fire-
weed. It is widespread in the cold and temperate zones
of Russia, including the Caucasus, Siberia, and the Far
East, where it grows primarily on sandy and loamy sails.
Fireweed tea is rich in iron, copper, potassium, and cal-
cium. The above-ground mass contains 18.8% protein,
5.95% fat, 50.44% nitrogen-free extractive substances,
16.62% fiber, 8.14% ash, 0.75% calcium, and 0.43%
phosphorus [6].

Fucus vesiculosus L. — bladderwrack. In the marine
waters of the Russian Federation, it grows abundantly in
the tidal zone of the White Sea, the southern part of the
Barents Sea, and the western regions of the Baltic Sea,
including the coast of the Hogland Island. It is used for
making salads and as a fiber-rich additive to sea fish.
Currently, it is considered a promising source of biologi-
cally active substances [7].

Lathyrus japonicus Wild — beach vetchling or sea
pea. It is widespread in the northern territories of the

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Russian Federation and in areas with a temperate cli-
mate. It is a conditionally edible plant. It is not recom-
mended for regular consumption due to the presence
of oxalyldiaminopropionic acid (ODAP), which has neu-
rotoxic properties. The aerial parts of the plant (stems,
leaves, and seeds) are used for food purposes, and de-
coctions are used to treat cardiovascular diseases [8].
Beach vetchling is rich in vitamins (A, B, B,, B,, B,, B,
B,, B,, and C) and minerals (sulfur, chlorine, phospho-
rus, potassium, calcium, sodium, magnesium, titanium,
nickel, cobalt, silicon, boron, molybdenum, selenium,
manganese, copper, zinc, iodine, and iron).

Polygonum aviculare L. — dooryard knotweed. It is
widespread in the Russian Federation, with the excep-
tion of the Arctic. Young leaves can be used in salads,
soups, and stews. The extracts of this plant have been
studied for their antioxidant, anti-inflammatory, antimi-
crobial, antitumor, and antidiabetic properties [9]. The
infusion of this herb is used in traditional medicine as an
anti-inflammatory agent due to its ability to remove kid-
ney and bladder stones. It is also used as a hemostatic,
hypotensive, diuretic, and astringent agent. It is included
in herbal preparations used for chronic gastritis, stom-
ach ulcers, bronchitis, kidney stones, uterine bleeding,
cystitis, pulmonary tuberculosis, and other diseases [10].
Moreover, in comparison with other Polygonum species,
knotweed extracts have the greatest potential in terms of
their pharmaceutical effects on the kidneys and urinary
tract [11].

Plantago media L. — hoary plantain. It is wide-
spread in the European part of the Russian Federation
and in various regions of Siberia. Young leaves are
rich in fiber, flavonoids, polysaccharides, vitamins, and
minerals, making them a recommmended food for vegan
and vegetarian diets as addition to cereals, sauces,
smoothies, juices, and other beverages. Young leaves
can be eaten raw (added to salads or cold soups),
boiled, or canned [12].

Salix L. — willow. It is a plant genus that includes
about 350 species. They are widespread in the Russian
Federation from the subtropics to the Arctic and from
the western borders to the east, including Kamchatka
and Primorsky Krai. Willow leaves, which are a source
of fiber, plant protein, organic acids, and vitamin C, can
be boiled or consumed without heat treatment, but after
being mashed and then fermented for 812 h [13].

Trifolium repens L. — white clover. It is ubiquitous
in the Russian Federation. Fresh leaves of young plants
are added to vegetable salads, soups, and stewed side
dishes for meals of vegetables, meat, and seafood. In
a dried and crushed form, fresh leaves are used in the
manufacture of sauces, cheeses, and bakery flour. The
results of research into the anticholinesterase and anti-
radical activities of T. repens extracts indicate their appli-
cability in the treatment of neurodegenerative diseases
[14]. It was found that clover flavonoids reduce intrac-
ranial and arterial pressure, relieve dizziness, improve
hearing, and reduce tinnitus [15].
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Urtica dioica L. — stinging nettle. In Russia, it grows
in the European part and Western Siberia, and has been
introduced to Eastern Siberia and the Far East. Young
shoots and fresh leaves are used after boiling to make
vitamin-rich green salads. The shoots and leaves are
also used to make soups. Leaf puree is used to make
omelets and casseroles. Stinging nettle leaves can be
salted, pickled, or marinated. U. dioica is a medicinal
plant that is widely used in various countries to treat hy-
pertension [16]. It is capable of reducing glucose levels
and regulating blood lipid levels, as well as exhibiting
anti-inflammatory and antioxidant effects [17].

Sample plants were collected in an open sea area,
simulating a survival situation on the coast, where help
can only be expected from the sea. The species of ter-
restrial plants were identified in the areas where they
were collected using the Plant Identification Guide for
the Leningrad Oblast [18].

Young leaves from the apical part of the shoot were
used for analysis. The collected leaves of higher plants
were placed between sheets of ashless filter paper and
dried in a plant press. Before placing the fragments of
the brown alga F. vesiculosus in the plant press, mois-
ture was removed from the fragments using ashless fil-
ter paper. Prior to elemental analysis, all plant samples
were dried at 80°C to a constant weight; their dry weight
was estimated with an accuracy of 1 mg. The raw mass
estimation was carried out indirectly, based on the dry
weight data and assuming that the water content in na-
tive tree leaves is 75%, in grass leaves — 85%, and in
F. vesiculosus thalli— 70%. The dried material was min-
eralized by an MS-6 microwave sample preparation sys-
tem (Volta, Russia) using the standard procedure [19]: in
three stages, with a temperature and pressure increase
from 120°C and 15 atm to 180°C and 25 atm. The total
process time lasted 12 min.

Elemental analysis was performed using an MGA-
915M atomic absorption spectrometer (Lumex, Russia)
at a wavelength of the studied element spectral line, us-
ing certified reference materials (CRMs) for elemental
analysis®. The content of all elements was identified by
parallel measurements of the same mineralized samples.

The measurement results were processed using the
Statistica softwire package. Sample collections were
formed by combining plant samples based on their spe-
cies and collection points. The sample size (4—6 speci-
mens) was determined by the availability and material
quantity at the point of debarkation. The distribution
type of the sample collections was assessed using the
Shapiro-Wilk test, which ultimately determined the use
of parametric methods. The results include the mean
values with confidence intervals for a significance level
of p = 0.05. Based on the latter, the values obtained by
direct measurements were rounded to three significant
digits. The data on the element content in the raw mass,

which is the result of converting the initial values on dry
weight basis, contains the same number of digits after
the decimal point as the initial values.

RESULTS AND DISCUSSION

The study of heavy metal accumulation, plant groups
without significant differences between the members
of relevant samples were determined. For example, a
high content of manganese (more than 40 mg/kg of dry
weight) was typical of three plants (L. japonicus, A. pros-
tratum, P. aviculare) growing on the Hogland Island, and
three (P. minuta, A. ptarmica and U. dioica) collected on
the Kurgalsky Peninsula. Minimum values of manganese
content (less than 20 mg/kg of dry weight) were typical
of two plant species (L. japonicus and Salix sp.) from
the Bolshoy Beryozovy Island and for A. podagraria
from the Kurgalsky Peninsula. The mean manganese
content (less than 40 mg/kg, but more than 20 mg/kg)
was identified in the F. vesiculosus thallus and plants
(Salix sp., C. angustifolium, T. repens) from the Kurgalsky
Peninsula, as well as C. angustifolium from the Bolshoy
Beryozovy Island (Table 1).

Plants were divided into two groups based on their
zinc content. Its high content (more than 30 mg/kg of dry
weight) was typical of all plants of the Hogland Island.
This category also includes T. repens and A. podagraria
from the Kurgalsky Peninsula, as well as Salix sp. and
L. japonica from the Bolshoy Beryozovy Island. In the
remaining plants, the Zn content was about 20 mg/kg of
dry weight, showing no significant differences.

The highest lead content (over 0.4 mg/kg) was found
in L. japonicus from the Hogland Island and in P. avicu-
lare from the Bolshoy Beryozovy lIsland, as well as in
A. ptarmica and U. dioica collected on the Kurgalsky
Peninsula. In six plants, lead was either not detected
(A. prostratum, T. repens, A. podagraria), or its content
was estimated as low, no more than 0.1 mg/kg (F. ve-
siculosus, P. minuta, and Salix sp. from the Bolshoy
Beryozovy Island). In the remaining three plants, the ele-
ment level ranged within 0.2-0.4 mg/kg (Salix sp. from
the Kurgalsky Peninsula and C. angustifolium from both
habitats), i.e., they contained a mean concentration of
the element.

It was difficult to compare plants in terms of their
copper and cadmium contents due to the significant
variation in the data in the studied sample collections.
However, the mean values used to compose a descend-
ing order of element contents in plants (Table 2) showed
that copper consistently ranks third, surpassed only by
the lead content in P. aviculare and L. japonicas from the
Bolshoy Beryozovy Island. The cadmium content was
almost always lower than the lead content. The predom-
inant sequences in the descending order of elements
are as follows: Mn = Zn > Cu > Pb > Cd.

& M 04-64-2017. Food products and food raw materials. Feeds, compound feeds, and raw materials for their production. Method for measuring the mass fraction
of cadmium, arsenic, tin, mercury, lead, and chromium using atomic absorption spectroscopy with an MGA-915, MGA-915M, MGA-915MD, or MGA-1000
atomic absorption spectrometer with electrothermal atomization. S. Petersburg; 2017.
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Table 1. Elemental content in plants from different locations

Elemental content, mg/kg of dry weight (upper values),
mg/kg of wet weight (lower values)

Location Plant
Mn* Zn* Cur Pb* Cd-
Hogland Island 46.7 +20.4 | 42.3+£9.3 | 0.327 + 0.485 | not detected | 0.019 + 0.013
A. prostratum
7.0+ 3.1 6.3+14 0.049+0.072 | not detected | 0.003 + 0.002
37.3+88 | 370+ 11.2 1.66 +2.30 | 0.070 + 0.046 | 0.306 + 0.413
F. vesiculosus
1.2+26 1.1 +34 0.49 +0.69 | 0.021 + 0.013 | 0.091 + 0.124
555+94 | 69.3+36.1 | 0.881 +0.931 | 0.506 + 0.192 | 0.030 + 0.025
L. japonicus
83+15 104 +54 | 0132 +0.139 | 0.076 = 0.029 | 0.004 + 0.004
79.2 +42.8 | 53.3 + 30.4 | 0.073 +1.34 | 0.479 + 0.158 | 0.007 + 0.004
P. aviculare
11.9+64 8.0+46 | 0.011 +0.201 | 0.072 + 0.024 | 0.001 + 0.001
Bolshoy o 30.6+9.8 | 30.6+9.8 1.99 + 0.35 | 0.299 + 0.042 | 0.106 + 0.045
Beryozovy Island C. angustifolium
46+ 1.5 4.6 +0.3 0.30 £ 0.05 | 0.045 + 0.006 | 0.016 + 0.007
176 £35 | 472 +4.6 | 0.548 + 0.025 | 0.585 + 0.143 | 0.007 + 0.002
L. japonicus
2.6 +0.5 71 +0.7 | 0.082 +0.003 | 0.088 + 0.021 | 0.010 + 0.000
172 +10.0 | 391 +71 | 0.544 +0.068 | 0.102 + 0.021 | 0.025 + 0.018
Salix sp.
43+25 9.8+ 1.8 | 0136 + 0.017 | 0.026 + 0.005 | 0.006 + 0.004
Kurgalsky 574 +13.4 | 256 +2.6 2.26 + 0.43 | 0.870 + 0.324 | 0.870 + 0.340
Peninsula A. ptarmica
8.6+20 3.8+04 |0.339+0.064 | 0.130 + 0.049 | 0.130 + 0.051
3.7+35 341 +3.7 | 0.562 + 0.410 | not detected | 0.010 + 0.006
A. podagraria
0.6 +0.5 51+0.6 | 0.084 +0.061 | notdetected | 0.002 + 0.001
34.0+46 | 211 +21 1.01 £0.43 | 0.213 £ 0.072 | 0.551 + 0.231
C. angustifolium
51+07 3.2+0.3 | 0152 +0.064 | 0.032 + 0.011 | 0.083 + 0.035
749 +125 | 21239 291 +2.06 | 0.040 +0.028 | 0.041 + 0.029
P. minuta
1.2+£19 3.2+06 0.44 + 0.31 | 0.006 = 0.004 | 0.006 + 0.004
312+40 | 199+71 2.09 +0.35 | 0.311 + 0.049 | 0.054 + 0.059
Salix sp.
7.8+ 1.0 50+18 0.52 + 0.09 | 0.078 + 0.012 | 0.013 + 0.015
36.0+78 | 427 +£184 | 240+ 178 not detected | 0.007 + 0.003
T. repens
54+12 6.4+28 0.36 + 0.27 not detected | 0.001 + 0.000
657 +282 | 229+14 416 £0.82 | 0.440 = 0.060 | 0.395 + 0.107
U. dioica
9.9+42 3.4+0.2 0.62 + 012 | 0.066 + 0.009 | 0.059 + 0.016

Table prepared by the authors using their own data

Note: * — human daily element requirement® (mg): Mn = 2; Zn = 12; * —element maximum permissible level™® (mg/kg of wet weight): Cu = 5;

Pb =0,5; Cd = 0,08.

¢ MR 2.3.1.0253-21 Standards of physiological requirements for energy and nutrients for various population groups in the Russian Federation. Moscow: Federal
Service for Supervision of Consumer Rights Protection and Human Welfare; 2021.
0 Technical Regulations of the Customs Union. TP TC 021/2011 «About food safety» dated 9.12.2011. No. 880.
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Table 2. Descending orders of elements in plants

Location Plant

Descending orders of elements in plants

Hogland Island A. prostratum

Mn > Zn > Cu > Cd

F. vesiculosus

Mn =Z7n > Cu > Cd = Pb

L. japonicus

Zn=>Mn>Cu>Pb>Cd

P. aviculare

Mn = Zn > Pb > Cu > Cd

Bolshoy Beryozovy Island C. angustifolium

Mn = Zn > Cu > Pb > Cd

L. japonicus Zn>Mn>Pb > Cu>Cd
Salix sp. Zn > Mn > Cu>Pb > Cd
Kurgalsky Peninsula A. ptarmica Mn > Zn > Cu > Pb = Cd

A. podagraria

Zn > Mn > Cu > Cd

C. angustifolium

Mn >Zn > Cu > Cd > Pb

P. minuta

Mn > Zn > Cu > Pb = Cd

Salix sp.

Mn > Zn > Cu > Pb > Cd

T. repens

Zn > Mn > Cu > Cd

U. dioica

Mn > Zn > Cu > Pb = Cd

Table prepared by the authors using their own data

Note: the decreasing orders of elements in plants are composed using the mean value and the standard error of mean (M + m).

In the group of plants from the Hogland Island, the
closest Mn and Zn concentrations were observed,
compared to other habitats. For example, two plants
(L. japonicus and Salix sp.) from the Bolshoy Beryozovy
Island and A. podagraria from the Kurgalsky Peninsula
accumulated significantly more Zn than Mn.

The copper and lead content in all studied plants did
not exceed the permissible limit"'. The zinc and cadmi-
um concentrations require our comment. Cadmium is
highly toxic not only to animals and humans, but also to
plants, including those used as food and pharmaceuti-
cal raw materials [20].

When the actual cadmium content was compared
with the maximum permissible level (MPL), the cadmium
level was 2—4 times higher in the plants of the Kurgalsky
Peninsula (A. ptarmica, C. angustifolium, and U. dioica).
In the leaves of the remaining 11 plants, the cadmium
concentration was within the MPL, or the excess was
not statistically significant. This also applies to the leaves
of willow, the most well-known accumulator of cadmium
[21, 22].

The zinc content in 1 kg of raw plant mass of all
the studied plants was found to be below the daily

requirement; thus, the dietary use of these plants is safe
in terms of this element.

The regulatory documents of the Russian
Federation do not regulate manganese concentration
(MPL) in plants; therefore, the safety assessment of
this element was carried out in accordance with the
norms of physiological daily requirements', compris-
ing 2 mg/day for manganese. Since the maximum
content of manganese, noted in the studied plant ob-
jects, was 11.9 mg/kg, the reference to this value al-
lowed us to determine the amount of plant material
that can be consumed safely, namely up to 0.17 kg/
day of raw leaf mass. However, the daily requirement
for manganese does not coincide with the maximum
permissible level, which requires knowledge of the ex-
cretion rate of this element from the body to assess its
maximum safe daily intake. The MPL'® value is 5 mg/
day, which suggests that the safe consumption will
be 0.42 kg/day. Unfortunately, the obtained value has
to be recognized as unreliable, since it relies on data
from a repealed regulation. In this regard, the issue of
returning MPL to the number of regulated parameters
becomes relevant.

M 04-64-2017. Food products and food raw materials. Feeds, compound feeds, and raw materials for their production. Method for measuring the mass fraction
of cadmium, arsenic, tin, mercury, lead, and chromium using atomic absorption spectroscopy with an MGA-915, MGA-915M, MGA-915MD, or MGA-1000
atomic absorption spectrometer with electrothermal atomization. S. Petersburg; 2017.

2 MR 2.3.1.0253-21 Standards of physiological requirements for energy and nutrients for various population groups in the Russian Federation. Moscow: Federal
Service for Supervision of Consumer Rights Protection and Human Welfare; 2021.

8 MR 2.3.1.1915-04:2.3.1 Healthy eating. Recommended levels of food and biologically active substance consumption. Moscow: State Sanitary and Epidemiological

Standards of the Russian Federation; 2004.
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CONCLUSION

It can be stated that the absence of daily intake norms
of essential elements in Russian regulatory documents
makes it difficult to assess the consequences of wild
plant consumption for food and medicinal purposes and
to apply a risk-based approach in assessing food safety.

Manganese becomes a hazard factor at moderate
daily intake doses of plant material provided that the
level of daily requirement is exceeded.

A high-degree danger of consuming plants from the
Kurgalsky Peninsula (A. ptarmica, C. angustifolium, and
U. dioica) has been revealed due to a significant excess
of the MPL for Cd. The Cu, Pb, and As content in all the
studied plants is below the MPL, i.e., presenting no dan-
ger. The Zn content can be considered safe, since it is
necessary to consume more than 1 kg of raw leaf mass
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EXTENT OF PRE-HOSPITAL MEDICAL CARE TO CIVILIANS M) Check for updates
WITH ABDOMINAL GUNSHOT WOUNDS

Vladimir V. Maslyakov'?*!, Sergey A. Sidelnikov', Sergey E. Uryadov?, Vitaly G. Barsukov?, Denis V. Yeresko?

"Saratov State Medical University, Saratov, Russia
2 Saratov Medical University REAVIZ, Saratov, Russia

Introduction. Abdominal gunshot wounds account for 4.7-16.2% of injuries among their total number. Such wounds carry a high risk of fatal
outcomes (depending on the nature of the wound, whether isolated or combined), as well as a large number of complications. In this regard,
provision of proper and timely pre-hospital medical care is a highly important task.

Objective. To assess the extent and quality of pre-hospital medical care provided to civilians with gunshot abdominal wounds.

Materials and methods. The quality of emergency medical care was assessed based on a retrospective analysis of source documents:
run sheets (Form 114/u), and records of 60 civilian patients (47 (78.3%) men and 13 (21.7%) women; average age 35 + 5 years) in the special
military operation (SMO) war zones. All injured were divided into two groups: (1) 46 (76.7%) wounded patients having received medical care
from emergency medical teams (EMT) staffed with physicians and (2) 14 (23.3%) wounded patients having received medical care from EMTs
staffed with paramedics. The EMT response time and extent of medical aid were assessed. The severity of the patient’s state was assessed
using the Battlefield Surgery Emergency Scale.

Results. It was found that the ambulance response time varied 5-30 min and averaged 24 + 4 min for physician EMTs and 21 + 6 min for
paramedic EMTs, which can generally be described as normal. In total, 57 (85%) wounded had projectile wounds, with gunshot wounds being
recorded in 3 (5%) cases. Multiple wounds were predominant in 52 (86.7%) cases, whereas single wounds were noted in 8 (13.3%) cases. A
non-severe, severe, extremely severe, and critical state was recorded in 38 (63.3), 9 (15%), 12 (15%), and 1 (1.7%) patients. In the vast major-
ity of cases (54 (90%)), the provided care was timely, proper, and to the full extent. At the same time, in 6 (10%) cases, the extent of provided
emergency medical care could be considered insufficient: in 2 (3.3%) cases with physician EMTs and in 4 (6.7%) with paramedic EMTs. The
errors were related to underestimating the severity of the patient’ state, which resulted in inadequate anesthesia and infusion therapy, i.e., the
absence of antishock actions.

Conclusion. Pre-hospital medical care to injured civilians with abdominal gunshot wounds is provided by physician and paramedic EMTs. The
extent of medical aid includes wound treatment and aseptic dressing application, adequate anesthesia, and antishock actions. A lower error
rate in the provision of emergency medical care by physician EMTs in comparison with paramedic EMTs was observed. Centralized measures
should be implemented to improve both the theoretical knowledge and practical skills of EMTs in providing pre-hospital emergency medical
care for abdominal gunshot wounds. To that end, it is necessary to involve surgeons and disaster medicine specialists in training emergency
medical personnel.

Keywords: abdominal gunshot wounds; civilians; emergency medical care; complications; mortality
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OBBbEM OKA3AHHOW MEAWULIMHCKOW NMOMOLLIN FPAXKAAHCKOMY HACENIEHUIO
NP NYNEBbIX N OCKOJIOYHbLIX PAHEHUAX XKUBOTA HA AOITOCIMUTAJIbBHOM 3TATME

B.B. Macnskos"?*, C.A. CunenbHukos', C.E. Ypspos?, B.I. Bapcykos?, [1.B. Epecbko?

" CapaToBCKMiA rocyAapCTBEHHbIN MeANLMHCKNI yHBEPCUTET M. B.W. Pagymosckoro, Capatos, Poccust
2 CapaToBCKUI MeANLMHCKNI yHBEPCUTET «PeaBnd», CapaTtos, Poccus

BeepeHune. OrHecTpesbHble paHeHWs XXNBOTa BCTpedatoTcs B 4,7-16,2% OT 06LLero vYmcna paHeHun. Takne paHeHst CoOnpOBOXAAOTCS Bbl-
COKMMM NoKasaTeNsMu neTasbHbIX NCXOA0B (MX KONMMHECTBO 3aBUCUT OT XapakTepa paHeHUin: N30MPOBaHHbIE NN COYETaHHbIE), a Takxe
[0CTaToO4HO 60MbLUMM KONMMHYECTBOM OCIOXKHEHWIA. VIcxoasa 13 3TOro, HemanoBaXkHOW 3afaqeit A5t CHDKEHMS KOMYEeCTBa OCIIOXKHEHNI
1 neTanbHbIX UCXO[0B ABNSETCA NpaBuibHas 1 CBOEBPEMEHHASA OPraHM3aLIg MOMOLLM Ha AOrOCAUTaNbHOM aTane.

Lenb. Onpenennts 06beM 1 NpaBuibHOCTb OKa3aHHOW MEANLIMHCKOM MOMOLLM Ha AOroCnuTanbHOM aTarne nocTpaiaslunM C OrHeCcTpenNb-
HbIMU PaHEHUSMU XXMBOTA M3 Yi1Ca FPaXKAaHCKOro HaceneHns.

Marepuanbl n MmeToppbl. [poBEAEHa OLEHKa Ka4ecTBa OKa3aHVs HEOTSIOKHOW MEANLIMHCKONM MOMOLLIM Ha OCHOBaHWUW PETPOCMEKTUBHOIO
aHanmaa nepBUYHON AOKYMEHTaLMW: CONPOBOANTENbHBIX IMCTOB CTAHLIMIA CKOPON NOMOLLM, TaNoHOB K HIM (. 114/y) 1 nctopuin 6onesHm
60 naumeHToB (47 (78,3%) My>k4urH 1 13 (21,7%) >KeHLLUMH; cpegHuii Bo3pacT 35 + 5 n1eT) 13 Ymcna rpa>k4aHCKoro HaceneHrs B parioHax Bo-
€HHbIX AeNCTBUM crieumansHon BoeHHon onepauun (CBO). Bce nocTpapasLune 6biamn pasaeneHsl Ha ABe rpynnbl: B NEPBYO BOLLIV PAHEHbIE,
KOTOPbIM MOMOLLE Gbina okazaHa BpadebHbIMU bpuragamm ckopo MeaumumHekon nomowym (CMIM), — 46 (76,7%) Yenosek, BO BTOPYO —

© V.V. Maslyakov, S.A. Sidelnikov, S.E. Uryadov, V.G. Barsukov, D.V. Yeresko, 2025
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14 (23,3%) naumeHToB ¢ okasaHnem nomoly denbaepckumm bpuragamm CMIN. OueHnBany Bpems noesna Ao nauyeHTa purag cKopow
MEeOULIMHCKOWM MOMOLLM, 0O6BEM OKa3aHHON MeaVLMHCKOM noMoLLm. OueHKa TSXKeCTU COCTOSHMSA MPOBeAeHa C UCMOIb30BaHMEM BOEHHO-
NONEBOWN XMPYPIMHECKON LLKasbl CKOPOW MOMOLLN.

PesynbTaTbl. YcTaHOBMEHO, 4YTO Bpems goesna 6puran CMI BapbupoBano oT 5 0o 30 MUH 1 B CpeiHEM COCTaBMAO ANs BpadeOHbIX
bpuran 24 + 4 MuH, onsa enbawepckmx — 21 + 6 MUH, 4TO B LieSIOM MOXKHO OXapakTepmnadoBaTb Kak HopMmaTtueHoe. Y 57 (85%) paHeHbIix
ObII OTMEYEHbI OCKONOYHBbIE PAHEHNSA, OTHECTPENbHbIE PaHeHns perncTpupoBann B 3 (5%) cnydasx. Y noctpagasLlimx npeobnaganu
MHO>KEeCTBEHHble paHeHnst B 52 (86,7 %) cnyyasx, Toraa kak OfMHOYHbIE paHeHus 6biiv oTMeYdeHbl B 8 (13,3%) HabnoaeHnsx. HeTsxe-
J10€ COCTOosIHME perncTpupoBanu y 38 (63,3) paHeHbix, Tsxenoe — y 9 (15%), kpanHe Tskenoe —y 12 (15%), kputndeckoe —y 1 (1,7%)
nocTpagasLwero. B nogasnaowem 6onbumHeTee (54 (90%) HabnofeHns) okadaHHas NMoMOLLb Obiia CBOEBPEMEHHOW, NpaBuibHON
1 B NoIHOM o6bemMe. OfHOBPEeMEeHHO ¢ aTuM B 6 (10%) HabntoaeHNsX 06beM BbINONHEHHOM CKOPON MEANLIMHCKON MOMOLLI MOXKHO CHI-
TaTb HegocTaTo4YHbIM: B 2 (3,3%) HabntoAeHNsax Npy okasaHnn noMoLLm BpadebHbiMy 6puragammn 1 B 4 (6,7 %) — npu okasaHum NOMOLLIN
denbawepckumn bpuragammn. OWMOKK Obinn CBA3AHbI C HEQOOLEHKOW TSHXKECTW COCTOSHUS NOCTpafaBLUnX, Kak cneactsne — oOT-
CYTCTBVEM BbINOJIHEHUST aleKBaTHOro 06e360a1MBaHNs 1 NPOBEAEHVS MH(Y3MOHHOW Tepanuu, T.e. HENPOBEAEHVEM NPOTNBOLLOKOBbIX
MEPONpPUATURA.

3akntoueHue. [py OrHeCTPENbHBIX PAHEHNAX XKMBOTA MOCTPALAABLUMM U3 YUCHA FPaXKAAHCKOrO HaceneHns Ha JOrocnMTanbHOM aTane Me-
OMLVHCKas MOMOLL OKasblBaeTCs BpadebHbIMU 1 dhenbaLlepCKMm Opuragamm CKopo MeanumMHCKom nomoLy. O6bemM NoMOLLM 3aKioya-
eTcs B 06paboTke paHbl 1 HATOXXEHWUM aCenTUHeCKom NOBA3KK, afekBaTHOM 06e300BaHNM 1 MPOBEAEHNN MPOTMBOLLOKOBbLIX MEPONpUs-
TUN. OTMeYeH Bonee HU3KMIM NPOLEHT OLLMBOK NPW OKa3aHUV CKOPOW MEANLIMHCKON NOMOLLM BpadebHbIMu Bpuragamu CMI no cpaBHEHNIO
C MOMOLLbIO, OKasaHHoW denballepckumm dpuragamm CMI. HeobxoamMo LeHTpanM3oBaHHOe BHEAPEHE MEPOMPUSATUAN MO YAYyHLLIEHNIO
KaK TEOPETUHECKNX 3HAHMI OKa3aHWsi CKOPOW MEANLMHCKOM MOMOLLUM MPU OFHECTPESNbHBIX PaHEHUsIX XKMBOTa Ha AOrocnMTanbHOM aTa-
ne, Tak 1 OTPabOTKN NPaKTUHECKMX HaBbIKoB bpuragamu CMI. C aTton uensto ans oby4venusa nepcoHana CMI HeobxoaMmo npusiekaTb
Bpa4en-x1mpypros 1 cneumanncToB No MeauumHe Katactpod.

Knto4yeBble cnoBa: OrHeCTpesibHble PaHEHNS XXIBOTE; MPaXKAaHCKOe HaceneHne; Ckopas MeAnLMHCKasA MOMOLLLb; OCNOXHEHWS; NETabHOCTb

Ons untuposanus: Macnsakos B.B., CugensHukos C.A., Ypagos C.E., Bapcykos B.IL, Epecbko [0.B. Obbem okadaHHOM MeaULIMHCKON No-
MOLL FPpaXkJaHCKOMY HaCENEeHWIO MPpU MyEBbIX N OCKONMOYHbIX PAHEHNSIX XKMBOTA Ha AOrocnuTansHoOM atane. MeavimHa sKkcTpemasibHbIX
cutyaumn. 2025;27(3):303-308. https:/doi.org/10.47183/mes.2025-263
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INTRODUCTION

Abdominal gunshot wounds occur in 4.7-16.2% of in-
juries among their total number [1]. Such injuries carry
a high risk of fatal outcomes, which vary 8-36% for
isolated wounds and 39.7-80% for combined wounds.
Moreover, these wounds lead to a large number of
complications in the postoperative period (approxi-
mately 36-65%) [2].

In this regard, provision of high-quality and time-
ly pre-hospital medical care can significantly re-
duce the number of complications and fatalities. As
a rule, such injuries are accompanied by shock and
blood loss, which require competent pre-hospital
medical care [3, 4]. This problem is acquiring par-
ticular importance due to the ongoing military ac-
tions; however, despite the current attention, many
issues remain unresolved, such as delays in provid-
ing first aid [5] and a lack of coordination between
agencies [6].

This study is aimed at determining the extent and
quality of pre-hospital medical aid provided to civilians
with abdominal gunshot wounds.
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MATERIALS AND METHODS

The quality of emergency medical care was assessed
based on a retrospective analysis of source documents:
run sheets (Form 114/u) and records of 60 civilian pa-
tients (47 (78.3%) men and 13 (21.7%) women; average
age 35 + 5 years) who had received a gunshot abdomi-
nal wound in the special military operation (SMO) war
Zones.

The inclusion criteria for the study were as follows: a
gunshot abdominal wound; the victim’s age of at least
18 years old; and reception of emergency medical
care from medical professionals. The exclusion criteria
were as follows: patients with multiple wounds in other
anatomical areas; patients younger than 18 years old;
and patients having received pre-hospital medical care
from non-medical professionals.

All the wounded were divided into two groups:
(1) 46 (76.7%) wounded patients treated by emer-
gency medical teams (EMTs) staffed with physicians
and (2) 14 (23.3%) patients treated by EMTs staffed
with paramedics. The EMT response time, extent of
provided medical aid in accordance with the Order of
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Ministry of Public Health', medical aid quality and time-
liness were assessed. The severity of the patient’s state
was assessed using the Battlefield Surgery Emergency
Scale: less than 20 points indicated a non-severe state
at admission, 20-31 points indicated a severe state,
32-45 points indicated an extremely severe state, and
more than 45 points indicated a critical state [7].

All primary data on each surveyed person was en-
tered into an electronic database — a card index of
Excel format tables. Data processing was carried out
using the Microsoft Excel software package.

RESULTS

The study found that the EMT response time ranged
5-30 min, with an average of 24 + 4 min for physician
EMTs and 21 + 6 min for paramedic EMTs, which can
be considered a normal value. This time depended on
such factors as the time of day (increasing during the
day and decreasing at night), the overall situation in the
locality (presence of debris, etc.), and the distance from
the ambulance station or other medical facilities to the
incident site.

In the study, the vast majority of cases, i.e.
57 (85%) wounded had projectile wounds, while gun-
shot wounds were recorded in 3 (5%) cases. In ad-
dition, multiple wounds were prevalent in 52 (86.7%)
of the cases, while single wounds were observed in
8 (13.3%) cases.

The assessment of the patients’ state using the
Battlefield Surgery Emergency Scale in two groups de-
tected a non-severe state in 30 (50%) and 8 (13.3%)
patients in groups 1 and 2, respectively. A severe state
was observed in 7 (11.7%) and 2 (3.3%) cases, re-
spectively. An extremely severe state was recorded in
8 (13.3%) and 4 (6.7%) cases, respectively. One critical
case (1.7%) was observed in group 1. The state sever-
ity was primarily due to shock, which was observed in
26 (43.3%) cases: in 22 (36.7%) cases in group 1, and
in 4 (6.7%) cases in group 2.

The triage according to the class of hemorrhagic
shock showed that 2 (3.3%) patients from group 1 and
3 (5.0%) patients from group 2 had Class | hemorrhagic
shock; 18 (30%) and 1 (1.7%) patient, respectively, had
Class Il hemorrhagic shock, and 6 (10%) patients from
group 1 had Class Il hemorrhagic shock.

It should be noted that in 12 (60%) of the cases, signs
of a penetrating abdominal injury were detected during
the examination of the wounded, which manifested it-
self in the pathologic discharge from the wound. These
signs were observed in 9 (15%) of the wounded who
were treated by physician EMTs, and in 3 (5%) of the
wounded who were treated by paramedic EMTs.

The types of assistance provided by physician and
paramedic teams to injured patients at the scene are
listed in Table 1.

Table 1 shows that the measures of wound de-
bridement and aseptic dressing application were per-
formed to the full extent, both by physician and para-
medic EMTs. However, in 6 (10%) cases, the extent of
emergency medical aid was considered insufficient:
in 2 (3.3%) cases provided by physician EMTs and in
4 (6.7%) cases provided by paramedic EMTs. The er-
rors were related to underestimating of the patient’s
state severity, which resulted in inadequate anesthesia
and infusion therapy, i.e., the failure of antishock ac-
tions. In other cases, infusion therapy was fully imple-
mented throughout the period of evacuation of the in-
jured patient to a medical facility.

An analysis of the immediate postsurgical period
showed that complications developed in 15 (25%) of
the total number of wounded patients. The nature and
number of complications recorded in patients of both
groups are presented in Table 2.

It is noteworthy that all the complications were re-
lated to wound contamination, and the group of pa-
tients who received pre-hospital care from paramedic
EMTs was more likely to develop such complications.
This may be due to the higher percentage of reported
errors in this group.

Table 1. Types of medical care provided by ambulance teams at the site of abdominal gunshot wounds

Casualty Types of medical care
EMT load, n
’ Wound debridement | Wound dressing Anaesthesia Infusion therapy
Physician 46 46 (76.7%) 46 (76.7%) 44 (73.3%) 44 (73.3%)
Paramedic 14 14 (23.3%) 14 (23.3%) 10 (16.7%) 10 (16.7%)

Table prepared by the authors using their own data

" Order of Ministry of Public Health of the Russian Federation dated 20 June 2013. No. 388n “On Approval of the Procedure for Providing Emergency Medical

Care, Including Specialized Emergency Medical Care”.
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Table 2. Nature and number of complications in abdominal gunshot wounds in the immediate postsurgical

period
Casualty Complication type
EMT load, n
’ Postoperative wound infection Peritonitis | Pneumonia | Abdominal infiltrate
Physician 46 7 (11.7%) 3 (5%) 11 (18.3%) 8 (13.3%)
Paramedic 14 6 (10%) 4 (6.7%) 4 (6.7%) 3 (5%)

Table prepared by the authors using their own data

The total mortality in both groups was 10 (16.7%)
cases. Among patients who received medical care
from physician EMTs, the mortality rate was lower —
4 (6.7%) cases, while among patients who received
medical care from paramedic EMTs, the mortality rate
was 6 (10%). However, among patients who received
medical care from paramedic EMTs, 4 (6.7%) patients
died during transportation to a medical facility. The
main cause of death among the wounded was shock
in 8 (13.3%) cases: 2 (3.3%) in group 1 and 6 (10%) in
group 2. The remaining 2 (3.3%) patients in group 1
died due to diffuse peritonitis caused by multiple inju-
ries to the hollow organs of the abdominal cavity.

DISCUSSION

The conducted study shows that issues related to the
timely and proper organization of pre-hospital emer-
gency medical care for civilians in cases of abdominal
gunshot wounds are of great importance. According to
Smelaya et al. [9], an improved medical evacuation sys-
tem for modern combat trauma can lead to better treat-
ment outcomes and mortality decrease. The literature
pays significant attention to the challenges of providing
pre-hospital care [10]. At the same time, the main fac-
tors affecting the treatment outcomes for such injuries
include time from the injury to the reception of medical
care, as well as the appropriateness of the measures
taken. Both physician and paramedic EMTs can pro-
vide pre-hospital emergency medical care. This issue is
particularly relevant today, in the context of high risks of
terrorist attacks and military operations on the territory
of the Russian Federation.

According to the results obtained, the ambulance
response time did not exceed the established limit, but
depended on various factors. The quality of emergen-
cy medical care is an important factor that affects the
postsurgical period in cases of gunshot wounds. As a
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rule, abdominal wounds are accompanied by the de-
velopment of shock, which is caused by both pain and
acute blood loss.

Another factor that can worsen the patient’s
state is infection. Therefore, the high-priority task of
emergency medical care is wound debridement and
aseptic dressing application to prevent contamina-
tion. The analysis showed that all EMT profession-
als successfully completed this task, regardless of
whether they were paramedic or physician teams.
However, the early antibacterial prophylaxis for gun-
shot abdominal wounds remains a controversial is-
sue. The main errors identified during the analysis
were underestimation of the patients’ severity and
insufficient antishock actions. Moreover, more er-
rors were observed when paramedic teams provided
medical care.

The data obtained can be used to formulate practi-
cal guidelines aimed at improving both the theoretical
knowledge and practical skills of emergency medi-
cal teams regarding pre-hospital emergency medi-
cal care in the case of abdominal gunshot wounds.
To that end, it is necessary to involve surgeons and
disaster medicine specialists in training emergency
medical personnel.

It is evident that the course of the immediate post-
surgical period depends on various factors, which
might be ignored at the pre-hospital phase. However,
timely and proper treatment of such injuries can reduce
the number of complications and fatal outcomes.

CONCLUSION

Pre-hospital medical care was provided by physician
and paramedic emergency medical teams to civilian
victims with abdominal gunshot wounds. The extent
of medical aid included wound debridement and
aseptic dressing application, adequate anesthesia,
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and antishock actions. In the vast majority of cases,
medical care was timely, proper, and to the full ex-
tent. There was a lower percentage of errors in the
extent of medical aid provided by teams staffed with
physicians compared to those staffed with paramed-
ics. The errors were related to underestimation of the
patients’ state severity and, as a result, insufficient an-
tishock actions.

The total mortality was lower among patients
treated by physician teams, and the rate of uncom-
plicated postsurgical periods was also higher among
these patients. The complications were mostly related
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Introduction. Anticancer inhibitors of plant and fungal origin (IPFOs) represent a promising direction in antitumor therapy, offering a variety
of mechanisms of action, in most cases different from conventional chemotherapeutic drugs. As a rule, IPFOs simultaneously affect several
metabolic pathways, exerting a combined effect on different targets in the cancer cell and reducing the risk of drug resistance development.
Objective. To study promising directions in the development of new antitumor drugs, to generalize current data on the IPFO mechanism of
action in the context of a combined approach to cancer treatment.

Discussion. Compounds exhibiting antitumor activity are increasingly attracting the research attention. Due to their diverse mechanisms of
action, anticancer IPFOs represent a promising direction in cancer treatment. A large number of conventional chemotherapy drugs, although
being of plant origin, demonstrate high effectiveness, which confirms the relevance of searching for new anticancer IPFO compounds. Solid
tumors exhibit a pronounced ability to both proliferate and induce angiogenesis, which justifies the current active search for new plant-derived
compounds with antiangiogenic properties, along with other IPFOs. As a rule, anticancer IPFOs simultaneously affect several metabolic path-
ways, exerting a combined effect on different targets in the cancer cell and reducing the risk of drug resistance.

Conclusions. This review has examined the molecular mechanisms of IPFO action, including suppression of angiogenesis and cancer cells
proliferation, apoptosis induction, cell cycle modulation, and direct cytotoxic effect by stimulating the activity of CD8* T lymphocytes, NK cells,
and macrophages.
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MEPCMNEKTUBbI NPUMEHEHUA COEOUHEHUA PACTUTENIbHOIO U TPUBHOIO
MPOUCXOXXAEHUA B MPOTUBOOMYXOJIEBOW TEPAMUN

T.B. Tacaroa™, M.H. PenuHa, M.A. iBaHoB

MockoBCKM roCyaapcTBEHHbIN yHMBeEpcuTeT M. M.B. JlomoHocosa, Mockea, Poccust

BeepeHue. VIHIMOUTOPLI pacTUTENBHOMO 1 MPUOHOrO NponcxoxaeHus (MPIT1) npeacTaBnatoT cobol nepcnekTUBHOEe HanpasieHne B Npo-
TMBOOMYX0N1EBOW Tepanun, Npefnaras padHoobpasHble MexaH13Mbl AeACTBYSA, B 6OMbLUMHCTBE Cly4YaeB OTMYatoLLmecs oT TpaaULMOHHbBIX
XUMUOTepaneBTNHecKx npenapatoB. Kak npasunio, VIPIT1 ogHOBPEMEHHO BAMSAKOT Ha HECKONBKO METabONMNHECKNX MYTEN, YTO CHMKaeT
BEPOSITHOCTb Pa3BUTUS PE3UCTEHTHOCTM, OKa3biBasi KOMOVHUPOBAHHBIV 3(PAEKT Ha pasHble MULLIEHN B PAKOBOW KNETKE.

Lenb. /3y4nTs nepcnekTVBHblE HaNpaBieHns B CO34aHNM HOBbIX MPOTUBOOMYXONEBbLIX MpenapaTtoB AN NocnedytoLlero neveHms, o606-
LLIMTb COBPEMEHHbIE AaHHbIE O MexaHn3Max AencTeuns VIPITT B KOHTEKCTE KOMMIEKCHOrO MOAXOAA K JIEYEHUIO 3/I0Ka4ECTBEHHbBIX OMyXONEN.
O6cyxaeHune. B HacTosiLLee BpemMsl YyCUNEeHHO NPOBOANTCS NMOUCK HOBbIX COEANHEHWIA C MPOTMBOOMYX0NeBbIM noTeHumanom. VP npen-
CTaBNSAOT COBOV NepCrneKTUBHOE HanpaB/ieHVe B MPOTUBOOMYXONEBOW Tepanuu, npeanaras pazHoobpasHble MexaHn3Mbl AencTaus. MHo-
rve TpagvUMOHHbIE XMMMOTEPaneBTUHECKNE MpenapaTbl TakXKe VMEIOT PacTUTENbHOE MPOVCXOXKAEHNE 1 0bnafatoT xopowen addek-
TVMBHOCTbIO, YTO MOATBEPXKAAET aKTyaslbHOCTb U3YyYeHUst faHHoN TemaTukn. ConnaHble onyxonu obnaaakoT NoBbILIEHHOM CNOCOOHOCTHIO
K aKTMBHOW Nponudepaummn 1 aHrMoreHeay, YTo 0ObACHAET HEM3MEHHbIA MHTEPEC K aKTUBHOMY MOUCKY HOBbIX COEAVHEHWN PACTUTENBHOrO
MPOUCXOXKAEHVS C @aHTUAHMMOrEHHBIMY CBOCTBaMU, Hapsiay ¢ uccnegosanvamm gpyrix VP, Kak npasuno, VPITT ogHOBpeMeHHO BAns-
0T Ha HECKOJBbKO MeTaboMYECKINX MyTEN, YTO CHKAET BEPOSITHOCTb Pa3BUTUSI PE3UCTEHTHOCTH, OKa3blBasi KOMOUHUPOBAHHLI 3hdeKT
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INTRODUCTION

Although a wide range of effective antitumor drugs have
been developed to date, this field continues to remain
relevant due to the search for optimal drug combinations
with the least number of side effects. In this connection,
plant- and fungus-derived compounds are attracting
particular attention [1]. The available data suggest that
natural compounds affecting autophagic and apoptotic
pathways are effective mediators of cancer therapy with
specificity for target cancer cells. The multidirectional
antitumor effect of natural compounds in combination
with their low toxicity are significant prerequisites for the
development of drugs for cancer prevention and cancer
treatment [1].

Cancer inhibitors of plant and fungal origin (IPFOs)
have slightly different mechanisms of action in anti-
tumor therapy. The plant-derived cancer inhibitors
mainly affect the cellular signaling pathways of car-
cinogenesis, while exhibiting an anti-inflammatory ef-
fect. The fungus-derived cancer inhibitors are capable
of stimulating the immune response with subsequent
tumor recognition or preventing cancer cell division.
An important advantage of IPFOs as candidate sub-
stances consists in the presence of properties essen-
tial for all drug medications, such as gastrointestinal
absorption and metabolism action. In addition, IPFOs
demonstrate a high chemical diversity necessary to
study correlations between activity and structure [2].
Some first plant-derived drugs (paclitaxel, vinblastine,
vincristine, topotecan, irinotecan, and teniposide),
have been extensively studied, partially modified, and
approved by the U.S. Food and Drug Administration
(FDA, USA). These medicines are not the subject of
this review [3].

In this study, we analyze promising directions in the
development of anticancer drugs, review the current
data on the mechanisms of IPFO action in the context of
a combined approach to cancer treatment.

MATERIALS AND METHODS

In addition to the Google Scholar and PubMed
search system, the Naturally Occurring Plant-based
Anti-cancerous Compound-Activity-Target Database
(NPACT, http://crdd.osdd.net/raghava/npact/) was
used. NPACT features about 1980 experimentally con-
firmed interactions of compounds and targets. The
search queries included the following keywords: an-
ticancer therapy; plant and fungal cancer inhibitors;
apoptosis; programmed cell death; angiogenesis; au-
tophagy; ferroptosis; cell cycle regulation (in Russian
and English). The search depth was 10 years. The in-
clusion criteria were the relevance and practical signifi-
cance of the publications, as well as the availability of
preclinical and clinical trial data.
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RESULTS AND DISCUSSION

The search for compounds with antitumor potential is
currently underway. Anticancer IPFOs represent a prom-
ising direction in cancer treatment, offering a variety of
mechanisms of action. There is a large number of con-
ventional chemotherapy drugs with high effectiveness,
which are also of plant origin. This circumstance justifies
the relevance of searching for new compounds. Solid tu-
mors exhibit a pronounced ability to both proliferate and
induce angiogenesis, driving the need to develop new
plant-derived compounds with antiangiogenic proper-
ties, along with the investigation of other IPFOs. As a
rule, anticancer IPFOs affect several metabolic pathways
simultaneously, exerting a combined effect on different
targets in the cancer cell and reducing the risk of drug
resistance development.

Among the main methods used to identify com-
pounds with a certain activity are gene cloning, DNA and
RNA sequencing, studying the compounds effect on
the enzymes activity involved in the relevant metabolic
pathways, evaluating differential gene expression using
microarrays, flow cytometry, the use of various cell cul-
tures, including those of tumor origin, the use of animal
models to assess the systemic effect of the compound,
as well as its pharmacokinetics and pharmacodynam-
ics, multidimensional statistical analysis to assess the
reliability of the results obtained. The largest amount of
information on natural anticancer compounds in NPACT
concerns those derived from plants [4]. Many anticancer
IPFO have been isolated from herbs used in traditional
Chinese medicine [5]. However, it should be noted that
not only plant-derived, but also fungus-derived, medica-
tions have been found to possess anticancer potential.
The key classes of inhibitory compounds for plants and
fungi are phenolic compounds and terpenoids. At the
same time, in plants, it is alkaloids, flavonoids, and cou-
marins that demonstrate similar anticancer properties,
while in fungi, these are polysaccharides, glucans, ster-
oids, cerebrosides, and proteins. The diverse mecha-
nisms of action of such compounds include apoptosis
induction, inhibition of angiogenesis and the cell cycle,
immunomodulation, reprogramming of cellular signaling
pathways involved in carcinogenesis, as well as various
antioxidant and anti-inflammatory effects (Table 1).

Induction of programmed cell death
Apoptosis

Apoptosis, i.e., programmed cell death, occupies a
special place among various processes associated
with cell cycle regulation, correct functioning of the
immune system, hormone-dependent atrophy, and
embryo development [9]. The ability of chemical com-
pounds to induce apoptosis determines their significant
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Table 1. Classes of inhibitor compounds and their mechanisms of action

Plants Fungi
Inhibitory compound classes
alkaloids polysaccharides
phenolic compounds (polyphenols)
flavonoids glucans
terpenoids
coumarins steroids
cerebrosides
proteins

Mechanisms of action

induction of cancer cell apoptosis (programmed cell death)

angiogenesis inhibition (formation of new blood vessels feeding the tumor)

Modulation of cellular signaling pathways involved
in cancer development

Immunomodulation: Some fungus-derived compounds can
stimulate the immune system to recognize and attack tumor
cells. This includes increased activity of natural killer cells (NK),
T lymphocytes, and macrophages

Antioxidant and anti-inflammatory effects Cell cycle inhibition: other drugs affect the most important proteins

and processes involved in cytokinesis, preventing tumor cell

reproduction

Table prepared by the authors using data from the references [1-3, 5, 6-8]

therapeutic potential. The following IPFOs can serve as
such examples.

Icaritin induces programmed cell death of ovar-
ian cancer cells by activating the apoptosis pathway
through p53 and inhibiting the Akt/mTOR signaling
pathway [10]. The curcumin anticancer activity may
directly depend on the effect on the p53 pathway in
human osteosarcoma (HOS) cells [11]. The triggering
of internal and external apoptosis pathways is also re-
sponsible for the curcumin anticancer effects in mono-
cytic leukemia (SHI-1) cells [12]. It was shown that
matrine is capable of stimulating the main apoptotic
cascades by increasing the accumulation of Fas and
FaslL, Bax proteins, while reducing the amount of Bcl-2
apoptosis regulator, which leads to activation of cas-
pases-3, -8, and -9 in human osteosarcoma MG-63
cells, as well as U-20S, Saos-2, and MNNG/HOS [6,
13]. The molecular mechanism of action of tetrandrine
in cancer cells is aimed at increasing the number of
Bax, Bak, Bad, and Apaf-1 apoptotic proteins, while
the number of Bcl-2 and Bcl-xI antiapoptotic proteins
in the cell decreases with the release of cytochrome ¢
(cyt ¢) and activation of caspase-3 and caspase-9 in
the mitochondrial pathway of apoptosis [14, 15].
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A number of studies on animal models showed that
epigallocatechin gallate (EGCG) can inhibit the growth
of malignant cells and induce apoptosis even in cancer
cell lines resistant to CD95-mediated apoptosis [16].
Saikosaponin A has proapoptotic activity, namely, it
positively regulates the pathway mediated by Bax/Bcl-2/
caspase-9/caspase-7/PARP [17], causing apoptosis of
human colon cancer cells SW480 and SW620 (colon
cancer cell lines derived from primary tumors and lymph
node metastases, respectively) in a dose-dependent
manner, which is obviously related to the inhibition of the
PIBK/Akt/mTOR signaling pathway [18]. Bavachinin can
influence the expression of Bcl-2, Bax, caspase-3/9, and
the peroxisome proliferator y (PPARYy) receptor. The ba-
vachinin-induced generation of reactive oxygen species
(ROS) depends on the PPARYy activation, which is capa-
ble of inducing A549 cell death. The effect caused by an
increase in the level of reactive oxygen species (ROS)
highlights the potential role of bavachinin as a chemo-
therapeutic agent against non-small cell lung cancer
[19]. Gossypol can interact with the BH3 domain binding
groove of the Bcl-xL and Bcl-2 antiapoptotic proteins.
Simultaneous incubation of non-Hodgkin’s lymphoma
Ramos cells with gossypol and etoposide enhances
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apoptosis due to the intensive release of cytosolic cyt ¢
and activation of caspase-3 signaling depending on time
intervals. These results are the basis for future preclinical
and clinical studies of gossypol in the treatment of non-
Hodgkin’s lymphoma [20]. It was shown that the action
mechanism of resveratrol involves the blocking of certain
transcription factors, such as B cell nuclear factor (NF-
kB), AP-1 and Egr-1, as well as a decrease in the expres-
sion of antiapoptotic genes and activation of caspases.
Its ability to influence the immune response mediated by
B cells and increase the serum level of antibodies, exert-
ing an antitumor effect, was previously revealed [21].

Autophagy and ferroptosis

Autophagy is a cellular degradation process leading to
the removal of improperly folded or aggregated proteins,
as well as the degradation of damaged organelles such
as mitochondria, endoplasmic reticulum (EPR), and per-
oxisomes [22]. Autophagy can inhibit the growth and
progression of malignant tumors, since the removal of
damaged or non-functioning organelles prevents onco-
genesis. At the same time, stimulation of autophagy re-
mains an effective approach in antitumor therapy.

The mammalian target of rapamycin, mTOR, which
has the properties of a modulator of cell growth and
proliferation, and AMP-activated protein kinase (AMPK),
responsible for signal conversion in response to various
metabolic stresses, are regulators of autophagy initia-
tion [23]. This process prevents tumor development only
provided the possibility of selective autophagy, targeting
certain cell organelles [24]. In cases where a tumor has
already formed, autophagy suppression often leads to
the development of less aggressive cancer forms [25]. It
was shown that synthetic quinine analogues — chloro-
quine (CQ), isolated from the cinchona bark (Cinchona
officinalis), and hydroxychloroquine (HCQ) — are the
most common drugs used to treat acute and chronic
inflammatory diseases. These drugs are also used in
cancer treatment based on autophagy inhibition mech-
anisms, which consist in interrupting the fusion of au-
tophagosomes and lysosomes [26].

According to Solomko et al., matrine-induced signals
in tumor cells can lead to ferroptosis (has a protective
effect against cervical cancer) [6, 13]. Matrine exhibits
considerable antitumor activity both in vitro and in vivo,
along with other beneficial properties, e.g., antianxiety
and antidepressive effects, relieving neuroinflammation
in the brain caused by severe diseases. The mechanism
of action of this compound is based on the suppression of
cell proliferation and apoptosis induction, e.g., the highly
metastatic breast cancer cell line MDA-MB-231 uses
the VEGF-Akt-NF-kB signaling pathway. Unfortunately,
numerous anticancer drugs (such as etoposide, tyros-
ine kinase inhibitors, arsenic trioxide, 5-fluorouracil) that
cause ferroptosis are cardiotoxic [27]. To address this is-
sue, non-toxic cardioprotective antitumor plant-derived
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medications with anticancer activity, such as berberine,
epigallocatechin gallate, and resveratrol, have been de-
veloped and are used in combination with conventional
chemotherapeutic agents [16, 21, 28].

Angiogenesis inhibition

Tumors induce the growth of new blood vessels due to
releasing various growth factors, including vascular en-
dothelial growth factor (VEGF). This results in the forma-
tion of blood capillaries inside the tumor. Protein Kinase G
(PKG) regulates beta-catenin levels in healthy cells, pro-
moting angiogenesis. Angiogenesis, in turn, is an impor-
tant factor in the spread of tumor metastases. Fennel
extracts — Trianthema portulacastrum and Spatholobus
Suberectus — inhibit tumor growth and angiogenesis, as
well as alter the expression of HSP90 heat shock pro-
tein and its co-chaperone interactions in mouse models
of breast cancer. These findings on the role of HSP90
in breast cancer biology and therapy are consistent with
the effects described in the current literature. In fact, tu-
mor growth and angiogenesis decrease when HSP90
is suppressed by the interaction of the KU-32 inhibitor
with the C-terminal domain of this chaperone in trastu-
zumab-resistant HER2-positive breast cancer cells [29].
Morelloflavone blocks injury-induced neointimal hyper-
plasia by inhibiting vascular smooth muscle cell migration
without causing apoptosis or cell cycle arrest [30]. Thus,
the use of certain compounds of natural origin suppress-
es the formation of new blood vessels that require a sig-
nificant amount of oxygen and nutrients for their growth,
which can increase the antitumor effect [7].

Modulation of cellular signaling pathways

MAPK paths. Phytochemicals can affect both the cas-
cade pathway kinase regulated by extracellular signals
(ERK) and mitogen-activated protein kinases (MAPK)
regulating cell growth and cell survival. Phytochemicals
such as ursolic acid, kaempferol, resveratrol, gingerol,
sulforaphane, genistein, and isothiocyanates have been
reported to induce cancer cell apoptosis through the
MAPK and ERK pathways [31]. It was shown that cur-
cumin exerts the anticancer effect on retinoblastoma
cells (RB, Y79) by activating exclusively the MAPK path-
way.

Akt signaling pathways. The Act/PI3 signaling path-
way plays an important role in cancer development.
Epidermal growth factor (EGF) regulates a number of
molecular mechanisms, including NF-kB activation and
Akt phosphorylation. This promotes resistance to ap-
optosis and uncontrolled cell proliferation, which in turn
leads to effects on caspases, Bcl-2 and glycogen syn-
thase 3-p (GSK3b) kinases, as well as mTOR. Alkaloids
and phenolic compounds make a significant contribu-
tion to the control over the expression of these factors.
Resveratrol, curcumin, luteolin, flavone, and sulforaphane
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exhibit anticancer properties by ceasing the cell cycle
and apoptosis, interfering with Akt/PI3K signaling [32].
In addition, Saikosaponin A inhibits the invasion and mi-
gration of SK-N-AS cells (human neuroblastoma cells)
by regulating the angiogenesis-associated VEGFR2/
Src/Akt pathway and protein expression associated with
epithelial-mesenchymal transition (EMT) [17].

JAK/STAT signal transmission paths. By inhibiting the
activity of JAK/STAT signaling and activating apoptotic
cascades, the curcumin, resveratrol, and EGCG phyto-
chemical compounds inhibit the translocation and col-
lection of B-catenin in the nucleus by stimulating glyco-
gen synthase kinase 3 (GSK3), which can lead to cell
death in some forms of cancer [33].

Antioxidants with anti-inflammatory effects

Harmala extract (Peganum harmala) can reduce the vi-
ability of cervical carcinoma and colon cancer cells due
to the action of alkaloids contained in high concentra-
tions therein. In a study aimed at investigating cytotoxic-
ity towards normal and tumor cells, the antioxidant activ-
ity of these alkaloids against human breast cancer cells
was noted [34]. Three main epigenetic changes occur in
tumor cells treated with plant polyphenols, i.e., a change
in the structure of chromatin, DNA methylation, and,
more importantly, alterations in the microRNAs level. For
the same microRNAs, expression is increased in some
tumors, while in others, on the contrary, it is reduced.
Thus, the expression of the mi-Let-7 cluster increases
in breast tumors and, conversely, decreases in lung tu-
mors. Notably, EGCG, curcumin, and resveratrol modu-
late several classes of microRNAs that are involved in all
stages of cancer development and regulate oncogenes
or tumor suppressors of various cancers [16, 21]. In par-
ticular, tetrandrine was shown to exhibit antiprolifera-
tive effects and cytotoxic activity against breast cancer
(MDA-MB-231, HCC1937, MCF7) [14, 15].

Cell cycle regulation

The cell cycle is a sequence of intracellular events,
leading to cell division. The stages of the cell cycle are
mediated by cyclin-dependent kinases (CDK) and their
regulatory cyclin subunits [35]. Vindoline and catharan-
thine have antitumor effects due to their exposure in the
M-phase cell cycle. They contribute to the cancer cell
death by shortening microtubules and disrupting their
function, which leads to the disappearance of mitotic
spindle, thereby suppressing cell proliferation [34].
Quercetin can affect the cell cycle at the G1/S and
G2/M control points by inducing the CDK p21 inhibitor
and reducing the phosphorylation of the key regulatory
pRb protein and indirectly blocking E2F, which are im-
portant factors of transcription and DNA synthesis [36].
The roscovitin synthetic compound, produced from the
natural substance olomucine isolated from the Raphanus
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sativus (Brassicaceae) daikon, has passed clinical trials,
showing high activity against various types of cancer.
This medication is currently at the stage of clinical evalu-
ation of efficacy in the treatment of Cushing’s disease
and rheumatoid arthritis [37]. This drug is an inhibitor of
cyclin-dependent kinases, preventing their activation and
DNA repair due to non-homologous end joining (NHEJ).
One of the most noticeable effects of the drug is the in-
hibition of formation of CDK2/cyclin E complexes, which
causes a decrease in the pRb phosphorylation level and
subsequent inactivation of members of the E2F family,
leading to suppression of cyclin transcription and, ulti-
mately, to cell cycle arrest. In this case, cell cycle arrest
leads to the initiation of apoptotic death [6]. The modes
of flavopiridol action are associated with the phospho-
rylation of cyclin-dependent kinases that block cell pro-
liferation in G1 and G2 phases, and the apoptosis induc-
tion by increasing the level of E2F synthesis and Mcl-1
protein inactivation. A study in which the effect of EGCG
on oncogenesis was tested on oral cancer (NOE) cell
lines together with curcumin showed the EGCG ability to
block cell division in G1, whereas curcumin blocked cell
division in S/G2/M phases. The antagonistic interaction
between curcumin and etoposide is caused by cell cycle
arrest, which gives time for DNA damage to repair and
prevents cell death. Another polyphenol, quercetin, may
limit the effect of etoposide. Quercetin has a protective
effect on HL-60 cells from etoposide, reducing the level
of ROS generated in drug-treated cells (Table 2) [38, 39].

Fungus-derived compounds

Cancer fungotherapy and the search for new antican-
cer agents are not limited to such fungi species as
Fomitopsis pinicola, Hericium erinaceus, Trametes ver-
sicolor, and Inonotus obliquus from the Basidiomycota
class. However, these four species can serve as typical
representatives of medicinal fungi, which are widely used
both in conventional medicine and in modern biomedical
research. They belong to three different groups and are
a rich source of bioactive compounds such as polyphe-
nols, polysaccharides, glucans, terpenoids, steroids,
cerebrosides, and proteins that show potential for treat-
ing various types of cancer [8]. Ergosterol is an active
Fomitopsis pinicola fungus-derived compound, which is
the main component affecting SW-480 cells and caus-
ing their apoptosis. Interestingly, the use of this extract
in combination with cisplatin, a common chemothera-
peutic agent, in mice showed their synergistic effect of
impeding tumor growth. Taken together, these results
provide solid evidence that, in addition to nonspecific
cytotoxic compounds, F. pinicola contains substances
with a specific antioncogenic potential, probably acting
through the induction of apoptosis [48].

Krestin, isolated from the mycelium of the Trametes
versicolor wood fungus, belongs to the class of pol-
ysaccharides. This compound shows significant
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Table 2. Antitumor inhibitors of plant and fungal origin

Title Compound Extracted Mechanism Cell lines Literature
class from source
Compounds of plant origin
Vindo- Alkaloid Vinca rosea Effect on the cell in the M- Kaposi's sarcoma, mela- [6]; [34]
line and phase of cell cycle; shortening noma, nasopharyngeal
catharan- of microtubules, disruption of | cancer, breast cancer, kid-
thine their function, which leads to ney, bladder, breast cells,
the mitotic spindle disappear- prostate, cervix (MCF-7,
ance, thereby suppressing cell PC3-1C, Hela)
proliferation
Matrine Alkaloid Sophora Stimulation of the main apop- | Human osteosarcoma cells [6]; [13]
flavescens totic cascades by accumulating (MG-63, U20S, Saos-2
Fas/Fasl, Fas and reducing and NG/HAS)
Bcl-2 levels, which leads to acti-
vation of caspase-3, -8 and -9
Tetran- Alkaloid Stephania Positive regulation of the Bax, | Breast cancer cells (MDA- [14]; [15]
drine tetrandra Bak, Bad, and apaf-1 path- MB-231, HCC1937, MCF7)
ways; reduction of Bcl-2 and
Bcl-xl levels; release of cy-
tochrome ¢ and activation of
caspase-3 and -9
Epigal- Polyphenol Green Tea, | Induction of apoptosis, arrest of | In vitro model: esophagus; [16]; [21]
locatechin Camellia cell growth by changing the ex- | oral cavity; prostate; mam-
gallate sinensis pression of regulatory proteins mary gland; urinary tract;
of the cell cycle; activation of lungs; colon; leukemia;
killer caspases and suppression lymphoma.
of NFkB activation; inhibition of In vivo model: cancer of
Bcl-2 and Bcel-XL expression, as |  the skin, prostate, colon
well as induction of Bax, Bak, and uterus; cancer of the
Bcl-XS and PUMA expression stomach, pancreas and
oral cavity in humans
Curcumin | Polyphenol Rhizome, Effects on the p53 pathway, Human osteosarcoma [11]; 2];
Curcuma activation of the MAPK pathway, | cells (HAS), retinoblastoma | [38]; [40]
longa an increase in the Bax:Bcl-2 cells (RB Y79), monocytic
ratio and the release of cy- leukemia cells (SHI-1)
tochrome ¢, the second mito-
chondrial activator of caspases/
direct binding protein IAP
Resvera- | Polyphenol | A component | Blocking of certain transcription | Squamous cell carcinoma [6]; [21];
trol of white hel- factors such as NF kB, AP-1, of the human esophagus [31]; [32]
lebore roots, | and Egr-1; decreased expres-
Veratrum sion of antiapoptotic genes and
grandiflorum activation of caspases
Gossypol | Polyphenolic | Cotton plant, | Binding of antiapoptotic proteins | Non-Hodgkin’s lymphoma [20]
aldehyde Gossypium Bel-xL and Bcl-2 to the groove cells
sp., of the BH3 domain; enhance-
Malvaceae | ment of apoptosis due to the re-
lease of cytosolic cytochrome ¢
and activation of caspase-3
signaling
Saiko- Terpenoid Radix Activation of the Bax/Bcl 2 Human neuroblastoma [17]; 18]
saponin a Bupleuri, root cascade and caspase-9, cells (SK-N-AS), Human
caspase-3, associated with colon cancer cells (SW480,
inhibition of the PIBK/Akt/mTOR SW60)
signaling pathway
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Table 2 (continued)

Title Compound Extracted Mechanism Cell lines Literature
class from source
Bava- Flavonoid Psoralea PPARYy activation leading to Non-small cell lung cancer [19]
chinin corylifolia, ROS generation (A549)
legume family
Icaritin Flavonoid Traditional Activation of apoptosis via p53 | Ovarian cancer, leukemia, [10]; [41];
Chinese and inhibition of the Akt/mTOR lymphoma and multiple [42];
herb, Epime- pathway myeloma
dium Genus
Quercetin Flavonoid Larch, Generation of free radicals that Human hepatocyte cells, [14]; [36];
Larix lead to oxidative damage of epithelial cell lines, prostate | [38]; [39]
nucleic acids, lipid peroxida- cancer
tion and cell death; possibility
to cause apoptosis through the
AMPK-a or COX-2 signaling
pathway
Morello- Flavonoid Seeds, Inhibition of activation of U87 glioma cells and C6 [30]; [43];
flavone Garcinia RhoA and Racl GTPases with rat glioma cells [44]
morella insignificant effect on Cdc42
GTPase activation. Inhibition
of phosphorylation and kinase
activation of the Raf/MEK/
ERK pathway, without affecting
VEGFR2 activity
Fungus-derived compounds
Krestin Polysaccha- Mycelium The ligand for TLR4 receptors | Allogeneic and syngeneic [45]; [46]
ride of wood, leads to the induction of inflam- tumors of animals
Trametes matory cytokines TNF-alpha
versicolor and IL.-6
Lentinan | Polysaccha- Wood Stimulation of T-lymphocytes, Tumors of the stomach, [47
ride fungus, induction of interleukins 1 and bones and breast
Lentinus 3, as well as the production of
edodes nitric oxide by immune cells,
leading to an increase in the
level of colony-stimulating factor
and the level of proteins of the
acute phase of inflammation
Ergosterol | Polysaccha- | Fomitopsis Induction of apoptosis: in- Breast cancer cell lines [48]; [49]
ride pinicola creased levels of pro-apoptotic
proteins such as BAX, cas-
pase-7 and PARP, and de-
creased amounts of anti-apop-
totic proteins BCL-2 and STAT-3
Aqueous Hericium Suppression of antiapoptotic Various cancer cell lines [50]; [51];
extract erinaceus proteins (Bcl-2, Bel-xL(S), XIAP and tumors associated
and clAPs) in the absence of with the digestive tract
increased proapoptotic proteins

Table prepared by the authors using data from the references [6, 10-21, 46-49, 31, 32, 34, 36, 38-50]
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antitumor activity against allogeneic and syngeneic ani-
mal tumors [45].

Polysaccharide-K (PSK) demonstrates a similar ac-
tivity in various types of cancer, especially in gastrointes-
tinal cancer. This medicine has been approved in Japan
and China for use in cancer treatment [49]. Lentinan (iso-
lated from Lentinus edodes) also belongs to the class
of polysaccharides. This compound prevents neoplastic
transformations caused by chemical carcinogens and
viruses, while also suppressing the development of al-
logeneic and some syngeneic tumors. This polysaccha-
ride is most often used in the treatment of tumors of the
stomach, bones, and breast. The action mechanism of
lentinan involves stimulation of CD8* T lymphocytes, in-
duction of interleukins 1 and 3, as well as the production
of nitric oxide by immune cells. This leads to an increase
in the synthesis of colony-stimulating factor (CSF) and
the accumulation of proteins of the inflammation acute
phase in combination with direct and indirect (through
T lymphocytes) effects on macrophages. Lentinan
showed clinical efficacy in various types of cancer, in-
cluding stomach and lung cancer [47]. Another study by
the same scientific group was devoted to the use of conk
extracts from the Hericium erinaceus fungus with vari-
ous solvents and testing for cytotoxicity against human
monocytic leukemia U937 cells. The results showed that
both aqueous and ethyl extracts can induce apoptosis.
The suggested mechanism of action is through the sup-
pression of anti-apoptotic factors (Bcl-2, Bel-xL(S), XIAP
and clAPs) in combination with the absence of an in-
crease in the level of pro-apoptotic proteins.

Erinacin A, a mycelial derivative of H. erinaceus, dem-
onstrates activity that suppresses the growth of various
gastrointestinal tumor lines [50]. Extracts of H. erinaceus
or their fractions/components were shown to exhibit
immunostimulating activity; antimetastatic activity by
inhibiting matrix metalloproteinases; activity promoting
the growth of probiotic intestinal flora; antioxidant po-
tential; proapoptotic activity; and angiogenesis inhibi-
tion. This range of anticancer properties is provided by
various compounds, including polysaccharides, lipids,
terpenoids (unique erinacins), and even proteins. Thus,
there are two possible strategies for the investigation of
H. erinaceus anticancer effects, such as studying the
complex effects of extracts with their further use as pre-
ventive dietary supplements and a detailed study of the
mechanisms of individual fungus-derived compounds
for use in targeted personalized anticancer therapy [51].
The anticancer potential of the /Inonotus obliquus fun-
gus is represented by several groups of components.
Unique triterpenoids such as lanostane, inotodiol, and
inonotsuoxides act in vivo on preparations of mouse skin
and tumors of mouse xenografts derived from human
chronic lymphocytic leukemia. Low molecular weight
polyphenolic compounds of this fungus can inhibit topoi-
somerase I, which leads to a decrease in the growth of
cultured HCT116 human colon carcinoma cells. Similar
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to H. erinaceus, cinder conk (Inonotus obliquus) is ex-
tremely rich in polysaccharides, which can perform im-
munomodulatory functions and inhibit oncogenesis [52].

The Cordyceps militaris fungus showed promis-
ing results in preclinical studies of antiproliferative and
antimetastatic effects against various types of cancer.
Ganoderma lucidum, known as reishi, contains gano-
deric acids, which have antitumor and immunomodula-
tory properties. Grifola frondosa, also known as maitake,
contains such compounds as maitake polysaccharides,
which demonstrated anticancer activity in preclinical
studies [53].

CONCLUSION

Plants contain a diverse range of biologically active
compounds, including alkaloids, flavonoids, terpenoids,
and polyphenols, which have been traditionally used in
medical practice. Despite promising laboratory results in
suppressing tumor growth and metastasis, many plant
compounds require further study and clinical trials to
confirm their effectiveness and safety. Among the an-
ticancer IPFOs analyzed in this review, which are not a
substitute for conventional drugs but are promising for
concomitant therapy, matrine, etoposide, resveratrol,
and ergosterol have attracted the greatest research in-
terest [39, 30, 48]. Establishing optimal dosages and
compositions of potential drugs is essential for assess-
ing the prospects for their practical use, taking into ac-
count possible interactions with other medicinal prod-
ucts. Sustainable cultivation and harvesting of plant
sources should be ensured.

It is important to note that treatment methods based
on promising plant-derived medicines do not replace
conventional approaches in cancer treatment. In gen-
eral, a comprehensive approach to assessing the
therapeutic potential of plant-derived cancer inhibitors
is required. Fungi are a vast and diverse group of or-
ganisms known for their complex chemistry and unique
biological activity. Their potential to produce powerful
anticancer compounds has been known for decades,
leading to significant research efforts aimed at identify-
ing and characterizing cancer inhibitors of fungal origin.
On the other hand, some fungus-derived compounds
can be toxic to healthy cells. Similar to plant-derived
compounds, fungus-derived medicines require optimi-
zation to ensure safe and effective dosage, as well as
targeted delivery. Currently, clinical trials face a number
of issues associated with underfunding and regulatory
obstacles. The development of safe and effective drugs
based on compounds of fungal origin requires complex
purification methods and the creation of appropriate
formulations, as well as the introduction of innovative
achievements to solve these problems. Further research
is needed to elucidate the action mechanisms of these
compounds and identify targeted therapeutic strategies,
similar to plant-derived preparations.
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Introduction. The targeted delivery of lipophilic chemotherapeutic and immunomodulatory agents through the lymphatic system is a promis-
ing approach in cancer treatment. Lipid-based carriers (e.g., liposomes) are able to not only to enhance the solubility and stability of drugs,
but also to ensure their protection from degradation in the gastrointestinal tract. Research into the potential of lymphatic delivery of bioactive
substances using liposomes can further improve the effectiveness of lipophilic drugs.

Objective. To study the prospects for using first-generation soy lecithin-based liposomes (cholesterol-free) as a lymphatic carrier for biologi-
cally active substances.

Materials and methods. Liposomes were prepared from soy lecithin containing green fluorescent protein GFP (with a maximum fluores-
cence at a wavelength of 506 nm) using the method of thin-film hydration/rehydration. Some liposomes were modified by 1%, 0.5%, and 0.1%
chitosan solutions. The GFP incorporation into the liposomes was visualized using confocal microscopy. In vivo studies were conducted in
three groups of female Balb/c mice aged 11-13 weeks (three animals in each): a control group; a group receiving native fluorescent protein,
and a group with the design formulation (liposomes containing fluorescent protein). After intake, the small intestine was retrieved followed
by its preparation and cryosection staining. The analysis of the cell suspension was performed using a CytoFLEX V5-B5-R3 flow cytometer.
Results. The confocal microscopy study found the particle size of the liposomes obtained by the thin-film hydration method to range within
1-5 um. The incorporation of the model protein into the liposomes, as evidenced by its content before and after the liposome formation, was
at least 60%. In vivo experiments on mice found that intragastric administration of fluorescent protein-containing liposomes enables success-
ful protein delivery to the intestinal wall.

Conclusions. Soy lecithin-based liposomes were obtained using the thin-film hydration method. Confocal microscopy was used to evaluate
the size of the obtained liposomes and to assess qualitatively the incorporation of green fluorescent protein. The incorporation of chitosan into
the liposome shell resulted in a significant aggregation of the final product, which may reduce the effectiveness of liposome delivery to cells.
Confocal microscopy of cryosections and cytofluorometry of cell suspensions obtained from small intestine fragments showed the capacity
of the engineered system to deliver fluorescent protein and, possibly, intact liposomes to the intestinal wall.

Keywords: liposomes; soy lecithin; delivery system; green fluorescent protein; lymphatic delivery; confocal microscopy
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JIMNOCOMbI U3 COEBOIO NEUUTUHA ANA MMMOATUYECKOW OCTABKU BUONMOrMYECKU
AKTUBHbIX BELLIECTB

E.B. ®epotora"*, H.B. Ckeopuos', U.E. MNepeBosHukos!, H.KO. Porosckas', A.A. BapauH', .M. Benbtiokos'!, B.H. Babakos',
[.B. KpueopoTos!, A.C. Pagnnos'

"Hay4Ho-1ccnenoBaTenbCKuin UHCTUTYT FUreHbl, MpodnaTonorim 1 skonorum Yyenoseka ®efepanbHoro Meamko-6r1onornieckoro
areHTCTBa, JleHnHrpaackas obnactb, Poccus
2HaumoHanbHbI nccnepoBaTenbckmin yHneepceuteT MTMO, CaHkT-lNeTepbypr, Poccus

BeepeHne. JlumaTndeckuin nyTb 4OCTaBKM MOXET ObITb NEPCMNEKTUBEH A5 MMMNOMUIBHBIX XMMMOTEPANEBTUHECKIX 11 UMMYHOMOZYVPY-
fOLLMX CPEeACTB, MPUMEHSIEMBIX MPU NEHEHMN OHKONOrMYecKnx 3abonesaHni. Hocutenm Ha ocHoBe NMNMAOB (HanpumMep, MNOCOMbI) MOy T
He TOSIbKO MOBBICUTb PACTBOPUMOCTb M CTabUNBHOCTE IEKAPCTBEHHBIX CPEACTB, HO M 3aLLUTUTL UX OT Pa3NOXKEHNS B XKENYA0HYHO-KMLLIEY-
HOM TpakTe. ViccnenposaHne BO3MOXHOCTY MMMDATUHECKON [OCTaBKM IMNOCOMaMU BMOIOMMHECKN aKTVBHbBIX BELLECTB MO3BONT B Aallb-
HenLweM NoBbICUTb 3PMEKTUBHOCTb MHOMMX IMNOMUABHBIX NpenapaTos.

Llenb. 13y4eHne nepcnekTve NpYMEHEHNS TMNOCOM NepPBOro MOKONeHNs (6e3 XonecTepuHa) 3 COeBOro NeUnTHa B Ka4eCTBE BO3MOXXHOIO
MMEaTUHECKOrO HOCUTENS ANA BMONOMNHECKN aKTUBHbIX BELLIECTB.
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A.S. Radilov, 2025
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MaTepuanbi u MeTogbl. [1onyyYeHbl MIMMOCOMbI U3 COEBOMO NELIMTUHA, coaepKallme 3eneHbli dnyopecLeHTHbI 6enok GFP (¢ MakcumymMom
hnyopecueHUMM Npy AHE BOHLI 506 HM), METOAOM ruapaTaumn/pernapataynm TOHKOM NneHkn. ns Mogndrkaumm HEKOTOPbIX IMMOCOM
1CN0b30BaNV pacTBOp XMTo3aHa B KOHLEeHTpaumsx 1, 0,5 n 0,1%. Budyanusaums skntodeHns GFP B niunocombl npoBeaeHa METOAOM KOH-
hokabHOM MUKpPOCKoNuW. ViccnenoBaHus in vivo npoBoannuv B 3 rpynnax caMok Mblten nuHum Balb/c BospacTom 11-13 Hegenb (Mo 3 »xu-
BOTHbIX B FPYMNMe): KOHTPOMbHAgA rpynna; rpynna, nony4atoLlas HaTUBHbIM (TyOpPEeCUEHTHBI 6eMOK, 1 rpynna ¢ UCCNeayeMOon KOHCTRYKLMEN
(nvnocoma, cofeprkallan nyopecLeHTHbIn 6enok). Mocne BBeaeHUs NpoBefeH 3a60p TOHKOM KUMKW, ee NMOArOTOBKa 1 OKpallVBaHue
Kprocpe30B. AHaNN3 KNETOYHOM CycrneHaumn nposeaeH Ha NpoTodHoM umtodnyopumeTtpe CytoFLEX B koHdurypaummn V5-B5-R3.
Pesynbtathl. [Mpy oLeHKe Nony4YeHHbIX METOAOM rMapaTaLMm TOHKOW MAEHKN IUMOCOM C UCMOb30BaHMEM KOHGOKaNbHOW MUKPOCKOMUA
YCTaHOBJIEHO, YTO BOMBLUMHCTBO YacTuL, UMEeNo pa3mepsl B ananasoHe 1-5 MkM. BktodeHne MogenbHOro 6enka B MNOCOMbI, Kak Moka-
3anu pesynsTaThl UISMEPEHNS ero coaepkaHns o v nocne hopMm1poBaHns IMNOCOM, CoCcTaBuo He MeHee 60%. B akcneprMeHTe Ha Mbl-
ax fn vivo BbISIBNIEHO, YTO BHYTPWXKENYA04YHOE BBEAEHWE IMMNOCOM C (DyOpPEeCLIeHTHbIM BENKOM NMO3BONSET 0becneynTb OOCTaBKy benka
B CTEHKY KULLEYHMKA.

BbiBogbl. [prMeHeHVe MeToAa rapaTaLmn TOHKOW MEHKM NO3BONIO MOAYHUTb NIMMNOCOMbI U3 COEBOro NeumTuHa. MeTogoM KoHoKans-
HOW MUKPOCKOMM NpOBeAeHa OLeHKa pasmMepa Noy4eHHbIX JIMMOCOM U Ka4ECTBEHHO OLEHEHO BKJTIOHEHNE B HX 3€M1EHOM0 (hSTyOpEeCLEeHT-
HOro 6enka. BktoyeHne xnutosaHa B 060104KY IMNOCOM MPUBOAMIO K 3HAYUTENbHON arperaum KOHEYHOr0 NPOAYKTA, YTO MOXET MPUBO-
OUTb K CHUXEHWIO 3(h(EKTUBHOCTM JOCTaBKM UMOCOM B KNeTKW. KoHokanbHas MUKPOCKOMUSt KDUOCPE30B 1 LIUTO(yOpPUMETPUHECKNI
aHann3 KNeTO4YHbIX CYCMEH3UM, NOMyYeHHbIX 13 (PparMeHTOB TOHKOWM KULLKM, MoKa3anu, YTo NpUMEeHeHHas cucTemMa No3BOAsSIET AOCTaBUTb
(hyOpeCLEHTHbI BENOK 1, BEPOATHO, HEPA3PYLLEHHbIE IMMOCOMbI B CTEHKY KULLEYHMKA.
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INTRODUCTION bicavailability. This strategy is particularly interesting

for delivering antigens to lymph nodes and enhancing

When ingested, many medicinal substances (MS) can
be broken down by enzymes of the gastrointestinal
tract (GIT), poorly absorbed in the small intestine, and
are metabolized during the first passage through the
liver. For such drugs, various lipid-based micro- and na-
nocarriers can be used to protect them from degrada-
tion under the influence of digestive juice components,
to control release, to adjust distribution, and increase
bicavailability, as well as for targeted drug delivery to
the site of action [1]. Drug modification by conjugation
with lipids (fatty acids, glycerides, and phospholipids)
increases their lipophilicity and, consequently, their bio-
availability [2]. In this case, however, it is necessary to
examine whether the lipid-conjugated drug equals the
original drug in terms of effectiveness. In some cases,
it is possible to increase the drug bioavailability by sur-
factants. For example, sodium caprate can increase the
bicavailability of certain drugs by increasing their perme-
ability through the intestinal epithelium via paracellular
transport [3].

Over the last few years, the possibility of develop-
ing lymphatic delivery systems for various drugs has
been actively studied, bypassing the hepatic first-pass
effect [4-6]. This route of administration can increase
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the adaptive immune response induced by vaccines.
Conventional systemic chemotherapy requires high
doses of drugs and often proves ineffective in delivering
them to the lymphatic system. The development of carri-
ers for drugs targeting lymphocytes is a unique opportu-
nity to increase the effectiveness of HIV/AIDS therapy [7].

At present, a large number of different carriers are
known that may be promising for lymphatic drug delivery
(Fig. 1). In this case, the carrier must circulate in the blood
for a long time and retain the drug until its accumulation
in the target organ is reached [8—10]. In addition, the MS
included in the carrier should not lose its activity dur-
ing circulation. When selecting a drug carrier, it should
be borne in mind that the effectiveness of internaliza-
tion in a cell depends on its size, shape, and charge.
For example, nanosized carriers make tighter contact
with biological membranes than micron-sized carriers
[9]. Polymer-based drug delivery systems are not always
suitable for lymphatic delivery. Some charged polymers
(such as chitosan) can bind to intestinal mucosal cells
through non-covalent electrostatic interactions, hydro-
gen bonds, and Van der Waals forces [11].

Among all lipid-based nanocarriers, liposomes
show the greatest promise due to their ability not only
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to encapsulate and protect drugs from degradation,
but also to enhance their absorption in the intestine [4,
12]. Liposomes are spherical vesicular delivery systems
containing lipids, with a phospholipid bilayer located be-
tween two hydrophilic layers [13].

The delivery mechanisms of macromolecules
“packed” in liposomes may vary depending on the lipo-
some size. Microparticles, including giant liposomes with
linear dimensions similar to those of chylomicrons, are un-
able to penetrate blood capillaries, which have a pore size
of approximately 60 nm. At the same time, the possibility
of microparticles to pass through the mucous layer of the
intestine has been experimentally confirmed in laboratory
rodents for both biodegradable latex or polystyrene par-
ticles [14, 15] and large liposomes up to 10 pm or greater
[16]. One possible way for micro-sized particles to pen-
etrate the intestinal barrier is their absorption through mi-
crofold M cells. Although the population of M cells among
the total cell number is small (~1%), they capable of tran-
scytosis of microparticles, bacteria, viruses, lipopolysac-
charides, etc. This is due to the specific features of their
structure and microenvironment (reduced density of the
glycocalyx, less pronounced brush border and microvilli),
which determines their ability to absorb microparticles
larger than 200 nm, the maximum size of lipid complexes
(micelles) that can be absorbed by enterocytes. It is be-
lieved that the main function of M cells is to deliver an-
tigens for subsequent processing and presentation to a
heterogeneous population of lymphocytes, macrophag-
es, and dendritic cells that compose the gastrointestinal
immune system. However, it is known that delivering cy-
closporine A in large liposomes (~10 pm) via intragastric
administration in rats results in a more than nine-fold
increase in this drug bioavailability [16, 17]. It should be
noted that, e.g., for protein antigens, this delivery route is
the most promising, allowing the antigen to be delivered
directly to the lymphoid tissue of the gastrointestinal (Gl)
tract. When large liposomes undergo transcytosis into the

submucosal layer, some of them may enter other parts
of the vascular system, including the systemic circulation,
through the lymphatic vessels.

In this study, we explore the potential of using
first-generation (cholesterol-free) soy lecithin-based li-
posomes as a carrier for potential lymphatic delivery of
biologically active substances.

MATERIALS AND METHODS

In this work, soy lecithin (Ultralek P, ADM, USA), recom-
binant green fluorescent protein zFP506 (ZsGreent),
obtained in pAAV-ZsGreen1 Vector (Takara Bio) plas-
mid-transfected HEK293 cells (Thermo Fisher), hexane
(analytic grade, Vecton, Russia), 0.05 M solution of so-
dium bicarbonate (bda, Vecton, Russia), 0.05 M solu-
tion of monosubstituted sodium phosphoric acid, 0.1 M
hydrochloric acid (Vecton, Russia), 0.01 M phosphate-
buffer saline (PBS) — pH 7.3 containing 0.137 M NaCl
and 0.0027 M KCI (Biolot, Russia), Dulbecco’s solution
without Ca and Mg (Biolot, Russia), bovine serum al-
bumin (BSA) (Sigma-Aldrich), and 10% neutral formalin
(Sintacon, Russia) were used.

Preparation of liposomes by thin-film hydration/
rehydration

In a round-bottom flask, 100 mg of soy lecithin was dis-
solved in 20 mL of hexane (solvent). The resulting mix-
ture was evaporated using a rotary evaporator (Heidolph,
Germany) until a thin film was formed (water bath tem-
perature of 45°C, pressure of 65 mbar). Green fluores-
cent protein (GFP) from the initial solution was diluted to
a concentration of 5 mg/mL in 50 mL of 0.01 M sodium
phosphate buffer (pH 7.4). The protein was incorporat-
ed into the liposomes passively during their formation
from the resulting GFP solution in a flask, upon con-
stant stirring on a magnetic stirrer (Heidolph, Germany)

Figure prepared by the authors in the Mermaid graphical editor using data from [4-11]

Fig. 1. Promising carriers for lymphatic delivery of medicinal substances
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at 400 rpm (4 h at room temperature) until the film was
fully rehydrated from the walls. The obtained liposomes
were centrifuged in a centrifuge (Heidolph, Germany) at
a rotor speed of 20,000 rpm for 15 min to precipitate the
obtained liposomes, and the supernatant was collected
and washed once with deionized water.

To assess the efficiency of protein incorporation
into liposomes, the protein content was determined
using the Lowry protein assay in accordance with
OFS1.7.2.0023.15 in the solution before and after the
liposome formation. The protein concentration in the
solution decreased by approximately 60% after the pro-
cess was completed, compared to the initial concentra-
tion, which should correspond to the efficiency of GFP
incorporation.

Preparation of chitosan solution

A chitosan solution at concentrations of 1%, 0.5%, and
0.1% was prepared by dissolving dry samples in a 1%
acetic acid solution. The pH of the resulting solutions
was monitored using a pH meter; and the pH was found
to be 5.4.

Preparation of liposomes by thin-film hydration/
rehydration with chitosan addition

In a round-bottomed flask, 100 mg of soy lecithin
was dissolved in 20 mL of hexane. The resulting leci-
thin solution was evaporated using a rotary evaporator
(Heidolph, Germany) until a thin fim was formed (wa-
ter bath temperature of 45°C, pressure of 65 mbar). A
5 mg/mL concentration of green fluorescent protein
was dissolved in 50 mL of 0.01 M sodium phosphate
buffer (pH 7.4) and injected together with chitosan so-
lutions of selected concentrations. The formation of li-
posomes was carried out under constant stirring on a
magnetic stirrer (Heidolph, Germany) at 400 rpm for 4 h
at room temperature until the film was completely rehy-
drated from the walls. The resulting liposomes were cen-
trifuged (Heidolph, Germany) at 20,000 rpm for 15 min;
the supernatant was removed; and the liposomes were
washed once with water.

Confocal microscopy

Confocal microscopy was performed (Zeiss LSM 710
microscope, CarlZeiss, Germany; magnification x63)
with an argon laser A = 488 nm. In the studied samples,
GFP with the maximum fluorescence at a wavelength
of 506 nm was used as a model protein for imaging li-
pOSoOmes.

Purification of GFP and determination of its
concentration

GFP was isolated from the cell extract of HEK293 cells
transfected with the pAAV ZsGreen1 Vector plasmid
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(Takara Bio) using the method of alcohol extraction and
ammonium sulfate precipitation described in [18].

In vivo studies

The work was carried out using female Balb/c mice,
which were divided into three groups of three mice in
each:

e group 1 — control group;

e group 2 — animals received native fluorescent pro-
tein;

e group 3 — animals received a suspension with the
studied construct (liposomes without chitosan con-
taining GFP).

The choice of this number of experimental animals
in the groups is sufficient to assess the nature and fre-
quency of the effects recorded. The animals were 11—
13 weeks old at the beginning of the experiment, and
their body weight did not deviate from the average value
for all experimental groups by more than 20%.

The experimental mice were injected with GFP-
containing liposomes without chitosan or an agueous
solution of GFP, as described above. The control group
consisted of intact mice. In cell suspensions obtained
from animals, the presence of GFP fluorescence was
assessed using flow cytometry.

The intragastric injection procedure was performed
by qualified specialists using a probe. The injection vol-
ume was the same for all animals, equaling 300 pL. The
GFP concentration in the aqueous solution used for in-
jection into mice was determined by the Lowry protein
assay, comprising 0.86 mg/mL. The same GFP solu-
tion was used in the preparation of the liposomes. In
the samples studied, the efficiency of GFP incorporation
into liposomes was at least 60%.

Three hours after the administration of GFP solution
or GFP-containing liposomes, the mice were euthanized
by cervical dislocation. After opening the abdominal
cavity, a 2-cm-long fragment of the small intestine was
removed 1 cm from the stomach and transferred to a
separate 5-mL tube containing PBS.

A 1-cm-long portion of each intestinal fragment was
separated and cut lengthwise to create a rectangular
preparation.

Preparation and staining of small intestine
cryosections

Uncut 1 cm long small intestine fragments were washed
in PBS, cutinto 0.5 cm long fragments, and embedded in
Tissue-Tek® O.C.T. Compound (Sakura Finetek, Japan),
filling the gel from the inside to preserve the structure
of the cryosections. The samples were frozen in liquid
nitrogen and sliced using a cryotome (SLEE medical,
Germany). 10-um-thick cryosections were placed on a
glass slide, washed twice with PBS, and fixed in neu-
tral formalin (3.7%) for 30 min. The fixed samples were
washed twice with PBS and permeabilized with 0.1%
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Triton X-100 solution in PBS with 1% BSA for 30 min,
and then washed twice with PBS and 1% BSA.

To visualize cells by confocal microscopy, F-actin
of the cellular cytoskeleton was stained with the Alexa
Fluor 594 phalloidin fluorescent dye (Invitrogen, USA),
diluted in PBS with 1% BSA in a ratio of 1:40, then
30 min and incubated in the dark. After that, the sam-
ples were washed twice with PBS and 1% BSA and
enclosed in ProLong Gold antifade reagent (Invitrogen,
USA). The drugs were stored in the dark at a tempera-
ture of 2—-6 °C.

Flow cytometry

After washing the preparation from mucus and blood in
a cuvette with PBS solution, it was transferred to a cell
sieve with a 40 ym mesh size followed by addition of
1 mL of Dulbecco’s solution (Biolog). The cell suspen-
sion was then obtained by rubbing. The suspension was
then washed twice with Dulbecco’s solution and cen-
trifuged (8 min, 800 rpm). The washed cell pellet was
resuspended in 400 pL of Dulbecco’s solution.

The cell suspension was analyzed using a CytoFLEX
flow cytometer in the V5-B5-R3 configuration (Beckman
Coulter, USA). For each sample, 50,000 events were
collected (at least 20,000 for control samples) at a sam-
ple flow rate of 10 pL/s.

The number of GFP-containing cells was counted
using standard forward and side scatter detectors (to
determine the morphological characteristics of the cells,
such as linear size and complexity of the intracellular
structure, respectively), as well as a light filter suitable for
GFP visualization (FITC channel).

RESULTS AND DISCUSSION

During the study, the liposome formation technique was
selected based on the following criteria:

1. Only gentle methods should be used to obtain the
carrier (i.e., solvents that can alter the properties of the
drug should not be used during the preparation of the
delivery system; external factors such as temperature,
ultrasound, high mixing rates, etc. should be minimized);

2. The particle size of the delivery system should be
less than 10 pm;

3. The delivery system should contain biocompatible
and non-toxic components;

4. The resulting system, after oral administration,
should ensure the delivery of the packaged drug to the
submucosal layer of the intestine, possibly by transport
through the lymphatic vessels.

Currently, the range of various modified liposomes
has been significantly extended. It is believed that poly-
mer coatings increase the ability of liposomes to cross
the epithelial barrier. Chitosans and their derivatives
are widely used for this purpose. When interacting with
membrane proteins, chitosan can stimulate conforma-
tional changes in protein molecules, which can lead
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to increased paracellular transport of biologically ac-
tive molecules. However, the application of hydrophilic
polymers to liposomes may not always lead to a posi-
tive effect (e.g., protection against degradation of such
liposomes by digestive enzymes is not always achieved).
Liposomes containing chitosan are sensitive to changes
in pH and can aggregate in the gastrointestinal tract, thus
deteriorating drug absorption. This effect was demon-
strated in the case of oral administration of cyclosporine
A incorporated into chitosan-modified liposomes [19].

During the study, two variants of liposomes were
formed: those with chitosan embedded in the liposomes
(to increase the mucoadhesive properties) and those
without modification. Several concentrations of the
polymer (1%, 0.5%, and 0.1% chitosan solution in ace-
tic acid) were tested in the study. It was found that the
introduction of chitosan into the liposomes at all select-
ed concentrations can lead to their strong aggregation
(Fig. 2A), which significantly reduces their potential as
a delivery system. The most logical solution to the ag-
gregation problem is to apply ultrasonic treatment to
the particles during their formation. However, accord-
ing to the selected criteria for liposome formation, this
treatment was not acceptable. Therefore, we selected
a delivery system without any modifications for in vivo
studies. The liposomes obtained without chitosan had
a stable linear size of 1-5 um (Fig. 2B) and showed no
aggregation.

When analyzing the cytofluorometry results, the au-
tofluorescence level in the FITC channel, which is always
present in biological objects, was taken as the value cor-
responding to the control group. The latter was about
1% of the parent cell population in all the samples stud-
ied (Fig. 3A). In the samples of cell suspensions from
mice in the group that received GFP without liposomes,
the number of events corresponding to GFP fluores-
cence did not exceed the level of autofluorescence in
the control (Fig. 3B).

In intestinal cell samples obtained from animals in
the group that received GFP in liposomes, a significant
increase in events corresponding to GFP fluorescence
was observed, up to 8-10% of the parent cell population
(Fig. 3C).

Confocal microscopy showed that GFP molecules
packed in liposomes do not break down in the stom-
ach and can be delivered to intestinal cells (Fig. 4B).
The prospects for further use of the applied delivery
system depend on the effectiveness of the MS packed
in liposomes and its physical and chemical character-
istics. In addition, it is planned to modify the liposomes
by applying Pluronic 127 to their surface. This ligand is
known to improve the liposome uptake by enterocytes
and increase the liposome stability. Such modification
can increase the delivery system absorption by cells and
ensure efficient transport through the lymphatic system.
When cyclosporine A was delivered orally by liposomes
with Pluronic 127, the delivery system in the gastroin-
testinal tract demonstrated good stability. The selected
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Photos taken by the authors

Fig. 2. Confocal micrographs of GFP-liposomes: A —
modifications; mark — liposomes with GFP

with chitosan coating; B — selected methodology without
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Figure prepared by the authors using their own data

Fig. 3. Flow cytometry results for GFP-liposomes

carrier reached the epithelial surface, resulting in high
drug absorption [19].
The efficiency of macromolecule delivery in li-
posomes by oral administration is still not considered
satisfactory. Improving the delivery of liposomes to

EXTREME MEDICINE | 2025, VOLUME 27, No 3

cells remains an important issue in current research
[20]. In that study, the authors used nanosized li-
posomes containing cholesterol to deliver mRNA en-
coding GFP to Caco-2 cells, which are often used as
a model for evaluating the delivery of liposomes by

325




OPUI'MHAJNIbHASA CTATbA | KITIMHNYECKASA ®APMAKOJ1I0IMMA

Photograph taken by the authors

Fig. 4. Results of confocal microscopy of the intestinal wall: A — after GFP injection without liposome packaging (no
GFP complexes); B — intestinal wall after administration of GFP liposomes; mark — liposomes with GFP

transcytosis. There is a lack of publications on the de-
livery of macromolecules in liposomes using in vivo
biologics. The results obtained in our study appear
important in terms of practical assessment of the lipo-
some use for delivering macromolecules through the
gastrointestinal tract.

CONCLUSIONS

1. Soy lecithin-based liposomes were obtained by the
thin-film hydration method.

2. The size of the obtained liposomes was estimated
by confocal microscopy, which confirmed the incorpo-
ration of green fluorescent protein. The liposomes ob-
tained by the selected method showed an average size
of 3-5 um.

3. It was shown that at the selected concentrations,
chitosan application to liposomes can lead to significant
aggregation of the final product, which in turn can nega-
tively affect its further uptake by cells.
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INTERNATIONAL DATA REPOSITORIES OF POPULATION-BASED M) Check for updates
IMMUNOLOGICAL AND GENETIC RESEARCH
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Valentin V. Makarov, Vladimir S. Yudin, Sergey M. Yudin
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Introduction. Due to the active development of multiomics technologies, more and more information about human genetic and immunologi-
cal research is becoming available. Data repositories are used to systematize and store such information, which facilitates the search and use
of information for carrying out scientific research and solving applied problems in the area of medicine.

Objective. To analyze the global experience of using repositories of human genetic and immunological data to define their functional features
and role in the development of population immunology and genetics.

Discussion. Functional features of genetic and immunological data repositories were analyzed. The data on the repositories included in the
study was obtained from open sources. The selection process for repositories included three stages: selection of scientific publications, de-
duplication, and filtering based on selection criteria. The main criteria for the subsequent evaluation of human genetic and immunological data
repositories were as follows: data volume, data accessibility, and data formats. The search for information about repositories and biobanks in
the Russian Federation was conducted using online search queries on the Internet. The study analyzed 15 largest genetic and immunological
data repositories, of which 37.5% are affiliated with the UK and 43.75% are affiliated with the USA. The task of creating and maintaining large
repositories is solved, as a rule, by forming international and inter-institutional consortia. The availability of genetic data repositories is ensured
by a combination of technological, organizational, and legal mechanisms. The most common sources of repository funding are state budgets,
funds from private foundations and charitable organizations, and investments from pharmaceutical companies. The main risks associated
with the operation of a repository can be divided into four groups: ethical, legal, biological, and technological risks related to data privacy.
In the Russian Federation, genetic research is one of the most rapidly developing scientific directions. As a result, the challenges of secure
storage, ethical use, and legal protection of data are acquiring particular importance. The presented review discusses possible directions for
further development of national genetic and immunological data repositories, as well as the possibilities of additional regulation of genetic
data handling at the legislative level.

Conclusions. The conducted review has identified possible risks associated with repository functioning and proposed various approaches to
minimizing these risks and optimizing the development of data repositories. One of the most promising areas is the development of Al-based
integration modules for processing and annotating data presented in standardized protocols.
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MUPOBBbIE PEMO3NTOPUN, COAEPXXALLUUNE CBEOEHUSA O PE3YJILTATAX MOMYNIALUNOHHbIX
VMMYHOJTOMMYECKUX U TEHETUMECKUX UCCJTIEAOBAHUN

Al Tutosa™, I'A. Tpycos, A.B. baés, [1.B. CocuH, [.H. Hevwaes, A.H. Jlomos, B.B. Makapos, B.C. FOguH, C.M. FOguH

LleHTp cTpaTern4eckoro nnaHnpoBaHns 1 ynpasneHns MeLNKO-B1ONOrn4ecKnMm puckamn 300poBbto PegepansHOro Meamko-
Brnonorudeckoro areHtcTea, Mocksa, Poccus

BeepeHne. bnarogaps akTVBHOMY pPasBUTUIO MyETUOMUKCHBIX TEXHONOM WA MCCNefoBaTenn nony4atoT BCe O0SbLLE CBEAEHNN O reHeTnYe-
CKUX 1 IMMYHOJIOMMYECKIMX AaHHbIX YenoBeka. [ns cuctemarnsaumm 1 XpaHeHnst Takoro poaa nHopmaummn UCrosb3yoTes Peno3nuTopumn,
YTO YCKOPSIET MOWCK M NCMOMb30BaHWe CBEAEHWIN AN HAayYHbIX NCCNeA0BaHWA 1 peLlerns NMpuKnaaHbix 3aja4 B 06n1acTvi MeguLmHbl.
Llenb. MposecTy aHan13 MMpPOBOro OMbITa AKCMIyaTaLmy PenO3NTOPUEB MTEHETUHECKNX 1 IMMYHOIOMMHYECKIX AaHHbIX YeoBeKa A9 onpe-
LeneHns nx OyHKLMOHaBHbIX OCOBEHHOCTEN 1 POV B Pa3BUTUN MOMYASLMOHHON UMMYHONOMW 1 FEHETUKM.

O6¢cyxpaeHne. [NpoaHannarpoBaHbl PyHKLMOHaIbHbIE OCOOEHHOCTM PENO3NTOPUEB FEHETUHECKNX 1 UMMYHONOMMYECKNX AaHHbIX. [JaHHble
0 PEeNO3UTOPUSAX, BKITFOYEHHBIX B NCCNeA0BaHVe, Oblnv MOy4eHb! U3 OTKPbITbIX MCTOYHUKOB. [poLiecc oT6opa penosmnTopues BKIKOYan Tpu
aTana: noabop HayYHbIX Nybankauuin, Aeaynankaums, dpunstpaums no kputeprsM otbopa. OCHOBHbIE KPUTEPUM NOCHEAYOLLEN OLEHKN
PENO3UTOPUEB MEHETUHECKMX 1 MMMYHOMIOMMYECKNX AaHHbIX YenoBeka: 06beM AaHHbIX; AOCTYMHOCTb AaHHbIX; hopmaThl AaHHbIX. [onck
CBEAEHNN O peno3nTopusax 1 brnobaHkax Ha TeppuTopun Poccuitckon ®epepaLmy NPoBOANICS MO MOUCKOBbLIM 3anpocam B cetn VIHTep-
HeT. B nccnegoBaHum 6b1n10 NpoaHanmM3npoBaHo 15 KpynHenLMX peno3nTOpneB reHETUHECKIMX 1 MMMYHOSIOMMHECKMX AaHHbIX, 13 KOTOPbIX
37,5% addunuposarbl ¢ Benvkobputaruen, 43,75% — ¢ CLUA. [Ons cosgaHns v nogaepXKaHns KpyMnHbIX penosnTopreB, kKak npasu-
110, POPMUPYIOTCS MEXAYHAPOAHbBIE Y MEXXNHCTUTYLIMOHAbHbIE KOHCOPLMYMbI. [JOCTYNMHOCTb PEMO3UTOPUEB FEHETUHECKON MH(POPMaLn
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obecnevrBaeTcs KOMOUHaLIMEN TEXHONOMMYECKIX, OPraHN3aLMOHHbIX ¥ MPaBOBbLIX MExaHU3MOB. Havbonee YacTbIMy UCTOYHUKaMU (hUHAH-
CUPOBaHWs PEMO3UTOPUEB SBNAKOTCS rOCYAapCTBEHHDBIN OIOAXKET, CPeACTBa YacTHbIX (DOHOOB U H1aroTBOPUTESNbHBIX OpraHM3aLnii, NHBe-
CTULMM hapMaLEBTNHECKNX KOMMaHui, OCHOBHbIE PUCKM, BO3HUKAIOLLIME MPW IKCMyaTaumun peno3nTopuisl, MOXXHO pasnennTb Ha YeTbipe
rpynnbl: 3TUYECKMe, NPaBoBble, BUONOrMHEcKe 1 TEXHONOrMYeCcKMe, CBsI3aHHble C obecneveHneM KoHUaeHUManbHOCTU AaHHbIx. B Poc-
curickon ®efepaunm reHeTUHecKe UCCNenoBaHNs SBASIKOTCA OOHUM 13 Havbonee akTUBHO Pa3BMBaOLLMXCS HanpaBneHnin Haykn. B aToin
CBSI31 CTaHOBSATCS aKTyaslbHbIMU 3aa41 6e30MacHOro XpaHeHusi, aTMYHOro MCNob30BaHVs ¥ NPaBOBO 3alLyThl MoyYaeMbIX OaHHbIX.
PaccMOTpeHbl BO3MOXHbIE HaNpaBneHnst Ans AafbHenLero passmuTs HalUMoHalbHbIX PENO3UTOPUEB MEHETUHECKIMX 1 UMMYHOSIOMMYECKIX
[aHHbIX, & TaK>Ke BO3MOXKHOCTU [OMOSHUTENIBHOIO PEryMPOBaHNSt 00paLLeHNs C reHETUHECKMMI AaHHBIMI Ha 3aKOHOAATE/IbHOM YPOBHE.
BbiBoAbl. Ha ocHoBaHWM aHannaa gaHHbIX onpeneneHbl BO3MOXKHbIE PUCKN, CBA3AHHbIE C (hYHKLIMOHMPOBaHNEM Peno3nuTopues, Npeao-
>KEHbI Pa3NYHble MOAXOAb! K X MUHMMU3aLMN 1 ONTUMIU3ALMA Pa3BUTUS PENO3UTopMEB. B kadecTse oaHOro U3 Havbonee nepcrnexkTUBHbIX
HanpaBneHnin paccMaTpuBaeTcs pa3paboTka MHTErpaLVoHHbIX MOAY/en Ha OCHOBE UCKYCCTBEHHOMO MHTENNEeKTa A1t 06paboTku 1 aHHO-
TUPOBAHNA AaHHbIX, MPEACTaBNEHHbIX B CTaHAAPTU3MPOBaHHbLIX MPOTOKOMAX.

KniouyeBble cnosa: pe|'|03|/|Top|/||7|; reHeTn4eckre gaHHble; UMMYHOI0rn4eckre gaHHble; Hay4Hble NCCregoBaHna; PUCKN; BrobaHk

Onsa untupoBaHus: Tutosa A.lL, Tpycos I"A., baés A.B., CocuH [1.B., Hevaes [.H., Jlomos A.H., Makapos B.B., KOauH B.C., tOgnH C.M.
MupoBble peno3nTopun, COAeP KaLLe CBEAEHMA O pe3ynsraTtax NonyAALUMOHHBIX UMMYHOOMMYECKMX N FEHETUHECKIMX NCCneaoBaHni. Me-
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INTRODUCTION

Currently, there is a trend towards intensive develop-
ment and implementation of methodological solutions
for conducting population-based immunological and
genetic research in human studies. Genetic and im-
munological population-based studies are an interdisci-
plinary area that combines genetics, immunology, bio-
statistics, and bioinformatics. Immunology is an integral
part of such studies, since genetic factors play a crucial
role in shaping the immune response [1]. In addition, the
study of genetic variations allows the mechanisms of au-
toimmune and infectious diseases to be established [2].
An important area of research is aimed at assessing the
relationship between genetic heterogeneity and human
health, including the predisposition to the development
of various diseases [3].

The main areas of population-based immunological
and genetic research include identification of genetic
features of the human population (e.g., adaptation), de-
termination of the genetic and molecular determinants of
human diseases, study of the influence of genetic vari-
ability on drug response (pharmacogenetics), establish-
ment of the mechanisms of the human immune response
and assessment of its dynamical changes. Such studies
employ the methods of clinical data analysis, molecular
biology, immunology, and genetics. The research results
are significant, first of all, for the development of applied
scientific fields, such as personalized medicine aimed
at developing new methods for diagnosing and assess-
ing individual risks, creating personalized therapeutic
medications, and designing disease prevention pro-
grams based on individual genetic and immunological
characteristics. Currently, the leading methodological
approaches in the field of population immunology and
genetics are DNA and RNA sequencing, including at the

level of individual cells, as well as genotyping, immuno-
phenotyping, biocinformatics analysis, etc.

Population-based studies of genetic and immu-
nological markers are a priority area of medical devel-
opment, personalized medicine in particular. Genetic
analysis is used to predict disease risks, while immune
status monitoring is used to assess the effectiveness
of therapeutical interventions. The data obtained can
be standardized. In order to comprehensively assess a
patient’s health, it is necessary not only to use genetic
and immunological data but also to integrate them into
a unified system for analyzing variable biochemical and
physiological parameters. Integration of various quanti-
tative/qualitative medical and biological parameters into
unified health assessment models require new methods
and standards for variable parameters (even from the
same patient), which would allow the interpretation and
comparison of consolidated data. The future develop-
ment of this field is largely related to technological prog-
ress: modern methods of whole-genome sequencing
(including the analysis of long fragments and repeats),
combined with powerful computational resources, fa-
cilitate a detailed study of the contribution of genetic
variability and its interaction with various factors to the
development of diseases. This not only improves our
understanding of human biology, but also opens up op-
portunities for extending the functionality of biomedical
repositories that include specialized patient databases.

The relevance of this topic is due to the high volume
of human genetic and immunological data accumulated
as a result of research, the need for its systematization
and availability to the scientific community. According to
the Science and Innovation domain, in 2010-2025 in the
Russian Federation, approximately 15,000 studies men-
tioned genetic technologies and about 3,000 studies
mentioned sequencing', as shown in Fig.

" Domain “Science and Innovation”. https://gisnauka.ru/ (request date 10.04.2025).
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Fig. Dynamics of research and development activities in 2010-2025

At present, repositories for storing genetic and im-
munological data are being formed all around the world.
The main objective of these repositories is to accumulate
and systematize data related to genetic variability, in or-
der to subsequently analyze and develop new methods
for diagnosing and assessing individual risks, creating
personalized medications for therapy, and developing
disease prevention programs based on individual ge-
netic and immunological characteristics.

The creation of large genetic repositories is associ-
ated with a set of interrelated problems. First, there are
acute ethical issues, such as obtaining informed con-
sent from the patient, ensuring strict confidentiality of
their data, and informing the patient about precautions
to protect genetic information on their personal devic-
es. Second, there are analytical and technical challeng-
es related to the ever-increasing volume of data, which
requires continuous improvement of methods for its
interpretation and annotation, as well as the develop-
ment of approaches for comprehensive analysis within
various scientific concepts. This, in turn, necessitates
the resolution of data management issues, including
the establishment of clear access rules for qualified
personnel and the provision of reliable information se-
curity. Finally, it is important to consider the biologi-
cal complexity when interpreting the results; thus, the
implementation of genetic information into phenotypic
traits is always modulated by multiple environmental
factors.

In this study, we aim to review the global experience
of using human genetic and immunological data reposi-
tories with the purpose of determining their functional
features and role in the development of population im-
munology and genetics. To that end, the following main
objectives were formulated: to analyze the global expe-
rience of practical application of information stored in
human genetic and immunological data repositories in
order to determine the functional features of such re-
positories; to identify possible risks, including ethical
risks, risks of violating personal data confidentiality, and
unauthorized use risks, as well as the data interpreta-
tion correctness and reliability; and to identify possible
ways to mitigate these risks, development of proposals

330

to improve the implementation of genetic and immuno-
logical research results in practical medicine.

MATERIALS AND METHODS

We carried out an analysis of existing genetic and im-
munological data repositories based on information
obtained from open sources. To that end, 15 reposito-
ries were selected based on the highest levels of peer
review in the professional community, the frequency
of their mentioning in scientific publications, data from
consortia, and an analysis of official web resources. The
selection process for repositories included a three-step
strategy: the selection of scientific publications, dedupli-
cation, and filtering based on selection criteria.

The search process conducted through PubMed
and Google Scholar produced more than 100 studies
published in 2018-2024. The keyword phrases were
“genetic data repository” and “immunological data re-
pository”.

The initial pool of publications was analyzed and
sorted by the frequency of references, resulting in the
formation of a preliminary list of repositories and the re-
moval of duplicate repositories.

Next, repositories with insufficient description or
closed/paid access were excluded. In the next stage
of selection, the following criteria were taken into ac-
count: data volume (more than 500 values), geographi-
cal representation (the study included repositories
from four countries: the USA, the UK, Spain, and the
Netherlands), degree of data availability (open/closed/
paid access or only for the founder’'s employees), ap-
plication of international standards for data storage
(repositories containing data in the most common for-
mats, such as vcf).

For further analysis, the main criteria for evaluating
human genetic and immunological data repositories
were established, namely, data volume (the amount and
diversity of stored data); data accessibility (direct access,
licensing); and data formats (supported file formats).

To analyze the activities of the repositories, we se-
lected the resources that were formed in various coun-
tries and were active at the time of the study.
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We searched for information about repositories and
biobanks in the Russian Federation on the Internet us-
ing the following search terms: “genetic data repository”
and “immunological data repository”.

Despite the existence of numerous repositories, the
resources included in the study were the most signifi-
cant and sought-after systems for the scientific commu-
nity. The limitation of the analyzed sample is due to the
need to include only repositories with well-documented
data. The final sample covered global and niche plat-
forms that are relevant for further analysis of genetic or
immunological information in scientific research.

RESULTS AND DISCUSSION

The list of selected repositories included 15 informa-
tion resources: IGSR, AFND, GWAS, gnomAD, NCBI
GEO, BBMRI-NL, FHLdb, AIRR Data Commons, EGA,
IEDB, OMIM, NIDDK Central Repository, ArrayExpress,
ENA, and dbGaP [4-16]. Among them, 1 (6.25%) reposi-
tory was created in the Netherlands, 2 (12.5%) in Spain,
6 (37.5%) in the UK, and 7 (43.75%) in the USA.

As a rule, large repositories are created and main-
tained by forming international and inter-institutional
consortia. The most common sources of funding for re-
positories are government budgets (which account for
a significant portion), private foundations and charities,
and investments from pharmaceutical companies. For
example, in the USA, research funding is provided by
the National Institutes of Health (NIH), with contributions
from private foundations and charities. Pharmaceutical
companies also provide funding, due to their interest in
the results of genetic research for the development of
new medications.

Genetic and immunological population-based stud-
ies are the fundamental basis for the development of
modern medicine, including new methods for the dis-
ease diagnosis, therapy, prevention.

The availability of repository data is a key condition
for conducting scientific research; thus, such informa-
tion ensures reproducibility, enables comparative anal-
ysis, and supports the development of new tools and
methods. It is the direct access to data that encourages
the creation of new algorithms and software for data
analysis. The availability of genetic data repositories is
ensured by a combination of technological (standard-
ized data formats, technical infrastructure), organization-
al (metadata and annotations), and legal mechanisms
(personal data and ethical aspects). Currently, the most
common form of data access is through web interfaces.
This access can be free or paid (licensed). For example,
data from the IGSR is publicly available and can be freely
distributed [4].

Profile of leading genetic repositories

A review of open sources was conducted to compare
human genetic and immunological data repositories.
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According to the pre-defined evaluation criteria, 15 lead-
ing repositories with significant data sets were identified.
A list of aggregated data was compiled for each select-
ed repository, which is presented in the Table. The list
also includes references to the underlying sources that
describe the structure, purpose, and functioning of the
repositories, provided that such references are available
on their official websites.

Among the 15 repositories listed, 1 (6.25%) was de-
veloped in the Netherlands, 2 (12.5%) in Spain, 6 (37.5%)
in the UK (1 of which was developed jointly with Spain),
and 7 (43.75%) in the USA. In the Table, 12 (80%) are
direct-access repositories. Although 3 (20%) reposito-
ries provide closed access, detailed information on their
activity is available. In the majority of cases, the data for
export is presented in the txt format. However, it should
be noted that the list includes only the largest and most
widely used repositories, not all those available globally.
These repositories stand out not only in terms of their
data volume, but also in terms of their openness, which
facilitates international collaboration and improves the
reproducibility of research.

It should be noted that some repositories provide ac-
cess to only portions of the data. However, closed infor-
mation resources that specialize in storing confidential
data are also useful for research purposes. These da-
tabases, upon agreement with their owner, provide ac-
cess to clinical, phenotypic, and genetic data, making
them essential for medical research that requires privacy
protection. Additionally, there are closed repositories
that are not included in the list.

General principles for organizing genetic
repositories

Our study found the following essential conditions for a

high-quality repository:

e standardization, i.e., the data stored in repositories
must comply with specific standards to ensure prop-
er processing, comparison, automated analysis, and
long-term storage;

e reproducibility, including the importance of uniform
file formats;

e the presence of experimental conditions and meta-
data describing the data collection methodology, the
samples used, and the analyses performed.

Data storage formats

We identified a high-level heterogeneity among experi-
mental platforms and analysis methods, which leads to
a variety of data formats. This is primarily due to the hu-
man factor, since different specialists use different meth-
odological approaches to solve the same bioinformatics
problem. In the future, this could lead to the impossibility
of data comparison.

At the same time, standardized formats and on-
tologies are used to ensure data compatibility when

331




OB30P | FEHETUKA

Table. Aggregated data on repositories

Repositor Data Data
No. P y Prospect Description State Data set acces- export
name o
sibility formats
The Inter- A catalog of
. common human
national enetic variations VCF,
Genome . g : ' 2504 samples Direct '
1 Samole Genetics including samples UK from 26 pobulations 4CCESS Fastq,
P taken with the bpop BAM
Resource consent of
2
(GSR) individuals
The number of frequencies:
155,685 (HLA), 6731 (KIR),
Database containing 4376 (cytokine), 877 (MIC)
Allele Fre- . allele frequencies of from 14,264,290 people.
Genetics, | . : . .
quency Net | | immune genes and Population studies — Direct
2 immuno- . . UK CsVv
Database o their corresponding 1802 people, gene/allele access
(AFND)® 9y alleles in various data — 1786 people,
populations haplotype data —
684 people, genotype
data — 192 people
The NHGRI- o . 7083 publications, 692,444
EBI Catalog Contains information . -
L primary associations, and
of human about associations
enome- of genetic markers 96,947 complete summary Direct TSV,
3| < Genetics g UK statistics. OWL/RDF,
wide as- with phenotypes . access
sociation useful for Data is mapped to Genome EFO
. ) Assembly GRCh38.p14 and
studies pharmacogenetics dbSNP Build 15
(GWAS)*
The Provides exome 730,947 exome sequences
Genome sequences and and 76,215 complete Direct
4 | Aggregation | Genetics | complete genomes USA genome sequences from VCF, TSV
X o access
Database for studying rare unrelated individuals of
(gnomAD)* genetic variants different origins
Gene
5 Omnibus Genetics an dpRN A me?h Iatic?n USA 4348 data sets 200ESS SOFT,
(NCBI o y MIAME.
GEOYs profing
Biobanking Geneth, epgeneﬂo,
A set of data and transcriptomic, and
Netherlands . e Neth- . Closed
6 Genetics omic” signatures of metabolomic data from TXT
(BBMRI- . erlands access
diseases 35,000 samples from
NL)
29 cohorts

N o o s ® w®
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IGSR: The International Genome Sample Resource (project 1000 Genomes). http://www.internationalgenome.org/ (request date 27.11.2024).
Allele Frequency Net Database. http://www.allelefrequencies.net (request date 27.11.2024).
GWAS: The NHGRI-EBI Catalog of human genome-wide association studies. https://www.ebi.ac.uk/gwas/ (request date 27.11.2024).
gnomAD: The Genome Aggregation Database. https://gnomad.broadinstitute.org/ (request date 27.11.2024).
NCBI GEO: Gene Expression Omnibus. https://www.ncbi.nlm.nih.gov/geo/ (request date 27.11.2024).

BBMRI: Biobanking Netherlands. https://www.bbmri.nl/ (request date 28.11.2024).
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Table (continued)

Repositor Data Data
No. P y Prospect Description State Data set acces- export
name -
sibility formats
Database
on the Information about registered
Molecular . .
Basis of Database of variants in 4 FHL-related
Familial He- | CM®US: | ariants of familal genes (PRF1, UNCT3D, Direct
7 immuno- . Spain STXBP2, STX11), including JSON
mophago- hemophagocytic . | ! access
) logy . : 579 variants (including
cytic lymphohistiocytosis . .
. missense, nonsense, indel,
Lymphohis- splicing, etc.)
tiocytosis plicing, ete.
(FHLdb)®
Data on the use
of sequencing -
Genetics, technologies to 5.2 billion annotated . MIAIRR,
AIRR Data | . . sequences, 67,000 clones, Direct
8 immuno- | study the repertoires | USA YAML/
Commons?® . ) 133,000 sorted, access
logy of antibodies/B-cell . JSON
single B/T cells
receptors and T-cell
receptors
European Archiving and
Genome- Qenehcs, d|ssem|lnat|o.n' of UK, 11,775 genetic, phenotypic, Closed
9 phenome immuno- | personal identifiable X . TAR.GZ
. . Spain and clinical data sets access
Archive logy genetic and
(EGA)° phenotypic data
Peptide epitopes: 1,621,303;
The Im- non-peptide epﬁopgsz
. A resource for 3189; T-cell analysis:
mune Genetics, . . . XLSX,
: ) searching and 541,542; B-cell analysis: Direct
10 Epitope immuno- L USA . Csv, TCB,
exporting immune 1,414,095; MHC ligand access
Database logy . . . JSON
" epitopes analysis: 4,881,627; epitope
(IEDB) .
source organisms: 4579;
references: 25,400
. An updated catalog
Online .
) of genes, genetic Autosomal genes: 26,080;
Mendelian ; . .
) , disorders, and X-linked genes: 1382; Direct
11 | Inheritance | Genetics : o USA . TXT
, phenotypic traits in Y-linked genes: 63; access
in Man : . ;
1 humans and their mitochondrial genes: 72
(OMIM) ) .
relationships
Cenltral Re- A centralized
pository —
National research resource for Closed
12 . Genetics | diabetes, digestive USA 5767 data sets Csv
Institutes . access
system diseases,
of Health and kidney diseases
(NIDDK)® y

8 FHLdb: Database of variants of Familial Hemophagocytic Lymphohistiocytosis syndrome. https://www.biotoclin.org/FHLdb/ (request date 28.11.2024).
¢ AIRR Data Commons. https://docs.air-community.org/en/stable/index.html (request date 28.11.2024).

0 EGA: European Genome-phenome Archive. https://www.ebi.ac.uk/ega (request date 28.11.2024).

" |IEDB: The Immune Epitope Database. https://www.iedb.org/ (request date 28.11.2024).

2 OMIM: Online Mendelian Inheritance in Man. http://www.omim.org/ (request date 28.11.2024).

3 NIDDK Central Repository — National Institutes of Health. https://repository.niddk.nih.gov/home/ (request date 29.11.2024).
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Table (continued)

Repositor Data Data
No. P y Prospect Description State Data set acces- export
name o
sibility formats
Functional .
. Collection of .
13 genornics Genetics | functional Genomics UK 78,511 data sets Direct | CEL, TXT,
data (Array- access XML
data
Express)
A resource of
bio-data, including
European re r:)us?tf?tldreosxl/igin Assembly 2,046,549,
Nuole%tide aczess toyaemotate% Sequence 23,430,609, Direct
14 . Genetics UK Coding 38,244,291; Non- CSVv
Archive DNA and RNA . ) access
(ENA)S sequences, to coding 1,265,026; Read
. ! 2,990,747; Analysis 998,067
information on
experimental
procedures, etc.
Database of Genotype 4,039,007
Genotypes Database of Expression Analysis Direct
15 | and Pheno- | Genetics genotypes and USA | 422,847, Somatic Mutations 2CCESS TXT
types phenotypes 100,614; Genome 683,996;
(dbGaP)e Epigenome 88,733

Table prepared by the authors

exchanging information between different reposito-
ries. For example, the FASTQ format is used to store
sequencing read sequences; SAM is a text format for
storing aligned sequences; bam is a binary format for
storing aligned sequences; VCF is a more compact for-
mat than SAM for storing and analyzing large amounts
of sequencing data; TXT (text format, tab-delimited) is
the simplest and most common format, containing ex-
pression values for each gene in each sample, and is
suitable for importing into most data analysis programs;
CSV (comma-separated values) is similar to TXT, but
separates values with commas, and is widely sup-
ported; SOFT (simple omnibus format in text) is a more
structured format than TXT/CSV, which contains meta-
data about the platform, samples, and gene expression
data, allowing for automated processing and analysis of
large amounts of data, it is generally recommended for
comprehensive analysis; MIAME (minimum information
about a microarray experiment) is an XML-based for-
mat that contains more metadata than SOFT, ensuring
maximum reproducibility and interpretability of data, it is
often used for data exchange between databases and
for analysis purposes; TCB and EFO are files for use in
Binary Data or other software; RDF is a format for rep-
resenting interrelated data; XML is a markup language
that allows the user to define and store data; MiAIRR is a

data set that defines the information that should accom-
pany TCR/BCR repertoire data for its correct interpreta-
tion; YAML is a structured representation of information;
JSON is a standard text format for storing and transmit-
ting structured data; TAR.GZ is an archive of data; XLSX
is a table-based data format; CEL contains all types of
data that have been collected; TSV is a text format for
representing database tables; OWL is an ontology de-
scription language.

Repository components and structure

A repository typically consists of several components:
a database, which is the central repository of informa-
tion, where data such as DNA sequences, gene ex-
pression profiles, phenotypic data, and metadata and
ontologies are stored; a web interface that allows the
user to search, filter, download, visualize, and analyze
data; a version control system that allows the user to
track changes in data and metadata and restore previ-
0us versions when necessary; an access control system
that determines which users have access to which data,
which is especially important for protecting the privacy
of personal data.

Metadata can be of various types. Thus, some
repositories contain data only on the country of

™ ArrayExpress: Functional genomics data. https://www.ebi.ac.uk/biostudies/arrayexpress (request date 27.11.2024).
s ENA: European Nucleotide Archive. https://www.ebi.ac.uk/ena/browser/home (request date 29.11.2024).
6 dbGaP (Database of Genotypes and Phenotypes). https://www.ncbi.nlm.nih.gov/gap/ (request date 29.11.2024).
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residence of the people participating in the study,
while others may contain more detailed data, such as
the age, gender, and ethnicity of the people participat-
ing in the study. Additionally, there are resources dedi-
cated to visualizing genetic data, known as genomic
browsers.

The structure of databases can be centralized (ac-
cessible to a wide range of researchers; this approach
is typically used in large international projects) or de-
centralized (accessible only to a limited number of us-
ers; this approach is used in many research institutions
and universities). Additionally, it should be noted that
consortia can be formed to unite multiple research
groups to create and maintain large databases. An im-
portant element of any repository structure is the pres-
ervation of data over a long period of time, which is
especially important for long-term research. Currently,
cloud technologies are being used to store genetic and
immunological data.

Genetic databases as the foundation of modern
genomic research are extensive collections of infor-
mation about the human genome and other organ-
isms, including variations in DNA sequences, their
frequency in different populations, and their associa-
tion with phenotypic traits. These databases can be
divided into two main subcategories: general genom-
ic databases (e.g., the 1000 Genomes Project) and
genotyping and phenotyping databases (e.g., NHGRI
GWAS) [6].

Immunological databases (e.g., IEDB) play a key role
in understanding the mechanisms of the immune sys-
tem, which is a complex network of cells, tissues, and
molecules that protect the body from infections and
other threats. These databases can be divided into the
following categories: immune receptor databases and
immunophenotyping databases [13].

Multimodal databases are integrative databases ob-
tained by various omics technologies, including genom-
ics, transcriptomics, proteomics, and metabolomics.
The application of such databases provides a more
complete understanding of biological processes and
complex interactions between different levels of biologi-
cal organization (e.g., as applied in GEO) [8].

Repositories usually provide direct access to data,
although there may be restrictions related to privacy or
copyright. There are also mixed-type repositories that
support direct access to some, while closed or paid ac-
cess to other data.

In some repositories, users can search for data
based on various criteria (such as data type, organism,
or disease) and download it for further analysis.

Data privacy
Data privacy is a critically important issue for genetic
and immunological repositories. To ensure data privacy,

a range of measures are taken to protect the personal
information of research participants. The key measures
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for ensuring data privacy include data anonymization;
data aggregation, where data from multiple individuals
is combined to create larger groups, making it difficult
to identify individual participants; data encryption during
storage on servers and transmission between systems;
and a multi-level access role model; multi-factor authen-
tication; actions logging; detection of unauthorized ac-
cess signs; privacy agreements; regular security checks
for vulnerabilities; additional measures applied to limit
the duration of data storage.

Repository operation risks

The main risks associated with the use of repositories
are of ethical, legal, and biological origins [17]. It is im-
portant to note the ethical risks are associated with
obtaining genetic and immunological data in research.
For example, when conducting research on the ge-
nomes of indigenous peoples in coastal Ecuador [18]
and American Indians [19], given the highly specific and
unique characteristics of the study cohorts, there is a
risk of data leakage even with the use of the most ad-
vanced anonymization methods. Genetic data misuse
can also lead to false conclusions and discrimination.

The discovery of genetic markers associated with cer-

tain diseases can contribute to social stigmatization.

Additionally, the monopolization of genetic and immu-

nological data can limit access to important medical

research and development.

Among other things, the issue of protecting intellec-
tual property rights for data acquisition methods and
genetic and immunological data itself is at risk. Genetic
data is often considered to be a discovery of natural
phenomena rather than an invention, which makes it
difficult to patent. However, genetic data is regularly
updated and expanded, which creates challenges
when defining the boundaries of intellectual property.
It is also worth noting that there are currently signifi-
cant differences in the legislation of different countries,
which makes it difficult to protect the intellectual prop-
erty of genetic and immunological data internationally.
The intellectual property protection based on genetic
and immunological data may conflict with other rights,
such as the right to privacy and the right to informa-
tion. There are also technological challenges, such as
the identification and data tracking and the protection
against unauthorized use. Possible solutions to these
problems include:

e establishing independent ethical committees to eval-
uate projects involving genetic data;

e raising public awareness about the importance of
protecting genetic and immunological data and the
related ethical issues;

e regulating direct access to genetic data to accelerate
scientific research and prevent monopolization;

e developing adaptable licensing agreements that en-
sure a balance between protecting intellectual prop-
erty and ensuring public access;
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e establishing international accords and standards to
regulate the protection of intellectual property rights
to genetic data.

The main biological risks are associated with the un-
controlled release of genetically modified food products;
editing of the human genome; and the creation of bio-
logical weapons [17]. In Russia, the procedures for the
release of genetically modified food products are based
on licensing, certification, and registration of genetically
modified organisms, as well as their control. The Criminal
Code of the Russian Federation defines the provisions
governing the responsibility for the creation and use of
biological weapons.

Genetic repositories in the Russian Federation

Russian genetic and immunological data repositories
were not included in the study due to their non-compli-
ance with the selection criteria. However, these reposi-
tories should be mentioned to provide a comprehensive
understanding of the development of this area in the
Russian Federation.

The Russian Federation is actively supporting genetic
research, which raises a number of important issues re-
lated to the storage, use, and protection of genetic data.
In 2019, the Federal Research Programme for Genetic
Technologies Development'” was approved. This
Programme aims to promote the development of ge-
netic technologies in Russia. As part of the Programme,
three world-class genomic research centers have been
established.

There are several open genetic repositories avail-
able for researchers in Russia. In 2021, the Genetico
center and the Serbalab laboratory, in collaboration
with the Bioinformatics Institute, created and made
publicly available the first Russian database of genetic
variants and their occurrence in the Russian popula-
tion, referred to as RUSeq. This database contains in-
formation about genetic variants identified in more than
6,000 individuals. It is important to note that, similar to
most foreign repositories, RUSeq stores de-identified
data [20].

There is also the National Aggregator of Open
Repositories of Russian Universities (NORA)™, which
combines the research results of Russian research-
ers and provides access to materials published in the
public domain. The Vavilov All-Russian Institute of Plant
Genetic Resources (VIR) also collects, stores, and
studies plant genetic resources and provides access
to the VIR collections for scientific research.

In 2024, the Law on the creation of the National
Genetic Information Database was enforced™. This is a
state information system for ensuring national security,
protection of life and health of citizens. It guarantees

sovereignty in the field of storage and use of genetic
data, as well as the exchange of information between
governmental agencies and holders of relevant infor-
mation. This will make it possible to conduct large-
scale genetic research and develop new methods for
the diagnosis and treatment of diseases, to develop the
pharmaceutical industry, and to improve the quality of
medical care.

In 2020-2024, the Russian Federal Medical and
Biological Agency (FMBA) developed one of the
world’s largest databases of population frequencies
of genetic variants.?® This database contains data on
120,000 conditionally healthy people, as well as in-
formation on more than 550,000,000 unique genetic
variants and their prevalence in the Russian popu-
lation. It should be noted that the structure of this
database is centralized and similar to international
repositories.

The National Genetic Initiative “100,000+Me” is a
unique Russian project aimed at improving the methods
of diagnosis and therapy of hereditary and oncologi-
cal diseases by determining the genotypes of 100,000
Russians from various geographical regions and differ-
ent populations. The aim is to search for genetic vari-
ants that occur in Russia, summarize their similarities,
and identify differences.?’ The “100,000+Me” initiative is
being implemented by “Biotek Campus” and was devel-
oped jointly by Rosneft Oil Company and Lomonosov
Moscow State University.

A special mention should be made of the Russian
resource implemented by the Federal Medical and
Biological Agency (FMBA) of Russia — the National
Information Resource, which contains information
about population-based immunological and ge-
netic studies conducted in the Russian Federation.
Information about such studies contains the results
of research aimed at obtaining information that is in-
extricably linked to the molecular and genetic charac-
teristics of humans, which contribute to the study of
health parameters, prediction of the risk of developing
chronic diseases, and assessment of the functional
characteristics of the human immune system in nor-
mal and pathological conditions. Around the world,
there are a number of disconnected repositories con-
taining genetic and immunological data; however, the
FMBA resource is a unique solution that provides a
comprehensive analysis of a large number of studies
in a single digital interface. In the future, this resource
may facilitate international collaboration between re-
search teams based on the analysis of their compe-
tencies and experience in the application of advanced
methods for conducting genetic and immunological
population-bases studies. This is important for ad-
vancing scientific research in the area of healthcare at

7 Federal Research Programme for Genetic Technologies Development for 2019-2027. http://government.ru/docs/36457/ (request date 29.11.2024).

8 National aggregator of open repositories of Russian universities (NORA). https://www.openrepository.ru/ (request date 29.11.2024).

19 National Genetic Information Database. http://nrcki.ru/product/mic-izvestiya/-48080.shtml (request date 29.11.2024).

20 Database of population frequencies of genetic variants of the population of the Russian Federation. https://nir.cspfmba.ru/info (request date 29.11.2024).
21 National Genetic Initiative “100,000+Me”. https://www.biotechcampus.ru/ (request date 29.11.2024).

336

MEOVLIHA SKCTPEMATbHBLIX CUTYALIMI | 2025, TOM 27, Ne 3



REVIEW | GENETICS

the national level. Currently, there are other analogues
in the Russian Federation.

In addition, in Russia, a network of biobanks is cur-
rently being developed. A biobank is a repository that
contains human biological samples (blood, saliva, and
tissues) and related genetic data. Each biobank requires
quality control. For example, such biobanks have been
established at the following facilities: National Medical
Research Center for Therapy and Preventive Medicine?,
Almazov National Medical Research Center?, and the
Sechenov First Moscow State Medical Univesity?.
Biosamples from these biobanks are used for various re-
search projects, including the study of genetic biomark-
ers for diseases and the development of new medica-
tions.

In this study, we analyzed information exclusively from
open databases, without taking into account reposito-
ries with closed or paid access for Russian organiza-
tions, which comprises the main limitation. It should also
be noted that our objectives did not include analyzing
and identifying the features of all existing repositories,
which determined the inclusion of only a few repositories
with a large amount of well-documented data.

The standardization of genetic data repositories
plays a key role in ensuring compatibility, reproducibil-
ity, and efficient use of information. Thus, unified storage
formats such as FASTQ for sequences, VCF for genomic
variants, and BAM/SAM for alignments minimize the risk
of errors during analysis, while support for cloud integra-
tions and open APIs (Application Programming Interface)
allows for research scaling without the need for manual
downloading of large amounts of data. Metadata stan-
dards ensure that samples are described in full (source,
sequencing methods), which is important for compar-
ing results between different studies. Unified bioinfor-
matics protocols reduce variability in data processing.
Without this standardization, it would be impossible to
integrate large-scale projects such as IGSR with clini-
cal databases, which would hamper the identification of
pathogenic mutations and the development of personal-
ized medicine. Currently, a number of studies are being
conducted to optimize the storage formats for genetic
data [21] and the protocols for their bioinformatics pro-
cessing [22].

It should be noted that the joint storage of genetic
and immunological data is successfully implement-
ed in the following repositories: Allele Frequency Net
Database, FHLdb, AIRR Data Commons, EGA, and
IEDB. It is important to emphasize that the development
of a unified global repository with the ability to integrate
modules containing standardized results of genetic and
population immunological studies can have a significant

positive impact on the development of medicine and ac-
celerate technological progress.

Ethical regulation of genetic research aims to provide
a balance between scientific progress and the task of hu-
man rights protection, including the mandatory obtaining
of informed consent, guaranteeing the data anonymity,
and preventing possible discrimination. Special attention
is paid to vulnerable groups (indigenous peoples, pa-
tients with rare diseases), whose data can only be used
if they are directly involved in decision making. Modern
challenges, such as the risk of re-identification of anony-
mous genomes or the use of artificial intelligence in DNA
analysis, require constant updating of legal norms and
strengthening of cybersecurity to maintain public trust
in genetic research. There is a view that ethical com-
mittees should acquire a more significant weight than
they currently do [23]. It is important to note that protec-
tion against ethical risks is a relevant topic of discussions
both in Russia and abroad.

In the Russian Federation, genetic information and
its legal regime are regulated by the Federal Law?®,
which defines genomic information as personal data
that includes encoded information about certain frag-
ments of a person’s or an unidentified corpse’s de-
oxyribonucleic acid, which does not characterize their
physiological characteristics. Additionally, Federal Law
No. 152-FZ of July 27, 2006%, establishes that ge-
nomic information is closely related to the category of
biometric personal data (article 11) and requires the in-
dividual’'s consent for its subsequent processing and
dissemination (article 7). However, there is an opinion
that it is incorrect to refer to genetic information only
as personal data, since the owners of this information
are not only the persons who participated in the study,
but also their genetic relatives [24]. In this regard, it
seems appropriate to define genetic information as an
independent type of data at the legislative level. Once
such a definition is established, there will be a need
for further legislative regulation of the handling of ge-
netic information. It is worth noting that many Russian
authors of scientific publications emphasize the need
to improve the regulatory framework, e.g., in terms of
genetic passporting of the population [25], protection
of genetic data [26], or the development of genomic
law [27].

Patenting genetic sequences as substances is ac-
ceptable; however, it carries the risk of duplicating rights
to identical sequences, which requires limiting absolute
protection. A possible alternative is to patent a specif-
ic application of the sequence (such as a therapeutic
method), which requires international harmonization
due to conflicts of interest. Current regulations focus

22 Biobank at the National Medical Research Center for Therapy and Preventive Medicine. https://gnicpm.ru/scientific-directions/biobank.html (request date

29.11.2024).

2

@

Biobank at the Aimazov National Medical Research Center. http://www.almazovcentre.ru/?page_id=69701 (request date 29.11.2024).

24 Biobank at the Sechenov First Moscow State Medical Univesity. https://www.sechenov.ru/pressroom/news/zamorozhennaya-kollektsiya-kak-sechenovskiy-
universitet-sozdaet-biobank-dlya-nauchnykh-issledovaniy-/ (request date 29.11.2024).

o
o

26 Federal Law No. 152-FZ dated July 27, 2006, “On Personal Data”.

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Federal Law No. 42-FZ dated December 3, 2008 “On State Genome Registration in the Russian Federation” (as amended and supplemented).
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on industrial applicability, requiring the disclosure of the
functional annotation of a gene, rather than solely its
structure. Although the know-how regime is possible, it
restricts access to data, hindering scientific innovation,
and is less attractive due to the lack of exclusive rights.
There is also a view that a clearer distinction between
“discovery” and “invention” in the genetic research area
is necessary [28]. Most legal systems, including the
Russian one, currently do recognize the fundamental
possibility of patenting a gene (or a gene fragment), but
under certain conditions that aim to prevent the monop-
olization of knowledge about nature.

CONCLUSIONS

In the long term, the development of genetic and pop-
ulation-based immunological research will significantly
improve public health and enhance the quality of life.
International genetic data repositories play a crucial role
in advancing modern medicine and scientific research
by providing access to extensive databases for studying
genetic variation, disease susceptibility, and treatment
responses. However, in order to effectively use this data,
it is necessary to address the challenges of improving
the quality and security of stored information, ensuring
confidentiality, and standardizing methodological solu-
tions to facilitate analysis and interpretation of data by a
wide range of specialists, including those without pro-
gramming skills (molecular biologists, medical doctors,
etc.). The continuous development of technology and the
emergence of new standards are making repositories
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ACE2 GENE TRANSGENESIS ENHANCES MEMORY M) Check for updates
OF PSYCHOPHYSIOLOGICAL TRAUMA IN MOUSE MODELS
OF POST-TRAUMATIC STRESS DISORDER

Yulia A. Timoshina™, Tatiana S. Deinekina, Elena V. Savinkova, Vladimir S. Yudin, Anton A. Keskinov, Valentin V. Makarov,
Elmira A. Anderzhanova

Centre for Strategic Planning and Management of Biomedical Health Risks of the Federal Medical and Biological Agency, Moscow, Russia

Introduction. The development of symptoms in post-traumatic stress disorder (PTSD) is determined by a set of factors, which are not limited
to classical neurotransmitter systems in the brain or stress hormones. In particular, the brain renin-angiotensin-aldosterone system may be
involved in the mechanisms of PTSD.

Obijective. To study the effect of HACE2 expression, angiotensin-converting enzyme 2 (ACE2) gene, on anxiety and susceptibility to psycho-
physiological stress in mice in the foot electroshock (FS) model of PTSD.

Materials and methods. The experiments were conducted using 4-5-month-old male C57BI/6N and k18-hACE2-KI mice. C57BI/6N mice
were divided into three groups: control (n = 7); the foot shock (FS) (n = 7); FS + lisinopril (n = 7). k18-hACE2-KI mice were divided into two
groups: control (n = 7) and the FS (n = 8). Pavlovian fear conditioning was performed using FS as an unconditioned stimulus. Mice in the
FS + lisinopril group received lisinopril at a dose of 10 mg/kg per day with drinking water for 28 days after psychophysiological trauma. The
expression of fear, reflecting the memory of psychophysiological trauma, was assessed on day 7 and day 28 after FS exposure. The magni-
tude of the fear response was assessed by evaluation of the relative time of freezing. The open field test was used to assess general locomo-
tor activity. The tail suspension test was used to assess the stress-coping strategy, while the light-dark box test and the elevated plus maze
test were used to measure anxiety. The Barnes maze test was used to explore spatial navigation and spatial learning dynamics. Behavior
was analyzed using the ANY-maze Video-Tracking Software. Statistical analysis was performed using the Prism GraphPad v.10.0 software.
Results. k18-hACE2-KI mice with expression of humanized ACE2 gene under the control of the cytokeratin gene promoter showed a more
pronounced ability to remember and retain the memory about the conditioned stimulus/context of the traumatic event in the PTSD-model
when compared to C57BI/6N mice. Anxiety measured in the light-dark box test was lower in k18-hACE2 mice than C57BI/6N mice after FS.
At the same time, there was a decrease in the open-field motor activity and there were no changes in spatial memory in the Barnes maze
test. Lisinopril, an ACE inhibitor (28 days after FS), did not reduce traumatic memory in C57BI/6N mice, indicating that the promnestic effect
of hACE2 gene expression is not a result of systemic hypotension and pointing at the involvement of the central mechanisms in the realization
of hACEZ2 gene effect in the pathological phenotype development.

Conclusions. The data indicate that the hACEZ2 gene affects the stress response in mice. Specifically, the expression of hACE2 gene in mice
leads to increased memory of psychophysiological trauma and reduced extinction of traumatic memory compared to wild-type mice. This
may be due to the modulation of the ACE2-dependent renin-angiotensin-aldosterone system in the brain. The decreased RAAS activity under
the action of the ACE inhibitor lisinopril with a hypotensive effect did not affect memory in wild-type mice.
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TPAHCIEHES3 MO MEHY ACE2 YCUNTMBAET NMAMATb O NCUXO®U3NOIOIMYECKOW TPABME
B MOAENIN MOCTTPABMATUYECKOIO CTPECCOBOIO PACCTPOUCTBA Y MbILLIEN

HO.A. TumowumHa™, T.C. OeriHeknHa, E.B. CaBuHkoBa, B.C. HOguH, A.A. KeckurHoB, B.B. Makapog, 9.A. AHasip»KaHoBa

LleHTp cTpaTernieckoro naHMpoBaHNs 1 ynpaBAeHs Meauko-01MoNorM4ecKnMy puckamm 3aopoBsbio PeaepanbHOro Meamnko-
6uonorundeckoro areHTcTea, Mockea, Poccus

BBepneHue. Pa3BuTiie CUMNTOMOB NOCTTPaBMaTUYECKOro CTPeccoBoro pacctporictaa (MTCP) onpenensieTcst KOMMNeKcoM hakTopoB, KO-
TOpble He OrpaHNYMBAIOTCS MPUHAANEKHOCTBIO K KNacCU4eCKUM HEMPOTPaHCMUTTEPHBIM CUCTEMaM MO3ra Wan CTPECCOBLIM FOPMOHaM.
B vacTtHOCTY, B MexaHu3Mbl [TTCP BO3MOXXHO BOBNEYEHNE PEHNH-AHMMOTEH3MH-a/1bA0CTEPOHOBON CUCTEMBI MO3ra.

Llenb. MN3y4deHre BnnsiHns akcnpeccumr reHa hACE2 aHrnoTeHauHnpeBpallatoLlero epmenHTa 2-ro Tuna (ACE2) Ha TpeBOXXHOCTb 1 BOCMpU-
MNMYMBOCTb K MCUXOMU3MONOMMHECKOMY CTpeccy npu mopenunposarum MTCP-nogobHOro CocTosHNS Y MblLLER, OCYLLECTBAEHHOMY C Mpu-
MeHeHueM anekTpoLloka (3LL) koHeuHocTen.

© Yu.A. Timoshina, T.S. Deinekina, E.V. Savinkova, V.S. Yudin, A.A. Keskinov, V.V. Makarov, E.A. Anderzhanova, 2025
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MaTepuanbl 1 MeTofbl. OKCNepuMeHTbl ObiN NpoBeaeHbl Ha camuax Mbiten nuHuin C57BI/6N 1 k18-hACE2 Bospactom 4-5 mecs-
ueB. Bbino cchopmurposaHo Tpu rpynnbl Mbiwen anHum C57BI/6N: rpynna «koHTponb» (N = 7); rpynna «anekTpoLuok (SLU)» (n = 7); rpynna
«QLL + nuamnHonpwn» (n = 7); Age rpynnbl Mbiwern nvHun k18-hACE2: rpynna «koHTponb» (n = 7); rpynna «3LL» (n = 8). MNposegeHo obycnos-
nMBaHue peakummn ctpaxa rno Maenosy ¢ ncrnonb3osaHrem SLL KoHe4YHOCTel B kavecTBe 6e3yCnoBHOro ctumyna. Mbiwu rpynnsl «SLL + nun-
3UHOMNPWI» B TeHeHne 28 AHen nocne Ncuxoduanonormyeckorn TpasMbl Noydani nn3nHonpun B o3e 10 Mr/Kr B CyTKIN C MATbEBOW BOAOMN.
OueHKy 9KCNpeccun peakLmmn cTpaxa, oTparkatoLLen NamMaTb O MCUXOMPU3NONOrMYEeCKON TpaBMe, MPOBOAVAM Ha 7-e 1 28-e CyTKM nocne
Bo3aencTBms SLL. BennyunHy akcnpeccumn peakLimm ctpaxa oLeHnBani no 0THOCUTENBHOMY BPeMeHI 3ammpanns. [Ans oueHky obLei no-
KOMOTOPHOW aKTUBHOCTI MCMONb30BaN TECT «OTKPbITOe nosie». OUeHKY CTpaTerumn CTpecc-3aB1MCMMOro NOBEAEHNS N3yYanu B TeCTe Noa-
BELLUMBaHNS 3a XBOCT; OLEHKY TPEBOXKHOCTN — B TECTaXx «CBETIO-TEMHAA Kamepar» U «MPUNOLHATLIN KPeCTOObpa3HbIi NadbnpuHT». OLEeHKY
NPOCTPaHCTBEHHOW HaBMraLm 1 aYHaM1KK NMPOCTPaHCTBEHHOMO 0Oy4YeHNs NpoBOAWM B TecTe «nabupuHT BapHca». [NoBegeH4Yeckue na-
pameTpbl OLEeHMBaNM NpY NoMoLLM nporpaMmmHoro obecneveHns ANY-maze Video-Tracking Software. Ctatuctuieckumin aHanms npoBegeH
¢ nomoLbto naketa N0 Prism GraphPad 10.0.

Peaynbtarthl. [pyn mogenupoBaHum MTCP-nogo6HOro CocTosiHUS ¢ MOMOLLbIO SLLI koHevHocTel y Mbiten nuHnm k18-hACE2 ¢ akcnpeccu-
el reHa rymaHunanpoBaHHoro ACE2 nof KOHTpOeM NPOMOTOPAa reHa LiMToKepaTnHa BbisBieHa 6onee BblparkeHHas CoOCOBHOCTb, MO CpaB-
HEHWO ¢ Mblwamu AnHUKM C57BI/6N, K 3anOMUHAHMIO 1 yOEPXaHNIO NamMAT 06 YCNOBHOM CTUMYNE/KOHTEKCTE TPaBMUPYIOLLErO COObITUS.
Mocne Boaaenctaus SLU y mbiwent nuHnm k18-hACE2 TpeBOXXHOCTb B TECTE «CBETNO-TEMHast Kamepa» Bbla HKE MO CPaBHEHNIO C Mblla-
M1 nvHum C57BI/6N. Mpu 9ToM Habtogany CHKEHVE ABUraTeNbHOM akTUBHOCTM B TECTE «OTKPLITOE MOe» 1 He 0OHapy>XMBann N3MeHe-
HWUIA B NPOCTPAHCTBEHHOM NaMAT B TeCTe «1abupuHT BapHcar. MpumeHeHne nuanHonpuna, nHrnbutopa ACE, y mbiwenn nnHim C57BI/6N
B TeyeHve 28 aHen nocne SLL He NpYBOANNO K CHYXKEHMIO TPaBMaTUHYECKOM NaMsATI, YTO CBUAETENbCTBYET O TOM, YTO MPOMHECTUHECKMIA
abdekT akcnpeccun reHa hACE2 He sBNsieTCS CNeaCcTBMEM CUCTEMHOW MMNOTEH3UM, 1 yKa3blBaeT Ha y4acTUe LeHTpanbHbIX MEXaHU3MOB
B peanusaummn adpdekTa reHa hACE2 npun hopMmnpoBaHnm NaTonorm4eckoro eHoTuna.

BbiBogbl. [MonyyeHHble AaHHble CBUOETENbCTBYIOT O BAUSHUM reHa hACE2 Ha hopMMpoBaHve peakumn Ha CTPEeCC Y Mbillel, a UMEHHO,
akcnpeccua hACEZ2 y MbllLe CONPOBOXAAETCS YCUIEHNEM NaMATU O NCUXOM3NONOTMHECKON TPaBME N CHXKEHNEM SKCTUHKLMN NamMsATh
O TpaBMe MO CPaBHEHWIO C MbiLLaMW ANKOrO TUMNA, YTO MOXET ONPeaenaTbcs Moaynsumen aktneHocT ACE2-3aBUCMOro Kackaga peHuH-
aHMOTEeH3MH-aNbAeCTEPOHOBOM CUCTEMbI B MO3re. YMeHbLUEeHWE perynmpoBaHns akTusHocT PAAC npu npuMmeHerun nHrnbrntopa ACE
M3NHOMPUIA C MMNOTEH3MBHBIM AENCTBMEM HE OKadblBasio BAUSHMSA Ha MaMsTh Y MbILLEN AMKOro Tuna.

KntoyeBble cnoBa: NOCTTpaBMaTM4eCKOe CTPECCOBOE PacCTpPoncTBO; hACE2; TPEBOXKHOCTbL; MaMsATh; SIM3VHOMPWI
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CTBa Yy Mbien. MeauumHa skcTpemasibHbix cutyaumii. 2025;27(3):341-350. https:/doi.org/10.47183/mes.2025-321
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INTRODUCTION

The significance of post-traumatic stress disorder (PTSD)
among other stress-related diseases is determined by
the high probability of health and life threats, the high
incidence of subsequent mental disturbances, and the
ineffectiveness of existing prophylactic and treatment
means [1].

The recent discovery of previously unknown factors
of maladaptive changes in the brain has intensified the
search for approaches to overcoming the consequenc-
es of high-intensity acute stress and the problem of
PTSD therapy ineffectiveness. For example, when stud-
ying COVID-19 outcomes, Hoffmann et al. [2] found that
angiotensin-converting enzyme 2 (ACEZ2), which acts as
the main receptor for the S1 subunit of the SARS-CoV-2
spike protein, can determine not only infectivity, but also
may increase anxiety and lead to the development of
depressive symptoms in the setting of viral infections [3].

ACE2 protein is an important element of the re-
nin-angiotensin-aldosterone system (RAAS), whose
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components largely determine the systemic blood pres-
sure. ACE2 degrades the pressor angiotensin Il (Angll)
and thus functionally balances the activity of the ACE-
dependent pro-hypertensive RAAS cascade [4, 5.
According to Yang et al., mice with overexpression of
the humanized ACE2 gene (hACEZ2) under control of
the cytokeratin k18 gene promoter can be considered
as a model of viral infection of high neuroinvasiveness
[6], which attributes a range of negative changes in the
central nervous system [7]. However, upon overexpres-
sion of the ACE2 gene or its pharmacological activation,
the balance between Angll and its derivative with hypo-
tensive activity — Ang1-7, may change in favor of the
latter. Thus, Lima et al. and Meng et al. showed that re-
duced functional activity of the pro-hypertensive RAAS
cascade in the absence of infection can have a positive
effect on brain processes [8, 9].

Literature data also suggests that the local brain
RAAS is involved in the mechanisms of specific activity of
the nervous tissue [10]. In particular, under acute stress,
the extracellular level of cathepsin D in the prefrontal
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cortex increases [11]. Since cathepsin D is one of the
endopeptidases that determine the conversion of angio-
tensinogen to Angl [12, 13], acute stress increases the
likelihood of Angll formation from Angl and enhances the
RAAS activity in the brain. It has also been shown that
memory consolidation is impaired by the administration
of Angll in the CA1 region of the hippocampus in the ac-
tive avoidance test. This effect is mediated by angioten-
sin Il type 1 receptor (AGTR1) and involves the ERK1/2
intracellular signaling cascade [14]. In turn, the reduction
of characteristic anxiety in mice with total overexpres-
sion of hACE2 is associated with an Angl-7-mediated
activation of Mas receptors and the related changes
in the activity of GABAergic neurons in the basolateral
amygdala [15, 16].

Assuming susceptibility to stress depending on the
level of ACE2 expression or on its functional activity and/
or the RAAS activity, it is of interest to study the stress-
induced behavior of mice under conditions of hACE2
gene expression [15] or under chronic administration
of lisinopril, an ACE inhibitor, with permeability of the
blood-brain barrier.

The aim of this study was to explore the effect of
hACE2 gene expression on anxiety and susceptibility to
psychophysiological stress in k18-hACE2-KI mice in a
foot electroshock (FS) model of PTSD.

MATERIALS AND METHODS

The experiments were conducted using male mice of the
C57BI/6N and k18-hACE2-KI lines (Andreevka Nursery
of the Scientific Center for Biomedical Technologies and
the Centre for Strategic Planning and Management of
Biomedical Health Risks) aged 4-5 months. The animals
were kept in cages with artificial ventilation, 5-7 ani-
mals per cage, at a temperature of 24°C and a 12-hour
light/12-hour dark cycle (light on at 7:00 a.m. and light off
at 7:00 p.m.). Water and standard feed were ad libitum.

Studies were conducted in accordance with Directive
2010/63/EU of the European Parliament and of the
Council of 22 September 2010 and approved by the
Bioethics Commission of Centre for Strategic Planning
and Management of Biomedical Health Risks of FMBA
(Protocol No. 2 dated 15.02.2024).

Experimental design

For the study, the animals were randomly divided into
groups of 7-8 individuals.

Three groups of C57BI/6N mice were formed:

1. Control group (n = 7);

2. FS group (n =7);

3. FS + lisinopril group (n = 7);

Two groups of k18-hACE2 mice:

4. Control group (n = 7);

5. FS group (n = 8).
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Given that lisinopril was used for pharmacological
modeling of possible hypotensive effects of hACE2 ex-
pression, an additional comparison group of k18-hACE2
transgenic mice of the “FS + lisinopril” line was not in-
troduced.

PTSD model. After habituation of mice to the hous-
ing conditions and to each other in the formed groups, a
modeling of PTSD-like endophenotype was performed
using the method of foot electroshock (FS), as described
earlier in [17, 18]. Two or three days before the experi-
ment, the animals were habituated for 3 min to a test
plexiglass chamber (16x16x32 cm?) placed in a sound-
proof box and equipped with an electrode grid floor
connected to a DC generator and with a video camera
(Fear Conditioning System, UgoBasil, Iltaly). During the
test session, after a 1-min rest period, two 1.5 mA 2 s
pulses were applied to the floor, one after the other, with
a 1 min interval. After the second pulse, the animal was
left in the chamber for an additional 1 min before being
returned to its home cage. The mice from the control
group remained in the FS chamber for 5 min.

Drug administration. Mice in the FS + lisinopril group
received lisinopril at a dose of 10 mg/kg per day with
drinking water for 28 days after psychophysiologi-
cal trauma. The used dose of 10 mg/kg per day cor-
responds to the doses recommended for treatment of
arterial hypertension in humans. Before the experiment,
daily water consumption was monitored for a week to
assess background water consumption and calculate
the working concentrations of the lisinopril solution. The
average daily fluid intake per animal of 4.46 mL/day ac-
cords with the data on water intake in adult mice known
from numerous literature sources. Based on the prelimi-
nary assessment of water intake, a solution of lisinopril
(Alsi Pharma, Russia) was prepared with the working
concentration such that each animal received an av-
erage daily dose of 10 mg/kg of the drug. The lisino-
pril solution was renewed every other day. During the
28 days of therapeutic exposure, the daily water intake
was assessed to monitor the received dose of the drug.
However, minor deviations from the average consump-
tion value could have an impact on the final effect sever-
ity, thus affecting the experiment outcome.

FS memory assessment. On days 7 and 28 after
FS exposure, mice were placed in the test chamber for
3 min and the time of freezing (absence of any move-
ments, except for those caused by the respiratory excur-
sion of the chest for two or more seconds) was meas-
ured using the ANY-maze Video-Tracking Software. The
magnitude of the fear response was expressed as a
relative freezing time.

Behavior such as locomotor activity, anxiety, stress
coping strategy, and spatial navigation/spatial learn-
ing were evaluated in a series of tests on days 29-32
after FS.
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To assess the overall locomotor activity, the open
field (OF) test was used. For this purpose, the animals
were placed in the arena (41x41x33 cm?®) of the motor
activity measurement system (Multiple Activity Cage,
UgoBasil, ltaly). The locomotor activity and verticaliza-
tion (the total number of stands with support on the test
arena walls and without support on the test arena walls)
were assessed based on the total number of intersec-
tions between the beams of the photodetectors, which
were located 2 cm apart on the panels on both sides
of the arena at two horizontal levels. The test was con-
ducted for 30 min under 300 lux.

The tail suspension test (TST) was used to evaluate
the stress coping strategy. The immobility time was as-
sessed by evaluating the freezing time in the first 3 min
and second 3 min of the test separately.

The light/dark box test (LDB) was used to assess
the anxiety level. The test was conducted in a chamber
(42x40x40 cm?®) divided into equal-sized open and closed
compartments (Light/Dark Box for Mice, UgoBasil, Italy).
The open space avoidance behavior (latent period from
the moment the experimental animal was placed in the
center of the light compartment (LC) to the moment of
the first entry into the dark compartment (DC), the num-
ber of entries into the compartments, the time spent in
the compartments, and the total distance traveled) was
assessed over a 10-min period. The illumination in the
LC was 400 lux.

The elevated plus maze (EPM) test was also used
to measure anxiety. The maze was located at a height
of 60 cm from the floor and consisted of two open
(OA) (80 cmx5 cm) and two closed (CA) (80 cmx5 cm)
arms intersected at a right angle (Elevated Plus Maze
for Mice, UgoBasil, Italy). The number of glances into
the OA, the number of entries into the OA and CA, the
time spent in the OA and CA, and the total distance

-1

1

Habituation Foot shock
(FS)

days

|

7 days test

Figure prepared by the authors using their own data

traveled were evaluated over a 5-min period. The OA
illumination was 400 lux. According to the test results,
the anxiety index (Al) was calculated using the follow-
ing formula: Al = 1 — [(time spent in the OA)/total test
duration) + (number of entries to the OA/total number
of entries to the arms)]/2 [17].

Spatial navigation and spatial learning dynamics
were assessed in the Barnes maze test (BMT) using an
open circular arena with a diameter of 100 cm (Barnes
Maze for Mice, UgoBasil, Italy) with an illumination of the
central area of 600-700 lux. The maze was divided into
four segments, with a shelter placed under the surface
of one of them. The training sessions (the first and sec-
ond days of the test, “day 1” and “day 2”) and the test
trial (the third day of the test, “test”) each lasted 3 min.

Behavior in the LDB, EPM, and BMT tests was ana-
lyzed using the Any-maze Video-Tracking Software, and
the video was recorded using the DMK 22AUCO3 video
camera (IMAGINSOURCE, Germany) with the Computar
A472812CS-MPIR lens (Megapixel, China).

The experimental design is shown in Fig. 1.

Statistical analysis was performed using the
PrismGraphPad v10.0+ software. The data are present-
ed as the mean value + the standard error of the mean
value (M = SEM). Given the sample sizes determined by
the availability of transgenic animals, the normality of the
data distribution was not assessed. However, all data
were checked for outliers using an algorithm based on a
nonlinear regression model [19]. A two-factor analysis of
variance (ANOVA) was used to compare the estimated
effects in the groups. When a significant influence of any
main factor was detected, between-group comparisons
were conducted using the Tukey test.

Depending on the parameter being evaluated and
the specifics of the test, the following pairs of principal
factors were established:

EPM
OF LDB TST
i 'y

.

|

28 days test

11

Learning + testing in BMT

Fig. 1. Design of experiment on modeling and phenotyping of PTSD-like state in mice: OF — open field test; LDB —
light/dark box test; EPM — elevated plus maze; TST — tail suspension test; BMT — Barnes maze test
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(1) FS (single FS exposure or no FS) x genotype (pres-
ence or absence of hACE2);

(2) genotype = time (minutes in the OF, days in the
freezing assessment);

(3) FS x time (days in the freezing assessment and
BMT parameters);

(4) groups (control, FS, or FS + lisinopril) x time (days
in the freezing assessment and BMT and TST param-
eters).

In the case of assessing the lisinopril effect in all be-
havioral tests, except for assessing freezing and behav-
ior in BMT and TST, a one-way analysis of variance was
used to compare the groups (“no FS” vs “FS” vs “FS +
lisinopril”). The differences were considered statistically
significant at a p value of < 0.05.

RESULTS

Expression of hACE2 gene was found to affect the
behavioral activity of k18-hACE2-KI mice when com-
pared to C57BI/6N. A 1.2-fold decrease in the distance
traveled in the OF was observed in intact k18-hACE2
mice compared to intact C57BI/6N mice (genotype:
F(1.12) = 16.83, p = 0.0015); the corresponding data are
presented in Fig. 2a. In the LDB test, mice of the k18-
hACE2-KI line showed a statistically significant 15.4-fold
increase in the latent period before the first entry to the
DC and a 1.9-fold increase in the time spent in the LC
(Fs > 7.98, p < 0.017), which is confirmed by the results
of post-hoc analysis (p < 0.0205); the corresponding
data are presented in Figs. 2e and 2g.

The k18-hACE2 mice exposed to a single FS re-
acted more strongly to shock compared to wild-type
mice (comparison of averages in the Student’s t-test, t =
3.561, df = 13, p = 0.004). In addition, they remembered
the conditioned stimulus/context of the traumatic event
better, which was expressed as an increased freezing
time after psychophysiological trauma in transgenic mice
compared to C57BI/6N mice on days 7 and 28 after FS
exposure (genotype: (F(1.12) = 226.98, p < 0.001; time:
(F(1.12) = 24.79, p = 0.0003; genotype x time: (F(1.12) =
8113, p = 0,015). Moreover, these mice did not show
signs of fear extinction (post-hoc: 7 days vs. 28 days;
p =0.157) (Fig. 3b), whereas fear expression in C57BI/6N
mice decreased over 28 days (post-hoc: 7 days vs. 28
days; p = 0.0001) (Fig. 3a).

Psychophysiological trauma caused delayed behav-
ioral changes in k18-hACE2 mice, which differed from
those observed in C57BI/6N mice. The immobility time
in the TST in k18-hACE2 mice was 2.4 times less than in
C57BI/6N mice in the first 3 min (p = 0.049) and 1.5 times
less in the second 3 min (p = 0.0137) in the 6-min test
(genotype: (F(1.13) = 6.268, p = 0.029) one month after
FS; the corresponding data are shown in Fig. 2c.

Transgenic mice exposed to FS demonstrated a 14.4-
fold increase in the latency period before the first entry
into DC in the LDB test compared to wild-type mice
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(genotype: (F(1.11) = 43.91, p < 0.001; FS: (F(1.12) =9.201,
p = 0.010; genotype = FS: (F(1.11) = 7.276, p = 0.021)
(Fig. 2e). In both experimental groups, a comparable de-
crease in the number of entries to the LC and DC after
the FS was observed (FS: F(1.13) = 3.134, p = 0.101).
However, only the transgenic mice showed a decrease
in the time spent in the DC, which was not symmetrical
to the increase in the time spent in the LC (FS: (F(1.13) =
7486, p = 0.017; genotype: Fs > 38.47, p < 0.001; geno-
type x FS: (F(1.11) = 7.704, p = 0.017) (Figs. 2f, 29).

The FS effect was generally not selective towards
k18-hACE2-KI mice when assessing anxiety in EPM
(FS: Fs < 3.279, p > 0.097, genotype x FS: Fs < 2.137,
p > 0.16) (Fig. 2h, i, j), although a decrease in the dis-
tance traveled in the closed arms of the maze was
found in k18-hACE2-KI mice, relative to that found
in FS exposed C57BI/BN mice (post-hoc: p = 0.028)
(Fig. 2k). The average Al values for the C57BI/6N con-
trol mice, for the C57BI/6N mice that received FS, for
the k18-hACE2-KI control mice, and for k18-hACE2-
KI mice with FS were 0.933 + 0.019, 0.954 + 0.017,
0.996 + 0.004, and 0.991 + 0.008, respectively. Two-
factor analysis of the Al variance revealed the geno-
type effect: F(1.12) = 15.52, p = 0.002; the FS effect:
F(1.13) = 0.345, p = 0.567; the effect of factor interac-
tion: F(1.12) = 1.063, p = 0.323. The subsequent post-
hoc test indicated a statistically significant difference
between control groups (p = 0.005).

Assessment of locomotor activity in the OF test re-
vealed the genotype (F(1.12) = 16.830, p = 0.002) and FS
(F(1.13) = 5.810, p = 0.032) effects of hACEZ2 expression
(Fig. 2a). In addition, a selective decrease in verticaliza-
tion after FS was found in k18-hACE2 mice (genotype x
FS: (F(1.12) = 5.362, p = 0.039 (post-hoc: p = 0.007); FS
and genotype: FS < 3.7495, p > 0.075) (Fig. 2b).

Evaluation of spatial navigation/spatial learning in
BMT showed that in C57BI/6N mice, not in k18-hACE2
mice, the strategy of finding shelter after FS is optimized
during three consecutive days of the test, which is ex-
pressed in an increase in the proportion of visited holes
in the target segment (FS: (F(1.12) = 2.150, p= 0.168; day:
(F1.12) = 4.434, p = 0.028, FS x day: (F(2.24) = 1.693,
p = 0.205 (post-hoc: day 1 compared to the third day
(“test”), p = 0.049) (Fig. 2n). This was accompanied by a
decrease in the time spent to find shelter (FS: (F(1.12) =
1.011, p = 0.335; day: (F(1.12) = 6.561, p = 0.010, FS «x
day: (F(2.24) = 0.266, p = 0.768 (post-hoc: day 1 com-
pared to the third day (“test”), p = 0.018) (Fig. 2I). In terms
of the proportion of entries to the shelter segment, the
FS effect was not statistically significant (Fs < 0.285, p >
0.466) (Fig. 2m).

The lisinopril effect was separately analyzed in
C57BI/6N mice in a PTSD model. Lisinopril, when ad-
ministered chronically orally (at a dose of 10 mg/kg per
day), did not affect contextual memory in the PTSD
model (post-hoc: 7 days p = 0.609 and 28 days p =
0.341) (Fig. 3a). The average Al values for mice of the
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Fig. 2. Comparison of the behavioral phenotype of C57BI/6N and k18-hACE2 mice in the paradigm of assessing
the delayed (29-32 days) effect of limbs electroshock (ES): a — locomotor activity; b — verticalization in open field
(OF) test; ¢ — freezing time in tail suspension test (TST); characteristic anxiety in light/dark box (LDB) test : d — total
distance traveled in light compartment (LC) and dark compartment (DC); e — latent period before first visit to DC; f —
number of entries to LC or DC; g — time spent in LC or DC; characteristic anxiety in elevated plus maze (EPM) test: h —
count of exploratory peeks in open arm (OA); i — number of entries in OA or closed arm (CA); | — time spent in OA or
CA,; k — distance traveled in OA or CA; spatial navigation dynamics in Barnes maze test (BMT): | — time to find shelter;
m-— proportion of entries to shelter segment relative to number of entries to all segments; n — proportion of checked holes
in shelter segment relative to total number of checked holes

Note: hatching — transgenic genotype; results of post-hoc comparison between groups: *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001;
post-hoc comparison between day 1 and test when evaluating spatial navigation: # p < 0.05.

control group of the C57BI/6N mice, for the C57BI/6N  a possible effect on the dynamics of spatial navigation/
mice who received FS, and mice of the C57BI/6N line  spatial learning in LB; however, it was not confirmed by
who received lisinopril after FS were 0.933 + 0.019, statistical analysis (post-hoc: p > 0.073) (Figs. 4h, 4i, 4j).
0.954 + 0.017, and 0.927 + 0.026, respectively, with the
one-factor analysis of variance having revealed no diffe- DISCUSSION
ences between the groups F (2.18) = 0.446, p = 0.647.

No effect of lisinopril was found in the OF TST, The obtained data indicate a complex profile of the
LDB, EPM, and BMT tests (Figs. 4a—j). There may be hACE2 gene expression effect on mouse behavior. On
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Fig. 3. Freezing time dynamics in C57BI/6N and k18-hACE2 mice: a — freezing time dynamics and effect of ACE
inhibitor lisinopril (10 mg/kg per day) on the freezing time in C57BI/6N mice; b — preservation of traumatic memory in

k18-hACE2 mice

Note: hatching — transgenic genotype; post-hoc comparison results between groups: ns — not significant, *p < 0.05, **p < 0.01, ***p < 0.001,

****n < 0.0001; FS — foot shock.

the one hand, intact transgenic mice demonstrated an
increase in resistance to an open illuminated space in
the LDB test, which confirms the previously described
anxiolytic effect of humanized ACE2 gene overexpres-
sion in intact mice [15, 16]. On the other hand, our study
established the effect of hHACE2 gene expression on the
delayed consequences of PTSD-modeled acute stress.
Thus, a longer exploration of LC, which is dangerous
only potentially, in the LDB test and an increase in im-
mobility, potentially of an adaptive nature, in the TST
were observed. At the same time, the expression of the
hACE2 gene contributed to the strengthening and reten-
tion of traumatic memory, which was expressed in an
increase in the freezing time and the absence of fear
extinction (i.e., the inability to relearn the actual safety
of the test chamber) within a month after psychophysi-
ological trauma.

The enhancement of FS memory may be mediated
by an increase in the FS perception since the immedi-
ate response of the transgenic mice to FS during con-
ditioning was higher. It should be noted that this is likely
to be determined by the perception mechanisms of the
psychological component of stress rather than by an
increase in the pain sensitivity, since a decrease in no-
ciception was reported upon a decrease in efficiency
of the ACE2-mediated signaling [20] and the transgenic
model we used, on the contrary, involves an increase in
the ACE2 function. Indeed, a comparison of our results
with the characteristics of the behavioral endopheno-
type described in mice with hACE2 gene overexpres-
sion [15, 16] indicates an increase in enzymatic activ-
ity of the ACE2 in k18-hACE2-KI mice, which may be
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mediated either by overexpression of the humanized
gene or by the increased activity of hACE2 compared
to the wild type. The increase in enzymatic activity of
the hACEZ2 in k18-hACE2 mice may, in turn, lead to an
increase in Ang1-7 production and an increase in the
activity of the ACE2/Ang1-7-dependent RAAS cascade.
The corresponding facilitation of MasR-dependent
signaling in the mouse brain acts as a mechanism sup-
porting neuroplasticity and enhancing memory [21, 22],
as well as mediating anxiolytic and antidepressant ac-
tion [23, 24].

Correa et al. and Fontes et al. considered RAAS
regulators as potential targets in stress therapy [5, 25].
ACE inhibitors, AGTR1, as well as beta-blockers, have
shown good results in the clinical setting of PTSD treat-
ment. Preclinical studies revealed different effects. In
the study by Marvar et al., the selective AGTR1 inhibitor
losartan decreased traumatic memory, increased fear
extinction, and did not affect the characteristic anxiety
of the animals [26]. However, Braszko, Raghavendra
et al. [27, 28] reported an increase in traumatic mem-
ory in a PTSD model. In our experiment, we studied
the effect of ACE inhibitor lisinopril, an antihyperten-
sive drug, on behavioral responses of C57BI/6N mice
in a PTSD model. We predicted that, at the selected
dose of 10 mg/kg per day, which corresponds to the
therapeutic doses used in clinical practice, lisinopril
would exhibit an anxiolytic effect engaging its antihy-
pertensive activity. However, chronic administration
of lisinopril for 28 days did not affect either contex-
tual memory or anxiety in mice. Earlier, Cohen et al.
and Kao et al. observed no therapeutic effect of the
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Fig. 4. Effect of ACE inhibitor lisinopril on locomotor activity, anxiety, emotional coping, and spatial navigation
in C57BI/6N mice exposed to foot shock (FS): a — locomotor activity; b — verticalization in open field (OF) test; ¢ —
freezing time in tail suspension test (TST); d — latent period before the first entire to the dark compartment (DC); e — time
spent in the light compartments (LC) and DC in the light/dark box (LDB) test; f — count of exploratory peeks in open arm
(OA); g — time spent in open or closed arms (CA) in elevated plus maze (EPM) test; dynamics of spatial navigation in the
Barnes maze test (BMT): h — time to find shelter; i — proportion of entries to shelter segment relative to number of entries
to all segments; | — proportion of checked holes in shelter segment relative to total number of checked holes

Note: results of post-hoc comparison between groups: ns — not significant, *p < 0.05, **p < 0.01; results of a post-hoc comparison between
data from day 1 and day 3 (“test”) when evaluating spatial navigation: # p < 0.05.

beta-blocker propranolol in a PTSD model in mice [17,
29]. In combination, these data may point to the lim-
ited effect of normalizing systemic blood pressure with
beta-blockers, as well as ACE inhibitors and AGTR1, in
PTSD treatment. The ineffectiveness of lisinopril in our
study may also be determined by the tertiary structure
of the human enzyme. It is known that therapeutic ef-
fects of ACE inhibitors in PTSD depend on the ACE
polymorphism, specifically determining resistance to
therapy in the presence of the rs4311 TC nucleotide
variant [30]. The probable increase in ACE2 gene ex-
pression in response to chronic lisinopril use, which
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has already been described in the literature [31-35],
was not sufficient to induce brain-specific ACE2/Ang1-
7/MasR-dependent mechanisms.

CONCLUSION

The data obtained indicate the effect of the hACE2 gene
expression on mouse susceptibility to psychophysi-
ological stress, which may be mediated by changes in
the activity of the ACE2-dependent cascade of brain
RAAS, and point to the significance of ACE2 in the trau-
matic memory acquisition in the PTSD model. Thus,
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the hACE2 expression in mice is accompanied by an
increase in traumatic memory and by a decrease in
extinction of traumatic memory compared to wild-type
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Introduction. Low-temperature argon plasma (LTAP) has been widely studied as an alternative approach to prevention of purulent infections
in cases of reduced germicide effectiveness due to the developed pathogen resistance.

Objective. Survival assessment of opportunistic pathogens under the action of LTAP exposure in in vitro models.

Materials and methods. The study was carried out using ESKAPE clinical strains (a “superbug” group with a high epidemic potential for the
formation of hospital strains) and reference strains from culture collections, as well as strain mixtures. A PLASMORAN plasma arc unit (Russia)
was used as a LTAP source. One plasma generation mode, three distance variants (from the nozzle to the Petri dish culture plane — 10, 15,
and 20 cm), four LTAP exposure options (15, 30, 45 s for bacteria and 30, 45, and 60 s for fungi) were used. Pathogens survival after LTAP
exposure in vitro was assessed by bacterial growth inhibition.

Results. LTAP showed a significant antimicrobial action against clinical strains of ESKAPE Gram-negative bacteria K. pneumoniae, R. aerugi-
nosa, A. baumanii, E. coli, Gram-positive bacteria MRSA and yeast-like fungi C. albicans under an exposure duration of 30-45 s for bacteria
(the required dose of UV-A radiation is 37.8 J/m? UV-B 15.9 J/m? UV-C 34.2 J/m?) and a distance of 10-15 cm from the plasma generator
nozzle. The antimicrobial effect is manifested in the absence of pathogen growth on culture media at the site of LTAP exposure at a certain
exposure dose, duration, and distance. This effect ensures a decrease in the titer of viable microorganisms not only in monocultures, but also
in bacterial associations, both in reference strains from culture collections and in ESKAPE clinical strains.

Conclusions. PLASMORAN-generated LTAP exhibits significant antibacterial and antifungal effects with respect to both reference strains
from culture collections and ESKAPE clinical strains. The efficacy of LTAP action ensures a decrease in the titer of viable microorganisms
from 108-10° CFU to single CFU. The greatest effect of LTAP conditions (UV-A radiation dose of 37.8 J/m?; UV-B 15.9 J/m?; UV-C 34.2 J/m?)
on bacterial cultures is observed under a distance of 10-15 cm and an exposure duration of 30-45 s. The optimal conditions for fungi (UV-A
radiation dose of 168.6 J/m?; UV-B 68.4 J/m?, UV-C 159 J/m?) are a distance of 10 cm and an exposure duration of 60 s. Under standard dose,
exposure duration, and distance, A. baumannii and E. faecium are more resistant to LTAP action than other studied bacteria. C. albicans is
more resistant to LTAP action compared to bacteria, requiring a longer exposure and a shorter distance from the plasma generator nozzle to
the treated surface. The results obtained require further study.

Keywords: low-temperature argon plasma; plasma flow; LTAP action; antimicrobial effect; in vitro; PLASMORAN plasma arc unit
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OPUI'MHAJIbHAA CTATbA | MUKPOBMOJIOIMA

BeepeHune. NprMeHeHe MeToa Ha OCHOBE HU3KOTeMMNepaTypHOW aproHoBon nnadmbl (HTAT) LWIMPOKO M3yYaeTCcs B Ka4eCTBe afbTepHa-
TUBHOIO MOAXOAA K MPOdUIaKTUKE Pa3BUTUS THOMHbBIX MHAIEKLMIA B ClyHasnXx, koraa 9heKTUBHOCTb aHTUMMKPOOHbBIX MPenapaToB 1 aHTu-
CENTUKOB CHWXXeHa 13-3a CPOPMUPOBAHHON K HUM YCTONYMBOCTI MATOrEHOB.

Llenb. OueHka BbPKMBAEMOCTY YCIIOBHO-MATOrEHHbIX MYKPOOPraHM3MoB, obnafatoLLmx naToreHHbIM NoTeHLManoM, nocne BO3AENCTBUS
dakTopos HTAI Ha mogenn in vitro.

MaTtepuanel n metogpl. ViccnegoBaHne BbINOHEHO C UCMONb30BAHNEM KIMHUYECKMX LWTaMMOB 13 rpynnbl ESKAPE-natoreHoB (rpynna
cynep-MNKPOOPraHN3MOB C BbICOKUM 3MUMAEMUHECKMM MOTEHUMANoM OpMUPOBaHMS rOCMUTaNbHbIX LITAMMOB) 1 STANOHHbBIX My3EeHbIX
KYNbTYP, a TakXe cMecK LTaMmmMoB. B kadecTBe nctodHvka HTAIM ncnonb3osanv nna3meHHo-ayrosyto yctaHoBky «[TJTASMOPAH» (Poc-
cusi). B paboTe ncnonb3oBany OavH PEXNM NnasMoreHepaLum, Tpy BapuaHTa pacCTosHUS OT cpesa corfla nnasMoTpoHa A0 M0CKOCTH
pacnonoxeHns Kynstypbl B Hawke Metpu (10, 15 1 20 cMm), YeTblpe BapunaHTa akcno3numm genctang haktopos HTAI Ha kynsTypsl (15, 30,
45 ¢ pns 6akTepun n 30, 45 1 60 ¢ ang rpubos). OLeHKY BbPKMBAEMOCTH NATOMEHHbIX MMKPOOPIrann3MOoB in vitro nocne Bo3aenctansg HTAM
onpeaensnv no 3afepxke bakTeprasbHoOro pocTa.

Pe3ynbraThbl. BbisiBNeHO Bbipa)keHHOe MPOTMBOMUKPOOHOE AeCTBME B OTHOLLEHMN KIMHUYECKMX LUTaMMOB rpamMoTpuLiaTenbHbIX 6akTepui
13 rpynnel ESKAPE-naToreHos K. pneumoniae, P. aeruginosa, A. baumanii, E. coli, rpamnonoxutensHbix 6aktepuin MRSA 1 gpoxxxeno-
LobHbIX rpmbos C. albicans npu BpemeHn Bo3aencTtaus 30-45 ¢ ans 6akTepuit (HeobxoaymMas npn aToM fo3a nanyderuns YO-A 37,8 x/m?,
YO-B 15,9 [x/m?, YO-C 34,2 [1x/M?) 1 paccTosiHim oT conna npubopa 10-15 cm. MNpoTrBoMuKpobHoe aenctBne HTAI 3akntodaeTcs
B OTCYTCTBUM POCTa MUKPOOPraHN3MOB Ha MUTaTesbHbIX cpefax B MecTe Bo3aencTaus HTAI npu onpefeneHHbIX 003e BO3OENCTBUS,
BPEMEHI 3KCMO3ULMN 1 PACCTOSIHMN, 0OECMNEUNBAIOLLINX CHUXKEHVE TUTPA XKUSHECTOCOOHBIX MUKPOOPraHN3MOB HE TOJIbKO MOHOKYJILTYP,
HO 1 B accoumaummn bakTepuin, Kak B OTHOLLUEHUM MY3eHbIX STanoHHbIX KYNbTYP, Tak 1 B OTHOLLEHUN KIMHUYECKMX LUTAMMOB 13 FpynMbl
ESKAPE-naToreHos.

BeiBogbl. ®akTopbl HTAI, dhopmMurpyemble nnasmeHHo-ayroson yctaHoBkom «[JTASMOPAH», obnagatoT BbipaXXeHHbIM aHTnbakTepuans-
HbIM 11 MPOTUBOIrPUOKOBBLIM AECTBMEM Kak B OTHOLLEHUW My3elHbIX STaNIOHHbIX KYBTYP, Tak U B OTHOLLEHUW KIIMHUYECKMX LUTaMMOB pa-
bouen konnekuun rpynnel ESKAPE-natoreHoB. OdhdhekTMBHOCTb BO3aencTBMA dhakTopoB HTAIM obecnevynBaeT CHUDKEHUE TUTPA XKUN3-
HecnocobHbIX M1UkpoopraHnamos ¢ 108-10° no eanHU4HbIX KOE. ®akTopbl Bo3aencTaus HTAMM (gosa nanyderus YO-A 37,8 Dx/m?; YO-B
15,9 [x/m?; YO-C 34,2 [)k/M?) nMmetoT Hanbonblumin adekT npu 0bpaboTke BakTepuasbHbIX KynsTyp Ha paccTosHum 10-15 cM ¢ akcno-
3uumen 30—45 c; onsa rpubos (o3a usnydeHns YO-A 168,6 x/m?; YO-B 68,4 [ox/m?; YO-C 159 [x/m?) npu paccTosiHn 10 cM 1 BpeMeH!
Bo3gencTteusa 60 c. A. baumannii v E. faecium 6onee ycTon4mBbl K hakTopam Bo3aenctema HTAT, yem gpyrne nccnegosaHHble 6akTepumn
npun cTaHOapTHbIX 403e, BPeMeHN Bo3aencTeus 1 paccTtosHun. C. albicans 6onee ycTondvBa K hakTopam Bosaenctaus HTAIM no cpas-
HEHWIO C BaKTEPUAMMN, U X YHUHTOXEHWE TpebyeT 60MbLUEN SKCMO3NLMM BO3AENCTBUSA Y MEHBLLIErO PAaCCTOAHNSA OT COoma nna3moTpoHa
00 obpabarbiBaeMor NOBEPXHOCTU. [onydeHHble pesynsraTel TPEOYOT AaNbHENLLIEro N3dy4eHuns.

KnioueBble cnoBa: HM3KOTEMMNepaTypHas aproHoBas mnasma; nna3meHHbI NoTok; hakTopbl HTAI; aHTUMUKPOGHOE AeCTBUE; in Vitro;
nnasmeHHo-ayroeast yctaHoska «[MIJJASMOPAH»

Ona uyutmposaHua: 3aramHoBa A.B., CyxuHa M.A., 3emnaHon A.b., 3enenHuHa T.A., Mapkesuy [1.C., Hosoxwunos K.A.,
®epney 3.E., MaHbkoBa M.H., Manus T.P., lpuutok O.B. M3ydyeHue aHTUMUKPOOHOro AeNCcTBUSA HM3KoTemnepaTypHOW aproHo-
BOWV MNasMbl Ha XUPYPrMYECKY0 MHMEKUMIO B aKChepumeHTe in vitro. MeauumHa akcTpemassHbix cuTyauymi. 2025 ;27(3):351-366.
https:/doi.org/10.47183/mes.2025-332

durHaHcUpoBaHue: ccenoBaHne BbIMOHEHO 663 CMOHCOPCKON MOAAEPXKKN.

BnaropapHOCTb: KOMNEKTVB aBTOPOB BblpakaeT ryboKylo 6narodapHOCTe KaHg,. O1on. Hayk, BedyLleMy Hay4HOMY COTPYAHUKY nabo-
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INTRODUCTION

Bacteria are ubiquitous inhabitants of the environment
and the human body, which play a vital role in main-
taining ecological balance. Among all known bacte-
ria, including those without pathogenic potential, only
about 1% can cause infections in patients with weak-
ened immune systems. I. . Mechnikov was the first to
point out the possibility of normal human microflora to
exhibit pathogenic properties. When skin damage oc-
curs, both transient and resident opportunistic microflo-
ra can enter the wound surface. Opportunistic bacteria,
such as Staphylococcus aureus, Streptococcus sp. and
Pseudomonas aeruginosa, are common pathogens of
skin and wound infections [1].
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As a rule, antibacterial therapy is not aimed at infec-
tions caused by potentially pathogenic microflora due
to widespread antimicrobial resistance [2—-6]. Biofilms
formed by attached bacteria further complicate the de-
struction of bacterial organisms [7-10]. In addition to
the continuously extending list of drug-resistant micro-
organisms, antibacterial therapy is often inapplicable in
patients with allergic and toxic drug reactions [11].

Growing antimicrobial resistance, which spreads
globally, is a serious hazard to human health. In recent
decades, the number of multidrug-resistant (MDR) bac-
teria isolated from the environment and biomaterials has
increased, including Gram-negative bacteria Escherichia
coli, Serratia coli, Proteus mirabilis, Pneumocystis
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pneumoniae, Pseudomonas aeruginosa, and Gram-
positive methicillin-resistant  Staphylococcus aureus
(MRSA) [12].

To date, research studies into infections caused by
potentially pathogenic microflora have largely focused
on identifying chemicals that are effective against bac-
teria. However, alternative approaches to the prevention
and treatment of purulent infections based on physical
factors are increasingly attracting attention, which is
particularly relevant in view of the decreasing efficacy of
germicides due to the phenomenon of antimicrobial re-
sistance. Among them, low-temperature argon plasma
(LTAP) is a promising local treatment tool with a signifi-
cant bactericidal effect [13-16].

LTAP is a stream of partially ionized neutral gas pro-
duced at atmospheric pressure and macroscopic tem-
perature [17]. The plasma stream contains charged par-
ticles (electrons, ions, free radicals, excited molecules)
and ultraviolet radiation [18, 19]. The bactericidal effect
of plasma is associated with the synergistic action of
ionized elements and ultraviolet radiation, which leads
to oxidative stress and bacterial DNA damage [20-23].
Therefore, LTAP has a significant antimicrobial potential.

Medical products and equipment are processed in
three stages: disinfection, pre-sterilization cleaning, and
sterilization. Reusable instruments, devices, and equip-
ment are treated with mechanical, physical (thermal),
chemical, or combined methods after every patient use.
The mechanical method is based on wiping systems,
when large-sized devices and instruments that do not
come into contact with blood are treated with disinfect-
ant wipes. The physical (thermal) method consists in
heating in water at a temperature of 70-80°C, steam,
or hot air (e.g., bed items are sterilized by steam under
pressure; medical products made of glass, metals, and
silicone rubber that are not contaminated with secre-
tions are disinfected with 120°C air). The chemical meth-
od involves immersing the instruments in disinfectant
containers. Physical and chemical disinfection methods
can be used in combination, e.g., treating instruments
in a cleaning solution simultaneously upon their heating.
Non-thermal plasma can be effective for sterilizing medi-
cal equipment when thermal or chemical treatment is
not suitable [13, 24, 25].

Low-temperature plasma has been reported to im-
prove skin regeneration in cosmetology [26, 27]. It also
showed efficacy in wound healing and pain reduction
after hemorrhoidectomy, including due to its significant
bactericidal effect [28]. LTAP treatment accelerated re-
generative processes and wound cleansing during the
correction of late purulent-inflammatory complications
of contouring using polyacrylamide gel [29]. In [30, 31],
the bactericidal effect of LTAP was observed for the first
time, when treating contaminated dentin areas.

Due to its nonspecific and penetrating action, LTAP
can reduce microbial contamination of tissues, ensur-
ing local bactericidal effects on infected wounds and re-
ducing wound inflammation. LTAP has a number of key
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advantages, including a high nonspecific bactericidal
activity and a low potential for the development of resist-
ance. In addition, LTAP is a promising method for treat-
ing acute and chronic wounds due to its relative simplic-
ity, low cost, and a lack of special requirements for the
treatment of wound surfaces.

This study is aimed at assessing the survival of op-
portunistic pathogens under the action of LTAP expo-
sure in in vitro models.

MATERIALS AND METHODS

The study was carried out using the following ESKAPE
clinical strains — Klebsiella pneumoniae, Pseudomonas
aeruginosa, Acinetobacter baumannii, Escherichia
coli, Gram-positive MRSA Staphylococcus aureus,
Enterococcus faecalis, Enterococcus faecium with mul-
tidrug resistance (according to the European Committee
on Antimicrobial Susceptibility Testing — EUCAST),
yeast-like fungi Candida albicans, reference strains from
culture collections E. coli ATCC 10536, K. pneumoniae
subsp. pneumoniae ATCC 700603, Staphylococcus
aureus 906, Pseudomonas aeruginosa ATCC 10145,
Enterococcus faecalis ATCC 29212, Enterococcus fae-
cium 9/68, fungi Candida albicans ATCC 24433.

The strains were taken from the culture collection of
the Laboratory of Microbiology and Parasitology (Centre
for Strategic Planning of the Federal medical and biologi-
cal agency). The study was conducted using certified
reference materials with confirmed biochemical prop-
erties grown on dense agarized media (quality control).
Reference cultures were acquired from national and
state collections. The cultures were stored in a culture
collection in a cryoprotective environment in low-tem-
perature freezers at a temperature of —70°C.

The following dense agarized nutrient media were
used for the microbial culture: Endo medium for the
cultivation of E. coli culture, K. pneumoniae, P. aer-
uginosa; yolk-salt agar for the cultivation of S. aureus;
Enterococcus-agar for the cultivation of E. faecalis and
E. faecium; Sabouraud Fluid Medium for the cultivation
of C. albicans.

In the study, the dynamic range of the action of LTAP
conditions on the survival of individual ESKAPE patho-
gens strains and strain mixtures was assessed.

The research methodology was as follows. Daily cul-
tures of microbial strains were drip-applied onto the sur-
face of Petri dishes with agarized medium (d = 90 mm) to
form a continuous lawn at the rate of 100 pL per dish. In
the suspension applied to the agarized medium surface,
each microbe content was 4.5 McFarland Standard No,
which corresponds to 9.0 x 108-1.2 x 10° CFU/mL.
The microbe suspension was thoroughly rubbed with
a spatula over the entire agar surface. Then, each dish
with the introduced microorganism was treated us-
ing a PLASMORAN plasma arc surgical wound treat-
ment unit (TS 9444-001-43009282-2015 manufactured
by Plasmoprom, Russia) in a preset mode, setting the
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distance of 10, 15, and 20 cm (Factor L) and the expo-
sure duration of 15, 30, and 45 s for bacteria and 30, 45,
and 60 s for fungi (Factor T). In the study, one plasma
generation mode, three options for the distance from the
nozzle to the Petri dish culture plane, and four exposure
options for the LTAP factors were used. To estimate the
microbial titer used for inoculation in a bacterial suspen-
sion inoculum, a dilution method was used with inocula-
tion on a Petri dish, followed by CFU growth counting on
the agarized media surface.

The sectors of bacterial culture seeding within the
exposure area, which was monitored by the illumination
zone on the nutrient medium, were treated. Non-treated
microbial crops were used as a control.

After the LTAP exposure, the culture dishes were
placed in a thermostat for cultivation. The control group
with microbial crops was also placed in a thermostat for
further incubation.

The LTAP effect on microbial growth inhibition was
assessed by the presence or absence of a lysis zone
on the nutrient medium. The results were evaluated
by measuring the diameter of the lysis zone delay and
counting the number of grown clones of microorgan-
isms in the lysis zone.

The culture dishes were incubated in a BD240 incu-
bator (Binder, Germany) for 24—-48 h at a temperature of
(37 + 1)°C for bacteria and at two temperature conditions
(37 + 1)°C and (26 + 1)°C for fungi. After incubation, the
grown colonies were counted in two ways: manually and
using a Scan 1200 automatic colony counter (France).
The purity of each culture was identified by mass spec-
trometry using a Microflex mass spectrometer with

Factor L d 0 ¢0
v\|5 |25 2 d
5| 25|40 =
20 | X0

Figure prepared by the authors

Fig. 1. Geometry of the illumination spot on the treated
surface formed by recombination radiation of LTAP
depending on the value of Factor L: 1 — the border of
the central and regional areas; 2 — the outer boundary of
the edge area

specialized software (Bruker Daltonik GmbH, Germany).
Subsequently, the biomass of the grown bacterial colo-
nies in the exponential growth phase was removed from
the surface of two dishes surface.

The LTAP effect on the survival of ESKAPE patho-
gens was evaluated after (24 + 2) h for bacteria and after
(48 + 2) h and 7 days for fungi.

The plasma generator was operated in the following
modes: the gas-dynamic flow of the working gas; re-
combination radiation with a wide spectrum — from the
vacuum ultraviolet to the near infrared range; argon gas
with significant catalytic properties in reactions involving
oxygen, nitrogen, and their compounds; ozone formed
as a result of recombination radiation action on atmos-
pheric oxygen.

When treating the dishes with LTAP radiation, the
dishes of the main group were positioned such that the
LTAP radiation illumination spot of the marginal region
covered the central inoculation area (Fig. 1). In the con-
trol groups of all the tested pathogens, the culture dish-
es were not exposed to LTAP radiation.

During exposure, the B2 device mode was used at
the values of the time factor (T) of 15, 30, and 45 s and
the distance factor (L) of 10, 15, and 20 cm. The energy
characteristics used to illuminate the dishes are shown
in Table 1. Since the device measures energy illumina-
tion (also known as radiation intensity) in W/m?, the en-
ergy accumulation is expressed in J/m?, which is equal
to W/m? x radiation time (s). The LTAP radiation energy
characteristics were measured by the manufacturer us-
ing a TKA-PKM 13 unit. The device is equipped with
three sensors: UF-A (400-315 nm), UV-B (315-280 nm),
and UV-B (280-200 nm).

The efficacy of LTAP exposure was assessed by cal-
culating the percentage of bacterial and fungal death
on the surface of control and experimental samples ac-
cording to the formula:

Efficacy (%) = 100 — ( (=T x 100)/C ), 1)

C._ — the mean number of bacteria in the initial suspen-
sion, equal to the ratio 2.C/N;
>C — the sum of all colonies grown on the dishes in all
replications;
N — replication number;
T — the mean number of bacteria grown on the dishes
after 24-48 h of crop incubation is equal to the ratio ¥ 7/n;
>T — the sum of all colonies grown on the dishes after
24-48 h of crops incubation in all replications;
n — the dish number (at least five for each test microor-
ganism or a mixture of test microorganisms in accord-
ance with EN ISO 11737-1") used for the study (the same
for control and LTAP-treated Petri dishes with test mi-
crobes).

The criterion of antimicrobial activity against test mi-
croorganisms or a mixture of test microorganisms was

T GOST ISO 11737-1-2012 Sterilization of medical products. Microbiological methods. Part 1. Evaluation of the microbial population on products.
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Table 1. Characteristics of the PLASMORAN plasma arc surgical unit used for treatment

Factor T, s
UV type
15 45 60
Factor L=10cm
UV-A 4215 84.3 126.45 168.6
uv-B 1741 34.2 51.3 68.4
Uv-C 39.75 79.5 119.25 189
Factor L =15 cm
UV-A 18.9 37.8 56.7 75.6
Uv-B 7.95 15.9 23.85 31.8
UVv-C 1741 34.2 51.3 68.4
Factor L =20 cm
UV-A 1215 24.3 36.45 48.6
UV-B 4.68 9.36 14.04 18.72
Uv-C 10.2 20.4 30.6 40.8

Table prepared by the authors using their own data

Note: radiation intensity measurement £ (J/m?) + 10%

considered to be a decrease in colony growth by at least
99.99% or complete inhibition of their growth. Viable col-
onies were estimated by counting the grown colonies
of each type of microorganism on the surface of nutri-
ent media in Petri dishes (using a biological microscope
Leica DM6B-Z, in/n-243302670221503917, s/n-503838
with an integrated camera; magn. x100).

Statistical processing of the research results was
carried out using the Statistica 10.0 software pack-
age (StatSoft Inc., USA). The standard deviation and
error were calculated based on the results on each of
five dishes, and the Student’s t-test with the Bonferroni
correction was applied, considering the distribution to
be normal. The differences were considered statistically
significant at p < 0.05.

RESULTS AND DISCUSSION

The first stage of the study was carried out using refer-
ence strains from culture collections in triplicate for each
combination, including the distance and time of LTAP
exposure.

When exposing reference strains from culture col-
lections to LTAP (at different exposure distances and
times), bacterial growth inhibition (efficacy 99.999-
100%) was achieved against E. faecalis ATCC 29212,
E. faecium 9/63, K. pneumoniae subsp. pneumoniae
ATCC 700603, E. coli ATCC 10536, P. aeruginosa
ATCC 10145, S. aureus 906; the corresponding data are
presented in Table 2.
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The effectiveness of bacterial growth inhibition at the
level of 100% was achieved for Enterococcus faecalis at
a distance of 10 cm after 15 s when exposed to a dose
of UV-A 4215 J/m?, a dose of UV-B 17.1 J/m?, and a dose
of UV-C 39.75 J/m?. At the same time, bacterial growth
inhibition when exposed to doses of UV-A 84.3 J/m?,
UV-B 34.2 J/m?, and UV-C 79.5 J/m? was achieved at an
exposure duration of 30 s, and when exposed to UV-A
126.45 J/m?, UV-B 51.3 J/m?, and UV-C 119.25 J/m? af-
ter 45 s. When treated at a distance of 15 cm, bacte-
rial growth inhibition was achieved after 45 s when ex-
posed to UV-A 56.7 J/m?, UV-B 23.85 J/m?, and UV-C
51.3 J/m?.

As a result of LTAP exposure of reference
strains Klebsiela pneumoniae subsp. pneumoniae
ATCC 700603, E. coli ATCC 10536, Enterococcus
faecalis ATCC 29212, Enterococcus faecium 9/63,
Pseudomonas aeruginosa ATCC 10145 for 45 s
with a UV-B dose of 15.9 J/m? and of Candida albi-
cans 24433 ATCC for 60s with a dose of UV-B with
68.4 J/m? at a distance of 10 cm, all these microor-
ganisms showed the absence of growth in the area of
directed LTAP exposure; the corresponding data are
shown in Fig. 2.

In the study, the LTAP effects on dishes with ESKAPE
cultures were studied: Gram-positive bacteria MRSA
S. aureus, E. faecalis, E. faecium; Gram-negative bacte-
ria K. pneumoniae, P. aeruginosa, A. baumannii, E. coli,
as well as on yeast-like fungi C. albicans, using different
exposure distances (from the plasma nozzle to the Petri
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Table 2. Efficacy assessment of LTAP effect on the survival of reference strains from culture collections (%)

Distances from the nozzle to the Petri
dish culture plane, cm
No. Pathogen LTQEr:Egg,Sg * 10 15 20 iy
Effectiveness assessment (%)
15 100 99.999 99.999
1 FierococoLs Jaccals 30 100 99.999 99.999 2« 107
45 100 100 99.999
15 99.999 99.999 99.999
2 Enterococcus faecium 9/63 30 99.999 99.999 99.999 1.5 x 107
45 99.999 99.999 99.999
15 99.999 99.999 99.999
3 K;/)ibesu/%i preuToniac suosp. 30 99.999 99.999 99.999 3.5 x 10°
45 99.999 99.999 99.999
15 99.999 99.999 99.999
4 Escherichia coli ATCC 10536 30 99.999 99.999 99.999 3.0 x 10°
45 99.999 99.999 99.999
15 99.999 99.999 99.999
s | F Se“d%g’éai(%irgg’hosa 30 99.999 99.999 99.999 2.5 x 10°
45 99.999 99.999 99.999
15 99.999 99.995 99.95
6 | Candida albicans 24433 ATCC 30 99.999 99.995 99.995 1.2 x 107
45 99.999 99.995 99.995
15 99.999 99.999 99.999
7 Staphylococcus aureus 906 30 99.999 99.999 99.999 1 x 10°
45 99.999 99.999 99.999

Table prepared by the authors using their own data

dish cultures plane) and exposure duration; the results
are shown in Figure 3.

The research found that the use of variable LTAP pa-
rameters (distance and duration) allowed the efficacy of
99.999-100% in the inhibition of bacterial growth to be
achieved (Table 3).

Experiments on LTAP action were carried out in five
replications for ESKAPE clinical strains K. pneumoniae,
P. aeruginosa, A. baumannii, E. coli, Gram-positive bac-
teria MRSA S. aureus, E. faecalis, E. faecium with mul-
tiple drug resistance (according to the EUCAST), and
in three replications for each combination of LTAP ac-
tion on reference culture mixtures E. coli ATCC 10536,
K. pneumoniae subsp. pneumoniae ATCC 700603,
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S. aureus 906, P. aeruginosa ATCC 10145, E. faecalis
ATCC 29212, E. faecium 9/63.

When studying LTAP action on a mixture of refer-
ence strains from culture collections, the efficacy of
99.999% was achieved under variable parameters of
distance and exposure duration. Survival was mainly
observed for strains of K. pneumoniae subsp. pneu-
moniae ATCC 700603; viable colonies of P. aeruginosa
ATCC 1014530, collection strains of £. coli ATCC 10536,
S. aureus 906, E. faecalis ATCC 29212, E. faecium 9/63
were not detected (Table 4).

When evaluating LTAP effects on the survival of mi-
crobial clinical strain mixtures, a 99.997-99.999% effi-
cacy was achieved compared with the initial inoculum
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Enterococcus faecalis
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E. coli ATCC 10536

Candida albicans 24433 ATCC
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pneumoniae ATCC 700603

Pseudomonas aeruginosa
ATCC 10145

Photos taken by the authors

Fig. 2. Efficacy assessment of LTAP effect on the survival of reference strains from culture collections: the dis-
tance from the nozzle to the Petri dish culture plane is 10 cm, LTAP exposure duration — 45 s (60 s for Candida albicans
ATCC 24433); the arrow indicates the area of bacterial growth inhibition

level. After LTAP exposure, single colonies of clinical
strains of K. pneumoniae and A. baumannii were found
on the incubation dishes, while viable colonies of strains
P. aeruginosa, E. coli, S. aureus, E. faecalis, E. faecium,
Candida albicans were not found. The research results
are presented in Table 5.

The antimicrobial action of LTAP is manifested in the
death of bacterial cultures (Gram-positive and Gram-
negative potentially pathogenic clinical strains of micro-
organisms with multiple drug resistance) and yeast fungi.

The study showed that 99.999% of microbial death
occurs at the minimal exposure dose of UV-A 12.05 J/m?,
UV-B 4.68 J/m?, UV-C 10.2 J/m? — combination of LTAP
factors indicated in Table 5. An increase in the distance
leads to a decrease in the LTAP effect. Conversely, an
increase in the duration exposure intensifies the LTAP
effect. Thus, an optimal combination of distance and
duration enables the total LTAP energy to be transferred
to the microorganisms. This observation was confirmed
in vitro on microbial cultures such as K. pneumoniae,
A. baumannii, and fungi C. albicans. Exposure at longer
distances (15-20 cm) over time periods (15 s for bacteria
and 30 s for fungi) had no effect on these cultures.

The LTAP exposure parameters that induced mi-
crobial death depended on the microbial type, expo-
sure duration, and exposure distance. An exponential

EXTREME MEDICINE | 2025, VOLUME 27, No 3

dependence of the viable bacteria number (A. bauman-
nii, K. pneumoniae, and fungi C. albicans) on the energy
illumination value (due to the exposure distance and ex-
posure duration) at which the bacteria died, was found. It
is important to note that LTAP treatment of MRSA S. au-
reus and P. aeruginosa disrupted the microbial viability
completely at all values of distance and time parameters.
When studying the action of LTAP in vitro on the micro-
bial survival of reference cultures of E. coli ATCC 10536,
K. pneumoniae subsp. pneumoniae ATCC 700603,
S. aureus 906, P. aeruginosa ATCC 10145, E. faeca-
lis ATCC 29212, E. faecium 9/63, fungi C. albicans
ATCC 24433 and ESKAPE strains K. pneumoniae, P. ae-
ruginosa, A. baumannii, E. coli, Gram-positive bacteria
MRSA S. aureus, E. faecalis, E. faecium, with multiple
drug resistance (according to the EUCAST), yeast-like
fungi C. albicans, the PLASMORAN-generated LTAP
ensured a decrease in the viable microbes titer from 108-
10° to single CFU/mL, i.e., by 8-9 orders of magnitude,
for both culture collection strains and clinical bacterial
strains, with the efficacy ranging within 99.99-100%.
The literature has previously recognized the poten-
tial antibacterial effect of low-temperature plasma on
ESKAPE pathogens [31]. In general, complete growth in-
hibition of unfixed ESKAPE pathogens when exposed to
low-temperature plasma is achieved from 1 min to 3 h,
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Exposure Exposure distance, cm

duration, s 10 | 15 20
Enterococcus faecalis

15

30

45
Enterococcus faecium

15

30

45

Photos taken by the authors

Fig. 3. Efficacy of LTAP action on the survival of ESKAPE clinical strains: the area of bacterial growth inhibition is
indicated; magn. x100
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Fig. 3 (continued)
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Fig. 3 (continued)
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Fig. 3 (continued)
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Table 3. Efficacy assessment of LTAP action on the survival of microbial strains

Distance from the nozzle to the Petri
dish culture plane, cm
No. Pathogen LTQEr::?gg,sgre 10 15 20 SrumL
Effectiveness assessment (%)
15 99.999 99.999 99.999
1 Enterococcus faecalis 30 99.999 99.999 99.999 1.4 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.99
2 Enterococcus faecium 30 99.999 99.999 99.99 4.0 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.999
3 Klebsiela pneumoniae 30 99.999 99.999 99.999 5.4 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.999
4 Escherichia coli 30 99.999 99.999 99.999 4.0 x 108
45 99.999 99.999 99.999
15 99.999 99.999 99.999
5 Pseudomonas aeruginosa 30 99.999 99.999 99.999 3.3 x 108
45 99.999 99.999 99.999
15 99.999 99.99 99.99
6 Acinetobacter baumanii 30 99.999 99.999 99.99 1.5 x 108
45 99.999 99.995 99.99
15 100 99.99 99.99
7 Stagﬁ;g’gsc"ﬁcjgfeus 30 99.999 99.999 99.99 1.0 x 107
45 99.999 99.999 99.99
15 99.999 99.998 -
8 Staphylococcus aureus 30 99.999 99.998 - 21 x 108
45 99.999 99.998 -

Table prepared by the authors using their own data

depending on the device, type of discharge, output volt-
age, and other factors [31]. The most rapid growth inhibi-
tion of ESKAPE pathogens was described by Flynn et al.
(2015) [32]. When using thermal plasma of atmospheric
pressure, a rapid antibacterial effect was found against
all ESKAPE pathogens in an unfixed (planktonic) growth
form. Complete destruction of Enterobacter cloacae
was achieved in 45 s, P. aeruginosa — in 60 s, E. fae-
cium, K. pneumoniae and A. baumannii were completely
inactivated within 120 s. S. aureus was the most stable,
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requiring a 240 s exposure to low-temperature plasma
for its inactivation.

As a research result, a high efficacy of LTAP in ex-
perimental conditions was achieved with the proportion
assessment of death of viable bacterial and fungal cul-
tures. In the present study, almost complete destruction
of viable cells of ESKAPE pathogen test cultures oc-
curred during the LTAP exposure of 15 s, at a dose of
UV-A 1215 J/m?, UV-B 4.68 J/m?, and UV-C 10.2 J/m?
at a distance of 20 cm.
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Table 4. Efficacy assessment of LTAP action on the survival of reference strains from culture collections

Exposure distance, cm
Exp°3”resd“rat'°"’ 10 15 20 Control, CFU/mL
Efficacy, %
15 99.999 99.999 99.999
30 99.999 99.999 99.999 1 x 10°
45 99.999 99.999 99.999

Table prepared by the authors using their own data

Table 5. Efficacy assessment of LTAP action on the survival of a mixture of microbial strains

Exposure distance, cm
Exp°3”resd“rati°"’ 10 15 20 Control, CFU/mL
Efficacy (%)
15 99.999 99.997 99.997
30 99.999 99.997 99.997 4 x 108
45 99.999 99.997 99.997

Table prepared by the authors using their own data

C. albicans yeast-like fungi were found to be more
resistant to LTAP exposure compared to bacteria. Their
destruction requires a longer exposure and a shorter
distance from the nozzle to the treated surface, while
the exposure efficacy is similar to that for bacteria, i.e.,
99.99-100%.

A number of studies have shown that fungi are less
sensitive to low-temperature plasma than bacteria [33].
However, the effect of low-temperature plasma in inac-
tivating fungi depends on the fungus type, the gases
supplied, the distance between the plasma device and
the sample, and exposure duration [34, 35]. Most stud-
ies have reported that non-thermal and low-temperature
plasma can effectively inactivate Candida albicans yeast
cells [34].

Some researchers emphasize that the exposure of
strains to low-temperature plasma is associated with
safety problems; namely, microorganisms that survive
plasma exposure can be modified both genetically and
phenotypically, representing danger to the environment.
Thus, C. albicans that survived plasma treatment dem-
onstrated genetic variability, although showing no signifi-
cant changes in metabolism and drug susceptibility [35].
On the one hand, this indicates that low-temperature
plasma treatment is associated with a low probability of
the formation of genetically and phenotypically unfavor-
able strains [34, 35]; on the other, more experimental
data is needed to solve the safety problem. Further stud-
ies in this direction should be conducted to assess the
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safety of LTAP exposure and the contribution of its main
parameters to the antibacterial and proliferative effect for
the treatment of postoperative wounds in in vivo models.

CONCLUSIONS

1. PLASMORAN-generated LTAP was found to ex-
hibit significant antibacterial and antifungal effects
both against reference strains from culture collections
and against ESKAPE clinical strains: K. pneumoniae,
R. aeruginosa, A. baumannii, E. coli, Gram-positive
bacteria MRSA S. aureus and E. faecalis, with multi-
ple drug resistance (according to the EUCAST system),
and yeast-like fungi C. albicans. The efficacy of LTAP
exposure is manifested in the decreased titer of viable
microorganisms from 108-10° CFU to single CFU, i.e.,
by 8-9 orders of magnitude for bacteria, ranging within
99.999-100%.

2. A. baumannii and E. faecium are more resistant to
LTAP exposure than other bacteria studied.

3. C. albicans is more resistant to LTAP exposure
compared to bacteria, and their destruction requires a
longer exposure duration and a shorter distance from
the plasma nozzle to the treated surface, with an impact
efficiency ranging 99.99-100%.

4. The greatest effect of LTAP exposure is achieved
when treating potentially pathogenic microorganisms
at a distance of 10-15 cm and an exposure duration of
30-45 s for bacteria (the required dose of UV radiation is
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37.8 J/m? UV-B 15.9 J/m? UV-C 34.2 J/m?) and at a dis-
tance of 10 cm and exposure time 60 s for fungi (the re-
quired radiation dose is UV-A 168.6 J/m? UV-B 68.4 J/m?
UV-C 159 J/m2).

5. Exposure to PLASMORAN-generated LTAP en-
sures a decrease in the viable microbial titer not only in
monospecies culture, but also in the bacterial associa-
tion both in relation to museum reference cultures and
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PSYCHOPHYSIOLOGICAL TRAINING OF PILOTS FOR CASES M) Check for updates
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Introduction. In the stratosphere, when the aircraft cockpit is depressurized, the pilot switches to breathing pressurized oxygen. However,
breathing under such conditions leads to the development of adverse processes that affect the functional state of the body and reduce the
quality of aircraft piloting. Programs of psychophysiological training of pilots for such conditions include breathing and speech training under
oxygen overpressure.

Objective. Effectiveness assessment of a five-day breathing and speech training course under oxygen overpressure in Vietnamese test
subjects.

Materials and methods. The study involved 35 Vietnamese test subjects aged 19-32. The assessment of the development of breathing skills
under oxygen overpressure (OOP) was based on the dynamics of psychological parameters and the pronunciation accuracy of control words.
The study used a KM-35 demand oxygen mask in combination with a ZSh-7A pilot protective helmet and a VKK-15 altitude compensating
suit to create counterpressure on the chest. OOP was created using the BARS-GD hardware and software complex. The developed course
of breathing and speech training under OOP consists of five OOP breathing sessions, which are conducted once a day during five consecu-
tive days. Each session involves breathing under OOP in a sequential and continuous manner at five stages with a breathing time of 2 min at
each stage. OOP was created at levels ranging 150-1000 mmHg. The functioning of the central nervous system (CNS) was assessed based
on the average time of simple and complex visual-motor reactions (SVMR, CVMR) and the response to a moving object (RMO). The level of
situational anxiety, well-being, activity, and mood was assessed using the wellbeing, activity, mood (WAM) questionnaire. Statistical analysis
was performed using the SPSS 26 software.

Results. As a result of the five-day training course, a statistically significant decrease in the pre-stress level of situational anxiety by 3.9% was
observed. Prior to the training course, in the setting of simulated rapid cockpit decompression, a decrease in well-being and mood indicators
by 3.7% and 5.7%, respectively, was noted. In addition, the experiment recorded an increase in psychophysiological reserves, which was
confirmed by statistically significant changes in the time of simple and complex visual-motor reactions, as well as the results of testing the
response to a moving object before and after the training course.

Conclusions. The data obtained confirmed the effectiveness of the developed five-day training course, as a result of which the test subjects
increased their psychological and psychophysiological readiness to perform tasks under conditions of a sharp decrease in pressure in the
pressurized cabin of an aircraft and the operation of high-altitude equipment. The developed five-day training regime of Viethamese military
personnel is recommended for integration into the training system of pilots for high-altitude and stratospheric flights.

Keywords: stratospheric flight; cockpit decompression; flight safety; professional reliability; Viethamese pilot; emergency situation;
psychophysiological readiness
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NCUXOPUINOJIONMHECKASA NMOArOTOBKA JIETHUKOB K AEATEJIbBHOCTU B YCJTIOBUAX
ABAPWUNHOW PA3rEPMETU3ALIUN KABUHbI CAMOJIETA

AA. BnarnHnH'28, KX, By', O.A. AHHeHKoB'™

"BoeHHO-MeanLmHeKkas akagemus M. C.M. Kuposa, CaHkT-IeTepbypr, Poccus
2NHeTuTyT domsmonorum um. V.M. Masnosa PAH, CaxkT-lNeTepbypr, Poccust
3 JleHnHrpaacKnii rocynapcTBeHHbln yHnBepeuTeT UM, A.C. TyuikuHa, CaHkT-INeTepbypr, Poccus

BeepeHue. B ycnosusx cTpatocdepbl Npy pasrepmMeTnsaLyn kabuHbl camoneTa neTHnk NepexoamnT B PEXXNM fblXaHWs KMCIOPOAOM Nof, 13-
HbITOYHbIM faBneHreM. OgHako AblxaHre B Takux YCIOBUSIX MPUBOAUT K PasBUTMIO HeG1aronpusTHbIX MPOLIECCOB, BANSIOLLMX HA (DYHKLMO-
HaflbHOe COCTOsIHME OpraHV3Ma 1 CHYKAIOLLWMX Ka4eCTBO MWUMOTUPOBaHKS camorneTa. B kadecTBe ncvxor3nonorn4eckolt NogroToBKM
NETHMKOB K paboTe B Takmnx YCIOBUSX NPefyCMOTPeHa TPEHNPOBKa AbIXaHWs ¥ peydn Nog, 30bITOHHbIM JaBAEHNEM KMCNOPOaa.

Lienb nccneposanus. OueHka apPeKTUBHOCTY 5-AHEBHOMO Kypca TPEHUPOBKM [bIXaHWst 1 pey Nof, N30bITOYHBIM AaBfeHeM Kucnopoaa
Y BbETHaMCKUX UCTbITaTENEN.

© A.A. Blaginin, Q.H. Vu, O.A. Annenkov, 2025
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OPUI'MHAJIbHAA CTATbA | ABUAKOCMUYECKAA N MOPCKAA MEOULIMHA

MaTepuanel 1 MeTofbl. B vccneqoBaHun NpuHSANM yqacT 35 BbeTHaMCKUX mcnbiTaTenen B BospacTte 19-32 neT. OueHka chopMmpo-
BaHHOCTW HaBblKa AblXaHWs Mo, 13bbITOYHbIM AaBneHnem kucnopoda (MNAK) ocyuwecTBnsgnace no gMHaMmke NCUXONOrMHYecKnX nokasa-
Tenen, NCUxXomMU3nNoNorM4eCcKX PE3EPBOB YETKOCTN MPON3HOLLEHNST KOHTPOSbHBIX CNOB. B nccnefosaHmnm ncnons30Banm KMCIOPOAHYO
mMacky KM-35 B koMnnekTe ¢ 3alimTHbIM winemom 3LLU-7A; ons cospaHns KOHTPAABAEHNS Ha MPyaHYIO KNETKY MCMoNb30BasCst BbICOTHO-
komMneHcupytowmin kocTiom BKK-15. Co3panne NOK ocyliecTBAANOCk Ha annapaTHO-NporpaMmmHoM kKomnnekce BAPC-I[. PaspaboTtaH-
HbI KYPC TPEHNPOBKM ObIxaHus 1 peyn nog VOK npeactaBnsgeT cobom NaTb CeaHCoB AblxaHus VK, koTopble NpoBOASATCA O4MH pa3 B AeHb
B TeveHne NATn aHel noapsia. Kaxkapii ceaHe npeacTtasnsan cobow apixanve nog MOK nocnegoBatenbHO 1 HENPEPBIBHO Ha NATX CTYNeHsX
C cospaHneM n3bbiTouHoro gasneHns 150-1000 MM BOA. CT., BPEMS AblXaHWs Ha KaXkAOW CTymeHn cocTaBnsano 2 MuH. OueHka ypoBHS
(PYHKLMOHMPOBaHNS LieHTpanbHoM HepeHon cuctemsl (LIHC) nposeneHa no cpegHemy BPeMEHN NPOCTOM U COXKHOW 3pUTENbHO-MOTOPHOM
peakumm (M3MP, C3MP) 1 peakuum Ha asuxkyLmiicst 0obekT (PLO). YpoBeHb CUTyaTUBHOM TREBOXHOCTM, CAMOYYBCTBUS, aKTUBHOCTU 1 Ha-
CTpOeHus oLeHmBanu no metoamke CAH. CTatnctnyeckunin aHanms NpoBeAeH C MCMONb30BaHNEM NakeTa NpUKNaaHbix nporpamm SPSS 26.
Pesynbtathl. B pesynsrate 5-OHEBHOMO Kypca TPEHNPOBKIN OTMEYEHO CTAaTUCTUHECKN 3HAYMMOE CHVDKEHNE OOHArPY304HOIrO YPOBHA CUTY-
aTmBHOM TpeBOXXHOCTU Ha 3,9%. [1o Kypca TPeHMPOBKM NOCe MOAENNPOBaHMS ObICTPOM pasrepmeTmdaLim kabuHbl camoneTa oTMevanm
CHDKEHME nokasaTener caMovyBCTBUSA 1 HACTpoeHns Ha 3,7 1 5,7% COOTBETCTBEHHO. Tak>Ke 3aperncTprpoBaHO NOBbILLEHME MCUXOU3MO-
NIOMMYECKNX PE3EPBOB, YTO MOATBEPXKAEHO CTATUCTUHECKM 3HAYUMBIM U3MEHEHWEM BPEMEHV MPOCTON 1 CIIOXHOW 3PUTENBHO-MOTOPHOM
peakumu, a TakxKe pesynbTaToB TecTa — peakupent Ha ABVKYLLMIACS OObeKT A0 1 NMOce Kypca TPEHNPOBKN.

BbiBogbl. [ofly4eHHble AaHHble Mokadanv ahHeKTUBHOCTb padpaboTaHHOro 5-AHEBHOMO Kypca TPEHVUPOBKM, B pe3yfkraTe KOTOpOoro Y 1c-
nbiTatener chopmMmpoBanacb NCUXONOrM4eckas 1 NCUXOPU3NONOrMHECKOro MOTOBHOCTb K BbIMOMHEHWIO 3a[a4 B YCIOBUSIX PE3KOIO CHU-
YKEHWS AaBneHns B repMokabuHe netatenbHOro annapara v paboTbl BbICOTHOMO CHAPSKEHUS. 5-AHEBHbI PEXKNM TPEHNPOBKYM BbETHAMCKIX
BOEHHOCY>KaLLMX LenecoobpadHo MHTErpUpoBaTh B CUCTEMY MOArOTOBKM NIETHMKOB K BbICOTHbIM 1 CTPATOCHEPHBLIM MofIETaMm.

KnioueBble cnosa: CTpaTOCCDeprIVI nosieT; pasrepMeTmndaumna KabuHbl; 6e30MacHOCTb MOJIETOB; npodeccunoHanbHas HageXXHOCTb;
BbETHAMCKUI NETUMK; aBapuiiHas CUTyauus, Ncrxon3nonormyeckas rotoBHOCTb

Ons  uyutupoBaHusa:  bnarvHnH  AA,, By KX, AnneHkoB O.A. [cuxoduanonornyeckad  nogrotoBka  NETYMKOB
K 0eATENbHOCTI B YCNOBUAX aBaPUINHON pasrepmeTnaanmm kabunsl camoneta. MeauimHa skcTpemasibHbix cutyaumi. 2025 ;27(3):367-374.
https:/doi.org/10.47183/mes.2025-271

duHaHCUpoBaHne: 1ccneqoBaHmne BbIMOHEHO 6€3 CMOHCOPCKOM NOAAEPIKKM.

CooTBeTCTBME NMpUHLUMNAM 3TUKU: NCCNefoBaHMe 0000PEHO Ha 3acedaHuny He3aBMCUMOIO 3TUHECKOro KomuteTa npu BoeHHo-meaun-
umHckon akagemun M. C.M. Kuposa (npotokon Ne 274 oT 24.01.2023). Bce y4acTHUKK nognucani gobpoBofibHOE MHPOPMUPOBaHHOE
cornacuve Ha y4acTvie B MCCefoBaHNM.

MoTeHumanbHbI KOHMNKT UHTEPECOB: aBTOPbI 3asBNAIOT 06 OTCYTCTBUM KOH(MKTA MHTEPECOB.
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INTRODUCTION The pilot must be trained to enhance the ability to with-

stand overpressure'. This is a prerequisite for the ad-

The current intensive development of aviation science
and technology is associated with an increased emo-
tional, physical, informational, and mental stress expe-
rienced by the pilot-aircraft-environment system. In
this system, the pilot becomes an increasingly vulner-
able element [1] due to the physiological and psycho-
physiological limits of the human being as a biological
object [2].

Aviation medicine and flight physiology aim to pre-
serve the professional health of pilots in the face of rapid
technological advancements. This goal is achieved
through technical solutions that compensate for the ex-
treme factors of aviation flight and complex missions,
as well as by continuously enhancing the professional
reliability of pilots by improving their ability to perform
tasks in extreme and emergency situations [3, 4]. The
psychophysiological training of pilots for flights is carried
out using a diverse set of ground-based training exer-
cises and special equipment [5-8].

One of the key methods for maintaining the profes-
sional reliability of pilots for flights in the conditions of
cockpit decompression in the stratosphere involves
breathing training under overpressure of oxygen (OOP).

mission of a pilot to stratospheric flights. Breathing and
speech training under OOP allows pilots to learn to
breathe and maintain radio communications in the event
of an emergency (in the case of cockpit decompression
in the stratosphere) [9]. This is an important difference
between military pilots and civil aviation pilots, who per-
form flights below the stratosphere and do not need
such training.

Pilot training in breathing and speech under OOP is
carried out regularly in order to form new biomechani-
cal patterns of breathing [10]. To that end, an oxygen
training device can be used to create excess gas pres-
sure in the mask and protective equipment in ground
conditions. Pilot training can also be conducted under
conditions of high atmospheric rarefaction during baro-
metric ascents to an altitude of more than 12 km [11].
Training is performed on an aviation simulator. The pilot
must develop stable piloting skills and psychophysiolog-
ical readiness to perform correct actions and control the
aircraft in the event of a cockpit decompression at high
altitudes [12, 13].

Currently, the Vietnam Air Force is equipped with mod-
ern aircrafts capable of high-altitude and stratospheric

' Gradwell DP. Human physiological responses to positive pressure breathing for high altitude protection. PhD thesis. London: University of London; 1993.
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flights [14], which are becoming increasingly important
in today’s world. However, the incomplete system of
psychophysiological training (lack of training in breathing
and speech under OOP, limited use of special equip-
ment for checking the fit of high-altitude equipment, par-
ticularly in hot and humid climates) poses a significant
obstacle for Vietnamese pilots to perform stratospheric
flights. This determines the need to develop a rational
breathing and speech training regimen using modern
and innovative equipment [10]. The developed regimen
should include both an introductory component, which
is performed at a low level of OOP, and a training com-
ponent, which allows the test pilot to adopt specific bio-
mechanics of breathing with a short passive inhalation
and a long active exhalation, as well as to develop the
skill of pronouncing the words necessary for radio com-
munication [7]. This will enhance the professional reli-
ability of pilots not only in emergency situations but also
during high-g maneuvers.

In this study, we set out to assess the development of
breathing and speech skills under oxygen overpressure
in Vietnamese test subjects after completing a training
course.

MATERIALS AND METHODS

The study was conducted with the participation of 35
Vietnamese military personnel volunteers (men) aged
19-32 years (average age 23.6 years), whose anthropo-
metric data corresponded to the size and height of the
high-altitude and protective equipment used.

All the participants had no acute illnesses or exacer-
bations of chronic states. Prior to each experiment, they
underwent a medical examination in the scope of a pre-
flight medical examination.

During the training period for the study, for each test
subject, high-altitude and protective equipment was
selected in accordance with their anthropometric pa-
rameters and the methodology for selecting and fitting
high-altitude equipment [11]. The equipment was also fit-
ted in accordance with this methodology. In this study,
a KM-35 oxygen mask (KM-35) in combination with a
ZSh-7A protective helmet (ZSh-7A) was used; a VKK-15
high-altitude compensating suit (VKK-15) was used to
create counterpressure on the chest [15].

The direct creation of OOP was carried out us-
ing the BARS-GD hardware and software complex
(BARS-GD, Russia). The registration of physiologi-
cal and psychophysiological responses was carried
out using the objective control system integrated into
BARS-GD. This equipment includes a pneumatic sys-
tem, a PC, an objective medical control system, and
peripheral devices for conducting psychophysiologi-
cal and stress tests (Fig. 1).

The developed course of breathing and speech train-
ing under OOP includes five OOP breathing sessions,

which are conducted once a day for five consecutive
days. The sessions were held in the morning, 1.5-2 h
after a meal. On the day of the session, the test subjects
were exempted from significant physical and psycho-
logical stress.

Each session consisted of breathing under OOP se-
quentially and continuously at five stages with the crea-
tion of overpressure at levels of 150-1000 mm H,O;
the breathing time at each stage was 2 min. BARS-
GD was used in the mode of smooth increase of OOP
in the airways. When conducting the session, VKK-15
was necessary due its mandatory use when creating
an OOP of more than 300 mm H,O in the human res-
piratory system.

To assess the impact of the five-day training course
on the psychological and psychophysiological indica-
tors of the test subjects, the breathing conditions of a
rapid cockpit decompression at an altitude of 14-15 km
were simulated using the BARS-GD in the mode of rapid
creation of an OOP of 500 mm of water pressure in the
respiratory tract.

Prior to and following OOP simulation, the psy-
chological characteristics were assessed using the
Spielberger—-Khanin anxiety scale and the psychological
state assessment method?.

To assess the functioning of the central nervous sys-
tem (CNS), the average time of a simple visual-motor
reaction (SVMR) was evaluated, which characterizes
the excitability and lability of the CNS, the mobility of
nervous processes, and the balance of excitation and
inhibition processes, by performing the tests of complex
visual-motor reaction and response to a moving object
(SVMR and RMO) [17]. These tests were performed by
the test subjects during each training session, as well as
during the simulation of rapid decompression.

The training sessions and rapid decompression sim-
ulations were performed in strict accordance with the

Photo taken by the authors

Fig. 1. Appearance of the BARS-GD equipment set

2 Mantrova IN. Methodological guide to psychophysiological and psychological diagnostics. Ilvanovo; 2005 (In Russ.).
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indications, contraindications, and safety measures ac-
cording to the approved methodology [11, 18].

The training effectiveness was evaluated in sev-
eral ways. First, the participants’ ability to perform
respiratory movements under excessive pressure
was assessed, since the biomechanics of this pro-
cess involve significant physical effort to overcome
the counterpressure during exhalation, leading to
muscle fatigue in the chest and diaphragm within
a few minutes. Secondly, the participants’ ability to
pronounce control words under these conditions
was evaluated, since the ability to maintain radio
communication is a key indicator of the professional
reliability of pilots. Thirdly, the participants’ psycho-
physiological reserves under the conditions of OOP
were assessed based on the severity of physiological
reactions, the level of situational anxiety, well-being,
activity, and mood (WAM).

Mathematical and statistical analysis was carried out
using the Microsoft® Excel-2016 software, SPSS 26 ap-
plication package, with calculation of Student’s t-test
and Wilcoxon test. The values are presented in the form
of median value and quartile spread. The dynamics of
indicators without load and after load was compared
separately in pre-training and post-training periods. The
dynamics of indicators between the periods before and
after the training course was also compared. All differ-
ences were considered statistically significant at a p-
value of < 0.05.

RESULTS

The conducted assessment of personal anxiety found
that 23 (66%) and 12 (34%) of the participants demon-
strated a high and average level of anxiety, respectively.
No participants showed a low level of anxiety.
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Fig. 2. Situational anxiety changes during rapid creation
of an oxygen overpressure (OOP) of 500 mmHg before
and after exercise

Note: * — the level of statistical significance when comparing the
unloaded indicator before and after the training course.
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Significant changes in situational anxiety (SA) were
recorded during the examination of the participants be-
fore and after the training course. In the absence of OOP
load, the SA level decreased by 4% from 43.3 + 0.9 to
41.6 + 1.0 points (p = 0.039) after the training course. No
statistically significant changes were observed in these
indicators before and after the training course. This may
indicate that, over the five-day training course, the par-
ticipants have developed the required level of psycho-
logical readiness for the subsequent exposure to an ex-
treme factor (Fig. 2).

A study of the dynamics of SA levels during the simu-
lation of a rapid decrease in pressure in an aircraft pres-
surized cabin showed a downward trend before and
after the training course; however, the data were not sta-
tistically significant.

An analysis of the dynamics of the participants’ psy-
chological state using the WAM questionnaire before
the training course showed a statistically significant de-
crease in the well-being indicator by 3.7% (p = 0.003)
(Fig. 3) and the mood indicator by 5.7% (p = 0.035)
(Fig. 4), indicating that the participants were not pre-
pared for new biomechanical patterns of breathing in the
OOP conditions, as well as the occurrence of a number
of uncomfortable sensations when using high-altitude
and protective equipment. No statistically significant
changes were observed when comparing these indica-
tors before and after the training course.

Following the five-day training course, the pilots’
levels of well-being and mood were similar to their pre-
training levels. These results reflect the pilots’ subjec-
tive assessment of their psychological state, which was
characterized by their readiness to withstand extreme
conditions, their adaptation to the biomechanics of
breathing in the OOP environment, and their use of high-
altitude and protective equipment.

®m No OOP load m  After OOP load

Well-being, points
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Figure prepared by the authors using their own data

Fig. 3. Well-being changes when oxygen overpressure
(OOP) is rapidly increased to 500 mmHg before and
after exercise

Note: * — the level of statistical significance (p = 0.003) when
comparing the values before and after the training course.
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Fig. 4. Changes in mood when oxygen overpressure
(OOP) is rapidly increased to 500 mmHg before and
after exercise

Note: * — the level of statistical significance (p = 0.035) when
comparing the values before and after the training course.

The study of the functional state of the CNS before
the training course found that the average SVMR time
of the participants increased significantly by 39.7%
(b < 0.001) after the OOP load compared to the pre-load
values; thus, after the training course, the SVMR time in-
creased by 14.1% (p < 0.001). A comparison of the indi-
cators before and after the training course did not show
any significant changes. The obtained results reflect less
significant changes in the level of CNS functioning af-
ter the training course than before the course, which is
characterized by a less significant decrease in the speed
of neural processes and, consequently, greater psycho-
physiological reserves (Fig. 5).

The dynamics of the mean CVMR time is presented
in Fig. 6. Before the training course, the average CVMR
time increased significantly, by 6.6% (p = 0.001), under
the OOP load, while the number of erroneous respons-
es remained at the same level. When comparing the
CVMR time before and after the psychophysiological
training course, the participants showed a decrease
in the CVMR time (Fig. 6). At the same time, after the
training course, there were no statistically significant
changes in the time of the CVMR and the number of er-
roneous reactions compared to the pre-training values.
These data indicate an increase in the psychophysi-
ological reserves of the participants after the training
course.

It is also noteworthy that there was a statistically sig-
nificant decrease in the number of erroneous respons-
es after the five-day training course, which was 65%
(p < 0.001) in the absence of stress and 55% (p < 0.001)
after exposure to OOP. These results indicate an in-
crease in the CNS functioning under OOP conditions
during training and an increase in the psychophysiologi-
cal reserves of the participants.
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Fig. 5. Dynamics of the mean time of simple visual-
motor reaction (SVMR) during rapid creation of an
oxygen overpressure (OOP) of 500 mmHg before and
after training

Note: * — the level of statistical significance (p < 0.001) when
comparing the values before and after exercise in the periods before
and after the training course.
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Fig. 6. Dynamics of the mean time of complex visual-
motor reaction (CVMR) during rapid creation of oxygen
overpressure (OOP) at a level of 500 mm H,O before
and after training

Note: * — level of statistical significance (o = 0.001) when comparing
indicators without and after exercise before the training course; » —

level of statistical significance (p = 0.001) when comparing indicators
after exercise before and after the training course.

The RMO time dynamics, which characterizes the
balance of excitation and inhibition of CNS processes
during the simulation of cockpit decompression, is pre-
sented in Fig. 7. Before the training course, the RMO
time changed significantly, by 26.7% (p = 0.001), in the
negative range of values from —58 to —73.5 ms. After the
training course, the dynamics of this parameter did not
have statistical significance, similar to the case when
comparing the indicators before and after the training
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Fig. 7. Mean time dynamics of response to a moving
object (RMO) during rapid creation of an oxygen
overpressure (OOP) of 500 mmHg before and after
training

Note: * — the level of statistical significance (p = 0.001) when
comparing the values before and after the training course.

course. From a physiological standpoint, these results
are consistent with the changes in the SVMR and CVMR,
characterizing the overall dynamics of a decrease in the
CNS functioning level under the influence of an extreme
flight factor, with the predominance of CNS excitation
processes.

DISCUSSION

The conducted series of experiments have confirmed a
significant effect of breathing under OOP on the psycho-
logical state and CNS functioning in test subjects who
had no previous experience of such programs. However,
after undergoing psychophysiological training and de-
veloping psychological and physiological readiness for
exposure to OOP, statistically significant changes in psy-
chophysiological indicators were recorded.

The five-day course of breathing and speech train-
ing under OOP among Vietnamese pilots improved
their psychological readiness for exposure to extreme
flight factors [2], which is evidenced by a statistically sig-
nificant decrease in the participants’ background situ-
ational anxiety and the absence of statistically significant
changes in their well-being and mood after the training
course. These are representative subjective indicators
of psychological state. Given the non-physiological bio-
mechanics of breathing under OOP conditions, which is
characterized primarily by active exhalation, the pilot’s
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psychological state plays a significant role in the suc-
cess of their training [9]. In the context of stratospheric
flights and sudden cockpit decompression, a pilot’s lack
of psychological readiness can pose a significant threat
not only to the completion of the entire mission but also
to the lives of the crew members and the safety of the
aircraft [4].

Statistically significant changes in the psychophysi-
ological indicators of the test subjects reflect the physi-
ological aspect of their adaptation to breathing under
OOP conditions and the use of high-altitude and pro-
tective equipment. The increase in psychophysiological
reserves during the five-day training course indicates
the formation of the corresponding breathing skills [13].
This mitigates the uncomfortable and limiting effects of
high-altitude equipment, such as pressure on the face
and neck, discomfort in the oral cavity, allowing pilots
to conduct high-quality and clear radio communication.

CONCLUSION

The conducted research is part of a larger scientific pro-
ject aimed at improving the safety and efficiency of pi-
loting Russian-made jets in Southeast Asian countries.
Modern aviation equipment places high demands on
flight personnel during maneuvers and stratospheric
missions. One of the challenges in medical support and
training for Vietnamese flight personnel consists in the
lack of an effective program for stratospheric flights,
which can be conducted using Russian high-altitude
and protective equipment.

This study showed the effectiveness of the devel-
oped five-day training course in maintaining the profes-
sional performance of Vietnamese test pilots under the
conditions of a rapid depressurization of the aircraft cab-
in and breathing under OOP. The course effectiveness
was confirmed, on the one hand, by the development of
skills for performing an active exhalation with additional
effort and for maintaining voice communication with
the flight director and crew members, and, on the other
hand, by statistically significant changes in psychologi-
cal and psychophysiological indicators that demonstrate
improved psychological readiness among test pilots and
an increase in their psychophysiological reserves.

The conducted research provides grounds for rec-
ommending the breathing and speech training mode
under OOP for inclusion in the medical support system
for flights by Vietnamese pilots, particularly in terms of
training for stratospheric and maneuverable flights on
Russian-made jets.
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DEVELOPMENTAL FEATURES OF IMMERSION PULMONARY EDEMA M) Check for updates
IN DIVERS
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2Main Directorate of the Russian Guard in Moscow, Moscow, Russia

Introduction. Immersion pulmonary edema (IPE) is a pathological condition that occurs in an aquatic environment during various activities,
such as underwater engineering, scuba diving, triathlon competitions, etc. Despite a significant number of English-language publications, the
problem of IPE remains insufficiently studied in Russia.

Objective. Research into the diagnosis, clinical manifestations, treatment, and prevention of IPE to optimize medical care for this pathological
condition.

Discussion. The main factors leading to IPE include exposure to cold water, intense physical exertion during swimming, increased blood
pressure while in water, excessive fluid intake before swimming, age over 50. Breathing 100% oxygen underwater can cause hyperoxia, oxida-
tive stress, disruption of the alveolar—capillary membrane integrity, and surfactant deficiency, leading to fluid transudation into the pulmonary
interstitial tissue and edema. Hyperoxia induces pulmonary vasoconstriction, increases hydrostatic pressure, and enhances fluid filtration
into the interstitium, exacerbating IPE and contributing to the development of alveolar pulmonary edema. Clinically, IPE presents with labored
breathing, acute dyspnea, coughing with hemoptysis, frothy bloody discharge, and other symptoms. A distinctive feature of this condition is
the resolution of key symptoms within 48 h. On physical examination, percussion over the affected lung area reveals dullness, while ausculta-
tion detects wet rales in the lungs and murmurs characteristic of acute mitral regurgitation with left ventricular failure. Computed tomography
findings include ground-glass opacities, peribronchial infiltration, and pleural effusion, predominantly on the affected side. A major limitation
of this method is the inability to perform imaging immediately during an emergency ascent. Ultrasound diagnostic markers of IPE include
hyperechoic reverberation artifacts (B-lines), produced by the interaction of ultrasound waves with air-fluid content in the alveoli, typical of pul-
monary edema. Clinical and laboratory markers of IPE include elevated levels of copeptin, brain natriuretic peptide (BNP), ischemia-modified
albumin, and high-sensitivity troponin T.

Conclusions. IPE remains an understudied yet highly dangerous pathological condition in diving and aquatic swimming. Therefore, it is
crucial to educate divers, combat swimmers, professional scuba divers, and athletes (triathletes, swimmers) about preventive measures and
symptom recognition when they occur during surface or underwater activities. Implementing a comprehensive approach to IPE prevention
will reduce the incidence of this condition and enhance the safety of diving operations.

Keywords: immersion pulmonary edema; IPE; diving; scuba diving; risk factors; pathological condition; diving operations; triathlon; drowning;
pulmonary barotrauma; thoracic compression; gas embolism; pulmonary edema symptoms
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OCOBEHHOCTU PA3BUTUA UMMEPCUOHHOIO OTEKA JIETKNX Y BOOOJIA30B

V1.P. Knenkos™, A.W. AHkyaouHoBa?

"BoeHHOo-MegnUmHeKkas akagemus M. C.M. Kuposa, CaHkT-INeTepbypr, Poccus
2[maBHoe ynpasneHve Pocreapaum no r. Mockee, Mocksa, Poccust

BeepeHue. immepcuoHHbii oTek nerkux (MOJT) — naTtonorndeckoe CoCTosiHME, KOTOPOE BO3HMKAET B BOAHOW Cpefie Npu PasdnnyHbIX Baax
[EeATeNbHOCTU: MOABOAHO-TEXHUHECKNX paboTax, MIOOUTENBCKOM AaiBuUHre, CMOPTUBHbBIX COPEBHOBaHNAX MO TPUATAOHY 1 T.4. HecmoTps
Ha 3Ha4MTENbHOE KONMMYECTBO aHrnosi3bldHbIX Nybnnkaumin, B Poccun npobnema MOJT ocTaeTcst HegocTaToqHO N3yYEeHHON.

Llensb. ViccnepgoBaHne 0cobeHHOCTEN ANArHOCTUKN, KIIMHNHYECKMX MPOSIBAEHUA, NeYeHnst 1 MPOMUNaKTUKN MMMEPCUOHHOIO OTeKa Nerkmx
0715 ONTUMU3ALINM MEAULIMHCKON MOMOLLIM MPY AaHHOM MaToSIOrMYECKOM COCTOAHUN.

O6cyxaeHune. K ocHoBHbIM hakTopam, nprBoasLLmM K VIOJ1, OTHOCATCA: HaxoXaeHWe B XONoOHOW Bofe, Tshkenasa usmndeckas Harpyaska
npwv NnaBaHun, NOBbILLEHHOE apTepuanbHoe faBeHre B Meproa HaxoxaeHns B Bode, N30bITo4HOe NoTpebneHre XXNAKOCTY Nepeq niasa-
Hvem, Bo3pacT cBbilwe 50 neT; abixaHne nog oot 100% KMCNOpOAOM, BbI3bIBAIOLLMM MMMEPOKCUIO, OKCUAATUBHbIN CTPECC, HapyLUeHue
LIeNTIOCTHOCTY aflbBEOSIO-KanUspHon MembpaHbl 1 aeduumT cypdakTaHTa, YTo NpUBOAUT K TPAHCCYAALIM XXUAKOCTU B MHTEPCTULMAb-
HYIO TKaHb Nerkrx 1 oTeky. Bo3gencTare rmnepokcumn NprvBOAUT K Ba3OKOHCTPUKLIM 1IEFOYHBIX COCYA0B, MOBbILLEHWIO MMAPOCTaTUYECKOrO
[OaBNEHNS N YCUNEHWNIO (DUNBTPaLMN XXUAKOCTY B UHTEPCTULIMK, YTO yeyrybnsaeT pasdsutue IOJ1 n obycnosamsaeT pa3sutie anbBeONAPHOrO
oTeka nerkux. KnuHmndeckn MOJ1 nposiBnsieTcs 3aTpyAHEHHbIM AbIXaHeM, OCTPOWN OABILLKON, KalLeM C KDOBOXapKaHbeM, KPOBSHUCTbIMM
BbIAENEHNAMY MEHNCTON KOHCUCTEHLMN 1 APYrMMU cuMaToMamu, OTANYMTENbHOM YepToi NaTanormyeckoro COCTOSIHMS SBNSETCS UCHe3-
HOBEHWE OCHOBHbIX CUMMTOMOB B Te4eHne 48 4acoB. BmecTe ¢ Tem npu NpOBEAEHWN MEPKYCCUM HAL, MOPaXKEHHbIM Y4aCTKOM 1ErKoro
OTMeYaeTCst MPUTYMJIEHVE 3BYKa, MPW ayCKyNbTaLmn B NIEMKMX BbICNYLUMBAIOTCS BaXHbIE XPUrbl; MPU ayCKybTauum cepaua — LyMbl, Xa-
paKTepHble AN OCTPOW MUTPasbHON HeAOCTATOYHOCTY C NIEBOXKENYAOYKOBOM HEAOCTATO4YHOCTLIO. [pK KOMMBIOTEPHOW TOMOrpadui BbisB-

© I.R. Klenkov, Y.I. Ankudinova, 2025

EXTREME MEDICINE | 2025, VOLUME 27, No 3 375



file:///Users/stanislava/Dropbox/�����������/�������/���/M�� 2025-3/klen.ir@mail.ru
https://crossmark.crossref.org/dialog/?doi=10.47183/mes.2025-275&domain=pdf&date_stamp=2025-09-20

OB30P | ABUAKOCMUYECKAA U MOPCKAA MEOVLNHA

NAOTCH CHKEHNE MPO3PaYHOCTV NIErO4HbIX MOJIel Mo TUMY «MaToBOro CTekNa», NepUbPoHXManbHas MHMUABTPALIMS 1 MNeBpasibHbIN BbIMOT,
NPEeVMYLLECTBEHHO Ha MOpPaXXeHHoW CTopoHe. OCHOBHbLIM OrpaHnYeHeM METOAA SBMSETCH HEBO3MOXHOCTb MPOBEAEHNS UCCNEA0OBaHNS
HEeNOCPEACTBEHHO B YC/IOBUSAX aBapUNHOIrO CnycKa. YNsTPadByKOBbIMU NpU3HakamMmmn gnarHocTuki VIOJST MOXKHO cunTaTb Hanm4une runepa-
XOreHHbIX peBepbepauoHHbIx apTedakToB (B-nnHni), 06pasytoLmxcs npy B3arMoAeCTBIN YNBTPa3BYKOBbIX BOSH C BO3AYX-KUAKOCTHbBIM
COOEPXMMbIM anbBeOS, XapakTepHbIM ANs oTeka nerkux. KnuHnko-nadopatopHbiv Mapkepom VOJT aBnsieTcs noBbilLeHVe KOMenTuHa,
MO3rOBOro HaTPUNYPETUHECKOro NenTnaa, MOaMMULIMPOBAHHOMO ULEeMUEN anbOyMUHa, CBEPXHYBCTBUTENBHOMO TPOMOHMHA T.

BeiBogbl. IOJ1 ocTaeTcs HeAOCTATOYHO U3YHEHHBIM, HO KpaiiHe OnacHbIM NaTOIOrMYEeCK M COCTOSIHMEM B flaiBUHIE U MiaBaHun Ha Bofe,
noaTomMy Bogonasam, 60eBbIM MoBLAaM, faBepam 1 CNopTCMeHaMm (TPUaTioHNCTaM, NoBLam) LienecoobpasHo AoBOANTE MHMOPMaLMIO
0 Mepax NpPegoCTOPOXXHOCTU NPK NOABMAEHU €r0 CUMNTOMOB BO BPEMS MiaBaHMa Ha BOAE W NOL BOAOW. [TpUMeHeHe KOMMIEKCHOro
noaxopa B npodunakTuke VOJT CHU3UT YacToTy Cry4aeB NOSBEHMS MaTONOMMHYECKOro COCTOSIHMSA U MOBBICUT 6e30MacHOCTb BOAONas-
HbIX CMYCKOB.

KntoyeBble cnoBa: MMMEPCUOHHbIN oTek nerkux; VOJT; panBmHr; nogaBodHoe nnaBaHue; hakTopbl pUcKa; NaTonorM4eckoe COCTOsHUE;
BOJO1a3Hble CMYCKW; TPUATIOH; yTonNeHve; 6apoTpaBma Nerknx; obxxatne rpyaHon KNeTkn; razosas aMo0oang; CUMATOMbI OTeKa Nerkmnx
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INTRODUCTION

The occupational activities of divers predispose them to
specific pathological conditions including decompres-
sion sickness, ear and pulmonary barotrauma, thoracic
compression, arterial gas embolism, and nitrogen nar-
cosis (a pathological state induced by the toxic effects
of nitrogen when breathing air at depths exceeding
30 m). International medical practice also recognizes
immersion pulmonary edema (IPE) as a potentially fatal
emergency condition during submersion [1, 2]. IPE is an
acute pathological condition occurring during surface
or underwater swimming, frequently affecting individu-
als without previous history of cardiovascular pathology
(e.g., ischemic heart disease, acute/chronic heart failure,
or cardiomyopathies) [3].

The actual prevalence of IPE is unknown; however,
there are reports of an estimated range of 1.8% (in expe-
rienced) to 60.0% (in novice) among combat swimmers,
and 1.4% among triathletes. IPE can cause severe clini-
cal manifestations, including acute respiratory distress,
hemoptysis due to erythrocyte diapedesis, paroxysmal
supraventricular tachycardia, and syncope caused by
myocardial hypoxia and cerebral hypoperfusion [3, 4].
At the same time, minor manifestations in divers are
rarely described in the literature [3, 5]. Most of the pub-
lications on the IPE problem are presented in the form
of clinical cases and focused retrospective studies. In
the Russian-language literature, separate references to
the manifestations of IPE can be found, mainly describ-
ing atypical forms of already known diseases (drowning,
chest compression, pulmonary barotrauma, arterial gas
embolism, etc.).

Fatal cases of IPE are rarely documented due to
the diagnostic challenge of distinguishing them from
other diving-related fatalities (drowning, ischemic heart
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disease, pulmonary barotrauma, etc.) [6, 7]. To date, no
autopsy-confirmed cases of IPE have been reported in
Russia, whereas there exist internationally established
diagnostic criteria to differentiate this condition from
other pathologies [8—10].

In this article, we aim to analyze the diagnostic mark-
ers, clinical presentation, management protocols, and
preventive strategies for IPE to optimize the respective
therapeutic interventions.

MATERIALS AND METHODS

We conducted a systematic literature review incorpo-
rating prospective and retrospective studies along with
clinical case analyses. Our search strategy included
international (PubMed, MEDLINE, Embase, Cochrane
Library, Scopus, Web of Science) and Russian (eLibrary,
CyberlLeninka, RSCI) databases using the following
keywords individually and in combination: immersion,
exercise-induced, cold-induced, pulmonary edema,
hemodynamics, cardiovascular response, water immer-
sion, drowning, thoracic compression, pulmonary baro-
trauma, pulmonary edema, pulmonary hypertension,
and cold shock response.

RESULTS AND DISCUSSION
Clinical epidemiology

The first documented cases of immersion pulmonary
edema (IPE) were reported by Wilmshurst et al. in 1981,
occurring in 71 individuals (0.18%) participating in open-
water swimming events [8]. All affected individuals were
ostensibly healthy adolescents aged 18-19 years. At
that time, IPE diagnosis was confirmed based on the
acute onset of severe dyspnea and coughing during
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or immediately after swimming, coupled with ausculta-
tory findings of pulmonary edema (inspiratory crackles
throughout all lung fields) [11].

Pons et al. (1995) conducted a survey of 460 divers,
identifying only 5 cases (1.1%) with IPE symptoms, in-
cluding exercise-induced respiratory distress, involun-
tary coughing, hemoptysis (with or without frothy spu-
tum production). With the purpose of investigating IPE
pathophysiology, the researchers evaluated forearm vas-
cular resistance, vasoactive hormone levels, biventricu-
lar function (via Doppler echocardiography) under both
normothermic and cold stress conditions. Characteristic
IPE hemodynamic changes were observed in just 1 out
of 10 study participants [12].

A 2002 study by Mahon et al. revealed frequent IPE
occurrences among U.S. Navy SEAL candidates un-
dergoing intensive training, with an annual incidence of
about 20 cases, predominance among recruits, docu-
mented recurrence in some operators, suggesting indi-
vidual predisposition [13].

A review 1400 U.S. triathletes conducted by Miller et
al. identified 20 cases (1.4%) with definitive IPE symp-
toms (exercise-associated hemoptysis with frothy se-
cretions). The study established systemic hypertension
and left ventricular hypertrophy to be the key risk factors.
These conditions promote diastolic dysfunction, increas-
ing myocardial preload and afterload [14]. Current epide-
miological data indicate IPE incidence rates of 1.1% in
professional divers and 1.8% among experienced com-
bat swimmers, technical divers, triathletes [4, 11, 15-17].

Risk factors and pathogenesis

The main factors leading to immersion pulmonary
edema (IPE) include exposure to cold water [13, 18,
19-21], intense physical exertion while swimming [22],
elevated blood pressure during immersion [11], exces-
sive fluid intake before swimming [13], and age over 50
[22]. Another common cause of IPE is breathing 100%
oxygen underwater [19], which induces hyperoxia, oxi-
dative stress, disruption of the alveolar-capillary mem-
brane integrity, and surfactant deficiency, leading to
fluid transudation into the pulmonary interstitium and
edema. Hyperoxia causes pulmonary vasoconstriction,
increased hydrostatic pressure, and enhanced fluid fil-
tration into the interstitium, exacerbating IPE and caus-
ing alveolar pulmonary edema [23].

Consumption of 1-3 liters of water before swimming
was found to increase the risk of IPE [18, 23]; however,
cases where IPE occurred without prior fluid loading
were also reported. An increase in circulating blood vol-
ume contributes to IPE due to resulting hypertension in
the pulmonary circulation [20, 21]. The study [22] dem-
onstrated a correlation between aspirin intake or fish oil
consumption and IPE.

Three groups of factors contribute to the develop-
ment of IPE:
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1. Physiological factors (arterial hypertension, left
ventricular hypertrophy, cardiac arrhythmia). Physically
fit individuals and athletes may be more susceptible to
IPE [10, 24], largely due to the high prevalence of left
and right ventricular hypertrophy [21] and reduced car-
diac chamber compliance caused by physical training
[6]. Individuals with functional cardiovascular changes,
such as left ventricular hypertrophy, are at a higher risk
of IPE [8, 16]. Reduced lung volume due to compres-
sion under increased pressure can trigger IPE. A low
number of interlobular septa and lymphatic vessels in
the lungs also contributes to IPE predisposition by im-
pairing the clearance of alveolar fluid via the lymphatic
system [9, 21, 23].

2. External factors (cold water, intense physical ex-
ertion, depth and duration of immersion). Low water
temperatures and ill-fitting wetsuits stimulate peripheral
vasoconstriction, increasing preload on the left and right
ventricles, thus elevating pressure in the left heart cham-
bers and pulmonary artery [10, 20]. Exposure to cold
temperatures leads to blood flow centralization, further
increasing pulmonary vascular pressure, while a tight
wetsuit worsens blood flow in these vessels [25].

3. Individual characteristics (female sex, age, obe-
sity) [5, 6, 22]. Females are more prone to IPE, possibly
due to anatomical and physiological differences in the
cardiovascular system and hormonal influences. Older
individuals face a higher risk of IPE due to age-related
changes in the heart, blood vessels, and lungs. Excess
weight places additional strain on the cardiovascular
and respiratory systems, particularly during physical ac-
tivity in water.

The pathogenesis of IPE is primarily driven by physi-
ological and pathophysiological processes leading to
pulmonary edema.

Hydrostatic pressure and blood flow centralization
[26]. Immersion in water increases external pressure (es-
pecially in an upright position), compressing peripheral
vessels and enhancing venous return to the heart. This
raises pressure in the right atrium and pulmonary ves-
sels [20].

Increased pulmonary capillary pressure (capillary
stress). Elevated circulating blood volume increases hy-
drostatic pressure in pulmonary capillaries. When it ex-
ceeds 25-30 mmHg, transudation of fluid into the pul-
monary interstitium intensifies [27].

Cold stress and vasoconstriction. Cold water triggers
reflexive peripheral vasoconstriction to preserve core
temperature, redistributing blood to central organs and
further increasing pulmonary vascular load [28].

Impaired cardiac function. Some divers, particularly
those with long-term experience, exhibit reduced myo-
cardial adaptability to hemodynamic stress during dives.
This leads to elevated pulmonary capillary pressure and
acute cardiogenic pulmonary edema [23, 29].

Endothelial damage and inflammation. Hypoxia, me-
chanical vascular stretching, and oxidative stress injure
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capillary endothelium. Inflammatory mediators (hista-
mine, bradykinin) are released, increasing vascular per-
meability [30].

Lymphatic drainage insufficiency [31]. The lymphatic
system fails to clear excess fluid from the lungs, exacer-
bating edema progression.

Independent studies by Kumar et al. indicate that a
prone (face-down) position during immersion intensifies
blood flow centralization, contributing to unilateral IPE
linked to lateral positioning [3, 22]. The design features
of breathing apparatuses can alter inspiratory/expiratory
airflow, further promoting IPE.

In rebreather diving, the regulation via an automated
gas supply valve creates high inspiratory resistance and
restricted ventilation. This underscores the critical role
of negative-pressure breathing in interstitial pulmonary
edema development. Such breathing reduces intratho-
racic, airway, and interstitial pressures, elevating capil-
lary pressure with each breath. Repeated dives and
ascents cause interstitial fluid accumulation, triggering
pathological decompensation and IPE symptoms [4, 24].

Moreover, over 20% of hospitalized divers with IPE
report prior episodes with high recurrence rates, sup-
porting the concept of individual susceptibility. Growing
evidence suggests genetic predisposition linked to poly-
morphisms in genes encoding surfactant proteins and
endothelial growth factors [32].

Clinical Presentation and Diagnosis of Immersion
Pulmonary Edema

Clinical symptoms of IPE in the presence of triggering
factors (cold water, strenuous exertion, breathing 100%
oxygen, etc.) may appear within 10-30 min of being in
the aquatic environment [6]. In 90% of divers with IPE,
dyspnea, cough, and sputum production are observed
[11, 12, 19, 46], while approximately 50% experience
hemoptysis [11, 18].

According to Adir et al., other symptoms (weakness,
orthopnea, chest discomfort [11], dizziness [11, 12, 9],
and loss of consciousness [24]) occur less frequently.
Percussion over the affected area of the lung reveals
dullness, which may indicate infiltration, pleural effusion,
or other pathological processes [11]. On auscultation,
wet rales are heard in the lungs, while cardiac ausculta-
tion may reveal murmurs characteristic of acute mitral
insufficiency with left ventricular failure (gallop rhythm
(S3) and pansystolic murmur of mitral regurgitation) [12].
Pulse oximetry typically shows tissue oxygen saturation
below 85% [11, 8].

The differential diagnosis of IPE is generally per-
formed with cardiovascular diseases, drowning, thoracic
compression, respiratory failure, pulmonary barotrauma,
and bronchial asthma [24, 33-35].

Chest X-ray examinations conducted within the first
12-18 h after IPE onset may reveal no pathological
changes [11, 22]. However, typical radiographic signs
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may later appear, including pulmonary artery dilation,
redistribution of blood flow to the upper lung lobes
(cephalization), and Kerley B lines, reflecting interstitial
or alveolar edema with thickening of interlobular septa
[12, 13, 17, 37]. Computed tomography reveals ground-
glass opacities [36], peribronchial infiltration, and pleu-
ral effusion [37, 38], predominantly on the affected side,
which is associated with increased blood flow, pres-
sure gradient, and the development of mitral regurgita-
tion [13, 22, 39].

During lung ultrasound, parenchymal visualization
is possible in the presence of pathological changes
accompanied by reduced alveolar aeration, allowing
the ultrasound beam to partially penetrate the inter-
lobular septa. Diagnostic ultrasound signs of IPE in-
clude hyperechoic reverberation artifacts (B-lines),
which form due to the interaction of ultrasound waves
with the air-fluid content of alveoli, characteristic of
pulmonary edema. Concurrently, A-lines are observed
as horizontal hyperechoic structures resulting from
reflection artifacts off the visceral pleura, spaced at
equal intervals from one another and from the pleural
line. The barcode sign is a diagnostically significant
finding, indicating the cessation of lung sliding and
the presence of pneumothorax as a consequence of
barotrauma. Lung ultrasound allows differentiation
between immersion pulmonary edema and barotrau-
ma-induced injury, while quantitative assessment of
B-lines enables determination of the degree of inter-
stitial or alveolar edema. This method is of high di-
agnostic value due to its simplicity, non-invasiveness,
and rapid execution [35, 38, 40].

Computed tomography is the most informa-
tive and sensitive diagnostic method for IPE [36, 41].
Characteristic signs of IPE include pleural effusion,
ground-glass opacities with lobar distribution, and thick-
ening of interlobular septa [41]. The main limitation of
this method is the inability to perform the examination
directly during an emergency dive.

Zavorsky et al. and Gempp et al. have identified
electrocardiographic changes in IPE, manifested as
nonspecific myocardial repolarization disturbances (ST-
segment elevation/depression), reflecting hypoxic myo-
cardial injury [38, 42].

Clinical and laboratory markers of IPE include elevat-
ed levels of:

e copeptin (@an indirect indicator of antidiuretic hormone
activity);

e Dbrain natriuretic peptide (BNP);

¢ ischemia-modified albumin;

high-sensitivity troponin T.

It was shown in [32, 43, 44] that the combination of
elevated troponin T and BNP has the highest diagnos-
tic specificity for differentiating IPE, confirming the car-
diogenic component of its pathogenesis. According to
the same researchers, echocardiography in IPE reveals
signs of systolic dysfunction, such as global or regional
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hypokinesia, reduced ejection fraction, left ventricular
hypertrophy [31, 38, 42, 44].

Patients with IPE exhibit restrictive ventilation pat-
terns, including decreased forced vital capacity (FVC)
and forced expiratory volume in 1 s (FEV1) with pre-
served Tiffeneau index (FEV1/FVC) [11, 16, 38].

Additionally, reductions were observed in absolute
FVC values, decreased maximum expiratory flow rates
at 25% and 75% of forced vital capacity (MEF25%,
MEF75%), and impaired lung diffusion capacity [11].
While lung diffusion capacity normalizes within 24 h,
other pulmonary function parameters typically recover
within approximately one week.

According to Casey et al., bronchoalveolar lavage
analysis revealed the presence of erythrocytes and high-
molecular-weight proteins (albumins and globulins) in
the lavage fluid. Notably, systemic inflammation markers
(C-reactive protein, procalcitonin, neopterin, presepsin,
tumor necrosis factor-o), complete blood count param-
eters (leukocytes, neutrophils, ESR), and protein profile
indicators (total protein, IgM) remained within normal ref-
erence ranges [45].

Treatment and prevention

The IPE treatment is based on clinical guidelines for
managing pulmonary edema patients, due to the lack
of randomized controlled trials in divers [35, 46-48].
Primary interventions include immediate extraction from
water, transfer to a warm environment, and removal of
the wetsuit/dry suit. Secondary measures involve oxy-
gen therapy and pharmacological support (diuretics,
B,-agonists, and antibiotics and corticosteroids when
indicated).

With prompt treatment, 82% of patients experi-
ence complete resolution of symptoms within 48 h
[30, 47-50]. However, recurrence rates in certain
groups (particularly athletes) range from 13-75% (20,
49, 50]. According to Shupak et al., 75% of cases
demonstrate progressive clinical manifestations dur-
ing recurrent episodes, indicating individual predispo-
sition [20, 49, 50].

Preventive measures include administration of di-
hydropyridine calcium channel blockers and selec-
tive PDE5S inhibitors (sildenalfil) prior to diving to reduce
systemic blood pressure and pulmonary hypertension
[35, 46]. Mechanism of action is vasodilation (reducing
smooth muscle tone and increasing venous capaci-
tance), which may minimize IPE risk.

Clinical cases of IPE development and their
analysis

We analyzed 80 incident reports and identified 16 cases
that best matched the clinical presentation of IPE. In
this article, we report four representative cases of IPE
in divers. Among them, the first case report details the
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author’s personal experience in diagnosing and manag-
ing IPE in a professional diver [7].

Case 1. The case involved a 35-year-old male div-
ing instructor (designated as Z.) with one year of diving
experience and 25 logged diving hours. During a dive in
the Black Sea using an IDA-71P apparatus at 6 m depth,
the diver experienced respiratory distress and involun-
tary coughing that forced him to abort the dive. Upon
surfacing and boarding the support vessel, he continued
coughing, producing bloody, frothy, bright red sputum.
Initial physical examination revealed no pathological
findings on auscultation or percussion, although chest
radiography showed increased pulmonary vascular
markings in the lower lung fields.

To confirm the diagnosis, a thoracic computed to-
mography (CT) scan was performed, revealing evidence
of fluid accumulation in the lung tissue. Based on these
findings, the preliminary diagnosis was pulmonary baro-
trauma, and therapeutic recompression was initiated
using Protocol Il. The diver reported symptomatic im-
provement during compression at 0.8 MPa. Follow-up
CT imaging after completion of recompression therapy
showed complete resolution of the previously observed
pathological changes. Following medical rehabilitation,
the diver successfully returned to professional diving ac-
tivities [7].

The chest CT scan (axial projection, the lung win-
dow at the level of the right ventricular outflow tract)
of diver Z. demonstrated marked irregular pulmonary
aeration patterns resulting from hemorrhagic infiltration
with thickening of interacinar and interlobular septa —
presenting as a ground-glass opacity pattern (Fig. 1A).
Additionally, thickening of interacinar and interlobu-
lar septa was observed with alveolar spaces filled by
hyperdense material (blood), predominantly located
in subpleural regions of the posterior and lateral seg-
ments S, —S, of the right lung and S, -S|, of the left lung
(Fig. 1B). The follow-up CT scan performed after thera-
peutic recompression showed complete resolution of
all previously identified pathological findings (Figs. 1C
and 1D).

It should be noted that diver Z’s radiographic find-
ings were not characteristic of typical clinical forms of
pulmonary barotrauma. The tomogram revealed signs
of pronounced pulmonary edema without evidence
of emphysema or pneumothorax, which are hallmark
features of pulmonary barotrauma. At that time, the
evident pulmonary edema was classified as an atypical
form of pulmonary barotrauma. Moreover, the patho-
genesis and clinical manifestations of this pathologi-
cal condition distinguished it from the typical form of
pulmonary barotrauma, which results from pulmonary
hypertension.

Consequently, in this case, the most probable cause
of the emergency situation was the development of IPE,
as the clinical symptoms were specifically characteristic
of this pathology.
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Case 2. Diver A. was performing a dive using an
IDA-71P closed-circuit rebreather to a depth of 7 m.
After 25 min underwater, diver A. surfaced and report-
ed severe coughing and chest pain. Light brown inclu-
sions were observed in the diver’s saliva. The diving
physician diagnosed pulmonary barotrauma and per-
formed therapeutic recompression, resulting in a suc-
cessful outcome [7].

Case 3. Diver C. descended to 10 m using a
closed-circuit breathing apparatus. After 40 min, the
diver stopped responding to status checks and was
brought to the surface unconscious by the safety diver.
Upon regaining consciousness, diver C. complained of
retrosternal pain (worsening with inspiration), progres-
sive weakness, and coughing. Pink, frothy sputum was
observed. The diving physician diagnosed pulmonary
barotrauma and conducted therapeutic recompression
with full recovery [38]. No differential diagnosis was
performed, the root cause of the incident remained un-
determined.

Thus, in the above three cases, the divers were di-
agnosed with pulmonary barotrauma and underwent
therapeutic recompression, as there was insufficient
evidence to confirm IPE (no chest CT or lung ultrasound

data available). This decision was made to prevent arte-
rial gas embolism. A potential solution in such situations
would be to perform differential diagnosis using lung
ultrasound to detect A- or B-lines, which serve as diag-
nostic criteria for pulmonary barotrauma and IPE.

Case 4. Recreational divers K. and M. conducted a
dive using an AVM-5 apparatus to a depth of 7 m for
amber collection in water at +3°C and air temperature
of —=7°C. No other individuals were present at the dive
site. Upon surfacing, diver M. noticed that diver K. was
missing. The following day, rescue personnel recovered
diver K.’s body. Inspection of the equipment confirmed
the AVM-5 was functional, with the cylinder pressure of
20 MPa and air quality meeting regulatory standards.
The investigative commission concluded that the fatality
resulted from drowning, hypothesizing that the AVM-5
regulator of diver K. froze in the extreme cold, ceasing air
delivery. Experiencing breathing difficulties underwater,
diver K. expelled the mouthpiece but failed to surface
due to negative buoyancy [7].

Research on cold-water immersion demonstrates
that hemodynamic changes induced by cold exposure
elevate pulmonary artery pressure and increase pulmo-
nary ventilation, disrupting the alveolar—capillary barrier.

Figure prepared by the authors based on their own data

Fig. 1. Computed tomography of the thorax in diver Z. demonstrating ground-glass opacity (arrow)
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These alterations promote fluid transudation into alveolar
spaces.

This case bears strong resemblance to IPE-related
incidents described in international literature [8, 11, 13,
18], where cold water exposure constitutes the prima-
ry risk factor for this pathology. This factor, particularly
when combined with strenuous underwater exertion,
frequently leads to IPE and subsequent drowning.

CONCLUSION

Despite the considerable number of English-language
publications on immersion pulmonary edema (IPE), this
subject remains insufficiently studied in Russia. The
epidemiology of IPE varies significantly across different
populations: the highest incidence (up to 60%) is ob-
served among combat swimmer recruits, while among
triathletes, swimmers, and professional divers it does
not exceed 1.8%.
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Introduction. When assessing bone metabolism markers in athletes under the age of 18, it should be borne in mind that, in comparison with
adults, the pediatric population is characterized by higher values of these markers. Their maximum increase during puberty coincides with
peak bone mass gain.

Objective. To evaluate bone metabolism status in healthy high-performance athletes under the age of 18 based on the levels of C-terminal
telopeptide (B-CrosslLaps), osteocalcin, and N-terminal propeptide human procollagen type 1 (P1NP) in the blood serum.

Materials and methods. A single-center, cross-sectional study involved 383 juvenile athletes aged 13-18 years (248 girls and 135 boys; aver-
age age 15.2 [14.0; 16.1] years) from Russian national sports teams. The study was conducted in the period from March 2021 to July 2023. All
athletes were divided into groups according to age and gender. The male groups were as follows: 13.1-14.0 years old (n = 3); 14.1-15.0 years
old (n = 11); 156.1-16.0 years old (n = 43); 16.1-17.0 years old (n = 42); and 17.1-18.0 years old (n = 36). The female groups were as follows:
13.1-14.0 years old (n = 17); 14.1-15.0 years old (n = 51); 15.1-16.0 years old (n = 65); 16.1-17.0 years old (n = 59); and 17.1-18.0 years old
(n = 56). The serum levels of osteocalcin, C-terminal telopeptide, and procollagen type 1 were evaluated in all athletes. The sexual maturity
rating (SMR) was assessed according to the Tanner Scale. Statistical data processing was performed using the Statistica 10.0 software pack-
age (StatSoft Inc.; USA).

Results. The maximum values of B-CrossLaps in boys (2.27 [1.14; 3.45] ng/mL) and girls (1.55 [1.10; 2.02] ng/mL) were observed at the age
of 13-14 years. The levels of osteocalcin and P1NP in young high-performance athletes corresponded to the standards for children with a
normal level of physical activity. The maximum values of PINP were revealed at the age of 13-14 years in both male (767.8 [148.1; 1142.4] ng/
mL) and female (450.5 [268.6; 569.3] ng/mL) groups. In boys, the maximum values of osteocalcin (125 [89; 144] ng/mL) were detected at the
age of 14-15 years; in girls (86 [62; 131] ng/mL) — at the age of 13-14 years.

Conclusions. In young high-performance athletes, the p-CrossLaps level as the main marker of bone resorption significantly exceeds the
population norms for children and adolescents with a normal level of physical activity. When assessing the level of B-CrosslLaps, osteocalcin,
and P1NP, reference values should be adjusted to account for the gender and sexual maturity stage of athletes. The data obtained can be
used when interpreting the results of an in-depth medical examination of athletes from Russian national sports teams to identify bone remod-
eling disorders.
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BeepeHue. MNpu oLeHKe MapKepoB KOCTHOMO MeTabonmama y CropTCMEHOB, He AOCTUrLUMX 18-neTHero BospacTa, ClefyeT y4nTbiBaTh,
4YTO ONS NeamaTpUYecKOn NONynsALMN XapakTepHbl 60Mee BbICOKME 3HAYEHNST AaHHbIX METAOONMTOB MO CPaBHEHMIO CO B3POCIION, a X Mak-
cUMasibHOE MOoBbILLIEHWE B Neprof nybepTaTa CoBnagasT C NMKOBLIM HAOOPOM KOCTHOW Macchl.

Lenb. OueHnTb cocTosiHME MeTabonmama KOCTHOW TkaHu Mo ypoBHSM C-koHuesoro Tenonentugaa (B-CrossLaps), ocTeokanbuyvHa
1 N-TepMUHanBHOrO NponenTuaa YenoBeveckoro npokonnareHa 1-ro tuna (P1NP) B CbIBOPOTKE KPOBW Y 300P0BbIX BbICOKOKBAMMULIMPO-
BaHHbIX CMOPTCMEHOB, He JOCTUrLUKX 18-neTHero Bo3pacTa.

Martepuansl u metoppl. [poBefeHO OAHOMOMEHTHOE OJHOLIEHTPOBOE MCCefloBaHMe, B KOTOPOM y4acTBoBann 383 toHbIX CrOpTCMeHa
B Bo3pacTe 13-18 net (M3 Hux 248 peBo4ek 1 135 ManbymkoB; cpefHu BospacT 15,2 [14,0; 16,1] roga) cbopHbix komaHg Poccuickon de-
nepaumn B nepunog ¢ mapta 2021 no nonb 2023 1. Bce cnopTcmeHbl Obinn pasaeneHbl Ha NO0BO3PacTHble rpynnbl: Manb4nkn: 13,1-14,0
(n=23); 14,1-15,0 (n = 11); 15,1-16,0 (n = 43); 16,1-17,0 (n = 42); 17,1-18,0 roga (n = 36); geso4km: 13,1-14,0 (n = 17); 14,1-15,0 (n = 51); 15,1-16,0
(n = 65); 16,1-17,0 (n = 59); 17,1-18,0 roga (n = 56). Y cnopTCMeHOB onpeaensnm ypoBeHb ocTeokasbLMHa, C-KOHLIEBOro Tefionentnaa, Npo-
konnareHa 1-ro Tmna B CbIBOPOTKe KpoBK. OLEeHKa NON0BOro pa3BuTus NpoBeaeHa no knaccudukaumm Tanner. Ctatuctudeckas obpaboTtka
NaHHbIX NpoKn3BeaeHa ¢ NCroib3oBaHVeM NnakeTa NprknaaHbix Nporpamm Statistica version 10.0 (StatSoft Inc., CLLA).

PesynbraTbl. YCTaHOBMEHO, YTO MakcumanbHble 3Haderus B-CrossLaps y maneunkos (2,27 [1,14; 3,45] Hr/mn) v gesodek (1,55 [1,10;
2,02] Hr/mn) oTMedeHbl B Bo3pacTe 13—14 neT. YpoBHu ocTeokanbumHa 1 PINP y 1oHbIX BbICOKOKBANMMULMPOBAHHBIX CIOPTCMEHOB COOT-
BETCTBOBaN HOpMaMm A5 AeTelt ¢ 06bI4HbIM YPOBHEM (DM3NHECKON akTUBHOCTU. MakcumansHble 3HaqeHnss PINP onpegensnmcs B Bo3pac-
Te 13-14 neT Kak y manbymkoB (767,8 [148,1; 1142,4] Hr/mn), Tak 1y aesodek (450,5 [268,6; 569,3] Hi/mn). MakcumanbHble 3Ha4eHnst OCTeo-
KanblUumHa y Manbunkos (125 [89; 144] Hr/mn) pocTuraiotca B BodpacTte 14-15 neT; y gesodyex (86 [62; 131] Hr/mn) — B Bo3pacTte 13—14 nerT.
BbiBoppl. YposeHb B-Cross laps — OCHOBHOrO Mapkepa KOCTHOW pe3opbLmn — Y tOHbIX BbICOKOKBAIMMUUMPOBaHHbIX CMOPTCMEHOB 3Ha-
YUTENBbHO MOBbILLEH MO CPaBHEHWIO C MOMYNSAUMOHHBIMU HOPMaM A5 AeTEN 1 MOAPOCTKOB C 0ObIHHBbIM YPOBHEM (PU3NHECKON aKTUBHOCTH.
Mpw oueHke yposHs B-CrossLaps, ocTeokansumHa 1 PINP Lenecoobpas3Ho npuMeHeHne peepeHTHbIX 3Ha4eHnn C y4eTOM nona v ctagun
MOJSIOBOro PasBUTUS CNOPTCMEHOB. [onyyeHHble AaHHble MOryT ObiTb MCMONb30BaHb! MPY NHTEPNPETaLIM PE3YNLTATOB YriyOneHHOro Mean-
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INTRODUCTION high-performance athletes [9, 10]. In this study, we aim
to evaluate the bone metabolism status of healthy high-
performance athletes under the age of 18 based on the
levels of B-CrosslLaps, osteocalcin, and PINP in the

blood serum.

Assay of bone metabolism markers is an effective di-
agnostic tool for assessing the functional status of the
skeletal system in clinical practice [1-4]. However, high
growth rates in children (especially in adolescents) inten-

sify the processes of bone metabolism and, compared
to adults, are associated with higher values of bone me-
tabolism markers. Intense and prolonged physical ac-
tivity performed by high-performance athletes can also
affect the level of these markers [5, 6]. The syndrome of
relative energy deficiency in sport (RED-S) is associated
with a decreased acquisition of bone mass and bone
microarchitectonics disorders in adolescence [2-4].
The hypothalamic amenorrhea (for girls) and functional
hypogonadotropic hypogonadism (for boys), as part of
RED-S, combined with vitamin D deficiency, is an ad-
ditional risk factor for fractures in professional athletes,
especially under the age of 18 [2, 5-8].

In the Russian Federation, research is currently
underway to determine regulatory values for a num-
ber of biochemical laboratory parameters in juvenile
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MATERIALS AND METHODS

A single-center, cross-sectional study involved young
athletes from the national teams of the Russian
Federation who had underwent an in-depth medi-
cal examination at the Federal Scientific and Clinical
Center for Children and Adolescents in the period from
March 2021 to July 2023. A total of 383 young athletes
aged 13-18 years participated in the study, including
248 girls and 135 boys; the average age was 15.2
[14.0; 16.1] years. All athletes were divided into groups
according to gender and age. The male groups were
as follows: 13.1-14.0 years old (n = 3), 14.1-15.0 years
old (n=11), 15.1-16.0 years old (n = 43), 16.1-17.0 years
old (n = 42), and 17.1-18.0 years old (n = 36). The fe-
male groups were as follows: 13.1-14.0 years old
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(n =17), 14.1-15.0 years old (n = 51), 15.1-16.0 years
old (n = 65), 16.1-17.0 years old (n = 59), and 17.1-
18.0 years old (n = 56).

According to sexual maturity, athletes were distribut-
ed as follows: 5 (1.3%) athletes did not enter puberty, 17
(4.4%) — stage 2 sexual maturity, 57 (14.8%) athletes —
stage 3, 174 (45.4%) athletes — stage 4 sexual maturity,
the remaining 130 athletes had reached sexual matu-
rity. The sexual maturity assessment was carried out
according to the Tanner Scale (Sexual Maturity Rating,
SMR) [11]. The key inclusion criteria were athletes from
Russian national teams aged 13—18 years. The exclusion
criteria were the presence of fractures during one year
prior to inclusion in the study.

For clinical and laboratory tests, peripheral vein blood
was collected in the morning after fasting. In all young
athletes, the levels of osteocalcin (Roche, Switzerland),
N-terminal propeptide human procollagen type 1/P1NP
(Roche, Switzerland), and C-terminal telopeptide/p-
CrosslLaps (Roche, Switzerland) in blood serum (ng/mL)
were evaluated. The B-CrossLaps assay was performed
by electrochemiluminescence using a Cobase411
analyzer (Roche Diagnostics, Germany). The level of
N-terminal propeptide human procollagen type 1 (P1NP)
and osteocalcin was detected by enzyme-linked immu-
nosorbent assay (ELISA). The P1INP level was assessed
by reference intervals proposed by Chubb et al. [12]. The
osteocalcin level was evaluated by reference intervals
proposed by Bayer et al. [13]. The level of p-CrossLaps
was calculated according to the reference intervals pro-
posed by Crofton et al. [14].

Statistical data processing was performed using the
Statistica 10.0 software package (StatSoft Inc.; USA).
Since the parameters under study showed a non-nor-
mal distribution (according to the Kolmogorov—Smirnov
test), all the data are presented as the median (M) of
both the first and third quartiles [Q,; Q,]. To assess

the statistical significance of the differences in quanti-
fication, the Mann-Whitney and Kruskall-Wallis tests
were used, including with the Bonferroni adjustment.
Qualitative characters are presented in proportions (%)
with absolute values. To assess the differences between
qualitative characters, contingency tables are charted
with subsequent evaluation according to the Pearson’s
chi-squared test. The statistical significance of the differ-
ences was p < 0.05.

RESULTS

The levels of B-CrossLaps in athletes under the age of
18, depending on age and gender, were found to be sta-
tistically significantly higher in boys (p < 0.01) (Table 1).
The established gender differences in the p-CrossLaps
level are most likely to be associated with the larger bone
mass accrual in boys compared to girls. The maximum
values of B-CrossLaps in boys (2.27 [1.14; 3.45] ng/mL)
and girls (1.55 [1.10; 2.02] ng/mL) are reached at the age
of 13-14 years.

When assessing the p-CrossLaps levels in athletes
under the age of 18, compared with the reference inter-
vals proposed for children by Crofton et al. [14], signifi-
cant differences were found, manifested in an increase
in this parameter in athletes compared with its values in
children in the general pediatric population, regardless
of gender and age (Fig. 1).

Figure 1 shows that most of the individual
f3-CrosslLaps values in both boys and girls exceeded the
upper limit of the reference interval.

The maximum values of B-CrossLaps were deter-
mined in young athletes with stage 3 sexual maturity
at the level of 2.31 [1.91; 3.4] ng/mL in boys and 1.98
[1.51; 2.31] ng/mL in girls (Table 2). Such changes are
associated with active bone metabolism during peak
growth and accrual of muscle tissue in adolescents.

Table 1. p-CrossLaps levels in athletes under the age of 18, depending on gender and age

A Boys Girls Statistical

ge, St

ears significance level,

y Median [Q;; Q,] Min Max Median [Q;; Q,] Min Max p

131140 | 227 [114; 3.45] 0.330 | 5.300 1.85 [110; 2.02] 0480 | 2.52 <0.01
n=3 n=17

141150 | 2210852471 1 o510 | 4450 | 120019188 | 690 | 277 <0.01
n=1 n =51

151160 | AOINL2001 1 g500 | gogp | 110088 1401 | 5450 | 403 <001
n=143 n=65

161170 | 120088 ATA | hann | 4149 | 0920065109 1 gain | o4e <0.01
n=42 n=>59

1714180 | PO8LAIB 5300 | pgen | 08610831091 | go50 | 590 <0.01
n =236 n=>56

Table compiled by the authors based on their own data

Note: n — number of athletes.
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Fig. 1. p-CrossLaps values in athletes under the age of 18 in comparison with the general pediatric reference
intervals depending on age: the red dotted lines indicate the upper limit of the general pediatric reference intervals of
B-CrossLaps according to [14] for boys and girls, taking into account age; the blue circles represent the individual values

of B-CrossLaps for each athlete; n — number of athletes

When assessing osteocalcin levels in athletes under
the age of 18, statistically significantly higher osteoc-
alcin levels were found in boys, depending on gender,
compared to girls in all age groups (Table 3). The maxi-
mum values of osteocalcin in boys (125 [89; 144] ng/mL)
are revealed at the age of 14-15 years old; in girls (86
[62; 131] ng/mL) — at the age of 13-14 years, which is
also due to the earlier onset of puberty in girls.

Osteocalcin levels in athletes under the age of 18 did
not exceed the limits of the reference interval [13] (Fig. 2).
As shown in Figure 2, most of the individual values of
osteocalcin in both boys and girls remained within the
reference interval.

When assessing the levels of PINP in athletes under
the age of 18, statistically significantly higher levels of
P1NP were found in boys, depending on gender, com-
pared to girls in all age groups (Table 4). The maximum
values of PINP were determined at the age of 13-14
years, in both boys (767.8 [148.1; 1142.4] ng/mL) and girls
(450.5 [268.6; 569.3] ng/mL).

When assessing the levels of PINP in athletes under
the age of 18, compared to the reference intervals pro-
posed by Chubb et al. for children [12], no gender differ-
ences were found (Fig. 3). As shown in Figure 3, most of

the individual P1NP values in both boys and girls did not
exceed the reference values.

When assessing the levels of osteocalcin and P1NP
depending on the stage of sexual maturity according
to the Tanner Scale, the maximum values of osteocal-
cin (102 [77; 131] ng/mL) were revealed in athletes with
stage 3 sexual maturity, and the maximum level of PINP
(642.3 [5637.9; 789.3] ng/mL) — in athletes with stage 2
sexual maturity (Table. 5). These data correlate with the
growth rate peak value in adolescents.

DISCUSSION

B-CrossLaps is the most informative marker of bone re-
sorption that indicates the activity of osteoclasts. This
marker is widely used in clinical pediatric practice and is
included in medical examination programs of young ath-
letes. Permanently elevated p-CrossLaps levels in adult
athletes indicate their prolonged exposure to high-inten-
sity loads and inconsistency with their overall physical fit-
ness level, which can lead to chronic overexertion or mi-
crotrauma, disrupting the structure and function of bone
tissue [15]. Assessment of B-CrossLaps levels in young
high-performance athletes revealed an increase in this

Table 2. 3-CrossLaps levels in athletes under the age of 18, depending on gender and sexual maturity stage

Sexual maturity rating 1 2 3 4 5
(Tanner stages)
Bovs 157 [1.34;1.74] | 214 [1.97; 2.51] | 2.31 [1.91; 3.4] | 214 [1.64; 2.65] | 1.45[1.23; 1.88]
y n=1 n =11 n=17 n =56 n =50
Girls 1.29 1.87 [1.78; 2.30] | 1.98 [1.51; 2.31] | 1.33 [0.96; 1.56] | 1.22 [0.98; 1.29]
n=4 n==6 n =40 n=118 n =280

Table compiled by the authors based on their own data

Note: n — number of athletes.
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Table 3. Osteocalcin levels in athletes under the age of 18, depending on gender and age

A Boys Girls Statistical

ge, -

cars significance level,

y Median [Q;; Q,] Min Max Median [Q;; Q] Min Max p

131-140 |  113[68; 155] 880 | 1550 86 [62; 131] 360 | 2290 -
n=3 n=17

141150 |  120[89; 144] 770 | 2010 68 [49; 98] 170 | 1450 0.013
n=11 n =51

151-16.0 78 [63; 106] 13.0 | 190.0 58 43, 71] 28.0 137.0 0.034
n=43 n==65

16.1-17.0 68 [53; 90] 280 | 1740 44 [35; 61] 240 | 1100 0.027
n=42 n=>59

171-18.0 5142, 63] 100 | 1100 36 [31; 49] 230 | 146.9 0.021
n=236 n=>56

Table compiled by the authors based on their own data

Note: n — number of athletes; “~” — non-significant statistical results.

parameter in all age groups, particularly in 14-15-year-
old athletes. The average values of B-CrossLaps in ath-
letes are two- or threefold higher than the standard val-
ues for people with a daily level of physical activity [15].
The authors explain the increased level of this marker by
the specific nature of anabolic processes in juvenile ath-
letes. Establishing a correlation with the type of athletic
discipline, Klyuchnikov et al. found the maximum values
of B-CrossLaps in athletes engaged in game sports, with
the average values of -CrossLaps in boys being higher
than those in girls [15].

The results of our work also demonstrate the previ-
ously described gender differences and the fact that the
B-CrossLaps level in young athletes is higher than that
in the general pediatric population.The maximum values
of B-CrossLaps in young athletes are recorded at the
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2nd-3rd stage of puberty, which, according to the lit-
erature [14], coincides with the peak height velocity and
is associated with the peak bone mass gain. Thus, the
increased activity of bone resorption detected in young
athletes compared with their peers with normal physical
activity may be due to the intensity and nature of physi-
cal exertion.

Osteocalcin is a non-collagen protein of the bone
matrix, synthesized by osteoblasts. This parameter re-
flects the osteosynthesis activity. Osteocalcin levels
gradually increase in childhood, reaching their maximum
values in puberty. The osteocalcin concentration in chil-
dren correlates with the height velocity and increases
progressively during puberty, regardless of gender. The
maximum levels of this biomarker are recorded at the
age of 13-14 years, ranging 25-241 ng/mL [13].
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Fig. 2. Osteocalcin levels in athletes under the age of 18 compared to the general pediatric reference intervals
depending on gender: the red dotted lines indicate the upper and lower boundaries of the general pediatric refer-
ence intervals [13] for boys and girls, taking into account age; the blue circles represent individual osteocalcin values
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for each athlete; n — number of athletes;
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Table 4. P1NP levels in athletes under the age of 18, depending on gender and age

A Boys Girls Statistical

ge, o

ears significance level,

y Median [Q;; Q] Min Max Median [Q;; Q,] Min Max P

131440 | 76781148111424] | Lo | L, | 450.512686569.8] | 1ogs | 13040 ~
n=3 n=17

141150 | 0099 BABLTZIT 1 4450 | 1a08.0 | 200200990 755 | 10830 0.023

151-16.0 | 42011800.7:662.2] | 400y | joggp | 2390[1671369.0 | o558 | gag 0.034
n=43 n=65

161-170 | 2888 [21944739] | 4455 | yy550 | 1640[119622871 | 759 | 6111 0.017
n=42 n =59

171-18.0 | 2270 EEiZéégZ?S.S] 951 | es02 | 1380 5265%;188'8] 39.0 | 3351 0.022

Table compiled by the authors based on their own data

Note: n — number of athletes.

Table 5. Osteocalcin and P1NP levels in athletes under the age of 18, depending on sexual maturity rating

Sexual maturity rating 1 2 3 4 5
(Tanner stages)
Number of athletes, n 5 17 57 174 130
Osteocalcin 60 [46; 88] 97 [89; 121] 102 [77; 131] 62 [44; 81] 49 [37; 65]
PINP 296.1 642.3 605.3 243.6 200.9
[1563.1;459.7] [637.9;789.3] [432.1;769.7] [176.2;408.1] [149.4;270.0]
Table compiled by the authors based on their own data
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Fig. 3. P1INP values in athletes under the age of 18 compared with the general pediatric reference intervals
depending on gender: the red dotted lines indicate the upper and lower limits of the general pediatric reference intervals
[12] for boys and girls, taking into account age; the blue circles represent individual PINP values for each athlete; n —

number of athletes
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Our study has demonstrated that the maximum level
of osteocalcin is recorded in girls in the age group of
1314 years, in boys — in the age group of 14-15 years.
Osteocalcin values increase with the progression of sex-
ual development from stage 1 to stage 2, followed by
a decrease by the end of puberty. In children and ado-
lescents, more than 90% of the synthesized osteocalcin
is incorporated into the bone matrix, with only its small
part circulating in the circulatory system. In addition, the
level of osteocalcin is subject to pronounced daily fluc-
tuations; therefore, the study should be conducted in the
morning. Osteocalcin levels in young athletes are higher
than those in adults [5].

The N-terminal propeptide of human procollagen
type 1 is a marker of bone matrix formation. The vari-
ability and higher levels of PINP in childhood are due to
the active processes of child growth and development.
The acceleration of height velocity in early childhood and
during sexual maturation is accompanied by a significant
increase in the PINP level. The maximum values of this
biomarker in boys are recorded in the first year of life,
reaching the values of 3000 ng/mL, with a gradual de-
crease to 950 ng/mL by the age of 11. In the 11-16-year
group, a repeated increase in the P1NP level to 1400 ng/
mL was observed. The lower limit of PINP in this age
group in boys is 300 ng/mL. In girls, the maximum val-
ues of PINP are also recorded in the first year of life
(600—-3000 ng/mL) with a gradual decrease by the age
of 9 years. From 9 to 14 years of age, serum P1NP levels
continue to rise (the standard range is 300-1200 ng/mL)
[12]. The described gender-specific features of P1NP
secretion in childhood are due to the different timing of
the onset of sexual maturation in boys and girls. Thus,
the maximum values of PINP in boys are recorded at
stage 3 sexual maturity according to the Tanner scale;
in girls — at stage 2 of sexual maturity according to the
Tanner Scale [12].

Our study has also demonstrated that the maximum
levels of PINP in young athletes are observed at the age
of 13-15 years, with a further gradual decrease towards
the end of sexual maturation.

Thus, the levels of bone synthesis markers in young
athletes correlate with the reference intervals for the
general pediatric population, with their variability in

References

1. Kiseleva NG, Taranushenko TE, Golubenko NK. Diagnosis of
osteoporosis at an early age. Medical Council. 2020;(1):179—
86 (In Russ.).
https://doi.org/10.21518/2079-701X-2020-1-186-193

2. Mountjoy M, Ackerman KE, Bailey DM, Burke LM,
Constantini N, Hackney AC, et al. 2023 International Olympic
Committee’s (I0C) consensus statement on Relative
Energy Deficiency in Sport (REDs). British Journal of Sports
Medicine. 2023;57(17):1073-97.
https:/doi.org/10.1136/bjsports-2023-106994

3. Mountjoy M, Sundgot-Borgen J, Burke L, Ackerman KE,
Blauwet C, Constantini N, et al. International Olympic

390

childhood being due to increased metabolism in bone
tissue during the period of active growth.

An important limitation of this study is the lack of in-
formation at the time of blood sampling about the intake
of colecalciferol and other biologically active additives
that affect bone metabolism. In addition, the study did
not evaluate the discipline-related effect on the studied
bone metabolism markers due to the limited sample size
of athletes. Nevertheless, the obtained clinical results
demonstrate a tendency to higher values of osteocal-
cin and PINP in athletes engaged in complex coordina-
tion sports. This aspect requires additional elucidation,
which can be of practical importance for developing an
individualized approach to interpretation of laboratory
parameters.

CONCLUSION

The level of B-CrossLaps, the main marker of bone re-
sorption, in young high-performance athletes was found
to be significantly higher than the population norms for
children and adolescents with a normal level of physical
activity. When assessing the p-CrossLaps level in ath-
letes under the age of 18, reference values based on
gender and sexual maturity stage should be used. The
B-CrossLaps levels in girls are statistically significantly
lower than those in boys, which may be due to larger
bone and muscle mass in males.

The reference values of osteocalcin and PINP in
young athletes correlate with the values recorded in the
general pediatric population. However, when assessing
osteocalcin and P1NP levels in athletes under the age of
18, reference values should be adjusted for the stage of
sexual maturity, since these bone remodeling markers
are characterized by a physiological increase against the
background of accelerated height velocity during sexual
maturation.

The data obtained can be used when interpreting
the results of an in-depth medical examination of ath-
letes from Russian national sports teams to identify
bone remodeling disorders and form individual preven-
tion and correction programs within the framework of
medical and biological support for high-performance
sports.

Committee (IOC) consensus statement on relative energy de-
ficiency in sport (RED-S): 2018 update. International journal of
sport nutrition and exercise metabolism. 2018;28(4):316-31.
https://doi.org/10.1123/ijsnem.2018-0136

4,  Christo K, Prabhakaran R, Lamparello B, Cord J, Miller KK,
Goldstein MA, et al. Bone metabolism in adolescent athletes
with amenorrhea, athletes with eumenorrhea, and control
subjects. Pediatrics. 2008;121(6):1127-36.
https:/doi.org/10.1542/peds.2007-2392

5. Kaga M, Takahashi K, Ishihara T, Suzuki H, Tanaka H,
Seino Y, et al. Bone assessment of female long-dis-
tance runners. Journal of Bone and Mineral Metabolism.

MEOVLIHA SKCTPEMATbHBLIX CUTYALIMI | 2025, TOM 27, Ne 3



ORIGINAL ARTICLE | SPORTS MEDICINE

2004;22(5):509-13.
https:/doi.org/10.1007/s007 74-004-0515-1

6. Hackney AC, Constantini NW. Endocrinology of Physical

Activity and Sport. 3 ed. Cham: Humana press;2020.
https://doi.org/10.1007/978-3-030-33376-8

7. Yang G, Lee WYW, Hung ALH, Tang MF, Li X, Kong APS,
et al. Association of serum 25OH)Vit-D levels with risk of
pediatric fractures: a systematic review and meta-analysis.

Osteoporosis International. 2021;32(7):1287-1300.
https://doi.org/10.1007/s00198-020-05814-1

8. Isaeva EP, Okorokov PL, Zyabkin IV. Secondary hyperpara-
thyroidism associated with vitamin D deficiency in young
highly trained athletes. Extreme Medicine. 2024; 26(2):76-82

(In Russ.).
https:/doi.org/10.47183/mes.2024.033

9. Grishina ZhV, Klyuchnikov SO, Feshchenko VS, Zholinskiy AV.
Calculation of reference intervals of blood parameters in chil-
dren and adolescents: projects review. Extreme Medicine.

2023;25(1):4-11 (In Russ.).
https://doi.org/10.47183/mes.2023.008

70. Grishina ZhV, Klyuchnikov SO, Feshchenko VS, Zholinsky AV,
Okorokov PL. Reference ranges of biochemical blood pa-
rameters in juvenile athletes. Rossiyskiy Veestnik Perinatologii

11.

12.

13.

4.

15.

i Pediatrii. 2022;67(4):60-68 (In Russ.).
https:/doi.org/10.21508/1027-4065-2022-67-4-60-68
Tanner JM, Whitehouse RH. Clinical longitudinal standards
for height, weight, height velocity, weight velocity, and stages
of puberty. Archives of disease in childhood. 1976;51(3):170.
https://doi.org/10.1136/adc.51.3.170

Chubb SAP, Vasikaran SD, Gillett MJ. Reference intervals for
plasma p-CTX and PINP in children: A systematic review and
pooled estimates. Clinical Biochemistry. 2023;(118):110582.
https://doi.org/10.1016/j.clinbiochem.2023.05.001

Bayer M. Reference values of osteocalcin and procolla-
gen type | N-propeptide plasma levels in a healthy Central
European population aged 0-18 vyears. Osteoporosis
International. 2014;25(2):729-36.
https://doi.org/10.1007/s00198-013-2485-4

Crofton PM, Evans N, Taylor MR, Holland CV. Serum
CrosslLaps: pediatric reference intervals from birth to 19
years of age. Clinical Chemistry. 2002;48(4):671-3.
https://doi.org/10.1093/clinchem/48.4.671

Kljuchnikov SO, Kravchuk DA, Ogannisyan MG. Osteoporosis
and its actuality for child sports medicine. Russian Bulletin of
Perinatology and Pediatrics. 2017; 62:(3):112-20 (in Russ.).
https://doi.org/10.21508/1027-4065-2016-61-3-112-120

Authors’ contributions. All authors confirm that their authorship meets the ICMJE criteria. The greatest contribution
was distributed as follows: Elena P. Isaeva — development of the research protocol, preparation of the manuscript;
Pavel L. Okorokov — collection of material, critical interpretation of the results; Svetlana A. Stolyarova — creation of
graphic materials, curation of athletes at the examination stage; Sergey O. Klyuchnikov — text editing; llya V. Zabkin —
approval of the research protocol; Maxim R. Isaev — statistical processing of the material; Vladimir S. Feshchenko —

approval of the final text of the manuscript.

AUTHORS

Elena P. Isaeva, Cand. Sci. (Med.)
https://orcid.org/0000-0003-0927-0288
dora7474@mail.ru

Pavel L. Okorokov, Cand. Sci. (Med.)
https://orcid.org/0000-0001-9834-727X
pokorokov@gmail.com

Svetlana A. Stolyarova, Cand. Sci. (Med.)
https://orcid.org/0000-0002-0199-3089
stolyarovasa@mail.ru

Sergey O. Klyuchnikov, Dr. Sci. (Med.)
https://orcid.org 0000-0003-0877-648X
deti-fmba@yandex.ru

EXTREME MEDICINE | 2025, VOLUME 27, No 3

llya V. Zyabkin, Dr. Sci. (Med.)
https://orcid.org/0000-0002-9717-5872

dr.zyabkin@gmail.com

Maxim R. Isaev
https://orcid.org/0009-0009-9177-1292

maxim_isaev2903@mail.ru

Vladimir S. Feshchenko, Cand. Sci. (Med.),
https://orcid.org/0000-0002-4574-6506

vimed@yandex.ru

391




OPUI'MHAJIbHAA CTATbA | CNOPTUBHAA MEAULIMHA

https:/doi.org/10.47183/mes.2025-278 ‘(cc) BY 4.0

DEVELOPMENT OF PREDICTIVE MATHEMATICAL MODELS FOR PHYSICAL | M) check for updates
PERFORMANCE PARAMETERS IN SPORTS AND SPORTS MEDICINE

Victoria V. Petrova™

Burnasyan Federal Medical Biophysical Center, Moscow, Russia

Introduction. Predictive modeling in healthcare is a rapidly evolving field of scientific knowledge at the intersection of information technol-
ogy and medicine. In sports medicine, the importance of accurate forecasting of physical performance parameters in response to changing
environmental conditions cannot be overstated. For athletes, such information provides a crucial competitive advantage before major com-
petitions.

Objective. Development of methods and approaches to analyze clinical data obtained through comprehensive medical examinations of
athletes.

Materials and methods. An analysis of anonymized medical data from comprehensive medical examinations was conducted for 6222 world-
class athletes (3792 males and 2430 females) with a mean age of 23.3 + 5.1 years. The data were stratified by sex and according to sports cat-
egories: cyclic sports (1376 athletes, including 861 males and 515 females); complex coordination sports (1342 athletes, including 761 males
and 581 females); team sports (1618 athletes, including 980 males and 638 females); and combat sports (1886 athletes, including 1190 males
and 696 females). The analysis included both clinical data on the presence (or absence) of pathological conditions identified during specialist
medical examinations and physiological parameters from bicycle ergometer stress testing. Statistical analysis was performed using the Stat-
Tech v. 4.6.0 software (StatTech, Russia).

Results. Using regression analysis, statistically significant (o < 0.001) predictive models for a set of physical performance parameters were
developed, which revealed over 40 associations with clinical diagnoses made by medical specialists. The strongest correlations were ob-
served between physical performance indicators and dental diagnoses. Future research will focus on creating a mathematical model to
predict performance decline in world-class athletes, based on an analysis of disease development risk factors.

Conclusions. The developed and implemented approaches for analyzing clinical data from comprehensive medical examinations of world-
class athletes enabled the creation of effective predictive mathematical models of physical performance parameters using linear regression
methodology, while accounting for the presence/absence of identified diagnoses. The proposed models provide a comprehensive assess-
ment of athletes’ functional status, thus allowing accurate prediction of physical performance levels and optimization of professional training
by minimizing risks of overtraining and sports-related injuries.

Keywords: high-performance sports; mathematical model; physical performance parameters; pathological condition; regression analysis
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PA3PABOTKA NMPOrHOCTUYECKNX MATEMATUYECKX MOLENEN NAPAMETPOB
®U3NYECKOWN PABOTOCMOCOBHOCTW B CMOPTE U CNOPTUBHOW MEOULIMHE

B.B. MNeTtposa™

denepalnbHbIi MEANLMHCKUI Bruodmamdeckuii LeHTp um. AV, BypHasaHa PMBA Poccun, Mocka, Poccus

BeepeHue. [NporHocTnieckoe MOAENMPOBaHNE B 30paBOOXPaHEHNV — HOBast Pa3BMBatoLLasCa OTpaclb HayYHOro 3HaHWS, HaXoAALLAACsS
Ha CTbIKE MH(OPMALIMOHHbIX TEXHOMNOIMIN 1 MeAVLMHBL. [N8 CMOPTUBHON MEANLMHBI HaNM4e TOYHOrO MPOrHO3a NapaMmeTpoB PU3NHECKON
paboTOCNOCOBHOCTM B OTBET Ha U3MEHSIOLLMECS YCIIOBMS BHELLHEN CPEebl CNIOXKHO NePEeOLEHUTb, a AN CropTcMeHa nofobHas MHopma-
LMt JacT HeobX0AMMOE KOHKYPEHTHOE MPerMYLLECTBO NPV MPOBEAEHNUM OTBETCTBEHHbBIX COPEBHOBaHMI.

Llenb. PagpaboTka MeToaoB 1 NoaXo[0B K aHaN3y KAMHUYECKMX OaHHbIX Yray6neHHOro MeguumHckoro obcnenoBanmsa (YMO) cnopT-
CMEHOB.

MaTtepuanbsl 1 meTogbl. [poBeaeH aHanM3 06e3NYeHHbIX MEAULIMHCKUX AaHHbIX pedynstatoB YMO ans 6222 CrnopTCMEHOB BbICOKOrO
knacca (3792 My>4uHbl 1 2430 >keHLWH) (cpeaHuin BospacT 23,3 + 5,1 roga). [aHHble 6binv pacnpefeneHbl no nonay n B COOTBETCTBUM
C rpynnammn BUAOB crnopTa: UmKnndeckne Buapl cnopta (1376 cnopTCMeHOB, U3 HUX 861 My>X4Ha U 515 »KEHLLMH); CNOXXHOKOOPAMHALMOH-
Hble BUabl cnopTa (1342 cnopTcMeHa, 13 Hux 761 My>kunHa 1 581 »xeHLyuHa); nrposble Buabl crnopTa (1618 cnopTecmMeHoB, 13 Hux 980 My>-
YUH 1 638 >XeHLUWH) 1 cnopTuBHble egnHobopcTea (1886 cnopTecmeHos, 13 Hux 1190 My>YnH 1 696 >KeHLLVWH). AHann3y noaBeprimchb
KaK KNMHNYeCKMe AaHHbIE MO HANMMYMIO (OTCYTCTBUIO) HO30OTMHECKUX €ANHIIL, BbISBIEHHbIX B XO4E OCMOTPOB BpadamMu-crieLyanicTamu,

© V.V. Petrova, 2025
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Tak 1 hr3MoNornyeckme nokasaTenm Harpy304Horo TECTMPOBaHKS Ha BenosproMmeTpe. CTaTUCTUHECKIMA aHann3 NpOBEAEH C NCMOMNb30Ba-
Huem nporpammbl StatTech v. 4.6.0 (pagdpaboTunk — OO0 «CtaTTex», Poccus).

Pesynbrathl. B pedynsrate Ha OCHOBE METOLA PErPECCUMOHHOIO aHann3a Obinn NOCTPOEHbI OCTOBepHbIE (P < 0,001) nporHocTUYecKmne Mo-
[enn rpynmbl napameTpoB Prsmn4eckor paboTocnoCcOBHOCTI, KOTOPbIE BbIABUAN Hann4me 6onee 40 CBA3EN C KNMHUHYECKUMI AMarHO3aMu
Bpaven-cneymanmcToB. bonblue BCero B3anMocea3er Obio 3anKCMpoBaHO Mexay rpynnor nokasatenen gusmdeckorn pabotocnocob-
HOCTW 1 NPOCTaBNEeHHbIMU AnarHosamu ctomatonora. JansHenwas padboTa Oyget HanpasneHa Ha pas3paboTky MatemMaTnyeckon Mogenm
NPOrHO3MPOBaHWNS CHIKEHWS PE3YNIETATUBHOCTI Y CMOPTCMEHOB CMopTa BbICLUMX AOCTUXEHWIN, OCHOBAHHOWM Ha aHann3e pUCKOB pa3BuTuS
3aboneBaHum.

BbiBoabl. PagpaboTaHHble 1 MpUMEHEHHbIE NOAXOAb! K aHaNM3Y KIIMHUYECKNX AaHHbIX Yrily6neHHOro MeaULUMHCKOro ob6cneaoBaHns CriopT-
CMEHOB BbICOKOIO Kjlacca No3BOMWW, MPUMEHSS METOL, IMHENHOW perpeccun, Co3faTh 3MeKTUBHbIE MPOrHOCTUYECKME MaTeEMATNHECKIE
MOAENN NapaMeTpoB HU3NHECKON PabOTOCMOCOOHOCTH C YHETOM HaIM4YMSa/OTCYTCTBUS BbISBNIEHHOrO AvarHosa. [penioXeHHble Moaenm
obecnevrBatoT KOMMIEKCHYHO OLEHKY (hYHKLMOHAIbHOrO COCTOSHNSI CMIOPTCMEHOB, YTO CMOCOBCTBYET H0osiee TOHHOMY MPOrHO3UPOBAaHWIO
YPOBHS (hn3m4eckor paboToCnoCOBHOCTI U MO3BONSIET ONTUMU3MPOBaTL NPOMECCUOHANBHYIO AEATENBHOCTD, MUHUMU3MPYS PUCKX Nepe-
TPEHUPOBaHHOCTU 1 TpaBMaTu3ma.

KntoueBble cnoBa: CriopT BbICLLNX AOCTUXKEHWIN; MaTemaT4eckast MOAEe b; MapamMeTpbl hr3nNHeckoin paboTocrnoCoOHOCT; HO30Mor4eckas
eVHMLA; PErPEeCCUOHHDBIN aHanm3

Ons untnposaHus: MNetposa B.B. PazpaboTka NporHOCTUHECKMX MaTeMaTU4eCKNX Modener napameTpoB (Pr3n4eckor paboTocnocobHO-
CTW B CNOPTE 1 CNOPTUBHOW MeauunHe. MeauiLmHa skcTpemasibHbix cuTyaumi. 2025;27(3):392-399. https:/doi.org/10.47183/mes.2025-278

®duHaHCUpOBaHUE: 1CCefoBaHVe BbINMOHEHO 683 CMOHCOPCKON MNOAAEPMKKMN.

BnaropgapHocTb: Anekcanapy Cepreesuydy CamMonnoBy, A-py Mef. Hayk, npodeccopy, Yn.-kopp. PAH, 3a NOMOLLb, KOHCYNETALMIO U LieH-
Hble KpUTUYECKME 3amMedaHns B MPOLIECCE HanmcaHnsa AaHHOM CcTaTby.

CooTBeTcTBUE NPUHLMNAM 3TUKU: UCCRefoBaHNe 0gobpeHo NokanbHbIM 3TUHeCKUM KomuteTom OIBY «"HLL — OMBL| um. A.N. BypHass-
Ha» ®MBA Poccum (npotokon Ne 121 ot 23.01.2025). Bcemm yqacTHVKaMy nognmcaHo Jo6pOoBObHOE COrnacue Ha NCcnoib30BaHe CBOVX

06e3NNHEeHHbIX MeOVUMNHCKNX OaHHbIX B HAY4YHbIX NCCliegoBaHnAX.

MoTeHUnanbHbI KOHMINKT MHTEPECOB: aBTOP 3aABNSET 006 OTCYTCTBUM KOH(DIMKTA NHTEPECOB.

><1 Metposa BukTopus BukToposHa vpetrova@fmbefmba.ru

Cratbs noctynuna: 21.02.2025 MNMocne gopaboTtku: 03.06.2025 MpuHsaTa k ny6nukayum: 07.08.2025 Online first: 20.08.2025

INTRODUCTION

The application of mathematical models to predict and
evaluate physiological parameters in professional ath-
letes is closely related to both advancements in sports
science and analytical methods.

In the field of sports performance analysis and fore-
casting, modern statistical modeling techniques are in-
creasingly finding application, driving the transformation
of research methodologies worldwide. While sports sci-
ence has traditionally relied on conventional statistical
approaches, recent innovations have introduced more
sophisticated tools such as machine learning algorithms
and hierarchical modeling. These advanced techniques
enable researchers to identify complex relationships
within both medical and athletic data, leading to deeper
insights into the predictors of performance decline and
the optimization of training strategies [1-6].

Previous research in this domain has primarily fo-
cused on understanding individual and collective trends
in general and sport-specific physical performance met-
rics. For instance, studies on running performance have
explored three key areas: (1) physiological determinants
of world-record achievements; (2) development of equiv-
alent scoring and race outcome prediction systems; and
(8) modeling individual physiological parameters in track
and field athletes [7-9]. Despite these efforts, there is a
lack of comprehensive knowledge-based models capa-
ble of integrating and comparing all the above aspects.

EXTREME MEDICINE | 2025, VOLUME 27, No 3

This determines the relevance of developing versatile,
personalized, and accessible mathematical models for
predicting physical performance parameters in sports.

Recent achievements in the integration and analysis
of big data have enhanced the accuracy of performance
predictions. In one study, the researchers used an online
database of the performance of British athletes (1954—
2013) to propose a simplified model capturing key per-
formance characteristics while maintaining empirical va-
lidity. This model demonstrated a remarkably low mean
prediction error for specific athletic outcomes, marking
an important step toward unifying performance under-
standing through data analytics [10, 11].

A review of literature on predictive mathematical
models in sports medicine reveals that most studies fo-
cus either on injury risk prediction across various sports
or on estimating the probability of achieving target per-
formance outcomes [12-15]. However, no studies exam-
ining potential correlations between diagnosed medical
conditions in world-class athletes and their predicted im-
pact on physical performance decline have been found.

With advances in neural networks and machine learn-
ing, researchers — including international collabora-
tions — are now combining efforts to study the interplay
of physiological and psychological factors affecting ath-
letic performance. The goal is to optimize training regi-
mens through predictive models capable of accounting
for the dynamic nature of sports performance and its
relationship with athletes’ physiological processes.
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The present study is aimed at developing methods
for analyzing clinical data from comprehensive medical
examinations (CME) of athletes.

MATERIALS AND METHODS

This study analyzed and mathematically processed an-
onymized clinical and instrumental examination data de-
rived from medical records of world-class athletes who
underwent comprehensive medical examinations (CME)
in the Burnasyan Federal Medical Biophysical Center
in 2019-2023. The dataset included clinical informa-
tion from 6222 athletes (3792 males and 2430 females,
mean age 23.3 = 5.1 years).

The data were stratified by sex and sport categories:
cyclic sports (1376 athletes, including 861 males and
515 females); complex coordination sports (1342 ath-
letes, including 761 males and 581 females); team sports
(1618 athletes, including 980 males and 638 females);
and combat sports (1886 athletes, including 1190 males
and 696 females).

The article presents data on male athletes from cyclic
(n = 861) and team sports (n = 980). These cohorts were
selected as those capable of providing the most repre-
sentative and homogeneous samples for robust statisti-
cal analysis and reliable mathematical modeling. Data
from other sports categories were utilized for preliminary
screening and selection purposes.

During model development, the following inclusion
criteria were applied:

e parameters had to reflect the key indicators of physi-
cal condition and functional capacity (morphofunc-
tional status, aerobic/anaerobic capabilities, etc.);

e data were collected within homogeneous athlete
groups (matched by sex, age, sports category, and
skill level);

e measurements were obtained using standardized
protocols (with uniform CME procedures for exercise
testing).

The exclusion criteria comprised incomplete, errone-
ous, or anomalous parameters that could distort model-
ing results.

Thus, the following baseline parameters for math-
ematical modeling were used: age (years); weight (kg);
height (cm); oxygen consumption at AT (anaerobic
threshold) level (VO, ,,, mL/min/kg); peak oxygen con-
sumption during exercise testing (VO2p » mL/min/kg);
respiratory exchange ratio (R, relative units); resting
heart rate (HR _, bpm); heart rate at aerobic thresh-
old level (HR, ., bpm); heart rate at AT level (HR
bpm); peak exercise heart rate (HRpeak, bpm); heart
rate at 3 min of recovery (HR,_, , bpm); power output
at anaerobic threshold level (Pwr,,, W); peak power
output during testing (Pwr___., W); relative power out-
put at anaerobic threshold level (Pwr,/weight, W/kg);
relative peak power output during testing (Pwrpeak/

weight, W/kg). In each sports category, the statistical

rest’

AT’
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dataset of the studied parameters was combinatori-
ally grouped by qualitative presence (1)/absence (0)
of pathological conditions diagnosed by the following
medical specialists: gastroenterologist, dermatoven-
erologist, cardiologist, neurologist, otolaryngologist,
ophthalmologist, dentist, orthopedic traumatologist,
and endocrinologist.

All quantitative parameters in the modeling are pre-
sented as: X;, — sex (0 — female, 1 — male); Xage —
age; X — Weight; X — height; X — pathologi-
cal Condltlon by gastroenterologist (O —no, 1 — yes),
X, — Pathological condition by dermatovenerologist
(O —no, 1 —yes), X, ,, — Pathological condition by
cardiologist (O — no, 1 — yes); X~ — pathological
condition by neurologist (0 — no, 1 — yes), X — path-
ological condition by otolaryngologist (O — no, 1 — yes);
XO . — Pathological condition by ophthalmologist (0 —

s — Pathological condition by dentist
O —no, 1T —yes); X
orthopedic traumatologist (O — no, 1 — yes); X__

no, 1 — yes); X
uma — PAthological condition by
pathological condition by endocrinologist (O — no,

1 —vyes); X o, i — VIO, at AT level; X, .. — VIO,) at
peak; X, — respiratory coefficient; X, .. — HR at rest;
Xim pat —HRat AefT; X, ., — HR at AT XHRpeak HR at
peak; X ... — HR at 3-min recovery; X, . ., — power
at AT, Xoq peac — POWer at peak; X| — power

PWR AT/weight
— power at peak

at AT divided by weight; Xo,q pearmweignt
divided by weight.

Statistical analysis was performed using the StatTech
v. 4.6.0 software (StatTech, Russia). The linear regres-
sion method was used to examine the dataset struc-
ture and establish relationships between its parameters.
Mathematical models were developed to describe de-
pendencies between the group of quantitative physical
performance indicators and the presence/absence of
pathological conditions identified by physicians during
in-depth medical examinations, for each sport category
and sex. Regression equation coefficients were deter-
mined using the least squares method with Cramer’s
formulas.

RESULTS AND DISCUSSION

During data preparation for linear regression modeling,
the relevant CME results of athletes were compiled to
ensure the required precision. Incomplete, erroneous,
or anomalous values were excluded, along with non-
informative features. Table 1 presents the general char-
acteristics of male athletes from cyclic and team sports
included in the final sample.

Among the exercise testing parameters character-
izing the overall physical performance (items 4-15 in
Table 1), the most physiologically relevant indicators for
sports medicine applications are those of gas exchange:
VO, i VO, .0 respiratory exchange ratio, as well as the
direct measure of achieved power output at anaerobic
threshold.
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The models presented below describe general rela-
tionships (and interdependencies) between the selected
physical performance metrics (Y value in the formula)
and all other parameters, including the presence/ab-
sence of pathological conditions during examination (X
values in the formula).

The observed relationship for oxygen consumption
at anaerobic threshold VO, . (1 — cyclic sports, 2 —
team sports) is described by the following linear regres-
sion equations:

Y\/O2AT= -5.313 -0.424 x Xneum— 0.369 x Xdent +0.921 x Xendo+ 0.058 x Xweight+ 0.479 x Xvoz peak ™ )
—-0.024 x X HRrest T 0.029 x XHR art 0.038 x X WRAT 0.047 x XPWR peak +5.924 x XPWR AT/weight’
Yvoz A= -0.301 + 0.572 x XM + 0.576 x X\/oz poak 0.022 x XHRrest+ 0.072 x XHR o 0.033 x XHR poak ™ @
- 0.012 x XHR 3min 0.004 x XPWR peak T 7671 x XP\/\/R AT/weight 3.725 x XPWR peak/weight’

The obtained regression models for oxygen con-
sumption at anaerobic threshold (VO, ,,) demonstrated
the following characteristics:

1. The multiple correlation coefficient was F?Xy =0.965
for cyclic sports and ny = 0.948 for team sports, in-
dicating a highly strong relationship according to the
Chaddock scale;

2. The coefficient of multiple determination
was R? =~ (0.965)° = 0.931 for cyclic sports and
R? = (0.948)? = 0.899 for team sports. These models can
predict VO, . values with high accuracy: they explain

2 AT

Y, = 5.920 + 0.737 x X, - 1.417 x X__+ 0.865 x X

VO2 peak

+0.036 x X, ., — 6.026 x X,

Y, = 5.743 + 5743 x X,,— 0.091 x X +0.823 x X
~6.090 x X,

VO2 peak

-0.076 x X

HR AT

+0.048 x X oa

The key characteristics of the developed models:

1. The multiple correlation coefficient was ny =0.933
for cyclic sports and Fm’xy = 0.919 for team sports, in-
dicating a highly strong association according to the
Chaddock scale.

2. The coefficient of determination reached
R?> = (0.933? = 0.871 for cyclic sports and
R? =~ (0.919)? = 0.844 for team sports.

The models demonstrate high predictive accuracy

PWR AT/weight

93.1% of observed variance in cyclic sports and 89.9%
in team sports. The models were statistically significant
(b < 0.001).

After accounting for interdependencies among phys-
ical performance parameters, negative associations
were found between VO, ,. and neurological/dental
pathological conditions, while a positive association was
observed with endocrine disorders.

The relationship for peak oxygen consumption
VO, peak) (8 — cyclic sports, 4 — team sports) is de-
scribed by the following linear regression equation:

~0.050 x X, + A

VO2 AT

+6.668 x X

PWR peak/weight’

—-6.022 x X+ +0.023 x X 5 .., — @
++8.022 x X

PWR peak/weight”

VO2 AT

PWR AT/weight

variance in cyclic sports and 84.4% in team sports. All
models showed statistical significance (p < 0.001).

After analyzing interdependencies among physi-
cal performance parameters, a negative association
between VO, beak and endocrine disorders was ob-
served.

The relationship between the respiratory exchange
ratio (R) (5 — cyclic sports, 6 — team sports) and quan-
titative factors is described by the following linear regres-

for VO, beak values, explaining 87.1% of the observed sion equation:
Y,=1436-0.013 x X, + 0.0183 x X, —0.002 x Xheight —-0.002 x XWeight —-0.0001 x X ; ..+ 0.0001 x X, - — )
- 0001 x XHR AT+ 0001 * XHR peak+ 0001 x XHR 3m\n+ 0001 * XPWRAT - 0167 x XPWRAT/weight + 01 07 x XPWR peak/weight’
Y, =0.388+0.388 x X, + 0.012 x X +0.009 x X, +0.002 x X —0.002 X, . —0.001xX,. + ©)
+ OOOO x X HR 3min + 0001 x XHR peak - 0001 x XPWR AT+ 0092 x XPWR peak/weight”
The characteristics of the developed models are as 2. The  coefficient  of  determination  was
follows: R?> =~ (0.830° = 0.689 for cyclic sports and

1. For cyclic sports, the multiple correlation coef-
ficient was ny = 0.830, while for team sports it was
R = 0.783, indicating a strong association according to

X

the Chaddock scale.

EXTREME MEDICINE | 2025, VOLUME 27, No 3

R? =~ (0.783)? = 0.613 for team sports.

The models demonstrate moderately high predictive
accuracy for the respiratory exchange ratio (R), explain-
ing 68.9% of the observed variance in cyclic sports and
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Table 1. Descriptive statistics of quantitative variables included in the analysis

Value range
No. Examined parameter Median (mean) parameter value
min max
Cyclic sports (n = 861)
1 Age, years 21.00 [19.0-25.0] 18.00 26.00
2 Height, cm 180.00 [172.0-186.0] 152.00 207.00
3 Weight, kg 74.00 [65.0-83.0] 43.00 120.00
4 VO, ,, mL/min/kg 42,68 + 9.71 (42.16-43.19) 14.74 68.36
5 VO, ... mL/min/kg 49.97 [43.99-57.25] 2.52 92.93
6 R, relative units 1.16 [1.10-1.23] 0.89 1.55
7 HR__, bpm 76.00 [67.00-85.00] 40.00 126.00
8 HR,.» bpm 120.00 [108.00-132.00] 61.00 175.00
9 HR,., bpm 155.00 [144.00-165.00] 95.00 196.00
10 HR ... bpm 173.00 [164.00-181.00] 18.00 206.00
11 HR,,., bpm 102.00 [92.00-114.00] 45.00 155.00
12 Pwr,., W 275.00 [225.00-340.00] 90.00 520.00
13 Pwrpeak, w 345.00 [285.00-420.00] 115.00 600.00
14 Pwr, /weight, W/kg 3.81 £ 0.90 (3.76-3.85) 0.00 6.34
15 Pwrpeak/weight, W/kg 4.69 [4.15-5.43] 1.42 7.72
Team sports (n = 980)
1 Age, years 22.00 [19.00-26.00] 18.00 26.00
2 Height, cm 182.00 [173.00-191.00] 161.00 220.00
3 Weight, kg 80.00 [68.00-92.00] 47.00 126.00
4 VO, ., mL/min/kg 33.42 [28.92-38.27] 14.26 58.86
5 VO, poak! mL/min/kg 41.25 + 6.84 (40.92-41.58) 15.85 69.41
6 R, relative units 1.14 [1.09-1.19] 0.90 1.52
7 HR.., bpm 79.00 [71.00-86.00] 44.00 142.00
8 HR,_,, bpm 117.00 [107.00-128.00] 67.00 177.00
9 HR,., bpm 149.00 [137.00-159.00] 91.00 199.00
10 HRpeak, bpm 168.00 [159.00-176.00] 65.00 202.00
1 HR,, ., bpm 103.00 [93.00-112.00] 29.00 173.00
12 Pwr,, W 235.00 [195.00-285.00] 80.00 470.00
13 Pwr . W 310.00 [245.00-365.00] 130.00 525.00
14 Pwr, /weight, W/kg 2.99 [2.57-3.44] 0.00 5.27
15 Pwr_/weight, W/kg 3.85 + 0.63 (3.82-3.89) 1.91 6.18

Table prepared by the author using her own data

Note: VO, ., VO, poak? Pwr,/weight, Pwr,_ /weight are presented as mean + standard error of the mean (M + SEM); all other parameters are
presented as median (M) with lower and upper quartiles Q [25-75%)]; VO, .. — oxygen consumption at anaerobic threshold level, VO, poak
oxygen consumption at maximal exercise testing stage, R — respiratory exchange ratio, HR _ — heart rate at rest (pre-exercise), HR, . — heart
rate at aerobic threshold level, HR, — heart rate at anaerobic threshold level, HRpeak — peak heart rate during exercise, HR, = — heart rate at
3 min of recovery, Pwr,. — power output at anaerobic threshold level, Pwr,_, — relative maximal power output during testing, Pwr,/weight —
relative power output at anaerobic threshold per body weight, Pwr,_ /weight — relative maximal power output per body weight during testing.
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61.3% in team sports. All models were statistically sig-
nificant (p < 0.001).

After controlling for interdependencies among physi-
cal performance parameters, positive associations were
identified between the respiratory exchange ratio (R) and
ophthalmological/dental pathological conditions.

The relationship between power output at anaerobic
threshold (Pwr,;) (7 — cyclic sports, 8 — team sports)
and quantitative factors is described by the following lin-
ear regression equation:

Yowmnr =—62.319 + 0116 x X +0.274 x X+ 0167 x X0, . + 17.519 x X, = 0.092 x X, + 7
+ 01 53 x XHR AT 0069 x XHR peak + 0724 x XPWR peak+ 74556 x XPWR AT/we\ght_ 55694 x XPWR peak/weight’
Y.

+ 0154 x X

HR AT

-0.159 x X

HR peak

+76.528 x X

The characteristics of the developed models are as
follows:

1. The multiple correlation coefficient was ny =0.996
for cyclic sports and ny =0.994 for team sports, indicat-
ing an exceptionally strong association according to the
Chaddock scale.

2. The  coefficient  of  determination  was
R?> = (0.996)? = 0.993 for cyclic sports and
R? ~ (0.994)? = 0.988 for team sports. The models dem-
onstrate extremely high predictive accuracy for power
output at anaerobic threshold (Pwr,;), explaining 99.3%

s = —49.907 + 1485 x X+ 1185 x X —0.102 x X___ +0.089 x X
Pwr ATeight T 0-092 % Xowr peak — 48933 ~ X

++0.434 x X +

height weight

(S)

PWR peak/weight”

of the observed variance in cyclic sports and 98.8%
in team sports. All models were statistically significant
(b < 0.001).

After controlling for interdependencies among physi-
cal performance parameters, positive associations were
identified between Pwr,and neurological/ophthalmo-
logical pathological conditions.

In a similar manner, clinical data from 6222 athletes
(accounting for gender and sport category differences)
were processed. After developing 12 separate models
for each sports category, significant relationships (both

Table 2. Statistically significant associations between physical performance parameters and clinically

diagnosed medical conditions

Parameter b= S
X X .9 9
< i - S R S B EC R B S
gw ~ m I*- I<): I< n:n. mo': ; E E \x
Q T T T I T a a o< 3
-
. .- o
Medical specialist o
Gastroenterologist 1 1 1 1 1 1
Dermatovenerologist 1 1 1 1
Cardiologist 2 1
Neurologist 1 1 1 2
Otolaryngologist 1 1
Ophthalmologist 2 1 2 1 1 1
Dentist 1 2 1 1 1 1 1 1 1 1
Orthopedic traumatologist 1 1
Endocrinologist 2 2 1

Table prepared by the author using her own data

Note: “1” — relationship between the relevant physical performance indicators and the presence of specialist-diagnosed conditions in one
sport category; “2” — relationship between the relevant physical performance indicators and the presence of specialist-diagnosed conditions

in two sports categories simultaneously; VO

[of
recovery, Pwr,. — power output at anaerobic threshold level, Pwr

, ;r — OXygen consumption at anaerobic threshold level, VO
maximal exercise testing stage, R — respiratory exchange ratio, HR
threshold level, HR,, — heart rate at anaerobic threshold level, HR

2 oea — OXYgEN consumption at
. — heart rate at rest (pre-exercise), HR, , — heart rate at aerobic

. — heart rate at peak exercise, HR, . — heart rate at 3 minutes of
eac — relative maximal power output during testing, Pwr, /weight —

relative power output at anaerobic threshold normalized to body weight, Pwr,_ /weight — relative maximal power output normalized to

body weight during testing.
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positive and negative) between the studied parameters
and the presence/absence of diagnosed pathological
conditions were quantified.

The total number of significant associations be-
tween physical performance parameters and the
presence/absence of documented pathological con-
ditions across all studied athlete groups reached 46
(Table 2).

Out of 46 established dependencies, the strongest
correlations were found with ophthalmologist-diagnosed
conditions (8 confirmed relationships) and dentist-diag-
nosed conditions (11 confirmed relationships). The de-
veloped mathematical models for predicting physical
performance parameters confirmed a strong relation-
ship between the probability of achieving planned train-
ing results or performance in major competitions and
the presence of specialist-diagnosed conditions identi-
fied during the comprehensive medical examinations of
athletes.
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INTEGRATION PROSPECTS FOR THE MULTIPLEX PHOSPHORESCENCE M) Check for updates
IMMUNOASSAY OF POOLED DRY URINE SAMPLES INTO SCREENING
EXAMINATIONS IN DISPENSARY DRUG CONTROL

Natalia I. Bekman'?*, Vera G. Pomelova'?, Nikolai S. Osin"?

' State Scientific Research Institute of Biological Engineering, Moscow, Russia
2lmmunoscreen, Dubna, Moscow Region, Russia

Introduction. The worsening problem of drug abuse in Russia and the growing number of hidden users of narcotic drugs (ND) require the list
of screening examinations for ND identification to be extended by including more economical approaches that reduce costs at the stages of
collection, transportation, storage, and analytical examination of biological samples.

Objective. Development of a multiplex immunoassay method based on the PHOSPHAN technology for detecting the main groups of narcotic
and psychotropic substances in pools of paper-dried urine samples, followed by an assessment of its potential for identifying drug addicts as
part of an extended drug control program.

Materials and methods. Dry urine samples (n = 31) were prepared on paper test strips from liquid samples containing (n = 30) or non-con-
taining (n = 1) cocaine, cannabinoids, amphetamines, opiates, benzodiazepines, barbiturates, methamphetamine, or methadone, according
to toxicology screening (TS). The samples were studied as pools containing 1-40 fragments (0.45x0.45 cm) of test strips. The luminescent
signal was recorded on a microplate immunochip using an IFI-05 photoluminescence pulsed indicator. The ND presence in the samples was
assessed by the inhibition rate of antibody binding in the related microplate test zone (B/B, ratio). Statistical processing of the results was
carried out using the standard Microsoft Office package.

Results. The inclusion of dry urine samples in the pools (up to 10), where only one contained the target ND, had no significant effect on the
capability of the method to detect NDs with sensitivity levels that meet the TS requirements. The following substances were detected: cocaine
(2 samples), cannabinoids (11 samples), amphetamines (6 samples), opiates (9 samples), benzodiazepines (7 samples), barbiturates (10 sam-
ples), methamphetamine (7 samples), and methadone (6 samples), including samples with high concentrations of opiates and amphetamines.
Conclusions. A method of multiplex phosphorescence microplate immunoassay has been developed for the detection of eight main groups
of NDs and psychotropic substances in pools of paper-dried urine samples (dried urine spot, DUS). The detection limits of the studied NDs in
extracts from DUS test-strips were 2—-8 ng/mL, which is significantly lower than the detection limits recommended for screening examination.
The proposed approach can form the basis of a new screening methodology that includes collection of urine samples, their application onto
filter paper test-strips, and transportation to a laboratory for the examination of individuals at industrial facilities of critical importance. The use
of the developed multiplex phosphorescence immunoassay and pooled urine samples will significantly reduce the test cost (by more 10-fold)
compared to conventional immunochromatographic assays.

Keywords: narcotic drugs; screening; time-resolved phosphorescence immunoassay; microplate immunochips; dry urine samples; pooling;
toxicology screening
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MEPCMNEKTUBbI UHTEMPALIUA MYJIBTUMJIEKCHOIO ®OCPOPECLIEHTHOIO
MMMYHOAHAJIN3A NMYJIMPOBAHHbIX CYXUX OBPA3LIOB MO4 B CKPUHNHITOBOE
OBCNEOOBAHMUE NP ANCMNAHCEPHOM HAPKOKOHTPOIJIE

H.N. Bekman'?, B.I". Momenosa'?, H.C. Ocun'?

'TocynapCTBEHHbIN HayYHO-UCCNEefoBaTENbCKNA UHCTUTYT BMONOrMYeckoro NpnéopocTpoeHnst PefepanbHOro Meanko-01Monorn4eckoro
areHTcTBa, Mocksa, Poccus
2« IMmyHoCKpUH», [lybHa, MockoBckas oon., Poccust

BeepeHune. C y4eToM CNoXHOM HapkocuTyauumn B Poccum, pocTa Ymcna CKpbITbix NoTpebuTenein Hapkotunydeckrx cpeacts (HC) npeacras-
19eTCa LenecoobpasHbiM paclUMpeHne PamMoK CKPUHMHIOBBIX 06cneoBaHnin Ans BeigsneHns HC ¢ ncnonb30BaHNEM HOBbIX METOANYECKIMX

NMoAXoA0B, MNO3BONSAOLLINX COKPATUTL CTOMMOCTb TECTUPOBAHNSA 3a CHET CHUKEHNS 3aTpaT Ha aTanax cbopa, TPaHCMOPTUPOBKM, XPaHEHVs
1N aHaNUTU4ECKOrO NCCNEA0BaHNSI O1MONOMMHYECKNX 0OPa3LIoB.
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Lenb. PagpaboTka Ha ocHose TexHonorun @OCDPAH meToda MynsTUNNEKCHOrO MMMyHOaHann3a ans obHapy XeH1s OCHOBHbIX Fpynn Hap-
KOTUHECKIX, MCUXOTPOMHbIX CPEACTB B Mynax 06pasLioB MO4M, BbICYLLUEHHbIX Ha Oymare, ¢ MoCNeAytoLLEN OLEHKOW NepCneKT1B ero npu-
MEHEHWS NS BbIBNEHNSA HAPKO3ABUCHMbIX NULL B PAMKax PacLUMPEHHOr0 AUCMaHCEPHOrO HAPKOKOHTPOMS.

Matepuansl n metogbl. Cyxve o6padubl Mo4n (N = 31) MPUroToBNEHbl Ha ByMakHbIX TECT-MOMOCKax U3 XUAKNX 00pasLoB, codepxa-
wmx (n = 30) nnn He cogepxamx (n = 1) KokanH, kaHHabrHoWabl, amMpeTaMuH, onnaThl, 6eH30aMa3enuHbl, 6GapbuTypaTsl, MeTamdeTa-
MUH VAU METAA0H MO AaHHBbIM XUMUKO-TOKCUKONOrM4eckoro nccnegosanms (XTI). O6pasubl nccnenoBaHsl B BUAeE MynoB, coaepaLlmx
1-40 dpparmeHToB (0,45%0,45 cM) TECT-NONOCOK. JIIOMUHECUEHTHBIV CUrHaN PerMcTPUPOBa Ha MUKPOMAAHLLETHOM UMMYHOYMUMNE C MOMO-
bt MHAMKaTopa POTOMOMUHECLIEHLIN UMMYAbCHOro MPW-05. Hanndre HC B obpasiiax oueHnBanmv no cteneHn MHrmbupoBaHms CBA3bl-
BaHUA aHTUTEN B COOTBETCTBYIOLLIE TECTOBOW 30HE MMMYHO4YMNa (OTHOLLeHWe B/B ). Ctatuctnieckyto 06paboTKy pesynsTaTos NpoBOann
C NOMOLLbO cTaHAapPTHbIX Nporpamm Microsoft Office.

Pesynbtathl. BkntoveHve B coctaB nynoB Ao 10 cyxunx 06pasuoB MOYM, TONMBKO OOMH U3 KOTOPbIX COAepXUT nckomoe HC, He okasano
3HA4YMMOrO BIVSHMSA Ha CMOCOBHOCTL paspabdaTtbiBaeMoro Metoaa BbiseaAaTb HC ¢ nokasarensmm Y4yBCTBUTENBHOCTU, COOTBETCTBYIOLLMMU
TpeboBaHmam XTW. B nccnegoBaHHbIX nynax obHapy»xeHbl: KokavH — B 2 obpagduax, kaHHabuHomasl — B 11 npobax, ampetammH — B 6,
onunatel — B 9, 6eH30ama3enuHbl — B 7, 6apbutypatel — B 10, MeTamdeTaMnH — B 7, MeTagoH — B 6 npobax, B TOM 4ncie Ha (hoHE BbICO-
KNX KOHLEHTpauuin onmaTtos 1 aMmeTamMnHOB.

BbiBogbl. PaspabotaH MeTod MynsTUNNEKCHOMO hOCHOPECLEHTHOO MUKPOMIAHLLETHOrO NMMyHOaHanM3a A1 BbISBNEHUS BOCbMU OC-
HOBHbIX FPYMN HAPKOTUHECKMX, MCUXOTPOMHbIX CPEACTB B Mynax 13 BbICyLLUEHHbIX Ha Bymare obpasLoB Mo4n. [pedensl geTekummn ncene-
nyembix HC B 9KCTpakTax 13 BbICYLLEHHbIX Ha TECT-NONOCKAaX 06PasLIOB MOYM COCTaBUAN 2—8 HI/MJ, Y4TO CYLLEECTBEHHO HIKE PEKOMEHOO-
BaHHbIX )15 CKPUHUHIOBOro obcnefoBaHns Npeaenos aeTekumm. MNpeanoxxeHHbIi MOAX0M MOXKET COCTaBWUTb OCHOBY HOBOW METOLONOMM
CKPVIHMHIa, BKO4atoLLer 0TOop Npob Mo4u, HaHeceHne nx Ha ByMaxkHble TeCT-ONaHKM 1 TPaHCMOPTUPOBKY B NabopaTopuio A5 npoBeae-
HUst 0BcnefoBaHNs rpynn L, HA KPUTUHECKUN BaXKHbIX 0ObeKTax. ICnonb3oBaHne MynsTUnAeKCHOro hocdopecLeHTHOro MMMyHoaHanmaa
1 MyNMpOBaHHbIX 06pa3sLoB MO4M MO3BOUT KapanHaibHo (6onee yem B 10 pas) CHM3UTb CTOMMOCTb TECTMPOBaHKS MO CPaBHEHMIO C Tpa-
OVLIMOHHBIMUN TEXHONOMMSAMN UMMYHOXPOMaTOorpadm4eckoro aHanmsa.

KnioueBble cnosa: HapKoTn4eckne cpencTBa; CKPUHWHE, d:)OCdJOpeCLLeHTHbII;I MMMYHOaHanmM3 C BpPeMeHHbIM pa3peLleHneMm;
MUKPOMNaHLWETHbIE UMMYHO4YUMbI; CyXne 06pa3|_u3| MO4K; NynnpoBaHneE; XMMNKO-TOKCUKOJTIOTMYeCKne nccnenoBaHns

Ons untuposanus: Bekman H.W., Momenosa B.IN, OcuH H.C. MNMepcnekTrBbl MHTErpaummn MynsTUNAEKCHOrO (hoCOPECLIEHTHOMO NMMYHO-
aHanm3a nyIMpoBaHHbIX CyxMx 06PasLOB MO4M B CKPVHMHIOBOE 06CnefoBaHne npu AUCMaHCEPHOM HApKOKOHTpone. MeguuyHa sKkCTpe-
mMasibHbIX cuTyaumn. 2025;27(3):400-409. https:/doi.org/10.47183/mes.2025-261

dDrHaHCUMpPOBaHMe: UCCNefoBaHVe BbINOHEHO B3 CNOHCOPCKOWN NOAAEPXKKM.

CooTBeTCTBUE NpUHLUNAM 3TUKKU: 1UCCeaoBaHe NPOBEAEHO B COOTBETCTBUM C XENbCUHKCKOM Aeknapaumen «3Tu4eckre NpuHLmMnbI
MEANLMHCKNX UCCNEAOBaHWI C y4aCcTNEM YeOBEKA B Ka4eCTBe UcnbITyeMoro» (2013 r.). Cornacue Ha y4acTue B MCCneaoBaHnm He Tpebo-
BasoCb, MOCKOSbKY B paboTe NCnonb30BaHbl AenaeHTUDULMPOBaHHbIE 06pasLibl MOYM OT aHOHVMHbBIX NaLMEHTOB.

MoTeHunanbHbIN KOHMAUKT MHTEPECOB: aBTOPbI 3asBNA0T 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
<1 BekmaH Hatanbst ViropesHa nibeckman@mail.ru

Crtatbs noctynuna: 22.01.2025 MNMocne gopaboTtku: 24.04.2025 MpuHsaTa Kk nyéonukauyuu: 01.07.2025 Online first: 20.08.2025

INTRODUCTION

lllicit use of narcotic drugs (ND) or their chemical ana-
logues continues to be a global problem affecting ap-
proximately 292 million people (more than 5% of the
world’s adult population)'. In Russia, approximately 2%
of the population aged 15-64 use narcotic drugs?. This
is due not only to the large-scale import of opium ND
from abroad, but also to the appearance of new groups
of narcotic and psychotropic substances (such as syn-
thetic cannabinoids and spice drugs) and the continued
involvement of young people in drug consumption [1].
The current drug situation in Russia is associated with
an increasing number of hidden drug users. This group
includes people aged 30—-40 with a high level of educa-
tion and social status, who intentionally consume “light-
er” drugs. This contributes to the development of drug
addiction with delayed acute periods, escaping the at-
tention of law enforcement agencies or medical profes-
sionals [2].

Currently, medical examinations for potentially dan-
gerous substances are conducted in cases specified
by Russian legislation as part of a two-stage procedure
for toxicology screening®. However, the worsening drug
situation and the growing number of hidden drug users
requires stricter screening examinations for drug detec-
tion through the organization of dispensary drug con-
trol. In addition, even a single drug use can affect the
person’s ability to assess their surroundings and take
appropriate actions in cases of emergency. Identification
of drug addicts is particularly important considering the
number of critically important and potentially dangerous
infrastructure facilities in Russia, being directly related to
ensuring the national security [3].

The organization of extended dispensary drug con-
trol requires significant financial expenditures. Thus,
the cost of the most popular and affordable immuno-
chromatographic test strips for detecting 6-8 main ND
groups is at least 300 rubles, which practically excludes
the possibility of introducing drug control at industrial

" United Nations Office on Drugs and Crime (UNODC). World Drug Report; 2024.

2 Roberts L. Drug addiction in Russia: statistics, therapy, prevention. Modern-info.com. 2025.
3 Federal Law 61-FZ On Medicine Circulation. Moscow.: Federation Council; 12.04.2010.
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enterprises through budget funding. The cost of testing
one sample for 8-13 main ND groups should be sig-
nificantly lower for screening purposes. New method-
ological approaches that have emerged in recent years,
including the pooling of test samples, the use of clini-
cal samples dried on special papet, the centralization of
laboratory tests, and the introduction of multiplex assay
technologies, could significantly (by more than 10-20
times) reduce the test cost by optimizing costs at the
stages of collection, transportation, storage, and sample
assay [4-10].

The pooling technique, i.e., the combination of sam-
ples from different people is a promising approach to
dispensary drug control [4-10]. An obvious advantage of
group testing consists in the reduction of test costs in pro-
portion to the sample number in the pool, the total num-
ber of tests, and the minimization of dosing errors [7]. The
effectiveness of this approach was demonstrated during
the COVID-19 pandemic, when the number of required
examinations increased progressively [8—-10]. However,
there are still doubts about the possibility of widespread
use of group testing in laboratory practice due to the in-
creased risk of missing infected patients and the possibil-
ity of sample confusion during additional manipulations
associated with sample pooling procedures [7].

Taking the above into account, the following crite-
ria [11] were proposed to assess the applicability of the
pooling technique for detecting the analyte in question:

1) the analyte concentration in the test patients
should be at least 10 times higher than in healthy indi-
viduals;

2) the sample dilution should not significantly reduce
clinical sensitivity;

3) the prevalence of the test pathology should be
low, within 1-10%;

4) the absence of requirements for test speed;

5) the need for resource rationing in order to achieve
maximum efficiency in the measures taken based on the
test results.

In our opinion, the methodology for detecting ND
in pooled samples meets almost all of the above-men-
tioned criteria, which justifies its further development in
combination with the use of highly sensitive multiplex
tests.

Laboratory tests centralization also significantly re-
duces costs by collecting samples of biological material
(urine, blood, and other body fluids) as a spot dried on fil-
ter paper, which are then transported to a central labora-
tory for assay [12, 13]. Postal delivery of test forms does
not require a cold chain and can be used to accumulate
samples in a single (or regional) diagnostic examination
center, similarly to the procedures for screening heredi-
tary metabolic diseases in newborns. The reliability of
testing for biologically active compounds, including ND,
in paper-dried samples has served as the basis for the

introduction of this technology into the global system of
the World Anti-Doping Agency (WADA)* doping control
of athletes.

Highly sensitive and cost-effective tools of detecting
ND are required for the assay of pooled dry urine (or
blood) samples. Conventional immunochromatographic
assays are not suitable for this approach due to their
low sensitivity and low accuracy. Gas chromatography—
mass spectrometry shows higher sensitivity [14]; how-
ever, its potential for screening is limited by its high test
cost and complexity.

A highly cost-effective solution is the development of
a domestic technological platform for multiplex immu-
noassay based on microplate immunochips with time-
resolved luminescent signal detection (PHOSPHAN™
technology) [15, 16]. Immunochips made using this
technology are microarrays (microzones) at the bottom
of 96-well microplates, each of which is designed to de-
tect a specific type of neurotransmitter. The consump-
tion of key reagents for creating such tests is reduced
by many times compared to conventional immunochro-
matographic assays, while the microplate format of im-
munochips allows for parallel high-performance screen-
ing of multiple samples.

In this study, we aim to develop a multiplex immuno-
assay method based on the PHOSPHAN™ technology
for detecting the main groups of narcotic and psycho-
tropic substances in pools of paper-dried urine samples,
followed by an assessment of its potential for identifying
drug-addicted persons as part of extended drug control
programs.

MATERIALS AND METHODS

The following immunobiologicals were used to cre-
ate a test for detecting NDs: mouse monoclonal an-
tibodies (MAb) to morphine (MOR), benzoylecgo-
nine (BZE), amphetamine (AMP), methamphetamine
(MAMP), methadone (MTD), benzodiazepine (BZD),
barbiturates (BAR) and A9-tetra-hydrocannabinol (THC)
(CALBIOREAGENTS Inc., USA), biotin-labeled according
to the standard procedure (SIGMA, USA); conjugates of
MOR, BZE, AMP, mAMP, MTD, BZD, BAR and THC with
bovine serum albumin (CALBIOREAGENTS, USA).

A conjugate of streptavidin with Pt-coproporphyrin
(Immunoscreen, Russia) was used as a detection re-
agent.

Dry samples for the study were prepared from 50
liquid human urine samples containing various narcotic
and non-narcotic compounds in various combinations
and concentrations (the samples were provided by the
Sechenov First Moscow State Medical University). The
liquid samples were certified based on the results of tox-
icology screening (TS)°, and were also previously char-
acterized in the NARK-PHOSPHAN multiplex test [15].

4 WADA. Technical Document Dried Blood Spots (DBS) for Doping Control. 2023.

5 Methodical Guidelines “Rules for conducting chemical and toxicological tests for narcotic drugs, psychotropic substances, and other toxic substances (their
metabolites) in the human body during medical examinations and medical assessments of certain citizens categories”. Moscow.: Ministry of Health of the Russian

Federation; 2015.

402

MEOVLIHA SKCTPEMATbHBLIX CUTYALIMI | 2025, TOM 27, Ne 3



ORIGINAL ARTICLE | CLINICAL LABORATORY DIAGNOSTICS

To prepare dry samples, test strips (blanks) of filter
paper (WHATMAN 903, USA) 0.45 cm wide and at least
3-4 cm long were used; the strips were soaked in urine
by immersing them in a container with a liquid sample for
1 min, followed by air drying. The blanks were stored at
a temperature of +4°C with a desiccant in a foil bag. The
assay was performed using 0.45x0.45 cm fragments of
a paper test strip containing dry material equivalent to
8 = 0.4 uL of liquid urine. WHATMAN 903 paper ensured
a standard sample volume per unit area and good pres-
ervation of the biomaterial.

Dry urine samples (31 samples in total) were
prepared from 50 liquid samples as follows: 30 dry
samples were prepared from 30 liquid samples con-
tained ND in different combinations and concentra-
tions; one sample (a negative dry sample) was pre-
pared from a mixture of 20 liquid urine samples that
contained various common medications but no drug
compounds [15].

To study the stability of ND in dry samples during stor-
age, the prepared samples were kept at temperatures of
25 + 5°C, 4-8°C, or —20°C for 14 days, 6 months, or 12
months, respectively. The effect of biosample storage
temperature was considered insignificant provided that
the difference in the ND level before and after sample
storage was less than 15%.

A modified version of the NARK-PHOSPHAN test
system developed by us earlier [15] was used to ana-
lyze dry urine samples. Immunochips were eight test
microarrays printed on the well bottom of a 96-well poly-
styrene plate (NUNC, Denmark) to detect the studied
ND (BZE (cocaine); THC (cannabinoids); AMP (amphet-
amine); MOR (opiates); BZD (benzodiazepines); BAR
(barbiturates); MAMP (methamphetamine); MTD (metha-
done), and one control zone C. The test zones sorbed
the related ND-protein (serum albumin) conjugates, and
the control zone sorbed the biotin-protein (serum albu-
min) conjugate (Fig. 1). The immunochips were printed
using the technique of non-contact printing, which re-
duced the microarray variability and reduced the sorb-
able immunoreagent volume to 2.5 nL compared to the
previous test system [15].

The created immunoassay chip allows eight ND
(MOR, BZE, THC, MTD, BzD, BAR, AMP and mAMP)
to be detected in one plate’s well. This assay is based
on a competitive reaction between test sample ND and
ND conjugates in the immunochip test zones for bind-
ing with biotinylated ND antibodies. In the absence of
ND in the sample, specific biotin-labeled MAbs bind to
the related microarrays in the plate wells, which are then
detected using streptavidin labeled with the long-lived
luminescent marker Pt-coproporphyrin. In the presence
of ND in the sample, a portion of the specific biotinylated
antibodies binds to ND and is removed during washing
of the plate wells. The higher the ND concentration in
the sample, the lower the residual signal level in the test
microarray.

EXTREME MEDICINE | 2025, VOLUME 27, No 3

The layout of immunoassay drug test using paper
test strips and pooled samples is presented in Fig. 2.

Square fragments measuring 0.45x0.45 cm were
cut off test strips impregnated with urine samples along
the perforation line and placed in the wells of an aux-
iliary non-absorbing flat-bottomed plate. An extract-
ing solution (the solution volume varied 25-500 pL)
containing a mixture of mouse biotinylated MAbs was
added to each well, and the samples were incubated
for 30 min. Then, 25 yL of the resulting reaction mixture
was transferred into the plate wells with printed immu-
nochips and incubated for 1 h. After washing, 25 L of
streptavidin-Pt-coproporphyrin conjugate was added
to the wells and incubated for 15 min. The MAb and
conjugate dilutions were prepared in a buffer (oH 7.75)
solution containing 12.1 mg/mL of tris-(hydroxymethyl)-
aminomethane, 0.1 mL/L of Tween 20, 0.5 mg/mL of
BSA (bovine serum albumin), 8.7 mg/mL of sodium
chloride, 0.5 mg/mL of sodium azide (all reagents from
SIGMA, USA). All incubations were carried out upon
shaking at 700 rpm at room temperature. The plate
was then washed and dried.

The ND presence in the sample was assessed by the
inhibition rate of antibody binding in the related test zone
using the B/B ratio (B is the level of the phosphorescent
signal at a given ND concentration, and B is the level

Figure prepared by the authors

Fig. 1. Layout of immunochip microarrays at the well
bottom of 96-well microplates: BZE (cocaine); THC
(cannabinoids); AMP  (amphetamine); MOR (opiates);
BZD (benzodiazepines); BAR (barbiturates); mAMP
(methamphetamine); MTD (methadone); C (control)
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Fig. 2. Layout of urine drug test using paper test strips and the pooling procedure

of the phosphorescent signal at zero ND concentration),
which characterizes the inhibition rate of the phospho-
rescence signal in the related test zone of the immu-
noassay. The performance of the procedure was moni-
tored by the signal level detected in the control zone of
the immunochip, where the streptavidin conjugate binds
to the Pt-coproporphyrin luminescent label.

The phosphorescent signal was recorded using an IFI-
05 photoluminescence pulse indicator (Immunoscreen,
Russia) by scanning the bottom of the plate well with
light pulses with an excitation wavelength of 365 nm in
stroboscopic mode with a pulse repetition frequency of
10 kHz and the selection of the long-lived luminescence
signal of Pt-coproporphyrin with a maximum of 645 nm
and a decay time constant of 40 ps. The results were
processed and presented using the indicator software.
For each test sample and detected ND, the ratio (B/B,)
of the phosphorescence signal intensities recorded in
the related immunochip test zone in the wells with the
test sample (B) and without the addition of the B, sample
was automatically calculated.

Measurements were carried out in triplicate with cal-
culation of the mean value (M) of the measurement re-
sults and the standard error of mean (SE). For statistical
processing of the results, the standard Microsoft Office
Professional Plus Excel 2013 (version 15.0.4727.1000,
USA) software was used.

RESULTS

When developing a multiplex immunoassay technology
using pooled dried samples, the first step was to evalu-
ate the detection sensitivity of each target protein. To
that end, test strips were analyzed using urine samples
with known levels of the target proteins. To prepare the
model extracts, test strip fragments were placed in an
extracting solution of varying volumes, ensuring that the
target proteins concentration in the resulting reaction
mixtures ranged 5-300 ng/mL. Based on the inhibition
curves of the recorded signal for each of the eight ND
(Fig. 3), the probable detection limits of the PHOSPHAN
assay (as the ND levels corresponding to the recorded
signal intensity value in the assay of a sample not con-
taining this ND, minus two standard deviations) were
calculated, which turned out to be 3-150 times lower for
different NDs than the values recommended for toxicol-
ogy screening tests (see Table).

Prior to examination of pooled samples, it was
necessary to take into account that an increase in the
number of simultaneously analyzed test strip fragments
leads to an increase in the volume of the extracting so-
lution required to fully saturate all the studied ND frag-
ments, followed by the selection of 25 pL of the result-
ing reaction mixture for assay using immunochips. Our
studies have shown that 50 pL of extracting solution
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is sufficient for analyzing a single fragment; for pools
of 5, 10, 20, and 40 samples, the minimum volume of
solution was 100, 160, 240, and 400 pL, respectively.
Therefore, the urine sample dilution increased by a
factor of 2, 3, 5, and 8, respectively, compared to the
single sample assay.

Figure 4 shows an immunochip using results of test-
ing of four dried human urine samples containing eight
NDs in different combinations and concentrations; these
samples were analyzed individually and as part of pools
of 5, 10, 20, and 40 samples. Each pool contained one
positive sample and a different number of strips of nega-
tive dried sample.

For all the samples studied, the B/B, ratios in the test
zones for the specific binding of drug compounds pre-
sented in the sample increased linearly from extremely
low values to 75% along with an increase in the pooling
frequency. The B/B ratios calculated in the test zones
for the detection of drug compounds absent in the sam-
ple varied 70-110% (Fig. 4).

The conducted experiments (Fig. 4) allowed us to
conclude that, in terms of analytical and economic pa-
rameters, pools of no more than 10 samples should be
used. In this case, the B/B, ratio recorded in the specific
test zones of the immunochip in the presence of ND did
not exceed 40% for all the samples studied. The ranges
of the B/B, parameter values in the test zones in the
presence of ND did not overlap with the ranges of values
recorded in the absence of ND in the sample. Based on
the results obtained, the B/B, value of 50% was selected
as the threshold level for detecting ND.

Using the selected assay procedure based on 10-fold
pooling (1 sample with ND + 9 samples without ND), we
examined 30 dry samples containing initial liquid urine
samples in various combinations of ND with the con-
centration ranges of 168-230 ng/mL BZE, 81-206 ng/

—%— BZE (cocaine)
—4— THC (cannabinoids)
—— AMP (@amphetamine)

MOR (opiates)

BZD (benzodiazepines)
—e— BAR (barbiturates)
—£2— mMAMP (methamphetamine)
MTD (methadone)

100%

75%

%

> 50%

B/B

25%

0%

1 10 100
ND, ng/mL

1000

Figure prepared by the authors

Fig. 3. Inhibition curves of luminescent signals when
eight NDs are detected in model extracts from urine
samples dried on test strips: the data are presented
in the form of the mean value (M) of the measurement
results (n = 3); the standard error of the mean (SE) did
not exceed 15%

mL THC, 405-1250 ng/mL AMP, 35-2500 ng/mL MOR,
251-800 ng/mL BZD, 75-350 ng/mL BAR, 115-471 ng/
mL mAMP and 84-375 ng/mL MTD. The results are pre-
sented in Fig. 5, where the analysis data for samples
containing and not containing the corresponding ND are
shown separately for each test zone.

According to the data obtained (Fig. 5), the follow-
ing substances were detected in the studied pools:
cocaine (2 samples), cannabinoids (11 samples),

Table. ND detection sensitivity in model extracts from urine samples dried on test strips using the PHOSPHAN

technique
Narcotic drugs, Pf?rpt%i?g o(I:g;s : c?:: :;i’o: gl}m:fs Estima?ed drug _detection
psychotropic Analyte limit according to
substances Screening Confirmation PHOSPHAN, ng/mL
Opiates MOR 300 10 2
Cocaine BZE 25 50 8
Cannabinoids THC 15 15 6
Amphetamine AMP 25 20 8
Methamphetamine MAMP 25 20 6
Methadone MTD 25 50 2
Benzodiazepines BzD 20 50 4
Barbiturates BAR 50 100 2

Table prepared by the authors based on their own data
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Fig. 4. Phosphorescence signal inhibition rate when detecting eight NDs in dry urine samples (No. 1-4) using
the PHOSPHAN technique, based on pooling frequency: ND baseline level in liquid urine samples (before drying on
a paper test strip): sample No. 1 — 405 ng/mL AMP, 2500 ng/mL MOR, 506 ng/mL BZD and 75 ng/mL BAR; sample
No. 2 — 115 ng/mL THC, 1250 ng/mL AMP and 471 ng/mL mAMP; sample No. 3 — 230 ng/mL BZE, 36 ng/mL MOR and
375 ng/mL MTD; sample No. 4 — 206 ng/mL THC, 1250 ng/mL AMP and 2500 ng/mL MOR; the data are presented in
the form of the mean value (M) of the measurement results (n = 3); the standard error of the mean (SE) did not exceed 15%

amphetamines (6 samples), opiates (9 samples), ben-
zodiazepines (7 samples), barbiturates (10 samples),
methamphetamine (7 samples), and methadone (6
samples). Some samples contained both cocaine
and methadone, benzodiazepines and barbiturates,
as well as other ND mixtures in the presence of very
high concentrations of opiates (> 2500 ng/mL) and
amphetamines (> 1250 ng/mL).

For all positive dry samples containing ND, the B/B,
values in the related specific test zones were significantly
lower than 50%. For the remaining samples containing
other ND, the values were significantly higher than 50%
(Fig. 5). Therefore, the developed multiplex phosphores-
cence immunoassay technique correctly detected the

target ND in pools of 10 dry urine samples without any
false-positive results with other ND.

The immunoassay specificity was also evaluated
based on the study results of three pools composed of
10 test strip fragments from a negative urine sample.
This sample was prepared from a mixture of liquid sam-
ples from patients whose urine contained various non-
narcotic medications, including those that can cause
false-positive reactions in the immunoassay (e.g., carba-
mazepine, amitriptyline, dextromethorphan, verapamil,
etc.) [17]. During testing, the target NDs were not de-
tected in any of the pools studied, which confirmed the
specificity of the developed multiplex phosphorescence
immunoassay technique.
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DISCUSSION

When developing a technological platform for multi-
plex immunoassay using pooled dry urine samples, we
aimed to ensure its sensitivity and specificity compa-
rable to those of highly sensitive reference methods of
gas chromatography—mass spectrometry [12—14]. The
development was based on the technology of multiplex
phosphorescent immunoassay on microplate immu-
nochips, which had previously demonstrated the pos-
sibility of achieving low detection limits for ND in liquid
urine samples (sensitivity was 1 ng/mL for morphine and
methadone, 0.5 ng/mL — for barbiturates, 2 ng/mL —
for benzoylecgonine, methamphetamine, cannabinoids
and benzodiazepines, 8 ng/mL — for amphetamine) in
the absence of significant cross-reactions [15].

The study objective was to modify the PHOSPHAN
technology for the assay of pooled dry samples. It is
known that the assay of such samples is accompanied
by an inevitable decrease in sensitivity due to incomplete
desorption and additional dilution during the extraction
of analytes from the paper. To address this issue, we
employed a series of technological approaches to en-
hance the sensitivity of the modified PHOSPHAN tests
while maintaining their specificity.

The immunochip formation was carried out using a
non-contact printing method with a microarray volume
of 2.5 nL (instead of 20-25 nL in the previously used
contact printing method) [15]. This reduction in the
amount of conjugated ND antigen in the test microzone
of the immunochip resulted in a 2-3-fold decrease in the
ND detection limit in competitive immunoassay.

The method includes a step of ND pre-extraction from
paper test strips (examined as fragments of 4.5x4.5 mm
in size) in the presence of specific biotinylated antibod-
ies. The pre-interaction of the ND sample with antibodies
in the absence of competition with the BSA conjugate
for the ND provided a greater inhibition rate and, accord-
ingly, an additional reduction in the detection threshold.

The method of preparing dry samples by immersing
the test strip in a container with a human urine sample en-
sures soaking of a sufficiently large area, which allows for
up to five repeated measurements of the sample (Fig. 2),
including for confirmation testing in the event of ND detec-
tion in the pool examined. The dimensions of the analyzed
test strip fragments (4.5 x 4.5 mm) allow for the pooling of
up to 10 samples in a single microplate well.

The proposed method for ND assay from a pool of
dry urine samples can form the basis for a new screen-
ing technique that involves collecting urine samples, their
application onto paper test forms, and transportation to
a laboratory, including by mail, for ND testing.

Itis important to note that there are no special require-
ments for the “cold chain” when shipping dry samples,
as the ND level in paper-dried urine samples remains
relatively stable. According to our research, the levels of
eight analytes under study decreased by no more than
15% during storage for five days at room temperature,
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Fig. 5. Results of detecting eight NDs in 30 dry urine
samples examined as pools of 10 samples using
the multiplex PHOSPHAN technique on microplate
immunochips: BZE (cocaine); THC (cannabinoids); AMP
(amphetamine); MOR (opiates); BZD (benzodiazepines);
BAR (barbiturates); mAMP (methamphetamine); MTD
(methadone); rhomb — samples contained ND, circle —
samples non-contained ND, corresponding to this test
area; the ordinate axis shows the average values for three
repeated measurements

one month at 4°C, and up to six months in frozen form.
This is consistent with the findings of other researchers
regarding a wide range of analytes detected in paper-
dried clinical urine and blood samples [14].

In the laboratory, the collected samples can be com-
bined into pools of 10 samples and subjected to a pre-
liminary assay, where each pool is tested in a single well
of a microplate immunoassay. In cases where the pool
produces a positive result for one of the target ND, a
confirmation test is performed, which involves testing
each of the 10 samples in the pool and determining the
exact concentration of the ND in the sample using the
corresponding calibration curves provided in the biochip
analyzer software.

On the basis of the results obtained, we set the
threshold level for recognizing a test result as positive to
B/B, = 50%. This criterion should be defined more pre-
cisely by conducting research using a wider sampling. It
may be necessary to select different evaluation criteria
for each analyzed ND in order to reduce the likelihood of
obtaining false-positive or false-negative results.

Due to its high sensitivity, the developed method of
multiplex phosphorescence immunoassay allowed the
detection of eight main NDs in a pool of 10 samples.
The specificity of the method was confirmed by the
correctness of ND identification in all the studied sam-
ples, including those containing other NDs, and the
absence of non-specific reactions when analyzing a
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pool of negative urine samples containing various non-
narcotic medications.

The proposed technological platform has no fun-
damental limitations for extending the panel of NDs
detected in a single immunoassay. Our preliminary ex-
periments have shown that it is possible to additionally
include synthetic cannabinoids (K2) and cathinones
(MDPV), phencyclidine, fentanyl, and ecstasy (MDMA) in
the detected ND list, since their sensitivity and specificity
meet the requirements for test development using the
sample pooling technique. Thus, the number of simul-
taneously detectable substances can be extended to at
least 13, covering all groups of substances that must be
monitored during chemical and toxicological examina-
tions of drug-dependent individuals.

CONCLUSIONS

1. A multiplex phosphorescence microplate immunoas-
say has been developed for detecting eight main groups
of narcotic and psychotropic substances in pools of pa-
per-dried urine samples.

2. The detection limits of the target ND in ex-
tracts from urine samples dried on test strips ranged
2-8 ng/mL, which is significantly lower than the detec-
tion limits recommended for screening examinations.
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IN MEDICAL AND SURGICAL DECISION-MAKING
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Introduction. Primary immunodeficiency disorders (PID) are a group of congenital diseases caused by genetic defects that lead to diverse
phenotypic manifestations. Classic inflammatory bowel diseases (IBD) are typically multifactorial pathologies, combining genetic predispo-
sition, gut microbiota alterations, and adverse environmental influences. Very early-onset IBD (VEO-IBD), defined as a disease presenting
before six years of age, accounts for 3—15% of all pediatric IBD. This subgroup is particularly characterized by monogenic etiology, associated
with gastrointestinal phenotype PID and with causative mutations in specific genes.

Case report. We present a clinical case of monogenic Crohn’s disease in a child with X-linked lymphoproliferative syndrome type 2 (XLP-2),
treated using a multi-stage team approach. To achieve sustained remission, in addition to selecting conservative therapy, repeated surgical
interventions and repeated hematopoietic stem cell transplantations were required. An individualized approach and treatment strategy plan-
ning enabled a positive treatment outcome.

Conclusions. In young children with the presence of atypical IBD and refractoriness to standard therapy, it is crucial to differentiate monogen-
ic forms of IBD. Such patients require close monitoring, dynamic follow-up, and a multidisciplinary approach involving collaboration between
gastroenterologists, immunologists, and surgeons.
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BOJIE3Hb KPOHA Y PEBEHKA C PEOAKUM NEPBU4YHBIM UMMYHOOE®PULINTHBIM
COCTOSAHVNEM: OCOBEHHOCTU KOHCEPBATUBHOW U XUPYPIMYECKOW TAKTUKU

3.1. Annesa, O.B. LLlep6akosa™, V.B. 396kunH

PepepalbHbIi HAyHYHO-KNMHUYECKUIN LIeHTP AeTen 1 NogpocTKoB defepansHOro MeaMKo-bronorndeckoro areHTcTea, Mocksa, Poccus

Beepenue. MepBuyHble nmmyHogeduumtHele coctosHus (MINAC) — aTo rpynna BpoXKAeHHbIX 3ab0neBaHni, BbI3BaHHbIX MTEHETUYECKM-
MU fedbekTamn 1 0ByCNoBAMBaIOLLIMX Pa3HO0bpasHble heHOTUNMYECKME NMPOsiBEHMS. Knaccuyecke BocnanutenbHble 3abonesaHns
kuLeyHrka (B3K) B 60nbLUMHCTBE CyYaeB ABASOTCH MHOroakTOPHbIMI NaToNOrMAMU, KOraa Co4eTatoTcs reHeTuyeckas npegpacno-
JIOXKEHHOCTb, N3MEHEHNS KNLLIEYHON MUKPOMIOPbI 1 HE6AAronpuATHOEe BAVSIHME OKpY>XatoLLen cpepl. O4eHb paHHee Havano B3K, ¢ oe-
6toToM 6one3Hu B Bo3pacTe A0 6 neT, cocTtaBnseT 3—15% Bcex OeTCKUX BOCnanuTeNbHbIX 3a60neBaHnin KMeYHnka. VIMeHHo ans aTon
rpynnbl XapakTepHa MOHOreHHas aTuonorug, npotekatoLlas B pamkax MAC ¢ racTponHTeCTUHaNBHBIM (DEHOTUMNOM 1 CBA3aHHAsA C My-
Taunen B KOHKPETHOM reHe.

OnuncaHune KNNHUYeckKoro cny4as. [NpeacraBneH KNMHNYECKWn cnyyain MoHoreHHo 6051e3HM KpoHa y pebeHka ¢ X-cLienneHHbIM nmdo-
nponudepaTBHbIM CUHAPOMOM 2-10 TWMna C AEMOHCTPALIMEN MHOrOSTanHOro KOMaHAHOro noaxoaa. [ns AOCTUMXEeHNS CTONKON peMmccun,
NoM1MO Noabdopa KOHCEePBATMBHOW Tepanun, NOTPeboBanoCh MPOBEAEHME MOBTOPHbBIX XMPYPrMYECKMX BMELLATENBCTB U MOBTOPHbIX TPAHC-
nnaHTaumui reMonoaTUHeCKIX CTBOMOBbIX KIETOK. VIHAMBMAYanbHBIA MNOAXOM W NiaHUPOBaHKe nevebHoN cTpaTeru no3soamnam 4OCTUYb
MONOXKUTENBHOIO peayssTaTa fIeveHus.

BoeiBogbl. O4eHb BaXXHO y Ae€Tel paHHero Bo3pacTta ¢ aTUNnUYHbIM TeHYEHMEM BOCMANMTENBbHOrO 3ab01eBaHUs KULLeYHnKka n ped-
pPaKTEePHOCTbIO K CTaHaapTHOW Tepanuu aunddepeHumpoBaTbe MoHoreHHble opMbl B3K. Takne naumeHTbl TpebytoT npucTasb-
HOro BHMMaHWS, AMHaMUYeCKoro HabmogeHns, MynsTUANCLUUAAMHAPHOrO NOAX04a C allbAHCOM racTpOo3aHTepoiora, MMMyHosora
1 xupypra.

KnioueBble cnoBa: 6one3Hb KpoHa; MnepBUYHOE WMMYHOAEMUUMTHOE COCTOSHME; X-CLUEMMEeHHbIn nnumddonponmdepaTBHbIi
CUHAPOM; OeTn

Onsa yntnposanns: Anvesa 9., LLiepbakosa O.B., 316kuH N.B. BonesHb KpoHa y peberka ¢ peakum nepBrHHbIM MMMYHOAEMDULINT-
HbIM COCTOSIHMEM: OCOBEHHOCTUN KOHCEePBAaTUBHOM U XMPYPrMiecKon TakTukn. MeauimHa akcTpemasibHeix cutyaimi. 2025;27(3):410-416.
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®duHaHCMpoBaHue: 1nccneoBaHne BbiMOIHEHO 6e3 CMOHCOPCKOW NOAOEPXKKN.

CoOoTBETCTBUE MPUHLMUNAM 3TUKU: OT 3aKOHHbLIX MPEACTaBUTEeNen NaumeHTa noy4eHo NMcbMeHHoe MHOPMMPOBaHHOE A0BPOBOSIBHOE
cornacvie Ha nybnmkauuio onncaHns KIMHNYECKOro chyyas, 06e3M4eHHbIX MeANLMHCKIX AaHHbIX 1 (hoTorpaduii.

MoTeHumnanbHbIl KOHNKT MHTEPECOB: aBTOPbI 3aABNAT 06 OTCYTCTBUM KOH(IMKTA MHTEPECOB.

< LLlep6axosa Onbra BsavecnaBosHa olga-03@yandex.ru
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INTRODUCTION

Primary immunodeficiency disorders (PID) are geneti-
cally determined diseases characterized by congenital
defects in the body’s defense mechanisms, leading to
impaired immune responses with the development of
recurrent infections, increased risk of malignancies, and
autoimmune diseases [1]. The current classification of
PID adopted by the International Union of Immunological
Societies (IUIS) takes into account molecular genetic de-
fects in various immunodeficiencies, identifying 10 main
groups of PID [2].

X-linked lymphoproliferative syndrome (XLP) be-
longs to the group of PID with immune dysregulation;
XLP is caused by mutations in the SH2D1A, XIAP, and
MAGTT genes, characterized by an atypical response
to Epstein—-Barr virus infection and the development
of hemophagocytosis, dysgammaglobulinemia, and
malignant lymphoproliferation. The former two types
(XLP1 and XLP2) are among the most studied types,
which occur with a frequency of 1-3 per 1 million
born boys, generating interest given the rarity of this
disease. A significant difference between XLP2 and
XLP1 is the development of hemorrhagic colitis, which
clinically and morphologically resembles inflammatory
bowel disease (IBD).

IBDs are classified as polygenic inherited disorders,
with more than a hundred susceptibility loci that in-
crease the risk of the disease having been identified.
To date, over 300 , mutations in which lead to the de-
velopment of PID genes, have been studied [3]. Among
these, more than 75 genes whose mutations are asso-
ciated with an IBD-like phenotype have been found [4].
In children with very early-onset IBD (VEO IBD) (before
6 years of age) and especially infantile IBD (with the dis-
ease onset before 2 years of age), differential diagnosis
with PID is necessary [5]. IBD in the setting of a mono-
genic disease almost always follows a course similar
to classical multifactorial IBD, differing in refractoriness
to therapy. This may be the sole manifestation of PID
at the time of presentation, delaying the verification of
a final diagnosis [6]. The main treatment methods for
PID include conservative therapy (symptomatic, anti-
bacterial, and antifungal), immunoglobulin replacement
therapy, treatment with genetically engineered biologi-
cal drugs (GEBD) and targeted immunosuppressive
agents, and in certain cases, hematopoietic stem cell
transplantation (HSCT) [7].

EXTREME MEDICINE | 2025, VOLUME 27, No 3

However, to date, versatile approaches to treating
such patients have been lacking. An important separate
treatment option for patients with PID involving the co-
lon is minimally invasive surgical interventions, such as
preventive ileostomy before HSCT to reduce the risk of
transplantation complications [8].

We present a clinical case of a pediatric patient with
PID and Crohn’s-like intestinal involvement, discussing
the challenges of therapeutic and surgical treatment
stages.

CASE REPORT

Patient B., male, 8 years old (born in 2016), was
under observation at the gastroenterology depart-
ment of the Federal Research and Clinical Center for
Children and Adolescents of FMBA with the following
diagnoses:

e Crohn’s disease of the colon, moderate severity, min-
imal activity (PCDAI 10 points);

e Primary immunodeficiency, X-linked lymphoprolifera-
tive syndrome type 2 (mutation of the BIRC4 (XIAP)
gene ¢.599G > A (p.Cys200Tyr) in hemizygous state;

e Autoimmune hemolytic anemia, drug-induced remis-
sion.

Life history

The child was born from the 2nd physiological preg-
nancy, 2nd term spontaneous delivery (1st child — girl,
10 years old — healthy). Birth length was 49 cm, and
birth weight was 2860 g. The Apgar score was 8/8. The
child was breastfed from the first day, continued breast-
feeding until 1.5 years old. BCG (Calmette-Guerin ba-
cillus) vaccinated at birth. The history of infections: fre-
quent ARVI (at 1 month — ARVI with respiratory failure),
pneumonia at 1 year. Routine vaccinations according to
national schedule (medical exemption since 07.2017).
Diaskintest (29.08.2017) was negative. No significant
family history.

Medical history

From 3 weeks of age, the child had frequent loose
stools with mucus, and from 9 months — blood streaks
in stool. At 1 year old, the child developed pneumonia
followed by several months of febrile episodes. In May
2017 (1 year 4 months), surgical treatment for acute
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Clinical photo taken by the authors

Fig. 1. Perianal region appearance. Multiple anal
fissures and perianal dermatitis were observed

paraproctitis (abscess incision and drainage) was per-
formed.

Clinical deterioration in July 2017 led to hospitaliza-
tion at the gastroenterology department of Morozov
Children’s City Clinical Hospital. On examination: fistu-
lous opening with purulent discharge in the anal area,
perianal dermatitis with maceration, anal fissure (Fig. 1).

Laboratory  findings revealed: leukocytosis
22.3 = 10° cells/uL, decreased hemoglobin to 57 g/L,
elevated C-reactive protein (CRP) to 64.9 mg/L, and
immunogram abnormalities (leukocyte differentiation
cluster — CD®* 2000/uL, CD* 670/uL, CD® 1335/uL,
CD™* 339/uL, NK cells 55/uL). During hospitalization
at the gastroenterology department in August 2017, an
axillary lymphadenitis episode was noted, requiring inci-
sion and drainage of the abscess.

Colonoscopy identified ulcerative lesions of the
colon, while histological examination revealed fea-
tures of chronic left-sided ulcerative colitis with high
activity. In 2017, gastroenterologists determined the
diagnosis: Crohn’s disease affecting the colon, with
suspected primary immunodeficiency. Treatment was
initiated with prednisone and 5-ASA (5-amino salicylic
acid) drugs, supplemented by antimicrobial and an-
tifungal therapy (amoxicillin + clavulanic acid, cipro-
floxacin, cefoperazone + sulbactam, fluconazole). The
child was referred for genetic testing (whole-exome
genome sequencing).

In February 2018, molecular genetic testing con-
firmed a pathogenic variant in exon 2 of the XIAP gene:
€.599G > A (p.Cys200Tyr) in hemizygous state. In March
2018, due to progressive deterioration marked by severe
colitis syndrome, the child was admitted to the immunol-
ogy department of Dmitry Rogachev National Research
Center.

The patient was subscribed:
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Fig. 2. Preoperative stoma site marking

e TNF-a inhibitor therapy (adalimumab 40 mg SC
weekly)

e Concurrent IL-6 receptor antagonist (tocilizumab) for
hemophagocytic lymphohistiocytosis (HLH) prophy-
laxis
A medical consensus recommended diverting ileos-

tomy prior to hematopoietic stem cell transplantation

(HSCT) to reduce complications. Preoperative stoma

site marking (Fig. 2) and laparoscopic-assisted double-

barrel ileostomy (01.06.2018) was performed.

Laparoscopic examination of the abdominal cav-
ity revealed the following findings: the right colon had
normal wall thickness but was dilated to 4 cm in diam-
eter; the sigmoid colon showed marked inflammatory
changes over an 8-10 cm segment with thickened walls
and creeping mesentery. The postoperative course was
uneventful.

Subsequent treatment was conducted at the Dmitry
Rogachev National Research Center. An allogeneic he-
matopoietic stem cell transplantation from a related hap-
loidentical donor (mother) with TCRaf/CD19 depletion
was performed on 25.07.2018. On 15.08.2018, a compli-
cation occurred, involving ultra-early graft rejection.

Given the graft rejection, severe enteritis, and high
ileostomy output (laboratory tests showed no infectious
process with restored native leukopoiesis), therapy with
recombinant monoclonal antibodies adalimumab 40 mg
every 2 weeks was reinitiated.

A second allogeneic hematopoietic stem cell trans-
plantation from a haploidentical donor (father) with
TCRap/CD19-depleted graft processing was per-
formed on 29.11.2018. Autoimmune hemolysis devel-
oped in early May 2019 (anemia with hemoglobin drop-
ping to 73 g/L, reticulocytes 10%, direct Coombs test
++++). The child showed a progressive shift toward
host chimerism and developed autoimmune hemolysis
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refractory to IV immunoglobulin, prompting initiation of
rituximab therapy at an initial dose of 375 mg/m? with
positive effect.

In August 2019, the child was admitted to the Dmitry
Rogachev National Research Center with severe pain
and bowel evagination through the stoma. Conservative
reduction attempts under tramadol analgesia and mask
anesthesia were unsuccessful. Necrosis of the evaginat-
ed bowel was diagnosed, and emergency surgery was
performed: bowel resection with creation of a double-
barreled divided ileostomy. Postoperative wound dehis-
cence required secondary surgical wound debridement
and stoma revision.

In September 2019, the child was admitted to the
surgical department of the Russian Children’s Clinical
Hospital with peristomal complications (Fig. 3). Stoma
therapy was performed with positive effect. Endoscopic
examination of the excluded colon (Fig. 4) revealed ero-
sive proctosigmoiditis and sigmoid colon stricture with
lumen obliteration.

On 01.11.2019, at the Dmitry Rogachev National
Research Center, graft rejection was confirmed based
on bone marrow chimerism analysis (93.7% host cells).
A discussion was held with the patient’s parents regard-
ing the need for repeat hematopoietic stem cell trans-
plantation and associated risks. Given persistent erosive
changes and stricture development in the excluded co-
lon segments, the patient continued local therapy with
Salofalk, adalimumab therapy at a reduced frequency
of 40 mg weekly, initiated immunosuppressive therapy
with azathioprine, and maintained complex antimicrobial
therapy with intravenous immunoglobulin replacement.
Repeat HSCT was declined due to autoimmune hemo-
lytic anemia, granulocytic graft hypofunction, and severe
colitis syndrome.

Considering the extremely high risk of worsening
gastrointestinal damage from diversion colitis in the
excluded intestinal segments, the decision was made
to perform reconstructive surgery with resection of the

strictured bowel segment, simultaneous ileostomy clo-

sure, and intestinal continuity restoration.

On 27.11.2019, at the Russian Children’s Clinical
Hospital (RCCH), the following elective procedures
were performed: resection of the sigmoid colon stric-
ture with colocolic anastomosis; ileostomy closure
with ileocolonic anastomosis. Intraoperative examina-
tion revealed the entire colon to appear thickened, re-
duced in diameter (typical “excluded bowel” appear-
ance), with markedly thickened mesentery and serosal
surface nearly obscured by “creeping fat” (Fig. 5). A
4 cm segment of significant luminal narrowing was
identified in the sigmoid colon. The efferent ileostomy
limb was located 2 cm from the ileocecal valve, with
the appendix embedded in adhesions between the
afferent and efferent limbs. Resection of the ileocecal
region was performed with end-to-end ilecascending
anastomosis (Fig. 6).

Histopathological examination revealed:

e Macroscopic description: A segment of intesti-
nal wall with adjacent adipose tissue measuring
4x3x1 cm. The mucosal surface showed no visible
pathological changes. A separate segment from the
ileocecal region including the appendix measuring
5.56x3.5x2 cm.

e Microscopic description and conclusion: The termi-
nal ileum segment demonstrated preserved mucosa
without inflammatory activity. Colonic wall fragments
showed normal histological architecture.

The child’s condition remained stable, with per-
sistent host-dominant chimerism (93.7% host cells).
During interhospital periods, biologic therapy with
adalimumab 40 mg every 2 weeks was maintained.
Immunosuppressive therapy (azathioprine) was discon-
tinued in August 2020.

Since August 2021, the patient has been fol-
lowed at the gastroenterology department of the
Federal Research and Clinical Center for Children
and Adolescents, undergoing regular medical

Clinical photo taken by the authors

Fig. 3. Peristomal complications: infected wound
edges and dermatitis around the stoma

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Clinical photo taken by the authors

Fig. 4. Endoscopic image (sigmoidoscopy data).
Obliteration of the sigmoid colon lumen visualized
endoscopically
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Clinical photo taken by the authors

Fig. 5. Intraoperative photograph. View of the sigmoid
colon almost obscured by “creeping fat”: grooved
probe inserted into the lumen up to the stricture

examinations. Sustained clinical-endoscopic remis-
sion has been maintained. Control endoscopic exami-
nations show:
e the ileo-ascending anastomosis remains inflamma-
tion-free and patent;
terminal ileum appears normal;
colonic mucosa is smooth with occasional stellate-
shaped whitish scars.

In January 2022, the examination at Zurich Children’s
Hospital (Switzerland) recommended:
e continued immunoglobulin therapy;
e gradual immunosuppression tapering under gastro-
enterological supervision.

The current management includes:

e regular immunology consultations at the Dmitry
Rogachev National Research Center;

e ongoing rituximab therapy for immune complication
prophylaxis;

e maintenance adalimumab 40 mg biweekly SC for im-
mune colitis;

e oral mesalazine 60 mg/kg/day;

e replacement immunoglobulin therapy (0.5 g/kg/
month IV/SC) for antibody deficiency;

e prophylactic azithromycin courses for infection pre-
vention.

DISCUSSION OF THE CLINICAL CASE

Very early-onset IBD (VEO-IBD) is a rare condition char-
acterized by the disease onset before 6 years of age,
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Fig. 6. Intraoperative photograph. View of the direct
ileo-ascendoanastomosis

occurring in 3-15% of pediatric IBD cases. It presents
with severe clinical activity, refractoriness to therapy, and
higher mortality rates [5, 9]. Conventional treatments for
early-onset IBD, such as anti-TNF therapy, demonstrate
limited efficacy [10]. In cases of VEO-IBD (particularly
before 2 years of age) or when primary immunodefi-
ciency (PID) warning signs are present [4, 7], diagnostic
evaluation for monogenic mutations with PID verification
should be performed [11].

We present a clinical case of monogenic Crohn’s
disease manifesting with intestinal symptoms since the
neonatal period, perianal lesions, recurrent infections of
various localizations in early childhood, atypical disease
course, and refractoriness to standard medical therapy.
The gastroenterologist awareness and vigilance enabled
timely suspicion of PID and subsequent whole-exome
sequencing, which revealed X-linked lymphoproliferative
syndrome type 2 (XLP).

Among all PIDs, XLP2 most frequently exhibits IBD-
like clinical presentation, with colonic involvement mim-
icking Crohn’s disease occurring in 19% of children with
XLP2 [12]. XLP results from mutations in the XIAP gene
(X-linked inhibitor of apoptosis protein), also known as
BIRC4 (baculoviral IAP repeat-containing protein 4), lead-
ing to enhanced apoptosis of regulatory T-lymphocytes
(NKT cells and CD** Tregs) and consequent marked
pathogen-induced immune responses [13].

Beyond timely PID diagnosis, a key factor in suc-
cessful management of monogenic Crohn’s disease
is surgical intervention with diverting stoma formation,
aimed at controlling colonic inflammation and improv-
ing nutritional status. Currently, there are no interna-
tional or national guidelines on indications for surgical
intervention in refractory colitis, with only isolated pub-
lications supporting ileostomy creation to alleviate se-
vere clinical symptoms in children with VEO-IBD and to
enable stem cell transplantation [8, 14]. We concur with
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international researchers regarding the importance of
preventive ileostomy prior to HSCT to reduce potential
complications and advocate for fecal diversion as part
of staged management for severe refractory colitis with
perianal involvement in Crohn’s disease and Crohn’s-
like PID.

In our case, we demonstrated that elective preventive
ileostomy ensured control of septic (infectious) compli-
cations and reduced intestinal risks during HSCT, de-
spite episodes of graft rejection.

While stoma may temporarily alleviate symptoms, it
cannot ensure long-term clinical remission in children
with IBD. Moreover, the incidence of various peristomal
complications increases over time [15]. In our case, we
observed such complications one year after stoma for-
mation (stoma evagination, bowel necrosis, and wound
dehiscence following emergency surgery). Additionally,
prolonged ileostomy with excluded colon may lead to
“diversion colitis,” requiring differentiation from immune-
mediated colitis flare when treatment refractoriness
develops. The etiology of the sigmoid colon stricture
remains unclear — it could have resulted from chronic
graft-versus-host reaction or Crohn’s-like transmural co-
lonic involvement.
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FUNCTIONAL ELECTRICAL STIMULATION FOR GAIT CORRECTION M) Check for updates
IN THE EARLY RECOVERY PHASE AFTER ISCHEMIC STROKE

Dmitry V. Skvortsov'>®*, Natalya V. Grebenkina?, Leonid V. Klimov', Sergey N. Kaurkin'?, Mariya A. Bulatova'?, Galina E. lvanova'?

"Federal Center of Brain Research and Neurotechnologies, Moscow, Russia
2Pirogov Russian National Research Medical University, Moscow, Russia
3Federal Scientific and Clinical Center for Specialized Types of Medical Care and Medical Technologies, Moscow, Russia

Introduction. Gait dysfunction is a complication of acute cerebrovascular accidents, which is biomechanically manifested as reduced speed
and asymmetry in spatiotemporal and kinematic parameters. These impairments can be corrected using functional electrical stimulation (FES)
of muscle contraction; however, the available literature primarily describes its application during the late recovery phase of stroke.
Objective. Evaluation of the potential of multichannel FES for gait recovery in early post-stroke rehabilitation.

Materials and methods. The study included 11 patients (2 females and 9 males) aged 46—-66 years in the early recovery period after an isch-
emic stroke (time since stroke onset was 69.1 + 52.0 days) and 34 healthy subjects (18 females and 16 males) as a control group. The lower
limb muscle strength and tone were assessed using the Medical Research Council Scale for Muscle Strength and the modified Ashworth
scale, respectively. Gait function was evaluated using the Dynamic Gait Index, Hauser Ambulation Index, Timed-Up-and-Go test, and 10-Me-
ter Walk test. Gait pattern function (b770), obstacle negotiation (d4551), and short-distance walking (d4500) were also examined. All patients
underwent a FES therapy course (mean number of sessions — 10.8). Clinical and biomechanical examinations were performed before and
after the FES therapy course. Biomechanical gait analysis was conducted using a Stadis system (Neurosoft, Russia). Statistical analysis was
performed using the Statistica 12.0 software.

Results. The conducted clinical evaluation demonstrated a minor yet statistically significant functional improvement in post-treatment testing.
An increase in the scores of Dynamic Gait Index and 10-Meter Walk test was observed. A decrease in the values of Hauser Index values and
the completion time of Timed- Up-and-Go test, as well as in domains (d770) and (d4500), was noted. Gait function showed improvement.
The values of walking speed (p < 0.05), double support time on the paretic side (p < 0.05), and m. gastrocnemius activity on both the paretic
and unaffected sides (p < 0.05) increased.

Conclusions. The observed changes in gait function were typical of hemiparesis. During the FES therapy course, the patients showed no
negative reactions. The clinical and biomechanical gait functions of patients showed minor but positive changes during the FES therapy
course. Among biomechanical parameters, the amplitude of the gastrocnemius muscle course on the paretic side significantly increased,
which is one of the FES target parameters. Short courses of multichannel FES can be applied in this patient category; however, their effective-
ness is insufficient. Approaches to improving the FES effectiveness require further investigation.

Keywords: ischemic stroke; paresis; gait; rehabilitation; electrical stimulation; gait biomechanics; hemiplegic gait
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OYHKUMOHAJIbHASA SNIEKTPUHECKAA CTUMYNALAA NPU XOAbBE B PAHHEM
BOCCTAHOBUTEJIbHOM NEPUOAE NLLEMWYECKOIO NHCYJIbTA

[.B. CkBopuos"?>®, H.B. lpebeHkunHa?, J1.B. Knumos!, C.H. KaypkuH'?, M.A. BynaTtosa'?, I"E. iBaHoBa"?

"denepanbHbli LEHTP MO3ra U HelpoTexHonorun ®egepanbHOro Meamko-bnonormieckoro areHTcTea, MockBa, Poccust

2 Poccuinckuin HaumoHanbHbI MccneaoBaTeNbCKMn MeguUmMHCKm yHmeepceuTeT M. H.W. TMuporosa, Mocksa, Poccust

3depepalbHbIi HAYYHO-KMHUYECKUI LEHTP Creumnan3npoBaHHbIX BMOOB MEANLMHCKOM MOMOLLM 1 MeAULIMHCKMX TeXHoNoruin, Mockea,
Poccnga

BeepeHue. OgHMM 13 OCNOXXHEHWI OCTPbIX HAPYLLIEHWI MO3rOBOr0 KPOBOOOPALLEHNS ABNAETCSA HapyLUeHre yHKLN X0abbbl, KOTOpoe
OUOMEXAHNYECKM XapaKTEPU3YETCS CHUMXEHVEM CKOPOCTU N aCUMMETPUEN MPOCTPAHCTBEHHO-BPEMEHHbBIX U KMHEMATUHECKMX napame-
TpoB. [N KoppeKkummn AaHHbIX UBMEHEHWI BO3MOXHO MPUMEHEHVE PYHKLMOHANBHOM SAeKTpocTUMynaummn Mol (POC), ogHako B UMeto-
Lencs imTepaTtype AaHHbI METOL, MPYMEHAETCA MPENMYLLECTBEHHO B MO3AHEM BOCCTAHOBUTENBHOM MNEPUOAE UHCYNLTA.

Lenb. OueHka BO3MOXHOCTU MPUMEHEHWS MHOroKaHaibHo @SC y naLMeHToB B paHHEM BOCCTaHOBUTEIbHOM NepUoae UHCYbTa 151 BOC-
CTaHOBNEHNS (PYHKLMM XOab0bI.

Matepuanbl u metoppl. B nccnegosaqnv npuHany yqactne 11 naumeHToB (2 XKeHLLMHbBI 1 9 My>K4rH) B BO3pacTe oT 46 [0 66 neT B paHHeM
BOCCTaAHOBUTENBHOM MEPUoae NULEMMNHECKOrO UHCYNbTA (KONMYECTBO AHEN nocne nHcynsta coctasuno 69,1 + 52,0 aHs) n 34 300p0BbIX

© D.V. Skvortsov, N.V. Grebenkina, L.V. Klimov, S.N. Kaurkin, M.A. Bulatova, G.E. Ivanova, 2025
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MCrbITyeMblX (18 XXEHLWMH 1 16 My>X4YMH) — KOHTPONbHasA rpynna. M3ydanu: MbllledHyro Culy HUXKHUX kKoHevHocTen no Medical Research
Council Weakness Scale, MbILLIE4YHbIN TOHYC HVXXHIX KOHEYHOCTEN MO MOANMULIMPOBaHHON LKane AMopT; yHKLMIO XOAe0b! OLeHBanm
Mo MHAOEKCY AMHAMUYECKOWM NMOXOOKM, NHAEKCY Xay3epa, TecTam «BcTaHb 1 Uan» 1 AeCATUMETPOBOM XOAL0bI; a TakXXe nccnegoBanm yHk-
LMo cTepeoTuna noxoaku (d770), npeogoneHve npensatcTemin (d4551) n xoabby Ha KopoTKMe paccTosHMs (d4500). Bcem naumeHTam npo-
BefeH kypc ®IOC (cpeaHee konnyecTso — 10,8 npouenypsbl). KNMHNYecKkoe 1 bromMexaHn4eckoe UCCneqoBaHyisl BbIMOHEHb! A0 Y MO OKOH-
YaHun kypca POC. bromexaHn4eckoe nccnenoBaHme xoabbbl MPOBEAEHO C MOMOLLBKO KOMMIEKCA MPOrpaMmmMHoro obecneveruns «Ctaguc»
(«Hempocod1»). CTatncTndeckas obpadoTka AaHHbIX BbiNoNHeHa B Nporpamme Statistica 12.0.

Pesynbtathl. KnvHnyeckas oueHka nokasasa He3Ha4ynmTelbHOe, HO JIOCTOBEPHOE (DYHKLMOHAMBHOE YyYLLIEeHMEe MO pesynsrataMm TeCTUPO-
BaHWS Nocne NpoBeaeHHOro neveHns. OTMEYEHO YBENNYEHME 3HAYEHUI NHAEKCA OANHAMUYECKON NOXoaKW 1 Tecta 10-MeTpoBON XOA60bI,
yMeHbLLIEHVE NHaEKca Xay3epa 1 BpeMeHW BbINOoNHeHNUs TecTa «BcTaHb 1 naw», a Takke no gomeHam (d770) n (d4500). PyHKLUMS Xoap0bl
ynyywmnack. Bo3pocnn 3HaveHns ckopocT xoabbbl (p < 0,05), yBenmyuiaca nepnon ABOMHOM ONOpbl Ha NapeTnyHoM cTopoHe (p < 0,05),
BO3pOCa akTUMBHOCTb M. gastrocnemius Ha NapeTn4HOn 1 300POBO CTOPOHaxX (p < 0,05).

BbiBogbl. O6Hapy>XeHHble N3MeHeHNs PyHKLMN Xoap0bl Obinv TMNNYHLI AN remunapeda. B xoae nposefeHns kypca ®OC y naymeHToB
He Obl10 BbISBIEHO HEraTVBHbIX Peakuuii Ha MPOBOAVMYIO CTUMYNAUMIO. KnnHdeckme n BruoMexaHndeckmne MyHKUMM xoabbbl naumeHToB
3a Bpemst kypca POC n3meHunacb He3HaYUTENBHO, HO OMHAMIKKA VX MONOXKUTENbHASA. /13 BUOMEXaHNYECKNX NapaMeTPOB JOCTOBEPHO BO3-
pocna aMnanTyAa MKPOHOXKHOM MbILLLbI HA CTOPOHE Napesa, YTo SBASETCA OaHUM 13 Lenesbix napameTpoB OIC. MpoBeneHNe KOPOTKMX
KypCcOB MHorokaHanbHon ®3C gaHHoM KaTeropum 60/bHbIX BO3MOXHO, HO HEAOCTATOYHO 3(deKTMBHO. [oBbiweHne 3hPEKTUBHOCTN
OOC TpedyeT fanbHENLLErO N3YHEHNS.

KntoueBble crnoBa: NeMNYeCKUN NHCYALT; Napes; xoapba; peabunutaums; dNeKTpOCTUMYNALMS; BMOMEXaHMKa Xoabbbl; reMunnerndeckas
xoobba

Ons untuposaHus: Ckeopuos [.B., [peberkurHa H.B., Knumos J1.B., KaypknH C.H., Bynatoa M.A., iBaHoBa [E. ®yHKLMOHaNbHAS SM1eK-
Tpudeckas CTUMYNSLMS Npu Xofas0e B paHHeM BOCCTaHOBUTEIbHOM NepUoAe ULLIEMUYECKOrO UHCYNsTa. MeauimHa sKkCTpemaribHbIX CUTya-
L. 2025;27(3):417-428. https:/doi.org/10.47183/mes.2025-268

duHaHcupoBaHue: padoTa BbinonHeHa B pamkax HUP «Henpo Ctum 2024» Per. Ne EMICY HMOKTP 124031100047-5.

CooTBeTCcTBME NPUHLMNAM 3TUKU: UCCNeaoBaHne ogobpeHo NnokasnbHbIM 3TU4eCKM koMmmuteToM OIBY «PLUMH» ®MBA Poccumn (npo-
TOoKOM Ne 1/18-12-23 oT 18.12.2023). Bce y4acTHVKM Noanuncanv nHopMmpoBaHHoe 40O6POBOSIbHOE corflacke Ha y4acTue B UCCNeqoBaHun.

MoTeHumanbHbI KOHMNKT MHTEPECOB: aBTOPbI 3asBNAIOT 06 OTCYTCTBIM KOH(MKTA MHTEPECOB.
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INTRODUCTION

Acute cerebrovascular accident (ACVA) is the second
leading cause of death and one of the main causes
of disability worldwide [1, 2]. The incidence of strokes
and the costs associated with necessary rehabilitation
measures have been growing globally, including due to
persistent health impairment experienced by a signifi-
cant proportion of ACVA survivors [3].

The complications of ACVA can be distinguished
into motor [4], cognitive [5], and sensory impairments
[6]. One serious complication of motor disorders
consists in an increased risk of falls [7] due to dorso-
flexor weakness and the appearance of foot drop in the
paretic lower limb [8]. A slow walking speed and asym-
metry of lower limb movements are often observed, as-
sociated with reduced range of motion in the joints and
the need to swing the leg sideways [9, 10, 11, 12]. In
particular, spatial asymmetry is related to step length
changes [13, 14].

Given the urgency of prompt restoration of mo-
tor functions in ACVA patients, improved rehabilitation
methods are increasingly attracting the research atten-
tion. One such approach is functional electrical stimula-
tion (FES) of muscle contraction.

Moe et al. described the FES method primarily
in the context of performing a specific functional
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task [18], particularly walking [16]. A number of stud-
ies reported the effectiveness of FES in correcting
typical gait changes in hemiparesis. However, the
mechanism of this effect and the system for evaluat-
ing the results remain unclear. Most FES studies use
changes in walking speed and muscle strength as
criteria [17, 18]. Although being clinically significant,
these criteria do not provide a detailed biomechani-
cal understanding.

The authors [19] investigated the direct effects of FES
on the gluteus medius and tibialis anterior muscles in
post-stroke patients, including those using walking aids,
and noted the importance of analyzing movements not
only of the affected limb but also of the unaffected limb.
Despite the findings, the researchers could not clarify
the etiology of the increased step length in the unaf-
fected limb. Another study [20] demonstrated the pos-
sibility of correcting knee hyperextension and foot drop
with FES; however, the authors emphasized the need for
further methodological development of this approach.
Unfortunately, the current literature does not address the
use of FES in patients during the early recovery period
after a stroke.

In this study, we set out to assess the feasibility and
to evaluate the outcomes of multichannel FES applied in
patients during the early recovery period after a stroke
for gait function correction.
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MATERIALS AND METHODS

The study was conducted at the Scientific Research
Center for Medical Rehabilitation of the Federal Center
for Brain and Neurotechnologies from April to December
2024,

The study included patients with hemiparesis in the
early recovery period after a first-ever ischemic stroke
(< 180 days) in the middle cerebral artery territory, aged
under 75 years, capable of independent ambulation
(walking) without assistance, including with the use of
walking aids (cane).

The exclusion criteria were cognitive impairments
preventing patients from understanding instructions;
sensorimotor aphasia; decompensated somatic pa-
thology; diseases of the central and peripheral nervous
system (except stroke) accompanied by neurological
deficits (sequelae of trauma, tumors, polyneuropathies,
etc.); orthopedic pathology (joint deformities, contrac-
tures, amputations, etc.); history of epileptic activity; skin
diseases with rashes in electrode placement areas; pa-
tient refusal to participate.

Following screening, 11 patients (2 females and 9
males) aged 46 to 66 years (mean age 57.6 + 8.0 years)
were enrolled. Right-sided hemiparesis was observed in
4 participants. The mean time since stroke was 69.1 +
52.0 days. The mean body mass index in the group was
24.9 kg/m?2.

Additionally, 34 healthy participants (18 females and
16 males) were included as a control group. The mean
age of participants was 29.8 years, with a mean body
mass index of 20.6 kg/m?.

Clinical Status Assessment Methodology

For assessing the clinical status of patients, the following

scales and scoring systems were used:

e | ower limb muscle strength was evaluated using
the Medical Research Council Scale for Muscle
Strength [21];

e Lower limb muscle tone was assessed with the
Modified Ashworth Scale (MAS) [22].

The following instruments were applied for gait func-
tion evaluation: Dynamic Gait Index (DGI) [23], Hauser
Ambulation Index [24], Timed-Up-and-Go Test (TUG)
[25], 10 Meter Walk Test (10MWT) [26].

Health impairments and patient capabilities were as-
sessed within the “Activity and Participation” domains of
the International Classification of Functioning, Disability
and Health [27, 28]: gait pattern function (b770), negoti-
ating obstacles (d4551), short-distance walking (d4500).

Gait Function Assessment Methodology
Study Procedure

All patients underwent preliminary biomechanical gait
analysis using a Stadis system (Neurosoft, Russia).

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Spatiotemporal and kinematic gait parameters were re-

corded using inertial sensors secured with elastic cuffs

at the sacrum level and on both lower limbs: on the

lateral surface of the mid-thigh, at the lateral malleo-

lus of the ankle joint, and on the dorsal foot surface.

Simultaneously, electromyographic (EMG) activity of

lower limb muscles was recorded (each sensor in-

cluded two EMG channels) via electrodes placed at the

mid-length of:

® m. quadriceps femoris,

e hamstrings (m. biceps femoris, m. semitendinosus,
m. semimembranosus),

e m. tibialis anterior,

e m. gastrocnemius (both heads).

During testing, patients walked at a self-selected
pace along an 8.5-m straight path with turns at the end.
Biomechanical data were recorded until 30 gait cycles
had been achieved. The software automatically exclud-
ed unstable steps (turns, stumbling, acceleration/decel-
eration). The output included:

e gspatiotemporal gait cycle parameters,

e kinematic data as joint angle curves (flexion/exten-
sion during the gait cycle) for hip, knee, and ankle
joints,

e muscle EMG activity profiles (envelope EMG).

The first biomechanical assessment was performed
for both patient and healthy control groups (baseline);
the second assessment was conducted only for patients
after FES therapy.

Recorded Parameters

Temporal (gait cycle [GC] in sec; others as % of GO):

e stance phase (ST, %),

¢ single support phase (SS, %),

e double support phase (DS, %),

e the beginning of the terminal double limb stance
phase (BTDLS, %).

Spatial:
e foot clearance (cm),
e circumduction (cm),
e walking speed (km/h).
Kinematic: angular range of motion (maximum flex-
ion/extension, °) with temporal phase (% of GC).

Hip joint (H):

e amplitude and phase of initial flexion (Hal and Hx1,
respectively),

e extension during late-stance (Ha2, Hx2),

e flexion during swing (Ha3, Hx3).

Knee joint (K):

initial amplitude (KO),

amplitude and phase of first flexion (Kal, Kx1),
amplitude and phase of first extension (Ka2, Kx2),
amplitude and phase of second flexion (Ka3, Kx3).
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Ankle joint (AJ):

initial amplitude (AQ),

amplitude and phase of first dorsiflexion (Aal, Ax1),

amplitude and phase of first plantarflexion (Aa2, Ax2),

amplitude and phase of second dorsiflexion (Aa3,

AXx3),

e amplitude and phase of second plantarflexion (Aa4,
Ax4).
EMG activity (peak amplitude [uV] and phase [%GC)):

e m. tibialis anterior (TA): two peaks (TAal, TAa2) with
phases (TAx1, TAX2),

e m. gastrocnemius (GSC): one peak (GSCa) and
phase (GSCX),

* m. quadriceps femoris (QF): two peaks (QFal, QFa2)
with phases (QFx1, QFx2), respectively

e hamstrings (HM): one peak (HMa) and phase (HMXx).
Recorded goniograms and envelope EMG (muscle

activation profile) parameters are illustrated in Fig. 1.

Functional Electrical Stimulation (FES)
Methodology

For the FES procedure, we used stimulation devic-
es from a Stedis system (Neurosoft, Russia), and FIAB
stimulation electrodes (Italy). The devices were secured
with the same elastic cuffs as those used for biome-
chanical gait analysis, positioned on: the sacrum, thighs,
and external malleoli. Stimulation electrodes were ap-
plied to the muscles of the paretic limb at the upper and

Hip joint

Knee joint

lower thirds of mm. quadriceps femoris, tibialis anterior,

gastrocnemius and hamstring (Fig. 2).

At the next stage, the current intensity was adjusted
based on two criteria: test stimulation had to produce
visible muscle contraction, while the patient’s sensations
had to remain below their pain threshold. The current
intensity (stimulation strength) was set at the beginning
of each session for each stimulated muscle. The current
frequency and pulse duration parameters remained un-
changed, i.e., 50 Hz and 200 ms, respectively.

After determining the current intensity, the system
was calibrated and the training was initiated. Patients
walked in a straight line at a self-selected pace, mak-
ing turns at the end of the path and continuing to walk.
Electrical pulses were delivered to the muscles at spe-
cific points in the gait cycle corresponding to the physi-
ological peak of muscle bioelectric activity during walk-
ing in healthy individuals. Specifically:

e for m. quadriceps femoris — pulses were delivered
at the beginning of the stance phase and at the end
of the swing phase;

e for hamstring — at the beginning of the stance phase
and the end of the swing phase;

e form. tibialis anterior — at the beginning of the stance
phase and in the middle of the swing phase;

e for m. gastrocnemius — in the middle of the gait
cycle.

The patient continued walking for 30 min, after which
the training session ended. The procedure was stopped

Ankle joint

Tibialis anterior
ST

GSAX

Gastrocnemius

ST

B

TAx2

0 50

Quadriceps femoris
90 ST

/

50 QFx2

100

50

100 0 50 100

Figure prepared by the authors using their own data

Fig. 1. Parameters analyzed in goniograms curves and electromyographic
(EMG) muscle activity profiles: vertical scale for goniograms (hip, knee,
and ankle joints) — in degrees; for muscle activity profiles (m. tibialis anterior,
m. gastrocnemius, m. quadriceps femoris, hamstring) — in microvolts;
horizontal scale — in percentage of the gait cycle
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Photo taken by the authors

Fig. 2. Placement of stimulation electrodes and devices on the patient’s lower limb: the electrodes were placed
on the hemiparetic side, while the devices were attached to both legs to record biomechanical parameters during

stimulation

earlier if subjective complaints appeared (dizziness, fa-
tigue) or at the patient’s request. Procedures were per-
formed daily, five times per week. The course duration
was determined by the patients’ hospital stay and aver-
aged 10.8 procedures. The average procedure duration
was 25.5 min.

Data Statistical Processing

For statistical data processing, we used the Statistica
12.0 software (StatSoft, Tulsa, USA). The normality of
quantitative parameter distributions was assessed using
the Shapiro-Wilk test, which showed non-normal dis-
tributions (p < 0.05); therefore, all data were presented
as medians with first and third quartiles Me [Q1; Q3]. To
compare walking parameters in patients before and after
the FES course, we used the Wilcoxon test. To compare
walking parameters between the patient and control
groups, we applied the Mann-Whitney U-test. A p-value
< 0.05 was considered statistically significant.

RESULTS
Clinical parameters

The comparison of clinical characteristics in the patient
group before and after the FES course revealed statis-
tically significant changes indicating improved walking
function (Table 1):

e Dynamic Gait Index increased by 3 points;

e Hauser Ambulation Index decreased by 1 point;

¢ Timed-Up-and-Go test improved by 7 s;

EXTREME MEDICINE | 2025, VOLUME 27, No 3

e 10-Meter Walk test speed increased by 0.15 m/s.

ICF (International Classification of Functioning) do-
mains:
e gait pattern function (b770) decreased by 1 point,
e short-distance walking (d4500) decreased by 1 point.

Spatial and temporal parameters

The comparison of parameters before and after the

FES course revealed the following statistically significant

changes (Table 2):

¢ |ncreased double support time on the paretic side,

e Decreased double support time on the unaffected
side,

e |Improved walking speed.

The comparison of pre- and post-FES parameters
with control group values revealed the following statisti-
cally significant differences:

e extended gait cycle duration (GC),

e increase in the stance phase (ST) duration on the un-
affected side,

e increased paretic-side single support (SS) phase,

e increase in double support (DS) phase bilaterally,

e carlier beginning of the terminal double limb stance
phase (BTDLS) on the paretic side,

e delayed beginning of the terminal double limb stance
phase (BTDLS) on the unaffected side,

e reduced foot clearance on the paretic side,

e increased circumduction on the paretic side,

significantly slower walking speed in the patient

group compared to healthy controls.
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Table 1. Clinical parameters before and after the functional electrical stimulation (FES) course

Clinical Parameter Before FES After FES

Lower-extremities muscle strength, score 3 3

Clinical scales and tests

Lower-extremities muscle tone on Modified

Ashworth Scale, score -2 "
Dynamic Gait Index [141;617] [181;9;O]

Hauser Ambulation Index [3;4 4] [3?*4]
Timed-Up-and-Go test, s [25?;236] [1 92;5;0]
10-Meter Walk test, m/s [O%;YC? 8] [O%g* 1]

ICF categories

b770 — gait pattern functions [2,23] [1? 2]
- 2 1

d4551 — obstacle negotiation [: 2] [1: 2]
. . 2 1*

d4500 — short-distance walking [: 2] [0: 1]

Table compiled by the authors based on their own data

Note: * — statistically significant changes, p < 0.05.

Table 2. Spatiotemporal parameters before and after the functional electrical stimulation (FES) course

Before FES course After FES course
Parameter Control group
Paretic side Unaffected side Paretic side Unaffected side
1.6 1.6 1.5 1,5 11
GC. s [1.5; 2 [1.4,1.9] [1.4; 2] 1,4, 2] [1,1;1,2]
ST (%) 63.3 74.2 62.1 71,8 63,1
[60.8; 64.5] [69.1; 78] [69.9; 65] [67,9; 78,2]* [62,4; 64,4]
SS (%) 26.3 36.9 27.6 37,8 36,9
° [22.2; 31.2] [35.9; 39.5] [21.5; 31.7] [35,2; 39,7] [35,7; 37,9]
DS (%) 34.5 34.8 35 34,4 26,1
° [30.6; 43]* [30.7; 42.8] [27.6; 40.8]" # [28,2; 41,4] # [24,6; 28,1]
41.6 571 42.8 56,4 49,9
(o) 3 )
BTDLS (%) [40.8; 45.8]* [63.5; 60]* [40; 45.6] [64,1; 60,1]* [49,6; 50,3]
Foot clearance (cm) 8 18 ° 4 13,5
[7; 12 [11; 15] [7; 12]* [11; 14] [12; 15]
) ) 4 2 4 2 3
Cireumduction (orm) 3; 6" 2; 4] 3; 6" 2 3] 2; 4]
Walking Speed 1.7 2.2 4.3
(km/h) [1.2; 2.5] [1.3; 2.41# [4; 5]

Table compiled by the authors based on their own data

Note: * — significant differences versus controls, p < 0.05; # — pre-post differences in ipsilateral parameters reached statistical significance,
p < 0.05; GC — gait cycle; ST — stance phase; SS — single support phase; DS — double support phase; BTDLS — the beginning of the
terminal double limb stance phase.
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Table 3. Kinematic parameters before and after the functional electrical stimulation (FES) course

Before FES course After FES course
Location Parameter o Unaffected o Unaffected Control group
Paretic side . Paretic side .
side side
Ha 15* 23 15* 24 23
[9; 16] [19; 30] [10; 17] [20; 28] [20; 25]
Hxd 2 1* 3 2 2
[1; 5] [1; 2] [1; 7] 1; 5] 2; 3]
Hao -6* -6* -8* TH -1
. . [-9; 1] [-10; -3] [-11; -2] [-11; -3] [-12; -9]
Hip Joint " " " "
Hx2 50 59 50 61 53
[47; 55] [56; 64] [47; 52] [57; 66] [51; 55]
Ha3 16* 31" 17* 31* 24
[11; 28] [26; 34] [16; 27] [25; 32] [22; 27]
Hx3 90 90* 88" 89 87
[84; 92] [86; 93] [83; 91] [87; 93] [84; 89]
KO 2 12* 1 10" 3
[0; 4] 8; 15] [-3; 5] (7, 13] [-1; 5]
Kal 10* 14 10* 16 17
[4; 12] [14; 20] [3; 11] [13; 19] [14; 19]
Kxd 8" 9* 11* 10# 12
[7,10] [7,12] [8; 13] [7, 18] [12; 14]
) 2% 6 -1* 5 6
Knee Joint Ka2 [4; 9] 4 9] [4; 2 2 1) 4 9]
Kx2 33" 38 37 38 37
[31; 37] [34; 43] [32; 42] [35; 40] [34; 41]
Ka3 35 61 37" 61 63
[27; 52] [56; 62] [30; 47] [59; 64] [60; 67]
Kx3 70 79 ral 77 70
[66; 73] [74; 83]* [64; 73] [74; 81] [69; 71]
A0 -9 -4 -10* -3 -3
[-12; -2] [-5; -3] [-15; -6] [-4; 1] [-5; O]
At -11 -7 -14* -7 -8
[-14; -5] [-9; -4] [-15; -13] [-10; -5] [-10; -6]
Ax] 4* 4* 3* 6# 7
[1; 5] [3; 7] [1; 6] [3; 8] [6; 8]
Aa2 9 10 8 13 12
[5; 14] [9; 12] [5; 121 [10; 14] [10; 15]
. 49 58* 48.75 57" 48
Ankle Joint AX2 [47: 51] [56; 60] [48: 50] (56; 59] 146: 50]
Aa3 -5* -9* -10* 15* # -19
[-11; -3] [-18; -7] [13; -7] [-17; -12] [-22; -15]
Ax3 74* 74* 67" 73* 64
[66; 79 [71; 80] [65; 76] [70; 77] [63; 65]
-9* -4 -9o* -6* 1
Aad [-11; -3] [-10; -4] [-14; -5] [-9; -3] [-3; 1]
Axd 94* 82 99* 81 86
[93; 98] [81; 98] [95; 100] [81; 97] [81; 97]

Table compiled by the authors based on their own data

Note: * — significant differences versus controls, p < 0.05; # — pre-post differences in ipsilateral parameters reached statistical significance,
p < 0.05; Ha1l and Ha2 — amplitude and phase of initial flexion; Ha2 and Hx2 — extension during mid-stance; Ha3 and Hx3 — flexion during
swing; KO — initial amplitude of knee; Ka1 and Kx1 — amplitude and phase of initial flexion; Ka2 and Kx2 — amplitude and phase of first ex-
tension; Ka3 and Kx3 — amplitude and phase of second flexion; AO — initial amplitude of ankle; Aa1 and Ax1 — amplitude and phase of first
dorsiflexion; Aa2 and Ax2 — amplitude and phase of first plantarflexion; Aa3 and Ax3 — amplitude and phase of second dorsiflexion; Aa4 and
Ax4 — amplitude and phase of second plantarflexion.
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Kinematic parameters

The comparison of pre- and post-FES parameters re-
vealed the following statistically significant (o < 0.05)
changes (Table 3):

e carlier Hx3 on the paretic side,

increased Ha2 on the unaffected side,

delayed Kx1 on the unaffected side,

delayed Ax1 on the unaffected side,

increased Aa3 on the unaffected side.

The comparison of pre-FES patient parameters with
healthy controls revealed statistically significant differ-
ences (p < 0.05). Thus, the patients demonstrated re-
duced amplitude of initial hip flexion (Hal) on the paretic
side; earlier onset of this flexion (Hx1) on the unaffected
side; decreased extension amplitude (Ha2) bilaterally
with earlier phase onset (Hx2) on the paretic side and
delayed onset on the unaffected side; reduced swing-
phase flexion amplitude (Ha3) on the paretic side with in-
creased amplitude on the unaffected side; and delayed
onset of this flexion phase (Hx3) on the unaffected side.

In the knee joint, the analysis revealed significant ki-
nematic alterations, i.e., reduced amplitude of first flexion
(Kal) on the paretic side accompanied by earlier onset of
this flexion phase (Kx1) bilaterally; decreased extension
amplitude (Ka2) with premature phase initiation (Kx2) on
the paretic side; reduction in flexion amplitude (Ka3) on
the paretic limb coupled with delayed flexion onset (Kx3)
on the unaffected side.

In the ankle joint, earlier onset of the first extremum
phase (Ax1) bilaterally and delayed initiation of full flexion
(Ax2) on the unaffected side; reduced amplitude (Aa3)
bilaterally with delayed phase onset (Ax3) on both sides;
increased amplitude (Aa4) bilaterally and delayed initia-
tion of its phase (Ax4) on the paretic side were noted.

The comparative analysis of kinematic parameters in
post-FES patients versus healthy controls revealed the
following statistically significant changes (p < 0.05):

Hip joint
e decreased amplitude of initial flexion (Hal) on paretic
side,

Table 4. Electromyographic parameters before and after functional electrical stimulation (FES)

Before FES course After FES course
Muscle Parameter o Unaffected o Unaffected Control group
Paretic side . Paretic side .
side side
TAa 72" 163 69* 208" 159
[33; 95] [134; 230] [58; 135] [178; 278] [118; 186]
58* 10* 60* 20* 1
o TAX 14 60] [9: 28] [12: 60] [9: 26] [1: 2]
TAG2 70* 143 71" 180 154
[58; 104] [118; 215] [60; 139 [136; 222] [116; 185]
TAX? 68" 100 66* 100 99
[62; 97] [84; 100] [64; 100] [84; 100] [98; 100]
GSCa 50* 145 70" # 171# 154
ase [27; 81] [133: 163] [54; 96) [164; 208] [113; 202]
GSCx 31* 44* 37 39 39
[28; 39 [35; 47] [32; 40 [35; 47] [37; 40]
QFaf 62 Q2% 62 89 63
[41; 67] [72; 109] [62; 84] [67; 174] [41; 86]
13* 21* 14 12* 7
o QRx [O; 17] [6: 24] [6: 16] [9: 23] 5: 9]
QFa2 40 75 48* 82 57
[31; 58] [60; 126] [40; 81] [60; 116] [39; 81]
QFx2 100 97 100 95 100
[51; 100] [51; 100] [99; 100] [52; 100] [99; 100]
HMad 53* 108 59* 129* 83
i [43; 71] [83; 146] [40; 79] [115; 146] [62; 123
HMXA 13" 26 14 45 92
[10; 19] [12; 56] [11; 25] [31; 65] [43; 95]

Table compiled by the authors based on their own data

Note: * — significant differences versus controls, p < 0.05; # — pre-post differences in ipsilateral parameters reached statistical significance,
p < 0.05; TA — m. tibalis anterior; GSC — m. gastrocnemius; QF — m. quadriceps femoris; HM — hamstrings.
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e decreased extension amplitude (Ha2) bilaterally,

e carlier extension phase onset (Hx2) on paretic side,

e delayed extension phase onset (Hx2) on unaffected
side,

e decreased flexion amplitude (Ha3) on paretic side,

e increased flexion amplitude (Ha3) on unaffected side.

Knee joint

e decreased initial flexion amplitude (Kal) on paretic
side,

e carlier initial flexion onset (Kx1) on paretic side,

e decreased amplitudes (Ka2 and Ka3) on paretic side,

e delayed termination of second flexion phase (Kx3) on
unaffected side.

Ankle joint

e increased first amplitude (Aal) on paretic side,
earlier first phase onset (Ax1) on paretic side,
decreased second amplitude (Aa2) on paretic side,
delayed second phase onset (Ax2) on unaffected
side,

decreased third amplitude (Aa3) bilaterally,

delayed third phase onset (Ax3) bilaterally,

increased fourth amplitude (Aa4) bilaterally,

delayed fourth phase onset (Ax4) on paretic side.

Electromyographic parameters

The comparison of muscle bioelectrical activity profiles
before and after the FES course revealed two statistically
significant changes (p < 0.05): an increase in the peak
activity of the gastrocnemius muscle was observed for
both the paretic and unaffected sides (Table 4).

The comparative analysis of pre-FES electromyo-
graphic parameters between patients and healthy con-
trols revealed the following statistically significant differ-
ences (p < 0.05):

m. tibialis anterior

decreased TAal amplitude on paretic side,
delayed TAx1 onset bilaterally,

reduced TAa2 amplitude on paretic side,
earlier TAX2 onset on paretic side,

m. gastrocnemius

reduced GSCa amplitude on paretic side,
e carlier GSCx onset on paretic side,

¢ delayed GSCx onset on unaffected side,

m. quadriceps femoris
¢ increased QFal amplitude on unaffected side,
e delayed QFx1 onset bilaterally,
¢ increased QFa2 amplitude on unaffected side,

Hamstring muscles
e reduced HMa amplitude on paretic side,

e carlier HMx onset on paretic side.

The comparative analysis of post-FES electromyo-
graphic profiles between patients and healthy controls
revealed the following statistically significant differences
(b < 0.05):
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m. tibialis anterior:

decreased TAal amplitude on paretic side,

increased TAal amplitude on unaffected side,

delayed TAx1 onset bilaterally,

reduced TAa2 amplitude on paretic side,

earlier TAX2 onset on paretic side,

m. gastrocnemius:

reduced GCa amplitude on paretic side,

® m. quadriceps femoris:

e delayed QFx1 onset on unaffected side,
Hamstring muscles:

e decreased HMa amplitude on paretic side,

e increased HMa amplitude on unaffected side.

DISCUSSION

Our study revealed minor yet characteristic gait altera-
tions in patients with stroke-associated hemiparesis.
Following the FES therapy course, we observed:
increased Dynamic Gait Index scores,
improved 10-Meter Walk test performance,
decreased Hauser Ambulation Index values,
reduced Timed Up-and- Go (TUG) test completion
time.
These outcome measures (10-Meter Walk and TUG)
represent the most frequently reported FES efficacy pa-
rameters in literature [29, 30, 31], with our results be-
ing consistent with existing data. However, other studies
have incorporated additional clinical measures show-
ing more variable outcomes.

The systematic review by Wang et al. covering 14
studies with 945 hemiparetic patients demonstrated
FES-induced improvements in:

e Fugl-Meyer Assessment (FMA) scores,

Berg Balance Scale (BBS),

10-Minute Walk test,

Modified Barthel Index (MBI),

Functional Walking Test (FWT) [30Q].

Conversely, an eight-week FES trial (40 min/day,

5 days/week, n=92) by Matsumoto et al. failed to

show statistically significant changes in 10-Meter Walk

test, Fugl-Meyer Assessment, and Timed-Up-and-Go

test [32].

The changes in spatiotemporal gait parameters ob-
served in patients prior to the FES course demonstrat-
ed alterations characteristic of this post-stroke period.
These included:
¢ increased gait cycle duration (GC),

e normal stance phase (SP) duration on the paretic
side with prolonged SP on the unaffected side,

e reduced single support time (SS) on the paretic side
with increased SS on the unaffected side,

¢ increased total double support time (DS),

e the beginning of the terminal double limb stance
phase (BTDLS) timing (earlier on paretic, delayed on
unaffected side),

e decreased foot clearance on the paretic side.
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These biomechanical changes have been previously
described [9, 10, 11, 12] and represent typical hemipa-
retic gait patterns.

Following FES intervention, we observed:

1. A minor yet statistically significant increase in the
double support time bilaterally (o < 0.05) — a compen-
satory mechanism to improve body balance, as stability
increases when both limbs are weight-bearing.

2. Increased walking speed, correlating with findings
from other studies [33, 34].

As a rule, patients with hemiparesis also exhibit kin-
ematic changes: reduced range of motion in the hip,
knee, and ankle joints on the paretic side. In this case,
the ankle joint is in slight extension, which reduces clear-
ance and leads (along with other changes) to increased
circumduction. The paretic side is characterized by re-
duced range of motion in the joints. At the same time,
the healthy side is forced to compensate for the reduced
activity of the paretic side. Thus, at low walking speeds,
even normative kinematic parameters of the unaffected
side already represent hyperfunction. The later peaks of
several amplitudes on the unaffected side are the result
of increased SP. The overall duration of stance phase
increases, and thus the amplitude peaks also shift and
occur later in time.

Following the FES course, only minor kinematic
changes were observed, primarily on the unaffected
side. In the available literature, FES is most commonly
used for post-stroke patients with foot drop; conse-
quently, kinematic changes are typically limited to the
ankle joint. For instance, Giizel et al. described the posi-
tive effects of a four-week FES course on the ankle joint
range of motion in patients during the early recovery
phase after an ischemic stroke [34].

The EMG analysis revealed characteristic hemipa-
retic changes, including reduced activity amplitudes in
all analyzed muscles on the paretic side. However, less
pronounced changes were noted in QF compared to
other muscle groups, both in terms of amplitude and ac-
tivation profile [12, 35]. This particular muscle provides
knee joint stability, and significant alterations in its activ-
ity make weight-bearing on the paretic limb impossible.

The rehabilitation course resulted in only one sig-
nificant change: an increased GSC amplitude was ob-
served bilaterally. Nevertheless, GSC activity on the pa-
retic side remained more than two times lower than on
the unaffected side, both before and after FES.

Our results demonstrate that during the early recovery
period after a cerebral stroke, a three-week rehabilitation
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INFORMATIVITY ASSESSMENT OF WEBSITES OF TERRITORIAL M) Check for updates
ATTESTATION COMMISSIONS ON THE ATTESTATION PROCEDURE
FOR HEALTHCARE SPECIALISTS

Viktor M. Misharin', Adelina V. Kochubey?*

"Federal Pulmonology Research Institute, Moscow, Russia
2Federal Scientific and Clinical Center for Specialized Types of Medical Care and Medical Technologies, Moscow, Russia

Introduction. Due to the current decline in medical professionals’ interest in the institution of qualification categories, the problem of improv-
ing the quality of information content and its distribution among the target audience becomes particularly relevant.

Objective. Quality assessment of the website informativity of territorial attestation commissions and public health administrations of the Rus-
sian Federation (RF) subjects regarding the assignment of qualification categories.

Materials and methods. The information search about the procedure for attesting healthcare specialists was carried out through 47 websites
of the healthcare executive authorities of 83 RF subjects and territorial attestation commissions. A remote survey of 47 medical professionals
was conducted: 25 (53.2%) men and 22 (46.8%) women (the average age of respondents was 32.3 + 4.94 years) with a work experience in the
specialty of two years. Each respondent reviewed the information about the attestation procedure posted on the websites of three different RF
subjects. The websites were distributed among respondents randomly using an online random number generator. The survey was conducted
using a questionnaire developed by the Department of Economics and Marketing at the Academy of Postgraduate Education of the Federal
Medical and Biological Agency of Russia. Statistical analysis was performed using the SPSS software (IBM Company).

Results. In total, 47 (56.6%) websites of territorial attestation commissions contained information on all points of the Order of Ministry of
Public Health of the Russian Federation (No. 458n dated August 31, 2023), regarding the rules and procedure for submitting documents. In
the survey, the information sufficiency on the rules and procedure for attestation of medical professionals was rated higher (3.13 + 1.04 points)
compared to the information clarity (2.98 + 1.02 points) (o = 0.009). The respondents’ scores of the sufficiency and clarity of information
on different websites differed significantly: 102.155 < x? < 110.978 (p < 0.001); for the same websites, the scores were identical (o = 0.881
and p = 0.976).The scores of information sufficiency and clarity did not depend on the respondents’ age (p = 0.416 and p = 0.706), gen-
der (p = 0.163 and p = 0.148), or profession (p = 0.901 and p = 0.947), or their work in organizations that provide care in different settings
(p = 0.956 and p = 0.983).

Conclusions. The information about the attestation procedure of medical professionals, which is available on the websites of the public health
authorities of RF subjects and on the websites of the respective territorial attestation commissions, needs to be corrected and updated.
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OLIEHKA UH®OPMATUBHOCTUN CAUTOB TEPPUTOPUAJIbHbIX ATTECTALMOHHbBIX
KOMMCCUIN O NPOLIEAYPE ATTECTALMN PABOTHUKOB 3[0PABOOXPAHEHUSA

B.M. MuwapuH', A.B. Ko4y6ern?!

"Hay4Ho-rccnegoBaTenbCkuii MHCTUTYT NynbMOHonorn denepanbHoro Meanko-6ronornieckoro areHTcTea, Mockea, Poccust
2depepalbHbIi HayYHO-KMHUYECKUI LEHTP Creumnanna3npoBaHHbIX BMOOB MeAULMHCKON noMoLm PefepanbHoOro Meamnko-61onornieckoro
areHTCcTBa, Mocksa, Poccusa

BeepeHue. CoBeplLUeHCTBOBaHNE NHHOPMALMOHHOIO KOHTEHTa HEOOXOAMMO AN PELLEHVS MPOBeM LIENEeBOV ayauTopu 1 MPUBAEHEHNS
noTeHUMabHbIX NOb30BATENEN B CBA3M CO CHUXKEHNEM MHTEPECA Bpadein K MHCTUTYTY NMPUCBOEHUS KBaNM(UKALIMOHHBIX KaTeropui.
Lenb. OueHka kKa4ecTBa MHOPMALMOHHOIO KOHTEHTa CalTOB TeppUTOpUanbHbIX aTTeCTaumMOHHBIX KOMUCCUIA 1 OpraHoB ynpaBneHnst
30paBoOXpPaHeHemM cybbekToB Poccuickon dedepaLm OTHOCUTENBHO MPUCBOEHNS KBATM(PUKALMOHHBLIX KaTErOpWii.

MaTepuanbl n metogbl. BbinonHeH nouck nHopmMaumm o npoLlenype atTectaumn MeouUMHCKUX paboTHUKOB Ha 47 caiiTax opraHoB
nenonHuTenbHom Bnactu 83 cybbekToB Poccuiickon Pefepaumn B chepe 3ApaBOOXpaHeHWst 1 canTax TeppuTopualibHbIX atTecTaum-
OHHbIX KOMUCCcUI. [MpoBegeH 3ao0yHbI onpoc 47 Bpaden: (25 (53,2%) My>kunH 1 22 (46,8%) >KeHLWH; cpedHWin BO3pacT PeCrnoHAEHTOB
32,30 + 4,94 roga) co cTaxkem paboTbl MO cneumanbHOCT OT 2 NneT. Kaxkabii pecnoHaeHT paccMaTprBan MHAMOPMaLO O MPOXOXAEHNM
aTTecTaumn, pa3melLieHHYIo Ha carTax Tpex pasnuyHbix cybbekToB Poccuiickon ®enepaumn. PacnpeneneHne catoB No pecrnoHgeHTam
NPOM3BEAEHO ClyYalrHbiM 06pa3oM C MOMOLLBbIO OHMarH-pecypca reHeparopa cnydanHbix Yicen. Onpoc NpoBeaeH C MCNOb30BaHUEM
aHKeTbl, KoTopas bbina paspadoTaHa CoTPyAHNKaMU Kadeapbl SKOHOMUKN N MapKeTuHra Akagemunm nocTaMniIoMHoro obpasosaHus Prby
OHKL, PMBA Poccun. Ctatuctmndeckas obpaboTka BbinofHeHa B nporpamme SPSS (IBM Company).

© V.M. Misharin, A.V. Kochubey, 2025
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Pe3ynbTatbl. VIHhopmaumio no Bcem nyHkTam npukasa Munagpasa Poccum ot 31 asrycta 2023 1. Ne 458H, kacarowmmes npasun 1 no-
pagka nojadvn 4OKYMEHTOB, cofepkanu 47 (56,6%) caToB TeppuTopualibHbIX aTTeCTaLUMOHHbIX KOMUCCUIA. [pr onpoce [OCTaTOMHOCTb
MHbopMaLIMM calToB O MpaBuiax 1 Nopsake arTectaumn Bpadamu oueHeHa Bbiwe (3,13 + 1,04 6anna) No cpaBHEHWIO C MOHATHOCTLIO
KOHTeHTa (2,98 + 1,02 6anna) (p = 0,009). OueHKM PECNOHAEHTOB AOCTATOYHOCTM M MOHATHOCTW KOHTEHTA pa3HbIX CaTOB 3HAYMMO OT/InYa-
totcs: 102,155 < x2 < 110,978 (p < 0,001), @ N5 OfHMIX 1 TeX e caToB — ofamnHakoBsl (p = 0,881 1 p = 0,976). OLeHKM LOCTATOYHOCTA U MO-
HATHOCTUN MH(OPMaLMK He 3aBncenn OT Bo3pacTta pecnoHaeHToB (p = 0,416 n p = 0,706), nx nona (p = 0,163 n p = 0,148), cneumansHOCTU
(o =0,901 1 p = 0,947), paboTbl B OpraHn3aLusix, okasblBatoLLIX MOMOLLb B pasHblX ycrnosusix (o = 0,956 n p = 0,983).

BbiBoabl. VHhopmaLums o npoueaype artectaumm MeauUMHCKIX paboTHUKOB, pasMeLLiEHHas Ha canTax opraHoB WUCMOHUTENbHOW Bna-
cTn cybbekToB Poccurckon ®egepaummr B chepe 30paBoOOXPaHEHNS 1 canTax TeppUTOpUabHbIX aTTECTALMOHHBIX KOMUCCUI, HY>KO2eTCs

B KOppeKUnn n akTyanmdaunn.

KntoyeBble cnoBa: atTectaums; KBanvdrkaumoHHas Kateropus; attectalloHHas KOMUCCHS; MHPOPMaLIMOHHbBIN KOHTEHT

Ons uyutupoBaHuna: MuwapuH B.M., Kouybenn A.B. OueHka VH(OPMATMBHOCTM CanTOB TeppUTOPUAsbHbIX aTTeCTaLUMOHHbIX KO-

MWUCCUIA O Mpolefype aTTecTaumnm paboTHUKOB 3[PaBOOXPAHEHVS.

https:/doi.org/10.47183/mes.2025-353

MeauvumHa aKcTpemarsibHbix  cuTyalmn. 2025;27(3):429-435.

DuHaHCUpoBaHue: NCCNe0BaHNe BbINOSHEHO 6es CMOHCOPCKOW MOALEPXKKMN.

BnaropgapHocTb: acnupaHTam AkagemMmy nocTannaoMHoro obpasosanuns ®rbY OHKL ®MBA Poccun 3a y4acTne B OLIEHOYHOM OMpPOCeE.

MoTeHumnanbHbI KOHINKT NHTEPECOB: aBTOPbI 3aSBAAT 06 OTCYTCTBUM KOH(MIMKTA UHTEPECOB.

><1 Kouy6en ApennHa BnagumumposHa kochoubeya@gmail.com

Ctatbs noctynuna: 08.11.2024 Mocne popabotku: 16.04.2025 MpuHaTa k nybnukauun: 03.06.2025 Online first: 20.08.2025

INTRODUCTION

The quality of information systems determines the ef-
ficiency of organizations. This requires permanent im-
provement of such systems [1], including the quality of
information content [2].

The website content is information intended for the
target audience to meet their requirements within a
specific field of activity [3]. The study [4] of web queries
showed that information search accounts for 80% of all
web operations. At the same time, the main deficiency of
information content is known to be the overabundance
of irrelevant and insignificant information [5]. A serious
difficulty faced by developers of information content
consists in recognizing the usefulness of the material
and selecting targeted information [6].

The quality of information content is acquiring partic-
ular importance in the context of the growing amount of
online information, leading to information overload and
social media fatigue [7, 8]. Information content that moti-
vates Internet users to take certain actions or influences
their behavioral intentions is the “golden fleece” of any
organization [9, 10]. Convincing information content is
capable of changing the users’ attitudes and encourag-
ing them to interact with the offeror [11, 12].

Due to the current decline in medical professionals’
motivation and interest in the qualification institution,
their unwillingness to engage in additional work-related
activities, fear of reducing the amount of free time, lack
of understanding of all certification aspects and pro-
cesses, as well as the desire to avoid complex proce-
dures, the information content of the websites of certifi-
cation organization should be as useful and convincing
as possible [13, 14].

The Order of the Ministry of Health of the Russian
Federation (No. 458n dated August 31, 2023) “On
Approval of the Procedure and Terms for Medical and
Pharmaceutical Professionals to Obtain a Qualification
Grade™ requires governmental agencies and organi-
zations that have established attestation commissions
to post information about these commissions, visiting
hours, and document submission order, as well as the
composition of expert groups, on their official websites.

In this study, we set out to assess the quality of infor-
mation content on the websites of the healthcare author-
ities of the constituent entities of the Russian Federation
(RF subjects) and the respective territorial certification
commissions regarding the assignment of qualification
categories.

MATERIALS AND METHODS

An information search about the procedure for cer-
tifying medical professionals on the websites of the
healthcare executive authorities of 83 RF subjects and
on the websites and territorial attestation commissions
was carried out.

We evaluated the information availability on the web-
sites of territorial certification commissions, as specified
in Table 1. Information from paragraphs 34.1-34.8, 37,
and 39 describes the rules for submitting documents for
certification, while paragraphs 35 and 36 describe the
procedure for submitting them. The information avail-
ability from the Order on the website? was evaluated
positively (“yes”) provided that it met all the requirements
of the relevant clause in the regulatory document.

A survey was conducted in absentia among 47 med-
ical professionals with at least two years of relevant

" Order of the Ministry of Health of the Russian Federation (No. 458n dated August 31, 2023) “On Approval of the Procedure and Terms for Medical and

Pharmaceutical Professional to Obtain a Qualification Grade”.
2 lbid.
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professional experience, who were enrolled in the
Postgraduate Medical Education Academy. The survey
focused on 47 websites identified during the initial as-
sessment as containing information about the rules and
procedures for submitting documents for certification.
Each respondent reviewed the certification information
posted on the websites of three different RF subjects.
Thus, the information on each website was evaluated
independently by three respondents. The correspond-
ing website links were sent to the respondents via email.
The distribution of websites among the respondents was
carried out in a random manner using the Randomus
online random number generator (https:/randomus.ru).

The number of respondents exceeded the num-
ber required for pilot studies, with a significance level
of p = 0.05 [15]. Among the respondents, there were
25 (63.2%) men and 22 (46.8%) women. The average
age of the respondents was 32.3 + 4.94 years; the differ-
ence in age between men (33.7 + 5.32 years) and women
(30.8 + 3.94 years) was significant (t = 3.69; p = 0.011).
Among 47 respondents, 24 (51.1%) were surgeons, in-
cluding dentists, and 23 (48.9%) were general practi-
tioners, including dentists. There was no difference in
the age of respondents with surgical (32.5 + 5.36 years)
and therapeutic (32.1 + 4.47 years) specialties (t = 0.49;
p = 0.388). Among the respondents, 25 (53.2%) worked
in medical organizations providing outpatient care, and
22 (46.8%) worked in hospitals. There was no difference
in age between the respondents of these two groups:
31.8 £ 4.44 years and 32.9 + 5.42, respectively (t = 1.39;
p = 0.316). The respondents’ distribution by selected
characteristics is presented in Table 2.

The survey was conducted using a questionnaire de-
veloped by the Department of Economics and Marketing
at the Postgraduate Medical Education Academy. The
questionnaire contained two questions about the suf-
ficiency and clarity of the website information about the
rules and procedures for submitting documents for cer-
tification, as follows:

1.  How complete is the information provided to an-
swer your questions about the rules and procedures for
submitting documents for certification?

2. To what extent is the information presented clear
to you, and does it require additional explanation or
search for information on other resources?

To formalize the respondents’ opinions on the suffi-
ciency and clarity of the information about the rules and
procedures for submitting documents for certification, a
five-point rating scale was used, where “1” represents an
extreme lack of information and “5” represents an abso-
lute sufficiency and clarity of the presented information.

Statistical processing was performed using the
SPSS software (IBM Company). The availability of infor-
mation about the list of certification specialties, the rules
and procedures for submitting documents, and sample
tests was evaluated using frequency analysis. The analy-
sis of respondents’ opinions about the sufficiency and
clarity of information about the rules and procedures for

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Table 1. Criteria for evaluating the information
content of websites of territorial certification
commissions

Pre-
sence
(yes/no)

Criteria

List of specialties

Personal composition of the attestation
commission

Personal composition of the expert groups

Information in paragraph 34.1 of the Order

Information in paragraph 34.2 of the Order

Information in paragraph 34.3 of the Order

Information in paragraph 34.4 of the Order

Information in paragraph 34.5 of the Order

Information in paragraph 34.6 of the Order

Information in paragraph 34.7 of the Order

Information in paragraph 34.8 of the Order

Information in paragraph 37 of the Order

Information in paragraph 39 of the Order

Information in paragraph 35 of the Order

Information in paragraph 36 of the Order

AC mailing address

AC email

Information about the possibility of
submitting documents on the Public
Services Portal of the Russian Federation

Document acceptance schedule

Current document registration schedule

Current dates of the attestation
commissions meetings

Current dates of expert commission
meetings

Time and place of certification for on-site
meetings

Current dates of the test control

Current interview dates

Order Link

Table prepared by the authors

Note: AC — attestation commission.
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Table 2. Respondent distribution

Medical facilities
Medical specialty Sex Total
in-patient out-patient
Surgery m 1 1 12
f 11 1 12
total 22 2 24
Internal medicine m - 13 13
f - 10 10
total - 23 23
Total m 11 14 25
f 11 1 22
total 22 25 47

Table prepared by the authors

Note: — not available.

submitting documents for certification was conducted
using frequency analysis and the calculation of average
values (mean, standard deviation, and median). Since
the variables “sufficiency” and “clarity” did not have a
normal distribution (p < 0.001), the Mann-Whitney and
Kruskal-Wallis criteria and Spearman’s rank correlation
coefficient were used.

RESULTS

The conducted search revealed that in 17 RF subjects,
the territorial attestation commissions have separate
websites, including those without a link on the websites
of the authority organ. The analysis showed that most
websites of territorial attestation commissions contain
the basic information required by the Order® (Table 3).
However, only 47 websites (56.6%) contained informa-
tion on all Order paragraphs regarding the rules and pro-
cedures for submitting documents. Only in 14 (16.9%)
RF subjects, the websites of healthcare executive au-
thorities and territorial attestation commissions simul-
taneously provide information on the rules and proce-
dures for submitting documents, the list of attestation
specialties, attestation test samples, and reference to
the current Order of the Ministry of Health of the Russian
Federation (No. 458n dated August 31, 2023)*, as well as
information on the current dates of meetings of attesta-
tion/expert commissions.

Out of 18 websites that featured sample tests, 5 (6.1%)
websites provided a link to the Central Commission for
the Certification of Medical Workers for the Assignment

of Qualification Categories. Only 21 (25.3%) websites
had an active link to the current order of the Ministry
of Health of the Russian Federation, and 13 (15.7%)
websites mentioned that the procedure for medical and
pharmaceutical workers to pass certification for obtain-
ing a qualification category was regulated by the current
order. 34 (41.0%) websites did not contain information
about the current regulatory legal act, and 3 websites
contained an invalid order issued by the Ministry of
Health of the Russian Federation on April 23, 2013,
No. 240N.

According to the survey results, the average score
given by the respondents for the sufficiency of infor-
mation about certification of medical professionals on
47 websites was 3.13 + 1.04 (median 3.0). Concerning
the content clarity, the score was 2.98 + 1.02 (medi-
an 3.0).

Regarding the sufficiency of information, the re-
spondents gave the highest score of 4.33 to 5 (10.6%)
websites, and the lowest score of 1.33 to 4 (8.5%) web-
sites. According to the respondents, 2 (4.3%) websites
received the highest score of 4.68 for the clarity of infor-
mation, while 1 (2.1%) website received the lowest score
of 1.0.

According to the respondents, the clarity of infor-
mation about the certification of medical professionals
is worse than its sufficiency (p = 0.009). The opinions
of the respondents about the sufficiency and clarity
of information on different websites differ significantly:
102155 < ¥ < 110.978 (p < 0.001). When comparing
the opinions of respondents on the same websites, all

3 Order of the Ministry of Health of the Russian Federation (No. 458n dated August 31, 2023) “On Approval of the Procedure and Terms for Medical and

Pharmaceutical Professionals to Obtain a Qualification Grade”.
Ibid.
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Table 3. Analysis of the websites of territorial attestation commissions on the availability of information on the
procedure and deadlines for medical and pharmaceutical professional to obtain a qualification grade

Information in accordance with the Order of the Ministry of Health of the Number of websites with
Russian Federation (No. 458n dated August 31, 2023) information available
List of specialties 64 (77.1%)
Personal composition of attestation commission 66 (79.5%)
Personal composition of expert groups 49 (59.1%)
Rules for submitting documents
Information in paragraph 34.1 of the Order 74 (89.2%)
Information in paragraph 34.2 of the Order 78 (93.9%)
Information in paragraph 34.3 of the Order 66 (79.5%)
Information in paragraph 34.4 of the Order 76 (91.6%)
Information in paragraph 34.5 of the Order 78 (93.9%)
Information in paragraph 34.6 of the Order 66 (79.5%)
Information in paragraph 34.7 of the Order 52 (62.7%)
Information in paragraph 34.8 of the Order 49 (59.1%)
Information in paragraph 37 of the Order 53 (63.9%)
Information in paragraph 39 of the Order 51 (61.5%)

Procedure for submitting documents

Information in paragraph 35 of the Order 77 (92.8%)

Information in paragraph 36 of the Order 67 (80.7%)

AC mailing address 76 (91.6%)

AC email 69 (83.1%)

Information about the possibility of submitting documents on the Public Services 54 (65.1%)
Portal of the Russian Federation

Document acceptance schedule 78 (93.7%)

Current document registration schedule 51 (61.5%)

Current dates of the attestation commissions meetings 35 (42.2%)

Current dates of expert commission meetings 35 (42.2%)

Time and place of certification for on-site meetings 18 (38.3%)

Current dates of the test control 18 (38.3%)

Current interview dates 41 (87.2%)

Attestation test samples 18 (21.7%)

Link to the Order of the Ministry of Health of the Russian Federation (No. 458n dated 36 (43.4%)

August 31, 2023)°

Table prepared by the authors

5 Ibid.

EXTREME MEDICINE | 2025, VOLUME 27, No 3 433




OPUI'MHAJIbHAA CTATbA | OPTAHU3ALNA 30PABOOXPAHEHUA

respondents gave the same rating for the sufficiency
(o = 0.881) and clarity (p = 0.976) of the information pre-
sented.

The respondents’ opinions did not depend on their
age when evaluating the websites based on information
sufficiency (p = 0.416) and content clarity (o = 0.706); no
statistically significant differences were found during the
correlation analysis.

The opinions of respondents of different genders
about the sufficiency (p = 0.163) and clarity (p = 0.148)
of the information were identical. The opinions of re-
spondents of surgical and therapeutic specialties
about the sufficiency (p = 0.901) and clarity (0.947)
of the content were also identical. The opinions of re-
spondents working in hospitals and medical organiza-
tions providing outpatient care about the sufficiency
(p = 0.956) and clarity (0.983) of the websites were
also identical.

DISCUSSION

According to the results obtained, out of 83 RF sub-
jects, only 14 (16.9%) have the required information
about the rules and procedures for submitting docu-
ments, the list of attestation specialties, attestation test
samples, and active links to the current Order of the
Ministry of Health of the Russian Federation (No. 458n
dated August 31, 2023), as well as information about
the current dates of the attestation/expert commission
meetings.

Information on all Order paragraphs regarding the
rules and procedure for submitting documents is pre-
sented on 47 (56.6%) websites. When evaluating these
websites, the respondents considered the sufficiency of
information on the rules and procedure for submitting
documents to be satisfactory, while the content clarity
was significantly lower than satisfactory. Thus, even at
the stage of preparing for attestation for a qualification
grade, the applicant will still have questions about the
rules and procedure for submitting documents, requir-
ing additional explanations and/or search for information
on other resources.

References

1. Ravichandran T, Rai A. Quality management in systems
development: an organizational system perspective. MIS
Quatrterly. 2000;24(3):381-415.
https:/doi.org/10.2307/3250967

2. Gorla N, Somers TM, Wong B. Organizational impact of
system quality, information quality, and service quality. The
Journal of Strategic Information Systems. 2010;19(3):207-28.
https:/doi.org/10.1016/.jsis.2010.05.001

3. Basu S. Information search in the internet markets: experi-
ence versus search goods. Electronic Commerce Research
and Applications. 2018;30:25-37.
https:/doi.org/10.1016/}.elerap.2018.05.004

434

It should be noted that the consistency of the re-
spondents’ opinions about the sufficiency and clarity of
information on the same websites indicates their impar-
tiality. The lack of correlation between the respondents’
opinions and their age, gender, specialty, or the type of
medical facility eliminates the influence of sociodemo-
graphic factors. Given that the average age of the re-
spondents was 32 years, we cannot assume that they
lack competencies in using online resources.

The discrepancy between the respondents’ assess-
ments of the sufficiency and clarity of information on
different websites indirectly reflects the attitude of the
attestation commissions towards the quality of the in-
formation content on their websites. In our opinion, the
poor presentation, delayed updates, low clarity, and
insufficient information about certification procedures
demonstrate the indifference of some regional health-
care executive authorities towards the institution of med-
ical qualification.

Given that the number of respondents corresponds
to that required for a pilot study, the opinion on the suf-
ficiency and clarity of the information about certification
of medical professionals needs to be confirmed by sur-
veying a larger number of specialists.

The survey was conducted by medical profession-
als who have good skills of online information search,
which may distort the results in favor of higher ratings.
Despite the survey being conducted remotely, it is pos-
sible that the respondents who were currently studying
at the same organization might discuss the subject of
the survey. Additionally, there may be a bias towards
positive or negative attitudes towards the institution of
qualification categories.

CONCLUSION

The information about the attestation procedure of med-
ical professionals, which is available on the websites
of the healthcare executive authorities of the Russian
Federation subjects and on the websites of the respec-
tive territorial attestation commissions, needs to be cor-
rected and updated.

4. Jansen BJ, Booth DL, Spink A. Determining the informa-
tional, navigational, and transactional intent of Web queries.
Information Processing and Management 2008;44:1251-66.
https://doi.org/10.1016/}.ipm.2007.07.015

5. Ackoff RL. Management misinformation
Management Science. 1967;14(4):147-56.
http:/www.jstor.org/stable/2628680

6. Nelson RR, Todd PA, Wixon BH. Antecedents of informa-
tion and system quality: an empirical examination within
the context of data warehousing. Journal of Management
Information Systems. 2005; 21(4):199-236.
https://doi.org/10.1080/07421222.2005.11045823

systems.

MEOVLIHA SKCTPEMATbHBLIX CUTYALIMI | 2025, TOM 27, Ne 3



ORIGINAL ARTICLE | PUBLIC HEALTH

7. Kim J, Jung S, Choi H. Antecedents influencing SNS ad-
focusing

diction and exhaustion (fatigue syndrome):

Quarterly.2004;28(2):229-54.
https:/doi.org/10.2307/25148634

on six countries. Behaviour & Information Technology. 12. Coulter K, Punj G. The effects of cognitive resource re-

2022;42(15):2601-25. quirements, availability, and argument quality on brand

https://doi.org/10.1080/0144929X.2022.2136531 attitudes: a melding of elaboration likelihood and cogni-
8. Park N. The moderating influence of SNS users’ attachment tive resource matching theories. Journal of Advertising.

style on the associations between perceived information 2004;33(4):53-64.

overload, SNS fatigue, and mental health. Behaviour and https:/doi.org/10.1080/00913367.2004.10639177

Information Technology. 2023;43(14):3510-22. 13. Kolennikova OA, Toksanbaeva MS. Systemic problems of

https://doi.org/10.1080/0144929X.2023.2281500 institutions for assessing the qualification of medical special-
9. Li QY. The effects of source credibility and argument quality ists. Problems of Social Hygiene, Public Health and History

on employees’ responses toward information system usage. of Medicine. 2022;30(s1):1027-32 (In Russ.).

Asia Pacific Management Review. 2015;20(2):56—-64. https:/doi.org/10.32687/0869-866X-2022-30-s1-1027-1032

https://doi.org/10.1016/j.apmrv.2014.12.003 14. Bazetova AA. Problems of certification of medical work-
70. Chang YT, Yu H, Lu HP. Persuasive messages, popularity ers and ways to solve them. Scientific Almanac. 2022,

cohesion, and message diffusion in social media marketing. 2-2(88):47-50 (In Russ.).

Journal of Business Research. 2015;68(4):777-82. EDN: NZzZDCT

https://doi.org/10.1016/j.jousres.2014.11.027 15. Narkevich AN, Vinogradov KA. Methods for determining the

11. Bhattacherjee A, Premkumar G. Understanding chang-
es in belief and attitude toward information technol-
ogy usage: a theoretical model and longitudinal test. MIS

minimum required sample size in medical research. Social
Aspects of Population Health [serial online] 2019;65(6):10 (In
Russ.).

Authors’ contributions. All the authors confirm that their authorship meets the ICMJE criteria. Viktor M. Misharin —
research coordination, data analysis and interpretation, and literature review; Adelina V. Kochubey — idea, design,
statistical analysis, conclusions formulation, and manuscript preparation.

AUTHORS

Viktor M. Misharin, Cand. Sci. (Med.)
https://orcid.org/0000-0002-0412-3556
info@pulmonology-russia.ru

Adelina V. Kochubey, Dr. Sci. (Med.)
https://orcid.org/0000-0002-7438-7477
kochoubeya@gmail.com

EXTREME MEDICINE | 2025, VOLUME 27, No 3 435



https://www.elibrary.ru/NZZDCT




Scientific and practical reviewed journal
of FMBA of Russia
extrememedicine.ru





