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RETROSPECTIVE BIODOSIMETRY: CONVERSION OF FREQUENCY OF CHROMOSOMAL
TRANSLOCATIONS INTO ORGAN DOSES

Evgenia I. Tolstykh'™, Yulia R. Akhmadullina'?, Pavel A. Sharagin', Elena A. Shishkina'?, Aleksander V. Akleyev'?

"Urals Research Center for Radiation Medicine, Chelyabinsk, Russia

2Chelyabinsk State University, Chelyabinsk, Russia

Introduction. One of the techniques used in retrospective biodosimetry according to the fluorescence in situ hybridization (FISH) method involves the estima-
tion of stable chromosome aberrations (translocations) in human peripheral blood T-lymphocytes. In the case of uniform external and internal exposure, the
interpretation of FISH data does not pose any problem, since the dose to T-lymphocytes that effects the translocation frequency can be simply interpreted
as the dose to other organs and tissues. However, when the internal exposure is non-uniform and the doses to the organs differ by an order of magnitude,
conversion from frequency of translocation to dose estimates becomes a complicated task.

Objective. To review the main parameters necessary for the retrospective assessment of doses using the FISH method in the case of internal uneven and
prolonged B-irradiation.

Findings. The present analytical review considers problems associated with determining the following parameters: (1) Frequency of radiation-induced and
background translocations; (2) Conversion factors from the frequency of radiation-induced translocations to the dose to T-lymphocytes (o); (3) Conversion
factors from the dose to T-lymphocytes (cytogenetic dose) to the dose to critical organs and tissues (Bc,g), which depend on age at the time of exposure.
General approaches and estimates of («) based on the construction of in vivo and in vitro calibration curves for external and internal exposure were analyzed.
The dose-accumulation features in different T-cell populations from prolonged internal non-uniform exposure (using *°Sr as an example) were considered in
terms of the applicability of the model approach to assessing accumulated doses. Uncertainties of dose estimates in retrospective biodosimetry are discussed
and further research directions proposed.

Conclusions. In the case of non-uniform internal exposure with a low dose rate, converting translocation frequency to dose estimates becomes a complex
task. The a and Bmg conversion coefficients, which are derived from independent data sets, can be based on various approaches, including modelling. Cur-
rently, approaches to assessing their uncertainties, as well as the uncertainties of the dose obtained using the FISH method, remain undeveloped. Therefore,
these coefficients require further studies.

Keywords: chromosomal aberrations; translocations; circulating T-lymphocytes; biodosimetry; internal non-uniform internal exposure
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PETPOCNEKTUBHASI BUOJO3UMETPUS. MPOBJIEMA KOHBEPTALIMWN HYACTOTbl XPOMOCOMHbIX
TPAHCNOKALM B 0O3Y HA OPTAHbI

E.N. Tonctbix'™, KO.P. AxmagynnuHa'?, M.A. LWaparud', E.A. LUnwkunHa'?, A.B. Aknees'?

"YpanbCkuin HayYHO-NMPaKTUYECKMIA LEHTP PaanaLIMOHHOM MeauLmHbl PefepansHoro MeAnKo-610oNorniyeckoro areHTcTea, HYensbrHek, Poccust
2YensbUHCKNIA rocyaapCTBEHHbI yHUBEPCUTET, HYenabuHek, Poccurs

BBepeHue. OfHIM 13 METOAOB PETPOCMNEKTUBHON BUOL03NMETPUN ABNSETCS YHET CTabUbHBIX XPOMOCOMHbIX abeppauumii (TpaHcnokaumin) B T-numdoumTax
nepudepr4ecKor KpoBu Henoseka ¢ ncnons3osanvem metoga FISH (fluorescence in situ hybridization). B cny4ae paBHOMEPHO BHELLHErO UV BHY TDEHHETO
0b6MyHeHVs MHTepnpeTaums faHHbix FISH He Bbi3biBaeT npobnem: gosa Ha T-nMMdoLmnThl, onpefensiolias 4acToTy TpaHCIoKaLmMi, TpakTyeTcs kak 403a
Ha apyrue opraHbl U TKaHW. B cnyyae HepaBHOMEPHOro BHYTPEHHEro 0b6ny4eHunsi, koraa Ao3bl 001yHeHns OpraHoB PasnnyaloTcs Ha NOPSIAOK BENNYMHBI,
nepexon 0T 4acTOTbl TPAHCNOKALMIA K OLeHKaM [03bl TPeByeT 0COObIX MOAXOAO0B.

Llenb. PaccMOTpeTb OCHOBHbIE NapameTpbl, KOTOpble HEOOXOANMbI 4151 PETPOCMEKTUBHOM OLIEHKM A03 C Mcnonb3oBanvem metoga FISH B cnyyae BHyTpeH-
Hero HepaBHOMEPHOIO ¥ MPONIOHIMPOBAHHOTO B-001y4eHNs.

0O6cyxaeHue. B aHanmTieckom 0630pe 6bln NpoaHann3npoBaHbl MPO6eMbl, CBA3aHHbIE C ONpeaefieHeM CNeayoLLMX NapamMeTpoB.

(1) YacToTa paamauMoHHO-MHAYLMPOBaHHbIX 1 (DOHOBbIX TPAHCIOKaLWINA.

(2) KoathhumeHTbl nepexofia OT HacTOTbl paaraLMOHHO-MHAYLMPOBAaHHbIX TPAHCAOKaLUMiA K Ao3e Ha T-nuMmdoumnTbl (o). Bbinn paccMoTpeHbl 06LLme noa-
XOAb! N OLEHKI NEPEXOAHbIX KOA(PMULMEHTOB HA OCHOBE NOCTPOEHUSA KanMBPOBOYHbBIX KPUBLIX iN VivVO 1 in Vitro Npu BHELUHEM 1 BHYTPEHHEM 00yYeHnN.
(3) KoadhpuumeHTsl nepexofa oT A03bl Ha T-TMMAOoLNTbI (UMTOreHEeTUHECKON [03bl) K 036 Ha KPUTUYECKME OpraHbl U TkaHu (B, ), KOTOpble CyLLEeCTBEHHO
3aBUCAT OT BO3pacTa.

Bbinn npoaHannanpoBaHbl 0COOEHHOCTY HAKOMEHNS 403bl B PA3MHYHBIX MOMNYSALMSX T-KNETOK Npu AIMTENBHOM BHY TPDEHHEM HEPaBHOMEPHOM OOJTyHEHNN
(Ha NpumMepe °°Sr), a Tak>kKe NPYMEHVMOCTb MOAENBHOIO NOAXOAA K OLEHKE HaKoMeHHbIX 403, B paboTe 06cyXaatoTcs HeonpeaeneHHOCTW [030BbIX OLe-
HOK 1 JasibHelLme HanpaBneHns NCCeoBaHni B pamMmkax PeTPOCMEKTUBHOM B1OA03UMETPUN.

org )
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3aknioyeHue. B cnyyae HepaBHOMEPHOrO BHYTPEHHErO OBMYyHEHMA C HU3KOW MOLLHOCTBIO [403bl KOHBEPTALMS HYaCTOThbl XPOMOCOMHbIX TPaHCAOKaLLMiA
B 3HAYEHUS 003 ABMSETCH CIOXHON 3adaden. KoahduruymeHTsl KoHBEPTaUMN o 1 BO,g onpeaensioTcs No HesaBUCUMbIM Habopam [AaHHbIX 1 ONMpPatoTCst
Ha paaHble, B TOM Yu1Ce MoAesbHble MOAXOAbl. DTU KO3 MDULIMEHTbI TPEOYIOT AanbHENWero yTouHeHrsl. B HacTosee Bpemst MoAXOoAb! K OLEHKE UX He-
OnpeaeneHHOCTEN, a TakXXe HeONPeAeNeHHOCTEel 403bl, MOly4aeMoit ¢ MOMOLLLIO MeTofa FISH, ocTaloTcs HepaspaboTaHHbIMK.

KnioueBble cnoBa: XxpOMOCOMHbIE abeppaLii; TpaHCIoKaLMW; LPKyMpytoLLmne T-numdounTsl; GUoa03nMeTpIst; BHY TPEHHEE HepaBHOMepHoe 0bi1yyeHne

Ans untuposanus: Tonctbix E.V1., Axmagynnuna HO.P,, LWaparuH M.A., LLUnwkunHa E.A., Aknees A.B. PeTpocnekTrsHas 6rnofgosumeTtpus. MNpobrnema KoHBep-
TaLmMm 4aCcTOTbl XPOMOCOMHbIX TPaHCIOKaLMIA B 4O3Y Ha opraHbl. MeauumHa skcTpemasibHbix cuTyaumii. 2024;26(3):5-14. https:/doi.org/10.47183/mes.2024-

26-3-5-14
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INTRODUCTION

In cases of radiation exposure when a dosimeter was not
available at the time of radiation exposure, retrospective bi-
odosimetry can be used to reconstruct the radiation dose.
One of the available biodosimetry approaches is based on
the accounting of stable chromosomal aberrations (trans-
locations) in human peripheral blood T-lymphocytes [1-3].
The application of this method is based on the following
assumptions: the frequency of chromosomal transloca-
tions in T-lymphocytes is proportional to the exposure
dose; the frequency remains constant for a long time (does
not decrease with time); the radiation dose received by
T-lymphocytes resulting in the formation of translocations
corresponds to the dose of exposure to other organs and
tissues, in particular to red bone marrow (RBM). The latter
postulate is true in the case of uniform external or internal
exposure. However, in case of non-uniform internal irradia-
tion, for example, due to 8%°°Sr, when doses to the RBM
and other organs may differ by an order of magnitude, dif-
ficulties arise when interpreting the results of cytogenetic
methods. This problem has been discussed in detail in a
number of reviews [1-2]. For the purposes of biodosimetry,
a model of T-lymphocyte exposure was developed in the
case of 89Gr accumulation in mineralized tissues of the
human body [4-6].

The fluorescence in situ hybridization (FISH) method
is used to estimate the frequency of translocations in the
cell. The main parameters required for retrospective dose
estimation using FISH in case of internal non-uniform and
prolonged B-irradiation are as follows.

(1) The number of y, translocations in n_, counted in
T-lymphocytes of a subject or a group of subjects is esti-
mated using the FISH method. The characteristics of ap-
plication and requirements for unification of the method are
described in a number of regulatory documents [1, 7]. To
estimate the dose level, the translocation frequency (p) is
used; this should be presented per one genomic equivalent
(Genomic Equivalent GE) — or, according to an alternative
terminology, per one cell equivalent (Cell Equivalent CE).

The conversion factor (G/) from the number of counted cells
(metaphases) n_, to the number of genomic equivalents Ngo
depends on the set of stained chromosomes and the type
of staining (single-color or multicolor). If 24-color staining is
used, no conversion to GE is required.

(2) Background (non-radiation) translocation frequency
H,(t) depending on age. Here, since translocations may oc-
cur under the influence of other (non-radiation) unfavorable
endogenous and exogenous factors, correction for back-
ground values (subtraction of background values) is neces-
sary. The number of translocations in T-lymphocytes accu-
mulates with age over an individual’s lifetime. According to
the scientific literature, sex does not have a significant effect
on the formation of translocations; the influence of smoking
and alcohol is also insignificant. The dependence of trans-
location frequency obtained in a joint international study of
unexposed donors in terms of the number of translocations
per GE is used as already known background values [8].

(8) Coefficients of the dose-effect relationship
(C — free term, o — linear coefficient, B — quadratic
coefficient), whose combination permits age-adjusted
translocation frequency y, . to be transposed onto the
dose absorbed in T-lymphocytes (D,). The coefficients
are determined on the basis of the calibration curve (line-
ar-quadratic or linear). For the construction of the calibra-
tion curve, the reliability of radiation dose estimation and
uniformity of translocation counting criteria are of fun-
damental importance. The shape and parameters of the
calibration curve depend on the type of radiation (linear
energy transfer LET); sparsely ionizing gamma and beta
radiation are dependent on the dose rate. Calibration
curves are discussed in detail in the literature [1, 7, 9].

(4) Conversion factor (B, ) from lymphocyte dose (D,)
to red bone marrow dose (D, ). For osteotropic 898r,
this coefficient depends on age at the time of irradia-
tion onset (t,) and time following irradiation onset (t - t,),
where t_is the age of the donor at the time of blood col-
lection. In addition, the coefficient depends on sex due
to variable strontium metabolism and its accumulation in
bone tissue [10].
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The purpose of this analytical review is to consider the
main parameters' that are necessary for retrospective dose
estimation using the FISH method in the case of internal
nonuniform and prolonged B-irradiation.

FINDINGS

Chromosome translocations taken into consideration
under retrospective biodosimetry

For good reproducibility of the biodosimetry method, it is
important to unambiguously define the types of chromo-
somal translocations that are considered. Radiation cytoge-
netics uses different nomenclature approaches, typically
PAINT (Protocol for Aberration Identification Nomenclature
Terminology) [11], S&S (Savage and Simpson) [12]), and a
combined approach using International System for Human
Cytogenomic Nomenclature (ISCN) medical genetics ter-
minology [13]. In the Russian-language literature, this leads
to a large number of synonyms for translocations.

Under the action of sparsely ionizing p-radiation char-
acteristic of 8%°Sr, most of the registered translocations are
reciprocal (synonyms: complete, bilateral, two-way). In this
case, there is a mutual exchange of end sites between two
non-homologous chromosomes without loss of genetic ma-
terial. Despite the involvement of fact that two chromosomes,
reciprocal translocation is considered as a single event, i.e.,
one translocation. A small proportion are nonreciprocal
(incomplete, unilateral, one-way) translocations, when the
transfer of material occurs only from one nonhomologous
chromosome to another — i.e., unidirectionally — and is
counted as a single event. It has been suggested [1, 14, 15]
that an incomplete translocation may actually be complete,
but that the second chromosome segment involved in the
exchange is too small to visualize. Reciprocal and nonre-
ciprocal (complete and incomplete) translocations are also
referred to as simple translocations. Here, the main indicator
on the basis of which the radiation dose is calculated when
using the FISH method is their frequency.

Complex translocations, when three or more chromo-
somes are involved in the exchange, make up a small frac-
tion of the total number of translocations under prolonged
sparsely ionizing radiation [16, 14]. Difficulties can arise due
to counting complex translocations as the sum of simple
translocations, whose number is determined by the num-
ber of color transitions [17]. Under conditions of densely
ionizing radiation, the proportion of complex translocations
increases significantly [18, 19].

In the publication of the International Atomic Energy
Agency, 2011 [1], chromosomal translocations also include
insertions in cases when a visible insertion of a region of
one chromosome into the arm of a nonhomologous chro-
mosome is observed. The authors note that the frequency
of insertions may or may not be taken into account when
estimating the radiation dose.

Cytogenetic analysis may also take into account in-
versions  representing intrachromosomal  aberrations
in which there is a 180° reversal of a chromosome seg-
ment. Indication of inversions requires more complex
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staining — for example, by Multicolor Banding Probes
(mMBAND) or by combining whole chromosome probes to-
gether with telomeric probes. The frequency of inversions
is significantly increased by exposure to densely ionizing
radiation [18, 19].

If several lymphocytes contain identical translocations
(the numbers of chromosomes involved in the exchange
and the length of the translocated sites are the same), such
cells are considered to be clones [1]. In this case, it is as-
sumed that a single translocation occurred in one cell re-
gardless of the number of cells with identical translocations.

Estimation of the frequency of chromosomal transloca-
tions for the purposes of retrospective biodosimetry is usu-
ally performed in so-called stable cells, i.e., cells that do not
contain unstable chromosomal aberrations such as rings
and dicentrics that prevent normal cell cycle progression.
Unstable cells contain the aberrations mentioned above.

CONVERSION FACTORS FROM THE FREQUENCY OF
RADIATION-INDUCED TRANSLOCATIONS TO THE DOSE
TO T-LYMPHOCYTES

General approaches

The description of dose-effect relationships for transloca-
tion frequency are described in detail in the literature along
with approaches to parameter determination [1, 7, 9, 13,
20]. In our case, the dependences for sparsely ionizing ra-
diation are of interest.

Numerous experiments have demonstrated a linear-
quadratic dependence of the frequency of radiation-in-
duced translocations (p) of lymphocyte radiation dose D, at
high dose rates (irradiation time less than 2 hours):

p=C+o- D +p-DS2 (1)

where:
C — absolute term of the dose-effect relationship;
o — linear dose-effect coefficient;
B — quadratic coefficient of the dose-effect relationship.
Such a dependence can be explained as follows. It
is assumed that the quadratic term B takes into account
DNA damage (the source of translocation formation Tr)
arising from repeated hits of ionizing particles into the cell
nucleus with a short time interval (<2 h). In other words,
the coefficient p takes into account aberrations that can
be altered by repair mechanisms if they manage to “work”
during prolonged exposure or in periods between intermit-
tent (fractionated) acute exposures. Most lesions resulting
in chromosomal aberrations are either repaired or become
unavailable for repair within about five to six hours after ex-
posure. Therefore, an additional coefficient is proposed for
the quadratic term in the form of a G-function [1, 21, 22],
which takes into account the time required for damage re-
pair, i.e., the dose rate:

p=C+a-D, +B GK D2 ©)

Gi) =2/ [x—-1+e™, 3)

" 1. Frequency of radiation-induced and background translocations and requirements for their estimation.
2. Transition coefficients from the frequency of radiation-induced translocations to the dose to T lymphocytes («). General approaches and estimates of transition
coefficients based on the construction of in vivo and in vitro calibration curves under external and internal irradiation were reviewed.
3. Transition factors from T-lymphocyte irradiation dose (cytogenetic dose) to the dose to critical organs and tissues (B_ )
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in this case, x =1/t 4)
where:
t — time (duration) of irradiation,
t,— average rupture lifetime, which has been shown to be
about 2 hours.

When a dose accumulates over a long period of time,
G(x) decreases about to zero. Consequently, even if pro-
longed irradiation occurs with a high dose (>1.0 Gy), the
dose dependence of the translocation frequency becomes
linear:

p=C+a-D,. 5)

It is also evident that most aberrations due to the
action of sparsely ionizing radiation at low doses
(<0.3 Gy) but with high power occur during the pas-
sage of single ionizing tracks, resulting in a depend-
ence close to linear.

Thus, a dependence close to linear is observed when
there is has been prolonged irradiation (duration of irradia-
tion was days, months, years), including with high accumu-
lated doses (up to 2-3 Gy), or in the case of acute irradia-
tion with low doses when no acute radiation syndrome was
detected. Therefore, for retrospective assessment of doses
in cases of internal exposure to 8°°Sr, the estimation of the
linear coefficient a is of fundamental importance.

As the analysis of experimental data [1] shows, the linear
coefficient in formula 5 will be the same both when study-
ing the dose dependence of the translocation frequency
and when analyzing the dose dependence of the yield of
unstable aberrations (dicentrics, rings). As noted in [23,
24], the ratio of dicentrics to radiation-induced transloca-
tions is approximately 1:1; as a result, similar ratios in the
dose-effect relationship can be expected. According to the
dicentrics data, the linear coefficient for translocations for
high-energy gamma rays in the case of uniform prolonged
irradiation is 0.015-0.020 Tr/GE per Gy [25], which can be
used to convert from translocation frequency to dose to
lymphocytes. In [26], the recommended value is ~0.015.

Thus, based on (5) and taking into account the back-
ground values for the corresponding age (p,(t/), the dose
to T-lymphocytes is obtained using the formula:

D = [I"l, - HO(TS)] - [C - uo(TS)] . (6)

L o

Since the absolute term C is mainly due to the back-
ground translocation frequency, the expression [C - p(t,)]
is assumed to be close to zero, so:

D, = =, ™)

Approaches to estimating the coefficients of a are dis-
cussed below.

Estimates of the parameter o obtained by acute
external gamma irradiation of donor lymphocytes
in vitro

Recently, a number of studies have appeared aimed at ob-
taining calibration curves for translocations estimated by

the FISH method under the condition of standardization
[1, 9, 20], which assumes acute irradiation, application of
a linear-quadratic model, standard statistical approaches,
etc. In order to use the parameters of these dependencies
for retrospective dosimetry, translocations must be calcu-
lated in stable cells where there are no unstable aberrations
interfering with the cell cycle. Since at prolonged irradiation
the dose dependence of translocation yield is close to lin-
ear, the linear coefficient a should be considered from the
obtained parameters of the linear-quadratic dependence
for the transition from the translocation frequency to the
dose to lymphocytes.

The article [9] gives an overview of the parameters of
calibration curves for translocations (determination of coef-
ficients o and B of the linear-quadratic dependence) ob-
tained by FISH following subtraction of background values.
As well as being sporadic, such works also differ in their
approaches to accounting for translocations (Tr). Table 1
summarizes the results of the most appropriate cytoge-
netic studies where the o coefficient was statistically sig-
nificantly determined by in vitro lymphocyte irradiation. In
all cases, the authors irradiated donor blood from a ¢Co
source with a high dose rate; the irradiation time was meas-
ured in minutes and the dose-effect was described by a
linear-quadratic relationship (formula 1). Table 1 shows that
the variation of a values is significant (from 0.012 to 0.0447);
the median value is equal to 0.0178 (95% 0.012-0.044) Tr/
GE per Gy.

Evaluation of « parameter used in irradiation process
in vivo

For in vivo irradiation, the dose to T-lymphocytes and other
organs is calculated on the basis of dosimetric measure-
ments. In this case, dose measurements are not made di-
rectly in the target cells or tissues, but either by means of
a dosimeter located close to the body (in professionals) or
by measuring the radionuclide content in the body in the
population (measurement of °°Sr content in the bodies of
residents of coastal villages of the Techa River), or by re-
constructing gamma fields and radiation spectra as in the
case of the nuclear bombings of Hiroshima and Nagasaki.

Acute external irradiation of complex spectrum with high
power (Hiroshima and Nagasaki populations)

In the cases of atomic bombing, there was an acute sin-
gle exposure of the population with high dose rate and
different LET. Therefore, in order to analyze the dose
dependence it is necessary to introduce coefficients
that take into account the relative biological effective-
ness (RBE) of radiation, which introduces additional
uncertainty in dose estimates. In addition, it is known
that densely ionizing radiation leads to a large number
of complex (compound) damages of DNA and chromo-
somes [18, 19]. This makes it difficult to directly use these
data for cases of sparsely ionizing radiation. On the other
hand, the cohort of those exposed due to atomic bom-
bardments is the most studied, so the results of cytoge-
netic studies deserve attention. Dose-dependent analy-
sis of the frequency of stable chromosomal aberrations
for the residents of Hiroshima and Nagasaki has been
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Table 1. Values of the linear coefficient o (Tr/GE per Gy) of the linear-quadratic dependence of the translocation frequency (with correction of background values)

on the lymphocyte dose

Coefficient a+SE Number of observations, n Values, comments Source
0.0119+0.0083 2 Only reciprocal translocations in all cells (stable and unstable) were [27]
CV=70% considered.
p, = (0.0074 + 0.0005) + (0.0119 + 0.0083)D, + (0.0357 + 0.0135) D,*
0.0178+0.0037 5 All simple translocations were counted and attributed to all cells (stable and [9]
CV=21% unstable). Complex translocations were converted to an equivalent number of
simple translocations.
j, = (0.0005 + 0.0001) + (0.0178 + 0.0037) D, + (0.0907 + 0.0054) D ?
0.0152+0.0108 1 All simple translocations in stable cells only were considered. [28]
CV=71% p, = (0.0007 + 0.00217) + (0.0152 + 0.0108) D, + (0.0809 + 0.0061) D,?
0.0447+0.0144 1 All simple translocations were considered and attributed to stable cells only. [29]
CV=30% p, = (0.001 + 0.0008) + (0.0447 + 0.0144) D, + (0.0142 + 0.0195)D ?
0.0343+0.0107 5 All simple translocations were counted and attributed to all cells (stable and [30]
CV=31% unstable). Complex translocations were converted to an equivalent number of
simple translocations. No correction was made for background translocations.
p, = (0.0040 + 0.0017) + (0.0343 + 0.0107) D, + (0.0779 + 0.0052) D,?

Table prepared by the authors using data from references [9, 27-30]

Note: n is the number of blood donors, adults aged 25 to 45 years.

conducted since the 1960s. The results were published
as cytogenetic data accumulated and/or as the system
for calculating individual doses improved [31-34]. The
analysis of cytogenetic data of key interest to us (but
using routine Gimza staining of chromosomes) was per-
formed in [34], where reciprocal translocations, pericen-
tric inversions, or small deletions (or their combinations)
were considered as stable. Translocations in stable
cells — i.e., cells without dicentrics and rings — were
counted. The dose-effect relationship was described by
a linear-quadratic function (Formula 1). A total of 1703
individuals were included in the study. Individual equiva-
lent doses were calculated with correction for the RBE of
neutrons and y-radiation. The maximum individual doses
were 1.5 Sv. The following values of the linear coefficient
were obtained:

For Hiroshima inhabitants a = 0.03915 + 0.00315 Tr to
the cell per 2v
p, = (0.01274 + 0.01399) + (0.08915 + 0.00315) D, +
(0.00970 + 0.00155) D, 2.

For Nagasaki inhabitants o = 0.02350 + 0.00246 Tr to
the cell on 2Zv
p, = (0.01274 + 0.11399) + (0.02350 =+ 0.00246) D, +
(0.01870 + 0.00099) D, 2.

In general, these values are higher than those obtained
for the calibration curves (Table 1), but fall within the range
of scatter of their values.

The last analysis of the data obtained using FISH and the
updated version of the dosimetry system was performed
in [35]. Reciprocal and nonreciprocal translocations, inser-
tions (insertions), and complex exchanges were taken into
account. The excess relative rate (ERR) of translocation
frequency was calculated with correction for background.
Although dose-effect parameters for ERR cannot be di-
rectly used for quantitative comparison with literature data,
the authors noted interesting patterns. Linear-quadratic de-
pendence of translocation frequency (in terms of ERR) on
dose was observed up to 1.25 Gy. Thus, the dependence
had a more complex character. It was shown that age at
the time of irradiation is a significant factor affecting the
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dose-effect parameters. The lowest values of translocation
frequency per 1 Gy were observed in the group of children
aged 0-5 years, then the frequency increased to decrease
again after 25 years of age.

Prolonged external y-irradiation with low dose rate
(professionals)

The analysis was performed as described in [36]; male
workers (n = 459) were included in the study; the dose
was up to 1.6 Gy (the accumulated dose was determined
on the basis of individual dosimeter data as the dose per
RBM). Using the FISH method, simple Tr translocations in
stable cells per GE were counted. Data were described
by linear regression (Poisson distribution of translocation
frequency was tested for each dose group). The AMFIT
module of the EPICUR program was used for calculations:
o =0.01174 + 0.00164.

These values fall within the lower limit of the interval of
estimates of the a coefficient from the in vitro calibration
curves.

Prolonged external and internal exposure of residents of
riverside villages of the Techa River (Southern Urals) with
decreasing dose rate

The inhabitants of the riverside villages of the Techa river
suffered from radiation expose (mixed y-, B-irradiation with
low dose rates, both external and internal) following dis-
charges of radioactive waste from the Mayak Production
Association into the Techa River during the 1950s. External
exposure was more pronounced in the upper reaches of
the Techa River near to site of radioactive waste discharg-
es. However, throughout the river, the main contribution to
the internal dose to the RBM was made by 8°°°Sr. Dose-
response analysis was performed in 2023 and described in
detail [37]. We used pooled data for a long period of stud-
ies from 1994 to 2021 (197 donors, 212 blood samples).
For each donor, the dose to T-lymphocytes was calculated
taking into account age-related dynamics and kinetics of
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T-cell populations. Simple translocations and complex
exchanges in stable cells were taken into account. As in
the above-mentioned study [33], the dose dependence of
translocation frequency was described by linear regres-
sion (Poisson distribution of translocation frequency was
checked for each dose group); the AMFIT module of the
EPICUR program was used for calculations.

Table 2 shows the values of linear coefficients of a-dose-
effect dependence for donors of different ages at the time
of the beginning of irradiation in 1950.

The lowest values of translocation frequency per 1 Gy
dose to T-lymphocytes were obtained for children of the first
years of life (Table 2). The maximum values were observed
in the group from 5 to 18 years of age. The data of Table 2
do not contradict the results obtained in vitro (Table 1) and in
vivo for professionals [36]. It should be noted that these data
are consistent with the results on the evaluation of the effect
of age at the time of irradiation on the translocation rate in
the Japanese cohort [35], where relatively low values of ERR
per 1 Gy were observed in children of the first years of life,
followed by an increase in the translocation rate and subse-
quent decrease in adults after 25 years of age.

To summarize, the in vitro calibration curves described
in the literature were obtained by irradiating blood samples
with high dose rates (irradiation lasting minutes). Adults
aged 25 to 45 years were taken as donors.

The number of donors for the construction of one cali-
bration curve is small (@ maximum of 11 people [7], of which
sharply falling out values were obtained for two donors,
who differed from the rest of the group by almost 10 times.
The International Organization for Standardization (1ISO) [7]
recommends that biodosimetry laboratories develop their
own calibration curves to take into account the staining and
translocation counting methods adopted by the laboratory
and the age range of the subjects. Examples of such work
include [20, 30].

Although estimates obtained in vivo are based on the
study of a large number of donors, the accuracy of dose
estimates is much lower. In these studies, parameter values
may change with improvements in dosimetric approaches,
as is done in the Japanese cohort studies and the Techa
River studies.

CONVERSION FACTORS FROM THE DOSE TO
T-LYMPHOCYTES (CYTOGENETIC DOSE) TO THE DOSE
TO CRITICAL ORGANS AND TISSUES

In the case of uneven internal irradiation, the dose to T
lymphocytes is not the same as the dose to other organs

Table 2. Values of the coefficient « in the linear dependence of the translocation
frequency on T-lymphocyte doses, according to Techa River data

Age at the beginning Number Number of translocations on GE
of exposure, years of probes per 1 Gy o+SE (95% CI)
0-5 58 0.0093+0.013 (0.0067-0.0119)
5-18 108 0.0153+0.0015 (0.0124-0.0183)
18-38 46 0.0119+0.0029 (0.0063-0.0178)

Table prepared by the authors using their own data [37]

Note: * — statistically significant differences relative to the 0-5 year’s group.

and tissues, of which the dose to RBM is of most interest.
Coefficient (B,,) can be used to relate the dose to lympho-
cytes (D) to the dose on the body (Dorg). Thus, taking into
account formula (7), the dose to a particular organ based
on cytogenetic data will be calculated according to the for-

mula:

=D

“/‘ a
by = D1+ Byglsex, T, ) = —F B, (sex, T, 1). 8)

org( org

Dose shaping to different T-cell populations during
prolonged internal non-uniform irradiation
(on the example of °°Sr)

If the irradiation occurred decades ago, the donor’s blood
contains a mixture of T-lymphocytes, which are descend-
ants of T-cells irradiated at different doses. Two groups of
T-lymphocytes can be distinguished, the dose to which dif-
fers most significantly in the case of local irradiation of RBM
0Sr,

(1) T-lymphocytes are the descendants of lymphocytes
formed (emerged from the thymus) before exposure. Their
proportion can be quite significant if the exposure occurred
during adolescence and adulthood. Despite the fact that
the lifespan of individual lymphocytes is several years (var-
ies in different subpopulations) [38-40], T-lymphocytes are
able to proliferate in peripheral lymphoid organs, main-
taining quantitative constancy of the peripheral pool of
T-cells [41-42] against the background of a sharp age-re-
lated decrease in thymus production [39, 40, 43]. These
T-lymphocytes are irradiated only when circulating in the
body, spending a certain time, including the bone marrow.

(2) T-lymphocytes, progenitors of progenitors (stem
cells) irradiated in the RBM after °°Sr enters the body.
The dose load on these cells is much higher than on
T-lymphocytes from the first group due to the accumula-
tion of ®°Sr in bone tissue to locally irradiate RBM, including
T-progenitors. After passing through the stages of differen-
tiation and proliferation in the RBM and in the thymus, the
formed T-lymphocytes continue to circulate and in some
cases proliferate in the body; their descendants may ap-
pear in the donor’s blood sample decades after the begin-
ning of irradiation.

The works [4, 6, 37, 44] describe in detail approaches
to modeling the dynamics and biokinetics of T cells based
on the concept of T-cell lineage, when the modeling unit
is the progenitor and all its progeny (potential carriers of
stable aberration). Modeling approaches can be used to
determine weighting coefficients for these two groups of
T-lymphocytes and estimate the weighted average dose
per T-lymphocyte. The evaluations rely on dose calcula-
tions to the RBM and other organs and tissues based on
dosimetric and biokinetic models for °°Sr [45-46)].

Evaluation of transition factors from dose to
T-lymphocytes (D,) to dose to critical organs using
%Sr as an example

The estimation of the conversion factors from dose to T
lymphocytes to dose to critical organs (B, ) using *°Sr as
an example was described earlier [10]. This factor is the
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ratio of the corresponding dose coefficients — i.e., the val-
ues of the accumulated dose in the case of a single intake
of the radionuclide. For a single intake, the following for-
mula is used:

Dc
sex, 1, ) =

sex, t,, 1)
ot ¢ Dc/sex, 1, 1)’

org(

B ©)

where:

7, — the age of the donor at the moment of *Sr intake
(years)

7, — the age of the donor at the time of blood collection for
FISH cytogenetic study

Dc,,(sex, T, 1) — the dose accumulated in the organ org
during the period of time (t_ - t,) after a single intake with
food 1 Bq °°Sr; is calculated using dosimetric [45] and bio-
kinetic models [46] that take into account the sex and age
of the individual;

Dc,(sex, t,, t) — weighted average dose accumulated
over a period of time (t,- t,) in a series of T-cell genera-
tions after a single food intake of 1Bq °°Sr; calculated using
the model of age dynamics and T-cell kinetics, as well as
known values of D doses for organs and tissues in which
T-cells spend some time [47]; Gy/Bq. The computer pro-
gram “Lymphocytes” was used for calculations. Numerical
values Doorg(sex, T,, t) for °°Sr are shown in the study [47].
In the case of chronic ingestion, the sum of the dose values
from activity ingestion was calculated A (t) in every marked
period of time. Therefore, for BO,Q we consider the following:

Org(sex, T, 1) - Ad)]

>¢[Dc
1 TS) B Zis[DCL(SeX, Ty 1—s) A/(t)] .

1

B

g (10)

org(
Since the values of A () in the numerator and denomina-
tor of formula (10) are reduced in the case of uniform arrival:

Z;i [DCorg
»5[Dc, (sex, T, )

5 (sex, 7, )]

171’ Ts) = (1 1)

org(

However, if the chronic intake was uneven (function A t)
is not constant), coefficient B, must be calculated consid-
ering this function.

Numerical values of coefficients B, , which connect the
dose on T-lymphocytes and dose to RBM, were counted
and analyzed for 8°Sr (BY ), [10]. Coefficients B turned
out to significantly depend on the age at the beginning
of 85y intake. The older a person is at the beginning of
exposure, the more the cytogenetic dose differs from the
dose to the RBM because the coefficient BY is growing
with age and can and may exceed the value of 5.

This is due to the age-related dynamics of T-cell popu-
lations: it is only legitimate to assume that the cytogenetic
dose corresponds to the dose to RBM for newborns and
children in the first years of life for whom the values of B
are close to one.

Sex does not have a significant impact on BY . If homo-
geneous enrolliment was stretched in time by six months, it
did not significantly affect the value of the B . The study of
the effect of the longer intake of °Sr to BY  (up to 5 years)
showed that the most sensitive group is adolescents of 15
years old. For this cohort, the differences of B in the case
of a single and 5-year even °°Sr intake are about 13%.

EXTREME MEDICINE | 2024, VOLUME 26, No 3

REVIEW | RADIOBIOLOGY

UNCERTAINTY OF DOSE ESTIMATES IN
RETROSPECTIVE BIODOSIMETRY, RESEARCH
DIRECTIONS

In the case of acute whole-body gamma irradiation, the
approaches to dose estimation uncertainty are described
in detail in [7]. The uncertainties of all input parameters
are taken into account: the uncertainty of the transloca-
tion frequency estimate, the uncertainty of the calibration
curve, and the uncertainty of the age-specific background
translocation frequency estimate. These approaches al-
low estimating the limits of the 95% confidence interval (Cl)
of the radiation dose to T-lymphocytes, which differs little
from the dose to RBM and other organs and tissues. The
simplest method [48] is based on estimating the lower and
upper limits of Cl for the frequency of chromosomal aberra-
tions (in the Poisson distribution approximation) and com-
paring them with the Cl of the calibration curve. In this case,
the ClI width for the frequency of chromosomal aberrations
is chosen to be 83%, which gives 95% Cl for the transition
to dose uncertainty estimation [49].

More complicated is the method of uncertainty propa-
gation or delta method [1, 7], which is based on estimates
of the variation (and covariance) of the calibration curve
parameters and aberration frequency variance in terms of
standard deviation. In this case, the 95% CI of the dose
estimate is calculated in the approximation of a normal dis-
tribution. This is a conservative method used, for example,
for “alien” calibration curves. The need to switch from dose
to T-lymphocytes to dose to other organs and tissues is
relevant for non-uniform external and internal irradiation.

For the case of non-uniform (partial) external irradiation,
scenarios of local irradiation of different segments of the
human body containing RBM (e.g., sternum, pelvis, head,
etc.) are considered. However, all the proposed statistical
methods for estimating the dose accumulated by tissues in
the irradiated area (with an estimate of their uncertainty) are
based on dicentrics analysis, i.e., they should be applied
in a short period of time after exposure [1, 50]. The meth-
ods are based on the use of the “contaminated” Poisson
method, which allows dose estimation to take into account
the distribution of dicentrics among all affected cells, as
well as providing additional information about the irradiated
body volume and RBM. The above methods — in particu-
lar, using the Bayesian approach [51] — are implemented
in the BiodoseTool, DoseEstimate, and CABAS [560-53]
computer programs. However, the applicability of these
statistical methods for retrospective dosimetry of internal
exposure (using the translocation frequency) is highly ques-
tionable, since, as noted above, by the time of blood sam-
pling, different subpopulations of lymphocytes have accu-
mulated different doses depending on the age of the donor
at the time of 90Sr intake making it impossible to divide the
Poisson distribution into two components.

Under uneven inner irradiation as in the case with °°Sr,
the total uncertainty should include — but not be limited
to — the uncertainty of factor estimates B, (Formula 11).
Approaches to its assessment currently being developed
represent one of the most important directions of our work.
It should be noted that individual donor differences in the
ability to repair DNA damage (individual differences in the
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efficiency of repair enzymes) — as well as donor lifestyle,

which determines the occurrence of other endogenous

and exogenous factors that influence the background fre-
quency of translocations — contribute to the uncertainty of
dose estimates.

The total uncertainty determines the threshold of indi-
vidual doses that can be detected using the FISH method
(minimum detectable value). A review by Edwards et al. [26]
indicates that supra-phononuclear individual doses of the
order of 0.5 Gy can be measured using FISH. In general,
reviews on the application of retrospective dosimetry meth-
ods note a detectable individual dose value of 0.25-0.3 Gy
[64-57] or 0.25-0.4 Gy [3]. In the case of internal °°Sr expo-
sure, this value can be expected to be higher.

For the purposes of retrospective dosimetry, not only
individual but also mean group dose estimates using the
FISH method are in demand. Such assessments are used
in the case of radiation accidents in which large popula-
tions are affected or where there is a need to estimate av-
erage doses in a locality with a conditionally uniform level
of contamination/exposure. In this mean group approach,
the total number of translocations detected in all donors in
the group is summarized along with the number of back-
ground translocations according to the age of each do-
nor in the group. The difference between these numbers
considered as radiation-induced translocations refers to
the total number of genome-equivalents calculated in the
group. Such an approach avoids the null and negative val-
ues that often occur when background is subtracted at
the individual level at low radiation doses, thus significantly
lowering the threshold for detecting dose exceeding the
background values. However, the mean group approach
requires careful formation of groups with maximally similar
exposure conditions. Mean group estimates can also be
used to validate individualized dose estimates derived from
models and/or other retrospective dosimetry techniques,
which include:

e reconstructing external dose to human organs and tis-
sues from soil contamination levels (includes calcula-
tions using human body phantoms);

e reconstructing internal doses from dietary contamination
(includes the use of dosimetric and biokinetic models);
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Introduction. The influence of adverse factors including ionizing radiation leads to a violation of key transcription factors expression and the ratio of the main
types of T-helper cells, which in turn initiates a wide range of immunopathological disorders.

Objective. The objective of this research was to study the mRNA expression of the SP/7 and GATA3 genes, as well as the composition of T-helper type 1 and
2 subpopulations, in chronically exposed people during the period of radiation exposure late effects development.

Materials and methods. The study was carried out on peripheral blood mononuclear cells obtained from 98 residents of the Techa riverside settlements.
Two study groups were formed: the group of exposed individuals (average accumulated dose for the red bone marrow radiation was 706.8 + 62.7 mGy) and
the comparison group (radiation dose did not exceed 70 mGy). The median age of the studied individuals at examination was 71.1 + 0.9 years (58-87 years).
The relative mMRNA content of the studied genes was assessed using real-time PCR. The number of T-helpers of types 1 and 2 in the populations of T-helpers
of central and effector memory was calculated using the flow cytometry method.

Results. There was a decrease in the absolute and relative number of type 2 T-helpers included in the T-helpers of central memory in chronically exposed
individuals. In people with accumulated doses =1000 mGy, an increase in the Th1/Th2 ratio of T-helpers of the central memory (p = 0.01), as well as the posi-
tive correlation relationship between the relative content of type 2 T-helpers of the effector memory and the expression of the GATA3 gene were registered
relative to unexposed individuals.

Conclusions. The obtained results indicate that changes in the composition of T-helper cell subpopulations in chronically exposed individuals are not pro-
nounced in the long-term period. However, these changes may directly depend on the total absorbed dose, which in turn determines the prospects for further
analysis of the health status of people exposed to chronic high-dose radiation.
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9KCMNPECCUS FrEHOB SPI1 N GATA3 U CYBMNONYNALUWUOHHBIA COCTAB T-XEJINEPOB
Y XPOHUYECKW OBJTYHEHHbIX JIFOOEN

B.C. Hukndopos'?, AN. Kotukosa'?, A.B. Aknees'?

1YpanbCkuii Hay4HO-NPaKTUYECKUI LIEHTP paamaumoHHOM MeauLmHbl deaepanbHOro Meamnko-61Monornieckoro areHTcTea, YensbuHek, Poceus
2YensbUHCKNIA rocyaapCTBEHHbI yHUBEPCUTET, HYenabuHek, Poccurs

BBepeHue. BnusHve HebnaronpusaTHbIX (DakTopoB, B TOM YUCE MOHUUPYIOLLErO N3TyHEHNS!, MPUBOAUT K HAPYLLEHWIO 9KCMPECCUN KIKOHEBbIX TPAHCKPUN-
LIMOHHBIX (PaKTOPOB 1 COOTHOLLEHWS OCHOBHbIX TUMOB T-XeNNEPHbIX KNETOK, YTO, B CBOIO O4EPeb, MHULIMMPYET LUMPOKNA CNEKTP UMMYHOMNATONOMMHECKIX
paccTPOWCTB.

Lenb. N3yyenne akcnpeccun MPHK reHoB SPIT n GATAS, a Takxke cybnonynsaLUmMoHHOro coctasa T-xennepoB 1-ro v 2-ro TUNoB y XPOHUYECKN 061yHEeHHbIX
ntoaen B Nepnog, peannaaumnm otaaneHHbIX NoCNeacTBU pagnauioHHOrO BO3AECTBYSA.

MaTepuanbl 1 metopabl. O6BHEKTOM N3YHEHUS CAY>KUIN MOHOHYKI€apHbIe KNeTKN NeprdepnHeckort KpoBK, NosyYeHHble OT 98 xuTenen npuopexHbIx
cen pekun Teun, cpeam KOTopbIX ObiIn BblAeNeHbl rpynna 061y4eHHbIX UL, (CPeAHSA HaKoNNeHHas 0o3a 061yYeHNst KDaCHOro KOCTHOMO MO3ra cocTasuna
706,8 + 62,7 MIP) 1 rpynna cpaBHeHNst (fo3a 06ny4eHnst He npesbilwana 70 mMp). CpeaHnii BO3pacT Ntoaein Ha BpeMs npoBeaeHus o6cnefoBanHns CocTaBnsan
711 + 0,9 ropa (58-87 net). OueHka oTHOCUTENBHOrO coaepxaHna MPHK nccnegyembix reHoB ocylecTBAsNack ¢ ncnonb3oBaHnem metoga MNLP-PB. Nc-
cnefoBaHve Konn4ectea T-xennepos 1-ro 1 2-ro TNoB NPOBOAMIOC METOAOM MPOTOHHOM LMTOMETPUM B COCTaBe MOMyNAUMiA T-XxenepoB LEeHTPasbHOM
1 ahheKTOpHOM NaMsATL.

PesynbraTtbl. OTMEYEHO CHUKEHWE abCOMOTHOMO Y OTHOCUTENIBHOrO KOIMYECTBa T-xennepoB 2-ro TWMna, BXOASALLMX B COCTaB T-xennepos LeHTpasnbHon
NamATU Y XPOHUYECKM OOMyHeHHbIX L. Y NoAen ¢ HakonneHHbIMu gosamu 6onee 1000 MIp 3adurKenpoBaHbl yBennyeHne cooTHoLeHns Th1/Th2 B no-
nynaumm T-xennepoB LeHTPasbHON NamsTh N0 OTHOLLEHNIO K HeO6y4eHHbIM nuuam (p = 0,01), a TakxKe NofoX1TeNbHas KOPPENSALMOHHAA CBA3b MEXay
OTHOCUTENBHBIM Cofep>kaHnemM T-xennepos 2-ro Tvna addeKTopHoOM NamMATH 1 akcnpeccuen reHa GATAS.

BbiBopbl. Pe3ynsrarhl MCCNe0BaHNs NOKa3biBaKOT, YTO 3MEHEHMS B CyOMONyNsSLMOHHOM COCTaBe T-XeNMnepHbIX KNETOK B OTAANEHHbIE CPOKN Y XPOHMYe-
CKM 0BJyHEHHbIX IO HOCAT HEBbIPaXEHHbIN xapakTep. OAHAKO 3TN N3MEHEHMS MOTYT HaNpsiMyto 3aBUCETb OT CyMMapHOMN NOrNOLEHHON [03bl 0611yYe-
HWS, YTO ONpefenseT NepCneKkTUBbl A1 AabHeNLLero aHanmnaa CoCTOSHMS 300P0BbS MOAEN, MOABEPILUMXCH XPOHNYECKOMY 061yHEHWIO B BBICOKMX [O3aX.

KniouyeBble cnosa: JKCMNpeccus reHoB; XpoHn4eckoe O6J'Iy“leHVIe; T—xennepbl 1-ro Tvna; T—xennepbl 2-ro Tvna; pexka Teda; manbie A03bl
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INTRODUCTION

The human immune system is marked by extremely high
radiosensitivity and post-radiation changes in the immune
system of exposed individuals can remain for a long time
[1, 2]. This is most remarkably manifested in persons who
have been internally irradiated as a result of deposition of
osteotropic radionuclides, in particular Strontium-90 (*°Sr),
in the body. By accumulating in bone tissue, ®°Sr has a pro-
longed irradiation effect on the red bone marrow (RBM),
which is responsible for the formation and development of
blood cells, including immunocompetent cells.

Long-term changes in the immune systems of chroni-
cally exposed residents of the villages along the banks of
the Techa River included a decrease in the expression of
differentiation antigens of T-lymphocytes, suppression of
T-cells functional activity, a decrease in serum IL-4 level,
and an increase in TNFa (tumor necrosis factor-alpha) and
IFNy (interferon-y). Together, these changes characterize
the immune response associated with marked inflamma-
tory reactions [3].

One of the mechanisms involved in the process of im-
munosuppression found in irradiated individuals is a shift
in the balance between cell-mediated immunity (Thi-
response) and humoral immunity (Th2-response) [4].
Type 1 (Th1) T-helper cells are responsible for eliminating
intracellular pathogens and are associated with organ-
specific autoimmune diseases, while type 2 (Th2) T-helper
cells initiate immune response to extracellular parasites
such as helminths, as well as playing a key role in the de-
velopment of asthma and other allergic diseases [5]. The
balance between T-helper 1 and T-helper 2 plays a key role
in the immune response. Normally, cytokines produced by
Th2 cells suppress the production of Th1 cytokines and the
activity of natural killer cells. In turn, Th1 cells can inhibit
the differentiation and proliferation of basophils and eosino-
phils, whose functions are regulated by Th2 cytokines [6].
However, exposure to high doses of ionizing radiation trig-
gers more pronounced immunosuppressive reactions from
the production of Th2-mediated cytokines, while the effect
of low doses of radiation on the balance of T-helper cells
remains controversial [7, 8.

The mechanisms controlling a wide range of T-helper
phenotypes, especially under the influence of unfavorable
factors, remain poorly understood. Nevertheless, several

key genes that play an important role in the regulation of
Th1 and Th2 differentiation are currently known [9].

The transcription factor PU.1, encoded by the proto-
oncogene SPI1, and the GATA-3 protein, which is encoded
by the GATA-3 gene of the same name, are involved in a
variety of processes of hematopoiesis and immune sys-
tem functioning. In immunocompetent cells of the system,
these factors are able to trigger the activation of a number
of factors such as chemokines, cytokines and cytokine re-
ceptors that regulate the processes of differentiation and
functioning of T-helper cells. The interaction between PU.1
and GATA-3 controls immune development and homeosta-
sis by regulating the expression of genes specific for Thi
and Th2 subpopulations [10].

Taking into account the above mentioned, the aim of
the present work was to study mRNA expression of SPI1
and GATAS genes, as well as subpopulation composition
of T-helpers of types 1 and 2 in chronically irradiated peo-
ple during the realization of remote consequences of radia-
tion exposure.

MATERIALS AND METHODS

The study was conducted more than 65 years after the be-
ginning of chronic exposure. The object of the study was
peripheral blood mononuclear cells obtained from 98 hu-
man residents of the villages along the banks of the Techa
River. The irradiation of these people was characterized by
its low intensity, the value of absorbed doses mainly fall-
ing in the range of small- and medium, low intensity and
long-term irradiation of red bone marrow (RBM) with pro-
nounced compensatory mechanisms in the hematopoiesis
system. Internal irradiation was due to accumulation of ra-
dionuclides in the body through consumption of river water
and local products. External gamma radiation was caused
by contamination of bottom sediments and floodplain soils
with radionuclides [11].

The study participants underwent medical examination in
the clinical department of Ural Scientific and Practical Center
for Radiation Medicine of the Federal Medical and Biological
Agency of Russia. Biological material was obtained with the
patients’ consent (basis — voluntary informed consent in ac-
cordance with the Declaration of Helsinki).

Patients who were in a period of acute or exacerba-
tion of chronic inflammatory diseases, who had oncological
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and autoimmune diseases, who were taking antibiotics,
hormonal and cytostatic drugs during the examination, or
who had contact with genotoxic agents in the course of
their professional activity, were excluded from the study.

The main dosimetric values determining the measures
of ionizing radiation (IR) impact on the organism of the ex-
amined persons were personalized radiation doses to the
RBM, thymus and peripheral lymphoid organs, as calcu-
lated by the specialists of the biophysical laboratory of
the Federal state budgetary institute of Ural Scientific and
Practical Center for Radiation Medicine of FMBA of Russia
using the TRDS-2016 dosimetric system [12].

According to the value of the accumulated radiation
dose to the RBM, the patients were divided conditional-
ly into two groups: the comparison group of 45 people,
whose dose accumulation occurred during life mainly due
to natural radioactive background and medical diagnostic
procedures (accumulated doses did not exceed 55 mQGy),
and the group of 53 chronically irradiated persons, whose
average dose to the red bone marrow amounted to
782.0 + 82.3 mGy.

Patients chronically irradiated were divided into three
subgroups depending on the magnitude of the accumu-
lated radiation dose to the RBM.

e Subgroup 1. Irradiated individuals with accumulated

doses to the RBM not exceeding 500 mGy (n = 20);

e Subgroup 2. Irradiated persons with accumulated dos-

es to RBM from 500 to 1000 mGy (n = 20);

e Subgroup 3. Irradiated persons with accumulated dos-

es at the RBM of more than 1000 mGy (n = 13).

The ages of the people from all subgroups did not dif-
fer statistically significantly. Table 1 presents the charac-
teristics of the studied groups, including the average age
of the subjects and the average radiation doses calculated
on the RBM, thymus, and peripheral lymphoid organs. The
subjects were of Slavic and Turkic origin (Tatars and the
Bashkirs).

Blood was collected from the cubital vein in a volume
of 3 mL into sterile vacuum tubes Tempus Blood RNA
Collection Tubes (Thermo Scientific™, USA) to assess the
relative mMRNA content of methyltransferases. RNA was
isolated by column method using a commercial GeneJET
Stabilized and Fresh Whole Blood RBNA Kit (Thermo
Scientific™, USA). Quantitative and qualitative characteris-
tics of isolated total RNA samples were evaluated using a
NanoDrop 2000C spectrophotometer (Thermo Scientific™,
USA). The purity of the preparation was assessed by

Table 1. Characteristics of the examined persons

ORIGINAL ARTICLE | RADIOBIOLOGY

absorbance values at 260 nm and 280 nm wavelengths
(A260/280). Reverse transcription reactions were per-
formed as a separate step using a commercial reagent kit
MMLV RT kit (Eurogen, Russia). The relative quantitative
content of MRNA was determined by real-time PCR us-
ing CFX96 Touch amplifier (Bio-Rad Laboratories, USA).
Oligonucleotide sequences of primers and probes were
developed by the commercial company “DNK-SYNTEZ”
LLC. Relative gene production was calculated using the 2~
28Ct method, which is based on the calculation of quantita-
tive assessment of expression of genes of interest relative
to the “housekeeping gene” based on real-time PCR- anal-
ysis [13]. The “housekeeping gene” ACTB (Actin Beta) was
used as an endogenous control and data normalization.
Calculation was performed using the software of the Real-
Time CFX96 Touch instrument (“BioRad”, USA).

A detailed description of the methodology for the study
of peripheral blood T-helper subpopulations by flow cyto-
fluorimetry described by Kotikova Al. et al. [14]. The fol-
lowing cell populations were selected for this study: Type
1 T-helpers in the central memory T-helper population
(CD3+CD4+CD45RA-CD62L+CXCR5-CXCR3+CCR6-
CCR4- phenotype), Type 1 T-helpers in the effector memory
T-helper population (CD3+CD4+CD45RA-CD62L-CXCR5-
CXCR3+CCR6-CCR4- phenotype), Type 2 T-helpers in the
central memory T-helper population (CD3+CD4+CD45RA-
CD62L+CXCR5-CXCR3-CCR6-CCR4+ phenotype) and
type 2 T-helpers in the effector memory T-helper popula-
tion (CD3+CD4+CD45RA-CD62L-CXCR5-CXCR3-CCR6-
CCR4+ phenotype).

Statistical processing of the results was carried out us-
ing SPSS Statistics 17.0 and Graph Pad Prism 8.4.3. The
normality of the distribution of quantitative indicators was
checked using the Kolmogorov-Smirnov test of agreement.
The median (Me) and 25-75th percentiles (Q1-Q3) were
used to describe the obtained indicators whose distribution
differed from normal. Comparison of data samples was
performed using the Mann-Whitney U-criterion due to the
distribution of most values not following the law of normal
distribution. The Kraskell-Wallis test was used for multivari-
ate comparison. For all criteria and tests, differences were
considered statistically significant at p<0.05.

STUDY RESULTS

In the course of the study, statistically significant differenc-
es were obtained in the content of type 2 T-helper cells,

o Comparison Dose subgroups of exposed persons, RBM dose, mGy All exposed
arameter Grou ersons
P Subgroup 1 Subgroup 2 Subgroup 3 P

Number of patients, n 45 20 13 53
Age of patients, years, 68.2+1.0 705+ 141 72.5+0.8 725+ 0.6 71.7 1.0

17.3+2.3 286.5 + 27.8 695.1 + 34.8 1371.5+71.8 706.8 + 62.7
Absorbed dose to RBM, mGy (0-55.0) (73.4-485.1) (509.6-968.6) (1032.0-1867.6) (73.4-1867.6)
Absorbed dose to thymus and peripheral 717 +£1.30 46.4 £ 7.4 86.2 + 16.4 165.5 £ 17.7 90.6 £ 10.2
lymphoid organs, mGy (0-39.52) (4.6-160.9) (25.5-354.6) (103.6-357.9) (4.6-357.9)

Table prepared by the authors using their own data

Note: RBM — red bone marrow, N — number of subjects studied; the data are presented as an average value and the standard error of the average (M + SE) (max-min).
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which are part of central memory T-helper cells in the pe-
ripheral blood of exposed subjects and subjects from the
comparison group. The corresponding data are presented
in Figures 1A and 1B.

Thus, a statistically significant decrease in the absolute
number of type 2 T-helper cells was observed in subjects
from subgroups with different dose of RBM irradiation
compared to the results of subjects from the comparison
group, namely: 6.00x10%L (p=0.03) in the total group of
exposed subjects, 3.63x10%L (p=0.03) in subjects from
the first subgroup, and 5.88x10%L (p=0.02) in subjects
from the second subgroup versus 13.14x10%L in subjects
from the comparison group. A statistically significant de-
crease in the relative number of type 2 T-helper cells was
also found in the exposed subjects from the subgroups
with different dose of BCC irradiation compared to the
same index in the subjects from the comparison group
(Fig. 1B).

At the same time, a statistically significant increase in the
Th1/Th2 ratio in the population of central memory T-helper
cells was found in the third subgroup — 14.26%, in irradi-
ated subjects from the general group — 12.54% relative to
the index in subjects from the comparison group — 7.25%
(Fig. 2). At the same time, in the first and second subgroups
of the exposed persons, this index was increased relative

to the subjects from the comparison group only at the trend
level (p=0.06 and p=0.07, respectively). No statistically sig-
nificant intergroup differences were found for other studied
indicators of the T-helper cells.

Correlation analysis was performed to assess the de-
gree of association between the concentration of T-helper
cells, exposure to radiation factors (accumulated radiation
doses to RBM, thymus and peripheral lymphoid organs),
and the age of patients at the time of examination.

The analysis revealed no statistically significant corre-
lation between the absolute and relative number of type
2 T-helpers in the population of central memory T-helpers
and the Th1/Th2 ratio in the population of central memory
T-helpers with the RBM cumulative exposure, thymus and
peripheral lymphoid organs in the combined study group.
There were also no statistically significant correlations be-
tween the selected indices of T-helper cells and the ages of
the studied individuals whether in the comparison group or
in the group of irradiated individuals.

The results of the study of relative expression of SPI1
and GATA-3 genes in the examined patients are presented
in Table 2. The data presented in Table 2 indicate that there
were no statistically significant differences in the relative
mRNA content of SPI1 and GATA3 genes in the individuals
from the main group and the comparison group even as
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Total irradiated group
(73.4-1867.6 mGy)

Fig. 1. Absolute (A) and relative (B) content of T-helper type 2 cells in the central memory T-helper population in peripheral blood, Me (Q1-Q3)
Note: p — indicates the confidence level of differences relative to the comparison group (Mann-Whitney U test).
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Fig. 2. Difference in the Th1/Th2 ratio in the central memory T-helper population between the comparison group and individuals exposed at a wide dose range,

Me (Q1-Q3)

Note: p — indicates the confidence level of differences relative to the comparison group (Mann-Whitney U test)

the values of the accumulated dose of irradiation of RBM
increased.

No statistically significant correlations were found be-
tween the relative mRNA content of SPI and GATAS genes
and the RBM radiation absorbed doses, thymus and pe-
ripheral lymphoid organs and factors of non-radiation na-
ture (achieved age, sex and ethnicity).

In all chronically irradiated persons, no statistically sig-
nificant correlations were found between the relative con-
tent of SPI1 gene mRNA and the absolute number and
frequency of T-helper cells of type 1 and type 2 in the dis-
tant terms after the beginning of radiation exposure. At the
same time, in the group of irradiated people whose accu-
mulated radiation doses to RBM were in the range of high
values (exceeding 1000 mGy), a positive correlation be-
tween GATAS gene expression and the relative content of
type 2 effector memory T-helper cells was found (Rs=0.70;
p=0.02).

RESULTS AND DISCUSSION

According to earlier data, prolonged exposure to ioniz-
ing radiation, even in the range of low doses, can cause
a decrease in cellular immunity against the background of
changes in the composition of circulating cells of the im-
mune system [15].

T-helper cells representing T-lymphocyte subpopula-
tions play an important role in the regulation of immunity.
By mediating the interaction between immunocompetent

cells, they determine the type of immune response (cel-
lular or humoral) [16]. In modern literature, there is increas-
ing evidence in favor of radiation-induced changes in the
composition and function of T-cell subpopulations, which
determines the formation of a specific inflammatory profile
of the immune system, disturbance of the balance between
Th1 and Th2 subpopulations, and changes in the expres-
sion level of transcription factors [17].

The study revealed a statistically significant decrease in
the number of type 2 T-helpers in the population of central
memory T-helpers in irradiated people. The lowest cellu-
larity indices were observed among individuals whose ab-
sorbed doses ranged from 73.4 to 485.1 mGy. In this re-
gard, irradiated individuals showed an increase in the Th1/
Th2 ratio in the central memory T-helper population rela-
tive to individuals in the comparison group. However, these
changes were not related to age or RBM irradiation dose in
the thymus and peripheral lymphoid organs. A similar sup-
pression of the Th2 response in mice was demonstrated in
an experiment under low-dose radiation exposure condi-
tions [18]. Karimi G. et al., who monitored radiologists with
radiation exposure levels of less than 50 mGy, additionally
noted a shift in theirimmune response towards the produc-
tion of type 1 T-helper cells [19]. Previously, we also de-
scribed a decrease in the number of type 2 T-helper cells,
which are part of central memory T-helper cells, in individu-
als exposed to chronic low-intensity radiation [20].

Within the framework of the present work, we found
no changes in the mRNA expression of the genes of

Table 2. Relative mRNA content of the SPI1 and GATA 3 genes in the studied groups

Dose subgroups of exposed persons, RBM dose, mGy
Relative mRNA level of Comparison group
the gene n =45) Subgroup 1 Subgroup 2 Subgroup 3 All exposed persons
n=20 n=20 n=13 (n=53)

SPH. rel. un 1.09 1.09 1.00 0.96 1.03
i (0.30-2.69) (0.33-3.11) (0.24-2.71) (0.28-2.66) (0.29-2.71)

1.10 0.84 1.10 0.83 0.85
GATAS, rel. un. (0.05-5.62) (0.01-7.37) (0.19-3.16) (0.02-4.06) (0.02-4.06)

Table prepared by the author using his own data

Note: The data are presented in Me (Q1-Q3) format
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transcription factors SPI and GATA3 in the remote terms
after exposure to IR in the residents of the villages along
the banks of the Techa River exposed to chronic training.
However, it is noteworthy that a statistically significant
positive correlation between the relative mMRNA content
of the GATA3 gene and type 2 effector memory T-helper
cells was characteristic of individuals whose absorbed
doses of RBM exposure were in the range of high val-
ues (more than 1000 mQGy). Indeed, GATAS protein plays
an important role in the development of the Th2 pheno-
type by activating the secretion of cytokines IL-4, IL-5
and IL-13 in Th2 cells, as well as inhibiting specific Th1
transcription factors such as T-bet, NF-AT1, FOXP3 and
others [21].

The results obtained in the course of the study, which
are consistent with modern scientific data, show that
the changes in the immune system in people exposed
to chronic low-intensity radiation exposure are not pro-
nounced in the long term. However, further work is required
to study the study of key transcription factors involved in
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SUBPOPULATIONS OF HUMAN PERIPHERAL BLOOD MONOCYTES AND NATURAL KILLER CELLS
IN THE LONG-TERM PERIOD OF CHRONIC EXPOSURE

Polina O. Khomenko'™, Ekaterina A. Kodintseva'!, Andrey A. Akleyev?

"Urals Research Center for Radiation Medicine of the Federal Medical and Biological Agency, Chelyabinsk, Russian Federation
2 South Ural State Medical University, Chelyabinsk, Russian Federation

Introduction. An increased risk of malignancy and cardiovascular diseases is revealed in exposed individuals from different cohorts. Monocyte and natural
killer (NK) cells modulate inflammation and carcinogenesis.

Objective. To evaluate absolute and relative cell counts in monocyte and natural killer cell subpopulations in the peripheral blood of individuals exposed to
chronic irradiation.

Materials and methods. Thirty-five persons from the Techa River cohort were examined, divided into three subgroups depending on the radiation absorbed
dose calculated to the red bone marrow (RBM) (70-249 mGy; 250-699 mGy; 700-1429 mGy, respectively). The mean age of patients was 74.9 years; the
mean value of the radiation absorbed dose to RBM was 542.0+65.3 mGy, while that of the radiation absorbed dose to thymus and peripheral lymphoid or-
gans was 99.7+14.4 mGy. The comparison group consisted of 10 persons without a history of anthropogenic irradiation of similar gender and ethnicity, mean
age — 71.8 years.

Results. In the second dose subgroup, the proportion of CD14-CD16* monocytes was statistically significantly higher (8.47%) than in the comparison group
(5.52%, p=0.014), and the absolute CD14-CD16* monocytes count (0.040x10%1) was also higher than in the third subgroup (0.018x10%I1, p=0.044) without
correlations with radiation and non-radiation factors. No statistically significant differences of other studied parameters between the groups were revealed.
Conclusion. In persons from the second subgroup the relative number of CD14-CD16* monocytes was statistically significantly higher than in the comparison
group; the absolute CD14-CD16* monocytes count was also higher than in the third subgroup without correlations with factors of a radiation and non-radiation
nature. The findings are preliminary.

Keywords: chronic radiation exposure; Techa River; subpopulations; peripheral blood monocytes; natural killer cells; long-term period; molecular markers
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cysnonynaumm MOHOLUUTOB U HATYPAJIbHbIX KUTNEPOB NEPU®EPUYECKOIN KPOBU
YENNOBEKA B OTOAJIEHHOM NEPUOAE XPOHUYECKOIO OBJTYHEHUA

1.0. XomeHko™, E.A. KogrHuesa', A.A. Aknees?

1YpanbCkuii Hay4HO-NPaKTUYECKUI LIEHTP paavaumoHHOM MeauLmHbl PeaepanbHOro Meamnko-61Monornieckoro areHTcTea, YensbuHek, Poccus
2 HOXKHO-YpanbCKuii rocyfapCTBEHHbIN MeOVLMHCKUIA yHUBEpPCUTET, YensbuHek, Poccust

BBepeHume. [N0BbILLEHHbIN PUCK Pa3BUTUSA 310KA4ECTBEHHbIX HOBOOOPA30BaHMI 1 3a60NeBaHN CepaeHHO-COCYANCTON CUCTEMbI YCTAaHOBEH AIA Pa3HbIX
KOropT 06y4eHHbIX Mtofel. Mpy 3TOM M3BeCTHa BaXKHAS POSb MOHOLMTOB 1 HATYpasibHbIX KUEPOB B MOAYSALMIU BOCNANEHNS U KaHLeporeHesa.

Llenb. OueHka abCoMoTHOrO 1 OTHOCUTENBHOIO KOMYECTBA KNETOK B CyOMONyNALmMAX MOHOLMTOB M HaTypasibHbIX KUIepoB B Nepuepr4ecKoin Kposm
Y N1L, NOABEPILUMXCS XPOHUYECKOMY PaaMaLMOHHOMY BO3AENCTBIIO.

Matepuanbl u metogbl. O6cnenoBarbl 33 YenoBeka M3 KOropTbl pekn Teun, cpeaHnii Bo3pacT nauneHtTos — 74,9 ropa. MaumeHTbl Obinv pasgeneHsbi
Ha TpY NoArpynMbl B 3aBUCUMOCTI OT BEIMYMHbBI MOMOLLEHHOW 103bl 06/y4EHUst B KPACHOM KOCTHOM Mo3re (70-249 mlp, 250-699 Mlp, 700-1429 mlp co-
OTBETCTBEHHO), CPEAHSASA MOrMoLLeHHasA f03a 061yHeHNsA KDaCHOro KOCTHOro Modra — 542,1 + 65,3 MIp, cpeaHas noroLleHHas fosa o0bay4eHns Tumyca
1 nepucepmnyiecknx MMMbonaHbix opraHoB — 99,7 + 14,4 mIp. Tpynny cpaBHeHus cocTasmnm 10 Yenosek, cpeaHuin Bo3pacT — 71,8 rona, 6e3 TEXHOreHHOro
06MyHeHVs B aHaMHe3e, COMOCTaBUMbIX MO MOAY ¥ 3THUYECKON NPUHALANEXHOCTL.

Pesynbratbl. Bo BTOpOn gososon nogrpynne gons CD14-CD16* MOHOUMTOB Obina CTaTUCTUHECKM 3HAYMMO Bbilwe (8,47%), 4em B rpynne CpaBHeHUst
(5,52%, p = 0,014), a abcontoTHoe konnyecTBo CD14-CD16* MoHoumToB (0,040x10%n) — 6onblue, Yem B TpeTbelt nogrpynne (0,018x10%n, p = 0,044). He
0BHapy>KeHO CTaTUCTU4ECKM 3HA4YNMbIX KOPPENALMIA YKa3aHHbIX nokasaTtenei ¢ hakTopamu paamaLoHHON U HepaavaLmMOHHOM NPUPOABI.

BbiBOAbIL. Y Nt0fEN N3 BTOPOW NOAPYNMbl OTHOCKUTENbHOE Konmn4ecTBO CD14-CD16* MOHOLMTOB ObINO CTAaTUCTUHECKIM 3HAYMMO BbILLIE, YEM B rpynne cpas-
HeHus, B TO BpeMs Kak abcontoTHoe uncno CD14-CD16* moHoumToB — 6osbLue, YeM B TPETber noarpynne, 6e3 cTaTUCTUYECKN 3Ha4YMMON B3anMOCBSI3N
¢ hakTopamun paamnaLmoHHO 1 HepaanauoHHON NpUPoAb!.

KniouyeBble cnoBa: XpOHMYECKOE paamaurioHHOEe BO3OENCTBIE; peka Teva; cybnonynaumm, MOHOLUUTLI Nepudeprnyeckon KpoBK; HaTypabHble KUnepbl;
oTAaneHHble CPOKM; MONEKYNSPHbIE MapKepsbl
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®duHaHcMpoBaHue: Hay4HO-1ccneaoBaTebckas paboTa BbinosHeHa B pamMkax rocyaapcTBeHHoro 3agana PMBA Poccun no Teme «/iccnegoBaqne gyHK-
LIOHANIbHOIO COCTOSIHUSH KINETOK-3hEKTOPOB MPOTUBOOMYXONEBOr0 MMMYHWTETA HYENOBEKA B NEPUOL, peanv3aLmmn KaHLeporeHHbIX 9PeKToOB XPoHMYe-
CKOro pafimaunoHHOro Bo3aencTans» (CornatleHne o npefocTasneHnm cybcnanm nd efnepanbHoro 61oxeta Ha hrHaHCOBOE 0becneveHre BbINoNHEHNS!
rocyaapCTBEHHOrO 3aaHns Ha oKasaHue rocyaapcTBeHHbIX yenyr (BbinonHeHne paboT) Ne 388-03-2024-155 oT 24 aHsaps 2024 rona).

BnaropapHocTu: H.B. Ctapuesy, 3aBegytoliemMy otaenomM 6asbl faHHbIx «Henosek» (PIrBEYH «Ypanbckuii Hay4HO-NPaKTUHECKMIA LEHTP paamaLMoHHOM
MeanumHbl» GefepanbHOro Meanko-b1onorn4eckoro areHTCTBa) 3a MoMOLLb B (hOPMUPOBaHNUM UCCedyemMblX rpynm.

CooTBeTCcTBME NMPUHLMNAM 3TUKMN: NCCNEO0BaHNe Of0OPEHO aTNHECKM KoMUTeToM PIBYH «YpanbCkuin Hay4HO-MPaKTUHECKNIN LEHTP PaAnaLMOHHOM
MeanumHbl» PenepanbHOro Meanko-6ruonormieckoro areHTcTea (Mpotokon Ne 8 ot 19.12.2022). Bce nauneHTbl, y4acTBOBaBLUME B UCCNEAOBAHUW, NMPEL-
BapUTENIbHO NOANMChIBaN JOOPOBONBEHOE NH(POPMUPOBAHHOE COrnacue B paMmKax XenbCUHKCKON aeknapaummn 2013 r.

MoTeHuManbHbI KOH(MAUKT UHTEPECOB: aBTOPbI 3aAB/AIOT 06 OTCYTCTBUM KOH(NKTA MHTEPECOB.

<1 XomeHko MonuHa OnerosHa polinahomenko@mail.ru

Crtatbsa noctynuna: 31.07.2024 Nocne popaboTku: 26.09.2024 MpuHaATa k nybnukauun: 03.10.2024

INTRODUCTION

The increased risk of malignant neoplasms (MN) among
inhabitants of settlements located along the Techa River
affected by ionizing radiation (IR) is a scientifically identified
fact confirmed by epidemiological studies [1, 2]. The works
of many authors have revealed a correlation between IR
dose and risk of hypertension, ischemic heart disease, and
cerebrovascular diseases in exposed people in long-term
periods following exposure [3]. However, the mechanism
of the influence of radiation exposure on the key immune
reactions mediating neoplastic processes and/or the de-
velopment of cardiovascular pathology in irradiated people
in long-term periods of exposure to radiation [4] is still insuf-
ficiently studied.

A number of authors emphasize that people exposed to
technogenic radioactive contamination affecting the Techa
River had lower intracellular oxygen-dependent metabolism
of monocytes, lower levels of interleukin-4 (IL-4), higher levels
of tumor necrosis factor alpha (TNF-o«) and interferon gam-
ma (IFN-y) in serum [5] as compared to unexposed persons.
At the same time, TNF-a is weakly correlated with the ab-
sorbed dose of red bone marrow irradiation (RBM) [6].

Monocyte—-macrophages are of special interest in
studying the pathogenesis of the long-term effects of
chronic irradiation. The poorly understood role of these
cells in the regulation of hematopoiesis and regeneration
of RBM represents a promising area of research [7] both
under physiological conditions and when RBM are affected
by osteotropic radionuclides. Monocyte—-macrophages
make a significant contribution to the development of both
innate and adaptive immune response reactions. As well
as participating in the formation of immunological memo-
ry, they recognize a wide range of antigenic substances,
participate in antigen presentation to T-lymphocytes and
regulation of immune responses depending on the type of
reaction, its intensity and duration [8].

For many types of oncopathology, the development of
inflammatory process caused by active monocytes/mac-
rophages is understood to potentiate the transformation
of premalignant tissue into fully malignant tissue. It has
been noted earlier that immune cells play a dual role in the
pathogenesis of MN. On the one hand, they are able to
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efficiently and rapidly recognize damaged, transformed
and tumor cells in order to neutralize and eliminate them
from the body. On the other hand, immunocytes, which
typically provide inflammation and removal of genetically
foreign agents from the body, contribute to the formation
of a pro-tumor microenvironment by producing cytokines
and growth factors that stimulate tumor development. In
particular, the macrophage migration inhibitory factor (MIF)
produced by macrophages suppresses the expression of
the P53 gene, one of the key regulators of cell cycle and ap-
optosis, which leads to an insufficiently effective response
to DNA damage, increased cell life spans, and consequent
accumulation of mutations.

Monocyte—-macrophages produce a spectrum of
growth factors — in particular, vascular endothelial growth
factor (VEGF) — which promotes tumor vascularization
and metastasis. In turn, tumor signaling molecules pro-
vide chemotaxis of monocytes from peripheral blood to
the focus of malignant growth and their differentiation into
macrophages. The combination of hypoxia and mediators
released by tumor cells initiates reprogramming of de novo
recruited macrophages of the microenvironment into tumor
growth promoters — “tumor-associated macrophages” [9].
The presence of macrophages, mast cells, and neutrophils
in the tumor microenvironment is usually associated with
increased angiogenesis and poor prognosis. However,
some clusters of macrophages in the tumor microenviron-
ment may be associated with tumor regression [10].

The cytolytic activity of natural killer (NK) cells is de-
termined by the balance between activating and inhibi-
tory signals and is realized by perforation of the target cell
membrane. NK cells can express CD8 a-chain on the mem-
brane but at a lower density than cytotoxic T-cells. Human
NK subpopulations expressing aa-homodimer CD8 have
greater cytotoxicity than NK cells without a CD8 molecule
on the membrane. CD38+*CD8* NK-cells have been report-
ed to have high cytolytic activity [11].

Full activation of immunocytes in response to tumor an-
tigens can lead to tumor cell elimination, whereas ineffec-
tive immune responses against the background of chronic
age-associated inflammation [12] can lead to tumor pro-
gression. Chronically activated cells of innate immunity
(monocytes/macrophages, natural killer cells, neutrophils
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and others) may contribute to the development of MN by
suppressing immune reactions, hyperproduction of reac-
tive oxygen species damaging biological membranes and
cell DNA, secretion of growth factors and in other ways.
Based on the abovementioned, the study of the peculiari-
ties of the quantitative composition of monocyte subpopu-
lations in irradiated people residing along the Techa River,
who have now reached the age of realization of oncogenic
effects associated with the impact of IR, is a priority direc-
tion of research.

In this work, we aim to evaluate absolute and relative
cell counts in the subpopulations of monocyte and NK cells
in the peripheral blood of persons affected by chronic ra-
diation exposure in the long-term.

MATERIALS AND METHODS

The study was carried out on the basis of the Ural Scientific
and Practical Center of Radiation Medicine of FMBA of
Russia. Forty-five chronically exposed rural residents per-
manently residing in areas along the Techa River, which was
subject to technogenic contamination during the 1950s due
to the activities of the Mayak Production Association, were
examined. For each patient, the individualized doses were
preliminarily calculated using the Techa River Dosimetry
System-2016 (TRDS-2016) [13].

The main group included 33 people, whose absorbed
dose calculated on the RBM at the time of examination
was 70 mGy or more. The minimum radiation dose cal-
culated on RBM in people from this group was 88.5 mGy,
while the maximum dose was 1429 mGy, and the range
of doses calculated on thymus and peripheral/second-
ary lymphoid organs (TSLO) was from 12 to 460 mGy. To
permit a detailed study of the dose-effect relationship, the
main group was divided into three subgroups depending
on the value of the cumulative radiation dose calculated on
the RBM: 1st subgroup — 11 people with doses from 70 to
249 mGy; 2nd subgroup — 10 people with doses from 250
to 699 mGy; 3rd subgroup — 12 people with doses from
700 to 1429 mGy.

The comparison group consisted of 10 people with no
history of anthropogenic IR exposure, whose absorbed ra-
diation dose was calculated at an RBM less than 70 mGy.
The radiation dose calculated on the RBM in the persons
included in the comparison group was in the range from 4
to 55 mGy, while the dose on TSLO was from 1 to 20 mGy.

Table 1. Characteristics of the study groups

Parameter, unit of measurement Comparison group | Main group
n=10 n=33
RBM dose, mGy 22.5+£5.9 542.1+65.3
Dose for TSLO, mGy 8.7£2.4 99.7+14.4
male 20.0 27.3
Gender composition, %
female 80.0 72.7
Slavic 50.0 21.2
Ethnic composition, %
Turkic 50.0 78.8

Table prepared by the authors using their own data

Note: The data are presented as average value (M + SE)

The mean age of the examined persons in the com-
parison group was equal to 71.8 + 1.2 years; in the main
group — 74.9 + 0.6 years. The studied groups of people
did not differ statistically significantly in ethnic and gender
composition but differed in age (p = 0.026). The data on the
value of the average radiation dose at RBM, TSLO, gender
and ethnic composition in the studied groups of people are
presented in Table 1.

Criteria for exclusion of subjects from the study were:
signs of acute inflammatory diseases; chronic diseases in
exacerbation; renal or hepatic insufficiency; symptoms of
acute cerebral circulatory failure or craniocerebral trauma
within three months before the study; confirmed oncologi-
cal and autoimmune diseases; courses of hormone, anti-
biotic, chemotherapy and (or) radiotherapy; medical pro-
cedures involving the use of ionizing radiation within six
months before the study.

Human peripheral blood served as a material for im-
munologic study. Peripheral blood samples (3 mL) were
obtained from the ulnar vein in the morning on an empty
stomach into a vacuum tube filled with K3-EDTA (tripo-
tassium ethylenediaminetetraacetic acid). The subpopu-
lation composition of monocytes and natural Killer cells
in peripheral blood was assessed on a LongCyte C3111
flow cytometer (Chenglang Biotechnology, PR China) af-
ter preliminary staining with monoclonal antibodies labeled
with fluorochromes: CD14-PE, CD16-PerCP, CD45-APC
(Elabscience, PRC) — panel for the analysis of monocytes,
CD3-FITC, CD56-PE, CD16-PerCP, CD8-PC7, CD45-APC
(Elabscience, PRC), CD38-PO (Exbio, Czech Republic), a
panel for NK analysis, followed by lysis of erythrocytes with
Versalyse solution (Beckman Coulter Inc., USA) accord-
ing to the reagent manufacturers’ instructions using stand-
ardized methods [14]. On the day of blood collection for
the study of immunologic parameters in the clinical diag-
nostic laboratory of Ural Scientific and Practical Center for
Radiation Medicine of FMBA of Russia, patients underwent
a general blood count with leukoform counting in accord-
ance with the established procedure [15].

Statistical processing of the data was performed
in the Statistica 12 software package (demo version).
The data were checked for normal distribution using the
Kolmogorov—Smirnov test of agreement. The arithmetic
mean (M), minimum and maximum values were used to
describe normally distributed data. For data that were sta-
tistically significantly different from the normal distribution,
median, 25th and 75th percentile values were given.

Student’s T-test was used to compare parametric data
sets; the Mann-Whitney U-test was used for nonparametric
data. Qualitative data were compared using the ¥? criterion.
Differences were considered statistically significant when the
confidence level (p) was less than 0.05. For correlation analy-
sis of abnormally distributed data, the Spearman rank correla-
tion coefficient was calculated with a confidence level of 5%.

RESULTS

When comparing the values of the studied parameters in
chronically irradiated people with different dose loads, a
statistically significant increase in the absolute monocyte
CD14-CD16* count was found in the peripheral blood of
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patients from the second subgroup in comparison with
those from the third subgroup (p* = 0.044), and non-ex-
posed patients (p = 0.014) (Table 2).

However, in the process of analyzing the results of
quantitative assessment of monocyte subpopulations in
the examined persons with different dose loads, no sta-

median values of the studied parameters in the main group
and the comparison group.

The results of quantitative analysis of subpopulations
of natural killer cells expressing CD8 and CD38 activation
molecules on cell membranes in the examined persons
with different absorbed dose of irradiation are presented

tistically significant differences were found between the

in Table 3.

Table 2. Results of quantitative analysis of monocyte subpopulations in the examined persons

Indicator, unit of measure

Comparison group
n=10

Main group, n=33

Subgroups, radiation doses

70-249 mQGy,
n=11

250-699 mGy,
n=10

700-1429 mGy,
n=12

Median values
within the group

Leukocytes, x10%/L

6.14 (5.25-6.60)

5.96 (5.30-6.51)

5.74 (4.70-6.41)

6.23 (5.45-7.05)

5.96 (5.30-6.51)

Monocytes, %

8.2 (7.00-9.90)

8.20 (6.40-11.00)

7.95 (5.00-8.10)

6.00 (3.50-9.15)

8.00 (5.00-9.00)

Monocytes, x10%/L

0.452 (0.364-0.630)

0.467 (0.376-0.679)

0.417 (0.350-0.464)

0.381 (0.185-0.588)

0.420 (0.330-0.567)

CD14+*CD16~ monocytes, %

67.86 (62.45-74.00)

65.58 (54.96-75.66)

69.48 (62.73-73.63)

66.96 (57.50-75.57)

67.68 (568.36-74.80)

CD14+*CD16~ monocytes, x10%/L

0.336 (0.263-0.376)

0.281 (0.218-0.415)

0.305 (0.187-0.314)

0.267 (0.128-0.328)

0.287 (0.187-0.341)

CD14+CD16* monocytes, %

4.77 (2.92-6.13)

4.04 (2.85-8.66)

4.25 (2.26-7.30)

3.92 (2.57-5.81)

4.04 (2.48-7.05)

CD14+CD16* monocytes, x10%/L

0.024 (0.007-0.031)

0.032 (0.006-0.034)

0.015 (0.004-0.030)

0.095 (0.007-0.019)

0.014 (0.006-0.023)

CD14-CD16* monocytes, %

5.52 (3.30-7.50)

6.56 (3.64-8.93)

8.47 (7.98-11.27)
p=0.014

6.25 (2.76-9.01)

7.94 (4.67-9.47)

0.018 (0.012-0.034)

0.036 (0.023-0.042)

0.040 (0.033-0.051)

CD14-CD16* monocytes, x10°/L

p°=0.044

0.011 (0.007-0.029)

0.033 (0.009-0.042)

Table prepared by the authors using their own data

Notes:

1 — The data are presented as median (25th-75th percentiles).
2 — p — confidence probability of differences relative to the comparison group (Mann-Whitney U test).
3 — p* p*=0.044 — confidence probability of differences with respect to the subgroup of people with the highest doses (Mann-Whitney U test).

Table 3. Results of quantitative analysis of NK subpopulations in the examined persons

Parameter, unit of measure

Comparison

group,
n=10

Main group, n=33

Subgroups, radiation doses

70-249 mQGy,
n=11

250-699 mGy,
n=10

700-1429 mGy,
n=12

Median values in
the group

Lymphocytes, %

37.00 (32.40-45.00)

35.00 (30.00-40.90)

39.15 (29.60-46.00)

36.35 (33.55-38.50)

35.70 (30.20-41.00)

Lymphocyte, x10%/L

2.211 (1.701-2.619)

1.979 (1.700-2.600)

1.903 (1.680-2.381)

2.145 (1.863-2.946)

1.979 (1.739-2.600)

NK (CD3-CD16*CD56°), %

11.75 (9.00-15.63)

10.87 (6.65-13.93)

10.70 (9.56-14.72)

13.80 (12.00-16.37)

12.00 (7.49-15.63)

NK (CD3-CD16*CD56*), x10%/L

0.266 (0.163-0.350)

0.237 (0.117-0.353)

0.195 (0.161-0.349)

0.302 (0.223-0.417)

0.269 (0.160-0.353)

CD3-CD16*CD56*CD8-CD38", % of NK

52.39 (17.65-65.45)

42.95 (14.98-66.46)

12.36 (7.83-64.86)

2211 (4.94-53.73)

26.44 (10.13-64.94)

CD3-CD16*CD56+CD8-CD38-, x10%L

0.111 (0.040-0.224)

0.045 (0.031-0.102)

0.020 (0.014-0.046)

0.061 (0.015-0.166)

0.043 (0.015-0.114)

CD3-CD16*CD56*CD8*CD38", % of NK

7.13 (2.75-20.00)

2.99 (0-18.92)

10.84 (2.60-30.50)

12.15 (2.03-32.86)

710 (1.16-21.90)

CD3-CD16*CD56*CD8+*CD38*, x10%/L

0.011 (0.005-0.036)

0.006 (0-0.045)

0.021 (0.001-0.049)

0.036 (0.009-0.049)

0.021 (0.001-0.049)

CD3-CD16*CD56*CD8-CD38*, % of NK

22.00 (9.27-44.51)

18.07 (4.83-50.64)

8.44 (0.78-29.03)

21.28 (2.85-47.14)

18.82 (4.83-47.14)

CD3-CD16*CD56+CD8-CD38*, x10°%/L

0.077 (0.015-0.085)

0.046 (0.014-0.154)

0.010 (0.002-0.085)

0.066 (0.011-0.099)

0.063 (0.008-0.101)

CD3-CD16*CD56*CD8*CD38", % of NK

9.14 (4.58-18.15)

4.19 (2.48-34.05)

18.94 (2.41-38.74)

5.21 (1.23-22.67)

5.44 (2.41-34.05)

CD3-CD16*CD56+*CD8+*CD38", x10%L

0.015 (0.008-0.042)

0.010 (0.006-0.024)

0.010 (0.005-0.056)

0.012 (0.003-0.070)

0.010 (0.005-0.056)

Table prepared by the authors using their own data

Notes:

1 — The data are presented as median (25th—75th percentiles).
2 — p — confidence probability of differences relative to the comparison group (Mann-Whitney U test).
3 — p* — confidence probability of differences with respect to the subgroup of people with the highest doses (Mann-Whitney U test).
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Despite a decrease in the median number of natural
killer cells not expressing CD38 and CD8 molecules and
in the absolute CD38* NK count in chronically exposed
people from the main group relative to the comparison
group, no statistical significance of differences was es-
tablished due to the significant scatter of individual val-
ues in people from the main group with relatively small
sample sizes, confidence intervals of median values
overlap.

At the same time, no statistically significant differences
were found between the relative and absolute natural kill-
er cells count expressing in various combinations of CD8
and CD38 molecules on the cell membrane in chronically
irradiated people from different dose subgroups and in
persons from the comparison group.

When examining the dose-effect relationship, weak
inverse correlations were found between the dose calcu-
lated on RBM and the relative, absolute monocyte count,
absolute CD14+*CD16- and CD14+*CD16* monocyte count,
and relative CD3-CD16*CD56+*CD8-CD38~ cell count. A
direct weak correlation was found between the relative
NKs and the dose calculated per RBM. The correlations
between the studied indices of innate immunity and doses
of RBM and TSLO irradiation were not statistically signifi-
cant. In order to clarify the results of the analysis of the de-
pendence of the studied indicators of innate immunity on
radiation doses, the sample of the examined persons will
be expanded in future research. In chronically exposed
people in the long-term period following the beginning of
radiation exposure, no statistically significant correlations
were established by the Spearman criterion between the
quantitative characteristics of leukocytes, lymphocytes
or monocytes, as well as the analyzed subpopulations
of monocytes and natural killer cells and such factors of
non-radiation nature as age, sex and ethnos, or between
the studied indicators of innate immunity and the doses of
radiation exposure.

The data presented in Table 4 show a statistically sig-
nificant positive correlation between age at the time of ex-
amination and the proportion of inactivated NKs, as well
as a negative correlation between the ethnicity of the sub-
jects and the proportion of CD14-CD16* monocyte in the
peripheral blood. At the same time, a reliable correlation
was established between the gender of the subjects and
the relative or absolute cell count in the subpopulation of
inactivated NKs and the proportion of NKs simultaneously

expressing CD8 and CD38 molecules on the cell mem-
brane. No such correlations were found in people from
the comparison group.

The results are preliminary. In future research, the
study groups will be enlarged.

DISCUSSION

The results of the study agree with and complement
previously obtained results of immunological examina-
tions of chronically exposed people from the Techa River
cohort. The main dose-forming radionuclide was osteo-
tropic strontium-90 (°°Sr), whose characteristic feature
is a long half-life (about 30 years), accumulation in bone
tissue, and prolonged impact of IR on the central organ
of the immune system and hematopoiesis (RBM). The
unique nature of radiation exposure — in particular, the
combination of external and internal y-radiation, mainly
B-radiation due to °°Sr — apparently underlies the long-
term changes in the immune system in the residents of
the Techa River cohort. No changes in the absolute leu-
kocyte count or relative and absolute monocyte content
in blood were detected between exposed and unex-
posed study participants.

The subpopulation composition of monocytes and
expression of activation molecules on NK cells in the pe-
ripheral blood of people from the Techa River cohort in
long-term periods following chronic radiation exposure
was investigated for the first time.

Monocyte—-macrophages represent a heterogene-
ous cluster of cells having great plasticity and multiple
functions determined by the type of activating signal.
They are radioresistant cells whose functions can be
modulated by exposure (Al); depending on the radia-
tion dose and fractionation, such cells exert both pro- or
anti-inflammatory, as well as pro- or antitumor activity.
At present, it is not possible to systematize information
on specific radiation-induced modulations of monocyte—
macrophages [16].

CD14 molecule, a type of Toll-like receptor (TLR), ap-
pears at the early stages of monocyte maturation and
is its specific marker [16]. Differentiation of classical
CD14++CD16- monocytes occurs from a medullary my-
eloid precursor. Outside the BCC they mature into inter-
mediate CD14++CD16* monocytes, differentiate into non-
classical CD14+*CD16** monocytes and further as tissue

Table 4. The results of the correlation analysis between some non-radiation factors and the studied indicators of immunity

Comparison group, n= 10 Main group, n=33
Pairs of parameters, units

SR P SR P
CD14-CD16* monocytes, x10%L & Ethnicity -0.59 0.072 -0.41 0.019
CD3-CD16*CD56*CD8-CD38-, % of NK & Age at the time of examination 0.42 0.228 0.39 0.036
CD3-CD16*CD56*CD8-CD38-, % of NK & Gender 0.09 0.811 0.50 0.005
CD3-CD16*CD56+*CD8-CD38-, x10%L & Gender -0.17 0.631 0.46 0.010
CD3-CD16+CD56+*CD8+*CD38*, % of NK & Gender 0.17 0.631 0.36 0.050

Table prepared by the authors using their own data

Notes: SR — Spearman correlation coefficient, p — Confidence probability
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macrophages and dendrocytes perform remodeling and
repair of damaged tissues [17, 18]. Late maturation of pe-
ripheral monocytes is accompanied by the expression of
FcyRIll (CD16) on the cell membrane with a simultaneous
decrease in the number of CD14 molecules. At the same
time, CD16 expression is associated with an increased
ability of monocytes to present antigen, which increases
with the loss of CD14 expression on the cell membrane
[7]. The relatively low phagocytic activity and enhanced
ability to produce cytokines and antigen presentation in
such cells is due to higher expression of major histocom-
patibility complex class Il (MHC Il) molecules [19].

Monocyte subpopulations perform different functions,
which are determined either by the state of their microen-
vironment representing a complex cytokine-cell system,
or by their linear differentiation [18]. Functionally, all mono-
cytes/macrophages are conventionally classified into two
types: proinflammatory (M1), which mainly produce IL-18,
IL-12, 1L-26 and thus stimulate Th1 and Th17 responses,
and anti-inflammatory (M2), which mainly produce IL-10
and transforming growth factor beta (TGF-p) and par-
ticipate in immunoregulation and tissue repair. There are
many intermediate and transitional forms between these
two clusters of cells, and a dynamic balance of cytokines
is maintained depending on the current needs of the mac-
roorganism [7].

The ability of macrophages to respond to various en-
dogenous and exogenous pro- and anti-inflammatory
stimuli ensures a high heterogeneity of their phenotype.
IFN-y activates pro-inflammatory macrophages (M1),
which participate in the Th1-dependent immune response
to oncotransformed target cells. Anti-inflammatory mac-
rophages (M2) are involved in Th2-dependent immune re-
sponses, repair processes, and the pathogenesis of some
tumors. The spectrum of cytokines produced by M2 cells
includes IL-1, IL-6, IL-10, vascular endothelial growth fac-
tor (VEGF), and TGF-B, which under certain conditions
provide proliferation and metastasis of tumor cells. The
subpopulation of monocytes with the CD14vCD1gbriant
phenotype “non-classical monocytes” corresponds to
anti-inflammatory cells [7].

Normal monocytes/macrophages play an important
role in antitumor immune surveillance by antigen-mediat-
ed activation of T-cytotoxic cells or direct lysis of tumor
cells in the activated state. Activated macrophages exhibit
antitumor activity due to lysing enzymes, TNF-a synthe-
sis and free radical production. Intermediate monocytes
in comparison with monocytes of other subpopulations
are the main producers of IL-1f, IL-6 and TNF-a, have the
greatest ability to perform transendothelial migration and
formation of reactive oxygen species [20, 21].

Oncotransformed cells are characterized by reduced
expression of major histocompatibility complex class |
molecules, which modifies inhibitory signals from oth-
er NK receptors. Activating NK receptors interact with
stress-inducible proteins that are expressed by tumor
cells. The secretory process is triggered in NK cells rep-
resenting cytoplasmic vesicles containing serine ester-
ases (granzymes A and B) are released by local exocy-
tosis into the space between the effector cell and the
target. In NK, a specialized mechanism of transformed

EXTREME MEDICINE | 2024, VOLUME 26, No 3

ORIGINAL ARTICLE | RADIOBIOLOGY

cell killing is associated with perforin contained within
the granules, which has lytic activity against target cells.
Immediately after lymphocyte binding to the target cell,
pores are formed in its membrane, NK granules are exo-
cytosed and their contents — granzymes and perfor-
in — are released. Further, a cascade of lytic processes
is triggered in the target cell, which leads to deoxyri-
bonucleic acid (DNA) degradation and subsequent cell
death. The ability of NK to synthesize cytokines — pri-
marily IFN-y — determines their participation in the regu-
lation of other parts of antitumor immunity [11].

The scientific literature discusses the hypothesis
that in the long-term period following exposure of the
organism to IR, senescent cells (primarily leukocytes
and macrophages, as well as fibroblasts and others)
are one of the main and constant sources of reactive
oxygen species and reactive nitrogen species in tis-
sues. These contribute to the maintenance of a high
level of free radicals therein and can lead to damage of
cells and subcellular structures up to fibrosis and neo-
plastic transformation [22, 23].

It should be emphasized that the revealed features of
immune status, which are more pronounced in chronically
exposed people with maximum absorbed doses calcu-
lated per RBM, were registered during the period of reali-
zation of carcinogenic effects of irradiation and may play a
certain role in their development. The results of correlation
analysis of the influence of factors of non-radiation nature
in people from the studied groups require considerable
caution in interpretation due to the relatively small sample
size, a factor that introduces significant uncertainty in the
assessment of pairwise correlations.

CONCLUSION

The study revealed statistically significant changes in
monocyte subpopulations in people exposed to chronic
radiation. In particular, in persons irradiated in the dose
range of 250 and up to 699 mQGy, the relative CD14-
CD16* monocyte count was significantly higher than in
the comparison group; their absolute count exceeded
the similar index in persons from the third subgroup with
a maximal radiation burden. The preliminary results ob-
tained in practically healthy exposed people from the
Techa River cohort may indicate some latent tension
of regulatory mechanisms in the immune system — in
particular, the monocyte-macrophage systems and NK,
which act according to the feedback principle and are
aimed at compensating proinflammatory immune shifts
[23] — that are to a lesser extent expressed in non-ex-
posed people.

In all examined people from the main group and the
comparison group, the absolute leukocyte count, rela-
tive and absolute monocyte count, as well as the relative
and absolute monocyte with phenotypes CD14*CD16-,
CD14+CD16*, CD14-CD16* count, did not differ statisti-
cally significantly. Relative and absolute amounts of NK
cells expressing in various combinations of CD8 and
CD38 molecules on the cell membrane did not differ sta-
tistically significantly between chronically exposed people
and those from the comparison group.
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No statistically significant Spearman correlations

were found between the studied indices of innate im-
munity and factors of radiation nature in chronically ir-
radiated people.
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ASSESSMENT OF DEPRESSIVE-LIKE BEHAVIOR IN MICE AFTER FRACTIONAL
GAMMA IRRADIATION
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Introduction. Exposure of the brain to high doses of ionizing radiation is an established risk factor for the development of neoplasms and associated cognitive
disorders. However, the impact of long-term low-dose irradiation on the brain and higher nervous system, including the development of anxiety-depressive
disorders, remains an unsolved problem.

Objective. To study the effect of fractionated gamma-irradiation in doses of 0.1 Gy, 1 Gy and 5 Gy in the early postnatal period on indices of depression-like
states in C57BI/6 mice at the age of 1 and 6 months.

Materials and methods. The animals were irradiated during the first month of life. Cumulative doses (0.1 Gy, 1 Gy and 5 Gy) were obtained in the mode of
fractionated irradiation (20 fractions). 2 control groups were formed comprising intact animals and falsely irradiated animals. The presence of a depression-like
state was evaluated in the “tail holding” test at the age of 1 month and 6 months.

Results. Age-related changes were manifested by a decrease in depression-like behavior in 6-month-old mice compared with 1-month-old mice. Stress in-
duced by performing radiation-related manipulations, which had no significant effect on 1-month-old mice, led to the development of marked depression-like
states in the same animals at 6 months of age. Radiation exposure led to the development of a dose-dependent antidepressant-like effect, which was more
pronounced in animals at the age of 6 months after fractionated irradiation at doses of 0.1 Gy and higher.

Conclusions. Fractionated gamma-irradiation does not lead to the development of depression-like symptomatology in mice in the early postnatal period, but,
on the contrary, is characterized by antidepressant action.
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OLIEHKA OENPECCMBHOMNOAOBHOIO NMOBEAEHUSA Y MbILLEW MOCNE ®PAKLIMOHUPOBAHHOIO
FAMMA-OBJTYHEHUA

H.A. O6BuHLUEeBa™, H.W. AtamaHtok, N.A. LLlanowHnkosa, A.A. MNepeTbiknH, E.A. MpsixiH

YpanbCkui HayYHO-NPaKTUHECKMIA LIEHTP paauaLoHHOn MeguumnHbl efepanbHoro Meamnko-bnonornieckoro areHTcTea, YenabuHek, Poceus

BBepeHue. O6ny4eHne Mo3ra B 60/bLUMX J03aX MOHU3UPYIOLLErO U3/yHYeHUs SBASIETCS YCTaHOBNEHHbIM (hakTOPOM puUcKa pasBuTUS HOBOOOpa30oBaHMM
N KOFHUTUBHbIX HapyLueHnii. OfHaKko HepeLleHHOM NPo6IeMon OCTaeTCs BAMAHNE AUTENBHOrO 06/1yHeHMA B ManblX 403aX Ha FOMOBHOW MO3I U BbICLLYIO
HEPBHYIO AEATENBHOCTb, B TOM YMC/E Ha Pa3BUTME TPEBOXXHO-AENPECCHBHBIX PACCTPONCTB.

Lenb. V13y4nTb BAvsSiHWE hpakUMOHMPOBaHHOIo ramma-obnyyeHns B gosax 0,1 Mp, 1 Mp 1 5 [p B paHHWUIA NocTHaTaNbHbIA NEPUO Ha nokasaTtenn aenpec-
CUBHOMOZOBHOr0 COCTOAHMS Y Mbitert nuHun C57BI/6 B Bo3pacTe 1 1 6 mec.

MaTepuanbl 1 MmeToAbl. KVBOTHbIX 00JTy4ann B TeHEHNEe NePBOro MecsiLia >kn3Hn. Heobxoammble KymynsTusHble 1036l (0,1 [p, 1 Mp v 5 o) Gbinn nonyyeHsl
B pexvMe PpakLoHNPOBaHHOMO 06My4eHns (20 dpakumnii). Bblan cdhopmmpoBaHbl 2 KOHTPOMBbHbIE TPYMMbl: UHTAKTHbBIE >KUBOTHBIE U NIOXKHO 06/1yYeHHble
>KMBOTHbIE. [lenpeccrBHONOA0OHOE COCTOAHME OLIEHVBaM B TECTE «yAepXXaHna XBoCTa» B Bo3pacTte 1 1 6 mec.

PesynbTaTbl. Bo3pacTHble M3MEHEHNS MPOSIBASNMCH B CHYXXEHUM AeNPECCMBHOMOAOOHOMO NOBEAEHNS Y MbILLEN B BO3PACTe 6 MeC. MO CPaBHEHWIO C Mbl-
wamwn B BodpacTe 1 mec. CTpecc, BbI3BaHHbIM BbINOMHEHMEM MaHUMYSALMIA, CBA3aHHBIX C 0O/Ty4YEeHNEM, He OKa3blBasl CyLLECTBEHHOMO BAVSIHAS Ha MbILLEN
B Bo3pacTe 1 MecC., HO BbI3biBas Pa3BUTME BbIPAXKEHHOMO AENPECCMBHOMNOAOOHOIO COCTOSIHUA Y 9TUX XKE >KMBOTHbIX B BO3pacTe 6 mec. PagvaunoHHoe
BO3[EeVICTBME NPUBESIO K PAa3BUTMIO 3aBUCKMMOro OT L03bl aHTUAENPECCMBHOMOA0OHOMO adhdeKTa, KOTOPbIN Obl 6ONEe BbIPaXKEH Y XKMBOTHbIX B BO3pacTe
6 Mec. nocne gpakumoHMpoBaHHOro obny4eHnst B gosax 0,1 Ip v Bbile.

BbiBoAbl. PpaKkLIMOHMPOBAHHOE ramma-obnyYeHne B paHHWA MocTHaTabHbIN NEPUOA He MPUBOAUT K PasBUTUIO AENPECCUBHOMOAOOHON CUMITOMATUKM
Y MbILLEN, &, HaNPOTVB, XapaKTepuU3yeTCs aHTULAENPECCUBHBIM AENCTBMEM.

KntoyeBble crnoBa: VOHN3MPYIOLLEe U3NyYeHne; Manble 403bl; PPakLUMOoHMPOBaHHOe 0ByYeHE; MbILLW; AenPeCcCMBHONOA0OHOE COCTOSHME; TECT «yaep-
JKaHne XxBocTa»

Ans untupoBanus: O6suHUeBa H.A., AtamaHtok H./., LLianowHnkosa V.A., MepeTbiknH A.A., MpsxuH E.A. OueHka aenpeccnBHonogobHoro noBeaeHns y Mbil-
el nocne pakUMoHMPOBaHHOMO ramma-o6ny4eHns. MeaguLmHa akeTpemasibHbix cuTyaumi. 2024,26(3):30-39. https:/doi.org/10.47183/mes.2024-26-3-30-39
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INTRODUCTION

It is known that acute irradiation of the brain in high doses
leads to cognitive dysfunction, which is generally mani-
fested as a deficit of hippocampus-dependent functions
of learning and memory, and that these effects are cor-
related with the irradiation dose [1-3]. However, despite
the considerable body of information on the influence of
ionizing radiation on the human body, the formation of
mental disorders and the nature of mental disorders in
humans depending on the irradiation dose remains un-
der-researched.

In addition to changes in cognitive function, a number
of studies have also noted changes in emotional behav-
ior — in particular, the development of signs of anxiety and
depression. Thus, a high prevalence of cerebrovascular
diseases, organic psychiatric and depressive disorders,
cognitive impairment and dementia were noted among the
Chernobyl accident liquidators, which cases grew with in-
creasing radiation dose, some effects being registered at
doses from 50 mSv [4, 5]. An increased incidence of de-
pression and suicidal ideation has been reported among
adolescents exposed at an early age to radioactive fallout
from the Chernobyl accident [6]. A wide range of depres-
sive pathologies against a background of organic disorders
was revealed in persons irradiated in the radiation acci-
dents zone of the Southern Urals [7].

However, when analyzing data on radiation effects in
populations irradiated as a result of radiation incidents, it
should be considered whether the stress associated with
receiving information about possible radiation exposure re-
gardless of whether the background doses were actually
exceeded may be responsible for the increased incidence
of psychiatric disorders [8].

In order to exclude the effect of factors other than radia-
tion exposure, it is of interest to study the peculiarities of ra-
diation exposure on mental states in experimental animals.
Behavioral changes characterized by increased anxiety
have been detected in rodents under irradiation at doses
in the range of 0.25-1 Gy [9-11]. Dos Santos M et al. reg-
istered depressive-like symptoms in animals, which were
manifested in the increase of immobility time in the forced
swimming (Porsolt) test at brain irradiation in the dentate
gyrus region at doses from 0.25 Gy [10]. At the same time,
a group of authors Wang H, Ma Z, Shen H, et al. noted
depressive-like behavior in rats irradiated at the level of
5 Gy at an early age as manifested in the forced swimming
test and tail holding test, which remained the same within 4
months after irradiation [12].

Brain exposure to high doses of ionizing radiation is an
established risk factor for the development of neoplasms
and cognitive disorders [1]. However, the effect of long-
term low-dose irradiation on the central nervous system
(CNS) and higher nervous activity remains poorly under-
stood. Long-term exposure due to radiation incidents is
characteristic both of emergency professionals and the
general population living in the proximate zones. This type
of radiation exposure will be additionally characteristic for
astronauts during long space flights outside the Earth’s
magnetic field (flights to the Moon, Mars, etc.).
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It should be noted that the available data on the effects
of chronic or fractionated radiation and their impact on the
higher nervous activity of experimental animals, especially
in the aspect of long-term irradiation at low doses, are
contradictory [1, 3]. Most studies of the effects of ioniz-
ing radiation on mental functions were conducted using
a single acute exposure, while clinically and environmen-
tally significant effects on humans occur predominantly in
the mode of chronic or fractionated irradiation. Due to the
fact that sex differences in depression-related behavior
can be registered in humans and mice [13], studies to as-
sess the effect of fractionated irradiation on depression-
like behavior in mice should take gender specifics in the
implementation of radiation-induced behavioral changes
into account.

The present work set out to evaluate the effect of early
fractionated irradiation at cumulative doses of 0.1 Gy, 1 Gy
and 5 Gy on depression-like behavior in mice of different
sexes both immediately after irradiation and over longer
periods of time.

MATERIALS AND METHODS

Male and female mice of the C57BL/6 line (SPF-vivarium
nursery of Institute of Cytology and Genetics SB RAS,
Novosibirsk) were used in this work. The animals were kept
under standard vivarium conditions on a standard diet un-
der natural light.

The effect of prolonged radiation exposure in the early
postnatal period, which is characterized by the greatest
sensitivity of the brain to the action of ionizing radiation,
was evaluated at low (0.1 Gy), medium (1 Gy) and high
(5 Gy) doses. Starting from 0-3 days after birth and con-
tinuing for the first month of life, the animals were subjected
to fractionated total external gamma-irradiation 5 days a
week for 4 weeks (20 fractions in total).

All experimental animals were divided into groups ac-
cording to sex and the level of external gamma irradiation:

1. 5 Gy group — mice (40 males and 40 females) irradi-
ated at a cumulative dose of 5 Gy (20 fractions of 0.25 Gy
each);

2. 1 Gy group — mice (40 males and 40 females) irradi-
ated at a cumulative dose of 1 Gy (20 fractions of 0.05 Gy);

3. 0.1 Gy group — mice (40 males and 40 females)
irradiated at a cumulative dose of 0.1 Gy (20 fractions of
0.005 Gy);

4. 0 Gy group — false irradiation (O Gy) (40 males and
40 females). Animals in this group were treated with simi-
lar manipulations and in the same amount as in the “irra-
diation” groups, but without exposure to ionizing radiation.
Stress associated with manipulations included: early post-
natal stress in the form of short-term (3-5 min) depriva-
tion from the mother; stress associated with cell transfer,
sound, light simulation of irradiation at the IGUR-1M facility;

5. Biological control group (BC) — intact animals (40
males and 40 females).

Irradiation was carried out at the IGUR-1M experimen-
tal radiobiological unit with 137Cs-sources (CJSC “Kvant”,
Russia). The irradiation dose rate at single doses of
0.25 Gy and 0.05 Gy was 0.72 Gy/min; to obtain a single
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dose of 0.005 Gy, lead collimators were used to reduce
the dose rate to 0.015 Gy/min. Gamma field irregularity in
the working space was not more than 10%. For irradia-
tion, mice were placed inside the facility in home cages,
removing from them lactating females for the duration of
irradiation.

On the IGUR-1M unit, five cages with simultaneously ir-
radiated animals were vertically arranged on top of each
other. Each day, the position of cells in the row of five was
changed. The absorbed dose in each irradiation cycle
was monitored using a DKS5350/1 clinical dosimeter (UE
“Atomteh”, Republic of Belarus) fitted with a TM31010 cylin-
drical ionization chamber (PTW-Freiburg, Germany having
a volume of 0.125 cm?® in the mode of K(a) kerma meas-
urement in the air of X-ray and gamma radiation. For each
cage containing animals, the actual absorbed dose for 20
fractions of irradiation was individually calculated taking
into account the dosimeter readings and the calculated
value of dose uncertainty.

When calculating the actually received cumulative ab-
sorbed dose for animals of each experimental group as
based on the DKS5350/1 dosimeter readings in each ir-
radiation cycle and calculated values of standard uncer-
tainties of irradiation doses on the IGUR-1M unit, the fol-
lowing values were obtained for mice: for the 0.1 Gy
group — (0.11 + 0.01) Gy; for the 1 Gy group — (1.00 + 0.08)
Gy; for the 5 Gy group — (5.2 + 0.4) Gy [14].

At the age of 1 month, 10 individually labelled mice of
the same sex were placed in separate cages. Testing was
performed at the age of 35-37 days (one week after com-
pletion of irradiation and weaning) and again at the age of
6 months (5 months after completion of irradiation). In each
experimental group, 80 animals (40 males and 40 females)
were tested.

The depression-like state in mice was assessed via the
tail-holding test (analog of the Porsolt forced swimming
test), which represents the animal’s reaction to a short-
term unavoidable stress in the form of immobile suspension
(immobility). The test assessed the time, during which the
animal switches from active attempts to free itself from an
unpleasant position (suspension by the tail) to immobility,
which is interpreted as a manifestation of despair behavior
and reflects a depression-like state of rodents [15].

To perform the test, mice were suspended by their tails
with 15 cm long pieces of painter’s tape from a bar located
on two racks. Four animals were tested at a time, separat-
ing them from each other with cardboard partitions. Plastic
tubes 2/3 the length of the tail attached to the tail to prevent
the mouse from being able to climb up it. At least 30 cm
was left between the nose of the mouse and the table sur-
face. After suspension, the behavior of the mice was re-
corded by video (Sony a37 camera) for 6 min, after which
the animals were released [15]. The total time during which
the mice hung motionless without making active attempts
to free themselves (total immobility time); the number of
such immobile suspensions; the time until the firstimmobile
suspension; and the average time of one immobile suspen-
sion were recorded. The indicators were recorded using
the RealTimer program (“Open science” research and pro-
duction company LLC, Russia).

Data were analyzed in Microsoft Excel and using the
R programming language [16]; the results were expressed
as mean values and standard errors (M + SE). We evalu-
ated the conformity of the measured parameters in each
group to the normal distribution using the Kolmogorov-
Smirnov test of agreement with a statistical significance
level of 0.05. Since all analyzed indicators corresponded
to normal distribution, the experimental groups were com-
pared using Student’s t-criterion. A significance level of
0.05 was considered reliable. Multivariate variance analysis
was performed using a generalized linear model to assess
the linear dependence of the studied parameters on the
radiation dose, sex, and stress factor associated with ma-
nipulations during irradiation of animals (animals from the
biological control group were assumed not to experience
stress, while animals from the other groups, including the
0 Gy group, were exposed to stress).

RESULTS

In the BC group of mice at 1 month and 6 months of age,
all analyzed parameters in mice at 6 months of age had
no statistically significant differences between males with
the exception of mean time to one immobile suspen-
sion (f = 2.33, p = 0.02): time to first immobile suspen-
sion at 1 month of age — t = 1.03, p = 0.31; at age 6
months — t = 0.74, p = 0.46); total immobile time at age 1
month — t = 0.20; p = 0.84; at age 6 months — t = 1.41,
p =0.16; number of immobile suspensions in mice at age 1
month —t = 0.17, p = 0.86; at 6 months of age — t = 1.25,
p = 0.22; mean time per immobile suspension in mice at
1 month of age — t = 0.86, p = 0.39. In the experimen-
tal groups, there were generally no differences between
males and females. However, sex differences were ob-
served in animals in the false irradiation group (0 Gy) at
1 month of age: males had shorter time to first immobile
suspension (f = 213, p = 0.04), as well as a longer to-
tal immobile time (¢ = 2.5, p = 0.01) and mean time to
one immobile suspension (f = 2.3, p = 0.02) compared
to females. Among the exposed animals, only one group
(1 month, 1 Gy) showed differences between females
and males in terms of time to first immobile suspension
(t = 2.6, p = 0.01), which was shorter in males. Further,
the test results in each experimental group were analyzed
without sex separation (Table 1).

Significant behavioral differences in mice aged 1 and 6
months in the BC group were observed. Thus, the time to
the first immobile suspension in mice aged 1 month was
39 + 3 s, while in the same mice at attainment of the age
of 6 months, the value of this index was 2.7 times great-
er (t = 11.3, p < 0.001). Total immobility time decreased
2-fold with age (t = 15.7, p < 0.001); the number of im-
mobile suspensions decreased from 10.8 = 0.3 times to
7.5 + 0.3 times (t = 7.8, p < 0.001). The mean time per
immobile suspension also decreased from 23.0 + 1.2 sec-
onds to 15 + 1.1 seconds (t = 4.9, p < 0.001).

In the false irradiation group (O Gy), stress caused by
manipulations related to irradiation (cell transfer, removal
of infant mice from their mothers for up to 5 min, sim-
ulation of irradiation at the IGUR-1M facility) in mice at
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the age of 1 month led to a change in only one indi-
cator — a decrease in the total immobility time by 8%
(t=2.2; p = 0.03) (Table 1). However, such stress led to
pronounced changes in 3 out of 4 analyzed parameters
(time to the first immobile suspension, total immobility
time, number of immobile suspension) when these mice
reached the age of 6 months. Thus, in the O Gy group
mice as compared to the BC group, the time to first stat-
ic suspension decreased by 16% (t = 2.2, p = 0.03), total
immobility time increased by 75% (t = 6.4, p < 0.001),
and the number of static suspensions increased by 71%
(t =6.2, p <0.001). These behavioral changes in mice in
the O Gy group can be interpreted as a manifestation of a
depression-like state. Due to the revealed differences in
the BC and 0 Gy groups, the analyzed parameters of the
irradiated mice were compared with those of the 0 Gy
group of the corresponding age.

In mice at the age of 1 month, no statistically signifi-
cant differences were found between the 0.1 Gy and 1 Gy
groups, or with the 0 Gy group, for all the parameters stud-
ied (time to the first immobile suspension, total immobil-
ity time, number of immobile suspensions, average time of
one immobile suspension). In animals irradiated at a dose
of 5 Gy, a lengthening of the time to the first immobile sus-
pension (t = 2.6, p = 0.01), as well as a reduction in total
immobility time (t = 4.1, p < 0.001) and mean time per im-
mobile suspension (t = 4.0, p < 0.001) were observed. Such
changes can be interpreted as a manifestation of antide-
pressant-like effect of fractionated irradiation at a total dose
of 5.2 Gy.

ORIGINAL ARTICLE | RADIOBIOLOGY

In mice at the age of 6 months, a statistically sig-
nificant decrease in the total time of static suspension
and the number of static suspensions was detected in
all dose groups (Table 2). There was also a statistically
significant increase in the time to the first immobile sus-
pension in the 5 Gy group (t = 2.6, p = 0.01) and a de-
crease in the mean time of one immobile suspension in
the 1 Gy group (t = 2.9, p = 0.005). Such changes can be
interpreted as manifesting an antidepressant-like effect 5
months after exposure to irradiation at doses of 0.1 Gy
and higher.

An important stage in researching the causal relation-
ships between the analyzed factor and its effects is the as-
sessment of dose-effect relationship. The revealed chang-
es depended on the level of radiation exposure. Regression
analysis showed that the dose of radiation exposure has a
statistically significant effect on the time to the first immo-
bile suspension at the age of 1 month (R? = 0.03; F = 12.5;
p < 0.001) and at the age of 6 months (R? = 0.02; F = 8.5;
p = 0.004) (Fig. 1).

At the same time, the slope coefficients in the equa-
tions of dependence of time to the first immobile suspen-
sion in mice of different ages did not differ (t = 0.2, p = 0.8),
indicating that the effect of fractionated irradiation on the
indicator of time to the first immobile suspension did not
differ in the same animals at the age of 1 and 6 months.
Nevertheless, pronounced age changes are registered in
the form of increased time to the first immobile suspen-
sion in mice at the age of 6 months compared to one-
month-old animals.

Table 1. Tail suspension test results in 1 month old mice in different experimental groups

Group Gender Time to the fi_rst immobile Tota_l immobility Number _of immobile Average tin']e of one immobile
suspension, sec time, sec suspensions (M+SE) suspension (M+SE), sec
3 42 +5 2307 109+ 05 24 21
BC 9 36+3 228 +7 10.8 £0.3 22+1.0
3+9 39+3 229+5 10.8 £ 0.3 23.0+£1.2
3 28+ 4 226+ 8 11+05 23.2+1.8
0 Gy 9 51 +10 *194 £ 10 10.6 +0.4 *18.3 = 1.1
+Q 39+5 2117 10.8 £ 0.3 209 + 1.1
3 144 +3 222 +7 109+ 05 217+£13
0.1 Gy 0 *50+ 4 1222 +5 109+ 04 122.3+1.0
3+9Q 47 +3 226+ 5 10.9+0.3 22+0.8
3 41 4 212+ 8 11104 20.6 £1.2
1Gy o) *54 + 3 1230+ 6 11.4+04 20.7 £1.0
3+Q 47 £2.5 217 +5 11.2+0.3 20.6 + 0.8
3 149 + 4 *t181 9 11.4+0.5 *116.8 + 1.1
5 Gy 0 64 +8 *1163 + 9 1.4+ 0.6 *t14.7 £ 1.0
3+9Q *t56 + 5 172 £ 7 11.4+04 *115.7 £ 0.8

Table prepared by the authors using their own data

Note: ¢ — males; ¢ — females; * — statistically significant differences from the index in the biological control group, p<0.05; T — statistically significant differences
from the index in the 0 Gy group, p<0.05.
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Table 2. Tail suspension test results of 6-month-old mice in different experimental groups

Groups Gender Time to the fi.rst immobile Total immobility time, Number of irpmobile Average time of one immobile
suspension, sec sec suspensions suspension, sec

3 101 +9 197 +8 $7.9+0.5 125 +1.0

BC 9 3109+ 6 1149 171 +04 317.5+1.9
3+9 3105+ 5 3106 + 6 37.5+03 $15.0 + 1.1

53 88+8 *168 + 17 *11.7+£1.0 145+ 1.0

0 Gy 9 87 +8 *204 + 13 *13.9+ 1.1 16.7 £ 1.2
3+9Q *88 + 6 *186 + 11 *12.8 +0.8 15.6 +0.8

53 82+8 *133+9 *9.7+0.5 13.4+0.9

0.1 Gy 9 95+5 1135+ 8 *18.7 £ 0.4 16.2 +1.2
3+9 *88+5 *1134 + 6 *19.2+0.3 14.8 +0.8

3 96 +9 1106 + 8 18.9+0.5 121 +£0.9

1 Gy 9 99+8 195+ 9 17.7+0.4 *112.5 + 1.3

3+9 98 + 6 1101 + 6 18.3+0.3 *112.3 £ 0.8

3 113+ 10 1104 + 10 17.2+0.6 149+ 1.6

5 Gy 9 F111+£9 1103 + 9 179+ 0.5 *12.9 £ 1.1
3+9 Tf112+7 1104 +7 176 +0.4 13.9+1.0

Table prepared by the authors using their own data

Note: ¢ — males; ¢ — females; * — statistically significant differences from the index in the biological control group, p<0.05; T — statistically significant differences
from the index in the 0 Gy group, p < 0.05; £ — statistically significant differences in the BC groups in mice aged 1 and 6 months, p < 0.05.

Total immobility time was dose-dependent at both
1 month of age (R? = 0.14; F = 66.6; p << 0.001) and 6
months of age (R? = 0.13; F = 49.8; p < 0.001) (Figure 2).

Despite the dependence of this index on radiation
dose being satisfactorily described by linear functions with
close slope angles, this dependence for mice at the age
of 6 months (Fig. 2) has a nonlinear character and is bet-
ter described by a logarithmic function (R? = 0.19; F = 75.6;
p < 0.001), suggesting an age-related change in the reac-
tion of animals to radiation exposure: in mice at the age
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Fig. 1. Dependence of the time to the first immobile suspension on the dose of
gamma irradiation in mice aged 1 and 6 months

of 6 months, a decrease in the severity of depressive-like
behavior is registered starting from the radiation exposure
level of 0.1 Gy, whereas in mice aged 1 month, a statisti-
cally significant radiation-induced decrease in depressive-
like state is observed only at an irradiation dose of 5 Gy.
The number of immobile suspensions in animals at
1 month of age did not statistically significantly change with
increasing radiation dose, whereas in the same mice at
6 months of age, a highly reliable dependence on the level
of radiation exposure was observed, which was also best
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Fig. 2. Dependence of total immobility time on the dose of gamma irradiation
in mice aged 1 and 6 months
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Fig. 3. Dependence of the number of immobile suspensions on the dose of
gamma irradiation in mice aged 1 and 6 months

described by a logarithmic function (R? = 0.18; F = 67.1;
p < 0.001) (Fig. 3).

The indicator “number of immobile suspensions clearly
shows that irradiated animals react differently to short-term
unavoidable stress (suspension by the tail) five months after
fractionated irradiation in comparison with the non-irradi-
ated control group: in irradiated one-month-old animals,
there were no differences from mice from the false irradia-
tion group, while, in the same mice at the age of 6 months,
there was registered a dose-dependent decrease of this
indicator starting from the level of 0.1 Gy.

Analysis of the average duration of one immobile sus-
pension also revealed age-related changes in the response
to short-term unavoidable stress in mice aged 1 and 6
months: in one-month-old animals, a linear dependence of
this index on the radiation dose was revealed (R? = 0.09;
F =40.5; p < 0.001), while in mice aged 6 months, the aver-
age duration of one immobile suspension did not depend
on the level of radiation exposure (Fig. 4).

The peculiarities of the long-term experiment to as-
sess the effect of fractionated gamma irradiation on
physiological processes associated with the develop-
ment of a depression-like state are the inevitable influ-
ence of such factors as age, sex, stress associated with
manipulations during irradiation of animals. While the
separate effects of these factors are as given above, in
order to obtain a holistic picture of the relationship be-
tween these factors, it is necessary to conduct a multi-
variate analysis. The multivariate variance analysis using
the generalized linear model showed that the time to the
first immobile suspension was statistically significantly
influenced by such factors as sex, age, irradiation dose,
while the stress factor had a statistically significant effect
only on mice aged 6 months. It was found that the “time
to the first immobile suspension” in females was 8 + 3 s
longer than in males (Table 3).

While stress had no statistically significant effect on the
time to the first immobile suspension in mice at the age of
1 month, the value of this index significantly decreased in
the same animals at 6 months. Radiation exposure had a
statistically significant effect on the time to the first static
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Fig. 4. Dependence of the average time of one immobile suspension on the
gamma irradiation dose in mice aged 1 and 6 months

suspension; the value of this index increased by 3 + 0.8 s
with increasing dose by 1 Gy.

According to multivariate variance analysis, the total im-
mobility time depended on age, stress, and radiation dose
and was independent of the sex of the mice. The stress
factor calculated for animals from the O Gy, 0.1 Gy, 1 Gy,
and 5 Gy groups caused an average increase of 40 + 8 s,
with the value of this parameter being lower by an average
of 49 + 11 s in mice aged 1 month. Radiation exposure
had a statistically significant effect on total immobility time,
which decreased by 9.4 + 1.1 s with increasing dose of
1 Gy (Table 3).

The number of immobile suspensions statistically sig-
nificantly depended on age, stress, irradiation dose, but did
not depend on the sex of animals. Mice aged 6 months
showed a decrease in the number of immobile suspen-
sions compared to one-month-old mice. Stress, on av-
erage, resulted in an increase in the number of immobile
suspensions by 2.9 + 0.5 in groups exposed to procedures
involving irradiated mice. Moreover, stress had an effect on
animals at 6 months of age and no effect at 1 month of
age. In multivariate variance analysis, such age differences
in stress response were expressed as an increase in the
coefficient for the stress factor and an equal magnitude de-
crease in the coefficient for the stress*age factor for mice
at 1 month of age, where the stress factor had no effect
on the number of immobile suspensions. As the dose in-
creased by 1 Gy, the number of immobile suspensions de-
creased on average by 0.6 + 0.1. Such changes were de-
termined mainly by the responses of mice aged 6 months,
in which the regression analysis revealed a highly signifi-
cant dependence of the analyzed index on the irradiation
dose (Fig. 3). In mice at the age of 1 month, the number of
fixed suspensions according to the regression analysis did
not depend on the dose. Such age-related peculiarities are
expressed in the decrease of the coefficient for the factor
“Irradiation dose” by 0.6 = 0.1 and compensatory increase
of the coefficient for the factor “Age*dose” in mice aged 1
month (Table 2).

The mean time of one static suspension, which sta-
tistically significantly depended on age and exposure
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Table 3. Results of assessing the influence of various factors on the indices in the tail-suspension test using multivariate variance analysis in a general linear

model
Factors F F Coefficients
Time to first suspension, sec (R? = 0.28)
Gender of animals 6.44 0.011 male: 8 + 3 female: 0
Age of animals 222.23 < 0.001 1 month: 0 6 months: 49 + 3
Stress 1.96 0.16 stress—: 0 stress+: 0
Radiation dose 19.85 < 0.001 D-(3+0.8)
Stress*Age 4.59 0.032 stress—, 1 month: 0 stress—, 6 months: 0
stress+, 1 month: 0 stress+, 6 months: -16 + 8
Total suspension time, sec (R? = 0.356)
Gender of animals 0.027 0.87 male: 0 female: 0
Age of animals 320.9 <0.001 1 month: 0 6 months: -75 + 5
Stress 7.57 0.006 stress—: 0 stress+: 40+ 8
Radiation dose 73.42 < 0.001 D-(-9.4+£1.1)
Stress*age 19.17 < 0.001 stress—, 1 month: 0 stress—, 6 months: 0
stress+, 1 month: -49 + 11 stress+, 6 months: 0
Number of suspensions (R? = 0.126)
Gender of animals 0.004 0.95 male: 0 female: 0
Age of animals 30.04 <0.001 1 month: 0 6 months: -0.5 + 0.04
Stress 18.78 < 0.001 stress—: 0 stress+:2.9 + 0.5
Radiation dose 15.2 < 0.001 D-(-0.6+0.1)
Stress*age 15.79 < 0.001 stress—, 1 month: 0 stress—, 6 months: 0
stress+, 1 month: 0 stress+, 6 months: -2.8 + 0.7
Age*dose 28.17 < 0.001 1 months: D - (-0.5 + 0.04) 6 months: D0
Average time of one suspension, sec (R? = 0.126)
Gender of animals 0.002 0.97 male: 0 female: 0
Age of animals 114.97 < 0.001 1 month: 0 6 months: -5.7 + 0.9
Stress 1.67 0.2 stress—: 0 stress+: 0
Radiation dose 19.42 < 0.001 D - (-0.14 £ 0.021)
Gender*age 8.57 0.004 male, 1 month: 3.3 + 1.1 female, 1 month: 0
male, 6 months: 0 female, 6 months: 0
Age*dose 13.33 < 0.001 1 month: D (-1.0 + 0.27) 6 months: D - 0
Table prepared by the authors using their own data
Note: “stress-" — absence of a stress factor associated with animal irradiation (group BK); “stress+” — presence of a stress factor associated with animal irradiation

(groups 0 Gy, 0.1 Gy, 1 Gy, 5 Gy)

dose, was independent of sex and stress. In animals
aged 6 months, the mean time of one static suspen-
sion was 5.7 + 0.9 s shorter than in animals aged 1
month. Upon irradiation, this index decreased with in-
creasing dose of 1 Gy by an average of 0.14 + 0.021 s.
It should also be noted that a combination of the factors
“Sex*age” and “Age*dose” had a statistically significant
effect on the value of the average time of one static
suspension. In males at the age of 1 month, the time
of one static suspension was 3.3 + 1.1 seconds longer
than in the same males at the age of 6 months and
females at the age of 1 and 6 months. The influence of
modifying effect of age was manifested in the absence
of statistically significant dependence of this index on
the irradiation dose at the age of 6 months, although at
the age of 1 month the mean time of one static suspen-
sion decreased with dose by 1.0 = 0.27 s with increas-
ing dose by 1 Gy (Table 3).

DISCUSSION

The study revealed that fractionated irradiation at an early
age led to a dose-dependent reduction of depression-
like behavior in mice in the tail retention test, maximally
expressed at a total dose of 5.2 Gy. This is indicated by
changes in all the parameters recorded in this test: the total
time of immobility, interpreted as despair behavior, is re-
duced; animals make longer attempts to free themselves
from an unpleasant position before suspension motionless
for the first time; the number of such acts of immobile sus-
pension and the average duration of one immobile suspen-
sion are reduced.

In animals at the age of 6 months, less pronounced
signs of depression-like behavior were observed than at
the earlier age: thus, in the biological control group, the
total immobility time decreased more than 2-fold with age,
while 2.5-fold longer mice tried to actively free themselves
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before motionless suspension for the first time. At the
same time, the previously revealed effects of irradiation
were fully preserved: the signs of depression-like behavior
of irradiated animals decreased with increasing dose of
irradiation.

This effect of irradiation was rather unexpected: the de-
velopment of depression-like behavior in rodents has been
described in the literature at acute irradiation at compa-
rable doses. Thus, when rats at the age of 3 days were
irradiated at a dose of 5 Gy, an increase in immobility time
in the tail retention test and the Porsolt forced swimming
test was observed after 120 days without any change in
their general motor activity [12]. In this study, the authors
also revealed hypoplasia of the granular layer of the dentate
gyrus of the hippocampus, impaired division of neuronal
stem cells, and changes in the process of their migration
and maturation, which may represent the physiological ba-
sis of the behavioral changes [12].

An important role of neurogenetic changes in the den-
tate gyrus of the hippocampus in the development of pos-
tradiation depression was also revealed when studying the
effects of targeted irradiation of the dentate gyrus com-
pared to total brain irradiation in mice at the age of 10 days
[10]. Here, 3 months after irradiation, an increase in anxiety
was detected in the elevated cruciform maze at acute ir-
radiation at doses of 0.25 Gy, along with an increase in
anxiety detected in the test of glass bead burying at acute
irradiation at doses of 0.5 Gy and an increase in manifesta-
tions of depressive behavior in the forced swimming test at
acute irradiation at doses of 0.25 Gy. All effects were more
pronounced at targeted irradiation of the ventral part of the
dentate gyrus.

At fractionated X-ray irradiation in cumulative doses of
0.4 and 0.5 Gy (single dose of 0.1 Gy), more anxious be-
havior in the open-field test was observed in mice [17]. In
long-term modeling of chronic neutron-photon irradiation,
an increase in anxiety in the open-field test was revealed in
mice at a cumulative dose of 0.4 Gy over 600 days of irradi-
ation [18]. However, a decrease in the severity of the effects
with dose fractionation was also shown compared to acute
irradiation: while acute irradiation at a dose of 5 Gy resulted
in inhibition of neurogenesis in the dentate gyrus, as well as
learning and memory deficits in the test for contextual fear
conditioning and memory deficits in the test for recognition
of new objects, when this dose was divided into 10 daily
fractions, no such behavioral changes were observed, and
the inhibition of neurogenesis was insignificant [19].

In our studies, fractionated gamma-irradiation during
the first month of life at a cumulative dose of 5.2 Gy led not
only to a decrease in depression-like behavior, but also, as
previously reported, to the formation of the least anxious
phenotype: anxiety indices in the elevated cross-shaped
maze and the glass bead burial test decreased in animals
irradiated at this dose [20]. An increase in anxiety and
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neophobic behavior was observed at a cumulative dose of
0.1 Gy [20], which, however, was not accompanied by an
increase in the manifestations of depression.

It is important to note the revealed influence of early-life
stress on the development of signs of depression over long
periods following the end of stress exposure. The stress
factor in this study is manipulation in the process of irradia-
tion or its imitation over the course of the first month of the
animals’ life. Thus, while at the age of 1 month the indices
of depression-like behavior of mice in the O Gy false irra-
diation group were close to those of intact animals of the
biological control group, at the age of 6 months significant
differences were observed indicating the development of
depression-like behavior in mice of the false irradiation
group. These results are quite consistent with both the re-
sults of modeling stress at an early age in mice [21] and
clinical data on the increased risk of developing anxiety and
depressive psychopathologies in people who have suffered
mental traumas in childhood [22, 23].

However, according to the obtained data, the indices of
depression-like behavior in animals exposed to both stress
factor and fractionated irradiation decreased in a dose-de-
pendent manner up to the biological control values at an
irradiation dose of 5.2 Gy. Similar results were obtained in a
study of diazepam-induced depression in rats, where X-ray
irradiation at a dose of 3 Gy divided into 6 fractions led to a
decrease in depressive symptomatology and normalization
of neurotransmitter levels [24].

A number of studies have also revealed weak neuropro-
tective effects of a single irradiation at doses up to 0.1 Gy,
such as a decrease in signs of proinflammatory activa-
tion of microglia, an increase in the density of neurons in
the dentate gyrus of the hippocampus, and an increase
in the functional activity of mitochondria [1, 25, 26]. Such
changes in the hippocampal dentate gyrus may underlie
the described antidepressant symptomatology of irradiated
animals.

CONCLUSIONS

1. A dose-dependent change in depressive-like behavior
in mice under fractionated irradiation in the first month of
life (the period of active brain maturation) was revealed; with
increasing total dose from 0.1 Gy to 5 Gy, indices of de-
pressive behavior decreased. This pattern is shown both
in the early period immediately following the completion of
irradiation (at the age of 1 month) and over longer periods
of time (at the age of 6 months).

2. Stress suffered in early age led to the development
of depression-like behavior in adult unexposed mice; how-
ever, under simultaneous exposure to stress and fraction-
ated irradiation in doses of 1-5 Gy, the indices of depres-
sion-like behavior of mice at the age of 6 months did not
differ from intact animals.
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MOLECULAR AND GENETIC CHARACTERISTICS FROM PHYLOGENETIC ANALYSIS OF RUSSIAN AND
FOREIGN VARIANTS OF MEASLES VIRUS 2020-2024
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Introduction. Over the past two years, there has been an increase in measles morbidity in Russia and other countries. In order to assess the heterogeneity of
clinically significant strains of Measles morbillivirus to reveal the sources of infection and transmission routes strains, a molecular genetic study thus becomes
an urgent task. In this paper, a genetic identification of clinical strains of measles virus detected in 2023-2024 is compared with global variants as well as
Russian strains detected in previous years.

Materials and methods. Forty measles virus genome sequences isolated from nasopharyngeal swab samples obtained in Moscow and Novosibirsk in
2023-2024 were included in the study. The data were then compared with strains collected in Russia in May 2023 and deposited at the Central Research
Institute of Epidemiology, as well as strains collected in 2020 and 2021 in Moscow.

Results. The nucleotide sequences of studied Measles morbillivirus strains were categorized into different phylogenetic groups within genotype D8. For
samples of genotype B3 collected in 2020 and 2023, a comparative analysis was performed to identify the region of origin. Phylogenetic analysis of Russian
and foreign variants of measles virus suggests that strains currently circulating in Russia may be a variety of strains that had previously circulated in other
countries and independently spread to Russia in 2023. After analyzing the most frequent nucleotide substitutions in various measles virus genes, the most
variable genes were identified to provide a basis for the extension of phylogenetic analysis.

Conclusions. The proposed approach to molecular genetic testing of complete and partial genome sequences of clinical isolate of measles virus detected in
2023-2024 in Moscow and Novosibirsk made it possible to identify strain subgroups that differ in origin. The comparison of the Measles morbillivirus strains
sequenced in the present research with global sequences allowed us to detect similar sequences identified both in 2023 and in previous years in various
countries of the world. The analysis of epidemiologically significant strains of Measles morbillivirus shows that N gene can be used to reliably determine the
main genotype; however, this approach is not sufficient for studying the transmission pathways of the virus.
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MOJEKYNAPHO-FrEHETUYECKASA XAPAKTEPUCTUKA U ®UTOMEHETUMECKUA AHANN3
POCCUNCKUX U SAPYBEXXHbIX BAPUAHTOB BUPYCA KOPU 2020-2024 rr.

E.H. YepHsiera', K.B. Moposos', A.[l. Maugaii', M.C. TycbkoBa', A.FO. Hekpacos', /.. CteueHko', A.O. Hocoga', O.I. Kypckas?,
AM. LecTonanos?, A, LLunynuH'

"LIeHTp cTpaTernieckoro nnaHMpoBaHUs 1 ynpaBneHns Meamnko-buonornieckumm puckamm 30poBbio defepanbHoro Meamnko-b1onornieckoro areHTCTea,
Mocksa, Poccua

2®epepasbHbIfi UICCNeaoBaTENbCKUI LIEHTP (hyHAAMEHTaNbHOW 1 TPaHCASUMOHHON MeamumHbl, HoBocnbupck, Poccus

BBepaeHune. MonekynsapHo-reHeTu4eckoe nccnefosaHme wrammoB Measles morbillivirus, No3BoNsAOLLEE OLIEHMBATL METEPOreHHOCTb KIIMHNYECKM 3HAYM-
MbIX LUTAMMOB, ONPEAENATb NCTOYHVKI 3apakeHns U NyTu nepeaaqn MHAPEKLMW, B HACTOSLLEE BPEMS ABNSETCS akTyanbHON 3aaadein. B nocnegHune asa
roga HabmogaeTca pocT 3aboeBaeMoCTN KOpbto B Poccun 1 apyrnx cTpaHax. B gaHHom pabote Mbl faeM reHETUHECKYIO XapakTEPUCTUKY KIMHUHECKNX
LITAMMOB BMpYCa KOpW, BbiSiBNEHHbIX B 2023-2024 rT., 1 cpaBHMBaEM 1X C rnobasibHbIMN BapraHTamu, a TakxKe C POCCUNCKMI LUTaMMaMU, BbISIBNIEHHbIMM
B NpedplayLumne robl.

Lenb. MonekynapHo-reHeTu4eckas xapakTepucTika LUTaMMOB BUPYCa KOPW, BbIBIEHHbIX B POccun B mepnof NoBbILLEHHOM 3abonesaemoctn B 2023—
2024 rT. B ABYX KPYNHbIX ropoaax — Mockee 1 HoBocrbupcke, 1 nx ganbHenwmin hunoreHeTu4eckmin aHanma.

Martepuansl u meToabl. B nccnenosaruve BktodeHbl 40 nonydeHHbix B MockBe 1 HoBocrbupceke B 2023-2024 rr. nocnefoBaTtenbHOCTeN reHoma Bupyca
KOPW, BbIAENEHHOMO 13 06Pa3LOB Ha30MapuHreanbHOro Maska. [laHHble cpaBHMBanM Co LWTaMMamu, CobpanHbiMn B Poccumn B Mae 2023 r., AeNOHMPOBaH-
Hbimy LIHV annpemunonorum PocnoTpebHaasopa, 1 wtamMamm, cobparHbivm B 2020 n 2021 rr. B Mockse.

PesynbTaTbl. [13y4erHble HykneoTuaHble nocnefosatensHocT Measles morbillivirus pasfnenenbl Ha pasHble hrnoreHeTn4eckre rpynnbl B Npeaenax reHo-
Trna D8. [ns o6pasLos reHotuna B3, cobpanHbix B 2020 1 2023 rr., NpoBeAeH CPaBHUTENbHbIN aHaN3 C LIeSblo ONPEeAENeHNs PErMoHa MPOVCXOXAEHNS.
PUNoreHeTUHECKNIN aHann3 POCCUNCKINX 1 3apyBexxHbIX BapraHTOB BUPYCa KOPY NO3BOSISET MNPEANONOXMTb, YTO LWUTaMMbl, LMPKYVPYIOLLIME B HACTOSILLEe
Bpems B Poccun, MOryT 6biTb Pa3HOBMAHOCTHIO LLTAMMOB, paHee LMPKYANPOBaBLUMX B APYrVX CTPaHaX 1 HE3aBUCKMMO pacnpocTpaHmBLIMXCs B Poccum
B 2023 1. MNpoBefeH aHann3 Hanbosnee YacTbiX HYKNEOTUAHbIX 3aMeH B pasnnyHbIX reHax Bupyca kopu. OnpepeneHbl Hanbonee BaprabenbHble reHbl, Ha 0C-
HOBE KOTOPbIX MOXKHO PaCLUMPUTL (OUOFEHETUHECKMI aHaNN3.

© E.N. Chernyaeva, K.V. Morozov, A.D. Matsvay, M.S. Guskova, A.Y. Nekrasov, |.F. Stetsenko, A.O. Nosova,
O.G. Kurskaya, A.M. Shestopalov, G.A. Shipulin, 2024
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BbiBoAbl. [1peanoxeHHbIn Noaxon K MONeKyNAapHO-reHETUHECKOMY MCCeA0BaHNIO NOMHbIX Y HYaCTUYHbIX MOCIEA0BaTENbHOCTEN FEHOMOB KIIMHUYECKIX
LITaMMOB BUpYyca Kopw, 0bHapy>keHHbIx B 2023-2024 rr. B MockBe 1 HoBocnbupcke, fan BOSMOXHOCTb BblAENUTb NOArPYMMbl, OTAUYatOLLMECS NO Npouc-
xoxaeHuo. CpaBHeHNe CEKBEHMPOBaHHbLIX Hamu LUTaMMoB Measles morbillivirus ¢ rnobansbHbIMU NocnefoBaTeNlbHOCTAMN MO3BOMNI0 06HAPYXUTL On3KMe
nocnenoBaTenlbHOCTY, BbisiBNEHHbIE Kak B 2023 I, Tak 1 B NpedblayLLne rodbl Ha TEPPUTOPUN pasdnnyHbIX CTpaH Mupa. 13 aHanmsa anuaeMmnyeckn aHaqm-
MbIx LWTammoB Measles morbillivirus cnepyeT, 4To ncnons3osanve reHa N No3BONSET C BbICOKOW JOCTOBEPHOCTBLIO ONPEAEN AT OCHOBHOWM MrEHOTWM, OAHAKO
He 9BAeTCA AOCTaTO4HbIM A5 U3YHeHUs NyTen nepeaaqu Bupyca.

KniouyeBble cnosa: KOPb; BUPYC KOpW; MOJ'IGKyJ'IFIpHO—I'eHeTVNeCKI/IVI aHanums; (pr/IJ'IOI'eHeTI/IHeCKI/IVI aHanuna; NoJIHOreHoMHoe CeKBEHNPOBaHe

Ans untupoBaHus: YepHsiesa E.H., Moposos K.B., Maugain A.., l'ycbkoBa M.C., Hekpacos A.fO., CteueHko V.®., Hocosa A.O., Kypckasa O.I., LLlectona-
nos AM., LLnnynuH I A. MonekynsipHoO-reHeTu4ecKast xapakTepucTka U (hunoreHeTUHeCKmin aHanma POCCUNCKINX 1 3apybexkHbIX BapuaHTOB BUpyca KOpn
2020-2024 rr. MeguumHa skcTpemabHbix cutyarmi. 2024;26(3):40-50. hitps:/doi.org/10.47183/mes.2024-26-3-40-50

®duHaHcupoBaHue: PaboTa BbiNnofHeHa B paMkax rocyfapcTtBeHHoro 3agaHns PMBA Poccumn Ne 388-03-2024-155.

CooTBeTCTBUE NPUHLMMNAM 3TUKI: VCCNefoBaHNe 0f00PEHO NoKasnbHbIM ATUHECKM KoMUTETOM DeaepanbHOro rocyfapCTBEHHOrO BI0AKETHOrO HayYHO-
ro yupexaeHus «defepanbHbli UCCNeaoBaTeNbCKUN LEHTP PyHAAMEHTANBHON U TPAHCAALMOHHON MeauLmHbl» (MpoTokon Ne 7/1 oT 16 mapTta 2023 r.). Bce
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INTRODUCTION

Measles is a highly infectious acute disease caused by an
RNA virus belonging to the genus Morbillivirus in the family
Paramyxoviridae. Despite the existence of a safe and effec-
tive vaccine, measles remains one of the leading causes of
child mortality worldwide.

According to WHO, in 2022, after years of declining
measles vaccination coverage, the number of measles
cases increased by 18%, while the number of deaths due
to measles infection increased by 43% (compared to data
for 2021, when the number of deaths was 128,000) [1]. The
incidence of measles in Russia in previous years ranged
from 100 cases in 2010 to 4,500 cases in 2019, which were
distributed in more than 60 regions of the country. Only
one case was registered in 2021 and 100 cases in 2022
[2]. During the SARS-CoV-2 pandemic, more than 61 mil-
lion doses of measles vaccine were delayed or missed in a
number of countries around the world, including as part of
routine childhood vaccination. For this reason, an increase
in the vulnerable proportion of the population, and conse-
quently the risk of localized measles outbreaks was only to
be expected [3, 4].

In early 2023, measles outbreaks were detected in
almost all regions of the world. By the end of November
2023, more than 42,200 cases of measles virus infection
had been reported in the European Union, five of which
were fatal [5, 6]. According to Russian Federal Service for
Surveillance on Consumer Rights Protection and Human
Wellbeing (Rospotrebnadzor), more than 13,000 people
(8.9 per 100,000 population) contracted measles in 44
regions of Russia in 2023. Most cases (67.9%) of the to-
tal number of registered cases were detected in children
aged 0 to 17 years inclusive, two of which were fatal. In
2023, 2,244 cases of measles (17.18 per 100,000 popu-
lation) were registered in Moscow; in the same year, 266
cases of measles (9.5 per 100,000 population) were reg-
istered in Novosibirsk [7]. The head of the Russian Federal
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Service for Surveillance on Consumer Rights Protection
and Human Wellbeing (Rospotrebnadzor) noted that, since
all outbreaks were local and quickly controlled, no global
restrictive measures were required. [8].

In addition to local outbreaks, migrant and refugee
flows can pose a great threat to Russia. According to
the UN, as of July 2022, about 1.8 million Ukrainian refu-
gees had arrived in Russia [9]. According to WHO, in the
European region Ukraine had the worst situation in terms of
detected measles cases in recent years (more than 57,000
cases were reported in 2019) [10]. In 2023, large measles
outbreaks also occurred in Russia’s neighboring coun-
tries with which there is reduced migration control, such
as Azerbaijan, Kazakhstan, Uzbekistan, Tajikistan and
Armenia. Some of these countries had also experienced
measles outbreaks in previous years, such as Uzbekistan
in 2019 [11]. Since this situation may lead to a significantly
increased incidence of measles in Russia in the near fu-
ture, is crucial to monitor the spread of different strains of
measles virus and conduct timely phylogenetic analysis to
determine the origin of each specific strain.

In order to trace and determine the origin of a measles
virus strain, genotyping by sequencing is most commonly
carried out on the nucleoprotein gene, which is considered
to be the most variable. The sequencing of 450 nucleo-
tides encoding 150 amino acids of the C-terminal domain
of the nucleoprotein (N450) is the most common approach
for genotyping measles virus strains. Over 11,000 nucleo-
tide sequence records for this domain have been upload-
ed to the MeaNS2 database from 2019-2022 alone [12].
However, the N450 sequence is often insufficient to sepa-
rate endemic strain lineages circulating in neighboring re-
gions of the country. The resolution of measles molecular
epidemiologic analysis can be improved by using a larger
measles virus genome fragment for nucleotide sequence
analysis. Although full-genome sequencing may be most
effective in this case, this method has the significant dis-
advantage of high cost. The feasibility of extended genome
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fragment sequencing should be evaluated in comparison
with full-genome sequencing data.

In this work, we aim to carry out a molecular genetic
testing of measles virus strains detected in Russia during
the period of increased morbidity in 2023-2024 in the ma-
jor cities of Moscow and Novosibirsk and conduct their fur-
ther phylogenetic analysis.

MATERIALS AND METHODS

40 clinical specimens were collected from Novosibirsk
and Moscow patients diagnosed with measles during out-
breaks that occurred in 2023-2024. They were collected
at the Federal Research Center for Basic and Translational
Medicine (Novosibirsk) and the Center for Strategic Planning
and Management of Biomedical Health Risks of the Federal
Medical and Biomedical Agency (FMBA). Archival sam-
ples identified in Moscow in 2020 were also investigated.
Genotyping was performed to identify the strain of measles
virus for all samples included in the study. For genetic typing
of measles virus, the data of comparative analysis of nucleo-
tide sequences of the C-terminal domain of the nucleopro-
tein N gene (450 nt (nucleotides), 1,126-1,575 nt) are used;
in order to achieve a more detailed characterization, frag-
ments (850 nt) of the hemagglutinin H gene were additionally
analyzed in some samples (n = 15). Since these genes are
the most variable structural genes of the virus, they are best
suited for determining the origin and pathways of individual
measles virus strains. In addition, full genome sequencing
was performed for three measles virus samples. The data
obtained were compared with strains collected in Russia in
May 2023 and deposited in the Central Research Institute
of Epidemiology (see Table 1 for a complete list of measles
virus samples from Russia used in this work).

For the comparative phylogenetic analysis of measles
virus, both N and H gene fragments and full-genome se-
quencing data strains prevalent in Russia in 2020-2024, as
well as global genetic variants, were used. Measles virus
samples obtained from 40 patients from Moscow (n = 11)
and Novosibirsk (n = 29) in 2023-2024, as well as two
samples from Moscow detected in 2020 and 2021, were
included in the analysis. All samples were obtained with full
informed consent of the donors and in compliance with all
necessary ethical standards.

Viral RNA isolated from clinical nasopharyngeal swab
samples using the previously developed Ribo-prep pu-
rification kit was subjected to reverse transcription using
AmpliTest Revert (AmpliTest, Russia) [13]. Fragments of
the C-terminal domain of the N-gene as well as a fragment
of the H-gene were amplified using LongAmp” Tag DNA
polymerase (New England Biolabs, USA) and primers de-
scribed in Table 2. Sanger sequencing was performed us-
ing BigDye™ Terminator v3.1 cyclic sequencing kit (Thermo
Fisher Scientific, USA) and Applied Biosystems 3500
genetic analyzer (Thermo Fisher Scientific, USA). Three
samples were sequenced by full-genome sequencing: to-
tal RNA was used for library preparation using NEBNext”
Ultra™ Il RNA Library Prep kit (NEB, USA); sequencing was
performed using MiSeq platform and MiSeq Reagent Kit v2
(500 cycles) (llumina, USA). The primers were taken from
Schulz et al. and further optimized for our task [14].

As well as the full-genome sequences of six Russian
measles virus samples isolated in 2023 and studied at the
Central Research Institute of Epidemiology obtained from
the NCBI GeneBank database [15], the gene sequences of
N and H strains detected in 2019-2024 in different coun-
tries were additionally selected, along with the full-genome
sequences for the same period from the open GenBank
database. To permit a deeper comparison, the genome
sequences of vaccine strains available in the GenBank da-
tabase [15] were added to the studly.

Metagenomic assembly of complete measles virus
genome sequences was performed using Trimmomatic
v0.39 software to remove adapter sequences and SPAdes
Genome Assembler v3.15.5 to assemble the viral genome
[16]. The sequences of N and H gene fragments obtained
by Sanger sequencing were combined into one for further
alignment and analysis.

Multiple alignment was performed using the MAFFT
v7.505 package [17]. Phylogenetic analysis was performed
using the FastTree program version 2.111 SSE3 [18] us-
ing the GTR+CAT model (a general time reversible model
with a fixed rate for each site (an approximation of the CAT
model)) and 100 bootstrap replications. The dolphin mea-
sles virus genome sequence (AJ608288) was used as an
outgroup for cladogram generation.

Phylogenetic trees were analyzed using the Figlree
v.1.4.4 program. The results of comparative analysis were
visualized using the Matplotlib 3.6.2 and Seaborn 0.13.2
packages for the Python programming language.

RESULTS

According to the results of genotypic analysis, most
of the samples (n = 44) collected in 2023-2024 turned
out to belong to genotype D8 and only one to genetic
variant B3 (Table 1). Phylogenetic analysis of partial
sequencing of the N gene (Fig.1) showed that most of
the samples from Russia formed a cluster within the

D8 genotype, which also included some strains found

abroad:

e PP056610 (2023) from China, which has the highest
similarity to Meal2 from Moscow;

e (OR733283 (2021) from Tajikistan, PP319645 (2023)
from the USA and PP229487 (2023) from Switzerland,
which are located phylogenetically closer on the tree to
the Mea6 specimen from Novosibirsk;

e PP319658 (2023) from USA and PP274936 (2024) from
Bosnia and Herzegovina are closest to Mea49 from
Novosibirsk and a group of specimens from Moscow
including Mea43 and Mea2.

This phylogenetic cluster includes two subclusters,
one of which was formed by samples from Novosibirsk
(A), while the second cluster includes three samples from
Moscow and two from Novosibirsk (B). The strains se-
quenced formed a phylogenetic group with samples Mea?2
and Mea43 from Moscow.

Only two sequences of the N gene of measles virus sam-
ples detected in 2023 in Russia could be classified as rep-
resentatives of phylogenetic group B3 — Mea48 registered
in Novosibirsk and OR290098 sequenced by the Central
Research Institute of Epidemiology with an unknown region
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Table 1. List of samples collected in different Russian cities

No. Intel:nal sam- Year of City ?f Sequenced section Genotype of . Data source
ple identifier | sample taken detection of the genome measles virus strain
1 Mea01 2023 Moscow WGS D8 Centre for Strategic Planning of FMBA of Russia
2 Mea02 2023 Novosibirsk WGS D8 Centre for Strategic Planning of FMBA of Russia
3 Mea04 2020 Moscow WGS B3 Centre for Strategic Planning of FMBA of Russia
4 Mea05 2023 Moscow N D8 Centre for Strategic Planning of FMBA of Russia
5 Mea06 2023 Novosibirsk N,H D8 Centre for Strategic Planning of FMBA of Russia
6 Mea07 2023 Novosibirsk N,H D8 Centre for Strategic Planning of FMBA of Russia
7 Mea08 2023 Novosibirsk N,H D8 Centre for Strategic Planning of FMBA of Russia
8 Meal0 2021 Moscow N B3 Centre for Strategic Planning of FMBA of Russia
9 Meai1 2023 Moscow region N,H D8 Centre for Strategic Planning of FMBA of Russia
10 Meal2 2023 Moscow N,H D8 Centre for Strategic Planning of FMBA of Russia
1 Meal3 2023 Moscow N,H D8 Centre for Strategic Planning of FMBA of Russia
12 Meal4 2023 Moscow N,H D8 Centre for Strategic Planning of FMBA of Russia
13 Mealb 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
14 Meal6 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
15 Meal7 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
16 Meal8 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
17 Mea20 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
18 Mea21 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
19 Mea22 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
20 Mea23 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
21 Mea24 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
22 Mea25 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
23 Mea26 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
24 Mea27 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
25 Mea28 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
26 Mea29 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
27 Mea30 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
28 Mea31 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
29 Mea32 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
30 Mea33 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
31 Mea34 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
32 Mea35 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
33 Mea36 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
34 Mea37 2023 Novosibirsk N D8 Centre for Strategic Planning of FMBA of Russia
35 Mea39 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
36 Mea43 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
37 Mead4 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
38 Mea45 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
39 Mea46 2023 Moscow N, H D8 Centre for Strategic Planning of FMBA of Russia
40 Mea47 2024 Novosibirsk N, H D8 Centre for Strategic Planning of FMBA of Russia
41 Mea48 2024 Novosibirsk N, H B3 Centre for Strategic Planning of FMBA of Russia
42 Mea49 2024 Novosibirsk N, H D8 Centre for Strategic Planning of FMBA of Russia
43 OR290097 2023 No data Full genome D8 Central Research Institute of Epidemiology
44 OR290098 2023 No data Full genome B3 Central Research Institute of Epidemiology
45 OR290099 2023 No data Full genome D8 Central Research Institute of Epidemiology
46 OR290100 2023 No data Full genome D8 Central Research Institute of Epidemiology
47 OR290101 2023 No data Full genome D8 Central Research Institute of Epidemiology
48 OR290102 2023 No data Full genome D8 Central Research Institute of Epidemiology

Table prepared by the authors using their own data
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Table 2. List of primer sequences for the sequencing of the N and H genes

Sequenced gene Direct primer nucleotide sequence Nucleotide sequence of reverse primer

gene N TGGAGCTATGCCATGGGAGT TAACAATGATGGAGGGTAGG
gene H (region 1) CTGAAATTGTCTCYGGCTTC GACCCAGGATTGCATGTC
gene H (region 2) GATTTCAGCAACTGYATGGT CTGATGTCTGRGTGACATCATG

Table prepared by the authors using their own data

of collection (Fig. 1, cluster B). These samples did not form
a cluster with the gene sequences of viral strains detected
in Russia in 2020 and 2021. In addition to the Russian sam-
ples, three more strains from Brazil, USA and Iran detected
in 2023, as well as two strains from China and Switzerland
detected in 2024, fell into phylogenetic cluster B3. Most
Measles morbillivirus strains assigned to genotype B3 were
detected before 2023.

According to phylogenetic analysis of N and H gene
fragments, the Russian samples formed a subcluster within

Figure prepared by the authors using their own data
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the D8 genotype. The results were used to clarify the phy-
logenetic structure of the population of the studied Russian
strains. In particular, subcluster B within the D8 genetic
group formed by samples Mea7, Mea8, Meal3, Mea44,
and Mea45 was not confirmed (Figs. 2, 3) based on the
analysis of the N gene alone.

The comparison of the results of phylogenetic analysis
using only the N fragment and the sequence obtained by
combining the sequences of the N and H gene fragments
supports the conclusion that sequencing of the N gene is
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Fig. 1. Phylogenetic relationships of Measles morbillivirus strains based on N-gene fragment sequencing data.

Phylogenetic group D8 is shown in blue, phylogenetic group B3 in green, and the group of vaccine strains in red. Genomes from Russia included in the analysis
and sequenced in 2020, 2021 and 2023-2024 are highlighted in pink. Subcluster A consists of samples from Novosibirsk; subcluster B consists of samples from
Moscow and Novosibirsk, which belong to the D8 genotype. Subcluster C of phylogenetic group B3 includes two samples — Mea48, discovered in Novosibirsk
in 2023, and OR290098, sequenced by the Central Research Institute of Epidemiology with an unknown collection region.
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sufficient to determine the genetic group of measles virus
strains; however, in order to study the virus transmission
routes, an extended analysis involving additional genome
regions is necessary. An additional study of the H gene
allows a more precise determination of genetic similarity
between measles virus samples.
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netically distant and identified in different cities strains:
Meal (Moscow, 2023) and Mea2 (Novosibirsk, 2023). Full-
genome sequencing was also performed for the Mea4
sample obtained in 2020 and belonging to genotype B3.
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Fig. 2. Position of the investigated Russian samples in cluster D8 obtained as a result of the phylogenetic analysis carried out using a fragment of the N gene
sequence. The cluster formed by the studied Russian samples is highlighted with a rectangular frame; the samples are colored in blue and purple test colors.

Samples Mea7, Mea8, Meal3, Mea44 and Mea45, which form subcluster B, are highlighted in blue.
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Samples Mea7, Mea8, Meal3, Mea44 and Mea45, which form subcluster B, are highlighted in blue
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Comparative analysis of the genomes revealed 145 nu-
cleotide differences between Meal and Mea2, of which
39 fall in the intergenic space and 106 substitutions in
various protein-coding fragments of the genes. The high-
est number of these are in the L (52 substitutions), N (17
substitutions), and H (15 substitutions) genes. This result
suggests that these measles virus strains may have dif-
ferent origins.

For phylogenetic analysis of full-genome sequences,
all available genomes from the GenBank database identi-
fied in the last 5 years and belonging to groups B3, D8, as
well as sequences of vaccine strains, were included in the
study. Phylogenetic analysis of full genome sequences of
Russian strains with sequences found in other regions of
the world showed that Russian strains are closest to the
samples isolated in the USA and India in 2019, as well as
to those collected in Japan and New Zealand in 2023; the
corresponding data are presented in Figure 4.

The differences in the formed subgroups within mea-
sles virus genotypes obtained from phylogenetic analysis
of virus strains raise the question of the efficiency of analy-
sis based on the N gene alone. To further investigate this
issue, a comparative analysis of phylogenetic trees gen-
erated based on the N gene, N and H genes, along with
full-genome sequences, was performed by estimating the
Hamming distance between pairs of strains within and be-
tween the B3 and D8 genotypes. The results of the analy-
sis (Fig. 9) reflect the discriminatory power of phylogenetic
analysis based on different numbers of genes.

et
1

The results of the analysis clearly demonstrate the suf-
ficient discriminatory power of the N gene fragment analy-
sis in determining D8 and B3 genotypes, but insufficient
efficiency in separating phylogenetic groups within geno-
types. The simultaneous analysis of N and H genes allows
strains to be separated both within and between phyloge-
netic groups with higher accuracy, thus increasing the sta-
tistical significance and reliability of the study. Analysis of
all protein-coding fragments and full-genome sequences
significantly increases the accuracy of the study of virus
transmission pathways within the same phylogenetic group
(Fig. 5).

To assess the variability of Measles morbillivirus genes,
we performed a comparative analysis of gene sequences
in the study sample consisting of full-length genomes of
measles virus strains from different countries belonging to
the D8 and B3 genetic groups. The results of the compara-
tive analysis were used to determine the total number of
single-nucleotide variants in the genes of proteins N, L, M,
F, PVC and H. The number and proportion of synonymous
and nonsynonymous nucleotide variants were estimated
(Fig. 6). The highest number of nucleotide substitutions was
found in the L gene, which is the largest and encodes a viral
RNA polymerase protein of 2183 amino acids. The distribu-
tion profile of mutations in the M gene encoding the virus
matrix protein of 335 amino acids differed most markedly
from the other genes. In particular, this gene had more non-
synonymous substitutions (n = 114) than synonymous sub-
stitutions (n = 71). The PVC gene, which encodes several
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Fig. 4. Phylogenetic relationships of full-genome sequences of 1 virus strains detected in Russia and other countries. The D8 genotype phylogenetic group is
shown in blue, the B3 genotype group in green, and the vaccine strain group in red. Genomes from Russia included in the analysis, which were sequenced in 2020
and 2023, are highlighted in pink text
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Fig. 5. Pairwise Hamming distance between sequences of 1 virus strains belonging to genetic groups D8 and B3. The vertical axis shows the Hamming distance
values for pairwise comparison of sequences, while the horizontal axis shows the fragments of the 1 virus genome analyzed — the N gene fragment, the union of
the N and H gene fragments, and the union of all protein-coding sequences and the complete genome. The color indicates the values for the pairwise comparison
of sequences within the B3 and D8 groups and between the strain groups: blue — B3-D8, green — D8-D8, orange — B3-B3
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Fig. 6. Distribution of number and type of nucleotide substitutions in the genes
of 1 virus strains associated with genetic variants D8 and B3. The horizontal
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. . . - the genomes studied. A point represents a unique position in the gene.
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viral proteins (phosphoprotein (P), nonstructural protein V,
and protein C), was also found to contain more nonsynony-
mous substitutions (n = 88) than synonymous substitutions
(n =69).

As well as demonstrating that the N gene is not the
most variable, the analysis of nucleotide substitution fre-
quencies in Measles morbillivirus genes (Fig. 6) shows that
the M and H genes are also important targets for clarifying
phylogenetic relationships between pathogen strains.

DISCUSSION

The results of comparative analysis of the examined mea-
sles virus samples suggest genetic similarity between
Russian circulating variants and strains that have been
found in other regions of the world, such as Central Europe
or Asia. The published data for 2019-2022 are consistent
with our results. Thus, the D8 and B3 genotypes are domi-
nant in the global pattern of measles virus genetic diversity.
However, their ratio is shown to vary in different regions of

Figure prepared by the authors

the world. In particular, the B3 genotype was dominant in
the African, American, and Eastern Mediterranean regions,
while the D8 genotype was dominant in the European,
Northeast Asian, and Western Pacific regions [19]. The in-
formation presented on the website of the Nextstrain da-
tabase [20] also indicates the dominant distribution of B3
and D8 genotypes in different regions of the world from
2020 (Fig. 7).

Most of the studied variants identified by us in 2023—
2024 belong to the D8 genotype, which includes a wide-
spread group of strains [12, 19]. In total, the open GenBank
database contains more than 6 thousand gene sequences
or genomes of strains belonging to this group.

Among Russian strains, in addition to the D8 genotype,
strains belonging to the B3 genotype were also detected.
Although the B3 genotype variant was detected in only
two Russian samples in 2023, both samples obtained in
Moscow in 2020 and 2021 belong to this group, which is
currently prevalent in Africa, Europe and North America.
Among the Measles morbillivirus genomes or genome
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Fig. 7. Global distribution of known 1 virus genotypes. Graphs based on A-N gene fragment sequencing data, B — whole genome sequencing data from January
2020 to September 2024. The figure was generated using the internet resource https:/nextstrain.org/1/
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fragments obtained from patient samples in 2023 and
available in public databases such as the National Center
for Biotechnology Information (NCBI) database, only 60 be-
longed to this group; these were found predominantly in the
United States and Iran. The phylogenetic analysis of this
group of strains shows that the variants detected in Russia
in 2020 and 2023 do not form a common cluster, which
suggests a different origin. The work by Erokhov et al. [12]
demonstrated in the outbreaks of 2018-2020 the presence
of genetic lines and variants of measles virus that prob-
ably did not circulate in Russia, but were imported from
neighboring countries. A similar conclusion was reached
in the retrospective analysis of measles outbreaks in the
Astrakhan Oblast carried out by Kuzmenkov et al. [21], who
identified the process of migration of virus variants from
neighboring countries as a key factor in the formation of
new outbreaks.

Based on the above, we can assume that the majority
of measles outbreaks in Russia in 2023-2024 are caused
by D8 variants, which were also identified in various regions
of the world during this period. This is supported by statisti-
cal data on the distribution of genotypes among measles
cases for the period from 2020 to 2024 in the European
region [6].

Most of the studied Measles morbillivirus nucleotide
sequences associated with recent measles outbreaks in
Russia can be divided into phylogenetic subgroups accord-
ing to the place of origin or pathway of spread within the D8
genotype. The distance dependence between subgroups
(Fig. 5) confirms that the resolution of phylogenetic analysis
depends on the size of the fragment of the nucleotide se-
quence of the virus genome used in the analysis. The com-
parative analysis of phylogenetic tree structures obtained
by analyzing the sequence of the N gene, along with the
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ASSESSMENT OF SOLUBLE sST2 AND NT-proBNP CARDIAC MARKERS DURING END-TO-END
STIMULATION OF SPACE FLIGHT STAGES ON A LONG RADIUS CENTRIFUGE
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Introduction. Considering the risks of cardiovascular events during all phases of spaceflight (SF), it is relevant to evaluate the levels of cardiac markers sST2
and NT-proBNP in ground-based simulations of exposure to adverse SF factors.

Objective. To identify the levels of sST2 and NT-proBNP as risk criteria for the development of cardiovascular changes following end-to-end simulation of SF
stages on the CF-18 centrifuge.

Materials and methods. The levels of cardiac markers sST2 and NT-proBNP were assessed during exposure to chest-to-back overloads of up to 4.5 units
and simulated vestibular sensory conflict on a CF-18 centrifuge for 60 min in six healthy male subjects. The sST2 levels were assessed by solid-phase enzyme-
linked immunosorbent assay (ELISA). NT-proBNP concentration was measured by immunofluorescence method on a Finecare TM FIA FS-113 analyzer (from
Guangzhou Wondfo Biotech).

Results. During the end-to-end simulation of SF stages, the response of the subjects’ cardiovascular system was adequate to the loads imposed. The levels
of the cardiac markers sST2 and NT-proBNP in venous blood of the subjects did not significantly increase after spinning on the centrifuge.

Conclusions. In the present study, no significant changes indicative of biochemical signs of pathologic overstretching or myocardial damage were observed
during rotation on the CF-18. Assessment of individual sST2 levels prior to exposure and in dynamics can be used to probabilistically predict individual sensitiv-
ity and adaptation reserves of the heart to unfavorable CP factors.

Keywords: space flight; proteome; cardio marker; ST2; overloads; centrifuge

For citation: Goncharova A.G., Kireev K.S., Pastushkova L.H., Kashirina D.N., Goncharov I.N., Larina |.M. Assessment of soluble sST2 and NT-
proBNP cardiac markers during end-to-end stimulation of space flight stages on a long radius centrifuge. Extreme Medicine. 2024;26(3):51-56.
https:/doi.org/10.47183/mes.2024-26-3-51-56

Funding: the study was performed within the framework of the RAS basic theme FMFR-2024-0032.

Compliance with ethics principles: the study was approved by the Biomedical Ethics Commission of the Gagarin Research and Test Cosmonaut Training
Center (Zvyozdny Gorodok) (protocol No. 1 of 02/27/2023). All participants signed voluntary informed consent for the study.

Potential conflict of interest: the authors declare no conflict of interest.
<1 Kirill S. Kireev k.kireyev@gctc.ru
Received: 22 July 2024 Revised: 27 Aug. 2024 Accepted: 29 Aug. 2024

OLEHKA YPOBHSA KAPONOMAPKEPOB PACTBOPUMOI'O sST2 U NT-proBNP NP CKBO3HOM
MOJOENIMPOBAHUN 3TAMNMOB KOCMU4YECKOI O MOJIETA HA LEHTPU®YTE OJINHHOIO PAJNYCA

Al Tonuaposa', K.C. Knupees?*, J1.X. MacTywkosa', [.H. KawwupuHa', 1.H. ToH4apos!, .M. JlapvHa'

'TocynapCTBeHHbIN Hay4HbI LeHTp Poccuiickon Gepepaumn, VIHCTUTYT Meanko-6uonormdeckmx npobnem Poccuitckon akagemum Hayk, Mocksa, Poccust
2Hay4Ho-1ccnefoBaTeNbCKMin UCMbITaTeNbHbIV LIEHTP NOArOTOBKN KOCMOHaBTOB MMeHu FO.A. TarapuHa, 3Be3aHbI ropoaok, Poccus

BBepeHue. OueHka ypoBHst kapanomapkepos sST2 1 NT-proBNP npv HazeMHOM MOAennpoBaHnmn BO3AeNCTBIUSA HebnaronpuaTHbix hakTopos KI senseT-
CH aKTyanbHON ANg y4eTa PUCKOB CEPAEHHO-COCYANCTbIX COObITUI Ha BCex aTanax kocMudeckoro noneta (KIM).

Llenb. Onpepnenexne ypoBHeit sST2 1 NT-proBNP kak KpuTepunes purcka passuTis CepaeyHHO-COCYANCTbIX U3MEHEHMIN MOCe CKBO3HOIO MOAENNPOBaHMSA
atanos Kl Ha ueHTpudyre LIP-18.

Matepuansl u meToabl. [IpoBefeHa oLeHka ypoBHen kapanomapkepos sST2 1 NT-proBNP npu Bo3aencTBuv neperpy3ok B HanpaeneHun rpyab—CnvHa
BeNMYMHON 10 4,5 efl. ¥ MOAENMPOBAHHOIO BECTMOYNOCEHCOPHOro KOHMNNKTa Ha LeHTpudyre LId-18 B TedeHne 60 MUHYT C ydacTvem 6 npakTu4eckm
300POBbIX UCMbITyeMbIX. OLeHKY YPOBHSA sST2 NPOBOAWAM METOAOM TBEPAO(MA3HOrO UMMYHOMEPMEHTHOrO aHanuaa (ELISA). 1amepeHne KoHUeHTpaumum
NT-proBNP nposoaunv nMmyHodhnyopecLeHTHbIM METOAOM Ha aHanuaatope Finecare TM FIA FS-113 (o1 Guangzhou Wondfo Biotech).

Pe3ynbratbl. Bo Bpemsi CKBO3HOMO MoaennpoBaHns aTanoB Ki peakums cepaeHHO-COCYAMCTOM CUCTEMbI UCTIbITYEMbIX Obla aAeKBaTHOW NpesbsaBAsSeMbIM
Harpyskam. YpoBeHb kaparomapkepoB sST2 1 NT-proBNP B BEHO3HOI KPOBUW UCTbITYEMbIX JOCTOBEPHO HE YBENMHMBASICS NMOCAe BpaLleHnst Ha LeHTpudyre.
BbiBoAbl. B faHHOM paboTte He BbIABNEHO 3HA4YMMbIX U3MEHEHWNI, CBUAETENbCTBYIOLLMX O BUOXUMUHECKIMX MPU3HAKaX NaToNorM4eckoro nepepacTaXeHns
AN NOBPEXAeHVs Mokapaa npu BpatleHun Ha Lid-18. OueHka nHavBuayanbHoro ypoBHsa sST2 [0 BO3AENCTBUS U B AMHAMUKE MOXKET MUCMONb30BaTLCS
0719 BEPOSTHOCTHOIO NPOrHo3a NHAVBUAYaNbHOM HYyBCTBUTENBHOCTY 1 afanTauMoHHbIX PE3ePBOB CepAaLa k HebnaronpusaTHeiM hakTopam K.

KniouyeBble cnoBa: KOCMUYECKUI MONET; NPOTEOM; KapAMoMapKepsbl; sST2; neperpysku; ueHTpudyra
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INTRODUCTION

Ensuring the medical safety of space flights and medical
control of health status is a priority task in space medicine.
A comprehensive health status assessment for predicting
the risks of acute and remote cardiovascular events in-
volves the application of highly informative clinical and lab-
oratory techniques. Soluble growth stimulators are known
to be expressed by gene 2 (sST2) in cardiomyocytes in re-
sponse to their overstretching or damage [1]. Unlike other
cardiac markers, sST2 levels change rapidly in response to
the subject’s cardiovascular status but are independent of
age, sex, body mass index, and renal function [2, 3]. SST2
has been shown to be the most significant marker for pre-
dicting the development and outcome of heart failure [4].

sST2 levels were evaluated during parabolic flights in the
context of aerospace physiology. Significantly decreased
serum sST2 levels compared to values at baseline and 1 h
after parabolic flight were observed to remain unchanged
1 h after parabolic flight [5]. In earlier studies, we analyzed
the effects of long-duration space flight (SF) and landing on
sST2 protein levels. In the study of venous blood samples
of nine astronauts before and after SF to the International
Space Station, all subjects showed a significant increase in
sST2 level on the first day after the flight. On the 7th day of
the recovery period, the sST2 content in plasma decreased
to approach the background value. The obtained results
indicated transient myocardial overstretching during land-
ing and increased risk of cardiofibrosis over the long term
following SF [6].

Another standard cardiac marker of cardiac volume
overload and risk of heart failure and cardiac rhythm distur-
bances is the N-terminal propeptide of natriuretic hormone
(B-type) NT-proBNP [7]. However, NT-proBNP is depend-
ent on age, sex, body mass index, daily hormone balance,
renal status, and other factors [8]. Considering gravitational
features of NT-proBNP regulation, we note that individual
astronauts showed a decrease in natriuretic peptide sign-
aling while in space [9]. As shown in Frings-Meuthen P, et
al. [10], NT-proBNP concentrations respond to changes in
sodium intake under SF conditions, but have lower levels
relative to preflight values. This appears to occur due to de-
creased blood volume in the thoracic cavity provided that
impedance measurements are not distorted by changes in
chest air content.

We were interested in whether short-term overload and
vestibular sensory changes simulated on a CF-18 centri-
fuge would influence pathologic myocardial extensibility
and increase the risk of cardiac fibrosis. Thus, the purpose
of the present study was to determine the levels of sST2
and NT-proBNP in relation to the risk of cardiovascular
changes in vestibular sensory changes following end-to-
end simulation of SF stages on a CF-18 centrifuge.

MATERIALS AND METHODS

Experimental investigations (El) were carried out at the
Gagarin Research and Test Cosmonaut Training Center
in 2023 according to the method described earlier [11].
The study involved six practically healthy male subjects
aged 45 to 53 years (mean age 50.3 + 3.3 years, height

175.7 + 4.7 cm, body mass 86.8 + 6.7 kg). All subjects were
medically cleared for El and had a valid medical and flight
commission report.

A medical examination of the subjects with registra-
tion of cardiovascular system functional parameters (blood
pressure BP, heart rate HR) and body temperature was
carried out by a physician before and after the El. Prior to
the study, the subjects had not been exposed to other in-
fluences that could affect their functional state and pos-
tural reactions (physical activity, acceleration, negative or
excessive pressure on the lower half of the body, hypoxia).
Studies were conducted no earlier than 1.5 h after a meal.
All subjects received detailed instructions for all stages of
the study.

The Els were performed on a CF-18 centrifuge for phys-
iological studies with a cabin installed in a 3-stage con-
trolled gimbal. The radius of the centrifuge console from the
rotation axis of the main engine to the center of intersec-
tion of the gimbal frames axes is 18 m. The studies were
conducted using the standard seat of the centrifuge CF-
18. Under these conditions, the overload acts in the chest-
back direction. During the ascent and descent phases,
the inclination angle of the seat back to the direction of the
overload vector was +78°. Following simulation of the 3rd
stage engine separation, the subject’s chair was moved to
a position at 105° from the direction of the overload vec-
tor (anti-orthostasis —15°) and the orbital space flight stage
was simulated. Rotations were performed without stopping
the centrifuge.

During the rotation on the CF-18, a tacho-oscillographic
method was used to monitor the electrocardiogram (ECG)
in three standard leads, as well as HR and BP in the bra-
chial artery.

Figure 1 shows a typical profile of overloads influencing
the cosmonaut during the Soyuz ascent into Earth orbit
(“ascent schedule”), while Figure 2 shows a typical profile
of overloads during the Soyuz descent to Earth (“descent
schedule”). The overload is stated in multiple units of grav-
ity acceleration (g). The maximum overload during rotation
according to the “descent schedule” is 4.0 units; the to-
tal rotation time is about 9 min. The overload during the
“descent schedule” rotation includes two sections with a
maximum overload of 4.5 units (peak 1) and 3.2 units (peak
2) involving a total rotation time of about 6 min. Simulation
of the orbital flight stage for 40 min was performed using a
special program [11], which provides simultaneous chang-
es in hemodynamics and impact on the vestibular appara-
tus of the tester. The total duration of rotation was 60 min.

While ECG was recorded in three standard leads in the
centrifuge cabin before, during and after rotation, brachial
artery BP was performed using tacho-oscillographic meth-
od. During centrifuge rotation, ECG was recorded continu-
ously. At the same time, BP was recorded at the 10th, 20th,
30th and 40th minutes of rotation.

To determine the concentration of sST2 and NT-
proBNP, venous blood was sampled from the ulnar vein of
the subjects immediately before and after rotation. Blood
samples of 3 mL were collected before and at the end of
rotation into Vacuette” tubes containing K3 EDTA preserva-
tive. Following storage in blood tubes at +4°C for no more
than 2 h, plasma was obtained by centrifugation at 2000 g
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Fig. 1. Typical overload profile during the Soyuz ascent
for 15 min on an MPW-350R centrifuge (Poland); plasma 5.0 7
aliquots were sampled using the Eppendorf (Germany) in- 45
terchangeable volume pipettes. Plasma aliquots were fro-
zen at —80°C. 407
The sST2 level in blood plasma was assessed by solid- ¢ 357
phase enzyme-linked immunosorbent assay (ELISA) us- £ 3.0
ing commercial kits of “Critical Diagnostics Presage® ST2 g , 5
Assay” (USA) and ST2-reader “Critical Diagnostics Presage® % 20 4
ST2 Assay”. The results of sST2 level measurement were 3~
expressed in ng/mL. NT-proBNP concentration was meas- 1.5
ured according to the immunofluorescence method on a 1.0
FinecareTM FIA FS-113 analyzer (from Guangzhou Wondfo 0.5 -
Biotech). Statistical processing of the experimental data 00 : : : : : : .

was carried out using the Statistica 13 software package
based on Friedman’s analysis of variance criterion and the
Wilcoxon test for nonparametric data (p-value < 0.05).

RESULTS

During the medical examination of the subjects before the El,
the mean values of systolic BP were 138.9 + 11.2 mmHg, di-
astolic BP was 85.0 + 9.9 mmHg, mean HR was 74.8 + 16.9
beats/min, body temperature in all subjects was within the
physiologic norm. All subjects were admitted to the El.

From the first min of orbital flight stage modeling and
transfer to the anti-orthostatic position during periodic
questioning while rotating, all six subjects subjectively not-
ed blood rush to the head, four reported the sensation of
facial swelling and heaviness in the temporal region of the
head, three mentioned nasal congestion, two described
cold feet, and one reported heavy eyelids. During rotation
under video observation, mild hyperemia of the facial skin
and swelling of neck veins were objectively observed in all
test subjects. The severity of all phenomena rose with in-
creasing duration of rotation to reach a maximum by 20 min
and remained unchanged thereafter.

The dynamics of changes in cardiovascular system pa-
rameters are presented in Figure 3 and Figure 4.

The response of the cardiovascular system was ad-
equate to the loads imposed. The maximum registered
values of HR and BP corresponded to the maximum over-
loads at each simulated stage of space flight.

When analyzing the ECG during the simulation of the
orbital flight section, in most cases the subjects registered
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Fig. 2. Typical overload profile during the Soyuz descent

an increase in the end part of the ventricular QRS complex
and in the amplitude of the T tooth; at the same time, the
RST interval was slightly shortened. In isolated cases, a
slowing of intraventricular conduction was detected, as ex-
pressed in “broadening” of the ventricular complex. These
changes, which were functional in nature, disappeared
after stopping the TF. Sinus tachycardia was noted dur-
ing rotations according to the “withdrawal schedule” and
“descent schedule”; there were no rhythm or conduction
disturbances.

A medical examination following the El did not reveal
any deviations in the state of health. No subjects had
any complaints; their general well-being remained posi-
tive. Hemodynamic parameters did not significantly dif-
fer from background. Average values of systolic BP were
143.2 + 141 mmHg, diastolic BP was 82.6 + 19.3 mmHg,
mean values of HR were 71.7 + 15.9 beats/min, while body
temperature remained within normal limits.

As can be seen from Figure 5, sST2 levels did not ex-
ceed the reference values in any test subject. Variability
of sST2 levels was noted in all subjects both prior to the
modeling and following its completion. When analyzing the
group-average sST2 levels, its increase following rotation
on the TF was noted (Fig. 6). However, the level of group-
average values after exposure to overloads also fell within
the reference values (variant of physiological norm up to 35
ng/mL). The obtained data indicate the absence of risks of
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Fig. 3. Heart rate dynamics during simulation of the space flight stages:
1 — baseline before simulation; 2 — beginning simulation; 3 — 1st stage
separation; 4 — 2nd stage separation; 5 — 3d stage separation; 6 — 10th
min of orbital flight; 7 — 20th min of orbital flight; 8 — 30th min of orbital flight;
9 — 40th min of orbital flight; 10 — 1st overload peak during Soyuz landing;
11 — 2nd overload peak during the Soyuz landing; 12 — end of simulation;
13 — 5 min after end of simulation
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Fig. 5. Individual sST2 levels before and after simulation of the space flight
stages. Note: sST2 levels below the sensitivity of the method (<12,5 ng/mL) are
marked with a dash

heart failure and cardiofibrosis under the described study
conditions.

As shown in Figure 7, the variability of NT-proBNP be-
fore and after modeling remains low. Individual variability
is higher than the group average (Figures 7 and 8). NT-
proBNP levels remained within the normal range at all in-
vestigated points in all test subjects.

When comparing individual and mean group graphs of
response of cardiac markers sST2 and NT-proBNP to this
type of exposure, attention was paid to unidirectional in-
crease of sST2 and NT-proBNP levels after exposure in 4
out of 6 subjects. However, the NT-proBNP level increased
less than sST2.

DISCUSSION

From the analysis of the obtained data, the dynamics of
heart rate and blood pressure level was seen to corre-
spond to the applied loads. Maximal registered values of
HR and BP observed at maximal impacting overloads at
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Fig. 4. Blood pressure dynamics during simulation of the space flight stages:
1 — baseline before simulation; 2 — beginning simulation; 3 — 1st stage
separation; 4 — 2nd stage separation; 5 — 3d stage separation; 6 — 10th min
of orbital flight; 7 — 20th min of orbital flight; 8 — 30th min of orbital flight;
9 — 40th min of orbital flight; 10 — 1st overloads peak during Soyuz landing;
11 — 2nd overloads peak during the Soyuz landing; 12 — end of simulation;
13 — 5 min after end of simulation
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Fig. 6. Mean group sST2 levels before and after simulation of the space flight
stages

each simulated SF stage did not exceed physiological val-
ues of variability of responses of cardiovascular system of a
healthy person to the impact of simulated extreme factors
of SF. The in-depth study of cardiomyocyte response to
the effect of moderate longitudinal overloads on the myo-
cardium of practically healthy subjects showed a unidirec-
tional increase in the levels of cardiac markers sST2 and
NT-proBNP, which confirms the high diagnostic sensitivity
of these proteins with respect to even short-term effects
causing volumetric overstretching of myocardium. Analysis
of individual data showed a more pronounced and variable
response to overload exposure of the selective cardiac
marker sST2 as compared with NT-proBNP. Multimarker
models comprised of several biomarkers, including NT-
proBNP and sST2, have greater prognostic significance
for risk stratification of cardiovascular events [12—14]. Thus,
changes in sST2 and NT-proBNP can objectively charac-
terize the response of cardiomyocytes to the effect of over-
load both at active sites of SF according to ascent and de-
scent schedules and at modeling of redistribution of body
fluid media in microgravity conditions. Based on estimation
of individual background levels of sST2 and NT-proBNP, it

MEOVLIHA OKCTPEMATTBHBIX CUTYALIAI | 2024, TOM 26, Ne 3



ORIGINAL ARTICLE | SPACE MEDICINE

| before centrifuge m after centrifuge
600

5148 4974

500 4731

4477

w B
o o
o o

| |

NT-proBNP, pg/mL
N
=)
S
1

-

o

o
|

o
|

Subjects

Figure prepared by the authors using their own data

Fig. 7. Individual NT-proBNP levels before and after simulation of the space
flight stages. Note: NT-proBNP levels below the sensitivity of the method (<18
pg/mL) are marked with a dash

is also possible to personalize probabilistic prognosis of the
effect of the complex of SF factors at the stage of orbital
insertion and descent in order to estimate the risk of cardi-
ofibrosis development in remote periods after SF.

In contrast to earlier studies of sST2 level after comple-
tion of prolonged SF [6], the present study did not reveal
a clinically significant increase in the level of this cardiac
marker following completion of space flight stage simula-
tion on a CF-18. The obtained data indicate that isolated
exposure of the myocardium of practically healthy subjects
to moderate longitudinal overload without prior exposure
to prolonged microgravity does not cause pathologic over-
stretching of cardiomyocytes. The increase in sST2 level
following prolonged SF can be explained by the effect of
overloads during the descent vehicle return to the Earth on
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THE PSYCHOPHYSIOLOGICAL STATE OF A PERSON IN ALTERED MAGNETIC CONDITIONS
Gennady V. Kovrov, Olga V. Popova™, Anna G. Chernikova, Oleg . Orlov

Institute for Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia

Introduction. Due to the fact that manned space flights beyond Earth orbit are planned in the near future, it becomes relevant to study the effects of the
Earth’s reduced magnetic field on humans.

Objective. To evaluate the features of sensorimotor reactions, quality of night sleep (nocturnal sleep) and the development of daytime sleepiness during a
24-hour stay under hypomagnetic conditions (HMC).

Materials and methods. Experimental studies with the participation of 6 male volunteers aged 26 to 37 years were conducted in 2023. In total, four experi-
mental series were carried out, lasting 24 hours each. The subjects were exposed to hypomagnetic conditions in three groups (the average value was between
0.05-0.14 pT). There was no exposure to such conditions in the placebo group.

The research methods included questionnaires regarding the quality and characteristics of night sleep, daytime wakefulness, as well as the study of senso-
rimotor functions. Statistical processing was carried out by the Statistica 13.0 software package.

Results. Daytime sleepiness was found to increase under hypomagnetic conditions in 66% of observations as compared to 33% of cases in the placebo
series (p = 0.003). Immediately following the cessation of experimental exposure, a rapid activation of the central nervous system was observed, which was
expressed in a statistically significant decrease in the total visual-motor reaction time.

Conclusions. Under hypomagnetic conditions, the work of brain sleep mechanisms is preserved. Daytime drowsiness that develops under hypomagnetic
conditions indicates the possibility of changes in circadian rhythmicity in brain activating systems. The rapid activation of the central nervous system reported
immediately following the termination of hypomagnetic conditions has a compensatory character. The revealed features of hypomagnetic conditions influ-
ence on the sleep-wake cycle and sensorimotor functions suggest further studies of daytime sleepiness using additional subjective and objective methods of
wakefulness level and activity of the central nervous system assessment.
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MCUXOPUN3NOJTOMNMHECKOE COCTOAHUE YEJTOBEKA B NIBMEHEHHbLIX MATHUTHBLIX YCNTOBUAX
IB. Kospog, O.B. MNonosa™, A.I. YepHukosa, O.1. Opnos

[ocynapcTBeHHbIN Hay4HbI LieHTP Poccuitickon ®egepaumnm — VIHCTUTYT Meamko-6ronormdeckimx npobnem Poccuiickoin akagemun Hayk, Mockea, Poccus

BBepeHue. B cBA3M ¢ Tem 4TO B Gnvkaiilem OyayLieM NNaHnpytoTCa KOCMUYECKIME NONEThI 3a NPefesibl OKONIO3EMHOM OPOUTbI, CTAHOBUTCS akTyaslbHbIM
13y4eHne BO3AENCTBUSI CHUXKEHHOrO MarHUTHOro Nonst 3emMn Ha YenoBeka.

Llenb. OueHka 0COBEHHOCTEN CEHCOMOTOPHbIX PeaKLMii, Ka4ecTBa HOYHOIO CHa W PasBUTUS AHEBHOW COHNMBOCTY NpU 24-4acoBOM NpebbiBaHWN B rMMO-
MarHUTHbIX YCNIOBUSAX.

MaTtepuanbl u MeTofbl. OKCNeprMeHTasbHble 1CCneaoBaHua npoBeaeHsl B 2023 T. ¢ ydacTeM 6 My>K4rH-006poBOsbLEB B Bo3pacTe oT 26 oo 37 neT.
Bbinn npoBefeHb! 4 skcnepuMeHTabHble Cepun 4ANTENBHOCTBIO 24 4 Kaxkdas. B Tpex rpynnax ncnbiTyemMble NoABEpPraance BO3AENCTBUIO MMMOMarHUTHbBIX
ycnosun (B npegenax 0,05-0,14 MKTn), B rpynne nnauebo He 6bino BO3AecTBMA. B Ka4ecTse METOLOB NCCNeN0BaHMS MPYMEHANNCE aHKeTUPOBaHMe (No Ka-
4ecTBY M OCOBEHHOCTAM HOYHOIO CHa 1 AHEBHOIro 60APCTBOBAHMS) U OLIEHKa OCOBEHHOCTEN CEHCOMOTOPHbIX (hYHKLNIA.

PesynbTaTbl. YCTaHOBMEHO, HTO B M’MMOMAarHUTHbIX YCIIOBUSX YCUANBAETCS AHEBHAS COHMMBOCTbL B 66% HabntofeHnin no cpasHeHnto ¢ 33% cnyvaes B ce-
pun ¢ nnauebo (p = 0,008). Cpady nocne nNpekpaLleHns 9KCNepuMeHTanbHoOro BO3AeNcTBmA Habntoganach ObiCTpas akTuBaumns LeHTpanbHOM HepBHOM
CUCTEMBI, H4TO BbIPaXKanoch B CTATUCTUHECKN 3HAYMMOM CHUXEHWM OBLLErO BPEMEHN 3PUTENBHO-MOTOPHOM peakLyn.

BbiBoAbl. B runoMarH1THbIX YCNOBUSX COXpaHsAeTcs paboTa MO3roBbIX MEXaHN3MOB CHa. B AHEBHOE BPEMS B T’MMOMAarHUTHbIX YCIOBUSX Pa3BMBAETCSA COH-
JIMBOCTb, YTO YKa3blBAET Ha BO3MOXXHOCTb U3MEHEHNS LIMPKaANAHHON PUTMUKIN B @KTUBMPYIOLLMX CUCTEMax FrONOBHOrO Modra. Cpasy nocne npexkpaLLeHms
NENCTBUS TMNOMarHUTHBIX YCNOBUIA NMPOUCXOAUT BbICTpas akTUBaLmMst LeHTPaslbHON HEPBHOW CUCTEMBI, UMEIOLLLAS KOMMEHCAaTOPHbI XapakTep. BbisBneH-
Hble 0COBEHHOCTY BAVSIHWS MMMOMAarHUTHBIX YCIOBWI Ha LK CHa—60APCTBOBaHWS 1 CEHCOMOTOPHbIE (DYHKLIMM NpeanonaratoT NpoBeAeHVe AanbHenwmx
1nccnefoBaHnin AHEBHOM COHAMBOCTM C UCMONb30BaHNEM AOMNOMHNUTENbHbIX CYyOBEKTVBHbIX 1 OOBEKTUBHBIX METOLOB OLEHKM YPOBHSA 60APCTBOBAHNA 1 aK-
TUBHOCTU LIEHTPANBHON HEPBHOW CUCTEMBI.

Kniouesble cnosa: CEHCOMOTOpPHbIe CDyHKLLVII/I; rmnomMarH1THble YCoBUg, NpocTasa 3puTeibHO-MOTOPHasA peakumnsd;, aHkeTHas caMooLieHKa; HOYHOW COH;
AHeBHasA COHNMBOCTb

Ansa untuposanus: Kospos [MB., MNMonosa O.B., Yeprukosa A.l., Opnos O.N. Mcnxoduranonorn4eckoe CoOCTOAHMNE 4YenoBeKa B M3MEHEHHbIX MarHUTHbIX
ycnosusax. MeauumHa skcTpemasibHbix cutyaumi. 2024;26(3):57-64. https:/doi.org/10.47183/mes.2024-26-3-57-64

®uHaHcupoBaHue: paboTa bbifa BbinofiHeHa B pamkax 6aszoBol Tematukin PAH FMFR-2024-0042.
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CooTBeTcTBME NpuHUMNam 3Tuku: Bce nccnegoBaHnst NpoBedeHbl B COOTBETCTBMM C MPUHUMNaMU BUOMEOULIMHCKON 3TWKK, CHOPMYIMPOBaHHBIMA
B XeNbCUHKCKON Aeknapaunn 1964 r. n ee nocnegyowmx 06HOBNEHUSX, 1 0L0OPEHbI BUOITUHECKON KOMUCCUEN (helepanbHOro rocyaapcTBEHHOro 61oa-
JKETHOO yUpexaeHnsa Hayky «[ocyaapCTBEHHbIN HayyHbIN LeHTp Poccuiickon ®epepaunm — VIHCTUTYT Meguko-buonormndeckmx npobnem» PAH (Mocksa)
(npoTokon Ne 641 o1 14.06.2023). Kaxk bl y4aCTHUK MCCNe0oBaHmsA NpeacTasun 4OOPOBOIbHOE MUCbMEHHOE MH(DOPMMPOBAHHOE cornacue, NoanMcaHHoe
1IM NOCe PadbACHEHMA eMy NOTEHLMANbHbBIX PUCKOB 1 MPENMYLLECTB, a TakXKe XapakTepa NpeACcTosALero NccneoBaHus.

MoTeHuManbHbI KOHMAUKT UHTEPECOB: aBTOPbI 3aABASOT 06 OTCYTCTBUM KOH(IMKTA MHTEPECOB.

P> Monosa Onbra BnagnmuposHa olya.popovaolga?710@yandex.ru

Crtatbsa noctynuna: 27.05.2024 Nocne popaboTku: 02.09.2024 MNpuHaTta k ny6nukauun: 07.09.2024

INTRODUCTION

Hypomagnetic conditions (HMC) of outer space, as well as
of the Moon and Mars, represent a potentially critical prob-
lem for astronauts’ health and performance during long in-
terplanetary missions. Experiments devoted to the studies
of HMC effects on humans have shown a decrease in body
reserves due health problems such as sleep disorders,
metabolic changes, and the appearance of neurological
disorders [1]. The formation of a labor and rest regime in ac-
cordance with a person’s physiological capabilities under
HMC will allow to increase the adaptation efficiency and
fulfillment of the tasks assigned to him/her.

Despite the abundance and diversity of empirical data,
the mechanisms underlying magnetoreception are yet to ful-
ly identified. As of today, there are many hypotheses — for
example, the radical pair model and the magnetoreception
model with magnetite (iron oxide) as the key component.
Any weakening of the magnetic field represents a stress
factor for biological organisms, with the nervous system
performing the most important regulatory function in the
formation of the organismal stress response [2]. It has been
suggested that two types of human nervous system re-
sponse to the Earth’s magnetic field are the stressor re-
sponse and sedative effect of slow magnetic oscillations.
When studying the reactions of the nervous system when
exposed to electromagnetic fields, a nonspecific reaction
of brain cells accompanied by inhibition of conditioned
reflex activity, including learning and memory processes,
was found. It is worth mentioning that the cellular reaction
resembled Selye’s stress syndrome [3].

Due to bioethical issues, most experimental studies
of HMC effects are carried out on animals. It has been
shown that prolonged absence of a magnetic field signifi-
cantly reduces the ability to adapt [4]. Exposure to HMC
significantly impairs neurogenesis and cognitive function
in the hippocampus of adult mice by reducing endoge-
nous levels of aminophenyl butyric acid (ABA) in neural
stem cells [5]. HMC exposure also produced impairment
of noradrenergic activity in the brainstem of golden ham-
sters, with both the noradrenaline content and the density
of noradrenaline-immunopositive neurons significantly de-
creasing following prolonged exposure to near-zero mag-
netic environment [6]. Studies of long-term exposure to
HMC have shown that animals spend relatively more time
learning a new object and its location in space, Zhang
B.F. et al. suggest that exposure to HMC impairs spatial
and cognitive memory of mice [5]. In addition, leukopenia,
low metabolic rate, increased mortality and disruption of

circadian rhythms have been found due to the lack of nat-
ural magnetic conditions [7]. Changes in circadian rhythm
and melatonin secretion are also known to lead to nega-
tive consequences in the form of decreased antioxidant
capacity of the organism [8].

The HMC effect on humans is less studied. In partic-
ular, the ability to solve cognitive tests in humans deteri-
orates already at 40 min under HMC [9], and the biologi-
cal effects of HMC depend on the complexity of the task.
The maximum effects were observed when performing
complex cognitive tests, where the increase in the num-
ber of errors ranged from 5.1 + 1.6% to 7.4 = 2.5% [10].
The results of the study by Binga V.N. et al. [11] revealed
significant changes in cognitive and sensorimotor tests
results: a slower reaction speed, increased number of
errors and decreased short-term memory of men who
were in the “zero magnetic field”. The experiment of
Sarimov R.M. et al. [12] in two modes of exposure (“pla-
cebo” and “zero magnetic field”) lasting 1 h 17 min with
an interval of 40-60 days between series revealed that
“zero magnetic field” causes an increase in the number
of errors and an increase in the time of task performance
in cognitive tests, while the results of cognitive tests un-
der conditions of “zero magnetic field” decreased in 25
out of 40 subjects.

The autonomic regulation of cardiac activity also
changed already in the first 8 h of stay in the HMC, mainly
due to deviations in the activity of the parasympathetic
nervous system [13]. The effects of HMC influence on the
development of general asthenia, fatigue, drowsiness,
affective reactions and other possible negative psycho-
physiological states, which pose a threat in terms of emer-
gency situations arising in the course of operator activity,
contribute to the disruption of interaction in small groups
and complicate their activity, thus reducing the efficien-
cy of space flight target tasks, have not been practically
studied.

In 1976, Nakagawa described the occurrence of numer-
ous clinical and subclinical symptoms associated with the
weakening of the effect of the Earth’s natural geomagnetic
field on humans, which later became known as “magnetic
field deficiency syndrome”. In magnetic field deficiency
syndrome, loss of work capacity, increased sleepiness,
and nighttime sleep disturbances are noted [14]. It can be
assumed that HMCs can contribute to the appearance of
daytime sleepiness as a condition associated with cogni-
tive deficit and change the quality of night sleep, especially
its restorative function, changing the physiological basis for
optimal functioning in the sleep-wake cycle.
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Quantitative assessment of weak magnetic fields effect
on the human body is one of the most debated issues in
contemporary magneto- and heliobiology. Since changes
in the magnetic field often do not lead to a visible reac-
tion of the organism or significant changes in physiological
processes during short-term experiments, the more urgent
problem here consists in the assessment of the long-term
effect of magnetic field variations.

The aim of the present study was to evaluate the peculi-
arities of sensorimotor reactions, quality of night sleep, and
development of daytime sleepiness during a 24-hour stay
in hypomagnetic conditions.

MATERIALS AND METHODS

HMC modeling was carried out in a limited volume by the
method of compensation of the Earth’s natural magnetic
field by a system of windings with current (Helmholtz rings),
whose total magnetic field vector is directed in the oppo-
site direction of the Earth’s geomagnetic field (“Arfa” unit,
(IMBP)).

The Arfa facility is designed for modeling of HMC based
on the method of compensation of the natural geomagnetic
field (GMF), in which the total MF-vector of Helmholtz rings
is directed in the opposite direction to the Earth’s magnetic
field. A magnetic field uniformly distributed in value and di-
rection is created according to the specially selected diam-
eter of the rings and their location inside the chamber. The
system makes it possible to compensate for changes in the
magnetic field along the vertical component parallel to the
maximum size of the exposure unit.

As a result, the magnetic field induction in the work-
ing volume of the movable box of the exposure unit can
reach zero and negative values (reverse direction of the
GMF-vector). The magnetic field indices are monitored
using a three-component FL3-100 sensor (Stefan Mayer
Instruments, Germany) [13].

Six healthy male volunteers aged 26 to 37 years (BMI
24.77 + 2.99) participated in the experiment. All partici-
pants underwent medical examination prior to the start
of the experiment, were recognized as healthy and had
no contraindications for participation in the experiment.
All studies were conducted in accordance with the prin-
ciples of biomedical ethics formulated in the 1964 Helsinki
Declaration and its subsequent updates and approved by
the Bioethics Commission of the Federal State Budgetary
Institution of Science of the State Scientific Center of the
Russian Federation — Institute of Medical and Biological
Problems of the Russian Academy of Sciences (Moscow)
(Protocol No. 641 of 14.06.2023). Each study participant
provided a voluntary written informed consent signed by

Table 1. Experimental sessions (8 hours) in a series of studies

ORIGINAL ARTICLE | SPACE MEDICINE

him/her following an explanation of the potential risks and
benefits, as well as the nature of the upcoming study. The
experiment was a randomized double-blind placebo-con-
trolled study. Each subject participated in 4 experimental
series, where one had no exposure to HMC while the other
three created HMC with reduced natural magnetic field
(mean 0.05-0.14 pT). Thus, 2 experimental groups were
distinguished: “Placebo” (n = 6) and “HMC” (n = 18). Each
experimental series included 3 sessions (Table 1).

Sensorimotor response studies were performed out-
side the experimental setup in the first 10 min after the end
of session 3.

The study methods included:

1. To identify the features of sleep and wakefulness,
an original structured questionnaire developed earlier
was used; the subjects answered questions related to the
sleep-wake cycle. A full description of the questionnaire
was previously published [15]. In this study, answers to the
following questions were analyzed: occurrence of daytime
sleepiness (yes/no), occurrence of daytime sleep (yes/no,
how many times per day); bedtime and wake-up time (as-
tronomical time, hour) duration of falling asleep (min), num-
ber and duration of night awakenings (min).

2. Visual motor integration (VM) test to assess hand-
eye coordination within 10 minutes after the 3rd (afternoon)
session with HMC outside the experimental setup. The test
was conducted on a hardware-software complex devel-
oped at the Institute of Medical and Biological Problems.
The test consisted of 11 presentations on the monitor
screen of a stimulus in the form of a circle with a diameter
of about 2.5 cm. While waiting for the stimulus to appear,
the test subject was required to hold the cursor in another
area of the monitor screen bounded by a square with a side
also about 2.5 cm. When the stimulus appeared, the sub-
ject was had to move the cursor as quickly as possible from
its location to the area of the circle and click the left mouse
button. The results of 11 reactions to the stimulus were
used to calculate the mean and standard deviation of the
time from the onset of the stimulus to the onset of cursor
movement (t1, the sensory component of the response),
from the onset of cursor movement to placing the cursor in
the circle (t2, the motor component of the response), and
from the onset of the stimulus to clicking inside the circle
(t3, the total reaction time).

Statistical processing was performed with the help of
Statistica 13.0 software package using the nonparamet-
ric Mann-Whitney criterion, summary tables (banner ta-
bles), sign criterion and analysis of variance. The values
of quantitative indicators are given as mean values and
errors of mean. The peculiarity of the study was that with
a sufficient number of indicators, the number of testers

Experimental sessions and research therein

1st session (afternoon)
in the ARFA unit
12:00-20:00

Break, outside
of the ARFA unit
20:00-23:00

2nd session (night)
in the ARFA unit
23:00-7:00

Break, outside
of the ARFA unit
7:00-10:00

3rd session (afternoon)
at the pilot plant
10:00-18:00

After the end of the
session outside of the
ARFA unit 18:00-18:10

Questionnaire
(n=24)

Questionnaire
(n=24)

N3MP
(n=24)

Table prepared by the authors using their own data
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was limited by the peculiarities of its organization (n = 6).
Statistical methods acceptable for small samples were
used in the study [16].

STUDY RESULTS

Sleep quality. Analysis of the latent period of sleep (the rate
of nocturnal falling asleep) revealed no significant patholog-
ical deviations in either experimental group. Prolongation
of falling asleep time more than one hour was found in 1
case in 6 nights under placebo conditions and in two cases
in 18 nights under HMC exposure. Falling asleep duration
from 15 to 30 min under the HMC condition was found in
6 cases over 18 nights; in the placebo condition, this oc-
curred in one case over 6 nights (Table 2).

These results indicate similar responses of sleep dura-
tion under both placebo and HMC conditions. At the same
time, the relative representation of cases of longer sleep
duration (more than 15 min) was slightly higher in the HMC
group (Figure 1), although the differences did not reach the
level of statistical significance.

During the period of nocturnal sleep under HMC expo-
sure, one case of awakening for 18 nights was noted, while
under placebo conditions a similar pattern was registered
for 6 nights, which also indicates that there were no differ-
ences in the experimental groups in terms of the represen-
tation of nocturnal sleep disturbances.

Thus, no pathologic abnormalities were found for the
duration of falling asleep and the number of nocturnal
awakenings during exposure to HMC.

Table 2. Duration of falling asleep in experimental groups

Falling asleep Falling asleep | Falling asleep In
. for less than for 15-30 for more than
Condi- . . total
- 15 minutes minutes an hour
tions
Number of cases
Placebo 4 1 1 6
HMC 10 6 2 18
All series 14 7 3 24

Table prepared by the authors using their own data

70 7 Bl Falling asleep for less than 15 minutes

Ml Falling asleep for more than 15 minutes

60

Rate, %

Placebo HMC
Experimental groups
The figure is prepared by the authors using their own data

Fig. 1. Distribution of falling asleep duration values in the experimental groups

Daytime sleepiness. When comparing the frequency
of daytime sleepiness episodes and/or its absence in the
HMC and placebo exposure, an increase in the level of
daytime sleepiness under the influence of HMC was re-
vealed in 72% of observations (p = 0.003, according to the
criterion of signs) as compared to the placebo group. The
corresponding data are presented in Figure 2.

The increase in daytime sleepiness was characterized
by the occurrence of daytime sleep in both experimental
groups. However, the increase in daytime sleepiness under
HMC exposure was not accompanied by an increase in the
frequency of daytime sleep episodes as compared to pla-
cebo conditions. The data are presented in Table 3.

Single daytime naps were observed in 4 cases in the
HMC group and once in the placebo group; double day-
time naps were recorded 11 times in the HMC group and
4 times in the placebo condition. In both experimental
groups, no daytime drowsiness or daytime sleep was not-
ed in 59% of observations.

Hand-eye coordination after expose of HMC

When evaluating the effect of the end of HMC exposure
on pand-eye coordination in the VMI-test, it was found
that reaction times t1, t2, and t3 in the placebo group were
342.4 + 52.9 ms, 455.1 + 82.5 ms, and 632.5 + 104.6 ms,
respectively, and 336.2 + 44.1 ms, 433.9 + 64.1 ms, and
596.0 + 86.8 ms after the end of HMC exposure.
Examination of VMlI-test performance dynamics
(Figure 3) revealed that after being in HMC, the values of

Table 3. Episodes of daytime sleep under Placebo and HMC conditions

Frequency of sleep disturbances Study groups
(drowsiness) per day Placebo HMC
Absent 7 21
Once 1 4
Twice 4 "
Total number of observations 12 36

Table prepared by the authors using their own data

30 7 B No drowsiness

25 M There is drowsiness
20

15 7

Cases, n

10

Placebo HMC

Experimental groups
Figure prepared by the authors using their own data

Fig. 2. The presence of daytime sleepiness in Placebo and HMC.
Note: * — p = 0.003

MEOVLIHA OKCTPEMATTBHBIX CUTYALIAI | 2024, TOM 26, Ne 3



750 7 Placebo

e HMC
700 A

650 1

600
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Stimulus presentation
Figure prepared by the authors using their own data

Fig. 3. Time of visual-motor reaction with sequential presentation of stimuli
after the end of HMC sessions and Placebo sessions

550 7 Placebo

= HMC

(o))

o

o
1

Time of motor component
of response (t2), ms
B H
o ()
o o
1 1

350 T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 M

Stimulus presentation

Figure prepared by the authors using their own data

Fig. 5. Cursor movement time to the stimulus (t2) with sequential presentation
of stimuli after HMC sessions and placebo sessions

total task completion time (t3) (except for the 9th presenta-
tion) in the HMC exposure group were statistically signifi-
cantly lower according to the sign criterion M = 590.5 ms
Q25 = 585.7 ms, Q75 = 607.8 ms) vs. M = 644.0 ms
(Q25 = 618.8; Q75 = 649.7) after placebo.

The time to move the cursor from the square to the
stimulus—motor component of the response (t2) from the
3rd response to the 10th response in the HMC expo-
sure group was lower M = 430.3 ms (Q25 = 425.7 ms,
Q75 = 435.5 ms) in comparison with the analogous in-
dex of the placebo group M = 458,1 ms (Q25 = 448.2 ms,
Q75 = 4741 ms) and at statistical processing of the data
using the criterion of signs the acceleration of reaction time
in 9 out of 11 presentations was noted (p < 0.05). The data
are presented in Figure 5.

Daytime sleepiness under HMC and sensorimotor
functions upon discontinuation

Taking into account the more frequent occurrence of day-
time sleepiness in HMC conditions, we compared the re-
action time when performing VMI-test in cases where epi-
sodes of daytime sleepiness were registered in the past
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Fig. 4. The time of onset of the motor reaction (t1) with successive presentation
of stimuli after the end of the HMC session and Placebo sessions

40 7
Hl Placebo
307 m HMmC

20

10

A time, ms
o
l

t1 t2 t3

Figure prepared by the authors using their own data

Fig. 6. Sensorimotor functions in groups with and without daytime sleepiness
after placebo and HMC conditions

Note: A — difference between the values after a session without daytime
sleepiness and with daytime sleepiness

session and where they were not. Analysis was performed
using the nonparametric Mann-Whitney criterion. Subjects
with identified daytime sleepiness following exposure to
HMC had shorter reaction times than subjects exposed to
HMC who did not have episodes of sleepiness recorded.
In contrast, after placebo sessions, subjects with identified
daytime sleepiness had longer VMI-test times than sub-
jects in the placebo group who did not experience sleepi-
ness. The data are presented in Figure 6.

Analysis of variance (F = 22.6, p < 0.05) was performed
to assess changes in t1, t2, t3 for the group with reported
sleepiness following exposure to HMC and placebo. Figure
7 shows a statistically significant decrease in sensorimo-
tor reaction time immediately after the end of being in the
experimental setup in the HMC exposure series compared
to placebo.

Analysis of variance (F = 22.6, p < 0.05) was performed
to assess changes in t1, t2, t3 for the group with reported
sleepiness after exposure to HMC and placebo. Figure 7
shows a statistically significant decrease in sensorimotor
reaction time immediately after the end of being in the ex-
perimental setup in the HMC exposure series compared to
placebo.
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Fig. 7. Results of the variance analysis of VMI-test for the group with daytime sleepiness under placebo and HMC conditions

DISCUSSION

In our study, the detection of daytime sleepiness was
based on self-reporting by healthy volunteers who as-
sessed the presence of sleepiness retrospectively after
the end of the experimental sessions. This informative
approach confirmed the exacerbation of subjective day-
time sleepiness under HMC conditions as compared
to placebo. The main causes of daytime sleepiness in
healthy individuals in most cases are lack of previous
nighttime sleep and fatigue state [17]. The appearance
of daytime sleepiness and somnolence combined with
a reduction in the duration of nocturnal sleep is char-
acteristic of isolation conditions and antiorthostatic tilt
[18, 19], which also simulate the effect of some space-
flight factors. In studies by Kukanov V. Yu et al. based
on changes in the ratios of the sums of delta and theta
bands to the sum of alpha and beta bands of the electro-
encephalogram, a shift in brain activity toward inhibition
processes was noted, possibly constituting evidence of
the development of fatigue [13]. In turn, we did not detect
a reduction in the duration of the preceding night’s sleep,
increase in the time taken to fall asleep or an increase
in the frequency of night awakenings — i.e., a decrease
in its quality, which probably indicates other causes of
daytime sleepiness, in particular, the hypnogenic effect
of the reduced magnetic field.

The complex symptom of daytime sleepiness, com-
prised of a feeling of desire to sleep, manifestations of re-
duced physical and mental activity, ultimately creates ad-
ditional risks of accident development. It is important to
note that sleepiness, which is not a stationary state, can
be pronounced or barely noticeable, appear and disappear
depending on various external and internal factors, as well
as occasionally leading to unexpected falling asleep. The
mechanisms of daytime sleepiness development in hy-
pomagnetic conditions are insufficiently studied. Based on
the previously revealed drop in the level of norepinephrine
in animals under conditions of exposure to HMC [6], we can
assume that the neurochemical basis for the development
of somnolence in HMC in humans includes a decrease in
the level of norepinephrine, acetylcholine, serotonin, dopa-
mine, and other neurotransmitters, whose activity is closely
related to the sleep—wake cycle.

The occurrence of daytime sleep and drowsy states
may reflect the degree of severity of drowsiness and fa-
tigue and lead to errors in operator activity [17, 20]. Our
study showed that under the HMC, the subjects had sig-
nificantly more frequent drowsy states than in the placebo
series, while episodes of daytime sleep were observed only
during the development of drowsiness, which indicates not
only a more frequent but also a more significant disrup-
tion of the sleep-wake cycle [21,22] than in subjects with
HMC [21,22] than in subjects in the placebo group. Taking
into account that daytime falling asleep is an independent
medical problem associated with neurochemical changes
in orexin production, it can be assumed that the orexin
system of wakefulness maintenance is likely to be affected
under HMC [23].

In the conducted study the human state was shown to
be more active that immediately after the end of a session
of HMC exposure than after a placebo session. Already in
the first minutes after resuming the action of the geomag-
netic field, there is a decrease in the reaction time when
performing the VMI-test, which is an interesting phenom-
enon reflecting the ability of brain systems to rapidly in-
crease neurotransmitter activity [23]. The biological effects
of restoring natural geomagnetic field levels are poorly
understood. In animal studies [24], it was shown that an
8-day stay of animals in a hypomagnetic environment (30
min per day) resulted in activation of adrenal function one
hour after cessation of HMC. The results of our study may
reflect these changes, since enhanced adrenal hormone
production is directly related to improved function of cen-
tral nervous system (CNS) and faster reaction times. At the
same time, a 30-day stay in the HMC led to a decrease in
adrenal function, so the question of the stimulating effect of
restoration of the natural magnetic field remains open and
requires further study.

It is possible that a person being in a drowsy state
plays the role of a kind of “fuse” in the adaptation of the
nervous system to the effects of HMC; thus, the resto-
ration of the magnetic field allows the brain to quickly
switch to an active state. If this hypothesis is confirmed,
then the HMC conditions can be considered as a way of
transferring the organism to the level of functioning that
is borderline between sleep and wakefulness, where a
decrease in cognitive abilities is a protective reaction. In
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this situation, it is necessary to investigate and develop
safe work and rest regimes for individuals in hypomag-
netic conditions. Magnetic field reduction can also be
considered as an auxiliary means of providing “hiberna-
tion” of brain activity, which can be used during flights to
deep space. Under terrestrial conditions, hypomagnetic
installations can be used in the practice of neuroreani-
mation when it is necessary to reduce brain activity orin
rehabilitation after stressful influences. Restoration of the
natural magnetic field, contributing to a rapid increase in
brain activity, can be considered as a natural stimulant
of cognitive activity.
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PATHOBIOCHEMICAL ASPECTS OF DIVERS BARODENTALGIA
llyas R. Klenkov, Artyom S. Krivonos™, Roman A. Grashin, Alina V. Pototskaya, Vladimir A. Zheleznyak, Inna S. Maday

Kirov Military Medical Academy of the Ministry of Defense of the Russian Federation, Saint-Petersburg, Russia

Introduction. During their descent under water, divers may suffer from acute toothache attacks (barodentalgia), creating an emergency that leads to the
termination of diving descent. Barodentalgia can be caused by hypoxic process in the pulp of filled teeth under increased intrapulpal pressure.

Objective. To reveal the peculiarities of hypoxic processes in the pulp of filled teeth under hyperbaric exposure basing on oximetry and fluorescence change
parameters.

Materials and methods. The study involved 34 male divers who underwent a dental examination at the first stage to select individuals for the second stage
of the experiment. 24 subjects were selected for the second stage and evaluated for oximetric (mixed blood saturation) and fluorescent (reduced coenzyme
NADH, oxidized coenzyme FAD, fluorescent oxygen consumption index — FOCI) indices of filled teeth. The evaluation was performed by optical tissue oxim-
etry (OTO) and laser-induced fluorescence (LIF) methods before and after immersion in a barocamera at pressure of 0.4 MPa while breathing air.

Results. Following exposure to increased pressure of the gas medium as compared to the initial values in the filled teeth, the following phenomena were
observed: decrease in pulp saturation by 33.7% (p<0.05); increase in NADH by 14.4%; decrease in FAD by 22.9%; increase in FOD by 73.4% (p<0.05).
Conclusions. The revealed changes in the indicators of mixed blood saturation, NADH, FAD and FOCI confirm the presence of hypoxic process in the pulp
of filled teeth under hyperbaric exposure.
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NMATOBUOXUMWNYECKNE ACIMEKTbl BOSHUKHOBEHUA BAPOOAEHTATTN Y BOOOJIA30B
.P. Knenkog, A.C. KpreoHoc™, P.A. pawwuH, A.B. MoToukas, B.A. XXenesHsik, V1.C. Magai

BoeHHo-MeamnumHekas akagemuns nvern C.M. Kuposa MuHncTepcTBa 060poHbl Poccurickon ®epepaumn, CaHkT-MNeTepbypr, Poccus

BBepeHue. Y BOL0M1A30B Npw Crycke nog Body MOryT BO3HMKATb MPUCTYMbl OCTPO 3yOHOM 601 (BapoaeHTanrnm), Kotopas co3aaeT aBapuiiHyto CUTyaumio
1 BeJET K NMPeKpaLLeHnio BOAONa3HOro cnycka. bapoaeHTanrna MOXeT ObiTb 00yCNOBAEHa MUMOKCUYECKMM NMPOLECCOM B Mybre MIoMOUPOBaHHbIX 3y60B
1 MOBbILLEHVEM BHYTPUMYbMNApPHOrO AaBNeHs.

Llenb. Ha ocHoBaHWM n3mMeHeHiA nokasaTenen (OKCUMEeTPUM 1 hnyopecLenLym) BbISBUTbL OCOOEHHOCTU MPOTEKaHMS MMMNOKCUYECKMX MNPOLECCOB B Myfbre
NAOMOUPOBaHHbIX 3y60B MpK rMNepbapu4eckom BO3AENCTBUN.

Matepuanbl u meToAbl. B nccnegoBaHnv npuHanm y4actne 34 Bogonasa ua vincna aunL, My>XCckoro nona. Ha nepsom atane 6b1/10 NPoBEAeHO X CTOMATO-
nornyeckoe obcnefoBaHvie ¢ Lienbto 0Téopa NPETeHAEHTOB Ha BTOPO 3Tan akcnepuMeHTa. Ha BTopol atan oTobpaHo 24 1cnbiTyeMblX, Y KOTOPbIX MPo-
Be[leHa OLeHKa OKCMMETPUHECKUX (CaTypaums CMELLAaHHOM KPOBU) 1 (DTyOPECLIEHTHBIX (BOCCTAHOBNEHHbIN KOPepMeHT HAJH, OKMCNeHHbI KOhepMeHT
DGAL, hnyopecLeHTHbIN nokasaTtenb noTpebneHnst kncnopoga — PrK) nokasarenei NnomMerpoBaHHbIX 3y60B. OLEHKY NPOBOANIN METOAAMM ONTUHECKO
TkaHeBou okcumeTpun (OTO) n naszepHon dnyopecueHTHon anarHocTkn (J1OP) oo n nocne norpy>keHnsi B 6apokamepe npu gasneHnn 0,4 Mla npu gpl-
XaHUM BO3[YXOM.

PesynbTaThl. [10Cne BO3AENCTBMS NOBbLILLEHHOrO AaBeHNsS ra30BOM CPEAb! MO CPABHEHWIO C UCXOLHBIMU 3HAYEHUSIMM B MIIOMOUPOBaHHbIX 3y6ax Habno-
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INTRODUCTION

When diving under water, a person is affected by nu-
merous factors of increased environmental pressure (the
value of the total pressure and its variations, increased
partial pressure of gases, high density of the gas mix-
ture, frequency and duration of period under pressure,
increased heat capacity and thermal conductivity of
water, mechanical impact of equipment, etc.), forming
specific conditions of diving labor and causing changes
in the state of the human body some of which may be
pathological [1].

Such pathological manifestations can significantly
reduce professional efficiency of a diver and create an
emergency situation, which inevitably entails reduction of
professional longevity. One such pathological condition is
barodentalgia, a syndrome arising under conditions of al-
tered environmental pressure characterized by attacks of
acute or aching toothache, as well as painful sensations in
the dental row area [2].

According to research [2], one of the risk factors for
barodentalgia in divers is the presence of filled teeth. In the
pathogenesis of barodentalgia, an important role may be
played by the hypoxic process, which develops in the pulp
chamber of filled teeth as a result of impaired microcircu-
lation. Hypoxic processes occur as a result of peripheral
pulp vessels narrowing under the impact of increased en-
vironmental pressure and reduction of the pulp chamber
in volume due to the formation of replacement dentin — a
plastic process of the pulp that occurs in response to the
consequence of damage to the hard tissues of the tooth
(carious lesion).

Various methods are currently used to perform a quan-
titative assessment of metabolic processes occurring in
human tissues — in particular, in the dental pulp [3-4]. In
the present context, the most accessible techniques in-
clude optical tissue oximetry (OTO) and laser-induced fluo-
rescence (LIF) [5]. These techniques allow to assess not
only tissue parameters in general, but also changes in cel-
lular metabolism characteristic of the hypoxic process in
the dental pulp.

The purpose of the study is to identify the peculiarities
of hypoxic processes in the pulp of intact and filled teeth
under hyperbaric exposure on the basis of changes in the
oximetry and fluorescence parameters.

MATERIALS AND METHODS

Under the auspices of the Military Medical Academy, we
conducted a study with the participation of the Northern
Fleet divers (n = 34), who were selected for the presence
of barodentalgia in the anamnesis revealed via questioning
using a questionnaire developed by us, as well as those re-
ferred for health reasons. The age of the experimental sub-
jects ranged from 24 to 47 years. All subjects were male.
The study was carried out in two stages.

At the first stage of the study, 34 individuals were se-
lected based on oral examination data and analysis of cone
beam computed tomograms (hereinafter referred to as
CBCTs). The main selection criterion for participation in the

study was the presence of a pair of symmetrical teeth (one
morphofunctional group) in which one tooth was affected
by barodentalgia and the second tooth was intact. 24 test-
ers were selected for the second stage.

At the second stage of the study, we evaluated oxi-
metric and fluorescent indices of intact and filled teeth of
24 subjects by the method of oxidative metabolism diag-
nostics using the LASMA-D apparatus (Russia) before and
after immersion in the flow-decompression chamber KVD-
1600 (Russia) for a duration of 125 minutes at a pressure
of 0.4 MPa under a special decompression mode with air
breathing.

The following parameters were measured: mixed blood
(arterial and venous) saturation using the technique of opti-
cal tissue oximetry (OTO), fluorescence emission amplitude
of reduced coenzyme NADH and oxidized coenzyme FAD
using the technique of laser-induced fluorescence (LIF).

Based on the fluorescence spectra obtained under
excitation by external radiation, we calculated the fluores-
cence oxygen consumption index (FOCI), which reflects
the redox potential in intracellular mitochondria, according
to the formula [5]:

ANADH

FOCI = ,
AFAD

(1)

where FOCI — fluorescent indicator of oxygen consump-
tion; ANADH — amplitude of fluorescence emission of the
reduced nicotinamide adenine dinucleotide coenzyme;
AFAD — amplitude of fluorescence emission of oxidized
flavoproteins.

Mathematical data processing was carried out on a
personal computer using the software package “StatSoft
STATISTICA 10”. Quantitative data were checked for com-
pliance with the theoretical Gauss-Laplace distribution law
using the Shapiro-Wilk criterion. The groups were com-
pared using the Mann-Whitney U-criterion.

STUDY RESULTS

During the collection of anamnesis data, the tooth sub-
jected to barodentalgia was identified. It was also de-
termined that barodentalgia occurred in filled teeth with
clinically complete fillings, in carious teeth with different
localization of the carious process and in teeth with caries
recurrence. Based on the results of the dental examina-
tion, 24 individuals were selected, each having a pair of
symmetrical teeth (of the same morphofunctional group),
in which one tooth was barodontalgic while the other was
intact. Filled teeth with clinically complete fillings and with-
out signs of caries recurrence, in which the filling material
was located within the peri-pulpal dentin, were selected
for the study.

The incidence of filled teeth was significantly higher in
the masseter group of the jaws than in the anterior group.
Figure 1 shows an example of a CBCT of an experimental
subject who met the selection criteria for participation in
the study.

At the second stage, to evaluate oximetric and fluores-
cent parameters, we examined the molar groups of teeth
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The figure was prepared by the authors using their own data

Fig. 1. Panoramic section of the cone-beam computed tomogram of diver V. (P is a filled tooth, and E is an intact tooth)

of the upper and lower jaws due to the high frequency of
occurrence (p < 0.05) of filled teeth in this localization com-
pared to other groups.

The results of oximetric and fluorescence diagnostics
are presented in Table 1.

Figure 2 shows the results of OTO. Following exposure
to elevated pressure, the mixed blood saturation level in
intact teeth increased by 19.4%, while in filled teeth it de-
creased by 33.7% compared to baseline, which is a statisti-
cally significant change (p < 0.05).

Table 1. Oximetric and fluorescence diagnostic results

While a decrease in the mixed blood saturation level
in the filled teeth following hyperbaric exposure indicates
the presence of a hypoxic process in the pulp, our tasks
were, firstly, to identify the cause of this process, and sec-
ondly, to determine the changing vector in the metabolic
processes of intact and sealed teeth at the tissue level,
forming the basis for an extended LIF-used diagnostics
of pulp.

The results of the LIF are presented in the table. The
initial value of the fluorescence emission amplitude of the

Indicator Tooth condition Descent period Me [Q25;Q75] Degree of change, %
Oximetric indicators (GRT)
before hyperbaric exposure 38.1[28.9;49.3]
intact 19.40
after hyperbaric exposure 45.5[38.5;56.6]
Saturation
before hyperbaric exposure 19.6[11.9;35.3]
filled -33.70"
after hyperbaric exposure 13.0[5.7;23.0]
Fluorescent indicators (LIF)
before hyperbaric exposure 1.16[0.87;1.22]
intact -15.50
after hyperbaric exposure 0.98[0.82;1.16]
NADH
before hyperbaric exposure 1.11[0.92;1.20]
filled 14.40
after hyperbaric exposure 1.27[1.17;1.38]
before hyperbaric exposure 1.13[0.88;1.28]
intact -34.50
after hyperbaric exposure 0.74[0.62;0.98]
FAD
before hyperbaric exposure 1.18[0.965;1.31]
filled -22.90
after hyperbaric exposure 0.91[0.685;1.16]
before hyperbaric exposure 1.02[0.83;1.42]
intact 23.50
after hyperbaric exposure 1.26[0.92;1.43]
FOCI
before hyperbaric exposure 0.94[0.77;1.23]
filled 73.40*
after hyperbaric exposure 1.63[1.33;1.84]

The table was prepared by the authors using their own data

Note: * —p < 0.05
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Fig. 2. Change in the oximetric indices of mixed blood saturation (p < 0.05)

reduced NADH coenzyme in intact teeth was 15.5% higher
than after hyperbaric exposure. The initial NADH level in the
filled teeth turned out to be 14.4% lower on average than
after hyperbaric exposure. The data of the NADH indicator
are not statistically strong.

The initial values of the fluorescence emission ampli-
tude of the oxidized coenzyme FAD in intact teeth turned
out to be significantly higher than those after exposure to
increased pressure by an average of 34.5%. The initial val-
ues of the same indicator for the filled teeth were higher
than after exposure to increased pressure by an average
of 22.9%. The data of the FAD indicator are not statistically
expressed.

The results of calculating the fluorescent indicator of
oxygen consumption are shown in Figure 3. Under nor-
mobaric conditions, the FPC in intact teeth was 23.5%
lower than after hyperbaric exposure. The initial values of
FPC in the filled teeth were statistically significantly lower
than after hyperbaric exposure by an average of 73.4%
(b < 0.05).

Thus, changes in saturation and FPC indicators reveal
a hypoxic process in sealed teeth that occur under condi-
tions of increased gas pressure, whereas in intact teeth a
change in this indicator is a sign of a slight decrease in the
activity of metabolic processes.

DISCUSSION OF THE RESULTS

The calculated FPC indicator, which is based on determin-
ing the activity of intracellular mitochondria, indirectly re-
flects the level of oxygen metabolism in cells; however, in
our study this indicator turned out to be very informative,
since it allowed us to determine the presence of a hypoxic
process in the pulp of filled teeth.

According to C.M. Math et al. (2017), centralization of
blood flow under conditions of increased environmental
pressure is followed by the development of a compen-
satory adaptive reaction in the form of narrowing of pe-
ripheral vessels against the background of a systemic
increase in blood pressure [2]. In the pulp of the filled
teeth, which are reduced in volume due to the formation
of substitutive (tertiary) dentin, vasoconstriction leads

1.8 7
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Fig. 3. Change in fluorescence index of oxygen consumption (p < 0.05)

to a significant decrease in microcirculation and perfu-
sion.

With insufficient perfusion of the filled tooth tissues, an
energy deficit occurs due to the participation of oxygen
as a substrate of cytochrome oxidase in aerobic energy
formation reactions. Lack of oxygen leads to a change in
the enzyme complexes activity of the respiratory chain and
a decrease in the level of adenosine triphosphate (ATP).
This has a detrimental effect on energy-dependent cellular
reactions, e.g., the formation of membrane potential, ion
transport, electrogenic cell function, etc. [6-7].

A partial blockade of the respiratory chain also leads
rapidly to an excessive concentration of reduced coen-
zymes such as NADH and FADH,, which spontaneously
dissociate with the release of protons to increase intrami-
tochondrial hypoxia. This stage is characterized by an
even greater slowdown in the oxidation of substrates in
the tricarboxylic acid cycle and oxidative decarboxyla-
tion of pyruvic acid, increasing the accumulation of lac-
tic acid (lactate) due to glycolysis under these conditions
becoming the main energy process in the pulp cells of
sealed teeth, while a high level of lactate contributes to
an increase in the concentration of pyruvic acid and/or
NADH [8-9].

The hypoxic process causing the development of an
energy deficit of pulp cells triggers the release of bio-
logically active substances such as bradykinin, serotonin,
neuroactive peptides, etc., which, acting on the microves-
sels of the pulp, lead to vasodilation and increased vas-
cular permeability, which entails an increase in intrapulpal
pressure.

Why does barodentalgia occur? It may be caused by
an increase in intrapulpal pressure, leading to irritation of
nerve endings, since the pulp chamber of the filled tooth
is reduced in volume due to the formed replacement den-
tin [10-11] and constant pressure of the filling material on
the tooth pulp [12-13]. In intact teeth, the volume of the
pulp chamber is of normal size, which does not cause an
increase in intrapulpal pressure. At the stage of energy de-
ficiency in the filled teeth, it is also worth noting the increase
in the concentration of lactic acid in the intercellular space
that contains a large number of nerve endings, which may
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in all likelihood exacerbate the development of baroden-
talgia [14]. Biologically active substances such as brady-
kinin, serotonin, etc. can additionally increase the intensity
of barodentalgia [15].

CONCLUSIONS

1. Following exposure to altered environmental pressure,
there was a statistically significant decrease in mixed blood
saturation in pulp vessels by an average of 33.7%, an in-
crease in the fluorescence intensity of reduced NADH co-
enzymes by 14.4%, and a decrease in the fluorescence
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HYPERBARIC OXYGENATION FOR ASSISTING RECOVERY OF ATHLETES INCLUDING THOSE AFFECTED
BY COVID-19 UNDER MEDIUM-ALTITUDE CONDITIONS

Gukas N. Ter-Akopov, Yulia V. Koryagina™, Sabina M. Abutalimova, Sergey V. Nopin, Yulia V. Kushnareva

North-Caucasian Federal Research-Clinical Center, Essentuki, Russia

Introduction. Modern scientific studies demonstrate the effectiveness of hyperbaric oxygenation in assisting recovery following physical exertion including
those affected by COVID-19 infection.

Objective. The study sets out to identify the beneficial effects of hyperbaric oxygenation therapy in assisting the recovery of athletes under medium-altitude
conditions, including those who have previously undergone COVID-19, by examining respiratory and circulatory systems.

Materials and methods. The study was performed on 39 highly qualified athletes during a period of training in mountainous areas. The athletes’ heart rate
variability, central hemodynamics, saturation and external respiration were determined prior to hyperbaric oxygenation, as well as immediately following the
procedure, 10 min after the procedure, and following a course of 7 procedures.

Results. According to heart rate variability indices in women who underwent COVID-19, there was a tendency to decrease heart rate 10 min after hyperbaric
oxygenation and very a slow wave power index after the course of (before — 665.65 (592.54; 921.07) ms?; after — 541.47 (371.01; 840.89) ms?, p < 0.05).
After the first session there was a decrease in systolic blood pressure (before — 117 (111; 120) mm Hg; after — 109 (104; 115) mm Hg, p < 0.03), as well as
in the index of volumetric airflow velocity at the moment of exhalation of 50% of forced vital capacity of lungs. A comparison of men’s parameters revealed
a decrease in peripheral vascular resistance and blood pressure. In women and men who had previously suffered COVID-19 infection, the index of impaired
oxygen uptake from the microcirculation system decreased under the influence of hyperbaric oxygenation.

Conclusions. Hyperbaric oxygenation therapy is a safe and effective method for assisting the recovery of athletes under medium-altitude conditions, including
those who have previously suffered COVID-19 infection. The observed improvements in functional state are manifested over the course of application (7 sessions).

Keywords: athletes; functional status; cardiovascular system; respiratory system; mid- mountain; hyperbaric oxygenation therapy; COVID-19

For citation: Ter-Akopov G.N., Koryagina Y.V., Abutalimova S.M., Nopin S.V., Kushnareva Y.V. Hyperbaric oxygenation for assisting recovery of athletes
including those affected by COVID-19 under medium-altitude conditions. Extreme Medicine. 2024;26(3):71-76. https:/doi.org/10.47183/mes.2024-26-
3-71-76

Funding: the study was performed in accordance with the state assignment of North-Caucasian Federal Research-Clinical Center No. 48.001.22.800 from
January 01, 2022, for the performance of the research “Development and scientific substantiation of the system of recovery and rehabilitation measures for
athletes who suffered COVID-19 with the use of factors of hypo- and hyperoxia in the medium-altitude conditions”, cipher: “COVID medium-altitude 22/24".

Compliance with ethical principles: the study was approved by the Local Ethical Committee for Expert Review of Biomedical Research of North-Caucasian
Federal Research-Clinical Center, protocol #1 of 20.01.2022. All participants gave informed consent to participate in the study in accordance with the World
Medical Association Declaration of Helsinki (WMA Declaration of Helsinki — Ethical Principles for Medical Research Involving Human Subjects, 2013), as well
as permission to process personal data.

Potential conflict of interest: the authors declare no conflict of interest.
< Yulia V. Koryagina nauka@skfmba.ru
Received: 20 June 2024 Revised: 18 Oct. 2024 Accepted: 24 Oct. 2024

MPUMEHEHWE M’MMNEPBAPUYECKOW OKCUMEHALIMU )11 BOCCTAHOBJIEHUSI CMIOPTCMEHOB,
B TOM YNCIE PAHEE NEPEHECLLNX COVID-19, B YCJIOBUAX CPEOHEIOPbS1

IH. Tep-Akonos, K0.B. KopsruHa™, C.M. Abytanumosa, C.B. HonvH, FO.B. KylwHapesa

CeBepo-Kaskasckuin hefepanbHblii HayYHO-KIMHUYeCKniA LeHTp PefepanbHoro Meamnko-bnonornieckoro areHTcTea, EcceHTykn, Poccus

BBepeHue. B coBpeMeHHbIX Hay4HbIX paboTax UMEeoTCs AaHHble, NokasbiBatoLLye 3HEKTUBHOCTb MPYMEHEHWS rMnepbapu4ecKoin OKCUreHaLum As Boc-
cTaHoBneHust nocne COVID-19, a Takxe BOCCTAHOBEHNS CMOPTCMEHOB Moce (n3n4eckinx Harpy3oK.

Llenb. BoisiBneHne apdexkToB npuMeHeHust runepbapuyeckoi OKCUreHaumm Ansi BOCCTAHOBJIEHWS CMOPTCMEHOB, B TOM YMC/E paHee MepeHecLunx
COVID-19, B ycnoBusix cpeaHeropbsi Mo AaHHbIM NCCNeA0BaHWSA CUCTEM [ObIXaHus 1 KPOBOOBpaLLIEHWS.

Matepuan n metopabl. /iccnenoBaHve NPoxoauno B Nepunog noaroToBky B cpeaHeropbe y 39 CnopTCMEHOB BbICOKON KBanudvkaumn. [1o runepbapunye-
CKOW OKCcUreHaumm, cpady nocne, Yepes 10 MvH nocne, nocne Kypca 13 7 npoueayp y CNOPTCMEHOB ONpPeAeNnsnicb nokasartenm BaprabenbHOCTV cepaey-
HOro pUT™Ma, LEHTPasbHON reMOANHAMYKI, CaTypaLmnm 1 BHELLHErO AbIXaHus.

Pesynbratbl. CornacHo nokasartensmM BapunabesibHOCTN CepAeyHOro putMa y »eHLmnH, nepeHeclunx COVID-19, nmenach TEHAEHUMS K CHUKEHMIO Ya-
CTOTbl cepaeqHoro putma Yepe3 10 MuH nocne runepbapnyeckon OKCUreHaummn 1 nokasaTenss MOLHOCTU OYeHb MEeAEHHbIX BOJH nocne Kypca (o —
665,65 (592,54; 921,07) mc?; nocne — 541,47 (371,01; 840,89) mc?, p < 0,05). [Nocne NepBoro ceaHca BbiSBNEHO CHUXKEHME CUCTONMYECKOro apTepmnasnbHOro
nasnenns (0o — 117 (111; 120) mm pT. cT.; nocne — 109 (104; 115) mm pT. cT.,, p < 0,03), a Tak>xe nokazarens 06beMHON CKOPOCTH BO3AYLLUHOMO NOTOKa B MO-
MeHT Bblgoxa 50% (HopCUpPOBaHHOM XNIHEHHOM EMKOCTI Nerknx. CpaBHeHne nokasaTenen My>KHuH BbISIBUIIO CHUKEHWE Nepnepnyeckoro CoCyanucToro
COMPOTMBNEHWS U apTepmnanbHOro AaBneHs. Y )KeHLLMH 1 My>X4iH, paHee 6oneslurx COVID-19, nog gencTememM runepbapnyeckor OKCureHaLmm CHKancs
nokasartefb HapyLUEeHWs NOroLWEHNST KUCNOPOoAa U3 CUCTEMbI MUKPOLMPKYISLNAN.

BbiBoabl. [Mnepbapunyeckas okcureHaumsa — 6e3onacHbi 1 9OPeKTUBHbBIN METO BOCCTAHOBNEHNSA OpraHn3Ma CNoPTCMEHOB B YCIOBUSX CPEAHErOpbs,
B TOM 4ucne y paHee nepeHeclumx COVID-19. BbipaxkeHHble yny4leHns dyHKLUMOHaNbHOrO COCTOSIHAS, MPOSBASIOTCS NMPU KYPCOBOM NpuMeHeHun (7
CeaHcoB).

KnioueBble cnoBa: CNopTCMeHbl; (DYHKLMOHANbHOE COCTOSHNE; CepAeYHO-COCYANCTas CMcTeMa; AblxaTebHas CUCTeMa; cpeaHeropbe; rmnepbapunyeckas
okeureHaupms; COVID-19

Ansa yutupoBaHus: Tep-Akonos H., KopsaruHa HO.B., Abytanumosa C.M., HonvH C.B., KywHapesa HO.B. MpumeHeHne runepbapuieckoli okcureHa-
1M Anst BOCCTAHOBNEHWSI CMOPTCMEHOB, B TOM 4YuMchne paHee nepeHeclumx COVID-19, B ycnoBusix cpeaHeropbst. MeauimHa aKCTpemasibHbIX CUTYaLmii.
2024;26(3):71-76. https://doi.org/10.47183/mes.2024-26-3-71-76
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INTRODUCTION

Hyperbaric oxygen therapy (HBOT) provides an artificial in-
crease in blood oxygen capacity due to additional dissolu-
tion of oxygen in plasma as a result of increase in the partial
pressure of oxygen in the inhaled gas mixture related to the
total barometric pressure of the external environment [1, 2].
When subjected to HBOT in suboptimal or optimal doses,
the human organism switches to a qualitatively new state
characterized by economy (hypofunction) of physiological
systems [3, 4].

Due to the onset of the novel coronavirus COVID-19
pandemic, a need arose for the use of methods to amelio-
rate complications associated with this disease manifesting
as hypoxia and requiring supplemental oxygen support [5].
Thus, the issue of ensuring the safety of HBOT therapy in
patients with COVID-19 becomes relevant. The inclusion of
daily HBOT sessions (at least 4) in “soft” modes (1.4-1.6
atm.) as part of complex therapy for COVID-19 has dem-
onstrated its safety and a preliminary positive effect on the
subjective state of the examined patients and blood oxygen
saturation dynamics [6].

According to A.G. Shchurov’s studies, HBOT can be
used in various sports to quickly eliminate fatigue resulting
from the performed load. This may serve as a preliminary
stimulation of performance before training or competitions,
as well as for the prevention and elimination of organ and
system dysfunctions due to excessive physical overstrain
[8]. Published data demonstrate the effectiveness of HBOT
for the recovery of patients after COVID-19, as well as for
the recovery of athletes after physical exertion. However,
no data on the use of HBOT for the recovery of athletes
training under hypobaric hypoxia (medium-altitude) condi-
tions, or athletes who have previously suffered COVID-19
infection under such conditions, were found in the available
sources.

The study set out to reveal the beneficial effects of hy-
perbaric oxygenation therapy in the recovery of athletes,
including those who had previously contacted COVID-19,
under medium-altitude conditions according to the study
of respiratory and circulatory systems.

MATERIALS AND METHODS
The study of HBOT effects during training of athletes in the

medium-altitude conditions was carried out during training
camps at an altitude of 1240 meters in Russia on 39 highly

qualified athletes (mean age — 21.5 (18; 25) years; sports
qualification — Candidates Masters of Sports and Masters
of Sports; mixed groups in sports: sambo, ski racing, fig-
ure skating, handball), including 27 women (main group
(MG) — 16; control group (CG) —11), and 12 men (7 MG
and 5 CG).

As our earlier studies showed, athletes may experience
strain of adaptation mechanisms during training in the mid-
dle mountains without the use of special means of recovery
(HBOT). The observed strain, as manifested in increased
sympathetic activity and central hemodynamics, was es-
pecially pronounced in athletes who had previously expe-
rienced COVID-19 [11, 12]. Due to the fact that these data
have already been published, the division into MG and CG
was based only on the presence of COVID-19 in the an-
amnesis in the present study. Consequently, athletes with
a history of COVID-19 were categorized as MG and those
without COVID-19 were categorized as CG. All athletes
participating in the study were administered HBOT treat-
ment.

Inclusion criteria: high qualification of athletes, high
training loads under medium-altitude conditions. Exclusion
criteria: refusal to participate in the study, acute illnesses
and injuries, contraindications to HBOT (history of epilepsy,
claustrophobia, hyperthermia, uncontrolled arterial hyper-
tension, hypotension, sinusitis, impaired patency of the eu-
stachian tubes and channels connecting the sinuses with
the external environment, hypersensitivity to oxygen).

The course of HBOT procedures was carried out in a
“BaroOx 1.0” barocamera using a “Covidien LLC” (USA)
mask according to a preset program having the follow-
ing parameters: overpressure — 30 kPa; oxygen con-
tent — 93+2 %; air flow rate — 45 L/min; compression/
decompression rate — 6 kPa/min; duration of one proce-
dure — 30 min; course — at least 7 procedures (1 proce-
dure per day); body position — half-lying.

The study of central hemodynamics, heart rate variabil-
ity (HRV) and oxygen parameters (impaired oxygen uptake
from the microcirculation system and blood saturation) was
performed using the ESTECK System Complex device
(LD Technology, USA). The spirometric indices of the ath-
letes were determined using a “Carefusion MicroLab Mk8”
spirometer (South Wales, UK).

Statistical processing of the data was performed us-
ing the “Statistica 13.0” computer program. A comparison
of indicators between the main and control groups was
carried out using the Mann-Whitney criterion; indicators of
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the main and control groups when HBOT was applied to
them in dynamics were compared using the nonparametric
Wilcoxon criterion. The indicators are presented in the form
of medians and quartiles.

RESULTS

When analyzing the data of the HBOT effect, the indica-
tors of athletes before HBOT (baseling), immediately fol-
lowing HBOT administration, 10 min after HBOT, as well
as after a course of 7 HBOT sessions, were compared.
The baseline MG and CG parameters did not differ sta-
tistically significantly. Although the dynamics of heart
rate (HR) did not reveal statistically significant changes
according to the HRV parameters in women, all women
(COVID-19 infected and non-infected) displayed a tenden-
cy to decrease HR 10 min after HBOT as compared to the
baseline level (Fig. 1A).

The same positive trend was observed for the power
index of fast high-frequency (HF) waves, which increased
10 min after administration of HBOT in female athletes who
had not previously had COVID-19 (before — 758.38 (585.11;
1015.1) ms?; 10 min after — 1734.57 (998.57; 2086.71) ms?).

The low-frequency (LF) wave power index in female ath-
letes with no previous COVID-19 infection tended to de-
crease after the HBOT course (before — 731.07 (505.87;
984.3) ms?; immediately after the 1st session — 711.66
(441.24; 894.39) ms?; 10 min after the 1st session — 808.8
(619.2; 1086.15) ms?; after the course — 426.23 (265.4;
940.66) ms?).

The power index of very low frequency waves (VLF) re-
flecting the work of the slowest level of regulation (supraseg-
mental or energetic metabolic) in female athletes who had
previously undergone COVID-19 decreased by the end of
the course (before the course — 665.65 (592.54; 921.07)
ms?; after the course — 541.47 (371.01; 840.89) ms?,
p < 0.05). In female athletes who had not previously had
CQOVID-19, there was also a tendency for this index to de-
crease following the HBOT course, but to increase after the
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1st session (up to — 665.24 (618.97; 848.75) ms?; immedi-
ately after the 1st session — 695.94 (639.81; 992.72) ms?;
10 min after the 1st session — 1219.29 (577.34; 1759.04)
ms?; after the course — 620.17 (414; 712.03) ms?). In wom-
en who had not previously been infected with COVID-19,
there is an additional tendency towards decreased stress
index (SI) immediately after the 1st HBOT session (be-
fore — 100.3 (73.8; 128.2) conventional units; immediately
after the 1st session — 81.55 (39.7; 111.5) conventional
units; 10 min after the 1st session — 48.35 (44.9; 113.35)
conventional units; after the course — 107.3 (65.1; 149.4)
conventional units).

When analyzing the central hemodynamic parameters
in women who had previously had COVID-19, a decrease
in systolic blood pressure was revealed after the first ses-
sion (before — 117 (111; 120) mmHg; immediately after the
1st session — 109 (104; 115) mmHg, p < 0.03; 10 minutes
after the 1st session — 114 (107; 117) mmHg, p < 0.05; af-
ter the course — 114 (108; 122.5) mmHg) (Fig. 1B). The
index of impaired oxygen absorption from the microcir-
culation system VO2 decreased (before — 320 (310; 320)
mL/min/m?; immediately after the 1st session — 130 (130;
180) mL/min/m?, p < 0.001; 10 minutes after the 1st ses-
sion — 130 (130; 130) mL/min/m?, p < 0.001; after the
course — 320 (310; 330) mL/min/m3).

In women without a history of COVID-19, a decrease
in the stiffness index, which characterizes blood pressure
in large arteries, was observed both after one session and
after a course of HBOT procedures (before — 6.22 (5.26;
6.86) m/s; immediately after the 1st session — 6.02 (5.27;
6.29) m/s, p < 0.05; 10 minutes after the 1st session — 6.15
(6.02; 6.62) m/s; after the course — 5.94 (5.24; 6.56) m/s,
p < 0.05). After the first session, the same group showed
a decrease in the PSS (before — 1207.6 (1132.9; 1243.8)
MPa*s/m?; immediately after the 1st session — 1180.3
(975.5; 1243.5) MPa*s/m?, p < 0.05; 10 minutes after the
1st session — 1062.9 (823.15; 1330.2) MPa*s/m?, p < 0.05;
after the course — 1156.6 (1074.3; 1342.5) MPa*s/m?
(Fig. 34)) and diastolic blood (arterial) pressure (DBP)
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Fig. 1. HRV (A) and Systolic blood pressure (SBP) (B) in highly qualified female athletes with and without COVID-19 under the influence of HBOT: MG — before
HBOT sessions; MG1 — immediately after HBOT, MG2 — 10th min after HBOT; MG3 — after HBOT course; CG — before HBOT sessions; CG1 — immediately

after HBOT; CG2 — 10th min after HBOT; CG3 — 3 after HBOT course
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Fig. 2. VLF (A) and stress index (B) indicators in male athletes with and without COVID-19, under the influence of HBOT: MG — before HBOT, MG1 — immediately
after HBOT, MG2 — 10th minute after HBOT, MG3 — after the HBOT course, CG — before HBOT sessions, CG1 — immediately after HBOT, CG2 — 10th minute

after HBOT, CG3 — 3 after the HBOT course

(before — 67 (64; 74) mmHg, p < 0.05; immediately after
the 1st session — 64 (59.5; 69.5) mmHg, p < 0.05; 10 min-
utes after the 1st session — 65.5 (61.5; 70) mmHg; after the
course — 64 (61; 69)) mmHg.

In terms of external respiratory function in women who
had previously undergone COVID-19, no significant chang-
es were observed during HBOT application apart from
MEF,, (maximal expiratory flow at 50% of forced vital ca-
pacity), which significantly decreased (before — 4.99 (4.42;
5.83) L; immediately after — 4.66 (4.09; 5.62) L, p < 0.01),
apparently due to relaxation of respiratory muscles. In
women with no previous history of COVID-19, forced vital
capacity of lungs (FVC) decreased statistically significantly
after the HBOT course (before — 4.25 (4; 4.77) L; after the
course — 4.13 (3.85; 4.53) L, p < 0.02).

A comparison of HRV indices during HBOT sessions in
COVID-19 male athletes with previous COVID-19 revealed
a statistically significant increase in the power of very low
frequency (VLF) waves (p < 0.05) (Fig. 2A). In male ath-
letes who had not previously had COVID-19, there was a

tendency towards decreased stress index after a course
of HBOT (up to — 96.2 (61.5; 141.1) conventional units; im-
mediately after the 1st session — 95.6 (86.6; 95.8) conven-
tional units; 10 min after the 1st session — 90.2 (56.3; 103)
conventional units; after the course — 70.45 (59.2; 82.8)
conventional units (Fig. 2B).

According to the central hemodynamic parameters
(Table 1), the peripheral vascular resistance decreased im-
mediately after the first HBOT session (p < 0.05); however,
following the course, this parameter returned to the initial
values. There was also a tendency towards decreased sys-
tolic and diastolic blood pressure. Male athletes who had
previously contacted COVID-19 also exhibited statistically
significantly decreased impaired oxygen uptake indicator
from the VO, microcirculation system under the influence of
HBQOT. Both in in men who had previously had COVID-19
and those who did not have a history of COVID-19, spirom-
etry parameters did not change statistically significantly. In
male athletes who had not previously had COVID-19, sta-
tistically significant differences in heart rate variability (HRV)

Table 1. Indices of central hemodynamics and impaired oxygen uptake from the microcirculation system in male athletes who previously underwent COVID-19

during HBOT application, Me (Q1; Q3),n =7

Indices MG MG 1 MG 2 MG 3 P
SVR, MPa*s/m? 1020.3 (857.9; 1232.5) | 970.3 (822.6; 1247.2) | 972.6 (823.1; 1036.6) | 1045.15 (995.3; 1086.5) MG-MG1 < 0.05
CO, L/min 7.3 (6.6; 8.4) 7.5 (6.6; 8.5) 7.7 (6.8; 8.7) 7(6.7;7.1) -
Cl, L/min/m? 3.4(3.3;3.9) 3.9(3.2;3.9) 3.9(3.4;4.2) 3.55(3.2; 3.9) -
Average blood pressure, mmHg 92 (90; 95.3) 87.7 (83; 103) 90 (83; 103) 90.65 (87.3; 93) -
VO,, mL/min/m? 320 (320; 320) 180 (130; 320) 190 (130; 320) 315 (310; 320) MG-MG2,
MG-MG3 < 0.05
SBP, mmHg 127 (120; 136) 122 (115; 133) 122 123 -
(115; 133) (120; 129)
DBP, mmHg 75 (73; 78) 69 (67; 88) 73 (67; 88) 74.5 (71; 78) -

Table prepared by the authors using their own data

Note: VO, — index of oxygen uptake disturbance from the microcirculation system, SVR — peripheral (systemic) vascular resistance, CO — cardiac output,
Cl — cardiac index or index of volumetric blood flow velocity, MG — before HBOT, MG1 — immediately after HBOT, MG2 — 10 min after HBOT, MG3 — after

HBOT course.
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and central hemodynamic parameters were not revealed
during the session or over the course of HBOT.

DISCUSSION

Researchers have previously noted not only accelerated
recovery of the body as a result of HBOT therapy, but also
an expansion of physiological reserves [8]. Significant dif-
ferences between the groups using HBOT and normobaric
oxygenation were observed in blood saturation and tissue
saturation indexes [13]. Data in foreign literature describing
not always effective use of HBOT for restoring the perfor-
mance of athletes and recovery from sports injuries [14, 15]
may be due to the different protocols of the procedures
followed.

In our study carried out under medium-altitude condi-
tions, it was found that the use of HBOT does not have
an unambiguously positive effect on increasing the func-
tional capabilities of the body, but rather promotes relaxa-
tion. Saturation indicators following HBOT did not change
(before and after were within normal limits); however, after
the 1st session, the indicator of impaired oxygen absorp-
tion from the microcirculation system decreases, indicat-
ing a beneficial effect and the necessary saturation of tis-
sues with oxygen. The more pronounced positive effects
of HBOT in women were particularly evident in the form
of increased parasympathetic activity following the entire
course. The general condition caused by the increased
tone of the parasympathetic division of the autonomic nerv-
ous system (ANS) in women manifested itself in a relaxing
effect, including on the respiratory muscles.

Currently, the following models of training at different
altitudes are known. The classic approach is the “Live
high — train high” model, when athletes live and train at
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the obtained data, we propose a new training model des-
ignated as “Live high — train high — recover with HBOT”.

CONCLUSION

The use of HBOT in medium-altitude conditions has proven
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including in athletes who have previously had COVID-19.
However, the use of one session does not have an imme-
diately positive effect in terms of increasing the functional-
ity of the circulatory and respiratory systems; rather, this
method is effective when used over the course of at least
7 sessions. Following the first HBOT session, the dynam-
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been infected with COVID-19 and those who had not) un-
der the influence of HBOT under medium-altitude training
conditions was manifested by decreased vascular tone and
blood pressure producing a hyperadaptive response. The
positive effects of an entire course of HBOT, which were
manifested in the form of increased parasympathetic activ-
ity, were more pronounced in women, leading to a relax-
ing effect, including on the respiratory muscles. All athletes
experienced improved tissue oxygen saturation. In gen-
eral, this method is recommended for general recovery of
the body following a training day, as well as micro- and
mesocycles and during the off-season preparation period.
However, the method is not recommended immediately
before training sessions and competitions.
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Introduction. The widespread use of pesticides, which ensures the sustainable development of agriculture and global economic growth, necessitates the
constant monitoring of their harmful effects on human health and the environment.

Objective. To analyze and systemically review scientific publications on the prevalence of acute pesticide poisoning and trends in their use in order to identify
the causes and structure of acute pesticide poisoning at the present time.

Materials and methods. A search of the scientific literature is carried out in electronic bibliographic databases in the Russian (eLibrary, CyberlLeninka) and
English (Web of Science, Scopus, PubMed, Google Scholar, Cochrane Library) languages.

Results. The risks of pesticide poisoning remain high in many countries of the world among both adults and children. In the structure of acute pesticide
poisoning, household and suicidal poisoning with organophosphate and halogenated insecticides, anticoagulant rodenticides and pyrethroids are prevalent.
Poisonings that occur at mass-, group- and family levels often have fatal outcomes, whether among agricultural workers or urban residents. The problem of
acute poisoning with extremely dangerous limited-use substances based on aluminum or zinc phosphide is relevant not only in industrial agriculture, but also
under domestic conditions and when working in personal subsidiary farms.

Conclusions. Strengthening controls and ensuring strict compliance with sanitary and hygienic standards of individual and public safety in the storage, use
and disposal of pesticides, as well as combating their illegal trafficking, will minimize the risks of acute poisoning involving pesticides under industrial and
domestic conditions.
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NECTUUMAbI: COBPEMEHHBIE TEHOEHLIMX MPUMEHEHUA N SNMMOEMUNOJIOUA
OCTPbIX OTPABJIEHUN

.. Poxkos'™, 3.M. lacumosa', KO.KO. byxapuH', T.A. Cokonoga', B.B. CesepuLes', H.®. JlexkxeHnHa'?

T ®efepasibHbIN HayYHO-KIIMHUHECKHMA LEHTP (DU3MKO-XUMUHECKON MeduLMHbl MMeHn akaaemiika FO.M. JlonyxuHa ®epepanbHOro Meko-61onormieckoro
areHTcTBa, Mocksa, Poccusa

?Poccuiickast MeguUmMHCKas akaaemns HenpepbiBHOMO NpoteccnoHanbHoro obpasoaHnst MUHUCTEPCTBA 34paBooXpaHeHns Poccuiickorn Genepaumm,
Mockga, Poccus

BBepeHue. LLInpokomaciluTabHoe MpUMEHeHVe NecTULMAOB, 0OecneymBatoLLee yCTOMHNBOE Pa3BUTNE CETBbCKOMO XO3ANCTBA U POCT MUPOBOA 9KOHOMUKM,
06yCnoBAMBaeT HEOOXOAVMOCTb MOCTOSIHHOIO MOHUTOPWHIa UX BPEAHOIO BO3AEVCTBUS Ha 300POBbE HYENOBEKA 1 OKPY>KAIOLLLYIO CPeay.

Llenb. [NpoBeaeHne crctemaTieckoro o63opa 1 aHanmaa AanTepaTypHbIX AaHHbIX ANs BbISIBIEHUS XapakTepa pacnpoCTPaHEeHHOCTU, MPUYMH pas3BuTus
1 CTPYKTYPbl OCTPbIX OTPaBNEHWUM NECTULMAAMI HA COBPEMEHHOM 3Tane.

MaTtepuanbl nu meToAbl. [TONCK HAay4YHOW NUTEPaTypPbl BbIMNOMHEH B 9NEKTPOHHbIX Bubnnorpaduyecknx 6asax fgaHHbIx Ha pycckom (eLibrary, CyberlLeninka)
1 aHrnnckoM (Web of Science, Scopus, PubMed, Google Scholar, Cochrane Library) s3bikax.

PesynbTraTbl. PYckin pa3BunTuna oTpaBieHnin NnecTuUmaamMmn oCTatoTCa BbICOKVMMM BO MHOTMX CTPaHax Mypa Kak cpeauv B3pOCSoro, Tak 1 AeTCKOro Hacene-
HYs. B CTPYKTYpe OCTPbIX OTpaBieHnii NecTuUMaaMmn npesanmpytoT ObIToBbIE U CynUMaanbHbie OTpaBieHnss PochopopraHNyecKUMM 1 ranoreHnpoBaH-
HbIMW MHCEKTULMAAMM, POAEHTULMAAMM aHTUKOAryNsaHTHOro AencTeus, nupetpongamn. OTMevaloTCs MaccoBble, MPYnMnoBble Y CEMENHbIE OTPaBNEHWS,
HepeaKo C NeTanbHbIMM UCXOAAMM, KaK Y arpapHblx PabOTHUKOB, Tak 'Y FOPOACKUX XXUTeNen. AKTyanbHO ABnseTca npobnema oCTpbix OTPaBAEHNN Ypes-
BbI4alHO OMacHbIMU NpenapaTaMmmn OrpaHN4YeHHOMO MPYMEHEHUSt Ha OCHOBE (hocrAa atoMUHIS UK LIHKA HE TOJIbKO B MPOWU3BOACTBEHHbIX, HO 1 ObITOBbLIX
YCNOBMSIX 1 Npw paboTe B MIMYHbIX MOACOOHbBIX XO3ANCTBAX.

BbiBoAbl. YCUNEHNE KOHTPONS 1 CTPOrOe BbINONHEHWE CaHUTaPHO-MUIMEHNYECKNX HOPM UHAVBUAYaNBHOM 1 OBLLECTBEHHOM 6€30MacHOCTM NMPU XPaHeHUM,
NMPUMEHEHUN 1 Y TUAN3aLMA NeCTULMAOB, 6opbba C X HE3aKOHHBIM 060POTOM MO3BONAT MUHUMU3MPOBATL PUCKN OCTPbIX OTPABAEHWIA NECTULIMAAMM B MPO-
N3BOACTBEHHbIX 1 ObITOBbIX YCOBUSX.

Knio4yeBble cnoBa: anuaeM1onoris; NecTuumipl; OCTpOE OTpaBJieHe; TOKCNYeCcKoe nencremne
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INTRODUCTION

Pesticides (Latin pestis for “taint” and caedo for “to kill”)
are chemicals or biochemicals used to control pests and
diseases of plants, including weeds. Such substances are
used in agricultural and forestry production processes, as
well as their storage, transportation or trade. Pesticides
are also used to control harmful organisms in residential
buildings and public places, including vectors of human or
animal diseases. Similar substances are also used for plant
growth regulation, pre-harvest leaf removal (defoliants) and
drying of plants (desiccants), thinning or preventing prema-
ture fruit fall. Pesticides may be used in the form of vari-
ous formulations that include the active ingredient of the
pesticide itself or a mixture of active ingredients and ex-
cipients (solvents, emulsifiers, surfactants, adjuvants, etc.).
The active agent is a biologically active part of a pesticide
preparation that directly provides a toxic effect on a harmful
organism or on the growth and development of plants. The
active principle of a biological preparation of a pesticide
(biopesticide) is a microorganism or a product of its vital
activity, a chemical is a substance of chemical synthesis [1].

Current trends in the use of pesticides are also associ-
ated with the development of new formulations containing
nanoscale particles of active substances and a nanocom-
posite component as an adjuvant for delivery to the target
object [4]. While bio- and nanopesticides are considered as
an alternative to chemicals as a new generation of effective
and safe pesticides, safety criteria for regulating their use
have not been sufficiently developed. There are many con-
cerns about the potential risks of toxic effects of pesticides
on the environment, as well as on human and animal health
[2]. In the near future, despite the growing global market for
bio- and nanopesticides, the widespread use of chemical
pesticides will continue to dominate [3]. Although making
significant contributions to solving hunger problems and
preventing of various diseases, pesticides have a negative
impact on public health and can lead to the risk of acute
poisoning with severe health and even fatal outcomes both
under industrial and domestic conditions [4].

The purpose of the study is to carry out a systematic
review and analysis of literature data to identify the nature
of the prevalence, causes of development and structure of
acute pesticide poisoning at the present stage.

MATERIALS AND METHODS

A search for scientific literature was carried out in elec-
tronic bibliographic databases in the Russian (eLibrary,
CyberLeninka) and English (Web of Science, Scopus,
PubMed, Google Scholar, Cochrane Library) languages.
RESULTS

Current trends in the use of pesticides

Despite restrictions imposed in some countries and a
reduction in the use of highly hazardous pesticides, the

global pesticide market has been growing in recent dec-
ades. So, while in 1960, about 100 active substances
of pesticides were recognized globally, by 2020 there
were already about 600 active pesticide substances.
Meanwhile, the volume of pesticide used in the equiva-
lent of active substances doubled from 1.5 million tons in
the 1980 to 3 million tons in 2020. The leaders in terms
of annual pesticide use for the period from 2010 to 2020
were China, the USA and Argentina — about 1.8 million
tons, 386,000 tons and 265,000 tons, respectively. In
Russia, the pesticide market has quadrupled over this
period; by 2020, their use amounted to 187,900 tons [5].
The number of substances included the State Catalog
of Pesticides and Agrochemicals Approved for use
in the territory of the Russian Federation increased by
more than 70% over the period 2010-2015 to comprise
around 1800 preparative forms of pesticides as of 2021
[6]. According to analytical studies, the volume of the
global pesticide market will reach about 200 billion US
dollars by 2031 from 85.12 billion in 2022 [5]. The project-
ed global growth of the pesticide market at the present
stage is explained by the need to increase agricultural
production due to the growth of the Earth’s population
as well as tackling phytosanitary risks in agriculture and
forestry associated with the introduction, penetration,
spread and acclimatization of new insect pest species,
pathogens and weeds alien to certain geographical ar-
eas occurring as a result of global climate change [5,
7]. In addition, the need to systematically expand and
increase the range of constantly updated drugs, the use
of mixtures of pesticides with various active substances
and the search for new pesticide formulas arises due to
the increased resistance of harmful organisms to pesti-
cides, which is universal regardless of the class and type
of active substance used [8].

The creation of new forms of pesticides and introduc-
tion of technologies for their use often outstrip studies into
the effects of their use on human health. Moreover, risks
of acute toxic effects of pesticides on humans when used
under industrial and household conditions often exceed
the prognostic risk estimates of their active substances
obtained from experimental animal models [3]. Some au-
thors expect the problem of toxicity of new forms of pes-
ticides to increase in the near future resulting in higher
costs associated with their creation [8].

A growing global problem in the international market is
the expanded supply of generic pesticides against a back-
ground of declining sales of developed and patented sub-
stances [8, 9]. In recent years, the proportion of counter-
feit pesticide products on the global market has increased
by about 25%. Such practices are typically implemented
on small farms and the segment of private producers of
agricultural products [10]. Counterfeit pesticides, whose
composition can be changed both qualitatively and quan-
titatively, seldom correspond in identity and quality with
the active substances and additional components used in
officially approved pesticides. Disruption of technological
processes during the production of generic pesticides in
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clandestine industries significantly increases the risks of
acute poisoning when used [3]. In this connection, it may
be noted that around 85-90% of all counterfeit pesticides
are imported from China and India [10].

The potential hazard presented by pesticides to hu-
mans and wildlife is associated with their deliberate in-
troduction into the environment to destroy targeted living
objects (pests), which may be spread over vast territories,
resulting in their circulation in ecosystems and food chains
along with the risk of toxic effects on large segments of
non-target wildlife populations [11]. For many years, cases
of intentional and unintentional mass poisoning of do-
mestic and wild animals have been reported in almost
all countries of the world, including Russia, as a result of
inhalation or ingestion of pesticide preparations, includ-
ing absorption through the skin and transmission through
food chains. Toxic effects on animals of banned pesti-
cides and their mixtures used on arable lands in many
countries of the world are the rule than the exception, thus
necessitating a legal study of this issue and the imposition
of criminal and administrative liability for the import, pro-
duction and use of prohibited pesticides, as well as regu-
latory violations in the use of permitted pesticides [11, 12].

In recent years, the range of pesticides used has been
significantly updated. Mercury-containing, chlorine-con-
taining, highly hazardous organophosphate pesticides,
aluminum and zinc phosphides, methyl bromide and oth-
er pesticides leading to severe industrial and household
poisoning were widely used in the global agro-industrial
sector until the end of the 1980s. Thus, in 1971-72 in
Irag, one of the largest mass poisonings of farmers and
their family members (6530 were affected, 459 of them
fatally) occurred as a result of eating homemade bread
made from methylmercury-etched seed grains [13]. In
1967, one of the first cases of poisoning of sailors on a
dry cargo ship with methyl bromide used in the practice
of quarantine fumigation to kill ticks, nematodes, rodents,
pathogens of fungal diseases, was registered. In 1983,
the number of reported deaths from poisoning with this
fumigant exceeded 950 cases. Methyl bromide was wide-
ly used as an agricultural fumigant from the 1930s until
the decision to limit its use was approved by the Montreal
Protocol on Substances that Deplete the Ozone Layer in
1987. Although the complete prohibition of methyl bro-
mide was planned to apply by 2010, even today it remains
one of the main means for fumigation of cargo holds and
quarantine treatment of imported products, which can
lead to severe cases of poisoning with fatal outcomes [14].
When processing transported goods in containers by sea
and storing grain in granaries, extremely toxic aluminum
phosphide and magnesium phosphides are used along
with other pesticides not included in the State Catalog of
Pesticides Approved for Use in Russia, sulfuryl fluoride,
formaldehyde, ethylene oxide, 1,2-dichloroethane, dichlo-
romethane (chloromethane), chloropicrin [15, 16].

In industrialized countries, the use of low- and mod-
erately toxic substances has increased, contributing to a
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decrease in the number of fatal and severe poisonings.
However, despite the 2006 decision of the Food and
Agriculture Organization of the United Nations to con-
sistently ban the use of especially dangerous pesticides,
more than 200 active substances of especially dangerous
pesticides are used in many developing countries despite
being prohibited for use in European countries and the
United States [17]. According to Donley N et al. [18], in the
period 2015-2019 unregistered pesticide products con-
taining 26 different highly hazardous organophosphate
or carbamate insecticides were produced in the United
States for export to 53 countries. At the same time, the
US Environmental Protection Agency (EPA) does not pro-
vide guaranteed natifications to importing countries (as
required by law) about the export of a pesticide recog-
nized as harmful to human health or for which a standard
safety assessment has not been conducted. According to
some authors, in 72% of the countries importing unregis-
tered pesticides from the United States, acute pesticide
poisoning was observed in more than a third of agricul-
tural workers [18].

The problem of acute poisoning with extremely dan-
gerous pesticides approved for use in almost all coun-
tries of the world (aluminum phosphide, metal bromide,
anticoagulant rodenticides), as well as moderately and
low-hazard organophosphorus, carbamate, halogenated
pesticides, pyrethroids, rodenticides, glyphosates, neo-
nicotinoids and other groups of pesticides, remains rel-
evant [18]. Thus, in 2018 on a dry cargo ship transporting
grain treated with aluminum phosphide from Kazakhstan
to Azerbaijan across the Caspian Sea, 12 crew members
were seriously poisoned with phosphine, three of them
fatally. The cause of poisoning of sailors with phosphine
released by aluminum phosphide was non-compliance
with safety requirements on the ship, as well as the gen-
eral dilapidation of the vessel in terms of leaky holds etc.
[19]. Cases of mass poisoning with anticoagulant roden-
ticides (vitamin K antagonists) were reported in the USA
in 2018 and 2021 [20], as well as in Israel in 2021-22 [21].
Poisoning occurred due to inhalation of synthetic cannab-
inoids contaminated with these pesticides. As a result of
these poisonings, 450 people were injured in the United
States, 13 of them fatally, while 98 people were poisoned
in Israel, three of them fatally. In Russia in 2019, poison-
ing with anticoagulant rodenticides as a result of eating
sunflower oil made at home from pickled seeds was reg-
istered in 80 people, three of whom died [22]. In Uganda,
a case of criminal poisoning has been described in seven
people with three fatal outcomes as a result of eating
bread made from flour contaminated with malathion [23].

According to the data published in a systematic analy-
sis by Boedeker W et al. [4] of the results of 157 scientific
studies for the period 2006-2018, the annual number of
acute unintentional poisoning in 58 countries amounted to
a total of 740,000 cases, including 7446 deaths. According
to WHO-registered data from 83 countries for the period
2011-2015, an average of 835 fatal cases of unintentional
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poisoning were observed annually, 139 of them in children
under 15 years of age. The largest number of unintentional
fatal cases of pesticide poisoning recorded by WHO in
this period were in Guatemala, Mexico, Japan; in Egypt,
Iran, and Mexico affecting children; in Mexico, Brazil, and
Japan among farmers [4].

Table 1 shows the countries with the highest number
of cases of unintentional fatal pesticide poisoning report-
ed in adults and children in general and separately in chil-
dren and farmers (industrial poisoning).

According to Table 1, the structure of unintentional fa-
tal pesticide poisoning in the countries that provided in-
formation was dominated by domestic poisoning cases,
including among farmers. The number of deaths from in-
dustrial poisoning among farmers was 8% in Brazil, 7%
in Mexico, 3% in Japan, and 0.3% in Guatemala [4]. At
the same time, the practice of incomplete accounting and
registration of deaths, injuries and occupational diseases
among agricultural workers, which is widespread in many
countries of the world, is highly dangerous for the life and
health of workers in industries both in industrialized and
developing countries [24].

Extrapolating the results of a systematic analysis
of scientific research data and information on mortal-
ity registered in WHO acute pesticide poisoning to the
world community, Boedeker W et al. [4] concluded that
about 385 million cases of unintentional pesticide poi-
soning occur annually at the global level with 11,000
deaths — i.e., about 44% of farmers are exposed to
the toxic effects of pesticides annually. According to
the Environmental Protection Agency, from 10,000 to
20,000 confirmed cases of acute pesticide poisoning
affecting agricultural workers are registered annually in
the United States. When taking into account cases of
non-treatment of victims for medical care and undiag-
nosed cases of poisoning, the real number may exceed
300,000 per year.

The majority of fatal cases of acute pesticide poison-
ing occur when substances are taken orally or parenter-
ally administered for suicidal purposes. About 14 million
people died from suicidal pesticide poisoning between
1940 and 1980 during the “green revolution” in develop-
ing countries — agrarian transformations that included
the use of highly toxic pesticides. At the same time, about
50% of fatal suicide poisonings registered in the world
during this period were reported in China [25].

The measures taken to prevent suicidal pesticide poi-
soning in China have significantly contributed to the glob-
al decrease in fatal cases of suicidal pesticide poisoning
observed since the 1990s, which nevertheless continue
to be a serious public health problem [26]. According to
WHO [27], currently more than 700,000 people worldwide
commit suicide every year. At the same time, pesticide
poisoning is one of the most common methods of sui-
cide: one in five suicides is caused by pesticide poisoning.
Most of them are observed in rural areas of South Asian
countries, mainly involving pesticides based on organo-
phosphate compounds and aluminum phosphide. This is
due to the fact that in developing countries, whose econ-
omies are based on agriculture, pesticides are a cheap
product and are not limited in sale, which contributes to a
high risk of fatal poisoning in domestic conditions, includ-
ing suicidal actions in the presence of crisis or conflict
situations. In this regard, the prevention of suicidal pesti-
cide poisoning should be aimed at limiting public access
to particularly dangerous pesticides [28]. The reduction in
the use and restriction of sales of especially dangerous
pesticides (paraquat, metaphosphate, methyl bromide,
aluminum phosphide, etc.) led to a significant decrease
in the number of all deaths from pesticide poisoning in
Japan, Denmark, Republic of Korea, the United Kingdom,
the United States, and Taiwan. Thus, in Japan in 2019,
221 fatal cases of pesticide poisoning were registered,
which is a 92% reduction from 1986. At the same time,

Table 1. Countries with the highest number of cases of unintentional fatal pesticide poisoning reported to WHO for the period 2011-2015

Total number of fatal poisoning cases . .
during the study period Average annual number of fatal poisoning cases
Countries Study period
total children farmers total children farmers
Brazil 2011-2015 236 29 19 47.2 5.8 3.8
Guatemala 2011-2015 687 43 2 137.4 8.6 0.4
Egypt 2011-2015 366 177 - 73.2 35.4 -
Iran 2013-2015 154 61 - 51.3 20.3 -
Mexico 2011-2015 573 91 40 114.6 18.2 8
South Africa 2011-2015 83 49 - 16.6 9.8 -
Republic of Korea 2011-2015 181 1 - 36.2 0.2 -
Japan 2011-2015 396 0 1 79.2 0 2.2

Table prepared by the authors according to the source [4]

Note: “~” the number of fatal cases of poisoning among farmers is unknown
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the number of deaths from unintentional pesticide poi-
soning decreased by 83.8%. This decrease was due to a
decrease in sales of both insecticides based on organo-
phosphates and carbamates, as well as herbicides based
on paraquat and diquat [29].

A need arises to limit use of the new insecticide chlo-
rfenapyr, which, according to the WHO classification,
belongs to moderately dangerous pesticides and is used
to destroy insects resistant to organophosphorus insecti-
cides. The effect of this drug is similar to bipyridine herbi-
cides (in particular paraquat), which cause a high mortality
rate, especially in suicidal poisoning [30].

Currently, 2,4-Dinitrophenol (DNP), which is used spar-
ingly in industry and agriculture due to its pronounced
herbicidal, fungicidal and insecticidal effects, has become
a serious threat to human health in many industrialized
countries. Due to the effective “fat-burning” action of DNP
in the USA in the 1930s, biologically active additives for
weight loss began to be used on its basis. In 1938, their
use was banned due to a number of acute poisoning inci-
dents having fatal outcomes. Since the 2000s, there has
been a resurgence in the use of DNP as an illegal drug for
weight correction or muscle building in the United States
and other countries of the world. The growth of online
sales and distribution of this drug has led to an increase
in the number of cases of both accidental and intentional
fatal poisoning [31].

Epidemiology of acute pesticide poisoning in post-
soviet countries

Since the 1990s, traditional forms of farming in post-Sovi-
et countries have radically changed due to the liquidation
of state and collective agricultural farms. The reform of
the agricultural sector and the creation of small and large
farms was accompanied by a significant reduction in the
financing of measures to ensure production safety and
labor protection, imperfection of regulatory documenta-
tion on regulating the activities of the agro-industrial com-
plex, insufficient awareness of agricultural workers and
the public about the risks of toxic effects of applied pes-
ticides, as well as an expansion of the list of insecticides,
fungicides, herbicides allowed for free sale on the mar-
kets, rodenticides and their active use in everyday life and
individual household farms [32, 33]. These consequences
of reforming the market economy have largely determined
the causes and patterns of acute pesticide poisoning.
According to Prodanchuk et al. [32], the creation of un-
favorable working conditions on farms in Ukraine was due
to the imperfection of the technological processes, the
widespread use of outdated equipment and machinery,
low-mechanized labor operations, and the predominance
of manual labor, especially in the cultivation of sugar beet,
orchards and vineyards, as well as the inadequate provi-
sion of workers with personal protective equipment. An
analysis of the etiology and structure of 647 cases of acute
pesticide poisoning in agricultural workers over a 25-year
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follow-up period revealed 522 cases (80.7%) of acute poi-
soning with herbicides based on 2,4-dichlorophenoxy-
acetic acid, 60 cases (9.3%) of poisoning with organo-
phosphorus insecticides, 36 cases (5.7%) with herbicides
based on sulfonylurea, 14 cases (2.2%) — synthetic pyre-
throids and 15 isolated cases of poisoning with aluminum
phosphide, dithiocarbamates (active ingredients carboxin
and thiram), and fipronil (chemical class of pyrazolines).
Among the victims, beet growers (76.1% of cases) and
(11.6%) winegrowers (11.6%) prevailed; less often, garden-
ers and workers of warehouses for the storage of pesti-
cides [35]. Registered mass and group poisonings with
pesticides accounted for 14.7-43.6% of the total structure
of occupational pathology in rural areas. In 90% of cases,
poisoning developed as a result of wind-borne distribu-
tions of pesticide preparations from neighboring treated
areas; less often, in violation of current sanitary rules and
hygienic standards.

A retrospective analysis of 287 cases of acute house-
hold pesticide poisoning among the adult population of
Kiev over the period 1993-2013 revealed a decrease in
the number of cases of severe poisoning, among which
organophosphate poisoning prevailed (80% of cases).
Mortality rates for severe pesticide poisoning remained
high and tended to increase. The average annual number
of severe pesticide poisoning ranged from 0.25-1.5% in
the structure of all severe poisoning of chemical etiology.
In contrast to poisoning in rural areas, an increase in the
number of severe oral poisonings with synthetic pyre-
throids and neonicotinoids, mainly of a suicidal character,
was noted in urban conditions. Acute fungicide poisoning
during the research period was noted with the use of car-
bamates, cyprodinils, and copper hydroxide [33].

In the Republic of Moldova, 919 registered non-indus-
trial cases of pesticide poisoning with 58 deaths were de-
tected in the period 2011-2016. At the same time, there
was a trend of annual increase in the number of poisoning
cases: 2011 — 95 cases (10 of them fatal); 2012 — 118
(9 fatal); 2013 — 173 (15 fatal); 2014 — 199 (13 fatal);
2015 — 122 (5 fatal); 2016 — 212 (6 fatal) [34]. Among
the child population in the Republic of Moldova for the
period 2014-2018, 231 cases of pesticide poisoning were
registered, two of them massive: inhalation poisoning with
organophosphorus insecticide Bi-58 affected 58 school-
children; a preparation based on aluminum phosphide
when used in a subsidiary farm in poisoned people, three
of them fatally [35].

An increase in cases of pesticide poisoning was also
observed in Georgia from 74 cases reported in 2017 to
236 cases identified in 2019 [36].

In the Republic of Azerbaijan during the period 2009—
2016, the number of acute pesticide poisonings amount-
ed to 806 cases with a mortality rate of 4.22%, of which
436 cases involved organophosphorus insecticides (mor-
tality rate of 5.05%), while 330 cases were connected
with rodenticides (mortality rate of 3.64%). At the same
time, in the adolescent age group of people aged 15-19,
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pesticide poisoning occupied a leading place in the struc-
ture of mortality from acute chemical poisoning, amount-
ing to 30.43+9.59% of cases in the children’s age group
(0-14 years) In second place, 15.63+6.42% involved poi-
soning by snake venom [40]. In the structure of pesticide
poisoning in children, 237 cases of poisoning (5 of them
fatal) with organophosphorus compounds accounted for
46.8%, while rodenticide poisonings amounted to 39.2%.
All fatal pesticide poisonings in children were caused by
ingestion of organophosphate insecticides. The most
common organophosphorus pesticides that provoked the
development of acute chemical poisoning were neocidol,
BI-58 (dimethoate), dichlorvos, metaphos, chlorpyrifos,
malathion, and ethoprophos [38].

In Uzbekistan from 2002 to 2019, the number of acute
pesticide poisonings accounted for 2.8% of the total
structure of chemical injury. At the same time, there was
a twofold increase in the number of hospitalized patients
with acute chemical poisoning, from 6670 cases reported
in 2002 to 13,255 cases reported in 2019, of which poi-
sonings about 30% were diagnosed in children [39].

In the Republic of Belarus, the share of acute pesticide
poisoning in the total structure of chemical poisoning was
2% in 2014 and 1% in 2015 and 2016 [33]. In the structure
of chemical poisoning with fatal outcome for the period
2016-2018, the total number of cases amounted to 6910,
while the proportion of poisoning with the use of agricul-
tural poisons was 0.17% (12 cases, 1 of them in a child),
and that of organophosphorus compounds — 0.09% (6
cases) [40].

Epidemiology of acute poisoning in the Russian
Federation

While strict hygienic and toxicological assessment of
the safety of pesticide use in the Russian Federation [41]
has significantly contributed to a reduction the number
of acute poisonings, the risks of their development re-
main high; cases of severe and acute poisonings are
still registered annually. Of around 500 active pesticide
substances permitted for use in Russia, about 200 have
become widespread. The official document containing
the list of pesticides and agrochemicals permitted for
circulation in agriculture, forestry, communal and per-
sonal subsidiary farms and presenting the main regula-
tions for their use is the “State Catalog of Pesticides
and Agrochemicals allowed for use on the territory of
the Russian Federation” [15].

Pesticides are one of the major production risk factors
affecting the health of agricultural workers. Depending
on the type of work performed, the a priori occupation-
al health risk of employees in the hygienic assessment
of working conditions is estimated in categories from
medium to high; the prognostic probability of develop-
ing adverse health effects is 50-80% [42]. According to
the indicators of acute toxicity (oral, dermal, inhalation)
in the the Russian hygienic classification, pesticides

are classified into 4 classes according to the degree
of danger: 1 — extremely dangerous; 2 — highly dan-
gerous; 3 — moderately dangerous; 4 — low-hazard.
Currently, 17 extremely dangerous commercial pesti-
cide preparations are used: rodenticide preparations
based on brodifacoum (Ratticum) and bromadiolone
(Bromine-BD, concentrate); insecticide and acaricide
preparations based on carbofuran (Hinufur, suspension
concentrate); oxalic acid dinitrile (oxalic acid dinitrile,
oxalonitrile, cyanogen); methyl bromide (Metabrom-
RFO); preparations based on aluminum phosphide (8
preparations) and magnesium phosphide (4 prepara-
tions) [15].

When monitoring the causes of acute poisoning of
chemical etiology or analyzing the structure and dynam-
ics of acute poisoning, detailed statistical data on cas-
es of pesticide poisoning are generally lacking. Instead,
researchers are usually referred to the general group of
other or other monitored toxicants, which also includes
organic solvents, halogen derivatives of aliphatic and
aromatic hydrocarbons, as well as corrosive substances,
metals, carbon monoxide, etc. [43]. This omission hin-
ders comprehensive toxicological monitoring of acute
pesticide poisoning. However, generalized analysis of
published data on the dynamics and structure of acute
pesticide poisoning in certain Russian regions permits a
rough assessment the epidemiological situation of this in-
cidence and its nosological forms.

Thus, the mortality rate in acute pesticide poisoning
of 20.0+£0.8% in Omsk in 2002 was the leading category
in the structure of acute chemical injury; moreover, every
fifth case of acute pesticide poisoning was fatal. The sig-
nificant decrease in mortality by 7.6 times from 2002-2011
is associated with the disappearance of highly toxic insec-
ticides based on organophosphorus and organochlorine
compounds from household circulation. Deaths in sub-
sequent years were recorded mainly as a result of acute
poisoning with veratrin-based insecticides [44].

During the period 1999-2018, 197 adult patients (0.8%
of the total number of hospitalized with acute chemical
poisoning) with a mortality rate of 2.1% were treated at the
Irkutsk Toxicological Center [45]. The appearance of unu-
sual forms of poisoning was noted, which were character-
ized by refractoriness to specific therapy and long-term
accumulation of a toxic agent.

In the Rostov region during the period 2008-2015,
2261 cases of acute poisoning with pesticides (fumitox,
carbophos, rat poison, dichlorophos, chlorophos, helle-
bore tincture, etc.) were registered, accounting for 7.6% of
the total structure of chemical poisoning [46].

Pesticide poisoning in children was registered in St.
Petersburg 86 cases for the period 2010-2022 [47];
in Kazan, 15 cases of rat poison poisoning (10 of them
children aged 0-3 years) occurred over the period 2018—
2021 [48]. In Irkutsk during the period 1999-2018, 191
children were hospitalized with acute pesticide poisoning
(the smallest number of hospitalized children (1 case) was
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noted in 2003, while the largest (28 patients) occurred in
2018 [48]. The problem of children poisonings with rat poi-
son is currently relevant in Donbas [49].

The number of appeals for the period 2019-2021 to
the information and advisory toxicological department of
the Golikov Research Center of Toxicology [50] on acute
pesticide poisonings amounted to 541 cases (2.3% in the
total structure of appeals). The purpose of the appeals in
30% of cases were issues of diagnosis and tactics of treat-
ment of poisoning with organophosphorus insecticides: in
9% of cases — halogenated insecticides; 29% — other
insecticides; 7% — herbicides and fungicides; 8% — ro-
denticides. Unintentional poisoning was observed in 481
(89%) cases (12 industrial and 469 domestic).

Industrial poisoning has been caused by the toxic ef-
fects of organophosphorus insecticides, rodenticides,
pyrethroids and aluminum phosphide. The general cir-
cumstances of accidental poisonings were household
(household) work and accidental ingestion (less often).
Intentional poisoning was detected in 26 (5%) cases, of
which 23 were suicidal (mainly with rodenticides and or-
ganophosphorus insecticides, as well as copper chloride,
dinitrophenol, permethrin) and one was criminal (oral ad-
ministration of dichlorvos), while two cases were for the
purpose of intoxication (inhalation of dichlorvos). In 34 (6%)
of cases, the circumstances of poisoning are unknown.
The condition of patients at the time of consultation was
satisfactory in 338 (62%) cases; in 111 (21%) — of moder-
ate severity; in 13 (2%) — severe; in 79 (15%) — objective-
ly undetermined. The cause of severe cases of poisoning
was oral administration of rat poison (three cases), fen-
thion (two cases), diazinon, chlorpyriphos, an insecticide
of an unspecified class (in one case), as well as inhalation
exposure to an insecticide from bedbugs and an unspeci-
fied class (in two people), organophosphorus insecticide
(in one case).

At the same time, four mass-, five group- and 10 fam-
ily poisoning cases were registered. In the structure of
mass poisoning, about 80 people suffered as a result
of eating sunflower oil produced at home from seeds
etched with anticoagulant rodenticide; 15 people suf-
fered from inhalation effects of an organophosphorus
insecticide and a pesticide of an unspecified class, six
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EFFECT OF BOVINE PROSTATE EXTRACT ON THE CONTRACTILE ACTIVITY OF LYMPHATIC VESSELS IN RATS
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Introduction. A comprehensive approach to treatment of chronic prostatitis, representing a widespread and poorly treatable disease, includes the use of
antibacterial, anti-inflammatory medicines, etc. In this context, a promising approach to the treatment of chronic prostatitis involves the use of bioregulatory
peptides isolated from bovine prostate tissue.

Objective. To study the effect of cattle prostate extract containing bioregulatory peptides on the functional activity of lymphatic vessels.

Materials and methods. The study was performed on isolated lymphatic vessels of rats. The range of studied concentrations of the substance was 2-10 pg/
mL (in terms of water-soluble peptides).

Results. Bioregulatory peptides included into the prostate extract impacts the vasomotor activity of lymphatic vessels. In the range of studied concentrations
(210 pg/mL), the substance has a stimulating effect on lymphangion motility. This is realized by increasing the rate of lymphatic vessel contractions, which
effect is most pronounced at the concentration of 5 pyg/mL as a 37.6% (p < 0.05) of base level. The obtained stimulating effect is stable during 30-min “wash-
ing” of lymphatic vessels with physiological solution.

Conclusions. Water-soluble bioregulatory peptides contained in the extract of cattle prostate and having organotropic action on the prostate gland may
contribute to the reduction of tissue edema by activating the motility of pelvic lymphatic vessels.
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BJIMAHNE SKCTPAKTA NMPOCTATbI BbIKA HA COKPATUTEJIbHYIO AKTUBHOCTb
JIMM®ATUHECKNX COCYA 0B KPbICbI

0O.B. Hevwanknna, O.C. Nantes!, C.I. MNeTyHoB', [1.B. Bobkos!, T.A. KynpsiBuesa?

"Hay4Ho-vccnenoBaTenbCKuii MHCTUTYT FUrMeHbl, NPognaTonornm n akonorumn Yenoseka PefepanbHOro Meamko-61onorM4eckoro areHTCTBea,
r.n. KyabmMonosckui, JleHnHrpaackas obnactb, Poccus
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BBepeHue. XpOHNYECKMIN MPOCTaTUT — PacnpOCTPaHEHHOe 1 NIOX0 nogaaloLieecs Tepanuu 3abonesanHne, KOMMIEKCHbIN MOAXOS K NEYEHNIO KOTOPOro
BKJIO4AET NPUMEHEHVE aHTVbaKTepyanbHbIX, NPOTUBOBOCMANWTENBHbLIX CPEACTB U Ap. [epCneKTUBHbIM NOAXOA0M B IEYEHNI XPOHUHYECKOro npocTatuTta
ABNSETCS UCMONb30BaHNe BUOPEryNATOPHbIX MENTUAOB, BbIAENEHHbIX 13 TKaHW NPeACcTaTeNbHOM »enesbl KPYNHOro poratoro ckota.

Lenb. VI3yunTb BvsiHWE SKCTpakTa NpocTaThl KPYMHOMO poraToro CKoTa, Cofeprkallein 61uoperynaTopHble nentuabl, Ha MYHKLUMOHATBbHYIO aKTUBHOCTb
MM@aTn4ecKmx cocyaos.

MaTepuanbl 1 metopbl. PaboTa BbINOSHEHA Ha M30ANMPOBaHHbBIX NMMMATUHECKMX CocyAax KpbIC. [Manas3oH nsy4aembix KOHLEHTpaUmin cybcTaHumm —
2-10 MKr/MA (B NepecHeTe Ha BOOOPaCTBOPUMbIE NENTUbI).

Pe3ynbTaThbl. BroperynatopHble nentuabl, BXOASLWME B COCTaB SKCTpakTa npocTaThl, 061aAaloT BA3OMOTOPHON akTUBHOCTBIO B OTHOLLEHWW nnMmdaTii-
Yeckux cocynoB. B ananasoHe KoHUeHTpaumnii 2-10 MK/Mn n3ydaemas cyocTaHLmsa okasbiBaeT CTUMYIMPYIOLLEE BANSHUE Ha MOTOPUKY MM aHMMOHOB,
KOTOPOE peannayeTcsi 3a CHET YBENMYEHUS HacTOTbl COKPALLIEHN IMMGaTUHECKNX COCYL0B, Hanbonee BblpaXKeHHOe B KOHLEHTpaLUMm 5 MKI/M Ha ypOBHe
37,6% (p < 0,05) oT poHa. MonyHeHHbIR CTUMYANPYOLLNA 3dEKT YCTONYMB B TedeHre 30-MUHYTHOrO «OTMbIBaHWS» IMMAQaTUHeCKNX COCyoB (hrnsmono-
FMYECKMM PACTBOPOM.

BbiBoabl. BogopacTeoprMble BUOPErynaTopHble NenTyapl, BXOASLME B COCTaB akcTpakTa npoctaTtel KPC n obnagatowime opraHoTpOnHbIM AeNCTBMEM
Ha npefcTaTenbHyto Xeneay, MoryT Croco6CTBOBATb CHXKEHWIO OTeKa TKaH NyTem akTUBaLMy MOTOPUKM TMMMDATNHECKIX COCYA0B OpraHOB Manoro Tasa.
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INTRODUCTION

Chronic prostatitis is one of the most common and at the
same time among the most understudied and poorly treat-
ed diseases. The main target patient population is predomi-
nantly of reproductive age. The course of chronic prostatitis
is often complicated by impaired copulatory and generative
functions [1]. Recently, the disease is increasingly detected
in elderly men, sometimes in combination with benign pro-
static hyperplasia [2]. Thus, in men under 50 years of age,
the incidence of confirmed prostatitis is only twice as high
as in patients over 50 years of age [3].

The prostate gland has a well-developed intra-organ
vasculature, including blood and lymphatic capillaries and
postcapillaries. Blood and lymphatic microvessel beds form
microvascular-muscular complexes with bundles of smooth
myocytes in the anterior parts of the prostate gland and
microvascular-glandular complexes with prostatic glands
in the posterior and lateral parts of the prostate gland [4].
The leading place in the pathogenesis of chronic prostatitis
is occupied by the disruption of lymphatic outflow into the
vascular bed and congestion in glandular structures.

Due to the polyetiological and multifactorial nature of
pathogenesis, the treatment of chronic prostatitis implies a
comprehensive approach, including antibacterial and anti-
inflammatory therapies, physiotherapeutic procedures,
and other effects. A promising approach in the treatment
of chronic prostatitis involves the use of bioregulatory pep-
tides isolated from bovine prostate tissue [2]. The biologi-
cal effect of prostatic peptides isolated from the bovine
prostate gland was first revealed in the mid-1980s. Under
experimental conditions it was revealed that polypeptides
from the prostate gland possessing tropism to blood ves-
sels increase the antiaggregatory activity of vascular walls
[5]. Prostatic peptides, which along with other regulatory
peptides are characterized by a lack of species specificity,
also have a pronounced tropism to prostate tissues, per-
mitting their consideration as a target organ.

The pharmaceutical market offers a large number of
medicines having bovine prostate extract as an active in-
gredient. Active pharmaceutical substances included in
the State Register of Medicinal Products are used for the
production of these medicines. However, the features of
their composition and strength of their biological effect are
significantly determined by their widely varying production
technology [6]. Substance-mixture Prostatilen® produced
by AO MBNPK “Cytomed” obtained by tangential ultrafil-
tration technology is an active pharmaceutical substance
used in the manufacture of the peptide drug Prostatilen®.

One of the formulations of Prostatilen® is rectal supposi-
tory. Its active ingredient is a complex of water-soluble pep-
tides obtained from the prostate tissue of sexually mature
bulls with addition of glycine. The ability of Prostatilen® to
restore blood rheological properties and improve microcir-
culation in target organs leads to hemodynamic normaliza-
tion and provides treatment of inflammatory diseases of the
prostate gland [7]. The high bioavailability of Prostatilen® is
provided by the low molecular weight of its peptide frac-
tion components and realized by passive transport of
drug through enterocytes of rectal mucosa. Peptides

are absorbed by the rectal vessels and exert their effect
through the system of anastomoses on the pelvic organs,
including the prostate gland located in anatomical proximity
to the injection site [8]. The outflow of interstitial fluid con-
taining regulatory peptides is ensured by adequate con-
tractile activity of lymphatic vessels sensitive to the action
of various vasoactive substances, including endogenous
modulators of functional state [9-11].

Isolated lymphatic vessels with spontaneous rhythmic
contractile activity are the one of available and informative
experimental models used to study the effect of vasoac-
tive substances on the transport function of lymphatic
system. In this regard, the evaluation of the peptide com-
plex (active substance of Prostatilen® drug) effect on the
contractile activity of lymphatic vessels is an urgent prob-
lem, whose solution can be used in the development and
optimization of therapeutic methods for treating chronic
prostatitis.

The aim of the study was to investigate the effect of the
substance-mixture Prostatilen® (hereinafter referred to as
Prostatilen®) on the functional activity of lymphatic vessels
as a potential target of the therapeutic effect of the studied
extract.

MATERIALS AND METHODS

The study was performed on isolated segments of the an-
terior mesenteric lymphatic duct of sexually mature male
nonlinear white rats weighing 250-300 g. The samples
were obtained from the branch of SIC “Kurchatov Institute”
PIAR — “Nursery of laboratory animals ‘Rappolovo’
(Leningrad region) — PIAR — “Rappolovo Laboratory
Animal Nursery” (Leningrad Region). The maintenance and
feeding of laboratory animals were performed in accord-
ance with GOST 33215-2014 “Guidelines for the mainte-
nance and care of laboratory animals” from 2016. Healthy
sexually mature animals that underwent a 14-day quaran-
tine were used for the studies. Microclimate parameters
(temperature, relative humidity, air exchange rate param-
eters), as well as the quality of feed and bedding material
were controlled in the vivarium premises. The animals were
fed a standard diet in the form of pelleted feed. In the rooms
where experimental animals were kept, a lighting regime of
12 h day/12 h night was established.

The experimental study was conducted in accord-
ance with the European Convention for the Protection of
Animals Used in Experimentation (Directive 86/609/EEC)
and approved by the Bioethics Commission (protocol #5
of 16.12.2022).

The experimental study of the Prostatilen® effect on the
functional parameters of isolated lymphatic vessels of rats
ex vivo was carried out using a multi-channel myograph
Multi Wire Myograph System DMT 620M (DMT, Denmark)
according to the previously described method [12]. The pa-
rameters of contractile activity of lymphatic vessels, includ-
ing the level of tonic tension, amplitude and phasic con-
traction rate (CR), were recorded using a PowerLab Data
acquisition system 8/30 (ADInstruments, USA) with subse-
quent processing in the LabChartProUpgrade 7.0 software
package.
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The test object is a mixture-substance Prostatilen®,
as well as a Prostatilen® solution with a content of 11.7%
water-soluble peptides (according to the manufacturer’s
passport). Prostatilen® was used in concentrations (based
on the content of water-soluble peptides) of 1 pg/mL,
2 ug/mL, 5 pg/mL, and 10 pg/mL was added to perfusate
to research the reactivity of lymphatic vessels. The ex-
posure time of each concentration was 20 min. A Krebs-
Henseleit saline solution with the same exposure time was
used as a control.

Statistical processing of the data was carried out us-
ing methods of descriptive and analytical statistics using
the GraphPad Prism 5.04 software package. The critical
level of significance was taken to be p<0.05. The median
value was used to describe the central tendency; the first
(Q1) and third (Q3) quartiles were used as a measure of
dispersion. Data were analyzed using the Wilcoxon T-test
for related samples. The Mann-Whitney U-test was used to
detect intergroup differences.

RESULTS

Like any biological object, the parameters of lymphatic ves-
sels phase activity are characterized by a certain variability
(Table 1). Therefore, when analyzing the obtained results,
we used relative units characterizing the change of param-
eters under the action of the drug compared to the base
values, which were taken as 100%. When performing the
work, data collection was carried out in parallel (simultane-
ously) in all experimental groups.

The results of experiments evaluating the effect of
Prostatilen® on isolated lymphatic vessels are summarized
in Table 2.

It was found that Prostatilen® application in the mini-
mum studied concentration (1 pg/mL) during 20-minute

ORIGINAL ARTICLE | CLINICAL PHARMACOLOGY

period had no effect on the contractile activity of lym-
phangions. At a 20-minute exposure with concentrations
of 2 yg/mL, 5 pg/mL and 10 pg/mL, Prostatilen® caused
an increase in CR from background values by 23.7%
(p=0.05), 37.6% (p<0.05) and 26.8% (p<0.05), respective-
ly. In all studied concentrations, the contraction amplitude
and tonus of lymphatic vessels under the influence of sub-
stance-mixture were registered at the level of background
values and did not differ statistically significantly from the
control.

In addition to bioregulatory peptides, the composition
of Prostatilen® includes the amino acid glycine. Being an
integral part of the mitochondrial respiratory chain, glycine
is actively involved in the process of cell renewal and ox-
ygenation, in the synthesis of proteins (in particular, glu-
tathione tripeptide), and in detoxification reactions. It has
a wide range of anti-inflammatory, cytoprotective and im-
munomodulatory properties [13]. According to the litera-
ture, glycine also has an effect on the blood and lymphatic
vessels that make up the cardiovascular system [14-16].
In order to exclude the intrinsic effect of glycine on mes-
enteric lymphatic vessels, experiments were conducted
with Prostatilen® solution used for the manufacture of the
liquid formulation of Prostatilen® medicine (solution for in-
tramuscular administration) and not containing glycine. A
minimum effective concentration of 2 pg/mL (based on the
content of water-soluble peptides) was selected.

As follows from the data shown in Table 2, a Prostatilen®
solution at a concentration of 2 pg/mL resulted in a 29.6%
(p<0.05) increase in CR of lymphangions as compared to
background. At the same time the amplitude of contractions
and tonic tension were registered at the level of background
values. The obtained results are comparable with the re-
sults obtained when studying the effect of Prostatilen® sub-
stance-mixture on lymphatic vessels, which demonstrates

Table 1. Background indices of contractile activity of rat lymphatic vessels in the experimental groups. Absolute data are presented as Me (0.25; 0.75)

Substance-mixture Prostatilen®
Indicators Saline solution, n=12
1pg/mL, n=11 2pg/mL,n=11 5pg/mL, n=11 10 yg/mL, n=13
CR, min” 4.55 (3.28; 6.95) 3.00 (2.60; 6.25) 5.70 (2.35; 6.65) 5.20 (2.85; 7.10) 5.60 (4.15; 8.50)
Amplitude, mN 0.62 (0.49; 0.83) 0.45 (0.34; 0.70) 0.80 (0.31; 0.90) 0.73 (0.42; 1.03) 0.65 (0.40; 0.97)
Tonus, mN 1.38 (1.29; 0.75) 1.69 (1.38; 2.15) 1.72 (1.16; 2.15) 1.82 (1.55; 2.54) 1.49 (1.11; 1.76)

Table prepared by the authors using their own data

Table 2. Parameters of contractile activity of rat lymphatic vessels under the influence of Prostatilen®. Relative data in percentages are presented as Me (0.25; 0.75)

Investigated substance n FC Amplitude Tonus
Saline solution 12 103.6 (98.5; 109.1) 100.6 (96.9; 104.8) 98.5 (97.5; 100.4)
substance-mixture Prostatilen®, 1 pg/mL 1 106.6 (101.7; 108.7) 104.0 (94.6; 106.6 99.3 (97.9; 103.9)
substance-mixture Prostatilen®, 2 pg/mL 1 123.7 (111.9; 130.6)* 100.4 (97.7; 104.5) 99.8 (97.2; 101.7)
substance-mixture Prostatilen®, 5 yg/mL 1 137.6 (129.9; 158.3)* 99.0 (94.0; 101.8) 99.9 (97.4; 100.9)
substance-mixture Prostatilen®, 10 yg/mL 13 126.8 (114.7; 129.8)* 97.6 (94.6; 100.7) 100.7 (99.1; 104.7)
solution of Prostatilen® 2 ug/mL (without glycine) 12 129.6 (112.8; 144.0)* 100.8 (97.9; 107.7) 99.6 (97.8; 101.0)

Table prepared by the authors using their own data

Note: * — statistically significant difference from background values at p < 0.05

EXTREME MEDICINE | 2024, VOLUME 26, No 3




OPUTMHAJNBbHASA CTATbA | KIMNMHNYECKAA ®PAPMAKOJIOI A

200+
180
160
140
120
=100
80
60
40
20

Saline
solution

2 pg/ml

1 pg/mi 5 pg/ml 10 pg/mi

Prostatilen

W Me 75 percentile 95 percentile 5 percentile 25 percentile

Figure prepared by the authors using their own data

Fig. 1. Changes in the rate of lymphatic vessels contractions when exposed to
Prostatilen®. Exposure duration 20 min. Data presented as a percentage relative
to the background in the form of Me. * — statistically significant difference from
saline solution at p < 0.05.

the mechanism of the chronotropic effect of Prostatilen®
due to the action of bioregulatory peptides.

RESULTS AND DISCUSSION

Initial changes in the phasic contractions rate occurred as
an effect of substance-mixture Prostatilen® at a concen-
tration of 2 pyg/mL. The effect increased with increasing
concentration of Prostatilen®. The maximum increase in CR
was observed as effect of Prostatilen® in concentration of
5 pg/mL. When the concentration of the substance was in-
creased up to 10 kg/mL, the positive chronotropic effect on
lymphatic vessels was maintained. Although the increase
in CR was slightly lower than at the previous concentra-
tion, this increase was also statistically significantly different
from the control (p<0.05). Thus, Prostatilen® has a posi-
tive chronotropic effect on lymphatic vessels. Dynamics of
changes in the CR of lymphangions under Prostatilen® ex-
posure in all concentrations is presented in Figure 1.

CR is well known to be associated with the spontane-
ous generation frequency of action potentials in smooth
muscle pacemaker cells where the basis for the occur-
rence of action potentials is spontaneous short-term depo-
larization (Spontaneous Transitory Depolarization), which
occurs due to the opening of Ca?*-dependent Cl-channels
during intracellular release of Ca? ions from inositol-1,4,5-
triphosphate-sensitive depot [17]. It can be assumed that
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A MODERN APPROACH TO THE DIFFERENTIAL DIAGNOSIS OF HUMAN BETAHERPESVIRUS
INFECTION 6A/V IN CHILDREN
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2 St. Petersburg State Pediatric Medical University, St. Petersburg, Russia

Introduction. Herpesvirus infections — in particular, those caused by human betaherpesvirus 6A/B (HHV-6A/C), are a serious problem at the present time
due to their ubiquity, polymorphism of manifestations, lifelong persistence in the body with the possibility of reactivation, and need for comprehensive diag-
nostics to the form of infection. Herpesvirus infections are especially serious when occurring in children with recurrent respiratory diseases.

Objective. To propose a modern method of differential diagnosis (DD) of active and latent forms of HHV-6A/B infection in children to optimize patient man-
agement tactics.

Materials and methods. To build a discriminant model, 152 patients aged 1 month to 17 years inclusive were included in the study, 112 of them making
up a training sample, while 40 comprised a test sample. A dichotomous variable was taken as a response variable: 1 — latent form of HHV-6A/B infection
(n =89), 2 —active (n = 23). 27 potential predictors were considered. The test sample consisted of 40 children. Statistical processing was performed using
Microsoft Excel and StatSoft Statistica 7.0

Results. The developed prognostic model of DD of active and latent forms of HHV-6A/B infection in children, which takes into account the severity of fever,
the presence of cough, the absolute neutrophil count and the value of threshold cycles of HHV-6A/B DNA, is characterized by its high sensitivity (91.3%) and
specificity (94.4%). The presented example reflects the step-by-step use of the model.

Conclusions. The prognostic model can be used in practice for identifying DD forms of HHV-6A/B infection in the presence of lymphoproliferative and res-
piratory syndromes in children, for the detection of HHV-6A/B DNA in the blood, and to substantiate indications for immunotropic therapy.
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COBPEMEHHbI/ NOAX0 K AN®SEPEHLUMANIBHOW OUATHOCTUKE BETA-TEPMECBUPYCHOW
WH®EKLMN YENNOBEKA 6A/B Y OETEN

H.C. Tan™, N.B. Babaderko'?, O.B. lonesa', J1./1. XKenesosa', E.B. BaausH', O.C. [noTos'

" IeTCKUI HayHHO-KNMHUHECKIIA LIEHTP MHAEKLMOHHBIX 6onesHen defepanbHoOro Meamko-6uonorndeckoro areHtcTea, CaHkT-MeTepbypr, Poccus
2 CaHKT-lNeTepbyprekumin rocyaapCTBEHHbI NeANaTPUHECKUI MEAULIMHCKII YHBepcuTeT, CaHkT-TeTepbypr, Poccus

BBepeHue. [epnecsupycHble MHMEKLMN, Bbi3BaHHbIE, B HaCcTHOCTW, 6eTarepnecBupycomM Yenoseka 6A/B (BIMY-6A/B), sBnatoTca Ba>kHOM Npobnemoit co-
BPEMEHHOCTW BBMAY MOBCEMECTHOW PACMPOCTPaAHEHHOCTM, NONMMOPdMU3Ma NPOSBNEHNUI, NOXKN3HEHHOW NEPCUCTEHLMM B OPraHn3Me C BO3MOXHOCTLIO
peakTuBaLmmn, HeO6XOANMOCTH KOMMEKCHON AMarHoCTUKM ANst yCTaHOBNEHWst (hOPMbl MHAEKLIM, OCOBEHHO Y [iIeTel C PEKYPPEHTHBIMI PECTMPATOPHbBIMU
3a60neBaHNAMU.

Uenb. NpennoxumTs coBpEMEHHbIN cnocob anddepenumansHon anarHocTukn (O 0) aktmeHom 1 nateHTHon hopm BIM-6A/B nHdbekumm y geten ansa ontu-
MU3aLNM TaKTUKM BeAEHUS NaLyeHTOoB.

MaTepuanbl u meToAbl. [119 NOCTPOEHUS OUCKPVMUHAHTHOW MOAENM B UccnefoBaHve Bkaoumam 152 nauveHTa B BospacTte oT 1 Mecsaua fo 17 net
BKJIOUUTENBHO, 13 HMX 112 — 3TO TpeHnpoBo4YHas Bblibopka, a 40 — TecToBas. B kadecTBe nepemMeHHON OTKMKa B3sTa AUXOTOMUYECKas nepeMeHHas:
1 — nateHTHas copma BIM'4-6A/B nHbekummn (n = 89), 2 — akTuBHas (n = 23). PaccMoTpeHo 27 noTeHLmManbHbIX NPeanKTopoB. TeCToBYO BbIGOPKY cocTa-
Bvnn 40 pgeten. CtatncTtndeckas ob6paboTka BbiNofIHEHA C ncnofb3oBaHnem Microsoft Excel, StatSoft Statistica 7.0

PesynbTtaTbl. PazpaboTtanHas nporHocTunieckas mogenbs 1 akTreHOM 1 nateHTHon thopm BIMY-6A/B HdeKkumn y geTen y4nTbiBaeT BbIpa>KeHHOCTb IMXO-
panku, Hanudve Kaluns, abcontoTHOE YMCNO HETPOMUNOB N 3Ha4YeHME NOPOroBbIX LiMknos JHK BIMY-6A/B 1 xapakTepuayeTcs BbICOKMMY NnokasaTensMm
yyBcTBUTENBHOCTU (91,3%) 1 cneundmndHocTy (94,4%). MpeacTaBneH NpUMep, OTpaxkatoLLMiA MoLaroBoe MCMNOb30BaHNE MOAENN.

BbiBopAbl. [TpOrHOCTNHECKAA MOLENb MOXKET UCMONb30BATLCA B NpakTuke ana O thopm BIM'Y-6A/B nHdekummn npu Hann4um y geten numdonponudepa-
TVBHOMO, PECMMPATOPHOrO CUHAPOMOB U BbisBneHun JHK BIr'Y-6A/B B kpoBu 1 Ansi 060CHOBaHWS NOKa3aHWi K NPOBEAEHNIO UMMYHOTPOMHOM Tepanmu.

KnioueBble cnoBa: 6eTa-repnecsupycHas nHekumsa Yenoseka 6A/B; akTnBHasa hopma; naTeHTHas opma; PekyppeHTHble pecnupaTopHble 3abonesa-
HWS; AMarHOCTVKa; AeTH
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Ans untupoBanus: TaH H.C., babayeHko W.B., fonesa O.B., >Kenesosa J1./., basusH E.B., MotoB O.C. CoBpemeHHbIn noaxof K anddepeHumansHon
OvarHoCTuKe beTa-repnecBupycHon MHeKLMK Yenoseka 6A/B y peten. MeauimHa akcTpemasbHbix cutyauui. 2024,26(3):92-97. https:/doi.org/10.47183/
mes.2024-26-3-92-97

®uHaHcupoBaHue: paboTa BbiNosHeHa 6e3 CNOHCOPCKOWN NMOAAEPXKKIA.

BnaropapHocTu: akagemunky PAH, a-py men. Hayk, npodeccopy J1o63uHy FOputo Bnagumumposudy, npesnaeHTy OrbY «[deTckuin HayYHO-KINHNHECKNI
LIEHTP MHAEKUMOHHbIX 6onesHen» PeaepanbHOro MeanKo-61oNorn4eckoro areHTCTBa, 3aciy>XeHHoOMy AedaTento Hayku Poccuiickon Pepepaumin, HneH-
koppecnoHaeHTy Akagemun PAH, a-py men. Hayk, npodeccopy »KaaHoBy KoHCTaHTUHY BanepbeBudy, ncnonHsitowemMy obsisaHHoCcTv avpekTopa ®rby
«[JeTCKNIA HayYHO-KIMHUYECKMIA LIEHTP UH(EKUMOHHBIX BonesHe» ®PefepanbHOro Meanko-61MoNorMiyeckoro areHTCcTea, 3aciy)XeHHOMY AesTenNto Hayku
Poccuirckon @enepaunu, A-py Meq,. Hayk, npodeccopy CkpunyeHko Hatanbe BUKTOpPOBHE, 3aMecTUTENO AMpeKTopa no Hay4Hon pabote OI'BY «[letckui
Hay4YHO-KJIMHUYECKMIA LEHTP MHDEKUMOHHbBIX BonesHen» PegepanbHOro MeAnKo-01MoNornieckoro areHTCTBa, 3a BCECTOPOHHIO NMOAAEPXKKY M NpeaocTas-
JIEHHYIO BOBMOXKHOCTb BbINOSIHUTL MCcNefoBaHue B cTeHax LieHTpa; A-py Meq. Hayk, npodeccopy Mpuropeesy CTenaHy Mpuropbesundy, ctapliemy Hay4Homy
COTPYOHUKY OTAENa opraHn3aumnm MeamumHekon nomMom OreY «[eTckuin HayHYHO-KIMHUYECKINIA LIEHTP NHAEKLMOHHBIX 60n1e3Hen» PefepanbHOro MeamnKko-
6uonornyeckoro areHtcTsa [Jobpockok Hennn AnekcanapoBHe, nateHtoseny ®rbBY «[JeTCkuin HayYHO-KNMHNUYECKUIA LEHTP UH(EKUMOHHBIX BoNnesHern»
depfepanbHOro MeanKo-6roNorn4ecKoro areHTCTBa, 3a MOMOLLLb B OPOPMIIEHUM NaTeHTa Ha n3obpeTeHue.

CooTBeTcTBME NPUHLMNAM 3TUKK: VIccnenoBaHne NPOBEAEHO B COOTBETCTBUN C MPUHLMNaMN XeNbCUHKCKOWM Aekapaumn n ogoopeHo JlokanbHbIM
ATNHECKUM KOMUTETOM PIBY «[1eTCKMIN HayHYHO-KIMHUYECKUI LEHTP MHMDEKLIMOHHBIX 6onesHen» deaepanbHOro Meamko-61oorn4eckoro areHTcTea
(mpotokon Ne 160 oT 27.09.2022). KnuHnko-nabopaTopHoe 06cnefoBaHmne NaLmeHToB OCYyLLECTBAANOCH MOCAE O3HAKOMIIEHNS NX 3aKOHHbIX MPEACTaBu-
Tenew ¢ aTanamun NCCNefoBaHNs, N3NOXEHHbIMM B OPOLLIOPE, 1 NOANNCaHNA MH(OPMUPOBAHHOIO COracus, COrnacus Ha NCnofib30BaHne nepcoHasb-

HbIX JaHHbIX.

MoTeHuManbHbI KOH(AUKT UHTEPECOB: aBTOPbI 3aABAIOT 06 OTCYTCTBUM KOH(INKTA MHTEPECOB.

DX Tan Hatanbs CepreesHa tiannatalia94@yandex.ru

Crtatbsa noctynuna: 10.09.2024 Mocne gopa6otku: 18.10.2024 MpuHATa k ny6nukauuu: 21.10.2024

INTRODUCTION

Herpesvirus infections are a serious problem at the present
time due to their ubiquity, high infection rate of the popula-
tion, and the possibility of their reactivation in the develop-
ment of immunodeficiency conditions having a high risk of
adverse outcomes [1-3]. In recent years, increasing atten-
tion has been paid to herpesviruses due to the increasing
case numbers of active herpesvirus infections, including
human betaherpesviruses 6A/B, in people with infectious
diseases caused by the SARS-CoV-2 virus (COVID-19) [4—
6], as well as in children with recurrent respiratory diseases
(RRD). Although human betaherpesvirus 6A/B (HHV-6A/B)
was first detected in 1985 in immunocompromised patients
[7], it is currently known as one of the most common her-
pesviruses with the level of seropositive individuals to HHV-
6A, HHV-6B or both types in the adult population reaching
95% [8]. Like other representatives of the family, HHV-6A/B
is characterized by polymorphism of clinical manifestations
and acts as a trigger of autoimmune and lymphoprolifera-
tive diseases [9-13].

The high level of infection with HHV-6A/B leads to the
frequent detection of markers of betaherpesvirus HHV-
6A/B infection, difficulties in differential diagnosis (DD) of
active and latent forms, especially in children with lym-
phoproliferative and catarrhal syndromes, as well as RRD,
overdiagnosis of active forms of infection and subsequent
administration of immunotropic therapy with antiviral pur-
pose [8, 14-16].

The aim of our study is to propose a modern DD meth-
od for active and latent forms of HHV-6A/B infection in chil-
dren as a means of optimizing patient management tactics.

MATERIALS AND METHODS

The study, carried out in the Children’s Scientific and
Clinical Center for Infectious Diseases of the Federal

EXTREME MEDICINE | 2024, VOLUME 26, No 3

Medical and Biological Agency of Russia from 2021 to
2023, included 152 patients aged 1 month to 17 years
11 months and 29 days, 112 of whom made up a training
sample for training the classifier, while 40 comprised a test
sample for validating the classifier. Inclusion criterion for
the training sample: detection of HHV-6A/B DNA in whole
blood by qualitative polymerase chain reaction (PCR) with
subsequent assessment of the levels of threshold am-
plification cycles (cycle threshold, Ct). Exclusion criteria:
disagreement of legal guardians of patients to participate
in the study; severe somatic diseases in the decompen-
sation stage; detection of SARS-CoV-2 RNA in the upper
respiratory tract by PCR.

Depending on the severity of the condition, The patients
were admitted to a 24-hour or day hospital. Upon admis-
sion, anamnestic data was collected, including the data of
medical documentation of the outpatient stage (history of
the child’s development — form No. 112/U or an extract
from it). During the examination, special attention was paid
to assessing the presence and severity of lymphoprolifera-
tive syndromes typical of herpesvirus infection, namely:
adenoiditis, tonsillitis, lymphadenopathy, hepatospleno-
megaly.

On the first day of hospitalization, clinical and bio-
chemical blood tests were performed to assess the level
of C-reactive protein (CRP). To interpret the results of
the laboratory examination, reference values of manu-
facturers of test systems were used, taking into account
age characteristics. All patients underwent a whole
blood examination using high-quality real-time PCR to
detect HHV-6A/B DNA with an assessment of Ct level
(kits “AmpliSens EBV/CMV/HHV6-screen-FL’ (Central
Research Institute of Epidemiology, Russia). The Ct
level is the value at which the threshold line intersects
the S-shaped signal accumulation curves in the test
samples and control samples. Thus, this indicator indi-
cates the number of amplification cycles required to start
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detecting the virus DNA in the sample. A low Ct value
indicates a significant amount of isolated viral DNA in the
sample, which indicates a high viral load, while a high Ct
value indicates a low viral load [17].

Statistical processing was carried out using Microsoft
Excel modules, the StatSoft Statistica 7.0 software pack-
age. Using a training sample, a model was built for the de-
pendence of the patient’s belonging to one of two groups
according to the value of factors in various combinations,
where 1 is the latent form of HHV-6A/B infection (n = 89), 2
is the active form of HHV-6A/B infection (n = 23). The group
of active infection included children with sudden exanthe-
ma caused by laboratory-confirmed HHV-6A/V [18-20]. 27
anamnestic, clinical and paraclinical signs were considered
as potential predictors in the initial training model. The dis-
criminant model was constructed using the step-by-step
inclusion of predictors using the Fisher F-criterion (the value
of the F—criterion is 4.0, the lower limit of tolerance is 0.01).
The significance level p < 0.05 was used for all types of
statistical analysis.

RESULTS OF THE STUDY

In order to improve the accuracy and timeliness of diag-
nosis based on a comprehensive clinical and laboratory
examination, including a PCR study, a predictive model us-
ing discriminant analysis was developed. Of the 27 studied
features, 4 parameters were identified as demonstrating
the greatest statistically significant differences between the
groups — p < 0.001 (Table 1).

The obtained model of DD of latent and active forms of
HHV-BA/B infection in children demonstrated high statisti-
cal significance (p < 0.001) and classificatory ability at the
level of 93.75%. The model, which takes into account such
parameters as severity of fever, the presence of a cough,
the absolute number of neutrophils and the Ct DNA level
of HHV-6A/B, has high sensitivity (91.3%) and specificity
(94.4%).

On this basis, a diagnosis can be carried out as follows.
When seeking medical help for a child with a suspected ac-
tive form of HHV-6A/ B infection (fever, catarrhal and lym-
phoproliferative syndromes, clinical manifestations of infec-
tious mononucleosis, the presence of RRD), a clinical blood
test is performed on an automated hematology analyzer
with an assessment of the absolute value of neutrophils,
a whole blood study by PCR with Ct DNA determination
of HHV-6A/V. The obtained data of predictor features are

Table 1. List of predictors, coefficient values and their significance level

used for calculations using formulas (1, 2) of the linear dis-
criminant function (LDF):

LDF1 (the latent form of HHV-6A/B infection): 1)
42.7xX1 — 49.2xX2 — 6.2xX3 + 5.2xX4 — 865,
LDF2 (the active form of HHV-6A/B infection): 2)

45.1xX1 = 53xX2 — 6.7xX3 + 4.7xX4 — 940,
where X1 — the maximum severity of fever, °C;
X2 — the presence of a cough: no — 0, yes — 1;
X8 — absolute neutrophil count, x10%/L;
X4 — threshold cycle of HHV-6A/B DNA amplification.

The obtained values of LDF1 and LDF2 are compared
as follows: if LDF1 is greater than LDF2, the latent form of
HHV-6A /B infection is diagnosed; with LDF2 more than
LDF1, the active form is diagnosed.

A classification of the test sample (n = 40) was per-
formed. Discriminant analysis successfully identified 8 out
of 10 cases of the active form of HHV-6A/B infection and
29 out of 30 cases of latent infection. The total percentage
of correct diagnoses was 92.5%, which is comparable to
the results in the training sample. The patent for invention
No. 2817089 dated 09/04/2024 was obtained [21].

For a better understanding of the proposed model, we
present our own clinical observation.

Clinical case No. 1

The girl Ksenia, 8 years and 2 months old, was admitted
to the Children’s Scientific and Clinical Center for Infectious
Diseases of the Federal Medical and Biological Agency
on a planned basis due to RRD accompanied by febrile
fever, for examination and selection of therapy. The child
has a history of Schinz disease, atopic dermatitis. The
epidemiological history is not burdened. Upon admission,
condition satisfactory, body temperature falling within the
normal range (the value of the predictor X1 is “36.5”). Skin
of normal color, moist, without an infectious rash. Rhinitis
and cough absent (the value of the predictor X2 is “0”).
Pharynx calm, tonsils not enlarged, no plaque. Peripheral
lymph nodes not enlarged. Heart tones clear, rhythmic.
Vesicular breathing carried out in all parts of the lungs; no
wheezing heard. Abdomen soft, painless; liver and spleen
not enlarged. Diuresis preserved. Following a clinical blood
test, all parameters within the reference values (the value of
the predictor X3 (absolute neutrophil count) is “3.35”). No

. . LDF1 (latent form LDF2 (active form
No. Name and gradation of predictors Code of HHV-BA/B infection) of HHV-BA/B infection) p value
1 The maximum severity of fever, °C X1 42.7 451 <0.001
2 The presence of a cough: X2 -49.2 -53 <0.001
0—no;
1—yes
3 Absolute neutrophil count, *10%/L X3 -6.2 -6.7 <0.001
4 Threshold cycle of HHV-6A/B DNA amplification X4 5.2 4.7 <0.001
5 Constant -865 -940 -

Table prepared by the authors using their own data
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inflammatory changes detected in the general urine analy-
sis. An increase in normobiota was observed in the crops
of the discharge from the nasopharynx and oropharynx to
the microflora. Taking into account the anamnestic data, in
order to exclude reactivation of herpesviruses, high-quality
whole blood PCR for HHV-6A/B DNA, Epstein-Barr virus
and cytomegalovirus was performed by PCR: HHV-6A/B
DNA was detected, Ct value (predictor X4) — 31. When
examining blood by ELISA for specific antibodies of the
IgM class, IgG to herpesviruses, the following results were
obtained: IgG to cytomegalovirus (CMV) detected. IgM an-
tibodies to CMV, IgG antibodies to the nuclear and capsid
antigens of EBV, HHV-6A/B not detected. Given the posi-
tive result of PCR on HHV-6A/B DNA, final clinical diagno-
sis was interpreted as persistent HHV-6A/B infection in the
activation stage. The child was prescribed immunotropic
therapy with antiviral action consisting of meglumine acrid-
onacetate according to the manufacturer’s instructions in a
course of 23 days.

The calculation was performed retrospectively using
the formulas:

LDF1 = 42.7x36.5 — 49.2x0 — 6.2x3.35 + 5.2x31 — 865 = 834.98
LDF2 = 45.1x36.5 — 53x0 — 6.7x3.35+4.7x31 — 940 = 829.41

Since LDF1 > LDF2, a 94.4% probability of a latent form
of HHV-6A/B infection was pronounced.

This case demonstrates that, according to the pro-
posed discriminant model, the probability of an active form
of HHV-B6A/B infection was extremely low (5.6%); on this
basis, it was possible to avoid a long course of immuno-
tropic therapy.

DISCUSSION

The existing problem of overdiagnosis of the active form
of HHV-6A/B infection is related to the interpretation of the
results of high-quality PCR of whole blood without taking
into account the possible latency of the virus in mono-
nuclear cells. Despite their unsuitability in most cases,
the detection of HHV-6A/B DNA generally leads to the
prescription of long-term repeated courses of immuno-
tropic therapy. Thus, the developed prognostic model us-
ing discriminant analysis based on a comprehensive as-
sessment of clinical and laboratory parameters solves the
problem of DD of active and latent forms of HHV-6A/B
infection in children with lymphoproliferative and respira-
tory syndromes.

Utkin et al. proposed a method for identifying infectious
mononucleosis associated with human betaherpesvirus
6A/B. The invention takes into account such biomarkers
as AVEN mRNA, CHUK transcript 2, CIRBP transcript 2,
TRAFS transcript 2 and IRAK4 transcript 10. Although the
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method is extremely interesting from the point of view of
studying the molecular mechanisms of pathogenesis, its
disadvantages include the assessment of infection activity
in relation to only one nosological form (infectious mono-
nucleosis), inaccessibility of implementation in practical
healthcare with a large flow of patients, lack of technical
equipment of laboratories and trained personnel neces-
sary for the study of genes and transcripts, as well as high
financial costs and difficulty in interpreting the obtained
results [22].

As a solution of this problem, Melekhina et al. devel-
oped a method for identifying the indications for antiher-
petic therapy of HHV-6A/B infection in children with acute
respiratory diseases. The active form of infection, which
requires the prescription of antiviral therapy, is established
when more than 100 copies of the of HHV-6A/B DNA/10°
cells are detected in the blood by quantitative PCR. The
proposed method is characterized by its speed of execu-
tion and adequate approach to the obtained results tak-
ing into account different levels of viral load, as well as its
convenience in the presence of quantitative PCR — which,
however, is not an affordable diagnostic method at all levels
of medical care [23].

It is possible to use reverse transcription PCR to differ-
entiate the active and latent forms of HHV-6A/B infection.
This method is characterized by its higher sensitivity and
specificity than culture-based studies. The determination of
the form of infection depends on the detected matrix RNA
of viral proteins: the open reading frames U42, U22, U38,
U100 indicate an active form of infection, while U94, con-
versely, indicates a latent infection [20]. Thus, the method is
promising, but currently unavailable in practice.

Our described model offers additional advantages such
as simplicity, accessibility, speed of execution, as well as
the possibility of providing DD of active and latent forms
of HHV-6A/B infection without involving additional financial
costs for expensive laboratory tests. The uniqueness of the
method is confirmed by the patent for the invention.

CONCLUSIONS

The developed prognostic model can be applied in clini-
cal practice for the diagnosis of active and latent forms of
HHV-6A/B infection in children with catarrhal, lymphopro-
liferative syndromes when HHV-6A/B DNA is detected in
whole blood, as well as to justify the appointment of im-
munotropic therapy with antiviral action. When establish-
ing the latent form of HHV-6A/B infection, it is necessary
to conduct a further diagnostic search to exclude auto-
inflammatory diseases accompanied by an appropriate
symptom complex or the active form of infectious mono-
nucleosis of mono— and combined herpesvirus etiology
along with lesions of organs and systems associated with
viral infection.
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A MODERN APPROACH TO MICROSURGICAL ELIMINATION OF TONGUE DEFECTS USING COMPUTER
DIGITAL PLANNING

Arbak A. Khachatryan'™, David N. Nazarian', Mikhail M. Chernenkiy', Victoria O. Dzhuganova', Alexander V. Fedosov', Georgiy K. Zakharov',
Maksim B. Potapov', Olga |. Danishuk?, Ekaterina V. Osipenko', Eugenia |I. Micheeva'

"National Medical Research Center for Otolaryngology of the Federal Medical Biological Agency, Moscow, Russia
2Federal Clinical Center for High Medical Technologies of the Federal Medical Biological Agency, Moscow, Russia

Introduction. The treatment of malignant neoplasms of the oral mucosa implies a combined treatment, whose first stage generally involves surgery. How-
ever, the most common non-personalized surgical methods are based on resection of the tongue, often affecting more than half of the organ, which can lead
to significant functional deficiency and disability of patients.

Objective. To demonstrate the possibility of tongue defect reconstruction using preoperative computer 3D planning through clinical cases.

Materials and methods. From 2021 to 2024, four patients with primary cancer of the lateral surface of the tongue were operated on using this methodol-
ogy at the Maxillofacial Surgery Department of the NMICO FMBA of Russia. All patients underwent hemiglossectomy and preventive cervical lymphad-
enectomy on the affected side, with simultaneous reconstruction of the tongue using a radial forearm flap. The average age of the patients was 53 years;
males outnumbered females by a ratio of 3:1. Patients presented with stages rT1-rT4; histological examination revealed no regional lymph node involvement
(NO) in any patient. Preoperative instrumental examinations included: magnetic resonance imaging (MRI) of the soft tissues of the maxillofacial area with
contrast enhancement; multislice computed tomography (MSCT) of the maxillofacial area with contrast enhancement; MSCT of the donor area (forearm)
with contrast enhancement; Doppler ultrasound of the brachiocephalic trunk vessels and donor area vessels; transnasal endoscopic laryngoscopy with
swallowing tests (three-swallow test) with video recording. All patients were surveyed preoperatively and postoperatively using EORT QLQ — H&N35,
EORT QLQ — C30, FACT — H&N, MD Anderson, and VHI-10 questionnaires. Patients with abundant hair in the donor area underwent laser hair removal
prior to hospitalization. After performing computer simulation of the surgical intervention using Slicer and Blender software, templates were printed on
a Elegoo Saturn 2 printer. Assessment of speech and swallowing functions was carried out by a speech therapist specializing in these areas using the
Pokrovsky protocol and Vospector-DSI software at both preoperative and postoperative stages. The attending physician performed anthropophotometry
and video recording of patient complaints and speech at all stages of care. The postoperative period was without complications; nasogastric tubes were
removed on the 12th day; the average hospital stay was 14 days.

Results. The flap survival rate was 100% across the entire series of observations. Oncological radicality was achieved at RO for all patients. The average dura-
tion of the surgical intervention was 288 minutes. In three patients, the acoustic parameters of speech were within normal limits (in one patient, this parameter
could not be assessed due to systemic speech underdevelopment caused by hearing impairment). The average syllable intelligibility coefficient according to
Pokrovsky was 88%. All patients adapted to their usual diet and continued their professional activities. According to the results of the EORT QLQ — H&NS35,
EORT QLQ — C30, and FACT — H&N questionnaires, patients rated their quality of life as good in one case and excellent in three cases.

Conclusions. The developed algorithm for preoperative computer planning is promising. The use of surgical templates allowed for adequate oncological
radicality, synchronized the simultaneous work of two surgical teams, reduced the duration of anesthetic assistance (with an average surgical intervention
time of 288 minutes), and achieved good functional and aesthetic results. However, this methodology requires further refinement in a larger group of patients.

Keywords: tongue cancer; hemiglossectomy; microsurgery; radial flap; free flap; 3D reconstruction; tongue reconstruction; 3D printer
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COBPEMEHHbI NOAX0[4 B MUKPOXUPYPIMMYECKOM YCTPAHEHUN OE®EKTOB A3bIKA
C NPUMEHEHUEM KOMMbKOTEPHOIO LIN®POBOIO MJIAHUPOBAHUA

A.A. Xadatpan™, [.H. HazapsH', M.M. HepHerbkuin!, B.O. [IxyraHosa', A.B. ®enocos’, K. 3axapos’, M.b. MNoTtanos', O./. JaHniyk?,
E.B. Ocunerko', E.N. Muxeesa'

T HaumoHanbHbI MEAULIMHCKII UCCNeaoBaTeNbCKU LIEHTP OTOpUHONapuHronori ®eaepasnbHoro Meamnko-6uonormieckoro areHTcTea, Mocksa, Poccus
2 ®epepasbHbIi KIMHNHECKNI LIEHTP BbICOKMX MEAULIMHCKMX TexHonormin ®efepanbHOro Meanko-6uonornieckoro areHTcTea, Mockea, Poccus

BBepeHue. [NpyHLMN NeveHnst 3nokadecTBEeHHbIX HOBOOOPAa30BaHWii CM3NCTONM 060/I04KI POTOBOM NOMOCTM NMoApasyMeBaeT KOMOMHMPOBAHHOE NeveHne,
nepBbIM 3TaNoM KOTOPOro SIBASIETCS XMPYPrUHECKMin METOA,. BONbLUMHCTBO XNPYPrvecKnx METOLOB He SBNSOTCS NepCoHaNM3npoBaHHbIMI 1 OCHOBaHbI
Ha pesekunn a3bika, 3aTparvBatoLlert 6obLle NoNoBUHbI OpraHa, YTo NPUBOAUT K CYLLECTBEHHOMY (DYHKUMOHANbHOMY AehUUnTy ¥ MHBanuamMsaumn na-
LIEHTOB.

Llenb. Ha cepun KNMHUHYECKMX Cy4aeB NPOAEeMOHCTPUPOBATb BO3MOXKHOCTb YCTPaHeHVs AePEKTOB A3biKa C MPYMEHeHNEeM NPeAonepaLoHHOrO KOMMbIO-
TepHoro 3D-nnaHnMpoBaHKs.

Martepuanbl u metogbl. 3a nepuog ¢ 2021 no 2024 r. B ycnosusx otaenerms YiX orey HMNLIO ®PMBA Poccun ¢ npuMeHeHnem KOMMboTEPHOMO Lnd-
posoro 3D-nnaHnpoBaHnst Gbin NPoonepupoBaHbl 4 naymeHTa (3 My>KYH 1 1 >KeHLLMHA) ¢ NepBMYHbIM pakoM B6OKOBOW MOBEPXHOCTU s3blka. CpeaHumii

BO3pacT 60JbHbIX cocTaBun 53 roga. CpenHuii neprod HabnoaeHust 14 mec, 3a nepuon HabMAEHNS HY Y OOHOrO NauneHTa He OblIo OTMEYEHO NPOLOS-

© A.A. Khachatryan, D.N. Nazarian, M.M. Chernenkiy, V.O. Dzhuganova, A.V. Fedosov, G.K. Zakharoy,
M.B. Potapoy, O.l. Danishuk, E.V. Osipenko, E.I. Micheeva, 2024
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>KEHHOro pocTa nnn peuyansa HoBoobpasoBaHus. MauneHTbl Obiv NpeacTaBieHbl Co cTaguamu pli1-pT4, 6e3 nopaXkeHnst PerMoHapHbIX IMM@aTUHeCcKnX
y3noB (NO). MauveHTam Ha NpeaonepaLyioHHOM aTane NPOBeLEeHbl MHCTPYMEHTabHbIE U KIMHWKO-NabopaTopHble NCCNEA0BaHWs MO CTaHAAPTU3NPOBaH-
HOMY MpOTOKOy. [ANna oueHKn athEKTUBHOCTIN NEYEHMS 1 Ka4eCcTBa »XXM3HW BCE NauMeHTbl Ha npefonepaLoHHOM 1 MocTonepaumMoHHOM aTanax obiv
aHKeTVpPOBaHbl MO ONPOCHKKaM EBpOnenckon opraHn3aumm no UCCNe0BaHMIO 1 NEHEHNIO paka rosoBbl U LUEN.

KomnbloTepHOe MOLEeNMpOoBaHMe OMepaTVBHOrO BMeLLATeNbCTBA OCYLLECTBAANOCH B nporpammMax Slicer n Blender, neyaTb LWabnoHOB BbINONHANACH
Ha 3D-npuHTepe Elegoo Saturn 2. MNpowraBeaeHa oueHKa yHKLUMA peYn 1 rnoTaHus ¢ MCMofib30BaHMeEM NpoTokoa MoKPOBCKOro 1 NporpamMmmHoro obe-
cnedeHunst Vospector-DSI Ha npefonepauymoHHOM 1 MocTonepaLMoHHoOM atanax. Jleqatim Bpaiom NpoBoAMIMCE aHTPONOOTOMETPUS 1 BUAEOMUKCaLMS
peyn NaLMeHTOB 1 X Xanob Ha Bcex aTanax Kypawuu.

PesynbTraTbl. Bcem naupeHTam 6bina BbINOIHEHa rEMUMMOCCIKTOMUS 1 NPOoUnaKTnieckas LwenHas nMMMMOaNCCEKLNS Ha CTOPOHE NOPaXKEHNS C OJHO-
MOMEHTHOW PEKOHCTPYKLMEN A3blKa JIyHeBbIM TOCKYTOM MPEArnieybsa C NCNob30BaHNEM NPefonepauioHHOro KoMnboTepHoro 3D-nnaHnposaHns. Bol-
>KNBaEMOCTb NIOCKYTOB cocTasuna 100% Bo Bcet cepun HabnofeHnn. OHKoNorndeckas paamkanbHOCTb Y BCeX NaumeHToB 6bina obecnedeHa RO. CpefHee
BpPEeMsl OrnepaTuBHOIO BMeLLaTeNbCTBa CocTaBmno 288 MUH. MocTonepaumoHHbI Neprog, Npoxoamn 6e3 0CNOXeHWeN, CpefHUI Nepuog, NpedbiBaHns na-
LIMEHTOB B CTauuoHape coctaBun 14 cyT, otaaneHHbll nepuog HabnoaeHnss — ot 6 4o 20 mMec. Y BCex NMaumeHToB OOCTUMHYT XOPOLUNIA 9CTETUHECKNI
pesyneTaT, akyCTU4ecKme napameTpbl peyn B npefenax HopMasbHbIX 3HA4YEHWI, CPefHUIA KO MOULMEHT CNOroBOl PasbopYMBOCTN peyn No MNoKpoBCKOMY
cocTaBun 88%. Bce naumeHTbl 66111 afanTnpoBaHbl K CBOE NPYBbLIYHOM AneTe 1 NpohecCcnoHanbHom AeaTenbHoCT 6e3 orpaHndeHnii. Mo peadynsratam
OMNpPOCHMKOB EBponelickor opraHmnaaummn no MCCneaoBaHmio 1 NedeHnio paka ronosbl 1 wew (European organization for research and treatment of cancer
(EORTC) quality of life questionnaires for head and neck module (QLQ-H&N35), European Organization for Research and Treatment of Cancer Quality of
Life Questionnaire) naLneHTbl OLEHNAN Ka4eCTBO CBOEW »KN3HW MOC/e OMNepaTUBHOMO NIeYEHNSt Kak XOpoLLee B TPEX Cy4asix 1 OTNIMYHOE B OAHOM Cly4ae.
BbiBOAbI. ICN0ONb30BaHHbI HAMY anropyuTM NpeaonepaLoHHOro KoMnbloTepHoro 3D-NnaHMpoBaHNs SBNSETCS NePCneKTUBHbIM. [prMeHeHne onepawm-
OHHbIX LLIabIOHOB NMO3BOSINIO AOCTUYb a4EKBATHOM OHKONMOMMHYECKOW PaANKaNbHOCTIN, CUHXPOHN3MPOBATL PaboTy ABYX XMPYPrdecknx bpura, CokpatTnTs
BPEMS aHeCTe3MNON0orMYecKoro Nocobus (CpegHee BpeMs onepaTnBHOrO BMeLLaTenbcTea 288 MUH) U 4OCTUYb ONTUMaNbHBIX (DYHKLMOHABbHBIX 1 3CTe-
TUHECKMX PedynsTaToB. Beuay NOABMXKHOCTY A3blKa U U3MEHYMBOCTU ero hopMbl TpebyeTCcsa co3aaHmne HoBbIX MPOTOKONOB MNPEfonepaLOHHON NHCTPY-
MEHTaNbHON ANarHOCTUKM A1S CTaHAaPTM3aLMN NONOXKEHWS A3blka B POTOBOK NonocTu. [JaHHas MeToavka TpebyeT AasnbHenwero CoOBepLLEHCTBOBAHNS
Ha 6onblUei rpynne nauneHToB.

KnioyeBble cnoBa: pak 53blka; reMUrIOCCIKTOMUS; MUKPOXUPYPIUS; TyHEBOM NOCKYT; CBOBOAHbIA NIOCKYT; 3D-PEKOHCTPYKLINS; PEKOHCTPYKLMS A3bIKa;
3D-npuHTEp

Ans untupoBaHus: XadatpsaH A.A., Hazapad [.H., YepHerbkuii M.M., xyraHosa B.O., ®enocos A.B., 3axapos K., Motanos M.B., danuuiyk O.M., Ocu-
neHko E.B., Muxeesa E./. CoBpeMeHHbIn Noaxon B MUKPOXMPYPrMYECKOM YCTpaHeHn AedeKkToB s3blka C NMPYMEHEHNEM KOMMbIOTEPHOro UMdPOBOro
nnaHnpoBanns. MeguymHa skcTpemasibHbix cutyaumi. 2024,26(3):98-105. hitps:/doi.org/10.47183/mes.2024-26-3-98-105

duHaHcMpoBaHmWe: NCCrefoBaHve BbiMoIHEHO 6e3 CMOHCOPCKON MOAAEPKKN.

CooTBeTCTBME NPUHLMNAM 3TUKK: NCCNEA0BaHME NPOBEAEHO B COOTBETCTBUN C XENbCVHKCKON AeKnapaumei «3Tndeckmne NprHLMMbI MEAVLIMHCKUX 1C-
cnefoBaHui C y4acTneM 4enoBeka B Ka4ecTse UcnbiTyemoro» ot 1964 r. (peg. 2008 r.). Bcemun naypeHTamy nognnucaHo 4o6poBObHOE MHOPMUPOBAHHOE
cornacue Ha vccnefoBaHue.

MoTeHUManbHbI KOHDANKT UHTEPECOB: aBTOPbI 3asBASIOT 06 OTCYTCTBUN KOH(DNKTA NHTEPECOB.
<] XauaTtpsH Apbak ApmaHosud drarbak@yandex.ru
Cratbsa noctynuna: 06.08.2024 MNocne gopabotku: 03.10.2024 MpuHaTa k ny6aunkauum: 03.10.2024

INTRODUCTION

Malignant neoplasms (MN) of the head and neck occupy
the sixth place in the structure of general oncologic mor-
bidity; in 90% of cases, MNs are presented by squamous
cell cancer. Of cancers in the head and neck region, oral
cancer is the most commonly occurring malignant neo-
plasm. The leading localization of all tumor formations of
the oral cavity in 60% of cases is the tongue with the same
frequency of lesions of both the right and left halves of the
tongue [1-3]. In the structure of oncologic diseases in the
period 2013-2020 in Russia, the incidence of oral mucosal
tumors amounted to about 1.9% according to different
sources [4].

One of the main approaches for the treatment of ma-
lignant neoplasms of the oral mucosa at the first stage
involves surgery. However, resection of even a part of the
tongue significantly affects processes of swallowing and
speech formation, resulting in a functional reduction in
quality of life [5-10]. The current state of the art in the
treatment of patients with tongue defects involves the use
of free revascularized flaps on microvascular anastomo-
ses [5, 10, 11].
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In 1981, Yang described a method of using radial fas-
ciocutaneous forearm flap to repair defects in various ar-
eas of the human body. This method has steadily taken its
place in the arsenal of reconstructive surgeons. A flap is
a thin plastic material with a permanent vascular anatomy
and a long vascular pedicle. In tongue reconstruction, the
flap is used for defects that form following hemiglossec-
tomies; in order to increase its volume, it can be provided
with an additional amount of adipose tissue harvested from
the patient’s forearm. Moreover, sensitive reinnervation of
the flap can be accomplished at the expense of the forearm
cutaneous nerve [12].

Many techniques for cutting a forearm cutaneous fascial
flap (bilobed flap) and adapting the flap to the defect edges
have been described [13]. However, these methods cannot
be called personalized due to the impossibility of subject-
ing them to mathematical analysis and obtaining adequate
information about the required flap parameters. The use of
digital technologies in reconstructive surgery of the tongue
makes it possible to obtain a predictable and standardized
result, contributing to the reduction of the operative time of
intervention due to the possibility of simultaneous work of
two teams [14].
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The use of intraoperatively cut resection 2D-templates,
most often on paper, when planning soft tissue autografts,
has its disadvantages, including the impossibility of design-
ing the template in advance due to the template’s creation
following excision of the tumor mass and visualization of
the tongue defect based only on the visual control of the
surgeon. This moment causes prolongation of anesthesio-
logic and surgical aids due to the impossibility of simultane-
ous work of two surgical teams. Another disadvantage of
the 2D technique is also due to a lack of information at the
preoperative stage about the planned volume of tongue re-
section and tumor size. This is due to the impossibility of
assessing the subsequent loss of tongue volume associated
with radiation therapy and/or flap atrophy prior to surgical
intervention [15-16]. To solve this problem, we tested the
proposed method of tongue defect repair with a soft tissue
flap in cancer patients requiring tongue resection. The ap-
proach involves one-stage tongue reconstruction based on
3D computer planning and creation of resection templates.
Scientific novelty is confirmed by the Russian patent for in-
vention N0.2024104882 “Method of tongue defects elimina-
tion after partial glossectomy”, published on 07/04/2024.

The study purpose was to demonstrate on a series of
clinical cases the possibility of tongue defect repair using
preoperative computerized 3D planning.

Table 1. Summary data of patients

MATERIALS AND METHODS

From 2021 to 2024, 4 patients (three men and one
woman) diagnosed with primary cancer of tongue later-
al surface were operated on at the Maxillofacial Surgery
Department of the “National Medical Research Center for
Otorhinolaryngology of the Federal Medical and Biological
Agency” using a microsurgical tongue defect repair tech-
nique based on 3D computerized digital planning. Patients
were presented with stages of tumor process development
pl1-pT4a, without regional lymph node involvement (NO),
confirmed by the results of histological examination. The
average age of the patients was 53 years. All patients un-
derwent hemiglossectomy and preventive lymphodissec-
tion on the side of the lesion with one-stage reconstruction
of the tongue with a radial forearm flap. The patients’ sum-
mary data are shown in Table 1.
Instrumental methods of research at the preoperative
stage included:
® magnetic resonance imaging of soft tissues of the max-
illofacial region with contrast enhancement (MRI of the
maxillofacial region with contrast) to clarify the stage of
the process according to the T-criterion (international
classification of oncological tumors) and assess the
spread of the tumor process in the tissues of the tongue;

Patients
Patient data
1 2 3 4
Gender Male Male Male Female
Age, years 40 50 50 70

Location of tumor Right lateral surface of

Left lateral surface of

Right lateral surface of Right lateral surface of

the tongue the tongue the tongue, root of the the tongue
tongue
Stage of tumor process according to TNM* pPT2NOMO pPT2NOMO pT4aNOMO pT1INOMO

Resection feature Resection of the right
lateral surface of the
tongue with preservation

of the tongue tip and root

tongue with preservation
of the tongue tip and root

Resection of the left
lateral surface of the

Resection of the right
lateral surface, tip and
root of the tongue

Resection of the right
lateral surface of the
tongue with preservation
of the tongue tip and root

Percentage of resected volume from 40 40 60 40
tongue volume, %

Flap dimensions length/width, mm 50/40 57/72 71/65 60/40
The timing of flap collection, min 125 115 90 130
Resection time, min 80 92 97 82
Time of surgical intervention, min 310 270 295 280
Hospitalization time, days in hospital 13 14 15 14
Period of nasogastric tube removal, days 12 12 12 12
Pokrovsky index, % 93 _ 73 95
Postoperative complications Venous stasis of the flap no no no
Observation period, months 21 16 16 6

Oncologic status Relapse-free course

Relapse-free course Relapse-free course Relapse-free course

assessment (1 to 7 points)

Patient/s status at the moment of article alive alive alive alive
publication
Self-questionnaire quality of life 6 (good) 6 (good) 6 (good) 7 (excellent)

Table prepared by the authors using their own data

Note: * — TNM (international classification of oncological tumors, where T — tumor, the prevalence of the primary tumor, N (nodus) the presence, absence and
advance of metastases in regional lymph nodes, M (detached metastases), the presence or absence of detached metastases.
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e multispiral computed tomography of the maxillofacial
region with contrast enhancement to select recipient
vessels;

e determination of the vascular flow of the external carotid
artery basin and exclusion of intravascular pathologies
(occlusion, thrombosis);

e multispiral computed tomography of the donor area
(forearm) with contrast enhancement (MSCT with con-
trast enhancement) to take into account the diameter of
the main trunk vessels, to detect anomalies of the vas-
cular channel and anatomical features of the vessels;

e Doppler ultrasound of the brachiocephalic trunk vessels
and vessels of the donor area.

To select the donor area (upper extremity of the fore-
arm), a clinical assessment of arterial patency and collateral
blood supply of the hand by Allen test was performed. To
assess swallowing function, transnasal endoscopic laryn-
goscopy with swallowing tests (three-glottic test) with video
recording was performed in all patients.

All patients at the preoperative and postoperative stag-
es were surveyed using quality of life questionnaires rec-
ommended by the European Organization for Research
and Treatment of Cancer (EORTC) for head and neck mod-
ule (QLQ-H&N35), (EORTC Quality of Life Questionnaire).
The questionnaire additionally included MD Anderson and
Voice Handicap Index (VHI-10) scales, which have higher
specificity for patients treated for oropharyngeal cancer.
The questionnaires were administered at prehospital and
at each follow-up visit after 1, 3, 6, and 12 months. Patients
with abundant hair in the donor area underwent laser
hair removal at the prehospital stage. Speech and swal-
lowing functions were assessed by a staff phoniatrician
(speech and swallowing specialist) using the Pokrovsky
protocol and Vospector-DSI software at the preoperative
and postoperative stages [19]. The attending physician
performed anthropophotometry and video recording of
patients’ speech and complaints at all stages of the cura-
tion. Treatment tactics for all patients were determined at
the oncologic consilium on the basis of the A.l. Burnazyan
Federal Medical Biophysical Center.

Computer modeling of the surgical intervention was
performed using Slicer and Blender software; the tem-
plates were printed on a Formlab 3 3D printer.

RESULTS

One week before the surgical intervention, computerized
preoperative planning was carried out based on the data of

Figure prepared by the authors

Fig. 1. Preoperative 3D computer planning
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the MSCTs of the maxillofacial region upper extremities, as
well as the MRI of the maxillofacial region. For this purpose,
tongue tissues were contoured slice-by-slice with a step of
5-7 slices.

Further on the basis of mathematical interpolation
methods using Slicer and Blender software the selected
volume of the formation was determined taking into ac-
count the indentation from the tumor borders of 1.5 cm
to reach the edges of the resection borders RO. The ob-
tained data were converted to surface area and adapted
to the topography of the donor arm by placing the surface
of the stencil template over the axial vessels (radial ves-
sels) to incorporate them into the flap. The surface area
of the flap was increased by 15% taking into account
possible flap shrinkage after radiation therapy. Thus, two
templates were made: a resection template for hemiglos-
sectomy and a template for cutting the skin area of the
radial flap (Fig. 1).

Following coordination of preoperative planning with
the operating surgeons, the digital project in the form of an
STL (stereolithographic) model was sent for printing on an
Elegoo Saturn 2 3D printer. The average time of template
printing was 40-50 min.

Surgical interventions were performed by two teams
of surgeons according to the standard protocol. The first
team of surgeons performed tongue tumor ablation using
a resection template, cervical lymphodissection, and isola-
tion of recipient vessels of the neck (Fig. 2).

Each patient underwent emergency intraoperative edge
biopsy (6 preparations) of the resection, in all cases the re-
section edges were RO (Fig. 3).

The second team of surgeons simultaneously isolated
the radial flap using a template. The average time of the
resection stage was 87 min. The average time of flap har-
vesting was about 115 min. Radial flap isolation in all cases
was performed with inclusion of the radial artery and vena
comitans, as well as the lateral cutaneous nerve of the fore-
arm (Fig. 4). Following flap isolation, the vascular pedicle of
the graft was cut off and the graft was moved into the oral
cavity.

After affixing the skin site of the flap to the remaining
part of the tongue with guiding sutures, the donor vessels
were carried out in a tunnel formed in the soft tissues of
the floor of the mouth, after which the microsurgical stage
was performed. Anastomosing of the radial artery with the
facial artery was performed in all cases according to the
type of “end-to-end” anastomosis; similarly, vena comitans
were anastomosed with the external jugular vein. At the
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Figure prepared by the authors

Fig. 2. Marking the resection area using a resection template for visualizing a malignant neoplasm of the tongue affecting its lateral surface

final stage, neurorrhaphy of the lateral cutaneous nerve and
lingual nerve was performed in two cases, while neuror-
rhaphy of the hyoid nerve (end-to-side type) was also car-
ried out in two cases. The average time of the microsurgical
stage was 45 min. After restarting the blood flow, the filling
of the donor vessels was assessed visually and using a
portable Doppler Minidop (Bioss). When the flap had been
successfully adapted to the remaining part of the tongue
with resorbable Vicryl 3.0 thread, layer-by-layer wound clo-
sure was performed (Fig. 5).

The postoperative period in most patients was unevent-
ful. Only one patient had venous stasis of the flap 3 hours
after the surgical intervention; in this case, a revision sur-
gery with repeated venous anastomoses was performed.
The postoperative period passed further in this patient

APEXMED _
& A 0 )

>

Figure prepared by the authors

Fig. 3. Removed tongue preparation

without peculiarities. The nasogastric tube was removed in
all patients on the 12th day; the average period of hospitali-
zation was 14 days (Fig. 6).

DISCUSSION

Computer modeling is widely used in reconstructive max-
illofacial surgery to eliminate bone defects of the maxil-
lofacial region to facilitate the performance of complex re-
constructive surgeries with a predictable result. However,
in the elimination of soft tissue defects of the maxillofa-
cial region, the use of surgical templates remains poorly
studied. The complexity of applying this technique and
planning soft tissue autografts lies in the absence of sta-
ble supporting bone elements, as well as the need to not
only restore the volume of tissues, but also to ensure their
proper mobility [14].

The first use of resection templates — namely, resec-
tion 2D-templates in the planning of soft tissue autografts
for replacing the deficit of tongue tissues — was first de-
scribed by R.M. Baskin et al. [15].

It should be noted that the results of the application of
computerized planning and template surgery for the elimi-
nation of soft tissue defects of the tongue and the floor
of the mouth are not described in the Russian scientific
literature; in the foreign literature, we found only two original
articles covering this issue [16-17].

The closest approach to the one tested by us is that pre-
sented by H. Koumoullis, who first proposed a method of
using 3D modeling and template surgery to perform tongue
reconstruction following glossectomy using Personalized
Patient-specific Planning of Soft Tissue Reconstruction
(PANSOFOS) [16]. The author noted the possibility of
personalized reconstruction of soft tissues of the head
and neck with a soft tissue autograft using 3D-planning.

MEOVILIMHA SKCTPEMATbHbLIX CUTYALNW | 2024, TOM 26, Ne 3
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Figure prepared by the authors

Fig. 4. Marking a flap using a template. Radial flap on a vascular pedicle

However, the main disadvantage of his proposed technique
consisted in an inability to predict the planned volume of
tongue resection at the preoperative stage or to determine
the loss of organ volume after radiation therapy and/or flap
atrophy.

Lu H, Qin J, Yue R, Liu C et al describe a method
of tumor visualization using computed tomography data
to perform precision resection of midline tongue tumors
without disturbing blood flow through the facial arteries.
However, this technique did not involve the use of surgical
templates [17].

Sinha P et al proposed a method of tongue tumor visu-
alization by printing a physical model of the patient’s tongue
on a 3D printer with an alternative color of the tumor at the
preoperative stage, allowing surgeons to carry out a better
assessment of the extent of tumor spread. However, this
approach did not include the fabrication of either resection
templates or templates for free flap cutting [18].

In approbation of the above approach (preoperative
planning of soft tissue reconstructive autografts), we and
a number of authors [19] noted a significant decrease in
the time of surgical intervention, which significantly reduces
intraoperative risks for the patient and reduces the financial
costs of anesthesia care.

The described approach to tongue defect elimina-
tion following removal of malignant neoplasm using

Figure prepared by the authors

Fig. 6. Anthropophotometry one month after surgery
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Figure prepared by the authors

Fig. 5. View of the flap after suturing the wound and restarting the blood flow

computer-aided digital planning, which is based on
previously performed surgical intervention in the digital
field, can be used to accurately (with an error of 0.2 mm)
determine the boundaries of the tumor. To ensure the
required oncologic radicality (clean margins), the resec-
tion template includes a parameter such as an oncologic
margin of 1.5 cm from the tumor. The stencil for the cu-
taneous fascial flap pattern, which takes into account
the volume of the resected part of the tongue, has an
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increased volume of 15% to level out postoperative scar-
ring and reduce flap volume.

Despite the availability of modern protocols for sup-
pressing artifacts from metal prosthetic restorations dur-
ing head and neck radiology, not all patients were able
to achieve objective visualization of the soft tissues of the
tongue and floor of the oral cavity. Most of our patients
had metal orthopedic constructions (gold, cobalt-chro-
mium alloy) in the oral cavity at the time of treatment. In
order to level out artifacts in radial methods of diagnos-
tics (MRI, MSCT) and following a clinical examination of
the oral cavity, the staff dentist-orthopedist removed all
metal prosthetic constructions and replaced them with
plastic crowns.

The problem of tongue mobility and changes in its
volume due to muscle contraction at the stage of ra-
dial diagnosis remains a significant problem, whose
solution will be presented in subsequent studies. In
order to standardize preoperative planning, the need
to create specialized protocols for the position of the
tongue in the oral cavity at the diagnostic stages seems
relevant.
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STUDY OF COMPLICATIONS ASSOCIATED WITH CENTRAL VEIN
CATHETERIZATION IN PATIENTS WITH BLOOD DISORDER

Nikolay A. Romanenko™

Russian Research Institute of Hematology and Transfusiology of the Federal Medical and Biological Agency of the Russian Federation, Saint-Petersburg, Russia

Introduction. Central venous catheter (CVC) provides intensive infusion and transfusion therapy in cancer patients, but catheter placement and operation
are often associated with complications.

Objective. To determine the incidence of complications associated with CVC in patients with blood disorders.

Materials and methods. The study involved 3115 patients and 46 bone marrow donors. The right subclavian vein was catheterized in 2600 (82.2%) patients,
the left subclavian vein in 552 patients (17.5%), and the internal jugular vein in 9 patients (0.3%). All persons underwent radiologic control; bacteriological blood
examination was performed in case of suspected infection.

Results. Early revealed complications were: hematoma in 4.0% of patients; bleeding — in 2.3%; subclavian artery puncture — in 2.7%; pain and paresthesia
of the upper limb — in 1.7%; lymphorrhea — in 1.4%; weakness / collapse — in 1.2%; extravasation — in 1.1%; catheter thrombosis — in 1.1%; less frequently,
pneumothorax was detected in 0.2% of patients; allergic reaction to anesthetic — in 0.1%. Delayed complications (infiltrate, phlebitis, thrombophlebitis) were
diagnosed in 2.7% of patients, bacteremia — in 2.4%, delayed bleeding — 0.4%. Among infections, Gram positive microorganisms were more frequently
detected in 61.8% of cases, Gram negative in 29.7% (p < 0.01), and rarely fungal pathogens in 8.5% (p < 0.001). It was not possible to catheterize the central
vein due to anatomical features of the patient in 0.5% of cases.

Conclusions. The analysis of trunk vein catheterization in patients with blood disorders established a high rate of hematomas, bleeding, subclavian artery punc-
tures; among delayed complications, infiltrate, phlebitis, and bacteremia. Infectious complications demonstrated a prevalence of Gram-positive infectious agents.

Keywords: central venous catheter; bacteremia; bleeding; hematoma; infection; arterial puncture; pneumothorax
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N3YYEHUE YACTOTbl OCJIOXKHEHUIW, ACCOLIMMPOBAHHBIX C KATETEPU3ALVEWN
LEHTPAJIbHbIX BEH, Y MALMEHTOB C 3ABOJIEBAHUAMU CUCTEMbI KPOBU

H.A. PomaHeHko™

Poccuickunii Hay4HO-VCCnefoBaTeNbCKUn MHCTUTYT remaTtonornn 1 TpaHcdyaunonoruy PeaepansHoro Meanko-oronorndeckoro areHtcTea, CaHkT-MNetepbypr,
Poccuns

BBepeHue. LleHTpanbHbii BeHo3HbI KaTeTep (LIBK) nodsonsieT o6ecneqnTb MHTEHCUBHYIO MHMY3MOHHO-TPaHCHY3NOHHYIO Tepanmio y OHKOMOMMYeCcKIMX
00MbHbIX, HO MOCTaHOBKA W 9KCMNITyaTaumns KateTepa HepeaKo acCoLMNPOBaHbI C OCOXHEHNUAMM.
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INTRODUCTION

Managing patients with blood disorders at present often
requires adequate venous access, which can be provided
through the use of central venous catheters (CVCs). The
use of CVCs in patients allows the introduction of various
infusion media, hemocomponents, chemotherapy drugs
directly into the lumen of the central vein. This provides
the possibility of administering large volumes of fluid and
round-the-clock infusion of drugs, parenteral nutrition, he-
matopoietic stem cell harvesting, as well as monitoring of
central venous pressure and clinical and laboratory param-
eters. At the same time, administration of chemotherapy
drugs into the peripheral vein does not exclude their ex-
travasation into the surrounding soft tissues, with the risk
of infiltrate or necrosis development and subsequent scar
formation [1].

Provision of central venous access using CVCs in pa-
tients in intensive care units has been widespread since
the 1970s. This procedure makes possible a quick refilling
of circulating blood and plasma volume in case of blood
loss and shock, significantly improving the quality of life of
patients due to the absence of the need for multiple repeat-
ed venipunctures, particularly in patients with low venous
pressure and weak peripheral veins [1-2)].

The procedure of CVC placement, which refers to surgi-
cal interventions, is often associated with the following com-
plications: hematoma, bleeding, arterial puncture, pneu-
mothorax, venous thrombosis, secondary infections up to
the bacteremia or sepsis; in some port-systems, placement
or even detachment of the implanted catheter with its mi-
gration into the right atrium can occur [2-6]. According to
some authors [2, 3, 7], the incidence of complications as-
sociated with central vein catheterization reaches 15-25%.
This depends on the anatomical and topographical fea-
tures of the vessel structure, the state of the hemostasis
system in the patient, as well as the proper technique of
CVC placement. In addition, the risk of thrombotic and
infectious complications increases with prolonged use of
venous catheter especially during the period of antitumor
therapy. Therefore, in patients with hemostasis disorders
(thrombocytopenia, disseminated intravascular coagula-
tion — DIC), immunodeficiency, neutropenia, compliance
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with aseptic conditions at all stages of CVC operation, in-
cluding the use of aseptic technique ANTT (Aseptic Non-
Touch Technique) is particularly strictly required [8-10Q].

This study aims to investigate the incidence of central
venous catheter-associated complications in patients with
blood disorders.

MATERIALS AND METHODS

A retrospective study was conducted to investigate the in-
cidence of complications associated with CVC placement
at RosNIIGT of FMBA in Russia. The study included pa-
tients aged 18 years and older with blood disorder who
signed an informed voluntary consent for CVC placement.
Healthy donors of hematopoietic stem cells were addition-
ally included in the study. Patients were excluded who re-
fused to sign informed consent, persons under the age of
18 years, and those who were not diagnosed with oncohe-
matological diseases or aplastic anemia.

Inpatient records of 3161 patients who underwent cen-
tral vein catheterization and were treated at the hematology
clinic of the institute for the period from 2003 to 2023 were
studied. Of these, 3115 patients with blood diseases and
46 bone marrow donors were examined.

The age of the patients was 18-89 years (mean age =
53 years) and donors were 29-57 years (mean age = 41
years). Patients who underwent CVC staging had principal
diagnoses of B-cell chronic lymphocytic leukemia (B-CLL),
myelodysplastic syndrome (MDS), multiple myeloma (MM),
primary myelofibrosis (PMF), and chronic myeloid leukemia
(CML) in the blast crisis phase (CML-BC), myelodysplastic
syndrome/myeloproliferative neoplasm (MDS/MPN), non-
Hodgkin’s lymphoma (NHL), acute myeloid leukemia (AML),
acute lymphoblastic leukemia (ALL), Hodgkin’s lymphoma
(HL), and aplastic anemia (AA). The distribution of patients
with CVC by relevant nosologies is presented in Figure 1.

As anesthesia, 1% lidocaine solution of 10-15 mL (in
99.1% of patients) or 0.5% novocaine solution of up to 10—
15 mL (0.9% of patients) was used. CVC placement was
performed in the right subclavian vein in 2,600 (82.2%) pa-
tients, in the left subclavian vein in 552 (17.5%), and in only 9
(0.3%) patients in the right internal jugular vein. The left sub-
clavian vein or right internal jugular vein was catheterized in
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Figure prepared by the author using his own data

Fig. 1. Distribution of patients with established CVC depending on the disease
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patients with a history of previous failed attempts at CVC
placement or technical difficulties in performing the ma-
nipulation at the moment.

The choice of central venous catheter was made tak-
ing the choice of further therapies into account: chemo-
therapy, hemotransfusion, harvesting of peripheral stem
cells, or the volume of expected infusions, duration of
treatment, etc. B.BRAUN (Germany) Certofix® Duo S 720
for patients with blood disorders and Certofix® Duo RA M
1220 for stem cell donors were used for catheterization of
the main veins.

The effectiveness of the central vein catheterization pro-
cedure was assessed by retrograde blood flow into the sy-
ringe, visual inspection, radiography; if necessary, the pro-
cedure was performed under ultrasound data control. The
figures show radiographs to visualize the terminal (distal)

Figure prepared by the author using his own data

Fig. 2. Chest X-ray of the patient after correct catheterization of the right
subclavian vein (arrow shows the catheter’s distal segment)

EEm—

]

Figure prepared by the author using his own data

Fig. 3. X-ray of chest: extravasation of the central venous catheter — outside
the subclavian vein (the catheter is localized outside the subclavian vein)

segment of the catheter location. The normal location of
the catheter is shown below (Fig. 2).

The vertical position of the CVC of the end segment in
the internal jugular vein was confirmed radiologically (Fig.
4). If the CVC was upright, it was often retained for short-
term therapy. However, if peripheral stem cell procurement
was required or high-dose chemotherapy was planned, the
CVC was removed and placed on the opposite side due to
the risk of phlebitis and thrombosis.

In case of fever (>38°C) or suspicion of infections as-
sociated with CVC, blood was effused directly from the
patient’s vein or catheter with subsequent bacteriological
analysis, for which blood was introduced into one or more
vials with nutrient medium (for blood — thioglycolate me-
dium; for a biosample from the catheter — sugar broth,
Sabouraud’s medium, or thioglycolate medium). To iden-
tify the pathogen and determine the sensitivity of micro-
organisms to antibacterial medicines, the biomaterial was
transferred to differentiating media. In addition, the level
of procalcitonin in blood was studied in order to predict
the possible development of bacterial sepsis in the short-
est possible time and differentiate the infectious process,
depending on the composition of anaerobic and aerobic
microflora. If infection associated with CVC was detected,
the catheter was removed and antibacterial therapy was
performed.

All complications associated with CVC are divided into
those directly related to the procedure of catheter place-
ment and delayed complications, i.e., related to catheter
care and disorders in the system of hemostasis, immunity.

Statistical processing of the obtained data was per-
formed using Microsoft Office Excel 2010 and SPSS
Statistic 22 software packages in the Windows 2016 envi-
ronment. Samples were tested for normality of distribution

Figure prepared by the author using his own data

Fig. 4. X-ray of the neck and upper chest of the patient after CVC placement
from the right subclavian access — vertical placement of the catheter in the
internal jugular vein (the arrow shows the distal segment of the catheter)
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using the Kolmogorov-Smirnov test of agreement; the level
of statistical significance p > 0.2 was considered reliable.
The mean (M), standard deviation (m), median (Me) were
calculated. Fractions were compared using Fisher’'s angu-
lar transformation (¢). Differences were considered statisti-
cally significant at p < 0.05.

RESULTS

In 46 healthy bone marrow donors, no clinically significant
complications related to central vein catheterization were
documented in any case. Only one patient had weakness
on anesthetic injection (lidocaine); this symptom was re-
solved independently 15 min after catheterization. In 46
healthy bone marrow donors, the duration of CVC in the
vein was 1.2+0.1 days (1-3 days).

In patients with blood diseases (n = 3115), complica-
tions directly related to the technique of placement were
observed, mainly mechanical or hemostasis disorders
(bleeding, hematomas, thrombosis), delayed complications
associated with the accession of secondary infection due
to defects in the care of CVCs and/or immune system in
patients. Among the complications reported at the stage
of CVC insertion or after its implementation were arterial
punctures, hematomas, bleeding from the catheter pas-
sage, pneumothorax, pneumomediastinum, hemoptysis,
catheter malposition (extravasation), lymphorrhea, pain,
paresthesia on the side of catheterization, vascular (gen-
eral weakness, collapse), and allergic reaction (urticaria,
Quincke’s edema) to the anesthetic, as well as infectious-
inflammatory — infiltrate, phlebitis, thrombophlebitis, bac-
teremia, and sepsis. Catheter bending (knot formation),
disruption of catheter integrity, and catheter obstruction
(thrombosis) are also listed as adverse events. While the
latter do not constitute complications for the patient, further
infusion through such a catheter is impossible and removal
of the CVC is required. In addition, 16 (0.5%) patients failed
to place the catheter due to anatomical peculiarities of ves-
sel location in the patient.

The nature and frequency of complications associated
with CVC placement depended on the anatomical features
of the patient’s vascular structure, technique of CVC place-
ment, vascular access, physician’s experience, peculiari-
ties of the course of the disease itself (cytopenia, coagu-
lopathy), and catheter care. A total of 702 adverse events
were reported, representing 22.5%. Data on complications
associated with CVC placement and care are presented in
Table 1.

An analysis of the data in Table 1 revealed a low inci-
dence of complications in patients. Attention was drawn
to the frequent development of hematomas in 4.0% of
cases (p < 0.01), bleeding from the catheter site, imme-
diate and delayed bleeding 2.3% (p < 0.05) and 0.4%,
respectively, registered subclavian artery puncture
in 2.7% of cases (p < 0.01), development of infiltrate,
phlebitis, thrombophlebitis in 2.7% of cases (p < 0.01),
and bacteremia or sepsis in 2.4% of patients (p < 0.01).
Other complications were reported significantly less fre-
quently. Such dangerous complications as pneumotho-
rax and pneumomediastinum were detected only in 6
(0.2%) and 1 (0.03%) patients. When diagnosing tension

EXTREME MEDICINE | 2024, VOLUME 26, No 3

ORIGINAL ARTICLE | CLINICAL MEDICINE

pneumothorax, it is necessary to drain the pleural cavity
to evacuate air therefrom.

A radiograph of a 52-year-old patient with bilateral ten-
sion pneumothorax is presented. This is a rare but poten-
tially dangerous complication: there is no lung pattern in the
upper parts of both sides of the chest (Fig. 5). The patient
underwent pleural cavity drainage in the 6th intercostal
space along the mid axillary line on both sides for decom-
pression. Full recovery occurred on the 2nd day. The inci-
dence of such complications during CVC placement is less
than 1%.

The manifestation of complications in the form of infec-
tious processes was noted by the presence of infiltration
with hyperemia at the catheter entry site, sometimes with
exudate separated from the wound, soreness at the site
of CVC insertion, as well as the appearance of thickening
or edema at the site of CVC entry and/or along its length
with increasing soreness. In case of deep spread of the
infectious process, phlebitis was registered, manifested
by erythema, thickening, pain along the course of the vein
where the CVC was located, and increased body tempera-
ture in the patient. In some patients, phlebitis turned into

Table 1. Complications associated with CVC placement and care (n = 3115)

Number of Frequency
Type of complications complications | of complica-
(n=702) tions (%)
Puncture (puncture) of the subclavian 85 2.7
artery
Hematoma 124 4.0*
Bleeding that occurred immediately 71 2.3*
after CVC placement
Delayed bleeding (2 hours more) 12 0.4
Pneumothorax 6 0.2
Pneumomediastinum 1 0.03
Hemoptysis 2 0.06
CVC extravasation 35 11
Lymphorrhea 43 1.4
Pain, paresthesia in the upper 53 1.7
extremity
Weakness, collapse (reaction to 38 1.2
anesthetic)
Allergic reaction to anesthetic 3 0.1
Infiltrate, phlebitis, thrombophlebitis 83 2.7¢
Bacteremia, sepsis 76 2.4¢
Bend of catheter 6 0.2
Defect of catheter integrity (crack, 14 0.4
fracture of CVCs)
Catheter obstruction (thrombosis) 34 11
Impossibility of CVC placement (ana- 16 0.5
tomical peculiarities)

Table prepared by the author using his own data

Note: ¢ — statistically significant difference from background values at p < 0.01
* — statistically significant difference from background values at p < 0.01
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Figure prepared by the author using his own data

Fig. 5. X-ray of patient’s chest — bilateral tension pneumothorax

bloodstream infection with the development of bacteremia
or sepsis.

Thus, the analysis revealed the development of blood-
stream infections in patients 3-7 days after catheteriza-
tion. These infections were most frequently caused by
Gram-positive  microflora:  either coagulase-negative
Staphylococcus epidermidis, probably due to a defect in
the care of CVCs, or, in later periods coagulase-positive
Staphylococcus aureus. Infections due to Gram-negative
pathogens and fungi (Escherichia coli, Enterobacter spp.
etc.) were probably caused by penetration into the body
during catheter use during infusions, as well as by hema-
togenous pathway (not related to CVC placement). In 76
patients, it was possible to identify the pathogen by bac-
teriological examination of blood; the corresponding data

Table 2. Types of pathogens identified in patients with blood diseases (n = 76)

are presented in Table 2. At the same time, bacteriological
examination in 13 patients allowed the simultaneous isola-
tion of 2-3 pathogens, which in total amounted to 94 cases
of positive identification of a microbial culture.

Among the infectious pathogens isolated from hem-
oculture in patients with complications, Gram-positive
microorganisms (Staph. Epidermidis and Staph. Aureus,
etc), significantly less frequently in 29.7% of cases
(p < 0.01) — Gram-negative (Escherichia coli, Enterobacter
spp., etc), in 8.5% of cases (p < 0.001) infection was
caused by fungal pathogens (Candida albicans, etc.). For
clarity, the main spectrum of detected microorganisms is
presented in Fig. 6.

Thus, in the course of the study, hematomas, bleed-
ing, and subclavian artery puncture were more frequently
reported among the immediate complications after CVC
placement, while among the delayed ones (after 3-7
days) — infiltrate, phlebitis, thrombophlebitis, and blood-
stream infections.

DISCUSSION

The availability of central venous access for the administra-
tion of adequate therapy in oncohematological patients is
of great importance. This allows the physician to perform
daily infusion therapy, administer large volumes of infusion
media, high-dose chemotherapy, and parenteral nutrition.
However, despite the importance of central vascular access
for facilitating the administration of drugs, there is a risk
of complications that can occur during the catheterization
procedure especially with a prolonged stay of the catheter
in the vein. The incidence of particular complications occur-
ring during CVC placement is highly variable, ranging from
2.7% to 8% (mean 4.5%); however, aggregate incidence
can even reach up to 15-25% [2, 3, 7, 8, 9]. The incidence
of complications is influenced by factors such as the type
of CVC (port or with an external segment), puncture access

Pathogens Number of positive tests, n Ratio of positive tests isolated, %
Gram-positive microbes Staphylococcus epidermidis 47 50.0
Staphylococcus aureus 8 8.5
Streptococcus viridance 1 1.1
Enterococcus spp. 1 11
Micrococcus spp. 1 11
Gram-negative microbes Escherichia coli 14 14.9
Enterobacter spp. 9 9.5
Acinetobacter spp. 1 1.1
Pseudomonas aeruginosa 2 241
Neisseria spp. 2 241
Fungal infections Candida. albicans 5 5.3
Candida crusei 1 11
Rhodotorula spp. 1 11
Aspergillus spp. 1 11

Table prepared by the author using his own data
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Fig. 6. Pathogens associated with central venous catheter-associated infections

(occurs less frequently in subclavian or jugular vein cath-
eterization), prior catheter placement, pathophysiological
conditions (immunodeficiency, cytopenia, coagulopathy)
and anatomical and topographical features of the structure
in the patient, experience of the anesthesiologist or sur-
geon, and conscientiousness in identifying and document-
ing the occurrence of the complication [2, 8, 9]. For exam-
ple, when a port system is used, the cumulative incidence
of early complications reaches 3.28% [11]. In addition, there
are cases of failure of central vein catheterization; moreo-
ver, their frequency increases with each repeated unsuc-
cessful attempt: after the first attempt — by 1.6%; after the
second — by 10.2%, after the third and more — by 43.2%
[12]. During the study, no catheterization of any subclavian
vein could be carried out in 16 (0.5%) of the total number of
patients; for these patients, infusion therapy was adminis-
tered through peripheral veins.

When analyzing the frequency of complications as-
sociated directly with the procedure of catheter place-
ment, the occurrence of hematomas was statistically sig-
nificantly more frequent in 4% of patients, while bleeding
from the site of CVC catheterization was slightly less fre-
quent in 2.7% (immediately after the procedure — 2.3%;
delayed — 0.4%; 2 hours or more after catheterization,
subclavian artery puncture occurred in 2.7% of patients). It
is important to emphasize that the occurrence of hemato-
mas and bleeding in patients with blood diseases is more
frequently caused by hemostasis disorders: such cath-
eterized patients more often suffer from severe thrombo-
cytopenia (mainly IV or Il severity), and less often — from
coagulopathy. Arterial puncture as a complication was
mainly due to anatomical features in patients “keel-shaped
chest”, pronounced edema syndrome, obesity, clavicle
fractures (in the past), presence of tumors/enlarged lymph
nodes in the subclavian and/or supraclavicular region or
in the neck region. These complications have generally
been resolved without additional surgical interventions.
In cases of severe thrombocytopenia, hemostatic therapy
and transfusions with platelet concentrate at a therapeutic
dose of 200-250x10° platelets per 1 m? of body surface
area (usually 200-300 mL of platelet concentrate per in-
jection) were carried out. In most cases, collapse, lym-
phorrhea, pain, and paresthesia did not require additional
medical interventions and were managed independently.
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However, if the patient was found to have massive lym-
phorrhea lasting more than a day, the CVC was removed,
followed by a sterile dressing. In case of patency failure
(thrombosis), integrity, bending or extravasation, the cath-
eter was removed and, if necessary, reinserted more often
from the opposite side or via jugular access.

According to some authors, the frequency of detection
of such a formidable complication as pneumothorax can
reach 0.3-1.0% of cases [3, 13]. In our study, pneumotho-
rax and pneumomediastinum were diagnosed in 0.2% and
0.06% of cases, respectively, which required additional
medical interventions, in particular, drainage of the pleural
cavity. Complications associated with CVC placement as
manifested by the development of inflammation depend not
only on compliance with the rules of asepsis, but also on the
immune status of the patient (presence of severe neutrope-
nia), the type of venous catheter. Thus, according to D.G.
Maki and co-authors, when using central venous catheters
with an open segment, infectious-inflammatory complica-
tions amounted to 2.7 per 1000 catheter-days, while the use
of port-systems — no more than 0.1 per 1000 catheter-days
[14]. In the patients observed in the present study, compli-
cations associated with infectious-inflammatory reaction in
the form of infiltrate, phlebitis or thrombophlebitis were di-
agnosed in 2.7% of cases, while bloodstream infection oc-
curred in 2.4% of cases, which amounted to 3.1 per 1000
per catheter-days. This is higher than in non-oncologic
patients. However, the studied cohort of patients with on-
cohematological diseases and aplastic anemia often have
a defect of hematopoiesis as manifested by postcytostatic
immunosuppression and neutropenia of IlI-IV severity and
a consequently higher risk of infectious complications.
Therefore, if an infectious process is suspected, microbio-
logical examination should be performed and empirical an-
tibacterial therapy prescribed. In the case of positive bac-
teriologic analysis or identification, the catheter should be
removed due to the possibility of comprising a source of
infection; if necessary, the antibacterial drug sensitive to the
identified pathogen should also be changed [1].

CONCLUSIONS

1. The analysis of catheterizations of the main veins es-
tablished a higher frequency of such early complications
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as hematomas, bleeding caused by hemostasis disorders
(thrombocytopenia, coagulopathy) in oncohematological
patients, as well as punctures of the subclavian artery due
to anatomical features of the main vessels due to compres-
sion and displacement by tumor mass of lymph nodes and
changes in the walls of subclavian veins associated with
frequent repeated catheterizations and resulting scars.

2. Infiltrates, phlebitis, bacteremia, or sepsis were
more often stated among delayed complications. Among
the infectious pathogens isolated during bacteriological
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Introduction. The impact of the epidemic circulation of the novel coronavirus respiratory infection on the Russian population in terms of morbidity, mortality
and lethality from respiratory diseases (RD) and consequent social damage requires an in-depth study.

Objective. The study set out to compare the morbidity, mortality and lethality dynamics of the total population of the Russian Federation due to respiratory
diseases (RD) in 2016-2021 and COVID-19 in 2020-2021.

Materials and methods. The study was based on official statistical information provided by the Ministry of Health of the Russian Federation, Russian Federal
State Statistics Service and Russian Federal Service for the Oversight of Consumer Protection and Welfare on the morbidity and mortality of the population
due to RD (codes J00-J98 in accordance with the International Statistical Classification of Diseases and Related Health Problems, 10th edition (ICD-10). The
data for 2020-2021 are compared with the average morbidity and mortality rates of the Russian population for 2016-2019. Statistical data processing was
carried out using Statistica software, version 10, and Epi5 (WHO), version 7. When comparing the indicators, the relative risk, 95% confidence interval, and
Matel-Hansel2 were calculated. The differences were considered to be significant at p < 0.05.

Results. The primary and general morbidity and mortality from RD in the Russian population in 2020-2021 exceeded the average levels of similar indicators
for 2016-2019. The increase in indicators was associated with a larger number of patients presenting with pneumonia, as well as interstitial and suppurative
lung diseases. This was accompanied by an increase in hospital mortality and lethality due to RD and COVID-19 in 2020-2021.

Conclusions. The epidemic circulation of the new coronavirus infection was accompanied by a significant increase in the morbidity and mortality of the
population from RD.

Keywords: respiratory diseases; COVID-19; morbidity; mortality; lethality

For citation: Bilichenko T.N., Bystritskaya E.V., Misharin V.M. Morbidity, mortality, and lethality of the Russian population due to respiratory diseases for
2016-2021 and COVID-19 for 2020-2021. Extreme Medicine. 2024;26(3):113-121. https:/doi.org/10.47183/mes.2024-26-3-113-121

Funding: the study was carried out without sponsorship.

Potential conflict of interest: the authors declare no conflict of interest.
><] Bilichenko Tatyana N., tbilichenko@yandex.ru

Received: 28 June 2024 Revised: 8 Oct. 2024 Accepted: 11 Oct. 2024

3ABOJIEBAEMOCTDb, JIETAJIbHOCTb U CMEPTHOCTb HACEJIEHA POCCUWN NO NPUYMNHE
BOJIESHEN OPIAHOB [ObIXAHUA 3A 2016-2021 rr. U COVID-19 3A 2020-2021 rr.

T.H. Bunnyenko™, E.B. BeicTpuukas, B.M. MuwwapuH

Hay4Ho-1nccnenoBaTensCkuii MHCTUTYT NyfibMoHONor M ®eaepanbHoOro Meanko-61monornieckoro areHTcTea, Mockea, Poccust

BBepeHue. BnvsgHne anuaeMmnyeckon LMpKynsummM HOBOM pecrnmpaTopHO KOPOHaBUPYCHOM NMHGEKUMM Ha 3a60NeBaeMoCTb U CMEPTHOCTb HaCeNeHus
Poccun oT 6onesHeit opraHoB abixaHns (BOL) B CBsI3u C HAHECEHHBIM CoLManbHbIM YLLIEPOOM Hy>XXAaeTCs B yriy6neHHOM U3yHeHnH.

Lenb. /3yuntb avHaMnKy nokasaTeneit 3abonesaemMocTu, NeTanbHOCT U CMEePTHOCTU BCero HaceneHus Poccuiickon ®epepauyum no npudvHe 5O
3a 2016-2021 rr. n COVID-19 3a 2020-2021 rr.

Matepuanbl u meTopabl. Vicnonb3oBaHa oduumansHas ctatncTndeckas nHdopmaums MuHanpasa Poccumn, PocctaTta n PocnotpebHansopa o 3abone-
BaeMOCTUN N CMEPTHOCTM HaceneHus no npuinHe BOL, (kogbl JOO-J98 B cooTBETCTBMM C MeXAyHapOoaHOM CTaTUCTUHECKON Knaccudukaumen 6onesHen
1 npobnem, cBA3aHHbIX Co 3a0poBbeM, 10-ro nepecmoTpa (MKB-10)). JanHble 3a 2020-2021 rr. conocTaBneHbl CO CpeaHUMu nokasarensmm 3abonesae-
MOCTW 1 CMEPTHOCTU HaceneHus Poccum 3a 2016-2019 rr. CtaTucTuydeckast ob6paboTka AaHHbIX NpoBeaeHa C NOMOLLbIO Nporpamm Statistica, Bepcust 10;
Epi5 (WHO), Bepcus 7. MNpun cpaBHeHUM NokasdaTenemn paccHnTbiBany OTHOCUTENbHBIA pUCK, 95% AoBepuUTenbHbIN NHTepBan, MaTten-XaHcaen x2. Pasnn4ns
cyuTany [OCTOBEPHBIMU MPY YPOBHE 3Ha4nMmocTu p < 0,05.

PesynbTaThl. [epBryHas 1 obulas 3abonesaeMocTb U cMepTHOCTb oT BO[ HaceneHns Poccun B 2020-2021 rT. npeBbillana cpefHne ypoBHU aHanormuy-
Hblx NokasaTenein 3a 2016-2019 rr. MpupocT nokaaaTenei 6bin CBA3aH C yBENNYEHEM YMCNa NaLMEHTOB C MHEBMOHWEN, a TakxKe C MHTepCTULMaNbHbIMM
1N HarHOUTENbHBIMK OONE3HAMM NIETKMX. DTO COMPOBOXAANOCH YBENMYEHNEM rOCANTaNBHON NeTansHOCTU U CMepPTHOCTM no npuynHe BOM n COVID-19
B 2020-2021 rr.

BbiBoAbl. SnvaeMmyeckas LUMpKysLms HOBOM KOPOHaBUPYCHOW MHDEKLMM COMPOBOXAANACH 3HAYUTENBbHBIM MPUPOCTOM 3a6071eBaeMOCTM U CMEPTHOCTUN
Hacenerus ot BO/L,.

Knto4yeBble cnoBa: 60n1e3H1 opraHoB AbixaHus; COVID-19; 3a6oneBaemMoCTb; NeTanbHOCTb; CMEPTHOCTb
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INTRODUCTION

Respiratory diseases (RD) represent a widespread group of
diseases affecting the Russian population, whose increas-
ing incidence and differs significantly in the territories of
cold and southern climatic zones having a different gender
and age structure and population density [1]. The epidemic
circulation of the new coronaviral infection COVID-19 had a
great impact on the morbidity and mortality of the Russian
RD population in 2020-2021, the significance of which re-
quires in-depth study [2].

OBJECTIVE

To study the dynamics of morbidity, mortality and lethality
rates of the total population of the Russian Federation due
to respiratory diseases (RD) in 2016-2021 and COVID-19
in 2020-2021.

MATERIALS AND METHODS

We present an analysis of statistical data provided by the
Ministry of Health of the Russian Federation and Russian
Federal State Statistics Service on primary and total mor-
bidity and mortality of the total population of the Russian
Federation due to RD (class X J00-J99, according to the
International Statistical Classification of Diseases and
Related Health Problems, 10th edition (ICD-10) for 2016—
2021 and morbidity COVID-19 (code U071, U07.2) [3-6].
The state statistical reporting forms No. 12 and No. 14 for
2019-2021 were used for the analysis. The data analysis
was carried out using the statistical programs Statistica
v.10, and Epi5 (WHOQ), v.7. The average indicators of overall
incidence for 2016-2019 and the hazard ratio (HR) in 2020
and 2021 were calculated compared with the average val-
ue for previous years. When comparing the indicators, the
difference p < 0.05 was considered significant. The data
analysis was carried out by the following Federal Districts
(FD) of Russia: Central (CFD); Northwestern (NWFD);
Southern (SFD), North Caucasus (NCFD), Volga (VFD), Ural
(UFD), Siberian (SFD), Far Eastern (FEFD), and the Crimean
Federal District (which existed from 2014-2016).
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RESULTS

According to the data of the Ministry of Health of the Russian
Federation, a total of 59,731,931 cases of RD were regis-
tered in 2019, including 52,277,647 primary cases (87.5% of
all RD) and 769,691 cases of secondary pneumonia (1.47%
of all RD). By way of comparison, in 2020, these indica-
tors increased to total RD 61,312,356 (+2.65%), 54,273,331
cases of primary infection (+3.82%) and 1,989,498 cases of
pneumonia (+158.48%), while, in 2021, total RD amounted
10 66,596,584 cases (+11.49%), including 59,381,887 cases
of primary infection (13.59%) and 1,997,536 cases of pneu-
monia (+159.52%).

In 2021, the morbidity of the total population due to RD
amounted to 45,560.7 cases per 100,000 of the total popu-
lation, ahead of cardiovascular system diseases (24,792.3
cases), musculoskeletal system (12,087.0 cases), genitou-
rinary system (10,591.0 cases), digestive system (10,332.9
cases).

Although the RD morbidity of the Russian total pop-
ulation has tended to increase since 2016, a significant
increase in cases of diseases occurred in 2021. In terms
of dynamics over the years since 2016, RD morbidity
increased by 1% in 2017 (HR = 1.01; 95% CI 1.01-1.02;
p < 0.001), by 3% in 2018 (HR = 1.03; 95% CI 1.02-1.03;
p < 0.001), and by 2% in 2019 (HR = 1.02; 95% CI 1.01-
1.02; p < 0.001). The average RD morbidity of the total
population for 2016-2019 was 40,516.5 per 100,000. In
2020, the RD morbidity of the total population exceeded
the 4-year average level to reach 41,862.9 and HR = 1.03;
95% CI 1.03-1.04; p < 0.001; in 2021 — 45,560.7 per
100,000 and HR = 112; 95% CI 1.12-1.13; p < 0.001
(Fig. 1). Morbidity of the total population in 2021 increased
in all federal districts as compared with the levels of 2016—
2019 with a maximum value in the Northwestern Federal
District (Table 1). The excess of the average level of RD
morbidity in Russia in 2021 was noted in 4 federal dis-
tricts: SFD — 48,059.9 (HR = 1.05; 95% CI 1.05-1.06;
p < 0.001); VFD — 49,837.3 (HR = 1.09; 95% CI 1.09-1.10;
p < 0.001); UFD — 51 497.4 (HR = 1.13; 95% CI 1.13-1.13;
p < 0.001); and NWFD — 55,680.9 (HR = 1.22; 95% ClI
1.22-1.23; p < 0.001).
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Fig. 1. Dynamics of the general incidence of respiratory diseases in the total population in 2016-2021. (polynomial trend line. * — p < 0.05)
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Table 1. Total incidence of respiratory diseases of the total population of the Russian Federation in 2016-2021

Total RD incidence (per 100,000 people)
Territory Years
2016 2017 2018 2019 2020 2021
RUSSIA 40,055.2 40,357.2 40,958.7 40,694.7 41,862.9 45,560.7
CFD 37,784.6 37,658.0 38,352.1 38,142.3 38,836.9 42,282.2
NWFD 50,180.9 50,547.9 51,659.9 50,2241 49,599.5 55,680.9
SFD 33,226.2 33,260.5 33,611.4 34,3631 34,518.4 37,185.5
NCFD 30,420.8 30,699.6 29,334.1 30,423.9 32,300.6 33,292.3
VFD 43,762.0 43,968.1 44,783.2 43,866.8 46,756.2 49,837.3
UFD 41,861.3 42,623.3 44,326.8 44,460.8 46,504.5 51,497.4
SFD 40,086.0 41,222.4 41,866.4 41,434.4 42,976.2 48,059.9
FEFD 41,285.9 41,930.9 41,5271 41,586.9 41,299.0 44,988.8

Table prepared by the authors

Among the subjects of the Russian Federation in 2021,
the highest rates of RD were observed in the Nenets
Autonomous District of the Northwestern Federal District
(68,330.0 per 100,000 of the total population), the Chukotka
Autonomous District of the Far Eastern Federal District
(67,133.1), the Oryol Region of the Central Federal District
(63,035.6), the Altai Territory of the SFD (64,924.9), the
Vladimir Region of the Central Federal District (62,978.7),
and the Republic of Sakha (Yakutia) of the Far Eastern
Federal District (62,861,4).

Below-average RD morbidity for Russia in 2021
was experienced in the North Caucasus Federal District
(83,292.3), Southern Federal District (37,185.5), Central
Federal District (42,282.2), and Far Eastern Federal District
(44,988.8). The lowest RD morbidity in the subjects of the
Russian Federation in the North Caucasus Federal District
was in the Chechen Republic (21,600.4 cases per 100,000
of the total population), the Kabardino-Balkarian Republic
(24,874.5), and the Republic of Ingushetia (28,692.5).

The RD primary incidence rate (PIR) in the total popu-
lation in 2016-2019 tended to increase: 2016 — 35,161.2;
2017 — 35,356.6 (HR = 1.01; 95% CI 1.00-1.01; p = 0.004);
2018 — 35,982,0 (HR = 1.02; 95% CI 1.02-1.03; p < 0.001);
2019 — 35,616.2 per 100,000 of the total population
(HR = 1.01; 95% CI 1.01-1.02; p < 0.001). The average
4-year RD rate was 35,529.0 per 100,000 of the total
population. In 2020, the RD index increased to 37,056.8
(HR = 1.04; 95% CI 1.04-1.05; p < 0.001); in 2021, to
40,624.9 per 100,000 of the total population (HR = 1.14;
95% CI 1.14-1.15; p < 0.001). In 2021, a higher than the
average Russian indicator of the total population (40,624.9
per 100,000 of the total population) was registered in the
NWFD —49,744.0 (HR = 1.22; 95% Cl 1.21-1.24; p < 0.001),
UFD — 46,7561 (HR = 1.15; 95%Cl 1.14-1.16; p < 0.001),
VFD — 44 786.8 (HR = 1.10; 95% CI 1.09-1.11; p < 0.001),
SFD — 41 831.9 (HR = 1.03; 95% CI 1.02-1.04; p < 0.001).
In 2021, the highest RD rates were recorded in the Nenets
Autonomous District of the Northwestern Federal District
(65,189.6), the Chukotka Autonomous District of the Far
Eastern Federal District (63,589.6), the Vladimir Region of
the Central Federal District (59,023.3), the Oryol Region of
the Central Federal District (59,010.5 per 100,000 of the
total population). The lowest RD rates were recorded in the
Kabardino-Balkarian Republic (21,714.9 per 100,000 of the
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total population), the Republic of Ingushetia of the North
Caucasus Federal District (20,131.4), the Chechen Republic
of the North Caucasus Federal District (16,528.7).

In 2020, the COVID-19 disease of the total Russian popu-
lation in terms of access to medical institutions was regis-
tered at the level of 3391.1 cases per 100,000 of the total
population (4,966,644 people) with a 2.4—fold increase in the
disease in 2021 — 8,085.7 cases per 100,000 of the total
population (11,818,983 people). In 2021 The highest rates
of COVID-19 were detected in the Northwestern Federal
District (10,625.6), UFD (9,684.2), and Central Federal District
(8,969.4 cases per 100,000 of the total population). In the
Southern Federal District, the incidence of COVID-19 in-
creased by 3.5 times: from 1835.3 in 2020 to 6386.3 cases
per 100,000 of the total population in 2021. The highest inci-
dence of COVID-19 in 2021 was registered in St. Petersburg
(NWFD) at 13814.5 per 100,000 of the total population (74
3820 people), representing a 2.4-times increase compared
to 2020 (5856.8 per 100,000 of the total population — 315
751 people). In Moscow (CFD), the incidence of COVID-19
was higher than the national average, but lower than in St.
Petersburg: 2020 — 6191.0 cases per 100,000 (784,192
people); 2021 — 8976.0 cases per 100,000 of the total pop-
ulation (1,135,919 people), respectively.

COVID-19 incidences in the total population are below
the national average in 2021. They were registered in the
North Caucasus Federal District (3975.9), Southern Federal
District (6386.3), Far Eastern Federal District (7295.3), VFD
(7635.8), SFD (7913.3 cases per 100,000 of the total pop-
ulation). In terms of Russian Federal Subjects, the lowest
rates of COVID-19 were detected in 2021 in the Chechen
Republic of the North Caucasus Federal District at 1170.1
cases per 100,000 of the total population.

As well as pneumonia, acute laryngitis and trachei-
tis occupied a leading place in the structure of separate
RD morbidity of the total population in 2021. Compared
with the average level for 2016-2019 (2387.6 per 100,000
of the total population), the incidence of acute laryngitis
and tracheitis of the total population in 2020 decreased to
2309.2 (HR = 0.97; 95%CI 0.95-0.98; p < 0.001) and in
2021 — 2215.2 (HR = 0.93; 95%CI 0.91-0.94; p < 0.001).

The incidence of pneumonia in the total population
hardly differed 2016 and 2017, while in 2018 and 2019,
an increase occurred: 2016 — 462.5 per 100,000 of the
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Table 2. Incidence of pneumonia of the total population of the Russian Federation in 2016-2021

Total incidence of pneumonia (per 100,000 people)
Years
Territory 2016 2017 2018 2019 2020 2021
RUSSIA 462.5 457.7 514.6 524.4 1358.4 1366.6
CFD 375.7 382.1 430.8 414.2 1190.0 1336.8
NWFD 470.7 471.9 514.9 452.7 1071.2 1358.4
SFD 483.3 448.6 492.5 479.5 1119.7 1551.9
NCFD 380.0 423.4 419.2 465.2 1535.2 1377.8
VFD 509.3 529.7 579.7 575.2 1829.2 1391.8
UFD 503.7 459.8 567.9 660.1 1178.2 1130.6
SFD 520.4 484.4 557.8 609.6 1447.6 1336.9
FEFD 558.4 526.3 647.7 749.2 1286.1 1418.9

Table prepared by the authors

total population; 2017 — 457.7 (p = 0.49); 2018 — 514.6
(HR = 1.11; 95% CI 1.08-1.14; p < 0.001); 2019 — 524.4
(HR=1.13;95% CI 1.10-1.17; p < 0.001) (Table 2). Compared
with the average level for 2016-2019 (489.7 per 100,000 of
the total population), the incidence of pneumonia in 2020
and 2021 increased 2.8 times: 1358.4 (HR = 2.77; 95% CI
2.69-2.86; p < 0.001) and 1366.6 (HR = 2.79; 95% Cl 2.70—
2.88; p < 0.001), respectively. An increase in the incidence
of pneumonia in 2020-2021 was noted in all territories of
the Russian Federation with a maximum increase in the
incidence of pneumonia in 2021 in the Southern Federal
District, North Caucasus Federal District, VFD, and the Far
Eastern Federal District.

Compared with the average level for 2016-2019 (1156.6
per 100,000 population), there was a decrease in 2020 and
2021 of chronic and unspecified bronchitis and lung em-
physema in the total population (1092.1; HR = 0.74; 95% ClI
0.72-0.75; p < 0.001) and 1055.3 cases (HR = 0.97; 95% CI
0.94-0.99; p = 0.008), respectively.

The average level of the total population for 2016-2019
of bronchial asthma (BA) was 1058.3; this did not sig-
nificantly change in 2020 (1059.4; p = 0.936) and in 2021
(1073.1; p = 0.320).

Compared with the average level of chronic obstructive
pulmonary disease (COPD) in the total population for 2016—
2019. (662.3 per 100,000 of the total population) in 2020,
the morbidity index decreased to 542.3 (HR = 0.96; 95% ClI
0.94-0.99; p = 0.004) and did not change in 2021 — 529.3
(p = 0.065)

The average level of the total population for 2016-2019
with other interstitial pulmonary diseases, purulent and ne-
crotic conditions of the lower respiratory tract, and other
pleural diseases was 24.7 and did not change in 2020 (27.7
cases; p = 0.127), but increased in 2021 — 39.5 respec-
tively (HR = 1.43; 95% CI 1.26-1.62; p < 0.001).

According to the data of statistical forms No. 14, in
2019, inpatient treatment for RD (JOO-J98 ICD-10) was car-
ried out in only 1,541,339 adult patients aged 18 and over,
among whom 24,816 people died (1.6%). 252,105 people
were treated in hospital for acute respiratory infections
(ARI) of the upper respiratory tract (URT) (JOO-J0O6 ICD-10);
among these, 38 people died (0.02%); with lower respira-
tory tract infections (LRT) (J20-J22 ICD-10), 63,829 people
were affected, of whom 7 people died (0.1%); pneumonia

(J12-J18 ICD-10) — 439,901 people, 10,510 people died
(2.39%).

Although in 2020, the number of patients aged 18 and
over who received inpatient treatment for RD decreased,
the lethality increased by 3 times. A total of 1,348,122 adult
patients were discharged from hospitals, of whom 65,997
died (4.9%; p < 0.001): URT ARI- 172,366 people, 28 peo-
ple died (0.02%) and LRT ARI- 45,333 people, 205 people
died (0.45%; p < 0.001), pneumonia — 646,444 people,
47,939 people died (7.42%; p < 0.001).

In 2021, the number of patients aged 18 and over who
received inpatient treatment for RD continued to decrease,
but lethality among them increased mainly due to pneu-
monia. A total of 1,008,875 adult patients were discharged
from hospitals, 64,909 people died (6.43%; p < 0.001),
among whom URT ARI- 128,922 cases, 40 people died
(0.03%) and LRT ARI — 45,333 cases, 205 people died
(0.45%; p < 0.001); pneumonia — 378,715 cases, 48,711
died people (12.86 %; p < 0.001).

In connection with COVID-19 (U07.1-U07.2 ICD-10) in
2020, 1,902,903 people were discharged from hospitals
at the age of 18 or more, among whom 1,154,77 people
died (6.07%), 3,588,017 people were discharged in 2021,
458,529 people died (12.78%; p < 0.001).

Among children 0-17 years old in 2019, only 18,098
people were discharged from hospitals in connection with
RD, 334 people (0.02%) died, including 779,103 people with
ARI, 12 people (0.002%) died and LRT — 492,981 people,
10 people (0.002%) died; with pneumonia — 272,339 peo-
ple, 226 people died (0.080%).

In 2020, there were only 1,095,976 children aged 0—17 in
hospitals for RD, 313 people died (0.029%), among whom
URT ARI- 469,594 people, 13 people died (0.003%) and
LRT ARI — 314,116 people, 5 people died (0.002%); with
pneumonia — 143,627 people, 213 people died (0.148%;
p < 0.001).

In 2021, among children 0—17 years old, only 1,170,033
people were discharged from hospitals for RD. 339 people
died (0.029%), among whom URT ARI — 508,705 people,
10 people died (0.002%) and LRT ARl — 333,031 people,
16 people died (0.005%; p < 0.001), 139,279 people died
with pneumonia, 239 people died (0.171%; p < 0.001).

In connection with COVID-19 (U07.1-U07.2 ICD-10),
44,964 children were discharged from hospitals in 2020,
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of which 40 died — 0.090%. In 2021, 85,838 children were
discharged, that is, 1.9 times more, of which 164 died
(0.191%; p < 0.001).

Thus, the total number of RD patients discharged from
hospitals in 2019 was only 3,341,437, 25,150 people died
(0.75%), in 2020 — only 2,444,098 people, 66,310 people
died (2.71%; p < 0.001), in 2021 — only 2,178,908 people,
65,248 people died (2.99%; p < 0.001).

In 2020, only 1,947,867 people with COVID-19 were dis-
charged from hospitals, including 115,517 people (5.93%)
died, in 2021 — only 3,673,855 people, 458,693 people
died (12.48%; p < 0.001).

According to Russian Federal State Statistics Service, in
the structure of mortality rates from all causes per 100,000
population in 2021 (1,673.9 cases) RD ranked 5th (78.7
cases — 4.7% of all cases) after diseases of the cardiovas-
cular system (640.3 cases — 38.3% of all cases), mortality
from COVID-19 (319.1 cases — 19.1% of all cases), neo-
plasms (194.1 cases — 11.6% of all cases), external causes
(951 — 5.7% of all cases) [7].

If in the period 2016-2019 there was a decrease in
RD mortality from 48.0 to 40.3 per 100,000 popula-
tion (p < 0.001), then in the period 2020-2021 there was

an increase in RD mortality of the total population of the
Russian Federation (Fig. 2) [7-9].

The increase in RD mortality in 2020 compared to 2019
(40.3 cases per 100,000 of the total population) amounted
to 72.46% (69.5%; p < 0.001); in 2021, the corresponding
figure was 95.3% (78.7%; p < 0.001). An increase in the RD
mortality of the population in 2020 and 2021 was noted
in all territories of Russia, but above the average Russian
level in 2021. Mortality was registered in the Volga Federal
District (102.7 per 100,000 population), Far Eastern Federal
District (111.0), SFD (93.1), and Southern Federal District
(88.4 cases) (Table 3).

Below the average Russian level, the respiratory dis-
ease mortality rate was registered in the UFD (49.1), NWFD
(565.8), Central Federal District (64.5), and North Caucasus
Federal District (65.9 per 100,000 population). Among the
subjects of the Russian Federation, the highest respira-
tory disease mortality rate in 2021 was recorded among
the population of the Bryansk region of the Central Federal
District (261.7 per 100,000 population). High respiratory
disease mortality rates in 2021 were registered in the sub-
jects of the Volga Federal District: the Kirov Region (256.3
per 100,000 population), the Republic of Mari El (231.8),

Table 3. Mortality rates from the respiratory diseases of the total population in the federal districts of the Russian Federation in 2016-2021

Total respiratory diseases mortality rate (per 100,000 people)
Years

Territory 2016 2017 2018 2019 2020 2021
RUSSIA 48.0 42.2 41.6 40,3 65.9 78.7
CFD 50.5 421 41.3 37.7 55.5 64.5
NWFD 46.5 42.0 37.8 36.3 45.5 55.8
SFD 36.6 32.0 33.6 35.7 59.1 88.4
NCFD 32.5 30.7 27.7 28.0 72.9 65.9
VFD 49.3 44.0 44.7 43.7 84.1 102.7
UFD 447 39.8 34.8 30.2 52.2 491
SFD 59.7 55.6 55.4 54.7 81.9 93.1
FEFD 52.7 44.0 53.2 57.0 78.8 111.0

Table prepared by the authors
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the Republic of Bashkortostan (222.1), and in the Republic
of Mordovia (114.5 per 100,000 population). The lowest
respiratory disease mortality rate was registered in 2021
in Moscow Central Federal District (21.7), St. Petersburg
NWFD (23.9), and Yamal-Nenets Autonomous District of
the UFD (24.2 per 100,000 population).

The respiratory disease mortality rate had a direct rela-
tionship with age. In 2021, the respiratory disease mortal-
ity rate of the total population of the Russian Federation at
the age of 0-17 years was 2.2; of the able-bodied popula-
tion — 27.2; over the working age — 254.7 per 100,000 of
the population of the corresponding age. The highest res-
piratory disease mortality rates were registered in the age
group of 85 and older: in 2020 — 561.1, in 2021 — 713.0
per 100,000 population (the ratio of the level of 2021 to
2020 was 127.1%).

Among individual federal districts, the highest respira-
tory diseases mortality rate in 2021 were recorded in the Far
Eastern Federal District: at the age of 0-17 years — 4.5; work-
ing—age population — 41.3; older than working age — 407.4
per 100,000 population of the corresponding age.

Among the subjects of the Russian Federation, the
highest respiratory disease mortality rates are registered in
the Republic of Bashkortostan of the Volga Federal District:
0-17 years old — 5.6; able-bodied population — 56.0; old-
er than working age — 800.1 per 100,000 population of the
corresponding age. The lowest mortality rates were regis-
tered in the Central Federal District of Moscow: among the
total working-age population (6.4), older than the working
age (66.6 of the corresponding age).

Among all men in 2020, the respiratory disease mortal-
ity rate was 84.5 per 100,000 male population (58,968 peo-
ple); in 2021, it increased to 91.4 (64,155 people — +8.2%);
p < 0.001. Among all women, the respiratory disease mor-
tality rate in 2020 was 2.83 times lower than that of men,
amounting to 29.9 (37,571 people), p < 0.001; in 2021, it
was 2.36 times lower — 38.8 per 100,000 female popula-
tion (50,572 people — +29.8%), p < 0.001. In 2021, among
men of working age, the respiratory disease mortality rate
was 3.2 times higher than among women (40.6 and 12.7,
respectively, per 100,000 of the population of the corre-
sponding age and gender; p < 0.001); in men older than
working age, it was 2.4 times higher (431.2 and 179.4,
respectively; p < 0.001). In 2021, the respiratory disease

mortality rate of men of working age was higher than the
average Russian level in the Far Eastern Federal District
(569.5), CFD (50.0), VFD (49.9), SFD (43.4 per 100,000 of the
corresponding age population). Below-average Russian
mortality rates were recorded in the Northwestern Federal
District (35.3), Central Federal District (34.0), UFD (27.8),
and North Federal District (26.5 per 100,000 of the popu-
lation of the corresponding age). In 2021, the respiratory
disease mortality rate of women of working age above the
national average was also registered in the Far Eastern
Federal District (20.4), the SFD (16.6), the Volga Federal
District (15.1), the Southern Federal District (15.1 per
100,000 population of the appropriate age); below average
Russian mortality rates were recorded in the Northwestern
Federal District (10.5), Central Federal District (9.8), North
Caucasus Federal District (9.4), and UFD (8.3).

In the structure of the total RD mortality, the propor-
tion of pneumonia mortal rate (J12-J16, J18) in 2021 was
65.3%. The levels of mortality rate from pneumonia in 2021
of the total population increased by 3.2 times compared to
2019 (16.3 per 100,000 villages): 2020 — 39.8 (p < 0.001);
2021 — 51.3 (p < 0.001) (Table 4). The increase in mortality
from pneumonia in 2021 compared to 2020 has amount-
ed to 28%. Above-national-average morality rates in 2021
were registered in the Far Eastern Federal District (81.9
per 100,000 population), the SFD (63.9), the VFD (66.5),
the Southern Federal District (66.7 per 100,000 popula-
tion), and the lowest mortality are in the UFD (21.7), Central
Federal District (37.9), North Caucasus Federal District
(38.6), Northwestern Federal District (41.8). Among the
working-age population in 2021 The mortality from pneu-
monia was 20.3 per 100,000 of the population of the corre-
sponding age. The highest mortality from pneumonia in this
age group were recorded in the Far Eastern Federal District
(83.9 per 100,000 population of the corresponding age),
the SFD (25.6), the VFD (24.5), the Southern Federal District
(23.0), while the lowest mortality rates were recorded in
the UFD (11.3), the North Caucasus Federal District (12.6),
the Central Federal District (15.8), and the Northwestern
Federal District (19.8).

Mortality from COPD (J41, J42, J44) of the total popula-
tion of the Russian Federation ranged from 22.5 in 2016 to
21.4 per 100,000 population in 2021 (p>0.05). In the struc-
ture of total RD mortality COPD mortality rate was 26.0%.

Table 4. Mortality rates from pneumonia of the total population in the federal districts of the Russian Federation in 2016-2021

Total pneumonia mortality rate (per 100,000 people)
Years

Territory 2016 2017 2018 2019 2020 2021
RUSSIA 21.3 17.8 17.5 16.3 39.8 51.3
CFD 22.2 17.0 16.9 14.8 31.2 37.9
NWFD 30.9 27.0 23.2 21.5 31.2 41.8
SFD 19.3 15.5 16.1 18.1 41.0 66.7
NCFD 6.4 4.7 4.9 5.6 45.9 38.6
VFD 17.2 15.1 15.6 12.7 48.8 66.5
UFD 16.6 13.9 10.5 8.3 25.6 21.7
SFD 26.8 24.4 26.5 25.4 52.0 63.9
FEFD 34.6 28.3 26.1 29.5 49.5 81.9

Table prepared by the authors
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The bronchial asthma (J45-J46) mortality rate of the
total population of the Russian Federation in 2021, which
did not change, ranged from 1.0 per 100,000 population in
2016 t0 0.8 in 2021 (p > 0.05).

In 2021, the contribution to the overall mortality struc-
ture of COVID-19 was 19.1%. Compared with 2020, there
was a 3.2-fold increase in mortality rate due to COVID-19in
2021 —from 98.8 (144,691 people) to 319.1 deaths (465,525
people) per 100,000 population (p < 0.001). An increased
mortality rate from COVID-19 in 2021 was noted in all eight
federal districts in 85 subjects of the Russian Federation.
A higher mortality rate from COVID-19 than the average
Russian level in 2021 was registered in the Northwestern
Federal District (370.5), Central Federal District (367.7),
UFD (8551 deaths per 100,000 population). Among
Russian Federal Subjects, the highest mortality rates from
COVID-19 in 2021 occurred in the Orenburg region of the
Volga Federal District — 472.6; Kursk region of the Central
Federal District — 465.7; Oryol region of the Central Federal
District — 460.9; Voronezh region of the Central Federal
District — 460.4; Omsk region of the SFD — 4481 per
100,000 population. Below average mortality rates from
COVID-19 in 2021 were observed in the North Caucasus
Federal District (156.1), Far Eastern Federal District (228.0),
SFD (294.0), VFD (312.2), and Southern Federal District
(314.9 deaths per 100,000 population). Among the Russian
Federal Subjects, the lowest mortality rates from COVID-19
were noted in the Kirov Region of the Far Eastern Federal
District — 65.2, the Chukotka Autonomous District of the
Far Eastern Federal District — 76.3, the Republic of Tyva
of the SFD — 99.6, the Chechen Republic of the North
Caucasus Federal District — 103.2, and the Sakhalin
Region of the Far Eastern Federal District — 106.4 per
100,000 population.

Compared to 2020, 2021 saw an increase in mortal-
ity from COVID-19 in all age groups, both among men and
women. The highest mortality rates from COVID-19 were reg-
istered in the age group of 85 and older — 867.1 (2020) and
3052.93 deaths (2021) per 100,000 population, respectively.

Compared to 2020, the mortality from COVID-19 in-
creased in 2021 among men by 2.7 times (from 107.3
to 286.1 deaths per 100,000 population, respectively;
p < 0.001) and among women by 3.8 times (from 91.4
to 347.8 deaths per 100,000 population, respectively;
p < 0.001). Moreover, if in 2020 mortality was higher in men,
then in 2021 a higher mortality was recorded in women.

Among men in 2021, mortality rates due to COVID-19
above the national average (286.1 deaths per 100,000 pop-
ulation) were recorded in the Northwestern Federal District
(844.0), Central Federal District (328.0), UFD (320.0), and
Southern Federal District (287.9). The highest mortality rates
from COVID-19 in men occurred in the Voronezh region of
the Central Federal District (404.0 deaths per 100,000 pop-
ulation). Lower than the average Russian mortality rates due
to COVID-19 in men were registered in the North Caucasus
Federal District (146.4), Far Eastern Federal District (203.5),
SFD (263.0), VFD (273.5 deaths per 100,000 population);
the lowest mortality rate was recorded in the Kirov region
of the VFD (61.5).

Among women in 2021, the mortality rate from
COVID-19 was higher than the average in Russia (347.8
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deaths per 100,000 population) in the UFD (385.8),
Northwestern Federal District (393.2), Central Federal
District (401.6). Mortality rates below the average were
recorded in the North Caucasus Federal District (164.9),
Far Eastern Federal District (251.1), SFD (321.1), Southern
Federal District (338.3), and VFD (345.5). The highest mor-
tality due to COVID-19 among women was registered in the
Orenburg Region of the Far Eastern Federal District (5633.2
deaths per 100,000 population), the Ilvanovo Region of the
Central Federal District (507.0); the lowest mortality rate
from COVID-19 was recorded in the Chukotka Autonomous
District of the Far Eastern Federal District (53.1).

DISCUSSION

The presented analysis of official statistics from the Ministry
of Health of the Russian Federation and Russian Federal
State Statistics Service shows that during the epidemic
circulation of the COVID-19 virus infection in 2020-2021,
there was a significant increase in morbidity, hospital lethal-
ity and mortality of the total Russian population due to RD,
in which structure pneumonia occupied a leading place.
Compared to 2019, RD increased in the total population by
13.59% in 2021; pneumonia — by 159.52%, and RD — by
11.49%. Due to the conversion of hospitals for the treat-
ment of patients with COVID-19, the number of patients
hospitalized for RD decreased in 2020 and 2021; however,
the severity increased, which led to a 3.97-fold increase in
lethality from these diseases. Thus, the number of patients
discharged from hospitals for RD in 2019 amounted to
3,341,437 people (lethality — 0.75%); in 2020 — 2,444,098
people (lethality — 2.71%); in 2021 — 2,178,908 people (le-
thality — 2.99%). The main contribution to the lethality rate
of the population aged 18 and over was made by pneu-
monia (J12-J18 ICD-10): 2019 — 439,901 people (10,510
people died — 2.39%); 2020 — 646,444 people (47,939
people died — 7.42%); 2021 — 378,715 cases (48,711 peo-
ple died — 12.86%). A similar situation of increased lethal-
ity from pneumonia was noted among children aged 0-17
years: 2019 — 272,339 people (226 people died — 0.08%);
2020 — 143,627 people (213 people died — 0.148%);
2021 — 139,279 people (239 people died — 0.171%).

In 2020, in Russia, the incidence of COVID-19 of the
total population in terms of access to medical institutions
was registered at the level of 3391.1 cases per 100,000
of the total population (4,966,644 people). This increased
by 2.4 times in 2021 — 8,085.7 cases per 100,000 of the
total population (11,818,983 people). In 2020 1,947,867
people were discharged from hospitals with COVID-19,
which amounted to 39.22% of all patients with COVID-19
(lethality — 5.93%); in 2022, 1.89 times more — 3,673,855
people, that is, 31.08% of all patients with COVID-19 (lethal-
ity — 12.48%).

There were significant fluctuations in the levels of mor-
bidity, overall incidence and lethality from RD in the popula-
tion of different territories of the Russian Federation and age
groups. As in the previous period, the highest incidence of
RD in the population in 2020-2021 was recorded in the ter-
ritories of the cold climate zone in the Northwestern Federal
District, VFD, UFD, and SFD. The incidence of pneumonia
among the population was higher than the national average
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in 2021. It was registered in the Southern Federal District,
the North Caucasus Federal District, the Far Eastern
Federal District and the Far Eastern Federal District.

During the COVID-19 epidemic in 2020-2021, there
was an increase in RD mortality compared to 2019 (40.3
cases) by 72.46% in 2020 (69.5 cases), and in 2021 — by
95.3% (78.7 cases per 100,000 of the total population).
Above average Russian levels of RD mortality in 2021 were
registered in the Far Eastern Federal District (111.0), the
Volga Federal District (102.7), the SFD (93.1), the Southern
Federal District (88.4 cases per 100,000 population). RD
mortality increased with age and was higher among men
than among women. In the structure of mortality from all
RD, mortality from pneumonia (J12-J16, J18) in 2021 was
65.3%. Mortality from pneumonia in the total population
increased 3.2 times from 2019 (16.3) to 2021 (51.3 per
100,000 population). While etiological verification of pneu-
monia in 2020-2021 involves practical difficulties, given the
data on the circulation of a novel coronavirus infection, it
can be assumed that a significant part of it is associated
with a previous viral infection.

In 2021, the highest incidence rates of COVID-19 were
detected in the Northwestern Federal District (10,625.6),
UFD (9684.2), Central Federal District (8969.4 cases
per 100,000 of the total population) and mortality from
COVID-19 in 2021 were also registered in the population
of the same territories of the Northwestern Federal District,
Central Federal District, UFD.

The problem of the epidemic circulation of the new cor-
onavirus and the long-term course of the consequences of
COVID-19 has posed new challenges that remain relevant
for the healthcare system and the medical community at
the present time. The severe course of COVID-19 is accom-
panied by multi-systemic manifestations of the disease in-
volving an increase in mortality [2]. In this regard, improving
the methods of primary prevention and effective treatment
of COVID-19 and other respiratory infections will be of great
importance for public health. The development and wide-
spread introduction of a domestic vaccine against the new
coronavirus since January 2021 made it possible to stop
the epidemic and reduce mortality from COVID-19 in 2022.
At the same time, the circulation of the new SARS-CoV-2
coronavirus continues along with other respiratory infec-
tions. The study of data on vaccination of Russia against
influenza and pneumococcal infection in Moscow confirms
the need for wider coverage of these methods of preven-
tion of the population having a high risk of morbidity and
mortality from respiratory infections [10]. A study of the risk
factors for deaths in the adult population with COVID-19
based on the presented data showed that elderly, male
patients had the highest risk. This is consistent with the
results of foreign studies conducted on large groups of pa-
tients. Data on primary care of the electronic healthcare
platform of England (OpenSAFELY), which covered 40%
of all patients, were analyzed. Data from 17,278,392 adults
were compared with data from 10,926 patients who died
from CQOVID-19. They confirmed that old age increases
HR = 1.59 by 10 years (95% CI 1.19-2.13), as well as male
gender — HR = 1.59 (95% Cl 1.53-1.65), belonging to black
peoples — HR = 1.48 (95% CI 1.30-1.69) and South-Asian
peoples — HR = 1.44 (95% CI 1.32-1.58) [11]. In older

patients, chronic diseases that increase the risk of death
are more common: coronary heart disease — HR = 5.16
(95% CI 5.16-8.49), chronic renal failure — HR = 3.69
(95%CI 3.09-4.39), COPD — HR = 3.55 (95% CI 1.88-
6.79), obesity with BMI of 40 and above — HR = 1.92 (95%
Cl 1.72-2.13), diabetes mellitus — HR = 1.92 (95% Cl 1.48-
2.48), arterial hypertension — HR = 1.09 (95%CI 1.05-1.14)
and other diseases [12]. According to the results of a com-
parative analysis of the data of 12,007 patients (10,761 with
favorable and 1,246 with unfavorable COVID-19 outcomes)
from 66 hospitals in the Moscow region, it was found that
in the absence of comorbid conditions, the death rate was
9.4%; with one comorbid condition — 13.9% (p < 0.0071);
with multimorbidity — 24.8% (p < 0.001) [13].

Smoking at the time of the disease also increased the
incidence of an adverse outcome (HR = 1.07; 95%ClI 0.98-
1.18) [12]. The adult population of Russia is characterized
by a high prevalence of smoking among both men and
women [14]. With the exception of the North Caucasus
Federal District, the prevalence of smoking among men in
other federal districts of Russia in 2021 exceeded 35.8%.
Among women, the prevalence of smoking is higher than
the national average (9.2%) registered in the Northwestern
Federal District (12.6%), the UFD (11.4%), the SFD (12.7%)
and the Far Eastern Federal District (18.9%), whose popula-
tion is characterized by high incidence of acute and chronic
RD.

Representing one of the strategic directions of medical
science, pulmonology actively uses innovative methods of
diagnosis and treatment in order to preserve the health of
the Russian population [13]. The development and imple-
mentation of scientifically based RD prevention measures
will help reduce morbidity and mortality, increase the dura-
tion of socially active life, and reduce the economic burden
on the state due to RD.

CONCLUSIONS

1. Compared with 2019, the total RD morbidity of the total
population of Russia in 2021 increased by 11.49%, while
the RD morbidity of the total population increased by
13.59%, mainly due to the increased incidence of pneumo-
nia. Excesses in the average level of RD morbidity in Russia
in 2021 were noted in four federal districts: SFD, VFD, UFD
and NWFD.

2. Due to the increase in the number of patients with
COVID-19, hospitalization due to RD decreased in 2020
and 2021; however, the severity of infections increased,
leading to a 3.97-fold increase in lethality from RD, primarily
from pneumonia.

3. In the period 2020-2021, there was an increase in
RD mortality compared to 2019 by 72.46% in 2020 (69.5
cases), and in 2021 — by 95.3% (78.7 cases per 100,000
of the total population). Excesses of the average Russian
level of RD mortality in 2021 were registered in the Far
Eastern Federal District, VFD, CFD, and SFD.

4. RD mortality increased with age and was higher
among men than among women; however, in 2021, higher
mortality rates among women were recorded. In the struc-
ture of mortality from all RD, the share of mortality from
pneumonia (J12-J16, J18) in 2021 was 65.3%. Mortality
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from pneumonia in the total population increased 3.2 times
from 2019 (16.3) to 2021 (51.3 per 100,000 population).

5. The COVID-19 epidemic in 2020-2021, which was
caused by the novel coronavirus SARS-CoV-2, had a sig-
nificant impact on the morbidity and lethality of the Russian
population from RD.

6. The incidence of COVID-19 increased from 3,391.1
cases per 100,000 of the total population (4,966,644 peo-
ple) in 2020 to 8,085.7 cases (11,818,983 people) in 2021,
exceeding the national average in the UFD, Central Federal
District, and Northwestern Federal District.

7. An increase in mortality from COVID-19 in 2020-
2021 was registered in all Federal districts of the Russian
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