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KOHIICHTpAIUsl TaTOTCHA, OSMIHpHYEecKas (YHKIHS IUIOTHOCTH BEPOSTHOCTH; BpeMs
9BaKyaIlu

Momusayus u yenv: PocT uuciia TEXHOTEHHBIX KaTacTpod, TEPPOPUCTHUECKUX aTaK C
BO3MOXHBIM HCIIOJIb30BaHUEM OHOJOIMYECKH AaKTHUBHBIX CyOCTaHLUUH, Hampumep
MITaMMOB BHPYCHBIX 3a00JI€BaHUHN, IPUBOIAT K HEOOXOAUMOCTH Pa3pabOTKH METOIOB
YHCIICHHOTO MOJCITUPOBAHUS 3apakeHUs TPYIII JIIOJIEH B SKCTpEeMalbHBIX yCIOBUSIX. B
paboTe B KauecTBE NMPOTOTHUIIA BUPYCAa, OKA3BIBAIOLIEIO pa3pyllaroliee AEHCTBUE Ha
opranu3M uenoBeka, BeiOpaH mTamm SARS-COV-2 (Covid 19). PaccmarpuBaetcs
CICNyIOIIUN CIieHapuil. B KpUTHYECKHX YCJIOBUAX CIydaliHBIM 00Opa3oM MeEHSETCS
OTHOCUTENIFHOE  PAaCCTOSHHE MEXIy HMHIUBHIAMH, CpeOu  KOTOPBIX  €CThb
nHUIUpPOBaHHbBIE. TakKe CITy4aifHOH SBISETCS KOHIICHTPAIMS BUPHOHOB B JIOKATHHOMN
atmocepe. Llenb paboThl — pa3paboTaTh METOJ MPOTHO3a SIHIEMHUOJOTHYCSCKOTO
COCTOSIHUSI MHAMBUIOB TOCIE SBaKyallid W3 ONAacHOW 30HBL. B paboTe Ha ocHOBe
Moau(UKAMY CTAaHIAPTHOW KIIETOYHOW Monenu (cM., Hampumep, [1]) paccmorpeHa
JUHAMHUKA Ha4aJIbHOH cTagui HHGUUUPOBAHUA B 3apaXKeHHOH aTMocdepe.
Memoowvr u aneopummvr: Cragus WHQUUUPOBAHUS (Yachl) CYLIECTBEHHO MEHBIIE
BpPEMEHH Pa3BUTHUS TsoKeNol GopMbl 3a0oneBanus (quu). AnHaMUKa WHQUIMPOBAHUS
OnpelensieTcsl HayalbHbIM YpoBHeM uMMmyHuTeta [2, 3]. Ha panHeil craauu
WHQHUIMPOBAHHS B paMKaX CTAHIAPTHOH KJIETOYHOW MOJICTH IMPEIOKEHO YpaBHEHHE
[4] n7st KOHIIGHTPAIMK ATOTEHA, TIPEICTABICHHOE HIKE B O€3pasMEpHOM BHUJIE
X (1) X' (t) X(©) 1|-X"(t)+ 3 (1), X7(0)=X;

dt’ 1+a;, X (1) () X (0)=%;.
3mech X*— KOHIEHTpAIlHs MaToreHa; J, — MOTOK BHPHOHOB U3 aTMocdepsr; [*—
CKOpOCTh T€HEepaIMU KIETOK MMATOreHa U3 3apakeHHBIX KJIETOK OpPraHu3Ma; t*— BpeMs;
o, — IapameTp, IPONOPLHOHATBHBIA YPOBHIO HadallbHOro nMMyHnTeTa, 0< oy, <1.

VYpaBHeHure 6ajaHca 3alMcaHo B MPEANOI0KESHUH, YTO KOHIEHTPAIHS 1IEJIEBBIX KIETOK
opraHu3Ma Ha paHHEeW cTaguu NMpakTU4YecKu He MeHseTcs. Ha ocHoBe aHanm3sa 3TOro
YPaBHEHUS MOXKHO CJEJIaTh CIEIYIOIINE BBIBOJBI, HMEIOIINE MPAKTUYECKOE 3HAUECHUE.
CymiecTByeT KpUTHdecKkasi KOHIICHTpaIHsl BUPUOHOB B OpraHU3Me, BEIMYMHA KOTOPOit
CBsI3aHa C HAYaJIbHBIM YPOBHEM UMMYHHUTETA!

% * % -1

Xg =[(1+17)/r" |2-0y) .
Ecni HavanbHas KOHIEHTPALKs IIaTOTeHa B OPraHU3Me BBIIIE KPUTHYECKOTO 3HAYEHHS
X;>X.,, TO peanusyercsi «IONHBIM» CHeHapuil pas3BuThs 3aboneBanns. Ecim
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HadYaJibHagd KOHHLCHTpAlUsd BUPUOHOB MCHBIIC KPUTHYCCKOTO 3HAYCHHA Xg <}(Zrj TO

BHUPYC BBIPOXK/IAETCS €CTECTBEHHBIM IyTeM. CyIlecTByeT KPUTHYECKOE 3HAueHHUE
[IOTOKa BHUPHOHOB H3 arMmocdepsl. Ecay MOTOK BHPUOHOB B OpPraHU3M MEHBIIE
KPUTHYECKOTO 3HAYECHMS], TO B OPTAHU3ME YCTaHABJINBAETCS MOCTOSHHAS KOHIEHTPALHS
MaToreHa, BEJIMYMHA KOTOPOH MEHbIIEe KPUTHYECKOrO 3HaueHus. [Ji MOCTOSHHOTO
MOTOKAa BHUPUOHOB BBIIIE KPUTHYECKOTO YPOBHS pPEATU3yeTCs MOHOTOHHBIM pPOCT
KOHIEHTpalK MaTOreHa HE3aBHUCHMO OT €€ HadaJabHOro 3HaueHus. B aTom ciydae
JUHAMUKa 3a00JieBaHMs IIOCJIE BBIXOJA M3 3apak€HHOH aTMmocdepsl ompenesercs
BpEMEHEM NpPUCYTCTBUS B ONAcHOM 30HE. EciM K MOMEHTY BpEMEHH 3BaKyalllH
KOHIIEHTpalysi MaToreHa OyAeT HIKE KPUTUYECKOrO0 YPOBHS, TO IPOU3OHMIET
Jlerpafanys Bupyca. Eciayu KOHIEHTpaus naToreHa K MOMEHTY 3BaKyalluy U3 OIaCHON
30HBI TIPEBBICUT KPUTHYECKOE 3HAYCHHWE, TO WMHAMBUJ OyaeT B TsDKENIOH Qopme
3a00J1eBaHusl.

IToTox BUPHOHOB U3 3apaXKEHHON aTMOC(epbl Mbl MOJECIUPYEM Kak JIorapu(pMHUUECKH-
HOPMAJIBHBIN cllydaiHbIN nporecc. IIpsmMoe uncneHHoe MoeIupoOBaHUe OCHOBAHO Ha
CHUCTEME CTOXaCTHUYECKHX OOBIKHOBEHHBIX AuddepeHnuansubix ypasHenuid (COLY),
KOTOpasi HHTErPUPYETCS] COBpEMEHHBIMU MeTofamu Tura Pyare—Kyrra [5].
Pezynomamur: Pe3ynpraTel HpSAMOTO YHCIEHHOTO MOJEIMPOBAHMS KOHIEHTPALMH
naToreHa B OpraHu3Me B TCUCHHE BPEMEHH NpeObIBaHUS B 3apasKeHHOH aTMocdepe u
1ocJje IBaKyaly MOKa3aHbl Ha puc. 1 u 2.
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Puc. 1. Jlerepmunuposantsie (1) u ciayuaiinsie (2) U3MEHEHUsT KOHIIEHTPAILIUY [IATOTeHA B
*

opranusme (1, — BpeMs dBaKyalluH U3 3apakKeHHOM 30HbI). CpeHN TOTOK BUPHOHOB U3

*
aTMochepsl <J atm > HIDKE KPUTHYECKOTO YPOBHS

W3 puc. 1 1 2 MOXHO 3aKIIIOYUTh, YTO B aTMOC(Epe CO ClydaliHOW KOHIICHTpAaIlUei
BUPHOHOB MOTYT PEaJIM30BaThCS CLEHAPHH, HE IPOTHO3UPYEMBbIE IETEPMUHUPOBAHHON
Teopuell. Hampumep, mpu NOCTOSHHOM TIOTOKE BHPHOHOB W3 aTMoc(epbl HIXKE
KPUTHYECKOTO YPOBHA WHAMBHIbI, BBIIMIEAIINE U3 OMNACHOM 30HBI, JOJDKHBI
BOCCTaHOBHUTBCS €CTECTBEHHBIM IyTeM. B ciydaiiHol aTMocdepe ¢ TeM K€ OCpeIHeH-
HBIM 3HAUYE€HHEM IOTOKAa PEaM3YIOTCsl CLIEHapUH, KOTJa Iociie BaKyallud KOHLEH-
Tpanusi BAPUOHOB B OpraHn3Me OyIeT BhIIIe KpUTHIECKOTo 3HadeHus (cM. puc. 1). Ecin
MOCTOSIHHBIA MOTOK BHPHOHOB BBIIIE KPUTHUYECKOTO YPOBHS M BpeMs HpeObIBaHUs
WHIWBU/IOB B 3apaXCHHOW aTMocdepe AOCTaTOYHO MAJsl TOTJIOMIEHUS BHUPUOHOB C
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KOHL[CHTpaIIHeﬁ BBIIIIC KpHTH‘IeCKOﬁ, TO B I[eTCpMPIHHpOBaHHOI;'I TCOpUHU TIOCJIC
9BaKyalluu BCA I'pyIilia JOJIKHA HepeﬁTH B TAXKCIIYIO (bOpMy 3a0boJieBaHusl.
X*_, Ja X*J Jﬁ.

atm

| =

10} M ) (*) E ]

S
‘
=
B
>
E o
Sy
g LS
[ —
== S
| I
P
1|
<l |
L
P
P
I I
P
P
P
P
>
* 10 I
P

Puc. 2. [ToTok BupnoHOB U3 aTMOCc(ephl BBIIIE KPUTHIECKOTO YpoBHA. OCTaIbHBIC ITOIITUCH
Kak Ha puc. 1

B armocdepe co ciydaiiHOW KOHIIEHTpanueld BHPHOHOB NIaXK€ B 3TOM CiIydae OyayT
CLICHapHU{, KOTJa IOCNE 3BaKyalldd W3 ONACHON 30HBI KOHLEHTpalus OyIeT HIbKe
KPUTHYECKOTO YPOBHS M MHAMBU/IbI, BOIIPEKH 0)KUIaHHUSIM, BOCCTAHOBATCS (CM. pHC. 2).
OleHKy J0dM WHAMBHIOB IOCIE 3BaKyallud C TsDKeNod (opmoli 3abosieBaHUS MBI
MPOBOJMM Ha OCHOBE SMITMPHYECKOW (QYHKIHMU IIOTHOCTH BeposaTrHoctu (DIIB)
CIy4allHOM KOHUEHTpalUy NaToreHa B OpraHu3Me MHAWBHUAOB. DMmnupuueckas OIIB
pPacCUUTBIBACTCS HA OCHOBE OCPEIHEHUs CIydYalHBIX CLIEHAPUEB Ui IPYyIIbl W3
100 uHIUBUIOB.
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Puc. 3. Z[I/IHaMI/IKa m3MmeHenns OIIB pacopeaeacHus KOHICHTPAWX MaTOreHa 1Jisd
Pa3JInYHbIX BDEMEH Hp€6LIBaHI/I$[ B 30HC 3apaKCHUA. Cpe,IlHI/Iﬁ IIOTOK BUPHOHOB B

3apaXeHHOH aTMocdepe HIXKe KPUTHIECKOTO YPOBHS

a
0.0

Ha puc. 3 u 4 npeacrasnena quHamuka OIIB KoHLEHTpalMy NaTOr€Ha B OPraHU3MeE
WHQUIMPOBAHHOTO MPH Pa3MYHBIX BpeMEHAX HaXOXJIEHHs B 3apa)KCHHOW 30HE.
Hauanbnas ®IIB nMeeT y3K0€ 3KCIIOHEHIIMAIBHOE paclpe/lesIEHUe, COCPEIOTOUYEHHOE
B 00J1aCTH CYIIECTBEHHO HI)KE KPUTHUECKOM KoHIeHTpauuu. Ha puc. 3 npeacrasieHsl
®I1B B paznuyHbIe MOMEHTHI 9BaKyalluH. B JeTepMHUHUpOBaHHOM ciydae (cM. puc. 1)

*

exit — 2 BCe OBAKYHPOBAHHBIC WHAUBUABI BOCCTAHOBATCH. B

IIpY BpEMEHM 3BaKyauuu t

aTtMocdepe co ciy4aiiHOM KOHIICHTpalel BUPUOHOB OyIeT 3aMeTHAsI J10JIsl HHIUBU/IOB
¢ TsoKenol popMoil 3a001eBaHusL.
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Puc. 4. CpenHuil MOTOK BUPHOHOB B 3apakeHHOMN aTMoc(epe BhIIIE KPUTHUCCKOTO YPOBHSI.
OcranbHble MOAMNKUCH KaK Ha puC. 3

Pucynok 4 wmmmoctpupyer DIIB koHIEHTpauy maTtoreHa B Pa3IMYHBIE MOMEHTHI
BPEMEHH JBaKyallMd JUIi TMOTOKAa BUPHOHOB OOJbIIE KPUTHYECKOTO 3HadeHHs. B

JIeTEPMUHHUPOBAHHONW Teopuu (cM. puc. 2) B MOMeHT Bpemenu t.. =2 Bes

exit
9BaKyWpoBaHHas rpymnma Oyaer B Tskenoi ¢opme 3aboneBanus. B atmocdepe co
CIIy4aifHOM KOHLEHTpaUui OyneT CyIeCTBEHHAs 0Nl MHAWBHIOB, KOHICHTpPALMS
[aToreHa B OpPraHM3Me KOTOPBIX OYyAeT HMKE KPUTHYECKOro 3HadeHws. Jlaxe mpu

BpEMEHH 3BaKyaruu t, . =3 ocraercs 3aMeTHas PyIIa HHIUBKUIOB C HU3KUM YPOBHEM

exit
KOHIIEHTpAIMK NaTOreHa B OpraHu3Me.

Buigoowi: TlpencraBieH MeTox OIEHKH TOMW MH(HUIIMPOBAHHBIX C THKENOH (QopMoit
3a00NeBaHusl TOCJE dBaKyallid W3 30HBI C 3apakeHHOW atmocdepoil. B kadectse
MOJIeJIbHOTO mTamMma BeiOpaH Bupyc SARS-COV-2. Ha ocHOBE YHMCICHHOTO PEIICHUS
cucteMbl COIY WUIIOCTpUPYETCS] KAvyeCTBEHHOE OTIMYHE HadalbHOW CTaauu
WHQUUUPOBaHMUSA B JETEPMUHUPOBAHHOM CcIy4dae U B arMmocdepe co ciaydaiHOH
KOHIIEHTpauuen BUpHoHOB. [IpeacTaBnensl pe3yabTaTsl pacueToB sMnupudeckoil GIIB
KOHUOCHTpAalHU MMaTOTr€Ha B OPraHnu3mMe MHANBU OB, DBAKYHPOBAHHBIX U3 ONacHO# 30HBI.
Qunancuposanue. ViccienoBaHue BBIIOIHEHO 3a CUET I'paHTa Poccuiickoro Hay4yHOTo
donma Ne 23-29-00243 (https://rscf.ru/project/23-29-00243/).

Modeling of infection in a local atmosphere
with a random concentration of SARS-COV-2 virus
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Motivation and Aim: The growing number of technogenic catastrophes, terrorist acts
with possible application of biologically active substances, for example, strains of viral
diseases lead to the need to develop methods of numerical modeling of infection of
groups of people in extreme conditions. In this work, the SARS-COV-2 strain was
chosen as a prototype virus with a devastating effect on the human body. The following
scenario is considered. Under critical conditions, the relative distance between
individuals, among which there are infected individuals, varies randomly. The

BGRS/SB-2024 2089



concentration of virions in the local atmosphere is also random. The aim of the work is
to develop a method for predicting the epidemiological state of people after evacuation
from a dangerous area. In this work, the dynamics of the initial stage of infection in a
hazardous atmosphere was considered based on a modification of a standard cell model
(see, e. g., [1]).
Methods and Algorithms: The stage of infection (hours) is much shorter than the
development of severe disease (days). The dynamics of infection development is
determined by the initial level of immunity [2, 3]. Atan early stage, the standard cellular
model is reduced to an equation [4] for pathogen concentration, represented in
dimensionless form as follows

ax'(t) o[ x(t) (o L 1o (o) e :

=Xt )[1+a:mx*(t*) 1] X () + 350 (1), X7(0)=X;.

*

Here X*— concentration of the pathogen; J,., — flux of virions from the atmosphere;
I* — rate of generation of pathogenic cells from infected cells of the organism; t* —
time; o, — parameter proportional to the level of initial immunity 0<a,, <1.

The balance equation is written under the assumption that the concentration of the target
cells of the organism at the early stage is practically unchanged. Based on the analysis
of this equation, the following conclusions of practical importance can be drawn There
is a critical concentration of virions in the organism, the value of which is related to the

initial level of immunity
* * * -1
Xg =[(1+17)/r" |2-0y) .
If the initial concentration of the pathogen in the organism is higher than the critical
value X; > X, , the "complete" scenario of disease development is realized. If the initial

*

concentration of virions is less than the critical value Xj <X, the virus naturally

degenerates. There is a critical value of virion flux from the atmosphere. If the virion
flux in the organism is less than the critical value, a constant concentration of the
pathogen is established in the organism, which is less than the critical value. At a
constant flux of virions above the critical level, a monotonic growth of pathogen
concentration is realized regardless of its initial value. In this case, the dynamics of
disease development after leaving the infected atmosphere is determined by the time of
residence in the danger zone. If the concentration of pathogens is below the critical level
by the time of evacuation, the virus will be degraded. If the concentration of pathogens
exceeds the critical level by the time of evacuation from the danger zone, the person will
be seriously ill. We model the flux of virions from an infected atmosphere as a lognormal
random process. Direct numerical modeling is based on a system of stochastic ordinary
differential equations (SODE), which is integrated by modern Runge-Kutta type
methods [5].

Results: The results of direct numerical simulation of the pathogen concentration in the
organism during the stay in the infected atmosphere and after evacuation are presented
in Fig. 1 and Fig. 2. Figures 1 and 2 show that in an atmosphere with a random
concentration of virions, scenarios not predicted by deterministic theory can be realized.
For example, if there is a constant flux of virions from the atmosphere below a critical
level, individuals that have left the danger zone should recover naturally. In a random
atmosphere, scenarios are realized when the concentration of virions in the organism will
be above a critical value after evacuation (Fig. 1). If there is a constant flux of virions

cr?
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above the critical level, and the residence time in the infected atmosphere is sufficient to
absorb virions with concentrations above the critical level, then according to
deterministic theory the entire group should become seriously ill after evacuation. In an
atmosphere with a random concentration of virions, even in this case, scenarios are
possible, when after evacuation from the danger zone the concentration will be below
the critical level and people, contrary to expectations, will recover (Fig. 2). We estimate
the fraction of people after evacuation with severe disease based on an empirical
probability density function (PDF) of the random pathogen concentration in an
individual. The empirical PDF is calculated by averaging random scenarios for a group
of 100 individuals.
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Fig. 1. Deterministic (1) and random pathogen concentrations (2) in the organism. Virion
flux below the critical level
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Fig. 2. Virion flux from the atmosphere above a critical level

Figures 3 and 4 show the dynamics of PDF of the pathogen concentration in the organism
of an infected person at different residence times in the infected area. Fig. 3 shows the

PDF at different evacuation times t_, =2. In the deterministic case (see Fig. 1), at the
time of evacuation, all the evacuated persons recover. In an atmosphere with a random
concentration of virions, there will be a noticeable proportion of people with severe
illness. Figure 4 shows the PDF of pathogen concentration at various evacuation time

points for virion fluxes exceeding the critical value. According to the deterministic
theory (see Fig. 2), at some point in time t_. =2 the entire evacuation group will be

*
exit
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critically ill. In an atmosphere with a random concentration, there will be a significant
fraction of people whose pathogen concentration will be below the critical value. Even

at the time of evacuation t_,
low pathogen concentrations.

=3, there will still be a noticeable group of people with
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Fig. 3. Average virion flux below the critical level
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Fig. 4. Virion flux above the critical level

Conclusion: A method for estimating the fraction of infected people with severe disease
after evacuation from an area with an infected atmosphere is presented. On the basis of
the numerical solution of the SODE system, a qualitative difference between the initial
stage of infection in the deterministic situation and in an atmosphere with a random
concentration of virions is shown. The results of calculations of empirical PDF of the
pathogen concentration in the organism of persons evacuated from the hazardous area

are presented.
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