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Abstract. We propose multicompartmental models of infectious diseases dynamics for nume-
rical study of the spread parameters of the new coronavirus infection SARS-CoV-2, which take
into account the delay effects associated with the presence of the latent period of the infection,
as well as the possibility of an asymptomatic course of the disease. The dynamics of the spread
of COVID-19 in the Russian Federation was investigated, using these models with distributed
parameters that formalize the interactions of the models’ compartments. The paper provides
numerical estimates of the spread dynamics of the new coronavirus infection in various age
groups of the population. We also investigate possible consequences of the mask regime and
quarantine measures. We obtain an explicit estimate allowing to assess the necessary scope of
these measures for the epidemy extinction.
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Amnnortamus. B pabore mpesjiaratorcsi MHOTOKOMIIOHEHTHBIE MOJIEIN JUHAMUKHA UHQMEKINMOH-
HBIX 3a00JIEBAHUIT JIJIsT YUCJIEHHOTO WCCJIEIOBAHUS [TapAMETPOB PaCIPOCTPAHEHNs HOBOM KOPO-
naBupycHoit uadeximu SARS-CoV-2, yunrsiBatonme B TOM ducjie 3p@eKThl 3ala3/IbIBaHus,
CBA3AHHBIE C HAJMIUEM JATEHTHOTO Ieproia WH(MEKINN, a TaKKe BO3MOXKHOCTH OECCHMIITOM-
HOTO TedeHns: 3abosieBanusi. Ha ocHOBaHWU MAaHHBIX MOJENEH MCCJIEIyeTCsl MUHAMUKA PacIpo-
crparerus COVID-19 B P® ¢ ucrosib3oBaHnEM paciipeiejieHHbIX KOHCTAHT, (hOPMAJIM3YOIIUIX
B3aMMO/IENICTBHSI KOMIIOHEHT B paMKax Mojesieil. B pabore mosrydeHs! YncIeHHbIE OIEHKU JIMHA~
MUKH PACIPOCTPAHEHUs HOBOI KOPOHABUPYCHOI MHMEKIINN B PA3IUIHBIX BO3PACTHBIX I'PYIIIax
HacesieHus. TakzKe UCCIIeyeTCsl BIUSTHUE «MACOTHOTO PEXKUMay U KAPAHTUHHBIX MEPOIIPUITHIA.
B nocnemnem cirydae mosydaeTcsl BhIpayKeHIe, [TO3BOJIAIONIEE OIEHUTh HEOOXOMMMBIH MacIITab
JAHHBIX Mep JJIs 3aTyXaHUs SIUIEMUN.

KiroueBble cj0Ba: KOMIIOHEHTHBIE MOJIETU SMUJIEMIYECKIX 3a00JIeBaHUI, PACIIpeIeICHHbIe
napamMeTpbl, YUCJIEHHOe pertenue, Mojeupoanue snugemun COVID-19

Buaarogapuoctu: Pabora sbimosrena pu nogiepkke PO®U (mpoext Ne 20-04-60524 Bupycsr).

Hna uurupoBauusi: bypaaxos E.O., Kawomos @.B., Ceposa H.J[. HucjeHHasi OleHKa M-
HAMHUKH PaclpocTpaHeHus: HOBOI kopoHasupycHoil uHdeknuu SARS-CoV-2 ¢ ucnosib3oBaHu-
€M MHOIOKOMIIOHEHTHBIX MOjieJieil ¢ pacipeiejieHHbIMEu napaMerpamu // Becrnuk poccuiickux
yHuBepcureroB. Maremaruka. 2021. T. 26. Ne 134. C. 109-120. DOT 10.20310/2686-9667-2021-
26-134-109-120. (In Engl., Abstr. in Russian)

Introduction

Since the seminal work of Kermack and McKendrick [1] compartmental models has been
widely used in mathematical epidemiology studies (see e. g. the reviews |2, 3|). After the
outbreak of the new coronavirus infection SARS-CoV-2 a new wave of interest to this modelling
framework has arisen in the epidemics modelling community [4-17|. The results obtained
using this framework depend crucially on the choice of the input parameters in the system
of modeling equations, which characterize the fundamental interrelations between the model
compartments (i.e. disease transmission rate, recovery and mortality rates, etc.). A review
of the vast literature on the characteristics reveals significant variance in the values of the
aforementioned fundamental parameters. For example, the transmission rate estimates vary
in the interval from 0.08 to 0.37 (see [18-21]), and the latent period duration varies from 2
to 11 days (see [18,19,22]). In the present research we are aiming to capture the uncertainty
in the parameters’ values determination by collecting and interpreting the results of a series
simulations based on compartmental models with randomly generated parameters that obey
certain distributions. The interpretation of the numerical results obtained is probabilistic.
Namely, we assess confidence intervals for the parameter values of interest.

We first focus on a relatively simple 7-compartmental model that takes into account the
delay effects connected to the latent period of infection and the possibility of asymptomatic
progression of the disease. Then we switch to a modification of this model that involves
subdivisions of the initially suggested basic compartments. This allows to capture e. g. the
effects connected to effects of using face masks, the effects of isolation and quarantine, and the
age factors of the epidemic parameters.

The paper is organized as follows. In Section 2 the main modelling frameworks are introduced
and described. Numerical results obtained using these models are presented in Section 3.
Section 4 provides a summary of the main results. Verification of fundamental properties of the
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mathematical models used in the paper and technical calculations related to the assessment of
the basic reproduction numbers are given in Appendix A and Appendix B, respectively.

1. Main results

The basic modelling framework of this research reads as follows:

S(t) 5 t)S(t) [aﬂ (t)S(t) T’Eﬁ%‘g(t),

E,(t) = pH50 S“) CME(),

E(t) =rg E2(t O 4 Xa(1 = pa) Ea(t) — AE(2),

L(t) =7y, S“) + AapaFa(t) = VI (1), (1.1)
f(t) VI ()+Az (t) —1(t),

R(t) = 7(I+1 )s

N =S(@t)+ E,(t) + E(t) + L,(t) + I(t) + R(t).

Here S are susceptible, E, are exposed, infected, but not infectious, £ are pre-symptomatic
infected, I, are infectious asymptomatic, I are symptomatic infected, R are recovered (and/or
deceased), f > 0 and v > 0 are the disease transmission and recovery rates, respectively,
0 <ry, <1, 0 <rg <1 are the transmission modifiers for the interaction between the
respective categories of the population, A\, > 0, A > 0, — are the transition rates for the
respective categories of the population, p, is the probability of asymptomatic infection.

Fundamental mathematical properties of the modelling framework (1.1) such as positive
invariance of the solutions corresponding to non-negative initial conditions and the well-posed-
ness of (1.1) are verified in Appendix A.

In our modelling we use normally distributed parameters with the following 3o -intervals
based on a review of the literature on the main characteristics of the disease.

Table 1

Parameters’ distributions for the model (1.1)

Parameter Meaning 3o-Interval References
g Transmission rate [0.08, 0.37] [18-21], [23]
T Infectiousness of asympt. [0.5, 0.9] [18,24-26]
rE Infectiousness of pre-sympt. [0.5, 0.85] [18,24,25,27, 28|
1/ Exposed period 2, 6] [18,19,22-24,30]
/A Pre-symptomatic period 12, 5] [18,19,24,27-29|
Pa Probab. of asympt. infection 0.3, 0.65] [24-26, 29
1/~ Infectious period [4, 12] [19,23,31-33]
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Figure 1 demonstrates the dynamics of the new coronavirus disease in the Russian Federa-
tion.
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Figure 1. The initial stage of COVID-19 spread in the Russian Federation: according to Johns
Hopkins Institute data (left) and according to the simulations based on the framework (1.1).

Figure 2 demonstrates the prognoses on the number of infected in the Russian Federation
obtained by polynomial extrapolation of statistical data for the previous three months (left) and
obtained by simulations based on the model (1.1) and the parameters with the characteristics
presented in Table 1 (right).
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Figure 2. The prognoses on the number of infected in the Russian Federation obtained by
polynomial extrapolation (indicated by thin line) of statistical data (indicated by bold line) for the
preceding three months (left) and obtained by epy simulations based on the framework (1.1).

The assessment of the basic reproduction number Ry of COVID-19 based on the model (1.1)
and the parameters from Table 1 gives the following results. The expectation of Ry equals to
2.13. The bounds of 50%, 75%, and 95% confidence intervals for Ry are [2.02, 2.16], [1.89,
2.28|, and [1.71, 2.46|, respectively. The value Ry = max{ T’f\ﬁ : ;’jg} is obtained using the new
generation matrix method [34] (The calculation of Ry is presented in Apendix B).
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In order to study more issues connected to the spread of the new coronavirus disease, we
introduce the following generalization of the model (1.1).

Si(t) = —p 2SOy g LaOA@ 3 FIOSE
By b(t)}\fl e Tao( t])vs1 H_, 2512 Es( tj)vsl(t)
So(t) = — o 12(zt)s2 . Laa( t])vs2 g By B t])VSQ(t)
D20y g ’““NS? —rpfn R,
En(t) = fu h(tiil(”w S e ()
Ey(t) = rpBu 03 4+ ﬁ 2“51( Aa(1 = pa) Ear (t) — AEL(1),
Eqa(t) = b2 IQZ)SQ(”HB it “) () (1.2)
Ey(t) = rpfn820 4 ry B “Sz( + Aa(1 = pa) Eaz(t) — MEs(1),
I (t) = 17, Bt ltj)vsl( + 71,012 2t])\,sl(t)+>\apa Eai(t) — nla(t),
Lop(t) = 1y, Bop 12220y ) gy 10100520 4 ) Eoa(t) — Yalaa(t),
(t) Yila1(t) + AEL(t) — 11 (1),
L(t) = 2l (t) + AEx(t) — yala(t),

R(t) = n(L(t) + L (1)) + 72 (L2(t) + Laa(t)),
N = S1(t)+Eau (t)+E1(t)+1a1 (t)+11 () +52(t)+ Eaa(t)+Eo(t) + a2 (t) +12()+R(2).

Here the numbered compartments stand for subdivisions of the respective compartments of
(1.1) separated with respect to certain properties that we address to below.

The first issue that we capture using the framework (1.2
coronavirus disease parameters for different age groups. We divide the whole population into
the subgroups of individuals aged below (indexed by “1”) and above 65 years (indexed by
“27). In this setting we make the following assumptions on the parameters involved in (1.2):
B11 = B, the values (12, (21 = P22, 71, and 7, are normally distributed with the 3¢ -intervals
[0.08, 0.37], [0.1, 0.46], [0.07, 0.19], and [0.11, 0.28], respectively. The transmission rates
here are estimated based on the statistical data [19,23], the values of 7; and 7, are estimated
based on the recovery and mortality rates in the respective age categories [35-38]. The ratio
S51(0)/S2(0) is taken to be equal to 17/3. The values of the rest parameters are chosen according
to Table 1.

Figure 3 demonstrates the dynamics of the new coronavirus disease in the aforementioned
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Figure 3. The initial stage of COVID-19 spread in the age categories of below (solid lines) and

above (dashed lines) 65 years old according to the simulations based on the framework (1.2).
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The second effect we model using the framework (1.2) are the consequences of face masks
use by a subcategory of the whole population. We make a simplifying assumption of strict
separation of the groups of individuals who do not use face masks (indexed by “1”) and who
always wear face masks during the contacts with others (indexed by “27). Here we make the
following assumptions on the parameters in (1.2): 813 = 5, 71 = 72 = 7, the values of
P12, [Bo1, and fBop has normal distributions with the 3o -intervals [0.07, 0.32], [0.05, 0.25],
and [0.04, 0.17], respectively (based on the statistical data [39-44]). The values of the rest
parameters are the same as in the first modelling setting (see Table 1). Below we demonstrate
the result of the face masks regime implementation starting from the 90th day from the disease
outbreak with the ratio 51(90)/52(90) = 2/3 (see Figure 4).
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Figure 4. The results of the face masks regime implementation (dashed lines) at the 90th day
from the outbreak of COVID-19 in the Russian Federation according to the simulations based

on the framework (1.2).

The assessment of the basic reproduction number Ry corresponding to the face masks
regime gives the following results. The expectation of Ry equals to 1.71. The bounds of
50%, 75%, and 95% confidence intervals for Ry are [1.61, 1.79], [1.51, 1.83], and [1.37, 2.09],
respectively.

Generally, the basic reproduction number value in the framework (1.2) can be found as

N Boarp, — 51(0)5227“}32‘ 51(0)5117“}31. N Boarr, — 51(0)5227"12‘ 51(0)5117’1@1
N ©ONXA N7 " Nm

}

Ry = max{

by the same procedure as was implemented in the case of (1.1).
The third case we consider using the framework (1.2) concerns lockdown measures. We
divide the population into the subgroups of non-isolated (indexed by “1”) and isolated (indexed

by “2”) individuals. Here we make the following assumptions on the parameters involved in
(1.2): 11 =, Pz = Por = B/15 (see [45,46]), Paa =0, 71 =2 = (see Table 1).
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Figure 5 demonstrates the result of the implementation of the lockdown regime with the
ratio S1(90)/52(90) = 2 starting from the 90th day since the disease outbreak (see Figure 2).
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Figure 5. The results of the lockdown regime implementation (dashed lines) at the 90th day
from the outbreak of COVID-19 in the Russian Federation according to the simulations based
on the framework (1.2).

The assessment of the basic reproduction number R, corresponding to the lockdown regime
gives the following results. The expectation of Ry equals to 0.96. The bounds of 50%, 75%,
and 95% confidence intervals for Ry in this case are [0.92, 1.01], [0.88, 1.06], and [0.83, 1.1],

respectively.

2. Conclusions

In this paper we investigated numerically the spread dynamics parameters of the new
coronavirus disease in the Russian Federation. We employed the multi-compartmental epide-
mic models (1.1) and (1.2), which parameters were distributed according to the statistical data.
We assessed the following additional features in our modelling based on the framework (1.2):
the dynamics of the disease in different age groups and the effects of the face masks and the
lockdown regimes on the COVID-19 spread. Interestingly, the obtained expression for the basic
reproduction number in (1.2) can be used for direct assessment of the scope of the face masks
or the lockdown measures required for the epidemy extinction.

Appendix A

Let us verify here the well-posedness property of (1.1). We first note that the vector-function
f : R® — RS that corresponds to the right-hand side of the differential equaations of the system
(1.1) obviously satisfies Caratheodori conditions, i.e. f(-) is continuous and for any k > 0, there
exists some constant L; such that |f(X)| < L, for any X € R® |X| < k. In addition, the
structure of the system (1.1) and the a-priori boundedness of its solutions imply the validity
of Lipschitz condition for the right-hand side of (1.1) with some positive constant. Let us now
denote ¢(X,ug) = f(X), where wy = (8,71,,7E, Aas A, Pa,7¥). 1t is straightforward to check
that g(X;(+),u;) = g(Xo(:),uo) in measure for any u; — uy and any continuous functions X,
X; (i=1,2,...) such that X;(-) = Xo(-) in measure. Applying Corollary 3 from [47], due to
a-priori boundedness of solutions to (1.1), we obtain the well-posedness of (1.1) on any closed
interval [0,7] of time for any initial condition X° = (S(0), £,(0), F(0), 1,(0), I(0), R(0)).
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The proof of well-posedness of (1.2) is analogous.

In order to verify the positive invariance property, we address Lemma 2.1 in [48|. This
statement guarantees the property needed provided that the gradient of the vector field gene-
rated by (1.1) estimated at any point of the boundary of the set [0,00)% is not oriented outside
of this set. Obviously, the latter property takes place for the models (1.1) and (1.2).

Appendix B

We first assess the basic reproduction number for the model (1.1). Let us denote by §
the growth rate of infected individuals and by 20 — the transition rate of infected to other
compartments. The disease-free equilibrium is xy = (5(0),0,0,0,0,0). New infected arise in
the compartments FE,, F/, I,, so we have

I(t)S(t)
’ B AaEa(l)
TEﬁI](V)(g() _/\a<; _]z;)(E')a(t) —i})(‘E)'(t)
g T NalVlal-a t + fy a t
_ | 7.8 N@©) g = p
B e R It (I
t t alt t t t
0 B NG T r1,p No T ref N (D)
0 _7([ + Ia)

Let us approximate S(0) by N. Let us find the matrices F = [33:(z0)], V = [22% ()],
where 1 <1i,5 < 4.

We get
0 O 0 0 Ao 0 0 0
ja 0 rg8 0 0 v —X(1=ps) A 0 0
0 0 T[aﬁ 0 _Aapa 0 Y 0
0 0 0 O 0 A =y v

The basic reproduction number Ry can be found as R, = p(FV '), where p(FV™!) is the
spectral radius of the matrix FV 1.

1

0 0 0 0 bW 0 0 0
_ 0 rgB 0 0 Pat $ 0 0
FV-t = e _
Pa—
00 00 “HF 7B B 4P
0 0 0 0
reB(pa—1 r
E I;\ ) liﬂ 0 0
Tlaﬂ(_paﬁ_ﬁ‘f"ypa) 0 TI,IE 0 N
Y(v+B8) 7+8
0 0 0 0
Next, we find the eigenvalues of FV~1:
S\ 0 0 0
ref(P.—1) reB _ X 0 0
Y ) - -0
TIEB(_paﬂ_ﬁ'f"Ypa) M _ )\ O )
y(v+8) v+B8

0 0 0 -
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N e R )

A v+ a
5\/1,220;
X:&:@%
A
}\'4: Tlaﬁ
v+ B
We therefore have 3 3
e rr
Ry = _— )
0 = max{ 3 7+5}

Proceeding in the same manner, we obtain the following expression for the basic reproduc-

tion number in (1.2):
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