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The results of the predictive analytical studies on Covid-19 incidence dynamics in Moscow, taking into account
different changes in epidemic prevention measures, including vaccination coverage of the population, are

presented.

Research Objective. Using the new epidemiological model for analysis and prediction of the Covid-19 incidence
dynamics in Moscow and outlining main strategies in implementing epidemic prevention measures (EPMs),

including vaccination in 2020/2021.

Materials and methods. The epidemiological model is based on the Russian approach to mathematical
modeling of epidemics, known as Epiddynamics. The medium-term forecasting incorporated probable scenarios
of epidemic development with different EPMs (isolation of the infected and contacts, breaking the transmission

chains), including different rates of vaccination coverage in Moscow.

Results and discussion. The computational simulations demonstrated that the incidence rate is likely to increase
with scaling down EPMs and zero vaccination coverage. At the same time, the daily incidence rate depends on
the degree of EPMs reduction and basically does not depend on the time when the reduction begins. With
scaled-down EPMs, vaccination can decrease the incidence, though its effectiveness will depend on the time of

its commencement, coverage and rate.

Conclusion. The computational simulations showed that the vaccination will be efficient for prevention of new
surges in COVID-19 cases only if the other EPMs (isolation of the infected and contacts, breaking the transmission
chains) are still in place until the vaccination coverage reaches about 2 million people. Ideally, the measures
aimed at isolation and breaking of transmission chains should be continued until the total vaccination coverage
reaches 4 million people, after which the restrictive measures can be scaled down significantly. With vaccination

coverage of 50% of the population of Moscow, the restrictive measures can be completely discontinued.
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MporHosnpoBaHne gnHamukun 3abonesaemoctun COVID-19
M NJIaHNPOBaHNE MepPoNpPUATAIA NO BakKuMHoNpodunakTnke

HaceneHnAa MocKkBbl Ha OCHOBe MaTeMaTuy4yecKoro mMmoAaeNnnpoBaHnA
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BeepeHue. PacnpoctpaHeHue Bupyca SARS-CoV-2 npogormkaeTcsa Bo BceM Mupe. bonbluve Hagexabl Bo3na-
raloTcs Ha BaKUMHbI, KOTOPblE pa3pabaTbiBalOTCA BO MHOMMX BEOQYLUMX HAYYHbIX LEHTpax Mupa, B TOM YMChE B
Poccun.

Llenb nccrnegoBaHusi — ¢ NoMoLLbo pa3paboTaHHOW 3NMAEMMONOrMYeckor MogEenn NPOBECTU aHanu3 1 NPorHo3
anHamukm 3abonesaemoctn COVID-19 Ha TeppuTopmmn MoCKBbI 1 OnpedenvTb OCHOBHbIE NMOAXOAbI K OpraHM3a-
Lun npoTnsoanuaeMmyecknx meponpusatni (M3IM) ¢ yuetom BakumHauum HaceneHnms Ha ce3oH 2020/2021 rr.
Martepuanbl n meToabl. dnugemuonormyeckas Mmogens paspaboTaHa Ha 6a3e oTe4ecTBEHHOW Teopun matema-
TUYECKOro MOAENUPOBAHNS aNUAEMUA «naaMHamMuka». NMporHo3Hy OLEHKY Ha CpegHEeCPOYHbIN Nepuoa npo-
BOAMIM Ha OCHOBE NPOrHO3HbIX CLEeHapueB pa3BUTUS ANMAEMUYECKON CUTyaUUnN MpU pasnnyHbIX N3MEHEHUSIX
M3M (no n3onauMmn NHOULMPOBAHHBIX M KOHTAKTHbIX NULL, NPEPbIBAHNI0O MEXaHU3Ma nepefayn), B TOM Yncrne ¢
Y4ETOM pasnmMyHbiXx 00bEMOB BakLMHaUmn HaceneHs MockBbl.

Pe3ynbratbl U obcyxaeHue. BoluncnutenbHble 3KCNEPUMEHTbI MOKasanu, Y4TO CYLLECTBYET BEPOSITHOCTb
nogbema 3abonesaemocTu npu ocnabnexHmun NOM B oTCcyTCTBME BakumHauuu HaceneHus. [Npu aTom BbicoTa
nuka exxegHeBHON 3ab0neBaemMoCTu 3aBUCUT OT CTENEHU CHMXKeHus NOM n npakTnyecku He 3aBUCUT OT Bpe-
MEHW Hadana ux cHwxkeHusi. MNMpoBeaeHne BakuMHaumMm Ha oHe ocnabneHus NMAOM nossonsieT cHU3nUTb 3abo-
neBaemMoCTb, OAHaKO CTeNeHb BMUAHWUS 3aBMCUT OT BPEMEHM Hayana, obbema 1 CKOpOCTU OXBaTa HaceneHus
BaKLMHaLUMEN.

3akntoueHue. Pe3ynbrathl BblYMCANTENBHBIX SKCNEPUMEHTOB NOKa3sanu, YTo Ans npeoTBpalleHnst 3HaunTenb-
Horo nogbema 3abonesaemocT COVID-19 Ha ¢oHe NMpPOBOAMMONM BakUMHALMK HEOBXOAMMO NoadepKMBaTb
ocTtanbHble NMOM go gocTmxkeHns obbema oxBaTa BakUMHaALMEN OKONO 2 MIH venoek. OnTMManbHbIM Npea-
CTaBISIETCSl COXpaHEHNE Mep MO U30MALMK U NPEPLIBAHUI0 MEXaHU3Ma nepefaydn 4o AOCTUXEHUS CYMMapHOro
o6bema oxBaTa BaKkuMHaLumen 4 MiH YenoBek, NOCne KOTOPOro BO3MOXHO 3HauuTernbHoe ocrnabneHne orpaHuyu-
TenbHbIX Mep; Npu oxeaTte BakuuHaumen 50% HaceneHnss MockBbl BO3MOXHA UX NOMHasA OTMEHaA.

KnroueBble cnoBa: COVID-19; SARS-CoV-2; anudemuyeckuli rpoyecc; anudemuosioaudeckas Mooesib; rpo-
2HO3HbIE CUeHapuU; MpomueoanuidemMuyeckue Mepornpusimusi; MPO2HO3HO-aHanumu4eckue uccriedoeaHusl.

UcmoyHuk d)UHchupoeaHun. ABTOpr 3asaBnsa0T 00 OTCYTCTBUA (*)I/IHaHCVIpOBaHI/IFl npn npoBegeHnn ncene-
noBaHuA.

KoHdpbnnukm uHmepecoe. ABTOPbI AEKNAPUPYHOT OTCYTCTBUE SIBHbIX U MOTEHLMANbHBIX KOHIUKTOB NHTEPE-
COB, CBAI3aHHbIX C MNybnukawumen HacTosiLLEeNn CTaTby.
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Dedicated to the memory of Boris Vasilievich Boev

Rationale rus quickly spread across all countries and continents.

The problem of the emergence of epidemics and
pandemics of infectious diseases and the search for pre-
ventive measures will never lose their relevance. The
head of the Laboratory of Epidemiological Cybernet-
ics at the Gamaleya Research Institute of Epidemiolo-
gy and Microbiology, D. Eng. Sci. B.V. Boev wrote in
2005: "According to forecasts, in the first half of this
century, anywhere in the world, one should expect an
epidemic or an outbreak of both "new" and "old" infec-
tious diseases. In this context, advanced scientific stud-
ies on the analysis and forecasting of probable scenarios
for development of epidemics of dangerous infectious
diseases that may occur as a result of natural and man-
made emergencies are of particular importance" [1].

After an outbreak of pneumonia had been report-
ed in Wuhan in December 2019, the novel coronavi-
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By early August 2020, the number of recorded SARS-
CoV-2 cases exceeded 18 million people, with the death
toll reaching more than 688 thousand fatalities caused
by the coronavirus. In Russia, due to the epidemic pre-
vention measures, we were able to curb the spread of
the virus; however, according to official statistics, by
the beginning of August 2020, more than 850 thousand
of SARS-CoV-2 cases and 14 thousand deaths had been
reported in Russia. In the meantime, the true number of
people who have been infected with the virus far ex-
ceeds the number of reported cases. The proportion of
unidentified infected people, according to various stud-
ies, can range from 11.6% to 35.8% [2-5].

The SARS-CoV-2 virus continues its global
spread. We have great expectations for vaccines that
are being developed at leading research centers around
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the world, including Russia'. The new vaccine against
coronavirus developed at the Gamaleya National Cen-
ter for Epidemiology and Microbiology has successful-
ly passed the clinical trials; its manufacturing is sche-
duled for September 2020, and then it will be available
for vaccination of the population.

The use of an appropriate epidemiological model
makes it possible to "recover" data on the incidence,
and, by using them, to perform computational simu-
lations of various scenarios of the epidemic situation.
It seems relevant to conduct predicative and analytical
studies based on the mathematical model of the spread
of SARS-CoV-2 and to select the most reasonable sce-
narios of epidemic prevention measures (EPMs), in-
cluding vaccination of the population (through the ex-
ample of Moscow).

Materials and methods

The new epidemiological model incorporated data
from the published studies on clinical features, patho-
genesis and epidemiology of Covid-19, statistical data
on the reported Covid-19 cases and deaths in Moscow
over the observation period® as well as census data on
the population of Moscow (12.678 million people)*.

The new deterministic mathematical model is
based on the Epiddynamics approach incorporating
patterns of infection process development (among indi-
viduals) to get an insight into the dynamics of the epi-
demic process in the population [6]. The Epiddynamics
approach was successfully used in mathematical mod-
eling and analysis of the spread of significant infectious
and non-infectious diseases [7-11]. We used a SEIRF
type model as a basis to study the infection dynamics in
individuals going through different phases: susceptible
(S), exposed (or the incubation period) (E), infected (1),
recovered (R) or fatal (F). For modeling, the estimated
duration of the phases was as follows: the incubation
period after exposure 2—14 days, the clinical (infec-
tious) stage 7-14 days [12].

The probability of an individual’s moving to the
next stage is set by the functions: y (7) is the function
of the incubation period; (1) is the function of infec-

' Official website of the Ministry of Health, COVID-19 in
Russia. URL: https://covid19.rosminzdrav.ru (reference date
20.07.2020).

URL: https://covid19.rosminzdrav.ru/mihail-murashko-17-vak-
czin-protiv-koronavirusa-pokazali-sebya-kak- perspektivnye/
(reference date 20.07.2020).

2 WHO. COVID-19 Strategy Update. 20.05.2020.

URL: https://apps.who.int/iris/bitstream/handle/10665/332159/

WHO-2019-nCoV-Framework Mass Vaccination-2020.1-rus.

pdf (reference date 20.07.2020).

Stopkoronavirus.rf. Reports of the Communication Center of

the Government of the Russian Federation on the situation with

the coronavirus URL: https://cTonkoponasupyc.p¢/info/ofdoc/

reports (reference date 20.07.2020)

Federal State Statistics Service. URL: https://gks.ru (reference

date 20.07.2020).

tion development. The mathematical model of epide-
mic development is presented as a system of nonlin-
ear integro-differential equations in partial derivatives
with initial and boundary conditions [1]. The model has
been successfully verified with statistical data on mor-
bidity (with consideration of "recovered" data, ref. to
section 1). The model disregards seasonal variations in
the virus virulence. In addition, it was assumed that the
virus did not significantly mutate during the 2020/2021
season. The potential scenarios were developed with
consideration for a new vaccine and 70% immunolog-
ical efficacy.

The research was carried out in several stages:

1. Recovery of data on the Covid-19 incidence and
selection of the baseline scenario;

2. Predictive and analytical studies, including:

2.1. Analysis and prediction of the current epi-
demic situation (according to the baseline scenario);

2.2. Computational simulations based on the po-
tential scenarios.

At the final stage, the obtained results were inter-
preted and conclusions were made.

Results and discussion

Recovery of incidence data and selection
of a baseline scenario

The existence of asymptomatic and mildly symp-
tomatic cases being a distinctive feature of the novel
coronavirus infection contributes to the transmission of
infection in the population [13]. While severe and mod-
erately severe cases are recorded in clinics and hospi-
tals, patients with mild or absent symptoms may not
seek help. Prior to the large-scale sero-epidemiological
studies, only a small proportion of asymptomatic cases
was identified through epidemiological contact tracing
[14]. Thus, the number of reported cases is only a tip
of the iceberg, and the complete picture is required for
correct interpretation of the epidemic situation. There-
fore, the first stage of our research was focused on com-
putations and recovery of the source data.

The data on Covid-19 incidence among the popu-
lation of Moscow were recovered by two parameters,
which were compared later:

1) by estimating upper and lower bounds in mor-
tality from Covid-19 (Infection-Fatality Rate),

2) by estimating the immune stratum of the Mos-
cow population through the analysis of the representa-
tive sample.

The infection-fatality rate (IFR) was estimated
through the systematic review of the reference litera-
ture and the meta-analysis of research results obtained
by G. Meyerowitz-Katz and L. Merone [15]. Unlike the
CFR (the case fatality rate), which is the ratio between
the number of deaths and the number of reported (de-
tected) cases, IFR is calculated as the ratio between the
number of deaths from infection and the number of all
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infected people (including asymptomatic and mildly
symptomatic cases of infection). The IFR in European
countries averaged 0.64% at a confidence interval (CI)
of 0.50-0.78% [15].

The data on mortality in Moscow from the Emer-
gency Operations Center correspond to the number
of deaths due to Covid-19°. In accordance with inter-
national guidelines for the certification and coding of
Covid-19 as a cause of death®, the source data were
recalculated with consideration for the cases when the
SARS-CoV-2 virus had a significant impact on the de-
velopment of fatal complications of the disease’®.

The calculations based on the data’ showed that in
April, the number of deaths totaled 850 + 360 = 1,165
cases; in May, the number of deaths was 2,757 + 980 =
3,737 cases. Since the number of deaths in March was
several times lower than in April and May (without
breakdown by the cause), 24 death cases recorded in
the statistical reports of the Emergency Operations
Center were taken for calculations. Thus, from the date
of official registration to June 1, 2020, the number of
deaths totals 4,926 cases.

Based on the number of deaths by June 01, 2020
(4,926 cases), we performed calculations, using the
model, to find the ratio between the number of detected
cases and the number of "recovered" cases, where the
calculated (model) number of deaths by June 1 will be
close to 4,926. For the upper bound of the mortality rate
(IFR 0.78%), the ratio between the detected (reported
cases) and the "recovered" cases is approximately 25%
or 1 : 4. For example, by June 1, 2020 the cumulative
incidence is 718,687 cases according to the model, and
183,088 cases according to official statistics. For the
lower bound of the fatality rate (IFR 0.50%), the ra-
tio between the detected (reported cases) and the mod-
el-based "recovered" cases is approximately 16% or
1 : 6. For example, the cumulative incidence by June

5 Official website of the Ministry of Health, COVID-19 in Russia.
URL: https://covid19.rosminzdrav.ru
URL:https://static-1.rosminzdrav.ru/system/attachments/attach-
es/000/050/527/original/27052020_MR_STAT _1.pdf (reference
date 20.07.2020).

¢ WHO. COVID-19 - GUIDELINES FOR DEATH CERTIFICA-
TION AND CODING.20.04.2020.

URL: https://www.who.int/classifications/icd/Guidelines_
Cause_of Death COVID-19-20200420-RU.pdf?ua=1 (refer-
ence date 20.07.2020).

7 Official website of the Ministry of Health, COVID-19 in Russia.
URL: https://covid19.rosminzdrav.ru.

URL: https://mosgorzdrav.ru/professional/covid-19 (reference
date 20.07.2020).

8 WHO. Media briefing on #COVID19 with @DrTedros.
10.06.2020.

URL: https://twitter.com/WHO/status/1270739116078981120
(reference date 20.07.2020).

° Natural movement of the population in the context of the con-
stituent entities of the Russian Federation in January-May 2020.
URL: https://rosstat.gov.ru/storage/mediabank/yjmHZnUV/
edn05-2020.htm (reference date 20.07.2020).
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Fig. 1. The result of model verification is a comparison
of models (SW_0,16; SW_0,25) and statistical data
on cumulative morbidity (detected cases, SW_Stat).

Here and in Figs. 2-9: the horizontal axis shows the dates;
the vertical axis shows the number of cases.

1, 2020 is 1,134,836 cases according to the model, and
183,088 cases according to official statistics.

The curve of the verified cumulative incidence
(detected cases) for two calculation examples (1 : 6 and
1 : 4) matches the curve of official statistics (Fig. 1).

The next stage required for well-grounded selec-
tion of the baseline scenario from two verified scena-
rios included the analysis of the antibody test results
obtained during the randomized sample studies, which
were performed in Moscow from May 15 to May 23,
2020. According to official sources and press service
of the Moscow government, SARS-CoV-2 neutralizing
antibodies were found in 12.5% of the city's popula-
tion'® [16].

Taking into account the specificity and sensitivity
of the test systems, the proportion of the infected pop-
ulation was estimated. For this purpose, the possible
false-positive cases amounting to 3.8% were subtract-
ed from the declared portion of 12.5%, and then, the
false-negative cases amounting to 0.2% were added,
representing 8.9% of Moscow population, or 1,130 thou-
sand people'. This estimate is close to the calculated
ratio between the detected cases and "recovered" cases,
which is 1: 6 (at 0.50% IFR).

Thus, for further studies, the scenario with the
mortality rate of 0.50% was chosen as the baseline or
CO0 scenario. Figures 2 and 3 show the graphs of the
model and statistical data on the recorded daily and cu-
mulative incidence.

Based on the calculations, the ratio between the
detected cases and the "recovered" cases was 1 : 6.

19 Official portal of the Mayor and the Government of Moscow.
Immunity to coronavirus is formed in 12.5%.
URL: https://www.mos.ru/news/item/74512073/ (reference date
20.07.2020).

1"SARS-CoV-2 IgM. URL: https://keul.de/wp-content/up-
loads/2020/04/TFU-SARS-CoV-2-IgM-CLIA-1.0.pdf (reference
date 20.07.2020).
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Fig. 2. Detected (reported) cases of daily incidence.
Statistical data — W_Stat, model — W_0,16.

Figure 4 shows the modeling of the dynamics of the
"recovered" cumulative incidence and the graph of the
detected (reported) cases for reference. The further
studies were based on the "recovered" data for the base-
line scenario CO.

Predictive and analytical studies

Analysis and prediction of the current epidemic
situation according to the baseline scenario
(scenario 1 : 6)

The use of a mathematical model allows us to play
out (by using the computer) various scenarios of epi-
demic development, making it possible to answer two
questions: "What will happen if..." and "what would
happen if...". The last question is also useful, as it helps
evaluate the measures taken by the healthcare system
and compare the current situation with a hypothetically
probable scenario for the epidemic development with-
out the implemented measures.

Figure 5 shows the graphs of daily incidence
without preventive measures (red line) and with the im-
plemented EPMs. As can be seen in Fig. 5, the timely
implemented measures for isolation of the infected (in-
cluding self-isolation of the population) and social dis-
tancing significantly reduced the daily incidence (ap-
proximately by 25 times) and saved thousands of lives.

The analysis of the model parameters showed that
for the baseline CO scenario, EPMs implemented by
June 12, 2020 resulted in the following: the isolation
reached 67% (the proportion of all infected (conta-
gious) people); measures aimed at breaking the chains
of transmission (hygienic precautions at all socially sig-
nificant facilities, social distancing, wearing face masks

250 000
150 000 /
100 000 / —SW_Stat
/ ———SW._0,16
50 000
7
(4
’I
0 =
1 1 7 7 7
n2 nA (a1 nRe n7

Fig. 3. Detected (reported) cases of cumulative incidence.
Statistical data — SW_Stat, model — SW_0,16.
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Fig. 4. Detected (reported cases) (SW_0,16)
and «recovered» cumulative incidence in accordance
with the selected baseline scenario CO (SW_CO0).
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Fig. 5. Comparison of the current daily morbidity (W_CO0)
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and gloves, personal hygiene) reduced the probability
of virus transmission to 14% of its maximum value (the
probability of transmission before adoption of the re-
strictive measures). Taking into account the elimination
of restrictions (while retaining social distancing and
mask wearing) and expecting an increase in business
activity in September, we assumed a slight (and gra-
dual) EPM reduction from June 12 to September 25,
2020213, The date of September 25, 2020 is selected
randomly as the probable commencement of vaccina-
tion among the population of Moscow'®. Provided that
the level achieved by September 25, 2020 due to the
prevention measures remains stable in the future, the
daily incidence will decrease, comprising singular cas-
es after January 2021 (Fig. 6). The cumulative number
of the infected can total 1.558 million, and the cumu-
lative number of deaths will not exceed 8§ thousand ac-
cording to this scenario.

The CO scenario shows that if the adopted EPMs
remain effective for a long time, the incidence can stay
at a fairly low level. But what will happen if measures
are scaled down when the incidence rate is low? To an-
swer this question, we performed computational simu-
lations under the scenarios presented below.

Computational simulations under
potential scenarios
To reduce and prevent the spread of infection, the
main EPMs should be aimed at 3 factors (drivers) of

12 Methodological Guidelines of 08.05.2020 MR 3.1.0178-20
«Determination of a set of measures, as well as indicators that
are the basis for the phased lifting of restrictive measures in the
context of the epidemic spread of COVID-19».

URL: https://www.rospotrebnadzor.ru/upload /MP_
nosrarHoe%20cusarue%20orpanny._08.05.2020.pdf (reference
date 20.07.2020).

13 Sergey Sobyanin's website. Return to normal life. Educational,
theater, cinema and children's entertainment centers.

URL: https://www.sobyanin.ru/otmena-ogranicheniy-obrazo-
vanie-i-detskie-tsentry (reference date 20.07.2020).

14 A moderate reduction in measures and vaccination commence-

ment from 25.11. 2020 show similar simulation results.
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the epidemic process: The source of infection (isola-
tion of contagious patients), transmission of infection
(breaking the chain of infection through different mea-
sures, including hygiene preventive measures in public
spaces and social facilities, social distancing, wearing
face masks and gloves, improved personal hygiene),
and susceptible individuals (routine vaccination, emer-
gency preventive care)" [17]. Before the new vaccine
was developed, the main measures were focused on two
factors — source of infection and transmission chains.
The model shows that timely adopted restrictive mea-
sures helped significantly reduce the disease incidence
(Figure 5).
The successful clinical trials of the new Russian
vaccine with participation of volunteers add confidence
in planning of the measures including vaccination of
the population. Can EPMs be scaled down? What co-
verage and rate of vaccination are required? Under
what conditions can the measures be reduced without
causing a surge in Covid-19 cases? To answer these
questions, we prepared potential scenarios of develop-
ment of the Covid-19 epidemic situation, taking into
account different changes in EPMs and various ranges
of vaccination coverage of the Moscow population (the
vaccination commencement on September 25, 2020).
In addition, we conducted computational simulations
with the model (Table 1).
The EPM reduction levels are shown in the table
as slight, moderate and significant, in percentage terms:
* Slight (insignificant) reduction in measures —
reduction by 2% from the level achieved by
June 12, 2020;

* Moderate reduction in measures — reduction by
13% from the level achieved by September 25,
2020;

« Significant reduction in measures — reduction
by 50% from the level achieved by September
25, 2020.

Potential scenarios with different levels of reduction
in EPMs without vaccination of the population

The modeling results for potential scenarios C1.0,
C2.0, and C3.0 (without vaccination) are shown in
Fig. 7.

Scenario C1.0 illustrates the situation when there
are only a few isolated cases of the disease (or no cases
may be recorded by the end of February) and seasonal
ARVI (acute respiratory viral infection) incidence goes
down, the restrictive measures will be eliminated, for
example, starting from March 2021, which means a sig-

15 Methodological Guidelines MR 3.1.0170-20. Epidemiology and
Prevention of COVID-19 (read with MR 3.1.0175-20, Amend-
ment No. 1 in MR 3.1.0170-20, Epidemiology and Prevention of
COVID-19, approved by Rospotrebnadzor on 30/4/2020).

URL: https://www.rospotrebnadzor.ru/upload/iblock/070/metod
recomend 3.1.0170 20 v_1.pdf (reference date 20.07.2020).
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Fig. 6. Dynamics of the daily number of infected cases according to the CO baseline scenario (W_CO0).

nificant reduction in EPMs. Under such conditions and
in absence of vaccination, there is a high probability of
a new surge in cases and an incidence peak (380,000)
reached by mid-August 2021 (Fig. 7, W_C1.0).

Scenario C2.0 illustrates the likelihood of in-
creased incidence (with a peak of 65 thousand in mid-
June 2021), when there is a moderate reduction in
EPMs, from late September to January 2021, and no
vaccination (Fig. 7, W_C2.0).

Scenario C3.0 illustrates the likelihood of in-
creased incidence (with a peak of 360 thousand in early
January 2021), when there is a significant reduction in
EPMs, from late September to January 2021, and no
vaccination (Fig. 7, W_C3.0).

Thus, computational simulations have shown that
the incidence rates are likely to increase if EPMs are
scaled down and the vaccination is not available. At

the same time, the daily incidence peak rates depend
on the extent of EPM reduction and do not depend
on the time when the reduction starts. The next stage
of our research focuses on the vaccination coverage
and rate required to prevent a sharp increase in the
incidence.

Potential scenarios with different vaccination
coverage of the population

Scenario C1.1: The vaccination of the popula-
tion starts September 25, 2020 and the achieved level
of measures is maintained till the beginning of March
2021 when EPMs can be significantly reduced. If the
vaccination coverage gradually increases to 2 million
people by January 1, 2021 and, then to 4 million peo-
ple by the beginning of April, reaching the level of 6.5
million by the end of August 2021, the exponential in-

Table 1. Forecast scenarios — options for a complex of anti-epidemic measures

Scenarios

Isolation of infected persons and interruption of the transmission
mechanism (hygiene measures at all socially significant facilities,
social distancing, wearing masks and gloves, strengthening
of personal hygiene)

Vaccination volume and rate*
(total volume reached
on the date 01.01.21 —
01.04.21 — 21.10.21)

Scenario CO «Basic» (Fig. 6)

A slight decrease in measures from June 12 to September 2020,

No vaccination

followed by their maintenance at the achieved level

Scenario C1.0 (Fig. 7)
Scenario C1.1 (Fig. 8)
Scenario C1.2 (Fig. 8)
Scenario C2.0 (Fig. 7)
Scenario C2.1 (Fig. 9)
Scenario C2.2 (Fig. 9)
Scenario C3.0 (Fig. 7)
Scenario C3.1 (Fig. 10)

Significant reduction in measures from March 2021

Significant reduction in measures from March 2021

Significant reduction in measures from March 2021
Moderate reduction in measures from September 2020*
Moderate reduction in measures from September 2020*
Moderate reduction in measures from September 2020*
Significant reduction in measures from September 2020*

Significant reduction in measures from September 2020*

No vaccination
2M — 4M — 6.5M
300k — 2M — 6.5M
No vaccination
2M — 4M — 6.35M
300k — 2M — 4.3M
No vaccination

2M — 2.3M — 2.3M

Note. *The beginning of the change in measures coincides with the beginning of vaccination — 25.09.2020.
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Fig. 7. The modeling of the daily incidence dynamics under scenarios C1.0, C2.0, and C3.0 without vaccination.

crease in the incidence observed with zero vaccination
in scenario C1.0 (Fig. 8, W_C1.1) will be prevented.

Scenario C1.2L The isolation measures and the
measures aimed at breaking chains of transmission are
significantly reduced from March 2021 and the vacci-
nation coverage (from September 25) is scaled down to
300 thousand people by January 1,2021 and to 2 million
people by early April 2021, totaling 6.5 million people
vaccinated by mid-October 2021. It will not be possible
to completely prevent the increase, and there will be
a small second wave of Covid-19 with a peak (11,387
cases) in mid-December 2021. (Fig. 8, W_C1.2).

Thus, to prevent a significant increase in the inci-
dence, the vaccination must be conducted together with
the other EPMs (isolation and breaking chains of trans-
mission) until the vaccination coverage reaches at least
2 million people. The measures (isolation and breaking

chains of transmission) remaining in effect until a total
vaccination coverage of 4 million people is achieved
will it possible to prevent the so-called second wave.
After 4 million people are vaccinated, EPMs can be re-
duced significantly. If the vaccination is administered
until 50% of the Moscow residents are vaccinated,
EPMs can be completely discontinued.

Scenario C2.1: A moderate reduction in EPMs
from the end of September to January 2021, and the
vaccination (from September 25) covering 2 million
people by January 2021, 4 million people by March
2021 and 6.35 million people by October-Novem-
ber 2021 will result in a low incidence until January
2021, followed by a slight surge in cases with a peak
(1,120 people) in mid-March (Fig. 9, W_C2.1).

Scenario C2.2: A moderate reduction in EPMs
from late September 2020 to January 2021 and the
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Fig. 8. Comparison between the daily incidence dynamics under the scenario of a significant reduction in measures
(isolation and breaking chains of transmission) from March 2021 and different rates of vaccination.
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Fig. 9. Comparison between the daily incidence dynamics under the scenario of a moderate reduction in EPMs
from the end of September to January 2021 and different rates of vaccination.

vaccination covering 300 thousand people by January
2021, 2 million people by early April and then 4.3 mil-
lion by October 2021 will lead to a more significant
increase in the daily incidence with a peak (18,302 peo-
ple) at the end of April 2021. (Fig. 9, W_C2.2).

The vaccination conducted while EPMs (isolation
and breaking the chains of transmission) are moderate-
ly reduced can contribute to the decreasing incidence,
though its effectiveness depends on the time of its com-
mencement, on its coverage and rate.

Scenario C3.1: A significant reduction in EPMs
from the end of September to January 2021 will require
a very high rate of vaccination within a short period by

the 300™ day (2021) before the incidence begins to rise.
The coverage 2 million people reached by 2021 is not
sufficient for preventing an exponential increase in the
incidence with a peak of the second wave (220,000 pe-
ople) reached by January 20, 2021. The above coverage
helps decrease the incidence rate (from 360 thousand to
220 thousand people) (Fig. 10).

Thus, it has been shown that the vaccination ac-
companied by a significant reduction in EPMs will not
prevent a significant increase in the incidence.

The summarized results of computational simu-
lations under the potential scenarios are presented in
Table 2.
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Fig. 10. Comparison between the daily incidence dynamics under the scenario of a significant reduction in EPMs
from late September to January 2021 without vaccination (W_C3.0) and with vaccination (W_C3.1).
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Table 2. Simulation results for forecast scenarios

ORIGINAL RESEARCHES

Scenarios Vaccination

Dynamics of daily morbidity, peak

Cumulative number
of infected
(as of 01.02.2021)

Cumulative deaths
(as of 01.02.2021)

Scenario CO «Basic» No vaccination Daily morbidity — isolated cases 1557718 7789
(Fig. 6) after 01.01.2021
Scenario C1.0 (Fig. 7) No vaccination The peak of the second wave of 10737 123 53 686
380,000 people on day 530
(mid-August 2021)

Scenario C1.1 (Fig. 8) Vaccinate No rise in incidence 1568 972 7832
Scenario C1.2 (Fig. 8) Vaccinate Rise in incidence with a peak 2691 315 13 082
of 11,317 people on day 662
(mid-December 2021)

Scenario C2.0 (Fig. 7) No vaccination The peak of the second wave 7678 221 38 391
of 65,000 people on day 430
(mid-June 2021)

Scenario C2.1 (Fig. 9) Vaccinate The increase in the incidence 1717 293 8586
of 1120 people on day 378
(mid-March 2021)

Scenario C2.2 (Fig. 9) Vaccinate Peak 18,302 cases on day 417 3610443 18 052
(end of April 2021)

Scenario C3.0 (Fig. 7) No vaccination Peak 360,000 cases on day 310 10 728 363 53 642
(20 January 2021)

Scenario C3.1 (Fig. 10) Vaccinate Peak 220,000 cases on day 320 8 356 263 41 781

(20 January 2021)

When comparing scenarios CO and C1.0, the com-
putational simulations illustrated a situation when the
epidemic was already on the decline, but a significant
reduction in EPMs (starting from March 2021) and the
absence of vaccination can result in a high probability
of a significant increase in the incidence (with a peak of
380,000 in mid-August 2021).

When comparing scenarios C1.0 and Cl1.1, the
computational simulations showed that the vaccination
(from the end of September) covering 4 million people
before EPMs are significantly reduced prevents the oc-
currence of a second wave of the disease.

When comparing scenarios C1.0 and C1.2, the
computational simulations showed that, while the in-
cidence is low, the vaccination (from the end of Sep-
tember) starting from 300 thousand people, then rea-
ching 2 million people and, finally, covering the total
of 6.5 million people, does not completely prevent the
increase in the daily incidence (with a peak of 11,317
cases in mid-December 2021).

When comparing scenarios CO and C2.0, the com-
putational simulations showed that the moderate re-
duction in EPMs in September 2020 and the absence
of vaccination will result in low incidence rates until
mid-November 2020 to be followed by an increase in
the incidence with a peak (65,300) in mid-June 2021.

When comparing scenarios C2.0 and C2.1, the
computational simulations showed that the moderate
reduction in EPMs in September 2020, the vaccination
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(from the end of September 2020), the total coverage of
6.35 million people and the moderate rate of vaccina-
tion (2 mln — 4 mln — 6.35 min ) will help prevent the
second wave of the disease (at the end of April 2021).
There is a slight increase in the incidence (11,20 cases)
in mid-March 2021.

When comparing scenarios C2.0 and C2.2, the
computational simulations showed that the moderate
reduction in EPMs, the vaccination (from the end of
September 2020), the total coverage of 4.3 million peo-
ple and the lower rate of vaccination (300 thousand —
2 million — 4.3 million) will help decrease the inci-
dence. There is a slight increase in the incidence (18,302
cases) with a peak at the end of April 2021.

When comparing scenarios C0O and C3.0, the com-
putational simulations showed that the significant re-
duction in EPMs in September 2020 and the absence of
vaccination will result in a low incidence until Novem-
ber 1, 2020 to be followed by an exponential increase in
the daily incidence (360,000 cases) with a peak in early
January 2021.

When comparing scenarios C3 0 and C3 1, the
computational simulations showed that the significant
reduction in EPMs in September, the vaccination (from
the end of September) at a moderate rate (2 million —
2.3 million — 2.3 million) and the maximum possible
total coverage of 2.3 million people cannot prevent the
occurrence of a second wave. The vaccination helps de-
crease the daily incidence rates from 360,000 to 220,000.
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Implications

1. There is a high probability of an increase in the
incidence if EPMs are reduced and the vaccination is
absent. However, daily incidence rates depend on the
extent of reduction in EPMs, hardly depending on the
time when the reduction takes place.

2. The commencement of vaccination accompa-
nied by a significant reduction in EPMs does not pre-
vent a significant increase in the incidence;

3. The vaccination accompanied by a reduction in
EPMs (isolation and breaking chains of transmission)
can decrease the incidence, but the impact depends on
the time of its commencement, its coverage and rate.

4. To prevent a significant increase in the Covid-19
incidence during the vaccination, the other EPMs (iso-
lation of the infected and breaking chains of transmis-
sion) must be maintained until the vaccination coverage
reaches approximately 2 million people. Ideally, EPMs
should remain effective until the total vaccination cov-
erage of 4 million people is reached’ then, EPMs can be
significantly reduced. When the vaccination coverage
reaches 50% of the Moscow population, EPMs can be
completely discontinued.

Conclusion

The modeling was not intended for making an ac-
curate prediction of development of the epidemic situa-
tion in Moscow. Our research by using scenarios was
aimed at finding opportunities for managing the epi-
demic situation in different versions of its development.
The computational simulations show that the appropri-
ate strategy in EPMs and vaccination will prevent the
so-called second wave of Covid-19 epidemic. The opti-
mum solution is to keep maintaining EPMs until a total
vaccination coverage of 4 million people is reached,
after which EPMs can be significantly reduced. When
the vaccination coverage reaches 50% of the Moscow
population, EPMs can be completely discontinued.
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