Trends in Computational and Applied Mathematics, 23, N. 2 (2022), 257-272
Trends Sociedade Brasileira de Matematica Aplicada e Computacional
in COmpututionuI and Online version ISSN 2676-0029

. o www.scielo.br/tcam
Applled Mathematics doi: 10.5540/tcam.2022.023.02.00257

Numerical Simulations of the SEIR Epidemiological Model with
Population Heterogeneity to Assess the Efficiency of Social Isolation in
Controlling COVID-19 in Brazil

A.L.O. SOARES!", C. M. CALOI? and R. C. BASSANEZI?

Received on July 31, 2020 / Accepted on October 1, 2021

ABSTRACT. On 30 January 2020, the World Health Organization (WHO) officially declared the epidemic
of Coronavirus (COVID-19), which is a highly contagious virus that has been causing deaths worldwide.
Early treatment was proven to be inefficient and social isolation became the main factor inhibiting the
disease, before vaccination. In this article, we evaluate the efficiency of this isolation as a control, through
numerical simulations of mathematical model of the SEIR type (Susceptible-Exposed-Infectious-Removed)
with population heterogeneity, in which the susceptible population was distributed according to the age
group (children / youth, adults and elderly) and the infectious population was categorized according to
the severity of symptoms (severe, mild and asymptomatic). The results suggest that the isolation of only
one of the susceptible subpopulations is inefficient to control the spread of the virus, which indicates that
vertical isolation is not enough to contain the proliferation of COVID-19. Furthermore, the disease does not
have the strength to invade the population when there is sufficient social isolation composed of susceptible
subpopulations and the epidemiological scenario improves when there is awareness of the importance of
the quarantine of infectious individuals with mild symptoms.

Keywords: epidemiological modeling, social Isolation, COVID-19.

1 INTRODUCTION

On 12 December 2019, several cases of pneumonia occurred in Wuhan, China, that were caused
by an identified B-coronavirus, which was named COVID-19 by the World Health Organization
(WHO) and SARS-CoV-2 by the International Committee of Coronavirus Study [5]. On 1 March
2020, China had a total of 79.968 cases of COVID-19, including 2.873 deaths. After a year, in
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May 2021, China registered about 102.000 cases and 4.846 deaths from COVID-19 [2,14], which
were much lower numbers compared to most countries.

Knowing that the virus was highly transmissible and that it was being spread mainly through the
respiratory tract, through droplets and respiratory secretions [8] and that the incubation period
is from 1 to 14 days, being contagious during the latency period, from 3 to 7 days [6], drastic
measures to limit human mobility and isolate suspected cases were implemented in China. These
measures successfully reduced the transmission of COVID-19 [7].

The epidemic has since spread around the world and according to the Ministry of Health, the first
case of COVID-19 in Brazil occurred on 26 February 2020, through a 61-year-old man, who was
resident in Sdo Paulo, who had travelled to Italy and returned to Brazil on 21 February. By the
end of March of that same year, Brazil had already registered approximately 4.000 active cases
and 140 deaths and after a little more than a year, in May 2021, Brazil had registered 14.930.183
cases and 414.339 deaths by COVID-19 [10, 11].

Shaman et al. (2020) [9] used a mathematical model to simulate the spatiotemporal dynamics
of SARS-CoV-2 infections among 375 Chinese cities, with the aim of verifying the endemic
potential of the virus. They concluded that 86% of infections occur through undocumented in-
fections, which we can consider to be people who did not manifest symptoms or manifested mild
symptoms. In their study, they showed the importance of infectious individuals with mild and
asymptomatic symptoms in the dynamics of COVID-19 transmission.

We propose a mathematical model for a case study of Covid-19 in Brazil in which the infectious
population is categorized according to the severity of symptoms, which are asymptomatic, mild
symptomatic and severe symptomatic. Using the process of numerical simulations, with baseline
data of the pandemic in Brazil, we sought to evaluate the effect of isolation in the pandemic
considering the susceptible population divided into three categories, according to their age group.

2 EPIDEMIOLOGICAL MODELING

In this section, we present the epidemiological modeling of the dynamics of COVID-19 propa-
gation. Therefore, we will discuss some important points in the dynamics of transmission of the
virus that causes COVID-19 and measures to prevent the transmission of the virus.

The virus that causes COVID-19 can be transmitted in the pre-symptomatic phase. This phase
comprises a period in which the organism is already contaminated by the virus but still does not
present symptoms. This phase is also known as latent and individuals are classified as exposed
or latent. Researchers have also shown that asymptomatic and infectious individuals with mild
symptoms contribute to the dynamics of transmission of this disease [1,9].

To control the spread of the virus, the WHO suggested preventive measures such as the use of
a protective mask, basic hygiene care, and social isolation, among others [13]. In Brazil, partial
measures were adopted, such as the suspension of in-person classes in schools and universities,
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mostly affecting the mobility of children and young people. In addition, some jobs were moved

to the home office modality, mainly affecting adults [3, 12].

Given the above, we propose an epidemiological model based on the SEIR (Susceptible-

Exposed-Infectious-Removed) model with population heterogeneity, in which the susceptible

population differs by age group—being children/young people (S;), adults (S,) and elderly

(S3)—and the infectious population was categorized according to the severity of symptoms—

being severe symptomatic (/;), mild symptomatic (/;) and asymptomatic (/3). In addition, the

pre-symptomatic phase (E) is considered, in which individuals already infected but not yet show-

ing symptoms can transmit the virus, and individuals recovered and dead disease are accounted

for in the Removed compartment (R). The transfer diagram in Figure 1 illustrates the structure

of the model.
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Figure 1: Transfer diagram of the COVID-19 model.

Considering the classical law of mass action in an homogeneously mixed population, the math-

ematical model of COVID-19 propagation is given by a system of nonlinear autonomous

differential equations:
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where the parameters 3, €, p, y~!, 6~!, 1 and o represent, respectively, the force of infection,
fraction of non-isolated infectious, fraction of isolated susceptible, mean latent period, mean
infectious period, mean lethality of the disease and fraction of exposed individuals who progress

to severe symptoms.

Note that the total population (N) is constant because the sum of the system equations (2.1) is
zero. Furthermore, the removed individuals do not interfere in the dynamics of the other subpop-
ulations. Thus, when the variables Sy, S», S3, E, I, I, e I3 are known, the removed individuals

can be obtained by,

R(t) =N—(S1(t)+S2() + S3(t) + E(t) + 1, (¢) + L2 (1) + I3(¢)). (2.2)

For qualitative analysis of the model 2.1, we will reorder the system equations to adapt the theory
involving the calculation of the basic reproduction number of the disease presented by Driessche
and Watmough (2002) [4], and the removed are given by equation (2.2).
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Reordering the system 2.1 becomes,
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The system 2.3 takes the form
X = f(x)
where x = (E,I;,1,15,51,5,,53) is the state variable and f : R’ — R’ the function with coor-

dinates f = (f17f27f37f47f57f67f7) where fl = Els f2 = I{’ f3 = Ié’ f4 = Ié’ f5 = Sllv f6 = S/2
and f7 = S5. Because f is of class C*, the system 2.3 admits a unique solution for each initial
condition xy € R”.

The biologically feasible region or epidemiologically feasible region given by Q =

3 3

{(E,Il b, 13,81,8,,83) € Ri |E + Zli + ZS,- < N} is positively invariant for the system 2.3.
=1 =1

Moreover, the system 2.3 has an infinite number of equilibrium points given by the set Q" =

3
{(0,0,0,0,57,5;,5;) eR,|Y st gN}.
i=1

The stability of each equilibrium point will be verified by the Lyapunov Criterion. To do this,
consider x, € Q* and the translation z = x — x,, it follows that

=X =flz+x)=f(2) (2.4)
where z* = 0 is a new system equilibrium point 2.4.
Notice that z; = x; for i = 1,2,3,4 and z;44 = S; — S} for i = 1,2,3 and consider Z the set for
which z is defined and S; = z;4 for i = 1,2,3; that is, S; = S} + S; fori = 1,2,3.
Teorema 2.1. A Lyapunov function for system 2.4 is L=E + Y3 | L;+Y3_| (Sf + S;).
Proof. In fact, L(0) =0, L(z) >0 forallze Z\ {0} and

l
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As L'(z) < 0 for z € Z\ {0} then the origin of the system is locally asymptotically stable. 2.4
0

Hence, the immediate consequence of the Theorem 2.1 is that each equilibrium point x, € Q*
the system 2.3 is locally asymptotically stable. The equilibrium point x, € Q* can be called
the Disease Free Equilibrium (DFE). We are now left with the problem to calculate the basic
reproduction number presented by Driessche and Watmough (2002) [4].

Observe that the system 2.3 can be rewritten as
X =ZF(x)—7(x)

where the .% and ¥ vector entreis represent the rates of appearance of new infections and of
transfer of individuals, respectively, given by
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According to Driessche and Watmough (2002) [4], the basic reproduction number of the dis-
ease representing the expected number of secondary cases produced by a infective individual
when exposed in a completely susceptible population is given by the spectral radius of the Next
Generation Matrix FV~! ; that is,

3 —n.)Cx
+£2B2( %) +£3l33( Goc)) <Zi1 (1N Pi)S; ) . (2.5)

Note that in expression (2.5), the fraction of susceptible individuals in social isolation and the

o= | € €
0 (ﬁ + &b otH

fraction of infectious individuals circulating in society are the manipulable parameters. Thus, if
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we consider the local stability of the DFE as a measure of the efficiency of disease control in
the long term, then a control measure can be effective if %) < 1, because this means that, on
average, an infectious individual will produce less than a new infectious individual throughout
their infectious period, and thus the infectious disease will not progress.

3 SIMULATIONS

Several simulations of the model (2.1) are presented in this section. By varying the parameters
that represent the fractions of individuals in social isolation, we seek to evaluate the efficiency of
social isolation in the propagation of COVID-19.

For the numerical simulation of the COVID-19 propagation model (2.1), we used the Matlab®
software using the ODE45 command to solve the equations.

The initial conditions used for susceptible individuals were extracted from the Brazilian Institute
of Geography and Statistics (IBGE), which estimates 59.976.963 of children/young people from
0to 19 years old, 121.581.652 of adults between 20 and 60 years old, and 30.197.077 for seniors
over 60 years old.

The parameter values of the model(2.1) were based on the parameter values presented in the
article by Shaman et al. (2020) [9], as follows.

Table 1: Values for model parameters.

Parameters | Variation Unit
B 0.8t0 1.5 day ™!
B> 0.2to 1 day~!
Bs 0.2to 1 day~!

a 0.02to 1 | dimensionless
y! 2t0 4 days
o! 2to4 days

COVID-19’s lethality on 29 March 2020, according to data released by the Ministry of Health
[10], was 3,2%. Because the number of tests for COVID-19 was minimal, especially at the
beginning of the pandemic in Brazil, lethality may have been overestimated. Consequently, we
considered the value of 1,5% for lethality in the model simulation.

Several simulations were carried out considering three panoramas. The first compares the con-
firmed cases and deaths reported by the Ministry of Health [11] with the estimates of the model
of severe cases and deaths, carried out at two different times, initially without social isolation and
later with social isolation. The second panorama is the scenario with and without isolation with
the parameters used in panorama 1. The third panorama establishes various forms of isolation.
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3.1 Panoramal

In the first scenario, we estimate the number of severe cases between 4 and 16 March 2020 (13
days) and compare with the data of those infected in Brazil confirmed by the Ministry of Health
[11]. The parameters used were & 8; = 1, &, =0.5,=0.5,53=04, =02,y ' =01 =4,
pr=p2=p3=0,€=¢6 =1 and yu = 0.015. Furthermore, the initial condition for exposed,
infectious and removed individuals were Ey = 5, Iy; = 1, Ipp = 3, Ip3 = 2 and Ry = 0.
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Figure 2: Infectious data by COVID-19 versus simulated values of infectious with severe symp-
toms in Brazil between 4 and 16 March 2020.

The graph in Figure 2 shows that from 16 March, simulated cases exceeded confirmed cases,
which may indicate that cases confirmed by the Ministry of Health are being under-reported.

On 16 March 2020, campaigns for social isolation, protection (using a mask) and hygiene (wash-
ing hands with soap and using alcohol in gel) were started by some government officials through-
out Brazil in an attempt to control the rapid spread of this disease. Thus, the next simulation
considers the isolation in the susceptible subpopulation, estimating the severe symptomatic cases
and deaths caused by COVID-19 in Brazil between 17 March and 2 April 2020.

Using the parameters of the previous simulation with the isolation of 70% of children/young
people, 40% of adults and 75% of the elderly and considering as an initial condition the solution
of the model (2.1) on 16 March, we obtain an estimate for the cases deaths and deaths that are
compared with data on infectious and dead by COVID-19 provided by the Ministry of Health [11]
(Figure 3).

The data used to generate the simulations shown in the graphs in Figures 2 and 3 are fundamental
for the simulations of the scenarios presented in the following subsections, from which we will
present the evolution of those infected and the number of deaths by COVID-19 over time, with
and without social isolation.
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(a) Simulation of serious cases vs. infectious data. (b) Death simulation vs. death data.

Figure 3: Simulated values of severe symptoms and deaths versus infectious and dead data by
COVID-19 in Brazil between March 17th and April 2nd, 2020.

3.2 Panorama 2

In the second scenario, we simulate the dissemination of COVID-19 in Brazil from 4 March to 2
June 2020, equivalent to 90 days, using the same parameters and initial condition that generated
the Figure 2, where there is no social isolation.

(a) Model Infectious Curves (b) Model Death Curve

Figure 4: Simulation of infectious and dead by COVID-19 in Brazil from 4 March to 2 June
2020.

The graph in Figure 4 (a) presents three curves, the continuous curve represents the sum of
the amount of asymptomatic, mild symptomatic and severe symptomatic infectious, which we
will identify as active infectious, reaching the epidemic peak between 14 and 24 April 2020
with approximately 51 million and 947 thousand active infectious, of these 10 million and 40
thousand are severe symptomatic (dashed curve). At the end of 90 days, 41 million and 677
thousand individuals will have contracted the disease and will show severe symptoms (thick
curve -0-) and 2 million and 358 thousand will die from COVID-19 (Figure 4 (b)).

The basic reproduction number for this scenario is %y = 4.19, which means that on average,
an infectious individual infects approximately four people during their infectious period, when
exposed to a population of susceptible only [4].

The next scenario depicts the spread of the virus in Brazil from 16 March to 14 August 2020
(150 days), using the parameters and initial condition that generated the graphs in Figure 3, in
which there was isolation 70% for children/youth, 75% for elderly and 40% for adults.

The graph in Figure 5 shows that the epidemic peak will occur between 28 May and 7 June 2020
and that there will be 17 million 856 thousand active infectious, being 3 million and 421 thousand
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Figure 5: Simulation of infectious diseases and deaths in Brazil from 4 March to 22 November
2020.
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Figure 6: Simulation of infectious diseases and deaths in Brazil from 4 March to 22 November
2020, with 60% exposure of exposed and asymptomatic individuals in contact with susceptible
individuals.

severely symptomatic, and at the end of 150 days there will be 30 million and 846,000 serious
cases and 1 million and 745 thousand deaths caused by COVID-19. In this simulation the basic
reproduction number is %y = 1.95.

In practice it is impossible to differentiate between susceptible, exposed and asymptomatic adult
individuals, therefore the third scenario in this subsection proposes that asymptomatic infectious
and exposed individuals have the same isolation fraction as adult individuals; that is, 40%. Thus,
using the same parameters that generated the graphs in Figure 5 and modifying the exposure of
exposed and asymptomatic individuals in contact with susceptible individuals to 60%, we obtain
the spread of the virus in the Brazilian population in the period from 4 March to 22 November
2020 (250 days), where the basic reproduction number of the disease is Zy = 1.45.

The graph in Figure 6 shows that the epidemic outbreak will take place approximately on 17
August 2020, reaching 6 million 561 thousand active infectious, of which 1 million and 253
thousand will be severe cases and close to 22 November 2020 21 million and 153 thousand will
contract the disease with 1 million and 218,000 deaths by COVID-19.
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We can see from the scenarios presented in this subsection that social isolation has an effect both
at the peak of the epidemic and at the moment when the peak occurs.

3.3 Panorama3

In the third scenario, we simulate several variations of social isolation in both the susceptible pop-
ulation and the infectious population, using the same parameters as the first scenario in subsection
3.1.

We start by doing three simulations with the isolation of the susceptible subpopulations in iso-
lation. In the first simulation, we consider that 90% of the susceptible elderly are in social iso-
lation (Figure 7 (a)). In the second simulation, we consider the isolation of 90% of susceptible
children/youths (Figure 7 (b)) and then the 90% isolation of susceptible adults (Figure 8).

5107

(a) Isolation of 90% of the elderly. (b) Isolation of 90% of children/young people.

Figure 7: Simulation of the model with social isolation of the elderly (a) and children/youth (b)
subpopulation in the period from 4 March to 14 June 2020.
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Figure 8: Model simulation with isolation of 90% of adults from 4 March to 4 September 2020.

The high dissemination of COVID-19 in the Brazilian population is noticeable in the three graphs
in Figures 7 and 8, with the isolation of children/young people being more efficient than that of
the elderly and disadvantageous compared to isolation of susceptible adults. Thus, the isolation
of susceptible adults generates less contamination, consequently fewer deaths and also delays
the emergence of the maximum number of active infection. However, there will still be approxi-
mately 19 million and 842,000 infected with severe symptoms and 1 million and 123,000 deaths
at the end of 180 days, which is not enough to contain the spread of the disease.
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The basic reproduction number for 90% isolation of children/young people is %y = 3.12, with
90% isolation of the elderly is Zy = 3.65 and with 90% isolation of adults is %y = 2.02. This
indicates that the isolation of only one of the susceptible subpopulations is insufficient to control
the spread of the disease.

In the simulation below, we combine the social isolation of the elderly and children/young people
to 80%, then add to this combination the isolation of 70% of adults (Figure 9).

(a) Isolation of 80% of the elderly and chil-  (b) Isolation of 80% of elderly and children/young
dren/young people. people and 70% of adults.

Figure 9: Model simulation starting 4 March 2020 with isolation of susceptible Brazilian sub-
populations.

Figure 9 (a) shows that not even a combined high isolation of children/youth and elderly is
more effective than isolation of adults only (Figure 8). However, the combined isolation of 80%
of elderly and children/young people and 70% of adults (Figure 9 (b)) generated a total of 5
million and 886 thousand infections with severe symptoms and 333 thousand and 180 deaths,
with an epidemic peak after 2 and a half years with 373 thousand 818 active infectious, of which
71 thousand 343 infectious with severe symptoms, the basic reproduction number for the two
scenarios presented are, respectively, Zy = 2.76 and %y = 1.079.

By increasing the isolation of adults to 75% and keeping the isolation of children/young people
and the elderly at 80% in the previous simulation, we get a scenario in which COVID-19 does
not invade the population, as can be seen in Figure 10 and the basic reproduction number is
Ho = 0.959.

35
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Figure 10: Model simulation starting 4 March 2020 with isolation of 80% from children/youth
and the elderly and 75% from adults.

Trends Comput. Appl. Math., 23, N. 2 (2022)



A.L. O. SOARES, C. M. CALOI and R. C. BASSANEZI 269

Thus, under the considered hypotheses, this result suggests that it is possible to control
the dissemination of COVID-19 by combining social isolation by age group of susceptible
individuals.

Because exposed and asymptomatic individuals do not present symptoms, we will verify the
dissemination of COVID-19 by decreasing the fraction of asymptomatic exposed and infectious
individuals that are exposed to direct contact with susceptible individuals. In this way, we can
increase the fraction of susceptible adults who can emerge from social isolation.

We can see in Figure 11 that the spread of the virus does not invade the population if we consider
the isolation of 80% children/young people and the elderly and 55% from adults, asymptomatic
and exposed individuals, being %y = 0.94 for this scenario. Thus, this result suggests that the
social isolation of those who do not have symptoms (exposed and asymptomatic) favors the
control of the spread of the disease.

30 I

O @
000 00000000090
25—

oooooooooooo
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lele} - N
00000° 000 —active infectious
20~ Oooooooo — — active severe symptomatic |

o . . N N
000 © O cumulative serious infectious
00® © deaths
O

Figure 11: Model simulation starting 4 March 2020 with isolation of 80% from children/youth
and elderly and 55% from adults, asymptomatic and exposed individuals.

The last scenario presents the effect of quarantine on the subpopulation of infectious with mild
symptoms, those with symptoms such as colds or flu, on the dissemination of COVID-19, with
the social isolation of the susceptible, exposed and asymptomatic subpopulations.

Assuming that there was more awareness for the quarantine of infectious with mild symptoms
reflecting a reduction of 50% in their transmission power (&, 3;) of COVID-19 and with the social
isolation of 80% of children /young and elderly and 50% isolation from adults, asymptomatic
and exposed individuals, we obtain a scenario in which the virus does not invade the Brazilian
population either (Figure 12) with %y = 0.92.

Figure 12 suggests that a combination of measures makes possible the uncontrolled proliferation
of the virus in Brazil because the awareness of the Brazilian population to be quarantined if it
presents mild symptoms, such as cold or flu, is of paramount importance to control the spread of
the disease and the effect of this awareness leads to relaxation of the social isolation of susceptible
adults.
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Figure 12: Model simulation on 4 March 2020 with quarantine of infectious individuals with
mild symptoms and social isolation.

4 FINAL CONSIDERATIONS

The SEIR compartmental model was adopted to understand the dynamics of the epidemic with
diversified isolation and does not assume that there are changes in parameters during the epidemi-
ological process. However, in the real context there is always the possibility of the appearance of
new strains of the virus with different strengths of infectivity, and also occasional changes in the
composition and sizes of the isolated susceptible groups. These biotic and abiotic factors, which
are more frequent after one year, are the main responsible for the wavy behavior of the number
of cases. Our study focuses on the first phase of the pandemic when we still do not have viral
mutations and/or large behavioral variations of the susceptible ones.

The basic reproduction number of the disease (%) was calculated in section 2 and shows that
the isolation by age group of susceptible individuals has a weight given by (i,—’*) In Brazil, the
largest fraction is of individuals who are in the range considered adult, so it is evident that the
speed of the epidemic is more efficiently slowed down if the susceptible adult subpopulation are

the most isolated.

The results presented in subsections 3.1 and 3.2 suggest that the measures adopted in Brazil
in March and April 2020 to control the spread of the virus were insufficient to slow down the
spread of the disease and the epidemiological scenario worsens without social isolation because
the epidemic peak is greater and reached in less time when measures are not taken so that the
population respects social isolation.

The results of the 3.3 subsection suggest that the isolation of only one of the susceptible subpop-
ulations is inefficient to control virus propagation, which indicates that vertical isolation is not
adequate to contain the proliferation of COVID-19. A more drastic social isolation made up of
susceptible subpopulations suggests a smoothing of the spread of COVID-19 in which the disease
does not invade the population. In addition, when a portion of latent and asymptomatic individ-
uals are placed in isolation, the results advocate an improvement in the epidemiological scenario
in which a larger fraction of adults can be exposed to society without epidemiological evolution
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and the effect of awareness for quarantine of infectious individuals with mild symptoms, such as

a cold or flu, is of paramount importance for disease control.

Finally, the results suggest that social isolation can be used as an effective tool to control the

spread of COVID-19 in Brazil, preventing millions of infections and thousands of deaths when

applied vigorously.
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