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ABSTRACT

We shall apply a generalized SEIR model to study the outbreak of
COVID-19 in Brazil. In particular, we would like to explain the pro-
jections of the increase in the level of infection over a long period
of time, overlapping large local outbreaks in the most populous
states in the country. A time-dependent dynamic SEIR model in-

para um pico no Brasil serd em 21 de julho de 2020 com total ca-
sos infectados cumulativos em torno de 982 mil pessoas; além
disso, um total estimado de casos de morte atingird para 192K no
final. Além disso, o Brasil atingira um pico em termos de novos
casos diarios de infectados e casos de morte em meados de
julho, com 50 mil casos de infectados e quase 6,0 mil mortes
diarias.

spired in a model previously used during the outbreak in China

was used to analyses the time trajectories of infected, recovered,

and deaths. The model has parameters that vary with time and ~ Palavras-chave: Modelo epidemioldgico, Covid-19, Modelo
are fitted considering a nonlinear least-squares method. The sim-  Sg|R, Andlise no Brasil.

ulations starting from April 8, 2020, concluded that the time for a

peak in Brazil will be in July 21, 2020 with total cumulative in- Sumirio
fected cases around 982K people; in addition, an estimated total
death case will reach to 192K in the end. Besides that, Brazil
will reach a peak in terms of daily new infected cases and death
cases around the middle of July with 50K cases of infected and
almost 6.0K daily deaths. Sumério 1
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INTRODUCTION

In recent times, COVID-19 has become one of
humanity’s biggest epidemic problems, gaining pandemic
status and, having a significant impact on mortality rates
in both rich and poor countries. The current balance (May
18, 2020) of World Health Organization (WHO) records
that a total of around 5 million people were infected by the
COVID-19 causing 320 thousand deaths (WHO, 2020). In
Brazil, since the identification of the first case of COVID-
19, in February, 2020, approximately 310 thousand cases
of the disease have already been identified and almost 20
thousand deaths (Ministry of Health of Brazil, in the last
epidemiological bulletin at May 18, 2020) (MHB, 2020).
Currently, this epidemic is one of the main public health
problems in the world. The alarming numbers of this epi-
demic have encouraged several authors to work on epi-
demic models that can predict the progress of this dis-
ease.

Some mathematical models are proposed for
studying the spread of viruses among humans, such as
SIR (Susceptible, Infected, Recovered) model (BJORN-
STAD; FINKENSTADT; GRENFELL, 2002; JI; JIANG,
2014; TODA, 2020; ZHANG; WANG, 2013) and SEIR
(Susceptible, Exposed, Infected, Recovered) model (AN-
DERSON; ANDERSON; MAY, 1992; CHEN et al., 2020;
WEISS, 2013; XIONG; YAN, 2020). The SEIR model de-
rives from the SIR model and require a large amount of
data over time to execute. Here, we follow the adapted
SEIR model developed by Tan and Chen in (TAN; CHEN,
2020), which is the most reliable response to emergency
public health actions and takes into account the popula-
tion exposed to the virus.

More specifically, we use the generalized ver-
sion of the classical SEIR known as SEIRDP (Suscepti-
ble, Exposed, Infected, Recovered, Death, Insusceptible
(P)) which is a particular case of the model proposed by
(PENG et al., 2020). In this model it is possible to include
key epidemic parameters for COVID-19, such as the la-
tent time, infected time, protection rate and time evolution
of the recovery. This allows us to estimate the inflection
point, ending time and total infected cases in Brazil and
its states according to the Ministry of Health of Brazil data.
The data are estimated considering a time window for col-
lecting cure and mortality rates, which provides more ac-
curate information on the evolution of local cases.

The search for a reliable estimate of the number
of infected and deaths is crucial so that public health sys-
tems can act to respond quickly to the needs presented.

For this reason, many studies aim to estimate the con-
tagion curve, the spreading speed and the prediction of
deaths.

Recently, Imperial College (THOMAS et al.,
2020) released a study on the current situation of COVID-
19 in Brazil and estimate that human-to-human transmis-
sion of Sars-CoV-2, virus of the coronavirus family caus-
ing the disease COVID-19, in Brazil averages from 1 to
2.8 people. They use a semi-deterministic Bayesian hier-
archical model that analyzes the impacts of interventions
aimed at restricting the transmission of the virus but it is
not clear how effective these measures were. The model
adopted follows a function of patterns in urban mobility
to estimate deaths, infections, and transmissions. Some
models can also predict the evolution of contaminants in
real-time, such as the IHME (IHME, 2020) with some im-
portant variables such as the transmission rate and the
recovery rate, neither static nor variable over time, which
makes the result very broad and somewhat vague.

Local health policies and actions can also be
taken to mitigate the virus. Some authors have also stud-
ied the impact of lockdown on the spread of the virus
(SHEN et al., 2020). Others, who used these models, con-
sider the study of public policies to mitigate the disease in
specific locations (LI; ZHAO; SUN, 2020). Our simulations
are based on general data from Brazil and where differ-
ent policies have been applied in each state according to
hospital capacity and speed of contamination. In this way,
we focus on responses to general data from Brazil and in
some Brazilian states with a higher rate of cases in order
to assist in medical and political actions.

In this work, we analyzed the case data of
COVID-19 from the states of S&o Paulo, Rio de Janeiro,
Ceara, Espirito Santo, Bahia, Amazonas, Para, Pernam-
buco, and Maranhao. To validate our results through the
SEIRDP model, we carefully collect the epidemic data
from the Ministry of Health of Brazil (MHB, 2020) from
April 08th till May 21th, 2020 and studied the approxima-
tion of the observed and computed data considering the
infected, recovered and death cases. Then, we were able
to estimate the parameters that characterize the natural
history of this disease and allows us to investigate the pro-
jection of the epidemic in certain periods.

MODEL AND METHODS

SEIRDP model

The SEIRDP (Susceptible, Exposed, Infected,
Recovered, Death, Insusceptible (P)) model used to an-
alyze the coronavirus epidemic in Brazil has the following
variables:
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+ S(t): Susceptible population;

E(t): Population who are exposed to the virus, but
not yet infectious in latent period;

1(t): Population who get laboratory positive confir-
mation and with infectious capacity;

* R(t): Recovery cases;

D(t): Death number;
+ P(t): Insusceptible cases;

* N=S+ P+ E+ I+ R+ D is the total population;

«: Protection rate (include people exposed to the in-
fectious patients and people exposed to the asymp-
tomatic patients);

B: Infection rate (include exposed people catch
COVID-19, people get COVID-19 with diagnosed
confirmation and people; without symptoms but can
transmit it to others);

~~': Average latent time;

A(t): Coefficient used in the time-dependent cure
rate;

x(t): Coefficient used in the time-dependent mortal-
ity rate.

The variable described above are related
through the following ODE system:
as(t)  ,S#)I(t)
dE(t)  ,S#)I(t)
O ) - x10) - )10, o
AR Moy,
dD(t) _
i = FOI0),
dpP(t) _

The model is time-dependent, because the cure
rate A(t) and mortality rate (t) are analytical functions of
the time defined by

>
~

~
=

I

)\0/[1 +6Xp(—)\1(t— )\2))]7 (2)
Ko exp(—kit), (3)
respectively, which are fitted according to the number of

cases for ¢ € [to,ts], where ¢ and t; are the initial and
final periods, respectively.

Equations (2) and (3) indicate that cure rate
or recovery rate A(t) goes up exponentially toward a

threshold value and the mortality rate «(¢) should be
zero after an infinite time. Moreover, the parameters
{a, B,7 71, A(t),s(t)} were fitted in the least square
sense.

The parameters {a, B, 77, Ao, Ai,A2, Ko(t),
k1(t)} are computed simultaneously by a nonlinear least-
squares solver (CHEYNET, 2020). We can replace them
in the model (1) and calculate the time-histories of the
different states {S(t), P(¢), E(t), I(t), R(t), D(¢)}. In this
case, we use the standard fourth—order Runge—Kutta pro-
cess (BURDEN; FAIRES, 2015). For this, the system of
equations is written as a single ODE

dY

S =AYSF (4)
such that
Y—[S(t) B@) 1) R®) D@ Pw)|
[—a 0 0 0 0 0]
0 — 0 00 0
A 0 v —=X{#t)—=x(t) 0 0 O
1o o0 A(t) 0 0 0|’
0 0 k(1) 00 0
a0 0 0 0 0]
_ . BB T
F=25(@) 1(t) N N 0 0 O 0}
RESULTS

Anchored by the information from the public data
of the Ministry of Health of Brazil (MHB, 2020), we reli-
ably estimate key epidemic parameters and make projec-
tions on the inflection point considering fitted and actual
data. Experiments show the spatial distribution of COVID-
19 cases in Brazil and in some states of the federation,
namely, Sdo Paulo, Ceard, and Rio de Janeiro. These
states stand out for the highest incidence of COVID-19
in Brazil. We also projected cases of COVID-19 in other
states in the country: Espirito Santo, Bahia, Amazonas,
Para, Pernambuco and Maranh&o that had a large num-
ber of confirmed cases in relation to other states in the
federation, about I > 8,000 each one, according in the
last epidemiological bulletin of Ministry of Health of Brazil
in May 18, 2020.

Prediction of Time evolution of COVID-19 for Brazil

Figure 1a shows the first modeling and the pro-
jection for Brazil from late early April to mid-May 2020
for the currently total, infected, recovery and death cases,
while Figure 1b presents its respective relative error so-
lutions. According to these results we can say that the
model has a good correspondence with the data provided.
This means that the state parameters found by the least-
squares solution should be suitable for projecting future
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dates. A test was done with the traditional SEIR and the
results were overestimated (see Figure 1c).

Figure 1
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Source: The authors

The number of victims is also expected to grow
in the same period. It should be noted that these results
are only predictions based on data and population miti-
gation policies. These results may change as the popula-
tion’s isolation patterns change, as studies in this direction

indicate, (SHEN et al., 2020; LI; ZHAO; SUN, 2020).

In Figure 2a, through the SEIRDP model, we
made the projections in the period from April to August.
According to this model, the infected cases in Brazil will
reach to the peak at middle of July 2020 with about 982K
cases. In this sense, the period also represents the peak
time for medical resources get ready. According to the
Ministry of Health, Brazil has a total of 441,811 hospital
beds distributed in the country’s numerous regions. From
the number of infected, we can see that the public health
system in Brazil may collapse in the middle of June.

Figure 2b and Figure 2c presents daily newly
confirmed infected cases and daily death cases for Brazil
over the same period respectively. The red lines indicate
the actual data and the blue lines are predicted data from
May to early of August 2020. As we can see that the daily
infected cases seem reaching the peak around July 21
with about 55K per day and then start to decrease. We
can see, from Figure 2c, that the daily death is converging
to approximately 6,000 daily deaths without a projection of
decrease in this period.

Prediction of Time evolution of COVID-19 for S3o

Paulo state

Sado Paulo is the second metropolis in Latin
America and the main financial, commercial and corpo-
rate center in South America and where the first case
of contamination in Brazil was detected. Currently, Sao
Paulo concentrates the largest number of infected with the
new Coronavirus.

For Sao Paulo state, the modeling and relative
errors from the same period of Brazil are shown in Fig-
ure 3. We notice that the modeled curves present a good
approximation with the collected data. In addition, a large
part of the relative errors in infected cases, recovery, and
death cases is below 20%.
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Figura 2
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Figura 3
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Source: The authors

In Figure 4a we present an estimate of accumu-
lative infected cases, recovery, and death cases. Projec-
tions show that the currently infected cases will reach
a peak around July 20 close to Brazil, with about 114K
cases. Figure 4b and Figure 4c show the daily confirmed
infected cases and the death cases for Sdo Paulo over the
mentioned period respectively. Estimates show that the
peak will reach in July 20 (about 5K) for daily infected and
converging to 436 daily deaths till August 19, 2020. The
daily and cumulative peak has shown to be very close to
the results obtained in the projection of Brazil.
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Figura 4
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Figura 5
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(b) The relative mean errors of projection for Ceara state
from April 08 to May 21, 2020 between actual data and
SEIRDP model involving cases of infected, recovered
and death.

Source: The authors

For Ceara state, the modeling and relative errors
from the same period of Brazil are shown in Figure 5.
Looking at the curves modeled for Ceara state, we see
that the error curves of infected, recovered and deceased
cases also are oscillating around less than 20% in the pe-
riod from early April to mid-May. Therefore, it is possible
to infer that the SEIRDP model provides a good approxi-
mation of the results with respect to the collected data.

Prediction of Time evolution of COVID-19 for Ceara
state
Another important study presented is on the

state of Ceara, which recently showed a great increase
in the number of cases.

AFONSO, S. M. S., SILVA, M. P. G. da, AZEVEDO, J. S.

2763-8855
Ii 1

=
et A
55%%%5 ﬁ?

[ it A

Revista Eletronica de Ciéncias Exatas e Tecnoldgicas

(JRICXT



Figura 6
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(c) Deceased measured and projected for Ceard state
early April to early August, 2020.

Source: The authors

In Figure 6a we provide an estimate of accumu-
lative infected cases, recovery and death cases. Projec-
tions show that the currently infected cases will reach a
peak around July 20 with about 80K cases. Figure 6b and
Figure 6¢ present the daily confirmed infected cases and
the death cases for Ceara over mentioned period, respec-
tively. By the estimates, we can conjecture that the peak
will reach in July 07 (about 1665) for daily infected, con-
verging to 1,000 daily deaths till August 19, 2020.

Prediction of Time evolution of COVID-19 for Rio de

Janeiro state

We also present a more detailed study of the sec-
ond largest state in population of Brazil and the second
state to record cases of contaminated by the new Coron-
avirus which is Rio de Janeiro.

The modeling and projection results from the
same period of Brazil are shown in Figure 7a for infected,
recovered and deaths. The results from April to middle
May bring consistent response. The respective relative er-
rors are shown in Figure 7b.

Figura 7
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(b) The relative mean errors of projection for Rio de
Janeiro State from April 08 to May 17, 2020 between
actual data and SEIRDP model involving cases of in-
fected, recovered and death.

Source: The authors
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Figura 8

%10° RJ (Brazil)
Infected
35 Recovered
Dead
3
wn
b 25 1
S Y = 1.918944+05
E X = 02-Aug-3020
S 2 .
8 -
E1s
> Y = 113172405
X = 094ug-2020
1 ]
0.5 = -
,,,///
May Jun Jul Aug
time (days) 2020

(a) Predictions of the differential SEIRDP model for Rio de
Janeiro state fromearly April to early August, 2020.

RJ (Brazil)

8000
7000
»
0 6000 -
©
5000
o
@ 4000 -
Qo
S 3000 -
P4
2000 -

1000

0
Apr May Jun Jul Aug
time (days) 2020

I Tested positive (fitted)
[ Tested positive (reported)

(b) The daily of infected cases.

RJ (Brazil)

©
1=
S

5615e+02
HAug-2020

o 0~
o o
S o

=3
=3

Number of cases
w S w
S oS
S 3

N
=
S

100 -

0
Apr May J

un Jul Aug
time (days) 2020

I Deceased (fitted)
I Deceased (reported)

(c) Deceased measured and projected for Rio de Janeiro
state early April to mid-August, 2020.
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According to Figure 8a, Rio de Janeiro state
projects that infected cases will reach to the peak around
August 02 with about 191K cases, which is close to pe-
riod of the peak estimation of Brazil. This plot also sug-
gests that the number of deaths will continue with the
same growth trend in the cumulative total if the population
is not subject to new rules of protection. Figure 8b and
Figure 8c show the daily confirmed infected cases, the
death cases and the total accumulative infected cases for

Rio de Janeiro state over mentioned period, respectively.
Rio de Janeiro state will reach the peak around July 21 for
both the daily infected increase (about 9K per day). But
for daily death cases, it will reach the peak of 800 per day
around August 19.

Prediction of time evolution of COVID-19 for other

states

In this study, a time-dependent SEIRDP model
was used to analyze the evolution of currently active, re-
covered and deaths cases in states in Brazil whose in-
fected toll exceeds 8.000 cases actually. The states Es-
pirito Santo, Bahia, Amazonas, Para, Pernambuco and
Maranhao marked together with Sdo Paulo, Ceara, and
Rio de Janeiro have more than 90 percent of the total fa-
talities in the country. As in previous experiments, theses
projections take into account mitigation and self-protective
measures implemented by the government and the popu-
lation, in the periods given previously.

Figure 9 shows the prediction of infected, recov-
ered, and death from April to early August. According to
this figure, the state of Pernambuco is close to reaching
the peak of patients infected by COVID-19 in mid-June,
giving the authorities time to plan control and mitigation
measures during this period. On the other hand, the num-
ber of deaths maintains a projected growth in all states
considered in this experiment.

DISCUSSIONS AND CONCLUSIONS

We consider an extension of the classical SEIR
model known as SEIRDP with the aim of modeling COVID-
19 epidemics and introduce an estimation algorithm for
Brazil. These parameters are found by applying the least-
squares estimate in order to fit the SEIR differential equa-
tions to the daily and cumulative cases observed by symp-
toms onset. The results revealed that the model (1) pro-
vides a good approximation with respect to the collected
data, since a large part of the relative errors in infected
cases, recovery, and death is below 20%.

It should be noted that we need a reasonable set
of data so that the estimates are more reliable. Figure 10
illustrates how bad can be the prediction if the data set
is too small. The case of Brazil is used in the following
display. Note that the discrepancies are significant when
few points are used to measure the prediction of results,
but these discrepancies tend to reduce as the number of
points increases.

AFONSO, S. M. S., SILVA, M. P. G. da, AZEVEDO, J. S.

.E;!'

&

=

O

R>.CX]

-[5]
figha

Revista Eletronica de Ciéncias Exatas e Tecnoldgicas



Figura 9 — Predictions of the differential SEIRDP model for Amazonas (AM), Para (PA), Espirito Santos (ES), Pernam-
buco (PE), Maranhao (MA) and Bahia (BA) fromearly April to early August, 2020.
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Figura 10
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Figura 11 — Prediction of the differential SEIRDP model
for Brazil from April-08 to April-10.
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Figura 12 — Several predictions of the differential SEIRDP
model for Brazil from April-8 to April-26.
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According to the estimates obtained through the
SEIRDP model, the states of Sdo Paulo, Ceara, Ama-
zonas, Maranhdo, Espirito Santo, Para and Bahia will
reach to the peak of patients infected in mid-July, while
Rio de Janeiro in early august. In addition, the daily num-
ber of deaths projects growth until August 19, 2020.

It is worth mentioning that the first cases were di-
agnosed in the country, suspected cases, and those who
had contacts with confirmed cases were tested. Due to
the large scale of contamination and low testing capacity,
the Ministry of Health started to recommend since mid-
March that in places with community transmission only se-
rious cases should be tested. Consequently, many cases
of coronavirus may have been under reported, underes-
timating the results of the model. Another intrinsic prob-
lem raised by this study was the delay between the oc-
currences of deaths and their recording in official data re-
leased by the Ministry of Health. Unfortunately, in some
states, much information arrived late, this can compro-
mise the projection results. Despite these problems, we
hope that the estimates obtained will minimize the influ-
ence of Coronavirus in Brazil, especially in large urban

centers whose probability of accumulating serious cases
in the short term is high.

Referéncias

ANDERSON, R. M.; ANDERSON, B.; MAY, R. M.
Infectious Diseases of Humans: Dynamics and Control.
[S.L]: OUP Oxford, 1992. Citado na pagina 2.

BJORNSTAD, O. N.; FINKENSTADT, B. F.; GRENFELL,
B. T. Dynamics of measles epidemics: estimating scaling
of transmission rates using a time series sir model.
Ecological monographs, Wiley Online Library, v. 72, n. 2,
p. 169—184, 2002. Citado na pégina 2.

BURDEN, R. L.; FAIRES, J. D. Numerical analysis. [S.L.]:
Cengage Learning, 2015. Citado na pagina 3.

CHEN, T. et al. A mathematical model for simulating the
transmission of wuhan novel coronavirus. bioRxiv, 2020.
Citado na pagina 2.

CHEYNET, E. Generalized seir epidemic
model (fitting and computation). GitHub,
v. 17, p. 2020, April 2020. Disponivel em:
<https://www.github.com/ECheynet/SEIR>.
pagina 3.

IHME, I. f. H. M. a. E. COVID-19 projects.
University of Washington, 2020. Disponivel em:
<https://covid19.healthdata.org/brazil>. Acesso em:
2020-05-20. Citado na pagina 2.

JI, C.; JIANG, D. Threshold behaviour of a stochastic sir

Citado na

model. Applied Mathematical Modelling, Elsevier, v. 38, n.

21-22, p. 5067-5079, 2014. Citado na pagina 2.

LI, X.; ZHAO, X.; SUN, Y. The lockdown of hubei province
causing different transmission dynamics of the novel
coronavirus (2019-ncov) in wuhan and beijing. MedRxiv,
Cold Spring Harbor Laboratory Press, 2020. Acesso em:
2020-05-21. Citado 2 vezes nas paginas 2 and 4.

MHB, M. o. H. 0. B. 2020. Disponivel em:
<https://saude.gov.br/>. Acesso em: 2020-05-20. Citado
2 vezes nas paginas 2 and 3.

PENG, L. et al. Epidemic analysis of covid-19 in china by
dynamical modeling. arXiv preprint arXiv:2002.06563,
2020. Citado na pagina 2.

SHEN, M. et al. Lockdown may partially halt the spread
of 2019 novel coronavirus in hubei province, china.
MedRxiv, Cold Spring Harbor Laboratory Press, 2020.
Citado 2 vezes nas paginas 2 and 4.

TAN, S. X. D.; CHEN, L. Real-time differential epidemic
analysis and prediction for covid—19 pandemic. arXiv
preprint arXiv: 2004.06888, 2020. Citado na pagina 2.

THOMAS, A. M. et al. Estimating covid—19 cases and
reproduction number in brazil. Imperial College London,
2020. Citado na péagina 2.

TODA, A. A. Susceptible—infected—recovered (sir)
dynamics of covid—19 and economic impact. arXiv
e—prints, p. arXiv—2003, 2020. Citado na pagina 2.

WEISS, H. H. The sir model and the foundations of public
health. Materials Mathematics, p. 0001-17, 2013. Citado
na pagina 2.

WHO, W. H. O. 2020. Disponivel em: <https://www.wh
o.int/emergencies/diseases/novel-coronavirus-2019>.
Acesso em: 2020-05-20. Citado na pégina 2.

AFONSO, S. M. S., SILVA, M. P. G. da, AZEVEDO, J. S.

10

?I*&’i

] £

R>.CX]

Revista Eletronica de Ciéncias Exatas e Tecnolégicas

£

A

vvw

]

1


https://www.github.com/ECheynet/SEIR
https://covid19.healthdata.org/brazil
https://saude.gov.br/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019

XIONG, H.; YAN, H. Simulating the infected population
and spread trend of 2019—-ncov under different policy by
eir model. medRxiv, 2020. Citado na pégina 2.

ZHANG, X.; WANG, K. Stochastic sir model with jumps.
Applied Mathematics Letters, Elsevier, v. 26, n. 8, p.
867-874, 2013. Citado na pagina 2.

CIy iti""ﬁ (]
-fifiliri 1;

] £

R>.CX]

Revista Eletronica de Ciéncias Exatas e Tecnolégicas

©2023 by RECET. Este ¢ um artigo de acesso livre, distribuido sob os termos e
condicdes da licenga Creative Commons (CC BY-NC-ND 4.0).

AFONSO, S. M. S., SILVA, M. P. G. da, AZEVEDO, J. S. 11



https://creativecommons.org/licenses/by-nc-nd/4.0/deed.pt_BR

	Sumário
	Introduction
	Model and Methods
	SEIRDP model

	Results
	Prediction of Time evolution of COVID-19 for Brazil
	Prediction of Time evolution of COVID-19 for São Paulo state
	Prediction of Time evolution of COVID-19 for Ceará state
	Prediction of Time evolution of COVID-19 for Rio de Janeiro state
	Prediction of time evolution of COVID-19 for other states

	Discussions and Conclusions
	Referências

