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Abstract

Coronavirus disease 2019 (CoViD-19), with the fatality rate in elder (60 years old or more)
being much higher than young (60 years old or less) patients, was declared a pandemic by
the World Health Organization on March 11, 2020. A mathematical model considering
young and elder subpopulations under different fatality rates was formulated based on the
natural history of CoViD-19 to study the transmission of the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). The model considered susceptible, exposed, asymp-
tomatic, pre-symptomatic, mild CoViD-19, severe CoViD-19, and recovered
compartments, besides compartments of isolated individuals and those who were caught
by test. This model was applied to study the epidemiological scenario resulting from the
adoption of quarantine (isolation or lockdown) in many countries to control the rapid propa-
gation of CoViD-19. We chose as examples the isolation adopted in Sdo Paulo State (Bra-
zil) in the early phase but not at the beginning of the epidemic, and the lockdown
implemented in Spain when the number of severe CoViD-19 cases was increasing rapidly.
Based on the data collected from Séo Paulo State and Spain, the model parameters were
evaluated, and we obtained a higher estimation for the basic reproduction number R, (9.24
for Sdo Paulo State, and 8 for Spain) compared to the currently accepted estimation of R,
around 2 using the SEIR (susceptible, exposed, infectious, and recovered compartments)
model. In comparison with the lockdown in Spain, the relatively early adoption of the isola-
tion in Sdo Paulo State resulted in enlarging the period of the first wave of the epidemic
and delaying its peak. The model allowed to explain the flattening of the epidemic curves
by quarantine when associated with the protective measures (face mask, washing hands
with alcohol and gel, and social distancing) adopted by the population. The description of
the epidemic under quarantine and protections can be a background to foreseen the
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epidemiological scenarios from the release strategies, which can help guide public health
policies by decision-makers.

Introduction

Coronavirus disease 2019 (CoViD-19) is caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), a strain of the RNA-based SARS-CoV-1. The SARS-CoV-2 (new coro-
navirus) can be transmitted by droplets that escape the lungs through coughing or sneezing
and infect humans (direct transmission), or they are deposited in surfaces and infect humans
when in contact with this contaminated surface (indirect transmission) [1, 2]. These transmis-
sion routes resulted in a rapid spreading of this virus, and the World Health Organization
(WHO) declared CoViD-19 a pandemic on March 11, 2020. In general, the fatality rate in
elder patients (60 years or more) is much higher than those with 60 years or less [3].

Currently, there is not a vaccine neither an effective treatment. Hence, at the beginning of
CoViD-19 outbreaks, quarantine was the primary way of controlling the dissemination of the
new coronavirus in a population [4]. However, there is evidence that individual (protection of
mouth and nose using face mask and protection of eyes, and washing hands with alcohol and
gel) and collective (social distancing) protective measures diminish the transmission of
CoViD-19 [5]. The decrease in the incidence of CoViD-19 by quarantine, known as flattening
the curve of an epidemic, can be quantified by mathematical modeling.

Initially, computational models (especially, agent-based model) to describe the influenza
epidemic were adapted and applied to estimate the spreading of SARS-CoV-2. Koo et al. [6]
used such a model to study the propagation of the new coronavirus in Singapore, assuming
that the basic reproduction number, denoted by R, was around 2. The same approach was
made by Ferguson et al. [7] to investigate the impact of non-pharmaceutical interventions (iso-
lation of susceptible persons) named mitigation and suppression. Briefly, mitigation reduces
the basic reproduction number R, but not lower than one, while suppression reduces the basic
reproduction number lower than one. Their model was simulated assuming R, around 2.5,
and predicted the numbers of severe cases and deaths due to CoViD-19 without interventions
and compared them with those numbers when implemented quarantine (mitigation or sup-
pression) in a population. However, instead of assuming a specific value for R, Li et al. [8] per-
formed a stochastic simulation of SEIR (susceptible, exposed, infectious, and recovered
compartments) model incorporating the rapid dissemination of new coronavirus due to
undocumented infections. They estimated the effective reproduction number R.faround 2.4.
In the SEIR model, the severe CoViD-19 cases were used to estimate the basic reproduction
number Ry; however, those individuals are isolated in hospitals receiving treatment [9].

Mathematical models based on a well-documented natural history of the disease allow us to
understand the progression of viral infection and provide mathematical expression to estimate
Ry, which is related to the magnitude of efforts to eradicate an infection [10]. When a simple
SIR model is considered to describe the CoViD-19 epidemic, it is expected to estimate R,
around 2. Fortunately, the knowledge about the natural history of CoViD-19 is being
improved every day as the epidemic evolves. Consequently, incorporating novel aspects of this
epidemic can benefit mathematical modeling. In Yang et al. [11], a mathematical model
encompassing two subpopulations based on the different fatality rates in young (60 years old
or less) and elder (60 years old or more) subpopulations was developed aiming to study the
impacts of the quarantine and further relaxation (release) on the epidemic of CoViD-19. That
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model was applied to Sdo Paulo State (Brazil) to describe the epidemiological scenario consid-
ering intermittent pulses in isolation and release. The isolation of the susceptible persons
(non-pharmaceutical interventions [7]) jumps down R,sas the herd immunity jumps it down
by the vaccination [10].

We improved the model presented in [11], allowing the transmission of the infection by
persons manifesting mild CoViD-19 symptoms and incorporating the protective measures
that reduced the virus’s transmission. Briefly, the model considers susceptible, exposed,
asymptomatic, pre-symptomatic, mild CoViD-19, severe CoViD-19, and recovered compart-
ments based on the natural history of CoViD-19. The general model also considers the com-
partments of isolated persons and those who were caught by test. The protection conferred to
susceptible persons by quarantine and by adopting protective measures by the non-isolated
(circulating) subpopulation is named “herd protection”. The model proposed here is applied
to evaluate the impacts of herd protection on the epidemic in Sdo Paulo State and Spain.

The widespread of CoViD-19 in Spain led to adopting a rigid quarantine (lockdown, here-
after), which is an extreme measure to control an epidemic’s quick increase [12, 13]. Sdo Paulo
State, however, implemented a partial quarantine (isolation, hereafter) in the population to
avoid critical epidemiological scenarios that occurred in Spain [14] and Italy [15]. Based on
the data collection of severe CoViD-19 cases and deaths from Sao Paulo State and Spain, we
aim to estimate the model parameters, the proportion of the population in isolation/lockdown,
and the reduction in the transmission rates by adopting the protective measures. The esti-
mated parameters allow us to calculate the basic reproduction number R, for Sao Paulo State
and Spain and compare the CoViD-19 epidemiological scenarios yielded in both regions.

Materials and methods

We present a general model to describe the CoViD-19 epidemic considering the quarantine
and relaxation. However, to characterize the epidemic restricted to the quarantine, the system
of Eqs (A.2-A.4) in S1 Appendix is reduced by dropping out the relaxation (I; = 0) as well as
the isolation due to mass test (1; = 17;; = 175; = 0), treatment (6; = 0), and educational campaign
(ww; = ¢; = 0), with j = y, 0. The description of the model variables and parameters are given
in Section A.1 in S1 Appendix. In Table 1, we summarize the model classes (or variables) of
the reduced model.

In Table 2, we summarize the reduced model parameters. The description of the assigned
values (for elder classes, values are between parentheses) can be found in Section D.2 in S1
Appendix. The transmission rates Brj» Bajs and Bsjs additional mortality rate aj, the proportion
in isolation kj, with j = y, 0, and the protection and reduction factors £ and w are estimated in
the next section.

Table 1. Summary of the model variables (j = y, 0).

Symbol Meaning

S Susceptible persons

Q Isolated among susceptible persons

E; Exposed and incubating new coronavirus persons
A; Asymptomatic persons

Dy; Pre-diseased (pre-symptomatic) persons

Qy Mild (non-hospitalized) CoViD-19 persons

Dy; Severe (hospitalized) CoViD-19 persons

I Immune (recovered) persons

https://doi.org/10.1371/journal.pone.0252271.t001
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Table 2. Summary of the reduced model parameters (j = y, 0) and values (rates in days", time in days and propor-
tions are dimensionless). Some values are calculated (*) or assumed (*) or obtained from the liteature (*) or estimated
(**). The values (%) correspond to Sao Paulo State. For Spain, ¢ = y = 1/(83.4 x 365) days'l, ¢=114x 107° days'l, and

7 is March 16.

Symbol Meaning Value

u Natural mortality rate 1/(78.4 x 365)*
) Birth rate 1/(78.4 x 365)*
[ Aging rate 6.7 x 107°%%
0,(0,) Incubation rate 1/5.8(1/5.8)*
YYo) Recovery rate of asymptomatic persons 1/12(1/14)*
71,(710) Infection rate of pre-diseased persons 1/4(1/4)*
Y2y(720) Recovery rate of severe CoViD-19 1/12(1/21)*
73y(¥30) Infection rate of mild CoViD-19 persons 1/13(1/16)*
7 Time of the introduction of isolation March 24*¥
z,(2,) Proportion of transmission by mild CoViD-19 persons 0.5(0.2)°
1) Proportion of remaining as asymptomatic persons 0.98(0.95)°
Py(po) Proportion of asymptomatic persons 0.8(0.8)"
m,(m,) Proportion of mild (non-hospitalized) CoViD-19 0.92(0.75)"
£ Protection factor o

w Reduction factor o

ky (ko) Proportion in isolation o

a,(a,) Additional mortality rate *

B (B1o) Transmission rate due to asymptomatic persons o

Boy(Bao) Transmission rate due to pre-diseased persons o

B3y(B30) Transmission rate due to mild CoViD-19 persons o

https://doi.org/10.1371/journal.pone.0252271.1002

Therefore, the reduced model has the equations for susceptible individuals

aSy = oN—(¢+p)S, —rS, —kS,o(t—15)
. (1)
ESO = ¢S, —uS, —MS, —k,S,6(t — 1),

for isolated and infectious individuals, with j = y, o,

d .
Q= kSl —1g) — g,
d
SE = Mo, +0,)S (o, + WE,
d
4 = LoE; — (7, + WA,
4 (2)
EDU = (1 _Pj)JjEj - (Vlj + :u)Dlj
d
I Q, = (1- Xj)VjAj +myyDy; — (V:sj + .U)Q2j
d
EDQj = (1- kj)yllej - (sz +u+ O‘j)Dm
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and for recovered individuals,

%I = 1,0A, + 73,Dyy + 79, Do, + 2V0As + V36D10 + V20D — 1, (3)
where N; = §; + E; + Aj + Dyj + Qyj + D;j,and N= N, + N, + I obeys Eq (A.5) in S1 Appendix.
The force of infection A is given by Eq (A.1) in S1 Appendix.

The system of non-autonomous and non-linear differential Eqs (1-3) is simulated permit-
ting pulse intervention to the boundary conditions. Hence, the equations for susceptible and
isolated persons become

d

Esy = ¢N—(p+u)s, —1S,

d

S = 98, - uS,—MS, (4)
d

E Qj = _,quv

j =1, 0, and other equations are the same. Hence, for the system of Eqs (1-3), the initial condi-
tions (at t = 0) are, for j = y, o,

5(0) =Ny, X(0)= My where X, = Q,E;,A;,D;,Qy, Dy, I, (5)
where Ny, and Ny, are the size of young and elder subpopulations, with N(0) = Ny = No,, + No,»
and ny is a non-negative number. For instance, ny, = ny, = 0 means that there is not any

exposed person (young and elder) at the beginning of the epidemic.
The boundary conditions describing the quarantine implemented at ¢ = 7 are

S =8 )1 —k) and Q) = Q) + (e )k, ©

J J
plus

X(e*") = X;(t*7), where X, =E;,A;D,,Qy,Dy,1, (7)

where we have 7 = lim,_ . t (for t < 7°), and 7°" = lim._, t (for t > 7). If quarantine is
applied to a completely susceptible population at t = 0, there are not any infectious persons, so
S(0) = Ny. If quarantine is done at t = TJ’:S without a screening of persons harboring the virus,
then many of the asymptomatic persons could be isolated with susceptible persons.

The epidemiological scenario of quarantine is obtained by the solution of the system of Eqs
(1-3). The simulation of this system provides the epidemic curve (severe CoViD-19 cases D,),
and the numbers of susceptible (S) and recovered (I) persons. However, the following epidemi-
ological parameters (the initial conditions (5) supplied to the system of equations determine
all initial conditions below) are derived:

(1) The number of non-isolated (circulating) persons S; is obtained from Eq (4), and the
number of circulating plus isolated susceptible persons $* is obtained by

Stat =S + Q
y Y 4
U =S 4§ with (8)
Sf)Ot = So + Qo’

where S and S are the numbers of susceptible, respectively, young and elder persons.
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(2) The numbers of new cases of CoViD-19 @, and @, are
d

aq)y == >\‘Sy
with @ =0 + @, (9)
d
—0, =
dt ° l//Saa

where @,(0) = E,(0) and ®,(0) = E,(0).
(3) The numbers of accumulated severe CoViD-19 cases Q, and Q, are given by the exits
from Dy, Q» D10, and Q,, and entering into classes D, and D,,, that is,

d
EQ}' = (1 — my) yly (Dly + QU’)

with Q=Q +Q, (10)
d
EQU = (1 - mo)ylo(Dlo + Qlo)’
with €,(0) = Q, and Q,(0) = Q. The daily severe CoViD-19 cases € is, considering At = t; —
ti—l =At=1 da)/,

Q1) = [ f0d=00) -0, (1)

where Q;(0) = Q, is the first observed CoViD-19 case at t, = 0, withi=1,2,---,and t; = 1 is
the next day in the calendar time, and so on.
(4) The number of deaths due to severe CoViD-19 cases is

d .
EHy =a,D,, with II,(0)=0

=11, +1II,, where (12)

41, =D, with T,(0)=0.

dt

In the estimation of the additional mortality rates, we must bear in mind that the registration
times of the new cases and deaths do not have direct correspondence, somewhat they are
delayed by A days, that is, IT,(t + A) = a,D,,(t), for instance. We can estimate the severity case
fatality rate as the quotient I1/Q, and the infection fatality rate as I1/®.

The model parameters are estimated using the registered data from Sao Paulo State (Febru-
ary 26 to May 7, 2020) and Spain (January 31 to May 20, 2020). We calculate the basic (R,) and
effective (R, reproduction numbers obtained from the analysis of the steady-state corre-
sponding to the system of Eqs (A.2-A.4) in S1 Appendix, which are found in Section A.2 in S1
Appendix. We perform the sensitivity analysis of Ry, which is given in Section A.3 in S1
Appendix.

Results

In the preceding section, we presented a mathematical model to describe the transmission of
SARS-CoV-2, which is applied to describe the epidemiological scenarios of isolation in Séo
Paulo State and lockdown in Spain. We obtained the basic reproduction number R, and the
effective reproduction number R (see Section A.2 in S1 Appendix).
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In Section B in S1 Appendix, the accumulated CoViD-19 data follow three distinct trends.
These periods in Séo Paulo State describe the epidemic occurring naturally, with isolation, and
isolation associated with protective measures. In Spain, the three periods represent the natural
epidemic, the epidemic during the transition from natural to lockdown, and the epidemic
occurring in lockdown. Considering these three trends shown by the CoViD-19 data, we eval-
uate the model parameters (see Section C in S1 Appendix).

It is worth stressing that the first period of data corresponding to the natural epidemic of
CoViD-19 in Sao Paulo State and Spain is a unique opportunity to estimate R. It is in concor-
dance with the definition of the basic reproduction number: Completely susceptible popula-
tion without constraints (interventions) [10]. Based on this estimation, all subsequent non-
pharmaceutical interventions (herd protection) applied to flattening the epidemic curve can be
assessed. In the preceding section, we described the quarantine as a pulse, resulting in a sharp
fall (jump down) in the effective reproduction number R, as observed in pulse vaccination
[10]. We estimate the magnitude of the jump down in R, due to the quarantine and protective
measures.

CoViD-19 in Sao Paulo State—Isolation

Sdo Paulo State has 44.6 million inhabitants with 15.3% of elder population (60 years old or
more) [16], and the demographic density is 177/km? [17]. The first confirmed case of CoViD-
19 occurred on February 26, the first death due to CoViD-19 on March 16, and on March 24,
Sao Paulo State implemented the isolation of people in non-essential activities.

In Section C.1 in S1 Appendix, we evaluate the model parameters based on the daily col-
lected data (see B.1 and B.2 Figs in Section B.1 of S1 Appendix), using the estimation method
described in Section D.1 in S1 Appendix. We summarize the estimated values using data from
February 26 to May 7 (see C.1-C.4 Figs in Section C.1 of S1 Appendix):

1. Data from February 26 to April 3—The transmission rates 8, = 0.78 and 3, = 0.90 (both in
days™"), giving Ry = 9.24; the additional mortality rates &, = 0.00185 and o, = 0.0071 (both
in days ™).

2. Data from March 24 to April 12—The proportion in isolation of susceptible persons
k=0.53.

3. Data from April 4 to May 7—The protective factor € = 0.5 reducing the transmission rates
to ff, = 0.39 and f§, = 0.45 (both in days™).

Using these values, we describe the epidemiological scenario of isolation associated with
protective measures.

In Fig 1, we show the effects of interventions on the dynamic of the new coronavirus. As
interventions are added (isolation followed by protective measures), we observe decreasing in
the peaks of severe CoViD-19 D,, which move to the right. Fig 1(a) shows the natural epi-
demic, epidemic considering only isolation, and epidemic occurring with isolation associated
with protective measures. In Fig 1(b), we show the number of immune (recovered) persons I
corresponding to the three cases shown in Fig 1(a). The curves of I have a sigmoid shape.

On June 15, the date proposed to initiate the relaxation of quarantine, in the absence of
interventions (k = 0 and & = 1), the numbers of immune persons I,, I,, and I increase from
zero to, respectively, 36.92 million, 6.505 million, and 43.43 million. When interventions (iso-
lation and protective measures) are adopted, the numbers are 6.12 million (16.6%), 1.14 mil-
lion (16.5%), and 7.26 million (16.7%) on June 15. The percentage between parentheses is the
ratio between with and without interventions I(k, £)/1(0, 1).
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Fig 1. The curves of the natural epidemic (k = 0 and & = 1), epidemic considering only isolation (k = 0.53 and £ = 1),
and epidemic occurring with isolation and protective measures (k = 0.53 and £ = 0.6) (a), and the number of immune
persons I (b).

https://doi.org/10.1371/journal.pone.0252271.9001
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Table 3. The peaks for young, elder, and total persons in the natural epidemic, isolation alone, and isolation asso-
ciated with protective measures. The percentage between parentheses is the ratio between with and without interven-
tions D,(k, £)/D,(0,1) and the peak’s occurrence date.

young (y) elder (o) all persons
Natural epidemic (k =0, & = 1) 224, 200 (May 2) 162, 200 (May 4) 386, 400 (May 3)
Isolation only (k = 0.53,e=1) 77, 320 (34%) (May 60, 020 (37%) (May 137,200 (36%) (May
21) 22) 21)
Isolation and protection (k = 0.53, € = 36,010 (16%) (June 31, 160 (19%) (June 67, 140 (18%) (June 23)
0.5) 22) 24)

https://doi.org/10.1371/journal.pone.0252271.t1003

In Table 3, we show the peaks of D,. Compared with the natural epidemic, the peaks of the
flattened epidemic curves decrease around to 35% and 18% in isolation alone and isolation
associated with protective measures. The protective measures yielded an additional decrease of
17%. Another benefit of the protective measures is a further delay in one month to occur the
peak.

Due to isolation and protective measures, many people remain as susceptible. In Fig 2 we
show the circulating susceptible persons S, S, and S = S, + S, (), and circulating plus isolated
susceptible persons S}, S and §** = S 4 S (b), using Eq (8). Remember that S} differs
from S, just after the introduction of isolation (March 24).

In Table 4, we show the numbers of susceptible persons Sys Sos and S= Sy+ S, without any
interventions (k = 0 and € = 1), with interventions (isolation and protective measures), and
adding isolated persons S}, §;" and §” = S + S} at the end of the first wave of the epidemic.

Observe that, on June 15, the sum of the susceptible persons in circulation and those in isola-
tion is such that there are more than 750 times and 23, 000 times, respectively, susceptible
young and elder persons in comparison with epidemic without any intervention. Hence, if all
persons are released without planning, the second wave will be intense, infecting much more
elder persons. In the absence of vaccine and effective treatment, interventions to reduce the
transmission of SARS-CoV-2 must be continued for a long time to avoid the rebounding of
the epidemic or a second wave.

It is essential to estimate the basic reproduction number, which portrays the beginning and
ending phases of an epidemic [18]. During the epidemic, however, the effective reproduction
number determines the risk of transmission of the infection. We use the approximate effective
reproduction number R4 given by Eq (A.18) in S1 Appendix, to follow the intensity of the epi-
demic, remembering that R, > 1 implies epidemic in expansion, while R,s < 1, in contraction.
Fig 3 illustrates the effective reproduction number R.rand D, during the epidemic, with (a)
and without (b) interventions. To be fitted together in the same frame with R, the curve of D,
was divided by 7, 000 (a) and 40, 000 (b). The curve of R.¢follows the shape of susceptible per-
sons, as shown in Fig 2, as expected. At the peak of the epidemic, the effective reproduction
number is lower than one; hence we have R,s= 1 occurring on June 14 (a) and April 6 (b).

As the epidemic evolves, the effective reproduction number varies, as shown in Fig 3(a). At
the beginning of the epidemic, on February 26, we have R,s= Ry = 9.24, on March 24, a jump
down occurred to R.¢= 4.35 due to the isolation, and a new jump down occurs to R.s= 2.15 on
April 4 when protective measures were adopted. On June 15, when the release will begin, we
have R.= 0.98, but in the ascending phase of the epidemic. The knowledge of R.smay help
public health authorities plan the release strategies.

We used the accumulated data shown in B.1(b) Fig in S1 Appendix and Q given by Eq (10)
to estimate the transmission rates 3, and f3,, the proportion in isolation k, and the protective
factor e. The curve labeled £ = 0.5 in C.3(b) Fig in S1 Appendix is the estimated curve €, from
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Fig 2. The circulating susceptible young S,, elder S, and total S = S,, + S, persons (a), and the sum of the circulating
and isolated susceptible populations S}, S;" and §* = S +- S, (b).

https://doi.org/10.1371/journal.pone.0252271.9002
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Table 4. The numbers of susceptible persons S, S,, and § = S, + S, without and with interventions, and S;"’, Skt
and §' = S} + S} at the end of the first wave of the epidemic. The percentage between parentheses is the ratio
between with and without interventions S(k, £)/S(0, 1).

young (S,) elder (S,) all persons (S, + S,)
Natural epidemic 37,000 210 37,210
Isolation and protection (circulating) 8.15 million (22, 1.3 million (619, 047%) | 9.5 million (25,
027%) 531%)
Isolation and protection (adding 28 million (75, 676%) | 4.9 million (2, 333, 33 million (88, 686%)
isolated) 333%)

https://doi.org/10.1371/journal.pone.0252271.t1004

which the curve of severe cases D, was derived, corresponding to the most flattened curve
shown in Fig 1(a). Now, from the estimated curve of Q, we derive the daily cases 2, given by
Eq (11). In Fig 4(a), we show the calculated curve €, and daily cases presented in B.1(a) Fig in
S1 Appendix. In Fig 4(b), we show the initial part of the estimated curve Q with observed data
Q°, the extended Q, and daily observed cases ng, and severe cases D,. The peaks of Q; and
D, occur, respectively, on June 12 and 23.

On June 12, the peak of the daily cases of CoViD-19 predicted by the model reaches 5, 286.
On June 23, the peak of D, estimated by the model is 67, 140, and the number of accumulated
cases Q is 243, 000, which is 362% of the peak of D,, and 63% of cases when the first wave of
epidemic ends (386, 700). These values provided by the model correspond to the epidemic
with isolation without release.

CoViD-19 in Spain—Lockdown

Spain has 47.4 million inhabitants [19] with 25.8% of elder population [20], and the demo-
graphic density is 92.3/km” [17]. In Spain, the first confirmed case of CoViD-19 occurred on
January 31, 2020. However, the daily registering of CoViD-19 began on February 20 (3 cases),
the first 28 deaths were registered on March 8 when reached 1, 535 cases, and on March 16,
the lockdown was implemented.

In Section C.2 in S1 Appendix, we evaluate the model parameters based on the daily col-
lected data (see B.3 Fig in Section B.2 of SI Appendix), using the estimation method described
in Section D.1 in S1 Appendix. We summarize the estimated values using data from January
31 to May 20 (see C.5-C.8 Figs in Section C.8 of S1 Appendix):

1. Data from January 31 to March 21—In the natural epidemic, the estimated values are §, =
0.67 and f3, = 0.74 (both in days™") for the transmission rates, giving R, = 8.0, and the addi-
tional mortality rates are &, = 0.00273 and o, = 0.0105 (both in days ™).

2. Data from March 22 to 28—During the epidemic in transition, for the proportion in the
lockdown of susceptible person k = 0.9, the estimated transmission rates are ﬁ'y = 0.45 and

B, = 0.49 (both in days™") in the isolated population.

3. Data from March 24 to May 20—In the epidemic during the lockdown, for the protective
factor € = 0.5, the estimated transmission rates are [3; =0.34and f, = 0.391 (both in

days™") in the circulating population, while in the people in lockdown, for the decreasing
factor w = 11.5, f;, = 0.059 and f§, = 0.068 (both in days™).

Using these values, we describe the epidemiological scenario of lockdown associated with
protective measures.

In Fig 5, we show the effects of interventions on the dynamic of the new coronavirus. Dur-
ing the three phases of the epidemic (natural, in transition, and effective lockdown), we
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Fig 3. The effective reproduction number R for epidemic with isolation and protective measures (a), and natural
epidemic (b) in Sao Paulo State. The number of severe covid-19 cases D, must be multiplied by 7, 000 (a) and 40, 000
(b).

https://doi.org/10.1371/journal.pone.0252271.9003
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Fig 4. The calculated curve Q;and observed daily cases in Sao Paulo State (a ) and the initial part of the estimated
curve Q with observed data Q°?, the extended Q, and daily observed cases Qr "> and severe covid-19 cases D, (b).
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Fig 5. The curves of the natural epidemic (k = 0), the epidemic in the transition phase (k = 0.9), and the epidemic with
lockdown (k = 0.9) (a), and the number of immune persons I (b).
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observe a decrease in the peaks of severe CoViD-19 D,, which move to the right. Fig 5(a)
shows the curves representing the natural epidemic, epidemic in transition, and epidemic in
effective lockdown. In Fig 5(b), we show the number of immune persons I corresponding to
the three cases shown in Fig 5(a). The curves of I follow a sigmoid shape.

In the natural epidemic, the numbers of immune persons I,, I,, and I increase from zero to,
respectively, 35 million, 12 million, and 47 million on June 15. In the epidemic with lockdown,
the numbers are, on June 15, 8.37 million (24%), 3.09 million (25.75%), and 11.46 million
(24.38%). Fig 5(b) shows only I with and without interventions. The percentage between
parentheses is the ratio between with and without interventions I(k, €)/1(0, 1) on June 15.

Let us compare the peak of D,. The peaks for young, elder, and total persons in the natural
epidemic are, respectively, 202, 600, 272, 700, and 475, 300, occurring on April 13, 15, and 14.
In the epidemic with lockdown, the peaks for young, elder, and total persons are, respectively,
32, 850 (16%), 48, 190 (18%), and 80, 750 (17%), which occurred on April 5, 7, and 6. The per-
centage between parentheses is the ratio between natural epidemic and epidemic with lock-
down D,(k, €)/D,(0, 1). The lockdown yielded a decrease to 17% compared to the natural
epidemic.

Fig 6 shows the effective reproduction number R.rand D, during the epidemic in circulat-
ing (a) and lockdown (b) populations. To be fitted together in the same frame with R, the
curve of D, was divided by 1, 000 (a) and 12, 000 (b).

For the 90% of the population in lockdown in Spain, the basic reproduction number Ry =
8.0 decreased to R.r= 0.771 and R.¢= 5.14, respectively, in circulating and lockdown popula-
tions on March 16. During a short period of transition from natural to lockdown epidemic,
the high effective reproduction number in the isolated population resulted in a high number
of infections (see C.7(b) Fig in S1 Appendix, practically all cases are originated in lockdown
population), which postpone the peak of the daily CoViD-19 cases to March 27. On March 24,
when the effectiveness of lockdown is observed, another reduction in the effective reproduc-
tion number occurs to R,r= 0.382 and R.¢= 0.59, respectively, in circulating and lockdown
populations. Although R.¢ < 1, the number of new cases of CoViD-19 does not decrease
quickly due to the high number of susceptible individuals. Hence, Spain’s example demon-
strated that it is not enough to decrease the effective reproduction number below unity if the
numbers of susceptible and infectious individuals are higher. On May 4 (phase 0 of release in
Spain [21]) and June 8 (phase 3 of release) the effective reproduction number assumes, respec-
tively, 0.53 and 0.51.

Fig 7 shows the curve € derived from Q and the observed data in Spain (a), and the esti-
mated curve of Q with observed data, the curves D, and Q,; with the observed data (b).

The peaks of the estimated curves €, and D, are, respectively, 8, 922 and 80, 750, which
occur on March 27 and April 6. The estimated daily cases’ peak occurred one day later than
the observed daily cases’ peak, 9, 177 on March 26. However, for k = 0.8, the peaks of the
estimated curves Q; and D, are, respectively, 9, 566 and 80, 020 occurring on March 28 and
April 6. The value of the peak of the estimated daily cases and the date it occurred show that
90% of the population in lockdown explains better the daily observed data in Spain than
80%.

Discussion

Firstly, we compare the epidemiological scenarios of the isolation in Sdo Paulo State and the
lockdown in Spain. Secondly, we address the critical question of the reliable estimation for R,,.
Finally, we discuss the model proposed here.
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Fig 6. The effective reproduction number R for epidemic with lockdown in circulating (a) and locked-down (b)
population in Spain. The number of severe covid-19 cases D, must be multiplied by 1, 000 (a) and 12, 000 (b).

https://doi.org/10.1371/journal.pone.0252271.9006
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Comparing CoViD-19 epidemic in Sao Paulo State and Spain

To evaluate two different approaches to control the CoViD-19 epidemic, we considered two
regions with similar population sizes—Spain (47.4 million, lockdown) and Sao Paulo State
(44.6 million, partial quarantine). Spain has 6% more inhabitants than Sdo Paulo State and
implemented the lockdown 45 days after the first case of CoVid-19, 18 days later than the isola-
tion implemented in Sdo Paulo State after the first case. Spain has 48% less demographic den-
sity and 41% more proportion of elders than Sdo Paulo State.

The widespread epidemic of CoViD-19 led Spain to implement lockdown, and the number
of asymptomatic persons was higher as shown in Eq (C.2) in Section C of S1 Appendix, while
in Sdo Paulo State, the population was isolated earlier, for this reason, the number of asymp-
tomatic persons was not so high as shown in Eq (C.1) in S1 Appendix. In the population in
lockdown in Spain, the numbers of infectious and susceptible persons are, respectively, 3 and
1.8 times more than those found in isolation in Sdo Paulo State. The number of new infection
cases is proportional to the product of the numbers of infectious and susceptible persons;
hence the population in lockdown in Spain has 5.4 times more risk of an outbreak of the epi-
demic than in Sdo Paulo State. Thus, we neglected the SARS-CoV-2 transmission in the iso-
lated population in Sdo Paulo State; however, to explain Spain’s observed data, we allowed a
low transmission (through restricted contact occurring in the household and neighborhood)
in the lockdown population. Indeed, the model provided that almost all severe CoViD-19
cases originated from the lockdown population in Spain, although R.¢= 0.59. However, the
epidemic of CoViD-19 in Sao Paulo State occurred in the circulating population, with the
effective reproduction number jumping down to R.s= 4.35 when the isolation in 53% of the
population was implemented on March 24, which decreased more to R.¢= 2.1 with the adop-
tion of protective measures on April 4. According to the definition in [7], Sdo Paulo State is an
example of mitigation, while Spain, of suppression.

The value of R, from the beginning of the epidemic to the implementation of lockdown/
isolation, decreased by 0.29 (with 8, 122 cases of severe CoViD-19) and 0.02 (with 397 cases),
respectively, in Spain and Sao Paulo State. Moreover, the peak of severe CoViD-19 cases
occurred on April 6 (66 days after the beginning of the epidemic), with 80, 750 cases in Spain,
which is 17% of 474, 900 cases in the natural epidemic. In Sao Paulo State, the estimated peak
of severe cases will occur on June 23 (118 days after the beginning of the epidemic) with 67,
140 cases (83% of Spain), 18% of 386, 400 cases in the natural epidemic. The 52 days gained by
Sao Paulo State are precious to avoid overloading the health system, showing that the early
adoption of isolation or lockdown is crucial to control the epidemic.

The estimated R, for CoViD-19 in Spain is 87% of that in Sdo Paulo State, although the
peak and the accumulated cases at the end of the first wave of the natural epidemic are 123%
and 124% of those found in Sdo Paulo State. We can understand this finding by analyzing the
partial reproduction numbers Ry, for young and Ry, for elder subpopulations. For Sao Paulo
State, we estimated Ry, = 7.73 and Ro, = 1.51. From the model, the fractions of young and
elder susceptible persons reach, in the long-term epidemic, respectively, s;* = 1/R,, = 0.13
and s** = 1/R, = 0.66. However, when young and elder subpopulations are not separated
but are interacting in the circulating population, we obtained s; = 0.1034 and s; = 0.0017.
Notice that the difference s;* — 57, j = y, 0, is the additional proportion of susceptible persons
infected due to interaction, being 2.7% for young and 66% for elder persons, showing that
elder persons are 24 times more risk than young persons when they interact. For Spain, we
estimated Ry, = 5.81 and Ry, = 2.19, which are 75% and 145% of those estimated in Sdo Paulo
State. For the number of accumulated cases, Spain has 93% (young) and 179% (elder) of severe
CoViD-19 cases of those found in Sdo Paulo State. For the number of cases at the peak of the
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epidemic, Spain has 90% (young) and 168% (elder) of those found in Sdo Paulo State. Finally,
in Spain, the most infections occurred in 90% of the lockdown population, with 25.8% being
composed of the elder persons, while in Sdo Paulo State, the infections were occurring in 47%
of the circulating population with 15.3% being composed of the elder persons. Therefore, the
higher number of cases with lower R, in Spain can be explained epidemiologically by lock-
down, which allowed a higher number of elder persons in close contact with young persons,
increasing the infection in the vulnerable elder subpopulation.

At the end of the first wave of the epidemic in quarantine, the accumulated severe CoViD-
19 cases in Spain are 320, 200, and in Sio Paulo State, 386, 600 (121% of the cases in Spain),
although the peak of the epidemic in Spain is higher. As a consequence, the lockdown imple-
mented in Spain reduced the number of CoViD-19 cases (27% of the natural epidemic) more
than isolation adopted in Sdo Paulo State (41% of the natural epidemic), which impacts the
number of immune (recovered) persons. The number of young and elder immune persons
are, respectively, 15.14 million (99%) and 2.82 million (97%) for Séo Paulo State, and 9.13 mil-
lion (99%) and 3.41 million (98%) for Spain. The percentage between parentheses is the ratio
between the numbers of immune persons and new cases of CoViD-19 I/®. In Sdo Paulo State,
the total number of immune persons at the end of the first wave of the epidemic is 40% of the
population, while in Spain, 26.5%. On June 15 (beginning of release), the proportion of the Sao
Paulo State’s immune person is 16.7%. In Spain, on May 4 (phase 0 of release), June 8 (phase 3
of release), and 15, the proportions of the immune persons are, respectively, 18%, 23.5%, and
24.4%, showing that on June 8, Spain is close to the end of the first wave of the epidemic. How-
ever, if lockdown/isolation and protective measures are relaxed or abandoned, Spain and Sao
Paulo State will be at higher risk to trigger a second wave of the epidemic due to an increased
number of susceptible persons and a low number of immune persons at the end of the first
wave of the epidemic.

At the end of the first wave of the epidemic in quarantine, the estimated number of deaths
in Spain is 32, 150 (10% of all cases), while in Sdo Paulo State is 23, 780 (6% of all cases), which
is 74% of the total deaths in Spain. The Sao Paulo State’s severity case fatality rate is 3.7 times
higher in young and 1.4 times lower in the elder than in Spain (see Section C in S1 Appendix).
Both severity cases and infection fatality rates for Spain for young and elder persons are
around 30% and 138% of the Sdo Paulo State rates. These rates in elder subpopulation could be
explained by the life expectancy (Sido Paulo State has 78.4 years and Spain, 83.4 years), because
59.7% of deaths occurred in elder persons with 80 years old or more in Spain [20]. However, a
higher proportion of uncontrolled comorbidity in the young subpopulation in Sao Paulo State
increased the number of deaths [22].

The number of deaths was around 12% of severe CoViD-19 cases in Spain, while in Sdo
Paulo State, it was about 7% on May 20. The number of deaths is closely related to the number
of severe CoViD-19 cases. As we pointed out, the close interaction between lockdown young
and elder subpopulations (the presence of infectious young individuals increases the risk of
infection among elders [23]) increased the epidemic in the elder subpopulation, increasing
deaths. Moreover, the quick increase in the number of severe CoViD-19 in Spain overloaded
hospitals and contributed to a rise in untreated patients’ death, especially elders. The current
relatively low number of fatalities in Sdo Paulo State compared with that observed in Spain
indicate that the health care system must be prepared to avoid hospital overload.

The daily registered CoViD-19 cases in B.1(a) and B.3(a) in Section B of S1 Appendix
showed an increasing phase (R.¢> 1) followed by a decreasing phase (R.s < 1) after reaching a
maximum value at around R.s= 1. The accumulated CoViD-19 cases shown in B.1(b) and B.3
(b) Figs in S1 Appendix, however, showed a sigmoid shape curve, that is, a quick increase in
the first phase (R, > 1, upward concavity) followed by a slow increase phase (R, < 1,
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downward concavity) of the epidemic. When the daily cases attain their maximum value (R,s=
1), the sigmoid curve changes the concavity, called the inflection point (or time). This shape
can be used in connection with the efforts to eradicate an infection (vaccination or quaran-
tine), which must be equal or greater than f,,;, = 1 — 1/R, the threshold of the fraction of sus-
ceptible individuals [10].

The curve of the accumulated CoViD-19 Q and the observed data in Spain (C.7(b) and B.3
(b) Figs in S1 Appendix) showed the inflection point 11 days after the implementation of lock-
down. It means that the lockdown resulted in R.r= 1 soon. Letting fmi, = 0.7, we must have R,
> 3.3 to describe the observed epidemic after lockdown, but for f,,;, = 0.8, we must have R, >
5. However, the curve of Q and observed data after the adoption of isolation in Sao Paulo State
showed upward concavity after isolating 53% of individuals, and they reached the inflection
point 80 days later (as we pointed out, R.s= 2.1 on March 24.) Suppose that R.s= 1 with 53%,
hence, letting f,;, = 0.53, we must have R, > 2.1 to describe the observed epidemic after isola-
tion. However, the long period to reach the inflection point demonstrates that Ry must be
much higher than 2.1.

Reliable estimation of R,

Amer et al. [12] developed the IPR (Infected Patient Ratio) tool to measure the number of
patients resulting from 1 primary infector during the incubation period. Using historical data
from Italy, Germany, Spain, France, the United States of America, and China, they calculated a
median of 16 patients infected by a primary infector during the incubation period. Accepting
that the basic reproduction number R, is roughly associated with IPR, the estimated R, for Sao
Paulo State (9.24) and Spain (8.0) are closer to the calculated IPR than estimations around 3.
Moreover, Amer et al. observed in China that the average IPR dropped from 38 infected
patients to 4 after only 12 days of lockdown (decreased by 89.5%). On the other hand, on
March 28, 12 days after the lockdown in Spain, the effective reproduction number R.fwas
around 0.6, decreasing by 92.5%. Performing statistical analysis (segmented regressions), San-
tamaria and Hortal [13] described the effectiveness of lockdown in Spain associated with pro-
tective measures.

In the literature, the usually assumed basic reproduction number R is around 2-3, see for
instance [6, 7]. However, Li et al. [8] explicitly cited that, by using data from January 10 to Feb-
ruary 8, 2020, they estimated the effective reproduction number R4 arguing that the most
recent common ancestor could have occurred on November 17, 2019. The time elapsed from
November 17, 2019 (the first case) to January 10, 2020 (the first day in the estimation) is 54
days. On January 23, 2020, Wuhan and other cities of Hubei province imposed a lockdown. As
we pointed out in C.1(b) Fig in S1 Appendix, taking into account the entire data or restricting
the interval of data around quarantine implementation, the estimated R.smust be lower.

From Figs 3 and 6, the effective reproduction number R.for Sao Paulo State, 54 days after
the beginning of the epidemic, is 2.1 (April 20), while for Spain, R.s= 0.6 (March 25). In other
words, using CoViD-19 data beginning from April 20 (Sao Paulo State) or March 25 (Spain),
probably the estimated effective reproduction number will be close to those retrieved from
Figs 3 and 6. On the other hand, if we estimate the basic reproduction number using the SIR
model with different infective persons at t = 0, we obtained, using data collected from Séo
Paulo State, Ry = 3.22 (for I(0) = 10), or Ry = 2.66 (for I(0) = 25), or R, = 2.38 (for I(0) = 50),
with other initial conditions being S(0) = 44.6 million, and R(0) = 0. The SIR model is formu-
lated considering only one class of infectious individuals. However, the available data at the
beginning of the epidemic is the severe CoViD-19 cases, which are hospitalized and, probably,
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they are not transmitting except to the hospital staff. Hence, the SEIR model is not appropriate
to describe the CoViD-19 epidemic [9].

The reliable estimation of Ry is essential because this number determines the magnitude of
effort to eradicate infection. In the case of vaccination, the efforts to eradicate a disease must
be vaccinating a fraction equal to or greater than 1 — 1/R, of susceptible individuals [10]. In
Yang [24], analyzing vaccination as a control mechanism, if R, is reduced by the vaccine to a
value lower than one, the number of cases decreased following exponential-type decay, as we
observed in Fig 6 describing the lockdown in Spain. Hence, instead of a vaccine, let us consider
lockdown to control CoViD-19 transmission. If Ry = 3, we must isolate at least 67% of the pop-
ulation, while for R, = 8, at least 87% of the population. As we have pointed out, 70% of the
people in lockdown did not explain the CoViD-19 data in Spain, but 90% of the people in lock-
down described better the observed data. Hence, our estimation of R, for Spain using the first
period of CoViD-19 data is more reliable than that provided by the SEIR model.

In Yang et al. [11, 25], we estimated the additional mortality rates based on the observed
data and concluded that their values fitted well at the beginning of the epidemic but did not
provide reliable fitting in the long-term epidemic. For instance, that method of estimation
pairing the numbers of new cases and deaths at the registering time resulted in deaths of 30%
up to 80% of severe CoViD-19 cases at the end of the epidemic’s first wave. For this reason, we
had adopted a second method of estimation considering that the accumulated deaths in the
elder subpopulation at the end of the first wave of the epidemic must be around 10%, underes-
timating the number of deaths at the beginning of the epidemic. Here, we improved the esti-
mation of the additional mortality rates by pairing the numbers of new cases and deaths not at
the registering time but delayed in 15 days, which is suggested by comparing the daily regis-
tered data of new cases with fatalities (see B.1 Fig in S1 Appendix). C.4 and C.8 Figs in S1
Appendix showed that this novel method of estimation fits relatively well during the three
periods of the epidemic with A = 15 days. However, we can vary A according to the period of
the epidemic to obtain a better fitting. For instance, in C.8 Fig in S1 Appendix, the accumu-
lated data of deaths corresponding to the natural epidemic is well fitted using A = 7 days.

The concept of herd immunity is associated with the protection provided by immunized
persons to a specific subpopulation under a higher risk of death caused by a syndrome or
comorbidity. For instance, in the rubella infection, mass vaccination was planned to diminish
the infection among pregnant women to reduce the number of congenital rubella syndrome
[26]. The vaccination jumps down R,ras shown in Figs 3 and 6, and the isolation of a fraction
k of the susceptible persons. Different from the permanent reduction promoted by a vaccine,
the herd protection implemented in a population reduces R,rtemporarily and lasts whenever
the population maintains adherence to lockdown/isolation and protective measures. Hence,
the non-pharmaceutical interventions protect especially the elder subpopulation under higher
risk of infection and death.

Notes regarding the model

We formulated a deterministic compartment model to describe the quarantine as a control
mechanism of the CoViD-19 epidemic. The model considered essential compartments accord-
ing to the natural history of CoVid-19, and the depending on age fatality was incorporated
considering two subpopulations. This model is minimalist also in retrieving the basic repro-
duction number R, analytically: Any addition in compartments and or age groups becomes
this task extremely hard or impossible.

The model considered homogeneity in the spatial distribution, social contact and behavior,
genetic, nutrition, etc. In Section A.4 in S1 Appendix, we present different mathematical
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approaches to incorporate some elements of heterogeneity. The model did not take into
account the loss of immunity neither the reinfection. SARS-CoV-2, like all RNA-based viruses,
mutates faster and may originate variants of the original virus, which was not considered in
the model.

We applied the model to describe the data recorded from Sdo Paulo State and Spain. The
vital dynamic and natural history of CoViD-19 parameters’ values in Table 2 can be evaluated
for other countries or regions. Using these values, the SARS-CoV-2 transmission and interven-
tion parameters can be fitted against the observed CoViD-19 data. The further observed severe
CoViD-19 cases and deaths must be confronted with the model’s predictions while the inter-
ventions last. Once the model’s predictability was verified, the epidemiological scenario of the
isolation can be considered as the background to evaluate (or predict the outcomes of) the
relaxation strategies.

Conclusion

In the absence of effective treatment and vaccine, the lockdown adoption at the very beginning
of the epidemic is recommended to control the SARS-CoV-2 with high transmissibility and
lethality. The second strategy is the implementation of isolating, as Sao Paulo State did. In this
strategy, the epidemic curve of CoViD-19 in the circulating population is flattened to avoid the
overloading in hospitals, and the immunization by the natural epidemic is increased—unfortu-
nately, the number of deaths due to CoViD-19 increases. The third strategy, the adoption of
lockdown, is recommended when the epidemic is out of control, and Spain is an example. In the
second and third strategies to control the CoViD-19 epidemic, the severe CoViD-19 data before
the adoption of isolation or lockdown are used to estimate the basic reproduction number.

Quarantine (isolation and lockdown) is a valuable measure to control an epidemic with
high lethality. Due to the health care system’s critical situation, Spain imposed a rigid quaran-
tine (lockdown), which impacted the fast ascending phase of the epidemic by reducing R.¢
below one. This reduction resulted in a peak of 80, 750 cases occurring 20 days after the imple-
mentation of lockdown (on March 16, Q°* = 14, 011). Convinced by the epidemiological situa-
tion in Spain, Sdo Paulo State implemented partial quarantine (isolation) and, as a result, the
peak of 67, 140 cases will occur 91 days after the isolation (on March 24, Q°” = 810). The rela-
tively early implementation of the isolation in Sao Paulo State somehow avoided the overload-
ing in the health care system by flattening the epidemic curve.

The proportion of the immune (recovered) persons at the end of the first wave of epidemic
is 40% of Sdo Paulo State’s population and 26% of Spain’s population. On June 8 (phase 3 of
the release in Spain [21]), the effective reproduction number was 0.51, and 23.5% of the popu-
lation was immune, showing that Spain was close to the end of the first wave of the epidemic.
This relatively safe epidemiological scenario was favorable to implement a carefully planned
relaxation (release). However, on June 15, the effective reproduction number was 0.98, but in
the ascending phase of the epidemic, and 16.7% of the population was immune, showing that
Sao Paulo State was far from the end of the epidemic. The release of the isolated persons in this
unfavorable epidemiological scenario may enhance the already intense transmission of SARS-
CoV-2. Additionally, the abandonment of protective measures (face mask, washing hands, and
social distancing) may result in a fierce retaken of the epidemic, especially in Spain.

Supporting information

S1 Appendix.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0252271 June 15, 2021 22/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252271.s001
https://doi.org/10.1371/journal.pone.0252271

PLOS ONE

CoViD-19in Sao Paulo State and Spain

Acknowledgments

We thank to anonymous referees for providing comments and suggestions, which contributed
to improving this paper.

Author Contributions
Conceptualization: Hyun Mo Yang.

Data curation: Luis Pedro Lombardi Junior.
Formal analysis: Hyun Mo Yang.

Investigation: Hyun Mo Yang, Luis Pedro Lombardi Junior, Fabio Fernandes Morato Castro,
Ariana Campos Yang.

Methodology: Hyun Mo Yang, Ariana Campos Yang.

Software: Luis Pedro Lombardi Junior.

Supervision: Hyun Mo Yang.

Validation: Fabio Fernandes Morato Castro, Ariana Campos Yang.
Visualization: Hyun Mo Yang, Luis Pedro Lombardi Junior.
Writing - original draft: Hyun Mo Yang.

References

1.  Yuanl, et al. Aerodynamic analysis of SARS-CoV-2 in two Wuhan hospitals. [published April 27, 2020;
accessed May 10, 2020] Available from: https://doi.org/10.1038/s41586-020-2271-3.

2.  ZhuN, et al. A novel Coronavirus from patients with pneumonia in China, 2019. N. Eng. J. Med. 2020;
381: 1-7. https://doi.org/10.1056/NEJM0a2001017

3. WHO. Report of the WHO-China Joint Mission on Coronavirus Disease 2019 (CoViD-19). 16-24 Febru-
ary 2020, 2020; pp 40.

4. TianH, etal. Aninvestigation of transmission control measures during the first 50 days of the COVID-
19 epidemic in China. Science 2020; 368 (6491): 638—642. https://doi.org/10.1126/science.abb6105
PMID: 32234804

5. ChuDK, etal. Physical distancing, face masks, and eye protection to prevent person-to-person trans-
mission of SARS-CoV-2 and COVID-19: a systematic review and meta-analysis. The Lancet 2020;
Published online June 1, 2020 https://doi.org/10.1016/S0140-6736(20)31142-9 PMID: 32497510

6. Koo JR, et al. Interventions to mitigate early spread of SARS-CoV-2 in Singapore: a modelling study.
Lancet Infect Dis. 2020; 20 (6): 678-688. https://doi.org/10.1016/S1473-3099(20)30162-6 PMID:
32213332

7. Ferguson NM, et al. Impact of non-pharmaceutical interventions (NPIs) to reduce CoViD-19 mortality
and healthcare demand. Imperial College CoViD-19 Response Team 2020; March 16, 2020. https:/
doi.org/10.25561/77482.

8. LiRY, etal. Substantial undocumented infection facilitates the rapid dissemination of novel coronavirus
(SARS-CoV2). Science 2020; 368(6490): 489-493. https://doi.org/10.1126/science.abb3221 PMID:
32179701

9. Yang HM, Lombardi Junior LP, Campos AC. Are the SIR and SEIR models suitable to estimate the
basic reproduction number for the CoViD-19 epidemic? MedRxiv [Preprint]. 2020 medRxiv 20210831
[posted October 20, 2020; revised December 28, 2020; accessed May 5, 2021]: [31 p.]. Available from:
https://doi.org/10.1101/2020.10.11.20210831.

10. Anderson RM, May RM. Infectious Diseases of Human. Dynamics and Control. Oxford, New York,
Tokyo: Oxford University Press; 1991: 757 p.

11.  Yang HM, Lombardi Junior LP, Castro FFM, Campos AC. Mathematical model describing CoViD-19in
Sao Paulo State, Brazi—Evaluating isolation as control mechanism and forecasting epidemiological
scenarios of release. Epidemiology and Infection 2020; 148: e155. https://doi.org/10.1017/
S0950268820001600 PMID: 32684175

PLOS ONE | https://doi.org/10.1371/journal.pone.0252271 June 15, 2021 23/24


https://doi.org/10.1038/s41586-020-2271-3
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1126/science.abb6105
http://www.ncbi.nlm.nih.gov/pubmed/32234804
https://doi.org/10.1016/S0140-6736(20)31142-9
http://www.ncbi.nlm.nih.gov/pubmed/32497510
https://doi.org/10.1016/S1473-3099(20)30162-6
http://www.ncbi.nlm.nih.gov/pubmed/32213332
https://doi.org/10.25561/77482
https://doi.org/10.25561/77482
https://doi.org/10.1126/science.abb3221
http://www.ncbi.nlm.nih.gov/pubmed/32179701
https://doi.org/10.1101/2020.10.11.20210831
https://doi.org/10.1017/S0950268820001600
https://doi.org/10.1017/S0950268820001600
http://www.ncbi.nlm.nih.gov/pubmed/32684175
https://doi.org/10.1371/journal.pone.0252271

PLOS ONE

CoViD-19in Sao Paulo State and Spain

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Amer F, Hammoud S, Farran B, Boncz |, Endrei D. Assessment of countries’ preparedness and lock-
down effectiveness in fighting COVID-19. Disaster Medicine and Public Health Preparedness 2020.
https://doi.org/10.1017/dmp.2020.217 PMID: 32576332

Santamaria L, Hortal J. Chasing the ghost of infection past: identifying thresholds of change during the
COVID-19 infection in Spain. Epidemiology and Infection 2020; 148: €282. https://doi.org/10.1017/
S0950268820002782 PMID: 33183397

Guirao A. The Covid-19 outbreak in Spain. A simple dynamics model, some lessons, and a theoretical
framework for control response. Infectious Disease Modelling 2020; 5: 652—669. https://doi.org/10.
1016/j.idm.2020.08.010 PMID: 32869008

Battineni G, Chintalapudi N, Amenta F. (2020), SARS-CoV-2 epidemic calculation in Italy by SEIR com-
partmental models. Applied Computing and Informatics 2020; Emerald Publishing Limited: 11 pg.
https://doi.org/10.1108/ACI-09-2020-0060.

SEADE—Fundacéo Sistema Estadual; 2020 [accessed April 20, 2020]. Database [Internet]. Available
from: https://www.seade.gov.br.

PopulatioPyramid.net; 2020 [accessed April 30, 2020]. Database [Internet]. Available from: https:/
www.populationpyramid.net/.

Yang HM. Are the beginning and ending phases of epidemics provided by next generation matrices?—
Revisiting drug sensitive and resistant tuberculosis model. arXiv: 2006.06857 [Preprint]. 2020 [submit-
ted June 11, 2020; accessed June 11, 2020]. Available from: http://arxiv.org/abs/2006.06857.

Instituto Nacional de Estadistica; 2020 [accessed May 22, 2020]. Database INE [Internet]. Available
from: https://www.ine.es/en/index.htm.

Covid-19: death toll by age groups in Brazil, ltaly, Spain and the US; 2020 [accessed May 22, 2020].
Datbase PODERS60 [Internet]. Available from: https://www.poder360.com.br/coronavirus/CoViD-19-
death-toll-by-age-groups-in-brazil-italy-spain-the-us/.

Plan para la Transicién hacia una nueva normalidad; 2020 [accessed May 25, 2020]. Database [Inter-
net]. Avaialble from: https://www.mscbs.gob.es/profesionales/saludPublica/ccayes/alertasActual/
nCov-China/planDesescalada.htm.

Rezende LFM, Thome B, Schveitzer MC, Souza-Junior PRB; Szwarcwald CL. Adults at high-risk of
severe coronavirus disease-2019 (Covid-19) in Brazil. Rev. Saude Publica 2020; 54: Epub 15-May-
2020. https://doi.org/10.11606/s1518-8787.2020054002596 PMID: 32491091

Yang HM, Lombardi Junior LP, Castro FFM, Campos AC. Evaluating reduction in CoViD-19 cases by
isolation and protective measures in Sdo Paulo State, Brazil, and scenarios of release. MedRxiv [Pre-
print]. 2020 medRxiv 20099309v2 [posted May 22, 2020; revised June 4, 2020; accessed June 5,
2020]: [55 p.]. Available from: https://www.medrxiv.org/content/10.1101/2020.05.19.20099309v2.

Yang HM. Modeling directly transmitted infections in a routinely vaccinated population—The force of
infection described by Volterra integral equation. Applied Mathematics and Computation 2001; 122 (1):
27-58. https://doi.org/10.1016/S0096-3003(00)00011-4

Yang HM, Lombardi Junior LP, Campos AC. Modeling the transmission of new coronavirus in the Sao
Paulo State, Brazil—Assessing epidemiological impacts of isolating young and elder persons. arXiv:
2004.05715 [Preprint]. 2020 [submitted April 12, 2020; accessed May 20, 2020]. Available from: https://
arxiv.org/abs/2004.05715.

Yang HM, Freitas ARR. Biological view of vaccination described by mathematical modellings: from
rubella do dengue vaccines. Math. Biosc. Engin. 2019; 16 (5): 3195-3214. https://doi.org/10.3934/
mbe.2019159 PMID: 31499609

PLOS ONE | https://doi.org/10.1371/journal.pone.0252271 June 15, 2021 24/24


https://doi.org/10.1017/dmp.2020.217
http://www.ncbi.nlm.nih.gov/pubmed/32576332
https://doi.org/10.1017/S0950268820002782
https://doi.org/10.1017/S0950268820002782
http://www.ncbi.nlm.nih.gov/pubmed/33183397
https://doi.org/10.1016/j.idm.2020.08.010
https://doi.org/10.1016/j.idm.2020.08.010
http://www.ncbi.nlm.nih.gov/pubmed/32869008
https://doi.org/10.1108/ACI-09-2020-0060
https://www.seade.gov.br
https://www.populationpyramid.net/
https://www.populationpyramid.net/
http://arxiv.org/abs/2006.06857
https://www.ine.es/en/index.htm
https://www.poder360.com.br/coronavirus/CoViD-19-death-toll-by-age-groups-in-brazil-italy-spain-the-us/
https://www.poder360.com.br/coronavirus/CoViD-19-death-toll-by-age-groups-in-brazil-italy-spain-the-us/
https://www.mscbs.gob.es/profesionales/saludPublica/ccayes/alertasActual/nCov-China/planDesescalada.htm
https://www.mscbs.gob.es/profesionales/saludPublica/ccayes/alertasActual/nCov-China/planDesescalada.htm
https://doi.org/10.11606/s1518-8787.2020054002596
http://www.ncbi.nlm.nih.gov/pubmed/32491091
https://www.medrxiv.org/content/10.1101/2020.05.19.20099309v2
https://doi.org/10.1016/S0096-3003(00)00011-4
https://arxiv.org/abs/2004.05715
https://arxiv.org/abs/2004.05715
https://doi.org/10.3934/mbe.2019159
https://doi.org/10.3934/mbe.2019159
http://www.ncbi.nlm.nih.gov/pubmed/31499609
https://doi.org/10.1371/journal.pone.0252271

