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a b s t r a c t

We conducted a comparative study of the COVID-19 epidemic in three different settings: mainland
China, the Guangdong province of China and South Korea, by formulating two disease transmission
dynamics models which incorporate epidemic characteristics and setting-specific interventions, and
fitting the models to multi-source data to identify initial and effective reproduction numbers and
evaluate effectiveness of interventions. We estimated the initial basic reproduction number for South
Korea, the Guangdong province and mainland China as 2.6 (95% confidence interval (CI): (2.5, 2.7)), 3.0
(95%CI: (2.6, 3.3)) and 3.8 (95%CI: (3.5,4.2)), respectively, given a serial interval with mean of 5 days
with standard deviation of 3 days. We found that the effective reproduction number for the Guangdong
province and mainland China has fallen below the threshold 1 since February 8th and 18th respectively,
while the effective reproduction number for South Korea remains high until March 2nd Moreover our
model-based analysis shows that the COVID-19 epidemics in South Korean is almost under control with
the cumulative confirmed cases tending to be stable as of April 14th. Through sensitivity analysis, we
show that a coherent and integrated approach with stringent public health interventions is the key to
the success of containing the epidemic in China and especially its provinces outside its epicenter. In
comparison, we find that the extremely high detection rate is the key factor determining the success
in controlling the COVID-19 epidemics in South Korea. The experience of outbreak control in mainland
China and South Korea should be a guiding reference for the rest of the world.

© 2021 ISA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Coronaviruses, enveloped viruses characterized by a single-
tranded, positive-sense RNA, cause generally mild infections
ut occasionally lethal communicable disorders leading to the
‘Severe Acute Respiratory Syndrome’’ (SARS), the ‘‘Middle East
espiratory Syndrome’’ (MERS), and the current ‘‘Coronavirus
019 Disease’’ (COVID-19) outbreak [1–5] that has gradually
pread out from the initial epicenter of Wuhan (China) and
ffected more than 220 countries/territories and international
onveyances including the cruise ship Diamond Princess harbored
n Yokohama/Japan.

∗ Corresponding author.
1 The first three authors made the same contributions.
ttps://doi.org/10.1016/j.isatra.2021.12.004
019-0578/© 2021 ISA. Published by Elsevier Ltd. All rights reserved.
In the absence of effective treatments and vaccines, early
adoption of stringent public health measures is crucial in miti-
gating the scale and burden of an outbreak. Unprecedented re-
strictive measures, including travel restrictions, contact tracing,
quarantine, and lock-down of entire towns/cities adopted by the
Chinese authorities have resulted in a significant reduction of the
effective reproductive number of COVID-19 [6,7]. However, these
public health interventions have not been considered and/or im-
plemented as effectively in other settings and contexts. Decision-
making and implementations require, indeed, adaptations and
modifications to take into account setting-specific characteristics
in terms of community features, local epidemiology and risk
assessment, social habits, juridical provisions, organizational co-
ordination, and availability of economic-financial resources. For
instance, particularly restrictive measures have been shown not
to be effective in certain countries [8].

Several public health interventions can be implemented to
counteract the threat posed by an emerging outbreak [9] with

https://doi.org/10.1016/j.isatra.2021.12.004
http://www.elsevier.com/locate/isatrans
http://www.elsevier.com/locate/isatrans
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isatra.2021.12.004&domain=pdf
https://doi.org/10.1016/j.isatra.2021.12.004
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andemic potential. These interventions can be basically classi-
ied into two major categories: the measures in the first category
re aimed at protecting the borders and include interventions
uch as travel restrictions and border entry screening, whereas
he measures in the second category have the objective of lo-
ally controlling the spreading of the virus and include enhanced
pidemiological surveys and surveillance, contact tracing, school
losure and other interventions that favor a reduction in the num-
er of social contacts. The effectiveness of intervention measures
s variable and, for some, is still under debate. Regarding, for
xample, extensive travel restrictions, a recent systematic review
as shown that this intervention may contribute to delaying but
ot preventing the transmission and diffusion of a viral outbreak.
s such, it is not recommended for implementation, if not within
broader package of public health measures aimed at rapidly

ontaining the outbreak [10]. A similar conclusion can be reached
or border entry screening, considered as ineffective or poorly
ffective per se, and therefore needs to be combined and provided

together with other strategies [11]. School closure appears to
be potentially effective in containing/reducing viral outbreaks,
although further research is warranted to identify the best strat-
egy in terms of timing and length of closure [12]. The measure
of quarantine is also particularly controversial, since it raises
ethical dilemmas, and political and social concerns [13,14], and
quantification of its real impact [13] is difficult due to high uncer-
tainty in its efficacy. However, in the absence of effective medical
interventions, for example, during the earlier stage of a pandemic,
these measures must be implemented and the success of these
measures, despite their disruptive impact on social-economic
activities, depends heavily on how these measures are adapted to
the specific scenario, in terms not only of clinical and epidemio-
logical variables but also of social aspects, including social habits,
juridical provisions, and economic-financial resources.

How differentiation and combination of these interventions
ithin a coherent and systematic package of public health mea-
ures contribute to different outbreak outcomes is an urgent
lobal health issue that must be addressed in order to ensure
hat lessons from countries that have early experienced COVID-19
utbreak can be learned by other countries in their preparedness
nd management of a likely pandemic.
Several mathematical models have been devised to predict

he epidemiologic trend of the COVID-19 outbreak, including
tochastic/mathematical (integer derivative [15,16] or fractional-
rder [17–19]) models, mass-action, (spatial) structured metapop-
lation, agent-based networked, and other compartmentalized
odels [20], among others. According to a systematic survey of

he literature, synthesizing 242 studies, 46.1% of studies used
ompartmental models, 31.8% statistical models (growth mod-
ls and time series), 6.7%, 4.7%, 3.3%, 2.3% and 1.3% Artificial
ntelligence-, Bayesian approach-, hybrid, network- and individ-
al agent-based models, respectively [21].
In the present paper, we conducted a comparative study of the

OVID-19 epidemic in three different settings: mainland China,
he Guangdong province of China and South Korea.

In South Korea, the first COVID-19 case (a 36 year-old Chinese
oman, with a recent travel history to Wuhan) was reported on

anuary 8th 2020. A severe cluster of cases emerged in the city
f Daegu, where on February 23rd 2020 a 61 years old woman
pread the virus to hundreds of worshipers at Shincheonji Church
f Jesus. On March 5th 2020, a further cluster of cases occurred at
nursing home in Gyeongsan, which has been declared a ‘‘special
are zone’’ in an effort to contain the viral outbreak. As of March
th 2020, South Korea has reported 7313 cases, with 130 total
ecovered cases and 50 deaths, with no sign that the epidemic
as slowing down. As of June 8th 2021, a number of 164,028 total
ases have been reported, with 2034 deaths and 151,923 total
ecovered cases. There were 1275 newly daily confirmed cases.
165
In comparison, intensive social contacts and massive mobility
associated with the Chinese Traditional Spring Festival, combined
with an initial delay in responding to the outbreak, resulted in
exponential growth of infections in the (then) epicenter (Wuhan)
and large case importations to other Chinese cities. On January
23rd 2020, the Chinese government decisively implemented a
systematic package of measures in the epicenter, including the
lock-down/quarantine of Wuhan city and other cities/towns of
the Hubei province, intense contact tracing and isolation. This led
to the rapid and effective mitigation of the COVID-19 epidemic.
Case importation before the January 23rd lock-down also resulted
in outbreaks in all Chinese provinces, but the systematic package
of interventions implemented across the country led to an effec-
tive containment. On March 8th 2020, the newly confirmed cases
in the entire country reduced to 40. As of June 8th 2021, a number
of 91,966 total cases have been reported, with 4636 deaths and
86,883 total recovered cases. Newly daily confirmed cases were
17.

Particularly, Guangdong, the province with the largest pop-
ulation in China at present, with gross domestic product (GDP)
ranked first since 1989 and with the level of middle- and upper-
income countries and middle-developed countries, reported the
first confirmed COVID-19 case on January 19th. On January 23rd,
the government of Guangdong province announced the first-level
response to major public health emergencies for controlling the
spread of COVID-19. As of March 8th, there are a total of 1325
confirmed cases and 8 deaths in Guangdong province, and no new
case is reported. In contrast to South Korea, there was a relatively
large ratio of imported cases in Guangdong province, particularly,
in Shenzhen (a megacity in Guangdong province) more than 70
percent of the confirmed cases are imported [22].

What differences in the intervention design and implemen-
tation between China and South Korea, and between South Ko-
rea and Guangdong have contributed to the different epidemic
curves, and what projection can we make about the epidemic
trend in South Korea under different scenarios if a portion or
the entirety of the Chinese package of public health interventions
is applied to South Korea? These are the questions we aim to
answer by developing mathematical models tailored to different
settings, including the entire country of China and its Guangdong
province and South Korea.

The present paper is the fully peer-reviewed and final edited
version of a draft initially submitted to the pre-print server of the
World Health Organization, as mandated by the institution itself
for rapid dissemination of COVID-19 related research during the
pandemic to facilitate and assist quick implementation of public
health policies in a data-driven and evidence-based way [1,2].

2. Methods

2.1. Data

We obtained data of the confirmed COVID-19 cases, the cu-
mulative number of quarantined individuals, cumulative death
cases in mainland China from the ‘‘National Health Commission’’
of the People’s Republic of China [23]. Data information includes
the newly reported cases, the cumulative number of reported
confirmed cases, the cumulative number of cured/recovered cases
and the number of death cases, as shown in Fig. 1(A–C). In
addition, we obtained the data of the cumulative confirmed cases,
cumulative cured cases and daily cases under medical observation
for the Guangdong province (Fig. 1(E)) of China. We also obtained
the data of cumulative confirmed cases and cumulative tested
cases for South Korea from the Korea Centers for Disease Control
and Prevention (KCDC) [24,25], as shown in Fig. 1(D), and (F).
The data were released and analyzed anonymously. Note that the
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irst confirmed case was reported on January 23rd 2020 for South
orea, and also on January 23rd 2020 mainland China started the
ock-down of Wuhan city, the epicenter, and implemented other
nterventions. Note that the data for reported cases, either con-
irmed or quarantined, or under medical observation or tested,
as used in China or South Korea since January 23rd 2020.

.2. The model

Our baseline model is the classical deterministic susceptible–
xposed–infectious–removed (SEIR) epidemic model refined by
ncorporating contact tracing-quarantine-test-isolation strategies
Fig. 2). We stratify the population into susceptible (S), exposed
E), symptomatic/asymptomatic infected (I/A), hospitalized (H)
nd recovered (R) compartments, and we further stratify the
opulation to include quarantined susceptible (Sq), and quaran-
ined suspected individuals (T ). These stratifications were used
166
n our previous studies [6,7,26] and agreement of model predic-
ions with real data provides a validation of the model struc-
ure reflecting the interventions implemented in Wuhan and in
ainland China. Here, we add an additional quarantined sus-
ected compartment, which consists of exposed infectious in-
ividuals resulting from contact tracing and individuals with
ommon fever. These individuals with common fever but quar-
ntined as COVID-19 suspected contributed to the difficulty of
mplementing an effective quarantine process due to the size
f this compartment. In what follows, exposure, transmission
nd infection compartments are always used for modeling the
OVID-19.
In our model formulation, the transmission probability is de-

oted by β and the contact rate is denoted by c. By enforcing
ontact tracing, a proportion, q, of individuals exposed is quaran-
ined, and can either move to the compartment B or Sq with rate
of βcq (or (1 − β)cq), depending on whether they are effectively
infected or not [27,28], while the other proportion, 1 − q, consists
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of individuals exposed to the virus who are missed from contact
tracing and move to the exposed compartment E at rate of βc(1−

) once effectively infected or stay in compartment S otherwise.
Note that contact tracing is not triggered by asymptomatic in-
fected individuals, who can infect susceptible individuals. We use
constant m to denote the transition rate from the susceptible
compartment to the (COVID-19) suspected compartment due to
fever and/or illness-like symptoms. The suspected individuals
leave this compartment at a rate b, with a proportion, f, if con-
firmed to be infected with COVID-19, going to the hospitalized
compartment, whilst the other proportion, 1 − f , is ruled out
for COVID-19 infection and goes back to the susceptible com-
partment. Then, for mainland China, the model equations are as
follows.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

S ′
= −

(βc(t) + c(t)q(t) (1 − β)) SI
N

−
θβc(t)SA

N
−mS + λSq + b(1 − f )T ,

E ′
=

βc (t) (1 − q (t)) SI
N

+
θβc(t)SA

N
− σE,

I ′ = σρE − (δI (t) + α)I,
A′

= σ (1 − ρ) E − γAA,

T ′
=

βc(t)q(t)SI
N

+ mS − bT ,

S ′
q =

(1 − β) c(t)q(t)SI
N

− λSq,

H ′
= δI (t) I + bfT − (α + γH (t))H,

R′
= γAA + γH (t)H,

(C1)

here N is the total population which is the sum of the pop-
lations of all the compartments. Keeping the time-dependent
arameters in model (C1) as constants and using the next gen-
ration matrix method introduced in the studies [29,30], we can
alculate the basic reproduction number of model (C1) as follows:

0 =

(
ρβc(1 − q)

+
θ (1 − ρ)βc

)
S0

,

δI (t) + α γA N0 1

167
here, S0 = S (0) ,N0 = N(0), and S0/N0 = 1. Then, substituting
all the time-dependent parameters/variables into the formula
of the basic reproduction number, we can obtain the effective
reproduction number of model (C1), which is given by:

Rt =

(
ρβc(t)(1 − q(t))

δI (t) + α
+

θ (1 − ρ)βc(t)
γA

)
S(t)
N(t)

.

s the total population is very large, we can assume that S(t)/N(t)
≈ 1, thus the effective reproduction number is reduced to

Rt =
ρβc(t)(1 − q(t))

δI (t) + α
+

θ (1 − ρ)βc(t)
γA

. (C2)

In epidemiology, the basic reproduction number (R0), used to
measure the transmission potential of a disease, is the aver-
age number of secondary infections produced by a typical case
of an infection in a population where everyone is susceptible.
Once the intervention implemented results effective, the effective
transmission potential is measured by the effective reproductive
number Rt that can be time-dependent as intervention measures
ary over time. If Rt falls below 1 and remains below 1, there will
e a decline in the number of cases.
The prevention and control interventions were gradually im-

roved in mainland China, and there are several key time points
hen mitigation measures were gradually strengthened: (1) On

anuary 23rd Wuhan was locked down, and most parts of China
hortly adopted a similar strategy; (2) On January 26th, the gov-
rnment announced to extend the Chinese Traditional New Year
estival holiday so self-isolation/protection was maximized; (3)
n February 7th the Chinese government created the partner-
hip between each one of the 16 provinces to its sister-city
n the epicenter, the Hubei province, to reinforce the health
are workers and equipment in the sister-city in Hubei; (4) On
ebruary 12th the Hubei province started to include the clinically
iagnosed cases into the confirmed cases to enhance its quar-
ntine/isolation measure; (5) On February 14th, Wuhan refined
ts management protocol of residential quarters; (6) On February

6th, the National Health Commission of the People’s Republic
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f China revised its New Coronavirus Pneumonia Prevention and
ontrol Plan to further clarify and enhance the public health
nterventions in four key areas: Quarantine high-risk individuals
s much as possible, Test suspected individuals as much as pos-
ible;Treat patients as best as possible;and Receive and cure all
he patients.

Corresponding to the package of gradually improved preven-
ion and control interventions carried out by the governments,
he parameters related to the interventions should be time-
arying, i.e., functions of time t . More in detail, as effect of

the implementation of lockdown and limiting the population
movement since January 23rd, the contact rate c should be a
ecreasing function of time t; because of the enhanced close
ontact tracing and quarantine, the quarantine rate q should
e an increasing function of time t; since the improve testing
apacity, the diagnosis rate δ should be an increasing function
f time t , correspondingly, the diagnosis period decreases over
ime. Here, we assume that all of the three rates are changing
xponentially at the initial stage, then gradually slow down their
peed and approach to a maximum/limit rate. Based on the above
ssumptions, the time-dependent contact rate c (t), quarantined
ate q(t), and detection rate δI (t) can be defined as follows:

c (t) = (c0 − cb)e−r1t + cb, q (t) = (q0 − qm) e−r2t + qm,

1
δI (t)

=

(
1
δI0

−
1
δIf

)
e−r3t +

1
δIf

,
(C3)

here c0 denotes the initial contact rate (on January 23rd 2020)
ith c (0) = c0, cb denotes the minimal contact rate with the

ntervention being implemented. Constant q0 is the initial quar-
antined rate of exposed individuals with q (0) = q0, qm is the
aximum quarantined rate with qm > q0. Similarly, constant δi0

s the initial diagnosis rate, δIf is the fastest diagnose rate with
If > δI0.
For the Guangdong province, the recovery rate has been im-

roved over the time, and this is reflected by the time-
ependence of the recovery rate of the quarantined infected
isolated) population, given by

H (t) =
(
γH0 − γHf

)
e−r4t + γHf (C4)

ith γH0 being the initial recovery rate and γHf the fastest recov-
ry rate, and r1 the corresponding increasing rate of the recovery
ate.

For South Korea, a similar contact tracing strategy has been
mplemented: all traced individuals are quarantined and are
ested. Once tested, the suspected individuals leave the com-
artment at a rate b, with a proportion, f, if confirmed to be
OVID-19 infected, going to the hospitalized compartment, whilst
he remaining proportion, 1 − f , is recommended to remain
uarantined and hence goes to the compartment Sq [29,30]. The
ransmission dynamics subject to this intervention practice is
iven by

S ′
= −

(βc(t) (1 − q) + c(t)q)SI
N

−
θβc(t)SA

N
− mS + λSq,

E ′
=

βc(t) (1 − q) SI
N

+
θβc(t)SA

N
− σE,

I ′ = ρσE − (δI + α)I,
A′

= (1 − ρ) σE − γAA,

T ′
=

c(t)qSI
N

+ mS − bT ,

S ′
q = b(1 − f )T − λSq,
H ′

= δI I + bfT − (α + γH)H,

R′
= γAA + γHH.

(K1)
168
where c(t) has the same formula in Eq. (C3) while the other
parameters are positive constants. Using a similar method for
calculating the effective reproduction number as used for model
(C1), we can obtain the effective reproduction number of model
(K1), which is given by

Rtk =
ρβc(t)(1 − q)

δI + α
+

θ (1 − ρ) βc
γA

(K2)

3. Model fitting process

When carrying out the parameter estimations, we first in-
formed several parameters in model (C1) and model (K1) with
fixed values retrieved from the scholarly literature. These include
the transition rate of exposed individuals to the infected class
σ , the rate at which the quarantined uninfected contacts were
released into the wider community λ, and the recovery rate of
the asymptomatic infections γA, as shown in Table 1. In addition,
he initial values of suspected population, quarantined infected
opulation, quarantined susceptible population, and recovered
opulation are obtained from official statistical reports, epidemi-
logical surveys and databases mentioned in the data section
Table 1). We used the least square (LS) method with a priori
nterval for each parameter to fit the proposed models to the
ata, where the objective function is the residual sum of squares
etween the real data and the predicted number by solving model
C1)/model (K1). The built-in function ‘‘ODE45’’ in Matlab is used
o solve the ODE systems while the ‘‘fmincon’’ function is used
o search for the optimal solutions of the objective functions. We
enerated 1000 time series of the cumulative cases, death cases
nd tested cases following a Poisson distribution with mean given
y the real data, and fitted the models to each set. Consequently,
e obtained the estimated mean values of the parameters, as

isted in Table 1.

.1. Model-free estimation for R0 and Rt

We employed the method developed by White and
agano [31] to estimate the basic reproduction number R0. Let
Nt}

T
t=0 be the number of newly reported cases on day 0, . . . , T .

ssume Nt follows the Poisson distribution with a mean of E [Nt ]
R0

∑t
j=1 pjNt−j, where pj(j = 1, 2, . . .) is the probability, giving

he serial interval distribution. Assume also that Ni and Nj are
ndependent as long as i ̸= j. Given the distribution of the serial
nterval and the observed data on {Nt}

T
t=0, the basic reproduc-

ion number R0 can be estimated by the maximum likelihood
stimates approach.
With the same notations and assumptions described above, we

an also estimate the effective reproduction number Rt following
ori et al. [32]. Namely, using E[Nt ] = Rt

∑t
j=1 pjNt−j within

he Bayesian framework, we can obtain an analytical expression
f the posterior distribution of Rt by assuming a gamma prior
istribution for Rt . Then we can get the posterior means and
onfidence intervals of Rt .

. Main results

.1. Model-free estimation for R0 and Rt

By using the number of daily newly reported cases from Jan-
ary 10th to January 23rd 2020, we estimate R0 for mainland
hina, and using the newly reported cases from January 19th to
anuary 31st 2020 we estimate R0 for the Guangdong province.
lso, we estimate R0 for South Korea based on the number of daily
ewly reported cases from January 23rd to March 2nd 2020.
All the estimates are given in Table 2. In particular, given the

erial interval with mean of 5 and standard deviation of 3, R
0
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Fig. 3. Estimated effective reproduction number Rt over sliding weekly windows for the entire country of China, the Guangdong province of China, and Korea. The
olid lines show the posterior means and the colored zones show the 95% confidence intervals; the horizontal dashed line indicates Rt = 1. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version of this article.)
r

or mainland China, the Guangdong Province and South Korea
s estimated to be 3.8 (95%CI: (3.5, 4.2)), 3.0 (95%CI: (2.6, 3.3))
nd 2.6 (95%CI: (2.5, 2.7)), respectively. In particular, the initial
OVID-19 reproduction rate in South Korea was smaller than that
n the Guangdong Province.

In order to investigate the variation of R0 with respect to the
erial interval, we carry out a sensitivity analysis by changing
he mean of the serial interval from 4 to 8 days, the standard
eviation (Std) from 3 to 5. The sensitivity analysis is reported
n Table 2, and we notice that R0 increases when the mean of
he serial interval increases, and we remark that serial interval
xamined by recent studies is shorter than that earlier estima-
ion [33–35]. It also follows from Table 2 that increasing Std of
he serial interval only slightly decreases the estimated R0 for a
iven mean of the serial interval.
We also estimate the effective reproduction numbers Rt for

he considered regions, using the number of daily newly reported
ases from the date the first case was reported until March 2nd
020 (Fig. 3). It shows that the effective reproduction number Rt
n mainland China and in its Guandong province has fallen below
he threshold 1 since February 18th and February 7th, while the
ffective reproduction number of South Korea remains very high,
ndicating that there is still room for improving the interventions
n South Korea.

. Model-based prediction and interventions efficacy evalua-
ion

By simultaneously fitting the model (C1) to the multiple
ource data on the cumulative number of reported cases, deaths,
uarantined and suspected cases in mainland China, we obtain
stimations for unknown parameters and initial conditions, listed
n Table 1. The best fitting result is shown as black curves in
ig. 4 with the estimated baseline exponential decreasing rate
r1 = r10) in the contact rate function. We then conduct a sen-
itivity analysis of the cumulative reported, death, quarantined,
uspected cases, and the infected (asymptomatic/symptomatic)
ndividuals by shrinking the exponential index r1, representing
he weakening of the control interventions relevant to the contact
ate. As shown in Fig. 6, the numbers of cumulative reported,
eath, quarantined, suspected cases, and the peak value of the
nfected all increase significantly. In particular, with r1 = 0
orresponding to no reduction of the contact rate from the initial
eriod, the number of cumulative confirmed cases increases by
ore than six times as of April 1st (∼600,000 cases) and the
eak value of the infected will increase by more than 3 times,
n comparison with the actual situation under the strong control
easures implemented by the Chinese government.
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We also conduct a sensitivity analysis regarding the detection
ate δI (t), by decreasing the value of r3. We obtain a similar
conclusion that the cumulative confirmed cases would reach
the number of 350,000 cases as of April 1st with a constant
detection rate (no improvement of detection), shown in Fig. 6.
As illustrated in Fig. 6(F), we can observe that while decreasing
the detection rate would not affect the decreasing trend of the
effective reproduction number, it however postpones the time
when the threshold value of 1 is reached. Therefore, the outcome
in the mainland China, both in terms of the infections avoided
and the timing when the outbreak begins to be under control,
is the consequence of a systematic package of social distanc-
ing (self-isolation and self-protection), contacting tracing, and
detection/diagnosis.

Similarly, by simultaneously fitting the proposed model (K1)
to the cumulative number of reported and tested cases for South
Korea, we obtain the estimations for the unknown parameters
and initial conditions, listed in Table 1. The best fitting result is
shown as black curves in Fig. 7. Comparing the estimated values
of the detection rate δI in China and South Korea, we find an
important difference that the diagnosis rate in South Korea (a
constant value of 0.651) is much higher than that in China, being
even higher than the maximal diagnosis rate in China. This is in
line with the real control interventions adopted by the Korean
government, that is to say, the government has actively coordi-
nated the production of testing kits of COVID-19, consequently,
the testing kits have been always available, even during the peak
period of the epidemic. Apparently, as shown in Fig. 7(A–B), the
COVID-19 epidemics in Korea will be almost under control as
of April 14th with the confirmed cases tending to be stable. In
order to test whether the extremely high detection rate is the
key factor determining the success in controlling the COVID-19
in South Korea, we plotted the cumulative confirmed cases and
the infectious population I(t) by decreasing the detection rate
by 70%, 50% and 30%, respectively, as shown in Fig. 7(C–D). It
follows from Fig. 7(C) that the number of the cumulative reported
cases can reach ∼186,000 as of April 14th if the detection rate
decreases by 70 percent (the red curve), which is around 17 times
the predicted number of the best fitting result (the black curve).
Furthermore, from Fig. 7(D), we find that the peak value of the
infectious population can increase significantly as well (around
30 times) if the detection rate is decreased by 70%, while the
peak time is postponed a lot with a lower detection rate of the
infectious individuals.

Further, by simultaneously fitting the model (C1) to the mul-
tiple source data on the cumulative number of reported cases,
recovery and suspected cases of Guangdong province, we param-
eterize the model and obtain the estimations for the unknown
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able 1
arameter estimates for the COVID-19 epidemic in China, Guangdong Province of China and Korea.

Parameter Definitions Estimated values Source
Guangdong China Korea

c(t)
c0 Contact rate at the initial time 10.00 (Est) 14.78 21.9 (Est) [4]
cb Minimum contact rate under the current control

strategies
4.00 7.78 2.01 Estimated

r1 Exponential decreasing rate of contact rate 0.01 2 0.1312 Estimated

β Probability of transmission per contact 0.13 0.143 0.143 (F) Estimated

θ Modification factor of the transmission probability of
asymptotical infected individual

0.02 0.0437 0.1758 Estimated

q(t)
q0 Quarantined rate of exposed individuals at the initial

time
0.28 1.00 × 10−4 – Estimated

qm Maximum quarantined rate of exposed individuals
under the current control strategies

0.99 0.8 – Estimated

r2 Exponential increasing rate of quarantined rate of
exposed individuals

0.0361 0.15 – Estimated

q Constant quarantined rate – – 02215 Estimated

m Transition rate of susceptible individuals to the
suspected class

1 × 10−5 1 × 10−6 3.6 × 10−3 Estimated

b Detection rate of the suspected class 0.0891 0.20 0.4004 Estimated

f Confirmation ratio: Transition rate of exposed
individuals in the suspected class to the quarantined
infected class

0.01 0.50 0.001 Estimated

ρ Ratio of symptomatic infection 0.5 0.4022 0.9409 Estimated

σ Transition rate of exposed individuals to the infected
class

1/5 1/5 1/5 [24]

λ Rate at which the quarantined uninfected contacts were
released into the wider community

1/14 1/14 1/14 [4]

δI (t)
δI0 Initial transition rate of symptomatic infected

individuals to the quarantined infected class
0.12 (Est) 0.1326 – [4]

δIf Fastest diagnosis rate 0.50 0.50 – Estimated
r3 Exponential decreasing rate of diagnosis rate 0.2410 0.10 – Estimated

δI Constant transition rate of symptomatic infected
individuals to the quarantined infected class

– – 0.651 Estimated

γA Recovery rate of asymptotic infected individuals 0.1397 0.1397 0.1397 [4]

γH (t)
γH0 Recovery rate of quarantined infected individuals at

initial time
0.001 – – Estimated

γHf Fastest recovery rate of quarantined infected individual 0.2283 – – Estimated
r4 Exponential increasing rate of recovery rate of

quarantined infected individuals
0.01 – – Estimated

γH Constant recovery rate of quarantined infected
individuals

– 0.2 0.2 (F) Estimated

α Disease-induced death rate 0 (Assumed) 0.0076 0.0076 (F) Estimated

Initial values Definitions Estimated values Source
Guangdong China Korea

S(0) Initial susceptible population 8.00 × 105 3.00 × 107 2.66 × 106 Estimated
E(0) Initial exposed population 250 3.00 × 103 204 Estimated
I(0) Initial infected population 378 4.00 × 103 108 Estimated
A(0) Initial asymptotical population 100 1.00 × 103 395 Estimated
T (0) Initial suspected population 258 1072 11 (Est) Data
Sq(0) Initial quarantined susceptible population 21 (Est) 7347 7123 Data
H(0) Initial quarantined infected population 53 771 21 Data
R(0) Initial recovered population 2 34 9 Data

Note that, ‘Est’ means that the parameter values are estimated by fitting the models to the data when the source column indicates that they are not. ‘F’ means that
the parameter values are fixed as the same as those estimated by fitting the proposed model to the multiple source data of China.
parameters and initial conditions, listed in Table 1. The best fitting
result is shown as green curves in Fig. 8. Similarly, we consider
the variation in the epidemic by means of the parameter r1,
representing the variation in the intensity of the control measures
implemented. It follows from Fig. 8(A–C) that increasing the
parameter r1 reduces the disease infections and the number of
suspected individuals, while decreasing the parameter r1 (to zero)
slightly affects the disease infections, shown in green curves (r1 ̸=

) and red curves (r1 = 0) in Fig. 8(A–C). This conversely implies
that the prevention and control strategies in Guangdong province
were relatively strong from the early stage of the outbreak. This
can also be confirmed by the continuously declining trend of
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the effective reproduction number, as shown in Figs. 3 and 8(D).
Again, we performed the sensitivity analysis by decreasing the
value of r3 in the detection rate δI (t) and obtained similar results,
as shown in Fig. 8.

6. Discussion

After some initial delay in the response to the COVID-19
outbreak, the Chinese government started implementing drastic
public health measures on January 23rd 2020, including the lock-
down of Wuhan city, contact tracing, quarantine, and isolation.



B. Tang, F. Xia, N.L. Bragazzi et al. ISA Transactions 124 (2022) 164–175

c
f
v

T
v
o
C
s
i
i

i
S
t
r
t
w
c
e
m

Table 2
Estimated basic reproduction number R0 for mainland China, Guangdong province of China, Korea for various serial intervals.
R0 (95%CI)

Std = 3 E = 4 E = 5 E = 6 E = 7 E = 8

Mainland China 2.9 (2.6, 3.2) 3.8 (3.5, 4.2) 5.4 (4.9, 6.0) 7.8 (7.1, 8.6) 11.1 (10.0, 12.2)
Guangdong 2.4 (2.1, 2.7) 3.0 (2.6, 3.3) 3.8 (3.4, 4.3) 5.1 (4.5, 5.8) 6.9 (6.1, 7.8)
South Korea 2.1 (2.0, 2.2) 2.6 (2.5, 2.7) 3.4 (3.2, 3.5) 4.5 (4.3, 4.7) 6.0 (5.7, 6.3)

Std = 4 E = 4 E = 5 E = 6 E = 7 E = 8

Mainland China 2.8 (2.5, 3.1) 3.4 (3.1, 3.7) 4.4 (4.0, 4.9) 6.0 (5.4, 6.6) 8.4 (7.6, 9.2)
Guangdong 2.4 (2.1, 2.7) 2.8 (2.5, 3.1) 3.4 (3.0, 3.9) 4.4 (3.9, 4.9) 5.8 (5.1, 6.5)
South Korea 2.1 (2.0, 2.1) 2.4 (2.3, 2.5) 3.0 (2.8, 3.1) 3.8 (3.7, 4.0) 5.0 (4.8, 5.3)

Std = 5 E = 4 E = 5 E = 6 E = 7 E = 8

Mainland China 2.8 (2.5, 3.1) 3.2 (2.9, 3.5) 3.9 (3.5, 4.3) 4.9 (4.5, 5.6) 6.6 (5.9, 7.2)
Guangdong 2.4 (2.1, 2.7) 2.7 (2.4, 3.0) 3.2 (2.8, 3.6) 3.9 (3.4, 4.3) 4.9 (4.3, 5.5)
South Korea 2.1 (2.0, 2.2) 2.3 (2.2, 2.4) 2.7 (2.6, 2.9) 3.4 (3.2, 3.5) 4.3 (4.1, 4.4)

E: mean of serial interval, Std: standard deviation of serial interval.
Fig. 4. Model fitting results (curves marked as black) and variations in cumulative number of reported cases (A), death cases (B), quarantined cases (C) and suspected
ases (D) for mainland China. (E) Variation in number of infected (asymptomatic/symptomatic) individuals with contact rate function c(t). (F) Here the contact rate
unction is changed by varying the exponential decreasing rate r1 , representing the variation in intensity of control measures. r10 denotes the estimated baseline
alue of r1 .
his decisive and systematically implemented package of inter-
entions has contributed to rapid mitigation, providing a window
f opportunity for the preparedness, prevention and control of
OVID-19 in other Chinese cities and around the world. As we
howed in this modeling study, a systematic approach incorporat-
ng coherent and complementary public health measures rapidly
mplemented is the key for containing the viral outbreak.

In this study, we formulated a dynamic model and parameter-
zed it by using multi-source data for the different settings within
outh Korea, China and Guangdong province. We predicted that
he trend of cumulative reported cases would be very serious,
eaching around 600 thousand as of April 1st 2020 given no con-
rol measures being implemented (Fig. 5(A)). Hence a comparison
ith the current COVID-19 epidemic: the cumulative reported
ases are around 80,651 as of March 6th, 2020, supporting the
fficacy of the ongoing strengthening of prevention and control
easures implemented in mainland China.
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In Guangdong, the province with the largest population in
China, most cases at the initial phase of the COVID-19 outbreak
are imported, and immediately after the lockdown of Wuhan
on January 23rd 2020, the province implemented a systematic
approach towards prevention and control, with gradual enhance-
ment, leading to the effective control of otherwise potentially
catastrophic outcomes.

In comparison with South Korea, Guangdong has more inhab-
itants and a less developed economy. Also, from our model-free
estimation, the basic reproduction number in South Korea is less
than that computed for the Guangdong province. Therefore, the
COVID-19 epidemic potential in South Korea was initially weaker
than that in Guangdong. Our model-based analysis shows that
the COVID-19 epidemics in South Korea is almost under control
because of the high detection rate of the infectious individuals.
Our simulation results indicate that the COVID-19 epidemic in
South Korea will change from a slow to a quick increase in terms

of the cumulative number of the confirmed cases and the infected
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Fig. 5. Model fitting results (curves marked as black) and variations in cumulative number of reported cases (A), cumulative number of death cases (B), quarantined
cases (C) and suspected cases (D) for mainland China. (E) Variation in number of infected (asymptomatic/symptomatic) individuals with detection rate function δI (t).
(F) Variation in the effective reproduction number of China. Here the detection rate function is changed by varying the exponential decreasing rate r3 , representing
the variation in intensity of control measures. r30 denotes the estimated baseline value of r3 .

Fig. 6. (A–B) Model fitting results and the impact of the randomness of the data set including the cumulative number of tested cases and the cumulative number
of reported cases on the COVID-19 epidemic in Korea. The 95% confidence intervals have been given and the mean curve is marked as black. The red cycles denote
the real data. (C–D) Sensitivity analysis. The impact of the diagnose rate δI on the cumulative confirmed cases and the infected populations in South Korea. Here,
δI0 denotes the estimated baseline value of the diagnose rate.. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Model fitting results (curves marked as green) and variations in cumulative number of reported cases (A), recovery cases (B), and suspected cases (C) for
uangdong province. (D) Variation in the effective reproduction number with parameter r1 in contact rate function c(t). Here the contact rate function is changed
y varying the exponential decreasing rate r1 , representing the variation in intensity of control measures. r10 denotes the estimated baseline value for parameter r1 ..
For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. Goodness of fit (green curves) and variations in cumulative number of reported cases (A), recovery cases (B), and suspected cases (C) for Guangdong province.
D) Variation in the effective reproduction number with parameter r3 in detection rate function δI (t). Here the detection rate function is changed by varying the
xponential decreasing rate r3 , representing the variation in intensity of control measures. r30 denotes the estimated baseline value of r3 .. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of this article.)
opulation if the detection rate is decreased, as shown in Fig. 7(C–
). This indicates that the high detection rate is actually the key
f the success in controlling the epidemics in South Korea. It is
orth to mention that we assumed in our model that all the
onfirmed cases are isolated in the hospital, hence cannot infect
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other populations, which should be also a very important factor
determining the success in controlling the COVID-19 epidemics.
In other words, with the high detection rate, receiving and cur-
ing the patients as much as possible, instead of just asking the
patients staying at home, is also important.
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More in detail, a comparison of the parameter estimations of
the Guangdong province and the entire country of China shows
that

(1) the initial and maximum quarantine rates in Guangdong
were much higher than those in the entire country China, while
the initial and minimum contact rates were lower than those in
the country, contributing to the observed better control effect in
the province than the national average.

(2) the confirmation ratios of the Guangdong province and
South Korea were much lower than the ratio of the entire country
China, indicating the increased efficiency of contact tracing and
testing in the Guangdong province and South Korea than that in
the entire country of China.

Carrying out the sensitivity analysis of confirmed cases of
China and Guangdong province with respect to the contact rate
function, and further with respect to the detection rate of South
Korea is in support of the effectiveness of the control measures
implemented in other countries. Other countries or territories
experiencing large-scale outbreaks of COVID-19 should capitalize
on this lesson: convincing all the citizens to stay at home by
self-isolation and becoming aware of the implications of self-
protection is of crucial importance, but not enough. Improving
the diagnosis rate of the infectious individuals and hospitalizing
all the patients instead of staying at home have been fundamental
for controlling the spreading of COVID-19 epidemic.

We note that future works may aim to address items of major
public health concern such as: based on how a given regional
epidemic situation is evolving, inform the decision-making for
switching of intervention tactics and control measures. For in-
stance, at which point does a country/territory make the decision
to switch from tactics based on strict contact tracing to those
based on travel restriction and mass quarantine? While contact
tracing may be effective in controlling an outbreak with few
initial cases, strong response efforts, and low pathogen trans-
missibility, this effectiveness may fade as cases accumulate [36].
In other words, the effectiveness of control measures may be
dependent on the time and epidemic state at which they are
implemented; therefore, switching tactics based on the local epi-
demic evolution may be optimal for regional and hence global
control.

Through the parametrization and simulation of disease trans-
mission models with intervention mechanisms and informed
with multiple data sources, regional demographics, and regional
intervention features, our work provides a foundational frame-
work for the intervention evaluation and intervention scenario
analysis. This study highlights the opportunity for evaluation of
control measures and the learning from select regions to in-
form the future decision-making for the preparedness, real-time
management as well as risk assessment of COVID-19.

It should be mentioned that several studies have provided
evidence of pre-symptomatic transmission of COVID-19 [36,37].
As reported in the study conducted by Subramanian et al. [38],
ignoring pre-symptomatic transmission may lead to the under-
estimation of the basic reproduction number. Not accounting for
the infectivity of the exposed class is a limitation of our model,
which warrants future studies.
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