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A B S T R A C T

The novel coronavirus disease 2019 (COVID-19) outbreak has caused 6088 cases and 41 deaths in
Republic of Korea, and 3144 cases and 107 death in Italy by 5 March 2020, respectively. We modelled the
transmission process in the Republic of Korea and Italy with a stochastic model, and estimated the basic
reproduction number R0 as 2.6 (95% CI: 2.3–2.9) or 3.2 (95% CI: 2.9–3.5) in the Republic of Korea, under
the assumption that the exponential growth starting on 31 January or 5 February 2020, and 2.6 (95% CI:
2.3–2.9) or 3.3 (95% CI: 3.0–3.6) in Italy, under the assumption that the exponential growth starting on 5
February or 10 February 2020, respectively.
© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
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Introduction

The coronavirus disease 2019 (COVID-19) first emerged in
Wuhan, China in the end of 2019 and spread to more than 60
foreign countries as of 1 March 2020 (Wu et al., 2020). On 20
January 2020, the first imported COVID-19 case was detected in
Republic of Korea, and the epidemic curve appeared steadily until
15 February. In the second half of February, the number of reported
cases increased rapidly with more than 1,200 cases a week. As of 5
March 2020, there were 6,088 cases confirmed including 41 deaths
(Wu et al., 2020). In Italy, the first case was reported on 6 February
2020 and the epidemic curve was steadily by 21 February. Then the
number of reported cases soared rapidly, reaching 3,142 reported
cases and 107 deaths until 5 March 2020 (Wu et al., 2020). To date,
there are 14,768 confirmed cases in the world except China, which
means that more than 60 per cent of cases outside China are from
Republic of Korea and Italy.
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In this study, we modelled the early outbreak of COVID-19 in
Republic of Korea and Italy to estimate the basic reproduction
number under different exponential growth starting date.

Methods

We collect time series of reported COVID-19 cases in Republic of
Korea from 20 January to 1 March 2020, and cases in Italy from 5
February to 5 March 2020. Following (Althaus, 2015), we assumed
that number of secondary cases associated with a primary COVID-
19 case follows a negative binomial (NB) distribution, with mean R0
and a dispersion parameter k. Here, the R0 is the basic reproduction
number of COVID-19.

The onset date of each secondary case is the summation of the
onset date of the primary case (t) plus the one serial interval (SI). In
this work, the SI was assumed to follow a Gamma distribution with
a 4.5-day mean and a 3.1-day standard deviation (SD) (Zhao et al.,
2020a; Du et al., 2020; Nishiura et al., 2020). The transmission
process was simulated stochastically.

Since the number of early reported cases remained at a low
level, and there was no sign of outbreak in January 2020, we
assumed that the sustaining exponential growth might have
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Table 1
The summary of the basic reproduction number estimates under different
exponential growth starting date.

Country Starting date R0 (95% CI)

Republic of Korea 31 January 2.6 (2.3, 2.9)
Republic of Korea 5 February 3.2 (2.9, 3.5)
Italy 5 February 2.6 (2.3, 2.9)
Italy 10 February 3.3 (3.0, 3.6)
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started since February 2020. Hence, we simulated the start of an
exponential growth on the following dates with one seed
infection:

� 31 January and 5 February 2020 for the Republic of Korea, and
� 5 February and 10 February 2020 for Italy

The value of R0 was estimated by the maximum likelihood
estimation approach that fitted the reported cases with the
Poisson-distributed likelihood framework as follows:

lðlÞ ¼ logLðlÞ ¼
XT

i�1

logf ðnt; R0; kÞ: ð1Þ

Here, l(�) is the overall log-likelihood, and T is the total number of
days since the start of the exponential growth. The nt represents
number of cases reported on t-th day. We calculated 95%
confidence intervals (95%CI) by using the profile likelihood
estimation approach determined by a Chi-square quantile.

Results and discussion

In Table 1, we estimated that the R0 of COVID-19 in the Republic
of Korea was 2.6 (95% CI: 2.3–2.9) and 3.2 (95% CI: 2.9–3.5) when
the transmission was assumed to start on 31 January or 5 February
2020, respectively. The R0 in Italy was 2.6 (95% CI: 2.3–2.9) and 3.3
Figure 1. The observed (dots) and fitted (curves) number of COVID-19 cases in the Republ
the exponential growth startingon 31 January and 5 February 2020 respectively. Panels (c
and 10 February 2020, respectively. In all panels, the grey curves are 1000 simulations, the
(95% CI: 3.0–3.6), under the assumptions that the transmission
started on 5 February or 10 February 2020, respectively.

Figure 1 shows that the model estimates well matched the
observed number of cases. Our estimated R0 in thevRepublic of
Korea is relatively higher than that in Shim et al.’s (Shim et al.,
2020), which set the exponential growth starting date on 20
January 2020 and fit the model according to the onset dates. Here,
we used the daily data by laboratory confirmation dates, in order to
cover both symptomatic and asymptomatic cases. In addition, the
R0 estimates from two countries were largely consistent with those
estimates in Wuhan, China (Zhao et al., 2020b). If the exponential
growth started earlier, we found that the R0 estimates would
decrease. Public activities and cold weather in our study period
could have escalated the transmission which might help explain
the higher estimates.

The ongoing COVID-19 outbreak in the Republic of Korea and
Italy could be amplified by large-scale gathering activities (VOX,
2020; ABC NEWS, 2020). Without public health control or self-
protective measures, the epidemic was likely to grow in a relatively
fast rate. Thus, control measures adopted by the governments and
the public are crucial to reduce the transmissibility of COVID-19
and thereby mitigating the outbreak size to minimize health
burden.

In Supplementary Fig. S1, we show the daily cumulative COVID-
19 cases, from the dates exceeding 100 cumulative cases till April
11, 2020, for 16 countries. The Republic of Korea and Italy would
rank very high among these countries if no control measures were
taken. In Supplementary Fig S2, we show the daily reported cases
and their instantaneous reproductive number (Re) estimated using
the R package 'EpiEstim' (Cori et al., 2013) with the aforemen-
tioned SI distribution. Their initial instantaneous reproductive
number can be regarded as the basic reproductive number. The
pink bold curve shows the estimates of Re with 95% confidence
intervals. The epidemic will fade out when the Re is below 1. In
principle, only local cases should be used, which is held for all
countries except China, where the second wave is largely due to
imported cases.
ic of Korea and Italy. Panels (a) and (b) show the results in the Republic of Korea with
) and (d) show the results in Italy with the exponential growth starting on 5 February

 blue bold curve is the simulation median, and the blue dashed curves are the 95%CI.
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