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A B S T R A C T

The control strategies preventing subclinical transmission differed among countries. A stochastic transmission
model was used to assess the potential effectiveness of control strategies at controlling the COVID-19 outbreak.
Three strategies included lack of prevention of subclinical transmission (Strategy A), partial prevention using
testing with different accuracy (Strategy B) and complete prevention by isolating all at-risk people (Strategy C,
Taiwan policy). The high probability of containing COVID-19 in Strategy C is observed in different scenario, had
varied in the number of initial cases (5, 20, and 40), the reproduction number (1.5, 2, 2.5, and 3.5), the pro-
portion of at-risk people being investigated (40%, 60%, 80%, to 90%), the delay from symptom onset to isolation
(long and short), and the proportion of transmission that occurred before symptom onset (< 1%, 15%, and
30%). Strategy C achieved probability of 80% under advantageous scenario, such as low number of initial cases
and high coverage of epidemiological investigation but Strategy B and C rarely achieved that of 60%.
Considering the unsatisfactory accuracy of current testing and insufficient resources, isolation of all at-risk
people, as adopted in Taiwan, could be an effective alternative.

1. Introduction

The high infectiousness of SARS-CoV-2 with its ability to transmit
during incubation period or by subclinical cases results in global pan-
demic. The virus has caused 1,923,937 infections and 119,618 deaths
worldwide (as of April 13) [1]. A previous modeling study [2] showed
that a combination of contact tracing and cases isolation is beneficial to
the containment of COVID-19. However, the presence of subclinical
transmission hampers greatly the effect of such control measures be-
cause those unidentified cases might become the source of community
outbreaks. A common approach of testing on at-risk people could only
identify part of the subclinical cases. It is therefore extremely difficult

to contain the spread of SARS-CoV-2.
Around eighty miles from the coast of mainland China, Taiwan had

been predicted to be the “second highest import risk” of COVID-19 in
the world [3]. As the COVID-19 pandemic spreads around the world,
Taiwan has only 393 confirmed cases with majority of them being
imported cases, which ranks below 97 countries and regions (as of April
13) (Fig. 1) [4,5]. The lack of large-scale outbreaks could be attribu-
table to immediate quarantine upon identification of all at-risk people
and follow-up, which mainly prevents the subclinical spread (Fig. 2)
[6]. However, these measures may not be feasible in all countries. Due
to a variety of control strategies worldwide, we used a stochastic
transmission model, initially proposed by Hellewell et al. [2], to assess
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the potential effectiveness of these control strategies at controlling the
COVID-19 outbreak.

2. Material and methods

A stochastic transmission model proposed by Hellewell et al. [2],
was established to assess the feasibility of contact tracing and case
isolation to control outbreaks of COVID-19. With input parameters such
as, percentage of subclinical cases, epidemiological investigation, iso-
lation effectiveness, incubation period, the number of initial cases, the
number of secondary infections generated by each new infection, and
serial interval, this mathematical model could evaluate the probability
of outbreak control on COVID-19 via simulations. Under the same
model assumptions but incorporating COVID-19 cases in Taiwan and
different control strategies, the stochastic transmission model, in-
troduced by Hellewell et al. [2], could be used to simulate the prob-
ability of successful containment.

For each case of COVID-19, we assumed that the incubation period
of each case was drawn from a Weibull distribution. That is, assumed
that a random variable X represents the incubation period and follows a
Weibull distribution with a shape parameter k and a scale parameter λ,
where the corresponding probability density function is
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respectively, where Γ is the gamma function. The parameters k and λ
were determined once mean and variance have been given (please see
the incubation period in Table 1). Similarly, we assumed that the delay
between symptom onset and isolation for each case was drawn from a
Weibull distribution.

Let Y be the number of potential secondary cases produced by each
primary case. Assume that Y follows a negative binomial distribution
with a mean equal to a reproduction number R. Each potential new
infection was assigned a time of infection drawn from the serial interval
distribution. The corresponding serial interval for each case was drawn
from a skew normal distribution. More specifically, let S be a random
variable to represent a time of infection for each new case and S follows

a skew normal distribution [7]. Then the corresponding probability
density function is
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where ϕ and Φ are the standard normal probability density function and
the corresponding cumulative distribution function, respectively. The
location parameter ξ of this skew normal distribution was set to drawn
from the incubation period for the case and the scale parameter ω is 2.
The value of shape parameter α is used to control a set proportion of
serials interval which were shorter than the incubation period (meaning
that a set proportion of transmission happened before symptom onset).
For example, if α = 30, then the proportion of transmission before
symptoms is

− < = = =S ξ ω αP( 0 | 2, 30) 0.0106

Similarly, the proportions of transmission before symptoms are
0.1508 and 0.3055 for given α = 1.95 and 0.7, respectively. Parameter
values for the model were displayed in Table 1.

Note that secondary cases were only created if the infected person
had not been isolated by the time of infection. In addition, we assume
that each case had an independent probability of being subclinical. For
example, if the percentage of subclinical infection p = 40%, then each
case had a 40% chance of being subclinical. New symptomatic sec-
ondary cases were isolated on the basis of symptoms, which prevented
further transmission. In contrast, secondary subclinical cases were
identified and/or isolated depending on control strategies.

The control strategies in different countries could be roughly di-
vided into (A) epidemiological investigation and isolation of sympto-
matic cases, (B) Strategy A plus testing of all subclinical at-risk people,
isolation positive cases and (C) Strategy A plus isolation of at-risk
people. In this model, we assumed these strategies differed mainly in
the ability to prevent subclinical transmission. Under the first strategy,
subclinical cases freely spread. Under the second strategy, we assumed
the testing identified and isolated 40%, 60%, or 80% of subclinical
cases, which prevented subclinical transmission. Isolation of all at-risk
people was assumed to completely prevent subclinical spread since the
subclinical cases were isolated like symptomatic ones.

We considered the effect of the three strategies in different scenarios
that varied in the number of initial cases (5, 20, and 40), the re-
production number (R; 1.5, 2, 2.5, and 3.5), the proportion of at-risk

Fig. 1. COVID-19 cases in Taiwan by April 13, 2020.
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people being investigated (40%, 60%, 80%, and 90%), the delay from
symptom onset to isolation (long and short), and the proportion of
transmission that occurred before symptom onset (< 1%, 15%, and
30%). We assumed isolation prevented all further transmission in the
model. Outbreak control was defined as no new infected cases between
12 and 16 weeks; outbreaks that reached 5000 cumulative cases were
assumed to be too large to control within 12–16 weeks.

3. Results and discussion

Fig. 3 displays the probability of simulated outbreaks controlled
under different strategies. The probability of containment of infectious
diseases is highly contingent on the percentage of subclinical cases not
being identified and/or isolated. In five transmission scenarios, isola-
tion of all at-risk people (Strategy C) greatly increased chance to control
outbreak. The probability of outbreaks controlled in Strategy A and B
hardly achieved 60%. In contrast, the probability of success under
Strategy C achieved 80% under advantageous condition, which may be
present in Taiwan.

In this model, we assumed that quarantine of all at-risk people is
beneficial, comparing with other strategies, only because of prevention
of subclinical transmission. The quarantine of at-risk people may also

Fig. 2. Measures for following up on persons at risk of contracting COVID-19 in Taiwan.

Table 1
Parameter values for the model.

Value Reference

Sampled
Delay from onset to isolation

(short and long)
2.9 days (3.0) and
7.36 days (5.58)

[8] and Cases in
Taiwan

Incubation period 5.8 days (2.6) [9]
Serial interval Incubation period (2) Assumed
Fixed
Initial cases 5, 20, 40 [10]
Proportion of at-risk people

being investigated
40%, 60%, 80%, 90% Tested

Reproduction number (R) 1.5, 2, 2.5, 3.5 Tested
R after isolation 0 Assumed
Being isolated once identified 100% Assumed
Isolation effectiveness 100% Assumed
Percentage of subclinical cases 40% [11]
Percentage of subclinical

transmission prevented
0% (Strategy A), 40% (B1),
60% (B2), 80% (B3), 100%
(C)

Tested

Pre-symptom transmission 1%, 15%, 30% Tested

Data are mean (SD) or Median (95% CIs), n or %.

H.-H. Tsou, et al. Contemporary Clinical Trials 96 (2020) 106101

3



minimize the delay from symptom onset to isolation and reduce the
chance of pre-symptom transmission, both of which were shown to
increase the chance of containing outbreaks (Fig. 3(c) and (e)). The low
initial case and high coverage of epidemiological investigation in

Taiwan also increase the chance of outbreaks controlled (Fig. 3(a) and
(b)). Taiwan Central Epidemic Command Center issued travel restric-
tion to various regions daily based on the epidemic data. The number of
daily confirmed case in Taiwan has seldom passed 25, with average of

Fig. 3. The effect of control strategies on the probability of simulated outbreaks controlled under different transmission scenarios. X-axis represents three strategies
that differed in the ability to prevent subclinical transmission. We assumed that 40% of total cases were subclinical. Strategy A prevented no subclinical transmission;
Strategy B prevented 40% (B1), 60% (B2), or 80% (B3) of subclinical transmission by isolating subclinical cases after testing. Strategy C prevented all subclinical
transmission by isolating of all at-risk people. The number of initial cases was 20 for (b)–(e). Assume 15% of transmission before onset for (a), (b), (d), (e). Assume
reproduction number R = 2.5 for (a)–(c), (e).

Fig. 4. Innovative technology that facilitate case identification, epidemiological investigation, and quarantine in Taiwan.
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5. The high percentage (83%) of indigenous confirmed cases being
traced to known sources indicates good coverage of epidemiological
investigations in Taiwan. The reproduction number in Taiwan is as-
sumed to be lower than 2.5 (Fig. 3(d)) because the community response
to COVID-19 in Taiwan is swift and drastic due to the grave con-
sequences of SARS in 2003. The responses include nationwide and so-
cial media campaign on infection control measures, social distancing,
regular cleaning and disinfection and temperature monitoring in public
transportation and public places, flexible work arrangement, avoidance
of mass gathering, and streamline of religious rituals or events. All
factors attributed to the lack of community outbreaks in Taiwan, as
shown in the statistical model (Fig. 3).

Taiwan government dedicates to ensure the adherence of quar-
antine of all at-risk people, which is time- and labor-consuming. The
cumulative number of quarantined people has reached 110,000 by
April 6 [12]. Innovative technology has been introduced to facilitate
the process and share the burden of public health officers. These in-
tegrated systems include Entry Quarantine System [13], automatic
notification of travel history from National Health Insurance, Epidemic
Prevention Tracking System, and Cell Phone Based Electronic Fence
System (Fig. 4). They provide active surveillance on symptoms of all at-
risk people and real time notification, which simplify epidemiological
investigation, increase their awareness, and improve quarantine ad-
herence. Taiwan government also provides incentives to increase the
adherence of quarantine, including protection of labor right, compen-
sation for those under quarantine or their caregivers, and provision of
daily necessities.

4. Conclusions

Our model demonstrated the importance of early identification and/
or isolation of subclinical cases in containing the transmission. Our
results suggest that a highly accurate testing, which can improve the
detection of subclinical cases, is important to contain transmission.
Considering the unsatisfactory accuracy of testing and insufficient re-
sources, isolation of all at-risk people, as adopted in Taiwan, could be
an effective alternative.

Acknowledgements

The authors thank Dr. Kung-Yee Liang, National Health Research

Institutes, Taiwan, for his valuable comments and support. The authors
also thank Dr. Hao-Hsin Wu, Division of Infection Control and
Biosafety, Centers for Disease Control, Taipei, Taiwan for checking the
correctness of Fig. 4. Dr. Hsiao-Hui Tsou and Dr. Shu-Chen Kuo, who
are independent of any commercial funding sources, are the guarantors
of this paper, have full access to the entire data used for the study, and
have the final responsibility of submitting the manuscript for publica-
tion.

This study was supported by grant PH-109-PP-02, MR-109-GP-02,
and PH-109-GP-02 from National Health Research Institutes, a non-
profit foundation dedicated to medical research and improved health-
care in Taiwan.

References

[1] E. Dong, H. Du, L. Gardner, An interactive web-based dashboard to track COVID-19
in real time, Lancet Infect. Dis. 20 (2020) 533–534.

[2] J. Hellewell, S. Abbott, A. Gimma, N.I. Bosse, C.I. Jarvis, T.W. Russell, et al.,
Feasibility of controlling COVID-19 outbreaks by isolation of cases and contacts,
Lancet Glob. Health 8 (2020) e488–e496.

[3] L. Gardner, Modeling the Spreading Risk of 2019-nCoV, https://systems.jhu.edu/
research/public-health/ncov-model-2/, (2020).

[4] Taiwan_CDC, Taiwan National Infectious Disease Statistics System, https://nidss.
cdc.gov.tw/en/SingleDisease.aspx?dc=1&dt=5&disease=19CoV.

[5] Worldometer, Reported Cases and Deaths by Country, Territory, or Conveyance,
https://www.worldometers.info/coronavirus/country/taiwan/.

[6] A. Wilder-Smith, D.O. Freedman, Isolation, quarantine, social distancing and
community containment: pivotal role for old-style public health measures in the
novel coronavirus (2019-nCoV) outbreak, J. Travel Med. 27 (2020) taaa020.

[7] A. O’Hagan, T. Leonard, Bayes estimation subject to uncertainty about parameter
constraints, Biometrika 63 (1976) 201–202.

[8] T. Liu, J. Hu, M. Kang, L. Lin, H. Zhong, X. J, et al., Transmission dynamics of 2019
novel coronavirus (2019-nCoV), bioRxiv (2020), https://doi.org/10.1101/2020.01.
25.919787.

[9] J.A. Backer, D. Klinkenberg, J. Wallinga, Incubation period of 2019 novel cor-
onavirus (2019-nCoV) infections among travellers from Wuhan, China, 20–28
January 2020, Euro. Surveill. 25 (5) (2020) 2000062.

[10] D. Klinkenberg, C. Fraser, H. Heesterbeek, The effectiveness of contact tracing in
emerging epidemics, PLoS One 1 (2006) e12.

[11] Carl Heneghan, Jon Brassey, T. Jefferson, COVID-19: What Proportion are
Asymptomatic? https://www.cebm.net/covid-19/covid-19-what-proportion-are-
asymptomatic/, (2020).

[12] C.D.C. Taiwan, The Cumulative Number of Quarantined People in Taiwan Exceeded
110,000 (in Chinese). United Daily News, https://udn.com/news/story/120940/
4479106, (2020).

[13] C.J. Wang, C.Y. Ng, R.H. Brook, Response to COVID-19 in Taiwan: big data ana-
lytics, new technology, and proactive testing, JAMA 323 (14) (2020) 1341–1342.

H.-H. Tsou, et al. Contemporary Clinical Trials 96 (2020) 106101

5

http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0005
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0005
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0010
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0010
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0010
https://systems.jhu.edu/research/public-health/ncov-model-2/
https://systems.jhu.edu/research/public-health/ncov-model-2/
https://nidss.cdc.gov.tw/en/SingleDisease.aspx?dc=1&dt=5&disease=19CoV
https://nidss.cdc.gov.tw/en/SingleDisease.aspx?dc=1&dt=5&disease=19CoV
https://www.worldometers.info/coronavirus/country/taiwan/
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0030
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0030
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0030
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0035
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0035
https://doi.org/10.1101/2020.01.25.919787
https://doi.org/10.1101/2020.01.25.919787
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0045
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0045
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0045
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0050
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0050
https://www.cebm.net/covid-19/covid-19-what-proportion-are-asymptomatic/
https://www.cebm.net/covid-19/covid-19-what-proportion-are-asymptomatic/
https://udn.com/news/story/120940/4479106
https://udn.com/news/story/120940/4479106
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0065
http://refhub.elsevier.com/S1551-7144(20)30179-8/rf0065

