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ARTICLE INFO ABSTRACT
Keywords: Objective: As the potential spread of COVID-19 sparked by imported cases from overseas will pose continuous
Importation risk challenges, it is essential to estimate the effects of control measures on reducing the importation risk of COVID-

Entry restriction
Travel quarantine
Web-based tool
Epidemic simulation
Compartmental model

19. Our objective is to provide a framework of methodology for quantifying the combined effects of entry re-
strictions and travel quarantine on managing the importation risk of COVID-19 and other pandemics by
leveraging different sets of parameters.

Methods: Three major categories of control measures on controlling importation risk were parameterized and
modelled by the framework: 1) entry restrictions, 2) travel quarantine, and 3) domestic containment measures.
Integrating the parameterized intensity of control measures, a modified SEIR model was developed to simulate
the case importation and local epidemic under different scenarios of global epidemic dynamics. A web-based tool
was also provided to enable interactive visualization of epidemic simulation.

Results: The simulated number of case importation and local spread modelled by the proposed framework of
methods fitted well to the historical epidemic curve of China and Singapore. Based on the simulation results, the
total numbers of infected cases when reducing 30% of visitor arrivals would be 88-4 (IQR 87-5-89-6) and 58-8
(IQR 58:3-59-5) times more than those when reducing 99% of visitor arrivals in mainland China and Singapore
respectively, assuming actual time-varying R and travel quarantine policy. If the number of global daily new
infections reached 100,000, 85%-91% of inbound travels should be reduced to keep the daily new infected
number below 100 for a country with a similar travel volume as Singapore (daily 52,000 tourist arrivals in 2019).
Whereas if the number was lower than 10,000, the daily new infected case would be less than 100 even with no
entry restrictions.

Discussions: We proposed a framework that first estimated the intensity of travel restrictions and local contain-
ment measures for countries since the first overseas imported case. Our approach then quantified the combined
effects of entry restrictions and travel quarantine using a modified SEIR model to simulate the potential epidemic
spread under hypothetical intensities of these control measures. We also developed a web-based system that
enables interactive simulation, which could serve as a valuable tool for health system administrators to assess
policy effects on managing the importation risk. By leveraging different sets of parameters, it could adapt to any
specific country and specific type of epidemic.

Conclusions: This framework has provided a valuable tool to parameterize the intensity of control measures,
simulate both the case importation and local epidemic, and quantify the combined effects of entry restrictions
and travel quarantine on managing the importation risk.
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1. Introduction

The Coronavirus disease 2019 (COVID-19) pandemic has posed a
significant threat for public health worldwide. As of September 30,
COVID-19 has swept to more than 200 countries and territories,
reporting 33,785,178 confirmed cases and at least 1,010,147 deaths
worldwide [1]. Since countries are in various pandemic phases, the
potential spread sparked by imported cases from overseas will continue
to pose new challenges for almost every country. In particular, as with
the ease of travel restrictions in many countries, the mobility between
them and countries with a high incidence of infection may cause suc-
cessive waves of outbreak [2]. For example, in the early phase of the
pandemic, countries such as Thailand, Japan, South Korea and
Singapore, which received the highest number of passengers from
China, were identified as high-risk countries for case importation [3].

Previous studies suggest that three major types of control measures
are effective to contain the severe outbreaks caused by overseas
importation: 1) entry restrictions to reduce the number of imported
infectious cases, 2) travel quarantine to prevent the imported infectious
cases from spreading the virus, and 3) domestic containment to slow
down the spread of disease even if imported cases were not isolated
[4-6]. Domestic containment measures, including city lockdown, social
distancing, business and school close, etc., have been extensively studied
[7-10]. Several studies assessed the effect of reduced travel at the early
stage of the outbreak and concluded that rigorous travel restrictions
could delay the outbreak [11-13]. Other studies suggested that quar-
antine of inbound travellers is required for reducing the transmission of
the virus [2,14]. However, current studies examined the effects of the
three major types of control measures separately, without characterizing
the combined effects. In addition, the epidemic spread under different
intensities of those control measures was also not investigated in pre-
vious studies. Moreover, an integrated framework to measure the com-
bined effects of entry restrictions, quarantine policies and
transmissibility of different pandemics, which can offer simulations for
the spread of the pandemic under varying combinations of control
measures, is lacking.

By implementing aggressive public health measures with rapid
response, mainland China and Singapore have achieved promising
progress in mitigating the first wave of outbreak [15-17]. China issued
strict measures including city lockdown at the initial stage and inter-
national travel restrictions since March 19. The number of daily new
confirmed cases was controlled under 100. Singapore was lauded as a
success story in the first phase against the coronavirus with proactive
measures. However, as the outbreak quickly spread around the world
and turned into a global pandemic [18], the imported cases surged since
March 5, and later, community outbreaks among migrant workers in
local dormitories occurred. This second outbreak led to more proactive
strategies such as strict entry restrictions issued by the Singapore gov-
ernment after April 4 [19,20]. These two real-world cases enabled us to
retrospectively evaluate the importance of control measures in pre-
venting a successive outbreak.

In this paper, we proposed a novel framework of methodologies that
simulates the potential development of the epidemic across different
intensities of entry restrictions and quarantine, as well as under different
assumptions of the global spread of pandemics. By leveraging different
sets of parameters, we assessed the combined effects of control measures
on mitigating the risk of COVID-19 importation, providing suggestions
on what future control measures could be undertaken under different
scenarios of pandemic status. The framework was verified on the sub-
sequent epidemic spread of COVID-19 in mainland China and Singapore.

2. Materials and methods
2.1. Data collection

To illustrate the analytical framework, we collected retrospective
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data of COVID-19 in mainland China (excluding Hubei province) and
Singapore. Daily numbers of local and imported COVID-19 cases in
mainland China [21] from February 26 and Singapore [22] from March
5 to May 23, 2020 were collected to estimate the effective reproduction
number R;. R; is the key measure of epidemic dynamic, defined as the
average number of secondary cases caused by one newly infected case at
time t. We also collected data of control measures implemented in
mainland China and Singapore from the day when the first imported
case was reported to May 23 and created a timeline of these policies by
their effective dates.

To estimate the number of imported cases in mainland China and
Singapore, we collected the data of daily reported cases worldwide from
World Health Organization (WHO) [23] and the data of international
visitor arrivals in 2019 of the world, mainland China and Singapore
[24-26].

2.2. Integrated framework of methodology

The integrated framework for modelling the combined effects of
entry restrictions, travel quarantine and domestic containment mea-
sures on managing the importation risk was presented in Fig. 1.

2.2.1. Parameterization of entry restrictions and modelling of case
importation

The intensity of entry restrictions will impact the number of inbound
travellers, as well as the number of imported cases. We defined “inbound
traveller reduction” by the percentage of reduced inbound travellers as
compared to the year of 2019. We first estimated the number of im-
ported cases in mainland China and Singapore, assuming no entry re-
striction was in place, following a previously published approach for
modelling case importation based on travel data [2]. The number of
imported cases with no entry restriction implemented is assumed to be
correlated with the number of global new infected cases, daily proba-
bility of travelling for an infected case 6, the probability of travelling to a
certain country (termed as travel weight w;, which is estimated by the
proportion of the total number of inbound travellers of country l among
the total number of inbound travellers worldwide in 2019). The daily
probability of travelling for an infected case 6 was estimated by con-
structing equations (1, 2, 3) of the expected daily number of imported
cases and fitting the predicted number to real reported cases.

i 01 —-0)"0<t <
B (17,12 = { 11700000 < 1 <) M
. N . .
Eimpart (T;nfy t) = ZiZ,IEimporl (ijﬂf7 L t) (2)
. 7inf _p ) X .
Einpor (T") = 3 Einpor (T} ,1) 5.1/ 1 = T4 3)
7

where Ejnport (T;"f ), t) is the expected number of imported cases after

time t for the subject i who was infected on time T;:"f , wy is the travel
weight of country [, t(i)is the time from symptom onset to the first
medical visit for the subject i. Eimpore (Tj"f , t) is the expected number of
imported infected cases after time t for all subjects who were infected on

time T;"f ‘El-mpm(T*,‘,T‘” ) is the expected number of imported infected cases

on time '1"‘,',1”” ,Ty is the first day of the study period, Ty is the last day of the
study period, N; is the number of infected cases on time Tj:"f .

Reported COVID-19 data of Singapore from March 5 to 13 was used
for this estimation, as the travel to mainland China has reduced
dramatically due to the early transmission of COVID-19, and no entry
restrictions to countries out of China were implemented in Singapore
during this period. We excluded new reported cases of Singapore as well
as mainland China from the global new infected cases when estimating
the daily probability of travelling, as Singapore barred all visitors with
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recent travel history to mainland China since February 2. We extrapo-
lated the number of true infectious cases from the reported data by
sampling from the empirical distribution of the time from symptom
onset to reporting [7].

The inbound traveller reduction in mainland China and Singapore
was then estimated by applying a dynamic policy weight a(T;?) in the
likelihood function of the daily number of imported cases (Equation (4))
and fitting the simulated results to real numbers.

TJM/ =T,

Eiport (T = a(T™) *ZT,,»,I, i Empor (T 1) 50 T 0 = T @

2.2.2. Travel quarantine

We assessed the impact of quarantine by assuming three different
scenarios of quarantine policies and varying the input parameters of
simulation models accordingly: 1) quarantine all inbound travellers,
which has been implemented in mainland China since March 26; 2)
quarantine the symptomatic travellers, which was adopted by Singapore
since March 5; 3) no quarantine, as applied in most of the countries
during the early stage of the epidemic. To simulate the effect of quar-
antining the symptomatic travellers, we used the proportion of pre-
symptomatic cases (prop,) [2] and asymptomatic cases (prop,) [27] to
estimate the potential number of imported cases in the incubation
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period and asymptomatic cases.

2.2.3. Domestic containment measures

Aggressive domestic containment measures can bring spread under
control, and in this situation, R; will be below 1. However, relaxed in-
terventions may push R; to rise above 1, and the epidemic spreads.
Therefore, the change of R can help us understand the effectiveness of
domestic containment measures and how these policies affect the spread
of the virus. Stratifying the daily new cases into local cases and imported
cases from overseas, we estimated time-varying R; from February 26 to
May 23 for mainland China (excluding Hubei province) and from March
5 to May 23 for Singapore, assuming the empirical serial interval [28]
(the time period between clinical onset of primary case and onset of
symptoms with the secondary case) to be distributed with a mean of 7-5
days and SD of 3-4 days and a reporting delay (the time period between
clinical onset and being reported) to be distributed with a mean of 4-9
days and SD of 3-3 days [7], using the R package EpiEstim, version 2.2-1
[29,30] on weekly time windows.

2.2.4. Simulation model for the epidemic spread under different control
measures

Through parameterization of the intensities of the control measures,
we were able to integrate them into the following modified susceptible-

Modelling the case importation

: The probability of
E traveling to a certain
‘ country

Calibrating the probability of travelling per day for an
infected case by fitting the predicted number to
empirically reported cases

Global
new infections ]

_____________ Policies ...

P L E T TR " G D : - N :
i ) Entry restrictions —> E, 1 ]
i Quarantine for : : ;
' all travellers i ~ an =
E ; e N O N
Quaraqtine for Quarantine policy > Eimpa Iimp-s and Iimp-_a
' | symptomatic travellers | . | who are free of quarantine :
v ) o > i \3 4 1
: No quarantine ; s _ . N g -
i ' Domestic containment N Rt ]
1 ) 1 7 1
measures ! 4
o J p S J b

Simulation
on the future spread of infections

Modified
susceptible-exposed-infectious-recovered (SEIR)
compartmental model

Fig. 1. Integrated framework for modelling the combined effects of entry restrictions, travel quarantine and domestic containment measures on managing the

importation risk of COVID-19 or other pandemics.
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exposed-infectious-recovered (SEIR) compartmental model to simulate

the effect of the above hypothetical control measures on the imported
and local infection of COVID-19:

s s R,[
it N\D,

dE. S (R E
= <_tl)_—+Eimp<t)

dt  N\D; Dr

al E I

— ==t Linp () + Limp—a(t
@D, Dl (6) +Timp-a(t)
dR 1

dt D,

where S, E, I and R are the number of susceptible, exposed, infectious
and removed cases at time t; Dg is the incubation period, Dj is the in-
fectious period (equals the serial interval minus the mean incubation
period); R; is the effective reproduction number; Ei(t),
Iimp—s(t)andlymy_q(t)are the number of imported incubated cases, infec-
tious cases with symptoms and asymptomatic cases at time t who are
free of quarantine.

The parameters used in the SEIR model are from previously reported
empirical distributions (Table 1). Daily value of Ry, Emp(t),
Timp—s(t)andly,_q(t) are estimated from the previous steps.

Through this framework, we input different combinations of R;, the
inbound traveller reduction and quarantine policies and simulate the
subsequent epidemic spread of COVID-19. We took mainland China and
Singapore as examples to assess the combined effects of control mea-
sures with our framework. Based on the estimated time-varying Ry, in-
bound traveller reduction and quarantine policy, we simulated the daily
newly infected cases in mainland China and Singapore. The under-
reporting cases were adjusted using a recently-developed capture-
recapture method, which is a lower bound estimator for the size of
partially unobserved populations [31]. A web-based visualization tool
(http://101.89.95.81:8260/pic.html) of epidemic spread simulation
was developed from this framework, allowing others to obtain simula-
tions easily by varying input parameters based on their situation.

2.2.5. Modelling the uncertainty of parameters

Based on the distributions of parameters in the SEIR model (Table 1),
we estimated the cumulative infected cases for mainland China and
Singapore under different scenarios using Markov Chain Monte Carlo
simulations. For each scenario, we repeated the simulation 1,000 times
and reported the confidence intervals of the estimated results. All sim-
ulations were performed using R version 3.6.1 (R Foundation for Sta-
tistical Computing; Vienna, Austria). The data and code are available at
https://github.com/jinyizhu/Importation-Risk-of-COVID-19.

Table 1
Distribution of parameters used for simulation.
Parameters Value Distribution Reference
Proportion of pre- 0-643 Beta distribution Empirical
symptomatic o = 89-06932, p = distribution [2]
travellers,prop, 49-45217
Proportion of 0-31 Beta distribution Empirical
asymptomatic a=51,p=115 distribution [27]
travellers,prop,
Travel probability,0 0-0209  Beta distribution Estimated by
95% CI: 0-0084-0-0279 MCMC and
bootstrapping
Incubation period,Dg 5.2 Discrete log-normal Empirical

(truncated 21 days)
Mean: 5-2 SD: 3-91
Serial interval,D; + 7-5 Negative binomial
Dg distributionMean: 7-5
SD: 3-4

distribution [2]

Empirical
distribution [2]
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3. Results

3.1. Estimating the intensity of control measures and fitting to the
historical epidemic curve

We first estimated the actual dynamic inbound traveller reduction in
mainland China and Singapore (Fig. 2A and D). The average intensity
since the first imported case was 0-94 in mainland China and 0-86 in
Singapore, where approaching 1 indicates the strongest degree of re-
striction. Based on the estimated inbound traveller reduction, we hy-
pothesized three scenarios for mainland China: 1) 0-31 (corresponding
to the scenario with almost no restrictions), 2) 0-85 (corresponding to
the average intensity from Jan 26 to March 18, the day before mainland
China issued a notice on controlling international flights) and 3) 0-99
(corresponding to the average inbound traveller reduction from Apr 8,
when mainland China temporarily closed the land border with Russia, to
May 23). The three scenarios for Singapore included: 1) 0-31 (March 5 to
March 12, the day before new visitors from Italy, France, Germany and
Spain were not allowed entry into Singapore), 2) 0-55 (from March 13 to
March 22, the day before all short-term visitors were prohibited from
entering or transition through Singapore) and 3) 0-99 (average intensity
from March 23 to May 23).

We also presented the timeline of actual travel quarantine policies in
Fig. 2B and E. For mainland China, no quarantine was required until
March 12, when quarantine for symptomatic travellers started, and since
March 26, quarantine was required for all inbound travellers. For
Singapore, quarantine for symptomatic travellers was required from
March 5 to April 9, then mandatory quarantine for all inbound travellers
started.

By fitting the daily number of local cases and imported cases from
overseas, we estimated the time-varying effective reproduction number
(Rp) in mainland China and Singapore (Fig. 2C and F). The average R¢
since the first imported case was 0-17 in mainland China and 1-4 in
Singapore.

Based on the estimated parameters of intensity of control measures,
we retrospectively simulated the epidemic curve by calculating the daily
new infected cases in mainland China and Singapore using the modified
SEIR model. The simulated results fitted closely to the real numbers
(Fig. 3), suggesting good validation of the analytical framework.

3.2. Effects of entry restrictions and quarantine policy

For the retrospective evaluation of the effects of control measures,
we conducted simulations to assess the potential effects of different in-
bound traveller reduction and quarantine policies. Based on the esti-
mated inbound traveller reduction in mainland China and Singapore, we
hypothesized three scenarios of intensity for mainland China and
Singapore respectively under the estimated time-varying R, and actual
quarantine policy. To compare the effects of quarantine policies, we
assumed three different scenarios of quarantine policies (quarantine all
inbound travellers, quarantine symptomatic travellers, and no quaran-
tine required) with the estimated time-varying R; and actual inbound
traveller reduction.

Fig. 4 shows the entry restrictions and quarantine policy simulations
for mainland China and Singapore. For mainland China (Fig. 4A), under
the actual R; and inbound traveller reduction, the total number of
simulated imported cases was 1840, and the number of local cases
(excluding Hubei province) did not change a lot across different quar-
antine policies. When quarantine for all inbound travellers was applied,
there would be no local cases. If the policy was to quarantine symp-
tomatic travellers, the local case count would be 1833. No quarantine
would result in a local case count of 1932, which was similar to the result
of quarantine for symptomatic travellers. Assuming actual R; and
quarantine policy (no quarantine until March 12 when quarantine for
symptomatic travellers started and quarantined all inbound travellers
after March 26) applied, due to a low time-varying Ry, the change of total
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Fig. 2. Estimation of effective reproduction number Ry, inbound traveller reduction and the actual quarantine policy in mainland China (A, B, C) and Singapore (D, E,
F). R, was presented on sliding weekly windows. Inbound traveller reduction refers to the percentage reduction in inbound travellers as compared to 2019.

A. Mainland China

March 26
-day centralized quaran-

A4

Apr9
State Council publishes guidelines.
about advancing resumplon of

roduction for regions of
iferent isk levels

tine is required for allinterna-

100 tional ravelers
Local March 12
Il Local cases Cenirsfized quarentine is Aprs
M imported cases required for foreign arrivals. China. temporarily
i o exhbiing symptoms doses the. land
-+ Estimated true cases of respiratoryilness. border with Russia
80 - March 29
CAAC issue a notice on
123 March 19 further reducing interna-
2 Analice on contrling tional passenger fights
intematonal passenger
S ights ssued by CAAG Apr1 Apri4
Nuclec acd tests are NHC and MCA issue an
o 60 - required for alinbound notios onmproving commi
@ ) passengers arving in sy management of the
E ‘&, _China prevention and control of
- covID-19
= Feb 26 .
c Beijing orders home quaraniine for ..
8 40 - foreign arrivals from virus-hit areas March
(3]
c
>
s 20
-
a o0
0-
Feb 26 Mar 4 Mar 11 Mar 18 Mar 25 Apri Apr8 Apr 15 Apr 22
Date
summarized as caily
*Ntional Health China (NHC), Ministy of Cvl Affais of ina (MCA), Minsty of Education (MOE), Ministy o Housi

B. Singapore

14004
12004 I Local cases
[l Imported cases
1000 1 -=- Estimated true cases.
800 -
+Travellers entering Singapore who exhibit-
ing fever and/or other symptoms of respira-
600 - equired 1o undeigo
Mar 23
« New visitors from Htaly, France, Germany Al shorttemn visitors (from
400 and'Spain wil not be alowed: entry info- - anYherein the world) willnot
be allowed to enter or ransit

Singapere through Singapore
with recent ravel
history to Iran, northern laly or the
Ropublic of Korea vithin the last 14 days
will not be allowed enty into Singapore,
or transit through Singapore.
- Residents and long-term pass hoiders
with recent travel history to these area
will be issued vith a 14-day Stay-Home
Notice

200+ Mar 19

Al visitors entering Singa-
are issued a 14-day
‘Stay-Home Notice.

Daily new confirmed cases

oo

-
.“
P

Mar 5

Mar 12 Mar 19 Mar 26

Apr 30
The last highisk area, Chaoyang Distit,
Beijng, is re-evaluated as middle risk. Beijng

ly-
Travellers from low risk area to Beijng no longer
require a 14-day home or centralized quarantine.

May 7
- Allcounties are classified as lowisk
in China for COVIDAS.

* MOE and MOHURD jointly issue a
quidence on_safely and ordety
reopening the secondary schools and

Kindergarters
-

1 e e o S hd

Apr 29 May 6 May13 May 20
of

Apr 1
A" mandatory _Stay-Home Notice is
issued for work permit and S Pass
holders in the construction sector rom
Apr9to May 18

Apr 9
Al Singapore _ciizens, Permanent
Residents and Long Term Pass holders
entering Singapore are required. to
serve a 14-day seltisalation at dedicat-
‘ed Stay-Home Notice (SHN) facilities

Apr7
~Implement ‘circuit_breaker
measures from 7 Apito 4 May.
- Non-essenial workplaces and
Schools are closed

3
Impose key control measures
including closure of schools
and public faciities

Apr 2 Apr9

Date

Apr 16 Apr 23

Apr 21
The “cicuit broaker” measures
has been extended fo June 1

May 19

Propose a’conirolled’ approach 1o’

resume actvities safely over three
‘phases from June 2

Apr 30 May 7 May 14 May 21

Fig. 3. The real and simulated numbers of confirmed cases and timeline of control measures in (A) mainland China (excluding Hubei province) and (B) Singapore.
The black dotted line represents the simulated number of newly infected cases based on estimated time-varying Rt, inbound traveller reduction and quarantine policy
after adjusting a time lag between infection and reporting. The yellow and blue bars represent daily new confirmed local and imported cases, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



T. Chen et al.

A.Mainland China

Journal of Biomedical Informatics 118 (2021) 103800

Actual inbound traveller reduction, travel Actual inbound traveller reduction, travel Actual inbound traveller reduction,
quarantine for all inbound travellers quarantine for symptomatic travellers no travel quarantine
W Local cases
600 B imported cases 600 600
2
2
B
.g 400 400 400
2
> 200 200 200
©
[=]
T S S
0 0 0
Mar Apr May Mar Apr May Mar Apr May
Actual quarantine policy, inbound Actual quarantine policy, inbound Actual quarantine policy, inbound traveller
traveller reduction = 99% traveller reduction = 85% reduction =31%
600 600 6004
1]
c
2
3 |
% 400 400 400
F
2
> 200 200 2001
T
® |
0 0{ 0
Mar Apr May Mar Apr May
Date Date Date
B.Singapore
Actual inbound traveller reduction, travel Actual inbound traveller reduction, travel Actual inbound traveller reduction,
q ine for all i tr quarantine for symptomatic travellers no travel quarantine
000 M Local cases 4000 4000
| Imported cases
1]
§ 3000 3000 3000
ki
£
= 2000 2000 2000
H
c
2 1000 1000 1000
; | |I|
0 _ 0 — | 0 ,w-i“
Mar Apr May Mar Apr May Mar Apr May
Actual quarantine policy, inbound Actual quarantine policy, inbound Actual quarantine policy, inbound traveller
traveller reduction = 99% traveller reduction = 85% reduction = 31%
4000 4000 4000
1)
S 3000 3000 3000
B
2
£ 2000 2000 2000
H
o
c
> 1000 1000 1000
T
a
o 0 0
Mar Apr May Mar Apr May Mar Apr May
Date Date Date

Fig. 4. Simulation of the disease infection under combinations of control measures for (A) mainland China and (B) Singapore.

case count was mainly caused by imported cases under different in-
bound traveller reduction. The imported and local case count would be
362 and 16, respectively, with the strict entry restrictions; 6979 and 306
when under the moderate level of entry restrictions; 31,998 and 1397
when the most relaxed entry restrictions applied. By applying the
capture-recapture method that adjusted for underreporting, the cumu-
lative local cases over the period increased by 889, 1803, 1853, 163,
3638 and 16,828 in the above six scenarios, respectively.

Simulation in Singapore (Fig. 4B) with a relatively high time-varying
R showed a different pattern. Under the actual R, and inbound traveller
reduction, the total count of simulated imported cases was 571, and the
local case number varied significantly with different quarantine policies.
If the policy was quarantine for all inbound travellers, symptomatic
travellers and no quarantine required, the local case count would be

none, 66,819 and 87,299, respectively. When actual R; and quarantine
policy (quarantined symptomatic travellers from March 5 to April 9
when quarantine for all inbound travellers started) were applied, the
change in cumulative case count was the combined effect of different
inbound traveller reduction and high time-varying R;. The imported and
local case count would be 49 and 1960 with the strict entry restrictions;
2614 and 73,484 with the moderate entry restrictions; 4112 and
113,938 with the most relaxed entry restrictions applied. By applying
the capture-recapture method, the cumulative local cases over the
period increased by 273, 34089, 44461, 988, 38,499 and 59,742 in the
above six scenarios, respectively.

Simulation results after adjusting for parameter uncertainty are
presented in Table 2. Assuming actual R; and quarantine policy, if the
most relaxed entry restriction was implemented, the total number of
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Table 2
Simulated cumulative cases under combinations of control measures using
Markov chain Monte Carlo (MCMC) simulation.

Control measures Mainland China Singapore
Real number of cumulative cases 1963 30,958
imported 1713 538
local 250 30,420

Actual R, and inbound traveller reduction

Quarantine for all travellers 1840 (1572-2069)

Quarantine for symptomatic 3673 (3479-3829)
travellers

No Quarantine

571 (569-574)

67,391 (51401-83380)

3773 (3577-3978) 87,870

(68038-107702)

Actual R; and quarantine policy

Strict entry restrictions

Moderate intensity of entry
restrictions

Relaxed entry restrictions

378 (330-426)
7285 (6410-8127)

2008 (1555-2462)
76,098 (57123-95073)

33,395
(29580-37247)

118,051
(92504-143597)

*Data are median (IQR).

infected cases in mainland China and Singapore would be 88-4 (IQR
87-5-89-6) and 58-8 (IQR 58-3-59-5) times the number with the strict
entry restrictions applied, respectively. The simulation results after
adjusting for parameter uncertainty (Table 2) indicate that the estimated
effects of the control measures are stable over distributions of
parameters.

3.3. Epidemic simulation under hypothetical global infection

We also simulated the epidemic spread given different global infec-
tion numbers to present potential effects of control measures on
reducing importation risk under different future scenarios, taking
Singapore as an example.

Given global daily new infection number of 10 thousand, 50 thou-
sand and 100 thousand, we estimated the daily number of local infection
and imported infection in Singapore under different inbound traveller
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reduction, while R; remained to be 0-89 (average R; of Singapore since
April 28, 10 days after the mandatory Stay-Home Notice was issued for
work permits) and all symptomatic travellers are quarantined (as shown
in Fig. 5). We also adjusted for parameter uncertainty of R; by sampling
from its empirical distribution and conducted a Markov Chain Monte
Carlo simulation. As presented in Table 3, given a global daily new
infection of 100 thousand, 88% (IQR 85%-91%) of inbound travels
should be reduced to keep the daily new infection number below 100;
given a global daily new infection of 50 thousand, 76% (IQR 69%-82%)
of inbound travels should be reduced to keep the daily new infection

Table 3
Simulated number of cumulative cases under hypothetical global infection
numbers and different inbound traveller reduction.

Inbound traveller
reduction (%)

Global daily infection

10,000 50,000 100,000
0 6184 32,468 65,266
(8271-11713) (41413-56543) (83828-114715)
10 5557 29,218 58,758
(7435-10533) (37276-50913) (75496-103376)
20 4929 25,967 52,243
(6599-9354) (33136-45275) (67151-92005)
30 4301 22,714 45,723
(5762-8173) (28993-39630) (58792-80603)
40 3674 19,459 39,196
(4926-6993) (24847-33977) (50419-69169)
50 3047 16,203 32,662
(4090-5813) (20697-28316) (42033-57704)
60 2420 12,946 26,123
(3254-4632) (16544-22648) (33634-46207)
70 1794 9687 19,576
(2419-3452) (12388-16972) (25221-34678)
80 1171 6427 13,024
(1586-2273) (8229-11289) (16794-23117)
90 553 (758-1099) 3168 6467

(4069-5600) (8354-11524)

*Data are median (IQR).
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Fig. 5. Simulation of the effect of different inbound traveller reduction in Singapore under hypothetical global daily new infection number of 10 thousand (top row),
50 thousand (middle row) and 100 thousand (bottom row). In the simulation analysis, R, remained to be 0-89 (average R, of Singapore since April 28, 10 days after
the mandatory Stay-Home Notice was issued for work permits) and all symptomatic travellers are quarantined.
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number below 100; given a global daily new infection of 10 thousand,
the average daily newly infected case would always be less than 100
even if no entry restriction is implemented.

To enable interactive visualization of the simulation results using our
proposed framework, we also provided a web-based visualization tool,
which can be accessed through http://101.89.95.81:8260/pic.html. It
allows users to obtain simulation results easily by varying input pa-
rameters based on their situation. The above analysis could also be
replicated by using this online tool.

As shown in Appendix, users are able to input travel data and
transmission data, select one of the quarantine policies and enter the
corresponding reproduction number to generate the simulation result of
epidemic spread. Different diseases can be determined through adjust-
ing the time-varying reproduction number, and different countries and
territories can be identified by inputting the current transmission situ-
ation and relative travel information. The data visualization module will
display simulation results for imported cases and local infections caused
by imported cases and by existing local cases under the settings made by
users. The importation risk and subsequent epidemic spread for any
epidemic disease in any chosen area will be perspicuously illustrated on
the page.

4. Discussion

As the COVID-19 pandemic has become a crisis all around the world,
it is possible that the pandemic will last for a long time, and the risk of
successive outbreaks caused by overseas importation remains high.
Management and control of the case importation through leveraging
entry restrictions and quarantine policies are therefore crucial. How-
ever, an established framework to measure the effects of entry re-
strictions and quarantine policies, which can offer simulations for the
spread of the pandemic under varying combinations of control mea-
sures, is lacking. As concerns over the COVID-19 pandemic and even
other unknown infectious diseases are still growing, health system ad-
ministrators should attach importance to importation risks for disease
control.

We constructed this novel framework considering the intensity of
entry restrictions, quarantine policies, local and global transmissibility
of different pandemics. A web-based tool developed from the proposed
framework of simulating epidemic spread under hypothetical intensities
of such strategies can help visualize the impacts on reducing importation
risks, thus serving as informative evidence for policy making.

The simulation of our framework was supported by the real situation
of COVID-19 spread in mainland China and Singapore, where we con-
ducted a thorough investigation for the COVID-19 outbreak and the
undertaken control measures. Since the first case was detected,
containment measures, including locking down the cities, quarantining
infected individuals, and social distancing, have been gradually imple-
mented before the Spring Festival in China. Because of the control
measures, the R; in mainland China remained far below 1 (around 0-1)
since February 26, and the number of daily new confirmed cases was
reduced. However, because of the global outbreak of COVID-19, China
reported the first imported case on February 26. The number of im-
ported cases rose sharply ever since, and the R; increased slightly in the
middle of March. Consequently, China implemented a series of entry
restrictions and centralized quarantine policies on travellers from
overseas since March 15 [32]. As a result, the R; fell back by the end of
March, and the estimated inbound traveller reduction started to rise
gradually from 0-75. Then in early April, most of the land border
crossings were also closed. Simultaneously, our estimation of the in-
tensity of inbound traveller reduction was reaching close to 1.

The epidemic in Singapore has a different trajectory than in China.
There were primarily imported cases from mainland China first, and the
cumulative number of cases remained under 100 by the end of February.
However, the number of imported cases and community infection cases
surged quickly in Singapore after March 5, because of the rapid
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development of the global epidemic. To prevent imported cases,
Singapore implemented entry restrictions to ban all short-term visitors
from March 23, and our estimation of the intensity of entry restrictions
has increased to 1 since then. Even though Singapore carried out entry
restrictions, the local community infection cases began to surge among
the migrant worker population after April 3, and the R¢ rose steeply over
3 bringing its total to 8014 cases in a population of nearly six million
people on April 20. After seeing the second wave, Singapore imple-
mented the ‘circuit breaker’ measures on April 7, including closing
schools and non-essential workplaces, social distancing and locking
down foreign worker dorms [33], resulting in a drop back of R;.

Not surprisingly, the simulation results show that a combination of
successful domestic containment measures, entry restrictions and indi-
vidual quarantine policy has the most effective impact on reducing the
number of imported and local cases and averting the second local
outbreak. Our results also show that when the domestic effective
reproduction number R; is low (as in mainland China), a relaxed quar-
antine policy does not have a great impact, and relaxed entry restrictions
may cause a moderate increase in the number of imported cases. When
R¢ is relatively high, relaxed entry restrictions or quarantine policies
could dramatically increase the number of total infected cases, espe-
cially those caused by local transmission. According to our analysis,
until the daily global infection drops below ten thousand, it is necessary
to implement control measures on reducing inbound travels to keep
daily new infected cases below 100 for a country with similar travel
volumes as Singapore.

Finally, findings generated by our framework provide reusable
methodologies for health system administrators to assess the effects of
policy on the spread of infectious disease. Our framework, which can be
used to estimate the impact of entry restrictions and quarantine policies
to better understand the epidemic spread of different pandemics, is
supplementary to the current approach of epidemic studies and will
contribute to disease control and public health.

4.1. Limitation

Several limitations of our study should be noted. First of all, in the
estimation of imported cases, we used data of overall global infection
numbers rather than separated the calculation by country-level, for the
purpose of simplifying the hypothetical scenarios, so that we were able
to present potential effects of control measures on reducing importation
risk under different dynamics of the global epidemic. If the modelling of
case importation were applied by country-level in the future research
based on our study, travel restrictions could be targeted to specific
countries and the percentage of imported cases reduced would be much
more than the percentage of travellers reduced by the well-targeted
travel restrictions. Second, we conducted a Markov Chain Monte Carlo
simulation by sampling from empirical distributions of these parameters
to adjust for parameter uncertainty, yet the distributions of the param-
eters which were retrieved from previous literature may not be tempo-
rally and geographically generalizable to all scenarios. Third, our
simulation was based on international travel data in 2019, which may
not represent the travel pattern of 2020. Due to the health threat of
COVID-19, travel restrictions imposed by many countries and increased
public awareness could reduce international travel.

5. Conclusions

Our research has provided a framework to parameterize the intensity
of control measures, simulate both the case importation and local
epidemic, and quantify the combined effects of entry restrictions and
travel quarantine on managing the importation risk. This framework of
methodologies is reusable to quantify the impact of policy on the
epidemic spread of COVID-19 and other infectious diseases.
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