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a b s t r a c t 

Background: Many countries/regions implemented strict border measures (e.g., 14-day quarantines) as a 

blanket policy to prevent COVID-19 importations, while proposed “travel bubbles” as an alternative to re- 

duce the impact of border controls. We aim to examine the differential importation risks with departure 

origins and post-arrival controls. 

Methods: We developed a Bayesian framework to model disease progress of COVID-19 and the effec- 

tiveness of travel measures and inferred the origin-specific disease prevalence among inbound travellers, 

using data on passengers arriving in Hong Kong and laboratory-confirmed imported cases. We estimated 

the origin-specific risks of releasing infectious travellers under different control strategies and traveller 

volumes. We also estimated the risk of having released infectious travellers when a resurgence occurs in 

departure locations with no imported cases during a certain period. 

Findings: Under the then strict controls of 14-day quarantine and testing on day 12, the Philippines im- 

posed the greatest importation risk among the studied countries/regions (95.8% of releasing at least one 

infectious traveller, 95% credible interval (CrI), 94.8-96.6%). This was higher than that from low prevalence 

countries/regions (e.g., 23.4%, 95% CrI, 21.6-25.3% for Taiwan) if controls relaxed (i.e., 7-day quarantine 

and test on day 5). Increased traveller volumes and resurgence in departure locations with low preva- 

lence under relaxed controls did not impose a greater importation risk than high prevalence locations 

under stricter controls. 

Interpretation: Moderate relaxation of control measures for travellers arriving from low prevalence lo- 

cations did not impose higher risks of community outbreaks than strict controls on travellers from high 

prevalence locations. 

Funding: Health and Medical Research Fund, Hong Kong. 

© 2021 The Author(s). Published by Elsevier Ltd. 

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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Research in context 

Evidence before this study 
The ongoing COVID-19 pandemic caused unprecedented 

interruption of international travel. Countries and regions 
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adopted various travel control measures, including border 
closure, strict quarantine, post-arrival tests for COVID-19. 
Most of the measures were implemented as blanket poli- 
cies for all inbound travellers regardless of the prevalence 
of COVID-19 in the departure origins, with some exemptions 
where countries broadly classified the departure locations 
into several categories of risk and relaxed measures to trav- 
ellers from lower categories (e.g., “travel bubbles” launched 

by Singapore and Australia). However, no evidence was avail- 
under the CC BY-NC-ND license 
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able to evaluate the origin-specific importation risks and the 
feasibility of these targeted travel measures. 

We searched in PubMed for peer-reviewed studies and 

in Google for grey literatures about evaluating the origin- 
specific importation risks and feasibility of targeted control 
measures on 17 February, 2021 with no restrictions on publi- 
cation time and language. We used terms of “COVID-19 OR 

SARS-CoV-2” AND “travel ∗ AND international” AND “quar- 
antine OR test ∗ OR screen 

∗ OR restrict ∗” in title and ab- 
stract. Current evidence suggested that international trav- 
ellers played critical role in seeding and sustaining local epi- 
demics in destinations with low prevalence, while the early 
travel measures were insufficient to preventing from COVID- 
19 importations. We found no peer-reviewed study, one pre- 
print and one report directly examined the variations of im- 
portation risks between locations and different control mea- 
sures, while none of those applied empirical data on travel 
and imported COVID-19 cases to infer the risks. 

Added value of this study 
We proposed an evaluation framework of origin-specific 

importation risks, which integrating the natural history of 
the disease, the effectiveness of control strategies and travel 
volumes and the estimated COVID-19 incidence of inbound 

travellers from a given departure origin. We compared the 
risks of releasing infectious travellers between countries or 
regions, control strategies and travel volumes. We found that 
relaxing quarantine to 7 days with a second PCR test on 

day 5 to travellers from low prevalence countries or regions 
would not impose greater importation risks than applying 
strict control measures to travellers from high prevalence. 
Such observations were still held when the travel volume 
double the current or when resurgence reoccurred in these 
low prevalence settings. 

Implications of all the available evidence 
The ongoing COVID-19 pandemic unprecedentedly inter- 

rupted the international travel, while many governments are 
seeking exit strategies to reduce the economic and societal 
impacts. Moderate relaxation of control measures (e.g., 7-day 
quarantine and secondary test on day 5) to inbound trav- 
ellers from low prevalence locations does not appear to im- 
pose greater risks than that has already been imposed by 
travellers from high prevalence under the strict regimen, sug- 
gesting the feasibility of including low COVID-19 prevalence 
countries or regions into “travel bubbles”. Meanwhile, we are 
expecting an accelerated increasing of population immune to 
the virus with the mass vaccination, therefore relaxing con- 
trol strategies to vaccinated travellers from different origins 
of departure can be further examined within this framework. 

. Introduction 

Coronavirus disease 2019 (COVID-19) emerged in late 2019, in 

uhan, China [1] . The first confirmed case outside mainland China 

as identified on 13 January 2020 in a visitor to Bangkok from 

uhan [2] . In the following weeks, cases were identified in other 

ocations around the world, and by the end of February 2020 cases 

ad been reported in more than 50 countries or regions [2] . Im- 

orted cases were found to seed the local epidemics [ 3 , 4 ], indicat-

ng that current travel measures were insufficient to prevent the 

mportation of COVID-19 by travellers [3] . There have been few 

vidence-based evaluations of the importation risks and the effec- 

iveness of travel restrictions and controls. 

Countries or regions adopted travel restrictions with various 

tringency, including closure their borders to non-residents and in- 

titution of post-arrival quarantine and isolation measures [ 5 , 6 ]. 

hese measures have been implemented by some governments as 

 blanket policy for all inbound travellers, regardless of the travel 

olume and the disease prevalence at the origin of departure. Such 
2 
olicies fail to consider the substantially reduced risk of importa- 

ion from locations which have achieved local elimination as com- 

ared to locations that have adopted a containment or mitigation 

trategy. Meanwhile, some governments adopted triage measures 

epending on the importation risks, though evidence-based risks 

ssessments were rarely reported. 

“Travel bubbles” (or triage models) have been proposed by sev- 

ral governments (e.g., New Zealand, Singapore and Australia) to 

educe the economic impacts of border controls [7–9] . Key to this 

s the assessment of the risk an infectious traveller could escape 

rom a series of control measures, which is determined by the vol- 

me of travellers, the disease prevalence among inbound travellers 

rom a given origin of departure, and the effectiveness of post- 

rrival controls ( Figure 1 ). Reliable estimation of the importation 

isk by origin of departure is critical for the safe implementation 

f “travel bubbles”. 

We hypothesized that relaxation of post-arrival quarantine re- 

uirements for travellers arriving from locations with low COVID- 

9 prevalence would pose a lower risk of community transmission 

han strict quarantine requirements for travellers arriving from 

igh prevalence locations. We developed a comprehensive frame- 

ork that considered disease prevalence, travel volume, control 

trategies and their effectiveness, and the natural history of disease 

o estimate the importation risks by the origin of departure. We il- 

ustrate the utility of this framework using Hong Kong as a case 

tudy and considering the importation risks from eight countries 

r regions of origin (hereafter referred to as origins) with different 

raveller volumes to Hong Kong and COVID-19 prevalence. 

. Methods 

.1. Study settings 

Since 25 March 2020, non-Hong Kong residents from overseas 

ere prohibited from entering Hong Kong. Those permitted to 

ravel were required to undertake 14 days home/hotel quarantine 

nd were tested on arrival (day 0) and day 12 of their quarantine 

eriod [10] . Individuals who reported symptoms during quarantine 

ere arranged to have additional testing during the quarantine 

eriod. The majority received the results of their on-arrival test 

n the same day and received the results for the second test be- 

ore their quarantine ended. Thus, we assumed all persons received 

heir tests results before the end of quarantine. All confirmed cases 

ere isolated in hospitals. Since late July 2020, travellers were also 

equired to provide a pre-flight negative PCR test result [11] . On 25 

ecember 2020, quarantine was extended to 21 days with an addi- 

ional test on day 19 due to concerns around the higher transmis- 

ibility of some SARS-CoV-2 variants [11] . Therefore, we restricted 

ur study period from 1 April to 31 July 2020 to avoid the impact 

f changing policies. However, we simulated scenarios for 21-day 

uarantine for comparison purposes. 

We compared the importation risk of infectious inbound trav- 

llers from eight countries or regions that had high traveller vol- 

mes through direct flights to Hong Kong but with a different 

revalence of COVID-19, including the Philippines, United Kingdom 

UK), United States of America (USA), Japan, South Korea, Australia, 

ingapore and Taiwan. 

.2. Sources of data 

We obtained monthly flight data on origin-specific arrivals from 

he Hong Kong International Airport and assumed that all passen- 

ers received a test on-arrival during the study period. We calcu- 

ated the cumulative number of inbound travellers arriving from a 

iven origin between April and July as the number of on-arrival 

ests performed. 
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Figure 1. Travel controls and the natural history of COVID-19. (A) Example travel control process and possible steps where infected travellers could be identified. Dark and 

light red indicate symptomatic (including who show symptoms post arrival) and asymptomatic individuals, respectively. Grey bordered figures indicate the infected individual 

is no longer infectious. The released infectious travellers were indicated as red texts (same for panel B), which are the central outcome that was modelled in this study. (B) 

Representative individual infectious profiles by peak viral load. We assumed symptoms onset coincides with peak viral load for symptomatic cases. (C) Incubation period of 

COVID-19. Data were derived from He et al. (12) 
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We obtained data on laboratory-confirmed COVID-19 cases 

hose exposure risk was listed as travel outside Hong Kong from 

epartment of Health. These data included the port of origin, 

ate of arrival and self-reported occupation. Sources of importa- 

ion were determined by the travel history in the past 14 days. 

ases whose occupation were sea crew were excluded. For the 

implicity and generalizability of our model and due to the limited 

nformation to distinguish cases identified on day 12 from those 

rom additional symptomatic testing, we only fitted the model to 

ases confirmed by the on-arrival test. We calculated the cumu- 

ative number of imported cases from a departure origin during 

he study period as the origin-specific number of on-arrival test- 

ositives. 

.3. Natural history of COVID-19 

We assumed a mean time since exposure to peak viral load of 

.2 days, with a maximum of 14 days ( Figure 1 C) [1] . Symptomatic

ases were assumed to show symptoms on the peak viral load day 

nd for all cases, infectiousness peaked when viral load peaked 

95% confidence interval (CI), -4.3 to 6.8 days) [12] . 

We assumed that test sensitivity changes over time ( p p ( t )), and

as highest the day before peak viral load (Figure S1A) [13] . In 

ensitivity analysis, we used the time-varying test sensitivity from 
3 
n alternative source [14] (Figure S1B) to repeat the estimations 

f COVID-19 prevalence among inbound travellers and the impor- 

ation risks across different control regimens. In addition, we as- 

umed test sensitivity for asymptomatic individuals was 62% of 

hat for symptomatic individuals [15] . Test specificity was assumed 

o be 1. 

.4. Statistical model 

.4.1. Estimating the prevalence of COVID-19 infections among 

nbound travellers 

To estimate the origin-specific number of potential travellers 

nd average incidence during the study period, we formulated a 

ayesian framework to model the disease history of infected trav- 

llers and the travel measures that were in force (i.e., pre-flight 

ymptom screening and on-arrival RT-PCR test) for each depar- 

ure of origin ( Figure 1 , Table S1; details in Appendix). Briefly, 

e assumed that infected travellers who intended to travel were 

n t days after exposure, distributed uniformly between 1 to 14 

ays. This information was subsequently used to impute the day 

f symptoms onset and peak viral load, test sensitivity and infec- 

iousness. We assumed all healthy, asymptomatic cases (probability 

or asymptomatic: 19.5%, 95% CI, 9.6-29.4% [16] ) and symptomatic 

ases who developed symptoms after travel would board and re- 
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eived tests on-arrival. We also assumed that 30% [ 15 , 17 ] of symp-

omatic cases who developed symptoms before travel would board, 

ounter to travel requirements. Among infected individuals who 

eceived a test on-arrival, the probability of being test-positive was 

etermined by 1) whether they are asymptomatic and 2) the test 

ensitivity that varies with the time since peak viral load. 

We fitted the model to the data on origin-specific arrivals and 

mported cases in a Bayesian framework. We jointly estimated the 

umber of potential travellers and prevalence using a Monte Carlo 

arkov Chain (MCMC) algorithm. To validate our model, we con- 

ucted a simulation study to illustrate that our estimation algo- 

ithm could provide unbiased estimates of parameters (details in 

ppendix). The model recovered the true values for travel volume 

nd prevalence in 96% and 94% of simulations, respectively (Figure 

2). 

.4.2. Estimating the importation risk for different origins 

The importation risk was measured by the number of released 

nfectious travellers and the probability of releasing at least one 

nfectious traveller. We used these measurements to compare dif- 

erent control strategies. The first measure was about controlling 

he importation risk to contain or mitigate the local transmission, 

hile the second measure was of interest for elimination of local 

ases. 

To estimate these measurements, we simulated the disease his- 

ory of infected travellers, symptom screening, requirements of 

OVID-19 tests and effectiveness of measures under different trav- 

ller volumes, disease prevalence and post-arrival travel control 

trategies using the number of potential travellers and prevalence 

f COVID-19 infection that were estimated from our data for each 

rigin. Seven quarantine control strategies were considered, and all 

trategies required the arriving person to test negative on arrival: 

1) immediate release (NoQ) 

2) release after 7-day quarantine without a secondary test (Q7) 

3) release after 7-day quarantine with a negative test on day 5 

(Q7/T5) 

4) release after 14-day quarantine without a secondary test (Q14); 

5) release after 14-day quarantine with a test-negative on day 12 

(Q14/T12, which was the regimen in force in Hong Kong during 

the study period) 

6) release after 21-day quarantine without a secondary test (Q21); 

and 
igure 2. Observed temporal distribution of imported COVID-19 cases (A) and distributi

etween April to July, 2020. In panel B, blue bars represent the number of inbound trave

I of inbound travellers that tested positive on arrival. 

4 
7) release after 21-day quarantine with two negative tests on day 

12 and 19 (Q21/T12/T19). 

The probability of a positive second test and the probability of 

eing infectious when released were determined by the individ- 

al exposure time, incubation period, infectious profile and time- 

arying test sensitivity. We calculated the number of released in- 

ectious travellers; i.e., test-negative but infectious when released. 

e calculated the risk of releasing at least one infectious trav- 

ller by dividing the number of episodes where infectious trav- 

llers were released by the number of simulations performed. We 

epeated this simulation but increased traveller volumes, to evalu- 

te the importation risks when travellers grow in response to the 

elaxed control measures. 

To inform the potential risks we may face if a resurgence oc- 

urs in origin of departure with no imported case during a cer- 

ain period, we estimated the risks of infectious travellers who 

ight have been released to the community when a new case oc- 

urs among the inbound travellers under different travel control 

trategies. Based on the developed model, we estimated the preva- 

ence of COVID-19 infection when one on-arrival test-positive was 

dentified under different traveller volumes, namely half of current 

n = 5,0 0 0), double of current (n = 20,0 0 0) and pre-pandemic

olume (n = 30 0,0 0 0). Then, we conducted simulations using the 

bovementioned approach to estimate the expected number of re- 

eased infectious travellers and the risk of at least one infectious 

raveller being released to the community. 

We reported the posterior distributions from 2,0 0 0 simulations 

nd provided detailed parameterizations and distributions used in 

he posterior simulations in Appendix. 

.5. Role of the funding source 

The funder of the study had no role in study design, data collec- 

ion, data analysis, data interpretation, or writing of the report. The 

orresponding author had full access to all the data in the study 

nd had final responsibility for the decision to submit for publica- 

ion. 

. Results 

In total 187 COVID-19 cases were imported from the eight 

ountries or regions considered between 1 April and 31 July 
on of the on-arrival tests (B) from the eight representative countries and regions 

llers arriving Hong Kong; the red points and red lines indicate the mean and 95% 
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Figure 3. Expected importation risks of infectious travellers under different quarantine control strategies. Traveller volumes and prevalence of COVID-19 among inbound 

travellers that were estimated from actual data were used in the simulations. (A) The number of infectious travellers who were released to the community. Median (thick 

horizontal tick), interquartile (shaded rectangles) and 95% quantiles (solid vertical lines) of 2,0 0 0 simulations were shown. (B) The risk of releasing at least one infectious 

traveller to the community. Mean (dots) and 95% CI (vertical lines) are shown. 
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020 ( Figure 2 A), accounting for 35% (187/535) of all importa- 

ions during that period. The Philippines was the largest impor- 

ation source (n = 84, 45%), followed by the UK (n = 65, 35%)

nd USA (n = 27, 14%), while Taiwan and Singapore introduced 

o cases ( Figure 2 A). The Philippines recorded the highest ob- 

erved on-arrival test-positive rate (0.75%, 95% CI 0.59-0.92%) and 

he highest estimated COVID-19 prevalence among inbound trav- 

llers (32 per 10 0 0, 95% credible interval (CrI), 24-41 per 10 0 0

ravellers). 

The risk of releasing at least one infectious traveller for each 

ountry or region and under each of the modelled quarantine ar- 

angements is shown in Figure 3 . Based on traveller volume, dis- 

ase prevalence and quarantine requirements in place in Hong 

ong between April and July 2020 (i.e., Q14/T12), the greatest im- 

ortation risks were among travellers from the Philippines, the UK 

nd the USA. Travellers from Singapore and Taiwan imposed the 
5 
owest risk, consistent with the low prevalence of disease among 

ravellers from these countries or regions. We estimated there was 

 96% (95% CrI, 95-97%) risk that at least one infectious trav- 

ller from the Philippines had been released into the community 

 Figure 3 B), corresponding to an expected median of 5 infectious 

ravellers (95% CrI, 0-7; Figure 3 A). In contrast, this probability was 

% (95% CrI, 3-5%) for Taiwan corresponding to a median of 0 re- 

eased cases (95% CrI, 0-1). 

The total number of estimated imported cases from these eight 

ounties or regions was 7 (95% CrI, 3-14) under the Q14/T12 con- 

rol strategy, compared with 237 (95% CrI, 184-305) under no 

uarantine strategy (NoQ), corresponding to 97% (95% CrI, 94- 

9%) effectiveness. Testing on-arrival, only, could prevent an av- 

rage of 40-42% of infectious travellers at the airport from mix- 

ng with the community (Figure S3). Tightening the travel mea- 

ures to 21-day quarantine would reduce the risk of releasing 
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Figure 4. Expected importation risks of infectious travellers under quarantine control strategies and increasing traveller volumes. Prevalence of COVID-19 among inbound 

travellers between April to July 2020 that were estimated from actual data were used in the simulations. (A) The number of infectious travellers who were released to the 

community. Median (thick horizontal tick), interquartile (shaded rectangles) and 95% quantiles (solid vertical lines) of 2,0 0 0 simulations were shown, while grey dashed line 

indicates the number of 1. (B) The risk of releasing at least one infectious traveller to the community. Mean (dots) and 95% CI (vertical lines) are shown. 
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nfectious travellers to 0 for all examined countries or regions 

 Figure 3 ). 

Under a Q7/T5 regimen, the risk of releasing at least one in- 

ectious traveller from a low prevalence setting was still lower 

han under a Q14/T12 regimen for travellers from a high preva- 

ence. For example, the risk of missing a case in a returned trav- 

ller from Singapore under a Q7/T5 regimen was 28% (95% CrI, 

6-30%) and substantially lower than the risk for a traveller from 

he Philippines under the Q14/T12 regimen (96%, 95% CrI, 95-97%) 

 Figure 3 ). 

For low prevalence countries or regions, the risk of an infectious 

raveller escaping the Q7/T5 policy was greater than under a longer 

uarantine arrangement without testing (i.e., Q14) ( Figure 3 ). How- 

ver, the expected number of released infectious travellers from 

hese low prevalence origins neared 0 so would be unlikely to re- 

ult in any actual cases under the traveller volumes at the time 

 Figure 3 A). Having said that, if traveller volumes increased (which 

ight happen if people were incentivised by the reduced quaran- 

ine requirement), the risk of an importation would correspond- 

ngly increase ( Figure 4 ). Taking Taiwan as an example, the risk of

eleasing at least one infectious traveller increased from 38% (95% 

rI, 36-40%) to 90% (95% CrI, 89-91%) when the traveller volume 

ncreased from 20,0 0 0 to 30 0,0 0 0. This corresponded to an in-

rease in the number of released infectious travellers from 0.1 (95% 

rI, 0.1-3.0) to 6.0 (95% CrI, 0.1-39) ( Figure 4 ). Nevertheless, once 

here was one on-arrival test-positive identified among travellers 

rom low prevalence locations, the risk of at least one infectious 

raveller being released after Q7/T5 would increase only minimally 

rom 43% (95% CrI, 41-46%) to 48% (95% CrI, 45-50%) ( Figure 5 ).

his is still lower than the risks from high prevalence origins un- 

er Q14/T12 (e.g., the Philippines in Figure 3 ). 

If quarantine was a deterrent and traveller volumes reduced, 

he importation risk under a Q14/T12 regimen would decrease 

ven for high prevalence countries or regions ( Figure 3 and 4 ). For

xample, the median number of released infectious travellers from 

he Philippines was estimated to decrease from 3 (95% CrI, 0-7) to 

 (95% CrI, 0.1-4.0) if the travel volume decreased to about half the 

urrent volume (i.e., n = 5,0 0 0) ( Figure 3 and 4 ). 

In sensitivity analyses, we explored alternative temporal distri- 

utions of test sensitivity [14] . We observed consistent results for 
6 
he relative introduction risks when comparing relaxed measures 

or low prevalence locations to stricter measures for high preva- 

ence locations (Figure S2 and S4). The absolute introduction risks 

ere higher than those in the main analysis, due to lower test sen- 

itivity for symptomatic cases (Figure S1 and S4). 

. Discussion 

In this study, we proposed a framework to evaluate the origin- 

pecific importation risks of COVID-19 from inbound travellers un- 

er various travel measures. The speed with which the disease can 

pread, even amid reduced travel, was recently re-illustrated by the 

pread of the newly emerged B.1.1.7 variant from the UK [ 18 , 19 ].

lthough travel was tightened to prevent circulation of this vari- 

nt, it was generally too late to prevent introduction of infections 

nto local communities, and local epidemics [20] , underscoring the 

eed for robust quarantine systems to prevent community trans- 

ission. 

We found the importation risk of infectious COVID-19 cases to 

ong Kong varied substantially across departure origins. Among 

he countries or regions studied, the risk was highest among ar- 

ivals from the Philippines. Based on the expected importation risk 

f infectious travellers from the Philippines under the then regi- 

en (14-day quarantine and a secondary test on day 12), a more 

elaxed regimen (i.e., 7-day quarantine and a secondary test on 

ay 5) for inbound travellers from low COVID-19 prevalence ori- 

ins would not impose higher importation risks. This observation 

eld when the travel volume was doubled or when resurgence oc- 

urred in locations with no introduction during the study period. 

Although the risk of releasing infectious travellers arriving from 

ow prevalence origins to the community under a relaxed regi- 

en (e.g., Q7/T5) increased compared to that prior to the relax- 

tion (i.e., Q14/T12), it was lower than that posed by travellers 

rom high prevalence origins under the then effective measures 

etween April and July. The increased importation risk may be 

vercome with proactive contact tracing, frequent post-arrival test- 

ng and prevention from mixing the quarantined individuals with 

he general population (e.g., within-hotel transmissions). Of note, 

ur results only supported a moderate relaxation (i.e., Q7/T5) of 

he travel measures from low prevalence origins, while easing 
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Figure 5. Expected number of infectious travellers that were released to community (A) and risk of released at least one infectious traveller to the community (B) when 

one on-arrival test positive in different traveller volumes. In panel A, median (thick horizontal tick), interquartile (shaded rectangles) and 95% quantiles (solid vertical lines) 

of 2,0 0 0 simulations were shown, while grey dashed line indicates the number of. In panel B, mean (dots) and 95% CI (vertical lines) of the probability are shown. 
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he quarantine or post-arrival test would still impose consider- 

ble risks even for travellers from those low prevalence countries 

r regions. The decision to relax travel restrictions for low preva- 

ence origins should also consider economic and societal factors, 

uch as the demands for essential travel (e.g., cross-border fam- 

ly reunion) between the two destinations. In addition, the suc- 

essful and sustained implementation of “travel bubbles” also re- 

uires effective measures to control local transmission in both 

ocations. 

In this study, we estimated the origin-specific prevalence of 

OVID-19 from on-arrival test positives and actual traveller vol- 

mes during April to July 2020, which are largely consistent with 

he reported incidence. However, attack rates in the general pop- 

lation may not reflect attack rates among travellers. For exam- 

le, between April and July 2020 Singapore had a higher inci- 

ence of COVID-19 than the UK (9.5 and 4.3 cases per 10 0 0, re-

pectively) [21] , yet no cases were introduced to Hong Kong from 
7 
ingapore. This was probably because the majority of confirmed 

OVID-19 cases in Singapore were migrant workers [22] who may 

e less likely to travel to Hong Kong. Therefore, estimating the 

revalence among the inbound travellers using post-arrival tests 

esults could provide more reliable evaluation of the importation 

isks than using reported disease incidence (which may be sub- 

ect to various extents of underreporting, and could also be me- 

iated by the travellers’ socioeconomic status) in the departure 

rigins. 

In this study, we used data between April and July 2020 from 

ong Kong to illustrate our model. Regular monitoring of the im- 

ortation risks from different departure origins is critical to inform 

he border controls, due to the rapid changing dynamics of the 

andemic. Our proposed framework can be applied to data with 

arious temporal (e.g., bi-weekly and monthly) and spatial (e.g., 

etween state for countries with large areas) resolutions, depend- 

ng on the data availability. Data on testing for travellers upon and 
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fter arrival become critical for the accurate assessments of the im- 

ortation risks yet are not routinely reported in a systematic fash- 

on. Benefiting from the mandatory requirement of on-arrival tests 

or all inbound travellers, we assumed the travel volumes reflect 

he number of on-arrival tests performed for origins without sub- 

tantial indirect travels (e.g., Singapore and Japan disallowed tran- 

it by entering and transiting during the study period). 

We performed the study during the period before the new vari- 

nts of concern were identified [18] . It remains unclear whether 

he increased transmissibility was caused by increased transmis- 

ion efficiency (e.g., increased successful transmissions per contact) 

r prolonged viral shedding duration. If the viral shedding duration 

rolonged for the variants [23] , our model could underestimate the 

isk for policies of 21-day quarantines as the data we used for in- 

ection profiles were obtained from the wild type (e.g., incubation 

eriod very rarely longer than 14 days and cessation of infectious- 

ess within 7 days after viral load peak [ 12 , 24 ]). Updated data on

he new variants could help to refine the model estimates. If the 

ncreased transmissibility was due to the increased transmission 

fficiency without changes in the duration of viral shedding, our 

esults will remain unchanged. 

Our model implicitly assumed the presence of COVID-19 in all 

eparture origins. When there were no imported cases and low 

raveller volume from a particular origin the importation risk may 

e overestimated (e.g., Singapore), especially when the traveller 

olumes increase. For these countries or regions, it may be more 

easonable to use the importation risk from an infectious traveller 

ho tested positive on arrival for evaluating the risks of relaxing 

ravel restrictions. 

We assumed complete adherence and effectiveness of the post- 

rrival quarantines, suggesting imperfect effectiveness of quaran- 

ines would further increase the importation risks of travellers 

rom both low- and high-risk locations. Indeed, a fraction of in- 

ound travellers arriving in Hong Kong could quarantine at home 

nd infect family members who need not quarantine, while trans- 

issions within quarantine hotels were also reported occasionally 

 25 , 26 ]. The leaking risk of quarantine could trigger new outbreaks 

n the local community, in particular in low COVID-19 prevalence 

ocations. We were not able to model the leaking risk of quarantine 

ue to lack of data on home-quarantine (which was no longer an 

ption when the study was performed) and within-hotel transmis- 

ion. Future studies that assessed the leaking risks of quarantine 

ettings could better inform the importation risks across different 

ontrol regimens. 

Our simulations suggested that more than half of the infected 

ravellers may be missed by the on-arrival test, due to the low sen- 

itivity of COVID-19 tests (Figure S2). This is particularly true for 

nfected individuals who were infected a few days before travel. 

ased on the disease progression, these individuals are more likely 

o show symptoms after arrival, escape the on-arrival test and pose 

n onward transmission risk when released [12] . Therefore, quar- 

ntine and subsequent testing after arrival are needed to prevent 

ndetected infections from entering the communities while infec- 

ious. Additionally, the use of low-sensitivity tests, such as rapid 

ntigen tests, may be unsuitable for on-arrival testing and triag- 

ng. Including a second test later in the quarantine period should 

educe the risk of releasing infectious travellers, and is consis- 

ent with findings reported elsewhere [27–29] . More intensive test- 

ng with an affordable, high sensitivity test may also be able to 

nhance the overall detection sensitivity of infectious travellers, 

hough individuals may suffer from false positives due to the de- 

reased specificity [ 29 , 30 ]. 

Our study has several limitations. First, we did not consider 

he pre-flight negative result for nucleic acid test for SARS-CoV- 

 as part of the travel control suite, which has been adopted by 

 number of countries or regions. A previous study found that 
8 
re-flight antigen tests had minimal effect on preventing infec- 

ious travellers from releasing to the community [15] . Moreover, a 

ubstantial black market has emerged, compromising the value of 

hese tests [31] . Second, we assumed the test specificity as 1 in our 

odel, which may overestimate the prevalence among inbound 

ravellers. However, this was unlikely to affect our main conclusion 

s it would not affect the relative scales between our estimates. 

hirdly, we assumed no in-flight transmission in our model, which 

isk was suggested to be low [ 32 , 33 ], especially with the mask on

nd low travel volumes and should not affect our main conclu- 

ions. Finally, our study only examined the importation risks im- 

osed by travellers through flights, which could not be generalized 

o travel measures of importations via other travel routes (e.g., by 

ea). 

We proposed a framework to regularly assess the origin-specific 

mportation risks of infectious COVID-19 travellers by simultane- 

usly accounting for the disease prevalence of travellers, traveller 

olumes and the effectiveness of control measures, which can be 

sed to inform the safe reopening of the boarders, particularly for 

ountries or regions with low local transmission. Our results sug- 

ested that moderate relaxation of control measures (i.e., 7-day 

uarantine and test on day 5) for travellers from low prevalence 

ocations would not have posed a higher risk of onward transmis- 

ion, assuming no further within-institution transmissions during 

uarantine. Our proposed framework can be further adapted to 

odel various data resolution, travel measures, the natural history 

f the new variants and the immune status of inbound travellers 

or risks assessments as per demand. 
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