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Abstract

Background: The COVID-19 pandemic has resulted in the closure or partial closure of international borders in

almost all countries. Here, we investigate the efficacy of imported case detection considering quarantine length

and different testing measures for travellers on arrival.

Methods: We examine eight broad border control strategies from utilizing quarantine alone, pre-testing, entry and

exit testing, and testing during quarantine. In comparing the efficacy of these strategies, we calculate the probability

of detecting travellers who have been infected up to 2 weeks pre-departure according to their estimated incubation

and infectious period. We estimate the number of undetected infected travellers permitted entry for these strategies

across a prevalence range of 0.1–2% per million travellers.

Results: At 14-day quarantine, on average 2.2% (range: 0.5–8.2%) of imported infections are missed across the

strategies, leading to 22 (5–82) imported cases at 0.1% prevalence per million travellers, increasing up to 430 (106–
1641) at 2%. The strategy utilizing exit testing results in 3.9% (3.1–4.9%) of imported cases being missed at 7-day

quarantine, down to 0.4% (0.3–0.7%) at 21-day quarantine, and the introduction of daily testing, as the most risk

averse strategy, reduces the proportion further to 2.5–4.2% at day 7 and 0.1–0.2% at day 21 dependent on the tests

used. Rapid antigen testing every 3 days in quarantine leads to 3% being missed at 7 days and 0.7% at 14 days,

which is comparable to PCR testing with a 24-hour turnaround.

Conclusions: Mandatory testing, at a minimal of pre-testing and on arrival, is strongly recommended where the

length of quarantining should then be determined by the destination country’s level of risk averseness, pandemic

preparedness and origin of travellers. Repeated testing during quarantining should also be utilized to mitigate case

importation risk and reduce the quarantining duration required.
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Introduction

At the beginning of the coronavirus disease 2019 (COVID-19)
pandemic, travellers formed a high proportion of total inci-
dence,1 ,2 leading countries to impose travel restrictions, border
closures, quarantining of travellers, temperature screening and,
when tests became available, testing protocols.3 ,4 The virus
responsible, severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), can undergo genomic rearrangement and has
structural advantages to spread easily between hosts,5 thus
has facilitated for ongoing widespread community transmission
globally. Long-term and sustainable border control is therefore
essential in allowing countries to reap the economic benefits of
allowing travel while simultaneously minimizing importation
risk and avoiding the application of ineffective intervention
procedures. The question of how to reopen safely is especially
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important as epidemics subside under the combined effect of
social distancing, vaccination, and rising population immunity.

The economic and social impacts of COVID-19 on the travel
and associated industries have been extensive. An estimated
100–120 million tourism-related jobs are at risk with up to 1.2
trillion USD in lost tourism revenue6 and an estimated decline of
at least 27% in global trade was expected7; by October 2020, 43
commercial airlines had declared bankruptcy.8 Additional indi-
rect effects of travel bans in terms of financial loss, inadequate
access to support networks, fears of infection and feelings of
isolation among migrants9 ,10 are challenging to quantify, though
no less important.

Alongside these factors, as many countries either have passed
or will pass peak incidence in 2021,2 or have reached a state of
low incidence with localized outbreaks sustained by international
importation, increasing pressure is being placed on policymakers
to reopen borders. This process of recovery is aided by the
approval and ongoing distribution of messenger RNA vaccines
from Pfizer-BioNTech and Moderna, which have estimated effi-
cacies of >90%,11 ,12 among other adenovirus vector vaccines
such as those from Oxford-AstraZeneca and Johnson & John-
son, and inactivated virus vaccines.13 However, heterogeneous
vaccine rollout speeds,14 the challenge of vaccine hesitancy and
low uptake rates,15 ,16 and the discovery and spread of variants
such as the South African strain B.1.35117 against which first-
generation vaccines may have reduced efficacy18 complicate the
decision of how and when to open borders. Current policies in
many countries have thus either continued to ban or at least
counsel against non-essential travel, and to impose substantial
lengths of quarantining, typically of 10–14 days, but up to three
weeks in some jurisdictions19 with testing protocols in place
to identify active infections for treatment and isolation.20 As
heterogeneity exists between countries in the restrictions imposed
on travellers, from varying the length of quarantining, differing in
the number of testing events21 and use of polymerase chain reac-
tion (PCR) or rapid antigen tests or both,21 establishing suitable
protocols for passengers arriving from locations of differing base
prevalence is essential for further outbreak mitigation, especially
for countries with limited community transmission.

Shortening, or even removing, quarantine would provide
economic benefits if it can be done safely. We have previously
developed a mechanistic framework to assess the risk of imported
cases evading detection.22 That study did not consider some
of the specific practical issues that governments face, however,
including how long to set quarantine, whether lower sensitivity
but faster rapid antigen tests can be used in place of PCR
tests, and how much benefit would accrue from repeat testing.
A further difficulty is whether and how to tailor the border
policy to the prevalence in the country whence the passengers
come. This study therefore quantifies the risk under shorter
durations of quarantine, compensated for by additional tests,
so that policymakers may determine the options that fall within
their risk budget.

Methodology

We consider an assumed volume of travellers who were infected
in the fortnight before travel. Traveller i’s time of infection, τi

(all notation is provided in Table 1), is followed by a duration
of infection, ρi, composed of an incubation period θi and an

infectious period φi (Figure 1). They are assumed to be no longer
infectious thereafter. The modelling approach thus aims to cal-
culate the proportion of missed cases that enter the community
while still infectious (i.e. τi + ρi is later than the end of any
quarantine) among these travellers, which, when combined with
the number of travellers and the prevalence among them, yields
the proportion and number of infected travellers from the source
country that reach the receiving country undetected.

Two tests were considered for the screening process for
travellers. The polymerase chain reaction (PCR) test sensitivity
profile was taken from data from Xiao et al.,23 and the rapid anti-
gen test profile from Pekosz et al.24 To infer test sensitivity across
time inclusive of the incubation period, we used polynomial
regression assuming that both tests could not detect infection
5 days pre-illness (symptom or no symptom) onset, and 30
post (Supplementary Figure 1a). The test sensitivity t days after
the end of the incubation period is denoted σPCR(t) and σAg(t)
for PCR and rapid antigen tests, respectively. Rapid antigen
tests typically develop within 20 minutes,25 whereas PCR tests,
depending on laboratory processing times and administrative
speed, can require up to a 2-day turnaround (2DT)26 for the
individual to receive a result. We denote the turnaround times
to be δAg and δPCR. For all PCR tests, we assume δPCR = 0, 1 or
2, to represent typical testing backlogs, which may vary between
different countries of origin.

Upon arrival (day 0), entry testing may be conducted; the
results are released after a test processing delay. The number
of days of quarantine (Qp for policy scenario p) ranges from
t = 0 (no quarantine) to t = 21 days post-arrival, during which
individuals may be tested one or more times in {0, . . . , 21}. Policy
p is determined through the length of quarantine, Qp, and the
timings �p and test types Yp (both sets of length np) imposed.

Asymptomatic individuals are identified through testing
alone, testing positive with probability,

Pr (Xi = 1|Ai = 1) = 1 −
np∏

k=1

1 − συk

(
λk − τi − θi

)
. (1)

Symptomatic individuals are assumed to be identified if they
develop symptoms during quarantine, or if they test positive prior
to symptom onset, and are identified with probability,

Pr (Xi = 1|Ai = 0)

=
{

1 − ∏np

k=1 1 − συk

(
λk − τi − θi

)
, if τi + θi > Qp

1, otherwise
(2)

This is under the assumption that quarantine is closely moni-
tored and that those with onset during quarantine will be inves-
tigated and their infection status is identified. The probability of
identifying a case is thus,

Pr (Xi = 1) = α Pr (Xi = 1|Ai = 1)+(1 − α) Pr (Xi = 1|Ai = 0) .
(3)

The balance of probability is almost then the probability of
missing a case, the target of inquiry, μp. However, an additional
factor is required to account for cases when, for longer quar-
antine periods, the traveller is no longer infectious by the end of
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Table 1. Parameters used within the model

Variable Value, range or distribution Definition

τi ∼ Ud(−13, 0) Day of infection of individual i before travelling
ρi = θi + φi Duration of infection of individual i
θi ∼ log Nd(1.43, 0.662) Incubation period of individual i; derived from Li et al.41

φi ∼ Nd(10, 1.52) Duration individual i is infectious; derived from National Centre for
Infectious Diseases, Singapore42

Xi ∈ {0, 1} Indicator for individual i being detected
Ai ∈ {0, 1} Indicator for individual i being asymptomatic
α = 0.4 Asymptomatic proportion; derived from the Centre of Disease Control

USA43

σPCR(t) Function determined from polynomial regression Sensitivity of PCR test t days after the end of the incubation period; derived
from Xiao et al.23

σAg(t) Function determined from polynomial regression Sensitivity of rapid antigen test t days after the end of the incubation
period; derived from Pekosz et al.24

δAg = 0 Test turn-around time (days), rapid antigen
δPCR ∈ {0, 1, 2} Test turn-around time (days), PCR
π ∈ (0.1%, 2%) Prevalence of infection in the source country in the last 2 weeks
Qp ∈ {0, . . . , 21} Duration of quarantine under policy p (days)
�p = {λ1, . . . , λnp }where λk ∈ {−13, . . . , 21} Set of test timings (relative to time of travel) under policy p (days)
Yp = {υ1, . . . , υnp }Where υk ∈ {Ag, PCR} Set of indicators of test types (rapid antigen or PCR) under policy p (days)
μp Derived Probability an imported case is missed by policy p

Figure 1. Schematic of model processes. Travellers have been infected in a uniform distribution from 0 to 13 days ago, and are undergoing an

incubation, infectious or post-infectious period when they are no longer infectious. Passengers may be screened with a PCR or rapid antigen test

before boarding (pre-test) and on arrival (entry). Upon arrival, they may be quarantined in a secured facility where they are unable to interact with

members of the local community and receive PCR or rapid antigen tests. Rapid antigen tests are assumed to be processed within the same day (0DT;

0-day turnaround) whereas PCR tests can be processed within the same day (0DT), the next day (1DT) or two days (2DT)

quarantine. Thus, μp = Pr(Xi = 1∪τi+ρi < Qp).We investigated
different families of screening strategies for travellers, examining
(S1) quarantine alone, (S2) pre-test and entry test with quar-
antine, (S3) pre-test, entry test, quarantine and testing on exit,
(S4) pre-test, entry test, quarantine and daily testing until exit,
(S5) pre-test, entry test, quarantine and tests conducted two days
apart, (S6) pre-test, entry test, quarantine and tests conducted
three days apart, (S7) pre-test, entry test, quarantine with antigen
tests every three days during and PCR on exit, and (S8) pre-test,
entry test, quarantine and the alternate test on exit (if PCR on
pre-test and entry, rapid antigen tests are conducted thereafter).

In all, we consider 29 unique strategy permutations. Through
these scenarios, we explore the impact of longer and shorter
durations of quarantine, of layering pre-departure and on-arrival
tests on top of quarantine, of requiring an exit test before leaving
quarantine, and of adding tests during quarantine at various
frequencies.

All probabilities are derived through Monte Carlo simulation
with 14 000 000 replications. We vary the prevalence of infection
in the last 2 weeks among travellers, π , over the range 0.1–2%.
The proportion of all travellers from the source country who are
infected and yet missed by border policy p is thus πμp.
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Table 2. Number of missed cases at a prevalence of 0.1, 1 and 2% for a million travellers

ID Policy description Proportion of cases missed (%) by quarantine length:

0d 3d 5d 7d 10d 14d 18d 21d

S1 Quarantine
only

– 47.9 37.8 29.6 19.2 8.2 2.8 1.4

S2c PCR [2DT] Entry test – 17.5 14.9 11.7 9.2 6.6 2.8 1.3
S2d Rapid antigen 16.9 16.0 14.3 10.7 8.1 6.2 2.8 1.3
S3c PCR [2DT] Entry and exit test – 17.4 8.0 4.9 2.6 1.5 0.7 0.4
S3d Rapid antigen 16.9 8.6 5.5 3.6 2.7 2.8 1.4 0.7
S4c PCR [2DT] Pre-test, entry, and daily test – 17.6 7.2 4.2 2.0 0.8 0.4 0.2
S4d Rapid antigen 16.9 7.2 4.3 2.6 1.4 0.6 0.3 0.2
S5c PCR [2DT] Pre-test, entry, and test every

2 days
– 17.5 8.0 4.5 2.1 0.9 0.4 0.2

S5d Rapid antigen 16.9 7.8 4.6 2.8 1.4 0.7 0.3 0.2
S6c PCR [2DT] Pre-test, entry, and test every

3 days
– 17.5 8.0 4.9 2.2 0.9 0.4 0.2

S6d Rapid antigen 16.9 8.6 5.5 3.0 1.5 0.7 0.3 0.2
S7c PCR [2DT] Pre-test, entry, rapid antigen

test every 3 days, PCR [2DT]
exit test

– 17.4 8.0 4.9 2.1 0.8 0.4 0.2

S7d Rapid antigen Pre-test, entry, rapid antigen
test every 3 days, PCR [0DT]
exit test

16.9 8.2 5.1 2.9 1.5 0.7 0.3 0.2

S8c PCR [2DT] Pre-test, entry, and rapid
antigen exit test

– 8.2 5.3 3.7 3.1 3.0 1.5 0.7

S8d Rapid antigen Pre-test, entry, and PCR [2DT]
exit test

16.9 12.1 8.0 4.8 2.6 1.5 0.7 0.4

The proportion of cases missed across different quarantine durations is presented at 0, 3, 5, 7, 10, 14, 18 and 21 days. The eight strategies are described under policy description where
PCR 2DT (subset c) and rapid antigen (subset d) are displayed for comparison. Thus, PCR tests in this table have an assumed 2d turnaround (i.e. δPCR = 2) except for S7d where δPCR = 0
to be comparable to rapid antigen processing times during quarantine

Results

Abridged results of the eight strategy families (S1–S8) are pre-
sented in Table 2 with the full tables displaying other combina-
tions of testing in the Supplementary Information. Of travellers
infected in the fortnight prior to travel for all individuals, 3.3%
are modelled to arrive having completely cleared their infection
(Supplementary Figure 1b). This group is characterized by short
incubation and infectious periods and being infected early rel-
ative to the date of travel. The others are either infectious or
incubating by the time of travel.

The first test administered has the greatest effect in reducing
risk: with pre-departure testing the proportion of cases reaching
the destination falls to 32.8% if a PCR test is conducted 2d before
arrival, falling to 27.0% and 20.8% if the test is done on the day
before or day of flight—assuming results can be obtained before
flying. A rapid antigen test immediately before flying would
likewise filter the infected arrivals down to 24.4% of the number
without any test (Table 2 and Supplementary Table 2). However,
pre-departure testing alone permits the entry of 3000–11 000
infected travellers per million at a prevalence of 2% in the last
two weeks at the source country, which may not be sufficiently
risk averse for countries with a low domestic prevalence or with
large inbound travel volumes.

The addition of entry testing to pre-departure testing displays
diminishing marginal returns, but would reduce missed infected
travellers to 15.2% (for PCR with 0d delay in processing time
pre-departure and on arrival) or 16.9% (for rapid antigen pre-
departure and on arrival). A short quarantine period of 3d to
allow results for an on-arrival PCR test would reduce the missed

fraction to 18.0% (coupled with PCR 2d before flying), with a
corresponding 3d quarantine to 16.0% (with rapid antigen 0d
delay).

Quarantining alone (S1) would lead to the proportion of
missed cases being 29.6% at 7 days, 8.2% at 14 days and
1.4% at 21 days. Coupled with PCR 2d pre-departure, these
proportions would fall to 11.7, 6.6 and 1.03%, respectively. They
would fall further—to 4.9, 1.5 and 0.4%—with an additional
on-arrival PCR test. For very long quarantine periods longer than
14d, there is almost no additional benefits from including pre-
testing and entry testing, though for a highly risk averse stance,
long quarantine serves to remove the uncertainty of improper
pre-testing and entry testing practices.

For shorter quarantine periods, however, substantial reduc-
tions in risk occur when pre-testing and entry testing are
included: there is a dramatic reduction from 47.9% missed under
3d of quarantine alone to 15.0–17.5% across the different tests
considered (S2); the equivalent for 5d is from 37.8 to 13.8–
14.9%. At a high prevalence of 2%, this represents ∼ 9600
versus ∼ 3000–3500 missed cases per million travellers for three-
day quarantining, and ∼ 7500 versus 2800–3000 for five-day
quarantining. The introduction of an exit test (S3) causes a
further reduction of 6.4–8.4% at day 5 of quarantining, down
to 0.7–1.0% at day 21 of quarantining, and the introduction of
daily testing (S4), as the most risk averse strategy, reduces the
proportion further to 4.2–7.2% at day 5 and 0.1–0.2% at day
21. For such high frequencies of testing, however, the benefits
from day 14 onwards marks a modest 0.1–0.5% reduction at
day 21, when only individuals with a combined long incubation
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period (>21 days) and relatively recent infection time are not
detected.

Rapid PCR processing times can have a substantial benefit,
creating larger differences in the number captured at the time of
test result notification than repeatedly testing. For example, at
3-day quarantining with pre-testing, entry and exit testing, the
proportion of missed cases for PCR with same day results would
be 8.0% (S3a); it would be 10.2 or 17.4% with 1–2d turnaround
times.

Notably, although rapid antigen testing has a less sensi-
tive profile across time since infection than same-day PCR
(Supplementary Figure 1a), its use generally outperforms
scenarios in which PCR results take 1 or 2d to come through,
necessitating an earlier pre-departure test—i.e. leaving a longer
exposed period prior to flying in which infections cannot
be detected—or an earlier test to end quarantine. At 7 days
of quarantining, the average proportion of cases missed
using rapid antigen across all explored strategies is 0.046,
which is comparable to PCR with no delay at 0.043, slightly
outperforming PCR with a 1-day and 2-day turnaround at 0.048
and 0.049. If used repeatedly throughout a week of quarantine,
rapid antigen tests would lead to only 2.6% of cases being missed
(S4d), comparable to 2.5% for PCR with same day results. Thus,
the rapid turnaround of rapid antigen makes it a practical option,
if it is not cost prohibitive, as it allows pre-departure and exit
quarantine tests to be spaced more effectively to detect people
with recent infections and long incubation periods, respectively.

Reducing the frequency of testing to every two days has a
slight increase in the proportion of cases being missed across all
test types; the lowest impact is observed for same-day PCR and
rapid antigen (S5a, S5d). For two-day repeat testing during 5d
of quarantine, these two test types have a difference of 0.3%
in missed cases compared to daily testing strategies. For three-
day repeat testing, there is a slight degradation of 0.8 and 1.2%,
respectively. Daily testing therefore may not be necessary unless
very high prevalence exists among travellers or very low risk
tolerance is desired.

The choice of a quarantine and testing scenario is dependent
on the risk tolerance or budget for each country (Figures 2 and 3
and Supplementary Figures 2–4). For a risk budget of 100
infected cases per million travellers, a policy of pre-testing, entry
and exit testing (S3) would be affordable for a prevalence of
up to 0.2% in the source country, requiring 6–7d of quarantine
across all tests. Above this prevalence, quarantine would have to
be extended to 10–17d for a source country prevalence of 0.5%,
and 17d for 1.0%. Beyond this prevalence, it is not possible to
stay within this budget without reducing the number of travellers
for all test types.

For countries with a highly risk averse stance that may utilize
daily testing (S4), and a risk budget of 10 cases per million trav-
ellers, a longer quarantine is needed for even lower prevalence
source countries (12–14d for 0.1%), and no policy is safe at
this level for a prevalence above 0.7% (Figure 3). With testing
every 2d or 3d during quarantine (S5, S6), marginal increases in
quarantining period (∼1–2 days) are observed. Within strategies,
minor differences are also generally observed between different
test types (∼2 days) where PCR with 0d processing delay is the
optimal test choice (Figure 3 and Supplementary Figures 2–4).
In scenarios with only exit testing (S3, S8), differences up to

5 days are observed between PCR and rapid antigen, highlighting
the importance of repeated testing events with the use of rapid
antigen testing.

Overall, current schemes with testing on arrival and on
quarantine exit will only be able to achieve such case importa-
tion numbers with a prevalence among travellers below 0.4%
(Figure 2c and d). Without quarantine exit testing, a very low
prevalence of less than 0.1% is required, highlighting the neces-
sity of testing in quarantine (Figure 2a and b). The addition of
more PCR or rapid antigen tests every three days gives greater
flexibility in the risk budget, dependent on the quarantine period,
but is still unable to almost negate the risk of case importation
(Figure 2e and f). As daily testing may be unfeasible for the
majority of countries and additionally be cost-ineffective, the
appropriate risk tolerance at each entry point will be determined
by a country’s ability to trace and contain missed cases.

Discussion

Modern economies are reliant on the rapid flow of goods,
services and individuals: in 2019 over 4 billion passengers were
carried domestically and internationally.27 The increasing inter-
dependence of economies and reliance on cross border travel has
placed considerable pressure on policymakers to maintain open
borders, or reopen borders promptly, but concurrent pressure
is felt to avoid case importation. The economic case for open
borders is bolstered by predictions that the global economy will
not recover until 2022 at the earliest, with an estimated decline of
4.5% in real global GDP and 9.4% increase in unemployment
in 2020.28 Multiple countries have, therefore, emerged from
lockdown or eased restrictions, only to implement new control
measures, including those in Europe,29 USA30 and China,31 in
part due to the reintroduction of cases through importation.
Sustainable long-term airport screening strategies are therefore
required.

The first intervention in a policy has the most dramatic effect
in identifying and filtering out infections; the earliest we consid-
ered is pre-departure testing. Further advantages for the receiving
country of testing in the source country, beyond reducing the risk
of missing cases among travellers, is that positive cases can be
denied entry, and the duty of care passed back to the country
in which the case was, presumably, infected. It may also reduce
the risk of travel-acquired infection among other passengers who
would otherwise be exposed during the voyage.20 Relying on
pre-departure testing may be risky, however, without assurances
of testing and laboratory protocols in the country of origin.
Concerns of adherence to laboratory protocols and regulations,
and lower accuracy in testing results, should additionally be
considered.32 Some of these issues may be addressed by rapid tests
conducted at the departure airport, which could be administered
under conditions specified by the destination country, as with
some security regulations. In situations where that is not possible,
and accreditation of the source country’s laboratories are in
doubt, on-arrival testing, as a supplement or replacement, is
similarly effective but may require quarantine both to obtain
results and allow for symptom onset for at least some of the
infected travellers.

Long quarantine presents challenges, however. With the travel
industry under considerable economic stress, the unattractiveness
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Figure 2. Number of missed cases per 1 million travellers at a prevalence of 0–2% with thresholds of having less than 10 and 100 missed cases

according to the interventions described where for Panel a) S2a: PCR 2DT with pre-testing and entry testing at quarantine levels of 3 days (red),

7 days (orange), 10 days (green), 14 days (blue) and 21 days (purple) is used, b) S2d: rapid antigen pre-testing and entry testing, c) S3a: PCR 2DT pre-

testing, entry testing and exit testing upon quarantine completion, d) S3d: rapid antigen pre-testing, entry testing and exit testing upon quarantine

completion, e) S6a: PCR 2DT pre-testing, entry testing, and tests every 3 days whilst in quarantine, and f) S6d: rapid antigen pre-testing, entry testing,

and tests every 3 days whilst in quarantine

and cost of 14 to 21 days spent under quarantine in a dedicated
facility or repurposed hotel may deter travel, or delay it until
the pandemic abates. The simulations presented here show that
shorter quarantine need not be less safe, if coupled with suffi-
ciently frequent testing. The performance of rapid antigen testing

in isolation suggests it should not be used to replace PCR unless
PCR turnaround times take 1–2d for results, or are excessively
costly. However, the differences between the two test types
narrows when they are part of a package of measures including
quarantine and repeat testing, supporting previous findings of
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Figure 3. Minimum quarantining period required in scenarios S2c, S3c, S4c, S5c, S6c, S7c and S8c, focusing on the use of PCR with a 2-day delay

in processing time, according to differing risk tolerances in the number of missed cases entering the local community across a prevalence of 0.1–
2% among travellers. Missed infected individuals have not been identified by any testing measures or have infectious time remaining despite

quarantining measures

the importance of frequency and turnaround time in COVID-
19 screening.33 In this case, practicalities would trump the small
difference in test accuracies. One such practicality is the ability
to time the test optimally. If PCR results are not obtainable on
the same day, then pre-departure testing would need to be done

several days in advance, increasing the risk of an infection prior
to travel being missed, and exit testing would similarly be earlier
in the incubation period and less likely to yield a true positive.

Even for long quarantine with entrance and exit testing, there
remains a risk, albeit small, that an infected traveller may fail
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to be identified, due to the long tail in the incubation period
distribution. Whatever border policy is enacted, therefore, must
be part of a broader suite of societal control measures to mop
up any spillover to the general community. The risk tolerance of
the country’s policy makers is therefore critical in determining
how much travel to allow and what measures travellers should
undergo. The model presented herein provides a calculus for
this. Logically, a risk tolerance expressed as missed infections
per million travellers should lead to differentiated policies for
different risk strata of the source country. This tailored approach
is already in place in some locations and forms the rationale for
travel bubbles. In Singapore, for example, at the time of writing,
low-risk travellers—from New Zealand or China for instance—
require a PCR test on arrival, while higher risk travellers (e.g.
from the EU) must undergo 14d of quarantine and highest
risk travellers (UK and South Africa) 21d of quarantine, with
additional testing during quarantine. As vaccination becomes
more widespread, vaccine status should become an additional
factor in the risk calculation, discounting the risk of the traveller
relative to the overall point prevalence in the source country, and
potentially allowing quarantine to be shortened or circumvented.

With repeat testing, concerns have emerged on the occur-
rence of substantial numbers of false positives with rapid anti-
gen testing,34 ,35 though this problem surfaces for PCR as well,
especially among convalescent patients in whom fragments of
the virus may still be present in the pharynx. If assuming a
rate of 0.5–2% false-positive testing, with three tests, 20–78
travellers per 1000 uninfected travellers will require further eval-
uation and may be put into isolation. This increases to 39–149
for seven tests (Supplementary Table 4). False-positive outcomes
have reduced since the beginning of the global pandemic with
improved sampling and lower contamination rates36 but can be
further mitigated through examining symptom profiles or pre-
vious potential exposure to COVID-19 patients and using PCR
testing to confirm the diagnosis. Individuals who are correctly
identified as being negative would then be assumed to re-enter
the quarantining process until clearance, though this may not be
possible for false positives at pre-departure testing.

Further considerations for policymakers are the costs of
managing and maintaining quarantining measures, and the
time required for the appropriate training of staff, which can
rapidly escalate with multiple entry points. Such costs may
divert resources away from other health and social programs;
therefore, border screening measures should form part of a wider
COVID-19 control strategy budget. The number of travellers a
destination country can accept should also account for not only
the quarantining capacity available but the acceptable deemed
risk of imported cases entering the community. As countries
may also be accepting travellers from multiple destinations,
heterogeneous prevalence estimates will require risk banding
and differing quarantine or testing practices for different groups,
including those who may be travelling very regularly for work
purposes. Those arriving from high-risk countries of origin
should be expected to undergo substantial quarantining periods
of at least 14 days upwards whereas those at low risk may
require shorter periods of 3 days or less. All, however, should
receive repeated testing events including a test pre-arrival, on
arrival and on quarantine exit, where applicable.

There are a number of limitations in this study. This study
focused on the number of missed cases, excluding only those
who completed their entire infection as not being missed. This
is primarily due to the complexities regarding onward infection
for travellers on arrival. The risk imposed on the community
primarily depends on the infectivity profile of individuals during
their infectious period and their behaviour. Where community
wide interventions are in place and social activities are limited,
spread may be limited to close contacts within households or
with appropriate infection control in hotel type accommoda-
tion, no spread may occur. The relationship of viral load and
infectivity over time is also complex as the detection of viral
RNA by PCR may not equate to infectiousness, and transmission
capacity after the first week of illness has not been fully docu-
mented.37 The severity of infectiousness appears to be dependent
on symptom profile: most cases, approximately 80%, are mild
where no pneumonia manifestations are observed. From all
infections, an estimated 17–20% are asymptomatic completely,38

and may be limited in their ability to transmit to others. The
remaining proportion, which are paucisymptomatic, displaying
mild symptoms such as fever, mild cough and malaise, rather than
severe pneumonia, may contribute to the easy and rapid spread of
SARS-CoV-237 with sufficiently high viral loads alongside being
challenging to detect without testing in quarantine.

Other limitations include limited information regarding test
sensitivity in pre-symptomatic individuals and in those with
particularly long incubation periods, assumptions on quarantine
compliance in countries without institutional quarantine mea-
sures in place,39 and potentially changing prevalence rates across
time although dramatic changes across two weeks periods are
unlikely to occur. Heterogeneous prevalence rates may exist,
however, within populations in countries according to social
determinants and vaccine uptake, which were not accounted for.
Utilizing the upper band of prevalence estimation for travellers
may be appropriate, which should be revised as seroprevalence
and case data continue to be collected. Lastly, the emergence of
different variants, which may be able to spread more easily,40 can
complicate border control and require further flexibility in the
risk profiling of travellers. This suggests that even among the
lowest risk countries, a minimal level of COVID-19 screening
is prudent, where policymakers should rapidly respond with
reports on the emergence of a new variant at a location. With
the dissemination of information regarding variants, the devel-
opment of new test kits with differing efficacies over infection
time, or identification of dramatic changes in the distributions
utilized, more analyses will be required.

These limitations notwithstanding, border control has been
demonstrated in countries that implemented it early and consis-
tently to be very effective in cutting the risk of spread into their
communities, while other countries were experiencing massive
outbreaks. As we move into the next phase of the pandemic,
it will be necessary to relax the strictness of border control.
We hope that through judicious use of testing, this need not
increase risk.
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