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Effects of adjusting public health, travel, and social measures
during the roll-out of COVID-19 vaccination: a modelling
study

Kathy Leung*, Joseph T Wu*, Gabriel M Leung*

Summary

Background Since the emergence of the COVID-19 pandemic in late 2019, various public health and social measures
(PHSMs) have been used to suppress and mitigate the spread of SARS-CoV-2. With mass vaccination programmes
against COVID-19 being rolled out in many countries in early 2021, we aimed to evaluate to what extent travel
restrictions and other PHSMs can be relaxed without exacerbating the local and global spread of COVID-19.
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Methods We adapted an existing age-structured susceptible-infectious-removed model of SARS-CoV-2 transmission

dynamics that can be parameterised with country-specific age demographics and contact patterns to simulate the
effect of vaccination and PHSM relaxation on transmission. We varied assumptions by age-specific susceptibility and
infectiousness, vaccine uptake, contact patterns, and age structures. We used Hong Kong as a case study and assumed
that, before vaccination, the population is completely susceptible to SARS-CoV-2 infection. We applied our model to
304 jurisdictions (27 countries and 277 sub-national administrative regions from eight countries). We assumed that
PHSMs have suppressed the effective reproductive number (R) to fall between 1-0 and 9-0 locally before the
commencement of vaccination programmes. We evaluated the levels of PHSMs that should be maintained during
the roll-out of COVID-19 vaccination to avoid a large local outbreak of COVID-19, with different assumptions about
vaccine efficacy, vaccination coverage, and travel restrictions. We assumed that the maximum capacity of the health
system, in terms of daily hospital admissions, is 0-005% of the population size.
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Findings At vaccine efficacy of 0- 80 in reducing susceptibility to SARS-CoV-2 infection, 0-50 in reducing SARS-CoV-2
infectivity, and 0-95 in reducing symptomatic COVID-19 diseases, vaccination coverage would have to be 100% for all
individuals aged 30 or older to avoid an outbreak, when relaxing PHSMs, that would overload the local health-care
system, assuming a pre-vaccination R, of 2-5. Testing and quarantine of at least 5 days would have to be maintained
for inbound travellers to minimise the risk of reintroducing a local outbreak until high vaccination coverages are
attained locally and overseas in most countries.
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health systems and minimise deaths related to COVID-19.
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Introduction countries in early 2021, many countries are hoping that

Since the emergence of the COVID-19 pandemic in
late 2019, various public health and social measures
(PHSMs) have been implemented globally to suppress
and mitigate the spread of SARS-CoV-2, including mask
wearing, travel restrictions, intensive test-trace-and-
isolate, physical distancing, school closure, curfews, and
targeted or nationwide lockdowns. Although these
PHSMs are essential to control the spread of the
pandemic, many PHSMs carry a high economic and
social cost. The gross domestic product of the world
declined by 3-5% in 2020, according to the International
Monetary Fund’s World Economic Outlook released in
January, 2021.' With mass vaccination programmes
against COVID-19 being rolled out in a number of
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regional mass vaccinations will help to contain further
spread of SARS-CoV-2, such that stringent travel
restriction and other PHSMs can be relaxed to resume
economic growth.

However, policy making related to the relaxation of
PHSMs is extremely challenging. Although the first-
generation vaccines are effective in reducing symptomatic
or severe COVID-19 diseases, one key uncertainty is the
degree to which they can prevent onward SARS-CoV-2
transmission, particularly against the emerging variants of
concern,” and thus critical vaccination coverage remains
uncertain. When relaxing local PHSMs, policy makers
need to consider the effectiveness and supply of vaccines,
rate and age distribution of vaccine uptake, the prevalence
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Research in context

Evidence before this study

We searched PubMed and preprint archives (BioRxiv, MedRxiv,
and Research Square) for articles published in English between
database inception and June 15, 2021, using the keywords
“coronavirus”, “COVID-19”, "SARS-CoV-2", “vaccin*”, “vaccine”,
“control measures”, “non-pharmaceutical intervention”, “public
health and social measure”, “international travel”, “travel
restriction”, and "relaxation”. We selected articles that
contained information about the control measures against
COVID-19 outbreak. Qur search returned 51 studies, nine of
which were relevant to this topic. Previous studies have focused
on control by non-pharmaceutical interventions, the optimal
allocation of vaccines, risk assessment of local relaxation of
control measures, or relaxation of travel restrictions. To our
knowledge, there is not a combined risk assessment of
relaxation of local controls and international travel restrictions.

nou

Added value of this study

We adapted an existing age-structured susceptible-infectious-
removed model of SARS-CoV-2 transmission dynamics to
assess the risks of relaxing public health and social measures

of infections (including variants), and the capacity of
health systems. Relaxation of travel restrictions further
depends on travel volume and COVID-19 prevalence
among travellers. It is, therefore, critical to provide an
impact assessment of relaxing PHSMs as vaccination pro-
grammes are being rolled out, with consideration of key
uncertainties about vaccines, to strike a balance between
reopening societies and minimising the risk of substantial
resurgence and health system overload.*

We aimed to use a model-informed approach to assess
the outcomes of relaxing PHSMs during the roll-
out of vaccination programmes. We focus on age-based
vaccination strategies, as adopted by most countries. We
have two hypotheses. First, given the reproductive
number of 5-7 for predominating variants of concern
globally and that effectiveness against infection is
lower than 80% for all existing COVID-19 vaccines,
we hypothesise that PHSMs cannot be completely lifted
without resulting in epidemic resurgence that might
overload the health system, even if vaccine uptake is
high across all age groups. Second, we hypothesise that
testing and quarantine would need to be maintained for
inbound travellers to suppress the risk of reseeding
local outbreaks and overloading health systems, unless
vaccination coverage is high in both the regions of origin
and destination.

Methods

Study design

We adapted an existing age-structured susceptible-
infectious-removed model of SARS-CoV-2 transmission
dynamics that can be parameterised with country-specific

(PHSMs) during the roll-out of vaccination programmes. Given
that the reproductive number is 5-7 for predominating
SARS-CoV-2 variants of concern and that efficacy against
infection is lower than 80% for nearly all existing COVID-19
vaccines, PHSMs cannot be completely lifted without resulting
in substantial epidemic resurgence, even with high vaccination
coverage across all age groups. If PHSMs are relaxed, testing and
quarantine would have to be maintained for inbound travellers
to suppress the risk of reseeding local outbreaks until high
vaccination coverages have been attained locally.

Implications of all the available evidence

Gradual relaxation of PHSMs should be carefully planned during
the roll-out of vaccination programmes to minimise admissions
to hospital and deaths related to COVID-19. Complete
relaxation of all PHSMs would require a very high coverage
locally even with the most efficacious vaccines. This might be
difficult to achieve soon, given the uncertainties around the
vaccine efficacies at reducing transmission, emergence of
variants of concern with increased transmissibility and potential
immune escapes, and the current shortage in vaccine supply.

age demographics and contact patterns to simulate
the effect of vaccination and PHSM relaxation on
transmission. We varied assumptions by age-specific
susceptibility and infectiousness, vaccine uptake, contact
patterns, and age structures (appendix pp 2—4, 10-16).
The appendix contains full details (pp 2—4, 8, 9, 10-16).°
We used Hong Kong as a case study and assume
that, before vaccination, the population is completely
susceptible to SARS-CoV-2 infection. Serological studies
have shown that, even in countries worst hit by the first
global wave of COVID-19 pandemic, pre-vaccination
seroprevalence at the population level (thus the estimated
cumulative infection attack rates) was lower than 20%.™
In our sensitivity analysis, we assumed that 20% of the
population had been infected before vaccination and
thus had complete protection against SARS-CoV-2 re-
infection (appendix p 16).

We assumed that children younger than 10 years are
50% less susceptible to infection than adults (aged
220 years), and that adolescents aged 10-19 years are
20% less susceptible to infection than adults; we assumed
that both groups would be as infectious as adults if
infected.”

As a sensitivity analysis, we also simulated COVID-19
transmission in 27 countries and 277 sub-national
administrative regions from another eight countries in the
model parameterised with age demographics and social
contact patterns synthesised by Mistry and colleagues.”"

Efficacies of the first-generation COVID-19 vaccines

To date, eight COVID-19 vaccines have received emergency
use approval in selected countries. Phase 3 trial results
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and real-world evidence show moderate to high vaccine
efficacies in preventing virologically confirmed symp-
tomatic disease, as well as reducing infectiousness or the
probability of onward transmission.*" Further real-world
evidence shows that vaccination reduced 78% of PCR-
positive infections among air passengers in Qatar.” Here,
we account for the uncertainty in vaccine efficacy by
considering o,, €(0-50, 0-60, 0-70, 0-80), which denotes
efficacy in reducing susceptibility to infection; g, €(0- 30,
0-40, 0-50), which denotes efficacy in reducing
infectiousness if infected; and o, €(0-80, 0-90, 0-95),
which denotes efficacy in reducing symptomatic diseases
and admissions to hospital.

Modelling the effects of PHSM relaxation and large-
scale vaccination

Previous studies have shown that prioritising the oldest
age groups for vaccination leads to the greatest reduction
in COVID-19-related mortality.”" In reality, age-based (and
risk-based) vaccine delivery strategies have indeed been
implemented by most jurisdictions, including Hong Kong,
the UK, and the USA.* Hence, we assumed that vaccines
are allocated first to the oldest age group (ie, =80 years) and
then to progressively younger age groups by 10-year age
bands. We considered two scenarios for vaccine uptake:
(1) each eligible age group would achieve the corresponding
age-specific uptake in the UK as of June 6, 2021, and the
uptake of individuals younger than 30 years would be the
same as that of those aged 30-39 years if the former are
eligible; (2) the uptake is 100% for all eligible individuals.

We assumed that (1) PHSMs would be relaxed such
that the effective reproductive number, R, was between
1-0 and 9-0 before the vaccination programme starts at
time ¢, (ie, R, was the effective reproductive number in
the absence of vaccination, considering the emergence of
variants of concern with increased transmissibility); and
(2) the effects of vaccination (characterised by g,, o,
and o) are realised instantaneously at time t. We then
identified combinations of R, and vaccine coverage that
would prevent subsequent epidemic waves from
overloading the health-care system.

We assumed that the maximum capacity of the health
system (in terms of daily hospital admissions) is 0-005%
of the population size, which is on par with the peak
number of COVID-19-related admissions to hospital that
the National Health Service has managed in the UK
(3565 on April 1, 2020, and 4579 on Jan 12, 2021).” Other
parameter values used in the simulations are shown in
the appendix (pp 8-9).

Relaxation of international travel restrictions

We anticipate that many jurisdictions will soon begin
to relax their measures for blocking international import-
ation of infections due to mounting and overwhelming
social, economic, and political pressure. Assuming that
all travellers are from foreign origins, we considered a
hypothetical jurisdiction that imposes the following
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control measures: (1) all inbound travellers will be tested
upon arrival, regardless of their vaccination status, and
(2) test-positive travellers will be isolated immediately,
whereas test-negative travellers will be quarantined for
1-14 days and then might be tested again upon release.
We estimated the expected force of infection (FOI) that
inbound travellers would exert on the destination across
a wide range of scenarios. Full details are given in the
appendix (pp 4-5).

We used these analytics to develop a risk-assessment
and decision tool to help plan and operationalise the
relaxation of travel restriction measures, accounting for
the COVID-19 prevalence in, and travel volume from,
all potential jurisdictions of origin into Hong Kong.
Assumptions about PCR test sensitivity (pp 17-18) and
algorithmic details (pp 4-7) are given in the appendix.
The components of this tool are summarised as follows.

(1) To compile a list of eligible origins, we created a
screening criterion that requires vaccine uptake among
travellers from each eligible origin to be large enough
such that the expected COVID-19 prevalence among
travellers is below the local COVID-19 prevalence at the
destination, or a prespecified risk tolerance level if
COVID-19 has been nearly eliminated at the destination.
We excluded origins that failed to meet this criterion—
ie, because reliable prevalence estimates at the origins
are not available or prevalence is so high that even
100% vaccine uptake among travellers would not suffice.

(2) To specify the travel volume and corresponding
minimum vaccine coverage among travellers from each
eligible origin, we created a decision criterion that is
designed to keep the expected FOI exerted by infected
inbound travellers on the destination below a prespecified
threshold (appendix pp 5-6).

(3) We continuously monitored the validity of the tool
(eg, on a daily basis) to ensure that the underlying
assumptions are valid (eg, consistency between the
expected and detected number of infections among
inbound travellers), given the uncertainty and dynamics
of disease transmission. A circuit breaker should be used
to suspend travel from origins that show higher-
than-expected exportation of infections, and their
eligibility and traveller requirements should be updated
accordingly (appendix pp 6-7)

Ethical approval was not required for data used in the
analysis. All data are publicly available. We used MATLAB
(version 2021a; MathWorks, MA, USA) for modelling and
data analysis.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results
We first used Hong Kong as a case study to illustrate the
course of the COVID-19 epidemic after PHSM relaxation
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Figure 1: Estimated daily number of admissions to hospital in Hong Kong following relaxation of PHSMs after all individuals aged =50 years have been fully

vaccinated

R, is the effective reproductive number after relaxation of PHSMs in the absence of vaccination. In all the scenarios we assume all individuals aged =50 years have been
fully vaccinated when PHSMs are relaxed. We assume the vaccine efficacy is o, in reducing the susceptibility to SARS-CoV-2 infection, o, in reducing the infectivity of
SARS-CoV-2, and g, in reducing symptomatic COVID-19 diseases among those infected. The epidemics are seeded with one introduction event immediately after
PHSM:s are relaxed. The dashed line shows the maximum number of daily COVID-19-related admissions to hospital that the local health system could manage, which
is assumed to be 0-005% of the total population. PHSMs=public health and social measures.

and vaccination, assuming all individuals aged 50 years or
older have been fully vaccinated (population coverage 36%).
As expected, COVID-19-related admissions to hospital and
deaths in subsequent waves of infection decreased with
increasing vaccine efficacies (varied as 0,,, 0, and o;; figure 1).
However, even under our most optimistic assumption—
which assumed ¢,=0-80, 0=0-50, and 0=0-95 and is
similar to the empirical efficacies of the approved mRNA
vaccines such as BNT162b2—modest relaxation of PHSMs
(with R, of 1-6-1-8) would result in epidemics that overload
the local health system (figure 1). This conclusion remains
valid across a wide range of contact patterns (appendix p 10)
and for all 304 jurisdictions that we considered (27 countries
and 277 sub-national administrative regions from another

eight countries; appendix pp 13-16). These findings suggest
that, when vaccination coverage is not high (eg, when only
individuals aged =50 years are fully vaccinated), relaxation
of PHSMs is not feasible without overloading the health-
care system for all plausible ranges of o,, 0, and o. As
such, PHSM relaxation with R, above 1-6-1-8 should only
be considered if high vaccination coverage can be attained
with high confidence. For example, if all individuals aged
30 years or older have been fully vaccinated with ¢,=0-80,
0= 0-50, and 0=0-95 so that population coverage is 74%,
then PHSMs can be relaxed to R=2-5-3-5 without
overloading the health-care system (appendix pp 11-12).
We emphasise that R, was the effective reproductive
number in the absence of vaccination; R=2-5-3-5
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corresponded to the basic reproductive number of the
SARS-CoV-2 strain that seeded the pandemic in 2020.%

If the vaccine is only modestly effective in blocking
infection (ie, o, below 0-80 and g, below 0-50), complete
relaxation of local PHSMs without overloading the health-
care system either requires a very high vaccination
coverage or is outright infeasible (appendix pp 11-12). For
example, if 6,=0-50, 0=0-30, and 0= 0-80, the vaccination
coverage would have to be 90-100% across all age groups
to avoid overloading the health-care system when
R=2-5-3-5 (ie, when PHSMs completely relaxed). As of
July, 2021, the variants of concern with increased
transmissibility (eg, alpha [B.1.1.7] and delta [B.1.617.2]) are
already prevalent in most parts of the world, and are
estimated to be 50-70% (alpha) and 150-250% (delta) more
transmissible than the original strain identified in
December, 2020.2 If the epidemic is seeded or dominated
by the newly emerged variants that are 50-250% more
transmissible,”” complete relaxation of PHSM would
result in an R, of 5-7 in the absence of vaccination; in this
scenario, vaccination coverage would need to be 90-100%
to avoid overloading the health-care system even under our
most optimistic assumptions of ¢,=0-80, o= 0-50, and
0=0-95 (appendix pp 11-12).

Given that vaccine uptake is unlikely to be 100% as we
have optimistically assumed here (eg, due to vaccine
hesitancy and refusal), lenient relaxation of PHSMs will
probably result in resurgence of cases and carry the risk
of overloading the health-care system, especially in the
context of mutant variants.

Next, we estimated the extent to which international
travel restrictions could be relaxed safely. Let X(a,, g, s)
be the expected FOI that an inbound traveller would
impose on the destination if they are: (1) fully vaccinated
and their susceptibility to infection is reduced by g,
(0,=0 if unvaccinated; we ignored the effect of g, and o, to
avoid underestimating the expected FOI among fully
vaccinated individuals); (2) quarantined for g days; and
(3) tested stimes (upon arrival only if s=1and an additional
test upon quarantine release if s=2). Figure 2 shows
Y(0,.9,5)=1-X(0,,,4,5) / X(0,0,0) which is the reduction in
expected FOI from an inbound traveller.

Under the assumption that an inbound traveller
could be infected at any time before arrival with equal
probability, we estimate that testing inbound travellers
upon arrival without quarantining them would only
reduce their expected FOI by 60-65% (appendix
pp 17-18). This estimation is largely consistent with
observed data in Hong Kong, which indicated
that 25-35% of imported infections were not identified
by the first RT-PCR test upon arrival at the airport.? Our
estimate of 60-65% is also consistent with the results
from a previous modelling study.*

In the worst-case scenario wherein infected travellers
are infected right before arrival, testing upon arrival
without quarantine would have no effect on their FOI
because their viral load upon arrival would be below the
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Figure 2: Reduction in the expected FOI an inbound traveller exerts on the destination as a function of

vaccine efficacy in reducing susceptibility to infection and quarantine duration

(A) Travellers are tested upon arrival only. (B) Travellers are tested upon both arrival and release from quarantine.
The values embedded in the curves are the reduction in the expected FOI an inbound traveller exerts on the

destination. FOI=force of infection.

detection threshold. Fully vaccinated inbound travellers
would have their expected FOI lowered by o, due to the
vaccine reducing their susceptibility to infection. With a
moderate 0, of 50-60%, 5-day quarantine (ie, 4 full days),
and two PCR tests, the expected FOI of fully vaccinated
inbound travellers would be reduced by 92-96%
(figure 2B). Extending the quarantine to at least 7 days,
with two PCR tests, would reduce the expected FOI
of both fully vaccinated and unvaccinated imported
infections by 99%.

Suppose travel control measures at the destination aim
to maintain the expected weekly number of undetected
infections among inbound travellers from a given origin
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Figure 3: The expected number of undetected infected travellers at the destination as a function of vaccine efficacy, quarantine duration, test regimens,

travel volume, and infection prevalence among travellers

We assumed all inbound travellers are fully vaccinated against SARS-CoV-2. (A, D) Vaccine efficacy in reducing susceptibility is 0, =60%, with one test upon arrival.
(B, E) 0,=60%, with one test upon arrival and one test before release from 4-day quarantine (4 full days). (C, F) 0,=80%, with one test upon arrival and one test before

release from 4-day quarantine (4 full days).

below Z. Suppose all travellers from the origin location
have been fully vaccinated. Figure 3 shows how the
travel volume quota for this origin depends on
the risk threshold Z, the infection incidence at the
origin, and the quarantine and testing requirements for
travellers from this origin. For example, if Z=1, the daily
incidence at the origin is 2 cases per million
and all travellers are required to be tested twice and
quarantine for 5 days, then the weekly number of
inbound travellers from this origin should not exceed
50000 travellers if 0,=0-60 or 100000 travellers if
0,=0-80. If travellers are only required to be tested upon
arrival without quarantine, then the corresponding
travel quota is reduced to 20000 travellers if g,=0-60 or
50000 travellers if g,=0-80. When multiple origins are
considered simultaneously, the risk threshold for each
origin should be set lower accordingly so that the
number of inbound travellers remains within an overall
threshold set for all foreign places of origin.

When travel restrictions are relaxed, a circuit breaker
should be introduced as necessary on the basis of the
reported daily incidence of the origins (figure 4). When
the daily or weekly number of infections detected from
the travellers exceeds the expected number estimated

from reported incidence in the origin, travelling from the
origin should be suspended, and the travel volumes from
all origins should be re-evaluated, such that the total
travel volume would not exceed the threshold determined
by the actual incidence estimated from the detected
number of infections at the border of the destination
(appendix pp 5-6).

Early and premature relaxation of PHSMs, before
sufficient population immunity is attained in the
destination location, would lead to a pronounced
subsequent wave of infection if imported infections
undetected from the relaxation of travel restrictions
seeded an established local outbreak (figure 5). At pre-
vaccination R=2-5, the probability of seeding a local
outbreak is essentially 100% even if the number of
imported infections is fewer than five.

Discussion

The findings of our modelling analysis suggest that
effective vaccines that provide some level of transmission
blocking offer a means of adjusting PHSMs without
reintroducing a large wave of COVID-19-related
admissions to hospital and deaths. However, complete
relaxation of all PHSMs would require a very high
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Figure 4: An illustrative example of the circuit breaker

We assume in a hypothetical origin, the daily number of new infections

is 100 per million but the reported daily number of new infections is only 10 per
million (ie, the reporting rate is 10%). The actual and reported incidence is
assumed to be relatively constant in the past 14 days, the vaccination coverage is
unknown, and the PCR test result would be positive up to 28 days after infection.
(A) The daily number of infected inbound travellers detected on arrival by the
number of weekly inbound travellers. Under this scenario, if the number of weekly
inbound travellers is 20000, the expected daily number of infections detected on
arrival should not exceed 1 if the daily number of new infections were

really 10 per million (ie, 10/10°x 28 x 20000/ 7 x 0-62=0-50), assuming 62%
(range 60-65) of infections are detected at the border at the first PCR test.

A circuit breaker would be triggered when the daily number of infections detected
upon arrival exceeds 5, and, in this case, the actual daily number of infections
among inbound travellers is 5/0-62=8-06 (red line). (B) The undetected number of
infections per day by vaccine efficacy, testing frequency and quarantine duration
at the point at which the circuit breaker is triggered. If all inbound travelers were
fully vaccinated and tested twice after arrival, even if actual daily number of
infections were 8-06 per day, the number of undetected infections per day would
not exceed 1. From figure 2, the expected FOI would be reduced by

93% and 96% if an infected traveller is fully vaccinated, tested twice,

and quarantined by at least 5 days (4 full days), for 6,=0-60 and 6,=0-80
respectively. The undetected FOI per day from this origin would be

5/0-62x (1-0-93)=0-56 if 5,=0-60 and 5/ 0-62 x (1-0-96)=0-32 if 5, =0-80.

The dashed line shows the threshold when the undetected number of infections
perday is 1. o, denotes efficacy in reducing susceptibility to infection. FOl=force
of infection.
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Figure 5: Probability of seeding a local COVID-19 outbreak in a completely
susceptible destination as a function of the number of missed or undetected
infections (coloured lines) among inbound travellers and the R,

The offspring distribution is assumed to be negative binomial with k=0-43 (A),”
Poisson (B), or geometric (C). R,=effective reproductive number.

coverage locally even with the most efficacious vaccines.
This scenario might be difficult to achieve soon, given
the uncertainties around how efficacious the vaccines are
at reducing transmission, emergence of variants of
concern with increased transmissibility and potential
immune escapes, and the current shortage in vaccine
supply globally.

Local control of the COVID-19 pandemic should,
therefore, prioritise protecting the most vulnerable
groups to reduce COVID-19 disease burden. PHSMs
should be maintained to a certain level during the roll-
out of vaccination programmes, such that the maximum
daily admissions to hospital would not exceed the
capacity of local health systems. Policy makers attempting
to make adjustments to PHSMs could take reference
from the experience of previous epidemic waves to
identify the associations between introducing and lifting
PHSMs and the time varying R, (eg, comparing R, and
the COVID-19 Stringency Index).” Public adherence to
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PHSMs should also be monitored by longitudinal
surveys and real-time mobility data.”” In the long term,
with all the elderly and vulnerable individuals fully
vaccinated, the COVID-19 disease burden will be
substantially reduced and the impact of the virus will
lessen, although it might continue to circulate and
become endemic, and could still damage the health of
younger patients who become infected.”

Local relaxation of PHSMs relies not only on vaccine
characteristics but also vaccine uptake in the population.
In practice, vaccine uptake can differ regionally and is
particularly affected by socioeconomic factors. Vaccine
uptake is also likely to vary over time as the perceived
risks of the population vary. Given the finite supply of
vaccines, it is important that uptake is prioritised among
individuals who require protection against symptomatic
disease, including the elderly and vulnerable groups with
comorbidities. A complicated interaction is anticipated
between the prevalence of COVID-19 disease, PHSM
policy, PHSM adherence, and vaccine uptake; therefore,
it is essential to understand the drivers of vaccine
hesitancy and plan accordingly.®

Even if travel restrictions are eased to allow
unobstructed travel between countries, testing and
quarantine would have to be maintained for inbound
travellers to minimise the risk of reintroducing a local
outbreak until high vaccination coverages are attained
locally and overseas in most countries. Travel restrictions
can be adjusted dynamically, starting from restricting
the number of inbound travellers and shortening
the duration of quarantine for fully vaccinated travellers
from places with low SARS-CoV-2 prevalence (appendix
p 19). Restrictions can be further relaxed as vaccine
coverage increases in both places of origin and
destination. The duration of quarantine for vaccinated
travellers might be further shortened, when rapid
antibody tests are introduced and the associations are
well established between antibody titres and reduction in
onward transmission.

Since the case ascertainment probability might vary
among different countries and regions, a circuit breaker
should be introduced if an increasing number of
infections are confirmed among inbound travellers. For
example, assuming the risk tolerance level is 2-0 new
local cases per million population for Hong Kong
(appendix p 19), we estimate that the threshold proportion
of vaccinated travellers for many countries in Africa is
lower than 50% based on the reported incidence on
April 27, 2021. However, the actual threshold proportion
of vaccinated travellers from these countries should be
set higher than 50%, because a recent study reported that
cases of COVID-19 were under-reported in Africa and
thus extra caution is required with these less relilable
data.”

Our study has several limitations. First, we did not
consider vaccine availability and the process of building
up vaccine-induced immunity. Therefore, the scenarios

we present are the most optimistic, but feasibility and
constraints should be considered in practice. Second, as
we discuss throughout, it is difficult to establish a
mapping between R, and the specific PHSMs that should
be maintained, and hence relaxation of PHSMs should
be carefully planned and monitored, especially with
regard to the variants of concern. The association
between PHSMs and R, before the emergence of variants
of concern can be estimated by linking R, from the
previous waves and the COVID-19 Stringency Index,* or
inferred from mobility data,” but more experimental and
observation data are required to refine the model
assumptions. Third, we expect that vaccine efficacy (o,,
0, and o0, varies with age and among risk groups. When
more data of vaccine trials in specific groups are available,
incorporating such heterogeneity into the future models
will provide more robust estimations. Fourth, our model
assumed that the Hong Kong population was completely
susceptible to SARS-CoV-2 and that there was no virus
circulating before the commencement of vaccination
programmes as a case study. Given the high levels of
virus circulation worldwide, the assumed R, should be
maintained well below our estimates given in the
appendix (pp 13-16) to avoid overloading the health-care
system in regions with high local prevalence. More
accurate estimation of the effects of vaccination
programmes can be obtained by fitting the model to local
epidemic situations and simulating vaccination roll-out
with local data about efficacy and uptake. Furthermore,
countries with lower capacity in the health-care systems
should be more cautious when considering relaxation of
PHSMs and travel restrictions. Fifth, we assumed the
weighted SARS-CoV-2 prevalence for inbound travellers
assuming each of them can be assigned an origin and
applied the same vaccine efficacy (0,). The risk of
imported SARS-CoV-2 infection might be underestimated
if the traveller has a complex travel history with multiple
stopovers as international travel reopens. Finally, we have
not considered waning immunity derived from both
natural infection and vaccination. Seasonal vaccination
programmes might be required if immunity wanes, and
SARS-CoV-2 becomes endemic in the long term.

In summary, efficacious vaccines with high uptake are
essential to the control of the COVID-19 pandemic in the
near future. However, the findings of our modelling
analysis show that other PHSMs, such as intensive test-
trace-and-isolate, moderate levels of physical distancing,
and international travel restrictions, will be needed
until high vaccination coverages are attained in most
countries. Gradual relaxation of PHSMs should be
carefully planned during the roll-out of vaccination
programmes to minimise admissions to hospital and
deaths related to COVID-19.
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