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Background In view of emerging variants of concern (VOCs), we aimed to evaluate the impact of various allocation
strategies of COVID-19 vaccines and antiviral such that the pandemic exit strategy could be tailored to risks and pref-
erences of jurisdictions in the East Asia and Pacific region (EAP) to improve its efficiency and effectiveness.

Methods Vaccine efficacies were estimated from the titre distributions of 50% plaque reduction neutralization test
(PRNT50), assuming that PRNT50 titres of primary vaccination decreased by 2-10 folds due to antibody waning and
emergence of VOCs, and an additional dose of vaccine would increase PRNT50 titres by 3- or 9-fold. We then used
an existing SARS-CoV-2 transmission model to assess the outcomes of vaccine allocation strategies with and without
the use of antivirals for symptomatic patients in Japan, Hong Kong, and Vietnam.

Findings Increasing primary vaccination coverage was the most important contributing factor in reducing the total
and peak number of COVID-19 hospitalisations, especially when population vaccine coverage or vaccine uptake
among older adults was low. Providing antivirals to 50% of symptomatic infections only further reduced total and
peak hospitalisations by 10-13%. The effectiveness of an additional dose of vaccine was highly dependent on the
immune escape potential of VOCs and antibody waning, but less dependent on the boosting efficacy of the addi-
tional dose.

Interpretation Increasing primary vaccination coverage should be prioritised in the design of allocation strategies of
COVID-19 vaccines and antivirals against emerging VOCs, such as Omicron, in the EAP region. Heterologous vacci-
nation with any available vaccine as the additional dose could be considered when planning pandemic exit strategies
tailored to the circumstances of EAP jurisdictions.
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Introduction
By implementing public health measures rapidly and
effectively, most countries in the East Asia and Pacific
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region (EAP) kept COVID-19 cases and deaths much
lower than in the US, Europe, and South America in
2020. However, the emergence of variants of concern
(VOCs), especially the Delta and Omicron variants
which are more transmissible and have greater immune
escape potential, changed the game the put stress on the
EAP region in 2021. Many low- and middle-income
countries in EAP were left behind to develop or pur-
chase COVID-19 vaccines and antivirals. By mid-August
2021, more than half of the populations in the United
States, United Kingdom, and more than a dozen of
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Research in context

Evidence before this study

In view of emerging variants of concern (VOCs), we
searched PubMed and preprint archives for articles pub-
lished up to 13 December 2021, that contained informa-
tion about the control measures against COVID-19
outbreak using the terms “coronavirus”, “COVID-19”,
“SARS-CoV-2”, “variant”, “VOC”, “vaccin*”, “vaccine”,
“antiviral”, “treatment” and “allocation”. Previous studies
have focused on the optimal allocation of vaccines to
reduce disease burden of COVID-19 pandemic. How-
ever, to our knowledge, there is no study to investigate
the impacts of waning vaccine effectiveness on COVID-
19 vaccine and antiviral allocation strategies in the East
Asia and Pacific (EAP) region against emerging VOCs.

Added value of this study

We used an existing SARS-CoV-2 transmission model to
assess the outcomes of vaccine allocation strategies
with and without the use of antivirals for symptomatic
patients in Japan, Hong Kong, and Vietnam. We found
that increasing primary vaccination coverage was the
most important contributing factor in reducing the total
and peak number of COVID-19 hospitalisations, espe-
cially when population vaccine coverage or vaccine
uptake among older adults was low. The effectiveness
of an additional dose of vaccine was highly dependent
on the immune escape potential of VOCs and antibody
waning, but less dependent on the boosting efficacy of
the additional dose.

Implications of all the available evidence

Our study provided support to the prioritization of
increasing primary vaccination coverage among all the
allocation strategies of vaccine and antivirals consid-
ered. Administering antivirals would only have limited
impact in reducing total and peak hospitalisations. Het-
erologous vaccination with any available vaccines as
the additional dose, as long as it is safe, could be consid-
ered as potential options when planning the pandemic
exit strategies tailored to the preference of EAP jurisdic-
tions, especially for low- and middle-income countries
and in anticipation of further emergence of new VOCs.
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high-income and upper-middle-income countries have
been fully vaccinated according to the initially designed
immunisation schedule (mostly with two doses); while
conversely, only 1.2% of population in low-income coun-
tries have received at least one dose.1 Molnupiravir and
Paxlovid, the antivirals that were reported to reduce the
risk of COVID-19 hospitalisation and death by 30-50%
and 89% respectively in the phase 2/3 trial,2-4 cost US
$700 per course which means they might not be avail-
able in most low- and middle-income countries in the
short term.
Moreover, Delta and Omicron have caused large out-
breaks in highly vaccinated populations5 and it has led
to calls for an additional dose of COVID-19 vaccine, e.g.
a third dose for most vaccines and a second dose for
some adeno-vectored vaccines.6-9 On one hand,
“breakthrough” infections and reduction of in vitro
serum neutralizing antibodies over time have been
observed,8,10 suggesting a potential waning in vaccine
efficacy against infection11; on the other hand, the sever-
ity of disease in vaccinated individuals is nevertheless
much reduced compared to unvaccinated individuals,
indicating that the vaccines are still highly effective in
reducing hospitalisations and deaths.11-13

While equity is important in health decision making,
EAP jurisdictions would have various expectation of vac-
cines and antivirals due to differences in the society and
economy. The first group of jurisdictions, which has
pursued a Zero-COVID or elimination strategy to strin-
gently control COVID-19 within their borders, includes
mainland China, Hong Kong, Macau, and Taiwan. A
vaccine-driven exit strategy is the most likely path for
these jurisdictions: if they were to minimise infections
of VOCs in a highly susceptible population in the
absence of public health measures, higher protection
from vaccines would be required, which might only be
attained by fully vaccinating all the eligible individuals
with both primary and additional doses of the most effi-
cacious vaccines.14 The second group of jurisdictions,
which is in transition to a Living-with-COVID strategy,
includes Australia, Japan, Singapore, South Korea, and
most of the Southeast Asian countries. If their goals
were to minimise COVID-19 hospitalisations to avoid
overwhelming the health system, additional doses of
vaccines might not be as necessary if the primary vacci-
nation coverages are high and sufficient supplies of
antivirals are secured. Furthermore, vaccine effective-
ness also depends on the type of vaccines available, age
distribution and underlying health condition of vaccin-
ees and the population, emergence of new VOCs and
waning of protection over time.15

Therefore, it is important to evaluate the impact of
various allocation strategies of vaccines and antiviral
such that the pandemic exit strategy could be tailored
to jurisdictions’ risks and preferences to improve its
efficiency and effectiveness. Here, we used an exist-
ing SARS-CoV-2 transmission model to assess the
outcomes of primary and additional vaccine allocation
strategies with and without the presence of antivirals.
We defined primary vaccination as completion of the
initially designed immunisation schedule, which con-
sisted of two doses for most vaccines and one dose
for some adeno-vectored vaccines. Vaccines that were
given beyond primary vaccination were defined as
additional vaccination. We assumed primary vaccina-
tion, i.e., vaccinating the never-vaccinated as much as
possible, should be always prioritized. Given that the
vaccines that many EAP countries receive from the
www.thelancet.com Vol 21 Month April, 2022
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COVAX initiative compose of different types, we ana-
lysed hypothetical jurisdictions which mainly used 1)
inactivated virus vaccines, 2) mRNA vaccines, 3)
adeno-vectored vaccines and 4) a mix of inactivated/
adeno-vectored virus and mRNA vaccines, with and
without antivirals.
Methods

Predicting the reduction in vaccine efficacy due to
emerging VOCs
Currently, three types of vaccines are most widely used
in the world, including the adenovirus vector vaccines
(e.g. AZD1222 from AstraZeneca), mRNA vaccines (e.g.
BNT162b2 from BioNTech) and inactivated virus vac-
cines (e.g. CoronaVac from Sinovac).15,16 Data from a
cohort study of 49 BNT162b2 vaccinees and 49 Corona-
Vac vaccinees in Hong Kong showed that both vaccines
elicited significant immune response against the origi-
nal virus.17 At one month after the second dose of vac-
cine, the logarithmic of 50% plaque reduction
neutralization test (PRNT50) titres among vaccinees fol-
low a normal distribution, with the mean titre against
the original virus of 251.60 (§ 1SD: 146.66 − 431.63)
among BNT162b2 vaccinees and 69.45 (§ 1SD: 28.07
− 171.77) among CoronaVac vaccinees respectively
(Figure S1).

Although comparable data about the AZD1222
vaccinees were not available in Hong Kong, it has been
reported that the mean titres of pseudo-virus and live
virus neutralization tests among AZD1222 vaccinees
were 135-172 and 166-261 respectively,18 and the effica-
cies of AZD1222 vaccines against the original virus lied
between CoronaVac and BNT162b2 vaccines.19 There-
fore, without loss of generalization, we assumed that
the mean PRNT50 titre against the original virus of
AZD1222 vaccinees were 133.82 (§ 1SD: 78.59
−227.85), which was the average of CoronaVac and
BNT162b2 vaccinees in the log scale.

We assumed that vaccine efficacies were reduced
mainly due to antibody waning and emergence of
VOCs.13,20-23 Comprehensive analyses of neutraliza-
tion using isolates of distinct SARS-CoV-2 variants
revealed a range of reduction in the neutralization
titres among vaccinees who were previously not
infected, with an average of 0.5-3.4, 1.6-6.9, 2.3-13.2
and 5.5-41.4 folds of decrease in neutralization titre
for the Alpha (B.1.1.7), Delta (B.1.617.2), Beta
(B.1.351) and Omicron (B.1.1.529) variants, varied by
type of tests, population, and the time since the sec-
ond dose of mRNA vaccines.10,24-26 As such, we esti-
mated the vaccine efficacy against infections (i.e.,
sm) of emerging VOCs by reducing the mean
PRNT50 titre level against the original virus strain
by a factor of 2, 4, 7, or 10 for hypothetical variants
of concern (see Appendix for details).
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Assumption about efficacy of vaccines and antivirals
The analyses above estimated vaccine efficacy against
SARS-CoV-2 infection. However, it is thought that the
immune response after vaccination, especially cellular
immunity, may provide greater protection from severe dis-
ease than from mild or asymptomatic infection.27 Khoury
et al estimated that the neutralization titre level for 50%
protection from infection was comparable to the level
required for about 85% protection from severe disease.28

Moreover, T cell responses or reactivation of memory B
cell responses may also play an important role in protec-
tion from severe diseases.27,29-31 Therefore, we assumed
that the vaccine efficacy in reducing symptomatic diseases
and admission to hospital (i.e., ss) was 25% higher than
sm, i.e., ss = 1.25 £ sm and fell within the range between
65% and 95% for emerging VOCs, given that there were
limited data about the association between T cell response
level and ss. Our assumption about ss was more conserva-
tive compared with the observed data on the existing VOCs
for most vaccines.21,27 Similarly, we assumed that the vac-
cine efficacy in reducing infectiousness if infected (i.e., st)
was 20% lower than sm, i.e., st = 0.8 £ sm, for variants of
concern, following similar assumptions used by Scientific
Advisory Group for Emergencies of the UK.32 For antivi-
rals, we assumed the efficacies were em = 0 in reducing
susceptibility to infection, et = 0 in reducing infectivity if
infected and es = 0.5 in reducing symptomatic diseases and
hospitalisations, since Molnupiravir and Paxlovid are cur-
rently only recommended to patients within 5 days of
symptom onset.2
Modelling allocation strategies of COVID-19 vaccines
and antivirals
We adapted an existing age-structured susceptible-infec-
tious-removed model of SARS-CoV-2 transmission dynam-
ics that can be parameterized with country- or region-
specific age demographics and contact patterns to simulate
the effect of vaccination (i.e., including primary vaccination
and booster vaccination) on transmission.14,33

In three hypothetical populations, we parameterized
the model with population demographics and age-spe-
cific primary vaccine uptake as of 1 August 2021 from
Japan (medium population coverage of 39.7% and high
coverage of 87.6% among older adults aged 65 or
above), Hong Kong (medium population coverage of
44.5% and low coverage of 19% among older adults
aged 70 or above) and Vietnam (low population cover-
age of 6.0% and minimal coverage among older adults
aged 65 or above), to assess the effectiveness of alloca-
tion strategies (Figure S2). The three jurisdictions were
selected as exemplars of countries in the EAP region
based on the types of vaccines available, age-specific vac-
cination coverage, and timing of booster vaccination
programmes (see Appendix for details).

Then we assumed: 1) 100% of vaccinees received
BNT162b2 vaccines in Japan, 2) 60% and 40% of
3



Strategy Vaccine and antiviral allocation

Strategy 0 � No change to vaccination uptake recorded on 1 August 2021

Strategy 1: PV � Vaccinate the never-vaccinated individuals only as much as possible (i.e. primary vaccination coverage of

70%, 80% and 90% in three scenarios)

Strategy 2: PV+AR � Vaccinate the never-vaccinated individuals only as much as possible

� Provide antivirals to 50% of symptomatic patients (assuming that the antivirals reduce their risk of hospi-

talisation by 50%)

Strategy 3: PV+AV+AR � Vaccinate the never-vaccinated individuals as much as possible

� Give an additional dose to only AZD1222 or CoronaVac vaccinees

� Provide antivirals to 50% of the symptomatic patients

Strategy 4: PV+ selective AV+AR � Vaccinate the never-vaccinated individuals as much as possible

� Give an additional dose to all vaccinated individuals with PRNT50 titre lower than a certain threshold

� Provide antivirals to 50% of the symptomatic patients

Strategy 5: PV+ universal AV+AR � Vaccinate the never-vaccinated individuals as much as possible

� Give an additional dose to all vaccinated individuals

� Provide antivirals to 50% of the symptomatic patients

Table 1: Allocation strategies of COVID-19 vaccines and antivirals.
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vaccinees received BNT162b2 and CoronaVac vac-
cines in Hong Kong, and 3) 40%, 30% and 30% of
vaccinees received BNT162b2, AZD1222, CoronaVac
vaccines in Vietnam. Since giving additional vac-
cines to vaccinees who have completed primary vac-
cination would have lower marginal effectiveness
compared with vaccinating individuals who were
never vaccinated (inferred from the titre distribution
after the third dose34), therefore, throughout the
analysis, we hypothesised that primary vaccination
should always be prioritised and considered the fol-
lowing vaccine allocation strategies (Table 1):
Strategy 1: Vaccinate the never-vaccinated individuals
only as much as possible (PV)
Considering the potential vaccine hesitancy and refusal,
we assumed that the maximum primary vaccination
coverage would achieve 70%, 80% or 90% in three sce-
narios.
Strategy 2: Vaccinate the never-vaccinated individuals
only as much as possible and provide antivirals to 50%
of the symptomatic patients (PV+AR)
We assumed that the maximum primary vaccination
coverage would achieve 70%, 80% or 90% in three sce-
narios. We assumed 40% of vaccinees (i.e., completed
the primary vaccination) and 60% of unvaccinated indi-
viduals would develop symptoms if they were infected
(Table S5), and antivirals would be provided to 50% of
the symptomatic patients.
Strategy 3: Vaccinate the never-vaccinated individuals
as much as possible, give an additional dose to only
AZD1222 or CoronaVac vaccinees and provide antivirals
to 50% of the symptomatic patients (PV+AV+AR)
We assumed that the maximum vaccination coverage
would achieve 70%, 80% or 90% and that all AZD1222/
CoronaVac vaccinees were willing to take the additional
dose regardless of the type of vaccine that would be given.
We assumed that the PRNT50 titres of AZD1222/Corona-
Vac vaccinees would increase by 3 or 9 folds after the addi-
tional dose, which was consistent with the findings in the
recent studies about the immunogenicity of a third dose of
AZD1222/CoronaVac vaccine (i.e. 2-4 folds increase in
antibody titres and T cell response among AZD1222
vaccinees,7 and 3-4 folds increase of antibody titres in
healthy adults aged 18 to 59 and ≥7 folds among the older
adults aged 60 or above among CoronaVac vaccinees8,35).
Strategy 4: Vaccinate the never-vaccinated individuals
as much as possible, give an additional dose to all
vaccinated individuals with PRNT50 titre lower than a
certain threshold, and provide antivirals to 50% of the
symptomatic patients (PV+ selective AV+AR)
Similarly, we assumed that the maximum vaccination
coverage would achieve 70%, 80% or 90% and that all
vaccinees were willing to take the additional dose if
given. We assumed that the PRNT50 titre of BNT162b2
vaccinees would at least increase by 3 or 9 folds after the
additional dose.34 The additional dose would only be
given to vaccinees with PRNT50 titres lower than the
prespecified thresholds. We considered three scenarios
in which the additional dose would be given to vaccinees
www.thelancet.com Vol 21 Month April, 2022
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with the original PRNT50 titre lower than 25.9, 39.9
and 74.1, which corresponded to the estimated thresh-
olds of 50%, 60% and 70% protection against infection
of the original virus.
Strategy 5: Vaccinate the never-vaccinated individuals
as much as possible, give an additional dose to all
vaccinated individuals and provide antivirals to 50% of
the symptomatic patients (PV+ universal AV+AR)
We assumed that the maximum vaccination coverage
would achieve 70%, 80% or 90% and that all vaccinees
were willing to receive the additional dose. We assumed
both additional dose of homologous and heterologous
vaccines would elicit similar increases in PRNT50 titres,
though only limited data were currently available from
selected patient groups.36
Comparative effectiveness of allocation strategies
Similar to our previous analysis,14 we assumed that vac-
cines were first allocated to never vaccinated individuals
in proportion to the age-specific vaccine uptake as of 1
August 2021 until the population vaccination coverage
achieved 70%, 80% or 90% or the vaccine uptake of a
specific age group achieved 100%. Then the additional
doses were allocated to vaccinees following the five allo-
cation strategies above. In the simulation, we assumed
antivirals would be directly allocated to 50% symptom-
atic infections who would seek medical care, and antivi-
rals would only reduce the risk of hospitalisation by
50% (Table 1).

We assumed that the population was completely sus-
ceptible before vaccination, i.e., the population immu-
nity was only obtained from vaccination. In view of the
emergence of VOCs, we assumed the pre-vaccination
effective reproductive (Re) was 6 even with limited pub-
lic health and social measures in place (e.g. the basic
reproductive number of the Delta variant was assumed
to be 6, i.e., »300% higher than the original virus
strain37). We then simulated the epidemics and esti-
mated the total number of hospitalisations and the max-
imum daily number of hospitalisations.

We estimated the total number of vaccine doses
required for every COVID-19 hospitalisation averted in
Strategy 1-5 compared with the existing vaccination
uptake as of 1 August 2021 (Strategy 0). We also esti-
mated the number of primary and additional vaccine
doses required for every COVID-19 hospital admission
averted in Strategy 1-5, compared with Strategy 0. Other
parameter values were shown in the Appendix.
Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full
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access to all the data in the study and had final responsi-
bility for the decision to submit for publication.
Results

Reduction in vaccine efficacy due to antibody waning
and VOCs
We estimated that vaccine efficacy in reducing suscepti-
bility (sm) to infection decreased substantially due to
VOCs and antibody waning (Figure 1): sm of BNT162b2
vaccinees decreased from 89% to 84%, 68%, 45% and
28% when PRNT50 titres decreased by 2, 4, 7 and 10
folds; sm of AZD1222 vaccinees decreased from 85% to
70%, 41%, 15% and 6%; and sm of CoronaVac vaccinees
decreased from 65% to 42%, 20%, 8% and 4% respec-
tively. Similarly, we estimated st (i.e., vaccine efficacy in
reducing infectiousness) decreased from 72% to 67 %,
54%, 36%, 23% for BNT162b2 vaccinees, from 68% to
56%, 33%, 12% and 5% for AZD1222 vaccinees, and
from 52% to 33%, 16%, 7% and 3% for CoronaVac
vaccinees. For vaccine efficacy in reducing symptomatic
disease and hospitalisations, we estimated ss reduced
from 95% to 95%, 85%, 65%, 65% for BNT162b2
vaccinees, from 95% to 87%, 65%, 65%, 65% for
ADZ1222 vaccinees, and from 81% to 65%, 65%, 65%,
65% for CoronaVac vaccinees. The estimated vaccine
efficacies were largely consistent with findings from
case-control trials or real world observations about
Alpha and Delta variants,15,38 for which PRNT50 titres
were estimated to decreased by 1-4 folds and 2-7 folds
respectively.10
Effectiveness of allocation strategies of vaccines and
antivirals
We assessed the effectiveness of allocation strategies of
vaccines and antivirals in Japan, Hong Kong, and Viet-
nam (Figure 2-4). As expected, increasing primary vacci-
nation coverage was the most important contributing
factor in reducing the total and peak number of
COVID-19 hospitalisations in Strategy 1-5 (Figure 2-4),
especially when the population vaccine coverage or the
vaccine uptake among older adults was low (Figure 2-3).

In Strategy 1, when PRNT50 titres against VOCs
reduced by 4-10 folds (Table 1), increasing primary vac-
cination coverage from 6% to 70%, 80%, 90% reduced
the total hospitalisations by 53-62%, 64-76%, 64-77%
in Vietnam, and similar proportions of 54-68%, 65-
80%, 65-82% were reduced in peak hospitalisation
accordingly. Similarly, in Hong Kong, increasing pri-
mary vaccination coverage from 44.5% to 70%, 80%,
90% reduced the total hospitalisations by 15-22%, 22-
32%, 52-72% and the peak hospitalisations reduced by
17-30%, 24-43%, 54-78% in Strategy 1.

Compared with Strategy 1, providing antivirals to
50% of symptomatic infections in Strategy 2 only
5



Figure 1. Estimated vaccine efficacies of BNT162b2,
AZD1222 and CoronaVac vaccines from PRNT50 titre distri-
butions. The mean PRNT50 titres of vaccinees against the
hypothetical variants of concern were assumed to decrease by
2, 4, 7, and 10 folds respectively compared with the PRNT50
titres against the original virus strain. The vaccine efficacies
were estimated by bootstrapping the PRNT50 titres of 100
vaccinees by 1000 times. The error bars showed the 95% CI of
the estimates with the uncertainty from PRNT50 titre distribu-
tions. (A) Vaccine efficacy in reducing susceptibility to infection
(sm). (B) Vaccine efficacy in reducing infectiousness if infected
(st). (C) Vaccine efficacy in reducing symptomatic disease and
hospital admission (ss).
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further reduced total and peak hospitalisations by 10-
13% and 10-12% in Japan, Hong Kong, and Vietnam
across all scenarios. As expected, the number of hospi-
talisations averted would scale linearly with the antiviral
efficacy (es) and the amount of antiviral prescriptions.

Across Strategy 3-5, the effectiveness of an additional
dose of vaccine was highly dependent on the immune
escape potential of VOCs or antibody waning. The total
and peak hospitalisations increased with the decrease in
PRNT50 titres due to VOCs. However, an additional
dose of vaccine that generates higher increase in
PRNT50 titres would not substantially increase the
impact of Strategy 3 and 4: the total and peak
hospitalisations, and the number of hospitalisations
averted per dose were not significantly different as long
as the additional dose increased PRNT50 titres by at
least 4 folds. A greater impact was expected in Strategy
5 when the additional dose was given universally to all
vaccinees: Strategy 5 had the largest impact in reducing
total and peak hospitalisations in Japan where primary
vaccine uptake among the elderly was high (Figure 2).
Impacts of different age-specific vaccine uptakes
Across all strategies, the number of hospitalisations
averted per thousand doses of vaccines reduced with the
increase of primary vaccine uptake from 70% to 90% in
Japan (Figure 2 and Figure S3) and Vietnam (Figure 3
and Figure S6-S8). However, in contrast to Japan and
Vietnam, the number of hospitalisations averted per
thousand doses of vaccines increased significantly with
the increase of primary vaccine uptake to 90% in Hong
Kong (Figure 3 and Figure S4-S5), which started with a
low uptake among the elderly population on 1 August
2021.
Impacts of the increase in PRNT50 titres after the
additional dose of vaccine
The impact of an additional dose of vaccine in Strat-
egy 3-5 was small compared with the effects of
increasing primary vaccine uptake, especially when
the additional dose did not increase PRNT50 titres
substantially. Even when the additional dose was
given universally to all vaccinees, the impact was
dependent on the increase in PRNT50 titres after
receiving the additional dose only when a less effica-
cious vaccine was widely used in the primary vacci-
nation (Figure S3 and Figure S5).
Strategies tailored to the preference of East Asia and
Pacific jurisdictions
Strategy 5, which gave the additional dose universally to
all vaccinees and provided antivirals to 50% of symp-
toms, was the most effective in reducing the total and
peak hospitalisations, especially when immune escape
of VOCs did not result in substantial waning in
PRNT50 titres. Facing the threat by Delta and Omicron
variants, Strategy 5 might be the only option for EAP
jurisdictions aiming to retain Zero-COVID status. For
example, in Hong Kong, the maximum daily number of
hospitalisations per thousand population was 0.23 if the
primary vaccine coverage reached 90%, the PRNT50
titres decreased by 4 folds due to VOCs, antivirals were
given to 50% symptomatic patients, and an additional
dose that increased PRNT50 titres by 9 folds was given
universally to all vaccinees (Figure 3); and this translated
to the peak daily number of hospitalisations of 1,725,
which was 4.6 times more than the maximum daily
number of hospitalisations that Hong Kong would be
www.thelancet.com Vol 21 Month April, 2022



Figure 2. Comparative effectiveness of allocation strategies of vaccines and antivirals in Japan assuming all vaccinees
received the BNT162b2 vaccines. As of 1 August 2021, 39.7% of the population had taken at least first dose of vaccine and all of
them received the BNT162b2 vaccines. We assumed that the effective reproductive number before the vaccination program (Re)
was 6 and that the effects of vaccination (characterized by sm, st, and ss) were realized instantaneously after the target vaccine
uptake was achieved. For Strategy 4, the additional dose would be given to vaccinees with the original PRNT50 titre lower than
74.1, which corresponded to the estimated thresholds of 70% protection against the original virus. The epidemics were seeded with
one introduction event immediately after the target vaccine uptake was achieved. We assumed PRNT50 titres reduced by 4, 7 or 10
folds due to VOCs and one dose of booster vaccine increased the PRNT50 titres by 3 or 9 folds (i.e., b = 3 or 9). We assumed the tar-
get vaccination coverage (c) was 70%, 80% or 90%. (A) The total number of hospitalisations per thousand population. (B) The maxi-
mum daily number of hospitalisations per thousand population. (C) The number of hospitalisations averted per thousand vaccine
doses, compared with the existing vaccine uptake as of 1 August 2021 (i.e., about 39.7% coverage).
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able to manage (i.e., the maximum daily number of hos-
pitalisations in Hong Kong is estimated to be 375
according to Table S5). As such, even with Strategy 5,
some flexible and short-term public health and social
measures should be retained during the planning of
pandemic exit strategy.

However, for EAP jurisdictions aiming for Living-
with-COVID, especially those with high primary vac-
cination coverage across all age groups with an effi-
cacious vaccine, Strategy 2-4 might be sufficient with
no or few additional doses of vaccines. For example,
in Japan, the maximum daily number of hospitalisa-
tions per thousand population was 0.15 if the pri-
mary vaccine coverage reached 90%, the PRNT50
titres decreased by 4 folds due to VOCs, and antivi-
rals were given to 50% of symptomatic patients
(Figure 2); and this translated to less than 3 times of
the assumed health system capacity (Table S5).
Given that Japan had experienced multiple waves of
outbreaks and their health system is relatively resil-
ient, additional doses of vaccines could be provided
to only selected groups of the population.
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Discussion
Our results indicate that increasing primary vaccination
coverage was the most important contributing factor to
reduce COVID-19 hospitalisations and deaths in the
mass vaccination programmes, which is consistent with
other modelling studies about EAP countries.39-41

The effects of increasing primary vaccination cover-
age were most prominent when the vaccine uptake
among older adults was low, such as in the popula-
tion of Hong Kong, suggesting allocation strategies
should prioritise protecting the most vulnerable
groups to reduce COVID-19 disease burden through
vaccination. Antivirals added minimal impacts in
reducing total and peak hospitalisations, although we
optimistically assumed 50% of symptomatic patients
were provided with antivirals.

Our findings showed that selectively giving addi-
tional doses to individuals with lower antibody titres,
such as AZD1222/CoronaVac vaccinees only in Strategy
3 or vaccinees with PRNT50 titre lower than a prespeci-
fied threshold in Strategy 4, added limited net benefits
in terms of reducing the total and peak COVID-19
7



Figure 3. Comparative effectiveness of allocation strategies of vaccines and antivirals in Hong Kong assuming 60% vaccin-
ees received the BNT162b2 vaccines and 40% received CoronaVac vaccines. (A) The total number of hospitalisations per thou-
sand population. (B) The maximum daily number of hospitalisations per thousand population. (C) The number of hospitalisations
averted per thousand vaccine doses, compared with the existing vaccine uptake as of 1 August 2021 (i.e., about 44.5% coverage).

Figure 4. Comparative effectiveness of allocation strategies of vaccines and antivirals in Vietnam assuming 40%, 30%
and 30% of vaccinees received BNT162b2, ADZ1222 and CoronaVac vaccines respectively. (A) The total number of hos-
pitalisations per thousand population. (B) The maximum daily number of hospitalisations per thousand population. (C) The
number of hospitalisations averted per thousand vaccine doses, compared with the existing vaccine uptake as of 1 August
2021 (i.e., about 6% coverage).
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hospitalisations. Furthermore, when vaccine uptake was
low among older adults or a less effective vaccine was
widely used, additional doses of vaccines were more
effective only when the primary vaccination coverage
was higher (such as in Hong Kong in Figure 3 and
Figure S5). Our analyses further supported that increas-
ing primary vaccination coverage was essential and
should be prioritised.

Interestingly, we found that the effectiveness of the
additional dose was negatively associated with the
potential immune escapes of VOCs but was less depen-
dent on the boosting efficacy, i.e., the increase in anti-
body titres generated after the additional dose. Since
nearly all COVID-19 vaccines available increased neu-
tralizing antibody titres by at least four folds,34,35,42 het-
erologous vaccination with any available vaccines, as
long as they are safe, could be potential options when
planning the allocation strategy.

As of 17 Dec 2021, the newly emerged VOC Omicron
has spread rapidly to more than 50 countries and the
case numbers rise unprecedentedly fast in countries
detected with community transmission.1 Preliminary
data show that, though antibodies from a three-shot
course of mRNA vaccines produce high levels of neu-
tralising antibodies against Omicron, all the studies
report a notable drop in neutralising antibody titres
compared with earlier variants such as Delta.25,43 There
is an urgent need to understand optimal strategies
against Omicron, particularly data about heterologous
vaccination and boosters.

Our study has several limitations. First, our assump-
tions regarding vaccine efficacies against VOCs were
based on the statistical association between neutralisa-
tion titres and protective efficacy reported in Khoury
et al.28. In this study, we have devised a generic method
to estimate vaccine efficacy from neutralisation titres
which could be applicable before real-world estimates of
VEs against VOCs are available (e.g. when new VOCs
with increased transmissibility or immune escape
potential are first detected).16,23,44 However, the practi-
cability of titre-based vaccine and antiviral allocation
strategies would strongly depend on the validity of our
method and the availability of appropriate neutraliza-
tion tests. Second, we did not consider vaccine availabil-
ity and the level of vaccine hesitancy in different
populations. In Hong Kong, the low vaccine uptake
among older adults is not because of limited vaccine
supply but largely due to worries about vaccine safety
among individuals of old age with comorbidities.
Whereas for most Southeast Asian countries in the EAP
region, increasing primary vaccine uptake to 90%
might not be feasible in the short term. Third, our
model assumed that the population was completely sus-
ceptible to SARS-CoV-2 and that there was no virus cir-
culating before the commencement of vaccination
programmes as a case study. Populations that have
experienced multiple waves of COVID-19 previously
www.thelancet.com Vol 21 Month April, 2022
might not need additional doses or antivirals. Recent
studies found that natural infections with one dose of
vaccines generated higher neutralizing titres and was
correlated with highest efficacy against symptomatic
infections and hospitalisations.45 Finally, we assumed
that limited public health and social measures would be
maintained after the primary and additional vaccina-
tions, and a high starting effective reproductive number
(Re = 6) of VOCs in the absence of vaccination. Gradual
relaxation of public health and social measures would
leave more options for the allocation strategies of vac-
cines and antivirals.

In summary, our results indicate the importance of
increasing primary vaccination coverage among all the
allocation strategies of vaccine and antivirals consid-
ered. Providing antivirals to 50% of symptomatic infec-
tions would only reduce total and peak hospitalisations
by less than 15%. Heterologous vaccination with any
available vaccines as the additional dose, as long as it is
safe, could be considered as potential options when
planning the pandemic exit strategies tailored to the
preference of EAP jurisdictions, especially for low- and
middle-income countries and in anticipation of further
emergence of new VOCs.
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