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ABSTRACT
Introduction Following widespread exposure to Omicron
variants, SARS-CoV-2 has transitioned to endemic
circulation. Populations now have diverse infection and
vaccination histories, resulting in heterogeneous immune
era: a dynamic modelling landscapes. Careful consideration of the value of ongoing
study. BMJ Glob Health vaccination is required through the post-Omicron phase of
2025:10:6016096. doi:10.1136/  COVID-19 management to minimise disease burden. We
bmjgh-2024-016096 demonstrate the utility of a modelling approach to address
this question, supporting recommendations for targeted
vaccine use across different country settings.
Methods We integrated immunological, transmission,

- ) . clinical and cost-effectiveness models and simulated
material is published online only. . o . .
To view, please visit the journal populations with different characterlstlcs anq immune
online (https://doi.org/10.1136/  landscapes over the early post-Omicron period.
bmjgh-2024-016096). We calculated the expected number of infections,
hospitalisations and deaths for different vaccine scenarios.
_ Costs (from a healthcare perspective) were estimated for
NC and JM are joint senior exemplar country income-level groupings in the Western
authors. Pacific Region using pandemic-era vaccine prices and
healthcare-seeking behaviour assumptions. We assessed
the impact and cost-effectiveness of targeted vaccination
strategies. Results are reported as incremental costs
and disability-adjusted life years averted compared with
no additional vaccination. Parameter and stochastic
uncertainty were captured through scenario and sensitivity
analysis.
Results Across different population demographics
and income levels, we consistently found that annual
elder-targeted boosting strategies are most likely to be
cost-effective or cost-saving (>75% probability of being
cost-effective among older, high-income settings; >50%
probability of being cost-effective in younger, middle-
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while accounting for uncertainties in the epidemiological
and economic models, although they were sensitive to
the cost of home-based care and vaccination. Use of
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= COVID-19 is now globally endemic and popula-

tions exhibit varying levels of natural and vaccine-
acquired immunity to SARS-CoV-2.

Consensus is that allocating vaccine doses to older
age groups and those at higher risk of severe dis-
ease is most beneficial, although past studies typi-
cally assume either only past natural immunity or no
waning immunity.

COVID-19 vaccination strategies must consider the
cost-effectiveness of gains from vaccination given
prior immunity, and in the context of income and
health system capacity to manage COVID-19 along-
side other pressing concerns.

WHAT THIS STUDY ADDS

= This study considers multiple population demo-

graphics with varying degrees of hybrid immunity
resulting from both prior infection and vaccination,
with protection that wanes over time.

COVID-19 booster doses targeted towards older
age groups at risk of severe outcomes can be cost-
effective or cost-saving in high-income settings with
populations that have a higher proportion of individ-
uals at risk.

In younger, lower-resourced settings, annual boost-
ing of older age groups may still be cost-effective or
cost-saving in some scenarios.

Paediatric vaccination is consistently found to be not
cost-effective.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Findings emphasise the importance of ongoing

COVID-19 vaccination, especially to reduce severe
disease.

= The results give evidence to support vaccination

recommendations and ongoing global efforts to pro-
vide and equitably distribute vaccines and strength-
en adult immunisation programmes.

BM) Group
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boosting may only be cost-effective in higher income settings with older
population demographics and higher cost-effectiveness thresholds.
Conclusion Competing health priorities and resource constraints mean
COVID-19 vaccine allocation needs to be carefully considered in context.
These results, reflecting modelling conducted on the early post-Omicron
period, demonstrate the value of continued booster vaccinations to
protect against severe COVID-19 disease outcomes across high-income
and middle-income settings and show that the biggest health gains
relative to vaccine costs are achieved by targeting older age groups.

INTRODUCTION

Since the emergence of SARS-CoV-2in late 2019, the world
has experienced multiple epidemic waves of COVID-19
disease and diverse evolutionary variants of SARS-CoV-2,
especially Omicron variant B.1.1.529 and its many subva-
riants (BA.1, BA.2, BA.3, BA.4, BA.5, XBB, recombinants
and further descendent lineages).! In parallel to the
evolution of the virus, there have been multiple rounds
of vaccination around the world, administering a range
of COVID-19 vaccines, from those based on the ances-
tral variant to contemporary Omicron-variant-adjusted
vaccines and bivalent vaccines.?

Both prior infection and vaccination can reduce the
chance of future infection and severity of outcomes,
combining to form ‘hybrid immunity’® against COVID-
19. In the post-Omicron era (starting late 2021), most
populations have high levels of past infection across
multiple epidemic waves, creating exposure-derived
‘natural’ immunity. Vaccine coverage has been variable
due to inequities of access, eligibility and uptake, with
consequences for hybrid immunity landscapes.*® Unfor-
tunately, all forms of immunity wane over time, enabling
possible reinfection within a matter of months, though
protection against severe outcomes is longer lived.®”

How can COVID-19 vaccines incorporated into routine
immunisation schedules help minimise the impact of
recurring epidemic waves and promote resilience against
future variants? Heterogeneous population experiences
of infection and vaccination, along with the irregular
emergence of immune escape variants, make it chal-
lenging to anticipate the timing, magnitude and clin-
ical burden of future epidemics. The WHO recently
reviewed evidence for the impact and cost-effectiveness
of COVID-19 booster vaccine strategies. Key questions
to inform strategic guidelines included: the incremental
benefits of boosters, identification of optimal vaccine
target groups in high seroprevalence settings, ongoing
vaccine-preventable disease burden, optimum boosting
strategy including frequency for priority populations and
the cost effectiveness of those vaccination strategies. We
need flexible frameworks to investigate this multidimen-
sional problem space.

As one of several groups commissioned by WHO to
support decision making, we adapted an existing model
representing diverse population and hybrid immu-
nity landscapes’ to address questions relevant to future
COVID-19 vaccine prioritisation.” We mimicked realistic

epidemic exposure histories and specified timings for the
emergence of immune escape variants. We also proposed
plausible vaccine rollout and coverage assumptions. We
developed exemplar demographies and costings based
on high-middle and low-middle income countries in the
Western Pacific Region.

Our findings played a role in informing the WHO
updatged COVID-19 vaccination guidance for March
2023.

METHODS

Our modelling pipeline is depicted in figure 1. First, the
immunological model'” informs an infection transmis-
sion dynamics model within a mechanical agent-based
model."! The outputs of the agent-based model are input
to a clinical pathways model to obtain clinical outcomes.""
These clinical outcomes then link to a cost-effectiveness
model” evaluating alternative vaccination strategies.
Based on the problem space, we configure our model
using numerous parameters, including population distri-
bution, vaccine programme and health systems costs for
exemplar country contexts.

Our methods extend previous work” with adjusted
scenarios to answer policy-relevant questions and include
cost-effective analyses. Full model details can be found
in the online supplemental material and references.” *
We used the Consolidated Health Economic Evaluation
Reporting Standards (CHEERS) checklist when writing
this paper.'*

Immunological model
Our immunological model is based on the established
correlation between neutralising antibodies and protec-
tion against COVID-19."" ' We use the model developed
by Khoury et al'® and Cromer et al'® as implemented by
Hao et al'®'” This model maps the dynamics of anti-
bodies over the first 250 days since an immune event to
protection from disease, including infection acquisition,
symptomatic disease, hospitalisation and death. The
model uses data on infection acquisition, symptomatic
infection, hospitalisation, death and onward transmission
from the Delta and Omicron variants to estimate the effi-
cacy of a range of vaccines in the presence and absence of
infection.'” For this work, we assume a fixed exponential
decay rate.""” See table Al in the online supplemental
material for the immunological parameters.
Evolutionary variants interact with our model through
changes in the baseline transmissibility of the virus, and
through their ability to ‘escape’ host immunity. While
many early variants had transmission advantages over
their predecessors, the Omicron variant and its sublin-
eages developed significant ability to escape host immu-
nity compared to other variants. Our models’ parameters
are defined to incorporate the properties of the Delta
variant. We then incorporate an ‘escape parameter’ to
account for the difference between the Omicron BA.1/2-
like variant and the Delta variant, and another ‘escape
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Figure 1

Simulation and analysis model framework from the immunological model to the cost-effectiveness analysis. The

immunological model converts vaccinations and infections into neutralising antibody parameters, which influence outbreak
dynamics and clinical outcomes. The simulation model has two parts: first, an agent-based model of population level
transmission, with multiple primary inputs including vaccination and demography, followed by a clinical pathways model,
which generates outcomes using the time-series of symptomatic infections, neutralising antibodies and age-dependent clinical
progression probabilities. The resultant clinical outcomes are used in the cost-effectiveness analysis, along with other input

parameters such as vaccine and disease management costs.

parameter’ for the difference between the Omicron
BA.4/5-like variant and Omicron BA.1/2. We estimated
escape as a latent parameter in a model based on reinfec-
tion and reproduction of the Omicron and Delta variants
in South Africa."” Functionally, this escape parameter
results in reducing effective individual neutralisation
titre against new variants and allows us to combine data
on efficacy for multiple variants—in this case Delta and
Omicron—in a single model, and thus produce better
informed estimates of efficacy at a time when Omicron
variants were newly emerging and had scarce data."”

For bivalent vaccines, Khoury et al’ found that variant-
adapted vaccines produced, on average, 1.61-fold higher
titres than ancestral vaccines. We therefore implement
bivalent boosters by using this multiplier on top of the
neutralisation titres given by an ancestral mRNA booster
vaccine.

Population transmission model

We model the transmission of SARS-CoV-2 (Omicron
BA.1/2-like and BA.4/5-like variants) with an agent-
based model adapted from the work of Conway et al.'' *'®
Each simulated individual has their own neutralising anti-
bodies, age and history of vaccination and infection
exposure. Transmission is simulated by directly model-
ling contact between infectious and susceptible individ-
uals, where the probability of transmission, infection and
symptomatic disease is determined by neutralising anti-
body levels.

We configured two distinct populations, representing
typical ‘younger’ and ‘older’ demographics found within
the Western Pacific Region.”

We implement baseline hybrid immunity over the first
1.5 years by rolling out vaccinations and introducing
infection transmission, spending 6-month blocks on

distributing the first primary doses, the second primary
doses and first booster doses in turn. This 6-month dura-
tion is based on the general principle of having 4-6
months between primary doses and booster doses."
Our populations have one of three past vaccination
coverage levels, serving as a proxy for both health system
capacity and access: low (20% coverage), medium (50%
coverage) and high (80% coverage). We introduce
Omicron BA.1/2 circulation at around 7 months to
develop natural immunity.

Note that populations have either low (15%—45%) or
high (80%-100%) past attack rates, corresponding to low
or high seroprevalence. We implemented this by varying
the transmission potential parameter. This accounts for
other factors that can affect transmission potential which
we do not explicitly model, such as climate, housing and
population density.*’

After the baseline hybrid immunity is achieved, we test
different boosting vaccination strategies between 1.5-3
years after Omicron introduction (around 2023-2024),
detailed in Vaccination scenarios. The timing of emer-
gence of the immune escape variant (Omicron BA.4/5-
like) is also varied at either 1.5 years, 2 years or 2.5
years. This allows the observation of resurgent epidemic
waves driven by waning and/or immune escape. Note
that the immune escape variant has a transmission
potential multiplier (1.3) on top of the baseline trans-
mission potential and that when the immune escape
variant emerges, we also implement a drop in neutral-
ising antibodies (almost threefold) for all individuals,
representing the immune escape from Omicron BA.1/2
(see Immunological model and online supplemental
appendix A).
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Clinical pathways

The clinical pathways model is based on the framework
proposed by Knock et al.*! We extend this model, building
on previous work,'® to transform it into an agent-based
model. We use the ages and neutralising antibody titres
of individuals from the population transmission model,
along with information on a variant’s clinical severity, to
generate clinical trajectories.11 " The outcomes for indi-
viduals include whether they experienced severe disease,
required intensive care unit (ICU) admission or died.
The duration of hospitalisation in general wards and ICU
follows a Gamma distribution, with means and variances
sampled from estimates during the Australian Omicron
outbreak.”” Details of the clinical pathways model are
given here.'” Note that we assume the clinical severity
of the modelled Omicron variants to be the same, and
hence they have the same infection fatality rate in a naive
population.

Clinical outcomes are age-dependent. This key assump-
tion, informed by clinical data, suggests that older age
groups are at higher risk of severe disease and could
have greater benefits from protective vaccination. This
premise significantly contributes to our results, partic-
ularly regarding cost-effectiveness of vaccination in
different population demographics.

Cost-effectiveness analysis

The cost-effectiveness model'® uses outputs from the

clinical pathways model. The cost-effectiveness anal-

ysis is conducted from a healthcare system perspective,
including the following direct medical cost categories:

1. Programmatic costs related to the vaccination inter-
vention, including vaccine dose costs, wastage and
delivery costs (logistics, cold chain requirements and
transport).

2. Disease management costs at home, in outpatient and
inpatient settings for symptomatic COVID-19-related
illness.

Costs are estimated for exemplar countries in the
Western Pacific Region. We categorise exemplar coun-
tries into three distinct groupings with different demo-
graphics, health system strength, income levels and
vaccine coverage: group A (high income, older popula-
tion, strong health systems, high vaccination coverage);
group B (uppermiddle and lower-middle income,
younger population, varied health systems, medium or
high vaccination coverage); and group C (lower-middle
income, younger population, weak health systems, low
vaccination coverage).

The sources of unit costs for the cost-effectiveness anal-
ysis model are provided in table 1, with full details provided
in online supplemental material section D.3. Vaccine dose
prices are estimated at $14.20 (range: $3.90-$25.20) for
group A, $7.80 (range: $4.00-$12.50) for group B and
$7.80 (range: $3.90-$10.00) for group C, based on publicly
available estimates from WHO by country income group,
reflecting best available estimates as of March 2022. Delivery
costs were added to vaccine dose costs to estimate the total
cost per vaccine dose administered. The total vaccination
programme cost calculation formula is as follows: the
number of vaccines delivered x (vaccine dose price+de-
liverycost per dose) x (l+wastagerate). Take a group A
country for example, with an average vaccine cost of $14.20
per dose, a delivery cost of $23.10 per dose and a wastage
rate of 10%, the total cost per vaccine dose is $41.44. If
11000 doses are delivered (see Vaccination scenarios),
the total vaccination programme cost is $455 840. We also
calculated disease management costs separately for group
A (older) and group B/C (younger) countries.

Table 1

Source of unit costs for the cost-effectiveness analysis model

Cost Source

Notes

Vaccine dose prices, by country income

group (high, upper middle, lower middle) of March 2022

WHO COVID-19 vaccine price report as  Assuming 10% dose wastage rate from

UNICEF reports

Vaccine delivery costs

Group A

studies
Group B Griffiths et ai** %
Group C

20% coverage

Same as group B, except doubled at

Governmental reports and peer-reviewed

No country-specific estimates at 20%
coverage

Disease management costs

Group A

Publicly available medical fee schedules,

published studies, WHO-CHOICE

database

Group B/C Torres-Rueda et a

I39

COVID-19-related deaths Torres-Rueda et a

I39

Only includes cost of body bags

Country groups refer to group A (high income, older population, strong health systems, high vaccination coverage); group B (upper-middle
and lower-middle income, younger population, varied health systems, medium or high vaccination coverage); and group C (lower-middle
income, younger population, weak health systems, low vaccination coverage).
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Figure 2 Outbreaks in high transmission settings with high vaccination coverage, for older and younger demographics with
early and late seeding of an immune escape variant (dark grey shading). (a) Older population with early immune escape (1.5
years); (b) younger population with early immune escape (1.5 years); (c) older population with late immune escape (2.5 years);
(d) younger population with late immune escape (2.5 years). Scenarios (a—d) are run with strategies of no further boosting,
paediatric boosting (ages 5-15), high-risk boosting (65+ inthe older population, 55+ inthe younger population) and random
boosting at 2 years. Scenarios are presented with lines representing pointwise medians from 1000 simulations and shaded
regions representing the minimum and maximum from the simulations. Results are for a population of 100000 individuals. The
medium grey and dark grey background define the currently circulating variant, Omicron BA.1-like and BA.4/5-like respectively.

The impact of boosting on infections is limited.

Health outcomes are presented as disability-adjusted
life years (DALYs) using disability weights from the
Global Burden of Disease study and Japanese disability
weight measurement studies.” ** Duration of illness
estimates based on illness severity are from previous
studies® ™ and estimates of life years lost due to prema-
ture mortality are from WHO life tables for each 10-year
age band. We use the Japan life table for group A and the
global lower-middle-income life table for groups B and
C.” Future costs and health outcomes are discounted by
3%. We report costs in 2020 US dollars.

We present cost-effectiveness results of each boosting
strategy as incremental cost-effectiveness ratios (ICERs),
compared with a ‘no further boosting’ scenario. These
ICERs are compared with a range of recently proposed
country-specific cost-effectiveness thresholds (CETs)
based on health opportunity costs.”’ We adapted CETs
based on 2020 GDP per capita data from the World
Bank. Average CETs for group A are $19 000-$30 000,
$200-$1600 for group B and $100-$1000 for group C. If
a scenario’s ICER falls below the thresholds provided, it
is considered likely to be cost-effective.

Deterministic sensitivity analysis and probabilistic sensi-
tivity analysis were conducted to consider the uncertainty
in parameters, including reduced care-seeking and/or
access to donated vaccines in lower-income settings (see
online supplemental material section E).

Our cost-effectiveness analysis has used the CHEERS
reporting guidelines."*

Vaccination scenarios

High vaccination coverage scenarios

In high-coverage settings (older group A and younger
group B demographics), we consider three boosting strat-
egies: paediatric boosting (ages 5-15), high-risk boosting
(65+ inthe older population and 55+ inthe younger
population) and random boosting. We fix the number of
vaccine doses (11 000) across these scenarios to focus on
the impact of vaccine allocation and assume the adminis-
tration of ancestral monovalent vaccines. This number of
doses is sufficient to boost approximately 80% of the 65+
age group in the older population, or approximately 80%
of individuals aged 5-15 in the older population. Note
that we model all primary doses as monovalent ChAdOx1

Le TP, et al. BMJ Glob Health 2025;10:¢016096. doi:10.1136/bmjgh-2024-016096

5


https://dx.doi.org/10.1136/bmjgh-2024-016096

BMJ Global Health 8

Table 2 Median number of deaths and cost-effectiveness results for boosting strategies compared with no further boosting
in a population of 100000 individuals over 1.5-3 years, in high transmission settings, high vaccination coverage and the
immune escape variant emerging at either 1.5 years (early) or 2.5 years (late)

Median Incremental DALYs ICER ($ per DALY

Boosting strategy deaths* Total costs () Total DALYs costs ($) averted averted)t
Older population, early immune escape

No further boosting 40 (28-53) 5775662 607.7 - - -

Paediatric (age 5-15) 40 (29-53) 6160852 616.5 385190 -8.8 Dominated

High-risk (age 65+) 34 (23-46) 5722929 536.9 -52,733 70.8 Dominant

Random 39 (27-52) 5901691 5941 126029 13.6 9283
Younger population, early immune escape

No further boosting 11 (5-18) 2419793 187.1 - - -

Paediatric (age 5-15) 12 (6-18) 2567955 191.4 148162 -4.3 Dominated

High-risk (age 55+) 9 (4-15) 2274229 150.4 -145 564 36.7 Dominant

Random 11 (5-18) 2484042 186.4 64249 0.7 96182
Older population, late immune escape

No further boosting 49 (36-62) 6099953 746.8 — = —

Paediatric (age 5-15) 49 (36-62) 6386931 739.2 286978 7.6 37685

High-risk (age 65+) 34 (23-47) 5700515 558.0 —399 438 188.8 Dominant

Random 44 (32-59) 6171180 674.7 71227 721 988
Younger population, late immune escape

No further boosting 15 (8-24) 2239512 237.4 - - -

Paediatric (age 5-15) 17 (9-25) 2393653 250.0 154141 -12.6 Dominated

High-risk (age 55+) 9 (4-16) 2216146 157.6 -23 367 79.8 Dominant

Random 15 (8-23) 2342591 230.2 103079 7.2 14360

*Values in parentheses represent 0.025 and 0.975 quantiles from 5000 simulations (five clinical pathway simulations are produced for each of
the 1000 infection transmission simulations). Each scenario is run with four different boosting strategies, with boosting occurring at 2 years.
1The ICER is calculated as incremental costs divided by the DALYs averted. A strategy dominates no further boosting when it is less costly

and averts DALYs. Likewise, a strategy is dominated by no further boosting when it is more costly and incurs DALYs.
DALYs, disability-adjusted life years; ICER, incremental cost-effectiveness ratio.

nCoV-19 (AstraZeneca) and monovalent booster doses as
monovalent BNT162b2 (Pfizer/BioNTech).

We also explore the timing and frequency of high-risk
boosting, with boosting occurring at 1.75, 2.0, 2.25 or 2.5
years, or every 6 months starting from 1.75 years.

We also compare additional boosting strategies, where
we boost the 65+ age group and expand booster eligibility
to younger age groups. This allows us to test the limits
of cost effectiveness of extending coverage to lowerrisk
groups. We do not fix the number of vaccine doses across
these scenarios.

Low-medium vaccination coverage scenarios

When primary coverage is lower (younger demographic
countries in group B with medium coverage and group
C with low coverage), we explore three vaccination
strategies: new paediatric primary vaccination, high risk
boosting (older first) and new random primary vaccina-
tions. We fix the number of vaccine doses (11 000) across
these scenarios, administering ancestral monovalent
vaccines.

We also consider the impact of switching from monova-
lent to bivalent vaccines, given that bivalent vaccines are
being administered globally.® 7 We anticipate that biva-
lent boosting would have the biggest impact in popula-
tions with relatively low vaccine and infection-derived
immunity.7

Patient and public involvement
As this is a mathematical modelling study, we did not
engage patients or the public.

RESULTS

High vaccination coverage scenarios

Comparing target use groups

Figure 2 compares the impacts of alternative vaccine
allocations in older and younger populations depending
on the time of immune escape emergence (1.5 vs 2.5
years), given past (1.5 years) high seroprevalence. We
find limited impact of different strategies on infection
dynamics. In the late (2.5 years) immune escape scenarios
(figure 2c,d), the epidemic peaks are shifted to the right,
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Figure 3 Cost-effectiveness results for different vaccination strategies in high transmission high vaccination coverage
settings, for older (group A) and younger (group B) demographics with early (1.5 year) and late (2.5 year) seeding of an immune
escape variant. Top figures represent cost-effectiveness planes for (a) older population and (b) younger population. Bottom
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cost-effective strategy and dominates paediatric and random boosting strategies. CET, cost-effectiveness threshold; DALYs,
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but overall the infection curves maintain the same qual-
itative shape.

We find that vaccination has greater impact on severe
outcomes. Across the scenarios, high-risk boosting averts
the most severe disease (table 2).

In figure 3a,c, we find that in older populations,
boosting is more cost-effective when it occurs prior to
immune escape. High-risk boosting is likely to be highly
cost-effective or costsaving, while paediatric boosting
does not appear to be cost-effective. Random boosting
does worse than high-risk boosting. Cost-effectiveness
of high-risk boosting is driven primarily by vaccine

programme (delivery and dose) costs, followed by disease
management costs in general ward (online supplemental
material figure E5).

High-risk boosting may be cost-effective or even cost-
saving in younger middle-income country (MIC) popu-
lations, depending on country level willingness to pay
(WTP) per DALY averted threshold, or CET, and other
key model inputs, which we see in figure 3b,d. These
results are driven primarily by home-based care cost
inputs and vaccine delivery costs, which remain highly
uncertain in these settings (online supplemental mate-
rial figure E6). In sensitivity analyses investigating no
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subsequent outbreaks.

home-based care costs in these settings, we find elder
boosting strategies may remain cost-effective when the
vaccine is donated and for countries with higher CETs
(online supplemental material figure E7).

The relative benefits of boosting, especially high-risk
boosting, hold across all the scenarios considered in
figures 2 and 3 and table 2. However, the absolute bene-
fits are greater in the older population.

Note that we assume high transmission potential, which
leads to high seroprevalence. The relative impact of
vaccination in the low seroprevalence scenario is similar
(online supplemental material section E1).

Boosting frequency

The timing and frequency of boosting, relative to
emergence of the immune escape variant, influenced
the impact of vaccination on the number of infections
(figure 4). Half-yearly boosting consistently achieves
fewer severe outcomes when compared with boosting
once (see online supplemental material table E4).

The cost-effectiveness of high-risk boosting varies
according to immune escape timing, but generally is
very cost effective or costsaving in the older (HIC)
and younger (MIC) populations. Half-yearly boosting

remains highly cost-effective in older populations, but
more expensive than boosting only once (online supple-
mental material figure E8).

However, half-yearly boosting is unlikely to be cost-
effective for younger (MIC) countries with high vaccine
coverage (~80%) unless vaccines are donated (online
supplemental material figure E8). These results were
driven by home-based care costs (lower costs indicate
half-yearly boosting is unlikely to be cost-effective) and
vaccine programme costs (lower costs, e.g., donated
vaccines, would mean half-yearly boosting may be very
cost-effective or cost-saving) (online supplemental mate-
rial figure E9).

Age cut-off for cost-effective boosting

We systematically expanded booster eligibility to
younger age groups (figure 5). The difference in health
outcomes between boosting 45+ and younger age groups
is minimal (see online supplemental material table E5),
butincreasing the age cohorts in the programme leads to
higher costs and thus lower cost effectiveness. Boosting
65+ and 55+ is likely highly cost-effective or cost-saving
(figure 5). Boosting 45+ isalso likely highly cost-effective
(online supplemental material figure E11).
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Figure 5 Outbreaks and cost-effectiveness analyses in the high transmission high vaccination coverage setting, for older
and younger demographics, comparing the impact of lowering the age cut-off for high-risk boosting. (a) Epidemic waves in
the older population; (b) epidemic waves in the younger population; (c) cost-effectiveness analysis in the older population; (d)
cost-effectiveness analysis in the younger population. All scenarios here had an immune escape variant seeded at 2 years,
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CET, cost-effectiveness threshold; DALYs, disability-adjusted life years.

Low-medium vaccination coverage scenarios

Comparing primary and booster strategies

We consider the trade-off between new primary vacci-
nation and high-risk boosting strategies. We find that
high-risk boosting strategies perform slightly better,
reducing the height of epidemic peak after the 2-year
mark (figure 6a,b). Online supplemental material
table E6a,b shows a small reduction in deaths under
the high-risk boosting strategy compared with other
strategies.

New primary paediatric vaccination and new
primary vaccination strategies are unlikely to be cost-
effective (figure 6¢). High-risk boosting strategies
may be cost-effective for younger (MIC) countries
with high WTP thresholds or CETs (figure 6d), but
this depends on unit cost inputs, which are driven
primarily by home-based care and vaccine programme
costs (online supplemental material figure E14).

Impact of bivalent boosting
We found a modest benefit in bivalent boosters over
monovalent boosters on the dynamics of infections,

with very minor differences in infection peak height
(see online supplemental material figure E15) and
also minor differences in the number of deaths
between vaccine types (online supplemental material
table E7).

Given that the modelled benefits of bivalent
boosters are minor compared with monovalent
formulations, we anticipate that bivalent vaccines in
this context will not be cost-effective unless WTP is
high. As such, we have not subjected these scenarios
to formal cost-effectiveness analyses.

DISCUSSION

COVID-19 disease is globally endemic, requiring
ongoing management. However, governments and poli-
cymakers face competing health priorities that need to
be addressed in the context of resource constraints. With
populations now having high infection-acquired immu-
nity due to the spread of Omicron, guidance on whether
COVID-19 vaccination programmes should continue,
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(c) cost-effective analyses for low and medium vaccination
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who should be prioritised and how frequently vaccina-
tion should occur, is needed.

We used modelling to explore the epidemiological
and cost impacts of COVID-19 booster dose administra-
tion in diverse population settings, based on the demo-
graphics and experiences of the Western Pacific Region.
We assumed differing levels of prior vaccination delivery
and infection experience, linked to income group level
characteristics and vaccine programme and healthcare
costs. Given the age dependency of severe disease risk, we
concluded that elder-targeted strategies are most likely
to be cost-effective (or even cost-saving) across a broad
range of uncertainties. Notably, we consistently found
paediatric programmes (primary series or boosting) are
not cost-effective. Absolute harms averted by vaccination
are influenced by age and risk profile of the population,
prior immune landscape (infection exposure history,
vaccination rollout) and timing of emergence of an

immune escape variant in relation to booster delivery.
Half-yearly ‘high risk’ booster programmes are more
expensive but may be cost effective in older, high-income
populations. However, this finding is much more uncer-
tain in populations with younger demographics (repre-
senting upper- and lower-middle income countries),
depending on the costs of home-based care and vaccine
implementation.

Our comprehensive analysis was possible due to the
flexibility of our modelling approach, which enabled
distinct configuration of the various interweaving
elements. We used the immunity model to implement
assumptions relevant to two exemplar Omicron vari-
ants, against which the effectiveness of ancestral and
bivalent vaccines was explored. By introducing variants
at different time points, we systematically evaluated the
importance of epidemic timing in relation to plausible
immune escape scenarios. Separate representation of
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clinical pathways and cost-effectiveness analysis further
enabled adaptation to different settings. Health sector
costs were exemplified by ‘averages’ based on regional
data, with sensitivity analyses highlighting local drivers
that will be influential for decision making depending
on context.

As with all models, multiple simplifying assumptions
were made for the purpose of tractability that do not
necessarily reflect reality. We assumed circulation of
a single dominant SARS-CoV-2 variant, to interrogate
the ‘worst case’ scenario of a step change in vaccine
effectiveness at a single point in time, resulting in high
numbers of infection and impact. The present state of
multiple lineage cocirculation with variable immuno-
logical cross-reactivity and breadth likely lessens such
impacts.” We could have explored more optimistic
values for bivalent vaccine effectiveness, which may
lead to greater estimated benefits.” We could have also
explored more seroprevalence scenarios by controlling
the transmission levels.” Neither social restrictions nor
antiviral agents were included, given that neither are
presently being widely applied at the population level
globally. Long COVID was not included as a potential
outcome of infection, as there remains limited quan-
titative data of this clinical burden. The anticipated
costs of therapeutic pathways are yet to be determined
pending identification of those which are most likely to
be effective for various syndromic presentations.

A more significant limitation of our work in rela-
tion to health system costs is the assumption that
the modelled adult targeted vaccination coverage
is achievable and can be costed across all country
settings considered. In reality, most lower-middle-
income countries do not have adult immunisation
programmes in place, as highlighted by the COVID-19
pandemic. This deficiency is a global public health
priority. We also do not consider indirect costs to
society, such as productivity losses, associated with
illness or death. A societal perspective would increase
the cost-effectiveness of elder-targeted vaccina-
tion, but the development of adult immunisation
programmes would decrease the cost-effectiveness.
Our estimated price of COVID-19 vaccines was based
on publicly available estimates from WHO from 2022
by income group; however, these estimates may reflect
lower pricing available during the pandemic period.
Recent (2024) COVID-19 vaccine dose prices available
to low-income and middle-income countries through
Pan American Health Organization Revolving Fund
remain consistent with the maximum vaccine prices
we explored in one-way sensitivity analyses.”” However,
these prices may underestimate current vaccine prices
in some middle-income and high-income settings,
and thus our modelling may have underestimated the
costs associated with ongoing COVID-19 vaccination
programmes and overestimated the cost-effectiveness
of vaccination in these settings. Furthermore, we
assumed a 10% vaccine wastage rate. However, as

witnessed during the pandemic, large quantities of
vaccine procurement in high-income countries may
lead to potential excess and expiration and may
reduce the cost-effectiveness of boosting. Our choice
was based on COVID-19 Vaccines Global Access,
who had considered a vaccine wastage rate of 10%"*;
however, a report by the Australian Department of
Health and Aged Care had noted a wastage rate of
18.2% in Australia.”

Our study considers a diversity of demographics and
hybrid immunity histories, with lessons offered for coun-
tries that may fall between the ‘older’ and ‘younger’
exemplar groupings. We note that all our considered
populations had some level of background vaccination
(22%) by the end of the first Omicron wave; our work
complements other studies™ %7 that have considered the
zero past vaccination setting with prior natural immunity
in low-income and middle-income countries.

As the world transitions towards COVID-19 endemicity,
our study demonstrates the ongoing value of COVID-19
booster doses targeted towards older age groups at risk of
severe outcomes in arange of demographics with different
hybrid immunity histories. Vaccinating those most at risk
is cost-effective or even cost-saving across multiple country
settings. However, this assumes that adult immunisation
programmes are in place and do not impact on delivery
of other services. Paediatric vaccination may be more
readily implementable within existing health systems but
was not cost-effective in any of the scenarios explored.
These results were presented to the Advisory Committee
on Immunization and Vaccines-related Implementation
Research,® with our work being subsequently cited as part
of the WHO updated COVID-19 vaccination guidance
for March 2023.”

SARS-CoV-2 reporting is being subsumed into broader
respiratory pathogen surveillance systems. The WHO
continues to encourage vigilance for identification of
new variants with heightened transmissibility or patho-
genic potential. A downward age shift in disease severity
would require revision of current strategies. Modelling
can be used to analyse the impact of potential future
strategies. Our framework is sufficiently flexible to incor-
porate emerging evidence of virus and vaccine char-
acteristics and can be configured to specific country
settings. More broadly, it provides a template for the use
of modelling to evaluate strategies for the control of any
emerging or epidemic infectious disease and support
decision-making.

Author affiliations

'School of Mathematics and Statistics, The University of Melbourne, Melbourne,
Victoria, Australia

ZMelbourne Centre for Data Science, School of Mathematics and Statistics, The
University of Melbourne, Melbourne, Victoria, Australia

SCentre of Excellence for Biosecurity Risk Analysis, The University of Melbourne,
Melbourne, Victoria, Australia

“Population Health & Immunity Division, Walter and Eliza Hall Institute of Medical
Research, Melbourne, Victoria, Australia

Le TP, et al. BMJ Glob Health 2025;10:¢016096. doi:10.1136/bmjgh-2024-016096

11



BMJ Global Health 8

SMelbourne School of Population and Global Health, The University of Melbourne,
Melbourne, Victoria, Australia

%Department of Infectious Diseases at The Peter Doherty Institute for Infection and
Immunity, The University of Melbourne, Melbourne, Victoria, Australia

"Kirby Institute, University of New South Wales, Sydney, New South Wales, Australia
®Department of Econometrics and Business Statistics, Monash University,
Melbourne, Victoria, Australia

°Department of Medical Biology, The University of Melbourne, Melbourne, Victoria,
Australia

°The Kids Research Institute Australia, Nedlands, Western Australia, Australia
"Victorian Infectious Diseases Reference Laboratory Epidemiology Unit, The Royal
Melbourne Hospital at the Peter Doherty Institute for Infection and Immunity,
Melbourne, Victoria, Australia

Acknowledgements We would like to acknowledge contributions from Mackenzie
Bourke, Alexandra Hogan, Nick Golding and Freya Shearer.

Contributors TPL: Data curation, Formal Analysis, Investigation, Visualization,
Writing — original draft, Writing — review and editing. EC: Data curation,
Methodology, Software, Formal Analysis, Writing — original draft, Writing — review
and editing. EA: Data curation, Formal Analysis, Investigation, Visualization,
Writing — review and editing. IRA: Methodology, Writing — original draft,

Writing — review and editing. PA: Data curation, Formal Analysis, Investigation,
Visualization, Writing — original draft, Writing — review and editing. CB:
Conceptualization, Methodology, Supervision, Writing — original draft, Writing

— review and editing. PTC: Formal Analysis, Writing — original draft, Writing —
review and editing. DC: Data curation, Methodology, Writing — original draft,
Writing — review and editing. ML: Methodology, Resources, Writing — original
draft, Writing — review and editing. YMcD: Validation, Writing — original draft,
Writing — review and editing. IM: Conceptualization, Supervision, Writing —
review and editing. GR: Data curation, Methodology, Writing — original draft,
Writing — review and editing. CW: Data curation, Methodology, Software, Writing
— original draft, Writing — review and editing. YW: Data curation, Formal Analysis,
Investigation, Visualization, Writing — review and editing. NC: Formal Analysis,
Methodology, Supervision, Writing — review and editing. JMcV: Conceptualization,
Funding acquisition, Supervision, Writing — original draft, Writing — review and
editing. TPL is the guarantor.

Funding This work was supported by the World Health Organization. In addition,
we would like to acknowledge the support from the Australian Government
Department of Foreign Affairs and Trade Indo-Pacific Centre for Health Security
(Supporting Preparedness in the Asia-Pacific Region through Knowledge) and the
Australian National Health and Medical Research Council (NHMRC) SPECTRUM CRE
(GNT1170960). IM is funded by a NHMRC Investigator Grant (2022/GNT2016726)
and by a NHMRC Principal Research Fellowship (GNT1155075).

Disclaimer The funders had no role in the study design, data collection, data
analysis, data interpretation, writing of the manuscript, nor in the decision to submit
the manuscript for publication. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit the paper
for publication.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.
Ethics approval Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in public, open access
repositories. Code is available in the following GitHub repositories: https://github.
com/goldingn/neuts2efficacy/ for the immunological model; https://github.com/
spectrum-spark/covid_singlestrain_scenarios/tree/singlestrain-paper for the
population transmission and clinical pathway models; and https://github.com/
spectrum-spark/covid-CEA/ for the cost-effectiveness analysis.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,

terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.0/.

ORCID iDs

Thao P Le http://orcid.org/0000-0001-6309-1753

Eamon Conway http://orcid.org/0000-0002-8807-4877
Edifofon Akpan http://orcid.org/0000-0002-6646-206X
Isobel R Abell http://orcid.org/0000-0003-0803-1648
Patrick Abraham http://orcid.org/0000-0003-1239-1363
Christopher M Baker http://orcid.org/0000-0001-9449-3632
Patricia T Campbell http://orcid.org/0000-0003-4013-9835
Deborah Cromer http://orcid.org/0000-0002-5276-5094
Michael J Lydeamore http://orcid.org/0000-0001-6515-827X
Ivo Mueller http://orcid.org/0000-0001-6554-6889

Gerard Ryan http://orcid.org/0000-0003-0183-7630
Yingying Wang http://orcid.org/0000-0002-7657-1200
Natalie Carvalho http://orcid.org/0000-0002-5599-2209
Jodie McVernon http://orcid.org/0000-0001-9774-1961

REFERENCES

1 World Health Organization. Tracking SARS-CoV-2 variants. 2023.
Available: https://www.who.int/activities/tracking-SARS-CoV-2-
variants [Accessed 11 Nov 2023].

2 World Health Organization. COVID-19 Vaccines with WHO
Emergency Use Listing. 2023. Available: https://extranet.who.int/
prequal/vaccines/covid-19-vaccines-who-emergency-use-listing
[Accessed 11 Nov 2023].

3 World Health Organization. Interim statement on hybrid immunity
and increasing population seroprevalence rates. 2022. Available:
https://www.who.int/news/item/01-06-2022-interim-statement-on-
hybrid-immunity-and-increasing-population-seroprevalence-rates
[Accessed 11 Nov 2023].

4 Hogan AB, Wu SL, Toor J, et al. Long-term vaccination strategies to
mitigate the impact of SARS-CoV-2 transmission: A modelling study.
PLoS Med 2023;20:1004195.

5 Le TP, Abell I, Conway E, et al. Modelling the impact of hybrid
immunity on future COVID-19 epidemic waves. BMC Infect Dis
2024;24:407.

6 Bobrovitz N, Ware H, Ma X, et al. Protective effectiveness of
previous SARS-CoV-2 infection and hybrid immunity against the
omicron variant and severe disease: a systematic review and meta-
regression. Lancet Infect Dis 2023;23:556-67.

7 Khoury DS, Docken SS, Subbarao K, et al. Predicting the efficacy
of variant-modified COVID-19 vaccine boosters. Nat Med
2023;29:574-8.

8 World Health Organization. Meeting of the Advisory Committee on
Immunization and Vaccines-related Implementation Research (IVIR-
AC) Pink Book February 20283. 2023. Available: https://terrance.who.
int/mediacentre/data/sage/IVIR-AC_Pink%20Book%20Feb2023.pdf

9 World Health Organization. WHO SAGE roadmap on uses of
COVID-19 vaccines in the context of Omicron and substantial
population immunity, technical report. 2023. Available: https://www.
who.int/publications/i/item/WHO-2019-nCoV-Vaccines-SAGE-
Roadmap [Accessed 30 Mar 2023].

10 Golding N, Ryan G, Lydeamore M. Analyses to predict the efficacy
and waning of vaccines and previous infection against transmission
and clinical outcomes of SARS-CoV-2 variants. 2022. Available:
https://github.com/goldingn/neuts2efficacy/

11 Conway E, Walker C, Le T, et al. Single-strain Modelling of
COVID-19: exploration of vaccination and boosting scenarios,
Available: https://github.com/spectrum-spark/covid_singlestrain_
scenarios/tree/singlestrain-paper [Accessed 23 Jun 2025].

12 Carvalho N, Akpan E, Wang Y, et al. Cost-effectiveness analysis
of COVID-19 vaccination strategies in the Western Pacific region:
description of methods, version 1.0. 20283. Available: https://github.
com/spectrum-spark/covid-CEA

13 Conway E, Walker C, Lydeamore M, et al. Optimal timing of booster
doses in a highly vaccinated population with minimal natural
exposure to COVID-19. medRxiv [Preprint].

12

Le TP, et al. BMJ Glob Health 2025;10:¢016096. doi:10.1136/bmjgh-2024-016096


https://github.com/goldingn/neuts2efficacy/
https://github.com/goldingn/neuts2efficacy/
https://github.com/spectrum-spark/covid_singlestrain_scenarios/tree/singlestrain-paper
https://github.com/spectrum-spark/covid_singlestrain_scenarios/tree/singlestrain-paper
https://github.com/spectrum-spark/covid-CEA/
https://github.com/spectrum-spark/covid-CEA/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-6309-1753
http://orcid.org/0000-0002-8807-4877
http://orcid.org/0000-0002-6646-206X
http://orcid.org/0000-0003-0803-1648
http://orcid.org/0000-0003-1239-1363
http://orcid.org/0000-0001-9449-3632
http://orcid.org/0000-0003-4013-9835
http://orcid.org/0000-0002-5276-5094
http://orcid.org/0000-0001-6515-827X
http://orcid.org/0000-0001-6554-6889
http://orcid.org/0000-0003-0183-7630
http://orcid.org/0000-0002-7657-1200
http://orcid.org/0000-0002-5599-2209
http://orcid.org/0000-0001-9774-1961
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://extranet.who.int/prequal/vaccines/covid-19-vaccines-who-emergency-use-listing
https://extranet.who.int/prequal/vaccines/covid-19-vaccines-who-emergency-use-listing
https://www.who.int/news/item/01-06-2022-interim-statement-on-hybrid-immunity-and-increasing-population-seroprevalence-rates
https://www.who.int/news/item/01-06-2022-interim-statement-on-hybrid-immunity-and-increasing-population-seroprevalence-rates
http://dx.doi.org/10.1371/journal.pmed.1004195
http://dx.doi.org/10.1186/s12879-024-09282-4
http://dx.doi.org/10.1016/S1473-3099(22)00801-5
http://dx.doi.org/10.1038/s41591-023-02228-4
https://terrance.who.int/mediacentre/data/sage/IVIR-AC_Pink%20Book%20Feb2023.pdf
https://terrance.who.int/mediacentre/data/sage/IVIR-AC_Pink%20Book%20Feb2023.pdf
https://www.who.int/publications/i/item/WHO-2019-nCoV-Vaccines-SAGE-Roadmap
https://www.who.int/publications/i/item/WHO-2019-nCoV-Vaccines-SAGE-Roadmap
https://www.who.int/publications/i/item/WHO-2019-nCoV-Vaccines-SAGE-Roadmap
https://github.com/goldingn/neuts2efficacy/
https://github.com/spectrum-spark/covid_singlestrain_scenarios/tree/singlestrain-paper
https://github.com/spectrum-spark/covid_singlestrain_scenarios/tree/singlestrain-paper
https://github.com/spectrum-spark/covid-CEA
https://github.com/spectrum-spark/covid-CEA

8 BMJ Global Health

14

15

16

17

18

19

20

21

22

23

24

25

26

Husereau D, Drummond M, Petrou S, et al. . CHEERS 2022

ISPOR Good Research Practices Task Force. Consolidated Health
Economic Evaluation Reporting Standards 2022 (CHEERS 2022)
Statement: Updated Reporting Guidance for Health Economic
Evaluations. Value Health; 2022.25. 3-9.

Khoury DS, Cromer D, Reynaldi A, et al. Neutralizing antibody levels
are highly predictive of immune protection from symptomatic SARS-
CoV-2 infection. Nat Med 2021;27:1205-11.

Cromer D, Steain M, Reynaldi A, et al. Neutralising antibody titres
as predictors of protection against SARS-CoV-2 variants and the
impact of boosting: a meta-analysis. Lancet Microbe 2022;3:e52-61.
Hao T, Ryan GE, Lydeamore MJ, et al. Predicting immune
protection against outcomes of infectious disease from population-
level effectiveness data with application to COVID-19. Vaccine
2025;55:126987.

Conway E, Walker CR, Baker C, et al. COVID-19 vaccine coverage
targets to inform reopening plans in a low incidence setting. Proc R
Soc B 2023;290:20231437.

World Health Organization. Interim statement on the use of
additional booster doses of emergency use listed mMRNA vaccines
against COVID-19. 2022. Available: https://www.who.int/news/item/
17-05-2022-interim-statement-on-the-use-of-additional-booster-
doses-of-emergency-use-listed-mrna-vaccines-against-covid-19
[Accessed 01 Mar 2024].

Golding N, Price DJ, Ryan G, et al. A modelling approach to estimate
the transmissibility of SARS-CoV-2 during periods of high, low, and
zero case incidence. Elife 2023;12:e78089.

Knock ES, Whittles LK, Lees JA, et al. Key epidemiological drivers
and impact of interventions in the 2020 SARS-CoV-2 epidemic in
England. Sci Transl Med 2021;13:eabg4262.

Tobin RJ, Wood JG, Jayasundara D, et al. Real-time analysis of
hospital length of stay in a mixed SARS-CoV-2 Omicron and Delta
epidemic in New South Wales, Australia. BMC Infect Dis 2023;23:28.
Global Burden of Disease Collaborative Network. Global burden of
disease study 2019 (GBD 2019) disability weights. Seattle, USA:
Institute for Health Metrics and Evaluation (IHME), 2020.

Nomura S, Yamamoto Y, Yoneoka D, et al. How do Japanese rate
the severity of different diseases and injuries?-an assessment

of disability weights for 231 health states by 37,318 Japanese
respondents. Popul Health Metr 2021;19:21.

Blakely T, Thompson J, Bablani L, et al. Association of Simulated
COVID-19 Policy Responses for Social Restrictions and Lockdowns
With Health-Adjusted Life-Years and Costs in Victoria, Australia.
JAMA Health Forum 2021;2:e211749.

Faes C, Abrams S, Van Beckhoven D, et al. Time between Symptom
Onset, Hospitalisation and Recovery or Death: Statistical Analysis
of Belgian COVID-19 Patients. Int J Environ Res Public Health
2020;17:7560.

27

28

29

30

31

32

33

34

35

36

37

38

39

Rees EM, Nightingale ES, Jafari Y, et al. COVID-19 length of
hospital stay: a systematic review and data synthesis. BMC Med
2020;18:270.

Singh BB, Devleesschauwer B, Khatkar MS, et al. Disability-adjusted
life years (DALY's) due to the direct health impact of COVID-19 in
India, 2020. Sci Rep 2022;12:2454.

World Health Organization, Life tables by country. The Global Health
Observatory. 2022. Available: https://www.who.int/data/gho/data/
indicators/indicator-details/GHO/gho-ghe-life-tables-by-country
[Accessed 08 May 2023].

Woods B, Revill P, Sculpher M, et al. Country-Level Cost-
Effectiveness Thresholds: Initial Estimates and the Need for Further
Research. Value Health 2016;19:929-35.

Klein DJ, Yang L, Kerr CC, et al. Modeling COVID-19 vaccination
strategies in LMICs considering uncertainty in viral evolution and
immunity. medRxiv [Preprint] 2023.

Hogan AB, Doohan P, Wu SL, et al. Estimating long-term vaccine
effectiveness against SARS-CoV-2 variants: a model-based
approach. Nat Commun 2023;14:4325.

Pan American Health Organization, World Health Organization.
Vaccine Prices 2024. 2024. Available: https://www.paho.org/en/
documents/vaccine-prices-2024

Griffiths U, Adjagba A, Attaran M, et al. Costs of delivering
COVID-19 vaccine in 92 AMC countries. World Health Organization;
2021. Available: https://www.who.int/publications/m/item/costs-of-
delivering-covid-19-vaccine-in-92-amc-countries

Department of Health and Aged Care. Government response to

the review of COVID-19 vaccine and treatment purchasing and
procurement. 2023. Available: https://www.health.gov.au/resources/
publications/government-response-to-the-review-of-covid-19-
vaccine-and-treatment-purchasing-and-procurement?language=en
[Accessed 10 Jan 2024].

Liu Y, Procter SR, Pearson CAB, et al. Assessing the impacts of
COVID-19 vaccination programme’s timing and speed on health
benefits, cost-effectiveness, and relative affordability in 27 African
countries. BMC Med 2023;21:85.

Siedner MJ, Alba C, Fitzmaurice KP, et al. Cost-effectiveness of
Coronavirus Disease 2019 Vaccination in Low- and Middle-Income
Countries. J Infect Dis 2022;226:1887-96.

Griffiths U, Oyatoye I, Asman J, et al. Costs and predicted financing
gap to deliver COVID-19 vaccines in 133 low-and middle-income
countries. UNICEF; 2022. Available: https://www.unicef.org/
documents/costs-and-predicted-financing-gap-deliver-covid-19-
vaccines-133-low-and-middle-income

Torres-Rueda S, Sweeney S, Bozzani F, et al. Stark choices:
exploring health sector costs of policy responses to COVID-19

in low-income and middle-income countries. BMJ Glob Health
2021;6:e005759.

Le TP, et al. BMJ Glob Health 2025;10:¢016096. doi:10.1136/bmjgh-2024-016096

13


http://dx.doi.org/10.1038/s41591-021-01377-8
http://dx.doi.org/10.1016/S2666-5247(21)00267-6
http://dx.doi.org/10.1016/j.vaccine.2025.126987
http://dx.doi.org/10.1098/rspb.2023.1437
http://dx.doi.org/10.1098/rspb.2023.1437
https://www.who.int/news/item/17-05-2022-interim-statement-on-the-use-of-additional-booster-doses-of-emergency-use-listed-mrna-vaccines-against-covid-19
https://www.who.int/news/item/17-05-2022-interim-statement-on-the-use-of-additional-booster-doses-of-emergency-use-listed-mrna-vaccines-against-covid-19
https://www.who.int/news/item/17-05-2022-interim-statement-on-the-use-of-additional-booster-doses-of-emergency-use-listed-mrna-vaccines-against-covid-19
http://dx.doi.org/10.7554/eLife.78089
http://dx.doi.org/10.1126/scitranslmed.abg4262
http://dx.doi.org/10.1186/s12879-022-07971-6
http://dx.doi.org/10.1186/s12963-021-00253-4
http://dx.doi.org/10.1001/jamahealthforum.2021.1749
http://dx.doi.org/10.3390/ijerph17207560
http://dx.doi.org/10.1186/s12916-020-01726-3
http://dx.doi.org/10.1038/s41598-022-06505-z
https://ww%20w.who.int/data/gho/data/indicators/indicator-details/GHO/gho-ghe-life-tables-by-country
https://ww%20w.who.int/data/gho/data/indicators/indicator-details/GHO/gho-ghe-life-tables-by-country
http://dx.doi.org/10.1016/j.jval.2016.02.017
http://dx.doi.org/10.1038/s41467-023-39736-3
https://www.paho.org/en/documents/vaccine-prices-2024
https://www.paho.org/en/documents/vaccine-prices-2024
https://www.who.int/publications/m/item/costs-of-delivering-covid-19-vaccine-in-92-amc-countries
https://www.who.int/publications/m/item/costs-of-delivering-covid-19-vaccine-in-92-amc-countries
https://www.health.gov.au/resources/publications/government-response-to-the-review-of-covid-19-vaccine-and-treatment-purchasing-and-procurement?language=en
https://www.health.gov.au/resources/publications/government-response-to-the-review-of-covid-19-vaccine-and-treatment-purchasing-and-procurement?language=en
https://www.health.gov.au/resources/publications/government-response-to-the-review-of-covid-19-vaccine-and-treatment-purchasing-and-procurement?language=en
http://dx.doi.org/10.1186/s12916-023-02784-z
http://dx.doi.org/10.1093/infdis/jiac243
https://www.unicef.org/documents/costs-and-predicted-financing-gap-deliver-covid-19-vaccines-133-low-and-middle-income
https://www.unicef.org/documents/costs-and-predicted-financing-gap-deliver-covid-19-vaccines-133-low-and-middle-income
https://www.unicef.org/documents/costs-and-predicted-financing-gap-deliver-covid-19-vaccines-133-low-and-middle-income
http://dx.doi.org/10.1136/bmjgh-2021-005759

	Health impact and cost-­effectiveness of COVID-­19 booster vaccination strategies in the early post-­Omicron era: a dynamic modelling study
	Abstract
	Introduction﻿﻿
	Methods
	Immunological model
	Population transmission model
	Clinical pathways
	Cost-effectiveness analysis
	Vaccination scenarios
	High vaccination coverage scenarios
	Low-medium vaccination coverage scenarios

	Patient and public involvement

	Results
	High vaccination coverage scenarios
	Comparing target use groups
	Boosting frequency
	Age cut-off for cost-effective boosting

	Low-medium vaccination coverage scenarios
	Comparing primary and booster strategies
	Impact of bivalent boosting


	Discussion
	References


