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ABSTRACT

Background: Vaccinations have reduced severe
burden of COVID-19 and allowed for lifting of
non-pharmaceutical interventions. However,
with immunity waning alongside emergence of
more transmissible variants of concern, vacci-
nation strategies must be examined.
Methods: Here we apply a SARS-CoV-2 trans-
mission model to identify preferred frequency,
timing, and target groups for vaccine boosters to
reduce public health burden and health systems
risk. We estimated new infections and hospital
admissionsaverted over 2 years throughannualor
biannual boosting of those eligible (those who
received doses one and two) who are (1) most
vulnerable (60? or living with comorbidities) or
(2) those 5?, at universal (98% of eligible) or lower
coverage (85% of those 50?or with comorbidities
and 50% of 5–49 year olds) representing moderate
vaccine fatigue and/or hesitancy. We simulated

three emerging variant scenarios: (1) no new
variants; (2) 25% more infectious and immune-
evading Omicron-level severity variants emerge
annually and become dominant; (3) emerge
biannually. We further explored the impact of
varying seasonality, variant immune-evading
capacity, infectivity, severity, timing, and vaccine
infection blocking assumptions.
Results: To reduce COVID-19-related hospital-
isations over the next 2 years, boosters should
be provided for all those eligible annually 3–-
4 months ahead of peak winter whether or not
new variants of concern emerge. Only boosting
those most vulnerable is unlikely to ensure
reduced stress on health systems. Moreover,
boosting all eligible better protects those most
vulnerable than only boosting the vulnerable
group. Conversely, while this strategy may not
ensure reduced stress on health systems, as an
indication of cost-effectiveness, per booster
dose more hospitalisations could be averted
through annual boosting of those most vulner-
able versus all eligible, since those most vul-
nerable are more likely to seek hospital care
once infected, whereas increasing to biannual
boosting showed diminishing returns. Results
were robust when key model parameters were
varied. However, we found that the more fre-
quently variants emerge, the less the effect
boosters will have, regardless of whether
administered annually or biannually.
Conclusions: Delivering well-timed annual
COVID-19 vaccine boosters to all those eligible,
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prioritising those most vulnerable, can reduce
infections and hospital admissions. Findings
provide model-based evidence for decision-
makers to plan for administering COVID-19
boosters ahead of winter 2022–2023 to help
mitigate the health burden and health system
stress.

Keywords: COVID-19; SARS-CoV-2; Vaccina-
tion; Booster; Immunity; Modelling

Summary Points

As COVID-19-related immunity wanes
and more transmissible SARS-CoV-2
variants of concern continue to emerge,
future vaccination booster strategies must
be examined.

We applied an individual-based COVID-19
transmission model to identify the
preferred frequency, timing, and target
groups for vaccine boosters to reduce the
public health burden and health systems
risk.

We found that COVID-19 boosters should
be provided for all those eligible 3–4
months ahead of peak winter season at
least over the next 2 years whether or not
new variants of concern emerge.

Conversely, since those most vulnerable
(those aged 60 years and older or those
living with comorbidities) are most likely
to require hospitalisation following SARS-
CoV-2 infection, we found that more
hospitalisations could be averted per
booster dose through annual boosting of
those most vulnerable versus boosting all
eligible; however, only boosting the
vulnerable group is unlikely to ensure
reduced stress on health systems.

Future booster strategies must also
consider the vaccine-induced immune-
evading capacity of existing and new
variants to first-generation COVID-19
vaccines and to next-generation vaccines
as they become available.

INTRODUCTION

Between December 2019 and May 2022, 529
million confirmed cases of COVID-19 and [
6.29 million COVID-19-related deaths were
reported [1]. As of May 2022, [ 11.9 billion
COVID-19 vaccine doses have been adminis-
tered worldwide, but as SARS-CoV-2 variants
continue to spread, increasing global vaccine
coverage will be crucial. Rollout strategies for
first and second vaccine doses are being com-
bined with subsequent booster doses to bolster
immunity levels. Rapid viral evolution and the
relatively short period that COVID-19 vaccines
have been available have limited our ability to
observe vaccine efficacy and duration over long
periods. For example, studies have reported
effectiveness against symptomatic disease from
the Omicron variant following a booster dose
with an mRNA vaccine to resume to levels
similar to those following dose 2 [2, 3]. This is
reassuring for those who received their booster
dose and are thus benefiting from a lower
probability of becoming infected and develop-
ing COVID-19-related disease, but highlights
the need for a longer-term vaccination strategy
that accounts for waning immunity, particu-
larly with the likelihood of the emergence of
new immune-evading variants of concern.

Prior to Omicron subvariants, new SARS-
CoV-2 variants had emerged and become dom-
inant about every 6 months [4], and while the
overall risk of severe disease or death from
Omicron infection is lower than from the pre-
viously dominant Delta variant [5], Omicron
subvariants are more infectious and their rapid
spread is still causing health system stress. Long-
COVID may also continue to contribute to the
public health burden. Furthermore, variants of
the Omicron lineage are continuing to evolve
and make gains by eroding host immunity. If
this continues, then SARS-CoV-2 epidemics
may reach steady state and become endemic
similar to influenza. In this case, however, when
population-wide immunity declines, circulating
variants with immune-evading mutations could
become dominant and may potentially be more
severe, and periodic waves may arise [4]. This
emphasises the urgency for everyone to receive
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at least one COVID-19 vaccine and highlights
the need for strategic delivery of vaccine booster
doses.

Using our individual-based SARS-CoV-2
transmission model, OpenCOVID, we simu-
lated a variety of vaccination strategies and
model assumptions to identify the preferred
frequency, timing, and target population for
future vaccine booster doses in light of potential
emerging viral variants. Model outcomes are
used to assess the impact of different booster
strategies on public health outcomes and health
system risks.

METHODS

Model Framework

Our individual-based model, OpenCOVID, is a
dynamic stochastic discrete-time model of
SARS-CoV-2 transmission and COVID-19 dis-
ease progression and response [6]. The model
simulates viral transmission between infectious
and susceptible individuals that come in con-
tact through an age-structured, small-world
network. The probability of transmission in
each exposure stage is influenced by the infec-
tiousness of the infected individual, the immu-
nity of the susceptible individual (acquired
through previous infection and/or through
vaccination), and a background seasonality
pattern (reflecting a larger proportion of con-
tacts being in closer contact indoors as the
temperatures became cooler). Infectiousness is a
function of variant infectivity and time since
infection. Once infected, a latency period is
followed by a pre-symptomatic stage, after
which an individual can experience asymp-
tomatic, mild, or severe disease. Severe cases can
lead to hospitalisation, intensive care unit
admission, and ultimately death (see Table S1 in
the Electronic Supplementary Material for fur-
ther details on prognosis probabilities by age
following infection with SARS-CoV-2 Omicron
variant). Recovery after infection leads to
development of immunity. This immunity is
assumed to wane over time as illustrated in
Figure S1, with the risk of new infection
depending on the probability of exposure and

properties of existing and potential novel SARS-
COV-2 variants (i.e., infectiousness and
immune evading profile). Briefly, the model
captures immunity decay for naturally acquired
and vaccine-induced infection and seasonality
(as illustrated in the Electronic Supplementary
Material Figures S1 and S2, respectively); infec-
tion states and non-pharmaceutical interven-
tions (NPIs) can be included (as further
described in the ‘‘Methods’’ section ‘‘Non-phar-
maceutical Interventions’’). They can be tai-
lored to a specific setting or as investigated here
an archetypal setting with Re fitted to 1.0 in
spring (as further described in the ‘‘Methods’’
section ‘‘Model Parameterisation and Initialisa-
tion’’) in the absence of any NPIs assuming
immunity from natural infection and vaccina-
tion is similar to profiles for Europe in early
2022 during the first Omicron wave. A detailed
description of the OpenCOVID model includ-
ing model equations is provided in [6]. Open
access source code for the OpenCOVID model
used in this study is publicly available at https://
github.com/SwissTPH/OpenCOVID/tree/
manuscript_june_2022/src, with all figure and
output codes available at https://zenodo.org/
record/6878852#.Yv53t3ZBw2xMI2w. Ethics
approval and consent to participate in this
study is not applicable.

Model Parameterisation and Initialisation

We simulate an 850-day period, approximately
2 years and 4 months from spring in year 1 to
summer in year 3. We apply a global demo-
graphic distribution [7] to a simulated popula-
tion of 100,000 people and assume 40% of the
population had previously been infected with
SARS-CoV-2 at least once over the 2-year simu-
lation period.

The model was fitted to allow an archetypal
setting with an effective reproduction number,
Re sð Þ, of 1.0 at the start of the simulation period,
representing the shoulder season between win-
ter and summer in year 1. This represents the
global trend for case numbers when the Omi-
cron variant emerged and became the domi-
nant variant in late 2021. Using an average
number of daily contacts the model was fitted
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to this Re sð Þ of 1.0 in early spring 2022. This
inherently captures the effect of any non-phar-
maceutical interventions that were in place at
that time. To reflect the element of chance that
naturally occurs in model transmission
dynamics, 100 random stochastic simulations
were performed for each scenario with 95%
prediction intervals presented.

Seasonality

Simulations represent an archetypal setting
approximately representative of Northern
hemisphere seasonality. Seasonality is assumed
to follow a scaled cosine function. It oscillates
between minimum seasonal forcing during the
peak summer period and maximum forcing
during peak winter months as illustrated in
Figure S2 of the Electronic Supplementary
Material. As people tend to remain indoors
during the winter, the probability of transmis-
sion per contact is increased during winter
months. The best estimate for the seasonal
scaling factor was taken from a previous study
assessing the COVID-19 epidemic in Switzer-
land [6]. This previous study simultaneously fit
this seasonal scaling factor parameter along
with several other parameters to align the
OpenCOVID model to epidemiological data. To
assess the effect of the seasonal scaling factor on
model outcomes, this value was subjected to a
sensitivity analysis.

Non-pharmaceutical Interventions

To examine the sole effect of vaccinations on
the spread of SARS-CoV-2 and COVID-19 dis-
ease progression, we did not explicitly model
any NPIs such as physical distancing and face-
mask usage and lockdowns in future scenarios.
However, since a proportion of the population
will likely continue to wear masks in some sit-
uations such as on public transport in certain
settings, this protective effect was captured
indirectly by using the number of effective
network contacts to calibrate the model to the
effective reproduction number at the start of the
simulation period.

Vaccination Strategy

In this analysis, we simulate the impact of the
first-generation mRNA vaccine [here we mod-
elled vaccine profile for the Pfizer/BioNTech
(BNT162b2)], which was developed with speci-
ficity to the dominant SARS-CoV-2 variant at
the time, the Alpha variant. Vaccines have a
two-fold effect; first, they provide protection
against new infection through development of
immunity. Second, once infected, vaccines
reduce the probability of developing severe
symptoms, leading to reduced hospitalisations,
intensive care unit admissions, and potentially
death.

Individuals who previously received primary
vaccination (doses one and two) prior to the
start of the simulation period were considered
eligible to receive booster doses. Default uni-
versal coverage of booster doses was set to 98%
coverage of those eligible. We assume 1500
booster doses per 100,000 people per day (1.5%
of the simulated population) could be admin-
istered based on achievable vaccine delivery
rates across several countries [8]. Doses were
administered sequentially by descending age
and comorbidity risk group as described in the
‘‘Scenario Design’’ section of the ‘‘Methods.’’

Following administration of each booster
dose, vaccine-induced immunity is assumed to
immediately peak at 85% [3] before exponen-
tially waning to 15% with a half-life of
105 days (based on longer-term waning for dose
2 from reference [2]) (see Figure S1 in the Elec-
tronic Supplementary Material for details). The
infection-blocking component of the vaccine
was assumed to represent 80% of the overall
85% vaccine efficacy, with the remaining 5%
attributed to preventing infections from pro-
gressing to severe disease. This infection-block-
ing value was subjected to a sensitivity analysis.
Vaccine protection is modelled in the context of
naturally acquired immunity following SARS-
CoV-2 infection, whereby natural immunity is
assumed to reach peak immunity of 95%
aligned with findings from Chivese et al. [9].
Before waning exponentially to 20% in 600 days
[10].
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Variant Properties

At the time of writing, Omicron was the domi-
nant SARS-CoV-2 variant worldwide, with sub-
variants BA.1, BA.2, BA.4, BA.5, and BA.2.12.1
having emerged along the Omicron lineage,
having replaced the previously dominant Delta
variant (B.1.617.2). Based on previous global
trends, we assume conservatively that new
variants of concern will emerge ahead of the
winter season at 6 or 12 month intervals. We
assume a variant profile with 25% higher
infectivity than the previously dominant vari-
ant (a transmission multiplication factor of 1.25
per exposure), with immune evasion properties
of 25%, but with the same severity as the
Omicron variant. The probability that
immunologically naı̈ve individuals who
become infected will develop severe disease is
dependent on variant severity, but also the
individuals’ age and comorbidity status, with
further details described in [11]. To assess the
effect of variant properties on model outcomes,
values for variant infectivity, severity, and
immune-evading capacity were subjected to a
sensitivity analysis.

Scenario Design

Scenarios were designed to model the impact of
vaccine booster doses administered at different
frequencies, coverage levels, and timings and to
different target groups. A baseline scenario was
established whereby the primary series vacci-
nation (doses one and two) was implemented
prior to the simulation period for those 5 years
and older, with no booster doses given during
the simulations. Baseline vaccination coverage
is 93% of those most vulnerable (those 60 years
and older following WHO reports [12] or per-
sons with comorbidities), 90% of 50–59 year
olds, 80% of 30–49 year olds, and 75% of 5–29
year olds.

All other scenarios are identical to baseline
with primary vaccination (doses one and two)
administered pre-simulation at baseline cover-
age, but with first-generation booster doses
(three and up) administered during the simu-
lation to 98% of those who previously received

the primary series, that is those eligible to
receive booster doses, with this referred to as
universal booster coverage. Vaccine boosters
were administered every 6 or 12 months, start-
ing in year 1 ahead of summer for the biannual
booster scenario or ahead of winter for the
annual scenario. For all booster scenarios,
administering doses to those most vulnerable
every 6 months also includes boosting all eligi-
ble every 12 months. Lower booster coverage of
those eligible was administered first to 85% of
those most vulnerable (those 60 years and older
or persons with comorbidities), then 85% of
individuals 50–59 years of age, followed by 50%
of 30–49 year olds, and lastly 50% of 5–29 year
olds. Lower booster coverage is an approximate
reflection of booster coverage levels in Europe at
the time of writing and represents moderate
vaccine fatigue and/or hesitancy [8].

Sensitivity Analysis

A sensitivity analysis was conducted to assess
the impact of varying key model parameter
inputs, as detailed in Table 1, on projected
outcomes.

RESULTS

We examined the benefit of targeting booster
doses to those eligible to receive boosters who
are either most vulnerable (those 60 years and
older or persons with comorbidities) or all those
eligible (5 years and older) using the described
age and risk factor priority scheme in settings
with either no new SARS-CoV-2 variants
emerging or with new variants 25% more
infectious and immune-evading, but with the
same level of severity as the Omicron variant
emerging annually. We found that the biggest
relative impact was from annual boosting of all
those eligible, which was consistent with or
without new emerging variants (Fig. 1, blue
dashed and solid curves, respectively), given the
assumptions modelled for waning immunity. In
the case where no new variants emerge, boost-
ing only those most vulnerable every
12 months led to a 32% (95% CI 24–40%)
reduction in hospital admissions over a 2-year
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period compared with no boosters. If annual
boosting were to be expanded to those eligible,
a 70% (95% CI 65–73%) reduction in hospital-
isations could be achieved over this period. If
boosting frequency were increased to every
6 months and targeted to only those most vul-
nerable (while continuing to boost those eligi-
ble annually), then a 77% (95% CI 74–80%)
reduction could be realised, an over two-fold
decrease in admissions. Extending biannual
boosting to those eligible is projected to have
diminishing returns, with an 81% (95% CI
79–83%) reduction in hospitalisations over this
period, keeping in mind that the numbers of
booster doses required per 100,000 people per
year for these four strategies (annual boosting of
most vulnerable, eligible annually, vulnerable
biannually with eligible annually, and eligible
biannually) is 26,000, 78,000, 104,000, and
156,000, respectively, with those most

vulnerable representing a third of those eligible
to receive boosters.

Similar trends were observed when variants
that are 25% more infectious and immune
evading, but similar in severity as the Omicron
variant, emerged annually and became domi-
nant, although overall reductions in hospitali-
sations were more modest than when no variant
emerged. Over the 2-year study period, if vari-
ants were to emerge biannually then 15% (95%
CI 3–25%) of hospitalisations could be averted if
only those most vulnerable were boosted yearly
and 27% (95% CI 17–34%) if those eligible were
boosted yearly compared with no boosters.
Increasing booster frequency to every 6 months
could avert 35% (95% CI 28–43%) or 40% (95%
CI 31–45%) of COVID-19-related hospitalisa-
tions if those most vulnerable or those eligible
were boosted, respectively. Importantly, boost-
ing 98% of those eligible (those 5 years and
older who received vaccine doses one and two)

Table 1 Inputs used for the sensitivity analysis of key parameters

Parameter Parameter effect Best estimate Lower
bound

Upper
bound

Seasonality-scaling

factor

(dimensionless)a

Strength of seasonal forcing on infectiousness

per exposure

0.30 [6] 0.20 0.40

Emerging variant

severity

(dimensionless)

Multiplicative probability of severe disease for

each new emerging variant

1.00 0.80 1.20

Emerging variant timing Impact of when novel variants emerge and

become dominant

3.5 months before

peak winter

- 1 month ? 1 month

Vaccine infection-

blocking (%)

Infection-blocking effect of vaccination

(remainder is severe disease prevention)

0.85b 0.60 0.95

Emerging variant

immune evasion (%)

Impact of immune evasion on variant

infectiousness

0.25 0 0.50

Emerging variant

infectivity (ratio)

Multiplicative probability of transmission per

exposure for each emerging variant

1.25 1.10 1.40

No effect was observed from varying daily vaccine booster capacity (results not shown) from 1500 (best estimate) to 750
doses (lower bound) and 2250 (upper bound) per day in a simulated population of 100,000 people following default timing
to start administering doses
aSee Electronic Supplementary Material Figure S2 for the seasonality profile
bAs shown in Electronic Supplementary Material Figure S1
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actually protects those most vulnerable 60 years
and older or those with comorbidities more
than only boosting this vulnerable group as
shown in Fig. 6.

We further explored the effect of a viral
variant emerging conservatively every
6 months, assuming each new variant is 25%
more immune-evading and 25% more infec-
tious than the previous dominant variant, but

with the same level of severity as the Omicron
variant (Figures S12A, B in the Electronic Sup-
plementary Material show the prevalence for
each variant over time). Under these condi-
tions, we also estimate a substantial benefit of
annual boosters for all eligible people followed
by diminishing returns if boosting more fre-
quently than once per year. However, the rela-
tive differences between these strategies are

Fig. 1 Daily projected impact on SARS-CoV-2 infections
and COVID-19-related hospital admissions in just over a
2-year period in a population of 100,000 individuals.
Those who previously received vaccine doses one and two
were eligible to receive a first-generation COVID-19
vaccine booster dose. Individuals who received boosters
every 12 or 6 months are aggregated in two groups, (1)
those most vulnerable, defined as those 60 years and older
or persons with comorbidities, and (2) all eligible subjects
5 years and older. For these groups, either no new variant
emerged—and thus the same infectiousness and severity as
the Omicron variant was assumed (solid curves)—or 25%

more infectious and immune-evading novel variants, with
Omicron-level variant severity, emerged annually (dashed
curves) with vertical dashed lines indicating initial variant
emergence. Shaded areas represent stochastic uncertainty
surrounding projections. Cumulative number and timing
of vaccine doses are shown for each scenario. Seasonality is
illustrated in the bottom row where red shading indicates
warmer spring and summer seasons, blue cooler fall and
winter seasons, and white the seasonal transition. See
Figures S3A–S5B in the Electronic Supplementary Mate-
rial for details
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much less pronounced, as the new variants
partially evade any previously acquired immu-
nity (naturally acquired and/or vaccine-in-
duced), leading to more overall SARS-CoV-2
infections. We show the cumulative projected
impact on SARS-CoV-2 infections and COVID-
19-related hospital admissions with no emerg-
ing variant or new variants emerging every 12
or 6 months (Fig. 2). This reinforces that

regardless of the presence or frequency of new
emerging variants, while there is benefit to
boosting those most vulnerable annually ahead
of the cooler seasons, administering annual
boosters to all those eligible shows the biggest
relative gain in infections and hospital admis-
sions averted (Fig. 2, blue curves). Whereas
boosting every 6 months is predicted to have
the biggest benefit, based on the additional

Fig. 2 Cumulative projected impact on SARS-CoV-2
infections and COVID-19-related hospital admissions for
just over a 2-year period in a simulated population of
100,000 individuals with those who previously received
vaccine doses one and two being eligible to receive first-
generation COVID-19 vaccine booster doses. Individuals
who received boosters every 12 or 6 months are aggregated
in two groups: (1) those most vulnerable, defined as those
60 years and older or persons with comorbidities, and (2)
all eligible subjects 5 years and older. For these two groups,
scenarios were designed either with no new emerging
SARS-CoV-2 variants, assuming the same infectiousness
and severity of the Omicron variant (A, D, and G), or with

25% more infectious and immune-evading novel variants
with the same severity as the Omicron variant emerging
annually (B, E, and H) or biannually (C, F, and I) with
initial emergence indicated by vertical dashed lines. Shaded
areas represent the stochastic uncertainty surrounding
projections. Cumulative number and timing of vaccine
doses are shown for each scenario. Seasonality is illustrated
in the bottom row where red shading indicates warmer
spring and summer seasons, blue cooler fall and winter
seasons, and white seasonal transitions. See Figures S6, S7,
and S10–S14B in the Electronic Supplementary Material
for details
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vaccine booster doses needed to boost twice as
often (every 6 months) we estimate diminishing
returns (Fig. 2, green and purple curves).

We also examined whether lower booster
uptake (85% coverage among those 50 years
and older or persons with comorbidities and
50% among those 5–49 years of age) will have a
substantial impact on the public health burden

over a 2-year period. We found that when no
new variants emerge, COVID-19-related hospi-
talisations could be reduced by 60% (95% CI
53–65%) (Fig. 3C, dark blue curve) at lower
booster coverage compared with 70% (95% CI
65–73%) when 98% of those eligible (including
93% of those 60? or with comorbidities, 90% of
50–59 year olds, 80% of 30–49 year olds, and

Fig. 3 Daily projected impact on SARS-CoV-2 infections
and COVID-19-related hospital admissions over 2 years in
a simulated population of 100,000 individuals with first-
generation COVID-19 vaccine boosters administered
annually. Boosters were administered at universal coverage
(98% of those eligible to receive a booster dose (including
93% of those 60 years and older or persons with
comorbidities, 90% of 50–59 year olds, 80% of 30–49
year olds, and 75% of 5–29 year olds who received doses
one and two) and lower coverage levels (85% of those
eligible who are 50 years and older or who are living with
comorbidities and 50% of those eligible 5–49 years of age).
For these two groups, either no new SARS-CoV-2 variants
emerged, assuming the same infectiousness, immune-

evading capacity, and severity as the Omicron variant (A,
C, and E), or novel variants with 25% more infectiousness
and immune-evading capacity than the previously domi-
nant variant but with the same level of severity as the
Omicron variant emerged every 12 months, with initial
variant emergence indicated by vertical dashed lines (B, D,
and F). Shaded areas represent stochastic uncertainty
surrounding projections. Cumulative number and timing
of boosters are shown for each scenario. Seasonality is
illustrated in the bottom row where red shading indicates
warmer spring and summer seasons, blue cooler fall and
winter seasons, and white the seasonal transition. See
Figure S7 in the Electronic Supplementary Material for
cumulative impact
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75% of 5–29 year olds who received doses one
and two) are boosted annually (Fig. 3C, light
blue curve). Assuming a new variant emerges
annually, we find that hospitalisations could be
reduced by 37% (95% CI 30–48%) with univer-
sal boosting (98% coverage of those eligible),
dropping to 26% (95% CI 18–32%) with lower
coverage (Fig. 3D, light and dark blue curves,
respectively).

To reduce SARS-COV-2 infections and
COVID-19-related hospital admissions when a
new variant of concern emerges annually ahead
of the winter season, we found that the best
time to deliver annual COVID-19 booster doses
is 3–4 months before peak winter when people
tend to remain indoors most often and their

number of contacts increases as does their
probability of SARS-CoV-2 transmission (see
Fig. 4, and Figure S16A in the Electronic Sup-
plementary Material for details). The seasonality
profile as illustrated in Figure S2 of the Elec-
tronic Supplementary Material, with the sea-
sonality forcing scaler varied in the sensitivity
analysis as shown in Fig. 5, will affect these
results. In addition, for this modelling study by
default it was assumed booster vaccines were
rolled out to 1.5% of the population every day.
No effect was observed if the daily boosting
capacity was reduced to 0.75% or increased to
2.25% (results not shown in Fig. 5).

For all key parameters that were varied,
annual boosting consistently provides the

Fig. 4 Projected cumulative annual impact on new SARS-
CoV-2 infections (A) and COVID-19-related hospital
admissions (B) of delivering vaccine boosters to all those
eligible 5 years of age and older from either 6 months
before to 2 months after peak winter temperatures
assuming a 25% more infectious and immune-evading

novel variant but with the same severity as the Omicron
variant emerges prior to the fall season. Error bars
represent the uncertainty in model projections. See
Figures S8, S16A, and S16B in the Electronic Supplemen-
tary Material for details
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majority of reductions of COVID-19-related
hospital admissions over the 2-year study per-
iod. Higher variant infectivity and higher
immune-evading capacity most reduced the
effect of boosters (see Fig. 5L, M). The largest
relative effect of biannual boosting was
observed under lower seasonal effect (see
Fig. 5H), in which case biannual boosting is
responsible for half the percentage of hospital-
isations averted [15% (95% CI 10–19%)] com-
pared with annual boosters [30% (95% CI
26–34%)].

As an indication of cost-effectiveness, we
found that more hospitalisations could be
averted per booster dose through annual
boosting of those most vulnerable versus all
those eligible over the study period (see Fig-
ure S17 in the Electronic Supplementary Mate-
rial for details). This can be attributed to the

higher likelihood of those most vulnerable
needing hospitalisation following SARS-CoV-2
infection, in this case those 60 years of age and
older or those living with comorbidities, com-
pared with those less vulnerable to infection.
This finding was robust even when key model
parameters were varied, again showing dimin-
ishing returns per dose when boosting fre-
quency is increased to every 6 months.
However, only boosting those most vulnerable
(60? or with comorbidities) may not be suffi-
cient to prevent exceeding health system
capacity thresholds (Fig. 6).

DISCUSSION

To reduce COVID-19-related hospitalisation
admissions over the next 2 years, our model-
based evidence showed that vaccine boosters

Fig. 5 Projected percentage incremental hospitalisations
averted over a 2-year period by annual (brown bars) and
biannual (yellow bars) COVID-19 vaccine boosters for
those eligible under varying seasonality, emerging variant
severity, variant timing, vaccine infection-blocking efficacy,

emerging variant immune-evading capacity, and emerging
variant infectivity from best estimate values as listed in
Table 1. See Figures S15 and S17 in the Electronic
Supplementary Material for details
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should be provided for all those eligible (those
who previously received two doses) at least 3–-
4 months ahead of the winter season whether or
not new variants of concern emerge and
become dominant. At the time of writing, our
findings were consistent with a commentary
from the chair of global public health at the
University of Edinburgh, who stated that, based
on data for the UK, the country should be
planning the roll-out of boosters to their entire
population this autumn [13]. Consistent with
our study, a review also found that booster
vaccinations should be prioritised to high-risk
groups, such as the elderly and people with
immunodeficiency, but that not everyone needs

to receive a booster dose 6 months after dose
two [14]. We found that, under our current
assumptions for naturally acquired and vaccine-
induced immunity waning, only boosting those
most vulnerable (defined as those 60 years of
age or older or people living with comorbidities)
may be insufficient to ensure reduced stress on
health systems, whereas increasing the fre-
quency of boosters to every 6 months (to those
most vulnerable or all those eligible) showed
diminishing returns. Importantly, we showed
that boosting all those eligible protects those
most vulnerable more than only boosting this
vulnerable group, with important vaccine
strategy implications for the forthcoming

Fig. 6 Cumulative projected impact of administering
COVID-19 vaccine boosters to those most vulnerable or
to all those eligible every 12 months on COVID-19-related
hospital admissions by age and risk group over a 2-year
period in a simulated population of 100,000 individuals
when new SARS-CoV-2 variants with 25% more infec-
tiousness and immune-evading capacity than the previously

dominant variant but with the same severity as Omicron
emerge annually. Cumulative numbers of vaccine doses are
shown in panels D-F. Error bars represent the stochastic
uncertainty in model projections. See Figure S9 in the
Electronic Supplementary Material for details.
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Northern 2022 winter. Moreover, given the
early and large influenza epidemic that has been
ongoing in Australia over their winter season,
which has led to increased health system stress,
it is even more critical to re-evaluate vaccina-
tion strategies now. All efforts should be made
to reduce COVID-19-related stress on health
systems ahead of the anticipated influenza sea-
son in the Northern hemisphere. These results
are robust when key model parameters were
varied. However, for all results, the more fre-
quently variants with mounting infectiousness
emerge, the less effect vaccine boosters will
have, regardless of whether boosters are
administered annually or biannually.

Resources needed to administer booster
doses more often and more extensively should
be measured against the predicted benefit to
public health and health systems capacity, as
well as any potential health risks associated
with ongoing booster administration. These
include dose supply (including global equity in
distribution), effort, and cost required to
increase the frequency. Should the number of
COVID-19-related hospital admissions averted
per booster dose administered be used as a
health savings proxy metric for cost-effective-
ness, then more hospitalisations could be aver-
ted per booster dose through annual boosting of
those most vulnerable versus all eligible even
when assumption values for variant infectivity,
immune-evading capacity, vaccine infection
blocking, seasonality effect, variant severity,
and variant timing are increased or decreased
within assumed bounds, and under assump-
tions for waning immunity and study settings.
However, only boosting those most vulnerable
may be insufficient to prevent health system
risk.

Vaccination hesitancy and fatigue must also
factor into this assessment and be considered as
part of vaccine booster campaigns and messag-
ing; lessons can be learned from seasonal
influenza strategies. Even if there were no
challenges surrounding vaccine hesitancy and
repeated booster fatigue, we cannot boost
indefinitely against SARS-CoV-2 infection and
COVID-19 disease. Regardless, evidence from
this study suggests that more frequent boosting
to every 6 months has diminishing returns on

investment (see Fig. 2). Should booster doses
not be available or not be accepted particularly
as more infectious and potentially more severe
subvariants emerge, hospital admissions may
once again overwhelm health systems. This
compounded with the potential for double
epidemics with influenza and respiratory syn-
cytial virus (as has been reported in Australia
[15]) escalates the need for stronger prepared-
ness for such eventualities given the high
mutation rate of SARS-CoV-2 [16]. Therefore, it
is prudent for countries to continue targeting
and supporting vaccination boosting cam-
paigns for all. Since it is anticipated that more
infectious and immune-escaping variants will
continue to emerge, existing vaccines may
become insensitive to new variants, which
reinforces the need for effective adapted and
possibly multivalent vaccines with longer
durations, coupled with plans for adjusted and
improved strategies over the years.

Vaccine Targets and Inequity of Vaccine
Distribution

While the WHO target to fully vaccinate (with
two doses) 40% of the world’s population
against SARS-CoV-2 by the end of 2021 was
missed, coverage reached 60% by the end of
May, which left only a month remaining to
achieve the 70% mid-2022 coverage target [17].
While it is important to consider scaling
up booster strategies, the WHO warns that
broad-based COVID-19 booster programmes,
including delivering additional booster vacci-
nations to groups at lower risk of developing
severe disease may prolong the global pandemic
by diverting supply to nations with already high
coverage and therefore away from nations with
low coverage, giving the virus more chance to
spread and mutate [18]. Given that 2.7 billion
people had still not even received their first dose
of the COVID-19 vaccine as of the end of May
2022 [19], WHO experts have urged prioritising
first doses over boosters [18]. Similarly, Gavi,
the Vaccine Alliance, advocates for the global
community to focus on ensuring every adult
receives at least one dose in 2022 [19].
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Preparedness for Future Waves

While the number of confirmed COVID-19-re-
lated deaths may be underreported [20], the
healthcare system now has more collective
experience treating those with severe disease
than it did during previous waves of COVID-19.
Medical oxygen supplies and distribution have
been strengthened in many countries [21]. In
addition, oral antivirals to treat COVID-19 have
been authorised for inpatient and home use in
several countries as well hospital-administered
injectable monoclonal antibodies are now
available. These pharmaceutical interventions,
together with mask usage and physical dis-
tancing measures being observed to varying
degrees across settings, and coupled with
increasing vaccination rates and natural
immunity from previous infection, may make
certain settings better positioned to mitigate
and respond to the subsequent COVID-19
waves. Nevertheless, with continuing spread of
Omicron subvariants, even if Omicron infection
causes less severe disease, should cases spike
again, a smaller proportion of a large number of
cases needing hospitalisation may again lead to
health system stress.

While increasing vaccination coverage is a
good solution to reducing the burden from
COVID-19, a sizable proportion of the popula-
tion continues to refuse vaccination in high-,
middle-, and even low-income settings [22].
Even though testing rates have begun to plateau
[23], meaning cases are likely being underre-
ported, ongoing SARS-CoV-2 transmission will
inevitably result in the emergence of new SARS-
CoV-2 variants or subvariants of concern. This
is why it is important to be strategic with
COVID-19 vaccination campaigns. As we can-
not continue to boost for COVID-19 indefi-
nitely, in effort to avoid vaccination fatigue and
to better protect against new variants, second-
generation vaccines that are multivalent,
meaning they protect better against more than
one SARS-CoV-2 variant and will remain more
effective, longer, are being developed and
approved. Under the booster strategy recom-
mended in this study, more effective (as shown
in the sensitivity analysis conducted in this
study) and longer lasting second-generation

booster vaccines will avert even more infections
and hospital admissions than were predicted
here using first-generation boosters.

Study Limitations

As with all simulation studies, our results are
based on several assumptions and include some
limitations. Within our individual-based trans-
mission model, transition between disease
states and chance to be infected include prob-
abilities for infection, transmission, and disease
severity, based on studies cited in [6]. These
probabilities will influence model outcomes and
our conclusions on vaccination so sensitivity
analysis was conducted on several parameters.
First, we identified that Omicron’s potential
severity had little effect on the number of new
cases projected, also because no impact on viral
load was assumed. Higher viral load in the
model is associated with increased transmissi-
bility. Second, values higher or lower than 1.0
for the effective reproduction number at the
start of the winter period, prior to introduction
of Omicron, may influence peak hospital
admissions estimates; however, the relative
impact of vaccination is not sensitive to this
parameter. Third, this study only considers
direct admissions to hospital due to COVID-19,
but does not consider COVID-19-related
admissions due to certain long-COVID health
consequences. Therefore, there is the potential
for additional health system burden not mod-
elled here. Fourth, we did not model the effect
of any NPIs, but we assume re-implementing
NPIs could be considered if thresholds for case
numbers or health system capacity were
reached. We also acknowledge that booster
vaccines began to be rolled out as early as fall
2021 in certain countries, whereas we simulated
booster administration starting in spring 2022.
Last, depending on emerging variant profile and
vaccine coverage levels, should naturally
acquired and/or vaccine-induced immunity
have different protection levels and/or should
immunity wane differently (speed, decay type)
than what was assumed, then the population
would be more or less protected and our pro-
jected outcomes may prove to be too pessimistic
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or too optimistic. We did not model the effect
of hybrid immunity, which occurs when an
individual experiences both naturally acquired
and vaccine-induced immunity. Recent studies
have identified hybrid immunity to provide a
higher level of protection against infection and
severe disease than we assumed in the model
[24–26]. Since new SARS-CoV-2 variants of
concern, and therefore infections, will continue
to emerge, and vaccinations will continue to
need to be implemented, the prevalence of
hybrid immunity will increase. This will affect
population susceptibility, especially in the long
term. As more is known about hybrid immunity
to SARS-CoV-2 infection and COVID-19 disease,
this should be considered as part of future
modelling studies and when interpreting these
results.

CONCLUSIONS

To reduce the public health burden of COVID-
19 and the associated health system risks, vac-
cine-boosting strategies must account for roll-
out constraints and cost-effectiveness. This
study provides much needed, timely quantita-
tive evidence to inform decisions around future
boosting strategies.
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