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Several vaccines for SARS-CoV-2 are expected to be available in Australia in 2021. Initial supply is limited
and will require a judicious vaccination strategy until supply is unrestricted. If vaccines have efficacy as
post-exposure prophylaxis (PEP) in contacts, this provides more policy options. We used a deterministic
mathematical model of epidemic response with limited supply (age-targeted or ring vaccination) and
mass vaccination for the State of New SouthWales (NSW) in Australia. For targeted vaccination, the effec-
tiveness of vaccinating health workers, young people and older adults was compared. For mass vaccina-
tion, we tested varying vaccine efficacy (VE) and distribution capacities. With a limited vaccine stockpile
enough for 1 million people in NSW, if there is efficacy as PEP, the most efficient way to control COVID-19
will be ring vaccination, however at least 90% of contacts per case needs to be traced and vaccinated.
Health worker vaccination is required for health system resilience. Age based strategies with restricted
doses make minimal impact on the epidemic, but vaccinating older people prevents more deaths. Herd
immunity can only be achieved with mass vaccination. With 90% VE against all infection, herd immunity
can be achieved by vaccinating 66% of the population. A vaccine with less than 70% VE cannot achieve
herd immunity and will result in ongoing risk of outbreaks. For mass vaccination, distributing at least
60,000 doses per day is required to achieve control. Slower rates of vaccination will result in the popu-
lation living with COVID-19 longer, and higher cases and deaths.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronavirus disease 19 (COVID-19) has caused an unprece-
dented pandemic, with catastrophic health, social and economic
impacts [1]. Without available drugs or vaccines, nations require
ongoing or intermittent use of non-pharmaceutical approaches
such as lockdowns, border closures and social distancing to control
COVID-19 [2,3]. In addition, case finding through increased testing
and surveillance, with contact tracing and quarantine, are the
mainstays of epidemic control [4]. While Australia has achieved
good control over the pandemic through border closures, testing,
contact tracing and hotel quarantine, the risk of intermittent out-
breaks of COVID-19 will continue until an effective vaccine is avail-
able [3] and administered appropriately to a large enough
proportion of the population. The societal impact of ongoing
restrictions and border closure cannot be under-estimated.
There is a massive global effort to fast-track the development of
COVID-19 vaccines [5,6]. Currently, there are 48 COVID-19 vaccine
candidates undergoing clinical evaluation, with 11 already in
phase 3 clinical trials [7]. Data from phase 3 trials suggest that
mRNA vaccines have over 94% efficacy against COVID-19 infection
[8,9]. The ChAdOx1 nCoV-19, the largest component of the planned
Australian vaccine stockpile, has efficacy of 62% against symp-
tomatic infection in the intended two-dose schedule [10]. On
December 11 it was announced that the second largest component
of the Australian stockpile had been withdrawn from further
development [11]. A small proportion of the Australian vaccine
plan includes the BNT162b2 mRNA vaccine, which has 95% efficacy
against symptomatic infection [11,12]. As more vaccine candidates
become available through 2021, we will continue to see variation
in efficacy and safety between them.

It is likely there will be initial vaccine shortages. Thus, an effec-
tive vaccination strategy will need to be developed to best utilise
limited vaccine supply in the early phases of vaccine rollout [13],
with a plan for expanded vaccination at a later stage.

Several COVID-19 vaccination strategies have been proposed,
[13] such as prioritising healthcare and aged care workers and
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other frontline responders at high risk of disease transmission, and
sociodemographic groups at significantly higher risk of severe dis-
ease, such as older adults or people with high risk chronic health
conditions [13,14]. However, prioritizing young people may impact
transmission more, since vaccines are more effective in younger
people, and transmission is highest in young adults [15]. Alterna-
tively, a ring vaccination strategy could be utilized, which involves
identifying the close contacts of a confirmed case and vaccinating
them. This strategy was used effectively against Ebola, and also
smallpox in settings where mass vaccination was not possible,
despite efficacy being half that of primary prevention [16–19].
Many vaccines including measles, hepatitis A and smallpox, are
effective as post-exposure prophylaxis (PEP) and can be given to
contacts during an outbreak, albeit with lower efficacy than pri-
mary prevention [20]. Whether COVID-19 vaccines will be effective
as PEP is unknown as yet, but may well be given the long incuba-
tion period [21].

In Australia, the stated priority groups for early COVID-19 vac-
cination are: 1) individuals with increased risk of severe disease,
such as older adults, Aboriginal and Torres Strait Islander people,
and those with high risk chronic conditions; 2) individuals at
higher risk of disease, such as health and aged care workers; and
3) individuals working in critical services [22]. Vaccination is being
rolled out to frontline health workers, aged care residents and
hotel quarantine workers first. The aim of this paper was to model
the impact of various COVID-19 vaccine strategies under a limited
supply scenario, as well as varied vaccine efficacy and speed of vac-
cination for mass vaccination, on COVID-19 case numbers and
mortality in New South Wales, the most populous state of
Australia.
2. Methods

A previously published age structured deterministic compart-
mental model for Covid-19 spread [23] was modified to test sev-
Fig. 1. Model diagrams for targete
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eral possible vaccination strategies under limited or unlimited
supply assumptions, as described in more detail below. We used
the NSW population and age distribution from 2020 [24], stratified
into 16 five-year age groups from 0 to 74 years old and the last age
group comprising people 75 years and over.

The model moves the population in 17 mutually exclusive com-
partments, each divided by the 17 age groups: susceptible (S),
latent, not infectious (E), pre-symptomatic infectious and diag-
nosed (Et), pre-symptomatic infectious and undiagnosed (Eu), con-
tacts traced (C) symptomatic, high infectiousness, diagnosed (I1)
and undiagnosed (I2), asymptomatic, high infectiousness (A1),
symptomatic, lower infectiousness, previous diagnosed (I11) and
undiagnosed (I22), asymptomatic low infectiousness (A2), home
isolated (Q), hospitalized (H), individuals admitted to intensive
care (ICU) , recovered (R), successfully vaccinated (V) and COVID-
19 deceased people (D) (Fig. 1). The duration of stay in each com-
partment determines the rate at which people move from one
compartment to another for the epidemiological disease states.
The duration of the latent period is assumed to be 5.2 days [25],
of which the last two days before symptoms onset are considered
infectious [26].

The transmission was distributed over the infectious period
with 44% of transmissions occurring in the last two days of the
pre-symptomatic state. We assume that the viral load is very high
on the first day of symptoms and then decreases to a lower infec-
tious level, spread over the following 6 days [26], so 36% of trans-
missions occur in the first day of symptoms and 20% in the
following 6 days of symptoms [26]. Of the total people infected,
35% are considered asymptomatic and never develop symptoms,
however we assumed that asymptomatic cases are as equally
infectious as symptomatic ones [27–29]. In conjunction with vac-
cination, other disease control interventions such as case finding,
contacts tracing, quarantine, isolation and hospital, ICU treatments
were included, however we did not include additional measures
such as universal masking or lockdowns, neither of which are in
effect in NSW.
d, mass and ring vaccination.
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The force of infection that moves people from susceptible to
infected is an age specific rate calculated as a combination of aver-
age age specific number of close contacts per day in Australia [30],
the proportion of infectious people and the probability of infection
per contact, which is estimated to reproduce an R0 of 2.5 [28].
Once infected, a person enters the latent compartment, and after
3.2 days will become infectious and pre-symptomatic for 2 days,
where if traced will be quarantined with a 50% reduction in trans-
missions [31] and upon symptoms onset will take 1 day on average
to get isolated with no more transmissions after isolation. How-
ever, if an infected person is not traced in latency, it will take 5 days
to get isolated following symptom onset [32]. Hospitalizations and
admission to ICU follow age-specific rates [33]. The model assumes
that 80% of all close contacts are traced and quarantined for 14 days
and 90% of the symptomatic cases are isolated after 5 days.

There are no data on COVID-19 vaccines as PEP, but early data
from phase three trials indicate efficacy in excess of 90% as primary
prevention of mRNA vaccines [8]. The vaccine efficacy (VE) deter-
mines the percentage of people fully protected, and all VE esti-
mates in the model are against all infection (symptomatic and
asymptomatic). VE against all infection is assumed to prevent
transmission, as infection is prevented altogether. Both the
BNT162b2 mRNA and ChAdOx1 nCoV-19 vaccines are used in Aus-
tralia. Vaccine efficacy was set at 90% against all infection in the
base case scenario if a person is susceptible, based on effectiveness
estimates for the BNT162b2 mRNA vaccine against all infection of
92% from Israel [34]. A sensitivity analysis incorporating lower effi-
cacy such as with the ChAdOx1 nCoV-19 (AZD1222) was done as
described below [35]. Our model assumed people vaccinated as
PEP has a 50% reduction in protection from vaccination (from
90% to 45%). Successful vaccination is considered to give immunity
to the infection for at least 12 months. Duration of immunity
beyond 12 months is not considered, as long term follow up data
are not available yet to inform the modelling of waning immunity.
Table 1
Model parameters used and their values.

Parameter Symbol Value

Basic reproduction number R0 2.5
Latent pre symptomatic period d0 þ d1 3.2 not infe
Infectious period d1 þ dþ d6 2 + 1 + 6 = 9

symptomati
6 days
symptomati

Time to get isolated once symptomatic dþ d4 1 + 4 = 5 da
Time in ICU d5 5 days
Time in hospital dh 15 days
Effectiveness of home quarantine R0/2 50% reducti
Duration of quarantine q1 14 days
Proportion of asymptomatic or very mild infectious g 35%, we ass

isolated
Asymptomatic diagnosed rate adr 30%
Proportion of contacts traced q 80%
Proportion of symptomatic people that get isolated

after 5 days
h 90%

Age-specific case fatality rate (%) for the 16 age groups
For the severe hospitalised cases
For the cases that needed ICU

l1i

l2i ¼ 2 � l1i

l3i ¼ 3 � l1i

0, 0, 0.2, 0.2

Hospitalization rates h 0–4 years o
5–19 years
20–49 years
50–64 years
65–74 years
75 + years o

ICU rates from hospitalization icu 14.2% in the
rates to
estimate the
19 years old
hospitalized
0.0337 (3.37
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Fig. 1 shows model diagrams, and in Table 1 are described all
parameters used in the model, while the differential equations
are described in the supplementary materials.

To test the most effective vaccination distribution for outbreak
control, we used a hypothetical epidemic in NSW with 100 symp-
tomatic people and 250 untraced latent infected people as the
starting conditions, so that we could test the effectiveness of differ-
ent vaccination strategies in an epidemic scenario.

The vaccination strategies tested are:

1. Limited vaccine supply (2 million doses for 1 million people)
given to targeted age groups;

2. Limited vaccine supply, ring vaccination (contact tracing and
vaccination of contacts);

3. Unlimited supply and mass vaccination assuming enough doses
to vaccinate the entire NSW population.

In the limited supply scenario, we assumed a limited stock of
only 2 million doses (for 1 million people in a two-dose schedule)
for NSW as an estimate of initial supply. For mass vaccination we
assumed a delivery capacity of 50,000–300,000 doses per day
[46]. We explored 3 different scenarios with a limited vaccine
supply:

� Vaccine delivered in 8 days to 1 million young people (age
group 10–29);

� Vaccine delivered in 8 days (first dose) to 1 million older people
(age group 65 + );

� Vaccinate 125,000 HCWs with first dose and over the following
7 days 875,000 people aged 10–29.

The two dose schedule was assumed to be given with 21–
28 days between dose one and two. [10,12] The health care work-
ers (HCWs) for NSW were estimated from the 2019 estimation
Source

[28]
ctious + 2 infectious = 5.2 [25]
days of which 2 presymptomatic (44% transmissions), first day
c with higher transmissions (36% transmissions) and following

c with lower transmissions (20% transmissions)

[26,28,36–39]

ys [32]

on in the R0 [31]

umed 70% remain undiagnosed and 30% (adr) are diagnosed and [28,40,41]

[42]
[42]

, 0.2, 0.2, 0.2, 0.2, 0.4, 0.4, 1.3, 1.3, 3.6, 3.6, 8, 14.8 [43]

ld 0.003
old 0.001
old 0.025
old 0.074
old 0.122
ld 0.165

[44]

54 to 79 years old and we used the age specific hospitalization

age distribution of the ICU rates, we get 0.0013 (0.13%) for 0–

%) for 20–49 and 0.142 (14.2%) for 50+

[45]
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State and Territory Statistics – 2019 [47] and were assumed to be 3
times more susceptible to infection with COVID-19 [48]. The num-
ber of medical practitioners, nurses, midwives, and pharmacists in
NSW is 135,379 – we assumed 80–90% would be in the clinical
workforce and require vaccination (125,000 vaccinations). As their
average age is respectively 47, 44 and 41 years old [47], we dis-
tributed them through 8 age groups from 25 to 64 years old, fol-
lowing the age distribution of HCWs.

For ring vaccination we assumed varying proportions of vacci-
nation of all the traced contacts � 70%, 80% and 90%. For use as
PEP, we assumed a 50% reduction in efficacy (from 90% to 45%)
when given to latent pre-symptomatic people.

For mass vaccination in NSW, assuming that the vaccine supply
is available for the population, we tested the effect of speed of
achieving high coverage by comparing the capacity to deliver
50,000, 75,000, 100,000, 125,000, and 300,000 doses per day to
vaccinate the NSW population. We also varied the efficacy of the
vaccine to determine the minimum vaccine efficacy to achieve
herd immunity, and the epidemic scenario with low and high effi-
cacy vaccines. We used the following formula to calculate the
required vaccine coverage (Vc) for herd immunity assuming
R0 = 2.5. [28] In the base case, vaccine efficacy (Ve) = 0.9 (90%).

Vc ¼ 1
Ve

� ð1� 1
R0

Þ

To test the effect of varied efficacy, vaccine coverage was held
constant at 70%, reflecting a feasible mass vaccination goal. We
tested varied vaccine efficacy of 38%, 50%, 60%, 70%, 80%, 90% and
95%. These estimates were selected based on published upper effi-
cacy of vaccines of 94–95% [9,10,12], and the remaining values to
reflect a plausible efficacy range of other potential vaccines. The
lower estimate of 38% is the efficacy against any laboratory con-
firmed infection (symptomatic or asymptomatic) calculated from
ChAdOx1 nCoV-19 vaccine (AZD1222) published data, excluding
the data from the Brazilian component of the study, because
weekly testing for infection was not done in Brazil. [10]

Model outputs are the epidemic curve (cases), total number of
cases and deaths and, for ring and mass vaccination, there is the
added output of total number of vaccine doses used and days to
vaccinate the entire susceptible population, respectively.
Fig. 2. Targeted vaccination strategies with a restricted supply for 1 million people: Fro
targeted age group vaccinated.
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3. Results

A restricted supply (for 1 million people) will not be enough to
control the epidemic, with all scenarios resulting in a large number
of cases and deaths after 500 days. Fig. 2 shows results for the
choice of using the available doses in the age group 10–29 years
old, vaccinating HCWs and then 10–29 years old, or vaccinating
the 65 + years old. Targeting the younger age group will have more
impact on reducing the number of cases, whilst vaccinating people
65 + will have more impact on deaths, as this age group is at much
higher risk of death.

If enough vaccine is available to vaccinate the entire population
of NSW, the important variables influencing the results will be vac-
cine efficacy and the speed of vaccination. In Fig. 3 we show results
of varying vaccination capacity from 50,000, to 300,000 people per
day. Vaccinating 50,000 people per day will take about 177 days to
vaccinate the entire population with one dose, will result in a much
longer and larger epidemic, compared to 125,000 or 300,000 peo-
ple per day. However, if the health system has capacity to vacci-
nate at least 75,000 people per day the epidemic could be
terminated rapidly (Fig. 3).

With a vaccine efficacy (VE) of 90% against all infection, vacci-
nating 66% of the total population (approximately 5.384 million
people) will provide herd immunity and reduce the R0 to less than
1, while efficacy below 60% cannot achieve herd immunity. A min-
imum VE of 85% is required to achieve herd immunity at 70% pop-
ulation coverage. A VE of 80% will require 75% of the population to
be vaccinated, and VE of 60% will require 100% of the population to
be vaccinated to achieve herd immunity. Supplementary Table 1
shows the required vaccine coverage for varying VE, and that effi-
cacy below 60% cannot achieve herd immunity.

Fig. 4 shows the effect of varied vaccine efficacy on the epi-
demic, with vaccine coverage of 70% (5.25 million people) with
125,000 doses delivered per day. When vaccine effectiveness drops
to 70% the number of new cases a day (incidence) will not increase
however will take up to one year to reduce the number of new
cases per day to less than 50. At VE of 60% or less, transmission
and the risk of outbreaks will continue, as the number of new cases
keeps increasing for more than 3 months following the start of vac-
cination campaign.

In Fig. 5 the results for ring vaccination with varying rates of
contact tracing per day (70%, 80% or 90% of contacts of cases) are
m left to right is the epidemic curve, the cumulative case and deaths numbers by



Fig. 3. The impact of speed of mass vaccination with a vaccine of 90% efficacy. From left to right is the epidemic curve, the cumulative case and deaths numbers by number of
number of people vaccinated per day in NSW.

Fig. 4. From left to right is the epidemic curve, the cumulative case and deaths by vaccine efficacy (VE), with 125,000 people per day vaccinated until 70% of NSW population
is vaccinated.

Fig. 5. The impact of contact tracing and ring vaccination on epidemic control for a vaccine with 45% efficacy as post-exposure prophylaxis: From left to right is the epidemic
curve, the cumulative case and deaths numbers by percentage of contacts traced and vaccinated.
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shown. The higher the proportion of contacts traced and vacci-
nated from the start, the lower the required vaccine doses. If only
70% of contacts are traced, the required vaccine doses are much
higher and the epidemic impact much greater than 80 or 90%
(Fig. 3).

Table 2 shows all numerical results for the different scenario
tested.

In conclusion, with a limited vaccine stockpile the most efficient
way to delivery vaccine doses during an epidemic will be ring vac-
cination, assuming a 45% efficacy when used as PEP, and at least
90% of contacts per case traced and vaccinated. If supply of vaccine
is adequate to cover the entire NSW population, mass vaccination
with a high efficacy vaccine and rapid uptake (at least 75,000 peo-
ple vaccinated per day) will be the only strategy able to achieve
herd immunity and prevent community transmission.
4. Discussion

We showed that herd immunity through vaccination is the only
means to prevent sustained community transmission and requires
mass vaccination of 66% of the population vaccinated with a vac-
cine of 90% efficacy against all infection. Vaccines of lower efficacy
require higher vaccination coverage, but a VE below 70% against all
infection may be inadequate for herd immunity. Mass vaccination
with a high efficacy vaccine represents the best strategy for eco-
nomic recovery, as herd immunity through effective vaccination
will provide the best prospect for lifting of societal restrictions.
Early results from Israel, which used the BNT162b2 mRNA vaccine
are very promising, showing efficacy of 92% against asymptomatic
infection, suggesting herd immunity is feasible [34]. Data from
Scotland on use of the ChAdOx1 nCoV-19 show reduction in hospi-
talization, but do not report on asymptomatic infection [49]. Elim-
ination cannot be achieved and sustained without vaccination [50].

We show that for a population of 7.5 million people, if faced
with an initial restriction in vaccine supply, sustained epidemic
control cannot be achieved by vaccination alone, and other non-
pharmaceutical interventions will need to continue to mitigate
the risk of outbreaks [2]. If COVID-19 vaccines have efficacy as
PEP, contact tracing and ring vaccination is the best way to achieve
epidemic control, but the majority of the population will remain
non-immune and susceptible to outbreaks. Recurrent breaches in
hotel quarantine [51] and associated with cruise ships have
Table 2
Total cases and deaths for targeted and mass vaccination scenarios, and total cases,
deaths and vaccination used for ring vaccination scenarios.

Targeted vaccination: age groups Total cases Total
deaths

1) 10–29 2,536,040 56,708
2) 65+ 3,415,521 45,379
3) HCWs + 10–29 2,554,442 58,409

Mass vaccination: people vaccinated per day
(total 5,250,000 doses, 70% coverage)

Total cases Total
deaths

50,000 407,198 6,845
75,000 108,233 1,766
100,000 46,073 752
125,000 26,197 431
300,000 5,507 100

Contacts
traced/vaccinated

Total doses used Total cases Total
deaths

70% 2,494,500 1,194,140 15,850
80% 1,849,300 736,254 8,608
90% 794,720 266,164 2,707
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resulted in community transmission, and without herd immunity,
this risk will continue and will hamper economic recovery [52].

During the period of initial restricted supply, health and aged
care workers should be the highest priority, as protecting health
workers and other first responders is essential for health system
resilience in a pandemic. During a large second wave in the state
of Victoria, over 3500 health and aged care workers became
infected [53], and we demonstrated ongoing risk to health workers,
even during periods of low community incidence [48]. After vacci-
nating health and aged care workers, the evidence supports vacci-
nation of older adults. Age is the strongest predictor of morbidity
and mortality, far more than any chronic disease [54], so protecting
older adults will prevent the most deaths from COVID-19. Includ-
ing younger people in the prioritisation group can reduce transmis-
sion and the overall infection rates, although this benefit is negated
by the higher mortality rates in older people. Those findings are
supported from a preprint study, which explored the most effective
age-group to prioritize for vaccination in order to reduce morbidity
and mortality from Covid-19 [55].

If COVID-19 vaccines are effective as PEP, this will be the best
approach for epidemic control using a limited vaccine supply and
requires capacity for high levels of contact tracing. If community
transmission of COVID-19 remains low, complete contact tracing
and ring vaccination will be a highly cost-effective, dose-sparing
strategy. Whilst there are no data yet on the efficacy of COVID-
19 vaccines as PEP, we showed that if a 50% reduction of efficacy
is seen with these vaccines, that ring vaccination can be an effec-
tive strategy, and may be a better use of a restricted supply ini-
tially, if rates of contact tracing are high. Many vaccines have
efficacy as post-exposure prophylaxis in outbreak settings, includ-
ing measles, hepatitis A, varicella zoster and smallpox, with an effi-
cacy of 50–90% of that for primary prevention [20]. This is a
research gap for COVID-19 vaccines, which needs to be addressed.
If a high (>80%) percentage of contacts cannot be traced (such as
when an epidemic is very large and the scale of contact tracing is
unmanageable, as occurred in the second wave in the State of Vic-
toria [56], mass vaccination becomes more urgent.

We showed that for mass vaccination, a slow trickle approach
will leave us living with COVID-19 longer with all the associated
societal and economic implications - rapid speed of vaccination
will be the best strategy to reduce morbidity and mortality. The
logistics of rapid delivery is key, and we show that slower uptake
will result in more cases and deaths and a longer epidemic risk.
Rapid vaccine uptake requires concerted planning for vaccination
infrastructure, including training more accredited vaccinators,
planning mass vaccination clinics, and testing the capacity to deli-
ver 300,000 or more vaccine doses a day, which provides the best
outcomes. We assumed in the base case scenario for mass vaccina-
tion that the health system will be able to deliver 125,000 doses
per day, which is similar to the distribution capacity estimated in
Victoria of about 117,000 doses per day [44]. We showed that
the speed of Covid-19 vaccine uptake is critical to rapid epidemic
control, however the logistics of vaccine distribution is complex
[57], particularly for a country such Australia, where an estimated
29% of the population lives in rural and remote areas [58]. There-
fore, development of detailed logistical plans and tools to support
increased capacity to vaccinate, as well as effective vaccine trans-
port, storage, and continuous cold-chain monitoring is required.

No country has attempted mass vaccination since the eradica-
tion of smallpox. Currently in Australia, vaccination is delivered
mainly in primary care. Under the National Immunisation Program
about 5 million doses are delivered across the country each year in
the infant, adolescent and adult vaccination programs. Mass vacci-
nation requires this to be scaled up by five times. Nurse vaccinators
can add to the primary care capacity of general practitioners but
require accredited training to be able to vaccinate. In addition,
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pharmacists can vaccinate for influenza in Australia and may be an
additional source of accredited vaccinators but giving a new vac-
cine with uncertain safety profile for rare adverse events would
be best done in general practice or in public vaccination clinics
staffed by medical and nursing personnel. Modelling of GP capacity
to rapidly vaccinate 70–80% of the population, and the impact on
other medical care, is needed, and logistic support and resourcing
for GPS to expand their capacity to achieve this will be required.
This includes cold chain infrastructure for vaccines that require
deep freezing [12]. Decisions need to be made on public vaccina-
tion clinics, staffing, training of more nurse vaccinators and other
measures to increase vaccination capacity.

Australia does not have a goal of herd immunity through mass
vaccination at this stage, which means uptake will not likely be
adequate for herd immunity. A vaccine with 90% VE requires 66%
coverage, which is feasible, even without children being vacci-
nated. At this stage, because of lack of phase three clinical trial data
in children, initial vaccine roll out will be restricted to adults, who
comprise 80% of the population. This also makes age-based tar-
geted vaccination only feasible for older adults. However, adult
vaccination is more challenging than infant vaccination, as adults
are a mobile population – for people over 65 years, about 70%
receive influenza vaccine annually. [59] Achieving whole-of-life
vaccination rates above 70% may be challenging, and impossible
while COVID-19 vaccines remain unlicensed in children, who com-
prise 20% of the population. This is another impetus for choosing a
vaccine with at least 90% VE, as the required coverage for herd
immunity (66%) is far more feasible, even if children are not
vaccinated.

Vaccine hesitancy may also affect the ability to achieve rapid,
high uptake and must also be addressed well in advance of vacci-
nation programs to ensure that programmatic competency to
achieve high uptake rapidly will not be met by unexpected social
or behavioral obstacles. Australia has very high rates of vaccination
for National Immunization Program vaccines [47], especially with
the use of financial disincentives, and has a more accepting culture
of public health interventions, so large scale vaccine refusal is not
expected. We also identified that vaccine hesitancy about COVID-
19 vaccines mostly does not reflect fixed objection to vaccination,
and that there is scope and need for health promotion and positive
messaging to ensure high vaccine uptake [60].

The main limitation of this study is the uncertainty of the
parameters used and the assumptions. The model assumes that
symptomatic and asymptomatic infected people have the same
infectiousness, based on several published studies that show the
proportion of asymptomatic cases and the same viral load in both
types of infection [27–29]. If symptomatic infection is more trans-
missible, our model may overestimate the impact of a COVID-19
outbreak. However, symptomatic people may reduce their contacts
with others, while asymptomatic people will continue with normal
behaviors, which may result in similar rates of transmission. We
used a contact matrix estimated for Australia, based on pre-
COVID mixing patterns, however reduced contacts are considered
in the model when people are latent or traced. As this study
focuses on the relative differences between vaccine scenarios in
an unmitigated epidemic, we did not consider social distancing
or lockdown. Further the exact performance and characteristics
of the different vaccines vary and there no data as yet around vac-
cines as PEP. The ability of vaccines to prevent transmission (by
preventing any infection, symptomatic or asymptomatic) is uncer-
tain, but data from Israel, which conducted a rapid mass vaccina-
tion campaign using the Pfizer vaccine, do show a reduction in
transmission [61].

In conclusion, restricted vaccine supply can protect first respon-
ders but will not have an impact on epidemic control, unless the
vaccine has some efficacy as PEP. If vaccines are effective as PEP,
2512
then vaccinating health workers and ring vaccination would be
the preferred use of a restricted supply. This remains a gap in
research, and we recommend that clinical trials urgently be con-
ducted to study the efficacy of COVID-19 vaccines as PEP given
to close contacts of cases. When vaccine supply is available for
mass vaccination, the quicker a high uptake can be achieved, the
greater the impact on epidemic control, morbidity, and mortality,
but herd immunity cannot be achieved with vaccines of less than
60% efficacy. The VE of the ChAdOx1 nCoV-19 vaccine, the largest
component of the Australian planned stockpile, is less than 40%
against any laboratory confirmed infection (symptomatic or
asymptomatic) based on interim analysis. [10] The use of high effi-
cacy vaccines provides the only prospect of achieving herd immu-
nity against SARS-COV-2, and such vaccines should be procured if
herd immunity is a goal. There are no data on serial dosing with
two different vaccines, which is a possible scenario if Australia
starts with a lower efficacy vaccine. This is another reason to
ensure adequate supply of high efficacy vaccines. The logistics of
mass vaccination, including cold chain, delivery, capacity to vacci-
nate and addressing vaccine hesitancy should be a high priority for
planning and resourcing.
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