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Abstract

Background: In countries with high COVID-19 vaccination rates the SARS-CoV-2 Delta variant resulted in rapidly
increasing case numbers. This study evaluated the use of non-pharmaceutical interventions (NPIs) coupled with
alternative vaccination strategies to determine feasible Delta mitigation strategies for Australia. We aimed to
understand the potential effectiveness of high vaccine coverage levels together with NPI physical distancing
activation and to establish the benefit of adding children and adolescents to the vaccination program. Border
closure limited SARS-CoV-2 transmission in Australia; however, slow vaccination uptake resulted in Delta outbreaks
in the two largest cities and may continue as international travel increases.

Methods: An agent-based model was used to evaluate the potential reduction in the COVID-19 health burden
resulting from alternative vaccination strategies. We assumed immunity was derived from vaccination with the
BNT162b2 Pfizer BioNTech vaccine. Two age-specific vaccination strategies were evaluated, ages 5 and above, and
12 and above, and the health burden determined under alternative vaccine coverages, with/without activation of
NPIs. Age-specific infections generated by the model, together with recent UK data, permitted reductions in the
health burden to be quantified.

Results: Cases, hospitalisations and deaths are shown to reduce by (i) increasing coverage to include children aged
5 to 11 years, (ii) activating moderate NPI measures and/or (iii) increasing coverage levels above 80%. At 80%
coverage, vaccinating ages 12 and above without NPIs is predicted to result in 1095 additional hospitalisations per
million population; adding ages 5 and above reduces this to 996 per million population. Activating moderate NPIs
reduces hospitalisations to 611 for ages 12 and over, and 382 per million for ages 5 and above. Alternatively,
increasing coverage to 90% for those aged 12 and above is estimated to reduce hospitalisations to 616. Combining
all three measures is shown to reduce cases to 158, hospitalisations to 1 and deaths to zero, per million population.

Conclusions: Delta variant outbreaks may be managed by vaccine coverage rates higher than 80% and activation
of moderate NPI measures, preventing healthcare facilities from being overwhelmed. If 90% coverage cannot be
achieved, including young children and adolescents in the vaccination program coupled with activation of
moderate NPIs appears necessary to suppress future COVID-19 Delta-like transmission and prevent intensive care
unit surge capacity from being exceeded.
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Background
By May 2021 countries which had vaccinated significant
proportions of their population, such as Israel, the UK
and the USA, saw significant reductions in daily diag-
nosed SARS-CoV-2 case numbers [1]. From June 2021
onwards, the more transmissible B1.617.2 Delta variant
became dominant worldwide, even in countries with
high vaccination rates [2]. Given the rapid rise in Delta
case numbers, the addition of children to COVID-19
vaccination schedules is under discussion by health au-
thorities. Our model-based study aimed at understand-
ing how expanding vaccination to younger age groups
may reduce and contain this increase in case numbers,
and consequential pressure on healthcare systems.
Mathematical modelling has been used successfully to

inform vaccination policy, providing evidence on effect-
iveness of alternative vaccination strategies, such as the
benefit of increasing influenza vaccination in children [3,
4]. We evaluated the similar role childhood vaccination
may have in a COVID-19 Delta context and determined
vaccine coverage levels needed to reduce and prevent
growth in case numbers, with and without reintroduc-
tion of strict social distancing measures, as occurred in
Australia in 2020 and 2021 [5].

Methods
An individual-based model capturing the demographics
and movement patterns of individuals within the Austra-
lian city of Newcastle (population ~273,000), together
with SARS-CoV-2 virus transmission data from Wuhan,
China, prior to social distancing activation [6], was pre-
viously developed. That model was used to analyse ef-
fectiveness of non-pharmaceutical social distancing
interventions, varying their stringency, timing, and dur-
ation [7, 8]. The rationale for using a high-resolution
agent/individual type model is its ability to determine
the ages of those infected, with and without particular
interventions activated. This permits estimation of inher-
ently age-specific reductions in health burden outcomes,
i.e. cases, hospitalisations, and deaths, resulting from ac-
tivation of particular mitigation strategies.

Transmission probability and reproduction number
Transmission between infectious and susceptible pairs of
individuals in the model is stochastic, and a probabilistic
transmission parameter governs the likelihood of an in-
fectious individual transmitting the SARS-CoV-2 virus
to a susceptible individual. The specific transmission
parameter which produces a given population-wide basic

reproduction number was obtained experimentally. This
was achieved by first setting the probability of transmis-
sion between infectious and susceptible pairs of individ-
uals to a specific probability, the pairwise transmission
coefficient. Then a single random individual in the
model was infected, with all other individuals in a sus-
ceptible state. The model software is then run and the
number of secondary infections which occur are logged,
and the process repeated multiple times to overcome
stochastic uncertainty. The resulting secondary infection
distribution provided the mean population-wide basic
reproduction number resulting from a given transmis-
sion coefficient setting. This process was conducted re-
peatedly after adjusting the transmission parameter up
or down, until the target basic reproduction R0 of 6.0
(95% CI [5.8, 6.2]) was obtained.

Age-specific population demographics
Census data was used to capture the age-specific demo-
graphics of every individual in each household in the
modelled community, assigning adults to workplaces,
and children to age-specific classes [9–12]. Individual-
based model technology captures the dynamics of the
time-changing mobility and contact patterns of individ-
uals, and the dynamics of virus transmission occurring
between pairs of infectious and susceptible individuals.
Transmission occurs when such pairs come into contact
at two time points each day, to reflect occurrence of
transmission in places of residence, i.e. households, on
the one hand, and outside the home due to contact oc-
curring in places of employment, schools, and in the
wider community, on the other. Model development in-
volved assigning individuals in one of 10 age classes to
specific households in a given geographic area, to match
Australian census data for the city of Newcastle. Chil-
dren were allocated to age-specific classes in neighbour-
ing schools, and adults to workplaces, again using
census and other government datasets. Movement of in-
dividuals between these contact locales, and in the wider
community, is modelled by explicitly moving their loca-
tion out-with their household during a daytime phase
and then having them return to their household in an
evening phase.

Health burden outcomes
The model captures the age of each modelled individual
in one of 10 age bands, allowing age-specific health out-
comes to be determined following infection [13]. Model
outputs capture the infection history of all individuals in
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the community, representing where and when infections
occur. The modelling analyses quantified infection and
case reductions arising from increased vaccination
coverage, and thus, the reduction in hospitalisations and
deaths.
For the purposes of estimating hospitalisations and

deaths, infection data generated by the model was trans-
lated into cases using a 2:1 ratio, a proportion chosen to
reflect estimated infection/case ratios in Australia in
2021 [14]. Hospitalisations and deaths were derived from
case data using United Kingdom (UK) Delta variant
health burden datasets [15, 16]. Application of UK data
was necessary given the much larger SARS-CoV-2 Delta
infection rate in the UK compared to Australia and is
appropriate given similar population demographics and
health systems in Australia and the UK. We used the
large UK COVID-19 health burden datasets from June
15, 2021, to August 27, 2021, when (effectively) all
SARS-CoV-2 transmission was due to the Delta variant
[15]. The derived age-specific case/hospitalisation and
case/fatality ratios are given in Additional file 1: Table
S1.
The agent-based model represents the ages of each of

the 273,407 persons in the modelled community (New-
castle, Australia) in one of 10 age bands, collected in the
Australian census and accessed from the Australian Bur-
eau of Statistics [9, 10]. Age-specific UK COVID-19

Delta variant health burden data was used to establish
age-specific case/hospitalisation and case/mortality ratios
and then used to assign age-specific health burden out-
comes to each of the individuals infected within the
model. These ratios are detailed in Additional File 1:
Table S1. All health burden outcomes were scaled up to
a population size of 1 million, allowing results to be
readily translated to population centres of different sizes.

Vaccination
We modelled the BNT162b2 Pfizer vaccine with as-
sumed protection against Delta infection of 88%. This
percentage of individuals is assumed to remain immune
for a period of at least 6 months, without immunity
waning [17]. The Pfizer vaccine affords protection
against symptomatic disease by the Delta variant lower
than for the Wuhan strain [7] and the B.1.1.7 (Alpha)
variant, reducing from 93% (Alpha) to 88% (Delta) [17].
In the absence of further evidence, we assumed protec-
tion against infection to be the same as protection
against disease. In the model the effect of vaccination is
captured at the individual level, where a certain percent-
age of fully vaccinated individuals “move” from a suscep-
tible state to an immune state. The percentage of
individuals moving to an immune state thus reflects vac-
cine efficacy. Further model parameters are presented in
Table 1.

Table 1 UWA COVID-19 model parameter settings. Where applicable, the data source is referenced after the value. Estimated values
in the absence of applicable studies are described in the text

Model population 273,407. 2011 census data for Newcastle and Lake Macquarie East, NSW.

Assumed delta variant basic reproductive number 6.0 (95% CI [5.8, 6.2]) [2]

Time from infection to symptoms 5 days [18]

Time from infection to infectious 3 days [18]

Time from infection to recovery 9 days (4 days of symptoms, 6 days being infectious) [18]

Child (<12 years) susceptibility Same as adults and adolescents

Child (<12 years) transmissibility 50% of adults

Adolescent (12–17 years) transmissibility Same as adults

Probability of asymptomatic infections 35% [19]

Probability of asymptomatic transmission 55% of symptomatic transmission [20]

Probability of symptomatic infection isolation 33%

Home isolation of diagnosed cases 7 days

Seeded infections On average 1 infection every 4 days for 30 days

BNT162b2 Pfizer vaccine Efficacy: 88% (against infection and transmission)

Trigger for NPIs 1 diagnosed case in a single day

Moderate NPIs School closures: 0%
Workplace non-attendance: 20%
Community contact reduction: 60%

Strict NPIs School closures: 100%
Workplace non-attendance: 50%
Community contact reduction: 80%

Overall hospitalisation/ICU ratio 5:1 [21]
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The effectiveness of a particular vaccination strategy
was determined by running model software after adjust-
ing vaccination settings for alternative coverage levels
and ages vaccinated. Seeding infectious individuals into
the model initiated a COVID-19 Delta outbreak in a
COVID-19 naive population that had been vaccinated to
a given coverage level [8]. Thus, a Delta variant outbreak
was assumed to occur after all vaccinations had been
completed and was modelled by the short-term seeding
of infectious individuals into randomly selected house-
holds. This introduction of infectious individuals into
the modelled population occurred at the rate of a single
infection every 4 days for 30 days, equivalent to 4 infec-
tions seeded in a population of 1 million every fourth
day.
The study assumed an Australian setting with ef-

fectively no immunity resulting from infection, due to
early international border closures and adoption of a
SARS-CoV-2 elimination policy. We thus assume all
immunity effects are attained as the result of vaccin-
ation, rather than immunity derived from infection.
Australia adopted an age-specific vaccination strategy
in March 2021 due to limited supplies of mRNA vac-
cines, with those aged 60 year and over vaccinated
with the AstraZeneca vaccine, manufactured locally,
with all younger age groups vaccinated with the Pfizer
vaccine. Our study assumed a modified vaccination
strategy by using the Pfizer mRNA vaccine to boost
the immune response of those previously vaccinated
with the AstraZeneca vaccine, necessary due to its
lower efficacy against the Delta variant [17, 22–24].
This approach allowed us to simplify the modelled
scenarios by assuming all vaccinated individuals had
either a second or third dose of the Pfizer vaccine,
and thus, the same protective effect following their
most recent vaccination. From October 2021 Australia
introduced the Pfizer vaccine to boost immunity
levels for those vaccinated 6 months previously with
either the Astra Zeneca or Pfizer vaccines.
We assumed that two doses of the Pfizer vaccine gave

protection against Delta infection of 88%. Protection
against poor health outcomes in those vaccinated and
having breakthrough infections was implicitly included
by using recent UK Delta variant data [15] to give age-
specific case/hospitalisation and case/mortality ratios, as
in Additional file 1: Table S1.

Parameter settings
Model parameter settings listed in Table 1 were based
on values from published studies where possible. Due to
the discrete nature of the model parameters, where
source data are presented as a probability distribution ei-
ther the mode or a truncated range was used. In the ab-
sence of data relevant to the Delta variant, we have

made the following assumptions. Child and adolescent
susceptibility is taken to be the same as adults, based on
the high levels of cases in these age groups observed in
the UK [15]. Child transmissibility is assumed to be 50%
that of adults due to the reduced level of symptoms ob-
served in this age group [25]. The probability of a symp-
tomatic case isolating is hard to estimate, varying greatly
according to severity of symptoms, and testing and
home isolation compliance. A value of 33% was chosen
to reflect a high proportion of cases with mild symptoms
and a moderate/low level of testing and isolation compli-
ance. In practice, it was observed that adjusting this
value had little effect on the results, most likely due to a
large proportion of transmission occurring in the pre-
symptomatic period [20]. Home isolation of diagnosed
cases was set at 7 days to conservatively cover the infec-
tious period following symptom onset. Further details of
the model are presented in Additional file 1.
The median value of 100 simulations is presented in

the following “Results” section. Multiple simulations are
necessary given the inherent stochasticity of person-to-
person virus transmission and in the infection seeding
procedure. Confidence intervals were found to be nar-
row. To aid clarity, confidence intervals are not pre-
sented in the following tables and are provided alongside
the results data in Additional file 1.
Results are presented for vaccination scenarios under

alternative vaccine coverages, varied from 70 to 90% in
individuals in two age categories: 5 and above, and ages
12 and above. We also consider activating moderate
physical distancing, non-pharmaceutical (NPI) measures
when Delta cases first appear in a community. These
correspond to the Stage 3 measures adopted by the State
of Victoria, Australia, in 2020 and 2021, estimated as
20% workplace non-attendance and 60% community
contact reduction [8], altered to include schools
remaining open. This is termed moderate NPIs in Table
1. Strict NPIs in Table 1 correspond to Victoria’s Stage 4
lockdown measures.

Results
An overview of the results is presented in Table 2, allow-
ing the effectiveness of alternative vaccination strategies
to be compared, with and without concomitant non-
pharmaceutical interventions (NPIs). These data suggest
that increasing childhood vaccinations to include ages 5
to 11, in addition to adolescents aged 12 and above,
gives a further substantial reduction in cases, hospitalisa-
tions and deaths. The rapid activation of strict physical
distancing NPIs involving substantial economic, educa-
tional and societal disruption with schools closed (as de-
fined in Table 1) is shown in Table 2 to substantially
reduce the disease burden of highly transmissible
COVID-19 variants such as Delta, R0=6.0. The use of
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moderate, less economically disruptive NPIs with
schools remaining open, can be seen to be effective in
reducing the health burden when compared to relying
on vaccination alone, i.e. without activation of NPI mea-
sures. This is particularly evident at the highest vaccine
coverage levels considered, 90%.
Predicted case data illustrated by epidemic curves in

Fig. 1 indicate that altering vaccination policy to include
ages 5 to 11, in addition to adolescents aged 12 and
above, is significant in terms of reducing daily case num-
ber growth and consequential pressure on healthcare re-
sources. Reduction in estimated hospitalisation numbers
achieved by alternative mitigation strategies is presented
in Table 4.
In the absence of physical distancing measures (Fig.

1A, C), a vaccination strategy which includes children
aged 5 and above is estimated to reduce the peak in daily
case numbers by approximately 2000 per 1 million
population, for coverage levels of 70% and 80%. At 80%
coverage, a peak of ~6000 cases per million with vaccin-
ation of years 12 and above is predicted to reduce to a

maximum of ~4000 per million per day if vaccinating
ages 5 and above are added to the vaccination program.
At 90% coverage, the benefit of including younger chil-
dren is more pronounced, reducing the peak in cases by
over half, from ~3000 to ~1000 per million population.
With the addition of moderate physical distancing mea-
sures, which involve schools remaining open, Fig. 1B, D
further highlights the benefit of vaccinating these youn-
ger age groups.
Data in Table 2 show that at a coverage level of 80%

in those aged 12 and above, the total number of cases in
a population of 1 million is estimated to reduce from
~164,000 to ~130,000 without NPI measures activated,
and from 112,000 to 58,000 with moderate lockdown ac-
tivated, when vaccinating children aged 5 and over is in-
cluded, per million population. These data illustrate the
reduction in the COVID-19 health burden, i.e. of cases
and hospitalisations, and thus, reduction in excess health
system demand due to COVID-19. At 80% coverage,
hospitalisations and deaths are predicted to reduce
slightly without moderate physical distancing measures.

Table 2 Total cases, hospitalisations and deaths per 1,000,000 population. Transmission calibrated to R0 of 6.0. Vaccine efficacy of
88% assumed for all ages. Median value of 100 simulations presented. Colours are linearly distributed according to the value along a
minimum (green)/median (yellow)/maximum (red) scale
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With moderate measures added, hospitalisations are
seen to reduce from 611 to 382 per million, while deaths
are predicted to reduce from 77 to 49 per million popu-
lation. Data in Additional file 1: Tables S2, S3, and S4
present the percentage reduction in cases, hospitalisa-
tions and deaths estimated to occur when ages 5 and 11
years are added to the vaccination program, when mod-
erate NPIs are activated, and when coverage levels are
higher than 70%.
As seen in Table 2, at 80% vaccine coverage of ages 12

and above without moderate NPIs, two strategies may be
adopted to reduce the health burden further: activating
moderate NPIs or increasing vaccine coverage. Activating
moderate physical distancing measures is shown to reduce
hospitalisations to 611 per million. Alternatively, increas-
ing coverage to 90% results in a reduction to 616 hospitali-
sations per million. Thus, activating moderate NPIs is
seen to give a similar reduction in hospitalisations as in-
creasing coverage of ages 12 and above to 90%.
Tables 3, 4 and 5 present the reduction in the

COVID-19 health burden by age group bands. Cases,
hospitalisations and deaths are estimated to reduce by (i)
increasing vaccine coverage to include children aged 5
to 11 years, (ii) activating moderate physical distancing
measures and/or (iii) increasing coverage levels above
80%. To reduce pressure on health systems, hospitalisa-
tion rates may be reduced by combining all or some of

these 3 strategies. Tables S2, S3 and S4 in Additional file
1 present the percentage reduction in health burden
metrics achieved by the above strategies. Tables S5, S6
and S7 in Additional file 1 present the same data with
associated confidence intervals.
At 80% coverage, vaccinating ages 12 plus without

NPIs is predicted to result in 1095 hospitalisations per
million population, adding ages 5 plus reduces this to
996 per million, see Table 4. If moderate NPIs are ap-
plied at 80% coverage of ages 5 and above, case numbers
are predicted to reduce by ~50 to 58,322; hospitalisa-
tions to reduce by ~50 to 382; and deaths reduce from
151 to 49, all per million population. Combining all
three measures; viz. vaccination children aged 5 to 11,
activating moderate NPIs and reaching 90% coverage, is
shown in Tables 2, 3, 4 and 5 to reduce total cases to
158, hospitalisations to 1 and deaths to zero, per million
of the population.

Healthcare demand
A key aim of COVID-19 mitigation is to lessen the mor-
tality rate, and the demand on the healthcare system.
With hospital bed resources occupied by COVID-19 pa-
tients there are significant effects more generally, nega-
tively impacting access to healthcare for medical
conditions other than those associated with COVID-19.

Fig. 1 Daily cases per million for alternative vaccine coverage levels, with and without moderate NPIs. Vaccine with 88% efficacy assumed for all
ages. R0 =6.0. Median value of 100 simulations presented, with 10th and 90th percentile as shaded areas
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Excess hospital demand, as illustrated in Fig. 2, was
estimated using a rolling 2-week sum of daily hospita-
lisations, with average duration taken from 2021 UK
Delta variant data sources [26]. Peak intensive care
unit (ICU) bed demand was determined using Austra-
lian hospitalisation and ICU data from September and
October 2021, when all COVID-19 hospitalisations
were due to the Delta variant, giving a 5:1 ratio of
total COVID-19 hospitalisations to ICU bed occu-
pancy [21].
From Fig. 2, and in the absence of further inter-

ventions, 80% vaccination coverage of ages 12 and
above are estimated to result in daily peak hospital
bed demand of ~500 beds per million, of which
~100 are ICU beds. Adding moderate NPI measures
is estimated to reduce hospital demand to ~150 beds
per million, of which ~30 relate to ICU admissions.

With the addition of ages 5–11 to the vaccination
program, and 80% coverage, we estimate ~400 beds
per million without NPIs, of which ~80 are ICU
beds. This reduces to ~50 beds per million with
moderate NPI measures added, of which ~10 are re-
quired in ICU.
At 90% vaccine coverage of ages 12 and above, and

without activation of moderate NPIs, hospital demand is
estimated to peak at ~200 per million, of which ~40
would be in ICU. Vaccinating ages 5 to 11 years in
addition reduces peak hospitalisations by half, to ~100
of which ~20 would be admitted to ICU. If moderate
NPIs are applied, peak hospitalisation demand at 90%
coverage of ages 12 and above is estimated at ~50 per
million, with ~12 of these in ICU. If ages 5 to 11 are also
vaccinated, Fig. 2D indicates that excess hospital de-
mand approaches zero.

Table 4 Hospitalisations per million for increasing vaccination coverage levels (ages 12 and up, and 5 and up), with and without
moderate NPIs. Vaccine with 88% efficacy assumed for all ages. R0 of=6.0. Median value of 100 simulations presented

Hospitalisations Total 0–12 years 13–24 years 25–44 years 45–64 years 65–79 years 80 years+

No NPIs 70% 12+ 1585 65 46 298 426 355 394

70% 5+ 1522 39 46 291 417 346 383

80% 12+ 1095 62 33 213 295 234 259

80% 5+ 996 32 31 199 279 217 238

90% 12+ 616 57 18 125 163 121 132

90% 5+ 440 20 15 94 125 89 97

Moderate NPIs 70% 12+ 1073 58 38 240 319 206 213

70% 5+ 940 30 35 213 290 183 189

80% 12+ 611 50 22 143 179 106 110

80% 5+ 382 17 15 93 121 68 68

90% 12+ 260 41 8 63 70 39 39

90% 5+ 1 0 0 0 0 0 0

Table 3 Cases per million for increasing vaccination coverage levels (ages 12 and up, and 5 and up), with and without moderate
NPIs. Vaccine with 88% efficacy assumed for all ages. R0 =6.0. Median value of 100 simulations presented

Cases Total 0–12 years 13–24 years 25–44 years 45–64 years 65–79 years 80y+

No NPIs 70% 12+ 212,676 67,404 29,831 46,467 43,853 17,480 7589

70% 5+ 184,781 42,533 29,487 45,412 42,966 17,026 7372

80% 12+ 164,123 63,021 21,026 33,165 30,391 11,514 4985

80% 5+ 130,063 34,751 20,252 31,058 28,707 10,694 4583

90% 12+ 114,306 57,750 11,773 19,413 16,791 5962 2547

90% 5+ 65,119 21,972 9401 14,585 12,881 4381 1869

Moderate NPIs 70% 12+ 167,682 58,849 24,250 37,429 32,826 10,116 4107

70% 5+ 129,998 31,373 22,789 33,274 29,880 8992 3632

80% 12+ 112,083 49,915 13,918 22,350 18,474 5233 2114

80% 5+ 58,322 16,791 9973 14,465 12,422 3356 1319

90% 12+ 64,646 39,580 5361 9813 7200 1906 759

90% 5+ 158 50 18 35 28 8 2
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ICU demand
The ability of countries to manage surges in cases due to
highly transmissible variants is highly dependent on in-
tensive care unit (ICU) capacity, rather than general
ward capacity. A survey conducted by the Australian
and New Zealand Intensive Care Society from 30th Au-
gust to September 9, 2021, provides data on additional
ICU bed and staff resources in Australian ICUs which

will permit capacity to increase in response to increased
pandemic demand [27]. Using ICU data from this sur-
vey, we further analysed the response scenarios detailed
in Fig. 2 to determine which mitigation strategies pre-
vent ICU facilities from being overwhelmed following a
surge in COVID-19 cases.
The following ICU survey data are pertinent: Austra-

lia’s maximum ICU bed capacity of 5625 includes 2183

Fig. 2 Two-week sum of hospitalisations per million population illustrating peak hospital demand for alternative vaccine coverage levels, with
and without moderate NPIs. Median value of 100 simulations presented with 10th and 90th percentile shaded. Hospitalisations include
admissions to general wards, high-dependency units and ICUs

Table 5 Deaths per million for increasing vaccination coverage levels (ages 12 and up, and 5 and up), with and without moderate
NPIs. Vaccine with 88% efficacy assumed for all ages. R0 of=6.0. Median value of 100 simulations presented

Deaths Total 0–12 years 13–24 years 25–44 years 45–64 years 65–79 years 80 years+

No NPIs 70% 12+ 245 0 1 4 42 76 121

70% 5+ 238 0 1 4 42 74 117

80% 12+ 163 0 1 3 29 50 79

80% 5+ 151 0 1 3 28 47 73

90% 12+ 85 0 0 2 16 26 40

90% 5+ 63 0 0 1 12 19 30

Moderate NPIs 70% 12+ 146 0 1 4 32 44 65

70% 5+ 130 0 1 3 29 39 58

80% 12+ 77 0 0 2 18 23 34

80% 5+ 49 0 0 1 12 15 21

90% 12+ 29 0 0 1 7 8 12

90% 5+ 0 0 0 0 0 0 0
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currently staffed beds, 813 additional physical ICU beds,
and 2627 in surge areas outside ICUs; however, available
nursing staff would only permit 383 additional ICU beds
to open at pre-pandemic staffing levels [27]. Scaling the
previous estimates of ICU bed demand at both 80% and
90% vaccine coverage levels to the total Australian popu-
lation (~25.75 million), we determined the mitigation
strategies which held excess ICU bed demand below the
383 fully staffed bed threshold.
At 80% vaccination coverage the only effective mitiga-

tion strategy to keep ICU demand below this threshold
was to vaccinate ages 5 and above and to activate mod-
erate NPIs, requiring ~257 additional ICU beds. Vaccin-
ation at 80% coverage without the addition of moderate
NPI measures was found to significantly exceed excess
ICU capacity, requiring ~2575 additional beds when vac-
cinating ages 12 and above, and ~2060 when vaccinating
ages 5 and above.
At 90% vaccination coverage, vaccinating both age

groups with moderate NPIs activated is estimated to
keep excess ICU demand below the threshold, requiring
~309 additional ICU beds when vaccinating ages 12 and
above, and no additional ICU beds if vaccinating ages 5
and above. In the absence of moderate NPIs, and at 90%
coverage, vaccinating ages 12 and above is estimated to
require ~1030 additional ICU beds, and ~515 if, in
addition, ages 5 to 11 years are also vaccinated; both
vaccination strategies exceed the 383 available fully
staffed
Staff resources may permit ICU facilities to exceed

the 383 ICU bed threshold and open all 813 add-
itional available ICU beds to meet excess demand, at
least as a short-term response. With this increased
availability of ICU beds, vaccinating both age groups
at 80% coverage and above together with activation
of moderate NPIs, keeps ICU requirements below
this extended 813 ICU bed threshold. If moderate
NPIs are not activated, vaccinating 80% of both age
groups increases case and hospitalisation numbers
such that ICU demand significantly exceeds the ex-
tended ICU capacity; requiring ~2575 beds if vaccin-
ating ages 12 and above, and 2060 if vaccinating
ages 5 and above. At 90% coverage, and in the ab-
sence of moderate NPIs, vaccinating ages 5 and
above is estimated to reduce excess ICU bed demand
to ~515 beds, below the 813 extended bed threshold.
If vaccinating 90% of ages 12 and above without at-
tendant moderate NPIs activated, excess ICU bed de-
mand is estimated at ~1030 and thus exceeds the
extended threshold.

Discussion
In the context of a highly transmissible SARS-CoV-2
variant, this study conducted a comprehensive modelling

analysis of the population-wide effectiveness of a range
of alternative vaccination strategies. These involved
vaccination-only strategies, and those with attendant
physical distancing non-pharmaceutical measures, under
a range of vaccine coverage levels. The aim was to deter-
mine vaccination strategies which best mitigate the
spread of a highly transmissible SARS-CoV-2 variant
(i.e. B1.617.2 Delta), reduce the resulting COVID-19
health burden, and lessen pressure on healthcare
systems.
The use of an agent-based model (c.f. individual-based

model) permitted us to calculate the age-specific health
burden prevented under a wide range of mitigation set-
tings. The ages of those whose infections were prevented
under a given mitigation strategy was used to determine
the reduction in the inherently age-specific hospitalisa-
tion and mortality numbers, when coupled with known
case/hospitalisation and case/fatality data.

Health policy implications
Results from our study reinforce the message that at a
basic reproduction number of approximately 6.0, vaccin-
ation alone cannot control such highly transmissible var-
iants. Hence non-pharmaceutical measures are also
required to reduce transmission by reducing direct
person-to-person contact. This is in contrast to the situ-
ation with the COVID-19 Alpha variant (R0 = 2.9) where
significant indirect protection can be observed at 80%
vaccination coverage of ages 5 and above with no NPIs,
and 70% coverage of ages 12 years and above if moder-
ate NPIs are activated, see Additional file 1: Table S9.
Similarly, for an early estimate of Delta variant transmis-
sibility of R0 = 4.0, 90% vaccination coverage of ages 5
years and above without activation of NPIs, or 80%
coverage with moderate NPIs activated, are shown to re-
sult in significant indirect protection, see Additional file
1: Table S10.
Key findings of the study suggest that significant out-

breaks of SARS-CoV-2 Delta-type variants may continue
to occur unless vaccination reaches very high coverage
levels in adults, adolescents and school-age children.
Our study further suggests activation of physical distan-
cing NPI measures will still be required, even in popula-
tions with high vaccination levels, and activating such
measures will be required as soon as case numbers are
seen to increase. The addition of children aged 5 to 11
to the vaccination program was also found to be benefi-
cial. Combining all three measures; viz. vaccination chil-
dren aged 5 to 11, activating moderate NPIs, and
reaching 90% coverage, is shown to effectively halt trans-
mission of a Delta-like variant.
Results provide evidence that moderate lockdown

measures with schools remaining open may successfully
contain future high transmission variants under
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achievable coverage levels. They further highlight the
need to activate such measures as early as possible. We
determined that vaccinating adolescents and younger
children was critical, to both increase the pool of im-
mune individuals, and to mitigate transmission in an age
group implicated in high transmission of viruses by aero-
sol droplets, as is the case with influenza [4]. While
strict, hard lockdown measures are shown to arrest
SARS-CoV-2 spread, they are known to cause significant
societal and economic disruption, and negatively impact
on children’s education. However, moderate physical
distancing measures with schools remaining open, as
presented here, should be accepted by the public in con-
trast to more severe measures, and acceptable by health
authorities given their role in mitigating virus
transmission.

Reducing the health burden
At 80% vaccine coverage of ages 12 and above, activating
moderate NPIs is estimated to reduce hospitalisations to
a similar level as may be achieved by increasing coverage
of ages 12 and above to 90%. If this level of coverage
proves hard to achieve, then use of short-term moderate
NPI measures may be applied as a response to growing
case numbers. Conversely, if vaccination rates are at 90%
or over, activation of NPIs may not be required if the
resulting excess hospitalisations are manageable within a
particular health system. From an economics perspec-
tive, the cost of even moderate physical distancing mea-
sures may be significantly larger than increasing
vaccination rates by an additional 10% due to the shut-
down of hospitality and other workplaces. Future re-
search should aim to better understand such economic
trade-offs.
The study quantified COVID-19 vaccination targets

that may substantially reduce the growth in case num-
bers and resulting health burden, and which avoid the
need for damaging hard lockdown measures. Adding ad-
olescents to the vaccination schedule was found to be
crucial in achieving these targets, while the addition of
children ages 5 to 11 was also found to be highly effect-
ive in reducing the COVID-19 health burden. Vaccinat-
ing children and adolescents has key benefits; it
increases the overall population-wide coverage level, and
furthermore, it reduces transmission in an age group im-
plicated in high transmission of viruses by aerosol drop-
lets in school settings, e.g. influenza [4]. Allowing Delta
outbreaks to be successfully managed via a combination
of achievable coverage rates and moderate physical dis-
tancing measures, those that allow schools and many
workplaces to remain open, will minimise repeated and
enduring hard lockdown measures and resulting eco-
nomic, health and educational damage. Further research

is required to establish the costs and benefits of such
COVID-19 mitigation policies.

COVID-19 hospital demand
In the absence of physical distancing NPI measures, we
predict that even with a high 90% vaccine coverage in
those aged 12 and above, significant outbreaks of over
~550,000 cases in a population of 5 million is possible,
cities the size of Sydney and Melbourne, Australia, see
Additional file 1: Table S8. Furthermore, our modelling
suggests that ~3000 hospitalisations and over 400 deaths
may result in these large cities. At a lower 80% vaccin-
ation coverage, over 820,000 cases are estimated in the
absence of any physical distancing measures, approxi-
mately 16% of the population. At its peak we estimate
~30,000 new cases per day (extrapolating from Fig. 1)
which are estimated to result in a peak demand of
~2500 hospital beds, of which ~500 may be required in
ICU facilities, by extrapolation from Fig. 2.
The addition of moderate NPIs coupled with 80% vac-

cine coverage in ages 12 and above was found to reduce
cases to ~560,000 in a population of 5 million, ~11% of
the population. This level of vaccination would see peak
hospital bed demand at ~750 (from Fig. 2) with a total
of 385 deaths estimated, see Additional file 1: Table S8.
These estimated case, hospitalisation and death numbers
are similar to the reduction which may be achieved at
90% vaccine coverage in ages 12 and above without NPI
measures. These data suggest that attempts to mitigate
outbreaks of highly transmissible COVID-19 variants
without attendant social distancing measures will result
in significant numbers becoming infected, unless vaccine
coverage significantly greater than 80% can be achieved.
The inclusion of children aged 5 to 11 years is shown to
reduce the COVID-19 health burden, by increasing the
“pool” of immune individuals in the overall population
and reducing transmission in school settings. Vaccinat-
ing school age children and adolescents has the added
advantage that vaccination may be conducted efficiently
within schools, as occurs for other infectious diseases in
middle- and high-income countries.
From the perspective of managing the daily peak in

hospitalised COVID-19 cases, the study estimates that
moderate NPI measures may reduce COVID-19 hospital
demand from ~500 to ~150 at 80% coverage of ages 12
and above, and from ~200 to ~50 at 90% coverage, all
per million population. Of these hospitalisations, appli-
cation of moderate NPIs is estimated to reduce ICU bed
demand from ~100 beds to ~30 per million at 80%
coverage, and at 90% coverage giving a reduction from
~40 ICU beds without NPIs, to ~10 when moderate
NPIs are activated, all per million population. With the
addition of ages 5–11 to the vaccination program and at
90% coverage, we estimate ~20 ICU beds without NPIs,
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reducing to near zero ICU beds with moderate NPI mea-
sures added, all per million population.
A 2021 survey of all 193 ICU facilities in Australia in-

dicates that 2183 staffed ICU beds are currently avail-
able, with 813 additional surge capacity beds available
within ICU facilities [27]. As highlighted in that study,
availability of additional critical care staff resources re-
stricts this additional surge capacity to 383 staffed ICU
beds. The ability of Australia (population ~25.75 million)
to provide adequate patient care in ICU facilities during
future Delta-like surges will thus be dependent on high
vaccination rates and activation of NPIs. Given this
staffed ICU bed availability, mitigation measures are
needed to keep excess ICU demand to less than 16 per
million via activation of moderate NPI measures and/or
the inclusion of children aged 5 to 11 years in the vac-
cination program. If additional critical care staff were
available, a maximum of ~32 fully staffed ICU beds may
be provided for severe COVID-19 cases, per million
population. A minimum vaccination coverage of over
90% of ages 12 and above would be required to stay
within this limit. However, vaccinating children aged 5
to 11 years or activating moderate NPIs would reduce
pressure on this vaccination threshold.
At 80% vaccination coverage the only effective mitiga-

tion strategy found to keep ICU demand below the
current fully staffed additional ICU bed resource of 383
beds Australia-wide was to vaccinate ages 5 and above
and to activate moderate NPIs. At 90% vaccination
coverage, vaccinating both age groups with moderate
NPIs activated is estimated to keep excess ICU demand
below the currently available bed threshold.
If staffing resources were increased to allow use of

all 813 additional physical ICU beds at pre-pandemic
staffing levels this effectively doubles available ICU
surge capacity. In this situation, vaccinating either age
group at 80% coverage (or more) when coupled with
activation of moderate NPIs is estimated to keep ICU
requirements below this extended ICU bed threshold.
At 90% coverage and without moderate NPIs acti-
vated, vaccinating children aged 5 and to 11 in
addition to those aged 12 and above is found to be
necessary to reduce excess ICU bed below the 813
extended bed threshold.
These findings reinforce the importance of activating

non-pharmaceutical social distancing intervention mea-
sures as a means of preventing critical care hospital facil-
ities from being overwhelmed during a surge in COVID-
19 cases, even with high vaccination coverage levels.
Adoption of moderate NPIs is estimated to give a re-

duction of 40–70% of cases, hospitalisations and deaths
in the elderly for all vaccination coverage levels evalu-
ated. An exception is at 90% coverage of ages 5 and over,
where data suggests that transmission is effectively

eliminated. This older age cohort are at higher risk of
poor health outcomes following infection compared to
other age groups [28], thus use of even moderate NPIs
should permit a significant reduction in their hospitalisa-
tions and deaths.
Results provide evidence that moderate physical distan-

cing measures, which importantly allow schools to remain
open, can successfully contain future high transmission
variants under achievable vaccination coverage levels
above 80%. They further highlight the need to activate
such NPI measures as early as possible, as found in a prior
study [8]. Results are consistent with a study which found
that vaccine-only strategies were unlikely to achieve herd-
immunity in Australia, a study that evaluated vaccination
in the context of the less transmissible Alpha variant, with
an R0 of 2.9 [29]. A further study by the same authors
evaluated the current Delta outbreak in Sydney, Australia,
using a basic reproduction number of 5.97 [30]. That
study evaluated the progressive increase in vaccine cover-
age rates and also suggests the need for concomitant NPI
measures to be applied.
Findings from our study are based on a number of as-

sumptions, including the assumed transmission rate of
the Delta variant, vaccine effectiveness against infection,
and the rapid response of activating physical distancing
measures once case numbers are first seen to increase.
We have chosen to assume ongoing use of booster vacci-
nations and thus minimise the effect of waning vaccine
immunity. This simplified our analyses and allows the
benefit of higher vaccination coverage and attendant
NPIs to be directly compared, particularly given the lim-
ited data available for vaccine waning characteristics,
and whether they would be age specific.
Results from our model-based analyses may be scaled

to reflect populations in high-income countries with
demographics, economies and healthcare systems similar
to Australia. These would include many European coun-
tries, the USA, Canada, and parts of the Asia Pacific
region.

Future studies
Future research is required to analyse the impact of wan-
ing immunity, both from vaccination and infection, and
the timing of a regular booster vaccination regimen. Age-
specific estimates of health burden reduction arising from
alternative mitigation strategies, such as those presented,
may be applied in an economic analysis to determine the
relative cost-effectiveness of these alternatives. Thus, fu-
ture research will compare the costs and benefits of alter-
native vaccination strategies and application of attendant
non-pharmaceutical interventions. A further avenue of re-
search would be to evaluate differentially targeting add-
itional SARS-C0V-2 vaccines, particularly in settings with
limited vaccine supplies. For example, to determine
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thresholds of increased vaccination in children that lead
to substantial indirect protection in the elderly, those who
have a poorer immune response to vaccination, a feature
which has become apparent in this study.

Conclusions
This model-based study determined the effectiveness of a
range of vaccination strategies aimed at mitigating the im-
pact of highly transmissible SARS-CoV-2 variants. Given
the lack of indirect “herd immunity” protection with the
Delta variant, analyses indicate that very high vaccination
rates are required to directly protect individuals. Vaccin-
ation of school-age children and adolescents is found to
directly lessen the age-specific health burden resulting
from ongoing transmission of Delta-like variants, with this
inclusion helping protect the vulnerable elderly age co-
hort. While vaccinating adolescents directly increases the
“pool” of immune individuals in the population, adding
children aged 5 years to 11 years to the vaccination sched-
ule is also effective in reducing the health burden associ-
ated with COVID-19. Vaccinating this younger age group
was found to indirectly protect the more vulnerable age
groups. At 90% vaccination coverage and greater, includ-
ing vaccination of children was estimated to reduce hospi-
talisations and deaths in those aged 65 years and older by
approximately 25%. The activation of moderate non-
pharmaceutical interventions which allows schools to re-
main open is shown to further strengthen the effectiveness
of high vaccination rates, further reducing virus transmis-
sion and consequential hospitalisations and deaths.
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