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Modelling of optimal vaccination strategies in response to a bioterrorism associated 
smallpox outbreak
Valentina Costantino a, Mohana Kunasekarana, and Chandini Raina MacIntyrea,b

aBiosecurity Program, Kirby Institute, Faculty of Medicine, The University of New South Wales, Sydney, Australia; bCollege of Public Service and 
Community Solutions, Arizona State University, Arizona, USA

ABSTRACT
The reemergence of smallpox as a bioterrorism attack is now an increasing and legitimate concern. 
Advances in synthetic biology have now made it possible for the virus to be synthesized in a laboratory, 
with methods publicly available. Smallpox introduction into a susceptible population, with increased 
immunosuppression and an aging population, raises questions of how vaccination should be used in an 
epidemic situation when supply may be limited. We constructed three modified susceptible-latent- 
infectious-recovered (SEIR) models to simulate targeted, ring and mass vaccination in response to 
a smallpox outbreak in Sydney, Australia. We used age-specific distributions of susceptibility, infectivity, 
contact rates, and tested outputs under different assumptions. The number of doses needed of second- 
and third-generation vaccines are estimated, along with the total number of deaths at the end of the 
epidemic. We found a faster response is the key and ring vaccination of traced contacts is the most 
effective strategy and requires a smaller number of doses. However if public health authorities are unable 
to trace a high proportion of contacts, mass vaccination with at least 125,000 doses delivered per day is 
required. This study informs a better preparedness and response planning for vaccination in a case of 
a smallpox outbreak in a setting such as Sydney.
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Introduction

The eradication of smallpox in 1980 was a triumph of public 
health. The first-generation smallpox vaccines using vaccinia 
virus, such as DryVax, were used for the World Health 
Organization (WHO) eradication program.1 Mass vaccination 
was the primary strategy of choice during the era of endemic 
smallpox. However, when demand exceeded supply and 
achieving mass vaccination in India became a challenge, 
other more efficient vaccination approaches were considered. 
Ring vaccination, which combines surveillance and contain-
ment with vaccination of close contacts was the strategy used in 
the final phases of eradication.2

The reemergence of smallpox as a bioterrorism attack is now 
an increasing and legitimate concern. Advances in synthetic 
biology have now made it possible for the virus to be synthesized 
in a laboratory,3 with methods publicly available.4 By 1980 first- 
generation smallpox vaccines ceased to be produced, and 
research subsequently began on second-generation vaccines pro-
duced via tissue culture to comply with modern manufacturing 
guidelines.2 Third-generation replication deficient vaccines such 
as Imvamune (JYNNEOSTM) reduce risk of adverse events and 
can be used in people who are immunosuppressed.2 Current 
stockpiles are mostly second generation vaccines,5 with potential 
to cause serious adverse events.2 Smallpox vaccine comprises 
a major proportion of the US Center for Disease Control (CDC) 
strategic national stockpile believed to be the largest national 
stockpile in the world.6

Emergency response plans for most countries recommend 
the ring vaccination strategy and if this has been ineffective or 
if there are multiple sites of deliberate release of a smallpox, 
switching to mass vaccination strategy, while others suggest 
commencing with mass vaccination within 24 hours of con-
firmation of smallpox outbreak.7,8

The choice of vaccination strategy could differ depending 
on parameters such as initial size of attack, relevant efficiency 
of control measures, vaccine supplies, vaccine program capa-
city, level of residual vaccine-induced immunity, and local 
population and geographic factors.9

Daniel Bernoulli’s 18th century model on smallpox was then 
refined by Kermack and McKendrick in the 20th century,10 and it 
is now the most widely used category of models, the compart-
mental deterministic SIR (Susceptible-Infected-Recovered) mod-
els. Since then mathematical models have increasingly been used 
to understand transmission dynamics, forecasting epidemics and 
to assess the impact of intervention strategies.11-13 The risk of 
infectious disease is dependent on characteristics of the infectious 
host, the organism, the susceptible host, and the environment,14 

however the traditional deterministic compartmental models 
usually assume homogeneous mixing with same probability of 
infection for everyone.15

Studies assessing the impact of pharmaceutical and non-
pharmaceutical interventions using modelling approaches 
have contributed to the evidence for control of smallpox 
outbreaks.16 Several studies have compared ring and mass 
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vaccination strategies and possible benefits of prior levels of 
herd immunity combined with control measures.17-22 Some 
studies favor isolation of infected individuals and ring vaccina-
tion as the optimal strategy provided there are no resource 
constraints.17,19 In the presence of a large number of cases or 
higher reproduction number, mass vaccination may be 
a preferred option of outbreak control.8,23 Mass vaccination 
in a large scale outbreak may prevent more deaths than ring 
vaccination in resource-constrained settings where contact 
tracing cannot be conducted adequately, while the ring 
approach could be more suitable for the initial and final 
phase of an outbreak.8 Combination strategies such as isolation 
along with targeted vaccination also may be appropriate in 
a small scale smallpox outbreak.24-27

Smallpox introduction into a susceptible aged population, 
with increased immunosuppression could result in a 40% death 
rate.28 In addition, different mixing patterns and immunosup-
pression lead to varying age specific transmission of disease and 
case fatality rates, with the highest transmitters in people aged 
5–19 years, but the highest fatality rate in adults >65 years.28 

This raises questions of how vaccination should be used in an 
epidemic situation when supply may be limited and risk groups 
need to be prioritized.

In this study we focus on heterogeneity in host contact rates. 
While modelling studies focused on age structures and hetero-
geneous contact rates are common, studies on smallpox trans-
mission that used a heterogeneous age-structure, mixing 
contacts and different susceptibility and infectivity levels as it 
is done in this study are less common. The aim of this study 
was to compare different vaccination strategies (mass, targeted 
and ring) for control of a smallpox outbreak in a highly popu-
lous, high-income city, Sydney (Australia), with high levels of 
contacts, elderly, and immunosuppressed.

Methods

The study used a previously developed model which simulated 
an epidemic of smallpox in Sydney, Australia.28 Here we 
included three different outbreak responses to test different 
vaccination program options, under varying attack scenarios, 
for effectiveness of epidemic control and estimation of needed 
resources. Results are shown as incidence, deaths, and number 
of vaccine doses needed for each scenario tested.

Population assumptions and parametrization

The population of Sydney was used for this study, estimated to 
be 5.25 million in 2016.29 The population distribution of New 
South Wales (NSW) in 201630 was used to stratify the Sydney 
population29 into 18 age groups, 5-year wide, up to 80–84, and 
then combined for 85+ years old. Each age group was further 
divided into six immunity levels: healthy, mild and severe 
immunocompromised, vaccinated and not, and healthcare 
workers (HCW).28 This was the basis of tested age-based tar-
geted vaccination strategies (see below).

We categorized smallpox disease into four different types 
defined by infectivity (R0) and case fatality rates (CFR): hemor-
rhagic, flat, ordinary and vaccine modified. Estimation of resi-
dual immunity and probabilities of developing each disease 

type are age and immunological status dependent.28 Because 
each smallpox type has a different infectivity, related to viral 
shedding and virus excretion,31 we estimated a different prob-
ability of infection per contact β for each smallpox type in 
order to reproduce an R0 equal to 10 for hemorrhagic and 
flat, 7.96 for ordinary and 5.3 for modified smallpox. Because 
more severe cases are likely to stay at home from the first day of 
symptoms, we halved the contacts number for hemorrhagic 
and flat subtypes for the entire infectious period, while for 
ordinary and modified, the contacts number was considered 
halved after 2 and 3 days respectively from the appearance of 
the rash.28,32

Finally, we multiplied the force of infection by a parameter 
(α1, α2, α3, α4) to account for different population susceptibility 
levels. We did not consider births and deaths because the 
models run only for 300 days, which is not enough to have 
an impact from yearly birth and death rates. We also estimated 
the number of doses of non-replicating vaccine required for 
each comparative strategy using our previous minimal estimate 
of 17% of people living with immunosuppression in Sydney.28 

In comparing strategies, we also compared the expected occur-
rence of serious adverse events and deaths from vaccination, 
based on data from the United States,2 estimated to be 14 and 
1.1 per million, respectively. Each vaccination strategy starts at 
the same time of isolation of infectious cases. In a setting like 
Sydney, we assumed that 95%1 of the new daily infectious cases 
will be hospitalized and once isolated we assume zero 
transmissions.1 CFRs are based on expected distribution of 
hemorrhagic, flat, ordinary and modified smallpox.

Vaccine effectiveness has been shown to be reduced in 
persons already infected and in a latent state.1,33 For uninfected 
people, we assumed the vaccine to be 95% and 98% effective for 
never vaccinated, and previously vaccinated, respectively.1,34 

For already exposed, latently infected people, studies describe 
a range of vaccine effectiveness, from 30%1,34,35 to 80%.36 We 
considered it to be 50% effective in latent infected as found in 
studies testing ACAM2000, which is assumed to be the pre-
dominant vaccine that would be used in Australia.6,37

In a pandemic emergency setting, the personnel to delivery 
vaccinations will be the authorized nurse, midwife, pharma-
cists and general practitioners (GPs); however, medical and 
nurse students can be authorized immunizer after appropriate 
vaccination training (provided by Health Protection New 
South Wales).38 Each immunizer is capable of delivering 
between 80 and 100 doses per hour38 in emergency situations, 
so we assumed up to 125,000 doses per day could be given in 
Sydney, for targeted and mass vaccination, however we tested 
the case of 50,000 and 300,000 doses per day for mass 
vaccination.

For the targeted vaccination strategy, we considered health 
care workers (HCWs) as first responders who would be prior-
itized for vaccination in the event of an epidemic. We esti-
mated the number of HCWs in Sydney for 2016–201739,40 

based on the total estimated health workforce for NSW41 and 
adjusted for the Sydney population.29 We estimated 100,638 
HCWs in Sydney, and applied an estimated age distribution.39 

We estimated the proportion of HCWs previously vaccinated 
and unvaccinated according to age. We assumed HCWs to 
have up to three times higher a risk of respiratory infections, 
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based on past research on respiratory pathogens42; however, we 
considered them wearing a respirator and personal protective 
equipment (PPE) from the start of intervention and estimated 
this to be 75% effective against transmission of respiratory 
pathogens.43 Full description of the parameters used in the 
models can be found in the Appendix.

Mathematical model

We constructed three modified SEIR models to simulate tar-
geted, ring and mass vaccination. The models run for 300 days. 
We started the epidemic with 100, 1000, or 10,000 infected in 
the latent untraced compartment, distributed following the 
total population age distribution and vaccination rates.

The model uses ordinary differential equations, to move the 
population into epidemiological states related to their smallpox 
infectious status and vaccination strategy compartments, fol-
lowing disease duration rates. The nonlinear age-specific dis-
ease transmission rate at which a susceptible person becomes 
infected () is a combination of β (probability of becoming 
infected per contact), c (the number of contacts per unit 
time) and the infectious prevalence. To include age- 
dependency, we used Euler’s discretization of the continuous 
variable “age,” so that the force of infection is represented by

Where k = 1, . . ., 4 represents the four infectious levels for 
hemorrhagic, flat, ordinary and modified smallpox types and i, 
y = 1, . . ., 18 represents the age groups. Individuals mix by age 
groups following the contact matrix.44 As it was not available 
specifically for Australia, we adopted the contact matrix estimated 
for the United Kingdom based on more behavior similarity 
between the two countries. We started vaccination at day 15, 20, 
and 30 from the virus release, about a few days to a week or two 
after appearance of the first symptomatic cases. For targeted 
vaccination, we avoided immunocompromised people, who are 
at higher risk of adverse events and likelihood of a poor immune 
response,45 while for ring vaccination in close contacts and mass 
vaccination we included the immunosuppressed population.

For mass and targeted vaccination (Figure 1(a)), a proportion 
of susceptible (S) or latent (E) individuals can be vaccinated and 
move to compartment V. Vaccination rates distribution; in dif-
ferent age-groups and immunity levels, as well as in symptomatic 
or latent people for mass vaccination model; are detailed from the 
matrix X. The model diagram is the same for mass and targeted 
vaccination, however the vaccine distribution rates (matrix X) 
differs between the two strategies (full details in the supplementary 

materials). Once symptomatic, the infected not vaccinated can be 
isolated (Q compartment) or proceed to the infectious compart-
ment I, where they will be able to transmit the disease. For ring 
vaccination (Figure 1(b)) a susceptible individual, if infected, can 
be traced (Et) or untraced (Eu); while if not infected, can be 
a traced contact (Ct), which can be effectively vaccinated and 
move to the V compartment or come back to the 
S compartment. Traced infected (Et) can be successfully vacci-
nated and move to V compartment or isolated (Q) once sympto-
matic; while a proportion of latent untraced, once symptomatic, 
will get isolated in Q compartment and the rest will be infectious 
in the I compartment. Isolated (Q) or not (I), infected people will 
then recover (R) or die (D). The following is a short description of 
the model used for each vaccination strategy simulated for the 
outbreak response. For each strategy, sensitivity analysis was done 
on time starting intervention as 15, 20, and 30 days from virus 
release, furthermore for mass and ring vaccination we conducted 
a sensitivity analysis on daily vaccinations distributed.

Strategy 1: targeted vaccination (Figure 1(a))

We previously determined that the highest risk of disease trans-
mission is in the age group 5–19 years, and the highest risk of death 
in >65 years.28 This was the basis of tested age-based targeted 
vaccination strategies and first responders. Therefore, we modeled 
the different outcomes if the vaccination is prioritized to:

(1) 5–19 age group (being the age group with the highest 
number of contacts/transmissions28),

(2) 60–79 age group (being the age group with highest risk 
of complications and death28)

(3) All HCWs and all 5–19 year old
(4) All HCWs only

Vaccination doses are distributed in 7 days for the first two 
scenarios and 8 for the third one, using the first day to vacci-
nate HCWs.38,46 The number of doses delivered per day is 
estimated to be 125,000.38 Doses were distributed proportion-
ally to the size of the age groups in the targeted group and 
between previously vaccinated and not.

Strategy 2: ring vaccination (Figure 1(b))

In order to simulate a response with tracing/vaccinating contacts 
and case isolation, we used the model structure from Ref. 34 but 

Figure 1. Model diagram for targeted and mass vaccination (a) with different vaccine distribution rates (matrix X), and ring vaccination (b).
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accounting for different immunity levels and infectivity for each 
smallpox type as in Ref. 28.

Isolation of cases and percentage of traced vaccinated con-
tacts are based on available pre-eradication data1 and assumed 
to be 95% in the base case scenario, which is likely for cases 
hospitalized and isolated in a high-income setting such as 
Sydney. However, we explored and showed results for three 
different daily proportion of contacts traced and vaccinated 
(70%, 80%, and 95%).

Strategy 3: mass vaccination (Figure 1(a))

In order to calculate the vaccine coverage needed to stop 
a smallpox outbreak and reduce transmissions to <1 per 
infected we used the formula47

where Vc is the vaccine coverage and Ve is the vaccine 
effectiveness; however, we used the estimated R0 = 4.6, 
obtained as previously explained.

In order to implement mass vaccination, we fixed the num-
ber of doses delivered per day and calculated the duration of 
the campaign (in days) needed to reduce transmissions to zero; 
however, the distribution changes daily. We keep the distribu-
tion of doses proportional to the weighted size of each age 
group, immunity level, and susceptible or latent group. The 
number of doses needed to reach the required coverage to stop 
transmission depends from the proportion of latent and sus-
ceptible people (each with a different vaccine effectiveness VE 
as shown in Technical Appendix), which varies over the epi-
demic. We started mass vaccination in an ongoing smallpox 
outbreak, therefore the VE was varied for latent and susceptible 
people (see Technical Appendix). Sensitivity analysis has been 
done on number of daily doses delivered as 125,000 doses 
per day for the base case scenario, with a sensitivity analysis 
of 300,000 and 50,000 doses per day. Results are shown by time 
of starting intervention after virus release.

Results

Targeted vaccination

The higher the initial number infected, the more rapid and 
severe the epidemic.

In Figure 2 we compare the age specific incidence of infec-
tion after 50 days from virus release (a) and the total number of 
deaths (b) for each targeted vaccination scenario and the case 
of only isolation of cases without vaccination. The number of 
doses used to cover each targeted group are 100,000, 850,000, 
900,000, and 1 million respectively for the four vaccination 
scenarios. Vaccination of HCWs has minimal effect on the 
population epidemic. Vaccinating the 5–19 age group produces 
a higher reduction in transmissions (Figure 2(a)) and conse-
quently a smaller number of deaths by the end of the epidemic. 
Deaths are sensitive to the time starting intervention, quadru-
pling between starting intervention at day T = 15 and T = 30 
(Figure 3).

For the targeted vaccination strategy, the higher the initial 
number infected, the smaller the difference between targeting 
different age groups for vaccination. However the total number 
of deaths at the end of the epidemic is proportional to the 
initial number infected, which in this case is 2.2–2.5, 3.5–4, and 
8.1–9 times the initial number of infected respectively starting 
intervention at T = 15, 20 and 30 days after virus release.

Ring vaccination

With ring vaccination we explored the influence of percentage 
of contacts traced/vaccinated and time to starting intervention 
on epidemic size, cumulative deaths and number of doses 
needed, starting outbreak with 100 (base case), 1000, and 
10,000 initial infected.

With 100 initial infected starting ring vaccination at day 20 
with 95% of new infected isolated each day, the outbreak will be 
controlled in about 100 days, regardless the proportion of 
contacts traced. However, the number of doses needed and 
total deaths at the end of the epidemic is dependent from time 
of starting intervention and contacts vaccinated. Figure 4 
shows the impact of timing of the response varying from 15, 
20, to 30 days postattack, corresponding to 3, 8, and 18 days 
after the first symptomatic patient presents, and contact traced. 
The results are most sensitive to timing of response (Figure 4). 
If the starting intervention is 30 days (T = 30) after virus 
release, the number of doses needed and total deaths will be 
more than doubled (Figure 4) compared to starting at 20 days 
(T = 20) A ring response with 100 initial infected, with isolating 

Figure 2. The impact of alternative targeted vaccination strategies on the incidence of infectious people (left) and cumulative deaths (right) over time in the case of 
a smallpox outbreak starting with 100 infected people in the Sydney population of just over 5 million, with the response commencing on day 20 after the attack.
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and vaccinating a high proportion (95%) of new infectious 
cases and contacts respectively, will end the epidemic with 
a total of 270 deaths (2.7 times the initial number of infected) 
using about 2060 doses starting the intervention at T = 20 days 
following the start of the epidemic compared with about 4800 
doses used and 620 deaths if intervention starts 30 days follow-
ing the start of the epidemic

Mass vaccination

For mass vaccination, assumed an average reproduction num-
ber as 4.6, vaccine coverage of at least 82% is required with 
vaccine effectiveness being 95%. Reaching 82% coverage in 
Sydney will need about 4.3 million doses, if delivered before 
the start of the outbreak. In the best-case scenario of 300,000 
doses delivered daily, we found that will need, to vaccinate 
daily for 16 days, 468 vaccinators a day (considering that 
each vaccinator can delivery 80 doses per hour38 and 640 -
per day) reaching a total of 4.8 million doses to reduce trans-
mission to zero. If the daily number of doses is 125,000, 
4.875 million doses will be needed to stop transmission, in 
a 39 day continuous campaign. If capacity to vaccinate is only 
50,000 doses a day, about 5 million doses in 100 days would be 
needed by the end of the epidemic. We show how the number 
of daily doses delivered and the time starting intervention 
influences number of total deaths at the end of the outbreak 

in Figure 5. The number of daily doses (Figure 5) becomes 
more influential when the doses number drop to 50,000. In the 
worst case scenarios of delivering only 50,000 doses a day there 
will be a total number of deaths as 2, 3.2, and 7.6 times the 
initial infected respectively by starting intervention at day 15, 
20, and 30. However even for mass vaccination the most 
important variable is timing.

Table 1 summarizes all the results for each vaccination 
strategy explored for the base case scenario with 100 infected 
people and starting intervention after about 8 days from the 
first symptomatic cases.

Conclusion

Understanding the most appropriate public health vaccination 
strategy for epidemic control is critical for preventing popula-
tion morbidity and mortality of reemergent smallpox. 
Reducing cost, wastage, and adverse events are also considera-
tions. We showed that the time to commencing the response is 
critical. However, we used time from the attack, which includes 
an average incubation period of 12 days prior to smallpox 
being recognized.32 This means in practice that for a response 
to start at day 15 postattack, vaccination must commence 
3 days after the first case becomes symptomatic. For 20 days, 
this would be 8 days after the first symptoms begin. Given 
smallpox is eradicated, and failures in recognition of serious 

Figure 3. Total number of deaths at the end of the epidemic by time starting intervention and targeted group for vaccination, with 95% case isolation. Results are 
showed for 100 initial infected.

Figure 4. Total number of doses used (a) and total deaths (b) by the day starting intervention following release and contacts traced/vaccinated for 100 initial infected.
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emerging infections is common in the emergency room, 20 or 
30 days, or even longer, may be the reality. For example, the last 
European outbreak of smallpox in Yugoslavia resulted from 
failure to diagnose the index case, who had returned from the 
Middle East.48 In that instance, smallpox was not recognized 
until second generation cases began appearing, which would 
correspond to a response time of over 25 days after the initial 
infection. Given recent notable failures to recognize Ebola in 
the United States49 and Nigeria,50 and MERS in South Korea,51 

failure in diagnosis may be a weak point in health systems. 
Among the targeted vaccination strategies, vaccination for the 
5–19 age group is slightly more successful in reducing trans-
mission and delaying the epidemic, but ring vaccination will 
result in better epidemic control with a smaller number of 
doses. In all cases, starting the response as early as possible is 
best for epidemic control, but remains better with higher 
proportions of contacts traced and vaccinated. The difference 
between targeted vaccination options delivered to very small 
proportions of the population is small, because overall vaccine 
coverage remains low in all of these strategies. In practice, 
vaccination will be required for HCWs, who are unlikely to 
come to work if not offered vaccination. Therefore, for the city 
of Sydney, for core clinical HCWs, at least 100,000 doses of 
vaccine should be available to ensure workforce willingness to 
work and to meet occupational safety requirements. 
Stockpiling for other first responders such as paramedics, 
emergency services and police should also be considered.

We estimated an overall reproductive number of R0 = 4.6, 
consistent with other estimates.52,53 For mass vaccination, 
this translates to requiring 82% of the population to be 

effectively vaccinated to achieve herd immunity and stop 
transmission. Reaching vaccine coverage of 82% of suscepti-
ble people requires almost 5 million doses, including over 
828,000 doses of nonreplicating vaccine for immunosup-
pressed people, for minimal net benefit over ring vaccination, 
except for reduction in the duration of the epidemic from 
100 to 60 days, or just over a month. The risk of adverse 
events and deaths from vaccination also increases with mass 
vaccination. However in the case of not being able to trace 
and vaccinate a high percentage of contacts, mass vaccination 
with at least 125,000 doses delivered per day could prevent 
more deaths. This would require a large scale program with 
human resources and vaccine supplies. Although there is lack 
of knowledge of the use of bifurcated needle for vaccination, 
and training of vaccinators would take some time, we esti-
mated more than 100,000 HCWs in Sydney.54 A study found 
that each immunizer in Sydney is capable of delivering 
between 80 and 100 doses per hour38 in emergency situa-
tions, so delivery of at least 125,000 doses per day seems 
a realistic target. For every vaccination strategy the final 
number of deaths is directly proportional to the size of initial 
infected, and it should be noted that our results use a base 
case of 100 initial infected, which is an optimistic assump-
tion. Larger attack size will result in a longer and larger 
epidemic.

The results of this study are consistent with other modelling 
studies that look at vaccination strategies for a smallpox 
outbreak,19,21,23-27 all suggesting that ring vaccination is the best 
strategy to contain an epidemic. However past studies do not 
consider heterogeneous mixing patterns, residual immunity 

Figure 5. Total number of deaths by time starting intervention and number of doses delivered daily. Result showed for 100 initial infected.

Table 1. Comparison of vaccination strategies for the base case scenario of 100 initial infected with the response commencing at day 20 postrelease and 95% of cases 
effectively isolated.

Strategy
No. of doses 

required
No. of doses of nonrepli-

cating vaccine
No. of recov-
ered people

No. of 
deaths

No. of serious 
adverse events

No. of deaths 
from vaccine

Time to end of 
epidemic

Targeted HCWs 100,000 1700 808 396 1 0 100
Targeted 

5–19
900,000 153,000 702 351 13 1 100

Targeted 60–79 850,000 144,500 775 381 12 1 100
Targeted HCW and 5–19 1 million 170,000 687 345 14 1 100
Ring vaccination 2060 350 531 270 0 0 100
Mass vaccination 4.875 million 828,750 495 274 68 5 60
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from previous vaccination or population immunosuppression 
when estimating deaths or doses of nonreplicating vaccine needed 
in different scenarios. We estimate the number of nonreplicating 
vaccine doses required for the different vaccination options ranges 
from under 300 for ring vaccination to over 800,000 for a mass 
vaccination strategy. To ensure the safety of immunosuppressed 
contacts, a relatively modest investment in stockpiling of third 
generation vaccine will be adequate.

Only two previous studies showed number of doses needed 
for different scenarios.21,25 Zenihana21 showed that with 20 
initial infected, ring vaccination ends with 38 deaths, which 
corresponds to 190 deaths if the initial infected are 100, while 
we found 270 deaths for the same scenario. However, this 
could be explained by our model considering the immuno-
compromised population as being at higher risk of death. 
Legrand25 found for 100 initial infected, starting intervention 
at T = 25 days, the epidemic will end with 730 deaths and 5440 
doses used. Those higher values can be explained from the 
lower percentages of isolation (60%) and contacts vaccinated 
(80%) compered to the 95% assumption in our study. Indeed if 
we use the same percentages of isolation and vaccination we 
find just over 7000 doses used and 1500 deaths, which is likely 
due to consideration on 17% of the population immunosu-
pressed. We assumed high levels of case isolation as a highly 
effective adjunct strategy to vaccination. We expect in a setting 
such as Sydney that case isolation rates close to 95% will be 
achieved, and this underpins epidemic control.

The main limitation of this study is the unavailability of data 
regarding smallpox transmission in a contemporary popula-
tion. Therefore there is significant uncertainty regarding how 
effective a public health will be in managing a terror attack with 
variola virus. Furthermore, we did not account for the bene-
ficial use of newer antivirals as treatment of smallpox cases, 
which would reduce the number of deaths. Another limitation 
is that we assumed HCWs partially to be protected from PPE 
based on data from respiratory transmission of pathogens, but 
there are no direct data on PPE use for smallpox. The lack of 
PPE data for smallpox reinforces the need for vaccination for 
HCWs. Including age-specific mixing patterns, accounting for 
residual immunity from past vaccination and age-specific esti-
mation of immunosuppression rates is a strength of our model.

In summary, rapid implementation of vaccination response, 
combined with high rates of case isolation are critical to small-
pox epidemic control, which can be achieved using ring vacci-
nation in a setting such as Sydney. Further research is needed to 
estimate health system capacity for managing cases, for rapidly 
delivering vaccination at scale, tracing contacts and monitoring, 
to inform preparedness planning for a smallpox outbreak.
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