
Macintyre CR, Costantino V, Mohanty B, Nand D, Kunasekaran MP, 
Heslop DJ. Epidemic size, duration and vaccine stockpiling following a 
large-scale attack with smallpox. Global Biosecurity, 2019; 1(1).  

 
 

RESEARCH ARTICLES 

Epidemic size, duration and vaccine stockpiling following a large-
scale attack with smallpox 

C Raina MacIntyre1, Valentina Costantino1, Biswajit Mohanty1, Devina Nand2, Mohana Priya Kunasekaran1 & David J 
Heslop3 
 
1Kirby Institute, University of New South Wales, Sydney, NSW, Australia 
2Ministry of Health and Medical Services, Suva, Fiji 
3School of Public Health and Community Medicine, University of New South Wales, Sydney, NSW, Australia 

 
Abstract 

On August 16th, 2018, we held Exercise Mataika to test preparedness for a worst-case scenario of a smallpox attack 
which begins in the Pacific and is followed by a larger scale attack in a highly populous Asian country. The exercise 
was underpinned by mathematical modelling which aimed to determine the duration and magnitude of the epidemic 
under different scenarios, the critical threshold for epidemic control, and scenarios where the current stockpile of 
vaccine is adequate.  We constructed a modified SEIR model for smallpox transmission. We found that time to 
commencing the response, rates of contact tracing and ring vaccination, and rates of case isolation are all influential 
factors on epidemic size and duration.  Ideally, the response should commence in 20 days after the attack, 
corresponding to 8 days after the first symptoms appear, given an average incubation period of 12 days. Every day of 
delay worsens the epidemic. The WHO stockpile of vaccine of 34 million doses is adequate if rates of case isolation 
and ring vaccination are maintained above 60%.  If rates of contact tracing, ring vaccination and case isolation fall 
below 53%, epidemic control is lost. In such a scenario, the epidemic persists for longer than 10 years and over a 
billion doses of vaccine are needed for epidemic control.  There are modifiable factors which can prevent a 
catastrophic scenario following smallpox re-emergence. These include very rapid response time and high rates of 
isolation and ring vaccination. Training and capacity building, as well as pre-vaccinated teams, can also assist with 
rapid response. In low income countries, a smallpox epidemic could overwhelm the health system and far exceed 
human resource capacity, so low rates of case isolation and contact tracing is a realistic possibility.  The consequences 
of poor epidemic control are catastrophic if rates of case isolation and ring vaccination fall below 53%, the threshold 
for epidemic control. Global cooperation is also critical, to ensure that vaccine and other resources are directed 
quickly to affected areas.

Introduction 
Smallpox was eradicated in 1980, but remains a 

category A bioterrorism agent [1].The only official 
stocks of the virus are in the United States and Russia 
[2], but unofficial stocks may be present elsewhere. 
The variola genome is fully sequenced and advances in 
synthetic biology  have increased the likelihood of 
smallpox being synthesized in a laboratory [3]. 
Experts have previously dismissed the threat of 
synthetic smallpox as unlikely, but were proven wrong 
when in 2017 Canadian researchers synthesized an 
extinct pox virus and published the methods in an 
open access journal [4]. Smallpox or a variant thereof 
may re-emerge from bioterrorism or a laboratory 
accident [5], thus is a high priority for preparedness 
planning [6]. Due to ageing, advances in medical 
therapies, transplantation and people living with 
immunosuppressive conditions such as HIV, the 
immunological status of the population has also 
changed dramatically in the decades since eradication 
of smallpox, with almost one in five people living with 
immunosuppression in developed country settings [7]. 

A large proportion of the population today is 
unvaccinated and residual immunity in cohorts who 
were vaccinated prior to 1980 is waning [8-10]. The 
World Health Organization has a stockpile of 33.7 
million doses of mostly second generation 
ACAM2000, but also some first-generation vaccine. 
The majority of the stockpile is pledged from member 
countries, with only 2.7 million doses physically held 
by WHO [11]. 

In low income countries, weak health systems and 
shortages of human resources for health predict a 
more severe impact of serious epidemics [12].  In a risk 
analysis model for Ebola, we showed that country 
factors, such as gross domestic product and ratio of 
physicians to population, combined with disease-
specific factors can predict catastrophic epidemic 
impacts and the need for urgent intervention [12]. The 
Pacific is a uniquely vulnerable region because of 
widely dispersed islands, geographical and population 
diversity between nations,  natural disasters and 
extensive informal maritime transport routes which 
can transmit infectious diseases [13].  The region also 
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suffers a crisis in human resources for health because 
of migration of skilled health workers and limited 
production of qualified health workers. For all these 
reasons, a smallpox attack in the Pacific may be 
difficult to control.  The wider Asia-Pacific region 
contains highly populous low-income countries with 
mega-cities. Epidemics arising in Asian mega-cities 
may similarly be difficult to control, with greater 
potential for spread due to high population densities 
[14]. 

On August 16th 2018 we held Exercise Mataika to 
test preparedness for a worst-case scenario of a 
smallpox attack which begins in the Pacific and is 
followed by a larger scale attack in a highly populous 
Asian country [15].  The purpose of exercising a worst-
case/severe scenario was to identify key vulnerabilities 
that can be mitigated or prevented. The exercise was 
underpinned by mathematical modelling which aimed 
to determine the duration and magnitude of the 
epidemic under different scenarios, the critical 
threshold for epidemic control, and scenarios where 
the current stockpile of vaccine is inadequate.  This 
paper describes the modelling underpinning the 
exercise. 
 
Aims 

We aimed to determine the influence of disease 
control measures (case isolation, contact tracing and 
vaccination) on epidemic control.  We also aimed to 
determine the adequacy of the current global smallpox 
vaccine stockpile and the duration and magnitude of 
the epidemic under different scenarios. The objective 
was to inform preparedness and prioritise planning to 
avoid a worst-case scenario. 
 
Methods 

We constructed a modified SEIR model for 
smallpox transmission based on our published model 
(7). We assumed that the virus was not genetically 
modified and that there is minimal vaccine-induced 
residual immunity in the world [7].  We assumed an 
attack in an airport in a crowded city in a de-identified, 
highly populous Asian country, starting the epidemic 
with 10,000 infected. Case fatality rates are based on 
expected distribution of hemorrhagic, flat, ordinary 
and modified smallpox [7].    
 
Interventions 

We considered case isolation, contact tracing and 
ring vaccination (the combined intervention of contact 
tracing and vaccination of contacts of cases) as the key 
interventions for pandemic control.  Only the United 
States has a stockpile of antivirals sufficient for the 
entire population, so in most cases, a ring vaccination 
strategy would be more feasible to ensure a rapid 
response. Antivirals, where available, would be given 
after diagnosis and isolation, so we assumed they 
would not add to epidemic control above the effect of 
isolation alone. However, antivirals would likely 
reduce morbidity and mortality for treated cases. 

Proper case isolation in suitable facilities was assumed 
to stop transmission of smallpox, as observed during 
the period of endemic smallpox [2].  

Contact tracing and vaccination were assumed to 
be a combined intervention, with close contacts of 
cases traced, vaccinated and monitored for 
development of disease. We assumed 95% vaccine 
efficacy [2, 16-18]. We tested the impact of varying the 
following parameters on the epidemic: 

1. Size of the initial attack (50, 100, 1000, 
10,000). 

2. Time from attack to initiating the response 
(20, 30 and 40 days). 

3. Percentage of infectious cases isolated (30, 50, 
70 and 90%).  

4. Percentage of contacts traced and vaccinated 
(30, 50, 70 and 90%). 

Key outputs were the size and duration of the 
epidemic under different scenarios when 1-4 above 
were varied. 
 
Mathematical Model 

The SEIR model uses ordinary differential 
equations, to transfer people between epidemiological 
states related to their smallpox infectious status. For 
age-specific force of infection, we used Euler’s 
approximation to make discrete contact rates using 
data from the contact matrix for the specific affected 
Asian country (which remains anonymous for this 
paper) for 100 days. We simulated an outbreak 
starting in this highly populated country using the 
projected age-specific contact matrix for that country 
[19]. However, in order to simulate the infection 
spreading globally, after 100 days we changed the 
contact matrix to better represent the entire world 
population contact patterns. To do this, we estimated 
the world contact matrix [19] as an average between 
the rates from the 10 highest most populated countries 
[20].   

Residual smallpox vaccine immunity in the 
population was based on our previous estimates [7, 21, 
22]. We multiplied the force of infection by a 
parameter (α1, α2, α3, α4) to account for different 
population susceptibility levels. Disease parameters 
and their estimation, as well as different grades of 
infectivity, were estimated as previously described [7]. 
Table 1 shows the model parameters. 
 
Sensitivity analysis 

We explored the influence of attack scenarios of 50, 
100, 1000 and 10000 initial infected to determine the 
impact on the epidemic. The base case was a worst-
case scenario of 10000 infected.  Delays in diagnosis 
and time to obtaining laboratory confirmation could 
vary the time of onset of the response. We therefore 
varied the time of the response commencing between 
T=20, 30- and 40-days following virus release. Given 
an average incubation period of 12 days for smallpox 
[2], this corresponds to day 3, 8 and 18 after the onset 
of symptoms of the index case.  
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Table 1. Model parameters and data sources 

Definition Value Source 

Duration of quarantine for traced contacts 16.6 days [2] 

Duration of isolation for infectious contacts 25 days [2] 

Average number of contacts per case 11 [21] 

Proportion of contacts traced around an 
infected case 

90%; Sensitivity analysis with 70%, 50% and 30% [2] 

Proportion of cases that get isolated once 
infected and symptomatic 

90%; Sensitivity analysis on with 70%, 50% and 30% [2] 

Time of starting intervention At day 20, 30 and 40 after release, corresponding to 8, 
18 and 28 days after the onset of symptoms of the index 
case, using an average incubation period of 12 days. 

[2] 

Population of the world 7383,008,820 [22] 

Initial infected 10,000 
Sensitivity 50, 100, 1000 

 

Vaccine efficacy 95% [18] 

Efficacy of case isolation in preventing 
transmission 

100% [2] 
 

 
Given that a smallpox epidemic in a low-income 

country would be complicated by weak health systems 
and low human resources for health, a sensitivity 
analysis was conducted on the proportion of infectious 
cases isolated and contacts traced and vaccinated 
(“ring vaccination”).  To test which of these 
interventions is more influential, we fixed one at 90% 
and varied the other between 30, 50, 70 and 90% 
respectively.  

Given a large number of possible combinations of 
these proportions between the two interventions of 
case isolation and ring vaccination, we tested 30% 
(30/30), 50% (50/50), 70% (70/70) and 90% (90/90) 
for each of case isolation and ring vaccination to 
determine the impact on epidemic size and duration of 
differing completeness and capacity of the public 
health response. Time to the end of the epidemic was 
modelled. If the modelled epidemic did not end within 
11 years (4000 days), we assumed smallpox would 
become endemic. We also estimated the amount of 
vaccine required in the differing scenarios above 
(based on the number of contacts to be traced and 
vaccinated in a ring vaccination strategy), in order to 
identify scenarios where the WHO stockpile is 
adequate or inadequate to meet disease control needs.  
 
Critical epidemic control threshold 

The modelling above indicated that prospect of 
early epidemic control was lost at the 50/50 level of 
contact tracing and case isolation. We therefore ran 
the model at varying levels between 50-60% to identify 
the threshold value below which epidemic control is 
lost.  

 
Results 

Figure 1 shows the epidemic without interventions 
for varying attack sizes from 50-10,000. Figure 2 
shows the influence of time to commencing the 
response varying between 20, 30 and 40 days from the 
initial attack, with a larger epidemic resulting from 
each 10 days of delay. 

Figure 3 shows the time to epidemic control by 
varying rates of case isolation and ring vaccination. If 
ring vaccination and isolation rates of 70% or higher 
each can be achieved, the epidemic will end in less 
than a year. If rates are 50% each, the epidemic will 
continue for more than 9 years.  At rates less than 50% 
each, the modelled epidemic does not end within a 
decade, and smallpox becomes endemic. 
Supplementary Table 1 shows the matrix of modelled 
outputs for combinations of ring vaccination and case 
isolation rates by response time. Greyed out cells 
indicate that the epidemic did not end within 10 years 
in these scenarios.  If ring vaccination rates are below 
50%, for any prospect of epidemic control, case 
isolation rates must be at least 90%.  We tested equal 
proportions of case isolation and ring vaccination in 
each scenario, but various permutations are shown in 
supplementary table 1. Supplementary figures 1 and 2 
show the influence of varying rates of ring vaccination 
on the epidemic, keeping case isolation rates constant 
at 90%. Figure 4 shows the influence of varying rates 
of case isolation rates on the epidemic, keeping the 
ring vaccination rate constant at 90%. Whilst both 
measures are effective, case isolation is more 
influential than ring vaccination. 
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Figure 1. Epidemic curve without intervention by initial number of infected people 

 

Figure 2. Influence of time to commencing the response, for 10000 initial infected with 90% ring vaccination and 
90% of cases isolated 

 

 
Figure 3. Time to epidemic control (days) by response time and percentage of cases isolated and percentage of ring 
vaccination of contacts. 
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Figure 4. Epidemic control at values of 53-56% each of case isolation and ring vaccination 

 

 
 
 

Figure 5. Vaccine doses required for epidemic control under varying proportions of case isolation and ring 
vaccination. 

 

 
 
 

In Figure 3, we show that epidemic control is lost 
at the 50% level, so we tested values between 50-60% 
to identify the threshold below which epidemic control 
is lost.  This was identified as 53%.  Figure 4 shows 
model outputs at values between 53-56% and shows 
that the critical epidemic control threshold is >53% 
each of case isolation and ring vaccination. If the 
proportions are 53% or less, epidemic control is lost.  

Figure 5 shows the vaccine dose requirements for 
epidemic control at varying proportions of case 
isolation and ring vaccination.  The stockpile is 
adequate up to 54% each of case isolation and ring 
vaccination, provided the response commences within 
30 days of the attack. If it is delayed to 40 days, the 
stockpile is exceeded, and 57,299,000 doses are 
required. If, however, the epidemic threshold is 
crossed and rates fall to 50% case isolation and ring 

vaccination, over a billion doses of vaccine will be 
required to achieve epidemic control. 
Discussion 

In the case of a large-scale smallpox attack in a low 
income, highly populous country, high rates of case 
isolation and ring vaccination are not guaranteed.  
Weak health systems and lack of human resources for 
health may create the circumstances for a catastrophic 
epidemic, which would occur if case isolation and ring 
vaccination rates of at least 53% each are not achieved.  
In this case the epidemic could persist for a decade or 
longer, or smallpox may even become endemic, as 
shown by our model.  Influential factors on epidemic 
size are the size of the initial attack, time to 
commencing the response, case isolation rates and 
ring vaccination rates. Whilst the size of an attack may 
not be within our control, other influential factors are 
modifiable and potentially within our control.   
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An outbreak of smallpox can be controlled with a 
rapid response and with high rates of case isolation 
and high rates of ring vaccination. The latter depends 
on exhaustive contact tracing, which requires a high 
investment in human resources, given each case on 
average has at least 10 contacts [21]. However, if the 
response is delayed to 30 days or longer from the time 
of the initial attack (which in practice equates to 18 
days after the first symptoms occur), or if the attack 
infects 10000 people or more, epidemic control will be 
much more challenging. Rapid response time is 
critical, especially in the case of a large attack. 
Delaying the response to greater than 20 days from the 
virus release (which means commencing the public 
health response within 7 days of symptom onset, given 
12 days of incubation) will result in a more severe 
outbreak. Whether it is feasible to commence response 
within the best-case scenario of 7 days after symptom 
onset is unknown, but unlikely, particularly when a 
global stockpile of vaccine pledged from donor 
countries needs to be deployed through a specified 
WHO process [23, 24]. Low income countries are at 
risk of more severe epidemics due to lack of resources 
for case isolation, contact tracing and treatment. In 
addition, vaccination and protection of first responder 
teams will add some delay to deployment for the 
epidemic response. A rapid response also depends on 
rapid diagnosis of smallpox, but clinicians are 
unfamiliar with the disease and may not recognise it. 
In fact, the last outbreak in Europe was characterised 
by failure to diagnose a single index case, resulting in 
a large outbreak in Yugoslavia [25].  

Recently, the clinical diagnosis of serious emerging 
infectious diseases has been missed by emergency 
clinicians, including Ebola in Nigeria and the US, both 
of which occurred during a peak of media reporting of 
the West African epidemic, when awareness should 
have been high [26, 27]. A similar failure was seen with 
MERS Coronavirus in South Korea, with repeatedly  
missed diagnosis at multiple hospitals [28].  

Better syndromic surveillance, point of care tests 
and triage protocols for high consequence outbreaks 
such as smallpox would help prevent a worst-case 
scenario. However, rapid diagnostics are useful only if 
the clinical diagnosis is suspected and triggers testing. 
Pre-vaccinating teams for emergency response would 
also reduce avoidable delay. In the US, following 9/11, 
large scale smallpox vaccination of first responders 
commenced but was ceased due to adverse events 
[29].  Given the likelihood of a smallpox epidemic is 
unknown, a suitable option in the non-epidemic 
period would be to vaccinate small teams of first 
responders with third generation, non-replicating 
vaccines, thereby reducing the risk of adverse events 
and improving the ability to commence a response 
rapidly. 

Other areas to reduce delay could involve pre-
planned and pre-designated facilities for isolation of 
cases and surge capacity for contact tracing. Epidemic 
control is sensitive to both ring vaccination and case 

isolation rates, which need to be maintained at high 
levels. Having plans for rapidly deployable physical 
space and human resources to ensure rapid and 
thorough case finding, isolation, contact tracing, 
vaccination and quarantine are key for preparedness 
planning. Clinical and public health workforce 
requirements should be estimated and surge capacity 
planned for.  This may necessitate the use of 
community volunteers, especially for contact tracing, 
as there will be at least an order of magnitude higher 
in contact numbers compared to cases [21]. During 
eradication of smallpox, community volunteers were 
provided financial incentives to assist with case 
finding [30].  Plans for incentivising community 
members should be considered as part of pandemic 
planning, given the importance of a rapid response. A 
global response is also required, to ensure resources 
are directed to areas of the greatest epidemic intensity 
rather than being retained in high income countries 
with low epidemic intensity. 

In Exercise Mataika, we considered a worst-case 
scenario to identify critical weak points, prioritise the 
most influential factors and then plan how severe 
impacts can be avoided. 

This research provides a framework for disease 
control targets in the event of a smallpox epidemic. It 
illustrates the importance of not allowing control 
measures to fall below the threshold for epidemic 
control, which appears to be 53%. In low income 
countries, a smallpox epidemic could overwhelm the 
health system and far exceed human resource 
capacity, so that low rates of case isolation and contact 
tracing modelled in this study are a realistic 
possibility.  The consequences of poor epidemic 
control are catastrophic if only 50% of cases are 
isolated and 50% of contacts traced and vaccinated. 
Not only does the duration of the epidemic blow out to 
a decade or longer, but smallpox may become endemic 
and vaccination requirements will far exceed the 
available WHO stockpile.  In the less severe scenarios, 
the WHO vaccine stockpile is adequate for epidemic 
control, but stockpiling provides a limited duration of 
supply, and the epidemic may run for 3000 days or 
more, depending on the scenario. Vaccine 
manufacturing capacity in the world is limited and the 
time lag for scaled up production is 12-18 months.  
Available vaccine could be diluted in the event of a 
shortage [31]. If vaccine is not available, all efforts 
must focus on case isolation, contact tracing and 
surveillance as effective interventions for epidemic 
control.  However, these require planning for surge 
capacity in physical space and human resources, as 
well as global coordination of response in the most 
severely affected areas. Other modifiable factors which 
are influential, such as rapid response, must be 
factored into planning to ensure a worst-case scenario 
is avoided.  Training and capacity building, as well as 
pre-vaccinated teams, can also assist with rapid 
response, as every day of delay worsens epidemic 
control. Global cooperation is also critical to this 
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planning, so that resources are directed quickly to 
affected areas.  
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