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SUMMARY

Epidemiology and modelling are currently under pressure to build consistent scenarios of control

in case of deliberate release of biological weapons. In order to assess the key parameters for the

control of a smallpox outbreak in a large city (2 million inhabitants), we built a stochastic model

to simulate the course of an epidemic controlled by ring vaccination and case isolation. Assuming

a reference scenario with 100 index cases and implementation of intervention 25 days after the

attack, the model forecasts an epidemic of 730 cases with an epidemic duration of 240 days.

Setting intervention 20 days later would result in an almost fourfold increase in the epidemic size.

A multivariate sensitivity analysis has selected three key parameters : the basic reproduction

number (i.e. the number of secondary cases infected by one case in an entirely susceptible

population, equal to 3 in the reference scenario), time to intervention, and proportion of traced

and vaccinated contacts.

INTRODUCTION

Bacteria (Bacillus anthracis, Yersinia pestis), fungi,

protozoa and viruses (Ebola virus, Influenza virus,

Variola virus) are cited as potential biological

weapons by the World Health Organization [1]. An

aerosol release of these agents could be disastrous in

terms of morbidity, mortality and cost [2]. In the case

of a chemical or a toxic attack, or an attack by an

agent such as bacillus anthracis, for which human-

to-human transmission is rare, secondary cases would

be unlikely. On the other hand, in the case of an

attack with infectious agents such as smallpox, serial

human-to-human transmission is likely to occur. In

order to assess the key parameters for the control

of a smallpox outbreak we developed a stochastic

version of a deterministic SEIR model (susceptible,

exposed, infectious, removed from the chain of trans-

mission) proposed in a recent work by Gani and

Leach [3] and we performed a multivariate sensitivity

analysis on the different parameters with a Latin

Hypercube Sampling (LHS) method [4]. We simu-

lated the consequences of a bioterrorist attack on a

city of 2.15 million inhabitants (the size of the city of

Paris, France) under different scenarios. We explored

two types of intervention both recommended by the

Centres for Disease Control and Prevention [5] and

the French Ministry of Health: (i) ring vaccination

(vaccination of the individuals who have been in

contact with a case) and (ii) isolation of cases.

METHODS

Smallpox spread model

This section describes the model used to simulate

different epidemics of smallpox. Individuals who had
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contact with an infectious individual will be referred

to as ‘contacts’.

At any given time, the population is divided in eight

groups: susceptible individuals (denoted S ), untraced

latent contacts (En), traced latent contacts (Ei), traced

non-infected contacts (Ci), infectious individuals (I ),

isolated cases (Q ), successfully vaccinated contacts

(V ), dead or recovered individuals (R). Individuals

can move from one group to another (Fig. 1). This

model assumes that contacts are homogeneous in the

population, which tends to overestimate the epidemic

size [6].

In the simulated population, b is the rate of con-

tacts per infectious individual per day and Q is the

probability that a contact is infected. When infected,

a contact has a latency and prodromal period of ax1

days after which he becomes infectious during cx1

days.

Two types of intervention were modelled: ring vac-

cination and isolation of cases. When traced, contacts

are vaccinated with vaccine efficacy of e2 for latent

individuals and e1 for non-infected individuals. After

being vaccinated, non-infected contacts are released

into the population at a rate x1. We assumed that the

contact-tracing intervention allows identification of

a proportion, r, of the contacts. The isolation period

lasts x2
x1 days. Unlike Gani and Leach, we con-

sidered that untraced contacts would not be isolated

just after developing fever [3]. In our model, traced

latent contacts are isolated before becoming infec-

tious whereas untraced latent contacts become infec-

tious and a fraction, h, of them are isolated. We

allowed for the limitation of : the maximum number

of individuals isolated at the same time; the number

of doses of vaccine administered per day; and the total

number of persons isolated per day. We assumed that

if the traced latent contacts (Ei) are not isolated they

become infectious.

We have used the Gillepsie stochastic algorithm to

simulate epidemics [7, 8]. As can be seen in Figure 1,

eleven transitions between groups are allowed. A

transition rate, depending only on the present state

of the population, is allocated to each transition

allowed, li (see Fig. 1). In a time interval [t ; t+dt],

the probability that transition i occurs is lidt. The

time between two successive transitions is exponen-

tially distributed with the mean equal to the inverse

of the sum of the transition rates (l=Sli). The

probability Pi that the next transition is of type i

is li/l.
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Fig. 1.Description of the model. Capital letters represent the proportion of the population in each group. Transition rates, li,
are indicated near arrows. S is the proportion of susceptible individuals in the population, En the proportion of untraced

latent contacts,Ci the proportion of traced non-infected contacts, Ei the proportion of traced latent contacts, I the proportion
of infectious individuals, V the proportion of successfully vaccinated individuals,Q the proportion of isolated individuals and
R the proportion of recovered or dead individuals. If the number of persons isolated is limited, the dotted arrow replaces the

arrow which joins Ei to Q when the threshold is raised. For parameter definitions and values see Table 2 and the Methods
section.
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Parameter values

We denote the basic reproduction number (R0), i.e.

the number of secondary cases infected by one single

case in an entirely susceptible population.

For the reference scenario, we assumed a R0 of 3

and an initial exposure of 100 persons. Considering

that the first case would not be diagnosed before

the appearance of a rash and that it could be mis-

diagnosed initially, we considered that intervention

would be effective 25 days after the attack. We con-

sidered that 80% of the contacts would be traced.

Among these, 100% would be vaccinated and 100%

of those developing a rash would be isolated. A frac-

tion of untraced contacts would develop smallpox,

60% of those would be isolated after having devel-

oped a rash (Table 1). In the reference scenario, we

have also assumed that the maximum number of in-

dividuals in isolation at the same time, the number

of persons vaccinated per day and the total number of

persons isolated per day are unlimited.

The results presented below concerning the size

and the duration of the epidemic, the number of doses

required and the number of patients isolated were

estimated with 200 simulations of the epidemic for

each parameter set.

Sensitivity analysis and Poisson regression model

In order to assess the key parameters of the control

of the epidemic, taking into account the uncertainty of

the different parameters, we performed a sensitivity

analysis with a LHS scheme [4] on the following

parameters (see Table 1) : the time to intervention, de-

fined as the time lag between the attack and effective

intervention; the efficiency of tracing (i.e. proportion

of contacts traced) ; the efficiency of isolation (pro-

portion of untraced infectious individuals isolated) ;

the R0 and the number of index cases. Two hundred

sets of parameters were simulated using uniform dis-

tributions for all parameters except for R0 for which

we chose a probability density function constant

between 1.5 and 6 and decreasing linearly between 6

and 20. To represent the low likelihood of high R0

values, this density was 10 times higher when R0 was

equal to 6 than when it was equal to 20. Bounds of

the distributions are presented in Table 1.

In order to evaluate the influence of the different

parameters of the model, we built a Poisson re-

gression model with generalized estimating equations

to explain the simulated epidemic size with the ranks

of the parameters as covariates in order to avoid

differences between the scales of the variables. For

each parameter, the regression coefficient and its

95% confidence interval was used as a measure of

sensitivity between this parameter and epidemic size

(Table 2). We also provided the regression coefficients

computed with the values of the parameters (and not

their ranks) which give an idea of the scale of the

variations. We present the exponential of the re-

gression coefficients for both the model using ranks

and the classic model for ease of interpretation. In the

sensitivity analysis, 100 simulations were done for

each set of parameters.

RESULTS

According to the model, using the reference scenario,

the epidemic would last 240 (190–310) days and

Table 1. Values and definitions of parameters for the stochastic SEIR model*

Ref. scenario Bounds Parameter definition

R0=3 [3, 6, 15] 1.5–20 [14, 24] Basic reproduction number
Index=100 cases 1–1000 Number of index cases

Time=25 days [16] 7–45 [16] Time to onset of intervention
h=0.6 0–1 Proportion of untraced infectious individuals isolated
r=0.8 0–1 Proportion of traced and vaccinated contacts

b=10 daysx1 — Number of contacts potentially infected
a=0.0685 daysx1 [3] — Inverse of the duration of the latency+prodromal period
x1=0.06 daysx1 [3] — Rate of release of non-infected contacts in the population
x2=0.04 daysx1 [3, 9] — Inverse of the duration of the isolation period (25 days)

e1=0.975 [3] — Vaccine efficacy among non-infected individuals
e2=0.3 [3, 9] — Vaccine efficacy among infected individuals
c=0.116 daysx1 [3] — Inverse of the duration of the infectious period (8.6 days)

* Ref. scenario, reference scenario ; Bounds, bounds of the sensitivity analysis.
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730 (550–910) persons would be infected. With this

scenario, 5440 (3910–6840) doses of vaccine would

be needed and 550 (410–690) individuals would be

isolated amongst whom 230 (170–300) would be in

isolation the same day. If 1000 persons were initially

infected instead of 100, 7200 (6570–7770) cases would

occur when it was assumed that there was no limi-

tation on the number of doses and persons isolated

per day. If the number of doses administered per day

and the number of persons isolated per day were each

limited to 200, the initial infection of 1000 persons

would lead to 21 340 (8650–107 080) cases among

which 3590 (2645–5020) would be in isolation the

same day. If the maximum number of beds occupied

was also limited to 2000 then 108 640 (107 815–109 000)

cases would occur.

The parameter with the highest regression coef-

ficient was R0 (Table 2). Figure 2a shows the vari-

ation of the epidemic sizes when R0 ranges from 2 to

12 and the values of the other parameters are those

of the reference scenario. With a R0 of 6, the fore-

casted size was more than 5 times larger than with a

R0 of 3. However, it is not possible to control the R0

by an intervention unlike the three parameters of

the model concerning the efficacy of intervention

(time to intervention, efficacy of tracing and efficacy

of isolating). Concerning these three parameters, the

multivariate sensitivity analysis suggested that time

to intervention and the proportion of contacts traced

have the highest regression coefficient (see Table 2).

Figure 2b represents the variation in the epidemic

size depending on the time to onset of intervention

when the values of the other parameters are those of

the reference scenario. If intervention was delayed to

45 days after the attack, the epidemic size would be

nearly 4 times larger [2780 (1960–3770)]. In this case,

19 700 (13 700–27 600) doses of vaccine would be

needed.

The regression coefficient, computed with the

values of the parameters (and not their ranks), was

1.2 (1.18; 1.23) for R0, 1.04 (1.03; 1.06) for the time to

onset of intervention, 0.23 (0.14; 0.39) for the pro-

portion of contacts traced, 0.63 (0.43; 0.91) for the

proportion of untraced infectious individuals iso-

lated, and was not significant for the number of index

cases. Although these coefficients give an idea of the

scale of the variations, as the relation between the size

of the epidemic and these parameters is not linear,

they should be interpreted cautiously.

DISCUSSION

According to the model we have presented here, an

epidemic beginning with 100 infectious individuals

in a city of 2.15 million people would produce around

730 cases in a reference scenario assuming that the

intervention of vaccinating contacts and isolating

cases would be initiated 25 days after the attack. If

intervention was set 45 days after the attack, an

epidemic of approximately 2800 cases would occur.

The sensitivity analysis gives a quantitative view of

the extent to which the information on R0 is import-

ant for predicting the size of the epidemic with accu-

racy. It also shows the importance of the impact of the

time to intervention and the proportion of contacts

traced on the size of the epidemic.

The quantitative results of our analysis are well

in line with a final remark stated by Gani and Leach:

‘significant epidemics could result, particularly if there

were delays in detecting the first cases or in setting up

effective public health interventions’ [3]. If an attack

with smallpox occurred, the first case would develop

the first symptoms around 12–14 (7–17) days (mean

and range of the duration of the latency period) after

the attack [9]. Because smallpox was eradicated in

1979, lack of experience could lead physicians to

Table 2. Influence of the different parameters of the model as regards epidemic size

Basic reproduction number, R0

Time to onset of intervention

Proportion of contacts not traced (�2 = 1–�)

Proportion of untraced infectious individuals not isolated (�2 = 1–� )

Number of index cases

Regression
coefficient*
(ranks)

1.0191

1.0079

1.0072

1.0023

1.0016

95% confidence interval

*  We provide the exponential of the regression coefficient.

Parameter

0 1 1.025
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misdiagnose smallpox initially, delaying intervention

[10, 11]. Thus we assumed that time to intervention

ranged between 7 and 45 days and was fixed at 25

days in the reference scenario.

As noted above, we found that R0, the value of

which is much debated in the literature, had the most

important impact on the accuracy of the forecasted

size of the epidemic. Gani and Leach’s estimates from

past epidemics which occurred in Europe ranged be-

tween 3.5 and 12 [3, 12] but other authors [13, 14] have

suggested that this value could be smaller, nearly 1,

arguing that only large outbreaks (with high R0) have

been reported in the past and that smaller outbreaks

may have occurred without being documented. For

Table 3. Comparison with other published data

Authors

Size of the

population

Number of

index cases

Attack rates
found by the

authors (%)

Attack rates
found with our

model (%)

Kaplan et al. [6] 10 million 1000 3.7 0.02
Halloran et al. [15] 2000 5 13 2.55

Bozzette et al. [23] 290 million 350 5.2r10x4 46r10x4

This paper
(ref. scenario)

2.15 million 100 0.03
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Fig. 2. Variation of the epidemic size : (a) for R0 ranging from 2 to 12; (b) for time to intervention ranging from 13 to 45 days
after the release ; (c) for the proportion of contacts traced ranging from 10 to 100%; (d ) for the proportion of infectious
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this reason, we used a R0 ranging between 1.5 and 20

favouring values under 6, with 3 in the reference

scenario.

One of the main interests of this type of model is to

perform sensitivity analysis to explore uncertainty.

The seven parameters which were considered as

fixed were drawn from the literature [3, 6, 9, 15, 16]

although they may be prone to variation. However,

we have decided to restrict our sensitivity analysis to

five parameters, the values of which were the most

debated or totally unknown at the current time.

For the sake of simplicity, we assumed in our work

that the whole population was susceptible to variola

virus. Actually, in many developed countries a pro-

portion of the population has never been vaccinated

(estimated at 43% in the United States [15] and 42%

in France [17]) and the remainder received one dose

more than 30 years ago [18]. The duration of immunity

conferred by vaccination remains uncertain: it is ex-

pected to be 3–10 years for one dose and 20–30 years

or more for secondary vaccinations [18–22]. In ad-

dition, the impact of residual immunity in the popu-

lation is not clear. On the one hand, residual

immunity may reduce the severity of the disease and

in turn reduce its infectivity [20]. On the other hand,

residual immunity may increase the mobility of the

infectious individuals vaccinated in the past, enhanc-

ing the spread of the epidemic. Rencently, a model

considering residual immunity has been published [15]

but the authors did not take into account the role of

immunity on the movement of infected individuals

vaccinated before 1972.

In the past 2 years, several models have been pro-

posed to simulate smallpox attacks in order to esti-

mate the efficacy of different interventions of control

[6, 15, 16, 23]. In addition to the results presented

above, in order to compare the attack rates produced

by our model and the figures published recently [6, 15,

23] we have simulated epidemics in populations of

various sizes and various number of index cases (see

Table 3). Note that the range of published attack rates

is wide, with orders of magnitude ranging from 1 to

more than 1000 depending on the author. This reflects

uncertainty in the most likely attack scenario and

diffusion dynamics. Our figures are smaller than those

proposed by the first two publications and greater

than those proposed by Bozzette et al. [23]. However,

these results are difficult to compare since the as-

sumptions are different in the three models and in

particular concerning the efficacy of interventions.

Halloran et al. [15] and Kaplan et al. [6] made the

assumptions that the prodromal period is infectious

whereas we do not consider individuals in the prod-

romal stage to be infectious. Thus we have not simu-

lated the assumption made by Halloran et al. [15]

which could have led to simulation of larger epi-

demics. Further work is needed to study the impact

of this assumption on the size and the duration of the

simulated epidemics. Furthermore Kaplan et al. [6]

considered queuing in tracing and vaccination which

can explain why they have found larger epidemics.

Our work indicates time to intervention as one of

the key parameters for an effective control of a bio-

terrorist attack with smallpox in a large city. It shows

that efforts should be focused on improving early

recognition of an attack (e.g. maintaining diagnosis

capabilities among physicians and laboratories), and

setting up contingency plans allowing for rapid

implementation of intervention measures after the

identification of an attack.
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