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The Effects of Vaccination Strategies Against
Smallpox Bioterrorism with Agent-Based
Simulation

Masayuki Ishinishi, Manabu Ichikawa, Hideki Tanuma, Hiroshi Deguchi,
and Yasuhiro Kanatani

Abstract This chapter aims to estimate the extent of damage in the case of an
outbreak of smallpox terrorism, based on agent-based modeling. The purpose of
this study is also to discuss effects of social protection policies, such as vaccination
and quarantine. The authors developed a smallpox epidemic terrorism simulation
using SOARS. The simulation assumes exposure of smallpox virus in a city with
a population of 10,000. The results of the simulation show (1) The implementation
of early school closure and vaccination significantly reduces the number of infected
persons despite the limited amount of vaccine supply; (2) vaccination is a method
to acquire immunity for younger (non-immune) generations; thus, the difference
in vaccination strategy influences the trend of outbreak among patients; (3) if
the school closure and vaccination are delayed more than 20 days, the effect of
suppressing the spread of infection falls. '
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Table 1 Vaccination coverage

Percentage
Groups Numbers of vaccination Not vaccinated
After 1976 3,740 0 3,740
1969-1975 1,330 61 519
1962-1969 1,142 69 354
Before 1961 6,400 92 512

1 Introduction

In recent years, the intentional spread of biological weapons, including bacteria and
viruses, has indicated the potential threat of bioterrorism to cause serious damage.
Particularly, since the eradication of smallpox in 1976, routine vaccination against
smallpox has been discontinued; consequently, 40% of the total population has
no immunity to the smallpox virus. Table 1 shows the results of the vaccination
coverage survey investigated by Saito et al. [1]. We know that the generation born
since 1976 would be completely susceptible because they would not have had any
vaccination. Thus, an intentional release of smallpox could be a threat as a biological
weapon, and smallpox terrorism is considered to have the potential to cause serious
damage [2]. It takes a long time to observe and confirm the symptoms after acts
of terrorism using spraying. In fact, if the countermeasures against contact between
susceptible persons and those infected are delayed, the infection can spread serious
damage despite starting with only a small amount. There is a social vulnerability
of outbreak in the population in the case of the deliberate release of smallpox virus.
Therefore, the threat of bioterrorism is also increasing, and social protection policies
are required. In particular, it is necessary to keep an international stock of vaccine,
based on the anticipated potential for damage.

To analyze the infection and contamination process, a number of mathematical
modeling studies have been reported in recent years. While most of the studies
have attempted to examine the dynamics of the spread between patients and
countermeasures, the modeling and results are too simplistic to be applied to real
policy making [3]. The authors introduce agent-based modeling to achieve the
following objectives: examine the effects of quarantine, such as school closure,
and vaccination policies, including the amount of vaccine supply, deadlines for
vaccination, and the range of vaccination targets, as countermeasures against
bioterrorism using smallpox.

The authors also consider the social structure, age distribution, and human
activity to describe dynamic interactions between agents. In the model, a spot-
oriented model is employed.
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2 Methods

2.1 Agent-Based Model

This research aims to examine control measures that could minimize the damage
from the spread and development of smallpox within the social structures in
operational aspects. To analyze the infection and contamination process(es), there
are several types of mathematical and simulation models. Most mathematical
models that have been generated to describe the epidemic process of infectious
disease have adopted a multiple nonlinear differential equation named the SIR
model. Since the SIR model has a long history and a variety of applications, it has
become established as a fundamental concept in the field of public health.

This study reports the results from the analysis of the spreading phenomenon of
smallpox patients through simulation using the agent-based approach to describe
the interaction between patients in social activities. The agent-based approach is
sometimes called the individual approach. The approach has two types of models:
the cell-based model and the network-type model. The cell-based model is basic and
intuitive and has been widely used, for example, the effectiveness of “Oseltamivir
(Tamiflu)” against the emerging influenza pandemic in Southeast Asia. The authors
employed a spot-oriented agent role simulator (SOARS), which uses the network-
type model for the analysis of the agents’ state, behavior, and interactions and the
effects of control measures [4].

2.2 SOARS

SOARS was initially developed as a software system for agent-based social
simulation. SOARS has three advantages. First, it is not connected to a physical
location of interaction between agents. Second, it is able to represent an agent’s
behavior relative to the state of the agent’s role. Third, in the representation of time
transition, it is able to distinguish between the state transition of agents, the behavior
of each agent, and the interaction between agents. In SOARS, the social system is
described as an aggregate of several modeling components, i.e., “agent,” “spot,”’
“role,” and “rule.” The spot and the role are specific concepts, and, in particular,
the spot represents not only a concrete physical place but also an abstract place
for interaction between agents. Agents move between spots. Each spot and each
agent have a state that is described by equipped attributes. The agent and the spot
have several attributes that express the state condition. The attribute of the agent
includes two special members that represent the current spot and current role, to
which the agent acts based on related rules. The rules affect the attributes of the
agent and spots.
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The role expresses a type of action for the agents, such as an occupation or
physical condition. All of the agent rule actions are described related to the role,
and the agent selects the role to play actions. SOARS provides a mechanism for
implementing the agent in the context of social science.

The authors employed SOARS to examine the outbreak of smallpox and potential
countermeasures.

3 Modeling and Formulation

Five models were used to describe the agent-based social simulation in this
investigation. The models include (1) a disease state transition model that describes
the disease transition of each agent in the case of smallpox infection, (2) a
contamination and infection model that describes the infection process from infected
persons to uninfected persons, (3) a social structure model that describes the
population of households by age and urban structure, such as home, office, school,
and transportation, (4) a human activity model that describes the inhabitants’
daily social behavior in chronological order, and (5) an intervention that describes
countermeasures against infection increase, such as quarantine (school closure) and
vaccination [5, 6].

3.1 States of Agents (Agent Disease Stage)

An individual-based stochastic model of influenza transmission was proposed by
Wu et al. [7]. The authors derived key parameters, in reference to the natural history
and epidemiology of smallpox, using examples from the model proposed by Wu
et al. There are widespread variations in the disease stage period of smallpox from
many reports [8—10]. The authors then assumed that the set mean time for the stages
of smallpox would be as follows: incubation, 10 days; prodrome, 4 days; rash and
scab formation, 3 days; and recovery or death, 7 days [11].

When an ith agent is supposed, the agent disease stage ADS(i) is divided into
eight parts, as shown in Fig. 1. The transition probabilities between stages are also
defined as shown in Fig. 1.

3.2 Contamination and Infection Model

The authors introduce several types of virus protection policies in their contam-
ination and infection model. The model employs an indirect process, including
contamination from human to spot and infection from spot to human. The process is
divided into excretion of virus by an agent, contamination of a spot, contamination
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S P=0.8

S : susceptible AES=) p=1.0 AES=0

E :exposed but not yet infectious

I, :infectious but not yet symptomatic

I : infectious and symptomatic

1, : asymptomatic and not infectious

Iy : infectious and suffering symptoms severe enough to be

hospitalized ‘
R : recovered and presumed imimune
D : death (Ref: Pros Medicine Sep, 2006)

Fig. 1 Agent’s disease state transition

st sg E

:> Contamination [:> /

Fig. 2 The infection process

of the agent, and infection of the agent. The excretion of virus by the agent is shown
in Fig. 2, depending on the agent’s disease stage. The contamination of a spot is
determined by the sum of the decayed prior contamination of the spot and current
contamination by virus that is excreted by an infected agent who resides at the
location. The contamination of the agent is determined by the sum of the decayed
prior contamination of the agent and the current hazard level of the agent who
resides in the spot. The infection of the agent is determined by the contamination
of the agent and the agent’s immune level (physical condition). The model becomes

equivalent to the direct infection model between agents at a given location if we
omit attenuation factors.
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3.2.1 Formulation

An ith infected agent has agent excretion scale AES(i,t) level depending on the
agent disease stage ADS(i,t) at current time 7. The ith agent visits a certain location
such as the home, office, school, and transportation. The agent hazard level for
the location AHL(i,t) is defined by the product of the agent’s excretion scale and
the excretion protection filter EPF (i). The excretion protection filter indicates the
effectiveness of personal protective equipment such as N95 masks.

AHL(i,t) =AES(i,t) - EPF(i) (1)
The total agents’ hazard level on the kth spot AHL(k,t) is described as follows:

AHL(kt)= Y AHL(i,f). )
icSpot (k) ’

The spot contamination level of the kth spot at the current time SCL(k,1) is obtained
as the sum of the total hazard level of the agent at the kth spot AHL(k,¢) and as the
product of the spot contamination level at a previous time point SCL(k,t — 1) and
the spot attenuation filter of the kth spot at a previous time point SAF (k,t — 1). This
is described as follows:

SCL(k,t) = AHL(t,t) + SCL(k,t — 1) - SAF (k,t — 1). 3)

The spot attenuation filter SAF (k,z — 1) is obtained as the product of the environ-
mental spot attenuation filter EnSAF (k, — 1) and the sterilization spot attenuation
filter StSAF (k,t —1):

SAF (k,t — 1) = EnSAF (k,t — 1) - StSAF (k,t — 1). (4)

The environmental spot attenuation filter is affected by the seasonal climate changes
and controlled humidity at the location. The sterilization spot attenuation filter is
controlled by the sterilization of the location.

There are two types of protection policies, and a spot contamination affects agent
contamination. One is called the virtual space density control, or simply the density
control. The density means contact density between the agents at a spot. The density
is affected by both the activity pattern and the physical space size between agents.
Since the construction of an activity model is required to describe the activity pattern
'of agents in detail, the concept of virtual space density is introduced because of the
unrealistic construction of a detailed model. The density can be evaluated in an
actual social experiment. The virtual space density is an easier factor to control
socially. For example, it is possible to control the virtual space density in a school
classroom by leaving more space between the desks. The other protection policy is
called self-contamination protection by an agent, such as wearing an N95 mask that
is effective for protection against viruses.



