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SUMMARY

The problems of understanding and controlling disease raise a range of challenging
mathematical and statistical research topics, from broad theoretical issues to specific practical
ones. In particular, recent interest in acquired immune deficiency syndrome has stimulated
much progress in diverse areas of epidemic modelling, particularly with regard to the
treatment of heterogeneity, both between individuals and in mixing of subgroups of the
population. At the same time better data and data analysis techniques have become available,
and there have been exciting developments in relevant theory, ranging from random graphs
and spatial stochastic processes to the structural stability of difference and differential
equations. This progress in specific areas is now being matched by interdisciplinary co-
operation aimed at elucidating relationships between the widely varying types of model that
have been found useful, to determine their strengths and limitations in relation to basic
aims such as understanding, prediction, and evaluation and implementation of control
strategies. Such interdisciplinary work can be expected to make major contributions to the
modelling of a wide range of human, animal and plant diseases, as well as to general statistical
and biomathematical theory.
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1. MOTIVATION

The study of epidemic models is a very exciting, active and rapidly expanding field. The
term epidemic models has to be interpreted broadly, for we are concerned with the whole
area of mathematical and statistical modelling of populations. Much of the current
upsurge of interest in this area is undoubtedly due to the acquired immune deficiency
syndrome (AIDS) epidemic, but the applications spread over a much wider field than
this, and there are substantial spin-offs in many related biomathematical areas.
Epidemic modelling is a genuinely interdisciplinary subject, and approaches range
from abstract stochastic process theory and the applied mathematics of deterministic
modelling to quantitative biological and social science and empirical data analysis
(Bailey, 1975; Gabriel et al., 1989; Mollison et al., 1991; Anderson and May, 1991;
Gabriel et al., 1993; Mollison, 1994; Isham and Medley, 1994; Grenfell and Dobson,
1994). The history of the subject goes back about 100 years to pioneers such as En’ko,
Ross and McKendrick (Dietz, 1988; Fine, 1975; Aitchison and Watson, 1988; Dietz
and Schenzle, 1985); specific areas have been presented to the Royal Statistical Society
on several occasions (Soper, 1929; Bailey, 1955; Bartlett, 1957; Mollison, 1977).
The AIDS epidemic has raised many stimulating technical questions. AIDS is
particularly difficult to model because of the complex heterogeneity of the relevant
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contact structures, and difficulties in collecting and analysing data which are enhanced
by its long incubation period and by the social sensitivity associated with sexually
transmitted diseases. Nevertheless, similar problems arise for all diseases, and any
solutions or improvements in methodology are of wide applicability.

The areas of application of epidemic models include sexually transmitted diseases,
childhood diseases like measles or polio and the question of appropriate vaccination
policies, and strategies for the treatment and control of infection of the many
devastating tropical diseases such as malaria, schistosomiasis and onchocerciasis. There
are also important applications relating to diseases of animals and plants, both in
the wild and in managed populations; specific concerns include the spatial dynamics
of diseases like rabies (Bacon, 1985), and comparisons of alternative control strategies.

Improved computer technology has led to the availability of better databases and
has opened up new possibilities for the use of computationally intensive methods in
the analysis of data. It has also allowed the simulation of much more detailed models
which are often proposed with the aim of greater realism. However, this increases
the need to improve our analytical understanding of how a relatively few key
components can drive the dynamics of such models.

The study and application of epidemic models raises some fundamental and applied
issues, which are summarized below.

2. ISSUES

Several phenomena present key challenges to current epidemic modelling paradigms,
requiring new model structures to understand their effects on parameter estimation,
forecasting and policy analysis.

2.1. Heterogeneity

Heterogeneity continues to be the central problem and fascination of epidemic
theory. We distinguish two broad types of heterogeneity which affect the spread of
epidemics: population heterogeneity (i.e. that due to differences between individuals,
whether intrinsic or behavioural) and heterogeneity of mixing. The problem of refining
model structure is an active focus of current research, concerned with the impact of
contact structures and spatial heterogeneity on the development of an epidemic,
patterns of subgroup prevalence, and the estimation of parameters such as infectivity
and treatment efficacy.

2.2. Thresholds and Persistence
The circumstances in which infections can persist, and the patterns of their
subsequent endemicity (e.g. cycles, chaotic behaviour, spatial patchiness), are of crucial
interest. Modelling problems include how persistence depends on population size,
disparities between ‘fade-out’ in real and model epidemics, and the need for tractable
ways of incorporating edge effects (i.e. migration, or contacts with the ‘outside world’).

2.3. Non-stationarity
The world of epidemics is emphatically non-stationary. Basic epidemic parameters
fluctuate on a wide range of timescales: daily and seasonal scales due to weather,
yearly or longer scales due to changes in behaviour, demography (e.g. variable
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population growth and its effect on age structure) and evolution. These have potentially
profound effects on dynamics, and through them on such vital aspects of modelling
as prediction and parameter estimation.

2.4. Control
Disease control by vaccination, chemotherapy or other means is the fundamental
applied issue and all the above complexities bear on it. The central modelling issue
is to understand and predict the effects of these interventions on host and parasite
populations, and to design and evaluate optimal strategies for control. Understanding
the dynamics of emerging genetic resistance by parasites against antiparasitic drugs
presents a particular challenge in this context.

Reflecting these issues, major concerns in recent years have been how models
can be set up, how to compare or choose between them, and how they can be
validated against data. In the following sections of this paper, we shall discuss these
concerns and try to relate them to the applied issues listed above. We shall not
attempt to give complete and exhaustive references, but we refer where possible to
useful review articles and collections of papers where further details and references
can be found.

3. STRUCTURE OF MODELS AND RELATIONSHIPS BETWEEN THEM

3.1. Stochastic and Deterministic Models

A wide variety of approaches to modelling epidemics is employed. An essential
distinction that must be made is that between stochastic and deterministic models.
In simple epidemic models, with homogeneous populations and homogeneous mixing,
the possibility of a large outbreak of cases depends simply on whether or not the
basic reproductive ratio R,, which is defined as the mean number of infectious
contacts made by an infective individual in an as yet uninfected population,
exceeds 1. However, the form of dependence depends on the type of model selected.
With a deterministic model, there will always be a major outbreak if R,>1, whereas
with a stochastic model this event is not certain but occurs with a probability which
increases with R, (Kermack and McKendrick, 1927; Whittle, 1955). Further
discussion of such results is given later in Section 7.

The spread of disease through a population is inherently a discrete stochastic
phenomenon. Nevertheless, for suitably large populations, acceptable approximations
may often be obtained by treating the integer-valued variables as varying continuously,
and assuming that the actual changes of state occurring are simply the expected changes
given the current state of the system. Clearly, such deterministic models will not give
good approximations when the values of any of the integer-valued variables involved
become small, so that the corresponding subpopulations become close to extinction.
Also such models can only predict an approximation to the mean behaviour of the
system and give no idea of the shape of the probability distribution about that mean,
even when many sources of variability are incorporated into the models. However,
an advantage of continuous deterministic models, based on sets of simultaneous
differential equations, is the relative ease with which they can be handled. This may
make it feasible to allow the inclusion of more realistic features into the model, and



