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ABSTRACT

xiv

Finally, an alternative method of estimating the relative risk for dengue disease mapping 
based on these stochastic SIR-SI models is developed and applied to analyse dengue data 

from Malaysia. This new approach offers better models for estimating relative risks for 

dengue disease mapping compared to the other common approaches, because it takes into 

account the transmission process of the disease while allowing for covariates and spatial 

correlation between risks in adjacent regions. Although the SIR-SI model for dengue disease 

is the focus of this research, the methods extend readily to apply more generally to other 

vector borne infectious diseases.

Few publications consider the estimation of relative risk for vector borne infectious diseases. 

Most of these articles involve exploratory analysis that includes the study of covariates and 

their effects on disease distribution and the study of geographic information systems to 

integrate patient-related information. The aim of this research is to introduce an alternative 

method of relative risk estimation based on stochastic SIR-SI models (susceptible-infective- 

recovered for human populations; susceptible-infective for vector populations) for the 

transmission of vector borne infectious diseases, particularly dengue disease.

Firstly, we describe deterministic compartmental SIR-SI models that are suitable for dengue 

disease transmission. We then adapt these to develop corresponding stochastic SIR-SI 

models using ‘discrete time, discrete space’ and ‘continuous time, discrete space’ data. Our 

first type of stochastic models comprises extensions of the discrete time stochastic SIR 
model proposed by Lawson (2006) and involves the theoretical construction and iterative 

evaluation of SIR-SI difference equations. Our second type of stochastic models involves 

continuous extensions of the first type of models and involves the theoretical construction 

and numerical analysis of SIR-SI differential equations. Determining solutions for the latter 

models involves investigating their asymptotic properties and applying simple computational 

algorithms for solving the SIR-SI system of ordinary differential equations. Further 

discussion on modelling continuous space data regardless of the measurement scale of times 

is also presented in this thesis.



CHAPTER 1. INTRODUCTION

BACKGROUND AND MOTIVATION1.1

This research is concerned with the study of geographical distributions of infectious

diseases. Lawson (2001) classified this study into three main areas of application,

which are disease mapping, disease clustering and ecological analysis. In disease

mapping, the purpose of the analysis is to estimate the true relative risk of a disease of

interest across a geographical study area, where the main aim is to reduce the noise in

a disease map. In contrast, the purpose of the analysis in disease clustering is to

examine potential environmental hazards based on whether a disease map reveals

localised clusters of cases and to determine the locations of any such clusters, which

are important in public health surveillance. Finally, ecological analysis focuses on the

analysis of geographical distributions of disease in relation to explanatory variables,

where various supplementary issues relating to disease mapping can be identified.

In this research, disease mapping is the focus of our attention. Disease mapping is a

method to display the geographical distribution of disease occurrence, given observed

data on disease rates, which are generally subject to random variability. Generally, it

involves the usage and interpretation of coloured or shaded maps that show the

incidence of specified diseases in regions of interest. Good maps of disease risk have

been recognized as an important tool for disease control. Maps that show relative risks

of a disease in a geographical region are important for identifying areas that deserve

closer scrutiny or more attention and for identifying etiological factors. Disease maps

may be especially useful for government agencies to allocate resources

1

or identify



modelling to estimate and predict the risks, so better estimates and predictions of risk

would subsequently produce more accurate maps of disease risk.

Numerous studies of disease mapping use a regression-type model where observable

(fixed effects) and unobservable (random effects) variables are included to give a

clean map and hence depict the true excess risk surface (see, for example, Besag et

al., 1991; Bemardinelli et al., 1995; Waller et al., 1997; Knorr-Held and Besag, 1998;

Boehning et al., 2000; Lawson and Clark, 2002; MacNab and Dean, 2002). In spite of

this, there are only a few studies that use disease transmission models for disease

mapping (see, for example, Gemperli et al., 2006).

For the case of dengue, there are only a few studies that use statistical methods to

estimate the relative risk for disease mapping (see, for example, Ferreira and Schmidt,

2006, and Kismiantini et al., 2006). However most dengue studies are based on

exploratory analysis which includes the study of covariates and their effects on

dengue disease distribution in a map (see, for example, Gubler, 1998; Rosa-Freitas et

al., 2003). Furthermore, there are also studies that use a geographic information

system (GIS) to integrate the patient-related information (see, for example, Tran et al.,

2004; Seng et al., 2005; Mohd Din et al., 2007).

still based on the total numbers of dengue occurrences across the regions. For

2

In Malaysia, current approaches for identifying hot spots or high-low risk areas are

hazards related to disease (Meza, 2003). The production of such maps relies on

instance, large numbers of dengue cases in certain areas represent high risks of



dengue occurrences without considering other factors like the population size or the

land size of individual areas. Current prevention and control strategies for dengue

disease in Malaysia, which comprise six aspects including disease surveillance and

control, vector surveillance and control, public education, inter-agency collaboration

and community participation, quality assurance, and research and training, are only

implemented after the dengue cases have occurred.

Therefore, we are interested in introducing an alternative method to estimate and

predict the high-low risk areas, based on transmission models for dengue disease,

which takes into account significant covariates in order to help prevent dengue disease

before it occurs.

Most of the mathematical modelling and statistical analysis used for dengue disease

transmission models until now has been deterministic, ignoring the possible

importance of random effects. Deterministic models are preferred because of the

availability of the data and because they are relatively easy to define and implement,

in comparison to the stochastic models. However, some studies have highlighted the

effects that stochasticity can have on transmission of a disease (see, for example,

Bartlett, 1964 and 1978; Daley and Gani, 1999; Keeling and Rohani, 2007; Keeling

and Ross, 2008). Moreover, many published studies of general infectious diseases

used stochastic models in the analysis (see, for example, Addy et al., 1991; O’Neill,

2002; Clancy, 2005; Clancy and O’Neill, 2008). Most studies indicate that the use of

stochastic terms in the analysis of infectious diseases allows for a probabilistic

statement about the progression of the disease to be made, and it is generally agreed

3



that this renders the modelling as more realistic. Therefore, this research will

introduce stochastic models for dengue disease transmission, which consider

covariates that are significant for dengue disease including space-time factors and

interactions between vector and human host. These models are extensions of the

stochastic SIR models suggested by Lawson (2006).

OBJECTIVES OF THE RESEARCH1.2

The objectives of this research are as follows:

To develop and propose a discrete time, discrete space, stochastic model based1.

on difference equations in the form of a SIR-SI model for vector-borne

infectious disease transmission.

To develop and propose a continuous time, discrete space, stochastic model2.

based on differential equations in the form of a SIR-SI model for vector-borne

infectious disease transmission.

To introduce and discuss discrete time, continuous space, stochastic SIR-SI3.

models and continuous time, continuous space, stochastic SIR-SI models for

vector-borne infectious disease transmission.

To propose an alternative method of relative risk estimation for vector-borne4.

infectious disease mapping based on disease transmission models.

4



To estimate the relative risk for dengue disease mapping based on discrete5.

time, discrete space, and continuous time, discrete space, stochastic SIR-SI

models for dengue disease transmission in Malaysia.

6.

To propose a procedure for generating infectious disease maps based on the7.

posterior distribution for relative risk, as determined using Markov chain

Monte Carlo methods for implementing Bayesian analysis.

To develop procedures for predicting regional infectious disease for future8.

time periods conditional upon the observed history, in order to permit cross-

sectional and longitudinal comparisons of disease status and progression.

The following section contains an outline of the thesis, and gives an overview of the

work that it contains.

ORGANIZATION OF THE THESIS1.3

This thesis is organized into nine chapters. Chapter 1 introduces the background of,

and the motivation for, this research. Then, the objectives underpinning this research

are explained.

5

To compare the results of relative risk estimation based on the discrete time, 

discrete space, and continuous time, discrete space, stochastic SIR-SI models 

of dengue disease transmission with other existing statistical methods for 

disease mapping using dengue data from Malaysia.



In Chapter 2, a brief explanation about vector borne infectious disease modelling is

included, specifically referring to some basic facts about dengue disease. These

include the signs and symptoms, cause and transmission of the dengue virus,

prevention and control, and treatment and vaccine development for dengue disease.

This chapter also discusses previous work that has been published on developing

disease transmission models, especially for dengue disease, and the analysis of disease

maps. The former includes an explanation about deterministic and stochastic disease

transmission models, while the latter includes a discussion about previous and current

analytical methods for disease mapping.

Chapter 3 presents and explains a development of discrete time, discrete space,

stochastic SIR-SI models of indirect disease transmission, which are an extension of

the SIR model of direct disease transmission proposed by Lawson (2006). We

describe the deterministic difference equations of the SIR-SI model and subsequently

adapt this system of difference equations to develop a stochastic SIR-SI model. In this

research, the SIR-SI model used relates specifically to dengue disease transmission.

However, it can easily be adapted for use with any other indirect disease transmission,

especially for diseases where the virus is transmitted by a vector.

Then, the development of a continuous time, discrete space, stochastic SIR-SI model

for dengue disease transmission will be disclosed in Chapter 4. This model is obtained

by extending the model proposed in Chapter 3, but with a different approach related to

continuous time data. This includes the description of deterministic nonlinear

differential equations for the SIR-SI model for dengue disease transmission. We

6



follow this development by considering two methods of solution, which involve

investigating their asymptotic properties and applying simple computational

algorithms for solving the SIR-SI system of ordinary differential equations.

Chapter 5 investigates and describes possible models for continuous space data

regardless of the measurement scale of times for the SIR-SI model of dengue disease

transmission. Our preliminary investigations suggest that these models are potentially

superior in their ability to encapsulate more information than corresponding discrete

space models, but without considerable extra effort in modelling each specific disease

under consideration and in collecting more detailed data, they are unlikely to offer any

practical advantages and are also less amenable to computational evaluation.

Furthermore, an alternative method for estimating the relative risk in order to improve

disease mapping based on the standard disease transmission models is developed and

this will be elaborated upon in Chapter 6. This includes the estimation of relative risk

based on stochastic difference and stochastic differential equations for the SIR-SI

model of vector-borne infectious disease transmission.

Chapter 7 presents and demonstrates the results of our application to relative risk

estimation for disease mapping to observed dengue data from Malaysia. These

involve calculating and comparing the results of analysis for both discrete time,

discrete space data and continuous time, discrete space data. Firstly, the findings of

relative risk estimation based on discrete time, discrete space data are presented. This

includes the results of relative risk estimation using the classical model based on

7



standardized morbidity ratios, the earliest example of Bayesian mapping methods

using the Poisson-gamma model and the discrete time SIR model proposed by

Lawson (2006). Next, the estimation of relative risk based on discrete time, discrete

space, stochastic SIR-SI model of dengue disease transmission that we proposed is

discussed. All related findings are then compared and presented in tables and maps.

Also in Chapter 7, the results of our application to continuous time, discrete space,

data are presented. These involve the theoretical construction and numerical analysis

of SIR-SI differential equations, which include the investigation of their asymptotic

properties and applying simple computational algorithms for solving the nonlinear

SIR-SI system of ordinary differential equations. Results of the asymptotic analysis

give some information about the steady state counts of susceptible, infective and

recovered human populations, and susceptible and infective vector mosquito

populations. The numerical analysis involves the use of a discrete algorithm within

WinBUGS software for generating approximate solutions based on the continuous

time model. It generates information about susceptible, infective and recovered

human populations, and susceptible and infective vector mosquito populations in

finite time, which are subsequently used in the analysis of relative risk estimation for

dengue disease mapping.

In Chapter 8, a procedure for predicting relative risk is included to suggest

approximate future dengue disease progression patterns for Malaysia. Predictions of

relative risk could help in controlling and preventing dengue disease before it occurs.

Predictive dengue risk maps produced from these predictions will show the high-low
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risk areas of dengue risk for the future. Several management strategies, including

publicity campaigns and environmental interventions, could be planned in targeted

areas based on predictive risk maps such as these, in order to prevent dengue disease

from advancing.

Finally, Chapter 9 summarises the thesis and discusses the findings of this research. It

describes and highlights the original contributions that we offer and proposes some

recommendations for future work.
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