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Abstact

This study is concerned with the mathematical modeling for human immunodefi ciency
virus (HIV) transmission epidemics. The mathematical models are specified by sto-
chastic differential equations. The differential equations are solved by use of Generating
Functions (GF).In the process of literature review, a conceptual framework is drawn
which summarizes the literature on HIV/AIDS transmission epidemic models. Models
based on Mother to child transmission (MTCT) (age group 0-5 years), Heterosex-
ual transmission (age group 15 and more years) and combined case (incorporating all
groups and the two modes of transmission) are developed and the expectations and
variances of Susceptible (S) persons, Infected (I) persons and AIDS cases found. It
is shown from the combined model that MTCT and Heterosexual models are special
cases of the combined model.

General aspects of modeling HIV/AIDS are described in chapter 1, Chapter 2 focuses
on the literature review. MTCT model is formulated in chapter 3. Heterosexual model
is developed in chapter 4, Chapter 5 focuses on the development of the Combined
model. Chapter 6 concludes the study.



Chapter 1

GENERAL INTRODUCTION

1.1 BACKGROUND OF THE STUDY

This chapter deals with the general introduction of HIV/AIDS and how it is spread.
Generating function (GF) which is the main tool used to solve the differential equations
derived in the study is introduced in this chapter. several Epidemic models are also

introduced in this chapter.

1.1.1 Introduction

Mathematical modeling plays an essential role in bridging the gap between the math-
ematical theory and public health practice, and it is this aspect that motivates the
present discussion. We attempt to promote the use of mathematical modeling that
provides practical insight and guidance for the disease control, with emphasis on iden-
tifying issues that have not been addressed adequately. While deterministic models
can serve as a guide towards parameter estimates,the need to quantify the precision of
estimates and the variation in data imply that stochastic models are the natural basis

for the analysis of infectious disease data. The approach to modeling HIV/AIDS is to



use HIV transmission dynamics models which include the progression to AIDS. These
models often have the population divided into compartments consisting of those who
are Susceptible(persons without the HIV virus), infected but without symptoms and
those who have developed the full blown symptoms (it can take around 7-10 years to
develop full blown AIDS symptoms after infection with HIV). In deterministic trans-
mission models; the movements between these compartments by becoming infected,
progressing to the next stage or AIDS, migrating or dying are specified by systems of
difference or differential equations. Some HIV transmission dynamics models are sto-
chastic with probabilities of moving to the next stage at each time step. The study of
HIV/AIDS requires various aspects of academic disciplines. Developing mathematical
modeling is therefore important in understanding or explaining the progression of HIV
from Susceptible to infective and then to AIDS case (those who have developed full
blown AIDS symptoms).

1.1.2 Modes of HIV/AIDS Transmission

Introduction

The last ten years has witnessed a veritable explosion of research on disease called
acquired immunodificiency syndrome (AIDS) that was first identified in the summer
of 1981 in USA. We realize that a large range of problems remain to be resolved. Un-
derstanding and controlling the H I V epidemic is a paticularly difficult challenge .The
long and variable period between H IV infection and clinical diseases makes it difficult
both to forecast the future magnitude of the epidermic , which is important for health
care planning , and to estimate the number infected in the last several years , which
is equally important for monitoring the current status of the epidemic. In such a sit-
uation mathematical and statistical modeling are of help. HIV is transmitted through

shared bodily fluid such as semen and vaginal fluids, infected blood and blood products.



Modes of transmission

Sexual Transmission

Sexual Transmission is the most important mode of transmission of AIDS infection
and accounts for 75 percent of cases of AIDS globally. AIDS could be transmitted by

both heterosexual and homosexual transmission.

sHeterosexual intercourse

Heterosexual transmission is the dominant mode of transmission of AIDS infection in
Asia and Africa. The current worldwide expansion of the AIDS epidemic is primarily
driven by the sexual transmission of human immunodeficiency virus (HIV), and its
future will be determined largely by the degree to which sexual transmission can be

reduced.

eHomosexual intercourse

Homosexual transmission of AIDS is another mode of sexual transmission and occurs
when a male has anal infercourse with another male. As this virus is carried in the
semen, if one male is already having AIDS, the second male contacts this disease. This
mode of transmission is more common in Furope and United States as compared to

Asis and Africa.

Transfusion of infected blood or blood products

This occurs when infected HIV positive blood is transfused into a normal patient.
Many blood products in common use today such as platelet concentrates, factor VIII
concentrate, etc. also can transmit the virus. Therefore it is important to screen all
blood for presence of HIV before transfusion is given. Transfusions are given to in-
crease the blood’s ability to carry oxygen, restore the body’s blood volume, improve
immunity, and correct clotting problems.The transfusion of blood can transmit an in-

fectious disease carried in the donor’s blood. That’s why health officials have stepped



up their screening of blood donors and made blood testing more thorough. Today,
all blood donations are tested for viral hepatitis, AIDS, syphilis, and selected other
viruses. There is a very high probability of infection through the transmission of blood
and other blood products if the original product is HIV-infected. Thus the rate of tran-
sition from uninfected to infected depends upon the number of transfusions received
by a person and the conditional probability that if a transfusion takes place it involves
infected blood or blood products. The probability of becoming infected during the
time interval (t,t 4+ At) is proportional to the fraction of the total population eligible
for blood donation who are infected. Blood transfusion now is very rarely in countries

where blood is screened for HIV antibodies)

Vertical transmission (Mother-to-child)

Mother-to-child transmission (MTCT) is by far the largest source of HIV infection in
children under the age of 15.In the absence of preventive intervention, the probability
that an HIV-positive woman’s baby will become infected ranges from 15% to 25% in
industrialized countries and 25% to 35% in developing countries. The virus may be
transmitted to the newborn babies during pregnancy(foetus), labor, delivery(in utero)
(through contamination by blood or other fluids during birth), or after the child’s birth
during breastfeeding. Among infected infants who are not breastfed, about two-thirds
of cases of MTCT occur around the time of delivery and the rest during the pregnancy
(mostly during the last 2 months). In populations where breastfeeding is the norm,
it accounts for more than one-third of all transmission.Thus the rate of transmission
from uninfected to infected depends upon the health status of the mother and the
conditional probability that an infected mother will transmit the virus to either the
foetus or newborn in utero, during or shortly after delivery.

Intravenous (IV) drug users

These comprise an important group in the chain of transmission of HIV. Drug users

usually inject a variety of substances into the blood and often use or share the same



needle. If any one of the drug users has HIV, this virus is transmitted to all those who
use the same syringe and needle. Also as the drug users get infected and they pass this
infection to their spouse. Thus a male drug abuser who has AIDS can infect his wife,
she in turn infects the children born after she has contracted AIDS. Thus the whole
family could be involved, if either the husband or wife abuses drugs. The children born
before the wife is infected will not develop AIDS by mother to child transmission; only
those children born after the wifes infection acquire HIV from their mother. This is

discussed in detail below (mother to infant transmission).

1.1.3 Generating functions (GF)

Generating functions are important tools for some areas of applied probability and
statistics. since GF is going to be the core tool in this study, it is in order to describe
it briefly.

The method of generating functions is one of the most important analytic tools in the
study of stochastic processes with discrete sample spaces. It has been used in differ-
ential and integral calculus and in combinatorial analysis. The generating function of
an integer-valued random variable completely determines its probability distribution
and provides convenient ways to obtain the moments of the distribution. Furthermore,
certain important relations among random variables may be simply expressed in terms
of generating functions. In population studies, the generating function technique has
been used to study life tables, the effects of family size under various controlling condi-
tions, the survival of family names, kinship theory, stable population theory, the impact
of family planning programmes on fertility, the human reproduction process, etc. Use
of Generating functions has also been made in studying group-screening designs with

random group-sizes and with repeated testing.



Definition
let ag,a1,as,... be a sequence of real numbers. If A(s) = a3 + aps® + aas® + ... =

k

Yoheo ars” converges/exists in some interval —sg < s < s1, then

A(s) = iaksk (1.1)
k=0

is called the Generating function of the sequence {a}.

Probability Generating Function(PGF)

Definition

Probability generating function (pgf) is a special case of a generating function.

Let the sequence {a;} satisfy the following two conditions:

H0<a <1

(i) Xkeoar =1

This means that {a;} is a probability mass function. Then the corresponding A(s) is
called a probability generating function of {ax}.

Mean and Variance of generating functions

getting the derivative of equation (1.1) we have

AI(S) = Zkaksk_1
k=0

Putting s = 1 we have
A1) == > kar = E(X)
k=0

This is the expectation of the distribution.
To obtain variance of X we have to add E(X) — E?(X) which leads us to

var(X) = A"(1) + A'(1) — A%(1)

1.1.4 Partial Differential Equations (PDE)

The partial differential equations encountered in this project are linear differential

equations of the first order with two independent variables. The typical equation
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involving two independent variables is
z dz
P— —=R 1.2
oz + Q(Sy (1.2)

subject to appropriate secondary conditions, where P, Q, and R are functions of x,y,
and z. Corresponding to (1.2), there are two ordinary differential equations, known as
auxiliary or subsidiary equations

do _dy_ iz

=0~ % (1.3)

any function u(z,y, 2) = constant or v(z,y, z) = constant that satisfies (1.3) is also a
solution of (1.2). Therefore, instead of solving the partial differential equation directly,
we solve the ordinary differential equations. To obtain the general solution, we make

one constant a function of the other, that is,

u = ¢(v)

the particular solution is determined by the appeal to the initial boundary conditions.

1.1.5 Epidemic models
Introduction

It is in order to briefly review the basic ideas involved in the epidemiology of infectious
diseases before we discuss HIV/AIDS transmission models.

to begin with we suppose that we have a group of Susceptible (non-infected)individuals
all mixing homogeneously together. One or more from this group then contracts a cer-

tain infectious disease which may in due course be passed on to the other Susceptibles.



In general we assume that after the receipt of infectious material, there is a latent
period during which the disease develops purely internally within the infected person.
The latent period is followed by an infectious period, during which the infected person
or infective as he is then called, is able to dicharge infectious matter in some way and
possibly communicate to other susceptibles. Sooner or later the symptoms appear in
the infective and he is removed from circulation amongst the Infectives until he either
dies or recovers. This removal brings the infectious period effectiveness or an end(at
least so far as the possibility of spreading the disease is concerned). The time interval
between the receipt of the infection and the appearance of symptoms is the incubation

period.

The Epidemiology of infectious diseases

A number of epidemic models have been developed for various infectious diseases. With
the emergence of HIV /AIDS, it has been necessary to re-examine these models so as
to come up with appropriate models for HIV/AIDS transmission. A brief description
of these models follow:

I. ST Models with vital dynamics

In this model,the study population in SI model is divided into two compartments;
Susceptibles (S):-those persons who are free of the disease but can contract it from an
infected person, and Infectives (I):- those persons who have the disease and can pass
it on to susceptible persons. In the simple SI model with no cure, everyone eventually
gets the disease no matter what treatment strategy is applied. The infected is assumed

to die.



Figure 1.1: SI model
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The equations for SI models with vital dynamics are:

Y

dS/dt = U —puS -8,
dIjdt = BS — ul,

where N = S5 + [
AcST

N
Application of the SI model is in Influenza disease spread, where the model divides the

b=

population into two groups:Susceptibles or those who may contract the disease, and
infecteds or those infected and experiencing severe symptoms.
II. SIS Models with vital dynamics
This model is an improvement of the SI model. it is not true for all diseases that
infected persons die, in most diseases, the infected recover and again they become
susceptibles. The study population is divided into two classes; Susceptible and Infected
in which susceptibles (S) become infected (1) and recover without immunity and so are
again susceptible. Assume S are the susceptibles and I are the infecteds and infectious
individuals. The connectivity diagram is as shown below. The rate of recovery per
infected is v, a constant and the rate coefficient for infection, called the force of infection
3, where |

b= Ac



Figure 1.2: SIS model
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The equations for SIS model are given by:

dS/dt = U — uS — BIS/N,
dI/dt = BIS/N —ul —~I

where S(t), and I(t) are the numbers in these classes, so that S(t) + [(t) = N(t)

Application of this model SIS is in the spread of Gonorrhea, where the model divides
the population into two groups: susceptibles or those who may contract the disease,
infecteds or those infected and experiencing severe symptoms,the infecteds recover

without immunity and so are again susceptible.
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I11. SIR Model with vital dynamics

The most fundamental mathematical model of the spread of disease is the susceptible/
infective/recovered or SIR model. In this model a population is divided into three
classes according to their status in relation to the disease of interest: susceptible (S),
meaning they are free of the disease but can catch it, infective (I), meaning they have
the disease and can pass it on to others, and recovered (R), meaning they have recovered
from the disease and can not longer pass it on. There is a fixed probability per unit
time that an infective individual will pass the disease to a susceptible individual with
whom they have contact, rendering that individual infective. Individuals who contract
the disease remain infective for a certain time period before recovering and losing their
infectivity. This model is a bit more complicated in that there is a constant recruitment
of new susceptibles at rate U and there is a background mortality rate coeflicient,u ,
which is the same for susceptibles, infecteds and immunes, i.e. there are no extra deaths
due to the disease. The force of infection, A , is a function of X, Y and Z. We shall use
the SIR model to show how one writes the equations and then use it to develop some
of the most important ideas in the epidemiology of infectious diseases. Suppose each
susceptible makes ¢ contacts per unit of time that are of the disease transmitting type.
Then the susceptibles make ¢S contacts per unit time. Assume the contacts are at
random with members of the total population, N=S+I1+R. Then only the fraction I/N
of the contacts are with infectious individuals. Let £ be the probability of transmission
in a contact between an infected and a susceptible. Then the rate susceptibles become

infected must be, £ c]\‘ff

12



Figure 1.3: SIR model
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The equations for SIR models are:

r
¥

dS/dt = U —uS—AS,

di/dt = XS —(u+v)1,

dR/dt = yR-puR
where

_ fBeST
N

This model can be applied in the spread of Measles, where the model divides the popu-

A

lation into three groups: susceptibles or those who may contract the disease, infecteds
or those infected and experiencing severe symptoms, and partial immunes(recovered)

or those infected but experiencing only mild symptoms.
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IV. SEIR Model with vital dynamics

This model is an extension of SIR model. Assume a given population may be divided
into the following categories:

Susceptibles-those capable of contracting the disease,

Expossed- those who are infected but not infectious,

Infectives- those capable of transmitting the disease,

Recovered- those who are immune.

The connectivity diagram shown below is for a constant, open population with births

and deaths.

Figure 1.4: SEIR model
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Further modification of the SIR model is by adding an immediate return path, é R,
back to the susceptibles following the concept that partial immunity is not immediately

acquired. The connectivity diagram is as shown below:
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Figure 1.5: SIRS model with vital dynamics
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The differential equations from the diagram are:

= U-uS—AS+4R;

di
G = M-+
% = v —uR—-6R

Application of this model in in Malaria spread.

15



V. SIA Model
These models are just like SIS models but instead of infectives recovering, they develop

AIDS symptoms.The population in this model is divided into three classes: Susceptibles
(S), Infective (I) and AIDS case (A).

Figure 1.6: STA model
A
: , :

Susceptible Infected

AIDS Case
Dcath// @ Death

k4

Y

A key characteristic of HIV is its long infection time (anywhere from a few months to
years) before the onset of AIDS. In fact, some individuals may carry the disease but
never develop AIDS. During this infection time the individual is infective and may infect
others. Here it will be assumed that once an individual progresses from this infective
stage to AIDS, the individual will no longer be sexually active and cannot infect others.
The big task now in most countries is to combat the spread of the epidemic. The age
structure of the population is changing drastically fast: the sexually active age-group
is the one most affected and, as a consequence, the workforce is being reduced and
the number of orphans is growing very fast. Thus, it is important, for the purpose of
economic and social planning, to have an idea of the age structure of a population. This
is what prompted the researcher to look at a three stage groups model, a population

under consideration is divided into three age-groups:

16



0 — a; (the pre-school age group), a; — ap (the age group between 5 and 15 years,
school age) and ap and more years (From 15 years). In each age-group, the population
is divided into: S (Susceptible)] An S person does not carry the AIDS virus but can
contract it from an I person] ,I (Infectives) [An I person has been transmitted with
the AIDS virus and carries the AIDS virus and can transmit the virus to S persons.
There is a chance that he will develop AIDS symptoms to become an AIDS case or
remain non-infectious. Non-infectious person has the virus, which he can contract to
uninfected person, but he does not develop the AIDS symptoms| and A (AIDS case)
[An AIDS case person is a person who has developed AIDS symptoms, Since there
is no effective cure for AIDS at the present time, there is high probability that this
person will die from AIDS]. It is the third age group that is sexually mature and active
and, therefore, capable of reproduction. It is also this group that is responsible for the
horizontal transmission of the epidemic through heterosexual activities and for vertical
transmission to the first group by infected mothers. The other modes of transmission of
HIV, such as use of unsterilized needles or instruments in hospitals/clinics and through
blood transfusion has been reduced drastically to almost 0% presently. In group 1, the
only possible mode is the vertical transmission: HIV/AIDS infected mothers pass the
virus to their newly born babies. In the model presented in this work, we shall assume
that all those born infected with the HIV will die before the school age a;. Thus,
Group II will be free of the HIV/AIDS. However, it should be noted that, according to
recent clinical research results, some children born with antibodies against the HIV do
lose the antibodies after some time and they never get the HIV [2]. In this case, those
who survive the developmental period (0, a;) years can be accounted for by the value
of the parameter for the proportion of the newly born babies by infected mothers that
do not have the HIV.

17



1.2 STATEMENT OF THE PROBLEM

Generating functions have been applied extensively in population studies, especially in
branching processes, human reproduction process, Birth and Death process etc. There
is need to extend the application of generating functions to HIV transmission models.
In the literature, this approach has not been used extensively by researchers to study
epidemic processes. Most of the researchers have focused their research on deterministic
models. In this study we proceed to study the deterministic models, then develop a
stochastic differential equations from the deterministic models for the spread of the
HIV/AIDS virus in a heterosexual population then solve them by using Generating

functions.

1.3 PURPOSE OF THE STOCHASTIC HIV/AIDS
MODELING

Our research was basically motivated by the following considerations.

(i) Many biological factors such as incubation periods and social factors affecting
HIV/AIDS spread are subjected to considerable random variation so that the spread
of the AIDS virus is in essence a stochastic process.

(ii) stochastic models provide more information than deterministic models; for exam-
ple, besides the expected values, one may also compute the variances and covariances
and assess effects of various factors on these variances and covariances.

(iii) As we shall see, under some special conditions, the deterministic approach is equiv-
alent to working with the expected values of the stochastic models. In this sense, then,
the deterministic approach is a special case of the stochastic models if one is only in-

terested in the expected values.
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1.4 OBJECTIVES OF THE STUDY

The primary objective of the study is to apply generating function (GF) technique
in modeling HIV/AIDS transmission. The study has the following specific research
objectives.

(i) To identify some deterministic and stochastic models that have been developed For
HIV/AIDS transmission dynamics.

(if) Modify these equations and formulate stochastic differential equation versions from
these ordinary differential equations.

(ili) Apply Generating function technique (GF) in:

e Mother to child transmission model.

e Heterosexual Model.

e Combined model.

The major significance of the study is to show how Generating functions (GF) can be
applied in HIV/AIDS transmission models. The models are tested by simulation so as
to study the patterns of the population; the susceptibles, infecteds and AIDS cases, by
changing parameter values under study. Thé study helps the author develop a proposal
for Ph.D work in this area.

The project’s thoroughness and depth of coverage will make this area of research a
valuable reference for researchers at the frontiers of the field; since the field is full
of potential for future developments in mathematical modeling and empirical appli-
cation.The work on stochastic process would also make the analysis of HIV/AIDS

pandemic straightforward.
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Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter, we are highlighting various epidemic models on HIV/AIDS by various
researchers and use of Generating functions. These models are based on homosexflél
and heterosexual populations. For each population, we have considered deterministic
and stochastic approaches. From the literature, it is seen that little has been done on
the use of generating functions. It is only Tan and Hsu (1989) who used Generating
function but did not consider Mother-to-child Transmission(MTCT) which has become
a major mode of HIV/AIDS transmission. Since litle is done on use of generating
functions in epidemiology, the author tries to review the deterministic and stochastic

models which have been studied in HIV/AIDS.

2.2 HOMOSEXUAL POPULATION

Many mathematical models for HIV transmission and AIDS incidence have dealt pri-

marily with one homogeneously mixing risk group which usually consists of highly

20



sexually-active homosexual men. Some of these modeling efforts are described below.

2.2.1 Deterministic Models

Anderson et al.(1986) described some preliminary attempts to use mathematical mod-
els for HIV transmission in a homosexual community. The epidemic data available
on HIV infection and the incidence of AIDS was surveyed. After the risk groups and
transmission mechanisms were described, doubling times for AIDS incidence were given
for risk groups in various geographic locations. Some data were also given for the HIV
infection period, the proportion who develop AIDS, and measures of sexual activity.
Models of the early stages of the AIDS epidemic in homosexual men were used to find
the reproductive number from the distribution of the AIDS incubation period and the
initial doubling time. These more complex models showed that heterogeneity in sex-
ual behavior can greatly influence the predictions, with more heterogeneity implying
decreased magnitude of the AIDS epidemic. This result is reasonable since high het-
erogeneity implies that the few very sexually active people are removed rapidly from
the infectious pool. Anderson emphasized that uncertainty in parameter values implies
that the models are not suitable for prediction. The purpose of their modeling was to
investigate the effects of various parameters and help improve our general understand-
ing of the transmission dynamics of HIV infection. Areas of biological uncertainty,
future data needs, and public health policy implications were discussed.

Pickering et al.(1986) formulated a model for the spread of HIV and AIDS incidence
in the homosexual male population in three large cities. They used a discrete time
nonlinear model for the sexual transmission of HIV with several possible courses of
progression after infection. They gave some preliminary forecasts for San Francisco,
" Los Ageles and New York city but concluded that there were insufficient data to choose

between radically different forecasts.
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2.2.2 Stochastic models

May and Anderson (1987) presented some simple HIV transmission models to help
clarify the effects of various factors on the overall pattern of the AIDS epidemic.They
began by defining the basic reproductive number as the product of three parameters
and then obtained estimates of these three parameters from various data sources. They
showed that if the probability of developing AIDS increases linearly with tine since in-
fection, then the distribution of the AIDS incubation period is a Weibull distribution.
Their calculations assumed that 30% of HIV infecteds eventually develop AIDS, but
we now know that this percentage is too low. They considered a model for heterosex-
ual transmission where infection comes from the homosexual male population through
bisexuals and found that the doubling times would be significantly larger in the het-
erosexual population than in the homosexual population. At present, this is not a
realistic model for the sexual transmission of HIV in Africa, since most heterosexual
transmission is to sexual partners (man and a woman). In their discussion, they em-
phasized the uncertainty of the parameter values and the need for better data in several
areas.Anderson’s(1992) epidemiological model has the form Ry = Fc¢d, where Ry is the
reproductive rate of the epidemic, that is, the number of new infectious that result from
each infected individual. [ is the probability of the virus being transimited by sexual
patnership; ¢ is the number of sexual patners or patner” changes” ¢ is the duration of
infectiousness of seropositive individuals.

What this model indicate is HIV will spread more rapdely in a porpulation where the
per-patner probability of transimition is high where the number of sexual patners is
large, and where the duration of infectiousness is length.

The mean of ¢ and its variance are positively correlated and the actual impact of ¢ on
the transmission rate is: 5

c=m-+ —
m

where m and 62 are the mean and variance of c respectively.

Blythe and Anderson (1988) considered HIV transmission models with four forms for
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the distribution of AIDS incubation period (exponential, Weibull, gamma and rectan-
gular). As in most models, the HIV infections period was assumed to be equal to the
AIDS incubation period. The impact of the four distributions on HIV transmission
dynamics in male homosexual communities was assessed by examining the equilibrium
states and their local stability in a model with constant recruitment of susceptibles. In
their discussion of the relative merits of the four distributions of the AIDS incubation
period, they concluded that, for qualitative purposes, it may be sufficient to consider

only these four distributions(if their means coincided with the observed value).

Castillo-Chavez et al.(1989a,b,c) extended the above results to arbitrary distributions
and analyzed a model where the mean rate of acquisition of new partners depends
on the size of the sexually active population. Their results are further described in
Castillo-Chavezet al.(1989d). In his model, the sexually active homosexual population
is subdivided into three groups: S (Susceptible), I (HIV infectious), and A (AIDS
infectious). He assumed that A- individuals are sexually inactive and hence do not
contribute to disease dynamics. He also assumed that sexually active individuals choose
their partners at random. The demographic parameters are given by A, the recruitment
rate into S; u, the sexual activity removal rate; d, the AIDS-induced mortality rate,
and A, the transmission rate per infectious partner. C(7") denotes the mean number of
sexual partners that an average individual has per unit time, given that the sexually
active population is T = S+ 1. It is reasonable to expect that in general C'(T") increases
linearly for small T" and saturates for large T'. He further assumed that the incidence
rate B(t)- the number of new cases per unit time is proportional to C(T), to S, and
to the sexually active infected fraction: B(t) = AC(T)S (t)% . P(s) is the proportion
of individuals that are infected at time t and that, if alive, are still infectious at time

t+s. The distribute-delay model for the sexual spread of HIV /AIDS is therefore given
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by the following systems of integro-differential equations:

= A= B) - pS@),
It) = Ib(t) + ff B(z)e #*2) P(t — 2)da,
A(D) = Ao(t) + Ajed + fg{ 7 B(z)e~mr=)[—P'(r — x>e~d@*7>]dm}d7

This model generalizes the models developed by Anderson and May(1987), and Blythe
and Anderson(1988). Later Castillo-Chaves reduced the above model to the following

system of ordinary differential equations:

A2
I

= A—B(t) - uS@),
MO = B(t) — (a + Wh(),
O = 1 1(1) — (a2 + p)la(?),
BO = gyI(t) — (as + W) I(t),

O = aala(t) — dA(Y)

Where a;,i = 1, 2, 3 denote the rate at which new AIDS cases occur.

Bailey (1989) presented a model for HIV infection and AIDS in which infected people
proceeded through a sequence of stages to AIDS and then to Death.The model is given
by a system of m + 2 nonlinear differential equations with mass-action incidence term
and negative exponential waiting times in the infected stages, which correspond to a
gamma distribution for the AIDS incubation period. He used data on HIV prevalence
in the San Francisco city Clinic cohort of 7, 000 people and the reported AIDS incidence
in all San Francisco and obtained a best (minimum chi-square) fit of his model. The
best fit yielded a gamma distribution with m = 7 for the AIDS incubation period.
Mode et al. (1989) considered a stochastic population model of an AIDS epidemic in
a population of male homosexuals. Computer intensive methods were used to study
more properties of the model statistically. A numerical factorial experiment was used
to study three factors of importance in the evaluation of the AIDS epidemic. These
factors were the distribution of the latent period of HIV, the probability of infection
with HIV per sexual contact with an infected individual, and the distribution of the

number of contacts per sexual partner per month. They found that the latent period
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of the HIV infection had a decisive impact, but the impact depended crucially on the
other factors. The monte Carlo experiment showed that the deterministic,nonlinear
differential equations using expected values gave more pessimistic predictions than the
stochastic population process. Their latent period of HIV would more properly be
called the incubation period for AIDS. They used the Weibull and gamma distribu-
tions for this AIDS incubation period. The infectivity of HIV-positive individuals was
taken to be constant and then zero when they developed AIDS. Since longer mediam
AIDS incubation period implies a longer infectious period, their conclusion that the
HIV prevalence is much higher for longer median AIDS incubation period seems rea-
sonable.

Tan and Hsu (1989) used a stochastic model for the spread of the AIDS virus in a
homosexual population. In this model, susceptible (S) persons become HIV latent
(L), infective (I) and then develop AIDS (A). Transitions between these groups were
governed by probabilities with constant rate and two transmission rates. The proba-
bility generating function (PGF) of the number of Latent persons, Infective persons,
and AIDS case was derived. The expected numbers, and variances and covariances of
these persons satisfy some ordinary differential equations. These equations are solved
numerically to assess the effects of various factors on AIDS spread.

Kaplan (1989) developed dynamic models that apply to needle sharing populations. He
made the assumption that a susceptible individual using an infected needle removes
the virus from the needle. Kaplan performed extensive simulations illustrating the
sensitivity of the model to various parameters and computed the basic reproduction
number for this model. He also discussed the effect of possible intervention strategies.
the model described by Kaplan is similar to the model considered by Hethcote and
Van Ark (1987). at time t, the population contains n(t) gay men. This population
is divided into m subpopulations, with n;(t) men in subpopulation i.Immigration to
subpopulation i occurs at a constant rate of IV; men per year, i is the mortality rate
per man per year.

A general model for HIV transmission and AIDS has been formulated by Hethcote
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(1987, 1989a).The comprehensive model proposed contains all known transmission
routes including homosexual and heterosexual intercourse, needle sharing among in-
travenous drug users, blood transfusions, blood factor concentrates to hemophiliacs,
and perinatal infections. The primary risk groups in the model were sexually active
homosexual and bisexual men, prostitutes, sexually active heterosexual women and
men, and intravenous drug using women and men. The secondary risk groups were
transfusion recipients,hemophiliacs, monogamous partners and children born to women
in a previous risk group. For each risk group, there was a differential equation incor-
porating the inflow and out flow. The progression from HIV infection to AIDS was
modeled by a unidirectional flow in a sequence of stages. No attempt was made to
estimate parameter values or to apply the model.

Hethcote (1989b) formulated an HIV transmission and AIDS model as a system of non-
linear difference equations with a time step of one month.Parameters were estimated
and Hethcote (1989c) estimated more parameters and applied the model to Homosex-
ual males in San Francisco. Jan P. Medlock (2000) formulated an SIR model for the
Transmission of HIV. he considered a population of homosexual men, this population
was subdivided into S (Susceptibles), I (infectives), and R (individuals removed from
infective class).He assumed a constant migration of individuals into the high-risk pop-
ulation as new susceptibles, that is, into S, uS° > 0.Further, he assumed a constant
natural death rate which is proportional to the number of individuals in the group,
wS, ul and pR, where y > 0. The number of individuals removed from the infective
class into the removed class (by progression from HIV to AIDS) is proportional to the
number of individuals in the infective class, v/ and the infection rate, A, depends on
the number of partners per individual per unit time, » > 0, the transmission proba-
bility per partner, # > 0, and the proportion of infected individuals to sexually active
individuals, I/(S+I). Note here that the removed individuals are taken to be sexually
inactive so that there are no new infections due to the removed class. The following is

the flow diagram which he came up with.

26



Figure 2.1: SIR model
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The following system of ODEs describes this SIR model:

ds

5 (50— S) - MBS,
4= ABSE) - (n+1IE),
B~ yI(t) - uR(t)
where
_ rBIR)
M= s F 1w

Note that most of these models are continous in nature and not descrete.

2.3 HETEROSEXUAL POPULATION

The AIDS models described above have involved only one population. Clearly, HIV
transmission takes place in populations that are heterogeneous in a variety of ways.
The contacts between people can be homosexual, heterosexual, or by needle sharing
among intravenous drug users; some groups have higher contact rates than others;
people may have contacts primarily with others who are similar or with a wide variety
of partners; and behavior is not uniform geographically or temporally. One way in
which this heterogeneity can be modeled is to consider models with multiple groups.
Another possibility is to use continuous distributions of behaviors instead of discrete
groups with different behaviors. Some recent models of these types for sexually trans-

mitted diseases and AIDS will now be described.
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Recently, multigroup models have been used for AIDS by several different authors.
Hyman and Stanley (1988,1989) formulated and used several models to study ques-
tions related to the AIDS epidemic. Their 7-dependent model, where 7 denotes time
since infection, includes variable infectivity as a function of 7. This model is given
by a system of nonlinear integro-differential equations for the distribution of infecteds
and AIDS cases as a function of time and age since infection. Sample calculations
showed that the infectivity profile could dramatically change the rate at which the
susceptible population is infected. In their models, they used a Weibull distribution
for the AIDS incubation period, and initial cubic growth of the AIDS cases and inverse
quartic distributions for the number of sexual partners per unit time. They also used
risk-based models with random (proportionate) mixing and biased (preferred) mixing.
With random mixing, their numerical simulations showed that the disease progresses
rapidly in both the high and low risk populations, but with biased (like-to-like) mixing,
the disease progresses rapidly in the high risk populations and more slowly in the low
risk populations. The random mixing result seems inconsistent with data. They also
noted that if the difference between the male-to-female and female-to-male infectivi-
ties is large, then the lower of these two infectivities tends to determine heterosexual
spread. The number of infected people as a function of time can be determined by a
convolution integral from the AIDS incidence as a function of time and the distribution
of the AIDS incubation period. They found that, if people select partners with very
similar risk behavior, then the epidemic grows much more slowly than if they were
more random in selecting partners.

Blower S. M. et al.(1991) formulated a data-based mathematical model to assess the
epidemiological consequences of heterosexual, intravenous drug use and perinatal trans-
mission in New York City. The model was analyzed to clarify the relationship between
heterosexual and IVD Use transmission and to provide qualitative and quantitative
insights into the HIV epidemic in New York City. The results demon strated the
significance of the dynamic interaction of heterosexual and intravenous drug use trans-

mission. Scenario analysis of the model was used to suggest a new ex planation for the
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stabilization of the seroprevalence level that has been observed in the New York City
intravenous drug use community; the proposed explanation does not rely upon any
intravenous drug use or sexual behavioural changes. Gender-specific risks of hetero-
sexual transmission in intravenous drug users were also explored by scenario analysis.
The model was used to predict future numbers of adult and pe diatric AIDS cases;
a sensitivity analysis of the model showed that the confidence intervals on these esti-
mates were extremely wide. This prediction variability was due to the uncertainty in
estimating the values of the model’s thirty variables. However,the sensitivity analysis
revealed that only a few key variables were significant in con tributing to the AIDS
case prediction variability; partial rank correlation coefficients were calculated and used
to identify and to rank the importance of these key variables. The model consists of
thirty-four ordinary differential equations.

Luboobi(1994) formulated a three age-groups model for the HIV/AIDS epidemic. In his
model, he subdivided each age group into susceptibles, infecteds, and AIDS cases.The
equations of his model are delayed differential equations.He used the method of steps
in obtaining bounding functions for the HIV prevalence.

Jacquez and Koopman [6] used multi -group compartmental models for HIV with con-
stant recruitment into the susceptible classes and variable infectivity in the infectious
stages to analyze the effects of different mixing pattern.

Hyman and Stanley [7] have considered both continuous and discrete HIV /AIDS mod-
els with heterogeneity and different mixing structures. They have analyzed the spread
from high to low risk groups, the effects of variable infectivity and the instability of
the back calculation procedure. The formulation of the models in this study is similar
to that of Hethcote et al. [1].

Hethcote (2000) came up with a MSEIR epidemiological model for Infectious Dis-
eases.He assumed a constant birth rate b and death rate d, so the population size
N(t) satisfies N'(t) = (b—d)N. Thus the population is growing, constant, or decaying
if the net change rate ¢ = b — d is positive, zero, or negative, respectively. In this

MSEIR epidemiological model, the transfer out of the passively immune class is 6 M,

29



the transfer out of the exposed class is €, and the recovery rate from the infectious

class is vI.\ is the force of infection, hence the number of new cases per unit time is

AS = 831

- Below is the flow diagram:

The system of differential equations for the numbers in the epidemiological classes

Figure 2.2: Transfer diagram for the MSEIR model with the passively immune class
M, the susceptible class S, the exposed class E, the infective class I, and the recovered

class R.
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and the population size is:

M = HN—8)—(§+d)M,
@ = S+ M — L (s,
B = Bl (c+d)E,

& = B-(+dl,

& - 4]-dR,

& = (0-aN
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2.4 A General Framework for HIV/AIDS model

studies

From the above literature, a number of issues emerging can be summerized in the fol-

lowing framework.

Figure 2.3: A Framework for HIV/AIDS epidemic Models
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From above framework, We can see which route each researcher followed. Most of the

researchers have followed the deterministic route,that is:

Figure 2.4: A Framework for Deterministic HIV/AIDS Models
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From the literature, it is seen that little has been done on generating functions. It is
only Tan and Hsu (1989) who used Generating function but did not consider Mother-
to-child Transmission{MT CT) which has become a major mode of HIV/AIDS trans-
mission. The author bases the study on this and on what Luboobi did. It is clear from
the general framework that this study will follow the stochastic route.the following

Framework summarizes the authors study:

Figure 2.5: A Framework for Sthochastic HIV/AIDS models
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Chapter 3

MTCT MODELS

3.1 Introduction

The purpose of this chapter is to develop the Mother-to-child Transmission (MTCT)
model also called Vertical transmission model. The study population consists of the
pre-school age group (0-5 years),these are the children born of infected and Susceptible
mothers in group three(15 and more years) and the mothers in the age group (15 and
more years). The population is divided into those children born free of HIV virus (sus-
ceptibles), those who contact the virus from their infected mothers (Infectives), and
the former infectives who develop full blown symptoms (AIDS cases).

The mode of HIV/AIDS transmission in this group is Mother-to-child transmission
(MTCT). The virus may be transmitted to the newborn babies during pregnancy(in
utero), labor, delivery (through contamination by blood or other fluids during birth),
or after the child’s birth during breastfeeding. Among infected infants who are not
breastfed, about two-thirds of cases of MTCT occur around the time of delivery and
the rest during the pregnancy (mostly during the last 2 months). In populations where
breastfeeding is the norm, it accounts for more than one-third of all transmission.Thus

the rate of transmission from uninfected to infected depends upon the health status of
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the mother and the conditional probability that an infected mother will transmit the
virus to either the foetus or newborn in utero, during or shortly after delivery which

is 21-43%.

Assumptions and notations

The pre-school age group (0-5 years) at time t is subdivided into S;(t) Non-infected
(those infants free of HIV), I1(t) infectives (infected by infected mothers), and A;(t)
AIDS cases (those who have developed full blown AIDS symptoms but are still alive).

Let the rate at which an infected mother does not transmitting the HIV virus to the
newborn be 3. Thus the probability that a child born by infected mother will not con-
tract the HIV virus during (t,t + At) is fAAL + o(At), where A is the birth rate. The
probability that the child born by infected mother is HIV positive is (1—3) ., AAt+0(At),
where a= transmission during pregnancy (which is 15-30%), delivery or breastfeeding

(which is 10-15%).

Let the transition rate from infective to AIDS case «. Thus , during (¢, 4+ At) , the
probability of that a transition will occur is YAt + o(At) so that the incubation (infec-
tious) period is 1/

Let the death(death unrelated to HIV/AIDS) rate be u; per person per time. Thus
an individual existing at time t has a chance u;At + o(At) of dying during the time
interval (t,t+ At). Hence the mean life expectancy is 1/u;.

since the rate of natural death is very much smaller than the rate of death from AIDS,

we assume that those children with full blown symptoms die at the same rate u;
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Let survival rate from age group 1 to group 2 be p;,thus , during (t,t + At) , the
probability that a person in age group 1 will survive the development period (0-5)years
to age group 2 is p; At+o(At) Total population for the age group 1 at time t is assumed
to be N(t) = S1(t) + I1(t) + A:(t)

3.2 Susceptible population model

In this model, changes in the numbers of Su;sceptible persons are treated as a birth
and death process; the “birth”are the births by both non and infected mothers and
“death” are the natural deaths and the proportion of children who survive the develop-
ment period to the next age group. The probability that there are n individuals in the
Susceptible population during the time interval (¢, ¢+ At) is equal to the probability;
(i)That there are n individuals by time t and nothing happens during the time interval
(t,t+ At)

(i) That there are n — 1 individuals by time ¢ and 1 is added by birth from non or
infected mothers during the time interval (¢,1 + At)

(iii) That there are n + 1 individuals by time ¢ and 1 dies or survives to the next age
group during the time interval (¢, ¢ + At)

In the model, we study the Mother-to-child transmission (MTCT). The change in pop-
ulation size during the time interval (¢,¢+ At) is governed by the following conditional

probabilities;

PASi(t+A) =n+1/51(t) =n} = nSsAAt+ nlBAAL+ o(At)

BASi(t+At) >n+2/X(#) =n} = ofAl)

PASi(t+ At) =n —1/85,(t) =n} = np.S; + nSiu At + o(At)

PAS\(t+At) <n—2/5(t) =n} = o(At)

P{Si(t+ At) =n/Si(t) = n} = 1 —nS3AAt — nlsGAAL — np1S1 — nS1u1 At — o At)
Let the probability distribution of the population size at time ¢ be denoted by
S1,(t) = PAS1(t) =n/S1{0) =i} ,i<mand i = 0,1, ......
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We seek to find this distribution by deriving a system of differential equations from the

assumptions above. Now

)\n(t) = ngg)\*i‘nfgﬂ)\
pa(t) = np1S1+nSiu

Where

SK = -—————-Sk(t 5 Ik = ——-—Ik(t),and A}c = ——Ak(t)

n - n n

proportions of Susceptibles, infecteds, and AIDS case respectively, where k£ = 1,2,3
Let S1,,(t) be the probability that the population size Ni(¢) has the value n at time t,
S1n_1(t) the probability that the population size N(t) has the value n — 1 at time t,
and Sy,,41(t) the probability that the population size Ni(t) has the value n+ 1 at time

t, then from the given rules it follows that:

Sin(t+ A1) = [1—nSsAAL — nl3BAAL — npy Sy — nS1 AL — o(AL)]S1,(2)
[(n — 1)SsAAL + (n — D) LBAAL + o AD)]Sy,, 1 (b)
(7 + DpiS1 + (n+ DS1pa AL+ o AD)S1,01 (1)
which gives
Sia(t+At) = S1,,(t) = [~nSsAAt — nIsGAAL — npy Sy — 1Sy At — o(A)]S1, (1)
| + [(n—1)S3AAL 4+ (n — 1) BAAAL + o(AL)]S1,-1(t)
+ [(n+ DpiSi+ (n+ DS1p1 At + o(A)]S1,41(8)

Proceeding to the limit as At — 0, we have the following Kolmogorov forward equa-

tions:

51;(0 = —['n,S:g/\ -+ 7’LS},LL1 + njgﬁ)\ + n}hSl]Sln(t)
+ [(n—=1)SsA+ (n— 1) 38751, () for n>1 (3.2.1)
+ [(n+ DpiSt + (n+ 1)S111] 81,041 (D),

So(t) = [p1S1 + S1pa]Si(t), for n=0 " (3.2.2)

Where the primes indicate differentiation with respect to t In equation (3.2.1), there

are 3 unknown probabilities; S1,,(t), S1,_1(t), and S1,,1(t). Therefore these equation
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cannot be solved directly. We resort to the method of Probability generating function
(PFG) defined by
Gs(Z,1) = Y Sia(t) 2"

=0

. With n = 0,in equation (3.2.2) S;_(¢) is identically Zero. The coefficient of Sy,,_;(t)
arises from considering the conditional probability of “birth”into the population given
that the population size is n — 1. Multiplying equation (3.2.1) by Z™ and sum over

n = 1, we have

o Stz —[SzA + I38A + Sip + p1S1] 20 nS1,(8) Z™

+ [SsA + BAA Y2 (n — 1)S1,_1 () 2 (3.2.3)
+ (1 +p)S1 0L (n+ DS (027
Define
%_? = ToloSm(H)Z"
g% = Yoo NS (H)Z"
G(Z,1) = TioSu()zn

Therefore equation (3.2.3) becomes

I

8 _5h(t) = —[SeA+ BN+ Si + ;i Si1Z%S
(Ssh+ 12BN 2228

_.I_
+ I+ m}&(g—% — 51(1))
From equation (3.2.2) we have

82 = —[SsA+ IpA+ Sy + 151253
+ (SsA+ I8N 225
+ (p1+ ,u1)51g—%

5G 8G
o = —(L= D)[(SsA+ LANZ = (p1 + ) S5
Therefore

— + (1 = D)[(SsA + AN Z — (pr + 1) S1) 0

it a7z
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The auxiliary equations are:

&t _ 2z _dG
1 (1 = 2)[(SsA + I3BA)Z — (p1 + p1)S4] 0
Considering
ac _
0 1
Therefore
G (Z 3 t) = C’l
Next we consider
dt dz

1T (1= 2)[(SsA+ BN Z = (p1 + p1)S1]

On integration and using partial fractions we have

( 1-2 )6[(33,\+Isﬁ/\)~(p1+u1)3ﬂt =,
(S3A + LN Z — (pr + p1)S:

Where 'y and O are constants of integration. Setting C; as a function of Cy,we arrive

at the most general solution

1—-2Z
[(SsA + I36N)Z — (p1 + p1)S1]

Where f is an arbitrary differentiable function. We had denoted that S;(t) is the size

)6[(sz\+136/\) - (p1+m)51]t}

Gs:(Z,1) = F{(

of the population at time t for 0 < ¢ > oo, let the initial population at time ¢ = 0 be
S1(0) = ¢ then

Gs,(2,0) = Z°
Therefore
{ L—7 } =2 (3.2.4)
[(SsA + I36N)Z — (py + 111)S4] o

Let
| ns = (SsA + I6N) (3.2.50)

and
s = (1 + p1) 51 (3.2.5b)
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then equation (3.2.4) becomes

1-Z
fl—=
{[USZ — s
This is for [Z] < 1. For any 6,
1-Z
0= —F—
NsZ — lis
We have
7 - 1+ ust
1+ nst
Hence we have
I+ pst;
) = ¢
10) = {72253
Now replacing @ by nslz"_zﬂ — we have
(nsZ — ps) + ps(1 — Z)ems_“s}ty ;
1) = 2.1
ol 21 <(7752 — pig) + ns(1 — Z)ems—us)t (8.25)
Rewriting equation (3.2.5) in a suitable form, we get
B pg(es=rslt _ 1) — (pygets—sslt _po) 7\
G(Zy t) - ((nse(ns_us)t . ,US) . nsz(e(ns_ﬂs)t __ 1)) (326)
but
Ns = (SaA -+ 130A)
and

s = (p1+ p1)S1

Then equation (3.2.6) becomes

(p1 + ul)Sl(e((53A+135/\)—(P1+u1)51)t _ 1) _ ((p1 + ul)Sle((SS/\JrIaB)\)“(P1+IL1)‘5'1)?5 - (5'3/\ + 1 ?
G(2,1) = <((53)\ + LAA)e((83AH 1N~ (pru)St — (py 4 111)S1) — (S + [36X) Z (e(S3A+ 180~ (prt+pa)
(3.2.7) N
We let
1 — E3M 13BN —(pr+p1)S1)t
A(t) == (pl + Ml)Sl (pl n Ul)Sl . Sg)\ T 13/6)\>8(53)\+13,8)\)~(p1+,u1)5'1)t
and
SsA+ I36))
B(t) = ———LA(L
Q (p1 + p1)St @)
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Hence equation (3.2.7) becomes

A@+H—A@—B@EY
1-B(t)Z

This is the PGF of the differential equation (3.2.1)

GMZ&z( (3.2.8)

Now it is a simple matter of expanding the PGF to obtain the probability distribution
S1(%).
Differentiating the PGF in (3.2.7) with respect to Z, we find the expectation and

variance of S1(t):

ElSi(t)] = i3
= jelms—hs)t (3.2.90)

— e(SaMIsBN) ~ (p1-+p1)S1)

and

52 = i (1-A@)(AD+B(@)
5 (1-B@®))?
— Z‘(gi_if_ﬁ_z_)e(ﬁs~us)t{e(ns~us)t _ 1]

= i 3/\+135/\)+(p1+ﬂl)31)6(53/\+13{3A)*(P1+u1)51)t[6(53>\+13ﬂ>\)*(p1+u1)31)t —1]
S3A+I38A)~ (p1+p1)S1 )
(3.2.95)

by taking the limits as (p; + 11)S1 — S3A + I36A) ( where SsA + I35 A) is birth rate
for both infected and Susceptible mothers) we find that

E[S1()] =i (3.2.92)

and
6%, = 2(Ssh + LA (3.2.90)

Thus when S3A + I38)0) = (p1 + 11)S: the population size has a constant expectation

but an increasing variance.

3.3 Asymptomatic (Infection) Model

In this model, changes in the numbers of persons infected are treated as a birth and

death process; the “birth”are the new infections from infected mother to child and
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“death”are the children who develop AIDS symptoms or die. The probability that
there are n individuals in the infective population during the time interval (¢, + At)
is equal to the probability;

(i)That there are n individuals by time ¢ and nothing happens during the time interval
(T, T+ Al)

(ii)That there are n — 1 individuals by time ¢ and 1 is added by HIV transmis-
sion,immigration or Mother-to child transmission during the time interval (¢, 4+ At)
(iii) That there are n+ 1 individuals by time ¢ and 1 dies or converts to AIDS during
the time interval (¢,¢+ At)

The change in population size during the time interval (¢,¢ + At) is governed by the

following conditional probabilities;

P{X({t+At)y=n+1/X(@) =n} = nls(l —F) AL+ o(At)

PAX({t+ A >n+2/X(t) =n} = o(Al)

PAX({t+ At) =n—1/X({) =n} = nlijmAt+nliyAt + o(At)

PAX({t+At) <n—-2/X(t)=n} = o(At)

PAX(t+ At) =n/X(t) =n} = 1 —nk(l = B At — nliyAt — nliu At — o( At)

Let the probability distribution of the population size at time ¢ be denoted by
I,(t) = P{I1(t) = n/L,(0) = 1} , We seek to find this distribution by deriving a

system of differential equations from the assumptions above. Now

A(t) = nls(l—B)aA

u.(t) = nhy+nlym
Let I,,(t) be the probability that the population size N;(¢) has the value n at time t,
I1,,_1(t) the probability that the population size Ni(t) has the value n — 1 at time t,
and Iy,,,,(t) the probability that the population size N1(t) has the value n+ 1 at time

t, then from the given rules it follows that:

Lt+AD = [1— (i +nly(l— Bt + nhiv)At + o AD]L, ()
+ ([(n— DIa(1 = B)aAlAL + 0(AL)) [1, 1 (2)
+ (Kn + 1)]1’)/ + (n + 1)I1/L1]At + O(At))[1n_|_1(t)
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Proceeding to the limit as At — 0, we have the following Kolmogorov forward equa-

tions:

L) = —[nhip+nls(l = B)od + nhin] (1)
[(n — 1)I3(1 — B)o A+ 11,1 (F) for n>1 (3.3.1)
[(n+ DLy + (4 Dhp (),

]6(@ = [Ilul + I]’Y]Il(t), for n=0 (332)

Where the primes indicate differentiation with respect to ¢ In equation (3.3.1), there
are 3 unknown probabilities; I,(t), I1,_1(t), and L,,.1(f). Therefore these equation
cannot be solved directly. We resort to the method of Probability generating function

(PFG) defined by
s(Z,t) =2 L.()Z"
n=0

. With n = 0,in equation (3.3.2) I_,(¢) is identically Zero. The coefficient of Iy,,_(t)
arises from considering the conditional probability of “birth” into the population given
that the population size is n — 1. Multiplying equation (3.3.1) by Z* and sum over

n = 1, we have
Yo (02" = —[Lpn + (L= Blod + Liy] 552, nla (1) 27

(1= BN 1 X2 (0 — D 1 () 2 (3.3.3)
(1 + AL 02 (n + 1) L4 (8) 27

+ o+

Define
= TR LHZ

2 - SXaL2
G(Z,t) = Y, L.([)2Z"

Therefore equation (3.3.3) becomes

B = —(L + (1 - B+ [17) 2%
+ (1= BN
+ (m+N(EE - L)
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From equation (3.3.2) we have
&% = —(LO-PA+ L+ 025
+ (1 =8 NhL2255
+ (i + ’7)113—2

0G oG
5 = —(1=2)[((1 = BN Z — (1 + 7)11]52:
Therefore
oG oG
o (1-2)((1 =B [1Z — (1 + 7)]1]”8—2‘ =0
The auxiliary equations are:
&t _ iz _ G
1 (1 =2 (1= BN 1 Z — (1 +7)14] 0
Considering
ic _dt
0 1
Therefore
G(Z,t) = C4
Next we consider
dt dz

1 (1=-2)((1 =B)NLZ ~ (1 +7)1]

On integration and using partial fractions we have

< 1-Z )e[(1—,8)a/\)11—(u1+7)11]t =,
(1=BuNLZ — (u1 +7)]

Where C; and Cs are constants of integration. Setting C} as a function of Cy,we arrive
at the most general solution

1-Z
(1= B)uN) L Z — (1 +7) 11]

Where f is an arbitrary differentiable function. We had denoted that [(t) is the size

Gh(Zi t) - f{(

e[(l_ﬂ)a/\)Il_(Nl"r’Y)Ilit}

of the population at time t for 0 < ¢ > oo, let the initial population at time £ = 0 be
I1(0) = 1 then
Gr,(Z,0) =2
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Therefore

1-27
=7 3.3.4
N@=ANZ = a5 (334
Let ny = I3(1 — B)oA and py = I1i(ur + ) then equation (3.3.4) becomes
1-Z
i G
Moz=op
This is for [Z] < 1. For any 6,
,_ 1-2
M4 — {1
We have
N 1+ ,11,19
1+ nré
Hence we have
1+ us0
0) —
10) = {75225
Now replacing # by y,,lzizm we have

(/r)]Z — IIJ'I) + .MI(I —_— Z)e(nl_/-"l)t
Gr(Z,t) = ( ) 3.5
W0 = iz = ) + (1= Z) ey (339
Rewriting equation (3.3.5) in a suitable form, we get
_ /'I’I(l —_ e(nl_ﬂl)t) - ("71- — 'Ml-e(’?]"ﬂlﬁ
G(Z; t) — (UJ . nle(nIA’uI)t . 77IZ(1 . e(rif—ﬂl)t>> (836)

but 0y = I3(1 — B)aA and ur = Li(ptr + ) Then equation (3.2.6) becomes

Il(ll']— + ry)(]_ — 6(13(1—ﬁ)a}"‘11(ﬂ1+7))t) — (]3<1 _ /8)0,)\ — II (/’(‘I _J[. 7)8(13(1*ﬂ)a/\“‘11(l"1+7))t
G(2,1) = ([1 (ur +7y) — I3(1 — B)JAeBU=Blad=Tilpr+M)t — [3(1 — ) ANZ(1 — 8(13(1'/3)a/\~11(#1+7))t>)
(3.3.6)
We let
1 — eB(=Far~I1(ur+7))t
B(t) = Liur +) Li(pur+ ) — (1 — ) Aels=Flar-Di{pr+)t
and
Ia(1 —
Ct) = L(1 = f)r B(t)
Ii(pr +7)
Hence equation (3.3.6) becomes
B(t) +[1 - B(t) — O(t)}Z)
Z,t) = 3.
Gh( )t) ( 1__C,<t)Z (337)
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This is the PGF of the differential equation (3.3.1)

Now it is a simple matter of expanding the PGF to obtain the probability distribution
I(t).

Differentiating the PGF in (3.3.7) with respect to Z, we find the expectation and

variance of [;(t):

1—B(t) _

ElL((D)] = — S(B(1=Bar—Ti(pr+))t 3.3.8
[ 1( )] 1 — O(t) € ( )

and

52 — (=BOYBO+CW)
n A-CH)?
(BA=Blad D (9] o (I (1-B)a -1 (k1 4+t (U1 Bad=Ta(ur "))t _ 1]
B-B)aA—T1{pr+7) i
by taking the limits as Iy(ur + ) — I3(1 — B) A ( where I3(1 — 3) A is birth rate for

both infected and Susceptible mothers) we find that

(3.3.9)

ElL(f)] =1

and

6% =2I3(1 — B)o At

Thus when the I3(1 —8)oA = Li{ur+7), the population size has a constant expectation

but an increasing variance.

3.4 Symptomatic (AIDS case) model

In this model, changes in the numbers of AIDS case are treated as a birth and death
process; the “birth”are the children who become symptomatic and “death”are the
deaths. The probability that there are n individuals in the symptomatic stage during
the time interval (t,¢ -+ At) is equal to the probability;

(i)That there are n individuals by time ¢ and nothing happens during the time interval
(t, t+ At)

(i) That there are n—1 individuals by time ¢ and 1 is added by developing the symptoms

46



during the time interval (¢, + At)

(iii) That there are n + 1 individuals by time ¢ and 1 dies during the time interval
(t,t+ A?)

The change in population size during the time interval (¢,t + At) is governed by the

following conditional probabilities;

PAX{t+At)y=n+1/X({t)=n} = nliyAt+ o(At)

PAX(@t+ Aty >n+2/X(t)=n} = o(At)
PAX{@+At)=n—1/X()=n} = nAjuAt+ o(At)

PA{X({t+At) <n—-2/X({t)=n} = o(At)

PAX({t+ At) =n/X(t) =n} = 1 —nliyAt — nA;u At — o(At)

Let the probability distribution of the population size at time ¢ be denoted by
A (t) = P{A(t) = n/A(0) = O},
We seek to find this distribution by deriving a system of differential equations from the
assumptions above. Now

A(t) = nlyy

pn(t) = niin
Let A, (t) be the probability that the population size Ni(t) has the value n at time
t, Ay,_1(t) the probability that the population size Ni(t) has the value n — 1 at time
t, and Ay, 1(t) the probability that the population size Vi(t) has the value nn + 1 at

time t, then from the given rules it follows that:

i

A, (t+ Al) [l — nlivyAt — nA i At — o( At)] A1, (2)
+ (n— 1D LyAt + o(At)]|A1,_1(2)
._I,__

[(n+ 1) A1 p At + o(AL)|Ary, i1 (1)

which gives

A+ AL — A () = [—nliyAt — nAym At — o(At)] Arn (8)
+ nlyAt 1 o(A8)] Ay (D)
+ [(n+ DA AL + o At)] Ay, 4(8)
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Proceeding to the limit as At — 0, we have the following Kolmogorov forward equa-

tions:
A, @) = —[nhy+nAinlAL®)
+  [(nhiv]Ar,-1(2) for n>1 (3.4.1)
+ (n+ DA AL, (1),
A(t) = [A1p1)AL(t), for n=10 (3.4.2)

Where the primes indicate differentiation with respect to ¢ In equation (3.4.1), there
are 3 unknown probabilities; A;,(t), A1,—1(t), and Ay, (t). Therefore these equation

cannot be solved directly. We resort to the method of Probability generating function
(PFG) defined by

CalZt) = 3 A (D2

n=0

. With n = 0,in equation (3.4.2) A1_{(t) is identically Zero. The coefficient of Ay,_1(t)
arises from considering the conditional probability of “birth”into the population given
that the population size is n — 1. Multiplying equation (3.4.1) by Z™ and sum over

n = 1, we have

Y1 A ()2 = —[hy+ Aya] 02, nAL, () 2"
+ Ly h(n — 1) Ay, ()27 (3:4.3)
+ A S (n+ DA, (527
Define
% = oA (t)Z"
g% = 30 nA, )2

G(Z,1) = EloAw(t)Z"
Therefore equation (3.4.3) becomes
8- Ay(t) = —[hy+ AywmZ52
Lyz?%

Ay (5% — Ai(t))

o+
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From equation (3.4.2) we have

& = -l +Amlzsz
-+ I1’)/Z2g—§
+ A1u1§—§
oG O0G
5? = ‘(1 - Z)Ul’YZ AlNl] 57
Therefore
5’G BG
The auxiliary equations are:
@z do
Considering
ac _ d
0 1
Therefore
G(Z,t) = 4
Next we consider
dt dz

1 (1= 2)[LvZ — Ay

On integration and using partial fractions we have

elfty—Avyalt —
([1’YZ — Ay 2

Where C; and Cj are constants of integration. Setting C as a function of Cy,we arrive

at the most general solution

—
[ ’YZ A Ml]

Where f is an arbitrary differentiable function. We had denoted that A,(¢) is the size

)6[117—141#1]75}

GAl(Z7i) f{(

of the population at time t for 0 < ¢t > oo, let the initial population at time ¢ = 0 be
A1(0) = 0 then
Ga,(Z,0)=1
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Therefore

1—-Z
S S S 344
This is for | Z] < 1. For any 8,
1-7
= ——ou
Iz —p
We have
1Ay d
1+ L0
Hence we have
f(0)=1
Therefore
G’Al(Z, Zf) =1

3.5 NUMERICAL ILLUSTRATIONS

To demonstrate the applications of results of sections 2-4, in this section we assume
some parameter values and solve for the expectations numerically. By this approach,
one may then assess effects of various factors on the expected values, and the variance
of the numbers of S persons, I persons and AIDS cases. To see the effects of drugs on
the MTCT, we vary the value of § and compute the expected values of S persons, and
I persons. Use of the drugs say, Azidovudine (AZT) and Nevirapine, reduces the rate
at which the babies contract the virus from their infected mothers, that is it reduces
(1 — B) which is the same as increasing . From figure (3.1), we can see that with the
introduction of the drugs for Prevention of mother to child Transmission (PMTCT),
the number of Susceptible infants born by infected mothers increase. Figure (3.2)
below shows that with PMTCT, MTCT decrease. That is there are few newborns who

contract the disease from their infected mothers. Numerically we have:
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Table 3.1: Effects Changing (3

1 . P b teMonts BRI
03 011 05 031 1 3630
0% 0112 05 060 1l 14310
0% 0113 03 07 1 15,000
13 011 05 I 0 25010
SO-00PW, [0FI0, SESHOR0), B0, MDD when 12
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Figure 3.1: Effects of Changing
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Chapter 4

HETEROSEXUAL MODELS

4.1 Introduction

In this chapter,we consider a population consisting of the adults(15 and more years).
It is this group that is sexually mature and active and, therefore, capable of repro-
duction. It is also this group that is responsible for the horizontal transmission of
the HIV virus through heterosexual activities and for vertical transmission by infected
mothers to their children. Since the age group 2 consists of HIV free population and
it is the survivors of this subgroup over the developmental period (5,15) that generate
age group 3, hence we include its formulation in this chapter as a section.
Assumptions and notations

The population for this group at time t is subdivided into Ss(t) and S5 (¢) Suscep-
tibles(those free of HIV), I3(t) infectives (contacted the virus through heterosexual
intercourse), and As(t) AIDS cases (those who have developed full blown AIDS symp-
toms but are still alive).

Let the sexual contact rate between a mutually sexual S person and an I person be w
where w > 0. Thus the probability of a sexual contact between an S person and an I
person during (t,t + At) is wAt + o(At) where limaz .o o2t _

At

54



e Given a sexual contact between an S person and an I person during (¢,t + At) , we
let ¢ be the probability that this I person will transmit the AIDS virus to the S person.
This event converts the S person to an I person. Then the probability of an S person
contracting HIV/AIDS virus from an I person by sexual contact is wéAt + o(At) and
wd = \/cm Where w,,0,, is the probability that an I male transmit the AIDS
virus to an S female and wydy is the probability that an I female transmit the AIDS
virus to an S male.

Let the transition rate from infective to AIDS case . Thus , during (¢,¢ + At) , the
probability of that a transition will occur is YAt + o(At) so that the incubation (infec-
tious) period is 1/~

Let the death(death unrelated to HIV/AIDS) rate be us per person per time. Thus the
probability that a person will die during the time interval (t,t + At) is puy At + o(At)
Hence the mean life expectancy is 1/us

Since the rate of natural death is very much smaller than the rate of death from AIDS,
we agsume that those children with full blown symptoms die at the same rate us

Let survival rate from age group 2 to group 3 be pg,thus , during (¢, t+ At) , the prob-
ability that a person in age group 2 will survive the development period (5-15)years to
age group 3 is po At + o(Al)

4.2 Susceptible population model

4.2.1 S;(t) Model

In this section,we consider a population consisting of early non infecteds (5-15 years).
It is assumed that the infected of group 1 will die before the age of 5 years. The
population consists only of the non infecteds S;(t).

The population increases due to children from group 1 surviving to this group and

decreases due to natural death or persons in this group surviving to the next group.
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The change in population size during the time interval (¢,t + At) is governed by the

following conditional probabilities;

PA{Si(t+At) =n+ 1/S5(t) =n} = piS1At+ o(Ab)
PAS;(t +At) > n+2/S5(t) =n} = o(At)
P St +At) =n—1/Si(t) =n} = nSi(ps + p2) At + o At)
PASi(t+ At) <mn—2/S:(t) =n} = o(Al)
P{S3(t + At) = n/Si(t) = n} = 1 —pi1S1At = nS5(py + p2) At — o(At)
Let the probability distribution of the population size at time ¢ be denoted by
Sy () = P{S5(t) =n/S5(0) =i} ,i<nandi=0,1,.....
We seek to find this distribution by deriving a system of differential equations from the

assumptions above. Now

pn(t) = nS3(p2 + p2) At

Hence

S5, (t+ At)

I

[1 —nS3(p2 + p2) At — p1S1AL — o(A1)] S5, ()
P1S1AL + o(A)]Ss. . (T)
(n+ 1)S5(p2 + p2) + o(AL)]S5,, (1)

+ o+

which gives

Sia(t+ Aty =S5 (1) = [-p1S1At — nS5(p2 + o) At — o(A1)]S3,(2)
+  [p1S1At + o(AL)]S5_,(t)
+ [(n+ 1)S3(p2 + u2) At + o(A1)]53,,1(2)

The Kolmogorov forward equations are:

S3.() = =Ip1S1 +nS3(p2 + 12)]53,(0)
15155, (1) for n>1 (4.2.1.1)

+
+ (n+ 1)S3(p2 + p2) 55,1 (1),
SH() = —puSsSie(t) + Si(pa + 12)St (), for 1 =0 (4.2.19)

56



Where the primes indicate differentiation with respect to ¢ In equation (1), there are 3
unknown probabilities; S3,,(t), S.-1(t), and 53, ., (¢). Therefore these equation cannot
be solved directly. We resort to the method of Probability generating function (PFG)
defined by

Go(2,0) = 3. 53,0)2"

. With n = 0,in equation (4.2.1.2) S_1(¢) is identically Zero. The coefficient of S,,_(t)
arises from considering the conditional probability of “birth”into the population given
that the population size is n — 1. Multiplying equation (4.2.1.1) by Z™ and sum over

n = 1, we have

Y1 85,12 = —[S3(p2 + pe)] 2, 1S3, (H 2"
iS85, (02"

P11 3021 S5, (D) 27

S5(p2 + p2) Xota(n + 1S3, 1 (H) 27

(4.2.1.3)

+ 4+ o+

Define
% = TSz
%g— = YalonS3,(t) 2"
G(Z,t) = YoSs,(t)2n

Therefore equation (4.2.1.3) becomes

89— Sy(t) = —S3(pat ue) 752
- 10151[6(27 t) - So(t)} +P151ZG(Z, t)
+ Si(p2 + 1) (55 — S3(t))

From equation (4.2.1.2) we have

& = —S3(pa+12)2%5%
— piS1G(Z,t) + p1S$1ZG(Z,t)
+ S3(p2 + /«42)%%

S = (B~ (Sl + 1) 25 + (2~ DS O(Z,1)



Therefore

oG oG
= (2 =182+ o) 57 = (Z — 1)p51G(Z, 1)
ot o0z
The auxiliary equations are:
g'f—t B dz B dG
L (Z-0S5(p+ )  (Z-1DpSiG(Z,1)
Considering
dG . dz
(Z = Dpi5i1G(Z 1) (2 = 1)55(p2 + p)
Therefore

715y VZ

G(2,t)e o ? Z ¢

Next we consider
dt az

1T (Z-1)Ss(p + p2)

On integration we have

(Z — 1)6—35(p2+u2)t = C,

Where ) and C, are constants of integration. Setting € as a function of Cy,we arrive

at the most general solution
GS’* (Z t)e (S*(P2+H2)) ((Z _ 1)6—S§(p2+;¢2)t)

Where f is an arbitrary differentiable function. We had denoted that S5(t) is the size
of the population at time t for 0 < ¢ > oo, let the initial population at time ¢t = 0 be
S55(0) = i then

Gs3(Z,0) =

Therefore

(8 z

f(Z _ 1) z S 5 (p2+u2) (4214)

This is for |Z] < 1. For any 8,
=(Z-1)

We have
Z=1+0
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Hence we have

F(0) = (1+0)%e ~(sxt )1

but
GSS (Z, t) = f(@e_ss(p2+ﬂ2)t>

~S3 (p2+u2)t>

= <1 + Qe_sz*(PQJruz)t)ie"(S—Eﬁfﬁg)(h%e
Now replacing 0 by Z — 1 we have

G (2,0) = (14 (Z = e 50 ) eap{ ~( 1oy (7 — 1) (e~ 1)
2
(4.2.1.5)

Now it is a simple matter of expanding the PGF to obtain the probability distribution
53(1).
Differentiating the PGF in equation (4.2.1.5) with respect to Z, we find the expectation

and variance of S3():

BIS}O] = o (1 e S5 oSt (42.16)

S3(p2 + pa

and

% * S *
62 S* NEX =85 (patpa)t 1 - ~S2(pg+/xg)t D1ioy 1— —52(p2+u2)t 4917
(S3(8)) = eSS — Sty By S (42,0

4.2.2 S3(t) Model

In this model, changes in the numbers of Susceptible persons corresponds to immigra-
tion and death process; the “immigration” are the proportion of persons from age group
2 who survive the development period to age group three.“death” are the natural death
and persons who contact the HIV virus to become HIV infected. The probability that
there are n individuals in the Susceptible population during the time interval (¢, ¢+ At)
is equal to the probability;

(i) That there are n individuals by time ¢ and nothing happens during the time interval
(t,t + At)

(i) That there are n—1 individuals by time ¢t and 1 is added by persons from age group
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2 entering age group 3 during the time interval (¢,¢+ At)

(iii) That there are n + 1 individuals by time ¢ and 1 dies or becomes infected during
the time interval (¢,t+ At)

In the model, we study the heterosexual transmission mode. The change in population
size during the time interval (¢,¢ + At) is governed by the following conditional prob-

abilities;

PASs(t+ At) =n+1/53(t) =n} = pS;AL+ o(Ab)

PASs(t+ At) > n+2/S3(t) =n} = o(At)

P{S3(t+ At) =n—1/53(t) =n} = nSs(wd + uz) At + o At)

PA{S3(t+ At) <n—2/5(t) =n} = o(At)

PS5t + At) = n/Ss(t) = n} = 1 —paS5AL —nS3(wd + us) At — o( At)
Let the probability distribution of the population size at time ¢ be denoted by
San(t) = P{S3(t) = n/S5(0) =i} ,i<nandi=0,1,....

We seek to find this distribution by deriving a system of differential equations from the
assumptions above. Now
Anlt) = p2S3 AL
pn(t) = nSs(wd + ps) At

Let Ss,(t) be the probability that the population size of age group 3 N3(t) has the
value n at time t, Ss,,_1(t) the probability that the population size N3(t) has the value
n — 1 at time t, and Ss,,1(t) the probability that the population size N3(t) has the

value n + 1 at time t, then from the given rules it follows that:

Sap(t 4+ At) = [1 — nS3(wd + uz)At — peSs At — 0(AL)]53,(t)

+ [P35 AL+ o(At)] S, (2)
+ (n+ 1)Ss(wb + ps) + 0o(AL)]San41(0)
which gives
Sgn(t -+ At) - Sgn(i) = [——pQSS‘At - ?’ng(LL)é + ﬂg)At - O(At)]S;gn(t)

+  [p2S5AL+ 0(AL)]Ss, -1 (1)
+ [(n+ 1)53(wé + us) At + 0o(At)]S3,41(1)
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Proceeding to the limit as At — 0, we get the following Kolmogorov forward equations:

Sap(t) = —[p2Ss + nSs(wd + 13)]Sa,(t)
+  p2S5Sa,_1(t) for n>1 (4.2.2.1)
+ (n+ 1)S3(wé + 13)S3n1a(2),

S(’)(t) = —pzS;SSO(t) + Sg((x)(s -+ /,63)831 (t), for n=0 (4.2.2.2)

Where the primes indicate differentiation with respect to ¢ In equation (4.2.2.1), there
are 3 unknown probabilities; S, (1), S,—1(f), and Ss,.1(t). Therefore these equation
cannot be solved directly. We resort to the method of Probability generating function

(PFG) defined by
Gs(Z,1) = 3 Ss(t) 2"
n=0

. With n = 0,in equation (4.2.2.2) S_1(¢) is identically Zero. The coefficient of S,,—1(¢)
arises from considering the conditional probability of immigration into the population
given that the population size is n — 1. Multiplying equation (1) by Z” and sum over

n = 1, we have

Yal1 85 (02" = —[S3(wd + ps)] 5%y nSsa(t) 2"
D253 3ony San(t) 27

D255 Yoptq San ()27

Ss(wd + pa) 2521 (n+ 1) 83,41 (4) 27

(4.2.2.3)

+ o+ o+

Define
& = Yo Ss, () 2"

G(Z, ) = Xilo San(t) 2"
Therefore equation (4.2.2.3) becomes

& _ Sty = —Ss(wé+ pus)Z2%s
— p2S3G(Z,1) — So(t)] + p2S32G(Z, 1)
+ Ss(wé + us) (%% — Ss(1)
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From equation (4.2.2.2) we have

%%— = —Ss(u}(s -+ ug)Z%%
— pS5G(Z,t) + PS5 2G(Z, 1)
+ Sa(wd + us) %S

oG oG .
5 = —(Z — 1)(Ss(wd + u3)~8~Z— +(Z — D)p2S5G(Z,t)
Therefore
oG oG .
ot (Z = 1)Ss(wé + Ms)‘a—z‘ = (Z — 1)paS;G(Z,t)
The auxiliary equations are:
dt dz B dG
1 (Z-DSswd+ps)  (Z—1)paS3G(Z,1)
Considering
dG B dz
(Z = DpeS3G(Z,1) (2 — 1)Sa(wd + us)
Therefore

s*
G’(Z t)eu(ss(izﬂus))z = (4

Next we consider
dt dZ

1 (Z=1)S5(wd + )

On integration we have

(Z _ 1)€o33(w5+,u3)1; — CZ
Where C; and C5 are constants of integration. Setting C} as a function of Cs,we arrive
at the most general solution

S*
GSB(Z, t)e_(sa(?é-kus))z — f((Z - 1)6—83(w5+u3)t>

Where f is an arbitrary differentiable function. We had denoted that Ss(t) is the size
of the population at time t for 0 <t > o0, let the initial population at time ¢ = 0 be
53(0) = i then

G, (2,0) = 2°

62



Therefore

F(Z—1) = Zi€~(;3—£§§@)z (4.2.2.4)
This is for |Z]| < 1. For any 6,
0=(Z-1)
We have
Z=1+6

Hence we have
£6) = (1 1 )i~ G0
but
Gs,(Z,t) = f<96~53(w5+p3)t>
= (1 + He*Ss(wMus)t)iexp{—(ﬁ%)(l G Selwdt oty

Now replacing 8 by Z — 1 we have

Gs,(Z,t) = <1 +(Z - 1)€~Ss(w5+us)t>lexp{—(-s—((’%§f;—)>(Z — 1) (e~ Sslwdtua)t _ 1)}
3 3
(4.2.2.5)

Now it is a simple matter of expanding the PGF to obtain the probability distribution
Ss(t).
Differentiating the PGF in equation (4.2.2.5) with respect to Z, we find the expectation

and variance of S3(¢):
(1 . ehss(w5+#3)t) + Z'e—S's(w‘H-/La)t (4‘2'2‘6)
and

S*
52 Sal ) = 4 —S3(wb+p3)t 1 — —Sa{wd+ps)t ____pZ_2____ 1— —S3{wb+p3)t 49297
( 3( )) e [ € + 83(w5+[1,3> € ] ( )

4.3 Asymptomatic (Infected) Model

In this model, changes in the numbers of persons infected are treated as a birth and

death process; the “birth”are the new infections and “death”are the persons who de-
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velop AIDS symptoms or die. The probability that there are n individuals in the
infective population during the time interval (¢,t + At) is equal to the probability;
(i)That there are n individuals by time ¢ and nothing happens during the time interval
(t,t+ A?)

(if) That there are n — 1 individuals by time ¢ and 1 is added by HIV transmission
during the time interval (¢,1 + At)

(iii) That there are n + 1 individuals by time ¢ and 1 dies or develops the AIDS symp-
toms during the time interval (¢,t + At)

The change in population size during the time interval (£,¢ + At) is governed by the

following conditional probabilities;

PALs(t + AD) =n+ 1/I() =n} = +nlwdAt+ o(At)

PAL(t+ At) > n+2/L(t) =n} = o(Al)

PALt+ At) =n—1/L({) =n} = nlzusAt+ nlsyAt + o At)

P{L(t+ At) <n—2/L(t) =n} = o(At)

PAL(t+ At) = n/I3(t) = n} = 1 —nlwdAt — nlsyAt — nlsus At — o( At)
Let the probability distribution of the population size at time ¢ be denoted by

I3, (t) = P{Is(t) = n/I3(0) = 1} , We seek to find this distribution by deriving a

system of differential equations from the assumptions above. Now

)\n(t) = n13w5
Pty = nls(yé + ps)At

Let I5,(t) be the probability that the population size of age group 3 Ns(t) has the
value n at time t, I3,_1(t) the probability that the population size N3(t) has the value
n — 1 at time t, and I3,.,(t) the probability that the population size N3(t) has the

value n+ 1 at time t, then from the given rules it follows that:

Lt+ At) = [1 — (nlzpus + nlawd + nlzy) At + o(At)]L,(t)
4+ ([(n — 1) Bwd)At + o At)) I, -1 (t)
+ ([(n+ D0y + pa)]At + o AL)) [ (1)
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Proceeding to the limit as At — 0, we get the difference equations:

II'(t) = —[nlsps+ nlswd + nilzy|L,(t)
+ [(n— D Iwd+|L,_1(t) for n>1 (4.3.1)
+ [(n+ DIy + ps)las1 (D),

IL(t) = [Iaps + I3y]l3(t), for n=20 (4.3.2)

Where the primes indicate differentiation with respect to ¢ In equation (4.3.1), there are
3 unknown probabilities; I,(t), I.-1(t), and I,1(t). Therefore these equation cannot
be solved directly. We resort to the method of Probability generating function (PFG)
defined by

Gs(Z,0) = 3 1(0) 2"

. With n = 0,in equation (4.3.2) I_1(t) is identically Zero. The coefficient of I, (¢)
arises from considering the conditional probability of immigration into the population
given that the population size is n — 1. Multiplying equation (1) by Z™ and sum over

n = 1, we have

Yot L) Zr = —[Ips + Lwd + Ly] Yok, nl.(t) 2™
+ (w0)I332 (n—1)L,1(t) 2™ (4.3.3)
+ [us + T2 (n+ 1)L (D) 27
Define
%Cti = Yo L(H)Z"
2 = Tonk@®z

G2, = Y2, L02Z"

Therefore equation (4.3.3) becomes

%tﬁ —Ij(t) = —(Laps + Tawé + 137)22—2
+ (W) 2?%
+ Is(us+7)(5% — (1))
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From equation (4.3.2) we have

8 = —(Iawd + Ls+ I57)25%
+ (wd) 2%
+ (s +7k%
bl oG
5= —(1—=2D[(wd) 37 — (us + 7)]3]5*2“
Therefore
Lle: oG
5 T (L= DNWo)sZ = (ks +7)Js] 57 = 0
The auxiliary equations are:
dt dz _dG
1 (1= 2D(wd)sZ — (uz + )13 0
Considering
G _d
0 1
Therefore
G(Z,t) = C4
Next we consider
dt dz

17 0= D@52 — (ua + NE]
On integration and using partial fractions we have

( 1-2
w6) 137 — (ps + ) I3

)e[wé)ls—(uﬁv)falt = C,

Where C} and C; are constants of integration. Setting C; as a function of Cy,we arrive

at the most general solution

1—Z
(W) 32 — (u3 +v) 13

Where f is an arbitrary differentiable function. We had denoted that I3(t) is the size

Gi(2,1) = f((

6[w5>fa~<us+«/>fs}t)

of the population at time t for 0 < t > oo, let the initial population at time ¢t = 0 be
I3(0) = 1 then
GrL(Z,0) =27
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Therefore

1-Z ) .
=/ 4.34
f( (W) [3Z — (s + ) I3 ( )
Let n = Iwd and v = I3(us + 7v) then equation (4.3.4) becomes
1—-Z
f([ﬁZ - V])
This is for |Z] < 1. For any 6,
,_1-2
nZ-v
We have
1410
7
1+nb
Hence we have
1+ 00
0 =(T)
1) 1+n0
Now replacing 6 by ;> -~ we have

nZ —v)+v(l - Z)e“’_”)t)
Z,t) = 4.3.
Cul20) = (= g (435)
We let -
1 — elr—2it
Ot(t) = Um
and
1
w(t) = Va(t)
Hence equation (3.3.5) becomes
ad) +[1—ot) - w(t)}Z)
74 = 4.3.6
Gui 0 = ("o (43.6)

This is the PGF of the differential equation (4.3.1)

Now it is a simple matter of expanding the PGF to obtain the probability distribution
I5(t).

Differentiating the PGF in (4.3.6) with respect to Z, we find the expectation and
variance of I3(t):

1*04(15)

ElI(0)] = —g (4.3.8)

_ e(n— V)t
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and
52— Uededre®)

s (-w®)? (4.3.9)
— (atz)e(n~v)t[e(n—v)t —1].
n—v

by taking the limits as

vV—rn

Where 1 = Izwd and v = I3(us + ) we find that
BL() = 1

and
8%, = 2nt
Thus when the birth rate is equal to the death rate, the population size has a constant

expectation but an increasing variance.

4.4 Symptomatic (AIDS Case) model

In this model, changes in the numbers of AIDS case are treated as a birth and death
process; the “birth”are the persons who become symptomatic and “death”are the
deaths. The probability that there are n individuals in the symptomatic stage during
the time interval (¢,t+ At) is equal to the probability;

(i)That there are n individuals by time ¢ and nothing happens during the time interval
(t,t + At)

(i) That there are n — 1 individuals by time ¢ and 1 is added by developing the symp-
toms during the time interval (¢,t+ At)

(iii) That there are n + 1 individuals by time ¢ and 1 dies during the time interval
(T, t+ A?)

The change in population size during the time interval (t,f + At) is governed by the
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following conditional probabilities;

P{As(t+ At) =n+ 1/A3(t) =n} = nlzyAt+ o(At)

P{As(t+ At) >n+2/A3(t) =n} = olAt)

P{As(t+ At) =n —1/A3(t) =n} = nAsusAt + o At)

PAAs(t+ At) <n—2/A3(t) =n} = o(Al)

P {A3(t+ At) = n/As(t) = n} = 1= nlyyAt = nAszusAt — o At)

Let the probability distribution of the population size at time ¢t be denoted by
An(t) = P{As(t) = n/As(0) = 0},
We seek to find this distribution by deriving a system of differential equations from the
assumptions above. Now

A(t) = nlzy

pn(t) = ndsus
Let As,(t) be the probability that the population size of age group 3 Ns(t) has the
value n at time t, As,,_;(¢) the probability that the population size N3(t) has the value
n — 1 at time t, and As,,;(f) the probability that the population size N3(t) has the

value n + 1 at time t, then from the given rules it follows that:

-+ (n — 1)]3’)’At + O(At)}Al(n_U (t)
+ [(n+ 1) AsusAl + o( Ab)]Ai sy (2)

which gives

Ap(t+ At) — A, (t) = [-nlsyAt — nAsus At — o At)] A1, (1)
+ nlsyAt + o( At))Aipa-1) ()
+ [(n+ 1) AsusAt + o(At)] A1) (B)
Proceeding to the limit as At — 0, we get the Kolmogorov forward equations:
AL () = —[nlzy+ nAsus)An(t)
+ [(nlxy] Ay (£) for n> 1 (4.4.1)
+ (n+ 1)Asusdipmin (),
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A1) = [AspslAs(t), for n=0 (4.4.2)

Where the primes indicate differentiation with respect to ¢ In equation (4.4.1), there are
3 unknown probabilities; A1,(Z), Ain-1)(t), and Ayp,41)(t). Therefore these equation
cannot be solved directly. We resort to the method of Probability generating function
(PFG) defined by

CalZ,) = 3. An(t)Z"

n=0

. With n = 0,in equation (4.4.2) A_;(t) is identically Zero. The coefficient of A,_1(t)
arises from considering the conditional probability of immigration into the population
given that the population size is n — 1. Multiplying equation (4.4.1) by Z™ and sum

over n = 1, we have

I

Yo A (D) 27 —[Lz7 + Asps] Yoot nAL () 2™

+ Iyl (n— 1A, ()27 (4.4.3)
+ A3/~1'3 Z;.Lo:l(n -+ I)An+1 (t) AL
Define
G = T AL
% = YR nAn )2

G(Z,t) = XX Ant)Z”
Therefore equation (4.4.3) becomes
G A = —lly+ AsuslZ5Z
+ [3’)’223%
+ Aaus(%% — As(t))

From equation (4.4.2) we have

L& = —[Iyy+ Asus) 2%

13’)’Z2%%

+ +

G
A3M3 FYA

oG oG
B ~(1-2Z)[IsvZ - A3M3mul]5‘z‘
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Therefore
oG oG

—_ 1— Dy Z — . = =
5 T ( Wy Z — Asps] 57 0
The auxiliary equations are:
dt _ az _dG
1 (1 =272 — Asps] 0
Considering
as _dt
0 1
Therefore
G(Z 5 t) - Cl
Next we consider
dt dz

T - (1 - Z)[[g’)’Z - A3,LL3}

On integration and using partial fractions we have

1—-7Z )
[(I3y—Asuslt __
e = (.
(1372 — Asus 2

Where € and Cy are constants of integration. Setting C as a function of Cs,we arrive

at the most general solution

1-Z
— [Fay—Aspslt

Where f is an arbitrary differentiable function. We had denoted that As(#) is the size

of the population at time t for 0 < ¢t > oo, let the initial population at time ¢t = 0 be
A3(0) = 0 then

Gu(Z,0) =1
Therefore
1—-Z )
—_— =1 4.44
f([fs’YZ - Asﬂs} ( )
This is for |Z| < 1. For any 8,
_1-Z
IsyZ —
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We have

_ 1+ Aspisf
1+ Isv0
Hence we have
fo) =1
Therefore
Ga,(Zt) =1

4.5 NUMERICAL ILLUSTRATIONS

In this section, we assume some parameter values and solve for the expectations nu-
merically. The spread of the virus depends more on the number of sexual contacts with
different sexual partners per unit time. The use of condoms reduces ¢ by a factor 0.90
Jif the condoms are used properly and increases the sexual contact rate(w) because in-
dividuals would think that they are protected through the use of condoms.So,because
of the possibility of failure of condoms, the improper use of condoms and an increase
in w, there is a possibility that wd may not reduce much through the use of condoms in

a community. Thats why in the figures (4.1) and (4.2), there is no observable changes.
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Table 4.1: Effects of Changing w

0 L Pl y 5 t=Months E[S10] ] | E[Al(D]
TV EE 01 ool 20 13440 38
0009 00912 |03 0l |00 20 33440 38
00004 00912 |03 o1 [onl 20 13440 38
000008 00912 |03 0l ool 20 13440 39
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Table 4.2: Effects of Changing w and ¢

0 L I y 5 t=Months B[] E[I®] | E[AI(D]
001 0wz |03 ol |ool 20 13430 3
0009 00912 |03 01 | 0.006 0 33430 33
0004 00912 |03 TR D 33430 3
000008 00512 |03 01 0000005 |20 13430 33
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Figure 4.2: Effects of Changing w and ¢
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Chapter 5

COMBINED MODEL

5.1 Introduction

In this chapter,we consider a model which combines both the two modes of transmis-
sion( that is, Heterosexual transmission and the Mother-to-child transmission (MTCT)
and the age groups. The population is subdivided into Susceptibles, Infectives and
AIDS cases. We assume that there is homogeneous mixing among S persons and I
persons. This is equivalent to assuming that there is an equal probability for each S

person to contact any I person.

Let:

S(t): denote the number of persons in group S at time ¢

I(t): denote the number of persons in group I at time ¢

A(t): denote the number of persons in group AIDS case at time ¢

It is reasonable to assume that at the beginning of the epidemic, at ¢ = 0, that S(0)
is large, that 1(0) is fairly small, and that A(0) = 0. At time t, let N(¢) represent the
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size of the population. Therefore the total population consists of
N(@t) = 8(t) + I(t) + A(¢)

Assumptions and notations

(a) If the population size is n{n > 0) at time t, during the small interval of time
(t,t + At), the probability that “birth”(an increase to the population) will occur
is A (t)At 4+ o(At). The probability of no “birth”occuring in that small interval is
1 — M (t)AL + o(At) and the probability of more than one“birth” occurring is o(At).
“birth” occuring in (¢, + At) are independent of time since the last occurence.

(b) With the same population size n(n > 0) at time t, the probability that “death” will
occur in a small interval of time (¢, + At) is u,(t)At + o(At),the probability of
no “death”occuring is 1 — u,(t)At + o(At) and the probability that more that one
“death”occurs is o(At). “death”occuring in (¢,¢ + At) are independent of time since
the last occurence.

(c) n = 0 is an absorbing state of the process.

(d) For the same population size, the “birth”’and “death” occur independently of each

other.

(i)Let the birth rate for sexually mature persons be A per person per time. Thus
the probability that a birth will occur in the heterosexual population during the time
interval (t,t+ At) is AAt + o(At)

(TI)Let the death(death unrelated to HIV/AIDS) or emigration rate (migrate out of the
population because of fear of HIV/AIDS) be u per person per time, where k= 1,2,3
(the different age groups have different per capita mortality rates), thus an individual
existing at time t has a chance u, At+0(At) of dying during the time interval (¢, 4+ At).
Hence the mean life expectancy is 1/ug

(Ii)Let the immigration rate for the sexually mature persons be a per time, this is
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independent of the population, thus the probability that there will be immigration in
to the heterosexual population during the time interval (¢,¢ + At) is oAt + o(At) in
the absence of HIV infection, the subpopulations n;(¢) will approach the steady value
of N =X,

(iv) Assumptions regarding HIV/AIDS spread (S-I): We let the sexual contact rate
between a matually sexual S person and an I person be w where w > 0. Thus the

probability of a sexual contact between an S person and an I person during (z,t + At)

is wAt + o(At) where lima;_,0 2 ftt) =0

e Given a sexual contact between an S person and an I person during (¢,¢ + At) , we
let ¢ be the probability that this I person will transmit the AIDS virus to the S person.
This event converts the S person to an I person. Then the probability of an S person
contracting HIV/AIDS virus from an I person by sexual contact is wd At + o At) and
wo = \/m Where wp,d,, is the probability that an I male transmit the AIDS
virus to an 8 female and wyd; is the probability that an I female transmit the AIDS
virus to an S male.

o Let the rate at which an infected mother does not transmitting the HIV virus to
the newborn be 3, thus the probability that a child born by infected mother will not
contract the HIV virus during (¢, ¢ + At) is BAAL + o( At)

The probability that the child born by infected mother is HIV positive is (1 — ), AL+
o(At)

(v)Assumptions regarding incubation (I-A): Let the transition rate from infective to

AIDS case v, thus , during (¢,¢ + At) , the probability of that a transition will occur
is YAt 4 o(At) so that the incubation (infectious) period is 1/
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Figure 5.1: HIV/AIDS Epidemic model
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From the figure 1 above, Infants who did not get infected from their infected mothers
enter the class S of susceptible individuals; that is, those who can become infected.
When there is an adequate contact of a susceptible with an infective so that transmis-
sion occurs, then the susceptible enters the exposed class L of those in the latent period,
who are infected but not yet infectious. After the latent period ends, the individual
enters the class I of infectives, who are infectious in the sense that they are capable of
transmitting the infection. When the infectious period ends, the individual enters the

AIDS class A consisting of those who have acquired full-blown symptoms.

5.2 SUSCEPTIBLE POPULATION MODEL

In this model, changes in the numbers of Susceptible persons are treated as a birth
and death process; the “birth”are the immigrants or births by both non and infected
mothers and ”death” are the natural death, persons who contact the HIV virus or the
emigrants . The probability that there are n individuals in the Susceptible population
during the time interval (¢,¢ + At) is equal to the probability;

(i)That there are n individuals by time ¢ and nothing happens during the time interval
(t,t 4 At)

()That there are n — 1 individuals by time ¢t and 1 is added by immigration or birth
during the time interval (¢,t + At)

(Ii) That there are n + 1 individuals by time ¢ and 1 dies, contracts the HIV virus or
migrates from the population during the time interval (¢,t + At)

In the model, we study the two modes of transmission of the HIV virus: Heterosex-
ual transmission and the Mother-to-child transmission(That is Horizontal and vertical

transmission). The change in population size during the time interval (¢,t + At) is
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governed by the following conditional probabilities;

P{X{@+Al)=n+1/X({) =n} = aAt+nSsAAt+ nlz3BAAL+ o(At)
PAX(t+ At) >n+2/X(t) =n} = o(At)
PAX@+At)=n—-1/X(t) =n} = nSpult+ nlawdAt+ o(At)
P{X({t+At) <n—2/X(t)=n} = o(At) |
PAX(t+ At) =n/X(t) = n} = 1 —nS3AAt — aAt — nl3fAAL — nSpurAt — nlswdAt — 6
Let the probability distribution of the population size at time ¢ be denoted by
Sp(t) = P{S({t) =n/S0)=m} , m<nandm=0,1,.......
We seek to find this distribution by deriving a system of differential equations from the

assumptions above. Now

A(t) = nSsA+a+nkfA

un(t) = nSpur + nlzwd
Let S,.(t) be the probability that the population size N(t) has the value n at time t,
Sn—1(t) the probability that the population size N(t) has the value n — 1 at time t,
and Sy,+1(t) the probability that the population size N(t) has the value n + 1 at time

t, then from the given rules it follows that:
Sp(t+ At) = [1 = nS3AAL — alAt — nl3BAAL — nSyup At — nlawd At — o At)]S, (1)
+ [aAt+ (n— 1)S3AAL + (n — 1) BAAAL + o(At)]S,_1(t)
+ [(n+ 1)SpurAt + (n + 1) Lwd At + o(At)]S,41(1)
which gives
Sp(t+ At) — S,(t) = [-nSsAAL — oAt — nl3fAAL — nSpur At — nlswd At — o( At)]S, (1)
+ [@At+ (n— 1)SsAAL + (n — 1) IEAAL + o(AL)] S, 1 (2)
+ [0+ DSeueAt + (n+ 1) IswS AL + o(At)]Sn1(t)

Proceeding to the limit as At — 0, we get the following Kolmogorov forward equations:

S (1) —[nS3A + a + nSyu, + nl A + nlzwd]S,(t)
[Oé + (TL - 1)83/\ + (’I’I/ - 1)]36)\]511__1(1}) for n > 1 (521)

[(n + 1)Skpr + (1 + 1) [3w6]Snya (1),

+ o+
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Se(t) = —aSo(t) + [Spi + Izwd]Si(t), for n=0 (5.2.2)

Where the primes indicate differentiation with respect to ¢ In equation (5.2.1), there
are 3 unknown probabilities; S, (t), S,—1(t), and S,+1(t). Therefore these equation
cannot be solved directly. We resort to the method of Probability generating function

(PFG) defined by
Gs(Z,t) =Y S, (t) 2"

n=0

. With n = 0,in equation (5.2.2) S_;(¢) is identically Zero. The coefficient of S,,_1(%)
arises from considering the conditional probability of “birth” into the population given
that the population size is n — 1. Multiplying equation (5.2.1) by Z” and sum over

n = 1, we have

LS ZY = —[S3A + LA+ 3wd] Y2 nS,(t) 2™
— ayX S, (2 + a2, Spa(t) 2"
+ SAY (n = DSeei ()27 + LAAYZ (n — 1)S,1(H) 27
+ Spiir Dt (n 4+ 1)Sp 1 (27 + Lwd 3021 (n 4 1) Spy1 () 27

(5.2.3)
Define
L = TRSan
2 = TXnS.(t)Z"
G(Z,t) = X ,S.(t)2Z"

Therefore equation (5.2.3) becomes

% _Sht) = —alG(Z,t) — So(t)] = [SsA + LA + Lswd + Spun)Z 52
+ (SsA+ AN 223 + aZG(Z,1)

From equation (5.2.2) we have

%~ _aG(7,t) - [Seh+ TN+ Sp + Lsw6] 75
+ (S + AN ZE + aZG(Z,¢)
+ (S + Lwd)
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9C (2~ 1)aG(Z,1) + (Z = D[(S:A + TN Z — (Sepus + wd)] 22

ot a7
Therefore

oG oG

T (Z — D[(SaA + L3N Z — (Skphr + I3w5)]-8-2 = (Z — 1)aG(Z,t)

The auxiliary equations are:

dt dz dG

T T Z=D[St BANZ — (Sei + Iwd)] (Z — DaG(Z,1)

Considering
dz dG

[(Sg)\ + ISﬁ)\)Z - (Sklllk + Ig&)é)] CVG(Z, t)

and On integration we have

((SsA + LEN Z — (Spe + [3wd))>/ SABANC( 7 1) = Oy

Next we consider

dt dz

1 (Z = D[(SsA+ I3BNZ — (Supir, + Isw0)]

On integration we have

4

([((SSA + BN Z — (Spp + 13005)]) o~ L((S3ATaBY) = (St Tswd)t _
Z -1

Where C; and C5 are constants of integration. setting C; as a function of Cy,we arrive

at the most general solution

[((SsA + IBN) Z — (Sppy, + Tswd) ]2/ (EATEBN G 7 1)

_ f{ ([((‘53)‘ + 1300 Z — (Skp + ISWé)})e—{((53/\+13,3A)—(Shﬂk+13w5)]t}
Z—1

We had denoted that S(t) is the size of the population at time t for 0 < ¢ > oo, let the
initial population at time ¢t = 0 be S(0) = m then

G(Z,0) = Z™
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Therefore

[((SsATsBA) Z—( S it )] S5 180 gm f< [(SsA + BN Z — (Skpie + Igwé)])

Z—1
(5.2.4)

Let 7 = ((SsA + Is8\) and v = (Sgux + Iwd) then equation (5.2.4) becomes

(nZ — V) zm = f<nZZ_—1u>

This is for |Z]| < 1. For any 8,

- nL-—v
0= Z -1
We have
v—20
7 —
n—20

Hence we have

0= B(=5) ) ()
gty

— Qa/n(y _ )tx/v?(?7 —0)” (a/77+m) (v—6)™

but
(07 — V)*IG(Z,1) = f(@e‘("“”)t>
Therefore

G(Z,t) = (nZ — V)—a/n[ge—(n—l')t]a/n(y — n)a/n(n — 96—(n~1/)t>—(a/n+m) (v— 96—(77—1/)15)7”
(5.2.5)
Now replacing 6 by QZZ__—;’ we have

(n — )/ (ve " —v) — Z(velr It —p)|m
(1o =)~ na (e —~ Ty
Differentiating the PGF in (5.2.6) with respect to Z, we find the expectation and

G(Z,1) =

(5.2.6)

variance of S(¢):

vy | €T —1 -
E[S(t)] = Me n e Q’—W ({)27)
and
-t _ 1
5% = mf D) el elr 1) 4 o (5.2.8)

n— (n—v)
where 1 = (SsA + 36)) and v = (Spue + Iswd)
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5.3 ASYMPTOMATIC (INFECTED) MODEL

In this model, changes in the numbers of persons infected are treated as a birth and
death process; the “birth”are the new infections(including infected mother to child)
and those who migrate to the population , and “death”are the persons who develop
AIDS symptoms or die or migrate. The probability that there are n individuals in the
infective population during the time interval (¢, + At) is equal to the probability;

(i) That there are n individuals by time ¢ and nothing happens during the time interval
(t,t+ At)

()That there are n — 1 individuals by time ¢ and 1 is added by HIV transmis-
sion,immigration or Mother-to child transmission during the time interval (¢,¢ + At)
(Ii) That there are n + 1 individuals by time ¢t and 1 dies or converts to AIDS during
the time interval (¢,t + At)

The change in population size during the time interval (¢,¢ + At) is governed by the

following conditional probabilities;

P{X({t+ At) =n+1/X(t)
PAX(t+ At) > n+ 2/X(t
P{X({t+At)=n—-1/X(t } = nhgupAt+ nlzyyAt + o At)

PAX({t+At) <n—-2/X(t } o= o(At)

PAX(t+ At) =n/X(t) =n} = 1 —nl3(1 — £) AAL — @At — nlz3yAt — nSkupAt — nlswd.

n}y = aAt+nlz(l — ) AL+ nlswd At + o(At)
nt = o(At)
7
n

i

I

fl

)
)
)

fl

Let the probability distribution of the population size at time ¢ be denoted by
L(t) = P{I(t) = n/I1(0) = 1},
We seek to find this distribution by deriving a system of differential equations from the

assumptions above. Now
A(t) = a+nlz(l—0)A
pn(t) = nlyp, +nlyy

Let I,(t) be the probability that the population size N(t) has the value n at time t,
I,—1(t) the probability that the population size N(¢) has the value n — 1 at time t,
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and I,,.1(t) the probability that the population size N(t) has the value n + 1 at time

t, then from the given rules it follows that:
L(t+ At) = [1— (nlgpr + o+ nlz(l — f) A + nlswd + nlsy) At + o(At)] 1, (1)
+ {l{(n =1L N+ (n — 1) Izwé + a]At + o( At) } 1 (1)
+ Alln+ DIsy + (n+ D L] At + o(AL) } i1 (2)

Proceeding to the limit as At — 0, we get the following Kolmogorov forward equations:

L,(t)

fl

—[nlpp + o+ nl3(1 — B)oA + nlswd + nilsy|l,(t)
[(n— D) Is(1 = B+ (n — 1) [wd + a]L,_1(t) for n>1 (5.3.1)
[(n+ 1) Izy + (n+ D Iepe] L1 (0),

I(t) = —alo(t) + [Tep + I57]S1(t), for n=10 (5.3.2)

Where the primes indicate differentiation with respect to ¢ In equation (5.3.1), there are
3 unknown probabilities; L,(t), I,—1(t), and I,.:(t). Therefore these equation cannot
be solved directly. We resort to the method of Probability generating function (PFG)
defined by

Gs(Z,0) = 3. 1n() 2"

. With n = 0,in equation (5.3.2) I_(¢) is identically Zero. The coefficient of I,,1(t)
arises from considering the conditional probability of “birth”into the population given
that the population size is n — 1. Multiplying equation (5.3.1) by Z"™ and sum over

n = 1, we have
SR DWZ = —[nlgu +nls(l — B A+ nlawd + nlzy] 500, nl,(t) 2™
- ay>X,L{t)z”

+ (L= Fad +wd) 33552, (n — DIna() 2" + [ + vk Z3Z: (0 + DInna (1) 27

(5.3.3)
Define
o = Yoo L(t)Z"
-§—§- = YatonSu(t)Z"

G(Z,t) = Y25 (t) 2"
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Therefore equation (5.3.3) becomes
& Ity = —o[G(Z,t) — Io(t)] — Tupr + (1 — B)oX + Lswd + I:7)Z2%%
+ (1= B)A+wd) 225 + aZG(2,1)
+ (e + (57 — L)

From equation (5.3.2) we have

i

&% —aG(Z,t) — (1 = B + s + wd + V) [,Z5E
(1= BaX+ wd) 22 + aZG(Z, 1)
(e + 1) 1 5%
% = (Z-1aG(Z,0)+(Z = D((1 = Pa) +wd) sZ — (e + V)] 55
Therefore

oG _
ot

+ o+

(Z = DA = Bar + w8 2 — (use + fy)fk]g—g— = (Z — 1DaG(Z,1)

The auxiliary equations are:

dt az B e
T Z-DO=-Pr+wd)BZ —(u+NT -k (Z-1DaG(Z,1)

Considering

dz _dG
[((1 - /6)0,)\ + W5)I3Z - (,uk + ’Y)Ik] OZG(Z, t)
and On integration we have

(1= B)ad + wd) .Z — L (py + 7)1 OB g7 4y = ¢

Next we consider

dt dz

1 (Z=-DU0=Per+ w87 — (e +7) 1]

On integration we have

([((1 — B)adA + wd) 37 — (g + ’Y)[k]>e—[((1“,3)(;/\+w5)18—(iuk+’¥)]k]t _C
Z —1 2

Where C) and C are constants of integration. setting C; as a function of Cy,we arrive

at the most general solution

oA+ wé) 37 — (ur, + v) I

[((1=B) At w8) s Z — (i +) L |/ (Bedtwllscx 7 4y — ¢ {([((1 —B) )L
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We had denoted that I(t) is the size of the population at time t for 0 < ¢ > oo, let
there be one infected person at time ¢ = 0 that is, J(0) = 1 then

G(Z,0) = Z

Therefore

[(1=8)aAtwd) Lo Z— () ¥/ (O Prer Mo 7 — f({((l — B)ad + WZ5)_131Z — (e + ’Y)LJ)

Let p= (1 = B)oA +wd) and & = (ug + ) then

o771 )

This is for |Z| < 1. For any 6,

_pL—K
0= Z -1
We have
K—0
7 =
p—0

Hence we have

0= (o220 e
= 675~ )7 (p — 6) 4/ (5~ 0)

but
(pZ — K)*PG(Z,t) = f(ge—(P—n)t)

therefore
G(Z, t) == (pZ - fi)“a/Pwe(P—m)t}a/P(ﬂ _ p>a/,0(p _ Qe(P—H)t)w(H—a/P)(FL _ He(p—n)t)

: Z—K .
Now replacing ¢ by 2= we have

(p = R)/o[rel#% 1) = 7o — 1)
[(pelr=m)t — i — pZ(elo=r)t — 1)]1+e/p

G(Z,t) = (5.2.6)
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Differentiating the PGF in (5.2.6) with respect to Z, we find the expectation and

variance of S(?):

B(S(t)] = e ol (5.27)
Ol =e""" + o 2.
(p — &)
and )
+ Ry ele—m)t _ 1
52 = (L By glomtpglo—rt _ 4 +aq—. 5.2.8
8 (p . I‘L) [ ] (,0 . I‘L) ( )

54 SYMPTOMATIC (AIDS CASE) MODEL

In this model, changes in the numbers of persons with AIDS symptoms are treated as
a birth and death process; the “birth”are the immigrants and persons who transit from
infective to AIDS case and “death”” is the death due to AIDS. The probability that
there are n individuals in the AIDS case population during the time interval (¢, ¢+ At)
is equal to the probability;

(i)That there are n individuals by time ¢ and nothing happens during the time interval
(t,t + A?)

(D)That there are n—1 individuals by time ¢ and 1 is added by immigration or transition
from infective during the time interval (¢, ¢+ At)

(Ii) That there are n + 1 individuals by time t and 1 dies from the population during
the time interval (¢,t+ At)

The change in population size during the time interval (¢,t + At) is governed by the

following conditional probabilities;

PAX({t+At)=n+1/X(t) =n} = aAt+nlyAt+ o(At)

PAX({t+At) >n+2/X(t)=n} = o(At)

PAX({t+ At)=n—-1/X({) =n} = nAult+ o(At)

PAX(t+ At) <n—2/X(t) =n} = o(Al)

PAX({t+ At) =n/X(t) =n} 1 — nAur At — aAt — nlyAt — o At)

i

Let the probability distribution of the population size at time ¢ be denoted by
An(t) = PAA(t) = n/A(0) = 0f
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We seek to find this distribution by deriving a system of differential equations from the
assumptions above. Now

Y(t) = nly+a

pn(t) = nAw
Let A,(t) be the probability that the population size N(t) has the value n at time t,
A,-1(t) the probability that the population size N(¢) has the value n — 1 at time t,
and A,.1(t) the probability that the population size N(t) has the value n + 1 at time

t, then from the given rules it follows that:

A, (t + Al)

I

[1 —nAumAt — nlyAt — alt — o(At)|A,(T)
+ [aAt+ (n — D) IyAt + o(At)) An—1(2)
+  [AprAt + o(At)](n + 1) Apsa (t)

which gives

A+ AL — A (1) = —[nApAt + nlyAt + alAt + o(At)| A, (t)
+ [@At+ (n— D IvAt+ o(A)]A._1(2)
+ (At + o(At)|(n + 1) adn i (t)

Proceeding to the limit as At — 0, we get the following Kolmogorov forward equations:

A () = —InAm + a+nlvyAQ) + o+ (n = 1) 17|41 (8) + Ap(n + 1) Ania (t),
(5.4.1)
AL = —ado(t) + AupAi(), for n=0 (5.42)

Where the primes indicate differentiation with respect to ¢ In equation (5.4.1), there
are 3 unknown probabilities; A, (t), A.—1(t), and A,.1(t). Therefore these equation

cannot be solved directly. We resort to the method of Probability generating function
(PFG) defined by

GalZt) =3 Aut) 2"

. With n = 0,in equation (5.4.2) A_1(t) is identically Zero. The coefficient of A,_;(t)

arises from considering the conditional probability of “birth”into the population given
g y
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that the population size is n — 1. Multiplying equation (5.4.1) by Z™ and sum over

n =1, we have

Yol A 2n

fl

—[Apr + IV 52 nAn() 27 — a 352, An(t) 27
¥l Ana(t) 2

Iy (n— DA, () 2"

Ape 21 (n+ 1) Ap 1 (027

—a Y2 A ()2 — A + I 300 nAL(t) 2™
ay X A, (2"

Iy 35 (n = DA 1 (02" + A 3502, (n+ 1D An i () 27
(5.4.3)

o+ o+

S

Define
N O
%gz’— = Yaonda(t)Z"
G(Z,t) = Y2 AHZ™

Therefore equation (5.4.3) becomes

—A(t) = —alG(Z,1) — Ad®)] - [Am + 171253
+ 228+ aZG(Z,1)
+ Mk( — Aq(1))

From equation (5.4.2) we have

L = —aG(Z,t)— [Aw+ 1125
+ yZ2% + aZG(Z,1)
+ g

G~ (Z-1)aG(Z,t)+ (Z - DIZ - Ap)2S

Therefore

B (B V7~ Al = (2~ 1aG(Z,1)

The auxiliary equations are:

dt az dG

1T Z-DIvZ-Am] (Z-DaG(Z,%)
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Considering
dz dG

N2 = Am)  oG(Z,1)

and On integration we have
(IvZ — Aug"G(Z,t) = Cy

Next we consider
dt dz

1 (Z-DIVZ - Al

On integration we have

[IfYZ - A/J'k]) —[Iy—Applt _
( Z-1 /)¢ =G
Where € and C5 are constants of integration. setting C as a function of Cy,we arrive
at the most general solution
In7 — A
(177 — A/ ™G(Z, 1) = f{ (LZ_Z__I&:J_> 8—{Iv—Auk]t}

We had denoted that S(t) is the size of the population at time t for 0 < ¢ > oo, let
there be no individual who has developed full blown symptoms at time ¢ = 0 that is,

A(0) = 0 then

G(Z,0) =1
Therefore
INZ — A
[IvZ — A" = f(%)
This is for | Z] < 1. For any ¢,
- Z-1
We have
App — ¢
7 —
Iy—¢

Hence we have Hence we have

F(9) = IvZ =A™/
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but
[MZ“MMMWQZQ:f@gW%W)

Now replacing ¢ by !—"LZZ{—{—QE we have

]’Y — All,l afIy Z_Z—fy(e(I’Y‘Aﬂ)i — 1) —afly
]fye(I'y—Au)t — A,u) {1 a I’ye(IV_AF‘)t — Au }

a(Z,1) = ( (5.4.4)

This is a negative binomial distribution, with

B Iy — Au
p= (Ifyea“/“A“)t — A,u)

and
r=afly

It is of some interest to consider the limiting form of equation (5.4.4) when Iy < Au

and the time ¢ tends to infinity. The limiting generating function is
G(Z,t) = (L= Iy/Ap)* (1 — Iy Z[ Ay~

and so the mean population size for large ¢ is

o}

(Ap—I)
This is related to the stable distribution of population which immigration can just
maintain against the excess of Ay over I+.
The variance of the population size for large ¢ is

aAp

(Iy = Ay
When Au = 0,(that is, when there are only births and immigration and new infections)
it is clear from equation (5.4.4) that the distribution will still be negative binomial for
every finite value of ¢.

—af/Iy
QZQZLWH1_ZQ—5Mﬂ
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On the hand, when Iy = 0,(that is, when there is immigration , emigration and
HIV infection)where emigration and HIV infection depends on the population, the

distribution assumes a Poisson process.

When t — o0, it gives

G(2) = e{Zﬁ(Z -1}

When Iy = 0,Ap = 0 (that is, when there is only immigration ), the distribution

assumes a Poisson process with parameter ot.

G(Z,t) = oHZ=1)

5.5 SPECIAL CASES

By assigning values to the parameters , we arrive at some special cases. Allowing
to take the value zero, (that is, no migration into the population o = 0) we obtain
Generating function, Expectation and Variance for Susceptibles, Infectives and AIDS
cases similar to the corresponding Generating function, expectation and Variance of

the MTCT model. Hence MTCT models are special cases for the Combined model.

Assuming that A = 0, (that is, the birth rate is zero,the population increases due to
migration into the population) then the model assumes similar generating function,
expectation and variance of the Susceptibles, Infectives and AIDS cases as those of the
Heterosexual model. Therefore Heterosexual model is a special case of the Combined
model. The simulation of the model will be exactly like for Heterosexual and MTCT

models.
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Chapter 6

CONCLUSION

6.1 Introduction

In this thesis, our objective was to develop HIV/AIDS epidemic models by using Gen-
erating functions (GF). In trying to achieve the goals, the author came up with a
conceptual framework which summarizes all the literature on HIV/AIDS transmission
models. Stochastic models based on Mother to child transmission(MTCT), Heterosex-
ual transmission and Combined models are developed. By using the stochastic models
formulated, we have also demonstrated how various factors affect the expectations of
Susceptible and infective persons. It is shown from the combined model that MTCT
and Heterosexual models are special cases of the Combined model. However, in the
process of achieving the author’s goal, some problems were encountered; based on the
initial condition, it was found that when the initial condition is assumed to be zero
(0), in the case of AIDS case, most of the models showed that the Generating function
is one (1), this need further investigation and the author has recommended for further
investigation. To test the models, the author used some randomly chosen parame-
ters, which produced some funny results, further work is recommended to study ranges

where the parameters work best.
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6.2 Further work

e From the study above, the parameters were independent of time, re examination of
the models with parameters dependent on time is recommended.

e Since infection in MTCT model can occur in three stages; during pregnancy, during
delivery and after birth (breast milk), recommended area or research is to look at the
Markov model approach where the transition probability can be dependent of time.
Same approach can be applied on the stages of infection in an infected population.
Markov chain can be applied in the Combined model where the stages will be the age
groups.

s Further investigation is recommended to study why the generating function is unity
for some models assuming initial condition to be zero. Also the author recommend
further study to find ranges where the model parameters could work best. Generating
functions can also be applied Markov transition chain models, especially when consid-
ering.

e So far the resulting partial differential equations for probability generating functions
have turned out to be of a linear type which is frequently soluble, or at least tractable
to yield a number of useful properties. On the other hand, the transition probabilities
are usually non-linear functions of the population size, and this leads, even with models
that are descriptively very simple to mathematical analyses of considerable complexity.
e So far we have used univariate generating functions. For suitably defined markov
chains, there will be need to use multivariate generating functions (Chiang, 1980).

e For literature review, a critical analysis of use of generating functions (both univari-
ate and multivariate in nature) in infectious diseases or in epidemic processes will be
necessary since very little has been in the use of generating functions to HIV/AIDS

models (Bailey, 1975).
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