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Abstract

Deterministic models for the transmission dynamics of HIV/AIDS and trichomonas vagi-
nalis (TV) in a human population are formulated and analysed. The models which
assumed standard incidence formulations are shown to have globally asymptotically sta-
ble (GAS) disease-free equilibria whenever their associated reproduction number is less
than unity. Furthermore, both models possess a unique endemic equilibrium that is GAS
whenever the associated reproduction number is greater than unity. An extended model
for the co-infection of TV and HIV in a human population is also designed and rigor-
ously analysed. The model is shown to exhibit the phenomenon of backward bifurcation,
where a stable disease-free equilibrium (DFE) co-exists with a stable endemic equilibrium
whenever the associated reproduction number is less than unity. This phenomenon can be
removed by assuming that the co-infection of individuals with HIV and TV is negligible.
Furthermore, in the absence of co-infection, the DFE of the model is shown to be GAS
whenever the associated reproduction number is less than unity. This study identifies
a sufficient condition for the emergence of backward bifurcation in the model, namely
TV-HIV co-infection. The endemic equilibrium point is shown to be GAS (for a special
case) when the associated reproduction number is greater than unity. Numerical simula-
tions of the model, using initial and demographic data, show that increased incidence of
TV in a population increases HIV incidence in the population. It is further shown that
control strategies, such as treatment, condom-use and counselling of individuals with TV
symptoms, can lead to the effective control or elimination of HIV in the population if
their effectiveness level is high enough.



Chapter 1

Introduction

1.1 Public Health Impact

HIV/AIDS is one of the most severe health problems globally, with over 6.1 million cases
(as of July 2015) [25]. South Africa is one of the countries with a very high number
of people living with HIV/AIDS. It is therefore of paramount interest to look into the
factors leading/resulting in this high prevalence rate of HIV /AIDS.

In this study, we consider the co-infection of two sexually transmitted infection (STI)
called Trichomonas Vaginalis (TV) and HIV/AIDS. TV is an infection very common in
both men and women, it is also the most prevalent non-viral STI globally [51] with more
than 276 million people worldwide being annually affected [55]. Condoms are effective at
reducing, but not fully preventing the transmission of both HIV and TV. TV infection is
treated and cured with metromidazole (7 days course) or tinidazole (2 days course) and
can clear on its own after 3 months. HIV/AIDS on the other hand is treated using highly
active antiretroviral therapy (HAART), however there is no cure.

In women, TV is associated with vaginal itching, vaginal discharge, pain when urinat-
ing, e.t.c. [31]. Most men do not show any symptoms related to TV infection, although
some experience swelling of the scrotum, urethral discharge and pain when urinating
[31]. Further complications in women (particularly pregnant women) resulting from lack
of treatment include pre-term delivery, low birth weight, and increased mortality, pre-
mature rapture of membranes, cervical cancer e.t.c. [13, 35, 49]. TV is of interest to
this study because of its susceptibility to HIV, for instance, it increases the chances of
an infected woman acquiring HIV if she has sexual contact with an infected individual
[32, 34, 52]. Also, a woman is more likely to transmit HIV to her sexual partners if she
is infected with TV [28, 35].

TV is not recognised as a severe STIL. It is one of the most prevalent non viral STT’s
and yet it receives the least public health attention [51]. Few papers have attempted a
mathematical report of this topic [4, 11, 40], however, TV requires more attention due
to the damage it causes to the vaginal epithelium which increases a woman’s chances
of acquiring HIV infection. Furthermore, the parasite causes lysis of epithelial cells in
the vaginal area. This results in more inflammation and leads to the disruption of the
protective barrier which is usually provided by the epithelium.



1.2 Replication cycle (staged-progression) of HIV /AIDS

HIV infects the CD4% T cells and it is here where it predominantly replicates. The
virus enters the cells by fusion after binding to the CD4 glycoprotein together with a
chemokine receptor. The virus also infects other CD4-bearing cells, such as monocytes,
tissue macrophages and dendritic cells, that replicate HIV inefficiency relative to CD4*
T cells. The typical course of HIV infection proceeds via the following three consecutive
stages:

1.2.1 Primary stage

At the time of introduction into an individual, HIV infects both resting and activated
CD4" T cells but integrates and multiplies only in activated CD4% T cells. At the
beginning, such replication continues virtually unopposed by the immune system. Hence,
the rate of HIV replication is far greater than that of its clearance. The viral influx
provokes the immune system, eventually triggering the activation of HIV-specific B cells
(antibody producing cells) and the clonal expansion and differentiation of CD8" T cells
into anti-HIV cytotoxic T lymphocytes (CTLs). This increase in HIV concentration
(viremia) triggers the next round of activation of HIV-specific memory and residual naive
CD4" T, CD8" T and B cell populations, resulting in the appearance of anti-HIV CTLs
in the blood of the HIV-infected individual within 1 to 4 weeks, and anti-HIV antibodies
within 8 to 12 weeks of initial infection. Even though this anti-HIV immune response
effectively suppresses HIV viremia, by reversing the rates of HIV replication and its
clearance, it fails to completely eradicate HIV.

1.2.2 Asymptomatic (chronic) stage

In general, an HIV infection is characterized by the appearance of a vigorous anti-HIV
immune response usually capable of suppressing HIV replication leading to a major de-
crease of HIV in circulation with a corresponding increase in the numbers of CD4™ T cells.
The anti-HIV CTLs play a critical role in this process. However, the immune response
fails to block HIV replication completely. Such failure is characterized by the persistence
of low levels of viral replication and a gradual, but steady, decline in the CD4™ T cells in
the absence of clinical disease. This asymptomatic phase may last for many years or over
a decade. In this stage, the rate of clearance of HIV is consistently greater than that of
its replication.

1.2.3 AIDS stage

Levels of HIV in circulation remain low during the asymptomatic phase, however, a grad-
ual but steady decline in the numbers of CD4" T cells continues. Once the CD4t T
cell numbers reach below a threshold, the HIV concentration in circulation starts to rise
rapidly (reaching levels > 10° virions/ml blood) and the patient exhibits a precipitous
loss of immunity to many other pathogens. This last stage of HIV disease is referred
to as AIDS. In this phase, the patient invariably acquires life-threatening opportunistic
infections that lead to death. A noteworthy feature of this phase of disease is the per-
sistence of high concentrations of HIV in circulation with minimal CD4% T cell counts.
Additional information on modelling the immuno-pathogenesis of HIV can be found in
[19, 36] and the references therein. The above stages are illustrated in Figure 1.1.
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Figure 1.1: Course of HIV infection in a typical adult.

1.3 Staged Progression of trichomonas vaginalis (TV)

In women, trichomonas vaginalis is found in the lower female genital tract and in men
it resides in the urethra and prostate. Here, it replicates by binary fission. The parasite
does not survive well in the external environment and it does not appear to display a
cyst form. Humans are the only known host for TV and it is mainly transmitted through

sexual intercourse [10]. The progression stages of TV are depicted by Figure 1.2.
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Figure 1.2: Life Cycle of TV [10].
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The prevalence rate of TV among individuals with other STIs or multiple sexual partners
is higher than in those without. In women, TV infection is commonly symptomatic. The
prominent symptom is vaginitis with a purulent discharge. In addition to this, a woman
may have vulvar and cervical lesions, dysuria and dyspareunia and abdominal pain. On
the other hand, TV infection in men is frequently asymptomatic. Occasionally, there
can be an occurrence of urethritis, epididymitis, and prostatitis. TV has an incubation
period of 5 to 28 days [10].

1.4 Research Objectives

The objectives of this study are:
1. To design and rigorously analyse a model for the transmission dynamics of:

(a) Trichomonas vaginalis (T'V) only.
(b) HIV/AIDS only.
(¢) TV and HIV/AIDS co-infection.

2. To gain insight into the transmission dynamics of TV and HIV/AIDS.

3. To assess the effectiveness of the control strategies available in reducing TV and
HIV/AIDS prevalence.

4. To discuss some applications of the model for the purpose of managing the diseases.

1.5 Research Questions

The research questions are:
1. Will reducing TV infection substantially reduce HIV transmission?

2. What control interventions are necessary?

1.6 Dissertation Organization

This dissertation consists of five chapters. Chapter 1 gives an introduction of the study.
Chapter 2 discuss some mathematical concepts applicable to the study. A TV-only model
and an HIV/AIDS-only model are formulated and analysed in Chapter 3. Chapter 4
discusses the TV and HIV/AIDS co-infection model. It deals with the construction and
analysis of this model as well as an assessment of control strategies. Numerical simulations
of results obtained using mathematical tools (such as MATLAB and Maple) are displayed
and the conclusion is given in Chapter 5.



Chapter 2

Mathematical Tools

In this chapter, the relevant literature used in the study is presented. First, mathematical
and epidemiological preliminaries will be stated, and then a review of some co-infection
models is presented.

2.1 Mathematical Preliminaries

In this section, some of the key mathematical theories and methodologies relevant to
the analysis and understanding of the results presented in subsequent chapters are sum-
marised. Throughout this section, for any n € N, we denote by R"™ the Euclidean space
of dimension n.

2.1.1 Equilibria of linear and non-linear autonomous systems

Consider the system of differential equation below,
&= f(z,t), x(0)=x. (2.1.1)

Here f : U xR, - R*withz e U CR", t € R,, n € N, and U open in R®. The over
dot in (2.1.1) represents the derivative with respect to time (%) and (2.1.1) is referred
to as a vector field on R™ or ordinary differential equation. Vector fields which explicitly
depend on time are called non-autonomous, while vector fields that are independent of

time are called autonomous. This dissertation only considers autonomous systems.

Consider the following general autonomous system
For x € U C R",
= f(z), z(0)=XeR" (2.1.2)

Definition 2.1 By a solution of (2.1.2), we mean a continuously differentiable function
x: [(X) — R"™ such that x(t) satisfies (2.1.2) [46].

Definition 2.2 System (2.1.2) defines a dynamical system in a subset E C R™ if, for
every X € E, there exist a unique solution of (2.1.2) defined for all t € Ry [46].

Definition 2.3 Let U be an open subset of R". A function f : U — R" is Lipschitz if
for all x,y € U, there is a K called Lipschitz constant such that

1f (@) = FW)I < Kllz = yl].
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Here || - || stands for the Euclidean norm in R™. If f is Lipschitz on every bounded subset
of R™, then f is said to be globally Lipschitz [33].

Theorem 2.1 Let f : R" — R"™ be globally Lipschitz on R™. Then there exist a unique
solution x(t) to (2.1.2) for all t € Ry. Therefore (2.1.2) defines a dynamical system in

R" [46].

Definition 2.4 An equilibrium (fized) point of (2.1.2) is a point & € R such that f(Z) =
0.

Clearly, the constant function z(¢) = Z is a solution of (2.1.2) and by uniqueness of
solutions, no other solution curve can pass through z. If U is the state space of some
biological systems described by (2.1.2), then Z is an equilibrium state such that when the
system starts at z it will always be at = [54].

Theorem 2.2 Consider (2.1.1) where f(x,t) € C",r > 1, on some open set U C R" x
R, and let (xo,t9) € U. Then there exist a local solution to the equation through the point
xo at t =ty denoted by x(t,tg,xo) with x(tg,to, o) = xo for | t — to | sufficiently small.
This solution is unique in the sense that any other solution through xqy at t = tq must be
the same as x(t,to, xo) on their common interval of existence. Moreover z(t,ty, zo) s a

C" function of t,ty and xo [54].

Theorem 2.3 Let C C U CR"” x R, be a compact set containing (xg,to). The solution
x(t, to, xo) can be uniquely extended forward in t up to the boundary of C' [24, 54).

Theorem 2.4 (Gronwall Lemma) Let x(t) satisfy

dx

— <pr+gq, x(0)=uxg,

o Sprtq x(0) =
for p,q constants. Then fort > 0,

x(t) < ellzg + g(ept —-1), p#0
b

and
x(t) <mot+qt, p=0 [46].
2.1.2 Stability of solutions

Intuitively, we say that an equilibrium point Z(¢) of the differential equation (2.1.2) is
stable if all solutions ’close’ to Z(t) at a given time remain close to Z(t) for all time. It
is asymptotically stable if it is stable and furthermore, all solutions starting near z(t)
converge to Z(t) as t — co. Formal definitions for these concepts is given below:

Definition 2.5 Let x € R" be an equilibrium point of a dynamical system on E defined
by (2.1.2). Then T is said to be:

1. stable if for any € > 0, there exist 6 = 6(€) > 0 such that if ||2(0) —y(0)|| < 9, then,
[|1Z(t) —y(t)|| <€ forallt >0,

2. locally attractive if ||z(t) —y(t)|| = 0 ast — oo for all ||z —y(0)|| sufficiently small,
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3. locally asymptotically stable if T is stable and locally attractive. For an asymp-
totically stable equilibrium point T of (2.1.2), the set of all initial data z(0) such
that

tlgcr)lo O(t)x(0) =z

1s said to be the basin of attraction of x,

4. globally attractive if (2) holds for any x(0) € E, i.e. the basin of attraction of T is
E,

5. globally asymptotically stable if (1) and (4) hold,
6. unstable if (1) fails

2.1.3 Hartman-Grobman theorem

Definition 2.6 The Jacobian matriz of [ at the equilibrium Z, denoted by D f(Z), is the

matrix
0 — o _
3—:)]2(:1:) S %(x)
?
, n. . o n. i
a—il(a:) S %(m)

of partial derivatives of f evaluated at T [33].

To investigate the stability and asymptotic stability of an equilibrium solution of (2.1.2)
consider the linearised form of (2.1.2) given by,

U=Ju, (2.1.3)

near Z(t) where J is the Jacobian of the function f at z. It is assumed that f is differ-
entiable.

Definition 2.7 Let x = & be an equilibrium solution of (2.1.2). Z is called a hyper-
bolic equilibrium point if none of the eigenvalues of Df(x) have zero real part [54]. An
equilibrium point that is not hyperbolic is called non hyperbolic.

Let X and Y be two topological spaces.

Definition 2.8 A function f: X — Y is a homeomorphism if it is continuous, bijective
with a continuous inverse [33].

Definition 2.9 A function h: X —Y is a C' diffeomorphism if it is invertible and both
h and it’s inverse h™' are C' maps [33].

Consider two functions f: R® — R" and g : R™ — R™.

Definition 2.10 f and g are said to be conjugate if there exist a homeomorphism h :
R™ — R™ such that, the composition g o h = h o f (sometimes written as g(h(x)) =
h(f(z))), = € R" [35].



Definition 2.11 A C"(r > 1) function ¢ : U x Ry — R", U C R"™ is called a flow for
(2.1.2) if it satisfies the following properties

o &(0,0) = 79
o 00,5 +1) = B(b(x0,5).1).

Definition 2.12 The set of all points in a flow ¢(t,x,) for (2.1.2) is called the orbit or
tragectory of f(x) with initial condition xy, we write the orbit ¢(xo). When we consider
t >0, we say that, ¢(t,z,) is a forward orbit or forward trajectory.

Proposition 2.1 If f and g are CF conjugate, then the orbits of f maps to the orbits of
g under h.

Proposition 2.2 If f and g are C* conjugate, k > 1, and ¢ is a fized point of f, then
the eigenvalues of D f(xo) are equal to the eigenvalues of Dg(h(xo)).

Theorem 2.5 (Hartman and Grobman) Assume that f : R" — R" is of class C' and
consider a hyperbolic equilibrium point T of the dynamical system defined by (2.1.2). Then

there exist 6 > 0, a neighbourhood N' C R™ of the origin and a homeomorphism h defined
from the ball B = {x € R": ||x — Z|| < 0} onto N such that

u(t) = h(z(t)) solves (2.1.3) if and only if x(t) solves (2.1.2).

The direct application of the Hartman-Grobman theorem is that an orbit structure near
a hyperbolic equilibrium solution is qualitatively the same as the orbit structure given
by the associated linearised (around the zero equilibrium) dynamical system.

2.1.4 Linearisation

Determining the stability of an equilibrium (fixed) point Z(¢) requires the understanding
of the nature of solutions near it. Let,

r=1=1(t) +€ € € R (2.1.4)

If we substitute (2.1.4) in the general autonomous system (2.1.2) where f is at least twice
differentiable and apply Taylor’s expansion at Z we get,

& =T+ é= f(z(t)) + Df(E(1)e + O(lef),
where [.| is the norm on R". Hence,
¢ = Df(z(t))e + O(le]?). (2.1.5)

Equation (2.1.5) describes the evolution of orbits near z [45, 18]. The behaviour of the
solutions arbitrarily close to Z is obtained by studying the associated linear system,

¢ = Df(E(t))e. (2.1.6)

However, if Z(t) is an equilibrium solution, i.e f(z) = 0, then Df(z) is a matrix with
constant entries, and the solution of (2.1.6) through the point €5 € R™ at ¢t = 0 is given
by,

€(t) = exp(Df(z(t)))eo- (2.1.7)
It follows that e(t) is asymptotically stable if all eigenvalues of Df(Z) have negative
real parts. Then the Hartman-Grobman Theorem, (Theorem 2.5) leads to the following
simple characterisation of the stability properties of z.

8



Theorem 2.6 Suppose all of the eigenvalues of Df(Z) have negative real parts, then,
the equilibrium solution x = & of the non-linear system (2.1.2) is asymptotically stable

/8, 18, 54].

Routh-Hurwitz stability criterion provides necessary and sufficient conditions for estab-
lishing the local stability of a dynamical system. Let

det(M — Df(z)) =0,
be the characteristic equation of D f(z). Then we obtain the following polynomial for A.
ao)\” + al)\”_l + ...+ a1 t+a, = O, ag > 0. (218)

Then we define the Hurwitz matrix associated with the above polynomial as follows

a, as as ar 0
ag G2 G4 Qas 0
0 a1 as as 0
Hy = (dyj-ihi<ijen = | 0 0 ay ay 0 [
0O 0 0 0 ay,

where ap, =0 for kK <0 or k£ > 0.

Theorem 2.7 (Routh-Hurwitz criterion [39, 41]) The roots of equation (2.1.8) have neg-
ative real parts if and only if ar, > 0 for all k = 0,1,...,n and detH,[1,...,n] > 0 for all
k=1,2,..,n.

For n = 2,3, and 4, the roots of (2.1.8) have negative real parts if and only if
n=2:a>0,a >0, ap >0,

n=3:a >0, a >0, ap > 0,a3 > 0 and ayas — agaz > 0,
n=4:a;>0,fori=0,1,..4, ajay — apaz > 0, and ajasaz — apa — asa? > 0.

2.1.5 Next generation method

The next generation method is a linearisation method that is used to establish the local
asymptotic stability of the disease-free equilibrium (DFE) as well as the associated basic
reproduction number. The method was first introduced by Diekmann and Hesterbeek
[14] and improved for epidemiological models by van den Driessche and Watmough [50].
Below is the method by van den Driessche and Watmough [50]:

Suppose the disease transmission model, with non-negative initial conditions, can be
written in terms of the following system:

t; = fi(x;) = Fi(x) = Vi(x), for i =1, .n, (2.1.9)

where V; = V;” — V;' and the function satisfy the following axioms listed below.
First, the disease-free states (non-infected state variables) of the model is defined by:

X,={x>0z; =0,i=1,....,m},

9



where x = (x4, ..., 2,)T, 7; > 0 represents the number of individuals in each compartment
and the first m compartments corresponding to the infected individuals. Here, F;(x)
represents the rate of appearance of new infections in compartment #; V;"(x) represents
the rate of transfer of individuals into compartment i by all other means, and V; ()
represents the rate of transfer of individuals out of compartment 4. It is assumend that
these functions are at least twice continuously differentiable in each variable [50].

Let  be the disease-free equilibrium of (2.1.9) and let f;(z) satisfy the following condi-
t(lzris): if z >0, then F;(z), V" (z), V; (z) >0fori=1,...,n.

(A2) if z; = 0, then V; () = 0. In particular, if z € X then V; (z) =0 fori=1,...,m.
(A3) Fi(z) =01if i > m.

(A4) if x € X, then F;(x) =0 and V}(z) =0fori=1,...,m.

(A5) if F;(z) is set to zero, then all eigenvalues of D f(Z) have negative real parts.

Then the derivatives DF(z) and DV(Z) are partitioned as

Df(f)z(lg 8)

DV@):(i })4)

where F' and V are the m X n matrices given by

F= {%(w)} and V = {8"? (x)} with 1<, j < m.

Ox;

Further, F' is non-negative, V' is non-singular and J3 and J, are matrices of the transition
terms and all eigenvalues of .J; have positive real parts.

Theorem 2.8 (van den Driessche and Watmough [50]) Consider the disease transmis-
sion model given by (2.1.9) with f(x) satisfying conditions A1-A5. If T is the disease-free
equilibrium of the model, then T is locally asymptotically-stable if Ry = p(FV™1) < 1
(where p(A) is the spectral radius of a matriz A), but unstable if Ry > 1.

An equilibrium point z of (2.1.2) is said to be globally asymptotically stable if all solu-
tions converge to it. In epidemiology, it is important to know whether after an epidemic
outbreak, an infectious disease will be established in a population over a period of time
and whether this depends on the initial size of the population or not. Mathematically,
this is determined by the global asymptotic stability of the endemic equilibrium. Fur-
thermore, models of disease transmission may generally have solutions that differ from
the calculated equilibrium solutions. These solutions affect the stability of the equilibria
and are generally referred to as closed orbit.

In order to establish global properties of equilibria, it is often necessary to show the
non-existence of closed orbits in the feasible region of the model.

10



Definition 2.13 A solution z(t) is said to be a periodic solution if z(t +T) = x(t) for
all t, for some T > 0.

2.1.6 Lyapunov functions and LaSalle’s invariance principle

An efficient method for analysing the global stability of an equilibrium point is based on
the use of Lyapunov functions [54]. Lyapunov functions are energy-like functions that
decrease along trajectories [45]. If such a function exists then closed orbits are forbidden.

Definition 2.14 A function V : R" — R is said to be positive definite if,
o V(x) >0, for all x # 0,
e V(x)=0, if and only if x =0,
o V(x) — 00 as x — oc.

The function V' s locally positive definite if there exists U C R™ containing a fixed point
x =T such that

e V(z)=0,
o V(z) >0 for all x € U\{z}.

Definition 2.15 [48] A function V : R" — R is said to be a Lyapunov-candidate if it
1s a positive definite function. That s, for U in a neighbourhood around x = 0,

o V(x)>0 forallz €U,

o V(x)=0if and only if x =z = 0.

The general Lyapunov Function Theorem is given below.

Theorem 2.9 [5/] Consider the vector field in (2.1.2) where T is an equilibrium solution
of (2.1.2) and let V : U — R be a C' function defined on some neighbourhood U of T

such that,

i) V is positive definite,

i) if V(x) <0 in U\{Z}, then T is stable.

iii) if V(x) < 0 in U\{Z}, then T is asymptotically stable.

w) If V(z) < 0 in R™\{Z}, then T globally-asymptotically stable (GAS). whenever i)
and i) hold.

Any function V that satisfies the above is called a Lyapunov function.
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Example 1: Consider the following vector field, with € a real parameter,
T =y,

= —x — ex’y.

The system has a non-hyperbolic equilibrium solution at (x,y) = (0,0). Let V(z,y) =
(xQ;_yQ)‘ Clearly V(0,0) = 0 and V(z,y) > 0. Furthermore,

Vi(z,y) = zi +yy,
= ay +y(—z — ex’y),
wy — xy — ex’y?,
= —ex?y? <0,
for €>0.

Hence, V' < 0. Thus, by the Lyapunov Function Theorem 2.9 above, the equilibrium
(0,0) is stable for € > 0.

2.1.7 Limit sets and invariance principle

Since general epidemiology models deal with population of humans or animals, it is
important to consider non negative populations, thus, epidemiological models should be
considered in (feasible) regions where such property of non-negativity is preserved.

Definition 2.16 Let z(t) be a solution of (2.1.2). A point p is said to be a positive limit
of x(t), if there exists a sequence {t,} with t, — oo as n — oo, such that x(t,) — p
as n — oo. The set of all positive limit points of x(t) is called the positive limit set of

x(t).

Definition 2.17 [5/] A point xy € R" is called
i) an w-limit point of v € R"™, denoted by w(x), if there exists a sequence {t,},t, — 00
such that,

O(tn, r) — .

ii) an a-limit point of x € R", denoted by a(x), if there exists a sequence {t, },t, — —o0
such that,
O(tn, x) — 0.

Definition 2.18 The set of all w-limit points of a flow is called the w-limit set, while the
set of all a-limit points of a flow is called the a-limit set [54].

Definition 2.19 Let S C R" be a set. Then, S is said to be invariant under the vector
field (2.1.2) if for any, x(0) € S we have ¢;(xg) € S, Vt € R. That is, if any trajectory
starts in S, it will stay in S for all time [45].

If we restrict the region to positive times (¢t > 0), then S is said to be positively invariant
set. In other words, solutions in a positively invariant set remain there for all positive
time. For negative time, the set is negatively invariant.
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Theorem 2.10 (LaSalle’s invariance principle [54])
Let T be an equilibrium point of (2.1.2) defined on Q C R™. Let V' be a positive definite
Lyapunov function for T on the set Q). Furthermore let Q, = {x € Q: V(z) = 0} and if

S = {the union of all trajectories that start and remain in , for all t > 0},

(that is, S is the largest positively invariant subset of Qg such that S C ,) then T is
globally asymptotically stable on Q) if and only if it is globally asymptotically stable on S.

2.1.8 Bifurcation Theory

Mathematical models of phenomena in applied sciences like medicine, biology, physics or
engineering typically lead to equations depending on one or more parameters, which are
allowed to vary over a specified set (the parameter space).

Definition 2.20 Bifurcation can be defined as a qualitative change in dynamics of © =
f(z, ) occurring upon a small change in the parameter (u).

Bifurcation occurs at parameter values where the qualitative nature of the flow, such as
the number of stationary points or periodic orbits change. If the stationary point (Z) is
hyperbolic, a small perturbation of the system will not change the stability characteristics
of the stationary point. Hyperbolic stationary points are structurally stable, so local
bifurcations occur at points in parameter space where a stationary point is non hyperbolic
[45].

Definition 2.21 Consider a one-parameter family of one-dimensional vector field © =
f(z, 1), an equilibrium solution given by (z,u) = (0,0) is said to undergo bifurcation at
1 =0 if the flow for x near zero is not qualitatively the same as the flow near v = 0 at

p="0 [24].

There are several types of bifurcations. In this dissertation we are interested in forward
and backward bifurcation. The definitions follow in the next section.

2.1.9 Backward Bifurcation

Bifurcation analysis is the mathematical study of changes in the solutions of the system
of differential equations when changing the parameters. The parameter values where
they occur are called bifurcation points. By analysing the behaviour of the model at such
points, one can derive much about the systems properties. It is well known in disease
transmission modelling that a disease can be eradicated when the basic reproduction
number R < 1. However, when a backward bifurcation occurs, stable endemic equilibria
may also exist for Ry < 1, this means that the condition that Ry < 1 is only a necessity
but not sufficient to guarantee the elimination of the disease. Indeed, the quantity Ry
must be reduced further to avoid endemic states and guarantee eradication. The scenario
is qualitatively described as follows: in the neighbourhood of 1, for Ry < 1, a stable
disease-free equilibrium co-exists with stable endemic equilibrium. The endemic equilib-
rium disappears by saddle-node bifurcation when Ry is decreased below a critical value
R. < 1[5, 20].
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Definition 2.22 Backward bifurcation happens when Ry is less than unity; a small pos-
itive unstable equilibrium appears while the disease-free equilibrium and a larger positive
endemic equilibrium are locally-asymptotically stable [9]. Figure 2.1 depicts the backward
bifurcation phenomenon.
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Rg Backward-bifurcation range
Figure 2.1: Schematic diagram illustrating backward bifurcation [42].
A forward bifurcation occurs when Ry crosses unity from below; a small positive asymptotically-

stable equilibrium appears and the disease-free equilibrium losses its stability [9]. This
phenomenon s depicted in Figure 2.2.
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Figure 2.2: Schematic diagram illustrating forward bifurcation [42].
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Theorem 2.11 (Castillo-Chavez and Song [9])
Consider the following general system of ordinary differential equations with a parameter

?,

% = f(X,0), f:R"x R+— R", and f € C*(R" x R). (2.1.10)

Without loss of generality, it is assumed that 0 is an equilibrium for system (2.1.10) for
all values of the parameter ¢, (that is f(0,¢) =0 for all ¢). Assume

Al: A = Dxf(0,0) = (i—;,0,0) is the linearised matriz of system (2.1.10) around
the equilibrium O with ¢ evaluated at 0. Zero is a single eigenvalue of A and all other
eigenvalues of A have negative real parts;

A2: Matrix A has a non-negative right eigenvector w and a left eigenvector v corre-
sponding to the zero eigenvalue.

Let fi be the kth component of f and

_y OFr 0.0
a= Z Ukwiwjm( ,0),
il

k,i,j=1

N 0 fi
b= I;lukwi%(o,O).

The local dynamics of system (2.1.10) around O are totally determined by a and b.

i. a>0,b>0. When ¢ <0 with |¢| < 1, 0 is locally asymptotically stable and there
exists a positive unstable equilibrium; when 0 < ¢ <K 1, 0 us unstable and there exists a
negative and locally asymptotically stable equilibrium.

it. a < 0,b < 0. When ¢ < 0 with |¢p| < 1, 0 unstable; when 0 < ¢ < 1, 0 is locally
stable, and there exists a positive unstable equilibrium.

iti. a > 0,b < 0. When ¢ < 0 with |¢| < 1, 0 unstable and there exists a locally
asymptotically stable negative equilibrium; when 0 < ¢ < 1, 0 is stable, and a positive
unstable equilibrium appears.

w. a<0,b>0. When ¢ <0 changes from negative to positive, 0 changes its stability
from stable to unstable. Correspondingly a negative unstable equilibrium becomes positive
and locally asymptotically stable.

Particularly, if a > 0 and b > 0, then a backward bifurcation occurs at ¢ = 0.

2.2 Epidemiological preliminaries

In this section, some of the basic principles and methods associated with modelling in
epidemiology are discussed. Epidemic models are used to study rapid outbreaks that
occur in a short period of time, while endemic models are used for analysing diseases over
long periods of time, during which there is renewal of susceptibles typically by birth or
recovery from partial immunity [23].
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2.2.1 Incidence functions

In this subsection, a short description of some of the most commonly used incidence func-
tions is given, see [23, 47| for more details on various incidence functions in mathematical
epidemiology.

Consider a community where the total population at time ¢ is denoted by N (t), the sus-
ceptibles by S(t) and the infectives by I(t). Disease incidence is defined as the infection
rate of susceptible individuals through their contact with infectives [50]. Incidence in
disease models is generally characterized by an incidence function (a function that de-
scribes the mixing pattern within the community). Infections are transmitted through
some kind of contact. The contact rate is defined as the number of times an infective
individual comes into contact with other members per unit time. This often depends
on the total number N of individuals in the population, and it denoted by a function
C(N). If susceptible individuals are contacted by an infected individual they may get
infected. Assuming that the probability of infection by every contact is [y, then the
product ByC(N) is called the effective contact rate. It shows the capability of an infected
individual infecting others (depending on the environment, the toxicity of the virus or
bacterium, etc). Generally, apart from the susceptibles, individuals in other compart-
ments of the population can not be infected when contact is made with the infectives.
The fraction of the susceptible individuals in the total population is %, therefore, the
mean adequate contact rate of an infective to the susceptibles is ByC'(N )%, which is
referred to as the infective rate. Furthermore, the total number of new infected individ-
uals resulting per unit time, at time ¢, is denoted by SoC(NV )%I (t), and is called the
incidence of the disease. When the contact rate is proportional to the size of the total
population, that is C'(IV) = kN, the incidence given by GokS(t)I(t) = 8S(t)I(t) (where
Pok = B is defined as the transmission coefficient) is called the bilinear incidence or simple
mass-action incidence [47]. When the contact rate is a constant, that is C(N) = k, the
incidence is given by Bok%[ (t) =0 ]f,((%] (t) (where ok = (). This type of incidence
function is referred to as the standard incidence [47].

Conventionally, it is assumed that new cases are generated through homogeneous mixing,
yielding either the mass action incidence term (independent of the total population as
described above) or the standard incidence term (dependent on the total population),
this assumption may be inaccurate, for example where the incidence does not depend
linearly on the number of currently infected individuals. That is, situations where a larger
density of infected individuals decrease their per capita infectivity (saturation effect) and
situations where multiple exposure to infected individuals are required for transmission
to occur (threshold effect) [7]. Other forms of contact rates were also proposed, such as
those with saturation as introduced by Dietz [47] and Heesterbeek and Metz [8], with
contacts respectively given by,

aN aN

C(N) = , and C(N) = ,
(N) =15 and CN) 146N + 1+ 20N

satisfying,

C(0) =0, C'(N)>0, (%) <0 lim O(N)=0C, [47].
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BSPI4
N

Moreover, other incidences for special cases such as SSPI9, were also introduced

[47].

2.2.2 Reproduction number

One of the main results in mathematical epidemiology is that, mathematical epidemic
models, exhibit a threshold behaviour. In epidemiological terms it can be said that: when
the average number of secondary infections generated by an average infective individual
during his or her period of infectiousness (referred to as the basic reproduction number)
is less than unity and when this quantity exceeds unity, there is a difference in epidemic
behaviour [12]. The basic reproduction number, denoted by Ry, is defined as the num-
ber of secondary infections generated by a single infectious individual when introduced
into a completely susceptible population over the duration of the infection of this single
infectious individual [8]. The famous threshold criterion states that: The disease can in-
vade the population if Ry > 1, whereas it can not invade the population if Ry < 1 [14, 50].

The course of the disease outbreak could be rapid enough that there are no significant
demographic effects in the population, or there may be a flow of individuals into the
population who may become infected. In either case, the disease will die out if the basic
reproduction number is less than one, and if it is exceeds unity, there will be an epidemic.
Mathematically, if Ry < 1, the disease-free equilibrium is approached by solutions of
the model describing the situation. If Ry > 1, the disease-free equilibrium is unstable
and solutions flow away from it. Furthermore, there is an endemic equilibrium with a
positive number of infective individuals. In this case, the disease remains endemic in the
population [12]. However, the situation may not be this straightforward, with more than
one stable equilibrium when the basic reproduction number is less than one.

2.3 Impact of co-infection models

In this section, some co-infection models are discussed. The impact of the results ob-
tained from co-infection models is vital for decision makers. In reality a single disease
does not normally exist on its own. It is therefore worthwhile to study diseases that influ-
ence or encourage each other’s existence. Diseases of special interest are those that tend
to have devastating socio-economic implications. One particular importance of studying
such models is to determine methods (control strategies) that can help in reducing their
existence in the community.

Bhunu and Mushayabasa [4] formulated and analysed a sex structured model of TV and
HIV co-infection to explore the impact of HIV on TV and vice-versa. The endemic equi-
librium point was shown to exist whenever the corresponding reproduction number was
greater than unity. They concluded that TV and HIV fuel each other.

Sharomi et. al. [44] designed a deterministic model to address the interaction between
HIV and mycobacterium tuberculosis (TB). They evaluated the impact of various treat-
ment strategies of HIV and TB and showed that the TB-Only treatment strategy saves
less cases of the mixed infection than the HIV-Only strategy. Their study further showed
that in the case where resources are limited, treatment of one of the diseases would be
more beneficial in reducing new cases of the mixed infection than targeting the mixed
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infection only diseases.

Mukandavire et. al. [37] formulated and analysed a deterministic model for the co-
infection of HIV and malaria. Using centre manifold theory, they showed that the co-
infection model exhibits the phenomenon of backward bifurcation. Simulations of their
model showed that the two diseases co-exist whenever their reproduction numbers exceed
unity. They also showed that a decrease in sexual activity of individuals with malaria
symptoms reduces the number of new cases of HIV and the mixed HIV-malaria infection
while increasing the number of malaria cases. They also showed that HIV-induced in-
crease in susceptibility to malaria infection has marginal effect on the new cases of HIV
and malaria but there is an increment in the number of new cases of the dual HIV-malaria
infection.

Naresh and Tripathi [38] proposed a non-linear model for the transmission dynamics of
HIV and TB within a population with varying sizes. They showed that their model pos-
sesses four equilibria (disease free, HIV free, TB free and a co-infection equilibrium) and
showed that the co-infection equilibrium is always locally stable but may become globally
stable under certain conditions which in turn shows that the disease becomes endemic
due to constant migration of the population into the habitat.
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Chapter 3
TV and HIV/AIDS Models

In this chapter, a TV and an HIV/AIDS model are formulated and rigorously analysed
for their dynamical features. An analysis of the co-infection of these two diseases is also
explored in Chapter 4.

The following are some of the assumptions made in the construction of the TV and the
HIV/AIDS models:

1. Each individual in the population is susceptible to TV and HIV.

2. The population is homogeneously mixed, that is, the population interacts uniformly
and interacts between time steps.

3. Individuals are equally likely to be infected by the infectious individuals (with TV
or HIV) following effective contact.

4. Newborns and migrants are assumed to be susceptibles.

5. There is no vaccine or cure for HIV/AIDS. TV can be cured only after treatment.

3.1 Trichomonas Vaginalis (TV) Model

A deterministic model for the transmission dynamics of trichomonas vaginalis is consid-
ered and analysed. The total human population at time ¢, given by N(t), is sub-divided
into four mutually exclusive compartments consisting of Susceptible individuals S(t), in-
dividuals infected with TV (Ir), and individuals receiving treatment for TV (7). So
that,

N(t)=S(t)+ Ip(t) + Tr(t).

The susceptible population is generated by the recruitment of individuals into the sexually-
active population at (a rate IT) as well as from the the treatment of individuals with TV
at (a rate v). These individuals acquire TV infection, following effective contact with
infected individuals with TV at a rate Ap, where
N — Bl + nTr)
T
N
and f; is the effective contact rate. The modification parameter 0 < n < 1 accounts
for the relative risk of infectiousness of individuals on treatment in comparison to those
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not receiving treatment. The population of susceptible individuals is further decreased
by natural death (at a rate u). It is assumed that natural deaths occur in all human
compartments at the rate u. Therefore, the rate of change of the susceptible population

is given by
d
d—f =+ vTr — (M + p)S.

The population of individuals infected with TV is increased by the infection of susceptible
individuals (at the rate Ar). TV infection is diagnosed after random screening or volun-
tary testing. This population is decreased by the treatment of TV infected individuals
(at a rate 7) and natural death, so that,

ddi: = /\TS - (T -+ ,LL)IT
The population of treated individuals is increased by the treatment of individuals with
TV (at the rate 7). This population is decreased by the recovery of treated individuals
who return to the susceptible class (at a rate v). The population is further decreased by
natural death. It is assumed that there is no partial or permanent immunity to TV and
that individuals recover only after receiving treatment. Thus the rate of change of the
treated population is given by

dTr
— =1l — (v Tr.
o = T =+ u)Tr
Combining the aforementioned assumptions and derivations, it follows that the model for
the transmission dynamics of TV takes the form of the following deterministic system of
non linear differential equations (a schematic diagram is displayed in Figure 3.1 and a
description of the parameters and variables is given in Tables 5.1 and 5.2):

%:H—FVTT—()\T—{—M)S,

Ur — \pS — (7 + p)Ir, (3.1.1)

% = TIT — (V + M)TT

3.1.1 Qualitative Properties of the Model

In this subsection two basic properties of the model (3.1.1) are explored, namely the
feasible solution (invariant region) and the positivity of solutions. The feasible solution
depicts the region in which the solutions of the model are biologically plausible. All vari-
ables and parameter values are assumed to be non-negative because we are dealing with
the human population. Thus, the positivity of the solution describes the non negativity
of the solutions of the model.

Feasible Solution

Lemma 3.1 The feasible region given by
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Figure 3.1: Schematic diagram of the TV-only model (3.1.1).

D={(S,Ir,Tr) €RE : S+ Iy + Tp < 1},

15 positively invariant.

Proof.
Adding all the differential equations in the model (3.1.1) gives:
dN(t)
—= =11 — uN(t).
o PN (t)

Thus, the solution becomes,
N(t) = N(0)er + 2 (1 —e ).

If N(0) < %, then N(t) < %

Therefore, the region D is positively invariant. This means that in this region the model
(3.1.1) is well-posed epidemiologically and mathematically and it is sufficient to study

the dynamics of the model (3.1.1) in D.

Positivity of Solutions

Lemma 3.2 Let the initial data S(0) > 0, I7r(0) > 0, and Tr(0) > 0, then the solutions

S(t), Ir(t), Tr(t) of the TV-only model (3.1.1) are positive for all t > 0.

Proof.

The integrating factor for equation (1) of the TV-only model (3.1.1) is given by:

pt) = et (b)) >
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Thus, using the first equation of system (3.1.1), we have,

d

S P0S5(1) = p(OIL,

so that integrating both sides yields

p0S(0) = p0)SO) +11 [ () > 0,

Hence S(t) > 0 for all ¢ > 0. Similarly, it can be shown that I7(¢) > 0, and Tr(¢) > 0
for all ¢ > 0. [ |

3.1.2 Existence and Stability of Equilibria
Local Stability of Disease-free Equilibrium (DFE)

The TV-only model (3.1.1) has a unique DFE obtained by setting the right-hand sides
of the equations in the model (3.1.1) to zero, given by,

I1
&= (511, T7) = (Z,O,O) .

The linear stability of the DFE, &£, can be established using the next generation operator
method on system (3.1.1) (Van den Driessche and Watmouth, 2002) [50]. The matrices
F (for the new infection terms) and V' (of the transition terms) are given, respectively

by,
_( B np
F_(01 01)’

Tt 0
V_( —T 1/+u)'

The associated reproduction number, denoted by Ry is then given by

B1(Ka +n1)

7?'T = p(FV_l) - K1K2 )

where K1 =74 p and Ky = v + p.

Lemma 3.3 The DFE, &, of the model (3.1.1) is locally-asymptotically stable (LAS) if
Rr <1 and unstable if Ry > 1.

The threshold quantity, Ry, is the associated reproduction number for TV [1, 2, 23]. Tt
represents the average number of secondary infections that can be generated by one in-
fected individual if introduced into a susceptible population where a fraction are receiving
treatment. The epidemiological implication of Lemma 3.3, is that when Ry is less than
one, introducing a small number of individuals infected with TV into the community
would not produce large outbreaks, and the infection dies out in time.
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Global Stability of DFE

The global asymptotic stability of the DFE of the model (3.1.1) is now investigated.
First define the invariant region:

D={(S,I;,Ty)eD:S < S*}.

Theorem 3.1 The DFE, &, of the model (5.1.1) is globally-asymptotically stable (GAS)
mn D whenever Ry < 1.

Proof.
Consider the following Lyapunov function

Bin
=Rl —T
F TT+K2 T

with the Lyapunov derivative given by

= RT()\TS — K1]T> -+ %(T[T — KQTT)

2

K K K
51 1IT_51777' 1IT+/31777'IT_5177 2

= RoApS —
T K, K, Ko Ko K,

TT7

(I + nTp) Ky Ko,
(3.1.2)

- RT/\TS - )\TNKlKQ,

KK,

= ArN [RTATS - 1}

AN
<MN(Rp—1), since, S<S*andS* < N inD,

= 61(]1“ + UTT)(RT - 1) S 0 for RT S 1.

Since all the model parameters are non-negative, it follows that F < 0 for Ry < 1 with
F =0 if and only if Iy = Ty = 0. Hence, F is a Lyapunov function on D. Furthermore,

the largest compact invariant set in {(S, Ir,Tr)€eD: F = 0} is the singleton {&}. It

follows from LaSalle’s Invariance principle, (Theorem 2.10), that every solution to the
equation in the model (3.1.1) with initial conditions in D, approaches & as t — 00, so
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that & is GAS in D if Ry < 1.
]

The above mentioned result is very important to public health. The epidemiological
implication is that it guarantees disease elimination provided Ry can be made to a value
less than or equal to unity. This result is illustrated in Figure 3.2, showing convergence
of solutions to DFE when Ry < 1.

) B)

Individuals Infected with TV lT(t)

Individuals receiving Treatment TT(t)

o 1 h 20 30 40 EID Eh Th Eh Bh 100 30 Ah EID Eh Th BID Bh 100
Time (years) Time (years)

Figure 3.2: Simulations of the TV-only model (3.1.1) showing that the disease dies out when
Ry < 1. The parameter values used are as given in Table 5.2.

Existence and Local Stability of Endemic Equilibrium Point (EEP)

Existence We find an equilibrium where at least one of I7* or T%+* is non zero.
Let the EEP of the model (3.1.1) be denoted by,

ST = (S**a ]’Ek“*;T;’*)?

and consider the force of infection

A5 + 0T

)\** —
T N**

. (3.1.3)

Solving the equations in system (3.1.1) in terms of the force of infection, by setting the
right hand sides equations in (3.1.1) to zero, gives,

S — K1K2H [ — KQ)\/?*H
pl(KL+ )N+ K Ko T (K + v) A+ K K]
MNFTT
Ty = Lo (3.1.4)

pl(Ky 4 V)N + K K|

Substituting (3.1.4) in equation (3.1.3) gives,

e _ Bl )Ny
T KlKQ"‘KQA;w*_"T)\;—v*’

(3.1.5)
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multiplying out gives,

)\;ﬂ*[KlKQ + KQ/\}* -+ 7')\}*] = /Bl(KQ + 777'))\}*7

KlKQ + KQ)\}* =+ 7')\}* = /Bl(KQ + 777'),

(Ko + 7))\ + K1 Ky — B1(Ks +n1) =0,

K
(K + 7)AT + K1 Ky {1 — —61( 2‘1'777_)] =0,

KK,

(KQ + 7'))\;* + KlKQ[l — RT] =0.

This shows that the non-zero (positive endemic) equilibrium of the model satisfy

aXg +b=0. (3.1.6)
where, a=Ky+7and b= K Ky(1—Ry).

It is clear that @ > 0 and b < 0 when Ry > 1. Thus the linear system (3.1.6) has a
unique positive solution, given by A = —b/a whenever Ry > 1. On the other hand,
when R < 1, b > 0. In this case, the force of infection at steady-state is negative. Hence
the model has no positive equilibria in this case.

Lemma 3.4 The TV-only model (3.1.1) has a unique positive endemic equilibrium when-
ever Ry > 1 and no positive endemic equilibrium whenever Ry < 1.

The local stability property of this endemic equilibrium is now explored.
Theorem 3.2 The unique endemic equilibrium of model (3.1.1) is LAS if Ry > 1.

Proof.

The proof is based on transforming the problem of analysing the stability of an equilibrium
point to that of analysing the stability of a fixed point. Equation (3.1.5) gives a fixed
point problem of the form

Hok\ 61(K2 + 777—))\;*
K1K2 -+ (K2 + T))\T

25



It follows that

sy Bi(E2 +07) [K1 Ky + (Ko + 7)AF] = Bi(Ke + 1) A7 (K + 7)
F'OF) =

[Kle + (K2 + T))\}*P ’

K1 KB (K + 1)
[KlKQ + (KQ + T))\}*]Q’

(K1 K3)*Rr)
[K1K2 —I— (KQ —f- T)A;*]Z

Evaluating f'(A\57) at A\j* = =2 gives,

L (KE)Re
A= [KlKQ —KlKQ(l —RT)]2’

f'OF)

_ (KiK)* R
(K1 KoRr)?

It is clear that
F ()

whenever R > 1. Thus, the unique endemic equilibrium is LAS if Ry > 1.

Nk —=b < 1,

Theorem 3.3 The EEP of the model (3.1.1), is GAS whenever Ry > 1 and v = 0.

Proof.
Consider the following non-linear Lyapunov function

Iy pinS™

*ok + TT
‘[T

*x | 7
TT

F=5-8"—-5"In 5

G T = I — I3 In

[TT — T — T In

with Lyapunov derivative,

]::S— S+IT— T[T*Fﬁln |:TT— TTT:|,
12

S IT TT
T
K s
—+ Bln T]T — ,uTT — ; (TIT — /LTT):| .
T
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Let 8 = 'Blﬁ” Thus,

kk

.F:H—B(]T+77TT)S—MS—H S

I** - S** S** S** T** o) S**
- B(Ip + nTp)S + KoL + D1 TIT—ﬁnu T — D1 L 1+ 2
T T

It can be shown from the model (3.1.1) that at endemic steady-state,

KoL = B +0T3)S™ and Tyt = 13

Substituting the above relations gives,

k3

F = BIFS™ + BTy S + pS™ — pS — (BIF S + BTy S™ + pS™) =

k%

I - ~ Ir T =
Ir IT Ir

— BSI; — Bn

which can be simplified to,

g S
S S**

} + B S [2 _5 & }

S _S**

+ 5771-;:*5** |:3 o TLT T LT :|

S IpTy  I;TpS*

Since the arithmetic mean exceeds the geometric mean, the following inequalities hold:

S** S
_ _ < 0’
S S** -
St LTy TS
S IyTy IS —

2

3

Thus, since all the model parameters are non-negative, it follows that F < 0 for Ry > 1
and F is a Lyapunov function on D. Furthermore, the largest compact invariant set in

{(S, Ir,Tr) € D: F= O} is the singleton {&r}. Thus it follows by LaSalle’s Invariance

Principle (Theorem 2.10), that (S(¢), Ir(t), Tr(t)) — (S**, I;*, T;*). Therefore, every so-
lution of the equations of the model (3.1.1) with initial conditions in D approaches Er as
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t — oo (whenever Ry > 1) so that & is GAS if Ry > 1. [ |

The epidemiological implication of the above result is that if Ry is greater than one,
the infection will invade the community. The result is depicted in Figure 3.3, showing
convergence of solutions to EEP when Ry > 1.

x10° *) «10° B)

=

= 2} =) =] M

Individuals Infected with TV lr(t)

Individuals receiving Treatment T(t)

o

o 20 40 B0 a0 100 120 140 160 180 200 20 40 B0 80 100 1200 140 B0 180 200
Time (years) Time (years)

o

Figure 3.3: Simulations of the T'V-only model (3.1.1) showing that the disease is established
when Ry > 1. The parameter values used are as given in Table 5.2.
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3.2 HIV/AIDS Model

A deterministic model for HIV/AIDS is considered and analysed. The total human
population at time ¢, given by N(t), is divided into four classes, namely, the susceptible
class (S(t)), individuals infected with HIV who do not possess any HIV-related illnesses
(Ig(t)), individuals infected with AIDS who have clinical symptoms of AIDS (Ag(t)),
individuals at HIV and AIDS class receiving treatment (7 (t)), so that

N(t) = S(t) + In(t) + Ag(t) + Tu(t).

The susceptible population is generated by the recruitment of individuals into the sexually-
active population at a rate II. The individuals acquire HIV infection, following effective
contact with infected individuals with HIV at a rate Ay, where

N — Bo(Ig +nalu +nrTh)
H= I .

The effective contact rate is f. Here, 0 < n4 < 1 and 0 < ny < 1 are modification
parameters. They account for the relative risk of infectiousness of individuals in class
Apg and Ty, in comparison to those in class Iy. The susceptible population is further
decreased by natural death (at a rate p1). Natural deaths occur in all human compartments
at the rate p. The rate of change for the susceptible individuals is given by

as
—=1I-(A S.

i (Am +p)

The population of individuals infected with HIV in the asymptomatic class is increased
by the infection of susceptible individuals (at the rate Ay). This population is decreased
due to the progression of HIV infected individuals to AIDS class (at a rate «), treatment
of HIV infected individuals (at a rate #), and natural death. This gives

dI

dt
The population of individuals infected with AIDS is increased by the progression of
individuals with HIV to the AIDS class (at a rate ). The population of individuals in
class Ay is reduced due to treatment (at a rate ), disease induced death (at a rate d;)

and natural death. So that,

dAy

T =alg—(y+up+0)An.

The population of treated individuals is increased by the treatment of individuals in
classes Iy and Ay (at the rate § and ~, respectively). This population is decreased due
to natural death and disease induced death (at a rate d5). It is assumed that individuals
infected with HIV do not fully recover. It follows that

drT

Combining the aforementioned assumptions and derivations, it follows that the model
takes the form of the following non linear differential equations (a schematic diagram for
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the model is displayed in Figure 3.4 and a description of the parameters and variables is
given in Tables 5.1 and 5.2):

= ApgS — (0+a+p)ly,

(3.2.1)
dfj‘—tH =alg — (v + p+61)An,

I1 5,
7]
Ay a Y 8,
L
I

u [ u

a
—
s

Figure 3.4: Schematic diagram of the HIV/AIDS-only model (3.2.1).

3.2.1 Qualitative Properties of the model

Feasible Solution

Lemma 3.5 The feasible region given by

18 positively invariant.

Proof.
Adding all the differential equations in the model (3.2.1) gives:
dN(t)

7 =11 — ,uN(t) — (SlAH(t) - 52TH(t)

it follows that,

AN (t
S < — uN ().
T PN (t)

Thus (using standard comparison theorem)[30],
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N(t) < N(0)e ™ + T(1 — ).

In particular, N(t) < % if N(0) <

= =

Therefore, the region D is positively invariant. Thus, in the region D, the model is well-
posed epidemiologically and mathematically and it is sufficient to consider the dynamics
of model (3.2.1) in this region. [ |

Positivity of Solutions

Lemma 3.6 : Let the initial data S(0) >0, I5(0) >0, Ag(0) > 0 and Ty (0) > 0, then
the solutions S(t), [g(t), Au(t), Tu(t) of the model (3.2.1) are positive for all t > 0.

Proof.
The integrating factor of equation (1) of the model (3.2.1) is given by:

p(t) = Wit @) > o

Thus, using the first equation of system (3.2.1), we have,

d

SpDS(H) = (0L

so that integrating both sides yields

pOS(0) = p0)SO) +11 [ () 2 0.

Hence, S(t) > 0 for all ¢ > 0. Similarly, it can be shown that Iy (¢) > 0, Ay () > 0 and
Ty(t) > 0forallt>0. [ ]

3.2.2 Existence and Stability of Equilibria
Local Stability of DFE

The HIV/AIDS-only model (3.2.1) has a DFE obtained by setting the right-hand sides
of the equations in the model (3.2.1) to zero, given by

1T
£ = (8, Iy, A3y, T) = (—,o,o,o) |
i

The linear stability of the DFE, &, can be determined using the next generation operator
method on system (3.2.1) [50]. The matrices F' (for the new infection terms) and V' (of
the transition terms) are given, respectively by

Ba nafa nrBa
F = 0 0 0 ,
0 0 0
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0+a+u 0 0
V= —« Y4+ p+ o 0
—0 - o+ 02

The reproduction number, denoted by Ry is then given by

Ru = p(FV—1)7

_ Bo(K2 K3 4 naaKs 4+ nray + nrKs0)
K1 KyKs ’ (3.2.2)

_ Bo[Ks(naa + Ka) 4+ nr(ary + Ka0)]
K1 KyK; ’

where, K1 =0+ a4+ pu, Ko =v+ p+6; and K3 = p + ds.

Lemma 3.7 The DFE, &, of the HIV/AIDS-only model (3.2.1) is LAS if Ry < 1 and
unstable if Ry > 1 [50)].

The threshold quantity, Ry, is the associated reproduction number of the HIV/AIDS
[1, 2, 23]. Tt measures the average number of new HIV infections generated by a single
HIV-infected individual if introduced into a population where a fraction of individuals
are receiving treatment. The epidemiological implication of Lemma 3.7, is that when Ry
is less than unity, a small introduction of infected individuals into the community would
not produce an epidemic, and the disease dies out in time.

Global Stability of DFE

Here, the global asymptotic stability of the DFE of the model (3.2.1) is investigated.
First define the invariant region:

D={(S Iy, Ay, Ty) €D:S < S*}.

Theorem 3.4 The DFE, &, of the HIV/AIDS-only model (3.2.1) is GAS in D whenever
Ruy <1

Proof.
Consider the following Lyapunov function

Ba(maKs + nry)An n Bonr T

F =Ryl
Hlg + e @
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with Lyapunov derivative,

Ba(naKs +nry) Banr
A+
Ky K3 K3

]L_:RH[.H-F TH,

K3+
52(7714 3 77T’7) [OJH _ K2AH] n Banr

= — K1
RH[)\HS 1 H] + KoKy K,

[’yAH + QIH — KgTH],

Bo(Ig + naAy +nrTy)S
N

(3.2.3)

=Ru — Bo(Ig + naAu +nrTy)

< Rubo(Ig +naAu +n0Ty) — BolIny + naAy + nrTy), since. S < S* and S* < N in D,

= Bo(Iy +naAg +nrTg)[Re — 1] <0,  where, Ry <1

Since all the model parameters are non-negative, it follows that F <0 for Rpu <1, with
F =0ifand onlyif Iy = Ay = Ty = 0. Hence, F is a Lyapunov function on D. Further,

the largest compact invariant set in {(S, Iy, Ay, Ty) €D : F = O} is the singleton {&;}.

By LaSalle’s Invariance principle (Theorem 2.10), every solution to the equations in the
model (3.2.1) with initial conditions in D, approaches & as ¢ — oo whenever Ry <1, so
that & is GASin D if Ry < 1. [ |

The epidemiological implication of the above result is that it guarantees disease elimi-
nation provided Ry can be made to a value less than or equal to unity. The result is
illustrated in Figure 3.5 showing convergence of solutions to DFE when Ry < 1.

Existence and local Stability of EEP

Existence We find an equilibrium where at least one of I}, A} and T} is non zero.
Let the EEP of the model (3.2.1) be denoted by,

‘C/'H = (S**7 -[Ifl*a A;{*7 T;{*)a
and consider the force of infection,

BolI}f + naAy +nrTy)
N :

N = (3.2.4)

Solving the equations in system (3.2.1) in terms of the force of infection, by setting the
right hand sides of the equations in (3.2.1) to zero, gives,

pE NG K+ )
AT 0K, )\
A= e = 0+ OK)AG (3.2.5)

KK (p+ 2y T KK Ks(u+ Ay)
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Substituting (3.2.5) into equation (3.2.4) yields,

A (Ko K3 + naaKs 4+ nrya + nr Ky) X Ba
T K KoKy + N KoK + aNg K + Nifya + A0k,

Multiplying out and collecting like terms gives,
(K2K3 + O{Kg +vyo + QKQ))\*}; — KlKQKg — KlKgKgRH = 0,

(K2K3 + (l/Kg + o + GKQ))\E + K1K2K3<1 — RH) = 0.

This shows that the non-zero (positive) endemic equilibrium of the model satisfy

aXNg +b =0, (3.2.6)

where
a=KyK3+ aK;+~vya+ 0K, and b= K1 KyK3(1 — Ry).

It is obvious that @ > 0 and b > 0 when Ry < 1. Thus the linear system (3.2.6)
has a unique positive solution, given by \j; = —b/a whenever Ry > 1. On the other
hand, when Ry < 1, the model has no positive equilibria because the force of infection
at steady state is negative. These results are summarized below:

Lemma 3.8 The HIV/AIDS-only model (3.2.1) has a unique positive endemic equilib-
rium whenever Ry > 1 and no positive endemic equilibrium whenever Ry < 1.

Local Stability of the EEP

Theorem 3.5 The unique endemic equilibrium of the HIV/AIDS-only model (3.2.1) is

Proof.

The proof is based on transforming the problem of analysing the stability of an equilibrium
point to that of analysing the stability of a fixed point. Equation (3.2.6) gives a fixed
point problem of the form,

(Ko K3 + naaks + npya + b Ko) Ny Ba

/\** _ ]
f( H> K1K2K3 +>\EK2K3+CY)\E<K3+)\E’Y(I+>\?;0KQ

(3.2.7)

It follows that,

PO = (K2 K3 + naaks + nrya + npdKs) Bs
B0 K KoKy + N KoK + aXNE Ks + Miya + A50K,

(K2K3 + 77AO[K3 + nryo + T]THKQ))\*H*52<<K2K3 + OéKg + Yo + HKQ)
(K1K2K3 + )\EKQKg + Oé)\}iI*Kg + )\?70& + )\EQKQ)2 .
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Simplifying yields,

(K2 K3 + naaks 4+ npyo 4+ np Ky) Bo K Ko K3
(K1K2K3 + )\E‘KQKg + Oé)\gKg + )\7_;(")/@ + )\EQKQ)Q’

7O =

(K1 Ky K3)*Ru
(KlKgKg + )\BK(KQK?, + OéKg + yo + HKQ)Q ’

Evaluating f'(\j;) at A\jj = =2 gives,

(K1 K> K3)* Ry 1

l)\** — .
') (K1 Ky K3 + K1 KoKsRy — K1 Ky K3)?2 Ry

It is clear that,

*x _ —b
)‘Hf a

f'(NH) ap==t| < L
whenever Ry > 1. Thus, the unique endemic equilibrium is LAS if Ry > 1. |

Theorem 3.6 The EEP of the HIV/AIDS-only model (3.2.1), is GAS whenever Ry > 1
and nr = 0.

Proof.
Consider the following non-linear Lyapunov function
with Lyapunov derivative,
R < S BaS™ [ AN
F=8—-"05+1Iy—-"1I Ay — =LA
5 + 1 T o + e { H= g 4|
S Iy
H
S** A**
—FﬁzL OéIH—KQAH— H(O{[H—KQAH) .
Ky Ap

Let 3 = B—I?IH Thus,

35



*k

F=T—-pIg+n44n)S —pS —1I &+ BIyS™ + BnaAnS*™ + uS*™

k%

I
+ 5(-71{ + naAg)S — KyIy — ]H By +naAp)S + K11}

H

Iy — KAy — I Ky A37.
+ , (075: 1 iy 2AH i, «Q HAH + e 2 Ay

It can be shown from the HIV/AIDS-only model (3.2.1) that at endemic steady-state,

I = B S™ + BraAyS™ + pS™,

Kyl = Bl +naAy)S™, KoAl = aldjy.

Substituting the above relations gives,

. ~ - . - S**
F =B S™ + BuaAyS™ + puS™ = uS = (B S™ + BadiiS™ +us™)

S

~ - - - I -
+ BIgS™ + BnaAgS™ + uS* — K1y — BSI} — Bna fi ApS + B +naAs)S™

BnaS* Iy 4 BnaS* Iy Ay | -
+ K2 a H I;;k ﬁTIA H K2 o H I}?{ AH + 57714 H>
which can be simplified to,
S** S ~ S** S
He { 5 S**} +AES { s S**}

) S IgAn SIN Ay
+ Bnady { S TrAn S**IHAg]

Since the arithmetic mean exceeds the geometric mean, the following inequalities hold:
_ S _ S <0,
S S** -

s S LTy LiAxS _ o
S TiAy  IgAnSe

2

Further, since all the model parameters are non-negative, it follows that F < 0 for
Ry > 1 and F is a Lyapunov function on D.
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Now we have that,

lim S(t) = 5™, tlg& Iy(t) = I;] and tlggo Ap(t) = Ay

t—o0

Furthermore, at endemic steady-state, as t — oo,

. 0t +yAr Oy VAR .
Y T A e

The largest compact invariant set in {(S, Iy, Ay, Ty) €D F= 0} is the singleton {Ex }.
Thus it follows by LaSalle’s Invariance Principle (Theorem 2.10), that (S(t), Ig(t), Au(t), Tu(t)) —
(S**, I, A, ThF). Therefore, every solution of the equations of the model (3.2.1) with
initial conditions in D approaches £y as t — oo (whenever Ry > 1) so that £y is GAS

The epidemiological implication of the above theorem is that if Ry is greater than unity,
HIV/AIDS will be established in the community when there is a small introduction
of infected individuals. This result is depicted in Figure 3.6, showing convergence of
solutions to EEP when Ry > 1.
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Numerical Simulations
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Figure 3.5: Simulations of the HIV/AIDS-only model (3.2.1) showing that the disease dies out
when Ry < 1. The parameter values used are as given in Table 5.2, with Po = 0.41 so that
Ry =0.6754 < 1.
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Figure 3.6: Simulations of the HIV/AIDS-only model (3.2.1) showing that the disease is estab-
lished when Ry > 1. The parameter values used are as given in Table 5.2, with So = 0.91, so
that Ry = 1.4991 > 1.
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Chapter 4

TV-HIV Co-infection Models

In this chapter, a co-infection model of TV and HIV/AIDS is formulated and analysed.
This model is then extended to include control strategies for TV (condom-use and coun-
selling) and an assessment of these control strategies is then investigated. Below are some
of the assumptions made in the construction of the TV-HIV co-infection models:

1. Each individual in the population is susceptible to TV and/or HIV.

2. The population is homogeneously mixed, that is, the population interacts uniformly
and interacts between time steps.

3. Individuals are equally likely to be infected by the infectious individuals (with TV
or HIV) following effective contact.

4. Newborns and migrants are assumed to be susceptibles.
5. There is no vaccine or cure for HIV/AIDS, however TV is cured only after treatment.

6. Individuals do not get infected with TV and HIV during the same sexual encounter.

4.1 TV-HIV Co-infection Model (without Control)

A deterministic model for the transmission dynamics of HIV/AIDS and trichomonas vagi-
nalis (TV) is considered and analysed. The total human population at time ¢, given by
N(t), is divided into eight mutually exclusive compartments, namely, the susceptible in-
dividuals (S(t)), individuals infected with HIV without clinical symptoms of HIV/AIDS
(Ig(t)) (it is assumed in this study that individuals do not recover from HIV), individ-
uals infected with AIDS with clinical symptoms (Ag(t)), individuals at HIV and AIDS
classes receiving treatment (7 (t)), individuals infected with TV (Ir(¢)) and individuals
receiving treatment for TV (Tr(t)), as well as individuals who previously only had TV
(or HIV) but have acquired HIV (or TV) and now have both HIV and TV (Iry(t)) and
those with both diseases who are receiving treatment for TV (Trg(t)), so that

N(t)=St)+ Ir(t) + Tr(t) + Ig(t) + Ag(t) + Ty (t) + Iru(t) + Tru(t).

The susceptible population is increased by the introduction of individuals into the sexually
active population at a rate II. These individuals either acquire TV infection or HIV
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infection, following effective contact with an infected individual in the I or Iy class, at
a rate Ay or Ay, respectively. Therefore, the force of infection is given by,

)\1:)\T+)\H

where,

~ BuIr + 0T + nramIre + nraeTrm)
Ar = N and

A = Bo(ly +nalAu +nrTu + nurilry + nurelrn)
N )

The parameters 51 and [y are the effective contact rates (contact capable of leading to
infection) of TV and HIV, respectively. The modification parameters 0 < n < 1, npg > 1
and 0 < nrye < 1 account for the relative risk of infectiousness of treated individuals,
and individuals in the co-infection classes relative to infected individuals (with TV).
Similarly, 0 < n4 < 1,0 < nr < 1, ngr1 > 1 and 0 < ngre < 1 are modification
parameters which account for the relative risk of infectiousness of individuals with AIDS
symptoms, treated individuals and individuals in the co-infection classes in comparison
to those in Iy class, respectively. It is assumed that individuals in Ay class are less
infectious than those in Iy class because they change/reduce their risky sexual behaviour
as they are sick and aware that they are infected. Similarly, individuals in T class are
less infectious than those in Iy class due to treatment (which significantly reduces their
viral load). It is further assumed that individuals in Iry are more infectious that those
in I7 and Iy class because they are infected with both TV and HIV which weakens their
immune system. Similarly, individuals in Ty are less infectious that those in Iy class
because they are receiving treatment for TV. The population of susceptible individuals is
further decreased by natural death (at a rate p). It is assumed that natural deaths occur
in all compartments at the rate pu. The susceptible class is increased by the recovery of
individuals in class Tr (at a rate ). Thus the rate of change of the susceptible population
is given by

s

The population of individuals infected with trichomonas vaginalis (I1) is generated by
the infection of susceptible individuals (at the rate Ar). This population is decreased by
treatment (at a rate 7), infection with HIV (at the rate oAy, where o is a modification
parameter that accounts for the increase in susceptibility to HIV of an TV infected indi-
vidual i.e ¢ > 1) and due to natural death, so that

dI
d—: = )\TS - O')\HIT - (7' + ,U)IT

The population of treated individuals infected with TV is increased by the treatment of
infected individuals with TV (at the rate 7). The population is decreased by recovery (at

the rate v) and natural death. The recovered individuals return to the susceptible class.

Thus,

dT

d_tT :T[T— (V+M)TT
Similarly, the population of individuals infected with HIV is generated by the infection
of susceptible individuals (at the rate Ay) and by recovery of individuals from TV in the
Try class (at a rate ). This population is decreased by the progression of HIV infected

individuals to AIDS class (Ay) (at a rate «), treatment (at a rate ), infection with
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TV(at the rate o3 Ay, where oy is a modification parameter that accounts for the increase
in susceptibility to TV of an HIV infected individual i.e o7 > 1) and natural death. This
gives
dly
e =AgS+YTry — o Iy — (o + 0+ p)ly.
Individuals infected with HIV progress to AIDS class (Ag) (at the rate ). The popula-

tion of individuals in Ay class is reduced due to treatment (at a rate v), natural death
and disease-induced death (at a rate d;). So that,

dA

d_tH =alg—(y+up+0)An.
The population of treated individuals (T%) is increased by the treatment of individuals
infected with HIV in the Iy and Ay classes (at the rate 6 and ~, respectively). This
population is decreased due to natural death and disease-induced death (at a rate d9). It

is assumed that individuals with HIV do not fully recover. Thus,
dTy
dt
The populations of individuals infected with both TV and HIV is generated due to infec-
tion with HIV (at the rate o Ag) and infection with TV (at the rate oy Ar). It is reduced
by treatment of TV (at the rate 7) and natural death. So that
dlry
dt
Finally, the population of treated individuals infected with TV and HIV is increased by
the treatment of individuals in Iy class (at the rate 7) and is decreased due to recovery
from TV (at the rate ¢) and due to natural death. Individuals recover from TV and
move to class Iy. Thus,

=01y +vAn — (1 +62) T

=oAglr + o A\ply — (T + [L)ITH

dT:
dzl;H = TITH — (@Z) + M)TTH
Combining the aforementioned assumptions and derivations, it follows that the model for
the transmission dynamics of TV and HIV co-infection is given by the following system
of non-linear differential equations (a flow chart for the model is illustrated in Figure 4.1
and a description of the parameters and variables is given in Tables 5.1 and 5.2):

B =T+ vTr — (Mg + Ar)S — pS,
dIT )\TS — O/\H]T — (T + M)IT)
Ir — 71 — (v 4+ p)Tr,

dt

dIH = AgS — o plg +VTrg — (a+ 0 4 p) 1y,
(4.1.1)
d?f =aly — (y+p+6)Ag,

dTH =01y +vAg — (1 + 62)TH,

dI;;H = O')\H[T + 0'1)\T[H — (7' + ,U,)[TH,

CH;;H =7lrg — (Y + w)Try.
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Figure 4.1: Schematic Diagram for the TV-HIV model (4.1.1).

The TV-HIV model (4.1.1) is fitted using parameter values obtained from UNAIDS web-
site [25] as depicted in Figure 4.2, from which it is evident that the model fits the data
reasonably well. The model (4.1.1) extends the models of transmission dynamics for TV
and HIV such as those in [4], by allowing for TV transmission by treated individuals

(n #0).

4.1.1 Feasible Solution

Lemma 4.1 : The feasible region given by

D={(S Ir.,Tr,Iu, A, T, Irg, Tru) € RS : S+ Ir+Tr+In+Au+Ty+Irn+Try <

b

15 positively-invariant.

Proof.

Adding all the differential equations in the model (4.1.1) gives:
dN(t
% =TI — uN(t) — 51 Ap(t) — 02TH(1).
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Figure 4.2: Data fitting of the simulation for the model (4.1.1) using HIV/AIDS data from
literature [25]. Parameter values used are as given in Table 5.2. (R2 = 1.0049).

Thus,
dN(t
®) <IT — uN(t), (4.1.2)
dt
and so djzt(t) < 0if N(t) > % It follows from (4.2.2), and Gronwall’s inequality that

N(t) < N(0)e # + T(1 — e ).

Hence, N(t) < % if N(0) < % Therefore, the region D is positively-invariant. Thus, in
the region D the model is well-posed epidemiologically and mathematically. |

4.1.2 Positivity of Solutions

Lemma 4.2 Let the initial data S(0) > 0, I7(0) > 0, Tr(0) > 0, I5(0) > 0, Ay(0) > 0,
Ty (0) >0, I7g(0) > 0 and Tru(0) > 0 then the solutions S(t), I7(t), Tr(t), [u(t), Au(t), Tu(t),
Iru(t), Tru(t) of the model (4.1.1) are positive for all t > 0.

Proof.

Suppose S(t) is not positive, then there exists a first time, say ¢* > 0, such that S(t) > 0
for ¢ € [0,¢*) and S(¢*) = 0. By inspection of the equation of I7(t), we obtain that

dI
d—tT > —(oAg + K1)Ip(t), fort € 0,¢%),
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from which one can deduce that Ir(t) > 0 for ¢ € [0,¢*). Thus it is clear from equation
(4.1.1) that
ds
dt
It follows that S(¢*) > 0, which contradicts that S(t*) = 0. Therefore S(t) is positive.
Using a similar approach as that for S(t) it is easy to show that Ir(t) > 0, Tr(t) > 0,
IH(t) > O, AH(t) > 0, TH(t) > O, ITH(t) > 0 and TTH(t) > 0.

> —(Ar 4+ Ay + p)S(t), fort € [0,t).

It follows that if we begin with positive parameters, they will remain positive for all time.
[ |

4.1.3 Local Asymptotic Stability of Disease-free Equilibrium
(DFE)
The TV-HIV model (4.1.1) has a DFE obtained by setting the right-hand sides of the

equations in the model (4.1.1) to zero, given by,

II
83 = (S*r[’;aT’]taI};aA*HJT;I?I’;H7TJtH) - (_707 07070707070) .
1%

The linear stability of the DFE, &, can be established using the next generation operator
method on system (4.1.1). Using the notation in [50], the matrices F' (for the new infection
terms) and V' (for the transition terms) are given, respectively, by

B npr 00 0 nrmbr b
0 0O O 0 0 0 0
0 0 By naBa nrf2 nurife Nur2Be
F= 0 0O O 0 0 0 0 )
0 0O O 0 0 0 0
0 0O O 0 0 0 0
0 0O O 0 0 0 0
@1 0 0 0 0 0 0
-7 @y O 0 0 0 0
0 0 Q 0 0 0 —i
V=]l 0 0 —a Q. 0 0 o0 [,
0 0 —6 — Qs 0 0
0 0 0 0 0 Q 0
0 0 0 0 0 —r Q

where, Q1 =7+ p, Qe =v+pu, Qs =0+a+pu Qi=7v+p+0,Qs =p+ 02, and
Qs =V + p.

The basic reproduction number, denoted by R is then given by

Ro = p(FV ') = max{R,, R2},
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where R; and R, are the associated reproduction numbers for TV and HIV/AIDS, re-
spectively, given by

bul@etnr) o p — PelQu(@s +0nr) + a(na@s + yir)]

Q1Q2 Q3Q1Qs5
Therefore, applying Theorem 2 of [50], the following result is established.

Ry =

. (4.1.3)

Lemma 4.3 The DFE, &, of the model (4.1.1) is LAS if Ro < 1 and unstable if Ro > 1.

The threshold quantity Rg = max{R, Rz}, is the associated reproduction number
[1, 2, 23, 50]. It represents the average number of secondary TV (or HIV) cases that
are generated as a result of introducing one TV (or HIV) infected individual into a sus-
ceptible population where some individuals are treated. The epidemiological implication
of Lemma 4.3 is that when Ry is less than unity, a small influx of individuals infected
with TV or HIV into the community will not generate large outbreaks (of TV and/or
HIV) and the disease dies out in time. In the next section we show that the disease may
still persist in the community even though Ry < 1. This is owing to the existence of
backward bifurcation.

4.1.4 Backward bifurcation analysis

The existence of backward bifurcation will be explored using Centre Manifold Theory
9, 50]. To apply this theory we first carry out the following change of variables. Let
S =uw1,lr =x9,Tr = w3, Iy = x4, Ay = 25,1y = x6, Iry = x7, and Try = g so that
N =21+ 29+ 29+ 23+ 24 + 25 + Tg + v7 + xg. In addition, by using vector notation
X = (z1,x9, T2, T3, Ty, T5, T, T7, T8) ", the TV-HIV model (4.1.1) can be written in the
form % = F(X), with (f1, fo, f3, f1, [5, f6, [z, f3)T as follows,

% = fi=l+ves — (Mg + A\p)xq — pay,

dﬁ = fo = A1 — 0Agxs — (T 4 )2,

%:f:),:Tﬂfz—(V—i-M)x?n

% = f1=Agx1 + Yxg — o1 Arxy — (a0 + 0 + p1)y,

(4.1.4)
%:f5:&$4—(7+u+51)x5,
dc% = Jo = Oxa + x5 — (1L + d2) s,

T = f7 e J)\H{L‘Q + O'l)\TCE4 - (T + M)‘/E?’

% = fs =127 — (¢ + p)as,

with the forces of infection given by,

B1(x2 + N3 + Nr1xr + Nroexs)

A =
T B+ o+ To + Ty + T4+ Ty + T + T + T

and
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_ Bo(®4 + maxs + N6 + NaT1T7 + NETTR)

C X+ To Ty T3+ Ty + 25 + 26+ T7 4 T

Consider the case when Ry = 1 (that is Ry = max{R,R2} = 1). Also suppose that
B2 = (5 is chosen as the bifurcation parameter. Solving for Sy = 5 from Ry = 1 in
(4.1.3) gives

Am

(Q3Q4Qs
Q4(Qs + 0nr) + a(naQs +ynr)

By =

The Jacobian of the system (4.1.4) evaluated at the DFE, &, with 5, = 5 and denoted

by J*, is given by
J* _ Ml MQ
S\ Mz My )

where,
—H —B1 —Bin+v — 35
_ 0 Bi—@h Bin 0
M= T —Q> 0 ’
0 0 0 B; — Q3
—Bsna —Bsnr —(Bsnar + Binrm)  —(Banure + Binraz)
M, — 0 0 —(Bsnur1 + Binrm)  —(Banuri + Binroz)
2 — )
0 0 0 0
Bana  Banr Banur Banure + ¥
0 0 0 «
00 0 @
Ms=1109 000 |
00 00

—@Qs 0 0 0
_ v Qs 0 0
M, = 0 0 —-@Q 0
0 0 T _QG
The Jacobian has a simple zero eigenvalue (with all other eigenvalues having negative

real part), therefore the Centre Manifold Theory can be used to analyse the dynamics of
the system (4.1.4).

Eigenvectors of J*(£3)[s,—3; For the case when R = 1, it can be shown that J* has a
left eigenvector (corresponding to the zero eigenvalue), given by v = [vy, v9, U3, V4, V5, Vg, V7, Vs],
where

V] = O,

vy > 0,
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_ O

U3 = O, Vg,
Vg > 0,
_ B3(naQs + vnr)
Vs = (D
Q4Qs
Vg = 5577TU4
Qs
~ Binrmai(Qs +7) Banura(Q + 7) + P57
Uy = (%) + Uy,
1 Q6 Q1Qs
Binrm B3 (nuTe + V)
vg = Vg + V4.
® Qs - Qs !

Similarly, the components of the right eigenvector of J*(&3)[s,=; (corresponding to the
zero eigenvalue), denoted by @ = [wy, wy, w3, v, wy, ws, we, wr, ws]? are

1 [(51(@2 +n7) — VT) g - (55(@4@5 +naaQs + nroQy + 77T047)) w4}

wy, =
K Q2 Q4Qs
we > 0,
T
W3 = —=-W2,
2
wy > 0,
(e
Ws = @’LU[;,
_ (0Q4 + o)
6 — 4,
Q4Q5
wy = 0,
Wg = 0.

In addition, v - w = 1. That is,

V- W = VaWg + V3W3 + V4Wy + VsWs + VeWe,

Q3+ Bt Q2Q?% + Bs[a(naQ? + nryQs + nryQa) + nroQ3)
= TUZMQ + Q2Q2 UaWa,
2 45

=1.

It is worth noting that the free left components vy and vy, and free right components w,
and w, are chosen to be

1 Q3

Vg =04 =—=, Wy= , and
L LT Q3+ Burr

\)
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o Q2Q?
1T Q2Q2 + Bola(naQ2 + Qs + ey Qa) + Q3

in order to achieve the above result.

Computation of a For the transformed TV-HIV model (4.1.4), the associated non-
zero partial derivatives of F' (evaluated at the DFE) are given by

Pho 28 PhH wpBi+Bin) PhH u(B+B)

8m201‘2 B 1I ’ 8[E28{E3 N 11 ’ 65(728.174 N II ’
0 f1 _ w(B1 + Bana) 02 f _ w(B1 + Banr) 02 f _ —(Banur1 + B1 + Binrm) i
81’281’5 11 ’ 8])28(1]6 II ’ 8$28$7 1I ’
d*f1 _ —(Banare + 1 + Binrmz) @ *f1 _ —(Bonum + Bin + Binrw) i
8:1628:1:8 II ’ 8.2330237 II ’
% f1 _ 2By 9’ f1 _ p(Bin + B2) *f1 _ p(Bn+ Bana)
8x38x3 II ' 8.%'38(134 II ’ 8x38x5 II ’
0% f1 _ p(Bin + Banr) 0% f1 _ —(Bonur1 + B2 + Binrmi) 0% f1 _ 2B
8.7?38.736 II ’ 61’48.737 II ’ (91:4(91:4 II ’
0% f1 _ p(B2 + Bana) *fi _ (B2 + Banr) *fr _ —(BonmTs + B2 + Binrmz) 1
81‘481‘5 11 ’ 89548:706 I1 ' 8x48x8 II ’
0% fi _ —(Banur + Bana + Binrm ) p 0% f1 _ —(Banure + Bana + Binrmz) 1
(9x58137 II ’ 8x50x8 II ’
9% f1 _ 28omap *fr _ p(Bana + Banr) *fi _ —(Banur + Bonr + Binrm ) 1
81‘581‘5 I1 ’ 811581’6 11 ’ 81‘581}7 11 ’
02 f _ 2Bam7 it 0% f1 _ —(Banura + Banr + Binrz) 1
83768376 II ’ 8x68x8 II 7

Pfs _ 28p Pfe _ pBitPm)  Pfs (Bt op)

Ore0ry I 7 Oxedzs I1 T Qxedry I1 ’
D% fy _ —(oBanure + B1 + Binruz) it D% fo _ — (B + oBanur1 + Linrm) 1
8[)’)28{E8 II ’ 3m28x7 I1 ’
0> f _ B+ 0Bana) 0 f _ (B + aBanr) P f _ (811 + Binrm)p
019075 I1 " Ox9076 I1 " Oxs0x7 I1 ’
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Ffo  2B8mu d fo Pl Pfh o P PPf (B1n + Binraa) 1

Or301s O’ Ox30xy Or30rs Orsdxg I * Ox30xs I1 ’
P fa _ (1fi+ B Pfa __2p 0% fi _ —(Banure + Bin + Binrma) 1
0x201,4 I1 " Oz4014 I1 ° Ox30xs I1 ’
Pfy _ Pfs _ Pmap Pfs (Bt Bana)

81‘281’5 8x38x5 II ’ 81‘481’5 1I ’

9% 4 _ (B2 + Bonar1 + o1 Bainrm) 9% f4 _ (B2 + Banar2 + 01 BinrH2)
81‘481‘7 II ’ 81'461'8 11 ’
fs _ (BomatBenuri)p  Pfs _ (Boma + Benmr)
0x5017 I1 " Ox50xs I1 ’

9 f4 _ (Bonir + Banuri)p 9 fa _ (Banr + Banura)
al'@’@l"y II 7 85(760.178 II ’

0 4 _ By 0 fa _ (B2 4+ a181n) O _ (B2 + Banr)
6:1738356 11 ’ 023381&1 11 ’ 81‘481’6 11 ’
fs _ 2Bmap Ofs  _ 2Bmrp Pfs_ p(Pana+ Bnr)
(933’561'5 11 ’ (933'681'6 II ’ 81'581'6 II ’

Pl (aBitab)u  Pf ofonap  Pfr obamrp

(93028304 n II ’ 8I28I5 n II ’ 31:2(91:6 B 11 ’

82f7 :UﬁanTW a2f7 :O'B277HT2,U 82f? :015177TH1M 82f7 26715177TH2,u
81'281'7 11 ’ 6.1726178 11 ’ 8I48I7 II ’8I481‘8 I1 )
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Using the expressions above, it follows that

H * * * *
= ﬁ[wwwﬂg Wq + V7W20 PawsT A + V7W20 SoweNT — V2W20 PyWs — V2Wa0 Bywsna

+ v7wyo1 Br (wa + Nws) — vywso Pr(wa + nws)

— Vawa0 Bywenr — B1(VaWaWs + VoWl + VaWaly + VoWals + VoWl + VoWsNWa + W3VaW31))
— Br(wavawznws + wevawsn) — By (WelsWa + WaVaWs + WaVsWs + W5V4Wy + WeVsWy)

— B3 (wavswsna + wavswsna + WivswsNA + Ws04W5NA + WeVsW5NA + Wo04WENT + W3VsWETT)

— B3 (wavswenr + WwsvawenT + WV wWeNT)],

which can be simplified to the following,

8 (92f
k

0= 2 vittip 5 (0:0)
iULg

k.i,j

2 *
= T Tvrwso1Bu(uws + mus) + vewso B (wy + wana + werrr)

(4.1.5)

— Vowao B3 (Wy + Wsna + wenr) — vawsor Pr(wa + nws)
— ﬁl (UQ’LUQ + UQ’LU377) (U)Q + w3 + wy + ws + ’LU6)

— B;(v4w4 + V4aWsT) A + v4w6nT)(w2 + w3 + Wy + ws + U)G)]

Computation of b  Substituting the vectors v and w and the respective partial deriva-
tives (evaluated at the DFE) into the expression of b yields,

8

o2
b= kzZ; UkwiW(g;Q(O, 0) = vgwq + vawsna + vawenr > 0.
Since the coefficient b is automatically positive, it follows that the model (4.1.1) will un-
dergo backward bifurcation if the coefficient a, given by (4.1.5), is positive.

The above results can be summarised by the following theorem.
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Theorem 4.1 The TV-HIV model (4.1.1) exhibits backward bifurcation whenever the
bifurcation parameter a, given by (4.1.5), is positive.

It is worth mentioning that in the absence of co-infection, that is for the case when
o = 01 = 0, the bifurcation parameter a < 0. This rules out the existence of backward
bifurcation when ¢ = o1 = 0. To further rule out the existence of backward bifurcation,
a global stability of the DFE when o = g1 = 0 is proven below.

4.1.5 Global-asymptotic Stability of DFE when 0 =0, =0

diry
Ht = 0 as

— 0 as t — oo. Hence, it follows that the system (4.1.1) can be

First of all notice that be setting ¢ = o7 = 0 in (4.1.1) the equation of
t — o0, thus d%t"H
simplified to

%:H‘FVTT—()\H‘F)\T)S_MS?

% = )\TS — (T —+ /JJ)IT,

Cr =1lp — (v+p)Tr,

(4.1.6)

‘g—fz)\HS—(OH‘@‘i‘M)IH,

dg—tH :OéIH—(’Y—i‘/J—F(Sl)AH,

dz;—tH = 0Ig +vAg — (1 +62)TH.

Next define the invariant region
D = {(S,Ir,Tr, 1y, A, Ty, Irip, Trr) € D : S < S}
We claim the following:

Theorem 4.2 The DFE, &, of the model (4.1.1) with o = o1 = 0 (or equivalently
(4.1.6)), in the absence of co-infection (o = o1 = 0), is globally-asymptotically stable
(GAS) in D whenever Ry < 1.

Proof.
Consider the following Lyapunov function

Bin Ba(naQs + nry) Banr
F=Rudr+ 27 4 Roly + Ay +
SO M Q4Qs Qs

TH7

with Lyapunov derivative given by,
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BmTT—i—Rng—i— 52(77AQ5 ”T7>AH+ 5277T

PRl o) 0:0 Qs

TH7

= Ri(ArS — Qilr) + %(T]T — Q2Tr) + Ra[AuS — Qsly]

_l’_

1 BoaQs ) A+ P 0r 4 Ay — QT

Q4Qs5 Qs
=R rS — Bi(Ir +nTr) + RoAuS — Poalg + nalu +nrTh), (4.1.7)
= RiArS — ArN + RoAgS — Ag N,

R S RormgS
=\ N -1 N -1
A {ATN }JFAH {AHN }’

<MN[Ry — 1]+ AgN*[Ry — 1], since S<S* in D and S <N,

= Bl(IT + T]TT)[Rl - 1] + 62([[{ + ’I]AAH + nTTH)[RQ - 1] S 0 when RQ S 1.
Since all the parameters and variables of the model (4.1.6) are non-negative (Lemma
4.2), it follows that F < 0 for Rg < 1 (i.e. Ry < 1 and Ry < 1) with F = 0 if and
only if Ir =Ty = Iy = Ay = Ty = 0. Hence F is a Lyapunov function on D. Fur-
ther, the largest compact invariant set in {(S, I, Tp, Iy, Ay, Ty) €D : F = O} is the
singleton {&3}. Therefore, it follows by LaSalle’s Invariance Principle (Theorem 2.10),
that (I7(t), Tr(t), Iu(t), Au(t), Tu(t)) — (0,0,0,0,0) as t — oo. Thus, every solution of
the equations of the model (4.1.6) with initial conditions in D approaches & as t — oo
(whenever Rg < 1), so that & is GAS in D if Rg < 1. [ ]

The epidemiological implication of this Theorem is that if Ry can be made to a value
less than unity, a small influx of individuals into the community will not generate large
outbreaks of the disease and it will die out in time. This result is depicted in Figure 4.3,
showing convergence to DFE when Ry < 1.

4.1.6 Existence and local Stability of EEP

Existence We find an equilibrium where at least one of the infected components (15,
T, I, Ay, Ty, Iy and T5%;) is non zero.
Let the EEP of the model (4.1.1) be denoted by
Ery = (S**> [":Ik“*? T’;*> II?? AE? TI?» I’FfH? T;“;I%
and consider the force of infection

o BiI7* +nTr* + nradry + nrw2Try) + Bl + naAl +nrTy + nari I3y + nureTry)
TH = :

N**
(4.1.8)
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Solving the equations in system (4.1.1) at the endemic equilibrium point in terms of the
force of infection, by setting the right hand sides of the equations in (4.1.1) to zero, gives

Q2(Q1 + 0)\?{*)1_[

S** — ,
pQ1Q2 + (v 4+ Q)N + Q2[Q1 + o (N5 + N5 + 1) A\j;
T u@QiQr + p(v + QUNF + Qa[Q1 + o (N + N + )]\
. TAFII

T Qo + pu(v + QN + Q2[Q1 + o (N + Nif + )|\

Qo5 T(Q3Q6 + YToNT + Q1Q6a NiF)

I** —

T (1@1Q + (v + Q)N + Qa[Qr + o (N + N + )N (o N p(Q + ¥) + Q1Q3Q6)
A QA I(Q3Q6 + YTo N + Q1Q60Ny)

T Qu(u@Q1Qa + p(v + QN + QaQ1 + o (N + X + )N (A 1(Q1 + ¥) + Q1Q3Q5)
s QA (va + 0Q4)(Q1Qs + V1o NF + Q1Qs0Ny)

- QuQ5(1Q1Q2 + p(v + Q1A + Q2[Q1 + o (N + N + )N (01 A= (@1 + ¥) + Q1Q3Qs)’

e Q2QNI NG (oo N + 0Qs + 0o Ny + Q101)
T (1Q1Qs + (v + QN + QoQr + o (N5 + N + )] A (A (@ + ¥) + Q1Q3Qs)’

T** _ TQQA*T*AEFH(UUQ\;* + UQ?, + 0’01)\}}* + Qlal)
TH T (0Q1Qs + (v + Q1N + Qo]Q1 + o (N + X5 + )N (N p(Qy + 1) vL(flng)?)QG)‘

Theorem 4.3 The EEP of the TV-HIV model (4.1.1), is GAS whenever Ry > 1 and

nr=v=o0=o0; =0.

Proof.

The proof is based on using non-linear Lyapunov function of Goh-Volterra type (functions
of this type have been used in ecology and mathematical epidemiology literature, see for
instance [16, 17]). Consider the following non-linear Lyapunov function

S Iy BinS™ Ir
F=8—8"—8"In— +Ip— I}y — I} Tr — T — T3
HS** + T T T n];* + Q2 T T T HT;*
I - A
Iy — I — I T PnaS [AH—A*;—A;;m H}
I Q4 Aj
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with Lyapunov derivative,

F=2-5 S S+IT ] ]T—f- Q2 |:.TT T TT:| ] ] + Q4 AH AHAH )

S** I**
S (H—)\HS—)\TS—,US)+(>\TS—Q1[T) [

= - AgS —ApS —uS — (()\TS Q11r)

0 |:7'IT — QT — 73; (I — Q2TT>] +AuS — Q3ly — Tn L (AuS — Qsly)
627235** [ Iy — Q4Ap — i*i (aly — Q4AH)] .

et = '%“ Applying this and simplifying yields,

*x

F=T—pS — T+ fiIr + nTr)S™ + Bo(Iny + 1aAu)S™ + puS™ — Qilr

S
I 5 Hx 3 S o3 sk ST ** sk ARk
— B +nTr)S + QuIF + P TIr — inS™ T — o LrIr + BinS* Ty
IT QZ QQ TT

[** -
- Q3lg — IZ Bo(lg +nadm)S + Qsly
G B 2 G A** N
527714 -[H . ﬁ277AS**AH _ BQT}A OlIH H + /BQnAS**A*H*
Qi Q4 An

It can be shown from the model (4.1.1) that at endemic steady-state,

Ql-[;:* _ 51];*5** + BlnT’;‘*S**a QQTI*“* _ 7_[;:*’
Qulij = Bl S + mAGS™,  QuAf = ol
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Substituting the above relations gives,
k% S

_ R . ~ g R

o3 Kk Q¥ SIFT Q Tk QEk o3 sk Qs o3 Kk **[ 7" o3 Kk Qs
— BT S s + B S™ + BTy 8™ = BinT S*™ - + Bin Ty S
S 17T Ty

SIif Ay

N g s s
Bol G PonaAy —S**[HAE + Bol3 + Bana Ay

~ T AXF ~
= Banadii ST+ BnadjS”,
H41H

which can be simplified to,

S** S ~ S** S -

S _S**

B S S
S S**

S* LTy SIET - S* IzAy SIHA
e T G | TP AR ST (3 - e - e
S IpTy  S*ITy S IFAg  STIg AL

+ BTy S {3
Since the arithmetic mean exceeds the geometric mean, the following inequalities hold:
55 <0,

S S** -
ST Iy SIFTy <0,
S Ty S™IpTH —

S T T;Ap  SeIgAG

Further, since all the model parameters are non-negative, it follows that F < 0 for Ry > 1

2

3

and F is a Lyapunov function on D.
Now we have that,

lim S(t) = 5™, tlg?o Ir(t) = 1}, tllglo Tr(t) =177,

t—o00

lim Iy (t) = I and tlim Ap(t) = Ay,

t—o0 —00
Furthermore, at endemic steady-state, as t — o0,
lim Ty (t) = lim = + =T,
Q oF oF oF n

t—o00 t—o00
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O')\TH[T(t) . O')\?*Hlj*w* (t)

tlgglo Iry(t) = tlggo O = 0, = Ity
: o Tlee(t) T () .
tliglo Tru(t) = tliglo Qs Qs Try
Thus, F < 0 for Ry > 1. Hence F is a Lyapunov function on D. The proof is completed
using similar arguments as in the proof of Theorem 4.2. |

The biological implication of this theorem is that when Ry is greater than unity a small
influx of infected individuals into a community will generate large outbreaks of the disease
and it will invade the population provided nr = v = ¢ = 07 = 0. Simulations of the
model showing convergence to EEP when Ry > 1 is depicted in Figure 4.4.
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4.1.7 Numerical Simulations
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Figure 4.3: Simulations of the model (4.1.1), using various initial conditions, showing indi-
viduals infected with (A)TV and (B)HIV/AIDS when o = o1 = 0, 1 = 0.709 and B2 = 0.65.
Other parameter values used are as given in Table 5.2 with moderate treatment effectiveness

used for TV (so that Ry = 0.7298 < 1).
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Figure 4.4: Simulations of the model (4.1.1), using various initial conditions, showing indi-
viduals infected with (A)TV and (B)HIV/AIDS when o = o1 = 0, 1 = 3.651 and B2 = 1.65.
Other parameter values used are as given in Table 5.2 with moderate treatment effectiveness
used for TV (so that Ry = 1.8526 > 1).
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Effect of TV on Dynamics of HIV

The TV-HIV model (4.1.1) is simulated using parameter values presented in Table 5.2
(unless otherwise stated), to evaluate the effect of the dynamics of TV on the spread of
HIV in the human population. The effect of TV on the transmission of HIV by individuals
infected with TV is monitored by simulating the model (4.1.1), using varying values of
the parameter for the increased likelihood of individuals infected with TV acquiring co-
infection with HIV. The simulation results illustrated in Figure 4.5 show that the total
number of new HIV infections decreases with decreasing values of . That is, a reduction
in the TV incidence in the population reduces the HIV incidence in the same population.
This could be due to the fact that an individual’s susceptibility to HIV is increased due
to TV infection. In particular, it could be due to a woman’s increased susceptibility to
HIV by two or three-fold by TV infection.

Cumulatative number of infected individulas with HIY

DE | 1 1 1 1 1 | | 1
1] 1 2 3 4 5 ] 7 g 2 10

Time iyears)

Figure 4.5: Simulations of the model (4.1.1) showing the cumulative number of individuals
infected with HIV/AIDS with varying values of o.
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4.2 TV-HIV Co-infection Model (with Control)

In this section, the TV-HIV model (4.1.1) is extended to incorporate the dynamics of
counselling and condom use (for the purpose of assessing these control strategies) in the
population by sub-dividing the infective class (I7) into two compartments consisting of
new infected individuals unaware of their TV status (non-counselled),(I¥(t)), counselled
individuals infected with TV, (I€(t)), so that

N(t) = S(t)+ I9(t) + IS (t) + Tp(t) + Ig(t) + Ap(t) + T (t) + Irp(t) + Tra(t).

In this extended model, susceptible individuals acquire TV infection, following effective
contact with an infected individuals in the I¥(t), IS (t) or Tr classes, at a rate A}, where

AL B1(1 — er)(I¥ +m IS + noTr + nre Ire + nreTry)
N

is the force of infection.

The parameter f3; is the effective contact rate, 0 < € < 1 is the condom efficacy, 0 <
r < 1 measures compliance in condom use, while 7; and 7, are modification parameters
accounting for the reduction in the transmission rates of counselled (I%) and treated
individuals (T%), in relation to infected non-counselled individuals (I%). Since treatment
reduces infectiousness of treated individuals, it is plausible to set 0 < ny < 1. It is similarly
assumed that counselled individuals modify their risky sexual behaviour positively, so that
0 < n < 1. Individuals in the I§ class are detected via random screening or voluntary
testing, and are counselled (at a rate £). Individuals in class IS receive treatment (at a
rate 7) and move to class T. It is assumed that all treated individuals recover (at a rate
v). Tt is also assumed that only individuals in class I¥ acquire HIV (at a rate o\g) and
that only individuals in class Iy acquire TV (at a rate o;\}:). The other compartments
and variables remain the same as in the model (4.1.1).

In summary, the model takes the form of the following deterministic system of non lin-
ear differential equations (a flow chart is depicted in Figure 4.6 and a description of
parameters and variables in Tables 5.1 and 5.2):
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Figure 4.6: Schematic Diagram for the extended TV-HIV model (4.2.1).

% — T+ 0T — (A + AL)S — S,

dI¥ 1 U U

ST S = odall = (€ + 1Y,

UE et — (74 i,

dd% = 7I¢ — (v + )Ty,

% = AgS — o \p Iy + Trg — (a+ 0+ p) Iy, (4.2.1)
d;‘% — aly = (v + i+ 61) A,

ddif =0Iy +vAg — (1 + 02)TH,
dg;H = o gl + o oIy — (1 + w)rm,
dZZH =7lry — (Y + ) Try.

The TV-HIV model (4.2.1) extends the models of transmission dynamics for TV and
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HIV, and is to the author’s knowledge the first to incorporate control strategies of TV
and HIV co-infection in a population. In addition, it extends numerous TV models in
the literature such as those in [3, 4, 6] by (inter alia):

1. Allowing for TV transmission by treated individuals (7 # 0),

2. Sub-dividing the infected population with TV into counselled and non-counselled
individuals,

3. Assessing various control strategies for TV (counselling, treatment and condom-
use).

4.2.1 Qualitative Properties of the model

The extended TV-HIV model (4.2.1) will now be rigorously analysed for its dynami-
cal features. This model monitors human population, therefore it is important that all
the variables and parameters of the model are non-negative as well as the region to be
considered is biologically feasible. This is proved below.

Feasible Solution

Lemma 4.4 : The biologically-feasible region given by
D = {(S,ITU,]%TT,IH,AH,TH,ITH,TTH) eRY : S+ +I¢+Tr+1Iy+ Ay +

Ty + Irg +Trg < %},

18 positively-invariant.

Proof.
Adding all the differential equations in the model (4.2.1) gives:
d]:;—it) =II— puN(t) — 51 Au(t) — 02TH(1).
Thus,
d];[—t(t) < I - pN(t), (4.22)

and so %t(t) < 0if N(t) > %
It follows from (4.2.2), and Gronwall’s inequality that

N(t) < N(O)e " + T(1 — e ).

Hence, N(t) < % if N(0) < % Therefore, the region D is positively-invariant. Thus,
in the region D the model is well-posed epidemiologically and mathematically and it is

sufficient to consider the dynamics of the flow generated by (4.2.1) in D. [ |
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Positivity of Solutions

Lemma 4.5 Let the initial data S(0) > 0, I¥(0) > 0, IE(0) > 0, Tr(0) > 0, I(0) > 0,
Ap(0) >0, Ty(0) > 0, Irg(0) > 0 and Try(0) > 0 then the solutions S(t), I¥(t), IS (t),
Tr(t), Iu(t), Au(t), Tu(t), Iru(t), Tru(t) of the model (4.2.1) are positive for all t > 0.

Proof.
Suppose S(t) is not positive, then there exists a first time, say ¢* > 0, such that S(t) > 0
for t € [0,¢*) and S(t*) = 0. By inspection of the equation of I¥(t), we obtain that
dI¥(t)
dt

from which one can deduce that I¥(¢) > 0 for ¢ € [0,¢*). Thus it is clear from equation
(4.2.1) that

> —(oAu + &+ p)I7 (1), for t € [0,17),

——2 > —(A\p+ A+ p)S(t), fort € [0,t%).

It follows that S(¢*) > 0, which contradicts that S(t*) = 0. Therefore S(t) is positive.
Using a similar approach as that for S(t) it is easy to show that I¥(t) > 0, IS (t) > 0,
TT(t) > O, IH(t) > 0, AH(t) > O, TH(t) > 0, ITH(t) > (0 and TTH(t) > 0. |

4.2.2 Local Asymptotic Stability of DFE

The TV-HIV model (4.2.1) has a unique DFE obtained by setting the right-hand sides
of the equations in the model (4.1.1) to zero, given by,

II
&y = (S*,ITU*,I:?*,T;,R*,I;I,A}I,T}},I}H,T;H) = (—,0,0,0,0, 0,0,0,0, O) .
L

The linear stability of the DFE, &4, can be established using the next generation operator
method on system (4.1.1). Using the notation in [50], the matrices F' (for the new infection
terms) and V' (for the transition terms)are given, respectively, by

f1(1 —ex) mpPi(l —er) mfi(l —ek) O 0 0 nrg1fi(1 —€er) nruefi(l — €r)

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
r_ 0 0 0 B2 maBe nrBa NeT152 Ner2f2
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
K, 0 0 0 0 0 0 0
- Ky O 0 0 0 0 0
0 —7 K3 0 0 0 0 0
sl o 0o 0 K o0 0 0
0 0 0 —a Ks 0 0 0 ’
0 0 0 -6 — K¢ 0 0
0 0 0 0 0 0 Ko O
0 0 0 0 0 0 —7 Ky




where, K1 =& +p, Ko =7+p, Kg=v+p, Koy=0+a+p, Ks=v+p+d,
K¢ =+ 6 and K7 = + pu.

The associated reproduction number, denoted by R is then given by
Rr = p(FV™!) = max{Ro1, Roa},

where Ro; and Ry are the associated reproduction numbers for TV and HIV/AIDS,
respectively, given by

P11 — er) (Ko K3+ mEKs + no7é) o Ba| K5(Ks + Onr) + a(naKs + ynr)]
and ROQ = .

Ry —
01 K1K2K3 K4K5K6

Therefore, applying Theorem 2 of [50], the following result is established.
Lemma 4.6 The DFE, &4, of the model (4.2.1) is LAS if Ry < 1 and unstable if Ry > 1

The threshold quantity, Rr = max{Ri, R2}, is the associated reproduction number
[1, 2,23, 50]. It represents the average number of secondary cases generated by a typically
TV or HIV infected individual in a susceptible population where the aforementioned
control strategies (condom-use, counselling and treatment) are used. The epidemiological
implication of Lemma 4.6 is that when Rr is less than unity, a small influx of infected
individuals into the community would not generate large outbreaks, and the disease dies
out in time (since the DFE is LAS). However, we show in the next subsection that the
disease may still persist even when Ry < 1 (this is owing to the existence of backward
bifurcation).

4.2.3 Backward bifurcation analysis

The existence of backward bifurcation will be explored using Centre Manifold Theory
[9, 50]. To apply this theory we first carry out the following change of variables. Let
S =z, 1Y = xg,lg =3, 17 = 24,1y = x5, Ag = 26, Ty = x7, Ity = x5, and Try = g
so that N = a1 + 29 + 22 + 23 + x4 + 5 + ¢ + 7 + 3 + T9. In addition, by using
vector notation X = (zy, e, T2, T3, T4, Ts, T, T7, Tg, Tg)~ , the TV-HIV model (4.2.1) can

be written in the form £X = F(X), with (f1, f2, f3, f1, [5. fo, f7. fs, fo)T as follows,
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dx
L. fi =T+ vay — (Mg + A\D)z — pay,

e
% = fo = AMx1 — 0Agy — (€ + p)xo,

% = f3 = Exy — (T + p1)z3,

% = f1 =73 — (V+ p)as,

% = f5 = Ay + Uz9 — oy Moz — (o0 + 0 + p1)as, (4.2.3)
% = fo = axs — (v + p + b)),

% = fr = 0z5 + yag — (u + &2)a,

% = fs = oAgTy + o Npas — (T + p1)ws,

W0~ fo=ras— (0 + W)

with the forces of infection given by

Bre(za + mxs + N2xs + N s + Nreeto)

AL =
T i my x4+ 23+ 24 + 25 + 26 + 27 + T3 + T

and

Aoy — Ba(xs + naxe + nrer + NaT1Ts + NHT2TY)
o v+ 2o + X9 + T3 + T4 + 5 + T + T7 + Ty

with ¢ =1 — ¢k.

Consider the case when Ry = 1 (that is Ry = max{Ro1, Ro2} = 1). Also suppose that
B2 = 5 is chosen as the bifurcation parameter. Solving for 8, = (5 from Ry = 1 in
(4.2.2) gives

. K,K5Kg
52 = .
K5(Kg + 0nr) + a(naKs + ynr)

The Jacobian of the system (4.2.3) evaluated at the DFE, &, with 55 = 5 and denoted
by J*, is given by
J* o Ml M2
\ My M, )’
where,

—H —Bic —Biem —Bieny +v -3

0 pic— K —piem Brcn 0

M= o0 ¢ _K, 0 0 ,
0 0 T —KQ 0
0 0 0 0 B8 — K,
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—0Bsna —Banr —(Banur + Bienrm)  —(Banure + Bicnrms)

0 0 —(Basnuar + Prienrm)  —(Banuri + Brcnrms)
M, = 0 0 0 0 :
0 0 0 0
Bana Bant BT Bsnure + ¥
0 00 0 «
00 0O0 @8
Ms=1"9000 0 |
00 0O0O O
— K5 0 0 0
| v K¢ 0 0
My = 0 0 —-Ky 0
0 0 T —K7

The Jacobian has a simple zero eigenvalue (with all other eigenvalues having negative
real part), therefore the Centre Manifold Theory can be used to analyse the dynamics of
the system (4.1.4).

Eigenvectors of J*(&,)|s,—p; For the case when Ry = 1, it can be shown that J* has a
left eigenvector (corresponding to the zero eigenvalue), given by © = [vq, v, v3, vy, Vs, Vg, U7, Us],
where

U1 = 07
Vo > 0,
e — Bre(tne + 771K3)U
3 K2K3 29
Vg — 510772@
4 K3 29
vs > 0,
_ B3(naKs+ynr)
Vg = Us,
K5 K
vy = ﬁsnTv
7 KG 59
_ Buctyrm Q7 + TT]THz)v n Bs(Mur1 Q7 + THT2) + Tlﬁy
8 — 2 5
Q2Q7 K2K7
_ bBienrma B3nure + ¥
Vg = Q7 () + K7 V5.

Similarly, the components of the right eigenvector of J*(&4)[,—p; (corresponding to the
zero eigenvalue), denoted by @ = [wy, wa, w3, v, Wy, W5, We, Wr, Wy, we| ! are

[ Bre( KoKy + m&Ky + mat€) — v7é B5 (K5 Ko + naaKs + nr0Ks + nray)
wy = —— Wy + Ws |,
Ky K,y K5 Ks
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Ko
s
Wy = w
4 K2K3 25
ws > O,
«
Weg = ——W
6 K5 5
w (K5 + av)
7 K5K6 5
wg = 0,
W9 = 0

In addition, v - w = 1. That is,

V- W = VaWa + V3W3 + V4Wy + VsW5 + VgWeg + VrWry,

_ KGKS + Bie(K3mé + Ksmnpg + 78m2 1)
K3 K

Va2W2

KZ2KE + Bsla(maKs + nryKe + nryKs) + nrd K2
+ K2K?
1%

VsWs,

=1

It is worth noting that the free left components v, and vy, and free right components ws
and w, are chosen to be

and

o _ KyK?
EBEg Ky K3 + Bie(Ksm + Kstng + 7€n2)’
_ KRG
- KZ2K3 + Bila(naKE + nryKe + nryKs) + nrd K2)

in order to achieve the above result.

Ws

Computation of a For the transformed TV-HIV model (4.1.4), some of the associated
non-zero partial derivatives of F' (evaluated at the DFE) are given by

9*fr _ 2B1cp *f1 _ pe(By + Bim) *fr _ p(Bic + Banz)
82728272 11 ’ 61'28903 11 ' 62728114 II ’

Pfy _pBictBy)  Pfi _ pBict Bama)  Pf_ p(Bic+ Banr)
81'26.1'5 11 ’ 8.77281'6 II ’ a$28$7 II ’
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fi _ 2Biemp OPfr _ p(Biem + frem)  O°fr_ 2Bicmpp
0x3015 II ' O30, I1 " 024014 nm

9% f1 _ w(Bricm + Ba) *fr _ p(Brem + Bana) *fr _p(Biem + Banr)
8(13381’5 11 ’ 6I38$6 II ’ 8$38$7 n 11 ’

Pf (Bt Pieny)  Pf p(Biena+ Bena)  PfHL p(Biens + Banr)

8I48I5 N 11 ’ 8!E48[L‘6 N II ’ 8:1048307 N 11 ’

>’ fi ~ 2Bop > fi (B2 + Bana) > fi (B2 + Banr)

Ors0xs 1 OrsOre I1 T Qxsdre I1 ’
d fi _ 28omap *fr _ p(Bana + Banr) Pfi 2Banrp
Gxgaxﬁ II ’ 8$68I‘7 II ’ 81’78377 n II ’
fr _ 2Bien OPfs _ plBicH Biem)  Pfs p(Bic+oB)
81‘281’2 II ’ 8I28[L‘3 11 ’ 8I28I5 II ’
fs _ plbictoBma)  Pfh pBietofnr)  0Pfs  p(Biem + Pienp)
axg&vﬁ 11 ’ 6$20$7 1I ’ 81‘381’4 11 ’
32f2 _ _2510771M a2f2 _ anz _ 82f2 _ _51771,u
0x3013 II ' Ox30xs Ox30rs Ox3017 I’
Pfy _ 2Biemp 0Pfs _ Pfp _ OPfs _ Piomp
61'46174 11 ’ 81'481'5 8[E48[L‘6 65(7461’7 11 '
0 f5 _ 0 fs _ _ﬁw 0*fs _ 0> fs _ _5277AM
0x40x5  Ox3075 II° Ox30x5 Ox,0xg Im’
0 fy _ ~ W(Brc+ Bienp) 0 fs _ e _ By
81‘281‘4 II ’ 8$48£L'7 81’38I7 II '
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Computation of a using the expressions above results in the following expression,

- & fi
a = Z vkwiwjm(o, O),
kyi,j bt
2

= ﬁu[vnga&wg) + VW0 BoWeNa + VW0 PowrNr — VaWa0 Bas — VaWa0 Baea

+ vsws 0y Brc(ws + wny + wanz) — vswso1 fre(wy + wany + wang)

— VW20 Powrnr — Prc(VaWas + VaWaws3 + VaWaly + VaWaWs + VaWaWe + VaWar)
— Bre(vawsnwsg + W3vawsny 4+ WaVawWsT) + VaWsT Ws + WeVaW3T) + VaWsh Wy )

— Brc(vawanawse + W3vaw4Ms + WaVLW4Ns + VaWaTWs + WeVaWaN2 + VaWyTWr))

— Pa(wavswy 4+ Wsvsws + WaVsWs + WsVsWs + WeVsWs + WrVU5Ws )

— Ba(wavswena + W3Uswena + WalsWeNa + WsV5WeTA + WeUsWeTA + +W7UsWeNA)

— Bo(wouswinr + wsvswenr + wavswinr + WsvswWNr + WeUsWrNT + WrVsWrNT)],

which can be simplified to the following,

9 82f
k
a = Z vkwiwjm(o, 0),
1)

k“7i7j

2 *
= ﬁu[vswsalﬁw(wz + w3 4+ wane) + vswa0o B (ws + wena + winr)

i (4.2.4)
— vsw501 Pre(wa + wan 4 wanz) — vawao B (wa + wsna + wenr)

— Brc(vaws 4+ vawsny + vawans)(we + w3 + wg + ws + w + wy)

— B3 (vawy 4 v4wsna + vawenr) (we + ws + wy + ws + we + wr)].

Computation of b  Substituting the vectors v and w and the respective partial deriva-
tives (evaluated at the DFE) into the expression of b yields,

82
b= Z Ukw‘x—fk(o? 0) = UsWs + VsWeNa + vswynr > 0.
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Since the coefficient b is automatically positive, it follows that the model (4.2.1) will un-
dergo backward bifurcation if the coefficient a given by (4.2.4), is positive.

The above results can be summarised by the following theorem.

Theorem 4.4 The TV-HIV model (4.2.1) exhibits backward bifurcation whenever the
bifurcation parameter a, given by (4.2.4), is positive.

In the absence of co-infection, that is for the case when ¢ = o; = 0, the bifurcation
parameter a < 0. This rules out the existence of backward bifurcation when o = o1 = 0.
To further rule out the existence of backward bifurcation, a global stability of the DFE
when o = o; = 0 is proven below.

4.2.4 Global-asymptotic Stability of DFE when 0 =0, =0

dIry
dt

— 0 as t — oo. Hence, it follows that the system (4.2.1) can be

First of all notice that by setting ¢ = 0y = 0 in (4.2.1) the equation of — 0 as

drT’
t — oo, thus TH

simplified to

%;myTT—(AHM%)S—u&
U s~ g+l
% = ¢I7 — (T + w7,
dd% =1lp — (v+ )T, (425)
%—)\HS—(a+9+u)IH,
d% — aly — (v 4+ 60) A,
dd% =01y +vAx — (u+02)Tx.

Next, define the invariant region
D, ={(S. 1§, 1§ . Tp, 1y, Ay, Ty, Iryy, Trr) € D= S < 7).
We claim the following:

Theorem 4.5 The DFE, &, of the model (4.2.5), is GAS in D, whenever Ry < 1.

Proof.
Consider the following Lyapunov function
Pre(m s +107) o Picm Ba(naKs + nr) Banr
F=Rnlf I Tr + Rzl A T
oilp + e T+ s T+ Rozlmg + e o+ Ko H
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with Lyapunov derivative given by,

Bicns - Ba(naKe +nry) Banr
T Rool A
@ T+ Ro2dg + KK, H+ e

pre(m K3 + not)

T,
K2K3 H,

F=Roulf + If +

K
Bre(m Kz + ne7) €1V — FoIS) + Bicne

16 — KT
KoK s (717 — KsTr)

= Ro1 (M-S — K1 IY) +

Ke +
52(% 6 TITV) [a[H . KsAH] 4 Banr

— Ky
+ 'Rog[)\HS 4 H] + Ko Ko e

01y +vAn — KeThl,

= Rm)\%ﬂs — B10<Ijq + 7]1[76: + 772TT) + Rgz)\HS — BQ(IH + 77AAH + nTTH);

(4.2.6)
= Rm)\},S - /\%wN —|— ROQ/\HS - /\HN,

Rot LS
ALN

—A;N[

_ 1} +AgN {RO?AHS — 1} ,

Ay N
< MN*[Rot — 1] + AgN*[Rgy — 1],  since S < S* in D, and N < N*,
= Bre(IY + I8 + o) [Row — 1] + Bo(Ig + naAy + 10TH)[Roz — 1] < 0

when Ry < 1, where c =1 — ¢k.

Since all the parameters and variables of the model (4.2.5) are non-negative (Lemma
4.5), it follows that F < 0 for Ry < 1 (i.e. Ro1 < 1 and Ry < 1) with F = 0 if and
only if I¥ = IY = Ty = Iy = Ay = Ty = 0. Hence F is a Lyapunov function on D,.
Further, the largest compact invariant set in {(S, IZ, IS Tr, Iy, A, Ty) € D, F= 0}
is the singleton {&,}. Thus, it follows by LaSalle’s Invariance Principle (Theorem 2.10),
that

(L (1), I (t), Tr(t), I (t), Ag(t), Tr(t)) — (0,0,0,0,0,0) as t — oo and that every solu-
tion of the equations of the model (4.2.5) with initial conditions in D, approaches &, as
t — oo (whenever Ry < 1). [ |
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4.3 Assessment of conrol strategies for TV

An assessment of control strategies for HIV/AIDS is fully considered by Garba and Gumel
[16], therefore, in this section, only the main control strategies for TV are considered.
This is of interest to this study because infection with TV increases susceptibility to HIV.
The control strategies considered include:

1. using condoms by sexually active individuals (condom-only strategy);
2. counselling of infected individuals (counselling-only strategy);
3. treatment of infected individuals (treatment-only strategy);

4. using condoms and receiving different levels of counselling for TV (condom and
counselling strategy);

5. Counselling and treatment of infected individuals who have tested positive for TV
at varying levels (counselling and treatment strategy);

6. using condoms, receiving counselling and treatment for TV (condom, counselling
and treatment strategy);

4.3.1 Condom-only strategy

Since not all the sexually-active individuals in a population are expected to strictly com-
ply to the use of condoms consistently and correctly during every sexual encounter, it is
therefore informative to determine whether or not the use of condoms as a sole interven-
tion strategy will offer a beneficial population-level impact. This is done by setting all
the treatment and counselling related parameters and state variables of the model (4.2.1)
to zero (i.e. ITC =Tr=Trg =& =717=v=mn =1 =0), which produces a reduced
model with the following associated reproduction number,

Bl(l — Ef@')

Rcl =

Firstly, the effect of condom use on TV transmission dynamics can be assessed quali-
tatively, by differentiating the expression for R, partially with respect to x (condom

compliance). This gives
87261 _ & <0

Ok 1

Since R, is a decreasing function of k, an increase in condom compliance (k) results in a
decrease of R.;. This result is depicted in Table 4.1. Thus, the above analysis shows that
condom use will always have a positive population-level impact (even for small efficacy
and compliance level) by reducing the disease burden. In this study, condom efficacy is
fixed at 0.8, unless otherwise stated.

A contour plot of the associated reproduction threshold R.; (as a function of condom
efficacy (€) and compliance (k)), is shown in Figure 4.7. This figure, generated by using
B1 = 0.045 as well as the set of parameter values in Table 5.2 (where all parameters related
to counselling and treatment are set to zero), shows a decrease in Ry with increasing ¢ and
k. It is clear that significantly high condom efficacy and compliance is needed to effectively
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Compliance Level \ Rt

Low (k = 0.25) 31.7632
Moderate (k = 0.5) 23.8824
High (1 = 0.75) 15.8816

Table 4.1: Reproduction numbers (R¢1) of the model (4.2.1) for the condom-only strategy.

control TV, that is, to attain R, < 1 so that TV/HIV can be eliminated as guaranteed
by Lemma 4.6. In particular, even if the condom efficacy level is 80% (¢ = 0.8), at
least 75% (k = 0.75) of sexually-active individuals would still be required to use condoms
consistently and correctly in order to effectively control the spread of TV in a population.
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Figure 4.7: Simulatins of the model (4.2.1) showing a contour plot of R.1 where 1 = 0.045

4.3.2 Counselling-only Strategy

In this case, all the parameters and state variables of the model (4.2.1), related to condom-
use and treatment, are set to zero. This gives a reduced model with the following asso-
ciated reproduction number

P11+ mé)

Rc = )
2 el
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where K7 = £ + pu. Differentiating R partially with respect to the counselling rate &
gives,
ORex _ P Bl +m&) _ Bi(pm — 1)
o K Kt kP

Thus,6§—§2<05mce0<u<1and0<m<1.

Therefore, counselling individuals infected with TV will reduce the reproduction number
R and thus reduce the TV burden, if the relative risk of infectiousness of counselled
infected individuals (7;) does not exceed unity (that is, if counselled individuals infected
with TV reduce their risky sexual behaviour).

Simulations are carried out to further assess the impact of counselling individuals infected
with TV using the following levels of counselling:

I) Low counselling effectiveness: £ = 0.05;

IT) Moderate counselling effectiveness: £ = 0.5;

IIT) High counselling effectiveness: & = 5.
Table 4.2 shows that an increase in the level of effectiveness for counselling results in
a decrease in the reproduction number. Thus, counselling individuals infected with TV

results in a reduction of the burden of the disease. A high counselling effectiveness level
is enough to get R < 1, which is enough to eradicate TV.

Level \ Reo
Low &£ = 0.05 10.4484
Moderate € = 0.5 | 1.3691
High £ =5 0.1413

Table 4.2: Reproduction numbers (R.2) of the model (4.2.1) for the counselling-only strategy.

4.3.3 Treatment-only Strategy

The singular effect of treatment of individuals with TV is assessed using the TV-HIV
model (4.1.1) (where counselling and condom-use related variables are not incorporated)
by first of all differentiating the threshold quantity

B1(Q2 + 1)
Q2

(where Q1 = 7+ p and Q2 = v + p), partially with respect to 7 yields,

ORc3 _ Bin B B1(Q2 + 1) _ Bi(un — Q2)
or Q1Q2 Q%Q2 Q%Qz '

It follows that % < 0 whenever n < n,, where 1, = %

RCS =
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Therefore, the treatment of non-counselled individuals will reduce the reproduction num-
ber and therefore the TV burden if the relative infectiousness of treated individuals (n)
does not exceed the threshold quantity n,. On the other hand, if » > n,, then the use of
treatment will increase the R.3 and as a result increase the burden of TV.

Lemma 4.7 The treatment of infected individuals will have a positive population-level
impact if n < n;.

Numerical simulations of the model are carried out to further assess the impact of the
Treatment-only Strategy on TV in a population. The following arbitrarily chosen levels
of treatment effectiveness are considered:

I) Low treatment effectiveness: 7 = 0.5;
IT) Moderate treatment effectiveness: 7 = 2;
IIT) High treatment effectiveness: 7 = 50.

The simulation results depicted in Figure 4.8 shows that an increase in treatment of indi-
viduals infected with TV results in a decrease in the total number of individuals infected
with TV. Furthermore, Table 4.3 shows that an increase in the level of effectiveness for
treatment of individuals infected with TV results in a reduction of the reproduction num-
ber. Therefore, treating individuals infected with TV results in a decline of the burden
of TV in the community.

Level \ Res

Low 7= 0.5 7.4015
Moderate 7 = 2 2.1699
High 7 =50 0.4367

Table 4.3: Reproduction numbers (R¢s) of the model (4.1.1) for the treatment-only strategy.

4.3.4 Condom and Counselling Strategy

Here, we study the combined impact of condom-use and counselling. The following coun-
selling effectiveness levels will be used:

I) Low counselling effectiveness: & = 0.05 coupled with different condom compliance
levels: low (k = 0.25), moderate (x = 0.5) and high (x = 0.75);

IT) Moderate counselling effectiveness: ¢ = 0.5 coupled with different condom com-
pliance levels: low (k = 0.25), moderate (x = 0.5) and high (k = 0.75);

IIT) High counselling effectiveness: £ = 5 coupled with different condom compliance
levels: low (k = 0.25), moderate (x = 0.5) and high (x = 0.75);
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Figure 4.8: Simulations of the model (4.1.1) showing the cumulative number of individuals
infected with TV for various levels of treatment. Parameter values used are as given in Table
5.2.

We first set all the treatment-related parameters and state variables of the model (4.2.1)
to zero, (i.e. Tp =Try =717 =v =19 =0).
The associated reproduction number of the reduced model is given by

p+mé

Res = P1(1 — €k) e

Table 4.4 shows a decrease in R, with increasing condom compliance and counselling
effectiveness. This strategy reduces the burden of the disease (an increase in counselling
and condom use reduces the reproduction number).

Condom Low Moderate High
compliance level counselling counselling counselling
Low (k = 0.25) 8.3H87 1.0983 0.1130
Moderate (k = 0.5) | 6.2691 0.8215 0.0848
High (k = 0.75) 4.1794 0.5476 0.0565

Table 4.4: Reproduction numbers (Re4) of the model (4.2.1) for the condom use and counselling
strateqy.
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4.3.5 Counselling and Treatment Strategy

Next, we study the combined impact of counselling and treating of individuals infected
with TV.

The following levels of effectiveness will be used:
I) Low counselling and treatment effectiveness: £ = 0.05 and 7 = 0.5;
IT) Moderate counselling and treatment effectiveness: £ = 0.5 and 7 = 2;
IIT) High counselling and treatment effectiveness: £ = 5 and 7 = 50.

Setting the condom-use related parameter values of model (4.2.1) to zero (k = € = 0)
gives a reduced model with the following reproduction number,
Bi(Ko K3 + mEK3 + na7é)

RC — 9
> K, Ko K

where, K1 =&+, Ko =74+, Ks=v+ L.

Table 4.5 shows that R.; decreases with increasing counselling and treatment effective-
ness. As expected, high levels of treatment and counselling reduces the burden of the
disease in the population.

Treatment Counselling

Low ‘ Moderate ‘ High
Low 10.7007 | 1.6997 0.4825
Moderate 10.5132 | 1.4541 0.2290
High 10.4511 | 1.3727 0.1450

Table 4.5: Reproduction numbers (Res) of the model (4.2.1) for the counselling and treatment
strategy.

4.3.6 Condom, Counselling and Treatment strategy

Finally, we explore the condom, counselling and treatment strategy. The following levels
of effectiveness will be used:

I) Low counselling and treatment effectiveness: ¢ = 0.05 and 7 = 0.5. Coupled
with different condom compliance levels: low (k = 0.25), moderate (k = 0.5) and high
(k = 0.75);

IT) Moderate counselling and treatment effectiveness: £ = 0.5 and 7 = 2. Coupled
with different condom compliance levels: low (k = 0.25), moderate (k = 0.5) and high
(k =0.75);
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IIT) High counselling and treatment effectiveness: £ = 5 and 7 = 50. Coupled with dif-
ferent condom compliance levels: low (k = 0.25), moderate (x = 0.5) and high (k = 0.75).

It follows from Table 4.6 that using a moderate effective counselling and treatment strat-
egy, together with moderate and high condom compliance (subject to 80% condom effi-
cacy) can reduce the burden of TV in the population. Table 4.6 also shows a decrease
in the reproduction number R, with an increase in counselling and treatment, coupled
with increasing levels of condom compliance.

Condom Counsel. and Treat.

compliance level Low Level ‘ Moderate Level ‘ High Level
Low (k = 0.25) 8.5606 1.1632 0.1160
Moderate (k = 0.5) | 6.4204 0.8720 0.0870

High (k = 0.75) 4.2803 0.5816 0.0580

Table 4.6: Reproduction numbers (Res) of the model (4.2.1) for the condom, counselling and
treatment strategy.

It should be noted that the best strategy for the eradication of TV in the population
is the one that includes all three interventions. Here, a low counselling and treatment
effectiveness level coupled with high condom compliance level is enough to control the
disease in the population.
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Chapter 5

Conclusion

1. New trichomonas vaginalis (TV) and HIV/AIDS models are formulated and analysed.
Some of the findings include:

i) The DFE of each model is GAS whenever the associated reproduction number is less
than unity and unstable when greater than unity. This result guarantees disease elimi-
nation when the associated reproduction number is less than one.

ii) The TV-only and HIV-only models both have unique endemic equilibria which are GAS
whenever the associated reproduction number is greater than unity. The implication of
this result is that each disease will invade the population if the associated reproduction
number is greater than one.

2. A new model for the transmission dynamics of the co-infection of TV and HIV/AIDS
co-infection is constructed and analysed. This model includes the treatment of individ-
uals infected with TV and those infected with HIV/AIDS. An extension of this model
is considered, which incorporates condom-use and counselling of individuals with clinical
symptoms of TV.

Some of the main theoretical findings of the study are summarized below:

i) Both of the TV-HIV co-infection models undergo the phenomenon of backward bifurca-
tion. It is established that co-infection of TV with HIV is the condition for the emergence
of this phenomenon.

ii) Backward bifurcation can be removed by assuming the co-infection of TV and HIV is
negligible. In the absence of co-infection of TV with HIV/AIDS, the DFE of the TV-HIV
model (and the extended model) is shown to be globally-asymptotically stable whenever
the associated reproduction number is less than unity. Hence the elimination of TV and
HIV in this case.

iii) The endemic equilibrium of the sub-model is shown to be GAS for a special case.

Meaning that TV and HIV co-exist in the population whenever the associated reproduc-
tion number is greater than unity.
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Numerical simulations of the models show the following:
i) In the absence of co-infection, the DFE of the resulting model is GAS whenever the
associated reproduction number is less than unity.

ii) A reduction in the TV incidence in the population reduces HIV incidence in the same
population. Therefore, it would be worthwhile to focus some more resources towards the
elimination TV in a population.

iii) An increase in the treatment effectiveness level of individuals infected with TV results
in a decline in the burden of TV in the community.

iv) An increase in the level of treatment effectiveness of individuals infected with HIV /AIDS
results in a reduction of the burden of the disease in the community.

An assessment of control strategies for TV resulted in the following results:

i) Condom-use has a positive population level impact on TV. This means that an increase
in condom use will result in a decline in the burden of TV. An increase in the compliance
of condom-use results in a decrease in the value of the associated reproduction number
of TV.

ii) Counselling has a positive population level impact on TV. Thus, an increase in coun-
selling of individuals infected with TV will result in a decrease of TV in a population.

iii) Treatment of individuals infected with TV also has a positive population level impact.
An increase in the level of effectiveness of treatment results in a decline of the associated
reproduction number. The higher the treatment effectiveness level of TV in a population,
the lower the burden of the disease.

iv) If control strategies are implemented at a high level of effectiveness, the burden of
TV will be reduced in that population. This will result in the reduction of HIV/AIDS
incident in the population.

HIV/AIDS has very harsh implications to individuals infected and affected as well as to
the economy. Many lives are lost leaving thousands of children orphaned and without
breadwinners, there is a loss of the young skilled labour force and the cost of antiretro-
viral drugs (used for HIV treatment) in developing countries is very high. Taking into
account the contribution TV infections have on the transmission of HIV, implementing
control interventions of TV (such as treatment, condom-use and counselling) may (to
some extent) help in the fight against HIV/AIDS.
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Variables

Description

N Total population

S Susceptible individuals

I Population of individuals infected with TV

Tr Population of individuals receiving treatment for TV
Iy Population of individuals infected with HIV

Ay Population of infected individuals with AIDS symptoms
Ty Population of individuals receiving treatment

Ity Population of individuals infected with TV and HIV
Tryg Population of individuals receiving treatment for TV
A7, AL Force of infection for TV

Ay Force of infection for HIV

Parameters Description

II Recruitment rate of humans

1 Natural mortality rate

151 Effective contact rate for TV

B Effective contact rate for HIV

n Modification parameter

i Modification parameter

o Modification parameter

NA Modification parameter

nr Modification parameter

13 Counselling rate for TV

o Co-infection parameter

T Treatment rate for TV

v Recovery rate for TV

Y Progression rate from class Try to class Iy

« Progression rate from class Iy to class Ay

0 Treatment rate for class Iy

v Treatment rate for class Ay

0] Progression rate from class Ity to class Try

01 Disease-induced mortality rate for class Ay

0o Disease-induced mortality rate for class Ty

Table 5.1:

Description of Variables and Parameters of the models.
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Parameters Nominal Value Reference
II 500000 Assumed
1 0.02 [16, 44]
oh 0.709 6]

[o variable

n 0.5 Assumed
m 0.5 Assumed
M2 0.2 Assumed
i 0.05 Assumed
nr 0.001 [44]

¢ variable

o 2 Assumed
T variable

v 0.9 6]

(0 0.7 Assumed
o 0.2 [37]

0 0.8 Assumed
¥ 0.4 Assumed
01 0.01 [44]

o 0.04 Assumed

Table 5.2: Parameter values of the models.
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