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ABSTRACT

Tuberculosis continues to be a life-threatening disease in Sub-Saharan African countries despite the
available vaccine whereas soil-transmitted helminth is among the neglected tropical disease that
causes threats to pre-school, school-aged children and child-bearing mothers. The infection by
helminths increases susceptibility to tuberculosis. Thus, there is a need to investigate the possi-
bility of co-infection of the two diseases due to its geographical overlap at cellular and population
levels. This dissertation presents deterministic mathematical models that are aimed at describing the
transmission dynamics of soil-transmitted disease and the co-infection with tuberculosis. The first
model that describes the transmission dynamics of soil-transmitted helminth with optimal control is
presented. The model was qualitatively analyzed and the threshold that governs the spread of the
disease derived. The best control model was developed, and numerical simulations were run using
a variety of control measures to determine the most cost-effective method for effectively containing
the disease. According to the findings, the most cost-effective method for combating the spread of
soil-transmitted helminths is a combination of health education and sanitation. The soil-transmitted
helminth model was modified to form the second model for the co-infection with tuberculosis. The
qualitative analysis was made to determine the equilibrium points and the conditions for the disease
eradication. The impact of helminth infection on tuberculosis and vice-versa were discussed and it
was observed that helminth infection enhances tuberculosis in the community. Numerical simulation
for the model revealed that the interventions that include a combination of measures for controlling
helminth infection, vaccinating the babies with bacille Calmette-Guérin vaccine and the treatment of
individuals with active tuberculosis were effective in controlling the spread of the diseases. The last
model considered the interaction of the helminth parasites, mycobacterium tuberculosis pathogens,
and the immune competence within an individual host. Numerical simulations showed that primary
infection by either helminth parasite or Mtb bacteria is unsuccessful within the host when the basic

reproduction number is less than the unit.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Problem

1.1.1 Basic Information about Soil-transmitted Helminths

The worldwide burden of helminths (worms) infection cannot be underestimated. It is estimated
that over 1.5 billion people worldwide are infected with helminths (WHO, 2018). Helminths are
parasitic worms that infect the intestine and are spread through contaminated soil in areas with poor
sanitation. They are transmitted by eggs found on human faces. Ingestion of eggs or larvae in con-
taminated food or skin penetration by infective larvae in the soil are two other ways that helminths
can be transmitted (CDC, 2018). The main species of worms that infect people are the roundworm
(Ascaris lumbricoides), the whipworm (Trichuris trichiura) and the hookworms (Necator americanus
and Ancylostoma duodenale). Intestinal manifestations (diarrhea, abdominal pain), general malaise,
and weakness are all symptoms of these worms. Hookworms cause chronic intestinal hemorrhage
and that lead to anemia. Helminth infection is widespread in tropical and subtropical areas, and it is
attributed to a lack of sanitation as a result of extreme poverty. Individuals at risk in endemic areas

include pre-school infants, school-aged children, and women of childbearing age (Uneke, 2010).

According to the WHO, there are several methods for controlling soil-transmitted helminths, includ-
ing regular deworming to eliminate the infecting worms, health education to prevent re-infection, and

improved sanitation to reduce the contamination of the soil with ineffective eggs.
1.1.2 Basic Information about Mycobactrium Tuberculosis

In 2019, a quarter of the world’s population was estimated to be infected with Mycobacterium tuber-
culosis (Mtb), with 9.6 million people developing active tuberculosis and 1.5 million tuberculosis-
related deaths recorded (Harding, 2020). Despite the huge infectious population about 90% to 95%
are asymptomatic for a long period of time and they have 10% lifetime risk of developing active
tuberculosis (Monin et al., 2015). Mycobacterium tuberculosis is a bacteria that cause tuberculosis
(TB) after inhalation of aerosolizing nuclei from an individual with active TB and infects predomi-
nantly human being but may also infect other diverse hosts. These bacteria have a slow growth rate,

are aerobic, and can expand within human cells (an intracellular bacterium).



Tuberculosis is treated in two ways: for latent tuberculosis (chemoprophylaxis) and for active tuber-
culosis (treatment) (therapeutics). A successful treatment strategy to reduce the prevalence of TB
infection is by considering both chemoprophylaxis and therapeutic. The control strategies have been
developed for compliance with TB treatment due to its long-lasting treatment procedures (Ozcaglar
et al., 2012). However, treatment efficacy has lead to the development of Mtb resistant to the first

line anti-TB drugs but still individuals can be infected with Mtb bacteria.

1.1.3 Helminth-Mycobacterium Tuberculosis Co-infection

It is well known that these two diseases have a geographical overlap which in turn increases the like-
lihood of co-infection with both pathogens and as a result competition become more intense within
host. TB is most prevalent in societies where individuals are infected with helminth while helminth
is reported as the most common parasite found in TB patients (Elliott & Weinstock, 2012). Figure 1
shows the world geographical distribution of the burden of helminths and tuberculosis co-infection.
Immunologic studies show that asymptomatic helmith infection is associated with the increase in the
regulatory T-cell and Th2-type responses which affect the host ability to mount an effective TH1-type
immune-mediated protection against Mtb (Abate, 2013). Co-infection may significantly inhibit a host
immune system, affects the antibacterial therapy which is detrimental to the prognosis of disease and
impairs protective immune responses to vaccination against Mtb.
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Figure 1: World map showing the geographical distribution of the burden of helminths and

tuberculosis co-infection (Salgame et al., 2013)



1.2 Statement of the Problem

The study of both helminths and Mtb is important because of co-occurrence of these two diseases in
same geographical location. Literature shows that in resource-poor areas, co-infection with helminth
and Mtb pathogens frequently occurs. The pathogen competition against hosts limited resources
and virulence may differ from that of the single infection as in co-infection there is more than
one pathogen or strain co-infecting a single host. Furthermore, infection by helminth parasites in-
creases the susceptibility to tuberculosis and the consequences associated with such dual infections
are tremendously serious in the cognitive development of the pre-school and school aged children
(Mkhize-Kwitshana et al., 2017). Previous mathematical models have concentrated on single infec-
tions in an attempt to control the diseases and the virulence caused by the two diseases which is
not always the case. Thus this study considered inter-host and intra-host mathematical models for
helminths and Mycobacterium tuberculosis co-infection and incorporated the aspects of immune re-
sponses and therapeutic measures. Furthermore, this study employed the power of optimal control in

determining the best combination of control measures to combat the spread of the two diseases.
1.3 Rationale of the Study

This study is motivated by the fact that helminths and Mtb co-infections continue to pose a great
threat in Sub-Saharan Africa due to limited resources. Co-infection is of particular importance and
the interaction of co-infecting pathogens can either have positive or negative impact (Bhunu et al.,
2009; Mushayabasa & Bhunu, 2011). Helminths and Mycobacterium tuberculosis infections have
large overlap at the population level and geographical level and both show different and complex
immune responses (Babu & Nutman, 2016). Literature review shows that the helminth infection can
impair the immunologic host control, which in turn leads to the increase in the risk of occurrence
and progression of Mtb (Chatterjee & Nutman, 2015). Furthermore, studies show that infection by
helminth is associated with an increased incidence of Mycobacterium disease. However, single infec-
tion mathematical models (Anderson & May, 1985; Medley et al., 1993; Farrell et al., 2018; Pullan
et al.,2014; Bhunu et al., 2008a; Nkamba et al., 2019; Du et al., 2017) have proposed various inter-
ventions on an attempt to control the disease but had limited impact on eradication of both helminth
infection and tuberculosis from the community. Thus mathematical modeling of soil-transmitted
helminth and Mtb co-infection is of particular importance in understanding the transmission dynam-

ics and control of these diseases in the community.



1.4 Objectives of the Study

The objectives of this study are classified in general objective and specific objectives.

1.4.1 General Objective of the Study

The general objective of this study is to develop and analyze mathematical models for helminths and

Mycobacterium tuberculosis co-infection with the effect of treatment and immune responses.

1.4.2 Specific Objectives of the Study

The specific objectives of this study are:
(1) To formulate and analyze mathematical models for soil-transmitted helminth with the applica-

tion of optimal strategies.

(i) To formulate and analyze inter-host mathematical model for helminth and Mycobacterium tu-

berculosis co-infection with the application of optimal control strategies.

(iii)) To formulate and analyze intra-host mathematical model for helminth and Mycobacterium

tuberculosis co-infection with the effect of immune responses.

1.5 Research Hypothesis

(1) Itis possible to formulate and analyze mathematical models for soil-transmitted helminth with

the application optimal strategies.

(i1) It is possible to formulate and analyze inter-host mathematical model for helminth and My-

cobacterium tuberculosis co-infection with the application of optimal control strategies.

(111) It is possible to formulate and analyze intra-host mathematical model for helminth and My-

cobacterium tuberculosis co-infection with the effect of immune responses.

1.6 Significance of the Study

(1) The developed mathematical models will help the decision makers and stakeholders to under-
stand the transmission dynamics and control of helminth and Mycobacterium tuberculosis co-
infection in order to make precise policies for interventions and also provides an understanding

to the society on how helminth and tuberculosis can be controlled.



(i) The findings of this study add up new knowledge to the existing literature and provide a plat-
form for further research and studies to develop more suitable mathematical models for para-

sitic diseases of human and tuberculosis.

1.7 Delineation of the Study

Mathematical modeling of the co-infection of helminth infection and tuberculosis is of paramount
importance. This study intended to cover various modeling techniques to come up with mathematical
models for Helminth and Mtb co-infection at the population level and cellular level. The study was
limited by the availability of secondary data to estimate model parameters. However, few data set

obtained from the published articles were used to validate the soil-transmitted helminth model.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

This chapter presents a review of the mathematical models/framework and contribution of other

scholars on helminth infection and the co-infection of helminth infection with Mtb.

2.2 Basic Mathematical Concepts

In this study, mathematical models for soil-transmitted helminths, inter-host mathematical model
for soil-transmitted helminths and tuberculosis co-infection and intra-host model for Helminths and

tuberculosis co-infection are analyzed using various techniques described here under.

2.2.1 Autonomous System

In this work, biological models are represented by autonomous system of the form:

dx
==/ 2.1)

where, X = (x1, 29, ..., x,) represents the state variables. The function f(x) denote collection of

real-valued functions of state variables z;, 7 = 1,2, ...,n and time t.

2.2.2 Stability of Steady States

Local stability explains what happens near the equilibrium point. The equilibrium point is said to
be stable if noise is added (perturbation) to the solution starting with the initial condition, over time
the system will return to its equilibrium point. Global stability of the equilibrium point explains the
inevitability of the system to return to its equilibrium point regardless of the starting point. For local

stability of disease free equilibrium (DFE), the jacobian of system (2.1) is of the form:

Of  Oft L
o1 Oxo T : Oxn
Of2  Of2 Afa
oz Oxo oo Oxn
J = (2.2)
Ofn  Ofn Ofn
ox1 Ores =~ 7 Oxn



The conclusions can be drawn on the stability of the system (2.1) by studying the signs of the eigen-
values of J. However, Routh-Hurwitz conditions may applied to the system (2.2) to draw conclusion

on the behavior of stability around the equilibrium point.
2.2.3 Bifurcation Analysis

Definition 2.1. Bifurcation is defined as the sudden change in qualitative behavior of a dynamical

system when a small change is made to the corresponding parameter value (bifurcation parameter).

To investigate the local bifurcations at the endemic equilibrium points, Center Manifold Theorem by

Castillo-Chavez and Song (2004) is employed. The theorem is stated here under for convenience.

Theorem 2.1. (See Castillo-Chavez and Song (2004)) Consider the following general system of
ordinary differential equations with a parameter ¢:

dx
Esz@ﬁ%fﬂWxR—meMfeCMWxR) (2.3)
It is assumed that 0 is an equilibrium for system (2.3) for all values of the parameter ¢: that is,
f(0,9) = 0 for all ¢. Assume
Al: A = D,f(0,0) = B is the linearisation of system (2.3) around the equilibrium
Ly

0 with ¢ evaluated at 0. Zero is a simple eigenvalue of A and other eigenvalues of A have

negative real parts:
A2: Matrix A has a right eigenvector w and a left eigenvector v corresponding to the zero eigen-

value.

Let f;, be the k'™ component of f and

n 2

b=l i 8@895]

T #4.(0.0) (2.4)
b — LA

k; R 100

The local dynamics of (2.3) around 0 are governed by a and b in the following manner:

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

locally asymptotically stable equilibrium:



(ii)) a < 0: b < 0. When ¢ < 0 with |¢| < 1 is unstable; when 0 < ¢ < 1; 0 is locally

asymptotically stable, and there exists a positive unstable equilibrium:

(iii) a > 0: b < 0. When ¢ < 0 with |¢p| < 1, 0is unstable, and there exists a locally asymptotically
stable negative equilibrium; when 0 < ¢ < 1; 0 is stable, and a positive unstable equilibrium

appears:

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

stable.

2.2.4 Optimal Control Theory

Optimal control theory is a branch of mathematics that involves finding a piece-wise continuous
control u(t) and the related state variables x(¢) to maximize the given objective functional of the

form:

mgx/tff(t,x(t),u(t))dt,

subject to 2’ (t) = g(t, z(t),u(t)), (2.5)

x(to) = xo and () is free.

2.2.5 Pontryagin’s Maximum Principle

Pontryagin’s Maximum Principle Pontryagin (2018) is used to solve optimal control problem and
must satisfy the following necessary and sufficient condition for the existence of an optimal control
problem. If u*(¢) and z*(t) are optimal for problem (2.5), then there exists a piece-wise differentiable
adjoint variable A(t) such that H (¢, z(t), u(t), \(t)) < H(t,z*(t),u*(t),\(t)) for all controls u at

each time ¢ where the Hamiltonian A given by:

H = f(t,2(t), u(t), A(t), g(t, 2(t), u(?))), and
_OH(t, 2 (1), uw (1), A(1))

() oz ’

(2.6)

A(ty) = 0.



Algorithm 2.1 Foward-Backward Sweep Method (FBSM)
INPUT: Piecewise-constant control u(t),t € [t;,t;4,], where j = 0,1, ..., N — 1, N is the number

of time instants

OUTPUT: State and control optimal trajectory

while Error in termination condition is larger than specified tolerance do
-Solve &(t) = m(z(t), u(t),t),t € [to,ty], using foward RK4 with initial condition z(ty) = ¢
and control vector u(t).
-Solve p(t) = —g.(x(t), u(t), t) — my(z(t), u(t), t)p(t),t € [to,ts], using backward RK4 with
state (), the transvesality condition p(¢;) = 0 and control vector w(t).
-Compute the new control u**1(t) by solving the characterization equation: g, (z(t),u(t),t) +
may(x(t), u(t), t)p(t) = 0.
-Compute error in terminal conditions.
Using the relative error: % < € and/or % < € or using absolute error. Here, k
stands for the k' iteration and e is the tolerance level.

-Update control using a convex combination of the current and previous control.

end while

2.2.6 Numerical Solution of Optimal Control Problems

Most optimal control problems arising from engineering or biological sciences can not be solved
analytically and hence numerical solutions are often sought. Solving the optimality system which
comprises of the state, adjoint and optimal control, requires an iterative scheme. In this dissertation
the Forward-Backward sweep method (FBSM ) is presented and applied because it is the best method
for solving problems arising from PMP. The method use Runge-Kutta method of order four in the in-
tegration. Any specific optimal control problem can be implemented and the algorim 2.1 summarizes

the FBSM.

2.3 Mathematical models for Soil-transmitted helminths

It is critical to understand how the immune system regulates infection in individuals with exposed
and chronic helminth infection, what immune traits allow some hosts to maintain low infection bur-
dens, and how anthelminthic treatment and the resulting reduction in parasite burdens affect those

protective immune traits (Babayan et al., 2018).

Mathematical modeling and analysis of helminths has drawn the attention of many researchers since

the first papers in understanding its transmission and the impact of control measures (Anderson &



May, 1985, 1992; Truscott et al., 2016). The deterministic model used did not consider particular
helminth species and results show that selective treatment can be effective in reducing worm burden
per unit drug provided. Anderson and May (1985) developed a mathematical model to investigate
the transmission dynamics of helminth infections including mathematical models for intestinal ne-
matodes, models for schistosome flukes and policies for the control of helminth infection in human
societies. A range of mathematical models have been developed as an extension of the model by
Anderson and May framework to allow host worm burden to adopt dynamically to treatment and re-
infection process (Medley et al., 1993). However, none of these models have applied optimal control
theory to determine the best combination of control measures and the cost effective strategy for the

eradication of helminth infection.

Medley et al. (1993) developed a model that expressed the proportion of individuals harboring an
intense infection and the distribution of helminths in the host population to achieve community treat-
ment. The model adopted the deterministic framework by Anderson and May (1982, 1985) com-
prised the system describing the dynamics of parasites in the community and the distribution of
parasites between hosts. Then the model was modified to the hybrid structure which may predict
treatment programs in the community. However, community treatment alone can not sufficiently
eradicate helminth infection in the community and the hybrid model proposed can not be extended to
include other control measures. The current study propose a deterministic model that can be extended

to include regular community treatment by MDA, health education, and sanitation and hygiene.

Farrell et al. (2018) developed two sets of soil-transmitted helminth (STH) mathematical models
to test the efficacy of current and modified World Health Organization (WHO) guidelines for the
control of soil-transmitted helminth infection. The findings show that current treatment guidelines
should be expanded to include treatment for people of all ages. However, the proposed stochastic
model does not permit the inclusion of control measures other than the repeated use of mass drug
administration which is not sufficient for the eradication of helminth infection. Models for helminth
show that elimination of infection from the community by the mass drug administration (MDA)
alone is not achievable in some settings. Therefore, it is recommended to consider other control
interventions such as water, sanitation, and hygiene (WASH) and improved health education (Pullan
et al., 2014). The current study proposes a deterministic model for soil-transmitted helminth which

allow the application of the aforementioned control measures.

Coffeng et al. (2015) developed WORMSIM modeling framework for transmission and control of

helminths and parameterize the model using published data. Their findings indicate that a minimum
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of semi-annual preventive chemotherapy with albendazole at 90% coverage, combined with health
education and/or WASH interventions, can control hookworm infection in highly endemic areas.
The model did not consider the application of optimal control measures which is crucial in resources

limited societies.
2.4 Mathematical models for the Inter-host co-infection of Mtb with other infectious diseases

Bhunu et al. (2009) developed a TB and HIV/AIDS co-infection model which considered the treat-
ment of latent and active forms of TB and antiretroviral therapy. The analysis of the model was
considered by separately analyzing the sub-models i.e TB-only model and HIV-only model and fi-
nally the full HIV-TB co-infection model.They concluded that treatment of AIDS cases resulted in a
significant reduction in the number of individuals that progressed to active TB and treatment of all
types of TB resulted in a delayed onset of the AIDS stage of HIV infection. Their findings suggest
that only one control measure for the effective control of the HIV/AIDS and tuberculosis co-infection
which is not sufficient for the eradication of the diseases. The current study considered co-infection
of tuberculosis and soil-transmitted helminth to study the interaction of Mtb and helminth parasites

so that pattern of control measures can be proposed with the application of optimal control.

Yakob et al. (2013) developed a mechanistic model of macro-parasite that demonstrated how optimal
control strategy should be applied to macro-parasite co-infection. Previous studies by Anderson
and May (1978) modeled the micro-parasite (e.g. virus, bacteria) using classic SIR (Susceptible
Infectious Recovered) which provides an updated record on the prevalence of the infection. The
studies of macro-parasite (e.g nematode, trematode) disease transmission and co-infection models
have used the negative binomial function to explain the aggregation of parasites within the host
population. The methodology applied does not allow the application of control measures and can not
be applied in scenarios where infection rates vary temporally. In this study, deterministic models are

used to allow the application of optimal control theory.

Tasman (2016) developed and analyzed an optimal control TB-HIV co-infection model that consid-
ered the treatment of anti-TB and antiretroviral for the control of TB and HIV infected individuals.
They found that a combination of anti-TB and ARV treatments was the effective strategy for the con-
trol of TB-HIV infection. Moreover, the use of one control measure could reduce the infection and
the use of anti-TB treatment was better than ARV treatment only for the elimination of TB-HIV co-
infection in the populations which is not always the case. In this study, we propose the Mtb-helminth

co-infection model that focuses on the treatment of infected individuals with the application of com-
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bination of control measures and the effect of helminth infection on tuberculosis.

Okosun and Robert (2017) developed and analyzed the mathematical model for malaria and schis-
tosomiasis in the presence of treatment. They considered three sub-populations namely the human
population, the mosquito population, and the snail population which is the intermediate host for the
miracidium population. The co-infection model was developed based on the assumption that sus-
ceptible individuals cannot be simultaneously infected by both pathogens at the same time. Their
results revealed that prevention and effective treatment of schistosomiasis infection would assist in
the effective control and eradication of malaria. The current study proposed the co-infection of Mtb
and helminth infection to determine the effect of helminths on the transmission dynamics of Mtb

with the application of optimal control strategies.

2.5 Mathematical models for the Intra-host co-interaction of Mtb with other infectious dis-

eases

Mayer et al. (1995) developed a basic mathematical model for the interaction of the target population
(viruses, parasites, bacteria, or tumor cells) with the immune response. The model was described by
two ordinary differential equations that explained the single target population and the immune sys-
tem. Their findings demonstrated that combining a few mechanisms and interaction rules in a simple
and idealistic model can result in a wide range of immune reactions corresponding to a wide range
of phenomena in different diseases or within a single disease. The current study extends the work by
considering the co-interaction of two target populations (Mtb pathogen and helminth parasites) with

the effectiveness of the immune system.

Kirschner (1999) developed a mathematical model for the dynamics of Mtb and HIV-1 co-infection.
To investigate immune system dynamics in the presence of infection by both Mtb and HIV pathogens,
the model represented the relationship between the immune system, Mtb, and HIV. Their results
showed that in the presence of Mtb alone, HIV-infected individuals deteriorate the clinical picture
and HIV-infected individuals activate latent TB. They further showed that the presence of infection
with Mtb in the body worsens the clinical picture of HIV and infection by HIV activates Mtb. It is
therefore important to consider the intra-host mathematical model of Mtb with other pathogens to
examine the effects of the co-infecting pathogens. In this study, we explore the effect of the immune

system in the absence of any infection and the presence of both Mtb and helminth parasites.

The study by Xiao and Bossert (2010) provides more insights on the interacting pathogens with the

immune system. They proposed a mathematical model for the interaction between HIV and malaria
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at the cellular level. The model comprised of three non-linear differential equations describing the
interaction of the concentration of meteorites and HIV and the immune competence. Their results
revealed that infection by the two pathogens among individuals depends on several factors which in-
clude immunity thresholds of the host, pathogenic factors, immunological factors, and the strengths
of immunostimulation. The current study considered the an intra-host mathematical model for the in-
teraction of the parasitic worms, Mtb and the immune system to study the dynamics of the pathogens

and the resulted immune responses.

Anderson and May (1985) developed a stochastic model to investigate the transmission dynamics of
human helminths and estimation of parameter values from epidemiological data.The current study
propose deterministic models over stochastic model because we didn’t consider any element of ran-
domness. In addition deterministic models offers a functional way of getting adequate knowledge
of the dynamics of a population when the population is sufficiently large as compared to stochastic

model which is more appropriate for small population (Keeling & Rohani, 2011).

Although a lot has been done for a single epidemics infection (helminths or Mycobacterium tuber-
culosis) not much work has been done on helminth and mycobacterium tuberculosis co-infection.
To the best of our knowledge this study will possibly be the first attempt to propose and analyze

comprehensive mathematical models for helminths and Mycobacterium tuberculosis co-infection.
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CHAPTER THREE
MATERIAS AND METHODS

3.1 Introduction

In this chapter we develop and analyze deterministic models of soil-transmitted helminth using non-
liner differential equations.The model is later modified to include optimal control measures. The
inter-host mathematical model for Helminth and Mtb co-infection was formulated by extending the
basic helminth model. Epidemiological studies indicates that infection with helminths increases
the susceptibility to Mtb infection. Therefore, the co-infection model was developed to capture
this aspect and later optimal control was applied to determine the best strategy for the control of
Helminth-Mtb infection. Finally, the intra-host mathematical model for the interaction between Mtb
and helminth infection was formulated and analysed. The model was formulated by considering the
two co-infecting pathogens, i.e helminth parasites , Mtb and the immune responses encountered. The
goal is to figure out what happens when helminth parasites, Mtb bacteria and the host’s immune

system interact with the immune system.
3.2 Mathematical Model for Optimal Control of Soil-transmitted Helminth Infection

3.2.1 Model Formulation

For modeling, the total human population is divided into four sub-populations S(t), E(t), I(t), R(t).
S(t) represents the number of individuals who are not infected but can be infected by helminth par-
asites. The subclass E/(t) represents the number of individuals exposed to helminth infection but not
infectious. The subclass I(t) represents the number of individuals infected with parasitic worms.
The subclass R(t) represents the number of individuals recovered from helminth infection. The sub-
class M (t) represents the parasite population in the environment. Individuals in the susceptible class
contracts infection after a sufficient contact with the contaminated environment. All the newborns
enter susceptible class at the rate b and are moved to the exposed class at the rate A. Individuals in
the exposed class are being re-infected as they interact with contaminated environment but remain
latent for a period of l where p is the progression rate from the exposed to infective class. Again
we assume that an infgcted individual contaminate the environment at rate € but do not acquire new

infection, hence individuals in the infected class are moved to the recovered class as the result of
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natural immunity at the rate q. Furthermore, we believe that these infected people develop a tempo-
rary immunity to the infection. As a result of the loss of immunity, individuals in the recovered class

revert to the susceptible class at a rate .

The infected individuals contaminate the environment at the rate € as they defecate outside the latrines
to increase the concentration of parasitic worms in the soil. The parasitic worms in the soil infect

human population at the rate,
)= BM
K+ M

where [ is the intake rate of eggs in contaminated food or larvae that has penetrated the skin to lead

(3.1)

the transmission of infection and K is the number(density) of the helminths at which the infection
rate is half the maximum rate. The natural mortality in each human class is denoted by p and the
infectious individuals have added helminths induced death rate denoted by d. Further, we assume
that the parasitic worms die naturaly at the rate y),. The aforementioned assumptions and explana-
tion gives the dynamics of the helminth model as illustrated in Fig. 2. Model parameters are fully
described in Table 1. The model has five non linear ordinary differential equations given by system

(3.2).

; AS pE af
ﬂ» S —™ F = I 1 R

lus*-_—_ uEi /‘/. l(/“rd)f l“f"

Figure 2: Compartmental diagram for the helminth model. The dashed lines indicate the in-
teraction of human population with contaminated environment to ingest parasitic
worms while the dashed line with dot indicate the rate at which individuals infected

with helminths releases eggs to contaminate the environment
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Table 1: Description of the model parameters

Parameters Definition Units
b Per capita birth rate Day~!
1 Per capita mortality rate Day !
B Ingestion rate of parasites Day !

or skin penetration by infective larvae

K Carrying Capacity of parasites in the soil -
q Natural recovery rate Day~!
¥ Immunity warning rate for Day !

recovered individuals

d Disease induced rate Day !
[15Y, Clearance rate for parasitic worms Day~!
€ Shading rate of parasite to the soil Day !
p Progression rate from exposed Day !

class to infective class

dsS
dE
— = )\5 - E
dl
dR
gl —
ik’ (n+7)R,
dM
g~ oL
with the condition S+ F + 1+ R = N.
From equations (3.2) we have:
dN

To make our analytical analysis easier, it would be instructive to work with fractions instead of
total number of populations. Hence the dynamics of the helminth model can be investigated by

normalizing the model (3.2).
E T R M

Lets = N,e:N,Z:N,T:Nandm:?.
Then equation (3.3) can be written in terms of fractional variables as:
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Cii—jj =(b—pu—(d+¢€)i)N. (3.4)

Using equation (3.4) and differentiating the fractional variables with respect to ¢ leads to the following

normalized model:

ds Bm .

—=b —(b+———-1(d

de bom .

= s = b+ p— (d+ e

di

d—z:pe—(b—i-d—i-q—i-e—(d—i-e)i)i, (3.5)
d

—r:qi—(b—l—w—(dJre)i)r,

dt

d—m—ei— m

The solutions of the system (3.5) enter the region that is positively invariant given by:
Q={(s,e,i,r,m) ERY|s+e+i+r<1,0<m<1}.

The following theorem guarantee the well posedness of the system (3.5) such that the solutions with

non-negative initial conditions will remain non-negative for all future time.

Theorem 3.1
The region Q € R is positively invariant with respect to the system (3.5) and non-negative solutions

exist fort > 0.

Proof. Given the non-negative initial conditions, it can be shown that the solutions to the system
(3.5), s(t),e(t),i(t), r(t) and m(t) are non-negative for ¢ > 0 otherwise we assume a contradiction
that there exists a first time ¢, such that s(ty) = 0, s'(¢o) < 0 and s(¢) > 0, e(t) > 0, i(t) > 0,
r(t) > 0, m(t) > 0for 0 < t < .

Consider the first equation of the system (3.5) with the aforementioned condtion, we have:

dS(to) . Bm(to) .
) — i) - (0 2208 i) ) s (36)
Then,
dSCxO) = b+ yr(ty) > 0. (3.7)

Equation (3.7) is a contradiction of the previous assumption i.e s(ty) = 0 and s(t) < 0.
Therefore, it follows that for any ¢t > 0: 0 < ¢t < t;, we have s(tg) > 0. Also, it can be shown that

the remaining variables are all positive for ¢ > 0.
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Thus the helminth model is well posed epidemiologicaly and mathematically. Thus it is sufficient to

consider the dynamics of (3.5) in 2.

3.2.2 The Disease Free Equilibrium and Basic Reproduction Number

The disease free of the model (3.5) is obtained by equating all the derivatives equal to zero and then

setting e = 0,7 = 0, 7 = 0 and m = 0. Thus we obtain the DFE as:
& = (1,0,0,0,0).

The basic reproduction number denoted by R is the quantity that quantify the ability of the disease
to invade the community and it is the quantity that governs the spread of the disease. Furthermore, it
helps in deciding on control strategies to be adopted for disease eradication. Therefore, in our case
R, determines the role of parasitic worms/larvae present in the soil to produce secondary infections

to the individual hosts.

The next generation approach is used to obtain R following (Diekmann & Heesterbeek, 2000).

Using the principles of next generation matrix, let:

Bm
1+m

S

and

(b+p—(d+e€)i)e
(b+d+q+7+e—(d+€)i)i — pe

(b+vy—(d+e)i)r—(t+q)i
(pr — 0)m — €i

be the appearance of new infections and transfer on individuals between compartments, respectively.

Applying linearization technique, the Jacobian matrices of F and V at DFE & are:

000 p b+ p 0 0 0

00 0O —p b+d+qg+e 0 0
F= and V =

0000 0 —(Tt+q) b+~ 0

0000 0 —€ 0 13y
Therefore:
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B(bpe + ype) Be 0 B

b+ 7O+ p)a(b+d+q+e) PuCHErd Ty,
Ul 0 0 0 0
0 0 0 0
0 0 0 0

The basic reproduction number R is the spectral radius of the next generation matrix 'V . Thus,

peB
pr(b+p)(d+b+qg+e)
It is important to unpack the basic reproduction number into components that can tell fitness and

Ro = (3.8)

opportunities for selection i.e the duration of infectiousness, transmission per contact and number of
contacts per unit time. To do this limit theory can be applied to equation (3.8) to have the fraction
b++iq+€ that represent the average number of susceptible individuals being infected during the in-
fectious period, and the fraction ﬁ represent the proportion of individuals that survives the latent

period while ﬁ represent the fraction of parasites diminish from the environment.

3.2.3 Stability of DFE

Theorem 3.2
The disease free equilibrium of the model (3.5) is LAS if Ry < 1 and unstable if Ry > 1.

Proof. To investigate the local stability of the DFE at £, we obtain the Jacobian matrix of equation

(3.5 1.e:

—b 0 —(d+e€) v -
0 —(b+p) 0 0 B
Jeo =1 0 p —(b+d+q+e) 0 0 |- (3.9)
0 0 q —(b+v) 0
0 0 € 0 — [
Clearly, A\; = —b and Ay = —(b + ) are the first and second eigenvalues of the Jacobean matrix Jg,

which are strictly negative. The remaining three can be obtained by considering the sub matrix J, gO:

—(b+p) 0 B
Jg, = p —(b+d+q+e 0 |- (3.10)
0 € —HMm

From equation (3.10), the characteristic equation is given by:

FO) =X+ doX? + di A+ dy = 0. (3.11)
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where,

dy =2b+d+q+p+e+ pu,
di=b+p)b+d+qg+e) +upu2b+d+q+p+e), (3.12)

do = pm(b+p)(b+d+ g+ €)1l — Ryl
Applying the Routh-Hurwitz criteria, the conditions in (3.12) dy > 0, d; > 0, dy > 0 and dad; > d.
Here d; > 0, d, > 0 and dy > 0 when Ry < 1, and then dsd; > dy. Hence according to the

Routh-Hurwitz criteria, the sub-matrix .J 510 has negative real parts whenever Ry < 1.

Thus, the DFE & is locally asymptotically stable if Ry < 1. [

3.2.4 Global Stability of the Disease-Free Equilibrium

For the proof of global stability we consider the Theorem developed by Chavez et al. (2002) and later
applied by Mafuta et al. (2013).

To apply the theorem, system (3.5) is written in the form:

X
d— =F(X,Z),
@ (3.13)
— =GX,Z2),G(X,0)=0
dt
where, X = (s,7) € [Ri denote the number of uninfected components (individuals) and Z =

(e,i,m) € R% denotes infected components (individuals) including the latent and infectious indi-

viduals.

The disease free equilibrium is now denoted by & = (X*,0) = (1,0).
The conditions (H1) and (H2) in the system (3.14) must be satisfied to guarantee local asymptotic
stability:

dX
H1: For — = F(X*,0), X™ is globally asymptotically stable, and
dt (3.14)

H2: G(X,Z) = AZ - G(X,Z),G(X,Z) > 0 for(X,Z) €
where, A = DzG(X*,0) is the Metzeler-matrix (the off-diagonal elements of A are non-negative)
and (2 is the region where the model makes biological sense.

If the system (3.13) satisfy the two conditions in 3.14 then the following theorem holds.

Theorem 3.3
The disease fixed point & = (X*,0) is globally asymptotically stable of the system (3.13) provided

that Ry < 1 and that conditions HI and H2 are satisfied.
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Proof. From the system (3.5) we have:

bty — (b4 2T (a4 )is
F(X,Z) = L+m : (3.15)
qgi— (b+~v—(d+e€)i)r
and 5
m ,
T~ (b+p—(d+e€)i)e
GXZ)=|pe—(b+d+q+e—(d+e)i)i | (3.16)
€1 — Upm
Then system (3.15) can be reduced to:
dX b(l—s
— = ( ) (3.17)
dt 1z=o0 0
Now, condition H1 is satisfied as it can be observed from the solution namely s(t) = 1 +

(s(0) —1)e™". Ast —s oo, the solution s(t) — 1 implying global convergence of solution

of (3.17) in 2. Thus condition H1 is satisfied.

Let
—(b+p) 0 8
A= p —(b+d+qg+e 0 |,
0 € —HM
Then
Gh(X,Z) ( — 1_im)5m— (d+e)ie
GX.Z)=|G(X,2) | = —(d + €)i®
Gs(X,Z) 0

From above @(X, Z) > 0if and only if d = € = 0. Thus &, may not be globally asymptotically stable

for some parameter values. This suggest the possibility of backward bifurcation of section 3.2.6. [

3.2.5 Existence of Endemic Equilibrium

The endemic equilibrium £* of the model (3.5) is defined as the steady state solution which occurs

when disease persists in the community and is obtained by equating the derivatives of the system (3.5)

to zero. If we denote the force of infection as \* = at steady states and let z* = b — (d + €)i*
m
for any choice of :* at the endemic equilibrium, then the endemic equilibrium can be expressed in

terms of the force of infection as:
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o b(y+2")(p+2")(d+q+2" +¢
Dg+ (2%)° (A + L1) + (29)° (0 Ap +p(y + Do) +7D) + 2% Ay + (27)"
. A" (v + 2%) (Do + 2¥)

?

e = )
(v+2%) (A +2%) (p+ 2%) (Do + 2%) —yA*qp

. bA*p (v +27)

P . . <, (3.18)
Az (2)" (A + A1) + (2%)" (A Ar +p(y + Do) +7D2) + 25 DNy + (27)

o bA*qp
Ag+ (25)° (N 4+ A1) + (29) (W Ay +p(y + Do) + 70 + 25 Dy + (29)Y

ot bA"pe (v + 27)
piar (D4 (29)° (0 + A1) + (29)2 (A Ag +p(y + Do) +7D9) + 25 Ay + (24))
where,

Ap=v+d+q+p+e,

Ny =d—+ q+e,

Az =yA"p(d+e),

Ag= A (p(y + D2) +7D2) +7pAs)

Using equation five of (3.18) and the force of infection \* = 1ﬁ+m — with the model parameters then
m

*

(3.18) satisfies the following polynomial:
ANPA) =X (AN"+B)=0 (3.19)

where,

A=py(ypld+e)+ 2" (p(y+d+qg+e)+v(d+qg+e)+2*(v+d+qg+p+2°-+¢€))),
B=pupyz (v +2)(p+2")(d+ g+ e+ z°)(1 — Ry).

In equation (3.19), A* = 0 corresponds to the disease free equilibrium and the polynomial P(\*) =0
correspond to the existence of endemic equilibrium which co-exist with disease free equilibrium

point when R < 1.

3.2.6 Bifurcation Analysis

To investigate the type of bifurcation the model (3.5) exhibits, we use the center manifold theory
of Castillo-Chavez and Song (2004). To apply the center manifold theory we make the change of
variables for the normalized helminth model (3.5). Let z; = s, 25 = e, x3 = 1, x4 = r and x5 = m.
Using the vector notation X = (xy, x5, T3, ¥4, x5)", then (3.5) can be written in the form Cfl_)t( = F(z)
with F = (f1, fo, f3, f1, f5)T. If we choose 3 = (* as the bifurcation parameter and solving for

Ro = 1 we have:
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( ﬁ*x
fi =b+yrs—(b+ >

— (d+ €)x3)xy,

1 + Ty
T
f2 = 15—1- ;5x1 = (b4 p = (d+e)z3)as,
fo =pro—(b+d+q+e—(d+e)as)zs, (3.20)

fi =(@+71)zs—(b+7— (d+ €)xs)za,

f5 = €X3 — UM Ts.

where,

5*_/LM(b+p)(d+b+q—|—€+T)
€p

Now, the matrix W at DFE & of the equations (3.20) is:

—b 0 —(d+¢) v -0
0 —(b+p) 0 0 I64
W=1o0 p —(b+d+q+e) 0 0 (3.21)
0 0 q —(b+v) O
0 0 € 0 — s

At the value Ry = 1, the Jacobian I has simple zero eigenvalue whose corresponding left and right

eigenvectors are expressed as :

— d *
v — (umq (b + ) (paa ( +€)+66>>w3,w2: B*ews g = wy > 0 s free.

b(b+7) pnr(b+ p)
qws W3 d
wy = ——,ws; = — and,
T v i 1Y)
pU3 . pBus
(%1 (7 , U2 bt p, (%] V3 1S ITeC, U5 'uM<b n p)
Using the result in Castillo-Chavez and Song (2004), we need to compute the co-efficients a and b
where,
5
0 fi
= = (&, 87).
"2 s, )
o (3.22)
b= ZU w%(g B
— k Zaxzaﬁ* 0 .

Now, evaluating the partial derivatives of the system (3.20) at (&, 5*) we obtain

a2f1 _ * anl _ 82.}02 _ % 82f2 .
8I18I5 - 8I38I1 =d+ © 81’181’5 - 6 ’ 8.7}36.732 =d+ ©
0*f 0*f4
8_1'% N 2(d+ 6)’ 0x38x4 =dte
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Furthermore,

S
8%’56&* N ’093586* N
Therefore,
a—= Ut B ag + 2(d + €)vsw3 (3.23)
buar(b+p)?(b+7) " o '
where
ap = (b+ p)[pvryg — (0 +7)(a(d + €) + €8%)] + b(b + ).
and
pep”
b = —— V2 Wa. 3.24
pa(b+p)2 7 (29

The coefficient b is positive. By Castillo-Chavez and Song (2004), the coefficient a decides the local
dynamics of &,. Therefore if ay < 0 then system (3.5) will exhibit forward bifurcation and if ag > 0

it undergoes backward bifurcation.

3.2.7 Sensitivity Analysis

Numerical sensitivity analysis was done by computing sensitivity indices of basic reproduction num-
ber Ry which measures the model robustness to parameter values (Chitnis et al., 2006). A variable’s
forward sensitivity index to a parameter is a ratio of the variable’s relative change to the parameter’s

relative change.

Definition 3.1

The normalized forward sensitivity index of a variable w that depends differentiable on a parameter
: ow ¢
Sisdefinedasr? = — X —.

s w

From equation (3.8), we compute the sensitivity indices of each parameter involved in R using the

. OR S e e .
equation rzzo = 0_0 X = For example, the sensitivity index of parameter value with respect to /3
S 0
L R o :
is given by 7’;}0 = 8_50 X Rﬁ = 1, and other indices are rfo, rRo, rfﬂol , TZQO, er“, rfo were obtained
0

and evaluated using parameter values in Table 6 as illustrated in Fig. 3.

To evaluate the most sensitive parameters for the model’s dynamics, a sensitivity analysis was con-
ducted to assess the model’s robustness to parameter values. Clearly 3, p and € have positive indices
with most sensitive parameter being 3 and the least positively sensitive parameter p. This implies that
the endemicity of the disease increases when the parameters 3, p and € are increased while keeping

other parameters constant. On the other hand the parameters 1/, b, d and ¢ have negative indices and
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Figure 3: Sensitivity analysis of R, with respect to each model parameter

when each of these are decreased while keeping the other parameters constant decreases the value of
R, implying that they decrease the endemicity of the disease. Thus based on these results we suggest
the following interventions to be made for the control of the helminth infection from the endemic
communities. The first intervention is the mass cleanliness to reduce the concentration of the para-
sites from contaminated environment. The other one is the use of anthelmintic drugs including MDA
for both healthy and infected individuals which will in turn reduce the shedding rate of the parasite

to the environment.

3.2.8 Extension of the Model to Optimal Control

In this section we extend the helminths model (3.2) by incorporating three time dependent control
measures. The best intervention strategies will be identified from combination of these control mea-
sures so as to minimize the infection from the community. The optimal control model for helminth

infection is formulated by considering the following controls:

(i) Health education control, u, (¢) that aims to sensitize the susceptible population. This is done
through provision of education materials for example through TV messages, radio, posters,
and leaflets, educational messages which can be delivered by health practitioners or teachers

in schools, education that improve hygiene awareness and behavior of people who defecate
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outside the latrines and purchase of shoes to both pre-school aged and school aged children

(Mascarini-Serra, 2011). Thus the force of infection is modified as A = %

where k1
is the effectiveness measure of health education control, where x; € (0, 1) such that if k1 = 0
then health education is not effective and x; = 1 corresponds to completely effective health

education, 0 < x; < 1 implies that health education is effective to some degree.

(ii) The use of mass drug administration (deworming) kous(t), which is administered regularly
without individual diagnosis is applied to the entire population (Brooker et al., 2006). Appli-
cation of this control moves the individuals in exposed class to the susceptible class and those

in the infected class to the recovered class.

(iii) Sanitation control (u3(¢)) which measures the efforts to prevent susceptible from contracting
the disease. This include drinking clean water, personal hygiene, avoiding eating row vegeta-
bles, cleaning of fruits and intensive cleanliness of the environment which helps to break the
helminth transmission cycle (Brooker et al., 2006). Thus the clearance of the parasite from the
environment will be accelerated by 1), + x3up, where k3 is the effectiveness of the control to

protect susceptible population from contracting helminth infection.

After incorporating the controls and using the same parameters and variables as in (3.2), we obtain

the modified model with controls for helminth infection given by:

% =bN +~vR — S — (1 — kyus)AS + Kouo E,

Cil_f = (1— mw)AS — (1 + p)E — kausE,

% = pE — (d+ p+€)I — (q + rauz)l, (3.25)
% = (q + Kwoug)I — (u+7)R,

dd—j\f = el — (par + K3uz) M.

with S(0) = Sy, E(0) = Ey, 1(0) = Iy, R(0) = Ry, M(0) = M. In this study, we assume that the
control functions u; (t), us(t), us(t) are Lebesque integrable functions with 0 < u; < 1fori =1,2,3
to mean that when the control is zero there is no any control implemented and when the control is
one there is maximum implementation of the control. The objective is to obtain the optimal levels of

the control and state variables that optimize the objective functional given by:

ty 1 3 )
J(Ul, Ug, U3) - / Alf + AQUQN + 5 Z w;U,; dt. (326)
0 i=1
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Here we want to minimize the number of infected individual from the population while keeping
the cost of controls low. In equation (3.26), A; is the relative weight of the infected individuals
that accounts for the social cost while Asus is the individual cost for MDA of the entire population
(pre-school and school aged children) because it is the most vulnerable population for helminth
infection. Furthermore, w; is the relative costs weight associated with background costs for each
control measure u; such as advisement costs, production of posters, ordering and transportation of
drugs, water treatment and ¢ is the final fixed time. In this work the cost is not linear as may result
to bang bang which means that the optimal control take values at only upper and lower control set
thus we choose to have quadratic cost on the control of the form %wzuf [see (Joshi et al., 2006)]. The
problem becomes of determining the optimal triplet (], w3, uj) such that:

J(uj,u5,u3) = min UJ(ul,UQ,u;;). (3.27)
U1,U2,U3€

where U = {(u1, ug,u3)| each u; is measurable with 0 < u; < 1for0 <t < ¢} is the admissible

set.

3.2.9 Existence of an Optimal Control

The solution of the helminth model (3.5) is proved to be bounded so we use this result to prove the
existence of the optimal control. However, existence of optimal control is shown using the approach
of Fleming and Richel; Mafuta ef al. (2013) and later applied by other scholars (Mpeshe et al., 2014;
Mwanga et al., 2015; Chuma et al., 2019). For detailed proof see (Mafuta et al., 2013) Theorem 4.1,
p 68-69.

3.2.10 The Hamiltonian and Optimality System

To obtain the Hamiltonian /, we apply the principles of Pontryagin’s Maximum Principle (Pon-
tryagin, 2018) to derive necessary conditions for the optimal pair. Therefore, the Hamiltonian is

expressed as:

3
1 d dE dl
H(S,E,I,R,M,t) = Al + AsusN + = § wiu? + Al—s + do—— 4+ Ag—+
2 & dt dt dt (3.28)

dR dM
M— + Ae—.
T T

with \;, 7 = 1,2, 3,4, 5 denote the adjoint variables to be determined by taking the negative derivative

the Hamiltnian function.

Theorem 3.4

Given the optimal set wuy, us, uz that minimizes J over U, there exist an adjoint variables
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)\1, )\2, )\3, )\4, )\5 such that:

d\ 1—kiuy)BM

Dy + EEI () (e b

d\

d_t2 = —AQUQ + (,U + p))\g + H2U2()\2 - )‘1) - b/\l - p)‘37

d\

d_tg = —A1 — AQUQ — b\ + (d +u+ 6))\3 + (q + KQUQ)()\?; - )\4) - 5)\57 (3.29)
dA

d_t4 = —Aoug — (b+7)A1 + (1 + 7))\,

dX 1— Sg - (1- SMp
T (R ) O o s

with transversality conditions, \;(t;) = 0,7 = 1,2, 3, 4, 5. The characterization of the control set (uj,

uj, u3) using the technique of control bounds gives:

ui(t) = max{0, min (1, P;)},
us(t) = max{0, min (1, ®,)},

u3(t) = max{0, min (1, ®3)}.

where,
lilﬁMS
D= 10 (O, — N,
' w¢K+Mﬂ2 2
P, — KZQE()\Q — )\1) -+ Iiz[()\g — )\4) _ AQ(S“F E+ I -+ R)
2 — W, W, )
CI)3 _ I{3M)\5'
w3

Proof. By using the Pontragian’s Maximum Principle (Pontryagin, 2018) the adjoint system is the
Euler-Lagrange equations obtained taking the negative of the partial derivative of the Hamiltonian in

3.28 with respect to the state variables. Thus the adjoint system can be written as:

d)\l . OH . (1 - Hlul)BM

%__ds = —Asus KM (>\1_>\2)+(M_b))‘1?

dA OH

d_tz = B = —Asus + (4 p) A2 + Koug(Aa — A1) — bA1 — pAs,

dA\ oOH

d_tg =T — Ay — Apuy — DAL+ (d + p 4 €) A3 + (q + Fauz) (A3 — Ay) — €Xs,
dA\ OH

d_t4 == —Agug — (b+ )AL + (1 +7) s,

% o0H ((1 — Hlul)Sﬁ _ (1 — /ﬁul)SMB

h K+M (K + M)?

at  dM )Or%ﬁ+wM+@wM5

Using the same principle we get the controls by solving the equation obtained by taking the partial
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derivative of the Hamiltonian with respect to each control.i.e:

OH — W _'_IilﬁMS)\ o IilﬁMS)\
duy, - K+MT K+M™Y
oH
—— = Wy + ke E(A1 — A2) + kol (Ag — Ay),
aUQ

H
a— = Ww3suz — /igM)\g,.
8U3

Now, setting = 0 atuj for 7 = 1,2, 3 we obtain the controls set:

)

« B /ﬁ)lﬂMS
uy(t) = m(/\2 A1),
« I'QQE()\Q—/\1>+/€2[<)\3—)\4) AQ(S+E+[+R)
U'Q(t) = Wy - ws )
M
) = .

The controls can then be written using standard control arguments with bounds on the controls as:

;

of) if0<® <1,
up =140 if d; <0,

1 if &, > 1.

\

(q>2 if0 < ® <1,
Uy =40 if d, <0,

1 if &y > 1.

\

Ds if0 < ®3 <1,
us =40 if &5 <0,

1 if &5 > 1.

In compact notation we write,
ui(t) = max{0, min(1, &)},

us(t) = max{0, min(1, ®s)},
u3(t) = max{0, min(1, ®3)}.

where,

29



IilﬁMS

D= 2 (0, =\,
1 wl(K+M)( 2 1)
P _K;QE()\Q_)\1>+K/2[<)\3_)\4)_AQ(S+E+[+R)
2 — W, W, )
CI)3:I€3MA5_

w3

The optimality system consists of the state system (3.25) coupled with adjoint system (3.29) together

with the characterization of the optimal control with the initial and transversality conditions. [

The state equations in 3.25 and the co-state(adjoint) equation in system (3.29) are bounded and satisfy
Lipchitz condition, thus uniqueness of the optimality systems follows using the approaches by Joshi

et al. (2006).

3.2.11 Cost-Effectiveness Analysis

Using the Incremental Cost Effective Ratio (ICER), cost effectiveness analyses were conducted to
measure the cost effectiveness of various combinations of control strategies. When comparing two
competing intervention methods, one is compared to the next less successful solution in this process

(Okosun et al., 2013; Seidu & Makinde, 2014; Mwanga et al., 2015). The ICER formula is given by

Difference in costs between strategies
ICER = g

Difference in the total number of infection averted (3.30)

We sum the difference between the total number of exposed and untreated individuals without and
with control to get the total number of infections averted. Also to obtain the total cost for each
strategy we used the cost function as shown in Table 2.

ICER(Strategy (3) = TSR~ 05 ICER(Stategy (v) = Lsbivi-rson

Table 2: Ranking of control strategies in ascending order of the number of infections averted
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Strategy Total infection averted Total costs $
No strategy 0 0
Strategy (i) 8.0089 x 10* 7.8901 x 10°
Strategy (iv) 8.0092 x 10* 9.9591 x 10°
Strategy (ii) 8.0098 x 10* 1.1149 x 10*
Strategy (iii) 8.0176 x 10* 3.3270 x 103
—259683.6,
ICER(Strategy (ii)) ~ =  Liloxlo-0.0501xl0; 225.15, ICER(Strategy (iii)) =



3.3270x10%-1.1149x10* __
8.0176x101—8.0098x 104 100.28.

Comparing strategy (i) and (iv), strategy (i) is more costly and less effective than strategy iv. Hence,

we omit strategy (i) and recompute ICER values as indicated in Table 3. From Table 3 we observe

Table 3: Computation of ICER after omitting strategy (i)

Strategy Total infection averted Total costs $ ICER
Strategy 4 8.0092 x 10* 9.9591 x 10? -259,683.6
Strategy 2 8.0098 x 10* 1.1149 x 104 225.15
Strategy 3 8.0176 x 10* 3.3270 x 103 -100.28

that strategy (ii) has higher cost compared to strategy (iv), Hence we omit strategy (ii) and recompute
ICER as indicated in Table 4

From table 4 we conclude that strategy (iii) (control with health education and sanitation) is more

Table 4: Computation of ICER after omitting strategy (ii)

Strategy Total infection averted Total costs $ ICER
Strategy 4 8.0092 x 10* 9.9591 x 10? 0.12
Strategy 3 8.0176 x 10* 3.3270 x 10? -100.28

cost effective than strategy (iv) (control with health education, MDA and sanitation) implying that it

is the cheapest of all the control strategies.

3.3 Inter-host Mathematical Model for Helminth and Mycobacterium Tuberculosis Co-

infection with the application Optimal of Control Strategies

3.3.1 Model Formulation
The Helminth-Mtb infection model was formulated under the following assumptions:

(1) The susceptible individuals cannot simultaneously get infected by both diseases but rather get

infected with one disease and later by the other disease.
(i1) The population is homogeneously mixed.

(iii) The incidence rate for helminth infection follows the logistic model while Mtb is assumed to

be frequency dependent.

(iv) An individual get helminth infection after a sufficient contact with polluted environment.
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(v) Due to the fact that Mtb infection is more severe than helminth infection, we assume that

co-infected individuals seek for TB treatment rather than helminth infection.
(vi) The Bacille Calmette-Guérin (BCG) vaccine does not confer a total immunity.

The model was formulated by considering two populations namely the human population and the
parasite population (M) that are present in contaminated environment. The human population is sub-
divided into nine classes namely: susceptible (.5), the vaccinated against Mtb (V7), those infected
with Mtb but does not show clinical symptoms of TB (Er), those with active TB (Ir), TB recovered
individuals (Ry), those infected by helminths (), those who have recovered from helminths (R )
and those who are dually infected by helminths and Mtb (I7). Thus the total human population is
givenby N = S+ Vr+ Epr+ Ir+ 1y + Iy + Rr+ Ry + Ryr. The susceptible population increases
by recruitment through birth at the rate (1 — )bV and by those who lose their temporary immunity
against the helminths and Mtb at rates v, and 7, respectively. The susceptible individuals get infected
with Mtb upon sufficient contact with an infectious individual with the force of infection Ay =
w where [ is the transmission rate and o > 1 is the modification parameter for co-infected
individuals that models infectivity for susceptible individuals. The susceptible individuals also get
infected by helminths after ingestion of eggs/larvae or skin penetration by infective larvae with the
_ BaM

force of infection Ay = {£5; where [ is the ingestion rate of parasitic worms and K’ is the density

of parasites in the soil. The helminth infected individuals increase due to susceptible individuals
being infected with helminths, Mtb vaccinated individuals infected with helminths and co-infected
individuals who recover from Mtb at rate 7». Furthermore, due to the fact that BCG vaccine does
not grant total protection (Nkamba et al., 2019), then individuals exposed to Mtb increase due to
Mtb vaccinated individuals losing their protection against Mtb and get infected at the rate pAp, with

0 € (0,1) such that 1 — p is the efficacy of the vaccine.

The chronic infection by helminths alter the chance of getting infection and the progression of co-
infecting parasites (virus or bacteria) (Fenton, 2013) as a result, individuals infested with helminths
are at higher risk of developing tuberculosis (DiNardo et al., 2016). Therefore, individuals co-
infected with helminth and Mtb is increased by helminth infected individuals being infected with
Mtb at the force of infection g\r , where g > 1 is the modification parameter that models increased
susceptibility to Mtb and Mtb exposed individuals getting infected by helminths at a force of infec-
tion Ay. In addition, the number of individuals with active TB increases as individuals progress from
the exposed class at rate k£ and the co-infected individuals who recover from helminth infection at

the rate 7, and are decreased due to natural recovery at the rate 7,. The parasite population in the
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Figure 4: Compartmental diagram for the helminth and mycobactrium tuberculosis co-

infection. The doted lines indicates the interaction of individuals with the polluted

environment.

environment increase as they are released by the helminth infected individuals at the rate €; and co-

infected individuals at the rate ¢, and are cleared from the environment at a rate y5;. The description

above is illustrated in Fig. 4 and the governing system of non-linear differential equations is as in

model (3.31). The model parameters are described in Table 5.

(ds
dt
Vi
dt
dEr
dt
Ly
dt
Ly
dt

dt
dRy

dt
th

dt
dM
\ dt

where,

=(1—=n)bN +vRyg +vRr — (n+ A+ Ag)S,

=nbN — (i + oAr + Am)Vr,

=ArS+ oMV + ArRy — (p+ k+ M) Er,

=kEr + milgr — (p+ dpr + 72 + Ag) I,

=AgS+AuVr + Ay Ry + 1olry — (gAr +p+dyg + 711+ €1)lp (3.31)

=g Iy + Ag(Er+ I7) — (u+ dpr + 71 + 2 + ) Igr,

= 7ol — (Mg + p + 72) Ry,
=7lg— (Ar+pu+7)Ry,

=ely + el — pu M.
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Br(Ir + olyr)
N

Ap =

and

_ BaM

M+ K’

We reduce the model parameters in-order to simplify qualitative analysis of the model (3.31) using
Vr

A

dimensionless version such that dimensionless variables are obtained by setting s = N T
e—%i—]—Ti —I—Hi —IH—TT—&T —@r —RHTandm——replace
T N 9 T N 2 H N 2 HT N 2 T N 2 H N 2 HT N K

the original variables S, Vi, Er, I7, Iy, Igr, Ry, Ry, Rgr, M respectively in which the rate of

change of the population at time ¢ is given by:

dN
% = (b — ;JJ)N + dTIT — (dH + 61)[]{ — (dHT + GQ)IHT. (332)

Upon differentiating dimensionless variables with respect to time and using equation (3.2), the system
(3.31) becomes:

Table 5: Description of the model parameters

Parameters Definition Estimated value Reference
b Natural birth rate Tsa50day 1 Slater et al. (2013)
BT Transmission rate for Mtb 0.42day 1 Das et al. (2019)
I Natural death rate ; day ™ 1 Mwanga et al. (2015)
(60 x 365)
Y1 Loss of temporary immunity for
helminth recovered individuals %day7 1 Assumed
BH Ingestion rate of parasitic worms 1 parasites day — 1 Assumed
o Vaccine wane rate 0.7 Dimensionaless Colditz et al. (1994)
1 Natural recovery rate for
helminth infected individuals % day ™ 1 Assumed
dp Helminths disease induced
death rate 35 day ™ 1 Slater et al. (2013)
1000
Y2 Loss of temporary immunity for
Mtb recovered individuals 0.3day ™~ 1 Yeketi et al. (2019)
T2 Natural recover rate for Mtb
infected individuals % day ™ 1 Dye et al. (1999)
dp Mtb disease induced death rate 0.08day — 1 Colditz et al. (1994)
dgr Helminths -Mtb disease induced
death rate 0.08day — 1 Assumed
k Progression to active TB 0'2(;‘;13 day ™ 1 Bhunu et al. (2008b)
1
137 Clearance rate of parasitic 37500 day 1 Slater et al. (2013)
worms
€1 Shading rate for helminth
infected
individuals 0.09day — 1 Assumed
K Number of parasites in the 10° parasites Assumed
environment
€2 Shading rate for co-infected 0.1day ™ 1 Assumed
individuals
g Modification parameter 1.12 Dimensionless Assumed
o Modification Parameter 1.5 Dimensionless Assumed
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ds ) )
— =0 =nb+mry +yrr — (b+ Xp + Xy — drip — (du + €1)ig

dt
— (dyr + €2)inr)s,

dv ) . .

= 0b— (b Ny + Ny — drir — (di + e1)in — (dur + e2)inr)or,

de . . .

d_tT = Ap(s+ovp +rg) — (b+ k+ Ny — dpir — (dg + €1)ig — (dur + €)igr)er,
di . . . . N
d_tT = ker + migr — (b4 dp + Xip + 70 — dpip — (dg + €1)ig — (dgr + €2)inr)ir,
i

% — /\E(S + v + TT> + TQiHT - (b + dH +71+ € —f—g/\} — dTiT — (dH + €1>iH—

(dpr + €2)inr)in,

digr - . . , ,

dt = gATZH + )\H(GT + ZT> — (b +T1+To+ €+ dHT - dTZT - (dH + 61)ZH—

(dur + €)igr)inr,

dr . . . . .

d_tT = nir — (b4 + Ay — dpir — (dy + €1)ig — (dur + €)igr)rr,

dr . % . . .

ar Tiig — (b+ v + ANy — dpir — (dy + €1)ig — (dgr + €)igr)rH,

dm ) )

o €10y + €20HT — My,

(3.33)
subject to condition
S+UT+€T+iT+iH+iHT+TT+TH:]_. (334)

3.3.2 Helminth only Model

Before analyzing the full model (3.33), we first gain insight of the the helminth only model and Mtb
only model.The helminth only model was obtained from equation (3.33) by setting vy = ey = iy =

tgr = rr = 1 = 0. Then we obtain:

)
d

d_i =b+yry — (b+ A7 — (du + e1)in)s,
dig

— :)\FS—(b—FdH—FTl—FEl—(dH+61)iH)iH,
} dt (3.35)

dr . )
d_f =1ig — (b+m — (duy + €1)ig)ru,
dm )
—  =elig — m
w7 10g — UM,
where, A} = fj_m .
m
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3.3.3 Positivity and Boundness of the Solution

The Helminth only model (3.35) is mathematically and epidemiologicaly well-posed in the region
given by:
Qu = {(s,ig,ruy,m) ERLUR; :s+ig+ry <1,0<m < 1}, (3.36)

Theorem 3.5
Supposing that the initial conditions are in ()y, then the system of equations for the Helminth model
(3.35) has unique solution in Qg fort > 0.

3.3.4 Disease-Free Equilibrium (DFE) and Basic Reproduction Number

The disease-free equilibrium point of the helminth model (3.35) is obtained by letting the RHS of

equation (3.35) to zero and evaluating at iy = ry = m = 0. Then, have £% = (1,0,0,0).

To obtain the basic reproduction number, we apply the next generation approach. From the equations:

di
d—f = )\*H*S — (b + dH + 71+ € — (dH + El)iH)iH7
dr _ .
d_f =miig — (b+v — (dg + €1)in)ru,
dm
a €1ty — ppmm
s (b+dy+m+e —(dy+e)in)ig
We have p = 0 and g = (b4 — (dyg + €1)ig)rg — Tiig , Then,
0 parm — €1ig
(b + ) 0 0
0 0 Bu prv(b+7)(b+dy + € + 1)
71
P = , O = 0 ,
00 0@ par(b+m)(b+dy +e+71) b+m
00 0 (b+m) 0 L
prm(b+7)(0+dy + e+ 1) 15y,
Buer 0 B
[LM(b—FdH—FEl—i-Tl) ]
P = 0 0 0 (3.37)
0 0 0
Therefore, we can easily note that the matrix in equation (3.37) has Bucs as its
IUM(b + CZH + €1 + 7’1)
spectral radius. Thus the basic reproduction number is
Ry — Brer (3.38)

 un (b dg e 1)
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3.3.5 Local Stability of the Disease-Free Equilibrium

Theorem 3.6

The disease free equilibrium point is locally asymptotically stable if Ry < 1 and unstable if Ry > 1.

Proof. We fist obtained the jacobean matrix at £

—b dy T —Bu
JQ . 0 _<b+dH+T1+€1) 0 BH
=
0 T1 —(b‘i"}/l) 0
0 €1 0 — KM

The characteristic polynomial of J¥ is given by:
P(z)=(b+z)(b—m —2)(@*+ (b+dy+ e+ 71+ pa)r — Buer + pa(b+du + 61 +71)) (3.39)

From equation (3.39), the eigenvalues of J% are z; = —b < 0, x5 = —(b+ ) < 0, and

1

2
+(b+dg+ea+7+ +
(27 +( nt et ) pr(b+dy + €+ 1)

(1—Ry)=0. (3.40)

Applying Routh-Hurwiz criteria on equation (3.40), it has strictly negative roots if Ry < 1. There-
fore the disease free equilibrium for the helminth only model is locally asymptotically stable if

Ry < 1 and unstable otherwise. O

3.3.6 Existance of Endemic Equilibrium

The helminth only model has endemic equilibrium which exist whenever Ry > 1. Let
k* = b — (dg + €1)i}; then solving equation (3.35) for the state variables, the endemic equilibrium

in-terms of the force of infection is given by:

o (m+k)(dg+k*+71+€)b
Om)* (1 (du +ea) +k* (i +du + 71+ )+ (B)7) + k(71 + k) by
(Am)* (1 +Kk*)b

iy = ,

T 0w (n (du + €) + K (n +dy + 11+ e) + (k%)) + k(11 + k) G4l
R T1 (/\H) *b

T Q)+ (B () A+ k%) ke
m — et (Aw) " (n+ k)b

pinr (Amr) * (71 (dug +e) +k*(n+dg+711+e) + (k‘*)z) + k* (v + k*) ki)
By using the force of infection \}; = me — and the equation (3.41),we have :
m
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where,

ki = (dH+k*+7'1+51)7
Ay =y(e1(b+ ppr) + por(dg + k) + k™ (e1(b+ par) + ppr(dg + 11 + k7)) (3.43)

By = pupk™ (1 + K" )(dy +e1 + 11 + k) (1 —Rp).

From equation (3.42), \j; = 0 corresponds to the disease free equilibrium and the polynomial

P(X\3) = 0 corresponds to the endemic equilibrium point. Here we clearly observe that A; > 0 and

B; > 0 whenever Ry < 1sothat A} = _AEj L < (. Thus the helminth only model has endemic equi-

librium when Ry < 1 which suggests the impossibility of backward bifurcation whenever Ry < 1.

3.3.7 Mycobacterium Tuberculosis Only Model

The Mtb only model was obtained from equation (3.33) by setting ¢y = iyr = rg = m = 0. Then

we obtain:

(ds _
7 (L =m)b+yarr — (b+ NF — drir)s,
dv .
d_tT = nb — (b + Q)\;* — dT’LT)UT,
deT s . 44
E = )‘T (S + QUT) — (b + k — deT)eT, (3 )
di
% = keT — (b + dT -+ To — dTiT)iT,
dr , .
\d_tT :TQ’LT—(b—F’}/Q—dTZT)?"T.

where, N7 = Brir.
3.3.8 Positiviy and Boundness of the Solution

The Mtb only model (3.44) is epidemiologicaly and mathematically well posed in the region given
by:

QT = {(S,UT, BT,iT,TT> c [Ri_ e Ur + er + ’L.T + rT S 1} (345)

Theorem 3.7
Assuming that the initial conditions of the Mtb only model are in ()7, then the system of equations

for the model (3.44) has unique solution for all t > 0.
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3.3.9 Disease-Free Equilibrium (DFE) and Effective Reproduction Number

The disease free equilibrium of the Mtb only model is given by £9 = (1 — n),7,0,0,0. We use the
principles of next generation matrix to obtain the effective reproduction number.

By considering the equations:

d
% = X5 (s + ovr) — (b + k — dpir)er,
UL — ker— (b+dr + 7 — drir)ir, (3.46)
dr . )
d—T = Toir — (b4 2 — drip)ry.
t
We have:
/\}*(S + QUTO) (b + k — de'T)eT
br = 0 and qr = (b + dT + Ty — dTiT)iT — keT 5 Then,
0 (b4 vo — drir)rr — Tair
0 Br(so+ovr) 0O
Pr=10 0 0|,and
0 0 0
1 0 0
T |
@r (b+E)(b+dp + 1) b+dr+m
]{7'2 T2 1
(b+E)b+7)b+dr+7) (b+7)0+dr+7) b+
Therefore

Brk(so + ovr,) Br(so + ovr)
b+k)b+dr+m) (b+dr+m

0 0 0

Brk(so + ovr,)

Hence, the spectral radius of the next generation matrix (3.47) is . Thus, the
P 8 GBS G0+ dr+ )
effective reproduction of the Mtb only is given by
k(1 -1

(b+E)b+dp + 1)

3.3.10 Local Stability of the Disease-free Equilibrium

Theorem 3.8

The disease-free equilibrium point is locally asymptotically stable if Rt < 1 and unstable if Rr > 1.
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Proof. We obtain the jacobean matrix at £%

—b 0 0 (dr — Br)so V2

0 —b 0 (dr — 0Br) 0
Jp=10 0 —(b+k) PBr(so+ ovr) 0 : (3.49)

0 0 k —(b + dT + T 2) 0

0 0 0 T2 —(b+ )
It can be clearly observed that the first three eigenvalues of the jacobean matrix J3 are A\; , = —b < 0
and A3 = —(b + 72). The remaining two eigenvalues can be obtained from the characteristic polyno-
-~ —(b+k 50 + ov
mial of the block matrix Jr = ( ) Brisot cvr) . We can quickly make conclusion on
k —(b+dr + 1)

—~

the stability by obtaining the trace of matrix J7.
Trace(tr) of Jr = —(2b+ k + dr + 1) < 0. Here we only need the condition that Det(j;) > ( for
the system (3.44) to be stable.

Det(j;) = (b+ k)(b+ dr + m)[1 — Rr] which is strictly positive whenever Ry < 1.
Therefore the disease free equilibrium point of the Mtb only model is locally asymptotically stable if

R+ < 1 and unstable if R > 1. O

3.3.11 Existence and Uniqueness of the Endemic Equilibrium

The endemic equilibrium point of the system (3.44) is given by (s*, v}, €, i, %) and exists if the
sub-populations is positive for future time. Let h* = b — dri7,, then state variable can be obtained by

equating the RHS of Eq. (3.44) equal to zero and solving to have:

o = 0(A = m)dr (3o + h*) (0" + k) (A" + 0AF) + (L = m)h” (32 + h*) (" + k) (h" + 75) + )

(h* + A7) (dr (2 + 1) (h* + k) (h* + AT7) + h*ha)

. by
Up = m,
e — b(ya + )N (dr +h" +72) (h* (0 — 1) + h* + oAY)
(h* + 0A5) (dr (2 + h*) (B* + k) (R* + AF) + h*hy)
- bk (2 + h*) A" (nh™(0 — 1) + W™ + 0AT)
T (4 o) (dp (2 + B*) (B* + E) (h* 4 M55) + h*hy)’
- bk NF (nh*(0 — 1) + h* + o\5)

(h* 4+ oN3¥) (dr (y2 + h*) (h* + k) (h* + A3¥) + h*hy)’
(3.50)

Solving equation (3.50) into the equilibrium value for the force of infection \}" we get:
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N g\ = N (A + B\ + Cp) = 0. (3.51)

such that \¥* = 0 corresponds to the DFE and g(\7¥) = 0 corresponds to the existence of endemic
equilibrium.
Where,
hi = oA (2 (2 (L =)™ + k) + (1 = m)h* (B* + k) + (1 = n)h* (" + k) (" + 72)) ,
ho = ((v2 +07) (B" + k) (0" + 72) + A (72 (7 + b + 1) + (B + k) (A7 + 72)))

Cy = h* (o + B (k 4+ h*)(dr + 72 + b)) (1 — Ry),

By = h*((1 4 0)(k + h*)(dp(y2 + h*) 4+ h* (1o + b)) + 72((1 + 0)(k + h*)h*,

+ (ke + (1+ 0)h"))) = bkefr(va + h7),

Ay = o(dr(k +h7)(v2 + %) + h*((k + 27) (12 + h7) + 72(k + 72 + 17))).

(3.52)

From the quadratic equation (3.51), we see that there is a unique endemic equilibrium if A; >
0,By < 0,05 =00r Ay > 0, By < 0, B — 4A5,Cy = 0. Two equilibria occurs if Ay > 0, By > 0,
02 > (0 and B% — 414101 > 0.

Now from equation (3.51), the coefficient A, is always positive and C} is positive or negative if Ry

is less than or greater than one. We therefore state the following result.
Lemma 3.1. The system (3.44) has

* Precisely one unique endemic equilibrium if A > 0,By; < 0,C5 = 0or Ay > 0,B, < 0,
B2 — 4A,Cy = 0.

e Precisely two endemic equlibria if Ay > 0, By > 0, Cy > 0 and B3 — 4A,Cy > 0.
* None otherwise.

To find the critical point where bifurcation occurs, we let the discriminant B% — 4A,C5 = 0 and
express R in terms of other parameters to obtain:

B3

RC - 1 - 2 °
T 44, h* (k + h*)(y2 + h*)(dr + 72 + h*)

(3.53)

Therefore from (3.53) it is observed that backward bifurcation occurs in the range R7 < Rp < 1

[see Fig. 5].
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Figure 5: Backward bifurcation of the Mtb model

3.3.12 Existence of Backward Bifurcation

The backward bifurcation phenomenon can be proved by applying the center Manifold theory on
the system (3.44). By adopting the center Manifold theorem of Castillo-Chavez and Song (2004),
we perform bifurcation analysis by considering the transmission coefficient S as the bifurcation

parameter if and only if Ry = 1.

b+ k)b+d

Let gy = gy = L RO+ dr + )
k(1+ (e —1)n)

er = x3, it = T4, ' = T5. In addition, using the vector notation X = (1, T2, T3, T4, z5)” then the

. We make the following change of variable s = x1, vy = w9,

d
Mtb-only model can be written in the form d—f = F(x) as shown in the system (3.54).

0 = (1= b+ s — b+ B — draaan,

% = fo=nb— (b+ 0fjxy — dras)xs,

% = f3 = Brra(x1 + 012) — (b+ k — dray)xs, (3-54)
% = f1=krz — (b+dp + 7o — dpxy)xy,

% = f5 = mxs — (b+ 72 — dpxy)s.

We then obtain the Jacobean of the system (3.54) at £2 given by:
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—b 0 0 (dT - 5T)So V2
0 —b 0 (dr — ofr) 0
JEN =10 0 —(b+k) Br(so+ovn) 0 . (3.55)
0 0 k —(b+dr + 1) 0
0 0 0 T —(b+ )

To apply the Center Manifold theorem, we need to calculate a and b. We begin by calculat-
ing the right and left eigenvalues of the system (3.55) denoted by w(wy,ws, ws, ws, ws)?, and
\ (Ula V2, U3, V4, v5)T' We get

((b+ 72)(dr — Br)so + V2T2)wy

wy, =

b(b+ 72) 7
Wy = (dT - Qi%)UTOM’
ws = Br(s0 + QUTO)UM, (3.56)
b+ k
wy = wy > 01is free,
ToWy
Wy = .
> b+ v
and
0 koy > 01s free
V] =V =05 =0,03 = ——, 04 =0 i .
1 2 5 5 = 1k 4 4

Using the aforementioned theorem the coefficients a and b are given by the expressions in equation

(3.57).
5
D fi \
a= kzl O (&2, 67)
T (3.57)
ank 0 *
b= Z UKW (&2.57) -

k,i=1

From the system (3.55), we obtain the non-vanishing partial derivatives at £2, 33 given by:
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9 fi
014,01,
0 fy
014019
Pfs

0,013
2
0*fs
0x201,
Pfa
ox3
0 fs
0x40x5

Furthermore,
0*fi
03504
0 fy
035074
0 fs
035024

S—— (3.59)

= So + OVT0-

After tedious computations, it can be verified that:

5T (dT (Q(Qb —+ k’)UT + 3o (Qb + ’}’2)) — Q(b + k’)UTgﬁT — So (b + ")/2) 67‘ + ’}/27'2) kmwi
b(b+ k)2

a =

+ dTv4wi.
(3.60)

and

(Sg + QUTQ)kw4U4
b+ k

The coefficient b is always positive. Hence by Castillo-Chavez and Song (2004), the coefficient a

b=

(3.61)

dictactes the local dynamics of £%. Thus the system (3.44) will undergo backward bifurcation if

a > 0.
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3.3.13 Analysis of the Full Model

We consider the complete Mtb-helminth co-infection model (3.33) after analyzing the dynamics of

the two sub-models.

3.3.14 Disease-Free Equilibrium (DFE)

The DFE point of the system (3.33) is obtained by setting the right hand sides of the equations equal
tozerowither = 0,i7 = 0,15 =0,igr =0, r7 =0, rg = 0, rgr = 0, and m = 0 to obtain the

DFE & = (1 —1,7,0,0,0,0,0,0,0).
3.3.15 Effective Reproduction Number

The principles of next-generation matrix by Van den Driessche and Watmough (2002) is used to
obtain the effective reproduction number. It follows that the effective reproduction number of the

Mtb-Helminth co-infection model (3.33), denoted by Ryt is given by Ryr = max{Ry, Rr},

where,
5H€1
Ry = 3.62
T b+ dg + e +7) (3.62)
and
k(1 -1
R, — Pk +n(e—1)) (3.63)

(b4 k)(b+ dr + 2)

corresponding to the reproduction numbers for helminth infection and Mtb transmission models ob-

tained from sub-sections 3.3.4 and 3.3.9 respectively.

3.3.16 Local Stability of the Disease-Free Equilibrium

Theorem 3.9
The disease free equilibrium point is locally asymptotically stable if Ryr < 1 and unstable if Ryr >
1.

Proof. We first obtain the Jacobian matrix at the disease free equilibrium & in order to prove this

theorem. The Jacobian Matrix is given by:
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-b 0 0 lo -l —ls Yo v —Buso
0 —b 0 (0Br —dr)vro  —l3 —ly 0 0 —Buvro
0 0 —(b+k) PBr(so+ovre) 0 PBro(so+ ovre) 0 0 0
0 O k —l5 0 T 0 0 0
Jeo, =10 0 0 0 —lg Ty 0 0 B
0 0 0 0 0 —l7 0 0 0
0 0 0 Ty 0 0 —lg 0 0
0 0 0 0 T1 0 0 =l 0
0 0 0 0 € €2 0 0 —n
(3.64)
where,
lo = (dr — Br)so,
[y = (dyg + €1)5s0,
= (ofr — (dur + €2))so,
= (du + €1)vr0,
= (00Br — (dur + €2))vr0,
(3.65)
ls = (b+dr + 1),
le =(b+dy+m),
lz=(0b+7 +7+e+dur),
ls = (b+2),
lo=(b+ ).
Now the characteristic polynomial of the Jacobian matrix Jg, is given by:
PA)=(b+X? b+ +AN) b+ +N) (b+dur + 71+ 72+ A+ €)
(N2 + (2b+ k +dr + )X + (0 + ) (b + dr + ™)1 — Ry)) (3.66)

(W + 0+ dy + e+ pag +7)A+ s (0 + dig + €1 + 1) [1 — Ra]) -
Clearly, from equation (3.66) the eigenvalues of Jg, are as follows: A; 3 = —b < 0, \o = —(b+71) <
0, \3=—(0b+7) <0, \s=—(b+dyr+11+7m+e)<0,

and

(M4 @2b+k+dr+7)A+ (b+ k) (b+ dr + 72)[1 — Rr)) (3.67)

(N +(b+dy+ e+ py+7)A+ pu(b+dy + e+ 7)1 — Ry]) = 0.
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Applying Routh- Hurwitz conditions May (2019) on equation (3.5), it has strictly negative real roots
if R < 1and Ry < 1. Thus the DFE point & is locally asymptotically stable whenever Ry < 1

and unstable if either Ry > 1 or Ry > 1. OJ

3.3.17 Global Stability of Disease-Free Equilibrium

We investigate the global asymptotic stability of the disease free equilibrium of model (3.33) by using
the theory applied by Castillo-Chavez et al. (2002). The system (3.33) is written as:

dX
= F(X)Y),
d‘t{ (3.68)
= G(X,Y),G(X,0) =0,
where, X = (s,vr,rpr,rg) € IRi represents the number of uninfected individuals and Y =

(er,ir,img,igr,m) € IRE’r represents the number of infected individuals including the latent and
infectious individuals.

The DFE is given by & = (X{,0), where X = (1 — 7, 7). The conditions in equation (3.69) must
be satisfied to guarantee local asymptotic:

dX
— = F(X",0), X* is globally asmptotically stable(g.a.s) and

dt (3.69)

G(X,Y) = BY — G(X,Y), where G(X,Y) > 0for (X,Y) € 3,
and, B = DY@ (X*,0) is M — matrix (That is, the off diagonal elements of matrix B are non nega-
tive), and X is the region where the model makes biological sense. If the equations in 3.33 satisfy the

conditions in 3.69 then the following theorem holds:

Theorem 3.10
The fixed point &, is globally asymptotically stable equilibrium of the system (3.33) given that
Rur < 1 and that the conditions in 3.69 are fulfilled.

Proof. The system (3.33) as written in equation (3.69) can be re-written in a reduced form:
(1 —=n)b—bs

= nb — bup . (3.70)
0

dX
dt 1y=0

Solving equation one in (3.70) gives s(t) = (1 — ) + (so — (1 —n))e*" implying that s(¢t) — 1 — 7

as t — oo. Similarly solving equation two in (3.15) gives vr(t) = n + (vro — n)e " implying that
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vp(t) — nas t — 0. Therefore the fist condition in 3.69 is satisfied.

Let
. . 5+ ovur . . . . .
G1(X,Y) X1Ar (1 oy ) — Apra + Ayer — drirer — Xalper — Xsigrer
é2 (X; Y) /\*H@T — dTZ% — XQZ.HZ.T — X3iHTiT
A _ s+uvr—+r ) .. ) ..
Gs(X,Y) | = Buam (1 - #) + gNpig — dripig — X2iH — X3iuTin
A4( Y) —g\eig — Ny (er +ir) — dpivigr — X2igiar — X3iyr
G5(X, Y)
0
(3.71)
and
—(b+k) Br(so+ ovro) 0 Bro(so+ ovro) 0
k —(b+dr + 1) 0 ) 0
B = 0 0 —(b+dH+7'1+61) To BH
0 0 0 -T 0
0 0 €1 €2 — UM

where x; = (1+n(0—1)), x2 = dy+e€1, x3 = dgr+eg and ' = b+71+ 75+ €2+ d . From equation
(3.71) we observe that @4(X ,Y') < 0 implying that the second condition in 3.69 is not fulfilled, so

&y may not be globally asymptotic stable. This suggests existence of multiple equlibria. [

3.3.18 The Effect of Helminth Infection on Mtb and Vice-versa

We analyze the effective reproduction number for helminth-Mtb co-infection model to determine
the impact of helminth infection on Mtb by using approach by other scholars (Okosun & Robert,
2017; Tilahun et al., 2018; Mushayabasa & Bhunu, 2011). This is done to determine how the rate
of increase of infection by one disease affect the spread of the other disease in the community. The
net effect of the co-infection and the interactions can have either positive or negative effect on each
other. To analyze the effect of helminth infection on Mtb infection and vice-versa, we first express

Ry in terms of Rp. Then solve for b from the expression of Ry in equation (3.62) to get:

=01 Rr +/0,RE + 0sRy

b
Rr

(3.72)

where 91 =k + dT + Ta, 92 = (k + dT + T2)2 — 4k(dT + 7'2), (93 = 4ﬁTk(1 + 77(@ — 1))
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Then substituting b into the expression for R we get

5H€1

Ry = ; N (3.73)
—01 Ry + Ri 4+ 0sR
MM( iy 2417 3 T+dH+€1+71>
2Rr
Differentiating equation (3.73) partially with respect to Ry gives

ORnu 030u€1Rr
_ . 3.74
R (3.74)

- 2
T i/ Re(O:Ry + 03) (2RT(dH te+7) — 0 Rr + /Re(0sRr + 03))

Now, whenever the right hand side of Eq. (3.74) is strictly positive, an increase in Mtb incidence in

the society results in an increase in the incidence of helminth infection in the society.

If RHS of equation (3.74) is equal to zero, means that Mtb incidences have no influence on the spread
of helminth infection.

Also, expressing b in terms of R iy from the expression of R 7 in equation (3.63) we get:

h— M) (3.75)
v R
where 0g = iy (dg + 7). Then expressing R in terms of Ry we have
k(1 — 1)), R?
(Brer + (park — 06) R )(Brer + (par(dp + 72) — 06)Rir)
Differentiating ‘R with respect to R we get
ORr B kGlRH,U/%WBHﬂT(l + U(Q - 1))[RH(MM(dT +k+ 7'2) - 2‘96) + QBHQ] (3.77)

ORy (Ru(kpar — 06) + Brer)*(Ru(pa(dr + 72) — 0) + Brer)?

OR
Whenever py(dr + k + 75) > 26, then r
OR K

infection incidence results in an increase in Mtb infection incidence in the society. Thus helminth

is strictly positive. This indicates that helminth

infection enhances Mtb infection in the society.

3.3.19 Existance of Backward Bifurcation

To evaluate the endemic equilibrium’s local asymptotic stability, we use the Centre Manifold
Theorem, which was developed by Castillo-Chavez and Song (2004). To use the theory we
make the subsequent change of variables: Let x1 = s, 9 = vp, 3 = ep, x4 = ip, Ty = iy,

X¢ = igT, X7 = ', T = 'y, T9g = m. Then the model system (3.3) are often written within the form:

X

—r = F®) = (i(x), f2(x), f3(x), fa(x), f5(x). fo(x), fr(x), fs(x), fo(x)) (3.78)
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where,

% = f1(x) = (1 = n)b+ yas + yex7 — (b+ Br(vs + ox6) — dpay — (dy + €1)xs
— (dur + €2)w6)71,
% = fo(X) = nb — (b + 0Br(x4 + ow6) + fi’?g — dray — (dg + €)xs — (dyr + €2)16) T2,
% = f3(x) = Br(zs + owg)(r1 + 0x2 +258) — (D + Kk + fig:; — dpag — (dgg + €1) 75—
(dur + €2)x6)Ts,
% = fu(X) = kxs + mizg — (b+dr + 72 + 16-7-9:9 —dpwy — (dg + €1)xs — (dpr + €2)6) 24,
% = f5(x) = fi?g (21 + 22 + 27) + Tox6 — (b+ dy + 11 + €1 + gBr(xs + 06) — dpaa—
(du + €1)xs — (dur + €2)T6)Ts5,
% = fo(x) = gBr(r4 + ow6) w5 + fixjg (x5 +x4) — (b+ 71 + 7o + € + dyp — dray—
(du + €1)w5 — (dur + €2)6)Ts,
% = f72(x) =nxs— (b+ 7 + fi?g —drxy — (dy + €1)xs — (dgr + €2)76) 77,
% = fs(x) = 115 — (b + 71 + Br(vs + 06) — drry — (dy + €1)25 — (dur + €2)76) T3,
dcxitlo = fo(X) = €125 + €226 — pasT10-
(3.79)
So the Jacobian matrix of the system (3.79) at the disease-free (&, ) is given by:
—b 0 0 Jo —h —J Y2 mn —Buso
0 -=b 0 (oBr — dr)vre —J3 —Jy 0 0 —Buvro
0 0 —(b+k) Bj(so+ovre) 0 Bpo(so+ovre) 0 0 0
0 0 k —J5 0 T 0 0 0
Jeo, =10 0 0 0 —Js To 0 0 Bu
0 0 0 0 0 —J7 0 0 0
0 0 0 To 0 0 —Js 0 0
0 0 0 0 Ti 0 0 —Jy 0
0 0 0 0 € & 0 0  —uy
(3.80)
where,
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(3.81)

Recall that Ryr = max{Ry, Rr}. If we consider Ryr = 1 (thatis Ry < Ry = 1), and let

Br = 7 be a bifurcation parameter. Then, with Ry = 1 gives

(b4 k)(b+dr + 12)
k(1+mn(e—1))

The Jacobian .Jg, has simple zero eigenvalue whose related right eigenvectors are denoted by w =

pr = Br = (3.82)

T
[wla W2, W3, Wy, W5, We, W7, W3, U)g] .

where,

wy = Js(dr — BT)s0 + 72T e t v — Jido — Brersody ws,
bJg binr Jo
_ (ebr — dT)UTow ~ (um(de + 1) + Buer)
2 2 4 "y

Ws,

W — B7(s0 + ovro)ws
’ b+ k ’

wy = wy > 01s free ,

ws = wy > 0 1s free , (3.83)
We = 07
w ToWy
7T = )
Jg
w T1Ws
8 — )
Jo
€1Ws5
W9 =
12274
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The left eigenvectors of Jg, associated with the simple eigenvalues are denoted by v =

T
[Ula U2, U3, V4, Vs, Vg, U7, Ug, ’Ug] s Where’

v = vy = v7 =wvg =0,
. kU4
I

vy = vg > 01is free |

U3

) (3.84)
vy = v > 01is free

O — kﬁ;0(80+QUTO)+Tl(b+k) Va - TQI[,LM"—EQ/BH v
’ Jr(b+ k) ! Jrkn >

BH Us
Vg = .
2593

The coefficients a and b that decides the local dynamics of endemic equilibrium point are defined in

equation (3.85) and (3.86):

- *f )
a = Z Ukwiijal;j(go, 5T) (385)
k,j,i=1
- 0* fi )
b= ];1 ’Uk’wim(go, BT) (386)

From the system (3.79), the non-zero partial derivatives of F related to a at DFE are given by:
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= dr — fr,

=dy + €,

=dy + €2 — ofr,
= dr — 0B,
=dg + €,

=dyr + € — 007,

= dyr + €2,
= _/BH7
= 6T7

- dH + €1,
= dyr + €2,

= _/BH7
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0*f

01405 = dr = 9fr,
?;—;5 =dy + €1,
ol — dr 2 908,
2
ajggicl = On;
2
6?:9522 = P
2
aigél = O,
2
aigiﬁ = dr,
azg; = du + e+ gobr,
8;_;5 =dur + €2,
2
8%2?;5 = 987,
aigg; = On;
2
8295(;4 = P
2
829£;7 =,
2
ai4£;7 = dr,
2
af:sg; = du e,
ai2£;7 = dar+ &,
2
a%gis = dr = fr,
aigig = du+e,
aj:gig — dyr + €2 — 055

Therefore equation (3.85) becomes:

2
@0ty d1W04Ws o (un(dy +€1) — Brer)

- d
’ <b<b+ B)Ts b Jsdo(b + k;)) vat ( Ty + - waws ) it

<a2w4w5 agwg ) a4 WyWs
— < Vg.
blsidy  bloyid, ) (b k)

(3.88)
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where,
ag = bdrPyJs(so + ovro) + JsoBrvro(b + k) (0B — dr) + (Js(dr — Br)so + 1272)0 1
a1 = Br(so + ovro)bJsJo (s (du + €1) — Buer) + Brpa (b + k) (o Jo(umnim — JiJs—
Brevsody) — briJs) — 0BrJsJob(b + k) (ar(dr + €1) + Brer)
ay = (dr — gB7)bJspyy + (Js(dr — B7)s0 + Yare)erBupins + bparer Sums
ag = blopia, (du + 1) + Buer(pamnm — J1Jo — Brersody)

as = (umBr(b + k) + Br(so + ovro)e1fu + Buei(b + k)).

(3.89)
To determine the sign of b, we find the subsequent non-vanishing partial derivatives of F.
cho
dxsdpy
*fi
= —05p,
0xe0Px
a(; ; T (3.90)
m = So + QVr0,
T
92
8%65‘;* = 0'(80 + QUT()).
T
Therefore,
oy 2
_ BT (SO + QUTO) (3.91)

(b T kj)Q W4Vy.
Now, according to Castillo-Chavez and Song (2004), the signs of a and b dictates the local dynamics

thus we have the following lemma.
Lemma 3.2. Suppose that b > 0. Then we have

(i) The system (3.33) undergoes backward bifurcation if the coefficient a is positive.

(ii) The system (3.33) will exhibit transcritical bifurcation if the coefficient a is negative.

3.3.20 Sensitivity Analysis

To evaluate the impact of each parameter on the effective reproduction number, we conduct a sensi-
tivity analysis of the effective reproduction number subject to each parameter. Therefore we compute
the forward sensitivity index of the effective reproduction number R ;1 with respect to the parame-
ters using the approach by Chitnis et al. (2006). Since Ry = max{Ry, Rr}, then the sensitivity
indices for Ry and Ry are computed. The normalized forward sensitivity index of a variable P with

: r oP . e .
respect to parameter r is defined as ¢ = . For instance, the sensitivity index of R with re-

~ Por
OR
spect to [t is given by QRTT = % 5 5T = 1, and other indices are evaluated using parameter values
T OPT

in Table 5. The remaining indices are given in Table 6 and Table 7.
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Table 6: Sensitivity indices for reproduction number of Mtb infection R -

Parameter Description Sensitivity indices
Br Transmission rate for Mtb +1.0000
k Progression to active TB +0.9935
n Rate of vaccination -0.5385
0 Vaccine wane rate +0.5385
dr Mtb disease induced death rate -0.9691
Ty Natural recover rate for Mtb infected individuals -0.0303

Table 7: Sensitivity indices for reproduction number of Helminth infection, R 5

Parameter Description Sensitivity indices
Bu Ingestion rate of parasitic worms +1
€1 Shading rate for helminth infected individuals +0.4402
I, Clearance rate of parasitic worms -1.0000
dy Helminths disease induced death rate -0.2177
T Natural recovery rate for helminth infected individuals -0.2221

From Table 6 and Table 7, the most positive parameter indices are 7, k and Sy while the most
negative parameter indices are b, d, and py,. This imply that when parameters (57, k£ and Sy is
increased, while the remaining are kept constant, increases the endemicity of the disease, while when
the parameter pj, is increased, the endemicity of disease is decreased. Increasing the natural birth
rate and Mtb mortality rate does not make biological sense that the disease would be contained. Thus
we suggest the application of optimal control to sensitive parameters such as 557, Sr, and j; to study

how effectively we can contain the Helminth-Mtb infection.

3.3.21 The Optimal Control Problem

In this section, the extension of the model (3.31) is formed by including four time-dependent controls
so as to decide the optimal strategy for controlling the two diseases. The controls are defined as

follows:

(i) Education campaign u;(t) that sensitize the parents to vaccinate more infants. Therefore the
recruitment for the Mtb vaccinated individuals changes to 7N (1 + u;(t)) meaning that when

this control is 100% implemented then the number of vaccinated babies doubles.
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(ii) Treatment ajus(t) of individuals with active TB where «; is the drug efficacy use for Mtb

infection. Therefore the Mtb recover rate changes to 7o + a;us(t).

(iii) Deworming at a rate cpug(t) for the helminth infected individuals and co-infected individuals
where a5 is the drug efficacy use for the helminth infection. Therefore the helminth recover
rate changes to 7 + anus(t).

(iv) Sanitation and proper hygiene wu, that reduces the ingestion rate of parasites. Therefore the

(1- U4)5HM‘

f f infection for the helminth infection is ch dto Ay =
orce of infection for the helminth infection is changed to Ay ]

After incorporating the controls u;(t), us(t), us(t), and u4(t) in the Mtb-helminth infection model

(3.31), then the optimal control model becomes:

.
= (LN + R 3Ry — (1 + de (1~ ) hn)S
dd% =nb(1 +u)N — (1 + oAr + (1 — ug) Ag) Vi,
dd% = ArS + oArVi + ArRyg — (u+ k + (1 — ug)An) Er,
dditT = kEr + (11 + cgua) Iyr — (p+ dr + 72 + (1 — ua) ) Ir — (72 + cqug) I,
ddif =1 —u)AgS+ (1 —u)AgVr + (1 —ug)A\gRr + molrg — (gAr + p+dg + ) ln
— (11 + agus)ly,
d;ft”“ — g\ + (1= u) A (Br + Ir) — (i + dur + 7o + &) Tur — (71 + asus) T,
% — (o + arun) Iy — (1 — ug)Aet + 11+ ~2) R,
% = (11 + avus)ly — (A\r + o+ 1) R,
\% =ely + eIy — pp M.

(3.92)

We employ Pontryagin’s Maximum Principle to figure out the required conditions for the optimal
control of Helminth-Mtb co-infection. The control set U is Lebesgue measurable and is defined
as U = {uy(t), ua(t), us(t), usa(t) : 0 < w;(t) < 1,0 < t < t;}. Then objective is to minimize
individuals with active TB, individuals infested with helminth parasites and co-infected individuals

while keeping the cost low. For this problem, we consider the objective functional defined by:

tf 1 4
J == / {CllT + CQIH + C3IHT + 5 E wluf}dt (393)
to i=1
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where, C,I7, Cyly, Cslgr are the costs related to active tuberculosis individuals, infected with

helminths individuals, and co-infected individuals respectively. The expression %wzuf is related to
the background costs with relative cost weights w; for every control measure. The quadratic cost is
tailored as utilized in other models with controls (Makinde & Okosun, 2011; Mwanga et al., 2015).
The particular value of the weights require intensive data processing, hence we elect estimate values

for theoretical purposes.

The aim is to minimize the objective functional J as defined in 3.93 subject to model equations

(3.92). Therefore we seek to get the optimal controls uj, u3, u3, u) such that:

J(uy, us, vy, uy) = min J(uq, ug, us, uy) (3.94)
u1,u2,u3,us U

where U = {(uq, uy, ug, us) and therefore the controls u,, us, us, uy are measurable with 0 < wu; <

1,0<uy; <1,0<u3<land 0 <wuy <1forte [ty ts|}.

Theorem 3.11
Consider the control problem with the system of equations in 3.92. There existu* = (uf, ub, u}, u}) €
U such that

: * * * *
min  J(uq, ug, ug, ug, ) = J(uj, uy, ul, uy).
u1,u2,u3,us €U

The necessary conditions that an optimal solutions must satisfy is derived from Pontryagin Maximum
Principle (Pontryagin, 2018). The principle converts equations (3.92)-(3.93) into the problem of
minimizing the pointwise a Hamiltonian H, with reference to wuy, us, us, us. The Hamiltonian is

given by:

1
H = CIIT —+ CQIH + CgIHT —+ §(w1u% + wgug + w3u§ + w4ui) + As{(l — T])bN+

MRy + v Rr — (p+ A+ (1 —ug)Ag) S} + Ay {nb(1 + w )N — (4 oA + (1 — uy)
A)Vrt + Ap A0S + oA Ve + Ar Ry — (p+ k + (1 — wa)Ag) Er + A, {kEr + (11 +
asug)Iyr — (u+dp + (1 — ug) Ag) It — (72 + cqug) 7} + A, {(1 — ug)Au (S + Vo + Ry)

+ 7olrg — (p+dg + €1 + ghr) g — (11 + ous) Iy} + Ay {ghr I + (1 — ug) A (Er + Ir)
—(p+dur + 12+ €2)Iyr — (11 + @ous)Igr} + Ap { (72 + aru)Ir — (Mg + o+ o) Rr}+

Arg (1 + aous) Iy — (Ar + pp+ 1) Ru} + Av{eidn + eelur — p M}
(3.95)

where Ag, Ay, Mg, Arps Ay Aigrs Arps AR, and Ay are the co-state variables or the adjoint vari-
ables. Now applying Pontryagin’s Principle Pontryagin (2018) the problem has solution following
the results of optimal control problem by Fleming and Rishel (2012).
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Theorem 3.12
Given the optimal control u;, for i = 1,2,3,4 and the solution S, Vi, Er, I, Iy, Iy, Ry, Ry
and M, the state system (3.92)-(3.93) that minimize J(uy,us,us,uy) over U, there exists adjoint

variables \s, Av,, Ay, Ay A1y My ARy ARy and Ay satisfying

dh OH
where x; = S,Vr,Ip, Iy, Iyr, Rr, Ry, M with transvesality conditions \s(ty) = Ay.(ty) =
)\ET(tf) = )\IT(tf) = )\IH(tf) = )\IHT(tf> = )\RT(tf) = )\RH(tf> = )‘M(tf) =0

and the subsequent characterization holds on the interior of the control set U

(3.96)

. . _ nbN Ay,
uy; = max{(),mm{l, —w1 }},
uy = maX{O,min{l, alr(Aip = Arr) }},
Wa
uy = max{O, min{l, 2l = M) + 2Lt Mir = Air) }}, (3.97)
w3

Er+1
UZ _ maX{O,min{l, )\H)\IH(S + VT + R']’;Z -+ )\H)\]HT( T + T) _
4
Au(SAs + Vidv, + Epdp, + Ir)r,) }}

Wy

Proof. Fleming and Rishel (2012) provides the existence of an optimal control model (3.92) and the
costate variables (3.96) due to boundness of state equations and the Lipschiz structure of the ordinary
differential equations. Therefore applying the necessary conditions from Pontryagin Maximum

Principle, we obtain the following system for costate variables:

% = —(1=n)bAs + Brllr }ZIHT)S()\ET —As) + dedlls JrNUQIHT)VT (eAer = Avy)
— nb(1 4+ u) vy + ol +]\72IHT)RH Ay = Ary) + ol ]J\FJUIHT) (As — Apy)
+ SO ZFVZIHT)IH (Argr = Ary) + . ;(ui)]é\);M(/\S — A1) + 1A,

d?ZtVT = —(L=n)bAs + ol +NZIHT)VT(Q)\ET —Avp) + ol +]\72[HT)RH (Agr — Arr)
— nb(1+u1) Ay, + ol JJFVZIHT)S()\ET —As) + i ]J\rdeT) (A\vr — 0Aey)
s }ZIHT)IH Ot — Agy) + L=t M }“j)f\j M e = ) + v,

d)c\lfT = —(1=mbAs + N XrgIHT)S(AET —As) + zalh JJFV(;IHT)VT ey = )
b1+ w)Ayy + 22U +]\72[HT)RH Ay — ) + 222U ?VZ[HT)IH
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()\IHT - )\IH) + ()\ET - >\IHT> + k(/\ET - )\IT) + /f)\ETa

K+ M
_ Br(Ir + olyr)S oBr(Ir + olyr)V;
G~ (1 mpoas + IS gy g OO AV )
I 1
- nb(l + Ul))\VT + /BT( 4 +]\(;-2 HT)RH (>\ET - ARH) + ﬁT(SAS T VT]\);VT + [T)\RH)

" 9Br(Ir + ;‘IHT)IH (1 —uq)BaM
N K+ M

Ay = M) + (T2 + crua) Ay — Ary ), (3.98)

N
Gy (1 = bag + Tt oTur)5 ofr(Ir + olnr)Vr
N2 N2

Br(Ir + olgr)Ru 9Br(Ir + olyr)
N2 N

()‘IHT - )\IH) + (Tl + 042u3)()‘1H - )\RH) + (:u + dH + 61))\1H

(AIHT - /\IH) + (/\IT - /\IHT) + (M + dT)/\IT

I
+95T H

()\ET - )\VT)

(Agr — As) +

—nb(1 4+ u1) vy + Aty — Agr)
HT

n 9Br(Ir + olyr) Iy

(Agr — Ary) +

N2
+ 6l)\]\47
—C _ _ ﬁT(IT+U[HT)S QBT([T—FO'I V
s (L mpiag + TS g g oI TV
. Br(Ir + olpr)Ry o Ir+ol
nb(1+u1) A, + N (A — Ary) + 22571 — ) (A~ Aryr)

i 9Br(Ir + olpr)Iy
N2

(AIHT - /\IH) + (Tl + a2u3></\IHT - )\IT) + (M + dHT + T+
Bro(SAs + oVrAvy + Rudr,)  0Br(S + oVr + Ru)

62))\[HT + 62)\M — TQ)\[H +

N N ’
T N2 Er — AVp
_ ﬁT(IT —+ O'IHT)R
775(1 + ul))\VT + N2 L (AET - )\RH) + VQ(ART - >‘5) + M)‘RT
9Br(Ir + olyr) Iy (1 —uy)BaM
+ N2 ()\IHT - AIH) + K _;4_)]; ()\ART - )\IH)v
. BT(]T + O'IHT)S I ]
— —(1—n)bAs + e Ay — Ag) + 2TUT jvf VT (3 — Avy)
_ Br(Ir + olyr)Ru
nb(1 + wr)Avy + N2 (Aer = Ary) + 1( ARy — As) + ARy
9br(Ir + olyr)lu Br(Ipr + ol
+ N2 ()‘IHT - )\IH) + T( L N HT) ()\)\RH - )‘ET)a
_ A, — As) + 4)BuMVp B (1 — uq)Bu MRy
(K+M)2 (( I ) S) (K+M)2 ()\IH >\VT) + (K+M)2
1 — uy) By ME 1—
(>‘1H - )\RT) + (K4+ ]I\Z')Q T()\IHT - AET) + ( (I:ﬁﬁ]@;\flT (AIHT - )\IT)
n (1 —uyg)Bu(SAs + Vrdvy + ErAg, + IrA1. + RrAg,) A
K+ M HmAM—
(1 — U4)5H((S + VT + RT)AIH + (ET + IT))\IHT)
K+ M '
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To get the controls, we solve the equations

= O at u; for¢ = 1...,4 and obtained the following:

8uz~
u}{ _ _T]bN)\VT,
wq
. oalr(Ar — Ary)
ut OZ2IH(/\IH - )\RH) + OQIHT()‘IHT - )\IT)
3=

Wy

. _ A, (S + Ve + Rr) + Ag A, (Er + I7)

Y

U
4
Wy

Then we write by standard control arguments involving the bounds on the controls as:

(

—Au(SAs + Vrdv, + Erdg, + IrAg,).

(3.99)

(3.100)

(3.101)

(3.102)

(3.103)

CH if0 <O, <1
up =140 if©, <0
\1 if©; >1
,@2 if0 <Oy <1
uy; = § 0 if ©, <0
\1 ifOy >1
,@3 if0<B;<1
uz =40 if O3 < 0
\1 ifO; >1
(@4 if0<B,<1
uy =40 if©, <0
1 ifO, >1
where, \
0, = PN
wq
0, ardr(Ar, — ARH)
Wa
0, — ol (A1, — Ary) + a2lgr(Ar, — )\IT)’
Wy
6, = M5 Ve ¥ Rr) ¥ M (Er ¥ I7) 363 4 Vin - Epdp, + Inhy).

Wy
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3.4 Intra-host Mathematical Model for Mycobacterium Tuberculosis and Helminth Infection

3.4.1 Model formulation

The following assumptions guide the formulation of the model:

(1) The interaction that leads to the infection is between the Mtb bacteria and helminth parasites

with macrophages.
(i) The bacteria population replicates within the host macrophage.
(ii1)) The bacteria division follows a logistic growth.
(iv) The helminth parasites are too large to be phagocytosed by alveolar macrophages.

In this section we describe the interaction of the immune system of the host when challenged by the
Mtb and parasitic worms. Due to complexity of the immune system, it is not possible to incorporate
all of its components within a model for the co-infection of the Mtb and helminths at cellular level,
hence we consider the interaction between Mtb, parasitic worms and the immune response as a

feedback loop which comprises of three differential equations.

Infection by Mtb comprises intracelluar bacteria which are killed when the host macrophage is killed
by apoptosis and extra-cellular bacteria that are killed by uninfected macrophages as a result of
immune competence to clear invading pathogens. The bacteria population denoted by B grows lo-
gistically in the lung and is modeled by vB(1 — %) where v is the constant growth rate and II is
the carrying capacity of the bacteria in the lung and they are eliminated as they interact with im-

mune competence F at the rate d,. Therefore rate of change bacterial population within the host is

described by the equation (3.105):

dB B
— =vB(1- )~ &BE (3.105)

On the other hand, helminth parasites are periodically ingested or penetrate the skin of human host
when they come into contact with contaminated environment at the rate A,, and are eliminated within
the body as they interact with the immune effectors at a rate propotional to the contact between
worms and immune components. Therefore, the change of the helminth parasite population is given
by the equation (3.106):

dP

— =A,P—0,PE (3.106)

Now, we consider three cases when there is infection by the two pathogens and in the absence of any

infection as follows:
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@

(ii)

(i)

The first case we consider the absence of Mtb or parasitic worms such that the dynamics of

immune competence is given by the equation (3.107).

dE

where, A is the recruitment rate of the immune competence and ¢ is the loss of the immune

competence because immune cells have limited life span.

The second case we consider is when helminth parasites enter the host prompting the immune
response of the host to react. The helminths penetrate the skin or get ingested to infect the indi-
vidual. The nonspecific precursor cell and not yet activated cells, cytotoxic T cells which lead
to the immune competence against the parasites. The immune competence raised is assumed to
be proportional to the density of parasites within the individual host at low density rates and at
high densities it saturates, the stimulation of the immune system E as a result of this infection is

mn

0.P . .

modeled by the function f(P)FE, where f(P) = x P with positive parameters 6. and K,
P

representing the strength of the immune competence on helminth parasites and half saturation

constant respectively and n is a natural number.

The function f(P) takes different shapes depending on the nature of immune competence ei-
ther low-zone unresponsiveness or high unresponsiveness (decrease of immune response stim-
ulation under high parasite load) (Mayer et al., 1995). In our case, we consider the function to
have two shapes when n = 1 and when n > 1 to mean small amounts of targets may be more

or less ignored by host immune response [see Fig. 6]

The third case we consider when Mtb pathogen enter the body through inhalation of aerosol
particles which trigger the immunity and consequently immune effector cells are supplied
from the thymus. The bacteria results in the differentiation of naive T cells to T helper-
1 and T helper-2 cells which activate the resting macrophages to clear the bacteria. If the
immune system cannot kill the primary infection, then the granuloma is formed to prevent
further differentiation of Mtb outside granuloma. The immune competence E as the ability

of the immune system to eliminate Mtb bactria is modeled by the function g(B)FE, where

0B
B) =
g( ) KB—F(,OBE—FOZBB”

competence on Mtb bacteria and K is the half saturation constant. This process is inhibited

, with positive parameters 6z represents the strength of immune

by the presence of interleukin-4 cytokine with 5 being the measure of inhibition. The graph
of the function g(B) looks like that in Fig. 6 for n = 1 and n > 1 respectively.

Now, combining expression in (b) and (c¢) equation (3.107) becomes;
dF

— =Ap+ f(P)E +9(B)E — 6E. (3.108)
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(a) (b)

Figure 6: Graph of the immune competence for the function f(P) (a) with n = 1; (b) with

n>1

We now consider the aforementioned mechanism which described the bacteria population, parasite
population and the interaction of the two with immune system to form a mathematical model given

by the system (3.109):

,
% = vB(1 - £) - ,BE,
o = AP 5,PE, (3.109)
dE

%5 = Ap+ f(P)E+9(B)E - 65F,

with initial conditions B(0) = By > 0, P(0) = P, > 0 and F(0) = Ey > 0.
3.4.2 Qualitative Analysis of the Model

The dynamics of the model (3.109) is studied by simplifying the model to make analysis easy. We
take n = 1 in the function f(P) and g(B). Hence the system (3.109) is reduced to:
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% — vB(1— B)— §,BE,

% — AP —6,PE, (3.110)
dE 0.P 051

@y E E—6uE.
| PR P T KytepEtasB ¢

3.4.3 Positivity of the Solution Trajectories of The Model (3.110)

We show that the solution of the system (3.110) are non-negative with the initial conditions B(0) > 0,
P(0) >0, E(0) > 0.

Theorem 3.13

The closed positive octant for the model (3.110) is positively invariant.

Proof. Clearly, B = 0 and P = 0 are the invariant planes for the model (3.110), we require to only
show that £(t) > 0 for all future time.

Let us assume that there exits ¢, > 0 such that F(t,) = 0 and E(t) > 0 for 0 < ¢ < ty. Then

dE(to)
dt

It follows that E(¢) > 0 for t > t,. Thus E(t) > 0 for all future time. O]

=Ag > 0. (3.111)

3.4.4 Boundness of the Solution

The model (3.110) describes the interaction of the helminth and Mtb pathogens with the immune
system; hence it is important to show that the solution is bounded. In Fig. 6, the functions f(B) and

f(P) are all continuous and bounded and hence the growth of the immune cells saturates.

Therefore, the pathogen population and the strength of the immune competence do not become neg-
ative or grow without bounds. Thus, the model in system (3.110) is mathematically and epidemeo-

logically well posed and we can consider its dynamics in the proper subset (Hethcote, 2000).

3.4.5 Pathogen Free-Equilibrium Point and its Stability

We determine ability of the pathogens to invade an individual host and whether they are eliminated

by the immune system or persist within an individual host. The pathogen free of the system (3.110)
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denoted by H is given by (0,0, §). Linearizing the system 3.110 about H, gives

y— % 0 0
Ty = 0 Ap— 2220 (3.112)
OBA Oe A
KB5EB+szAE Kp5;E3 _6E

The condition that guarantee the local stability of the system at H is that all eigenvalues of .J, must
have negative real parts. Clearly, the matrix in equation (3.112) is a lower triangular matrix, hence
its eigenvalues are the diagonal entries. It is evident that one of the eigenvalues is —dr < 0 and for

5’;/;’3 < 0. Therefore we have

the remaining two to have negative real parts if v — %ﬂ < 0and A, —
E

the following conditions.

5El/ (SEAp
1 and
hp S AL

< 1. (3.113)

Hence, the basic reproduction number is given by Ropp = max{Rog, Rop}, Where Rop =

SpA,
opAE

6E1/
WAE’

and

. This result imply that the invasion of either Mtb or helminth parasites may not be able
to result into an infection in an individual host. Hence individual host may recovery from primary

infection by helminths or Mtb pathogen.

Using the condition in system (3.113), we have the following result.

Theorem 3.14
The pathogen free-equilibrium point H of the system (3.110) is locally asymptotically stable if

Ropp < 1 and unstable if either Rop > 1 or Rop > 1.

3.4.6 Endemic Equilibrium

In this section we discus the conditions for the existence and stability of endemic equilibrium points
that is the Mtb equilibrium (i.e B # 0, P = 0), the helminth equilibrium (i.e B = 0, P # 0) and the
co-infection when there is infection by Mtb and helminth parasites (i.e B # 0, P # 0). Using the
results obtained in Theorem 3.14 and due to the complexities of the immune competence equation,

the system (3.110) has endemic equilibria that corresponds to the following symmetric conditions:
(1) Rop < 1 (helminth infection dies out) and Ryp > 1 (tuberculosis persist).
(i) Rop < 1 (tuberculosis dies out) and Ryp > 1 (helminth infection persist).
(iii)) Rop > 1 (tuberculosis dies out) and Rop > 1 (helminth infection persist).

The results in Theorem 3.14 and the symmetric conditions in Fig. 7 imply that the endemic equilib-

rium is globally asymptotically stable for Rogp > 1.
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Case (a) Case (b)
Helminth infection dies out Both Helminth infection
Tuberculosis persists and Tuberculosis
persist
Rog 1
Case (c)

Disease-free equilibrium Tuberculosis dies out

Both Helminth infection Helminth infection persists
and Tuberculosis dies out

oP

Figure 7: Equilibrium results showing the symmetric conditions for Rqzp

3.4.7 The Impact of Helminth Parasites on Mtb Bacteria

To analyze the effects of helminth parasites on Mtb bactria and vice-versa, we write Ryp in-terms of

Rop. From the expression of Rog, 0g = ROBT(S"AE. Substituting in the expression of Ryp we obtain:

A0 R
Rop(Rop) = —22—2 (3.114)
208
Taking partial derivative of Rop(Rop) with respect to Rz, equation (3.114) becomes:
ORop(R Ao
0r(Rop) _ Ayl (3.115)

OROB N 1/5p

If the R.H.S of equation (3.115) is zero, this means that the helminth parasites has no effect on
the dynamics of Mtb bacteria. Whereas if the R.H.S of (3.115) is greater than zero means that an
increase in helminth parasites results in an increase in Mtb bacteria which indicates the occurrence

of an endemic equilibrium for the helminth-Mtb co-infection.
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3.4.8 The Impact of Mtb Bacteria on Helminth Parasites

Similarly, we express R (g in-terms of Rp, so using the expression for Ryp we have dp

Substituting into the expression for Rz we obtain:

VépRop
A,

Ros(Rop) =

Taking partial derivative of Rog(Rop) with respect to Rop we obtain:

8ROB (Rop) _ 1/5p
aRop 5bAp

SpApRop
S

P

(3.116)

(3.117)

If the R.H.S of equation (3.117) is equal to zero means that Mtb bacteria has no effect on the dynamics

of helminth parasites. However, if the R.H.S of equation (3.117) is greater than zero implies that an

increase in Mtb bacteria results in an increase in helminth parasites which suggest that whenever the

two pathogens co-exist, they may stimulate one another and may give rise to chronic infection [see

Fig. 8].

20r

101

Helminth infection reproduction number

0.0 ‘ ‘ ‘ ‘
0 1 2 3 4 5
Mtb reproduction number %107

Figure 8: The relationship between helminth infection reproduction number and Mtb repro-

duction numbers

68



CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Numerical Simulation and Discussion of the Mathematical Model for the Optimal Control

of Soil-transmitted Helminth Infection

The numerical simulation for the optimal control of the soil transmitted helminth model is performed
using estimate parameter values indicated in Table 6 and others obtained from literature. Various
optimal control strategies are applied to control the burden of helminth infection in the community.
Starting with an initial guess for the optimal controls u, (t), u2(t) and us(t), the state system (3.25) is
solved numerically forward in time using the fourth order Runge-kutta method with initial conditions.
Then the co-state (adjoint) system (3.29) is solved numerically backward in time using fourth order
Runge-kutta method with the state variables and initial guess of the controls obtained earlier. All
controls are updated using convex combination of the previous controls and its characterization then

the process is repeated until convergence is achieved.

4.1.1 Discussion of Parameter and Initial Conditions Estimates

We were unable to get the ethical clearance on time so as to proceed with collection of secondary
data. The inability to access the data on helminths and tuberculosis limits our ability to estimate
model parameters, however using realistic set of parameters from clinical literature we analyze the
future trends of helminth infection for various control strategies. For illustrative purpose we elected
the parameters in realistic range as shown in Table 6. The actual value of the balancing weights
requires intensive data mining and as such the following cost weights were used in the simulation :
A; =800, Ay = 0.15, wy; = 15, wy = 30 and w3 = 10 with the efficacy rates k; = 0.7, ko = 0.8
and k3 = 0.6. The following initial conditions were used S(0) = 1000, £(0) = 150, 1(0) = 50,
R(0) = 5and M(0) = 200.

4.1.2 Strategy (i): Control with Health Education and MDA

In this strategy we used combination of health education and MDA interventions to optimize the
objective functional J while sanitation control was set to zero. Figure 8(a) shows that with this
strategy there is significant effect in reducing the number of exposed individuals compared with the
case when there were no control but does not bring the exposed individuals to zero at the final control

period. The helminth infected individuals in Fig. 8(b) decreases to almost zero when the optimal
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Table 6: Parameter values for soil transmitted helminth infection

Parameter Symbol Value Source

Per capita birth rate b mday‘l Slater et al. (2013)
Per capita mortality rate 1 mday_1 Mwanga et al. (2015)
Disease induced death rate d %day‘l Slater et al. (2013)
Ingestion rate of parasites 6] (1-7)7 parasites day ! Assumed
Carrying capacity of parasite K 10° parasites Assumed

in the environment

Natural recovery rate q QLSday*1 Assumed
Efficacy for MDA drug Ko 0.8 Vercruysse et al. (2011)
Immunity waning rate for vy %day1 Slater et al. (2013)
recovered individuals

Clearance rate for parasitic 13%s (37255 — 57555 ) Slater et al. (2013)
worms sasday™!

Shading rate of parasites € 0.09 day 1 Assumed

to the environment

Progression rate from p l—lodagf1 Slater et al. (2013)

exposed to infected class

combination of health education and MDA are in place compared to when there were no control.
In Fig. 8(c), we observed that the parasite population in the environment was reduced but does not
reach zero at the final control period. This suggests that using combination of control measures,
the infection can be lowered in the community but not completely removed in the specified control
period. The control profile in Fig. 8(d) suggests that control combination with health education and

MDA should be maximized and applied throughout the intervention period.

4.1.3 Strategy (ii): Control with MDA and Sanitation

Next, we consider the combination of MDA and sanitation interventions while the health education
was set to zero. Figures 9(a) and 9(b) shows a similar trend as in Fig. 8(a) and Fig. 8(b) respectively
but with this strategy more effective than the combination of health education and MDA. This was
due to the fact that with MDA, anthelminthic drugs are regularly administered to the entire population
(pre-school and school aged children) while using sanitation clears the density of parasites from the

environment. The control profile in Fig. 9 suggests the control with MDA should be seized after
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Figure 8: Simulations of the optimal control model with health education and MDA interven-

tions

20 days while sanitation control should be kept at a maximum for approximately 20 days and then
decreased to zero. Therefore, this results show that combination of these two controls measures can

as well manage to control helminth infection in the community.

4.1.4 Strategy (iii): Control with Health Education and Sanitation

We next consider the control with combination of health education and sanitation in the absence of
MDA. The health education and sanitation was used to optimize the objective functional J while
MDA control were set to zero. In Fig. 10(a) shows that the number of exposed individuals were
reduced and were totally controlled after 50 days. Figure 10(b) shows that the number of infected in-
dividuals were reduced and totally controlled at the final period. Figure 10(c) shows that the parasite
population was reduced to minimum level. The control profile in Fig. 10(d) suggest that the control
with health education should be maximized for 70 days while sanitation should be maximized for 65

days.
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Figure 9: Simulations of the optimal control model with MDA and sanitation interventions
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Figure 10: Simulations of the optimal control model with health education and sanitation in-

terventions
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4.1.5 Strategy (iv): Control with Health Education, MDA and Sanitation

Finally, we consider the case where all controls were in place. In this strategy the controls health
education, MDA and sanitation were used to optimize the objective functional .J. Figure 11(a) shows
that the number of exposed individuals are totally controlled at the final control period. Figure 11(b)
shows that the number of helminth infected individuals are also totally controlled at the final control
period. Figure 11(c) shows that the parasite population is more reduced to zero at the final control
time. Figure 11(d) suggest that the health education control should be maximized for 15 days, the
MDA control be seized after 15 days while the sanitation should be maximized for 18 days and

reduced to zero due to the fact that the infection has been cleared in the community.
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P U+ 0,y %0, uy %0 100 I’ \ up# 0uy=0.u;#0
N -0 i
150“/ \ ———Ui=0.i=1‘2‘3 ] 80 L \\ ———ui—0,|—1‘2‘3
7 { v
= ! = 60 ! \
ﬁ100 \\ 1 = LY
N 40 A
\
50 > 1 \
\\ 20 ~
\ - l
0 —_— 0 -
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (days) Time (days)
(c) (d)
1000 i — i —== " T . .
o~
e u, = 0
800 /’ u, # 0,u2¢0,u3¢0- ® 7777u2¢0
Y; - — —y=0,i=123 = U %0
ottt |- 3

o 600f II kS
= / =

400+ , =

/ Q
200{

0 50 100 150 200 250 300 100 150 200 250 300
Time (days) Time (days)

Figure 11: Simulations with health education, MDA and sanitation interventions

4.1.6 Model Validation

In the previous sections we developed and analyzed mathematical models for soil-transmitted
helminths with the application of control strategies. We now compare the developed model with
the data to perform model validation. Therefore, we fit into the model (3.25) the published data for
reported cases of soil-transmitted helminths in Zanzibar following mass drug administration between
2000-2005 (Mohammed et al., 2012). The best-fitted solution with Matlab and the data are plotted in

Fig. 12. We compare the data with the simulation of our developed model. In Fig. 12, the dashed red
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Figure 12: Model validation

lines indicate the data and the solid cyan line indicates the simulation of the model. We further exam-

ine the goodness of fit using Chi-Squire method. Matlab provides 95% confidence interval calculated

n  (0;—E;)?

from data and the expected observation from our simulation. Using the formula x* = >"" | T

where E is the expected cases from the simulation of the model and O is the observed data, the
calculated X?calc) = 81.88 and from the table values X%s% 5 = 1.145 hence we conclude that their is

no significance difference between the data and the model.

4.1.7 Concluding Remarks

In this chapter, we developed and analyzed a mathematical model for soil-transmitted helminths
with the application of optimal control. Mathematical qualitative analyses were carried out and
the model had a stable disease-free equilibrium point when the reproduction number is less than
unity. Bifurcation analyses were also carried out using Center Manifold Theorem and the model
exhibited backward bifurcation for some parameter values. Moreover, sensitivity analysis of R
with respect to parameters 3, p, €, s, b, d, ¢ was done and results revealed that S was the most
positive sensitive parameter while 1), was the most negative sensitivity parameter. Furthermore,
the model was extended to include control measures i.e health education, treatment by mass drug

administration, and sanitation. The optimal control problem was solved by applying Pontryagin’s
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Maximum Principle by first obtaining the Hamiltonian, the adjoint variables, and the characterization
of the controls. Applying a single control measure (health education or MDA or sanitation) alone is
not sufficient to control the infection, thus a combination of control measures was used to optimize
the objective functional J by considering the combination of health education with mass drug
administration, a combination of mass drug administration with sanitation, a combination of health
education with sanitation and all the three controls. Finally, we investigated the cost-effectiveness
of the control strategies to ascertain the least and most expensive strategies. Based on our results,
we conclude that a combination of health education and sanitation is the best strategy. Assessing
the effectiveness of the model results (health education and sanitation strategy), we deduce that
this strategy is highly likely to control the infection from the society if the health education control
is maintained 100% for the first 70 days and sanitation control for the first 65 days. This is in
agreement with the study by Campbell et al. (2014) which showed that WASH is a potential way
of breaking the soil-transmitted helminth transmission cycle, though implementing WASH has
enormous financial challenges. Whereas Anderson and May (1985) suggested that it is possible to
quantify the level of antihelminthic treatment required in the community to suppress/eradicate the
infection. In practice, our findings may be achieved, and that the health education and sanitation
strategy will help to control the helminth infection otherwise the strategy may not be effective for

containing the disease though practical difficulties may arise due to inadequate supply of resources.

4.2 Numerical Simulation and Discussion for the Inter-host Mathematical Model for
Helminth and Mycobacterium Tuberculosis Co-infection with the Application of Control

Strategies

Here, different optimal control strategies are used to investigate numerically their effect on the spread
of helminth and Mtb co-infection. The state system (3.33), the adjoint system (3.98), and therefore
the characterization in Equation (3.25) are solved numerically using an iterative scheme so as to at-
tain the optimal control. Using the fourth-order Runge-Kutta scheme with the current state system
solutions, we solve the state system forward in time and the adjoint system backward in time using
the initial conditions for the state system and the transversality conditions for the adjoint system with
the initial guess of the controls. The controls are then revised based on a convex combination of
the controls and the characterization values (3.25). The solution of the state system and the adjoint
system is repeated until when the present iteration are close to the previous iteration (Lenhart &

Workman, 2007).
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In numerical simulation, the weights are assumed to depend on the cost of investment and importance
of the controls. For example, the cost associated with control wu, require huge investment that include
clinical examination of Mtb cases and procurement and transportation of the drugs. The cost associ-
ated with control uy require procurement and transportation of antihelminthic drugs and monitoring
of the distribution of drugs. The true values of the weighs are unknown since they require broad
field work and comprehensive data mining, so we choose the weights as: C; = 5822, (5 = 0.89,
C53 = 5822.89, w; = 20, wy = 40, wy = 30, wy = 10, the initial state variables as: S = 1500,
Vr = 2000, By = 200, Iy = 150, Iz = 100, Iy = 80, Ry = 5, Ry = 5, M = 200. The efficacy

parameters are oy = 0.75, as = (0.8 and the remaining parameter values are given in Table 5.

4.2.1 Strategy (i): Control with Education Campaign (u;) and Treatment of Individuals with
Active TB (u5)

The educational campaign control (u;) and treatment of individuals with active TB (u5) are used to
optimize the objective functional J while the other controls (u3) and (u4) related to helminths were
set to zero. We observed that in Fig. 13(b) the number of individuals with active TB was controlled
but start to increase again until the end of the intervention period. This may be related to our pre-
vious analysis that helminth infection enhances Mtb infection. In this strategy, helminth infection is
not controlled, Figs, 13(c) and 13(d) indicate that there is slight significance in the case with control
and without control for helminth infected individuals and co-infected individuals respectively. Fig-
ure 13(e) indicates that the parasite population is not controlled with this strategy while Fig. 13(f)
indicates that the educational campaign control should be seized after 158 days while treatment of

individuals with active TB control should be kept maximum in the entire period of intervention.

4.2.2 Strategy (ii): Control with Mass Drug Administration (u;) and Sanitation (u,)

The mass drug administration (MDA) control (u3) and sanitation control (u4) were used to optimize
the objective functional J. Again, we observe that Fig. 14(a) indicates the increase in vaccinated
individuals. Also, Fig. 14(b) indicates that the people with active TB increases rapidly and eventually
controlled after 55 days. An equivalent scenario is observed in Fig. 14(c) and Fig. 14(d) where the
helminth infected individuals and co-infected individuals were effectively controlled. Figure 14(e)
suggests that the parasite population is substantially controlled at the end of the intervention period.
This strategy seems to be effective in controlling the two diseases from the community. Figure 14(f)
indicate that MDA and sanitation controls should be kept maximum throughout the intervention

period.
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Figure 13: Simulations of helminth-Mtb co-infection model with the effect of education cam-

paign and treatment of Mtb infected individuals

4.2.3 Strategy (iii): Control with Educational Campaign (u;) and Sanitation (u,)

The educational campaign control (u;) and sanitation (u4) are employed to optimize the objective
functional J. This strategy has the same profiles as the strategy with mass drug administration and
sanitation controls but takes a long time to control the two diseases. Figure 15(f) indicates that

the educational campaign must be stopped after 30 days whereas sanitation control must be kept

maximum in the entire period of intervention.

4.2.4 Strategy (iv): Control with Treatment of Individuals with Active TB (u;) and MDA (u3)

The treatment of individuals with active TB control (u3) and MDA (u3) are used to optimize the
objective function J while the other controls (u;) and (uy) are set to zero. Figure 16(a) indicate a
slight increase in the vaccinated individuals compared to strategy 4.2.1,4.2.2, and 4.2.3 . Figure 16(b)
and Fig. 16(d) indicate that the treatment of individuals with active TB and co-infected individuals
are effectively controlled while Fig. 16(c) indicate a decrease in the helminth infected individuals
but rise at the final intervention period. This is due to absence of preventive measures in this strategy.

Figure 16(f) indicate that both controls should be kept maximum until the final intervention period.
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Figure 14: Simulations of helminth-Mtb co-infection model with the effect of MDA and sanita-

tion

4.2.5 Strategy (v): Control with Educational Campaign (u;), Treatment of Mtb Infected In-
dividuals (uy), MDA (u3), and sanitation (u,)

With this strategy, all four controls are employed to optimize the objective functional /. We observed
that Fig. 17(a) indicates that the number of vaccinated individuals increases more at the end of the
intervention period. Figure 17(b), Fig. 17(c), and Fig. 17(d) indicate that individuals with active
TB, helminth infected and co-infected individuals are all effectively and efficiently controlled at
the end of intervention period. Figure 17(e) depict that the parasite population is decreased to a
number that cannot harm the human population. This strategy indicates that optimal educational
campaigns, treatment of individuals with active TB, MDA, and sanitation would effectively control
the helminth-Mtb infection at the end of the intervention period. Figure 17(f) suggests that the
educational campaign should be stopped after 115 days whereas the remaining controls should be

maintained maximum for the whole intervention period.

4.2.6 Concluding Remarks

With the application of optimal control strategies, we formulated and evaluated the inter-host math-

ematical model for the Helminth-Mtb co-infection model in this chapter. The analysis of the sub-
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Figure 15: Simulations of helminth-Mtb co-infection model with the effect of educational cam-

paign and sanitation

models (Helminth only sub-model and Mtb only sub-model) showed that the disease-free equilibrium
point is globally asymptotically stable whenever their associated reproduction numbers is less than
unity. The co-existence of the equilibria was observed for Mtb only model when the correspond-
ing reproduction number is less than unity. Then the full co-infection model was considered and
the effective reproduction number was obtained and used to gain insights into the dynamics of the
two diseases. We again established the existence of backward or forward bifurcation using Center
Manifold Theorem, then we investigated the impact the two diseases have on each other and found
that helminth infection cases increase Mtb infection cases. Furthermore, the model was modified by
incorporating four control measures, educational campaign to sensitize the parents to take babies to
BCG vaccine clinic; treatment of individuals with active TB; mass drug administration for helminth
and co-infected individuals; and sanitation to reduce the intake rate of parasites. The optimal control
was analyzed using the Principle of Pontryagin’s Maximum Pontryagin (2018), by first finding the

Hamiltonian, co-state variables, the characterization of the controls, and the optimality system.

Then we solved numerically the optimality system by iterative scheme using Forward-Backward

Sweep Method (FBSM) with the combination of the following control measures:
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Figure 16: Simulations of the helminth-Mtb co-infection model with the effect of treatment of

Mtb infected individuals and MDA

(a) (b) (c)
20001‘ T on oo e 150 —U F 0 U, F 0 Uy FO, U F 0 100 U # 0u, % 0,u;#0,u, % 0
Y- - - u=0i=1234 === y=0,iF1234 - - .u;=0,i1234
. d
15001 s, ' 8oy
. 100 [} TN
. A = ' = 60 \’,’ \\
SELC I N = |
K ) 40 )
\\ 50 A\ \\
500 . l\\ JPEEE 20 \
\\ \\ - Phd o t \\
0 = 0 0 —=
0 100 200 0 100 200 0 100 200
Time (days) Time (days) Time (days)
(d) (e) ®
100 ———u; # O,u, * 0,u; #0,u, # 0 2000 Uy # 0,uy # 0,uy#0,u, # 0 1 f
B T \\ - - =0,iF1234 e ”1::; :
’ \ e -t i
80 )/ N 1500 P Q 08 Uz * 0y
’, A) /’ % —-—— Uy # Oy
= 60 / 1 . 5 0.6 y
N~— AY > 4
£ ! y <1000 K 5 |
= 40 / =04 ,
, /
1 /' 500 JRe 8
207 PR 0.2
0 t 0 0
0 100 200 0 100 200 0 100 200
Time (days) Time (days) Time (days)

Figure 17: Simulations of the helminth-Mtb co-infection model with the effect of educational

campaign, treatment of Mtb infected individuals, MDA, and sanitation
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(i) By applying a combination of educational campaign and treatment of individuals with active

TB.
(i) By applying a combination of educational campaign and sanitation.

(iii) By applying a combination of treatment of individuals with active TB and mass drug adminis-

tration.

(iv) By applying a combination of the education campaign, treatment of individuals with active TB,

mass drug administration, and sanitation.

The control strategies which focus on TB only while helminths is not controlled would not lead to
the efficient and effective control of TB or helminth infection. Moreover, control strategies that focus
on helminths only while TB is not controlled would control both TB and helminth infection. This
is linked to the increased susceptibility of Mtb for individuals infested with helminths. However,
control strategies that include all control measures would effectively control the Helminth-Mtb co-
infection at the end of the intervention period. Thus, we suggest to the public health stakeholders that
in order to control the Helminth-Mtb co-infection, the intervention strategies that target controlling
helminth infection and vaccination of babies with BCG after birth and treatment of individuals with

active tuberculosis should be emphasized.

4.3 Numerical Simulation and Discussion of the Intra-host Mathematical Model for Mycobac-

terium Tuberculosis and Helminth Infection

In this section, we perform the numerical simulation of the model (3.110) by MATLAB using the
inbuilt function ode45 solver. By using various initial conditions and the parameter values in Table

7, the behavior of the model (3.110) are illustrated hereunder:

Table 7: Description of the model parameters

Parameters Definition Estimated value Reference
v Growth rate of bacteria 4x1078 Du et al. (2017)
0p Loss of immune competence 0.02 Assumed
©B Measure of inhibition 0.5 Assumed
K, Half saturation constant for parasites 10000 Assumed
Kpg Half saturation constant for Mtb 10000 Assumed
IT Carrying capacity of the bacteria 108 Du et al. (2017)
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op Clearance rate of helminth parasites  0.000685 Chiyaka et al. (2010)
Ap Recruitment of immune cells 0.01 Assumed
A, Rate at which parasites are 0.8 Chiyaka et al. (2010)
infecting individuals
Op Clearance of Mtb bacteria 0.01 Du et al. (2017)
0. Strength of immune cells 3 Assumed
on parasites
Op Strength of the immune cells 2 Assumed
on Mtb bacteria
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Figure 18: The solution of system (3.110) showing bacteria population convergence to the equi-

librium point

Figures 18,19, and 20 indicate that the bacteria population, the parasite population and the immune
competence all converge to the equilibrium H, when Rypp < 1. This suggest that the infection
by either helminth parasites or Mtb bacteria may be unsuccessful in an individual host and the host
may recover from primary infection by Mtb or helminth parasites though helminths seams to persist

within a host for quite longer time than Mtb bacteria. The later suggest infection by helminths

parasites increase susceptibility to tuberculosis.
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Figure 19: The solution of system (3.110) showing parasite population convergence to the equi-

librium point
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Figure 20: The solution of system (3.110) showing immune competence convergence to the equi-

librium point

4.4 Concluding Remarks

In this chapter we formulated and analyzed a mathematical model for the interaction between

helminth parasites, Mtb bacteria and the immune system. The model had four equilibrium points
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i.e the pathogen free equilibrium point, the helminth equilibrium point (when the Mtb infection dies
out), the Mtb equilibrium point (when helminth infection dies out), and the helminth-Mtb equilib-
rium point when both diseases persist in the community. The impact of helminth parasites on Mtb
bacteria was investigated and the results indicated that infection by helminth enhances the chances

of acquiring tuberculosis.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

We used mathematical models to investigate the impact of helminth infection on Mtb transmission
dynamics with the application of control strategies and the effect of immune responses caused by

helminth parasites and Mtb bacteria infection in this research.

The model for soil-transmitted helminth with control strategies was developed to study the transmis-
sion dynamics and control of soil-transmitted helminth. The aim was to later couple the developed
model with Mtb to form a co-infection model. A qualitative analysis of the model was made such
that the basic reproduction number was determined and the disease-free equilibrium point was both
locally and globally asymptotically stable whenever the basic reproduction number, Ry < 1 and
unstable otherwise. The endemic equilibrium co-exists with the disease-free equilibrium point when
Ry < 1. Moreover, sensitivity analysis of the reproduction number indicated that the ingestion rate
of parasites was the most sensitive parameter for the transmission of the soil-transmitted helminth.
The numerical simulation revealed that a combination of health education and sanitation is the best

strategy to contain the disease.

The co-infection model was formulated by modifying the soil-transmitted model to form the co-
infection model with control measures. The analysis of the sub-models was first considered and the
full model was later analyzed. The disease-free equilibrium for the helminth only model was shown
to be locally asymptotically stable when the reproduction number of the helminth model Rz < 1 and
unstable otherwise. However, the endemic equilibrium exists when Ry > 1 with the impossibility
of backward bifurcation. The Mtb only model has a stable disease-free equilibrium point when the
effective reproduction number for Mtb model R < 1 and the endemic equilibrium co-exist with the
disease-free equilibrium point. The model exhibited backward bifurcation suggesting that making
R < 1 is not sufficient for eradicating tuberculosis from the community. The conditions for the
existence of the disease-free equilibrium and endemic equilibrium for the full model were discussed.
The possibility of the existence of backward bifurcation was established by using Centre Manifold
Theorem and the results showed that the model undergoes backward bifurcation for some condi-
tions. The optimal control model was then formed and analyzed to determine the optimal strategy

for controlling the spread of the two diseases. Numerical simulation for optimal control problem
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revealed that the target for controlling helminth infection and vaccinating babies with BCG and treat-
ment of individuals with active tuberculosis should be emphasized to effectively control the disease.
Furthermore, the analysis showed that infection by helminth results in increased susceptibility to

tuberculosis.

The model for the interaction between the helminth infection and Mtb at the cellular level showed
that primary infection with helminth parasites or Mtb bacteria was unsuccessful within an individual
host when the basic reproduction number is less than a unit. Numerical simulation showed that
the most virulent pathogen was the helminth parasites which could not be cleared completely by the
immune cells. Even though the data used for simulations in understanding the transmission dynamics
of the two diseases both at the cellular and population level, and the effect of control measures were
adopted from literature, the models present a platform that can be used for future decision making
and further modeling. In addition the models developed in this study are credible because they are
developed based on the underling epidemiological and mathematical theories and the definition of the
variables are justified. Sensitivity analysis (an important aspect of model validation) were conducted
with multiple runs with small variability of parameter values that plausibly indicate the practicability

of our model findings.

5.2 Recommendations

5.2.1 Recommendation from the Study

The following recommendation from our study are made:

(1) Mathematical model for soil-transmitted helminth with control strategies developed suggest
that for effective control of helminth infection, the control with health education and sanitation
should be emphasized. When the health education is maximized for the fist 70 days while the
sanitation control is maximized for 65 days then individuals infected with helminth will be

controlled after 50 days.

(i1) On the other hand the inter-host helminth and Mtb co-infection model developed suggest that
infcetion by helminths enhances the chances of getting tuberculosis. Thus, whenever there is
co-existence of helminth infection and tuberculosis, the model suggest inclusion of helminth
infection control strategies with the tuberculosis control strategies for effective control of tu-

berculosis.
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5.2.2 Recommendation for Future Study

The models developed in this dissertation can be expanded to include:

(1) Time delay to capture the outcome of the disease for the time span between when we acquire

the infection and when clinical symptoms of the disease appear.

(i) Linking the current model with the stochastic model, including seasonality, and linking the

model with statistical models and demographic data.

(iii) The study sets the ground for assessment of the performance of various catalog of the control

measures.
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APPENDICES

APPENDIX 1: MATLAB codes for Figure 3

syms beta rho epsilon mul b d q tau

v=[beta rho epsilon mul b d q];

RO=rhoxepsilonxbeta ./(mul*x(b+rho) x(d+b+q+epsilon));

P=jacobian (RO, V)

vO=[7 1/10 0.09 13/37500 1/18250 35/1000 1/28];
vi=[1 23 456 7];

sensi= subs(P.xv/RO,v,v0)

double (sensi)
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APPENDIX 2: MATLAB codes for Figures 4, 5, 6 and 7

clc
clear all
close all

t0 = 0; tf=300; N=1000; %case 3

time =linspace (t0,tf ,N);

y0O = [1000,150,50,5,200];% initial condition for STATE SYSTEM
%——— SOURCES OF CONSTANTS —-
Constant=[7 1/10 0.09 13/37500 1/18250 35/1000 1/28 1/7 0.000045
0.7 0.8 0.6 800 0.15 15 30 10 100000 2000]

20

21

22

23

24

25

26

27

28

29

30

beta=

rho =

Constant (1) ;

Constant(2) ;

epsilon= Constant(3);

mul =

Constant(4) ;

b = Constant(5);

d = Constant(6);

q = Constant(7);

gamma = Constant(8);

mu =Constant (9) ;

kappal= Constant(10);

kappa2= Constant(11);

kappa3 = Constant(12);

Al = Constant(13); % weight
A2 = Constant(14); % weight
Bl =Constant(15);

B2 =Constant(16);

B3 =Constant (17);

K =Constant (18) ;

Nh =Constant(19);
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32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

If =110 000 0];

9% TEST SECTION

init =y0;

init2 =1f;

h = (tf-t0)/N;

u = linspace (0,0 ,N+1);
ul=u’; u2=u’; u3=u’;
U = [ul u2 u3d];
9% IMPLIMENTATION OF THE ALGORITHM

%Test 1 stoping condition 1

delta = 0.001;

X=1init ;

1=0; %Initialize iteration counter
mm=size (X) ;

NumXX =10e10;

Xnew = rand (N+1,mm(2)).*(repmat(X,N+1,1));
DenXnew=norm (Xnew) ;

while NumXX/DenXnew>delta

Xold = Xnew;

oldu = U;

9FORWARD RUNGE KUTTA FOR STATES

[Tx, X]=rkd4foward (@kims,t0, tf N, init ,U, Constant);

% BACKWARD RUNGEKUTA FOR COSTATES

[Tp, P]=rkd4back( @kims_costate ,t0,tf ,N,init2 ,U,X, Constant);

9UPDATE THE CONTROLS

x =X(1,:); y=X(2,:); v=X3,:); z=X(4,:);

L1l =P(1,:); L2 =P(2,:); L3 = P(3,:); L4

g=X+y+V+2Z;

%Combination of health education and MDA
% Casel:ul\neq= 0, u2\neq= 0, u3= 0,

96

P(4,:);

L5

1 = X(5,:);

P(5,:);
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87
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92
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% ul =max(0,min(1,((L2-L1).«xbeta.*1.xxxkappal ./(Bl.%x(K+1)))));

% u2 =max(0,min(1,(((L2-L1)«kappa2.xy+(L3-L4)=+kappa2.xv)./B2-(A2xg
)./B2)));

% u3 =zeros (1 ,N+1);

%Combination of MDA and sanitation

% Case2::ul= 0, u2\neq= 0, u3\neq= O,

% ul =zeros (1 ,N+1);

% u2 =max(0,min(1,(((L2-L1)«kappa2.xy+(L3-L4)=+kappa2.xv)./B2-(A2xg
) ./B2)));

% u3 =max(0,min(1,((kappa3.x1.%xL5)./B3)));

%Combination of health education and sanitation

% Case3::ul=\ 0, u2= 0, u3\= 0,

% ul =max(0,min(1,((L2-L1).«xbeta.*1.xxxkappal ./(Bl.%x(K+1)))));
% v2 =zeros (1 ,N+1);

% u3 =max(0,min(1,((kappa3.=1.%xL5)./B3)));

%All controls
%Case4 :ul=\ 0, u2\= 0, u3\= 0,
ul =max(0,min(1,((L2-L1).%beta.x1.xxxkappal ./(Bl.%x(K+1)))));
u2 =max(0,min (1 ,(((L2-L1)xkappa2.xy+(L3-L4)s«xkappa2.xv)./B2—(
A2xg)./B2)));
u3 =max(0,min(1,((kappa3.«1.%xL5)./B3)));

Uu=[ul’ u2’ u3’];

U= 0.5«Uu + 0.5%0ldu; % Convex combination of the controls

Xnew = X’;
NumXX =abs (norm (Xnew—Xold)) ;
DenXnew =norm (Xnew) ;

i=i+1 %Update iteration counter
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o end

s %% PLOTING

96 X=X;

v Tx =Tx7;

o XX=X(:,1); YY=X(:,2); VV=X(:,3); ZZ=X(:,4); LL=X(:,5);

%

w Up = [0 0 0];

o [T,Y] = oded45(@kims, time ,y0,[] ,Up, Constant) ;

102

J =sum ((Al.%*VV(end)+A2.%xUu(:,2) .« (XX(end)+YY(end)+VV(end)+ZZ(end))
)+((B1/2)«Uu(:,1).%«Uu(:,1)+(B2/2)*Uu(:,2).*Uu(:,2)+(B3/2)=Uu

1

=3
sy

(:,3).%xUu(:,3))) %Change to the suitable objective function
104
s S=[Tx,X];
106
07 save caseS;
w8  J%save(’case3State ’, ’S’);
1w %save(’case3Control >, "Uu’);

o %save(’Cost’, ’J7);

1

figure (1)

1

e
3 subplot(2,2,1)

4 plot (Tx,X(:,2), -b", T, Y(:,2), —1r ", LineWidth” ,1.5);

%ylim ([0 700])

ylabel ("E(t) )

7 xlabel ("Time (days)’);

title (' (a)’)

9 legend(’u_1 \neq O, u?2 \neq O , u3 =0 ","ui =20, i=1,2,3 7)
0 %

i subplot(2,2,2)

plot (Tx,X(:,3), -b", T, Y(:,3), —1 ", LineWidth” ,1.5);

9%%oylim ([0 700])

4 ylabel ("I(t)");

1

1

1
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1

w

5

136

1

w

7

1

w
oo

1

w
©°

1

=
S
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1
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149

xlabel (" Time (days)’);
title ("(b) ")

legend(’u_1 \neq O, u2 \neq O , u3 =0 ","ui =20, i=1,2,3 ")

subplot(2,2,3)
plot (Tx,X(:,5), -b", T, Y(:,5), —
%ylim ([250 800])
ylabel ('M(t) )
xlabel ("Time (days)’);
title ("(c)’)

r’,’LineWidth’ ,1.5);

legend(’u_-1 \neq O, u?2 \neq O , u3 =0 ","uvi =20, i=1,2,3 ")

subplot(2,2,4)

plot (Tx,Uu(:,1), -b” ,Tx,Uu(:,2), —r ,Tx,Uu(:,3), —k’ ,Tx,1.5);

ylim ([0 1])
ylabel (" Control Profile ");
xlabel ("Time (days)’);
title (7 (d) ")
legend('u_-1 \neq 0’,’u_2 \neq O
% collect all the incidence terms
X=XX"; % solution of the optimal
U =[0 0 0]; % when no control
[Tx,Y] = ode45(@kims, time ,y0,[],U,
Y=(Y);

”7u73 — 0 7)
in the ODE

control

Constant) ;

Inew=sum (Y (:,2))—sum(X(:,2))+sum(Y(:,3))—sum(X(:,3)) % averted
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21

22
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27

28

Appendix 3: MATLAB codes for Figures 10, 11, 12, 13 and 14

clc
clear all
close all

w =2.5;

fs =12;

o = figure

t0 = 0; t£f=200; N=1000; %case 3

time =linspace (t0,tf ,N);

yO = [1500,2000,200,150,100,80,5,5,200];% initial

STATE SYSTEM

%——— SOURCES OF CONSTANTS —-

Constant=[0.8 1/18250 0.09 0.1 1/70 0.3/365 1/(60x365) 0.42
13/37500 1.7 0.7 1.12 100000 0.00013/365 0.75 0.8 0.08 35/1000 1
0.08 1/28 0.2/365 5822 0.89 5822.89 20 40 30 10];

eta =
b =
epsilonl=
epsilon2=
gammal =

gamma?

mu =
betal =
mul =

sigma =

Constant (1) ;
Constant (2) ;
Constant(3) ;
Constant (4) ;
Constant (5);
Constant (6) ;
Constant (7) ;
Constant (8) ;
Constant (9) ;
Constant(10) ;

100

condition for



Constant(11);

» varrho

0 g = Constant(12);
i1 K = Constant(13);
» k = Constant(14);
3 alphal = Constant(15);
s alpha2 = Constant(16);
s dl = Constant(17);
3 d2 = Constant(18);
» beta2 = Constant(19);
s d3 = Constant(20);
» taul = Constant(21);
0 tau?2 = Constant (22);
a Cl1 = Constant(23); % weight
2 C2 = Constant(24); % weight
s C3 = Constant(25); % weight
4 Bl = Constant(26);
55 B2 = Constant(27);
s B3 = Constant(28);
2 B4 = Constant(29);

48

» 1If =10 0000O0O0O0 0];
so. %% TEST SECTION

s init =y0;

s 1nit2 =1f;

s h = (tf-t0)/N;

ss u = linspace (0,0,N+1);

ss ul=u’; u2=u’; u3d3=u’; ud=u’;
ss U = [ul u2 u3 ud];

s1 %% IMPLIMENTATION OF THE ALGORITHM
ss %Test 1 stoping condition 1

s delta = 0.001;

0 X=init;

s 1=0; %Initialize iteration counter
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62

63

64

65

66

67

68

69

70

71

72

73

74

75

mm=size (X) ;

NumXX =10e10;

Xnew = rand (N+1,mm(2)).*(repmat(X,N+1,1));
DenXnew=norm (Xnew) ;

while NumXX/DenXnew>delta

Xold = Xnew;

oldu = U;

9FORWARD RUNGE KUTTA FOR STATES

[Tx, X]=rk4foward ( @stide ,t0, tf ,N, init ,U, Constant);

% BACKWARD RUNGEKUTA FOR COSTATES
[Tp, P]=rkdback( @stide_costate ,t0,tf ,N,init2

9UPDATE THE CONTROLS

,U,X, Constant) ;

x =X(1,:); y =X(2,:); v=X3,:); z=X(4,:); 1 =X(5,:); q=X
(6,:); 1 =X(7,:); s =X(8,:); m=X(9,:);

Ll =P(1,:); L2 =P(2,:); L3 =P(3,:); L4 =P(4,:); LS =P(5,:);
L6 = P(6,:); L7 = P(7,:); L8 = P(8,:); L9 = P(9,:);

78

79

80

81

82

83

84

85

86

87

88

89

90

91

gl=x+y+v+z+1+q+r+s+m;

lambdal=betal .*(z+sigma.xq)./(gl);
lambda2=beta2sm./(K+m) ;

% % Casel_0:ul\neq= 0, u2\neq= 0,u3\neq= O,
% ul =zeros (1 ,N+1);

% u2 =zeros(1,N+1);

% u3 =zeros(1,N+1);

% u4 =zeros (1 ,N+1);

ud= 0,

%Combination of educational campaign and treatment

individuals
% % Casel_0:ul\neq= 0, u2\neq= 0,u3\neq= O,
% ul =max(0,min(1,etaxbxgl.«L2./Bl));
% u2 =max(0,min(1,alphal.xz.%(L4-L7)./B2));
% u3 =zeros(1,N+1);
% u4 =zeros (1 ,N+1);

102

ud= 0,
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99

100

101
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105

106

107

108

109

110

111

112

113

114

115

116

117

%Combination of MDA and sanitation

% % Casel_1:ul\neq= 0, u2\neq= 0,u3\neq= 0, ud4= 0,

%
%
%
%

ul =zeros (1 ,N+1);

u2 =zeros (1 ,N+1);

u3 =max(0,min(1,(alpha2.*x1.%x(L5-L8)+alpha2.xq.*(L6-L4))./B3));
u4 =max(0,min(1,(lambda2.+L5.%(x+y+r)+lambda2.«L6.%(v+z)—
lambda2 .xx.xLl-lambda2.xy.xL2-lambda2 .xv.xL3—-lambda2.xz.xL4) ./B4

)) s

%Combination of educational campaign and sanitation

% % Casel_2:ul\neq= 0, u2\neq= 0,u3\neq= 0, u4= 0,

%
%
%
%

ul =max(0,min(1,etaxbxgl.«L2./B1));

u2 =zeros (1,N+1);

u3 =zeros (1 ,N+1);

u4 =max(0,min(1,(lambda2.xL5.%(x+y+r)+lambda2.«L6.%(v+z)—
lambda2 .xx.*Ll-lambda2 .%y.xL2-lambda2 .xv.«L3-lambda2.xz.xL4) ./B4

)) s

%Combination of treatment of Mtb and MDA
% % Casel_3:ul\neq= 0, u2\neq= O0,u3\neq= 0, ud4= 0,

%
%
%
%

%

ul =zeros (1 ,N+1);

u2 =max(0,min(1,alphal .xz.%x(L4-L7)./B2));

u3 =max(0,min(1,(alpha2.x1.%(L5-L8)+alpha2.xq.«(L6-1L4))./B3));
u4 =zeros (1 ,N+1);

Casel_4:ul\neq= 0, u2\neq= 0,u3\neq= 0, ud4= 0,
ul =max(0,min(1,etaxbxgl.«L2./B1));
u2 =max(0,min(1,alphal .xz.%x(L4-L7)./B2));
u3 =max(0,min(1,(alpha2.x1.%x(L5-L8)+alpha2.xq.x*(L6-L4))./B3))
u4 =max(0,min(1,(lambda2.«L5.%(x+y+r)+lambda2.«L6.%(v+z)—
lambda2 .xx.xLl-lambda2.xy.«L2—lambda2 .xv.xL3-lambda2 .xz.xL4
) ./B4));
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ns Uu=[ul’ u2’ u3d’ ud’];

i U = 0.5%*Uu + 0.5%0ldu; % Convex combination of the controls
0 Xnew = X’

21 NumXX =abs (norm (Xnew—Xold)) ;

2 DenXnew =norm (Xnew) ;

23 1=1+1 %Update iteration counter

e end

s 9% PLOTING

1

)

e X=X

7 ITx =Tx’;

s XX=X(:,1); YY=X(:,2); VV=X(:,3); ZZ=X(:,4); LL=X(:,5); QQ=X(:,6);
RR=X(:,7); SS=X(:,8); MMVEX(:,9);

129

13

w
S

Up = [0 00 0]

s [T,Y] = oded45( @stide ,time ,y0,[] ,Up, Constant) ;

132

J =sum ((Cl.%xZZ(end )+C2.xLL(end)+C3.%QQ(end) ) +((B1/2)«Uu(:,1) .%Uu
(:,1)+(B2/2)*Uu(:,2).%«Uu(:,2)+(B3/2)«Uu(:,3).xUu(:,3)+(B4/2)*Uu

1

w
@

(:,4).%Uu(:,4))) %Change to the suitable objective function
134
s S=[Tx,X];
136
137 save caseS;
138 save( case3State’, 'S’7);
139 save( case3Control’, "Uu’);
i save( Cost’, *J7);
141

figure (1)

1

N
8]

143
subplot(2,3,1)
plot (Tx,X(:,2), -b", T, Y(:,2), —1 ", LineWidth™ ,1.5);
s  Yylim ([0 700])
147 ylabel ("V(t));

1

=
S

1

=
O

1

S
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149

1
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1
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1

o
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1

w
<

1
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6

1

)

7

158

159

1

=Y

0

161

167

168

169

170

1

=

1

1

=

2

1

~
»

174

1

)
Q

1

N

6

1

=

7

xlabel ("Time (days)’);
title (" (a)’)

legend({"u_1 \neq 0, u_2 \neq

i=1,2,3,4 >}, FontSize’ ,7)

legend boxoff

set(gca, FontSize ,fs)
%

subplot(2,3,2)

plot (Tx,X(:,4), -b", T, Y(:,4), —1r , LineWidth” ,1.5);

9%oylim ([0 700])
ylabel ("I .T(t)’);
xlabel ("Time (days)’);
title (" (b))
legend({"u_-1 \neq 0, u.2 \neq
i=1,2,3,4 >}, FontSize’ ,7)
legend boxoff

set(gca, FontSize ,fs)

subplot(2,3,3)

plot (Tx,X(:,5), -b", T, Y(:,5), —1 , LineWidth” ,1.5);

%ylim ([0 600])

ylabel (T H(t));

xlabel ("Time (days)’);
title ("(c)”)

legend({ u_1 \neq 0, u_2 \neq
i=1,2,3,4 >}, FontSize’,7)
legend boxoff

set(gca, FontSize ,fs)

subplot(2,3.,4)

plot (Tx,X(:,6), -b", T, Y(:,6), —1r , LineWidth’ ,1.5);

%ylim ([250 800])

0,

0,

0,
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178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

ylabel ("1 _{HT}(t)’);
xlabel ("Time (days)’);
title (" (d) ")

Il
o

legend({’u_-1 \neq O, u2 \neq O , u3 =0, ud
i=1,2,3,4 >}, FontSize’,7)
legend boxoff

set(gca, FontSize ,fs)

subplot(2,3.,5)
plot (Tx,X(:,9), -b”, T, Y(:,9), =1, LineWidth” ,1.5);
%ylim ([250 800])
ylabel ( 'M(t)");
xlabel ("Time (days)’);
title ("(e)’)

legend({’u_-1 \neq O, u2 \neq O , u3 =0, ud4 = 0
i=1,2,3,4 >}, FontSize’,7)
legend boxoff

set(gca, FontSize ,fs)

subplot(2,3,6)

Yplot (Tx,Uu(:,1),’-b’ ,Tx,Uu(:,2), ——r’ ,Tx,Uu(:,3), —-k’,Tx,Uu

(:74)7’_0” TX)’

plot(Tx,Uu(:,1), -b" ,Tx,Uu(:,2), —1r ,Tx,Uu(:,3), —c’ ,Tx,Uu(:,4)

,’——g’ ,’LineWidth’ ,1.5);
ylim ([0 1])
ylabel (" Control Profile ");
xlabel ("Time (days)’);
title ("(f) ")
legend({’u_-1 \neq O0’, u.2 \neq 0> , "u3 = 0’ , "ud
FontSize’ ,7)

legend boxoff

106



206 set(gca, FontSize’  ,fs)

207

0 % collect all the incidence terms in the ODE
w X=XX’; % solution of the optimal control

a0 U =[0 0 0 0]; % when no control

a [Tx,Y] = oded45(@stide ,time ,y0,[],U, Constant);
m Y=(Y)

213 Inew=sum (Y (:,6))-sum(X(:,6)) % averted

214

s % g=1:length(Y(:,6));

a6 % figure (2)

e P

2

a5 % plot(g,Y(:,6),’b’,  LineWidth’ ,1.5)

219

x»0 pause

2 set(geca, *YTickLabel’, num2cell(get(gca, "YTick’)))

2 set(o, Units’, Inches’);

3

2 pos = get(o, Position’);

25

» set(o, PaperPositionMode’,’ Auto’,’ PaperUnits’,’ Inches’,’ PaperSize’
.[pos(3)., pos(4)])

» print (o, ’C:\ Users\DELL\Dropbox\Fluid\ figures\figurel ’,’—dpdf’,’ -
r1000°)
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24

25

26

27

28

29

APPENDIX 4: MATLAB codes for Figures 17, 18, and 19

clear all
close all

9w =2.5;

fs =12;

nu = 0.0004;
thetal =2;
theta2 =3;
K1=10000;
K2=10000;
alphal =0.01;
lambdal=0.05;
lambda2=0.01;
pi=107"8;
deltal =0.52;
delta2=0.12;
delta3=0.02;
varphi=0.9;

Rl=delta3«nu./( deltal xlambda2)
R2=delta3 xlambdal ./( delta2xlambda2)

z = figure
fx1= @(t,x)[nusx(1)*(1-x(1)./pi) — deltal *x(1)=*x(3);
lambdal«x(2)—delta2=x(2)*x(3);
lambda2+(thetal *x(2) ./(Kl+x(2)))*x(3)+(theta2=*x(1) ./(K2+varphi
*X(3)+alphalxx(1)))=xx(3)—delta3*x(3)];
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31

32

33

34

35

36

[t,x]]=o0de45(fx1,[0 14],[1000,1500,1]);
figure (1)

plot(t,xI(:,1), —r ", lineWidth ™ ,1.5)
grid off

xlabel ("Time (Days)’)
ylabel (" Bacteria Population )
legend({” B.O = 1000°, "B_.1 = 500" , "B.2 = 300"},  FontSize ,7)
legend boxoff
% ylim ([0 1.5])
hold on
set(gca, FontSize ,fs)
fxl= @(t,x)[nuxx(1)*(1-x(1)./pi) — deltal=x(1)=*x(3);
lambdal+«x(2)—-delta2«x(2)*x(3);
lambda2 +(thetal «x(2) ./(Kl+x(2)))*x(3)+(theta2+x(1) ./(K2+varphi
*X(3)+alphalxx(1)))=*x(3)—delta3*x(3)];
[t,x]1]=0de45(fx1,[0 14],[500,1500,1]);
figure (1)
plot(t,xI(:,1), =k’ , lineWidth  ,1.5)
grid off

xlabel ("Time (Days) )
ylabel (" Bacteria Population )
%ylim ([0 1.5])
legend({” B.O = 1000°, "B_.1 = 500" , "B.2 = 300"},  FontSize ,7)
legend boxoff
hold on
set(gca, FontSize ,fs)
fxl= @(t,x)[nuxx(1)=(1-x(1)./pi) — deltal=x(1)=*x(3);
lambdal«x(2)—delta2*x(2)*x(3);
lambda2+(thetal *x(2) ./(Kl+x(2)))*x(3)+(theta2=x(1) ./(K2+
varphisx(3)+alphal+x(1)))*x(3)—delta3=x(3)];
[t,x]]=0de45(fx1,[0 14],[300,1500,1]);
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89
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plot(t,xI(:,1), =b”, lineWidth” ,1.5)%Graph of infected population

grid off

xlabel ("Time (Days)’)
ylabel (" Bacteria Population’)
% ylim ([0 1.5])

legend({” B.O = 1000°, "B_.1 = 500" , "B.2 = 300"}, FontSize ,7)

legend boxoff

set(gca, FontSize  ,fs)

set(gca, 'YTickLabel’”, num2cell(get(gca, “YTick’)))
set(z, Units’, Inches ’);

pos = get(z, Position);

set(z, PaperPositionMode’,’ Auto’,’PaperUnits’,’ Inches’,’PaperSize’

[pos(3), pos(4)])

print(z, ’C:\ Users \DELL\ Dropbox\ Fluid\ figures\figure_01
~r1000°)

hold off

9777SECOND FIGURE

z = figure
fx2= @(t,x)[nusx(1)*(1-x(1)./p1) — deltal*x(1)*x(3);
lambdal«x(2)—delta2*x(2)*x(3);
lambda2+(thetal*x(2) ./(Kl+x(2)))*x(3)+(theta2=x(1)
varphixx(3)+alphal*x(1)))*x(3)—-delta3=x(3)];
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[t,x2]=0de45(fx2,[0 14],[1000,1500,1]);

figure (2)

plot(t,x2(:,2), r , lineWidth’ ,1.5)%Graph of infected population
grid off

title (> Infectious Population before Intervension )

xlabel ("Time (Days)’)

ylabel (" Parasite Population’)

legend({” P.O = 1500°, "P_.1 = 800" , "P.2 = 400"},  FontSize ,7)
legend boxoff

hold on

set(gca, FontSize ,fs)

fx2= @(t,x)[nuxx(1)*=(1-x(1)./pi) — deltal=x(1)*x(3);
lambdal+«x(2)—-delta2«x(2)*x(3);
lambda2+(thetal *x(2) ./(K1+x(2)))*x(3)+(theta2=xx(1) ./(K2+
varphixx(3)+alphal*x(1)))*x(3)—delta3*x(3) ];

[t,x2]=0de45(fx2,[0 14],[1000,800,1]);

figure (2)

plot(t,x2(:,2), k’, lineWidth’ ,1.5)%Graph of infected population
grid off

title (> Infectious Population before Intervension )

xlabel ("Time (Days)’)

ylabel (" Parasite Population’)

legend({” P.O = 1500°, "P_.1 = 800" , "P.2 = 400"},  FontSize ,7)

hold on

set(gca, FontSize ,fs)

fx2= @(t,x)[nusx(1)*(1-x(1)./p1) — deltal*x(1)*x(3);
lambdal«x(2)—delta2*x(2)*x(3);
lambda2+(thetal*x(2) ./(Kl+x(2)))*x(3)+(theta2=x(1) ./(K2+
varphisx(3)+alphal+x(1)))*x(3)—delta3=x(3)];
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[t,x2]=0ded45(fx2,[0 14],[1000,400,1]);

figure (2)

plot(t,x2(:,2), b, lineWidth’ ,1.5)%Graph of infected population

grid off

%title (> Infectious Population before Intervension )

xlabel ('Time (Days)’)

ylabel (" Parasite Population’)

legend({* PO = 1500,

set(gca, FontSize ,fs)

"P_1

800"

2

"P_2 = 400}, FontSize’ ,7)

set(gca, *YTickLabel’, num2cell(get(gca, “YTick’)))

set(z, Units’, Inches’);

pos = get(z, Position);

set(z, PaperPositionMode’,’ Auto’,’PaperUnits’,’ Inches’,’PaperSize’

;[pos(3), pos(4)])

print(z, ’C:\ Users \DELL\Dropbox\ Fluid\ figures\ figure_02’,’—-dpdf’,”’

-r1000 ")

9976 7%THIRD FIGURE

z = figure

fx3= @(t,x)[nuxx(1)*(1-x(1)./pi) — deltal=x(1)=*x(3);

lambdal+«x(2)—-delta2«x(2)*x(3);

lambda2 +(thetal *x(2) ./(KI1+x(2)))*x(3)+(theta2*x(1)
varphixx(3)+alphal*x(1)))*x(3)—delta3*x(3) ];

[t,x3]=0de45(fx3,[0 50],[1000,1500,0.6]);

figure (3)
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1

)
[

plot(t,x3(:,3), r’, lineWidth’ ,1.5)%Graph of infected population
grid off

%title (' Infectious Population before Intervension ’)

xlabel ("Time (Days)’)

ylabel ("Immune Competence )

legend({* EO = 0.6, "E.1 = 1, "E2 = 2"}, FontSize  ,7)

hold on

set(gca, FontSize ,fs)

fx3= @(t,x)[nuxx(1)*=(1-x(1)./pi) — deltal=x(1)*x(3);
lambdal«x(2)—-delta2«x(2)*x(3);
lambda2 +(thetal *x(2) ./(Kl+x(2)))*x(3)+(theta2*x (1) ./(K2+varphi
*X(3)+alphalxx(1)))=xx(3)—delta3*x(3)];

[t,x3]=0de45(fx3,[0 50],[1000,1500,1]);

figure (3)

plot(t,x3(:,3), k’, lineWidth’ ,1.5)%Graph of infected population
grid off

title (> Infectious Population before Intervension )

xlabel ("Time (Days)’)

ylabel ("Immune Competence’)

legend({” EO = 0.6, "E.1 = 1° , "E2 = 2"}, FontSize  ,7)

hold on

set(gca, FontSize ,fs)

fx3= @(t,x)[nuxx(1)*=(1-x(1)./pi) — deltal=x(1)*x(3);
lambdal*x(2)—delta2*x(2)*x(3);
lambda2+(thetal *x(2) ./(K1+x(2)))*x(3)+(theta2=xx(1) ./(K2+
varphixx(3)+alphal*x(1)))*x(3)—delta3*x(3) ];

[t,x3]=0ded45(fx3,[0 50],[1000,1500,2]);
figure (3)
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189
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193
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196

197

198

199

200

201

202

203

204

205

plot(t,x3(:,3),’ b, lineWidth’ ,1.5)%Graph of infected population
grid off

%title (' Infectious Population before Intervension ’)

xlabel ("Time (Days) )

ylabel ("Immune Competence )

legend({” EO = 0.6, "E.1 =1, "E2 = 2"}, FontSize ,7)

set(gca, FontSize ,fs)

set(gca, ~YTickLabel’, num2cell(get(gca, YTick’)))

set(z, Units’, Inches’);

pos = get(z, Position’);

set(z, PaperPositionMode’,’ Auto’,’ PaperUnits’,’ Inches’,’PaperSize’
,[pos(3), pos(4)1])
ax=gca
ax.YTick = [0:1:5];
tix=get(gca, ytick’ ) ’;
set(gca, yticklabel " ,num2str(tix , %.1f"))
legend boxoff
print(z, 'C:\ Users \DELL\ Dropbox\ Fluid\ figures\figure_03’,’—dpdf’,”’
-r1000 )
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1.0 Two puplications were made from this dissertation

1.1 Lambura, A. G., Mwanga G. G, Luboobi, L., & Kuznetsov, D. (2020). Mathematical model
for optimal control of soil-Transmitted helminth infection. Computational and Mathematical
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1.2 Lambura, A. G., Mwanga G. G., Luboobi, L., & Kuznetsov, D. (2020). Modeling the effects
of helminth infection on the transmission dynamics of Mycobacterium tuberculosis under op-
timal control strategies. Computational and Mathematical Methods in Medicine, (2020), 1-21.
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In this paper, we study the dynamics of soil-transmitted helminth infection. We formulate and analyse a deterministic
compartmental model using nonlinear differential equations. The basic reproduction number is obtained and both disease-free
and endemic equilibrium points are shown to be asymptotically stable under given threshold conditions. The model may exhibit
backward bifurcation for some parameter values, and the sensitivity indices of the basic reproduction number with respect to
the parameters are determined. We extend the model to include control measures for eradication of the infection from the
community. Pontryagian’s maximum principle is used to formulate the optimal control problem using three control strategies,
namely, health education through provision of educational materials, educational messages to improve the awareness of the
susceptible population, and treatment by mass drug administration that target the entire population(preschool- and school-aged
children) and sanitation through provision of clean water and personal hygiene. Numerical simulations were done using
MATLAB and graphical results are displayed. The cost effectiveness of the control measures were done using incremental
cost-effective ratio, and results reveal that the combination of health education and sanitation is the best strategy to combat
the helminth infection. Therefore, in order to completely eradicate soil-transmitted helminths, we advise investment efforts
on health education and sanitation controls.

1. Introduction by children who play in contaminated environment. More
than 267 million preschool-aged children and more than
568 million school-aged children (SAC) live in endemic

areas where these parasites are highly transmitted. This

The worldwide burden of helminth (worm) infection can-
not be underestimated. It is estimated that over 1.5 billion

people worldwide are infected with helminths [1]. Soil-
transmitted helminths are among the NTDs which mostly
affect the poorest and the resource-constrained populations
of the world. Soil-transmitted helminths are caused by
interstinal parasitic nematode hookworm, Ascaries lum-
briocoides and Trichuris trichiura species through ingesting
eggs in unwashed undercooked vegetables and unpeeled
fruits in contaminated water sources or ingestion of eggs

establishes chronic infections over time which hinders and
impairs the developmental and cognitive growth of both
preschool- and school-aged children which in turn affect
their academic performance. It also has social and eco-
nomic deficits [2]. The possibility of elimination of the
helminth infection is by reducing the number of worm-
s/parasites in a host, but this cannot be achieved without
application of other means of reducing the density of



parasites from the contaminated environment. Hence proper
treatment of the helminth infection and effective control
strategy that target this group and infected adults is needed.
Currently, there are control programmes to combat the dis-
ease which include regular treatment by mass drug adminis-
tration (MDA), water sanitation, and health education. To
reduce the morbidity of the soil-transmitted helminth,
antihelminthic drugs like albendazole and benzimidazole
have been used for decades but still there has not been an
optimal application of the existing control measures with
these treatment alternatives in endemic areas [3, 4].

Over years, mathematical models have helped to improve
our understanding of population dynamics and provide tools
for the assessment and evaluation of a number of control
programmes in place. The mathematical model for the
helminth infection can be traced back to the papers by
[4-6]. Deterministic mathematical models inform policy-
makers to realize the effort required to increase control
coverage for the achievement of less than one percent
prevalence and intensity of soil-transmitted helminths by
2020 [7]. These models have been used intensively but
none have applied optimal control for the soil-transmitted
helminth infection.

However, optimization of the existing interventions tools
for the helminth infection has been the priority research
areas to examine their impact and sustainability [8]. The
study on the implementation of these control measures and
how to deliver them optimally is of great importance. Thus,
in this study, we consider optimal control of the helminth
mathematical model with the preventive measures (health
education) to sensitize the susceptible population and treat-
ment by mass drug administration and sanitation. The pre-
ventive measures include provision of education materials
and educational messages and sanitation include proper
provision of clean water, personal hygiene, and installation
of public toilets while MDA is administered to the entire
population (pre-SAC and SAC), but for the healthy individ-
uals (susceptible and recovered), this treatment procedure
becomes placebo.

2. Materials and Methods

2.1. Model Formulation. For modeling, the total human pop-
ulation is divided into four subpopulations S(t), E(t), I(t),
and R(t). S(t) represents the number of individuals who
are not infected but can be infected by helminth parasites.
E(t) represents the number of individuals exposed to hel-
minth infection but not infectious. I(#) represents the
number of individuals infested with parasitic worms. R(¢)
represents the number of individuals recovered from the
helminth infection. M(t) represents the parasite popula-
tion in the environment. Individuals in the susceptible
class contract infection after a sufficient contact with the
contaminated environment. All the newborns enter a sus-
ceptible class at the rate b and are moved to the exposed
class at the rate A. Individuals in the exposed class are
being reinfected as they interact with contaminated envi-
ronment but remain latent for a period of 1/p, where p
is the progression rate from the exposed to infective class.

Computational and Mathematical Methods in Medicine

Again, we assume that an infected individual contaminate
the environment at rate ¢ but do not acquire new infec-
tion; hence, individuals in the infected class are moved
to the recovered class as the result of natural immunity at
the rate g. Also, we assume that the recovered individuals
are aware of infection so that individuals in this class may
not interact with contaminated environment; furthermore,
they have temporary immunity against the infection. Hence,
individuals in the recovered class return to the susceptible
class at a rate y due to loss of immunity and awareness.

The infected individuals contaminate the environment at
the rate € as they defecate outside the latrines to increase the
concentration of parasitic worms in the soil. The parasitic
worms in the soil infect human population at the rate

A= PM )

T K+M’

where f is the intake rate of eggs in contaminated food or lar-
vae that has penetrated the skin to lead the transmission of
infection and K is the number (density) of the helminths at
which the infection rate is half the maximum rate. The natu-
ral mortality in each human class is denoted by y, and the
infectious individuals have added the helminth-induced
death rate denoted by d. Further, we assume that the parasitic
worms die naturaly at the rate u,,. The aforementioned
assumptions and explanation give the dynamics of the hel-
minth model as illustrated in Figure 1. Model parameters
are fully described in Table 1. The model has five nonlinear
ordinary differential equations given by system (2).

gsz+yR—(y+)t)S, 2)
dE
T =AS- E, 3
7 AS = (u+p) 3)
1
d—:pE—(d+[4+q+£)I, (4)
dt
dR
b S R, 5
5 s (+y) (%)
dM
— ~ e M, (6)

with the condition S+ E+ I+ R=N.
From equation (2), we have

(Z—Z:]:(b—pt)N—(d+s)I. (7)

Hence the dynamics of the helminth model can be inves-
tigated by normalizing model (2).

Let s=S/N, e=E/N, i=1/N, r=R/N,and m= M/K.

Then, equation (7) can be written in terms of fractional
variables as

%gz(b—y—(d+QON. 8)
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R
UR

FIGUre 1: Compartmental diagram for the helminth model. The
dashed lines indicate the interaction of human population with
contaminated environment to ingest parasitic worms while the
dashed line with dot indicate the rate at which individuals infested
with helminths releases eggs to contaminate the environment.

Using equation (8) and differentiating the fractional
variables with respect to t leads to the following normal-
ized model:

ds pm .
a_b+w—<b+1+m—(d+5)’)5’ ©)
de  fm

—_— = - - ] 10
T 1em’ (b+p—(d+e)ie, (10)
di Ny
E:pe—(b+d+q+s—(d+s)z)z, (11)
% =qi— (b+y-(d+e)i)r, (12)
dm

dr T )

The solutions of system (9) enter the region that is
positively invariant given by

Q={(seir,m)eR]|s+e+i+r<1,0<m<1}. (14)

The following theorem guarantees the well posedness
of system (9) such that the solutions with nonnegative ini-
tial conditions will remain nonnegative for all future time.

Theorem 1. The region Q € R’ is positively invariant with
respect to system (9) and nonnegative solutions exist for all
future time.

Proof. Given the nonnegative initial conditions, it can be
shown that the solutions to system (9), s(t), e(¢),i(¢), r(¢)
andm(t) are non-negative for t>0 otherwise we assume
a contradiction that there exists a first time ¢, such that
s(ty) =0, s'(t,) <0 and s(t) >0, e(t) >0, i(t) >0, r(t) >0,
m(t) >0 for 0 <<ty or there exists ¢, such that e(¢,) =0,
e'(t,) <0 and e(t)>0, s(t) >0, i(t) >0, r(t)>0, m(t) >0
for 0 <t <t;; or there exists ¢, such that i(t,) =0, i’ (t,) <0
and i(¢) >0, s(t) >0, e(t) >0, r(¢) >0, m(t) >0 for 0 < t < t,;
or there exists ¢ such that r(t;) =0, r'(¢;) <0 and r(t) >0,
s(t) >0, e(t) >0, i(t) >0, m(t)>0 for 0<t<ty; or there

exists ¢, such that m(t,)=0, m'(t,)<0 and m(t) >0,
s(t) >0, e(t)>0, i(t)>0, r(t) >0 for 0<t<t, as in [9].

In the first case, consider the first equation of system (9)

ds(t,)
t

=b+yr(ty) >0, (15)

QU

which is a contradiction implying that s(¢) > 0.
In the second case, we have

de(t) _ fm(t,)s(t))

At~ 1+m()

>0, (16)

if this is true both s(¢;) > 0 and m(¢t,) > 0. It follows that e(
t,) = 0 which is a contradiction implying that e(¢) > 0.
In the third case, we have

T) ~ pe(t) >0, (17)

which is a contradiction implying that i(¢) > 0.
In the fourth case, we have

dr‘g?) = (q+7)i(t3) >0, (18)

which is a contradiction implying that r(¢) > 0.
In the fifth case, we have

dm(t,)
dt

= £i(t,) > 0, (19)

which is a contradiction implying that m(¢) > 0.

Hence, in all cases, s(t), e(t), i(t), r(t), and m are all pos-
itive for all ¢ > 0. Thus, the components of the solutions to
system (9) remain positive for all ¢ > 0.

Thus, the helminth model is well posed epidemiologically
and mathematically. Thus, it is sufficient to consider the
dynamics of (9) in Q [10].

3. Model Analysis

The qualitative analysis of the normalized model (9) is con-
sidered in order to get an understanding of the dynamics of
the helminth infection.

3.1. The Disease-Free Equilibrium and Basic Reproduction
Number. The disease-free equilibrium of model (9) is
obtained by equating all the derivatives to zero and then set-
ting e=0, i=0, r =0, and m = 0. Thus, we obtain the DFE as

&,=(1,0,0,0,0). (20)

The basic reproduction number denoted by %, is the
quantity that quantifies the ability of the disease to invade
the community, and it is the quantity that governs the spread
of the disease. Furthermore, it helps in deciding on control
strategies to be adopted for disease eradication. Therefore,
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TaBLE 1: Parameter values for soil-transmitted helminth infection.

Parameter Symbol Value Source
1

P ita birth rat b ———day™ 27

er capita birth rate 18250 ay [27]
1
. . d -1
Per capita mortality rate 7 (60%365) ay (28]
, , 3/
Disease induced death rate d ——day [27]
1000

Ingestion rate of parasites B 7 parasites day" Assumed

Carrying capacity of parasite in the environment K 10° parasites Assumed
1

Natural recovery rate q 7 day™! Assumed

Efficacy for MDA drug N 0.8 [29]
1

Immunity waning rate for recovered individuals y 5 day™! [27]

cl te f iti P gyt (27]

earance rate for parasitic worms 122y, 37500 Y

Shading rate of parasites to the environment € 0.09 day™! Assumed
1

Progression rate from exposed to infected class p m day™ [27]

in our case, %, determines the role of parasitic worms/larvae
present in the soil to produce secondary infections to the
individual hosts.

The next-generation approach is used to obtain &,
following Diekmann et al. [11]. Using the principles of a
next-generation matrix, let

T
F= <1/3’” s,o,o,o> ,

+m

7 =((b+p—(d+e)ie,(b+d+q+T+e—(d+e)i)i
—pe, (b+y— (d+e)i)r— (1 +q)i, (uy — O)m—ei)",
(21)

be the appearance of new infections and transfer on individ-
uals between compartments, respectively. Applying the line-
arization technique, the Jacobian matrices of % and 7" at
DFE &, are

00 0 B
00 00
F= ,
0 0 0 O
00 00
(22)
b+p 0 0 0
- b+d+gq+e 0 0
Ve P q
0 —(t+q) b+y 0
0 —€ 0 Ut

The basic reproduction number 2, is the spectral radius
of the next-generation matrix F V-1, Thus,

R — pep
O uy(b+p)(d+b+qte)

(23)

From (23), the fraction B/(b+d+ q+¢) represents the
average number of susceptible individuals being infected
during the infectious period, and the fraction p/(b + p) repre-
sents the proportion of individuals that survives the latent
period, while e/u,, represents the fraction of parasites dimin-

ished from the environment.

3.2. Stability of DFE. We state Theorem 2 for the stability of

the DFE.

Theorem 2. The disease-free equilibrium of model (9) is LAS if

R, < 1 and unstable if B> 1.

Proof. To investigate the local stability of the DFE at &, we
obtain the Jacobian matrix of equation (9), i.e.,

-b 0 —(d+¢)
0 —(b+p) 0
Je, =] 0 P ~(b+d+q+e)
0 0 q
0 0 €

Y B
o B
0 0
~(b+y) 0
0 “Hum
(24)

Clearly, A, = —band A, = —(b + p) are the first and second
eigenvalues of the Jacobian matrix Jg which are strictly
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negative. The remaining three can be obtained by consider-
ing the submatrix J %go:

—(b+p) 0 B
ﬂgn: p -(b+d+q+e) 0 |. (25)
0 € —Uyr

From equation (25), the characteristic equation is given by
FA) =X +d, A2 +d A +d, =0, (26)

where
d,=2b+d+q+p+e+uy, (27)
di=b+p)(b+d+q+e)+uy(2b+d+q+p+e), (28)

do =ty (b+ p)(b+d +q+¢) — epp. (29)
Applying the Routh-Hurwitz criteria [12], the conditions

in (27) d,>0d, >0, d,>0, and d,d, >d,. Here, d, >0,
d, >0, and d; >0 when %, <1, and then d,d, > d,. Hence,
according to the Routh-Hurwitz criteria, the submatrix ] %fo

has negative real parts whenever %, < 1.
Thus, the DFE, &, is locally asymptotically stable if %, < 1.

3.3. Global Stability of the Disease-Free Equilibrium. For the

proof of global stability, we consider the theorem developed

by Castillo-Chavez et al. [13] and later applied in [14, 15].
To apply the theorem, system (9) is written in the form

dXx

- =FX%.2), (30)
dz
= =G(X.2),G(X,0)=0 (31)

where X =(s,r) € R? denotes the number of uninfected
components (individuals) and Z=(e,i,m) € R® denotes
infected components (individuals) including the latent and
infectious individuals.

The disease-free equilibrium is now denoted by &, =
(X*,0)=(1,0).

The conditions (H1) and (H2) in system (32) must be
satisfied to guarantee local asymptotic stability:

dXx
H1 : For T F(X*,0), X" is globally asymptotically
stable, and

H2:G(X,Z)=AZ-G(X,Z),G(X,Z) > 0for (X,Z) € Q,
(32)

where A=D,G(X*,0) is the Metzeler-matrix (the off-
diagonal elements of A are nonnegative) and (2 is the region
where the model makes biological sense.

If system (30) satisfies the two conditions in (32), then the
following theorem holds.

Theorem 3. The disease fixed point &, = (X", 0) is globally
asymptotically stable of system (30) provided that R,< 1
and that conditions H1 and H2 are satisfied.

Proof. From system (9) we have,

pm ,

F(X,Z)= b+w_(b+1+m_(d+s)l)s , (33)
qgi—(b+y—(d+e)i)r
1€mms—(b+p—(d+£)i)e

G(X,Z)= (34)

pe—(b+d+q+e—(d+e))i |’
&l — pym

Then, system (33) can be reduced to

b-bs
_ ( ) (5)
7=0 0

Now, condition H1 is satisfied as it can be observed from
the solution, namely, s(t) =1+ (s(0) — 1)e”®. As t — oo,
the solution s(¢#) — 1 implying global convergence of solu-
tion of (35) in Q. Thus, condition H1 is satisfied.

Let

dX
dr

~(b+p) 0 B
A= p -(b+d+q+e) 0 |, (36)
0 € UM
Then,
G, (X, 2) (1- 1:m)ﬂm—(d+s)ie
GX.2)=| G(X.2) | = —(d+e)P
G;(X.2) 0

(37)

From above, G(X, Z) > 0 if and only if d = & = 0. Thus, &,
may not be globally asymptotically stable for some parameter
values. This suggests the possibility of backward bifurcation
of Section 3.5.

3.4. Existence of Endemic Equilibrium. The endemic equilib-
rium &* of model (9) is defined as the steady state solution
which occurs when disease persists in the community and
is obtained by equating the derivatives of system (9) to
zero. If we denote the force of infection as A* = fm/1+m
at steady states and let z* =b— (d +¢)i* for any choice of
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*

i* at the endemic equilibrium; then, the endemic equilib-
rium can be expressed in terms of the force of infection as

b(y+z*)(p+z")(d+q+z" +¢€)

S* = 3 * 2 * 4° (38)
Ay+ (27 (A + A1)+ (z°) (ATA + p(y + 4y) +yA,) + 25 Ay + (2%)
ot = bA* (y+2%) (4, +2¥) (39)
(y+z5)(A" +z*)(p+2*)(A +2*) —yAigp
oo bA"p(y +27) (40)
- 3% 2/ % 4>
Ay+ (2*) (A" + A1)+ (z°) (ATA + p(y + 4y) +yA,) + 25 Ay + (2%)
r* = bA"ap (41)
- 3,9 % 2/ % 4>
Ay + (27 (AT + A+ (25) (A A + p(y + 4,) +ydy) + 254, + (2%)
b *
m* = pely +2') : (42)

#M(As + (Z*)3(’\* +4,)+ (Z*)Z(/\*Al +p(y+4y) +yhy) +z5 A, + (Z*)4)

where
A =y+d+q+p+te

A, =d+q+e,
(43)
Ay=yA'p(d +e),

Ay= (A (p(y +4y) +y4,) +ypdy).

Using equation five of (38) and the force of infection
A" =Bm*/(1+m*) with the model parameters, then (38)
satisfies the following polynomial:

A*P(A*)=A"(AA" +B) =0, (44)
where

A=py(yp(d+e)+z"(p(y+d+q+e)+y(d+q+e)
+Z°(p+d+q+p+z-+e))),

B=p,z"(y+z")(p+2z")(d+q+e+z")(1 - R,).
(45)

In equation (44), A* =0 corresponds to the disease free
equilibrium and the polynomial P(1*) =0 corresponds to
the existence of endemic equilibrium which co-exist with
disease free equilibrium point when %, < 1.

3.5. Bifurcation Analysis. To investigate the type of bifurca-
tion model (9) exhibits, we use the center manifold theory
of Castillo-Chavez and Song [16]. To apply the center mani-
fold theory we make the change of variables for the normal-
ized helminth model (9). Let x, =s, x, = e, x; =i, x, =1, and

x5 =m. Using the vector notation X = (xl,xz,x3,x4,x5)T,
then (9) can be written in the form dX/dt = F(x) with F =

(fl,fz,f3,f4,f5)T. If we choose =" as the bifurcation
parameter and solving for %, = 1 we have:

B xs

1+ x5

fi =b+yx,— (b+
_ B'xs _ _

L= 1+xs X = (b+p=(d+e)xs)x,, (46)
3 o =pxy—(b+d+q+e—(d+e)x;)xs,

fo =@+1)x = (bry-(d+e)x)x,

f5 =exy—pyxs,

-(d+ s)x3> X

where

B - pyb+p)(d+b+q+e+T)

= (47)

Now, the matrix W at DFE &, of the equations (46) is

-b 0 —(d+e¢) y -B
0 —(b+p) 0 0 B
W=1| 0 P —(b+d+q+e) 0 0o 1,
0 0 q -(b+y) O
0 0 € 0 —Uy
(48)
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At the value %, =1, the Jacobian W has a simple zero
eigenvalue whose corresponding left and right eigenvectors
are expressed as

_ (Bm¥9— (b+y)(pp(d +€) +ef)
o = (S e

w,= Pews
tu(btp)
w; = w; > Oisfree,
_ q9ws
b+y’
= (49)
Bm

4
Ws
v, =v,=0,

_ P
b+p’

Va
vy =v; > 0isfree,

PB Vs '
Hut(b+p)

VSZ

Using the result in [16], we need to compute the coeffi-
cients a and b where

= W - k *
a= k,;j‘;l kazw] axlax ( O’ﬁ )’
(50)
5 aZ

Now, evaluating the partial derivatives of system (46) at
(&,, "), we obtain

of, o’f,
=- *; = d >
0x,0x;5 P 0x,0x, e
azfz — ﬁ*
0x,0x5 ’
of,
= 51
0x30x, dve G

o*f.
Wg’: 2(d+ 8),

o’f,

0x50x,

7
Furthermore,
0* L
oxs08°
(52)
0* 2 4
0x50f3 o
Therefore,
a= V5P efray +2(d + &) vsw; (53)
= .
b (b+p)* (b +y)
where
ag=(b+p)[prya— (b+y)(uy(d+e) +ef)] +b(b+y),
b= Az%wy
Hyu(b+p)
(54)

The coefficient b is positive. By Castillo-Chavez and Song
[16], coeflicient a decides the local dynamics of &,. There-
fore, if a, < 0, then system (9) will exhibit forward bifurca-
tion, and if a;, > 0, it undergoes backward bifurcation.

3.6. Sensitivity Analysis of the Model Parameters. Numerical
sensitivity analysis is done by computing sensitivity indices
of basic reproduction number %, which measures the model
robustness to parameter values [17]. The forward sensitivity
index of a variable to a parameter is a ratio of the relative
change in the variable to the relative change in the parameter.

Definition 4. The normalized forward sensitivity index of a
variable u that depends differentiable on a parameter ¢ is
defined as r{ = (0u/0s).c/u.

From equation (23), we compute the sensitivity indices of

each parameter involved in %, using the equation rfz" =
(0%£,106).(6/R,). For example, the sensitivity index of

parameter value with respect to 8 is given by r?" = (0R,/

0B).(BIR,) =1 and other indices are r?‘), r?", r,‘?;;, r‘b%",

r‘?“, and r?" which were obtained and evaluated using
parameter values in Table 1 as illustrated in Figure 2.

To determine the most sensitive parameters for the
dynamics of the model, sensitivity analysis was carried out
to determine the model robustness to parameter values.
Clearly 3, p, and € have positive indices with most sensitive
parameter be 5 and the least positively sensitive parameter
p. This imply that the endemicity of the disease increases
when the parameters f3, p, and ¢ are increased while keeping
other parameters constant. On the other hand, the parame-
ters u,,, b, d, and q have negative indices and when each of
these are decreased, while keeping the other parameters con-
stantly decreases the value of %, implying that they decrease
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FIGURE 2: Sensitivity analysis of %, with respect to each model
parameter.

the endemicity of the disease. Thus, based on these results, we
suggest the following interventions to be made for the eradi-
cation of the helminth infection from the endemic communi-
ties. The first intervention is the mass cleanliness to reduce
the concentration of the parasites from the contaminated
environment. The other one is the use of anthelmintic drugs
including MDA for both healthy and infected individuals
which will in turn reduce the shedding rate of the parasite
to the environment.

3.7. Extension of the Model to Optimal Control. In this
section, we extend the heminth model (2) by incorporating
three time-dependent control measures. The best interven-
tion strategies will be identified from combination of these
control measures so as to minimize the infection from the
community. The optimal control model for helminth infec-
tion is formulated by considering the following controls:

(1) Health education control u,(t) that is aimed at
sensitizing the susceptible population. This is done
through provision of education materials (TV mes-
sages, radio, posters, and leaflets), educational mes-
sages which can be delivered by health practitioners
or teachers in schools, education that improve
hygiene awareness and behavior of people who
defecate outside the latrines, and purchase of shoes
to both preschool-aged and school-aged children
[18]. Thus. the force of infection is modified as A =
((1 = xyu,)BM)/(K + M) where x, is the effective-
ness measure of health education control, where
x, € (0,1) such that if k; =0, then health education
is not effective and «, = 1 corresponds to completely
effective health education, 0<x; <1 implies that
health education is effective to some degree

(2) The use of mass drug administration (deworming)
K,u,(t), which is administered regularly without
individual diagnosis is applied to the entire popula-
tion [19]. Application of this control moves the indi-
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viduals in exposed class to the susceptible class and
those in the infected class to the recovered class

(3) Sanitation control (u;(#)) which measures the efforts
to prevent susceptible from contracting the disease.
This include drinking clean water, personal hygiene,
avoiding eating raw vegetables, cleaning of fruits,
and intensive cleanliness of the environment which
helps to break the helminth transmission cycle (see
[19]). Thus, the clearance of the parasite from the
environment will be accelerated by y,, + x;u,, where
K, is the effectiveness of the control to protect suscep-
tible population from contracting helminth infection

After incorporating the controls and using the same
parameters and variables as in (2), we obtain the modified
model with controls for helminth infection given by

%:bN+yR—yS—(1—K1u1)AS+K2u2E, (55)
dE

7 =(1=xu)AS = (4 + p)E - k,u, E, (56)
dl

T =pE-(d+u+e)l-(q+xu,)l, (57)
dR

rri (g +1uy)] = (u+y)R (58)
dM
W :sI—(MM+K3u3)M. (59)

with $(0) =S,, E(0) =E,, I(0) =1, R(0) =R, and M(0) =
M,. In this study, we assume that the control functions
u,(t), uy(t), and uy(t) are Lebesque integrable functions
with 0<u; <1 for i=1,2,3 to mean that when the control
is zero, there is no any control implemented and when the
control is one there is maximum implementation of the
control. The objective is to obtain the optimal levels of
the control and state variables that optimize the objective
functional given by

uptiyiy | o

i=1

ty 1¢ 2
J(uy, uy, uz) = min J AT+ A,u,N + EZ wju; | dt.

(60)

Here, we want to minimize the number of infected
individual from the population while keeping the cost of
controls low. In equation (60), A, is the relative weight
of the infected individuals that accounts for the social cost
while A,u, is the individual cost for MDA of the entire
population(preschool- and school-aged children) because
it the most vulnerable population for helminth infection.
Furthermore, w; is the relative costs weight associated with
background costs for each control measure u; such as
advisement costs, production of posters, ordering and
transportation of drugs and water treatment and f; is the

final fixed time. In this work, the cost is not linear as
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may result to bang bang which means that the optimal
control take values at only upper and lower control set;
thus, we choose to have quadratic cost on the control of
the form (1/2)w;u? (see [20]). The problem becomes of
determining the optimal triplet (u],u;,u;) such that

min_ J(uy, ty, U3), (61)

* * *
U, Uy, Uy ) =
J(uy> uy» ug) ittt €U

where U = {(u;, u,, u;) | each u; is measurable with0 < u; < 1
for0 <t <t} is the admissible set.

3.7.1. Existence of an Optimal Control. The solution of the
helminth model (9) is proved to be bounded so we use this
result to prove the existence of the optimal control. However,
existence of optimal control is shown using the approach of
Fleming and Richel [14] and later applied in [15, 21-23].
For detailed proof, (see [14], Theorem 4.1, p 68-69).

3.7.2. The Hamiltonian and Optimality Systems. To obtain
the Hamiltonian H, we apply “Pontryagin’s maximum prin-
ciple” [24] to derive the necessary conditions for the optimal
pair. Therefore, the Hamiltonian is expressed as

le ds
H(S,E, I, R, M, t) = AT+ A,u,N + ngiuf o
dR _ dM
A' EETEE
> dt

(62)

dE d

I
—+A A
Zdt+ +

+A S 4E+

with A,,i=1,2,3,4,5 denotes the adjoint variables to be
determined by taking the negative derivative of the Hamilt-
nian function.

Theorem 5. Given the optimal set u,, u,, and u; that mini-
mizes ] over U, there exist an adjoint variables A, A,, A3, A,
,and A5 such that

di 1—1u;) M
e SR ) e, ()
dA
7 =ty + (et )Ay + it (Ay = Ay) ~ bA, — phs, (64)
dA
d_t3:—A1—Azuz—b/\l+(d+y+s))t3+(q+;<2u2) (65)
(A= Ay) —€As,

dA
d—t4 ==Ajuy = (b+y)A + (u+y)Ay (66)
%: (I_Klul)sﬁ_ (I_KIMI)SM/j (A ) )

dt K+M (K + M) P (e7)

+ (s + K313) A5

with transversality conditions, A(t;)=0,i=1,2,3,4,5. The
characterization of the control set (u}, u3, and u}) using the
technique of control bounds gives

uj(t) =max {0, min (1, ®,;)},
u5(t) = max {0, min (I, D,)}, (68)
() =max {0, min (1, @;)},

where
K BMS .

1= W@z A
®. < KE(A, =) +#6I(A3 - Ay)  Ay(S+E+I+R)

: w, W, '

KsMA
O, = %
3
(69)

Proof. By using ([24]), the adjoint system is the Euler-
Lagrange equations obtained taking the negative of the
partial derivative of the Hamiltonian in (62) with respect to
the state variables. Thus, the adjoint system can be written as

dA 0H (1 —xu) M

@ ds T At gy )b
d\, oH

d—;: “JE ~ —Ayty + (U + p)Ay + 1651y (A = Ay) = bA, = pAs,
d\, oH

d_t3 == —A, —Ayu, —bA + (d+u+e)ds

+(q+15u,) (A3 — Ay) — €As,

= =~y = (b4 1), + (P

dAs  0H _ ((1-wxu)SB (1 -xu)SMP
dt dM | K+M K +M?

+ (pyy + K3143)As.

)1

(70)

Using the same principle, we get the controls by solving
the equation obtained by taking the partial derivative of the
Hamiltonian with respect to each control. For example,

oH _ %, SMS Kk, SMS
T ey R ew vl
H
27: W,y + 1,E(A = Ay) + 1,1(A = Ay), (71)
2
oH

3o = Wk K3 MAs.
Us



10
200
150 + S \\
\
\
\
/: \
< 100 - \
= \
\
\
\
50 - AN
0 T T |\‘ — T
0 50 100 150 200 250 300
Time (days)
— u; #0,u, #0,u;=0
—em w=0,i=1,2,3
(a)
1200
1000 P et
_ 800 /
t/ /
/
/
= 600 ,/
/
/
400
/7
//
200 T T T T T
0 50 100 150 200 250 300
Time (days)
— u,; #0,u, #0,u;=0
--- u=0,i=1,2,3
()

Computational and Mathematical Methods in Medicine

1004 7~
/ \
/ \
! \
80/ \
! \
! \
| \
’: 60 A \\
~ \
~ \
40 4 ‘\
\
\
20 - N
0 T T T —= = ™
0 50 100 150 200 250 300
Time (days)
— u #¥0,u, #0,u;=0
—-- u;=0,i=1,2,3
(b)
1
0.8 4
2
=
S 0.6
a
i
2 044
5]
©)]
0.2 4
0 1 Ll T T T
0 50 100 150 200 250 300
Time (days)
— u; #0
-—= u, #0
——- U= 0
(d)

F1GURE 3: Simulations of the optimal control model with health education and MDA interventions.

Now, setting 0H/0u; = 0 at u] for i = 1, 2, 3, we obtain the
controls set:

e K BMS B
up (t) = W(Az A)s
e EA =) +1I(A; = 4y)  Ay(S+E+I+R)
u, (t) = w, - w, >
M
u; (l’) = K3w3)t5 .
(72)

The controls can then be written using standard control
arguments with bounds on the controls as

D,if0<P, <1,
uy = | 0if @, <0,

1if @, > 1.

Q,if 0<D, <1,
uy =1 0if @, <0,
lif @, >1.

D;if0< Dy < 1,

uj; = | 0if @, <o, (73)
1if @, > 1.
In compact notation, we writ,
uj (t) = max {0, min (1, ®,)},
u5 (t) =max {0, min (1,D,)}, (74)

u; (t) = max {0, min (1, ®@;)}.

where

K, SMS

1= W(AZ_AI)’
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FIGURE 4: Simulations of the optimal control model with MDA and sanitation interventions.

o < KE(Ay = A) + 15,1 (A = Ay) B A,(S+E+I+R)
2 ) ) ’
O, = % (75)
ws

The optimality system consists of the state system (55)
coupled with adjoint system (63) together with the charac-
terization of the optimal control with the initial and trans-
versality conditions.

The state equations in (55) and the costate (adjoint)
equation in system (63) are bounded and satisfies the Lip-
chitz condition, thus uniqueness of the optimality systems
follows using the approaches in [25, 26].

3.8. Numerical Simulation. We perform numerical simula-
tion of the optimal control model using the parameter values
given in Table 1. Various optimal control strategies are
applied to control the burden of helminth infection in the
community. Starting with an initial guess for the optimal
controls u, (), u,(t), and u;(t), state system (55) is solved
numerically forward in time using the fourth-order Runge-
Kutta method with initial conditions S$(0) = 1000, E(0) =

150, I(0) =50, R(0) =5, and M(0)=200. Then, co state
(adjoint) system (63) is solved numerically backward in time
using the fourth-order Runge-Kutta method with the state
variables and initial guess of the controls obtained earlier.
All controls are updated using convex combination of the
previous controls and its characterization then the process
is repeated until convergence is achieved. The following cost
weights were used in the simulation: A; =800, A, =0.15,
w, =15, w, =30, and w; =10 with the efficacy rates x, =
0.7, k,=0.8, and x; = 0.6.

3.8.1. Control with Health Education and MDA. In this strat-
egy, we used the combination of health education and MDA
interventions to optimize the objective functional J while
sanitation control is set to zero. Figure 3(a) shows that with
this strategy there is a significant effect in reducing the num-
ber of exposed individuals compared with the case when
there is no control but does not bring the exposed individuals
to zero at the final control period. The helminth-infected
individuals in Figure 3(b) decreases to almost zero when
the optimal combination of health education and MDA are
in place compared to when there is no control. In
Figure 3(c), we observed that the parasite population in the



12
200
15047 N
\
\
\
c\ \
= 100 - \
= \
\\\
50 \
0 . . e
0 50 100 150 200 250 300
Time (days)
— u; #0,u,=0,u; #0
e w=0,i=1,2,3
(a)
1000 — _—
800 //
//
600 - /
) /
= 4004
/7
//
200
0 \ T T T T T
0 50 100 150 200 250 300
Time (days)

— u; #0,u,=0,u; #0
--- y=0,i=1,2,3

(c)

Computational and Mathematical Methods in Medicine

wo{ 7~
/ \
/ \
80/ \
N \
I \
= 60 \
~ \
~ \
40 | \
20 1
0 T T T \\“T_ T
0 50 100 150 200 250 300
Time (days)
— u; #¥0,u,=0,u;#0
e w=0,i=1,2,3
(b)
1
0.8 4
L
=]
S 0.6
a,
e
£ 04
3
O
0.2 4
0 T T T T T
0 50 100 150 200 250 300
Time (days)
— u; #0
—e- uy=0
-—- u3#0

(d)

FIGURE 5: Simulations of the optimal control model with health education and sanitation interventions.

environment is reduced but does not reach zero at the final
control period. This suggests that using combination of con-
trol measures, the infection can be lowered in the community
but not completely removed in the specified control period.
The control profile in Figure 3(d) suggests that control
combination with health education and MDA should be
maximized and applied throughout the intervention period.

3.8.2. Control with MDA and Sanitation. Next, we consider
the combination of MDA and sanitation interventions while
the health education is set to zero. Figures 4(a) and 4(b) show
a similar trend as in Figures 3(a) and 3(b), respectively, but
with this strategy more effective than the combination of
health education and MDA. This is due to the fact that with
MDA, anthelminthic drugs are regularly administered to
the entire population (preschool- and school-aged children)
while using sanitation clears the density of parasites from
the environment. The control profile in Figure 4 suggests
the control with MDA should be seized after 20 days while
sanitation control should be kept at a maximum for approx-
imately 20 days and then decreased to zero. Therefore, these
results show that combination of these two controls measures
can as well manage to control helminth infection in the
community.

3.8.3. Control with Health Education and Sanitation. We next
consider the control with combination of health education
and sanitation in the absence of MDA. The health education
and sanitation were used to optimize the objective functional
J while MDA control was set to zero. Figure 5(a) shows that
the number of exposed individuals were reduced and were
totally controlled after 50 days. Figure 5(b) shows that the
number of infected individuals were reduced and totally con-
trolled at the final period. Figure 5(c) shows that the parasite
population is reduced to the minimum level. The control
profile in Figure 5(d) suggests that the control with health
education should be maximized for 70 days while sanitation
should be maximized for 65 days.

3.8.4. Control with Health Education, MDA, and Sanitation.
Finally, we consider the case where all controls were in place.
In this strategy the controls” health education, MDA, and
sanitation were used to optimize the objective functional J.
Figure 6(a) shows that the number of exposed individuals is
totally controlled at the final control period. Figure 6(b)
shows that the number of helminth-infected individuals
is also totally controlled at the final control period.
Figure 6(c) shows that the parasite population is more
reduced to zero at the final control time. Figure 6(d)
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FiGURE 6: Simulations with health education, MDA, and sanitation interventions.

suggests that the health education control should be max-
imized for 15 days, the MDA control be seized after 15
days, while the sanitation should be maximized for 18
days and reduced to zero due to the fact that the infection
has been cleared in the community.

3.9. Cost-Effectiveness Analysis. Cost effectiveness analysis is
performed to quantify the cost effectiveness of different com-
binations of control strategies using Incremental Cost Effec-
tive Ratio (ICER). In this approach, when comparing two
competing intervention strategies, one intervention is com-
pared with the next less effective alternative [28, 30, 31].
The ICER formula is given by

Difference in costs between strategies
Difference in the totalnumber of infection averted
(76)

ICER =

To obtain the total number of infections averted, we take
the sum of the difference between the total number of
exposed and infected individuals without and with control.
Also to obtain the total cost for each strategy, we used the
cost function as shown in Table 2.

TaBLE 2: Ranking of control strategies in ascending order of the
number of infections averted.

Strategy Total infection averted Total costs ($)
No strategy 0 0
Strategy 3.8.1 8.0089 x 10* 7.8901 x 10°
Strategy 3.8.4 8.0092 x 10* 9.9591 x 10°
Strategy 3.8.2 8.0098 x 10* 1.1149 x 10*
Strategy 3.8.3 8.0176 x 10* 3.3270 x 10°

ICER(3.8.1) = 7.8901 x 10°/8.0089 x 10* = 9.85, ICER(3.8.4) =9.9591 x
10% - 7.8901 x 10°/8.0092 x 10* - 8.0089 x 10* = -259683.6, ICER(3.8.2) =
1.1149 x 10* - 9.9591 x 10°/8.0098 x 10* — 8.0092 x 10* = 225.15, ICER(3.8.3) =
3.3270 x 10> — 1.1149 x 10*/8.0176 x 10* — 8.0098 x 10* = —100.28.

Comparing strategy 3.8.1 and 3.8.4, strategy 3.8.1 is more
costly and less effective than strategy 3.8.4. Hence, we omit
strategy 3.8.1 and recompute ICER values as indicated in
Table 3.

From Table 3, we observe that strategy 3.8.2 has higher
cost compared to strategy 3.8.4, Hence, we omit 3.8.2 and
recompute ICER as indicated in Table 4.
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TasLE 3: Computation of ICER after omitting strategy 3.8.1.

Strategy Total infection averted Total costs $ ICER
Strategy 3.8.4 8.0092 x 10* 9.9591 x 10°  -259,683.6
Strategy 3.8.2 8.0098 x 10* 1.1149x 10*  225.15
Strategy 3.8.3 8.0176 x 10* 3.3270 x 10°  -100.28

TaBLE 4: Computation of ICER after omitting strategy 3.8.2.

Strategy Total infection averted Total costs ($) ICER
Strategy 3.8.4 8.0092 x 10* 9.9591x10°  0.12
Strategy 3.8.3 8.0176 x 10* 3.3270x 10> -100.28

From Table 4, we conclude that strategy 3.8.3 (control
with health education and sanitation) is more cost effective
than strategy 3.8.4 (control with health education, MDA
and sanitation), implying that it is the cheapest of all the
control strategies.

4. Discussions and Conclusions

In this paper, we formulated and analysed deterministic model
for the helminth infection (soil-transmitted helminth).

In Section 3, we analysed the model by obtaining the
feasible region and disease-free and endemic equilibrium
points with their stability. Moreover, bifurcation analysis
were carried out and the model exhibited backward bifur-
cation for some parameter values, and sensitivity analysis
of R, with respect to parameters S, p, & p, b, d, q
was done and results revealed that 8 was the most positive
sensitive parameter while 4,, was the most negative sensitivity
parameter. Furthermore, the helminth model developed in
Section 2 was extended to include health education, treatment
by mass drug administration and sanitation as control mea-
sures. We solved the optimal control problem using Pontrya-
gin’s maximum principle by first obtaining the Hamiltonian,
the adjoint variables, and the characterization of the controls.
Applying single-control measure (health education or MDA
or sanitation) alone is not sufficient to control the infection;
thus, combination of control measures were used to optimize
the objective functional ] by considering combination of
health education with mass drug administration, combination
of mass drug administration with sanitation, combination of
health education with sanitation, and all the three controls.
Finally, we investigated the cost effectiveness of the control
strategies to ascertain the least and most expensive strategies.
Based on our results, we conclude that the combination of
health education and sanitation is the best strategy.
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A deterministic mathematical model for the transmission and control of cointeraction of helminths and tuberculosis is presented,
to examine the impact of helminth on tuberculosis and the effect of control strategies. The equilibrium point is established, and the
effective reproduction number is computed. The disease-free equilibrium point is confirmed to be asymptotically stable whenever
the effective reproduction number is less than the unit. The analysis of the effective reproduction number indicates that an increase
in the helminth cases increases the tuberculosis cases, suggesting that the control of helminth infection has a positive impact on
controlling the dynamics of tuberculosis. The possibility of bifurcation is investigated using the Center Manifold Theorem.
Sensitivity analysis is performed to determine the effect of every parameter on the spread of the two diseases. The model is
extended to incorporate control measures, and Pontryagin’s Maximum Principle is applied to derive the necessary conditions
for optimal control. The optimal control problem is solved numerically by the iterative scheme by considering vaccination of
infants for Mtb, treatment of individuals with active tuberculosis, mass drug administration with regular antihelminthic drugs,
and sanitation control strategies. The results show that a combination of educational campaign, treatment of individuals with
active tuberculosis, mass drug administration, and sanitation is the most effective strategy to control helminth-Mtb coinfection.
Thus, to effectively control the helminth-Mtb coinfection, we suggest to public health stakeholders to apply intervention
strategies that are aimed at controlling helminth infection and the combination of vaccination of infants and treatment of
individuals with active tuberculosis.

1. Introduction

Soil-transmitted helminth infections are common infections
that affect poor communities of the world. The species that
infect people are the roundworm (Ascaris lumbricoides), the
whipworm (Trichuris trichiura), and the hookworm (Necator
americanus). These parasites reside in the intestine and
release eggs to contaminate the soil [1]. Approximately 1.5

billion people are infected with soil-transmitted helminths
worldwide which are widely distributed in tropical and sub-
tropical areas, with the greatest numbers occurring in sub-
Saharan Africa, America, China, and East Asia [1]. On the
other hand, tuberculosis (TB) is an infectious disease that is
caused by the bacillus Mycobacterium tuberculosis (Mtb).
Approximately 5-10% of the estimated 1.7 billion people
infected with Mtb develop active TB during their lifetime



[2]. The study by Watts et al. [3] suggests that infection by
trichuriasis reduces the chance of latent tuberculosis (LTB)
or blunts tuberculin skin tests (TST). Moreover, coinfec-
tion of helminth and Mtb has been a public health issue
in developing countries [4]. The study by Dias et al. [5]
suggests that intestinal helminth infection has a harmful
effect to contain the Mtb infection and contributes to the
development of active TB for coinfected individuals. Fur-
thermore, coinfection with helminths increases the suscep-
tibility to Mtb [6].

The usefulness of mathematical modeling for under-
standing and assessing the dynamics of infectious diseases
cannot be underrated and has been used over the years to
investigate the optimal mechanisms for intervention strat-
egies in controlling the spread of infectious diseases. The
transmission and dynamics of Mtb with other diseases
have been studied by many researchers [7-9]. Bhunu
et al. [7] developed an HIV/AIDS and TB coinfection
model that considers the treatment of exposed and active
TB individuals and therapy for AIDS. They found that
the treatment of exposed and active forms of TB results
in stuck commencement of the AIDS stage of HIV infec-
tion. Fatmawati and Tasman [8] proposed an optimal con-
trol model for the transmission of TB-HIV coinfection.
They found that the best and effective strategy to lower
the TB-HIV infection is to apply a combination of anti-
TB and ARV treatment. Okosun [9] discussed the synergy
between malaria and schistosomiasis in the presence of
treatment. Their study revealed that an effective control
of malaria could be achieved if efficient treatment and pre-
vention of schistosomiasis are implemented. There is a
need for modeling coinfection of infectious diseases in
areas with neglected tropical diseases (NTD) which
include helminth infections, Mtb, and malaria to list a
few [10], due to their geographical overlap. To the best
of our understanding, no study has been carried out to
consider the helminth-Mtb coinfection with the use of
optimal control theory.

In this paper, our emphasis is to propose a compart-
mental system for the codynamics of helminths and Mtb
diseases and to explore the effect of helminths on Mtb
and vice versa. The model is extended to incorporate four
time-dependent controls, namely, educational campaign to
sensitize the parents to take their babies to the Bacille
Calmette-Guerin (BCG) vaccine clinic; treatment of indi-
viduals with active TB; treatment of individuals infected
with helminth parasites through mass drug administration
(MDA); and sanitation to lessen the ingestion rate of par-
asites from the polluted environment.

2. Materials and Methods

2.1. Model Formulation. The helminth-Mtb infection model
is formulated under the following model assumptions:

(i) The susceptible individuals cannot simultaneously
get infected by both diseases but rather get infected
with one disease and later by the other disease
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(ii) The population is homogeneously mixed

(iii) The incidence rate for helminth infection follows the
logistic model while Mtb is assumed to be fre-
quency-dependent

(iv) An individual gets helminth infection after sufficient
contact with the polluted environment

(v) Due to the fact that Mtb infection is more severe
than helminth infection, we assume that coinfected
individuals seek TB treatment rather than helminth
infection

(vi) The Bacille Calmette-Guerin (BCG) vaccine does
not confer a total immunity

The model is formulated by considering two populations,
namely, the human population and the parasite population
(M) that are present in the contaminated environment. The
human population is subdivided into nine classes, namely,
susceptible (S), the vaccinated against Mtb (V ), those
infected with Mtb but do not show clinical symptoms of TB
(Ey), those with active TB (Iy), TB-recovered individuals
(Ry), those infected by helminths (Ij;), those who have
recovered from helminths (Ry), and those who are dually
infected by helminths and Mtb (Iyy). Thus, the total
human population is given by N=S+ Vi +Ep + I + Iy
+Igp+Rp+ Ry +Ryp. The  susceptible  population
increases by recruitment through birth at the rate (1 -1#)
bN and by those who lose their temporary immunity
against the helminths and Mtb at rates y, and y,, respec-
tively. The susceptible individuals get infected with Mtb
upon sufficient contact with an infectious individual with
the force of infection Ay = (B (I +0lyy))/N, where B
is the transmission rate and o>1 is the modification
parameter for coinfected individuals that models infectivity
for susceptible individuals. The susceptible individuals also
get infected by helminths after ingestion of eggs/larvae or
skin penetration by infective larvae with the force of infec-
tion Ay = B ;M/(K + M), where f;; is the ingestion rate of
parasitic worms and K is the density of parasites in the
soil. The helminth-infected individuals increase due to sus-
ceptible individuals being infected with helminths, Mtb-
vaccinated individuals infected with helminths, and coin-
fected individuals who recover from Mtb at the rate 7,.
Furthermore, due to the fact that the BCG vaccine does
not grant total protection [11], then individuals exposed
to Mtb increase due to Mtb-vaccinated individuals losing
their protection against Mtb and getting infected at the
rate pAp, with p € (0,1) such that 1-p is the efficacy of
the vaccine.

The chronic infection by helminths alters the chance
of getting infected and the progression of coinfecting par-
asites (virus or bacteria) [12]; as a result, individuals
infested with helminths are at higher risk of developing
tuberculosis [13]. Therefore, individuals coinfected with
helminth and Mtb are increased by helminth-infected
individuals being infected with Mtb at the force of infec-
tion gAp, where g>1 is the modification parameter that
models increased susceptibility to Mtb, and Mtb-exposed
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individuals getting infected by helminths at a force of
infection Ay. In addition, the number of individuals with
active TB increases as individuals progressed from the
exposed class at the ratekand coinfected individuals recov-
ered from helminth infection at the rater;and decreases
due to natural recovery at the rater,. The parasite popula-
tions in the environment increase as they are released by
the helminth-infected individuals at the rate & and coin-
fected individuals at the rate &, and are cleared from the
environment at a rate p,,.The description above is illus-
trated in Figure 1, and the governing system of nonlinear
differential equations is shown in model (1). The model
parameters are described in Table 1.

g =(1=#%)bN + y,Ryy + y,Rp — (1 + Ap + Ay)S,
dd% =nbN — (u+ pAy + Ay) Vo,
% =S+ pAp Ve + ArRy — (p+ k+ Ay)Eq,
% =kEp + 11y — (p+dp + 75 + Ay,
dé_f =AuS+ AV + AgRy + Tylyp — (GAr +p+dy + 1) + &)1y,
d;% =gy + Ay (Er +Ip) — (u+dyr + 7, + 75 + &) [y
% =Tylp = (A +p+y,) Ry,
% =Ty~ (A +u+y)Ry
ddi;[ =& Iy + & lyr — pyM,
(1)
where

>

Ao = Byt +0lyr)
T N

H= .
M+K

(2)

We perform a qualitative analysis of model (1) using a
dimensionless version such that dimensionless variables
obtained by setting s=S/N, vy = V/N, e =E¢/N, ip=1I;
IN, iy =Iy/N, igp = Iyp/N, rp=Rp/N, ryg=Ry/N, ryp=
Ryr/N, and m = M/K replace the original variables S, V',
Er, I, I, Iy, Ry, Ry, Ry, and M, respectively, in which
the rate of change of the population at time t is given
by

dN
ar (b= )N +dyly — (dy + &)y — (dyr + &) gr- (3)

Upon differentiating dimensionless variables with respect
to time and using equation (3), system (1) becomes

3

dS * *
2= (Lmmbayirg +y,rp = (b4 Ay + Ay

—drip = (dy +& )iy — (dur + &)igr)s,
dvy £ s : .
W=nb— (b+ pAL + A —drip — (dy + &)y

= (dyr + &)iyr)vy>
der ., * )
W:AT(S+va+rH)_ (b+k+A’H_dTlT

= (dy +&1)ig = (dyr + &)iyr)er
%:keT+rliHT—(b+dT+AI’iI+12—dTiT

= (dy +&))ig — (dyr + & )iyr)ir,
CZ—?:}L;(5+VT+rT) + Tyigr — (b+dyg + 7, +& + gy

—drip — (dy + & )iy — (dur + & )inr) iy,
%: gAriyg + Afj(ep +ip) — (b+ 7, + T, + & + dyyp

—drip — (dy + & )iy — (dyr + &) igr) iy

dr . . . .
d—tT:Tz’T —(b+y, + Ag —drip — (dg +&)iy

= (dyr + &) igr) >
dry . . : .
TRl o (b+y, + A —dyip — (dy + & )iy

= (dyr + &)igr)rw>
dm

- &y t &gy — Py,

(4)

subject to condition s + v + ep + ip + iy +igp + rp+ 1y = 1.

2.2. Disease-Free Equilibrium (DFE). The DFE point of sys-
tem (4) is obtained by setting the right-hand sides of the
equations to zero with e, =0, iy =0, iy =0, igp =0, rp; =0,
ry =0, ryp =0, and m =0 to obtain the DFE &, = (1 -7,
0,0,0,0,0,0,0,0).

2.3. Effective Reproduction Number. The principles of the
next-generation matrix [22] are used to obtain the effective
reproduction number.

_ Brk(1+n(p-1))
P = (bik)(b+dT+‘rz)’ ®)
Gy = bt ©

py(b+dy+e +1,)

corresponding to the reproduction numbers for the Mtb
and helminth infection transmission models obtained from
the positive eigenvalues of the next-generation matrix,
respectively.
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FiGUre 1: Compartmental diagram for the helminth and Mycobacterium tuberculosis coinfection. The dotted lines indicate the interaction of
individuals with the polluted environment.

2.4. Local Stability of the Disease-Free Equilibrium where

Theorem 1. The disease-free equilibrium point is locally asymptot-

. ; iy lo=(dr = Br)so,
ically stable if R < 1 and unstable if either R > 1 or Ry > 1.
L= (dy + &)
Proof. We first obtain the Jacobian matrix at the disease-free = (0B — (dygy + £))s
equilibrium &, in order to prove this theorem. The Jacobian 2= (0Fr = (dur + €))%,
matrix is given by I = (dy + &) vrgs
b 0 0 I - -1, v, v —Buso l4 = (paﬁT - (dHT + 82))VT0’ (8)
0 -b 0 (PBy—dr)vry -l =l 0 0 —Pyvp lS = (b + dT + Tz),
0 0 —(b+k) PBrlso+prr) 0 Pro(so+pvy) 0 0 0
0 0 Kk Is 0 7 0 0 o0 lg=(b+dy+1)
[ L 0 ~ls (! 0 0 By L=({b+1, +7,+¢& +dyr),
“ 0 0 0 0 0 -1, 0 0 0
o 0 o 7 0 0 00 ly=(b+7,),
0 0 0 0 7 0 0 - 0 19:(b+y1),
0 0 0 0 B 1> 0 0 o

Now, the characteristic polynomial of the

matrix Jg is given by

Jacobian
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TasBLE 1: Description of the model parameters.

Parameters Definition Estimated value Reference
b Natural birth rate 1/18250 day ™! [14]
B Transmission rate for Mtb 0.42 day™! [15]
U Natural death rate 1/(60 x 365) day™ [16]
Y1 Loss of temporary immunity for helminth-recovered individuals 1/70 day™!

Assumed
Bu Ingestion rate of parasitic worms 1 parasite day ™" Assumed
p Vaccine wane rate 0.7 dimensionless [17]
T Natural recovery rate for helminth-infected individuals 1/28 day™ 18]
dy Helminth disease-induced death rate 35/1000 day ™ (14]
Y2 Loss of temporary immunity for Mtb-recovered individuals 0.3 day™ [19]
T, Natural recovery rate for Mtb-infected individuals 0.2/365 day™ (20]
dr Mtb disease-induced death rate 0.08 day_1 [17]
dyr Helminth-Mtb disease-induced death rate 0.08 day’I

Assumed
k Progression to active TB 0.00013»/365day'1 [21]
1% Clearance rate of parasitic worms 13/37500 day ™! [14]
g Shading rate for helminth-infected individuals 0.09 day ™" (18]
K Number of parasites in the environment 10° parasites [18]
& Shading rate for coinfected individuals 0.1day™ Assumed
g Modification parameter 1.12 dimensionless Assumed
o Modification parameter 1.5 dimensionless Assumed

PA) = (b+ )" (b+y, +A)(b+y,+A)
(b+dyr+T+ T+ A+ E)
(A +@b+k+dr+T)A+ (b+k) (9)
S(b+dp+ 1)1 - Rr]) (A + (b+dy +¢,
+py FTOA+py (b +dy + e+ 7)) [1 - Ry)).

Clearly, from equation (9), the eigenvalues of i are as
follows: A, , =-b<0, A, ==(b+7y,) <0, A;=—(b+7y,) <0,
A=—(b+dyr+71,+7,+¢&) <0, and

(M + (2b+k+dp+1y)A+ (b+k)(b+dp +7,)[1 - Ry])
(W (b+dy + g+ +T)AH py
c(b+dy+e +1)[1-Ry]) =0.
(10)

Applying Routh-Hurwitz conditions [23] on equation
(10), it has strictly negative real roots if Z <1 and Ry < 1.

Thus, the DFE point &) is locally asymptotically stable when-
ever Ry < 1 and unstable if either % > 1 or % > 1.

2.5. Global Stability of the Disease-Free Equilibrium. We
investigate the global asymptotic stability of the disease-free
equilibrium of model (9) by using the theory applied by Cha-
vez et al. [24]. System (9) is written as

dXx

=S FX,Y),
jt (11)
% = G(X,Y), G(X,0) =0,

where X = (s, vy, 11, 1yy) € R} represents the number of unin-
fected individuals and Y = (ey, iy, iy, iyyp»> m) € R? represents
the number of infected individuals including the latent and
infectious individuals.

The DEFE is given by &, = (X;,0), where X; = (1 -#,7).
The conditions in equation (12) must be satisfied to guaran-
tee local asymptotic stability:



dx
dt
G(X,Y)=BY -G(X,Y),

=F(X",0), X" isgloballyasmptotically stable (g.a.s),

where G(X, Y) > 0for (X,Y) € Z,
(12)

and B=DyG(X*,0) is M-matrix (that is, the off-diagonal
elements of matrix B are nonnegative); and X is the region
where the model makes biological sense. If the equations
in (4) satisty the conditions in (12), then the following
theorem holds.

Theorem 2. The fixed point &, is a globally asymptotically
stable equilibrium of system (4) given that R < 1 and that
the conditions in (12) are fulfilled.

G, (X,Y) Xl?t?(l _stpvr
Gy (X, V) h
G(X.Y) | _
Gy | ﬁHm<1 - %
G5(X,Y)
—(b+k) Br(so+Pvro)
k —(b+dp+1,)
0 0
B=
0 0
0 0

where x; =(1+n(p—1)), x,=dy+e, X;=dyr+e; and
I'=b+71,+71,+¢, +dyr. From equation (14), we observe
that G,(X,Y) <0 implying that the second condition in
(12) is not fulfilled, so &, may not be globally asymptotically
stable. This suggests the existence of multiple equilibria.

2.6. The Effect of Helminth Infection on Mtb and Vice Versa.
We analyze the effect of helminth infection on Mtb infection
and vice versa, by first expressing %y in terms of Z ;. We
solve for b from the expression of % in equation (5) to get

) 0, R+ 1/0,R% + 0, R,

T (15)

ARy,

* * . . .
) = Apry + Ajer — dryirer — X,iger — Xsiprer
Aig — dpi2 = o fryin — Yadrrd
it ~ 4rly — Xotulr — XztHrlT
% . .. 2 ..
> + gAriy — dyiriy — X,in — Xsipriy

—gAriy — Af(er + ir) — dyiviyr — Xoiuinr — Xsiar

03By, %
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Proof. System (4) as written in equation (12) can be rewritten
in a reduced form:

(1-n)b—bs
dx
E Y=0

= nb— by (13)

0

Solving equation one in (13) gives s(t)=(1-#%)+
(sy— (1-n))e™™ implying that s(t) — 1 -7 as t —> o0.
Similarly, solving equation two in (13) gives vi(t)=n+
(Vo — )€t implying that v(t) — # as t — 0. There-
fore, the first condition in (12) is satisfied.

Let

’ (14)
0 Bro(so+pvry) 0
0 T, 0
—(b+dy+1,+¢) 7, By
0 -r o |
& & “Pum

where 0, =k +dy +1,, 0, = (k+dp +1,)* —4k(d; +1,), 6,

=4Pk(1+n(p—1)).
Then, substituting b into the expression for %y, we get

Bt
iy (((—GIRT +4/0,R% + 63RT)/2RT) +dy+e + Tl) .

(16)

Ry =

Differentiating equation (16) partially with respect to
R gives

0K

= >
T uy ’%T(GZRT+93)(2‘%T(CIH+81+TI)_91’%T+\/'%T(02‘%T+93))
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Now, whenever the right-hand side of equation (17) is
strictly positive, an increase in the Mtb incidence in the soci-
ety results in an increase in the incidence of helminth infec-
tion in the society.

If RHS of equation (17) is equal to zero, it means that Mtb
incidences have no influence on the spread of helminth infection.

Also, expressing b in terms of % from the expression of

where 6, = p,,(dy + 7). Then, expressing % in terms of
Ry, we have

. Bok(1+n(p ~ 1)1, T |
(Buer + (yk = 06) Ry) (Byer + (p(dr + 73) — 06) Ry)

Ry in equation (6), we get (19)
b= Pt — 0% , (18) Differentiating % with respect to Ry, we get
Uy Py
0Ry _ key Ry PuPr(1+1(p— 1)) [Ru(py(dr + k+ 1) - 26) + ZIBHsl] (20)
0R  (Rulkuy —66) + Pyer) (‘%H( w(dr +73) = 0) + ye,)’
Whenever p,,(dp +k+17,) 220, then 0R/0Ry is @_ﬁl( x) = ko + 7,6 — (b +dp+1,+ Puxo _ drx,
strictly positive. This indicates that helminth infection inci- L+,
dence results in an increase in Mtb infection incidence in
the society. Thus, helminth infection enhances Mtb infection = (du +&1)x5 — (dyr + €)% )%
in the society.
2.7. Existence of Backward Bifurcation. To determine the dxs = fi(x) = :BH 9 (x X +Xp) + Ty
local asymptotic stability of the endemic equilibrium, we > e e
apply the Center Manifold Theorem developed by [25]. To —(b+ dH + 1, + & + gPp(x, + 0%
use the theory, we make the subsequent change of variables: dex — (do + (d + )
let x; =s, X, =V, X3 =g, Xy = iy, X5 =g, Xg = igp> X7 =T 1%y = (dyg €)% = (dir + €2)%6)%s,
Xg = 'y, and xy = m. Then, model system (4) is often written
within the following form: s = fo(x) = gPr (s + 0x6) x5 + i (5 + )
dt 1+ x,
dax — —
S = F @) = (10 £ £ (0 Fu(0) f5(0) fy () f (), Fy (), £ () (b+7 47y %8+ dyp —drx,
= (dy +&)%5 = (dyr + €)%6) %>
(21)
d
where ﬁ‘f7( X) =TpXy — (b+)’z ﬁH > —dpx,
dx
—==fi(%) = (L= )b+ x5 +y,%; = (b + Br(x, + o) - (dH+£l)x5_(dHT+£2)x6>x7’
= dpxy = (dy +€,)%s = (dyr + &) %)X,
dxg
dx, Buxo gt =fa(x) =115 = (b 7y, + Br(xy +0%)
W:fz(x):’?b_ <b+PﬁT(X4+Ox6) x
9
= dpxy = (dy + €))%s = (dyr + &)%) X
—dpxy = (dy +&)x5 — (dyr + 82)x6>x2’
dx
dc B.x —10 = fo(%) = &1X5 + &% =ty X1p- (22)
d—;:f3(x) = Br(Xq +0X6) (%) + px; +xg) = <b +k+ %;9

—dpx, — (dy +&)x5 — (dyr + 52)9‘6)’%)

where ], = (dr = fr)so, Ji=(dy+ 81250) J,=(0Br = (dyr
+&))so> J3=(dy +&)vrg J4=(poBr = (dyr +&))vro J5

So the Jacobian matrix of system (22) at the disease-free
equilibrium (&) is given by

=(b+dr+1,), Jg=(b+dy+1y), J,=0b+1+1,+86 +
dyr), Jg=(b+7y,), and Jo=(b+7y,).
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-b 0 0 Jo el =J» Y2 i —Pus
0 -b 0 (PBr —dr)vry /s —J4 0 0 —Buvro
0 0 —(b+k) PBr(ss+pvrg) O Pro(so+pvy) 0 0 0
0 0 k -7, 0 T, 0 0 0
0 0 0 0 -] T 0 0
Js, = ‘ ’ Pu ], (23)
0 0 0 0 0 -5 0 0 0
0 0 0 T, 0 0 ~Jg 0 0
0 0 0 0 T, 0 0 -J, 0
0 0 0 0 g & 0 0 —uy
Recall that Ry = max {RZy, R }. If we consider Zyp 0%f, .
=1 (that is, &y < R =1), let B =1 be a bifurcation Fx.ox. dy = Brs
parameter. Then, % =1 gives 42 !
o°fy
= d 5
oxs0x, O T
. (b+k)(b+dr+Ty) 9>
Br=PBr= . (24) 1 - — a3
PN k(Ln(p-1) dngox, ute = obr
0*f,
= d — * s
ax4ax2 T pﬁT
The Jacobian | %, has a simple zero eigenvalue whose po
related right eigenvectors arTe denoted by w= dxs aicz =dy +e,
[U-:v W), W3, Wy, Ws, We, Wy, We, Wo.where Mt (Js(dr - )
Br)so + Vsz)/bjg)uM + (171 = TiJo = Brersols)IbpyJs) /s =dyp +& - 0pPi,
Ws, Wy = (((PéT —dp)vee)/b)w, — ((y(dy + 1) + Py )/ 040,
) ws, ws = Pr(se + pypg)wy/ (b +k), wy=w, >0, ws =ws 3
>0, we =0, w; = (1wy)/]g, wg = (T,w5)/], and wy = (g, 2 =B,
0x40x H
ws )y 90%
The left eigenvectors of ] associated with the simple eigen- o*f,
values are denoted by v=1[v), vy, V3,V Ve, Ve> Vs Vgs Vo] s 0x,0x;, = dr,
where v, =v,=v,=v4=0, vy=kv,/(b+k), vy=v,>0, vs 2
=v5 >0, V5= ((kro(so+ pvr) + 11 (b+K))/T;(b+k))v, + 3 83 =dy+e,
((Tatps + €2Byy) o) vss and ve = (Byvs )y *50%3
The coefficients a and b that decide the local dynamics of )
the endemic equilibrium point are defined in equations (25) ofs =di+e
: Oxgox;  TE
and (26): Xc0X3
0’f,
: O’f . =P
a= Y vww sk (&, 6)) (25) 0%
Perd 0x;0x;
Jsi=1 =] 2
i =P
0x,40x,
n aZf az
b= ) vaw,—2k_ (&, B5). 26 ER.
k)iZZI k axiaﬁT( 0 ﬁT) ( ) axsaxl GﬁT’
2
From system (22), the nonzero partial derivatives of F ofs =pPrs

related to a at DFE are given by 0x,0x;,
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o’f,

o*f. =d,
—ax6aic = po'ﬁT, ax48x7 T
hon 3 0*f.
— 5 7 —
Ox,0xg ' | dx50x, =dy +e,
hoa 3
Oxg0x5 P o’f, _
=dyr + &,
3 0x40x;
9Ii_ g
oxz T .y
o’f, = =dr - By,
= 0x,0x.
Gx.0%, dy+¢€;, 40Xg
Pf, 0’
= 8 _
0x50x, dur 2 0x50xg dy €1,
o? 4
=—fu 0 .
0x40x, = gi =dyr +& — of}. (27)
60%g
o 5
—d.— :
ax4ax5 T gﬁT '
Therefore, equation (25) becomes
2
% =dy +e¢,
X3
pe ) a= ( ayw; 4 Wy Ws >v3
= a; =dyr +& — gof b(b+k)Js  bJuyJsls(b+k)
60%s _
) + <dTwi + (t(dy + &1) — Byes) w4w5) v, (28)
0fs =B Hm
Oxg0x, (a2w4w5 ajw? ) awaws
*f, b,  blopd) ° uy(b+k)
0xg0x, Pro
Ofs =B where
Oxg0x,
aZ % % %
o aié =dr, ag = bdrfr)s(so + pvro) + JspPrvre(b + k) (pPr — dr)
4 * *
" + (Js(dr = Br)so + ¥,72)0 1
0 . "
o aicé =dy +& + gopy, ay = Br(so + pvro)blso (P (A + €1) — Pey)
5 * *
2 + By (b + k) (0o (ppy1 71 = J1Ts = Prersols) — by )
WZG =dyr + &, = pBrIsTsb(b + k) (py(dyy + &) + Pye ),
6 * *
PO a, = (dr - gﬁT)bfsﬂzzw + (Js(dr = Br)so + V272) €1 Bubiy
ax486xS = 9B + by Ty
0* © _p as =b]9!"12v1(dH +&1) + Buer (¥ 71— J1Jo = Breisols)s
Oxg0x; ay = (HyPr(b+ k) + Br(so + pvro)e By + P& (b + k).
aZ . ﬂ (29)
Oxg0x,
2
Ofr __ Bu To determine the sign of b, we find the subsequent non-

0x90X; vanishing partial derivatives of F.
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TaBLE 2: Sensitivity indices for the reproduction number of Mtb
infection %
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TaBLE 3: Sensitivity indices for the reproduction number of
helminth infection ;.

Parameter Description Sensitivity indices Parameter Description Sensitivity indices
Br Transmission rate for Mtb +1.0000 B Ingestion rate of parasitic +1
H
k Progression to active TB +0.9935 worms
o ¢ Shading rate for helminth- +0.4402
Rate of vaccination -0.5385 1 infected individuals -
P Vaccine wane rate +0.5385 Clearance rate of parasitic
. Hm -1.0000
b Natural birth rate -0.9942 worms
dr Mtb disease-induced death rate -0.9691 b Natural birth rate -0.0003
. Natural recovery rate for 10,0303 diy Helminth disease-induced 02177
2 Mtb-infected individuals : death rate
Natural recovery rate for
1 helminth-infected individuals -0.2221
2
o’
0x40P7 v
22 From Tables 2 and 3, the most positive parameter
o 8}3* =-05S, indices are f3;, k, and f3; while the most negative param-
6vrT (30)  eter indices are b, dy, and p),. This implies that when
0’f, parametersf3;,k, andfyare increased, and while the
x40 =St PV1o> remaining are kept constant, the endemicity of the disease
, is increased, while when the parametery,,is increased, the
0°’f; endemicity of disease is decreased. Increasing the natural

ax6aﬁ:; = U(SO + pVTO)’

Therefore, b= (Birk(s, + pvro)*/ (b + k) w,v,.
Now, according to [25], the signs of a and b dictate the
local dynamics; thus, we have the following lemma.

Lemma 3. Suppose that b > 0. Then, we have the following:

(i) System (4) undergoes backward bifurcation if the coef-
ficient a is positive

(ii) System (4) will exhibit transcritical bifurcation if the
coefficient a is negative

3. Sensitivity Analysis

In this section, we perform a sensitivity analysis of the
effective reproduction number subject to each parameter
in order to determine the impact of every parameter on
the effective reproduction number. Therefore, we compute
the forward sensitivity index of the effective reproduction
number Ry with respect to the parameters using the
approach by Chitnis et al. [26]. Since Ry =max { Ry,
R}, then the sensitivity indices for #,; and & are com-
puted. The normalized forward sensitivity index of a vari-
able P with respect to parameter r is defined as
{¥ = (r/P)(0P/dr). For instance, the sensitivity index of
Ry with respect to B is given by Cﬁ‘%f = (Bp/Ry) (0 R/
Br) =1, and other indices are evaluated using parameter

values in Table 1. The remaining indices are given in
Tables 2 and 3.

birth rate and Mtb mortality rate does not make biological
sense that the disease would be contained. Thus, we sug-
gest the application of optimal control to sensitive param-
eters such as B, By, and p,, to study how effectively we
can contain the helminth-Mtb infection.

4. The Optimal Control Problem

In this section, the extension of model (1) is formed by
including four time-dependent controls so as to decide the
optimal strategy for controlling the two diseases. The con-
trols are defined as follows:

(i) Educational campaign u, (¢) that sensitizes the par-
ents to vaccinate more infants. Therefore, the
recruitment for the Mtb-vaccinated individuals
changes to #N(1 + u,(t)) meaning that when this
control is 100% implemented, then the number of
vaccinated babies doubles

(i) Treatment o, u,(t) of individuals with active TB,
where a, is the drug efficacy use for Mtb infection.
Therefore, the Mtb recovery rate changes to 7, +

u,(t)

(iii) Deworming at a rate a,u,(t) for the helminth-
infected individuals and coinfected individuals,
where a, is the drug efficacy use for helminth infec-
tion. Therefore, the helminth recovery rate changes
to T, + a,yus(t)

(iv) Sanitation and proper hygiene u, that reduces the
ingestion rate of parasites. Therefore, the force of
infection for the helminth infection is changed to
Ay = (1 —uy)ByM/(K + M)
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After incorporating the controls u, (), u,(t), u;(t), and
u,(t) in the Mtb-helminth infection model (4), then the opti-
mal control model becomes

ds

dt

v,
dt

dt
dI;
dt
dI,,
dt
dlyr

B _
B = (124 @)y~ (1= ) g + 4 )Ry,
RH
&
dM
@

= (11 +ouy) Iy — (Ap +p+y,) Ry,

=&y + eIy — py M.

We employ Pontryagin’s Maximum Principle to
figure out the required conditions for the optimal
control of helminth-Mtb coinfection. The control set
U is Lebesgue measurable and is defined as U= {u,
(1), uy(t), us(t), uy(t): 0<uy(t) <1,0<t<t;}. Then, the
objective is to minimize individuals with active TB,
individuals infested with helminth parasites, and coin-
fected individuals while keeping the cost low. For this
problem, we consider the objective functional defined

by

Ly

tf 1 4
J= J {CIIT +Cy Iy + Cylyp + EZ wiuf}dt, (32)
i=1

where C,I;, C,Iy, are C;lyp are the costs related to
active tuberculosis individuals, individuals infected with
helminths, and coinfected individuals, respectively. The
expression (1/2)w;u? is related to the background costs
with relative cost weights w; for every control measure.
The quadratic cost is tailored as utilized in other models
with controls (see [16, 27]). The particular value of the
weights requires intensive data processing; hence, we elect
estimate values for theoretical purposes.

—— =nb(L+u)N = (u+ pAr + (1= uy)Ay) Vi,

11

— =(1=m)bN +y, Ry + y,Rp = (p + Ap + (1 = uy)Ay)S,

E
Ey _ ArS + pApVip + ApRy — (u+ k+ (1 = ) Ay Er,
— =kEr+ (1) + aqus) Iy — (p+ dyp + 75 + (1= ug)Ay) Iy — (7 + oquy) Iy,
—— = (1= u)AgS+ (1 - ug ) Ag Vi + (1 = uy) ARy + Tolyr — (gAr +p+ dyg + &)y — (T) + au3) Iy, (31)

My + (1= ug)Ay(Er +It) = (p + dyp + 75 + &) Iyr — (71 + au3) Iy

The aim is to minimize the objective functional ] as
defined in (32) subject to model (31). Therefore, we seek to
get the optimal controls 7, u5, u3, and u} such that

J(up,uy, uz,ug) = minJ(uy, uy, U, Uy), (33)

Uy sty Uz, Uy €U

where U ={(u;, u,, u3,u,) andtherefore the controls su,,
U,, Us, are i, are measurable with0 <u;, <1,0<u, <1,0< uy

<lLand0<u, <1forte [tyt/]}.

Theorem 4. Consider the control problem with the system
of equations in (31). There exist u* = (uj,u,u},u;) €U
such that

i T 0 0) = 05,05, (34)

The necessary conditions that an optimal solution
must satisfy are derived from Pontryagin’s Maximum
Principle [28]. The principle converts equations (31)
and (32) into the problem of minimizing the pointwise
Hamiltonian H, with reference to u,, u, us; and u,.
The Hamiltonian is given by
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H=CI;+Cly+Cilyr + é (wluf + WS + wiug + w4uf1)
+Ag{(1=n)bN +y Ry +y,Ry = (u+ Ap + (1 - uy)Ay)S}
+ Ay Anb(1+u; )N = (u+ pAr + (I —uy)Ay)Ve}

+ AET{)LTS +pAp Ve + ARy — (p+k+ (1 -uy)Ay)Ey
+ Ay {kEr + (7 + apus)yr — (p+dp + (1 - ug)Ay)ly
—(rytau)lp}+ A {(1-uy)Ay(S+Vy+Ry)
+Tolyr = (u+dy + &+ ghp)Iy = (1 + ayus) I}
+ A AgArIy + (1 - ug)Ay(Ep + 1)
—(u+dyr + 7+ &)y — (T; + aqus)Iyr }
+ Ap {(To + aqup)Ip = (Ag + pu+y,)Re}
+A {(t)  +opuy)ly— (Ap+p+y,)Ry}
+ Myledy + &1y — uy M}
(35)

where Ag, Ay, Ap, A A, A, Aps Ag,, and Ay
are the costate variables or the adjoint variables. Now,
applying Pontryagin’s Maximum Principle [28], the prob-
lem has a solution following the results of the optimal
control problem in [29].

Theorem 5. Given the optimal controlu,, fori=1, 2, 3,4, and
the solutionsS,V p,Eq, I, ]Iy Ry Ry, andM, and the state
systems (31) and (32) that minimize] (u;, u,, uz, u,)overU,
there exist adjoint variablesAg Ay ,Ap A AL AL AR oA,
andAy, satisfying

d\;, OH

—ol= = (36)

i

where x;=8, Vo, I, Iy, Iyp, Ry, Ry, M with transversality
conditions  Ag(ty) = Ay (t;)=Ag (tg) =Ap (t) = Ay (t5) =
Ay, (tp) = A (tr) = A (t7) = Ay (tf) = 0, and the subsequent
characterization holds on the interior of the control set U:

bNA
u] = max {O,min {1,—u}},
w;
I.(A, —A
u;:max{o,min {1, “IT(ITRT)}},
w,

s o S0

w;

* . Agh, (S+ Vi +Rp) +AgAy (Er+17)
uy =max < 0, min < I, H ” HT
41

A (SAs + Vedy + Epdg +17A; ) }}

Wy

(37)

Proof. Flemming and Rishel [23] provide the existence of an
optimal control model (31) and the costate variables (36)
due to the boundness of state equations and the Lipschitz
structure of the ordinary differential equations. Therefore,
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applying the necessary conditions from Pontryagin’s Max-
imum Principle, we obtain the following system for cost-
ate variables:

%: _(1 _ﬂ)b/\S + IBT(IT +GIHT)S (AET _AS)

dt N?
I T7) Vo
;. Brlr + olyr) Ve (PAg, — Ay, ) = nb(1+1,)Ay,

NZ
Br(Ip + olyr)R Br(I1 +olyr)
e (e e )+ T (A= A
9Br(Ir +olyr)ly
+ 1 NZ (AIHT _AIH)
1-u M
+ (1= us)BuM (As=Ay,,) + pids,

K+M

It +0lyr)Vr

dz:T — (1= Ay + Pl 7 (PA, = Av,)
+ W (A, = Ag,) —1b(1+ )y,
; W (Ag, ~ Ag) + w (Av, - PAs,)
P mPM G ) ks

dsz = (1 - pbAg + Prln* ohn)S (Ag, = As)
# PR Ve 3y )b,
+ W (Ag, = Ag,) + W (A = A1,)
+ % (g, =iy ) +k(Ap, = Ay ) +pdg,

d;‘tn =—C, - (1-n)bAg+ W (Ag, —As)
. W (A, = Ay ) = b1+ )My,
Buller ol gy BV, rih)
+ gﬁT(IT;—fIHT)IH (A = Ary) + % (A =21y
bt dp)hy + yBIT]IH (A, = Ar,) + (Ta +aquy) (A, = Ag, )
. W (Ae, = Ay, ) —b(1+1)Ay.
+ gﬁT(IT;\r]—fIHTﬂH (A, —A,) + (70 + aqus) (A, = Ag)

+(u+dy+ al)A,H +& M0
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dA

It +0lyr)S
I, (1-n)bAg+ ﬁT(TNizHT) (A, = As)

dt
(It +0lyp) V.
N w (g, = Ay, ) = nb(1+)Ay
Br(Iy + olyr)Ry ogPr(Iy +olyr)
* N2 (AET - ARH) + N (/\IH - /\IHT)
gBr(Ir + olyr)ly
+ TT (/\Im - /\Iu) + (Tl + “2”3)(Alm - AIT)

+(ptdyr + T+ )AL+ Ay — Ty

IHT
+ Bro(SAs+ PVrdy, + RH’\RH) _0Pr(S+pVr+Ry)
N N

>

dsz = —(1-n)bAg+ W (e, = As)
o PPl TV (3, ) -t sy,
+ ﬁT(ITjLN$)RH (Mg, = Ag,) 72 (Ag, — As)
+pdg + Ww (AIHT - /\IH)
d;f"" = (1= m)bAg+ w (e, =)
o PPl iV, 2
—nb(1+up)Ay, + Aully ;]ZUIHT)RH (A, = A, )

I+ + ol ]
+ 1 (Ar, = As) + g, + g/jT(TN—zHT)H (A = M,)

Br(It +0lyr) _
¢ P S (/\ARH AET),
dhy (1 -uy)ByMS (1-uy)ByMVy
—=—— (A - ~ 27 - (A -A
dt (K+M)2 ( Iy S) + (K+M)2 ( Iy VI)
4 L= 4)PuMRy (M =)
(K+M) o Thr
+ (1_u4)IBHA2/IET (A[ _AE)_'_ (1_u4)ﬁH1;/IIT (AI _AI )
(K+M) Hr T (K+M) HT T
1—uy)By (SAs + Vady +Epdg +IpA +Rplg )
K+M
(1= ug)By ((S+ Vg +Rp)Ay + (Er +1Ip)Ay )
K+M ’

L

+ iy Ay —

(38)

To get the controls, we solve the equations dH/0u; =0
at u for i=1,---,4 and obtained the following:

_ MbNAy,
ul == Tlx
_ alp (A, = Ag,)
2 wz ’
. mly ()LIH - ARH) + oy lyr (AIHT - )LIT) (39)
u; = o, R
o A (S+Vp+Ry) + Agdy (Er+ 1)
uy =
Wy

Ay (SAg + Vily +Efdg + ITAIT)A
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Then, we write by standard control arguments involv-
ing the bounds on the controls as

®, if0<O, <],

uj=10 if© <0
1, ife,>1,
®, if0<6,<1,
u;=10 ifG,<0,
1, if®,>1,
(40)
®,, if0<O;<],
u;=10, ifG;<0,
1, ife,>1,
0, if0<O,<1,
uy=|0 if®, <0,
1, ife,>1,
where
nbNA,,
1= w,
_ “1IT()‘IT = Ag )
p) w, )
0 @lnlhy, ~Aa) * il <h) (4D
3 w,
6 AHAIH(S + Vo +Rp)+ /\HA,HT (Ep+1Ip)
4 =
wy

~ M (SAg+ Vidy + Exdg + 134 ).

5. Numerical Simulation

In this section, different optimal control strategies are used to
investigate numerically their effect on the spread of helminth
and Mtb coinfection. The state system (31), the adjoint sys-
tem (38), and therefore the characterization in equation
(37) are solved numerically using an iterative scheme so as
to attain the optimal control. Using the initial conditions
for the state system and the transversality conditions for the
adjoint system with the initial guess of the controls, we solve
the state system forward in time and the adjoint system back-
ward in time using the fourth-order Runge-Kutta scheme
with the current solutions of the state system. Then, the con-
trols are updated using a convex combination of the controls
and the values from characterization (37). The solution of the
state system and the adjoint system is repeated until the pres-
ent iteration is close to the previous iteration [30].

In numerical simulation, the weights are assumed to
depend on the cost of investment and importance of the con-
trols. For example, the cost associated with control u,
requires huge investment that includes clinical examination
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of Mtb cases and procurement and transportation of the
drugs. The cost associated with control u, requires procure-
ment and transportation of antihelminthic drugs and moni-
toring of the distribution of drugs. We choose the weights
as C, =5822, C, =0.89, C, = 5822.89, w, = 20, w, =40, w,
=30, and w, = 10 and the initial state variables as S = 1500,
Vi =2000, Ep =200, Iy =150, I;; =100, I,;p =80, Ry =5,
Ry; =5, and M =200. The efficacy parameters are a, =0.75
and a, = 0.8, and the remaining parameter values are given
in Table 1.

5.1. Control with Educational Campaign (u,) and Treatment
of Individuals with Active TB (u,). The educational campaign
control (u,) and treatment of individuals with active TB con-
trol (u,) are used to optimize the objective functional J while
the other controls (u;) and (u,) related to helminths were set
to zero. We observed that in Figure 2(b) the number of indi-
viduals with active TB was controlled but starts to increase
again until the end of the intervention period. This may be
related to our previous analysis that helminth infection
enhances Mtb infection. In this strategy, helminth infection
is not controlled; Figures 2(c) and 2(d) indicate that there is
slight significance in the case with controls and without con-
trols for helminth-infected individuals and coinfected indi-
viduals, respectively. Figure 2(e) indicates that the parasite
population is not controlled with this strategy while
Figure 2(f) indicates that the educational campaign control
should be seized after 158 days while treatment of individuals
with active TB control should be kept maximum in the entire
period of intervention.

5.2. Control with Mass Drug Administration (u;) and
Sanitation (u,). The mass drug administration (MDA) con-
trol (u,) and sanitation control (u,) were used to optimize
the objective functional J. Again, we observe that
Figure 3(a) indicates the increase in vaccinated individuals.
Also, Figure 3(b) indicates that the number of people with
active TB increases rapidly and is eventually controlled after
55 days. An equivalent scenario is observed in Figures 3(c)
and 3(d) where the helminth-infected individuals and coin-
fected individuals were effectively controlled. Figure 3(e)
suggests that the parasite population is substantially con-
trolled at the end of the intervention period. This strategy
seems to be effective in controlling the two diseases from
the community. Figure 3(f) indicates that MDA and sanita-
tion controls should be kept maximum throughout the
intervention period.

5.3. Control with Educational Campaign (u,) and Sanitation
(uy). The educational campaign control (u;) and sanitation
control (u,) are employed to optimize the objective func-
tional J. This strategy has the same profiles as the strategy
with mass drug administration and sanitation controls but
takes a long time to control the two diseases. Figure 4(f) indi-
cates that the educational campaign must be stopped after 30
days whereas sanitation control must be kept maximum in
the entire period of intervention.

5.4. Control with Treatment of Individuals with Active TB
(u,) and MDA (u;). The treatment of individuals with
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active TB control (u,) and MDA control (u;) are used
to optimize the objective functional ] while the other con-
trols (u;) and (u,) are set to zero. Figure 5(a) indicates a
slight increase in vaccinated individuals compared to the
other strategies (Sections 5.1, 5.2, and 5.3). Figures 5(b)
and 5(d) indicate that the treatment of individuals with
active TB and coinfected individuals is effectively con-
trolled while Figure 5(c) indicates a decrease in the
helminth-infected individuals but a rise at the final inter-
vention period. This is due to the absence of preventive
measures in this strategy. Figure 5(f) indicates that both
controls should be kept maximum until the final interven-
tion period.

5.5. Control with Educational Campaign (u;), Treatment of
Mtb-Infected Individuals (u,), MDA (us;), and Sanitation
(uy). With this strategy, all four controls are employed
to optimize the objective functional J. We observed that
Figure 6(a) indicates that the number of vaccinated indi-
viduals increases more at the end of the intervention
period. Figures 6(b)-6(d) indicate that individuals with
active TB, helminth-infected individuals, and coinfected
individuals are all effectively and efficiently controlled at
the end of the intervention period. Figure 6(e) depicts that
the parasite population is decreased to a number that can-
not harm the human population. This strategy indicates
that optimal educational campaign, treatment of individ-
uals with active TB, MDA, and sanitation would effectively
control the helminth-Mtb infection at the end of the inter-
vention period. Figure 6(f) suggests that the educational
campaign should be stopped after 115 days whereas the
remaining controls should be maintained maximum for
the whole intervention period.

6. Discussions and Conclusions

In this paper, we described and formulated a deterministic
model for the transmission dynamics and control of
helminth-Mtb coinfection. The effective reproduction num-
ber was computed, and we explored the steadiness of the
disease-free equilibrium point. We again established the
existence of backward or forward bifurcation using the
Center Manifold Theorem. Then, we investigated the
impact the two diseases have on each other and found that
helminth infection cases increase Mtb infection cases. In
Section 4, we modified the helminth-Mtb model by incor-
porating four control measures: educational campaign to
sensitize the parents to take babies to the BCG vaccine
clinic, treatment of individuals with active TB, mass drug
administration for helminth and coinfected individuals,
and sanitation to reduce the intake rate of parasites. The opti-
mal control was analyzed using Pontryagin’s Maximum Prin-
ciple [28], by first finding the Hamiltonian, the costate
variables, the characterization of the controls, and the optimal-
ity system.

Then, we solved numerically the optimality system by
the iterative scheme using the Forward-Backward Sweep
Method (FBSM) with the combination of the following
control measures:
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FIGURE 2: Simulations of the helminth-Mtb coinfection model with the effect of educational campaign and treatment of Mtb-infected
individuals.

(i) By applying a combination of educational campaign

(iii) By applying a combination of educational campaign
and treatment of individuals with active TB and sanitation
(ii) By applying a combination of mass drug administra-

(iv) By applying a combination of treatment of individ-
tion (MDA) and sanitation uals with active TB and mass drug administration
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F1GURre 3: Simulations of the helminth-Mtb coinfection model with the effect of MDA and sanitation.

(v) By applying a combination of educational campaign, The control strategies which focus on TB only while hel-
treatment of individuals with active TB, mass drug  minths are not controlled would not lead to the efficient and
administration, and sanitation effective control of TB or helminth infection. Moreover,
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F1GURE 4: Simulations of the helminth-Mtb coinfection model with the effect of educational campaign and sanitation.

control strategies that focus on helminths only while  tibility of Mtb for individuals infested with helminths.
TB is not controlled would control both TB and hel-  However, control strategies that include all control mea-
minth infections. This is linked to the increased suscep-  sures would effectively control the helminth-Mtb
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F1GURE 5: Simulations of the helminth-Mtb coinfection model with the effect of treatment of Mtb-infected individuals and MDA.

coinfection at the end of the intervention period. Thus,
we suggest to the public health stakeholders that in

intervention strategies that target controlling helminth
order to control the helminth-Mtb coinfection, the

infection and vaccination of babies with BCG after

birth and treatment of individuals with active
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F1GURE 6: Simulations of the helminth-Mtb coinfection model with the effect of educational campaign, treatment of Mtb-infected individuals,
MDA, and sanitation.

tuberculosis should be emphasized. One of the limita-
tions of this study is the number of compartments
involved that hinders some analytical analyses; however,
numerical simulation shows the convergence.
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MATHEMATICAL MODELING FOR
HELMINTHS AND MYCOBACTERIUM
TUBERCULOSIS CO-INFECTION

Introduction

o The study of both helminths and Mtb is important because of co-
occurrence of these two diseases in same geographical location.

o Literature shows that in resource-poor areas, co-infection with
helminth and Mtb pathogens frequently occurs [2].

o Furthermore, infection by helminth parasites increases the suscepti-
bility to tuberculosis and the consequences associated with such dual
infections are tremendously serious in the cognitive development of
the pre-school and school aged children [1]

Sensitivity Analysis for helminth model

Parameters

Numerical simulation for Helminth model

@

The co-infection model is formulated by extending the helminth model to
incorporate the increased susceptibility to Mtb

The Helminth-Mtb co-infection model

Numerical simulation for the co-infection model

Impact of helminth parasites on Mtb and vice-
versa

H

Helminth infection repr

B
Mitb reproduction number 107

Numerical simulation for the intra-host model
to show convergence to the equilibrium point
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