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ABSTRACT

Taeniasis and cysticercosis are neglected food-borne diseases that pose challenges to food

safety, human health and livelihood of rural livestock farmers. Cysticercosis reduces the market

value for pigs and cattle by making pork and beef unsafe for consumption. In this research,

deterministic and continuous time Markov chain (CTMC) models are formulated and analyzed

to study the transmission dynamics of taeniasis and cysticercosis in humans, pigs and cattle.

To study the dynamics of the diseases, we derived the basic reproduction numbersR 01 for T.

saginataandR0 for T. saginataandT. soliumparasitic infections by next generation matrix

method. Global stability for models' equilibria are established by Lyapunov functions, Metzler

matrix approach and cooperative systems theory whereas the normalized forward sensitivity

index is employed to determine the sensitive parameters. The multitype branching process is

adopted to compute the probability of diseases' extinction or outbreak. The optimal control

and cost-effectiveness analyses are used to determine the disease's optimal strategy and most

cost-effective strategy for disease's control respectively. Analysis shows that both the disease

free and endemic equilibria exist. The disease free equilibria are globally asymptotically stable

whenR 01 < 1 andR0 < 1 whereas the endemic equilibria are globally asymptotically stable

whenR 01 > 1 andR0 > 1. Sensitivity analysis forT. saginatabovine cysticercosis and human

taeniasis model shows thatT: saginataeggs to cattle transmission coef�cient, human and cattle

recruitment rates, the probability of humans to contract taeniasis, the open defecation rate by

humans with taeniasis and the rate of eating raw or undercooked infected beef are the most pos-

itive sensitive parameters whereas the natural mortality rates for humans, cattle andT. saginata

eggs, and the proportion of unconsumed infected beef are the most negative sensitive parame-

ters. Sensitivity results for taeniasis and cysticercosis transmission dynamics model due toT.

soliumandT. saginatatapeworms in humans, pigs and cattle show that human's recruitment,

the probability of humans to acquire taeniasis and the open defecation rate by humans with

taeniasis are the most positive sensitive parameters whereas theT. saginatanatural mortality

rate is the most negative sensitive parameter. CTMC model results forT. saginatabovine cys-

ticercosis and human taeniasis show that the probability of diseases' extinction is high when

the diseases emerge from a small number ofT: saginataeggs or from infected cattle and there

is major diseases' outbreak when the diseases emerge from infectious beef. On the other hand,

CTMC model results for taeniasis and cysticercosis transmission dynamics due toT. soliumand

T. saginatatapeworms in humans, pigs and cattle indicate that the probability of disease's ex-

tinction is high when the diseases emerge from humans with cysticercosis or a small number of

taenia eggs in the environment. However, there is a major outbreak when the diseases emerge

from humans with taeniasis or from infectious pork and beef. Basing on sensitivity analysis,

various control strategies were designed. TheT. saginataoptimal control results indicate that
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a strategy which targets improving meat cooking and treatment of infected humans is the opti-

mal strategy. TheT. soliumandT. saginatamodel results show that a strategy which combines

meat inspection, treatment of humans with taeniasis and improving hygiene and sanitation is

the most effective strategy for diseases' control. Thus, to control the diseases at minimal cost,

we recommend that more efforts be directed to treat humans with taeniasis and improve meat

inspection, meat cooking, and hygiene and sanitation.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Problem

Taeniasis refers to the dwelling of adult tapeworms in the human's small intestine while cys-

ticercosis is the tissue infection by larval form of taenia tapeworms due to ingestion of raw

or inadequately cooked meat (Symeonidouet al., 2018). Taeniasis and cysticercosis are para-

sitic food-borne diseases that pose challenges to food safety, affecting human health and liveli-

hood of rural livestock farmers. Cysticercosis affects pigs' and cattle's market value by making

pork and beef unsafe for consumption (WHO, 2005; Winskillet al., 2017). Taenia solium,

Taenia saginataandTaenia asiaticaare tapeworm species which cause taeniasis and cysticer-

cosis (WHO, 2021).Taenia asiaticais dominant in Asia while other tapeworm species are

globally distributed (WHO, 2005).Taenia soliumandTaenia saginatatapeworm species cause

human taeniasis and cysticercosis in cattle and pigs.Taenia soliumalso causes cysticercosis in

human.

In transmission of taeniasis and cysticercosis, humans are the mandatory hosts of the adult

stage tapeworms whereas pigs and cattle are the intermediate hosts for the larval stage parasites

(Schantzet al., 1993). Taeniasis and cysticercosis are among the major parasitic food-borne

diseases that have been neglected for so long in many developing countries of Latin America,

Africa and Asia (WHO, 2021; Ngowiet al., 2019). They are common in rural areas that are

characterized by poor sanitation, open defecation by humans with taeniasis, pigs' and cattle's

free range farming system, low standard of slaughter facilities, inadequate or no meat inspec-

tion, poverty and lack of treatment for the diseases (Mkupasiet al., 2011; Alemnehet al., 2017;

Flisseret al., 2006; WHO, 2005). The diseases mainly affect pastoral and poor rural communi-

ties that depend on pork and beef as sources of food (WHO, 2021; Trevisanet al., 2017).

The recurrence of taeniasis and cysticercosis in non-endemic area such as Australia, Canada,

USA and Europe is due to the growing popularity of pork consumption, travel, commerce and

immigrant workforce (Symeonidouet al., 2018). For instance, in Western Europe, a total of

751 infected individuals were reported from 1985-2011 (Symeonidouet al., 2018).

1.1.1 Modes of Transmission

Humans acquire intestinal tapeworm infection (taeniasis) when they eat raw or undercooked

beef or pork infected with tapeworm larval cysts, which develop into adult tapeworms that live

in the small intestine (WHO, 2021). Figure 1 shows beef and pork that contain larval cysts. The
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tapeworm eggs are passed out with faeces when humans with taeniasis defecate in the �elds and

spread over the environment through winds, water, insects and animals feet thus contaminating

pastures, folder, soil and water sources (Dermauwet al., 2018).

(a) Beef (b) Pork

Figure 1: Larval cysts in beef and pork

Cattle acquire cysticercosis when they consumeTaenia saginataeggs from the contaminated

environment while pigs acquire cysticercosis through direct consumption of human feaces or

indirectly when they ingestTaenia soliumeggs from the contaminated environment (Syme-

onidouet al., 2018). Figure 2 shows how humans, cattle and pigs can acquire cysticercosis from

the contaminated environment. When taenia eggs are consumed by cattle and pigs, they hatch,

penetrate the intestinal wall and reach the blood circulation system, where they spread through-

out the body tissues and organs such as heart, diaphragm, kidney, lungs, liver and tongue, and

develop into cysticerci (Itoet al., 2004; WHO, 2005).

Taenia saginatatapeworm causes few symptoms in both humans and cattle. In humans symp-

toms include anal pruritus, mild abdominal pain, distress and some people suffer from a patho-

logical fear of tapeworms (Dermauwet al., 2018; Tembo & Craig, 2015). In cattle, the infection

is asymptomatic but may cause greater losses in economy for the meat industry due to cost of

meat inspection, carcass condemnation and treatment upon detection of larval cysts (Jansen

et al., 2018; Alemnehet al., 2017; Grindle, 1978).
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Figure 2: Transmission of infection from the contaminated environment (WHO, 2021)

Humans contract cysticercosis when they consumeTaenia soliumeggs from the contaminated

environment via contaminated water, fruits and vegetables, or by putting contaminated �ngers

in the mouth (Del Brutto, 2013). Once the tapeworm eggs are ingested, they hatch in the small

intestine, and develop into larvae that penetrate the intestinal wall and migrate to various parts

of the body such as eyes, muscles, skin and the central nervous system through blood circulatory

system, where they form cysts. Figure 3 shows transmission of taeniasis and cysticercosis in

humans, pigs and cattle.

Figure 3: Taeniasis and cysticercosis transmission cycle (Ndimubanziet al., 2010)

3



In humans, cysticercosis is responsible for different clinical manifestations that can be very

severe and even cause death. Symptoms of the disease include severe headache, blindness,

convulsions and epileptic seizure (Sorvilloet al., 2007). When the cysts reach and infect the

brain, they cause neurocysticercosis which is the most severe form of tapeworm infection of the

central nervous system and it is the major cause of epilepsy worldwide (WHO, 2005, 2021). In

countries where human cysticercosis is endemic, it is responsible for about 30% of all epilep-

tic cases. Gobally, about 50 million people suffer from epilepsy and 80% of them are from

developing countries (WHO, 2021).

1.1.2 Diagnosis

The diagnosis of human taeniasis is done by examination of stool samples that are collected

and examined in the laboratory using a microscope to observe the existence of proglottids or

eggs in the patient's stool, while the diagnosis of human cysticercosis involve asking a patient

about the symptoms, doing a biopsy of subcutaneous cysts, immunodiagnosis, radiography,

using computed tomography (CT) scan and magnetic resonance imaging (MRI). To diagnosis

neurocysticercosis it requires both central nervous system (CNS) imaging with CT brain scans

or MRI and serological tests. Diagnosis of cysticercosis in pigs is done through tongue inspec-

tion, meat inspection and serological tests while diagnosis of cysticercosis in cattle is through

meat inspection and serological tests (WHO, 2005, 2021).

1.1.3 Treatment

The treatment of human taeniasis is done after accurate diagnosis, which involves administra-

tion of prescribed medication of praziquantel, niclosamide, nitazoxanide or albendazole which

is taken orally. The treatment of human cysticercosis is done by taking doses of albendazole and

plaziquantel depending on the number and stage of cysticerci, location and symptoms observed

by the physician. However, the treatment of neurocysticercosis is more dif�cult with varying

success and it may involve prolonged doses of albendazole and (or) praziquantel with support-

ing therapy such as anti-epileptic drugs, corticosteroids, and surgery for some cases (WHO,

2005, 2021).

1.1.4 Prevention and Control

To prevent and control taeniasis and cysticercosis in humans, pigs and cattle, various interven-

tions are required. These include treatment of infected humans, vaccination and (or) treatment

of infected pigs and cattle, improving standards of meat inspection, proper handling of pork or

beef at both household and community level, improving pork and beef cooking, good sanitary

and hygiene conditions, community health education on hygiene and food safety, and improv-

4



ing animal husbandry. Vaccines for pigs include S3Pvac and TSOL18 whereas cattle vaccines

are TSA-18 and TSA-9. Anthelmintic pigs' and cattle's treatment involves the use of drugs

such as �ubendazole, fenbendazole, oxfendazole, praziquantel and nitazoxanide (Lightowlers,

2010; Lightowlerset al., 1996; Mkupasiet al., 2013).

1.2 Statement of the Problem

Taeniasis and cysticercosis are serious public health problems that have been neglected for too

long, especially in developing countries (Winskillet al., 2017). The diseases threaten human

and animal health, and the livelihood of rural subsistence farming communities. Cysticercosis

reduces the market value for pigs and cattle, making pork and beef unsafe for consumption. For

example, the value loss due to bovine cysticercosis in Belgium was estimated to be 696 631

pounds per year and other costs related to meat inspection, destruction of carcasses and insur-

ance were estimated to reach 597 856, 2107 and 4 250 985 pounds per year respectively (Jansen

et al., 2018). In the same country, the estimated annual value losses to the animal owner, slaugh-

ter houses and insurance companies were approximately 453 024, 34 848 and 209 088 pounds

respectively (Jansenet al., 2018). In 2012, Tanzania had 17 853 human cysticercosis cases, 212

epilepsy induced deaths and 183 927 (11.7% of all pig population) porcine cysticercosis cases

with cysticercosis induced economic burden of US$ 7.9 million (Trevisanet al., 2017).

Various studies have reported that cysticercosis is a serious public health problem in many

regions of Tanzania. For example, the studies have shown that during the survey 26 out of 282

pigs were infected withT. soliumparasite in Mbeya rural and Mbozi districts (Kabululuet al.,

2020); 110 out 330 pigs were infected in Nyasa district (Shonyelaet al., 2017), 23 out 308

pigs were infected withT. Soliumwhereas 155 out of 4020 people were infected withT. solium

parasite in Iringa rural district (Yohanaet al., 2013). Generally, taeniasis and cysticercoisi are

endemic in Northern, Central and Southern regions of Tanzania particularly in rural areas where

people depend on pig and cattle farming to sustain their life. The districts that are more affected

include Nyasa, Mbinga, Mbozi, Mbeya Rural, Mbeya City, Chunya, Mbulu, Babati, Kongwa,

Morogoro, Iringa, Moshi and Arusha (Ngowiet al., 2019). Taeniasis and cysticercosis have

high prevalence rates in Latin America, Africa and Asia (Dermauw et al., 2018).

Tanzania is the second country in Africa with the largest livestock population after Ethiopia

(URT, 2016; Michaelet al., 2018). Tanzania's human population has grown rapidly from 12.3

million in 1967 to 43.6 million in 2012 and it is projected to reach 70.1 million in 2025 (Ag-

wanda & Amani, 2014). The study by Wilson (2015) has shown that the demand for meat has

increased particularly in urban areas whereby meat consumed is mainly produced by rural small

scale farmers who keep pigs and cattle under free range system. For example, the meat demand
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reached 160 000 tonnes in 2010 and is projected to be 500 000 tonnes in 2030 thus exceeding

the demand for other African countries. Thus, owing to the rate at which taeniasis and cyticer-

cosis spread and human population growth, urgent measures are needed to control the spread of

these diseases.

In 2010, the World Health Organization (WHO) listed taeniasis and cysticercosis as major

NTDs that need an effective strategy to be implemented to control and eliminate taeniasis and

cysticercosis in selected countries by 2020 (WHO & FAO, 2014). Cysticercosis has been iden-

ti�ed by WHO and the Food and Agriculture Organization (FAO) as the leading cause of all

deaths due to foodborne diseases (WHO & FAO, 2014). Globally, the disease affects approx-

imately 50 million people and nearly 50,000 people die annually due to cysticercosis (Aung

& Spelman, 2016). Neurocysticercosis cases are estimated to be between 2.56 and 8.30 mil-

lion worldwide (WHO, 2021). In Africa, taeniasis and cysticercosis are widely distributed with

high prevalence rates in Central and Eastern African countries, including Tanzania. Human and

porcine cysticercosis is highly endemic in Tanzania with porcine cysticercosis prevalence rates

0.3-17.4% and 5.5-16.9% in Southern and Northern parts of the country respectively (Kavishe

et al., 2017; Mwanjaliet al., 2013). Taeniasis and cysticercosis are among of the Tanzania's

important health research priorities which were added to the list of the country's health research

priorities in 2013–2018 and 2015–2020 by Tanzania Commission for Science and Technology

(COSTECH) and the National Institute for Medical Research (NIMR) (Ngowiet al., 2018).

Mathematical modelling has become an important tool in analyzing the transmission dynamics

and control of infectious diseases. Currently, there are only few statistical and deterministic

mathematical models that have been formulated and analyzed to study the dynamics and con-

trol of taeniasis and cysticercosis in humans and pigs (Gonzalezet al., 2002; Kyvsgaardet al.,

2007; Braaeet al., 2016; Winskillet al., 2017; Jośe et al., 2018; Śanchez-Torreset al., 2019).

None of these studies have considered cattle population in studying the dynamics and control of

taeniasis and cysticercosis. Also, previous studies have not considered the role of infected pork

and beef in the spread of taeniasis and cysticercosis. Additionally, previous studies have not

performed optimal control and cost effective analysis for the control of taeniasis and cysticer-

cosis. Moreover, most of the previous mathematical studies have used deterministic modelling

approach which do not address some uncertainties that might happen such as the possibility of

an infective to die, recover or being identi�ed before it causes infection and thus the possibility

of diseases extinction or outbreak. The mathematical models which can address such uncertain-

ties are continuous time Markov chain (CTMC) stochastic models. In this study, we formulate

and analyze both deterministic and CTMC stochastic models by incorporating cattle population,

and infectious pork and beef on the dynamics of taeniasis and cysticercosis in humans, pigs and

cattle, and suggest the optimal diseases' control measures.
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1.3 Research Objectives

1.3.1 Main Objective

The main objective of the study is to develop and analyze mathematical models for the trans-

mission dynamics and control of taeniasis and cysticercosis in humans, pigs and cattle.

1.3.2 Speci�c Objectives

The speci�c objectives of the study are:

(i) To formulate and analyze deterministic and continuous time Markov chain stochastic

models for taeniasis and cysticercosis transmission dynamics.

(ii) To determine parameters that drive taeniasis and cysticercosis.

(iii) To compute the probability of taeniasis and cysticercosis extinction or outbreak.

(iv) To determine the optimal control strategy for the control of taeniasis and cysticercosis in

humans, pigs and cattle.

(v) To determine the most cost-effectiveness strategy for diseases' control.

1.4 Research Questions

The following fundamental questions guide our study:

(i) How can deterministic and continuous time Markov chain stochastic models for the dy-

namics and control of taeniasis and cysticercosis be formulated and analyzed?

(ii) How can parameters that drive taeniasis and cysticercosis be determined?

(iii) How can the probability of extinction or outbreak of taeniasis and cysticercosis in hu-

mans, pigs and cattle be determined?

(iv) Are there any optimal control options that can be considered to minimize the transmission

of taeniasis and cysticercosis in humans, pigs and cattle?

(v) What is the most cost-effective optimal control strategy for the control of taeniasis and

cysticercosis?
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1.5 Rationale of the Study

Most of rural farmers earn their incomes through livestock keeping. Apart from that, also rural

farmers keep livestock as their sources of food and for the sake of draft power and obtaining

manure for their farms (Swanepoelet al., 2010). However, the animals they keep are faced by

parasitic diseases such as bovine and porcine cysticercosis that affect cattle and pigs respec-

tively. Porcine cysticercosis and bovine cysticercosis affect human health through consumption

of raw or under-cooked beef or pork infected with larval cysts and ingestion of T. solium eggs

that are shed by humans with taeniasis in the open �elds. Thus, understanding how these disease

are transmitted is very essential for designing appropraite measures to curb the spread of these

diseases. Mathematical modelling is one of the important tools which helps in understanding

and analyzing the transmission dynamics of these diseases for designing appropriate control

measures.

1.6 Signi�cance of Study

The knowledge obtained from this study will be important to individuals, policy makers, re-

searchers, government, educators and various organizations in the following ways:

(i) The study will give insight to people in understanding the parameters that drive taeniasis

and cysticercosis among human, pig and cattle populations, which in turn will protect

them from being infected by taking appropriate disease's control measures.

(ii) Through optimal control and cost effectivenss analyses, the study will provide knowledge

to the government and policy makers that will help them to establish policies and design

effective programmes to prevent and control the spread of these diseases at minimal costs.

(iii) The knowledge gained from this study will help livestock farmers to take appropriate

measures to protect their animals from being infected and therefore improve their eco-

nomic wellbeing through promoting health of their animals which in turn will lead into

food security.

(iv) The study will help educators to raise awareness among people on the transmission and

control of taeniasis and cysticercosis through training programmes, workshops, informa-

tion campaigns, media, workshops and educational seminars.

(v) To researchers, the study will add up the knowledge to the existing literature and provide

a platform for further research on taeniasis and cycticercosis.
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1.7 Delineation of Study

This study aims at formulating and analyzing mathematical models for the dynamics and control

of taeniasis in humans, pigs and cattle. The research work is divided into �ve chapters. Chapter

One is devoted to general introduction of the research topic, describing in detail how taeniasis

and cysticercosis are transmitted in humans, pigs and cattle. In Chapter Two deals with the

literature review on mathematical and non-mathematical studies for the transmission dynamics

and control of taeniasis and cysticercosis. In Chapter Three, both deterministic and continuous

time Markov chain models for the dynamics of taeniasis and cysticercosis in humans, pigs

and cattle have been formulated and analyzed. Furthermore, the optimal control and cost-

effectiveness analyses has been carried out. Chapter Four deals with numerical simulation of

the previously established mathematical models whereby the results are presented graphically

and in tabular form, followed by their detail discussions. Chapter Five provides conclusion

remarks and recommendations following the results obtained in Chapters Three and Four.

However, our study is limited to the dynamics of taeniasis and cysticercosis in areas where pigs

and cattle are kept under free range system and where there is no migration of humans, pigs

and cattle. Due to lack of taeniasis and cysticercosis data in humans, pigs and cattle from the

Ministries of Health, Livestock and Fisheries, some parameter values have been assumed and

other have been obtained from literature. For the case ofT. saginataparasitic infection, we

have used human infection cases in Debre Birhan City of Ethiopia (2013-2017) to �t model

parameter values. To provide more insights on the disease dynamics and assess the impact

of various control strategies, this study can be extended by studying the role of migration of

susceptible humans, pigs and cattle in the dynamics and control of taeniasis and cysticercosis;

modelling humans with cysticercosis and neurocysticercosis as two different entities; studying

the role of seasonal variation on the dynamics of taeniasis and cyticercosis in humans, pigs and

cattle; use of delay differential equations to address the in�uence of latent period on diseases'

dynamics; implementation of fractional order differential equations in studying the dynamics

of the diseases and applying discrete time Markov chain and stochastic differential equations

epidemic models to study the dynamics of these diseases.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Mathematical models play a signi�cant role in understanding the transmission dynamics and

control of infectious diseases and they are useful tools in decision making process. They are

also helpful on the choice of the best strategy to be considered for disease control, the optimal

allocation of the available scarce resources, or the best combination of strategies that can be

used to control the spread of the disease. The optimal control theory together with cost ef-

fective analysis are very crucial in analyzing and choosing effective strategies to control the

disease in a given population at a minimal cost. There are various mathematical models that

have been formulated and analyzed to study the transmission dynamics and control of infectious

food-borne diseases. In this chapter, we review some key mathematical models for transmis-

sion dynamics of taeniasis and cysticercosis in humans and pigs, continuous time Markov chain

stochastic models for some infectious diseases, mathematical models for optimal control and

cost-effectiveness analyses of environmentally transmitted diseases and non-mathematical stud-

ies on taeniasis and cysticercosis.

2.2 Mathematical Models for Taenia Solium Taeniasis and Cysticercosis

Gonzalezet al.(2002) developed and analyzed a dynamic–stochastic model to assess the control

of porcine cysticercosis. The developed model was simulated to study the dynamics of pig

population, the infection in both human and pig populations, the impact of various control

strategies onTaenia soliumparasite and the �nancial bene�t of various strategies on the control

of the disease. In model simulations, they evaluated a number of control strategies with various

combinations and durations of human and porcine treatment. The simulation results indicated

that the treatment of both infected humans and pigs are more effective for the control of the

diseases. However, the study did not capture the dyamics of taeniasis and cysticercosis due to

both Taenia soliumandTaenia saginatatapeworms and did not consider the continuous time

Markov chain stochastic model to study the diseases' dynamics. In addition, the study did

not perform the optimal control and cost effectiveness analysis to determine the most effective

strategy in diseases' control.

Kyvsgaardet al. (2007) formulated and analyzed a SIR deterministic and stochastic version of

Reed-Frost (a chain binomial) model to simulate the dynamics and control ofTaenia solium

tapeworm parasite. In the model, the transmission of infections was modeled as a function
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of probability of disease transmission which depend on each contact made between suscepti-

ble and infected populations during a speci�c time increment. The disease transmission from

humans to pigs was considered as susceptible pigs feeding on human feaces infected with tape-

worm eggs while human infection was modeled as susceptible humans feeding on undercooked

pork infected with tapeworm larval cysts. In assessing the possibility of eliminating the infec-

tions in small populations, they �rst simulated the deterministic model followed by stochastic

version of the model for each case. Three interventions that were considered in the model are

cooking habits, meat inspection and the use of latrines; rapid detection, human treatment and

pigs vaccination; and treatment of either pig or human populations. The results showed that

mass-treatment is effective in disease control and can lead into reduction of taeniasis and cys-

ticercosis in short time. However, the study did not consider the continuous time Markov chain

stochastic model which predicts the likelihood of diseases' extinction or outbreak depending

on initial number of infectives at the beginning of the diseases' outbreak. Also, they did not

consider the dynamics of taeniasis and cysticercosis dueT. saginatatapeworms and did not

implement optimal control and cost effectiveness analyses.

Braaeet al. (2016) developed and analyzed a cystiSim agent-based (statistical) model to study

the dynamics and control ofTaenia soliumtapeworms. They used the �eld data from Tanzania

to develop a model in statistical R programme. Three interventions: pig vaccination, pig treat-

ment, and human treatment were implemented singularly or in combination to assess the effect

of each strategy on disease control and they allowed customary coverage and settings. The re-

sults indicated that all interventions targeting on pig population were effective provided that the

coverage and ef�cacy was suf�ciently high. Small coverage interventions on pig populations

were effective if additional human host interventions were implemented. Generally, cystiSim

agent based model revealed that the combination of interventions in both human and pig hosts

are more effective for disease control in humans and pigs if the coverage of 75% is maintained

over at least for the duration of four years. However, the model was statistical focusing only

on human and pig populations to study disease control measures. The study failed to address

the role of infectious beef in addressing the dynamics and control of taeniasis and cysticercosis.

The study also has not considered the continuous time Markov chain stochastic model which

is more realistic and helps to determine the probability of disease extinction or outbreak. In

addition, the study has not applied the optimal control and cost effectiveness analyses to decide

on the most effective disease control strategy.

11



Winskill et al. (2017) formulated and analyzed a deterministic mathematical model to study

the impacts of various strategies on the control ofTaenia soliumtaeniasis and cysticercosis in

humans and pigs by using the EPICYST transmission model. The pig population was divided

into susceptible, vaccinated, pigs harboring low cyst burdens, pigs harboring high cyst burdens

and recovered pigs while human population was divided into susceptible, humans with taenia-

sis, humans with cysticercosis and humans with both taeniasis and cysticercosis. Intervention

strategies that were implemented singly or in combination include pig vaccination, treatment

of infected pigs, improved animal husbandry, improved sanitation, improved meat inspection

and treatment of humans with taeniasis. The results showed that treatment interventions which

focus on human or pig population are more effective in disease control when used singly, with

annual treatment of pigs and humans. However, the study ignored the role of pork and beef in-

fected with tapeworm larval cysts in the dynamics of taeniasis and cysticercosis in humans, pigs

and cattle. Also, the study did not consider the continuous time Markov chain stochastic model

which captures the uncertainties that are inherent to disease transmission and helps in predicting

the likelihood of disease extinction or outbreak. Furthermore, the study did not implement the

optimal control and cost effectiveness analysis which are essential to decide the most effective

strategy for disease control.

Jośe et al. (2018) formulated and analyzed a density dependent mathematical model for the

transmission dynamics of taeniasis and cysticercosis with chemotherapy in humans and pigs

based on the life cycle ofTaenia soliumtapeworm. The formulated model comprised deter-

ministic equations with stochastic elements that describe changes in the mean parasite burden

and incorporates the overall pattern of the parasites' distribution. The results indicated that

chemotherapeutic interventions that focus on infected pigs or humans with taeniasis are ef-

fective in reducing the mean intensity of human taeniasis, porcine cysticercosis and human

cysticercosis. The treatment of humans with cysticercosis alone has no impact on the control of

human teniasis and porcine cysticercosis since human cysticercosis has no in�uence on value of

the basic reproductive number. However, the study did not consider taeniasis and cysticercosis

due to consumption of infected beef and did not consider the continuous time Markov chain

stochastic model to study the disease dynamics. In addition, the study did not implement the

optimal control and cost effectiveness analysis to decide on the effective strategy which can be

implemented to control taeniasis and cysticercosis at minimal cost.

Sánchez-Torreset al. (2019) developed and analyzed a deterministic mathematical model to

assess the dynamics and control of taeniasis and cysticercosis in humans and pigs based on the

life cycle of Taenia soliumtapeworm. The developed model was an extension of the SI model

in Jośe et al. (2018). Two control strategies that were considered in model simulations are vac-

cination of pigs and treatment of humans with taeniasis which were implemented concurrently,
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successively or in any order. Numerical simulations were done to assess the impact of vaccina-

tion of pigs using different schedules, and the combined human treatment and pig vaccination

strategy. The results showed that vaccination of pigs has in�uence on the transmission dynam-

ics among the vaccinated population and other hosts. For the case when the coverage rate and/

or the protective ef�cacy is below 100%, then a combination of vaccinating pigs twice with

treatment of humans with taeniasis is effective in disease control in human and pig populations.

However, as in Jośe et al. (2018), the study did not capture the dynamics of taeniasis and cys-

ticercosis due ingestion of raw or undercooked beef that is infected with tapeworm larval cycts

and did not consider the continuous time Markov chain model to study the diseases' dynamics.

Also, the study did not apply the optimal control and cost effectiveness analysis to suggest the

most effective strategy for diseases' control.

2.3 Continuous Time Markov Chain Stochastic Models for Infectious Diseases

The continuous time Markov chain (CTMC) stochastic models play a signi�cant role in analyz-

ing the dynamics of infectious diseases as they capture uncertainties that are inherent to disease

transmission. Unlike deterministic and other stochastic models, the CTMC models are useful in

computing the probabilities of disease extinction depending on number of infectives at the be-

ginning of the disease outbreak (Allen & Lahodny Jr, 2012; Lahodny Jret al., 2015; Maliyoni,

2021). Generally in CTMC stochastic models, all state variables are considered to be discrete

and time is continuous. Thus, CTMC models are more realistic than deterministic models as

they describe a discrete movement of individuals between classes and not average rates as the

case of deterministic models (Maliyoni, 2021). Recently, there are only few continuous time

Markov chain stochastic models that have been formulated to analyze the dynamics of various

infectious diseases.

Lahodny Jret al. (2015) formulated and analyzed a continuous time Markov Chain (CTMC)

stochastic model which is a version of the corresponding deterministic model, to estimate the

probability of extinction or major outbreak for an environmentally transmitted infectious dis-

ease. They applied multitype branching process to �nd the probability generating functions

that were used to compute the probability of disease extinctionP0 in human population which

was then compared with the estimate probabilityPa that were obtained from the proportion of

10,000 sample paths of the CTMC model using different initial values of infected classes. The

results showed that the solutions of CTMC stochastic model are not far from the solutions of

the deterministic model. They �uctuate within the solution of their corresponding deterministic

equations. The analytical and numerical results showed thatPa is a good estimate ofP0 for the

probability of disease extinction.
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A study by Zevika & Soewono (2018) was carried out to study the transmission dynamics of

Zika disease using deterministic and continuous time Markov chain (CTMC) models. The study

applied a multitype branching process to derive expression for probability generating functions

that were used to compute the probabilities of disease extinction and the stochastic extinction

threshold. The results showed that CTMC solutions are relatively close to the corresponding

deterministic solutions. The analytical probabilities of disease extinctionP0 are closely related

to the approximate probabilities,Pa from numerical simulations. The probability of disease

extinction was high if the disease emerged from either infectious humans or infected congenital

infants. The probability of disease extinction declined if the disease emerged from infectious

mosquitoes and became smaller if the disease emerged from all infected classes.

Marwa et al. (2019) formulated and analyzed a deterministic model with its corresponding

continuous time Markov chain (CTMC) model for cholera epidemic to assess its transmission

dynamics. They used the multitype branching process to compute the probability of disease

extinction. Numerical results showed that solution of the CTMC model are close to determin-

istic model solutions. That is, CTMC model solutions �uctuates within the solution of the

deterministic model.

Maliyoni et al. (2019) formulated and analyzed a continuous time Markov Chain (CTMC)

stochastic model for the dynamics of two pathogens in a single tick population based on a deter-

ministic tick-borne disease model. The multitype branching process was applied to compute the

probability generating functions that were used to derive the stochastic threshold for pathogen

extinction or outbreak. The results showed that the approximate probability of pathogen extinc-

tion Pa computed from numerical simulations was in good agreement with the probability of

extinction that was derived from the branching processP0. The probability of disease extinc-

tion was high if a tick infected withRickettsia parkerispecies introduced the pathogen at the

beginning of disease outbreak unlike if the pathogens were introduced by a tick infected with

Rickettsia amblyommiispecies or a co-infected tick. Moreover, the probability of disease ex-

tinction declined if the pathogens were introduced by all three infected classes at the beginning

of the epidemic.

Maliyoni (2021) formulated and analyzed a continuous time Markov Chain (CTMC) stochastic

model to estimate the probability of West Nile Virus disease extinction or outbreak in birds.

The multitype branching process was applied to derive the stochastic extinction threshold for

the CTMC model. The analytical results showed that the probability of disease extinction was

in good agreement with the approximate probability of disease extinction from numerical simu-

lations. Moreover, the results show that the probability of disease extinction was high if initially

there was only an exposed mosquito at the beginning of disease outbreak unlike if the disease
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emerged from infectious mosquitoes and birds. The epidemic duration was very short if the

disease was introduced by exposed mosquitoes.

2.4 Mathematical Models for the Optimal Control and Cost-effectiveness Analysis of

Environmentally Transmitted Diseases

Okosunet al. (2016) formulated the optimal control and cost effectiveness analysis model for

leptospirosis by incorporating human and livestock (vectors). They used strategies which in-

volve vector vaccination, and treatment of infected humans and vectors. The Pontryagin's

maximum principle was used to derive necessary conditions for the optimal control of the

disease. The cost-effectiveness analysis was carried out by using ANOVA and Incremental

Cost-Effectiveness Ratio (ICER). The results revealed that the most cost-effective strategy for

the control of leptospirosis was the combination of the vector vaccination and treatment of in-

fective livestocks.

Tilahunet al. (2017) developed and analyzed a nonlinear deterministic model to study the dy-

namics and optimal control of typhoid fever disease with cost-effective strategies in communi-

ties where the population is varying. The Pontryagin's maximum principle was applied using

three control strategies which were implemented singularly or in combination to determine the

optimal control strategy. These strategies were treatment of infected individuals; proper hy-

giene, adequate sanitation and vaccination; and the screening of carriers. The Incremental Cost

Effectiveness Ratio was used to determine the most cost-effective strategy. Numerical results

revealed that a strategy that combines improved hygiene and sanitation, vaccination and treat-

ment of infected individuals was the best cost-effective strategy to eradicate the disease.

Berheet al. (2018) formulated and analyzed a mathematical model for the optimal control and

cost effectiveness analysis of dysentery diarrhea epidemic. They used the Pontryagin's max-

imum principle to derive the conditions that are necessary for the optimal controls to exist.

Three intervention strategies that were used in the optimal control problem are health educa-

tion and hygiene, treatment of infected individuals, and improved sanitation. They applied the

Incremental Cost Effectiveness Ratio to determine the most cost-effective strategy for disease

control. The results showed that the strategy that combined health education campaign with

improved sanitation was most ef�cient and cost-effective for the control of the disease.
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Panja (2019) established a mathematical model for optimal control and cost-effectiveness anal-

ysis of a cholera epidemic model. Three intervention strategies which are treatment, vaccination

and awareness programs were implemented in combination to study their impacts on the dis-

ease control. The Incremental Cost Effectiveness Ratio (ICER) was applied to determine the

most cost-effective strategy. The results indicated that a strategy which target on treatment of

infected people and awareness program was the most cost-effective in the control of cholera

disease.

Nyerere et al. (2020) formulated a mathematical model for optimal control and cost-

effectiveness analysis for the infectiology of brucellosis. The Pontryagin's maximum princi-

ple was implemented using various intervention strategies in combination to determine their

impacts on the control of the disease in humans, livestock and small ruminants. These inter-

ventions included livestock vaccination, gradual culling of cattle and small ruminants, personal

protection, and environmental hygiene and sanitation. The Incremental Cost Effective Ratio

was used to determine the most cost-effective strategy. Numerical results showed that a strategy

which combines livestock vaccination, gradual culling of cattle and small ruminants through

slaughter, environmental sanitation, and personal protection is the most cost-effective strategy

for disease control.

The optimal control mathematical model with cost effectiveness analysis for the control of an-

thrax in human and animal populations was done by Osmanet al. (2020). In their study, they

used four intervention strategies which are human preventive control measures, treatment of in-

fected humans, vaccination of animals and treatment of infected animals that were implemented

in combination of two strategies. The Infection Averted Ratio (IAR) was used to determine

the most cost-effective strategy for disease control. The results showed that a strategy which

combined vaccination of animals and prevention of humans was the most effective strategy in

combating the anthrax epidemics in humans and animals.

2.5 Non-Mathematical Studies for Taeniasis and Cysticercosis

Non-mathematical studies have also been done on the epidemiology, prevalence and distribution

of taeniasis and cysticercosis in different regions within and outside Tanzania. Various associ-

ated risk factors for transmission of these diseases have been indicted including the knowledge

of farmers about the diseases, livestock management systems, availability of water sources, con-

sumption of infected meat and absence of latrines (Mwanjaliet al., 2013; Ngowiet al., 2004;

Yohanaet al., 2013; Kabululuet al., 2015; Mkupasiet al., 2011; Dermauwet al., 2018; Yimer

& Gebrmedehan, 2019; Shonyelaet al., 2017; Saratsiset al., 2019; Kabululuet al., 2018; Ku-

mar & Tadesse, 2011). Control measures that have been suggested include chemotherapy, meat
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inspection, use of vaccines and the use of latrines. However, these studies have failed to de-

scribe the parameters that drive the diseases, show optimal control measures and the most cost

effective strategy for diseases' control. Also, non-mathematical studies have not shown the pos-

sibility of diseases outbreak or extinction if the diseases emerge from which class of infectives.

Thus, mathematical modelling approach will �ll this gap by describing all these aspects.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Introduction

In this chapter, we formulate and analyze both deterministic and continuous time Markov chain

(CTMC) stochastic models for transmission dynamics of taeniasis and cysticercosis in humans,

pigs and cattle. The deterministic models are formulated using non-linear ordinary differential

equations. These equations lead into a dynamical systems that govern the transmission dynam-

ics of taeniasis and cysticercosis in humans, pigs and cattle. The resulting models are tested for

positivity and boundedness of their solutions. The models are extended to include various in-

terventions such as vaccination, pigs' and cattle indoor keeping, improved meat (pork and beef)

cooking, treatment and improved hygiene and sanitation to assess their impacts in diseases'

control.

The disease free and endemic equilibria are computed and their stability are analyzed. The lin-

earization method in combination with trace and determinant method is used to analyze the local

stability of disease free equilibrium whereas Lyapunov functions and Metzler matrix method are

used to analyze global stability of disease free equilibria. The theory of cooperative systems and

Lyapunov functions in combination with the LaSalle's invariant principle are used to analyze

the stability of the endemic equilibria. The basic reproduction numbersR 01 and R0 which

determines whether the disease clears or persists are computed by the next generation matrix

method as described by Diekmannet al. (1990). Sensitivity indices of parameters in the basic

reproduction numbersR 01 andR0 are derived by the normalized forward sensitivity index as

described by Chitniset al. (2008).

Basing on the deterministic models, the continuous time Markov chain (CTMC) stochastic

models are formulated and analyzed to study the dynamics of taeniasis and cysticercosis in

humans, pigs and cattle. The multitype branching process is applied to compute the probability

of disease extinction or outbreak. The Pontryagin's maximum principle is adopted to determine

the most optimal strategy for diseases' control whereas the incremental cost-effectiveness ratio

(ICER) is used to determine the most cost-effective strategy for the diseases' control.

3.2 Dynamics of Taenia Saginata Bovine Cysticercosis and Human Taeniasis

Bovine cysticercosis is an infection of cattle caused by the larval stage ofTaenia saginata

(beef tapeworm) (Kumar & Tadesse, 2011). Humans acquire infection when they consume

raw or undercooked beef infected with larval cysts which mature to adult tapeworms in the
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human small intestine, a condition which is called human taeniasis (Symeonidouet al., 2018).

When infected humans defecate in the �elds, they release tapeworm eggs which contaminate

pastures, fodder and water sources (Dermauwet al., 2018; Symeonidouet al., 2018). Cattle

acquire cysticercosis when they ingestT. saginataeggs that were shed in human feaces during

grazing, or when they ingest contaminated fodder or water (Symeonidouet al., 2018). When

T. saginataeggs are ingested by cattle, they hatch, penetrate the intestinal wall and reach the

blood circulation system, there being taken to various tissues and organs such as the heart,

diaphragm, kidney, lungs, liver and tongue where they develop into cysticerci (Itoet al., 2004;

WHO, 2005). Human taeniasis can be controlled when infected beef is cooked to a suf�cient

internal temperature of 56°C to 65°C, or freezed at the temperature of -10°C for �ve days to

ensure that all cysts are killed (Grindle, 1978; Lesh & Brady, 2019).

Bovine cysticercosis and human taeniasis are common in areas where people defecate in open

spaces, particularly in rural areas where people keep their cattle under free range system (Alem-

nehet al., 2017; Flisseret al., 2006; Trevisanet al., 2017). Such areas are highly characterized

by poor sanitation, low standard of slaughter facilities, inadequate or no meat inspection and

the treatment for these diseases is not readily available (Mkupasiet al., 2011). The life cycle of

T. saginatais presented in Fig. 4.

Figure 4: The Life Cycle of Taenia saginata(CDC, 2013)
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Human taeniasis due toT. saginataaffects people who depend on beef as an important food

component of their diet and consume raw or undercooked beef infected withT. saginatatape-

worm larval cysts (Kumar & Tadesse, 2011). In developing countries, most rural farmers keep

cattle in large numbers, that are usually kept under free range system (URT, 2016; Michael

et al., 2018).

Taenia saginatabovine cysticercosis and human taeniasis are globally distributed, occuring

in both developed and developing countries. In developed countries, the disease prevalence

is very low and it is reemerging in previous disease free areas due to migration of infected

humans and cattle exchange (Yimer & Gebrmedehan, 2019). The prevalence rates are higher

in developing countries of Latin America, Africa and some parts of Asia (Braaeet al., 2018).

In Africa, T. saginataparasite is prevalent in almost all regions with higher rates in Eastern

and Southern Africa including Ethiopia, Sudan, Tanzania, Kenya, South Africa, Botswana,

Zimbabwe and Zambia whereby Ethiopia has the highest parasite prevalence rates (Dermauw

et al., 2018). In such countries, most people keep cattle for their livelihoods, serving as a

source of food, manure, draft power and income for challenging times (Dermauwet al., 2018;

Swanepoelet al., 2010). T. saginataparasite poses a threat to the economy as most people

keep catttle for their livelihood. The parasite causes few symptoms in humans, including anal

pruritus, mild abdominal pain, distress and some people even suffer from a pathological fear

of tapeworms (Dermauwet al., 2018). In cattle, the infection is asymptomatic but may cause

considerable economic losses for the meat sector due to carcass condemnation or treatment upon

detection of tapeworm larval cysts during meat inspection and related insurance costs (Dermauw

et al., 2018). Economic losses fromT. saginatabovine cysticercosis and human taeniasis are

measured in terms of disease prevalence, potential market price of cattle, grade of infected

cattle, treatment cost for detained carcasses and medical costs for infected humans (Alemneh

et al., 2017; Grindle, 1978). In Botswana and Kenya, the annual losses due toT. saginata

bovine cysticercosis and human taeniasis approach 0.5 and 1 million pounds respectively while

the loss per animal slaughtered is 2.25 and 1 million pounds respectively. In Ethiopia, the

average annual loss due to taenicidal drugs for treatment is about 4 937 583.21 Ethiopian Birr

(Alemnehet al., 2017).

Taenia saginatabovine cysticercosis and human taeniasis have been neglected for long time in

developing countries due to the absence of symptoms in cattle, lack of data on its economic

impact, and because human taeniasis is considered as a minor health problem. However, the

prevalence of these diseases is a clear sign of inadequate hygiene and sanitation, consumption

of raw or undercooked beef and insuf�cient meat inspection, which accelerate disease transmis-

sion (Dermauwet al., 2018). The diagnosis of human taeniasis is usually done by examination

of stool samples while bovine cysticercosis diagnosis involves meat inspection and serologi-
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cal tests (Okello & Thomas, 2017; Winskillet al., 2017). The treatment of human taeniasis

is through administration of prescribed medication of praziquantel, tribendimidine, albenda-

zole and niclosamide (Okello & Thomas, 2017). Intervention strategies in cattle involve the

use of TSA-9 and TSA-18 vaccines (Kumar & Tadesse, 2011; Lightowlerset al., 1996), and

anthelmintic treatment with �ubendazole, fenbendazole, oxfendazole, praziquantel and nita-

zoxanide (WHO, 2005; Winskillet al., 2017).

Understanding well howTaenia saginatabovine cysticercosis and human taeniasis are trans-

mitted is useful in designing appropriate diseases' control strategies. Mathematical modeling

has become an important tool in studying and analyzing the transmission dynamics and control

of infectious diseases. Over the past two decades, only few mathematical models have been for-

mulated and analyzed to study the dynamics and control of human taeniasis and cysticercosis

in humans and pigs due toTaenia soliumtapeworm parasite (Gonzalezet al., 2002; Kyvsgaard

et al., 2007; Braaeet al., 2016; Winskillet al., 2017; Jośe et al., 2018; Śanchez-Torreset al.,

2019). None of these studies have considered the dynamics and control of bovine cysticercosis

and human taeniasis due toTaenia saginatatapeworm parasite. In addition, these studies have

not applied continuous time Markov chain (CTMC) stochastic models to study the dynamics

of taeniasis and cysticercosis. In this chapter, we develop and analyze both deterministic and

CTMC stochastic models for the transmission dynamics ofT. saginatabovine cysticercosis

and human taeniasis by including the compartment of infected beef. Furthermore, some control

strategies are implemented in the deterministic model to study their impacts in diseases' control.

3.3 Taenia Saginata Deterministic Model

The mathematical model for transmission dynamics and control ofTaenia saginatabovine cys-

ticercosis and human taeniasis is formulated by considering the model �ow generated by Kyvs-

gaardet al. (2007) that studied the dynamics and control ofTaenia soliumparasitic infection in

human and pig populations using a Reed-Frost stochastic model. Human taeniasis and bovine

cysticercosis utilize humans as de�nitive hosts and cattle as the most intermediate hosts (Der-

mauwet al., 2018). The model divides human population intoSH andIHT classes that represent

susceptible humans and humans with taeniasis respectively. The cattle population is divided

into SC, VC, IC andRC that represent susceptible cattle, vaccinated cattle, cattle infected with

cysticercosis and cattle that recover from cysticercosis respectively. The compartmentsBI and

ET represent infected beef and the number ofTaenia saginataeggs in the environment respec-

tively.
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Susceptibe humans are recruited through birth at a rateL H and increase at a ratec when infected

individuals recover from taeniasis. However, they diminish through consumption of raw or

insuf�ciently cooked infected beef at a rateab(1� k ) wherek is the cooking rate of infected

beef. Humans with taeniasis increase at rateab(1� k ) when susceptible humans consume raw

or undercooked infected beef. The parameterbT denotes the probability of susceptible humans

to acquire taeniasis due to consumption of an infected beef, that is, the per capita rate at which

susceptible individuals acquire taeniasis. All human compartments suffer natural death at a rate

mh. The number ofTaenia saginataeggs in the environment grow at a raten as a result of open

defecation by humans with taeniasis and decrease at ratest andme due to improved hygiene and

sanitation, and natural death respectively. They are further reduced at a ratech due to humans'

efforts to spray chemicals for killingT. saginataeggs from the contaminated environment.

Susceptible cattle are recruited at a rateLC due to birth. They increase at ratesy v andp due to

waning of vaccine and when recovered cattle loose their immunity respectively. They diminish

at a rategb when they acquire cysticercosis from the contaminated environment, at a ratey s

when they are vaccinated and at a ratess when they are slaughtered. Vaccinated cattle increase

at a ratey s when susceptible cattle are vaccinated and decrease at ratesss andy v when they are

slaughtered and when the vaccine wanes respectively. They further diminish at a rater bgb when

vaccinated cattle acquire infections from the contaminated environment due to ineffectiveness

of vaccines. Infected cattle increase at ratesgb andr bgb as a consequence of susceptible and

vaccinated cattle to feed on contaminated environment. Recovered cattle increase at a ratel

due to treatment of cattle infected with cysticercosis and decrease at a rates r when they are

slaughtered. All cattle classes suffer natural death at a ratemb. The infected beef increases

when infected cattle are slaughtered at a rateh and decreases when consumed by humans at a

rateab. The parametere represents proportion of an infected beef which is not consumed by

susceptible humans.

In model formulation, we consider the free range farming system for cattle and we do not

consider migration. We assume that the number ofTaenia saginataeggs consumed by cattle

have negligible effect on the total number of eggs in the environment and that both infected

humans and cattle cannot recover from infections without treatment. Also, we assume that the

cattle vaccines are not 100% effective and hence they wane after sometime. We further assume

that cattle and humans do not suffer disease induced mortality, they become carriers for their

life and that the rate at which susceptible humans consume raw or undercooked infected beef

depend on the amount of infected beef that is present. The quantity of beef is measured in terms

of number of infected cattle that are slaughtered for consumption. Furthermore, cattle contact

rate withTaenia saginataeggs in the environment is assumed to follow the principle of mass

action. The model for the transmission dynamics ofTaenia saginatabovine cysticercosis and
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human taeniasis with control measures is summarized by the �ow diagram in Fig. 5 and model

parameters are summarized in Table 1.

Table 1: Description of model parameters

Parameter Description
L H Recruitment rate of human population
mh Per capita natural death rate of humans
ab Rate of eating raw or undercooked infected beef
LC Recruitment rate of cattle
gb T: saginataeggs to susceptible cattle transmission coef�cient
r b Reduction rate ofT: saginataeggs transfer to vaccinated cattle
h Slaughter rate of infected cattle
mb Per capita natural death rate of cattle
e Proportion of unconsumed infected beef

bT Probability of human infection with taeniasis
n Defecation rate by humans who are infected with taeniasis
me Per capita natural death rate ofTaenia saginataeggs
ss Harvesting rate of susceptible cattle
sv Harvesting rate of vaccinated cattle
s r Harvesting rate of recovered cattle
l Proportion of infected cattle recovered from cysticercosis
p Proportion of recovered cattle that becomes susceptible
y s Proportion of susceptible cattle that is vaccinated
y v Vaccine waning rate
t Rate of improvement in sanitation (use of toilets)
ch The rate of killingT. saginataeggs on the contaminated environment
k Cooking rate (% to suf�cient internal temperature) of infected beef
c Recovery rate of humans with taeniasis
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Figure 5: The model �ow diagram for T. saginatainfection

The model that describes the transmission dynamics and control ofTaenia saginatabovine

cysticercosis and human taeniasis is given by the model system (3.1).

dSH

dt
= L H + c IHT � bTab(1� k )BISH � mhSH ;

dIHT

dt
= bTab(1� k )BISH � (mh + c )IHT ;

dSC

dt
= LC + y vVC + pRC � gbSCET � (ss+ y s+ mb)SC;

dVC

dt
= y sSC � r bgbVCET � (sv + y v + mb)VC;

dIC
dt

= gbSCET + r bgbVCET � (h + l + mb)IC;

dRC

dt
= l IC � (p + s r + mb)RC;

dBI

dt
= h IC � (e+ ab)BI ;

dET

dt
= n(1� t )IHT � (me+ ch)ET ;

(3.1)

with initial conditions:

SH(0) > 0;IHT(0) � 0;SC(0) > 0;VC(0) > 0;IC(0) � 0;RC(0) � 0;BI (0) � 0 andET(0) � 0:
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3.4 Positivity and Boundedness of Model Solutions

For the model system (3.1) to be biologically and epidemiologically meaningful, we need to

prove that the model solutions are positive and bounded. Given the model system (3.1), there

exists a region

W=
n

(SH ; IHT ;SC;VC; IC;RC;BI ;ET) 2 R8
+

o
(3.2)

such that the model solutions are positive and bounded.

3.4.1 Positivity of Model Solutions

Theorem 3.1

Let the initial conditions for the model system (3.1) be:

SH(0) > 0;IHT(0) � 0;SC(0) > 0;VC(0) > 0;IC(0) � 0;RC(0) � 0;BI (0) � 0;ET(0) � 0:

Then the solutions(SH ; IHT ;SC;VC; IC;RC;BI ;ET) of the model with positive initial conditions,

will remain non-negative for all timet > 0.

Proof.

Let t1 = supf t > 0 : SH > 0; IHT > 0;SC > 0;VC > 0; IC > 0;RC > 0;BI > 0;ET > 0 2 [0;t]g;

so thatt1 > 0: Then, from the �rst equation in the model system (3.1) for susceptible humans,

we have:
dSH

dt
= L H + c IHT � bTab(1� k )BISH � mhSH ;

dSH

dt
� � (bTab(1� k )BI + mh) SH ;

dSH

SH
� � (bTab(1� k )BI + mh) dt;

SH(t1) � SH(0)e

Z t1

0
� (bTab(1� k )BI (s)+ mh) ds

� 0:

(3.3)

Using the same approach, it can be shown that:

IHT(t) � 0;SC(t) � 0;VC(t) � 0;IC(t) � 0;RC(t) � 0;BI (t) � 0;ET(t) � 0;8t � 0: (3.4)

Therefore, all solutions of the Model (3.1) will remain positive for all non-negative initial con-

ditions.
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3.4.2 Boundedness of Model Solutions

To prove the boundedness of solutions, we let the total populations for humans and cattle be

H = SH + IHT andTC = SC + VC + IC + RC respectively. Considering the human population, we

have:
dH
dt

= L H � mhH;

dH
dt

+ mhH = L H :
(3.5)

Using integration factor, we obtain:

H(t) =
L H

mh
+

�
H(0) �

L H

mh

�
e� mht ; (3.6)

whereH(0) = SH(0) + IHT(0). Following the same procedures, it can be shown that the total

cattle population is given by:

TC(t) �
LC

mb
+

�
TC(0) �

LC

mb

�
e� mbt (3.7)

whereTC(0) = SC(0)+ VC(0)+ IC(0)+ RC(0). We consider two cases to analyze solutions (3.6)

and (3.7): whenH(0) >
L H

mh
, TC(0) >

LC

mb
and whenH(0) <

L H

mh
, TC(0) <

LC

mb
. Both cases give:

H(t) � F t = max
�

L H

mh
;H(0)

�
;

TC(t) � Y t = max
�

LC

mb
;TC(0)

�
:

(3.8)

SinceH = SH + IHT � F t , it follows that

IHT � F t : (3.9)

We need to show thatET is also bounded. The last equation forT. saginataeggs in model

system (3.1), can be written as:

dET

dt
+ ( me+ ch)ET = n(1� t )IHT : (3.10)

Using equation (3.9), equation (3.10) can be written as:

dET

dt
+ ( me+ ch)ET � n(1� t )F t : (3.11)
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Applying integration factor, we have:

ET(t) �
n(1� t )F t

(me+ ch)
+

�
ET(0) �

n(1� t )F t

(me+ ch)

�
e� (me+ ch)t ; (3.12)

from which we get:

ET(t) � Gt = max
�

n(1� t )F t

(me+ ch)
;ET(0)

�
: (3.13)

Using the same approach for infected beef equation in model system (3.1), we get:

BI (t) � xt = max
�

hY t

(e+ ab)
;BI (0)

�
: (3.14)

The solutions of the model system (3.1) enter the region:

W=
n

(SH ; IHT ;SC;VC; IC;RC;BI ;ET) 2 R8
+ : 0 � H(t) � F t ;0 � TC(t) � Y t ;

0 � ET(t) � Gt ;0 � BI (t) � xt

o
:

(3.15)

Therefore, all solutions of the model (3.1) are positive invariant in the region:

W=
n

(SH ; IHT ;SC;VC; IC;RC;BI ;ET) 2 R8
+ : 0 � H � F t ;0 � TC � Y t ;0 � ET � Gt ;

0 � BI � xt

o
:

(3.16)

where

F t = max
�

L H

mh
;H(0)

�
;Gt = max

�
n(1� t )F t

(me+ ch)
;ET(0)

�
;

Y t = max
�

L B

mb
;TC(0)

�
;xt = max

�
hY t

(e+ ab)
;BI (0)

�
;

(3.17)
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