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Abstract 

 

Multi-drug resistance (MDR) has complicated treatment and control of numerous 

infectious diseases. The extent and rate of increase of MDR varies widely with different 

drug-pathogen combinations. Each year, animal African trypanosomiasis (AAT), 

contributes to high cattle mortality rates throughout sub-Saharan Africa (SSA). 

Treatment of AAT in SSA is complicated by increasing MDR in trypanosomes. Over 

reliance on trypanocides and poor treatment practices has ultimately led to the serious 

negative effects of non-susceptibility to multiple trypanocides. Mathematical models can 

effectively predict the most judicious trypanocide use, and thereby help to restrict 

widespread MDR. This study aimed to predict the most effective use of trypanocides in 

Kwale County, Kenya. This was performed among farming communities of Shimba Hills, 

an area with high AAT incidence and in close proximity to the Shimba Hills National 

Reserve that has high vector densities. This involved designing, validating and 

implementing a compartmental susceptible, exposed, infectious and recovered (SEIR) 

epidemiological model for simulating trypanosomes transmission in tsetse flies and 

cattle. A smart mobile phone Health App was developed to collect field data on 

trypanocide non-susceptibility. Data was collated on a central database and analyzed to 

determine the mathematical model parameters. This information was coupled with that 

from laboratory analyses of trypanocide induced gene mutations, and used to develop 

mathematical models that predict increasing MDR. It demonstrates how trypanocide 

treatment in cattle influences the tsetse infectivity and transmissibility of drug non-

susceptible trypanosome strains. The results show that treatment of all cattle with a 

combination of two trypanocides was the most optimal treatment strategy to restrict 

development of MDR to AAT. Furthermore, starting the treatment with the least effective 

trypanocide and ending with the most effective trypanocide, was an ideal trypanocide 

prescribing practice. The optimal threshold for mass treatment of infected cattle 

populations was 80%. This study highlights best practices for communal use of multiple 

drugs to restrict widespread trypanocide non-susceptibility. 
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CHAPTER 1 

 

 Introduction 

 

1.1 Trypanosomes 

 

Trypanosomes are protozoan parasites that cause life-threatening human African 

trypanosomiasis (sleeping sickness) in humans (1–5) and animal African 

trypanosomiasis (AAT) (or nagana) in livestock  (6,7). AAT is a tropical disease caused 

by multiple diagnostically distinguishable trypanosome species that include: 

Trypanosoma congolense, Trypanosoma brucei brucei and Trypanosoma vivax (8,9). 

Tsetse flies (Glossina species) are the vectors of trypanosomes, and can be 

categorised into three major groups (8):  

 

 Morsitans group which includes: Glossina longipalpis, Glossina pallidipes, 

Glossina morsitans, Glossina swynnertoni and Glossina austeni, largely found in 

the savanna and woodland habitats. 

 Palpalis group which includes: Glossina palpalis palpalis, Glossina fuscipes 

fuscipes and Glossina palpalis gambiensis, all found in riverine habitats. 

 Fusca group which includes: Glossina fusca fusca, Glossina schweitz, Glossina 

brevipalpis and Glossina longipennis that mostly inhabit the rain forests of West 

Africa.  

 

T. vivax, T. congolense and T. b. brucei are transmitted majorly by the morsitans group 

kind of vectors. G. fuscipes subspecies are most important vectors in the palpalis group, 

whereas all members of the fusca group apart from Glossina brevipalpis, have no 

medical or veterinary importance (8).  T. evansi  could be transmitted through infected 

blood (10) whereas tsetse fly bites transmit T. brucei rhodesiense,  T. congolense, T. 

brucei gambiense  and T. brucei brucei (10). Genetically is similar to T. brucei 

rhodesiense and T. brucei gambiense  (11). Cyclical transformation does not occur for 
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T. evansi within the tsetse flies. In the course of its life cycle T. evansi remains 

monomorphic unlike T. brucei sub-species, which are pleomorphic (11). 

 

 

1.1.1 Geographic distribution of trypanosomiasis in Kenya 

 

Smallholder cattle farmers in Shimba Hills (coastal region), Teso, Busia, Suba, Lambwe 

Valley (western region), Mtito Andei, Makueni and Maasai Mara (south Rift region), are 

some of the areas affected by AAT in Kenya (12–14) (Figure 1). Farmers in these areas 

receive trypanocide prescriptions from extension workers and veterinary officers. These 

areas have the highest AAT incidence rate in Kenya (15,16). Cases of multi-drug non-

susceptible trypanosomes have previously been reported in Kwale (17,18), where this 

study was performed. Most people in Kwale, living near the neighboring Shimba Hills 

National Reserve, a tsetse fly reservoir, practice small-scale livestock farming. Wildlife 

therefore provides a constant reservoir of trypanosomiasis infection transmitted to 

livestock. 
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Figure 1: A of Kenya showing the prevalence of tsetse flies. Adapted from (19) 
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1.1.2 Tsetse fly infection by trypanosomes 

 

Trypanosomes undergo cyclic development in the tsetse fly before infecting vertebrate 

hosts. Unfed, teneral and starved (young) tsetse flies are more susceptible to 

trypanosome infections than older flies (20).Trypanosomes develop from procyclic blood 

stream forms acquired from the mammalian host to infective metacyclic trypanosomes 

(21). T. vivax has the shortest development cycle lasting 5 to10 days, and the whole 

development occurs in the proboscis. The procyclic forms multiply in the tsetse midgut 

before entering the proboscis in T. congolense, taking approximately 15 days. T. brucei 

undergo a more complicated development cycle involving stages in the salivary glands 

with a mean duration of 20 days (8). Some trypanosomes do not develop to the 

infectious stages, an example is Trypanosoma brucei where only 3% of them mature 

and are capable of causing infectious disease (22,23). This is referred to as 

refractoriness, and results in relatively low infection rates in tsetse flies (vector) 

compared to cattle (host) (11). 

 

1.2 Trypanosomiasis challenges and control 

 

1.2.1 AAT challenges 

 

AAT reduces animal work rate, meat and milk yield, and increases expenses incurred 

on trypanocidal drugs. Economic losses due to AAT can best be approximated through 

pecuniary losses due to paucity of large-scale veterinary public health records. AAT has 

been estimated to result in losses of up to US $ 4.5 billion annually. It affects 37 

resource poor African countries (24–27). Approximately 60 million cattle are at risk of 

infection (24), which can lead to anemic condition, mortality and muscle loss (28). 

Techniques for AAT management in cattle such as: use of trypanocides; vector control 

using screens and flytraps; and breeding of trypano-tolerant cattle breeds have been 

used (29). Trypanocides are widely used by farmers to control trypanosomiasis since 

they are affordable (30). Poor or lack of information about disease management among 
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smallholder farmers is a significant setback to disease control as a result of non-

susceptibility to trypanocides.  

 

1.2.2 Drug control 

 

Current tools for trypanosomiasis management are limited to trypanocidal drugs. In 

Africa, approximately 35 million doses of trypanocidal drugs are prescribed by 

veterinary officers to farmers each year (34). The three classes of trypanocidal drugs 

administered in Africa are Isometamedium (ISM), 40%, homidium salts (such as 

ethidium bromide (EtBr)), 26%, and diminazene aceturate (DA), 33%  (31). There are 

emerging reports of drug non-susceptibility, and it is difficult to develop vaccines due to 

parasitic antigenic variation (32). Consequently, vector control is the preferred 

alternative (33). The main trypanocide used in Kwale, Kenya is veriben, a diminazene 

group trypanocide. This is complemented by antibiotic use. 

 

1.2.3 Biological control 

 

Biological control involves the use of a living antagonist to lower pest (vector or 

parasite) population to un-harmful acceptable levels. Biological control methods have no 

environmental side effects. However, there are some side effects associated with 

chemical control methods.  

 

1.2.3.1 Biological control of vector of protozoan parasite  

 

Biological control of intermediate carriers in form of hosts and vectors can be used to 

control protozoans, such as Plasmodium, Babesia, Theileria, Leshmania and 

Trypanosoma. This can be achieved either by direct predatory enemies or by other 

mechanisms, such as infection or altering their biology such as mode of reproduction 

(34,35). 
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1.2.3.2 Trypano-tolerant breeds 

 

Trypano-tolerant livestock breeds that require little or no chemotherapy include: 

N’Dama, Baoule, Muturu, Laguna, Somba and Dahomey (West African), zebu cattle 

breeds such as Maasai zebu (East African) (36). Other trypano-tolerant breeds include 

indigenous small ruminant breeds like dwarf sheep from West African and goats from 

both West and East African regions (36). They are more non-susceptible to 

trypanosome infection than imported breeds (classically temperate ‘European’ taurine 

breeds but also including Asian-derived Bos indicus breeds, relatively new to 

trypanosome endemic areas, such as Boran). Since an animal's ability to control 

parasitaemia and anaemia has a major effect on production, weight gain when infected, 

and decreased mortality rates (36), monitoring infection rates and haematocrits of 

individuals in a herd is recognized as a useful tool for the selection of trypanotolerant 

breeding stock  such as Trail, d'Ieteren, Colardelle, Maille, Ordener, Sauveroche and 

Yangari (37). Crosses of non-susceptible breeds have better weight, faster growth rate, 

packed cell volume (PCV) checks, anemia control, and provide great motivation of the 

farmer due to satisfaction as a result of economic efficiency (38,39). 

 

1.2.4 Surveillance and management of trypanosomiasis 

 

Trypanosomes are progressively becoming non-susceptible to multiple drugs (40,41). 

Nevertheless, Trypanosomiasis surveillance has been inadequate. Data collection tools 

like paper questionnaires that require the physical presence of investigators have for 

long been the main methods exploited to collect health demographic surveillance 

information of AAT and other infectious diseases. This has led to bottlenecks in 

collecting relevant information, and significantly slowed down the process of formulating 

policies after data analysis; and providing feedback to the affected communities (42). 

New software applications like Open data Kit (ODK) have been developed to replace 

prior practices but they remain untested in most endemic areas (42). 
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The lack of consistent surveillance efforts of AAT coupled with the misuse of 

trypanocides potentially poses serious concerns. This is because the accumulation of 

populations of non-susceptible trypanosomes would complicate the management of the 

disease. There is also a great need for new effective and safe trypanocides, since long-

term exposure to the existing  drugs increases the risk of trypanosome acquiring non-

susceptibility (43–45). The limited resources and fewer veterinary personnel in 

developing countries where trypanosomiasis is endemic further complicate the situation 

(46). Poor compliance to prescribed drug regimens (misuse of drugs and  prolonged 

use), unsuitable drug choice, the porous African borders that allow nomadic migrations 

to infected areas, and unfavorable dosing have significantly increased annual treatment 

failure rates; and promote the emergence of non-susceptibility. Trypanocide vendors 

are not monitored and the illiteracy of the farmers leads to poor storage and 

administration of trypanocides. These limitations alongside varied farming practices and 

absence of new trypanocidal drugs favor the development of trypanocide non-

susceptibility.  Overreliance on trypanocides in the control of trypanosomiasis ultimately 

leads to the rise of multi-drug resistant (MDR) trypanosome populations rendering the 

use of trypanocides infeasible. There have been several studies on detection and 

prevalence of MDR trypanosomes (47,48), but little has been done to determine 

prevalence and control of MDR trypanosomes in Kenya. More effective approaches that 

provide accurate information on the level of drug non-susceptibility in the livestock 

population are required in resource poor settings (24).  

 

 

1.3 Mathematical models 

 

Dynamic mathematical models can be exploited in epidemiology to describe how 

diseases are transmitted. Methods for minimizing trypanocide non-susceptibility are 

becoming more important due to the increasing rate of  trypanocide non-susceptibility 

(49).  
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Mathematical models have for a long time been used to develop a better understanding 

of systems in order to control or optimize results (17,50–68). Thus mathematical models 

of infectious disease are now commonplace, and have helped predict development of 

antibiotic non-susceptibility and the temporal spread of diseases (51,62–71). Models are 

used to understand treatment and infection rates in order to optimize ability to predict, 

quarantine and control disease. 

 

 

1.3.1 The susceptible, infected, recovered (SIR) model 

 

The susceptible, infectious, recovered (SIR) is a nonlinear, compartmental model that 

allows studies on movement of populations between the susceptible compartment, the 

infected compartment, and the recovered (removed) compartment, hence the name, 

SIR model, (Figure 3) (72,73).  

 

 

Figure 2: Susceptible-Infected-Recovered Flowchart. 

 

Differential equations that represent the status of infection within the compartments are 

first described. The rate of change of susceptible cattle is proportional to the product of 

the number of cattle in the susceptible, )(tS   and infected )(tI  compartments at a given 

time t . This rate is negative since the number of cattle in this compartment is 

decreasing. 

 

Beta,  , represents the contact rate, or the likelihood that susceptible cattle, S  would 

become infected through interaction with infectious cattle, I . 

 

SI
dt

dS
           1.1 
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The rate of change of the infected cattle population grows at the same rate the 

susceptible compartment decreases. The recovery rate,  , is the likelihood that infected 

cattle would recover (the removal rate), with 


1
 being the time it takes to recover (the 

period of infectivity). The number of new infected number of cattle is represented by 

SI . 

ISI
dt

dI
 

          
1.2

 

 

The recovered cattle, R  population is growing proportional to the product of the infected 

compartment and the recovery rate,  . 

 

I
dt

dR
           1.3 

 

Equations 1.1, 1.2, and 1.3 are defined such that 

 

0
dt

dR

dt

dI

dt

dS
         1.4 

 

And  

NRIS            1.5 

 

Where N  represents the total population, assuming the total population is constant. 

The parameter,  , is called the infectious disease rate of transmission. 
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1.3.2 An SIR model with vital dynamics 

 

Many other variables and parameters can be considered when creating an SIR model. 

These include: exposure, temporary immunity, drug non-susceptibility, multiple 

infections, and vaccination. The tradeoff remains a balance between creating a more 

accurate model that affords the ability to study details or a model that is easier to work 

with functionally omitting some of the facts (72,73). The following model accounts for 

vital dynamics, or changes within the cattle population size due to birth and death rates. 

This model is a revised form of the previously mentioned SIR model to account for birth 

and immigration, represented by, , as well as death, represented by,  , (72,73). 

Equations 1.1, 1.2, and 1.3 can be modified. 

 

NSSI
dt

dS
          1.6 

IISI
dt

dI
 

         
1.7

 

RI
dt

dR
            1.8 

 

Such that 

             1.9 

to keep a constant total population. 

 

The susceptible population grows in accordance with the birth rate,  , which is 

proportional to the total population, N . The susceptible population decreases as a 

result of infection, SI , or death, S . 

 

The infected number of cattle grows in relation (what is called the infection rate as the 

constant of proportionality) to the product of the number infected, the number 

susceptible, IS . The infected compartment decreases due to recovery, I , and 

death, I . 
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The recovered population grows in accordance with the recovery rate, which is 

proportional to the size of the infected population, I , and decreases due to the death 

rate which is proportional to the recovered population, R . This is in line with the fact 

that natural death rate should be proportional to total population and the recovered 

population is part of the total population. 

 

1.3.3 Ross-MacDonald model 

 

Ronald Ross was one of the first to conduct breakthrough research on malaria due to 

his discovery that malaria is transmitted to human hosts via bites from mosquitoes in 

1902 (74). The model was first published initially by Ross in 1908 and further 

explorations and refinements were mentioned subsequently through 1916. The model 

did not experience significant updates until 1952 when Dr. George MacDonald 

discovered some interesting results as he studied the endemic equilibria of the model. 

MacDonald also made advances in his studies of the reproductive number, a ratio that 

determines whether or not the epidemic will sustain or fail (74). Ross and MacDonald's 

work continue to be the foundation for epidemic models today. 

 

This study develops models for infection with multiple strains to model the spread of 

MDR in trypanosomes which heavily borrows from Ross and MacDonald’s work and 

that from other scholars (51,70,71). 

 

The three factors that influence the epidemiology of trypanosomiasis considered are: 

the tsetse flies’ (vectors) geographic distribution, the trypanosomes’ (parasite) virulence 

and the cattle’ (host) response. Therefore, each of the factors between the host and the 

vector was considered as separate entities in the sub-model development. 

 

1.3.4 The vector compartments 

 

The vector model comprised of two sub-models: 
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(i) Tsetse fly population dynamics sub-model, which estimates densities of adult 

tsetse flies at each time step. 

(ii) Infection dynamics sub-model which simulates the rate of infection, and 

development of infection in the vector population through susceptible and 

infectious categories. 

Vector population dynamics is driven by environmental and climatic data including 

presence of sandy soil (for breeding), rainfall, humidity, temperature and vegetation 

cover. Changes in these climatic variables affect tsetse fly breeding and survival. There 

is an optimal temperature range of 240C to 260C for survival, development and breeding 

of tsetse flies.  Conditions related to climate affect tsetse population through some or all 

of birth, mortality, immigration and emigration rates (75,76). 

 

1.3.5 The parasite 

 
Animals with parasitaemia frequently survive for longer periods. This accelerates 

disease transmission by tsetse flies. The antigenic coat change by the trypanosomes 

helps them to overcome the immune response of the host. This is an important factor of 

AAT, hence parasitaemic condition continues even after treatment (77,78). 

 

The trypanosome glycoprotein coat that is targeted by the host’s immune responses 

repeatedly switches to evade parasite immune elimination (79). It is known that 

trypanosomes have multiple antigenic types each expressed from a different genetic 

repertoire (79,80). Thus, successfully treated domestic animals are likely to have 

recrudescent infection. 

 

 

1.3.6 The host 

 

The host compartments were composed of the cattle population density and infection 

dynamics sub-model whereby they can be treated and become free of trypanosomes or 
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carry non-susceptible trypanosome strains. The population density was determined by 

the birth, migration from the area, and natural and trypanosomiasis related death rates. 

The infection dynamics in cattle was determined by factors such as; immunity status, 

level of exposure to infected tsetse flies, duration of exposure, location and disease 

management interventions. These determine the number of animals and transmission 

rates in susceptible, exposed, infected, and recovered compartments. 

 

 

1.4 African animal trypanosomiasis and trypanocide non-susceptibility 

 

1.4.1 Definition and etiology 

 

Trypanocide non-susceptibility is the reduction or absence of trypanosome strains  

sensitive to standard quality trypanocides as prescribed by the pharmaceutical 

companies and administered according to the best veterinary practice (81). Currently, it 

is possible to understand underlying mechanisms of drug resistance by inducing 

trypanocide non-susceptibility in vitro (82). Detection of drug resistant trypanosomes 

from wildlife that were never in contact with the drug may be indicative of circulation of 

non-susceptible trypanosomes in the area, or that there was existence of trypanocide 

non-susceptibility without any drug medication (82,83). These factors are useful in 

determining the origin of trypanocide non-susceptibility. Multidrug resistance (MDR) is 

non-susceptibility to more than one trypanocide. Cross resistance is non-susceptibility 

to a specific trypanocide that often results in non-susceptibility to another trypanocide, 

to which the trypanosome may not have been exposed, usually of a similar chemical 

class. Most trypanocides target drug transportation or detoxification pathways in 

trypanosomes, and a single targeted mechanism could result in multi-drug resistance. 

An example is quinapyramine that causes non-susceptibility to diminazene aceturate 

(DA), and isometamidium chloride (ISM) (81,84).  Although quinapyramine was banned 

in the 1970s, it was re-introduced in Africa due its acceptability in Asia. Quinapyramine 

should only be allowed for the treatment of T. evansi  in camels and horses (81). 
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1.4.2 Mechanisms of trypanocide non-susceptibility 

 

1.4.2.1 Isometamidium chloride (ISM) 

 

Isometamidium chloride (ISM) is commercially available as Veridium® and Samorin®, 

and has been in use for nearly 7 decades. ISM’s specific mode of action in 

trypanosomes remains unclear, but it interacts closely with the kinetoplastid (84). 

Diffusion translocates ISM in to the trypanosome with no expenditure of metabolic 

energy, and then it is actively transported in to the kinetoplast (84). Fewer intakes and 

more efflux of the trypanocide in the mitochondrion have been associated with ISM non-

susceptibility, and include:  

 

(i) Mitochondrial membrane reduced transport (electrical potential of the 

mitochondrion is low).  

(ii) Inner mitochondrion membrane with a transporter modification.  

(iii) More cytoplasmic compartment efflux. 

(iv) Multiple of these strategies (84,85). 

 

An insertion mutation of a conserved GAA codon in a transporter gene has been 

associated with the ISM non-susceptible clone (86).  These ABC transporters require 

ATP energy to transport substrate across biomembranes, irrespective of the 

concentration gradient (87). Some trypanosome strains classified as non-susceptible in 

mouse models of non-susceptibility (88) did not show the GAA insertion codon (86). 

Altered trypanocide target sites are also thought to result in ISM non-susceptibility at the 

kinetoplast DNA-topoisomerase complexes (81,89). Reduction in size and depletion of 

the kinetoplast DNA network is induced by the silencing mitochondrial topoisomerase 

(90). Modification of topoisomerase II in T. congolense has been associated with ISM 

non-susceptibility (85). Hence there could be more than one non-susceptibility strategy 

involved. 

 



15 
 

1.4.2.2. Homidium salts (ethidium and novidium) 

 

Homidium also translocates in to trypanosomes by diffusion (91), and are widely used in 

East Africa despite their harmful side effects (92,93). Mechanisms of resistance to 

homidoums salts still remain unclear although some findings point towards similarity to 

those in ISM (94). 

 

1.4.2.3. Diminazene aceturate (DA) 

 

Diminazene requires unique transporters for movement across biomembranes due to its 

highly charged nature, and modifications of transporters reduce drug sensitivity and 

may result in non-susceptibility (95,96). Trypanosomes depend on hosts purines that 

are transported through a variety of mechanisms; an example is the adenosine carriers 

P1 and P2. P2 is a high affinity transporter of amino purine, adenine and adenosine, 

while P1 is a broad-specificity purine transporter (95,96). Modification of TbAT1 genes 

encoding the P2 amino purine carrier has been linked to  DA non-susceptibility in T 

brucei brucei (85). The mutation Val 306-Ile 306 in TbAT1 gene of T. brucei correlates 

with the DA non-susceptibility phenotype (84,95). Other modifications associated with 

DA non-susceptibility exist. An example is the modification of the gene TeDR40 that 

encodes a protein with ubiquitous cellular localization, which is associated with high DA 

non-susceptibility in T. evansi (97). High levels of DA non-susceptibility may be a 

consequence of the cumulative effect of these two none identical resistance 

mechanisms.  

 

 

 

1.4.3. Strategies for combating trypanocide non-susceptibility 

 

Efficacious use of the available trypanocides by smallholder farmers is essential to 

restrict widespread multi-drug resistance. Therefore, guidelines and policies 

recommending rational trypanocide use, that  delay the development of trypanocide 
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non-susceptibility are of crucial importance (98,99). These strategies include the use 

alternative trypanocides when non-susceptibility to previously used trypanocides has 

developed. The use of DA/ISM trypanocide and DA-homidium sanative pairs by small 

holder farmers has been encouraged. These approaches may restrict the emergence 

and widespread development of MDR, and include (44,45): 

 

a) Providing farmers with information and education on rational use of trypanocides. 

b) Training veterinary health care practitioners and farmers on integrated methods 

of trypanosomiasis control and prevention. 

c) Avoidance of wrong treatment by improving on disease diagnosis and 

trypanocide prescription.  

 

Continuous surveillance of trypanocide non-susceptibility, particularly in endemic areas 

is of vital importance. 

 

 

1.5 Hypothesis 

 

Multiple trypanocide use in Kwale County, Kenya, has an impact on the transmission 

dynamics of drug non-susceptible trypanosomes. 

 

1.6 Objectives 

 

1.6.1 General objective 

 

Non-susceptibility is the inevitable outcome of persistent use of the same drugs for long 

durations. Community-led data collection using a mobile app and data from previous 

studies were used as input data in mathematical models of MDR trypanosome strains to  

predict optimal treatment strategies for infectious diseases (63,100).  
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This study aimed to restrict widespread development of MDR due to poor treatment 

practices and policies during chemotherapy of AAT. This was done by establishing 

practices of trypanocide use among smallholder cattle farmers in Kwale County, Kenya. 

Surveillance data was collected using a mobile application (App) as primary input for 

susceptible, exposed, infected, recovered (SEIR) mathematical models that predict the 

most optimal treatment regimens that curb widespread multi-drug non-susceptibility. 

 

1.6.3 Specific objectives 

 

i. To develop a mobile application (App) to collect community-led baseline data, on 

the use of multiple trypanocides and awareness on non-susceptibility, from 

small-holder farmers. The developed app was used to collect data on the 

significance of AAT on the trypanosomiasis disease management of farming 

communities in Kwale, Kenya. 

ii. To design, validate and implement a compartmental susceptible, exposed, 

infected and recovered (SEIR) epidemiological mathematical model for 

simulating ordinal and combination of trypanocide treatment regimens that 

reduce widespread transmission of drug non-susceptible trypanosome strains by 

tsetse flies to cattle.  

iii. To establish, using the developed SEIR model, the communal minimum 

threshold for infectious population-wide treatment using multiple drugs, which 

reduces wide-spread trypanocide non-susceptibility. 

 

1.7 Justification 

 

The trypanosome is one of the most economically destructive livestock parasites unique 

to Africa. Trypanosomes have a devastating effect on livestock, causing AAT, a fatal 

disease, reducing animal work rate, and meat and milk yield (5,11). Current remedy for 

trypanosomiasis heavily relies on trypanocidal drugs such as: homidium salts, 

isometamedium chloride and diminazene aceturate, which were developed over 60 
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years ago. Treatment of AAT in SSA is becoming more complicated due to increasing 

MDR in trypanosomes (44,45). 

 

Widespread non-susceptibility in endemic areas such as Shimba Hills can be restricted 

by judicious use of available trypanocides. Poor farming practices drive trypanosome 

non-susceptibility. Most smallholder farmers lack knowledge on best practices of 

trypanocide use, resulting in widespread trypanocide non-susceptibility (44,45). 

 

Mathematical models have the potential to uncover the mechanisms that underpin 

development of MDR, and their deterrents (51,60,62–65,68,69,71). This study aimed to 

develop and test a mobile application as a tool for community-led surveillance of 

trypanosomiasis epidemiology, and therapy in areas with high trypanosomiasis burden 

and drug usage. These data were examined using mathematical modelling to highlight 

factors that influence the development and transmissibility of MDR trypanosome strains.  

 

Information on the MDR trypanosomes prevalence and the existing non-susceptibility 

profiles of their locales will be of great benefit to farmers and veterinary health workers 

in the endemic regions. This can be used to inform appropriate practices and policies 

for veterinary drug prescription, thereby greatly improving drug prescription practices to 

the farmers. These well-informed farmers and veterinary health workers will use 

knowledge acquired to exercise more precautionary use of trypanocides. 
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CHAPTER 2 

 

Materials and methods 

 

2.1 Study site 

 

The study site was Shimba Hills located at latitude -4.174 (4.1744° S) and longitude 

39.4603 (39.4603° E), in Kwale County in the coastal region in Kenya, a 

trypanosomiasis endemic region (Figure 4). Kwale covers an area of more than 823,000 

hactares. Kwale County has low population density, and is adjacent to a national wildlife 

park, the Shimba Hills National Reserve.  

 

Two villages: Kizibe and Mbegani at different locations within Shimba Hills were 

identified for sample collection. Kwale County veterinary health care officials helped 

identify the locations with reference to information from previous prevalence studies to 

assess livestock numbers, trypanosomiasis risk and tsetse prevalence. 

 

2.2 Biological data collection and processing 

 

2.2.1 Data collection using a smart phone application (App) 

 

Closed ended questionnaire was developed where sixteen farmers were interviewed. 

Hence, demographic, social and economic status data on the small holder farmers was 

collected to understand trypanosome and trypanocide non-susceptibility management 

(Appendix B). 
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Figure 3: A map of Kwale County showing the study site locations. This research 

was performed using samples from Mbegani and Kizibe villages where there is a high 

prevalence of MDR trypanosomes (18).  

 

The side effects of AAT on animal productivity, which include: milk off-take, animal 

traction losses, growth rates, cost of trypanocides and mortalities inclusive of abortions 

were also collected from the farmers. Swahili language was used to interview the 

farmers, which is well understood in the area. This study also evaluated how farmers 

make decisions based on their understanding of disease management. The closed 

ended questionnaires used in the study were designed on the mobile application, Open 

Data Kit (ODK). A smart mobile phone application for data collection was developed to 

enable monitoring livestock trypanocide non-susceptibility and understand smallholder 

farmer perceptions on trypanosomiasis in Shimba Hills, Kenya. Open Data Kit (ODK) 

technology, an open-source smart phone application (App) development software that is 

publicly available, was used to create a data collection App (101). It had a user-friendly 
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web interface for designing forms and programming simple logic. The App was 

developed offline by initially generating the appropriate form on an Excel spread sheet. 

The forms generated could be viewed by ODK collect App that was downloaded by a 

smartphone. The questionnaire was developed and uploaded in the mobile application 

before a pilot study was run to confirm that the application was functioning as expected. 

The application was loaded onto several android phones to ensure that any malfunction 

on a single device could not slow down the progress of the field work. Pre-evaluation 

was important to detect whether the questionnaire was simple, understood, precise, and 

user-friendly. Improvements after pre-evaluation included: changing multiple answers 

questions to forced-choice, dichotomous questions with ‘yes’ and ‘no’ options; changing 

to multiple choice responses; adjusting the numbering of the questions starting with the 

most important ones; ordering words to improve understandability; and covering wider 

range of possible responses by addition of multiple choice answers. Adaptive 

questioning or skip logic was employed to direct interviewees through different paths as 

a result of their choices. During data collection filled forms were initially stored on the 

phone’s memory, prior to storage in a remotely located centralized database at the 

University of Nairobi’s Centre for Biotechnology and Bioinformatics for further analysis. 

Results from the data collection App can be converted to Excel spreadsheet format for 

analysis (102,103). This App incorporated global positioning system (GPS) functionality 

allowing automatic storage of related geographic location, as well as photographs and 

videos (104). 

 

2.2.2 Sample collection 

 

Experienced smallholder farmers with multiple cattle (n>3) in the area were selected to 

participate in the study. The Kwale County government Chief Veterinary Officer gave 

consent for the study to be done in the area. Employees of the Kwale County veterinary 

department accompanied all the researchers during the field work and ensured that all 

farmers, male and female, from the two villages were invited to participate. The village 

elders were informed concerning the study, before the field work began and were duly 

notified on the objectives of the research to be carried out. They invited all the farmers 
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in their respective villages without any bias. The study was approved by the University 

of Nairobi.  

 

The blood samples were collected from 80 cattle: 40 from Mbegani and 40 from Kizibe. 

This was a good representative sample given that the 50 famers that were interviewed 

had a combined cattle population of 230. This was around 35% of the total population. 

The identified cattle were safely restrained and blood was drawn from a major vein in 

the hind leg of the animal using a standard bovine hypodermic needle and syringe 

(5ml). The blood extraction was done with care to ensure that the animal was not 

injured by the needle. Only cattle with visible symptoms of nagana infection were 

selected. The blood was then placed in uniquely lablled heparin lined tubes to prevent 

clotting. The sample was temporarily stored in dry ice in the field. At the end of the day, 

the samples were divided into cryo-tubes, which were marked with the corresponding 

sample number and placed in liquid nitrogen for shipment to the laboratory and stored 

at -800 C.  

 

Tsetse flies were captured from the environment by use of biconical and Ngu traps 

along periphery of the forests and game reserve, and near animal sheds. Male and 

female tsetse flies were identified.  

 

2.2.3 Assays and biological sample processing methodology 

 

Polymerase chain reaction (PCR) experiments were used to differentiate if the tsetse 

flies were infected by various trypanosome species (9). 

 

Polymerase Chain Reaction (PCR) analysis of tsetse and blood was carried out to 

detect trypanosomes strains in tsetse and blood samples collected from randomly 

selected cattle (n = 5) from each homestead in the villages, as described by (105). PCR 

amplification and sequencing of genetic markers for drug non-susceptibility was then 

performed to determine the prevalence and genetic diversity of non-susceptible strains. 

The prevalence of non-susceptible strains from both cattle and the tsetse flies was then 
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determined. Variation of drug non-susceptibility at village level was also assessed, after 

certain periods of drug use. This was in addition to previously collected data on drug 

non-susceptibility prevalence using the mobile App. This allowed the calculation of new 

infection incidence and the prediction of the prevalence of drug non-susceptible 

parasites. The incidence level was determined by use of the blood sample specimens 

that had trypanosome infection divided by the total number of cattle sampled while 

prevalence was determined from the field data. 

 

2.3 Mathematical models 

 

In this case mathematical models were used to explore fitness costs associated with 

non-susceptibility to multiple trypanocides (drugs) and its influence on non-susceptible 

strain prevalence. Susceptible-exposed-infected-recovered (SEIR) models were used to 

predict MDR development. Mathematical models have been used to develop a better 

understanding of dynamical systems in order to control the dynamics or optimize 

results. Additionally, mathematical models are used to study treatment and infection 

rates of diseases in order to optimize ability to predict effective quarantine and control 

disease strategies. 

 

2.4 Model development 

 

The three factors that influence the epidemiology of trypanosomiasis were considered 

i.e., the tsetse fly distribution (vectors), the trypanosome virulence (parasite), and the 

cattle response (host). Therefore, each of the factors was considered as separate 

compartments in the model development. 

 

The differences between single-drug and combination therapy was evaluated, and the 

differences compared in non-susceptibility magnitudes by comparing effect sizes.  

Numerical simulations were conducted using a simple forward Euler scheme and varied 

both the percentage of cattle that were treated as well as the non-susceptibility rates for 

a period of three years. An approximation that the cattle population size was 5,000 and 
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the tsetse fly population size was 40,000 was made. This was based on the population 

density of the area whereby the 50 farmers that were interviewed were a representative 

of about 0.5% of the total population in the two villages sampled. A total of 546 flies 

were trapped and based on the land area and proximity to Shimba Hills national reserve 

we approximated the tsetse density to be 40 000. It was also assumed that initially there 

was no treatment occurring with approximately 5% of the population being exposed and 

approximately 29% of the population being infected. Overall from the analysis of the 

collected data it was observed that 8% of the cattle were colonized by non-susceptible 

trypanosome strains. Further 2% of the total cattle population was colonized by 

trypanosome strains non-susceptible to multiple trypanocides.  

 

Non-susceptibility rates varied from village to village. One of the “hot spots” for non-

susceptibility was Mbegani village, where 11% of its cattle population was colonized by 

non-susceptible strains whereas 5% were colonized by strains non-susceptible to multi-

trypanocide. In Kizibe village, 4% of the cattle were colonized by non-susceptible 

trypanosomes while 1% of the cattle population was colonized by trypanosome strains 

non-susceptible to multiple trypanocides. Since the interest of the study was drug non-

susceptibility, it was decided to vary parameters that would affect the level of non-

susceptibility experienced by the cattle population. It evaluated trypanosome drug non-

susceptibility using three different transmission rates (low 4%, medium 7.5%, and high 

11%) that reflect differences in disease prevalence rates at two different endemic 

sampling locales (Kizibe 4%, and Mbegani 11%), which are distant and proximal to the 

Shimba Hill National Reserve respectively. Hence forth, low drug non-susceptibility is 

referred to as 4%, medium non-susceptibility as 7.5%, and high non-susceptibility as 

11%. Here these percentages controlled the likelihood that cattle would become non-

susceptible to one drug or MDR. 

 

Exploration of treatment and non-susceptibility was partitioned into two categories. First, 

it focused on how increasing the percentage of infected cattle that receive treatment 

affects the number of cattle in each compartment. The changes to the infectious group 

as a whole was investigated, which is the sum of infectious, , treated, , non-hI hT
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susceptibility to drug 1, , non-susceptibility to drug 2, , non-susceptibility to drug 

3, , non-susceptibility to combinations of drugs 1 and 2, , non-susceptibility to 

combinations of drugs 1 and 3,  and non-susceptibility to combinations of drugs 2 

and 3,  compartments. Then investigation of the effects of drug non-susceptibility 

and MDR by comparing low, medium, and high levels of non-susceptibility was 

performed. 

 

Two treatment protocols were compared:  

(i) Drugs were cycled periodically (cycling or ordinal treatment).  

(ii) Drugs were given simultaneously to each infected host (combination 

treatment).  

 

The model accounts for low, medium and high transmission rates to evaluate fluctuating 

non-susceptibility. The model highlighted key non-susceptibility drivers, which can be 

incorporated in the early warning systems for MDR surveillance, namely: 

 Timing for drug regimens. 

 Changes in population densities of cattle and tsetse flies. 

 The number infected by non-susceptible strains. 

 

 

2.4.1 Model for drug non-susceptible trypanosomes 

 

2.4.1.1 Drug non-susceptibility 

 

An important component of the MDR model developed was drug non-susceptibility to 

three commonly used trypanocides classes (drugs), namely: isometamedium chloride, 

diminazene aceturate and homidium salts. This model was compartmentalized into 

three compartments. These three compartments were further extended into six 

compartments by taking into consideration susceptibility or non-susceptibility to the drug 

combinations.  The model was developed to evaluate the effects of treatment of the 

1hR 2hR

3hR 12hR

13hR

23hR
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cattle with drug 1, drug 2 and drug 3. This means that drug 1, drug 2 and drug 3 

correspond separately to the three different classes of trypanocides. 

 

This study considered non-susceptibility to single trypanocides as well as non-

susceptibility to a combination of trypanocides: 

 

 Non-susceptibility to trypanocide 1 

 Non-susceptibility to trypanocide 2 

 Non-susceptibility to trypanocide 3 

 Non-susceptibility to a combination of trypanocide 1 and trypanocide 2 

 Non-susceptibility to a combination of trypanocide 1 and trypanocide 3 

 Non-susceptibility to a combination of trypanocide 2 and trypanocide 3 

 

 

 

2.4.1.2 Assumptions and deterministic model compartments 

 

A deterministic susceptible-exposed-infected-recovered (SEIR) mathematical model 

that also included parameters from publicly available data (17,106) was developed 

(Table 1). Tsetse flies do not recover after trypanosome infection throughout their 

lifespan (107). Currently available trypanocides were introduced at different times 

(homidium - 1952, diminazene - 1955  and isometamidium - 1960) (49). However, 

information of when and in what order they were introduced in disease endemic locales 

is unavailable. The effects of three different trypanocides both individually and when 

used in combination were examined by making the following assumptions: 

: 

 

a) Trypanosomiasis incidence is unaffected by environmental factors such as 

rainfall and temperature, and the infection rate is uniform throughout the year 

(108).  
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b) Drugs are used to prevent or treat a wide range of perceived conditions; and it 

was assumed that treated cattle were infected by the trypanosomes.  

c) Transmission was only between tsetse flies (vector) and cattle (host) only. 

d) The model only considered population density independent death rates. 

e) Immigration and birth rate were combined to a single value for both host and 

vector. 

f) The time spent to treat an infection is 7 days.  

g) There is a constant tsetse fly bite rate.  

h) Trypanosomes are most non-susceptible to drug 1, least non-susceptible to drug 

3, and that drug 2 is intermediate between them.  

 

 

The sets of parameter values that take into account non-susceptibility transmission 

dynamics within Kwale County were considered (Table 1).  

 

Table 1: The host and vector parameter description, measurements and initial 

conditions for various transmission cases. 

 

Host 

(Cattle) 

    

Parameter Description Transmission 

initial 

conditions 

Measur

ement 

References 

 Rate at which new recruits 

(birth rate and immigration) 

enter the susceptible cattle 

population 

6 Cattle  

Day  

Obtained from 

field data 

 Rate at which cattle lose 

partial immunity 

0.045 Day  Obtained from 

field data 

 Natural death rate for cattle 0.0005 Day  (109) 

h 

1

 1

h
1
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 Rate at which cattle become 

infectious after they have been 

exposed 

0.1 Day  Obtained from 

field data 

 Trypanosomiasis-induced 

death rate for cattle 

0.002 Day  (109) 

 Rate at which cattle receive a 

successful bite from an 

infected tsetse fly 

0.46 Day  (30) 

 Tsetse fly bite rate 0.75  Obtained from 

field data 

 
Treatment rate for cattle 0.1, 0.2, 0.4, 

0.8 

 Obtained from 

field data 

 
Rate that cattle acquire partial 

immunity prior to treatment 

0.01  (52) 

 
Rate that treated cattle acquire 

partial immunity 

0.14  Obtained from 

field data 

 
Rate that cattle in the first non-

susceptibility compartment 

acquire partial immunity 

0.04  Obtained from 

field data 

 
Rate that cattle in the second 

non-susceptibility 

compartment acquire partial 

immunity 

0.03  Obtained from 

field data 

 
Rate that cattle in the third 

non-susceptibility 

compartment acquire partial 

immunity 

0.02  Obtained from 

field data 

 Rate that cattle become non-

susceptible to drug 1 after 

receiving treatment 

0.11  Obtained from 

field data 

h
1

h
1

h
1

c

h

I

T

1

2

3

1
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The model was composed of two components that took into account transitions in cattle 

(host) and tsetse flies (vector) population, and has a time-step of one day (Figure 4). 

 Rate that cattle become non-

susceptible to drug 2 after 

receiving treatment 

0.075  Obtained from 

field data 

 Rate that cattle become non-

susceptible to drug 3 after 

receiving treatment 

0.04  Obtained from 

field data 

, ,  Coefficients for 

trypanosomiasis-induced 

death rate due to drug 1, 2 

and 3 non-susceptibility 

respectively 

0.3, 0.2, 0.1  Obtained from 

field data 

Vector (Tsetse fly) 

Parameter Description Transmission 

initial 

conditions 

Measur

ement 

References 

 Rate at which new recruits 

enter the susceptible tsetse fly 

population 

10 000 Tsetse 

flies  

Day  

Obtained from 

field data 

 Natural death rate for tsetse 

flies 

0.03 Day  (109) 

 
Rate that tsetse flies become 

infectious after they have been 

exposed 

0.091 Day  Obtained from 

field data 

 Rate at which a susceptible 

tsetse flies successfully bites 

infected cattle 

0.025 Day  (30) 

2

3

1a 2a 3a

v



1

v
1

v
1

v
1
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The cattle population comprises of the following health states: susceptible ( ), exposed 

( ), infectious ( ), treated ( ), withdrawn (recovered) ( ), and non-susceptible (

). The host non-susceptible compartment was further sub-divided into three, for drugs 1, 

2 and 3 respectively: 
, 

 and  (Figures 4 and 5). The vector (tsetse fly) 

population comprises of three compartments: susceptible: , exposed: , infectious:  

populations (Figure 4).  

 

 

 

 

Figure 4: Compartments in the deterministic mathematical model. The vector 

(tsetse fly), host (cattle) components of the model. This shows the host-vector 

interactions flowchart, showing transmission cycle between cattle and tsetse flies.  

 

hS

hE hI hT hW hR
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Figure 5: Compartments in the deterministic mathematical model. The non-

susceptible compartment interactions flowchart of the host, showing transmission cycle 

between single drugs and combinations.  

 

Simulations with discrete time-steps of one day, highlighted differences in a range of 

drug regimens, and changes in compartment size for host and vector population 

infected with non-susceptible trypanosomes. 

 

2.4.1.3 The deterministic model equations and parameters 

 

Trypanosomes are transmitted at a constant rate, , and , and  denote the 

fitness cost of non-susceptibility acquisition for drugs 1, 2 and 3 respectively. The 

Ordinary Differential Equations for the host (cattle) population based on the model given 

in Figure 5 are given by: 

 

 

 1 2 3
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The host infection rate is given by: 

 

fh(t)= βh CIv(t)/Nh(t)          2.1 

 

Where βh is the host transmission rate; C is a coefficient of infection that satisfies 

0<C<1; Iv(t) is the infectious vector population at a given time, t; and Nh(t) is the total 

host population at a given time, t. 

 

The susceptible host sub-population is given by: 

 

Sh‘(t) = λh-fh(t)Sh(t)+ρWh(t)-μh Sh(t)       2.2 

 

Where Sh‘(t) is the derivative of the susceptible cattle population, Sh(t) with respect to 

time; λh is the combined birth rate and immigration of the host population; Wh(t) is the 

recovered or withdrawn cattle population at a given time, t; ρ is the rate at which 

withdrawn population become susceptible; and μh is the natural death rate of the 

susceptible host population. 

The exposed host sub-population is given by: 

 

Eh‘(t) = fh(t)Sh(t)-( ψh + μh)Eh(t)        2.3 

 

Where Eh‘(t)  is the derivative of the exposed host population, Eh(t) with respect to time; 

and ψh is the rate at which the exposed cattle population become infectious. 

 

The infectious host sub-population is given by: 

 

Ih‘(t) = ψhEh(t) - θ Ih(t)-ηI Ih(t)- δh Ih(t)- μhIh(t)      

 2.4 

 

Where Ih‘(t) is the derivative of the infectious host population, Ih(t) with respect to time; θ 

is the proportion of the infectious population subjected to treatment; ηI is the proportion 
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of the infectious cattle that naturally recovers from AAT; and δh is the AAT induced 

death rate, the deaths that occur as a result of trypanosomiasis infection. 

 

The treated host sub-population is given by: 

 

Th‘(t) = θIh(t) -  λ1 Th(t) - λ2 Th(t)- λ3 Th(t) - λ1,2 Th(t) - λ2,1 Th(t)- λ1,3 Th(t)- λ3,1 Th(t) - λ2,3 

Th(t)- λ3,2 Th(t) - ηT Th(t)- δh Th(t)- μhTh(t)       

 2.5 

 

Where Th‘(t) is the derivative of the treated cattle population, Th(t) with respect to time; 

λ1, λ2, λ3 is the rate of resistance acquired as a result of treatment by drugs 1, 2, and 3 

respectively; and ηT is the proportion of the treated cattle population that recovers as a 

result of treatment. 

 

The host sub-population resistant to drug 1 is given by: 

 

Rh1‘(t) = λ1Th(t) - λ2 Rh1(t) - λ3 Rh1(t) - η1 Rh1(t) - a1δh Rh1(t) - μhRh1(t) + λ1Rh2(t) + λ1Rh3(t) 

- λ2,1 Rh1(t) - λ3,1 Rh1(t)        2.6 

 

Where Rh1‘(t) is the derivative of the cattle population that become resistant to drug 1, 

Rh1(t) with respect to time;  λ2 Rh1(t), and λ3 Rh1(t) is the proportion cattle resistant to 

drug 1 that develop resistance after treatment with drugs 2, and 3 respectively; λ1Rh2(t), 

and λ1Rh3(t) is the proportion of cattle resistant to drugs 2, and 3 respectively that 

develop resistance after treatment with drug 1; η1 is the proportion of cattle population 

resistant to drug 1 that recovers naturally; and a1 is the proportion of AAT induced cattle 

that die due to resistance to drug 1. 

 

The host sub-population resistant to drug 2 is given by: 

Rh2‘(t) = λ2Th(t) - λ1 Rh2(t) - λ3 Rh2(t) - η2 Rh2(t) - a2δh Rh2(t) - μhRh2(t) + λ2Rh1(t) + λ2Rh3(t) 

-  λ1,2 Rh2(t) - λ3,2 Rh2(t)        2.7 
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Where Rh2‘(t) is the derivative of the cattle population that become resistant to drug 2, 

Rh2(t) with respect to time; η2 is the proportion of cattle population resistant to drug 1 

that recovers naturally; and a2 is the proportion of AAT induced cattle that die due to 

resistance to drug 2. 

 

The host sub-population resistant to drug 3 is given by: 

 

Rh3‘(t) = λ3Th(t) - λ 1 Rh3(t) - λ2 Rh3(t) - η3 Rh3(t) - a3δh Rh3(t) - μhRh3(t) + λ3Rh1(t) + 

λ3Rh2(t)) - λ1,3Rh3(t) - λ2,3Rh3(t)       2.8 

 

Where Rh3‘(t) is the derivative of the cattle population that become resistant to drug 3, 

Rh3(t) with respect to time; η3 is the proportion of cattle population resistant to drug 1 

that recovers naturally; and a3 is the proportion of AAT induced cattle that die due to 

resistance to drug 3. 

 

The host sub-population resistant to both drugs 1 and 2 is given by: 

 

Rh1,2‘(t) = (λ1,2 + λ2,1)Th(t) + λ1,2 Rh2(t) + λ2,1 Rh1(t) - (η1,2 + a1,2δh + μh)Rh1,2(t) 2.9 

 

Where Rh1,2‘(t) is the derivative of the cattle population that become resistant to both 

drugs 1 and 2, Rh1,2(t) with respect to time; λ1,2 is the proportion of cattle resistant after 

successive treatment with drug 1 followed by drug 2, and eventually non-susceptible to 

both (λ1,2= λ1 x λ2); λ2,1 is the proportion of cattle resistant after successive treatment with 

drug 2 followed by drug 1, and eventually non-susceptible to both (λ2,1= λ2 x λ1). Similar 

definitions follow for λ1,3, λ3,1, λ2,3, and λ3,2. η1,2 is the proportion of cattle population 

resistant to treatment with both drugs 1 and 2 that recovers naturally; and a1,2 is the 

proportion of AAT induced cattle that die due to resistance to both drugs 1 and 2. 
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The host sub-population resistant to both drugs 1 and 3 is given by: 

 

Rh1,3‘(t) = (λ1,3 + λ3,1)Th(t) + λ1,3Rh3(t) + λ3,1 Rh1(t) - (η1,3 + a1,3δh + μh)Rh1,3(t)  2.10 

 

Where Rh1,3‘(t) is the derivative of the cattle population that become resistant to both 

drugs 1 and 3, Rh1,3(t) with respect to time; η1,3 is the proportion of cattle population 

resistant to treatment with both drugs 1 and 3 that recovers naturally; and a1,3 is the 

proportion of AAT induced cattle that die due to resistance to both drugs 1 and 3. 

 

The host sub-population resistant to both drugs 2 and 3 is given by: 

 

Rh2,3‘(t) = (λ2,3 + λ3,2)Th(t) + λ2,3Rh3(t) + λ3,2 Rh2(t) - (η2,3 + a2,3δh + μh)Rh2,3(t)  2.11 

 

Where Rh2,3‘(t) is the derivative of the cattle population that become resistant to both 

drugs 2 and 3, Rh2,3(t) with respect to time; η2,3 is the proportion of cattle population 

resistant to treatment with both drugs 2 and 3 that recovers naturally; and a2,3 is the 

proportion of AAT induced cattle that die due to resistance to combination of drugs 2 

and 3. 

 

The withdrawn host sub-population is given by: 

 

Wh‘(t) = ηIIh(t) + ηTTh(t) + η1Rh1(t) + η2 Rh2(t) + η3 Rh3(t) + η1,2Rh1,2(t) + η1,3 Rh1,3(t) + η2,3 

Rh2,3(t) - ( (ρ + μh) Wh(t))        2.12 

 

Where Wh‘(t) is the derivative of the cattle population that recover naturally or after 

treatment by trypanocides as already described with respect to time. 

 

The ordinary differential equations for the vector (tsetse fly) population are described 

below.  

 

The susceptible vector sub-population is given by: 
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Sv’(t) =  λv – fv(t)  Sv(t) - μv Sv(t)        2.13 

 

The other parameters have similar definitions to those of the host differential equations. 

Sv‘(t) is the derivative of the susceptible tsetse population, Sv(t) with respect to time; λv 

Is the combined birth rate and immigration of the vector population; and μv is the natural 

death rate of the susceptible tsetse fly population. 

 

The exposed vector sub-population is given by: 

 

Ev
’(t) = fv(t) Sv(t) - ψv Ev(t)-μv Ev(t)         2.14 

 

Where Ev‘(t) is the derivative of the exposed vector population, Ev(t) with respect to 

time; and ψv is the rate at which the exposed tsetse fly population become infectious. 

 

The infectious vector sub-population is given by: 

 

Iv’(t) = ψv Ev(t) - μvIv(t)         2.15 

 

Where Iv‘(t) is the derivative of the infectious vector population, Iv(t) with respect to time. 

 

The vector infection rate is given by: 

 

fv(t)= βv c(ηIIh(t) + ηTTh(t) +η1Rh1(t)+ η2 Rh2(t)+ η3 Rh3(t) +η12Rh12(t)+ η13 Rh13(t)+ η23 Rh23(t))/Nh(t) 

            2.16 

 

Where βv is the vector transmission rate while C is a coefficient of infection that satisfies 

0<C<1; and Ih(t) infectious host population at a given time, t.     

             

  

A list of host and vector model component parameters is shown in Table 1. 
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Infection was passed from tsetse flies to cattle in proportion to the contact rate, βh. The 

magnitude of the contact rate, βh, defined in fh(t) could be affected by several factors, 

including the proportion of infectious vectors relative to the total host population, , Iv(t)/ 

Nh(t) as well as the size of the susceptible compartment, . 

 

Infection could also be passed from cattle to tsetse flies via tsetse fly contact rate, βv, 

defined in the function fv(t). A tsetse fly could be infected by biting cattle in any of the 

infectious compartments, that is, infectious , Ih(t), treated, Th(t), non-susceptibility to drug 

1, Rh1(t), non-susceptibility to drug 2, Rh2(t), and non-susceptibility to drug 3, Rh3(t), non-

susceptibility to a combination of drugs 1 and 2, Rh1,2(t), non-susceptibility to a 

combination of drugs 1 and 3, Rh1,3(t), and, non-susceptibility to a combination of drugs 2 

and 3, Rh2,3(t). Thus, the proportion of the populations within these compartments 

relative to the total cattle population was taken into account, along with the size of the 

susceptible tsetse fly subpopulation, Sv(t). 

 

The susceptible compartment increased in size in accordance with the birth rate, λh, and 

the recovery rate proportional to the withdrawn subpopulation, ρ Wh(t). The susceptible 

compartment population decreased due to the contact rate proportional to the 

susceptible population, - fh(t) Sh(t), or due to the natural death rate proportional to 

susceptible population at time , - μh Sh(t). 

 

The exposed compartment became larger by introducing susceptible cattle that had 

been bitten by an infectious tsetse fly, fh(t) Sh(t). The exposed compartment was 

reduced by the proportion of cattle experiencing symptoms of trypanosomiasis 

(becoming infectious), -ψh Eh, or by the natural death rate, - μh Eh(t). 

 

The infectious compartment increased proportionally to the decrease experienced within 

the exposed population, ψh Eh. There were several decreasing rates of change within 

the infectious compartment: the treatment rate, -θIh(t), the recovery rate, - ηI Ih(t), the 

)(tSh

t
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natural death rate, - μh Ih(t)., and the infection-induced death rate, - δh Ih(t) with all rates 

used in proportion to the infected compartment. 

 

The treated compartment was increasing due to the treatment rate proportional to the 

infected population, θIh(t). Treated cattle experienced a reduction due to; the rate of 

change due to recovery, - ηT Th(t), the appearance of drug 1 non-susceptibility, -  λ1 

Th(t), the appearance of drug 2 non-susceptibility, - λ2 Th(t), the appearance of drug 3 

non-susceptibility, - λ3 Th(t), the AAT-induced death rate, - δh Th(t)  or due to the natural 

death rate, - μhTh(t) . The outcome of treatment determined whether or not the infection 

was sensitive or non-susceptible to drugs. 

 

The drug 1 non-susceptibility compartment of cattle experiencing the first level of drug 

non-susceptibility grew after treatment failure, λ1 Th(t). Cattle could either recover,  

-η1Rh1(t), progress to drug 2 non-susceptibility compartment, - λ2 Rh1(t), progress to drug 

3 non-susceptibility compartment, - λ2 Rh1(t) or they died, -( a1δh+μh)Rh1(t). 

 

The drug 2 non-susceptibility compartment increased in size after treatment failure, λ2 

Th(t). It also increased due to cattle movement from drug 1 non-susceptibility 

compartment, λ2 Rh1(t) and drug 3 non-susceptibility compartment, λ2 Rh3(t). Cattle 

could then either recover, -η2Rh2(t), progress to drug 3 non-susceptibility compartment, -

λ3 Rh2(t), progress to drug 1 non-susceptibility compartment, -λ1Rh2(t), or they died, -

(a2δh+μh)Rh2(t). 

 

Additions to drug 3 non-susceptibility compartment were as a result of cattle 

experiencing non-susceptibility to drug 3, λ3Th(t), failing to recover or respond to 

treatment, λ3Rh1(t), λ3Rh2(t). At this stage, cattle can recover, -η3Rh3(t), progress to drug 

2 non-susceptibility compartment, , progress to drug 1 non-susceptibility 

compartment, -λ1Rh3(t), or they died, -(a3δh+μh)Rh3(t). 

. 

The combination of drugs 1 and 2 non-susceptibility compartment of cattle experiencing 

the second level of drug non-susceptibility grew after combination treatment failure, 

)(32 tRh
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λ1,2Rh2(t) and λ2,1 Rh1(t). Cattle either recovered, -η1,2Rh1.2(t), or they died, -

(a1,2δh+μh)Rh1,2(t). 

 

The combination of drugs 1 and 3 non-susceptibility compartment increased as cattle 

moved from the drugs 1 and 3 combination treatment non-susceptibility compartment, 

λ1,3Rh3(t) and λ3,1 Rh1(t). Cattle either recovered, -η1,3Rh1.3(t), or they died, -

(a1,3δh+μh)Rh1,3(t). 

 

Increase in combination of drugs 2 and 3 non-susceptibility compartment resulted from 

the drugs 2 and 3 combination treatment failure, λ2,3Rh3(t) and λ3,2 Rh2(t). Cattle either 

recovered, , -η2,3Rh2,3(t), or they died, -(a2,3δh+μh)Rh2,3(t). 

 

The withdrawn population, Wh(t), included all cattle that have recovered and were 

temporarily immune regardless of which compartment they came from. Thus was 

increasing due to the following rates of change:  

 

ηIIh(t)+ ηTTh(t)+ η1Rh1(t) )+ η2Rh2(t) )+ η3Rh3(t)+ η1,2Rh1.2(t)+ η1,3Rh1.3(t)+ η2,3Rh2.3(t). 

 

Cattle left the withdrawn compartment after losing immunity, and thus , Wh(t) also had a 

decreasing rate of change to account for losing immunity, -ρWh(t), or dying, - μhWh(t). 

After a period of time, 1/ρ cattle would lose temporary immunity to re-enter the 

susceptible compartment. These cattle are fully susceptible to re-infection. 

 

Similarly, the tsetse fly population was adjusted based on their infection status. The 

susceptible tsetse fly population increased due to their birth rate, λv. Susceptible tsetse 

flies were decreasing via the contact rate, βv contained in the function fv(t) or by the 

natural death rate, -μvSv(t), both of which were proportional to the susceptible tsetse fly 

compartment. The exposed tsetse fly population experiences an increasing rate of 

change proportional to the susceptible compartment, fv(t)Sv(t). Exposed tsetse flies could 

then either obtain the infection, - ψv Ev(t), or die, -μvEv(t). While the infectious tsetse fly 

compartment would become larger due to the rate at which exposed tsetse flies become 

)(tWh
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infectious, ψv Ev(t), the infectious tsetse flies would eventually die without recovering 

from infection,  μvIv(t) . 

 

2.4.1.4 Effect size and ODE solver 

 

 

The differences in effect size (ES) was computed using the following formulae, (110–

116): 

 

ES=(Mean 2- Mean 1)/(Standard deviation 1)      2.17 

 

Mean 1 was always chosen to be the smallest mean of the two sets of data from the 

Matlab output. Then the standard deviation of mean 1 is computed and used to 

determine the effect size between the two sets. 

 

We used ode45 as our solver. This versatile ODE solver is used to solve systems of 

differential equations representing different problems that are non stiff. This solver 

implements one of the Runge-Kutta method of solving numerical peoblems. 

 

The model was implemented in MATLAB version R2017a. 
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CHAPTER 3 

           

Results 

 

3.1 Data collection application 

 

Shimba Hills region is one of the most resource poor settings in Kenya. This study was 

focused at two villages of smallholder farmers: Kizibe and Mbegani, with varying 

economic capacities, and different farming practices that had made understanding 

temporal trends in trypanocide non-susceptibility challenging. The efficacy of a 

community-led data collection approach to acquire accurate information on trypanocide 

non-susceptibility and perceptions of smallholder farmers on trypanosomiasis was 

evaluated. A great disparity between gender and cattle rearing was observed (Figure 6). 

The proportion of female farmers was smaller (6%, n=3), and they also had a lower 

proportion of the overall livestock ownership (4%, n=8). These female farmers were all 

from a single community, Mbegani, and their cattle were not infected with non-

susceptible parasites. This study compared farming practices between the communities 

(Figure 7). Smallholder farmers in Mbegani lost more cattle due to trypanosomiasis, 

spent less on trypanocides, regained milk production earlier after treating livestock, 

keenly followed drug prescription instructions, and noticed that recurrent infections are 

non-susceptible to treatment.  

 

A large proportion of smallholder farmers and veterinary health care givers interviewed 

(94%, n=47) welcomed the App developed on the ODK platform as a method of 

trypanosomiasis data collection. This suggests that information technology is 

continuously becoming an important tool to smallholder farmers in resource poor 

settings to access and organize agricultural information.  
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Figure 6: Gender representation in animal husbandry. The proportion of female 

farmers was smaller (6%, n=3 of 50 (n for the number of farmers)), and they also had a 

lower proportion of the overall livestock ownership (4%, n=8 of 211 (n for the number of 

cattle)). 
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Figure 7: Farmers perceptions on livestock trypanosomiasis. Shows the perception 

of farmers based on results from multiple correspondence analysis (MCA) conducted 

separately for Mbegani and Kizibe. 

 

 

 

 

3.2 Appropriate trypanocide use results 

3.2.1 Single use and combination of trypanocides 

 

The appropriate proportion of cattle to treat when there is a perceived trypanosome 

infection was determined. The common practice was to treat as many cattle as possible, 

if not all. It was unclear if this severely affects trypanocide non-susceptibility, or whether 
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there were benefits that accrue from increasing the extent of population treated. The 

difference in non-susceptibility effect size was examined by evaluating cattle treatment 

with a single drug or a combination of two drugs. In this study’s model, trypanosomes 

were most non-susceptible to drug 1 by virtue of having more extended use compared 

to drug 2, and drug 3 that showed the least non-susceptibility. Interestingly, although 

there was undetectable change in non-susceptibility when increasing the extent of 

population treated (from 10% to 100%) for each of the three drugs. There was a 

decrease in non-susceptibility when a combination of two drugs is used for treatment 

(Table 2) (Figure 8, Figure 9). This suggests that using combination therapy to treat a 

larger extent of the infected cattle population results in lowest levels of trypanocide non-

susceptibility. The combination of drug 2 and 3 was the most optimal for reduced 

population-wide non-susceptibility. 
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Figure 8: The difference in effect size for trypanocide non-susceptibility. Effect 

size for trypanocide measured when 80% proportion of infectious cattle is treated in the 

infectious population. These differences are measured for 11% non-susceptibility rate, 

which represent one of the different endemic regions within Kwale County, Kenya.  

 

Values across the table show how the effect sizes compare and differ for trypanocide 

non-susceptibility between two different treatments. A large value indicates a large 

difference in non-susceptibility elicited when the two treatments are compared. 

Therefore there is a cap in effect sizes at 80% treatment. The strategies examined are 

both treatment with a single drug, for example drug 1, and treatment with a combination 

of drugs, for example drug 1 and 2 (these two treatment cases provide an effect size of 

0.75). This is an excerpt of the 80% infectious population wide treatment at 0.11 non-
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susceptibility column from Table 2 above, for clarity. (A) represents the first three rows 

(where the effect size is almost negligible) while (B) represents the remaining rows. 
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Figure 9: Non-susceptibility in the host population for a period of three years.  It 

highlights non-susceptibility to drug 1, , non-susceptibility to drug 2, , non-

susceptibility to drug 3, , non-susceptibility to combination of drugs 1 and 2, , 

non-susceptibility to combination of drugs 1 and 3,  and non-susceptibility to 

combination of drugs 2 and 3, . (A-E) show non-susceptibility rates at 4% 

trypanosomiasis prevalence after treating 10%, 20%, 40%, 80% and 100% of the 

infected cattle population respectively. (F-J) show non-susceptibility rates at 7.5% 

trypanosomiasis prevalence after treating 10%, 20%, 40%, 80% and 100% of the 

infected cattle population respectively. (K-O) show non-susceptibility rates at 11% 

trypanosomiasis prevalence after treating 10%, 20%, 40%, 80% and 100% of the 

infected cattle population respectively. 

 

1hR 2hR

3hR 12hR

13hR

23hR



49 
 

3.2.2 Ordinal use of drugs 

 

The ordinal use of these drugs in increasing and decreasing order of non-susceptibility 

was evaluated. Absence of evidence-based approaches on the appropriate trypanocide 

made it difficult to select the appropriate drugs given the non-susceptibility prevalence. 

More specifically, in what order of non-susceptibility should drugs be used in a setting 

where non-susceptible trypanosomes are prevalent to ensure efficacy? This was 

established by assessing the absolute number of cattle with non-susceptible infection in 

each of the host (cattle) non-susceptible compartments. The use of drug 1, 2 and 3 

consecutively (decreasing non-susceptibility order) was first examined, and the reverse 

(increasing non-susceptibility) order in the subsequent analysis. It was demonstrated 

that using drugs in increasing non-susceptibility order resulted in a negligible increase in 

number of cattle with non-susceptible infection, in contrast to a more pronounced 

increase from trypanocide use in decreasing non-susceptibility order (Figures 10 and 

11). 
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Figure 10: Trypanocide use in increasing and decreasing non-susceptibility 

order. Trypanocide use in increasing non-susceptibility order of 0.04, 0.075, 0.11 

respectively, is represented by the innermost plots, and the reverse (decreasing non-

susceptibility) order of 0.11, 0.075, 0.04 respectively, is represented by the outermost 

plots. The use of drugs in increasing non-susceptibility order results in a negligible 

increase in the absolute number of cattle with non-susceptible infection in the different 

non-susceptibility compartments, in contrast to a more pronounced increase from 

trypanocide use in decreasing non-susceptibility order. The series 0, 10, 20, 30, 40, 50, 

60 indicates the number of cattle non-susceptible to the indicated trypanocides, single 

or their combination. 
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Figure 11: Increasing and decreasing non-susceptibility.  (A, B, C, D, E) 

Trypanocide use in increasing non-susceptibility order of 0.04, 0.075, 0.11 after treating 

10%, 20%, 40%, 80% and 100% of the infected cattle population respectively, and (F, 

G, H, I, J) the reverse (decreasing non-susceptibility) order of 0.11, 0.075, 0.04 after 

treating 10%, 20%, 40%, 80% and 100% of the infected cattle population respectively. 

 

3.2.3 Optimal proportion of cattle to treat 

 

The threshold of infectious cattle to be treated was examined. Once drug non-

susceptibility, and consequently MDR, becomes prevalent, treatment was less likely to 

be successful.  However, drug non-susceptibility could be kept at manageable levels. 

Increasing treatment led to reduction in the drug non-susceptible cattle population up to 

80%. From 80% to 100% there was a reduction in the effect size showing increment of 
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non-susceptible cattle. Mathematical models suggested thresholds at which treatment 

would be effective, and when treatment should be used conservatively to avoid creating 

more problems by aggravating drug non-susceptibility. From the effect size it can be 

deduced that 80% infectious population wide treatment is the most optimal across board 

(Table 2, Figure 8). For example, in Table 2 the last row shows that treatment with drug 

1 is the least effective of all and treatment by a combination of drugs 2 and 3 is the most 

effective of all. In particular, the larger the effect sizes the further the plots are from each 

other, one being more effective while the other less. 
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CHAPTER 4 

 

4.1 Discussion and conclusions 

 

African animal trypanosomiasis (AAT) is mainly managed by chemotherapy, and up to 

70 million doses are sold in Africa annually (49).  This presents a trade-off between 

restoring animal health, and developing rapid widespread non-susceptibility to multiple 

trypanocides. Efficacious regimens are therefore necessary to achieve the right 

balance. In a given trypanosomiasis endemic locale, knowing the order in which to use 

available trypanocides with a range of parasite susceptibilities after recurrent disease 

episodes could help to achieve this balance. However, absence of evidence-based 

approaches on the appropriate trypanocide makes it difficult to select the appropriate 

drugs given the non-susceptibility prevalence rates. More specifically, in what order as 

well as which kind of combination of non-susceptibility should drugs be used in a setting 

where non-susceptible trypanosomes are prevalent to ensure efficacy? Despite the 

importance of diagnostics prior to AAT treatment, smallholder farmers in resource poor 

settings often administer trypanocides by intuition. Uninfected cattle may benefit from 

this prophylactic treatment before exposure, especially if entering tsetse-infected 

common grazing fields. Although effective in reducing parasitaemia levels, trypanocides 

are toxic and have a prolonged excretion duration (117,118). Treatment without 

diagnosis exposes animals to unnecessary adverse side-effects, elevates the risk of 

consuming contaminated animal products, and drives development of trypanosome 

non-susceptibility in vivo. The appropriate number of cattle to treat for optimal disease 

management in an exposed population, and whether there are benefits accruing from 

increasing the number treated still remains unclear. Combination therapy may result in 

beneficial (additive or  synergistic effects) or detrimental (antagonistic effects) compared 

to single-drug treatments (119). Combination therapy has been used to treat human 

African trypanosomiasis (HAT), and has led to lower doses of trypanocide use, 

decreasing toxicity and improving effectiveness (120,121). Single-drug use is 

customarily used for AAT management, and there’s renewed interest in development of 

novel biocompatible formulations that improve therapeutic outcomes (120,121).  
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Randomized clinical trials are necessary to evaluate the benefits and adverse effects 

attributable to these novel treatments. This will help in assessing that combination 

therapy would be a significant improvement of monotherapy for AAT.  

The evaluation involved the use of smart phone app for data collection that was used for 

evaluating farming practices and policies regarding community surveillance on drug use 

and misuse. Mobile app data was used to estimate some parameters as part of input for 

mathematical modelling to evaluate and predict the effect of using multiple trypanocides 

on multi-drug non-susceptibility development in Kwale County, Kenya. Therefore, 

design, validation and implementation of a compartmental susceptible, exposed, 

infected and recovered (SEIR) epidemiological model for simulating use of ordinal and 

combination of trypanocides to reduce trypanosomes transmission involving tsetse flies 

and cattle was done. The results from the developed model were used to establish, the 

minimum communal threshold for infectious population wide treatment by use of 

multiple drugs to reduce and prevent the development and spread of trypanocide non-

susceptibility. Animal African trypanosomiasis (AAT) reduces agricultural productivity in 

arable Africa by up to 10% leading to food shortage, malnutrition, and in extreme cases 

famine (17,122,123). The most employed strategy for nagana management is the use of 

trypanocides for disease prevention and management. The lack of consistent 

surveillance efforts of AAT coupled with the misuse of trypanocides has led to 

widespread non-susceptibility (124). This raises serious concerns as the accumulation 

of populations of non-susceptible trypanosomes complicates disease management.  

 

An AAT management app was developed. The efficacy of community-led data collection 

was examined using smart phone mobile health application (MHealth App) for 

monitoring livestock trypanocide non-susceptibility in Shimba Hills, Kenya. ODK App 

was successfully used to collect data from the farmers and veterinary officers in the 

field. It was found that the farmers were highly receptive of the idea of using mobile 

apps to give detailed and informative information about their problems in regard to 

farming practices. The study findings agree with the general mobile acceptability as it is 

known that smart phone telecommunication is the most popular means of data, voice 

and service transmission and has greatly spread. In Kenya, over 20 million people, of 
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the approximately 45 million population have access to mobile phones (125,126). The 

exponential expansion of smart phones use can be attributed to some of its features 

such as their affordability, ease of use, easy to carry, wide network coverage, voice 

communication, instant and convenient service delivery. Hence there has been an 

exponential expansion globally in the number of smart phone applications. This has 

been facilitated by the availability of wide network coverage, ever increasing mobile 

function ability and the dwindling handset prices. Several smart phone applications have 

been developed in Kenya. Examples of Mobile applications are M-Pesa, which is used 

to transfer money between mobile phone users in Kenya (126,127). Other apps include; 

M-Farm, ICow and “Kilimo Salama” that are in use in the Kenyan agricultural sector. M-

Farm is a mobile application focused on market information, market linkage and network 

availability over regions, networking of suppliers, farmers and buyers. It also facilitates 

in enabling the access to agricultural extension services by the farmers (125). iCow is a 

mobile application that increases productivity and affordability of many of African 

farmers by the help of relevant information and knowledge as well as networking with 

other agricultural players. Comprehensibility of iCow is not only a solution for farmers in 

support of livestock and crop production, but also supports networking of farmers with 

other important players in their agricultural sector. Among these players are providers of 

farm input, providers of financial services to farmers, veterinary officers, providers of 

extension services, government and non-government organizations and many more 

(128). Kilimo Salama is farming mobile application focused on the insurance of crops 

where the farmers insure their farm inputs, seeds and the expected harvest against 

drought and excess rainfall. This application also promotes collective buying and selling 

and access to information services (125,129). These apps have greatly improved 

profitability and farming practices among smallholder farming communities. Hence there 

seems to be a consensus on the general acceptance of the use of mobile phone apps in 

agriculture.  

 

 

The mobile App enabled smallholder farmers in Kwale to provide relevant information 

that helps to understand and improve their farming practices. Despite this study’s limited 
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dataset, a disparity in gender of smallholder livestock farmers in Kwale was highlighted, 

with a disproportionately smaller number of women included in farming, suggesting that 

they are less economically empowered compared to men. Although female farmers had 

smaller cattle herds compared to their male counterparts, trypanocide non-susceptibility 

was absent in their herds suggesting that they exercise better farming practices, or 

managing herds correlated challenges with a lower risk of developing drug non-

susceptibility since the cattle was better managed. This was a remarkable observation 

considering all farmers practice free range farming in common community grazing and 

watered grounds, and hence the animals had similar rates of disease exposure by the 

carrier. Therefore, female farmers seem to have more information and knowledgeable 

on AAT management. This is in agreement with the general observation that female 

farmers are of great importance in farming (130–134). Female farmers do not have 

control and access to a range of resources such as income, land, and access to farm 

extension officers. Traditionally, decision-making is reserved for male farmers, and 

females are generally not involved. Rural female farmers normally perform household 

chores that are tedious and exhausting as well as pursuing multiple jobs to improve the 

living standards. Poultry and livestock husbandry within the homestead is a role 

performed by women and children (130–134). Hence female farmers may acquire 

resourceful experience that can help in proper management of MDR. Therefore, gender 

equality for farmers is important for development of agriculture. Agricultural gender 

equality is beneficial to female farmers, the agriculture and sub-urban areas, and to the 

whole community.  

 

There are significant differences in the effects of AAT on the productivity of the two 

villages. The mobile app results showed that farmers in Kizibe village were adversely 

affected by AAT than the farmers in Mbegani. Farmers in Mbegani lost fewer cattle due 

to AAT and their cattle regained normal milk production as compared to those from 

Kizibe. Therefore, Mbegani farmers have good AAT management practices as opposed 

to Kizibe farmers. The success in Mbegani village can be attributed to good timing of 

treatment, good interval between chemotherapeutic and chemoprophylactic agents. 

Although not easy to determine, the next cattle treatment must be concise. 
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Trypanosome infections have to be economically and practically balanced by ensuring 

that trypanocides never lose their protective thresholds (37,49,135–137). The 

transmissibility of trypanosome reservoir and infection can effectively be limited by 

trypanosome control using trypanocides. Quick recovery of the cattle can be achieved 

by effective treatment of the acute stage. Clearance of parasitaemia can be attained by 

the use of trypanocides at the chronic stage. The severity of the infection which includes 

damage of organs and lose of weight ends may affect the infection recovery clinically, in 

some cases requiring significantly more treatment time (37,49,135–137). Therapy 

response may fail due to chronicity of AAT. This is because of irreversibility of the 

ferrokinetic disturbances and accompanying dyshaemopoeisis. Hence the cattle 

affected may remain weak, thin with lack of weight and blood even though they have 

been treated by trypanocides. (37,49,138). Normally AAT that is acute and chronic can 

become fatal if diagnosis and treatment is delayed. Severity and morbidity of infection is 

worsened by these delays. Diagnosis must be prompt and it is important that the right 

prescription and treatment is provided for the cattle quickly. Earlier treatment of AAT is 

economically empowering as opposed to the later phase just as it is expected in human 

African trypanosomiasis management (135–137).  Normally six chemical trypanocides 

are used for prophylaxis of cattle infections by trypanosomes as well as treatment. 

These compounds are; homidium bromide, quinapyramine sulphate, quinapyramine 

sulphate:chloride and suramin sodium, diminazene aceturate, homidium chloride  and 

isometamidium chloride (49). Most of these trypanocides have been in use for decades 

while others have been in use in early 20th century (49). The use of these trypanocides 

is limited by various factors. Index of therapy is small for all the trypanocides and could 

result irritation at the site of injection. Critically, prolonged use of these trypanocides has 

resulted in occurrence of non-susceptible trypanosomes. This coupled with the fact that 

chemically these trypanocides are related has worsened the challenge of MDR resulting 

into cross-non-susceptibility cases (94,139). Most of the trypanocides in use today 

appear to be interested in the loss of the kinetoplast (49), but there is no clear 

knowledge on the biochemical strategies promoting non-susceptibility as well as the 

way these trypanocides act. Differences in biochemical physiology and distribution of 

host organ and biochemical physiology have differences resulting into discrimination 
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against the veterinary trypanosomes. Hence, the trypanocides have different ways of 

killing relying on precise potency against each trypanosome species and its distribution 

that is parametrically affected by pharmacokinetic. Phenanthridine isometamidium is 

normally used for prophylaxis while it is known that most of the other trypanocides are 

used therapeutically (37,49,138). Factors such as the infection risk, drug availability of 

trypanocides and infrastructure have to be considered on whether prophylatic or 

therapeutic trypanocides should be used (49). It can be suggested that in areas of low 

incidence such as Mbegani village, that mainly treat those cattle with AAT that is 

clinically attributable to trypanosomes through diagnosis by use of therapeutic 

trypanocides. Areas of high incidence such as Kizibe village, prophylactic trypanocides 

should be used for treatment since they are more economically empowering, thus 

reducing morbidity and mortality and greatly overcoming the AAT’s negative productivity 

effects (49). Chemoprophylaxis mechanisms are determined by the severity of AAT 

infection locally. For example, cattle entering a tsetse-infested dry season grazing 

reserve would benefit from prophylactic trypanocide should be used to treat cattle in 

tsetse fly ravaged grazing reservoir during a dry season to protect them from being 

exposed to AAT. Before the beginning of high risk cattle in sedentary herds should be 

treated (37,49,138). Cattle should receive isometamidium chloride every two to three 

months to reduce mortality rate. When non-susceptibility to isometamidium chloride 

emerges, the problem can be overcome by the alternating interval of nine month DA 

treatment, as prophylaxis would be provided by ISM (37,49,138). DA curative treatment 

is not prophylactic, due to its rapid metabolism and excretion (47,49,85,140). 

 

It was found that the most common cattle breed was the Boran (107). Boran is a taurine 

breed and therefore highly susceptible to AAT infection. Hence farmers in Kwale could 

be advised to venture into breeding other cattle breeds that are indigenous. These 

African breeds include N’Dama, Muturu and Dahomey (Trail, d'Ieteren, Colardelle, 

Maille, Ordener, Sauveroche and Yangari (37) that have great non-susceptibility to AAT 

infection as opposed to foreign breeds such as taurine breeds from Europe and Boran. 

This trypanotolerance phenomena is the ability to continue surviving as well as maintain 

productivity after infection by trypanosomes (37,49,138). Cattle are able to live with 
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trypanosome infections majorly because of their ability to limit both parasitaemia 

(49,141) and anemia (138). Given that controlling parasitaemia and anemia by cattle 

has a great impact on regaining of weight, being keen on the rates of infection and 

haematocrits of cattle has been identified as a useful factor for selecting a 

trypanotolerant cattle breeds (37). The adoption of trypanotolerant breeds will help 

improve livestock productivity in Kwale County as well several African regions that are 

endemic. It is a widely accepted AAT infection control mechanism (37,49,135–137).  

 

It was also found that only 4% of the farmers did not appreciate the app. Smallholder 

farmers with dissenting views (4%, n=2) were illiterate, and had reservations on the use 

of information technology.  This particular group can be taught to use the application 

during prospective community engagement activities or have reliable literate proxies to 

assist them with data entry especially if it can be customized in their local dialects. This 

can be achieved since the app can be customized to local dialects, has user-friendly 

web-interface, is cost-effective and receives good technical support making it favorable 

for use in resource poor settings just like iCow app (128). The ease of use will ensure 

that it is eventually 100% acceptable by local communities. These results emphasized 

the potential to evaluate pertinent research questions at vast scales, which are 

unprecedented due to economic restrictions and the laborious nature of field data 

collection exercises making the app more flexible. The study provided proof of concept 

for the viability of using mobile Apps to remotely collect reliable large-scale information 

from smallholder farmers and veterinary healthcare givers in resource poor settings. 

This information can be collated remotely, and analysis based on the evidence available 

can be used to inform policies that improve farming practices and economic wellbeing 

while restricting widespread multi-drug non-susceptibility. Moreover, this approach can 

be used to monitor and manage other infectious diseases, in multiple different settings. 

 

 

It has been demonstrated with HAT,  that therapeutically combination of nifurtimox and 

eflornithine is the most preferred second stage treatment (49,121,142). Currently, there 

are no trypanocides combination used for the AAT treatment. However, there is the use 
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of trypanocides such as isometamidium chloride (ISM) and diminazene aceturate (DA) 

alternatingly (sanative), exhibiting lesser cross-non-susceptibility risk. This mechanism 

can be used for relapse treatment using different tryoanocide class from the previous 

one. This reinforces trypanocide non-susceptibility selection  (49). Drug non-susceptible 

pathogen infections cause considerable human and animal mortality and morbidity, and 

widespread drug non-susceptibility is speedily eroding medical progression in 

trypanocide use in the past seven decades (143). The efficacy of various trypanocide 

interventions was examined. The information was useful for designing appropriate 

policy for the control of trypanosomes as well as drug regimens that will be more 

effective. Efficacy of drugs which plays crucial role in medicine, is at risk by the fact that 

there is non-susceptibility evolution. Mutations in the trypanosome genome confer non-

susceptibility to trypanocides. These mutations are characteristically unlinked and 

therefore trypanocide non-susceptibility is normally not linked to non-susceptibility to a 

non-related trypanocide (144–147). Though not conclusive, it has been suggested that 

there is progression of MDR is due to the genetic predisposition of the host. MDR is 

also caused by previous treatment failure attributes like treatment compliance that are 

inadequate and incomplete. Multi-trypanocide non-susceptibility had been reported in 

several sub-Saharan African countries (3-5). An evidence-based framework was 

essential to promote appropriate optimal use of the handful of trypanocides to restrict 

widespread multi-drug non-susceptibility. Knowledge on best practices on rational use 

of trypanocides by smallholder farmers and veterinary practitioners was at best still 

incomplete in the endemic resource poor settings of sub-Saharan Africa. These 

knowledge gaps were addressed by highlighting seemingly easily perceived but 

previously obscure strategies of restricting widespread multidrug non-susceptibility. The 

infectious cattle population was responsive to both changes in treatment and increasing 

the percentage of cattle receiving treatment caused the infectious population to drop. 

However, this decrease in the infectious group became much less significant as one 

moved from low to high levels of non-susceptibility. Particularly, the number of cattle 

population that is at risk can be reduced by effective treatment if the trypanocide non-

susceptibility as well as MDR was in the low transmission areas such as Kizibe as 

compared to Mbegani village.  
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It was demonstrated that mathematical models such as trypanosome multi-drug 

resistance (TMDR) could help suggest thresholds at which treatment of a particular 

trypanocide or a combination would be effective, and when treatment should be used 

conservatively to avoid creating more problems by aggravating drug non-susceptibility 

and MDR. Effect-size (ES) measures gives information about the relative size (positive 

or negative) of the experimental treatment as opposed to statistical significance tests 

that provides information about how the experiments results likelihood differs from 

expectations by chance. An ES analysis compares the average mean of the 

experimental set with the average mean of the control set. Effect size can be defined 

with respect to an independent or dependent variable or both. Particularly, effect sizes 

are crucial since they enable people to compare the size (magnitude) of experimental 

treatment results in several sets (111–115,148). A balance could be found such that 

treating a certain percentage of cattle would yield optimal effectiveness per dollar spent. 

ES is a summarization of studies and research that have been undertaken that 

compares the outcomes over a variety of studies by use of methods that are 

quantitative. Traditional statistical techniques that include t, F and chi-square tests are 

not conclusive for such comparisons since the sample size is a parameter of the 

function values of such statistics. Therefore, significance testing almost invariably 

results in confounding by producing research literature deductions that are misleading 

(74,110–114,159,160,162). Hence hypotheses testing by significance levels are wrong 

techniques and can mislead. This is because given different sample sizes, research 

with the same difference between control and treatment sets conditions can have widely 

varying t, F and chi-square tests. Since sample sizes have no effect on ES estimation 

the estimates are used in meta-analyses. Therefore, the model data can be used to 

provide ES without possibly changing or replacing it (111–115,148). This is because the 

measures are simply objective standardization of the size (magnitude) of the effect 

observed. By standardizing it just refers to the fact that ES can be compared against 

varying researches that have measured differing variables and therefore involving 

varied scales of measurement (74,110–114,149). Replication of results can be 

evaluated by these comparisons since replication cannot be resolved by statistical 
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significance level tests. ES is commonly  interpreted as small (ES = 0.2), medium (ES = 

0.5), and large (ES= 0.8) as suggested by several researchers (111–115,148). There 

was need for optimal threshold for the infected population wide treatment. The effect 

size clearly suggested that treatment of 80% of the infectious population had the most 

optimal results. In particular 80% of treatment of infectious cattle by a combination of 

drugs 2 and 3 was the most effective, while treatment by a single drug was the least 

effective at 80% treatment. The unboundedness of several research processes fail to 

respect the natural upper bound of host species systems determined by maximal size. 

The decision problem can have the natural upper bound incorporated endogenously by 

formulating a stochastic process focused and describing the infected area growth. Thus, 

ignoring the upper boundary of the system can be nelected thereby overestimating the 

option to control value. This leads to treatment delay. Actually, if not sure or AAT is 

spreading at a faster rate, then not considering the upper bound leads to lack of control 

deployment. Therefore, the results found here have crucial leads for the way in which 

the real options on control of AAT are to be used to come up with optimal timing of AAT 

control and being sure about its future progression (160). 

  

It was demonstrated that combination therapy and treating a larger extent of the 

infected cattle population resulted in lowest levels of trypanocide non-susceptibility as 

compared to the use of single trypanocides. Moreover, combination perhaps provides 

the best result of additive or synergistic effects of these regimens. This is economical in 

resource poor settings where prior disease diagnosis using rapid test-kits is unavailable. 

Combination therapy is not commonly practiced for animal African trypanosomiasis 

management (49). Clinical trials of human African trypanosomiasis show that 

combination therapy averts or delays the emergence of trypanosome non-susceptibility 

(121). The combination of drugs with the least non-susceptibility imposes a huge fitness 

cost to trypanosomes and reduces viability (161,162). This lowers parasitemia levels 

allowing elimination by the host’s immune response. Typically infections consist of 

multiple parasites with a wide spectrum of drug non-susceptibility. Therefore 

trypanosomes with a high fitness cost are likely to be overcome by susceptible 

trypanosomes where there are no imposing trypanocides, and might require 
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compensating mutations, which improves the fitness cost to the more susceptible 

trypanosomes level (163,164). The research findings provide an initial evidence-based 

framework on some essential practices that promote optimal use of the handful of 

trypanocides. One technique that can help in the prediction and control of MDR 

infections is by use of combination of two or more trypanocides in the course of 

treatment. Even though trypanocide-trypanocide interaction (which must be considered 

during the manufacturing and development of the trypanocide) is an obstacle in this 

technique, combination regimen is common and important in various medical areas 

such as cancer, HIV, malaria, mycobacterium tuberculosis and treatment of bacterial 

infections (143). It has been shown that the selective advantage of non-susceptible 

pathogens can be reverted in the process overturning the progression of trypanocide 

non-susceptibility. Given that treatment with a single trypanocide, selective advantage 

to non-susceptibility is ever present, and can be inhibited by specific trypanocide 

combination while prohibiting non-susceptibility to the specific compounds. Methods that 

exploit physiology and evolution of the interactions between trypanocides are 

advantageous to non-susceptible mutants (165). When one trypanocide partially 

suppresses the treatment ability of another trypanocide, non-susceptibility to the first 

trypanocide will destroy its protective nature against the second trypanocide. This 

destruction of the protective nature makes sure that the non-susceptible mutants are 

disadvantaged. Second, non-susceptibility to a trypanocide due to mutations can be 

hindered when synergy is introduced between the trypanocide and another component. 

There is synergy in trypanocide combination if its killing ability upon the pathogen is 

better than that of the single trypanocide, and antagonistic if its ability is weak (165). 

Non-susceptibility to one trypanocide may result in another trypanocides being 

collaterally sensitive or to a trypanocide whose toxic effect is mediated by the non-

susceptibility strategy. The selective advantage of non-susceptible pathogens 

competing with the susceptible ones can be inverted by these mechanisms resulting 

into reduction in the rate at which non-susceptibility progresses, or make non-

susceptible trypanosomes become trypanocide susceptible. Treatment efficacy and the 

risk of non-susceptibility can be differentiated by exploring precise interactions between 

trypanocides, and the means by which non-susceptibility mutations to a specific 
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trypanocide can regulate interactions or improve the susceptibility of the pathogen to 

other trypanocides (166). Drug combination can be subdivided into three classes: 

 

i. targets prohibition in different paths,   

ii. different target prohibition in the same path, and  

iii. same target prohibition in different paths (143).  

 

Combination of the drugs with the least non-susceptibility imposed a huge fitness cost 

to trypanosomes. In vitro studies on loss of fitness in trypanosomes demonstrate 

reduced viability (167). This reduced viability resulted in decreased parasitemia that 

allowed the hosts immune response to effectively eliminate infection. Combination 

treatment has more merits as opposed to use of large doses of a single trypanocide, 

and in specific cases combinations of fixed-dose have merits against separate use of a 

single trypanocide. The merits have among others; improved tolerance, efficacy, 

compliance, better rates of response, favorable pharmacokinetics alterations, economic 

viability and reduced chances of trypanocide non-susceptibility progression (145–147). 

The demerits of combination regimens are normally not as common as those of specific 

single regimens administered. Metabolically disadvantages are less with combined 

regimens. The action period is frequently longer than if single trypanocides are used. 

The spectral of response of two trypanocides in combination increases the likelihood of 

several trypanosomes responding and improves the probability that the initial regimen 

choice would succeed. Nevertheless, there are demerits to using combination of fixed-

dose such as; loss of dose flexibility, lack of the right doses for one or both of the 

trypanocides required for treatment of certain conditions (168). 

 

However, in the absence of economic capacities of farmers were also tested on the use 

of a single trypanocide therapy. Clinical and veterinary experience indicates that it is 

sufficient to adequately treat a disease by a single drug. Hence treatment of AAT by a 

single trypanocide is generally successful. A trypanocide and the host immune 

response alleviate disease provided adequate tissue trypanocide supply is attained for a 

sufficient time with no interruptions. It has been shown that single trypanocide treatment 
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is only ineffective in two sets of circumstances. These are; trypanosome infections 

where the normal cattle body defenses are not sufficient, and either by AAT being 

chronic, or as a result of high trypanosome mutation evading treatment. Essentially 

combination regimens are useful in both cases (165). However, given the resource poor 

setting that this research was performed, most farmers were not willing to purchase two 

trypanocides at once. Therefore, there must be an alternative to trypanocide 

combination.  It also highlighted that using drugs in increasing non-susceptibility order 

results in a negligible increase in number of cattle with non-susceptible infections. 

Progressive increase in fitness cost restricts the cattle number with non-susceptible 

trypanosomes. Clonal expansion of susceptible parasites due to a drug change 

eventually results in a reversal of non-susceptibility to drugs that were in long use, and 

that evoked the most non-susceptibility (164). Cycles of trypanocide use in this order 

markedly decrease spread of non-susceptible parasites. Hence for those farmers who 

cannot afford trypanocide combinations, they would be advised to use trypanocides 

sequentially on increasing non-susceptibility basis to treat cattle. This progressive 

increase in fitness cost greatly reduces parasitemia levels, and subsequently 

trypanosome transmission (169,170). The indiscriminate use of trypanocides is not 

good at all. Pharmacological properties of most trypanocides restrict their importance. 

These properties must be taken into consideration over the possibility of merits that may 

evolve due to their utilization in combination regimens (165). 

 

In conclusion, sub-Saharan Africa is normally associated with alarmingly rapid 

increased pathogen non-susceptibility (17,171). Ensuring detailed and frequent 

information on the contemporary MDR prevalence for a given trypanosome strain in 

extensive locales as well as judicious use of trypanocides reaches prescribing extension 

workers and veterinary officers will greatly curb widespread MDR, especially in high 

disease burden regions such as Shimba Hills in Kwale County. The control of 

trypanocide non-susceptibility development requires multiple stakeholders that include: 

farmers, veterinary officers, extension officers, policy makers, researchers, 

pharmaceutical companies as well as the government. Technological advances provide 

new avenues for remote data access in most disease endemic areas. This study has 
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highlighted the importance of a community-led surveillance app on not only what the 

farmer is using for treatment of AAT but also for the long-term analysis. These methods 

are easy to adapt in developing countries, and their success, sustainability and 

scalability relies on community engagement during implementation. Therefore, the 

farmers and extension officers have to be educated on the most appropriate way of 

using trypanocides by policy makers as outlined in the research results and discussion 

sections. The farmers should be advised that 80% is the optimal infected population 

wide treatment; trypanocide combination should be used for disease management; and 

trypanocides used sequentially in increasing order of non-susceptibility to the three 

respective drugs classes give the best result.  

 

4.2 Recommendation for future studies 

 

Future studies using simulations that examine a reduction in the tsetse fly bite rate 

parameter, C, due to rearing trypano-tolerant breeds could provide more insight on 

disease management. There is need for more research on adoption of apps in 

community surveillance of MDR and for the general livestock management. 

Customization of the apps into local dialects will greatly improve the acceptability of the 

apps.  
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Appendix A: Matlab script (Matlab 2017a) 

 

function Ibrahim() 
clear all; clc; 
global lambdav lambdah miuh miuv omegah omegav rhoh thetah  deltah  deltav ... 
lambda1 lambda2 lambda3 nitaI nitaT nita1 nita2 nita3 nita12 nita13 nita23 ... 
a1 a2 a3 a12 a13 a23 lambda12 lambda13 lambda23 lambda21 lambda31 lambda32 
  
lambdav=1000;miuv=0.03;omegav=0.091; 
lambdah=6;miuh=0.0005;omegah=0.8; 
rhoh=0.045; thetah=1.0;  deltah=0.002;  deltav=0.0165; 
nitaI=0.01;nitaT=0.14;nita1=0.003;nita2=0.006;nita3=0.009;nita12=0.03;nita13=0.035;ni
ta23=0.04; 
lambda1=0.11;lambda2=0.11;lambda3=0.11; 
lambda12=0.0095;lambda13=0.0095;lambda23=0.0095;lambda21=0.0095;lambda31=0
.0095;lambda32=0.0095; 
betah=0.46; betav=0.025; ch=0.75;cv=0.75; 
a1=0.3;a2=0.2;a3=0.1;a12=0.5;a13=0.4;a23=0.3; 
options = odeset('RelTol',1e-4,'AbsTol',[1e-4 1e-4 1e-4 1e-4 1e-4 1e-4 1e-4 1e-4 1e-4 
1e-4 1e-4 1e-4 1e-4 1e-4]); 
[Th,H] = ode45(@host,[0 1095],[3500 250 450 0 133 133 134 133 133 134 0 15000 
4000 1000],options); 
  
figure(1) 
hold on 
  
plot(Th,H(:,5),'k', Th,H(:,6),'m',Th,H(:,7),'c',Th,H(:,8),'r',Th,H(:,9),'g',Th,H(:,10),'b', 
'linewidth',2) 
set(gca,'fontsize',30) 
  
title('Long term population values-High non-susceptibility case (three years)') 
xlabel('Time (Days)') % x-axis label 
set(gca,'fontsize',30) 
ylabel('Number of cattle') % y-axis label 
set(gca,'fontsize',25) 
legend('Non-susceptibility to drug 1', 'Non-susceptibility to drug 2', 'Non-susceptibility to 
drug 3',... 
     'Non-susceptibility to drugs 1 & 2', 'Non-susceptibility to drugs 1 & 3', 'Non-
susceptibility to drugs 2 & 3', 'Location', 'East'); 
hold off 
% H(249,1) 
H(:,2) 
H1T = sum(H(:,1)); 
H1M = mean(H(:,1)); 
H1SD = std(H(:,1)); 
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H2T = sum(H(:,2)); 
H2M = mean(H(:,2)); 
H2SD = std(H(:,2)); 
  
H3T = sum(H(:,3)); 
H3M = mean(H(:,3)); 
H3SD = std(H(:,3)); 
  
H4T = sum(H(:,4)); 
H4M = mean(H(:,4)); 
H4SD = std(H(:,4)); 
  
H5T = sum(H(:,5)); 
H5M = mean(H(:,5)); 
H5SD = std(H(:,5)); 
  
H6T = sum(H(:,6)); 
H6M = mean(H(:,6)); 
H6SD = std(H(:,6)); 
  
H7T = sum(H(:,7)); 
H7M = mean(H(:,7)); 
H7SD = std(H(:,7)); 
  
H8T = sum(H(:,8)); 
H8M = mean(H(:,8)); 
H8SD = std(H(:,8)); 
  
H9T = sum(H(:,9)); 
H9M = mean(H(:,9)); 
H9SD = std(H(:,9)); 
  
H10T = sum(H(:,10)); 
H10M = mean(H(:,10)); 
H10SD = std(H(:,10)); 
  
  
ES58 =(H5M-H8M)/H8SD 
ES59 =(H5M-H9M)/H9SD 
ES510 =(H5M-H10M)/H10SD 
%  
ES68 =(H6M-H8M)/H8SD 
ES69 =(H6M-H9M)/H9SD 
ES610 =(H6M-H10M)/H10SD 
%  
ES78 =(H7M-H8M)/H8SD 
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ES79 =(H7M-H9M)/H9SD 
ES710 =(H7M-H10M)/H10SD 
  
ES56 =(H5M-H6M)/H6SD 
ES57 =(H5M-H7M)/H7SD 
ES67 =(H6M-H7M)/H7SD 
  
ES89 =(H8M-H9M)/H9SD 
ES810 =(H8M-H10M)/H10SD 
ES910 =(H9M-H10M)/H10SD 
  
% H(end,2) 
% H(end,3) 
% H(end,4) 
% H(end,5) 
% H(end,6) 
% H(end,7) 
% H(end,8) 
% H(end,9) 
% H(end,10) 
  
    function dH=host(t,H) 
        %H(1)=Sh;H(2)=Eh;H(3)=Ih;H(4)=Th;H(5)=Rh1;H(6)=Rh2;......... 
        dH=zeros(14,1); 
Nv= H(12)+ H(13)+H(14);   
Nh= H(1)+H(2)+ H(3)+H(4)+H(5)+H(6)+H(7)+H(8)+H(9)+H(10)+H(11); 
fh=betah*ch*H(14)./Nv; 
fv=betav*cv*(nitaI*H(3)+nitaT*H(4)+nita1*H(5)+nita2*H(6)+nita3*H(7)+nita12*H(8)+nita1
3*H(9)+nita23*H(10))./Nh; 
      dH(1)=lambdah-fh*H(1)+rhoh*H(11)-miuh*H(1); 
      dH(2)=fh*H(1)-(omegah+miuh)*H(2); 
      dH(3)=omegah*H(2)-(thetah+nitaI+deltah+miuh)*H(3); 
      dH(4)=thetah*H(3)-(lambda1+lambda2+lambda3+nitaT+deltah+miuh)*H(4); 
      dH(5)=lambda1*H(4)-
(lambda2+lambda3+nita1+a1*deltah+miuh)*H(5)+lambda1*(H(6)+H(7)); 
      dH(6)=lambda2*H(4)-
(lambda1+lambda3+nita2+a2*deltah+miuh)*H(6)+lambda2*(H(5)+H(7)); 
      dH(7)=lambda3*H(4)-
(lambda1+lambda2+nita3+a3*deltah+miuh)*H(7)+lambda3*(H(5)+H(6)); 
      dH(8)=(lambda12+lambda21)*H(4)+lambda12*H(6)+lambda21*H(5)-
(nita12+a12*deltah+miuh)*H(8); 
      dH(9)=(lambda13+lambda31)*H(4)+lambda13*H(7)+lambda31*H(5)-
(nita13+a13*deltah+miuh)*H(9); 
      dH(10)=(lambda23+lambda32)*H(4)+lambda23*H(7)+lambda32*H(6)-
(nita23+a23*deltah+miuh)*H(10); 
      dH(11)=nitaI*H(3)+nitaT*H(4)+nita1*H(5)+nita2*H(6)+nita3*H(7)... 
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          +nita12*H(8)+nita13*H(9)+nita23*H(10)-(rhoh+miuh)*H(11); 
       
      dH(12)=lambdav-fv.*H(12)-miuv*H(12); 
      dH(13)=fv.*H(12)-(omegav+miuv)*H(13); 
      dH(14)=omegav*H(13)-(miuv)*H(14); 
    end 
     
end 
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Appendix B: Closed ended questionnaire 

 

Evaluation of drug use by farmers in Shimba Hills in the fight against nagana 

 

Section to be filled by veterinary officer 

 

Name of area (locale) where attached –  

Which villages in your locale are worst hit by the plague? 

Name them......................................................................................................................... 

Which areas report the least infection rates? 

Name them......................................................................................................................... 

What is the cost of a single drug regimen per animal? ..................................................... 

Disease and drug awareness data 

1. How often are you contacted by the farmers over trypanosiamiasis? 

A. Once a week 

B. Twice a week 

C. Once a month 

D. Other (Please specify)............................................................................................. 

 

2. At what point do the farmers contact you? 

A. Immediately they notice illness 

B. After self-medicating 

C. As a last resort 

D. Other (please specify).............................................................................................. 

 

3. Are farmers generally open and ready to provide information? 

A. yes 

B. no 

 

4. If NO, why? 

A. Myths and suspicions 

B. Ignorance 

C. By choice with no particular reason 

D. Other (please specify).............................................................................................. 
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Diagnosis and prescription patterns 

5. How many animals in a week do you think you treat with nagana ? 

A. 1 

B. 2 

C. 3 

D. Other (please specify).............................................................................................. 

 

6. How do you go about diagnosing an animal?  

A. I know it is nagana from experience 

B. I collect samples for lab analysis and confirmation 

C. I rely on my colleagues 

D. I rely on the farmers knowledge 

 

7. Are you always confident in your final prognosis? 

A. YES 

B. NO 

 

8. Do you experience any difficulties during diagnosis? If YES, please give details. 

A. YES 

B. NO 

 

9. If an APP was developed to aid your process, would you use it? 

A. YES 

B. NO 

 

10. Which drug(s) are you most likely to prescribe? 

A. Homidium 

B. Isometamidium 

C. Diminazene 

D. Other (please specify).............................................................................................. 

 

11. At what stage of the disease do you prescribe the named drug (s)? 

A. Before onset (prophylaxis) 

B. Early onset 

C. Late disease stage 

D. Other (please specify).............................................................................................. 

 

12. What is your reason for choosing the above named drug (s)?  

A. Most available 

B. Most affordable 

C. Most effective 
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D. Other (please specify).............................................................................................. 

Drug use and efficacy and toxicity 

13. Do the farmers stick to the regimen given? 

A. Yes 

B. no 

14. Have you noticed any seasonal variation in drug sensitivity?  

A. Yes 

B. no 

15. Have you ever prescribed any of the drugs used to treat nagana for another 

condition other that nagana in cattle? 

A. Yes 

B. no 

16. Do you know of any local remedies used by local farmers as an alternative to 

chemical therapies? 

A. Yes 

B. no 

17. What do you think has caused the multidrug resistance?  

A. over-prescription 

B. self-prescription by farmers 

C. farmers are not completing regimens 

D. Other (please specify).............................................................................................. 

 

18. What are some of the toxic effects evidently caused by the drugs?  

A. photosensitivity 

B. skin necrosis 

C. hair loss 

D. Other (please specify).............................................................................................. 

 

19. Are they also seen during combinations?  

A. Yes 

B. No 

 

20. Any other livestock other than cattle visibly resistant to the trypanocidal drugs? 

A. Goats 

B. Sheep 

C. donkeys 

D. Other (please specify).............................................................................................. 
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Section to be filled by farmer 

Name of village – 

Number of cattle owned –  

What is the cost of a single drug regimen per animal? 

The burden 

1. Is there any noticeable difference in productivity between infected and healthy 

animals?  

A. No difference 

B. Sick animals are obviously less productive 

C. Sick animals are more productive 

D. Both groups are equally productive 

 

2. Out of the animals that fall sick, how many  have still died even after receiving 

medication? 

A. All 

B. None 

C. Half 

D. Other (please specify).............................................................................................. 

 

3. What are the other causes of cattle fatalities in your herd aside from nagana? 

A. East Coast Fever 

B. Contagious Bovine Pleuro-pneumonia (CBPP) 

C. I don’t know 

D. Other (please specify).............................................................................................. 

 

4. What are your options eventually when an animal is not responding to medication? 

A. Slaughter 

B. Sell  

C. Await death 

D. Other (please specify).............................................................................................. 

 

5. How do you determine that your animal is infected with Nagana?  

A. I know it is nagana from experience 

B. I wait for the vet to confirm 

C. I rely on fellow farmers knowledge 

D. Other (please specify)............................................................................................. 

 

6. After recovery, do the animals regain full productivity?  

A. Yes 
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B. No 

Drug prescription, use and toxic effects 

7. How long after symptom onset do you wait before administering medication?  

A. immediately 

B. I wait for a few days 

Other (if B, how many days)............................................................................................ 

A. I give immediately 

B. It takes a few days as I have to raise funds to buy drugs 

C. I  pre-medicate to prevent infection 

D. Other (please specify).............................................................................................. 

 

8. Who recommends the drugs you use? 

A. Myself 

B. Vet 

C. Fellow farmers 

D. Other (please specify).............................................................................................. 

 

9. Which of the three drugs do you prefer using (please confirm brand names)?  

A. Homidium 

B. Isometamidium 

C. Diminazene 

D. No preference 

 

10. Do you stick to the prescribed drug regimen?  

A. Yes 

B. No 

C. If no, please explain why......................................................................................... 

 

11. Do you prolong the use of the drug? (Use for longer than prescribed). 

A. Yes 

B. No 

C. If yes, please explain why....................................................................................... 

 

12. When the animal’s health is restored, do you store the medication for use later? 

A. Yes 

B. No 

 

13. Have you ever received different dosage levels for the drugs from different vets? 
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A. Yes 

B. No 

 

14. Have you ever used the drugs as a combination?  

A. Yes 

B. No 

C. If yes, please give details......................................................................................... 

 

15. How many times in a year does the infection recur thus necessitating the need to 

buy the drug (s)? 

A. Once 

B. Twice 

C. Thrice 

D. Other (please give details)....................................................................................... 

 

16. What are the toxic /negative effects of the drug on the cattle?  

A. photosensitivity 

B. skin necrosis 

C. hair loss 

D. Other (please specify).............................................................................................. 

 

17. Of your drugs of choice (and combinations) in which doses do you commonly prefer 

to administer?  

 

A. As prescribed by vet 

B. As prescribed by pharmacist 

C. As I have always done 

D. As advised by fellow farmers 

 

18. Over time, has the dosing changed?  

A. Yes 

B. No 

 

19. Are you using the medication to treat anything else other than nagana? 

A. Yes 

B. No 

C. If yes (please give details)....................................................................................... 
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Groups of livestock 

20. Do you have any cattle in your herd that have never needed medication (non-

colonised)? 

A. Yes 

B. No 

 

21.  (colonised by susceptible strains) Are there any cattle in your herd recurrently 

infected and a particular drug (or particular drugs) seems to be working? 

A. Yes 

B. No 

C. If yes, give details on number of cattle, drug (s), order of drugs, (any 

combination) and 

dosage..................................................................................................................... 

 

22. Do the doses change when in combination if administered separately? 

A. Yes 

B. No 

 

23. Do you have any cattle in your herd that are recurrently infected and all particular 

drugs seem to be working? 

A. Yes 

B. No 

C. If yes (please give details)....................................................................................... 

 

24. How are they administered? 

A. Combination 

B. Separately 

E.  Other (please specify)............................................................................................. 

 

25. (colonised by resistant strains) Do you have cattle that are not responding to all 

the medication? 

A. Yes 

B. No 

26.  (colonised by strains resistant to two drugs) Do you have cattle that have fallen 

ill then recovered after you used two drugs (which failed) and then you administered 

the third and it worked? 

A. Yes 

B. No 

C. If yes (please give details)....................................................................................... 
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27. Do you use drug combinations often? 

A. Yes 

B. No 

C. If yes (please give details)....................................................................................... 

 

 

 


