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Abstract

Typhoid and Cholera remains the most endemic diseases, and thus, of major public health concerns in tropical developing countries. In this study, we develop a deterministic compartmental mathematical model for assessing the effects of education campaigns, vaccination and treatment on controlling the transmission dynamics of typhoid and cholera  in the community. We have shown that the disease free equilibrium state of the model is locally asymptotically stable if the basic reproduction number is less than unity. Careful analysis of the effective reproduction number has shown that, each of the intervention; education campaigns, vaccination or treatment has an effect in decreasing the transmission of typhoid and cholera in the community. Sensitivity analysis shows that, the most sensitive parameters are recovery rate for symptomatic infectious individuals, recruitment rate, vaccination rate, education campaign and transmission rate for carrier individuals. Both numerical and analytical results suggest that multiple control strategies are more effective than a single control strategy.
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INTRODUCTION

Dynamics of a disease are a result of the interactions of complex systems in complicated ways. The epidemiological experiments can be difficult and expensive though, mathematical modeling is an important tool for the understanding of their complex dynamics, Mathematical modeling enables us to characterize the general and specific behavior of these systems analytically and to understand which aspects contribute the most to the observed dynamics as well as making policy

decisions for preventive measures and control strategies (Bako et al 2024),(Bako and Yusuf 2024). The application of differential equations in the transmission dynamics of infectious diseases have been extensively used in several papers. The analysis of these models predicted and suggested several control strategies for the control and eradication of the infectious diseases (Appiah et al 2018), (Wameko et al 2020). Some the control strategies being suggested were early detection and reporting, vaccination and mass immunization, therapeutic treatment and good sanitation practices(WHO, 2020, 2021). It is therefore important that adequate attention is paid to stopping the spread of such diseases by using effective control strategies and measures (Kokomo 2019). Many infectious diseases are as a direct result of poor hygienic conditions and contact between an infectious person and a susceptible person. Cholera, according to reference, has been a persistent epidemic and continues to be a global world health issue (Juga and Nyabadza 2020). Despite the studies of this disease for over one hundred years, it is estimated that approximately 120,000 people die from cholera annually. Studies have attributed utmost environmental issues for the ability of the disease to desolate communities and households. Cholera is an infectious disease of which it outbreak leads to the death of millions of individuals (Kolaye et al 2020). The outbreak of Cholera present a serious public health burden in the affected regions as enormous amount of money is needed to control and eradicate it, and this have sparked computational modeling efforts to forecast the dynamics of ongoing outbreaks, assess and predict intervention strategies.  Cholera is an acute intestinal infectious disease caused by the bacterium Vibrio cholerae characterized by extreme diarrhea and vomiting. It is deadly water – borne disease which usually results from poor hygienic conditions and sanitation. Some of the symptoms are vomiting and diarrhea (Phan et al 2021), (Prem et al 2020). If treatment is delayed, it can lead to severe dehydration and death within a few hours. The disease has two modes of transmission: direct and indirect transmission. Direct transmission (human-human) is very uncommon, whilst indirect transmission (environment-human), which occurs through the ingestion of contaminated food or water, is more frequent (Nyerere et al 2020). A known estimate for the incubation period of cholera is 1.4 days. On the other hand, the Salmonella Typhi bacteria is responsible for causing the life threatening typhoid fever disease. Cholera and typhoid fever have the same transmission modes (Matsebula et al 2021). The recticulo endothelical system, the intestinal lymphoid, and the gall bladder are severely damaged by the typhoid fever disease. Once a susceptible individuals is infected with typhoid fever, roughly 19 days are required for the disease to incubate within the host. Mathematical models have been used for the past decades to give insights into the transmission dynamics of coinfections within the human population. The coinfection dynamics of typhoid and cholera have not been investigated in the literature. A recent outbreak of these two infections in Zimbabwe prompted this theoretical inquiry into how these infections interact
Model Development
The typhoid cholera coinfection model partitions the human population N(t), at time t, into a susceptible class S(t), a cholera infection class Ic(t), a typhoid infection class It(t), a coinfection class Ict(t), a cholera recovery class Rc(t), a typhoid recovery class Rc(t), and a coinfection recovery class Rct(t). Thus, N(t) =S(t) + Ic(t) + Rc(t) + It(t) + Rt(t) + Ict(t) + Rct(t). The bacterial concentration of Salmonella Typhi, Bt(t), and Vibrio Cholerae, Bc(t), in the environment are incorporated into the model as well. The formulation of this model is an extension to the work carried out by Matsebula et al. Since the incubation periods of the two infections are different, we assume that dually infected individuals can only transmit either cholera or typhoid but not both infections simultaneously. Transmission of cholera to susceptible individuals occur in one of two routes—the direct transmission route (human-to-human) and the indirect transmission route (envirnment-to-human). The rates of the transmission routes, respectively, are given by The parameter βc1 denotes the person-to-person cholera transmission. The effective contact rate for cholera multiplied by the probability of cholera transmission per contact gives the person to person cholera transmission. The modification parameter ηc, accounts for the relative infectiousness of individuals in class Ic relative to individuals in class Ict. Since the contact rate of dually infected individuals is lower than the contact rate of individuals infected with a single disease (cholera or typhoid), it follows that ηc ∈ (0, 1). The decreasing growth rate of bacteria and the saturation of bacteria are best modelled by a type II functional response. The parameter βc2 denotes the environment-to-humans per capita contact rate and the Vibrio Cholerae in the contaminated environment, whilst the parameter κc denotes the half saturation constant of the Vibrio Cholerae. The half saturation constant is the bacterial concentration that is required to support half of the maximum rate, βc2. Similarly, the transmission of typhoid to susceptible individuals occurs in one of two routes—the direct transmission route (human-to-human) and the indirect transmission route (environment-to-human). 
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Fig 1: schematic diagram of the model
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Aim and Objectives of the Study

The aim of this study is to formulate a mathematical model  of cholera and typhoid co-infection dynamics. This can be achieved through the following objectives:

1. To formulate a mathematical model to describe the interaction between cholera and typhoid infections.

2. Introduce a delay parameter and analyse the effect during the latent period.

3. Check the existence, uniqueness, boundedness, positivity, sensitivity, stability and equilibrium state of the model.

4. Determine the reproduction number of the model.

5. Simulate and analyze the dynamics of cholera and typhoid co-infections without any control strategies.

Basic Assumptions of the Model 

The following are some proposed assumptions in the formulation of the model
1. Infected individuals can only transmit either cholera or typhoid but not both.

2. The susceptible population increases at a certain rate (birth and emigration). Which means that the total population is not constant.

3. Susceptible population acquire the disease through person to person or by bacteria contact (mostly in food and water).

4. Transmission of the diseases to susceptible individuals is through human-to-human and the environment to humans.

5. Every parameter is non-negative.

6. There is temporary immunity after recovery.
DISEASE FREE EQUILIBRUIM (DFE) [image: image21.png](E°)




The DFE represents the state of the system where there is no infection present in the population. This means that all individuals are either in the susceptible or recovered compartments with no exposed, infected of co-infected individuals. At DFE, we set the infected Compartment to zero and the population is free from both Cholera and Typhoid infections. Hence we have the following lemma.
Disease- free equilibrium state of the model equations  exist at the point.
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The Jacobian of the system is given as
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It is clear that all the eigenvalues are negative. This shows that the system is locally asymptotically stable if all the eigenvalues have negative real parts. The epidemiological implication of the theorem is that cholera and typhoid can be eliminated (control) from the population when 
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, if the initial size of the sub-populations of the model are in the basin of attraction of the cholera and typhoid free equilibrium.
Numerical Simulations
In this section, we give a brief outline of the numerical results obtained in the

investigation. Table 3.1 shows the parameters of the cholera typhoid coinfection

model (3.1). The basic reproduction number, R0, obtained from the Table 3.1

is 1.4. The initial conditions used to produce the figures in this section were:

S(0) = 99980, Ic(0) = 20, It(0) = 20, Ict(0) = 20, Rc(0) = 0,

Rt(0) = 0, Rct(0) = 0, Bc(0) = 40000, Bt(0) = 40000. Note that all figures in

this section are presented in the logarithmic scale since the range of some of the
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Fig 2: showing the population classes, the susceptible class is high, while after treatment the cholera and typhoid class begin to reduce. The typhoid bacteria and typhoid recovered are at unity. 
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Fig 3: Shows that the population after been exposed reduces the susceptible class.
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Fig 4: shows that the Infected individual with typhoid and cholera after treatment begin to reduce 

drastically 
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Fig 5: comprises of the exposed cholera individual which if treated properly can be eradicated
Conclusions 
In this paper, we have formulated a deterministic mathematical model for transmission dynamics of cholera that incorporates four control strategies namely education, vaccination, treatment, and sanitation. From the model we have derived the effective reproduction number from which we have deduced the basic reproduction number, and the reproduction numbers with combination of two, and three control strategies. The effective reproduction number computed has been used to measure the relative impact for individual or combined intervention for effective disease control. We have derived both the Disease Free Equilibrium (DFE) and the Endemic Equilibrium points (EE) and proved that the DFE is locally asymptotically stable (l.a.s) when 1 e R < . Moreover, we have performed sensitivity analysis on the basic reproduction with all control strategies, from which we have noted that the most sensitive parameters are the education campaign, therapeutic treatment, effective contact between the susceptible and infected individuals, bacteria carrying capacity, and recruitment rate. These strategies need high attention when at all we need to control cholera outbreak wherever it occurs. Numerical simulations of the model have shown that, whenever the control strategies are carried out solely then treatment is best alternative to cholera, but when there are two combinations strategies then the best combination is treatment and education. On the other hand when a combination of three control strategies is implemented then the best combination is the one with vaccination, treatment and education. It has been noted that the best combination is the one that incorporated all four control strategies. From this study we conclude that the more one increases combination of control strategies then cholera is can be eradicated from the community.
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