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Abstract Malaria continue to infect and kill thousands of human in the world despite the relentless effort to control and finally eliminate this disease in the world. In this research essay, a mathematical model for malaria transmission which includes the aquatic mosquito population is developed. The model is further extended to study the optimal control practices of malaria transmission using larval source reduction and mosquito nets as the control measures. The steady state solutions of the model were analytically and numerically analysed. We observed that the disease free equilibrium point is locally asymptotically stable whenever the basic reproduction number, R0 < 1. Sensitivity analysis reveal that the mosquito biting rate has the highest impact on malaria transmission. On the other hand, the use of larval source reduction or mosquito nets as the only control measure had fair good results but it takes more time to obtain the desired impact on the transmission of disease. It is observed that the combination of mosquito nets and larva source reduction is most effective control strategy for malaria transmission. From this results we advise the policy makers to invest on both control measures, mosquito nets and larval source reduction since it is the effective way of reducing the rate of malaria transmission in the community.
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1. Introduction 1.1



Malaria Transmission



Malaria is a mosquito-borne infectious disease caused by plasmodium parasite that attacks and infect the human red blood cells (Vaughan et al., 2008). There are four types of plasmodium parasites that cause malaria to humans, namely; plasmodium falciparum, plasmodium vivax, plasmodium ovale and plasmodium malariae. Plasmodium falciparum is common and predominant in sub-Saharan Africa. When a female Anopheles mosquito ingests malaria parasite (gametocytes) from an infected human, the parasites develop and reproduce inside the mosquito gut and later get transferred into the mosquito salivary glands (Mwanga et al., 2014; Sherman, 1998). When an infected mosquito bites humans, the parasites (sporozoites) are injected into recipient’s blood stream, from where they grow and multiply first in the liver cells and later invade the red blood cells (Walker and Lynch, 2007). This causes rupture of the red blood cells due to infection of thousands of parasites forms called merozites (Mwanga et al., 2014). During the blood infections stage, some of the merozoites differentiate into gametocytes ready to be taken by mosquito during biting process, and this completes the cycle (Mwanga et al., 2014) (see Figure 1.1).



Figure 1.1: Schematic diagram showing malaria transmission. This Figure is adopted from CDC, 2015 (b) . An infected human experiences the following symptoms of malaria; sensation of coldness, shivering, deep breathing, respiratory distress, fever, headaches, vomiting, problems with consciousness and loss of energy (Prostration). It is estimated that between 300–400 million malaria cases occur worldwide and out of which 1.5 - 2 million die due to malaria every year (Mwanga et al., 2015). Basing on WHO (2015) report, malaria is a serious disease in sub-Saharan Africa were by in 2013, about 88% of malaria cases and 90% of the global deaths were from sub-Saharan Africa. Malaria is observed to be a threat to children under five years. 70% of malaria deaths in endemic countries are children under five years (WHO, 2015) .
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Mosquito Life Cycle



Mosquito life cycle (see Figure 1.2) begins with eggs which are laid in water, grass or ground. Eggs need water in order to develop. Eggs hatch to form larvae under suitable condition. Mosquito larvae are aquatic creatures that feed on micro-organisms in the water. Under a suitable condition, mosquito larvae develop to pupae. After sometimes, pupae develop into flying insects called adult mosquitoes (Lutambi et al., 2013). Since larvae and pupae live and grow in water, they are therefore called aquatic mosquitoes. Aquatic (immature) mosquitoes cannot fly and they spend most of time hanging upside down at the surface sucking in oxygen. Adult female mosquitoes need protein (from human blood) to develop their eggs. After they have gotten blood, they fly to oviposition sites to lay eggs.



Figure 1.2: Schematic diagram showing the mosquito life cycle. The figure is adopted from CDC, 2015 (a) .



1.3



Control and Prevention of Malaria Transmission



There are several control and prevention measures for malaria transmission. Some control measures aim at destroying breading sites, killing aquatic and adult mosquitoes and others aim at preventing humans from mosquito bites. Larval source reduction is the destruction of mosquito breeding sites by removing source of stagnant water (Gu et al., 2006) to reduce the rate of laying mosquito eggs. This can be effected by filling holes with soil or sand and construction of drainage channels from the stagnant water. In addition, the elimination of breeding site increases the mosquito’s search time of breeding sites. In so doing, the gonotrophic cycle is increased and the mosquito might die before laying its eggs (Gu et al., 2006; Fillinger and Lindsay, 2011). Malaria transmission can also be controlled using mosquito nets which reduces the contact rate between vectors and hosts. The use of bed nets reduce the probability of susceptible humans being infected by infectious mosquitoes or infectious humans transmitting to susceptible mosquitoes. Other control measures are vaccination, screening and treatment of infectious humans, closing windows and doors to avoid the entrance of mosquitoes, using indoor residual spraying (IRS), and other repellant containing chemicals that has deterrent effect on mosquitoes, just to mention but a few.
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Statement of The Problem



World Health Organisation (WHO) and malaria endemic countries, spend a lot of money in controlling only adult mosquitoes which does not completely eliminate the mosquito life cycle. This is due to the following reasons: Adult mosquitoes are mobile, they escape by flying from areas implementing mosquito control measures to areas where there is less or no such control measures, thus continue spreading malaria. Also, adult mosquitoes can easily learn and adapt to a certain control measure. This make them continue spreading malaria (Killeen et al., 2002). We therefore need to find a cost-effective control strategy that can break/interrupt mosquito life cycle through controlling aquatic mosquitoes while protecting humans from mosquito bites.



1.5



Project Objectives



The aim of this research essay is to develop a mathematical model describing the malaria transmission process between hosts and apply the optimal control theory to study the effect of control practices on the transmission of the malaria. Hence, the focus is on the following tasks: i) To review and develop basic model of malaria transmission including aquatic mosquitoes. ii) To study the steady state solutions (equilibrium points) of the developed model. iii) To calculate the basic reproduction number of the basic model. iv) To perform the sensitivity analysis of the model. v) To develop and analyse the optimal control model with two time dependent control measures; larval source reduction and mosquito nets.



1.6



The Scope and Limitations of The Study



In this study, we use two models: the basic model and the extended model. The basic model describes mosquitoes life cycle and malaria transmission processes between humans and adult mosquitoes. The model has six compartments which are; aquatic, susceptible and infectious mosquitoes compartments under mosquito population, whereas susceptible, infectious and recovered humans compartments are under human population. The second model is an extension of the basic model and it includes all compartments of the basic model plus two time dependent control measures which are larval source reduction and the use of mosquito nets. For numerical simulation, Python and Octave software are used. Furthermore, Sagemath software is used in computing the sensitivity index of the model parameters. The major limitation of this project, is lack of data to fit the model. Some unknown parameters were estimated from the literature.



1.7



Organisation of The Project



This report consists of six chapters. Definition of terms, malaria transmission, mosquito life cycle,
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statement of the problem and the research project’s objectives are described in chapter 1. In chapter 2, includes a short literature review on malaria transmission and optimal control for aquatic mosquitoes. Chapter 3 is about formulation of malaria transmission model without any control. Analysis of the malaria transmission model such as, stability analysis of equilibrium steady state solutions (equilibrium points) is done in this chapter. The sensitivity analysis to determine model parameters with high impacts on malaria transmission is also described in chapter 3. Furthermore, the computation and description of the threshold parameter (basic reproduction number) are carried out in this chapter. In chapter 4, we carry out numerical simulations of malaria transmission model. The comparison between analytical results and numerical results about the basic reproduction number and equilibrium points is done in this chapter. In chapter 5, we develop the model with optimal control, formulate the objective function and do numerical simulation. Finally, discussion of the results and conclusion as well as recommendations, and future work are covered in chapter 6.



2. Literature review A mathematical model is a description of the behaviour of the system using mathematical concepts and language. The process of developing a mathematical model is known as mathematical modelling. Mathematical models provide a clear picture of the disease’s behaviour and its current and future impacts on a endemic society (Labadin et al., 2009). These models are tools of policy and decision makers when taking appropriate control measures on a particular disease (Olaniyi and Obabiyi, 2013). Making critical evaluation of the impacts and costs of different control interventions depend highly on mathematical models (Mwanga et al., 2015). The first malaria model for malaria transmission and control was developed by Ronald Ross (Mushtaq et al., 2009). Since then, many models have been developed to describe the transmission and control of malaria transmission. malaria[(Chitnis et al., 2008; Agusto et al., 2012)]. For example: Chitnis et al. (2008) performed sensitivity analysis on malaria transmission model to determine important parameters for disease transmission and prevalence. They found that the basic reproduction number is most sensitive to the mosquito biting rate. They suggested some strategies that target reducing the mosquito biting rate; such as the use of insecticide treated bed nets and indoor residual spraying. Athithan and Ghosh (2015) incorporated insecticides in their model to control the mosquito population. They performed numerical simulation to demonstrate the effect of optimal control whereby infectious mosquitoes reduced greatly as a consequence of cost-effective insecticide control. Yau et al. (2011) developed a mathematical model that incorporated copepods (an organism that eats mosquito larva) as a control agent. The application of copepods reduced the number of larva to almost zero. They recommended the use of copepods so as to break mosquito life cycle at the larva stage. Agusto et al. (2012), compared the effects of controls on malaria eradication. A combination of the three controls: mosquitoes treated bed nets for personal protection, insecticide spraying and treating the symptomatic humans was observed to have the highest impact on malaria control. Mwanga et al. (2015) investigated four control measures which are; the use of Long Lasting Impregnated Nets(LLNs), screening and treatment of symptomatic infectious individuals, screening and treatment of asymptomatic individuals and the use of Indoor Residual Spraying (IRS). Their study indicated that the use of LLNs, IRS and treatment of both asymptomatic infective humans are the most effective control strategy in reducing malaria transmission. In this report, we shall extend the basic model by Athithan and Ghosh (2015). While ignoring Lurvivorous fish, our extended malaria model has two time dependent controls; the use of mosquito nets and larval source reduction. Unlike their model, we assume that, the recovered individuals do not contribute to the new infections; that is, they can not transmit malaria parasite to mosquitoes through mosquito bites. Our model is useful in explaining how the control of aquatic mosquitoes while preventing humans from mosquito bite reduce mosquito population. Furthermore, Python and Sagemath software will be used to do computations and simulations of the model.
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3. Malaria Transmission Model Including Aquatic Mosquitoes In this chapter, we incorporate malaria transmission processes, state variable definitions, model parameter descriptions and model assumptions to formulate a deterministic malaria transmission model in form of a system of ordinary differential equations. Theories about positivity and boundedness of the model solution are clearly stated and proved in this Chapter. The classification and analysis of steady state solutions of the basic model are done in this chapter. Furthermore, the basic reproduction number of the basic model is computed and clearly analysed in this Chapter. Finally, the sensitivity analysis is also conducted to determine model parameters which have impact on malaria transmission.



3.1



Model Formulation



The human population, (Np ) is subdivided into three compartments namely, susceptible (Sp ), infected (Ip ) and recovered humans Rp . The total human population (Np ) is then given as, Np = Sp + Ip + Rp . Similarly, the total adult mosquito population (Nm ) is given as Nm = Sm + Im . Adult female mosquitoes lay eggs in stagnant water at a rate, Λm . The laid eggs can hatch to form larvae that develop into pupae. Both larvae and pupae are called aquatic mosquitoes, Am . Aquatic mosquitoes grow in water, thereafter emerge into adults (susceptible mosquitoes) at a rate, β. Susceptible mosquitoes depend on the blood meal of birds and animals including humans. In searching for blood meal, a susceptible mosquitoes bite the malaria infected human at a rate Ω and acquire malaria parasite and become infected mosquitoes. The probability for infected mosquito to acquire malaria parasite from infected humans is θ1 so that the force of infection on mosquitoes λm , is; λm =



Ωθ1 Ip . Np



Infected mosquitoes continues to search blood meal from either susceptible, infected or recovered humans. In doing so, they transmit malaria parasite to susceptible humans at a probability, θ2 , so that the force of infection on humans, λp , is, λp =



Ωθ2 Im . Np



During the infection period, both susceptible and infectious adult mosquitoes die naturally at a rate, ω4 . On the other hand, aquatic mosquitoes die naturally a rate, ω3 . Likewise, susceptible, infectious and recovered humans die naturally at a rate, ω1 . Due to disease, infected humans may die at a rate, ω2 . Other infectious people can get treatment in hospital and recovers at a rate, χ. Recovered humans may loose their immunity after some times and become susceptible again at a rate, ψ.
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3.1.1 Model assumptions. To simplify our model, we have considered the following assumptions; • All humans and mosquitoes are born susceptible. • No emigration of humans to other communities and no immigration from other communities. • The model does not take into consideration, the life cycle of the malaria parasites when they are either in blood stream of human or mosquito’s body, thus excluding exposed compartment for both humans and mosquitoes. • Only infectious humans can transmit malarial parasite to susceptible mosquitoes. That is, recovered humans are assumed to be non carrier of malaria parasite. • The recruitment terms of both populations are constant. 3.1.2 Model Equations. We combine the pre-mentioned assumptions, model parameters, state variables and the malaria transmission processes to formulate a schematic diagram for malaria transmission as shown in Figure 3.1.



Figure 3.1: The compartmental model of malaria transmission between humans and mosquitoes The model parameters are described and Table 3.1:
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Table 3.1: Description of model parameters: Par. Λp Λm ω1 ω2 ω3 ω4 Ω



θ1



θ2



χ ψ β



Description Humans recruitment term. Recruitment term of aquatic mosquitoes. Humans natural death rate. Human death rate due to malaria. Natural mortality rates of eggs, larvae and pupae. Natural mortality rates of adult mosquitoes. mosquito biting rates.



Probability that a bite results in transmission of gametocytes from an infected human to a susceptible mosquito. Probability that a bite results in transmission of sporozoites from an infected mosquito to a susceptible human. recovery rate of infectious humans. rate of loosing immunity of recovered humans. progression rate of aquatic mosquitoes to susceptible group.



Units per day. per day. per day. per day. per mosquito per day. -



-



per day. per day. per day.



From the description of the model parameters and how they relate with the state variables, we finally formulate a model as a system of ordinary differential equations (see system (3.1.1)):  0 Sp = Λp + ψRp − (λp + ω1 )Sp ,        0  Ip = λp Sp − (ω1 + ω2 + χ)Ip ,        0   Rp = χIp − (ω1 + ψ)Rp ,  (3.1.1)  0   Am = Λm − (β + ω3 )Am ,       0   Sm = βAm − (λm + ω4 )Sm ,        0 Im = λm Sm − ω4 Im , with initial conditions Sp (0) ≥ 0, Ip (0) ≥ 0, Rp (0) ≥ 0, Am (0) ≥ 0, Sm (0) ≥ 0



3.2



and Im ≥ 0.



Mathematical Analysis of the Malaria Transmission Model



3.2.1 Positivity and boundedness of the model solution. Since system (3.1.1) represents the population in each compartment and all model parameters are all
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positive, then it lies in a region R defined by R = Rh × Rm ∈ R3 × R3 , where    Sp ≥ 0   Sp Rh =  Ip  ∈ R3 Ip ≥ 0 ,  Rp ≥ 0  Rp



Rm



   Am ≥ 0   Am =  Sm  ∈ R3 Sm ≥ 0 .  Im ≥ 0  Im



For the model (3.1.1) to be mathematically and biologically meaningful, it is necessary to prove that its solutions are all positive if their initial values are non-negative. 3.2.2 Theorem. The solutions of the system (3.1.1) are positive in R if initial values are non-negative for all t ≥ 0. Proof. We need to prove that the solutions of the ordinary first order differential equations are positive for all non-negative initial conditions. From system (3.1.1), it is clear that; dSp ≥ −(λp + ω1 )Sp , dt



(3.2.1)



dIp ≥ −(ω1 + ω2 + χ)Ip , dt



(3.2.2)



dRp ≥ −(ω1 + ψ)Rp , dt



(3.2.3)



dAm ≥ −(β + ω3 )Am , dt



(3.2.4)



dSm ≥ −(λm + ω4 )Sm , dt



(3.2.5)



dIm ≥ −ω4 Im dt



(3.2.6)



0



Sp =



0



Ip =



0



Rp =



0



Am =



0



Sm =



0



Im =



Using the method of separation of variables, we need to show that the solutions of the ordinary differential equations (3.2.1) - (3.2.6) are positive for all initial conditions, Sp (0) ≥ 0, Ip (0) ≥ 0, Rp (0) ≥ 0, Am (0) ≥ 0, Sm (0) ≥ 0, Im (0) ≥ 0 for all t ≥ 0. Consider equation (3.2.1). By separation of variables, we have; dSp ≥ −(λp + ω1 )dt. Sp When we integrate and apply initial condition we get, Sp ≥ Sp (0)e−(



RT 0



λp dt+ω1 T )



≥ 0.
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This implies, Sp is positive for all t ∈ [0, T ], Sp (0) ≥ 0. Following the same procedures, equation (3.2.5) yields Sm ≥ Sp (0)e−(



RT 0



λp dt+ω1 T )



≥ 0.



By separating variables in equation (3.2.2), we have; dIp ≥ −(ω1 + ω2 + χ)dt. Ip Upon integration and substitution of initial conditions, we get, Ip ≥ Ip (0)e−(ω1 +ω2 +χ)T ≥ 0. Following the same procedures using equation (3.2.3), (3.2.4) and (3.2.6), we respectively have; Rp ≥ Rp (0)e−(ω1 +ψ)T ≥ 0, Am ≥ Am (0)e−(β+ω3 )T ≥ 0, Im ≥ Im (0)e−ω4 T ≥ 0. Generally, for given positive initial conditions of the system (3.1.1), the solution of that system are all positive. 3.2.3 Equilibrium points. Equilibrium points are solutions of model (3.1.1), where the state variables do not change with time. ∗ , I ∗ ). The elements inside the In this project, we denote equilibrium point by E = (Sp∗ , Ip∗ , Rp∗ , A∗m , Sm m equilibrium point E are known as steady state solutions of the model. The model equilibrium points are calculated as follows; • Equate the right hand side of the system (3.1.1) to zero and upon solving for values of the state variables we have;  Λp (ω1 +χ)(ω1 +ψ) Sp∗ = (ω1 +λp )(ω ,   1 +χ)(ω1 +ψ)−λp ψχ       Λ λ (ω +ψ) p p 1 ∗  Ip = (ω1 +λp )(ω1 +χ)(ω1 +ψ)−λp ψχ ,         Λp χλp ∗  Rp = (ω1 +λp )(ω1 +χ)(ω1 +ψ)−λp ψχ ,   (3.2.7)   Λm ∗  Am = (ω3 +β) ,         βΛm ∗  Sm = (ω3 +β)(ω4 +λm ) ,         λm βΛm ∗ Im = ω4 (ω3 +β)(ω4 +λm ) .
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• Next we calculate the values of the forces of infection at equilibrium points, λp and λm . Substi∗ ∗ into λ = Ωθ1 Im we get; tuting the values of Im p Np



λp = 0 or λp =



Λp Λm Ω2 θ1 θ2 (ω1 + ψ) − Nh2 ω1 ω42 (ω3 + β)(ω1 + χ)(ω1 + χ) > 0. Np2 ω42 (ω1 )(ω1 + χ)(ω1 + ψ) − ω4 Np ψχ + Ωθ2 Λh (ω1 + ψ)



(3.2.8)



When λp = 0, the value of λm = 0 and when λp is not zero we have, λm =



Ωθ1 βΛm − Np2 ω1 ω42 (ω1 + χ)(ω1 + ψ)(ω3 + β) > 0. (3.2.9) Np Ωθ1 βΛm [(ω1 + χ)(ω1 + ψ) − ψ] + Np2 ω1 ω4 (ω1 + χ)(ω1 + ψ)(ω3 + β)



• Lastly, we substitute the values of force of infections (3.2.8) and (3.2.9) into the system (3.2.7) to get the required equilibrium points. Equilibrium points are categorized into; disease-free E0 , and endemic E1 . 3.2.4 Disease free equilibrium point. Disease free equilibrium point is a point where there is no malaria infections and therefore, the values ∗ = 0 and λ = λ = 0. of Ip∗ = Rp∗ = Im p m To get the disease free equilibrium point, we substitute λp = 0 and λm = 0 into system (3.2.7) to get   Λp Λm βΛm , 0, 0, , ,0 . (3.2.10) E0 = ω1 (ω3 + β) ω4 (ω3 + β) 3.2.5 Basic reproduction number, R0 . The basic reproduction number is the average number of infected humans (or mosquitoes) that get malaria infection from one infected mosquito (or human) during the period of infection in a susceptible humans (mosquitoes) population (Van den Driessche and Watmough, 2002). R0 is an important number that help epidemiologist to measure the persistence or the extinction of infections in a community. When R0 > 1, implies the disease persists (endemic). At this point, an infected mosquito (or human) can infect more than one susceptible human (or mosquito) during the infection period. When R0 < 1, implies extinction of malaria disease from the community and during this state, one infected mosquito (or human) does not transmit malaria. Furthermore, when R0 = 1, means one infected mosquito (or human) infects exactly one susceptible human (or mosquito). Furthermore, R0 is used to describe the stability of equilibrium points. In the next chapter, we shall use R0 to analyse the stability of both disease free and endemic equilibrium points (see Figure 4.1 and 4.2). We use the next generation matrix method as described in (Van den Driessche and Watmough, 2002) to calculate R0 of system (3.1.1). Let x = (Sp , Ip , Rp , Am , Sm , Im )T . Model system (3.1.1) can be rewrite as; dX = F(x) − V(x), dt where,  Ωθ 







1 Im Np



λp Sp  F(x) = = λm Sm Ωθ2 Ip Np



Sp



Sm



 



 ,



 (ω1 + χ)Ip V(x) = . ω4 Im



(3.2.11)
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Note that, F(x) is the matrix of new infection terms, whereas, V(x) is matrix of transfer of infection between different compartments We express the elements in the matrices (3.2.11) as the derivatives with respect to the infection terms Ip and Im to get new matrices F (x) and V (x). Then we evaluate F (x) and V (x) at the disease free equilibrium point to get;



" F =



0



Ωθ1 0



Ωθ2 βΛm ω1 ω4 Λp (ω4 +β)



#



The next generation matrix F V 1 is given by " FV



−1



=



  ω1 + χ 0 and V (x) = . 0 ω4



0



Λm Ωω1 βθ2 Λh ω4 (ω1 +χ)(ω4 +β)



Ωθ1 ω4



#



0



.



The eigenvalues of F V −1 are s λ=±



ω1 θ1 Ω2 Λm βθ2 . Λh ω42 (ω1 + χ)(ω4 + β)



Since R0 is the spectral radius of F V −1 , therefore we have s ω1 θ1 Ω2 Λm βθ2 R0 = . Λh ω42 (ω1 + χ)(ω4 + β)



(3.2.12)



(3.2.13)



R0 can be expressed as; R0 =



p Rh Rm ,



Where, Rh =



ω1 θ 1 Ω Λm βθ2 Ω and Rm = 2 . Λh (ω1 + χ) ω4 (ω4 + β)



Rh describes the number of humans that one infected mosquito infects during the whole period of infection in a completely susceptible humans population, while Rm is the number of mosquitoes infected by one infected human during the infection period in a completely susceptible mosquitoes population. 3.2.6 Stability analysis of disease free equilibrium point. The disease free equilibrium state E0 is locally asymptotically stable if eigenvalues of the Jacobian matrix of system (3.1.1) evaluated at the disease free equilibrium point have negative real parts. 3.2.7 Theorem. The disease-free equilibrium point is locally asymptotically stable if R0 < 1 and unstable otherwise. Proof. Let M be the Jacobian matrix of system (3.1.1); that is,
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−Ωθ1 Sp Np Ωθ1 Sp Np



0 0 0 −ω4



           .         



(3.2.14) Then the Jacobian matrix evaluated at the disease free equilibrium is given by;   −ω1 0 ψ 0 0 −Ωθ1      0  −(ω + ω + χ) 0 0 0 Ωθ 1 2 1        0 χ −(ω1 + ψ) 0 0 0      ME0 =  .  0  0 0 −(ω + β) 0 0 3         2 ω1 − ΛΛhmω4βΩθ 0 β −ω 0  0  4 (ω3 +β)     Λm βΩθ2 ω1 0 0 0 0 −ω4 Λh ω4 (ω3 +β)



(3.2.15)



Since the first and fifth columns of matrix (3.2.15) contain diagonal terms, therefore they form eigenvalues, −ω1 and −ω4 which are negative. The other eigenvalues are obtained using the same trend. From the matrix obtained after reducing the first and the fifth columns and their corresponding rows that is,   −(ω1 + ω2 + χ) 0 0 Ωθ1  χ −(ω1 + ψ) 0 0   (3.2.16) ME0 ∗ =   0 0 −(ω3 + β) 0 . Λm βΩθ2 ω1 0 0 −ω4 Λp ω4 (ω4 +β) From equation (3.2.16), the second and the third columns have diagonal terms, −(ω1 +ψ) and −(ω3 +β) respectively. They are therefore eigenvalues which are also negative. By omitting the second, third columns and their corresponding rows of (3.2.16), we get; " # −(ω1 + ω2 + χ) Ωθ1 ME0 ∗∗ = . (3.2.17) Λm βΩθ2 ω1 −ω4 Λp ω4 (ω4 +β) Let τ be the eigenvalues of the matrix (3.2.17). We need to solve for the values of τ from det(τ I − ME0 ∗∗ ) = 0,
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ω4 (ω1 +χ) ω4 (ω1 +χ
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(3.2.18)



gives,



 Ω2 θ1 Λm βθ2 ω1 ω4 (ω1 + χ) = 0. τ + (ω1 + ω2 + ω4 + χ)τ + ω4 (ω1 + ω2 + χ) − Λp ω42 (ω4 + β)(ω1 + χ) 



2



Upon substitution of R0 we have, τ 2 + (ω1 + ω2 + ω4 + χ)τ + ω4 ω2 + ω4 (ω1 + χ)(1 − R02 ) = 0.



(3.2.19)



We now use the Routh-Hurwitz criteria (Meinsma, 1995), which states that if the coefficients of the polynomial (3.2.19), are all positive then, its roots must have negative real parts. Since all model parameters are positive, the leading coefficient, (ω1 + ω2 + ω4 + χ) > 0. Likewise, the last coefficient (ω4 ω2 +ω4 (ω1 +χ)(1−R02 )) > 0 if R0 < 1. Therefore, all the eigenvalues of the jacobian matrix (3.2.15) have negative real parts if R0 < 1, that is, the disease free equilibrium point is locally asymptotically stable when R0 < 1. This completes the proof. 3.2.8 Endemic Equilibrium point. In addition to the disease equilibrium point, we have to show that the system (3.1.1) has an endemic equilibrium point which is a state where the disease persists in the community. In this report, we denote ∗ , I ∗ ), Where; the endemic equilibrium point by E1 = (Sp∗ , Ip∗ , Rp∗ , A∗m , Sm m Sp∗ = Ip∗ = Rp∗ = A∗m = ∗ Sm = ∗ Im =



Λp (ω1 + χ)(ω1 + ψ) , (ω1 + λp )(ω1 + χ)(ω1 + ψ) − λp ψχ Λp λp (ω1 + ψ) , (ω1 + λp )(ω1 + χ)(ω1 + ψ) − λp ψχ Λp χλp , (ω1 + λp )(ω1 + χ)(ω1 + ψ) − λp ψχ Λm , (ω3 + β) βΛm , (ω3 + β)(ω4 + λm ) λm βΛm . ω4 (ω3 + β)(ω4 + λm )



Note that, λ∗p =



Λp Λm Ω2 θ1 θ2 (ω1 + ψ) − Np2 ω1 ω42 (ω3 + β)(ω1 + χ)(ω1 + χ) > 0, Np2 ω42 (ω1 )(ω1 + χ)(ω1 + ψ) − ω4 Np ψχ + Ωθ2 Λp (ω1 + ψ)



and, λ∗m =



Ωθ1 βΛm − Nh2 ω1 ω42 (ω1 + χ)(ω1 + ψ)(ω3 + β) > 0. Np Ωθ1 βΛm [(ω1 + χ)(ω1 + ψ) − ψ] + Np2 ω1 ω4 (ω1 + χ)(ω1 + ψ)(ω3 + β)
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Sensitivity analysis



Sensitivity analysis is a practical method of determining how model parameters can influence malaria transmission(Cariboni et al., 2007). Decision makers, use sensitivity indices to determine which parameter to be regulated so as to get the intended results. In this research essay, we compute the sensitivity index of each parameter that influences the basic reproduction number, R0 . Suppose ai is a parameter that R0 depends on, and suppose SaRi0 is the sensitivity index of ai , then, SaRi0 =



∂R0 ai × |v , ∂ai R0 i



where



vi is a parameter value of ai .



We use Sagemath software and the parameter values to calculate SaRi0 . Table 3.2 shows the sensitivity indices of each parameter in R0 . The indices are of different signs and magnitude ranging from −1 to +1. The higher the magnitude of the absolute value of the index, the higher the impact on R0 . Positive (or negative) sign of an index implies the positive impact of ai on R0 . For example, the biting rate, Ω, is the parameter with the highest index +1, thus having maximum positive impact on R0 . That is, increasing (or reducing) the biting rate, Ω by 100% increases(or reduces) R0 by 100%. The next parameters having positive highest impact on R0 are Λm , θ1 and θ2 each with an index of +0.5. The increase in the recruitment term of aquatic mosquitoes, Λm for instance, by 100% increases(or decrease) R0 by 50%. On the other hand, Λp with the index -0.5 has opposite impact on R0 , that is, 100% increase (or decrease) of Λp decreases (or increases) R0 by 50%. Table 3.2: Sensitivity indices of model parameters: Parameter Λp Λm ω1 ω4 Ω θ1 θ2 χ β



Index −0.5 +0.5 +0.4991 −0.2587 +1 +0.5 +0.5 −0.4991 +0.2587



4. Numerical Simulation of the Basic Model In this chapter, we study numerically the behaviour of the system (3.1.1). The numerical simulations are done using Python codes and the parameter values used are given in Table 4.1. Initial conditions of state variables are; Sp (0) = 1000, Ip (0) = 50, Rp (0) = 0, Am (0) = 600, Sm (0) = 100 and Im (0) = 60. In Figure 4.1, we observe that when R0 > 1, the disease persist in the community, that is, infected and recovered human population and infected mosquito population increases to different non negative constant values, and stabilize along these values for the remaining time. On the other hand, susceptible humans, declines to a certain non negative constant value and maintains this value for the remaining time. Aquatic mosquitoes increases to a certain constant value and then stabilizes along this value for the remaining time. Susceptible mosquitoes increases and after sometime declines to a non negative constant value and maintain this value as time goes on. These observations, verify theorem ?? in Chapter three. In Figure 4.2, we used Ω = 0.1, Λm = 25 and other parameter values in Table 4.1. Also, we used the same initial conditions as in Figure 4.1. In Figure 4.2 we observe that, when, R0 < 1, the disease dies out of the population. The infectious humans, recovered humans and infectious mosquitoes declines to almost zero for a certain period of time. On the other hand, aquatic mosquitoes and susceptiβΛm m ble mosquitoes increases and stabilizes along ωΛ3 +β and ω4 (ω respectively and susceptible humans 3 +β) stabilize along constant values,



Λp ω1 .
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Table 4.1: Parameter values and references: Par. Λp Λm ω1



Description Humans recruitment term. Recruitment term of aquatic mosquitoes. Humans natural death rate.



units per day.



Value 1 100 1/(70*365)



reference Assumed. Assumed. (Lou and Zhao, 2011; Athithan and Ghosh, 2015). (Athithan and Ghosh, 2015). Assumed. (Mwanga et al., 2015). (Chitnis et al., 2008). (Chitnis et al., 2008; Athithan and Ghosh, 2015).



ω2



Human death rate due to malaria.



per day.



10/(70*365).



ω3 ω4



Natural mortality rate of aquatic mosquitoes. Natural mortality rates of adult mosquitoes.



per day. per day.



0.07143 0.040.5(0.067).



Ω



mosquito biting rates



per mosquito per day.



0.1-1.0(0.8, 0.5).



θ1



Probability that a bite results in transmission of gametocytes from an infected human to a susceptible mosquito.



-



0.0720.64(0.5).



θ2



-



0.5



χ



Probability that a bite results in transmission of sporozoites from an infected mosquito to a susceptible human. recovery rate of infectious humans.



per day



0.02-0.1 (0.022).



ψ



rate of loosing immunity for recovered humans.



per day



0.14



(Athithan and Ghosh, 2015).



β



emerging rates of susceptible mosquitoes.



per day.



1/16.



(Lou and Zhao, 2011; Athithan and Ghosh, 2015).



(Athithan and Ghosh, 2015). (Mwanga et al., 2015).
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Figure 4.1: Variation of Sp , Ip , Rp , Am , Sm , and Im with time showing the increase in the number of infected humans and mosquitoes when R0 > 1, for the values of the parameters Λm = 100, Ω = 0.8, and all parameter values in Table 4.1 . Nb: R0 = 1.75002689427.
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Figure 4.2: Variation of Sp , Ip , Rp , Am , Sm , and Im with time showing the decrease in the number of infected humans and mosquitoes when R0 < 1, for the values of the parameter Λm = 25, Ω = 0.1 and all parameter values in Table 4.1. Nb: R0 = 0.109376680892.



5. Application of Optimal Control This chapter describes the extension of the basic model (3.1.1) through the introduction of two time dependent controls. The first control reduces the biting rates of adult mosquitoes, thus reducing the infection rates among humans and mosquitoes. The second control reduces aquatic mosquito population, thus reducing the amount of susceptible mosquitoes which are vectors of malaria parasite transmission. Controlling mosquito population, influences the reduction of the number of infected mosquitoes and infected humans. These controls are cost effective in the sense that they are applied and achieved in a finite time and in this project, we use control period of 200 days. The controls and their respective efficacies are described as follows: 1. The use of mosquito net control, u1 (t) to protect humans (susceptible, infectious and recovered) from mosquito bites, with a protection efficacy, α1 . This reduces the number of infectious humans and mosquitoes. We therefore modify the force of infections in the basic model as follows: λp∗ =



(1 − α1 u1 )Ωθ1 Im Np



λm∗ =



(1 − α1 u1 )Ωθ2 Ip . Np



and



2. The use of environment management or larval source reduction control, u2 (t) with the control efficacy, α2 . This involves controlling the breeding sites of mosquitoes. The control therefore increases the mosquito’s searching time for breeding sites. This in turn prolong the gonotrophic cycle and some adult mosquitoes may even die before reaching the breeding sites. The objective of this control is to reduce the number of eggs entering the water bodies. We therefore modify the recruitment term of aquatic mosquitoes and thus we have, (1 − α2 u2 )Λm . Note that 0 ≤ ui ≤ 1, where i = 1, 2. If ui = 0 implies that there is no control measure conducted in the community, and ui = 1 means that there is maximum implementation of the control measure. Using the above information, we formulate the optimal control model with state and control variables and their associated parameters and proportions as shown by the system of differential equations (5.0.1).  0 Sp = Λp + ψRp − (ω1 + λp∗ )Sp ,        0   Ip = λp∗ Sp − (ω1 + ω2 + χ)Ip ,       0   Rp = χIp − (ψ + ω1 )Rp ,  (5.0.1)  0   Am = (1 − α2 u2 )Λm − (β + ω3 )Am ,       0   Sm = βAm − (ω4 + λm∗ )Sm ,        0 Im = λm∗ Sm − ω4 Im . We use the Pontrygin’s maximum principle, see (Fister et al., 2013; Pontryagin, 1987) to analyse the optimal control model as represented by system (5.0.1). 21



Page 22 It should be noted that the main objective of deploying the pre-mentioned control measures is to reduce the number of infectious humans at a minimal possible cost of u1 and u2 . It is clear that the reduction of densities of aquatic mosquitoes by larval source reduction results into reduction of number of aquatic mosquitoes which in turn reduces both infectious mosquitoes and humans. Also, the use of mosquito nets to protect susceptible, infectious or recovered humans from mosquito bites, reduces the number of infectious humans. Since each control is associated with a particular cost, we therefore define the cost (objective) function, J subjected to system (5.0.1) as follows:



Z J(u) = 0



T



1 1 (C0 Ip + C1 u21 + C2 u22 )dt. 2 2



(5.0.2)



C0 denotes the relative weighs of Infectious humans, thus, C0 Ip is the social cost of being sick. On the other hand, C1 u21 and C2 u22 denote the relative total costs of mosquito nets and larval source reduction respectively. T is the total period of implementing these control interventions. We need to find the optimal control u∗1 , u∗2 such that, J(u∗1 , u∗2 ) = min J(u1 , u2 ), i = 1, 2,



(5.0.3)



ui (t)∈U



where U = (u1 (t), u2 (t)) such that u1 (t), u2 (t) are measurable and 0 ≤ u1 (t) ≤ 1, 0 ≤ u2 (t) ≤ 1, for t ∈ [0, T ], is called the set for the controls. Because we are dealing with minimization problem, we use Pontryagin’s maximum principle to convert the system (5.0.1) and (5.0.2) into Hamiltonian, H equation as follows;



0



0



0



0



0



0



H = L(Ip , u) + κ1 Sp + κ2 Ip + κ3 Rp + κ4 Am + κ5 Sm + κ6 Im .



(5.0.4)



We can expand equation(5.0.4) to get 1 1 H = C0 Ip + C1 u21 + C2 u22 + κ1 (Λp + ψRp − (ω1 + λp∗ )Sp ) + 2 2 κ2 (λp∗ Sp − (ω1 + ω2 + χ)Ip ) + κ3 (χIp − (ψ + ω1 )Rp ) + κ4 ((1 − α2 u2 )Λm − (β + ω3 )Am ) + κ5 (βAm − (ω4 + λm∗ )Sm ) + κ6 (λm∗ Sm − ω4 Im ), where, κi , i = 1, 2, 3, 4, 5, 6, are adjoint variables sometimes called co-state variables which are chosen to simplify the physical interpretation of constraints in (5.0.1). Adjoint variables can be obtained from the solution of the system of differential equations in (5.0.5).
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0



∂H κ1 = − ∂S p



= κ1 (ω1 + λp∗ (1 −



Sp Np ))



− κ2 (λp∗ (1 −



Page 23



Sp Np )),



0



= −C0 − κ1 (λp∗ ( Npp )) + κ2 (λp∗ ( Npp ) + ω1 + ω2 + χ) − κ3 χ + κ5 (λm∗ ( SNmp ) − (1 − α1 u1 )Ωθ2 SNmp ) + κ6 (λm∗ ( SNmp ) − (1 − α1 u1 )Ωθ2 SNmp ),



0



= −κ1 (ψ + λp∗ ( Npp )) + κ2 (λp∗ ( Npp )) + κ3 (ψ + ω) + κ5 (λm∗ ( SNmp )) + κ6 (λm∗ ( SNmp )),



∂H κ2 = − ∂I p



∂H κ3 = − ∂R p 0



κ4 =



∂H − ∂A m



0



∂H κ5 = − ∂S m 0



∂H κ6 = − ∂I m



S



S



S



S



= κ4 (β + ω3 ) − κ5 β, = κ5 (ω4 + λm∗ ) − κ6 λm∗ , S



S



= κ1 ((1 − α1 u1 )Ωθ1 Npp ) − κ2 ((1 − α1 u1 )Ωθ1 Npp ) + κ6 ω4 .



                                            



(5.0.5) ∂H = 0), we can find the optimal solution for Using the condition of Pontryagin’s maximum principle, ( ∂u 1 optimal controls as follows:



0 =



∂H = C1 u1 − (k2 − k1 )α1 λp Sp − (k6 − k5 )α1 λm Sm , ∂u1



0 =



∂H = C2 u2 − α2 Λm κ4 . ∂u2



We can solve for the value of each optimal control, u∗i . By applying the constraint 0 ≤ u∗i ≤ 1 for i = 1, 2 we can get the optimal control which minimizes the cost function in(5.0.3). Therefore the cost effective control is given by characterization equation u∗ = max{min(1, u∗i ), 0}, i = 1, 2,



(5.0.6)



where;



5.1



u∗1 =



(κ2 − κ1 )α1 λp Sp + (κ6 − κ5 )α1 λm Sm , C1



u∗2 =



κ4 α2 Λm . C2



Numerical Simulation for Optimal Control Model and Discussion



In this section we solve the optimality system (5.0.1), (5.0.5), (5.0.6) numerically. The control strategies under our consideration include: Use of mosquito nets, (u1 ), without larval source reduction, (u2 = 0), the use of larval source reduction, (u2 ), without mosquito nets, (u1 = 0) and the use of both controls, (u1 6= 0, u2 6= 0).
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We start by solving the state system (5.0.1) by setting initial guess of the controls using Runge-Kutta fourth order procedures for the interval [0,200]. Due to transversality condition that exist between state and costate systems, the adjoint (or costate) variables of the costate system is therefore solved using backward Runge-Kutta fourth order procedures through the substitution of the current solutions of the state variables into adjoint variables. Thereafter, we update the controls using the previous control and the value of the characterization equation (5.0.6). This process continues repeatedly until the previous value is very close to the current value. For the purpose of simulation, we assume the efficacy of the controls to be 1. We have also chosen the coefficients of the objective function (5.0.2) as follows: C0 = 100, C1 = 0.01 and C2 = 0.0001. Moreover, the initial conditions for state variables are: Sp = 1500, Ip = 200, Rp = 10, Am = 600, Sm = 150 and Im = 100. Other used parameters are shown in Table 4.1. 5.1.1 Control strategy I: Optimal use of mosquito nets. Under this, we only use mosquito nets, u1 , to optimize the objective function (5.0.2). The use of larval source reduction is set to zero, (u2 = 0). In Figure 5.1(a) we observe infectious mosquitoes, Im density has reduced to almost zero by the 55th day, and continues with this number up to the end of the control period. Similarly, in Figure 5.1(b), we see the reduction in the number of infectious humans to almost zero by 150th day, and continues with this amount for the remaining 50 days. On the other hand, the control profile in Figure 5.1(c) shows that the control u1 is at upper bound till 150 days, before dropping to the lower bound. This suggest that, this control should be implemented in 150 days in order to reduce malaria transmission in the community. 5.1.2 Control strategy II: Optimal larval source reduction. Under this, we use only larval source reduction, u2 , to optimize the objective function (5.0.2), while the use of mosquito nets is set to zero, (u1 = 0). In Figure 5.2(a) we see the decline in infectious mosquito population, Im to almost zero after 90 days and continues with this number up to the end of the control period. Similarly, in Figure 5.2(b), we see the reduction in the number of infectious humans to 85 humans by the end of the control period. Furthermore, Figure 5.2(c) shows the control profile of larval source reduction. In this control profile, we see the control is at maximum level for almost the entire control period. This suggests that, this control should be implemented all the time in order to reduce malaria transmission in the community. 5.1.3 Control strategy III: Optimal use of mosquito nets and larval source reduction. Under this, both mosquito nets, u1 and larval source reduction, u2 , are employed to optimize the objective function (5.0.2). In Figure 5.3(a) we compare infectious mosquitoes with and without two controls. With controls, we observe the decrease in infectious mosquito population, Im to almost zero after 50 days, and maintains this value to the end of the control period. On the other hand, in Figure 5.3(b), we observe the reduction in the number of infectious humans to almost zero after 120 days. In Figure 5.3(c) we see that, the use of mosquito nets is at upper bound for 110 days while that of larval source reduction stays at upper bound for 175 days before they drop to the lower bounds. 5.1.4 Comparison of the effectiveness of different control strategies. We compare the effectiveness of different control strategies in terms of the number of infectious humans and mosquitoes remained by the end of the control period as well as the number of days used by each control to reduce infection in the community. Figure 5.4(a) and 5.4(b) compare all three control strategies. We see the use of mosquito nets is doing better in reducing the number of infectious humans and mosquitoes. Larval source reduction is doing better in reducing the number of infectious mosquitoes, but it gives the poorest result in reducing the number of infectious humans. The use both mosquito nets and larval source reduction, is the best control strategy in reducing infectious mosquitoes and humans. It is followed by the use of mosquito nets.
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(b)



(c)



Figure 5.1: Simulation showing the effects of mosquito nets on infected humans and mosquitoes.
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(b)



(a)



(c)



Figure 5.2: Simulation showing the effects of larva source reduction (environment management) on infected humans and mosquitoes.
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(a)
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(b)



(c)



Figure 5.3: Simulation showing the effects of mosquito nets and larva source reduction (environment management) on infected humans and mosquitoes.
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(a)



(b)



Figure 5.4: Simulations showing the comparison of the effectiveness of different control strategies.



6. Discussion, Conclusion, Recommendations and Future work 6.1



Discussion and Conclusion



This research project aims at developing malaria transmission model including aquatic mosquitoes as well as suggesting optimal control strategies for reducing malaria infections. We extended the model by Athithan and Ghosh (2015) to incorporate two time dependent controls of mosquito nets and larval source reduction. Unlike their model, in (Athithan and Ghosh, 2015), we assume that, the recovered individuals do not contribute to the new infections; that is, they can not transmit malaria parasite to mosquitoes through mosquito bites. Our model is useful in explaining how the control of aquatic mosquitoes and preventing humans from mosquito bites can reduce mosquito population which in turn reduces infectious mosquitoes and humans in the community. We used the concept of next generation matrix method to compute the value of the threshold parameter, R0 (the basic reproduction number). We observed that, the basic reproduction number consists of two components, Rh and Rm describing the average number of susceptible humans (or mosquitoes), a single infected mosquito (or human) can infect respectively, during the whole infection period. We observed that when there is no malaria, the force of infection is zero and we get a disease free equilibrium point, otherwise we have an endemic equilibrium point. From the numerical results, we observed that when R0 = 0.109376680892 < 1, infected humans, recovered humans and infected mosquitoes reduced to zero, which means the disease is dying out from the community. When R0 = 1.75002689427 > 1, infected humans, recovered humans and infected mosquitoes do not decrease to zero, meaning that the disease is persisting in the community. At this point (endemic) we advise the use of control measures like mosquito nets and larval source reduction. The conditions for the existence of local stability for both disease free and endemic equilibrium points were clearly described. We used the idea of eigenvalues of the jacobian matrix of the basic model computed at either disease free equilibrium or endemic equilibrium. We observed that when R0 < 1, the disease free equilibrium is locally asymptotically stable. When R0 > 1, the endemic equilibrium is locally asymptotically stable. At this state, infected humans, recovered humans and infected mosquitoes were not zeros. They were increasing with the time up to a certain constant value and started stabilizing along these points for the remaining time. We advise the use of pre-mentioned control measures when R0 > 1, that is when the disease persists in the community. Model sensitivity analysis was conducted to identify parameters with highest influence on the basic model outcomes. We used Sagemath software to compute the sensitivity index of each parameter of the basic reproduction number. Biting rate were observed to have high influence on the malaria transmission, followed by recruitment term of aquatic mosquitoes and the probabilities of transmitting malaria. That is, for example, the increase (or decrease) of biting rate and recruitment term by 10% increases (or reduces) the basic reproduction number by 10% and 5% respectively. Basing on the impact of biting rate, we suggest the use of mosquito nets to prevent humans from mosquito bites. We also suggest the use of larval source reduction to reduce the recruitment term of aquatic mosquitoes. In chapter 5, we extended the basic model by introducing two time dependent controls, the use of mosquito nets and larval source reduction. The first control aims at preventing humans from mosquito bites which in turn reduces the number of infected humans and infected mosquitoes. The second
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control aims at reducing the number of eggs a mosquito can lay during the control period. It is clear that, as we decrease the number of eggs, we automatically decrease aquatic mosquitoes, and eventually adult mosquitoes (susceptible and infected mosquitoes), thus reducing the spread of malaria in the community. The results show that, the combination of mosquito nets and larval source reduction is the best optimal control strategy for malaria transmission. This strategy reduces infected humans and infected mosquitoes to almost zero after 120 and 50 days respectively. This is followed by the use of mosquito nets alone which requires 150 and 55 days to reduce infected humans and infected mosquitoes to almost zero respectively. On the other hand, the use of larval source alone, reduces infectious mosquitoes to almost zero, but it failed to do so in infectious humans, thus allowing spread of malaria to continue after the control period. We advise the community to use both mosquito nets and larval source reduction in controlling malaria transmission in a short period of time.



6.2



Recommendations



Malaria transmission can easily be controlled by controlling mosquito life cycle at aquatic stages while preventing humans from the bite of adult mosquitoes. We recommend the co-operation between WHO, governments and family members of endemic countries in controlling aquatic mosquitoes and the use of mosquito nets. In achieving this, we advise the following: Each family should remove the source of stagnant water by filling holes with sands as well as clearing bushes around their households to destroy the breeding sites of mosquitoes. In doing so, the number of aquatic mosquitoes will be reduced. WHO and the governments of endemic countries are advised to distribute mosquito nets for free to each family member in order to avoid the contact between adult mosquitoes and humans, which in turn reduces the malaria transmission rate. Furthermore, the governments of endemic countries should establish anti-malaria campaigns as well as providing free treatment to children and pregnant woman in order to reduce malaria related death cases to the pre-mentioned group. In achieving this, WHO is advised to give financial support to endemic countries with poor economic status.



6.3



Future work



For future work, we recommend the inclusion of immigration and emigration of individuals between communities. Also we recommend the inclusion of exposed humans and mosquito compartments to represent humans and mosquitoes with plasmodium parasite but having no symptoms. This will explain better, the life span of the parasite within the human and mosquito body. The analysis of endemic equilibrium point should be part of the future work ins order to describe the behaviour of the model in a long run when malaria persists. Also, we recommend the usage of different efficacies for each control measure and their associated costs, so as to have different strategies which can be affordable by a certain community. In connection to that, we recommend using other control measures, such as repellents, Indoor Residual Spraying (IRS) and prophylaxis treatment.
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