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globally. However, the effectiveness of these interventions is now being threatened by
numerous factors, such as resistance to insecticide in the mosquito vector and their
preference to feed and rest outdoors or early in the evening (when humans are not pro-
tected by the bednets). This study presents a new deterministic model for assessing the
population-level impact of mosquito insecticide resistance on malaria transmission dy-

Iﬁ;\;vggds. namics. A notable feature of the model is that it stratifies the mosquito population in terms
Insecticide resistance of type (wild or resistant to insecticides) and feeding preference (indoor or outdoor). The
ITNs model is rigorously analysed to gain insight into the existence and asymptotic stability
IRS properties of the various disease-free equilibria of the model namely the trivial disease-
Equilibria free equilibrium, the non-trivial resistant-only boundary disease-free equilibrium and a

non-trivial disease-free equlibrium where both the wild and resistant mosquito geneo-
types co-exist). Simulations of the model, using data relevant to malaria transmission
dynamics in Ethiopia (a malaria-endemic nation), show that the use of optimal ITNs alone,
or in combination with optimal IRS, is more effective than the singular implementation of
an optimal IRS-only strategy. Further, when the effect of the fitness cost of insecticide
resistance with respect to fecundity (i.e., assuming a decrease in the baseline birth rate of
new resistant-type adult female mosquitoes) is accounted for, numerical simulations of the
model show that the combined optimal ITNs-IRS strategy could lead to the effective
control of the disease, and insecticide resistance effectively managed during the first 8
years of the 15-year implementation period of the insecticides-based anti-malaria control
measures in the community.
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Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Malaria, caused by Plasmodium parasites, is a major life-threatening disease (WHO, 2016). The parasites are transmitted to
humans through the bites of infected adult female Anopheles mosquitoes. In the year 2015, for example, 91 countries and
regions in sub-Saharan Africa, South-East Asia, Latin America and the Middle East had ongoing malaria transmission and
nearly half of the world's population was at risk of malaria (WHO, 2016). The people at highest risk of malaria infection
include infants, children under 5 years of age, pregnant women and people living with HIV/AIDS (owing to their weak or not
fully-developed immune system) (Mohammed-Awel & Numfor, 2017; WHO, 2016). Over two-thirds (70%) of all malaria
deaths occur in children under age of five (WHO). According to the 2016 report of the World Health Organization (WHO),
there were 212 million cases of malaria in 2015 and 429,000 deaths. In places where the mosquito lifespan is longer (such as
some places in Africa (WHO, 2016)), transmission is higher. This is because the parasite has time to complete its development
cycle (sporogonic) inside the mosquito (WHO). The lifespan of the African Anopheles mosquito species is long, and it has
strong human-biting habit (due to these and other reasons, approximately 90% of the cases, and 92% of the deaths, occurred in
the African region in 2015 (WHO, 2016)). Malaria transmission also depends on climatic conditions, such as rainfall patterns,
temperature and humidity (Okuneye & Gumel, 2017; WHO, 2016; WHO) (these conditions are known to significantly affect
the survival and population size (abundance) of mosquitoes).

Numerous control strategies, such as the use of insecticide-treated mosquito bednets (ITNs) or long-lasting insecticidal
nets (LLINs) and indoor residual spraying (IRS) with chemical insecticides, antimalarial drugs (such as Artemisinin-based
combination therapies (ACTs) (WHO, 2016)), and intermittent preventive treatment of pregnant women and infants, are
being used to reduce (or prevent) malaria transmission in endemic areas. Furthermore, several candidate anti-malaria vac-
cines are being developed (Asale et al., 2014; Churcher, Lissenden, Griffin, Worrall, & Ranson, 2016; Mohammed-Awel, Zhao,
Numfor, & Lenhart, 2017; Mohammed-Awel & Numfor, 2017; Ngonghala, Del Valle, Zhao, & Mohammed-Awel, 2014;
Ngonghala, Mohammed, Zhao, & Prosper, 2016; Okumu & Moore, 2011; WHO, 2016). Owing to these efforts (i.e., imple-
mentation of ITNs and/or IRS strategies), malaria incidence and malaria mortality have been significantly reduced during the
period 2010—2015 (WHO, 2016). It is now generally believed that ITNs and IRS are the most effective control strategies for
reducing (or preventing) malaria transmission in endemic settings (Birget & Koella, 2015; Brown, Dickinson, & Kramer, 2013;
Chitnis, Hyman, & Cushing, 2008; Choi et al., 2014; Churcher et al., 2016; Corbel et al., 2010; Griffin et al., 2010; Jones et al.,
2013; Ngonghala et al., 2014; WHO, 2016). LLINs are a form of ITNs specifically designed to remain effective for many years
without re-treatment (Anuse, Sahu, Subramanian, & Gunasekaran, 2015). The use of ITNs or IRS is promoted as the major
control strategy in the malaria control and elimination plan endorsed by WHO (Churcher et al., 2016; WHO, 2016). The two
vector control methods (ITNs and IRS) are mostly used concurrently, within the same households. Some studies have sug-
gested that ITNs or IRS, if used singly, may not be enough to effectively combat malaria transmission (particularly in hol-
oendemic and hyperendemic areas), and that these two control measures should preferably be combined in those areas
(Griffin et al., 2010; Okumu & Moore, 2011; WHO, 2016). However, it remains unclear whether the concurrent use of ITNs and
IRS in the same household reduces transmission significantly, relative to using either ITNs or IRS alone (WHO, 2016) (this
forms one of the main modeling objectives of the current study).

Of the four major classes of chemical insecticides currently used in malaria control efforts (namely, pyrethroids, organo-
chlorines, organophosphates and carbamates), only the pyrethroids are approved for use in LLINs (owing to their low
mammalian toxicity and irritant effect on mosquitoes), while all four are used in IRS (WHO, 2016). Although the intensive use
of ITNs (especially) and IRS, singly or in combination, has led to a significant decline in malaria-related morbidity in endemic
areas (studies estimate 81% of the reduction of malaria burden recorded in the past 15 years are due to the use of LLINs and
IRS, with LLINs accounting for most of the reductions), this widespread and heavy use of insecticides has, unfortunately,
resulted in the emergence of vector resistance to nearly every currently available agent (Alout, Roche, Dabir, & Cohuet, 2017;
Birget & Koella, 2015; Brown et al., 2013; Choi et al., 2014; Corbel et al., 2010; Dondorp et al., 2009; Gourley, Liu, & Wu, 2011;
Griffin et al., 2010; Jones et al., 2013; Okumu & Moore, 2011; Ranson & Lissenden, 2016; White, Griffin, et al., 2011; WHO,
2016). This problem of insecticide resistance, which is more pronounced in malaria-endemic regions in sub-Saharan Africa
(Choi et al., 2014; Corbel et al., 2010; Gourley et al., 2011; Griffin et al., 2010; Jones et al., 2013; Ranson & Lissenden, 2016;
White, Griffin, et al,, 2011; WHO, 2016), is, in fact, worsening particularly in sub-Saharan Africa (Ranson & Lissenden, 2016).
Rotational use of different classes of insecticides for IRS is recommended as one approach to manage insecticide resistance
(WHO, 2016). If left unchecked, the problem of insecticide resistance could lead to substantial increases in malaria incidence
and mortality, with devastating public health consequences (Ranson & Lissenden, 2016; WHO, 2016). Another important
feature of mosquito-borne diseases is the feeding and resting nature (and preferences) of adult female mosquitoes. While
some adult female mosquitoes feed indoors (endophagic), others feed outdoors (exophagic). Furthermore, some mosquitoes
prefer to rest indoors (endophilic) or outdoors (exophilic). Consequently, endophilism, facilitates the application of ITNs and
IRS to control the population of adult female mosquitoes (and, therefore, control disease spread) (Gimnig et al., 1452).

Mathematical models have been widely used to assess the population-level impact and effectiveness of various control
strategies against malaria (see, for instance, (Agusto et al., 2013; Anderson & May, 1991; Chitnis et al., 2008; Mohammed-Awel
et al., 2017; Mohammed-Awel & Numfor, 2017; Ngonghala et al., 2014; Ngonghala et al., 2016; Prosper, Ruktanonchai, &
Martcheva, 2014; White, Griffin, et al., 2011)). However, only few of these models, which incorporate ITNs and/or IRS,
considered the effect of insecticide resistance (Barbosa & Hastings, 2012; Birget & Koella, 2015; Brown et al., 2013; Gourley
etal., 2011; Wairimu & Ronoh, 2016). Barbosa et al. (Barbosa & Hastings, 2012) developed a genetic model to predict changes
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in mosquito fitness and resistance allele frequency (parameters that describe insecticide selection, fitness cost as well as ITNs
and synergist (Piperolyn butoxide (PBO)) are incorporated). The results of their investigation show that resistance was most
sensitive to selection coefficients, fitness cost and dominance coefficients. Birget et al. (Birget & Koella, 2015) developed a
population-genetic model of the spread of insecticide-resistance in Anopheles mosquitoes in response to ITNs and larvacides.
Their study shows that the use of indoor ITNs leads to less selection pressure than the use of insecticides as larvacides. Brown
et al. (Brown et al., 2013) developed a mathematical model to investigate economically optimal strategies for mosquito
control in the presence of insecticide resistance. Consistent with previous studies, their results show that fitness costs are the
key elements in the computation of economically optimal resistance management strategies. Gourley et al. (Gourley et al.,
2011) developed a mathematical model, where the adult mosquito population is split into vulnerable or resistant (based
on whether the insecticide can have an effect or not). Their theoretical study, which does not incorporate fitness costs due to
insecticide resistance, gives global asymptotic stability results for the non-trivial resistant-only boundary equilibrium of the
model. Wairimu et al. (Wairimu & Ronoh, 2016) gave theoretical results for a mathematical model for malaria transmission
with two classes of mosquitoes (sensitive and resistant to chemical insecticides) when ITNs and IRS are used as control
strategies. Global asymptotic stability of the disease-free and endemic equilibria are proved.

In the current study, a new deterministic model is designed and used to assess the population-level impact of vector
insecticide resistance and feeding and resting preferences on malaria transmission dynamics. The model will be used to
evaluate the community-wide impact of ITNs and IRS, implemented singly or in combination. The model is formulated and
fitted (using data relevant to malaria transmission dynamics in Ethiopia) in Section 2. The asymptotic stability properties of
the associated disease-free (trivial and boundary) equilibria of the model are explored in 3. Optimal control analysis, based on
the two controls (ITNs and IRS) is carried out in Section 4. Discussion and concluding remarks are reported in Section 5.

2. Model formulation

The model to be developed is for the transmission dynamics of malaria in an endemic setting which implements a control
strategy based on using IRS or ITNs or their combination. It is assumed, for simplicity, that these strategies are only imple-
mented indoors (Okumu & Moore, 2011) and vectors can travel between indoors and outdoors. The total human population at
time t, denoted by Ny, (¢), is split into the mutually-exclusive compartments of susceptible (Sy(t)), exposed (Ej(t)), infectious
(In(t)), and recovered (R, (t)) humans, so that

Ny(t) = Sp(t) + Ex(t) + In(t) + Ry ().

The total adult female Anopheles mosquito population at time t, denoted by N, (t), is split into the total outdoor (N, (t)) and
indoor (N,;(t)) mosquitoes, where the population of outdoor mosquitoes is further stratified in terms of susceptible outdoor
wild-type (S,wo(t)) and resistant-type (resistant to insecticides) (S,ro(t)), exposed wild-type (E,wo(t)) and resistant-type
(Euro(t)) and infectious wild-type (I,wo(t)) and resistant-type (I,ro(t)) outdoor mosquitoes, so that

Nyo(t) = Suwo(t) + Suro(t) + Eywo (£) + Evro(t) + Lwo (£) + Lo (£).

Similarly, the total population of indoor mosquitoes is classified in terms of susceptible wild-type (S,;(t)) and resistant-
type (S,:(t)), exposed wild-type (E,,;(t)) and resistant-type (E,;(t)) and infectious wild-type (I,,,;(t)) and resistant-type
(Iyi(t)) indoor mosquitoes, so that

Nyi () = Sywi(£) + Suri () + Eywi(t) + Eyri(€) + Lwi(£) + Lri (£).

Hence,
N, (t) = Nuo(t) + Nyi(t).
Furthermore, the total wild-type outdoor (N, ), resistant-type outdoor (N, ), wild-type indoor (N,,,;), and resistant-type
indoor (N,,;) mosquitoes are given, respectively, by

Nywo (t) = Suwo(t) + Evwo(t) + Lwo(t), Nuro(t) = Suro(t) + Evro(t) + Liro(£),
vai(t) = vai(t) + vai(t) + vai(t): and eri(t) = Suri(t) + Evri(t) + Ivri(t)~

When ITNs are used in the community, the average number of bites per indoor mosquito per unit time (or mosquito-
human contact rate indoors), denoted by by;, is defined as (Agusto et al., 2013; Mohammed-Awel & Numfor, 2017):

bhi = bmax — (bmax - bmin)ba (2'1)

where bpygx iS maximum mosquito-biting rate, b,,;;, is minimum mosquito-biting rate, and b is insecticide-treated bednets
coverage (or proportion of ITNs usage in the community).
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The associated forces of infection for malaria transmission are defined by (where 2, is the human-to-vector infection rate
outdoors, A,; is the human-to-vector infection rate indoors, 4, is the vector-to-human infection rate outdoors, and 4,; is the
vector-to-human infection rate indoors):
5 Bubnoln 5 Bubniln 5 _ Bnbro(wo +hro) 05 Brbnillwi + Liri) (2.2)
hvo Nh » hvi Nh s> \vho Nh ) vhi Nh ’ .

where by, is the average number of bites per mosquito in outdoor per unit time, (3, is mosquito biting rate, 8}, is transmission
probability from infectious mosquitoes to susceptible humans, and (3, is transmission probability from infectious humans to
susceptible mosquitoes. It is assumed that mosquitoes are not produced indoors (i.e., it is assumed there is no suitable
breeding habitats indoors for mosquitoes to breed). For the wild-type and resistant-type adult female mosquitoes outdoors,
the following Verhulst-Pearl logistic growth functions, B,y (for outdoor wild-type adult female mosquitoes) and B, (for
outdoor resistant-type adult female mosquitoes), are chosen (Mohammed-Awel et al., 2017):

N, Ny
Bow(Ny) = Ty (1 - F) and B, (N,) = 1y (1 - F) , (2.3)

where r,,, > 0 and 1, > 0 are the production (birth) rates of new adult wild-type and resistant-type mosquitoes, respectively.
Furthermore, K, > 0 is the environmental carrying capacity of adult female mosquitoes, and it is assumed that N, (t) < K, for all
t > 0. It is further assumed that both the resistant and wild alleles are inherited (i.e., adult female mosquitoes of resistant
(wild) genotype produce offsprings with the resistant (wild) genotype).

The model for the transmission dynamics of malaria, in the presence of vector control strategy based on using ITNs and IRS
(and taking into account the feeding and resting preference of adult female mosquitoes (endophagic and endopholic vs.
exophagic and exopholic mosquitoes)) is given by the following deterministic system of non-linear differential equations
(where a dot represents differentiation with respect to time t):

Sh = A+ prRn — (Aoi + Aho)Sh — KrSh,

Ep = (Ani + Aono)Sh — (v + #n)En,

In = vhEp — (v + 0n + pn) I,

Ry = vnlh — (o + in)Rp,

S'vwo = Bow(Ny)Nowo — ApyoSuwo — HySuwo + MigSywi — MoiSuwos
Evwo = AnyoSwwo — (0w + tty)Evwo + MigEywi — MoiEvwo,

Liwo = swEwwo — pylowo + a1 Mypli — a1 Myiliwo,

Suwi = —AiSuwi — DKSywi — UikSywi — [y + (b + 1) Oy |Sywi + MoiSuwo — MigSywi (2.4)

Eywi = AiSuwi — DKEywi — WikEyi — (00w + ty, + (b + Uj) 0| Epwi + MoiEywo — MigEpyi,

Liwi = 0owEswi — bKLyi — Uiklywi — [y + (b + ;)i ] Lwi + 01Moilowo — 1Mo,
Svro = Byr(Ny)Nuro — ApyoSuro — MySuro + MipSyri — MiSuro,

Eyo = AwoSuro — (Gur + ) Evro 4+ MigEyri — MyiEuro,

I.vro = OyrEvro — pyluro + a1 Mgl — ayMyilyro,

Suri = DKSwi + UikSywi — AnyiSuri — [Wy + (b + Ui) 03] Syri + MoiSuro — MigSyi,

Evri = AniSuri + DKE i + WikE i — [0ur 4y + (b + )03 |E i + MoiEvro — Mo Eyi,

Lyi = 0urEyri + DKLy + Uikl — (W, + (b + 1) 03 L + aqMgiliro — g Mgl

A schematic diagram of the model is depicted in Fig. 1 (and the state variables and parameters of the model are described
in Tables 1 and 2, respectively).

In the model (2.4), A, is the human recruitment rate (due to immigration and birth), p, the is rate of loss of temporary
immunity acquired from prior infection (or natural immunity). Susceptible humans acquire infection following effective bites
by an infected adult female Anopheles mosquito indoors (at a rate A,;) or outdoors (at a rate 4,;,). Humans in all epidemi-
ological compartments are assumed to suffer natural death at a rate u,. Exposed humans develop clinical symptoms of
malaria (and become infectious) at a rate of »,,. Furthermore, infectious humans suffer additional death due to malaria at a rate
of ¢;. Humans recover from clinical malaria at a rate vy,

As stated earlier, it is assumed (for simplicity) that no suitable mosquito habitats exist indoors, and that mosquito pro-
duction is limited to outdoors only. The Verhulst-Pearl logistic birth function, defined in equation (2.3), is chosen for both the
susceptible wild-type (S,wo) and resistant-type (S, ) outdoor mosquitoes. It is assumed that resistance is inherited (that is, a
resistant female adult mosquito vertically produces resistant offsprings (Gourley et al., 2011)). Outdoor susceptible
mosquitoes (S,wo and S,;,) acquire malaria infection at the rate 4,,,, and indoor susceptible mosquitoes (S,,,; and S,,;) acquire
infection at the rate ;. Susceptible outdoor mosquitoes move indoors at a rate m,;, and susceptible indoor mosquitoes move
outdoors at a rate m,. It is assumed that all mosquitoes suffer natural death at a rate of u,. Exposed wild-type mosquitoes
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Fig. 1. The Schematic diagram of the model (2.4).

(Eswo and E,,,;) become infectious at a rate 7, and exposed resistant-type mosquitoes (E,r, and E,;) move to corresponding
infectious class at a rate g,r. Exposed outdoor mosquitoes (E,w, and E,;,) move indoors at a rate of m,;, and exposed indoor
mosquitoes (E,,,; and E,,;) move outdoors at a rate of m;,. Similarly, infectious indoor mosquitoes (I,,,; and I,,;) move outdoors
at a rate of o3 my,. Infectious outdoor mosquitoes (I,wo and I,r,) move indoors at a rate «;m,;, where the parameter O<ao; < 1
accounts for the assumption that infectious mosquitoes transit (move) at a slower rate than susceptible mosquitoes. Similarly,
infectious indoor mosquitoes (I,,,; and I,;;) move outdoors at a rate a;m;,.

It is further assumed that, due to the intensive use of ITNs and IRS, indoor wild-type mosquitoes develop resistance to the
chemical insecticide at a rate (b + u;)x, where « rate of mosquito develop resistance to insecticide, u; is a proportion of houses
(indoors) sprayed with IRS, and b is ITNs coverage (or proportion of individuals who use ITNs (Matow et al., 2015)). Female
indoor mosquitoes could die when they come in contact with treated bednets or become exposed to IRS (Matow et al., 2015;
Okumu & Moore, 2011). For this reason, it is assumed that indoor wild-type mosquitoes suffer additional death due to
exposure to insecticides at a rate (b + u;)é,,;, where d;,, is death rate of wild type mosquitoes due to exposure to IRS and ITNs.
Similarly, due to the use of IRS and ITNs indoors, resistant-type mosquitoes suffer additional mortality at a rate of (b + u;)d;;,
where §;<0;,, is death rate of wild type mosquitoes due to the use of IRS and ITNs.

The model (2.4) is an extension of numerous malaria transmission models that assess the impact of insecticide resistance
and dynamics of resistant vectors when chemical insecticides (such as ITNs, IRS, or larvacides) are used to control the vector
population (such as those in (Barbosa & Hastings, 2012; Birget & Koella, 2015; Blayneh & Mohammed-Awel, 2014; Brown
et al., 2013; Gourley et al., 2011; Wairimu & Ronoh, 2016)) by, inter alia,

(i). including the use of ITNs and IRS control strategies where the vector population is stratified according to type (i.e., wild
or resistant to insecticides). These classifications are not included in the genetic models in (Barbosa & Hastings, 2012;
Birget & Koella, 2015; Brown et al., 2013);

(ii). incorporating mosquito feeding and resting behavior (these are not included in the models in (Barbosa & Hastings,
2012; Birget & Koella, 2015; Blayneh & Mohammed-Awel, 2014; Brown et al., 2013; Gourley et al., 2011; Wairimu &
Ronoh, 2016));

(iii). carrying out optimal control analysis of the model with respect to the two insecticide-based controls (this is not done in
(Barbosa & Hastings, 2012; Birget & Koella, 2015; Blayneh & Mohammed-Awel, 2014; Brown et al., 2013; Gourley et al.,
2011; Wairimu & Ronoh, 2016)).
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Table 1

Description of state variables of the model.
State Variable Description
Sh Population of susceptible humans
Ep Population of exposed (infected but not symptomatic) humans
Iy Population of infectious (symptomatic) humans
Ry, Population of recovered humans
Sowo Population of susceptible wild-type adult female outdoor mosquitoes
Eywo Population of exposed wild-type adult female outdoor mosquitoes
Lwo Population of infectious wild-type adult female outdoor mosquitoes
Sowi Population of susceptible wild-type adult female indoor mosquitoes
Ewi Population of exposed wild-type adult female indoor mosquitoes
Lwi Population of infectious wild-type adult female indoor mosquitoes
Suro Population of susceptible resistant-type adult female outdoor mosquitoes
Eyro Population of exposed resistant-type adult female outdoor mosquitoes
Liro Population of infectious resistant-type adult female outdoor mosquitoes
Suri Population of susceptible resistant-type adult female indoor mosquitoes
E,i Population of exposed resistant-type adult female indoor mosquitoes
Lyi Population of infectious resistant-type adult female indoor mosquitoes

2.1. Basic properties

It is convenient to define (Ny),;, = min <Nh(o)whAT"é,>' r, = max{rw, s} and %, = L— The following basic properties can

be established for the model (the results are standard, hence their proofs are omitted (Mohammed-Awel et al., 2017; Safi and
Garba, 2012)).

Lemma 2.1. All solutions of the model (2.4) with non-negative initial conditions remain non-negative for all time t > 0.

Lemma 2.2. Consider the model (2.4) with #, > 1. The following feasible region

Q= {(Shv Eh7 Ih7 th SvWOv Evwo, IVW07 vaiv EVWi7 Il/Wi7 Svmv E,,m,lvm, Suria EVTi’ Ivri) ER&UR}_Z
(2.5)

0 < (Np)ymin < Np(t) < % and 0 < N, < K,(#, — 1)/%}
h

is positively-invariant and attracts all solutions of the model (2.4) in R4 Ur12,

It should be observed that the upper bound of N, (t), K,(%#, — 1)/#,, is positive if #, = IT",> 1 (that is, if mosquito growth
rate is higher than its death rate). In a closed environment, if the death rate of adult mosquitoes is higher than their birth rate,
then the mosquito population eventually become extinct. In other words, the total mosquito population dies out when %, < 1.
Since the extinction of the mosquito population in a malaria-endemic community is ecologically unrealistic, it is assumed,
from now on, that .%, > 1.

2.2. Data fitting and parameter estimation

The model (2.4) is fitted using yearly malaria case data for Ethiopia, for the period 2000 to 2015, extracted from (Deribew
etal., 2017) (Table 3). In particular, Pearson's Chi-squared and least square method (implemented in the statistical software R)
were used to fit the model (2.4) to the data. Some data parameters are obtained or estimated from literature (as described in
Table 2). The model (2.4) is fitted to the data to estimate 13 unknown parameters (notably those related to insecticide
resistance), namely K, row, Tur, Gur, Oiws Oirs K, Mios Mig, Bmaxs bmins bno» and aq. Fig. 2 depicts the result of the data fitting (and the
set of estimated/fitted parameters that best fits the model is tabulated in Table 4). To theoretically measure the goodness of

2015 -~
the fit, the associated average relative error of the fitting was computed using the formula 1173 > %z 0.196, where y; and
i=2000 '

y; are the exact and estimated number of cases in year i = 2000, 2001...2015 (depicted in Table 3), respectively. This confirms
the reasonably good fit obtained.

3. Mathematical analysis
3.1. Existence of disease-free equilibria

It is convenient to, first of all, define the quantities: g = v, + tp, &8 = Yh + Op + Mpy 83 = Pp + My 84 = Ovw + Iy + My, 85 =
My + @1Myi, 86 = (b+ Uk + (b + Uj)0i + 1y + Mig, 7 = (b + Uk + (b4 Uj)dpy + Tow + Ky + Mo, &8 = (b + U)K+ (b+ ;)03 +
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My~ Q1 Mg, 89 = Tur + My + Mojy §10 = My + @1 Moi 811 = (D + Uk, 812 = Ky + Mig + (b + U1)0ir, 813 = Tur + y + (b + Uy) 63 + My,
814 =ty + 1Mig + (b + 1j)04r, 815 = 8487 — MioMMoi, 816 = 8588 — a%miomoivgﬂ = go&13 — MjyMy; and g1g = g10814 — a%miomoi-

The model (2.4) has three disease-free equilibria, namely a trivial disease-free equilibrium (TDFE; denoted by &r), a non-
trivial resistant-only disease-free boundary equilibrium (NTRDFE; denoted by &) and a non-trivial co-existence disease-
free equilibrium (NTCDFE; denoted by &c). The expressions for the three disease-free equilibria are given below:

(i) TDFE:

IS UWO0Y Fuwor Tywo Suwi S uwi vro’ =vroo “vro ure o Cort

gOTr _ (SZTr,E;Tr.,I*Tr,R;;Tr S*Tr E*Tr I*Tr S*Tr E*Tr I*Tr S*Tr E*Tr I*Tr S*Tr E*Tr I*Tr)
(S*Tf 0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0),

(ii) NTRDFE:

“or = (Si Ep I5 R, S I

S; S; Si )
vWo’ l/WD7 1/WO7 Wi l/Wl’ I/Wl7 vro» I)TO7 UT07 vri> I/Tl’ I/l’l

= (54.0,0,0,0,0,0,0,0,0,5,,.,0,0,S,,,0,0),

»=Uro s i

(iii) NTCDFE:

7% _ Kk PRk Kok ok skok Kok Kok skok sk ok koK kk ER
(”{OC* (S E I 7Rh ’ vWO’EvWO7IVWO7SUWI7EVWI IuwzvSvrovarovlvrovSvruEvrnIm)

= (5;7,0,0,0,5%,,0,0,5,:,0,0,5.0,0,5:%,0,0),

uro? vri>

where,

ST An si = Apoge _ &k — 1] . mgiK,[%r — 1]

& Cgo_m 7 (3.1)
un’ w0 (g A mglT T Prlgi + My
S = _ Ay g Ky(F#w — 1)868121wr (HFw — Fr)
T (86 + Moi)86812(Fw — Fr)Tur + 811 % rMgi( Fow (My + Mg + Mig) — Tur)] (32)
S moxs** Hok 8111M,iM; RwHr S** and S* — g11m0i<—%r[=—%w(“v + moi) - rvr}s**
wi T vwo’ “wro P — R i r (% - R ) vwo>
86 gGglzrvr( w ) 868121 (Hw — Fr
with,
i} T i} T
Sy = w86 and 7, = w812 . (3.3)
(My + Myj)86 — MigMy; (M + Moi)812 — MipMy;

Since (w, + Mo;)86 — MipMoi = (K + Mop) [(b + ;) (K + Oj) + fy] + t,Mip >0 and (k, + Me;)g11 — MigMe; = (b, + Me;) [(b + Uy)
Oir + My] + M,y > 0, it follows that .22y, > 0 and ., > 0. It follows from (3.1) that NTCDFE ( & ¢) exists if and only if %y > 1 and
Rw>Fr. Similarly, it follows from (3.1) that the NTRDFE ( &) exists only if %, > 1. Furthermore,
r,
Fw(ty + Moi) = Tor = 7—iam— — Tor >0
8o (1, +1Moi)

if r,w > 1,y (Which is true since the reproduction fitness of the insecticide resistant mosquito reduced due to insecticide
resistance).

_— Tyl . . . . .
The term %\, = W in (3.3) can be expressed in the following geometric series,
o Tw wpw wpwy2 wpwy3
Fow = 1+hThy + (hThy)" + (hThy)™ + ...,
()
where 7, = p, + my; (so that - is the average duration a susceptible wild-type and resistant-type mosquito spend outdoors),

hY = m“’ is the proportion of 1ndoor mosquitoes in S,,; class that survived and moved outdoors, and hY = #T;’% is the
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Table 2
Description of parameters.
Parameters Description Baseline Value Source
Ap Human recruitment rate (due to birth or immigration) 2.45 x 106 (per Estimated from CIA (2017)
year)
Uy Natural death rate for humans 1/62.5 (per year) Estimated from CIA (2017)
vh Rate at which exposed humans become infectious (1/14) x 365 (per Ngonghala et al. (2014)
year)
Yh Recovery rate of humans (3.5x1073) x 365 Ngonghala et al. (2016)
(per year)
Ph Rate of loss of natural immunity (5.6 x 1073) x 365 Ngonghala et al. (2016)
(per year)
on Disease-induced death rate for humans (9.0 x 107%) x 365 Ngonghala et al. (2016)
(per year)
Ky Environmental carrying capacity of mosquitoes 4.8 x10° Fitted
(dimensionless)
Tow Production (birth) rates of new adult wild-type female mosquitoes 77.4 (per year) Fitted
Tyr Production (birth) rates of new 76.3 (per year) Fitted
adult resistant-type female mosquitoes
™ Natural death rate of mosquitoes (1/14) x 365 (per Ngonghala et al. (2016)
year)
Tow Rate at which exposed wild-type adult resistant-type become infectious 36.5 (per year) Ngonghala et al. 2016)
Tur Rate at which exposed resistant-type mosquitoes become infectious 43.6 (per year) Fitted
Oiw Death rate of wild-type mosquitoes (those exposed to insecticide) due to the use of IRS 40.6 (per year) Fitted
and ITNs
Oir Death rate of resistant-type mosquitoes (those exposed to insecticide) due to the use 15.9 (per year) Fitted
of IRS and ITNs
u; Proportion of houses (indoors) sprayed with IRS 0.29 Estimated from National
(dimensionless) malaria program (2014)
K Rate of development of resistance due to the use of ITNs or IRS 10~ (per year) Fitted
m;, Mobility rate of mosquitoes from indoors to outdoors 84.99 (per year) Fitted
My; Mobility rate of mosquitoes from outdoors to indoors 77.3 (per year) Fitted
bmax Maximum mosquito biting rate 231.35 (per year)  Fitted
bmin Minimum mosquito biting rate 1.0 x 1072 (per Fitted
year)
by Contact rate of mosquitoes with humans outdoors 71.44 (per year) Fitted
Bn Transmission probability from infectious mosquitoes to susceptible humans 22/103 Ngonghala et al. (2014)
(dimensionless)
6, Transmission probability from infectious humans to susceptible mosquitoes 48/102 Ngonghala et al. (2014)
(dimensionless)
b Insecticide-treated bednets (ITNs) coverage (or proportion of ITNs usage) 0.49 Estimated from National
(dimensionless) malaria program (2014)
o Modification parameter for the assumed reduction of the mobility of infectious 0.9 (dimensionless) Fitted

vectors in relation to susceptible vectors (0 <aq <1)

proportion of outdoor mosquitoes in S, class that survived and moved indoors. Similarly, .%#, = W can be

expressed as 7y = =[1+ hihj + (h hh)? + (hihb)? + ..., where b}, = g2 is the proportion of indoor mosquitoes in S,; class
that survived and moved outdoors, and h}, = T js the proportion of outdoor mosquitoes in S,y class that survived and

My, +1Moi
moved to indoors.

3.1.1. Local asymptotic stability of NTRDFE ( &og) and NTCDFE ( &oc)

The trivial disease-free equilibrium (TDFE) is not ecologically realistic (since it entails having no mosquitoes in the pop-
ulation). Consequently, the asymptotic stability of this equilibrium is omitted. To show the local asymptotic stability of the
NTRDFE ( &), it is convenient to define the quantity (which can be obtained by the routine application of the next generation
operator method on the model (2.4) around the NTRDFE (Diekmann, Heesterbeek, & Metz, 1990; Driessche & Watmough,
2002)):

Bhﬁvyho'vrs;;

%Or =
1% (N;)°

(Rvro + Furi), (34)
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Nj, = Sp, Zuo = 41S,, and 2,y = G25,,

with,
a, — Phouw[bhiMoi(€1813 + 810) + bho (1 MioMoi + 813814)] 4
817818 ’
a4y = bpigur [bhidur(a1MioMoi + 89810) + broMio (@180 + 814)]
817818

The result below follows from Theorem 2 in (Driessche & Watmough, 2002).

Theorem 3.1. Consider the model (2.4) with %> 1. The resistant-only disease-free boundary equilibrium (& gg) is locally-
asymptotically stable (LAS) if %, < 1, and unstable if %o, > 1.

Similarly, the following reproduction threshold can be obtained by applying the next generation method on the model
(2.4) around the co-existence disease-free equilibrium (NTCDFE):

Ho =N Pp(Hwo + Fopwi + Hvro + A i), (3.5)
where,
Py = ﬂhﬁvvhih N
£182(Ny)
. bhoovwla1migbpeg11 (2187 + 85) + (21MioMyi + 8788)818 + (810811 + &18) (2187 + 85)Moibpi]
815816818 7
g — bno&11Moiur [bhi(e1MioMoi + 89810) + broMio (@189 + &14)]
815817818 ’
as — bhiguw[(@1MiogMoi + 8485)(811 (41 bpoMio + brig10) + Z18bnil + broMio (4184 + g5)815]
815816818 7
as bnigag11vr [bpi (01 MioMoi + Z810) + bhoMio (2189 + &14)]
216817818 ’

ok

Fowo = (a3 + 4)Spnos Powi = (A5 + 06)Sywis Furo = A1S,5,, and Zyi = a5,

Since g7g10 — amioMy; = (1, + €M) (1, + (b + j)dir) + aymiop, >0, and g4g6 — afmigMmy; = (, + 1mg;) (b + 1) (K + Gy
+ W)+ agmiop, >0, it follows that 2w >0, %, >0, Zyro>0 and Z#,;>0. Hence, using Theorem 2 in (Driessche &
Watmough, 2002), the following result is established.

Theorem 3.2. Consider the model (2.4) with %y > 1 and %\, > .%. The non-trivial co-existence disease-free equilibrium ( Zc) is
LAS if #4 <1, and unstable if %4> 1.

The threshold quantity (#g) (known as the reproduction number of the model) represents the average number of new
malaria infections in humans or vectors generated by an infectious human or vector in a human or vector population where
insecticide-based interventions (ITNs and IRS) are implemented (Anderson & May, 1991; Diekmann et al., 1990; Driessche &
Watmough, 2002; Hethcote, 2000). The epidemiological significance of Theorem 3.2 is that the disease can be effectively
controlled (when % < 1) if the initial sizes of the sub-populations of the model are in the basin of attraction of the NTCDFE

(Zoc)-
4. Optimal control: formulation, analysis and simulations
4.1. Formulation
As stated earlier, this study assumes that IRS and ITNs are implemented indoors only (hence, these controls are not

implemented outdoors). In order to determine the optimal strategy for IRS and ITNs coverage, the indoor-residual spraying
rate (u;) is re-defined as a function of time (i.e., u; = u;(t)). Furthermore, the constant bednets coverage (b) is re-defined as a

function of time (i.e., b = b(t)), so that indoor the biting rate (by;(t)) is now re-defined as:
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Table 3
Total number of new malaria cases per 100,000 (both male and female in Ethiopia) between 2000 and 2015 (extracted from (Deribew et al., 2017)).
Year Number of new malaria cases per 100,000 Year Number of new malaria cases per 100,000
2000 8,870 2008 4,770
2001 9,130 2009 3,050
2002 9,430 2010 1,400
2003 9,580 2011 1,300
2004 9,920 2012 1,300
2005 10,000 2013 1,130
2006 8,430 2014 1,240
2007 6,520 2015 1,180

== Number of Malaria Cases per 100,000 people per year, Ethiopia
= Pearson Chi squares best-fit prediction

4000 6000 8000 10000
| | | |

Number of Malaria Cases per 100,000 people per year
2000
|

0
L

2000 2005 2010 2015

Years

Fig. 2. Data fitting of the model (2.4) using malaria case data from Ethiopia for the period 2000 to 2015 (given in Table 3) (Deribew et al., 2017).

Table 4
Values of estimated parameters.
Parameter Estimated value (per year) Parameter Estimated value (per year)
K, 4.8 x 108 (dimensionless) mj, 84.99
Tow 77.4 ™S 77.3
Tor 76.3 bmax 231.35
Our 43.6 binin 102
Oiw 40.6 bpo 7144
Ojr 15.9 a 0.9 (dimensionless)
/4 10~

Bhi(t) = ﬂmax - (ﬁmax - ﬁmin)b(t)~

Similarly, the forces of infection for malaria transmission are re-defined as:

Typ(6) = ﬁhbhi(t)[l;/\\;::((tt)) i g Tyi(6) = BVb%,Et()tI)h(t)’ (4.1)

(while the expressions for the outdoor forces of infection, A, and Ap,,, are as defined in Section 2). The indoor mosquito
control interventions are implemented on a time interval [0,T], where T is the number of years for which the control program
is implemented. The model (2.4), with the aforementioned non-constant time-dependent mosquito controls, is now given by:
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Sh=Ap + ppRy — <ivhi(t) + Mo)sh — [nShs

Ep = (/\vhi(f) + Mo)sh = (Vn + kn)En,

Ip = vhEp — (v + 0n + pn)In,

Ry = vulp — (pn + pn)Ry,

Sywo = Bow(Ny)Nowo — ApyoSwwo — MpSuwo + MigSywi — MoiSuwo.,
vao = AoSwo — (Tuw + y)Eswo + MigE i — MoiEvwo,
I:/wo = Uquuwo Mplowo + a1 Myl — oy Moilywo,

va1 /\hm( ) vwi — b(t)Ksuwi - ui(t)stwi - [:uv + (b(t) + ui(t))éiwlsvwi + moiszO - miosvwiv (4-2)
EVWI = Ahui(t)svwi - b(t)KEl/VVi U; (t)KEle [JUW + My + (b(t) + ui(t))éiw}vai + moivao - miOEvWi7
Lwi = awEywi = b(O)KLwi — Ui (kL — [, + (b(E) 4 ;(8)) O ywi + €1 Mgiluwo — &1 Mg,

S.uro = Bur(Ny)Nyro — /lh,,osvro UySuro + m,osm MyiSuro,
Eyo = AwoSuro — (Gur + ) Euro + MioEyri — MojiEuro,
Ivro = 0yrEvro — pyliro + 04 mzolun a1 Myilyro,

Vrl = b( JKSywi + Ui (E)KS,i — Ahul( wri = [y + (B(E) + Ui(£))0irSyri + MoiSuro — MioSyris
Eyi= Ahm( )Suri + b(O)KE i + Ui (O)KE i — [0ur + by, + (b(E) + u;(€))0ir|Eyri + MoiEuro — MigEyi,
Lyri = 0urEyri + ()KL + Ui (O)kli — [y, + (b(E) + u;(£) 03 )i + a1 Moiliro — a1 Mgl

subject to the initial conditions:

Sn(0) = Sf, Ep(0) = Ep, I4(0) =19, R4(0) = RY, Suwo(0) = Soyo. Eo(0) = ESyo, Two(0) = 19,
Suwi(o) %Swzv uwl(o) El(j)WH vwi(o) = Igwiv SUTO (O) = s:?rm EWO(O) = Egrov Lyro (O) = lr?ra» (4'3)
Sui(0) = Shi, Euri(0) = EQ, and 1,54(0) =10,

The optimal control problem seeks to minimize the number of humans infected with malaria, the number of infectious
mosquitoes, the number of resistant-type mosquitoes, and the cost of implementation of ITNs and IRS controls in the
community. In order to do this, the following objective functional is formulated:

T
Jus,b) = / (AL (6) + A (oo () + i (6) + Lo (£) + Lyg(£))]dt + / AsNur()dt
0 T 0 (4.4)

T
+ [ BIb(ON©) + Bo(b(t) + w(0)Na(e)de + [ [C16%(0) + Cou 1),
0 0

where Ny (t) = Suro(t) + Evro (£) + Liro(t) + Syri(t) + Eypi(t) + I;i(t) is the total number of resistant-type mosquitoes,
N,i(t) = Sywi(t) + Epwi(t) + Lwi(t) + Syri(t) + E,pi(t) + Lyi(t) is the total number of indoor mosquitoes, and [0, T] is the time in-
terval over which the ITNs and IRS programs are implemented.

In(4.4),A;, Bjand G (for i =1,2,3;j =1,2,3; and k =1,2) are positive constants that balance the relative importance of
terms in the objective functional J. The integrand in fOT (AqIp(t) + Az (Lwo (t) + Lywi(t) + Lo (t) + L (t)))dt gives the weighted
number of humans infected with malaria and the total weighted number of infected mosquitoes; and the integrand in
fOT AsN,;(t)dt is the weighted number of resistant-type mosquitoes over the time period T. The term b(t)Nj(t) represents the
total number of humans protected by ITNs, while the term (b(t) + u;(t))N,;(t) is the total number of indoor mosquitoes
affected by the ITNs and IRS. The term [g [B;b(t)Ny(t) + By (b(t) + u;(£))N,i(t) + C1b2(t) + Gou?(t)]dt gives the total cost of
implementing ITNs and IRS, the constants B; is the cost associated with the use of ITNs to protect humans from mosquito bite

and B, is the cost associated with the use of the insecticide in ITNs and IRS to kill adult mosquitoes over the time period T.
Consequently, the optimal control problem is to find the pair (u;,b*)€ %, such that

J(ui,b*) = inf J(u;,b),

(uj,bye 77

where the set of all admissible controls ( %) is given by:

# = {(u;,b)€(L*(0,T))?|0 < u;(t) < 1; 0 < b(t) < 1; u; and b are Lebesgue measurable}
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The following result can be established using the approach in (Mohammed-Awel et al., 2017; Mohammed-Awel & Numfor,
2017).

Theorem 4.1. Given the controls (b, u;) € 7, there exists a positive, bounded solution (Sp, Ep,, I, Ry, Sswo, Evwo, Lowo s Suwi> Evwis Lowis
Suros Evro, Iuro, Suri, Euris Iri) to the initial value problem (4.2) and initial conditions (4.3).

4.2. Analysis: existence, characterization and uniqueness of optimal control

Theorem 4.2. There exist optimal controls b* and u; that minimize the objective functional J subject to the system (4.2).

The Proof of Theorem 4.2, based on using the techniques in (Mohammed-Awel et al., 2017; Mohammed-Awel & Numfor,
2017), is given in Appendix A.

Pontryagin's Maximum principle (Pontryagin, Boltyanskii, Gamkrelidze, & Mishchenko, 2002) is used to derive necessary
conditions that an optimal control must satisfy. This principle converts the problem of minimizing the objective functional
(4.4) subject to the state system (4.2) into a problem of minimizing a Hamiltonian (H), defined below, with respect to the
controls (b,u;):

H = Al (t) + Ax (lowo (£) + Lowi(£) + Tro (£) + Lyri(£)) + A3Nur (£)
wmmmm+&wm+wmmm+qﬁm+ﬁﬁm

+&1 (Ah + pnRy — (/\vhi(t) + Avho)sh - Hh5h>

‘+52<<iym(f)+*%mo>5h‘*(Vh4fﬁh)5h>
+E3(vnEp — (vh + 0n + un)lp)
+E4(Ynln — (pn + pn)Rp)
+&5(Bow (Now)Nowo — ApyoSuwo — 1ySvwo + MioSywi — MoiSuwo)
+56(AnpoSwo — (Gow + ) Evwo + MigEywi — MoiEuwo)
~ +£7(0wwEwwo — Boluwo + 01 Miplwi — a1 Myilwo)
8 ( = Anui(O0Sumwi — DS i — Us(E0KSus — [ty + (D) + Ui())die] S + MoiSimvo — MigS i) (4.5)
+&9 (Ahvi(t)svwi — b(t)KE, i — Ui (E)KE i — [0vw + pt, + (D(E) + 1 ()b | Epwi + MoiEowo — miovai>
+£10(@uwEwi — [(D(E) + ui(£)& + w, + (b(£) + ui(£))dwllywi + @1 Moiliwo — 1 Miglwi)
+811(Bur (Nuro)Nuro — ApyoSuro — MySuro + MigSyri — MoiSuro)
+£12 (AhwoSvro — (Gur + fy,)Evro + MigEyri — MiEuro)
+g13(0ur1~5um — tylyro 4 a1 Mol — a1 Myilyro)
+614 (b(t)Ksuwi + Ui (E)kSywi — A (E)Syri — [y + (B(E) + 1i(£)) 03] Syri + MoiSuro — mi05uri>
+£15 (flhm'(f)sm' + b(OKE i + Ui (O)KE i — [ur + by + (B(8) + 1i(£)) 03¢ |Eyi 4+ MogiEvro — mioEvri>
+€16(urEyri + (b(8) 4 i (0))klywi — [y, + (B(E) + Ui(£)) 03 + 01 Mol Lyri + 1 Moiluro)-

The differential equations governing the adjoint variables (§;; i = 1,2,...,16) are obtained by differentiating H partially
with respect to each state variable of the system (4.2). This gives:

foo Oy O OH O O 0
1= ash’ 2 = aEh7 3= th’ 4 = aRh7 5= 6Suw07 6 — aEi/WO’ 7= aII/VVO’
; 0H 0H oH oH oH oH

gS = asuwi’ ‘59 = aE])Wi7 glO = aIuwi’ g]l = 7Ma 512 = aEvTO’ §]3 = aIvro’

P oH oH : oH
g = ) 5 = ) and 5 = a7 -
1 asuri 1 aEuri 16 aIur‘i

The resulting adjoint system is given by:



‘E:_gl{"’“(lflh 1>+A,,ho(;—’;—l> ] §2[uhz< If,)Jr/lvho( ff;)]

g S gy gyt g e g g

, S, s _ 5 oS
€y = *51( ymN + Avhoﬁl) +£ (%hithJr Avlloﬁh+gl> —vpés — (65— Es)hf\,ihwo

AoiSuwi Ao Sur AyiSuri
_(58_59)%_(511_512) hioSro — (514 —&15) hI\lJ WL By b,
h h

Sh
£ = —51( vth +AuhoN ) +§z< va +AvhoN ) + €382 — Eavp

g P (4 gy gy B ()

b I DbniSori (1
—(511—52)6 K;;m (N—1—1>—(514—515)%—;n(1\]—’;—1)—B1b—A1-,

S S S S AnvoS
=-§ (AvhiN*ZJr Auhoﬁl+ph> +& (Auhil\Th+ AvhoI\T’;) + 6483 — (&5 — Ee)hvf\,ihvwo

;1 S i A VO UT 'i v'Svri
—(&s —59)}17\,7"‘”— 11 —b)—"— ho 2~ (F1a— £ )thi—BﬂL
h h

: N, + N, N,
€5 =5 {rvw <1 - K UWO) — Ao — My — mm} E6Amo — E8MMyi + E11Tr—— [Vm
v

N, + Nywo

. N,
6= —Esrvw(l - T) + 8684 — A70uw — oMo + EqiTur—os,

Ky

; bpoS bnoS N, + N, N
§7 = E]ﬁh[\?o h_ EZﬁhI\?O h_ ESrvw (1 —VTVWO) +§7g5 - Ewd]ﬂ’loi —‘rﬂﬂrrv—lzm — Ay,
h h v g

Ny = 3 N,
b =B (ron o~ i) (B ID0) + WOk + i) + sy + M) = g+ i

—E14[b(t) + ui(t)]k — Ba[b(t) + u;(t)],

& —ssrvaI —Eemjp + £og7 *5100vw+§11rm K —&15[b(t) + u;(t)] — Ba[b(t) + u;(t)],
g]o—glﬁhthN —EzﬁhthN +&E5Tw <W — E7a1mjo + E10[(b(t) + ui(£)) (K + Ojw) + My, + 1My

T — E16lb(O) + U0k — Az — Balb(e) + ()

N, N, + N,
1n= 55va%* €11 {rvr(l *UTWO) — Ao — My — moi} — E122myo — E1aMy; — A3,
v v
; N, N, + N,
€= IV<WO — &1t (1 —VTWO) +£1289 — £130ur — §15My; — As,

bpoS, N, N, + N,
E3=(6 -5 )Bh hooh 1 EsTuw ["<W07511Tvr(1*"Tm) +§13810 — £1601Mi — A — A3,
v v

, N, Noro . -
14 = EsTow—— KWO +&11 <fur X, io) +&14 (Ahvi + Wy + Mo + [b(t) + Ui(ﬂ]@‘r) — €15y
=By [b(t) + u;(t)] - As,

Nyw Nyro
Ei5 = EsTy—® X, ° + BT X, —&12Mig + E15(0ur + w, + [B(E) + Ui (D)]03 + M) — E160ur

—Ba[b(t) + u;(t)] — As,

N, Nnr
+ EsTy—r— I’ZWD-FEHTW K, — E13aqmy + E16[(b(E) + ()0 + 1, + 1 Myo]

—Ba[b(t) + uj(t)] — Az — As,

: e g BnbuiSh
§16 = (61— &2) N,
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subject to the transversality conditions (Pontryagin et al., 2002):

£(T)=0; fori=1,2,3,...,16. (4.7)

In characterizing the optimal control, the Hamiltonian (H) in Equation (4.5) is differentiated partially with respect to the
controls b and u;, to get:

oH o
=0, —=0
ab O ou;

on the interior of the control set, where

oH S
ab = B1Nu + BalNoi +2C1b + (£1 = £2)B1(Brnax = Bmin) o + i)

+(58 — £9)B, (Bmax — ﬁmin)suwiI{I_’-;l — (68Sywi + EoEuwi) (K + 0iw) — E10(K + i) Lywi

I

+K(A14Sywi + A15Epwi) — 0ir(A14Suri + MsEpri) + (514 — €15)8,(Bimax — ﬁmin)SmN—h

+&16 (Klywi — Oirluri),
oH

. = B2Nui +2Gou; — (k + Oiw)[A8Sywi + A9Euwil — Ao (K + 0w )i + K(A1aSywi + A15Epwi)
1

—0ir (M4Suri + A15Euri) 4§16 (KLwi — Oirluri)-

The result below follows from the Pontryagin's Maximum principle (Pontryagin et al., 2002).

Theorem4.3. Given an optimal, (b*, uy), and solutions, Sp, Ep, In, Rp, Suwo, Evwo, Lwos Sywi» Evwir Luwis Suros Evros vros Syris Eyri and 1 of
the corresponding state system (4.2), then there exist adjoint variables &; fori = 1,2, 3, ...,16, which satisfy the adjoint system in
(4.6) and transversality conditions (4.7). Furthermore, the optimal controls (b*,u;) are characterized as

b* = min{bmax, max{O,%}} and uj = min{u{“ax, max{O,%}}, (4.8)
1 2
where,
W = (& — £1)Br(Bmax — Brmin) Towi + L) Ifli;, + (69 — £8)B,(Brmax — ﬁmin)svwiI{Thh + (§8Suwi + Eolywi) (K + Oiw)
Iy

+ &10(k 4 Oiw)lowi — kK(E14Sywi + E15Ewwi) + Oir (§14Suri + €15Euri) — (614 — §15)B(Bmax — ﬁmin)svriN_h — E16(klywi
— Oirlyri) — BNy — BaN,j,

D = (k + 0iw) [E8Sowi + E9Euwi] + E10(K + Oiw)lowi — K(E1aSywi + E15Ewwi) + 0ir (514Suri + E15Euri) — E16(KLowi — Oirluri)
—BoN,;,

where b™* is the maximum ITNs coverage in the community and uj™* the maximum IRS coverage in the community.
Furthermore, the following result holds.

Theorem 4.4. The adjoint functions defined in the system (4.6) are bounded.

Proof. The adjoint system in equation (4.6) is linear in the adjoint variables §; (j = 1,2,...,16). Since it is a linear system in
finite time with bounded coefficients, it follows that adjoint variables §; (j = 1,2,...,16) are uniformly-bounded. The system
consisting of the state system, adjoint system and optimal control characterization (equations (4.2), (4.6), and (4.8)) is called
the optimality system. Since the state and adjoint functions are bounded (from Theorems 4.1 and 4.4), the following theorem
that characterizes uniqueness of the optimality system for small time is established. This type of “small time” uniqueness
result is standard in nonlinear systems with opposite orientation (Fister, Lenhart, & McNally, 1998).

Theorem 4.5. For a short time period, the solution to the optimality system (equations (4.2), (4.6), and (4.8)) is unique.
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4.3. Numerical simulations of optimal control problem

The optimality system (consisting of equations (4.2), (4.6) and (4.8)) is solved numerically using the forward-backward
sweep numerical method (Lenhart & Workman, 2007; Mohammed-Awel et al., 2017; Mohammed-Awel & Numfor, 2017).
The method requires an initial value on the optimal control pair (b*,u;). The initial condition in (4.3) is used to solve the state
system forward in time using the MATLAB built-in ODE45 routine. Next, the adjoint system is solved using the transversality
condition (4.7) and the approximated solution of the state system. Then, the value control variables are computed using the
control characterization in (4.8), and the control pairs (b*, u}) are updated via a convex combination of previous and current
values of the control characterization. The process continues until the state variables, adjoint and control values converge.

The parameter values in Table 2 (relevant to the demography and malaria transmission dynamics in Ethiopia (CIA, 2017;
Deribew et al., 2017)), and the estimated values of weight constants in the objective functional, are used in the numerical
computations. Since the recent estimate for the cost of an ITN is between $1.65 and $4.15 (UNICEF), we set B; = 1.65. Further,
based on the estimations in (White, Conteh, Cibulskis & Ghani, 2011), we set B, = 2By and C; = 2C,. Furthermore, b™* and
uf"™ are set at 80% coverage based on the target coverage of IRS and ITNs used in (Griffin et al., 2010). Moreover, the host
populations and control functions in the objective functional (4.4) are balanced by choosing appropriate constant weights A,
A,, and As. Furthermore, it is assumed that in malaria-endemic communities, the order of priorities are (i) to minimize disease
in the human population, (ii) to minimize disease in the mosquito population, and (iii) to minimize insecticide resistance in
the mosquito population. Thus, the weights A, A, and A3 are chosen based on the ordering A; > A, > As. A complete list of the
estimated values of the optimal control-related parameters is given in Table 5.

The population-level effectiveness of the following control strategies will be evaluated:

e Strategy 1: Optimal ITNs-only strategy (i.e., b > 0 and u; = 0).
e Strategy 2: Optimal IRS-only strategy (i.e., b = 0 and u; > 0).
e Strategy 3: Combined optimal ITNs-IRS strategy (i.e., u; > 0 and b > 0).

For each of the aforementioned strategies, the optimal solution for the model (4.2) is solved over a time period (T) of fifteen
years (i.e., T = 15 years) for malaria transmission setting in Ethiopia (unknown parameters are estimated by fitting model
(2.4) to data from Ethiopia). Based on the report in (Deribew et al., 2017) (for malaria cases and the estimated Ethiopian

population for the year 2000), the following initial values are chosen: S) = 67,000,000, E) = 1,042,900, IY = 5,942,900,
RY =1,042,900,5Y%,, =74,000,000,ES,, =70,000,1%,, =10,5%,; =1,791,889,E%, =1,1%, =0,8%, =10,E8, =1,1%, =

» “vwo wwi Wi wwi vro » =vro » luro
0,5%; =1,000,E%; = 1 and I%; = 0. Parameter values for these simulations are as given in Tables 2 and 5, and in the absence
of control ITNs and IRS coverages are set at b =0 and u; = 0.

It is, first of all, assumed that chemical insecticides have been used in Ethiopia in the past, and that insecticides resistant
vectors exist in the community (so that non-zero initial values of the resistant-type mosquito population can be used in the
simulations). Plots for the proportion of infectious humans (that is, the ratio of infectious humans at time ¢, that is I, (t) /Ny (¢),
in the community) are generated. Furthermore, for comparison purposes, the plots for the worst-case scenario (i.e., in the
absence of any intervention/control) are generated (and used in these plots). The frequency of resistance allele (denoted by p)
is defined as the proportion of resistant-type mosquitoes (that is, p = N,;+/N,), and the frequency of wild-type allele (denoted
by q) is defined as the proportion of wild-type mosquitoes in the mosquito population (thatis,q = 1 — p).

4.3.1. Simulations for strategy 1: optimal ITNs-only strategy (that is, b > 0 and u; = 0)

The model (2.4) is now simulated to assess the community-wide impact of the singular implementation of an ITNs-only
strategy (Strategy 1), and the results obtained are depicted in Fig. 3. It follows from this figure that, in the presence of the
optimal level of the ITNs-only control, the frequency of the resistant allele remained at zero for the first 1.5 years, and then
increased slowly to 0.5 during the next year. It then increased rapidly to unity a year later (and remained at unity for the
remaining duration of the control period) (Fig. 3(a)). Similarly, the frequency of the wild-type allele remained at unity for the
first 1.5 years, and then decreased slowly to 0.5 a year later. It then decreased rapidly to zero during the next one year and
remained at zero for the remaining duration of the control period (Fig. 3(a)). This figure further shows that, for the worst-case
scenario with no intervention (i.e., b = u; = 0), the percentage of infectious humans increased from the initial 8.6%—53% for
the first one year, and then decreased to 47% during the next 3 years (and remained there for the next 11 years) (Fig. 3 (b)). On
the other hand, in the presence of the optimal level of the ITNs-only strategy, the percentage of infectious humans decreased

Table 5

Values of the weight coefficients in the objective functional (4.4).
Parameter Value Parameter Value Parameter Value Parameter Value
Aq 1x 103 By 1.65 C 8x 108 pmax 0.8
A, A1/5 B, 2B, G 2G; ulnex 0.8

As 3A,/4
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Fig. 3. Numerical simulations of the model (4.2) for Strategy 1. Parameter values used (other than the control parameters b and u;) are as given in Tables 2 and 5.

from the initial 8.6% to 3.1% during the first 3 years, and then increased slowly to 4.1% during the next 9 years. It further
decreased slowly to 3.3% during the next 3 years (Fig. 3 (b))). Simulations for the profile of infectious humans, in the presence
and absence of this ITNs-only control, are depicted in Fig. 3 (c), from which it follows that the implementation of the optimal
ITNs-only strategy dramatically decreases the disease burden, in comparison to the worst-case scenario. The profile of the
control b*, depicted in Fig. 3 (d), shows that the optimal ITNs-only control strategy is at the maximum coverage (80%) (for the
first 1.2 years), and decreased to 72% during the next 1.6 years. It then increased to 80% during the next 2.3 years and remained
at 80% during the rest of the control implementation period. The implication of this result is that the use of the ITNs-only
strategy (with coverage at 80%) can significantly decrease the number of infectious humans (from 8.6% to as low as 3.1%)
within 3 years. In summary, the community-wide implementation of an optimal ITNs-only strategy (with coverage at 80%)
can significantly reduce disease burden (as measured in terms of reduction of the percentage of infectious humans in the
population) and effectively manage insecticide resistance during the first 3.5 years of implementation. Unfortunately,
however, such insecticide resistance is not effectively managed after the first four years of the 15-year implementation period.

4.3.2. Simulations for strategy 2: optimal IRS-only strategy (that is, b= 0 and u; > 0)

The model (2.4) is now simulated to assess the impact of the singular implementation of IRS-only strategy (Strategy 2). The
simulations results obtained show that the dynamics of the frequency of both the resistance (p) and wild (q) alleles are similar
to the corresponding dynamics observed when Strategy 1 was implemented (see Figs. 3(a) and 4(a)). Further, when the
optimal IRS-only Strategy is implemented, it was seen that the percentage of infectious humans increased rapidly (from the
initial 8.6% to 43%) for the first 4 years, and then decreased slowly to 40% during the next 6 years (and remained there for the
remaining duration of the control period) (Fig. 4 (b)). Furthermore, the results depicted in Fig. 4 (c) show that the disease
burden was not reduced with the implementation of an optimal IRS-only strategy. The control profile (depicted in Fig. 4 (d))
shows that the optimal IRS coverage increased quickly to 60% during the first two months, and continued to increase to 80%
during the next 10 months (and remained there for the rest of the implementation of the control period). In summary, the
community-wide implementation of the optimal IRS-only strategy resulted in an increase in the percentage of infectious
humans (from the initial 8.6% to as high as 43% during the first four years of the implementation period) and insecticide
resistance (with all adult female vectors becoming wholly resistant after 4 years of implementation). Thus, unlike in the case
where an optimal ITNs-only strategy is implemented, the singular implementation of an optimal IRS-only strategy does not
offer any population-level benefit, vis a vis decreasing disease burden or effectively managing vector insecticide resistance (in
fact, it is detrimental in the long run).

4.3.3. Simulations for strategy 3: combined optimal ITNs-IRS strategy (that is, u; > 0 and b > 0)
Strategy 3 entails the implementation of the combined optimal ITNs and IRS strategies. Here, too, the dynamics of the
allele frequencies p and q are similar to those observed when Strategy 1 or Strategy 2 was singularly implemented (see Figs.
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Fig. 4. Numerical simulations of the model (4.2) for Strategy 2. Parameter values (other than the control parameters b and u;) are as given in Tables 2 and 5.

3(a), 4 (a) and 5(a)). This figure further shows that this strategy manages insecticide resistance effectively during the first 3.5
years of implementation of the control, and fails to do so thereafter. Fig. 5 (b) shows that the percentage of infectious humans
decreased from the initial 8.6% to 3% during the first 2.5 years, and then decreased slowly to less than 1% during the rest of the
control implementation period (Fig. 5 (b)). Further, Fig. 5 (c) shows a dramatic reduction in the number of infectious humans
(Fig. 5(b) and (c) show effective disease control, or elimination, after about 10 years of the implementation of this strategy).
The profiles of the controls (b*,u;), depicted in Fig. 5 (d) and (e), show that the optimal ITNs coverage is maximum at 80% (for
the first 1 year), and decreased to 72.8% during the next 1.6 years, and then increased to (and settled at) 80% during the next
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Fig. 5. Numerical simulations of the model (4.2) for Strategy 3. Parameter values (other than the control parameters b and u;) are as given in Tables 2 and 5.



318 J. Mohammed-Awel et al. / Infectious Disease Modelling 3 (2018) 301321

<10"

a

(b) o~ (©)

=====w/0o control| |
w/ control

o
o

o
o

=====w/0o control
w/ control

o
IS

o
N

resistant-type (p) allele for mosquitoes
Disease prevalence in humans: I /N
o]
w

Frequency of wild-type (¢) and

o 5 10 15 5 10 15 (o] 5 10 15

Time (in years) Time (in years) Time (in years)

(@) b (e)
0.8 j— 0.4
o-e ’_\/ 0.3 -
e P
0.4 0.2
0.2 0.1
[e] o
o 5 10 15 o 5 10 15
Time (in years) Time (in years)

Fig. 6. Numerical simulations of the model (4.2) for Strategy 3 where r,, is decreases to r,, = 70.5 from the fitted value r,; = 76.3, other parameter values (other
than the control parameters b and u;) are as given in Tables 2 and 5.

2.3 years. On the other hand, the optimal IRS coverage is initially zero for the first 2 years, and then increased to 50% during
the next 3 years. It then decreased slowly to 48% for the remaining duration of the control implementation period. In
summary, while the community-wide implementation of the optimal combined ITNs-IRS strategy (Strategy 3), with high
enough ITNs coverage, can lead to the elimination of the disease, it fails to effectively manage insecticide resistance (with the
frequency of the resistant allele reaching 100% after 4 years of implementation of this strategy).

4.3.4. Simulations for strategy 3 for decreased birth rate of new adult resistant-type mosquitoes

In order to assess the impact of the expected fecundity-related fitness cost of insecticide resistance (Alout et al., 2016;
Alout et al., 2017), the model (2.4), subject to Strategy 3, is simulated for the special case where the birth rate of new adult
resistant-type female mosquitoes (r,;) is reduced from the baseline (fitted) value of r,, = 76.3 to r,, = 70.5 (that is, the birth
rate is reduced by = 8% to account for fitness cost of resistance with respect to fecundity). The simulation results generated for
this special case of Strategy 3 are depicted in Fig. 6, from which it follows that the frequency of resistant allele remained at
zero for the first 6 years, and then increased slowly to 0.5 during the next 2 years. It then increased rapidly to unity during the
next 2 years and remained at unity for the remaining duration of the control period (Fig. 6 (a)). Similarly, the frequency of
wild-type allele remained at unity initially (for the first 6 years), and then decreased slowly to 0.5 during the next 2 years. It
further decreased to zero during the next 2 years and remained at zero for the remaining duration of the control period (Fig. 6
(a)). Further, the population of infectious humans decreased from the initial 8.6% to 2% during the first 5 years, and then
increased to 3.6% during the next 2 years. It then decreased slowly to less than 1% for the next 3 years (and remained at less
than 1% for the remaining duration of the control period) (Fig. 6 (b)). Fig. 6 (c) shows a dramatic reduction in the number of
infectious humans, in comparison to the worst-case scenario. Additionally, the profiles of the controls (b*,u;), depicted in
Fig. 6 (d) and (e), show that the optimal ITNs coverage rapidly increased from zero to 80% and remained at 80% (for the first
one year), then decreased to 46% during the next 4 years. It then increased to 80% during the next 3 years and remained there
for the rest of the control period (Fig. 6 (d)). Similarly, the optimal IRS coverage is initially zero for the first 4.5 years, and then
increased slowly to 41% during the next 5.5 years and remained there for the rest of the control period (Fig. 6 (e)). In summary,
these simulations show that, for the special case of the model (2.4) with the birth rate of resistant mosquitoes is marginally
reduced (from r, =76.3 to r,, = 70.5) to account for the fitness cost of resistance (with regards to fecundity), the
community-wide implementation of the combined ITNs-IRS strategy (i.e., Strategy 3) can lead to the effective control of the
disease, while also effectively managing insecticide resistance, during the first 8 years of implementation. Unfortunately,
however, insecticide resistance develops during the next 7 years of the control implementation period.

5. Discussion and conclusions

A new mathematical model for malaria transmission dynamics, which incorporates the dynamics of resistant-type and
wild-type mosquitoes to insecticides, is presented. Indoor and outdoor mosquitoes are stratified in separate classes, and ITNs
and IRS are applied indoors. Back-and-forth mobility of mosquitoes, between indoors and outdoors, is incorporated. The
model is rigorously analysed to gain insight into its qualitative features. It is shown that its nontrivial disease-free equilibrium
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is locally-asymptotically stable when ever a certain epidemiological threshold (denoted by %) is less than unity. The
epidemiological consequence of this (local asymptotic stability) result is that, for the case with small number of infectives (in
the basin of the disease-free equilibrium) the use of the two control measures (ITNs and IRS) could lead to the effective control
(or elimination) of the disease in the community if the epidemiological threshold (.%) can be brought to (and maintain at) a
value of less than unity.

Furthermore, optimal control analysis is used to assess the population-level impact of the two vector control strategies
considered in this study (i.e., the singular and combined use of IRS and ITNs). In particular, an optimal control problem, based
on minimizing infection in the hosts (humans and mosquitoes), insecticide resistance in the vector and the cost of imple-
menting the two controls in the community, is formulated (and solved numerically). Numerical simulations of the resulting
optimal control problem, using parameter values obtained from fitting the model (2.4) with data relevant to malaria
transmission dynamics in Ethiopia, show that:

(a) the singular implementation of an optimal ITNs-only strategy (Strategy 1) in the community could lead to a dramatic
reduction in the disease burden in humans (e.g., it reduces the percentage of infectious humans from the initial assume
8.6% to as low as 3.3%) and effectively manage insecticide resistance during the first 3.5 years of its implementation.
Unfortunately, however, it fails to continue to effectively manage the insecticide resistance after the first 4 years (Fig. 3);

(b) unlike for the case for the singular implementation of an optimal ITNs-only strategy, the singular implementation of an
optimal IRS-only strategy (Strategy 2) in the community fails to lead to either the effective control of the disease or
manage insecticide resistance. In fact, it resulted in an increase in the percentage of infectious humans in the com-
munity from the initial 8.6% to as high as 40%. Furthermore, it fails to manage insecticide resistance after the first 4
years of its implementation (Fig. 4);

(c) like for the case of the singular implementation of an optimal ITNs-only strategy, the implementation of the combined
optimal ITNs-IRS strategy (Strategy 3) in the community resulted (expectedly) in a dramatic reduction in the disease
burden (in particular, it reduces the percentage of infectious humans in the community from the initial 8.6% to as low as
1%) (Fig. 5), in addition to effectively managing insecticide resistance during the first 3.5 years of its implementation
(albeit is fails to manage such insecticide resistance thereafter);

(d) for the case when the expected fitness cost of insecticide resistance with respect to fecundity is accounted for (by
reducing the birth rate of new adult resistant-type female mosquitoes (r,;) from the fitted value of r,, = 76.3 to r,, =
70.5), the combined optimal ITNs-IRS strategy (Strategy 3) led to the effective control of the disease, as well as manage
resistance effectively during the first 8 years of implementation of the strategy (this strategy fails to manage such
insecticide resistance thereafter) (Fig. 6).

This study shows that the singular use of an optimal ITNs-only strategy, or in combination with optimal IRS, can lead to
effective control of the disease, while also effectively managing insecticide resistance during the first few years of its
implementation, in the malaria-endemic setting (Ethiopia) considered. It is worth emphasizing that one possible explanation
for the fact that some of our results (Figs. 3 and 5) show effective disease control but insecticide resistance is not effectively
managed, is that the fitness costs associated with insecticide resistance (measured by the fitted parameter values) is high.
When these costs are reduced (e.g., when the birth rate of resistant mosquitoes is reduced, to account for the fitness cost of
resistance with respect t fecundity), the optimal combined ITNs-IRS strategy controlled both the disease and insecticide
resistance for the first 8 years (Fig. 6). This result is in agreement with the results reported in (Barbosa & Hastings, 2012;
Brown et al., 2013) that fitness costs are key elements in disease control and insecticide resistance management strategies.
Our study, therefore, calls for further lab experimentation by entomologists (and modeling work) to obtain data that can be
used to obtain improved estimates of the fitness-related parameters. This is crucially needed for gaining better understanding
(and realistically quantifying) the population-level impact of insecticide resistance on the epidemiology and control of
malaria. In summary, this study shows that the prospect of the effective control of malaria spread (while minimizing the risk
of insecticide resistance in the female adult mosquito population), using ITNs alone or its combination with and IRS, are
promising, provided that the effectiveness and coverage levels of these (ITNs-only or the combined ITNs-IRS) interventions
are at optimal levels.
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Appendices

A. Proof of Theorem 4.2

Proof. The state functions are positive and controls are Lebesgue measurable, then it follows that J(b,u;) > 0, V (b,u;) € Z.
Therefor, inf ;)< »J(b, u;) exists and is finite. Hence, there exists a minimizing sequence of controls (b", uf') € 7 such that

1 n o, ny _
Jim J (b ,ui)_< mg//](bu)
Sn
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uniform boundedness of state sequences, their derivatives are uniformly bounded. Therefore, the set sequences are Lipschitz
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Using the lower semi-continuity of L2 — norm with respect to weak convergence, we have
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Using the convergence of the sequences {Sp};" . {Ep}y_y» {Ih}n1: {Ritn 1 {Siwotn1s {Evwotnzts {Towotnz1s {Sowitnzts
{E 1}n 1 {I 1}n 1 {Svro}n 1 {Evro}n 1 {Iuro}n 1 {Svn}n 1 {Eurl}n 1,and {I }n 1and passmgtothe limit in the ODE system,
we have that Sy, Ep, I, Ry, Sywor Evwor Tnwor Sewir Eowir Lywis Svror Evror Iyrgr Surie Ei» and I; are the states corresponding to the
control pair (b*,u;). Thus, (b*,u;) is an optimal control pair.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.idm.2018.10.003.
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