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ARTICLE INFO ABSTRACT

Kaywonis Malaria, a deadly infectious disease caused by the protozoan Plasmodium, remains a major public health
Malaria menace affecting at least half the human race. Although the large-scale usage of insecticides-based control
Inmeticide resistance mesasures, notably long-lasting insecticidal nets (LLINs) and indoor residual spmying (IRS), have led to a
P“Pih'h;“'#““’“ dmmatic reduction of the burden of this global scourge between the period 2000 to 2015, the fact that the
:T:dhtya malaria vector (adult female Anopheles mosquito) has become resistant to all currently-available insecticides
Effective 1 vind potentially makes the current laudsble global effort to eradicate malaria by 2040 maore challenging. This smdy

presents & novel mathematical model, which couples malaria epidemiology with mosquito population genetics,
for assessing the impact of insectiddes resistance on malaria epidemiology. Numerical simulations of the model,
using data relevant to malaria transmizsion dynamics in the Jimma Zone of Southwestern Erhiopia, show that
the implementation of a control strategy based on using L1INs alone can lead to the effective control of malaria,
while also effectively managing insecticide resistance, if the LLINs coverage in the community is high enough
(over 90%). It iz further shown that combining LLINz with IRS (both at reduced and realistically-attainable
coverage levels) can lead to the aforementioned effective control of malsria and effective management of
insecticide resistance if their coverage levels lie within a certain effective control window in the LLINs-IRS
coverage parameter space (this result generally holds regardless of whether or not larvidding is implemented
in the commmity). The study identifies three key parameters of the model that negatively affect the dze of
the effective control window, namely parameters related with the coverage level of larviciding, the mimber of
new adult mosquitoes that are females and the initial size of the frequency of resstant allele in the community.
For the coverage of LLINs and IRS within the effective contm] window, an additional increase in the values
of the aforementioned three parameters may lead to a shrinkage in the size of the efective control window
(thereby casing the failure of the insecticides-hased contml).

1. Introduction and the bite is on an infected human, the mosquito can become

infected. The Anopheles lifecycle consists of the three aquatic stages
(namely, eggs stage, larval stage and pupal stage) and an adult stage
[5,6].

Owing to the devastating burden of malarda, numerous global ef-

Malaria, caused by the protozoan Plasmodium parasites, has histor-
ically being one of the deadliest infectous diseases to befall mankind.
Since the cross of Plasmodivm falciparum (the deadliest of the five

species of the Plasmodium parasites [1,2]) to humans some 10,000 years
ago [3], malaria continues to pose major public health challenges in
many parts of the world (with over 2.5 bilion people at risk) [4].
Malaria cansed 228 million infections and 405,000 deaths (with major-
ity of the deaths occurring in children under the age of five) globally
in 2018 [4]. The disease is spread between humans following effec-
tive bites by malaria-infected adult female Anophdes mosquitoes. The
adult female mosquite bites humans in search of bloodmeal needed
for egg development. If the mosquito is infected, such a bite may
lead to the transfer of the Plasmodium parasite to the human host
(making the human infected). Similarly, if the mosquite is uninfected
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forts have been embarked upon aimed at reducing or eliminating the
menace of malaria, One of such efforts was the Roll Back Malaria
initiative, which resulted in a dramatic reduction of malaria burden
in sub-Saharan Africa between 2000-2015 [7-9]. The success of this
initiative was largely believed to be due to the widespread use of
insecticides-based mosquito control measures, such as long-lasting in-
secticidal nets (LLINs) and indoor residual spraying (IRS), although
other measures (such as early diagnosis, improved anti-malara drug
therapy and improved public health infrastructure were also a fac-
tor) [B]. Five major classes of insecticide are used in malaria control
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efforts, namely pyrethroids, organochlorines, organophosphates, neonicot-
noids and carbanates. Although all five of these agents are used for
IRS, only the pyrethroids is used in LLINs (this is due to their low
mammalian toxdcity and high irrtant effect on adult mosquitoes) [10].
It was estimated that bednets and IRS jointly account for about 81% of
the reduction of malaria burden recorded during the 2000-2015 period
(with most of the benefits attributed to the use of the bednets) [11].
These dramatic successes prompted the emergence of other landable
initiatives aimed at eradicating malara. These include The Global Tech-
nical Strategy for Malaria 2016-2030 (approved by the World Health
Assembly in May 2015 [9]) and the ZeroX 40 Initiative (an initiative of
five chemical companies with the support of the Bill & Melinda Gates
Foundation and the Innovative Vector Control Consortium [12,13]),
aimed at eradicating malaria by 2030 or 2040, respectively. These
eradication efforts are mostly focused on the use of the aforementioned
insecticides-based mosquito control measures.

Unfortunately, the successes recorded in the fight against malaria
(for the period 2000 to 2015) are now threatened largely owing to
the fact that the heavy use of the insecticides-based control measures
resulted in the emergence of Anopheles resistance to each of the afore-
mentioned chemical agents used in LLINs and IRS [6,14-21]. As noted
by Mohammed-Awel and Gumel [22], mosquitoes (or disease vectors in
general) are said to be resistant to insecticides when the insecticides are
no longer able to kill them on contact, or when they resist and survive
the effect of the insecticides resistance and become able to reproduce in
an insecticide-treated environment (or after being in contact with the
chemical insecticides). Thus, the emergence and widespread nature of
this vector insecticide resistance certainly poses serfous threats to the
effectiveness of LLINs and IRS. Since LLINS and IRS are the cornerstones
of all the current malaria eradication efforts (particularly LLINs), any
threat on their effectiveness (due to vector insecticide resistance) is a
direct threat to the malaria eradication efforts. Thus, a key modeling
objective will be to design insecticides-based strategies (using LLINs
and IRS) that effectively combats malaria spread, while also effec-
tively managing insecticide resistance. Unfortunately, however, there
is still no clear evidence or consensus of association (if any) between
Anopheles insecticide resistance and malara epidemiology [14,23-26].
In fact, while a recent study shows that insecticide resistance could
lead o a rebound in malaria [14,27], another recent study (based on
a very large observational cohort across five countries in Africa) found
no relationship between laboratory-assessed insecticide resistance and
malaria epidemiology [24,25].

One reason why the exact effect (if any) vector insecticide resistance
would have on malarda epidemiology is unknown is the absence of
precise quantification of the fitness costs of insecticide resistance on the
resistant vector population (both in the lab and under field conditions).
It seems reasonable to assume that such fitness costs, particularly if they
manifest in terms of heterogeneities with respect to increase or decrease
in adult mosquito survival, biting, mating success, host-seeking and
delayed mortality [24,28], could significantly affect malaria epidemi-
ology [24]. Sexual heterogeneity in the adult mosquito is another
important aspect to consider, since the lifecycles of the adult male
and female Anopheles mosquitoes vary markedly (for instance, only
the adult female mosquitoes seek bloodmeals from humans). Thus, the
balance of fitness costs and benefits of insecticide resistance may vary
appreciably between the sexes, with implications for both the spread of
insecticide resistance alleles and malaria epidemiology [24]. The afore-
mentioned uncertainties (of the precise relatonship, if any, between
insecticide resistance and malaria epidemiology) notwithstanding, the
absence of new viable altermatives to the existing insecticides (and
considering the generally long duration before any new and potent
insecticides are available in the markets), it is of great public health
interest o determine how best to use the existing (albeir linded)
insecticides-based resources to combat malaria while also effectively
managing Anopheles resistance to those chemical resources.

The study of the population penetics of the malara wector is
also critical to the problem of quantifying the relationship between

Mathermatical Bioerismees 325 (2020) 108568

insecticide resistance and malaria epidemiology. In the context of the
study of insecticide resistance and malaria dynamics, the study of the
population genetics of the mosquito entafls the characterization of the
genetic variation within, and among, the mosquito populations (and the
evolutionary factors that explain this vadation) [22,25]. In particular,
the study of the population genetics of the malaria vector allows for
the quantification of the frequencies (and spread) of the insecticide
resistant alleles and genotypes in the mosquite populations [15,22,25—
31]. Physiological mechanisms within the mosquito that decrease the
insecticide toxcity often arise due to changes in one or several genes
of the mosquito [32], and mosquitoes that express the distinet genetic
makeup pass along the genes for resistance to the next generation. In
other words, insecticide resistance can be inherited and passed from
one generation to the next [22,29,32]. Gradually, the frequency of the
allele that determines resistance, as well as the proportion of resis-
tant mosquitoss in the community, increases over tme (and, through
this process of selection, the mosquito population in the community
gradually develops resistance to the insecticides [22,25,33]).

Mathematical models that incorporate the population genetics of the
malaria wector have been developed and used to study the community-
level impact of insecticide resistance on the population ecology of the
malaria vector [15,16,22,259-31,34-36]. These models were typically
of the form of deterministic systems of nonlinear differential or differ-
ence equations. Levick et al. [35] presented a two-locus deterministic
difference equation model for the spread of insecticide resistance in
mosquito populations. By using the model to investigate the relative
merits of the sequential use of insecticides versus their mixture, their
study showed that mixtures are favored when the effectiveness of the
insecticides s high and if vector exposure to the insecticides (Le, if
the proportion of mosquitoes that encounter the insectcide) is low.
Moreover, if the insecticides are not effective in killing homozygous
sensitive adult mosquitoes, then the sequential deployment of the
insecticides is the more effective strategy in controlling the targeted
mosquito population (it should be mentoned that the model in [35]
does not include equations for the dynamics of malaria disease in
humans or mosqui ioes).

Barbosa et al. [16] presented a deterministic difference equation
model that incorporate the immature mosquito dynamics, adult
mosquito sex structure, mosquite population penetics and malaria
epidemiology. Their study showed that linking vector immature and
sex-structure with mosquite populaton genetics (vis a vis vector in-
secticide resistance) play a key role in designing sustainable control
strategies. The model in the Barbosa et al. study [16] does not in-
clude equations for the dynamics of malaria disease in humans or
mosquitoes. Mohammed-Awel and Gumel [22] developed a differential
equation model for malaria transmission dynamics, which combined
mosquito population genetics (for insecticide resistance in mosquitoes)
and malaria dynamics in a population. Their study [22] emphasized
the important role parameters related to the level of insecticide re-
sistant allele dominance (in mosquitees with heterozygous genotype)
and numerous fitness costs of the insecticide resistance in the vector
population. The model in [22] does not incorporate the dynamics of
aquatic (immature) mosquitoss, male mosquitoes, and larvicides-based
vector control

It should be mentioned that, while many of the aforementioned
modeling studies have considered the population penetics of the
malaria vector harboring resistance to the chemical insecticides in
LLINs and IRS (Le., the models considered the distribution of insect-
cide resistant alleles in the community) [15,16,22,26-31,34-36], very
few of these models actually combine this (Le., mosquito population
genetics) with the population-level dynamics of malara (Le, malaria
epidemiology in both the human host and in the mosquite). In fact, to
the authors” knowledge, there is no mathematical model to-date that
incorporates the details of the complex Anopheles lifecycle, genotype
structure in mosquito for the gene that confers insecticide resistance,
and the disease dynamics in humans and mosquitoes [22,29,36].
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The purpose of the current study is o extend the aforementioned
modeling studies (that incorporate the population genetics of the
malaria vector) by designing a novel model that, additionally, allows
for the assessment of other pertinent aspects of malaria epidemiology
and the population ecology and genetics of the malara mosquito.
In particular, the new model to be developed will incorporate the
detailed penotype structure of the gene that confers insecticide resis-
tance in mosquitoes. Doing this allows for the realistic investigation
of malaria transmission dynamics (in humans and mosquitoes) and the
evolution (spread) of insecticide resistance in the mosquito population
simultaneously. Some of the other specific extensions in the new
model to be developed include the dynamics of aquatic (immature)
malaria mosquitoes (thereby allowing for the realistic assessment of
larvicide-based control measures), the dynamics of both male and
female Anophees mosquitoes (thereby allowing for the realistic ac-
counting of the mating processes, as well as the assessment of the
impact of altering the sex-ratio in the disease ransmission and the evo-
lution of insecticide resistance), and numerows pertinent fitness costs
associated with insecticide resistance. Furthermore, a novel nonlinear
genotype-specific mosquito biting rate function will be developed and
used to study the dynamics of the model. The model to be developed
allows for the assessment of all three insecticides-based interventions,
namely the use of larvicides, LLINS and IRS.

The paper is organized as follows. The model is formulated in
Section 2. Rigorous results for the existence and asymptotic stability of
the various disease-free equilibria of the model are given in Section 3.
Numerical simulations of the model, using data relevant to malaria
transmission dynamics in Jimma zone of Ethiopia (an area of high
malaria fransmission), are reported in Section 4.

2. Formulation of mathematical model
21. Stote variables and basic definitions

SEIR model for the human population and a model for mosquito
population dynamics with detafled mosquito life-cycle (aquatic (egg,
larvae, and pupae) and adult) with genotype-structure (for insectcide
resistance) and sex structure (at adult stage) is presented. The total
human population is stratified according to their LLINs and/or IRS
usage (we adopt the notation that humans,homes that use LLINs and/or
IRS are categorized as “protected”, while those that do not are “unpro-
tected™). The human population is classified as susceptible protected
(unprotected) SE‘{':} {SE_(:'}), exposed protected (unprotected) EE‘{:'}
(Eg, (1)), infectious protected (unprotected) Iy (f) (1 @t)) , and recov-
ered protected (unprotected) Ry i) {RE_{:'}) humans, Thus, the wtal
human population at time r is gi\i:n Ty

Npg(0) =S 0+55 00+ Ey 0+Eg 0+1g 01+ ©4+Rg )+ Ry ).

As discussed in the above section, mosquito insecticide resistance is
determined by a single gene of two alleles (resistant (R) and sus-
ceptible (5) alleles). Indoor-residual spray (IRS) and larvicides are
included for mosquito. The total mosquito population at time ¢ is
split into mutually-exclusive compartments of homozygous sensitive
eges (Egcit)), heterozygous eges (Eg (1)), homozygous resistant eggs
(Epg(f)), homozygous sensitive larvae (Leo(r)), heterozygous larvae
(Lgelt)), homozygous resistant larvae (Lgg (1)), homozygous sensitve
pupae (Pgeit)), heterozygous pupae (Ppe(r)), homozygous resistant
pupae (Prg (), homozygous sensitive adult female mosquitoes (Suscep-
tible (S7(1), Exposed (EJ (1)), and Infected (1] (1)), heterozygous
adult female mosquitoes (Susceptible (5] (1), Exposed (EL (1), and
Infected {Ii'rs(r})), homozygous resistant adult female mosquitoes (Sus-
ceptible (5}, (1)), Exposed (Ef, (1), and Infected (1 },()), homozygous
sensitive adult male mosquitoes (M7 (1)), heterozygous adult male
mosquitoes (M2 (1)), and homozygous resistant adult male mosquitoes
(Mg ()} Thus, the wtal eggs (Eir)), the total larvae (L)), the wotal
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pupae (Pit)) the total adult female population (M), the total adult
male population (M™(7), and the total mosquito population (M (1)) are

Eir) = Ejjﬁ}+EHﬁ}+Egg(ﬂ1

L) = Lgglt)+ Lpslt) + Lpglt),

Pir) = Pgglt)+ Pyelt) + Pyylf),

Mty = M)+ ME),

MA@ = M0+ Mol + My (0), 21
Mm) = Mo+ MZ 0+ MP ),

Ml = Slcw+ELm+1im,

M@0 = S[on+EL 0+ 1lom,

Ml = sLo+EL0+1l 0

For commumnities where LLINs are used, the penotypic-specific average
biting rate (Le., the average number of bites per mosquito of i-genotype
per unit time), denoted by b, (with i representing the genotype 55, RS
or RR), can be defined by the following nonlinear function:

(1— e35Cy)b,, 0 (- eRScyb,
beg= T w5~ . " URET T pv .. and
1+ £35Cpbyay 1+ X5 Cpbpe,
(1— eRRCL b
brr = — 22)
1+ eRRCyb, o

where, 0 < Cp = | is the proportion of individuals in the community
who use LLINs (Le, proportion of individuals in the community who
are protected from mosquito bites by LUNs), 0 < e}, < 1, with i =
&5, RS, RR is the effcacy of the bednet (LLIN) to protect humans from
bites by adult female mosquitoes of i-genotype and b, is maximum
mosquito biting rate. The proposed nonlinear penotype-specific biting
rate functon (2.2) is novel, and it is instroctive to show that it captures
all the pertinent properties of a realistic mosquito biting rate functon.
This is done below, by considering the three possible cases for the LLINS
coverage (Cp) and genotype-specific efficacy () pairs:

(i) LLINs coverage and efficacy at 100% each (Le, Cp = | and
g, = | for i = 55, RS, RR): In this case, it follows from (2.2)
the genotype-specific average biting rate (b)) reduces to zero
(ie, b, = 0). That is, mosquitees are unable to bite humans
if LLINs efficacy is 100% and every member of the community
sleeps under such net (e, Cp =1L

(i} LLINs coverage and efficacy at 0% each (fe, Cp = s‘3=[lwith
i = §5, RS, RR): For this case, the average genotype-specific
biting rate (b,) attains its maxdmum value (Le, b = bg,,). That
is, mosquitoes enjoy maximum biting rate when humans are not
sleeping under any net (Le., all humans are unprotected).

(iii) LLINs coverage and efficacy in the ranges 0 < Cp < 1 and
0 < E‘B < | for i = 85, RS, RR: In this case (where LLINs
coverage and efficacy are not 100% or 0% effective), sensitivity
analysis can be carried out on the biting rate function (2.2)
to determine if it behaves in the way expected. In particular,
it can be seen from (2.2) that the elasticity indices associated
with the biting rate for mosquitees of 55 genotype (bee), with
respect to the LLINs coverage (Cp) and efficacy (e57), are given,
respectively, by
& dbss _ —e3°Ca 01+ 65 Cabu) + bua (1= 5°Ca)]
bss deSS (1 —e35CpN1 + 55Chbz) ’

since 0 < £ Cp <1,
and,
Cp dbss _ —€5 Ca [(1+5," Cabua) +buc (1 - 53 Cy)] 0
& = <
bss 9Cy (1- e3°Ca)l + £ Cabua,)

since 0 < e~ Cp < 1.

It follows from the above inequalities that increasing the coverage
(Cp) and efficacy (e3%) of LLINs decreases the average biting rate
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bgg (as expected). The same results can be established by computing
the sensitivity indices associated with the biting rate of mosquitoes of
RS and RR genotypes. Thus, the novel penotype-specific biting rate
function (2.2) captures all the pertinent properties of a suitable biting
rate function for mosquitoes. Hence, it is suitable for use in a realistic
modeling study for the dynamics of mosquito-borne diseases, such as
malaria,

The infection rates (forces of infections) for malaria transmission are
defined by:

5 Byrbssly P B brsTa, P B brrln,
v Ng = ‘mv Ng v Ng
a ral"bnm"ﬂ'
B ST Ng
s ﬂnbssfés o ﬂ:-rba.'i";{s s -ﬁﬂ’bﬂ‘:{a
i R Y ;AT
" " "
F F F
L TR T

LI .
VH 'NF.F

(23)
where ji;,, represents the transmission rate from infectious protected
humans to susceptible mosquitoes (of i-genotype), .1;'5, represents the
rate at which infectious mosquitoes (of i-penotype) transmit infection to
protected susceptible humans (where i = 55, RS, RR). Similarly, 4
represents the rate at which infectious mosquitees transmit malaria to
unprotected susceptible humans, while fg () represents the proba-
bility of disease fransmission from infectious mosquitoes (humans) to
susceptible humans (mosquitoes).

In the formulation of the novel mathematical model to be devweloped
in this study, it is assumed that mating in the adult mosquito population
(between opposite sexes) is random [29]. That is, all adult mosquitoes
have the same chance of reproducing, and they mate with any other
adult mosquito (of opposite sex) in the population with the same
probability. The frequency of each allele (i.e, sensitive (5) or resistant
(K) allele) for adult male and female mosquitoes is calculated using the
following formulas [29,30,37]:

M0+ ML 0 My (0 + 3 M c(0)

glt) = Mfl[':'} » Ppllh= T{:‘}’ (2.4)
@ (r]l+ MEoit) rrll+ 3 L A5l
Gy )= M—"'{I'}' Pt = Tm1

where gt} (g, () represents the frequency of sensitive allele (5 in fe-
male (male) adult mosquitoes, and p (1) (p,, (1)) represents the fequency
of resistant allele (R) in fermale (male) adult mosquitoes. Mosquito
resistance is determined by a single gene of two alleles. For example, for
the adult female mosquito populatdon, there are two 5 alleles (5 copies)
in each gene of an 55-genotype mosquito, one copy of the 5 allele in
each gene of RS-genotype mosquito and no copy of 5 allele in the gene
of an RE-genotype mosquito. Therd'me, the prnportim ocI'S alleles in

fevreMioe  Mi Ml
the female population is .;a_f(r}— ﬂiwm ;*:” . Thus,

the probability that the mating between an m:lult female and an adult
male mosquito will lead to the formation of egegs of 55-genotype is
g0t) % g (). Similarly, the probability that such mating produces eggs
of R5-genotype is p(fhx g, (4 p, 1< g () (that is, p(f<g, (1) accounts
for an R allele from the female and as 5 allele from the male partner)
plus p, (1) g () (which accounts for an R allele from the male and an
& allele from the female). Finally, the probability that such mating pro-
duces eggs of RR-genotype is pr(t)xp,(r)l. Consequently, the proportion
of mosquitoes in the community with the 55, RS and RR genotype in
the next generation (Le., at time ¢ + A¢, where Ar > 0 is an increment
in time) is given by the quantities g,(t)q, (), prt)g, () + p, gt} and
prlt)p, (), respectively [29]. It should be observed that g,{t)+p,(f) = 1,
G, (1) + p (0= Land gpit)p;(t) + (pp (g, (1) + p (g (1)) + g, (Op, ()= 1
for all ime ¢ = 0 (which is the Hardy—Weinberg condition in population
genetics [29.377).
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2.2 Equations of the model

The genetics-epidemiology malaria transmission model to be de-
signed in this study consists of a deterministic system of nonlinear
differential equations accounting for the population ecology of the
mosquito (both immature and adult) and malaria epidemiology in
humans, The equations for the specific life stages of the mosquitoes
(both immatire and adult) and for the malaria dynamics in the human
host are derived as follows.

2.2 1. Immare mosquitoes
The differential equations for the agquatic life stapes of immature

mosquitoes (eggs, larval and pupal stapges) are given by
Egg stage

dEge E{r})
= - = MF
ar W e ( X /.

- (ﬂ‘gs + Fﬁs}Ess.

dE Eit
;S=W{WP.+'?.P;:|( —K—;)Jr"’f—{“gs"‘“gsmﬂ- 2.3)
dE E(n)
- =w;pm( __() M7 —(og® + ug*)Egg.
i Keg /s
Larval stage:
ILsS _ 85 Bgs — (o5 + S + e, CubpL
3~ °E Bss —lept T +Ebd)hss,
dL
T”:n'gjf:f”—[ﬁfs +up + e, Cpll — huddy 1Ly, (2.6)
dL
- =5 Exn— [of " + ™ + e, CL (1~ wby Ly
Pupal stage:
d P,
_d‘:""' =o; Lgs— oy +4y° +e.Cp8p)Pgs,
dP,
TH=5FLH_[5PRS + ol 4 e Cp (1 — hu)By Py, (2.7)
dP,
d:m =oF R Lpp— [oF% 4 uf® 4 e, Cp (1 — wdp | Py

In {(2.5), (6], (2.7}, the parameter y is the rate at which eggs
are laid by adult female mosquitoes and the quantities g, and g, are
the allele frequencies defined in (2.4). The environmental carrying
capacity of eggs is denoted by Kg, and the notation (r), = max{0,r}
is used in the first term of each of the equations in (2.6) o ensure the
non-negativity of the logistic egg oviposition term. The parameter u;
(j=E,L P,andi=55, RS, RR) s the natural death rate of mosquito
(of specific genotype). Similardy, o (j= E,L, P and i = §5, RS, RR)
is the development rate (or hatching rate if j = E) of mosquitoes (at
life-cycle stage i of genotype i). The parameters §; and §p represent
the maximum insecticides-induced mortality rate for larvae and pupae,
respectively (Le., §; and &, measure the maximom effectiveness of
larvicides to kill immatire mosquitoes at the larval and pupal stages).
Furthermore, Cp (with 0 < Cp < | and £p represent the coverage and
efficacy of larvicides, respectively). Similarly, w (with 0 < w < 1) is
a modification parameter accounting for the assumed decrease in the
mortality rate of the RR-genotype mosquitees (larvae) doe o the use of
insecticides (and larvicides), in comparison to the insecticides-induced
death rate of adult mosquitoes of §5-genotype. Further, h(0 < h < 1) s
a modification parameter accounting for the measure of the dominance
of the resistant allele over the sensitive allele (Le., A = | models the
case where the resistant allele is dominant, and & = 0 represents the
case when it is recessive). Hence, the quantity | — hu is a measure of
the reduction of the efficacy of insecticides to kill immature mosqud toes
with resistant alleles.

2.2.2 Adult mosquitoes
The differential equations for the dynamics of adult (both male and

female) mosquitoes are given by:
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Adult male mosquitoes:
dM T,
> = (1-r)oy" Pss — (un" +£aCab )M,
dM;‘S &S &S
= = (=)o Pys — R +e,4Ca(1 - hu)d, 1M, (2.8)

dMgy RR RE -
Gt = U=rlep Prr— [, +eaCall —w)iy My,

Adult female mosquitoes:
dS.;'-s 5 T i 5 f
= =795 Pss — (g + 3y )855 — (7" +ea(Ca +Cadba)Sss,
"’E.;s T e gt 5 f
= = (A, + 15080 — Oss + a5 +£4(Cp + C8E] o,
digs 5 5 s
- =O5sEg; — uF +£4(Cp + CEOI L,
ds’

RS Ly
—B R P — (A + B )S)

dt
— 1B + £ (Cy + Cy N1 — b IS,
dEps s r i
= (U, + 2y )Sps — Bps + 5 +64(Cy +Co)1 - ), JEL,
(2.9)
diy i RS f
o = OrsEgs — [ +€4(Cp + Co)1 - )by 113,
d5f .
RE I
Tar ‘,J;RPH_“’;F + Ay )Spn
— [uER 4 £4 (Cy + C1 - 4)SE
dE;n FaalET F RR I
F7 u-;"r + -"-g'pr}-SRR —[Ogr + by + £4(Cp +Ca)1 - H}EA]ERR:
F
dl

Rk
dt
In {(2.8), (2.9)}, the parameter r represents the proportion of new
adult mosquitoes that are females and Ap, is the rate of malaria
transmission from an unprotected infected human host to a susceptible
adult female mosquito (of i penotypes). Similarly, ji;,, is the rate
of malaria transmission from a protected infected human host to a
susceptible adult female mosquito (of i genotype). The parameter &y is
the death rate of adult mosquitoes due o the wse of insecticides (e, 5,
measune the effectiveness of adulticiding in ldlling adult mosquitoes of
all genotypes). The parameters Cy (with 0 < C; < 1) and £, (with
0 < gy = 1) represent the coverage and efficacy of adulticides (to kill
adult mosquitoes) in the community. Natural death rate of adult male
(female) mosquitoes of i-genolypes occurs at a rate ;Hm{_;HJ,L Exposed
adult female mosquitoes of each genotype become infectious at a rafe

& (with i =55, RS, RR).

= OrrEps — [ + £4(Cp + Ca)1 — Wiy 1L,

223 Humans
The differential equations for the dynamics of malaria in the human
host population are given by:
dSg 5 ®
— P _ ang' +§H'Rg'- _{jigg' +jVP':' +j$!E}SEP_ FH"SH',’
dEg
dt
dig
T- =ogEg, —(rg + pg + gy,
dRy
—r = rala, — g +#p)Ry

=Gl + 4y + 4 )S g — (o + i) Eny,

(2.10)

o = U-Cpllg +EgRy, — &y pSy, — kg Sy,

—— = dyySm, — (eg + pe)Em,,
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dlg
Tdt
dR
dt
In (2.10), Ty is the human recruitment rate (due to immigration or
birth) and Cp is the proportion of protected humans. The parameter £y
represents the rate of loss of temporary immunity acquired from prior
malaria infection (l.e, the rate at which recovered humans become
fully susceptible again). Susceptible unprotected (protected)-humans
acquire malaria infection, following effective contact with an infected
female Anophees mosquito (of i-genotype), at a rate i}r(‘i‘iv}*Hm
in all epidemiological compartments are assumed to suffer natural
death at a rate ugy. Exposed humans develop clinical symptoms of
malaria, and become infectious, at a rate of sg. Ihfectious humans
recover (naturally) at a rate of yg. A schematic diagram of the model is
depicted in Fig. 1, and the state variables and parameters of the model
are described in Tables 1-4. The model {(2.5){2.10)} is an extension of
several models that study the spread of insecticide resistance in vectors
(in response o the community wide use of chemical insecticides, such
as ITNs, IRS, or larvicide) and /or its impact on disease dynamics (such
as those in [15,22,25-31,44-47]) by, inter alia:

i coupling malaria epidemiology in humans (by including the dy-
namics of mosquito populations and humans) and population
genetics (malaria epidemiology and genetics are not simulta-
neously considered in [15,22,25-31 44-47]). This allows us to
investigate the disease dnamics and evolution of insecticide
resistance simultaneously (epidemiology and population genetics
are not simultaneously included in the models in [15,30,31,44—
471%

il explicitly incorporating the dynamics of aquatic/immature
mosquitoes (these are not included in the populaton genetic
models in [15,30,31], or in the population-level mathematical
models in [15,30,31,44,45,47], or in the coupled model in [22,
2491 incorporating this feature allows us to realistically model the
impact of larvicides on the spread of insecticide resistance and the
disease (these are not included in the population genetic models
in [15,30,31], or in the populaton-level mathematical models
in [15,30,31,44,45,47], or in the coupled epidemiology-genetic
model in [22,267);

il explicitly including the dynamics of the male mosquite popu-
lation (these are not included in the population genetic model
in [31], or in the populationlevel mathematical models in [31,44,
45,471, or in the coupled epldemiology-genetic model in [22,257);

iv. incorporating the fitness cost of resistance by reducing fecundity
(growth rate) and increasing natural mortality in heterozygous
and homozygous resistant mosquitoes (these are not included in
the models in [31,44,45471%

v. incorporating a parameter for the level of dominance (&) that
measures of the relaivwe posifion of the RS-genotype relative
to the §5- and RR-genotypes in terms of their sensitivity to
insecticide (this is not included in the models in [259,31,44-47]).

Furthermore, the model {(Z5-(210)} extends the coupled
epidemiol ogy-genetic model in [22] by:

(a) including the dynamics of aquatic/immature mosquitoes (this is
not included in [22]). This enables us to realistically investigate
the impact of vector controls at aquatic stage (such as larvicides)
on the spread of insecticide resistance and the disease;

(b) including the dynamics of male mosquitoes in the model {(2.5)-
(2107} (this is not included in [22]). This enables us to explicitly
include the fimess costs/benefits of resistance alleles in the male
mosquito to malaria epidemiology and o investigate their impact
in the evolution of insecticide resistance and spread of the disease;

(c) incorporating protected (unprotected) human compartments in
accordance to their bednets usage (f.e, whether or not they sleep
under an LLIN). This was not incorporated in the model in [22],

=ogEg, —(rg +ug +6gly,,

=rgly, — g +uglRy,.
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Aguatic Mosqguito Stage Adult Mosguito Stage Human Population
Eggs Larvae Pupae Adult Female Adult male
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Fig. 1. Flow disgram of the model {(251-(210)}, where BE,, BE, and BY, are given, respectively, by BE (1) = way(f)gait) {1 - 20 | Blsin = w [apinipain) + auinpsi] (1- 22

and BE0)=wpripa(n (1- 22} .

humans were stratified as those who use LIINs properdy (low-
risk group) and those who do not Chigh-risk group). Incorporating
this feature allows us o monitor changes in disease burden as a
function of LLIN coverage and efficacy;

(d) incorporating a new nonlinear genotype-specific mosquito biting
rate function (b)), which depends on LLINs coverage (Cp) and
genotype-specific LLINs efficacy (], where i = 55, RS, RR) into
the developed model {(2.5)-(2. 100} (linear biting rates were used
in [22,36,41,48-51], and no genotype-specific LLINS efficacy is
incorporated in [41,48-517). Adding this novel feature into the
developed model allows us to investigate the impact of the non-
linear relationship between bednets coverage and the mosquito
genotype-dependent bednets efficacy (in addition to adding real-
ism to the modeling of malaria ransmission dynamics).

2.3, Basic properties

The basic qualitative properties of the model {(2.5-2100} are
explored in this section, with the positivity and boundedness of the so-
lutions of the model established. It is convendent to group the variables
of the model {(2.5){2.10)} as follows:

By = (Ess. Lgs. Pss. Egs, Lys. Prs. Egp. Lr. Prz) -
! I r
B, = [Ss.r' Egedsg HE-’;),
FoF F I F
B, = [Sfam Epg-Ips- H:Ts) - By = (Snm Epg-! ppe H:Tn) '
Bs = [SE_.E;r,,f;r,,RE_.SE_.EE_JE_.RE,)-
Consider the feasible region £2 = £ UL, ULk U2, 002, and the vardables

Bit) = Bylt) u Bylt)u Byl u Bylrh v Byit) of the model {(2.5-(2.10)},
where:

(2.11)

9 .
£ = {B1eR] : Ess= Kp,Lss = Ly, Pss < Pog, Egs = Kg,

Lps = Lo Prs = P Epg < Kp, Lpg = L. Prr = P},

+

roeas pe
512={52ER4+7-“53(T}5% :
1
ro S peo
533={53en4+m”m5% \
R pe (2.12)
.ﬂ4={ﬂ4eR“+ Agglf) g L ”},
3
Mg
Q2= eR i Ngin<s—,
5 {BS + H gy
with,
5 RS
I _"i Ke pe or Lss I ="§SKE _n Lis
55 K'I r 755 Kd. * “RE K * RS Kj b
LA, o,
L = =
RR K3 * “RR Kﬁ b

Ky = o £, Kym ol 445, Kym ol 4 2%
Ky = :rfs-l-pfr +egCrdy,

K; = :rfs +pfs +ep Cp (1l — tudby, K= afa -I-jlfR-I-ELI':L(].— uldy
K; = :rfs-l-pfr +egCrdyp, Ky= afs +;.|:§5 + e Cpil — hu)dp,

Ky = I:Ff,,ut +‘;.'§:t + e Cpll —ullip,

Ky = p‘i‘s" +hge,Cy, Kyp= p'fs + 01— hulbge Cy,

K1z = pi® 4 (1 —uwdbaeaCa,

K3 = F_’F +8464(Cq +Cp), Kyy=0s5 + J-lfs +da£4(Cq +Cp),

Kis = i 4 (1 - hu)de,(C, +Cy),

Kig = Ops + 1% + (1= hudiye4(Co +Cy),

Ky = up" +(1—u)bye,(Cy +Cy),

Kig = Opp +pyp" + (1w (Co +Cp), Kio=og + g,

Kx = yg +6g +pg, Kn=<I{g+nn,

@ = min{Ky, K3}, @ =min{Ky;, K5} and @5 = min{Kp, K7}



I Mohanmed-Awd, EA. Thal and AR Gumel

Mathermatical Bioerismees 325 (2020) 108568

ﬁ;ﬁm of indecticide-independent mequito-related parametens of the model {(2.5-(2.10) }.
Parameles Tt rore it od Range (day ") Baseline (day ')  Reference
Tmfatiere mosdgitees
w Production (laying) mte of egm of all genotypes 054 4 [24,38]
K, Envimnmental carrying capacity of eggs 108 — 10% 1x 107 [22,39]
wis Mortality mte of egg of 55-genotype QLOS0E-0.0912 0.0760 [24]
uns Mortality mmte of egg of RS-genotype 00760114 135 % g [22.24]
Mo Mortality mte of egg of RRE-genotype 0106401596 175 % g [22,24]
us Mortality mate of larvae of 55-genolype 0060800912 00760 [24]
uns Mortality mate of larvae of R5-genotype 00760114 135 % g [22.24]
Mo Mortality mte of larvae of R R-genotype 0106401596 175 % g [22,24]
us Mortality mate of pupss of 55-genotype 0060800912 00760 [24]
uns Mortality mate of pupss of RS-genolype 00760114 135 % g [22.24]
e Mortality rate of pupss of RR-genotype 0106401596 175 % g [zz24]
r- Development mte from eggs to larvae of S5-genotype 033-1 0.5 [24,38]
r Development rate from eggs to larvae of RS-genotype 026408 T Wt [22,24,38]
o Development mte from eggs to larvae of RR-genolype 01890571 ﬁ wany [22,24,38]
o Development mte from larae to pupae and of SS5-genotype 033-1 0.14 [24,38]
o Development rate from larvae to pupae and of RS-genotype 026408 T et [22,24,38]
o Development mie from larae to pupae and of RR-genotype Q1850571 ﬁ wets [22,24,38]
r- Development mte from pupas to adult mosquitoss of 5 S-genotype 033-1 0.5 [24,38]
o Development mte from pupas to adult mosquitoss of RS-genotype 0.264-0.8 é sy [22,24,38]
o Development mte from pupae to adull mosquitoes of R R-genotype 0.185-0.571 T Mot [22.24,38]
Adlt mosquitoes
r Proportion of new adult mosquitoes that ane females 05-08dimendonles) 0.5 [z 24,3E]
P Watural desth rate of adult male mosquitees of 5 5-genotypes - : [40]
s Watural desth rate of adult male mosquitoes of RS-genotypes 2-= 135 % 5% [22.41]
P Watural desth rate of adult male mosquitoes of R R-genotype: = 175 % 5% [22.41]
= Watural desth rate of adult female mosquitoes of 5.5-genotypes - = [41]
il Watural desth rate of adult female mosquitoes of RS-genotypes 2-= 125 pf¥ [22.41]
nn Watural desth rate of adult female mosquitoes of R R-genotypes = 175 % pf¥ [22.41]
Brx Progression rate of exposed adult female mosquitoes of S5-genotype to infections stage  0-0.1 0.1 [24,38]
Bux Progression rate of exposed adult ferale mosquitoes of RS-genatype to infections stage  0-0.125 135 % fgx [22.24,38]
Bun Progression rate of exposed adult female mosquitoes of RR-genotype to infections stage  0-0.175 175 % fgx [22.24,38]
B Maximmem adult mosquito biting mte 04 2 [zz.30]
B Trammison probability from infections humans o susceptible mosquitoes u2-0u05 048 [22]

Lemma 2.1. Each component of the solution of the model {(2.5-(2.107}

subject to non-negative initial conditions, remains non-negative and bounded
foral ¢ =0.

Proof. It should be noted, first of all, that the rdght-hand side of each
of the equations of the model {(2.5)-(2.10)} is continuous and locally-
Lipschitz at ¢+ = 0. Hence, a solution of the model with non-negative
initial conditions exists and is unique in £ for all time ¢ > 0 (see
also [24,38]). Furthermore, since | 1 — ? =0, it follows from the
sub-system (2.5) that E() < Ky for all time 1 > 0, Thus, it follows from
(2.1) that Egg(f0) < Kg, Epgit) = Kp, and Egg(t) < Kg forall ¢ = 0.
Similarly, it follows from the second sub-system (2.6) that (where a dot
represents differentiation with respect to time 1)

Lgs=op Egg—lo]° +Cpbp + a7 Mgs <oy Kg
— (a7 + Cpbp + i )gy,

£}
df Kg =L
K, ~ &5

so that limsup, ,  Lcclt) < Using a similar approach, it

el Y
can be shown that limsup, . Lggif) < —‘xl—‘ = Lyg limsup,_, . Lgglt)

aRR gy o . a5 . .
< _tr = L}, limsup,_, Foo = —i—ﬂﬁ = Py limsup,_  Fpo =
AL : AL
L = Pl and limsup,_ P =< T = Py .. That is, all

solutions of the sub-system (2.7) are bounded for all time ¢ = 0.

For the boundedness of the solutions of the sub-systems (2.8) and
(2.9), we consider the following equations (for the rate of change of
the total adult mosquito populations by genotypel:
Ass =03 Pos — Qi Ass < 03" Pog — Q) Ags,

Aps = o) Prs — Qodgs < o Pho — OaAgs,
App =0} Ppp— QsApp < op Py — Osdpy,

(2.13)

where, Agg =S5 + Bl + 11+ MP, Apo=Si v EL 410+ M7

and Apg = Sk + ELy + I}, + M. It follows from (2.13) that
F

o s pe
lim sup A 5gif) £ ———n
I—+co Q]
Rpo

o PRy

o Pis
2

, limsup A ggif) < arwd
1+

lim sup A gglf) < (2.14)

T+ 3
Hence, the solutions of the equations of the sub-system (2.9) are
bounded for all time ¢ > 0.

Finally, consider the equation for the rate of change of the total
human population, given by:

Ng= g —ppgNg—égllyg +1p )<y — ugNg, (2.15)

from which it follows that limswp,_,  Nif) < 05 | Thus, the solutions
of the sub-system (2.10) are bounded for all ¢ >0, Since the solutions
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Table 2
Deseription of ingecticide-dependent mosquito-related pamameters of the model {(2.5-(2.100}
Parameles Tnber presta ton Range (day ') Baseline (day) Ref.
Tt mosquiioes
& Larvicide-induced death rate for larae 0.672-1.01 0.84
S Larvicide-induced death rate for pupae QET2-1.01 0.B4
&y Tnsecticide-induced death mie for adult mosgboes QET2-1.01 0.B4 [zz,30]
At ooy Do
u Modification parameter accounting for the samed decresse 0-1 Varied [z2]
in the momality rate of adult mosquitoes of RE-genotype
due to the we of insecticides (larvicides and adulticides),
in comparison o insec ticide-induced mortality mte of
adull mosquitoes with 5.5 -genolype (0 <wu< 1) 0— 1 {dimensionles) [ [zz,30]
h Muodification parameter accounting for the measure of the
dominance of the resistant allele over the sensitive allele O-1{dimensionles) 0.25 [22,30]
M=h=1)
Cy Proportion of howses (indooms) sprayed with adulticides 00— Tfdimensionles) Varied
MeC=1)
Cp Proportion of mosquite breeding sites sprayed with larvicides 0— 1 {dimensionles) Varied
£y Efficacy of adulticides (0 <y < 1) 0— 1 {dimensionles) 0BS5S [42]
£y Efficacy of larvicides (0 <e, < 1) 0— 1 {dimensionles) 0BS5S [42]
25 Efficacy of LLINg (0 < £, < 1) to protect humans 0.2 — 1 {dimensionless) 0.85 Estimated [43]
from bites by mosdquitoe: of 5.5 -genolype
£ Efficacy of LLINg (0 < £, = 1) @0 probect hmans 0— 1 {dimensionles) é.r;’ Estimated [43]
from bites by mosdquitoe: of R.S-genotype
I::r Efficacy of LLINs {0 < £, < 1) to protect humans 0— 1 (dimensionles) %.r: Estimated [43]
from bites by mosdquitoe: of R R-genotype
bii= 55, RS, RR) Average biting rate for mosquitoes of i-genotype 0 by < b Varied Computed based on
vahses of el Cp
and b
Table 3
Deseription of human-related pammeters o the model {(2.5)-(2. 100k
Pammeters Interpretation Range (day') Baseline (day') Ref.
m, Human recrsitment rate (due to birth or immigration) 2-55 219 [z, 38]
[ Proportion of humans who wse bednets (LLINS) (0 C, < 1) 0 — 1{ dimensionless) Vared
By Transmision probability from infectious mosquitoe: o asceptible hmans OLDT-0.05 | dimension] es) 014 [22]
My Natural death rate for hmans /(50 365) — 1/ (70 x I65) 1,60 % 365) [3E]
S Disease-induced death mte for hemans 7.2 - 108x 10 9% 10 [22]
- Rate of development of clinical symptoms of malada 1/17- 114 1/14 [2z38]
Eu Rate of loss of natural immnenity for humans 565 102 [22]
Yo Recovery rate for humans 1/1500— 1,/100 1/30 [24,38]
Table 4
Deseription of sate vadables and fomes of infection of the model {(2.54210)}
State variable, i = |55, RS, RR) Tvbeer e Lt o
E, Number of egg of i-genotype
L, Number of larvae of i-genotype
P Number of pupse of Fgenotype
.5‘;' Number of smeeptible female mospuitoes of Fgenotype
Ef Number of expoted female mosquitoe: of i-gemnotype
r:r Number of infectious female mosquitoe: of -genotype
HrI Total number of adull female mosquitoes of -genotype
Mr Population of adult male mogquitoes of i-gemotype
Epr Sy Number of protected {unprtected) ameeptible humans

E pyplE ) Number of protected (unpmtected) expored (infected but not yet infections) humans
Ty Number of protected {unpmtected) infectious (armpomatic) humans

Ry (R gy} Number of protected {unpmtected) meomered hmans

Fomee of inkection, i = [55, RS, RR] Tnber presta ton

J'm.(l:,] Unprotected (protected)-humando-vector (of i-genolype) malaria tmnsmission mie

(4,

Vector (of i-genotype)-to-unprotected (protectedFheman malaris tansmgdon rabe

of the three sub-systems of the model {(2.5}(2.10)} are bounded, it
follows that the solutions of the full model {(2.5)42.10)} are also
bounded. [

Theorem 2.1. The region £2is positivey-imwariant and attraces all solrions
of the model {(2.5-{2.100}%

Proof The proof for the invariance of the region 2, follows from the
bounds established in Lemma 2.1 and the fact that Eif) < 0 whenever
E(f) > Kg, Lgg(t) = 0 whenever Lgglf) > L5 and L(f) < 0 whenever

Lit) = L} (i = RS, RR), respectively. For the invariance of the regions
£2,, £3, and £2,, it can be seen from the equations in (2.13) that A”-:D

#55
whenever Agg(i) > Q?-"' AH-:theneerHm}‘ '—“'a.nd
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Frhe
522, for all t > 0. Finally, it follows

from the equation for the rate of change of the total human population
(2.15) that Ng < O whenever Ngif) > %: Thus, the region s is

Aggp < 0 whenever Aggif) >

invariant with respect to the sub-system (2.10) of the model {(2.5)-
[2.10)}. Since the sub-regions (i = 1,2,3,4, ) are positively-invariant
and attracting with respect to the model {(2.5)-{2.10)}, it follows that
the region £2 is positively-invariant and attracting with respect to the
model {[2.5-(2.100). [

3. Existence and asymptotic stability of disease-free equilibria

In this section, the existence and asymptotic stability property of the
disease-free equilibria of the model {(2.5-(2.100} will be explored.

3.1. Existence of disease-free equilibria

It is convenient, first of all, to define the following:

5 _§5 5§ RS 5
Reg= YELTE o _E LT
K\KyK7Kyy o KiKsKpK s
RE _RE_RR
R % ap oy (31)
BRE T TR K KoKy
KKK 7

The threshold quantity R, (for i = 55, RS, RE) represents the average
mumber of adult mosquitoes of genotype-i produced by an adult female
mosquito of the same genotype during its 1ifetime.

The model {{2.5)(2.10)} has the following disease-free equilibria:

(i) Trivial disease-free equilibrium (T DFE), given by:
T = (D,D,D.D.D,D,D,D,D,D.D.D,D,D,D,D,D.D.D,D,D,

55,,:0.0,0,5%,0,0,0),

= (u,u,u,u,u,u,n,u,u,u,u,u,u,u,u,u,u,u,u,u,u,

xmﬁ‘u_u) i
Hyp

The equilibrium T, is ecologically unrealistic (since it is associ-
ated with the total absence of mosquitoes in the commumnity).

Hence, it is not qualitatively analyzed.
(i) Non-trivial sensitive-only disease-free equilibrium (NTSDFE),

given by:

T = (E;s.u.u, L}5.0.0,P}5,0,0,MP%,0,0,5£5,0,0,0,0,0,0,0,0,

C*””uuu
000

Cp Ty 0.0.0 (1 — Cp)iT DDD)

HE M
where,
55 5
E.._KE{R I}L‘—EE}SF—EEL}S
= 55— i = 2 = »
L 55 K, 55 K
5 5
o (1=Thog Pes e T Py
HS.T:—HMSSS:—'
Ky Kz

(iif) WNon-trivial resistance-only disease-free equilibrium (NT RDFE),
given by:

T, = (u.n. 0.0, L. 0, Pry. Pr. 0,0, M3,0,0, 557,0,0,0,

Cp IT | = Cpll
0,0,0, 588 g0, L =Cs) ”,u,u,tv).

Hyg Hy
where,
RE s RE y &%
e K (Rpg—1), Lyt = “E_RR pas _ °c Lrr
RE R + Lrr K, = Rk Ks "
R s Rpes
m_{l_']“’ﬁ Pax _m_”‘g Pex
RR = —a.ndSH =—
K3 Kz
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(iv) Non-trivial co-existence disease-free equilibium (NTCDFE),
given by:

= S48 OAES  OERE  §asE TS T aEs e & e Hidd
rﬂ - (E..'i'..'i"EH’ERR’LSS’LH‘LRR‘PSS ’PES"PRR ’H..'i'..'i'

T ¥l ¥l
Mye™ M, S0°,0,0,553,0,0, 552",
IT 1 - &ur
u,u,‘f—,n,u,u,ﬁ.u.u,u],
Hr Hr

where,

MEIet =0, My =0, M5 =0, ST >0, 81 >0, s/ >0,

Kp K. Kyg** -1 hat
E™* — E™2 34} q;“{RC ) “=ﬂ P} +P:t“ E™*
55 R Ry T RS T K, q;_“ o | s
- 5 5
goos - KVTTE s oo _TE e jese S paee
RE K3 q}“q:“‘ 55 5% Kq. 55 RS K} RE*
L*¥* — EEM (3.2)
kR = K, CRR
5 EFH EFRR
P L L‘“, P L L‘“, P L L‘“,
55 K7 55 RS Ky RS RR Kq RE
with,
sty g S+ bsf
5= o7 T Foor B =57 T Fans"
£ . . T . .
S..'i'..'i' +SR.5' +SRR S..'i'..'i' +SR.5' +SRR
weans 1oy pmmas
& = Mes +3Mps
= T - E
" H..'i'..'i' + HRS + HRR
ME 1 pymess
RR 1I""RS
= (3.3)

- LY LT hka T
Mg +Mpo + My

Re = Rssay "qu +Res(py an " + 50 ar ")+ Rerpy P s
Re = K Kaai @ + K Ks(p " + 1.7 a5™) + Ky Kol o0

The results below follow from the expressions and inequalities given in
{(3.2), (3.3)}.

Theorem 3.1, The model {(2.5—(2.107} has a:

(1) Trivial disease-free equilibrium (T,), which always exists.

(i) Non-trivial sensitive-only disease-free equilibrium (7,) if and only if
Reg= L

(iif) Non-trivial resistant-only dissase-free equilibrium (T5) i and only if
Rpp = L

() Non-trivial co-existence disease-free equilibrium (T,) if and only if
O<pi*™ gi* <1 (i=f,m)and R > L

3.2 Asymptotic stability of disease-free equilibria

Let, without loss of generality, T, be a generalized non-trivial
disease-free equilibrium of the model {{2.5)-(2.10)} (it should be noted
that each of the other three disease-free equilibria of the model, T, T;
and Tz, can be recovered from Ty).

3.2.1. Local asymptotc stability

The linear stability of the generalized non-trivial disease-free equi-
lbrium Ty of the model {{2.50-(2.101} can be established using the next
generation operator method [52,53] on the model {(2.5-(2.10)}. The
following ordering is wsed for the infected compartments:
(E“;_.j.,I‘;.-S,E:{S,I:{S,E;-R,I;R,EE‘,IE‘,EE_,IE' Using the noation
in [53], the next generation matrices, F and V for the new infection
terms and the remaining transfer terms, are given, respectively, F in
Box I,
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The reproduction number of the model {(2.5-(2.107} (denoted by Ry)
is given by [53]:

Rq=p(FV )= \/%nw (Rn, +y R, P +Rn1) :

-
g

(3.4

faeg
EKpky "

= PosBy,, + PrsBa,, + fpaPyo,,-

Ro, = 4Ca(1 - Cy) [Rag,Roy (bss — bas) + Ry Roy, (bss — ban)?
+ By, B, (bpp — bu'}zl .
with,
Bss=Cplys +(1-Cplb . Bpo=Cpbyg+(1-Cpbl,
frr = Cabpy + (1 — Co)bny,

R, = ;ss:gi;;;“ L ;H:gi;“
ahiakg akiskyg
Ry = ﬁrﬂnnﬂnsﬂﬂ
W KK

The results below follows from Theorem 2 in [53].

Theorem 3.2. Consider the model {(2.5)-(2.100} with 0 < p}**, g'** < |
(i = f,m) and R, > | (5o that the non-trivial co-existence disease-free
equilibrivm (T,) exists). This equilibrium is locally-asymptotically stable if
Ry = 1, and unstable if Ry > L

The reproduction number R, measures the average number of
secondary infections generated by one infected human (mosquito of
either of the three genotypes) introduced into a populaton of suscep-
tible mosquitoes (humans) in a commumnity where the aforementioned
three insecticides-based interventions (larvicides, IRS and LLINS) are
implemented [53]. The epidemiological implicaton of Theorem 3.2 is
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that, for the special case of the model {(2.5(2.10)} where the non-
trivial co-exstence disease-free equilibrum (7Ty) exists, a small inflhux of
infected individuals (or mosquitoes) will not generate a large malaria
outbreak in the community when the reproduction mumber of the
model (Rg) is less than unity. In other words, for the special case of
the model where the non-trivial co-existence disease-free equilibrum
exists, malaria can be effectively-controlled in the commumnity if the
initial sizes of the sub-populations of the model are in the basin of
attraction of the non-trivial co-existence disease-free equilibdum (7)),
For effective malaria control (or elimination) to be independent of
initial sizes of the sub-populations of the model, a global asymptotic
stability result mst be established for this disease-free equilibrium.
This is done in Section 3.2.2, for a special case of the model.

It is convenient to define the following penotype-specific threshold

quantities:

Rﬂs's:ﬁ,l'ng"nﬂﬂ and Ry, =4/ RavBg,, -

The quantity R, (Ry,,) Is a constituent reproduction number of
the model {(2.5)—2. 107} which measures the average number of sec-
ondary infections generated by one infected human (mosquito of 55-
genotype [ RRE-genotype)) introduced into a population of susceptible
mosquitoes (humans) in a community with sensitive-only (resistant-
only) mosquito population. Noting the definitions in (3.5), the follow-
ing results (Theorem 3.3) can easily be recovered from the proof of
Theorem 3.2,

(3.5)

Theorem 3.3. Consider the model {(2.5)-{2.10)}.

{0 If Rgg > |, then the NTSDFE (Ty) & locally-asympiotically stable
if Ry, < L, and unstable if Ry, > L

(@) If Ry > |, then the NTRDFE (T is locally-asympiotically stable
if Ry, <L ond umstable if Ry, > L

3.2.2 Global asymptotic stability
The global asymptotic stability of the generalized non-trivial

disease-free equilibdum (7,) will be explored for the special case of
the model in the absence of disease-induced mortality in the human
host population. That is, we will explore this result for the special case
of the model {(2.5{2.100} with 65 = 0. It is convenient to define the
threshold quantity Roe = Rgls,—o We claim the following result:

Theorem 3.4. Consider the special case of the model {(2.5-(2.10)}
with 5 = 0 FRo > 1 and 0 < pi**, g < 1 (i = f,m) (s0 that the
NTCDEE exists), then the non-trivial co-existence equilibrivm
(T,) is globally-asymptotically stable in £ (T, T, UT;) whenever Ry < L

Proof The proof of Theorem 3.4, based on using a comparison
theorem, is given in the Appendiz [
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The epidemiological implication of Theorem 3.4 is that, for the
special case of the model {(2.5)-{2.10)} with & = 0 (and conditions for
the exstence of the non-trivial co-existence disease-free equilibrium,
Ty, are met), bringing (and maintaining) the reproduction number
Koo to a value less than unity 5 necessary and sufficient for the
effective control (or elimination) of malaria from the community. In
other words, the insecticides-based control strategies adopted in the
community (l.e, larvicides, IRS and LLINs) can lead to the effective
control or elimination of malaria if they can reduce (and maintain)
the reproduction number R, to a value less than unity. The following
results can also be recovered from the proof of Theorem 3.4:

Theorem 3.5. Consider the special case of the model {[ 2.50-(2.10)} with
G =0.

@ If Rgg > 1, then the NTSDFE (T,) is globally-asymptotically stable
in Q% (T, U T3 UTy) whenever Ro,, < 1.

(i) If Rpy > |, then the NTRDFE (T,) is globally-asymptotically stable
in QN (T) U T, UT,) whenever Ry, < 1.

4, Numerical simulations

In this section, numerical simulations of the developed model
{(2.50-(2.107} will be carried out to primarily quantify the extent and
impact of the interactions of the three insecticide-based anti-malaria
control strategies (larvicide, LLINS and IRS) on disease control and re-
sistance management. Simulations will also be carred out to assess the
impact of the parameter governing the number of new adult mosquitoes
that are females (r) and the initial frequency of resistant allele in the
community. The simulatons will be carried out using data from the
Asendabo Health Center of the Jimma Zone in Southwestern Ethiopia,
The health center serves an estimated population of 49,817, and Jimma
Zone is considered to be an area of high malaria transmission (with
estimated malaria prevalence of about 32.4%) [22,54].

4.1. Parameters and inital conditons

4.1.1. Human demographic parameters and initial conditions

Based on the data for Jimma Fone presented by Demissie etal. [54],
the following initial values for the number of humans in the various
epidemiological compartments of the model (Le., the sum of both the
LLINs-protected and LLINs-unprotected individuals in each epidemio-
logical compartment) are chosen (it should be stated that we split the
total malaria-infected human population into 12% exposed and 20.4%
infiec ous):

5g(0) = 23,916, E5 (D) = 5,977, I 5(0) = 9,964 and Ry (0) = 9,962.

Thus, when an LLINs intervention program is implemented in the
community (at a coverage level Cp), the initial values for the number
of humans in the varous epidemiological compartments becomes:

Sp,0) = CpSyll), Eg 0) =CpEg(0), Iy (0) =Cglgl0),
Rg @) = CgRyll),

Sg.0 = (1-CySy),Eg 0)=(1- CpEZD),

Ig© = (1-Cyplgl),

Ry @ = (1-CyRyi).

Following Mohammed-Awel and Gumel [22], the human recruitment
rate parameter (ITy) is estimated based on the above mentioned total
population size of the Jimma zone and the average human lifespan
in Ethiopia (65 years), and is set at 2.19 per day. The value of the
maximum adult mosquito biting rate b is set at 2 bites per day for
this transmission setting [22]. Other parameter values chosen for the
simulations of the model are as given in Tables 2—4 (unless otherwise
stated).
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4.1.2 Inidal distribution of mosquitoes by genotype

The initial mesquito population to be used in the numerical simu-
lations of the model is stratified based on the level of the frequency of
resistant allele (p(0) and p,, (D) for female and male mosquitoes, respec-
tively) in the malara-endemic community. We consider the following
three levels of frequency of the resistant allele in the community:

Low level of frequency of resistant allele: for this level, we assume
10% of the mosquitees carry the resistant allele, while the remaining
0% carry the sensitive allele. It should be recalled that the allele
frequency for immature (adult) mosquitoes is calculated by adding the
total number of immature (adult) homozygous resistant mosqud toes
to half the total number of immature (adult) heterozygous resistant
mosquitoes and the result divided by the total number of immature
(adulf) mosquitoes in the community. To achieve the low level allele
frequency in the mosquito population (with 10% of mosquitoes carry-
ing the resistant allele (Le, p(0) = p (0} = 0.1}, and the remaining
90% carrying the sensitive allele (Le., g,({0) = g,0) = 09)), the
following initial values (with femalemale sex ratio 52:48) for the
various mosquito (immatire and adult) populations (by genotype) are
chosen:

Ess(0) = 866,667, Eg 5(0) = 66, 666, Egg(D) = 66, 667,
Leg(0) = 734,933, Ly, o(0) = 36,534,

Lpg(0) = 36,333, Pg () = 624,000, Ppo(0) = 48,000, Ppe(0) = 48,000,
Mgg(0) = 60,667,

Mps(0) = 4,666, Myy(0) = 4,667, 57 _(0)= 43,333, Ef _(0)=3,334,

1o = 3,333, (4.1)
S (0) = 9,167, Ef _(0) = 1,666, 1] (0) = 1,667,857 (0)=19,167,
Ef,(0) = 1,666,

1},0) = 1,667.

Moderate level of frequency of resistant allele: here, following the
report in [22,259], we consider 37.5% of the local mosquitoes to carry
the resistant allele (fe, p (0) = p (00 = 0.375), while the remaining
62.5% carry the sensitive allele (Le., gp(0) = g(0) = 0.625). In this
case, the following initial values (with female:male sex ratio 5%:41) for
the various mosquito populations (by genotype) are chosen:

Egg(D) = 500,000, Ep, £(0) = 250,000, E (00 = 250,000,

Lgg(D) = 424 000, Ly (D)= 212,000,

Lpp(0) = 212,000, Py (0) = 360, 000, Py o (00 = 180,000,

Ppp(0) = 180,000, M (0} = 35,000,

Mps(0) = 17,500, Mpg(0) = 17,500, 57 (0) = 25,000, E(0) = 12, 500,

100 = 12,500, (4.2)
570 = 12,500, Ef ) = 6,250, 1/ . 0) = 6,250, 57 (0) = 12, 500,

E! (0) = 6,230,

1},0) = 6,250.

High level of frequency of resistant allele: here, we consider 80% of
the mosquitees to carry the resistant allele (Le, p (0) = p (0) = 0.8),
while the remaining 20% carry the sensitive allele (Le., g,0) =g, (0) =
0.2). Here, the following initial distribution (with female:male sex ratio
59:41) of the mosquite population (by genotype) is chosen:

Egg(0) = 100,000, Ep, (00 = 200,000, Egp (0) = 700,000,

Lgg(D) = 84,800, Lo (0) = 169,600,

Lggp(0) = 593,600, Pg o) =72,000, Ppo() = 144,000,

Ppp(0) = 504,000, M ¢ c(0)= 7,000,

Mpg(0) = 14,000, My (0) = 49,000, 57 _(0) = 10,000, Ef (0) = 2,500,

1500 = 2,50, (4.3)
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'l ' i)
510 = 5,000, EL,(0) = 2,500, 1] (0) = 2,500, 51 ,(0) = 50,000,
F
Ef ) = 12,500,
11,0) = 12,500.

4.2 Simulatons: Worst-case scenario

The model {(2.5-(2.100} is, first of all, simulated for the worst-
case scenaro (e, without any anti-malaria control interventions, so
that Cp = Cy = Cp = 0) using the parameter values in Tables 24 and
initial conditions for the human and vector populations corresponding
to the aforementioned moderate level of the frequency of resistant
allele in the community. The profiles generated from the simulations
show convergence of the initial solutions o a boundary equilibrium
involving only the sensitive adult mosquitoes (Fig. 2). In other words,
the results in this fipure show that, for the parameter values used in
the simulations, the resistant adult mosquito population (both heterozy-
gous and homozypous resistant) will not persist in the Jimma zone even
if no insecticide-based mosquite control measures are implemented.
This may be due to the high fitness cost of insecticide resistance and
the low level of dominance of the resistance allele (h = 0.25) used in
the sirmilations (tabulated in Tables 2-4).

For the rest of the numerical simulations to be carred out, the
following definitions will be used. We consider the disease to be
effectivdly conrolled if the associated steady-state prevalence of the
disease in the human population is less than 1%. The justification for
using the 1% criterion for claiming effective control of malaria in the
community stemmed from the World Health Organization's criterion
for issuing “certification of malaria elimination™ to nations/countries
that achieved malaria elimination. The criterion for petting this cer-
tification is based on whether or not a specific nation or country
achieves at least three consecutive years of zero indigenous cases of
malaria [55]. For nations with high malarda transmission, coupled
with limited healthcare services and resources (o effective implement
mosquito control strategies), such as the Jimma Zone of Southwestern
Ethiopia (where this study is focused on), bringing prevalence down to
1% is a landable achievement, and can plausibly be considered to be
“effective control™ of malaria. Furthermore, we consider insecticide
resistance (Le., the proportion or frequency of the resistant allele in
the adult female and male mosquito populations at steady-state) to
be effectivdly managed if the frequency of the resistant allele in the
adult mosquite population at steady-state is zero. That is, insectcide
resistance is effectively managed in the commumnity if, at steady-state,
the adult mosquito population is 100% fully sensitive to the chemical
insecticides used in larvicides, LLINs and IRS (e, all adult mosquitoes
in the community are of S5-genotype only at steady-state).

4.3. Assessing the additional population-level impact of larvicide interven
ton in the presence of LLINs and IRS

The model {(25)0(2.10)} is simulated to assess the additonal
population-level impact of implementing a larvici de-based control mea-
sure in a community that is already implementing LLINsS and IRS
mosquito control measures. The motivation is to determine what mind-
mum levels (if any) of the three interventions can lead to the effective
control of malaria, while effectively managing insecticide resistance.
For these simulations, various fixed values of larvicide coverage (Cp)
are used, while allowing IRS (C,) and bednets (Cp) coverage to
vary between 0% and 1009 Other parameter values used in these
simulations are as given in Tables 2-4 with moderate initial resistant
allele frequency of pr) = p,M0) = 37.5%. Three values of larvicide
coverage are considered as discussed below.

4.3.1. No larvicide coverage (C; =10)
In the absence of larviciding (Le., Cp = 0, the simulation results
obtained show that LLINS are far more effective in minimizing malaria
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burden than using IRS (Fig. 3(a)). In particular, the simulations show
that LLINs alone (i.e, without IRS and larviciding) can lead to the
effective control (or elimination) of malaria, while also effectively
managing insecticide resistance, if its coverage level is high enough
(e.g, Cp = 09) (Fig. 3(a}(d)). Attaining 90% LLINs coverage is
certainly not realistic in pretty much all the malaria-endemic areas of
the world (in fact, data from the 2019 World Malaria Report published
by the World Health Organization [4] show that LLINS coverage in
populations at risk lie between 40% and 80%). Consequently, simu-
lations are carried out to explore whether or not LLINs at reduoced
(attainable) coverage can lead to such control if it is combined with
IRS (in the presence or absence of larviciding). The simulations results
obtained for this (latter) scenario, depicted in Fig. 3(a), show that a
combined LLINs-TRS strategy can lead to the effective control of malaria
if their coverage lie within the region below the straight line joining
the points (Cy,Cy ) = (0.75,0.32) and (Cp,C4) = (1,0.22), and above the
straight line joining the points (Cp,Cy) = (0.75,0.32) and (Cp,Cy) =
(0.9,0). This region in the LLINs-IRS coverage parameter space (for the
effective control of malaria, while also effectively managing insecticide
resistance) is termed an effective control window. Although the disease
is not effectively controlled outside this effective control window, its
prevalence is low (less than 5%) when the LIINs-IRS coverage pair
is close to the borders of this region. Furthermore, for these simula-
thons, insecticide resistance is effectively managed provided that the
LLINs-IRS coverage pair He roughly in the region below the straight
line joining the points (Cp,Cy) = (0,0.72) and (Cy,Cy) = (1,023}
(Fig. 3(b) & (c)). Outside this region, insecticide resistance is not
effectively managed. Additionally, the disease is effectively controlled
and insecticide resistance effectively managed for ILINs-IRS coverage
in the intersection of the aforementioned two regions.

Assuming the best case scenario of 80% LLINs coverage suggested
in the WHO data [4] (ie, Cy 0.8), our simulation results show
that combining LLINs (at this highly optimistic coverage level) with
modderate IRS coverage (e.g., C, € (0.11,0.3225)) can lead to effective
control of malaria, while also effectively managing insecticide resis-
tance (Fig. 3faMc)). However, if this level of bednets coverage is
combined with an IRS program at a coverage level outside the C, €
(0.11,0.3225) range, the aforementioned effective control of the disease
no longer holds, and insecticide resistance is not effectively managed if
the IRS coverage exceeds C, =03225, This is doe to the fact that such
an increase in IRS usage (above C; = 0.3223) contributes to significant
increase in the prevalence of the resistant allele in the population,
and a decrease in IRS usage (below C, = 0.11) is not sufficient w
protect humans from receiving infectous bites from infected female
Anopheles mosquitoes (Fig. 3(b) & (c)). This fact can be Mlustrated
by using the respective constituent reproduction mimbers for the 55-
genotype (R, ) and RR-genotype (Ry, ) mosquitoes. For example,
for the case where Cy4 = 03225 and Cp = 0.8, the genotype-specific
reproduction mimbers Rq,, @d Ry, take the values Ry = =0 and
Royg, = Ro = 04792, respectively (and the solution profiles of the
model converge to the trivial mosquito-free disease-free equilibrium,
T1, as expected). If the IRS coverage is, however, slightly increased to,
fmirﬁsﬁmﬁe, C, = 0323, these values now become Rn“ = Ry="7.198
and Rg, = 0 (and the solutions of the model converge to a positive
boundary equilibrium with the resistant-only mosquitoes present in
the community). Thus, the slight increase in the IRS coverage resul ted
in a dramatic increase in the transmission capacity of the insecticide-
resistant malaria-infected adult female mosquitoes (from ﬁq“ =0 to
Rn“ = 7.1968), causing disease endemicity (as against elimination in
the former case) and the sole persistence of the mosquitoes with the
resistant genotype in the commumnity (Le., the sensitive mosquitoes are
wiped out under this scenario).

Similarly, for the case when C 4 = 011 and Cp = 0.8, the constituent
reproduction numbers take the valses Rq,, = Rq = 09902 < 1 and
Rg,, = 0 (and the solutions of the model converge to the mosquito-
free trivial disease-free equilibrium). A slight decrease in IRS coverage
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from Cy 011 o ©4 = 0.1 results in these values changing to
Rq,, =Ry = 10184 and Ry, = 0. Hence, in this latter case, the slight
reduction in IRS coverage resulted in correspondingly slight increase
in the constitvent reproduction number for the sensitive mosquitoes.
Although this increase in R &5 marginal (from Ry, = 0.9902 to
Rﬂﬂ = L0184, it is significant in the sense that it shifts the value of
the reproduction number from the disease-free region (Le., Rqﬂ < 1)
to an endemic one (L.e., Rﬂﬂ = 13). Here, the solutions of the model
converged to a positive boundary equilibrium inwelving insecticide-
sensitive mosquitoes only (Le., in this case, the slight reduction in the

RS coverage resulted in a change in the genotype of the mosquito that
is present at the boundary disease-present equil ibrium).

Furthermore, because of random mating, the size of the death rate of
the RS-genotype mosquitoes determines whether the system converges
to the one of the boundary (S5-only or RR-only) equilibra, the co-
existence or mosquito-free equilibrium. For example, if the size of the
S-allele frequency is much smaller than that of the R-allele frequency in
the population, and the death rate of the RS-genotype is high, then the
model will converge to RR-only equilibrum. Due to this phenomenon,
if the (C4,Cy) value is close to the boundary between the effective
control window and the region outside the window in the C,—Cp plane,
then the genotype-specific reproduction mimbers are sensitive o small
changes in h (since h affects the size of the death rate of RS-genotype).
For example, fixing C, at the value C, = 0.323 (in Fig. 3(a)) (with this
value, the system will converge to the RR-only boundary equilibrium),
a small decrease in & (e.g, a decrease from h = 025 to A = 0.247)
changes the genotype-specific reproduction numbers to Ry, = Ry =10
and Ry, = 04780 (and the solutions of the model converge to the S5
only boundary equilibrium). Thus, for (C,, Cg) values on the boundary
of the effective control window, the basic reproduction thresholds are
sensitive to small changes in the values of C,, Cp and A The effect of
the level of dominance h is further discussed in Section 4.6,

In summary, the simulations for the case with no larvicide (Cp =
) show that ILINs alone, at high coverage, can lead to the effec-
tive control of malaria while effectively managing insecticide resis-
tance. However, the required LLINs coverage (of over 90%) may
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not be realistically-attainable in malaria-endemic settings (the maxi-
mum LLINs coverage reported in the 2019 World Malaria Report is
80% [56]). Combining LLINs and IRS can also lead to the effective
control of malaria while managing insecticide resistance provided the
coverage levels of both interventions lie within a certain threshold. For
instance, for the (highly) optimistic scenario of 80% LLINs covwerage,
effective control of malara and effective management of resistance
is only feasible if the IRS coverage lie roughly within 11% to 32%.
Furthermore, the simulations show that there exists an effective control
window in the LLINSIRS coverage parameter space within which both
the disease and insecticide resistance can be effectively managed.
Starting with the coverage levels of LLINs and IRS within the effective
control window, it is evident from Fig. 3(aM{c) that any further
increase in IRS coverage (above its range of values within the effective
control window) will lead to the failure of the combined LLINs-IRS
strategy to effectively manage both disease spread and insecticide
resistanoe (since such increase in IRS coverage will take the communi ty
outside the effectiwe control window). The reason for this failure is due
to the fact that IRS affects both sexes of the malaria vector, causing
high selection pressure for insecticide resistance (leading to the overall
failure of the control strategy). It should be noted that LLINS induce
less selection pressure for resistance, since, unlike IRS and larviciding,
it only targets adult female mosquitoes (and not male mosqgui toes). This
fact was also elucidated in [16].

4.3.2. Low larvicide coverage (Cp =0.1)

The model is now simulated using a low larvicide coverage of
10% (Le, Cp = 0.1} The simulation results obtained (depicted in
Fig. 3(d}(f)) also show that LLINs alone (Le., without IRS) can lead to
the effective control of malaria while effectively managing insecticide
resistance as long as its coverage level is high enough (eg., Cp = 0.83)
Further, these figures show that such effective control and resistant
management are feasible if the combined LLINS-IRS coverage lies in
the narrow region enclosed by the quadrilateral with the wvertices
(Cg,Cq) = 075,0) (Cg,Cu) = (0.85,0), (Cg,Cy) = (0.8,0.057) and
(Cg,Cy) = (07,0057} or LIINs-only with coverage in the range 0.83 <
Cp = 1 (Fig. 3(d)). Here, too, although the disecase is not effectively
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controlled for the LLINs-IRS coverage pairs outside this region, the
disease prevalence is low (less than 5%) when the LIINs-TRS coverage
pair is close o the borders of this region. For the (highly) optimistic
LLINs coverage of 80% [4], the simulation results obtained show that
LLINs alomne (at this coverage level) or combined with IRS (at coverage
range 0 < Cy < 0057) can lead o effective control of malaria while
effectively managing insecticide resistance (Fig. 3(d)}—(f)). However, if
this level of ILINs coverage is combined with IRS coverage outside the
0 = Cy < 0057 range, the disease is not effectively controlled and
insecticide resistance is not effectively managed. This can be seen from
the values of the reproduction numbers. For the case when Cy4 =0.057
and Cp = 0.8, the reproduction numbers for the SS5-genotype and

-genotype adult mosquitoes take the value zero (and the profiles
generated from the simulations show convergence of the initial solu-
tions to the ecologically-unrealistic mosquito-free trivial disease-free
equilibrium). However, when the IRS coverage is slightly increased
to Cyq = 0058, the constituent reproduction numbers take the values
Rg,, = 01471 and Ry, = 67197 (so that Ry = 10.0132). Thus, such
slight increase in RS coverage resulted in a dramatic increase in the
transmission capacity of the resistant mosquitees (here, the solution
profiles of the model converged to an endemic equilibrium where both

mosquito genotypes co-exist).

In summary, these simulations show that the marginal increase in
larviciding coverage (fFom Cp = 0 to Cp = 0.1%) narrows the effective
window of the LLINs-IRS coverage needed to effectivel y confrol malaria
while effectively managing insecticide resistance. In other words, the

14

slight increase in larvicide coverage reduces the likelihood of effective
disease control and enhances the prospects of insecticide resistance
in the community. These simulations also show that starting with
LLINs and IRS coverage pairs within the effective control window, any
further increases in the coverage level of IRS (above its range within
the effective control window) will lead to the failure of the control
(to combat malaria spread and to manage resistance) Fig 3(d)-(f).
Similarly, as shown in Fig. 3(a), (d) and (g), increases in larviciding
coverage result in significant shrinkage of the effective control window
(thereby causing the aforementioned faflure of the insecticides-based
intervention).

4.3.3. Moderate larvidde coverage (Cp =0.3)

For the case when larvicide coverage is increased to the moderate
level of Cp = 05, the simulation results obtained (Fig. 3(g}(i))
show that effective control of malaria is not feasible regardless of the
coverage levels of both LLINs and IRS. This result may sound counter-
intuitive, since, ordinarily, more control (L.e, more larvicides, LLINs
and IRS) should imply reduction of disease burden. Howewver, increas-
ing the coverages of these controls intuitively increases the abundance
of the resistant mosquitoes; henoe, an increase in the number of malaria
cases caused by the resistant mosquitoes. The similations in Fig. 3(g)
(i)) also show that insecticide resistance is not effectively managed for

all LLINSIRS coverage levels except for the coverage pair lying in the
small white region at the left bottom corner of the Cp—C, plane in

Fig. 3(g).
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In conclusion, the simulations in Fig. 3 show that there is a region
in the Cp—C, plane in which the communi ty-wide use of LLINs and IRS
can lead to the effective control of malaria and effective management
of insecticide resistance. The size of this region is greatly reduced (or
diminished altogether or vanished) as the coverage level of larviciding
(Cy ) increases. Furthermore, starting with the coverage levels of LLINs
and IRS within the effective control window, an increase in IRS cow
erage (outside its range of values within the effective control window)
will lead to the failure of the insecticides-based intervention (Fig. 3.

4.4, Assessing the population-level effect of adult mosquito sex rato (r)

In most modeling studies for population genetics of mosquitoes,
the simplifying assumption of 50:50 maledfemale ratio for new adult
mosquitoes is often made [57,58]. In this section, the impact of het-
erogeneity in the proportion of new adult mosquitoes (as represented
by the parameter r in our model) on the population abundance of
mosquitoes and malaria disease will be assessed, under various levels
of mosquito control interventions. In particular, the model will be sim-
ulated using varous values of r for two coverage levels of larviciding
(Cp =0and Cp =0.1) and variable coverage levels for LLINs and IRS,
as described below.

4.4.1. Low proportion of new adult mosquitoes that are females (r =0.33)
and no larvicide coverage (Cp = 0)

The model is first of all simulated for the case where the proporton
of new adult mosquitoes that are females is low (r = 035) in the
absence of larviciding (C; = 0). The simulation results obtained
show that LIINs alone (e, without larvicides and IRS) can lead
to the effective control of malarda if its coverage is at least 77%
(Fig. #(a)). Furthermore, for this setting, the use of LLINs as the sole
anti-malaria intervention, regardless of its coverage level, effectively
manages insecticide resistance (Fig. 4(b) & (c)). It is evident from these
figures that this result also holds even if LLINS is combined with IRS
at low coverage level (e.g., IRS coverage in the range 0 < Cy =
0.27). Additionally, the disease is effectively controlled if the LILINs-
RS coverage pair fall roughly within the region below the straight
line joining the points (Cyp,Cy) = (0.45,04) and (Cy, Cy) = (1,0.22),
and above the straight line joining the points (Cy, Cy) = (0.45,0.4) and
(Cy,C4) = (075,00 (Fig. 4(a)). The disease is not effectively controlled
outside this region (albeit the disease prevalence is low if the LLINsIRS
coverage is close to the border of this region). Insecticide resistance
is effectively managed provided that the LLINsS-TRS coverage lie in the
region below the straight line connecting the points (Cy, Cy) = (0,0.65)
and (Cp, Cy) = (1,0.15) (Fig. 4(b) & (c)). lsectcide resistance is not
effectively managed outside this region.

It is worth mentioning that, in this setting, LLINs with low coverage
(up to Cp = 045) can lead o the effective control of the disease,
while also effectivel y managing insecticide resistance, if combined with
RS at appropriate coverage level. For example, combining LIINs at
the 45% coverage level with IRS at 40% coverage level leads to the
aforementioned disease control and resistance management (Fig. 4(a),
(b, (c)). It should be recalled from Fig. 3(a) that, for the (Cp, Cy) =
(0:43,04) coverage pair, such disease control does not occur if the
proportion of new adult mosquitoes that are females is increased to
50% (l.e., the combined LLINs-IRS intervention at this moderate cow-
erage levels does not lead to effective disease control if half of the
newly-produced adult mosquitoes are females). In conclusion, for the
case where the proportion of new adult mosquitoes that are females is
small (e.g., r = 0.33), LIINs alone can lead to the effective control of
malaria while effectively managing insecticide resistance provided the
LLINs coverage is high enough (at least 77%). Further, such effective
control and resistance management are also feasible using a combined
LLINs-IRS strategy with moderate coverage levels (eg., LLINs at 45%
combined with IRS at 40% coverage level). Such control and resistance
management does not occur (at the aforementioned LLINs and IRS
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coverage levels) if the proportion of new adult mosquitoes that are
females is increased from 35% to 50% (as can be seen by comparing

Figs. 3(a) & 4(a)).

4.4.2. High propordon of new adult mosquitoes that are females (r = 0.63)
and no larvicide covergge (C; =0)

Here, the model is simulated for the case where the proportion of
new adult mosquitoes that are females is increased to 65% (e, r =
0.63) while keeping larvicide at zero coverage. The simulation results
obtained, depicted in Fig. 4(d)), show that LLINs alone can also lead
to the effective control of the disease if its coverage level is high
enough (at least 95%). The window for the effective control of the
disease significantly narrows, in comparison to the case with r =035
(see Figs. 3(a) and 4(a)). In other words, these simulations show that
increasing the ratio of new adult mosquitoes that are females (from
35% to 65%) makes it more difficult to effectivwely control malaria
disease, as expected. Furthermore, it follows from Fig. 4(a) that LIINs
even if combined with IRS (but at low IRS coverage, such as 0 <
Cy = 02E) effectively manages insecticide resistance (Fig. 4(e) & (f)).
Furthermore, Fig. 4(d) shows that the combined LLINs-IRS intervention
can lead to the effective management of the disease if the LLINs-IRS
coverage lies in the reglon below the straight line joining the points
(Cp,Cy) = (0.85,0.3) and (Cy,Cy) = (1,0.25); and above the straight
line joining the points (Cp,C4) = (0.85,0.3) and (Cp,Cy) = 0.75,00
The disease is not controlled outside this region (although the disease
prevalence is low if the LLINSIRS coverage is close to the border of
this region). Similarly, insecticide resistance is effectively managed pro-
vided that the LLINs-IRS coverage lies in the region below the straight
line conmecting the points (Cp, Cy) = (0,072) and (Cy,Cy) = (1,0.15)
(Fig. 4(b) & () It is worth noting that the region for the effective
control of disease, while effectively managing insecticide resistance, for
the case with r = 0,65 is narrower than the corresponding regions for
the cases where r = 035 and r = 0.5 (see Figs. 3(a) & 4(a) & (d)).
This emphasizes the fact that the larger the proporton of new adult
mosquitoes that are females, the more difficult (expectedly) it is to
effectively control the disease and manage insecticide resistance.

4.4.3. Low proportion of new adult mosquitoes thar are females (r = 0.33)
and low larvicide coverage (Cp =10.1)

The model is now simulated for the case where larvicide coverage
is slightly increased to 10% (i.e, Cp =0.1). For the case when r= 035
the results obtained show that LLINs alone can lead to the effective
control of the disease provided its coverage lie in the range 033 < Cp <
I (Fig. 4(g)). Furthermore, LLINs alone (with level of coverage in the
range 0 < Cp < 0.6) effectively manages insecticide resistance (Fig. 4(h)
& (i)). Fig 4(g) further shows that malaria is effectively controlled if
the coverage of the combined LLINs-IRS program lies in the region
below the straight line joining the points (Cyp,C,) = (033,02) and
(Cy,Cy4) = 0.75,0), and above the straight line joining the points
(Cp,Cy) = 0.35,0.2) and (Cp,C4) = (0.5,0). In this setting, insecticide
resistance is effectively managed provided that the cowerage of the
LLINS-IRS program lies in the region below the straight line conmecting
the points (Cp,Cy) = (0,04) and (Cy,Cy) = 0.6,0) (Fg. 4h) & D).
In summary, the simulations of the model for the case with Cp = 0.1
and r = 0.35 show that the slight increase in larvicide coverage (from
0 to 10%4) resulted in the narrowing of the effective control window
(in the Cp—C, plane) for the effective control of malaria, in addition to
also significantly raising the likelihood of insecticide resistance. Similar
results were obtained when r was increased o 65%. Thus, it can be
concluded from these simulations that there is a region in the Cp—Cy
plane within which the combined LIINsIRS intervention can lead to
the effective control of the disease, while also effectively managing
insecticide resistance. The size of this region decreases with increasing
values of larvicide coverage (Cp) and the proportion of new adult
mosquitoes that are females (r). It is worth mentioning that, for the
case where Cp = 0.1 and r = 065, while LLINs alone (with coverage
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range 0.9 < Cp < 1) can effectively control the disease and manage
resistance, any additon of IRS coverage will lead to the filure of
the combined LLINs-IRS program to control the dissase or manage
resistance (Fig. 4(-(d).

The main reasoning behind the need to combine LLINS with IRS
or larviciding (or with both IRS and larviciding) is to increase the
likelihood that a mosquito interacts with an insecticide, and that such
combination helps in reaching (and maintaining) high coverage levels
of insecticide usage that are often difficult to achieve using singular
implementation of any of the three insectcides-based mosquito control
strategies [16]. This fact is vividly fllustrated in our simulations. For ex-
ample, with no larviciding, and with 35% of the new adult mosquitoes
being females (f.e, r = 0.33), the use of LLINS alone can lead to effective
control of malaria while also managing insecticide resistance if its cov-
erage level is at least 77% (Fig. 4(a{c)). However, when larviciding
coverage is increased to 10%, the (minimum) coverage level of LLINs
needed to achieve both disease control and effective management of
resistance is reduced to 53% (Fig. 4(g)(0)). Furthermore, while keeping
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larviciding at 10%, if IRS at 18% coverage is used, the minimum level
of LLINs coverage needed for achieving malaria control and effective
resistance management is further reduced to 40% (Fig. 4(g{i)).

In general, altering the sex ratio in favor of male mosquitoes will
greatly aid malaria elimination efforts even in the absence of insecti-
cides. However, in our setting (in the absence of insecticide usage), we
need much higher advantage in favor of male mosquitoes before such
elimination can be achieved. For example, we need to reduce r to as
low as r= 003 (Le, 97% of new adult mosquitoes are males) o achieve
elimination (i.e., bring and maintain the reproduction mimber less than
unity). For the baseline parameter values used in our simuilations (for
the case with no insecticide usage), the associated basic reproduction
number of the model mkcsﬂtva]ueﬂqﬂ 111.83 = 1. However,
for this setting, if r is reduced to r 0.1 (i.e, the proportion of
new adult mosquitoes that are male is 9024), the basic reproduction
mumber is reduced to I_Eq_ﬁ, = 4137 > L. Since the baseline setting
is the high malara transmission setting, ‘qu is larger than unity
even for values of r as low as r = 0.05. When r is further reduced,
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eg o r = 003 (Le, 97% of new adult mosquitoes are male), the
system converges o the mosquito-free equilibrium (and the disease is
eliminated). However, our simulations for moderate and low malaria
transmission seftings (without insectcide usage) suggest that malaria
eliminaton is feasible for higher values of r (which may confirm the
results in Galizi et al. [59])

4.5. Assessing the population-level impact of initial size of resistant allele
frequency

In this secton, the model {{2.5-(2100} is simulated to assess
the population-level impact of the initial size of the resistant allele
frequency on the effectiveness of a combined LLINS & IRS intervention.
These simulations will be carded out for the case where larvicide
intervention is not implemented (e, C; = 0), to enable more emphasis
on LLINs and IRS (the two primary mosquito control measures in
endemic areas [6,7,16,18,227).

For the case where the initial resistant allele frequency (as given
in (4.1)) is low, simulations of the model show that LLINs alone,
with high coverage (such as 09 < Cp < 1) can lead to the effec-
tive confrol of malaria, while also effectively managing insecticide
resistance (Fig. 5(a), (b), (c)). Furthermore, the effective management
of resistance at this coverage level of LLINs coverage holds even if
combined with RS at moderate coverage level (eg, 0 = C, =
0.43). The disease is effectively controlled if the LLINs-IRS coverage
lies roughly in the region below the straight line joining the points
(Cp,Cy) = (04,0,8) and (Cp,C4) = (1,0.5), and above the straight line
joining the points (0.4,0.8) and (0.9,0) in the Cp—C, plane (Fig. S(a)).
Outside this region, the disease is not controlled (although the disease
prevalence is significantly reduced for LLINS-IRS coverage close to the
borders of this region). lhsecticide resistance is effectively managed
when the ILINs-IRS coverage lies below the straight line joining the
points (Cp,Cy) = (014, 1) and (1,0.45) (Fig. 5(b) & (c)). Insecticide
resistance is not effectively managed outside this region. For this setting
with low initial frequency of resistant allele, our simulations show
that malaria can be effectively controlled and insecticide resistance
effectively managed if the ILINs-IRS coverage les in the intersection of
the aforementioned two regions. For this setting, lower LLINS coverage
(up to Cp = 0.4) combined with IRS (with appropriate coverage level)
can lead to the effective control of the disease, while also effectively
managing insecticide resistance. For example, implementing an ILINs-
RS control with coverage level (Cyp,C,) = (04,0.8) can lead o such
control and effectively manage insecticide resistance.

For moderate initial level of the resistant allele frequency (as
given in (4.2)), our simulations show similar dynamics as obtained in
Fig. 3(a), (b), ().

For the case where the initial resistant allele frequency is high (as
glven in (4.3)), our simulations show that LLINs alone, at coverage of
at least 90%, can lead to the effective control of the disease while also
managing insecticide resistance effectively (Fig 5(g), (h), (i)). Such
management of insecticide resistance also holds if the LLINs (at this
coverage level) is combined with IRS at coverage level within0 < C, <
0.21. Further, the disease is effectively controlled if the coverage of
the combined LLINsTRS program lies roughly in the region below the
straight line joining the points (Cp,C,) = (0.8,0.23) and (Cy,Cy) =
(1,0018), and abowe the straight line joining the points (Cp,Cy) =
(0.8,0.23) and (Cp,C4) = (0.9,0) (Fig. 5(g)). Outside this region, the
disease is not effectively controlled (albeit the disease prevalence is
significantly reduced for LIINs-TRS coverage close to the borders of this
reglon). Insecticide resistance is effectively managed when the LLINs-
IRS coverage lies below the straight line joining the points (Cp,Cy) =
(0,0.58) and (Cg,Cy) = (1,02) (Fig. 5(h) & (i)). Outside this region,
insecticide resistance is not effectively managed. Here, too, the disease
is effectively controlled, and insecticide resistance effectively managed,
for LLINs-IRS coverage within the intersection of the aforementioned
reglons,
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It can be concluded from the simulations in Fig. 5 that, for the
various levels of the frequency of resistant allele considered, there is
an effective control window in the LLINs-TRS coverage parameter space
within which the combined ILINs-IRS strategy can lead to both the
effective control of malaria and the effective management of insect-
cide resistance. The size of this effective control window significantly
decreases with increasing values of the size of the initial resistant
allele frequency. It is worth noting that the size of the effective control
window is also negatively affected by increasing values of larviciding
coverage (Fig. 3) and increasing values of the proportion of new adult
mosquitoes that are females (Fig. 4). Furthermore, starting with LLINs
and IRS coverage in the effective control window, any further increase
in IRS coverage (outside its range of values within the effective control
window) will lead to the failure of the insecticides-based control strat-
egy to combat the disease as well as to effectively manage insecticide
resistance (Figs. 3-5).

4.6. Assessing the impact of the level of dominance (h)

In this section, the potential impact of heterogeneity in the param-
eter (k) associated with the level of dominance of the resistant allele
over the sensitive allele on the dynamics of the model {(2.50-(2.10)} is
assessed. In particular, the model is simulated subject to three diferent
levels of this very important parameter. The simulations for the effect
of the parameter h on the dynamics of the model are carried out for
the special case of the model {(2.5)-(2.10)} in the absence of larvicides-
based intervention (Le., the larvicides coverage, C;, is set to zero). This
is done o enable more emphasis on LLINs and IRS (the two primary
mosquito control measures in malaria-endemic areas with relatively
low level of the initial resistant allele frequency (as given in (4.1)))
For low value of the lewel of resistant allele dominance (e, h = 0.23)
with low initial level of the resistant allele frequency (as given in (4.17),
the simulation results obtained are depicted in Fig. 5(a)-{(c)) (and are
discussed in Section 4.5).

When the level of the resistant allele dominance is increased from
h =025t h = 05, the sinnilation results obtained show that the
use of LLINs alone, with high coverage (such as Cp in the range
09 < Cp < 1), can lead to the effective control of malaria, while
also effectively managing insecticide resistance (Fig. 6(a), (b), ()
In particular, malaria can be effectively controlled if the LLINs-IRS
coverage pair lies roughly in the region below the straight line joining
the points (Cp,Cy) = 0.85,0.15) and (Cy,C4) = (1,0.2), and above
the straight line joining the points (0.85,0.15) and [0.9,0) in the Cp—Cy
plane (Fig. 6(a)). Outside this region, the disease cannot be effect vely
controlled (although the disease prevalence is significantly reduced for
LLINs-IRS coverage close to the borders of this region). Furthermore,
insecticide resistance is effectively managed when the LLINs-IRS cov-
erage pair lies below the straight line joining the points (Cp,Cy) =
(0.0,0.45) and (1,0.15) (Fig. 6(b) & (c)). It is also evident from this
figure that insecticide resistance is not effectively managed outside this
region. For this setting with low initial frequency of resistant allele,
our simulations show that malaria can be effectively controlled, and
insecticide resistance effectively managed, if the ILINs-IRS coverage
pair hes in the intersection of the aforementioned two regions. It is
clear, by comparing these results with the results obtained for the case
with &= 0.25 (depicted in Fig. 5(a), (b), (c)), that the effective control
window in the C,—Cp plane is significanfly reduced in (Fig. o(a),
(b), (c)) when the dominance of the resistance allele parameter h
was increased o A = 0.3 In other words, increasing the dominance
of the resistant allele, over the sensidive allele (from A = 025 o
h = 0.3) resulted in a significant decrease in the size of the effective
control window. Thus, increase b makes malaria elimination efforts
more difficult.

When the dominance of the resistant allele parameter f is further
increased to & = 0.75, the simulation results obtained show that LLINS
alone can significantly reduce malaria burden (even though insecticide
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resistance is not effectively managed) when LLINs coverage (Cp) is
close to 100% (Fig 6(d)). Furthermore, while insecticide resistance is
effectively managed when the LLINSTRS coverage pair lies below the
straight line joining the points (Cy, C4) = (0.,0.2) and (0.4,0.0) (Fig. 6(e)
& (f)), such resistance is not effectively managed outside this region.
For this sefting (with low initial frequency of resistant allele and higher
level of dominance value (h = 0.73)), there is no efective control
window in the Cp—C, plane where the disease is effectively controlled
and insecticide resistance is effectively managed (Fig. 6(d), (e) & (f)).
Furthermore, for this setting, when & is further increased o b = 1, the
disease is not effectively controlled for all values of 0 = €y < 1 and
0=Cy < 1in the Cy—Cp plane (Fig. 6(g)). In summary, simulations
for this setting show that there is no effective control window in the
Cp—C, plane where the disease is effectively controlled and insecticide

resistance effectively managed (Fig. 6(g), (h) & (D).

In summary, for the setting with low initial frequency of resistant
allele, our simulations show that, for low and moderate values of level
of dominance h (for example for A = 025 & h = 0.3), there is an
effective control window in the LLINs-IRS coverage parameter space
within which the combined LLINs-IRS strategy can lead to both the
effective control of malaria and the effective management of insecticide
resistance (Figs. S(a)-(c) & o((a}(c)). However, the size of this effective
control window significantly decreases with increasing values of the
level of dominance k. Furthermore, the simulations we carred out

show that, for high values of level of dominance & (for example, for

h=07530r k= 1), there is no effective control window in the Cp—Cy4
plane where malaria is effectively controlled and insecticide resistance

is effectively manaped (as shown in Fig 6(d(f) & (gD
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Discussion and conclhisions

Despite the major progress made in the battle against malaria from
2000 to 2015 [£], the disease continues to pose major public health and
socio-economic burden in at least half the world's population [4,60—
6:3]. For instance, data from the 2019 World Malaria Report shows
that the disease accounted for an estimated 228 million infections and
405,000 deaths spread across 31 countries (mostly located in tropical
and sub-tropical regions of the world) in 2018 (with sub-Saharan Africa
bearing the brunt of the burden, suffering over 93% of the cases and
94% of the deaths) [63]. The progress recorded during the period
2000 to 2015 was owing o the wide-scale use of insecticides-based
anti-malaria control measures, notably in the form of long-lasting insec-
ticidal nets (LLINS) and indoor residual spraying (TRS), implemented in
malaria-endemic areas [7,6,11,64,65]. Unfortunately, such wide-scale
use of these interventions resulted in equally wide-spread mosquito
resistance o nearly each of the five agents currently being used in LLINS
and IRS [6,7,14,17,18,20,21,24]. There is now concerted global effort,
such as The Global Technical Strategy for Malaria 2016-2030 and the
ZeroX 40 hitiative (an inidative of five chemical companies with the
support of the Bill & Melinda Gates Foundation and the Inmovative
Vector Control Consortium [12,13]), aimed at eradicating malaria by
2030 or 2040, A critical question to ask is whether or not such eradi-
cation can be attained using the currently-available insecticides-based
control measures. In other words, can the use of the currently-available
insecticides lead o effective malaria control while also effectively
managing insecticide resistance? Answering such a question will allow
for the determination of whether or not such malaria eradication (by
2030 or 2040) is feasible using existing control resources. This study
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seeks to address this issue via the design, analysis and simulations of a
novel mathematical model for malaria dynamics in a community.
The model developed in this study couples malaria epidemiology
in humans (by including the dynamics of mosquito populations and
humans) and the population genetics of the malara vector (Le, the
population genetics of the Anopheles mosquite, vis a vis the evolution
and spread of insecticide resistance). This modeling framework allows
for the investigation of the disease dynamics and evolution of insecti-
cide resistance simultaneously, in addition for the realistic assessment
of the population-level impact of the three insecticides-based vector
control measures (namely, the use of LLINs, IRS and larvicides). As
noted by Barbosa et al. [15], the use of the aforementioned three
insecticides-based vector control measures allows for the attainment
of the high coverage levels of the vector control measures that are
often difficult to attain if only one of the control measures is adopted.
Some of the main novelties of the model developed in this study
include explicitly incorporating the dynamics of aquatic (immature)
mosquitoes (thereby allowing for the realistic assessment of larvicide-
based confrol measures), the dynamics of male Anopheles mosaqui toes
(thereby allowing for the realistic accounting of the mating processes,
as well as the assessment of the impact of altering the sex-ratio in
the disease transmission and the evolution of insecticide resistance).
Furthermore, since the development of resistance to an insecticide is as-
sociated with significant disadvantages that diminishes the mosquito'’s
fitness (compared to its insecticide-sensitive counterparts in the pop-
ulation), the developed model also incorporates numerous pertinent
fitness costs associated with insecticide resistance. These fimess costs
include reduction in fecundity (growth rate) and increase in the natural
maortality rate in heterozygous and homozygous resistant mosq uitoes.
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Furthermore, the human population is stratified in terms of those who
are protected (fe, those who sleep under an LLIN) and those who are
unprotected (Le., those who do not sleep under a bednet). Furthermore,
a new nonlinear mosquito biting rate function is introduced.

The developed model, which takes the form of a 29-dimensional
deterministic system of nonlinear differential equations, was rigorously
analyzed to gain insight into its dynamical features. In addition to
establishing the well-posedness of the model (via the derivation of
results for its non-negativity, boundedness and positve-invardance), it
is shown that the non-trivial co-existence disease-free equilibrium of
the model (when it exists) is locally-asymptotically stable whenever
a certain epidemiological threshold quantity is less than unity. Fur-
ther, for the special case of this equilibrium with no malaria-indoced
mortality in the human host population, this equilibrium is globally-
asympotically stable when the associated reproduction number is less
than unity. The epidemiological consequence of the latter result is that
malaria can be effectively controlled in the community if the associated
reproduction can be reduced to (and maintained at) a value less than
unity. In other case, for this special case of the model, this study shows
that a wide-scale implementation of the currently-available insecticide-
based interventions can lead to malaria elimination if they succeed in
bringing (and maintaining) the associated reproduction number to a
value less than unity.

The model was parametrized using data relevant to malaria trans-
mission dynamics in the Jimma Zone of Southwestern Ethiopia [22,
54], and numerical simulations of the parametrized model were car-
red out to primarily assess the population-level impact of the three
main pertinent quantities associated with effective malaria control and
management of insecticide resistance, as described below:
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(i) the impact of the interactions of the three insecticide-based anti-
malaria control strategies (larvicide, ILINs and IRS) on disease
control and insecticide resistance management;

(i) the impact of the inidal size of the vector sex ratio (i.e, the
impact of the parameter governing the number of new adult
mosquitoes that are females (rF));

(iii) the impact of the initial size of the frequency of resistant allele
in the community; and

(iv) the impact of the level of dominance (&)

Using moderate size of the inidal resistant allele frequency in the
community, our numerical simulations show that implementing LLINs
alone can lead to the effective control (Le., elimination) of malaria,
while also effectively managing insecticide resistance, in the commu-
nity if the LLINs coverage is very high. For example, for the ecological
scenario with no IRS and larviciding, and with 50:50 adult mosquito
sex ratio, LLINS at 90% coverage level can lead to the aforementioned
effective control of the disease and resistance manapgement. However,
S0%% LLINs coverage is certainly unrealistic in malaria-endemic areas.
In fact, data from World Health Organization shows that LLINs cover-
age in malaria-endemic areas e within the range of 40% to 80% [4].
Hence, LLINs (at realistic coverage level) are unable to singularly lead
to the effective control of malaria (in addition to effectively manag-
ing insecticide resistance). However, as noted by Barbosa et al. [16],
such effective control (and resistance management) can be achieved if
LLINs (at realistic coverage range) are complemented with IRS and/or
larviciding. Our simulations show, for instance, that LLINs at the re-
duced 80% coverage (Le., the highly optimistic scenario based on the
WHO estimate [4]) can lead to effective disease control and effective
management of insecticide resistance if it is combined with TRS at 32%
coverage (Fig. 3(a)(c)). This result also holds if the proportion of new
adult mosquitoes that are females is reduced from the 50% value to
35% (Fig. 4(g-(D).

For malaria-endemic communities with moderate frequency of re-
sistance allele, our study shows, in the absence of larviciding, the
existence of an effective control window in the LLINS-IRS coverage
parameter space within which the combined use of LLINS and IRS can
lead to the effective control of malaria, while also effectively managing
insecticide resistance (Fig. 3. The size of this control window decreases
with increasing values of the coverage level of larviciding (e.g., from
%% to as low as 10%). In other words, these simulations show that for
malaria-endemic communities that are already implementing a malaria
control strategy based on the combined use of LLINs and IRS, adding
larviciding may threaten the gains made (by LLINs and IRS) for disease
control and/or management of insecticide resistance. This result is
intui tive, since an increase in the level of insecticides used in the com-
munity (in the form of ILINs, IRS and/or larvicides) certainly increases
the likelihood of the emergence and spread of wector resistance to the
insecticides (hence, threaten effective resistance management). Further,
since resistant adult female mosquitoes are no longer affected by the
insecticides-based control measures, these mosquitoes (if infected with
malaria) will continue to transmit the disease to humans unabated (by
LLINs or IRS), thereby threatening efforts for effective malaria control.
It is further shown that, for LLINs and IRS coverage levels within the
effective control window, any further increase in IRS coverage may lead
to the faflure of the insecticides-based intervention in the community.
This result is consistent with that reported in the modeling study by
Barbosa et al. [16], which showed that insecticide resistance spreads
faster when the insecticides target the larval stages of the immature
mosquito lifecycle (Le, resistance spreads faster when larvicides are
used). Thelr result is intuitive because larvicides do not kill adult
mosquitoes that are poten dally infectious (which implies that larvicides
have a smaller impact on reducing disease transmission ) and larviciding
applies selection pressure for resistance on both sexes (thereby leading
to faster spread of insecticide resistance) [16]. Similarly, since IRS
affects both adult female and male mosquitoes, it applies selection
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pressure on both sexes (hence, IRS also leads to faster spread of
insecticide resistance). Furthermore, unlike LLINs and IRS, larviciding
will not reduce the longevity of adult female mosquitees [16].

Simulations were carried out to assess the community-wide impact
of the adult mosquito sex ratio (as modeled by the parameter r, for the
number of new adult mosquitees that are females, in our study). For
the case where larvicides were not used, and for moderate initial size
of the resistant allele in the community, the sirmilation results obtained
showed that the combined use of LLINS and IRS can lead to the effective
control of the disease, while also effectively managing resistance, if the
value of ris small enough (e.g, < 0.33). Furthermore, the size of the
associated effective control window (in the parameter space for the
combined LLINs-IRS coverage) decreased with increasing values of r
(Fig. 4). This result was expected, since the larger the proportion of
new adult mosquitoes that are females, the more difficult it would be
to effectively control the disease and manage insecticide resistance.
The simulations also showed that a further increase in IRS coverage
may be counterproductive. For instance, in the absence of larviciding
and with r = 035 and LLINs coverage at 77%, Fig. 4 showed that
both the disease and insecticide resistance can be effectively controlled
if the IRS coverage was low enough (less than 27%). Howewver, if
the IRS cowrage was increased above 27%, such effective control
of the disease and resistance were no longer feasible. Similar result
was reported by Barbosa et al. [16], which emphasized that if RS
coverage is low (noting that for r = 035 the proportion of new
adult mosquitoes that are males is 65%), then the larger insecticide-
sensitive adult male mosquito population will be largely maintained
in the community (since the adult male mosquito population is only
affected by IRS and not by LLINs or larviciding). In this case, owing to
the abundance of sensitive mosquitoss in the commund ty/environment,
the use of insecticides will (in general) be helpful in effectively control-
ling the mosquite population (hence, confrolling the disease spread).
However, increasing IRS coverage further (above its range within the
associated effective control window) will lead to high selection pressure
for insecticide resistance (thereby leading to the failure of the control
intervention) [16,22].

Simulations for assessing the communi ty-wide impact of the initial
size of the resistant allele frequency show that there is a region in
the parameter space for the LLINs-IRS coverage within which the
implementation of the combined LLINs-IRS can lead to both effective
malaria confrol and effective management of insecticide resistance. The
size of this region significantly decreases with increasing values of the
size of the initial resistant allele frequency (Fig. 5). In other words, this
study shows that for malaria-endemic communities with high frequency
of resistant allele, the implementation of a control strategy based on
using LLINs and IRS (with high coverages) can make things worse, vis
a vis malaria control and management of insecticide resistance. This
result can intitively be explained based on the reasoning that for a
malaria-endemic community with high initial frequency of resistant
allele, the extensive and wide-scale use of insecticides-based interven-
thons (i.e, high coverage of IRS, LLINs and larviciding and/or their
combinations) could lead to high selection pressure (for insecticide
resistance) and the overall failure of the insecticides-based control
measures implemented in the community [16,22].

Simulations are carried out to assess the commumnity-wide impact of
the level of dominance parameter f. Using moderate size of the initial
resistant allele frequency in the community. Our mimerical simulations
show that for low and moderate values of level of dominance h (for
example for i = 0.254& i = 0.3), there is an effective control window in
the LLINsIRS coverage parameter space within which the combined
LLINs-IRS strategy can lead to both the effective control of malaria
and the effective management of insecticide resistance (Figs. 5(a)-
(c) & offa)(c)). However, the size of this effective control window
significantly decreases with increasing values of the level of dominance
h. Furthermore, the simulations show that for high values of lewel of
dominance & (for example for & = 073 &k = 1), there is no effective
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control window in the Cy—Cp plane where the disease is effectively
controlled and insecticide is effectively managed (in Fig. a6(d)f) &
(gD

The simlations carried out in this sudy (depicted in Figs. 3-6)
clearly emphasize the importance of numerous parameters of the model
on the transmission dynamics of the disease and the management
of resistance. The simulations show that parameters such as those
associated with the coverage for larvicide (Cp), IRS (C,), LLINs (Cg),
the proportion of new adult mosquitoes that are females (r) and the
indtial size of the resistant allele frequency in the community (p(0) and
P 07) have non-linear (and complex) effect on the disease dynamics
and the evolution of insecticide resistance. In particular, this study
identifies three main mechanisms that greafly threaten the effectiveness
of an anti-malaria intervention based on the combined use of LLINS and
IRS (the two cornerstone vector control interventions for the current
malaria eradication drive), by reducing (or eliminating) the size of
the associated effective control window in the LLINSIRS coverage
parameter space. These are increases in (i) larviciding coverage (Cp),
(i} proportion of new adult female mosquitoes that are females (r)
and (i) the initial size of the frequency of resistant allele in the com-
mumnity (pp0) and p_(0)). Thus, it is crucial that these parameters are
realisticall y-estimated (using clinical and field data) in order o further
investigate their effect on the transmission dynamics of malaria and on
the emergence and spread of insecticide resistance. Similar clinical and
field data are also crucially needed for realistically-estimating some of
the parameters related to the fitness cost of insecticide resistance. In
particular, as noted by Mohammed-Awel and Gumel [22], the fimess
costs associated with insecticide resistance and the allele dominance (A)
parameters have important roles in the disease dynamics and evolution
of insecticide resistance. Thus, to further gain realistic insight into
the conmection between malaria epidemiology and insecticide resis-
tance, further modeling work needs to be done and backed by data
to realistically estimate some of the pertinent parameters (such as the
aforementioned). It is worth mentoning that the model we developed
in this study does not account for the residual exposure of Anophees
mosquitoes to the pesticides/insecticides used in agriculmre (eg., the
use of pesticides or insecticides against insects that affect crops). This
was a simplifying assumption made to enable the already complex
model we developed to be mathematically-tractable (and we plan to
relax this assumption in a later study). In summary, this study shows
that malaria can be effectively controlled, while insecticide resistance is
also effectively managed, using existing LLINs-IRS-based interventions
if their coverage levels are chosen within the identified effective control
window in the LLINs-IRS coverage parameter space. In other wornds, the
concerted global effort to eradicate malaria by 2030 or 2040 is feasible,
using the combined LLINS-IRS strategy, if the coverage levels for LLINS
and IRS are carefully chosen (to e within the confrol window). Our
study further emphasize the importance of priodtizing investments on
LLINs, rather than on RS (since the former is demonstratively the main
mechanism for malaria control).
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Appendix. Proof of Theorem 3.4

Proof Consider the special case of the model {(2.5-(2.10)} without
disease-induced mortality in the host population (Le., 6 = 0). Further,
let Rgs = | and Rggp > 1 (30 that Ty, exists) and Roe < 1. Setting
b =0 in the model {(2.5-(2.10)} gives Ngit) — :_: as t — oo, and
Ky = rg + pig. Henee, from now on, Ng(r) is replaced by its limiting
value, 22, The equations for the infected components of the special
case ocl'ﬂtge mosdel (252100} can be written in matrix—vector form:
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where the matrices F and V' are as defined in Section 3.1, and the
matrices Jy, J; and J3 are given, respectively, by:
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Furthermore, since all the eigenvalues of F—F have negative real part
for Ry = 1 (from the local stability result in Theorem 3.2), it follows
that the linearized system of differential inequality (A.2) is stable if
Rge < 1. That is, substimuting Ef (1) = 1] (0 = Ef () = 1 in =
Ef i) = I] (1) = Eg,it) = Ig,) = Eg,®) = Ig,it) = 0 into the
equations of the special case of the model {[2.5-(2.10)} ghves:
(Eésiﬂ, if @, EL ), 1 i), EL @, 11 ),
Egp(t), I mylt), Rugglt), Eg,it), fnr.(rLRmﬂ}:l
- (0,0,0,0,0,0,0,0,0,0,0,0) as t — .

Thus,

B0 — (B35, B3 B L35 L35, L3 PR B PR M

Cp IT
F F i BT
M M SL,0.0.5057,0.0.555,0.0, 208,
1 — CpIT
U.U.u,ﬁ.u.u,u),
My

a ¢ — oo for Rge < 1. Hence, the NTCDFE, T,, is globally-

asymptotically stable in 2% (T, uT, UT) if Ry < 1 for the special
case of the model {(2.5)0{2.10)} with 55 =0. [

It is worth mentioning that the global asymptotic stability analysis
of the other non-trivial disease-free equilibria, T; and T (Le., the results
in Theorem 3.5), can also be proved using a similar approach (hence,

not repeated).

References

[1] P.W. Gething, A.P. Pail, DL Smith, CA Guerra, LR. Elyazar, GL. Johnston,
AL Tatem, 51 Ha, A new workl malaria map: Plosmodivm folejpanm endemicity
in 2010, Malar. J. 10 (2011) 37E.

Mathermatical Bioerismees 325 (2020) 108568

[2] GL. Johnson, DL Smith, D.A. Fidock, Malaria's missing number caleulating
the human component of B by a within-host mechanistic model of Plasmodicm
falsiparum infection and transmission, FLoS Comput. Biol. © (4) (2013) 1003025,
vt e il oy 101 371 oermal peld 1003025,

[3] DE Loy, W. Liw, Y. Li, GH Learn, L] Plenderleith, S A Sundsraraman, P.M.
Sharp, Hahn BH., Out of Africa: origing and evalution of the human malada
parasites Plysmodivm faldponom and Plesmodion vivar, J. Paragitol. 47 (2-3)
[2017) B7-57.

[4] World Health Organization, Wordd Malada Report 2019, 2019, hitps//www.
i, it s - posom s tuare- g tories, detail Aword d-mala s report-2019.  Aotessed:
2019,

[5] L.M Beck-Johnson, W.A. Nelson, K.P. Paafjmans, A F. Read, MEB. Thomaz, D.N.
Bjarnstad, The importance of tempera e sctustions in wnde s tanding modquite
population dynamics and malaria risk, B Soc. Open 5. 4 (2017) 160969,
itep: /- de ol e/ 10,1098 fraos 160969,

[6] S5E. Ekenbery, A B Gumel Mathematical modeling of climate change and
malaria transmigion dynamics: a historical review, J. Math, Biol (2018) hip:
Sz dod org 10, 1007 feDZES- (1 B-1225- 7.

[7] 5. Huijben, EP. Pasfjmans, Pufting evolition in elimination: Winning our
ongoing battle with evolving malaria mosquitoes and pamstes, Evol. Appl.
(2017) 1-16, Special Tse

[B] JM. Rivemn, M Tchoualsi, L Mugenzl, B.D. Menze, M-C. Chiang, C.5. Wondji,
Tnmecticide regdstance in malaria vectors An update at a global scale, in: Towards
Malaria Elimination - a Leap Forwand (Sylvie Manguin and Vas Dev Editors),
2018,

[9] World Health Organizstion, Global technical sirategy fr Malada 2016
230, 2015, Retrdeved from hitpy www whointmalariapublicatons o
OTEO241564991 fen

[10] B. Kabula, W. Kiginza, P. Tungu, C Mdege, B. Batengana, D. Kollo, . Malina, J.
Kafisho, M. Mohamed, 5 Mages, Copecurmence and distribution of East (L10145)
amd West (L1014F) African knockdown resistance in anopheles gambise sems
late population of Tanzanis, Trop, Med. Int. Health 19 (3) (2014) 331-341.

[11] 5. Bhat, D). Weis, E. Camemn, D. Bisanzio, B. Mappin, U. Dalrymple, K. Batile,
CL. Moyes, A Henry, PA Eckholf, EA. Wenger, 0. Brigt, M.A. Penny, T.A.
Smith, A Bennett, J. Yukich, TP. Eiele, J.T. Griffin, C.A Fergus, M. Lynch, F.
Limdgren, JM. Cohen, CLJ. Murmy, DL Smith, 51 Hay, R.E Cibulskis PW.
Gething, The effect of malara contmol on Plesmodivm fol dpanem in africa betwesn
2000 and 3015, Nature 526 (2015) 207-211.

[1Z] Gates Foundstion, Malara strategy overview, 2019, Accetsed, 20019, hitpe//
wwew. g e foamnka tion. oog What-We-Doy/ Global- Heal thy/Malara,

[13] D.w. Willis, M. Hamon, Eliminating malaria by 2040 among agricultural lowse-
holds in afdcs; potential impact on health, bor productivity, education and
gender equality, Gates Open Res. 2 (33) (2018) bt/ de doiorg 1001 2688/
g bespenres 1 2E43. 2.

[14] H. Alout, B, Rosche, LK. Dabiré, A Cobuet, Consequences of intecticide nsistance
on malaris trangmission, FLoS Pathog. 13 (9) (2017) el 006459,

[15] 5. Barbosa, IM. Hastings, The importance of modeling the spread of insecticide
resigtance in 8 hetergensous envimament: the example of adding synergiss o
bedmnets, Malar, J. 11 (2012) 258

[16] 5. Barbosa, K. Kay, N. Chitnis, I Hastings, Modelling the impact of insecticide-
based contro interventions on the evohstion of insecticide msistance and
digeste iransmision, Paratites Vectors 11 (20018) 482, hope e dod oog 100
1186/813071-018-3025-2.

[17] AM. Dondorp, F. Nosten, P. ¥i, DL Das, AP, Fhyo, J. Tarning, e al, Artemisinin
resigtance in Plomodivm folcjponmm malada, New Engl. J. Med. 361 (5) (2009)
455—467.

[18] 5.E. Ekenbery, A Gumel, A mathematics of malaria and climate change, in
Hang G. Kaper, Fred 5 Roberts (Edt), Book Chapler in Mathematics of Plamet
Earth: Protecting Owr Planet, Leaming from the Past, Safequanding the Futme,
Springer Intermational Publishing AG, 2018, pp. 67-59.

[19] J. Hemingway, H Ramson, A Magill, J. Kolacrinski, C Fomadel, J. Gimnig, M.
Coetzee, F. Simand, DK Roch, CE. Hinzmembe, J. Pickett, Averting a malaria
disamster will imecticide messance demil malaria contral? Lancet 387 (10029)
(2016) 17851788,

[20] M. Imwong, K. Suwannasn, C. Kunssol B Sutswong, M. Maysay, H Rekol,
et al, The spread of artemiginin-resdstam Plosmodivm faldparum in the greater
mekong subregion: a molecular epidemiology observationsl study, Lancet Infec.
Die. (2017) hitpe /il dodorg 100 1016,/51473- 30901 7) B004E-8.

[21] Werld Health Organization, Global Database on Insecticide Resigiance in Malara
Vectors, 2020, hitps:/ www. whi. int,/malaria aress Svector_ oontml/insecticide_
resistance data basefen,

[22] J. Mohammed-Awel, AR Gumel, Mathematics of an epidemiology-genetics
model for asmedng the mle of ingecticides retistance on malaris t@nsmisson dy-
namics, Math Biosei. 312 (2019) 33—49, June 20019, hitpe fwww sciencedine
oo fecienoe article/ abspil SO0Z555641 706636 viaM 3D b

[23] H. Alout, P. Labbe, F. Chandre, A Cohwet, Malara vector contool still matters
despite insecticide redstance, Trends Pamsitol 33 (B) (2017).

[24] I Emabom, E Eikenberry, AB. Gumel 5. Huijben, K Pasfimans, Lomng-lasting
inmecticidal mets and the gquest for malaria emdication: A mathematical modeling
approach, J. Math, Biol (2020) in press.


http://refhub.elsevier.com/S0025-5564(20)30058-4/sb1
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb1
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb1
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb1
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb1
http://dx.doi.org/10.1371/journal.pcbi.1003025
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb3
https://www.who.int/news-room/feature-stories/detail/world-malaria-report-2019
https://www.who.int/news-room/feature-stories/detail/world-malaria-report-2019
https://www.who.int/news-room/feature-stories/detail/world-malaria-report-2019
http://dx.doi.org/10.1098/rsos.160969
http://dx.doi.org/10.1007/s00285-018-1229-7
http://dx.doi.org/10.1007/s00285-018-1229-7
http://dx.doi.org/10.1007/s00285-018-1229-7
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb7
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb7
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb7
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb7
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb7
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb8
http://www.who.int/malaria/publications/atoz/9789241564991/en/
http://www.who.int/malaria/publications/atoz/9789241564991/en/
http://www.who.int/malaria/publications/atoz/9789241564991/en/
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb10
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb11
https://www.gatesfoundation.org/What-We-Do/Global-Health/Malaria
https://www.gatesfoundation.org/What-We-Do/Global-Health/Malaria
https://www.gatesfoundation.org/What-We-Do/Global-Health/Malaria
http://dx.doi.org/10.12688/gatesopenres.12843.2
http://dx.doi.org/10.12688/gatesopenres.12843.2
http://dx.doi.org/10.12688/gatesopenres.12843.2
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb14
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb14
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb14
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb15
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb15
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb15
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb15
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb15
http://dx.doi.org/10.1186/s13071-018-3025-z
http://dx.doi.org/10.1186/s13071-018-3025-z
http://dx.doi.org/10.1186/s13071-018-3025-z
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb17
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb17
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb17
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb17
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb17
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb18
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb19
http://dx.doi.org/10.1016/S1473-3099(17)30048-8
https://www.who.int/malaria/areas/vector_control/insecticide_resistance_database/en/
https://www.who.int/malaria/areas/vector_control/insecticide_resistance_database/en/
https://www.who.int/malaria/areas/vector_control/insecticide_resistance_database/en/
https://www.sciencedirect.com/science/article/abs/pii/S0025556417306636?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0025556417306636?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0025556417306636?via%3Dihub
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb23
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb23
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb23
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb24
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb24
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb24
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb24
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb24

I Mohanmed-Awd, EA. Thal and AR Gumel

(=]

(2]

=]

(28]

(2]

[30]

[m]

(=]

(33

(24

(35

(2]

(37
(3]
(29

[40]
[41]

(42

(43

L Heinchmidt, J. Bradley, T. Enox, AP. Mnzava, H. Kafy, e« al, 2018
Implications of ingecticide resistance for malarda veetor contml with long-lasting
imsecticidal nets: a WHO-coordinated, prospective, internstionsl, observatiomnsl
cohort study. 18(6)640-649.

E Ochomo, M. Chahilu, J. Cook, T. Kinyari, N. Bayoh, et al, Insecticide-treated
nels and protection againgd insecticide metisanmt malaris vwectors in western
Kenya, Emerg. Infect. Diseates 23 (5) (2017).

R. Maharaj, D.J. Mihembua, B L. Sharp, Impact of DOT re-intmaduction on malaria
trangmigion in Kwaluhs-Matal, 5. Afr. Med. J. 95 (11) (2005) ET1-E74.

N. Plati, R M. Ewiatkowska H. Irving, A Diabaté, R. Dabire, .5 Wondji, Target-
site pedatance mutations (kdr and RDL), bt nol metabolic resistance, negatively
impact male mating competiveness in the malarda vector Anopheles gambise,
Heredity 115 (3) (2015) 243-252.

M. Huniyoshi, F. Santos, Mathematical modelling of vector-bome disenses and
imecticide redsance evolition, J. Venom Anim Toxine Incl. Trop Die 23
(2017) 34.

P.LG. Birget, LC Koella, A genetic model of the effects of insecticide-treated
bed mets on the evolition of ingecticide-resstance, Evol. Med. Public Health 20
{2015) 5=215.

L5 Brown, KL Dickinson, A RA Kamer, Intecticide nstistance and malaria
vertor contol: The importance of fitness cot mechanisms in determining
ecimomically optimal control trajectories, J. Econ. Entomal. 106 (1) (2013)
366~-T74.

H. Alout, B.K Dabire, LS Dioghénou, L. Abate, V. Corbel F. Chandre A Coluset,
Interactive cost of Plosmodivm infaction and insecticide redstance in the malaria
vector Angplels gambite, Sei Rep. 6 (2016) 29755, 1-11.

A Amle ¥ Getachew, W. Hailesilasde M. Speybroeck, L. Duchatesn, D.
Yewhalaw, Evahmation of the efficacy of DDT indoor residial spraying and long-
lasting insecticidal nets againgt insecticide redstant populations of Anopheles
arahiensds: Patton (Diptere Qulickdee) from Ethiopis udng experimental s,
Pamagites Vectors 7 (2017) 131.

0.LT. Briet, MA. Penny, D. Hardy, T.5. Awolda, W.E Boriel V. Corbel, RLE
Dabire, J. Etang, BG Kowdow, PE Tungue, M. Chitnis, Effects of pyrethooid mesis
tamoe on the cost effectivensss of a mas distribution of longlasting indecticidal
nets: a modelling study, Malar J. 12 (2013) 77, bt/ wwow malariajoormal
onm,Seontent, 127177,

B Levick, A South, LA Hastings, A two-locus model of the evaution of in-
serticide resigtance o inform and optimise public health insecticide deplorment
strategies, PLoS Comput. Bial. 13 (1) (2017) €1005327, hitp//de dol org/10.
1371 Joumal pebi 1005327,

1. Mohammed-Awel, F. Agusto, LE Mickens, A B Gumel, Mathematical asess.
ment of the mle of vector insecticide rdstance and feeding/resting behavior on
malaria trangmigion dynamics: Optinmal control analysis, Infec Diz Modell. 3
(2018) 301-321, hitps: www nchinbm nihgov pmesarticles PMOGIRE2E, i
i i

A. Hastings, Population Biology: Concepts and Models, fimt ed, Springer, New
York, 1997,

K. Dlameye, E Eilkenbery, A Gumel, Weatherdriven malaria tranemisson
mixdel with gonotmphic and spomgonic cycles, J. Biol. Dyn. (2019) in press
AM Lutambi, MA. Penny, T. Smith, N. Chitnis, Mathematical modeling of
msquite dispersal in a helemgeneous envimnment, Math. Biosei. 241 (2013)
198-116.

H. Wan, H. Zhu, A new model with delay for mosquito population dynamics,
Math, Bieci. Eng. 11 (6) (2014) 1395-1410.

CM. Ngonghala, 5¥. Del Valle, . Zhao, J. Mobammed-Awel, Quantifying the
impact of decay in bednets efficacy on malaria tmnsmisson, J. Theoret Biol
364 [2014) 247-261.

LM. Childs, F¥. Cai, EG. Kakani, 5 N. Mitche, I. Paton, P. Gabrieli, C.0. Buckes,
F. Cattersocis, Dismpting mosquite reprodsction and pamsite development for
Malara control, FLoS Pathog. 12 (12) (2016) e 1006060, hitp://de dol org/10.
1371, foermal prxat. 1D0G0E6D.

5. Bala, B. Gimba, Global sensitivity analyss to study the impacts of bed-
nets, drig treatment, and their efficacies on a two-strain malaria model, Math,
Comput. Appl. 24 (32) (2019) 1-25.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

(53]

[54]

(58]

(58]
(58]

(0]

[51]
(2]
[63]

[64]

[65]

Muthematical Bioscimees 525 (2020) 108568

E.W. Blayneh, J. Mohammed-Awel, Insecticide-resistant mosquitoes and malada
control, Math, Biosei. 252 (2014) 14-26.

5.A Gourley, B. Liu, J. Wu, Slowing the evolstion of insecticide msistance in
mispitoes 8 mathematical model, Proc. B Soc. Lond. Ser. A Math, Phys. Eng.
Sci. 467 (2011) 21Z7-2148.

A South, LA Hatings, Ingecticide msisance evolution with misture: and
sequence: 3 modelbated explanation, Malar J. 17 (20018) B0, hitp:/dedi.
org/10.1186,/51 2936-001 8- Z203-y.

J. Wairimu, M. Romch, Modeling insecticide resistance in endemic regions of
Kenya, Appl Math. 7 (2016) 542-555.

F.B. Aguso, 5.Y.0. Valle, EW. Blayneh, CN. Ngonghala, M.J. Gonealves, N Li,
R. Zhao, H Gong, The impact of bednet wse on malaria prevalence, J. Theomet
Biol. 330 (2013) 5B-65.

J. Mohammed-Awel, F. Zhao, E Mumfor, 5. Lenhart, Management sirategies in
a Malaria model combining hsman and e sdon-blocking vaccines, Discrete
Contin, Dyn. Syst. - Ser. B (DCDSB) 22 (3) (2017) 977=-1000.

J. Mohammed-Awel, E Numfor, Optinal insecticide treated bednet coverage and
Malaria treatment in a Malaria-HIV Co-infection model, J. Biol Dyn. 11 (2017)
160-191.

CM. Ngmghala, J. Mohammed, B Zhao ©O. Prosper, Interplay betwesn
inmecticide-treated bednets and mosquito demogrmaphy implications for malada
control, J. Theoret. Biol. 3597 (2016) 179-192.

0. Diekmann, JAP. Hessterbeek, JLAJ. Metz, On the definition and compus-
tation of the bade repmduction ratio Ry in models for infections diveases in
heterogensouns popilations, J. Math. Biol 2B [(1990) 503-522.

P. van den Drietsche, J Watmough, Repmduction numbers and sub-threshold
endemic equilibria for compartmental models of disease transmission, Math.
Biosci. 180 (2002) 2048,

F. Demisie, A Kebede, T. Shimel, P. Beyene, Assesmment of public health
implication of malads-geohelminth co-inkection with an emphasgs on bookworm-
malaria apemia among spected malaria patients in asendabo, southwest
ethiopia, Ethiop Med. 1 47 (2) (2009) 153-158.

WHOD, Countries and teritories certified maladadfres by WHO, 2019, hips
S rwewew who int,/maba s aressfe lim ina ton, mala - free-countries en/.

World Health Organieation, Wordd Malarda Report 3018, 3019, hitps/fwww.
whi. it/ malaria/ media fwod d-malads- report-2018/en. Accested: 2019,

L. Facchinelli, A B North, CM. Colling, M. Menichelli, T. Pesampier, A Buec,
. Spaccapelo, A Crisnti, M.Q. Benedict, Large-cage stsesment of a tranggenic
sex-ratio distortion strain on populations of an Afdcan malada vector, Parasites
Vectors 12 (2019) 7.

Philip Lounibos, RLL. Esher, Sex mtios of mosyuitees from longtem cenms of
Florida tree boles, J. Am Moy, Control Assee. 24 (1) (2008) 11-15.

R. Galizi, LA Doyle, M Menichelli, F. Bemanlini, A Deredec, A Bust, BL.
Stsddard, M. Windbichler, A. Crisant, A synthetic s mtio distortion system for
the omtrol of the human malaria mosquite, Matue Commun. 5 (2014) 3977,
PW. Gething, DUC Casey, DU, Weiss, e al., Mapping Plesmodiem joleipanmm
Maortality in africa betwesn 1990 and 2015, Mew Engl. J. Med. 375 (25) (2016)
2435-2445.

Waorld Health Organization. 2012 Workl Malaris Report 2012 Geneva,
Switmerkand.

Wirld Health Organization, Wodd Malaris report 20015, 2015, hitp fwww wlo.
initymalaia, po blcat oo workd- malaris -repost- 200 5re podt,fen

World Health Organieation, Wordd Malarda Report 3018, 3019, hitps/fwww.
i, it pruablica tioms -deta il Awor ld- malaria-report- 2019, Accessed: 2019,

F.0. Dluamiu, 5.0, Moo, Combining indoor residual spraying and insecticide
treated bednets for malaria control in Afics a review of pesible outoomes and
an outline of suggestions for the future, Malar. J. 10 (2011) 208

Wirld Health Osganization, Malida Dmaft global technical strabegy, i
Sixty-Eighth Workl Health Asembly, March 20, 2015, 2015.


http://refhub.elsevier.com/S0025-5564(20)30058-4/sb26
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb26
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb26
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb26
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb26
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb27
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb27
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb27
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb28
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb29
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb29
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb29
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb29
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb29
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb30
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb30
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb30
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb30
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb30
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb31
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb32
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb32
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb32
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb32
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb32
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb33
http://www.malariajournal.com/content/12/1/77
http://www.malariajournal.com/content/12/1/77
http://www.malariajournal.com/content/12/1/77
http://dx.doi.org/10.1371/journal.pcbi.1005327
http://dx.doi.org/10.1371/journal.pcbi.1005327
http://dx.doi.org/10.1371/journal.pcbi.1005327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6326232/pdf/main.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6326232/pdf/main.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6326232/pdf/main.pdf
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb37
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb37
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb37
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb38
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb38
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb38
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb39
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb39
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb39
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb39
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb39
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb40
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb40
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb40
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb41
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb41
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb41
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb41
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb41
http://dx.doi.org/10.1371/journal.ppat.1006060
http://dx.doi.org/10.1371/journal.ppat.1006060
http://dx.doi.org/10.1371/journal.ppat.1006060
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb43
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb43
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb43
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb43
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb43
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb44
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb44
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb44
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb45
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb45
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb45
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb45
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb45
http://dx.doi.org/10.1186/s12936-018-2203-y
http://dx.doi.org/10.1186/s12936-018-2203-y
http://dx.doi.org/10.1186/s12936-018-2203-y
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb47
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb47
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb47
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb48
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb48
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb48
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb48
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb48
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb49
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb49
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb49
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb49
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb49
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb50
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb50
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb50
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb50
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb50
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb51
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb51
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb51
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb51
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb51
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb52
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb52
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb52
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb52
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb52
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb53
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb53
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb53
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb53
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb53
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb54
https://www.who.int/malaria/areas/elimination/malaria-free-countries/en/
https://www.who.int/malaria/areas/elimination/malaria-free-countries/en/
https://www.who.int/malaria/areas/elimination/malaria-free-countries/en/
https://www.who.int/malaria/media/world-malaria-report-2018/en/
https://www.who.int/malaria/media/world-malaria-report-2018/en/
https://www.who.int/malaria/media/world-malaria-report-2018/en/
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb57
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb58
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb58
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb58
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb59
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb59
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb59
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb59
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb59
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb60
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb60
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb60
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb60
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb60
http://www.who.int/malaria/publications/world-malaria-report-2015/report/en/
http://www.who.int/malaria/publications/world-malaria-report-2015/report/en/
http://www.who.int/malaria/publications/world-malaria-report-2015/report/en/
https://www.who.int/publications-detail/world-malaria-report-2019
https://www.who.int/publications-detail/world-malaria-report-2019
https://www.who.int/publications-detail/world-malaria-report-2019
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb64
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb64
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb64
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb64
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb64
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb65
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb65
http://refhub.elsevier.com/S0025-5564(20)30058-4/sb65

	Insecticide resistance and malaria control: A genetics-epidemiology modeling approach
	Introduction
	Formulation of mathematical model
	State variables and basic definitions
	Equations of the model
	Immature mosquitoes
	Egg stage:
	Larval stage:
	Pupal stage:
	Adult mosquitoes
	Adult male mosquitoes:
	Adult female mosquitoes:
	Humans

	Basic properties

	Existence and asymptotic stability of disease-free equilibria
	Existence of disease-free equilibria
	Asymptotic stability of disease-free equilibria
	Local asymptotic stability
	Global asymptotic stability


	Numerical simulations
	Parameters and initial conditions
	Human demographic parameters and initial conditions
	Initial distribution of mosquitoes by genotype

	Simulations: Worst-case scenario
	Assessing the additional population-level impact of larvicide intervention in the presence of LLINs and IRS
	No larvicide coverage (CL=0)
	Low larvicide coverage (CL=0.1)
	Moderate larvicide coverage (CL=0.5)

	Assessing the population-level effect of adult mosquito sex ratio (r)
	Low proportion of new adult mosquitoes that are females (r=0.35) and no larvicide coverage (CL=0)
	High proportion of new adult mosquitoes that are females (r=0.65) and no larvicide coverage (CL=0)
	Low proportion of new adult mosquitoes that are females (r=0.35) and low larvicide coverage (CL=0.1)

	Assessing the population-level impact of initial size of resistant allele frequency
	Assessing the impact of the level of dominance (h)

	Discussion and Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix. Proof of Theorem 3.4
	References




