Mathematical Biosciences 355 (2023) 108936

Contents lists available at ScienceDirect

Mathematical Biosciences

journal homepage: www.elsevier.com/locate/mbs

Original Research Article

The impact of temperature and decay in insecticide-treated net efficacy on n

Check for

malaria prevalence and control
Calistus N. Ngonghala *

Department of Mathematics, University of Florida, Gainesville, FL 32611, USA
Emerging Pathogens Institute, University of Florida, Gainesville, FL 32610, USA
Center for African Studies, University of Florida, Gainesville, FL 32611, USA

ARTICLE INFO ABSTRACT

Keywords:

Malaria transmission and control
Mosquito-borne disease model
Waning insecticide-treated net efficacy
Temperature change and seasonality
Reproduction number

Sensitivity analysis

Insecticide-treated nets (ITNs) have been useful and effective in mitigating the risk of malaria globally.
However, due to misuse and normal/human-induced physical and chemical wear, the effectiveness of ITNs
in combating malaria has been declining. Underlying heterogeneities in the nature of malaria, combined with
environmental factors such as temperature lead to complex malaria transmission and control dynamics. In
particular, temperature plays a significant role in determining the risk of malaria since it influences the growth
and survival of mosquitoes and the malaria parasite. Here, a unifying mechanistic framework that integrates
malaria dynamics with waning ITN-efficacy and temperature change is developed and used to assess the impact
of interactions between significant sources of variation (e.g., temperature) and waning ITN-efficacy on the risk
of malaria transmission and the success of ITN programs. The model exhibits a backward bifurcation when
ITN-efficacy is constant implying that control efforts must be stepped up and sustained a bit longer even when
the reproduction number is slightly less than one. The study shows that malaria is more effectively controlled
with ITNs that have a longer lifespan and if ITNs are replaced before the end of their expiration period. Also,
failing to account for waning ITN-efficacy leads to an underestimation of disease risk, burden, and effort level
required to contain the disease. Local and global sensitivity analyses show that control and temperature-related
parameters are primary drivers of the reproduction number and the human disease burden, highlighting the
significance of temperature on malaria dynamics. Furthermore, the study shows that the human disease burden
is optimal at a temperature of ~28°C and that high seasonal variations can trigger major malaria outbreaks
even in regions with low mean temperatures. Additionally, accounting for both seasonality and decay in ITN-
efficacy leads to complex malaria patterns. To sum it up, insights into the sensitivity of malaria dynamics on
temperature are useful in assessing the potential impact of changes in temperature on malaria risk. Also, a
malaria control program, which ensures that ITNs are replaced regularly and early enough, and that educates
at risk populations on proper use and care for ITNs is necessary for reducing the burden of malaria.

1. Introduction

Human health is challenged by infectious diseases on a global scale.
These infectious diseases include vector-borne diseases such as malaria,
Zika virus, Dengue fever, etc., whose transmission from one human to
another is facilitated by mosquitoes. The main association between hu-
mans, mosquitoes, and the causative agents (e.g., parasites and viruses)
of vector-borne diseases are blood meals required by female mosquitoes
for reproduction. The female Anopheles mosquito has been implicated
for its contribution in the transmission of one of the oldest, most preva-
lent, and life-threatening micro-parasitic human vector-borne diseases
(malaria). Because of its established role in spreading the protozoan,
Plasmodium falciparum — the deadliest form of the human malaria
parasite in sub-Saharan Africa [1], the Anopheles gambiae complex is

one of the well-known species of Anopheles mosquitoes. Underlying
heterogeneities in the transmission of malaria (e.g., the life cycle of the
malaria parasite is shared between humans and Anopheles mosquitoes)
coupled with environmental factors such as changes in temperature,
humidity, and precipitation affect the transmission dynamics of malaria
and the success of malaria control and mitigation programs.

Despite the significant decline in the number of malaria cases and
deaths around the world within the past two decades, malaria continues
to be a leading cause of morbidity, mortality, and economic hardship
in many regions of the world [2-4], especially in sub-Saharan Africa,
which harbored about 95% of the global malaria cases in 2020 [5].
Specifically, approximately 241 million confirmed clinically cases of
malaria and 627,000 malaria-related deaths were reported globally in

* Correspondence to: Department of Mathematics, University of Florida, Gainesville, FL 32611, USA.

E-mail address: calistusnn@ufl.edu.

https://doi.org/10.1016/j.mbs.2022.108936

Received 12 July 2022; Received in revised form 28 October 2022; Accepted 31 October 2022

Available online 7 November 2022
0025-5564/© 2022 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.mbs.2022.108936
https://www.elsevier.com/locate/mbs
http://www.elsevier.com/locate/mbs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mbs.2022.108936&domain=pdf
mailto:calistusnn@ufl.edu
https://doi.org/10.1016/j.mbs.2022.108936

C.N. Ngonghala

2020 [5]. This represented a 6.2% (12%) increase in the number of
clinical malaria cases (malaria-related deaths) in comparison to the
number of cases (deaths) reported in 2019 [6]. More than half of the
additional malaria-induced deaths in 2020 were caused by disruptions
in malaria control programs during the COVID-19 pandemic [5].

A variety of control and mitigation measures against malaria trans-
mission are available. These include artemisinin-based combination
therapy, intermittent preventive treatment and vector intervention
strategies such as eliminating mosquito habitats near human dwellings,
indoor residual spraying, and insecticide-treated nets (ITNs), [7-13].
Sustained vector control has been shown to work well in malaria
control and efforts directed toward malaria elimination [14-16]. One of
the most effective and core vector control measures (ITN-use) has been
critical in interrupting the malaria transmission cycle by preventing
contacts between humans and crepuscular, nocturnal, or endophagic
mosquitoes (i.e., mosquitoes that are active at dawn or dusk, night,
or indoors) such as some species of Anopheles mosquitoes. As a result
of ITN-use, the number of malaria cases has been reduced globally
by approximately 68% since 2000 [17]. While ITNs have been widely
adopted as the major malaria control and mitigation measure in many
malaria-endemic regions around the world, their success is undermined
by waning of the efficacy of ITNs due to natural and chemical deteri-
oration resulting from improper handling and usage, lengthy exposure
to intense sunshine, frequent washing, and using ITNs for purposes
other than protection [18-23]. For example, although over 65% of the
populace of sub-Saharan Africa owned at least one ITN in 2020, only
43% of this populace used ITNs for protection against mosquito bites.

The transmission intensity of malaria is determined by a number
of factors that are associated with the malaria parasite, vector, the
human host, and the environment. In particular, the malaria vector and
parasite are sensitive to environmental conditions such as temperature,
humidity, rainfall, etc. Several studies have shown that temperature is
an important driver of malaria risk since it influences both the Anophe-
les mosquito and Plasmodium parasite growth and survival rates, as
well as the biting rate of mosquitoes [24-34]. Some mosquitoes prefer
warm and humid climates, while low or high temperatures can cause
mosquitoes to be less active. Some mosquitoes hibernate at low temper-
atures and excessive heat can dehydrate mosquitoes [25-27]. Malaria
transmission is seasonal in many regions, with a possible surge during
and immediately following the wet season. Furthermore, malaria epi-
demics can emerge in populations with low or nonexistent immunity to
malaria when environmental conditions and other factors favor malaria
transmission. Hence, recent gains in global malaria control are threat-
ened by current increasing temperature and variable weather patterns.

Although independent mathematical models have been developed
and used to study the impact of ITNs and decay in ITN-efficacy [13,35—
42], as well as the impact of temperature and seasonal variation [27,
29,30,34,43-46] on malaria risk and control, there is no unifying
framework that assesses the combined impact of decay in ITN efficacy
and temperature/seasonal fluctuations on malaria transmission risk and
dynamics. The goal of this project is to bridge this gap by developing
a mechanistic framework that integrates malaria dynamics with decay-
ing in ITN efficacy, temperature change, and seasonal variation and
using the framework to investigate how significant sources of variation
(e.g., temperature change) interact with waning ITN-efficacy to impact
the risk of malaria transmission and the success of ITN programs.

2. Methods and materials
2.1. The model with decaying ITN-efficacy

The model system that we study here is constructed by dividing
the total human population (denoted by N,) into susceptible (S},),
exposed or incubating (E,), infectious (1), and recovered (R,) indi-
viduals. Similarly, the total mosquito population (denoted by N,) is
split into susceptible (S,), exposed or incubating (E,), and infectious
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Fig. 1. Schematic illustration of the malaria model. The model has four human classes:
susceptible (S,), exposed or incubating (E,), infectious (I,), and recovered (R,), and
three mosquito classes: susceptible (.S,), exposed or incubating (E,), and infectious (I,).
Flow of individuals between classes is represented by solid lines. Malaria transmission
from the infectious (partially immune) human class is denoted by a dashed (dashed-
dotted) line, while transmission from the infectious mosquito class to the susceptible
human class is denoted by a dotted line. The model parameters are described in Table 1.

(I,) mosquitoes. Since there is no empirical evidence that mosquitoes
recover from malaria infection, we ignore the recovered class for
mosquitoes. The recovered class (for humans) consists of humans with
incomplete immunity, who can also transmit the infection to other
humans via mosquitoes. Since malaria does not confer permanent
immunity, partially immune individuals can lose their immunity and
become susceptible to the disease again. It is assumed that all births in
both the human and the mosquito populations are into the susceptible
classes, i.e., there is no vertical transmission of malaria.

Schematics and brief explanations of the parameters of the model
are presented in Fig. 1 and Table 1, respectively. Following the Schemat-
ics (in Fig. 1), descriptions of the model variables, and the tabular
description of the model parameters (Table 1), the human and mosquito
population dynamics, as well as the transmission dynamics of malaria
between these two populations are characterized by the model system:

Sy = Ap+1nlp+ ppRy = Aop + 1) S,

E = AuSp — (up + Vi) Ey,

i, = VpEp — 6y + vy + 1y +op)ly,

Rh = opdy, — (up + pp) Ry, (2.1)
S, = fo(N, N, = [1,,(0) + py(O1S,,

E, = A0S, = [1,(0) + v, (O)IE,,

I, = VO E, — (0],

where 6 is temperature in degrees Celsius (°C). The dynamics of the
total human and mosquito populations are described by the equations

N, = A, —uy Ny = 6,1, N,=1[f,(N,,0) — p,(0)IN,. (2.2

As in Ngonghala et al. [45,47], the mosquito birth rate is modeled
through the logistic growth functional form:

N,
So(Ny, 0) = a,(0) (1 - K—”) . @,(0) = £(0)p.(0)po(O)pu, (6) ™", (2.3)

v

where ¢, is the number of eggs per female mosquito per day, p, is the
survival probability from egg to adult mosquito, ¢, is the development
rate from eggs to the adult mosquito stage (i.e., 1/¢, is the average egg
to adult development time), and «, is the mosquito carrying capacity
(i.e., the amount of resource available for mosquito sustenance). Fol-
lowing Ngonghala et al. [39-41], the mosquito to human (human to
mosquito) force of infection A,, (4,,) are modeled by the functions

PonP(t, 9)11)’ and Ay, (b, 0) = Pro(O)B, ), + €,Ry)

, (2.4
N, N, 2.4

Apn(bs, 0) =
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Table 1
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Brief descriptions of parameters of the model system (2.1) and biologically feasible values and ranges for the parameters.

Parameter Description Unit Baseline value Range Reference
Ay, Human recruitment rate Humans per day 10%/(61 x 365) [10° /75,10 /53] x 1/365 [49]
1/v, Human latent period Day 14 [10/2,10%/67] [50-52]
1/pp Duration of human immunity Day 5 x 365 [10°/11,10°/55] [52]
1/7n Duration of human infection Day 60 [4,180] [53]
1/c, Duration of human infection Day 285 [10°/17,10*/14] [52]
5y Human disease death rate Per day 32.9/(365 x 10%) [0,41/10°] [52]
1/, Human life span Day 61 x 365 [53,75] x 365 [49]
Pon Infectivity of infectious mosquito Unitless 22/1000 [1/10%,27/107] [52,54-56]
Do Infectivity of infectious humans Unitless 48/100 [72/10%,64/10%] [52,57-591
€.Ppy Infectivity of immune humans Unitless 48/10° [72/10%,64/10%] [52,57-59]
B Maximum mosquito biting rate Per day 5/10 [1/10,1] [52,60,61]
B Minimum mosquito biting rate Per day 1/100 [0,1/10] Assumed
by ITN coverage Unitless 43/100 [40/100, 80/100] [4]
£ Initial ITN efficacy Unitless 0.9 [0,1] Assumed
T Useful ITN lifespan Day 3 x 365 [180,3 x 365] [62-64]
£, Eggs laid per female mosquito Per day 18.8 [13.08,23.14] [65]
Pe Egg to adult survival probability Unitless 0.58425 [0.273,0.787] [25]
1/¢, Egg to adult development time Day 16.3883 [10,23.302] [25]
K, Carrying capacity Mosquitoes 10* [10°,5 x 10%] Assumed
1/v, Extrinsic incubation period Day 13 [10?/33,103 /29] [52,66]
1/ py Mosquito lifespan Day 14 [7,21] [54,67]1
Hyt ITN mosquito mortality rate Per day 1/14 [1/21,1/7] [68]
n Shape constant Unitless 6 variable [39,40]
where f(t,0) = §,(0) — [5,(0) — £,(0)]e(1)by, with See [34,47] for illustrations of some temperature response functions
and [34,73-75] for justifications of the unimodal shape of the tem-
|- 1 perature response functions. The parameter values associated with the
ep(t) = okl | 2n 41 Tmod T\ |50 (2.5) temperature-dependent functional forms are presented in Table 2.
1+ ( T/2 ) On the other hand, the function

Furthermore, as in Ngonghala et al. [39-41], the mosquito mortality
rate (u,) is given by u,(t,0) = u,o(0) + Hy1 (0)e,, (Db, where

241 1 1

f= - . 2.6

&, 0= |21 l+(rmodT)n £0 (2.6)
T2

Here, 0 < b, < 1 is the community ITN coverage (i.e., the proportion
of the population that uses ITNs), 0 < ¢, < 1 is the initial (protective
and killing) efficacy of ITNs and T is the effective useful lifespan of
ITNs. The ITN efficacy for protecting humans from mosquito bites given
by Eq. (2.5), and for killing mosquitoes that land on ITNs given by
Eq. (2.6) are designed to account for the fact that once insecticide in a
net is lost, the initial efficacy of the ITN is reduced by approximately
half [48]. Also, since ITNs become less effective over the course of
their useful lives (because their efficacy decline with time) as a result
of several factors that include misuse and physical/chemical wear, the
ITN efficacy functions (2.5)—(2.6) are decreasing functions of time.
Furthermore, the functions account for the fact ITNs are replaced
following the expiration of their effective useful lives. It should be
noted that other functions, such as exponential decay and modified Hill
or Weibull functions can also be used.

2.2. Introducing temperature and seasonality

Some of the mosquito-related parameters of the model (2.1),
e.g., the egg-to-adult mosquito development rate (¢,), the mosquito
biting rate (#), the mosquito (extrinsic) incubation period (1/v,), the
number of eggs per female adult mosquito per day (¢,), the survival
probability of eggs (p,), and the natural mortality rate of mosquitoes
(#4y), depend on temperature and other environmental and climatic
conditions [34,47,69]. Two types of functional forms have been used
to model the temperature dependent parameters. In particular, the
Briére function, c0(6 — 6,,,,)(0,nax — 0)'/? [70]1,where c is a modified rate
constant, while 6,,;,, and ,,,, denote (critical) minimum and maximum
temperatures, has been used to model ¢,, g, and v, [25,34,71], while
the quadratic functional form, ¢8> + ré + s, where ¢,r, and s are fit
parameters has been used to model &,, p,, and u,, [25,34,65,72].

0(t) = 6, + 0, sin (3%) t, @2.7)

where 6,, and 6, represent the average yearly temperature and the
amplitude of the yearly temperature fluctuations, respectively, is used
to incorporate seasonal variation into the malaria model (2.1).

3. Results

3.1. Analytical results for the special case in which ITN-efficacy is constant
and temperature is not considered

When ITN efficacy is constant (i.e., ey = €, = €0), and each of
the temperature-dependent parameters (i.e., ¢,, &, P, B, V,, and i)
are constant, Eqs. (2.1) can have three possible types of equilibrium
points — a mosquito-free equilibrium (E,, (), which depicts a situation
in which there are no mosquitoes in the community; a disease-free
equilibrium (E, f), which represents a situation in which there is no
malaria in the population; and an endemic equilibrium (E,), which
represents a situation in which the disease is always present at certain
levels in the population. These equilibria are obtained by setting ¢; =
g, =g in Egs. (2.1), setting the left hand sides of the modified model

Hy
to zero, and solving the system of algebraic equations for the variables.

3.1.1. Disease-free equilibria, and the reproduction number
The model (2.1) with constant ITN efficacy has a mosquito-free
equilibrium E,, ;= (%0 0,0,0, 0,0) and a disease-free equilibrium
h

E; = (%,o,o,o, Ll (G, ~ 1),0,0), where %, = . It should be
mentioneé that the disease-free equilibrium (E, 1) exists when Ry > 1
(i.e., if @, — p, > 0). When £, < 1, only the mosquito-free equilibrium
(E,,r) exists. The threshold quantity %, is called the vectorial repro-
duction numbers; it is defined as the average number of new mosquitoes
produced by a single female mosquito in an area where there are no
mosquitoes through out the lifespan of the female mosquito [39,40].
The next generation matrix approach [77,78] and the disease-
free equilibrium (E, /) are used to compute the reproduction number
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Temperature-dependent parameters, their functional forms, and baseline values for additional parameters in the functional forms. Two types of functional forms have been used

to model the temperature dependent parameters: The Briére function (c6(0 - 6,,,)(0

‘max

—6)'/2) [70] and the quadratic functional form (q6> + r0 + s). Here, 6 denotes temperature

in degrees Celsius, ¢ is a modified rate constant, while 6,,, and 6,,,, denote (critical) minimum and maximum temperatures, and ¢,r, and s and fit parameters.

Trait Brief description and unit Briére function Source
4 Orin Oax

¢, Egg-to-adult development rate (day~') 1.11x 107 14.7 34.0 [25,34]

B, Maximum mosquito biting rate (day~') 2.03x10™* 11.7 42.3 [34,76]

v, 1/(extrinsic incubation period) (day—!) 111 x 107* 14.7 34.4 [34,71]

Trait Brief description and unit Quadratic function Source
q r N

£, Eggs laid by a female mosquito (day~') —1.53x 10! 8.61 x 10° —9.77 x 10! [34,65]

Pe Survival probability of eggs (no unit) —0.92 x 1072 4.53x 107! —4.77 x 10° [25,34]

Hoo Natural mosquito mortality rate (day~') —8.28 x 107* 3.67 x 1072 5.22x 107! [34,72]

(i.e., the spectral radius of the matrix, ¥ 71 of the model (2.1). Since

0 0 0 0 ponb

vh
0 0 0 0 0
F=|0 0 0 0 0 |and
0 DrrobntokePn=l)  fpneratekyREn=D) 0
ayAp ayAp
0 0 0 0 0
A, 0 0 0 0
v, A, 0 0 0
7 = 0 -0, Az 0 0 |,
0 0 0 A, ©
0 0 0 —v, u
0 0 0 PonPvo  Ponb
Hy Ay Hy
0 0 0 0 0
g7 = 0 0 0 0 0
BphovinoAg BpnvkpAo  BPho€rbntpky(REm—1) 0 0
ayAp A1 AgAs apApAr Az ayAp Az
0 0
and the reproduction number is given by
2 A
R, = BZProPonVaVe 0’ 3.1
a,Ap A1 Ay Az Ay

where Ay = (A3 + €.0)ppk (R — 1), A| = pp+ vy, Ay =6, +y,+pu,+
Ops A3 =y + pp. and Ay =, + v,

The control reproduction number (R,) is a threshold quantity that
can be used to determine whether a disease can be contained (when it
is less than one) or will establish itself (when it is greater than one) in
a population. Here, R, represents the expected number of new malaria
cases caused by an infected individual during the infectious period of
this individual in a population in which some people are protected by
ITNs. It should be mentioned that R, becomes the basic reproduction
number (R;) when no malaria control strategies are utilized. The
reproduction numbers %,, and R, will now be used to establish the
stability of the mosquito-free and disease-free equilibria.

3.1.2. Local and global stability of the mosquito-free equilibrium
The Jacobian of the system at the mosquito-free equilibrium is

-u, 0 h P 0 0 =Bupun
0 -4 0 0 0 0 Bubon
0 v, A, 0 0 0 0
o=l 0 0 e -4 0 0 0
o 0 0 0 -ud-R,) a a
0 0 0 0 0 —Ay 0
o 0 0 0 0 —

The set of eigenvalues for the Jacobian (J,,/) is {—up, —A;,—4,,— 43,
—u,(1-R,),—A,,—p,}. All eigenvalues are real and negative if %, < 1.
Hence, the mosquito-free equilibrium (E,,,) is locally asymptotically
stable if the vectorial reproduction number is smaller than one and

unstable if it is bigger than one. Furthermore, it can be shown that
E, , is globally asymptotically stable if %, < 1. Specifically, consider
the linear Lyapunov function & = MiNU. Clearly, & > 0,VN, # 0

and & = 0 only when N, = 0. On the other hand, ¥ = MLNU =
N, N, .
L [av(l—K—U)—ﬂU] N, = —[(1—@m)+K—U§§m] N, < 0 if &, < 1.

By LaSalles invariance principle the mosquito-free equilibrium solution
(E,,r) is globally asymptotically stable whenever %,, < 1.

3.1.3. Stability of the disease-free equilibrium
The Jacobian of the model (2.1) at the disease-free equilibrium is

—Hn 0 Yh Ph 0 0 —BuPon
0 —A 0 0 0 0 BoPon
0 Vi —A, 0 0 0 0
—-A
Jap(Eqp) = 0 0 GGZ = (3; 0 0 0 .

192 ry1v2

0 0 A e G, Gy Gs
G, _&G616; _

0 0 ~hpe e 0 Ay 0

0 0 0 0 0 Ve —H,

where G| = B,py,tpk,.Gy = p, (1-R,).G3 = p, (2—R,,). Eigen-
values (¢) of the Jacobian (J, ) can be determined from the matrix
equation |J,, —¢{I;| = 0, where I; is the 7 by 7 identity matrix and
R,, > 1. This leads to the polynomial characteristic equation:

C+uIE + tty (R — 1)IE + Byl + B3 + Byt + BiC + By) = 0, (3.2)
where

By = pu,+ A+ A+ A3+ Ay,

By = uy(A; + Ay + Ay + Ay) + Aj(Ay + A5 + Ay) + Ay(As + Ay) + A3 Ay,
By = p, [A (Ay+ A3 + Ay) + Ay (A3 + Ay) + A Ay]

+ A [Ay (A3 + Ay) + A3 Ay + AyAsA,,
By = u, {A| [Ay (A3 + Ay) + A3 AL] + Ay A3 AL}

+A Ay A3 A, (1 - pu,R2) > 0if R, < 1,
By = p,A1AyA3A, (1-R?) >0, if R, < 1.

From Eq. (3.2), the first two eigenvalues, —u;, and —u,(%,,—1), are both
negative since %,, > 1, otherwise the vector population will become
extinct. Hence, the local stability of the disease-free equilibrium can be
determined from the fifth-degree polynomial component of Eq. (3.2).
To this effect, all the coefficients (B;,i = 1,2,3,4) of the fifth-degree
polynomial component of Eq. (3.2) are greater than zero when R, < 1.
Therefore, from Descartes Rule of signs, there is no sign change in the
sequence of coefficients and so the polynomial cannot have a positive
root. That is, when R, < 1, all eigenvalues of the Jacobian (J,,)
are negative (if they are real) or have negative real parts (if they
are complex). This implies that the disease-free equilibrium is locally
asymptotically stable when R, < 1 and unstable when R, > 1.
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Table 3

A summary of conditions for the existence of endemic equilibria and the possible
number of equilibria to System (2.1). The system can possess zero or two endemic
equilibrium point(s) when R, <1 and one endemic equilibrium point when R, > 1.

Case R, R, Possible number of equilibria
1 R <1 R <1 0

2 R.>1 R <1 1

3 R, >1 R, >1 1

4 R <1 R, >1 0or 2

3.1.4. Endemic equilibria and backward bifurcation

The dynamics of the model (2.1) with constant ITN efficacy and
no temperature effects is studied in the presence of malaria. Endemic
equilibria EY = (S}, EZ I ;: Rz, S EX %), of the model are given by

. _ ApA Ay A, _ Ay Ay AR, _ Apvp Az AY,
T A A AL+ AT T A Ay Ay A, T AL Ay Ay + AR,
ApVpop Ay, Ap(A Ay Ay + Aghy)

RR=—mo«— =
BT A Ay Ay + AsEY,
Ko 2( Ry — 1) K2 (R — DA

o av(ﬂ;v-‘-”u) e avA4(j';v+Mu) e

N =S'+E'+I'+R = —————— |
hER TR T T A Ay Ay + ASKY,

KoMpVo( Ry = DAy,
a,Ay(Ay, + Hy)

)

where As = pj, (Ay Az + v,04) +vy (8, + uy) Az, Ag = (Ay A3 +vi,(Az+0y)),
and 47, and A} are the equilibrium values of 4, and 4,,, respectively.

_ ﬂpuhKUvL,[A1A2A3(/1:fh + up) — vp(rpAs + phoh)ﬂ’;h] A;‘w

= , (3.3)
oh T T A A (Al Ay As + Ay As + Ay + 1AL, ) A+ Hy
. By +e.R) Bonovn(As + €.0) 47, 3.4)

ho = N; T A Ay A + Ay A + vy (As + oplAT,

Substituting Eq. (3.4) in Eq. (3.3) and simplifying leads to the equation:

(X2 +C 2%, + Co)at, =0, (3.5)
where
Ay Ap A3 Pppyvin(As + €.04)] + 24, Ag
Cl = (a- Rl),
As[ﬁphvvh(A3 + erah) + :MUA()]
A Ay A5)?
G = Lol 22 2) (- R,
Ag[BPhova(As + €,.0p) + 1y Agl
B2 PruPunViVuAoAs
R, =

Hp{ oy Ay Ay Ay A3 A By, vi(As + €,04)] + 21, Ag )

Conditions for the existence of endemic equilibria and the possible
number of endemic equilibria to the model (2.1) with constant ITN effi-
cacy and no temperature effects are given in Table 3 and Theorem 3.1.

The model (2.1) when ¢ p = €4 = & is constant can have zero
or two endemic equilibrium point(s) when R, < 1, and one endemic

equilibrium when R;, > 1. This is summarized in the following result:

Theorem 3.1. When Ep=¢, =& is constant, the model (2.1) can have

(a) no endemic equilibrium when R, <1 and R; < 1;
(b) one endemic equilibrium if R, > 1l and Ry <lor R, >1and R; > 1.
(c) zero or two possible endemic equilibrium points if R, < 1 and R, > 1.

The case in which the model has no endemic equilibrium point is
illustrated in Fig. S1 (a) and (d) of the SI, while the case in which the
model has a single endemic equilibrium point is illustrated in Fig. S1
(b)-(c) and (e)-(f) of the SI. Part (c) of Theorem 3.1 indicates that
the model might have two endemic equilibria when the reproduction
number (R,) is below one. Thus, there is a parameter regime under
which the model might exhibit a sub-critical (backward) bifurcation
(Fig. 2). This is a dynamic process that is characterized by the coexis-
tence of a stable disease-free and a stable endemic equilibrium when
the associated reproduction number of the model is less than one [79-
81]. In this case, the critical value of the reproduction number that is
necessary for disease elimination (i.e., below which the reproduction
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number must be reduced further to achieve elimination) is given by

RO — \/1 _ Ag(Bppyvp(e.op + As) + yUAG)Cl2 .
¢ 4, (A Ay Az)?

(3.6)

3.2. Simulation results for the cases with constant and waning ITN-efficacy
and constant or no temperature effects

In this section, the model (2.1) will be simulated to assess the impact
of decay in ITN-efficacy and temperature on the dynamics of malaria.
In all cases, unless otherwise specified, the simulations are performed
using the baseline parameter values presented in Tables 1-2.

3.2.1. Forward versus backward bifurcation

Theorem 3.1 indicates that when the efficacy of ITNs is constant
over time (i.e., when ey =€, = €9), and each of the temperature-
dependent parameters (i.e., ¢,.&,,p,.,B.v,, and u,,) is constant, the
model (2.1) can have a unique endemic equilibrium when R, > 1 or two
possible endemic equilibria when R, < 1. Thus, when R, < 1, the model
(2.1) can exhibit a subcritical (backward) bifurcation under certain
parameter conditions [79-81]. It was established in [39] that this phe-
nomenon occurs in this class of models with ITN-use when the human
malaria-related mortality rate (6,) exceeds the human natural mortality
rate (u,). The model (2.1) is simulated to illustrate the possibility of a
forward bifurcation when 8, = 32.9/(365x 10%) < p,, (Fig. 2(a)~(c)) and
a backward bifurcation when 6, = 32.9/(365 x (10%)/2) > u,, (Fig. 2(a)-
(c)). Under the parameter regime for which the model (2.1) exhibits
a backward bifurcation, the new threshold value of the reproduction
number required for disease elimination is R’c’b = 0.74. Thus, a backward
bifurcation occurs for 0.74 = R%® < R, < 1, while the disease-free
equilibrium is globally asymptotically stable when R, < R% =0.74.

More results for the case with constant ITN-efficacy and no tem-
perature consideration depicting the impact on the control repro-
duction number (R,) as a function of the ITN coverage (b)) of dif-
ferent parameters through which control measures can be assessed
(e.8., €0, Bus > K» Mp0s Mot > Bi> Pros Pons @nd v,) are given in Figs. S2-S3.
Also, heat maps of R, the equilibrium value of the infectious human
population and the total infectious human population as functions of
ITN coverage and f,, ,, and p,; are presented in Fig. S4.

3.2.2. The impact of ITN coverage, ITN efficacy, and ITN-induced mortality

In this Section, the assumption that the efficacy of ITNs is constant
is relaxed and the algorithm in [39,82] is used to compute the repro-
duction number of the continuous periodic disease model system with
decaying ITN efficacy and periodic replacement time (i.e., the model
described by Egs. (2.1), (2.4), (2.5), and (2.6)). Following Theorem 2.1
and Lemma 2.2 in [82], computing the reproduction number of this full
periodic non-autonomous system entails rewriting the corresponding
infection sub-system in the form ‘L—”:’ = (=70 + le O )w,w € R,
where % is the matrix of newly generated infections, 7" is the matrix of
transitions, ¢ € (0, o) is a parameter, and W (t,¢),t > 0 is the evolution
operator of the system. The reproduction number is the spectral radius
of W(T,¢). See [82] for the full algorithm and [39] for a summary of
the algorithm and an application of the algorithm to a malaria model
system with decaying ITN efficacy but no temperature consideration. It
should be noted that ¥ and 7 are of the same form as in Section 3.1.1
and that due to the complexity of the model, a closed form expression
for the reproduction number cannot be obtained. Hence, a numerical
profile of the reproduction number as a function of important model
parameters is determined and threshold values of these parameters for
which the reproduction number is unity are identified. Fig. 3 shows
contour plots of the control reproduction number (R,.) of the model
(2.1) for the case in which ITN efficacy is constant (Fig. 3(a) and (d)),
averaged (Fig. 3(b) and (e)), and declining over time (Fig. 3(c) and (f))
as functions of ITN coverage, b,, and initial ITN efficacy, ¢, (Fig. 3(a—
c)), as well as ITN coverage and the ITN-induced mortality rate, u,,
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Fig. 2. Numerical simulations of the model (2.1) when ITN efficacy is constant and each of the temperature-dependent parameters is constant showing (a)-(c) a forward bifurcation
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value of the threshold (Rﬁ") is 0.74, and the other parameter values used for the simulations are given in Table 1.
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Fig. 3. Contour plots of the control reproduction number (R,) of the model (2.1) for the case in which ITN efficacy is constant over time ((a) and (d)), time-averaged ((c) and
(e)), and decays over time ((c) and (f)). Each reproduction number is plotted as a function of ITN coverage and the initial efficacy of ITNs ((a)-(c)), and as a function of ITN
coverage and ITN-related killing rate of mosquitoes ((d)—(f)). The other parameters used for producing the plots are given in Tables 1-2.

(Fig. 3(d—f)). The figure shows that if ITN coverage is maintained at the
baseline value of 43% reported by the World Health Organization [5],
then malaria elimination is impossible if ITN efficacy is averaged or
decays over time. However, if the initial ITN efficacy and the ITN-
related killing rate of mosquitoes are held at their baseline levels
(given in Table 1), then Fig. 3 indicates that ~ 43% ITN coverage is
required to reduce R, below one if ITN efficacy is constant over time
(Fig. 3(a) and (d)), ~ 55% ITN coverage is required if ITN efficacy is
averaged (Fig. 3(b) and (e)), while ~ 72% ITN coverage is required
if ITN efficacy declines over time (Fig. 3(c) and (f)). These coverage
percentages increase with reductions in the initial ITN efficacy or ITN-
induced mortality rate of mosquitoes. In particular, if the efficacy of
ITNs drops below 50%, then containing malaria using only ITNs when
ITN efficacy is averaged or decaying over time is impossible.

~
~

3.2.3. Assessing the impact of ITN coverage, lifespan, and replacement time

The World Health Organization recommended a transition from
regular insecticide-impregnated nets to long-lasting insecticidal nets
(that can retain their effectiveness and durability for up to 3 years)
in order to minimize issues associated with re-impregnating nets with

insecticides or replacing nets frequently [83,84]. Fig. 4 depicts a con-
tour plot of the control reproduction number of the model (2.1) with
decaying ITN efficacy and periodic ITN replacement time as a function
of ITN coverage and the lifespan of ITNs (Fig. 4(a)), as well as a
contour plot of the control reproduction number of the model (2.1) as
a function of ITN coverage and the effective replacement time of ITNs
(Fig. 4(b)). As in [39,40], the results indicate that ITNs with longer
lifespans outperform those with shorter lifespans in malaria control. In
particular, if the lifespan of ITNs is as short as one year, then containing
malaria only through ITN-use is impossible even if everybody in the
community sleeps under ITNs. For ITNs with a lifespan of 3 years,
~ 74% ITN coverage is required to contain malaria, while for ITNs with
a lifespan of 5 years, only ~ 54% ITN coverage is required to contain
malaria (Fig. 4(a)). On the other hand, replacing ITNs before the end of
their useful lifespan performs better in malaria control than after their
lifespans. For example, if ITNs with a useful life of 3 years are replaced
after 2 years, ~ 58% ITN coverage is required for containing malaria,
while if the ITNs are replaced after 4 years, ~ 88% (i.e., an additional
30%) ITN coverage is required to contain the disease (Fig. 4(b)). To
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Fig. 5. Contour plot of the control reproduction number of the model (2.1) as a function of ITN coverage and temperature for the case with (a) constant ITN efficacy, (b) averaged
ITN efficacy, and (c) decaying ITN efficacy with periodic replacement time. The other parameters used for producing the plots are given in Tables 1-2.

summarize, ITNs with longer usable durations that are replaced before
the useful lifetime expires are recommended for malaria control.

3.2.4. Assessing the impact of ITN coverage and temperature

To assess the impact of ITN coverage and temperature on the
dynamics of malaria, a contour plot of the control reproduction number
of the model (2.1) as a function of ITN coverage and temperature
for the scenario with constant, averaged, and decaying ITN efficacy is
produced (Fig. 5). The results obtained show that malaria transmission
is optimized at temperatures of ~28°C if there is no ITN coverage
(i.e., by = 0). The value of the control reproduction number in this
case is R, = 2.2. For this scenario in which 6 ~28°C, at least a 49% ITN
coverage is required to reduce the control reproduction number below
one when the efficacy of ITNs is constant (Fig. 5(a)). For temperatures
that are lower or greater than this optimum, lower ITN coverage levels
are required. For example, a 42% ITN coverage is required to reduce
the control reproduction number below one when the temperature is
25°C or ~32°C (Fig. 5(a)). Higher ITN coverage levels are required
for the case with time-averaged ITN efficacy to reduce R, below one.
For example, when 0 ~28°C, at least a 69% ITN coverage is required
(Fig. 5(b)). Even higher ITN coverage levels are required for the case
with decaying ITN efficacy. In particular, at least 81% ITN coverage is
required to reduce R, below one if § ~28°C, while 71% ITN coverage
is required if 6 ~ 25°C or § ~ 31°C (Fig. 5(c)). Hence, the ITN coverage
required to contain the malaria disease is underestimated by ~ 32% for
the temperature at which transmission is maximized (comparing the
cases for constant ITN efficacy in Fig. 5(a) and decaying ITN efficacy in
Fig. 5(c)). In summary, this result shows that at temperatures in which
malaria transmission is maximized, more ITN coverage is required to
contain the disease and that not taking into account waning of ITN
efficacy underestimates the control effort required to contain malaria.

3.2.5. The impact of temperature and some control-related parameters

As shown in [34,47] and Figs. S5-S6 of the SI, temperature-
dependent parameters of the model (2.1) and some model outcomes
(e.g., the reproduction number) as functions of temperature (6) are
unimodal. Consequently, there are ideal temperatures at which these

parameters are maximized or minimized. Fig. 6 depicts this unimodal
relationship, as well as the impact of temperature, the scaling factor
(cg,) of the temperature response biting rate function, the human recov-
ery rate (y,,), and the ITN-induced mortality rate of mosquitoes (y,;) on
the control reproduction number of the model (2.1) with decaying ITN
efficacy and periodic ITN replacement time. As in Section 3.2.4, the
results show that the temperature response of the control reproduction
number attains a peak around ~ 28°C. For this peak temperature,
reducing the reproduction number below unity requires the mosquito
biting rate scaling factor to be at most cs, = 1.8 x 10~ (Fig. 6(a)) or
cg, = 1.4x107 ~4 (Fig. 6(d)), the human recovery rate to be y;, = 2.2x1072
(Fig. 6(b)) or y;, = 4.4 x 1072 (Fig. 6(e)), and the ITN-induced mortality
rate of mosquitoes to be u,, = 1.2 x 10-! (Fig. 6(c)) or Hy = 3.04
(Fig. 6(f)), which might not be feasible. However, for a temperature of
24°C or 32°C, for example, reducing the reproduction number below
unity requires the mosquito biting rate scaling factor to be at most
¢p, = 23 x 107 (Fig. 6(a)) or ¢ = 1.7 x 107 (Fig. 6(d)), the human
recovery rate from infection to be y, = 1.3 x 1072 (Fig. 6(b)) or y, =
2.8x 1072 (Fig. 6(e)), and the ITN-induced mortality rate of mosquitoes
to be u,; = 0.4x 107! (Fig. 6(c)) or u,; = 8.5 x 10! (Fig. 6(f)).

3.3. Simulations for the case with waning ITN-efficacy and seasonality

In this Section, we assess the impact of waning ITN efficacy and
seasonality on the dynamics of malaria transmission. The scenarios
considered include a control case of the model (2.1) in which ITN
efficacy is constant with no temperature effects, and cases of the model
(2.1) in which ITN efficacy wanes with no temperature effects, with
temperature effects, and with both temperature effects and seasonality.

3.3.1. Interaction between periodic ITN replacement and seasonality

The model (2.1) with Egs. (2.4), (2.5) and (2.6) is simulated to
assess the impact of temperature on the long-term dynamics of the
infectious human and mosquito populations for the cases in which ITN
efficacy decays over time with temperature effects and seasonality.
In each scenario, ITNs are replaced periodically. The results of the
simulations (Fig. 7) show bounded periodic oscillations due to periodic
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Fig. 7. Long-term dynamics of the model (2.1) showing the effects of temperature on the (a)-(b) infectious human population and (c)-(d) infectious mosquito population for the
case with constant temperature ((a) and (c)) and seasonality ((b) and (d)). The values of the other parameters used for the simulations are given in Tables 1-2.

replacement of ITNs for the case with no seasonality (Fig. 7(a) and (c)).
Due to interactions between the periodic ITN replacement cycles and
seasonality, a major regular oscillation pattern with multiple slightly
smaller regular oscillations is observed (Fig. 7(b) and (d)). This high-
lights the possibility of multiple malaria waves (with slightly smaller
waves between major waves). Two-dimensional plots that also include
the case with constant ITN efficacy (a stable non-oscillatory endemic
equilibrium), and the long-term dynamics of the other model variables
are presented in Fig. S7 of the SIL

3.3.2. Global sensitivity analysis

In this Section, a global sensitivity analysis of the model (2.1) is
performed following the Latin Hypercube Sampling (LHS) and Partial
Rank Correlation Coefficients (PRCCs) procedures outlined in [85] and
applied to malaria models with waning ITN-efficacy in [39,40]. A single
response function — the total infectious human population (i.e., the
human disease burden) is considered for four different scenarios of
the model system described by Egs. (2.1): the case with (a) constant
ITN efficacy but no temperature effects, (b) declining ITN efficacy

but no temperature effects, (c) declining ITN efficacy and temperature
effects, and (d) declining ITN efficacy with temperature effects and
temperature fluctuations. The results illustrated in Fig. 8 show that the
human recovery rate from infection (y,), the maximum biting rate of
mosquitoes (f,), the scaling factor of temperature-dependent biting rate
(Cﬁu)’ the ITN coverage (b,), the initial ITN efficacy (¢,), the probability
of an infectious human (mosquito) infecting a susceptible mosquito
(human), p;, (p,;,), and the mosquito carrying capacity (k,) consistently
have the greatest impact on the response function for each of the four
scenarios. Each of these consistently significant parameters is associated
with a malaria control measure. For example, increases (decreases) in
by and y,, which translate to increased (reduced) ITN coverage and
treatment of infectious individuals, respectively, will lead to significant
reductions (increases) in disease burden. This confirms the importance
of ITNs and treatment in fighting malaria. Also, increases (decreases)
in B,, ppys Pon» and k, will lead to appreciable increases (reductions)
in disease burden. For the scenarios with constant temperature and
seasonality, temperature () and the annual mean temperature (6,,)
are the most significant parameters (Fig. 8(c)—(d)). This highlights the
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Fig. 9. Simulations of the model (2.1) showing the impact on the total infectious human population (human malaria burden) as a function of the mean annual temperature (6,,)
and the amplitude or seasonal deviation from the mean annual temperature (6,) for the scenario with (a) constant ITN efficacy and seasonality and (b) waning ITN efficacy and
seasonality. The values of the other parameters used for the simulations are given in Tables 1-2.

significance of temperature as a major driver of malaria transmission.
In each of the four scenarios, the minimum biting rate of mosquitoes
has the least impact on the total infectious human population. Hence,
the risk of contracting malaria is low in regions where the number of
mosquitoes is low or where mosquitoes do not bite humans very often.

3.3.3. Impact of mean annual temperature and temperature fluctuations
The model (2.1) with Egs. (2.4)—(2.7) is simulated to assess the
impact of mean temperature and temperature fluctuations on peak
malaria incidence and the total infectious human population. The
simulation is carried out for the scenario with seasonality (i.e., when
temperature is defined by Eq. (2.7).) The results of the simulation
(presented in Fig. 9) show that the total human malaria burden (i.e., the
total infectious human population) is highly sensitive to the annual
mean temperature (0,) and the seasonal deviation from the mean
annual temperature (6,). Specifically, with seasonal temperature fluc-
tuations, major malaria outbreaks are possible even at temperatures
below and above the annual mean temperature. The range of pos-
sible temperatures for which such outbreaks can occur is wider for
the model with decaying ITN efficacy and periodic replacement time
(Fig. 9(b)) compared to the case with constant ITN efficacy (Fig. 9(a)).
In particular with a seasonal temperature fluctuation of 10°C, severe
malaria outbreaks can occur in regions with mean temperatures as
low as 18°C and as high as 38°C. Accordingly, temperate climates
with significant seasonal variation might be able to sustain outbreaks
similar to those in tropical climates with less fluctuations in seasonal
temperatures. Similar results are obtained if the malaria burden is
quantified in terms of the peak incidence (Fig. S8 in the SI). For the
case in which ITN efficacy is constant, if the mean annual temperature
is held at its baseline value while the temperature fluctuation is 10°C,

a 5% reduction in the baseline burden of malaria will be recorded
(Fig. 9(a)). However, if the mean temperature is held at the optimal
transmission value of 28°C, a temperature fluctuation of +10°C will
lead to an ~ 8% reduction in the baseline burden of malaria, while
no temperature fluctuation will lead to a 3% increase in the baseline
burden of malaria (Fig. 9(a)). For corresponding scenarios in the case in
which ITN efficacy decays over time, significantly higher percentage re-
ductions are recorded (Fig. 9(b)). For example, if the mean temperature
is held at 28°C, a temperature fluctuation of 10°C will lead to an ~ 43%
reduction in the baseline burden of malaria, while no temperature
fluctuation will lead to a 3% reduction in the baseline burden of malaria
(Fig. 9(b)). Additional heat maps assessing the impact of the burden
of malaria as functions of the mean annual temperature (6,,) and the
ITN coverage (b,), the human recovery rate (y,,), the scaling factor (cﬁ“)
of the temperature-dependent mosquito-biting rate, and the mosquito
carrying capacity (x,) are given in Fig. S9 of the SIL

3.3.4. Assessing the impact of control-related parameters on disease burden

Fig. 10 depicts heat maps of the human malaria burden as functions
of the initial ITN coverage (b,) and other model parameters through
which disease control can be assessed with the exception of the seasonal
deviation from the mean annual temperature (6,). The heat maps show
that if the initial ITN coverage b, is held at its baseline value of 43%,
while the baseline initial efficacy of ITNs (g,) drops to 60%, an 87%
increase from the baseline disease burden is recorded (Fig. 10(a)). On
the other hand, if the initial ITN coverage is raised to 60%, an 83%
reduction from the baseline disease burden is recorded if the initial
ITN efficacy is held at its baseline value, while a 25% increase from
the baseline disease burden is recorded if the initial ITN efficacy drops
to 60% (Fig. 10(a)). High ITN coverage combined with more treatment
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Fig. 10. Heat maps depicting the impact on the human malaria burden (i.e., the total infectious human population) of the ITN coverage (b,) and the (a) initial ITN efficacy (),
(b) human recovery rate (y,), (c) seasonal divergence from the mean annual temperature (6,), (d) scaling rate of the temperature-dependent maximum biting rate of mosquitoes
(cp,), (e) carrying capacity of mosquitoes (,), and (f) the scaling rate of the temperature-dependent rate at which exposed humans become infectious (c, ). The values of the other

parameters are given in Tables 1-2.

of infectious individuals will lead to a significant reduction in malaria
burden. In particular, if the initial ITN coverage is held at its baseline
value, an 86% increase from the baseline disease burden is recorded if
the human recovery rate reduces to 1.2 x 102 per day from its baseline
value in Table 1 (i.e., the average duration of infection increases from
60 to ~ 86 days), and a 66% reduction in the baseline disease burden
is recorded if the baseline human recovery rate is increased by 20%,
i.e., to y, = 2.2x 1072 per day or the average duration of infection is 46
days (Fig. 10(b)). But if the baseline initial ITN coverage is increased
by 30% (i.e., from 43-56%), an 83% decrease from the baseline disease
burden is recorded if the recovery rate is held at its baseline value,
while a drastic 93% decrease is recorded if the recovery rate rises
by 30% (Fig. 10(b)). More results for other parameters (depicted in
Fig. 10(c)-(f)) are illustrated in Table S1 of the SI. Similar results are
obtained for the case in which disease burden is quantified in terms of
the endemic equilibrium (Fig. S10 of the SI).

4. Discussion and conclusion

Malaria is one of the deadliest and most common diseases of hu-
mans that is spread by mosquitoes. It affects humans in many parts
of the world, especially humans in tropical and subtropical regions.
For example, ~ 95% of the global malaria cases in 2020 were from
Africa, with 55% of these cases from only six countries [5]. Although
ITNs have been instrumental in curtailing the transmission of malaria
significantly [17], the success of this intervention measure is challenged
by many factors including mosquito resistance to insecticides used in
ITNs, waning of ITN efficacy, and improper usage. Malaria control is
also challenged by environmental factors such as temperature since the
malaria vector and parasite are both sensitive to changes in tempera-
ture. In particular, temperature is necessary for the growth and survival
of the malaria vector and parasite. Hence, acquiring insights into the
significance of temperature and the decay in ITN efficacy over time and
how these interact with the transmission dynamics of malaria is critical
in the design and implementation of more effective control measures.
Here, the decay in ITN-efficacy and seasonal changes in temperature
are incorporated in a model for malaria and the model is used to
assess the role of variation in temperature, decay in ITN efficacy and
control-related parameters on malaria prevalence.

The model exhibits a backward bifurcation (i.e., a stable disease-
free and a stable endemic state co-exist when the reproduction number
of the model is less than one). This phenomenon is associated with
important disease control implications. Specifically, the occurrence of a
backward bifurcation makes disease control more difficult because the
reproduction number must be reduced further even when it is slightly

10

less than one to get the system out of the backward bifurcation regime
to a region in which the disease-free equilibrium is globally stable. This
implies that control efforts must be stepped up and maintained until the
control reproduction number (R,) falls below the backward bifurcation
critical value (Rgb). That is, containing the disease is feasible when
R, < R. This phenomenon occurs within a parameter regime in which
the human disease-induced mortality rate is greater than the human
natural mortality rate, which is consistent with findings in [39,40].

Simulations of the model show that when ITN-efficacy is constant,
averaged, or waning, containing the disease is impossible if all param-
eters are held at their baseline values. But, holding the ITN coverage
at baseline and modifying the other control-related parameters ap-
propriately can lead to elimination. Also, the simulations show that
there is a significant correlation between the longevity of an ITN and
its effectiveness in controlling malaria, i.e., long-lived ITNs are more
effective in controlling malaria than short-lived ones. Furthermore, the
analysis shows that malaria control is improved by replacing ITNs
before their intended lifespan. The model with constant or averaged
ITN-efficacy underestimates disease burden and the required control
effort. These results are consistent with those in [39,40].

The effects on epidemiological metrics such as the control repro-
duction number (R,) and the human disease burden of the interaction
between temperature and certain parameters of the model system that
are affected by disease control measures are examined. These include
the human biting rate of mosquitoes (f), the adult mosquito mortality
rate (u,), the probability of an egg surviving to become an adult
mosquito (v,), the carrying capacity of mosquitoes (k,), the probability
of infectious mosquitoes spreading malaria to susceptible humans (p,;,),
the probability of infectious humans spreading malaria to susceptible
mosquitoes (p,,), and the rate at which humans recover from malaria
(74)- In regions where mosquitoes live longer and bite humans more
frequently as is the case in sub-Saharan Africa, malaria transmission is
high. This is one of the reasons for which most malaria cases (e.g., 95%
of the cases in 2020 [5]) are concentrated in Africa. Personal protection
(e.g., through the use of ITNs) can lead to a reduction in the human
biting rate of mosquitoes by sheltering humans from mosquitoes and
killing mosquitoes that land on ITNs. Spraying the interior of homes
with insecticides and using ITNs and adulticides can increase the
mortality rate of mosquitoes. Furthermore, larvicides can reduce the
probability of an egg surviving to become an adult mosquito, while
getting rid of mosquito breeding sites close to human dwellings can lead
to a decrease in the carrying capacity of mosquitoes. The rate at which
humans recover from the malaria disease (y,) can be used to assess
the impact of treatment with anti-malaria drugs on malaria prevalence.
For example, more treatment will result in an increased recovery rate,
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while less treatment will result in a lower recovery rate. Additionally,
proper handling and care for ITNs can result in longer useful lifespans
of ITNs, which our simulations have shown to have a significant impact
in reducing the burden of malaria. Furthermore, transmission-blocking
Wolbachia bacteria can be used in bio-control strategies to limit the
risk of malaria transmission from infectious mosquitoes to susceptible
humans (p,,) [86-88]. Results of the global sensitivity analysis in
Section 3.3.2 show that some of these parameters (through which
control measures can be assessed, e.g., y,,k,, Pyp, and by, &y, and B,
in p) consistently have the most significant impact on disease burden
across each of the four scenarios under consideration (constant ITN
efficacy with no temperature effects, declining ITN efficacy with no
temperature effects, declining ITN efficacy with temperature effects,
and declining ITN efficacy with temperature effects and temperature
fluctuations). That is, changes in these parameters will generate more
significant changes in malaria burden.

Local and global sensitivity analyses of the model (2.1) show that
the total infectious human population and the control reproduction
number are highly sensitive to temperature-related parameters. This
highlights the significance of temperature in malaria transmission dy-
namics and hence the importance of accounting for temperature in
malaria models and in the design of malaria control measures. Further-
more, this study shows that accounting for both seasonality and decay
in ITN efficacy leads to complex patterns. Specifically, interactions
between the periodic ITN replacement cycles and seasonal cycles lead
to some sort of a period-2 pattern signaling the possibility of a slightly
minor malaria wave following a major wave in certain areas. Also,
simulations of the model show that malaria transmission is optimized at
temperatures of ~ 28°C. The ITN coverage level required to contain the
disease is lower at temperatures that are lower or higher than this opti-
mum temperature. However, transient temperature changes (i.e., shifts
from the annual mean temperature) associated with the seasonal cycle
contribute to malaria burden by facilitating or preventing transmission.
Specifically, if there is sufficient seasonal variation in temperatures,
serious malaria outbreaks are possible in regions with low annual
mean temperatures or temperatures below the optimal temperature
for malaria transmission. This would be the case in temperate and
subtropical climatic zones. For example, in regions with annual mean
temperatures of ~ 18°C, seasonal temperature variations of +10°C can
lead to conducive conditions for optimal transmission of malaria.

This study is based on a model that relies on some assumptions. One
of the key assumptions is that all ITNs are replaced simultaneously.
Furthermore, the study does not take into consideration the role of
human decision-making related to the use of ITNs, which can provide
valuable information for public health. Although only the effect of
temperature is accounted for in this study, other environmental factors
such as humidity and precipitation can also impact the dynamics
of malaria. Accounting for these factors might alter the results re-
ported here. Despite these limitations, this study identifies important
parameters that can be targeted for control purposes and shows that
accounting for waning in ITN-efficacy is important in understanding
malaria transmission risk and in estimating the effort required to con-
tain malaria. Hence, malaria control strategies must include education
on proper handling and use of ITNs. The study shows that malaria is
extremely sensitive to seasonal changes in temperature. Specifically,
disease burden and the control reproduction number are highly sen-
sitive to temperature-related parameters highlighting the significance
of temperature in malaria dynamics. Furthermore, the study shows
that malaria transmission risk is optimal at temperatures of 28°C
and that major malaria epidemics can emerge even in regions with
low temperatures provided seasonal fluctuations in temperature are
significantly large. Thus, understanding interactions between malaria
dynamics, temperature changes, and waning ITN-efficacy is essential
in assessing the impact of temperature variations on malaria risk and
in designing improved malaria control and mitigation strategies.
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