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Abstract: This work aims mainly to study the impact of experiencing asymptomatic anthroponotic
cutaneous leishmaniasis (ACL) infection on the overall dynamics and outcomes of the disease.
Therefore, a deterministic model for the transmission dynamics of ACL of type SEAIS in the human
host and SI in sandfly populations is proposed and mathematically analyzed. The model is shown
to be well-posed. Its equilibrium and stability analyses are shown. The equilibrium analysis shows
that the model has an ACL-free equilibrium that is proven to be locally and globally asymptotically
stable if and only if Ry < 1. In addition, the model has a unique ACL-endemic equilibrium that is
shown to exist and be locally asymptotically stable if and only if B¢ > 1. Numerical simulations
are performed to show the asymptotic stability of these equilibriums. In addition, the effect of
ignoring asymptomatic infections is studied and the analysis shows that ignoring the development
of asymptomatic infections overestimates the effort required to eliminate the infection. Moreover,
it implies inaccurate measures of controlling ACL infection, especially those based on either using
insecticide sprays or bednets.

Keywords: anthroponotic cutaneous leishmaniasis; asymptomatic infection; SEAIS endemic model;
equilibriums; basic reproduction number; stability analysis
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1. Introduction

Cutaneous leishmaniasis (CL) is a neglected vector-borne disease spread in tropical
and subtropical regions. It is spread mainly through the bite of an infected female sandfly
while taking its meal from the definitive host. Although there has been a successful
reduction in its burden, CL disease remains a public health challenge, as it is endemic in
about ninety countries worldwide [1]. It is estimated that the yearly global incidence of CL
ranges from 0.6 million to one million cases. Throughout the last decade, the disease has had
various emerging outbreaks in different parts of the world [2]. Most of the cases occur in
the Americas, the Mediterranean basin, the Middle East, and Central Asia [3]. Even in some
countries, where CL is endemic, the disease is focused in certain parts/regions of them [4].
CL could either be anthroponotic (referred to by ACL) or zoonotic (referred to by ZCL). Both
types have different clinical features, diverse epidemiological characteristics, and different
etiological agents. For example, the main etiological agent of ZCL is Leishmania major,
while that of ACL is Leishmania tropica [5]. In this work, we are interested in studying the
spread dynamics of ACL, with an approach based on the use of a deterministic differential
equations model on the population level.

Various studies have been published to increase knowledge on the transmissibility
and controllability of leishmaniasis diseases. For example, Zhao et al. [6] developed and
analyzed a mathematical model of type SEIHR in humans, SEI in sandflies, and SEIR in
dogs to study the dynamics of zoonotic visceral leishmaniasis (ZVL) in Brazil. However,
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Bi et al. [7] extended the SEIR -SEI-SEIHR zoonotic visceral leishmaniasis model to include
age structure (i.e., partial differential equation model) in the human host. Other mathe-
matical modeling studies on visceral leishmaniasis include the works of Barley et al. [8],
Hussaini et al. [9], Kaabi and Zhioua [10], and those considered in the review article of
Rock et al. [11].

Mathematical models have been used to study the transmission dynamics of cutaneous
leishmaniasis too. For example, Chaves and Hernandez [12] introduced and analyzed a
mathematical model for the spread of American cutaneous leishmaniasis. The authors
presented and analyzed an SIS model in three populations (humans, reservoir, and sandfly
populations) and obtained expressions that allow computing threshold conditions for the
persistence of the infection. However, Bacaér and Guernaoui [13] developed a mathematical
model that considers the vector population’s seasonality and the distribution of the latent
period from infection to symptoms in humans. In addition, Barradas and Caja Rivera [14]
introduced and analyzed a vector-host model (of type SIR in humans and SEI in the
vector populations) for describing the dynamics of vector-borne diseases, with special
application to the case of cutaneous leishmaniasis in Peru. Zamir et al. [15] presented a
mathematical model of type SEIR in humans and SEI in the vector to describe the dynamics
of ACL. The authors found the basic reproduction number of the model and analyzed
its sensitive dependence on the model parameters. Then, they introduced some control
parameters in the basic model and found the optimal control, taking into account the lowest
cost. Other studies include those published by De Almeida et al. [16], Agyingi et al. [17],
Biswas et al. [18], and the references therein.

The life cycle of ACL has two stages, namely, the human stage and the sandfly stage.
Briefly, susceptible sandflies become infected when they bite a CL-infected human to feed
on his/her blood. However, susceptible humans acquire ACL infection while an infected
female sandfly takes its meal from a susceptible human. It is worth mentioning that
humans acquire the infection and become latent, where they neither transmit the infection
nor show symptoms of ACL. Those latent individuals may develop symptoms and become
infected where they can transmit the infection to susceptible sandflies. However, it is
evident that some people have a silent ACL infection, without any symptoms or signs [19].
Humans who develop clinical evidence of ACL infection have at least one sore on their
skin. The ACL sores usually develop within a few weeks or months of the sandfly bite.
They usually heal on their own, even without treatment, but they may last for months or
even years. However, humans may acquire ACL infection more than once. Therefore, a
mathematical model of type SEIS (susceptible—exposed—infected—susceptible) in humans
would be appropriate to develop and use in describing ACL transmission dynamics.

In this work, we extend the previous works and take into account both the asymp-
tomatic infections and the repeated infections, in the sense that human individuals may
acquire the ACL infection more than once. Therefore, we introduce a model of type SEAIS
in the human population. As the life expectancy of sandflies is very short compared to that
of humans, we assume an SI model for the sandfly population. The model is described
and formulated in Section 2. In Section 3, the equilibrium analysis is shown and the basic
reproduction number is computed. The local stability of the equilibriums is established
in Section 4. In Section 5, numerical simulations for the model with randomly selected
initial conditions are used to numerically show the global stability of the equilibriums.
The impact of ignoring the asymptomatic infection on ACL disease outcomes is shown in
Section 6. A summary and conclusion are given in Section 7.

2. Model Formulation and Its Basic Properties

As we model the anthroponotic cutaneous leishmaniasis, we consider both human and
sandfly populations. The total human population is split into four mutually independent
categories: susceptible, exposed, asymptomatic infected, and symptomatic infected individ-
uals. Their size at time t is denoted by Sj,(t), Ej(t), Aj,(t), and I, (t), respectively. However,
the sandfly population is subdivided into susceptible (with size S,(t)) and infected (with
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size I,(t)) sandflies. Susceptible humans are assumed to recruit at the rate Aj, and die
naturally at the rate yj,. They acquire CL infection, and become exposed, due to being
bitten by infected sandflies at the infection rate A, (t), where

Agn(t) = B X by, % ]{Tz;l

Exposed humans are not capable of transmitting CL infection to susceptible sandflies,
but they are assumed to leave their exposed status either by natural death at the rate y;,
or developing CL infection status at rate o, where it is assumed that a proportion g of
them become asymptomatic, while the other proportion (1 — g) develop symptoms and
become symptomatic infected. Both asymptomatic and symptomatic infected individuals
are assumed to die naturally at the rate y;, and recover with temporal immunity at the
rate yy,.

The sandfly population is assumed to be recruited (susceptible) at the rate A, and die
naturally at the rate y,. Susceptible sandflies acquire CL infection at a rate A, and become
infected while taking their meals from either or both the symptomatic and asymptomatic
infected humans, where
(In +rAp)

Ny
A schematic diagram for the transition and interaction between the various model

states is shown in Figure 1, while the physical meaning of the model states and parameters
is summarized in Table 1.

Ao = B X by X

Yn Ah

h’

[
I
Ah QC'- I Hn
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Figure 1. A schematic diagram for the interaction and transition between the various states of
model (1).
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Table 1. Description of state variables and parameters for model (1).

State Variables and

Parameters Description

Sy Number of susceptible humans at time ¢.

E;, Number of exposed humans in the latent period at time .

A Number of asymptomatic humans (infected but without noticeable

k disease and infectious ) at time £.

I Number of infected humans at time ¢.

Sy Number of susceptible sandflies at time ¢.

I Number of infectious sandflies at time £.

Ny, Total human population size at time ¢.

Ny Total sandflies population size at time ¢.

Ay, Recruitment rate of humans.

Ay Recruitment rate of sandflies.

Up Natural death rate of humans.

Ho Natural death rate of sandflies.

Recovery rate (with temporal immunity) from

Th symptomatic/asymptomatic cutaneous Leishmaniasis (CL) infection.

o The rate at which human individuals leave the exposed state.

B The rate at which sandflies bite the body of human individuals.
The probability that an exposed human develops asymptomatic CL
infection after leaving the incubation period.

, The relative transmissibility of asymptomatic with respect to
symptomatic CL infection.

b The probability at which a susceptible sandfly acquires CL infection

ho while taking its meal from a CL-infected human.

by, The probability at which a susceptible human acquires CL infection

while being bitten by a CL-infected sandfly.

The mathematical representation of the model is given by

ds b, I,S

7: = Ap— %hvh — wnSn+ 1 (Ap + 1),
dE, _ PBbopluS,
dA
Tth = quEy, — (pn + 1) Ans

dl

7: = (1 —=q)aEy, — (pp +vn) I, 1)
Sy, _ Bbio(In +1AR)Sy

at = Ny N, ]/lvsv/

dly _ Pbuo(Ip +7144)S0

dt N, Holto

so that all parameters are positive and as defined in Table 2. As N, = S, + E;, + A, + I,
and N, = Sy + [, then by adding the first four equations of (1), we obtain the following

equation:
dNj,
B Ay — up Ny 2
T n— HnNp 2
Its solution is A A
Ny(£) = =8 4+ (N, (0) — =) et 6)
1 (t) 0 (Ny(0) Plh)

Similarly, we add the last two equations of (1) to obtain the following equation:

ANy

W =Ny — ,quU 4)
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which has the solution

A A
No(t) = =2 + (Np(0) — =% )e 1. (5)
Ho Ho
Both solutions indicate that Nj(f), Ny(t) > 0, and when ¢t tends to oo, then the pair
(Nj,(t), No(t)) tends to (Ay,/up, Ao/ 1o). Hence, the appropriate closed set () on which
model (1) along with (2) is defined reads

QO = U0, eRt xRZ, (6)
Qh = {(Sh/Eh/Ah,Ih)eRirOSSh‘FEh"‘Ah‘f’IhSAh/]flh},
Qv = {(So, L) €ERZ,0< S+ 1 < Ay/ o}

Table 2. Model (1) parameters and their baseline and references.

Parameter Value Range Unit Reference
Ay 12,327 - Per week [20]
Ay 112 [35-350] Per week [14,21]
Uy 1/(75.5 x 52) - Per week [20]

Ho 0.0945 [0.077, 0.525] Per week [14,22]
Yh 0.0006391 [0.0000791-0.004991] Per week [14,21]
o 0.33 [0.125, 0.5] Per week [23]
B 0.48146 [4.1944-18.7754] Per week [14,21]
q 0.1 - Dimensionless Assumed
r 0.3 - Dimensionless Assumed
by 0.0097 [0.0028-0.08] Dimensionless [14,21]
bop 0.7198 [0.08-0.9] Dimensionless [14]

It is easy to check that the right-hand side of each equation in the model (1) is a
continuous function in the model state variables. Moreover, their partial derivatives (see
Appendix A) do exist and are continuous, too. Therefore, they are locally Lipschitz. Hence,
any solution, of model (1), starting with initial conditions (S, (0), E,(0), A;(0), I(0)) € O
and (5,(0), I,(0)) € Q) is unique. Appendix B shows the proof of the following proposition
on the positivity and boundedness of the solutions.

Proposition 1. The closed set ) is positively invariant along with (1).

It is worth mentioning that the positive invariance property of the set (2 could be
proven by applying lemma 1 of Valle et al. [24] and also by following the approach shown
in more detail in section II.A of De Leenheer and Aeyels [25].

3. Equilibrium Analysis and the Basic Reproduction Number

As model (1) is nonlinear, exact time-dependent solutions are impossible to derive,
but the qualitative behavior of the solutions could be studied by analyzing the equilibrium.
To this end, the derivatives in the left-hand side of (1) are set equal to zero and we solve the
remaining nonlinear algebraic system in the state variables. At equilibrium, the A; and I,
equations in (1) imply that

quEp,
A, = M 7
" (Hn +vn) @)
(1—q)aEy
[, = - __1/7Th 8
! (tn +7n) ®)

Hence,
[(1 —q) + rq)aEy

(tn +7n) ©)

I, +rA, =
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However, the equilibrium I, equation in (1) implies that
polo Ny
I,+rA, = ———-. 10
I "= BhSe (10)
Hence, from (9) and (10), we obtain
[(1—q) +rqlaky _ poloNy _ a1
(mn+1n) BbiuSo
The equilibrium Ej equation in (1) could be rewritten as
Ny (o + pp) En
Iy=——"""— (12)
° BbonSn
Substituting from (12) into (11), we obtain
_ N2
(A—g)+rg)a ;2mv(oc+#h) Ej, = 0. (13)
(;uh + 7}1) ,B byobonSnSo

3.1. CL-Free Equilibrium
If E;, = 0, then Equations (7), (8) and (12) imply that Ay, I;, and I, = 0O, respectively.

Therefore, the equilibrium Sy, and S, equations in (1) imply that S;, = /;h and S, = ;Tv
h v
Thus, the CL-free equilibrium reads

T
Eo = (S, E0, A9, 19,89, 19)" = (’;’1,0, 0,0, ﬁ,o) (14)
h

v

where the prime () denotes vector-transpose. Hence, we have the following proposition.

Proposition 2. Model (1) has a cutaneous-Leishmaniasis-free equilibrium E, given by (14).

3.2. The Basic Reproduction Number

The basic reproduction number is computed by following the general approach shown
in van den Driessche and Watmough [26]. We first determine the vector matrices of new
incidences F and transfer terms V from the four equations of infected humans and sandflies
(i.e., Ey, Ap, Iy, and I, equations), as

Ighvhlfish
Ny (& + pp) Ep
0 (tn + 1) An — quEy
F = and V =
0 (tn + ) I — (1 — q)aEy,
Bbio (In + rAp)So oLy

Ny,

Then, the new-infection terms matrix F and the remaining transfer terms matrix V are
obtained by, respectively, computing the Jacobian matrices of both F and V (with respect to
the state variable of infected terms Ej, Ay, Ij,, and I,) evaluated at the CL-free equilibrium
EO as
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0 0 Bbon atm 0 0 0
0 0 0 —qa 0 0
and V =
0 0 0 (1—q)a 0 ppt+an 0
AN T e
0 0 0
Ahﬂv Ahl"v Ho

Hence, the basic reproduction number R is the dominant eigenvalue of the next generation
matrix FV ! and is given by

RO — ,Bbvh % ,Bbhv > u AU/VU

X X e x (1= =r)4q). (15)
In summary, we show the following proposition.
Proposition 3. The basic reproduction number R of model (1) is given by Formula (15).
3.3. Endemic Equilibrium
If Ej, # 0, then Equation (13) implies that
5, = Nistto (e + pn) (¢ + 70) 16)

B ﬁzbhvbvh[(l - q) + rq}“sh '

It is worth mentioning that, throughout the rest of the current subsection, Nj, denotes the
human population size at equilibrium and equals A,/ ;. By substituting Equation (12)
into the equilibrium Sj,-equation in (1), we obtain

0= Ay — (a+ pn)Ep — unSn + vn(An + In). (17)
Now, we use (7) and (8) in (17) and simplify to obtain
E, — (A — 1 Sn) (pn +10) (18)
pn(e+ iy + vn)
In addition, using (10) and (16) in the equilibrium S;-equation in (1), we obtain
2772
poNj (@ + p) (i + vn)
Ay = oy + . 19
’ foo ;szhvbvh[(l - q) + rq}’xsh ( )
Omitting I, between (19) and (10) implies that
A = HoNu(@+u)Ey PENG (a + ) (i +10) 20)
° BbunSh Bbiobon[(1 — q) + rq]asS)
Upon substituting from (18) in (20), we obtain
A = BNl tpn) (A — pnSn) (i + 1) HENG (& + ) (1 +vn) @1
0 — 7] .
BbonSn pn (@ + iy =+ i) Bbiobon[(1 — q) + rqlas),
Now, we extract Sj, to obtain
5, = Nuttole + pn) (n + ) 22)

Bbiroa[(1 = q) +1rq]C
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where
K = ApBbuol(1—q) +rqla+ popn Ny (e + pp +71),
= NoBboppn(a+ pp +vn) + popn Ny (@ + ) (i + 1)
Upon using (22) in (16) and (18), we obtain
_ Ni¢
S'U - 'Bbth’ (23)
(pn + )T
E, = . 24
"7 Bhwal(l—q)+ g @)
where

T = ApAoBbuobonee[(1 = q) + rq] — Niguopn (e + ) (e + 10)-
In addition, we use (24) in (8) and (7) to obtain

— (1-g)t _ qt
T Gy i S Rl [ N e @)

From inserting (22) and (24) into (12) we obtain

T

I, = ————. 26
O Bhior (26)
Hence, the endemic equilibrium is
E, = (S, E, A 18,55, 15) T 27)
where
ge  _ Nupola+pp)(pn + )% e (At m)t
" Bbiroa[(1 = q) +rq)C " Bbial(1—q) + g
1—g)t
A — qT , o (1-g , 08
T Bl )+ il " Bl — )+ g )
g€ — Nhg I¢ = T .
? ﬁbthl v ﬁbvh‘uvK

It is noteworthy that x > 0, > 0, while T > 0 if and only if R¢p > 1. Therefore, we
summarize the above result in the following proposition.

Proposition 4. Model (1) has a unique endemic equilibrium, given by (27), that exists if and only
if the basic reproduction number Ry > 1.

4. Local Stability Analysis

The local stability analysis of the equilibrium points is established based on the
linearization approach (Lyapunov’s first method). Rather than considering model (1),
we replace S, and S, equations with those of Nj and N,, respectively, and substitute
S, =N, —(E,+ A, + 1) and S, = Ny — I, to obtain
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dN,
ar Ap — ppNp,
dEh . Eh + Ah —+ Ih
= = Pbalo (1 - T) — (& + pp)Ep,
dA
Tth = quEy — (pp + ) An,
dl,
= =gk, — (1) (29)
dN
dtv = Ay— UoNy,
dl by (I, + rA
7: — IB ]’l'()( ;l\]h h) (NU_I‘U)_VZ)I‘U‘
Model (29) has generally the Jacobian matrix
—Up 0 0 0 0 0
] ] _ﬁbvhlv _ﬁbvhlv 0 ,Bbvhsh
21 22 N, N, 7Nh
0 g —(utm) 0 0 0
J= (30)
0 (I1-9ga 0 —(un+n) 0 0
0 0 0 0 — o 0
i 0 rBbyySo BbioSo / —Bbpo(In +rAp)
61 N, N, 65 N, v
where
b In(Ep + Ay + 1 by Iy(Ny, — (Ej, + Ay +
I = ﬁvhv(hz nth) o Bbanlo(N (2h n h))_(“+yh),
Nh Nh
= Bbuo(I +1Ap)So _ By (I +1Ay)
]61 - 2 7 ]65 - .
N; Ny

4.1. Local Stability of Eg

At the CL-free equilibrium Ej, the Jacobian matrix | has the three negative eigenvalues
—Up, — Mo, — (i + 1), in addition to the roots of the characteristic equation

a3\ + apA? +agA +ag =0 (31)
where
az = 1,
ay = (a+pup)+ (pn+yn) + tho,
ap = (a«+ pp)po + (Hn +vn) o + (& + pp) (i + 1),
a0 = pola+puy)(un+ ) (1 —RY).

Based on the Routh-Hurwitz criterion, all roots of the characteristic polynomial (31)
have negative real part if and only if all coefficients a;,i € {0,1,2,3} and the determinants
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A1, Ay are all positive, where Ay = apay — apaz and Ay = apA;. It is clear that a3, ap, anda,
are positive, while ag is positive if and only if Ry < 1. Moreover,

M

(G 1) + Gun 1) + 10 ) (= g Do + (oo + vt

(g0 G+ 1) ) = o1 = RE)(w+ un) (o + ).

(a4 ) (o o)t + i+ o+ (o o) G+ )

+ () + (un+ ’Yh)?/‘vR%) + (n +70)*Ho >0 V. Rp<1 (32)
and
Ay = po(1 = RE)(a + py) (up +v4)A1 >0 ¥V Ro< L (33)

Collecting all together, we obtain the following proposition on the local stability of the
CL-free equilibrium.

Proposition 5. The CL-free equilibrium Ey is locally asymptotically stable if and only if Ry < 1.

4.2. Local Stability of the Endemic Equilibrium E,

At the endemic equilibrium, the matrix (30) has the three negative eigenvalues
—Wo, —Hn, — (vn + pp), in addition to the roots of the characteristic polynomial

A3+ A2+ A+ =0 (34)
where
= 1,
b1 by, (1 A
= o)+ (@t ) + g+ Py Bl 74y
Ny, Nj,
by I by, (I + 1A
o = (yh+7h)<(“+yh)+yv+ﬁ§hv+ﬁhv(ZhV h))
I h
Bbon Lo Bbio(In +1Ap) Bbon Lo
+ <a+m+Nh po + N, MR
by (I, + 1A by I
0 = ﬁh“;hw(U%+7MO”+WJ+ﬁ;£UWh+7h+“O
:Bbvhlv

+

N, et Qe

It is clear that all coefficients ¢;,i € {0,1,2,3} are positive. Therefore, the Routh—
Hurwitz criterion implies that the endemic equilibrium E, is locally asymptotically stable if
and only if the determinant A1 = ¢y — cocz is positive. Appendix C shows that Ay > 0.
Thus, E, is locally asymptotically stable wherever it exists. In summary, we have the
following result.

Proposition 6. The CL-endemic equilibrium E, is locally asymptotically stable wherever it exists.

5. Global and Asymptotic Stability

The global stability of the CL-free equilibrium (for Ry < 1) is proven by following
the general approach shown in Section 3 of Castillo-Chavez et al. [27], see also Section 3.4
of [28]. To this end, model (1) is rewritten as
dx

dy _
i Fi(x,y) and i Gi(x,y) (35)
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Ay —

F =

where
x=(SnSo)',  y=(EnAnlyl)"
and
by oS
ﬁyhT} — (& + pn)Ey
Bbon ISy,
SR = mnSn A+ v (An + 1) quEp — (pn + n) An
and G =
A B +1A)Sy o (L —q)aEy — (pn + vn)In
v N, Hoov
Bbyy (I +1A1) Sy I
N — Holy
!

The components of x € R?% denote the uninfected subpopulations, and those of y €
R* denote the infected subpopulations. The CL-free equilibrium Ey is equivalent with
x = x* = (Ay/pn, Ao/ py)T and y = O = (0,0,0,0)T. The approach is based on proving
the following two conditions:

(H1) For Z—f = F1(x,0), x* is globally asymptotically stable.
(H2) Gi(x,y) = By — G(x,y),G(x,y) > 0for (x,y) € Q.

Here, B = Dy G1(x*, 0) is an M-matrix. The condition H1 is proved by considering
the following Lyapunov function:

Ay Ny Sy No Ay So
V(S,,S,) =S5, —— — —1In +S,————1In .
S " Hn M (Ah/uh) Yo o (Av/,uv>

Clearly, V (S, Sy) > 0 along the solution of the system

d T
E(Sh/ SZI)T = (Ah - ,uhsh/ Ny — ,uvsv> (36)

and is zero if and only if (Sy, Sy)T = (Ay,/pp, Av/1y)". In addition, the time-derivative of
V, computed along the solution of the system (36), is

TV = s (1- ,u[h\IS1h>2 — oS (1 - y/:;v)z <0.

Therefore, x* = (Ay/ i, Ao/ ‘uv)T is globally stable. This proves condition H1.
To prove condition H2, we rewrite the vector-matrix G (x,y) as By — G(x,y), G(x,y) >
0, where

~wtm) 0 O
qu —(Hn +n) 0 0
B=DyGi(x",0) = | _ q)n 0 —(un+vm) 0
0 rBbyo Aoty BbpoAopy _—.
Appto Ao

is an M-matrix (where its off-diagonal elements are non-negative) and

A Sy Av/ﬂv( Sy Ah/yh))T
G(x,y) = by In[1— —1,0,0, Bby, (I A 1-— .
(x,y) (ﬁ oh ( Nh) Bbyo (I + 71 h)/\h/Vh Ao/ X TN,

Therefore, we show the following proposition.
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Proposition 7. The CL-free equilibrium Ey is globally stable if and only if Ro < 1.

The asymptotic stability analysis of both the CL-free and CL-endemic equilibriums
is established numerically. To this end, the function ode45 in Matlab, which is based on
the Runge—Kutta method of order four, is employed to numerically solve model (1) with
parameter values as presented in Table 2 and with various randomly generated initial
conditions lying in the set (). Extensive simulations are performed with a 8 value corre-
sponding to Rg = 0.8 < 1 and the simulations are shown in Figures 2 and 3. The figures
show that if we start the solutions with any initial values lying in the domain (2, the number
of exposed, asymptomatic, and infected humans and infected sandflies approach zero in
the long time run, while those of noninfected humans and sandflies tend to their level
at the CL-free equilibrium. In other words, all trajectory solutions are attracted by the
CL-free equilibrium. It is worth mentioning that the horizontally broken lines represent the
equilibrium solutions.

Similarly, model (1) is extensively and numerically solved with a value of B such that
Ro = 1.83 > 1, and the simulations are shown in Figures 4 and 5. These two figures
show that for any initial values of the human and sandfly subpopulations (lying in the
set (2) and for a combination of model parameters chosen such that Ry > 1, the size
of the time-dependent exposed, asymptomatic, and infected human subpopulations and
infected sandfly subpopulation will eventually approach a positive level (their levels at
the CL-endemic situation) and, hence, the infection persists in both human and sandfly
populations. Definitely, the CL-endemic equilibrium attracts all model solutions for values
of Ry > 1. Thus, motivated by the above results, the CL-free equilibrium is asymptotically
stable if and only if Ry < 1, while the CL-endemic equilibrium is asymptotically stable
wherever it exists.

<107 @) ‘ ‘ %107 ‘ _®

10° 10° 10 10° 102 10° 10 10°

x00 e EA [

?0-2 1c;" 15” 10’ 1;2 10° 10t 10° ?0'2 16" 1(3" ' 102 10® 10t 10°
t t
Figure 2. Time series analysis for model (1) with parameter values as shown in Table 2, except that
is chosen to make Ry = 0.8 < 1. Simulations are performed with randomly selected initial conditions
from the set (). The broken horizontal line in each subfigure represents the corresponding equilibrium
subpopulation number, while each curve represents a trajectory solution.

It is noteworthy that our in silico simulations (see Colquitt et al. [29]) show the
existence of two scenarios for the evolution of the infection; either the infection dies out
from both human and sandfly populations (see Figures 2 and 3, respectively), or it persists in
both populations (see Figures 4 and 5). The first scenario is implemented if the combination
of model parameter values is chosen such that Ry < 1, while the scenario of the infection’s
persistence holds if the model parameter values satisfy the condition R > 1. Therefore, the
nonexistence of CL-endemic equilibrium (for Ry < 1) and the global asymptotic stability
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of the CL-free equilibrium for R < 1 would imply that applying control measure aiming
at reducing the basic reproduction number to slightly less than one would ensure effective
control of cutaneous leishmaniasis infection.
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Figure 3. Time series analysis for model (1) with parameter values as shown in Table 2, except f is
chosen to make Ry = 0.80 < 1. Simulations are performed with randomly selected initial conditions
from the set (). The broken horizontal line in each subfigure represents the corresponding equilibrium
subpopulation number, while each curve represents a trajectory solution.
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Figure 4. Time series analysis for model (1) with parameter values as shown in Table 2, except 8 is
chosen to make Ry = 1.83 > 1. Simulations are performed with randomly selected initial conditions
from the set (). The broken horizontal line in each subfigure represents the corresponding equilibrium
subpopulation number, while each curve represents a trajectory solution.
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Figure 5. Time series analysis for model (1) with parameter values as shown in Table 2, except 8 is
chosen to make Ry = 1.83 > 1. Simulations are performed with randomly selected initial conditions
from the set (). The broken horizontal line in each subfigure represents the corresponding equilibrium
subpopulation number, while each curve represents a trajectory solution.

6. Effect of Ignoring Asymptomatic Infections

In the absence of asymptomatic infection (i.e., ¢ = 0), model (1) becomes an SEIS-SI
model with the infection-free equilibrium

~ ~n = ~ A A T
Eo = (80,E9, 10,80 )" = (2£,0,0,22,0 37
0 ( hr *thr 2o v) ( 1, 1o ) ( )
and a unique endemic equilibrium Ee = (~§l, Efl, Tﬁ, §f,, Tf,) T, whose components are derived
from (28) by inputting g = r = 0. It is easy to check that E, does exist if and only if Ro > 1,
where

> 5bvh ,Bbhv 44 AU /.uv
Ro = X X X 38
° Ho | vt pn a+pun A/ (38)

is the basic reproduction number for the model in the absence of asymptomatic infection. It
is clear that Ry > Ry, which means that ignoring the asymptomatic infection overestimates
the value of the basic reproduction number and, in consequence, overestimates the effort
needed to eliminate CL infection.

The equilibrium numbers of symptomatic and asymptomatic CL-infected humans
are drawn as functions of the basic reproduction number R for various values of the
probability g; see Figure 6. Figure 6A shows that I;, decreases with the increase of 4 which
means that Ij, is overestimated if the asymptomatic infection is neglected. In addition, both
the human and vector forces of infections at equilibrium are depicted as functions of the
basic reproduction number R, for various values of the probability g, in Figure 7. The sim-
ulations show that the equilibrium (vector to) human force of infection A, increases with
the increase of g, which means that ignoring the asymptomatic infection underestimates the
rate at which susceptible humans acquire CL infection. In summary, ignoring the asymp-
tomatic infection underestimates the burden of CL infection in the human population and,
therefore, overestimates the effort required to eliminate it.
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Figure 6. The endemic number of symptomatic I, (A) and asymptomatic Aj (B) infected humans as
a function of the basic reproduction number R for various values of g, while keeping the rest of the
model parameters’ values as in Table 2.
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Figure 7. The endemic sandfly A, (A) and human A, (B) forces of infection as functions of the basic
reproduction number R for various values of g, while keeping the rest of the model parameters’
values as in Table 2.

7. Summary and Conclusions

Mathematical models have been used to study the dynamical spread of cutaneous
leishmaniasis (CL) both on the cell [16] and population levels [12,30]. However, the effect
of asymptomatic human infections on CL’s dynamical spread and disease outcomes has not
yet been studied. Therefore, an SEAIS-SI model for the anthroponotic CL was introduced
and thoroughly analyzed. The model splits the human population into susceptible, exposed
(i.e., infected, but neither shows symptoms nor capable of transmitting the infection),
asymptomatic (i.e., does not show symptoms, but can transmit the infection), and infected
(i.e., symptomatic and capable of transmitting the infection). The model assumes that
exposed individuals leave their states at rate # and develop symptoms with probability
1 — g. Moreover, it differentiates the infectiousness of symptomatic from asymptomatic
individuals. As the life expectancy of the sandflies is very short compared to that of humans,
the model ignores latency and temporal recovery in the sandflies population and splits it
into susceptible and infected.

The model was shown to be well-posed, in the sense of existence and uniqueness of
the time-dependent solution in addition to the positive invariance of the model space set of
definition. Its equilibrium and stability analyses reveal that it has a CL-free equilibrium
Ep that is shown to be locally asymptotically stable if and only if the basic reproduction
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number Ry < 1. The formula of Ry is defined within the text. Moreover, it has a unique
endemic equilibrium E, that is shown to exist and be locally asymptotically stable if and
only if Ry > 1. Extensive simulations, with parameter values extracted from the literature,
were performed to explore the global attractors of the solutions. The simulations were
performed with randomly selected initial conditions all over the model definition set. It
shows that the CL-free equilibrium attracts all the solutions if the model parameters have
been chosen such that the basic reproduction number Ry < 1, while they are attracted by
the CL-endemic equilibrium E if and only if R > 1.

The effect of ignoring asymptomatic infections on disease outcomes was examined.
Throughout the analysis, it was found that ignoring the development of asymptomatic
infections overestimates the value of the basic reproduction number R and, as a conse-
quence, overestimates the effort required to eliminate the infection. Moreover, neglecting
the asymptomatic infections underestimates (overestimates) the equilibrium vector-to-
human (human-to-vector) force of infection which, as a consequence, implies inaccurate
measures of controlling the CL infection, especially those based on either using insecticide
sprays or bednets.
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Appendix A. Locally Lipschitz

The partial derivatives of the right-hand side of model (1) are the entire elements of its
Jacobian matrix f, where

> BbonloSy BbonLoSy BbonLoSy _ BbunSi
]11 N}% N}% + Y N% +Yn 0 Nh
i i _ BbunluSy _ BbunluSy o PunSk

21 2 TNE TNE N,

j= 0 qu —(pn + 1n) 0 0 0 (A1)
0 (1—ga 0 —(pn + ) 0 0
J1 J52 Js3 Jo4 Js5 0
> s rBbuy(Np — An)So  Bbuo(Ny — 1n)So ¢ _
Je1 Jo2 N2 N2 J65 Ho
h h

where
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o PBbonlo(Ny — Sp) +_ BbonIo(Ny — Sp) . BbonloSp

Ju NI% — Y, Jn = N—%, Joo = _T}% — (a4 pyp),

f51 _ f52 — :Bbhv(lh + TAh)Sz; f53 _ rﬁbhv(Nh — Ah)SU f54 _ 7w
N; N? NZ

j _ Pl +14y) fo = Jor = _ Bbio (I +rAp) Sy s = Bbio (I + 7 AR)

55 N, Ho,  Je1 = Je2 N,% , 65 N, .

They are all continuous in the state variables Sy, Ej;, Ay, I, Sv, and L.

Appendix B. Positivity and Boundedness—Proof of Proposition 1

To prove that the set (2 is positively invariant, we continue in the following manner.

Sy _ \ _ PbunloSy

— - A I).
pn I N, HuSh + 1 (Ap + 1)

which leads to

dsy Bbonlo
IUho
dt — ( Ny, + ‘uh)
Using a comparison theorem, we obtain
—Hnt—Bbyy [ N,
Su(t) > Sp,(0)e h >0 V¥V S,(0)>0.
Similarly, we can have that
En(t) > Ey(0)e @t >0 Vv E,(0)>0
Ap(t) = A0t >0 W A4,(0) >0
Li(t) > L0 twrmt >0 ¥ [,(0) >0
t (IU + T’Ah)
“Hot=Bio Jo T AT
So(t) > Sy(0)e h >0 ¥V Sy(0)>0
L(t) > I,(0)e ! >0 V  L(0)>0
Hence,
Su(t), En(t), An(t), In(t), So(t), Lb(t) >0 ¥V t>0.
However,
Ay Ny
0 < Su(t) +En(t) + Ap(t) + I(t) = Nu(t) < ’ and 0 < Sy(t) + L(t) = Nyp(t) < "
h 14

Therefore, () is positively invariant.
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Appendix C. Proof of the Positivity of the Hurwitz Determinant A;

A = cpc1 — cpcs.
b nl bh I, + T’Ah
- ((uh+w>+<a+uh>+uv+ Pounle | Pl TR (o g )+ )
h h
b hI bh Ih + T’Ah
+  Ho(pn + ) + ﬁz\vfihv(ﬂh + ) + ﬁv(Nh)(Mh +7n) + (& + pp)po
:Bbvhlv ﬁbhv(Ih + rAh) ﬁzbhvbvhlv(lh + rAh) ABb'UhIZ]
+ + o+ + + %
Nh :uv Nh ( ‘uh) N;Zl Nh
by, (I, +1”Ah) boi I bon I
- % (i =+ vn) (e + py) + ﬁsz = (pn+vn) + ﬁsz “u
h h h
,Bbvh I ﬁbvh I .
Nh (;uh + r)/h)‘uv Nh ]’lU“/
ie.,
A ,Bbvh Iy
Ay = (a+pp) | (@4 p)(un +v0) + ziNh (n + vn) + 3(n + 1) o
by, (I, + A by, I by, (I, + 1A
n (a+uh)yv+2(ﬂh+7h)ﬁ o (In h)+2,3 oh vyv+ﬁhv(h h)(teryh)
Ny, N, Ny,
by bon Iy (I, + 1A byl
+ Zﬁ hvvh;{(zh h)+ﬁ1iilh0“+(yh+,yh)2+‘u%
h h
By, (I + rAy)? by (In + 1Ay, boyl
+ ol +2’B ol )yu + (e +n) (Vh‘F’Yh)'BU :
Nj; Ny, Ny,
byo (I + 1A byl 2bpobonIo (I, + 1A
+ (,”h‘i")/h)]/tv‘i’ ﬁ hv( h h) (,uh ‘l")/h) _|_2,B vh U‘MU+2‘B hoYvh v(2h h)
Ny, Ny, Nh
bonl 2p2, 12 by (I, + 1A 202 (I, +rAp)?
UTL U§U+V%+2ﬁhv(h h)Verﬁ hv(h2 1)
Ny, Nh Ny, Nh
- B3, 13 n By b3, 15 (I + 1 Ap) n /32b5h15a n Bbon Ly 2
N? N} N2 N, "¢
2bpobonIo (I, + 1A 302 b I (I, + 1A
4 P bwobon v(2h+ h)yv+ﬁ iro Dol v(3h n) 50 (A2)
Nh Nh
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