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Abstract

This study introduces an advanced SEIAR(H)-SI(M) model designed to analyze and under-
stand the dynamics of cutaneous leishmaniasis transmission. The model is applied to recent
health data from Algeria, focusing on M’Sila province, which has recently recorded a high
disease incidence. We examine the existence, uniqueness, and stability of the solutions, as
well as the basic reproduction number, equilibrium points, and their stability. The results
reveal that the disease-free equilibrium is stable when the basic reproduction number is
less than one, indicating that the disease can be controlled through appropriate preventive
measures. Simulations show a direct correlation between transmission rates and the number
of susceptible and infected individuals, emphasizing the importance of timely interventions to
prevent disease outbreaks. Recommended strategies include environmental control measures,
awareness campaigns, and early diagnosis and treatment protocols. This study highlights
the necessity of continuously monitoring health data and adjusting model parameters to
ensure its effectiveness and sustainability. The findings emphasize the importance of targeted
interventions to reduce the basic reproduction number below one, thereby controlling the
spread of cutaneous leishmaniasis and safeguarding public health.

Key words: Mathematical modeling; cutaneous leishmaniasis; numerical simulation; estimation parame-
ters.
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1. Introduction

Cutaneous leishmaniasis is one of the most prevalent parasitic diseases worldwide, posing a significant
public health challenge in numerous countries, particularly in the Middle East, North Africa, and parts of
South America. The disease is primarily transmitted through the bite of infected female Phlebotomus
sandflies, which thrive in semi-arid and rural environments. Cutaneous leishmaniasis is characterized by
the appearance of skin ulcers or lesions, which, although not fatal, can cause permanent scars (Figure [1).
In some cases, the disease can progress to more severe forms if left untreated [I].

Cutaneous leishmaniasis represents an increasing burden, with the World Health Organization (WHO)
estimating over 700000 to 1 million new cases annually, primarily in endemic regions [I]. The disease
is transmitted through the bite of infected female Phlebotomus sandflies, which inject Leishmania
parasites into the host’s skin. These parasites then multiply within macrophages, leading to skin ulcers
or lesions (Figure [2). The spread of this disease is driven by several factors, including urbanization,
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Figure 1: Symptoms of cutaneous leishmaniasis [I].

environmental changes, population displacement, and socioeconomic challenges that hinder access to
healthcare. Developing effective strategies for prevention, treatment, and control of cutaneous leishmaniasis
is essential to reduce its impact on affected communities [2].
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Figure 2: Life-cycle of cutaneous leishmaniasis transmission [3].

Mathematics play a crucial role in addressing the challenges posed by infectious diseases, including
cutaneous leishmaniasis [41 [5 6] [7, §]. Mathematical models use equations to simulate the complex dynamics
of disease transmission between humans and sandflies. By employing ordinary differential equations, these
models provide insights into how various factors—such as environmental changes, population displacement,
healthcare accessibility, and control interventions—affect the spread of the disease.

Mathematical models not only help in understanding current epidemic dynamics but also serve as
predictive tools for assessing the potential outcomes of proposed control strategies before their implemen-
tation [9, 10, 11l 12]. For instance, these models can estimate the impact of public health measures such



as vector control programs, improved sanitation, and increased healthcare accessibility [13] [14]. They
allow for the simulation of different scenarios to evaluate the effectiveness of various interventions, aiding
policymakers in designing optimal strategies to control the disease.

By incorporating real epidemiological data from affected regions, mathematical models can accurately
identify the factors contributing to outbreaks and highlight critical areas for intervention to reduce disease
spread.

In this study, the dynamics of the epidemic are modeled by dividing the total human population
(denoted as H) into five distinct classes:

e Sg: Susceptible individuals.

e Fy: Exposed individuals.

e [: Symptomatic infectious individuals.

e Ap: Asymptomatic infectious individuals.

e Ry: Recovered individuals.

Additionally, the sandfly population surrounding the human population (denoted as M) is divided
into:

e Syr: Susceptible sandflies.

o [);: Infected sandflies.

The parameters of the SEIAR(H)-SI(M) model are defined as follows:

e A indicates the rate of increase in the susceptible individuals.

e )\ represents the rate of increase in the susceptible sandflies.

e 1 < A expresses the natural death rate for humans.

e U < A presents the natural death rate of sandflies.

e (3 is the probability rate of disease transmission from infected sandflies to susceptible humans.

e v is the probability rate of disease transmission from infected humans to susceptible sandflies.

e 1 represents the proportion of recovered individuals who lose temporary immunity and become
susceptible again.

e () < 1 probability that an exposed human develops symptomatic cutaneous leishmaniasis infection
after leaving the incubation period.

e § is the rate at which the treated population leave the class Ey

e ¢ and p are the recovery rates from infectious populations Iy and Agy respectively.

Our analysis of the disease transmission dynamics for cutaneous leishmaniasis relies on differential
equations. By modeling the progression of the disease based on available health data, we can identify the
key factors contributing to its spread.

Numerous studies explore mathematical models related to the spread of infectious diseases (e.g.,
[13, 14}, [15] [16]). These studies offer mathematical tools for analyzing the evolution of diseases over time
and examining the impact of various factors, such as transmission and treatment rates, on the dynamics of
disease spread. These models provide valuable insights that can help guide control strategies and evaluate
the effectiveness of different health interventions.

Motivated by the above-mentioned works, we propose the following system of ordinary differential
equations for 0 <t </ < oo:

dsgt(t) — AH(t) + rRp (t) - (6 &M(g )4 u) S (1)

dEst(t) _ Bszg) St (t) = (5 + ) En (1)

dlgt(t> = 5By (t)— (p+p) In (t)

dAgt(t) = (1—0)6Ey (t) — (¢+ ) A (1) (1)
ngt(t) = ply (t)+qAn (t) — (k+ p) Ry ()

dsgit(t) — AM(t) - (ﬂIH (?IE)AH ) +u) Sw (t)

In system , the first five equations represent the dynamics of the human population, whereas the
last two equations describe the dynamics of the sandfly population.



To better understand the transmission dynamics of infectious diseases between humans and sandflies
in the SETAR(H)-SI(M) model outlined in system (), we refer to the following chart:

w ] g A (I
Su Iy
K A
B In
M
Y u +Ap)
H

M

Vo

Figure 3: Flowchart of SEIAR(H)-SI(M).

This study aims to provide a comprehensive understanding of the dynamics involved in the transmission
of cutaneous leishmaniasis and the factors that influence it. We begin by analyzing the behavior of
the SETAR(H)—SI(M) mathematical model, examining its solutions’ existence, uniqueness, and stability,
ensuring that the model’s solutions are applicable and sustainable in various contexts. Additionally, we
determine the basic reproduction number, explore the equilibrium points within the model, and analyze
their stability to guide disease control strategies and predict future trends.

We validate the accuracy of our model using real data from Algeria, focusing on M’Sila province,
because it has recently recorded a high incidence of the disease in the country. By doing so, we aim
to identify local factors contributing to the spread of cutaneous leishmaniasis. This validation process
enhances the model’s precision and helps develop targeted and effective strategies for disease control.
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