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Toxoplasmosis is one of the most prevalent infectious diseases in the world due to its
harmful effects on both humans and animals. In this study, we present the dynamics of
Toxoplasmosis in cat and mouse populations. We implement continuous vaccination for
cats, horizontal transmission in both populations, and include vertical (congenital) trans-
mission only in the cat population. Additionally, we consider the impact of oocysts of
the parasite Toxoplasma gondii, which is responsible for causing the Toxoplasmosis infec-
tion. The paper offers a comprehensive analysis of positivity, boundedness, and stability
of equilibrium points. Furthermore, we propose a controlled system accompanied by two
suggested control strategies that aim to minimize the infected population while optimizing
costs. To support the analytical findings, a numerical example is provided.

Keywords: Tozoplasma gondii; vaccination; stability analysis; vertical transmissions,
horizontal transmissions; optimal control.
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1. Introduction

The protozoan parasite Toxoplasma gondii is the cause of toxoplasmosis, which affects a significant
proportion of the global population. About 11% of people in the United States aged six years or older
are thought to have been infected, and in certain parts of the world, the infection rate is more than
60%. Because such environmental conditions enhance the survival of the parasite’s oocysts, the preva-
lence is noticeably higher in hot, humid climates and lower elevations. There are three major routes
of transmission: foodborne, zoonotic (animal-to-human), and congenital (mother-to-child). Pregnant
women and people with compromised immunity may be at risk, even though it is frequently asymp-
tomatic in those with robust immune systems. There are several ways that toxoplasmosis can spread,
such as eating raw meat or shellfish, drinking tainted water or food, coming into contact with cat
excrement, pregnant women can transfer the disease to their unborn child, and in rare cases, organ
donation or blood transfusion can also transmit the disease. Many people with toxoplasmosis have
no symptoms at all, and symptoms might vary greatly. Severe instances of toxoplasmosis can cause
damage to the brain or eyes, while mild ones may just cause muscle aches and lymph node swelling.
Ocular toxoplasmosis may require treatment by an ophthalmologist, and infected neonates may show
signs later in life, including potentially fatal brain or eye damage (see [1]).

Worldwide, Toxoplasma gondii is a protozoan parasite that is often found in domestic and wild
animals, especially in cats [2,3]. Most cats that have Toxoplasma gondii do not display any symptoms,
however, cats with compromised immune systems may display symptoms that affect multiple organs [4].
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According to Hartmann et al. (2013), cats only shed these environmentally resistant oocysts once in
their lifetime, but infected cats may still pose a risk to people after that. According to [5,6], Toxoplasma
gondii may infect a wide variety of warm-blooded animals, with significant seroprevalence rates seen
in South American cats.

The diagram 1 given in [7] shows the life cycle of the Toxoplasma gondii in the environment.

The Felidae family, especially domestic cats,

Life Cycle of Toxoplasma gondii
represents the primary group of definitive hosts
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become infected. After ingestion, oocysts re- Ll undercooked medt &
lease sporozoites that differentiate into tachy-

zoites, which settle in muscle and neural tissue
and mature into tissue cyst bradyzoites. Both consuming intermediate hosts that contain tissue cysts
or swallowing sporulated oocysts directly can cause infection in cats [1]. Furthermore, wild game and
animals raised for human consumption can become infected with tissue cysts by ingesting sporulated
oocysts in the environment. Toxoplasma gondii can infect humans through various means, including
eating raw meat from animals with tissue cysts, consuming food or drink contaminated with cat excre-
ment or environmental samples (such as soil contaminated with feces), cleaning a pet cat’s litter box,
organ transplantation or blood transfusion, and transmission from mother to fetus transplacentally
(congenital transmission) [1,7,8§].

Once inside the human host, the parasites form tissue cysts, which are commonly found in the
brain, eyes, heart, and skeletal muscle. These cysts can persist throughout the host’s life. Although
stained biopsy specimens may reveal tissue cysts, serology is typically used for diagnosis. In cases of
congenital infections, molecular methods like polymerase chain reaction (PCR) can be employed to
detect Toxoplasma gondii DNA in amniotic fluid for diagnostic purposes [1].

A mathematical framework called the compartmental model, initiated by Kermack et al. [9], pro-
vides insights into the dynamics of infectious diseases such as mouse typhoid [10]. In compartmental
epidemiological models, the population is divided into three separate groups: the susceptible () class,
the infected (I) class, and the removed (R) class. When susceptible individuals come into contact with
an infected individual, they become infected. Individuals in the infected class may eventually recover
from the illness and transition to the removed class, where they are assumed to remain immune to it.
This particular model is referred to as the “SIR” model. Mathematical epidemiological models have
contributed significantly to understanding diseases caused by viruses and parasites [11-14]. Several
studies [15, 16] have all used these models to study the dynamics of toxoplasmosis in specific popu-

congenital
transmission

Figure 1. Life Cycle of Toxoplasma gondii.

lations, such as humans, cats, and mice. To reduce the spread of Toxoplasma gondii to people and
other animals, several studies have particularly examined the effects of cat vaccination [16,17]. A num-
ber of studies [16, 18] have explicitly examined the effect of immunizing cats as a strategy to reduce
Toxoplasma gondii transmission to humans and other animals. However, developing a vaccine against
toxoplasmosis is still a top priority [19]. This work presents a mathematical model of Toxoplasma
gondii transmission involving mice and oocysts, in which cats become infected by coming into contact
with oocysts.

One key characteristic of the life cycle of oocysts is that they can be transmitted within populations
via two routes: horizontal transmission between cats and mice, and vertical transmission from cats
to their neonatal offspring [8,20]. If horizontal transmission incurred no costs, it would evolve to
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always increase rates. While the mouse population is divided into susceptible and infectious classes,
with the recovered class excluded due to the parasite’s systemic spread in infected mice, the model
separates the cat population into susceptible, infectious, and vaccinated/recovered sub-populations.
Toxoplasma gondii oocysts are the primary environmental source of infection, and the mathematical
model explores the dynamics of disease transmission. Animals can get the disease in a number of
ways, such as by consuming contaminated meat, ingesting feces from recently infected cats, or through
vertical transmission from mother to fetus. According to several studies [17,18], cats act as important
reservoirs for the disease.

2. Toxoplasmosis model

In the following sections, we develop a mathematical model to describe the spreading dynamics of tox-
oplasmosis within cat population and mouse population. This model incorporates a constant vaccina-
tion program for cats [16-18] and includes the oocyst population, as these are primarily responsible for
maintaining Toxoplasma gondii in the environment [21]. This inclusion is critical since cats are the only
known excretors of Toxoplasma gondii oocysts [17,21]. The model accounts for direct contact between
cats and environmental oocysts. Environmental contamination by oocysts is well-documented [22], and
the likelihood of acquiring Toxoplasma gondii infection is directly related to the quantity of oocysts
present in the environment [23].

Infections generally originate from two sources: tissue cysts in prey and environmental oocysts [22].
However, prey infection ultimately traces back to oocyst shedding by cats. Our model is based on the
premise that infection risk is proportional to the environmental oocyst load, which is influenced by the
number of infected cats in preceding weeks [17]. This mathematical model employs a system of ordinary
differential equations and includes parameters related to vaccination rates and oocyst survival times.
We assume lifelong immunity post-recovery, as cats, while they can be reinfected and shed oocysts
again, tend to shed significantly fewer oocysts in subsequent episodes [1,2]. Given that the vaccine
is assumed to provide complete immunity, we consolidate vaccinated and recovered cats into a single
compartment.

The model also considers vertical transmission within the cat population, supported by several
studies [24, 25] and evidence of lactational transmission of Toxoplasma gondii [25]. A natural expo-
nential decay is applied to the oocysts. While we do not include a subpopulation of exposed oocysts
in this model, future work may incorporate this aspect, as oocysts become infective only after 24 to
48 hours post-shedding. Sporulated oocysts can survive for extended periods under typical environ-
mental conditions [26].

The model proposed is presented by the following ordinary differential equations system

%l(tt) = 1 Vr(t) — BS() Ot) — vS(t) + puteI(t),

%Ef) =BSt)O(t) — al(t) + ptu (1),

AVi(t) _ aI(t) +~S(t) — pVr(t),

!
% =kI(t) — poO(t),
dS:Z;(t) = (b— pm) Sm — BmSm(t) O(t),

dfgt“) = (b= ttm) I + BuSi(£) O(1).

The total cat population is denoted N (¢) and it is classified into three disjoint sub-populations: suscep-
tible cats S(t), infected cats I(t), and vaccinated /recovered cats Vg(t). The mice population Ny, (t) is
classified in two different sub-populations: susceptible mice Sy, (t) and infectious mice I, (t). Assuming
the rate of births is the same as the natural death rate (u), then the population of cats stays constant
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(N(t) = 0). However, susceptible cats or mice become infected after direct connection with oocysts at
the two rates () and (f8,,), respectively. It is assumed that oocysts become infective immediately after
being shed by cats. Additionally, there is an oocyst population O(t) in the environment. The parame-
ter k > 0 is the rate of appearance of new oocysts in the environment per infected cat. Susceptible cats
move to the vaccinated sub-population Vg(t) at rate (), while infectious cats move to Vg(t) at rate
(). The fluctuation in the oocysts number O(t) at time ¢ is in relation with the amount of infectious
cats I(t). Note also that (1) is oocysts death rate. In the system model (1) the two parameters (t,,)
and (t,,) denote vertical transmission rates, which are crucial for understanding the persistence of
toxoplasmosis in cat populations. Vertical transmission refers to the transfer of infection from mother
to offspring, either during pregnancy or through breastfeeding. The parameter (¢,,) represents the rate
at which infected mother cats transmit the infection to their kittens. This mode of transmission helps
sustain the prevalence of Toxoplasma gondii within cat populations, even in the absence of environ-
mental oocysts [27,28|. The parameter t,, accounts for the offspring of infected mothers being born
susceptible but not immediately infected, highlighting the potential for rapid re-infection cycles due to
close contact with the mother or contaminated environments [29]. Incorporating (¢,,) and (t,,) into
the model allows for a more accurate simulation of disease dynamics and aids in evaluating effective
control strategies.

Furthermore, we assume that the total populations of cats and mice are scaled: N(t) = S(t) +
I(t) + Vr(t) = 1, and Np,(t) = Sp(t) + Ln(t) respectively, without loss of generality. Note that the
variables related to births (b) and deaths (u,,) in the mouse population disappear due to the scaling
of the population. Since I, (t) =1 —S,,(¢) and Vi(t) =1 — S(¢t) — I(t) taking into account the scaled
populations we can reduce the model (1) to a simpler one as follows

%%Q:“_55@0@%ﬂu+ﬂ5@—uﬂw+u%ﬂm
) 55(6)0() — a1(0) + b 100

2)
9O _ 1. 1(1) - w0 (1),

with initial conditions

S(0) =0, I(0)=0, O()=0, S,(0)=0. (3)
This paper aims to analyze the dynamics of toxoplasmosis. We take in count two types of transmissions
(horizontal and vertical). By deriving the basic reproduction number, that is expressed by the system
parameters, we prove sufficient conditions for the stability of two equilibrium points of the system.
Furthermore, we present a description of optimal control to minimize the numbers of infected cats and
oocysts in the environment.

The rest of this paper is organized in the following form. In Section 3, we determine the equilibrium
values of the model (2), and we show the existence, positivity and boundlessness of system solution
to guarantee that our system is mathematically and biologically well-posed. The characterization of
optimal controls is investigated in Section 4. In Section 5, we illustrate our analytical results with
numerical simulations. In the end, we finish the paper with conclusion and future directions,

%:M(l—S—[)—ﬂSO—’yS—FMtng
dI

a—ﬂso_a[—i_utUl[?
%%:a1+75—uﬂ—5—ﬂ-
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3. Basic mathematical analysis

The proposed model below describes the dynamics of a biological population, therefore, the solutions
of the system must be nonnegative and bounded.

We can also verify the existence and uniqueness of the solutions of the system. Thus, we can rewrite
the system (2) by

where
ds
S(t) dtt)
I(t) 4
X(t) = O t ’ \I,(t) = déi%t) )
(t) man
dSm
S (t) dt(t)
—pt+y ptpty, 000 w—BS(t)O(t)
B 0 —a+pt,, 00 | BS@E)O(®)
0 0 0 0 B Sm.(t) O(t)

There exists a Lipschtiz constant L such that ||B(Xi(t)) — B(Xa2(t))|| < L||X1(t) — X2(t)]|, then
|v(X1) — (X2)|| < W X1(t) — X2(t)]|, where W = max(L, ||A||) < co. This shows that the function
1 is uniformly Lipschitz continuous, and with the restrictions on S(t) > 0, I(¢) > 0, O(t) > 0 and
S (t) = 0, we prove the existence of a solution for the system (2) [30].

3.1. Positivity

Since the populations must remain nonnegative at all times, the following theorem shows that every
solution of (2), with nonnegative initial values (3) will remain in R%.

Theorem 1. For any initial conditions (3), the solutions S(t), I(t), O(t), Sn(t) of system (2) are
positive for all t > 0.

Proof. We assume that the initial values (S(0), I1(0), O(0), S,,(0)) of system (2) are in RY. We prove

that system (2) is a non-negative dynamical system using Proposition 2.1 in [31]. Then, we have

as al do Sy,

=l =u-It t,I(t) =0, —| =BSEHO®) >0, —| =kI(t)>0, —2 =0.
Wl S HO O el 20, 5| =gs@ow 0 G —kiw o Tl

Then, Ri is an invariant set. Therefore, if the initial values belong to the nonnegative cone, every
solution will remain in Ri. That is complete the proof. [

3.2. Boundedness of solutions
The following theorem presents the boundedness of solution. In order to show this, we consider the
following set:

)

1+t k 1+t t
p+y o po(p+ )
k
0<O<M—, I+5<1, Im+5m<1}. (4)
0
Theorem 2. The set Q) is positively invariant with respect to system (2), with the initial condi-
tions (3).
Proof. Taking the third equation of system (2)

do(t
00 _ k1(t) ~ no0(0),
and since I(t) < 1, then
dO(t)
2N e .
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Therefore, according to Birkhoff and Rota’s [30] differential inequality, we get
k
O(t) < e ot <M— + O(0) (eMot — 1)) , Vt=0.
0
Then, since O(0) < :—O we have O(t) < % for all ¢ > 0. The first equation gives
ds(t
) — —5.50)00) — (-4 7) SU) + (1~ (1~ 1,) 1(2)
Sp=(p+7)St) + pto, 1),
and since I(t) < 1, then
as(t
B < h 1t 1)~ () S0,
which implies
1+, _
S(t) < e~ ()t 5(0) + M(l —e (u+“/)t)7 vt > 0,
oty
with S(0) the initial condition. Letting ¢t — oo, we get
14,
lim S(t) < M
t—o0 n+y
Then, from the second equation
dI(t)
- BSE)O@) —al(t) + pty, I1(t)
k 1+t
< kBpuQ+ts,) + puty, I(t),
po(p + )
and since I(t) < 1, then
dI(t)  kBu(l +ty)
< + pty, —al(t),
dt molut) 1 ©
wish imply
k 1 v () —
o po(p+ )
with 7(0) the initial condition. Letting t — oo, we get
1+t ty
lim I(t) < kBp A+ tn) +ptopolu+7)
t—00 o pio(p + )
Therefore, we can focus on the system (2) in the region Q defined by (4). [ |

Remark 1. According to Theorems 1 and 2, we confirm that the problem is mathematically and

biologically well defined.

3.3. Basic reproduction number

Using the next-generation matrix method developed by Van den Driessche and Watmough [32], we
can express the basic reproduction number of the system. Here, the infected compartment is 1. The

outflow term U and the new-infection terms § are as follows

7= [15000). w=[o e,

The Jacobian matrix of F and V are expressed as follows:

10 BS(t) la—pty, 0O
O R R

Then the matrix F x V™! is given as follow:

Bk S(t) BS(t)
Fx Yl =|wla—pty) ho
0 0
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The linearized form of the matrix F x V™! at the equilibrium Ej is expressed as follows,
Bku BusS(t)
(F x V1) (Ey) = | polutyla—pte)  poluty)
0 0
The dominant eigenvalue of F x V~1(Ep) represents the basic reproduction numbers, and it is given
by Ry = p(F x V1) (with p the spectral radius of F x V™1(Ej)). Then,
B Bku
po(p + ) (o — pty,)

Remark 2. For a deterministic system, the reproduction number has a critical signification. It is the
expected amount of secondary cases generated by one infective individual introduced into a population
constituted totally by susceptible individuals in an average period of time. It determines the eradication
or continuance of an epidemic.

3.4. Equilibrium points
In this part, we calculate the equilibrium points of the system (2) to study their stability. For this, we
solve the following system

p—=pBSt)O) — (u+7)SEt) —ul(t)
BS(t)O(t) —aI(t) Vot I(t
(

The equilibrium points are given as follows:

e Disease-free equilibrium state. The free equilibrium state stands for the absence of infection.
Thus, the infected and oocysts groups will be empty, and the whole population will incorporate only
susceptible. Hence, the free equilibrium of the model is given by Eo( T 0; 05 S;I)

¢ Endemic equilibrium state. The endemic equilibrium state is when both the infection and oocysts

are present in the system. Thus, we have E.(S*;I*; O0*;S},), such that
S* — ILLO(CY B /’Ltvl)

Bk ’
o _ BBk — po(p+y)(a— pty) — po(p+7)(e— pt) o,
= Bka N Bka (Fo — 1),
o — 1Bk = polu + 7)(e — pto) _ polp+7)(e — pty,) (Ro— 1),
Buroa Buoo

Sy =0.
This endemic equilibrium exists and feasible biologically if o« — pt,, > 0 and Ry > 1.

3.5. Stability
Theorem 3. Given Ry < 1, the equilibrium point Ey is locally asymptotically stable.

Proof. The Jacobian matrix of system (2) at the equilibrium point Ey is given by

Y= p ity —p s
JE, = 0 pte, —o - (5)
0 k —o

Its characteristic polynomial equation is given by,
Po(X) = [X + p+7] [X* + g1 X + qoz] -

It is clear that, the first eigenvalue associated with the matrix (5) is X7 = —p — < 0. The rest
eigenvalues of the matrix (5) can be obtained by solving the following equation:
X2+ qo1X + qo2 = 0, (6)
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where
qo1 = —pty + a+ po,
kB p
o2 = —po(pte, —a) = it —po(—pte, + ) [Ro — 1] .
Since pt,, < a and Ry < 1 we obtain gp; > 0 and go2 > 0. Then, according to Rooth-Hurwitz
criteria [33|, we conclude that the real parts of the eigenvalues of (6) are strictly negative. Therefore,

the free equilibrium point Ej is locally asymptotically stable. ]

Theorem 4. Assuming that Ry > 1, the equilibrium point F, is locally asymptotically stable.

Proof. At the equilibrium point E., the Jacobian matrix of system (2) is defined as follows

_ Buktpo(pty)(pte, —a) _ po(—pte, +o)

— Y —p prty, —p 5

HoQ
= B ke po (p4) (p by —c) (=ptv, +a)
JEe M Mo;;olu 1@ Mtvl—a Mo ukl a
0 k —1o
Its characteristic polynomial equation P,(X) is as follows:
Po(X) = X%+ quX® + q2X + qu3, (7)
where 5 5
_apola— pty) + 7 e po + pEte o + kB e+ o
Q1 = > 0,
Mo
I (Vtvllug + ply, po + kap+ k‘ﬂ#o)
q12 = > 0,

Mo &
q13 = po(y + p)(a — pty,) (Ro — 1) >0,
Qg2 — 13 = [ — eyt g + Y Pt i+ Yo g — (ol B tuipo + CaBytu po + Bty o
— CaBpPtopd + 20Bypto pd + Bl tupd + ol ypto gl + aypto g + vt pd
— Pty iy + P g + CaBi® + CB2 P o + CoPBupo + 200’ Bupg + CButui o
+ CaBupy + o pPtu pg + apPtu )
— [P yptorpg + o 1Pt g + Co? Bupg — oyl — o g
= VL P pd + CaByptoipo + CaBulto o + 20 BypPto g + nButu 1
+ ayptor g + YR te pg + it pud + CaB?? + B2 o + CoBupg + CBEtuipo
Pt + [ — oypPth i + oPyptepd) + (200 Bund — CoppPtipg — o Buug]
+ [ = P yptopl + Pyud] + [ — PPt + o ]
+ [ = Ca?BuPtyrpo + Ca’Bupo] + [ — ap’tiy pg + o pPty pg]
= VPt g + Y i + CaBypPtuipo + CaBpPtvpo + 20 Byt pg + Bt g
+ oyt g + Yt g 4 2 g 4+ CaB?u® + B P o + CoBup + (Bt tuipo
+ apPtopg + [ayptopg + CoBups + o yug + o ppg + (ol Bupo + apPtupg] lor — gty
> 0.

Since o — pt,; > 0 and according to Rooth-Hurwitz criteria [33], we conclude that the real parts
of the eigenvalues of (7) are strictly negative. Therefore, the endemic equilibrium point E, is locally
asymptotically stable. ]

4. Optimal control problem

Health problems have always been of a great issue for governments in all countries. Several governments
have proposed health intervention strategies to manage and eradicate the spread of infectious diseases.
The problem is that the cost of transforming these strategies into the field is very high. Therefore, it is
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necessary to develop an efficient method that reduces the number of infections and the costs associated
with it.

Controlling toxoplasmosis transmission involves a two-pronged approach focusing on treatments
for infected cats and control of oocysts in the environment. It is primarily imperative to treat cats
that have contracted the infection since they are the main hosts that excrete Toxoplasma gondii
oocysts. Frequent veterinary examinations and timely administration of antiprotozoal drugs, such as
azithromycin or clindamycin, might decrease oocyst shedding. To reduce the amount of oocysts in
the environment, it is necessary to manage and reduce them. Developing strict sanitation protocols,
including routinely cleaning and disinfecting cat litter boxes, disposing of cat waste properly, and
ensuring that cat feces are properly disposed of to prevent contamination of water and soil, is necessary
for this. Additionally, educating cat owners about the importance of these practices can further reduce
environmental contamination and the number of infected cats, ultimately controlling the spread of
toxoplasmosis [1]. In this section, we investigate two optimal control strategies:

1. The control by treatment strategy for infected cats, which is the time-dependent control variable
denoted by w ().

2. The control via managing and treating oocysts in the environment. This control targets the oocyst
population, and is represented by the time-dependent variable ws(t).

After considering the proposed controls wy (t) and wa(t), we get the following controlled system

%(tt) == BSE)O) = (u+7) S(E) +wiI(t) = pI () + pt, 1(2),

AW _ 554 0(t) — a I(t) — wiI(t) + pto, I(0),

:
% — R I(t) = O (t) — waO(E),
Bll) — 15(6) O(0).

The aim is to minimize the following objective functional
T
. an) /0 <I(t) LoW) + Cw;%(t) N 02125(15)) dt, (9)

where the parameters C; > 0 and C > 0 balance the size of the terms and represent the weight
factor’s characterization based on the costs and benefits of the treatment. The purpose is to minimize
the objective function presented in the equation (9) by decreasing the numbers of the infected cats and
oocysts in the environment. To put it differently, we are looking for an optimal control w* = (wj, w;3)
which satisfies

J(wi,ws) = min{J(wy,ws): (wy,wy) € W},
where W is the control’s set defined by:
W = {w = (w1, ws2): wi=1,2 measurable, 0 < w;(t) <1, t € [O,tf]}.

4.1. Optimal control existence

According to Fleming and Rishel [34], we can obtain the existence of the optimal control w*. Thus,
the five following steps must be checked:

W is a nonempty set.

W is convex and closed.

solution of (8) is bounded by a linearity in the state and control variables.

The objective function integrand is convex.

There exist C; > 0, Cy > 0 and @ > 1 such that the integrand L(S,I,0,S,,) of the objective
functional satisfies L(S, I, Ig, R) = C1 + Co(||w1|* + ngHz)%

The following theorem shows the existence of the optimal control.

Gt W
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Theorem 5. For the controlled system (8), there exist optimal controls (wy,ws) € W such that
J(wi,w3) = min{J (w1, ws): (wy,ws) € W}.

Proof. The existence of the optimal control can be obtained using a result by Fleming and Rishel [34],
checking the above steps. According to Lukes [35], an existence result was used to give the existence
of solution of system (8) with bounded coefficients, which gives condition 1. By definition the control
set W is convex and closed. Using the boundedness of the solution and it is linearity in W, the right
side of (8) verify the third condition. The integrand in the objective functional (9) is convex on W.
In addition, we can easily see that there exist a constant 1) > 1 and positive numbers C; and Cy > 0

satisfying L(S, 1,0, Sy,) = C1 + Ca(||w1]]® + Hw2|]2)% This complete the proof. [

4.2. Optimal control characterization

This subsection provides the necessary conditions for the optimal control problem using the Pon-
tryagin’s Maximum Principle [36]. In order to characterize the optimal control w* = (wj,ws3), the
Hamiltonian H is defined from the formulation of objective functional (9) as follows:

Ci 5. Oy :
H = 1(t) + O(t) + Zrwi(t) + 5 wi(t) + ; \igi, (10)

where g; is the right hand side of the differential equation of each state variable of the system (8).
Using Pontryagin’s maximum principle [36], we can determine the optimal control w* = (w},ws;) for
the problem (8) and its associated trajectory X* = (S*,I*,0*,S%)T. Then the following theorem is
stated.

Theorem 6. Given the optimal control w* = (w},w}) and the corresponding solution X* =
(S*,I*,0%,5%)T of the system (8), there exists adjoint functions A1, A2, A3 and A\, satisfying the
following equations:

A= (A= 22)BO) + M+ ),
Ny = =14 (A1 — X)wi + (A1 — Mty — Aoty )+ ada — k As,
5= —14 (A — A2)BS(t) + A3(po + w2) + AafmSm(t),
)‘ZL = )\4/8m0(t)7
with the transversality conditions at time ty:
Ailtp) =0, Vi=1,...,4.

Moreover, for t € [0,t¢], the optimal controls wi and w3 are given by

w] = min (1,max (O, AQgﬁ“I(t))) , (11)
wy = min (1, max (O, é—iO(t))) . (12)

Proof. Let the Hamiltonian H defined by (10). The adjoint equations and transversality conditions
can be obtained by using Pontryagin’s Maximum Principle [36] such that

OH

A= ~35 = (A1 = X2) BO() + M(p+ 1),

. OH

Ay = _W =—-1+ ()\1 — )\2) w1 + ()\1 — Aty — )\gtw)u 4+ ady — kMg,
OH

Ay = ~50 = 1t (A1 = A2) BS(t) + Az (po + w2) + Mg B Si(t),
OH

)\21 = _E = )\4/8771 O(t)a

with the transversality conditions at ty given by Ai(ty) = 0, Ao(tf) = 0, A3(tf) = 0 and Ay(tf) = 0.
The optimal controls w} and w3 can be solved from the following optimality conditions,
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om o,
8’(01 8’(02
this gives
S—ZIU{l =Ciw; + (A1 —A2)I(t) =0, and g—i = Cowy — A30(t) = 0.
Finally using the bounds A1, A2, A3 and A4 on the control W, we can easily obtain w] and w3 in the
form (11) and (12), respectively. [

5. Numerical simulation

This section focuses on numerical simulations of the mathematical model (2) to explore various toxo-
plasmosis scenarios and the impact of controls w; and we. We investigate both Ry < 1 and Ry > 1
scenarios to validate theoretical predictions. Key strategies for reducing toxoplasmosis prevalence in-
clude vaccination and environmental oocyst removal. Therefore, our simulations will vary vaccination
rates and the rate of oocyst removal. Additionally, we examine different transmission rates between
oocysts and populations of cats and mice. Varying the vaccination rate v and the oocysts mortality
rate pg allows us to simulate diverse outcomes.

Each simulation computes steady states to confirm the theoretical stability results discussed earlier.
A critical parameter is the transmissibility of toxoplasmosis via oocysts, which determines the basic
reproduction number Ry [37]. Initial estimates of environmental oocyst loads are derived from an
adapted equation based on [23].

Most simulations employ parameter values detailed in Table 1, reflecting real-world conditions with
varying degrees of certainty. The values used here are drawn from different studies [4, 8,20, 38].

Table 1. Parameter values in the simulation.

|Parameter| Figure 2 | Figure 3 | Figure 4 | Figure 5 | Figure 6 | Figure 7 | Figure 8 | Figure 9 |

1 1 1 1 1 1 1
o 3 2 3 2 ) 3 ) 3
k 2107 2107 2107 2107 2.107 2107 2.107 2.107
1 1 1 1 1 1 1 1
Brm 1079 109 1079 109 109 10~9 109 1079
to, 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Lo, 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
8 0.18-107° | 0.18-1078 | 0.18-10~7 | 0.18-10"7 | 0.18-1078 | 0.18-10"% | 0.18-10"8 | 0.18-1078
v 0.001 0.001 0.001 0.08 0 0 0.001 0.001
1 1 1 1 1 1 1 1
Ho 26 26 26 26 168 13 26 26
u — — — — — — — varied
) — — — — — — — varied
Ry 0.1486 1.4859 14.8594 0.8588 12.0979 0.9361 1.4859 —

We first consider a case where Ry = 0.1486 < 1. In this case, we have taken a low vaccination rate
of 4 = 0.001 in the vaccination program with the transmission rate 8 = 1.8 - 107°. The dynamics of
the subpopulation are depicted in Figure 2, and the parameter values used are given in Table 1. As a
result, the infection dies out as the solution approaches the steady state Ey. The disease eventually
disappears despite the low immunization rate. The theoretical stability analysis and these numerical
results are in agreement.

For the second case, when Ry = 1.4859 > 1, the illness becomes endemic when the number of
sick cats reaches a steady state that differs from zero, as seen in Figure 3. Therefore, the endemic
equilibrium point F, is reached when the transmission rate 3 is increased (equal 18 - 107!) such that
Ry > 1.

Next, we examine the effects of immunization programs on the dynamics of mouse and cat popula-
tions. We examine a scenario in which cats are extremely vulnerable to oocyst infection. It should be
noted that cats can become infected with Toxoplasma gondii by consuming food contaminated by the
excrement of another cat that is shedding the parasite’s tiny feces, as well as through vertical transmis-
sion. Initially, we set the value of the transmission rate 3 = 0.18-1077 so that Ry = 14.8594 > 1 as we
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Figure 2. The dynamics (S(t), I(t), O(t), S (t)) across the free equilibrium point Fj.
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Figure 3. The dynamics (S(t), I(t), O(t), Sm(t)) across the endemic equilibrium point E,.

can see in Figure 4, the infection is still present. Furthermore, we place the initial conditions far from
the disease-free equilibrium FEjy. Then, we have increased the vaccination rate to v = 0.08, resulting in
Ry <1 (Ry = 0.8588). Figure 5 illustrates that even though oocysts have a high infectivity, both the
proportion of infected cats and the total quantity of oocysts go extinct. This specific outcome, where
the basic reproduction number Ry < 1, demonstrates the efficacy of a cat immunization program in
eradicating the illness.

In the following case we investigate the effects of a public health initiative that aims to lower
oocyst levels in the absence of immunization (y = 0). In order to ensure that Ry < 1, we vary
the oocyst mortality rate (up = 1/168). Assuming a high oocyst infection to cats (Ryp = 12.0979)
which increases the number of infected individuals and the number of oocysts in the environment, as
shown in Figure 6. To highlight the local stability of the endemic state E., we intentionally set initial
conditions significantly different from the disease-free equilibrium Fy. Figure 7 shows how the system
can approach a steady state free of illness by increasing the rate at which oocysts are cleared (g = 1/13
in this case we get Ry = 0.9361). This implies that reducing the prevalence of toxoplasmosis without
a vaccination campaign is achievable, as long as an effective method for cleaning the oocyst habitat is
used.

The above figures show the usefulness of using vaccination (high value of v # 0, Figure 5) and
cleaning oocysts from the environment (high value of mg, Figure 7). Therefore, in the following, we
examine the effectiveness of the control optimal, as we can see in Figure 9 and compared to Figure 8,
the numbers of infected cats and oocysts are decreased and then disappeared from the environment.
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6. Conclusion

This study presents a mathematical model for the transmission dynamics of Tozxoplasma gondii in
cat and mouse populations, incorporating vaccination and environmental contamination by oocysts.
The model is shown to be mathematically and biologically well posed through proofs of existence,
uniqueness, boundedness, and positivity of solutions.

Using the basic reproduction number Ry, we establish that the disease-free equilibrium is locally
asymptotically stable when Ry < 1, while the endemic equilibrium is locally asymptotically stable
when Ry > 1. An optimal control framework is further developed to reduce the number of infected
cats and the environmental oocyst load. Treatment of infected cats and management of environmental
oocysts are shown, both analytically and numerically, to be effective in mitigating disease transmission.

Numerical simulations support the theoretical analysis and highlight the impact of vaccination and
environmental control strategies. Future work will extend the model to include human populations
and explicitly account for both vertical and horizontal transmission pathways of Tozoplasma gondii.
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MaTemaTnyHe mogentoBaHHS Ta CTpaTerii ONTUMANILHOIO KepyBaHHS
TOKCOMNJ/1Ia3MO30M i3 AeKiJIbKOMa Xa3sasiMu

Vaupi MY, Enb Kydi A2, Beabxin C.3

L Tabopamopia tH@opmamuku, Mamemamuky ma i 3acmocysams, Kadhedpa Mamemamur,
Daxyavmem npupodnuvux nayk Fav-/loicadiou, Ynisepcumem imeni Ilyatioa Tykxani,
Eav-Jlocadida, Mapoxko
2 Buwa mexnonozivna wxosa, Ynisepcumem imeni I6n Togatina, Kenimpa, Mapoxko
3 Jla6opamopis GyHoaMermasvoHol Mamemamury ma i 3acmocyeans, kadedpa Mamemamury,
Daxysvmem npupodnuvux wayk FEav-/locadiou, Yrisepcumem imeni Ilyatioa Tykkani,
Env-ocadida, Mapoxko

Toxkcomnazmos € ogHNM i3 HaffmomupeHimux iHdeKIiiHTX 3aXBOPIOBAHD ¥ CBITi Yepe3 fioro
MIKIJUIMBUI BILUIUB sIK Ha JIIOJIEN, TaK i Ha TBapWH. Y IIbOMY JOCJIJI2KEHHI IIPEICTABICHO
JUHAMIKY TOKCOILJIa3MO3y B IOMYJAIIAX KOTIB i mumreit. Po3rsnyTo 6e3mepepBHY Bak-
[MHAIIO KOTiB, FTOPU30HTAJIBHY IIepeIady B 000X IMOIYJIAIISX Ta BPAXOBAHO BEPTUKAJILHY
(BpopKeHy) mepejnady Jmile Jyis Loy sl Koris. KpiM Toro, BpaXoBaHO BILIMB OOIMCT
mapaszura Toxoplasma gondii, sikuit € 30yHIKOM TOKCOILIA3MO3HOI iHdeKii. Y pobori
HaBEJIEHO KOMIIJIEKCHUN aHAJI3 JOAATHOCTI, OOMEXKEHOCTI Ta CTIIKOCTI TOYOK PiBHOBATH.
Kpim Toro, 3amponoHoBaHO KEPOBAHY CUCTEMY 3 JIBOMA CTPATEriIMHU KePyBaHHS, AKi CIIP-
MOBaHI Ha MiHiMi3alio iHMiKOBaHOI TOMyJ Il 3a OAHOYACHOI onTuMmizaril Burpat. s
iITBEPPKEHHS aHAJITUYHUAX PE3yJIbTaTiB HABEJEHO YHCEJbHUN IPUKIIA.

Knrouosi cnosa: Toxoplasma gondii; saxuunayis; anania cmitikocmi; 6EpMUKaAbHA Te-
pedana; 20pU30HMANDHG NEPEIaya; ONMUMAAOHE KEPYSAHHA.
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