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Abstract: In this paper, a new mathematical model of Hepatitis B is studied to investigate the trans-
mission dynamics of the Hepatitis B virus (HBV). Many diseases can start from the womb and find
us humans throughout our lives. These diseases are specific abnormal conditions that negatively affect
the structure or function of all or part of an organism and do not suddenly occur in any region due to
external injury. In this study, we focus on HBV, and we state the graphics, interpretations, and detailed
information about the disease and the newly established mathematical model of the disease. A frac-
tional order differential equation system with a memory effect is used to model anomalous processes
and to understand the effect of past infection events on the future spread dynamics of the system. In
the model, susceptible, latent, acute, carrier, and recovered populations are taken into account by con-
sidering vertical transmission, which provides information about the inter-generational course of the
disease. However, the migration effect is also used in the model due to the risk of disease transmission
and increased migration in recent years. The course of the disease is examined using real data from the
USA. Moreover, the model’s positivity and boundedness are studied, and the equilibrium points are
calculated. Additionally, the stability conditions for the disease-free equilibrium (DFE) are stated. A
parameter calibration technique is used to determine the most accurate parameter values in the model.
Finally, we provide numerical results and their biological interpretations to estimate the future course
of the disease. The paper addresses the current migration problem with the migration parameter in the
model. These differences from the literature can be regarded as important novelties of the paper.
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1. Introduction

Tiny living things called microorganisms cause infectious diseases. Although some of these crea-
tures are normally found in certain organs within the body, they can cause disease when they move to
different organs and tissues. Some microorganisms cause disease when found in soil or other sources
and are transmitted to humans.

Infectious diseases have many methods of transmission. Some infectious diseases are passed from
person to person. Some diseases are transmitted by insects or other animals. Additionally, spoiled food
or contaminated water sources can also cause infectious diseases. Infectious diseases can be caused
by different microorganisms such as bacteria, viruses, fungi and parasites. Infectious diseases can be
transmitted through either direct or indirect contact, or through insect bites or food that carry viruses
or bacteria.

Most infectious diseases have only minor complications, and each has its own unique symptoms.
Fever, diarrhea, fatigue, muscle aches, and a cough are among the general signs and symptoms of
infectious diseases. However, some infections, such as pneumonia, acquired immunodeficiency syn-
drome (AIDS), and meningitis, can be life-threatening. Research has shown that several types of
infections are associated with an increased long-term risk of cancer. Human papillomavirus has been
linked to cervical cancer, Helicobacter pylori, stomach cancer, and peptic ulcers; additionally, Hep-
atitis B and C have been linked to liver cancer. Either laboratory work or an imaging scan is ordered
to diagnose infectious diseases. Antibiotics, antivirals, antifungals, and anti-parasitics are used in the
treatment of infectious diseases [1].

Hepatitis occurs due to the inflammation of cells in the liver. This is a disorder that occurs when
inflammation occurs without microbes. An example of this is the contact of drugs with the liver. There
are no microbes within the liver. However, drugs can disrupt the structure of the liver. In other words,
drugs can cause inflammation [2]. The Hepatitis B virus (HBV) is a DNA virus from the hepadnavirus
family, and is widely known around the world. It is estimated that approximately 400 million people
are chronically infected with HBV, and 300,000 new cases are identified in the USA every year. Several
new cases are identified in children every year [3].

Chronic HBV carriage begins in early childhood, especially before the age of 2, and is caused by
infection [4]. In addition to reducing the rate of carriers and the prevalence of HBV infections in
the current younger generation, the universal vaccination program has also resulted in a reduced rate
of childhood hepatocellular carcinoma (the most common liver cancer) [5]. The path followed for
HBYV treatment in childhood is that the disease is mild at first, but there is a risk of progression of the
disease in later ages. The decision should be made by considering the direct and side effects of these
treatments. For this reason, children who carry the HBV virus should be monitored at certain periods,
and the treatment process should be shaped according to the results of each monitored stage [6].

Mathematical modeling of infectious diseases provides information about the course of the disease
in the subsequent years. Many models have been created to examine the impact of infectious diseases
on different populations. These models have been adapted to a variety of infectious diseases [7]. Math-
ematical models provide information about whether a disease will become an epidemic or not and
what can be done to control diseases [8]. In a study conducted in 1927, Kermack and Mckendrick [9]
revealed the course of the disease by modeling an epidemic disease with the SIR model, which uses
Susceptible (S), Infected (I), and Recovered (R) populations. After this study, mathematical model-
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ing became a method to examine the transmission of diseases. Various studies have begun to model
infectious diseases using similar parameters.

Models are devised using differential operators. Fractional differential operators are operators that
allow the integral or derivative of the function to be taken in non-integer degrees (fractional). It helps in
modeling anomalous dynamics and complex systems. Fractional differential operators have a memory
effect, which ensures that the system depends on past states as well as its current state. Preferring
to use fractional derivatives in the epidemiological modeling of infectious diseases such as to HBV
helps model the impact of the past experiences of diseases on their future dynamics. Thus, it plays an
important role in the development of measures to be taken for infectious diseases over time.

In order to understand them well, some important definitions (such as Gamma function, Beta func-
tion, Mittag-Lefller capacity, and Laplace capacity) must first be well-nourished and known. Similar
to classical calculus, there is no single derivative definition in the content of fractional calculus. The
existence of more than one derivative definition in fractional calculus allows for the type of problem
to be sectioned appropriately and thus the best solution of the problem can be obtained. The fact that
there are numerous and different definitions for fractional calculus existing simultaneously that are
used in the operating processes has caused many difficulties. However, the types of problems that arise
have been better classified, and it has become clear which type of definition can be more useful in
different problems. Fractional calculus can be applied when known analytical methods are applied and
the systems cannot be fully explained.

The fractional operator differs from classical integer variants in modeling disease transmission. For
example, infectious diseases may follow an abnormal journey. Therefore, when modeling infectious
diseases, instead of using classical integer derivatives, fractional derivatives that are suitable for the
abnormal course are preferred. While classical integer derivatives only consider the current state of
a function without taking past information into account, fractional derivatives create a memory effect
by taking into account the past state of the system. While classical integer derivatives provide limited
flexibility because they can take integer degrees, fractional derivatives allow for a more flexible model
because they can take non-integer degrees. This allows the system to model more complex and non-
linear behaviors. While classical integer derivatives require additional terms in modeling the delay
processes, delayed responses can be modeled with fractional derivatives. In this way, the model reaches
a structure that is more flexible, realistic, and covers complex dynamics.

In mathematical modeling, transitions between populations are calculated according to the time
period defined on the established model for the course of the disease. The contagiousness of the
disease is represented with the help of various parameters such as the infection rate. In this study, a
new mathematical model is created for the course of HBV. There are studies in the literature that model
HBYV infectious disease, some of which are provided below.

Kamyad et. al. [10] examined the dynamics of HBV, which can be controlled by vaccinations and
treatments. They created a model with five compartments. Normally, models that address horizontal
and vertical transmissions consist of different populations such as exposed and carrier. They made
calculations such as the basic reproduction number of the model and provided a numerical simulation.
Ciupe and Hews [11] created a model that investigated the Hepatitis B e-antigen during HBV infection.
They concluded that the models they created could trigger immune activation by either seroconversion
or mutations. Guedj et. al. [12] mathematically modeled the surface antigen kinetics of the Hepatitis
D and Hepatitis B viruses. They created a model with five compartments, and modeled the HDV RNA
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and HBsAg kinetics together. Wodajo and Mekonnen [13] created a non-linear HBV model. In their
six-compartment model, they took the contact rate of the susceptible population and the transmission
rate of the disease into account. They used compartments such as chronically infected, acutely infected,
and treated. As a result, they showed that vaccination and treatments could stop the progression of the
disease.

Goyal et. al. [14] created a model that addressed the clearance of acute infections in humans. They
investigated which mechanisms played a role in clearing the infection by creating a three-compartment
model. As a result, they concluded that the clearance of HBV was associated with the proliferation of
one infected cell and the production of two healthy cells. Carracedo et. al. [15] created a mathematical
model that enabled them to understand the complex dynamics of HBV in drug treatments. They used
three compartments in their model and utilized infected and uninfected hepatocytes. Ciupe [16], who
was interested in HBV infection, which is one of the causes of cirrhosis and liver cancer, researched
studies on mathematical modeling of HBV. The study examined models that addressed effects such
as virus-host interactions and the effectiveness of drug therapies. Dahari et. al. [17] modeled the
complex degradation profiles of the HBV virus during antiviral treatments. In the model, they showed
uninfected hepatocytes(i.e., target cells), infected cells, and infected hepatocytes. They reached var-
1ous conclusions regarding the importance of the drug in the treatment of HBV patients. Goyal and
Murray [18] modeled the cell-to-cell transmission of HBV. They developed an agent-based model and
used seven compartments in the model. The study results revealed that factors such as cell-to-cell
transmission strength and cytokine production may determine the fate of HBV.

Colombatto et. al. [19] designed a multi-stage bio-mathematical model. In their studies, their
models of HBV dynamics revealed that peg-IFN-e2a and 3TC have inhibitory activities on HBV repli-
cation. Chronic HBV has affected hundreds of millions of people. Therefore, Cangelosi et. al. [20]
conducted a study that modeled the representation of HBV in the liver. The study results revealed that
the spatial properties of HBV in the liver could be exploited. Khan et. al. [21] created a model that
addressed the impact of HBV on immigrants. In a model that consisted of six compartments, they
defined the migration effect with the migration class. Since similar studies in the literature did not ex-
plain the numerical results, they produced a study in which the parameters obtained from the numerical
simulation and their numerical results were interpreted.

Din and Abidin [22] wrote a fractional order model of vaccinated HBV patients and analyzed it
with Mittag-Lefller kernels. Their models consisted of five compartments. Additionally, the entity-
unity state and stability of the model for disease-free balance points were examined. As a result, it
was that the epidemic caused by the HBV infectious disease can be prevented using the appropriate
parameter and the optimal control strategy to minimize the infected class. Yavuz et. al. [23] modeled
HBYV using real data and a fractional order. They carried out a stability analysis by finding balance
points in the model. Moreover, they performed numerical simulations with the help of the Adams-
Bashforth numerical scheme. Mustapha et. al. [24] created an age-structured model of HBV. They
estimated model parameters using real data from South Africa and performed numerical simulations.
As a result, they revealed that in order to eliminate HBV in South Africa, it is very important to treat
children with chronic HBV and to reduce its transmission to adults. Wodajo et. al. [25] developed a
nonlinear mathematical model for the transmission dynamics of HBV. They created the mathematical
model by taking the effects of vaccination, treatment, migration, and the screening parameters into
account.
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In their study, Xu et. al. [26] built a dynamic model that included a compartment for potentially
infectious HBV infections, based on data from the National Bureau of Statistics of China from 2003
to 2021. Khatun et. al. [27] obtained the production number Ry in all models, which can be exploited
for the stability of the equilibrium state. By analyzing the model, they showed that the virus-free
equilibrium is asymptotically stable if the basic reproductive number of the viruses is less than one,
and that the endemic equilibrium is locally asymptotically stable if the basic reproduction rate is greater
than one. Aniji et. al. [28] modeled the relationship between the hepatitis B virus and liver cells using
Liao’s homotopy analysis method (LHAM). Endashaw and Mekonnen [29] proposed a deterministic
mathematical model to investigate the impact of vaccines for the hepatitis B virus and treatments for
other viruses on the transmission of HBV-HIV/AIDS viruses in a population (i.e., A mathematical
model of hepatitis B virus transmission and its application for vaccination strategy in China ).

Khan et. al. [30] built a model that suggested acute and chronic stages of infection using the
Caputo-Fabrizio (CF) operator. Using the stochastic Lyapunov function theory, Khan et. al. [31] built
a model for the transmission of the hepatitis B virus under the influence of a fluctuating environment.
Since 1976, large-scale studies of HBV infections have been conducted, and a wealth of data has been
collected. In Zhao et. al. [32], they described a mathematical model developed to predict the HBV
transmission dynamics and evaluate the long-term effectiveness of the vaccination program.

Danane et. al. [33] presented and investigated a fractional differential mathematical model that
described the dynamics of a hepatitis B viral infection with DNA-containing viruses, liver principal
cells, and the humoral immune response. Goldstein et. al. [34] developed a model to calculate the age-
specific risk of contracting an HBV infection, acute hepatitis B, and a chronic HBV infection. Liang et.
al. [35] revealed that the dynamic model of HBV transmission only simulates the spread of HBV in the
population from a macroscopic point of view, and highlighted some major shortcomings in the model
structure and parameter estimation. Li and Zu [36] reviewed the viral dynamics in HBV infections;
this will help us better understand the dynamic mechanism of HBV infections and the effectiveness
of antiviral therapy. Min et. al. [37] formulated a standard event-based model that replaced the basic
virus infection model (BVIM) and corrected the model artifact caused by this mass action. Goyal
et. al. [38] provided information about HBV infections in humans and provided a brief overview
of the development of mathematical models of HBV infection. Zhang and Zhou [39] formulated a
mathematical model to explain the spread of an hepatitis B. In this study, the stability of the balance
and the persistence of the disease were analyzed.

In addition, many studies have been conducted on mathematical modeling for other infectious dis-
eases such as Hepatitis C (HCV) [40], Cholera [41, 42, 43], tuberculosis (TB) [44], influenza A [45],
Mumps [46], cancer [47, 48], the plastic waste model [49], compound biochemical calcium oscilla-
tions [50], atmospheric dynamics [51], fish farming [52], brucellosis transmission [53], and predator-
prey [54, 55].

Zika virus, which is an infectious diseases, was first discovered in 1947. Complementary teratogenic
effects with microcephaly in newborns are the greatest threats to public health. Extended models by
Wiratsudakul et. al. [56] were included to describe the relevant distribution dynamics. Mohler et.
al. [57] presented a mathematical model that explained the replication of the influenza a virus in animal
cells in large-scale microcarrier culture.

The fractional order determines the dynamics of the infection spread and the process of the disease
spread. Changes in the fractional order can affect the rate of the disease spread and the long-term dy-
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namics. The fractional order allows for a more realistic modeling of the spread of the disease. This can
help to analyze the epidemiological data more accurately and to develop more effective public health
policies. Certain values of the fractional order may cause the infection to persist in the community
for longer or to spread more rapidly. This may have a direct impact on the timing and intensity of the
interventions. The model may either lead to continuous fluctuations or to periodic epidemics under cer-
tain conditions. Periodic epidemics indicate that the community may experience periodic outbreaks of
disease. This may be related to waning immunities, inadequate vaccinations, or environmental factors.
Continuous fluctuations represent a situation where the disease is uncontrollable in the community and
may wax and wane over time. This requires a continuous public health response.

In this study, mathematical modeling is studied to examine the effect of vertical transmission and
the migration parameters of HBV on the course of the HBV infectious disease. In the mathematical
model, consisting of 5 compartments, the susceptible population, latent population, acute population,
carrier population, and protected infected (in the sense of recovered) are considered. The rest of the
study is organized as follows: In Section 2, we provide several definitions that will be used throughout
the study; in Section 3, the derivation of the mathematical model for HBV infection is explained;
in Section 4, the mathematical analysis such as positivity, boundedness, and finding equilibria of the
model is given; in Section 5, the calibration of the model parameters is set; the numerical results and
discussion are presented in Section 6; and the conclusion is explained in Section 7.

2. Preliminaries

This section provides several definitions to be used in the next stages of the paper.

Definition 2.1. /58] The Caputo fractional derivative of order A of Q(t), t > 0 is defined as follows:

D'Q(r) = - 1_ D f; (t— 7" Q(r)dr,

where I'(+) is the Gamma function, 1 € (n— 1,n), n € Z".

Definition 2.2. [58] The fractional integral operator of Riemann-Liouville type for a function & :
(0,00) = R of order A > 0 is denoted as either

ROy ety = ﬁ fo (t — )" e(n)dr, t > 0, 2.1)
or ;
Ripe(r) = % fo (t - 7Y (), t > 0, (2.2)

RLpe(r) = &),

Definition 2.3. [58] The fractional derivative of Riemann-Liouville type for a function & : (0, 00) — R
of order A > 0 is denoted as follows:

() [ O _gr 0<n-1<A<n n=[A
gLQ;lf(t) :{ F(n—/l)(dt) o (—oytr T &t = ’ [4],

(4)'¢w), A=nenN. 2.3)
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3. Derivation of the mathematical model for HBYV infection

In this section, with the help of real data, the basic SLAC P mathematical model for the impact of
HBYV on the vertical transmission and migration factor is proposed and analyzed. The total population,
susceptible population S(¢), latent population £L(), acute population A(?), carrier population C(¢), and
protective rescued P(¢) are divided into five mutually exclusive parts. The provided parameters form
elements of a mathematical model that describe the transmission dynamics and migration effect of
HBYV. A indicates the rate at which individuals join the susceptible population. u stands for the natural
mortality rate, and S signifies the transmission rate. r indicates a reduced transmission compared to an
acute infection. 7 signifies the proportion of infected mothers that transmit HBV to their offspring. y
is the recovery rate from an acute infection, and o is the recovery rate of the carriers. p is the transition
rate from the acute to the carrier status, and u, is the HBV-related death rate. m represents the rate
of new individuals that join the community through migration. 7 denotes the transition rate from
susceptible to a latent infection, and 6 is the transition rate from a latent to an acute infection. These
parameters collectively depict the interaction of various processes in the HBV transmission dynamics,
thus providing information about the course of the disease by understanding its spread and control
measures. Moreover, it helps predict various parameters of the disease. A model that explains these
situations is depicted with a schematic diagram and is stated in Figure 1.

Additionally, the following basic assumptions were taken into account when creating the new HBV
model:

e Mortality is solely obtained from the acute population;
e The model solely includes susceptible individuals and the external migration is not infected; and
e The population is not divided into any age range, but is instead evaluated on the whole population.

The study is important because of the following four items:

1. In order to model anomalous processes and understand the effect of past infection events on
the future spread dynamics of the system, a fractional order differential equation system with a
memory effect was used in the model;

2. In modeling infectious diseases, vertical transmission is considered to model how the disease is
transmitted from one generation to the next. In this study, the vertical transmission parameter was
used for the course of the disease;

3. The course of the disease was examined using real data from the USA; and

4. The migration effect was used in the model because of the risk of disease transmission due to the
increased migration in recent years.

A significant contribution to the literature was provided by using real data in the model alongside
fractional modeling of the vertical migration and migration effects.

The equation system of the given schematic diagram is given in Eq (3.1).

Hence, by considering this assumption, the rate of change of susceptible, latent, acute, carrier, and
protected infected (protective rescued) are described in the following nonlinear system of differential
equations:

d'S(1)
dtt

A1 =T A) - (' LS - (' + B A+ rB'C)S + mt — A A,
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Figure 1. Schematic diagram of the SLACP model.

d* L(t

j@ = BA+rBOS- 'L+ DS-60'L,
d* At

;p::AM%—Mﬂ—%ﬂ—Mﬂ—yM+mL+MMﬂ (3.1)
d'C(t) 1 1 1

p7 o A—-0C—ucC,
d'P(1) 3 1 1

i VA-uP+0oC,

with initial conditions S(0) = Sy > 0, L(0) = Ly > 0, A(0) = Ay > 0,C0) = Cyp = 0,P0) =Py > 0.
The used model parameters and their biological descriptions are listed in Table 1.

4. Mathematical analysis of the model

4.1. Positivity and boundedness

Since each class in system (3.1) denotes the human population, we should show that all classes
S(), L(1), A(t), C(t), and P(r) are positive for time r > 0. We provide this fact in the form of the
following theorem. Prior to proving the main theorem on the non-negativity of the resulting solutions,
we must first establish the following Lemma [59, 60]:

Lemma 1. Take the function {(t) € C[f, g] and Caputo fractional derivative chf{ (1) € C(f,g] for
0 < A £ 1; then, we have the following:

1
L) = L) + mgwk(w)(r -,

with0 <y <t,Vt € (f,g].

Remark 1. Take the function {(t) € C[0, g] and Caputo fractional derivative chfg“ (1) € C(0, g] for
0 < A< 1. Itis clear from Lemma 1 that ifoca)f{(t) > 0,Vt € (0, g], then the function {(t) is non-
decreasing; moreover, if g wfg“ (1) <0,Vt €(0,gl, then the function {(t) is non-increasing ¥t € (0, g].

Theorem 1. All the solutions of model (3.1) with nonnegative initial conditions remain positive for all
t>0.
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Proof. To prove the non-negativity of each component in system (3.1), we use the assumption of
the contradiction process, that is, let’s suppose that there exists a first time #, such that

min {X(¢y)} = 0 and min {X(¢)} > 0, forall ¢ € [0, t,).
Here, X(¢) = S(t), L(t), A(t), C(t), and P(t) separately. According to our assumption, we first let,
min {X(%)} = S(t0).

This gives S(fp) = 0 and S(¢) > 0 for all ¢ € [0, fy). However, from the first equation of system (3.1),
we obtain the following:

g wa(to) A1 = T A) — (' L)S(ty) — (' + B A + r'B'C)S(ty) + m* — At A

W'+ B A+ r'BOS(10),

vV

from which we have the following:
S(ty) = S(())efoto(H’l+ﬂ*ﬂ+r"ﬁic)d,,

which contradicts our assumption S(#y) = 0. Hence, S(¢) > 0 for all 7 > 0. In a similar way, we can
prove that all solution components are nonnegative in all other cases for all ¢ > 0. Therefore, according
to Lin [59] and benefiting from Lemma 1 and Remark 1, we obtain the proof of Theorem 1.

Theorem 2. The closed region

A/l + A
D ={S.LACP) R : p(1) < M'" |
is a biologically feasible region, which means it is a positively invariant set for model (3.1) that attracts
all positive solutions, where ¢(t) is the total population.

Proof. To prove the theorem, we have from the total population ¢(¢) for model (3.1) after taking its
derivation as follows:

d'¢(1)
dt

At =@ p(t) + mt - prA
< A+ mt = plter).

Therefore, it follows that

P A

o) < ¢(0)e—#"+A J;m (1—e*").
7,

More precisely, 0 < ¢(f) < %; if ¢(0) < At;mﬂ, then it means that ¢(¢) is bounded and all solu-
tions beginning in 9 approach, enter, and remain in 9. Therefore, according to Lemma 1, on each
hyperplane bounding the non-negative orthant, the vector field points into R3. As a result, the model
represented by (3.1) can be regarded as a positively invariant set being well-posed. This proves Theo-

rem 2.
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4.2. Equilibria of the model

In this section, we evaluate the disease-free equilibrium (DFE), which has a significant role in
determining the basic reproduction number, and its stability to study the steady-state behavior of the
model constructed for the HBV disease model. In order to achieve this, we reconsider the following
system of Eqgs:

A1 =T A) = (' DS — W' + B A+ OIS+ m' = A A =
BA+rBOS-p' L+ DHS-0'L =

o oo oo

AT A - A- W A-p A~ YA+ L+ AN A = 4.1)
prA-c'C-u'C = 0,
Y A-u'P+o'C =
By solving the system of equations, we obtain the following DFE point:
IPO = (80’ LO, ﬂo’ CO9 P0) = (809 0’ 09 09 0), (42)
A+ m! : e o :
where Sy = P and the provided endemic equilibrium (EE) is given by the following:
\P* = (S*a L*a *ﬂ*’ C*9 P*)a
where N
P
>k — ﬂ*,
¢ ot + ut
ot
P =(y'+ O_Aﬂﬂ)ﬂ :
A4 4ot - At — A
= Kt p;+p°+y n A
o1
A + 9/1
s £ L,

T A+ FBIC + 00L
and where ' + ud + pt + vt > At + Attt

4.3. Reproduction number for the suggested disease

For the calculation of the reproduction number R, we compute two matrices, namely the transmis-
sion matrix ¥, which denotes the transmission part that gives new infections in the dynamic process,
and the transition matrix YV, which expresses the state change during the epidemics by employing the
next-generation matrix method [61]. Therefore, we have

0
BA + rpC)S + (5 L)S
F(zp) = AT A+ At A , p=1,2,..5,
0
0
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and

(6 L)S + (' + BAA + FBIC)S — mt + AMAA — A1 — T2A)
L+ 6L
V(z,) = WA+ A+ p A+ Yy A-0'L , p=12,.,5,
' A+ c'C +u'C
Y A+ p'P - o'C
where z; = S(t), 20 = L(1), 23 = A1), z4 = C(t), and z5 = P(1).

Therefore, Ry is calculated as the spectral radius of the next generation matrix H = Q’K‘l , Where,

aﬁ(z"))l ) H(Vp(zp))| )
dz, oz,

o~

and 7(:(

Hence, the expression we have for R, from H = GK ' is given by the following:

? A/lﬁ/lexl+ﬂ/lm/l€/l_A2/16/lT/l+Axllu2/lTﬁ+A/l'u/l7.10/l_A/lé‘/lm/lT/l (43)
0 = 9 M
(#21_,_91#/1_Aﬂé/l_é/lm/l)(y/l_,_,u/l +'uzll+p/1_A/ln/l)

where R, represents the average number of new infections caused by a single infectious person in the
latent class .L(r), the acute class \A(r), and the carrier class C().

4.4. Stability conditions of the disease-free equilibrium

In this section, we provide the stability conditions of the DFE, which gives important information
about the future course of the disease. Then, we have the following theorem:

Theorem 3. The HBV-free equilibrium point is locally asymptotically stable as long as Ry < 1, other-
wise it is unstable.

Proof. To study the stability criterion of disease-free equilibrium ¥°, the general Jacobian matrix
of system (3.1) is calculated as follows:

_HL-(HBABIC)  —6AS CABIS- A —PBS 0
BA+FBC+I L~ +5' S0 'S MBS 0

J= 0 o AT —pt—pd—pt =y At 0 0
0 0 o —ot—put 0

0 0 ,y/l O_/l _'u/l

Therefore, at ¥, the Jacobian matrix takes the following form:

[ Amt At Ayl .
. 0 _ﬂ/l+5ﬁz\##_eﬂ ﬁAAﬂ# r/llB/lA:Am 0
J(\P ) =10 Py A/l.[./l_'u/l_’uzll_p/l_yxl_i_A/ln/l 0 0
O 0 p/l _O./l_lu/l O

L 0 0 'y/l ot —/,l/l_
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Furthermore, it can be rearranged as follows:

' @ wytws o, 0
0 wg—w; -w, -r‘w, 0
I(¥)=l0 ¢ w-w 0 0|
0 0 ot @s 0
0 0 y/l O_/l _lu/l
where @y = ~6'A25 @y = -UAHE @3 = —A ), @ = e+, @s = ~(0 ),

and wg = —(0'+ut). Thus, the disease-free equilibrium ¥° is locally asymptotically stable if all the
eigenvalues &, i = 1,2,...,5 of the matrix J(°) satisfy the following condition [62]:

m
'arg (eig(J(‘I’O))‘ = larg(€)] > A5.i= 1.2.....5. (4.4)
We can examine the mentioned eigenvalues by solving the following characteristic equation:

'JI (\PO)—gi| -0, 4.5)
where [ is an identity matrix and & represents the eigenvalues. Therefore, we obtain an equation of the
following form:

4 3 2
EHp)E+DE+0,8+0:6+4) = 0, (4.6)
where the coefficients 9, i, 93, 4 are given as follows:

01:/ﬂ+w1 +W3—wW4—W5— W,
192:[1/1(@'1 +ZD'3—ZD'4—ZD'5—ZD'(,)+9/I Wr+ W W3— W Wy— W W5— W3 W5

—W3 Wet+W4 W5+ Wy We+wWs5 W,
193:/.1/1(9/1 WHr+ W W3— W] Wy— W W5— W3 W5— W3 W+ Wy W5+TW4 We+ W5 1D'6)

— @y Ws— | W3 T+ | Ty Ws+03 W5 We—T04 Ws We+1" p”L ' w5,
194:—,ui(91 W) W5+ W3 Ws—W| Wy Ws—W3 Ws We+Wy Ts Tg—1" p/l ' @,).

Therefore, the eigenvalues of Eq.(4.6) are given by & = —ut, and &, &, &4, &, where &, &3, &4, &5 are
the roots of the following equation:

E 4 E+9,E + 036+, = 0. 4.7)
As long as Ry > 1, we have the following:
194:—;1’1(9A Wy Ws+W]| W3 Ws5— W] W4 Ws— W3 W5 We+ W4 Ws w(,—r’lpﬂ ' @,)

Ao N(od s de o dea [N Em
,u(/J +O')(/,t +U+p +y—An)6T+ﬂ +6° 1 (1-Ro).

Clearly, when p'+ul+p'+y* > A'ny', it can be seen that if Ry < 1, then 94 > 0 of Eq (4.7) are positive
since all the model parameters are positive. Therefore, by remembering that all @ values are negative,
it follows from the Routh-Hurwitz criteria [63, 64, 65, 66] and from condition (5) of Lemma 2 [62] that
the condition (4.4) becomes satisfied, which means that all roots of Eq(4.6) have negative real parts,
which further imply that the disease-free equilibrium (DFE) ¥° is locally asymptotically stable (LAS).
On the other hand, if Ry > 1, then at least one root &,, &3, &4, &5 of Eq (4.7) has a positive real part, since
¥4 < 0 indicates that the DFE ¥ is unstable.
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5. Calibration of the model parameters

When conducting an epidemic investigation, the most important factor for the validation of the
model is the most accurate determination of the parameters. These determined values contribute to
the accuracy of the model to better visualize the course of the epidemic. Therefore, in this part of
our research, we aim to determine and explain the parameters using the least squares curve fitting
technique. We chose exactly 13 different parameters in the model we proposed for the hepatitis-B
infectious disease. Among the parameters we chose, we took the parameter u=3.4857e-05 from the
literature [67] and took performed the numerical simulation by estimating the other parameters. We set
the initial conditions as follows: S(0) = 7000, £(0) = 400, A(0) = 1497, C(0) = 90,and P(0) = 250.
Figure 2 displays the result of the 12 biological parameters we obtained from the literature and fit with
the help of the least squares curve fitting method. The produced Hepatitis-B model expresses the real
cases of this epidemic in a very transparent way. The most accurate solution of this model for the
Hepatitis-B cases and the epidemic category was to reach the ideal values of the relevant parameters
in order to keep the average absolute relative error between the actual data and the prediction to a
minimum. Real Hepatitis-B cases are shown with red stars, while the best-fit prediction curve for our
model is shown with a blue line. The chosen parameters for our model are shown in Table 1, along
with the best estimates that can be made using the least squares method.

3 ><104 T T T T T

® Real Data

Incidence rate of HBV in the USA

10 20 30 40 50 60
Time (Years)

Figure 2. Time series of annual hepatitis-B cases for the USA from 1966 to 2021 and best-
fitted curve associated with the proposed model.
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6. Numerical result and discussion

In this study, we want to examine the effect of HBV on the course of the disease by establishing a
new model that measures the effect of vertical transmission and takes the migration effect parameters
into account. For this, we built a mathematical model with 5 compartments: susceptible population
S(t), latent population L(¢), and acute population A(z), carrier population C(¢), protected infected
(protective rescued) P(¢). We used the fractional version of the 4th order Runge-Kutta method to
obtain numerical solutions of the model within these compartments [68, 69]. In general, the m-order
Runge-Kutta method has the following advantages:

e To calculate the approximate value of the Y;,; solution, it is found by only calculating the Y; value.
That’s why the one-step method is the most important method of its kind; and
e When m = 4, it turns into the classical Runge-Kutta method [70].

The model is built using fractional differential operators. The memory effect captured by fractional
differential operators improves the accuracy of our model. First, fractional models are more effective in
modeling anomalous behavior. Such dynamics may not be captured with classical models. Infectious
diseases such as HBV have contributed to increasing the model accuracy because they show abnormal
dynamics, which helps obtain more accurate results by creating a more realistic propagation scenario.
Thanks to the memory effect, fractional models are more accurate in long-term forecasts than ordinary
models. The accuracy of our model has been increased thanks to the memory-effective fractional order
model instead of the ordinary order model [58, 71].

We obtained some results after obtaining the numerical solutions of the SLACP model. We utilized
the literature [67, 72] for some of our parameters in the model and estimated other parameters. Our
resulting parameter estimates are shown in Table 1:
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Table 1. Parameters used for the HBV model.

Par.  Biological description Value Sources
A Recruitment rate 0.22996 fitted
u Natural mortality rate 3.4857e-05 [67]
B Transmission rate 0.001 fitted
r Reduced transmission rate relative to acute 0.24 fitted
T Infected rate of mothers with HBV acute virus 0.029 fitted
Yy Recovery rate of individuals with acute infection 0.2 fitted
o Recovery rate of individuals in the carrier class ~ 0.183 fitted
p Transition rate from Acute to Carrier 0.212 fitted
Uy Death rate from HBV disease 0.1 fitted
m Rate of community coming from outside 0.54 fitted
0 Transition rate from susceptible to latent 0.02 fitted
0 Transition rate from latent to acute 0.251 fitted
n Rate of babies born infected 0.3 fitted
S(0) Initial Susceptible Population 7000 fitted
£L(0) Initial Latent Population 400 fitted
A(0) Initial Acute Population 1497 [72]
C(0) Initial Carrier Population 90 fitted
$(0) Initial Protected Infected Population 250 fitted

In addition, we examine the transition rate on these populations from acute to carrier in Figure 3,
the recovery rate of individuals in the carrier class in Figure 4, and the infected rate of mothers with an
acute HBV virus in Figure 5.

2500 T T T T T
p=0.212 (baseline value)
p=0.282
p=0.382
2000 p=0.482 1
S
E 1500 ¥
>
Q
[e)
o
© 1000
>
@)
<
500
0
0 5 10 15 20 25 30

Time (Years)
Figure 3. Acute population dynamics for various variables of the transition rate.
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Figure 3, which contains the graph of the rate of transition from the acute state to the carrier state,
graphically shows the acute population and the rate of transition from the acute state to the carrier state.
It helps in to examine the spread of HBV at different stages over the years, and shows the change in
the acutely infected population over time.

7000

6000 r

5000

el
i)
3 4000 | _
€ 0=0.183 (baseline value)
5 0=0.383
2 3000 0=0.683
§ 0=0.83
ot
o 2000
1000
0 L L L L L
0 5 10 15 20 25 30
Time (Years)

Figure 4. Recovery rate of individuals in the carrier class.

Individuals in the Protected Class are individuals who have recovered from the disease and become
immune. Over time, infected individuals recover and move into the protected class. This transition
is modeled in Figure 4, in which the rate of recovery results in a decrease in the number of infected
individuals and an increase in the number of protected individuals over a given period of time.
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Figure 5. Infected rate of mothers with HBV acute virus.

Acute Population

It is important to examine the infection rate of mothers with an HBV infection and the risk of
transmitting this infection to babies during or after birth. Vertical transmission refers to transmission
from mother to baby during or shortly after birth. Due to the high risk of transmission in mothers
with an acute infection, it is of great importance to reduce this risk with measures such as prenatal and
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postnatal screenings and vaccinations. Figure 5 shows the change in the rate of mothers infected with
an acute HBV virus over the years. In Figure 2, the data we have collected shows that there has been a
noticeable increase in the number of people infected with this virus in the first 20 years since 1966. In
the following years, we see that these numbers gradually decrease due to vaccinations and necessary
precautions; even today (in a 50-year period), they have reached the same level as the numbers we
achieved in 1966.

8000
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Acute
Carrier
Protected Infected

2000

1000 |

0 5 10 15 20 25 30
Time (Years)
Figure 6. Population densities of the HBV model for the estimated values.

Additionally, we examined the development and change of some populations in our model over
time. In Figure 6, we examine the change and development of susceptible, latent, acute, carrier, and
protected infected individuals, that is, all the populations in the model, over time. Figure 6 represents
the all population densities of the HBV model for the estimated values. According to the model and
the real data, the protected infected population (i.e., recovered from infectiousness) gradually increases
as time passes.

In Figure 7, we examine the relative status of the acute and carrier populations over time. According
to Figure 7, up until the 10th year, the acutely infected population was always higher than the carrier
population. Additionally, the figure points out the relationship between the acutely infected and the
carrier classes was during the simulation process. The numbers used in the graphs were obtained by
careful, repeated attempts to construct the most accurate and closest graph to the model. Since our
model was created from scratch, we do not have any literature to reference; however, the first feature
that distinguishes it from other models is that it was created using real data.
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Figure 7. Status of acute and carrier populations relative to each other.
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Figure 8. Effect of different fractional orders on the recovery rate of carrier class in the acute
population.

Figure 8 shows the recovery rate of individuals within the carrier class, known as o in the acute
population, for different fractional A levels of 0.8, 0.9, 0.95, and 1.0. It is seen that as the fractional
order value increases, the number of individuals with acute illnesses decreases over the years. The
chart is based on 0=0.183.
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Figure 9. Transition rate from acute to carrier class in carrier population of different frac-
tional orders.

Figure 9 shows the transition rate from acute to carrier in the carrier class, known as p in the carrier
population, for different fractional A levels as 0.8, 0.9, 0.95, and 1.0. As the fractional order value
increases, the rate of transition from acute to carrier increases in the carrier class in the period between

0 and 10 years, while a reverse decrease is observed in the following years. The chart is based on p =
0.212.

7. Conclusion

In this paper, we developed a new Hepatitis-B mathematical model that contained a vertical trans-
mission from mothers to newborn babies. Additionally, we evaluated the disease-free equilibrium
point and its stability analysis. Thus, the conditions under which the disease-free equilibrium points
of the system are stable were determined. In order to investigate the virus transmission dynamics of
the Hepatitis-B virus, we listed the estimated parameter values for the system of Eq (3.1) with our
new clustered model for the Hepatitis-B virus. This section of the article presents the results obtained
throughout our study process, the effectiveness of this model, and its performance by developing a
new expanding structure that models Hepatitis-B by selecting the appropriate effect for the model. The
model we developed provides a protective dose to people with susceptible S(¢), latent £(¢), acute A(¢),
and carrier C(¢), which are considered the basic components of Hepatitis-B diseases. It was partitioned
by adding rescued #(f) individuals. Our results determined that the course of Hepatitis-B disease is
modeled by predictions, of which the predictions about its process were obtained. Non-negative so-
lutions were obtained to ensure the biological augmentation of our system of equations of the model.
The replica of our Hepatitis-B model was estimated using the ‘least squares curve fitting’ method.
Numerical simulations of data from the USA were performed based on these predicted values. In this
model, digital simulations were used to predict how the Hepatitis-B disease would progress to deter-
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mine how the country would progress. The model we considered in our study included a fractional
order differential operator. Thus, the memory effect was considered in the model. Various fractional
orders have been tried in our simulations. Thus, various scenarios have been created and supported
with graphics and comments. This model considered the effect of vertical transmission and migration
on the spread of the disease. For vertical transmissions, it can provide methods to prevent or minimize
the spread of the virus before and during birth; for migration, it can make it easier to observe how
the virus affects the body under the conditions in the places where the immigrant population lives.
Moreover, it plays a role in understanding the relationship between the acute and carrier populations
and determining the transmission rate and transmission routes of the virus. This allows us to evaluate
the development of the virus. Our model can also provide information to observe the impact of pro-
tective rescued populations on future epidemic risks. In short, this model can be preferred when trying
to develop important strategies to control the virusby providing a more comprehensive perspective in
examining the dynamics of the virus; this may help to develop more effective and targeted health in-
terventions in future research.) For the future directions of the paper, an age-structured model can be
developed to investigate the disease process according to the population’s age. Additionally, different
types of fractional operators may be taken into account to point out the differences and similarities of
the mentioned fractional operators.
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