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Abstract

Infection with the hepatitis B virus (HBV) remains a global public health issue. Particularly in Burkina
Faso, HBV is a major public health concern due to its high prevalence and associated mortality.
However, universal vaccination, treatment of chronic carriers, and awareness campaigns are currently
employed means in Burkina Faso to combat the spread of HBV. Therefore, this paper aims to study the
impact of these control measures on the expansion of this virus. This paper presents a mathematical
model of vertically transmitted HBV that takes into account the progression to chronicity as a function
of the age of the infected person, as well as vaccination, treatment of chronic carriers, and media
awareness. After formulating the model and carrying out the mathematical analysis, we simulated the
proposed model in Matlab, taking into account the various involved parameters. Finally, we presented
the results of sensitivity analysis and numerical simulation. According to our model, with vaccination
coverage of 30%, a 50% success rate of awareness campaigns and 20% effectiveness for the 10% of
treated chronic carriers, the prevalence of hepatitis B infection could decrease down to 2% within thirty
years in Burkina Faso.
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1 Introduction

The hepatitis B virus (HBV) is a significant global health threat, and its elimination by 2030 is
a priority for the World Health Organization (WHO) [1]. Hepatitis B is not easily curable, and
the majority of infected individuals do not exhibit any symptoms. These individuals, known as
asymptomatic carriers, harbor the virus without displaying any clinical signs and play a crucial
role in its transmission. Consequently, serological testing is essential for detection. Many infected
people with HBV are unaware of their status and can unknowingly transmit the virus to others [2].
According to the WHO, approximately 2.5 billion people are or have been infected with HBV,
representing about 30% of the global population [3]. Among them, 257 million suffer from
chronic hepatitis B, including 60 million in Africa, with 136,000 deaths recorded in 2015 [2]. HBV
infection is the second leading human carcinogen after tobacco [3]. The virus primarily targets
the liver, causing damage through acute or chronic infections. Chronic infection can lead to
severe complications such as cirrhosis and hepatocellular carcinoma (HCC) [2, 4]. Approximately
25% of individuals with chronic hepatitis B develop cirrhosis or liver cancer, which can result in
premature death if untreated [4, 5].

The distribution of the prevalence of Hepatitis B surface Antigen (HBsAg) carrier status allows the
division of the world into three prevalence zones, corresponding to different modes of transmission
and risk levels: Low endemicity (prevalence below 2%): Infection risk below 20%, contamination at
all ages (Western Europe, North America, Australia); Medium endemicity (prevalence between 2%
and 7%): Infection risk between 20% and 60%, contamination at all ages (Middle East, Asia, China,
Eastern Europe); High endemicity (prevalence above 8%): Infection risk above 60%, contamination
primarily at birth or during early childhood (Sub-Saharan Africa, Southeast Asia) [5].

The distribution of HBV infection prevalence across Burkina Faso’s regions is shown in Figure 1.
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Figure 1. Burkina Faso distribution of HBV prevalence [7]
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In Burkina Faso, the severity of this pathology is underscored by over 5,000 deaths per year
[6]. The country is classified as highly endemic, with a seroprevalence rate over 8% [5]. A 2011
Demographic Health Survey estimated a seroprevalence of 9.1% [7, 8], while a study conducted in
Ouagadougou, Burkina Faso’s Capital showed a prevalence of 14.5% in the general population
[9]. This indicates nearly 2 million people in Burkina Faso are infected with HBV [2, 8]. However,
due to the asymptomatic nature of the disease, the actual number of infections may be higher.

In Burkina Faso, the situation concerning the hepatitis B epidemic remains alarming due to low
vaccination coverage and a lack of information and education about the disease, which results
in low screening rates and a faster spread of the hepatitis B virus (HBV). Over 90% of infected
individuals are unaware of their status, serving as a significant reservoir for HBV transmission
[2]. Additionally, the high costs of post-diagnostic medical tests discourage patients from seeking
regular medical follow-ups. Finally, despite a significant reduction in treatment costs in recent
years, access to care remains limited for chronic patients due to prices that are still unaffordable
for many.

In high-endemic areas such as Burkina Faso, the primary mode of HBV transmission is mother-
to-child transmission during childbirth or close contact in early childhood, referred to as vertical
transmission [10]. Hepatitis B virus (HBV) is frequently transmitted from infected mothers to their
newborns during childbirth, especially when the mother tests positive for the hepatitis B surface
antigen (HBsAg) and the hepatitis B e antigen (HBeAg) [10]. Perinatal transmission or infection
during early childhood has a high probability of resulting in chronic disease [2, 3, 11].
Additionally, HBV transmission can occur through high risky behaviors, including injecting
drug use, unprotected sex with infected partners, or using unsterilized equipment for tattoos or
piercings. Household transmission is also possible through shared personal items like razors,
toothbrushes, or nail clippers that cause minor injuries. Unsanitary conditions and promiscuity
further contribute to HBV spread, although these are not the only risk factors [10, 11].

The primary objectives of treating chronic hepatitis B are to enhance patient longevity and quality
of life and to prevent disease evolvement into cirrhosis, liver cancer, and mortality. Effective
treatment aims at eliminating HBsAg and achieve sustained suppression of viral load [10, 11]. In
addition to vaccination, prevention efforts include the screening and immunization of susceptible
children, adolescents, and adults. Awareness campaigns, particularly through modern media
platforms, are crucial for preventing new infections.

In this paper, We here suggest a deterministic mathematical model of the type SVLACTR (S =
Susceptible, V. = Vaccinated, L = Latent, A = Acute, C = Chronic, T = Treated, R = Recovered),
to study the impact of control strategies against the hepatitis B epidemic in Burkina Faso in order
to issue recommendations. This is an extension of the model of hepatitis B virus transmission with
vertical transmission in Burkina Faso with differential susceptibility and infectivity developed by
Kiemtore et al. [12].

The novel aspects are:

e The inclusion of the p proportion of vertical transmission, which translates into the proportion
of newly-infected infants who will develop acute hepatitis B only, and a 1 — p proportion of
newly-infected infants who will become chronic carriers.

e The parameter of awareness through media m, which will concern only susceptible S3 people
over 15 years of age.

e Chronic carriers treated by the T, compartment.

e Unlike many hepatitis B models, our model will take into account a parameter T representing the
reactivation of the virus in cured chronic carriers, particularly in cases of immunosuppression,
such as during dialysis or chemotherapy.
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e Vaccination with a V compartment with loss of immunity.
The structure of this paper is detailed as below:

e The mathematical model is presented and described in Section 2.

e Section 3 focuses on the mathematical analysis of the model: Firstly, the existence, uniqueness,
positivity, and boundedness of solutions will prove that the model is mathematically and
epidemiologically well-posed. Secondly, the effective reproduction number Re, which governs
the spread of the hepatitis B virus, is calculated along with the equilibrium points. Then, when
Re is less than 1, the equilibrium point without hepatitis B is globally stable, and the epidemic
disappears, meaning that control strategies are effective. When R, is more than 1, the endemic
equilibrium point is globally stable, and the disease persists in the population.

e Section 4 is dedicated to sensitivity analysis. Thus, the sensitivity analysis of the effective
reproduction rate R, confirmed that universal vaccination of newborns and the treatment of
chronic carriers are very effective in slowing down the spread of the hepatitis B virus in Burkina
Faso.

e Section 5 discusses numerical results. Indeed, Numerical simulations have shown that universal
vaccination, media-based awareness campaigns, and the treatment of chronic patients are
effective means of controlling the spread of the hepatitis B virus. According to our model, with
a vaccination coverage of 30%, a 50% success rate for awareness campaigns (television, radio,
social networks), and 20% effectiveness for the 10% of treated chronic carriers, the prevalence
of hepatitis B infection could decrease to 2% within thirty years, setting Burkina Faso in a zone
of low endemicity.

e Section 6 concludes the study.

2 Model formulation

The total population N(t) is categorized in ten different classes:

e 51(t): indicates the population of susceptible newborns aged 0 to 1 year.

e S)(t): Represents susceptible children aged 1 to 15 years.

e S3(t): Represents susceptible individuals aged over 15 years.

e V(t): Refers to individuals of all ages who have been vaccinated and are therefore considered
immunized from infection.

o L, (t): Represents latently infected individuals, who are infected but will not progress to acute

infection.

Lc(t): Describes latently infected individuals who will eventually develop a chronic infection.

A(t): Describes acutely infected individuals.

C(t): are chronic carriers of the infection ;

Tr(t): It is the chronic patients who receive treatment.

R(t): Refers to recovered individuals who have recovered from the infection and may have

developed immunity.

This is a vertical transmission model. In fact, despite systematic vaccination at birth only effective
since January 2022 [2], vertical transmission remains persistent. We will limit our analysis to
three distinct age groups. This division of susceptible individuals into three classes gives a
reasonable representation of the epidemiological dynamics of the infection [2, 4, 13]. We have A N
the total number of births. Here, vertical transmission will reduce births by A1 A + A,C + A3T,.
Thus, some of these virus-infected newborns will remain in the acute phase, while others will
become chronic. Then, in the respective latent compartments L4 and L¢, p(A A + AoC + A3T;)
and (1 —p)(A1A + A,C + A3T;) will appear. Table 1 gives a description of the parameters.
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Table 1. Parameters used in the model

Parameters Description
A population birth rate
M rate of newborns contaminated by acutely infected mothers
Ao rate of newborns contaminated by their chronic carrier mothers
A3 rate of newborns contaminated by their chronically ill mothers under treatment
0 rate of newborns contaminated by their mothers who will develop acute hepatitis B only
1-p rate of newborns contaminated by their mothers who go on to develop chronic hepatitis B.
m rate of efficiency of the media coverage within the community
01 rate of vaccinated individuals in class S;
0> rate of vaccinated individuals in class S,
03 rate of vaccinated individuals in class S,
1 immunization failure rate of vaccinated individuals from Sy
¢ failure rate of immunisation of vaccinated individuals from S,
¢3 failure rate of immunisation of vaccinated individuals from S3
p1 proportion of infants aged 0 to 1 who are still susceptible to entering S,.
P2 proportion of infants aged 1 to 15 who are still susceptible to entering S3

Bi1ie<{1,2,3}
Bin»i€{1,2,3}
Bisie<{1,2,3}
&
1-— o1
%3
1-— [4%))
a3
1—a3
3}
02
w1
Wy
T
Ya
Ye
Ytr
I3
Ha
He
Wtr

transmission rate relative to acute individual

transmission rate relative to chronic carriers

transmission rate relative to treated chronic patients

probability that a susceptible S; is infected and enters a latent state L4 to become acute
probability that a susceptible S; is infected and enters a latent state L to become chronic
probability that a susceptible S is infected and enters a latent state L4 to become acute
probability that a susceptible S; is infected and enters a latent state L to become chronic
probability that a susceptible S3 is infected and enters a latent state L4 to become acute
probability that a susceptible S3 is infected and enters a latent state L to become chronic
transfer rate of individuals from class L4 to class A

transfer rate of individuals from class L¢ to class C

rate of chronic patients receiving treatment

treatment failure rate for chronic patients

probability of virus reactivation after the individual has recovered

recovery rate for individuals with acute hepatitis B

recovery rate for individuals with chronic hepatitis B

recovery rate for people with chronic hepatitis B who are treated

rate of natural mortality

death rate induced by acute hepatitis B

death rate induced by chronic hepatitis B

mortality rate due to HBV in chronically treated patients

For a better formulation of the model, we have considered the following statements:

(1) Each susceptibility class S1, S and S3 divided into two groups: The first group moves into
the acute latent state L 4 and eventually develops acute hepatitis with probability a;,i = 1,2,3
The second group moves into the chronic latent state Lc becoming chronic C carriers with
probability (1 —«;),i =1,2,3[12, 14, 15].

(2) The recruitment rateis A N — A A — A,C — A3T, [12].

(3) Vertical transmission occurs via acute infections, chronic carriers and treated patients, with one
proportion p(A1 A + A,C + A3T;) only becoming acute, and the other proportion (1 —p)(A1A +
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A2C + A3Ty) becoming chronic.
(4) The rate of contact required for a person to become infected with the virus will depend on all

the infectious individuals: A, C, T, which gives [14, 16-18]:

By = B1,1A+ B12C + ﬁ1,3Tr, By = P21 A+ B22C + ,32,3Tr, By

respectively the alglequate contact rates for a suszc\:]eptible S1 (susceptible indivié\lllal toage 0—1
years), Sp(susceptible individual to age 1 to 15) and Sz(susceptible individual over 15 years of
age) to be infected by the hepatitis B virus [16].

(5) Acute hepatitis includes fulminant hepatitis, which is extremely rare [3].

(6) All those who do not die of hepatitis B, i.e. those belonging to the compartments S1, Sy, S3, V, Ly,
L¢, R have a natural mortality rate of u [12].

(7) In Burkina Faso, The prognosis for the evolution of this infection towards chronicity is inversely
proportional to the age at which a person becomes infected [3, 9, 12, 14].

(8) The HBV vaccine must be stored at low temperature, faillure to do so can undermine the
effectiveness of the vaccine at its administration [2, 3].

(9) Hepatitis B treatment will only affect chronic carriers [2, 19].

(10) Viral reactivation will concern chronically recovered carriers [20], i.e. this phenomenon is
neglected in patients who have recovered from the acute form.

A C T,
_ B31A + B32C + P33T, are

AN — A — A,€ — AT,

p(l A+ A,C + A5T,.)

Figure 2. HVB model with vertical transmission, vaccination, treatment and awareness
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Based on all the information provided above and the Table 1, we have drawn the compartmental
diagram illustrated in Figure 2. The following system of differential equations is obtained:

ds A C T,
d—tl:/\N—/\1A—/\2C—/\3Tr+¢1V—(ﬁl’l +51]'\2] * P r)sl—(91+p1+u>51/
ds A+ B22C+ BasT,

D2 181+ gov — (B2 P22C P23l ) o g, 4y 4y,

dt N

ds A+ B32C+ B3sT

d_;’:P252+<P3V—(1—m) (53’1 531'\2, Pas r>53—(93+ﬂ)53/

dv

= =051+ 025+ 05— (P1+ o+ g3+ )V,

A C T, A C T,
d;_tA:(xl (,31,1 +ﬁlz,\2] +B13 r) 51+ s (,32,1 +,321,\2] + B2 r) 5

B3 1A+ B32C + B33Tr
N

+0(AMA + AC + A3Ty) +zx3(1—m)< )53—(51 +u) La,

dL A+Pr12C + 13T, A+ BaC + BosT,
C o 1-m) (.31,1 + P12C + P13 r) S+ (1—ay) (,32,1 + B2,2C+ Po3 7)52

dt N N
A+ B3oC + B3sT
H1=p)(mA+12C + MaT) + (1) (1) (PAEPREE BT ) 5, (51 1,
dA
E :51LA_(Va+'Ya+,U)A;
dc
o =6Le+woTy +TR— (ye+ w1+ u+uc)C,
dT,
d—tr = w1C— (yir +wo +p+ ) Ty,
dR
at = YA+ v C+ Ty — (T+ ,u) R.
Let:

Ki=01+p1+pu kx=0+pr+pu k3=03+pu kg =¢1 +Pa+P3+u, k5 =01 +u, )
Ko =02+ U, Ky = U+ Ug+ Ya, Kg = Ve + w1+ U+ Ue, Kg =Yt +wo+ U+ U, K19 =T+ U

The total population is:
N(t) = S1(t) + Sa(t) + S3(t) + V(t) + La(t) + Lc(t) + A(f) + C(f) + T, (t) + R(1).

Let also:



Kiemtoréetal. | 145

Normalizing model (1), we get:

ds
d_tl = A—Ma—Aye—Asty + ¢19— (B1,1a + Broc + Bistr) s1 — K151,

ds
d_tz = p151 + P20 — (Ba1a + Boac + Postr) s2 — K282,

ds

d_t3 = p2s2 + P30 — (1 —m) (B31a + B3¢ + Bajstr) 53 — K383,
do

I = 0151 + 0257 + 0353 — K40,

dl
d_: = a1 (B1,1a + B1ac + Bistr) 51+ a2 (B21a + Baac + Postr) s2

+p(AMa+ Azxe+ Astr) +az (1 —m) (Ba1a + apc + Pagtr) 53— Ksla,

51(0) = s1,0, 52(0) = 52,0, 53(0) = 53,0, v(0) = v, L4(0) = lag,
1.(0) = lco,a(0) = ag, ¢(0) = co, t,(0) = t.0, (0) = rop.

\

3 Model analysis

dl

d_tc = (1—aq) (B1,1a + Broc+ Bistr) s1+ (1 —az)(Baa + Poc + Bastr)s2
+(1—p)(Ma+ Azxc+ Asty) + (1 —a3) (1 —m) (Bzpa + B3ac + B3 atr) 53 —Kele,

da

E = (Sllu — Kya,

dc

— = 0l + wot, + Tr —xKgC,

dt

% w1C — Kot

dt - 1 9 rs

dr

i Yad + Y€ + Yirtr — K107,

All thirty-two parameters : A, Y4, Ye, Yir, A, A2, A3, P1, P2, 61, 62, P1, P2, ¢3, 01, 02, 03,
W, Ha, Me, Witr, w1, W2,B11, B1,2, B1,3, B21, B22, P23, P31, P32, B3z used for the hepatitis B

model are non-negative, since the model describes human population dynamics.

Positivity, boundedness and global existence of solutions

Theorem 1 For all initial condition (s1,, 52,0, 53,0, V0, lao, Ico, 4o, co, tro, 7o) € R1?,
such that sy +s20 + 530 + v + lag,lco +co +trg +rg = 1.

There is therefore a unique, non-negative, bounded global solution for system (3).
In addition, for all t > 0,

(i)

=|>

Q= {(sl(t),sz(t),53(t),v(t),la(t),lc(t),a(t),c(t),tr(t),r(t))| 0<0O(t) <

+0(0)},

®)

(4)
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where
O(t) = s1(t) +sa(t) +s3(t) +o(t) +1a(t) + lc(t) +a(t) + c(t) + t(t) + ().

(ii) Furthermore, if

s < |2y 11 (01%2K3 + OoK3p1 + B3p1p2) }
Tk K [Kkokg (k1K — 01¢1) — p1p1 (623 + O3p2) — O3k1 (Pap1 + P3ka) — Oaorciks] |’
50 < [ Ap1 n (p1¢1 + K1¢2) (B1K2K3 + O2K3p1 + O3p1p2) A ]
7T Kk Kiko [Koks (K1ks — 01¢1) — p1p1 (02k3 + O3p2) — O3k1 (Pap1 + Paka) — Oagokiks] |
< (A pip2 (p1p2¢g1 + parido + KiKkop3) (O1K2K3 + Oakzp1 + O3p1p2) A ]
§3,0 < +
| K1KoK3  K1Kpk3 [Koks (KiKa — 01¢1) — p1p1 (02K3 + O3p2) — O3k1 (Pap1 + Paka) — OapaxyKs]
99 < (01K2K3 + OaK3p1 + O3p1p2) A
~ Kok3 (K1K4 — 01¢1) — P1p1 (O2k3 + O3p2) — 03Ky (Pap1 + Paka) — Oaoxiks
5)
then
s1(t) <s1,0, s2(t) <20, s3(t) <s30, v(t) < vp. (6)
Proof

(i) To guarantee the existence of a local solution, all functions in system (3) are locally contin-
uous and satisfy the Lipschitz condition. Consequently, there is a unique local solution for
t € [To, Tinax) [21].
By showing that the elements of the solution vector (s1(t), s2(t), s3(t), v(t), la(t), Ic(t), a(t), c(t),
t.(t), r(t)) are uniformly bounded on any bounded interval [0, T;4x ), we know that Ty5r = 00.
Noting the elements of Q by x = (s1, sp, 53, v, Iy, I, a, ¢, tr, r)t we rewrite model (3) as the
following autonomous differential system:

dx; S g
E_fl(x)’ i=1; 2;...; 10.

We notice that the components of the vector f; quasi-positive. So, given that the initial conditions
are non-negative, this entails that the components of the solution remain non-negative for all
t € [To, Tmax) [12, 21, 22].

Now, consider defining the function © as:

O(t) = s1(t) +s2(t) +s3(t) +0(t) +1,(t) + 1(t) + a(t) + c(t) + tr(t) + r(t).

Adding up the ten equations of system (3), we find that

de
3 SA-ne), @)
0(0) = 1.
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Integrating Eq. (7) over the interval [0, ¢], for all ty < t < T, one gets

A
0<0O(t) <—+1.
&
Consequently, we show that for T,y = oo and the existence of a unique, non-negative and
bounded global solution is established.
(ii) Note that sq satisfies:

dsq { A (01x2K3 + O2K3p1 + O3p1p2) }
2o+ —x181(f),
{ dt P KoKk3 (K1K4 — 01¢1) — P1p1 (623 + O3p2) — O3K1 (P2p1 + P3k2) — O2poK K3 s1(t)
51(0) = s1,0-
(8)
Let us integrate Eq. (8) over [0,¢] for all t > 0.
One obtains:
At oy { A (O1x2K3 + Orx3p1 + O3p1p2) ]
KoKz (K1Kkg — 6 — Orx3 + 6 —03x + ¢P3K2) — Or oK1 K
s1(1) exp(xa (1)) < b Rl i e e By el el
X (exp(x1(t)) —1) +s1,0.
Since
At oy [ A (01K2K3 + Oax3p1 + O3p1p2) ]
510 < KoKz (K1K4 — 0191) — P1p1 (023 + O3p2) — O3K1 (P2p1 + P3k2) — Orpoki K3

K1

which implies that sq () < s1 9. We apply the same reasoning to s, (t), s3(¢) and v(t).

Thus, model (3) is mathematically and epidemiologically well-posed inside of ).

Hepatitis B free equilibrium point &

Hepatitis B free equilibrium point is a theoretical state in the mathematical model of hepatitis B
where no individuals in the population are infected with the hepatitis B virus. At this equilibrium,
all model compartments associated with infected individuals—such as latent infected, acute
infected, chronic carriers, and chronic cases under treatment—have a population size equal to
zero, while the susceptible population remains constant. This equilibrium depends on the effective
reproduction number R.. If R, < 1, the disease-free equilibrium is globally stable, meaning that
hepatitis B cannot spread within the population [23].

Model (3) admits a unique Hepatitis B free equilibrium point given by:

Eo = (51,0, 52,0, S30, v0, 0,0, 0, 0, 0, 0),

where

510 = A i P1A (O1%2K3 + OoK3p1 + O3p1p2)
’ K1 Kq [Koks (K1ka — 01¢1) — P1p1 (O2K3 + O3p2) — O3K1 (P2p1 + P3ka) — Oapariks] |
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[ A (P11 +x1¢2) (O1K2K3 + Ok3p1 + O3p1p2) A }
$2,0 = + ,
| K1Ky  Kikp [Koks (k1Kks — 01¢1) — P1p1 (023 + O3p2) — O3k1 (Pap1 + Paka) — Oaprx1K3]
530 = Apipe (P1p2g1 + paxi¢a + k1K) (B1%aKs + O2K3p1 + O3p1p2) A }
' | K1Koks  K1K2K3 [Koks (k1ka — 0191) — P1p1 (02K3 + O3p2) — O3k (P2p1 + Paka) — Oapakiks] |

(B1%2K3 + O2k3p1 + O3p1p2) A

v = .
0™ kaxs (k1kq — 011) — 1 p1 (02K3 + O3p2) — O3k1 (Pop1 + P3k2) — Oagpoicr k3

Effective reproduction number R,

The effective reproduction number R, represents the average number of secondary cases generated
by a single infectious individual at a specific point in time, in a population where some individuals
may already be immune or where control measures are in place (e.g. vaccination, media awareness,
treatment, etc) [24-27]. However, if R, > 1, hepatitis B continues to spread but if R, < 1, hepatitis
B transmission declines, and the epidemic is likely to be contained.

Let us consider model (3), The effective reproduction number calculated using the “next generation
matrix” method of Driessche and Watmough [23] is given by:

1
R 1 | om n d2K915 + 2176 N (51771 _ 02Kgl]5 + Opw1Ke )2 n 4 (52K911 4 Saw1113) 61174 \
¢ 2 KsK7 Kg (K8K9 — wlwz) Ks5K7 Ke (K8K9 — wle) K5KeKy (K8K9 — wlwz)

Where x1, k3, K3, K4, K5, K¢, K7, K8, K9 are given by (2) and 11, 12, 73, 4, 15, 1 are given by:

= i [i n P1A (01x2K3 + Ooxzpr + O3p1p2) }
©lrr Ky [KoKa (K1Kkg — 01¢1) — P1p1 (O2k3 + O3p2) — O3K1 (P2p1 + P3k2) — O2¢prK1K3]
+aapa [/\Pl n (P11 + K1) (B1%2K3 + OaK3p1 + O3p1p2) A ]
" lriky K1k [Kok3 (KiKs — 01¢91) — P1p1 (O2K3 + O3p2) — 031 (Pap1 + P3K2) — Oapakq k3]

+ p/\l + o3 (1 — m) [33,1

" {A pip2 (p1p21 + paxida + K1K23) (O1K2K3 + Oak3p1 + O3p1p2) A ]
K1KoK3 — K1Kokg [Koks (K1ka — 01¢1) — p1p1 (O2k3 + O3p2) — O3K1 (Pap1 + P3ka) — Oaokciks] |’

7 = 112 [i n P1A (01%2K3 + Ooxzpr + O3p1p2) }
“ler K (KoK (kikg — 01¢1) — P1p1 (B2k3 + O3p2) — 031 (Pap1 + P3xa) — Oapokiks]
+ a2Bas [/\Pl " (P11 + K1¢2) (B12K3 + O2K3p1 + O3p1p2) A ]
“ KKy KK [Kok3 (K1ka — 0191) — P1p1 (B2k3 + O3p2) — O3k (Pap1 + P3xa) — Oagpatc k3]

-+ p/\z —+ o3 (1 — m) [33,2

" {)\ pip2 (p1p21 + paxida + K1K23) (01K2K3 + Oak3p1 + O3p1p2) A ]
K1KoK3 — K1Kok3 [Koks (K1ka — 01¢1) — p1p1 (023 + O3p2) — O3K1 (Pap1 + P3kn) — Oapokeiks] |’

P1A (01x2K3 + Oox3p1 + O3p1p2) }

A
=« —+
13 = a1f13 [Kl K1 (KoK (K1Ks — O1¢1) — p1p1 (023 + O3p2) — O3K1 (P2p1 + P3x2) — Oappkc1Ks]
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¢ o [/\Pl N (P11 +K192) (B1%2K3 + Ork3p1 + B3p1p2) A ]
~lrikg K1k [KoK3 (KiKs — 01¢91) — P1p1 (02K3 + O3p2) — 031 (P2p1 + P3K2) — Oapakq k3]
+pAz+az(1—m) B3z
" {7\ pip2 (P1p291 + parxiga + K1Kka3) (B1Kk2K5 + OaKp1 + B3p1p2) A ]
KikoK3 — K1Kpk3 [KoK3 (Kikgs — 01¢1) — P1p1 (o3 + 03p2) — O3x1 (Pop1 + P3ka) — Oagokixs] |

= (1—p)M+(1—a1)pB11
y [i N P12 (61%2K3 + O2Kk3p1 + O3p1P2) } +(1—a)
k1 Ky [Koks (k1Kkg — 01¢1) — P1p1 (O2K3 + O3p2) — O3K1 (Pop1 + P3ka) — Oapokiks]

«Ba1 [/\Pl n (P11 + K1¢p2) (O1K2K3 + O2K3p1 + O3p1p2) A ]
Kiky — K1Kp [K2K3 (K1kg — O011) — P1p1 (62K3 + 03p2) — O3k (P2p1 + P3k2) — Oaarr k3]
+(1—a3) (1—m)B31x
" {)& P2 (p1p2¢1 + pax1do + K1K2¢3) (O1K2K3 + O3 p1 + O3p1p2) A ]
Kikoks — K1Kpk3 [Kok3 (Kiks — O1¢1) — P1p1 (Boxz + 03p2) — 031 (pop1 + P3ka) — Oagpokixs] |

ns=(1—p)ra+(1—a1)pBi12
y [i N P12 (B1x2K3 + Oak3p1 + O3p1p2) } +(1—ay)
K1 Ky [KoK3 (k1K — 01¢1) — P1p1 (023 + 03p2) — O3K1 (Pap1 + P3ka) — Oaori k3]

% B2 [/\pl n (P11 + K1) (1K2K5 + OaK3p1 + B3p1p2) A ]
“lKriky  KiKo [Kok3 (K1Kg — 01¢1) — P1p1 (02K3 + O3p2) — 031 (P2p1 + P3k2) — O2poK1K3]

+ (1 —az) (1—m) B3

" {)& P2 (p1p2¢1 + pax1do + K1K2¢3) (O1K2K3 + O2K3p1 + O3p1p2) A ]
Kikoks — K1Kpk3 [Kok3 (Kiks — O1¢1) — P1p1 (Boxz + 03p2) — 031 (pop1 + Paka) — Oagokiks] |

16 = (1—p) Az + (1 —a1) B1,3
» [i n 4)1/\ (91K2K3 + 92K3P1 + 93}71]92) :| + (1 _ “2)
K1 Ky [KoK3 (k1K — O1¢1) — P1p1 (023 + 03p2) — O3K1 (Pap1 + P3ka) — Oaori k3]

< s [Apl N (P11 + K1¢2) (B172K3 + Oarczp1 + O3p1p2) A }
< lKiky K1k [KoKk3 (K1Kkg — 01¢1) — P1p1 (02K3 + O3p2) — O3Kk1 (P2p1 + P3k2) — O2paK1K3]
+(1—a3) (1—m) B33
" {)& P2 (p1p2¢1 + pax1do + K1K2¢3) (O1K2K3 + O2Kk3p1 + O3p1p2) A ] .
KiKoKz — K1KoKk3 [Kok3 (K1Kg — 601¢1) — P1p1 (623 + O3p2) — 03K (P2p1 + P3ka) — O2¢pok1K3)]

Global stability analysis of &

If R, < 1 and with Egs. (5)-(6), then & is global asymptotically stable.

The global stability of £y = (s1,0, 52,0,53,0, Y0, 0, 0, 0, 0, 0, 0) of model (3) would be explored in
this subsection and as in [29-32], the Castillo Chavez method is used for this purpose. Therefore,
by applying this method of Castillo Chavez, firstly the given problem (3) is converted into the
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following to sub models given as :

(dX,

T F(Xy,Xp),
dX,

T G(X1, X2),
G(X;,0) = 0.

Where X; and Xj; indicates the population of uninfected individuals, and infected individuals,
respectively. The following conditions (A;) and (A;) must be satisfied to guarantee the global
asymptotic stability.
dXq . .

A If T F(X1,0), Xo is global asymptotically stable.

A2 : G(Xl, Xz) == AXZ - G(Xl, Xz), here G(Xl,Xz) > 0.
Where G(X1, X2) > 0 for (X1, X») € Q, the matrix A is a M-matrix whose off diagonal elements
are non-negative and () is the region in which the model has biological sense. In the system (3)
X1 = (s1,52,83,0,7) € R?and X, = (I,,1c,a,c,t,) € RO.
To ensure the global asymptotic stability of the Hepatitis B-free equilibrium point &y , the results
mentioned above were used as in [29-32].

The endemic equilibrium point £€

The endemic equilibrium in an epidemiological model represents a stable situation where the
disease persists consistently within a population over the long term, with a fixed average number
of new cases and infected carriers.

Existence of £&

System (3) admits a unique endemic equilibrium

EE = (s, sb, s5, v*, Ir, 1%, a*, ¢*, tf, r*) whenever R, > 1.

By putting the right hand side of system (3) to zero, and keeping each state variable different
from zero (s1 #0, sp #0,s3#0,v#0,1,#0, 1. #0,a#0, c#0, t, #0, r #0) then one
obtains:

A — A1 — Apc* — At + pro* p1s] + ¢ov”

S* fry , S* = ;
Lk + Braa* + Broct + Biats 2 K+ Bo1a* + Boact + Basti
gt — PzSS + (P3U* R 9151< + 9255 + 93S§,

3 3+ (1—m) (Bs1a* + Baoc* + Basty) K4
- 0 ()Lla* + /\26* —+ A3t;k) + (XlST (ﬁllla*sf — ‘Bllzc*ST + ,31,31'?:)

-

K5 — 11,157 —&2B2,155 — a3 (1 —m) B3 155

w285 (B2,14" — Booc” — Basty) 353 (B3aa”™ — Paac” + Basty)
K5 — 11,157 — a2B2,155 — a3 (1 —m) B3rsy ks — 11,157 — aafo185 —az (1 —m) B3qsh

pr = (1=p) (Ma" + Aoc*Asty) + (1 —ar)s] (Braa” — Broc” — Pusty)
¢ Ko —&1B1,157 —&2B2,155 — a3 (1 —m) B3 155
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(1 —a2)s5 (B2,38" — Pooc”™ — Bosty) (1—a3)s3 (Bs1a" — Baoc” — Basty)
Ko — 011,157 — a2B2,155 — a3 (1 —m) B3y ke — 11,157 — P55 —az (1 —m) B35y

*

o1y o Ool} + wotyx + orx o wic* - Yad yec* + Yirty
7 - 7 r 7 —_— .

K7 Kg K9 K10

Remember that «1, x, k3, K4, k5, K¢, K7, Kg, K9, K19 are given in (2) It is obvious that R, > 1
then there exists a unique endemic equilibrium [12, 22, 33].

Global stability of endemic equilibrium point £€
In this subsection, we will demonstrate the global asymptotic stability of the endemic equilibrium
point £€ by developing a suitable Lyapunov function.

Theorem 2 If R, > 1, the endemic equilibrium point £E of model (3) is globally asymptotically stable.
Proof If R, > 1, the following Lyapunov function is defined as in [34-38]
L= (s1=s7)+(52=83) + (s3=53) + (0= 0") + (la = Ig) + (ke = [0) + (a —a")
+(c—c")+(t—t)+(r—r")—=(s]+s5+s3+0" + 1+ 17 +a" +c"+t;+1")

< In S1+sy+ss+o+lL+l.+a+c+t,+r
S - I A B i e S e N e R R A

We have:
O©=s1+sy+s3+v+l+lc+atc+t,+rand O =s]+s5+s3+0" +1; +17 +a* +c" +t;+717,.

The Lyapunov function can then be reformulated as follows:

* * @
L=60-06"-0"Ing.

Since s1(t) > 0, sp(f) > 0, s3(t) >0, v(t) >0, I,(t) >0, I.(t) > 0, a(t) > 0,c(t) >0,
t.(t) > 0, r(t) > 0, we can deduce the following:

Ez@—@*—@*lng>0. 9)

Thus, the derivative of the Lyapunov function L is expressed as follows:

ac O*\ dO
T (1 — 6) TR (10)
Note that according to system (3)
de
r = A — g — UcC — Yty — uO. (11)

As at the endemic equilibrium point 49 = 0 then one obtains

dt

A= paa* + pcc” + ppty + uoO*. (12)
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According to (9)- (12), and considering that
a—a* >0, c—c">0, t,—t; >0, ©—0" > 0.

We have:

From (3) and by using the fact that % = 0 if and only if

* * * * * * * * * *
§1=251,8=53,83 =53, 0=0",lp=1;, lc=1I,a=a", c=c"t,=t, r=r17,

ar ) " .
then E converges in positive region Nast— 0.

Due to the theorem of LaSalle’s invariance principle [37], the endemic equilibrium point £& is
considered globally asymptotically stable when R, > 1 within the region () [39, 40].

4 Sensitivity analysis

In the sensitivity analysis of the effective number of reproduction R, the impact of each parameter
on the endemic threshold is examined in detail. Sensitivity analysis, an essential technique for
complex systems, is employed to assess the relative importance of model parameters. Thus,
parameters with higher sensitivity index magnitudes exert greater influence than those with
smaller magnitudes. The sign of the R, sensitivity indices for the various parameters reveals their
positive or negative effect. Here we calculate the sensitivity indices for each parameter, using
the values listed in Table 2 above. The standard formula for calculating the sensitivity index of a
parameter Y for R, is given by [35, 41, 42]:

RL’ . aRe Y

YTy YRy

1.5

1.0

Sensitivity indices
-0.5 0.0 0.5

1.5

i 6, B3 Or 02 O3 Bro Bro Bra Bor Boo Bos Bat Bao Bas & B Pt P2 M Ao Mg 0 @ Va Ve W m or Oy Op Og

Parameters

Figure 3. Sensitivity indices of model parameters



Kiemtoréetal. | 153

Considering the intricacy of the formula for R., numerical differentiation has been employed. So,
the numerical values of the sensitivity indices are provided in the Table 2. In Table 2, the estimated
parameters were obtained using model (3) and the Grey Wolf Optimizer (GWO) algorithm on
hepatitis B case data in Burkina Faso from 2016 to 2020 [16, 43]. Figure 3 clearly illustrates the
influence of each parameter on the endemic threshold. Indeed, the positive sensitive parameters
are X?f = 0.057246, ), = 0.027495, . = 0.105957,

Re _ Re _ Re _ Re _ Re _
Xy = 0.010753, Xpro = 0.050853, Xprs = 0.008282, Xy = 0.005765, Xpyy = 0.027265,

Re — (A (A— (A (A
Xpe = 0.004441, X = 0.053165, x5 = 0.251426, x - = 0.040949, x}* = 0.005823,

Xg" = 0.011859, ng = 0.111042, xp;* = 1.325427. The parameters that contribute to increase
the value of R, are therefore $1, P2, $3, B11, P12, B13, B21, B2, B23, B31, B3z, B33, 01, 62, p1. 1t is
noted that the most positively sensitive parameter is p1, meaning that the lack of immunization
among children aged 0 to 1 year strongly influences the increase in the value of R, thus leading
to the significant spread of the Hepatitis B virus in the population. The negative sensitive pa-
rameters are y,© = —0.021232, x;* = —0.016215, xp* = —0.155457, x[5¢ = —0.170449, X =
—0.323745, chiy® = —0.322896, x,c = —0.154835, x,;° = —0.038393, x," = —0.041173, x,,° =
—0.005260, Xy = —0.035991, xo = —0.685630, X = —1.358268, the parameters responsible
for decreasing the value of R, are 01, 02, 03, w1, Ya, Ve, Ytr, M, P, &1, &2, 13, p2. It is noted that
the most negatively sensitive parameter is p,, meaning that when there is a high proportion of the
population growing up without being infected, this significantly contributes to the decrease in the
value of R,, thus leading to the disappearance of the epidemic. We also note the importance of the
parameters for the recovery (4, V¢, i) of acute infected, chronic patients, and chronic patients
receiving treatment, highlighting the role of treatment in reducing, even if slightly, the value of R..

5 Numerical results and discussions

Influence of the variation in vaccination coverage rate and the success rate of awareness
campaigns on X,

According to Figure 4, one notes that:

¢ Without vaccination and a media awareness campaign, even with treatment, R, = 2.0112 the
epidemic will continue to spread through the population.

* R, decreases as the success rate of raising public awareness through the media increases.

* R, decreases as the rate of vaccination coverage increases and starts to fall below 1, meaning
that the epidemic will die out as the proportion of the population immunised by the vaccine
increases. Hence the effectiveness of universal vaccination against hepatitis B as a means of
combating the disease.

These last remarks provide information on the impact of systematic vaccination of children at
birth and vaccination of the general population, as well as the effectiveness of campaigns by the
media in combating the spread of HBV in Burkina Faso and elsewhere in highly endemic areas.
The other figures below show the evolution of prevalence and infected populations.

Numerical simulation

We used the 4th-order Runge Kutta method for the numerical simulation. The details of this
approximation and its implementation under Matlab. We set the initial condition to N = 20818036:
the total population of Burkina Faso in 2020 [44]. The parameter values used are given in the
Table 2.
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Table 2. Parameters used in the model

Parameters Values References Sensitivity index values
N 20818036 [44]
A 0.0394 [44]
M 0.3 Estimated Xﬁf 0.259639
Ay 0.07 Estimated XX 0.286503
As 0.00144 Estimated XN 0.000960
p 0.1 Assumed X —0.041173
0,0.1,0.2,0.3,0.4,05 Assumed e —0.038393
01 0,0.1,0.3,0.5,0.7,0.9  Assumed X —0.021232
6, 0,0.1,0.3,0.5,0.7,0.9 Assumed X —0.016215
05 0,0.1,0.3,0.5,0.7,0.9 Assumed X —0.155457
P 0.03 Assumed XZ,?; 0.057246
¢ 0.04 Assumed X;?; 0.027495
¢3 0.05 Assumed Xy 0.105957
P 0.8 [16] xne 1.325427
P2 0.8 [16] X —1.358268
B1i1 0.1 Estimated x?jl 0.010753
B12 0.1 Estimated ijlfz 0.050853
B13 0.1 Estimated Xp', 0.008282
Ban 0.05 Estimated X,?{l 0.005765
Bao 0.05 Estimated Xp, 0.027265
Bas 0.05 Estimated XZ}; 0.004441
B3a 0.1 Estimated Xf;; 0.053165
B3 0.1 Estimated X?;z 0.251426
B33 0.1 Estimated Xpe, 0.040949
o 0.05 [4,13] xR —0.005260
&y 0.7 [4,13] X —0.035991
a3 0.95 [4,13] X —0.685630
5 0.5 Estimated Xﬁo 0.005823
5> 0.5 Estimated x5 0.011859
Ya 0.79 Estimated X —0.323745
Ve 0.05 Estimated X —0.322896
Yir 0.2 Estimated X —0.154835
w; 0.1 Estimated xR —0.170449
Wy 0.4 Estimated X 0.111042
u 0.009 [12, 44]
1o 0.00461 [12, 45]
e 0.01 [12, 45]
iy 0.005 [16]

So, each of subfigures (a), (b) and (c), present the evolution of the population of acutely infected,
chronically infected, and all infected persons, respectively, and subfigure (d) shows the evolution



Kiemtoréetal. | 155

15

RO

0:5
04
0.3

0.2

0.5

01

Vaccination rate 0 o awareness rate

Figure 4. Evolution of the effective number of reproduction as a function of vaccination coverage and the
effectiveness of media campaigns

of the prevalence, all depending on the vaccination coverage rate. In this Figure 5, sub-figure
(a) illustrates the evolution of acute infections in the population in Burkina Faso as a function of
vaccination coverage rate and in the absence of media awareness campaigns.

Indeed, without vaccination, the number of acute infections temporarily decreases (which could
be explained by the exponential population growth in Burkina Faso) before increasing indefinitely.
The same observation applies to a vaccination coverage rate of 10%, indicating that, up to 50 years,
this 10% rate remains inefficient in reversing the current trend of hepatitis B. However, there is a
continuous decrease in the number of acute infections starting from a vaccination coverage rate of
30%. This implies that with just a 30% vaccination coverage, the trend could begin to reverse in
Burkina Faso starting from 10 years onwards.

This latter assertion is confirmed by sub-figures (b), (c), and (d). In sub-figure (d), a continuous
decrease in prevalence is observed from a vaccination rate of 30%, with prevalence dropping below
5% in less than 10 years. Of course, for a vaccination coverage rate of 50%, one can observe over
50 years a prevalence dropping below 3%, and this decline is even more significant at vaccination
coverage rates of 70% and 90%, where prevalence tends towards 1%. This indicates that we are
moving towards the extinction of the epidemic.
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Figure 5. Subfigures (a)-(b)-(c)-(d) present the global dynamics of disease when there are no awareness campaigns
ie,m=0%
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Figure 6. Subfigures (a)-(b)-(c)-(d) present the global dynamics of the disease for m = 10%
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Figure 7. Subfigures (a)-(b)-(c)-(d) present the global dynamics of the disease for m = 20%
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Figure 8. Subfigures (a)-(b)-(c)-(d) present the global dynamics of the disease for m = 30%
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Figure 10. Subfigures (a)-(b)-(c)-(d) present the global dynamics of the disease for m = 50%
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In Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10, it nicely almost the same dynamics in
sub-figures (a)-(b)-(c)-(d) as in Figure 4 above. However, the impact of improving the success rate
of media awareness campaigns is clearly visible. Indeed, from Figure 5 to Figure 9, as m increases,
the number of acute infections, chronic infections, and overall infections increase more slowly
for vaccination coverage rates of 0% and 10%. Additionally, the number of infections decreases
more rapidly as m increases. Furthermore, prevalence decreases more rapidly with an increase
in m. Thus, for m = 50%, even without vaccination, the prevalence decreases significantly, and
this decrease is much more substantial with the increase in vaccination coverage rate. Figure 6,
Figure 7, Figure 8, Figure 9 and Figure 10 show the effectiveness of health education. As the
saying goes, "prevention is better than cure." Indeed, according to the dynamics of the curves
in these figures, with a vaccination coverage rate above 30%, the more educated and aware the
population is about hepatitis B virus infection, its modes of transmission, preventive measures to
avoid infection, and risky behaviors, the lower the prevalence becomes. Therefore, when 50% of
the population is successfully educated through the media and 20% effectiveness for the 10% of
treated chronic carriers, combined with a vaccination coverage rate above 30%, the prevalence of
hepatitis B infection will be less than 2% from the time of the thirty years.

6 Conclusion

This article presents a deterministic model developed to analyze the impact of strategies aimed
at controlling the hepatitis B epidemic in Burkina Faso through mathematical modeling. The
model incorporates several key intervention measures: vaccination targeting three age groups
among susceptible populations (infants aged 0-1 year, children aged 1-15 years, and individuals
over 15 years old), treatment of chronic carriers, and awareness campaigns conducted through
traditional media (radio, television) and social media platforms (Facebook, WhatsApp, Twitter
(X), YouTube, etc.). A notable feature of this model is its consideration of viral reactivation in
previously recovered individuals with immunodeficiency, an aspect often overlooked in most
hepatitis B models.

Applied to the specific context of Burkina Faso, this model highlights critical epidemiological
features of hepatitis B. Mathematical analysis reveals that the spread of the disease is determined
by the effective reproduction number R.. When R, is less than 1, the epidemic gradually dies out,
allowing the model to stabilize at a hepatitis B-free equilibrium, which remains globally stable.
Conversely, if R, exceeds 1, the epidemic persists and evolves toward a globally stable endemic
state.

A sensitivity analysis of R, identified the most critical parameters influencing its increase or reduc-
tion. These results go along with the recommendations of the World Health Organization (WHO)
and Burkina Faso’s Ministry of Health, which emphasize universal newborn vaccination as the
cornerstone of hepatitis B control strategies[2, 13]. Although the impact of treating chronic carriers
is relatively limited, it contributes to reducing virus transmission, as treated and immunized
carriers can no longer spread the disease.

Numerical simulations performed with this model confirm that increasing vaccination coverage
and enhancing the effectiveness of awareness campaigns are significant factors in controlling
the epidemic. For instance, achieving a 30% vaccination coverage, combined with a 50% success
rate for awareness campaigns and 20% efficacy in treating 10% of chronic carriers, could reduce
hepatitis B prevalence to 2% within 30 years.

These findings indicate that a combination of universal vaccination, targeted education on trans-
mission modes and preventive measures, and treatment of chronic carriers make up a coherent
and effective strategy that could potentially lead to the eradication of hepatitis B. This approach
mirrors successes observed in countries like Taiwan, which transitioned from endemic situations
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to significantly reduced disease prevalence through similar policies [46].

This study strongly supports the efforts of the Burkinabe Society of Hepatology and Digestive
Endoscopy in advocating for increased accessibility to vaccination and treatment of the population.
It also emphasizes the need to strengthen awareness campaigns leveraging both traditional and
social networks media to maximize access to preventive messaging.

We recommend urgent action from the Burkinabe government to promote large-scale screening,
vaccination, and treatment programs. Special attention should be paid to developing permanent
awareness campaigns tailored to local contexts and improving access to these interventions, par-
ticularly in rural areas. These actions could significantly transform the fight against hepatitis B
and lead Burkina Faso to eradicate this disease, joining then the rank of low-endemicity countries
that have successfully achieved this goal through similar strategies.
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