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Abstract. Hepatitis B infection remains a global problem since the 1990s and the reasons for which disease is
still in existence remain poorly understood. However, understanding the important role played by vaccination in
the transmission dynamics of Hepatitis B virus is critical to its control and management. In this paper, an epi-
demiological model is proposed to model the spread of the Hepatitis B virus disease in the presence of imperfect
vaccination. The basic reproduction number, Ry and the equilibria of the model are determined and the stabilities
of the equilibria determined. It is shown that the disease-free equilibrium point is both locally and globally asymp-
totically stable when Ry < 1 while the endemic equilibrium point is proved to be locally asymptotically stable
when Rg > 1. The model is also shown to exhibit a backward bifurcation phenomenon. Numerical simulations
are carried out and it is observed that increasing both the vaccination and treatment rates reduces the populations
of both the acutely infected and chronic carriers which eventually leads to the containment of the disease. We
conclude that the combination of both vaccination and treatment with the use of a vaccine with a high efficacy is
essential in the control of Hepatitis B virus disease.
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1. INTRODUCTION

The revelations of the hepatitis B virus (HBV) infections started in the early 1966 [1]. Hep-
atitis B is a liver inflammation disease caused by the Hepatitis B virus (HBV). The virus is a
global problem and the dangerous type among all the hepatitis viruses [3]. Hepatitis B virus
(HBV) is a DNA virus with a circular genome formed by a partially double-stranded DNA,
which reproduces through an RNA intermediate form by transcription which is very difficult
to clear ones infected [4]. It infects the human hepatocytes in the liver as an acute or chronic
infection and puts people at a high risk of death from cirrhosis of the liver and liver cancer. Ac-
cording to the World Health Organisation (WHQO), more than 240 million people have long term
liver infections and 780,000 people die every year due to the acute or chronic consequences of
the HBV infection [5]. Most of the infected individuals live in developing countries with few
incidences in developed countries. In Ghana, HBV is a disease for individuals between the ages
of 10 years to 50 years. About 1.6 million people in Ghana are chronic hepatitis B virus carriers
[6]. Despite an effective vaccination program for newborn babies since the 1990s and treatment
of infected patients, which has reduced chronic HBV infection in children [7, 8], the incidence
of HBV infection is still on rise, from 21.9% in 100,000 people in 1990 to 53.3% in 100,000
in 2003 [9].

Mathematical modelling and numerical simulations are important tools that are useful in the
control of human and animal infectious diseases. Over the years, vaccination of susceptible
individuals with a hepatitis B vaccine and treatment of infected individuals with anti-viral ther-
apies have proved to be partially efficient. It is of higher interest to understand the connections
between the HBV, the human immune responses of the body, both the long-term and short-term
effectiveness of the vaccine and drug efficacies and the overall well-being of the human liver.
Mathematical models can be used to gain a clear understanding of disease transmission dynam-
ics, assess the effectiveness of various prevention and control strategies. Several mathematical
models of HBV transmission dynamics have focused on the influence of prevention and control
measures that focused mainly on perfect vaccination, i.e when an individual is vaccinated, then

they are fully protected from infection, antiviral treatment and linkage to care in certain regions
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and countries.

In Zhang and Zhang [14], a mathematical model that incorporates perfect vaccination and treat-
ment as control strategies to study the transmission dynamics of HBV in China is formulated.
In Khan et al [11], a mathematical model to study the effect of immigrants on the host popula-
tion with respect to HBV transmission is proposed. The model in [11] is a modification of the
model in Pang, Cui and Zhou [12] that includes additional new transmission dynamics. These
new transmission dynamics include; a migrated compartment, HBV transmission between the
migrated compartment and the exposed compartment, the transmission between the migrated
compartment and the acutely infected compartment and the natural death rate of individuals in
the migrated compartment. The work presented in Zou, Zhang and Ruan [18] considers vertical
transmission from carrier mothers to newborn babies in a bid to understand the transmission
dynamics and control of HBV infection in mainland China. Kimbir et al [13], extend the work
done in [18] to incorporate treatment as an HBV control measure. Moreover, Desta and Koya
[15] classifies the infected population into chronic and acute compartments respectively and
formulate a five compartment model to study the spread of HBV in Ethiopia. Both vaccination
and treatment were incorporated as control strategies. The work in Zhang, Wang and Zhang
[16], observed that incorporating both the exponential birth rate and vertical transmission in
a mathematical model to study the transmission dynamics of HBV in Xinjiang, China proved
beneficial. Hence, they proposed a model by incorporating vaccination of newborn babies and

treatment as control strategies to study HBV.

The work done in Zhang and Zhou, [17], postulates that intrauterine infection in pregnant car-
rier mothers is relatively low, hence vertical transmission from HBV carriers mothers occurs
either during delivery or after birth. They further claim that the acutely infected stage of HBV
infection is relatively short compared to the pregnancy period of a carrier mother and the pro-
longed chronic phase of the HBV infection. Thus perinatal infection from carrier mothers who
are acutely infected is not possible. These two characteristics of HBV transmission dynamics
were used to formulate a mathematical model to describe the spread of hepatitis B virus disease

in China. These mathematical models described above model the impact of perfect vaccination
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and treatment as control strategies of HBV. HBV vaccines have been found not to protect those
vaccinated fully. It is thus important to consider imperfect vaccination when modelling HBV
infection. One of the feasible methods to predict the prevalence of any infectious disease is to
use mathematical models [10]. In this paper, we extend the model in Zhang and Zhang [14]
by taking into consideration imperfect vaccination in describing HBV transmission dynamics
in the presence of treatment. We also incorporate vaccination at birth as in Zhang, Wang and
Zhang [16]. We aim to investigate the transmission dynamics of HBV in the presence of an

imperfect vaccine and vaccination at birth.

The paper is organized as follows; Section 2 is devoted to the mathematical formulation of the
model. In Section 3 we present the model analysis, the basic reproduction number and the
model equilibria. The stability analyses of the equilibria are given in 4. In Section 5, we study
the numerical results of the proposed model and present the results and a discussion is presented

in Subsection 5.7.

2. MODEL FORMULATION

Based on the fact that HBV vaccination is imperfect, we present a compartmental model of HBV
transmission dynamics using an SVICT R model with vaccination and treatment as intervention
strategies with imperfect vaccination. We divide the total population at any time 7, N(¢) into
six compartments of: susceptible individuals S(¢), vaccinated individuals V (z), acutely infected
individuals /(), chronic carriers C(¢), treated individuals 7'(¢), immunized individuals R(7),

where
N@t)=St)+V(t)+1(t)+C(t)+T(t) +R(®).

The model is a system of ordinary differential equations with the assumption that recruitment
into the susceptible population is driven by births and immigration at a rate A and entire pop-
ulation is assumed to die at some natural death rate defined by . The virus is assumed to be

horizontally transmitted at the rate of x, where x is defined as the force of infection, where

x=BI+mC+nT)
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with the parameters 11 and 717, measure the relative infectivity of individuals in compartments
C and T respectively, when compared to those in compartment /. The parameter @ defines the
proportion of individuals that are successfully immunized. The parameter 6 denotes the rate
at which individuals are vaccinated with the HBV vaccine while y is the rate at which the
vaccine wanes. We further assume that vaccination with hepatitis B vaccine can reduce but
not eliminate the susceptibility of infection. The results in a modified force of infection of the

vaccinated defined by
z=p(1—e)I+mC+mnT),

where € € (0, 1) is the efficacy of the vaccine. If € = 0 then the vaccine is deemed to be useless
while € = 1 means the vaccines is 100% efficacious. Acutely infected individuals can either
develop chronic HBV at a rate 7y;, recover at a rate @, due to the immune response of the
host. We assume that due to chronic infection, individuals may die as a result of the disease
at an HBV-induced death rate ;. We also assume that both acutely and chronically infected
individuals can undergo treatment at rates 7| and 7, respectively. Individuals under treatment
can either recover at a rate o or have treatment failure that results in them becoming chronically

ill at a rate 8. The flow of individuals following the model description is shown in Figure 1.

UoS Hol (Lo +u1)C
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FIGURE 1. shows the schematic diagram of HBV transmission dynamics in the

presence of an imperfect vaccination.
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From the model diagram in Figure 1, we obtain a system of six ordinary differential equations
that describe HBV transmission dynamics with treatment and imperfect vaccination. We have

the following system of non-linear ordinary differential equations:

ds ~

5 =A(l—0)+yV—[BUI+mC+mT)+ (1+0)]S,

av

I =0S—[(mo+y)+B(1—e)(I+mC+nT)]V,

dl )

T =BU+MmC+mT)S+B(1—€)(I+mC+mT)V —(o+n+1+0)I,
(1)

dcC

o =Y +6T — (Lo + 1 +1)C,

dT

I =T1l+0C—(U+6+0)T,

dR )

o =Aw+ dI+ 0T — upR. )

Since the variable R does not appear in the other equations in system (1), the equation of R can

be regards as redundant and the reduced system (2) can be studied.

fl—f =A(1-0)+yV—[BI+mC+nT)+ (4 +86)]S, \
‘;_‘t/ =0S—[(Ho+v)+B(1—&)(I+mC+mT)]V,

dI
@~ =BU+MC+MT)S+B(1—e)I+MmC+MmI)V (o +n+ 71 +0)1,

dC

= = I+ 8T — (g + 1 + 1) C,

dT
E :T11+72C—(H0+3+G)T

3. MODEL ANALYSIS

3.1. Positivity of Solutions. For system (2) to be biologically meaningful, we need to prove
that all the state variables in the model system are non-negative. Thus, given any positive initial
conditions, the solutions of system (2) should remain positive. We thus have the following

lemma.

Lemma 1. Given that the initial solutions and parameters of system (2) are positive, the solu-

tions S(z), V(¢), I(z), C(z) and T (¢) are non-negative for all # > 0.
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Proof. Let us consider
Kk =sup{r>0:8(¢)>0,V(t) >0,I(t) >0,C(t) >0, and T(r)>0}.

This implies that

and T(t)>0, V re€]0,x).

Considering the first equation of system (2), we have

ds

- = Ml-@)+yV —[BU+mC+mT)+(0+w)]S ¥ 1€[0,x).

Separating of variables and integrating, we obtain

S(x) > S(O)eXp{—(9+uo)K—B( / K(I(t)+mC(t)+nzT(t))dt)}>0~

For the second equation of system (2), we have

dv

= = 05— l(wo+y)+B(1—e)I+mC+mT)]V,

> —[(o+v)+B(1—e)(I+mC+mT)]V.

We similarly obtain

V(k) = V(O)exp{ —(Mo+y)k—P(1—¢) (/OK(I(t) +mC(t) + nzT(t))dt) } > 0.
For the third equation of system (2), we have
I(x) > I(0)exp[—(y1+ 71+ U+ @) k] > 0.

Similarly, the remaining equations give the following

C(k) = C(0)exp[—(ko+ 1 +12) k] > 0,
and

T(x) > T(0)exp[—(6+0+up)K]>0.
Thus, the solutions S(¢) >0, V(r) > 0,1(t) > 0,C(t) > 0and T(t) > 0 for all 7 > O given that:

S(0)>0, V(0)>0 I(0)>0, C(0)>0, and T(0)>0.
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0

3.2. Boundedness of Solutions. Given the initial conditions of system (2) to be S(0) > 0,
V(0)>0,1(0)>0,C(0) > 0and T(0) > 0 and the fact that the model system we have monitors

human population, it follows that the total population is given by
N(t) = SE)+V(e)+I(t)+C(t)+T(z),

with N < N. The rate at which the total population is changing over time is given

dN _
3) o = A — poN — u C.

We have the following results on the boundedness of the model system in (2).

Lemma 2. The feasible region Q is defined by the set:

From (3), we have
N < A (NO_ i) ool
Ho

where Ny = N(0). Hence, as t — oo, N(t) — % So, if Ny < A the total population at time
t is bounded above by % and if Ny > %lo the population decreases to % Therefore, for any
solution {S(0) >0, V(0)>0, I(0)>0, C(0)>0, and T(0)>0} atz > 0 of system
(2) of the total population that begins in R > either remains in or approaches Q asymptotically.

Hence, the region Q is positively invariant and attracting with respect to system (2).

3.3. Disease-free Equilibrium (DFE). Equating the derivatives of system (2) to zero results
in the disease-free equilibrium and the endemic equilibrium. At the disease-free equilibrium
point there is no HBV in the population. Therefore, the disease-free equilibrium is given by

Al-—o)(p+y) 60A(l-o)
( to (6 + o+ v) ’uo(9+uo+w)’0’0’0)'

Eo (S*,V*,I*,C*, T
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3.4. Basic Reproduction Number; R(. The basic reproduction number denoted by Ry is
the average number of secondary HBV infections caused by an individual infected individual
during his/her entire period of infectiousness. We use the next generation matrix operator as
proposed by Diekmann and Heesterbeek [20] to compute the basic reproduction number. By
the next generation matrix operator, the basic reproduction number is the spectral radius of the
next-generation matrix denoted by p (F,~Vl._1); where F; is the rate at which secondary infections
increase the infected compartments and V; the rate at which infection progression and recovery

decrease the infected compartment. It follows from system (2) that

ﬁ(l—FT]]C—l—leT)S—I—ﬁ(l —8) (I—I—TI1C—|—T]2T)V
F;i= 0 and

0

(71 + 71+ Mo+ @)1
Vi=| —nl—0T+ (uo+ 1 +10)C
-t/ —1nC+(6+0+uy)T

The Jacobian of F; and V; at the DFE, we have

BA(—0)[(to+y)+6(1—¢)]  BAN(1—0)[(to+y)+6(1—¢)] BAM(1—-0)[(to+y)+O(1—¢)]

Ho(0+Lo+Vy) Ho(0+Lo+Vy) Ho(0+Ho+Vy)
]Fi - 0 0 0 )
0 0 0
and
n+u+u+o 0 0
Vi= N Mo+ M1+ T —6
—17 -7 0+0+ U

Hence the basic reproduction number is given by p(F;V;) so that

Ry = Rj+Ry+Rs,
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where
p _ BAOI-0)[(mty)+6(1-¢)
1 = =\’
Mo (6 + o+ W) (1 + 71 + o+ @)
R, — BAN (1 —@)[(uo+y)+6(1—¢€)](n(6+0+u)+071)
2T lo(0+Ho+w) (T + Mo+ @) [(Ho+ i +72) (8 + 0 + o) — 67
Ry _ _ BAR-0) (oY) +0 (1) (T (Ko + i+ D)

Uo (0 +po+v) (n+71+Ho+ @) [(Ho+ i+ ) (6+0+ 1) — 0]

The basic reproduction number, Ry is observed to be the sum of the reproduction number for the
three infectious compartments. Thus R is the average number of secondary infections from the
acutely infected compartment. Similarly, R, is the average number of secondary infections from

the chronically infected compartment whiles R3 represents that of the treatment compartment.

3.5. Endemic Equilibrium. The endemic equilibrium points are the steady-state solutions
where the HBV persists in the population. Expressing the state variables in system (2) in terms

of the variable C we obtain

g (1-8)0¢s
§T =0 e
veo= 0
O5+¢sC*’
4)
ro=¢c,
T = 9C, )
where

g = Al-w),e=0+uw), &a=MH+VY), 8=N+T1+U+D), &= (Uo+ U +T2),

1-® N+ T1€4
s = |

& = (6 , 0 = 584 | ————
5 (6+0+Ho), ¢ 54[y1£5+61:1 nes ot

}7 03 = @1+ 11+ M2,

¢ = 23—;)31, ¢s=0(1-€)+&, go=P(1—€)p+L(1—€)Mm +PL (1 €)M, o7 =04,

ot
0 = BOI+PBNi+Bmey, ©=— <1,
E3€4

and

(5) a (CV +a;C* +ay = O.
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The coefficients ag, a; and a; are given by

a = ¢3049s,
a; = —[€0s— PsPsds+ (1 —€) Pg7 — €10405) ,

ay = €¢49s [1— (€0¢5+81<1_8)¢7>} = &104¢5(1 —Ry).
€1049s

From (5), we have

—ajy £ 4 /a% —4dasag
cr = .

2a,

(6)
From (6), we have the following theorem:

Theorem 1. The model system in (2):

e has a unique endemic equilibrium point if Ry > 1;
e has two positive equilibria if a; < 0 for Ry < 1;

e otherwise has no positive endemic equilibrium.

4. STABILITY ANALYSIS
In this section, we determine the global stability of the disease-free equilibrium.

4.1. Global Stability of Disease-free Equilibrium. We also apply the approach of Castillo-
Chavez et al [19], to prove the global stability of the disease-free equilibrium. This approach is

stated in the Theorem below.

Theorem 2. If a model system can be written in the form:

1704

— = F(X,I

dt (X.1),

dl

E — G(X,I), G(X,O) :O,

where X € R™ denotes the number of uninfected individuals and / € R” denotes the number of
infected individuals including latent, acute, infectious e.t.c. Uy = (X*,0) denotes the disease-
free equilibrium of the system. Then, the conditions (H;) and (H;) below must satisfied to

guarantee local asymptotic stability.

(Hy) for % = F(X*,0), X* is globally asymptotically stable.



6960 PAUL CHATAA, FARAI NYABADZA, SAMUEL M. NAANDAM
(Hy) G(X,I) = Al — G(X,0) > 0 for (X,I) € Q, where A = D;G(X*,0) is a Metzler matrix
(the off diagonal elements of A are non-negative) and Q is the region where the model
makes biological sense and well-posed. Then the fixed point Uy = (X*,0) is globally
asymptotically stable equilibrium of the hepatitis B virus model system (2) provided

Ry < 1.

Theorem 3. The disease-free equilibrium of the model system Ey = (S*,V*,0,0,0) is globally

asymptotically stable if Ry < 1 and the conditions (H;) and (H,) are satisfied.

Proof. From system (2), X € R? = (S,V) and I € R3 = (I1,C,T). Hence for condition (H;), we
have
A(1—@)+yV —(0+mu)S
05— (o +y)V

F(X,0) =

So, for the equilibrium Uy = (X*,0), the system reduces to

dfl_gt) = A(l-0)+yV—(0+u)S,
avit)
o = 95— (m+y)V.
It follows that
—(6+
F(X,O)= ( ‘LLO) v
0 — (Mo + )

The characteristics polynomial of the system is given by

(7 o’ + 0 (2o + 0+ )+ (o +0) (Mo+y) [1—L] = 0,
where
oy
p— 1.
(Ho+0) (o + )

Since all the coefficients of the characteristics polynomial in (7) are positive, by the Routh-

Hurwitz criterion the solutions to the characteristic polynomial have negative real parts. This
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means that the eigenvalues have negative real parts. Hence, X* is always globally asymptotically

stable. Also, applying Theorem 2 to the hepatitis B virus model system (2) gives

O—(Nn+17+H+0) on on, I
G(X,I) = PYi — (Mo + 1 +12) 0 C
T (% —(06+o+u)) \T

B+mC+nT)(S*—S)
—|B(l=0)(I+mC+mT)(V*=V) |,
0

where ® = 85"+ B (1 — @) V*. So, A is a Metzler matrix with non-negative off diagonal ele-
ments. Also, it follows from (3) that, as t — oo, (I,C,T) — (0,0,0). Therefore, G(X,I) >0and

the disease-free equilibrium is globally asymptotically stable. 0J

4.2. Bifurcation Analysis. System (2) give rise to multiple endemic equilibrium points which
shows a bifurcation phenomenon at Ry = 1. We shall establish the conditions necessary and
sufficient on the parameter values that cause the bifurcation phenomenon to system (1) based
on the used of Centre Manifold Theory proposed by Castillo-Chavez and Song [21] and used
in some published articles such as Opoku, Nyabadza and Gwasira [2] and Asamoah et al [25].
Choosing f as the bifurcation parameter and solving for f = f* when Ry = 1, we obtain

. to (0 + o+ ) (11 + 71 + to+ @) ¥o
B :
Ws[Wo+n1 (71 (0+04 o) +0T1)+ M2 (N2 + 71 (Ho+ M1 +72))]

6‘52

where ¥o = (Lo+ 0+ 0 T+ )10, T=
0= (Lo ) (Mo + w1+ 72) [1 =] (0 +0+ o) (Mo + U1 +T2)

Ys=A(1-0)[(to+w)+0(1—¢)].

<1,

We redefine the state variables by letting x; = S(¢), x, =V (t),x3 =1(t), x4 = C(t) and x5 = T'(¢)
so that the total host population N(¢) = S(t) +V(¢t) +1(t) + C(¢) + T (t) becomes N(t) = x; +
X2 + X3 + x4 + x5. Furthermore, by using vector notation, x = [S(¢),V (¢),1(t),C(¢),T ()], the

system can be written in the form

dx

E = (f17f27f37f47f5)
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so that

dx;

dr
dx
dr
dx;

dt

dX4
dr
dX5
dr

PAUL CHATAA, FARAI NYABADZA, SAMUEL M. NAANDAM

Si=2A(1—0)+yxy—[B (x3+nN1xs + N2xs) + (0 + to)] x1,
fo=0x1 = [(Ho+ W) + B (1 —€) (x3 4 Mixg 4 12x5)] 2,

J3 =B (x3+M1xg +Moxs) x1 + B (1 —€) (x3 + N1xg + Moxs) x2
—(Nn+ 7+ Mo+ @)x3,

Ja=1x3— (Ho+ W1 + T2) x4 + xs,

fs=Tix3+ Toxg — (0 + 0 + Uo) xs.

The Jacobian matrix evaluated at the disease-free equilibrium

Eyp=(85*,V*,0,0,0) with B =p* isgivenas

—81 ll/ _ﬁ*S* _ﬁ*nIS* _ﬁ*nzs*

6 —& —ws —Wy —Wws
= 0 0 We w7 wg

0 0 PN —& o

0 0 T (7] —&

The Jacobian matrix J; of the linearized system has a simple zero eigenvalue and all other

eigenvalues have negative real parts. Hence, the Centre Manifold Theory can be used to analyse

the stability dynamics of system (1). For the case when Ry = 1, we obtain the right eigenvector

q=(41,92,93,94,9s)" from the Jacobian matrix J; to be

[ BA(1—0) [+ + P+ ) }
M (0o w)[n (6 +0+Ho)+n])’
_ B*A(1—0)[¥o+¥ + W2+ Wy }
© = o (B+u+v)[n(0+o+uy)+8t]]’
_ Yo
B _7’1(6+c+uo)+611}’
ga = 1,
YT+ T (Mo + U1 + D)
o Nn(6+o+u)+6T7 }
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where W1 =11 (1 (6 + 0+ o) +67), Y2 = m (N2 + 71 (Ko + 1 + 7)),
[(uo+ll/) ((0+10) (1 =€)+ (0+p0) (o +w) (1-2)) .
e = (o + )+ (6 + po) (1 —¢).

Also, we obtain the left eigenvector from the Jacobian matrix J; to be v = (vq,vy, V3,V4,V5)T

where

vi=0,1=0,n=1 1= {ﬁ ¥s [n1(6+6+“0)+77272]} ,

Ho (6 + o + ) ¥o
VSZ:{ﬁ*q%[5n1+4h(uo+ﬁh*“hﬂ]
to (0 + o+ ) ¥ .

From the transformed system, the associated non-zero partial derivatives of f evaluated at

disease-free equilibrium which we need in the computation of a are given by

9%£3(0,0)  9%£3(0,0) ., 82f1(0,0)_(92f1(0,0)__ﬁ*
dx19x3  Oxzdx; ' 9x10x3  Oxzdx; ’

82f3(070) _ 82f3(070) _ ﬁ*
8x18x4 N aX4aX1 N s

d%f1(0,0)  9?£1(0,0) g 9%£3(0,0)  9%f3(0,0) _pr
0x190xs  Oxsdx; . dx10xs  Oxsdx; M2,

9%£1(0,0)  92£(0,0) g
dx10xs  Oxsdx; 2,

9%£3(0,0)  9%£3(0,0) 92£3(0,0)  9%*f3(0,0) .,
0x0x3  0dx30x; =pr-e), 0x20xs  9x0x =p"m(1-¢g),

9’£3(0,0) _ 9*f3(0,0) _ o, 9’£2(0,0) _ 9*£2(0,0)
N ﬁ 2 (1 B 8) ’ 8x28x3 N a)C38X2

=—pr(1-¢),

ax28X5 N aX5 8)62

9%£:(0,0)  9?£,(0,0)
8x28x4 N 8)64(9)62 N

9%£,(0,0)  9%£(0,0 .
g (1—e), OO EROD gy, (1

and all the other second-order partial derivatives are equal to zero. Following [21], we have

2 9°£3(0,0)
@ = V3Z 94 8x,8x] ’

i,j=1
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Hence,

a = 2\’3{/3*(]16]3 + B *Miq194 + B M2q195 + B~ (1 — €) q293

+B* n1 (1 —€)qaqa+ P M (1 —¢) 612615} > 0.

Also, from the transformed system, the associated non-zero partial derivatives of f evaluated at

the disease-free equilibrium which we need in the computation of b are given as

9% f3 _ ¥s 92 f3 _ ¥sni 02 f3 _ ¥sn
0x39B o0+ uo+Vy) dxdf o (0+Uo+ VW) IxsdB Mo (O+ o+ W)

From

2. 97£3(0,0
_ VSZ 83&[;)’

we have

92 £3(0,0) 92 £3(0,0) 92 £3(0,0)
B om0B ¥ omap P oxap

bZV3

By substitution, we obtain
Wsm . sy
Ho(8+po+ ) Ho[ri(8+0+uo)+6n](6+po+ W)

Wsno (1172 + 71 (Mo + i + )]
Mo [¥1 (640 + o) +071] (0 + Lo+ W)

Since @ > 0 and b > 0 holds when Ry = 1, system (2) undergoes a backward bifurcation at

b

Ro = 1 and has a negative unstable endemic equilibrium point (E*) which becomes negative

and locally asymptotically stable past Ry = 1.

We also use numerical simulations to show the stability and existence of the endemic equilib-
rium. Figure 2 below shows the bifurcation diagram of system (2). The chronically infected
population at equilibrium plotted against the basic reproduction number Ry shows a backward
bifurcation when Ry = 1, leading to the existence of multiple endemic equilibria. The lower
dashed curve with a negative slope indicates unstable endemic equilibria and the upper bold
curve with a positive slope indicates locally stable endemic equilibria. The diagram shows that
when the basic reproduction number, R is less than one then eradication of the disease de-

pends on the size of the population under consideration. However, reducing the value of Ry to
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below RRjj called the Ry critical which is obtained by setting the discriminant of the quadratic

polynomial in (6) to zero to gives

2
RS — 1_(L¢m>,
4as o
1 Oy

— » Y10 =
1o (8 Ho+ W) (1 + 71+ Ho+ @) %0 ™ Ho(6+ o+ W)
trolling the HBV disease. This condition is guaranteed when the disease-free equilibrium state

where ¢g =

, may result in con-

is globally asymptotically stable.

Thus, an increase in the vaccine efficacy to a value close to one (i.e € = 1) will lead to the
disappearance of the backward bifurcation curve. The biological meaning is that with an in-
crease in the efficacy which corresponds with the extinction of the backward bifurcation curve,
lowering Ry < 1 will be sufficient to eliminate the HBV disease from the population. Hence,

Ry < 1 would be enough to make the disease-free equilibrium globally stable.

500 stable EE

Y
§ 400
a _ Unstable EE
T
%200 N L N
€ Stable DFE | | Unstable EE
= . \ .
100 @ \ @ .....
: DU
0 : >,
0 0.5 Ry 1 15

Reproduction number R0

FIGURE 2. Backward bifurcation analysis of system (2) with the transmission
rate 3 chosen as the bifurcation parameter. The saddle-node bifurcation occurs at
R =R}, where the stable endemic equilibrium state intersects the other unstable

endemic equilibrium state.

5. NUMERICAL SIMULATIONS

In this section, we show the numerical simulations of the proposed model. We rely on values

obtained from literature and estimated some of the parameter values for the spread of the HBV
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disease. We conduct numerical simulations using Matlab. The initial conditions of the state

variables are given to be S(0) = 50000, V(0) = 40000, 1(0) = 30000, C(0) = 20000, T(0) =

10000 and the rest of the parameters and their values are presented in Table 1.

TABLE 1. Parameters and their values

Parameter Standard value/year Source | Parameter Standard value/year Source
A 20000 Assumed o 0.65 [14]
Uo 0.0166 [13] 0] 0.9 Assumed
W 0.025 [15] ) 0.2323 [14]
B 0.0017 Assumed v 0.1 [22]
o 0.06<06<0.6 Assumed n 0.4002 [14]
" 0.1 Assumed > 1.7352 [14]
7] 0.0576 [14] 0 0.4 [15]
(%) 0.0936 [14] € 0<e<l [23]

5.1. Numerical Results in the Presence of Perfect Vaccination. Figure 3 demonstrate how

the reproduction number, Ry is evolve with a vaccination rate 8 = 0.4, treatment rate ¢ = 0.6

and a strong vaccine efficacy rate € = 1. With other parameter values stated in Table 1, we

observe that the model system settles at the disease-free state with Ry = 0.9137. However,

due to constant recruitment of individuals into the susceptible population and the presence of

individuals being vaccinated, the susceptible compartment shows a downward sloping curve

that decreases and asymptotically approaches zero. This shows the effect perfect vaccination has

on the number of susceptible individuals. The presence and application of vaccines causes the

vaccinated individuals to increase while the infective compartments tend to zero since there is

no transmission of the HBV in the population. Figure 3 has also confirmed the local and global
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stability of the hepatitis B virus model at the disease-free equilibrium state. The biological
meaning is that the hepatitis B virus disease will die out of the total population in the short-run

period, say four years.

x10%

m— Susceptiblebe

= Vaccination

= Acute Infection
Chronic Carriers
Treatment

Susceptible, Vaccination, Acute, Chronic, Treatment populations

Time (years)

FIGURE 3. Numerical Simulation of SVICTR Model for Ry < 1.

To further investigate the evolution of the reproduction number with the vaccination rate 6,
treatment rate ¢ and vaccine efficacy rate, €, we vary the values of these three parameters (6, &
and €). The results in Figure 4 below also shows that our model system 1 attained the endemic
equilibrium state with the reproduction number, Ry = 2.8124 base on the parameter values in
Table 1 above. The presence of the hepatitis B virus has increased the number of individuals in

the infective compartments as depict in Figure 4 below.
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= Susceptiblebe

= Vaccination

m— Acute Infection
Chronic Carriers
Treatment

Susceptible, Vaccination, Acute, Chronic, Treatment populations

Time (years)

FIGURE 4. Numerical Simulation of SVICTR Model for Ry > 1.

5.2. Effect of Perfect Vaccination on Acutely Infected and Chronic Carriers Population.
In Figures 5 and 6 below, we notice that as we increase the vaccination rate from 0.4 to 0.6
and 0.9 with a vaccine efficacy rate, say € = 1, there is a corresponding decreased in both the
acutely infected and chronic carriers populations. This implies that most of the individuals in the
susceptible compartment have been vaccinated causing a reduction in the number of individuals
who get infected with the hepatitis B virus disease. The simulation results in Figures 5 and
6 below demonstrate the important role perfect vaccination play in controlling the spread of

hepatitis B virus disease in the population.
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0 1 2 3 4 5 6 7 8 9 10

Time (years)

FIGURE 5. Simulation results showing the effect of varying the vaccination rate

(6 =04, 6 =0.6, 6 =0.9) with vaccine efficacy rate, € = 1 on the acutely

infected population and the rest of the parameter values, as stated in Table 1.

Chronic carriers population

2.5

0.5

x10%

0 1 2 3 4 5 6 7 8 9 10

Time (years)

FIGURE 6. Simulation results showing the effect of varying the vaccination rate,

(6 =0.4, 6 =0.6, 6 =0.9) with vaccine efficacy rate, € = 1 on the chronic

carriers population and the rest of the parameter values, as stated in Table 1.
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5.3. Effect of Imperfect Vaccination on Acutely Infected and Chronic Carriers Popula-
tion. In Figures 7 and 8 below, we notice that as we increased the vaccination rate from 0.4 to
0.6 and 0.9 with a weak vaccine efficacy rate, say € = 0.1, there is a small corresponding de-
creased in both the acutely infected and chronic carriers populations. This implies that, though
most of the individuals in the susceptible compartment have been vaccinated with the hepatitis
B vaccine, only a small percentage of these individuals vaccinated are protected against the
hepatitis B virus. Hence, the a small reduction in the number of individuals who get infected
with hepatitis B virus disease. The simulation results in Figures 7 and 8 below demonstrate the
important role imperfect vaccination play in preventing the spread of hepatitis B virus disease

in the population.

Acutely Infected population

1 1 1 1 1 1 1 1 1 I
0 1 2 3 4 5 6 7 8 9 10
Time (years)

FIGURE 7. Simulation results showing the effect of varying the vaccination rate
(6 =0.4, 0 =0.6 and 6 = 0.9) with vaccine efficacy rate, € = 0.1 on the acutely

infected population and the rest of the parameter values, as stated in Table 1.
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25 220*

Chronic Carriers population

0 1 1 1 1 1 1 1 1 1 I
0 1 2 3 4 5 6 7 8 9 10
Time (years)

FIGURE 8. Simulation results showing the effect of varying the vaccination rate
(6 =0.4, 0 =0.6 and 6 = 0.9) with vaccine efficacy rate, € = 0.1 on the chronic

carriers population and the rest of the parameter values, as stated in Table 1.

5.4. Effect of Treatment on Acutely Infected and Chronic Carriers Population. We have
observe in Figures 9 and 10 below that as the treatment rate, o increases from ¢ = 0.04 to
0 =0.06 and o = 0.09, there is a corresponding decreased in both acutely infected and chronic
carriers population sizes respectively. This shows that the treatment of acutely infected and
chronic carriers individuals has a great impact on eradicating the hepatitis B virus disease.
Hence, the general public should be educated on the importance of seeking medical treatment

when infected with the hepatitis B virus to help eliminate the disease.
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0 1 2 3 4 5 6 7 8 9 10

Time (years)

FIGURE 9. Simulation results showing the effect of varying the treatment rate

(0 =0.04, 0 =0.06, 6 = 0.09) on the acutely infected population and the rest

of the parameter values, as stated in Table 1.

Chronic carriers population

2.5

-
n

-

0.5

x10%

—— sigma = 0.04

—— sigma = 0.06
== sigma = 0.09

0 1 2 3 4 5 6 7 8 9 10

Time (years)

FIGURE 10. Simulation results showing the effect of varying the treatment rate

(0 =0.04 0 =0.06, 0 =0.09) on the chronic carriers population and the rest of

the parameter values, as stated in Table 1.
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5.5. Effect of both Vaccination and Treatment on Acutely Infected and Chronic Carriers
Population. Figures 11, 12, 13 and 14 below shows the effect of combining both treatment
and vaccination with a high vaccine efficacy rate as control strategies of HBV infection. The
main aim was to determine the best control strategy. Figure 11 shows the prevalence of HBV
infection with no control parameter. That is no vaccination; (6 = 0), treatment; (¢ = 0) and
vaccine efficacy; € = 0. We notice that the HBV infection asymptotically approaches zero at a
constant rate. This means that without any control strategy, HBV disease cannot be eradicated.
However, with a high vaccination rate of 0.6 and vaccine efficacy rate of 1 and without treatment
parameter (o = 0), it will take a longer time, say 6 years to eradicate the HBV disease as
depicted in Figure 12. We also notice that a high treatment rate of 0.6 with no vaccination
parameter (6 = 0) will only reduce the number of infections but cannot eradicate the HBV
infection as depicted in Figure 13. This is because most infected individuals are not aware
of their infection and do not seek any medical treatment. Figure 14 also shows a decreasing
prevalence of hepatitis B virus infection with a high vaccination rate (6 = 0.9), high vaccine
efficacy rate (¢ = 1) and a high treatment rate (¢ = 0.8) combined as control strategies. We
notice that all the infective compartments (both acutely infected and chronic carriers) population
turn to zero in a short time. This means that the disease can be eradicated within the shortest
possible time. Thus, this study shows that a combination of treatment and vaccination with
a high vaccine efficacy rate as a control strategy is the most effective way of controlling and

eradication of hepatitis B virus disease.
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5 10

—— Acutely Infected
Chronic Carrlers

Acutely Infected, Chronic Carriers population
>
T

0 1 1 1 1 1 1 1 1 1 I
0 1 2 3 4 5 6 7 8 9 10
Time (years)

FIGURE 11. Simulation results showing the effect of no control measures such
as vaccination rate (6 = 0), vaccine efficacy rate (¢ = 0) and treatment rate
(o = 0) on acutely infected and chronic carriers population and the rest of the

parameter values, as stated in Table 1.

x10%

—— Acutely Infected
Chronic Carrlers

Acutely Infected, Chronic Carriers population

Time (years)

FIGURE 12. Simulation results showing the effect of high vaccination rate (0 =
0.6), strong vaccine efficacy rate (¢ = 1) and no treatment rate (¢ = 0) on acutely
infected and chronic carriers population and the rest of the parameter values, as

stated in Table 1.
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—— Acutely Infected
= Chronic Carrlers

=
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Chronic Carriers population

Acutely Infected,
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0 1 2 3 4 5 6 7 8 9 10
Time (years)

FIGURE 13. Simulation results showing the effect of no vaccination rate (6 =
0), strong vaccine efficacy rate (¢ = 1) and a high treatment rate (¢ = 6) on
acutely infected and chronic carriers population and the rest of the parameter

values, as stated in Table 1.

== Acutely Infected
=== Chronic Carriers

Acutely Infected, Chronic Carriers population

Time (years)

FIGURE 14. Simulation results showing the effect of a very high vaccination
rate (0 = 0.9), strong vaccine efficacy rate (¢ = 1) and a very high treatment rate
(o = 0.8) on acutely infected and chronic carriers population and the rest of the

parameter values, as stated in Table 1.
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5.6. Sensitivity Analysis on the Basic Reproduction Number. The basic reproduction num-
ber Ry is a function of the parameters 3, A, o, Uy, U1, ¥, €, 6, @, 11, 8, O, T1, T, N and N.
To control the outbreak of a disease, it is important to control the parameter values that will
make Ry < 1. This is because these parameters contribute most toward the spread of the dis-
ease. Hence, we are interested in determining the rate of change of R as the parameter values
changes. To consider the variation in the basic reproductive number R, we used the approach
of Zhang and Zhang [14] and Farman et al [24] to obtain the following partial derivatives:

IRy _ A(1-0)[(Ho+y)+0(1—e)][Fo+ ¥ +¥] _

B Ho (0 + o+ W) (Vi + 71 + o) Po -

Y

e _ PU-0)[(o+y) +0(1—)][Fo+ W1 +F3]
ar Ho (0 + to+ ) (Vi + 71 + o) Po -

The rest of the parameters can be shown in a similar way to determine their sensitivity status

with the basic reproduction number, Rq. The results are summarized in Table 2 below.

TABLE 2. Parameters and their relationship with Ry.

Parameter Relationship | Parameter Relationship

A + € -
B + Ho -
c - U _
m + Ty +
n2 + T -
6 - 5 +

S
+
<
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5.7. Discussion. In this paper, we extended the model of Zhang and Zhang [14] to incorporate
imperfect vaccination and investigated the parameter space that gave rise to the observed pat-
terns of hepatitis B virus transmission dynamics. The increasing use of the hepatitis B vaccine
and treating of infected persons has shown a significant impact on the rates of HBV infection
and future HBV-related deaths. Analysis from the model system shows that the qualitative be-
haviours of the model are completely determined by the magnitude of the basic reproductive
number Ry. More precisely, when Ry < 1, the endemic status of the hepatitis B virus disease
will naturally settle to the disease-free equilibrium and for that matter, the disease will die out
from the entire population. Otherwise, the disease will be uniform persistence and remain to

invade the entire population.

Numerical results from the model show that when we increase the proportion of individuals who
are vaccinated and the proportion of individuals seeking treatment, the basic reproduction num-
ber can be reduced below unity. Hence, R is a decreasing function concerning the vaccination
rate and treatment rate indicating that vaccination and treatment are very useful in controlling
and total eradication of the hepatitis B virus infections. The model system studied in this pa-
per, however, indicated that the basic reproduction number Ry which forms the threshold is not
enough to completely eradicate the spread of hepatitis B virus infection. This is because the re-
sult of the stability analysis investigated show that the model exhibit local asymptotic stability
under certain conditions at the disease-free equilibrium provided R < 1 while the stability of
the endemic equilibrium examined using the centre manifold theory proved the existence of a

backward bifurcation phenomenon under certain conditions.

It was also noticed that the model system settles at the disease-free equilibrium state with a
very strong vaccine efficacy rate, € = 1 and both the vaccination rate, 0 and treatment rate, &
having values 0.4 and 0.6 respectively. Thus, vaccination of susceptible individuals and treat-
ment of infected individuals play an important role in controlling the hepatitis B virus disease.
Although total eradication of the hepatitis B virus disease remains a global problem, base on
the finding of this study, we suggested that a combination of massive vaccination and treatment

of infected individuals to the highest level should be included in government hepatitis B virus
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control programmes. However, vaccines with a very strong vaccine efficacy rate should be used

to help eradicate this deadly disease.
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