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Abstract

This study introduces an age-structured deterministic model for the transmission dynamics of
the Hepatitis B Virus (HBV) in Nigeria, accounting for both vertical (mother-to-child) and hori-
zontal (person-to-person) transmission pathways. The population is categorized into children and
adults to reflect differences in transmission and intervention effects. Analytical outcomes demon-
strate the non-negativity of solutions and the existence of an invariant region, confirming the
model’s biological validity. The disease-free equilibrium (DFE) and the basic reproduction number
(Ro) were determined using the next generation matrix approach. The local and global stability
of the DFE were assessed using the Jacobian and Castillo-Chavez and Song methods, respectively,
while the global stability of the endemic equilibrium was verified through a Lyapunov function.
An optimal control problem was developed to examine three intervention strategies: childhood
vaccination (u1), adult catch-up vaccination (u2), and birth-dose vaccination (u3). Numerical sim-
ulations indicated that increasing childhood vaccination coverage results in an immediate reduction
of acute infections among children and a delayed yet significant decline among adults through herd
effects. Adult catch-up vaccination leads to a rapid decrease in acute infections and a gradual re-
duction in chronic cases, although some persistence occurs due to slow clearance and progression
rates. Improved birth-dose vaccination demonstrated the most significant impact, preventing ver-
tical transmission and moving the system toward near-elimination levels. Long-term simulations
suggested that HBV reaches an endemic equilibrium under current conditions but could move to-
wards elimination with sustained vaccination efforts. The analysis indicates that age-specific inter-
ventions, particularly universal birth-dose and intensified childhood vaccination, represent effective
and sustainable strategies for controlling and eventually eliminating HBV in high-endemic regions
such as Nigeria.

Keywords and phrases: age-structured model; hepatitis b virus; basic reproduction number; optimal
control; vaccination strategies

1 Introduction

Hepatitis B virus (HBV) infection poses a significant public health challenge, especially in sub-Saharan
Africa, where the disease is highly endemic and a major contributor to morbidity and mortality related
to liver cirrhosis and hepatocellular carcinoma (HCC). According to the World Health Organiza-
tion (WHO), approximately 1.1 million deaths from hepatitis B-related causes occurred globally in
2022, with the African Region experiencing a disproportionately high impact [[1]]. Nigeria, as the most
populous country in Africa, is particularly affected by this epidemic. The estimated national HBsAg
seroprevalence ranges from 8.1% to 13.6% among the general population, classifying the country as
highly endemic, which means that over 18 million Nigerians are living with chronic HBV infection
[2,13]. This elevated prevalence results in a significant, often underappreciated health and economic
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burden, placing additional strain on a healthcare system already facing challenges from other infectious
diseases such as malaria, HIV, and tuberculosis.

The transmission dynamics of HBV in Nigeria, similar to many high-endemic areas, are influ-
enced by two main pathways: vertical (mother-to-child) and horizontal transmission. Vertical trans-
mission happens when an infected mother, especially one with a high viral load (often indicated by
being HBeAg-positive), transmits the virus to her newborn during childbirth. This method is highly
effective, with a risk exceeding 90% without any preventive measures[|1]]. The consequences are signifi-
cant; more than 90% of infants infected perinatally will develop a chronic infection, creating a lifelong
reservoir of the virus and a considerable risk of future liver complications [4]]. Horizontal transmission
refers to the spread of the virus through contact with infected blood or body fluids. In Nigeria, this
is particularly prevalent in early childhood (under 5 years) and occurs through methods such as close
contact with infected family members, the use of unsterilized sharp objects in traditional practices, and
iatrogenic transmission in healthcare environments that have inadequate infection control measures
[5]. The age at which an infection occurs is the most significant factor in determining whether it will
become chronic. Infections in adults are generally acute and resolve on their own, with a chronicity
risk of less than 5%. However, for children under the age of five, the risk of chronicity increases to

20-30%, and for perinatal infections, this risk exceeds 90% [6]].

The inclusion of the hepatitis B vaccine in the WHO’s Expanded Programme on Immunization
(EPI) has been a key component of global prevention initiatives. The most effective approach involves
administering a monovalent birth dose (HepB-BD) within 24 hours after birth, along with at least
two additional doses. This vaccination schedule is more than 95% effective in preventing perinatal
and early childhood transmission [/]]. Nigeria incorporated the pentavalent vaccine, which safeguards
against diphtheria, tetanus, pertussis, Haemophilus influenzae type b, and hepatitis B, into its national
routine immunization schedule in 2012. Nonetheless, the coverage and timeliness of these vaccines,
especially the important birth dose, are still lacking and display considerable regional variations [8]. As
of 2022, the coverage of the HepB-BD in Nigeria was estimated to be 55%, which is significantly below
the global average and the WHO 2030 target of 90% [9]]. Barriers include low rates of deliveries in
healthcare facilities, logistical challenges in vaccine storage and distribution, a lack of awareness among
mothers and healthcare workers, and socio-cultural factors [[10]].

Hepatitis B is a DNA virus that is recognized as a considerable global health concern Hepadnaviri-
dae. As of 2019, it is estimated that around 296 million individuals were living with chronic hepatitis B
infection, leading to approximately 820,000 deaths each year from complications like cirrhosis and hep-
atocellular carcinoma (HCC) [[1]]. The distribution of the disease varies significantly across regions. The
greatest impact is seen in the WHO African Region and the Western Pacific Region, where prevalence
rates can exceed 8% [[11]. In these areas with high rates of infection, the main modes of transmission
are perinatal and horizontal transmission during early childhood.

Nigeria is notable within Africa for its substantial population and significant endemicity. A system-
atic review and meta-analysis by [2] reported a pooled HBsAg prevalence of 13.6% among Nigerians,
with elevated rates noted in the northern regions. Recent studies at the state level continue to indicate
this considerable burden. A study conducted by [13]] in Anambra State, South-Eastern Nigeria, found an
HBsAg prevalence of 8.1% among pregnant women, who are an important group concerning vertical
transmission. The natural history of HBV in Nigeria typically shows a high rate of chronic infection
due to childhood exposure, which contributes to a significant number of individuals living with chronic
infection and at risk for progressive liver disease over their lifetime. Consequently, hepatocellular car-
cinoma (HCC) is a major cause of cancer mortality in the country, with HBV infection being the
primary causative factor [[12]. The economic impact is significant, including direct medical expenses
for the treatment of chronic liver disease and HCC, as well as indirect costs related to lost productivity
and early mortality, although this is not well quantified in Nigeria.

Vertical transmission (mother-to-child transmission) is a significant transmission route and a key
factor in the epidemic in Nigeria. The risk of mother-to-child transmission is directly related to the
mother’s viral load. Mothers who are HBeAg-positive, often characterized by high levels of viral
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replication, can transmit the virus to their newborns with an efficiency of 70-90% [[13]. Without
post-exposure prophylaxis, more than 90% of these infected infants are likely to become chronic carri-
ers. The prevention of mother-to-child transmission (MTCT) relies on a three-part strategy: universal
screening of pregnant women for HBsAg, administering the HepB-BD to all newborns within 24 hours
of birth, and providing Hepatitis B Immune Globulin (HBIG) to infants born to HBsAg-positive moth-
ers. The most recent WHO guidelines also suggest tenofovir antiviral prophylaxis for highly viremic
pregnant women to further decrease the risk of transmission [[14]]. In Nigeria, the implementation of
this comprehensive strategy is hindered by low attendance at antenatal care, restricted access to HBsAg
testing, and significantly low coverage of HepB-BD [[10]. Horizontal transmission during childhood is
a significant source of infection for children under five in areas with high endemicity, such as Nigeria.
This type of transmission happens through close contact with household members who are infected,
likely through exposure to infected blood or bodily fluids via minor cuts or scratches, or through
sharing contaminated items like toothbrushes or razors [5]. Other important routes include the use
of unsterilized instruments in traditional practices such as scarification and circumcision, as well as
iatrogenic transmission in environments with insufficient infection control. The intensity of infec-
tion for this pathway is highly dependent on age, with the highest rates occurring in early childhood.
Transmission in adults primarily occurs through sexual contact, unsafe medical injections, blood trans-
fusions (despite improvements in screening), and among people who inject drugs (PWID) in Nigeria.
[[15]. Adult-acquired infections are generally less prone to becoming chronic, but they still add to the
total number of infections and can lead to considerable acute illness. This complex system of transmis-
sion, which is significantly influenced by age, highlights the importance of including a child-adult age
structure in any realistic model for Nigeria.

Mathematical models have been widely utilized to analyze HBV dynamics and control. Initial
foundational models by [123] laid the groundwork for infectious disease modeling. The field progressed
with the incorporation of age structure, which is a significant development for HBV. The work in [124]
were among the pioneers in creating an age-structured model, illustrating its importance for accurately
forecasting the effects of vaccination, given that the force of infection and the risk of chronicity are
highly influenced by age.

The explicit inclusion of vertical transmission represents a notable advancement. Models that treat
all new infections as the same do not adequately reflect an important factor in the epidemic. The
work in [27]] created a model that distinguishes between vertical and horizontal transmission, indicating
that while vaccinating infants of carrier mothers is effective, comprehensive coverage of routine infant
immunization is ultimately necessary for eradication. More recently, [25] utilized a stochastic model to
demonstrate that in areas with high prevalence, ongoing vertical transmission can maintain the epidemic
for decades, even with substantial infant vaccine coverage, emphasizing the necessity for enhanced
prevention of mother-to-child transmission (PMTCT).

While these global models offer important insights, their parameters, such as transmission rates
and age-specific forces of infection, typically do not directly apply to Nigeria. Limited research has
specifically examined HBV modeling in this region. A review by (ABC) regarding mathematical models
for viral hepatitis in Africa identified a significant lack of models for HBV, despite its considerable
burden. This indicates a notable gap in knowledge. The few existing models for Nigeria generally do
not provide the detailed information necessary for effective policy planning, such as a clear distinction
between vertical and horizontal transmission or a nuanced age structure that separates children from
adults.

The current literature indicates various significant gaps that this research seeks to address:

1. Nigeria-Specific Modeling: There is a noticeable shortage of dynamic transmission models for
HBYV that are tailored with Nigerian demographic, epidemiological, and programmatic data.
Using models designed for other regions may result in inaccurate predictions for Nigeria.

2. Granular Age Structure and Transmission Pathways: Numerous models utilize broad age cat-
egories. A model that specifically divides the population into “Children” and “Adults” and care-
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fully includes distinct factors for vertical and horizontal transmission is necessary to accurately
represent the fundamental dynamics of HBV in Nigeria.

3. Focus on the Birth Dose Gap: Previous models for Nigeria have not specifically quantified
the long-term epidemiological impact of the country’s low HepB-BD coverage or projected the
benefits of addressing this gap.

4. Policy Evaluation for WHO 2030 Goals: There is a need for models that can project Nige-
ria’s progress towards the WHO 2030 elimination targets under both current and improved
intervention scenarios, offering a quantitative foundation for resource allocation and strategy
improvement.

This study aims to address existing gaps. By creating a compartmental model that combines a
complex structure (including age and dual transmission pathways) and is based on local Nigerian data,
it will serve as a useful, context-specific resource for public health decision-making. The findings will
provide essential evidence to support enhanced PMTCT services, improved routine immunization, and
focused adult catch-up vaccination efforts, contributing to the objective of eradicating HBV as a public
health concern in Nigeria.

2 Model Formulation

To address the critical gaps identified in the literature, we develop a deterministic compartmental model
that stratifies the Nigerian population into two primary age groups: Children (0-14 years) and Adults
(15+ years). This structure captures the essential differences in transmission dynamics, disease progres-
sion, and intervention access between these groups. The model explicitly incorporates both horizontal
and vertical transmission pathways and details the vaccination cascade, with particular emphasis on the

birth dose.

2.1 Model Assumptions
1. The population is divided into two mutually exclusive age groups: Children (C') and Adults (A).

Only adults give birth, and births occur into the susceptible children compartment.

Vertical transmission can occur from both acutely and chronically infected mothers.

Sl

The hepatitis B vaccine birth dose (HepB-BD) is administered within 24 hours of birth with

coverage ¢, and provides protection against both vertical and early horizontal transmission.

w

Routine childhood vaccination occurs at a rate 6, for susceptible children.
Vaccine-induced immunity may wane over time.

Individuals age from the children to adult compartments at a constant rate p.

N o

Horizontal transmission follows standard incidence, with different contact rates for children and
adults.
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Figure 1: Model Flow Chart
216 IJMAM, Vol. 8, Issue 2 (2025) cNSMB; www.tnsmb.org

(Formerly Journal of the Nigerian Society for Mathematical Biology)



F.C. Eze and M.U. Uwaezuoke (2025) Int. J. Math. Anal. &” Mod., 8(2):212-251

The total population is given by:

Nc(t) = Sc(t) + Vc(t) + Ec(t) + Ic(t) + Cc(t) + Rc(t>

Na(t) = Sa(t) + Va(t) + Ea(t) + La(t) + Ca(t) + Ra(t)

N(t) = Nc(t) + Na(t)

A(t) = iNul)

2.2 Model Equations

dS.
e (LA~ (bt p 4 S+, 0
dS,
dt :pSc_ <)\a+6a+/~’f)sa+wva (2)
dVe
dVy,
= Vet a8 — (@ + Vo )
dE,.
dt - )\CSC + AvaA - (Jc + P + :U')EC (5)
dFE,
dt = /\aSa + /OEC - (Ua + ,U)Ea (6)
dl.
E =o. B, — ('Yc +vet+p+ ,U)Ic (7)
dl,
E =0.F, + ,OIc - ('Ya + vy + N)Ia (8)
dC,
dt :VcIc_(ac+p+u+5C)Cc (9)
dCy,
at = Voly + pCe — (aa+ﬂ+5a)Ca (10)
dR,
dt = ’YcIc + acCc - (P + M)Rc (11)
dR,
g = Yalo + @qCy + pR. — uR, (12)

where the force of infection for horizontal transmission is modeled using standard incidence:

IC + CCC + Ia + aCa
Ae = /Bc ( 1 N 1 >

IC cC ICL av~ra
Aa=Ba< + n.Ce. + +170)

N

And the term for vaccine failure in vertical transmission is:

I, +1,Cq
Ao = Do <]\;7)

where A.(t) is the force of infection for horizontal transmission in children per year, \,(t) is the force
of infection for horizontal transmission in adults per year, and A\, (¢) is the force of vertical transmission
from infected mothers to newborns per year.
Relative Vertical Transmission Risk Factor

e This multiplier accounts for the difference in vertical transmission risk between chronically in-
fected mothers (C};) and acutely infected mothers (1)
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If n, = 1, chronic and acute mothers have equal transmission risk

If n, > 1, chronic mothers have higher transmission risk (biologically plausible due to longer
duration of infection)

If n, < 1, chronic mothers have lower transmission risk

Typical range: 0.8 to 1.2 based on viral load characteristics

Table 1: State Variables for the Unified HBV Model

Variable Meaning Unit
Se(t) Number of susceptible children (0-14 years) individuals
Ve(t) Number of vaccinated children with immunity individuals
E.(t) Number of exposed/latently infected children individuals
I.(t) Number of acutely infectious children individuals
C.(t) Number of chronically infected children individuals
R.(t) Number of recovered children with natural immunity individuals
Sa(t) Number of susceptible adults (15+ years) individuals
Val(t) Number of vaccinated adults with immunity individuals
E.(t) Number of exposed/latently infected adults individuals
I,(t) Number of acutely infectious adults individuals
Cy(t) Number of chronically infected adults individuals
R, (t) Number of recovered adults with natural immunity individuals
Table 2: Description of Model Parameters

Parameter Description Unit

A Natural birth rate per year

I Natural death rate per year

P Aging rate from children to adults (1/15) per year

Bes Ba Effective contact rates for children and adults per year

Nes Na Relative infectiousness of chronic carriers dimensionless

10) Hepatitis B birth dose (HepB-BD) coverage dimensionless

Oc, b4 Routine and catch-up vaccination rates per year

w Waning rate of vaccine immunity per year

Ocy Oq Progression rate from exposed to acute infection per year

Yes Va Recovery rate from acute infection per year

Ve, Vg Progression rate to chronic infection per year

Oy Qg Recovery rate from chronic infection per year

Oy Oq Disease-induced mortality for chronic infections per year

Dy Probability of vertical transmission from infected | dimensionless

mothers
My Relative risk of vertical transmission from chronic | dimensionless
vs. acute mothers
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3 Mathematical Analysis of the Age-Structured HBV Model

3.1 Invariant Region

Theorem 3.1. The feasible region for the HBV model given by:

Q= {(507 ‘/CaE07IC7CC7RC)SCL7V(Z?ECL)ICL>C(Z?RCL) € Rf :

is positively invariant and attracting for all t > 0.

Proof. The total population dynamics are given by:

dN _dN. _ dN,
dt — dt dt
=A— uN — 6.C, — 5,Cy

< Ny — pN
Solving this differential inequality:
dN -
— N < uN,
dt + 2

N(t) < N(0)e ™" + Na(1 — e™)
limsup N (t) < N,

t—o00

where N, is the equilibrium adult population. Since all state variables represent population sizes,
they must be non-negative. Therefore, 2 is positively invariant.

3.2 Non-negativity of Solutions
Theorem 3.2. Given the initial states
5:(0) > 0, 54(0) > 0, Va(0) 2 0, Vo(0) > 0, Eo(0) > 0, Ey(0) >0, L,(0) > 0, Lo(0) > 0, Cu(0) > 0, Ca(0) > 0
then the solutions
(Se(t), Salt), Ve(t), Va(t), Ee(t), Ea(t), Ie(t), La(t), Ce(t), Ca(t), Re(t), Ra(t))
of model (1) remain non-negative for all time t > 0.
Proof. Consider the feasible region

Q= {(Ser Sa, Vs Vas Bes By L Ty Ces Cas Rey Ra) € REZ | S, S0, Ve Vas Ees Eay Iy Iy Ce, Cay Bey Ry > 0}

The model equations governing these state variables are continuous and differentiable in 2. To show
non-negativity, we examine each equation on the boundary of €2: For each differential equation of the

form: IX
— 4+ Bt)X=A4
X BXx = A()
the solution is given by:
( ) ( fo ds / A s)ds dr

If X(0) >0, A(t) > 0forall t > 0, and B(t) is bounded, then X (¢) > 0 for all t > 0.
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From the first equation of model

dS.
dt

dS.
dt

= (1 =)A= Ne+0c+p+p)S. +wVe (13)

+Ae+0c+p+p)Se=(1—)A+wVe

Solution:
t
Se(t) = Sc(0)e™ JoOe(o)+0e+ptuyds | / [(1—@)A(T) +wVe(r)]e™ JrQc()+0ctptm)ds g
0

Since S.(0)
Hence S.(t)

0, (1 —¢)A(7) > 0, wV.(7) > 0, and the exponential terms are positive

>
> 0.

From the second equation of model (1)

dsS,
dt

dsS,
dt

= pSc - ()\a + 9a + ,UJ)Sa +wV, (14)

+ (Xa + 04 + 11)Sq = pSe + WV,

Solution:
t t t
Sa(t) = Sa(0)e™ JoPal)H0atpyds / [0Se(7) + wVy(7)]e™ Jr Qe Hati)ds g
0
Since S, (0) > 0, pSc(7) > 0, WV, () > 0, S, (t) > 0.

From the third equation of model (1)

dVe
dt

dve
dt

:(Z)A"i_ecsc_ (w+p+ﬂ)% (15)

+(wH+p+p)Ve= oA +0.5;

Solution:
t t t
Vo(t) = Vo(0)e Jolwtptu)ds +/ [BA(T) + 0.S.(7))e™ Jrwrrtm ds g
0
Since V.(0) > 0, pA(7) > 0, 0.5.(7) > 0, V.(t) > 0.

From the fourth equation of model (1)

av,
dt

av,
dt

=pVe+ 04 Sa — (w + M)Va (16)

+ (w + :U’)Va = p‘/c + HaSa

Solution:

t
Va(t) = Va(0)e™ o@rmds / [pVe(r) + BaSa(r)le™ Jr et g7
0
Since V,(0) > 0, pVe(7) > 0, 8,5,(7) > 0, V,(t) > 0.
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From the fifth equation of model (1)

dE.

dE.
s + (0c+ p+ 1)Ee = AeSe + AppA

Solution:

t t t
Ec(t) = Ec(o)e_ Joloetptp)ds + / [)\C(T)SC(T) + )\’U(T)QSA(T)]e_ Jo(oetot)ds dr
0

Since E.(0) > 0, Ae(7) > 0, Sc(7) > 0, A\y(7) > 0, ¢A(T) > 0, E.(t) > 0.

From the sixth equation of model (1)

dFE,

pral AaSa + pE. — (04 + 1) E, (18)
dFE,

o + (0q + 1) Eq = A\gSq + pE.

Solution:

t t t
Eo(t) = Ey(0)e olootn)ds / Aa(7)Sa(r) + pEc(r)]e™ I et ds 4
0

Since E,(0) > 0, A\o(7) > 0, So(7) > 0, pE.(T) > 0, Eo(t) > 0.

From the seventh equation of model (1)

dl.

E =o. . — (’Yc+Vc+p+,Uf)Ic (19)
dl.

dat + (Ve tvet+p+p)le =0k

Solution:
t

I(t) = I.(0)e™ Jo Oretvetptu) ds +/ o.E(T)e” JE(vetvetptp) ds dr
0

Since 1.(0) > 0, 0. E.(1) > 0, I.(t) > 0.

From the eighth equation of model (1)

dl,

dita =0qlq + pl. — (Va + Ve + ,u)]a (20)
dl,

E + (’Ya + v, + H)Ia =0l + pIc

Solution:
t
I (t) = L(0)e~ Jo(vatvatiyds 4 / (0aEa(T) + pI(r)]e™ - Oatvetids g
0

Since 1,(0) > 0, 04 Eq(7) > 0, pl(7) > 0, I,(t) > 0.
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From the ninth equation of model (1)

dC.

dt =Vl — (ac+p+/~5+5c)cc (21)
dC.
dt +(ac+p+u+50)cc:7/c[c

Solution:

t
C.(t) = C.(0)e~ Jo (etptutoc)ds | / velo(T)e™ [l actptptsc)ds g
0

Since C.(0) > 0, vl (1) > 0, C.(t) > 0.

From the tenth equation of model (1)

ac,
dt

dc,
dt

= vyl + pCe — (aa +u+ 5a)Ca (22)

+ (aa +p+ 6a)Ca = VaIa + pCc

Solution:

t t t
Calt) = Co(0)e™ Jo(@atutda)ds 4 / [Valo(T) + pCe(r))e™ Jr(Catntda)ds g
0

Since Cy(0) > 0, voIo(7) > 0, pCe(7) > 0, Cy(t) > 0.

From the eleventh equation of model (1)

dR.
dt

dR.
dt

=Yele + acCe — (p+ p)Re (23)

+ (p + M)Rc = 7cIc + acCc

Solution:

t
Re(t) = Re(0)e™ Jo (pm) ds + / [Velc(T) + acCo(T)]e™ oty ds g
0

Since R.(0) > 0, vel.(7) > 0, acCe(7) > 0, R.(t) > 0.

From the last equation of model (1)

dR,
dt

dR,
dt

= Yala + aCo + pRc — R, (24)

=+ /"LRG = /Ya-[a + Oéac’a + pRc

Solution:

t t ¢
Ra(t) = Ra(0)e Jords 4 / Wola(T) + aCo(T) + pRe(7)]e™ Jr #9 dr
0

Since R, (0) > 0, volo(7) > 0, aqCy(7) > 0, pR(T) > 0, R, (t) > 0.

Thus, all state variables of the model remain non-negative for all ¢ > 0 whenever the initial con-
ditions are non-negative. Consequently, the model is biologically well-posed, and its feasible region
(© C R1?) is positively invariant under the flow of the system.
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3.3 Disease-Free Equilibrium (DFE)

The disease-free equilibrium (DFE) of the HBV model is given by setting all derivatives in the system
(??) to zero and assuming the absence of infection in the population, that is,

E.=F,=1.=1,=C.=C,=0.
At the DFE, the forces of infection vanish, hence
Ae =Ag = Ay =0.

At equilibrium,
oo (1= AWt pt ) + o
C (et ptp)(wtptp) —wie
vy = 2AF P
wH+pt+u

gr _ _PSe(wp) +wpVe

(ot ) (wt p) —wly

and
PV + 05,

W+

V*

a

Therefore, the Disease-Free Equilibrium (DFE) is given by:

Ey = (S:vszavc*vva*’E:)E;’I* I; C:,C;,R:,RZ),

crtar

where

B =E =I'=I'=C'=C'=R =R =0,
S VE 8L VE >0

That is,
Ey= (S, S,V V> 0,0,0,0,0,0,0,0),

The disease-free equilibrium (Ej) indicates a state in which there are no infections present in the child
or adult populations, and the susceptible and vaccinated groups maintain a balance influenced by de-
mographic and vaccination factors.

3.4 Basic Reproduction Number (R))

This represents the average number of secondary infections produced by one infected individual in a
completely susceptible population, accounting for both horizontal and vertical transmission pathways
across both age groups.

To compute the basic reproduction number Ry, we employ the next-generation matrix (NGM)
approach [[16]. We first identify the infected compartments as

X = (Eca Eaa ICa Iaa Cc» Ca)T'

The system of equations for new infections and transitions among these compartments can be written
as:

dX
= = F(X) - V(X),

where F represents the rate of appearance of new infections and V represents the rate of transfer into
and out of the infected compartments by all other means.
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From the model equations, the new infection terms are given by:

AeS? + Ay dAC
A0

o O O O

where at the disease-free equilibrium (DFE),
EP=E=1"=1"=C=C? =0,
and A, Aq, and A, are the forces of infection defined by:

IC + nCCC + Ia + naCa

A =
C IBC N Y
N — Ic +n.Ce+ 1y +14Cy
o = fa . ,
I, +n1,C
Ay = Po 2 ]\Zv 2.
The transition terms are given by:
(0c+p+p)E.

(0 + p)Ea — pE;

(’Vc +Vve+p+ M)Ic — ok
(’}’a + Vg + ,U)Ia — 0., — pl.
(ac + P + 2 + 50)00 - Vc]c
(g + 1+ 04)Cq — Vo ly — pCl

Y =

Let F' and V be the Jacobian matrices of F and V evaluated at the DFE.

/BCSS ,Bcsg ﬁcncsg 5c77a52

[es}
[es}

NO NO NO NO
0 0 /BaSS 6a53 ﬁaT]ch Ba"?asg
NO NO NO NO
F=100 0 0 0 0 :
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
and
octp+p 0 0 0 0 0
—p Oq + U 0 0 0 0
V= —0O¢ 0 Yet+ Vet p+p 0 0 0
0 —0Oq —-p Ya + Vo + 14 0 0
0 0 —U, 0 e+ p+p+de 0
0 0 0 —Vg —p Qg + 1+ 6
z 0 0 0 0 0
) 1
ks T (1) 0 0 0
Oc
V—l — P kik o 0 % (1) 0 0
Oc Oq Oq
k1k3ka + k1koky koka kaka kq 0 0
VcOc 0 Ve 0 1 0
k1ksks ksks ks
PVcOc + PVcOc + VaOap Vg Oq PVc + PVec Ve _p 1
kikskske kikskake kikokakes  kokaks  kskake kskske  kaks  kske ke
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where
ki=0.+p+u
ko =04+ p
k3:f>/c+l/c+p+u
k4:7a+l/a+ﬂ
ks = ac+p—+p+oc
ke = g + 1+ 0q
Iy Fio i3 Fua Fis Fis
Fo1 Fyy Foz Foy Fos  Fog
4. |10 0o o 0o 0 0
V=109 0o 0o 0o 0o o
0O 0 0 0 0 0
0O 0 0O 0 0 0
where:
CS* c aS; c aSZZ a CS: A v c a
Py, = PeSeoe | BaSaoep | B 0p+<ﬁ +¢p)(pa +0p>
N*kiks = N*kiksks = N*kikoky N* N kiksks — kikoky
/BaS*Ua BcS* ¢Apv Oq
F — a C
27 Nohoks T\ N T Nr ) ks
505* BaS*p /BCS* ¢Apv P
F — C a C
B Nk " Nokgka T\ N T NE ) ks
o BaS; BCS: ¢Apv 1
Fu=5g, T T N* ) ky
. = DeSeneve | BaSanepve | BaSanepve | (BeSitla | Aoy Pre | P
Y7 "N*kaks | N*kskaks = N*kskske N* N kskike | kaksks
Fre — BaS;naVa Bcsjna+¢Apv77v Vq
107 "Ntkyks N* Ny ) kyks
aS* aS; aSZZ a aS;; cVcVc
F21:5a+ﬂ p+6 0p+ﬂ NeVeO.
N*kiks = N*kiksks  N*kikoks = N*kiksks
Bas’;"?a PVc0c PVc0c VaOqp
TN \Tikskoke | Fikskake | Fikakake
BaSa0a BaSiNaVaTa
Fpy = £2% a
2= Nohoks | N*hokake
aS* aS; aS; cVe aS; a c c
F23:6a+6 p+f3 Neve | BaSan Pre P
N*ks N*ksky N*ksks N* kskske kskskg
/BCL‘SV>|< /BG/S*T]CLVO/
F — a a
2= Nk T Nrkake
For — ﬁas:zknc IBaS;nap
7 "Ntks | Ntkske
0 Sana
Fys = BN*kZ

The basic reproduction number Ry is the spectral radius (dominant eigenvalue) of FV 1

Ry = p(FV™1)
Thus )
Ro =3 (Fn + Fog 4/ (Fi1 — Fag)? + 4F12F21>
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3.5 Local Stability Analysis

Theorem 3.3 (Stability of DFE). The disease-free equilibrium is locally asymptotically stable if Ry < 1
and unstable if Ry > 1.

Proof: The Jacobian matrix of the system evaluated at the disease free equilibrium point.

We consider the Jacobian matrix

—(Ae+0c+p+n) 0(18;¢)A w ‘9(1875“ —SePe S Qe 8. 5P 5% G0 0 O(Ia;fm

P —()\,,,+9&a+/z) 0 w 0 —SaQe -S2a -5, -85, 2 -5, 0 0

0, 0 —(w+p+p) Z(I)//: 0 0 0 0 0 0 0 3(;?1:

0 0y P —(w+p) 0 0 0 0 0 0 0 0

L) 808 0 L 0 o0 0 0 0 0 0

J(m) = 0 9e5a) 0 0 p —ky 0 0 0 0 0 0
0 0 0 0 o 0 —k3 0 0 0 0 0
0 0 0 0 0 a P —ky 0 0 0 0
0 0 0 0 0 0 Ve 0 —ks 0 0 0
0 0 0 0 0 0 0 Va P —ke 0 0
0 0 0 0 0 0 Ye 0 [ 0 —(p+p) 0

0 0 0 0 0 0 0 Ya 0 Qq p —u

where
ki=0c+p+p, ke=o04+p, ks =~c+ve+p+p,

ky=%a+vatu, ks=act+p+p+de, ke=caa+p+da,

At the Disease-Free Equilibrium (DFE), all infected compartments are zero, i.e.,
E=E=I'=1,=C;=C, =0.

Hence, the forces of infection vanish:

Substituting these values into the Jacobian matrix J(z), we obtain a block lower triangular matrix:

J(Ep) = <§; ;3) ;

where J; corresponds to the uninfected subsystem and .J3 corresponds to the infected subsystem.

The block J; is given by:

B+ p+ 1) 0 w 0 0 0

P —(0g + 1) 0 w 0 0

= 0. 0 —(w+p+p) 0 0 0
0 0, p —(w+p) 0 0

0 0 0 0 —(p+p) O

0 0 0 0 p — 1

The eigenvalues of J; are the diagonal entries since it is lower triangular:
M= —(Octptp), Ao=—(0a+p), A3=—(wtptp), A=—(wtp), Xs=—(p+u), X¢=—p.
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Since all model parameters 6., 0,, p,w, ;1 > 0, all eigenvalues are negative. Therefore, the uninfected
subsystem is locally asymptotically stable. The infected block J3 is:

k0 0 0
p —ks 0 0

J3 =

o O O o O

The characteristic polynomial of J3 is of the form:
P()‘) = )\6 + CL1)\5 + (12)\4 + a3)\3 —+ CL4)\2 + CL5A +ag = O’

where the coeflicients a; are positive combinations of the positive parameters k;, p, o, g, Ve, Vq-
For all eigenvalues of J3 to have negative real parts, the Routh-Hurwitz conditions require:

a; >0, and ajas > a3, ajasaz > a§ + a%a4, etc.

Since all parameters (k;, p, 0¢, 0q, Ve, Va) are positive, all a; > 0, and the inequalities are satisfied.
Hence, all roots of P(\) have negative real parts.

Conclusion: Both J; and J3 have eigenvalues with negative real parts. Therefore, the Disease-Free
Equilibrium (DFE) is locally asymptotically stable by the Routh-Hurwitz criterion.

3.6 Global Stability of the Disease-Free Equilibrium

To analyze the global stability of the disease-free equilibrium (DFE), we employ the approach proposed
by Castillo-Chavez and Song (2004) [17]]. Let the system of equations (1) be written in the general form:

X

dy
i F(X,Y),

pre G(X,Y)
where
e X =(S:,V,,S4,Va, Re, Ry) € Rg_ represents the uninfected compartments, and
o Y = (E.1.,Ce Eg,1,,Cy,) € ]R(j_ represents the infected compartments.
The disease-free equilibrium (DFE) is given by
Ey = (Xo,0)

where Y = 0 and X = X satisfy
F(Xo,0) =0.

Following Castillo-Chavez and Song (2004), the system satisfies two conditions:
(H1) The subsystem

dX

— =F(X

has a globally asymptotically stable equilibrium at X = Xj.
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(H2) The system

ay
= = G(X,Y

can be written as

~

G(X,Y) = DyG(X,,0) — G(X,Y),

where A = Dy G (X0, 0) is a Metzler matrix (that is, all off-diagonal elements are nonnegative),
and G(X,Y) > 0 for (X,Y) € Q, the biologically feasible region.

If conditions (H1) and (H2) are satisfied and the basic reproduction number Ry < 1, then the
disease-free equilibrium FEj is globally asymptotically stable (GAS) in (2.

Theorem 3.4. The disease-free equilibrium Ey = (X, 0) of system (1) is globally asymptotically stable in
Q whenever Ry < 1 and conditions (H1) and (H2) are satisfied.

Proof-

Verification of (H1)

The subsystem for uninfected individuals is given by:

dS.

7 =1—=¢)A— (0.4 p+ p1)Sc + WV,
dS,

dt = pSc - (ea + N)Sa + wVy,

dVe

dvy,

- pVe 4+ 00,Sa — (w + 1) V.
dR,

dt = PYCIC +a.Ce — ()0 + M)Rc
AHq = Yol + aqCq + pRc — pR,.

dt

(1 =)A= (0c+p+p)Se
pSe — (0o + 1) Sa + WV,

pVe+ 04,5, — (w+ 1)V,

Yele + acCe — (p + p) Re
’YaIa + aaCa + pRc - MRa-
This subsystem is linear, and all transition rates are positive. It can easily be shown that Xy =
(82,59 VO VO RO RY) is globally asymptotically stable by the method of linear comparison equa-
tions since all eigenvalues of the Jacobian at X have negative real parts. Thus, condition (H1) is

satisfied.
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Verification of (H2)

The infected subsystem is given by:

%§%:ASV+M¢A—&%+P+Nﬂ%v
dia = XaSa + pEc — (04 + 1) Eq,
%%:aJ%—(%+ﬂ@+p+uﬂa
% = 0aLq + ple — (Yo + Va + ) Lo,
d;c = vl — (e + p+ p+0c)Ce,
d% = valy + pCe — (aa + pt + 6a)Ca,
AeSe + Mo — K1 E.
AaSa + pE: — k2B,
G(X,Y) = aalg:—Ei-cp_IckiIlea
vl — ks5C,

vel, + ,OCC — keC,

Bele 4 BeneCa + Bela + BeNa + Podno + PodnuCo — k1B,
Bale + BancCa + Bala + Bana + pEc — ko Ey
O'CEC — k?g[c
0aEa+ pl — kal,
vel. — ksCl
VaIa + pCc - kGCa

DYG(X07 0) =

Therefore
G(X,Y)=DyG(Xp,0) — G(X,Y)

Be Ic+7700a+la+77aca 1-

s
N
Bal Ic +ncCa + 1o + 1.Cq 1_%

o O O O

Clearly, 1 > % this implies that at the DFE, Dy G (X, 0) is a Metzler matrix, and the nonlinear term

~

G(X,Y) > 0forall (X,Y) € Q. Hence, condition (H?2) is satisfied.
Therefore, the disease-free equilibrium of the model (1) is globally asymptotically stable.

4 Global Stability Analysis of Endemic Equilibrium

Theorem 4.1. The endemic equilibrium (EE) of the model (1) is globally asymptotically stable whenever
Ry >1

Let the system be represented as:

dX

— =F(X 25

= F(X) 23)
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Let the endemic equilibrium be X* = (S¥,S», V*, V¥ EX EX 13,1, C%, Cr) We consider the fol-

cr~ar »va
lowing nonlinear Lyapunov function:

12 X'
V= §:C7<XT X — <X*1<X*) (26)
=1

where C; > 0 are constants to be determined.

rfsmst-sm () e mim ()
[ * * Sa * *
Cs Sa—Sa—Saln<S*>—|—Ea—E < >]
: * V * Va
Cs _Vc Vi-Vr1 (V)] +Cy {V V, In <Va*>} (27)
- I
G fo- 1w (32)] v oo -1 - ( ]
L L
¢ W — * *l
)| rorlea-an(g))
where the upper dot represents the derivatives of the model (1) with respect to time .
_ S¢ EXN . S EX\ -
‘/'c* . V* I* I*
+C‘°’K1_m)‘fc}w“{(l_w)vh%{(lﬁc) Jral(1-3) 0] e
Cr\ - Cx
1-2¢) ¢, 1-22) ¢,
ro(-2)eval(-g)el

By substituting the relevant equation from model (1) into (17), we obtain
S¥ E} 1
L=0C 1—; A —dA —NSe — 0.5 — pSe — pSe + WV | + 1_F AeSe + Ao — k1 E,

* E*
1-— ‘;’a) (ﬂS )\Sa_eaSa_MSa+WVa>+<1_E> (AS +pE _kQE >:|
ve

+ Cs (1 ><¢A+95 w%—p%—u%)]—i—@;[(l—‘é) (p‘fc—FHQSa—wVa—uVa)

Cy cc—c:—c:1n<

*

\_/

+ Co

a

V.
* I*

) o) (1))
Ca

+ Cy (1 — > ( k:5cc):| + Cy |: <1 — C) <l/aIa + pCe — k:ﬁCaﬂ

The steady state of (18)

+Cs

(29)

ASe + 0.5 + pSE 4+ pSE —wVr
(1-9¢)
AeSE + Ay dA
10
AaSy + pE;
E;
o B
I

A=
ky =
ky =

ks =
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ooy + pI;

ky =

I3
7
ks = —<
Ce

VaIa +pCC

ko= =g
a

By substituting the steady state of A into (18), we obtain

o[ (1 50 (AL O+ pSE S WV NS+ 0uSE gt ]~V
- S. 1—¢ 1- 6
—6.5. — pSe — S + wVC>
E} ASE+ 0.5 + pSEt 4+ pSE — WV
(1 E) ()\S M) " klEc)
[ S B
+C <1 s) (PSe = AaSa = 0aSa — Sa +wVa) + <1 - E) (XS + pEe — ko)
e (1_VC><¢)\S + 0.5 + pSk+ uSE —wV; +9c5c—wvc—ch—,ch>
c - d)
+Cy <1 VL‘) pVe+ 0,5, —wVy — MV)
+Cs _ L (UCEc — /-CgIC) ol (1o te (%Ea + ol — k;4[a)
(& Ia
(G C;
+Cr < - C) (vele = ksCe) | + C (1 - Ca) (vala + pCe = koCa) |.
) (30)
Expanding (19) and solve for constants, we have
1 1
C'1 - lev 02 — ?27
1 1
3 Cy
wHp+pu W+ p
1 1
05 ]{:737 Cﬁ ?47
1 1
Cr T Cs = o
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Substituting the values of (', C5...Cy in equation (19), we have

o L[ (1o 52 (ASE OS4S04 0S5 5] = e
k Se 1-9¢ 1-9¢
— AeSe — 0:5. — pSe — pSe + w‘/c>
B AeS* + 0.5% + St + uS* — WV
+ (1 - F> (ACSC Ao — — kzlEc)
1 s
= ( — ?) (0Se = AaSa — 0aSa — 1154 + wVa)
E;
+(1- E> (MaSa + pEe — ko E,)
i VN[ AeST A0S oS pSE— WV o
+m (1—7c><¢ 1—¢ + 0.5, —wV, — pVe MVC)
1 Vi
S | (138 (Ve S — ¥l - uva)]
1, I
+ ?3 ( - TC) (UcEc - k3Ic)]
1 [, I
+ k74 (1 - E) (UaEa + pIc - k4Ia)]
1, ¢
t (1- ?) (vel. — ksC.)
1 [, o
t (1- 7) (Vala + pCe — k6Ca) |-
) (1)
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Hence, Substitute the steady state of k1, k2, k3....kg outside equation (20)

EZ
L= S+ won

(1 - i) NS2 o+ 0057+ ST+ 87 =WV NSE+ 0657 + pS? 4+ pSz =WV
Se 1—¢ 1—¢

- )\cSc - acSc - pSc - MSC + WV;:)

n ( B Efj) (/\cSc-l-)\y(Zﬁ/\CSZ + 058 + pSE+ pSe —wVE ASE —l—/\vquEC)

. 1—¢ E¢
+ )\aSZiEE B (1- g) (PSe = AaSa = 0aSa = Sa +wVa) + (1 - §> (AaSSa + pEe - ASEHEE)
[ (A S S )
wiu (1- ‘;) (PVe + 0aSa — wVy — V)
(O LR
+ %E;ipjg (1 - Z) (0aEq + pl. — Wla)]
(32)
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Expand

E‘:

I

[

—(wHp+p) Ve <c_1_anc> —(wHp)Vy (a—l—ln“>

)

S*

+ (-2

Se

—_
|
N‘Q’\«*

e}

/N /N N Y Y /N /N
—
|

234

* E * *
IC * * I[l a
C<I*_1_lnl*>_(gaEa+pIC) (I;—].—h'l]_;>

CC * * a1 ~a
—1—lnC*>—(1/aIa+pC’C)<C* 1 1C’*>

@\«R!

5‘1\52 é’l\@"%

<5

5\3

)
) (ve

Qa3

E,.
C
1,

C

Cq Cq

[

Ve |7 Ve

Ve Ve Ve Ve

NeS2 4 0055 + pSE+ uSE WV AS: 4 0057+ pSi A pS) — WV

1—¢ —¢ 1—¢

*)\cscfecsc*psc*,usc+w‘/c
> )\S +)\v¢)\ SC+HCSC+IOSC+:MSC_W‘/C _klEC

1-9¢
= 28 (pSe = AaSa = 0aSa — S0 + wVa)
= =) (NS + pEe — ko)
) ¢/\S +0.S; —|—1p_S¢+,u,S —wV} 0.8, — WV, — Vi — Ve
)(,oV + 0,5, wVa—,uVa)

*

E.— kSIc) + (1 - %) (UaEa + pIc - k4Ia)

*

I, — k5Ce) + (1 - %) (Vala + pCe — keCa).

(33)
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Substitute the remaining steady state inside equation (22), we have

E = — (/\CSC + )\'U¢A) <Eci —1—1In ‘EE> - (/\aSa +pEC> (_E‘Z —1—1In _E’Z‘)
~ott (-1 omge) — i or) (1)

C

* CC CC * * Ca Ca
_VCIC <C;<—1—IHC*)—(V@Ia+pCC) <C* 1 lnc*>

‘/c ‘/C * Va Va

—(wH+p+p)Vr (V*—l—an*> —(w+pw)V; (V*—l—an*>
b (1 S5 [ S SV S 052 2 5 e

Se 1—¢ 1—¢

— ASe — 0:5: — pSe — uSe + wVe
E} AeSE+ 058 + pSk+ pSE— WV ASE+ ANoA
e AeSe + Ay c c c c c c E.

+ (1 E) St Aud 1-¢ Er

Sa
+ (1 - E) (0Se = AaSa — 0aSa — 1154 + wV3)

B[ \aS3 + pE}
+ (1 - Fa> )\aSa+pEc_ T;Ea

VN [ AeSz + 0085 + pSE + St — wV
+<1_7c> ¢ 1—¢ +0c5c —wVe — pVe — puVe

V*
+ (1= 22 ) (pVe + 0aS0 — wVa — Vo)

I 0ol : 0uFs + pI
+ (1 - 70) ocBe — I(’:k c| + (1 Ta) ool + ple I;f Ia]

o vel: a Valg + pCe
+ (1 - 5) vl = " Ce| (1 - 07) valy + pC. o Ca

(34)
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L= — (Acsg + Ao

— (AaS; +

I
— o B <I’Ck

CC * * a1 ~a
_1_lnC;"> (VaI —i—pC)(C* 1 th*)

_ af Ve 1o, Ve ofVa 1 Ve
(wWH+p+p)V; (V* nVc*> (w+pn)V; (V* )

ASE+ 0.5+ pSk 4+ pSE — WV 7_1_1 Ec
1—6 Er Er
E*) E——l—ln&
Er E:

I . (] I
_1_1n1§) — (0uBE 4+ pI?) (12_1_111[;)

c

V*

C

AeSE + 0.5 + pS¥ + pSF — wV*
1—¢

ASE + 0,5 + pS¥ + pSk — WV
1-9¢

—¢

— ASe — 0:5: — pSe — puSe + wVe

AeSE+0.5 +pSE+pSE—wVyr
ASE+ A Loc oo

c AeSg + 050 + pSE+ pSE — WV 1-¢
+ (1 E) AeSe + Avh — o
S*
+ <1 — J) (pSc = AaSa — 0280 — 10 + wVa)
ExN| XS+ pE?
+ (]. — E) )\aSa+pEC_ TEa

-

[ ASE 0057 + pSE+ St — WV
¢ "

+ 0.5 —wVe — pVe — uVe

V*
(1= 32 ) (Ve + 0aSa — wVa — V)
Va
I o E* I [ 0o E* + pI*
+ <1—I—Z) o.E,. — I:C . +( _TZ> ooFy + ple — - aIZLk <,
C: v I* o [ VaI* + pCt
+ ( _?> el =" | + (1—52) Vala + pCo — 22 aC;p Ca
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; . . E,. . . i E,
L = — (ACSC +)\U¢A) (E‘: — 1 —111 E‘é‘) — ()\aSa +pEC) (E; ]. 11’1 E;)
* I ¢ * * 1, 1,
O'cEc (I: —-1-1 IC> — (O'aEa +pIc) (I;‘ 1 1 I&k)
(36)
_CI* 76_1_1 70 aI* * a_l_li
1% c(C&k c) (V a+pCC)<C; Cg)
- (W+P+/~L)Vc*<“//; —1—ln“//§> —(w+u)va*<%—1—1n%>,

Conclusion of the proof From @ observe that every summand has the form — A; (ui —1-In uz) with

Xi
=%
for all compartments, which holds when Ry > 1). Since the convex function ¥(u) = v — 1 —Inu
satisfies U(u) > 0 for all u > 0 with equality iff u = 1, it follows that £ < 0 on the positively
invariant feasible region and that £ = 0 if and only if X; = X/ for every compartment ¢ (that is,
only at X = X*). Because L is positive definite about X* and the feasible region is forward invariant
and bounded, LaSalle’s invariance principle implies that every solution trajectory converges to X* as
t — 00. Therefore the endemic equilibrium X* is globally asymptotically stable whenever it exists (in

U; > 0 and A; > 0 whenever the endemic equilibrium X* is biologically feasible (i.e. X > 0

particular for Ry > 1).

5 Optimal control of the model

The full optimal-control formulation for the age-structured HBV model and the Pontryagin—type char-
acterization of the optimal controls. We introduce three time-dependent controls (all bounded between

0 and 1):
1. uy(t): additional childhood vaccination effort (adds to 6,,)
2. us(t): additional adult vaccination effort (adds to 6,)
3. u(t): increase in newborn birth-dose coverage (adds to @)

We also include scaling constants k1, k2, k3 > 0 so the controls enter linearly into the transition rates.
The objective is to minimize the number of acutely infected individuals while keeping control costs
quadratic.

We introduce three measurable controls uj (t), ua(t), us(t) with
0<uw(t)<l, i=1,23, tel0,T).
The controls enter the model as follows:

O — 0.+ klul(t)7 0o — 04 + k2u2(t)7 ¢ = (b + k3u3(t)7
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with k1, k2, k3 > 0 (efficiency constants). The controlled state system becomes

Se= (1= (& + kaua))A — (Ae + 0c + kyus + p+ ) Se + WV,
Sa = pSe — (Aa + 04 + koug + 1) Sq + wVa,

Vi = (¢ + ksus)A + (0c + k1ur)Se — (W + p+ 1)V,

Vo = pVe + (04 + kouo)Sy — (w + 1)V,

E. = XeSe+ Ao(¢ + kguz)A — (0 + p + p) Ek,

Ey = A\gSa + pE. — (04 + p)Eq,

. (37)
Io=0cEe — (Ve +ve+p+ p)le,
ja =o0.E, + p[c - (711 + Ve + /’L)ILM
Cc =vl. — (ac +po+pu+ 50)007
C.10, = vl + pCc - (aa +u+ 5&)Ca7
Rc = ’YcIc + a.C. — (ﬂ + N)Rm
Ra = Yolo + a,Cy + pR. — nR,,
where the horizontal forces of infection remain
Ac — ﬁCIC—'_TICCC—"_Ia_'_T]aCa’ Aa :Balc+77CCC+Ia+naCa,
N N
and the vertical force
A — D I, + nvCa
v v Na
Choose the objective functional (weighting infected and control costs):
T
ﬂmwwm:/‘@@+@m+gﬁm+?@@+?@@da (38)
0

where w; > 0 are cost weights and 7" > 0 is the final time.

5.1 Pontryagin maximum principle

Introduce adjoint (costate) functions ps,, DS, PV.s PVis PE.s PEqs Ples Plas PCus PCys PRoy PR, - Define
the Hamiltonian

H= I+ Lo+ %ui + %ui + %u3
+ps.S¢ +p5,Sa +pv.Ve +pv, Vo +pEEC + DE,FA
+pr.1e +p1,Ia +pc.Ce + pe,Co + pr.Re + PR, Ra)

where X are the right-hand sides of (37).
The adjoint system is given by

px(t) = X px(T) =0,

for each state X. Below we display the adjoint equations (computed formally). For brevity we use the
notation

IC —"_ TICCC + Ia —"_ T]U/Ca Ia —"_ nUC’a
d(t) := v(t) = —————M=
() " w =
so that A\, = 8., \y = 5,P, Ay = pu V.
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. O
pbs. = — |: - pSc()\C + ac + klul + 1Y + /”‘) +psc (ﬁ‘gc) +ch(90 + klul) +pEcAC

!
Ps, = — [ — s, (Aa + 04 + kouz + ) + pv, (00 + kouz) +pEu/\a} <

pv. = —|ps.w —pv.(w+p+ u)}
v, = — [Psaw - py, (w+ M)}

Pe. = — |pE.(—(0c + p+ 1)) + P1.0c + PE. P+ DE, - OB, (AeSe + Ao (6 + k3u3)A)]

P, = =[P, (~(0u + 1)) + 1.0 + 1, 5, (A5,

pr. = — [1 +p1.(=(Ye +ve +p+ 1)) + po.ve + ZPXOIC}
X

b1, = — [1 + 11, (=(Ya +va + 1)) +pc,va + pE, - 01, (Ao (¢ + kzuz)A) + prala}
X

po. = —|pe.(~(ac + p+ 1+ 0.)) + prac + Y _pxde, |
) X

po, = — |po, (—(aa + i+ 0a)) + PR, Q0 + DB, - 00, (Mo () + ksuz)A) + praca]
i X

Pr. = —| = Pr.(p+ 1)+ pmp}

PR, = — —pRau]-

The terms “) - px01,” etc. above denote contributions from the dependence of A¢, Ay, Ay on I, I, Ce, Cj.
Computing these explicitly yields (for instance)

oA 5 N — (I. + n.Ce + I, + 1,Cq)
or. "¢ N2

and similarly for other partials; substitute into the adjoint ODEs for full explicit formulas.

5.2 Characterization of optimal controls

The optimal controls u (t) minimise H a.e.; differentiating 7 with respect to each control and setting
to zero gives the interior characterizations.

Controlu;. Only S, and V. depend linearly on u; through terms (6. + k1u1)S. and — (0. + k1uy)Se.
Thus

oH

87161 = wiuy + lec(ch - pSC)'

Therefore the unconstrained minimiser is

al (1) = - 15D . (t) ~ ps. (1)
w1 )

and projecting to the admissible set [0, 1] yields

oo k1Se(t) (pv, (t) — ps, (1))
ui(t) = mm{l, max {O, — o }} (39)
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Control ug. Similarly,

OH
87u2 = woluy + k‘gsa(pVa _pSa)’

SO

(40)

kaSa(t) (pv, () — ps, (1)) }}

us(t) = min{l, maX{O, - "

Control ug. The control ugz appears in the newborn split and in the vertical infection term A, (¢ +
k3us)A. Differentiation gives

OH

.~ Waus + ksA(pv, — ps.) + ks pg, N,
us

where N, = (4 kquq) (Ao(d + k3uz)) = pv% = py V. Neglecting the smaller second-order
contribution from 0\, /9(¢ + ksus) (or including it explicitly if desired), a practical characterization
is

oH

— = ksA —

dus waugz + K3 (pvc psc),

hence

 ksA(pv.(t) — ps.(t)) }}

uz(t) = min {1, max {O, s

(41)

Effect of Additional Childhood Vaccination Effort (u:) on Acute Infections
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Figure 2: Effect of Additional Childhood Vaccination Effort (u;) on Acute Infections

Figures 2 and 3 illustrate the impact of an increased effort in childhood vaccination (u1) on acute
infections and the control profile associated with this effort. The graphs depict the temporal dynamics of
acute Hepatitis B infections among both children (I, red line) and adults (1,, blue line) in the context of
a time-varying childhood vaccination strategy. Both groups experience moderate and relatively stable
levels of acute infections, indicative of the baseline endemic equilibrium of HBV in the absence of
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Control Profile: Additional Childhood Vaccination Effort
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Figure 3: Control Profile of Additional Childhood Vaccination Effort

enhanced interventions. The higher initial value of I.. indicates ongoing transmission within the child
population.

An immediate decline in childhood infections is observed when u; rises to 0.8 at year 5, resulting
in a rapid and significant reduction in /.. In contrast, I, begins to decrease at a more gradual pace,
reaching its lowest level around years 10 to 12. This suggests that the increased vaccination effort
directly reduces the number of susceptible children, leading to an immediate decrease in new infections
among this group. The decline in adult infections occurs via two mechanisms: the reduction of future
infections as vaccinated children grow into adulthood, and the indirect effects of herd immunity, which
limit transmission to adults. As u; falls back to 0.2 at year 15, I, starts to rise sharply again.

The control profile graph outlines the public health strategy for intensifying childhood vaccination
over time. A value of u; = 0.2 corresponds to routine vaccination efforts, which provide some degree
of control but are not sufficient for a significant long-term reduction in disease burden. The square-wave
pattern in the graph reflects a structured, time-limited public health campaign. The abrupt transitions
indicate specific start and end dates for organized initiatives, rather than gradual changes. The return
to baseline levels after year 15 suggests fluctuations related to funding cycles.

Ultimately, this indicates that childhood vaccination delivers immediate direct protection to chil-
dren while providing delayed indirect protection to adults through decreased transmission and cohort
effects. The rapid rebound in infections when control measures are relaxed emphasizes that man-
aging infectious diseases requires ongoing efforts since temporary measures result in only short-term
benefits. The differing response patterns observed between children and adults underscore the need
for age-specific modeling in HBV, as transmission dynamics and the effects of interventions can vary
among age groups. The successful reductions achieved during the intervention period demonstrate the
potential effectiveness of intensified childhood vaccination efforts, indicating that scaling up routine
programs could lead to significant public health improvements. Figure 4 illustrates a comparison of
four trajectories over a 30-year period: (dashed red) Acute adult infections without control, (solid red)
Acute adult infections with us = 1 control, (dashed blue) Chronic adult infections without control,
and (solid blue) Chronic adult infections with us = 1 control. All four lines originate from initial
conditions and display immediate divergence. The solid red line (I, ctrl) shows a sharp decline due
to direct protection for susceptible adults. The solid blue line (Cj, ctrl) decreases more gradually, re-
flecting the development of chronic cases from existing acute infections. The dashed lines indicate
ongoing natural transmission patterns. The controlled trajectories stabilize at lower levels, whereas
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Effect of Adult Vaccination Effort u,(t) on HBV Dynamics
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Figure 4: Effect of Adult Vaccination Effort us(t) on HBV Dynamics

uncontrolled trajectories may reach an endemic equilibrium or experience gradual changes. Controlled
trajectories achieve new stable equilibria significantly lower than the levels seen in uncontrolled sce-
narios. Despite the control measures, chronic infections (solid blue) persist due to slow clearance rates
(g = 0.04year), continued progression from acute cases (v, = 0.05year), and aging of child chronic
cases (pC.). The difference between the solid and dashed lines indicates immediate benefits for vacci-
nated individuals, herd effects that reduce community transmission, and the inability to eliminate the
disease due to sustained child transmission and chronic reservoirs. Thus, the graph indicates that adult
catch-up vaccination can significantly diminish the HBV burden.

Effect of Newborn Birth-Dose Coverage (us) on Acute HBV Infections
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Figure 5: Effect of Newborn Birth-Dose Coverage (u3) on Acute HBV Infections

Figure 5 depicts three infection trajectories over 50 years, each illustrating total acute infections
(children + adults) under different levels of birth-dose coverage enhancement. All three lines begin
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together but quickly diverge. An increase in u3 immediately halts mother-to-child transmission. More
vaccinated newborns lead to a reduction in future susceptible children. In contrast to interventions
addressing existing infections, the birth-dose impacts the entry point of infections. The curves show a
distinct separation, with uz = 1.0 displaying the steepest decline. Each trajectory stabilizes at a different
level: uz = 0.0 indicates an endemic equilibrium sustained by ongoing transmission, uz = 0.5 reflects
a significant reduction with persistent low-level transmission, and u3 = 1.0 suggests near-elimination
levels, potentially achieving disease control targets. Birth-dose vaccination is a genuine primary pre-
vention method: it blocks infections at their origin rather than treating established disease, guards
against the development of chronic carriers by providing protection prior to exposure, and represents
the most efficient intervention per administered dose. This graph effectively illustrates that newborn
birth-dose vaccination is the most essential intervention for HBV. The considerable separation between
control levels clarifies why the WHO recommends achieving at least 90% HepB-BD coverage as cru-
cial for elimination. Unlike interventions that target existing infections, us prevents new infections
at their source, offering sustainable protection that accumulates over generations. The biological anal-
ysis indicates that birth-dose coverage yields the highest return on investment and is fundamental to
comprehensive HBV control strategies. The trajectory approaching near-elimination with ug = 1.0
emphasizes the critical need for universal birth-dose coverage, especially in high-endemic regions such
as Nigeria.

6 Numerical analysis

The model simulation begins with an assumed total human population distributed between children

and adults. At time ¢ = 0, most individuals are susceptible, with small proportions vaccinated, exposed,

infected, or recovered. These initial values are chosen to reflect typical epidemiological conditions for

Hepatitis B in Nigeria, based on national demographic proportions and reported prevalence estimates.
Let the initial state variables be represented as:

S.(0) = 250,000,  V.(0) = 100,000,  E.(0) = 500,
1.(0) = 200, C.(0) = 2,000, R.(0) = 10,000,
S.(0) = 500,000,  V,(0) =80,000,  E,(0) = 300,
1,(0) = 150, C,(0) = 5,000, Rq(0) = 50,000.

corresponding to the compartments of susceptible, vaccinated, exposed, acutely infected, chronically
infected, and recovered individuals for children and adults respectively.
The specific numerical values used for simulation are based on the total population distribution and
existing HHBV data for Nigeria, ensuring biological realism and consistency with published studies.
Here is a table of parameter values and estimates informed by Nigerian HBV data and literature:
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Table 3: Model parameters, descriptions, values, and sources for the age-structured Hepatitis B model

in Nigeria.

Parameter | Description Value Citation

A Recruitment (birth) rate 3.5 x 10* individuals/year | [1]

1 Natural death rate 1/65 year™! (1]

p Aging rate from children to adults 1/15 year™! Model assumption

Be Effective contact rate for children 3.0 x 107* year™! [18]

Ba Effective contact rate for adults 2.8 x 107* year™! [19]

Ne Relative infectiousness of chronic carriers 0.8 [20]
(children)

Na Relative infectiousness of chronic carriers 0.9 [20]
(adults)

10) Hepatitis B birth dose coverage 0.70 (1]

0. Routine vaccination rate for children 0.85 year™! [

0a Catch-up vaccination rate for adults 0.25 year™! (18]

w Woaning rate of vaccine-induced immunity 0.02 year™! (191

O Progression rate from exposed to acute (chil- 0.30 year™! [21]
dren)

Oq Progression rate from exposed to acute 0.25 year! [21]
(adults)

Ye Recovery rate from acute (children) 0.25 year™! (191

Ya Recovery rate from acute (adults) 0.20 year™! [19]

Ve Progression to chronic (children) 0.10 year™! [22]

Vg Progression to chronic (adults) 0.05 year! [22]

o Recovery from chronic (children) 0.05 year™! [19]

Qg Recovery from chronic (adults) 0.04 year™! [19]

¢ Disease-induced death (children) 0.01 year™! [19]

0q Disease-induced death (adults) 0.015 year™! (191

Do Vertical transmission probability 0.30 [20]

My Relative risk of vertical transmission 0.80 [20]
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Child Infection Dynamics (E_c, |_c, C_c) Adult Infection Dynamics (E_a, I_a, C_a)
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Figure 6: Child and Adult Infection Dynamics (F,, 15, Cy)
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Figure 7: Overall HBV Infection Burden Over Time

Figure 6 illustrates the 3D trajectory of Hepatitis B infection progression through various stages
within the child population over time. The three axes are defined as follows: X-axis (E.) represents ex-
posed children—those infected but not yet infectious (latent period); Y-axis (I..) denotes acute infected
children—those experiencing active, symptomatic infection; and Z-axis (C.) reflects chronic carrier
children—those who have developed a persistent infection. The trajectory likely begins with rapid
movement as the initial exposed population (E. = 500) transitions to acute infection (I, = 200) and
further develops into chronic carriers (C. = 2,000). This trajectory illustrates the natural history of
HBYV in children, demonstrating their movement from exposed to acute to chronic states. The rela-
tively high v.(0.10year) indicates a substantial proportion of infected children progressing to chronic
carriers. Additionally, children’s chronic progression rates are typically higher than those of adults due
to their immature immune systems. Over time, the trajectory stabilizes, suggesting that the system
attains a steady state where new infections balance recoveries and aging out of the child compartment.
The large C; component signifies the significant burden of chronic HBV in children, who are at an
increased risk of developing lifelong infections, cirrhosis, and liver cancer.

The second 3D graph in Figure 6 depicts HBV progression in the adult population, revealing no-
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table differences compared to children: X-axis (E,) identifies exposed adults, Y-axis (I,) represents
acute infected adults, and Z-axis (C},) shows chronic carrier adults. The adult trajectory indicates more
gradual transitions between states, a lower chronic carrier burden relative to acute infections, and the
influence of aging inflows from child compartments. This suggests that adults contribute meaningfully
to transmission due to longer infectious periods and higher contact rates in certain environments. Both
trajectories represent a 100-year simulation that demonstrates how HBV achieves endemic equilibrium
in a population under specified vaccination and transmission parameters. The spiral or curved charac-
teristics of these trajectories illustrate the dynamic interactions between different infection states as the
system progresses from initial conditions toward its long-term equilibrium state.

Figure 7 presents a 2D line plot depicting the total number of infected individuals (I + C') across
both children and adult populations over a century. The vertical axis indicates the combined burden
of acute infections (/. + I,)—individuals with active, symptomatic Hepatitis B—and chronic carriers
(Ce + Cy)—individuals with persistent, lifelong infections. This serves as an essential public health
indicator, reflecting the total number of infectious individuals in the population at any given moment.
The horizontal axis demonstrates the long-term dynamics of Hepatitis B over a hundred years and
allows for the observation of how the infection burden evolves from initial conditions to equilibrium.
This illustrates the effectiveness of HBV transmission through the population and indicates whether
control measures are sufficient. Ultimately, this single graph offers a broad overview of the population-
level impact of Hepatitis B and the efficacy of control strategies across generations.

3D Scatter: Chronic HBV (Children vs Adults)
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Figure 8: Policy Impact on HBV Dynamics and Chronic HBV (Children vs Adults)

Figure 8 presents two distinct 3D plots. The first 3D scatter graph illustrates the impact of policy
on HBV dynamics. The X-axis represents time, indicating disease progression over a 30-year period.
The Y-axis shows chronic prevalence, which refers to the proportion of the population with chronic
HBYV infection. The Z-axis reflects incidence, representing the rate of new infections in the population.
The trajectory displays how chronic prevalence and incidence change together over time. The baseline,
depicted in red, corresponds to current vaccination and treatment policies, while the improved scenario,
shown in blue, illustrates the potential impact of the WHO 2030 targets with enhanced interventions.
The ideal outcome would involve movement toward the origin, depicting both low prevalence and low
incidence, with the improved scenario expected to demonstrate a faster decline toward lower values in
both dimensions.

The second graph depicts chronic HBV cases among children and adults. The X-axis again rep-
resents a 30-year timeline, while the Y-axis displays the number of child chronic cases and the Z-axis
reflects the number of adult chronic cases. This graph indicates the age distribution of the chronic HBV
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burden over time. The baseline is represented in orange, reflecting the current distribution pattern,
and the improved scenario is shown in green, indicating the distribution under enhanced interventions.
There is a more rapid reduction in child cases due to improved birth dose and childhood vaccination,
whereas the reduction in adult cases is slower because of the persistence of existing chronic infections.
The trajectory should also move toward the origin, indicating fewer cases in both age groups. These
graphs illustrate how coordinated vaccination strategies can effectively reduce both new infections (in-
cidence) and long-term disease burden (chronic prevalence) across various age groups, contributing to
HBYV elimination goals. The 3D visualization effectively highlights the multifaceted nature of HBV
control, where time, disease burden, and age distribution must all be considered when assessing the
effectiveness of interventions.

7  Summary and Conclusion

7.1 Summary

This study developed an age-structured deterministic model to describe the transmission dynamics
of Hepatitis B Virus (HBV) in Nigeria, incorporating both vertical (mother-to-child) and horizontal
(person-to-person) transmission pathways. The model stratifies the population into children and adults,
recognizing age-dependent differences in infection progression, immunity, and vaccine response. To en-
sure biological realism, the non-negativity of solutions and the existence of an invariant region were
established, confirming that the system remains epidemiologically meaningful for all time.

The disease-free equilibrium (DFE) was derived and analyzed for stability using the Jacobian ma-
trix, while the basic reproduction number (Ry) was computed via the next-generation matrix method.
Analytical results revealed that when Ry < 1, the DFE is both locally and globally asymptotically
stable, verified using the Castillo-Chavez and Song approach. Conversely, when Ry > 1, infection
persists, and the endemic equilibrium was shown to be globally stable through the construction of an
appropriate Lyapunov function, signifying the long-term persistence of HBV under endemic condi-
tions.

An optimal control analysis was performed to evaluate the impact of three time-dependent in-
terventions: childhood vaccination (u1), adult catch-up vaccination (u2), and birth-dose vaccination
(u3). The associated objective functional minimized infection prevalence and control costs. Numerical
simulations provided insights into the temporal and structural dynamics of HBV transmission under
different control scenarios.

Figures 2 and 3 demonstrated that intensifying childhood vaccination (u1) significantly reduces
acute infections among children, with a delayed but notable decline in adult infections due to indirect
herd protection. However, the resurgence of infections following reduced control efforts highlights
the necessity for sustained intervention programs. Figure 4 compared adult infection trajectories under
varying control levels, revealing that adult catch-up vaccination (u2) can markedly lower both acute and
chronic infections, though complete eradication remains limited by slow clearance rates and persistent
child-to-adult transmission.

Figure 5 examined the influence of birth-dose vaccination (u3), demonstrating that higher coverage
levels yield substantial declines in new infections, with (u3 = 1.0) approaching near-elimination condi-
tions. This confirms the birth dose as the most effective strategy for interrupting vertical transmission
and preventing chronic carrier formation. Figures 6 and 7 further visualized the infection trajectories
within child and adult populations, showing the natural transition from exposure to chronic infection
and the eventual stabilization at endemic equilibria. The simulations confirmed that children bear a
disproportionate chronic burden due to immature immune responses, reinforcing the importance of
early immunization.

Finally, Figure 8 illustrated policy-driven dynamics, showing that achieving the WHO 2030 HBV
elimination targets would accelerate declines in both incidence and chronic prevalence. Improved vac-
cination strategies not only reduce new infections but also shift the chronic burden away from future
generations.
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In summary, the analysis and simulations demonstrate that comprehensive age-specific vaccina-
tion—particularly universal birth-dose and sustained childhood immunization—remains the most ef-
fective and cost-efficient strategy for HBV elimination in Nigeria. The model provides a robust ana-
lytical and computational framework to guide public health planning, ensuring long-term control and
potential eradication of HBV across all age strata.

7.2 Conclusion

This research has developed and analyzed a deterministic model structured by age for the transmission
dynamics of Hepatitis B Virus (HBV) in Nigeria, considering both vertical and horizontal transmission
pathways. The theoretical foundation of the model was established through the derivation of an invari-
ant region, confirmation of the non-negativity of solutions, and a comprehensive stability analysis. The
calculation of the basic reproduction number Ry provided an important epidemic threshold, with ana-
lytical results indicating that the Disease-Free Equilibrium (DFE) is locally and globally asymptotically
stable when Ry < 1, while the Endemic Equilibrium is globally stable when (Ry > 1), highlighting
the model’s effectiveness in illustrating the persistent nature of HBV in endemic contexts.

The numerical simulations provided important public health insights, emphasizing the unique and
combined functions of various vaccination strategies:

1. Childhood Vaccination (u):The results indicate that increasing routine childhood vaccination
offers immediate protection to children, as shown by the significant decrease in acute child in-
fections (I.). The more gradual reduction in adult infections (/) highlights the strong, delayed
cohort effect and herd immunity resulting from this initiative. Nevertheless, the rapid increase
in infections following the end of a vaccination campaign clearly demonstrates that controlling
HBYV is not a short-term task; it necessitates ongoing, high-coverage vaccination programs to
sustain long-term advantages.

2. Adult Catch-up Vaccination (u3): The implementation of adult vaccination results in a rapid
decrease in acute infections among adults, providing direct protection to a significant group of
transmitters. In contrast, its effect on the chronic adult carrier population (C,) is more grad-
ual, limited by the slow natural clearance rate and the continued progression of existing acute
infections. This intervention notably decreases the overall disease burden, but it is not sufficient
for complete elimination, as it does not tackle the reservoir of infection present in children and
chronic carriers.

3. Birth-Dose Vaccination (u3): The analysis highlights birth-dose vaccination as the most effec-
tive single intervention for achieving HBV elimination. By preventing vertical transmission at
its source, (u3) serves as a primary prevention tool. The trajectory under complete birth-dose
coverage (us = 1.0) approaches near-elimination levels, significantly changing the long-term
course of the disease by stopping the formation of new chronic carriers from birth. This finding
strongly supports the World Health Organization’s focus on attaining high HepB-BD coverage
as a fundamental aspect of HBV control.

The 3D and long-term trajectory plots clarify the complex natural history of HBV, illustrating the
high rate of progression from acute to chronic states in children and the significant burden of chronic
carriers. The century-long simulation of total infected individuals offers a realistic perspective on the
disease’s endemic persistence, while also indicating that coordinated interventions could significantly
reduce this equilibrium.

This study indicates that a comprehensive, age-targeted strategy is necessary for addressing Hepatitis
B in Nigeria. While catch-up vaccination for adults can lead to immediate decreases in transmission,
vaccination in childhood provides important direct and herd protection. However, the universal and
timely administration of the birth-dose vaccine appears to be the most effective and sustainable approach
to disrupt the cycle of transmission and work towards the elimination of HBV as a public health
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concern. The model functions as a useful resource for policymakers to simulate and optimize the
allocation of limited resources for the greatest long-term benefit.
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