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Abstract

Hepeatitis C virus (HCV) remains a critical public health concern globally, including in
Bangladesh. In this study, we employed a mathematical modeling framework to analyze
the national dynamics of HCV infections and associated mortality in Bangladesh. Utiliz-
ing surveillance data from the Directorate General of Health Services, we examined the
epidemiological trajectory of HCV and assessed the impact of various intervention strate-
gies. The Next Generation Matrix approach was employed to derive basic reproduction
numbers, and the model was calibrated with observed HCV incidence data to estimate
some model parameter values. We conducted sensitivity analysis to assess how variations
in model parameters affect HCV prevalence, revealing that transmission rates of both
drug-susceptible and drug-resistant strains have the greatest impact. Additionally, bifur-
cation analysis was performed to examine parameter thresholds and assess the stability
of the system. We then used the model to estimate the impacts of various intervention
policies on reducing HCV cases and deaths. Among single interventions, increased effective
treatment for drug-susceptible cases proved to be the most rapid and effective strategy for
reducing the total number of both drug-susceptible and drug-resistant HCV cases, as well
as mortality. Additionally, our results imply that combining interventions increases their
overall effectiveness, achieving substantial reductions in cases and deaths with relatively
modest investment. However, complete eradication of HCV in Bangladesh would require
significantly greater resources.

Keywords: Hepatitis C virus; mathematical modeling; sensitivity and bifurcation analysis;
interventions; Bangladesh

MSC: 34Do6; 65L07; 93B45

1. Introduction

Hepatitis C virus (HCV) infection is a major global public health concern and a
significant cause of death, morbidity, and indirect economic loss. HCV is a bloodborne
pathogen that, if left untreated, can lead to advanced liver diseases, including cirrhosis,
hepatocellular carcinoma (HCC), and liver failure [1]. People who inject drugs (PWID)
are among the highest-risk group for HCV infection and represent an important target for
prevention efforts [1]. Globally, HCC accounts for 75-85% of primary liver cancer, while
intrahepatic cholangiocarcinoma (ICC) accounts for 10-15% [2]. HCV is responsible for
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more than 350,000 deaths annually and contributes to approximately 25% of HCC and
27% of cirrhosis cases worldwide [3]. Notably, men experience two- to threefold higher
incidence and mortality rates compared with women [4].

The Asia-Pacific region has the highest HCV prevalence and contributes disproportion-
ately to liver cancer-related mortality worldwide [5-7]. In Bangladesh, HCV is responsible
for 30% of cirrhosis cases and 17% of HCC cases, with incidence increasing particularly
in urban populations such as Dhaka [8]. Transmission of HCV in Bangladesh is primarily
associated with unsafe medical practices, intravenous injections, the work of barbers, and
the piercing of bodies [9]. More than 70% of reported HCV cases occur in men, with
most chronic infections affecting individuals aged 30-50 years [10]. HCC is the third most
important cause of cancer-induced mortality in Bangladesh, accounting for more than
20,000 deaths annually [11].

HCV genetic diversity poses a major challenge for vaccine and therapeutic develop-
ment, as circulating genotypes vary geographically. Globally, genotypes 1, 2, and 3 are
most prevalent [12-16]. Although direct-acting antivirals (DAAs) have revolutionized
treatment and achieve sustained virologic response in more than 90% of patients, access
in Bangladesh remains largely restricted to the private sector due to inadequate health
insurance coverage [13,17]. The World Health Organization (WHO) has set ambitious
goals to reduce HCV-related mortality by 65% and an 80% reduction in prevalence by 2030.
Achieving these targets requires coordinated efforts in both treatment and prevention [17].

Chronic HCV infection is the consequence of failure of the host adaptive immune
response to eradicate the virus, leading to T cell dysfunction, impaired cytokine production,
and apoptosis of virus-specific immune cells [18-27]. While antiviral treatments, including
interferon-based regimens and DAAs, can achieve long-term virologic response, the absence
of an effective vaccine underscores the importance of harm-reduction strategies to prevent
transmission [28-30].

Mathematical modeling has become an essential tool for understanding HCV transmis-
sion dynamics, predicting disease spread, evaluating intervention strategies, and guiding
public health policy [31-36]. Modeling has been used to simulate HCV evolution, assess
treatment outcome, and evaluate vaccination and harm-reduction policy, thereby optimiz-
ing control strategies [35,37—40]. They allow policymakers to assess the effectiveness and
cost-effectiveness of screening, treatment scale-up, and harm-reduction programs while also
identifying optimal strategies for high-risk groups such as PWID [41]. Importantly, model-
ing supports global elimination goals by projecting the impact of interventions needed to
achieve the WHO's 2030 targets. In addition, it provides a safe and cost-effective platform
for scenario testing, guiding resource allocation, and optimizing treatment regimens to
minimize resistance and relapse.

In this study, we develop a mathematical model to analyze HCV transmission dynam-
ics and evaluate the potential effect of vaccination and antiviral treatment in Bangladesh.
The model aims to inform strategies for inhibiting viral replication, minimizing infection-
related complications, and informing evidence-based interventions to control HCV at the
national level.

2. Methods and Materials

We adapted a previously published two-strain HCV transmission dynamic model [42],
which incorporates both drug-susceptible and drug-resistant infections, and extended
it to include a double-dose vaccination strategy. The model consists of the following
compartments: susceptible individuals, S(t), who are healthy but at risk of infection;
infected individuals with drug-susceptible HCV, I (t), representing those initially infected
and actively transmitting the drug-sensitive strain; infected individuals with drug-resistant
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HCV, I;(t), who are at higher risk of treatment failure and contribute to the persistence
of resistant strains; and recovered individuals, R(f), who have cleared the infection either
through treatment or natural recovery. Further, the people who obtained the first dose
of the vaccine, termed V1 (), remain susceptible to the sickness, whereas the people who
received the second round of vaccination, labeled V,(t), are no longer at risk of getting
sick (see Figure 1). However, in our model, we considered the total population size to be
constant and homogeneously mixed. As a result, each person in a compartment has the
same infectiousness, disease susceptibility, and frequency of transmission as every other
person. This ignores the social behaviors of children and older adults, which are known to
be significant risk factors in the spread of HCV.

¢

}

H u

Figure 1. Model for Hepatitis C distribution and immunization.

The arbitrary per capita rate, y, represents the natural birth and mortality processes
occurring in each compartment. Transitions from the susceptible class (S) to the drug-
susceptible strain (I;) occur at a constant rate 3;. In addition, individuals move from
the susceptible class (S) to the drug-resistant strain (I;) at constant rates $,. The drug-
susceptible infected population also moves to the drug-resistant infected compartment at
a rate p, representing the acquisition of resistance. Biologically, this reflects the process
whereby an individual initially classified as drug-susceptible develops resistance during
treatment or follow-up, which constitutes the primary pathway through which drug
resistance emerges within the population. The drug-susceptible and drug-resistant infected
population experience disease-related death at rates of ¢; and 1, respectively. The drug-
susceptible and drug-resistant infected populations (I;) and (I) move to the recovered
compartment due to the treatment/recovery at constant rates of § and <y, respectively.
Individuals receive their first vaccine dose (V) at rate «, progress to the second dose (V2)
at rate w, and may revert from the first-dose class (V) to the susceptible class (S) at rate
0. The second dose vaccinated people move to the recovery compartment at a rate x. The
recovery people move to the susceptible compartment at a rate ¢ due to the rate of loss
of immunity.

Here, according to the proposed model, we have the following nonlinear ODEs:

ds
E:yN_/sllls—ﬁZIZS—aS—yS+aV1+(pR, 1



Mathematics 2025, 13, 3009 4 of 25
dV;
d—tl:ocS—(U—i—w—i—y)Vl, (2)
A%
= wVi— (kt )V, ©
dl
ar =B1LS— 6+ +p+u)h, (4)
dl,
e BolbS+ply — (Yo +pu +7)h, (G))
dR
T O + L +xVo — (u+ @)R, (6)
and
N(t) =N= S(t) + W (t) + Vz(t) + I (t) + Iz(t) + R(t). (7)
With the following positive initial conditions:
S(0) = So > 0; I;(0) = Ijo > 0; I(0) = Ip > 0; V1(0) = V3o > 0;
Vz(O) =V >0; R(O) = Rg > 0. (8)

S(t) = Spexp (

The positivity and boundedness of the solution (for all t > 0) of the proposed model
(1)—-(6) with the initial conditions (8) can be easily performed.

3. Model Analysis
3.1. Positivity and Boundness Analysis
Positive Invariance

Here, we investigate the nonnegative condition of the dynamic variable for all
t > 0, RS. To demonstrate the nonnegativity, we assert the following theorem.

Theorem 1. If the solution set (S(t), (t), I(t), Vi(t), Va(t), R(t)) of the proposed model
satisfy the condition S(t) > 0, I1(t) >0, I(t) >0, Vi(t) >0, Va(t) > 0and R(t) > 0 subject
to the initial condition (8) for all t > 0, then the model (1)—(6) is positive invariant and attracting
within RY,.

Proof. We choose the first equation (1) of our proposed model which can be written

as follows: i
7 = MN—p1 LS —po bS —aS—puS+oVi+¢R
das
E:yN—i—UVH—(pR—@S ©9)

where © = (B1L + Bolr +a + p).

Integrating (9), we get the following expression:

/Ot @(u)du) + (uN +0oVp + (pR)exp<./Ot @(u)du) /O‘t (exp/os @(v)dv) ds

Hence the proof. [

3.2. Positive Invariance for All Variables

Here, we perform positive invariances for all variables. From the second equation of
our model, we obtain the following:

avy
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dv,
dt

Solving the above equation, we obtain the following expression:

> —(c+w+uW

t
Vi(t) > Vigexp (—/0 (c+w + y)du) >0

Which reveals that V;(t) is non-negative for all , where Vjj is the initial value (at
t = 0). Similarly, we can deduce that the solution trajectories for the rest of the dynamic
variables of the system remain positive for all ¢t > 0 and they are as follows:

Vo (t) > Vaoexp (—/Ot (x + y)du) >0
I (t) > Lexp (—/Ot (O+¢1+p+ y)du) >0

t
Iz(t) > Ixpexp (/0 (4’2 +u+ ’)’)dix[) >0

ot

R(t) > Roexp </0 (n+ (p)du) >0

3.2.1. Boundedness

In this section, we analyze models (1)—(6) to determine the biologically feasible solution
set. The following theorem assures that the solutions of the system are bounded in the set
with the non-negative conditions.

Theorem 2. The feasible solution set of the system (1)—(6), subjected to the initial conditions (8),
which initiate in RS, are uniformly bounded in I,

where T = {(S,V1,Va, 11,1, R) €RS : S+ Vi + Vo + [ + L + R = N} is the positively in-
variant region.

Proof. Using the non-negative initial conditions of (8) in the system (1)—(6), it is observed
that each of the dynamical variables remains non-negative (Theorem 1). So, adding each
of the equations of the system (1)—(6), we obtain the total population size, N(f) which
satisfies in the absence of death case owing to drug-susceptible and drug-resistant HCV
individuals [41], then we get the following:
dN
a =
Integrating the above equation, we have the following:

N(t) = constant.

Accordingly, given the assumption of a constant total population size, it follows that
all feasible solutions of the dynamical variables S, Vi, V,, I;, I, R —are bounded within
a positively invariant region. U

3.2.2. Disease Free Equilibrium and Basic Reproduction Number

This section identifies the disease-free equilibrium (DFE) points of our proposed
model (1)—(6). The disease-free equilibrium occurs when the basic reproduction numbers
(Ro1 and Rqp) are less than 1, and the infection dies out.

To find the DFE from our proposed model (1)—(6), we assume that the disease com-
partments are zero, i.e., I = I = 0. This implies that the other compartments (S, V1, V) are
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not infected by the disease. So, at the infection-free steady-state I; = I, = R = 0. Therefore,
the DFE can be written as follows:
E® = (8%, V9, V318,18, RO),

_ ( uN(o+w+p) puNo pNocw 0.0 0)
(a+p)(o+w+p)—ao’ (a+p)(o+w+p)—oo’ ((x+p)(o+w+p)—ao)(k+p)’ 77" )"

The quantity of supplementary occurrences that are expected to result from spreading
a single virus among a group of people that is fully susceptible is referred to as the model’s
basic reproduction number. More people contract the infection and commence acting
consistently anytime the basic rate of reproduction rises above 1. Once more, because
reproduction’s fundamental quantity is smaller than one, the overall population that
contains contaminated individuals is generally likely to be zero.

The model is made up of four uninfected cases (S, V4, V, and R) along with two in-
fected states (I;, and ). In this situation, the model consists of six unique states, even
though the total population remains unchanged. At the free steady diseases, we have
I, 19, R =0and S° = uN(otw i) -~ Therefore, S do not convey the concept

T (atp)(o+w+p)—oo
alongside state variables (I, Ip).

We have the following system:

dl

= BhS — (6 + 1+ p + (10)
dlp
I =BobS+ph — (Yo +u+ 7D, (11)

Our framework ODE (10) and (11) serves as the subsystem for infections. It solely
specifies the generation of new infections and adjustments to the status of existing infections.
Let XT be defined as (I;, I,), with T indicating the transpose. We now aim to represent the
subsystem in the following manner:

X= (F+V)X (12)

The matrix F denotes the transmission matrix, while V signifies the transition matrix.

We derived these two matrices from Equations (10) and (11) by differentiating the transmis-
sion events from one another’s process. When we label the affected states with indices i, j

and belong to the seti, j € 1, 2, the rate at which a specific state j produces individuals in
the infected state i of the system, we obtain the following:

Fo (P19 0 Y anavo (@R 0 _
0 pS P —(2+p+7)

Then, the inverse of V is as follows:

-1 0
vl — ( w+%;mw) . )
Ot (atpty)  (otut)
0 1
K:FV]::<mS 00)< (M%?Hm 2 >’
0 623350 T o) atnty) (Wt ptr)
1
_ (0+1+p+p) 0
B2S% B,S°

O+y1+o+u) (Y2tpty)  (Patpty)
The largest eigenvalues of the matrix K are the basic reproduction numbers. The basic
reproduction numbers are as follows:

BiuN(p + w + o)
6+ +pu+p)((x+p)(p+w+o)—ao)

Ro1 =
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and
n BouN(p + w + o)

W+ +u)((a+p)(p+w+o)—ao)

The basic reproduction number refers to the expected number of secondary cases

Ry = (

generated by a single infected individual in a population that is entirely susceptible. When
both basic reproduction numbers Ry and Ry, are greater than one, each case leads to more
than one new infection, allowing the disease to spread and persist within the population.
Conversely, when Rg; and Ry are less than one, the number of infected individuals will
decline over time, and the disease will eventually die out.

3.2.3. Endemic Equilibrium Points

Here, we evaluate three endemic equilibrium points such as drug-susceptible strain
endemic equilibrium, drug-resistant strain endemic equilibrium and co-existent endemic
equilibrium points, each of which holds significant implications for our understanding of
the system.

For the drug-susceptible endemic equilibrium, we consider the infected compartment
(Ip) is zero i.e.,, I =R =0 and I # 0. Thus, the mathematical expression for the drug-
susceptible endemic equilibrium is given bellow:

B = (8, Vi, VLI I RY), where

gt _ B+pritotu)

B1 ’
Vi x(d+ 191 +p+p)
1_ 7
Bi(c+w+p)
vi_ xw (841 +p+u)
2

CBilctw+p)(k+u)

o MNBi(o+wtp) —(w(w+p) +p(c+w+p)@+ir+p+n)
! Bilc+w+u)(d+91+p+nu)

, =Rt =0

For the drug-resistant strain endemic equilibrium, we consider the primary infected
compartment (I;) is zero ie., Iy = R =0 and I, # 0. Thus, the mathematical expression for
the drug-resistant strain endemic equilibrium is given bellow:

E' = (S%, V], VL IL I RY), where

gt — (P2 +p1+vy)

P2 '
yt o P2ttty
' Blotwtp)
vt aw(fp+u+y) 4 0,

2T Balo @)+’
_ NBp(r+w+p) = (@(@+ ) + (e + @+ ) (W +uty)
Ba(0+w+p) (b +p+v)
Rf =0.
For the co-existent endemic equilibrium, we consider all disease dynamic variables to

be non-zero, i.e, S # Vi #Vy #1;" # #1I, # R # 0. Hence the mathematical expression
of the disease-endemic equilibrium point is as follows:

E* = (S*, V], V3, 1],1;,R"), where

5
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R*

g Btpritoty)

B1 '

Nl D)
! B1(0+w+p)

vr o aw@+ i totu)

2 Bt wtp)(k+p)

((Ror = 1)(a(w +p) + p(o+w+p)) (x + p) (¢ + u) + axwe)
B+pr+to+u)Br(pa+u+7)—B2d+1+p+n))

61(0+W+#)(K+u)<

(B1 (2 + 1+ ) — Ba(6 + 91 +p + 1)) )
@+ +po+u)+ oW1 +po+n) +o(B26+1+p+p)(¢+u) —v¢p1)

P((Ro1 — 1)(a(w +p1) + p(0 + w + p)) (1 + ) (¢ + ) + axwp) (8 + 1 +p + 1)

(a+w+y)(;<+u)<(y(

B2 +pu+v) = B0+ 91 +p+p)) )
S+irt+p+u)+o(pr+o+u) +o(B2(6+¢1+po+pu)(P+un) —vpp1)

((Rm — 1) (w(w + )+ p(o+w+ 1) (6 + ¢ +p+u)(K+#)>
(0(B1(Y2+pu+7q) = P20 +¢1 +p+u)) +v0B1)

k(8 + 1+ + 1) (P2 + Pr(Y2 + 1 +7) — P26+ 1 +p+ )

Bl(U+W+H)(K+u)<

(13)
(B1(2 + 1+ 7) — Ba(6+ 1 +p + 1)) >
(He+vr1+p+u)+¢W1+p+u)+p(B20+ 1 +p+pu)(¢+u) —r9p1)

Equation (13) indicates that, when the disease is present and continues to spread within
the community, the system attains a disease—endemic equilibrium point is as follows:

E* = (S*,V}, V5, I, L, R*) eIl

4. Results and Discussion

Numerical simulations were carried out in MATLAB programming language version
2021 by formulating the model equations as a system of ODEs and solving them with the
built-in solver ode45. Parameter estimation was performed by fitting the model outputs to
available epidemiological data using least-squares minimization, and the estimated values
were then applied in subsequent analyses. Sensitivity analysis was conducted by varying
key parameters to assess their influence on the basic reproduction number and equilibrium
levels. Bifurcation analysis is used to explore how the qualitative behavior of our system
changes as one or more parameters are varied. Furthermore, scenario analyses were carried
out to evaluate the potential effects of alternative intervention strategies, such as changes
in vaccination or treatment rates. All computations and visualizations were performed
in MATLAB.

4.1. Parameter Estimation

A critical factor influencing the spread of HCV is human-to-human transmission; thus,
the transmission rate represents a key parameter for outbreak dynamics. To estimate this
and related parameters, we analyzed HCV incidence data in Bangladesh from 2005 to
2015 [42]. Figure 2 illustrates the observed HCV incidence rates (red circle) alongside the
model-fitted curve (solid blue line), with a 95% confidence interval (CI) represented by
green-shaded boundaries. This graphical representation highlights the close alignment
between observed data and the fitted model, providing evidence for the robustness and
reliability of the parameter estimation approach.
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Figure 2. The red dot indicates hepatitis C (HCV) incidence data in Bangladesh, while the solid blue
curve shows the best fit, and the green-shaded area represents the 95% confidence interval (CI).
These parameters were obtained by adapting the model to established instances
of infection in Bangladesh in order to guarantee accuracy. As shown in Table 1, the
values of the remaining parameters were gathered from reliable literature sources. This
all-encompassing method improves the model’s fidelity and makes it possible to make
better-informed decisions on public health measures. The least-squares method is used
to estimate model parameters. It is defined as } (M (t,x) — Kactual)z, where K,ctual is the
measured number of people who are infected and M(t, x) is the simulation’s remedy
that describes the number of contaminated humans over time t employing a parameter
estimation set x [41]. Its goal is to minimize the average of squared variances between the
actual and anticipated values. We can guarantee reliable parameter estimates and precise
modeling of the infection processes in Bangladesh by using this strict methodology.
Table 1. Illustration and approximation of the model components.
Illustration Symbol Value Citations
Bangladesh’s population by 2015 N 159,000,000 [18]
Rate of births and deaths i % per year [42]
The transmission rate for DS HCV 31 2.7699 x 10~° Fitted
The transmission rate for DR HCV 62 1.421 x 10712 Fitted
Vaccination rate at the first dose w 0.64 [42]
The growth rate between V; and S o 0.60 [42]

The growth rate between S and V; o 0.63 Fitted
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Table 1. Cont.

Illustration Symbol Value Citations
Second-dose vaccination rate K 0.8 Fitted
The mortality rate associated with DS HCV infection P 0.37 per year [42]

The mortality rate associated with DR HCV infection Py 0.37 per year [42]
Amplification rate p 0.035 [42]

The growth rate between I; and R d 0.29 per year [42]

The growth rate between I, and R 2% 0.29 per year [42]

Rate of loss of immunity ¢ 0.10 per year [42]

We assume the initial condition for the state variables in the following way:
N(0) = 159000000, V;(0) = 300,V»(0) = 30,1;(0) = 120,1,(0) = 70,R(0) = 0 and
5(0) = N(0) = V1(0) — V2(0) — [(0) — I2(0) — R(0).

4.2. Sensitivity Analysis

Sensitivity analysis is a critical tool to identify the most influential parameters affecting
model outcomes [31]. In this study, we conducted a sensitivity analysis to determine
which parameters have the greatest impact on the model outputs. This process highlights
the key drivers of infection dynamics and offers valuable insights for effective outbreak
control. We employ Latin Hypercube Sampling (LHS), a robust and efficient sampling-
based technique, combined with Partial Rank Correlation Coefficient (PRCC) analysis, a
global sensitivity method [31]. PRCC specifically assesses the monotonic relationships
between input parameters and model outputs by analyzing residuals from linear regression
models. This residual-based approach is particularly well-suited for nonlinear systems,
allowing for a more reliable evaluation of parameter influence.

Figures 3 and 4 present the results of the sensitivity analysis of the basic reproduction
number (R¢;) using Latin Hypercube Sampling (LHS) and Partial Rank Correlation Coeffi-
cients (PRCC). This analysis evaluates the impact of key epidemiological parameters on Ry;.
The PRCC results were further visualized using a violin plot (Figure 3). Each parameter
was ranked based on its relative impact on Rg;. The result of these analyses indicates that
the transmission rate (1) exhibits the highest PRCC value (+0.262), indicating a strong
positive influence on Ry;. Two primary visual outputs were generated: the PRCC violin
plot (Figure 3) and the residuals plot (Figure 4). The residual plot in Figure 4 illustrates the
partial dependency between each parameter and Rp; while accounting for the correlations
with other variables. Each subplot displays the correlation between the residuals of the
ranked input parameter (y-axis) and the residuals of the ranked Ry values (x-axis). The
red regression line in each subplot indicates the strength and direction of the partial corre-
lation, where the slope reflects whether the parameter positively or negatively influences
Rp;. Parameters with positive slopes—such as f; and c—are identified as transmission-
enhancing factors, while those with negative slopes—such as w, &, J, 1, p and y—act as
transmission-suppressing factors.

Figures 5 and 6 present the results of the sensitivity analysis of the basic reproduction
number (R¢2) using Latin Hypercube Sampling (LHS) and Partial Rank Correlation Coeffi-
cients (PRCC). This analysis evaluates the impact of key epidemiological parameters on Roj.
The PRCC results were further visualized using a violin plot (Figure 5). Each parameter
was ranked based on its relative impact on Rp,. The result of these analyses indicates that
the transmission rate (82) exhibits the highest PRCC value (+0.111), indicating a strong
positive influence on Rgy. Two primary visual outputs were generated: the PRCC violin
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plot (Figure 5) and the residuals plot (Figure 6). The residuals plot in Figure 6 illustrates the
partial dependency between each parameter and Ry, while accounting for the correlations
with other variables. Each subplot displays the correlation between the residuals of the
ranked input parameter (y-axis) and the residuals of the ranked Rg, values (x-axis). The
red regression line in each subplot indicates the strength and direction of the partial corre-
lation, where the slope reflects whether the parameter positively or negatively influences
Rpp. Parameters with positive slopes—such as 8, and c—are identified as transmission-
enhancing factors, while those with negative slopes—such as w, «, ¥, v and y—act as
transmission-suppressing factors.

PRCC Value

Parameter Residuals (Ranked)

Parameter Residuals (Ranked)

0.8 |
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0.4

0.2
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Figure 3. PRCC values indicating how sensitive Ry is to important epidemiological parameters.
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Figure 4. Generate partial residual plots to show the relationship between ranked parameter values
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Figure 6. Generated partial residual plots showing the relationship between ranked parameter values
and Rpp after controlling other parameters.

4.3. Bifurcation Analysis

Bifurcation analysis is carried out to investigate the influence of changes in transmis-
sion parameters on the qualitative behavior of the HCV transmission model. The analysis
indicates that the system undergoes a forward bifurcation and that reducing the transmis-
sion rates below the critical threshold ensures disease elimination. Nevertheless, when the
threshold is exceeded, the disease-free equilibrium becomes unstable, and a stable endemic
equilibrium emerges.
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Theorem 3. The HCV model presented by Equations (1)—(6) undergoes a forward bifurcation
at B1 = B when Ry = 1, if the bifurcation coefficients a and b satisfy a < Oand b > 0.

Proof. Let the state variables be renamed as follows: x; = S,xp; = Vy,x3 = Vp,x4 = 13,
x5 = Ip,x¢ = R. Then the system (1)—(6) is written as follows:

ds
X1 = f1 = a = uN — 61118* 62128*OCS*LLS+O'V1+(PR
dv
xp =f1 = ditl =aS—(c+w+wVy
dv
X3 =f3 = =12 = wV; — (K—FLL)VQ
dt
dI,
=f, == =B LS —al
X =My = B15hS — Ly
dI
x5 = f5 = ditz = BolaS + ply — boln
dR
xe = fg = G 8l + v + kV, — CR
where
ag =8+ +tpt+tpubr=v,+p+y, C=p+eo
The basic reproduction numbers are Ry; = &r&%, Ry = xpz&zisiw with overall

threshold Ry = max {Ry1, Rgp}. O

The bifurcation parameter is chosen as 1. Solving for 3] from the condition Ry; =1
gives the following:

* ai
f’l = @
where the susceptible population is as follows:
0 uUN(o + w + w)
(et p)(o+wtp) —oao

At the disease-free equilibrium (DFE), 1 = I, = R = 0 and the DFE is

B = (8%, V{,V4,0,0,0) with

V.0 — uNoc v,0 — uNow
Vo e+ w)(o+w+p)—ao’ 2 ((a+p)(o+w+p) —ao)(k+p)

The Jacobian matrix of the system evaluated at E0 with g, = B is as follows:

— (o4 ) o 0 —Bis®  —B,SY o

o —(o+w+n) 0 0 0 0

. 0 w —(k+p) 0 0 0
I= 0 0 0 0 0 0
0 0 0 p $,8%—b, 0

0 0 K ) v —C

At By = B, the Jacobian of the system at E? has a simple zero eigenvalue with all
of the other eigenvalues having negative real parts by applying the technique [43]. The
corresponding eigenvectors are then found as per the Castillo-Chavez & Song methodology.
The right eigenvector w satisfies relations between the following components:

o xw 0 4 o KW+ w4 yuwd

2 ey BT ot )t ) T g0 Y H+g
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With normalization, W, > 0and W; < 0, and the left eigenvectorisv = (0, 0, 0, v4,0, O)T,
vy > 0.
The bifurcation coefficients are as follows:

a=2vpjwiws < 0and b = v4wsS° > 0.
Hence, the system experiences a forward bifurcation at Rg; = 1.

Theorem 4. The HCV model presented by Equations (1)—(6) undergoes a forward bifurcation
at By = B5 when Ry = 1, if the bifurcation coefficients a and b satisfy a < 0 and b > 0.

Proof. By the same argument, the threshold value is 5 = % At this value, the Jacobian at
the DFE again has a simple zero eigenvalue. The respective eigenvectors can be similarly
formed, and bifurcation coefficients are provided to fulfill a < 0 and b > 0. Hence, the
system undergoes a forward bifurcation at Ry; = 1. For Rg; < 1, the DFE is locally
asymptotically stable with no endemic equilibrium, but when Rp, > 1, the DFE loses
stability, and a unique endemic equilibrium emerges. [J

After determining the partial derivatives of the system and substituting the parameter
values and eigenvectors, it is verified that the HCV model experiences a forward bifurcation
at the critical values Ry; = 1 or Rypp = 1. The moment either threshold condition is reached,
the disease-free equilibrium will be unstable and a stable endemic equilibrium will arise
(see Figures 7 and 8). Here, the bifurcation parameters are 31 and (3, transmission rates of
the susceptible population, with the constraint Ry; = 1 or Rpp = 1.

Stable DFE

' Stable DFE Unstable EE

; 4
0 0.2 0.4 0.6 0.8 1
Transmission rate (51)

Figure 7. Shows forward bifurcation in the plane drug-susceptible HCV-infected population (I;) and
transmission rate (f1).
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Figure 8. Shows forward bifurcation in the plane drug-resistant HCV-infected population (I,) and
transmission rate (7).

Bifurcation analysis here highlights how the qualitative dynamics of the system change
with variations in the basic reproduction numbers. When both Ry; < 1 and Ry, < 1, the
system is stable in a disease-free equilibrium, such that HCV infections will eventually
disappear. Conversely, if either Ry; > 1 or Rgp > 1, the system has an endemic steady state,
and the disease is sustained within the community. These results highlight the need to
maintain both reproduction numbers below unity in order to eliminate HCV, since rates
greater than one for either pathway will sustain ongoing transmission.

4.4. Scenario Analysis

For the scenario analysis, we developed five possible intervention options to investigate
Bangladesh’s HCV structure. These situations are detailed in Tables 2 and 3. We examined
the effects of these reactions from 2022 to 2039 by parameterizing them in accordance with
our suggested model framework. Bangladesh is among the front-runners in the vaccination
program, offering unfettered access for HCV-positive individuals; however, as we have demon-
strated, Bangladesh will continue to find it difficult to reach the WHO HCV fatality target. The
growing chronic HCV population contributed to the escalating course of mortality due to liver
disease prior to the vaccine era, which is a crucial element in evaluating the viability of fatality
goals, with 2022 serving as the base year. A 65% decrease in the death rate from HCV liver
disease would only be possible in the most optimistic treatment scenario, which only includes
individuals with chronic HCV. Therefore, this study emphasizes the necessity of intervention
scenarios for lessening Bangladesh’s burden of HCV incidences and fatalities.

During the years 2022-2039, Scenario 1 mimics the programming condition continuing.
Five different intervention strategies were employed throughout this period: increasing the
first and second dose vaccinations; enhancing the rate of therapy for drug-susceptible and
drug-resistant cases; and finally, decreasing the amplification rate of HCV. We executed
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these as individual interventions and assessed them against the baseline data (refer to
Table 2) to examine the effect of each intervention on cases of drug-susceptible and drug-
resistant HCV. In this scenario, the vaccination rates for the first and second doses rose from
64% and 80% to 100%, respectively. Furthermore, the treatment rate for drug-susceptible
and drug-resistant HCV improved from 20% and 70% to 100%, respectively. Finally, the
amplification rate decreased from around 0.035 (baseline) to 0.00001.

Table 2. A hypothetical single intervention strategy was implemented in our proposed HCV model
for Bangladesh, covering the period from 2022 to 2039.

Parameters Parameter Estimated HCV ~ Reduction from  Estimated HCV Reduction from
Values (%) Annual Cases Baseline Annual Mortality  Baseline
Baseline (64) 3485 000 713 000
75 2838 647 573 140
80 2606 879 523 190
“ 85 2405 1080 479 234
90 2220 1265 442 271
100 1939 1546 381 332
Baseline (70) 3485 000 713 000
85 3410 75 696 17
90 3327 158 678 35
" 95 3234 251 658 55
97 3130 355 635 78
100 3013 472 608 105
Baseline (0.20) 3485 000 713 000
84 1247 2238 240 473
90 709 2776 131 582
0 95 387 3098 67 646
97 204 3281 33 680
100 54 3431 7 706
Baseline (0.70) 3485 000 713 000
78 2639 846 708
85 2251 1234 706 7
! 90 2050 1435 705 8
95 1882 1603 704 9
100 1739 1746 703 10
Baseline (0.035) 3485 000 713 000
0.005 2671 814 687 26
0.002 2219 1266 661 52
3 0.0009 1935 1550 636 77
0.0005 1290 2195 611 102
0.0001 955 2530 587 126

The results from scenario 1 are presented in Figure 9 and Table 2. In scenario 1, we
found that among the five single intervention strategies, treating drug-susceptible HCV
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cases was the most effective in reducing the overall number of HCV cases, outperforming
the other individual interventions (see Figure 9(cy,c;) and Table 2). In addition, increasing
the first-dose vaccination rate reduces the total number of HCV cases and a small number
of deaths (see Figure 9(a;,a) and Table 2) more than the other interventions, including
the second-dose vaccination rate, treatment for drug-resistant HCV cases, and decreased
amplification rate. Hence, treatment for drug-susceptible HCV cases is the preferred single-
intervention strategy. First-dose vaccination intervention is another option, followed by
the amplification rate.

Table 3. A hypothetical combination intervention strategy applied in our proposed HCV model for
Bangladesh, covering the period from 2022 to 2029.

. Parameters Parameter Estimated Reduction Estimated Reduction
Scenarios o Annual HCV . Annual HCV .
Changed Values (%) Cases from Baseline Deaths from Baseline

64
80
84 3485 00 713 00
78
0.035
75
85
84 553 2932 189 524
78
0.005
80
90
90 193 3292 92 621
85
0.002
85
95
95 71 3414 42 671
90
0.0009
90
97
97 19 3466 16 697
95
0.0005
100
100
100 00 3485 00 713
100
0.0001

g
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Figure 9. Effects of five individual intervention strategies on HCV cases (al-el) and deaths (a2-e2):
(a) first-dose vaccination, (b) second-dose vaccination, (c) treatment of drug-susceptible cases, (d) treat-

ment of drug-resistant cases, and (e) amplification rate.
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The baseline control strategy incorporates a combination of baseline values for five
potential interventions: vaccination rates for the first and second doses (64% and 80%),
treatment rates for drug-susceptible and drug-resistant HCV cases (20% and 70%), and an
amplification rate of 0.035. The analysis indicated that, under the current baseline control
strategy in Bangladesh, HCV cases are likely to persist within the population.

The modest investment strategy 1, comprising a blend of first and second doses
of vaccination (64% and 80%), treatment rates for drug-susceptible and drug-resistant
HCYV cases (20% and 70%), and an amplification rate of 0.035, saw an improvement from
the baseline rates of 64%, 80%, 20%, 70%, and 0.035 to 75%, 85%, 84%, 78%, and 0.005,
respectively. As anticipated, this strategy led to a decrease in the quantity of HCV cases in
Bangladesh. It was noted that a small investment strategy 1 proved more successful than
the standard approach, resulting in a significant decrease in the quantity of HCV cases in
Bangladesh (refer to Table 3 and Figures 10-13).

Modest investment strategy 2 encompasses a combination of the five potential in-
terventions, progressing from baseline to 80%, 90%, 90%, 85%, and 0.002, respectively.
Findings from this strategy indicate its superior effectiveness compared to the modest
investment strategy 1 in diminishing both the total number of HCV cases and deaths in
Bangladesh (refer to Table 3 and Figures 10-13). Modest investment strategy 3 entails a
blend of the five potential interventions, advancing from baseline to 85%, 95%, 95%, 90%,
and 0.0009, respectively. Outcomes from this strategy demonstrate its greater efficacy com-
pared to the modest investment strategy 2 in reducing the number of HCV cases and deaths
in Bangladesh (refer to Table 3 and Figures 10-13). Modest investment strategy 4 involves a
combination of the five potential interventions, advancing from baseline to 90%, 97%, 97%,
95%, and 0.0005, respectively. Results from this strategy highlight its superior effectiveness
compared to modest investment strategy 3 in reducing both the number of HCV cases and
deaths in Bangladesh (refer to Table 3 and Figures 10-13).
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Figure 10. Impact of combination intervention policy on the actual number of HCV cases.

Finally, over an 18-year period, a resilient and consistent investment strategy encom-
passes the treatment of drug-susceptible and drug-resistant HCV infections, along with
a substantial expansion of first and second dose vaccinations, and an amplification rate
progressing from baseline to 100%, 100%, 100%, and 0.00001, respectively. Our analysis sug-
gests that the most effective course of action for achieving HCV elimination in Bangladesh
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lies in a robust and continuous investment plan. However, alternative scenarios outlined in
Table 3 could be considered based on the availability of funds.
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Figure 11. Contour plot representing the effects of combined control strategies on HCV cases.
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Figure 12. Impact of combination intervention policy on the actual number of HCV-related deaths.

Recently, the Bangladesh government has been increasingly using mathematical mod-
els to guide preventative plans and resource allocation as attention turns to meeting the
WHO'’s HCV eradication goals. Bangladesh is a leader in the vaccination program, provid-
ing unrestricted access to those with HCV. However, as our findings indicate, the country
will still face challenges meeting the WHO’s HCV mortality reduction goal. Important
details regarding the kind, degree, and targeting of interventions needed to meet WHO
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elimination targets can be obtained using dynamic HCV transmission models. The growing
HCV population contributed to the escalating course of mortality due to liver disease before
the vaccine era, which is a crucial element in evaluating the viability of mortality targets.
While the mechanism of HCV transmission and epidemiology in Bangladesh is not fully
comprehended, the authorities of Bangladesh have started several types of intervention
injtiatives to eradicate HCV. Although HCV control in Bangladesh has progressed remark-
ably well, including first and second-dose vaccination, treatment for HCV patients who are
drug-resistant or drug-susceptible, and the development of instructions, additional work

is needed.
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Figure 13. Contour plot representing the effects of combined control strategies on HCV deaths.

In this study, we adapted a compartmentalized structure integrating pharmacological
control strategies to capture the biological dynamics of HCV infection. To assess how
different regulating tactics affected the progression of the disease, analytical studies of the
HCV transmission model were carried out numerically. The results from the five single
prevention strategies on HCV incidences and mortality are depicted in Figure 9. Compared
with each single-intervention strategy, increasing treatment for drug-susceptible HCV cases
was discovered to be the most successful single-intervention method for lowering both
HCYV cases and associated deaths. Additionally, while the first-dose vaccination rate was
effective in reducing HCV cases, its impact on mortality was relatively minor.

Furthermore, our results indicate that the intermediate scenario will not enable the
WHO HCV occurrence and therapeutic coverage targets to be met by 2039. Both findings
emphasize how difficult it is to sustain or increase treatment rates to the high levels needed
to meet WHO HCYV eradication targets. Therefore, in our study, we explored the efficacy
of concurrently implementing combined intervention policies. We found that a modest
investment strategy 3 (i.e., first and second doses of vaccination at 85% 95% concurrently,
treatment for drug-susceptible and drug-resistant HCV cases at 95% and 90%, respectively,
and an amplification rate of 0.0009) was adequate to substantially reduce HCV cases
and deaths. Whereas a robust, long-term investment (i.e., vaccinations in the initial and
subsequent dosages 100%, 100% concurrently, treatment in situations involving HCV that
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are 100% and 100% drug-resistant, respectively, and an amplification rate of 0.0001) is
required to eradicate HCV cases in Bangladesh [44,45].

This study has shown that, with the present treatment options, it will be extremely diffi-
cult to fulfill the WHO’s HCV elimination goals in Bangladesh. Considering that COVID-19
reduced HCV therapy and detection, significantly delaying the goal of elimination, this
is especially worrisome [46]. Adopting tactics that have been shown to improve treat-
ment outcomes will also be crucial, such as care coordination or patient navigation [47-49]
and integrating HCV care into pharmaceutical therapy environments [50-52]. To attain
the goals set by the WHO to eradicate viral hepatitis, there must be a significant rise in
treatment uptake, which can only be achieved by scaling up evidence-based initiatives
to enhance HCV screening and care. The results of this study are crucial for informing
target-setting and facilitating the creation of workable plans and activities that will enable
the achievement of the WHO'’s national and worldwide viral hepatitis elimination targets.
This information holds relevance for the development of both national and global strategies
for combating viral hepatitis C.

It is crucial to reiterate that there is currently no empirical evidence demonstrating
that treating an individual’s HCV infection can directly lead to population-level prevention.
Thus far, only theoretical modeling studies have provided evidence of treatment’s potential
as a preventive measure. The process of producing empirical proof of therapy as a pre-
ventive measure is underway in a number of ongoing experiments. Information, however,
indicates that the frequency of long-term HCV among drug injectors may have exceeded
that of the general population (47% among drug-dependent individuals or those who
inject now, VS. 38% overall. This is conservative and may understate the actual number of
individuals who consume large amounts of alcohol.

Additionally, the model does not account for virus-clearing individuals becoming
infected again. Rather, the individuals who have recovered from the virus will re-enter the
vulnerable group and have a similar danger of HCV recurrence as they did with their first
HCV. Once more, this should be taken cautiously because HCV reinfection is typically less
common than the original infection. Updating the treatment and gathering more data on
various model parameters will necessitate more iterations of the HCV eradication process
and target feasibility. To completely eradicate hepatitis C, however, legislative adjustments
are required to greatly improve Hepatitis C prevention, evaluation, and care. Additionally,
public health advocacy is needed to increase awareness among impacted communities
and medical professionals. Medical professionals, especially primary care physicians, will
require specialized training in the identification and management of HCV. Increased testing
and counseling should be focused on priority populations with increased HCV prevalence,
such as individuals with HIV, diabetics, adults over 40, and hemodialysis patients.

5. Conclusions

In summary, our study indicates that maintaining the current level of therapy up-
take, as observed in 2020, will pose significant challenges in achieving the WHO’s HCV
elimination targets. Our analysis suggests that both vaccination and treatment uptake
must increase by 100% to meet the 2030 goals. With global momentum toward eradicating
hepatitis C as a public health threat, countries are seeking guidance on strategies to achieve
the ambitious WHO objectives of reducing HCV incidence by 80% and mortality by 65% by
2030. Previous epidemic modeling studies have shown that widespread antiviral therapy
can markedly reduce prevalence and incidence, even when reinfection risks were consid-
ered. Consistent with these findings, our results highlight that the combined expansion
of antiviral therapy and vaccination offers the most effective pathway to reducing the na-
tional burden of HCV. While our analysis could not incorporate every possible factor, these
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elements will be explored in future work. Moving forward, strong collaboration among
government, medical associations, and the private sector is imperative to ensure universal
access to advanced antiviral therapies and healthcare services. Neither prohibitive costs nor
insufficient political commitment should be allowed to hinder progress. Bangladesh has
the potential to eradicate HCV, but this will require sustained, decisive commitment across
political and social institutions. Currently, treatment approaches often prioritize patients
with advanced liver disease, but further empirical research is needed to assess whether
scaling up therapy among high-risk groups can reduce transmission at the population
level. Finally, to strengthen the global public health response, epidemic modeling should
be integrated with economic evaluations to determine the most effective, cost-efficient, and
sustainable strategies for HCV elimination.
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