
RESEARCH ARTICLE • OPEN ACCESS

Mathematical Modeling on Human Papillomavirus (HPV):
Transmission Dynamics and Impact on Cervical Cancer

Sayooj Aby Jose et al.

Volume 6, Issue 4, Pages 376–385, December 2025
Received 6 January 2025, Revised 21 March 2025, Accepted 17 December 2025, Published Online 31 December 2025

To Cite this Article : S. A. Jose et al.,“Mathematical Modeling on Human Papillomavirus
(HPV): Transmission Dynamics and Impact on Cervical Cancer”, Jambura J. Biomath, vol. 6,
no. 4, pp. 376–385, 2025, https://doi.org/10.37905/jjbm.v6i4.29641

© 2025 by author(s)

JOURNAL INFO • JAMBURA JOURNAL OF BIOMATHEMATICS

Homepage : http://ejurnal.ung.ac.id/index.php/JJBM/index
Journal Abbreviation : Jambura J. Biomath.
Frequency : Quarterly (March, June, September and December)
Publication Language : English

 DOI : https://doi.org/10.37905/jjbm
Online ISSN : 2723-0317
Editor-in-Chief : Hasan S. Panigoro
Publisher : Department of Mathematics, Universitas Negeri Gorontalo
Country : Indonesia
OAI Address : http://ejurnal.ung.ac.id/index.php/jjbm/oai

 Google Scholar ID : XzYgeKQAAAAJ
Email : editorial.jjbm@ung.ac.id

JAMBURA JOURNAL • FIND OUR OTHER JOURNALS

Jambura Journal of
Mathematics

Jambura Journal of
Mathematics Education

Jambura Journal of
Probability and Statistics

EULER : Jurnal Ilmiah
Matematika, Sains, dan

Teknologi

https://doi.org/10.37905/jjbm.v6i4.29641
http://ejurnal.ung.ac.id/index.php/JJBM/index
http://u.lipi.go.id/1593403037
https://ejurnal.ung.ac.id/index.php/JJBM/about/editorialTeamBio/3898
http://ejurnal.ung.ac.id/index.php/jjbm/oai
https://scholar.google.co.id/citations?user=XzYgeKQAAAAJ&hl=id&authuser=5
mailto:editorial.jjbm@ung.ac.id
http://ejurnal.ung.ac.id/index.php/jjom/index
http://ejurnal.ung.ac.id/index.php/jmathedu/index
http://ejurnal.ung.ac.id/index.php/jps/index
http://ejurnal.ung.ac.id/index.php/euler/index
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ABSTRACT. One of the most common diseases affecting women globally is cervical cancer, which contributes signif-
icantly to the global cancer burden. Its beginning is largely caused by the human papillomavirus (HPV), especially in
young females, and a growing percentage of cases develop from benign tumors. The dynamics of HPV transmission
and its influence on the development of cervical cancer are described in this study using a deterministic mathematical
model. The fundamental characteristics of the model, such as positivity and boundedness, are carefully examined.
Furthermore, the equilibrium points for endemic and disease-free conditions are determined, and their stability on a
local and global scale is examined in relation to the basic reproduction number,R0. Furthermore, a detailed sensitivity
analysis is conducted to identify the key parameters that most significantly influence the transmission dynamics and
progression of the disease. Numerical simulations are performed to illustrate the impact of parameter variations and
to validate the analytical findings. The results provide valuable insights for effective public health intervention and
control strategies for HPV-related cervical cancer.

This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-NonComercial 4.0 International License. Editorial of JJBM: Department of Mathematics, Uni-
versitas Negeri Gorontalo, Jln. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.

1. Introduction

Mathematical modeling is a key tool utilized across various
fields to examine complex structures and forecast their dynamics.
These models are utilized across various domains, extending be-
yond engineering disciplines such as electrical engineering and
computer science to encompass a wide range of fields includ-
ing psychology, economics, political science, sociology, as well
as the natural sciences like physics, biology, earth science, and
chemistry [1–5]. Mathematical modeling has been essential in
the study of epidemiology for numerous decades. By offering
a quantitative framework, these models allow for the examina-
tion of transmission dynamics of infectious diseases, prediction
of their potential spread, and assessment of the effectiveness of
public health intervention strategies [6, 7].

An important application of mathematical modeling in the
field of epidemiology involves examining the transmission of Hu-
man Papillomavirus (HPV) and its connection to the beginning
of cervical cancer. Cervical cancer continues to be a significant
global public health concern, with around 604,000 new cases
and 342,000 deaths stated in 2020, predominantly affecting low-
andmiddle-income nations [8]. By employing mathematical mod-
els, one can gain deeper insights into the transmission patterns
of HPV, evaluate vaccination and screening initiatives, and for-
mulate optimal control strategies designed to decrease the inci-
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dence and mortality linked to cervical cancer.
The primary driver of this cancer is the persistent infection

with high-risk types of Human Papillomavirus (HPV), particularly
types 16 and 18, which are responsible for about 70% of cervical
cancer cases [8]. Factors contributing to the high rates of cervical
cancer include limited access to vaccination, inadequate screen-
ing programs, and socioeconomic disparities that hinder preven-
tive care. Furthermore, co-infection with HIV increases suscepti-
bility to HPV-related cervical lesions, exacerbating the incidence
of cervical cancer among affected populations [8]. Cervical can-
cer poses significant risks to women’s health, with lifestyle fac-
tors and socioeconomic conditions playing critical roles in its in-
cidence. Factors such as early onset of sexual activity, multiple
sexual partners, and inconsistent use of barrier contraception can
increase the likelihood of Human Papillomavirus (HPV) infection,
the primary cause of cervical cancer. Additionally, smoking has
been associated with a twofold increase in the risk of developing
cervical cancer, as tobacco by-products can damage cervical cells
and impair the immune response against HPV [9, 10]. Women
in low-income regions often lack access to preventive healthcare
services, including regular screenings and vaccinations, which are
crucial for early detection and prevention of HPV-related lesions
[10]. Cultural factors may also discourage women from seeking
medical care, leading to late-stage diagnoses and poorer health
outcomes, Furthermore the availability of HPV vaccines is not
uniform across different geographic regions, resulting in unequal
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protection against cervical cancer. Addressing these multifaceted
risk factors is essential to improve women’s health globally and
implement effective public health strategies tailored to specific
populations [9, 10]. The most prevalent genital tract cancer in
women, second only breast cancer, is cervicoma. It affects young
women between the ages of 35 and 50. More than 200 differ-
ent types of viruses make up the HPV family, of which 40 are
transmitted through sexual activity [11–13]. The main causes
of cervical cancer worldwide are genital HPVs, which are sexu-
ally transmitted [14]. Two groups of sexually transmitted HPV
types exist: low-risk genotypes, which are those that only pro-
duce warts, and high-risk genotypes, which can result in a vari-
ety of cancers in females, including cervical cancer [12, 15, 16].
The importance of control strategies including prevention, vacci-
nation, and treatment in particular areas has been highlighted by
several HPV and transmission dynamics of cervical cancer mod-
els [17, 18]. Looking ahead to 2030, projections indicate that the
burden of cervical cancer may continue to rise if current trends
and inequities in healthcare access persist. Without significant
increases in vaccination rates and screening programs, the in-
cidence of cervical cancer is expected to increase, particularly
in low-resource settings where disparities in healthcare are pro-
nounced. Recent data suggests that as many as 60% of women in
low-income countries remain unvaccinated against HPV, putting
them at a higher risk of developing cervical cancer later in life
[19]. Additionally, the social determinants of health, such as ed-
ucation and economic status, will likely exacerbate these risks,
leading to a higher prevalence of cervical lesions and late-stage
diagnoses. The continued neglect of preventive measures and
education about HPV could lead to a stubborn rise in cervical can-
cer cases, emphasizing the urgent need for targeted public health
interventions to mitigate this looming health crisis [20]. To effec-
tively overcome the risks associated with cervical cancer, a mul-
tifaceted approach involving vaccination, regular screening, and
public education is essential.The introduction of the HPV vaccine
is one of the most significant preventive measures; studies in-
dicate that comprehensive vaccination programs can reduce the
incidence of cervical cancer by up to 90% when implemented be-
fore the onset of sexual activity, particularly among preteens and
adolescents. Regular cervical cancer screenings, such as Pap tests
and HPV testing, are critical for early detection of precancerous
changes, allowing for timely intervention [10]. These screenings
should begin at age 21 and be conducted at regular intervals
as recommended by healthcare professionals. Public education
campaigns are also vital to increase awareness about the impor-
tance of HPV vaccination, safe sexual practices, and the need for
routine screenings [21]. Also, improving healthcare access in un-
derserved populations through community outreach programs
can significantly enhance prevention efforts and reduce dispar-
ities in cervical cancer incidence. By implementing these strate-
gies collectively, the overall risk of cervical cancer can be signifi-
cantly mitigated.

The primary focus of this study is to develop a compre-
hensive mathematical model describing the transmission dynam-
ics of HPV and to analyze its behavior. Specifically, the model
is constructed and its stability is investigated with respect to
the disease-free equilibrium point (DFEP). A sensitivity analysis
of the model parameters is then performed to identify which fac-

tors most significantly influence disease transmission, alongside
the calculation of the basic reproduction number, R0 to quantify
the potential for HPV to spread within a population. Finally, nu-
merical simulations are carried out, and the results are presented
through illustrative figures to visually demonstrate the effective-
ness of the proposed model and provide key insights into the
dynamics of HPV infection.

2. Model Formation
To better understand the transmission dynamics of HPV and

its progression to cervical cancer, we develop a mathematical
model that captures the key stages of the infection and disease
progression. The total female population is divided into six com-
partments, S(t), Susceptible individuals, IHPV (t), HPV-infected
individuals, THPV (t) HPV-infected with treatment individuals,
T
ĤPV

, HPV-infected without treatment individuals, cervical can-
cer individuals C(t) and recovered individuals R(t). To depict
the course of HPV illness from someone who is susceptible to
HPV infection to cancer, we developed a compartmental model.
In the model formulation, the dynamics of HPV transmission and
its progression to cervical cancer are fundamentally described by
the inflow and outflow rates established in model (1).

dS

dt
= ∆− βSIHPV − µS + ψR,

dIHPV

dt
= βSIHPV − (µ+ δ)IHPV ,

dTHPV

dt
= τδIHPV − (η + µ)THPV , (1)

dT
ĤPV

dt
= (1− τ)δIHPV − (α+ µ)T

ĤPV
,

dC

dt
= ξηTHPV + αT

ĤPV
− (µ+ µ1)C,

dR

dt
= (1− ξ)ηTHPV − (µ+ ψ)R,

with initial conditions S(0) = S0, IHPV (0) = IHPV 0,
THPV (0) = THPV 0, TĤPV

= T
ĤPV 0

, C(0) = C0, R(0) = R0.
Figure 1 illustrates this compartmental model, the inflow to the
susceptible compartment S(t) is characterized by the recruit-
ment rate∆, while outflows occur due to the transition into HPV-
infected status at a rate governed by the transmission parameter
β, hence represented by the term βSIHPV. The infected individ-
uals IHPV(t) can transition to treatment compartments THPV(t)
and T̂HPV(t), with the efficacy of these treatments represented by
the parameter τ . Both treated and untreated individuals exhibit
outflows, with treated individuals recovering at a rate η and un-
treated individuals potentially progressing to cervical cancer at a
rate δ. The progression to cervical cancer is further compounded
by a parameter α that describes the transition from untreated
HPV cases to cervical cancer cases C(t). Moreover, recovered in-
dividuals R(t) experience a loss of immunity, represented by the
rate ψ, which allows for their return to the susceptible popula-
tion S(t). Table 1 also includes all of the parameter descriptions.

The model is instrumental in analyzing the interplay of
treatment efficacy and natural mortality on disease progression.
By examining how alterations in these parameters impact overall
health outcomes, this framework becomes essential for guiding
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Figure 1. Diagrammatic structure for the HPV transmission dynamics.

Table 1. Description of Parameters Used in the Model

Parameter Description
∆ Recruitment rate
β Disease transmission rate
µ Natural mortality rate
ψ Rate of loss of immunity
δ Outflow rate from infected class
τ Proportion of infected individuals receiving treatment
η Outflow rate from infected individuals with treatment class
α Progression rate to cervical cancer (without treatment)
µ1 Mortality rate of individuals with cervical cancer
ξ Proportion of individuals progressing to cervical cancer

public health interventions. The quantitative approach encapsu-
lated in this model not only forecasts HPV transmission and cer-
vical cancer incidence but also informs the development of effec-
tive vaccination and screening strategies, ultimately contribut-
ing to ongoing efforts to mitigate the global burden of cervical
cancer. The model incorporates parameters that govern these
transitions, allowing for an analysis of factors such as treatment
efficacy and natural mortality that influence disease progression.
Moreover, Figure 1 permits the examination of how changes in
these parameters affect overall outcomes, which is essential for
informing public health interventions. By providing a quantita-
tive approach to forecasting HPV transmission and cervical can-
cer incidence, this model aids in developing effective vaccination
and screening strategies, ultimately contributing to efforts aimed
at reducing the global burden of cervical cancer.

3. Fundamental properties and analysis
3.1. Positivity of solution

Since the dynamics of the human population are described
by model (1), all state variables and related parameters must be
non-negative for any given time t ≥ 0. This guarantees that
the model solutions have biological significance because it is
unrealistic to have negative population values. This finding es-
tablishes that the solutions for the state variables are not nega-
tive.

Theorem 1. Consider the non-negative initial conditions
{
(S(0),

IHPV (0), THPV (0), TĤPV
(0), C(0), R(0)) ∈ R6

+

}
. Then,

the solution set (S(t), IHPV (t), THPV (t), TĤPV
(t), C(t),

R(t)) of the model (1), remains non-negative for all t > 0.

Proof. By first equation,

dS

dt
= ∆− βSIHPV − µS + ψR,

dS

dt
≥ − (βIHPV + µ)S,

S(t) ≥ C1e
−(βIHPV +µ)t.

By applying initial condition t = 0, S(0) ≥ C1 then

S(t) ≥ S(0)e−(βIHPV +µ)t ≥ 0 since, (βIHPV + µ) > 0

. Similar results may be obtained for S(t) > 0, IHPV (t) >
0,THPV (t) > 0, T

ĤPV
(t) > 0, C(t) > 0, R(t) > 0. Thus, for

any non-negative initial conditions, all solutions model (1) stay
positive.

3.2. Invariance Property

For the purposes of epidemiology, it is essential that
model (1) guarantees that the solutions stay within a biologically
bounded region for all time t. This implies that the total pop-
ulation and all state variables are uniformly bounded, prevent-
ing unrealistic growth of the system. Under appropriate initial
conditions, the solutions of model (1) remain confined within
a compact positively invariant region, which ensures the epi-
demiological relevance and mathematical well-posedness of the
model.

Theorem 2. The region

D :
{
(S(t), IHPV (t), THPV (t), TĤPV

(t), C(t), R(t)) ∈ R6
+

: 0 < N ≤ ∆

µ

}
,

is positively-invariant and attracts all the solution in R6
+.
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Proof. In the model (1), the total population equation is obtained
by adding all the compartmental equations together.

dN

dt
= ∆−Nµ− µ1C,

dN

dt
≤ ∆−Nµ,

dN

dt
+Nµ ≤ ∆. (2)

Solving the eq. (2),N ≤ ∆

µ
+(N0+

∆

µ
)e−µt. We get 0 ≤ N ≤ δ

µ
as t→ ∞ by applying the theorem provided by [22] to the differ-
ential inequality previously mentioned. Since no solution path
exits through the region D’s boundary, under the flow repre-
sented by model (1), the region D is a positively-invariant set.
It is sufficient to take the dynamics of region D in the model (1)
into account.

4. Existence of equilibrium
We examine the existence of equilibrium points, where the

system reaches a steady state and all derivatives equal zero, in or-
der to assess the model (1) long-term behavior. Two biologically
significant equilibrium points are admitted by the model: the en-
demic equilibrium (EE) and the disease-free equilibrium (DFE).
• The disease-free equilibrium: The steady state, a point when

there is absence of illness I∗HPV = T ∗
HPV = T ∗

ĤPV
= C∗ =

R∗ = 0. The term disease-free equilibrium (DFE) is provided
by:

E∗ = (S∗, I∗HPV , T
∗
HPV , T

∗
ĤPV

, C∗, R∗),

=

(
∆

µ
, 0, 0, 0, 0, 0

)
• The endemic equilibrium: The steady state where there is

infection (presence of infection) a point where I∗∗HPV ̸= 0 is
called endemic equilibrium (EE) which is given by:

E∗∗ = (S∗∗, I∗∗HPV , T
∗∗
HPV , T

∗∗
ĤPV

, C∗∗, R∗∗),

S∗∗ =
(µ+ δ)

β
,

I∗∗HPV =
(η + µ)T ∗∗

HPV

τδ
,

T ∗∗
HPV =

(∆β − µ(µ+ δ))(µ+ ψ)τδ

β((µ+ δ)(η + µ)(µ+ ψ)− τδψ(1− ξ)η)
,

T ∗∗
ĤPV

=
(1− τ)δ(η + µ)T ∗∗

HPV

τδ(α+ µ)
,

C∗∗ =
(ξητδ(α+ µ) + α(1− τ)δ(η + µ))T ∗∗

HPV

τδ(α+ µ)(µ+ µ1)
,

R∗∗ =
(1− ξ)ηT ∗∗

HPV

(µ+ ψ)
.

5. Basic reproduction number
The fundamental reproduction number, R0, assesses the

likelihood of an illness spreading among a population. Here is
the corrected and polished version: R0 is a threshold value that
determines the stability of a disease-free equilibrium and is re-
lated to both the peak and the final size of an epidemic. It is

described as the anticipated number of subsequent cases of in-
fection that would arise as a result of a primary case in a perfectly
susceptible population [23, 24]. To compute R0, we apply the
next generation matrix method. First, we identify the infected
compartments, which in this model are:

X =

IHPV

THPV

T
ĤPV

 .

The model equations can be written in the form:

dX
dt

= F(X)− V(X),

where:
• F(X) represents the rate of new infections,
• V(X) represents the rate of transfer between compartments

(excluding new infections).

F =

 βSIHPV

0
0

 ,

V =

 (µ+ δ)IHPV

−τδIHPV + (η + µ)THPV

(α+ µ)T
ĤPV

− (1− τ)δIHPV

 ,

F =

 β∆
µ 0 0

0 0 0
0 0 0

 ,

V =

 µ+ δ 0 0
−τδ η + µ 0

−(1− τ)δ 0 α+ µ

 ,

FV−1 =

 β∆
µ(µ+δ) 0 0

0 0 0
0 0 0

 .

Then,

R0 =
β∆

µ(µ+ δ)
.

Understanding R0 is critical, as values greater than 1 indicate
that the disease is likely to spread, while values less than 1 sug-
gest eventual decline and possible eradication. Accurate estima-
tion ofR0allows public health officials to gauge the potential for
outbreaks and develop effective strategies for intervention and
control, underscoring its role in disease management planning.
Moreover, it is essential to distinguish R0 from the effective re-
production number R, which accounts for changes in population
immunity and behavior due to interventions like vaccination and
social distancing, making R0 a vital metric in assessing ongoing
control measures.

6. Stability analysis
To understand the long-term behavior of the model, we an-

alyze the stability of its equilibrium points. The disease-free equi-
librium is analyzed first since it indicates whether the infection
can invade the population. If the disease-free equilibrium be-
comes unstable R0 > 1, we further analyze the endemic equilib-
rium to study the persistence of the infection. We now proceed
to study the local stability of the disease-free equilibrium E∗.
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Theorem 3. The E∗ of model (1) is Locally Asymptotically Stable
(LAS) if R0 < 1 and unstable if R0 > 1.

Proof. The Jacobian matrix at E∗ is given by

JE∗ =


−µ Ψ1 0 0 0 ψ
0 Ψ2 0 0 0 0
0 τδ Ψ3 0 0 0
0 Ψ4 0 Ψ5 0 0
0 0 ξη α Ψ6 0
0 0 Ψ7 0 0 Ψ8

 ,

Ψ1 =
−β∆
µ

, Ψ2 =
β∆

µ
− (µ+ δ),

Ψ3 = − (η + µ), ψ4 = (1− τ)δ,

Ψ5 = − (α+ µ), Ψ6 = −(µ+ µ1),

Ψ7 = (1− ξ)η, Ψ8 = −(µ+ ψ).

The characteristic roots can be found as λ1 = −µ, λ2 =
R0 − 1, λ3 = −(η + µ), λ4 = −(α+ µ), λ5 = −(µ+ µ1), λ6 =
−(µ+ψ). When R0 < 1, we have λ2 < 0. In this instance, all of
JE∗ ’s roots are negative. As a result,E∗ is LAS.WhenR0 > 1, we
get λ2 > 0, and JE∗ have positive roots, so E∗ is unstable.

The local stability of the disease-free equilibrium pointE∗ is crit-
ically dependent on the value of R0. When R0 < 1, the equilib-
rium is locally asymptotically stable, indicating that any perturba-
tions in the population will eventually return to the disease-free
state, proving that the disease can be effectively controlled. Con-
versely, when R0 > 1, the unstable nature of E∗ signifies that
the disease will likely persist and spread in the population, rein-
forcing the need for aggressive intervention strategies to reduce
transmission. Thus, the critical threshold provided by R0 serves
as a decisive indicator of the potential for epidemic spread, guid-
ing public health responses and resource allocation in managing
infectious diseases.

7. Sensitivity analysis
Assess the robustness of R0 by conducting a parameter

contribution analysis. Any modifications or errors in the formu-
lation or computation of R0 can lead to changes in parameter
values and underlying model assumptions. Thus sensitivity anal-
yses are performed to pinpoint those modifications and inaccu-
racies additionally the effects they have on the model. The ratio
of the percentage change in a variable to the change in a certain
parameter is known as the normalised forward sensitivity index
(NFSI) of that variable as regards of that parameter. Check out
[25] for more details. Below, the NFSI with relation to each of
the parameters is calculated to examine the sensitivity of R0 re-
garding each of its aspects.

From the sensitivity analysis, a positive sensitivity in-
dex indicates that decrease(increase) value of the parameter re-
sults in decrease(increase) in R0, whereas negative sensitivity in-
dex results in decrease(increase) value of the parameter to in-
crease(decrease) in R0.

ΛR0
x =

∂R0

∂x
× x

R0

for every basic parameter is represented by x and

R0 =
β∆

µ(µ+ δ)
,

then,

ΛR0

β =
∂R0

∂β
× β

R0
=1

ΛR0

∆ =
∂R0

∂∆
× ∆

R0
=1

ΛR0

δ =
∂R0

∂δ
× δ

R0
=− δ

(µ+ δ)

ΛR0
µ =

∂R0

∂µ
× µ

R0
=− 2µ+ δ

(µ+ δ)

8. Numerical Analysis

The simulation will use the parameters listed in Tables 2
and 3, with all parameter values expressed on a per-day basis.
The literature and presumptions were used to get the values
for the parameters. These simulations aim to highlight some
of the theoretical findings made in this research. The param-
eters applied to Case I are in Table 2, given initial conditions
S0 = 100, IHPV 0 = 50, THPV 0 = 30, T

ĤPV 0
= 20, C0 =

10, R0 = 0. The illustrations for Case I are expressed in Fig-
ures 4a, 5b and 8a. In instance II, some of the parameters are
randomly selected and some are obtained from the literature (Ta-
ble 3). The appropriate simulation are displayed in Figure 6a
through Figures 7b and 8b. These graphs aid in the comprehen-
sion of disease transmission.

Table 2. Case I

Parameter Value
∆ 10
β 0.8
µ 0.0576
ψ 0.35
δ 0.314
τ 0.85
η 0.23
α 0.1217
µ1 0.12745
ξ 0.35

Table 2 for Case I, is a set of carefully selected parameters is
employed to comprehensively study the dynamics of HPV trans-
mission and its progression to cervical cancer. The parameter ∆
is assumed to be 10, reflecting the entry rate of new susceptible
individuals into the population. The transmission rate β is set at
0.8, which, indicates a high potential for disease spread, while
the natural mortality rate µ is established at 0.0576 to represent
the baseline mortality within the population. The recovery rate
ψ is assumed to be 0.35, demonstrating the proportion of in-
fected individuals recovering over time, and the disease progres-
sion rate δ is set at 0.314, highlighting the transition rate of in-
fected individuals to cervical cancer. Additionally, the treatment
rate τ is defined as 0.85, suggesting a substantial effectiveness of
treatment in reducing transmission, whereas the progression to
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cancer rate η is assumed to be 0.23, underscoring the risks associ-
ated with untreated infections. The recovery rate of treated indi-
viduals α is noted as 0.1217, indicating the effectiveness of ther-
apeutic interventions, alongside a secondary mortality rate µ1 of
0.12745, reflecting the mortality risk for those with cervical can-
cer. Finally, the miscellaneous transition parameter ξ is assumed
to be 0.35, capturing additional transitions within the model that
may influence disease dynamics. Collectively, these parameters
are critical for assessing the interaction between various health
states, ultimately aiming to inform public health strategies and
interventions to combat HPV-related health issues effectively.

Figure 2. Normalized Forward Sensitivity Index (NFSI) of the
basic reproduction number (R0).

The critical relationships between the basic reproduction
number R0 and its parameters are examined. The positive sen-
sitivity indices for ΛR0

β and ΛR0

∆ suggest that increases in the
transmission rate β and the recruitment rate ∆ directly enhance
R0, thereby indicating that these factors are pivotal for disease
spread. In contrast, the negative sensitivity indices for both ΛR0

δ

and ΛR0
µ indicate that increasing disease progression rates δ and

natural mortality rates µ would reduceR0. This highlights the
potential for intervention strategies focused on reducing these
parameters to effectively lower R0 and control disease transmis-
sion.

The Figure 2 displays the Normalized Forward Sensitivity
Index (NFSI) of the basic reproduction number (R0) for key pa-
rameters in an HPV infection model. Positive NFSIs (β, ∆) in-
dicate that increasing these parameters raises R0, while nega-
tive NFSIs (δ, µ) show that increasing them lowers R0. This re-
veals which parameters most strongly influence disease spread,
informing targeted interventions. The findings highlight the cru-
cial roles of transmission rate and recruitment in driving R0 and
the mitigating effects of progression and death rates.

Figure 3 visualizes the sensitivity of the basic reproduction
number (R0). Positive indices for transmission (β) and recruit-
ment (∆) rates signify that increasing these parameters increases
R0, while negative indices for disease progression (δ) and natural
mortality (µ) rates indicate that increasing them decreases R0.
This highlights parameters most influential on disease spread,
guiding intervention strategies.

The Figures 4a and 4b present simulations of HPV infec-
tion dynamics, offering insights into the progression and man-
agement of the disease. Figure 4a simulates the dynamics of
HPV infections over time, providing a detailed understanding of

Figure 3. Sensitivity Analysis of Basic Reproduction Number
(R0).

the natural progression of the disease. The simulation is based
on key parameters, including ∆ = 10, β = 0.8, µ = 0.0576,
ψ = 0.35, δ = 0.314, τ = 0.85, η = 0.23, α = 0.1217, and
µ1 = 0.12745. The graph illustrates a sharp initial rise in the
number of infected individuals, reflecting the rapid early spread
of the infection, followed by a gradual decline, suggesting that
HPV infection rates may self-regulate over time in the absence
of intervention. The horizontal axis represents time, while the
vertical axis shows the number of infected individuals, highlight-
ing the temporal trend of HPV infections. This simulation offers
valuable insights into the dynamics of HPV transmission, the po-
tential for infection stabilization, and the progression within a
population, making it a critical tool for informing public health
strategies. Whereas, Figure 4b illustrates the dynamics of HPV
infections when a treatment intervention is introduced at a spe-
cific point in time. The simulation is based on same key parame-
ters, including and tracks the number of infected individuals over
time. The graph reveals a noticeable decrease in infections fol-
lowing the application of treatment, underscoring its effective-
ness in managing HPV. This decline highlights the potential im-
pact of timely and targeted treatment strategies in controlling
the spread of the virus within the population. By demonstrat-
ing the influence of interventions, the simulation provides valu-
able insights for evaluating and optimizing treatment approaches
to combat HPV infections. These findings emphasize the critical
role of treatment in reducing infection rates and support the de-
velopment of evidence-based public health strategies to manage
the disease effectively.

The Figures 5a and 5b provide a detailed comparison of
HPV infection dynamics in two distinct scenarios. Figure 5a il-
lustrates the dynamics of HPV infections in the absence of treat-
ment, offering valuable insights into the natural progression of
the disease. The simulation tracks the number of infected in-
dividuals over time, revealing a steady increase in infections as
the virus spreads unchecked. This trend emphasizes the per-
sistent and escalating nature of HPV infections when no inter-
vention is applied. By providing a baseline scenario, the figure
highlights the stark contrast between untreated progression and
potential outcomes with effective treatment strategies. Also the
Figure 5b presents a graph that compares the survival probabil-
ities over time between treated and untreated cervical cancer
patients. It demonstrates that patients who receive treatment
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Figure 4. (a) Simulation of HPV infected individuals. (b) Simulation of HPV the infected with treatment individuals.
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Figure 5. (a) Simulation of HPV the infected without treatment individuals. (b) Simulation of cervical cancer individuals.

have significantly higher survival rates compared to those who
do not. This finding suggests that effective treatment interven-
tions can greatly improve prognosis for cervical cancer.This in-
sight can inform clinical decision-making and guide the develop-
ment of more impactful cervical cancer management strategies.
The simulation provides quantitative evidence of the potential
benefits of treatment in enhancing patient outcomes. The param-

Table 3. Case II

Parameters Values
∆ 10
β 0.8
µ 0.0576
ψ 0.00035
δ 0.514
τ 0.85
η 0.23
α 0.01217
µ1 0.12745
ξ 0.00035

eters defined in Table 3 for Case II provide a refined perspective
on the dynamics of HPV infection and its potential progression to
cervical cancer. Employing the same baseline value for ∆ at 10,
we aim to investigate how varying other parameters influences
disease transmission and recovery outcomes. The transmission
rate β remains constant at 0.8, indicating that the disease retains
the high contagion potential characterized in Case I. However,
significant changes are observed in the recovery-related param-
eters, reflective of an altered treatment scenario. In this case,

the recovery rate ψ is substantially lower at 0.00035, suggesting
a much lower efficiency of treatment or a focus on individuals
who are more severely affected. This change could imply that the
population modeled in Case II has less access to effective health-
care or that the treatments currently available are not as effec-
tive as previously thought. The progression rate δ is increased
to 0.514, indicating that individuals transition to a state of cer-
vical cancer more rapidly than in Case I. This is a critical change
that emphasizes the potential urgency for interventions and may
point to more severe disease pathology or a higher prevalence of
high-risk HPV strains in this scenario. The treatment rate τ re-
mains consistent at 0.85, affirming the importance of treatment
in this model, yet the implications of the lowered recovery rate
suggest that even with established treatments, their effective-
ness may be compromised in the cohort represented in Case II.
Additionally, for recovery rates from treatment α, the value is
lower at 0.01217, further reinforcing the suggestion that effec-
tive recovery from HPV infections is less likely in this modeled
population. The mortality associated with cervical cancer de-
fined by µ1 remains unchanged at 0.12745, aligning with liter-
ature values, yet the impact of the other adjustments will be crit-
ical in understanding the broader implications on public health
outcomes. The newmiscellaneous transition parameter ξ is also
set at 0.00035, indicating the potential for additional factors in-
fluencing recovery that were not accounted for previously. The
simulations derived from these parameters are depicted in Fig-
ure 6a to Figure 8b. Notably, the outcome visualizations will al-
low us to compare trends in HPV infection rates, the effects of

JJBM | Jambura J. Biomath Volume 6 | Issue 4 | December 2025



S. A. Jose et al. – Mathematical Modeling on Human Papillomavirus (HPV): Transmission Dynamics and Impact on Cervical Cancer… 383

0 10 20 30 40 50 60
20

40

60

80

100

120

140

160

Time(days)

H
P

V
 i
n
fe

c
te

d
 i
n
d
iv

id
u
a
ls

 

(a)

0 10 20 30 40 50 60
30

40

50

60

70

80

90

Time(days)

H
P

V
 t
h
e
 i
n
fe

c
te

d
 w

it
h
 t
re

a
tm

e
n
t 
in

d
iv

id
u
a
ls

(b)

Figure 6. (a) Simulation of HPV infected individuals. (b) Simulation of HPV the infected with treatment individuals.
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Figure 7. (a) Simulation of HPV the infected without treatment individuals. (b) Simulation of cervical cancer individuals.

treatment, and the progression to cervical cancer within the dif-
ferent parameter frameworks established by Case I and Case II.
In essence, the modifications in Case II’s parameters construct
a narrative illustrating the complexities of HPV infection dynam-
ics. They underscore how changes in treatment efficacy and dis-
ease progression rates can heavily influence health outcomes and
highlight the critical need for enhanced healthcare strategies to
manage these infections effectively.

The Figures 6a and 6b provide a detailed comparison of
HPV infection dynamics in recurrent cancer rates for individuals
with HPV-related cancer and the simulation of HPV infection with
treatment. The Figure 6a presents a simulation of recurrent can-
cer rates for individuals with HPV-related cancer, illustrating the
probability of cancer recurrence over time and comparing treated
versus untreated individuals. The graph demonstrates that the
recurrence rate is notably lower for those who undergo treat-
ment, emphasizing the potential of treatment in reducing the
likelihood of cancer relapse. These findings highlight the signifi-
cant role that treatment can play in preventing recurrence, which
is critical for improving long-term outcomes and managing HPV-
related cancer effectively. By examining these probabilities of
recurrence, the simulation underscores the importance of timely
and targeted interventions to prevent cancer relapse and improve
the prognosis of affected individuals. In Figure 6b, a simulation of
HPV infection with treatment is presented, confirming the find-
ings of Figures 4a and 5a by showing the significant reduction
in infection rates after the introduction of treatment. The graph
tracks the number of infected individuals over time, demonstrat-

ing the effectiveness of the treatment in controlling HPV infec-
tions. This consistency across multiple simulations highlights the
potential of targeted treatment strategies to effectively manage
HPV infection and reduce its spread.

The Figures 7a and 7b provide a detailed comparison of
HPV infection dynamics in Simulation of HPV the infected without
treatment individuals and cervical cancer individuals. Figure 7a
simulates the natural progression of HPV infections over time
without any treatment intervention. The graph shows a steady
increase in the number of infected individuals, indicating that
HPV can spread rapidly in a population in the absence of effec-
tive management strategies. This baseline scenario underscores
the critical importance of implementing appropriate treatment
and prevention measures to control the spread of HPV. Whereas,
Figure 7b simulates the impact of treatment on HPV-infected in-
dividuals. The graph demonstrates a decrease in infections after
the introduction of a treatment intervention. This finding sug-
gests that effective treatment approaches can significantly reduce
the prevalence of HPV in a population. The simulation provides
quantitative evidence of the potential benefits of treatment in
managing the spread of HPV.

Figures 8a and 8b depitcs the simulation of HPV Recovered
individulas od Case 1 and Case 2, the Figure 8a explains the sur-
vival probability over time for cervical cancer patients who do
not receive treatment. The graph shows a lower survival rate
for untreated individuals, indicating a poorer prognosis for cer-
vical cancer without appropriate interventions. This insight can
inform clinical decision-making and the development of more ef-
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Figure 8. (a) Simulation of recovered individuals parametric values from case I. (b) Simulation of recovered individuals parametric values
from case II.

fective cervical cancer management strategies, and in Figure 8b
simulates the progression of cervical cancer in individuals who
undergo treatment. The graph illustrates higher survival proba-
bilities for treated patients compared to the untreated scenario
shown in Figure 8a. This finding suggests that effective treat-
ment interventions can greatly improve the long-term outcomes
for cervical cancer patients. The simulation provides quantita-
tive evidence of the potential benefits of treatment in enhancing
patient survival.

9. Conclusion

Cervical cancer remains a significant global health chal-
lenge, particularly in low- and middle-income countries, where it
ranks among the most prevalent malignancies affecting women.
This study developed a deterministic compartmental mathemati-
cal model to quantitatively analyze the dynamics of HPV transmis-
sion and its progression to cervical cancer. By examining the re-
production number (R0) and the associated disease-free and en-
demic equilibria, we gained critical insights into the factors driv-
ing disease dynamics. Sensitivity analysis identified key param-
eters influencing R0, providing valuable directions for targeted
interventions. In the future, these models can be explored in
greater depth using real-world datasets to validate findings and
enhance applicability. Additionally, expanding the framework to
incorporate other compartments and leveraging fractional differ-
ential equations could provide a deeper understanding of disease
dynamics. The outcomes of this research contribute to the grow-
ing body of knowledge needed to inform effective strategies for
controlling HPV transmission and mitigating cervical cancer inci-
dence.
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