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AsstrAcT. Cervical cancer, primarily caused by the human papillomavirus (HPV), remains a significant
global health burden, especially in low-income countries. This study develops a mathematical model based
on the SEIR framework to analyze the transmission dynamics of HPV and its progression to cervical cancer
in Burkina Faso. A distinctive feature of this model is the inclusion of both same-sex transmission and
vertical transmission mechanisms often overlooked in most existing models. We establish the existence of
non-negative solutions and determine the global stability of both the disease-free and endemic equilibria.
The basic reproduction number, Ro, is derived, and sensitivity analysis is performed on key parameters.
Numerical simulations, grounded in local epidemiological data, confirm the theoretical findings and
provide actionable insights for prevention strategies in resource-limited settings like Burkina Faso. Our
results suggest that targeting both same-sex and vertical transmission pathways is crucial for comprehensive
HPV control.
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1. INTRODUCTION

Cervical cancer, predominantly caused by human papillomavirus (HPV), represents a substantial
public health concern, especially in low-income countries. Globally, it is the fourth most common
cancer among women, with the highest burden concentrated in regions like sub-Saharan Africa, where
healthcare access is often limited. In 2020, around 90% of the 604,000 new cases and 342,000 deaths
related to cervical cancer occurred globally [1,2]. In Burkina Faso, the disease’s impact is alarming,
with 1,132 new cases and a high mortality rate of 74.1% recorded in the same year [3]. HPV, a sexually
transmitted infection, remains the primary cause of cervical cancer, making it vital to understand its

transmission mechanisms.
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Despite significant research on HPV, most existing models overlook two transmission pathways:
same-sex transmission and vertical transmission from mother to child. Our study seeks to address
these gaps by developing a comprehensive SEIR-based model that integrates these transmission routes
to better understand HPV dynamics in Burkina Faso.

This study is timely, given the high prevalence of HPV in Burkina Faso, exacerbated by factors such

as poverty, internal displacement, and social stigma surrounding sexually transmitted infections. By
capturing the full spectrum of transmission pathways, the model offers insights into effective prevention
strategies, including vaccination, screening, and targeted education efforts.
The manuscript is organised as follows: Section 2 presents the formulation of the mathematical model,
highlighting the integration of both same-sex and vertical transmission in HPV dynamics. In Section 3,
we analyze the mathematical properties of the model, including the existence of solutions, positivity,
boundedness, and stability of both disease-free and endemic equilibria.

A sensitivity analysis of key parameters is also conducted at the end of Section 3. Section 4 focuses
on the numerical methods and simulations, where local epidemiological data are used to validate
the model. Finally, Section 5 concludes with a discussion of the findings and potential public health

implications for HPV control in Burkina Faso.

2. MopeL FormuLATION

A SEIR model (Susceptible S, Exposed E, Infected I, Recovered R) has been formulated and includes
vertical transmission. The total birth population is denoted as A for females and A,,, for males.
Accounting for vertical transmission reduces the birth rate of females by an amount of p; I3+ p2 P+ p3@Q
because babies from this group are infected. Thus, p112 + p2 P + p3(Q appears in compartment £;. HPV
is vertically transmitted by some females aged 9-15 years and over 15 years who are exposed. It is also
transmitted by infected females aged 9-15 years and over 15 years, as well as by chronically infected
females and those in the pre-cancerous phase. The description of variables is provided in Table 1 and
that of parameters in Table 2.

Throughout this document, the following assumptions are made:

(H1) The choice of the vertical transmission model is used to account for vertical transmission.
(H2) The total population at time ¢, denoted by N (t), is divided into two classes: the total female
population (Nf(t)) and the total male population (IV,,(t)).

(H3) The total female population is subdivided into 13 compartments: S; (9 years - 15 years), Sy
(>15years), Ey, E3, I1, I, P, Q, T, C, Ry, Ry, R..

(H4) The total male population is subdivided into 4 compartments: S, Ep,, I, Rp,.

(H5) Recruitmentis Ay — p1Io — paP — p3Q.
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(H6) General recruitment for males is A,,.

(H7) Susceptibles S and Sy contract the virus through sexual intercourses with an infected man at
a rate \,.
(H8) Susceptibles S, contract the virus through sexual intercourses with an infected woman at a

rate By.

(H9) Susceptibles S, contract the virus through sexual intercourses with an infected man at a rate
Af.
(H10) Susceptibles S, contract the virus through sexual intercourses with an infected woman at a
rate B,,.

(H11) Classes Ry, R2, and R,, can reacquire the virus.

(H12) Only individuals presenting pre-cancerous lesions are treated.

(H13) The parameters ¢, B, Cf, ¢ms D1, fifs Hgs Kty Homs fes Oiy 01, 02, 03, 04, 05, P1, P2, P3;
01, 02, 03, 04, 05, O, O, O, ky, v, 71, T2, 73, T4, T5, M1, M2, T, km, f1, f2, f3, f4. 5,
fe, k1, ko, 71, T are assumed to be strictly positive.

(H14) Allindividuals in compartments S1, S2, E1, Eo, I1, I, R1, R2, P, and R. have the same mortality
rate fiy.

Compartment S; represents susceptible females aged 9 to 15, who may become exposed (E;) through
sexual contacts with infectious males, with a strength of infection \,,. As they grow older, a proportion
p1 of these women move into the susceptible compartment Ss. In S5, susceptible women over the age
of 15 may become exposed and enter F» with probability A, + B. Exposed individuals in £y progress
to infectious state I; at rate 7 0;, while those in E» progress to I at rate 7. Infectious women in /; heal
and go into R; with probability 7101 or evolve into the infectious state I5. Similarly, women in /5 heal
and go into Ry at a rate ry09 or develop persistent infections to go into the P compartment. Persistent
infections in P may resolve, leading to healing in R», or progress to precancerous lesions in () at the rate
(1 —r3)os. Since @, individuals can receive treatment (7") or develop cervical cancer (C'). A proportion
of women treated in 7" recover to go into Ry and another proportion progress to cancer at the rate
(1 — r5)os. Patients with cancer in C' may heal and progress to R, at the rate 4. The S, compartment
represents susceptible men, who may become exposed (E,,) through contacts with infectious women,
with probability As + B,,. Exposed men in £, progress to the infectious state I,,, at rate 7, and either
recover to go into R,, with probability r,,, or remain in E,, at rate k,,A;. This dynamic framework
shows the essential interactions between individuals in the different compartments, taking into account
the different states of infection, cure, treatment and disease progression, in both male and female

populations.
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TaBLE 1. Description of variables used in the model

Variables Biological description

Si(t) Population of susceptible females aged between 9 and 15

Sa(t) Population of susceptible females above age 15

Eq(t) Population of females aged between 9 and 15 exposed to HPV infection

I (t) Population of HPV-infected females aged between 9 and 15

Ri(t) Population of females aged between 9 and 15 who have recovered from

HPV infection

Es(t) Population of females aged above 15 exposed to HPV infection

I>(t) Population of HPV-infected females above age 15

Ry(t) Population of females above age 15 who have recovered from HPV infec-

tion

P(t) Population of females with persistent HPV infection

Q(t) Population of females with precancerous lesions

T(t) Population of females with precancerous lesions treated

C(t) Population of females with cervical cancer

Re(t) Population of females who recovered from cervical cancer

S (t) Population of susceptible males

En(t) Population of males exposed to HPV infection

In,(t) Population of HPV-infected males

R, (1) Population of males who have recovered from HPV infection

TaBLE 2. Parameters used in the model

Parameter Description Values References
Ay Recruitment of new sexually-active females 424,553 [21]
A Recruitment of new sexually-active males 396580 [21]
p1 Rate of births infected by vertical transmission from I 0.09 Assumed
P2 Rate of births infected by vertical transmission from P 0.09 Assumed
03 Rate of births infected by vertical transmission from @ 0.09 Assumed
p1 Proportion of S1 who grow healthy to enter in S 0.11 Assumed
o; Departure rate of females (9-15 years) from class F 0.21 [23]
Tm Fraction of males that are infectious 0.47 Assumed
1,72 Fraction of females aged 9-15 years and over 15 years that are  0.47 Assumed

infectious, respectively

Continued on next page
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Table 2 — Continuation of previous table
Parameter Description Values References
r Fraction of females that are treated 0.9 [23]
1 Rate of females (9-15 years) leaving class I that recover 0.82 [23]
T2, 73, T4, 75 Fraction of females over 15 leaving class I, P, C, and T, respec- 0.9,0.9,0.5,0.9 [23]
tively recovering
Trm Male recovery rate 0.9 [23]
Bm (Bf) Probability of transfer of infection from males to females (females 0.8 (0.7) [23]
to males) per contact
01,02 Departure rate of females S; from I; and I» 0.61,0.5 [23]
03,04, 05 Departure rate of females .S of age from class P, cervical neoplasia  0.58 [23]
Q, and treated T, respectively
ky Proportion of females aged 9-15 or over 15 who will be reinfected  0.01 Assumed
through sexual contact
km Proportion of males reinfected through sexual contacts 0.01 Assumed
Cm Average number of sexual contacts per male 2 [23]
cf Average number of sexual contacts per female % [23]
Wf, Pm Natural mortality rate of females and males respectively, i.e., mor- 0.0085, 0.0099 [21]
tality not caused by HPV
Hq Mortality rate caused by cervical neoplasia 0.002 Assumed
Lot Mortality rate in treated precancerous women 0.004 Assumed
He Mortality rate caused by cervical cancer 0.001 Assumed
Om Rate of latently infected men E,, who are infectious 0.95 Assumed
On Fraction of infected men I,,, capable of transmitting the HPV virus  0.99 Assumed
01, 02, 03, 04, Fraction of latently infected females F;, infected females aged be- 0.8, 0.95, 0.99, Assumed
05, 0g tween 9 and 15 I, latently infected females Es, infected females 0.94, 0.90, 0.97,
above age 15 I, females with persistent HPV infection P, and 0.98, 0.99
females with precancerous lesions () respectively capable of trans-
mitting the HPV virus
fi, f2, f3, fa, Fraction of latently infected females F, infected females aged be- 0.1, 0.15, 0.1, Assumed
f5, fe tween 9 and 15 I, latently infected females E», infected females 0.3, 0.35, 0.35
above age 15 I, females with persistent HPV infection P, and
females with precancerous lesions () respectively capable of trans-
mitting the HPV virus between women
mi, meo Fraction of latently infected £,,, males and HPV-infected males ,,, 0.2,0.3 Assumed
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FiGure 1. Schematic Diagram of the Dynamics of HPV
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By doing a mass balance through the compartments, we obtain the system of differential equations:

With

(dS
d71 = Ay —p1ls — paP — p3@Q — (1 — p1) AmS1 — (p1 + pg) S
dsS:
ditQ =p15S1 — AmS2 — BySa — j1ySo
dE
d—tl = (1 = p1) AnS1 + Ak R1 + p1la + p2 P + p3Q — (05 + pg) Eq
dl
dil ZTldiEl—(Ul—i-,u,f)Il
t
dR
71 :7“101[1 —)\mk‘le —/Lle
dt
dFE
7752 = (1—7’1) O'Z‘El+)\mSQ+BfS2+)\mkfR2—(TQ+Mf) Es5
dl
7; =nkly+ (1 —ri)oily — (o2 + py) Io
dR
7; = ro0ooly 4+ r3o3P + rsosT — )\mk:fRz — prRa
dP
E 2(1—7“2)02[2—(03+uf)P (1)
d
B =) osP — (o1t s+ )@
drT
= =roaQ—(os+pp+p)T
dC
e (1=7)oaQ + (1 —15) 05T — (ra + pg + pc) C
dRc
W = T4C - ,LLfRC
dsS,
— = Ay — XSy — BmSm
dt !
dE,,
dl,,
W =Ty — (Tm + Nm) Inm
dR,,
-, = mIm - A kam - mRm
"t " ! a
Brcm (01E1 + 0211 + 03E5 + 0415 + 05 P + 06Q)
Af = N ,
By f101E7 + fobolh + f303E3 + fabsls + f505P + fe06Q
— N, ,

Ny = S1+So+FEi1+L1+R +Fe+I+R+P+Q+T+C+ Re, (2)
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A =
m N, )
m10m Em + mobpdm,
Bm = )
N,

Nm = Sm+Em+Im+Rm,

CmNm(t) = Cfo(t).

3. MATHEMATICAL ANALYSIS

3.1. Invariant Regions. We begin the analysis of the two-sex HPV infection model(1) by considering
its behavior in a biologically feasible region. First, we demonstrate that the system (1) is dissipative,
meaning that all biologically relevant solutions remain uniformly bounded within a suitable subset
D C RY. The model is structured into two subsystems: one for the female population, Ny, and the

other for the male population, N,,. The feasible region is defined as D = Dy U D,,, C R!3 x R4, with:

A
sz{(51,527E1,11,Rl,E2J2,R2,P,Q,T7C,R) eRP:N; < f}

Ky (3)

Am
Dy = {(STH7EmaIm;Rm) G]Ri Ny, < }
Hm

3.2. Positivity and Boundedness Properties.

Theorem 3.1. Let the initial conditions be:

(51(0), S2(0), £1(0), 11 (0), R1(0), E2(0), I5(0), R2(0),
P(0),Q(0),T(0),C(0), Rc(0), S (0), B (0), I (0), Rin(0)) € RY

such that: S1(0) + S2(0) + E1(0) + 11(0) + R1(0) + E2(0) + I2(0) + R2(0) + P(0) + Q(0) + T'(0) + C(0) +
Rc(0) + Sm(0) + Epn(0) + Iy (0) + Ry, (0) = N(0) where Ay > 0, Ay, > 0, and N(0) < % Additionally,

the following parameter constraints hold:
0 < Af, Ay €y Cns P, Jhf s Q) foms 4O Oy 01, 02,03, 04, 05, P1, P2, P3, 01,02, 03,04, 05,06, 0,1, 0 kg7, 11,

7‘2,7“3,T4,7“5,ml,m2,7“m,km,fl,fg,fg,f4,f5,f6,k1,]€2 <L

Then, the system (1) has a unique global solution [ 8] that remains non-negative and bounded for all t > 0.

Moreover, the following conditions hold:
(1) 0<N(t) < A , where A = Ay + Ay, po = min(puy, fim), and N(t) = N¢(t) + N (t).

A A
(2) I $1(0) < 5 +uf , 52(0) < %, and S, (0) < Am , then forall t > 0, S1(t) < p#;f So(t) <

p1ly < Am
“f(p1+ﬂf)/ and Sm(t) — Mm’

Proof. For local existence, all functions in system (1) are locally Lipschitz continuous. Hence, there

exists a unique local solution on t € [0, T}y,q.[, Where T}, is the explosion time. The analysis of such
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systems is based on elementary methods of ordinary differential equations. The existence of unique
solutions is guaranteed by various fixed-point theorems on a maximal interval [0, T}, [. By proving
that the components of the solution vector are uniformly bounded over any bounded interval [0, T},q.|,

we ensure 1,4, = 00. We notice that the components of the vector M,

Ml(Sla 527 E17117 R17 EQ; 127 R27 P7 Q7 T7 Ca RC7 va Emv Im7 Rm)

M>(S1,S2, E1, 11, Ry, Ea, I, Ry, P,Q,T,C, Rc, Sy, Emy I, Rin)
M= (4)

M17(Sla SQyEla Ila R17E27 127 R2a Pa QaT7 Ca RCa Sm7E?ﬂ>Im7 Rm)

are quasi-positive. Therefore, as the initial conditions are non-negative, this implies that the compo-
nents of the solution are non-negative for all ¢ € [0, T),q.[. Let’s define the function NV as follows:

N(t) = Si(t) + So(t) + Ey(t) + L1 (t) + Ry(t) + Ea(t) + Io(t) + Ro(t) + P(t) + Q(t) + T(t) + C(t) +
Ro(t) + Sm(t) + Em(t) + I (t) + Ry (t) One obtains:

dN
= = Ay + Ny — iy Ny — pin Ny, — 1@ — 1T — p1c.C

dN
7§A_,U(Nf+Nm)

dt
(5)
N~ ()

dt
dN
—_— <
7 +uN(t) <A

Solving the inequality:

N(t) < k(t) exp ™ 7)
N'(t) <K' (t) exp™ —pexp™ k(t)
Substituting N'(¢) and N (t) in (5):
K (t)exp ™ —pexp " k(t) + pk(t)exp ™ < A
K (t)exp ™ < A
K (t) < Aexp ®)

A
k(t) = m expt’ +c
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Substituting k(t)in (7):

A
N(t) < ( expht +c> exp M
w

9)
CZN(O)—z
N(t) < 24— <N(O)—) exp M

A A
Since N(0) < o then N(¢t) < n

A
Conclusion: 0 < N(t) < —, hence T},,q; = o0 and the existence of a unique global non-negative
1

solution is proven. Similarly, solving for S;:

ds
71 + (p1 + pp)S1(t) <0
! (10)
S1(t) < k(t) exp~ Prirst
The same reasoning applies to Sz and S3, concluding the proof of the theorem. O

3.3. Disease-free equilibrium point £ and basic reproduction number R. This section is dedicated
to calculating the reproduction number R of the proposed model. To do this, we will use the method

of the generation matrix that was developed and then adopted for finite-dimensional systems.

Theorem 3.2. Consider the system (1) with the given parameters
Ay >0, Ay >0.

0 < Ap, Ay €y Gy P, Jhf s Q) foims 4O Oy 01, 02,03, 04, 05, P1, P2, P3, 01,02, 03,04, 05,06, 0,1, 0 kg 7,11,

7‘2,7“3,T4,7“5,m1,m2,7“m,k'm,fl,fg,fg,f4,f5,f6,k1,]€2 <L

Then,

(i) The disease-free equilibrium point (DFE) is

e = (57, 53,0,0,0,0,0,0,0,0,0, 0, 0, S, 0, 0, 0) (11)
where
A A A
S(f:if, Sg:plifj F——_ (12)
p1+ g pf (p1+ pf) fim

(ii) The basic reproductive number is

(mlﬂmem + MmO + m29nrm) (2 9 9

pu Py VPl — 2puip1o + 4p1spir + p%g)
(13)

Ro = 5
/’Lm + ,umrm + ,ume + Tme
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where

p11, P13, P17, Pre, are given by (32), (34) and (35) (14)

Proof. Here, we consider the proposed mathematical model(1) with seventeen homogeneous compart-
ments. This model can be written as:

481,89, B, I, R1, B, I5, Ry, P, Q, T,C, R, Sy By I, Rin)T'=

F(81,89,E1,I1, Ry, E5, 12, Ry, P,Q,T,C, Rc, Sms By I, Rin) ™

Where F is defined by (4) . The point €° defined by (11) satisfies F'(¢°) = 0.

The T and C compartments already have precancerous lesions treated and cancerous cells, so will no
longer be part of the virus propagation process.

To compute the reproduction rate R, using the next generation operator method [9-11] on the sys-
tem model(1). Only the infected and infectious non-cancerous compartments are to be considered,

satisfying the following seventh-order system:

Eq (1 = p1) AmS1 4+ Ak Ry + pida + p2 P + p3Q — (0; + py) Eq
I 0By — (o1 + pg) I
B, (1= 71) 03By + AmSs + BySs + Amks Ry — (2 + 1) B
i I _ Toly + (1 —r1) o1l — (02 + py) Io 15)
| p (1—r9) ooly — (03 + g) P
(1 —=r3) o3P — (04 + puy + p1g)Q
E., AkmBRu + AfSm + BrSm — (T + fm) Em
I, TmEm — (Pm + o) Im
Eq (1 —p1) AmS1 4+ Ak Ri + pila + po P + p3Q — (05 + py) En
I 0B — (o1 + pg) I
d Ey _ (1 =71)0iE1 + ApnS2 + By So + Ak R — (12 + fif) Eo (16)
| g, 7By + (1= 1) orly — (09 + pg) Iy
P (1 —ry) o2y — (034 py) P
(1 —=7r3) 03P — (04 + piy + 1)@
i (En Atk R + AfSm + BrnSm — (T + ) Em
) = (17)

I, T Em — (rm + ,Um) In,
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The rate of occurrence of new infection in the seven compartments (E1, I1, Es, I, P, Q, Ey,, Iy, ) is

represented by the vector F as follows :

(1—p1) N 1+B i )kfR1 + pils + p2 P + p3Q

N,

0

Bmery ( z + )52+st2+ﬂ cr ( z + )kfR2

0
(18)

‘F:
0
0

m (01E1 + 60211 + 0sFEs + 0415 + 05 P + 6
Brem (01E1 + 0211 + §V2+42+5 +6Q)(kam+Sm)+BmSm
f

Bmey ( )k’fR1 + p1la + p2 P + p3@Q

Bmey ( )Sl n L

(1—p1) N

0

So + BfSy + kR
2 /o2 Nm 1 (19)

N,

0

0

0

Bfcm (01E1 + 0211 4+ 03E5 + 0415 + 05 P + 65Q) (kyaRon + Si) + B S
Ny (20)

The transfer rate of individuals into and out of the infected compartments is given by the vector:

(o3 + pyp) Er
— TlO'iEl + (0'1 + ,Uf) Il
—(1—=71) 0B+ (12 + ps) B
— 1By — (1 —ry) o1l + (02 + py) In
(21)
— (1 =rg)ooly + (03 + py) P
— (L —=r3) o3P + (04 + py + ) Q

(Tm + Nm) En,

— Tm B + (rm + Nm) I,
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(oi +pyp) Er
— 7’10’,’E1 + (0'1 + Hf) Il
—(1—=7) 0By + (12 + pg) En
V= (22)
— 1By — (1 —ry) oLy + (02 + py) I
— (1 =r2) o2l + (03 + py) P
— (1 — 7“3) 03P + (0'4 + K + MQ)Q
(Tm + ,Um) Ep,
Vin = (23)
- TmEm + (Tm + ,U/m) Im
By linearizing 7 and V in €” and using (6), we obtain :
0 0 0 p1 P2 p3 0Py
0 0 0 0 0 0 0
f10159 20259 £303S8  £104S9  f505S5)  fs06S9 0.
SV 48y 9450 S9+59 U459 S9+S9 S SY nee
o 0 0 0 0 0 0 0 (24)
0 0 0 0 0 0 0
0 0 0 0 0 0 0
01 P35 03P3 0,04 0,P3 05P4 O P3 mi16,, msb,
0 0 0 0 0 0 0
With:
0 0 0 P1 P2
0 0 0 0 0
f10159 20259 £303S8  £404S9  f5055)  fs06S9
Fi=| SP+59 S9+89 89489 89459 SYP+59 SY+S9 (25)
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
and
m19m mzﬁn
b = (26)
0 0
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dq 0 0 0 0 0 0 0
—T10; do 0 0 0 0 0 0
—(1=m)o; 0 ds 0 0 0 0 0
0 —(1—7r — d 0 0 0 0
v ( 1)01 —T2 4 (27)
0 0 0 — (1 — ?”2) g9 d5 0 0 0
0 0 0 0 — (1 — 7“3) g3 dﬁ 0 0
0 0 0 0 0 0 dr 0
0 0 0 0 0 0 -7, dg
With:
dq 0 0 0 0 0
—T105 da 0 0 0 0
—(1—m7) o0y 0 d 0 0 0
Vi = (1=m) ’ (28)
0 —(1—7“1)01 —1T9 d4 0 0
0 0 0 — (1 — 7“2) g9 d5 0
0 0 0 0 — (1 — 7’3) g3 dﬁ
and
i 0 0 0 0 0
dq )
0g;T1
— 0 0 0 0
del d2 1
d”& 0 - 0 0 0
1
Vit = 7r1d30i7'13—i} T Tods ™ T;’ i 0 0 (29)
dydsdadq dado dads dy
9 (7T1d302'7'1+71'2‘7'2d2) 1792 T2 9 i
dydsdzdady dydsds dydsds dyds ds
moms (midsoT + miTad2)  miTaTs T3 Ty T3 ™1
dydsdsdadgdy dydsdeds  dadsdgds  dydgds deds dg
T + U, 0
Vy = a (30)
—Tm Tm + Um
and
1
_— 0
vyl = Tm F fim ; (31)
(T + tm) (P + ) T+ i
. 5mcf,UJmAf (1 — 1) . i ﬂmcf,umplAf . . ﬂfcmAm,U/f_
o = ;o Py = ;o Pyg=
A (p1 + pif) Ampry (pr + pg) Agpim
0 _ LY 0_ Ay
2 pup(pitpg) TN prtopg

Whered| = o; + piy, do=o01+puy, dz=m+pp, di=o2+pr, ds=o03+ iy,
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de =04+ pif +fig, A7 =Ton + o,  dg =7Tm + fim, ™ =1 —-11)o5, w1 =(1-r1)oy,
mo = (1 —1r9)oe, w3 = (1—13)03

_ p1(mdzoimy + mitads)  pama (mid3oiTy 4 miTada) | p3mems (midzoiTy 4 miTads)

b= dydsdad, + dydsdsdyd, - dsdsdsdzdad,  52)
P = Gt ddeds + dudodod, (33)

P s [ g (e PR )| e
=g [ L Lt ) o

Thus, the effective number of reproducers R for model 1 is given by :

Ro = p(FV 1) where p represents the spectral radius

Ro = VRmR s With :
Rf = P(Flvfl)
R, _ P P VPH — 2p1ip1g + Apispir + pig
fE A+
2 2 2
R = P(F2V271)
mlﬂmem + mlrmem + m20nrm

/”L’%Tl + ,umrm + 'LLme + rme

m =

(ml,umﬁm + mlrmem + m29nrm) (2 + 7 + 9

P11 po /P — 2p1ipio + Apispir + p%g)
(36)

Ro = 3
Wa, + mTm + b Tm + TmTm

Ro measures the average number of new HPV infections generated by a single infected individual
introduced into a fully susceptible population [5-7].
Ry measures the average number of new HPV infections in the female population generated by a single
infected male introduced into a fully susceptible female population.
R, measures the average number of new HPV infections in the male population generated by a single

infected female introduced into a fully susceptible male population. 0

3.4. Global stability of disease-free equilibrium point. In this section, we will present the global
stability of the disease-free equilibrium of the system(1) using the CASTILLO CHAVEZ technique

[12,13]. Thus, the system (1) must be written in the form:

(dX

E_F(X,I)

dI

@ 37
- =G(X.D), (37)
G (X,0)=0
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where X = (51,52, R1, R2, R, S, Rm) € R"and I = (E1, 11, Ey, I, P,Q, Ey, I,) € R® respectively
denote the population of non-infected individuals and that of infected individuals (latent and infec-
tious).

The disease-free equilibrium point calculated in Section 3 is:

e’ =(s{, 53, 0,0,0,0,0,0,0, 0,0, 0,0, S%, 0, 0, 0) (38)
0 __ 0 0 0
e’ = (5], 53, Sy, 0,0,0,0,0,0,0,0, 0,0, 0,0, 0, 0) (39)
A A A
s°:< fo PRy 8w 0.0,0,0,0,0,0,0,0,0,0, 0, 0> (40)
pr+pg’ pp P+ ) fim

€Y can be written as:

e = (5% 0) (41)
The following conditions (H1) and (H2) below must be satisfied to ensure local asymptotic stability.
(Hy): if % = F (X,0), then ¢° is globally asymptotically stable.
(Hy): G(X,1)=AI —-G(X,I) ouG(X,I)>0 pour(X,I)eQ
Here , A = D;G (5°,0) is an M matrix (off-diagonal elements of A are non-negative).

If the system satisfies these two conditions, the following theorem applies:

Theorem 3.3. The fixed point £¥ = (5°,0) is a globally asymptotically stable equilibrium of the system provided
Ro < 1 and both hypotheses (H1) and (Hs) are satisfied.

Proof. Tt is assumed that compartments T and C are non-infectious and therefore cannot transmit the

virus.

N

Ap = p1ly — paP — p3Q — (1 — p1)
,Bme (emEm + en-[m)
N

N

S1— (p1+ 1y) St

p1S1 — Sy — BySs — puySo

rioly —

kiRy — ppRy

Bmcf (ngm + gnIm)
N

F(X,I)

roooly + r3o3 P + rsosT —

ktRo — prRo

r4C — prRe
_ Brem (61E1 + 0211 + 03 E5 + 0415 + 65P + 665Q)
Ny
Brem (01E1 + 0211 + 03E5 + 0415 + 05 P + 06Q))

Tmdm — Nf Em R — pim B

Am Sm - BmSm - MmSm

(42)
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ﬁmcf (amEnL + anIm)
Np,

(1 =p1)S1+EkfRy) + prlo 4 p2 P + p3Q — (05 + py) By

o By — (o1 +pg) It

(lle)O'iE1+ (Sz+k'fR2)+Bf527d3E2

N,
G - m9Es + (1 —7m1) 011y — (09 + pug) I )
(1 —r2)ooly — (03 + py) P
(L=r3) o3P — (04 + py + 114)Q
Bfcm (61E1 + 0211 + Gj\lig + 0415+ 05P + 65Q) (ko B + Sn) + BonSos — (7o + i) En
TmEm — (P + o) I |
G (X,I)
Go (X, 1)
Gs(X,I)
G4 (X, 1)
G(X,I)= (44)
Gs(X,I)
Ge (X, 1)
G7 (X,I)
Gs(X,I)

It is clear that at the point DFE, G (X,0) = 0.
Next, we will verify that if % = F (X,0), then ° is globally asymptotically stable. To do this, let’s

compute the eigenvalues of the Jacobian matrix (Dx F (%)) associated with F at the DFE.

~(Pi+pg) O 0 0O 0O 0 0
Py —ug 00 0 0 0
0 0O —uy 0 0 0 0
DxF (%) = 0 0 0 —pr 0 0 0 (45)
0 0O 0 0 —p 0 0
0 0 0 0 0 —pm O
0 0 0 0 0 0 —pum

Given that the eigenvalues ¥y = —(Pi+puyf), Vo= —pfr, U3=—pup, Ya=—py, U5=—pp, 6=
—py, U7 = —py of the Jacobian matrix are all negative, the DFE point is globally asymptotically sta-
ble. To verify that G(X,I) = A x I — G(X,I)or G(X,I) > 0, we will first compute the matrix
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A= DG (8°,0)
A=F-V
—dy 0 0 P1 P2 P3 qu)l an)l
T10; —do 0 0 0 0 0 0
1S9 1259 1355 Sy 1559 n6SY
-+ 7, _— d3 Hm@2 enq)Q
0 i 0 0 0 0 0
Ny Ny Ny Ny Nj o Ny
A= 0 T T2 —d4 0 0 0 0
0 0 0 T —ds 0 0 0
0 0 0 0 3 —dg 0 0
01(133 95@3 (92(133 94‘133 95‘133 ‘96(1)5 m10m — d7 m29n
0 0 0 0 0 0 Tm, —dg
Where: 01 = f161, n2 = fab2, 13 = f303,m4 = fabs, n5 = f505 and ng = fe0s

It is clear that matrix A is an M-matrix (the off-diagonal elements of A are non-negative).

We can now compute the function G (X,1):

Al =

—diEy + p1dy + poP + p3Q + 0, 91 By + 0,911,

Ti0:E — dody
S9 S9 S9 59 S9 59
C®f+m)Eﬁf%§h+<?§—wgzb+%§Lﬁf%§P+ﬁ§Q

+ 0, P2 E,, + 0, P21,

w11 + o Fe — dyls

oLy — ds P

3P — degQ

0103 E1 + 030311 + 0203 + 04,8315 + 05P3 P + 06P3Q + (m10py, — d7) By + maby Iy,

TmEm - dSIm

G(X,)=AI-G(X,I)= G(X,I) = Al - G (X,])

Gy (X, 1)
0

Gy (X, 1)

(46)

(47)

(48)
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With

ﬂme <9mEm + anm)S ﬁme ((9 E,, + 0,1 )
1=

G1 (X, 1) = 0,,®1Eypy + 10,1, — (1 — p1) N N

k;Ry

BmerpmAg (1 —p1)

b =
' A (1 + 1)
Bmc
(131:(1—])1) NOfS?
N? =890 _ An
m m Nm
SO Af
p1+ pf
G 0. 1) = (1= ) 2L (0 B+ 00 = O+ 1) (1= p) 2L 54 B0y
. S0 S, kiR
G (X.1) = By (OB + 1) (1= 1) e = (1= ) - = 22
I kR
I kiR
> -1 = _ >
Gi (X, D) 0(:){N% Now  Nm(l—pn)) ="
S, kiR 59
> —_— 4y <=L
Gy (X, 1) O@Nm+Nm(1_p1) <N
. S, &Y
Gi (X, 1) >0 MSNg
e (XI)>O<:>51<51N0
like ngAﬂ : N%:S%:A—m
Hm Hom
th N,, < N© d Nm<1
en m > m an W_

Gi(X,])>0& 8 < SY
N

ﬁme (QmEm + QnIm)S ,Bme (9 E, + 0,1 )
Non 2 Nu

~ 0
Gs (le) =0, P2Ey, + 0, P21, — (S2+kfR2)+Bfo <S2 —SZ>
f

G3 (X, 1) = 0, ®2Ey, + 0,51, —

Sy S
Bfo<N20 Nf>

~ _ Bmcy Bmey S99y
Gs (X, I) = Py (HmEm + HnIm) — (HmEm + anm) ( N, Sy + kang + Bfo F}) — Ff

ks Ro+

(49)
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By = Bﬁg S9
NO =89 — Am
i
SS _ plAf
ff (p1+ pf)
Gy (X, 1) = D050 (0, o+ 01m) — (o En + O L) <5me Sy 4 Pt kfRz)
NO Ny, Np,

S9 S,
BfN; | =2 - =
o f(zv? Nf)

~ 0 k 0
G3 (X, I) = Bmcs (OmEm + Only) [52—52_ fRz] + By N; (SQ_SQ>
f

~ 0 kR 0
Gg(X,I)ZO@ﬁme(ngerHnIm) |:SQS2 / 2:|+Bfo (]i?[)&> >0

. S Sy kyRs 59 S,
X. 1) > 2 e > 2 22 >
G ( ,I)_O@[N% N Nm]_o and NI >0
~ S9 So  kyRsy SY Sy
Gg(X,I)20<:>N—%2N—m+ vam and F}—Ff
~ SS 52 SS 52
> 22 5 22 22 5 22
Gg(X7I)_O<:>N%_Nm and N})_Nf
~ So S9 So S9
X, 1) > — < == d —= < —=
Gs ( ,)_O<:>>Nm_]\[79I an Nf_NJQ
SYN,, SN
Gs(X,1) 206 S < 25" and Sy < 2}9’”
_ N, N
Gg(X,I)ZO@SgSSSXl because ng and N—{ng
m f
G7( , ) mi —+ me ﬁfcm[ Nf ( R, + S ) N, S,
-~ AN m m HmEm ndm
G (X, 1) = 10 Eny + mabp Iy — /f - [—<I>3+ﬁ Zf\f B + 2 ]fvc Sm] _(m N+m29 s,
ftm f f m
Bremits Sy,
Oy = LB Om
3 A
S0 — Aﬂ
"
~ Sm ArNy Brem Brcm
7( ) ) (ml + ma )< Nm>+/8fcm |: 3 Nf R Nf S
pa chm

Gr(X,]) >0 | — kamﬁfcfnsm] >0
f Ny
(50)
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~ ” SO - -
Gr(X,]) >0 [5fc trSm _ Btemy o Pre sm] >0
Ay Ny Ny
0
~ :ume kam Sm
G (X.I)>0 -~ — ——1 >0
7( 7)- <:>ch |:Af Nf Nf =
0
~ Nme kam Sm
G7(X,I)>0<:>[ - —2mlis
Ay Ny Ny
~ /JfSPn kam Sm
G (X, 1) >0« - > Zm
Ag Ny = Ny (51)
~ :U’fsgl Sm
X, 1) > PiZm - Zm
G (X, ) >0& A, Z N,
~ SON A N
G7(X,I)20<:>Sm§m7fuf; we have NfSJ:ﬂS1

Ay uy o Ay

Gr(X,]) >0 S, < 8% x1

G (X, 1)>0& S, < S
From the above, we can say that: G (X,I) > 0& 5 < S? .Sy < Sg and 5, < S%.Therefore, the
conditions (H) and (H>) above are satisfied. Thus, we can use the CASTILLO CHAVEZ technique to
conclude that if Ry < 1, then the DFE point is globally asymptotically stable. O

3.5. Endemic equilibruim point ¢*.

3.5.1. Existence of €*.

Theorem 3.4. The system (1) admits a unique positive endemic equilibrium

e* = (81,85, EY, I{, R}, E5, I3, R, P*,Q*,C*, RE., Sy, Exy, 1, R, ) whenever Rg > 1.

Proof. By setting the right-hand side of system (1) to zero and assuming all variables are non-zero

(S1#0,S2#0,E1 #0,I; #0,..., R, # 0) we obtain:

. Np—p1l3 —paP*—p3Q* p157
ST = . S VI e
(L —=p1) Ny, +p1+ py A+ B} + 1y
B — (1 —p1) Ay, (ST + kfRY) + p1ds + p2 P* + p3Q* I o By . _ rioil}
' i + 1y N o) T Ak
[ A (95 + kgR3) + (1 — 7)oy EY + B}S5 B+ (1 —m) ol
2 (T2 + py) n (o2 + 1)
Rt — 7’202[5 + ryo3 P* +7“5J5T*. pr_ (1 — 7“2) 0‘21—5' . (1 — 7“3) o3 P*
? Nkiy + s ’ (o3 +ps) (04 + s + btq)
™ — rosQ* Lo (1 — 7’) o4Q* + (1 — 7’5) U5T*' R — 7’40*' x A
(05 + pyp + )’ (ra+ pg + pc) O T T N+ B+

N Bn S £ BaSs L ml,  . raly

m )

(T + Hm) (Fm4pm) ™ Nk + i

(52)
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O

3.5.2. Global stability of *. By constructing an appropriate Lyapunov function, we will demonstrate the

global asymptotic stability of the endemic equilibrium point.
Theorem 3.5. If Ry > 1, the global endemic equilibrium point €* of system (1) is globally asymptotically stable.

Proof. When R > 1, the basic reproduction number is positive, confirming the existence of the endemic
equilibrium £*. To demonstrate global asymptotic stability, construct the Lyapunov function [4, 14-17]:
L= (S1—57)+(S2—85)+ (E1 — EY) + (Iy = I}) + (R1 — RY}) + (B2 — E3) + (I — I3) + (R2 — R3) +
(P-P)+(Q-Q)+(T-T*)+(C—-C*)+(Rc — R:) + (S — S}) + (Ery — E5) + (I — Iy,) +

(R —Ry) — (ST + S5+ Ef +I{ + Ri+ E3 + I3+ R5+ P*+Q* + C* + R, + Sy, + Ef, + I, + RY) X
1( Si+S+Ei+h+Ri+Ey+Dh+Re+P+Q+T+C+ Ro+ Sm+ En+ I+ R >
S+ S5+ Ef+I} + Ri+ Es+ I+ RS+ P*+Q*+T*+ C* + R + S, + Ey, + I, + Ry,

Let’s define:

N=S+S+E+LH+R +E+L+R+P+Q+T+C+Rc+ Sy + Ep+Inm+ Rn

N =S +S +Ef+ [ +R{+E5+ L+ R+ P +Q"+T"+C*+ R+ S, +E, + 1), + Ry,
The Lyapunov function can be rewritten as:

L:N—N*—N*lnﬂ

N AN
L=N* —1-1
(1)

We will use the Volterra-type Lyapunov function family defined by g(z) = 2 — 1 — In(z),2 € R"
which has a global minimum at « = 1 and satisfies g(1) = 0.

Since (Si(t) > 0, Sao(t) > 0, Eqi(t) > 0, ILi(t) > 0, Ri(t) > 0, Es(t) > 0, Ix(t) >
0, Ro(t)>0, P(t)>0, Qi) >0, T({) >0, C()>0, Rc(t)>0, Sn() >0, E,({) >
0, ILn(t) >0, Ry(t)>0,

N N
One can obtain the following: L = N* —1-In—1]>0

N+ N~
Therefore, the derivative of the Lyapunov function L is given by:
dL dN N*
i I R
dt  dt < N > (53)

Considering system (1) , we have:

dN
%:Af—,uf(S1+Sz+E1+I1+R1+E2+12+R2+P+Q+T+C+Rc)
dN

s =Ap+ A — Ny — Ny — pg@Q — T — pucC
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dN
At the endemic equilibrium point where T 0, we have:

0=As+ Ay — pf N — pm Ny, — 11gQ" — ™ — p1.C* (55)
55
Ap+ Am = N7+ Ny, + 1gQ° + 1 T* + peC*
According to (53), (54), and (55), assuming N — N* >0, Ny—N;>0, Np—N;, >0, Q-Q*>
0, T—-T*>0, C—C*>0,wehave:
dL _dN (| N
dt — dt N
dL N* N « * . *
P 1- N (L NF + b Ny, + 11gQ* + 1T + p1C* — pup Ny — pim N — p1qQ — e T — 11C)
dl. (N - N*
dt N
dL
— <0
dt —

> (g (Np = N7) + p (N = Npp) + 110 (@ = Q") + 1 (T = T) + e (C = C7))

(56)

According to (56) and using the fact thate % = O0ifand only if Sy = S}, S2 =55, E =
Ef, IL=I], Ri=R], E2=FE;, Ih=1I,, Rh=R;, P=P", Q=Q T=T" (=
C*, Rc=RL, Sm=5S), En=E;, I,=1I) R,=R;,
then % converges as t — oco. By LaSalle’s invariance principle, the endemic equilibrium point * is
said to be globally asymptotically stable when Ry > 1 [4,18-20,22]. O
3.6. Sensitivity analysis of Ry. To assess the impact of model parameters on the transmission dynamics
of the HPV virus, a sensitivity analysis of model (1) is conducted. This analysis aims to quantify how
variations in each parameter affect Ry, the basic reproduction number, while excluding parameters
tm and pi g, as these cannot be targeted through intervention strategies. The standard equation for the
sensitivity index of a parameter a with respect to R is given by equation (57) [24] [25,26]:
Ro _ % % ﬂ_
@ da Ry

Given the complexity of Ry, numerical differentiation was employed to compute the sensitivity indices.

(57)

The numerical results for these indices are summarized in Table 3. Figure 2 presents the results of the

sensitivity analysis.
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Sensitivity Indices
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FiGURE 2. Sensitivity analysis of the model parameters
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Sensitivity Index Values

xR0 0.105097
X0 0.008929
X X0 0.000877
X0 0.027623
XRo -0.045038
xR0 -0.072378
xR0 -0.489685
xR0 0.196375
X 0.303625
Xp0 0.026503
Xo 0.196375
Xo" 0.303625
X 0.007454
X 0.231115
Xoo 0.024067
X 0.002397
Xoo 0.119413
xR 0.004695
xR 0.113392
xR 0.081847
xR 0.019575
Xy 0.002423
X3 -0.018402
xRo -0.282710
X0 0.003304
XRo -0.029699
X0 -0.005802
xR0 -0.020580
XRo -0.323786
xR0 -0.041608
XRo -0.003241
XRo -0.003241

TaBLE 3. Sensitivity indices of the model parameters
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Interpretation of sensitivity analysis results.

(1) Parameters with a Significant Impact on Ry: The parameters 7, (fraction of infectious men),
m1, and my (fractions of latent and infected men capable of transmitting the virus) play a
crucial role, with sensitivity indices of —0.489685, 0.196375, and 0.303625, respectively. This
means that infected men, particularly in the latent and infectious classes, have a significant
influence on the spread of the virus. Additionally, a decrease in the fraction of infectious men
(7mm) leads to a substantial reduction in Ry.

(2) Impact of Vertical Transmission:

The parameters p1, p2, and p3 (vertical transmission from classes I, P, and ) show positive
sensitivity indices, but of different magnitudes, with X;zlo = 0.105095, XZ}QO = 0.008929, and XZ?SO
= 0.000880. Vertical transmission from /5 has the most significant influence on Ry.

(3) Parameters of Progression in Infectious Classes for Women:

The sensitivity indices for the progression rates 7; (infectious women aged 9 to 15 years) and
T2 (infectious women over 15 years) are negative, —0.045039 and —0.072376, respectively. This
indicates that faster progression through these classes results in a lower Rg. In other words, if
individuals exit the infectious classes more quickly, it reduces the spread of the infection.

(4) Impact of Healing Rates:

The parameter 1, which represents the healing fraction of women infected in class /1, has a
significant impact with 0 = —0.282780.
(5) Contamination Between Genders:
The parameters A; and \,,, representing the force of infection in women and men, respectively,
do not have direct sensitivity indices indicated but are indirectly related to transmission pa-
rameters such as 6,,, 6, and 6 to 6. These show relatively high sensitivity indices, with Xéio
= 0.231111 and Xéio = 0.119414, indicating the importance of individuals in the latent and

pre-cancerous classes for viral transmission.

In Summary: The analysis reveals that the fractions of latent and infected men capable of transmitting
the virus play an important role and highlights the need for special attention to these groups to better
control the transmission of the virus. The results also show that the speed of healing and transition out
of the infectious state, particularly among young girls, is crucial for reducing Ry. Efforts to reduce R
should focus on reducing transmission among infectious men, improving healing rates in women, and
decreasing vertical transmission, particularly from the I class. Measures such as vaccination, early

screening, and treatment of latent infections could have a significant impact on reducing R,.
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4. NUMERICAL SIMULATIONS

In this section, we present numerical results that illustrate the theoretical conclusions established in
the previous sections. To achieve this, we perform numerical simulations using MATLAB, applying the
fourth-order Runge-Kutta method . This method was selected for its accuracy and stability in solving
systems of nonlinear ordinary differential equations, such as those used to model the dynamics of
human papillomavirus (HPV) and its associated complications.

The goal of these simulations is not only to validate the theoretical results but also to provide deeper
insights into the system’s dynamic behavior, particularly concerning parameter sensitivities and equi-
librium points. With the parameters specified in (2), the basic reproduction number is calculated as
Ro = 1.0173. We set Ny = 7718 366 and V,,, = 5004 502, representing the total population of females
aged over 9 years and males aged over 15 years in Burkina Faso in 2020. Therefore, N = 12722868
[21]. Initial conditions are: S1(0) = 1500000; S2(0) = 6106666; S,,(0) = 4959502; FE1(0) =
10000; R1(0) =5000;  I1(0) =7000; E5(0)=30000; I»(0)=20000;P(0) =15000; Q(0)=
5000; T(0) = 3000; C(0) = 1000;Rc(0) = 700; Eyn,(0) = 20000, I,,,(0) = 15000; R,,(0) =
10000; R2(0) = 15000

« 108 Evolution of Susceptible Populations 5 «108 Evolution of Exposed Populations

—1 —F1

7

s2 —_—F2
6 Sm| | 25F Em|

Number

—
2r /""' 1
1 {\ / 1
. 0 0 20 SID JID t;D GID TID 80 920 100 o 10 20 Z}‘D 4ID 5‘D (;D 7ID 80 20 100
Time (year) Time (year)
Ficure 3. Evolution of the sus- Ficure 4. Evolution of the ex-
ceptible population. posed population.

e Susceptible : As shown in Figure 3, the susceptible population starts high, mainly comprising
women over 15. A gradual decline occurs over time as individuals move to latent or infected
states, particularly noticeable among young girls.

e Exposed : Figure 4 illustrates the exposed population, with higher prevalence among men and
a significant increase in girls aged 9 to 15 during the first decade. This prevalence decreases as

they progress to infected or recovered states.
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5 108 Evolution of Infected Populations . 107 Evolution of Recovered Populations
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Ficure 5. Evolution of the in- Ficure 6. Evolution of the re-
fected population. covered population.

e Infected: Figure 5 shows an exponential growth in the infected population during the first
decade, especially among young girls, indicating rapid transmission, with men playing a crucial

role.

e Recovered: Figure 6 depicts a steady increase in the recovered population, contributing to an

overall decrease in infections after the initial decade.

+10?  Persistent HPV Infection and Precancerous Lesions

Treated Precancerous Lesions and Cervical Cancer

Persistent HPV Infaction (P) 12000 . ) ; . ; ; T | T
Precanceraus Lesions (Q)

Treated Precancerous Lesions (T)
Cervical Cancer (C)
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Persistent Infections and Precancerous Lesions

Figure 7 shows a significant increase in persistent infections and precancerous lesions during the first
decade, followed by stabilization.
e Persistent Infections: This initial rise indicates unresolved cases, contributing to the progression

towards precancerous lesions and potentially cervical cancer.
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e Precancerous Lesions: Highlighted in Figure 7, this trend is closely tied to persistent infections,

with untreated cases often advancing to this stage.

e Treatments: Figure 8 illustrates effective management of precancerous lesions, which helps
keep cervical cancer incidence relatively low, emphasizing the importance of ongoing treatment
and vaccination.

e Cervical Cancer: This figure demonstrates the initial increase in cervical cancer cases, mitigated

by effective treatments, underscoring the need for sustained prevention and management

strategies.
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Analysis of Prevalence and Incidence

e Prevalence: Figure 9 indicates that prevalence is initially driven by latent cases, peaking among

young girls before stabilizing with the increase in recoveries.

e Incidence: Figure 10 mirrors prevalence trends, with early increases followed by declines due

to recovery and effective treatment interventions.

Perspectives on Solutions
e Strengthening Vaccination Programs: Intensify efforts among young girls to reduce both latent

and infected cases.

e Improving Treatments: Enhance access to healthcare and treatments, particularly in under-

served areas.
e Education and Awareness: Implement campaigns to raise awareness of HPV risks, treatment

options, and vaccination benefits.
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e Prenatal Screening and Vertical Transmission: Promote screening and vaccination prior to
reproductive age to mitigate vertical transmission.
e Enhancing Medical Infrastructure: Strengthen infrastructure and training to improve infection

management and recovery rates.

Confirmation of Theoretical Results: The simulations confirm the accuracy of the theoretical equilib-

rium points, indicating that infection persists in the population due to Ry > 1.

Dynamic Behaviors of the System: The simulations reveal clear trends, such as the rapid increase in
infections followed by stabilization post-treatment introduction, underscoring the importance of early

intervention to curb the virus’s spread.

Equilibrium Points: The simulations provide insights into how quickly the system converges to the
equilibrium, crucial for understanding intervention effects. They show that a stable endemic equilib-

rium can be achieved with continuous strategies.

In Summary: Numerical simulations enrich the theoretical analysis by providing insights into

infection dynamics and supporting the proposed interventions against HPV and its complications.

5. ConcLusioN

This study developed a mathematical model that uniquely incorporates same-sex transmission and
vertical transmission to better capture the full dynamics of HPV transmission in Burkina Faso. By
extending the standard SEIR framework, the model offers a more comprehensive understanding of
how these additional pathways contribute to the spread of HPV and cervical cancer. The existence
and global stability of disease-free and endemic equilibria, determined by the basic reproduction
number R, provide valuable insights into the conditions required for controlling HPV. Sensitivity
analysis revealed that parameters such as the fraction of infectious men, the rate of vertical transmission,
and progression through different infectious stages play pivotal roles in shaping HPV’s dynamics.
Importantly, our results emphasize the necessity of addressing both same-sex and vertical transmission
pathways in public health strategies to effectively reduce HPV incidence and mortality from cervical
cancer. Numerical simulations, using data from Burkina Faso, support these findings and highlight
the practical relevance of the model in informing local prevention efforts. Future research should
aim to refine the model by incorporating more detailed demographic and behavioral data, as well as
exploring the impact of integrated intervention strategies, including vaccination and screening, across
various subpopulations. Overall, this work offers a solid foundation for advancing HPV control efforts

in regions with high disease burden.
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