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ABSTRACT

Cervical cancer is one of the most common diseases suffered by women around the world. One
of the causes of cervical cancer is the Human Papillomavirus virus (HPV). This virus attacks the
sexual organs of men and women. This study was conducted to analyze the dynamic of HPV
transmission system when a vaccination treatment is applied. The constructed model that
analyzed in this study was an extended SIR model. A group of women S is divided in two
compartment; S; ( denotes a group of 0 -10 years of age) and S, (denotes the group of above 10
years). The group S, represents the vulnerable age group to the HPV. Apart from compartments
S1S,IR we also included the compartment C (cancer development) which resulted in the model
became S;S,IRC. The analysis to the disease-free equilibrium point shows that it will be
asymptotically stable for the reproduction number Ry < 1 whereas for the endemic equilibrium
point was achieved when Ry > 1. We also conducted the sensitivity analysis to investigate which
parameters influenced R, significantly. The results indicated that parameters population
growth 3 and proportions of unvaccinated population x are related positively to Ry while
parameters natural birth p inluenced negatively.
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INTRODUCTION

Cervical cancer is one of the most frequent diseases suffered by women
worldwide. Marth et al. [1] showed that more than 265 thousand women died of cervical
cancer in 527 thousand cases annually in both developed and developing countries.
Cervical cancer generally affects women between the ages of 15 and 25. However, 50%
of sexually active women are more at risk of developing cervical cancer [2]. According to
Made Boer [3], in 2006 there were 2686 cases of cervical cancer in Indonesia, which
were divided into 880 cases in Jakarta, 919 cases in Tasikmalaya, and 887 cases in
Bali.From 2015 to 2019, the number of women screened for cervical cancer was not
constant, whereas in 2017, the cases increased rapidly with a total of 1,114,173 and
decreased again in 2018 with a total of 611,645 cases. Then, in 2019, the number of
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cases increased again, with a total of 1,170,353[4]. In 2020, there were 36,633 cases
with the number of deaths from cervical cancer as high as 21,003[5]. Cervical cancer can
be caused by many viruses. One of the deadly viruses is HPV. This virus contains a group
of more than 150 interconnected types. More than 40 virus types of HPV are known to
infect the sexual organs of both males and females.

There were reports made that in order to reduce the number of people being
exposed to HPV infections people can take some precautions such as getting HPV
vaccine, only having one sex partner and avoiding having sex with people who have had
many sex partners. Atkinson et al. [6] stated that in 2006 The Food and Drug
Administration (FDA) in the US approved a vaccine that can prevent not only the 2 types
of HPV (HPV 16 and 18) that cause 70% of the cervical cancers, but also the 2 types of
HPV (HPV 11 and 16) that cause 90% of all genital warts or condylomata. This was a
enourmous break through. There were also known about 40 types of HPV that can
potentially cause diseases [7] but the above 4 types of HPV are the most common causes
of cervical cancers and genital diseases in general

It is widely known that mathematical models and dynamical analysis have
become essential tools in the study of diseases transmission. The study can lead to more
effective strategies in order to reduce the spread of the contagious diseases such as HPV
infections [8]. Research on HPV transmission and cervical cancers were mostly
statistical to find what factors caused the infectious disease and how to intervene that.
Without understanding the dynamic of the transmission system and how it happens in a
particular period of time, such research will probably be of limited use [9]. This is
worsened by the condition where data collection about genital diseases or genital warts
such HPV are not always easy to obtain due to the consideration of being ashamed to be
exposed about such a private life [2]

Research on mathematical modeling in HPV infections that lead to cervical
cancers has been carried out by several authors. To name a few Lee and Tameru[2],
Gamet et al.[10], and Sroczinsky et al. [11] applied the SI model to describe the
transmission of HPV in cervical cancer. However, in this research, only a mathematical
model was developed without conducting stability analysis which is an important part of
the work. Another researcher was Asih et al [12], who discussed CUSP bifurcation in
cervical cancer mathematical models that discuss how to find bifurcation phenomena
with some parameters. Without discussing the treatment carried out to prevent cervical
cancer, they did not move further in analysing the treatment for the disease to prevent
the transmission of human papillomavirus.

Therefore, this current study is dedicated to analyze the dinamic of HPV
transmission where vaccination is incorporated as one of the parameters in the system
model. By doing so, we expect to understand how the transmission system works and
we can also generate some numerical simulations to understand better all the dynamic
subpopulations incorporated in the system as well as all the parameters we assummed
to be involved. It is hoped that this will at least help the policy makers to intervene or
overcome the emerging infectious diseases such as HPV infections.

METHODS

The dynamical analysis equipped with sensitivity analysis will help us understand the
behaviour of the HPV transmission system in the long run as well as the understand of
the paramaters that significantly influence the reproduction number Ro. This research
was conducted using literature studies related to dynamic analysis, HPV transmission to
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cervical cancer and vaccination. The study was carried out by first making assumptions
related to the dynamic of HPV transmission with vaccination, followed by establishing a
model of HPV transmission with vaccination, conducting dynamical analysis of the
model including the determination and the stability analysis of the equilibrium points,
then generating numerical simulation using Mathlab software and finally interpretating
the results of the analysis.

RESULTS AND DISCUSSION
Assumptions

The constructed model used in this study is an extended of the model proposed
by Kermack and MCKendrick [13] with women population S divided into two
subpopulations; S; (population age 0-10 years who are not vulnerable to virus
transmission) and S, (population age more 10 years who are vulnerable to virus
transmission). Newborns are in group S;, the birth rate is equal to the death rate which
implies a constant population, there is no incubation period in HPV transmission, the
recovered population is not susceptible, and the untreated population will move to
group C (cancer) whereas the treated population is in the R (recovered) subpopulation.
The vaccination program is applied in the model S;S,IRC. The vaccine is only applied to
the susceptible population. The parameters employed in this research are:

Subpopulation age 0-10 years

Subpopulation age greater than 10 years

HPV-infected subpopulation

Cancer subpopulation

Recovered subpopulation

The number of natural births

Population growth

HPV-infected population growth

Recovered population growth from a treatment

: Cancer-infected population from the infected group because of no treatment
m : The proportion of the susceptible population that is vaccinated
The proportion of the susceptible population that is unvaccinated
The natural death rate

Il sD™orxma~2"
P~

[y

U=y
= |
3

Model Construction
From the above assumptions we then constructed the HPV transmission model as
follows:

A 51 85, 52 (1—m) 35,1 I nl R

\ us, \ US o wul \uR
(1—n)

C

\#C

Figure 1. Transmission Diagram
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which can be represented in the following system of differential equations:
ds;

d_t = A - 651 - llSl

ds,

E = 651 - mSZ - (1 - m)ﬁSZI - HSZ

dl

d—t=(1—m)[3521—(u—n)1—(1—n)1 (1)
dR

Fri mS, + nl — uR

dc _ (1 ) C

dat wWETH

The diagram in Figure 1 and the system of differential equations in equation 1 show
that there are five (5) compartments in the model. They are S; (population of 0-10
years), S, (population over 10 years vulnerable to HPV), I (HPV infected before
developed to cervical cancer population), C (cervical cancer population), R (recovered
population). The population of S; grows due to the natural birth A but loose with death
rate (1) and move to S, with the rate of (§). S, as a susceptible population can be
treated with vaccination m so that they will not be exposed to HPV and move to group R
(recovered). The population in S, who are not vaccinated is prone to be infected so that
they will move to compartment I (HPV infected) with the number of (1 — m). Those who
are in the I (infected) compartment and recovered beacuse of the vaccination will move
to compartment R with the rate of n, wehereas 1 —n population (who are untreated)
will develop cervical cancer.

Equilibrium Points

The crucial aspect in dynamical analysis is to determine equilibrium points of a system
where we are able to know the behaviour of the system in the long time period. From
the system of equations (1), the equilibrium points are obtained by letting the right hand
side of the equations equal zero i.e:

ds; dS; dI dR dC

dt dt dt dt dt

For the dynamical analysis of the diseases transmission such as HPV transmission above
we know there are 2 types of equilibriums points; Disease free equilibrium point (E)
where I = C = 0 and Endemic equilibrium point (E;) where I = C # 0.
a. For the Disease-free equilibrium point (E;), withl = C =0, then we
obtain Ey(S;, S5, [*,C*, R*) where

d
L A-6S —uSi=A—-(6+ WS =0

dt

ST = 4

Lo s+u

In the similar manner, we obtain
P 0A
27 Ut 4+ 6m+ Su+ pum

I"=0
C*=0
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R**

_|mQu+n+y)?(uxp + 6xB) + xBS (xﬁé‘A — (u+n+y)((mp+ms) + (u* + y&))) 3)

mdA

- u(u? + dm + Su + um)
Thus the disease-free equilibrium point is as follows
( A A mdA )
0 =

) ,0, ,0
G+w' > +om+du+um’ "u(u?+ dm+ Su + um)

*

(2)

b.

For Endemic equilibrium point (E1) which means the disease exists in the

population with
I = C # 0, then we obtain E; (57", S5, I, C**, R**) where

das:
For ==+ =0
dt

A— 688 —uSr =0
A

S** -
Y+
as; _ 0
at
6S; —mS; — (1 —m)BS;1 —uS;, =0egx = (1 —m)
We obtained

oA
52 = [(uxB + 6xB) + m(u + 8) + u(m + )

In the similar manner, we obtain
P SA(u+n+p)
2 xBSA
_ xBSA — (u+n+ p)((mu +mé8) + (u* + o))
B (u+n+p)(uxpB + 6xB)
_ m(u+n+p)?(uxp + 6xp) + nxf(xpSA — (u + n+ p)(mu + md) + (u? + ps))
B (uxB + 6xB) (u + n + p) (uxp)
(o PXBOA—y(utnt P)((mp +m&) + (u? + ué))
(u2xB + udxp)(w +n+ p)

I**

thus obtained

A SAQu+n+y) BSA—(u+n+y)((mu+ms+ W+ ps)))
6+m)’  (xpsa) ' (+n+y)(uxp + 6xp)

)

)

(uxp + 6xp)(u +n + y)(uxp)
yxBSA — y(u+n+y)((mu + mé) + (u? + ub))
(u?xp + pdxp)(u +n +y)

Basic Reproduction Number R,

Now, we turn into calculating the basic reproduction number R,. R, is an

important parameter in the dynamical analysis of the infectious diseases as it denotes
the number of secondary infections in susceptible subpopulation from a single original
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infection. Employing the Next Generation Matrix Method [14], a basic reproduction
number (R,) can be calculated, and this yields
R — xfSA
T (utn+y)u+6m+ou+ pm) (*)

The term
xPS6A
w2+m+éu+um

whereas

represents the average number of populations that are newly infected

Gy represents the average number of infected populations that have

passed through the infection period and moved into the cancer (C) population.
xPBSA

(u+n+y)(u2+6m+8u+m)

the population when the infected subpopulation is now in the cancer group.

Therefore, the term indicates the average newly infected number of

Stability Analysis at the Equilibrium Point
To analyze the stability of the equilibrium points, first we need to linearize equation
(1). The Linearization of equation (1), we obtain

0fh __ Ofi __ 0 _ Ofi _ Ofi_

o= == =0-2=0=2=0

25, aS, ol OR ac

9] 0 0 0 0

6,22 = (em) = (L=l w0 = (1 IS, = 0,22 =0

9] 4] 0 0 9]

6_£i=0'6_g=(1_m)ﬁ1'7?=(1_m)’852_(“+n+y)'6_]13=0'6_]§=0

Of o0k _ ok 9h__ O

05, 0S8, " al "OR "ac

Ofs _ (s _0%s_  Of_ s

as,  as, ot~ YarR T Tac T TH

In the Jacobian matrix
[—6 —U 0 0 0]
| 6 —m—xBl—u —xBS, 0 0|

J=|o0 xPI xBS, —(u+n+y) 0 0]

lO m n —u 0
0 0 y 0 —u

Stability Analysis at Disease-Free Equilibrium Point

Applying all the values in equation (2), the Jacobian matrix on the disease-free
equilibrium point is as follows:

—5  —u 0 0 07
—xB6A
6 —-m-—u 0 0
((mu +md) + (u? + ud))
E,) = 54
J(Eo) 0 0 ald —(u+n+y) 0 0
((mu +md) + (u2 + us))

0 m n —-u 0

0 0 y 0 —pul

Hasnawati [7] stated that if the diagonal of a matrix [—A] > 0 and [—A] > 0 then the
eigenvalue of the matrixis negative. If the eigenvalue of the matrix A is negative then
the Jacobian matrix is asymptotically stable[15].
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Theorem 1:

R, < 1if and only if the disease-free equilibrium point is asymptotically stable.

Proof:
a. Proof to the right (=)

Consider R, < land the main diagonal of matrix (—/E,) > 0 then the disease-
free equilibrium point is asymptotically stable locally.

é
m+u
xBSA

((mp +mé) + (u? + us))
U

L U
Where Diag(—JE,) represents the diagonal of the matrix

And since R, < 1then|—JE,| > Ois

>0

Diag(—JE,) = +Uu+n+y)

xPB6A
|=JEo| = mu*(u+n+y) ((mp+ m8) + (2 + ud))(w+n+7y) i
Therefore
Sutm(u+n+y)[—Ro] >0
(1-Ry) >0
~Ry<1

AsR, < 1and(—JE, > 0)then/E,has a negative eigenvalue with its negative real
part. As a consequence,Ej is locally asymptotically stable.
b. Proof to the right (=)
Eyis locally asymptotically stable. We need to show that R, < 1. Since Ejis
asymptotically stable locally then JE,has a negative eigenvalue or negative real
part. JE, has negative real eigenvalue if the diagonal of (—JE,) > 0 and |—]E,| >
0;
é

m+u

xBS6A

((mu +m8) + (u? + ud))
U

! u
Where Diag(—JE,) represents the diagonal of the matrix.

|—JE,| > 0, means that

Sum(u+n+1y)>0 if Ry <1. Therefore R, >0 if and only ifE,is locally
asymptotically stable. Therefore Ejis locally asymptotically stable[16][17]. This
shows a strong relation between the disease-free equilibrium point and the
value of R,,.

Diag(—JE,) = +(u+n+y)|>0
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Stability Analysis at The Endemic Equilibrium Point
The Jacobian matrix on the endemic equilibrium Point is

J(E1)
) -y 0 0 07
((mu +mé) + (42 + usd)) —xBSA(L+n+y)
6 —m-xp (uxB + 6xB) [Ro = 1] = n xPSA 0 0
= ((mp +mé) + (U2 + us)) xBSA(u+n+7y)
0 *p (uxfB + 5xB) [Ro = 1] XBSA 0 0
0 m n —u 0
L 0 0 y 0 —ul
Theorem 2

R, >1if and only if the disease endemic equilibrium point exists and is locally
asymptotically stable.
Proof:
a. Proofto the left(<)
Consider An endemic equilibrium pointthat exists and is locally asymptotically
stable. We will show that R, > 1

5
((mp+m8) + ( p? + ud))
(uxp + 6xp)

Diag(—JE,) = xBSA(u+n+7y) >0 (4)
— *BoA +(u+n+y)

m+ xf

[Ro — 1]

U
U

Where Diag(—JE,) represents the diagonal of the matrix.
The determinant of matrix (4) is

((mp +m8) + (4 +6))
uxp + dxp

JE1|l = xBSp*(u+n+y) [Ro—1] >0

Then
[Ry—1] >0
~Ry>1

Since Ry > 1 then the endemic disease equilibrium point exists and is locally
asymptotically stable.
b. Proof to the right (=)
Consider
R, then the endemic equilibrium point exists and is asymptotically stable. We
need to calculate the eigenvalue of the matrix J(E;)
J(Ey) — Al =0
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—0 u 0 0 0 1
C xBSAz
5 —m-S_, P o ol (A 00 00
D xB6Az 0 A 0 0 O
0 C xB6Az —-10 0 A 0 0)j=0
| 0 0 y 0 —ul

Where € = (xB((mp + m8) + (u? + ud))[Ry — 11), D = (uxB + §xp), and z =
(L+n+y)
Thendet(JE; —AI) =0

Define
€ = (xB((mu + m8) + (U + ud))[Ro — 11)

D = (uxp + 6xp)

z=@+n+y)
Then the characteristic polynomial is

2
/15{C+(m+3y+5)[)}4+ (—Z+5+2,u)C+(m5+4,u§+2,um+3,u )D p

D D

(—zzﬂ— 25+ 2y5+ﬂ2)c Jr(mﬂ2 + 2m/,¢5+5y25+ﬂ3) D
D

12

_(—22;15— 2% + 425)C +(mu?S +24°5) D
D A

A+ a A+ a3+ a2 +a,A+as =0 (5)

with: gy =1

_C+(m+3y+5)D
D

_(—z+§+2y)C +(m5+4y5+2ym+3y2)D}
D

_(—ZZy—25+2y5+y2)C+(my2 +2m,u5+5,u25+,u3)D}
D
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a4=

(—ZZyé‘—zyz +y25)C +(my2§+2y35)D}

To identify the negative real part of the eigenvalue in equation (5), Routh-Hurwitz
criteria are applied

aa 1 O
a 1
le[al]’HZZ{a a}Hsz G a4
3 &
8 a4, &
with :
q 1 0
a 1
3 @
a 84 a3
XPOA
since R, = 2/3
(u+n+y)(u +om+ou+ um)

we will verify that Hy =|ay|>0

‘C+(m+3y+5)D|
H, = S |

Since C,m, &,6,D >0then it has been clear that |a1| >0

a 1
Wewillshowthatsza a >0
3 2
a 1
Rt =a-a —
T
< a-a, -8

C*(~z+08+2p)+CD(MS + 446 + 2um+3u* —Mz + M5 + 2um —3pz + 3ud +641°
28+ 87 +2uS + 12+ 28 — 20 — p1*) + D*(M°S + Tmud +8mu” + 2um? +104°5 +31°
+512 +mS” + 4 ud?

DZ

Since
C*(-z+5+2u)>0
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CD(MS + 446 +2um+3u® —mz +md + 2um —3uz +3ud + 6 1
—26+02+2uS+ 12+ 125 26 — 1?) >0
D?(m?S +7mud +8my” +2um? +104°6 +3p° +548° + mo? +4ud5° >0

Then a -a,—a,>0

aq 1 0
Show that Hz=|a3 a, &[>0
& 8 &
a 1 0 a
S P s NN
a a, a4 ‘

< afa,a,—-a.,]-1a,a,—-a.8]>0
IC3 +JCD? + KC?D + LD3
(=4 D3

(6)

with:
| =(22° 1+ 2°6 + 25° u+ 4du* + 241° ~50uz — 4’1 - 5%
J = (12m° 125 + 48mo® +36mo? 112 + 5087 14 +6644°5 +6m* 1> +17 ' m + 31°m +18,°m + 62m?p°
+4M*S% u— dzm* S — 6zmop’ — Tmzp® + 3zmp’ + 22mé? p—11z6u° —1224° + 6285° 1 +4mdu
+128% 1% + 3261% - 2 1°+ 225° 1)
K = (12mdu® +6mo’ 1 +186° 11” +19681° +13p* + 6 1°m + 62 m— 9z u6m + 3326u° +41°7 + 32447
—AzuS% +2mz% p+ 2°mS — dzmp’ — zmS? — 221 + 22 S 1247+ 2u8° — 82485 — 25°
+27u8 —11%5)
L = (4m°su’® + 24m*1°5 —14mou’ — 4m°S° 11 +50.°ms? + 24°m® +5'm? +5m?® — 7 4°
+A421°8 + 424057 +331°mS + 41°m + 9 m + 8° +124°mo° +181°5°)
since :
IC®>0, JCD*>0, KC’D>0, LD*>0
then it is obvious that &[3,8;—a.8,|-1[a;8, -3,3,]>0
The determinant of the Routh-Hurwitz matrixH;, H, and H; is obtained with a
positive value. It can be concluded that all polynomial (P(l)) roots have negative real
parts which means that all eigenvalues are negative. Therefore the endemic equilibrium
point is asymptotically stable.
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Numerical Simulation
The numerical simulation is conducted to assess which parameters affect HPV

transmission. The parameter values are taken from sources as displayed in Table 1.
Table 1. Parameter Values for Numerical Simulation

NO Parameter Description Values
Source
1 (1-m) The proportion of the susceptible population that is 0.05 [18]
unvaccinated
2 B HPV-infected population growth 0.65 [19]
3 u The natural death rate 0.014 [20]
4 é Population growth 0.1 [18]
5 n Recovered population growth from a treatment 0.001 [18]
6 1-n) Cancer-infected population from the infected group because 0.00035 [2]
of no treatment
7 m The proportion of the susceptible population that is 0.95 [18]
vaccinated

Numerical Simulation Results on Disease-free Equilibrium Point for Ry < 1

With values of parameters (1 —m) = 0.02, m = 0.98, f = 0.52, n = 0.003 and
initial values S, (0) = 50, S,(0) = 50, I =50, C = 50,R = 50 we obtain the value of
Ry = 0.5411015443. The diagram of the point is displayed in Figure 2.

60

Population (million)
-

N

0 50 100 150 200
Time (year)
— Infected(Y[hpv]) Recovered(R))
Susceptible (S[2] Infected(Y[cc])
Susceptible (S[1]

Figure 2. Diagram for Ro<1

From the diagram in Figure 2 it can be clearly seen that with the initial values
considered, all subpopulations experienced a decrease trend in the long run. For both
infected HPV (I) and Cancer (C) subpopulations, the trends go to zero after a slight
increase from 50 million 70 million people in the first few years for infected group.
Similar trend also experienced by the recovered subpopulation where it rises from 50
million to about 85 million people in the first few years before it declined to reach about
50 million after 125 years. For the susceptible population aged 1-10 years (S;) of 50
million people experienced a decline to 10 million people after 25 years and remains
stable onwards. The susceptible population aged 10 years and over (S,) also decreased
from 50 million people to about 5 million after 3 to 4 years, and then reach zero after 5
years onwards. This is due to the successful use of vaccine treatment as well as the
number of individuals recovering naturally. If the susceptible subpopulation is infected
by the virus they will move to the infected population.

Sensitivity Analysis
The analysis was undertaken to examine which parameters affected the value of
R, significantly. Table 1 shows the sensitivity index expressions and their values.
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Table 2. Sensitivity Index Expressions

Ry, =1,886114072

PARAMETER SENSITIVITY INDEX Initial Result P P
Values +10% —10%
B 1 0,65 1,000 2,0747 1,6975
) (u? + 6m)
0,1 0,121 1,9074 1,8607
(W% + ém + Su + um)
X 1 0,05 1000 29747 18607
y y
i — 0,00035 —0,023 1,8818 1,8904
u+n+y
m(6 +
m — ( ) 0,95 0,987 1,7169 2,0923
(u? + dm + 6u + um)
-n
n —_— 0,001 —0,065 1,8739 1,8985
utn+y
u W2+ém+ou+um)+ @u+n+y)
K Qu+6+m) 0014  —0376 17050  2,1043

(w+n+y)(u?>+m+du+um)

Based on Table 2, the parameters that influence the basic reproduction number
Ry are the natural death rate u, the HPV-infected population growth rate £, and the
proportion unvaccinated susceptible population x. Parameters f and x are positively
related to R,. This implies that if the values of x and f are added, the value of R,
increases. Conversely, if x and £ are reduced the value of R, decreases. Meanwhile, the
parameter y has a negative relationship with R,, which means that if the p value
increases, the R, value decreases. Apart from that, when increasing or decreasing the
values of the parameters f and x by 10%, the value of R, will increase by 10%. In
addition, if the 10% increase in the parameter u then the value of R, reduces by 10%,
and vice versa 10% reduction to the 4 parameter can increase the R, value by 10%.

Numerical simulation on the endemic equilibrium point Ry > 1

With the choices of parameter values in Table 1 and initial values S;(0) =
50, S,(0) =50, = 50,C =50, R = 50 the value of R, = 1.886114072. The diagram is
displayed in Figure 3.

Population(Million)

50 100 150 200
Time(year)
s Infected(YThpv]) Infected(¥[cc]) ~— Recoversd(R))
Susceptible (S[2]) Susceptible (S[1])

Figure 3. Diagram for Ro>1

From Figure 3, we can also see similar trend with Figure 2 but with different margin of
changes. For the group I, the number of people roses to 50 million people to 95 million
after about 10 years and then decreases continuously to reach about 40 million people
in after 200 years. For the cancer group (C), in experience 10 million people after 150
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years onwards. This is because people who are infected by HPV not automatically
develop cancer [2]. However, the number of people who suffer of cancer will always
exist if there is no vaccine treatment. For the Susceptible population aged 1-10 years
(S;) of 50 million people experienced a decline of down to 10 million people after 25
years onwards. The susceptible population aged 10 years and over (S,) also decreased
from 50 million people to 0 after 1 to 2 years and remains stable. The recovered
population (R) follows similar pattern (with Figure 2) where it rises from 50 million
people to 65 million in about 10 years and then decreases to reach 30 million people
after about 110 years and remains stable onwards.

CONCLUSIONS

Based on the results obtained, it can be concluded that by applying the Routh-Hurwitz
criteria to the model formed, it is found that for R, < 1, the disease-free equilibrium
point will be locally asymptotically stable, while the disease-endemic equilibrium point
will be locally asymptotically stable if Ry > 1. Numerical simulation using Mathlab
shows that in both conditions where R, < 1 or Ry > 1 vaccine treatment affects HPV
transmission. This can be seen from the decrease in population in both conditions,
although the decrease in R, > 1 is not as large as in Ry <1. Vaccine treatment have an
effect that can reduce the number of infected populations by up to 90%.
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