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1. INTRODUCTION

In order to predict long-term health outcomes, mathematical models can be utilized to translate short-term results
from prevention and reduction experiments. Cervical Cancer is the form of cancer that develops in cervix cells. The
bottom part of the uterus, known as the cervix is attached to the vagina. An irregular development of cells into the
cervix is the basic cause of Cervical Cancer which may grow towards the nearby parts of the body. An infection with
the Human Papillomavirus (HPV) is a common cause of Cervical Cancer. Adenocarcinoma and Squamous cell
Carcinoma are two types of Cervical Cancer. Adenocarcinoma type of cancer begins as a column-shaped glandular
cells which forms a in the outer part of cervix. Squamous Cell Carcinoma type cancer begins in the thin flat cells
(Squamous cells) lining the outer part of the cervix, which projects into the vagina. Most Cervical Cancer are
Squamous cell carcinomas.

There are no telltale signs of cervical cancer in its early stages. Pelvic pain, irregular vaginal bleeding, and
uncomfortable sex are some of the signs that are discovered as the disease progresses violently over time. Having
multiple sexual partners, having set at an early age, weak immune system, smoking are risk factors for Cervical
Cancer. Next to breast cancer, Cervical Cancer is the most common cancer that affects women globally. Radiation
therapy, surgery and chemotherapy are the known treatment for cervical cancer.

Many authors illustrated mathematical models for Cervical Cancer. Shermita L. Lee [9] studied a mathematical
model on Human Papilloma virus and its impact of Cervical Cancer in the United States. Helen C Johnson [6]
developed a dynamical model and analyzed the effect of HPV vaccination of Cervical Cancer screening in England.
Wenting Wu [10] formulated a mathematical model for Human Papilloma virus and Cervical tumorigenesis.
Abdulsamad Engida Sado [1] studied a mathematical model for cervical cancer with vaccination and transmission.
Eminugroha Ratna Sari [2] formulated a mathematical model of SIPC age-structured model for Cervical Cancer. E.
D. Gurmu [4] developed a mathematical model which showed the impact of COVID-19 on Outcomes of patients with
Cervical Cancer in India. In this paper, a model for Cervical Cancer is developed.

2. EQUATIONS OF CERVICAL CANCER MODEL
The system of ODE symbolizes the Cervical Cancer model:
ds
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aiy,
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dl
d_:=GIL_ (n+d)y

dR
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With S(t), I (1), I, (1), Lo(t), R(t) = 0.
AlSO B’ IJ-, 6’ 0, W, Y1, V2 > 0.

Where S(t), I5(t), I,(1), I4(1), R(t) are the Susceptible, Infected at early stage, Infected at locally advanced stage,
Infected at advanced stage and Recovery state respectively.

o — Mean natality rate of female, u - Mean mortality rate of female, [ - Initial infectious rate, § - Secondary infectious

rate, o - Final infectious rate, y;- recovery rate from Initial infectious stage, y,- recovery rate from Secondary
infectious stage and N(t) - Female Population.

N(t) = S(t)+ I (t)+ I, (D) +1, (1) +R(t)

The figure shows the Cervical Cancer model:
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Figure 1: Cervical Cancer Model
3 POSITIVENESS OF THE MODEL
From (1)
ds
L2 -@+ws 3)
TE2 B+, + Wl @)
> —(c+y+ WL (5)
Tz (et dl, ©)
drR
T = THR &)
From (3),
1
gds > —(B+ wdt
Integrating,

f%dsz—([3+u) fdt
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log S(t) — log S(0) = (B+wW(t — 0)
S
log% > (B+wt

ﬂ > e~ (Bt
5(0)

S(t) = S(0) e~B+wt
S(t)=o0asS(0)=>o0

From (4),

1
E

Integrating,
t

t
1
Sl =~y + ) fdt
E
0

0
log Ig(t) — log Iz(0) = (8 +y, +W(t — 0)
log Ig(t)
Iz(0)
ﬂ > o~ (B+y1+t
I(0) —

Iz (t) = Iz (0) e~ Gratmt

> (B+y,+wt

Irt)z0aslz(0)=0

From (5),

1
I—dILZ (c+y,+w—dt
L

Integrating,
t t
1
fI—dIL >—(c+y,+1 fdt
L
0 0

log I (t) — log1,(0) = (6 +y, +W(t — 0)

I
log 12((8 >(c+y, +Wt

Q) > e~ (O+rz+t
1,(0)

I, (©) 2 1, (0) e~(+r2it

I, =0 as I, (0)=0

From (5),

1
—dl, > (u+d) —dt
Iy

Integrating,
t

t
1
—dly = —(u+d) fdt
Iy
0

0
log I(t) — log1,(0) = (n+d)(t — 0)
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L@® > o~ (utd)t
I,(0)

I, () = I, (0) e~+dt
I, (t)z0as I, (0)=0

From (7),

1
ZdR> —pdt
gdR=—u

t1 t
_ >
J-RdR_ ufdt
0 0

logR(t) — logR(0) = —u(t — 0)
R(t)

Integrating,

R(t) = R(0) e™™
R()=0asR(0)=>o0
Hence, positiveness is proved.

4. BOUNDEDNESS OF THE MODEL

Differentiate (2),
dN dsS N dlg N dl, di, N dR
dt dt dt dt dt dt
dN
P (w —WN
! dN = dt
T (w—mw)
Integrating,

=N(t) is bounded with a positive integer.
S(t), Ig(1), I, (1), I,(t) and R(t) are bounded.

5. EQUILIBRIUM ANALYSIS
Disease free equilibrium: G, (5,0,0,0,0)

S be considered as the positive solution of % =0

Using (1),
~ wN
§ =
B+w
G(§0000)—((DN 0000)
1 y V,Y,YU, B+u’ »HY,

Endemic equilibrium: G, (S*,1z% 1%, 1,", R"),
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Let the positive solutions of % = 0,% = 0,% =0 ,Cg—? = O,C:l—l: =0be S* 15" 1%, 1," and R*
Using (1),
B+u
I = wNp
B+wW@E+r+w
L= wNpBs
B+wWG+ri+tw+y+w
. wNBSo

E T (T RS T Caramrar

. _ wNB 8y2+y1(c+yz+w)
R = (u(8+u)(8+y1+u)) ( (o+y2+1) )

= the cervic equilibrium,

o ko7 * * pry _ [WN wNBs wNBso
Gu(SIS I Ia %R = (B+u'(B+uﬂ5+Y1+HXG+V2+uY(B+uXu+dX5+y1+uXG+Yz+uY
wNp Gh+h@+h+®)
HB+wWGE+y +w (c+y,+w

~ G, is positive.

6. STABILITY: LOCAL BEHAVIOR

The Jacobian of (1) is
—(B+p 0 0 0 0
/ B —(6+y,+w 0 0 0 \
0 ) —(o+vy,+w 0 0 (8)
0 0 o —(u+d) O
0 Y1 Y2 0 —u
At the interior equilibrium
-0 0 0 0
B -8 0 0
Ig
Slg
0 &5 -2 9 0 ©)
IL
o o o - 0
Ia
Yilg+y2IL
0 v vy, 0 -nmEm

The characteristic equation of (9) is
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wN
——=A 0 0 0 0
S
S
B —B— -1 0 0 0
Ig
Slg
0 ) —-—=1 0 0 =0
I
olg
0 0 0 ——=1 0
Ia
Ig +v,1
0 - Ya 0 _\’1ERY2L_/1
wN S &l ol Ig +v,I wN, wN y.Ig +v,l wNaol wN§1 S vilg + V5l oSI
A5+(_+B_+_E+_L+V1E YZL))\4+( ﬁ+_[Y1E Y2lL L E+B_[Y1E Y2IL, | BoSl,
S Ig I, 1 R Ig S R Sla NI Ig R [gla
B(SS 6IE YlIE +YZIL UIL yllE +YZIL O_(SlE G)Nﬁ Y1IE+YZIL (J)NBO—IL (UNB6
e A el 1+ 0 + (- 1+
I, I, R s R s Ig R Igla I,
wNS8lg v1lg +v21l, wNdolg wNaoly vilg + vl LS vilg + vyl BéaSlg  BoSl,
+ [ + 1+ —1] 1+
STy, R Sla Sla R o R I 1N
50—IE Q)NBS Y1IE +YZIL (A)NB(SO—IE G)NBO—IL Y1IE + YZIL (UNé‘O‘IE Y1IE + YZIL
+ =DA% +( [ 1+ 1+ [
1N I, R s Igla R s R
B&aS yilg + vl wNBad yilg + vl
= P+ —— [ = 0
A A
This is in the form of A% + G;A* 4+ G,A% + G3A% + GuA + Gs = 0
Where
G =0>_N+ﬁ SIg G_IL+Y11E+Y21L
17 s "' N Ia R
_ WNB | oN (vilg+yoliy , wNoly, | wN8lg | BS (vilg+yoliy | BoSIL | BSS | 8Ig ryilg+valL, | olL (Yalg+yaly |, 0dlg
G2 - Ig N [ R ]+ Sla + SIy, IE[ R ] Igla I, IL [ R ] Ia [ R ] Ia
_ a)_NB Y1lg+y2lL wNBaly, wNBSs wNSIg (y1lg+y2IL wNéolg wNoly, (y1Ig+Yy2IL @ Y1lg+y2IL BSaSlg BaSly,
G3 - Ig [ R ] Igla IL + SIL [ R ] Sla + Sla [ R ] Ia [ R ] + Ia Igla
solg
Ia
G, = wNp6s [yllE+yZIL] wNBSolg . wNBoly, [yllE+yZIL] wNéolg [yllE+yZlL] BéaoS [yllE+yZIL]
47 R Ia Igla R Ia R Ia R
_ wNBaod yilg+y2lL
Gy = 20 etz
Here
G,> 0; G, >0; G;G, — G3> 0; G3(G,G, — G3) — G;%G,) > 0;
G4[(G12G4 - GsGy) — GS(G22G1 — G3Gs) — G1G4 — Gs)] > 0 and
h wNB8o 1 )
when B+ (+d)(8+y1+w)(0+y2+1) > B+ (8+y1+w)(o+yz+1)
Here, the model is stable locally by R.H. Criteria.
7. STABILITY: GLOBAL BEHAVIOR
Let
* S * * I * * I * * I *
V(S,Ig, I, Ia, R)= ((S - §*)- ln;)) +1,((g — Ig")- Ig lnIE—E*)) + L ((-1L)- 1, lnIL—L*))+ L((Ta-147)- 14 1HIA—A*)) +1,((R-R")-

R*ln%)) 110

Differentiate (10),

av S—-5*\ dS Ig—1g"\ dig IL— 1.\ dIp Ia— 12" dig R—-R™\ dR
o () () (5202 ()
dat S dt Ig dt I dt Ia dt R dt
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Using (1),

v (S-S I — Ig" -
EZ( S )(wN—(B+H)5)+(%)(BS_(S‘HQ"'H)IE)"'(L

L*) (8l — (0 + v, + W)

*

—R
)(V11E + vzl — UR)

+<IA;—IA*>(01L— (u+d))+(R
A

dv wN S Sl
= 6-% )(——(BS+HS)>+11(IE—IE )(?_E_(S"'Yl+u)>+12(IL_IL*)<I_LE_(O-+P—+y2)>

dt
al Ig + V.l
+13(I4 — 147 (I_L_ (n+ d)) +1L,(R—R") (Y—1 £ RYz L_ u)
A

At (S9 IE) IL’ IA’ R) 5

d_V=(5—5*)[wSN <(‘S)1*V)]+l1(IE IE)[ (ﬁ 5 )]+12(IL )[61—15 (iILE >]+13(IA IA)[GIL (iL)]

dt Ig
Vil + V2l vilg™ +v2lg”
I,(R—R" —
+ 1 )[ . =
dv 1 1 s s T LI
—=(S—SYoN (=== + 1, - Iz* (———*)11—1* N S NS L_L
It -5 (S S*>+ 1(Ig —1g")B LI + 1, (I, L)5(IL I>+3(A A)0<IA I
+1,(R —R) le” by, ol
4 Y1[R R*] VZ[R R*]
. 1 1 1 1
Choosing 1; = E’lz =5 =2l = _—
dV _OJN(S - S*)Z IE*S - S*IE IEIL* - ILIE* ILIA* - IAIL*
—e— G-I+ - ) [ )+ (- ) A
= S5+ U 1) (e )+ () (e )+ - O (s
L R-R) IgR* — RI* L R=R) ILR* — RI,*
Y1 RR* Y2 RR*

dV _(‘ON(S - S*)Z 1 * 2 *2 * % 1 * 2 *2 * *
-5 = * + *[IE IES—SIE _SIE +IEIE S ] +_*[IL ILIE_IEIL _IEIL +1LIL IE ]
dt SS I I,

1 * 2 *2 *7 % 1 *2 2
t——[Ia Ll = IIA? = 1™ 4 LA + ——=[IzR'R — Ig"R*® — IzR? + Ig"RR"]
NN Y1RR*

+L[1 R*'R—1,"R** — I,R? + I.'RR"]
]/ZRR* L L L L

d_V _ —(DN(S—S*)Z + [5,_ IgS* _ IE *s +5* ]+(IE ILIE _ ILI*IE +IE*) + (IL _ IalL* _ IA *IL IL )
L

dt sS* = TS 7
+yi(IE_R,:*E RIE"'IE)"'_UL RIL RIL"'IL)
dvV _ —wN(S-S IgS* 15 I Ig* 1.1 * Igl 14%1 1
O = SO (5487 = (BT + E) (g + ) = (2 BN [ (1, + 1,7) = (A2 = 248 534 L[l +
L A A Y1

IE*)—(R’E - R’E)]+—[(1L+1L ) - (R - £y

R*

RPN N A S T T T

I I, I 14 1A’ R R* "R R*

av s
Therefore — < 0, when — <
dt Ig

Here, the model is stable globally by Lyapunov’s approach.
8. NUMERICAL SIMULATIONS

We have chosen the parameter values are taken as § = 0.30, ® = 0.092, it = 0.018, B = 0.75, y; = 0.04, y,=0.004.
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Figure 2: Cervical Cancer Model

Figure (2) represents the three stages namely, Infected at early stage, Infected at Locally advanced stage and
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Infected at Advanced stage class of the Cervical Cancer model.

Figure (3) shows the number of women of Infected at early stage class with various values of secondary infectious
rate. The number of women decreases in the Infected at early stage class whenever the secondary infectious rate §

increases.
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Figure 4: Different values of o in [,

Figure (4) shows the number of women of Infected at locally advanced stage class with various values of final
infectious rate o. In Infected at locally advanced stage class, the number of women decreases whenever the final

infectious rate o increases.

Figure (5) represents that the flow of number of individuals of Infected at advanced stage class with different values
of final infectious rate o. In the Infected at advanced stage class, the final infectious rate o increases the Infected at

advanced stage individuals increases.
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Figure 6: Different values of y;

Figure (6) shows the number of women recovered class for various values of recovery rate of Initial infectious stage
class and the number of women of recovered class increases whenever the recovery rate of women of Infected at early

stage y, increases.
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Figure (7) represents the number of women of recovered class for various values of recovery rate of secondary
infectious stage class and the number of women of recovered class increases whenever the recovery rate of Infected
at locally advanced stage y, increases.

9. CONCLUSION

This paper narrates the dynamical behaviour of a mathematical model of Cervical Cancer with five compartments
namely Susceptible, Infected at early stage, Infected at locally advanced stage, Infected at advanced stage and
Recovered class. The positivity and boundedness of the model are derived. The disease free equilibrium and endemic
equilibrium points are found. The system is found to be locally asymptotically stable around the endemic equilibrium
through the R.H. criteria and globally asymptotically stable under a particular condition using Lyapunov theorem.
Numerical simulations show the flow of dynamical behaviour of different parameters such as initial infectious rate j3,
secondary infectious rate 6, final infectious rate o, recovery rate from Infected at early stage class y; and recovery rate
from Infected at locally advanced stage class y,. The number of individuals increases in the Infected at early stage,
when the secondary infection rate § decreases. When final infectious rate o increases, the number of individuals in
Infected at locally advanced stage decreases. Recovery is possible only in Infected at early stage and Infected at locally
advanced stage. There is no recovery in Infected at advanced stage.

REFERENCES

[1] Abdulsamad Engida Sado, Mathematical Modeling of Cervical Cancer with HPV Transmission and Vaccination,
Science Journal of Applied Mathematics and Statistics, 7(2), 21-25, 2019,
https://doi./10.11648/j.sjams.20190702.13.

[2] Eminugroho Ratna Sari, Fajar Adi-Kusumo and Lina Aryati, Mathematical analysis of a SIPC age-structured
model of cervical cancer, Mathematical Biosciences and Engineering, 19, 6013-6039,2022,
https://doi./10.3934/mbe.2022281.

[3] Eshetu Dadi Gurmu and Purnachandra Rao Koya, Sensitivity Analysis and Modeling the Impact of Screening on
the Transmission Dynamics of Human Papilloma Virus (HPV), American Journal of Applied Mathematics,
7(3): 70-79D, 2019, https://doi./10.11648/j.ajam.20190703.11.

[4] Gurmu E. D., Bole B. K. and Koya P. K., Mathematical Model for Co-infection of HPV with Cervical Cancer and
HIV with AIDS Diseases, International Journal of Scientific Research in Mathematical and Statistical Sciences,
7, 107-121, 2020.

[5] Hailay Weldegiorgis Berhe, Mo’tassem Al-aryda., Computational modeling of human papillomavirus with
impulsive vaccination, Nonlinear Dyn, 103:925-946, 2021, https://doi.org/10.1007/s11071-020-06123-2.

[6] Helen C Johnson, Erin I Lafferty, Rosalind M Eggo, Karly Louie, Kate Soldan, Jo Waller and W John Edmunds
Effect of HPV vaccination and cervical cancer screening in England by ethnicity: a modelling study, Lancet
Public Health, 3: 44—51, 2017, http://dx.doi.org/10.1016/ S2468-2667(17)30238-4.

[7] Melanie Drolet, Jean - Francois Laprise, Dave Martin, Mark Jit, Elodie Benard, Guillaume Gingras, Marie-Claude
Boily and Michel Alary., Optimal human papillomavirus vaccination strategies to prevent cervical cancer in
low-income and middle-income countries in the context of limited resources: a mathematical modelling
analysis}, Lancet Infect Dis, 21, 1598—-610,2021, https://doi.org/10.1016/S1473-3099(20)30860-4.

[8] Nidhi Gupta, Akashdeep Singh Chauhan, Shankar Prinja and Awadhesh Kumar Pandey., Impact of COVID-19 on
Outcomes for Patients With Cervical Cancer in India, JCO Global Oncology, 2021,
https://doi.org/10.1200/G0.20.00654.

[9] Shernita L. Lee and Ana M. Tameru, A Mathematical Model of Human Papillomavirus (HPV) in the United
States and its Impact on Cervical Cancer, Journal of Cancer, 3, 262-268, 2017, https://doi: 10.7150/jca.4161.

[10] Wenting Wu, Lei Song, Yongtao Yang, Houngtu Liu and Le Zhang, Exploring the dynamics and interplay of
human papillomavirus and cervical tumorigenesis by integrating biological data into a mathematical model,
BMC Bioinformatics, 152, 2018, https://doi.org/10.1186/s12859-020-3454-5.



