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Modelling the impact of an effective mass media
awareness campaigns on the spread of HPV infections

ABSTRACT:

Cancer is a menace to public health globally. Human Papillomavirus (HPV) is a sexually transmitted virus and has
been linked to several cancers such as cervical cancer, anal cancer, oropharyngeal cancer and neck cancer. In this
research a mathematical model based on a system of ordinary differential equations is formulated to study the
impact of an effective mass media awareness campaigns on the spread of HPV infections under vaccination in
Kenya. The basic reproduction number is computed using the next generation matrix method. The equilibrium
points of the model are determined and their stability investigated. The results of stability analysis show that the
HPV free equilibrium is locally asymptotically stable when Ry < 1 and the endemic equilibrium point existed if

Ry < 1. We used the center manifold theory to investigate the nature of bifurcation. The investigation identified
that the bifurcation parameter 8 changes from negative to positive, changes its stability from stable to unstable
thus a negative unstable equilibrium becomes positive and locally asymptotically stable. Sensitivity analysis shows
that the prevalence of HPV infection can be reduced by reducing the contact rate between the susceptibles and
infected S8, increasing the rate of treatment 7, and increasing vaccination rate y. Moreover, the relapse from the
susceptible aware and infected aware to susceptible and infected classes respectively that is A, and A5 respectively
increase the spread of HPV in the community. The results from the numerical simulations validated the fact that an
effective mass media awareness campaigns brought the numbers of HPV infections to equilibrium.

Keywords: Human papillomavirus, mass-media awareness, Reproduction number, sensitivity analysis, bifurcation, numerical
simulation.

1. INTRODUCTION

Cervical cancer is the abnormal growth of cells in the cervix. It is the 2 highest frequent cancer after breast cancer among women
in Kenya (WHO, 2010). It has caused an estimated 46000 deaths in women aged 15-49 years in developing countries (WHO, 2010).
Cervical cancer is caused by a virus called Human papillomavirus (HPV). There are about 40 types of HPV (Moody et al., 2010). HPV
16 and 18 are accountable for 90% of cervical cancer cause (Jemal et al., 2013). HPV 16 is also found in 90% of neck and head related
cancers (Gillison et al.,2012). Human Papilloma Virus is highly transmissible and is now thought as the most occurring sexually
transmitted infection (CDC, 2011a). It is generally passed on from one individual to another through intimate skin-to-skin contact
and not through body fluids. Advancement of HPV infection to cervical cancer takes long time that is more than 25 years. Technically
this slow pace of progression provides a chance for early diagnosis (Bosch et al., 2002). There are three HPV vaccines which are
present on the market now. They are namely Gardasil, Gardasil 9 and Cervarix (Health Service Executive, 2010). Controlling the
spread of HPV to minimize the increase in infections is a crucial mandate in the health sector. This can be attained by getting
vaccinated and effective media awareness (FDA,2007). The media campaigns will educate people about HPV, the diseases that it
causes and how one can contract it. It will also educate people on the methods of protecting themselves from this infection that is
through using condoms and having faithful sexual partner (Castell- Sague et al.,2003). In addition to these it will educate people



about the several factors that lead HPV infections to progress to cancer; these factors include prolonged use of contraceptives,
smoking of tobacco and having multiple births (Castell- Sague et al.,2003). Last but not least these media campaigns will emphasize
on the need for people to go and have cancer screenings in order to detect the cancer early (Bosch et al., 2002). Granell et al., (2014)
presented a study on the analysis of interrelation between two processes accounting for the spreading of a disease and the
spreading of information awareness to prevent its infection. They included immunization and presence of a mass media awareness
in their model. They found out that the immediacy of awareness when infected has no effect on the dynamics; the other two factors
namely degree of immunization of aware individuals and mass media did change the critical aspects of disease spreading. Kan et al.,
(2016) found out that the introduction of awareness in the population could lower the density of the infection. A research study on
the impact of awareness on dynamics of infectious diseases was carried out by Agaba et al., (2017). The results obtained showed
that both private and public awareness have the capacity to reduce the spread of disease by increasing the threshold for onset of a
stable endemic steady state characterized by persistent infection. The faster people lose awareness (that is the larger is the unaware
population), the higher is the overall rate of infection as manifested by the disease endemic state. The presence of awareness causes
corresponding behavioral change in the population which in turn causes the reduction in the size of disease outbreaks. The spread of
private awareness or public awareness helps to control or minimize the spread of diseases. Muthuri et al., (2021) determined the
effects of targeted mass media campaigns and treatment on alcohol abuse in Kenya. In this research they a developed deterministic
mode for alcohol abuse driven by the light and heavy drinkers taking into consideration the influence of pre exposure to mass media
campaigns. The results showed that mass media campaign against alcohol consumption reduces alcohol abuse. The study concluded
that alcohol addiction would reduce in the community if there was an emphasis on alcohol treatment and the mass media
campaigns were regulated.

2. MODEL FORMULATION

In this model the human population is categorized into seven compartments at any time t > 0. These are: S-Susceptibles, individuals
who do not have the infection and are unaware of the infection, S, —Individuals who don’t have the infection but are aware of the
infection,V, —Individuals who are vaccinated and are aware from the media awareness, VV —Individuals who are vaccinated and have
no knowledge of the infection as the awareness has worn off, I —Infected, they have the infection and are unaware of the infection,
I, —Infected aware, they have the infection and are aware of it, T —Treatment,they have the infection and are undergoing
treatment.

In the susceptible class S we have persons joining at the rate A the natural birth rate and they are unaware of HPV infections as they
haven’t heard of it. Some of the susceptible become aware from the media and they join S, at the rate ¢,T as some will seek for
treatment options such as undergoing for cancer screenings. The ones who respond to the media awareness campaigns get
themselves vaccinated and join class V, at the rate y. Since the campaign also encourages women to reduce sexual activity or have
one sexual partner, we can assume that those who get vaccinated will adhere to that. Once this awareness "wears off”, women will
then move to the V class at the rate 1; and back to I, at the rate ¢;.Movement between the V, and V classes will continue in both
directions due to the fact that the campaign is ongoing and the women may get aware again.

We also assume that some susceptibles heeded to the media campaigns and they reduced sexual activity (have one sexual partner),
however they did not get vaccinated perhaps because they cannot afford the cost of the vaccine hence, they remain in S,. Once the
awareness wears off, the aware susceptibles move back to class S at the rate 4,. Those who are neither vaccinated nor aware may
get infected through interactions with people from both the classes I and I, ; and they move to I class at the rate 8. The aware
susceptible S, also may get infected and move to I at the rate . The incidence contact rate [ are given as

Where f3; is the average contact rate and &, is the negative attitudes towards condom use rate.

Condom use rate reduces the disease spread by the individuals in I, . However due to negative attitudes affecting efficacy of
condom use by the infected aware people, they help move the susceptibles to the infected compartment. These negative attitudes
include religion and peer influence (Karei et al 2012).

The infected through the media awareness campaigns are encouraged to have one faithful or use protection so they do not pass the
infection to others and also, they protect themselves from contracting other strains of HPV. The infected who get this information
will move to class I,. Once the education wears off, they may revert to doing the practices that encourage further spread of the HPV
infections thus they move back to class I. From the ongoing media campaigns, those infected in class I, may go to hospital to get
screened for cancer. If they happen to have cancer and it is detected early, they proceed to class T at the rate 7. If they die from the
HPV infection then they leave the infected class at rate a. All individuals that die from natural death leave the classes at the rate pu.
HPV virus has no cure. However, the disease/ infections that arise from HPV, their manifestations can be treated for a better quality
of life. Therefore, the treatment class is for treating the disastrous manifestations of HPV and not cure it.

Once these manifestations of HPV are treated, the individuals recover and move back to class I, at the rate 7,.



2.1 Model assumptions
The assumptions for this model are:
e There is homogeneous mixing of people in Kenya and individuals become infected with HPV after contact with a person
from the infected classes.
e Thereis a vaccination programme being carried out by the government.
e There is an ongoing effective mass-media awareness campaigns that back up the vaccination.
e  When an individual who does not have the HPV infection is vaccinated, they automatically become immune to the virus.
e Vaccinating infected individuals has no effect.

2.2 Model flow charts and equations of model

Immunity obtained from the vaccine is one that is life-long (it protects the individual from HPV for the rest of his/her life).
HPV infections that we dealt with in this research are those that are caused by HPV 16 and 18.
Due to the effective mass-media awareness (o = 1) the aware susceptibles (individuals in S;) did not get infected with HPV.
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Figure 1: Flow chart
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The model description, model assumptions and figure 1 result in the following system of ordinary differential equations

S = A+ 2,8, — ¢S — fS — S

Da = §,TS — (Ao +v + 1S,

S = BS+ sy — (3 + p+ @)l

%= O3l +7,T — A30, + =11, — (u + @),
o =MV — bV — v

T8 = ySe + $1V — MV, — Y,

dT

d_t = Tlla - (:u + TZ)T

(1)

where B = B(I +6.1,)andweletk; =, +y+u, ky=¢s+u+a, ks=23+7+u+a



3. Model Analysis

This analysis involves ascertaining the invariant region, HPV infection-free equilibrium, reproduction number, local and global
stability analysis on HPV infection free equilibrium, endemic equilibrium analysis, bifurcation and sensitivity analysis on the model
parameters.

3.1 Invariant Region

Theorem 1
The solutions of model system (1) are uniformly bounded in a set

0y = {5,511,V Vs, T) € RY | N(O) S N < ;[7\} 2)
Proof

Given that system (1) is a finite dimensional dynamical system, its initial and boundary conditions need to be constrained to Q. Let
(S,8,,1,1,,V,V,, T) be the solution to system (1) and S(0) > 0, S,(0) >0, 1(0) > 0,1,(0) > 0,V(0) >0, V,(0) >0, T(0) >0 be
the initial conditions. Adding all the equations of (1) we obtain,

AN _dS | dS, ,dl | dl, , dV | dV,

d
o wta Tet et T

+Z—:=A—uN—a(I+Ia) (3)

WhereN=S+S, +I1+1,+V+V, +T
In the absence of mortality rate due to HPV infection (that is « = 0 ) equation (3) becomes,

T =A—uN
On integrating and taking t — oo, the limit of N(t) is,
lim, o, N(2) <7 (4)

From (4) it is clear that N(t) is bounded, consequently all solutions are bounded with an upper bound N = max {%} Therefore, all

feasible solutions of system (1) enter and remain in region £,.

3.2 Positivity of the model
Theorem 2
et 0 ={(5,5, 1o, V.V, T) € RF [N < %} with the initial conditions
{5(0) > 0,5,(0) > 0,1(0) > 0,1,(0) >0,V (0) >0,V,(0)>0,T(0) >0} € Q, then the solution set {(S,S,,I,1,,V,V,,T)} of
system of (1) exists, is unique and positive for all t > 0.
Proof
We begin with our first equation in (1) which is given by
§=A+,125a — $,TS — BS — uS

S = —($oT +f + S (5)
We let ¢,T + f = &;, thus equation (5) becomes
&2 (e + S (6)
Separating the variables and integrating with respect to time t we get,
InS() > - fot(el + wdt + ¢ (7)
Where c is a constant of integration. Introducing the exponential function on both sides we have,
S(t) = e_(f()t(51+ﬂ)dt+c) (8)
Substituting the initial condition t = 0 and solving for c we get,
S(0) = e%- e, hence e = S(0) (9)
Thus, our solution now is,
S(t) = S(0)e~(hErtmie) 5 g (10)

Equation (10) is positive for all time t. We do the same to the other differential equations in system (1) which all turn out to be
positive for all time t. This completes our proof.



3.3 HPV free equilibrium and Reproduction number

The HPV free equilibrium of the system is denoted by H® = (5°,52,1°,19,V°, .2, T?). To obtain H® we equate the right hand side of
(1)tozeroandset S, =1 =1, =V =V, =T = 0. By doing so we obtain,

HO = (I“;,o,o,o,o,o,o) (11)
The reproduction number R is the average number of secondary infections caused by an infected individual during its infectious
period. We use the next generation matrix method which is given by FD~! to obtain the HPV infection reproduction number Ry

where the matrix F is the Jacobian matrix of new infections and D is the Jacobian matrix of transition of infections at H°. We

consider the infectious compartments below from the model system (1)

L = BS + A3l — kyl

dt

dl,

= = b3l —ksl, (12)
a_ T, — uT

dt
We obtain the appearance of new infections as F; and transfer of infections as D;,

BS A3l — kyl
Fi = ( 0 ) and Di = ¢3I - k3Ill
0 Tl — (u+ )T

This results into the Jacobian matrix of the new infection rates F and Jacobian matrix of transition of infections D respectively at H°
as,

ﬁl—A B—lé‘cA 0 k2 _A3 0
u u
0 0 0 0 -7, u+r1,

The reproduction number of the model is the largest eigen-value of the matrix FD~! where D! is the inverse of D. Matrix FD ! is
given by
BiAks + B1AS 3 1Az + B1AS k;

FD™! = p(kzks — A3¢3) p(kzks — A3¢h3)

0 0 0
0 0 0
The reproduction number R, is therefore given by
0= B1Ak3+B1A8 p3 (13)
u(kzk3—=13¢3)
3.4 Local Stability of HPV free equilibrium
Theorem 3
The HPV free equilibrium (H°) is locally asymptotically stable if R, < 1 and unstable otherwise.
Proof
Evaluating the Jacobian matrix of the system (1) at H°.
Bt PiAS 0 _ A ]
u u u
0 —IK 0 0 0 0 d)ZTNSC
Jvo=[0o o BL—A—kZ ﬁlMCHg 0 0 0
0 0 b3 —k3 0 0 0
0 0 0 0 —(p1 + 1) A 0
0 0 0 0 b1 (A4 + 1w 0
L 0 0 T, (P 0 0 —u — 7,

The first three eigen values are —u, —k; and —p — 7,. The other eigenvalues are determined from the reduced matrix given below.

[[ill—A—kz b a0 ]
P 0 |
L o 0 —($1 + )

The characteristic polynomial of the matrix J ;o is given by;



a3+P1a2+P2a+P3=0 (14)

Where
Pr=—2 4k ks + oy +u
A A A8,
Py = —%ka —%451 = BiA+ koks + kady + kop + k3y + ksp _ﬁ1# — 43
Py = kykapy + kykap — BiAk3¢y  BiAnks  B1AS.p3¢1  B1AuScp3 Aspspy — ulshs

I i I I

Using Routh-Hurwitz criteria equation (14) has a negative root if and only if P, > 0, P, > 0, P; > 0 and PP, > P;. When R; <1,
then P, P, > P;. Therefore, HPV free equilibrium point is locally asymptotically stable whenever R; < 1.

3.5 Global Stability analysis of HPV-free equilibrium
Theorem 4

2
The HPV free equilibrium is globally asymptotically stable if 2A — 2—5 —uS =0.

Proof

We propose the following Lyapunov function
L(S,S,,1,1,,V,V,,T)=S—S°— Solnsi0 + G1S, + Gl +G3l, + GV + G5V, + GgT
Which satisfies the conditions
1. L(S%8%,1010,v0,v0, T =0
L(,S,,1,1,V,V,,T) >0
dL(s9,59,1919,v0v2,1) —0

2.

3.
( ¥ )
dL(S,Sq.LIg.V.Va,T

4, /AL

dt 0

where G; where i = 1,2,3,4,5 and 6 are positive parameters that are determined.

The HPV free equilibrium point for our system is H® = (59,52,1°,12,V°, V9, T%). Thus, we have,
0

S
L(S®, S8,1,18, VO, V2, T%) = 8° = $° — In"g + G150 + GoI° + Gl + G4V + G5V, + G T
=0

Thus condition 1 is satisfied.

L(S,S,,1,1,V,V,,T) =S — S0 —Solnsio + G1Sq + GoI + Gzl + GV + G5V, + GgT > 0
Hence the condition 2 is satisfied.

dL(s%,s2,1010v0v2,10) ( 50y ds? dsg di® did dv? av? dr0
= 1——)— Gi—+G,—+G3—+G,—+ G5 —=+ Gg—
dt S0 dt+1dt+2dt+3dt+4dt+Sdt+6dt

SinceSY=1"=10=V=y2=T"=0andS’ = ’/7\, then the above equation is reduced to

dL(s%s2100 0210

0
dt
thus, condition 3 becomes satisfied.

dL(S, 54,115,V Ve, T) (1 50) ds ds, dl dl, av dav, dT
B S

dt ar T Ogy Tt sy HGagy+ Gs gt Ge

50
= (1-%) (A + 455, — $2TS — BS — uS) + G, ($2TS — 0fS, — XS, — ¥Sa —
USa+G2LS+A3la—k2I+GI3P3A—k3la+ CAATVa—p1V—
WV+GCSySa+@1V—A1Va—uVa+G6(r1/+c2/a—ul’)

0 0
= A+ 1,8, — $2TS — BS — S — A== 1,8, = + ¢, TS° + S + us® +
G1(§2TS —BSy — 250 —¥Sa — 1Sa) + G2(BS + A3l — koI) + G5 (3l —
r3la+ GAA1Va—@g1V—uV+GoySa+p1V— AlVa—uVa+G6(r1/+c2/a—ul)



At HPV free equilibrium point we have S = ;[_z\’ substituting it in the above equation and simplifying we obtain,

2
2 — 2_5 — 1S + (G — 1), TS + (G, — 1)BS + (Gsy - ’1;—" - Giky +22) S, +
(G363 — Goky + GTy)1 + (GoAs — Gaks + N Geto)l, + (Gspy — Gap1 — Gup)V +
(Gy21 = Gsy — GV, + (22— Gow)T
(15)

Equating the non-linear terms in equation (15) to zero we obtain,

1 A 1 A1+1) (AA A
G1=1,6,=1,G3 za(kz_rlﬂz 2),G4=;, Gs =;—1H(Z_+k1_/12), G6=u_22

dL(S,S e ., . A2 o .
Thus W < 0, hence satisfying condition 4 since 2A — 5 uS < 0 and all parameters are positive. Since the above

conditions have been satisfied for HPV free equilibrium point, we concluded that the HPV free equilibrium point to be globally
asymptotically stable. This completes the proof.

3.6 Endemic Equilibrium Point

In our model, this is the point when the HPV infection persists in the community. We let
Ey = (S, S, 1%, 1;,V*, V.5, T™) be the endemic equilibrium point

Setting the right-hand side of system of equations (1) to zero we get,

§T=¢&;
S* = §4(A—pé3)
& {B1(A+8:E1)+P 2828312843
I = (A-ué3)
{31(1+5c§1()/:-¢2§2)§3—12§4}
1* — 1(A—Us3 16
& B+ E)+P28283 1284} (16)

A1y§a(A—ué3)
u(P1+A1+){B1(1+6:81)+¢p28283—2284}
Y§a(A—pé3)u(d1+A1+u)+¢p114]

V=
a pA1+u)(p1+A1+0){B1(A+8:§1)+d28283 4284}
« §2(A—pé3)

T {B1(HSED)+P2E2E3-2284}
where & = ;l:_j' £ = 71$1 &= (k2—2381) & = §28392

V=

utty pr(1+scgn)” °* ke
Rewriting equation (13) in terms of 8; we have,
_ Rip(kaks—23¢3)
b= ksroa) (17)
Substituting the value of f; into equation (16) we get,
o N
T uRy
g = 236292 (R1-1)
@ u2RPka(kak3—A393)+A2$2¢p(k1=12)
I = 1A 2ky (R =1)
12RE k1 (kpk3—A3¢3) A2 & (k1—A2)
« §1uA%k1 (R1=1)
I === 2
woRTkq(k2k3—A3¢3)+A“$282(k1—22)
T* = Eauh?ky(R1—1)
12R%kq (kok3—A33)+A2P2 &2 (k1 —12)
V= Yé202A0321 (R1—1)

HR1 (A1 +1)(p1+A1+){u?RE k1 (kak3—A3¢3)+A2 28, (k1—12)}
. _ yE202A3 (R —D{u(p1+1+1)+¢111)

a = 12R1(A1+1) (91 +A1+) {2 REkq (ko k3—A3h3)+A2P &2 (k1 —A2)}
From the above, we came to the conclusion that endemic equilibrium exists if R; > 1.

3.7 Bifurcation of model 2
Choosing 6 = f5{ as the bifurcation parameter and investigating the case when Ry = 1 we have,
B = u(kakz—=2A3¢3) (18)
Alk2+6.¢3)



The system (1) with the bifurcation point 8, has a simple zero eigen value therefore we can use the Center Manifold theory to

analyse the stability of the system (1) near B = 6.
w = (W1, Wy, W3, Wy, Ws, W, Wy )" given by

The Jacobian of the model at 6 = B{ has a right eigen vector

(—u Ay —01 —92 0 0 —92 [W1] 0
0 —k 0 0 0 0 -3 ||w, M
0 0 —(hkz—91y 92+73 0 0 0 |W3| 0
0 0 b3 —ks 0 0 T, |W4| =10 (19)
0 0 0 0 —(¢1 + 1) M 0 Ws 0
0 0 0 0 *: —(M+p) 0 [Wﬁj 0
[ 0 0 T 7, 0 0 —u—1,1""7 0
Where g; = BMLA , 92 = ﬁl#ﬂ . Solving equation (19) we get,
wy = — (g1w3+ga2wa+gaw7—A2w3) <0, w,= 92w7 Wy = (g2+13)wq ) (20)
I k1 (k2—91)
W4=(253W17+3T2m>0 WS = G > O W6=<(:11:v5) 0’W7=U1W3uﬂ>0

The Jacobian matrix has a left eigen vector denoted by v = (vy, V5, V3, V4, Us, Vg, V7)t. The components of the left eigen vector are

given as
vy =1, =0, y3:w>0’ U4=W>OI
® (kz—%l) I3
1V6 1vsg

) B N 21
%5 = 0 Y T o O =0 (21)
We now compute a and b as outlined in (Castillo-Chavez and Song, 2004)

a=2vz3w0(wz + wy8,.) <0 22)

b=v3‘%(W3 +W466) >0

Thus 6 changes from negative to positive, 0 changes its stability from stable to unstable therefore a negative unstable equilibrium

becomes positive and locally asymptotically stable.

4.RESULTS AND DISCUSSION
4.1 Numerical simulations

We present the numerical simulations of the model system (1) in this section.

1 to come up with the numerical simulations.

We use MATLAB software and the parameters in Table

Parameter | Description Value Source

A Natural birth rate 0.02639 CIA (2016)

u Natural mortality rate 0.00501 CIA (2016)

Ty Rate at which aware infected | 0.035 ICO (2018)
individual seeks treatment.

T, Rate at which an individual recovers | 0.0028 Assumed

y Vaccination rate 0.25 Bruni et al. (2021)

By Infection contact rate 0.000194 Bruni et al. (2021)

S Death rate due to HPV infection 0.61 Bruni et al. (2021)

o Rate at which vaccinated individuals | 0.045 Assumed
become aware

o Rate at which a susceptible individual | 0.035 Assumed
becomes aware

o Rate at which an infected individual | 0.035 Assumed
becomes aware

L Rate at which vaccinated individuals | 0.65 Assumed
lose awareness

2 Rate at which susceptible individuals | 0.055 Assumed
lose awareness

A3 Rate at which infected individuals | 0.075 Assumed
lose awareness

5, Negative attitude rates influencing | 0.36 Ronoh et al. (2020)




condom use rates.

o Efficiency of awareness 0-1
Assumed
Table 1 Parameters and their description
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Figure 2 Population plots of model 2

Figure 2 shows the population plots of model 2. In figure 2(a) the susceptible population class decreases and then
increases in the first sixty days. The decrease is because of the susceptible population has become aware of the virus
and they are moving to the susceptible aware class. The increase which happens in few days is attributed to the wearing
out of awareness from the susceptible aware thus moving back to the susceptible class. After that the population
stabilizes as it moves to the susceptible aware class and this is due to the effective mass media awareness.

In figure 2(b), the susceptible aware class population increases and then decreases in the first fifty days. The increase is
attributed to the influx of susceptible population that is joining the susceptible aware class after getting exposed to the
mass media awareness campaigns on the virus. The decrease is due to the movement to the vaccinated aware class



where the susceptible aware population are heeding to the message from awareness groups that they should get
vaccinated against HPV. The population then increases again and this is still because of more susceptible individuals
becoming aware of the virus and then stabilizes afterwards. There are a number of reasons why this population becomes
stable and they include shortage in the number of vaccines available and the cost of the vaccine; many people may be
unable to afford it. Despite of this the population remains in this class as the mass media awareness is effective. In figure

2(c), the infected population decreases for some days and this is brought up by mass media awareness as they join the
infected aware class. It then increases and becomes steady. This is as a result of the infected aware population class
moving to the infected class due to wearing out however this comes to a stop and this population becomes steady.

In figure 2(d), the infected aware population decreases in the first fifty days due to movement to treatment and increases
for some time as some infected aware lose awareness and move back to infected class. However due to the effective
media awareness campaigns this population increases to an equilibrium point.

In figure 2(e), the vaccinated aware population increases for the first forty days. This is due to the inflow from the
susceptible aware class who are getting vaccinated. However, these numbers decrease for another thirty days. This is
due to the low turnout of susceptible aware individuals who are getting vaccinated due to the negative false opinions they
have regarding the HPV vaccine or high cost of the vaccine. After some days the population increases to become steady
due to effective media awareness campaigns.

In figure 2(f), the treatment class increases with time due to the individuals being encouraged to go to hospitals and get
cancer screening tests among other various treatment options. However, it decreases and then increases to a steady
point. The decrease is associated with the number of infected aware who leave the treatment class after seeking
treatment options. Also, it is attributed to the deaths that occur due to HPV-related complications.
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Figure 4 Effect on population on varying the rates of vaccination

The findings in figure 3 show that increasing the 7, rate of seeking treatment leads to an increase in the number of
individuals seeking for treatment (a reduction in the number of infected aware individuals). Increasing the rate of
vaccination also leads to an increase in the number of individuals getting vaccinated (thus a reduction in the number of
susceptible aware individuals) as shown in figure 4. The findings imply that provided the media awareness campaigns on
HPV are effective and the rate of seeking treatment and vaccination rate remain high then the community will be able to
eradicate/ maintain low numbers of HPV infections.

4.2 Sensitivity Analysis

This is a technique of ascertaining how uncertainty in the output of a model can be distributed to different sources of
uncertainty in the model parameters, (Schneeweiss, 2006). The goal of this technique is to determine which parameters
have the highest influence on the model. We use the Latin Hypercube Sampling-Partial Rank Correlation Coefficient
(LHS-PRCC) method which is a coherent tool used to carry out sensitivity analysis in our model. It involves a combination
of two statistical techniques, Latin Hypercube Sampling and Partial Rank Correlation Coefficient analysis.

Parameter Sensitivity index | Parameter Sensitivity index
value value
A 0.013121359 A3 0.534875624
By 0.675110785 a 0.257927851
u 0.120124752 S, 0.598521356
3 -0.547785203 T -0.672534560

Table 2 Sensitivity indices of the reproduction number against mentioned parameters

The parameter with the most positive impact on the reproduction number according to the PRCC values is #; which is
followed by 6. 15 ,a, 4, and 4;. This means that increasing these parameters increases the reproduction number and
decreasing them reduces the R,. The parameters 74, ¢3,y, have the greatest negative influence on R,. That is increasing
them results to a decrease in R,,.

5. CONCLUSION

In this paper, we formulated a mathematical model of an effective mass media awareness campaigns on the spread of
HPV infections in Kenya.

We investigated the local and global stabilities of HPV free endemic equilibrium using the Routh-Hurwitz criteria and
established that the HPV free equilibrium point was locally asymptotically stable if R; < 1. When it came to global stability,
we came up with a Lyapunov function and drew the conclusion that the HPV equilibrium point was globally asymptotically
stable. The endemic equilibrium point existed if R, > 1. We analyzed the nature of bifurcation and found out that 6
changes from negative to positive, changes its stability from stable to unstable thus the negative unstable equilibrium
becomes positive and locally asymptotically stable. Sensitivity analysis confirms that the relapse from the susceptible
aware and infected aware to susceptible and infected classes respectively that is 1, and A; respectively increase the
spread of HPV in the community. However, the numerical simulations of this model show that an effective mass media
awareness campaigns bring the numbers of HPV infections to a certain equilibrium which in turn would lead to the
eradication of HPV infections in the community. The results in figure 4 showed the impact of vaccination whereby
increasing the rates of vaccinations resulted to an increase in the number of vaccinated (thus a decrease in the number of
susceptible aware individuals). This signifies that increasing the rate of vaccination will help in reducing the spread of HPV
among the susceptible individuals. Therefore, we conclude that if HPV vaccination and treatment is stressed on and an effective
mass media awareness is being carried out then HPV spread in the community will be decreased. Further research can be carried on
the impact of implementing HPV education in the curriculum of primary school on the spread of HPV infection.
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