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MO/ICNb BIHSHHS HECOOMIOACHHS MPO(UIAKTHKE
BUY/CITUIa cpeiu reTeporeHHOro HacelleHH,
OCHOBaHHas Ha M3BeCTHYIO Mojens Kimbir et al
(2006).5¢PeKTHBHOCTE MCIIOIBE30BAHUS
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¢ cymiectByroreii moaensio Kimbir, mpennaraemas
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POXKIAEMOCTh U3ydaeMoro HacenaeHus. YuciaeHHoe
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U3 1o/Ty4eHHBIX PE3YJIbTATOB Mbl BHIUM, 4TO
koHTposis BUY/CITN/]a B reTepoceKcyaabHOM
MOMYJISIUY 3aBUCHUT OT YHCTON COOTBETCTBUE U

3¢ GeKTUBHOCTH PEKOMEHIOBAaHHBIX MPOQPIAKTHKHI
(ucmonp30BaHKe Ipe3epBaTUBOB). B KauecTBe
PEKOMEHIAIMH, MOJIE]Ib OPUSHTUPOBaHA HA
MHTEHCHUBHOE 00y4YeHHE U MPOA0IDKAIOIIeiCs
KaMIIaHUH 110 TOBBIIICHUIO HHHOPMHUPOBAHHOCTH
HACEJICHHUSI CO CTOPOHBI MPABUTEIbCTBEHHBIX U
HEMPaBUTEILCTBEHHBIX YUPEXKICHUH 110

3 HEeKTHBHOMY HCIIOTIBb30BAHHIO MIPE3EPBATHBA
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In this article we consider a mathematical model of
effect of non-compliance with the prevention of
HIV/AIDS among a heterogeneous population based
on known model by Kimbir et al (2006). The
effectiveness of a condom use and implications of
non-compliance with a population of preventive
measures (condoms) are the aim of this research
work. In this work, with definite coefficients,
nonlinear model is used, which consists of systém o
six differential equations for different population
groups (six groups of the population) to obtain the
model equations. Compared with the existing model
by Kimbir, the proposed model to a large extent,
takes into account the birth rate of the studied
population. Numerical simulation of the model
equations shows that reducing the rate of
transmission of HIV/AIDS can be effectively
achieved within a certain time, and only where
relatively high condom efficacy and high

compliance by susceptible and infected are
observed. From the obtained results, we can sée tha
the control of HIV/AIDS in the heterosexual
population depends on the net compliance and
effectiveness of the recommended prevention
(condom use). As a recommendation, the model
focuses on intensive training and ongoing campaigns
to raise the awareness of the population by
governmental and non-governmental agencies on the
effective use of the condom
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1. INTRODUCTION

The basic routes of the Human Immune Deficiencyu¥ir(HIV)
transmission between persons are now well undetrstod widely known, but
the non-adherent to the application of recommernptedentive measures which
leads to HIV prevalence and trends among populdtesiremained an area of
debate and scientific research [1]. Diseases cantrhasmitted either
horizontally or vertically. In the case of HIV, moontal transmission occurs
from direct contact between an infected individaald susceptible persons.
Vertical transmission is as a result of direct $fen from mother-to-child or
newborn offspring [2], as over 40% of all HIV casesult from mother-to-child
transmission.

The Human Immune Deficiency Virus (HIV) is knownlie the causative
agent of the deadly disease called the AcquiredunarDeficiency Syndrome
(AIDS), the extensive spread of which appears tel@mmenced in the early
1980s, [3]. In sub-Saharan Africa, over 2.5 milldnldren under the age of 15,
have died of AIDS as a result of been exposed t¥ Huring labor or
breastfeeding. Thus, the impact of HIV transmissi@as been felt mainly in
Africa [4], where the level of literacy is low, thpoverty level is very high and
the quality of health services is generally vergmpo

The dynamics of HIV/AIDS has moved beyond the viansl risk factors
associated with its transmission to a more detaiederstanding of the
mechanisms associated with the spread, distribuaod impact of any
intervention on the population [5]. Transmission da® of HIV/AIDS are
basically via heterosexual contacts, blood tramsfysand contaminated
injecting equipment [6].

Due to non-availability of any known medical curer fHIV/AIDS,
therapeutic treatment strategies appear promigingetarding the progression
of HIV-related diseases. In other words, prevent@s remained the most
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effective strategy against the HIV/AIDS epidemi€§ [Control and intervention
programs are focused towards educating the peopbebavioral change. Other
method of control include barrier contraceptives.(condom use), which is a
single strategy in the prevention of HIV/AIDS. Camd use, as a strategy to halt
the HIV epidemics is considered in terms of itdcaify and compliance. The
study of these two factors has been more rewarthingugh mathematical
modeling.

Mathematical models of the transmission of HIV hpvaeven to be useful

in providing a logical structure within which tocorporate knowledge and test
assumptions about the complex HIV epidemic [8]. oligh mathematical
modeling, the control of HIV/AIDS have been forntgid as far back as 1987,
when [9], developed simple function for the growtlthe number of individuals
who will develop AIDS and for the distribution afidubation period of those
individuals [10].
Other models for the control of HIV epidemic inctuthe following aspects:
age-structure population, differential infectivignd stage progression; fully-
integrated immune response model (FIRM), defensdeineandom screening,
contact tracing, use of condom etc., for examplege 45,8,10,11,12,
13,14,15,16,17]

The motivating factor of this present work liestire model [10], on a
two-sex mathematical model for the prevention ef spread of HIV/AIDS in a
varying population. In that study, the preventiveasure (condom use) was, as
well, introduced to the susceptible males amongrsthirhe model was aimed at
studying the efficacy of the preventive measurecWwhtonsequently leads to
reduction of HIV infection within a given period dfime. The impact or
consequences of non-adherent to the usage of theergive measure were
conspicuously not treated.

New cases of HIV infection due to unprotected sE,[indicate a high
level of non-compliance in the application of pnetree measure by both
susceptible and infected individuals. In this presgudy, which is an extended
version of the old model [10], we have developeth@del for transmission
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dynamics of HIV/AIDS in a population of varying sizvith vertical and other
demographical and epidemiological factors. Our psepis to formulate a model
for AIDS epidemic control measure that unveil andld transmute the impact
of non-compliance and the trend of the efficacy cohdom use in either
horizontal or vertical HIV transmission. This waskdevoted to the study of the
impact of non-compliance by the population.

Consequently, in section 2, with improved coefintge and addition of
novel features, we formulate a non-linear systemoddinary differential
equations that model not only the efficacy of teadom but that which takes
into account, the dynamics of non-compliance in #ggplication of the
preventive measure by both susceptible and infectedes in a varying
population. A transformation of the model equation® non-dimensionless
proportions is carried out on section 3, followgdnumerical simulation of the
transformed equations in section 4. The last sectovers a number of
discussions, concluding remarks and recommendations

2. THE MODEL EQUATION

In formulating the model equations, we consideurfggl(a & b) below:

Sm(t) | Im(t)

(a) (b)
Fig. 1(a & b): A flow-chat of the model for maledcafemale population for the prevention of
HIV/AIDS in different groups of the popuila.

From figure 1(a), the functions (parameters) usedhe model for the
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male populations are as defined below:

Si(t) - Number of susceptible males at tithe

[ m(t) - Number of infected males at tihe

Wi(t) - Number of infected males who use the condotimett;

Un(t) - Number of susceptible males who use the coralom
timet;

Nm(t) - Total population of males at tine

Bm(t) - The rate at which males are infected per umeéti

(incident rate);

bN,, - Natural birth rate of male populatiomz 0;

U - Natural death ratg,>0;

a - AIDS - related death ratez 0;

D1 - The proportion of infected males who use thedoom
per unit time;

D2 - The proportion of infected males who initiallgeuthe

condom and then decline per unit time;

01 - The proportion of susceptible males who use the
condom per unit time;

0> - The proportion of susceptible males who initialge

the condom and then decline per unit time;

Cm - Average number of contacts by males with fesaker
unit time;

P - Probability of transmission by an infectedi@saand

P - Probability of transmission by an infectedlesawho

use the condom.

Where
Nim (1) = S (t) + Ty (1) + Wi (1) +U (1)
Using figure (1b), we also derive the functionsr§paeters) used in the

model for the female population:

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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S(t) - Number of susceptible females at time t;
l(t) - Number of infected females at time t;
Ni(t) - Total population of females at time t;
bN; - Natural birth rate of female populatidsz 0;

Bi(t) - The rate at which females are infected per timi

s
Where

N

(incident rate);
- Natural death ratey > 0;
- AIDS - related death rate,>0;
- Average number of contacts by females with saker

unit time; and

Probability of transmission by an infectecthédes.

=S +1()

The assumptions in this model follow from those enaa the previous

model [1

5], except that here, we assume that:

(i) susceptible individuals also use the condom, withaeying degree of

efficacy;

(ia number of susceptible males that use the condutmally, decline

(iii)

(iv)

In

thereafter, per unit time;

infected males who use the condom initially, dexlimereafter per unit
time; and

the impact of b, (natural birth rate), is only in the susceptible

population.

constructing the model, coefficients are con®depositive, and the

signs before the terms are taken with a plus ifatfiew enters the area and with

a minus

sign, if the arrow goes out of scope. As loa seen, the model takes

into account the birth ratb, natural population declingz and death from

diseaseay.. In this study, from the flow-chat (fig.1 (a)), theodel is governed by

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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the following systems of non-linear ordinary ditfatial equations:

S. =bN_ N, -B_S, - /S, -0,S,+0,U,; (2.1)
I = BoSu+ PW, —(u+a+p)l . (2.2)
W, = ol = (0, + 1+ @)W, (2.3)
U, =0,S, — (0, + 1)U, (2.4)

From figure 1 (1b), we also derive the functionargmeters) used in the
model for the female population:

I

S¢ =bN(N, =BS; - 15, (2.5)
If':Bfo_(/J'*'a')lf (2.6)
Differential equations is supplemented by algebegjgations

N,=S,+I|,+W_ +U_ (2.7)
N, =S, +1I, (2.8)

The coefficientsB,, and B; are expressed in terms of the relative

'

andll\l'“, Y\JV of HIV-infected individuals:

f m m

Bm :legf N (29)

By =¢i(Bn lgm* %) (2.10)

If p1 =p; 61 =0, po, 02, @NdP,,* are zero, then we obtain the model as in
[15] and if onlyp; = p; 61 = 6; po, 0, are zero witlg,* # 0, we obtain the model
as in [10]. Therefore, these parameters and theepteequations (2.4) and
(2.10), make the difference between models [10,&lts] the new model. The
detail parameters are summarized as in table aynbel

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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Table 1: The original data are summarized in talfolanat:

Symbols | Expression for the males Symbols | Expression for the females
number of Susceptible males at number of susceptible females at
S timet; S timeft;
| number of infected males at time | number of infected females at
m t; f time t;
W number of infected males who use, Sf(t) + If(t) - total
m the condom at time t; i population of females at time t;
U number of susceptible males Whobe natural birth rate of females
m use the condom at time t; population,b>0;
Sm(t) + Im(t) + Wm(t) + Um(t) the rate at which females are
Nm - total population of males B infected per unit time (incident
at time t; rate);
the rate at which males are
Bm infected per unit time (incident | natural death ratey > 0;
rate);
BN, natural .b'rth rate. of male a AIDS - related death ratey > 0;
population,b > 0;
H natural death ratey > 0; C ?verage nymber of contacf[s _by .
emales with males per unit time;
a AIDS - related death rater > 0; | ff iFr);‘ZE?ebcllhftg rg;;[;?nsmlssmn by ar
the proportion of infected males
P1 who use the condom per unit timg;
the proportion of infected males
D2 who initially use the condom and
then decline per unit time;
o the proportion of susceptible males
1 who use the condom per unit timg;
the proportion of susceptible males
o> who initially use the condom and
then decline per unit time;
c average number of contacts by
m males with females per unit time;
Probability of transmission by an
Pim infected males;
Probability of transmission by an
Pr* infected male who use the
condom.

3. TRANSFORMATION OF MODEL EQUATIONSTO NON-
DIMENSIONAL FORM

It is essential that for easy handling and to angtithe biological meaning

of the proportions of infected individuals, whiclefithes the prevalence of

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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infection, we transform the model equations intopartions.

Let,
N.(0)=N_,N,(0=N, andmt)=N_.N,,f(t)=N,.N_,
Then,
s, =S,/N., (3.1)
s; =S; /Ny, (3.2)
Y = lm/N ., (3.3)
nyIf/Nf’ (3.4)
u,=U./N._, (3.5)
w. =W_/N_ (3.6)
Clearly, in terms of proportion,
m(t) =N, (t)/N,, =s, +y,+W, +U_ (3.7)
and
f(t):Nf(t)/Nf =S¢ Yy (38)

The coefficients (2.9) — (2.10), in the dimensiesléorm are obtain as

B, = ColB Y / (1) (3.9)
Bf = Cf (ﬁmym +ﬁm*wm)/m(t) (310)

Then equations (2.1) — (2.4) can be rewritten as

sm' =bm(t) - B,S,, = &, — 0,S,, + O,U,; (3.11)
Yim = BuSn + 0,W, = (U + 0+ )Y (3.12)
Wy, =0 = (0, + U+ O)W,,; (3.13)
Uy, =038, = (0, + U, (3.14)

Similarly, equations (2.5) and (2.6) can as weltdaritten as

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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S¢ =bf(t) - Bs; — s

I

Yi =Bsy —(u+a)y;

10

(3.15)

(3.16)

Thus, the changes in the various groups of thelptpn are discussed on
the basis of equations (3.11) - (3.16) as sumnzhtizéow

Table 2:  Proportions of the dynamics of HIV transmission

Group Derivatives Egn. no.
' 3.11

Sm Sm = br‘r(t) - BmSm _lusm - Ulsm + Uzum ( )

. Vi, =B.S, t oW, —(U+a+p)Y,, (3.12)

W Wy = 0,y = (0, + H+ Q)W ; (3.13)

U, u,, = 0,8, - (g, + Y)u, (3.14)

S; sf' — bt (t)-B, s, - I8, (3.15)

& Yf' =B;s; —(u+a)y; (3.16)

4. NUMERICAL SIMULATIONSAND ANALYSISOF THE MODEL

The model represents systems of 6 differential #gpus concerning 6
considered groups of the populatigny,,,w,,.u,.s;,y, with initial values and

parameters given in the table 3.

TABLE 3: Table of parameter values for Varianis 1 -3

Vadat | 1@ | Mol fe2 | Pl e\ e, | g | A | Bs
1*) |og2|ot o [os [0 [oe |@ |5 |5 |01 |o01a [o1a
] ooz [ooa[o |0 o |e |o |5 |5 |01 |01 [0z
3 ooz [ooa |01 [0 |0 |o |o |5 |5 |01 o1 [0z
2 002 (004 |01 |02 [0 [0z |0 |5 |5 |01 |01 [0z
5 002 (004 |01 |02 |01 |02 |01 |5 |5 |01 |01 |02

V=5, —S,.5,(0)=07
Vi=Vy =1 1, (0) =01
¥, —u, —U,.u, (0)=0.1
V, —w, I, .w, (0) =0.1
V.—s.-S,.5,(0)=08
Vo—y,—1I,.v,(0)=02

V,-Ss,-S, S,(0)=07
I ¥ (0) =01

V,; -

I A
Where initial valves of all characteristigs , -u_u (=01 are constant.

V, -w, -W,,w,(0) =01
Ve —S; —S;,s,(0)=08

V, -

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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In the program we shall designats,,y,,w,,u,,s;,y; through a

vamw:Mm;@n%m$:>Y4ﬁL[m:imammzim.

Then the system of differential equations can b#@ew as

dy _
<= f.toeT)
Y(0) =Y,

To integrate the system, one can use different naalemethods. The
simplest, is the Euler’s first order of accuracpwever, in MATHCAD, there is
built-in function “rkfixed” realizing Runge-Kuttemethod of accuracy of order
4,

Importantly, it is essential to note that in analgzthe results of the
computer simulations that follows, our interestnighe corresponding changes
that are likely to occur in proportions of infectexles and females/(,y, ), for
each of variant (1-5), as in table 3. The efficatyhe condom are determined

by the behavior af,p,and g .while the non-compliance situation are

determined byo,and p,respectively. These do not mean a play-down onrothe

parametric factors. So thatvif', represent the time interval (in years) and

from Table 2, letting®?,v® v®, v® v®andv' equals,,y.,w..u._s,,y,and

yf'respectively, then forg =41, the corresponding graphs obtained from

Table 3, are represented as in figures (4.1) ,(3edow:

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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m(t)
T T T T
1.1
1 —
1_-{3} o
= 1_.{4} g
B o,
o LAar =
= Voo 4 =

- 0 I L I |
0 10 20 30 40 30

1..{1} T
-
40 30 Time (Years)
T
Time (Years)
Fig4.1: Graphical simulations of 5 y_,w_,u_. 5, and y, ffom model (3.11) -

(3.16) against ime with 7™ - the sum of male and female proportions.
Parameter values are in variant (1) - Table 3.

From figure 4.1 above, we investigate the simutatd the old model
[10], where natural birth rate were not definedrétation to the existence of
interaction between the male and female popula®mresented by equations
(2,1) and (2.5) of the present model. For compl@tibthe only variation in that

model is the birth rate (i.e= 002 # 05). With high average number of contacts

by both sexes d ,c,); 50%-90% condom use and compliance level not

accounted for (i.er,=0=p,), it is seen that the entire susceptible became
infected within 10years, leading to rapid extinotmf infected (without condom
use) population within 20 - 30 years. Prolongeesiifan and increase in
population were experience by the proportion of thales that used the
condom. The entire female population was seen oontded by the infection,
leading to slow death after 50 years. The resdlicates that condom use was

not efficacious and coupled with non-compliancaadion.

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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m(t)
O i)

Proportions
Froportions

:
\
F
I-".
0 -
T " i T T

0 0 10 20 30 40 30
0. W T Time (Years)
Time (Years)

Fig4 2 Graphical simulations of s_,y_.w_,u_,s, and y, from model (3.11) -

(3.16) against ime with "™ - the sum of male and female proportions.
Parameter values are in variant (2) - Table 3.

From fig. 4.2 above, we studied the effect of thactdrs:
a=004b=00243,1=014,=0153 =02. We observed initial increase in
infection by both male and female infected popalati consuming the
susceptible population after an average of 30 ydé&rs. With no preventive
measure (condom use), the situation is seen tougtado slow death of the

infected population.

http://ej.kubagro.ru/2015/04/pdf/15.pdf
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m(t)

Proportions

Proportions

20 30 A k1]
0 .,..{1} T

0 10 20 30 40 30

0 v T Time (Years)

Time (Years)
Fig4.3: Graphical simulations of s, y_,w_,u_.5, and y.from model (3.11) -

(3.16) against time with I7** - the sum of male and female proportions.
Parameter values are in variant (3) - Table 3.

Here, if the situation in fig. 4.2, persist withtmal death rate of 10%
(.,e.a=01), as seen in fig 4.3 above, then within a spdcEloyears interval,
both susceptible male and female population ae:n 468 be consumed by
infection which then translate to gradual extincted the entire population after
30 years’ of time interval.

Furthermore, in fig.4.4 below, we investigate thfee of condom use
(i.,e.g,=02=p,), alongside with other induced parameters asgn 4i3. We
observed a drastic eradication of infection withi#® — 30 years for both the
males and female population. The interval taken domplete eradication
indicates the low level of condom application aadiation of the efficacy of the

condom.
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m(t)

Proportions

50

Time (Years)

Time (Years)
Figd 4 Graphical smulations of 5 _, y_.w_.u_. 5, and y, from model (3.11) -
(3.16) against ime with 7 - the sum of male and female proportions.

Parameter values are in variant (4) - Table 3.

m(t)

Proportions

50

Time (Years)

Time (Years)
Fig4.5: Graphical simulations of s_, y_,w_,u_, s, and y, from model (3.11) -

(3.16) against ime with 7™ - the sum of male and fenmale proportions.
Parameater values are in variant (3) - Table 3.

http://ej.kubagro.ru/2015/04/pdf/15.pdf

15



Hayunsiit sxypHan KyoI'AY, Ne108(04), 201501a 16

Finally, from fig. 4.5 above, we allow the obsergatas in fig. 4.4, to
hold but introduce a non-compliance factor ratd @¥% by both males without
the condom and those using the condomdj.e.01=p,). It is seen that due
non-compliance to effective use of the condom, idecbf infection from both
sexes were slow, taking about 30 years for comm@edéication of infection.
However, in about ten years on the average, th&eptible had been
contaminated by the infection. The situation sigoif a wholesome non-

compliance in condom use and portrays the vangrgllof condom efficacies.

5. DISCUSSION AND CONCLUSION

In this paper we have extended the model [10] lmpnoorating in the
transmission of HIV, the study of the impact of raompliance to condom use
by both susceptible and infected male populatiomof-linear mathematical
model was used with the assumption that the papualas a two sex and the
condom is of varying degree of efficacy. Importgnth order to appreciate the
level of impact of non-compliance of the preventiveasure, the model also
took into account, natural birth rate natural death rateg;and AIDS-related
death rate.We also established the fact that efficacy and-cwmpliance
condom use is dependent on the general behavitreoparameters,, p,and
B w for efficacy while non-compliance situation areeteined byo,and p,.

Using MATHCAD program, results obtained from the mmarical
simulation of the model equations indicate thatdeation of HIV infection
cannot not be achieve in a population whereby bwthsusceptible and infected
exhibit a high level of non-compliance in the udecondom as the most
effective control program. From the graphical asmlyit is shown that if the
rate of compliance is high, the spread of the diseaan be reduced
significantly. This work is exploratory in natur&r the fact that, it is an
improved model that can be used as a correction camdluct of relevant

research works, as is in the case of [10] and dsalNew the comparison of
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results.

Furthermore, it is evident from the numerical dimtion that, for any
effective program, the efficacy and compliance leg tondom use should be
sufficiently high. Achieving these findings, we omemend intensive and
continuous education of the population through aifld including media
publicity by both government and non-governmentg@reies on the effective
use of the condom. Any other control measure, rapgrom creation of
adequate awareness programs, especially in thelogpawg countries and

including the study of female condom use, will lnghty recommended.
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