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Abstract. A recent report indicated that one hundred and thirty thousand Nigerians
were lately infected with HIV with the majority of infections resulting from unguarded
vaginal sex. About two-thirds of new HIV infections in adults exist in women. Male
circumcision and male condoms limit the danger of HIV infection, but the adoption of
these procedures is beyond the control of Nigerian women due to gender inequality and
gender-based violence against women in the country. In an attempt to provide a mathe-
matical framework to examine a potential female-controlled strategy of HIV acquisition
in Nigeria, a mathematical model is modified and analyzed for the transmission of HIV
by incorporating pre-exposure prophylaxis (PrEP) in the form of a microbicide. The
solutions of the model are proved to be positive. The critical points of the model and the
epidemic threshold known as the reproduction number are also derived. The restricted
case of total compliance to the use of the microbicide is analyzed by proving the global
stability of the disease-free equilibrium (DFE) of the model. The general case which
permits individuals to default the microbicide is also investigated by proving the global
stability of the endemic equilibrium (EE) of the model. Numerical simulation is carried
out to verify the analytical results and the results of the simulation show that strict com-
pliance and consistent use of the microbicide may tend HIV acquisition among Nigerian
women to zero.
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1. Introduction

For nearly four decades, HIV/AIDS, with about forty million infections and seven
hundred and seventy thousand deaths globally as of 2018, has been a major source of
threat to human existence [35]. Despite significant success in HIV treatments, eradication
of HIV/AIDS remained elusive, and approximately two million people were newly infected
across the globe in 2018 [28]. Therefore, the prevention of new infections becomes an
enormous task. About two-thirds of the individuals living with HIV in sub-Saharan
Africa are women. The figure is attributed to gender inequality, under-age marriage,
forced marriage, rape and other sexual violence against women in the region [29]. Nigeria
accounts for the second-highest HIV epidemic worldwide with around 3.1 million of her
total population living with the virus in 2017 and 130 000 new HIV infections in 2018
[22, 30]. The current estimates indicate that there are over 1.9 million individuals infected
with HIV in Nigeria and the present prevalence of the disease among adults (15-49 years)
is 1.4% [31]. Many individuals infected with HIV in Nigeria are unaware of their HIV
status. For example, the Punch reported that 10 000 unidentified individuals were living
with HIV in the Imo state of Nigeria [26]. Besides, the country has not been able to meet
up with the suggested figure of HIV testing and counseling sites [11]. United Nations
Program on HIV/AIDS (UNAIDS) reported that about two-thirds of new HIV infections
in Central and West Africa emanated from Nigeria [32]. The country, together with
Uganda and South Africa, is responsible for about half of every new HIV infection in
sub-Saharan Africa yearly despite the achievement of a five percent decrease in new HIV
infections between 2010 and 2017 [33].

Unhealthy heterosexual behavior accounts for about 80% of all new HIV infections in
Nigeria, with the larger part of the remaining 20% occurring in major particular popu-
lations of individuals such as sex workers. Worldwide, female prostitutes are more than
13.5 times as likely to be infected with HIV as women in the general human population
[18]. Six states make up 41% of individuals living with HIV in Nigeria, including Benue,
Kaduna, Lagos, Akwa-Ibom, Kano, and Oyo [22]. While HIV prevalence among adults
(15-49 years) is higher in some zones in Nigeria like the South-South zone with 3.1%, the
North-Central zone with 2.0% and the South-East zone with 1.9%, it is lower in other
zones like the North-East zone, the South-West zone and the North-West zone with 1.1%,
1.1% and 0.6% respectively [30]. The incidence of the disease is higher in rural areas
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(4%) than in urban areas (3%) [22]. The AIDS-related illnesses mortality fell from 150
000 in 2017 to 53 000 in 2019 [31]. However, poor access to antiretroviral therapy (ART)
remain a major problem for individuals living with HIV, implying that there exists many
AIDS-related deaths that are unaccounted for in Nigeria [7].

Many Nigerian women, because of narrow economic choices and gender inequality,
cannot negotiate sexual encounters, leaving them at risk of unplanned pregnancy and
sexually transmitted infections (STIs). There is an enormous difference between the
figures of men and women who are infected with HIV in Nigeria: of the 1.8 million people
living with HIV, 1.0 million (55.56%) were women [30]. While the national HIV prevalence
among individuals whose ages fall between 14 and 50 years is 1.4%, women of ages 15 to
49 years are more than two times as probable to be infected with the virus as men (1.9%
against 0.9%). The gap in the HIV incidence between men and women is widest among
younger individuals, with young females aged 20-24 years old more than thrice as liable
to be infected with the virus as young men who are within the same age bracket [31].

In an attempt to provide a cure, drugs can play an important role in limiting trans-
mission. Applied either as a pre-exposure prophylaxis (PrEP) or as a post-exposure
prophylaxis (PEP), drugs can prevent infections and limit transmissions. PrEP is recom-
mended for healthy persons who are known to expose themselves to infections while PEP
is recommended for those who have been infected in order to halt or reduce transmission.
As for malaria, for instance, when a person intends to go to a malaria-endemic area,
he is advised to take malaria drugs [10]. The medication might prevent travellers from
infections if bitten by infected mosquitoes during their journeys.

The vaccine is arguably the best method of protecting the entire population against
infections [37]. Generally, it takes some time for the development and production of
vaccines. However, effective vaccines are yet to be developed for a good number of diseases
like HIV. The successive attempts by scientists especially in 1994 and 2007 to produce
HIV vaccines hit the rock [34]. In the absence of vaccines, drug-oriented strategies can
be an alternative intervention for limiting the infection burden [13]. A good number of
results have been published confirming the remarkable reduction of HIV viral loads in
infected persons due to the application of antiretroviral therapy (ART) [23, 9, 16, 1]. The
decrease in viral load is responsible for the reduction in transmission probability. Hence,
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a drug-oriented approach could be a potential strategy to alleviate the present burden of
HIV infection.

Similarly, considerable success has been recorded on the application of PrEP in limiting
HIV infections [22, 32, 15]. PrEP is not meant for everybody: only individuals who
have not been infected with the virus but who are at the danger of contracting the
virus are recommended to take PrEP [7]. South Africa was the first country in sub-
Saharan region of Africa to add PrEP to her national HIV program in 2015 [25]. Many
countries have joined South Africa in approving the sale of PrEP. For instance, the market
authorization for PrEP has been granted across twenty-eight European Union countries
by the European Medicine Agency [36]. PrEP is the application of low-level antiretroviral,
such as microbicides to the susceptible individuals, normally, prior to their exposure to
possible HIV sources. A microbicide is a substance that is applied inside the vaginal or
rectum to significantly minimize the spread HIV and other sexually transmitted infections
(STIs). Microbicides can be prepared in many ways: suppositories, creams, gels, films,
vaginal rings and slow-releasing sponges [12].

A cohort study [17] based on 889 women with several partners has recorded the im-
mense effect of tenofovir gel, one of the PrEP microbicides, in limiting HIV infections, and
its achievement has gained remarkable attention all over the world [8, 21, 20]. Since HIV
acquisition is significantly high among women, a good understanding of the efficiency of
tenofovir gel might be helpful for adequate implementation of the gel to achieve optimum
benefits in checking HIV infections. The gel is used twelve hours of sexual acts. It is ap-
plied by inserting it into the vagina within two times in a 24-hour period; one dose, within
twelve hours before sex and another dose, within twelve hours after sex [8]. Tenofovir gel
is advantageous to women who are at risk as they can apply it without their partners’
awareness [17] thereby, preventing any possible objections from the partners. Inspired by
the analysis in [23], the present study is aimed at analyzing the effect of tenofovir gel in
reducing HIV acquisition in women with reference to Nigeria. The mathematical study
of HIV prevention among Nigerian women through the use of vaginal gels is rare in the
literature.

A mathematical model of HIV/AIDS transmission with antiretroviral treatment (ARV)
and Pre-exposure prophylaxis (PrEP) was formulated and analyzed in [23]. It was discov-
ered that the appropriate use of PrEP and ARV by the individuals who are at the danger
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of HIV infections (female sex workers adolescent girls and young women) can limit HIV
propagation in the population. However, the researchers in [23] did not base their analysis
on a particular PrEP. Besides, the researchers considered five compartments in the analy-
sis and assumed two stages of the infectiousness - asymptomatic phase and symptomatic
phase. They assumed that individuals at the symptomatic stage could move back to the
asymptomatic phase through treatment. Since both symptomatic and asymptomatic HIV
positive individuals are infectious and can spread the virus, the two infectious classes in
[23] are lumped together and called infectious class I(t) in the present analysis. Besides,
the compartment for AIDS is neglected following [16, 19, 2, 14] since the compartment
may not influence the dynamics of the disease. The advancement of infection at the
stage will make it difficult for individuals in the AIDS compartment to spread the virus.
Therefore, the five compartments in [23] are reduced to three compartments in the present
analysis. The present analysis is designed to use a simple susceptible-protected-infectious
compartmental model to examine the effect of protection on the minimization of HIV
infection among Nigerian women.

2. Model Formulation

A homogeneously mixing population of size N(t) is considered with the population
sub-categorized into susceptible class S(t), infective class I(t) (both male and female)
and the individuals on tenofovir gel which is protective class, P (t). The flow diagram of
the model is in Figure 1.
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Almost all females are recruited into the S-class at a rate b. Cases of raping of females at
all ages are rampant in Nigeria including infants of below 6 months and adults of above
70 years. The crime is so high that the country records 717 rape cases within five months
in 2020
(allafrica.com/stories/202006150851.html;
bbc.com/news/world-africa-52994587). Tenofovir gel is introduced to protect the females
against HIV acquisition. Those who are under protection move to the protected class P

at a rate α . It is assumed that individuals in the protected class do not get an infection
even if they have sexual interaction with the individuals in the infectious class. Thus,
the dotted arrow in Figure 1 indicates possible interaction which does not result in a
transfer. Individuals under tenofovir gel default the prevention and move back to the
susceptible compartment at a rate β. The sexual interaction between the susceptible and
the infective results in infections with per capita probability τ while n is the average
number of sexual partners for an infective. In addition to natural mortality which occurs
in each compartment at a rate µ, death due to infection occurs for individuals in the
infectious compartment at a rate θ. From the assumptions and Figure 1, the following
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equations are obtained.

(2.1)

dS

dt
= b+ βP − αS − τnIS − µS,

dI

dt
= τnIS − (µ+ θ)I,

dP

dt
= αS − βP − µP,

where:
b : recruitment rate for female population,
β : default rate of protection,
α : rate of protection,
τ : probability of contracting HIV after sexual contact with an infective,
n : average number of sexual partners for an infective,
θ : disease induced death rate,
µ : natural mortality rate.
Following the approach explained in [3], the system (2.1) remains positive and bounded
in the region defined by

(2.2) Γ =

{
(S, I, P ) : 0 < S + I + P ≤ b

µ

}
.

Besides, the system allows an infection-free equilibrium

(2.3) E◦ = (S◦, I◦, P ◦) =

(
b(µ+ β)

µ(µ+ α + β)
, 0,

αb

µ(µ+ α + β)

)
.

In the same vein, the system admits a non infection-free equilibrium E∗ = (S∗, I∗, P ∗)

with each coordinate defined as

(2.4)

S∗ =
µ+ θ

τn
,

I∗ =
bτn(µ+ β)− µ(µ+ θ)(µ+ α + β)

τn(µ+ θ)(µ+ β)
,

P ∗ =
α(µ+ θ)

τn(µ+ β)
.



8 AYOADE, AKINYEMI, OYEDEPO

Also, the reproduction number of the model can be derived from the expression 1

S∗ × S

[4]. Therefore,

(2.5) R◦ =
τnb(µ+ β)

µ(µ+ θ)(µ+ α + β)
.

Non infection-free equilibrium exists only if R◦ > 1. The populations of individuals who
are susceptible, infected and protected at this point are given by S∗, I∗ and P ∗. However,
infection does not spread in the women population when R◦ < 1. The population of
women that are likely to pick up infection and those who are completely protected from
picking infection at this point ( i.e., R◦ < 1) are respectively S◦ and P ◦ while no woman
is infected with the virus (i.e. I◦ = 0). Denoting the endemic equilibrium by E∗ with
cordinates E∗ = (S∗, I∗, P ∗) then expressing the cordinates of E∗ in terms of R0, E

∗

becomes

E∗ = (S∗, I∗, P ∗) =

(
S◦

R0

,
µ(µ+ α + β)

τn(µ+ β)
(R0 − 1),

αS◦

(µ+ β)R0

)
.

Hence, E∗ exists only if R0 > 1.

3. Stability Analysis

The local stability of both the infection-free and non infection-free equilibria is to be
investigated to examine the behavior of each equilibrium.

Theorem 3.1. The infection-free equilibrium E◦ of the model is locally asymptotically
stable in Γ if R0 < 1.

Proof. R0 < 1 if all the eigenvalues of the variational matrix of the system of equations
(2.1) about E◦, the infection-free equilibrium, are negative. The variational matrix of the
system about E◦ in terms of R0 is derived as

J(E◦) =


−(µ+ α) − τnb(µ+ β)

µ(µ+ α + β)
β

0 (µ+ θ)[R0 − 1] 0

α 0 −(µ+ β)

 .

The characteristic equation of J(E◦) is

((µ+ θ)[R0 − 1]− λ)(a2λ
2 + a1λ+ a0) = 0,
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where,
a2 = 1,

a1 = α + β + 2µ,

a0 = µ(α + β + µ).

Therefore, the roots of |J(E◦)| can be obtained from

(µ+ θ)[R0 − 1]− λ = 0,

or
a2λ

2 + a1λ+ a0 = 0.

From (µ + θ)[R0 − 1] − λ = 0, λ = (µ + θ)[R0 − 1] < 0 if R0 < 1. Also, since all
the parameters are nonnegative then a1 > 0 and a0 > 0 so that all the eigenvalues in
a2λ

2 + a1λ+ a0 = 0 are negative following Routh-Hurwitz stability criteria [5, 27]. Thus,
E◦ is locally asymptotically stable only if R0 < 1.

It has clearly been shown that the infection-free equilibrium is stable only if R0 <

1. However, the model is built around protection of women against HIV acquisition.
Hence, there is a need to draw conclusion in terms of protection default rate β. We shall
therefore show the effect of protection default rate on R0 and the stability of infection-free
equilibrium following the same linearization approach.

(3.1) J(E◦) =


−(µ+ α) − τnb(µ+ β)

µ(µ+ α + β)
β

0
τnb(µ+ β)

µ(µ+ α + β)
− (µ+ θ) 0

α 0 −(µ+ β)

 .

With row reduce matrix operation, (3.1) reduces to

(3.2) J(E◦) =


−(µ+ α) − τnb(µ+ β)

µ(µ+ α + β)
β

0
τnb(µ+ β)

µ(µ+ α + β)
− (µ+ θ) 0

0 − τnb(µ+ β)

µ(µ+ α + β)
−(µ+ α)(µ+ β)

α
+ β

 .

The characteristic equation

(3.3) |J(E◦)− λ| = 0
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has the eigenvalues

λ1 = −(µ+ α),(3.4)

λ2 = −(µ+ α)(µ+ β)

α
+ β,(3.5)

λ3 =
τnb(µ+ β)

µ(µ+ α + β)
− (µ+ θ).(3.6)

From (3.5), the negativity of λ2 is a function of default rate of protection β. A quick
check shows that λ2 is negative if β is low. i.e., λ2 < 0 as β → 0.
From (3.6), λ3 < 0 if

τnb(µ+ β)

µ(µ+ α + β)
− (µ+ θ) < 0,

⇒ τnb(µ+ β)

µ(µ+ α + β)
< (µ+ θ),

(3.7) ⇒ τnb(µ+ β)

µ(µ+ α + β)(µ+ θ)
< 1,

In view of (2.5), inequality (3.7) becomes

(3.8) R0 < 1.

Therefore, λ3 < 0 if and only if R0 < 1 and the infection-free equilibrium is locally
asymptotically stable otherwise λ3 > 0 and E◦ is locally asymptotically unstable. The
biological implication of the result of Theorem 1 is that HIV infection will not spread in the
population of Nigerian women if an infected individual gets into the naive population as
long as R0 < 1. The feasibility of R0 < 1 is a function of level of adherence to protection.
R0 < 1 is likely to be feasible if the rate of default is minimal (i.e. if β → 0). □

Theorem 3.2. The infection-free equilibrium E◦ is locally asymptotically unstable and
consequently, the non infection-free equilibrium E∗ becomes locally asymptotically stable
in Γ if R0 > 1.

Proof. R0 > 1 if all the eigenvalues of the variational matrix of the system of equations
(2.1) about E∗, the non infection-free equilibrium, are negative. The variational matrix
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of the system about E∗ is derived as

(3.9) J(S∗, I∗, P ∗) =


−
[
A1 +

A2A4

A3

]
−A5 β

A2A4

A3

A5 − A6 0

α 0 −A3

 ,

where A1 = (µ + α), A2 = µ(µ + α + β) A3 = (µ + β), A4 = (R0 − 1), A5 = τn
S◦

R0

and
A6 = (µ+ θ). With row reduce matrix operation, (3.9) reduces to

(3.10) J(S∗, I∗, P ∗) =


− 1

β

[
A1 +

A2A4

A3

]
−A5

β
0

A2A4

A3

A5 − A6 0

α 0 −A3

 .

λ1 = −A3 is one of the eigenvalues of |J(S∗, I∗, P ∗)− λ| = 0. The two other eigenvalues
can be obtained from submatrix W given by

(3.11) W =

− 1

β

[
A1 +

A2A4

A3

]
−A5

β
A2A4

A3

A5 − A6

 .

The eigenvalues of (3.11) are both negative if Tr(W ) < 0 and det(W ) > 0.

(3.12) Tr(W ) = − 1

β

[
A1 +

A2A4

A3

]
− A6 + A5.

(3.13) det(W ) =
1

β
(A6 − A5)

[
A1 +

A2A4

A3

]
+

1

β

[
A2A4A5

A3

]
.

R0 > 1 and the non infection-free equilibrium is locally asymptotically stable if Tr(W ) <

0 and det(W ) > 0 otherwise R0 < 1 and the non infection-free equilibrium is locally
asymptotically unstable.

The biological meaning of the result of Theorem 3.2 is that HIV will spread in the
population of women if the two conditions if Tr(W ) < 0 and det(W ) > 0 are satisfied
simultaneously otherwise the virus will fail to spread. The endemic equilibrium of the
model might fail to be stable and one of the conditions or both conditions in (3.12) and
(3.13) might fail to hold if the rate of protection α and the default rate of protection β

are high and low respectively ( i.e., α → 1 and β → 0). Hence, the two parameters, α
and β, play a major role in the spread of HIV in the women population. □
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3.1. Global Stability of the Equilibria. HIV scourge is a global phenomenon. Local
stability analysis of the infection-free and the non infection-free equilibria are not enough
to reveal the true picture of the dynamics of a pandemic disease like HIV. Therefore, the
analysis of the model shall be extended beyond a small region around the equilibrium by
considering the global stability of the infection-free and the non infection-free equilibria.

Theorem 3.3. The infection-free equilibrium E◦ of the model is globally asymptotically
stable in Γ if R0 ≤ 1.

To investigate the global stability of the infection-free equilibrium, the principle of
Lyapunov function is adopted.

Proof. The infection-free equilibrium of the system is globally asymptotically stable in
Γ if the time derivative of the Lyapunov function V is less than or equal to zero. The
Lyapunov function V is constructed as

(3.14) V (t) = I(t).

The time derivative of (3.14) is

(3.15) V̇ = İ

By appropriate substitution, (3.15) becomes

(3.16) V̇ = (τnS − (µ+ θ))I,

⇒ V̇ =

(
τnb(µ+ β)

µ(µ+ α + β)
− (µ+ θ)

)
I,

⇒ V̇ = (µ+ θ)

(
τnb(µ+ β)

µ(µ+ θ)(µ+ α + β)
− 1

)
I,

(3.17) ⇒ V̇ = (µ+ θ)(R0 − 1)I.

Therefore, V̇ ≤ 0 iff R0 ≤ 1 but V̇ = 0 only if I=0. It implies that as t → ∞,
{S(t), I(t), P (t)} →

(
b(µ+ β)

µ(µ+ α + β)
, 0,

αb

µ(µ+ α + β)

)
. Hence, {E◦} is the singleton

which remains the largest invariant set in {(S(t), I(t), P (t)) ∈ Γ : V = 0}. Therefore, fol-
lowing LaSalle’s invariance principle in [3], the infection-free equilibrium given by {E◦} is
globally asymptotically stable in Γ if R0 ≤ 1. On the other hand, if R0 > 1, V̇ > 0 and the
infection spreads in the women population. The global stability of the non infection-free
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equilibrium of the system can therefore be investigated via a suitable nonlinear Lyapunov
function. □

Theorem 3.4. The endemic equilibrium point E∗ of the model is globally asymptotically
stable in Γ if R0 > 1.

Proof. The non infection-free equilibrium E∗ of the system is globally asymptotically
stable in Γ if the time derivative of the nonlinear Lyapunov function L is less than or
equal to zero. Define a nonlinear Lyapunov function L as
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(3.18) L =

(
S − S∗ − S∗ log

S

S∗

)
+

(
I − I∗ − I∗ log

I

I∗

)
+

(
P − P ∗ − P ∗ log

P

P ∗

)
.

The time derivative of (3.18) is

L̇ =

(
dS

dt
− S

S∗
dS

dt

)
+

(
dI

dt
− I

I∗
dI

dt

)
+

(
dP

dt
− P

P ∗
dP

dt

)
=

(
1− S

S∗

)
dS

dt
+

(
1− I

I∗

)
dI

dt
+

(
1− P

P ∗

)
dP

dt

=

(
1− S

S∗

)
[b+ βP − αS − τnIS − µS]

+

(
1− I

I∗

)
[τnIS − (µ+ θ)I]

+

(
1− P

P ∗

)
[αS − βP − µP ]

=

(
S − S∗

S∗

)
[(µ+ α + τnI)S∗ − (µ+ α + τnI)S]

+

(
I − I∗

I∗

)
[(µ+ θ)I∗ − (µ+ θ)I]

+

(
P − P ∗

P ∗

)
[(µ+ β)P ∗ − (µ+ β)P ]

=

(
S − S∗

S∗

)
[(µ+ α + τnI)](S∗ − S)

+

(
I − I∗

I∗

)
[(µ+ θ)](I∗ − I)

+

(
P − P ∗

P ∗

)
[(µ+ β)](P ∗ − P )

= −
(
S − S∗

S∗

)
[(µ+ α + τnI)](S − S∗)

−
(
I − I∗

I∗

)
[(µ+ θ)](I − I∗)

−
(
P − P ∗

P ∗

)
[(µ+ β)](P − P ∗)

(3.19) ⇒ L̇ = −
[
(S − S∗)2

S∗ (µ+ α + τnI) +
(I − I∗)2

I∗
(µ+ θ) +

(P − P ∗)2

P ∗ (µ+ β)

]
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Since E∗ = (S∗, I∗, P ∗) is a point inside N=(S,I,P) then S∗ ≤ S, I∗ ≤ I and P ∗ ≤ P .
Hence, L̇ ≤ 0. Also, L̇ = 0 iff S∗ = S, I∗ = I and P ∗ = P . Thereby, by LaSalle’s
invariant principle in [6], (S∗, I∗, P ∗) → E∗ as t → ∞ and E∗ is globally asymptotically
stable in Γ if R0 > 1 where E∗ is the non infection-free equilibrium of the system □

To conduct the simulation in section 4, the values assigned to the parameters are
displayed in Table 1.

Table 1. Parameters’ values and sources

Parameters Values Sources

b 0.187 Estimated
β 0.002 Nominal
α 0.001 Nominal
τ 0.000581 [23]
n 2 [24]
θ 0.0003 Estimated
µ 0.018 Estimated

4. Numerical Simulation and Discussion

The model system can be applied to examine the effectiveness of the intervention against
HIV spread and transmission among Nigerian women. Specifically, government and non-
governmental organizations may wish to see the impact of, for instance, increasing the
application of tenofovir gel in limiting HIV infections among women in Nigeria. Hence,
simulations in this regards will be conducted by demonstrating the theoretical results in
terms of numerical simulations. The simulations are conducted with the aids of parameter
values whose sources are from the literature as well as assumptions. Besides, the values
of some of the parameters are estimated within the context of Nigeria.

4.1. Details on parameter estimations in Table 1. The population of Nigeria is
estimated at 200.96 million in 2019 making the country the seventh most populous in
the world. The population of female is lower than that of male standing at 49.4% with
5.349 births per woman. Since the population of male is higher than that of female,
the recruitment rate for female population b, is estimated as 1

5.349
and that of male as
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1 − 1

5.349
. Also, in 2019, the average life expectancy for Nigeria is 54.5 years with 53.7

years for men and 55.4 years for women. Generally, the natural death rate is the reverse
of the life expectancy, and hence µ =

1

55.4
year−1.

The AIDS-related mortality in 2019 is estimated at 53 000 [30]. Since infection rate
for women is higher than the infection rate for men in Nigeria, it is assumed that 30 000
women died of AIDS in 2019. The population of women is 49.4% of the total population
200.96 million. Therefore, the AIDS-related mortality rate for women is estimated at
θ = 30000÷ 49.4% of 200.96 million . The values of other parameters are drawn from the
existing works that have bearings with the present HIV situation in Nigeria. For instance,
economic hardship has forced many women into extra marital affairs in Nigeria. Thus,
the average number of sexual partners, n is taken to be 2. Also, the rate at which women
are defaulting protection would be more than the rate at which they are staying on it due
to ignorance and poor awareness. Hence, it is assumed that when one out of a thousand
women is adhering to protection, two out of a thousand would be defaulting as displayed
in Table 1.

4.2. Initial conditions. Since 49.4% of 200.96 million individuals are estimated to be
women in Nigeria in 2019, the present analysis assumes 75% of the figure (99 274 240)
to be susceptible. That is, S(t0) = 74 455 680. Also, since the study is considering
unprotected vaginal sex as a means of contracting HIV for Nigerian women, all HIV
positive individuals (both men and women) are considered in the infectious class. The
figure for the individuals, according to [30], is 1.8 million. Therefore, I(t0) = 1 800
000. The population for the infective male is included in the total population for women
N(t0) i.e. 99 274 240 because susceptible women can only contract the virus from the
infected men. Therefore P (t0) = N(t0)− S(t0)− I(t0) and P (t0) = 23 018 560

To begin with the simulation, using the parameter values in Table 1 to evaluate R◦

in (5), R◦ ≊ 0.6. Generally, an increase or a decrease in the rate of application of an
intervention against a disease will be inversely proportional to the per capita probability
of contracting the disease. It is therefore assumed that a ten times increase in the rate
of application of the intervention parameter (α) results in a ten times decrease in the per
capita probability of contracting the virus parameter (τ). Hence, in Table 1, if α = 0.01

then τ = 0.0000581 and R◦ ≊ 0.04 provided all other parameters are held constant. Also,
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if α = 0.0001 then τ = 0.00581 and R◦ ≊ 6.6. The interpretation of the results for R◦

is that HIV transmission through vaginal sex for Nigerian women could be well inhibited
within the framework of the model when R◦ ≊ 0.6. Better still, the transmission could be
driven into extinction if the number of women who stay on protection increased ten times
when R◦ ≊ 0.04. However, infections could escalate and get out of hand if the number of
women who default protection increased ten times when R◦ ≊ 6.6. Therefore, if Nigerian
women are to be well protected against HIV acquisition, it is necessary to consider how
best to launch tenofovir gel into programs where they can be adequately supported.

The graphical profiles for the dynamics are provided in Figure 2-Figure 4. Figure 2 is
achieved by using the parameter values in Table 1 as well as the derived initial conditions
for the variables. Figure 3-Figure 4 are plotted by varying the values of the parameters
α and τ but keeping the values of other parameters constant as in Table 1.
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Figure 2, Figure 3 and Figure 4 display the behavior of the system for R◦ ≊ 0.6, R◦ ≊ 0.04.

and R◦ ≊ 6.6 respectively. As regards the conditions for the global stability of the disease-
free equilibrium and that of the endemic equilibrium that were established in section 3, the
implication of the results is that while the HIV transmission in the population of Nigerian
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women is set for an instant failure within the restrictions prescribed by the model when the
disease-free equilibrium of the model is globally asymptotically stability, HIV infection is
sure to spread in the population of Nigerian women if the endemic equilibrium is globally
asymptotically stable.

5. Conclusion

In this work, the methods of protecting Nigerian women against HIV infection has been
investigated by considering the application of tenofovir gel. An existing mathematical
model is modified and a robust analysis is conducted in terms of the equilibria points and
the global stability of the equilibria points. The necessary and sufficient conditions for
attaining the global stabilities for both the infection-free and non-infection-free equilibria
are established. An epidemic threshold quantity known as the reproduction number is
also derived and the numerical analysis is carried out to verify the analytical results.
From the simulation, it is discovered that strong adherence to the use of tenofovir gel is
an effective means of protecting Nigerian women from HIV infection.
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