medRxiv preprint doi: https://doi.org/10.1101/2025.04.17.25326000; this version posted April 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY 4.0 International license .

Assessing the impact of optimized prevention strategies for
mother-to-child HIV transmission dynamics in Kenya: a
mathematical modeling study

Robert Mureithi Maina!*, Samuel Musili Mwalili'®, Duncan Kioi Gathungu '@

1 Strathmore Institute of Mathematics/Biomathematics/Centre for Health Analytics
and Modelling, Strathmore University, Nairobi, Kenya

@These authors contributed equally to this work.
* robert.maina@strathmore.edu

Abstract

HIV can be transmitted from a HIV infected mother to her child during pregnancy,
delivery, or breastfeeding. According to NSDCC 2023, Kenya has estimated PMTCT
coverage of 89.56% and PMTCT transmission rate of 8.6%. Even though there has been
strides to address PMTCT, there is need to gear up approaches in addressing MTCT in
order to significantly advance elimination. This research formulates a mathematical
model to represent the dynamics of MTCT. Equilibrium points of the model are
computed and the stability of HIV-free point is investigated. The numerical results
show that a 50% decrease in maternal HIV transmission lowers infant infection rates by
about 17.7%, whereas the same reduction in infant transmission decreases infections by
nearly 39%, highlighting the greater sensitivity of infant transmission rates to direct
interventions. While combination of strategies achieves the highest HIV minimization
rates of up to 99.89% on infants, ART adherence alone significantly reduces
transmission, particularly on infants (91.42%) while use of post-exposure prophylaxis
(PEP) shows limited effectiveness when used alone(39.65%), suggesting that it should be
complemented with other strategies for optimal impact. These findings emphasize the
critical need for integrated interventions, where combining multiple prevention methods
yields the best outcomes in reducing HIV infections on infants and moving closer to the
elimination of pediatric HIV. These findings align with global recommendations from
World Health Organization (WHO). This research can be used by the ministry of health
to inform policy as well as recreated for other maternal infections.

Author summary

HIV can be transmitted from a mother to her child during pregnancy, delivery, or
breastfeeding. In Kenya, despite efforts to prevent mother-to-child transmission
(PMTCT), HIV transmission rates remain a concern. In this study, we developed a
mathematical model to understand how HIV spreads from mothers to infants and to
evaluate the effectiveness of different prevention strategies. Our findings highlight that
reducing HIV transmission in mothers lowers infant infection rates, but direct
interventions for infants, such as early antiretroviral therapy (ART) and post-exposure
prophylaxis (PEP), have an even greater impact. A combination of strategies—ensuring
mothers adhere to ART, providing PEP for infants, and promoting safe breastfeeding
practices—was found to reduce HIV infections in infants by up to 99.89%. These results
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support the need for integrated approaches to HIV prevention. Policymakers and

healthcare providers can use this research to refine HIV prevention programs, ensuring
better maternal and infant health outcomes. Our model can also be adapted for other
maternal infections, contributing to broader public health efforts in disease prevention.

Introduction

HIV transmission from mother to their infants is a significant public health concern
with profound biological, health, and social implications. HIV can be transmitted from
an HIV-positive mother to her offspring through various biological mechanisms. During
pregnancy, the virus can cross the placenta and infect the fetus, particularly in the later
stages of gestation. During childbirth, the newborn can be exposed to HIV through
contact with maternal blood and vaginal fluids. Additionally, HIV can be transmitted
through breastfeeding, though the risk varies depending on factors like the viral load
and breastfeeding practices of the mother ().

Every year, roughly 1.3 million HIV-positive girls and women become pregnant, and
if treatment is not received, the transmission rate to the unborn child ranges from 15%
to 456%. (2)). To address this, it is crucial to ensure immediate linkage to lifelong
antiretroviral therapy (ART), ongoing care, and partner services upon HIV diagnosis.
Although 85% of these women worldwide got access to ART by 2019, there are still
issues with sustaining treatment and preventing transmission. The shift towards
simplified, lifelong ART for pregnant women has made the eradication of HIV vertical
transmission feasible. Global efforts, including the Triple Elimination Initiative, are
focused on integrating these interventions into broader health services, enhancing
disease monitoring, and promoting comprehensive sexual and reproductive health
services. By 2030, WHO hopes to have eradicated the AIDS epidemic as a danger to
public health (2).

PMTCT coverage in Kenya was 98% in Homa Bay County and 94% nationwide as of
2020 (3). Between 2015 and 2020, the national MTCT rate rose from 8.3% to 10.8%,
which is a concerning trend. The risk of transmission is still very high during pregnancy
and lactation. The National AIDS and STI Control Programme reports that 5% of
pregnant women and 17% of nursing moms contract HIV during pregnancy and
lactation, respectively, increasing the risk of HIV transmission to the fetus. Additionally,
antiretroviral medication (ART) discontinuation rates among pregnant and lactating
mothers with HIV are 47% and 21%, respectively, highlighting the increased risk of
transmission and poor health outcomes during these periods. To achieve meaningful
progress toward elimination, MTCT-addressing strategies must be given national
priority and implemented.

The health effects HIV MTCT are serious and can manifest early in life. Infants
infected with HIV may develop symptoms within the first few months, including failure
to thrive, recurrent infections, and neurological issues. Without intervention,
HIV-infected children can progress to AIDS, leading to severe opportunistic infections
and early mortality. HIV infection also has long-term consequences, impairing the
growth of a child, development, and overall health, impacting their cognitive and
physical abilities (4)

Effective interventions exist to reduce the risk of HIV MTCT and improve outcomes
for both mothers and infants (5l). Antiretroviral therapy (ART) plays a vital part in
prevention. Maternal ART, initiated during pregnancy and continued during
breastfeeding if necessary, reduces the maternal viral load, significantly lowering the risk
of transmission to the child. Administering ART to the newborn immediately after
birth further reduces transmission risk and supports the health of child.

In cases where maternal viral load is not well controlled or other risk factors are
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present, a scheduled cesarean section may be recommended to reduce transmission
during childbirth. Avoiding breastfeeding in settings where safe alternatives are
available helps eliminate HIV transmission risk through breast milk (6)). Infant
prophylaxis with antiretroviral drugs is also recommended to reduce infection risk if
breastfeeding is unavoidable or for other reasons (5)).

Prevention strategies include routine HIV testing and counseling for pregnant
women to identify infections early (7). Providing effective contraception to HIV-positive
women who do not wish to conceive prevents unintended pregnancies and potential
transmission. Complete care and assistance for mothers with HIV and their babies,
including nutritional support and psychosocial counseling, are essential for optimizing
health outcomes.

Some significant barriers hindering the adoption of elimination of MTCT services for
women who have tested positive are issues with disclosure of HIV status (77.69%),
dependency on partners (80.6%) and lack of assistance from family and partners (75%),
long waiting times (33.3%), and lack of linkage to support groups (47.2%) (1)). Effective
implementation of tailored strategies can significantly enhance access, uptake, and
retention in PMTCT programs, emphasizing the importance of local adaptation and
addressing existing service gaps (8). There is need to an integration of healthcare

services including ease for families by reducing HIV stigma and simplifying services (9).

From the previous research, various research gaps were identified. There is need to
develop a mathematical model for mother-to-child HIV transmission and use the model
to compose effective intervention combination strategies for MTCT using optimal
control.

Materials and methods

This section outlines the approach and methods used to achieve the objectives of the
study. It begins by establishing the structure of the model, defining the key
assumptions that guide its formulation, and representing the system through equations
that describe its dynamics. The model is also analyzed for properties and stability. An
optimal control framework is also presented. This section provides the necessary
theoretical and computational foundation for evaluating the model’s outcomes.

Model description

To describe the dynamics of MTCT in Kenya, a seven-state disease compartmental
model is used to illustrate how mothers and infants move from one state to another.
Every pregnant woman above 15 years who goes for ANC and has tested positive for
HIV is under treatment. Children born by the infected mother are put on treatment in
the 0-6 hours window after birth. Women with high viral load (> 1000 units) deliver
through CS. The number of preterm babies is negligible. Delivery of twins, triplets or
more babies is negligible. For the first several months following birth, infants are
exclusively fed breast milk.

A population A of mothers come from ANC. A proportion 7y of them test negative
for HIV to join HIV negative mothers class My. Another proportion mp of A tests
positive for HIV respectively to form HIV positive mothers class Mp. The rest are
recruited to HIV suppressed mothers class,Mg. My can acquire HIV at a rate 5y and
join Mp. The Mp class can adhere to Art at a rate g, and have their HIV viral load
suppressed to join Mg. Mg can drop out of ART at a rate agyy,.

A proportion 7y + kmp + (1 — m, — mn) of A or rather (1+ (k—1)7p) A of the
infants are recruited to HIV negative infants class, I, where k is the proportion of
negative infants born from Mp. Due to breastfeeding, HIV is transmitted by Mp to Iy
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at a rate 81 causing them to join the HIV exposed infants population, Ig. This class is
also added to it by a proportion 1 — & of infants from Mp. Post exposure prophylaxis is
given to I infants and they regain their HIV negative status to go back to Iy at a rate
p. At a rate §, Ig population acquires HIV to join Ip class. ART adherence by Ip at a
rate ag; can lead them to join the HIV suppressed infants population, Is. ART dropout
by Is at a rate ayg; leads to joining the Ip infants population. Mothers and children die
at a natural death rate puy; and py respectively. Unfortunately, infants die due to HIV
exposure are rate dy; and high viral load of HIV at a rate dj2. Mothers also die due to
HIV infection are rate djy.
MTCT _strath.png

Table 1. Parameters of the model; year(y).

Parameters Epidemiological interpretation Units
A Population of mothers who attended ANC y !
Tp Proportion of A that are HIV positive y~ !
™ Proportion of A that are HIV negative y !
s & pr Natural mortality rate for mothers and infants resp. y~ !
) HIV acquisition rate of exposed infants y !
P Prevention rate of HIV acquisition by exposed infants y~ !
dyr HIV-induced mortality rate for positive mothers y~ !
dn HIV-induced mortality rate for exposed infants y~ !
dyo HIV-induced mortality rate due to HIV positive infants y !
Bo Rate of HIV transmission for negative mothers y !
b1 Rate of HIV transmission for negative infants y~ !
k Proportion of negative infants from HIV positive mothers | y~!
ag; & agnm  Rate of ART dropout by infants and mothers resp. y~ !
Qqi & agm  Rate of ART adherence by infants and mothers resp. y~ !

Model equations

Given the flow diagram in 7?7, the parameter description in table [l the non-linear
ordinary differential equation system that follows is provided by,

% =nnA— (Bo + par) My,

% =7mpA+ BoMy + @amMs — (aam + dar + par) Mp,

% =(1—7x —7p)A~+ emMp — (gm + piar) Ms,

U 1 e )t ot - (B0 ) b, 0

dI MpI
B _ BMPIN A= (p+ 64 din 4 ) Is,

dt N;

dl

Tf =0Ig + agils — (i + dr2 + pr)Ip,
dl

cTtS = gilp — (@ + pr)1s.

N;= 1IN+ Ig + Ip + Ig represents the total population of infants.
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Properties of the model

Well-posedness of the model will be demonstrated. To prove the model’s well-posedness,
the following have to be shown:

1. For the given initial conditions of the model , the solutions of our model system
remains positive for all ¢t > 0.

2. The solutions of a model’s system with the given initial conditions are bounded in
a positive region,

Q:{QMHzIeRi:
Qu = {(Mp, My, Ms) €R3 : 0 < Mp+ My + Mg < MAML (2)
QO = {(In,Ig, Ip.Is) ERL 0 < Iy + Ip+Ip+1Ig < %}}
, for any time ¢ > 0.

Positivity

For realistic modeling of human population, all the state variables must be positive and

the solutions to the model system with positive initial conditions should remain positive.

This theorem is arrived at:

Theorem 1. For the given initial conditions of the model , the solutions of our
model system remains positive for all t > 0.

Proof. HIV negative mothers
Taking the equation for HIV Negative Women and considering the dynamics of Wy
only,

iM M
EE = v A = (Bo+ )My = ~dmnMy = 2 > My,

3)
dM (
7N Z —(bmndt —— hllMN' Z _¢mnt+ C1,
My

for constant ¢; and ¢, = (Bo + par) - Taking the exponential for both sides of
eln ‘MNI Z e_¢1nnt+cl — Ke_d)mnt’

4
My (t) > Ke™9mnt, W

where K = e is a constant. Substituting the initial condition My (0) = Mpyo in 4] then
My(0) > Ke= %) = My,
— Mny(t) > Myoe ?mnt.

(5)

Hence K = Mpyg. The exponential part of p|is always positive and Mg > 0, hence
My (t) is always positive, meaning;

My (t) > 0. (6)

In a similar way, the procedure can be applied to all the remaining eight equations in
model system (|1)), so that we have the following solutions,

Mp(t) > Mpoe™ %t Mg(t) > Mgoe™ ', In(t) > Inoe™ %,
Ip(t) > Igoe %t Ip(t) > Ippe?# Is(t) > Ispe™ %!,

(7)
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where ¢mp = (aam +dM +/14M)7¢m8 = (adm +,U/M)7¢)1n - (% +,UJ) 7¢ie -

(p+0+dm + pr), dip = (ai +drz + pr) and ¢;5 = (ag; + pr). Hence, all classes are
positive given the initial conditions Mpqy, Mso, Ino, IEo0, IPo, Iso-
O

Boundedness

Boundedness ensures population sizes within each compartment cannot grow
indefinitely or exceed reasonable and feasible range. This arrives at,

Theorem 2. The solutions of a model’s system with the given initial conditions are
bounded in a positive region,

Q:{QM+QIeR1:

A
QMZHM%AhJ@)@E;O<M%+MN+M3<;—L (8)

M

A
QI:{UMI&hak)eRi:O<Lv+hykb+Jg<;ﬁ}

1

, for any time t > 0.

Proof. Let Ni(t) = In(t) + Ig(t) + Ip(t) + Is(t) and

Ny (t) = Wi (t) + Wp(t) + Mp(t) + Mn(t) + Ms(t) be the total size of the population
of infants and mothers. To show that the solutions of model system are bounded we
proceed as follows:

ANy dly | dly | dle | dls
dt — dt dt dt dt’

dN
d;:(LHk—DmﬁA+ME—<

BiMplyn
Ny

+ (1 —-k)mpA—(p+d+dn+pr)leg+0lg — (g +dr2 + pr)lp
+ aqilp — (s + pr)1s,

M
F1Mp -HU)IN-F
T

(9)

dN7

W :Af(INJrIEJrIerfs),u]*dHIEdegIP.

Since Ny = Iy + Ig + Ip 4+ Is and assuming there is no HIV induced mortality rate, @
becomes,

dN7

YN ANy, 10
o <A nNr (10)
dN
N < A (11)
dt
Using integrating factor e*! to solve (11J),
A —prt
Ni(t) < — 4+ cre M1, (12)
K

where ¢ is a constant of integration. Applying the initial condition Ny, (0) = Nyg in

(12), we obtain,
A
Cc1 = (N[O - ) . (13)
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We then substitute the value ¢; to Np(t) in and simplify to get,
A A
Ni(t) < — et (Nzo - ) : (14)

If Njo > %, the right-hand side (RHS) of experiences the largest possible value of
Nio. That is, Ni(t) < Ny for all ¢ > 0. If Njp < %, so that the largest possible value
of the RHS of approaches % as time t goes to infinity. That is, N (t) < % for all

t > 0. Hence N;(t) < max{Njo, %} YVt > 0, denoted as Q.
The same is done for the mothers classes to get,

A A
N]\[(t) < — + e Kt (N]V[O — ) . (15)
14 129,74

where Ny (t) = Mp(t) + Mn(t) + Mg(t). If Nyo > MAM, the right-hand side (RHS) of

experiences the largest possible value of Nyro. That is, Nps(t) < Ny for all ¢ > 0.

If Nyo < ﬁ, so that the largest possible value of the RHS of approaches ﬁ
as time t goes to infinity. That is, Nps(t) < HAM for all t > 0.
Hence Ny (t) < max{Nyo, HAM} V¢t > 0, denoted as Q. O

Stability analysis
HIV-Free equilibrium

The HIV-Free Equilibrium is obtained by setting the system of differential equations
to zero and setting all infected classes to zero. The Ep,

A A
EH(): <30;070707a07070) . (16)
122,78 Kr
Endemic Equilibrium, Ey

The EE equilibrium is obtained by setting the system of differential equations to zero
and solving for each variable. The Ey,

EH:(WN?vaMN7MPaMS7I;VaIAPaVH7VS); (17)
where,
s myA - mpA+ BoMy +aamMs  ,  aulp
(Bo + par)’ F (Qam +da + pnr) 7 s (ovai + 1)
N (1-7n —7Tp)A—|—OéamMp - (1+ (k- 1)7rp)A—|—pIAE
MS = 7IN = 5 (18)
(egm + par) (% + ,UI)
BiMpIn _ .
. IN’; N+ (1-k)rpA 515

7I :
(p+o+dn+pr) 7 (p+6+dn +pr)

Local stability of HIV-Free equilibrium

The local stability analysis of the HIV-free equilibrium point (Egq) of the model is
determined by finding the Jacobian matrix and its eigenvalues (I0). An equilibrium
point is locally asymptotically stable if all the eigenvalues of the Jacobian matrix at
that point are negative. The general Jacobian matrix of model, Jg, is given as:
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[—(Bo +par) 0O 0 0 0 0 0 |
ﬂo —V1 A dm 0 0 0 0
0 Qlam —(adm + /1,]\/[) 0 0 0 0
0 —61 0 —ur 14 0 0 y 175
0 ﬁl 0 0 —Vg 0 0
O 0 0 0 5 —Vs3 Qadi

L 0 0 0 0 0 Qaj —(Oédi + /1,])_

where v1 = Qam + dpr + par,v2 =din + 6 + pr + p, and v3 = @a; + dio + - 176

The eigenvalues of Jg, as solved by Mathematica software are,

7% (\/Oéim + QOéadeM + 20£amOédm - 2dMOédm + d?w + a?im + ’04)
% (\/Oé?lm + 2aamd]w + 2O[aInOédm - 2dMOédm + d?\/[ + a(2im - U4)
—(Bo + par)

—% (\/aii + 20uaid1o + 20ai0g; — 2d0ig; + d%Q + Oégi + U5) ’

i (\/Ozii + 200idr2 + 20ai0ai — 2di20ai + diy + a; — ”5)
—(0+p+dn+pr)
—HI

where v4 = Qam + dpr + Qam + 2us and v5 = a; + dig + agi + 2pr. All the eigenvalues 177
are negative except the second and seventh. Hence, Ej is locally asymptotically stable if, 1

1
3 <\/a§m + 20amdpr + 20amdm — 2dprqm + d?w + agm — v4> < 0, and

(19)
1
5 (\/O‘zi + 20;d12 + 2050005 — 2da0g; + d122 —+ 04(211 — ”U5> < 0.
Simplifying further and introducing arbitrary functions v and s, 179
1/} o Oéim + 2OéamdM + 2O‘amO‘dm + (adm - dM)2 <1
1=
am d m 2 2 ’
(ovam + dar + Qam + 2nr) (20)

Wy = a + 2aaidis + 20uiaqi + (aai — diz)? <1
2 (i + di2 + i + 2p1)? '

Hence, Ey is locally asymptotically stable if condition ¥ = {¢1, 12} in [20]is achieved. 180

Global stability of HIV-Free equilibrium 181
The method illustrated in (11} [12) is used to investigate the global asymptotic stability s
(GAS) of DFE point of the model , Ey. Firstly, the model [I| must be written in the 183
pseudotriangular form: . 184
)_(1=A1(X1—Xf)+A2X2, (21)
Xo = A3Xo,

where Xy = (My, Mg, In, Is), represents the number of uninfected and suppressed
individuals and Xy = (Mp, I, Ip) denotes the number of infected individuals. Let X*
be the HIV-free equilibrium. From X,

—(Bo + pm) 0 0 0
A, — 0 —(0dm + far) 0 0
t= 0 0 —i7 0 ’
0 0 0 — (i + per)
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0 0 0

Qam 0 0
A=\ "5 , o0
0 0 Ay

We can easily see that the eigenvalues of matrix A; are both real and negative. This
shows that the subsystem X; = A;(X; — X7) + A2X>, is globally asymptotically stable

at the HIV free equilibrium X7 = (A 0A, 0). Additionally, from

mam T pr
subsystem Xo = A3 X5, we obtain the following matrix,

—(vam + dar + pr) 0 0
Az = &3} —(0+dn +p+p1) 0 : (22)
0 d —(atai + diz + pr)

Notice that all the off-diagonal entries of A3 are nonnegative (equal to or greater than
zero), showing that Aj is a Metzler matrix. To show the global stability of the HIV-free
equilibrium Ej, we need to show that the square matrix As in is Metzler stable.
We therefore need to prove the following;

Lemma 3. Let M be a square Metzler matriz that is block decomposed:
A B} (23)

M:[C D

, where A and D are square matrices. The matriz M is Metzler stable if and only if A

and D — CA~1B are Metzler stable.

Proof. Matrix M in our case is Az. We therefore let,

A— —(Ctam + dps + piar) 0 ] B [0}
o5} —(0+dn+p+pr))’ 0]’ (24)
C = [0 5] & D = [—(aai + dyo +/L1)] .
Clearly, A is Metzler stable.Then,
D—-CA'B= [—(Oéai+d12+,u]ﬂ . (25)
From , D — CA™'B is Metzler stable when the main diagonal element is strictly
negative. Clearly, D — CA~!B is Metzler stable. O

Thus the HIV free Equilibrium point Ej is globally asymptotically stable.
Epidemiologically, the above result implies that when there is no HIV infection,
different human populations under consideration will stabilize at the Ey. However, if
there exists a HIV infection infection, then an appropriate control in forms of effective
HIV treatment would be necessary to control the disease and restore the system to the
stable HIV-free equilibrium.

Sensitivity analysis formulation

The stability conditions derived at 20] can be used to establishing efficient control
measures for the system |1} For its easiness to apply, Normalized Forward Sensitive
Index method is used to determine the sensitivity indices as used in (I3} [14). It’s index
with regard to each parameter has been derived as follows to analyze the sensitivity of

¥ = {11,v2} to any parameter(say f1;),

P :31/’&
B Oug

(26)

Where,
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° Q:f is positive, increase in p; leads to increase in ¢ and,

° Q:f is negative, increase in u; leads to decrease in .

The main goal of all control measures is to reduce the value of ) = {t1,%2} and to
analyze the propagation threshold such that effective interventions can be determined.

Method of solution
Runge Kutta method,O(h?)

The Runge-Kutta methods are designed to give greater accuracy and are more efficient
in practical problems. They perform several function evaluations at each step and avoid
the computation of higher order derivatives Runge-Kutta methods are known for their
high accuracy. It is also stable and robust for stiff ODEs. It converges to the true
solution, making it reliable for accurate approximations to the solution. These methods
can be constructed for any order: second, third, fourth, fifth order, etc. The fourth
order Runge-Kutta method is more popular.

Let consider the system described in equation [I}in its general form,

dy

T [, My, Mp, Mg, In,Ig,Ip,Is) with Y(to) = Yp. (27)

The fourth-order Runge-Kutta method for the system of equations in [27] is,

1
Yipi=Y;+ E[kl + 2k + 2k3 + k), (28)

Algorithm 1 Runge Kutta method,O(h?)

procedure RUNGE-KUTTA METHOD FOURTH ORDER: (G)iven a step size h, initial
conditions (tg, Y10, Y20, Y30, - - -, Yimo) and a maximum number of iterations, N
for j=1,2,...,N do
fori=1,2,...,mdo
kii="h- fi(tjaylja}/?jvyb’ﬁ cee aij)
end for
fori=1,2,...,mdo
ko =h- fi(t;+ 2, Y1, + 50 Yo, + B2 vy 4 By 4 B
end for
fori=1,2,...,mdo
kis = h- filt; + %, Y1 + 52, Yo, + 582, Vs + 52, Y, + B32)

end for
fori=1,2,...,m do

kia = h- fi(t; + h, Y15 + k13, Yo + ko3, Yaj + k33, ..., Yo + kms)
end for

fori=1,2,...,mdo
Yijpr =Y ; + %(ku + 2kio + 2ki3 + kia)

end for
tj.;,_l - t_] + h
end for

OUTPUT t;11 and Y j41 fori=1,2,...,m
end procedure

The error of this method is proportional to h* and, therefore, can be improved by
using small value of h.
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Optimal control model

In order to prevent mother-to-child transmission of HIV, the system is extended into
an optimal control problem by incorporating two time-dependent control functions.
These control functions are introduced at a specified time t with ¢ € [0, 7], as follows,
where T is the final time.

1. u1(t) : ART adherence. For ART to suppress viral replication and remain
effective over time, high levels of patient adherence are needed . It decreases
vertical HIV transmission rates and significantly reducing maternal and infant
morbidity and mortality (15)).

2. uy(t) : Post-exposure prophylaxis (PEP). The newborns receives a
combination of Zidovudine (AZT) + Nevirapine (NVP) and/or Lamivudine (3TC)
for 6-12 weeks (I6]). Nevirapine (NVP) prophylaxis protects infants from HIV
infection during breastfeeding (17).

Including the control measures u; and us in the model |1, the following optimal
control model diagram is got,

MTCT _strath2.png

The resulting equations from the optimal control model diagram 77 is,

dM
TN =7mNA— (Bo+ )My,
dMp
T mpA+ oMy + (1 — ur)gmMs — (uiaam + dar + piar) Mp,
dM.
— = (L= my = mp) At urdim Mp — (1= u1) o + par) Ms,
dIn (1 —wug)B1 Mp
e (1+ (k= 1mp) A+ uzplp — (NI-HM In, (29)
dly (1 —up)Bi Mpl
A (A= u)BiMpIn A (uap+ (1= un)d + din + ) Is
dt Ny
dlp
W = (1 — u2)5IE + (1 — ul)adils — (ulam' +dro + ,LLI)IP,
dl
dits =uragilp — ((1 —ui)ag + pr)ls.
The initial conditions satisfy,

MNZO,MPZO,MSZO,INZO,IEZO,IPZO,ISZO (30)

The Lebesgue measurable control set U is defined as follows in order to investigate the
optimal control levels,

U= {(ur(t),us(t)) 1 0<uy < 1,0 <up < 1,0 <t < tf)}, (31)

where ¢¢ is the end time of implementing controls. The population of HIV positive
mothers, HIV exposed infants and HIV positive infants is minimized by finding the
optimal controls u} and uj that leads to the following objective function,

ty 1
J(ui,uz) = min / ciMp + colg + c3lp + E(wluf + wgug)dt, (32)
0

(u1,u2)

. 1 1
where ¢y, ¢, c3,wy, and wo are constants. Equations —wju? and —wyu? are the costs

associated with the controls. The goal is to find the optimal controls v} and u3 and
optimal solutions by fixing the terminal time ¢; that minimize the objective functional
such that,

J(ui,usy) = min {J(u1,us) : up,us € U} (33)
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Existence of the optimal control

To show the existence of optimal control, the approach by (I8) is used. It is already
proved that the system is bounded, so this result can be used to prove the existence

of optimal control over finite time interval as applied in (18 [19)). To ensure the

existence of optimal control, following conditions must be checked if they are satisfied:

1. The set of controls and state variables be nonempty.

2. The control set U is convex and closed.

3. The right hand side of the state system is bounded by a linear function in the

state and control variables.
4. The integrand of objective functional is convex on U.

5. The integrand of objective functional is bounded below by
ky — ky (Jua? + |uzf?)*? Ky by > 0 and & > 1.

An existence of the state system with bounded coefficients has been used to give

condition (7). The control set is convex and closed by definition hence (i¢). The right
hand side of the state system satisfies (7i7). The state solutions are already bounded

1
(iv). The integrand in the objective functional ¢y Mp + colg + c31p + i(wluf + wgug)

is clearly convex in U. For (v), from the bounds of the control system,

1 1
iwiu? < 5 Wi Ui € [0,1].

Also, considering the preceding inequality, the integrand can be written as

k/2

1
aMp + colg + c3lp + i(wlu% =+ wgug) >k (‘UI‘Q + |U2|2) — ko,

ﬂ@)
2727

measures u; and ug that minimize the objective functional J(u1, us).

w
where k1 = min( ko = 72, k = 2. Therefore, there exists optimal control

The Hamiltonian and optimality system

(34)

(35)

The Pontryagins maximum principle stated the necessary conditions which are satisfied
by optimal pair. Hence, by this principle, the Hamiltonian function (H) is obtained and

defined as,

1
H (My,...,Is) = ciMp + c2lg + c3lp + i(ww% + wou3) + A {mnA — (Bo + par)

+ Xof{mpA+ BoMny + (1 — w1)gmMs — (ui10am + dar + piar) Mp}
+X{(l -7y —7mp)A+ w1emMp — (1 — u1)gm + par) Mg}

A+ (b= 1)mp) A+ usplp — (“‘“NWMP ; m) In}
T /\5{(1 —ug)p1Mply (1= k)mpA — (usp + (1 — us)d + dry + 1) I}

Ny
+ /\6{(1 — UQ)(SIE + (1 — ul)adifg — (ulozm- +drs + ,u[)]p}
+ AM{uragilp — ((1 — ur)aa; + pr)ls},

where,\;,2 = 1, ..., 10 are the adjoint variables corresponding to state variables

My}

(36)

Mpy, Mp, ... and Ig, respectively, and to be determined using Pontryagins maximal

principle for the existence of optimal pairs.
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Theorem 4. Let My, Mp, Mg, In,Ig,Ip and Is be optimal state solutions with
associated optimal control variables uy and uy for the optimal control model, there exist
co-state variables A1, ..., \g that satisfy,

A _ O Az 0H A 0H du __0H
dt  OMy’ dt  OMp dt = OMg dt  OIy’

D OH d _ 0H v _ o 0
dt — 9Ig’ dt — 0Ip’ dt Ol
With transversality or final time conditions, Ai(tf) = ... = Aio(ty) = 0, and where H

is Hamiltonian function given in (x). Furthermore, the optimal controls u}, and u} are,

Ag — A aiI (iI
u —min{l,max{( 6 7) (@ailp + adils)
w1

23 (CamMp + parMs) + (A2 = Ag) Mg ! O}
wl ) )

As(p—0)Ig + 0Xelp — Ay (LlﬁIMP + ,OIE) + 7&/\51{[7]\/[1’
uy = min 1,max{ },0
w2

(38)

Proof. Pontryagins maximum principle gives the standard form of adjoint equation with
transversality conditions (19]). The standard results in (20]) are applied to derive the
adjoint relations, the transversality conditions and the optimal control system. Now,
differentiating the Hamiltonian function with respect to state variables My, Mp, ... and
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Is , respectively, the adjoint equations can be written as, 203
o
dt  OMy
= A1 (Bo + par) — BoAa,
Wy _ o
dt  OMp
In(1—u
= A2 (Qam + dar + par) — A3u1Qam — €1 + %12)(/\4 = As5),
o
dt  OMg
=A3 (1 — u1) (am + par) — A2 (1 — u1) cvam
N _om
dt  Oln
o + B1 (A5 — A1) MP](VU; — 1) (N; — IN)7
I
s __on
dt  0dlg
INMp (us — 1 INMp (ug —
=—c+ X5 (dn +0+pr — Auly ;g 2~ 1) +5(—U2)+PU2> — A4 (PW—W
I I
+6)\6 (’LL2 — 1) s
o
dt  9lp
In (A= X5) Mp (ug — 1
:()\6_)\7)U1aai_03+)\6d12+>\6ﬂl+61N( 2 ]3)2 2 (v )7
I
dy __oH
dt 0l
In (A — X5) Mp (us — 1
:(/\6_)\7)(u1—l)Oédi‘i‘)\?,UI"‘BlN(4 ]3)2 P (U )
I
(39)
D 294
Further, the characterization of optimal controls u}, and u3 shows that, 205
OH 0OH
= 7 . 40
8u1 8u2 ( )
It follows that the optimal solution subject to constraints 0 < u; < 1,0 < wug <1 is, 206
uF = = (X6 — A7) (@ailp + aqils) — A3 (@amMp + pipg Ms) + (Mo — A3) Msoam
1 1 w, )
. As(p—0) g+ 0Xglp — Ay (lelMp + pIE) + 7ﬁ1)‘5]\I,JIVMP
U2 = Uy = .
w2
(41)
Using the equation , and the lower and upper bounds of four control measures, we 20
obtained the characterization of optimal controls as follows. 208
0, lf(bl <0, 0, if¢2<0,
uy el = u’{{qﬁl,ifoggblgl,andu;EU = u§{¢2,if0§¢2§1,
1,if ¢1 > 1. 1, if ¢p > 1.

(42)
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Where,
s _ (A6 = A7) (@ailp + adils) — Ag (@am Mp + par M) + (A2 — A3) Msuam
1 w, )
43
As(p— 8)Ip + X6 Ip — A (f“giMP + pIE) + BadsluMp (43)
$2 =
w2
In compact form, the optimal controls can be written as,
u] = u; = min{1, ma ,0},
{ = = min{1,max{o1},0} "

usy = ug = min{1, max{¢2},0}.

Optimal control algorithm

The Forward-Backward Sweep Method is a numerical technique often used to solve
optimal control problems as seen in (21I)), it is an indirect method in which the
differential equations from Pontryagin’s Maximum Principle are solved numerically. The
idea of the Forward-Backward Sweep Method is that the state equations are solved
forward in time, given an initial condition and the adjoint equations are solved
backward in time given the value at final time. There are inherent difficulties in solving
problems using indirect methods, however, the FBSM is easy to use on smaller problems
and provides some insight into Pontryagin’s Maximum Principle.
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Algorithm 2 Solving Optimal Control Problem using RK4 and Forward-Backward

Sweep

—_

. Initialize: Choose initial conditions for state variables 2(0) and control variables

Uz, U2
2: Set tolerance € and iteration count k£ = 0
3: repeat
4: Step 1: Forward Solve State Equations using RK4
5: for t = 0 to t; with step size h do
6: Compute k1 = hf(x, up)
7: Compute ko = hf(z; + %,ut)
8: Compute ks = hf(z: + %2, Ut)
9: Compute kg = hf(z: + k3, ut)
10: Update state: xiyp =z + %(kl + 2ko + 2k3 + ky)
11: end for
12: Step 2: Backward Solve Adjoint Equations using RK4
13: for ¢t =ty to 0 with step size —h do
14: Compute Iy = hg( A, x¢, ug)
15: Compute ly = hg(A\s — %, T, Ut)
16: Compute I3 = hg(A\; — %2, T, Ut)
17: Compute Iy = hg(Ae — I3, x4, ut)
18: Update adjoint: A\;_p = Ay — %(ll + 20y + 2l3 + 1g)
19: end for
20: Step 3: Update Controls using Pontryagin’s Maximum Principle
21: uf®® = min(1, max(0, f)\g—i))
22: uB? = min(1, max(0, f/\gi )
23: Compute error: Au = ||[u™" — ul|
24: Update controls: u = u™"
25: k=k+1
26: until Au < € or maximum iterations reached
27: Output: Optimal state trajectory x*(t), adjoint variables A*(¢), and optimal controls
wi (), w3 (1)
Results

In this section, approximate solutions to the model equations |1| are computed using

O(h*) and O(h®) order Runge-Kutta methods which are implemented via the

solve_ivp() function from Scipy library in Python. The initial populations are given by,

{MN:]-007MP:MS:IN:IE:IP:IS:0}

The simulation are run on time interval of [0, 100] years.

Parameters

(45)

The parameter values are presented on table 2l They are arrived at from previous study

sources and estimation.
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Table 2. Parameters of the model; year—!(y~1).

Parameters Value Source Units
Tp 0.00648 22) y T
A 10000 * y~ !
TN 0.946 (23) y !
WAL 0.00355 24) y~!
L1 0.027 (25) y !
0 0.35 y~ !
p 0.25 y 1
da 0.08 (26) y_l
dry 0.0064 * y_l
dra 0.0094 27) y !
Bo 0.0083 * y~1
51 0.00043 * y !
k 0.6 (28)) y~ !
agi & agm | 015 & 0.15 | 29) & 29) | vy !
Ogi & 0gm | 0.42 & 0.55 * & (30) y~!

where * =Assumed.

Sensitivity analysis

In epidemic modeling, sensitivity analysis is performed to investigate model parameters
with significant influence on a specific threshold and hence on the transmission and the
spread of the disease under study (3I]). The model sensitivity analysis in this study is

used to investigate parameter influence on the dynamics of HIV under different

conditions on the stability thresholds ¢ = {t)1,92}. In order to eliminate the HIV, the
stability threshold number should be less than one, that is, ¥ < 1.

From table|3] a positive sign on the SI indicates that an increase in the value of such
a parameter increases the value of ¢ = {11,19} and hence the growth of infection. On
the other hand, a negative sign is indicative of a parameter that negatively affects

= {11, ¢2}.

Table 3. Sensitivity indices.

Parameters | Sensitivity index | Description
T
Har -0.0180409 WAL~ "
1
1
dn -0.0662329 dyr ~ %
dra -0.0137669 dro ~ "
1
Qdm -0.0492402 Qi ~ "
Qai 0.148373 Ogi ~
Qam 0.133514 Qgm ~ 1[;
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Graphs and discussions

In order to illustrate the feasibility of the theoretical results and the control strategies,
graphs emanating from the numerical simulations are given. The python library,
Matplotlib, is used to make the plots showing mothers and infants population dynamics
over time.

Normal dynamics

The system [I] is solved numerically with method described in [I] and the graphs are
presented as follows.

The graph on Fig ?? presents the trends of different maternal populations
concerning HIV status over time. The HIV-negative mothers exhibit a rapid increase
and stabilize at at 45 years, indicating effective preventive measures in reducing new
infections. These trends align with studies such as (28), which highlight the success of
prevention programs in reducing maternal HIV transmission. The HIV-suppressed
group (green) also rises significantly before leveling off, demonstrating the impact of
ART in controlling viral load among infected mothers. The HIV-positive mothers (red)
population grows initially but stabilizes at a lower level due to ART interventions and
mortality effects which emphasize the benefits of early ART in improving maternal
health outcomes (32)).

mothers.png

Fig 77 illustrates the dynamics of different infant populations in relation to HIV
transmission, exposure and suppression. The HIV-negative infant population exhibits a
sharp increase upto the 10" year before stabilizing at equilibrium, indicating effective
prevention measures. The HIV-suppressed infants population follows a rapid rise and

levels off below the HIV-negative group, highlighting the impact of early ART initiation.

The HIV-positive and HIV-exposed infants populations reach a steady state, reflecting
the balance between new infections, treatment, and mortality. These trends align with
findings from studies such as (33]), which demonstrated the role of maternal
interventions in reducing mother-to-child transmission, and (32]), which emphasized
early ART in improving infant survival rates.

infants.png

In order to control HIV transmission to mothers and infants, various prevention
measures have to be undertaken. Based on model [I} we reduce the transmission rates by
investigating the effects of varying the following parameters,

1. HIV prevention among mothers, 8y: HIV transmission to mothers can be
reduced by regular HIV testing, pre-exposure prophylaxis (PrEP) for high-risk
mothers, safe sex practices (Use of condoms, limit sexual partners), voluntary
medical male circumcision for the male spouses and ensuring safe blood
transfusions and medical procedures (34). After varying the parameters identified
above, the following results are achieved.

From Fig 7?7 and 7?7, the HIV transmission rate to mothers is lowered by about
30% = Bo = 0.00581 and 50% = By = 0.00415: This causes the infants
infected with HIV to reduce by about 9% and 17% respectively.

mothers_posi_vary.png
infants_varyl.png

2. HIV prevention among infants, (; & k: HIV prevention in infants involves
maternal ART, infant antiretroviral prophylaxis, safe delivery and feeding

practices, and early HIV testing to reduce the risk of transmission (9). After
varying the parameters identified above, the following results are achieved.
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From Fig 7?7, the HIV transmission rate to infants is lowered by about
30% = 1 = 0.000301 & k = 0.78 and 50% = By = 0.000215 & k = 0.9: This

causes the infants infected with HIV to reduce by about 22% and 39% respectively.

infants_vary2.png

The results on table [4] show that reducing HIV transmission in mothers has a
notable impact on preventing infections in infants, but direct reductions in infant
transmission have an even greater effect. A 50% decrease in maternal transmission
(mothers) lowers infant infection rates by about 17.7%, whereas the same reduction in
infant transmission decreases infections by nearly 39%, highlighting the greater
sensitivity of infant transmission rates to direct interventions. While lowering maternal
transmission remains crucial, targeted infant interventions, such as prophylaxis and
early ART, yield significantly higher reductions in MTCT. These findings are of great
health significance of optimizing prevention programs (9} B33)), as even modest reductions
in transmission rates can lead to major public health benefits, ultimately aiding in the
elimination of pediatric HIV.

Table 4. Summary table. Effects of varying transmission parameters summary(%):
MP - HIV positive mothers, IE - HIV exposed infants and IP - HIV positive infants.

Varying MP 1E P
30% decrease in HIV transmission to mothers | —12.57% | —8.55% —8.6%
50% decrease in HIV transmission to mothers | —24.90% | —17.67% | —17.77%
30% decrease in HIV transmission to infants — —21.50% | —21.52%
50% decrease in HIV transmission to infants - -39% —39.02%

Optimal control dynamics

The system [29]is solved numerically to create simulation graphs presented as follows.
The curve in the Fig 7?7 compares the population dynamics of HIV-positive mothers
under two scenarios: with and without interventions. Without interventions, the number

of HIV-positive mothers rapidly increases and stabilizes after infecting a high population.

However, with ART adherence and PEP in place, the population of HIV-positive
mothers remains significantly lower by 35.94%, demonstrating the effectiveness of these
controls in reducing HIV prevalence. (35]) highlights the crucial role of HIV medicine in
minimizing maternal HIV burden and improving health outcomes.

mothers_posi_with.png

Fig 77 illustrates the population dynamics of HIV exposed and HIV positive infants
population under HIV control strategies and without the strategies. The first set of
graphs shows the natural progression of HIV-exposed infants population, where it later
stabilizes. In contrast, with interventions, a significant reduction of 60.60% in the
number of HIV-exposed infants is realized, indicating the effectiveness of ART
adherence and PEP uptake in preventing mother-to-child HIV transmission. HIV
positive infants population represented by the log-scale also reduces by 97.82% with
control strategies. The logarithmic scale is used to magnify the results since the controls
greatly minimize the exposed infants. This reinforces findings from (&) which show the
impact of ART adherence and PEP in reducing vertical transmission rates and
long-term HIV prevalence.

infants_all_ with.png

Fig 7?7 compares the impact of ART adherence and post-exposure prophylaxis (PEP)
on the population of HIV-positive mothers over time. Without any control measures,
high population of mothers remain HIV-positive. ART adherence alone, leads to a
significant reduction of 85.14% in the HIV-positive mothers’ population over time.

April 16, 2025

19/125

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417


https://doi.org/10.1101/2025.04.17.25326000
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.04.17.25326000; this version posted April 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY 4.0 International license .

Notably, PEP doesn’t have effect in reducing the HIV positive mothers population since
in this model PEP is only focused on infants. This effects the critical role of ART
adherence in reducing maternal HIV prevalence and preventing transmission to infants
(7).

mothers_comp.png

Fig 7?7 compares the distinct effect of ART adherence and post-exposure prophylaxis
(PEP) on the population of HIV-exposed and HIV-positive infants over time. Without
control measures, the populations grows substantially. ART adherence shows a
significant reduction in HIV exposure among infants by 65.78% and much more on HIV
positive infants by 91.42%. PEP also leads to a reduction, though not as substantial as
ART adherence with HIV exposure among infants reducing by 13.28% and HIV positive
infants by 39.65%. These results show that ART adherence is highly effective in
reducing mother-to-child HIV transmission, while PEP provides an additional layer of
prevention when ART adherence is incomplete.

infants_all_comp.png

The graph in Fig 7?7 compares the population of HIV-positive mothers under two
scenarios: without optimal control and with combined strategies of ART adherence and
PEP. The results indicate that without intervention, the population of HIV-positive
mothers grows significantly over time, stabilizing at a high steady-state . However, the
application of both ART adherence and PEP controls substantially reduces the number
of HIV-positive mothers by 66.24%, emphasizing the effectiveness of comprehensive HIV
management strategies. These findings align with studies highlighting the impact of
ART in reducing maternal HIV transmission and PEP in preventing new infections,
reinforcing the necessity of integrated control measures to curb HIV spread among
mothers (36)).

mothers_posi_comb.png

Fig 77 illustrates the population dynamics of HIV-exposed infants and contrasts
without optimal control and with combined strategies of ART adherence. The results
reveal that in the absence of intervention, the number of HIV-exposed infants rises
sharply before stabilizing at the equilibrium. However, the synergy of ART adherence
and PEP significantly reduces the number of HIV-exposed infants by 93.28%,
demonstrating the effectiveness of these interventions in preventing mother-to-child
transmission (PMTCT). This shows that ART is critical in reducing vertical HIV
transmission and PEP in mitigating post-exposure risks.

infants_exp_comb.png

Investigating HIV-positive infants population on Fig ?? on the two scenarios:
without optimal control and with combined strategies of ART adherence and PEP,
interesting results are found. In the absence of intervention, the number of HIV-positive
infants grows exponentially before reaching the equilibrium, reflecting a continuous
transmission from mother-to-child. However, when ART adherence and PEP are
implemented together, the HIV-positive infant population remains near zero(reduces by
99.89%), highlighting the effectiveness of these strategies in eliminating vertical
transmission. The log scale emphasizes that, even at early stages, intervention
significantly curtails the exponential rise of new HIV-positive cases. These findings are
consistent with (37) report, which emphasize that a combination of ART adherence and
PEP can reduce the risk of perinatal HIV transmission to below 5%, significantly
improving infant health outcomes.

infants_posi_all_comb.png

The results in Table [5| highlight the effectiveness of various optimal control strategies
in reducing mother-to-child transmission (MTCT) of HIV, with the combination of
strategies achieving the highest minimization rates of up to 99.89% in infants. ART
adherence alone significantly reduces transmission, particularly in mothers (88.14%),
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reinforcing the importance of sustained antiretroviral therapy in prevention programs.
The use of post-exposure prophylaxis (PEP) shows limited effectiveness when used
alone, suggesting that it should be complemented with other strategies for optimal
impact. These findings emphasize the critical need for integrated interventions, where
combining multiple prevention methods yields the best outcomes in reducing HIV
infections in infants and moving closer to the elimination of pediatric HIV.

Table 5. Summary table. Optimal control graphs summary(%): MP - HIV positive
mothers, IE - HIV exposed infants and IP - HIV positive infants.

Controls MP 1IE 1P
With optimal controls | 39.94% | 60.60% | 97.82%
ART adherence 88.14% | 65.78% | 91.42%
Use of PEP 0% 13.28% | 39.65%
Combining strategies | 66.24% | 93.28% | 99.89%

Conclusion

In this research, a mathematical model representing the dynamics of mother-to-child
HIV transmission and optimal control is developed. This study considered two
populations; mothers and infants. This study proved that the formulated model is
biologically and mathematically well posed on an invariant region 2. HIV-free
equilibrium is shown to be locally asymptotically stable by use of Jacobi method. The
global stability of the HIV-free equilibrium is only guaranteed if the threshold quantity
¥ = {11,12} is less than unity.

The numerical results emphasize the significant impact of reducing HIV transmission
rates through targeted interventions, particularly in preventing mother-to-child
transmission (MTCT). A reduction in transmission rates to mothers and infants leads
to a significant decline in pediatric HIV cases, with the greatest benefits seen when
multiple strategies are combined. A 30% to 50% reduction in maternal HIV
transmission notably decreases infection rates in infants, reinforcing the necessity of
early intervention and maternal treatment during pregnancy and breastfeeding. These
findings highlight the importance of prevention programs, as even modest reductions in
transmission rates can result in substantial public health benefits.

Furthermore, the effectiveness of optimal control strategies, particularly the
combination of ART adherence, post-exposure prophylaxis (PEP), and other
interventions, demonstrates the need for integrated healthcare approaches. The
combination of strategies achieves the highest transmission reduction, nearing complete
prevention (99.89%), proving that a multi-faceted approach is essential in eliminating
pediatric HIV. While ART adherence alone shows a high impact, it is clear that a
comprehensive prevention plan yields the best results. These conclusions support the
need for sustained policy implementation, increased ART access, and community
awareness to ensure effective HIV prevention and control in maternal and child health
programs.

ART adherence is highly effective in reducing mother-to-child HIV transmission,
while PEP provides an additional layer of prevention when ART adherence is
incomplete. However, the combined strategy of ART adherence and PEP achieves the
most significant reduction, demonstrating the importance of integrating multiple
prevention approaches. These findings align with global recommendations from World
Health Organization (WHO).

Future studies could incorporate more comprehensive models that account for
additional factors such as socioeconomic status, adherence variability, and drug
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resistance in HIV prevention strategies. Empirical validation of the mathematical
findings using clinical and epidemiological data through fitting could improve the
accuracy and applicability of the study’s conclusions. Utilizing Al-driven predictive
models could enhance the precision of intervention strategies and optimize control
measures in diverse populations. Health policy makers e.g. the ministry of health
should strengthen ART adherence programs, expand PEP access for infants, and
implement integrated prevention strategies combining ART, PEP, education, and
regular screening. This study recommends investment in maternal and child healthcare
infrastructure, ensure routine monitoring and evaluation of prevention programs, and
promote community education on early testing and HIV prevention.

Abbreviations

The abbreviations used in the article as well as the model population classes are
presented below.

Table 6. Abbreviations.

Abbreviation | Meaning

AIDS Acquired Immunodeficiency Syndrome
ANC Antenatal Care

ART Anti Retroviral Therapy

CLHIV Children Living with HIV

HIV Human Immunodeficiency Virus

MTCT Mother To Child Transmission

PEP Post-Exposure Prophylaxis

PMTCT Prevention of MTCT

STI Sexually Transmitted Infections

VLS Viral Load Suppression

WHO World Health Organization

My HIV negative mothers

Mp HIV positive mothers

Mg Mothers with suppressed HIV viral load
Ip HIV positive infants

Ig HIV exposed infants

Iy HIV negative infants

Is Infants with suppressed HIV viral load VL < 50¢/ml
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Graphs for Mothers
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Graphs for Infants
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