HZI

A mathematical model of how non-adherence
to HIV management guidelines for infected
newborns contribute to the spread of HIV/AIDS

ltem Type Article

Authors Apenteng, Ofosuhene O.;Kwabla, Mavis Pearl;lsmail, Noor
Azina;Gold, Kafilah Lola

Citation (2021)Journal of HIV/AIDS \& Social Services
doi:10.1080/15381501.2021.2000545.

DOl 10.1080/15381501.2021.2000545

Publisher Routledge

Journal Journal of HIV/AIDS and Social Services

Rights Attribution-NonCommercial-NoDerivatives 4.0 International

Download date

2026-07-10 11:32:35

[tem License

http://creativecommons.org/licenses/by-nc-nd/4.0/

Link to Item

http://hdl.handle.net/10033/623155



http://dx.doi.org/10.1080/15381501.2021.2000545
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10033/623155

A mathematical model of how non-adherence to HIV management guidelines for
infected newborns contribute to the spread of HIV/AIDS

Ofosuhene O. Apenteng', Mavis Pearl Kwabla®*, Noor Azina Ismail* and Gold Kafilah Lola’

'Research Group for Genomic Epidemiology, National Food Institute, Technical University
of Denmark, Kongens Lyngby, Denmark. ofap@food.dtu.dk

*Helmbholtz Centre for Infection Research, Department for Epidemiology, Braunschweig,
Germany.

*University of Health and Allied Sciences, School of Public Health, Ho, Ghana.

mkw17@helmholtz-hzi.de
“Department of Applied Statistics, Faculty of Economics & Administration, University of

Malaya, Kuala Lumpur, Malaysia. nazina@um.edu.my
*Economics Department, Kwara State College of Education, P.M.B. 1527, Ilorin, Nigeria.
kafilola@gmail.com

Corresponding author
Ofosuhene O. Apenteng

Abstract

Each year, millions of children are born with human immunodeficiency virus (HIV), a quarter
of whom adhere poorly to HIV treatment guidelines. This study uses a simple mathematical
model to investigate the basic dynamic processes by which infected newborns under treatment
progress to AIDS and contribute to its spread. The results indicate that the disease-free steady
state is unstable, raising substantial concern from the public health point of view. The results
show that the fraction of newborns who fail to adhere the HIV management guidelines (30%)
significantly contributes to the spread of HIV. However, the rate of HIV-positive newborns
under treatment therapy is significant. This study agrees that only a small proportion of HIV-
positive newborns adhere to management guidelines. These analyses should yield significant
knowledge in order to advance our understanding of HI'V infection in the early stages of life.
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Introduction

Over the years, advances in HIV treatment have transformed HIV infection from a fatal
diagnosis into a manageable chronic illness (Jensen-Fangel et al., 2004; Sayles et al., 2009).
Every year, an estimated 1.3 million HIV-positive women and girls become pregnant
worldwide (Cerveny et al., 2021; Orlando et al., 2021). Following identification, an offer of
linkage to lifelong treatment and care, including support to remain in care and virally
suppressed, as well as partner services, should be made. In 2019, 85% of these women and
girls had access to antiretroviral therapy (ART) to prevent mother-to-child transmission
(MTCT) globally (Nuttall & Pillay, 2019). Without intervention, the rate of HIV transmission
from an HIV-positive mother to her child during pregnancy, labor, delivery, or breastfeeding
ranges from 15% to 45% (De Cock et al., 2000).

Qualitative studies conducted by (Greene et al., 2015) raised the question of how HIV-
positive mothers breastfeed their babies in Canada without transmitting the infection to their
newborn children. Some HIV-infected newborns have been found to adhere poorly to HIV
treatment guidelines (M. E. Gray et al., 2017; Kripalani et al., 2007; Lekkerkerker et al.,
2007). At the same time, the mortality trend of children born with HIV has been increasing.
In the case of Brazil, available data and evidence were presented in studies by (Moreira-Silva
et al., 2015), and they found that the cause of death among children born with HIV is their
late diagnosis. Several studies have been conducted on mother-to-child infection in
HIV/AIDS (Drake et al., 2014; Gourlay et al., 2015; Mulugeta et al., 2015; Okawa et al.,
2015; Palombi et al., 2015; Vogt et al.,, 2015), and there is a need to rethink how the
introduction of treatment for children infected by their mothers is considered (Sugandhi et al.,
2013).

Mathematical models have played important roles in understanding the modeling of MTCT
patients living with HIV (Desmond et al., 2020; Gourlay et al., 2015). Ever since, the SIR
models have been studied extensively within the context of disease modelling. The HIV
epidemic has tremendously stimulated the development of mathematical models of infectious
diseases. The transmission dynamics of HIV infection, which eventually develops into AIDS,
have assumed a pivotal role in building mathematical models (see, for example, (Merli et al.,
2006; Naresh et al., 2011; Nyabadza & Z Mukandavire, 2011; Zhang et al., 2011)).

It has been acknowledged that HIV infection spreads rapidly in people, primarily through
unsafe sexual interactions between individuals. This has contributed to the transmission of
HIV from mother to child. While concerns have emerged regarding how to minimize the
spread of the HIV epidemic in many countries, research on HIV transmission using
mathematical models to date has concentrated mainly on the sexually active populations
without prioritizing mother-child transmission.

To the best of our knowledge, there are preliminary studies on modelling how non-adherence
to HIV management guidelines for infected newborns contributes to the spread of HIV/AIDS.
The known mathematical models include the Markov chain Monte Carlo (MCMC)
simulation method to determine the unknown parameters' uncertainty incorporated an HIV
model. For more details on the statistical analysis of these uncertainties, see ((Apenteng
2010; Blum, 2010; Haario et al., 2006; Laine, 2008)). In this regard, the least-square fit of the
model will provide the estimated parameters that represent the epidemic parameters, which
can be used to compute the basic reproduction number.



Materials and methods

Model description

In HIV, because there is no recovery, we replaced the recovered (R) with (A),representing
the AIDS compartment. We divide the population into three classes:

S(t): The susceptible class who do not have HIV/AIDS.

I (t): the infected class contains individuals with the disease and are showing
symptoms of HIV.

A(t): This class represents individuals diagnosed with AIDS.

We also account for compartmental changes in the stages and make the following
assumptions:

The susceptible population can become infected with HIV via sexual interaction at a
rate f (i.e.,BIS).

HIV individuals progress to AIDS at a rate @ (dependent on time since infection).

The natural birth rate is b.

There are several management guidelines recommended for pregnant women with
HIV and newborn babies. These include prescribed HIV medicine to reduce the viral
load, HIV drugs given to babies born to HIV-positive mothers after delivery to limit
the risk of HIV transmission, and other treatment and management therapies.
However, non-adherence to the management guidelines to detrimental to the spread of
the disease. We assume that out of the b(I+A) newborn babies from HIV-infected, a
fraction, ob(I+A), of newborns successfully adhere to the HIV management
guidelines, which includes treatment therapy. These newborn babies are free from the
virus and enter the susceptible class, and the remaining fraction, (1—0)b(I+A), of
born babies will move to HIV class, where 0<o<1. The inequality is strict because
0=0 will mean that the treatment guidelines are entirely unsuccessful and useless,
and o =1limplies comprehensively effective treatment (Apenteng & Ismail, 2015).
Natural death rate p1, and finally, AIDS individuals die at a rate d, as shown in Figure
1.
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Figure 1. The model flow of HIV epidemic with newborn babies with fraction of newborns
who fail to adhere the HIV management guidelines therapy.

As a result, we constructed a simple HIV model of a system of differential equations.

Z—f:bs+ab(I+A)—B%(I+A)—yS (1)
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The reproduction number, R, measures the transmission potential or severity of a disease. It
is the average number of secondary infections produced by a typical case of an infection in a
population where almost everyone is susceptible (Diekmann et al., 2009; Van Den Driessche
& Watmough, 2002). Using the notation in (Diekmann et al., 2009; Van Den Driessche and
Watmough, 2002), it follows that the associated next-generation matrices, F, and V, for the
new infection terms and the transition terms, are given, respectively, by



F=i and v:[(“_”;’) (dg#)l’

Where S‘and N‘are the initial susceptible and total populations. The reproduction number,
Ry, of the model is given by

Ry=(d+p+a)ii .

Let's look at how the HIV management guidelines parameter, o, impacts the reproduction
number since it is the key parameter of this study.

The partial derivative w.r.t 0 is
OR, —(d+p+a)b

0o |a+p)(d+p)

Thus, the R, is always decreasing with respect to 0. This suggests that failure to adhere to
HIV management guidelines for infected newborns will increase the reproduction number
and hence contribute to the spread of the disease.

Data Used

Data for the model was compiled from the information collected by the Malaysia Ministry of
Health (MoH, 2012). The formulated model was used to analyse the reported HIV and AIDS
cases per year among infected newborns in Malaysia between 1986 and 2011. We solved the
set of differential equations using the Flexible Modelling Environment (FME) package in the
R-project (Soetaert & Petzoldt, 2010).

Results

The model parameters were estimated from the data. The optimal parameter values were
derived according to the model-based predictions exhibiting the best fit to the data, as shown
in Table 1. The results provide good representativeness of the real data of the entire
population.

Table 1: Estimated parameters
Parameter description Symbol Estimate 95% IC
Transmission rate B 9.971e-01 [0.9907 - 1.0034]
HIV progression rate o 2.144e-01 [0.2139 - 0.2148]
Mortality rate due to AIDS d 9.949¢-06 [-0.0035 - 0.0035]
Natural death rate u 9.797¢-01 [0.9753 - 0.9840]
b
o

Natural birth rate 8.573e-01 [0.8533 - 0.8612]
Fraction of newborns who adhere to 3.024¢-01 [0.2937 - 0.3110]
the HIV management guidelines.

To validate our model, we fit our proposed model into the available data (MoH, 2012) for
Malaysia from 1986 to 2011. Figure 2 represents the graphical description of our fitted model
and the data.
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Figure 2. The estimated daily number of HIV and AIDS cases in Malaysia results from non-
adherence for infected newborns.

We investigated the sensitivity of the model parameters on variables to determine which
parameters have more impact on the spread of the disease. For each variable, the estimation
of the sensitivity was performed over a change in time.
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Figure 3: Sensitivity regarding the transmission, HIV progression, mortality due to AIDS,
natural death, natural birth, and a fraction of treatment rates with respect to HIV individuals.

As illustrated in Figure 3, the parameter of AIDS-related death rate (inner plot) has no
significant effect on the spread of HIV/AIDS and has the lowest sensitivity. On the other
hand, the natural birth rate has the highest sensitivity and is more significant than the other
parameters.

Figure 4 depicts the pairwise relationships between the parameters. We noticed that the
majority of the relationships are linear. Parameters p and b, for example, have a strong
positive linear relationship. Furthermore, p and d have a strong negative linear relationship.
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Figure 4. Pairs plot of the MCMC samples for the six parameters.

To give an idea of what these estimated parameters, mean, and standard deviation are for the
dynamics of susceptible, infected with HIV and AIDS in the Malaysian population. Figure 5
shows the increase in the number of high variances are observed in the following order,
AIDS, susceptible, and infected HIV compartment.
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Figure 5. Predictive details of the model sensitivity range.
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The number of HIV-positive newborns who are on fraction of newborns who fail to adhere
the HIV management guidelines in percentage (1—0o)b(I+A). As illustrated in Figure 6, an
increase in treatment reduces the number of newborn HIV cases. A lower treatment, on the
other hand, raises the baseline incidence of cases. This suggests that increasing fraction of
newborns who fail to adhere the HIV management guidelines parameters from the baseline
reduces HIV spread. It is worth noting that a 75% decrease in the fraction of newborns who
fail to adhere the HIV management guidelines resulted in a significant increase in incidence
cases.
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Figure 6: Effects of increasing and decreasing the baseline fraction of newborns who fail to
adhere the HIV management guidelines parameter, o.

Discussion

We presented an extended version of the SIR model by replacing the R compartment with an
AIDS compartment to describe HIV individuals and included HIV-positive newborns under
fraction of newborns who fail to adhere the HIV management guidelines therapy in the
model. The study explored the contribution of infected newborns to the spread of HIV using
the SIR model. It is evident that the fraction of newborns who fail to adhere the hiv
management guidelines estimate parameter o has a significant way of minimizing the spread
of HIV/AIDS at the effective rate of 3.024e-01 (Table 1), representing 30%. Therefore, the
fraction of newborns who fail to adhere the HIV management guidelines leads to
prolongation of lifespan, which in turn leads to spread in the long run, as shown in Figure 6.
The spread of HIV is, however, possible when these newborns become sexually active. This
finding is similar to the results of a study conducted in South Africa and the United States,
where HIV infection spreads more rapidly among the sexually active group (Futterman et al.,
2010; Krist & A Crawford-Faucher, 2002).



On the other hand, natural birth in our model has the highest sensitivity value, implying that
to reduce the spread of HIV/AIDS, Malaysian authorities should concentrate on treating HIV-
positive individuals to ensure that they do not progress to AIDS. This will mean an emphasis
on adherence to HIV treatment guidelines, the adverse of which may result in a faster
progression to AIDS. In a study by Krist and Crawford-Faucher (2002), the authors
concluded that newborns must be closely monitored until age 18 months to rule out HIV
infection even when tests are negative completely. The contact rate between the sexually
active population and HIV-positive is also significant. The result obtained from the model
indicates the basic reproduction number is 1.7277, which makes the disease-free steady state
unstable. This is a major concern and an unfavorable indicator from the public health point of
view because the aim is to stabilize the epidemic at the disease-free equilibrium. To know in
advance the possible number of individuals infected cases in the future is fundamental to
decision-making in public health sectors. This confirms with Gray et al. (2017) findings,
where adherence to treatment, disclosure of HIV-positive status, children and adolescents
living with HIV can survive and thrive with the expectation of a normal lifespan. In other
words, there must be effective intervention measures in place to reduce HIV from progressing
to AIDS and reduce transmission to healthy individuals when in contact with HIV-positive
individuals. This study also agrees that HIV is less commonly spread from mother to child
during pregnancy, birth, or breastfeeding, as the rate of HIV-positive newborns under
treatment is significant. This is usually the case if pregnant women know their HIV status and
adhere to the protocol of receiving antiretroviral therapy during pregnancy and labor,
followed by six weeks of neonatal zidovudine therapy (Guay et al., 1999; Jackson et al.,
2003; Krist & Crawford-Faucher, 2002).

However, the model is limited in multi-strain infections, infections with time-varying
infectivity; notwithstanding, there were some significant differences in the estimated
parameters that will be useful to public health in the prevent mother-to-child transmission
(PMTCT) interventions. These findings imply that highly effective fraction of newborns who
fail to adhere the HIV management guidelines would help slow the spread of HIV cases and
thus help control the disease in newborns. We believe that the government, as a policymaker,
should make further efforts to possible traceable infection of HIV/AIDS infection in
newborns.
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