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Incorporating social determinants
of health into the mathematical
modeling of HIV/AIDS

Robson Bruniera de Oliveiral>*, Felipe Alves Rubio'*>, Rodrigo Anderle?, Mauro Sanchez?,
Luis Eugenio de Souza?, James Macinko?, Ines Dourado! & Davide Rasellal*

Currently, it is estimated that 37.6 million people are living with the HIV/AIDS virus worldwide,
placing HIV/AIDS among the ten leading causes of death, mostly among low- and lower-middle-
income countries. Despite the effective intervention in the prevention and treatment, this reduction
did not occur equally among populations, subpopulations and geographic regions. This difference in
the occurrence of the disease is associated with the social determinants of health (SDH), which could
affect the transmission and maintenance of HIV. With the recognition of the importance of SDH in
HIV transmission, the development of mathematical models that incorporate these determinants
could increase the accuracy and robustness of the modeling. This article aims to propose a theoretical
and conceptual way of including SDH in the mathematical modeling of HIV/AIDS. The theoretical
mathematical model with the Social Determinants of Health has been developed in stages. For the
selection of SDH that were incorporated into the model, a narrative literature review was conducted.
Secondly, we proposed an extended model in which the population (N) is divided into Susceptible (S),
HIV-positive (1), Individual with AIDS (A) and individual under treatment (T). Each SDH had a different
approach to embedding in the model. We performed a calibration and validation of the model. A total
of 31 SDH were obtained in the review, divided into four groups: Individual Factors, Socioeconomic
Factors, Social Participation, and Health Services. In the end, four determinants were selected for
incorporation into the model: Education, Poverty, Use of Drugs and Alcohol abuse, and Condoms
Use. the section “Numerical simulation” to simulate the influence of the poverty rate on the AIDS
incidence and mortality rates. We used a Brazilian dataset of new AIDS cases and deaths, which is
publicly available. We calibrated the model using a multiobjective genetic algorithm for the years
2003 to 2019. To forecast from 2020 to 2035, we assumed two lines of poverty rate representing (i) a
scenario of increasing and (ii) a scenario of decreasing. To avoid overfitting, we fixed some parameters
and estimated the remaining. The equations presented with the chosen SDH exemplify some
approaches that we can adopt when thinking about modeling social effects on the occurrence of HIV.
The model was able to capture the influence of the employment/poverty on the HIV/AIDS incidence
and mortality rates, evidencing the importance of SDOH in the occurrence of diseases. The recognition
of the importance of including the SDH in the modeling and studies on HIV/AIDS is evident, due to its
complexity and multicausality. Models that do not take into account in their structure, will probably
miss a great part of the real trends, especially in periods, as the current on, of economic crisis and
strong socioeconomic changes.
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Currently, it is estimated that 37.6 million people are living with the HIV/AIDS virus worldwide, with an associ-
ated mortality of 1.5 million people per year'. These numbers place HIV/AIDS among the ten leading causes of
death, mostly among low- and lower-middle-income countries®. In 2002, the World Health Organization (WHO)
implemented the getting to zero (GTZ) initiative, with the aim of making 90% of people living with HIV aware of
their status, 90% of diagnosed people under adequate antiretroviral treatment (ART), and 90% of those receiving
ART be virologically suppressed (with a 95-95-95 coverage by 2030)%".

Despite the effective interventions implemented for the prevention and treatment of HIV/AIDS, with a
considerable reduction in new cases in the world, this reduction did not occur equally among populations, sub-
populations and geographic regions®. This fact triggered the complexity of the challenge of controlling the disease,
whose dynamics are closely related to behavioral factors, but also to social determinants to which populations are
subjected®™!!. It became clear that responding to HIV is not just a biomedical issue, but is also a social challenge.

Social determinants of health (SDH) are conditions in the environments in which people are born, live and
work that influence the occurrence of health problems and their risk factors'?. Not unlike other diseases, HIV/
AIDS suffers the direct and indirect effect of these determinants, with an influence on its incidence and mortality.
Socioeconomic determinants, for example, affect the dynamics of the disease, to the point that low-income popu-
lations have unequal rates in terms of HIV incidence, mortality and treatment success compared to individuals
with better purchasing power!?. Thus, low-income individuals are disproportionately affected by HIV, with an
associated higher mortality'*. Even in countries with high incomes, such as the USA, impoverished urban areas
are observed to have HIV prevalence rates equivalent to those of many low-income countries with generalized
epidemics'. In this context, a better understanding of the main social determinants of health (SDH), whether in
the social, cultural and economic spheres, which interact with the risk factors for transmission and maintenance
of HIV, gained space for better health outcomes and reduction of health inequities!®.

Mathematical models, in the medical field, are used to study, among other objectives, the behavior of infec-
tious diseases in the population, the planning and evaluation of prevention and control programs, clinical trials
and cost-benefit analysis of interventions. These models can even project how infectious diseases progress over
time, with the ability to predict the evolution patterns of the dynamics of a disease in populations '”*8. These
models have been used to study the dynamics of HIV infection for decades. These models provide information
about the potential impacts of interventions that are difficult to measure empirically for reasons of time, logistics
or ethics'®. With the recognition of the importance of SDH in HIV transmission, the development of mathemati-
cal models that incorporate these determinants in their scope, brings robustness to the results, with a significant
improvement in the power and accuracy of the modeling®.

Although there are many types of models available in the literature on HIV and different statistical and
mathematical approaches?!~%, this work has its differential in terms of the proposition and development of a
mathematical model of the compartmental and inclusion of social determinants. The presentation of each dif-
ferential equation with the approach and way in which each determinant interacts with the other attributes of
the model is the main contribution of the manuscript. The literature lacks this type of modeling, with studies
with similar approaches, but focusing on another health problem, as COVID-19%. This article aims to propose
a theoretical and conceptual compartmental model for the inclusion of social determinants of health in the
structure of the mathematical models for HIV/AIDS.

Methods

The theoretical mathematical model with the Social Determinants of Health has been developed in stages.

Social determinants of health. For the selection of SDH that were incorporated into the model, a nar-
rative literature review was conducted focused on peer-reviewed articles, in PubMed/Medline and Scopus data-
bases between 2010 and 2020. This review included key words HIV, AIDS and Social Determinants. A total of 31
SDH were obtained in the review, divided into four groups: Individual Factors, Socioeconomic Factors, Social
Participation and Health Services (Fig. 1). In the end, four determinants were selected for incorporation into the
model: Education, Employment, Use of Drugs and Alcohol abuse and Condoms Use. The choice of these SDH
was based on the recurrence; recognized importance in the literature and the capacity for measurement and
quantification, in order to be incorporated into the equations of the Compartmental Model. Although these four
chosen determinants are among the most studied and important in the field of HIV/AIDS, they do not have the
capacity and robustness to represent all other determinants and groups.

Education. Education is recognized as an important social determinant of health, being directly associated
with the socioeconomic development and well-being of individuals. Different educational levels in a society lead
to economic disparities and especially health inequities. Individuals with higher educational levels, in general,
have better job opportunities, a lower unemployment rate, better economic conditions and, consequently, bet-
ter psychosocial conditions for decision-making about their own health. Thus, education, within society, has an
influence and impact on life expectancy and its morbidities**.

For HIV/AIDS, education plays an important role in reducing its incidence and prevalence, especially in
low- and low-income countries. As many of the young people in developing countries who attend school have
not yet had sexual intercourse, education for these young people is critical to the success of HIV/AIDS preven-
tion programs. At this time, it is possible to guide young people to delay the beginning of their sexual activities,
as well as encourage the use of protective methods such as condoms?®. Petifor et al. (2016)* noted that social
protection programs, such as conditional cash transfer to school attendance, made young women stay in school
longer, reducing the risk of acquiring HIV. Furthermore, education helps people to access and adhere to ART,
as well as helping to reduce stigma, discrimination and gender inequality®.
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Figure 1. Social determinants of health for HIV/AIDS derived from narrative review.

Poverty and employment. Between the years 2020 and 2021, largely as a result of the COVID-19 pan-
demic, the number of unemployed people in the world increased from 187.3 million to 220.3 million, the larg-
est annual increase in unemployment in this period of time, reaching the rate average of 6.5%. Many of these
people who have lost their jobs have lost their only source of income, both personal and family, resulting in a
drastic reduction in labor income and a consequent increase in poverty. Compared to the year 2019, 108 million
more workers are now considered to be living in poverty or extreme poverty?. Several studies have documented
the association between unemployment and poor health status**-*%. Unemployed individuals, have their physi-
cal and mental health affected, more likely to suffer from depression, anxiety, low self-esteem, demoralization,
worry and physical pain®. In addition, these individuals end up having their perception of health reduced,
exposing themselves more to risk of HIV infection, with risk behaviors such as exchanging sex for money, often
with multiple partners and without condoms; low demand for care and health services, and consequently delay
in detection and initiation of treatment for HIV/AIDS and increase considerable in mortality****.

Drug and alcohol abuse. Alcohol and drug abuse, whether injectable or non-injectable, are intrinsically
associated with an increased risk of HIV infection. The main factor of injecting drugs is the sharing of syringes
and needles, while alcohol and other types of drugs favor the increase in risky behavior due to the exchange
of sex for drugs or money, sexual disinhibition®®. Approximately 15.6 million people inject drugs worldwide,
while around 2.8 million of those are living with the HIV virus®. Sharing needles and syringes has the second
highest probability (of 10%) of HIV transmission per act, second only to receptive anal sex. One in 160 people
becomes infected every time they share a syringe, with 10% of HIV cases in the USA being attributed to this
risky behavior®. In this way people who inject drugs (PWID) are exposed to the double route of contamination,
sexual and intravenous. Another relevant factor is that substance abuse, alcohol consumption, as well as unem-
ployment are factors related to reduced adherence to antiretroviral treatment®. Therefore, the use of alcohol and
drugs is a SDH that must be considered in the mathematical modeling of HIV/AIDS.

Condom use. Approximately 95% of cases, worldwide, of people being infected by HIV are attributed to
sexual practices without using condoms. Condoms are the best known, most accessible and effective method
to prevent HIV infection and other sexually transmitted infections, such as syphilis, gonorrhea and also some
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Figure 2. Epidemiological scheme of the HIV/AIDS transmission model.

types of hepatitis*. Consistent condom use can reduce HIV transmission among serodiscordant individuals by
up to 80%*'.

Mathematical modeling. Compartmental model is a type of mathematical model that simulates the dis-
ease status of individuals within populations, which are divided into different compartments. Within each com-
partment, people are considered homogeneous in terms of their behavior and risk factors'®'”. The most generic
and widely used model is the SIR model, in which individuals are classified into three types of compartments:
Susceptible (S), Infected (I) and Recovered (R). Susceptible individuals are those who have never had the disease
or are likely to become infected. After infection, these individuals migrate to the infected compartment and can
spread the disease to susceptible individuals. The recovered ones can develop lifetime immunity or return to the
Susceptible compartment, depending on the pathophysiology of the disease. In the case of HIV, the Recovered
compartment does not exist, as this disease has no cure. However, a variation of the SIR model for HIV is the
replacement of the Recovered compartment by the virally suppressed compartment (T), where individuals in
these compartments have an undetectable viral load and their contribution to transmission is almost zero*.
For this study, we propose an extended model in which the population (N) is divided into Susceptible (S), HIV-
positive (I), Individual with AIDS (A) and individual virally suppressed (T). Thus, we consider the total popula-
tion (N), where N=S+I+ A +T. One way to model the dynamics of virus transmission is given by the system of
equations:

ds s ﬂIS
B e uS— B~
dt =Py
A L T — pl — I — ul
- PN o P V1 122
dA
i = pl+a,T — A — §1A — nA
dT
E=)’11+)’2A—52T—0¢1T—0!2T—MT

where « represents the population’s natality rate and w the natural mortality rate (inverse of the average life
expectancy). f represents the effective contact rate, I/N the fraction of infected individuals. Thus, the term %
represents the HIV transmission rate. After a period p !, the infected individual becomes “full-blown aids”. We
consider that the individual in class I, with the assumption that treatment occurs, after a time y; -1 they reaches
undetectable viral load levels, the same applies to the individual in compartment A, in this case after a time y, .
However, if this individual with an undetectable viral load ceases treatment, the viral load may increase, which
may lead the individual to class I (infectious) or even to compartment A, with rates ajand oy, respectively. We
assumed that individuals in compartment A have HIV-related death, §;, as well as for individuals in compart-
ment T, §, (with 8, < §;). Figure 2 shows the epidemiological scheme of the HIV/AIDS transmission model.

Education. One way to include the education factor would be to incorporate a new compartment, denoted
here by (R-removed), representing individuals who through educational campaigns change their sexual behavior
so as not to be susceptible to HIV transmission, as shown by*2. Parameter ) represents this behavior. However,
these individuals can change their behaviors again and return to infection susceptibility at a rate 6,. The dynam-
ics of this class is given by the equation,
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dR =6,S—6R R
a0 2 H
Bearing in mind that as we incorporated a new compartment into the model, the total population is now given
by N=S+1+A+T+R and the susceptible dynamics is modified by including the term —6,S.

Condom use. To incorporate the effect of condom use, we can include this factor through the parameters
€ and v, which represent the condom efficacy and compliance, respectively. So, the product ¢ = ev represents
the level of protection against HIV through condom use®’. We modified the effective contact rate, which goes
as follows:

p=(1-0p

where 1 — ¢ measures the failure to prevent transmission through condom.

Drug and alcohol abuse.  One way to incorporate the drug abuse as SDH in a mathematical model is to
restrict the study to this subpopulation, that is, consider a compartmental model in which all compartments
are related to drug users*. For instance, Burattini et al. (1998)* showed the impact of crack-cocaine use on the
prevalence of HIV/AIDS among drug users. Alcohol abuse can be incorporated in the model decreasing (or
increasing) the parameter values, which can be influenced by alcohol use. For instance, the level of protection
against HIV through condom use (c) as

¢ =@

with ¢, < 1, representing the alcohol abuse effect. In the case of absence of alcohol abuse effect in the mathemati-
cal model, we assume ¢, = 1.

Poverty and unemployment. The inclusion of factors such as poverty and unemployment can be applied
to several parameters in the model. Galanis and Hanieh (2021)" explore the use of these factors by modifying
the transmission rate by a linear approximation of

Bx1,x2) = Bo + Bix1 + Baxa

where x; and x; are the poverty and unemployment rates, respectively.

We can apply this modification to parameters such as o1, a2, ¥1 and 2, as they can also be influenced by
social determinants. Thus, the model with the inclusion of the social determinants mentioned here has the fol-
lowing form:

a8 S~ (1= OB (x1x) -5—615 + B:R
- =K — — —C X1,X2) —S—
dr M LX) 1 p)
I (1 —08( )IS+ T — pl I—ul
— =(1=0)B(x,x)— — ol — I —
dt 1 2N o1 P V1 22
dA
E = pl+aT — A — 61A — uA
daT
E=711+V2A—52T—0{1T—a2T—MT
dR_@S R R
dat ! K= p

Numerical simulation. Here, we present an application of the model described above. We fitted the model
with data of new cases and deaths of AIDS collected from the Brazilian Health Ministry*®. We estimated the
natural mortality rate and birth rate in order to the model approximate the total population of Brazil between
2003 and 2030. Table 1 shows the values of parameters used in the simulations.

Assuming the range for each parameter shown in Table 1, we conducted a sensitivity analysis using a statisti-
cal variance-based method® to evaluate the model parameter effects in the dynamics of the all variables over
time. Since we considered AIDS data for the calibration process, we present in Fig. 3 the sensitivity analysis for
the A compartment over 2003 to 2019. The most influent parameter, for the AIDS compartment, is the HIV
transmission rate.

Hence, we assumed the correlation of poverty for only this parameter. The poverty rate was calculated using
three National Household Surveys (PNAD)—the regular PNAD, Continuous-PNAD, and PNAD-COVID for
2001-2011, 2012-2019, and 2020, respectively. After 2020, we assumed two different scenarios of poverty rate,
scenarios of growth and poverty reduction between 2020 and 2030 (Fig. 4). We forecast the HIV/AIDS incidence
and mortality rates (per 100,000 individuals), according to the level of poverty (Fig. 4).
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Parameter | Description Value References

K Birth rate 4,590,490.56 | ¥

W Natural mortality rate 1/75.50 47

01 Rate of susceptible individuals who changed their habits 0.03 2

0, Rate of susceptible individuals who changed their habits and return to the susceptible com- 0.003 2
partment

B HIV transmission rate (0, 10) Assumed

€ Condom efficacy (0.96, 0.99) Assumed

v Prevalence of consistent condom use 0.228 8

0 Progression rate to A from I (1/15, 1/10) 2

Y1 Progression rate to T from I 2 9

ay Treatment failure rate (T to I compartmental) (0,0.4) 5051

a Treatment failure rate (T to A compartmental) (0,0.4) 50,51

3 AIDS-related death rate (individuals with full-blown aids) (0,0.1) 2

3 AIDS-related death rate for individuals being treated 0.0667 2

V2 Progression rate to T from A 0.2,2) 38,49

Table 1. Parameter description of the HIV/AIDS model.

1.00
w
[
S 0.75 —
o]
A 3}
2 050 @
(=]
2 6
—_— I 1
g 0.25
s _
0-00 5 O A O DN L A0
NSRRI NIINC IR
R N I S i

Figure 3. Total Sobol indices for the A compartment.
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Figure 4. Poverty rate scenarios between 2003 and 2030.

Figure 5 shows that depending on the level of poverty in the country, in the near future, we can expect of
an increase (decrease) on these health outcomes. This result shows the importance of governmental policies to
poverty mitigation in order to reduce the incidence and mortality of HIV/AIDS.
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Figure 5. HIV/AIDS incidence and mortality rate under different scenarios of poverty between 2003 and 2030.

Discussion

Although many advances have occurred in recent decades in the detection, treatment and prevention of HIV/
AIDS in the world, there are still a large number of people at risk of infection or living with HIV without access
to care and treatment>***. The positive progress in controlling the disease, caused a drop in the number of deaths
by 64% since 2010, going from 1.9 million in 2004 to 680,000 people in 2020. However, this progress is uneven
within and between countries, varying widely with age, gender and especially economic status of people!. Thus,
the African continent, being the poorest, remains the most severely affected, with almost 1 in every 25 adults
(3.6%) living with HIV. The east of the African continent, one of the poorest regions in the world, even compris-
ing only 6.2% of the world population, reports the highest numbers of HIV/AIDS cases in the world, with a
prevalence of 54% of the population®®. It is clear that not only biomedical measures are sufficient for the control
and total elimination of HIV/AIDS, but the understanding and incorporation of social, cultural and environ-
mental factors play important roles in the dynamics of the disease®’.

Recognition of the importance of social determinants of health in the distribution and impact of a disease on
a given population is a consolidated concept in the literature. Thus, the circumstances in which individuals grow,
live and age play as important a role as biological factors in the occurrence of diseases®®*. The incorporation of
these determinants in the design of epidemiological studies, with the development of new methodologies and the
adaptation of methods that are already well used, to adapt to the new conditions, is a challenge that researchers
have faced. The model was able to capture the influence of the employment/poverty on the HIV/AIDS incidence
and mortality rates, evidencing the importance of SDOH in the occurrence of diseases.

This article aimed to propose a compartmental mathematical model for HIV/AIDS that includes SDH in its
structure. The equations presented with the chosen SDH exemplify some approaches that we can adopt when
thinking about modeling social effects on the occurrence of HIV. The role of mathematical modeling, in this
context, is to support the foundation of the debate on the impact that a certain action or implemented program
can have on a population, without losing the effect and influence that social and environmental factors play to the
point of compromising the success of a well-planned program®. Deepening the understanding of current SDH
and the search for identification of new factors, as well as a full understanding of the interaction mechanisms, is
something that must always be present when conducting studies and interpreting the results. The more factors
are added to mathematical models, the more robust and capable of approximating reality they become.

This article has limitations. The structure of the model chosen for this study has a simple structure with few
factors. The inclusion of many factors at the same time in the model results in greater complexity, bringing with
it a greater need for data to carry out its validation and calibration, which often may not be available. In addition,
too many variables in the model at the same time can mask the influence of a key parameter of interest. The inclu-
sion of only 4 SDH of the 31 identified by the literature review can be considered another limitation However,
its innovation lies in the proposition of a new methodological approach and in the development of a model that
includes SDH in its differential equations, working as framework and starting point for similar studies. Also.
these SDOH have been selected based on their strongest effect on HIV/AIDS dynamics.

Conclusion

The recognition of the importance of including the SDH in the modeling and studies on HIV/AID is evident, due
to its complexity and multicausality. Models that do not take into account SDH in their structure, will probably
miss a great part of the real trends, especially in periods, as the current on, of strong socioeconomic changes
and economic crisis.

Data availability

The datasets generated during and/or analysed during the current study are available in the Boletim Epide-
miolégico HIV/Aids 2021, Ministry of Health, Brazil.repository, http://www.aids.gov.br/pt-br/pub/2021/bolet
im-epidemiologico-hivaids-2021. All data are within the manuscript and additional files.

Scientific Reports |

(2022) 12:20541 |

https://doi.org/10.1038/s41598-022-24459-0 nature portfolio


http://www.aids.gov.br/pt-br/pub/2021/boletim-epidemiologico-hivaids-2021
http://www.aids.gov.br/pt-br/pub/2021/boletim-epidemiologico-hivaids-2021

www.nature.com/scientificreports/

Received: 16 February 2022; Accepted: 15 November 2022
Published online: 29 November 2022

References

1.

2.
3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

UNAIDS 2021. Fact Sheet— World Aids Day 2021. https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_
en.pdf. Accessed 05 Nov 2021 (2021).

WHO. HIV/AIDS. https://www.who.int/news-room/questions-and-answers/item/hiv-aids. Accessed 18 May 2022 (2022).
UNAIDS. 90-90-90: An Ambitious Treatment Target to Help End the AIDS Epidemic. (Joint United Nations Programme on HIV/
AIDS (UNAIDS), 2014a Contract No.: JC2684, 2014).

UNAIDS. Fast-Track: Ending the AIDS Epidemic by 2030. (Joint United Nations Programme on HIV/AIDS (UNAIDS), 2014b
Contract No.: JC2686, 2014).

. UNAIDS. Fast-Track: Ending the AIDS Epidemic by 2030. (Joint United Nations Programme on HIV/AIDS (UNAIDS), 2014b

Contract No.: JC2686UNAIDS, 2020)

. Eisinger, R. W, Folkers, G. K. & Fauci, A. S. Ending the human immunodeficiency virus pandemic: Optimizing the prevention

and treatment toolkits. Clin. Infect. Dis. 69(12), 2212-2217. https://doi.org/10.1093/cid/ciz998 (2019).

. End Inequalities. End AIDS. Global Commitments, Local Action After 40 Years of AIDS, Charting a Course to End the Pandemic,

2021. https://www.unaids.org/sites/default/files/media_asset/global-commitments-local-action_en.pdf. Accessed 15 Nov 2021
(2021).

. Dean, H. D. & Fenton, K. A. Addressing social determinants of health in the prevention and control of HIV/AIDS, viral hepatitis,

sexually transmitted infections, and tuberculosis. Public Health Rep. 125(4), 1-5. https://doi.org/10.1177/00333549101250S401
(2010).

. McMabhan, L. D. et al. Getting to zero HIV/AIDS in sub-Saharan Africa: Understanding perceptions of locals using the social

determinants of health framework. Health Soc. Care Commun. https://doi.org/10.1111/hsc.13444 (2021) (epub ahead of print).
UNAIDS. Guidance UNAIDS Terminology Guidelines, 2015. https://www.unaids.org/sites/default/files/media_asset/2015_termi
nology_guidelines_en.pdf. Accessed 05 Nov 2021 (2021).

Leport, C., Guégan, J., Zylberman, P, Bitar, D., Bricaire, E, Cavallo, J., Eliaszewicz, M., & Moatti, J. Proceedings of the Seminar on
Emerging Infectious Diseases, November 9, 2011: Current Trends and Proposals. Médecine et Maladies Infectieuses (2012) (in press).
Healthy People. Social Determinants of Health, 2020. https://www.healthypeople.gov/2020/about/foundation-health-measures/
Determinants-of-Health. Accessed 22 Sep 2021 (2021).

Burch, L. S. et al. Socioeconomic status and treatment outcomes for individuals with HIV on antiretroviral treatment in the UK:
Cross-sectional and longitudinal analyses. Lancet Public Health. 1(1), e26-€36. https://doi.org/10.1016/52468-2667(16)30002-0
(2016).

An, Q,, Prejean, J., McDavid Harrison, K., & Fang, X. Association Between Community Socioeconomic Position and HIV Diagnosis
Rate Among Adults and Adolescents in the United States, 2005 to 2009 (2013).

Buot, M. L. et al. Beyond race and place: Distal sociological determinants of HIV disparities. PLoS ONE 9(4), €91711. https://doi.
org/10.1371/journal.pone.0091711 (2014).

World Health Organization (WHO), Commission on Social Determinants of Health. Closing the gap in a generation: Health equity
through action on the social determinants of health. in Final Report of the Commission on Social Determinants of Health. (WHO,
2008).

Verma, B. L., Ray, S. K. & Srivastava, R. N. Mathematical models and their applications in medicine and health. Health Popul.
Perspect. Issues 4(1), 42-58 (1981).

Tolles, J. & Luong, T. Modeling epidemics with compartmental models. JAMA 323(24), 2515-2516. https://doi.org/10.1001/jama.
2020.8420 (2020).

Cassels, S. & Goodreau, S. M. Interaction of mathematical modeling and social and behavioral HIV/AIDS research. Curr. Opin.
HIV AIDS 6(2), 119-123. https://doi.org/10.1097/COH.0b013e328343acad (2011).

Galanis, G. & Hanieh, A. Incorporating social determinants of health into modelling of COVID-19 and other infectious diseases:
A baseline socio-economic compartmental model. Soc. Sci. Med. 274, 113794. https://doi.org/10.1016/j.socscimed.2021.113794
(2021).

Silva, C. J. & Torres, D. F. A SICA compartmental model in epidemiology with application to HIV/AIDS in Cape Verde. Ecol.
Complex. 30, 70-75 (2017).

Teng, T.R. Y, Lara-Tuprio, E. P. D. & Macalalag, J. M. R. An HIV/AIDS epidemic model with media coverage, vertical transmission
and time delays. AIP Conf. Proc. 2192(1), 060021. https://doi.org/10.1063/1.5139167 (2019).

Abueldahab, S. M. E. & Mutombo, E K. SIR model and HIV/AIDS in Khartoum. Open Access Lib. J. 8, 1-10. https://doi.org/10.
4236/0alib.1107334 (2021).

Health, T. L. P. Education: A neglected social determinant of health. Lancet Public Health 5(7), €361. https://doi.org/10.1016/
$2468-2667(20)30144-4 (2020).

Kirby D, Obasi A, Laris BA. The effectiveness of sex education and HIV education interventions in schools in developing countries.
in World Health Organisation Technical Report Series 2006. Vol. 938. 103-50 (2006) (discussion 317-341).

Pettifor, A. et al. The effect of a conditional cash transfer on HIV incidence in young women in rural South Africa (HPTN 068):
A phase 3, randomised controlled trial. Lancet Glob. Health. 4(12), e978-e988. https://doi.org/10.1016/52214-109X(16)30253-4
(2016) (epub 2016 Nov 1. Erratum in: Lancet Glob Health. 2017;5(2):e146).

UNESCO & WHO. HIV and AIDS treatment education. in Technical Consultation Report (UNESCO, 2005). Retrieved 11 Aug
2011. http://unesdoc.unesco.org/images/0014/001461/146120e.pdf. Accessed 05 Nov 2021 (2021).

Statista. Number of Unemployed Persons Worldwide from 1991 to 2021 and Projections Until 2022. https://www.statista.com/stati
stics/266414/unemployed-persons-worldwide/. Accessed 13 Dec 2021 (2021).

International Labour Organization (ILO) .World Employment and Social Outlook— Trends 2021. https://www.ilo.org/global/resea
rch/global-reports/weso/trends2021/lang--en/index.htm. Accessed 22 Sep 2021 (2021).

Diclementi, J. D., Ross, M. K., Mallo, C. & Johnson, S. Predictors of successful return to work from HIV-related disability. J. HIV/
AIDS Soc. Serv. 3(3), 89-96 (2004).

Jin, R. L., Shah, C. P. & Svoboda, T. J. The impact of unemployment on health: A review of the evidence. CMAJ 153(5), 529-540
(1995) (erratum in: CMAJ. 1995;153(11):1567-1568).

Kasl, S. V., Rodriguez, E. & Lasch, K. E. The impact of unemployment on health and well-being. In Adversity, Stress, and Psycho-
pathology (ed. Dohrenwend, B. P.) 111-131 (Oxford University Press, 1998).

Avendano, M. & Kawachi, I. Why do Americans have shorter life expectancy and worse health than do people in other high-income
countries?. Annu. Rev. Public Health. 35, 307-325. https://doi.org/10.1146/annurev-publhealth-032013-182411 (2014).

Joy, R. et al. Impact of neighborhood-level socioeconomic status on HIV disease progression in a universal health care setting. J.
Acquir. Immune Defic. Syndr. 47(4), 500-505. https://doi.org/10.1097/QAI1.0b013e3181648dfd (2008).

Maruthappu, M., Zhou, C., Williams, C., Zeltner, T. & Atun, R. Unemployment and HIV mortality in the countries of the Organi-
sation for Economic Co-operation and Development: 1981-2009. JRSM Open. 8(7), 2054270416685206. https://doi.org/10.1177/
2054270416685206 (2017).

Scientific Reports |

(2022) 12:20541 | https://doi.org/10.1038/s41598-022-24459-0 nature portfolio


https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf
https://www.unaids.org/sites/default/files/media_asset/UNAIDS_FactSheet_en.pdf
https://www.who.int/news-room/questions-and-answers/item/hiv-aids
https://doi.org/10.1093/cid/ciz998
https://www.unaids.org/sites/default/files/media_asset/global-commitments-local-action_en.pdf
https://doi.org/10.1177/00333549101250S401
https://doi.org/10.1111/hsc.13444
https://www.unaids.org/sites/default/files/media_asset/2015_terminology_guidelines_en.pdf
https://www.unaids.org/sites/default/files/media_asset/2015_terminology_guidelines_en.pdf
https://www.healthypeople.gov/2020/about/foundation-health-measures/Determinants-of-Health
https://www.healthypeople.gov/2020/about/foundation-health-measures/Determinants-of-Health
https://doi.org/10.1016/S2468-2667(16)30002-0
https://doi.org/10.1371/journal.pone.0091711
https://doi.org/10.1371/journal.pone.0091711
https://doi.org/10.1001/jama.2020.8420
https://doi.org/10.1001/jama.2020.8420
https://doi.org/10.1097/COH.0b013e328343acad
https://doi.org/10.1016/j.socscimed.2021.113794
https://doi.org/10.1063/1.5139167
https://doi.org/10.4236/oalib.1107334
https://doi.org/10.4236/oalib.1107334
https://doi.org/10.1016/S2468-2667(20)30144-4
https://doi.org/10.1016/S2468-2667(20)30144-4
https://doi.org/10.1016/S2214-109X(16)30253-4
http://unesdoc.unesco.org/images/0014/001461/146120e.pdf
https://www.statista.com/statistics/266414/unemployed-persons-worldwide/
https://www.statista.com/statistics/266414/unemployed-persons-worldwide/
https://www.ilo.org/global/research/global-reports/weso/trends2021/lang--en/index.htm
https://www.ilo.org/global/research/global-reports/weso/trends2021/lang--en/index.htm
https://doi.org/10.1146/annurev-publhealth-032013-182411
https://doi.org/10.1097/QAI.0b013e3181648dfd
https://doi.org/10.1177/2054270416685206
https://doi.org/10.1177/2054270416685206

www.nature.com/scientificreports/

36. Pence, B. W. et al. Coping strategies and patterns of alcohol and drug use among HIV-infected patients in the United States South-
east. AIDS Patient Care STDS. 22(11), 869-877. https://doi.org/10.1089/apc.2008.0022 (2008).

37. Degenhardt, L. et al. Global prevalence of injecting drug use and sociodemographic characteristics and prevalence of HIV, HBV,
and HCV in people who inject drugs: A multistage systematic review. Lancet Glob. Health. 5(12), e1192-e1207. https://doi.org/
10.1016/52214-109X(17)30375-3 (2017) (epub 2017 Oct 23. Erratum in: Lancet Glob Health).

38. CDC. Evidence of HIV Treatment and Viral Suppression in Preventing the Sexual Transmission of HIV. (2020).

39. Costa, J. M., Torres, T. S., Coelho, L. E. & Luz, P. M. Adherence to antiretroviral therapy for HIV/AIDS in Latin America and the
Caribbean: Systematic review and meta-analysis. J. Int. AIDS Soc. 21(1), €25066. https://doi.org/10.1002/jia2.25066 (2018).

40. Pinkerton, S. D. & Abramson, P. R. Effectiveness of condoms in preventing HIV transmission. Soc. Sci. Med. 44(9), 1303-1312.
https://doi.org/10.1016/50277-9536(96)00258-4 (1997).

41. Weller, S. & Davis, K. Condom effectiveness in reducing heterosexual HIV transmission. Cochrane Database Syst. Rev. 1, CD003255.
https://doi.org/10.1002/14651858.CD003255 (2002).

42. Huo, H. E, Chen, R. & Wang, X. Y. Modelling and stability of HIV/AIDS epidemic model with treatment. Appl. Math. Model. 40,
6550-6559 (2016).

43. Nyabadza, F. A mathematical model for combating HIV/AIDS in Southern Africa: Will multiple strategies work?. J. Biol. Syst.
14(03), 357-372 (2006).

44. Greenhalgh, D. & Hay, G. Mathematical modelling of the spread of HIV/AIDS amongst injecting drug users. IMA J. Math. Appl.
Med. Biol. 14(1), 11-38 (1997).

45. Burattini, M. N. et al. A mathematical model of the impact of crack-cocaine use on the prevalence of HIV/AIDS among drug users.
Math. Comput. Model. 28(3), 21-29. https://doi.org/10.1016/S0895-7177(98)00095-8 (1998).

46. Brasil. Ministério da Satude. Secretaria de Vigilancia em Satide. Boletim Epidemioldgico HIV/Aids 2021. http://www.aids.gov.br/
pt-br/pub/2021/boletim-epidemiologico-hivaids-2021 . Accessed 10 Aug 2022 (2022).

47. IBGE | Projegdo da Populagdo. https://www.ibge.gov.br/apps/populacao/projecao/index.html . Accessed 18 May 2022 (2022).

48. Felisbino-Mendes, M.S. et al. Sexual behaviors and condom use in the Brazilian population: Analysis of the National Health Survey,
2019. in Revista Brasileira de Epidemiologia (online). Vol. 24, suppl 2 (2019).

49. Ali, J. H. & Yirtaw, T. G. Time to viral load suppression and its associated factors in cohort of patients taking antiretroviral treat-
ment in East Shewa zone, Oromiya, Ethiopia, 2018. BMC Infect. Dis. 19, 1-6 (2019).

50. Leng, X. et al. HIV virological failure and drug resistance among injecting drug users receiving first-line ART in China. BMJ Open
4, 005886 (2014).

51. Jobanputra, K. et al. Factors associated with virological failure and suppression after enhanced adherence counselling, in children,
adolescents and adults on antiretroviral therapy for HIV in Swaziland. PLoS ONE 10, e0116144 (2015).

52. Todd, J. et al. Time from HIV seroconversion to death: A collaborative analysis of eight studies in six low and middle-income
countries before highly active antiretroviral therapy. AIDS https://doi.org/10.1097/01.AIDS.0000299411.75269.E8 (2007).

53. Sobol, I. M. Global sensitivity indices for nonlinear mathematical models and their Monte Carlo estimates. Math. Comput. Simul.
55,271-280 (2001).

54. HIV.gov. https://www.hiv.gov/federal-response/pepfar-global-aids/global-hiv-aids-overview. Accessed 14 Sep 2021 (2021).

55. Pandey, A. & Galvani, A. P. The global burden of HIV and prospects for control. Lancet HIV. 6(12), e809-€811. https://doi.org/10.
1016/52352-3018(19)30230-9 (2019) (epub 2019 Aug 19).

56. Avert. Funding for HIV and AIDS. Avert, March 19, 2019. https://www.avert.org/professionals/hiv-around-world/global-response/
funding. Accessed 10 Nov 2021 (2021).

57. Donkin, A. et al. Global action on the social determinants of health. BM]J Glob. Health 3, €000603 (2018).

58. Lowcock, E. C,, Rosella, L. C., Foisy, J., McGeer, A. & Crowcroft, N. The social determinants of health and pandemic HIN1 2009
influenza severity. Am. J. Public Health 102, e51-e58. https://doi.org/10.2105/AJPH.2012.300814 (2012).

59. USDHHS. Social Determinants of Health. (USDHHS, 2020).

60. Cassels, S., Clark, S. J. & Morris, M. Mathematical models for HIV transmission dynamics: Tools for social and behavioral science
research. J. Acquir. Immune Defic. Syndr. 47(1), S34-S39. https://doi.org/10.1097/QAI.0b013e3181605da3 (2008).

Author contributions

R.O.: Investigation, writing, review & editing. ER.: Investigation, writing, review & editing. R.A.: Writing - review
& editing. M.S.: Writing - review & editing. L.E.d.S.: Writing - review & editing. I.D.: Writing - review & editing.
J.M.: Writing - review & editing. D.R.: Writing - review & editing, Supervision.

Funding
This study is funded by the National Institute of Allergy and Infectious Diseases—NAIDS/NIH, Grant Number:
1R01AI152938.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.B.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:20541 | https://doi.org/10.1038/s41598-022-24459-0 nature portfolio


https://doi.org/10.1089/apc.2008.0022
https://doi.org/10.1016/S2214-109X(17)30375-3
https://doi.org/10.1016/S2214-109X(17)30375-3
https://doi.org/10.1002/jia2.25066
https://doi.org/10.1016/s0277-9536(96)00258-4
https://doi.org/10.1002/14651858.CD003255
https://doi.org/10.1016/S0895-7177(98)00095-8
http://www.aids.gov.br/pt-br/pub/2021/boletim-epidemiologico-hivaids-2021
http://www.aids.gov.br/pt-br/pub/2021/boletim-epidemiologico-hivaids-2021
https://www.ibge.gov.br/apps/populacao/projecao/index.html
https://doi.org/10.1097/01.AIDS.0000299411.75269.E8
https://www.hiv.gov/federal-response/pepfar-global-aids/global-hiv-aids-overview
https://doi.org/10.1016/S2352-3018(19)30230-9
https://doi.org/10.1016/S2352-3018(19)30230-9
https://www.avert.org/professionals/hiv-around-world/global-response/funding
https://www.avert.org/professionals/hiv-around-world/global-response/funding
https://doi.org/10.2105/AJPH.2012.300814
https://doi.org/10.1097/QAI.0b013e3181605da3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Incorporating social determinants of health into the mathematical modeling of HIVAIDS
	Methods
	Social determinants of health. 
	Education. 
	Poverty and employment. 
	Drug and alcohol abuse. 
	Condom use. 
	Mathematical modeling. 
	Education. 
	Condom use. 
	Drug and alcohol abuse. 
	Poverty and unemployment. 
	Numerical simulation. 

	Discussion
	Conclusion
	References




