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Abstract. HIV is one of the significant public health threats globally, with approx-
imately 36.9 million people living with HIV and 1.8 million people becoming
newly infected in 2017 (WHO fact sheet). To prevent HIV, to decrease its impact
and to eventually eliminate this infectious disease; clinical, medical, epidemio-
logical, economic, and modeling studies have been conducted in the last 30 years.
In this study, we explore the mathematical modeling studies where HIV has been
examined to understand the dynamics and spread of the disease as well as to
improve HIV prevention. We surveyed HIV modeling literature, summarized pri-
mary modeling methodologies, and briefly discussed relevant studies. For each
study included in this paper, we presented their modeling method, interventions
included, target populations, implementation process, key results, and insights.
Two most widely used modeling methodologies for HIV are Bernoulli process
models and dynamic compartmental models similar to other infectious diseases.
These methodologies have been discussed in detail in this paper. Other model-
ing methodologies included Markov models, agent-based simulation models, and
discrete-event simulation models. Many studies focused on risk populations such
as heterosexual (HET), men who have sex with men (MSM), people who inject
drugs (PWID) and jail inmates. We included the cost-effectiveness studies where
HIV prevention and treatment interventions and strategies are compared concern-
ing their costs and benefits. In this survey, we provided a summary of existing
modeling literature as well as suggestions for future studies. We concluded that
application of modeling tools for HIV presents excellent opportunities for both
decision-makers and public health policymakers while predicting the future of this
disease, establishing the most cost-effective prevention strategies and evaluating
possibilities for the elimination of HIV.
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1 Introduction

HIV is one of the leading causes of death globally, and it is a significant public health
challenge for all around the world (Joint United Nations Programme on HIV/AIDS
2012). In 2017, approximately 37 million people were living with HIV (PLWH), and
this number is increasing with 5,000 new infections every day. To decrease the number of
new infections and eventually eliminate HIV as a public health threat, the Joint United
Nations Programme on HIV/AIDS (UNAIDS) prepared a new strategy intending to
eliminate HIV by 2030. Although some targets such as the number of AIDS-related
deaths and the number of new infections have fallen from their peaks, there is still
a gap between targets to accomplish this goal and global realities (UNAIDS 2018).
Moreover, significant variation exists for these statistics among regions. For example,
Sub-Saharan Africa is the most severely affected region by HIV epidemic, and it has the
most robust reductions in the AIDS-related mortality and the new infections while HIV
epidemic is expanding in the Eastern Europe and several countries of Asia. (UNAIDS
2018; UNAIDS 2012; Piot and Quinn 2013). Overall, there is a need for further research
and better strategies in the area of HIV prevention to reach UNAIDS goals and eliminate
HIV.

HIV risk groups can be defined as subpopulations that have a higher risk for trans-
mission and/or acquisition of HIV. In the low prevalence countries, risk groups are
responsible for the majority of HIV infections. People who inject drugs (PWID, also
known as IDU), sex workers (SW), transgender people, prisoners, and gay men and
other men who have sex with men (MSM) and their sexual partners are among these
key populations (UNAIDS 2017). The HIV prevalence among MSM in capital cities is
27 times higher than that in the general population, and recent data show that there is a
rising trend in MSM HIV prevalence. PWIDs are among the population groups that are
most severely affected by HIV, and the risk for acquiring HIV is 23 times higher for this
group (UNAIDS 2012; UNAIDS 2018).

The recommended treatment for HIV is known as antiretroviral therapy (ART). In
2017, around 22 million, which is 59% of PLWH have access to ART globally (UNAIDS
2018; UNAIDS 2018). Health care organizations and governments have been endeav-
oring to fight against the disease, and there are some promising signs like advancing
ART coverage in recent years. However, considering years of significant efforts, a large
percentage of PLWH or people at risk for HIV have yet to have access to prevention,
care, and treatment, and there is still no cure (UNAIDS 2018).

A reduction in HIV incidence has been a top priority to control the disease (Piot
and Quinn 2013). It requires both to keep tracking of data available and use them in
estimations for the future of the epidemic. In addition to this, we need to understand
HIV behavior over time and evaluate the prevention efforts in a way that make the
outcomes as useful as possible. With the significant increase in the modeling studies
about HIV prevention in the last decade, it is apparent that mathematical models have
become valuable and vital tools in analyzing the spread of infectious diseases, prevent and
control these diseases. Models can be used for analyzing and testing theories, answering
specific questions, figuring out the transmission characteristics, and key parameters from
data for many infectious diseases (Hethcote 2000). Similarly, there has been a wide
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variety of mathematical models of HIV to understand disease dynamics and offer better
prevention strategies.

In this study, we briefly discussed key methods of mathematical modeling for infec-
tious diseases that included both deterministic and stochastic models. We described and
focused on mainly three modeling techniques: (i) Bernoulli process models, (ii) dynamic
compartmental models, and (iii) Markov models. We conducted a thorough literature
search and summarized critical examples for each model. Although we have not included
agent-based simulation in the modeling methods section, we included studies applied
agent-based simulation in the literature review table. Our goal is to summarize main
infectious disease modeling methods, to list HIV-related modeling studies chronologi-
cally, and then for each selected study, to present the study objectives, the model type,
populations and interventions included in the study as well as critical insights. Although
this list of studies is not comprehensive, it provides a summary of significant studies,
and it covers the majority of high-impact research on HIV prevention.

The remainder of this paper is organized as follows. In Sect. 2, we present three main
types of modeling methods which are often employed for infectious diseases. In Sect. 3,
we present a table of HIV-related mathematical modeling studies.

2 Modeling Methods

Models reduce the complexity of a system to its essential elements; in other words, they
represent a simplification of reality at a sufficient level of detail. From the health care
perspective, models create mathematical frameworks that are used for the estimation of
the consequences for health care decisions (Caro et al. 2012). Therefore, they are essential
tools to utilize in exploring the dynamics of HIV infection. Many mathematical models
developed for HIV use individual-level data to attain population-level outcomes such as
incidence and prevalence of infection (Sayan et al. 2017).

There are many different modeling approaches in the literature. However, three most
widely used methods are included in this review, and these methods are Bernoulli process
model, dynamic compartmental model, and the Markov model. Other methodologies,
such as agent-based simulation models, stochastic models, and system dynamics, are
also employed to analyze and project the dissemination of HIV (Akpinar 2012). While
we have not included these techniques in this paper, we included studies that used them
in Sect. 3. We conducted a search of 3 electronic databases, including PubMed, Web
of Science, and Google Scholar for relevant studies published in English from the ear-
liest data available for the database to January 2019. We used a broad search strategy
with appropriate keywords and Medical Subject Heading (MeSH) terms to identify
HIV mathematical modeling studies. We included the keywords “HIV,” “AIDS,” “Math-
ematical Modeling,” “Bernoulli Model,” “Compartmental Model,” “Markov Model,”
“Agent-Based Simulation” with Boolean operators ‘OR’ and ‘AND.” From the articles
and conference papers obtained through the electronic search, we screened based on
the abstracts and titles, and we included HIV studies if they were original analyses;
included a mathematical model as its main methodology and reported the model results.
When we encountered two similar studies, we preferred to include more recent study.
We summarized the selected studies in Table 1, where they are grouped based on the
modeling technique, and they are ordered chronologically within each group.
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2.1 Bernoulli Process Model

Bernoulli process model is based on the assumption that there is a certain probability of
transmission each time an HIV infected person engages in some of HIV risk behaviors
such as unprotected sex while each type of behavior is considered an independent event.
Each event has a small fixed probability of transmission, which is called HIV infectiv-
ity, and it accumulates with the repetition of the related risk behavior (Pinkerton and
Abramson 1998).

The cumulative probability of transmission for multiple contacts with an infected per-
son is calculated using the following equation. In this equation, « represents infectivity,
while n is the number of contacts (Pinkerton and Abramson 1998).

P=1-(1-u)" (1)

Today, among people living with HIV, about 9.4 million people do not know their
HIV status (UNAIDS 2018). HIV may not show any symptoms for several years. Thus, in
many cases, people do not know whether their partner is HIV infected or not. To include
this uncertainty to the model, the following equation is proposed and the prevalence
of infection, denoted with 7, is added as a coefficient that reflects the probability of
selecting an infected partner (Pinkerton and Abramson 1998).

P=x[1-(01-w"] 2

Infectivity can be affected by various factors. Protected sexual intercourse is one of
the prevention methods, and it reduces the infectivity of HIV. To provide a cumulative
probability for a more complex situation, we can include m different sexual partners
with k; protected, and n; unprotected sexual contacts, respectively. The model becomes
following general form for the situation with multiple partners (Pinkerton and Abramson
1998).

P:l—ﬁ{1—n[1—(1—an)"f(1—ak)kf]} 3)
I=1

2.2 Dynamic Compartmental Model

Infectious diseases have been analyzed using dynamic compartmental models since 1927
(Akpinar 2012). In this type of models, populations divided into subgroups, which are
called compartments. The main idea behind the construction of the model is that an
infected person comes across with healthy individual and transmit the disease. There
are many types of compartmental models such as SI, SIR, SIRS, SEIR, MSEIR, etc.
selected based on different characteristics of infectious disease.
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SIR compartmental model has three different compartments. In this model, S rep-
resents Susceptible, I represents Infected, and R shows the Recovered (or removed)
(Fig. 1). For SIR model, we have transitions from S to I, which involves disease trans-
mission and from I to R, which shows that infected patients recover from the disease.
These movements occur at some defined rates known as infection rate and recovery or
removal rate. To define the model with differential equations, a closed population that
has no births and deaths, no migration is taken into account (Keeling and Rohani 2011).

S Infection Recover
» ] » R

Fig. 1. SIR model diagram (Keeling and Rohani 2011).

SIR model is mathematically defined in the following equations where P is the
transmission rate, and y is removal or recovery rate (Keeling and Rohani 2011).

das
E = —BSI 5)
dl
dR
yri vi @)

2.3 Markov Model

Markov model is known as a stochastic process that has Markovian property. Markovian
property is based on the assumption that the conditional distribution of any future state
depends only on the present, and it is shown in the equation as follows (Ross 2007).

P{Xpt1 = jlXn =i, Xp—1 =in—1,.. X1 = i1, Xo =io} = P{Xpq1 = j|Xn =i} = Pjj

We assume that X, is state i at time n and P;; represents the probability that process
will move from state i to state j then, this equation defines a model for all states i, j and
all n that are greater or equal to 0. (Ross 2007).

Many clinical situations can be described in terms of the conditions that individuals
can be in, how they can move among such states, and how likely such moves are (Fig. 2).
These correspond to states, transitions, and transition probabilities, respectively. State
transition models (STM) are well suited to the decision problems in these situations,
and they are found reasonable when the decision problem can be described in terms of
states and interactions between individuals are not necessary. Markov models are one
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of the STM modeling approaches, and they are based on cohort level. Thus, Markov
modeling approach presents transparency, efficiency, and ease of debugging. They are
recommended if a manageable number of health states are sufficient to describe all
relevant characteristics of the problem. These states help biological/theoretical under-
standing of the disease and reflect the disease process with transitions. Interventions
such as screening, diagnostics, and treatment can be included in the model to evaluate
their effects (Siebert et al. 2012).

'
’
/

'
'
~ '
'
0

Fig. 2. Markov model diagram (Siebert et al. 2012)

/

3 HIV Mathematical Modeling Studies
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4 Conclusion

Many mathematical models have been developed and implemented in estimating and
controlling infectious diseases. HIV is one of such diseases with an extensive literature
of modeling studies that aimed at the prediction of HIV in different countries and tar-
get populations, the evaluation of prevention and treatment strategies in terms of their
cost-effectiveness, the optimal allocation of HIV budgets and other many applications.
This study summarizes 28 papers about HIV modeling that covers between 1991 and
2018. Different modeling methodologies applied in these studies have been presented,
and these methods included the three most common techniques, which are the Bernoulli
model, a dynamic compartmental model, and the Markov model. The majority of the
papers focus on the economic analysis of prevention strategies, and mathematical mod-
eling is employed to estimate the number of infections averted under different prevention
strategies. Determining the incidence and prevalence of the disease in a specific loca-
tion or for a target population is another popular study objective through understanding
the spread of HIV. These studies often analyzed risk groups and their risky behaviors
and estimated the health and economic outcomes to inform the decision-makers about
the future of epidemic, possible interventions, and their consequences. There are some
advantages and limitations of modeling methods used in the studies. Bernoulli model
is a static approach while estimations from a compartmental model continue over some
time due to its dynamic nature. However, compartmental models assume people in the
same compartments are acting and responding to the disease in the same way. Markov
models complement the HIV progression process by adding the stochastic framework
into the problem. Agent-based simulation systems are useful and displays system in a
more realistic way, however, they are data-intensive and cannot be generalized to other
regions or populations. Although each methodology has some advantages and disad-
vantages, they are essential to understand the disease dynamics, and they provide us
the opportunity to predict the future of the disease and find appropriate prevention and
intervention methods.

References

Adams LM, Kendall S, Smith A, Quigley E, Stuewig JB, Tangney JP (2013) HIV risk behaviors
of male and female jail inmates prior to incarceration and one year post-release. AIDS Behav
17(8):2685-2694

Akpinar H (2012) Bulasici hastaliklarin yayiliminin tahmininde deterministik modellerin kullanil-
masi. Dspace Repository

Alistar SS, Long EF, Brandeau ML, Beck EJ (2014) HIV epidemic control—a model for optimal
allocation of prevention and treatment resources. Health Care Manag Sci 17(2):162-181

Baggaley RF, Irvine MA, Leber W, Cambiano V, Figueroa J, McMullen H, Hollingsworth TD
(2017) Cost-eftectiveness of screening for HIV in primary care: a health economics modelling
analysis. Lancet HIV 4(10):e465-e474

Beyrer C, Baral SD, Van Griensven F, Goodreau SM, Chariyalertsak S, Wirtz AL, Brookmeyer R
(2012) Global epidemiology of HIV infection in men who have sex with men. Lancet 380(9839):
367-377

Bos JM, Fennema JS, Postma MJ (2001) Cost-eftectiveness of HIV screening of patients attending
clinics for sexually transmitted diseases in Amsterdam. Aids 15(15):2031-2036



358 E. Yaylali and Z. M. Erdogan

Bristow CC, Larson E, Anderson LJ, Klausner JD (2016) Cost-effectiveness of HIV and syphilis
antenatal screening: a modelling study. Sex Transm Infect 92(5):340-346

Caro JJ, Briggs AH, Siebert U, Kuntz KM (2012) Modeling good research practices—overview:
a report of the ISPOR-SMDM Modeling Good Research Practices Task Force—1. Med Decis
Making 32(5):667-677

Cipriano LE, Zaric GS, Holodniy M, Bendavid E, Owens DK, Brandeau ML (2012) Cost effec-
tiveness of screening strategies for early identification of HIV and HCV infection in injection
drug users. PLoS ONE 7(9):e45176

Downs AM, De Vincenzi I (1996) Probability of heterosexual transmission of HIV: relationship to
the number of unprotected sexual contacts. JAIDS J Acquir Immune Defic Syndr 11(4):388-395

Fox J, White PJ, Weber J, Garnett GP, Ward H, Fidler S (2011) Quantifying sexual exposure to
HIV within an HIV-serodiscordant relationship: development of an algorithm. Aids 25(8):1065—
1082

Gilmour S, LiJ, Shibuya K (2012) Projecting HIV transmission in Japan. PLoS ONE 7(8):e43473

Gopalappa C, Farnham PG, Hutchinson AB, Sansom SL (2012) Cost effectiveness of the National
HIV/AIDS Strategy goal of increasing linkage to care for HIV-infected persons. JAIDS J Acquir
Immune Defic Syndr 61(1):99-105

Hethcote HW (2000) The mathematics of infectious diseases. SIAM Rev 42(4):599-653

Joint United Nations Programme on HIV/AIDS (UNAIDS). (2018) UNAIDS Data 2018. Retrieved
from UNAIDS website: http://www.unaids.org/en/resources/documents/2018/unaids-data-
2018

Hontelez JA, Nagelkerke N, Birnighausen T, Bakker R, Tanser F, Newell ML, de Vlas SJ (2011)
The potential impact of RV144-like vaccines in rural South Africa: a study using the STDSIM
microsimulation model. Vaccine 29(36):6100-6106

Joint United Nations Programme on HIV/AIDS (UNAIDS). (2012) UNAIDS Report on the Global
AIDS Epidemic 2012. Retrieved from UNAIDS website: http://www.unaids.org/en/resources/
documents/2018/unaids-data-2018

Joint United Nations Programme on HIV/AIDS (UNAIDS) (2018). Fact Sheet-World AIDS Day
2018. Retrieved from UNAIDS website: http://www.unaids.org/en/resources/fact-sheet

Joint United Nations Programme on HIV/AIDS (UNAIDS) (2017). UNAIDS Data 2017.
Retrieved from UNAIDS website: http://www.unaids.org/en/resources/documents/2017/2017 _
data_book

Joint United Nations Programme on HIV/AIDS (UNAIDS).(2018). UNAIDS Data 2018. Retrieved
from UNAIDS website: http://www.unaids.org/en/resources/documents/2018/unaids-data-
2018

Juusola JL, Brandeau ML, Owens DK, Bendavid E (2012) The cost-effectiveness of preexposure
prophylaxis for HIV prevention in the United States in men who have sex with men. Ann Intern
Med 156(8):541-550

Keeling MJ, Rohani P (2011) Modeling infectious diseases in humans and animals. Princeton
University Press, Princeton

Kretzschmar M, Wallinga J (2009) Mathematical models in infectious disease epidemiology. In:
Modern infectious disease epidemiology, pp. 209-221. Springer, New York

Lasry A, Sansom SL, Hicks KA, Uzunangelov V (2012) Allocating HIV prevention funds in the
United States: recommendations from an optimization model. PLoS ONE 7(6):e37545

Lasry A, Sansom SL, Hicks KA, Uzunangelov V (2011) A model for allocating CDC’s HIV
prevention resources in the United States. Health Care Manag Sci 14(1):115-124

Longini IM, Clark WS, Gardner LI, Brundage JF (1991) The dynamics of CD4+ T-lymphocyte
decline in HIV-infected individuals: a Markov modeling approach. J Acquir Immune Defic
Syndr 4(11):1141-1147


http://www.unaids.org/en/resources/documents/2018/unaids-data-2018
http://www.unaids.org/en/resources/documents/2018/unaids-data-2018
http://www.unaids.org/en/resources/fact-sheet
http://www.unaids.org/en/resources/documents/2017/2017_data_book
http://www.unaids.org/en/resources/documents/2018/unaids-data-2018

Mathematical Models of HIV: Methodologies and Applications 359

LinF, Lasry A, Sansom SL, Wolitski RJ (2013) Estimating the impact of state budget cuts and redi-
rection of prevention resources on the HIV epidemic in 59 California local health departments.
PLoS ONE 8(3):e55713

Lin F, Farnham PG, Shrestha RK, Mermin J, Sansom SL (2016) Cost effectiveness of HIV
prevention interventions in the US. Am J Prev Med 50(6):699-708

Macal CM, North MJ (2005) Tutorial on agent-based modeling and simulation. In: Proceedings
of the winter simulation conference, p 14. IEEE, December 2005

Macal CM, North MJ (2010) Tutorial on agent-based modelling and simulation. J. Simul 4(3):151—
162

Pearson CR, Kurth AE, Cassels S, Martin DP, Simoni JM, Hoff P, Gloyd S (2007) Modeling
HIV transmission risk among Mozambicans prior to their initiating highly active antiretroviral
therapy. AIDS Care 19(5):594-604

Piot P, Quinn TC (2013) Response to the AIDS pandemic—a global health model. N Engl J Med
368(23):2210-2218

Pinkerton SD, Abramson PR (1998) The Bernoulli-process model of HIV transmission. In:
Handbook of economic evaluation of HIV prevention programs, pp. 13-32. Springer, Boston

Pinkerton SD, Abramson PR (1996) Implications of increased infectivity in early-stage HIV
infection: application of a Bernoulli-process model of HIV transmission. Evaluation Review
20(5):516-540

Pinkerton SD, Holtgrave DR, Valdiserri RO (1997) Cost-effectiveness of HIV-prevention skills
training for men who have sex with men. Aids 11(3):347-357

Ross SM (2007) Introduction to probability models. Academic press, Cambridge

Sanders GD, Bayoumi AM, Sundaram V, Bilir SP, Neukermans CP, Rydzak CE, Owens DK (2005)
Cost-effectiveness of screening for HIV in the era of highly active antiretroviral therapy. N Engl
J Med 352(6):570-585

Sayan M, Hincal E, Sanlidag T, Kaymakamzade B, Sa’ad FT, Baba IA (2017) Dynamics of
HIV/AIDS in Turkey from 1985 to 2016. Qual Quant 52:711-723

Sorensen SW, Sansom SL, Brooks JT, Marks G, Begier EM, Buchacz K, Kilmarx PH (2012) A
mathematical model of comprehensive test-and-treat services and HIV incidence among men
who have sex with men in the United States. PloS one 7(2):¢29098

Wang S, Moss JR, Hiller JE (2011) The cost-effectiveness of HIV voluntary counseling and testing
in China. Asia Pac. J. Public Health 23(4):620-633

Wilson SR, Lavori PW, Brown NL, Kao YM (2003) Correlates of sexual risk for HIV infection
in female members of heterosexual California Latino couples: an application of a Bernoulli
process model. AIDS Behav 7(3):273-290

Xuan H, Xu L, Li L (2009) A CA-based epidemic model for HIV/AIDS transmission with
heterogeneity. Ann Oper Res 168(1):81

Yaylali E, Farnham PG, Schneider KL, Landers SJ, Kouzouian O, Lasry A, Sansom SL (2016)
From theory to practice: implementation of a resource allocation model in health departments.
J. Public Health Manag Pract: JPHMP 22(6):567



	Mathematical Models of HIV: Methodologies and Applications
	1 Introduction
	2 Modeling Methods
	2.1 Bernoulli Process Model
	2.2 Dynamic Compartmental Model
	2.3 Markov Model

	3 HIV Mathematical Modeling Studies
	4 Conclusion
	References




