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Abstract 
 

Over the past twenty years, several models have been developed in an attempt to understand 

the HIV/AIDS transmission dynamics. The first part of this article reviews the mathematical 

concepts describing the transmission of infectious diseases with a focus on HIV/AIDS 

epidemiological models. The second part reviews the major policy models with a focus on 

deterministic models, which have been developed to assess the impact of HIV/AIDS 

prevention and biomedical interventions in developed and developing countries. In the 

discussion section we emphasize the need for a generic model, and make recommendations on 

the structure of a generic deterministic HIV policy model applicable to pattern II countries.  
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Introduction 

Numerous mathematical models have been developed to describe infectious disease 

transmission dynamics, understand the mechanisms of epidemic propagation, assess the 

impact of interventions on public health or forecast the future of epidemics. 

 

The two types of models we are focusing on here are, on the one hand, the mathematical 

models and, on the other hand, the policy models. Although both mathematical models and 

policy models can be developed by the same scholars, the objectives of the two model types 

are different. The former aims at supporting the comprehension of the mechanisms driving the 

HIV/AIDS epidemic, while the latter mainly intends to support policy decision making,    

 

Most of the theories behind HIV/AIDS transmission modeling were initially developed to 

describe the transmission of various pathological agents (3-22). However, there are 

specificities attached to the HIV transmission such as the sexual mode of contamination, the 

no-recovery/ no-immunization aspects of HIV/AIDS contamination and the world-wide span 

of the epidemic. Those specificities led to extensive modeling soon after the first publication 

identifying the cause of AIDS (historically named HTLV-III ) [1,2].  Both mathematicians in 

biological sciences and policy modelers use deterministic and/or stochastic models. In 

deterministic models the events are not subject to chance, two model runs using the same 

equations and the same parameters will give the same results. In stochastic models, variability 

is taken into consideration. The most commonly used method is Monte Carlo simulation 

where a set of possible events is defined with a certain probability attached to each [3].  

 

Deterministic models describe the dynamics of populations or sub-groups of a population 

(susceptible individuals, infected individuals). They use average contact rates and average 

transmission risk between the various groups.  Population groups can be sub-divided into 

smaller groups and ultimately into individuals. Modeling the dynamics at the individual level 

allows for the representation of dynamic partnerships between individuals. Between those two 

extremes, the various population groups can be divided into classes of similar age, sex and 

sexual activity [4]. Models designed with sub groups of the population allow to take into 

consideration who acquires the infection from whom and help to understand the rate and 

pattern of infection among a given community [5].  
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Mathematical models simulating disease transmissions vary in complexity [5]. Simplicity 

allows a better understanding of the intrinsic properties of the models, however, 

oversimplified models may not be able to capture the reality of epidemiological disease 

transmission such as the heterogeneity of human sexual relationships. More complex models 

may be necessary to capture the finest details of disease transmission. The origins of the 

different orientations in modeling infectious diseases can be explained in part by the 

differences in objectives pursued by the two above mentioned disciplines more than by 

differences between model structures. For instance, although collaboration exists between 

mathematicians and policy model developers, the mathematical approach preferably takes into 

consideration the impact of individual aspects in the epidemics through a stochastic approach. 

Policy models usually consider aggregate views and use deterministic and/or stochastic 

approaches. 

  

The aim of this review is to illustrate the evolution of the comprehension in HIV transmission 

mechanisms resulting from the two approaches. The first part reviews the mathematical 

concepts describing the transmission of infectious agents in general with a focus on HIV 

transmission. The second part describes the contribution of policy modeling, with a focus on 

deterministic models, in assessing action against HIV/AIDS. In the discussion section, we 

envision the need for a generic deterministic HIV policy model and briefly describe the 

structure of such a generic model applicable to pattern II countries.  

 

Mathematical concepts in infectious disease transmission 

In this section, we will first review the early history of mathematical modeling in infectious 

disease transmission and its main concepts, and secondly move to modeling applied to 

sexually transmitted diseases and more specifically to HIV/AIDS transmission. Although the 

HIV infection can be transmitted through infective sexual contacts and contaminated blood 

transfusion, the latter is nowadays minimized in industrialized countries and even in several 

developing countries, due to the improved use of pre-transfusion screening systems. In 

addition, HIV transmission through transfusion does not follow the general rules of infectious 

disease transmission (e.g. epidemic spread). Consequently, we will restrict the scope of the 

present work to contamination through sexual intercourse.  
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The foundations of infection transmission modeling 

The foundations of mathematical modeling applied to infectious disease transmission were 

laid in the early 20
th

 century. In 1906, Hamer [7] pointed out that the transmission dynamics 

of viral or bacterial infections is compartmental in structure; individuals can be grouped in 

classes according to their health status (e.g. susceptible, infected, immunized). While Hamer’s 

theory was based on a discrete time frame to determine the transitions from one class to 

another, Ross [8] assumed continuous flows between the various compartments and proposed 

a set of differential equations to describe the flows between compartments. Another key 

concept in the mathematical modeling of epidemics, first introduced by Kermack and 

McKendrick [9], is the fact that the fraction of infected individuals increases exponentially in 

the early stage of the epidemic. Later, Mc Donald [10] called the number of secondary cases 

that one infected case can generate during the infection period, R0, the basic reproductive rate, 

which has, since, become a standard concept in epidemiology. In spite of these early efforts, 

significant mathematical modeling of infectious diseases only occurred in the 70’s [11-16]). 

The modeling of sexually transmitted diseases was laid out in the seminal work by Yorke et 

al. on gonorrhea transmission [17].   

 

The basis of HIV epidemic modeling 

May and Anderson [18] described  R0  in HIV transmission as directly proportional to the rate 

at which new sexual partners are acquired, c, the average probability that infection is 

transmitted from an infected to a susceptible individual during the entire partnership, β and 

the average duration of infectiousness, D. Jacquez et al. [19], defined the reproductive rate as 

being proportional to the mean infectious period, D; the number of contacts per unit of time, 

c ; the probability of transmission during a contact, β and the fraction of susceptible 

individuals, S. Considering that one infected  individual has γ = βc contacts per time unit, the 

number of susceptible individuals contacted during D is equal to  βcSD,  which is defined as 

the reproductive rate, R. If one admits that one infectious person is introduced into a large 

susceptible population (S=1) then the initial reproductive rate is:  

     R0  = βcD.    (1) 

R0 applies to an initial population where all individuals are susceptible. R applies to the 

fraction of susceptible individuals within a global population. May and Anderson [18] also 

emphasized the importance of using the rate c at which new partners are acquired instead of 

only focusing on the total number of partners per year. The authors define c as:  

     c = m+σ
2
/m    (2) 
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where m is the mean and σ
2 

the variance of the distribution of the number of new sexual 

partners per unit of time. c represents de facto the number of sequentially monogamous 

partnerships. 

 

May and Anderson were the first to mention the limitation of mathematical models in making 

accurate predictions of AIDS incidence. However, they pointed out the role that mathematical 

models can play in making predictions about disease incidence (new cases occurring in a 

given period of time) and prevalence (number of infected individuals in a population) under 

various specific assumptions and in clarifying which data are required to calculate those 

predictions. They describe the characteristics of HIV transmission such as the non-

dependence of the incidence rate on the host density, the length of the asymptomatic phase, 

the absence of acquired immunity and the importance of the degree of heterogeneity in sexual 

activity. Although May and Anderson [18] initially focused on the groups at higher risk (e.g. 

men having sex with men), they also brought the heterosexual transmission in perspective by 

defining R0’:   

R0’ = (β1β2c1c2)
½
 D    (3) 

 where β1 and β2 are the probability of infection between infected females and susceptible 

males and between infected males and susceptible females respectively and c1 and c2 are the 

rate of acquiring new partners of the opposite sex by females and males, respectively. 

However, equation (3) does not take into account the duration of partnerships which has been 

shown to dramatically affect the spread of infection [20]. 

 

The importance of heterogeneous sexual relationships in HIV transmission 

Jacquez et al. [19] point out the importance of contact patterns and depart from the generally 

accepted view that contacts in a given population take place at random. If the population is 

homogeneous, random mixing means homogenous mixing. For a heterogeneous population 

divided into groups that have different contact rates, random mixing equals proportional 

mixing. Jacquez et al. also extend the notion of the basic reproductive rate, R0, to the infection 

rate matrix R, in which the element Rij is the number of cases generated in group i by one case 

from group j:  

     Rij = cj ρji Si βji Dj      (4) 

with  

ci, the number of sex acts per person per unit of time; 

ρij, the proportion of sex acts of a person from group i  with individuals from group j; 
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Si, the fraction of susceptible individuals in group i; 

βij, the fraction of those contacts that result in transmission;  

Dj, the mean duration of infectiousness for a person in group j. 

The matrix P = [(ρij )] is called the mixing matrix. P is time homogeneous. This is a limitation 

as the nature (regular, concurrent, casual) and the number of relationships between the two 

groups of individuals can evolve over time, based on intrinsic causes (population aging) and 

extrinsic causes (campaigns aimed at reducing risky relationships and/or at reducing infection 

transmission during risky relationships). 

  

Jacquez et al. propose to consider general heterosexual populations as pairs in a number of 

low-activity groups. Highly sexually active groups, such as active homosexuals or sex 

workers, form a bridge of contacts with the low-activity groups and, therefore, are referred to 

as bridge groups. These bridge groups significantly contribute to the spread of the epidemic.  

 

Anderson et al. [21] also emphasize the heterogeneity in virus transmission resulting from 

contacts between urban and rural centers, various age classes or social classes and the rate of 

sexual partner change. They particularly point out the trend in Africa for men to form sexual 

partnerships with women at least 5 years younger than themselves. Following an article by 

Dietz and Hadeler [22], Watts and May [23] examined the effect of sexual pair formation and 

separation rates on HIV transmission and point out the concurrent partnerships as an 

important component of the HIV spread within populations. 

 

The role of sexual partnership concurrency and sexual networks 

Potterat et al. [24], in an empirical study on sexually transmitted Chlamydia infections, find 

that the best predictor of R0 is the number of concurrent contacts and not the number of 

sequential contacts. Therefore, they argue against the validity of equation (1) which is 

commonly used since the mid-80’s to predict the magnitude and direction of HIV and other 

sexually transmitted diseases (STDs). In their opinion, the main weakness of this equation 

resides in the fact that the contact number c does not take into account the network effect in 

infection transmission. 

 

Chick et al. [25], elaborating on the limitations of R0, state that a dissociation between the 

individual-level and the population-level definitions of R0 occurs when the partnerships are 

lasting instead of being point-in-time random events. They suggest a model development 
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process going from deterministic stages allowing exploration of high-level issues to a more 

detailed analysis through stochastic stages. In an attempt to bridge the gap between the 

deterministic and stochastic discrete-individual simulation approaches, they show that large-

scale approximations are useful for populations over five hundred individuals. Koopman et al. 

[26] also emphasize the failure of deterministic compartmental models to capture the 

refinements of individual characteristics and network relationships.  

 

Several authors have studied the role of sexual networks in STD transmission [27-30]. 

Ferguson and Garnett [30] argue that micro simulation models, although including all relevant 

details of networks, fail to capture all the events that take place in large, interconnected 

populations and often render the disentanglement of important factors in disease transmission 

impossible. They develop a model in which concurrent sexual partnerships are included with 

sexual pair formation and dissolution. They conclude that concurrency, even in moderate 

amounts, has a significant impact on disease prevalence and persistence, confirming the 

earlier study  by Potterat et al. [24].  

 

Following earlier work by Kaplan [31] who reported a weak correlation between HIV 

transmission probability and the number of sex acts, Rottingen and Garnett [32] examine the 

relationship between the per-act and per-partnership transmission probability. They study 

several models linking per-partnership and per-act probabilities, including the following non-

linear relation:  

     βp=1-(1-βa)
n
     (5) 

where βp is the transmission probability per-partnership; βa  is the transmission probability per 

act and n is the number of acts per partnership. 

 

The authors report no empirical evidence that this binomial relation represents an adequate 

description of the disease transmission and propose two hypotheses to explain this 

inadequacy: 

1) The susceptibility and the infectiousness vary from partner to partner and this may be 

explained by genetic variations from one individual to another. Variations in infectiousness 

may also depend on the type of virus strain.  

2) The infectiousness varies during the course of an HIV infection due to the variation of 

virus loads in the bloodstream and semen during the course of the infection [33,34]. 
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Moreover, the binomial model, with constant per-act transmission probability, underestimates 

transmission in partnerships with a low number of sex acts and overestimates the transmission 

when a high number of sex acts occurs. They suggest separating the partnerships into two 

groups with respectively low and high per-act transmission probabilities and propose the 

following model: 

   βp= f(1-(1-βa 
h
)
n
  + (1-f)(1-(1- βa

l
)
n     

(6) 

where f is the fraction of individuals in the high-risk
 
group and βa 

h
  and βa 

l 
represent the 

transmission probabilities in the high-risk and low-risk groups, respectively. 

 

Impact of other STDs in HIV transmission 

Rottingen and Garnett [32] also explore the impact of the other sexually transmitted diseases 

(STD) on HIV transmission as there is evidence in the literature that the presence of STD 

such as syphilis and herpes increases the probability of HIV transmission [35]. Following the 

work by Cameron et al [36], Rottingen and Garnett [32] show a large impact of STDs during 

the early sex acts in a new partnership. Another important point in STD transmission is that 

the probability of male-to-female transmission is greater than female-to-male transmission. 

This has been reported for HIV as well as for other STDs, in various contexts including 

African countries [37-39].  

 

HIV policy models 

The first policy models to support decision making relating to infectious disease transmission 

were developed by scholars from the Operations Research field in the late 60’s [11]. Although 

several models are based on the theory of system dynamics [40], both deterministic and 

stochastic approaches are used in policy modeling. As we are interested in the macro-level 

aspects of HIV epidemics, the focus will mostly be on describing deterministic models as this 

type of model is convenient in representing the infection spread among general populations. 

Rauner and Brandeau [41] indicate that HIV/AIDS policy models are designed to evaluate the 

monetary and non-monetary consequences of decisions on HIV/AIDS intervention. Merson 

and Dayton [42] describe five uses of HIV models by policy makers: forecasting, estimating 

the importance of risk factors, predicting the impact of a preventive intervention, predicting 

the impact of biomedical intervention, predicting the impact of mixed intervention techniques. 

A supplementary usage has been added which consists in assessing specific transmission 

modes and subsequent preventive measures. We also discuss antiretroviral therapies. 
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Forecasting   

Several models were developed in the 80s to assess the demographic impact of the HIV/AIDS 

epidemic. Eight models were presented in 1989 during the UN/WHO workshop [43], on 

modeling the demographic impact of AIDS in Pattern II countries. These models were 

developed using stochastic [44-47] or deterministic [48-50] approaches, or a combination of 

both [51].  All models were tested with the same initial conditions and showed significant 

variations in HIV prevalence on a 25 year projection. Bernstein et al. [52] compared two of 

these models, the US Interagency Working Group model (iwgAIDS), originally developed by 

Stanley et al. [50], and the SimulAIDS model developed by Auvert [46]. The iwgAIDS model 

is a compartmental deterministic model, which has three logical components: a set of 

differential equations designed to model the age-structured demographic process, a set of 

differential equations designed to model the age-structured HIV/AIDS epidemiologic process 

and a baseline data file designed to tailor parameter estimates for different socio-cultural 

contexts. SimulAIDS is a stochastic model where each individual is represented separately. 

Bernstein et al. used the two models to compare single and combined interventions in a 

severely affected East African city. Despite significant differences in projected baseline HIV 

incidence rates between the two models, they were able to replicate baseline prevalence 

curves in agreement with the patterns of surveillance data.  

 

In parallel to sophisticated models such as those mentioned above, efforts were made to 

design simpler models such as AVERT, a stochastic model, which was proposed by Rehle et 

al. [53] based on a model previously developed by Weinstein et al. [54]. The AVERT model 

includes a simplified male-female and female-male contamination matrix. The interest of such 

a model is that it requires far less extensive data than more sophisticated models. However, 

AVERT cannot be used to assess long-term scenarios and does not take into consideration the 

heterogeneity in sexual mixing nor the impact of other STDs on HIV transmission.  

 

Estimating the importance of risk factors 

Van der Ploeg et al. [55] use a stochastic micro simulation model (STDSIM) to illustrate the 

impact of STDs on HIV transmission. An interesting aspect of this model is that it combines 

the transmission risks for HIV and for four other STDs. The impact of STDs on the 

transmission of HIV has recently been assessed for Botswana and India by means of a 

deterministic compartmental model by Nagalkerke et al. [56]. Their two-sex model includes 
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two groups for each sex, low-risk groups (general population) and high-risk groups (female 

sex workers and their clients). Each group is split into four stages: uninfected, infected with 

HAART sensitive strains but not receiving HAART, infected with drug-sensitive strains and 

receiving HAART, and infected with resistant strains irrespective of treatment. The authors 

compare the impact of the same interventions (e.g. increased use of condoms, interventions 

targeted at sexual workers, anti-viral drugs) for both countries. They report significant 

differences for similar interventions between these two countries. For instance, an 

intervention targeted toward sex workers in India would drive the prevalence to extinction 

after 30 years in that country, while a similar intervention in Botswana would have a more 

modest effect. This can be explained by the large difference in HIV prevalence between India 

and Botswana (2% and 25% in 2000, respectively) implying that the HIV epidemic in 

Botswana has reached all population groups, while the HIV epidemic is mainly limited to the 

riskier groups in India.  

 

Predicting the impact of prevention interventions 

Expanding on an earlier contribution from Lee and Pierskalla [57], Brandeau et al. [58] 

designed a general two-sex compartmental model to assess a wide range of interventions and 

used it to assess HIV screening policies in the United States. Their model incorporates four 

disease stages and seven population classes: low, medium and high risk men and women, and 

children. The high risk women are represented by women aged 13 to 44 who are injection 

drug users (IDUs), high risk men include men aged 13 to 64 who are IDUs or gay or bisexual. 

Medium risk women are women aged 13 to 44 having a male IDU partner or many sex 

partners. Medium risk men are men aged 13 to 64 who are sex partners of high risk women or 

have multiple partners. The medium risk groups represent the bridge groups between the high 

risk and low risk groups. The authors test five different screening policies aimed at reducing 

the cases of HIV infected newborns and based on data from the State of California, they show 

that under certain conditions, screening high-risk women significantly reduces the number of 

HIV infected infants.  

 

Bogart and Kunz [59] developed a deterministic model to determine the impact of a partially 

effective HIV vaccine among IDUs in Thailand. They include two groups: high and low risk, 

each divided into seven subgroups : HIV negative not vaccinated, HIV negative vaccinated 

not susceptible,  HIV negative vaccinated susceptible, HIV positive asymptomatic 

unidentified, HIV positive asymptomatic identified, HIV positive symptomatic, AIDS. The 
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authors conclude that a partially efficient vaccine significantly reduces HIV prevalence over a 

40 year period (from 50% without vaccine to 37% with a 75% efficient vaccine).  

 

Condom use has been demonstrated to be an effective tool to reduce HIV transmission during 

homosexual and heterosexual acts [60] and Pinkerton and Abramson [61] quantified the 

protective effectiveness of condoms by means of a Bernouilli model. Van Vliet et al. [62] 

used the STDSIM model to evaluate the impact of three different strategies of condom uses in 

various settings and showed that targeting increased condom usage among FSW and their 

clients is more efficient than increasing the usage among females with steady relations. 

Dowdy et al. [63] showed a cost effectiveness of female nitrile condoms in Brazil and South 

Africa over a one year time period by using a simple stochastic model previously developed 

by Weinstein et al. [48].  

 

Predicting the impact of biomedical interventions 

Korenromp et al. [64] used the STDSIM model to assess the value of a single-round mass 

treatment to reduce STD prevalence and subsequently HIV incidence in African populations. 

Vickerman et al. [65] developed a deterministic compartmental model (POP 1.0) to assess the 

cost effectiveness of targeted preventive interventions on FSW in Johannesburg. The 

population is divided into sub-groups according to their sexual behaviour and HIV and STD 

status. The individuals form relationships of limited duration, and have various coital 

frequencies and level of condom usage. The per-capita HIV infection rate is fixed and 

determined by individual sexual behaviour. The authors showed that targeted interventions in 

FSW groups against STD can be cost effective. Vickerman et al. [66] used the same model to 

show that moderately sensitive point-of-care (POC) tests can reduce the spread of some STDs 

and HIV transmission in certain African countries. 

 

Predicting the impact of a mixture of interventions  

Intervention mix can be tested in simultaneous combinations: Bernstein et al. [52] in a 

comparative study of SimulAIDS and iwgAIDS, using data from Kampala, Uganda showed 

that combined interventions (e.g. reducing the number of casual partners, condom use and 

STD treatment) can slow down HIV transmission. However, the results from the combined 

intervention in both models were different from a linear combination of the component 

strategies used separately. The results from the stochastic model (SimulAIDS) were closer to 
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an additive result, while the results from the deterministic model (iwgAIDS) were far 

different. 

 

Interventions can also be assessed in succession: Korenromp [64] showed that mass treatment 

of STD in rural Africa followed by sustained targeted treatment would be effective in the 

short and long run. Williams et al. [67] used the model previously developed by Vickerman et 

al. [65] to assess combinations of interventions targeted at FSW and their clients and at men 

having sex with men (MSM) in India and show the potential benefit and cost effectiveness of 

the combination of condom use and STD treatment. They also point to the importance of 

intervention duration for STD treatment.  

  

Assessing the impact of specific transmission modes 

Mother to child (MTC) transmission has been identified as an important cause of HIV 

transmission in sub Saharan countries due to the high prevalence levels among women in 

some of these countries [68]. Transmission can occur in utero, during parturition and during 

breast-feeding. Jacquez [69] emphasizes that the disease stage of the mother is an influential 

element in MTC transmission. Dunn [70] uses a stochastic model to show the importance of 

timing in HIV transmission risk during breast feeding due to variations in mother infectivity 

or stage of infant development. Decision models have been developed to assess the cost 

effectiveness of strategies to reduce MTC [71, 72].  

 

Needle and syringe sharing among injection drug users (IDUs) are other important 

transmission modes. Since the pioneering work by Kaplan [73,74], deterministic models of 

various complexity have been developed to investigate HIV infection through heterosexual 

and IDU contact [75], to determine change in HIV and Hepatitis C (HCV) infection rates 

among IDUs [76] and to explore the relationship between HIV prevalence and the coverage of 

syringe distribution [77]. 

 

Zaric et al. have developed a deterministic model to study the effect of increased methadone 

maintenance on the spread of HIV among IDUs [78]. Their model includes nine population 

groups aged between 18 and 44, divided according to their infection status and risk. Infection 

transmission occurs through drug injection among IDUs and sexual contact between 

uninfected individuals and infected members of IDU groups. They show that methadone 
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maintenance program extension is cost effective among IDUs and beneficial to the non-IDU 

population. 

 

Anti-retroviral therapies 

Anti-retroviral treatments (ART) became available in developed countries in the early 90s and 

highly active antiretroviral therapy (HAART) became available in the late 90s. The 

introduction of these powerful drugs raised an interest in assessing their impact in developed 

countries by means of policy models. [79-83].  

 

Blower et al. [79] developed a one sex compartmental model including 5 groups (susceptible, 

untreated infected with sensitive and with resistant strains, treated with sensitive and with 

resistant strains). Infection rates are a function of the number of infected individuals at any 

time. The model includes a proportion of individuals who give up on ART each year and a 

rate of resistance emergence. The model takes into account the emergence of resistance. 

Using data from the gay community in San Francisco, the authors conclude that over a limited 

period of time (10 years) antiretroviral therapy would reduce the AIDS death rate and 

substantially reduce the HIV incidence rate in the San Francisco gay community provided that 

a reduction in risky behavior takes place. Sensitivity analysis shows that even with a high 

incidence of infection by resistant virus strains, both death rates and total HIV incidence rates 

will not be significantly affected.  

 

Goudsmit et al. [81] developed a simple deterministic model to identify the determinants of 

the resistance against the anti HIV drug zidovudine (ZDV) in the Amsterdam Cohort Study 

(ACS) population. The patients in the cohort originally received a ZDV mono-therapy and a 

few years later, the majority of patients were given a tri-therapy regimen (HAART). The 

model includes 3 groups: patients infected by resistant virus strains, patients infected by 

sensitive strains and patients with acquired resistance due to treatment (The ZDV resistance is 

acquired due to suboptimal treatment and is lost when ZDV is stopped). The model indicates 

that the incidence rate of infection by resistant virus strains reaches a plateau, the level of 

which only depends upon the treatment rate and the outflow rate of patients with resistant 

virus strains.  

 

Dangerfield et al. [83] expanding on a previous model [84] developed a deterministic 

compartmental model to assess the impact of HAART in the United Kingdom. The model 
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includes 12 groups depending on their infectious status and their treatment history. The model 

incorporates the transition from mono-therapy to HAART but does not incorporate resistance 

rate. The authors conclude that new HIV infections will be considerably reduced providing 

that risky behavior remains at current level or lower.  

 

Velasco-Hernandez [82], using the model previously developed by Blower et al. [79] to 

assess the long term effect of HAART, calculates R0  with ARV use, assuming long-term use 

of ARV within the gay community of San Francisco. The author concludes that ART acts as 

an effective HIV-prevention tool and can lead to a value of R0 below 1 if risky behavior 

decreases in conjunction with ART use.  

 

Few models assess the impact of ART in developing countries. Blower and Farmer [85], 

using a previously developed model [79] estimate the impact of ART in developing countries 

taking into consideration the emergence of resistance. They conclude that 50% of infected 

individuals should receive ART in order to avert 10 to 30% of new HIV cases in the next 

decade. The authors express concerns about the overall impact of ART if risky behaviour is 

not reduced in parallel to ART diffusion. Over et al. [86] expand a previously developed 

epidemiological model to assess the cost effectiveness of three policies for ARV diffusion in 

India: increase adherence to treatment by enhancing unstructured private ART supply, 

provide ART to all infected women attending antenatal clinics and provide ART to all 

infected below the poverty line. They conclude that the first of these options is the most cost 

effective. 

 

Discussion  

The first part of this review illustrated how mathematical models have contributed to 

expanding the understanding of infection transmission and the important factors and 

structures that an HIV policy model must include. The second part described policy models 

which have contributed to support decisions and/or helped to understand the probable 

consequences of various interventions. The second part also revealed the large diversity of 

policy models. Some models have significantly contributed to support policy decisions in 

developed countries by pointing at risk groups [73,74] and by highlighting the impact of 

resistance in ART [87]. In developing countries, models helped to identify the role of MTC 

transmission and assess interventions to reduce MTC transmission [70-71]. However, it is 
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difficult to evaluate the real impact of models on final decisions, due to the complexity of 

policy decisions [88], and a lack of optimal policy model utilization due to perceptions and 

predetermined views from policy makers [89]. Evaluating this impact on a large scale would 

represent a research project in itself. 

 

The need for model realism 

Koopman mentions p. 304 that “too often modeling efforts stand alone in addressing the 

issues to which they are directed [90]. Indeed, most of the models are developed with a focus 

on specific aspects, and related interventions, such as behavioral changes [58, 91, 92], the 

number of sex acts [53], the migration process [52, 93], or the role of STD [55, 56]. Models 

are also developed to assess the transmission patterns in specific risk groups such as the gay 

community [94,95] and the IDUs [73, 74, 78].  

 

The Proceedings of the UN/WHO workshop on modeling the demographic impact of AIDS in 

Pattern II countries [43] clearly indicates the need for two types of models: “a standard model 

to produce simple extrapolations for use by decision makers and a second, complex model is 

needed for pinpointing appropriate interventions and gaining increased understanding of the 

epidemic process” (page 55). To our knowledge, such standard policy model does not yet 

exist. Our goal is to develop such a standard model, using the term “generic” for pattern II 

countries. In those countries, HIV prevalence is usually high among women and HIV is 

mainly transmitted through heterosexual contacts and from mother to child during parturition 

or breast feeding. In the next section, we provide recommendations for the global structure of 

such a model and discuss which factors should be included.  

 

Toward a generic HIV policy model ? An illustration for pattern II countries 

The generic model described below must not be viewed as a unique and fixed model but 

rather as a reference system that incorporates all the critically important elements at a point of 

time that can be easily upgraded with more elements at a later stage and adapted to the needs 

of specific countries. 

 

Model structure  

Following Barton et al. [96], we recommend a deterministic compartmental structure 

including all epidemiological factors previously discussed. The model structure must be 

designed in a way to reproduce the reality of HIV transmission dynamics and minimize the 
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use of exogenous variables. Moreover, the generic model must be easy to parameterize to 

reflect the local or regional conditions such as the initial HIV prevalence or population(s) 

size.   

 

Populations 

Population groups such as newborns, infants and adults should be included. The age classes 

should be the same as the age classes used by WHO [68]. The population groups must be 

divided into high risk or core groups such as female sex workers or women with multiple 

partners, non core groups such as the general rural and urban populations and bridge groups 

which are different according to the country or region (e.g. in developed countries, the bridge 

groups are represented by bisexual or individuals having sex with IDUs or having multiple 

partners [97], while the main bridge group in sub-Saharan Africa are represented by mobile 

workers [98]). 

 

HIV transmission modes 

As heterosexual contacts and mother to child contamination are the prominent modes of HIV 

propagation in pattern II countries, both transmission modes should be included in the generic 

model. 

 

Infection matrices   

Infection matrices reflect the type of sexual relationships among the various population 

groups (who infects whom). Although most of the deterministic models that were reviewed 

provide details concerning the populations included, the infection matrices are usually not 

detailed or simplistic and do not allow for taking into consideration heterogeneous mixing 

among the various population groups [92]. As an example, young girls in sub-Saharan 

countries are more at risk of being infected by older men who can be infected by female sex 

workers [99]. Therefore the generic model must incorporate elaborate infection matrices 

which reflect the pattern of sexual relationships and local cultural patterns. 

 

Critical factors 

There are a number of factors that must be incorporated in a generic model. These factors 

contribute to either modulate HIV transmission risk (e.g. the variability in infectiousness over 

time [34]), increase the risk (e.g. other STDs [100-102], resistance to ART [103]) or to 

decrease this risk (e.g. long-term condom use [104]).  
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Circumcision has been recently identified as an important factor for reducing HIV 

transmission risk from females to males both in cross-sectional and cohort studies [105-107]. 

The World Health Organization currently recommends including circumcision in a 

comprehensive HIV prevention package [108]. 

 

Cost effectiveness analysis (CEA) 

Disability Adjusted Life Years (DALY) has been recommended to assess the burden of 

diseases in poor settings [109]. However, it has been observed that it is often unclear from 

papers how researchers have calculated DALY [110]. DALY are calculated as the sum of 

years of life lost (YLL) and years lived with the disease (YLD), the latter are weighted 

according to the stage of the disease. Interventions targeted to the general population 

influence life expectation in the long term. Fox-Rusby [110] emphasizes the need to calculate 

YLL dynamically when the interventions last more than one year and recommends including 

a dynamic life calculator in models developed to assess long term interventions. 

 

The WHO recommends evaluating the economic impact of interventions by making a 

comparison with the economic situation without intervention. This method is described as the 

generalized cost effectiveness analysis (GCEA) [111].  

 

Model use 

The various interventions should be tested individually and in combination. In the latter case 

one should consider both simultaneous and sequential implementation of the interventions. 

The impact of the interventions should be assessed in the various stages of the epidemics, 

with various prevalence levels. As HAART are becoming more widely used in developing 

countries [112,113], a special emphasis must be placed on assessing the impact of HAART. 

While recent epidemiological studies have been performed on HAART in Africa [112, 114], a 

model enabling one to assess the long term effects of HAART under the current roll-out 

conditions in pattern II countries  whether in isolation or in combination with other 

interventions is highly desirable. 

 

Conclusion 

The alarming situation of the HIV/AIDS epidemic in most developing countries in 

combination with a lack of resources and time pressure, has made rational decision making 
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processes more necessary than ever. Recent large-scale initiatives such as the UNAIDS 3 by 5 

initiative, launched in 2003 with the objective to enrol 3 million AIDS patients in HAART 

treatment by 2005, have triggered  controversial opinions without objective arguments to 

support them [77,78]. All these elements militate in favor of developing a generic HIV/AIDS 

policy model which can help to define the most efficient intervention(s) in a timely manner 

and limit arbitrary decision making. A generic HIV/AIDS policy model must include all the 

epidemiological factors of critical importance in terms of HIV transmission and be designed 

on a multidisciplinary basis. We have illustrated this by providing a list of key elements to be 

included in such a model for pattern II countries. 

 

Potential conflict of interest: none 

 

References 

[1] F. Barre-Sinoussi, J.C. Chermann, F. Rey, M.T. Nugeyre, S. Chamaret, J. Gruest, C. 

Dauguet, C. Axler-Blin, F. Vezinet-Brun, C. Rouzioux, W. Rozenbaum, L. Montagnier, 

Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired immune deficiency 

(AIDS), Science 220 (1983) 868-871 

[2] R.C. Gallo, S.Z. Salahuddin, M. Popovic, G.M. Sheaver, M. Kaplan, B.F. Haynes, T.J. 

Palker, R. Redfield, J. Oleske, B. Safai, G. White, P. Foster, P.D. Markham, Frequent 

detection and isolation of cytophatic retroviruses (HTLV-III) from patients with AIDS and at 

risk for AIDS, Science, 224 (1984) 500-503 

[3] G.P. Garnett, An introduction to mathematical models in sexually transmitted disease 

epidemiology, Sexually Transmitted Infections 78 (2002) 7-12  

[4]G.P. Garnett, An introduction to mathematical models in sexually transmitted disease 

epidemiology, Sexually Transmitted Infections 78 (2002) 7-12 

[5] R.M. Anderson, G.P. Garnett, Mathematical models of the transmission and control of 

sexually transmitted diseases, Sexually Transmitted Diseases 27 (2000) 636-643 

[6] G.P. Garnett, R.M. Anderson, Sexually transmitted diseases and sexual behavior: insights 

from mathematical models, The journal of infectious diseases 174 suppl.(1996) S150-161 

[7] W.H. Hamer, Epidemic disease in England, Lancet, 1 (1906) 733-739   

[8] R. Ross, Some a priori pathometric equations, British Medical Journal 1 (1915) 546-547 

[9] W.D. Kermack, A.G. McKendrick, A contribution to the mathematical theory of 

epidemics,Proceedings of the Royal Society of London, Series A115 (1927) 700-721 

[10] G. McDonald, the analysis of equilibrium in Malaria, Tropical Diseases Bulletin, 49 

(1952) 813-829 



                            HIV/AIDS Modeling, a two-angle-retrospective    20 / 27 

[11] C.F. ReVelle, F. Feldmann, W. Lynn, An optimization model of tuberculosis 

epidemiology, Management Sciences, 16 (1969), 190-210 

[12] N.T.J. Bailey, The mathematical theory of infectious diseases and its applications 

(Hafner Press, New York, 1975)  

[13] H. Hethcote, qualitative analysis of communicable disease models, Mathematical 

Biosciences 28 (1976) 335-356 

[14] R.M. Anderson, R.M. May, Population biology of infectious diseases. Part I, Nature 280 

(1979) 361-367 

[15] R.M. Anderson, R.M. May, Population Biology of infectious diseases. Part II, Nature 

280 (1979) 455-461 

[16] K. Dietz, Mathematical models of infectious diseases; evaluation of measures for 

prevention and control, in : Perspectives in medical statistics,  eds. J.F. Bithell, R. Coppi, 

(Academic, New York, 1981) 

[17] J.A. Yorke, H.W. Hethcote, A. Nold, Dynamics and control of the transmission of 

gonorrhea, Sexually Transmitted Diseases 5 (1978) 51-57) 

[18] R.M. May, R.M. Anderson, Transmission dynamics of HIV infection, Nature 326 (1987) 

137-142 

[19] J.A. Jacquez,C.P. Simon, J. Koopman, L. Sattenspiel, T. Perry, Modeling and analyzing 

HIV transmission: the effect of contact patterns, Mathematical Biosciences 92 (1988) 119-199 

[20] K. Dietz, On the transmission dynamics of HIV, Mathematical Biosciences, 90 (1988) 

397-414 

[21] R.M Anderson, R.M. May, M.C. Boily, G.P. Garnett, J.T. Rowley, The spread of HIV-1 

in Africa: sexual contact patterns and the predicted demographic impact of AIDS, Nature 352 

(1991) 581-589 

[22] K. Dietz, K.P. Hadeler, Epidemiological models for sexually transmitted diseases, 

Journal of mathematical biology 26 (1988) 1-25 

[23] C.H Watts, R.M. May, the influence of concurrent partnerships on the dynamics of 

HIV/AIDS Mathematical Biosciences 108 (1992) 89-104 

[24] J.J.Potterat, S.Q. Muth, S. Brody, Evidence undermining the adequacy of the HIV 

reproduction number formula, Sexually Transmitted Diseases, 27 (2000) 644-645 

[25] S.E. Chick, A.L. Adams, J.S. Koopman, Analysis and simulation of a stochastic, 

discrete-individual model of STD transmission with partnership concurrency, Mathematical 

Biosciences 166 (2000) 45-68 

[26] J.S. Koopman, S.E. Chick, C.P. Simon, C.S. Riolo, G. Jacquez, Stochastic effects on 

endemic infection levels of disseminating versus local contacts, Mathematical Biosciences, 

180 (2002) 49-71 



                            HIV/AIDS Modeling, a two-angle-retrospective    21 / 27 

[27] M. Morris, M. E. Kretzschmar, Concurrent partnerships and the spread of HIV, AIDS 11 

(1997) 641-648 

[28] M. E. Kretzschmar, D.P. Reimking, H. Brouwers, G. van Zessen, J.C. Jager, 

Network models: from paradigm to mathematical tool, in: Modeling the AIDS Epidemic, 

Planning, Policy and Prediction, ed. E.H. Kaplan, M.L. Brandeau (Raven Press, New-York, 

1994)  

[29] A.C. Ghani, G.P. Garnett, Risks of acquiring and transmitting sexually transmitted 

diseases in sexual partner networks, Sexually Transmitted Diseases, 27 (2000) 579-587 

[30] N.M. Fergusson, G.P. Garnett, More realistic models of sexually transmitted disease 

transmission dynamics, sexual partnership networks, pair models and moment closure, 

Sexually Transmitted Diseases 27 (2000) 600-609 

[31] E.H. Kaplan . Modeling HIV infectivity: must sex acts be counted?. Journal of Acquired 

Immunodeficiency Syndrome. 3 (1990) 55-61  

[32] J.A. Rottingen,G.P. Garnett, The epidemiological and control implications of HIV 

transmission probabilities within partnerships, Sexually Transmitted Diseases 29 (2002) 818-

826 

[33] R.H. Gray, M.J. Wawer, R. Brookmayer, N. K. Sewankambo, D. Serwadda,, F. 

Wabwire-Mangen, T. Lutalo, X. Li, T. vanCott, T.C. Quinn and theRakai Project Team. 

Probability of HIV-1 transmission per-coital act in monogamous, heterosexual, HIV-1 

discordant couples in Rakai, Uganda. Lancet 357 (2001) 1149-1153 

[34] B. Leynaert, A.M Downs, I. De Vincenzi,. Heterosexual transmission of human 

immunodeficiency virus: variability of infectivity troughout the course of infection. European 

Study Group on Heterosexual Transmission of HIV. American Journal of Epidemiology 148 

(1998) 8-96 

[35] J.A. Rottingen, D.W. Cameron, G.P. Garnett, A systematic review of the epidemiologic 

interactions between classic sexually transmitted diseases and HIV, Sexually Transmitted 

Diseases 28 (2001) 579-597)  

[36] D. W Cameron, J. N. Simonsen, L.J. D’Costa, A.R. Ronald, G. M. Maitha, M.N. 

Gakinya, M. Cheang, J.O. Ndinya-Achola, P. Piot, R.C. Brunham, F. A. Plummer. Female to 

male transmission of human immunodeficiency virus type 1: risk factors for seroconversion in 

men. Lancet 2 (1989) 403-407 

[37] T. Peterman, R. Stoneburner, J. Allen, H. Jaffe, J. Curran, Risk of HIV transmission from 

heterosexual adults with transmission associated infections, JAMA 259 (1988) 55-58 

[38] G.P. Garnett, K.J. Mertz, L. Finelli, W.C. Levine, M.E. St Louis, The transmission 

dynamics of gonorrhoea: modeling the reported behavior of infected patients from Newark, 

New Jersey, Phil Trans R Soc London B, 354 (1999) 787-797 

[39] J.R. Glynn, M. Carael, B. Auvert , Why do young women have a much higher prevalence 

of HIV than young men? A study in Kisumu, Kenya and Ndola, Zambia, AIDS 15(suppl. 

4)(2001) S51-S60 



                            HIV/AIDS Modeling, a two-angle-retrospective    22 / 27 

[40] J.W. Forrester, Urban Dynamics (Pegasus Communication, Waltham, MA,1969) 

[41] M.S. Rauner, M.L. Brandeau, AIDS policy modeling for the 21
st
 century: an overview of 

key issues, Health Care Management Sciences 4 (2001) 165-180. 

[42] M.H. Merson and J. M. Dayton Overview of HIV prevention programs in developing 

countries in Quantitative evaluation of HIV prevention programs, eds E.H. Kaplan and R. 

Brookmeyer (Yale University Press 2002) 

[43] The AIDS epidemic and its demographic consequences, Proceedings of the United 

Nations/World Health Organization workshop on modeling the demographic impact of AIDS 

in Pattern II countries, New York, 13-15 December 1989 ST/ESA/SER.A/119  

[44] A. Palloni, L. Lamas, The Palloni approach: a duration-dependant model of the spread of 

HIV/AIDS in Africa in The AIDS epidemic and its demographic consequences, Proceedings 

of the United Nations/World Health Organization workshop on modeling the demographic 

impact of AIDS in Pattern II countries, New York, 13-15 December 1989 

ST/ESA/SER.A/119 

[45] R. A. Bulatao, The Bulatao approach:projecting the demographic impact of the HIV 

epidemic using standard parameters in The AIDS epidemic and its demographic 

consequences, Proceedings of the United Nations/World Health Organization workshop on 

modeling the demographic impact of AIDS in Pattern II countries, New York, 13-15 

December 1989 ST/ESA/SER.A/119 

[46] B. Auvert, the Auvert approach : a stochastic model for the heterosexual spread of the 

human immunodeficiency in The AIDS epidemic and its demographic consequences, 

Proceedings of the United Nations/World Health Organization workshop on modeling the 

demographic impact of AIDS in Pattern II countries, New York, 13-15 December 1989 

ST/ESA/SER.A/119 

[47] J. Chin, S.K. Lwanga, The WHO approach:projections of non-paediatric HIV infection 

and AIDS in pattern II area in The AIDS epidemic and its demographic consequences, 

Proceedings of the United Nations/World Health Organization workshop on modeling the 

demographic impact of AIDS in Pattern II countries, New York, 13-15 December 1989 

ST/ESA/SER.A/119   

[48] R.M. Anderson, W. Ng, J. Rowley, A.R. Mc lean, The Anderson approach :potential 

demographic impact of AIDS-uncertainties in prediction in The AIDS epidemic and its 

demographic consequences, Proceedings of the United Nations/World Health Organization 

workshop on modeling the demographic impact of AIDS in Pattern II countries, New York, 

13-15 December 1989 ST/ESA/SER.A/119 

[49] N. Brouard, The Brouard approach:forecasting the AIDS epidemic in an African 

population in The AIDS epidemic and its demographic consequences, Proceedings of the 

United Nations/World Health Organization workshop on modeling the demographic impact of 

AIDS in Pattern II countries, New York, 13-15 December 1989 ST/ESA/SER.A/119 

[50] E.A. Stanley, S.T. Seitz, P.D. Johnson, P.O. Way, T.F. Curry, The United States Inter-

Agency Working Group approach: The iwg model for the hereosexual spread of HIV and the 

demographic impact of the AIDS epidemic in The AIDS epidemic and its demographic 

consequences, Proceedings of the United Nations/World Health Organization workshop on 



                            HIV/AIDS Modeling, a two-angle-retrospective    23 / 27 

modeling the demographic impact of AIDS in Pattern II countries, New York, 13-15 

December 1989 ST/ESA/SER.A/119 

[51] K.Dietz, The Dietz approach:modeling the demographic impact of AIDS epidemic in 

The AIDS epidemic and its demographic consequences, Proceedings of the United 

Nations/World Health Organization workshop on modeling the demographic impact of AIDS 

in Pattern II countries, New York, 13-15 December 1989 ST/ESA/SER.A/119   

[52] R.S. Bernstein, D.C. Sokal, S.T. Seitz, B. Auvert, J. Stover, W. Naamara, Simulating the 

control of a heterosexual HIV epidemic in a severely affected East African city, Interfaces 28 

(1998) 101-126 

[53] T.M. Rehle, T.J. Saidel, S.E. Hassig, P.D. Bouey, E.M. Gaillard, D.C. Sokal, AVERT: a 

user-friendly model to estimate the impact of HIV/Sexually transmitted disease prevention 

interventions on HIV transmission, AIDS 12 (supplement 2) (1998) S27-S35 

[54] M.C. Weinstein, J.D. Graham, J.E. Siegel, H.V. Fineberg, Cost-effectiveness analysis of 

AIDS prevention programs : concepts, complications and illustrations in: Confronting AIDS 

sexual behavior and intra-venous drug abuse, eds C.F. Turner, H.G. Miller, L.E. Moses 

(National Academy Press, Washington D.C., 1989) 

[55] P.B.Van Der Ploeg, C. Van Vliet, S. J. de Vlas, J.O. Ndinya-Achola, L. Fransen, G.J. 

Van Oortmarssen, J.D.F.Habbema, STDSIM: a microsimulation model for decision support in 

STD control, Interfaces 28 (1998) 84-100  

[56] N.J.D. Nagelkerke, P. Jha, S.J. de Vlas, E.L. Korenromp, S. Moses, J.F. Blanchard, F.A. 

Plummer, Modelling HIV/AIDS epidemics in Botswana and India: impact of interventions to 

prevent transmission, Bulletin of the World Health Organization,80 (2002) 89-95 

[57] H.L. Lee, W.P.Pierskalla, Mass screening models for contagious diseases with no latent 

period, Operations Research 36 (1988) 917-928) 

[58] M.L. Brandeau, H.L. Lee, D K. Owens, C.H. Sox, R.M. Watcher, A policy model of 

human immunodeficiency virus screening and intervention, Interfaces 21 (1991) 5-25 

[59] E. Bogart, K.M. Kuntz The impact of a partially effective HIV vaccine on a population 

of intravenous drug users in Bangkok, Thailand, a dynamic model Journal of Acquired 

Immune Deficiency Syndrome 29 (2002) 132-141 

[60] W.W. Darrow, Condom use and use effectiveness in high risk populations, Sexually 

Transmitted Diseases, 16 (1989) 157-159) 

[61] S.D. Pinkerton and P.R. Abramson, Effectiveness of condoms in preventing HIV 

transmission, Social Sciences and Medicine, 44 (1997) 1303-1312 

[62] C. Van Vliet, E. Meester, E. L. Korenromp, B. Singer, R. Bakker, J.D. Habbema 

Focusing strategies of condom use against HIV in different behavioural settings: an 

evaluation based on a simulation model, Bulletin of the World Health Organization, 79 (2001) 

442-54 



                            HIV/AIDS Modeling, a two-angle-retrospective    24 / 27 

[63] D.W. Dowdy, M.D. Sweat, D.R. Holtgrave, Country-wide distribution of the nitrile 

female condom (FC2) in Brazil and South Africa: a cost-effectiveness analysis, AIDS 20 

(2006), 2091-2098 

[64] E. L. Korenromp, C. Van Vliet, H. Grosskurth, A. Gavyole, C. PB. Van der Ploeg, L. 

Fransen, R. J. Hayes, J.D.F. Habbema, Model-based evaluation of single-round mass 

treatment of sexually transmitted disease for HIV control in a rural African population, AIDS 

14 (2000) 573-593 

[65] P. Vickerman, F. Terris-Presholt, S. Delany, L. Kumaranayake, H. Rees, C. Watts, Are 

targeted HIV prevention activities cost effective in high prevalence settings? Results from a 

sexually transmitted infection treatment project for sex workers in Johannesburg, South 

Africa, Sexually Transmitted Diseases 33 (2006) S122-S132 

[66] P. Vickerman, C. Watts, R. W. Peeling, D. Mabey, M. Alary, Modelling the cost 

effectiveness of rapid point of care diagnostic tests for the control of HIV and other sexually 

transmitted infections among female sex workers, Sexually Transmitted Infections 82 (2006) 

403-412  

[67] J. R. Williams, A.M. Foss, P. Vickerman, C. Watts, B.M. Ramesh, S. Reza-Paul, R.G. 

Washington, S. Moses, J. Blanchard, C.M. Lowndes, M. Alary, M.C. Boily, What is the 

achievable effectiveness of the India AIDS Initiative intervention among female sex workers 

under target coverage? Model projections from southern India, Sexually Transmitted 

Infections. 82 (2006) 372-380 

[68] UNAIDS/WHO.2001. AIDS epidemic update december 2001 

01.74E-WHO/CDS/CSR/NCS/2001.2, ISBN 92-9173-132-3 

[69] J.A. Jacquez, Mother-to-child transmission of HIV-1, Journal of Acquired Immune 

Deficiency Syndromes & Human Retrovirology. 16(1997) 284-92 

[70] D.T. Dunn DT, B.H. Tess, L.C. Rodrigues, A.E. Ades, Mother-to-child transmission of 

HIV: implications of variation in maternal infectivity, AIDS 12(1998) 2211-2216 

[71] E. Marseille, J.G. Kahn, J. Saba, Cost-effectiveness of antiviral drug therapy to reduce 

mother-to-child HIV transmission in sub-Saharan Africa, AIDS. 12(1998):939-948 

[72] J.S.A. Stringer, D.J. Rouse,S.H. Vermund, R.L. Goldenberg, M. Sinkala,  A.A. Stinnett, 

Cost-Effective Use of Nevirapine to Prevent Vertical HIV Transmission in Sub-Saharan 

Africa, Journal of Acquired Immune Deficiency Syndromes. 24(2000) 369-377 

[73] E.H. Kaplan, Needles that kill: modeling human immunodeficiency virus transmission 

via shared drug injection equipment in shooting galleries, Review of Infectious Diseases, 11 

(1989) 289-298 

[74] E.H. Kaplan, R. Heimer, A model-based estimate of HIV infectivity via needle sharing, 

Journal of Acquired Immune Deficiency Syndromes. 5(1992):1116-1118 

[75] S.M. Blower, D. Hartel, H. Dowlatabadi, R.M. Anderson, R.M. May, Drugs, sex and 

HIV: a mathematical model for New york city, Philosophical Transaction of the Royal 

Society of London- Series B: Biological Sciences 331 (1991) 171-187 



                            HIV/AIDS Modeling, a two-angle-retrospective    25 / 27 

[76] J.M. Murray, M.G. Law, Z. Gao, J.M. Kaldor, The impact of behavioural changes on the 

prevalence of human immunodefiency virus and hepatitis C among injecting drug users, 

International Journal of epidemiology 32 (2003) 708-714  

[77] P. Vickerman, M. Hickman, T. Rhodes, C. Watts,  Model projections on the required 

coverage of syringe distribution to prevent HIV epidemics among injecting drug users, 

Journal of Acquired Immune Deficiency Syndrome, 42 (2006) 355-361 

[78] G.S. Zaric, M.L. Brandeau, P.G. Barnett, Methadone maintenance and HIV prevention: a 

cost effectiveness analysis, Management Science, 46 (2000) 1013-1031 

[79] S.M. Blower, H.B. Gershengorn, R.M. Grant, A tale of two futures: HIV and 

antiretroviral therapy in San Fransisco, Science 287 (2000) 650-654 

[80] E. Tchetgen, E.H. Kaplan, G.H. Friedland, Public health consequences of screening 

patients for adherence to highly active antiretroviral therapy, Journal of Acquired Immune 

Deficiency Syndrome 26 (2001) 118-129 

[81] J. Goudsmit, G.J. Weverling, L. Van der Hoek, A. de Ronde, F. Miedema, R.A. 

Coutinho, Carrier rate of zidovudine-resistant HIV-1: the impact of failing therapy on 

transmission of resistant strains, AIDS 15 (2001) 2293--2301 

[82] J.X. Velasco-Hernandez, H.B. Gershengorn, S.M. Blower, Could widespread use of 

combination antiretroviral therapy eradicate HIV epidemics?, Lancet Infectious Diseases 2 

(2002) 374-376 

[83] B.C. Dangerfield, Y. Fang, C. Roberts, Model-based scenarios for the epidemiology of 

HIV/AIDS: the consequences of highly active antiretroviral therapy (HAART), System 

Dynamics Review, 17 (2001) 119-150 

[84] B.C. Dangerfield, C. Roberts, A role for system dynamics in modelling the spread of 

AIDS, Transactions of the Institute of measurement and control, 11 (1989) 187-195) 

[85] S.M. Blower,
 
P. Farmer,

 
Predicting the public health impact of antiretrovirals: preventing 

HIV in developing countries, AIDScience, 3 (2003) 320-337 

[86] M. Over, E. Marseille, K. Sudhakar, J. Gold, I. Gupta, A. Indrayan, S. Ira, N. 

Nagelkerke, A.S.R. Srinivasa, P. Heywood, Antiretroviral therapy and HIV prevention in 

India: modelling costs and consequences of policy options, Sexually Transmitted Diseases, 33 

(2006) S145-S152 

[87] S. Blower, E. Bodine, J. Kahn, W. McFarland, The antiretroviral rollout and drug-

resistant HIV in Africa: insights from empirical data and theoretical models, AIDS 19 (2005) 

1-14 

[88] J. Stover, Influence of mathematical modeling of HIV and AIDS on policy and programs 

in the developing world.  Sexually Transmitted Diseases, 27 (2000), 572-578 

[89] J.G. Kahn, A.E. Washington, Optimizing the policy impact of HIV modeling, in: 

Modeling the AIDS epidemic: Planning, policy and prediction, eds. E.H. Kaplan, M.L. 

Brandeau (Raven Press, New York, 1994)  



                            HIV/AIDS Modeling, a two-angle-retrospective    26 / 27 

[90] J. Koopman, Modeling infection transmission, Annual Review of Public Health, 25 

(2004) 303-326 

 [91] D.K. Owens, M.L. Brandeau, C.H. Sox, Effect of relapse to high-risk behavior on the 

costs and benefits of a program to screen women for human immunodeficiency virus, 

Interfaces 28 (1998) 52-74 

[92] M.L. Brandeau, D.K. Owens, C.H. Sox, R.M. Watcher, Screening Women of 

Chidbearing Age for Human Immunodeficiency Virus: A model-Based policy Analysis, 

Management Science, 39 (1993) 72-92 

[93] M.N. Lurie, B.G. Williams, K. Zuma, D. Mkaya-Mwamburi, G.P. Garnett, M.D. Sweat, 

J. Gittelsohn, S.S. Karim, Who infects whom? HIV-1 concordance and discordance among 

migrant and non-migrant couples in South Africa, AIDS. 17(2003) 2245-2252 

[94] H.W. Hethcote, J.W. Van Ark, I.M. Longini, A simulation model of AIDS in San 

Fransico,I.Model formulation and parameter estimation, Mathematical Biosciences, 106 

(1991) 203-222 

[95] H.W.Hethcote,J.W. Van Ark, J.M. Karon, A simulation model of AIDS in San 

Francisco: II. Simulations, therapy and sensitivity analysis, Mathematical Biosciences 106 

(1991) 223-247 

[96] P. Barton, S. Bryan, S. Robinson, A review of the available approaches to modelling in 

the economic evaluation of health care interventions, Journal of Health Services & Research 

Policy, 9 (2004) 110-118 

[97] B.G. Williams, E. Gouws, The epidemiology of human immunodeficiency virus in South 

Africa, Philosophical Transactions of the Royal Society of London - Series B: Biological 

Sciences, 356 (2001) 1077-1086 

[98] D.S. MacDonald, Notes on the socio-economic and cultural factors influencing the 

transmission in Botswana, Social Sciences and Medicine, 42 (1996) 1325-1333 

[99] P. Piot, J.K. Kreiss, J.O. Ndinya-Achola et al ,Heterosexual transmission of HIV, AIDS 1 

(1987) 199-206 

[100] J.N. Wasserheit, Epidemiological synergy and inter-relationships between human 

immunodeficiency virus infection and other sexually transmitted diseases, Sexually 

Transmitted diseases 19 (1992) 61-77 

[101] S.O. Aral,  R. Roegner, Mathematical Modeling as a Tool in STD Prevention and 

Control: A Decade of Progress, a Millennium of Opportunities. Sexually Transmitted 

Diseases, 27 (2001) 556-7 

[102] E. Oster, Sexually transmitted infections, sexual behaviour and the HIV/AIDS 

epidemic, Quaterly Journal of Economics 120 (2005) 467-515 

[103] S. Blower, P. Volberding, what can modelling tell us about the threat of antiviral drug 

resistance, Current Opinion in Infectious Diseases, 15 (2002) 609-614 



                            HIV/AIDS Modeling, a two-angle-retrospective    27 / 27 

[104] J.R. Mann, C.C. Stine, J. Vessey, The role of disease-specific infectivity and number of 

disease exposure on long-term effectiveness of the latex condom, Sexually Transmitted 

Diseases,  29 (2002) 344-349 

[105] B. Auvert, A. Buvé, E. Lagarde, M. Kahindo, J. Chege, N. Rutenberg, R. Musonda, M. 

Laourou, E. Akam, H.A. Weiss, Male circumcision and HIV infection in four cities in sub-

Saharan Africa, AIDS 15 (2001) S31-S40 

[106] N. Siegfried, N. Muller, J. Deeks, J. Volmink, M. Egger, N. Low, S. Walker, P. 

Williamson, HIV and male circumcision-a systematic review with assessment of the quality 

of studies, Lancet Infectious Diseases, 5 (2005) 165-173 

[107] P. Kebaabetswe, S. Lockman, S. Mogwe, R. Mandevu, I. Thior, M. Essex, R.L. 

Shapiro, Male circumcision: an acceptable strategy for HIV prevention in Botswana, Sexually 

Transmitted Infection, 79 (2003) 214-219 

[108] WHO and UNAIDS announce recommendations from expert consultation on male 

circumcision for HIV prevention, 28 March 2007 

http://www.who.int/mediacentre/news/releases/2007/pr10/en/print.html 

[109] C.J. Murray, Quantifying the burden of diease: the technical basis for disability adjusted 

life years, Bulletin of the World Health Organization, 72 (1994) 429-445 

[110] J.A. Fox-Rushby, K. Hanson, Calculating and presenting disability adjusted life years 

(DALYs) in cost-effectiveness analysis, Health Policy and Planning 16 (2001) 326-331 

[111] WHO Guide to Cost-Effectiveness Analysis eds T. Tan-Torres Edejer, R. Baltussen, T. 

Adam, R. Hutubessy, A. Acharya, D. B. Evans, C.J. Murray, WHO 2003 

[112] L. Ferradini, A. Jeannin, L. Pinoges, J. Izopet, D. Odhiambo, L. Mankhambo, G. 

Karungi, E. Szumilin, S. Balandine, G. Fedida, M.P. Carrieri, B. Spire, N. Ford, J.M. Tassie, 

P.J. Guerin, C. Brasher Scaling up of highly active antiretroviral therapy in a rural district of 

Malawi: an effectiveness assessment, Lancet. 367(2006) 1335-1342 

[113] F. Rouet, P. Fassinou, A. Inwoley, M.F. Anaky, A. Kouakoussui, C. Rouzioux, S. 

Blanche, P. Msellati, Long-term survival and immuno-virological response of African HIV-1-

infected children to highly active antiretroviral therapy regimens, AIDS. 20(2006) 2315-2329 

[114] N. Nattrass, South Africa's "rollout" of highly active antiretroviral therapy: a critical 

assessment, Journal of Acquired Immune Deficiency Syndromes, 43(2006) 618-623 

 

 

http://www.who.int/mediacentre/news/releases/2007/pr10/en/print.html

