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Abstract

Objective: To use observed data to develop a mathematical model that estimates the impact of migration on the spread of HIV in South Africa.

Methods: A deterministic mathematical model was designed to evaluate the dynamic interactions between mobility, sexual behaviour, HIV, and sexually transmitted infections. The model was based on a population study of 488 adults, which included male migrants, male non-migrants and their rural partners in KwaZulu/Natal, South Africa.

Results: The model predicted that the impact of migration depends upon the epidemic's stage and the pattern of migration. Early in the epidemic, frequent migration between populations with different HIV prevalence rates accelerated HIV spread; however, local sexual risk behaviour determined the eventual scale of the epidemic. If migration is coupled with increased sexual risk behaviour by migrant men, as has been reported in the South African communities studied, HIV prevalence would increase 10 times among migrants' female partners (1.8 to 19%). In contrast, if migration were to occur infrequently, with migration-associated risk behaviour assumed to be at current levels, the predicted epidemic would be one fifth that currently observed (2.8 versus 15.1%).

Conclusions: Migration primarily influences HIV spread by increasing high-risk sexual behaviour, rather than by connecting areas of low and high risk. Frequent return of migrants is an important risk factor when coupled with increased sexual risk behaviour. Accordingly, intervention programmes in South Africa need to target the sexual behaviour of short-term migrants specifically, even though these individuals may be more difficult to identify.
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Introduction

Throughout the world, migrants are at greater risk for HIV than non-migrants [1–5]. Accordingly, if labour migration poses a significant risk for disease dissemination, the effect may be substantial in South Africa, the country with the greatest number of HIV cases in the world [6,7]. The South African population is highly mobile and includes millions of internal and foreign labour migrants. Such international mobility could, in turn, affect disease spread in neighbouring countries, where a considerable proportion of the adult population (up to 80% in Lesotho, for example) have lived as migrants in South Africa [8].

Although increased HIV rates among migrants would logically place their partners and their home communities at risk, this has not been established. The exact mechanisms leading to increased risk of HIV transmission among migrants, and potentially among their rural partners, have not been fully evaluated. Chief among the hypotheses explaining this increased risk are increased geographic connectedness and increased sexual risk behaviours. Migration increases contact between asynchronous epidemics, which would allow disease to flow from higher into lower prevalence areas. In the context of migration-associated social disruption, rates of change in partner can rise, leading to increased HIV exposure of migrants and subsequently their partners in the home community. The relative influence of each mechanisms is not known. Expanded information about these factors could direct targeted interventions for growing epidemics in mobile societies.

Other factors confound the role of migration by potentially minimizing the risks posed by migration in propagating the HIV epidemic. Some migrant workers do not have frequent contact with their partners, lowering the probability of HIV transmission between some couples. Additionally, the generalized growth of the epidemic in rural areas suggests that transmission within rural areas, rather than exclusive transmission between returning migrants and their partners, is now playing a greater role in the spread of HIV [9]. Pinpointing the role of migration could have important implications for HIV control programs.

Early in the South African epidemic, migration appeared to fuel HIV spread by increasing geographic connectedness between locations with substantial differences in prevalence rates, such as migrant work sites and their rural home areas. In the mid-1990s, migrants in South Africa and Lesotho had levels of HIV infection close to seven times that of their non-migrant peers [10,11], and many early HIV cases were linked directly to migrant workers [12,13]. However, as the epidemic progressed and prevalence rose in rural areas, the distinction between areas of high and low prevalence has blurred, and rural epidemics may be self-sustaining [9].

Rural areas with relatively high HIV prevalence may continue to be influenced by migrants, not only because of migrants' connection to high-prevalence areas but also by migration-induced social disruption and increased high-risk sexual behaviour [14]. Migrants may form more partnerships than they otherwise would have outside their home communities, while those who remain in rural communities, separated from their migrant partners, may also have higher partner change rates [5].

This study explores, through use of a mathematical model, the variable roles geography and sexual behaviour play in shaping the effect of migration on the rural HIV epidemic. The model uses data from a study of migrant and non-migrant men, and their rural partners, in northern KwaZulu/Natal, South Africa [5,9,15]. While previous HIV models have incorporated partnerships formed during migration [16], they have not formally evaluated the role of migration [17]. The model in this paper addresses the cyclical pattern of migration, developed during the apartheid era in South Africa, in which migrants travel back and forth to work sites.

Other models of infectious disease transmission have employed a metapopulation approach, whereby disease transmission between isolated ‘patches’ (here, rural and urban communities) occurs via population movement. The resulting synchronized epidemics demonstrate both new fluctuations in disease incidence, as well as the persistence of diseases otherwise eradicated, as has been seen with measles, whooping cough, and severe acute respiratory syndrome [18–21]. Our model also employed metapopulation techniques to model disease dissemination between patches of asynchronous epidemics; however, in addition, it allowed for the evaluation of factors during distinct epidemic phases. This has proven increasingly important in understanding epidemic modifiers [22–25].
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Methods

Background and data

The model developed here is based on biological and behavioural data collected in a cross-sectional study of migrant and non-migrant men and their rural partners in South Africa [5,9]. Like many parts of Southern Africa, Hlabisa, the rural area, is characterized by high rates of migration, with over 60% of adult men spending most nights away [26]. Study participants were (a) migrant men from Hlabisa in one of two common migration destinations, Carletonville and Richards Bay; (b) their rural partners; and (c) rural couples in which neither partner was a migrant. Participants were tested for HIV and other sexually transmitted infections (STI), and were questioned about their health, sexual behaviour and migration history. This project was approved by the Ethics Committees of Johns Hopkins University School of Hygiene and Public Health and the University of KwaZulu-Natal, South Africa.

The two migration destinations were chosen because they reflected the prevalent patterns of migration. Carletonville is a gold mining town with a population of 300 000, of whom 80 000 are young men living on the mines. Working roughly 700 km from the rural area, migrants in Carletonville return home on average two or three times per year. By contrast, Richards Bay, an industrial town on the Kwazulu/Natal north coast, is much closer to Hlabisa, allowing migrants there to return home more frequently, often at the end of every month.

In the study, migrant men reported having more casual partners and being younger and better educated than non-migrant men. Migrant men were 2.4 times more likely to be HIV infected compared with non-migrant men (25.9% and 12.7%, respectively; P = 0.029) [5]. HIV prevalence among rural migrants in Carletonville was 28.7% compared with 22.4% in Richards Bay. Migrant men in Carletonville – the distant destination – were 3.2 times more likely to be infected than their rural partners (28.7% and 11.1%, respectively), but migrants in Richards Bay were as likely to be infected as their rural partners (22.4% and 25.9%, respectively). Migrant couples were more than twice as likely to be HIV discordant compared with couples without a migrant partner (27% and 15%, respectively), and in one-third of discordant cases, it was the woman, not the migrating man, who was the infected partner [9]. This last result challenges the common assumption about the unidirectionality of HIV spread in the context of migration.
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The model

A deterministic, compartmental model was designed to compare the effects of migration patterns and migration-associated risk behaviour. The model accounted for gender, HIV status and stage, heterogeneity in sexual behaviour, and partner choice. Additionally, the model accounted for infection by herpes simplex virus 2 (HSV-2) and a bacterial STI, both of which facilitate HIV transmission in this setting (see the Appendix; additional information about the mathematical model is available upon request from the corresponding author) [27–30]. The time between infection with an STI and treatment has not been adequately quantified, but in this community treatment is often delayed for a month or more [27,31,32]. Stage of HIV infection did not affect partner change rates in this model and age was not incorporated into the model.

The model depicted circular migration between Hlabisa and the two frequent migration destinations, Richards Bay and Carletonville. Men were divided into three non-overlapping groups: non-migrants, long-distance migrants and short-distance migrants. The model further allowed for the presence or absence of risk behaviour associated with migration. Such increased risk behaviour – or partner change – was derived from reported rates [5]. For example, long-distance migrant men were more than four times as likely to have had a casual partner in the last year than non-migrant men (29.4% and 7.2%, respectively). Women almost uniformly reported only one regular and no casual partner in the Hlabisa study. Mixing between activity levels was based on previous work in other populations and assumptions regarding core groups [33–36]. Mixing between persons of different HIV states was assumed to be random.

Migration patterns were based on reported data from the Hlabisa study. Changes in migration frequency associated with the post-apartheid era were also recreated. A frequency of one return trip each year, the norm during apartheid, was compared with increasing migration rates to current levels. In addition, dissolution of steady, regular partnerships was assumed to occur approximately once a decade. The model assumed that migrants did not return simultaneously but staggered their trips throughout the year. These choices of parameters all led to a closer fit of the model to HIV prevalence data.
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Results

With data from the Hlabisa Migration Project, it was possible to generate prevalence rates close to those observed in Hlabisa in 2000, as shown in Fig. 1. Within Hlabisa, the actual overall prevalence rates in 2000 were closely matched by the modelled rates for 20 years into the epidemic [5]. The observed prevalence of HIV among long-distance male migrants in 2000 was 28.7%, while the modelled prevalence was 29.9%. The observed prevalence of male short-distance migrants was 22.4% and the modelled prevalence was 22.2%. The result for non-migrants was lower than expected: 9.6% instead of the actual 12.6%.

[image: Fig. 1]Fig. 1. Comparison of modelled and observed HIV prevalence rates. The horizontal bar represents observed HIV prevalence for each population, while vertical bars represent modelled HIV prevalence rates for years 10, 20 and epidemic peaks in four populations. Throughout the populations, there was correspondence between the actual year 2000 and the modelled year 20 of the epidemic.



The spread of HIV in these populations was modelled in the absence or presence of migration and migration-associated sexual risk behaviour. Results are shown for long-distance migrants, local women, and non-migrant men with parameters based on reported data (Fig. 2). The modelled epidemic spread more slowly in the absence of migration. Without migration and without increases in risk behaviour associated with migration, peak HIV prevalence rates were < 5% for all groups. Peak prevalence occurred later in the absence of migration-associated behaviour change, occurring by year 25 in populations with migration and behaviour change and by years 40–50 in the home populations in the absence of migration-associated behaviour change.

[image: Fig. 2]Fig. 2. HIV prevalence among long-distance migrants (a), rural women (b) and rural non-migrant men (c). (a) Assuming all other factors are held constant, prevalence among long-distance migrant men increased with migration and when migration was associated with increased sexual risk behaviour. (b) Assuming all other factors are held constant, prevalence among rural women rose substantially in the presence of migration only if their communitys migration was associated with riskier behaviour. Prevalence initially rose with the addition of migration, but final prevalence was equal with and without migration if no behaviour change occurred. (c) Assuming all other factors are held constant, prevalence among non-migrant men rose in the long term only if their communitys migration was associated with riskier behaviour. Prevalence initially rose with the addition of migration, but final prevalence was equal with and without migration if no behaviour change occurred.



With migration added to the model, long-distance migrant men were at greatest risk as a result of their exposure to high HIV prevalence at the worksite (Fig. 2a). Their risk increased with migration alone (increasing from 5% to 12%), and was further compounded by migration-associated risk behaviour (up to a peak of 32.5% among long-distance migrants).

Among non-migrants, the epidemic initially grew more rapidly in the presence of migrants, but the migrants' increased risk did not elevate the long-term risk of their home communities if migration-associated risk behaviour was absent (Fig. 2b,c). In a mature epidemic without migration-associated risk behaviour, non-migrants had equal prevalence rates regardless of whether migrants were present in their community (Fig. 2b,c).

Long-term prevalence rates were elevated among non-migrant men and women only if migration was associated with increases in partner change rates, as observed in the data. Among long-distance migrants (Fig. 2a), the modelled HIV seroprevalence increased from 13% to 33% when known migration-associated sexual risk behaviour was included in the analysis. Likewise, among females in Hlabisa (Fig. 2b), long-term prevalence rates increased from 1.8% to 19% when migration-associated sexual risk behaviour among men was included. An increase from 3.7% to 6.4% was also seen among non-migrant men in Hlabisa in association with migration-associated sexual risk behaviour (Fig. 2c), despite a lack of change in either their own or their partners' sexual behaviours.

Frequency of migration affected HIV prevalence rates in the presence of migration-associated sexual behaviour change. If migration occurred infrequently and migration-associated sexual risk behaviour was assumed to be at current levels, the predicted epidemic would be one fifth that currently observed (2.8% compared with 15.1%; Fig. 3). Increasing migration frequency to current rates resulted in rapid epidemic growth to levels that would be equal to those which would have been seen if migration had always occurred at current rates.

[image: Fig. 3]Fig. 3. HIV prevalence changes in rural women with changes in migration frequency. Restricted migration (infrequent trips) led to lower HIV prevalence among local women. Increases in migration frequency led to higher prevalence among rural women, overwhelming the initial protective effects of restricted migration. Migration is assumed to be associated with known increases in risk behaviour.
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Discussion

Migration may impact HIV progression by linking geographically separate epidemics and by altering sexual behaviour. In our metapopulation model, increased geographic connectivity influenced HIV prevalence rates early in the epidemic, but this influence was outweighed by changes in sexual behaviour, which more strongly affected prevalence rates as the epidemic progressed.

The modelled rural epidemic grew substantially larger when high-risk behaviour among migrants was coupled with frequent return. In the past, South African couples separated by migration had little contact, and migrants would pass through the high-risk primary HIV phase and transient STI infections without transmitting the infection to their home partner. Since the early 1990s, however, migrants have been able to return home more frequently because of the ending of apartheid-era travel restrictions, increased flexibility of work contracts and the improvement of transportation between rural and urban areas. In the 1980s and before, migrants to Carletonville would return to their rural homes only at the end of the year [26]. More frequent trips have helped to maintain high rate of STI and HIV because of continual contact between partners; yet this frequent contact failed to prevent the acquisition of casual partners while migrants are away.

The model also suggests that historical differences in migration patterns do not reduce long-term prevalence rates. As migrants return more frequently, incidence rapidly rises, overriding the protective effect of previous infrequent migration patterns. Hence, increases in home visits by migrants may have influenced the accelerated growth of the epidemic over the last 10 years. HIV prevention programmes need to address the increased risk behaviour seen among migrants, particularly frequent returners and short-term migrants, who have been shown to be at greater risk elsewhere in Africa [2,37,38].

Additional mechanisms of migration-influenced HIV transmission can be explored in future models. Women experience a rapid rise in HIV prevalence at younger ages, particularly in the long-distance migrant population studied here, with prevalence rates rising from 22.5% among sexually active 17–18 year olds to 64.7% among 22–24 year olds [28]. Partnerships with significant age differences have been tied to increased transmission of HIV, with transmission from older men, where there is a high prevalence, to younger women [39]. Migration may play a role in accelerating this effect, particularly given the high prevalence rates seen at the distant worksite. In addition, models could formally explore the parameterization of other mixing patterns – including factors such as sexual activity level and HIV status – as the model made assumptions based on other populations, though partner formation by high-risk individuals (such as those with primary HIV) may have an important impact [33–36].

Overall, the model indicates that if migration induces behaviour change then it will have a substantial influence on HIV prevalence. The role that migration has played in propagating the HIV epidemic has probably evolved over the course of the epidemic in South Africa. This model suggests that early in the epidemic, migration geographically linked discordant populations, thereby increasing HIV prevalence. However, in a more mature epidemic, such as that which South Africa currently faces, migration primarily increases HIV prevalence by increasing high-risk sexual behaviour. This high-risk behaviour can consequently affect the entire rural community. In this later stage of the epidemic, frequent return of migrants, without substantial reduction in risky sexual behaviour, only exacerbates the risk of HIV transmission. Programmes implemented solely to improve travel flexibility of migrants between their home community and worksite will not be sufficient to stem the effects of migration on the HIV epidemic. Measures need also to be taken to reduce the high-risk sexual behaviour associated with migration.
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  Appendix

  The model population is stratified according to the following parameters: sex, subscript k; sexual activity level, subscript i; location and migration category, subscript q; infection status with bacterial STI, superscript s; viral STI, superscript v; stage of HIV infection, superscript h:

  
  

  [image: Equation (Uncited)]Equation (Uncited)

  

  Changes in the variables are defined by ordinary differential equations determining the births and deaths and flows between infection states and geographic areas (available on request from the corresponding author). The force of infection for STI is given by

  
  

  [image: Equation (Uncited)]Equation (Uncited)

  

  The force of infection for viral STI is given by

  
  

  [image: Equation (Uncited)]Equation (Uncited)

  

  and for HIV is given by

  
  

  [image: Equation (Uncited)]Equation (Uncited)

  

  Methods of determining patterns of mixing and the balance of sexual partnership between groups are also available on request. Staggered migration occurring en–masse annually and weekly:

  
  

  [image: Equation (Uncited)]Equation (Uncited)

  

  The parameters values for modelling are given in Table A.

  [image: Table A. Parameter v...]Table A. Parameter values for modelling.

  

  
  

  [image: Equation (Uncited)]Equation (Uncited)
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Parameter Definition Value
Or.s Percentage of infections in each symptomatic Male asymptomatic, 80%; female asymptomatic, 98%
category for gender k [40,41]
Vi Rate of progression between HIV stages [42,43] Duration of stages (1/year): primary, 180 days; incubating,
7.5 years; late: 1 year; AIDS, 9.3 months
ok Rate of recovery from bacterial STI [41] Male symptomatic, 1 month; female symptomatic, 2 months;
male or female asymptomatic, 1 year
B Transmission factor for bacterial STI per 0.8 male to female; 0.6 female to male
partnership [44,45]
B> Transmission factor for HSV-2 from person of Per act transmission: 0.07 male to female; 0.01 female to male
activity level j and gender k' to person of
activity level i and gender k [46-48]
ﬁk,,'”v Transmission factor for HIV-1 from person of Baseline, 0.0019 per act transmission; primary/late, 0.0051
activity level j and gender k' to person of
activity level j and gender k [49]
Micij Enhancement of HSV transmission by activity Enhancement by 4 and 10 for semi-monogamous and monogamous
level of partners (representing sex acts per partnerships, respectively
partnership)
nasty Enhancement of HIV transmission (susceptibility, Increase in susceptibility by bacterial STI (4), by HSV-2 (3); increase
ki transmissibility) by STI infection [50-52] in transmissibility by bacterial STI or HSV-2 (2); increase in
transmission according to sex acts per partnership (2.5 and 10 for
semi-monogamous and monogamous partnerships, respectively)
Cii Rate of partner change for person of gender k in Values derived from population study [5]
activity level i
Pri Proportion in each activity level i for gender k Values derived from population study [5]
g Migration proportion [5] Proportion of migrants returning home at the end of any given week:
to Carletonville, 4times/year; within KwaZulu/Natal, 12 times/year
dy Duration of migrants’ return home trip [5] From Carletonville, 5 days; from KwaZulu/Natal, 4 days
hiq Percentage of migrants returning home in unison 85% for Carletonville and KwaZulu/Natal

on annual holiday

HSV, herpes simplex virus.
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