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Abstract

Objective

Randomized clinical trials of HIV prevention in high-risk populations of women often assume
that all participants have similar exposure to HIV. However, a substantial fraction of women
enrolled in the trial may have no or low exposure to HIV. Our objective was to estimate the
proportion of women exposed to HIV throughout a hypothetical high-risk study population.

Methods

A stochastic individual-based model was developed to simulate the sexual behavior and
the risk of HIV acquisition for a cohort of sexually active HIV-uninfected women in high HIV
prevalence settings. Key behavior and epidemic assumptions in the model were based on
published studies on HIV transmission in South Africa. The prevalence of exposure, defined
as the proportion of women who have sex with HIV-infected partner, and HIV incidence
were evaluated.

Results

Our model projects that in communities with HIV incidence rate of 1 per 100 person years,
only 5-6% of women are exposed to HIV annually while in communities with an HIV inci-
dence of 5 per 100 person years 20-25% of women are exposed to HIV. Approximately
70% of the new infections are acquired from partners with asymptomatic HIV.

Conclusions

Mathematical models suggest that a high proportion of women enrolled in HIV prevention
trials may be unexposed to HIV even when incidence rates are high. The relationship be-
tween HIV exposure and other risk factors should be carefully analyzed when future clinical
trials are planned.
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Introduction

The usual statistical design and analysis approaches for clinical trials of HIV prevention in
high-risk populations of women assume that all women enrolled in the trial have similar expo-
sure to HIV. Heterogeneity in magnitude and frequency of exposure can lead to biased esti-
mates of effectiveness and reduced power (for a general discussion see [1] and for specific
examples in HIV prevention see [2]). This is especially acute when high proportions of partici-
pants are unexposed to HIV and therefore not at risk for the study endpoint, HIV infection.
When male partners are not monitored in these trials, there are no available measures of partic-
ipants’ exposure to HIV.

Lingappa et al reported HIV results in participants screened for a study recruiting HIV dis-
cordant couples that used recruitment strategies similar to trials that enroll HIV-uninfected
women [3]. Across 12 sites in Kenya, Uganda, Tanzania, South Africa, Zambia and Botswana
where HIV screening results were available for the male partners, only 14% of the women who
would be eligible for a high-risk population prevention trial (HIV seronegative) had partners
who were HIV seropositive.

Given the paucity of data about HIV exposure of women enrolled in clinical trials, we de-
signed a modeling study to simulate the sexual behavior and risk of HIV acquisition for a co-
hort of uninfected women. Our objective was to estimate the proportion of potential clinical
trial participants exposed to HIV and the incidence of HIV for given population risk
characteristics, such as male HIV prevalence, sexual behavior and concurrency of
partnerships.

Methods

We used stochastic individual-based models to simulate HIV risk for a cohort of 2000 sexually
active HIV-uninfected women in a high HIV prevalence setting. The sexual experience of each
woman, including partnership formation and dissolution and frequency and type of sex acts,
was simulated over a 12-month period in discrete time (units = days). Each day, a woman may
acquire new partners, have sex (protected or unprotected) with one or more of her active part-
ners, or terminate an active relationship. The male partners’ characteristics, baseline HIV status
and risk of HIV acquisition were simulated according to data-derived parameters. Published
research on sexual behavior patterns and published studies on HIV transmission in South Af-
rica [4, 5] informed behavior and epidemic assumptions in the model. The impact of the pa-
rameter values on the projected proportion of infected and exposed women was explored in
multivariate sensitivity analysis.

Sexual Behavior

Each woman may be involved in two types of sexual partnerships: i) short-term partnerships
with an average duration of 6 months and characterized by higher rates of protected sex; ii)
long-term partnerships with an average duration of 10 years and a low rate of protected sex.
All new partnerships start as short-term, converting into long-term after 9 months. Following
the population structure described by Johnson et al.[4], we divide the women into low-risk
and high-risk groups that define their simulated sexual activity. The high-risk women may
have up to two concurrent partnerships, one of which may be long-term; while low-risk
women are serially monogamous. This simplifying assumption allows us to reproduce the
partnership distribution representative for South Africa [4, 6] where the majority of women
are in stable partnerships while fewer are involved in multiple partnerships with shorter
duration.
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Partnership formation and dissolution

Two distinct scenarios of partnership formations were simulated assuming different mixing
patterns between risk groups. The main scenario assumed assortative mixing with partnerships
formed more often between individuals from the same risk groups. In other words, women are
more likely to partner with men who have similar risk (high or low). The degree of assortativity
(the propensity to choose a partner with similar risk) is representative for the sexual mixing
patterns in South Africa [4]. In the second scenario (proportional mixing) no preferential pair-
ing of partners from the same risk groups was assumed, i.e., all women have equal chance to es-
tablish partnerships with high-risk men.

Both scenarios shared sexual behavior assumptions based on data from high HIV preva-
lence communities [4, 6-8]. New partnerships begin at a fixed rate that is almost halved when
women are in active short-term partnerships and reduced 7-fold if in long-term partnerships.
The minimal duration of each partnership was fixed at 30 days. The long- (short-) term part-
nerships dissolve at 5% (80%) average rate annually but the dissolution rate is elevated if anoth-
er partnership is active at the time. A low-risk woman has 2 months on average between the
end of one and the beginning of a new relationship compared to 1 month for high-risk women.
Values of behavioral parameters are specified in Table 1.

Sexual activity within a partnership

The average frequency of sexual acts in a partnership remained constant for the duration of the
relationship with coital frequency among married (long-term) couples assumed to be six times
per month compared to four times per month for unmarried (short-term) couples. In the 20%
of partnerships in which anal intercourse is practiced, an average of 40% of intercourse was as-
sumed to be anal based on data from Kalichman et al. 2009 [5]. The proportion of sex acts pro-
tected by condom was assumed to be significantly higher in short-term partnerships (40%)
compared to long-term partnerships (15%).

HIV transmission

All women are initially HIV-negative. The HIV status of their partners is randomly

assigned based on assumed HIV prevalence in different risk groups (high and low) of the male
population. The HIV acquisition risk per vaginal intercourse was differentiated by the
partner’s stage of infection with asymptomatic stage risk fixed at 0.24% (0.65%) for a long-
term (short-term) partnership while the multipliers which represent the elevated HIV risk
during acute and late stages were taken from published meta-analyses [9]. Anal intercourse
was assumed to be 10 times riskier than vaginal intercourse with respect to HIV transmission
[10]. The protective efficacy of male condoms against HIV was fixed at 90%. Details on

the way HIV risk per sex act is evaluated are included in the Supporting Information (see

S1 File).

Population Characteristics

The number of short- and long-term partnerships for each woman at the start of the simulation
is assigned randomly based on demographic data representative of South Africa [4, 6] resulting
in 11% of low-risk individuals not currently having a partner and the vast majority of the rest
(~60%) having a single long-term partner (see Table A in S1 File). In contrast, high-risk indi-
viduals are less likely to have no partners (8%) or have a long-term partner (20%) but more
likely to report concurrent partnerships (18%). Behavioral characteristics of the cohort at the
end of the simulated period are presented in Table 2.
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Table 1. Parameters values used in the main analysis.

Parameter Description

A. Epidemic parameters

Female HIV acquisition risk per unprotected vaginal act with short-term
partner in asymptomatic HIV stage

Female HIV acquisition risk per unprotected vaginal act with long-term
partner in asymptomatic HIV stage

Condom efficacy against HIV per sex act

Relative risk per sex act with partner in acute HIV compared to
asymptomatic HIV stage

Relative risk per sex act with partner in late HIV compared to
asymptomatic HIV stage

Duration of acute HIV stagei
Duration of asymptomatic HIV stage
Duration of late HIV stage
Relative risk per receptive anal compared to vaginal intercourse
HIV-prevalence among male partners
HIV-incidence among male partners
B. Behavioral parameters
Average number of sexual acts per year for women in the cohort
Rate of condom use in long-term partnerships
Rate of condom use in short-term partnerships
Proportion of partnerships in which anal sex is practiced

Probability for a sex acts with a partner who practice anal sex to include
anal intercourse

Minimal duration of a partnership
Time to convert from short- to long-term partnership

Proportion of women who are likely to have concurent partnerships (high
risk group)

Proportion of men who are likely to have concurent partnerships (high risk
group)
Degree of assortative mixing between risk groups

Daily probability to acquire a partner if not in a partnership for high- (low-)
risk women

Relative partner acquisition rate for high-risk women who already have a
short- (long-) term partner

Daily probability to break an active short- (long-) term partnership if not in
concurrent partnerships

Daily probability to break an active short- (long-) term partnership when in
concurrent partnerships

Monthly frequency of sex acts in short- (long-) term partnerships

doi:10.1371/journal.pone.0115528.t001

Population Outcomes of Interest

Values and
ranges

0.0065
0.0024

90%
9.2

7.3

120 days
8 years

1 year
10
2-18%
0.2-2%

68-72
15%
40%
20%
40%

30 days
270 days
25%

35%

0.56
0.033 (0.017)

0.54 (0.17)

0.0024
(0.00014)

0.0096
(0.00028)

4 (6)

Reference

(4]
(4]

(18]
9]

9]

[16]
[16]
[16]
[10]
Explored
Explored

Calculated
[4]

[4]

[14]

(]

Assumed
Assumed

(4]
(4]

[4]
(4]

[4]
Assumed

Assumed

(4]

We focused on two key population outcomes: the prevalence of exposure (PoE) which repre-
sents the proportion of women in the cohort who had at least one sexual contact with an in-

fected partner (protected or unprotected) and HIV incidence during the simulated period.

Diagram associated with HIV exposure and HIV acquisition is included in the Supporting In-

formation (see S1 File).
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Table 2. Characteristics of the simulated female cohort based on the last month of sexual activity.

Characteristics Entire cohort High-risk group Low-risk group
Average number of sex acts per month 6.1 7.7 5.6

Average number of unprotected sex acts per month 4.9 5.7 4.6

Cobhort distribution by number of partners:

0 partners 1.8% 0.5% 2.2%

1 partner 82.7% 38.3% 97.6%

2+ partners 15.6% 61.2% 0.2%

Women who had anal sex last month 19.7% 25.6% 17.7%

doi:10.1371/journal.pone.0115528.t002

Results

We estimate (Fig. 1) the PoE and incidence of HIV infection over a 12 month period given the
assumptions in Table 1. Only scenarios with assortative mixing between risk groups are pre-
sented in the main text while the proportional mixing scenarios are explored in the Supporting
Information. Fig. 1A-1B illustrate the impact of model assumptions on the outcomes of inter-
est. Only 3% of the women are projected to have sexual contact with an HIV-positive partner
over 1 year, i.e., POE = 3%, if the HIV prevalence among male population is 2% (Fig. 1A). PoE
increases to 16.5% and 26% when the background prevalence is 10% and 17% respectively. HIV
incidence among women varies from 0.5% to 5.9% as HIV prevalence among men varies from
2% to 17% (Fig. 1B). Both PoE and incidence (over 45% and 9%, respectively) are substantially
higher among women who are likely to have more than one partner at a time (high-risk group).
Fig. 1C shows that approximately 70% of the new infections are acquired from partners with
asymptomatic HIV. The remaining 30% are almost equally split between contacts. The contri-
bution of each HIV stage is unaffected by the assumed background HIV prevalence.

Fig. 1D plots PoE against incidence in the first year. Our model projects that 5-6% of the
women are exposed to HIV annually in communities with 1% incidence rate compared to
20-25% exposed if the incidence rate is around 5%.

The scenarios with proportional mixing between risk groups project the same overall ex-
posed and infected female fractions but lower PoE (by 3-4%) and incidence (by 1%) among
the high-risk group (see Fig B in S1 File).

To examine the robustness of the model to the behavioral and epidemic assumptions, we
conducted a sensitivity analysis (detailed in the Supporting Information) using parameter
ranges described in Table B in S1 File. Results were largely similar across the range of assump-
tions, and demonstrated that the PoE could actually be as low as 10% but never higher than
30% when the incidence rate is 5 per 100 person-years. (see Fig. C in S1 File)

Discussion

HIV prevention effectiveness trials in women are not restricted to participants in serodiscor-
dant partnerships. Instead, women who are sexually active are targeted for recruitment under
the assumption that these women will be at risk for HIV. In this modeling study we demon-
strated that high incidence rates, consistent with rates in current clinical trials, may be observed
even when less that 30% of the women had sex with an HIV-infected man.

Advantages

The individual-based modeling approach allowed for integrating different patterns of sexual
behavior observed in specific population with high HIV prevalence. The incidence rates
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Figure 1. Results from each of the simulations conducted under the assumptions in Table 1 are plotted, illustrating A) prevalence of exposure
(PoE) and B) HIV incidence among 2000 originally uninfected women (blue), high-risk group (red) and low-risk group (black) over 1-year period for
different values of HIV prevalence among male partners in 10 simulations (dots) per male prevalence level and averaged (thick lines);

C) Distribution of female HIV acquisitions over 1-year period by the stage of HIV infection of the transmitting male partner; D) Scatter plot of the
infected vs. exposed fractions over 1-year period. All simulations assume assortative mixing between different risk groups when partnerships are formed,
i.e. high risk women have greater chance to partner with high risk men and similarly low-risk women partner more often with low-risk men.

doi:10.1371/journal.pone.0115528.9001

estimated here are consistent with those observed in recent clinical trials [11-14]. The results
of these analyses depend on behavioral and epidemic assumptions employed in the model; our
sensitivity analyses demonstrated similar results across the range of parameters, consistently
showing a substantial majority of the cohort were not exposed to HIV even in high incidence

settings.

Implications/Recommendations

The implications of enrolling large proportions of HIV-unexposed participants into clinical tri-
als include loss of power and bias when estimating the intervention effect (e.g. hazard ratio of
HIV-infection). These bias effects are exacerbated in secondary analyses where HIV exposure
may be related to another exposure of interest with unbalanced HIV exposure between the
comparison groups. As an example, in a secondary analysis comparing injectable to oral con-
traception methods, if women who have a known HIV-infected partner are more likely to
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choose injectable contraception, statistical analyses will indicate an association between in-
jectable contraception use and HIV risk, even when there is no biological connection. Without
some reliable measure of known HIV exposure, these analyses become impossible to interpret.

Conclusion

We have demonstrated that a high proportion of women enrolled in HIV prevention trials
may be unexposed to HIV even when incidence rates are high. Results from these trials, espe-
cially secondary, must be interpreted with the recognition that not all women are exposed to
HIV and that it may be impossible to untangle the relationship between HIV exposure and an-
other risk factor of interest.

Supporting Information

S1 File. Supporting Information.
(DOCX)

Acknowledgments

We thank Jared Baeten for useful comments on the early drafts of the paper.

Author Contributions

Conceived and designed the experiments: D. Dimitrov D. Donnell ERB. Performed the experi-
ments: D. Dimitrov. Analyzed the data: D. Dimitrov D. Donnell ERB. Contributed reagents/
materials/analysis tools: D. Dimitrov D. Donnell ERB. Wrote the paper: D. Dimitrov D. Don-
nell ERB.

References

1. Aalen OO (1988) Heterogeneity in survival analysis. Stat Med 7: 1121-1137. doi: 10.1002/sim.
4780071105 PMID: 3201038

2. AuvertB, Sitta R, Zarca K, Mahiane SG, Pretorius C, et al. (2011) The effect of heterogeneity on HIV
prevention trials. Clin Trials 8: 144—154. doi: 10.1177/1740774511398923 PMID: 21478327

3. Lingappa JR, Lambdin B, Bukusi EA, Ngure K, Kavuma L, et al. (2008) Regional differences in preva-
lence of HIV-1 discordance in Africa and enrollment of HIV-1 discordant couples into an HIV-1 preven-
tion trial. PLoS One 3: e1411. doi: 10.1371/journal.pone.0001411 PMID: 18183292

4. Johnson L, Dorrington R, Bradshaw D, Pillay-Van Wyk V, Rehle T (2009) Sexual behaviour patterns in
South Africa and their association with the spread of HIV: insights from a mathematical model. Demo-
graphic Research 21: 289-340. doi: 10.4054/DemRes.2009.21.11

5. Kalichman SC, Simbayi LC, Cain D, Jooste S (2009) Heterosexual anal intercourse among community
and clinical settings in Cape Town, South Africa. Sexually Transmitted Infections 85: 411-415. doi: 10.
1136/sti.2008.035287 PMID: 19429569

6. Shisana O, Rehle T, Simbayi LC, Zuma K, Jooste S, et al. (2009) South African national HIV prevalence,
incidence, behaviour and communication survey, 2008: a turning tide among teenagers? - HSRC
Press. 120 p.

7. Dunkle KL, Jewkes RK, Brown HC, Gray GE, Mcintryre JA, et al. (2004) Transactional sex among
women in Soweto, South Africa: prevalence, risk factors and association with HIV infection. Social Sci-
ence & Medicine 59: 1581-1592. doi: 10.1016/j.socscimed.2004.02.003

8. Jewkes R, Vundule C, Maforah F, Jordaan E (2001) Relationship dynamics and teenage pregnancy in
South Africa. Social Science & Medicine 52: 733-744. doi: 10.1016/S0277-9536(00)00177-5

9. Boily MC, Baggaley RF, Wang L, Masse B, White RG, et al. (2009) Heterosexual risk of HIV-1 infection
per sexual act: systematic review and meta-analysis of observational studies. Lancet Infectious Dis-
eases 9:118-129. doi: 10.1016/S1473-3099(09)70021-0

PLOS ONE | DOI:10.1371/journal.pone.0115528 January 8, 2015 7/8


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115528.s001
http://dx.doi.org/10.1002/sim.4780071105
http://dx.doi.org/10.1002/sim.4780071105
http://www.ncbi.nlm.nih.gov/pubmed/3201038
http://dx.doi.org/10.1177/1740774511398923
http://www.ncbi.nlm.nih.gov/pubmed/21478327
http://dx.doi.org/10.1371/journal.pone.0001411
http://www.ncbi.nlm.nih.gov/pubmed/18183292
http://dx.doi.org/10.4054/DemRes.2009.21.11
http://dx.doi.org/10.1136/sti.2008.035287
http://dx.doi.org/10.1136/sti.2008.035287
http://www.ncbi.nlm.nih.gov/pubmed/19429569
http://dx.doi.org/10.1016/j.socscimed.2004.02.003
http://dx.doi.org/10.1016/S0277-9536(00)00177-5
http://dx.doi.org/10.1016/S1473-3099(09)70021-0

@' PLOS ‘ ONE

Exposure to HIV in High-Prevalence Settings

10.

11.

12

13.

14.

15.

16.

Baggaley RF, White RG, Boily MC (2010) HIV transmission risk through anal intercourse: systematic
review, meta-analysis and implications for HIV prevention. International Journal of Epidemiology 39:
1048-1063. doi: 10.1093/ije/dyq057 PMID: 20406794

Abdool Karim Q, Abdool Karim SS, Frohlich JA, Grobler AC, Baxter C, et al. (2010) Effectiveness and
safety of tenofovir gel, an antiretroviral microbicide, for the prevention of HIV infection in women. Sci-
ence 329(5996): 1168—1174. doi: 10.1126/science.1193748 PMID: 20643915

Centers of Disease Control and Prevention (2011) CDC Trial and Another Major Study Find PrEP Can
Reduce Risk of HIV Infection among Heterosexuals. Available: http://www.cdc.gov/nchhstp/newsroom/
PrEPHeterosexuals.html.

FHI (2011) FHI Statement on the FEM-PrEP HIV Prevention Study. FHI360, http://fhi.org/en/AboutFHI/
Media/Releases/FEM-PrEP_statement041811.htm.

Jeanne Marrazzo GR, Nair G, Palanee T, Mkhize B, Nakabiito C, Taljaard M, Piper J, Gomez Feliciano
K, Chirenje M, and VOICE Study Team (2013) Pre-exposure Prophylaxis for HIV in Women: Daily Oral
Tenofovir, Oral Tenofovir/Emtricitabine, or Vaginal Tenofovir Gel in the VOICE Study (MTN 003). Con-
ference on Retroviruses and Opportunistic Infections. Atlanta, GA.

Foss AM, Hossain M, Vickerman PT, Watts CH (2007) A systematic review of published evidence on in-
tervention impact on condom use in sub-Saharan Africa and Asia. Sexually Transmitted Infections 83:
510-516. doi: 10.1136/sti.2007.027144 PMID: 17932124

Hollingsworth TD, Anderson RM, Fraser C (2008) HIV-1 transmission, by stage of infection. Journal of
Infectious Diseases 198: 687—693. doi: 10.1086/590501 PMID: 18662132

PLOS ONE | DOI:10.1371/journal.pone.0115528 January 8, 2015 8/8


http://dx.doi.org/10.1093/ije/dyq057
http://www.ncbi.nlm.nih.gov/pubmed/20406794
http://dx.doi.org/10.1126/science.1193748
http://www.ncbi.nlm.nih.gov/pubmed/20643915
http://www.cdc.gov/nchhstp/newsroom/PrEPHeterosexuals.html
http://www.cdc.gov/nchhstp/newsroom/PrEPHeterosexuals.html
http://fhi.org/en/AboutFHI/Media/Releases/FEM-PrEP_statement041811.htm
http://fhi.org/en/AboutFHI/Media/Releases/FEM-PrEP_statement041811.htm
http://dx.doi.org/10.1136/sti.2007.027144
http://www.ncbi.nlm.nih.gov/pubmed/17932124
http://dx.doi.org/10.1086/590501
http://www.ncbi.nlm.nih.gov/pubmed/18662132

