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Abstract

 Background—Randomized controlled trials (RCT) suggest that the efficacy of tenofovir-

based pre-exposure prophylaxis (PrEP) strongly depends on consistency of PrEP use. We explore 

how patterns of pill-taking and waning of PrEP protection may affect PrEP efficacy for HIV 

prevention.

 Methods—A two-arm RCT was simulated by mathematical models assuming that prescribed 

daily doses were skipped periodically, randomly or in large blocks. Risk-driven adherence, in 

which PrEP was taken when sex was expected, was also investigated. Three temporal PrEP 

protection profiles were explored: long (5 days), intermediate (3 days) and short (24 hours). 

Modeling results were compared to the efficacy observed in completed RCTs.

 Results—Expected PrEP efficacy was 60% with periodic, 50% with random and 34% with 

block adherence when PrEP had a long protection profile and pills were taken only 50% of the 

days. Risk-driven pill-taking resulted in 29% and 37% daily pills taken and efficacy of 43% and 

51% for long protection. High PrEP efficacy comparable with that observed in Partners PrEP and 

CDC Botswana trials was simulated under long protection, high overall adherence and limited 

block pill-taking; the moderate efficacy observed in iPrEx and Bangkok trials was comparable 

with the 50% adherence scenarios under random pill-taking and long protection.

 Conclusions—Pill-taking patterns may have a substantial impact on the protection provided 

by PrEP even when the same numbers of pills are taken. When PrEP retains protection for longer 

than a day, pill-taking patterns can explain a broad range of efficacies observed in PrEP RCTs.
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 Introduction

Randomized controlled trials (RCT) have demonstrated that tenofovir-based pre-exposure 

prophylaxis (PrEP) significantly reduces risk of HIV acquisition. [1–7] Case-control 

analyses using biological evidence of tenofovir showed that in order for PrEP to be 

protective it is critically important it is taken consistently. A key conclusion of these studies 

is that the success of PrEP at a population level will strongly depend on high individual 

adherence.

Adherence to (or compliance with) a medication regimen is generally defined as the extent 

to which patients take medications as prescribed by their health care providers. One way to 

quantify adherence is to estimate the proportion of prescribed doses taken in a specific time 

period. Self-reported data collected in the concluded clinical trials indicates that overall 

adherence to PrEP was high. However, measures of drug detected in biological specimens 

showed much lower adherence than self-reported, likely contributing to the failure of two 

clinical trials to demonstrate PrEP efficacy. [8, 9] A subgroup analysis of data from studies 

among men who have sex with men (MSM) estimated PrEP efficacy at 73% when PrEP is 

taken on at least 90% of the days.[1] The same team projected that PrEP protection is 96% if 

taken every other day (50% adherence) and 76% if taken only 2 days per week. A study 

among serodiscordant couples reported that detectable drug was associated with 86% – 90% 

reduction in relative risk of acquiring HIV. [3]

A review of the prevalence of partial adherence or non-adherence to prescribed medications 

showed that suboptimal adherence that reduces the effectiveness of biomedical interventions 

can take different forms including delayed initiation, frequently missed doses, multi-week 

holidays and early discontinuation. [10] Given that the same number of doses may be 

distributed differently, we use mathematical models to explore the potential impact of 

different patterns of adherence on the efficacy of PrEP observed in clinical trials. We 

investigate pill-taking patterns in which PrEP doses are skipped randomly, periodically and 

in blocks under a range of assumptions of residual PrEP protection following dosing. We 

also simulate risk-driven pill-taking patterns in which PrEP is significantly more likely to be 

taken on days when sexual activity is expected. Our analysis provides plausible explanation 

for the discrepancies in the PrEP efficacy reported in concluded RCTs.

 Methods

We used stochastic individual-based models to simulate clinical trials of daily oral PrEP. The 

models were designed to reproduce the sexual behavior of a cohort of sexually active HIV-

uninfected women in high HIV prevalence settings and study their exposure to HIV through 

heterosexual contacts. [11] We assumed the cohort was enrolled over a 1 year period and 

randomized in a 1:1 ratio to active or placebo arms. We simulated an event-driven trial, i.e., 
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the trial concluded when a specific number of infections had occurred. The sexual behavior 

of each woman, including partnership formation and dissolution as well as frequency and 

type of sex acts, was simulated for the duration of the trial 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 partners, 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 studies on HIV 

transmission in South Africa informed behavioral and epidemiological assumptions in the 

model. [12–14]

 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 in Johnson et al. [13], we divided 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 [13, 14] where the majority of 

women are in stable partnerships and only a minority of women are involved in multiple 

partnerships with shorter duration.

Assortative mixing is assumed in partnership formation with partnerships initiated 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 of the sexual mixing 

patterns in South Africa. [13] New partnerships are initiated 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 minimum duration of a partnership is fixed at 30 days. The long- and 

short-term partnerships dissolve at a different rate annually with an elevated dissolution rate 

if another 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 all behavioral parameters are specified in Supplemental Digital 

Content, Table S1.

The frequency of sexual acts is assigned at the initiation of each partnership and remains 

constant for the duration of the relationship. Similar coital frequency is assumed for married 

(long-term) couples and unmarried (short-term) couples with sexual acts occurring at 

random. In the 20% of partnerships in which anal intercourse is practiced, an average of 

40% of all sex acts were assumed to be anal based on data from Kalichman et al. [12] The 

proportion of sex acts protected by condom was assumed to be significantly higher in short-

term partnerships (40%) compared to long-term partnerships (15%).
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 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 

partners. 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, with multiplicative factors representing elevated HIV risk during 

acute and late stages, taken from published meta-analyses. [15] Anal intercourse was 

assumed to be 10 times riskier than vaginal intercourse with respect to HIV transmission. 

[16] The protective efficacy of male condoms against HIV was fixed at 90%.

 Cohort Characteristics

The number of short- and long-term partners currently active for each woman is assigned 

randomly based on demographic data representative of South Africa [13, 14] resulting in the 

vast majority (~85%) of low-risk individuals having a single partner, 11% not currently 

having a partner and less than 4% in concurrent partnerships. In contrast, high-risk 

individuals are less likely to have no partners (8%) or have one partner (74%) and more 

likely to report concurrent partnerships (18%). Partnership distribution of the female cohort 

at the start of each simulation prior to enrollment is presented in Supplemental Digital 

Content, Table S2. The HIV incidence among the control arm of the simulated cohort varies 

from 3.8% to 7.2% which is comparable to the HIV incidence observed in placebo arms of 

the VOICE trial.[9] This and other characteristics of the simulated female cohort are 

summarized in Supplemental Digital Content, Table S3. The influence of the behavior and 

epidemic assumptions employed in our analysis on the projected PrEP efficacy is 

investigated in multivariate sensitivity analysis included in the Supplemental Digital Content 

(Table S5 and Fig. S2).

 PrEP regimen and protection

The efficacy of daily oral tenofovir disoproxil fumarate and emtricitabine (TDF–FTC) for 

preventing HIV in women ranged from −4% to 75% in RCTs, highly correlated with 

biological measures of adherence. [3, 4, 8, 9] Case-control analyses within PrEP RCTs 

suggest that if used consistently PrEP could reduce the HIV acquisition risk per sex act by at 

least 70% which we use as the estimate of “biological efficacy” in our main analysis (i.e. 

with perfect adherence, PrEP reduces the risk of HIV infection by 70%). An alternative 

scenario assuming 90% biological efficacy for PrEP in women is explored in the 

Supplemental Digital Content. To address the uncertainty in the duration and magnitude of 

residual PrEP protection following dosing we consider three protection profiles of PrEP over 

time (see Figure.1). The short profile assumes that PrEP protects only on the days it is taken. 

It is likely to represent the protection provided by topical PrEP. This profile is used in all 

modeling studies in which per-act PrEP efficacy is proportional to adherence. [17–20] The 

intermediate profile assumes that PrEP retains 100%, 60% and 20% of its biological efficacy 

during the three days after a pill is taken. It is likely to represent the protection in women 

with daily oral TDF which may be less forgiving of missing dosses compared to TDF-FTC.

[21] Finally, the long profile assumes full biological efficacy for 48 hours and partial per act 

efficacy for the subsequent 3–5 days after the last dose is taken. This profile closely aligns 
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with the relationship between adherence and efficacy reported by the iPrEx team for daily 

PrEP regimens in MSM. [22] No cumulative effect of multiple PrEP doses is assumed.

 Overall adherence and pill-taking patterns explored

We consider three PrEP adherence scenarios. First, all participants have a common 

adherence distribution at levels 20%, 50% and 80%. Second, mixture adherence distribution, 

in which half of the participants are high adherers (80% adherence) and half are poor 

adherers (20% adherence) is simulated. For each scenario with common and mixture 

adherence three patterns of adherence are considered: i) PrEP doses are skipped randomly 

(random pattern); ii) PrEP doses are skipped at regular intervals (periodic pattern); iii) PrEP 

doses are skipped in larger blocks (block pattern). An illustration of each pattern over one 

follow-up period (30 days) is presented in Figure 1B.

Finally, we simulate a risk-driven adherence in which the daily decision to take PrEP is 

based on the personal expectation to have sex. We assume that participants take PrEP with 

80% probability in the days when sex is expected and 20% otherwise. We consider two 

scenarios with respect to the ability of the participants to predict their sexual activity: 

Scenario 1 in which the sexual expectation has 57% positive and 80% negative predictive 

value, based on surveys of sexual behavior and PrEP adherence in Kenya [23] and Scenario 

2 (more optimistic) in which the sexual expectation has 60% positive and 90% negative 

predictive value (see Table S4 in the Supplemental Digital Content).

 Outcomes of Interest

For each individual we compute the proportion of days fully covered (i.e. days with 100% of 

the biological efficacy of PrEP) and partially covered (i.e. days with some but less than100% 

biological efficacy) by PrEP over a 12-month period. Whether coverage is full or partial 

depends on the protection profile assumed (see Fig. 1) and the days since last dose. We also 

compute the overall PrEP coverage, which we define as the average daily % of biological 

efficacy provided by each pill-taking pattern, where 0% is assumed for days with no 

coverage. Similarly, we compute the proportion of sex acts fully and partially covered by 

PrEP as well as the overall coverage of sexual acts.

For each scenario, 100 event-driven RCTs are simulated to evaluate the efficacy of PrEP in 

reducing HIV acquisition risk. The relative risk of acquiring HIV when using PrEP is 

estimated as the ratio of HIV incidence observed in the active vs placebo arm. The observed 

PrEP efficacy is calculated as 1- relative risk.

Details on all simulation procedures are provided in the Supplemental Digital Content.

 Results

 Overall PrEP coverage and its impact on individual HIV risk

The comparison between the proportion of days and sex acts fully and partially covered by 

PrEP under different pill-taking patterns and protection profiles are presented in Table 1 and 

Table 2, respectively. If PrEP does not provide benefits outside the days it is taken (short-

lasting profile), pill-taking patterns have no effect on the days covered. However, the sex act 

DIMITROV et al. Page 5

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coverage may be affected if the pill-taking pattern is influenced by expected sexual activity. 

That is illustrated by the larger proportion of sex acts covered compared to days covered in 

our risk-driven scenarios even when short-lasting PrEP protection is assumed. With longer 

lasting protection, the proportion of days partially covered increases and overall PrEP 

coverage improves. Explicitly, the proportion of partially covered days under block, random 

and periodic patterns of 20% adherence is estimated at 6.1%, 28.6% and 39.4%, increasing 

overall PrEP coverage by 2.4%, 12% and 15.8%, respectively. The greatest effect of pill-

taking patterns occurs with intermediate (50%) adherence where 79.8% PrEP coverage is 

provided by the periodic pattern compared to 52.4% by block adherence. The effect of pill-

taking patterns is even more substantial if the protection of a single dose stretches over 5 

days; in the case of low adherence (20%) the fraction of fully covered days varies from 

23.1% to 39.7% while the overall PrEP coverage varies from 27.6% to 69.3% depending on 

the pill-taking pattern. The proportions of sexual acts covered fully, partially or overall are 

similar to the proportions of days covered for all three pill-taking patterns: periodic, random 

or block (see Table 2).

The two risk-driven pill taking scenarios considered in this study result in 29% and 37% 

overall adherence. Not surprisingly, the estimated PrEP coverage under these scenarios falls 

between the projections for 20% and 50% adherence with the periodic and random pill-

taking. However, assuming a long PrEP profile, the risk-driven pattern provides better 

coverage than block adherence. More importantly, the sex act coverage with the risk-driven 

pattern is comparable with that of randomly taken PrEP with 50% adherence.

 Potential impact of pill-taking patterns on the observed PrEP efficacy in RCT

Scenarios with different pill-taking patterns and PrEP protection profiles are presented in 

Fig.2 and compared to results from concluded RCTs. The highly effective oral PrEP results 

of Partners PrEP and CDC Botswana suggest long protection combined with high overall 

adherence and very limited block pill-taking (Fig. 2D, green boxes). The moderate efficacy, 

observed in iPrEX and Bangkok trials, is comparable with 50% adherence scenarios with 

periodic pill-taking under intermediate protection or random pill-taking under long 

protection (Fig. 2A). However, it could also be obtained by the 80% adherence scenarios 

with short protection (Fig. 2D, red boxes) or risk-driven pill-taking under long protection 

(Fig. 2B). Trials in which oral PrEP was found not effective are best fitted by scenarios with 

low adherence and predominantly block pill-taking (Fig. 2C). Results from trials testing 

topical PrEP, for which we assume short protection, are comparable with the simulations 

with 50% adherence (Fig.2A, red boxes). The upper end of the efficacy range, observed in 

CAPRISA 004, could be also obtained by higher overall adherence (Fig.2D) or risk-driven 

pill-taking with good sex acts prediction (Fig.2B, Scenario 2). Possible explanations for the 

low efficacy observed in the gel arm of VOICE are low overall adherence (Fig.2C) or risk-

driven pill-taking with poor sex acts prediction (Fig.2B, Scenario 1).

This analysis shows that PrEP protection profile has a critical influence on the observed 

efficacy inducing differences of 33%, 20% and 10% between scenarios when periodic, 

random or block adherence is assumed, respectively (Fig.2A). The importance of the pill-

taking pattern increases when long PrEP protection is assumed. No influence of the pattern 
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of adherence is expected if PrEP protects only in the days when taken as it is likely the case 

with topical PrEP (red boxes). The long protection profile is associated with 26% difference 

in the observed efficacy across different protection profiles; we found this mostly benefits 

periodic pill-taking because of the residual PrEP protection on days when doses are skipped. 

The differences in the observed efficacy due to the pill-taking pattern decreases if the overall 

adherence level is high (see Fig. 2D).

Clinical trials with risk-driven pill-taking in which 37% of the daily doses are taken are 

likely to show better efficacy than trials with random or block pill-taking in which 50% of 

the daily doses are taken provided that participants are relatively accurate in predicting their 

sexual activity (Fig.2B, Scenario 2). In populations with less reliable predictions of sex, the 

projected PrEP efficacy is expected to be 10%–12% lower (Fig.2B, Scenario 1). However, 

risk-driven pill-taking is still more effective than 50% block adherence if PrEP has long 

protection (Fig.2A vs. Fig.2B).

Simulations with a mixture adherence distribution in which all participants follow the same 

pill-taking pattern show that the differences in PrEP efficacy induced by the pill-taking 

pattern are primarily driven by the low adherers (Fig.3).

Results from simulating scenarios assuming 90% biological efficacy of PrEP in reducing the 

HIV acquisition risk per act are presented in the Supplemental Digital Content (see Fig. S3). 

They demonstrate that the most optimistic estimates of PrEP efficacy can be matched and 

even exceeded with 50% actual adherence if PrEP is highly effective and has long-lasting 

protection. Notable, if block pill-taking is prevalent then low to intermediate efficacy will be 

observed.

 Discussion

Variation in the efficacy observed in PrEP clinical trials has been largely attributed to poor 

adherence. In this study we demonstrated that pill-taking patterns, in addition to the PrEP 

protection, profile affect the individual risk of HIV acquisition in PrEP users and may have 

had a significant influence on the efficacy observed in RCTs that test daily regimens of oral 

PrEP. The importance of the adherence pattern increases if PrEP provides protection beyond 

the day in which a dose is taken. Such residual protection was suggested for MSM by the 

iPrEx team which estimated that even two PrEP doses per week reduced HIV risk by 76%. 

However, the PrEP protection profile may be different for women due to differences between 

PrEP accumulation levels in vaginal and rectal mucosa. [24, 25]

We found that the pill-taking pattern mostly affects PrEP efficacy under intermediate and 

low adherence when PrEP retains protective power for longer than a day. In this case 

periodic pill-taking pattern provides the greatest PrEP coverage and therefore the highest 

PrEP efficacy. Although unlikely to be prevalent, such behavior could result from pill 

sharing with friends or relatives. On the other hand, block adherence had the lowest PrEP 

protection because the residual efficacy during the days after a dose is taken is barely 

utilized. However, longer periods of non-use could occur because of separation from a 
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regular sex partner. In that case, the projected disadvantage of this pill-taking pattern could 

be overestimated.

Risk-driven pill-taking may provide better sex act coverage than random pill-taking with 

significantly fewer doses but the effectiveness of risk-driven pill-taking strongly depends on 

the ability of the PrEP users to predict their sexual activity. A study among Kenyan men and 

women estimated that 20% of the sexual acts are unexpected [23]. However, a coitally-

dependent regimen of oral PrEP was evaluated in the recently concluded trial conducted 

among MSM in France and demonstrated high efficacy [7]. Our analysis suggests that 

participants with less reliable sexual expectations may expect limited benefit from PrEP use.

Our study has some limitations. When simulating the sexual activity of the female cohort, 

we do not explicitly account for use of ARV drugs by HIV positive male partners and 

assume the same risk of HIV acquisition per act with partners in the same HIV stage. The 

extremely high incidence of HIV infections among women in PrEP trials in South Africa 

suggests that few of their partners are virally suppressed. Also, we do not account for the 

disclosure of HIV status by male partners and its influence on the sexual behavior, condom 

use and adherence to PrEP. The difference in adherence between the RCTs that test oral 

PrEP in sero-discordant couples and in individually enrolled women suggests that the 

knowledge of the partner’s HIV status could be a strong incentive to take PrEP consistently. 

We illustrated the potential effects of pill-taking patterns on the reduction in HIV incidence 

observed in RCTs by following a cohort of women in high-prevalence settings. Although 

quantitative results in this study are not directly transferable to other populations and 

settings we believe that the qualitative conclusions remain valid.

To our knowledge, this is the first modeling study investigating the impact of pill-taking 

patterns on the efficacy of PrEP. Our analysis provides insights into the consequences of 

different patterns of poor adherence and the comparative effectiveness of random, block and 

risk-driven adherence. In addition, we have demonstrated how different patterns of 

adherence could have resulted in different efficacies, as observed in the PrEP RCTs. We 

expect that data from ongoing RCTs using Electronic Drug Monitoring devices to track pill-

taking patterns of the participants will help us better understand the most prevalent pill-

taking practices.[26] Our results suggest that this data should be accounted for when the 

efficacy of the PrEP is evaluated.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Profiles of PrEP protection explored in the analysis Each profile curve shows the 

proportion of biological efficacy retained over time after the last PrEP dose is taken. B) Pill-
taking patterns explored in the analysis. The overall adherence in all patterns in this 

specific example is 20%.
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Figure 2. Observed PrEP efficacy under different PrEP protection profiles and pill-taking 
patterns
Common A) 50% adherence; B) risk-driven C) 20% adherence; and D) 80% adherence of 

each participant is assumed. Box plots (5th, 25th, 50th, 75th, and 95th percentiles) reflect 

estimated variation over 100 trials simulated. Risk-driven scenarios, as described in the 

Methods, result in 29% and 37% actual adherence. Shaded regions illustrate the efficacy 

estimates obtained in concluded RTCs
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Figure 3. Simulations of populations consisting of equal numbers of high (80% adherence) and 
poor (20% adherence) adherers
Observed PrEP efficacy A) in the overall population and B) by adherence levels under 

different PrEP protection profiles and pill-taking patterns. Box plots (5th, 25th, 50th, 75th, 

and 95th percentiles) reflect estimated variation over 100 trials simulated.
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