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Abstract
Introduction: A vaginal ring containing 25 mg of the antiretroviral dapivirine has demonstrated efficacy in reducing women’s
risk of sexually acquiring HIV-1; however, imperfect ring use likely diluted efficacy estimates in clinical trials. The amount of
dapivirine remaining in returned rings may reflect the extent of product use, permitting estimation of HIV protection in the
context of consistent use.
Methods: We measured the amount of dapivirine in returned rings from a placebo-controlled trial of the dapivirine vaginal
ring conducted between August 2012 and June 2015 among 2629 African women. Phase I/II studies established that greater
than 4 mg of dapivirine on average is released from the ring when used consistently over 28 days and ≤0.9 mg released sug-
gested non-use. We assessed the relative risk reduction associated with levels of ring use using residual dapivirine in returned
rings as a time-dependent covariate for HIV-1 infection in multivariable Cox models, including multiple exploratory analyses
designed to estimate upper limits of efficacy given uncertainty in timing of HIV-1 acquisition. All models were adjusted for
baseline covariates associated with HIV risk and adherence.
Results: Residual dapivirine levels indicating at least some use (>0.9 mg released over a month) were associated with a 48%
relative reduction in HIV-1 acquisition risk (95% confidence interval (CI): 21% to 66%; p = 0.002) compared to the placebo.
Exploratory analyses accounting for potential misclassification in timing of HIV-1 acquisition estimated 75% to 91% HIV-1 risk
reduction with> 4 mg released when compared to placebo. Results limited to the subgroup of women <25 years of age, who
tended to have lower adherence, were generally consistent to those overall.
Conclusions: Residual dapivirine levels, an objective measure of adherence, were correlated with HIV-1 protection in a sec-
ondary analysis of a randomized trial. Periods of ring use were associated with approximately 50% protection, with exploratory
analyses suggesting higher protection with more consistent use. The dapivirine vaginal ring is the first method to fulfil the pro-
mise of a fully reversible, long-acting, woman-initiated approach for discreet HIV-1 prevention.
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1 | INTRODUCTION

Worldwide, nearly 870 000 women and girls are infected with
HIV-1 every year [1], with the vast majority of infections
occurring in sub-Saharan Africa. New, effective and acceptable
HIV-1 prevention tools, controlled by women, are urgently
needed. The use of antiretroviral medications as pre-exposure
prophylaxis (PrEP), formulated first as tenofovir-containing
oral pills and more recently into longer acting sustained-

release approaches, has emerged as a powerful HIV-1 preven-
tion strategy for men and women worldwide [2-4]. A vaginal
ring containing the antiretroviral non-nucleoside reverse tran-
scriptase inhibitor dapivirine was well tolerated and reduced
HIV-1 acquisition risk in two phase III trials and their open
label extensions and is a promising new woman-controlled,
sustained-release PrEP approach [5-8].
In several clinical trials of oral pills as PrEP, initial analyses

were based on intention-to-treat principles; however, due to
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objective evidence that an important fraction of subjects was
not adherent to the study medication, additional analyses
based on objective, biologic measures of use were done to
estimate HIV-1 protection among adherent individuals [9-11].
Those adherence-based analyses found greater HIV-1 protec-
tion when limited to subjects with objective evidence of pro-
duct use, as defined by measurement of the antiretroviral in
participant samples including plasma, dried blood spots and
hair. In fact, estimates of HIV-1 risk reduction derived from
secondary analyses of high PrEP adherence are cited by nor-
mative guidelines and public health agencies as the level of
HIV-1 protection that potential PrEP users should expect [12].
The quantity of dapivirine remaining in returned vaginal rings

provides an objective measure of adherence to that PrEP product.
Average release levels over a month of use were assessed in
phase I studies [13,14] and product manufacturing and assay
parameters define rings that have had little or no use. However,
the relationship between residual dapivirine ring levels and HIV-1
protection has not been assessed. In analyses analogous to those
that interrogated the protective effectiveness of tenofovir-based
oral PrEP, we assessed the relationship between residual dapivir-
ine levels and incident HIV-1 in a placebo-controlled trial of the
dapivirine vaginal ring, with a goal of refining estimates of efficacy
that might be conferred by consistent use of the ring, defined as
continuous use of the ring over its prescribed period of 28 days.

2 | METHODS

2.1 | Population and procedures

MTN-020/ASPIRE was a multi-centre, randomized, double-
blind, placebo-controlled phase III trial of the dapivirine vagi-
nal ring [5]. The primary analysis was intention-to-treat, com-
paring the HIV-1 incidence rate among those assigned to the
active dapivirine vaginal ring arm to that among those
assigned to the placebo arm, regardless of actual use of the
study product. In that analysis, HIV-1 protection effectiveness
was 27% (95% confidence interval [CI]: 1, 46). Pre-defined
secondary analyses showed greater HIV-1 protection in some
subgroups, including women ≥ 25 years of age.
Between August 2012 and June 2015, 2629 healthy, sexually

active, non-pregnant, HIV-1 seronegative women aged 18 to
45 years were enrolled and followed at 15 research sites in
Malawi, South Africa, Uganda and Zimbabwe [5,15]. At enrolment,
women were randomized to receive a vaginal ring containing
either 25 mg of dapivirine or a placebo ring containing no dapivir-
ine; rings were to be worn continuously for 28 days at a time.
Women were scheduled for visits every 28 days that included
HIV-1 antibody testing and exchange of a used ring for a new ring;
visits were considered on schedule if they occurred between 21
and 35 days, although visits occurring after 35 days were com-
pleted for participant convenience. At quarterly visits, plasma was
collected and archived; for women who seroconverted to HIV-1,
back testing of plasma samples for HIV-1 RNA was performed to
better define the timing of HIV-1 acquisition. Therefore, the most
precise timing of infection and dapivirine ring levels aligned at
quarterly visits. Planned follow-up was for a minimum of
12 months. The study protocol was approved by institutional
review boards associated with each study site and was registered
with ClinicalTrials.gov (NCT016170096). All participants provided
written informed consent.

2.2 | Measurement of residual dapivirine levels in
returned rings

Beginning one year into the trial, returned rings were col-
lected and tested for remaining dapivirine levels; prior to that
time, returned rings were discarded. Testing for remaining
dapivirine was performed using acetone extraction and high-
pressure liquid chromatography at a commercial laboratory
(Parexel) located in Bloemfontein, South Africa. All returned
rings were from the active arm and a subset from the placebo
arm were sent to the lab for testing starting one year into the
study. One or two unused rings with known load level were
included In each assay batch for returned rings. The standard
deviation in released DPV measures from these rings was
used to estimate measurement error. Plasma, collected at
quarterly visits, was also tested for dapivirine using previously
described liquid chromatographic-tandem mass spectrometric
methods [16] in a US laboratory masked to the residual drug
assay results; however, because plasma concentrations rise to
near-steady-state by approximately eight hours post-ring
insertion and do not reflect long-term ring use, plasma mea-
surements were not used as the key measure of adherence
for the present analysis.
Ideally, the level of dapivirine in the returned rings can iden-

tify consistent use of the ring, that is rings that are worn con-
tinuously for 28 days as intended. Interpretation of the
quantity of remaining dapivirine in returned rings was guided
by data from phase I studies, which established that on aver-
age >4 mg is released with consistent use of the ring [17]. To
account for the fact that not all visits occurred exactly spaced
by 28 days, dapivirine levels were analysed as a ratio of the
amount released (manufacturing load level minus remaining
dapivirine) to the number of days since its dispensation. Thus,
this measure is analogous to an average rate of dapivirine
release per day that the woman had the ring in her posses-
sion, and higher levels of this measure should correspond to
better adherence on average. For easier interpretation, the
release rates were scaled to a 28-day month. No or very low
use of the ring was defined as ≤0.9 mg dapivirine released
per month (equivalent to one standard deviation of laboratory
measurement error above 0 mg dapivirine released, based on
testing of unused rings), whereas target use (i.e. continuous
for 28 days) was defined as >4 mg dapivirine per month. Thus,
categories of ≤0.9, 0.9 to 4 and >4 mg dapivirine released per
month, were used to categorize levels of ring use. Rings that
were not returned by the participant were treated as unused.
Time that a participant refused a ring was treated as non-ad-
herent (≤0.9 mg/month).

2.3 | Statistical analysis

Used ring collection was not initiated until approximately one
year after the first participant was enrolled due to logistical
considerations. In order to include as much follow-up as possi-
ble, while maintaining comparability between the placebo and
active arms, we set each participant’s follow-up time baseline
as the last scheduled visit before ring collection commenced.
Participant characteristics at randomization were summa-

rized according to the highest use category achieved during
follow-up and to whether a participant was still in follow-up
when ring collection and testing commenced (supplementary
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material). Differences in baseline characteristics were tested
using an F test from an ANOVA for means and the Cochran–
Mantel–Haenszel test for categorical variables. Analyses were
stratified by site.
Descriptive summaries include person-time according to

ring adherence, as defined by the ring use adherence cate-
gories as defined above (≤0.9, 0.9 to 4, >4 mg released per
month), as well as HIV-1 incidence within each category
(number of infections occurring while in category divided by
total person-years within category). The association between
ring use and risk of HIV-1 infection is summarized as a rela-
tive risk reduction (RRR) or 1 minus the hazard ratio esti-
mated using time-varying Cox models with time to first
detection of HIV-1 RNA as the outcome and women
assigned to the placebo arm as the comparison group. Pro-
duct hold (e.g. for pregnancy or other safety reasons) was
rare and was treated as a separate category for both pla-
cebo and dapivirine arms and these results were excluded
from the presentation. All models were adjusted for the fol-
lowing potential confounders measured at randomization:
presence of a curable sexually transmitted infection (Chlamy-
dia trachomatis, Neisseria gonorrhoeae, Trichomonas vaginalis),
bacterial vaginosis, alcohol use, marital status, condom use in
past week, vaginal intercourse frequency, number of part-
ners, primary partner’s knowledge of ring use, marital status,
education, partner’s HIV-1 status and contraceptive use.
These confounders were included as time-invariant covari-
ates. Endogenous time-varying confounders were not
included in the primary analysis to avoid bias in the esti-
mates of association [18].
Because not all women had rings tested, there is a potential

for biased representation of ring use and HIV-1 incidence in
the first year of follow-up. Therefore, we refit the model cen-
soring HIV testing data prior to month 12. This model thus
provided a common time zero for all participants.
Returned rings were collected monthly and at the same

time two rapid HIV tests were conducted. Plasma for HIV-1
RNA testing was collected quarterly and during visits when
one or more rapid tests were positive. Therefore, the window
around the estimated time of HIV-1 infection was up to
three months. We conducted two exploratory analyses to
account for the possibility that HIV-1 infection measured at
a study visit likely reflected HIV-1 acquisition (and thus ring
use) two to twelve weeks prior. Specifically, in the first
exploratory analysis, we assumed the adherence level at the
time of infection was the lowest adherence measure from
the two rings collected prior to HIV-1 RNA detection. In the
second exploratory analysis, we looked at the prior three
rings. For both analyses, we did not consider rings used prior
to a negative HIV-1 RNA test. Finally, because there was a
statistically significant interaction between age and treatment
in the primary intention-to-treat results of the trial, all analy-
ses were repeated in the sub-cohort of women under
25 years of age at baseline. Analyses were conducted using
R version 3.3.2 [19].

3 | RESULTS

A total of 2629 women were enrolled and followed: 15 were
infected at randomization or had no further follow-up, 77 (41

assigned dapivirine, 36 assigned placebo) were lost to follow-
up and 46 (23 assigned dapivirine, 23 assigned placebo) acquired
HIV-1 prior to the first collection of returned rings, leaving 2491
contributing to the present analysis. Therefore, 95% of the
women randomized was included in this analysis, retaining 81% of
follow-up time. Participants acquiring HIV-1 or exiting the study
before ring collection had some characteristics suggesting higher
HIV-1 risk (e.g., higher prevalence of STIs at baseline, Table S1).
Table 1 shows the baseline characteristics of participants by ring
use measurement category. Age, unprotected sex, injectable con-
traception and oral contraception were all significantly associated
with ring use measures.
Figure 1 shows the distribution of dapivirine levels in

returned rings in three ways: total amount measured in rings,
amount released (manufactured load minus residual amount)
and rate of release (the measure of use for the present analy-
sis). Graphical assessment revealed a mixing of multiple distri-
butions: a distribution centred close to what would be
expected with no use (mode = 0.34 mg per month released)
and a wide range of rates expected to be associated with at
least some ring use.
Using all returned ring data, HIV-1 incidence was highest in

women during periods for which residual dapivirine levels indi-
cated non-use (i.e. residual levels ≤0.9 mg released per month)
and that incidence was similar to incidence among women
assigned placebo (Table 2). In contrast, incidence was lower dur-
ing periods with evidence of use. Specifically, residual dapivirine
ring levels suggestive of at least some use (i.e. >0.9 mg released
over a month) were associated with a 48% (95% CI: 21, 66)
reduction in HIV-1 acquisition risk (p = 0.002). In exploratory
analyses and analyses that reset the time zero to the Month 12
visit, similar results were observed, with a clearer dose-response
increase in HIV-1 protection with more dapivirine release – that
is greater protection with >4 mg released compared to 0.9 to
4 mg released. Using all available data, the exploratory analyses
estimated 75% HIV-1 relative risk reduction with >4 mg released,
85% (95% CI: 51, 95) when considering the lowest dapivirine
residual data from the prior three months and 91% when limited
to data after Month 12.
A similar pattern in risk reduction was seen in the subgroup of

women under 25 years old at randomization – specifically, lower
HIV-1 incidence and higher protection associated with greater
objective evidence suggesting adherence, although only one result
was statistically significant in this smaller group. Notably, while
approximately half of the infections in the placebo arm occurred
in women under 25 years of age (35 of 71), 10 of 13 infections in
the non-adherent group occurred in the younger women (inci-
dence rate 7.9 per 100 person-years; 95% CI: 4.1, 14.0). Among
women under 25 years of age, point estimates for HIV-1 protec-
tion (target use vs. placebo) were 25% (95% CI: �66, 66;
p = 0.48) overall and 73% (95% CI: 11, 92; p = 0.03) for the low-
est residual dapivirine quantified from the prior three months. In
the subset with month 12 as baseline, the corresponding point
estimates were 60% (95% CI: �78, 91; p = 0.17) and 81% (95%
CI: �46, 98; p = 0.11).

4 | DISCUSSION

In this secondary analysis from a randomized, placebo-con-
trolled trial of the dapivirine vaginal ring, objective measures
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suggesting adherence to the ring were significantly correlated
with HIV-1 protection. There was some evidence to suggest a
dose-response effect, and HIV-1 protection was robust to
adjustment for potential confounding factors. Exploratory anal-
yses designed to estimate the highest potential efficacy
showed substantial increases in protection. Results were gen-
erally consistent when limited to the subgroup of women
<25 years of age, who tended to have lower adherence. Taken
together, these analyses indicate the potential for a substantial
reduction in the risk of HIV-1 acquisition – greater than 50%,
and potentially as high as 75% to 91% – in women who use,
and ideally consistently wear, the dapivirine vaginal ring.
Our findings have similarities to those of prior studies of

oral tenofovir-based PrEP, which found substantially lower
HIV-1 incidence rates when objective measures of adherence
indicated higher use of the prevention product. For example
the iPrEx trial showed a 42% reduction in HIV-1 risk in inten-
tion-to-treat analyses compared to placebo, but >90% HIV-1
protection in analyses accounting for product use as measured

by tenofovir concentrations in blood samples [20]. Several fea-
tures of the dapivirine vaginal ring make assessment of adher-
ence potentially more challenging than for oral PrEP. First, in
oral PrEP studies, there was little incentive for “white coat
dosing” (i.e. use just before a clinic visit) and low levels of
“white coat dosing” reported in women [21]; however, in
ASPIRE, women were expected to return to the clinic with the
dapivirine vaginal ring in place, resulting in an expectation of
at least some use around the time of a clinic visit. Second,
there are no directly observed therapy studies of the dapivir-
ine vaginal ring to correlate drug levels in returned rings to
actual product use, while such studies were important for
understanding objective measures of PrEP use [10,22]; even
the >4 mg released per month estimate was derived from
phase I/II studies in which the degree of ring use was self-re-
ported. Third, the amount of dapivirine expected to be
released even with consistent use is approximately 16% to
18% of the total drug loaded into each ring, which could
result in misclassification when levels take into account

Table 1. Baseline characteristics by categorization of dapivirine release measures throughout follow-up. Comparisons between the

groups are adjusted by site. N (%) reported unless otherwise noted

Placebo

Rings always

0.9 mg/mo or

less

At least one ring

> 0.9 mg/mo but

no rings > 4mg/mo

At least one

ring > 4 mg/mo p-value

N 1240 50 281 920

Age (mean (SD)) 27.4 (6.3) 25.7 (5.5) 27.6 (6.2) 27.1 (6.1) 0.051

Age group

18 to 21 226 (18.2) 13 (26.0) 56 (19.9) 186 (20.2) 0.172

22 to 26 412 (33.2) 18 (36.0) 70 (24.9) 290 (31.5)

27 to 45 602 (48.5) 19 (38.0) 155 (55.2) 444 (48.3)

Neisseria gonorrhoeae 48 (3.9) 1 (2.0) 14 (5.0) 40 (4.3) 0.720

Trichomonas vaginalis 86 (6.9) 2 (4.0) 16 (5.7) 66 (7.2) 0.678

Chlamydia trachomatis 128 (10.3) 6 (12.0) 37 (13.2) 113 (12.3) 0.316

Partner knows about ring use 802 (64.7) 29 (58.0) 185 (65.8) 58 (63.9) 0.866

Married 534 (43.1) 17 (34.0) 129 (45.9) 369 (40.1) 0.582

Secondary education or higher 1054 (85.0) 42 (84.0) 226 (80.4) 772 (83.9) 0.308

Number of partners (mean (sd)) 1.73 (5.73) 2.14 (4.68) 1.83 (6.89) 1.62 (5.28) 0.875

HIV status of primary partner 0.095

Missing 6 (0.5) 0 (0.0) 2 (0.7) 4 (0.4)

HIV negative 683 (55.1) 31 (62.0) 169 (60.1) 473 (51.4)

HIV positive 12 (0.1) 1 (2.0) 5 (1.8) 16 (1.7)

Participant does not know 539 (43.5) 18 (36.0) 105 (37.4) 427 (46.4)

Bacterial vaginosis 498 (40.2) 20 (40.0) 146 (52.0) 366 (39.8) 0.124

No alcohol use in past seven days

Unprotected vaginal intercourse reported in

past seven days

525 (42.3) 23 (46.0) 127 (45.2) 343 (37.3) 0.033

Condom used at last vaginal sex act 677 (54.6) 28 (56.0) 150 (53.4) 555 (60.3) 0.038

Contraception

DMPA 535 (43.1) 22 (44.0) 84 (29.9) 373 (40.5) 0.001

IUD (Copper) 159 (12.8) 4 (8.0) 47 (16.7) 106 (11.5) 0.124

Oral pill 121 (9.8) 12 (24.0) 38 (13.5) 92 (10.0) 0.022

Implant 233 (18.8) 6 (12.0) 72 (25.6) 176 (19.1) 0.094

NET-EN 164 (13.2) 5 (10.0) 27 (9.6) 152 (16.5) 0.041
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allowable error in the laboratory measurement of dapivirine
levels. Nevertheless, our results consistently suggested pro-
tection across multiple analyses.
There are several limitations to this analysis. First, returned

rings were not tested at all visits for the entire cohort, leading
to this sub-cohort, a convenience sample from the overall trial
population. Adherence was likely lower in the period before
ring collection [23] and therefore, the missing early data may
result in bias in the final analysis. For example if participants
with a higher propensity to be non-adherent are also at higher
risk, they may have acquired HIV-1 before ring collection,
diluting the pool of highest-risk, lowest-adherent participants,
resulting in an underestimate of incidence during periods of
non- or low adherence, an effect which would make our
results underestimates of HIV-1 protection. Although we
adjusted for predictors of adherence and risk, most impor-
tantly age and site, unknown potential confounding potentially
remains. Due to variability inherent in manufacturing and test-
ing, a fraction of rings assigned to each category might have

been more accurately assigned to another category. However,
typically, this type of misclassification biases results to the null.
This may be especially true for the highest ring use category
as that group is likely to have low use rings misclassified as
high use and to have lost high use rings to the lower use
group.
Although we presented cut points for analysis of residual

dapivirine levels (≤0.9, 0.9 to 4, >4 mg released on average
over a month), we have not identified a threshold for HIV-1
protection. Similarly, for oral PrEP, while one threshold of pro-
tection has been suggested for MSM [10,20], there is no uni-
versal threshold yet identified. Additional challenges specific
to the dapivirine vaginal ring and to this analysis make defin-
ing a threshold of protection difficult. We found that the rela-
tionship between dapivirine release and risk was stronger
when baseline was set to the Month 12 visit, an effect that
may be real or due to informatively missing data in the first
year, as described above. Additionally, theoretically, women do
not need to be fully adherent to be fully protected. For

Figure 1. Distributions of remaining dapivirine (DPV) in returned rings (A), DPV released from returned rings (B) and rate of DPV release (C).
The range of DPV release has a lower limit below 0 due to measurement error. Remaining DPV in returned rings is the measure returned from
the laboratory. Released DPV subtracts the lab value from the average load corresponding to the manufacturing batch for that ring. Average rate
of release is calculated as the released DPV divided by the time that the participant had the ring. Panel D illustrates the relationship between rate
of release and amount released. The red line is the expected relationship (intercept = 0; slope = 1). The green line is the expected rate of release
(intercept = 4 mg/28 days; slope = 0) if fully adherent over 28 days. This plot shows how it is important to account for time the ring was avail-
able so as to not to potentially mis-assign participants as fully adherent because the ring was available for longer than the usual 28 days
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example if a woman only has vaginal intercourse once in a
month and the ring is in place in a wide enough window
around that one point in time, she could be protected, but
remaining drug levels may indicate inconsistent use. Neverthe-
less, the near zero estimate of the low dapivirine release rate
group compared to placebo provides evidence of a potential
causal relationship in the estimate of effectiveness when com-
paring rates greater than 0.9mg over a month to HIV-1 rates
in those assigned to placebo [24].

5 | CONCLUSIONS

Alongside oral PrEP, the dapivirine vaginal ring provides
another option for women to protect themselves from HIV-1.
Moreover, like for oral PrEP, the degree of HIV-1 protection
with greater adherence exceeds 50% and may be as high as
75% to 91%. As seen in family planning where contraceptive
choices have diversified over time and population coverage
has increased [25], providing new options for women to pro-
tect themselves engages women who were not successfully
accessing or using the previously available options. Rings with
a higher dapivirine load and added contraception are under
development and could provide longer or possibly better HIV-
1 prevention (ClinicalTrials.gov #NCT03234400). The dapivir-
ine vaginal ring has the potential to similarly fill an important
place in offering women choices for successfully achieving
HIV-1 prevention.
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SUPPORTING INFORMATION

Additional information may be found under the Supporting
Information tab for this article.
Table S1. Baseline characteristics by inclusion in analysis
cohort (exited follow-up before vs. after ring collection com-
menced). Comparisons between the groups are adjusted by
site. N (%) reported unless otherwise noted
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