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Abstract

Product adherence is critical to obtaining objective estimates of efficacy of pre-exposure prophylactic interventions against
HIV-1 infection. With imperfect adherence, intention-to-treat analyses assess the collective effects of complete, sub-optimal
and non-adherence, providing a biased and attenuated estimate of the average causal effect of an intervention. Using data from
the MTN-020/ASPIRE phase III trial evaluating HI'V-1 efficacy of the dapivirine vaginal ring, we conducted per-protocol, and
adherence-adjusted causal inference analyses using principal stratification and marginal structural models. We constructed
two adherence cut offs of > 0.9 mg (low cutoff) and > 4.0 mg (high cutoff) that represent drug released from the ring over a
28-day period. The HIV-1 efficacy estimate (95% CI) was 30.8% (3.6%, 50.3%) (P=0.03) from the per-protocol analysis,
and 53.6% (16.5%, 74.3%) (P=0.01) among the highest predicted adherers from principal stratification analyses using the
low cutoff. Marginal structural models produced efficacy estimates (95% Cls) ranging from 48.8 (21.8, 66.4) (P =0.0019) to
56.5% (32.8%, 71.9%) (P=0.0002). Application of adherence-adjusted causal inference methods are useful in interpreting
HIV-1 efficacy in secondary analyses of PrEP clinical trials.
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Background

Obtaining unbiased estimates of efficacy of pre-exposure pro-
phylactic (PrEP) interventions against HIV-1 infection relies
on objective measures of product adherence. In clinical tri-
als, an increasing number of PrEP strategies have been shown
to be effective at reducing risk of HIV-1 infection, including
evidence of very high HIV-1 protection when used with high
adherence [1-3]. However, several clinical trials [4—6] that
studied the use of oral tablets and topical vaginally delivered
PrEP among women in sub-Saharan Africa failed to show
high efficacy due to sub-optimal adherence. In the MTN-020/
ASPIRE trial of the dapivirine vaginal ring, intention-to-treat
(ITT) analyses showed a 27% reduction in HIV-1 risk overall,
this increased to 37% after removing data from participants
in two trial sites contributing to lower adherence and to 56%
among women > 21 years of age, who showed evidence of
better adherence compared to their younger counterparts [7].

ITT analyses are typically implemented to estimate the
average causal effect (ACE) in interventional studies. How-
ever, in the presence of imperfect visit retention and/or product
adherence, ITT analyses are limited to assessing a combined
effect of adherers, partial adherers, and non-adherers, and thus
provide a biased and attenuated estimate of the ACE of an
intervention [8]. Many trials incorporate per-protocol analyses
into their analysis plans, which estimate the ACE only over the
time when PrEP was actually received; however, such analyses
could also be biased due to informative censoring or selection
bias due to suboptimal product use.

Additional analytical approaches have aimed to provide
unbiased estimates of efficacy in the context of incomplete fol-
low-up and/or non-adherence to product use. These include the
causal inference methods of principal stratification and mar-
ginal structural models utilizing inverse-probability-of-censor-
ing weights (IPCW) and/or inverse-probability-of-treatment
weights (IPTW). Principal stratification estimates efficacy
among varying levels of adherers and allows for estimates of
the complier average causal effect (CACE). Marginal struc-
tural models estimate efficacy among high adherers adjusting
for time-varying confounding and selection bias. We applied
these methods to the MTN-020/ASPIRE study data to improve
understanding of HIV-1 efficacy from the dapivirine vaginal
ring related to high adherence and explore limitations of these
methods to fully account for non-adherence.

Methods

MTN-020/ASPIRE was a fifteen-site, randomized, double-
blind, placebo-controlled, phase III trial designed to test
the safety and effectiveness of monthly use of an intra-
vaginal ring releasing dapivirine, a non-nucleoside reverse
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transcriptase inhibitor (NNRTI). The trial was carried out
in Malawi, South Africa, Uganda, and Zimbabwe from
August 2012 through June 2015. Details of the design,
methods, and results of the trial (ClinicalTrails.gov number
NCTO01617096) are reported elsewhere [7, 9]. Institutional
review boards at each participating clinical site approved the
study protocol, and participants provided written informed
consent for participation and specimen storage.

Population and Study Procedures

Sexually active, non-pregnant, HIV-1 seronegative women
between the ages of 18—45 years were randomized (1:1) to
use a ring containing 25 mg of dapivirine or a matching
placebo ring. At monthly visits, women were instructed to
insert and wear the ring continuously until their next visit
when a new ring would be inserted. Clinic staff collected
baseline demographic, and monthly sexual risk behavior,
male partner characteristics, menstrual bleeding, vaginal
practices, and adherence data on case reports forms. Test-
ing for sexually transmitted infections including chlamydia,
gonorrhea, trichomoniasis, and syphilis was done at baseline
and post-randomization. Blood specimens were collected for
HIV-1 serologic testing monthly and incident HIV-1 infec-
tions were adjudicated by an endpoints committee blinded
to treatment assignment and to adherence to product use of
the study participants.

Covariates Used in Models

Baseline covariates assessed as predictors of adherence in
logistic regression models for principal stratification, and
inverse-probability of censoring/treatment weighted mar-
ginal structural models were as follows: study site, age
(18-21, 22-26, 27-45 years old), marital status (not mar-
ried, married), highest level of education (no secondary
education, some secondary education or higher), alcoholic
drinks per week (none, 1-6, 7+), owns mobile phone (yes/
no), travel time to clinic (<30 min, 30-60 min, 1-2 h,>2 h),
earns own income (yes/no), body mass index (under-
weight: < 18.5, normal weight: 18.5-24.9, overweight:
25-29.9, obesity: >30), number of vaginal sex acts in past
3 months, transactional sex in the past year (no, yes), anal
sex (no, yes), any bacterial sexually transmitted infections,
worried about having a vaginal ring inside of her every
day for at least a year (not at all, somewhat, very worried).
Covariates during follow-up included the following: percent-
age of vaginal sex acts protected by a condom in past 7 days
[0%, 1-49%, 50-99%, 100% (or no sex)], male or female
condom use during last act of vaginal sex in past 7 days, anal
sex in past 3 months (no, yes), number of male sex partners
in past 3 months (01, 2, 3 or more), sex with a primary part-
ner in past 3 months (no, yes, no primary partner), primary
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partner knows participant is taking part in the study (no/
not sure, yes, no primary partner), primary partner knows
participant is using vaginal ring (no/unsure, yes, no primary
partner), same primary partner in past 3 months (no, yes,
no primary partner), HIV status of primary partner in past
3 months (negative, positive, don’t know, no primary part-
ner), primary partner is taking antiretroviral drugs (no, yes,
don’t know, no primary partner), primary partner is circum-
cised (no, yes, don’t know, no primary partner), bothered
wearing ring every day (no, yes), number of times started
or had her menstrual period in the last 3 months (0, 1, 2,
3), used something to control spotting or bleeding in last
3 months (no, no spotting/bleeding, yes), put anything inside
vagina in last 3 months (no, yes), primary family planning
methods [implants, intrauterine device, injectables: nore-
thisterone enanthate and intramuscular depot medroxypro-
gesterone acetate, other (includes oral contraceptive pills,
sterilization, male or female condoms only, no family plan-
ning method)].

Measures of Adherence

Returned vaginal rings were shipped to a central labo-
ratory and tested for residual dapivirine using acetone
extraction and high-pressure liquid chromatography [10].
Vaginal rings from participants randomized to the active
group only were used to construct two adherence cut offs
of >0.9 mg and > 4.0 mg representing the amount of drug
released from the ring over the expected 28-day monthly
visit period. Manufacturing load levels minus residual drug
levels were used to calculate the amount of drug released
from each ring. Since study visits may not have been spaced
exactly to 28 days, the ratio of the amount of drug released
to the number of days since dispensation was calculated and
normalized to estimate the amount of dapivirine released
during a standard 28-day period. A cut-off of < 0.9 mg was
chosen to represent no or very low use of the ring, equating
to one standard deviation of lab measurement error >0 mg
dapivirine released based on testing of unused rings. We
consequently defined an adherence outcome of any use of
the ring at a level of > 0.9 mg drug released during a 28-day
period. In two phase I trials and one phase I/II trial [11-13],
investigators concluded that an average of 4.0-5.0 mg of
dapivirine was released over a 28-day period of continuous
ring use, and thus in this study > 4.0 mg was also chosen as a
more stringent measure, approximating continuous use [14].

Application of Statistical Methods

We apply three statistical methods (per-protocol, principal
stratification, and marginal structural models) to a robust
clinical trial dataset from the MTN-020/ASPIRE study uti-
lizing objective measures of adherence to the PrEP agent

(dapivirine) within a vaginal ring. The per-protocol analysis
provides the net treatment effect of the active drug adjusted
for treatment assignment. The principal stratification analy-
sis provides an estimate of the CACE. Empirical estimates
of HIV efficacy were calculated for comparison purposes.
The marginal structural model analysis utilizes two IPCWs
and an IPTW to provide an estimate of the ACE if all par-
ticipants were to be continuously compliant to product use
throughout the study.

Per-protocol Analysis

In per-protocol analyses, we constructed two Cox propor-
tional hazards (PH) models, each stratified by site with treat-
ment arm (either dapivirine or placebo ring) included as
the predictor. One of the models included additional covari-
ates previously found to be statistically significant predic-
tors of HIV-1 infection in subgroup analyses and so were
used to control for confounding [7]. Time to HIV-1 sero-
conversion was defined to mimic participant follow-up time
as if accrued under perfect protocol adherence, censoring
at the last negative HIV test before detection of pregnancy
(whereby participants were put on product hold) or the first
occurrence of 3+ non-compliant events in a 12 month period
that included the following: a missed visit, participants
reporting the ring being out for more than 12 h, and partici-
pant failing to return product to the clinical site. The event
time was based on the time from enrollment to the earliest
time of the following: last negative HIV test prior to when
the participant was determined to be pregnant, last negative
HIV test prior to the first occurrence of three or more non-
compliant events in a 12-month period as stated above, HIV
infection, or the end of study follow-up. The censor indicator
was then based on the participant HIV-1 status at this newly
defined event time. This analysis tested the hypothesis that
there is no treatment effect using maximum likelihood esti-
mates and the score test. Estimates of the percent efficacy
and 95% confidence intervals (CIs) are reported based on
1-hazard ratio obtained from Cox PH models.

Principal Stratification Analysis

We use the potential outcomes framework to define “princi-
pal strata” that are independent of the treatment assignment.
The principal strata adjust for characteristics inherent in the
post-randomization variable of adherence without introduc-
ing selection bias as might be the case under a per-protocol
analysis [15]. This method assumes the exclusion restric-
tion for identifiability [16]. To differentiate adherers from
non-adherers, we used the two measures of ring adherence
of >0.9 mg and > 4.0 mg of drug released over 28 days.
Using the 6-month dataset, a time-point providing the most
participant-level data over study follow-up, and 12-month
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for sensitivity analyses, we constructed a logistic regres-
sion model using participant baseline characteristics among
active arm participants only since adherence as defined by
the amount of dapivirine released from the ring can only be
measured in the active arm. We followed Shtatland, Klein-
man, and Cain for finding the best predictive model utilizing
a three-step process [17]. We used the logistic regression
models to obtain the predicted probabilities of adherence
among all participants in the ASPIRE cohort. Finally, we
constructed a Cox PH model with treatment arm, the pre-
dicted probability of adherence and an interaction term
between treatment arm and the predicted adherence level
[18]. We calculated hazard ratios and 95% ClIs to obtain
percent efficacy estimates at the median values of three strata
defined by predicted probabilities of adherence of 0.86-0.90,
0.91-0.95, and 0.96—1.00, levels considered in this context
to be relevant as treatment compliers.

Marginal Structural Models

The goal for this analysis was to eliminate informative cen-
soring and selection bias, that occur when participants are
non-adherent for reasons associated with being in the study,
by creating marginal structural models [19-22]. We con-
structed two IPCWs based on censoring due to pregnancy,
and due to informative loss to follow-up (i.e., the participant
was terminated for one of the following reasons: investigator
decision, refused further participation, unable to contact par-
ticipant, or relocated with no follow-up planned). To account
for time-varying confounding of exposure to treatment we
constructed an additional weight based on the adherence out-
come of >0.9 mg of released drug in the active arm. Because
ring adherence data did not exist in the placebo arm, the
value of 1.0 was assigned as the IPTW for placebo partici-
pants. This corresponds to the average IPTW among the
active arm participants. Assumptions for marginal structural
models are as follows: (1) consistency, (2) exchangeability,
(3) positivity, and (4) no misspecifications of the models [19,
22]. We constructed non-truncated and truncated (removing
weights below the 1%tile, and above the 99th%tile) stabilized
IPCWs and IPTW [23] that were theoretically proportional
to a subject receiving her own exposure history using pooled
logistic regression. A composite weight was created by mul-
tiplying the IPCWs and the IPTW. Final weighted pooled
logistic regression models were then constructed using only
the IPTW and the composite weight to estimate the effect of
dapivirine use. All analyses excluded participant-visits in the
first year of the trial owing to missing residual drug levels in
vaginal rings preventing estimation of weight models. All
models censor participants at the time of first pregnancy
(N=176) and exclude 37 primary endpoints due to missing
data in IPCW and IPTW models. Behavioral data collected
on a quarterly visit schedule was aligned with the monthly
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ring-use data utilizing the last value carried forward conven-
tion where appropriate. Analyses were conducted in SAS,
version 9.4 (SAS Institute, Cary, North Carolina).

Results

There were 2629 participants randomized into the study,
however 15 participants dropped out prior to the first visit
where HIV-1 testing occurred (Table 1). Therefore, a total
of 2614, 1308 in the dapivirine arm and 1306 in the placebo
arm, were included in analyses. Median age was 27 years,
over 80% had completed secondary school or higher, ~40%
were married, the majority did not drink alcohol, over 90%
owned a cell phone, and roughly half earned their own
income.

Table 2 shows the results from the per-protocol analyses.
Model 1 was stratified by site and included only the rand-
omization arm as a predictor for HIV seroconversion. The
estimated percent efficacy was 28.8% (95% CI1 0.9%, 48.9%:;
P =0.04), and with additional adjustment for confounding
was 30.8% (95% CI 3.6%, 50.3%; P=0.03). These estimates
were very close to those obtained from the ITT analyses of
27% (95% CI 1%, 46%; P=0.05) [7].

Table 3 and Fig. 1 show the results of the principal strati-
fication analyses. HIV-1 efficacy results for the first set of
models utilizing month-6 data to obtain the predicted proba-
bilities of adherence of 0.86-0.90, 0.91-0.95, and 0.96—-1.00
using the > 0.9 mg cut off to define adherence were all statis-
tically significant at the P <0.05 level and ranged from 29.7
(95% CI 3.3%, 48.4%) to 53.9% (95% CI 16.5%, 74.8%).
Empirical estimates ranged from 22.3 (95% CI 15.5%,
30.4%) to 48.2 (95% CI 42.2%, 54.8%). For the 12-month
dataset using the same cut off for compliance, HIV-1 efficacy
estimates ranged from 30.8 (95% CI 3.3%, 50.6%) to 40.7%
(= 17.6%, 70.4%). Empirical estimates ranged from 14.2
(95% CI 12.0%, 17.0%) to 59.9% (95% CI 43.4%, 82.2%).
Using 6-month data and the >4.0 mg cut off for adherence
we found one, albeit unstable estimate, for HIV-1 efficacy
in the 0.86-0.90 predicted adherence group of 39.6% (95%
CI — 3517.8%, 99.0%). Due to the sparsity of information
for the remaining adherence groups using the 6-month data-
set, and also when using the 12-month dataset, the estimated
predicted probabilities and hazard ratios were inestimable
in those regions.

For analyses utilizing IPCW and IPTW to construct mar-
ginal structural models, results are shown in Table 4. Models
1 and 3 show estimated percent HIV-1 efficacy using non-
truncated stabilized weights for adherence alone, and the
composite of adherence, first pregnancy and informed loss
to follow-up, respectively. Models 2 and 4 show estimates
using stabilized weights truncated at 1%tile and 99th%tiles
for adherence alone, and the composite weight, respectively.
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Table 1 Baseline characteristics of MTN-020/ASPIRE participants

Characteristic Dapivirine ring Placebo ring
N=1308 N=1306
N (%) N (%)

Age

18-21 269 (20.6) 242 (18.5)

22-26 396 (30.3) 445 (34.1)

>27 643 (49.2) 619 (47.4)
Education

< Secondary school 212 (16.2) 191 (14.6)

> Secondary school or higher 1096 (83.8) 1115 (85.4)
Married 525 (40.1) 544 (41.7)
Alcohol drinks per week

None 1137 (87.0) 1158 (88.7)

1-6 139 (10.6) 120 (9.2)

7 or more 31 (2.4) 28 (2.1)
Owns a mobile phone 1179 (90.1) 1187 (90.9)
Earns own income 604 (46.2) 577 (44.2)
Transactional sex® 73 (5.6) 88 (6.8)
Worried about having ring inside her every day for at least a year?

Not at all worried 921 (70.4) 918 (70.3)

Somewhat worried 366 (28.0) 370 (28.3)

Very worried 21 (1.6) 18 (1.4)
Sexually transmitted infections® 284 (21.7) 259 (19.8)
Condom-protected vaginal sex in the last 7 days (no sex=100% protected)

0% 348 (26.6) 398 (30.5)

1-49% 64 (4.9) 67 (5.1)

50-99% 104 (8.0) 84 (6.4)

100% 792 (60.6) 756 (57.9)
Number of sex partners

0-1 1097 (83.9) 1082 (82.9)

2 partners 156 (11.9) 147 (11.3)

3+ partners 55(4.2) 76 (5.8)
Primary partner knows ppt. is taking part in study

No/not sure 330 (25.2) 309 (23.7)

Yes 972 (74.3) 990 (75.9)

No primary partner 6(0.5) 6 (0.5

*The question asked on the case report form was: “In the past year, did you receive money, material goods, gifts, drugs, or shelter in exchange for

vaginal or anal sex?”

PPositive for any one of the following: chlamydia, gonorrhea, trichomoniasis, or syphilis

HIV-1 efficacy (95% Cls) across these four marginal structural
models ranged from 48.8 (21.8%, 66.4%) (Model 2) to 56.5%
(32.8%, 71.9%) (Model 3). All estimates were statistically sig-
nificant at levels of P <0.002.

Discussion

In this analysis of data from the MTN-020/ASPIRE trial
of the dapivirine vaginal ring, we used multiple analytical
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Table 2 Results of Cox proportional hazards models for per-protocol
analyses

yielded efficacy estimates of approximately 30%, very near
the ITT finding of 27% for this trial [7]. Causal models,

Cox proportional Estimated percent Estimated percent P value specifically principal stratification and marginal structural,
hazards model ~ HIV-1efficacy ~ HIV-1 efficacy 95% which considered both protocol and product adherence,
CI estimated HIV-1 protection to be between 41% and 57%.
Model 12 28.8 09,489 0.04 All analysis approaches we evaluated generated HIV-1
Model 2 30.8 3.6.50.3 0.03 efficacy estimates that were higher compared to ITT, which

*This model was stratified by site and included randomization arm

®This model was stratified by site and included randomization arm,
and additionally the following variables to adjust for potential con-
founding: [age group (<25,>25 years old), marital status (married,
not married), number of male sex partners (>2 sex partners in last
3 months, 0-1 sex partners in last 3 months), sexually transmitted
infections (any positive baseline result, all negative baseline results
for the following: chlamydia, gonorrhea, trichomoniasis, or syphilis)

methods that account for imperfect protocol and product
adherence to estimate HIV-1 protection. Per-protocol anal-
yses, which aimed to mimic perfect protocol adherence,
although without explicit consideration of product use,

was expected, given that retention and product adherence
were known to be imperfect in the trial. Per-protocol anal-
yses corrected for adherence by censoring at the time of
first missed visits producing efficacy estimates only a few
percentage points higher than those found in the ITT analy-
sis. Such analyses did not account for selection bias due
to informative censoring and assumed participants would
have been fully compliant with product use. Principal
stratification analyses aimed to categorize participants into
sub-groups defined by predicted probabilities of adherence
based on enrollment characteristics, although assignment
into strata that clearly defined highly adherent groups was
difficult in this dataset due to the lack of strong predictors of

Table 3 Principal Stratification: Estimated and empirical HIV-1 efficacy for predicted probability of adherence groups

Visit month® Adherence cut- Number of Predicted Empirical Empirical Estimated Estimated P value
off (>0.9 mg participants, probability of ~ HIV-1 percent HIV-1 percent HIV-1 percent HIV-1 percent
&>4.0 mg) person-months  adherence® efficacy® efficacy 95% efficacy? efficacy 95%
(mg) of follow-up, CI CI
number of
HIV-1 end-
points
6 >0.9 446,9277,34  0.86-0.90 22.3 15.5,30.4 29.7 3.3,484 0.03
6 >0.9 1375,28,615,  0.91-0.95 48.2 42.2,54.8 429 13.2,61.6 0.008
63
6 >0.9 143,2858,12  0.96-1.00 30.0 20.7,43.5 539 16.5,74.8 0.01
12 >0.9 557, 12,262, 47 0.86-0.90 14.2 12.0,17.0 30.8 3.3,50.6 0.03
12 >0.9 692, 14,526,322 0.91-0.95 48.1 36.9, 60.3 36.3 —4.4,60.5 0.07
12 >0.9 279, 5840, 6 0.96-1.00 59.9 434,822 40.7 - 17.6,70.4 0.14
6 >4.0 7,144,0 0.86-0.90 Inestimable® Inestimable® Unstable Unstable -
estimate’ estimate’
6 >4.0 - 0.91-0.95 - - Inestimable® Inestimable® -
6 >4.0 - 0.96-1.00 - - Inestimable® Inestimable® -
12 >4.0 - 0.86-0.90 - - Inestimable® Inestimable® -
12 >4.0 - 0.91-0.95 - - Inestimable® Inestimable® -
12 >4.0 - 0.96-1.00 - - Inestimable® Inestimable® -

®Data from this visit month was used to construct the logistic regression models needed to obtain predicted probabilities of adherence based
on best model using the Akaike Information Criterion (AIC). The number of participants included was as follows: 6-month model N=702,
12-month model N=1113

Predicted probabilities were obtained through logistic regression models using the adherence cut-off as outcome and baseline covariates as pre-

dictors

¢Garwood F (1936). Fiducial Limits for the Poisson Distribution. Biometrika 46:441-453

dEfficacy estimates based on Cox proportional hazards models including arm, adherence group and arm x adherence group interaction term

“There were 0 endpoints in each arm, so therefore the empirical estimate was inestimable
"The HIV-1 percent efficacy for this adherence group based on the Cox proportional hazards model was: 39.6 (95% CI — 3517.8, 99.0; P=0.81)
£No participants had predicted probabilities of adherence at these levels and thus HIV-1 percent efficacy (95% Cls) was inestimable
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Fig. 1 Principal Stratification:
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Table 4 Results of marginal
structural models

Median of Estimated Probability of Adherence Group*
*Grey reference lines denote estimated adherence groups.

Generalized estimating

Number of HIV-1

Estimated percent

Estimated percent HIV-1 P value

equation (GEE) model endpoints HIV-1 efficacy efficacy 95% CI

Model 1* 131 49.0 22.1, 66.6 0.0018
Model 2° 131 48.8 21.8,66.4 0.0019
Model 3¢ 131 56.5 32.8,71.9 0.0002
Model 4¢ 131 54.3 30.0, 70.1 0.0003

*Using non-truncated stabilized weights for predicting adherence (in active arm only & using >0.9 mg cut-
off), censored at time of first pregnancy

YUsing truncated stabilized weights (at 1%tile and 99th%tile) for predicting adherence (in active arm only
& using > 0.9 mg cutoff), censored at time of first pregnancy

“Using non-truncated stabilized weights for predicting adherence (in active arm only & using >0.9 mg cut-
off), time to first pregnancy and informative loss to follow-up. Data set was censored at time of first preg-

nancy

dUsing truncated stabilized weights (at 1%tile and 99th%tile) for predicting adherence (in active arm only
& using > 0.9 mg cutoff), time to first pregnancy and informative loss to follow-up. Data set was censored

at time of first pregnancy

adherence. The two residual drug release cut points to define
a participant as adherent were either arguably not stringent
enough (>0.9 mg) or overly stringent as evidenced by scar-
city of data points (>4.0 mg). A study with a point-exposure
instead of one that is time-dependent and user-dependent
(as far as it affects consistency or misclassification of expo-
sure), would have more likely met assumptions needed for
marginal structural modelling. Compared to the other mod-
els, however, the marginal structural models likely provided
a closer estimate of true efficacy given it reweighted the
dataset into a pseudo-population to account for time-varying
confounding and selection bias at the same time.

By creating strata of exchangeable participants [24, 25]
considered to be moderately-high adherers (86-90%), and
strata considered to be very-high adherers (91-95% and
96-100%) when using the > 0.9 mg cut off for adherence,
we found suggestion of monotonic increasing HIV-1 efficacy
estimates for each of the 6- and 12-month datasets. Notably,
the empirical estimates and their 95% Cls trended similarly
and were also contained within the 95% Cls of the predicted
estimates. This is likely due to the additional statistical
uncertainty from inclusion of the adherence parameter in the
estimated models. Likewise, estimates of ring efficacy in the
lower adherent group (86-90%) had comparable estimates
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to those seen in ITT and per-protocol analyses. However,
in the most adherent strata (96—100%), we observed HIV-1
efficacy estimates ranging from 41 to 54%, albeit scarcity
in the endpoints for the more stringent adherence groups
resulted in highly imprecise or inestimable estimates. In
marginal structural models, however, precision of efficacy
estimates was not an issue, due to the large number of end-
points included in each model [although 22% (37/168) of
endpoints were excluded from the analysis due to the una-
vailability of residual drug data from rings in the first year
of the MTN-020/ASPIRE study]. The estimates ranged from
49% to 57%, depending on whether stabilized IPTC/IPCW’s
were truncated, and whether weights were used for adher-
ence alone, or a combined weight adjusting for adherence,
first pregnancy or informative loss-to-follow-up.

Principal stratification analyses included two definitions
of adherence based on release of drug in vaginal rings.
Considering the principal stratification efficacy estimates
and their 95% confidence intervals using 6-month data,
the >0.9 mg drug release definition of adherence yielded
estimates whereas those of the > 4.0 mg drug release defini-
tion were inestimable due to data scarcity. This is not sur-
prising since a less stringent definition of adherence includes
a greater proportion of participants categorized as adher-
ent, although likely misclassifies participants as adherent
when they are not. The effect of exposure misclassification
is typically attenuation of efficacy estimates. However, the
group whose predicted probability of adherence is 96-100%
likely contains participants who have the highest probability
of adhering for the lower adherence threshold. Therefore,
an efficacy estimate of 53.6% (95% CI 16.5%, 74.3%) may
provide a reasonable estimate of the CACE, since we can
be more confident in this strata that the exclusion restriction
for identifiability assumption is being met. This assump-
tion is based on the notion that potential non-adherers do
not derive a treatment effect [15]; in our case, participants
whose predicted probability of being adherent is very high
at a lower threshold for adherence, is unlikely to include
consistently non-adherent individuals given a cut point
of <0.9 mg represents no or very low use of the ring. Like-
wise, this estimate is like that seen in subgroup analyses of
women > 21 years of age with an efficacy estimate of 56%,
and who had evidence of better adherence compared to
their younger counterparts. Estimates at 12 months serving
as sensitivity analyses, showed attenuated point estimates
although confidence intervals overlapped with the 6-month
measures. Of note, in the highest predicted probability of
adherence group (0.96-1.00) there were relatively fewer
HIV-1 endpoints (1.0 per 1000 person-months at 12 months
vs. 4.2 per 1000 person-months at 6 months) possibly due
in part to a study-wide temporal effect that was seen where
adherence increased and began to level off at 12 months into
the trial [26], and thus numbers of HIV-1 seroconversions
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began to decrease due to increased adherence in both arms.
Also, removing the first year of ring data from this analysis
may have influenced the prediction models for categorizing
participants into predicted adherence groups.

If assumptions of the marginal structural models are met,
then the exposure is independent from the measured con-
founders in the pseudo-population. The consistency assump-
tion asserts that a participant’s exposure history is well-
defined such that the potential outcome of a participant’s
exposure history is exactly that of the observed outcome
[27]. However, in the case of exposure to the dapivirine ring,
this assumption is clearly violated. As shown in the principal
stratification analyses, we observed that inherent to the esti-
mation of the CACE is determination of an appropriate cut
point for adherence. Misclassification bias is present since
defining a perfect cut point, based on drug release to define
sustained exposure to the ring that warrants protection, is
unknown. Therefore, we are left with using cut-points of
the amount of drug released that are considered reasonable
to define any and continuous use. However, a preferable
definition to meet the consistency assumption would be one
where exposure to the ring was completely controlled by
the investigator such that consistent and sustained exposure
over a 28-day period is guaranteed. Without this, one can-
not confidently assume that the consistency assumption has
been met. Second, the assumption of exchangeability, or
no unmeasured confounding, may have also been violated.
Although we included all potential confounders collected
during the study when constructing the IPCW and IPTW
models, we cannot be completely confident other participant
or study characteristics did not also play a role in adherence,
pregnancy or loss-to-follow-up, and the outcome of HIV-1
infection. For example, other studies based on the MTN-
020/ASPIRE cohort have shown that adherence improved
over time when participants adjusted to wearing the ring
and their fears of negative side effects dissipated [28], or that
participants initially were concerned about the novelty of the
ring but over time developed a sense of comfort and accept-
ability increased [13, 29-31]. Although a variable pertaining
to worries about ring use was included in the models, we did
not adjust specifically for changes in perception or fears of
use over time, which, if also related to the outcome of HIV-1
infection, could be considered an unmeasured confounder,
or at least one with residual confounding. The additional
assumption of positivity is reasonable since the MTN-020/
ASPIRE cohort was large enough that over the distribution
of covariates in the weight models, there were participants
that did and did not have the outcomes (adherence, preg-
nancy, and informative loss to follow-up). Finally, as in
any modeling exercise, it could be the case that there was
misspecification of models for baseline and time-varying
covariates on adherence to ring use, pregnancy, and informa-
tive loss to follow-up as well as the final marginal structural
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models for effect of adherence to ring use on HIV-1 infec-
tion, controlling for baseline covariates.

Despite several limitations, the application of statistical
methods utilizing the potential outcomes framework that
accounted for non-compliance produced higher HIV-1 effi-
cacy estimates than the ITT analysis. Obtaining estimation
of efficacy of PrEP strategies such as the use of a vaginal
ring for and among high-adherers is valuable for planning
and implementation of future HIV-1 prevention studies, and
rollout.
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