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Summary

Antiretroviral therapy (ART) has been shown to be effective at reducing HIV transmission
and severe rates of iliness. To test this further, the HPTN 071 (PopART) trial examined if
a universal test and treatment program, along with a combination prevention
intervention, could reduce HIV incidence at the population level. The trial was conducted
in urban communities in Zambia and South Africa and was one of four randomized
controlled trials (Iwuiji et al. 2018, Havlir et al. 2019, Hayes et al. 2019; Makhema et al.
2019) looking at treatment as prevention. The trial did not find that universal ART had
any effect on HIV incidence. Because this was a landmark study and there was a
copious amount of money spent on HIV interventions, we needed to ensure the
robustness of the results before proceeding further with additional investments.

This paper presents a replication study of the PopART trial using data shared by the
original authors. We first conducted a push-button replication to verify that the findings
could be produced using the original code and data. We then conducted a pure
replication, where we tried to use the methods described in the original study to replicate
the findings. From our pure replication, we were able to replicate the descriptive statistics
table but were not able to replicate the primary incidence analyses. We were not able to
replicate the original analysis methods, and the methods that we implemented did not
yield the same effect estimates as the original analysis. However, we were able to come
to the same overall conclusions as the original analysis.

We then conducted a series of measurement and estimation analyses to test the
robustness of the original results to additional analyses. In 2016, both Zambia and South
Africa adopted the WHO’s recommendation that ART be provided to HIV-positive
individuals regardless of their CD4 count. This would have changed the treatment for
Groups B and C and could have potentially reduced the effectiveness of the intervention.
To see if there was a difference in treatment effectiveness before and after this
recommendation was issued, we split the population into two subgroups: those with data
pre-2016 and those with data post-2016. We did not find any significant differences
between these incidence rates and the original results.

The PopART study design was conducted in twenty-one communities that were grouped
into seven triplets based on geographic location and estimated HIV prevalence. The
communities in each triplet were randomly assigned into one of three study arms: (1)
Arm A being combination prevention intervention with universal ART; (2) Arm B being
combination prevention intervention; and (3) Arm C being the control group). The original
authors compared HIV incidence between Arm A and Arm C as well as Arm B and Arm
C for each triplet. In this figure, three triplets in Arm A had more HIV cases than Arm C at
end line. We ran exploratory analyses to identify why three triplets had higher HIV
incidence rates. We compared descriptive statistics at baseline between the two arms for
these triplets and then compared HIV incidence rates. We did find that being in the
control group for these triplets was protective against becoming HIV positive. This
indicates that the systemic differences in baseline characteristics between these two
groups may have affected the intervention’s take-up and effectiveness, which could have
contributed to the null result found by the original authors. Because this was an
exploratory analysis, this result would need to be explored further with additional
analyses.



We also ran a series of various checks and data transformations to assess if alternate
coding specifications and data transformations would affect the results. For those who
had seroconverted sometime between the first visit and the last visit but were missing
data at the second visit, the original authors used mean imputation to calculate person-
time. We used an alternative imputation method and instead used a random seed to
impute in person-time for those who were missing that information. We also checked to
see if using alternative variable constructions, accounting for covariate balance using
inverse probability weighting, or using clustered standard errors would affect the
robustness of these results. We found that the original results were still robust to these
different specifications.

We were not able to replicate the primary incidence analysis, as we were not able to use
the same methods. Though we attempted to use the original authors’ preanalysis plan
and methods section to conduct the same analyses, we were not able to understand the
two-stage approach used in the incidence analyses to sufficiently replicate it. As study
designs become increasingly complex in the evaluation sector, it is important that
analyses are transparent and sufficient guidance is provided to support replication and
utilization of these methods by other researchers.

Overall, we found that the results of the original study were robust to the measurement
and estimation analyses that we conducted. We did not find that any of the robustness
analyses changed the statistical significance or interpretation of the original findings. This
indicates that for this trial, the treatment-as-prevention intervention did not have a
statistically significant effect on HIV incidence.



Contents

ST 0 T3] 4 =1 o ii
List Of tables ........cccviiiiiiiii i —————— v
1. INtrOdUCTION ... 1
2. MEtROAS .....ceeiiiiiiiiic et aan 2
B B 7= = TR 1= £ 2
2.2 Replication ANAIYSES ........eeiiiiiiiiiiiie et 2
2.3 Measurement and Estimation ANalySes ............oueiiiiiiiiiiiiiiiiie e 3
3. RESUIES ... 6
3.1 Push-Button RepliCation ..........cuuuiiii it e e e 6
3.2 PUre RePliCAtiON .....cuuei e eaaaa 6
3.3 Measurement and Estimation Analyses ... 12
4. DiSCUSSION ..cciiiiiiieiiieiiiseerss s s s s s s s s s srssse s e s e s e e e erererreerreereeeeeeeenneeeeeeeenaansennnnnnnnnnnnnnnnnnnnnnnnnnn 21
4.1 Replication ANAIYSES ... 21
4.2 Measurement and Estimation AnalySes ..........ooccuiiiiiiiiiiiiiiiiiee e 22
L 0o 4 T 11T oY TP 23
L0 ] 11 g == T o7 o T=T o Lo 17 (=T3P O P 24
ReferenCes.......ciiiiti e —————————— 25



List of tables

Table 1: Characteristics of the Population Cohort at Baseline..............................l 7
Table 2. Unadjusted HIV Incidence Rates and Viral Suppression Rates....................... 10
Table 3: Unadjusted Incidence-Rate Calculation for Pre-ART vs. Post-ART................. 13
Table 4: Sensitivity Results from Omitted-Variable Analysis with Additional Covariates 14
Table 5: Incidence-Rate Calculation after Alternate Imputation Method........................ 15
Table 6: Characteristics of the Selected Triplets..........cooooie 16
Table 7: Unadjusted Incidence-Rate Calculation for Selected Triplets........................... 17
Table 8: Selected Characteristics at Twelve Months ... 18
Table 9: Selected Characteristics at Twenty-Four Months ....................ccco 18
Table 10: Selected Characteristics at Thirty-Six Months ..........cccccoiiiii 18
Table 11: Adjusted Incidence Rates using Inverse Probability Weighting ...................... 19
Table 12: Proportion of Missing Data by Baseline Characteristics ..........ccccccccvniiiinneen. 20
Table 13: Adjusted Incidence-Rate Analyses using Continuous Age ...........ccccoevuuvvenen. 21
Table 14: Adjusted Incidence Rates using Clustered Standard Errors.......................... 21



1. Introduction

In 2015, the World Health Organization (WHO) changed its guidelines on antiretroviral
therapy (ART) to recommend that ART be initiated in all HIV-positive adults regardless of
their CD4 cell count (World Health Organization 2015). This amended the previous
guideline change that changed the threshold of ART initiation to include adults who had
a CD4 cell count between 350-500 cells/pL. The universal ART recommendation was
based on evidence from two individual randomized controlled trials that found early
initiation of ART lowered transmission and reduced rates of severe illness (Cohen et al.
2011; Temprano ANRS 12136 Study Group 2015).

The HPTN 071 (PopART) trial examined whether a universal test and treatment program
along with a combination prevention intervention could reduce HIV incidence at the
population level (Hayes et al. 2019). The trial was conducted in urban communities in
Zambia and South Africa and is one of four trials looking at treatment as prevention. Both
intervention groups received the combination prevention intervention, with one group
receiving ART regardless of the patient's CD4 cell counts and the other receiving
treatment according to national guidelines. The control group received standard of care
with treatment according to national guidelines. In 2014, Zambia adopted the WHO
guidelines to provide ART at CD4 cell counts less than 500 cells/uL, while South Africa
adopted these guidelines at the end of 2014 (Republic of South Africa Department of
Health 2015; Republic of Zambia Ministry of Health 2014). In 2016, both countries
adopted the WHO recommendations to provide universal ART at all clinics (Republic of
South Africa Department of Health 2016; Republic of Zambia Ministry of Health 2016).
The ANRS 12249 TasP trial and the SEARCH study showed no effect on HIV incidence,
while Ya Tsie showed a nonsignificant decrease in HIV incidence between the
intervention and control group (lwuji et al. 2018; Havlir et al. 2019; Makhema et al. 2019).
The PopART trial found that the universal ART intervention group did not have a
statistically significant effect on HIV incidence relative to the control group. However, in a
post hoc analysis that the original authors described in their discussion, they found that if
the two combination prevention treatment arms were combined, HIV incidence was 20
percent lower in the treatment arms compared to the control group.

HIV prevention interventions are costly: $9.3 billion were spent in 2015 on HIV
prevention, and UNAIDS recently recommended that an additional $7 billion would be
needed to meet the Sustainable Development Goals targets (Dieleman et al. 2018;
Sarkar et al. 2019). If the international community is advocating for combination
prevention interventions to be implemented in countries that have a high prevalence of
HIV, we need to ensure that the evidence is robust before implementing these costly
interventions. We chose to do a replication study on one of the four treatment-as-
prevention trials to test the robustness of their results. We selected the PopART trial for
this replication study, as of the four treatment-as-prevention trials, the PopART trial was
the only trial to have a significant effect on HIV incidence from the combined intervention
arms.

This replication study used the raw data to reproduce the results from the Hayes et al.
(2019) study. We then tested the robustness of results presented in the original paper
through a series of analyses that address the issues related to the violations of the stable
unit treatment value assumption (SUTVA), the treatment of missing data, the



heterogeneity of impact due to certain characteristics, and the potential violations of key
assumptions in the estimation methods used in the original paper. In the next section, we
present the data sets and methods used in this replication study. We then present the
results and conclude with a short discussion on the robustness of these results.

2. Methods

2.1 Data Sets

The data sets were obtained from the Atlas Science Portal at the Statistical Center for
HIV/AIDS Research and Prevention in June 2020. Six Excel data sets were provided. All
data sets were cleaned and de-identified prior to sharing with 3ie. A description of the
data sets used for this analysis is found below.

d_visit.xls contains the cleaned data for each visit per participant in the sample
population. It provided demographic- as well as sexual-behavior-level covariates.

p071_endpoint.xls contains the final derived characteristics for the sample population. It
provided derived HIV status and viral suppression information for those that were
surveyed at each visit.

p071_visit_analysis.xls contains the final derived characteristics by visit date. It provided
cleaned variables for male circumcision and ART status.

2.2 Replication Analyses

2.2.1 Push-Button Replication

A push-button replication uses the authors’ code and data to replicate the results in the
study (Brown and Wood 2016). This is generally the first step in a replication study to
verify that the findings can be reproduced. In May 2020, we obtained the authors’ SAS
and R code. We used SAS Studio and R version 3.6.1 to replicate Tables 1-2 and
Figures 2-3.

2.2.2 Pure Replication

We tried to replicate the original analyses using the same statistical methods as Hayes
et al. (2019) for the pure replication. We focused on replicating the two main tables in the
paper: Table 1, which showed descriptive statistics, and Table 2, which included the
incidence analyses.

To create the sample population for the incidence analyses, the original authors used
imputation to impute HIV status and visit date for participants who missed the survey
rounds at PC 12 (second visit date) and who later seroconverted. The authors used hot-
deck imputation to impute HIV status for each seroconverter. HIV status was sampled
from a pool of seroconverters who were from the same gender and community. They
then imputed the visit date for these missed visits using the mean imputation for each
community. The authors then generated twenty different imputed data sets and
conducted the primary analysis for each imputation data set. The endpoint was the mean
of these twenty imputation estimates.

The primary analysis was a two-stage approach that first used an individual-level
Poisson regression across all three study arms to calculate the expected number of



events in each community, after adjusting for age, sex, and baseline HIV prevalence.
The second stage was then to use an ANOVA on the log-ratio residuals of the observed
number of events to expected number of events with the rate ratios for each arm
calculated using exponentiation. This same method was used to analyze viral
suppression, with the exception that logistic regression was used at the first stage.

We used hot-deck imputation to impute HIV status for those who seroconverted and
used mean imputation to impute visit dates for this group. However, we were not able to
use the same methods to conduct the primary analysis. After attempting to replicate the
two-stage approach using the original authors’ preanalysis plan and methods section of
the original paper, we were not able to do so. We then referenced the authors’ original
code to understand how they conducted these analyses. The authors had created their
own function and packages within R to generate these imputed data sets and conduct
the two-stage approach. Instead, we just ran individual-level Poisson (logistic for viral
suppression) models to look for HIV incidence. We recognize that we were not able to
replicate the exact same methods as the original authors, due to the complexity involved
in completing these analyses. There will be discrepancies in the results because of this
difference in methods.

Any major discrepancy between the original analysis and the replication analysis has
been shaded in grey. In this study, we classify discrepancies as being major if the
significance level of an estimate changes or if the difference in estimates between the
original analysis and the replication analysis is more than 10 percent.

2.3 Measurement and Estimation Analyses

The full rationale and proposed methodology for these robustness analyses can be
found in the previously published preanalysis plan (Appendix 1). We selected these
analyses using a checklist (in manuscript preparation) to guide replication analyses
(Appendix 2). Any deviations from the plan have been noted in the methods below.
These analyses have been categorized into five categories: assumption validity, data
transformations, estimation methods, heterogenous outcomes, and standard checks.

2.3.1 Assumption Validity

These sensitivity analyses (geographic boundaries, migration, change in ART initiation,
and omitted-variable bias) aim to test the underlying assumptions of the methods used in
the PopART study. We planned four analyses but were only able to be completed
because of available data.

2.3.2 Geographic Boundaries

There may have been some clusters that were contiguous or close in proximity.
Depending on the arm to which the clusters were assigned, there could have been
spillover, as sexual networks may have overlapped between clusters. To account for
potential spillover, we intended to use the “fried egg” study design to create a buffer zone
within each cluster (Hayes and Moulton 2017). Once we had generated this new analytic
sample based on geographic data, we would then rerun the analyses to assess if
spillover affected the results.

We were not able to implement this analysis, as geographic coordinates were not
provided.



Migration

The original authors highlighted that mobility and migration for HIV-positive partners from
outside the treatment area could have contributed to the null result in Group A. Through
this analysis, we were planning to right-censor participants who had migrated out of the
study population at least once to assess how migration may have impacted the results.

We were not able to implement this analysis, as we were not able to identify the
variables in the provided data sets that had information on who migrated/reasons for
leaving the sample population.

Change in ART Initiation

In 2016, South Africa and Zambia adopted the 2013 WHO guidelines, which
recommended that ART be provided to all HIV-positive adults regardless of CD4 cell
count (Republic of South Africa Department of Health 2016; Republic of Zambia Ministry
of Health 2016). This guidance changed the treatments that Groups B and C received
and could have contributed to the null result that was found by reducing the
intervention’s effectiveness. To assess whether the change in ART guidance affected the
intervention, we split the sample population into two groups: a pre-ART change and a
post-ART change. We used the boundary date of December 31, 2015, to create these
two groups, with any visits that were on or before December 31, 2015, classified as “pre-
ART change” and any date after December 31, 2015, classified as “post-ART change.”
We used this boundary date because the universal ART initiation does not neatly
correspond to the study survey rounds and we do not know the exact date that universal
ART was initiated in each community. Because the policy adoption happened in 2016,
we assumed that any surveys after January 1, 2016, could have taken place after
universal ART had been initiated.

Once we created these two sample populations, we ran the unadjusted and adjusted
incidence-rate analyses in both populations to see how the incidence rate differed in
each population.

Omitted-Variable Bias

The authors used visual tests of covariate balance to determine if there was unobserved
confounding. However, these tests cannot be used to confirm whether or not unobserved
confounding is present in the data (Cinelli and Hazlett 2020). The visual tests also did
not include sexual behavior variables that could affect HIV incidence and contribute to
potential unobserved confounding. To account for potential unobserved confounding, we
use Cinelli and Hazlett's technique to generate sensitivity statistics, such as the
“robustness value,” to determine the strength that an unobservable confound has on the
estimated treatment effect. We first ran the regression analysis with additional covariates
that were omitted from the original analysis and that could affect HIV incidence. We
included condom use, number of sexual partners, male circumcision, and age at first
intercourse in our Poisson regression model, as these are all sexual behaviors that have
been found to be associated with HIV infection (Kamali et al. 2002; Wand and Ramjee
2012; Afriyie and Essilfie 2019; Auvert et al. 2013). We then used Cinelli and Hazlett’'s R
package “sensemakr” to conduct sensitivity analyses on the model to generate the
robustness value that allowed us to estimate the strength that potential unobservable
confounders could have on the relationship between the treatment and outcome
variables.



2.3.3 Data Transformations

This measurement analysis primarily focused on how the original analyses imputed visit
date for those who missed a visit and seroconverted at that missed visit. In the original
analyses, the authors imputed person-time using mean values for each community. To
test how alternate imputation methods may affect the calculation of person-time, we
used a random seed to impute person-time values for those who seroconverted and
missed a visit. We then ran the regression analyses using these new person-time
imputations.

2.3.4 Estimation Methods

This measurement analysis focused on alternatives to the primary incidence analysis.
We had originally planned on conducting an individual-level analysis to assess HIV
incidence using a GEE logit model to see if the results still held at the individual level,
compared to the population level. However, because the original authors did use an
individual-level Poisson regression, this analysis was no longer needed.

2.3.5 Heterogeneous Outcomes

The original paper was conducted in twenty-one communities. These communities were
grouped into seven triplets based on geographic location and estimated HIV prevalence.
Each community within the triplet was then randomly assigned to one of the treatment
groups. In the original manuscript, Figure 2A indicated that HIV incidence was lower in
the Group C control arm for triplets 1, 2, and 5, when compared to the Group A treatment
arm. This same effect was not found when comparing Group B to Group C for these
triplets. We hypothesized that there may have been compositional differences in these
triplets when comparing Group A to Group C. We first compared descriptive statistics
between Group A and Group C for triplets 1, 2, and 5 to identify whether there were any
systematic differences. We then calculated the unadjusted incidence-rate analyses in
these three triplets to identify whether there were differences in the outcomes when
comparing Group A to Group C.

2.3.6 Standard Checks
This final set of sensitivity analyses looked at a series of checks to identify how the
original analyses handled each of the transformations below.

Covariate Balance

In this standard check, we checked covariate balance across study arms at each of the
four survey rounds. We identified that all the covariates, excluding age category, were
imbalanced across the study arms at each survey round. We then used inverse
probability, weighting to account for the covariate imbalance and potential attrition
(Weuve et al. 2012). We first ran a logistic regression with the HIV incidence outcome
and the imbalanced covariates to generate predicted probabilities for each observation.
We then used these predicted probabilities to calculate weights that were the inverse of
the probability of staying within the study for each treatment arm. We then reran the
Poisson regression analysis using these inverse probability weights.

Treatment of Missing Data

We checked the proportion of observations with missing data for each variable in Table
1. If there was a substantial amount of missing data for each covariate, we would then
test associations with the treatment status and the outcome variable.



Variable Construction

The authors used age as a categorical variable and controlled for it as a categorical
variable in their incidence analyses. We reran the incidence analyses using age as a
continuous variable to see if there would be any effect from using a variable
transformation that allowed for additional information to be retained.

Adjusting Standard Errors

The authors used a two-stage approach to control for cluster effects. We reran the
analyses using clustered standard errors to assess the robustness of the results using
this alternative method.

All analyses were conducted using SAS version 9.4, Stata version 16.1, and R version
3.6.3.

3. Results

3.1 Push-Button Replication

Using the authors’ code and data, we were able to replicate Tables 1-2 and Figures 2-3.
We did not find any differences between the PBR estimates and the original paper.

3.2 Pure Replication
Baseline Characteristics at Inclusion

We were able to replicate Table 1 from the original paper to describe the baseline
characteristics of the sample population. The original paper did not provide p values from
the chi-square tests, but we included these from the replication analyses. Only HIV viral
suppression was balanced between the three arms. The rest of the baseline statistics
were significantly different between the arms.



Table 1: Characteristics of the Population Cohort at Baseline

Original Replication Original Replication Original Replication Replication
Group A Group A Group B Group B Group C Group C P value
N=12,671 N=12,671 N = 13,404 N = 13,404 N=12,399 N=12,399

Sex

Male 3595/12637 (28) 3595/12637 (28) 3906/13364 (29) 3906/13364 (29) 3701/12340 (30) 3701/13364 (30)

Female 9042/12637 (72) 9042/12637 (72) 9458/13364 (71) 9458/13364 (71) 8639/12340 (70) 8639/13364 (70) 0.027
Age

18-24 years 5065/12636 (40) 5065/12636 (40) 5179/13364 (39) 5179/13364 (39) 4981/12336 (40) 4981/13364 (40)

25-34 years 4928/12636 (39) 4928/12636 (39) 5170/13364 (39) 5170/13364 (39) 4688/12336 (38) 4688/13364 (38)

35-44 years 2643/12636 (21) 2643/12636 (21) 3015/13364 (23) 3015/13364 (23) 2667/12336 (22) 2667/13364 (22) 0.005
Marital Status

Married or living as married  5363/12560 (43) 5363/12560 (43) 5210/13233 (39) 5210/13233 (39) 4693/12199 (38) 4693/13233 (38)

Never married 6292/12560 (50) 6292/12560 (50) 6923/13233 (52) 6923/13233 (52) 6644/12199 (54) 6644/13233 (54)

Divorced, separated, or

widowed 905/12560 (7) 905/12560 (7) 1100/13233 (8) 1100/13233 (8) 862/12199 (7) 862/13233 (7) <0.001
Male Circumcision Status

Not circumcised 1735/3405 (51)  1725/3405 (51)  1974/3658 (53) 1974/3758 (53) 1904/3445 (55)  1904/3758 (55)

Medical circumcision 567/3405 (17) 567/3405 (17) 613/3758 (16) 613/3758 (16) 646/3445 (19) 646/3758 (19)

Traditional circumcision 1113/3405 (33)  1113/3405(33)  1171/3758 (31) 1171/3758 (31) 895/3445 (26) 895/3758 (26) <0.001
Current Use of ART by HIV+
Participants*

Yes 788/2375 (33) 788/2362 (33) 1048/2582 (41) 1048/2558 (41) 878/2526 (35) 878/2558 (35)

No 1587/2375 (67)  1574/2362 (67)  1534/2582 (59) 1510/2558 (59) 1648/2526 (65) 1629/2558 (65) <0.001
HIV Status*

Negative 9594/12177 (79) 9594/12177 (79) 10235/12969 (79) 10235/12969 (79) 9301/11988 (78) 9301/12969 (78)

Positive 2583/12177 (21) 2583/12177 (21) 2734/12969 (21) 2734/12969 (21) 2687/11988 (22) 2687/12969 (22) 0.02



Original Replication Original Replication Original Replication Replication

Group A Group A Group B Group B Group C Group C P value
N=12,671 N=12,671 N =13,404 N =13,404 N=12,399 N=12,399

HSV-2 Status

Negative 6506/12237 (53) 6506/12237 (53) 7005/13019 (54) 7005/13019 (54) 6585/12016 (55) 6585/13019 (55)

Positive 5667/12237 (46) 5667/12237 (46) 5959/13019 (46) 5959/13019 (46) 5357/12016 (45) 5357/13019 (45)

Indeterminate 64/12237 (1) 64/12237 (1) 55/13019 (<1) 55/13019 (0) 74/12016 (1) 74/13019 (1) 0.019
HIV Viral Suppression**

Yes 295/523 (56) 295/523 (56) 300/525 (57) 300/525 (57) 267/494 (54) 268/525 (54)

No 228/523 (44) 228/523 (44) 225/525 (43) 225/525 (43) 227/494 (46) 2271525 (46) 0.605

*Even though HIV incidence analyses restricted the sample population to those who were HIV negative at baseline, the full sample population included HIV-
positive people at baseline, as they were eligible to receive the intervention. The original authors included baseline HIV prevalence in their balance tables,
which is why these variables are included in this table here.

**Only a subset of the HIV-positive participants was randomly selected to assess viral suppression at each survey round, so the denominator for this variable
is not the same as the number of HIV-positive participants.



Primary Incidence Analysis

As described in the methods section, we used the same hot-deck imputation method to
impute HIV status for seroconverters who missed a visit. We also used mean imputation
values for each community to impute visit dates for those who missed a visit. However,
we were not able to replicate the two-stage approach that analyzed HIV incidence across
twenty imputation data sets. We did not have access to all the backend documentation to
be able to create on our own the same incidence function that the original authors used.
We instead used the imputed data set to generate unadjusted and adjusted HIV
incidence rates and viral suppression rates. For the adjusted HIV-incidence-rate
calculation, we used an individual-level Poisson regression controlling for triplet, age,
sex, and baseline HIV prevalence. For the adjusted viral suppression rates, we used an
individual-level logistic regression model that controlled for triplet, age, and sex.

The unadjusted HIV incidence rates were different from the original analyses. For each
triplet and arm, the rates did not change in direction or statistical significance but,
instead, varied in magnitude. The difference in these unadjusted rates could be due to
random variation during the imputation. The differences could also be because the
unadjusted rates may have been calculated by aggregating over the twenty imputation
data sets, even though this was not clearly stated in the statistical analysis plan. The
unadjusted viral suppression rates did not differ between the original analysis and the
replication analysis.

The adjusted HIV incidence rates did differ between the replication and the original
analysis. In the original analysis, participants enrolled in Group A had a slight,
nonsignificant protective effect against HIV incidence, compared to those in Group C
(RR: 0.93, 95 percent Cl: 0.74-1.18). This effect was no longer present in the replication,
as now Group A had a slightly higher likelihood of becoming HIV incident compared to
Group C (RR: 1.11, 95 percent Cl: 0.86—1.44). Incidence rates by sex for Group A were
also higher for the replication analysis compared to the original analysis. For Group B
compared to Group C, the incidence rate was still protective, but the relative risk was
weaker and no longer statistically significant (Original RR: 0.7, 95 percent Cl: 0.55-0.88;
Replication RR: 0.93, 95 percent Cl: 0.72—-1.21) and the effect was no longer significant.
The incidence rates by sex for Group B were also higher for the replication analysis
compared to the original analysis. The difference for these rates indicates that the results
are not robust to alternate estimation techniques that do not aggregate against the
multiple imputation data sets.

The viral suppression rates did not differ substantially from the original analyses. The
viral suppression rate for men in Group A did differ by more than 10 percent, but it
remained in the same direction. Even though the two-stage approach was not used, the
results were robust to using a logistic regression.



Table 2. Unadjusted HIV Incidence Rates and Viral Suppression Rates

Original Replication Original Replication Original Replication
Group A Group A Group B Group B Group C Group C
no./total person-year (rate per 100 person-year)
Participants with New HIV Infection, 12-36
Months
Triplet 1 28/1687 (1.64) 20/952 (2.10) 19/1979 (0.94) 10/969 (1.03) 24/2054 (1.17) 19/1553 (1.22)
Triplet 2 33/2086 (1.57) 26/1429 (1.82) 29/2408 (1.20) 26/2076 (1.25) 33/2262 (1.48) 14/1220 (1.15)
Triplet 3 23/1695 (1.36) 14/986 (1.42) 22/1687 (1.30) 15/928 (1.62) 29/1811 (1.63) 19/1135 (1.67)
Triplet 4 41/2013 (2.04) 22/1243 (1.77) 19/1698 (1.13) 17/1106 (1.54) 37/1561 (2.39) 16/796 (2.01)
Triplet 5 36/1507 (2.35) 24/1181 (2.03) 33/1811 (1.80) 27/1444 (1.87) 28/1304 (2.15) 20/947 (2.11)
Triplet 6 26/1808 (1.43) 20/1286 (1.56) 26/2078 (1.24) 19/1672 (1.14) 32/1375 (2.31) 23/986 (2.33)
Triplet 7 13/2195 (0.57) 12/1735 (0.69) 10/2488 (0.40) 10/2312 (0.43) 14/2195 (0.59) 13/1875 (0.69)
Overall 198/12,990 (1.45) 138/8813 (1.57) 157/14,149 (1.06) 124/10508 (1.18)  198/12,563 (1.55) 124/8513 (1.46)
Men 36/3766 (0.77) 24/2400 (1.0) 23/4301 (0.45) 18/3159 (0.57) 39/4115 (0.92) 26/2578 (0.94)
Women 162/9225 (1.71) 114/6413 (1.78) 134/9848 (1.26) 106/7349 (1.44) 159/8448 (1.79) 98/5755 (1.70)

Participants with Viral Suppression at 24 Months

Triplet 1
Triplet 2
Triplet 3
Triplet 4
Triplet 5
Triplet 6
Triplet 7
Overall
Men
Women

140/175 (80.0)
204/311 (65.6)
225/295 (76.3)
356/518 (68.7)
270/389 (69.4)
250/355 (70.4)
86/116 (74.1)

1531/2159 (71.9)

183/294 (63.0)

1348/1865 (73.3)

140/175 (80)

204/311 (65.6)
225/295 (76.3)
356/518 (68.7)
270/389 (69.4)
250/355 (70.4)
86/116 (74.1)

1531/2159 (70.9)

183/294 (62.2)

1348/1865 (72.3)

no./total HIV-positive participants (%)

183/244 (75.0)
276/371 (74.4)
177/255 (69.4)
219/324 (67.6)
275/381 (72.2)
126/202 (62.4)
62/114 (54.4)

1318/1891 (67.5)

153/244 (60.8)

1165/1647 (68.4)

183/244 (75.0
276/371 (74.4
177/255 (69.4
219/324 (67.6
275/381 (72.2
126/202 (62.4
62/114 (54.4)

~— O~ — ~— ~— ~—

1318/1891 (70.0)

153/244 (62.7)

1165/1647 (70.7)

212/290 (73.1
179/271 (66.1
174/284 (61.3
354/476 (74.4
211/315 (67.0
338/506 (66.8
12/41 (29.3)

~— — N — ~— ~—

1480/2183 (60.2)

179/330 (40.0)

1301/1853 (65.8)

212/290 (73.1)
179/271 (66.1)
174/284 (61.3)
354/476 (74.4)
211/315 (67.0)
338/506 (66.8)
12/41 (29.3)

1480/2183 (67.8)
179/330 (54.2)
1301/1853 (70.2)
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Table 2 (cont’d). Adjusted HIV Incidence Rates and Viral Suppression Rates

Original

Replication Original Replication
Group A vs. Group C Group A vs. Group C Group B vs. Group C Group B vs. Group C
HIV Incidence

Adjusted RR (95% CI) P value Adjusted RR (95% ClI) P value Adjusted RR (95% Cl) P value Adjusted RR (95% CI) P value
Overall 0.93 (0.74-1.18) 0.51 1.11 (0.86-1.44) 0.41 0.70 (0.55-0.88) 0.006 0.93 (0.72-1.21) 0.59
Men 0.88 (0.41-1.88) 1.0 (0.56-1.78) 0.52 (0.24-1.12) 0.66 (0.36—1.22)
Women 0.96 (0.72—1.28) 1.16 (0.87—-1.54) 0.73 (0.55-0.97) 1.01 (0.76-1.35)

Viral Suppression

Adjusted OR (95% Cl) P value Adjusted OR (95% CI) P value Adjusted OR (95% CI) P value
Overall 1.16 (0.99-1.36) 0.07 1.19(1.04-1.37) 0.01 1.08 (0.92-1.27) 0.3 1.08 (0.94-1.24) 0.27
Men 1.46 (0.86-2.48) 1.27 (0.90-1.79) 1.41 (0.83-2.41) 1.38 (0.95-1.99)
Women 1.10 (1.00-1.22)

1.16 (1.00-1.35)

1.03 (0.93-1.13)

1.03 (0.89-1.20)
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3.3 Measurement and Estimation Analyses

3.3.1 Assumption Validity

Change in ART Initiation

Our first set of analyses looked at how the adoption of the WHO guideline to change
ART initiation affected the impact of the intervention. We created two populations using
January 1, 2016, as the cut-off date. The pre-ART population consisted of participants
with visit dates before this cut-off date, and the post-ART population is for those after the
change. We then estimated unadjusted and adjusted incidence rates for each
population.

Overall, in Group A, the unadjusted rate for the pre-ART group was 0.62 new HIV-
positive cases per 100 person-years, whereas in the post-ART group, the rate was 0.37
new HIV-positive cases per 100 person-years (Table 3). In Group B, the unadjusted rate
for the pre-ART group was 0.69 new cases per 100 person-years, and in the post-ART
group, it was 0.30 new cases per 100 person-years. In Group C, the unadjusted rate for
the pre-ART group was 0.89 cases per 100 person-years, and in the post-ART group, it
was 0.44 new cases per 100 person-years.

The adjusted incidence-rate ratios did vary from the original replication results and were
substantially lower when comparing Group A to Group C. Comparing Group A to Group
C, the adjusted rate ratio was 0.72 (95 percent Cl: 0.51-1.03) for the pre-ART group. For
the post-ART population, the adjusted rate ratio was 0.77 (95 percent Cl: 0.50-1.19).

Comparing Group B to Group C, the incidence rates were higher than those in the
original analyses for both the pre-ART and post-ART populations. The incidence rates
were no longer statistically significant. Those in Group B who were in the pre-ART
population had 0.89 (95 percent Cl: 0.64—1.22) times the incidence rate of
seroconverting compared to Group C, and those in Group B’s post-ART group had 0.78
(95 percent Cl: 0.5-1.2) times the incidence rate of seroconverting compared to those in
Group C.

Overall, the magnitude of effect was substantially lower for Group A in the replication
analyses compared to the original analyses. This indicates that there was a difference
when the population was split. However, the statistical significance remained the same,
as the incidence-rate ratios were not statistically significant. The change in ART initiation
did not have a statistically significant effect on the impact estimate for Group A.
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Table 3: Unadjusted Incidence-Rate Calculation for Pre-ART vs. Post-ART

Pre-ART Post-ART Pre-ART Post-ART Pre-ART Post-ART
Group A Group A Group B Group B Group C Group C

no./total person-yr (rate per 100 person-yr)
Participants with New HIV Infection, 12-36 Months

Triplet1  3/1029 (0.29) 5/1518 (0.33) 6/1118 (0.54) 3/1762 (0.17) 10/1645 (0.61) 5/1814 (0.28)
Triplet2  13/1452 (0.90) 7/1765 (0.40) 10/2093 (0.48) 6/2093 (0.29) 22/1361 (1.62) 4/1851 (0.22)
Triplet3  5/1091 (0.46) 6/1510 (0.40) 17/1089 (1.56) 5/1476 (0.34) 13/1150 (1.13) 11/1377 (0.80)
Triplet4  8/1456 (0.55) 7/1866 (0.38) 8/1284 (0.62) 10/1553 (0.64) 5/854 (0.59) 11/1420 (0.77)
Triplet5  13/1200 (1.08) 4/1275 (0.31) 23/1496 (1.54) 5/1496 (0.33) 9/970 (0.93) 8/1044 (0.77)
Triplet6  12/1374 (0.87) 8/1519 (0.53) 7/1678 (0.42) 6/1754 (0.34) 15/1009 (1.49) 5/1147 (0.44)
Triplet7  4/1810 (0.22) 5/1975 (0.25) 5/2335 (0.21) 3/2335 (0.13) 6/2011 (0.30) 3/2058 (0.15)
Overall 58/9413 (0.62) 42/11430 (0.37) 76/11094 (0.69) 38/12471 (0.30) 80/9003 (0.89) 47/10715 (0.44)

Table 3 (cont’d). Adjusted Incidence-Rate Ratio Calculation for Pre-ART vs. Post-ART

Pre-ART Post-ART Pre-ART Post-ART
Group A vs. Group C Group A vs. Group C Group B vs. Group C Group B vs Group C
Adjusted RR (95% CI) P value Adjusted RR (95% ClI) P value Adjusted RR (95% CI) p value  Adjusted RR (95% ClI) p value
0.72 (0.51-1.03) 0.07 0.77 (0.50-1.19) 0.25 0.89 (0.64-1.22) 0.47 0.78 (0.5-1.2) 0.28
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Omitted-Variable Bias

Our next analysis examined how omitted-variable bias may have been present in the
results and the impact of unobservable confounding. We ran two models using the
“sensemakr” package in R (Cinelli and Hazlett 2020). In the first model, we adjusted for
the same covariates used in the original analysis: age, sex, triplet, and baseline HIV
prevalence. In the second model, we controlled for those confounders, as well as
additional sexual behavior covariates that have been found to be associated with HIV
incidence (Kamali et al. 2002; Wand and Ramjee 2012; Afriyie and Essilfie 2019; Auvert
et al. 2013). These confounders were condom use, number of sexual partners, male
circumcision, and age at first intercourse.

The statistic of interest is the “robustness value.” The robustness value provides a
quantitative measure of how much impact unobserved confounders can have on the
residual variance of the treatment and outcome to bring the effect estimate toward the null.
For model 1, the robustness value was 0.59 percent (Table 4), indicating that unobserved
confounders that can explain at least 0.59 percent of the residual variance of the
intervention and HIV incidence can bias the effect estimate all the way toward the null. For
model 2, the robustness value increased to 0.78 percent, indicating that unobserved
confounders need to explain at least 0.78 percent of the residual variance between the
treatment and outcome. This indicates that unobservable confounders can impact the
association between the treatment and HIV incidence by masking the association. This
could be because, as shown in Table 1, the arms were not actually balanced on
observable confounders, therefore they were unlikely to be balanced on unobservable
confounders. The omitted-variable bias could then have contributed to the null result.

Table 4: Sensitivity Results from Omitted-Variable Analysis with Additional
Covariates

Model Coefficient Estimate Standard Error Robustness Value
Model 1 -0.01 0.0012 0.59%
Model 2 -0.0013 0.0016 0.78%

*Model 1 controls for age, sex, triplet, and baseline HIV prevalence, and Model 2 controls for
additional sexual behavior covariates, such as condom use, number of sexual partners, male
circumcision, and age at first intercourse.

3.3.2 Data Transformations

Imputation

In this next analysis, we used a random seed to impute person-year time. In the original
analysis, person-years for those who missed a visit date and had seroconverted were
imputed using the mean person-year value for that community. We instead used a
random seed to pick a date between the previous visit date and the next visit date where
data were available to generate the missed visit date for the seroconverter. We then
used that to calculate the person-year time.

The results from the pure replication remained robust to the imputation analysis.
Participants in Group A were more likely to seroconvert compared to Group C after
adjusting for sex, age, triplet, and baseline HIV prevalence (Table 5: RR: 1.11, 95
percent Cl: 0.86—1.44). For Group B relative to Group C, the adjusted rate ratio was 0.93
(95 percent Cl: 0.72—-1.21).
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Table 5: Incidence-Rate Calculation after Alternate Imputation Method

Group A

Group B

Group C

Group A vs. Group C

Group B vs. Group C

Participants with New HIV Infection, 12-36 Months

Triplet 1
Triplet 2
Triplet 3
Triplet 4
Triplet 5
Triplet 6
Triplet 7
Overall

no./total person-year (rate per 100 person-year)

20/954 (2.10)

26/1438 (1.81)
14/986 (1.42)

22/1245 (1.77)
24/1190 (2.02)
20/1300 (1.54)
12/1742 (0.69)

138/8855 (1.56)

10/969 (1.03)

26/2077 (1.25)
15/931 (1.61)

17/1106 (1.54)
27/1455 (1.86)
19/1680 (1.13)
10/2318 (0.43)

124/10536 (1.18)

19/1554 (1.22)
14/1223 (1.14)
19/1141 (1.66)
16/796 (2.01)
20/949 (2.11)
23/1004 (2.29)
13/1878 (0.69)
124/8547 (1.45)

Adjusted RR (95% Cl)

1.11 (0.86-1.44)

0.41

Pvalue Adjusted RR (95% CI)

0.93 (0.72-1.21)

P value

0.006
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3.3.3 Heterogeneous Outcomes

Triplet Subgroup Analyses

As described in the methods section, the twenty-one communities sampled in the
PopART study were grouped into seven triplets based on geographic location and
estimated HIV prevalence. Each community within the triplet was then randomly assigned
to one of the treatment groups (Group A: combination prevention intervention and
universal ART; Group B: combination prevention intervention; and Group C: control arm).
Our next analysis looked at three triplets that the original authors found had a higher
number of HIV cases at end line in Group A compared to Group C. We did not focus on
Group B, as the Group B communities in these triplets had a lower number of HIV cases
compared to Group C. These were triplets 1, 2, and 5. We first compared descriptive
statistics for these triplets between Group A and Group C at baseline. Aside from HIV
status and HIV viral suppression, the remaining characteristics were statistically
significantly different between Group A and Group C for these communities. Interestingly,
those who were HIV positive in Group C were more likely to use ART compared to those
in Group A (Group C: 42 percent; Group A: 34 percent). This indicates that there were
differences in the baseline characteristics between the two groups in these communities
that may have contributed to the difference in HIV incidence.

Table 6: Characteristics of the Selected Triplets

Group A Group C P value
N =6,790 N = 6,957

Sex

Male 1806/6765 (27)  2043/6948 (29)

Female 4959/6765 (73)  4905/6948 (71) <0.001
Age

18-24 years 2711/6606 (41)  2909/6706 (43)

25-34 years 2562/6606 (39) 2465/6706 (37)

35-44 years 1333/6606 (20)  1332/6706 (20) 0.017
Marital Status

Married or living as married 2326/5239 (44)  2139/5399 (40)

Never married 2553/5239 (49)  2903/5399 (54)

Divorced, separated, or widowed 360/5239 (7) 357/5399 (6) <0.001
Male Circumcision Status

Not circumcised 559/1312 (43) 766/1508 (51)

Medical circumcision 225/1312 (17) 240/1508 (16)

Traditional circumcision 528/1312 (40) 502/1508 (33) <0.001
Current Use of ART by HIV+
Participants

Yes 355/1042 (34) 473/1134 (42)

No 687/1042 (66) 661/1134 (58) <0.001
HIV Status

Negative 3968/5120 (78)  4085/5292 (77)

Positive 1152/5120 (22) 1207/5292 (23) 0.7

HSV-2 Status
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Group A Group C P value

N=6,790 N =6,957
Negative 2627/5166 (51)  2840/5314 (53)
Positive 2504/5166 (48) 2445/5314 (46)
Indeterminate 35/5166 (1) 29/5314 (1) 0.024
HIV Viral Suppression
Yes 91/221 (41) 95/226 (42)
No 130/221 (59) 131/226 (58) 0.854

We then compared unadjusted incident-rate analyses for these triplets comparing Group
A to Group C. Group C did have a lower incidence rate at 1.42 new cases per 100
person-years, whereas Group A’s rate was higher at 1.96 new cases per 100 person-
years (Table 7). This again suggests that the difference in characteristics found in Table
6, along with other potentially unobserved confounders, may have contributed to
differences in incidence rates between the two groups.

Table 7: Unadjusted Incidence-Rate Calculation for Selected Triplets

Group A Group C

no./total person-year (rate per 100 person-year)
Participants with new HIV infection, 12-36 months
Triplets 1, 2, and 5 70/3562 (1.96) 53/3720 (1.42)

3.3.4 Standard Checks

Covariate Balance

In our first standard check, we compared descriptive statistics at all four survey rounds for
characteristics from Table 1 that were not included as covariates in the incidence
analysis. We excluded variables such as HIV viral suppression or current use of ART
from this comparison, as only individuals who were HIV positive were surveyed and
therefore they would not be surveyed at baseline for the population included in our
incidence analysis. The characteristics we looked at were marital status, male
circumcision, and HSV-2 status (only available at baseline and end line). Because the
baseline values for these characteristics were provided in Table 1, we provide the values
at twelve months (Table 8), twenty-four months (Table 9), and thirty-six months (Table
10).

17



Table 8: Selected Characteristics at Twelve Months

Group A Group B Group C P value
Marital Status
Married or living as
married 4546/9737 (47)  4834/10347 (47)  3814/9492 (40)
Never married 4419/9737 (45)  4611/10347 (45)  4892/9492 (52)
Divorced, separated,
or widowed 772/9737 (8) 902/10347 (9) 786/9492 (8) <0.001
Male Circumcision Status
Not circumcised 1171/2429 (48)  1330/2655 (50) 1364/2593 (53)
Medical circumcision 623/2429 (26) 600/2655 (23) 619/2593 (24)
Traditional
circumcision 635/2429 (26) 725/2655 (27) 610/2593 (24) 0.002
Table 9: Selected Characteristics at Twenty-Four Months
Group A Group B Group C P value
Marital Status
Married or living as
married 5104/10425 (49) 4607/9224 (50)  4573/10152 (45)
Never married 4398/10425 (42) 3719/9224 (40)  4642/10152 (46)
Divorced, separated, or
widowed 923/10425 (9) 898/9224 (10) 937/10152 (9) <0.001
Male Circumcision Status
Not circumcised 1107/2501 (44) 1135/2401 (47)  1374/2825 (49)
Medical circumcision 636/2501 (25) 604/2401 (25) 757/2825 (27)
Traditional circumcision 758/2501 (30) 662/2401 (28) 684/2825 (24) <0.001
Table 10: Selected Characteristics at Thirty-Six Months
Group A Group B Group C P value
Marital Status
Married or living as
married 4708/9502 (50) 4506/8741 (52) 4342/9081 (48)
Never married 3900/9502 (41) 3337/8741 (38) 3799/9081 (42)
Divorced, separated, or
widowed 894/9402 (9) 898/8741 (10) 940/9081 (10) <0.001
Male Circumcision
Status
Not circumcised 1003/2195 (46) 1055/2523 (47) 1160/2475 (47)
Medical circumcision 595/2195 (27) 600/2523 (27) 762/2475 (31)
Traditional circumcision  597/2195 (27) 598/2523 (26) 553/2475 (22) <0.001
HSV-2 Status
Negative 2750/3333 (82) 3397/3952 (86) 2836/3375 (84)
Positive 524/3333 (16) 496/3952 (13) 494/3375 (15)
Indeterminate 59/3333 (2) 59/3952 (1) 45/3375 (1) 0.001
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All three of these variables were significant at all the time points that they were
measured. To account for this covariate imbalance, we then ran a logistic model of HIV
incidence controlling for the baseline values for these variables, along with sex, age, and
baseline HIV prevalence. As described in the methods section, these variables were
selected for their associations with HIV incidence. We then generated predicted
probabilities based on that model, which we then used to construct inverse probability
weights for our treatment arms. For our treatment arms A and B, the weights were just
1/calculated probability. For the control group C, the weight was 1/(1-calculated
probability). We then reran the Poisson regression using these weights.

There was some effect on the magnitude of the effect sizes after using inverse probability
weighting. Those in Group A now had a 9 percent (Table 11: RR: 1.09; 95 percent Cl:
0.43-2.76) higher likelihood of seroconverting, compared to those in Group C. This was
slightly decreased from our pure replication results. Those in Group B now had 26
percent (RR: 0.74; 95 percent Cl: 0.27-2.10) lower likelihood of seroconverting,
compared to those in Group C. This is substantially different from the 0.93 IRR in our
pure replication results, though it is still not statistically significant. This indicates that
covariate imbalance for which the study did not control did have some effect on the null
result.

Table 11: Adjusted Incidence Rates using Inverse Probability Weighting

Adjusted RR (95% ClI) P value
Group A vs. Group C 1.09 (0.43-2.76) 0.85
Group B vs. Group C 0.74 (0.27-2.10) 0.58

Treatment of Missing Data

In the next standard check, we check how the original paper handled missing data. For
each variable in Table 1, we checked the proportion of observations that had missing
data for each variable. Because there were some variables, such as HIV viral
suppression and current use of ART, that the researchers only surveyed among those
who were HIV positive at baseline, we did not check the proportion of these variables
among the incidence inclusion population, since the included population had to be HIV
negative at baseline. All the variables were missing data for less than 10 percent of the
included population (Table 12). Male circumcision had the largest proportion missing at 5
percent. As there wasn’t a substantial number of missing observations, we did not
conduct any further analyses. This indicates that missing data for these covariates may
not have been an issue that affected the null result.
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Table 12: Proportion of Missing Data by Baseline Characteristics

Ratio (Percentage)

N =20,063
Sex
Male 6275/20063 (31)
Female 13786/20063 (69)
Missing 2/20063 (0)
Age
18—24 years 8776/20063 (44)
25-34 years 7263/20063 (36)
35—44 years 4020/20063 (20)
Missing 4/20063 (0)
Marital Status
Married or living as married 8125/20063 (41)
Never married 10701/20063 (53)
Divorced, separated, or widowed 1023/20063 (5)
Missing 214/20063 (1)
Male Circumcision Status
Not circumcised 3263/6275 (52)
Medical circumcision 1126/6275 (18)
Traditional circumcision 1541/6275 (25)
Missing 345/6275 (5)
HSV-2 Status
Negative 13045/20063 (65)
Positive 6900/20063 (34)
Not determined 91/20063 (0)
Missing 27/20063 (0)

Variable Construction

In our third standard check, we checked to see if using alternative variable constructions
would affect the incidence analysis model. The authors used a categorical age variable
as a covariate. We instead used a continuous age variable to see if that affected the
model results. As shown below in Table 13, running the model with age as a continuous
variable did influence the magnitude of the effect sizes compared to the original authors’
results. Compared to the original authors’ results, the magnitude for Group A substantially
increased, such that the effect estimate is no longer protective (RR: 1.11, 95 percent Cl:
0.86—1.44). For Group B, the rate ratio is no longer significant (RR: 0.93, 95 percent Cl:
0.72-1.21). However, the magnitude and statistical significance were similar to what was
found in the pure replication. Alternative variable constructions did not affect the null
result.
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Table 13: Adjusted Incidence-Rate Analyses using Continuous Age

Adjusted RR (95% CI) P value
Group A vs. Group C 1.11 (0.86-1.44) 0.41
Group B vs. Group C 0.93 (0.72-1.21) 0.59

Adjusting Standard Errors

In our final standard check, we used an alternative method to adjust our standard errors.
In the original analyses and in the pure replication analysis, we accounted for clustering
by controlling for the triplet (cluster variable) in the Poisson regression. In this estimation,
we instead used clustered standard errors and did not control for the triplet in the
regression. After using clustered standard errors, the magnitude of the effect sizes
increased slightly, but this increase was not substantially different from the pure
replication (Table 14). As with Table 13, the effect sizes were higher than the original
authors’ results, and the direction of the magnitude was changed for Group A. Alternative
standard-error specifications did not affect the null result.

Table 14: Adjusted Incidence Rates using Clustered Standard Errors

Adjusted RR (95% CI) P value
Group A vs. Group C 1.15(0.93-1.42) 0.21
Group B vs. Group C 0.95 (0.8-1.12) 0.52

4. Discussion

4.1 Replication Analyses

In this replication study, we first conducted a push-button replication to verify that the
original author’s code replicated the study results. Using the author’s code, we were able
to replicate Tables 1-2 and Figures 2—-3 without any differences between the results in
the original study.

We then conducted a pure replication to replicate Tables 1-2. We did not find any
differences in Table 1 between the original paper and this replication analysis. However,
we did find substantial differences for the primary incidence analyses. This was because
we were not able to successfully replicate the methods used by the original paper. Though
we consulted the statistical supplement to the manuscript and the statistical analysis plan,
we still did not have access to enough documentation to recreate the analyses in Stata
and R. To appropriately analyze the cluster-randomized trial and to account for the small
number of clusters, the authors used a two-stage approach to assess HIV incidence. They
created their own functions in R to generate twenty imputation data sets where the primary
analysis was conducted. We instead tried to utilize a standard Poisson regression to
assess HIV incidence. The results differed in magnitude, and the Group B incidence rates
did have a change in statistical significance, as they were no longer significant in the
replication analyses. However, the Group A results did not change in statistical
significance, so the overall conclusions about the null result have not changed.

However, this highlights that as studies get more complicated, there needs to be
additional transparency and guidance provided to support other research teams in
replicating the analysis. This is especially needed for impact evaluations, as the field
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continues to evolve its methodology to incorporate innovative techniques such as
machine learning and the use of big data.

4.2 Measurement and Estimation Analyses

Overall, we found that the results from our pure replication held against the various
measurement and estimation analyses that we ran. We did not find that the impact of the
intervention was different for the pre-2016 population compared to the post-2016 population.
Though the rates for both were lower than the pure replication results and the original
authors’ results, they did not differ from each other. This implies that the change in ART
initiation did not affect the treatments for Groups B and C to substantially contribute to the
null result. However, we were not able to pinpoint an exact date for when each community
had universal ART initiated. Therefore, we were not able to separate the sample population
into clean “before” and “after” categories. The lack of change in the results between the two
populations could have been due to how we defined our sample populations.

We found that omitted-variable bias did affect the results. The robustness value from the
sensitivity analysis we ran after controlling for additional covariates was 0.78 percent. This
indicated that an unobserved confounder that explained at least 0.78 percent of the
residual variance of the treatment and outcome could be strong enough to bias the effect
estimate all the way towards the null (incidence-rate ratio of 1.0). The robustness value
from the sensitivity analysis without controlling for these covariates was 0.59 percent. This
increase in the robustness value that an unobserved confounder would need to bias the
effect estimate indicates that the analysis should have controlled for additional sexual-
behavior covariates to account for potential unobservable confounding. However, this could
also be a strong effect because the model only included observations that had data for all
the covariates, and there was a lower response rate for the sexual-behavior questions.
Therefore, this smaller sample size could be more likely to be sensitive to unobservable
confounding, and we may not be able to fully generalize this finding to the entire sample
population. It would also be more sensitive because it has lower statistical power.

We found that the results were robust to a variety of data-transformation and data-
measurement analyses. An alternative imputation method using a random seed to
calculate person-time did not affect the results, nor did using age as a continuous
covariate rather than a categorical covariate. Even though covariates were imbalanced,
adjusting for this imbalance using inverse probability weighting did not affect the results.
Also, only a small percentage of the incidence population was missing data for these
covariates, so we did not need to implement any additional methods to handle missing
data. Finally, using an alternative method to account for clustering by adjusting standard
errors did not impact the results.

Finally, our last set of analyses that looked at three triplets that had lower HIV incidence in
Group C than in Group A were exploratory. We did find that there were systemic differences
when looking at descriptive statistics between Group A and Group C for these triplets. We
also found that there was a higher incidence rate in Group A than in Group C. For these
triplets, being in Group C actually reduced the likelihood of becoming HIV positive, relative
to Group A, though this finding was not statistically significant. This indicates that these
systemic differences may have undermined the treatment effectiveness for these triplets in
Group A which could have then contributed to the null effect.
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5. Conclusion

In this paper, we present a replication study of the PopART trial by Hayes et. al (2019).
We used the data provided to us from the authors and the methods described in the
paper to conduct a pure replication. We were not able to replicate the same methods that
the authors used to conduct the primary incidence analysis. However, although the
primary incidence results did differ from the original analyses, they did not change the
overall conclusions from the original analysis.

We then conducted a series of measurement and estimation analyses to test the
robustness of the results. We found that the omitted-variable bias may have influenced
the intervention results and there could have been unobservable confounding affecting
the results. For the additional variables for which we controlled, only a small proportion of
the residual variance could be explained by these added variables. However, this could
also be because the original study design had a small number of clusters per treatment
arm (seven clusters per arm), which could have meant that randomization was not able to
ensure that the groups were fully balanced across all observed and unobserved
confounders. We also found that there were systemic differences in triplets 1, 2, and 5
when comparing Group A and Group C, which could have affected the intervention’s
effectiveness and explained why Group C had a lower HIV incidence rate than Group A.
This could have then affected the overall null result.

We found that the ART initiation change was most likely not a contributor to the null
result. The results also remained robust to additional data transformation and estimation
analyses, including using alternative imputation methods and standard error clustering,
using alternative variable specification, treatment of missing data, and using inverse
probability weighting to account for covariate imbalance.

We were not able to replicate the original analyses. We recommend that as study designs
become more complex and the appropriate statistical analyses also utilize novel or
innovative techniques, there should be additional transparency and guidance to support
replication.

Overall, we found that the original paper results were fairly robust, especially when
compared to the pure replication results that used the same imputation and incidence
analysis methods as the measurement and estimation analyses. We did not find that any
of the robustness analyses changed the statistical significance or interpretation of the
original findings. This indicates that for this trial, the treatment-as-prevention intervention
did not have a statistically significant effect on HIV incidence. However, this does not
mean that this intervention is not effective in reducing HIV incidence. We were not able to
test the impact of migration in and out of the intervention area on intervention uptake and
on HIV incidence. Due to lack of data, we were also not able to test if the potential
geographic proximity between treatment and control areas led to contamination or
spillover, which may have decreased the intervention’s effect size. Both issues could
have contributed to the null effect that was found. Controlling for sexual networks that
may expand outside of treatment areas would also improve the effectiveness of these
interventions.
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Online appendixes

Online appendix A: A Replication Plan for “Effect of Universal Testing and
Treatment on HIV Incidence—HPTN 071 (PopART)”

https://www.3ieimpact.org/sites/default/files/2022-10/RPS26-PopART-Online-appendix-
A.pdf

Online appendix B: Draft Template to Guide Replication Analyses

https://www.3ieimpact.org/sites/default/files/2022-10/RPS26-PopART-Online-appendix-
B.pdf
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