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Abstract 

Background Randomized trials for the treatment of tuberculosis (TB) rely on a composite primary outcome to cap-
ture unfavorable treatment responses. However, variability between trials in the outcome definition and estimation 
methods complicates across-trial comparisons and hinders the advancement of treatment guidelines. The Interna-
tional Council for Harmonization (ICH) provides international regulatory standards for clinical trials. The estimand 
framework outlined in the recent ICH E9(R1) addendum offers a timely opportunity for randomized trials of TB 
treatment to adopt broadly standardized outcome definitions and analytic approaches. We previously proposed 
and defined four estimands for use in this context. Our objective was to evaluate how the use of these estimands 
and choice of estimation method impacts results and interpretation of a large phase III TB trial.

Methods We reanalyzed participant-level data from the REMoxTB trial. We applied four estimands and various meth-
ods of estimation to assess non-inferiority of both novel 4-month treatment regimens against standard of care.

Results With each of the four estimands, we reached the same conclusion as the original trial analysis that the novel 
regimens were not non-inferior to standard of care. Each estimand and method of estimation gave similar estimates 
of the treatment effect with fluctuations in variance and differences driven by the methods applied for handling 
intercurrent events.

Conclusions Our application of estimands defined by the ICH E9 (R1) addendum offers a formalized framework 
for addressing the primary TB treatment trial objective and can promote uniformity in future trials by limiting hetero-
geneity in trial outcome definitions. We demonstrated the utility of our proposal using data from the REMoxTB rand-
omized trial. We outlined methods for estimating each estimand and found consistent conclusions across estimands. 
We recommend future late-phase TB treatment trials to implement some or all of our estimands to promote rigorous 
outcome definitions and reduce variability between trials.
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Background
Tuberculosis (TB) remains a leading cause of death 
worldwide [1]. The 6-month standard of care treatment 
(a combination of isoniazid, rifampin, pyrazinamide, and 
ethambutol) is long and burdensome for persons with 
TB infection [2]. A current research focus is therefore to 
identify shorter novel treatment regimens that are no less 
efficacious than the current standard of care. Late-phase 
randomized controlled trials aim to assess a novel regi-
men against standard of care for the primary objective of 
comparing proportions of participants with long-term 
unfavorable outcomes. These trials continue to rely on a 
composite binary outcome measure [3]. Participants are 
typically followed at least a year after randomization for 
determination of a long-term clinically favorable or unfa-
vorable outcome, the latter determined by the presence 
of events such as death, treatment failure, relapse, and 
recurrence. A recent systematic review of 31 TB treat-
ment trials largely found consensus in the components 
of the composite outcome but heterogeneity in specific 
definitions [4]. There are also differences in the applica-
tion of statistical methods used to carry out the primary 
analysis.

The International Council for Harmonization (ICH) 
guidelines provide established international regulatory 
standards for clinical trials. The estimand framework out-
lined in the recent ICH E9(R1) efficacy guideline adden-
dum offers a timely opportunity for randomized trials of 
TB treatment to adopt a broadly standardized definition 
and analytic approach for this primary objective [5]. Har-
monization through estimand specification will allow for 
easier and more insightful between-trial comparisons 
and formal meta-analysis. We offer a specification of how 
the estimand framework can be applied to TB treatment 
trials by defining four estimands to leverage a single trial 
to address the needs of different stakeholders. Our pro-
posal includes a comprehensive set of intercurrent and 
missing data events reasonable to expect in this setting 
with estimand definitions that are already published [6]. 
The four estimands share this common set of potential 
events but differ by the selection and application of strat-
egies for handling such events.

In this paper, we aim to demonstrate the utility of our 
proposed estimands with appropriate estimation meth-
ods for the primary efficacy objective in TB treatment 
trials by reanalyzing individual participant-level data 
from a large phase III trial. In the first section, we briefly 
review the ICH E9(R1) estimand framework and the four 
estimands from our proposal. We then discuss statisti-
cal estimation methods for handling intercurrent and 
missing data events (hereafter referred to collectively as 
ICEs), including specification of underlying assumptions 
and limitations. In the third section, we re-analyze the 

primary outcome data from the REMoxTB trial accord-
ing to each estimand and applying different statistical 
methods of estimation [7]. We conclude with a discus-
sion about the application of the estimand framework for 
TB treatment trial objectives and limitations of our pro-
posal and illustration.

Methods
Estimands
The US FDA, among other regulatory agencies, adopted 
the ICH E9(R1) addendum on estimands and sensitiv-
ity analysis in clinical trials in May 2021. This addendum 
presents a structured framework to help define pre-
cise treatment effects in clinical trials. The work of con-
structing an estimand should occur during the protocol 
and design stage of the trial and should engage a diverse 
range of protocol team members representing different 
disciplines to ensure the proposed estimand(s) address 
the needs of different trial stakeholders. One important 
aim is to encourage explicit pre-specification of how the 
treatment effect will be captured including the statisti-
cal analysis methods and plans for handling inevitable 
imperfections in the data [5].

An estimand is explicitly defined by five attributes: 
(1) the treatment being tested and the alternative treat-
ment to which it will be compared; (2) the population of 
patients targeted by the clinical question for whom the 
specified treatment is intended; (3) the endpoint, or vari-
able, that will be obtained for each trial participant and 
will be used to determine the success or failure of the 
treatment; (4) the specification of intercurrent events 
that are likely to arise and how they will be handled in 
the analysis of the study; and (5)  the population-level 
summary measure that will, through the pre-specified 
analysis, allow for a comparison of different treatment 
conditions.

For the primary efficacy objective of sustained clini-
cal efficacy in TB treatment trials, we would define these 
attributes as follows. (1) The treatment attribute will be 
trial-specific and align with the experimental and con-
trol/standard of care regimens offered to participants 
through the trial. (2) The population will also depend 
on the target population of the specific trial and may be 
shaped by the inclusion and exclusion criteria. An exam-
ple target population could be individuals aged more 
than 18 years with drug-susceptible pulmonary TB. (3) 
The participant-level endpoint is the determination of 
favorable or unfavorable long-term clinical efficacy. Our 
systematic review found general agreement between tri-
als in the components for how to define unfavorable 
outcomes but differences in how the components were 
handled [4].
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(4) The fourth attribute, specification of intercurrent 
events, demands the most forethought and attention. 
Intercurrent events are “events occurring after treat-
ment initiation that affect either the interpretation or 
the existence of the measurements associated with the 
clinical question of interest.” [5]. We must specify both 
the list of potential events and the associated handling 
strategies. The ICH E9(R1) addendum suggests five 
possible strategies that may or may not be employed: 
treatment policy, hypothetical, composite variable, 
while on treatment, and principal stratum. We may 
apply a different handling strategy for each intercur-
rent event within a given estimand. In our TB estimand 
specification proposal, we identified a set of 35 inter-
current and missing data events that are reasonable to 
expect to occur in late-phase TB trials (S1 Table). Note 
that, although withdrawal and loss to follow-up after 
treatment discontinuation or treatment do not techni-
cally meet the formal definitions of intercurrent events, 
they are missing data events that must be handled in 
the statistical analysis and are therefore addressed in 
our approach.

(5) For the fifth attribute, population-level summary, 
we specify a measure of treatment effect. In the TB clini-
cal endpoint context, we consider the difference in risk of 
unfavorable clinical outcomes (absence of durable cure) 
at a fixed time point, such as the end of follow-up, com-
paring participants who received an experimental regi-
men against standard of care.

Our TB estimand proposal recognizes the unique pref-
erences of different stakeholders in defining a treatment 
effect. We defined four estimands distinguished by the 
application of a unique combination of handling strate-
gies for the 35 potential intercurrent and missing data 
events. Table  1 provides an overview of each estimand 
including the intention, use in historic TB clinical tri-
als, and appropriate statistical estimation methods and 
assumptions.

TB‑specific efficacy Estimand
The TB-specific Estimand disaggregates TB-specific effi-
cacy events from adverse or other events due to factors 
unrelated to TB disease. This estimand is intended to 
address the treatment effect for product developers who 
are interested in the TB-specific efficacy events for their 
drug or drug regimen disentangled from safety issues. 
We are interested in the treatment effect if everyone 
took their assigned regimen as specified. We apply the 
hypothetical strategy to many events to consider what 
the outcome would have been for participants had they 
not experienced the given (non-TB disease or treatment 
related) intercurrent event.

Composite Estimand
The Composite Estimand assumes unknown outcomes 
due to the occurrence of an intercurrent event are indica-
tive of an absence of a long-term favorable outcome. It 
targets the programmatic question of interest and closely 
aligns with the legacy “intention to treat” principle. We 
apply only the composite and treatment policy strategies, 
therefore making “worst case” explicit endpoints assign-
ments in the occurrence of an intercurrent event rather 
than relying on advanced statistical methods for hypoth-
esizing what would have occurred.

Assessable Estimand
The Assessable Estimand is similar to the composite esti-
mand but distinguishes missing data events relating to 
loss to follow-up and withdrawal after treatment com-
pletion from other types of events. These events are han-
dled with the hypothetical strategy. This estimand aims 
to emulate the analyses of historic TB treatment trials [3, 
7, 10, 11].

Per‑protocol Estimand
The Per-protocol Estimand seeks to replicate the legacy 
“per protocol” population analysis using a causal frame-
work rather than a simple subgroup analysis. It identi-
fies the treatment effect in the group of participants that 
would have complied with the protocol and adhered to 
the assigned treatment, whatever that assignment may 
have been. We explore a mixture of handling strate-
gies including hypothetical and principal stratum. The 
statistical methods for estimation of this estimand are 
therefore more advanced and require consideration of 
statistical assumptions.

Estimation methods
The estimand defines the “what” of a treatment effect 
estimate; the estimation method defines the ‘how’. Esti-
mation is informed by the strategies necessary to handle 
the ICEs and the method for estimating the population 
summary measure. The treatment policy strategy for 
handling intercurrent events ignores the occurrence of 
an event when determining the endpoint definition. The 
composite strategy incorporates the occurrence of the 
event into the endpoint definition. The hypothetical and 
principal stratum strategies are implemented by consid-
ering reasonable assumptions and applying one of several 
statistical methods.

For the composite strategy, the occurrence of the inter-
current event is mapped predominantly to the absence of 
durable cure or, under certain circumstances, to the pres-
ence of durable cure. For the treatment policy strategy, 
the occurrence of the intercurrent event is ignored when 
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estimating the treatment effect; we use the observed par-
ticipant endpoint (when available) regardless of whether 
or not the participant experienced this intercurrent 
event.

The hypothetical strategy considers what a participant’s 
endpoint would have been under the counterfactual, 
unobserved, scenario in which the intercurrent event 
had not occurred. Estimation methods to implement this 
strategy take into account the uncertainty introduced in 
the exercise of considering something truly unknown. 
Two statistical methods for implementing the hypotheti-
cal strategy are multiple imputation and inverse prob-
ability of censoring weighting (IPCW) (S1 Text). These 
methods are valid under both missing completely at ran-
dom (MCAR) and missing at random (MAR) missing 
data patterns. [13] Data are MCAR if the occurrence of 
being observed or missing is independent of the values 
of the data while data are MAR if missingness is depend-
ent on the observed values of the data. The principal 
stratum strategy uses the occurrence and counterfactual 
occurrence of intercurrent events to define the popu-
lation of participants targeted by the clinical question. 
Within a causal framework, each participant is assigned 
to a “causal type” (principal stratum) with respect to the 
counterfactual occurrence of ICEs for each level of treat-
ment. The population of interest can then be defined rel-
ative to the principal strata of interest; in this case, those 
who would not experience an ICE under either treatment 
assignment. One approach to effect estimation is through 
a Bayesian statistical model in which we set a prior distri-
bution to incorporate model assumptions, such as mono-
tonicity in the probability of ICE occurrence across the 
levels of treatment (S2 Text).

For the population summary measure of difference 
in risk of unfavorable clinical outcome, we can use the 
Cochrane Mantel Haenszel approach or the Kaplan-
Meier estimator, incorporating a time component 
and administrative censoring at the time of the ICE 
occurrence.

Illustrative example: REMoxTB trial
REMoxTB was a phase III randomized, placebo-con-
trolled trial to assess the non-inferiority of two 4-month 
moxifloxacin-containing regimens against a 6-month 
standard control regimen. [7] The primary endpoint was 
the proportion of participants who experienced a com-
posite unfavorable outcome defined by bacteriologically 
or clinically defined failure or relapse within 18 months 
after randomization. The non-inferiority margin was a 
between-group difference of 6 percentage points. Esti-
mation of the treatment effect used a generalized linear 
model with identity-link function adjusted for stratifica-
tion variables of weight group and study center. The trial 

presented a Bonferroni-corrected two-sided 97.5% confi-
dence interval for treatment effect estimates. Events such 
as reinfection, change of treatment, and inadequate treat-
ment determined inclusion/exclusion from the modified 
intention-to-treat (mITT) and per-protocol analysis pop-
ulations. A total of 1931 participants were randomized 
in a 1:1:1 ratio to the three treatment arms (4-month 
isoniazid arm, 4-month ethambutol arm, and 6-month 
standard control arm). Non-inferiority was not shown for 
either experimental regimen in either of the co-primary 
modified intent-to-treat nor per-protocol analyses.

Methods
We received the REMoxTB trial data from the TB-
PACTS repository and reanalyzed the individual partici-
pant level data according to each of the four estimands 
and in the original mITT population. [TB-PACTS; 
https://c- path. org/ progr ams/ tb- pacts/] As a population 
summary measure of treatment effect, we estimated the 
difference in risk of unfavorable clinical outcome at 18 
months after randomization. We separately compared 
the two experimental arms, the isoniazid arm and eth-
ambutol arm, against the control arm using 97.5% con-
fidence intervals and the same non-inferiority margin of 
6 percentage points from the original trial analysis. As in 
the original trial, our analysis set excluded participants 
with demonstrated drug resistance at baseline, a protocol 
violation at the time of enrollment, and those who had 
no positive TB cultures within the first 2 weeks on study. 
Our core unfavorable outcome definition was the fail-
ure to achieve durable cure evidenced by bacteriological 
or clinical relapse by the end of follow-up (18 months). 
For each participant, we used the pre-specified list of 35 
potential intercurrent and missing data events and deter-
mined whether any event had occurred during follow-up.

For each estimand, we applied statistical methods to 
handle events and/or to estimate the population sum-
mary measure. For the composite estimand, there is 
no need to apply statistical methods for handling ICEs 
because all ICEs are mapped to either absence or pres-
ence of durable cure. We estimated the difference in risk 
with the Cochrane Mantel Haenszel and Kaplan-Meier 
estimators.

For the TB-specific and Assessable estimands, we 
first applied multiple imputation and IPCW methods 
to handle the hypothetical strategy ICEs. For multi-
ple imputation, we included the following baseline 
covariates: treatment arm, presence of chest x-ray 
cavities, HIV status, study center, weight band, indica-
tor of adherence, smoking status, CD4 count, age, sex, 
BMI, baseline days to positivity on MGIT and demon-
strated drug resistance to streptomycin, ethambutol, 
pyrazinamide, rifampin, moxifloxacin, or isoniazid. 

https://c-path.org/programs/tb-pacts/
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We generated 10 multiply-imputed complete datasets. 
With multiple imputation, we assume that the ICE 
occurred at random given the observed data and covar-
iates used in the MI model. We computed the inverse 
probability of censoring weightings (IPCW) with treat-
ment arm and weight band and applied a 1% upper and 
lower truncation. With IPCW we assume there are 
no unmeasured confounders associated with censor-
ing and that censoring is not associated with outcome 
determination conditional on the covariates used in the 
model. When using multiple imputation, we estimated 
the difference in risk with the Cochrane Mantel Haen-
szel and Kaplan-Meier estimators. When using IPCW, 
we are only able to estimate the risk difference with the 
Kaplan-Meier estimator.

As a naïve sensitivity analysis for these two estimands, 
we assumed the best-case scenario (durable cure) for 
participants with ICEs that should be handled with the 
hypothetical strategy. We used the Cochrane Mantel-
Haenszel method (assuming these participants expe-
rienced durable cure) and the Kaplan-Meier estimator 
(assuming these participants were censored at the time of 
the ICE and did not have an unfavorable outcome).

For the per-protocol estimand, we used a Bayesian sta-
tistical model to estimate the risk difference in the coun-
terfactual subpopulation of participants who would not 
have experienced an ICE when assigned to either treat-
ment or the standard of care. To handle ICEs with the 
hypothetical strategy, we again used multiple imputation 
(as described above) and analyzed each of the 10 imputed 
datasets using the Bayesian statistical model to estimate 
the posterior risk difference. Results were pooled across 
the imputed datasets to obtain a single summary estimate 
and confidence interval.

Finally, as a comparator, we re-analyzed the REMoxTB 
mITT population and estimated the difference in risk of 

failure to achieve durable cure with the Cochrane Mantel 
Haenszel and Kaplan-Meier estimators.

Results
We analyzed individual-level data for 1785 participants 
who met the analysis set inclusion criteria. Among these 
participants, 1206 (68%) experienced durable cure and 
579 (32%) experienced one of 17 ICEs from our listing 
(Fig. 1). The leading ICE (n = 115, 6%) was the inability 
to produce sputum at the end of the 18-month follow-up 
period, having sustained culture negativity at the time the 
last sputum culture was obtained. Other common ICEs 
included major treatment changes due to delayed cul-
ture conversion (n = 77, 4%), major treatment changes 
due to other reasons (n = 73, 4%), TB recurrence due to 
bacteriological relapse (n = 65, 4%), and withdrawal or 
loss to follow-up after treatment completion with last 
culture being negative (n = 66, 4%). There were limited 
occurrences of ICEs with handling strategies that differ 
across estimands. Among ICEs that are treated by at least 
2 different strategies across the four estimands, “discon-
tinuation from follow-up, last culture is negative” had the 
most occurrences (n = 66) and the incidence was similar 
across treatment arms (24 among control participants, 26 
among isoniazid arm participants, and 16 among etham-
butol arm participants).

With the composite estimand, we are able to assign an 
outcome to all participants based on observed data. For 
the TB and assessable estimands, there were 242 (14%) 
and 231 (13%) of participants with intercurrent/missing 
data events handled with the hypothetical strategy and 
therefore invoking analysis methods of multiple impu-
tation and IPCW weighting. Among the variables used 
for multiple imputation, the proportion of complete 
data was: treatment arm (100%), presence of chest x-ray 
cavities (90%), HIV status (100%), study center (100%), 

Fig. 1 Occurrence of intercurrent and missing data events in REMoxTB trial
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weight band (100%), indicator of adherence (100%), 
smoking status (100%), CD4 count (7%), age (70%), sex 
(100%), BMI (100%), baseline days to positivity on MGIT 
(97%) and demonstrated drug resistance to streptomycin 
(98%), ethambutol (98%), pyrazinamide (98%), rifampin 
(99%), moxifloxacin (99%), or isoniazid (99%). For IPCW, 
we had complete data available for both treatment arm 
and weight band. For the TB-specific Estimand, the mean 
(standard deviation) of the truncated IPCW weights was 
1.11 (0.06) for the Isoniazid versus Standard of Care com-
parison and was 1.09 (0.05) for the Ethambutol versus 
Standard of Care comparison. For the assessable esti-
mand, the mean (standard deviation) of the truncated 
IPCW weights was 1.10 (0.05) for the Isoniazid versus 
Standard of Care comparison and was 1.08 (0.04) for the 
Ethambutol versus Standard of Care comparison.

We consistently found an absence of non-inferiority for 
both the isoniazid and ethambutol regimens compared 
with standard of care for all estimands and methods of 
estimation (Fig. 2). These findings are consistent with the 
published ReMoxTB trial analysis. The point estimates 
of the treatment effect measures were similar across all 
estimands and methods of estimation. For all estimands 
and methods of estimation, the risk difference was larger 
for the ethambutol arm versus standard of care as com-
pared with the risk difference for the isoniazid arm ver-
sus standard of care (as was also shown in the primary 

REMoxTB analyses). [7] Using multiple imputation 
resulted in larger variance estimates (wider confidence 
intervals) than inverse probability of censoring weighting 
or naïve censoring.

Discussion
We have demonstrated an application of our proposed 
estimands for the primary efficacy objective in TB treat-
ment trials using the REMoxTB randomized trial as a 
case study and have described appropriate methods for 
estimation. Our estimands gave consistent conclusions 
in agreement with the published trial findings. Applying 
more complex statistical analysis methods did not lead 
to sizable differences in the estimates of the population 
summary measure of treatment effect. With our findings 
in mind, we anticipate that future TB treatment trials 
could consider using one (or two) of our proposed esti-
mands as primary and perhaps include others as second-
ary. The choice of estimands will depend on the overall 
objective and target audience specific to a given trial and 
it will also be driven by the assumptions and complexities 
required for estimation.

Our re-analyses of REMoxTB with our 4 estimands 
lead to consistent conclusions aligned with the published 
trial findings and the reanalysis in the mITT population. 
This gives further confirmation of the REMoxTB trial 
results. The variability in estimates of the population 

Fig. 2 Point-range plot of risk difference estimates according to each estimand/estimation method. Each row corresponds with unique analyses 
within a given estimand. The vertical dotted line represents the non-inferiority margin of 6%. The results are shown as a point estimate of a risk 
difference and a corresponding 97.5% confidence interval. Results in orange are estimated with the Kaplan-Meier estimator (KM), results in green 
are estimated with the Cochrane Mantel Haenszel method (CMH), and results in blue are estimated according to the Principal Stratum method 
(PS). Point estimates represented by a square have implemented Inverse Probability of Censoring Weighting (IPCW) to handle certain intercurrent 
events. Point estimates represented by an asterisk have implemented Multiple Imputation (MI) to handle certain intercurrent events. Points 
estimates represented by a triangle have implemented the Principal Stratum (PS) method to handle certain intercurrent events. The remaining 
point estimates are represented by a circle meaning that no special statistical methods were used to handle intercurrent events
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summary measure of treatment effect is driven by the 
different statistical assumptions, methods implemented, 
and numbers of participants experiencing ICEs. It is 
important to understand that these estimands answer 
slightly different questions and that no single estimand 
gives a more true or less biased treatment effect estimate; 
our objective was to identify appropriate methods of esti-
mation for each estimand as well as compare deviations 
between estimands.

Our application using this historic trial data has limi-
tations. Only about half of the anticipated intercur-
rent events from our proposal actually occurred in the 
REMoxTB trial. We cannot say whether this will be 
typical in future trials. Furthermore, in REMoxTB, there 
were limited occurrences of intercurrent events that are 
handled with different strategies across the four pro-
posed estimands. If these intercurrent events are more 
frequent in other settings, then the different estimands 
or estimation methods may result in greater variability of 
the point estimates and confidence intervals. When ret-
rofitting the estimands, we did not have all essential data 
available to make determinations about the occurrence 
of some intercurrent events. In many cases, we were able 
to determine that an intercurrent event had occurred but 
relevant outcome information was not available beyond 
the occurrence. We assumed that the intercurrent event 
occurred at the time the original trial determined the 
favorable/unfavorable outcome. Future trials using our 
estimands should ensure that case report forms collect all 
of the necessary information to make outcome determi-
nations and collect clinically relevant information during 
the course of follow-up for statistical models such as the 
multiple imputation model. When applying this frame-
work in a future trial, it is possible that a participant will 
experience multiple ICEs including a situation where the 
first ICE is an event handled with the treatment policy 
strategy followed by another ICE handled with one of the 
other handling strategies.

Our specification of estimands (v1.0) proposed for the 
application of ICH E9 (R1) concepts in the TB treatment 
trial context is a first attempt at defining estimands for 
this use and is an evolving piece of work where we have 
now initiated the conversation and demonstrated its use. 
[6] We have revised the proposal in parallel with the work 
for this analysis and anticipate that, as future trials use 
our estimands, new challenges or ideas may arise and 
possibly lead to additional revisions or considerations. 
Others have recently considered the use of well-specified 
estimands for TB trials, offering different perspectives. 
[14, 15] None of our estimands uses the “while on treat-
ment” (or “while on study”) handling strategy as we did 
not have need of this strategy in the TB treatment trial 
context where long-term post-treatment follow-up is of 

the most importance when determining the outcome of 
interest. We will continue to update the estimand pro-
posal in light of these and other results, and welcome fur-
ther input and collaborators in the spirit of open research 
(https:// osf. io/ 4a7cq/).

Finally, it is beyond the scope of this paper to address 
recommendations for preferred estimands or statisti-
cal estimation methods based on objective numeric 
evidence. However, our reanalysis according to each esti-
mand and estimation method revealed that implementa-
tion of some estimands was less complex and required 
fewer statistical assumptions while yielding similar 
results. The composite estimand is simple to implement 
and requires few estimation assumptions but produces 
a cautious estimate of the treatment effect that may not 
fairly answer the trial objective. The TB-Specific and 
Assessable estimands require assumptions about miss-
ing data and use statistical methods to impute participant 
outcomes under the hypothetical counterfactual scenario 
in which an ICE did not actually occur. However, these 
estimands more adequately disaggregate true TB efficacy 
events from non-TB-related AEs. The per-protocol esti-
mand is especially complex to estimate and requires high-
level statistical assumptions. However, this estimand 
should be admired for assessing a true per-protocol effect 
within a causal framework, in contrast with legacy per-
protocol analyses that are essentially simple lop-sided 
subgroup analyses. Across all estimands, the advanced 
statistical methods required slightly more thought and 
computational time but should not be a barrier to imple-
mentation. The statistical methods are available in com-
mon software including R, SAS, and Stata. While we did 
not find meaningful advantages to implementing more 
complex statistical estimation methods, future trials with 
higher proportions of certain intercurrent events may see 
apparent differences in results. In future work, we will 
address this by comparing the estimands and methods of 
estimation in a broad simulation study under an array of 
different settings.

Conclusions
Our proposed estimand framework aligns with ICH 
E9(R1) and gives trialists a thorough starting point for 
estimand specification when designing future TB treat-
ment randomized controlled trials. We have demon-
strated its use and discussed methods for estimation. 
This exercise may be useful to complete in other recent 
TB treatment trials as additional sensitivity analyses con-
firming trial results and to continue refining the proposed 
estimands and estimation methods. We recommend that 
future trials utilize this framework in an effort to reduce 
variability in trial outcome definitions and thereby facili-
tate more insightful between trial comparisons.

https://osf.io/4a7cq/
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