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ABSTRACT

In randomized clinical trials, stopping study medication, use of rescue treatment, and other intercurrent events can compli-
cate interpretation of results. The ICH E9(R1) Addendum on estimands stimulated important cross-disciplinary discussions
on trial objectives. Unfortunately, with influence of the Addendum, many trials have proposed analyzing primary endpoints
using “while on treatment”, “hypothetical”, or “principal stratum” strategies that handle intercurrent events in ways that use
post-randomization outcomes to exclude information from randomized participants and don’t preserve integrity of randomiza-
tion, or that don’t reliably capture the intervention’s meaningful net effects. These approaches have inherent limitations in ability
to draw scientifically rigorous inference on clinically relevant causal effects important for decisions about adopting interventions.
We describe advantages of trials with standard-of-care control arms targeting estimands using “treatment policy” approaches for
intercurrent events, while potentially incorporating other meaningful intercurrent events, such as death, into the primary end-
point applying a composite strategy. Well-designed and -conducted trials targeting such estimands achieve scientifically rigorous
causal inference through analyzes that protect the integrity of randomization. Such estimands also provide meaningful infor-
mation relevant to real-world settings because they (1) are unconditional in nature i.e., they don’t condition on post-treatment
circumstances that might not be many participants’ experiences; and (2) properly evaluate the experimental intervention within
a regimen that includes possible ancillary care that would be clinically appropriate in real-world settings. We hope to add clarity
about appropriate strategies for intercurrent events and how to improve design, conduct, and analysis of clinical trials to address
questions of greatest clinical importance reliably.

1 | Introduction report [2] concerning the impact of missing data in clinical
trials. The report recommended clearly identifying the target
The ICH E9(R1) Addendum on estimands [1], hereafter, the “estimand” when designing and analyzing clinical trials to assess

“Addendum”, grew out of the 2010 National Research Council’s the appropriateness of methods for handling missing data. The
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TABLE1 |

Examples of planned primary analyzes using hypothetical, principal stratum, or while on treatment strategies for intercurrent events®.

1. Hypothetical strategy

“The values [for the efficacy measure] following initiation of [the rescue therapies| post randomization will be handled by the
“hypothetical strategy” outlined in the ICH E9 (R1) guidance, meaning that values following the administration of these rescue
therapies will be imputed so as to reflect that their occurrence likely indicates disease worsening.”

“Observations collected after initiation of REDACTED will not be considered in the primary analysis”.

“REDACTED would like to confirm [with the regulatory authority| our plans for handling intercurrent rescue events. We plan to
allow subjects who receive [the rescue treatment] to remain in the study, but to carry the last observation prior to rescue forward and to

censure subsequent efficacy data from the analysis.”

2. Principal stratum strategy

“For patients who could not tolerate [dose 1], the dosage can be reduced to [dose 2]. If you propose a further dose reduction to [dose 3],
the efficacy and safety results should be analyzed separately for those patients receiving [dose 3].”

3. While on treatment strategy

“To increase sensitivity, efficacy and safety events will be included only if occurring while on treatment or within 30 days of treatment

discontinuation.”

“We recommend “while on treatment” strategy as the primary analysis of recurrent events because the data after ICEs that may

impact efficacy should be excluded in the primary analysis”.

2Examples drawn from academic authors’ experiences, with redactions for confidentiality. These six quotations come from six separate studies.

Addendum stressed the importance of ensuring that the chosen
statistical estimator indeed estimated the chosen estimand. By
providing a common language to describe how handling of miss-
ing data modifies the target of scientific investigation, the Adden-
dum can help standardize review of protocols. In the European
Union, the Committee for Medicinal Products for Human Use
(CHMP) issued the Addendum as draft guidance in 2017 with
final adoption in 2020. The United States FDA released the draft
in 2017 and finalized it in 2021.

In defining its purpose, the Addendum indicates, “To properly
inform decision making by pharmaceutical companies, regulators,
patients, physicians and other stakeholders, clear descriptions of
the benefits and risks of a treatment for a given medical condition
should be made available,” adding, “without such clarity, there is
a concern that the reported “treatment effect” will be misunder-
stood. [ T [he question remains whether estimating an effect in accor-
dance with the ITT principle always represents the treatment effect
of greatest relevance to regulatory and clinical decision making. The
framework outlined in this addendum gives a basis for describing
different treatment effects and some points to consider for the design
and analysis of trials to give estimates of these treatment effects
that are reliable for decision making.” While the framework the
Addendum discusses can potentially apply to all analyzes of clin-
ical trial data, this manuscript focuses primarily on primary and
multiplicity-controlled secondary endpoints meant to provide
scientifically and statistically rigorous confirmatory evidence of a
treatment’s effect on a clinically important outcome. We authors,
coming from consulting, data monitoring, regulatory, and
peer-review settings, have seen many clinical trials, with influ-
ence of the Addendum, propose strategies that handle intercur-
rent events inappropriately. Such trials use post-randomization
outcomes to exclude information from randomized participants,
thus not preserving the integrity of randomization, or fail to cap-
ture the meaningful net effects of the intervention. In partic-
ular, many primary analyzes target estimands using “while on
treatment”, “hypothetical”, or “principal stratum” strategies for

such intercurrent events as treatment discontinuation or rescue
medication use, (See Table 1.) Arguments supporting use of these
estimands often fail to recognize explicitly the inherent limita-
tions in their ability to infer causality, or to acknowledge the
potential to mislead physicians and patients about effects of the
intervention on outcomes of most importance.

This paper emphasizes principles of fundamental importance to
protecting the integrity and reliability of causal inference in ran-
domized clinical trials. Guided by these principles, we then for-
mulate critically important insights about how to proceed when
selecting estimands. We do not simply indicate what should be
done, but we present our reasoning. Several examples illustrate
the limitations of some estimand strategies as well as the advan-
tages of those that respect randomization.

We discuss in Section 2 features of trials that enhance their abil-
ity to achieve scientifically rigorous causal inference and to pro-
vide meaningful information relevant to real-world settings. We
focus on randomized trials with standard-of-care control arms
targeting estimands that employ a “treatment policy” strategy
for intercurrent events (e.g., treatment discontinuation, failure to
implement protocol-specified dosing strategies, and use of rescue
medication), while potentially applying a composite strategy to
incorporate other meaningful intercurrent events, such as death,
into the primary endpoint. Section 3 discusses how intercurrent
events shape estimand strategies, and the consequences of mis-
handling such events. We provide additional recommendations
for appropriate use of estimands in clinical trials in Section 4 and
conclusions in Section 5.

2 | Elements of Trials Promoting Scientifically
Rigorous Causal Inference on Meaningful
Estimands

This section describes, and Table 2 summarizes, specific elements
of design, conduct, and analysis which enable a trial to provide
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TABLE 2 | Elements of trials promoting scientifically rigorous causal

inference on meaningful estimands.

1.
2.
3.

Randomization between experimental and control arms.
Use of a standard-of-care control arm.

Use of a primary endpoint that directly measures how
participants feel, function, or survive or is an appropriate
replacement endpoint.

. Follow-up of all participants for the full intended

observation period or until valid withdrawal of consent,
regardless of intercurrent events such as treatment
discontinuation or use of rescue treatments.

. A primary analysis based on the ITT principle in that it

includes all randomized participants (or all randomized
participants in a pre-specified cohort, where such
pre-specification is based on baseline covariates or samples
collected at the time of randomization), avoids using
post-randomization outcomes to exclude information from
randomized participants, and uses a treatment policy
strategy for intercurrent events such as treatment
discontinuation and rescue medication use, while
potentially also incorporating other meaningful intercurrent
events, such as death, into the primary endpoint applying a
composite strategy.

Note: Sensitivity analyzes to investigate and quantify the impact of missing data on
conclusions that include a broad spectrum of conjectures about mechanisms of
missing data that are not missing at random.

scientifically rigorous and reliable causal inference on clinically
meaningful estimands. More precisely, the following elements
can facilitate the reliable evaluation of the effects of prescribing
an experimental intervention, when compared to prescribing a
reasonable version of standard-of-care, on aspects of how patients
function, feel, or survive, at actual levels of adherence to treat-
ment and in the presence of ancillary care and rescue therapies
that might be expected in a real-world setting:

1. Randomization: Randomizing study participants between

experimental and control arms, ideally in a double-blind
manner and proximal to the time of initiation of the
randomized intervention, enables reliably distinguishing
the causal effects of an intervention (i.e., the changes
in outcome caused by the change in intervention) from
disease-related consequences in the presence of other con-
founding factors. ICH E9 and E9(R1) both highlight the
critical role of randomization, as does a substantial body of
published material [3].

2. Use of a standard-of-care control arm: Using a con-

trol arm in which participants receive a version of
local standard-of-care, while the experimental interven-
tion is part of a regimen allowing proper supportive care,
addresses the best interests of participants and provides
information relevant to treatment decisions that patients
and prescribers would make if the intervention were
approved. This is not typical practice in many symp-
tomatic diseases with approved safe and effective thera-
pies, where clinical trials often include placebo control
arms, withholding standard-of-care therapies, providing
them only as post-randomization rescue treatment. Such

designs have commonly been used to evaluate drugs in
trials in dermatology (e.g., psoriasis), rheumatology (e.g.,
rheumatoid arthritis), gastroenterology (e.g., ulcerative col-
itis), and pain (e.g., chronic pain). While regulations do
not require the comparator to be standard-of-care in some
of these settings, these designs often introduce substan-
tial challenges to analysis, as recognized in the National
Research Council Monograph [2], because problematic
intercurrent events arise when many participants indeed
receive rescue medication. They also often do not provide
information most relevant to real-world treatment deci-
sions. For example, in disease settings where patients and
prescribers typically choose between available therapies, a
comparison against no therapy in a placebo-controlled trial
does not provide results to inform most directly the treat-
ment decisions made in clinical practice. Application of
standard-of-care control arms could be facilitated in many
such settings, such as rheumatoid arthritis and psoriatic
arthritis, by carrying out active-controlled non-inferiority
trials or add-on superiority trials [4]. Also, when there is
interest in understanding efficacy in a clinical setting where
a certain supportive care medication is not generally pro-
vided, in some cases a trial can be conducted in selected sites
or regions that have little or no expected use of that addi-
tional medication prior to the assessment of the primary
endpoint.

. Use of a primary endpoint that directly measures how par-

ticipants feel, function, or survive [5] or is an appropriate
replacement endpoint: Using such endpoints ensures that
evidence of a treatment effect establishes or reliably pre-
dicts a direct benefit to patients in terms of how they feel,
function, or survive. As discussed below, in some cases a
composite strategy may be used to evaluate a composite end-
point that incorporates meaningful intercurrent events [6].

. Follow-up of all participants regardless of treatment discon-

tinuation or use of rescue treatments: Following all ran-
domized participants, including those who discontinue ran-
domized intervention or use rescue treatments, for the full
intended observation period or until death or valid with-
drawal of consent ensures maximal capture of important
data on safety and efficacy. Such follow-up prevents missing
data and therefore ensures reliable inference with the ana-
lyzes outlined in the following paragraph. Some steps can
enhance the retention of participants. The protocol should
clearly distinguish treatment discontinuation from study
withdrawal, specifying that the only reason for terminat-
ing participant follow-up is death or valid withdrawal of
consent. The informed consent procedure should stress the
importance of continued follow-up for the intended dura-
tion of the study.

. Primary analysis of trial data based on the ITT princi-

ple: The original ICH E9 guidance [7] stresses the impor-
tance of analysis that includes all participants, as random-
ized, following them all for study outcomes for the full
intended observation period or until valid withdrawal of
consent. Including these assessments in the analysis pro-
tects the integrity of randomization and, therefore, the
trial’s ability to enable unbiased estimates of the effect of
interventions on outcomes. This is commonly referred to
as an “intention-to-treat (ITT)” analysis. The Addendum
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describes this analysis as using a “treatment policy” strategy
for intercurrent events. Values for the endpoint of inter-
est are collected and included in the analysis regardless
of the occurrence of the intercurrent event. A composite
strategy for certain intercurrent events may be reasonable
in some cases, for example, when events in the compos-
ite are meaningful direct measures of how participants feel,
function, or survive (see Section 3.5). This approach avoids
using post-randomization outcomes to exclude information
from randomized participants. When combined with the
other design, conduct, and analysis elements outlined in
this section, an ITT analysis preserves the integrity of ran-
domization and achieves two critical objectives: (1) ensur-
ing the ability to make valid and generalizable inference
regarding the safety and efficacy of the intervention rela-
tive to control by allowing any differences observed between
arms to be causally attributed to the effect of the inter-
vention and avoiding unnecessary dependence on strong,
untestable assumptions, and (2) providing information rel-
evant to real-world settings, because such analyzes are
unconditional in nature, i.e., they do not condition on
post-treatment circumstances that many participants may
not experience. They also properly evaluate the experimen-
tal intervention within a regimen that may include clinically
appropriate ancillary care and rescue therapies. Measure-
ments remain relevant even after participants discontinue
randomized intervention or use rescue treatments. We dis-
cuss this further in subsequent sections that highlight issues
with the use of while on treatment, hypothetical, and prin-
cipal stratum strategies for such intercurrent events.

6. Appropriate sensitivity analysis: As described in the
National Research Council monograph on missing data
in clinical trials and in the Addendum [1, 2], sensitivity
analyzes that systematically and comprehensively inves-
tigate and quantify the impact of missing data on infer-
ence, such as from withdrawal of consent, are important to
understanding the robustness of conclusions. Comprehen-
sive evaluation of the plausible range of assumptions regard-
ing missing data is enhanced by including a broad spectrum
of conjectures about mechanisms of non-randomly missing
data.

Ensuring proper design and conduct, and then achieving proper
analysis of registrational trials, is crucially important, as advo-
cated by Scharfstein [8] in a discussion of the Addendum. This
includes targeting estimands that are clinically relevant in that
they compare treatment strategies that can be realistically imple-
mented in clinical practice in groups of patients defined by mea-
surable characteristics, as recognized by Herndn and Scharfstein
[9] in their discussion of the Addendum. Unfortunately, design
deficiencies often complicate the ability of trials to address clini-
cally relevant estimands without strong and unverifiable assump-
tions. One example of such deficiencies is the attempt to under-
stand the efficacy of a fixed dose or schedule of an intervention
even though the trial had a titration design because the study was
performed without the benefit of earlier phase trials that provided
adequate data on the proper choice of dose and schedule. Another
example is establishing the effect of an intervention in a hypothet-
ical setting where rescue treatment would not be provided, even
though the standard of care in the selected clinical sites permits

rescue treatment. A third example comes from open-label trials
that have a substantial lag between randomization and treatment
initiation, resulting in a considerable number of patients random-
ized but not treated. Often, randomizing as proximal as possible
to the time of initiating randomized interventions could have pre-
vented that lag.

Another example of a design flaw where no estimand strat-
egy could effectively address clinically relevant questions of
central importance is a protocol crossing control patients into
the experimental intervention at the time of disease progres-
sion, even though the experimental regimen is not estab-
lished standard-of-care in that post-progression setting, and even
though insights are important regarding effects on longer-term
endpoints, such as overall survival. Many trials in oncology
use this design, where investigators’ reasoning seems to be that
the assessment of time to disease progression is not adversely
impacted by the cross-in at progression. Investigators often
believe that this promise to potential participants increases
enrollment rates. Such a cross-in feature may facilitate delivering
a misleading presentation to potential trial participants regard-
ing what is actually known about the benefits and risks of the
experimental intervention. This practice is particularly concern-
ing in the setting of indolent cancers. An example is the class of
PI3K-inhibitors, discussed at the April 21, 2022, FDA Oncology
Drugs Advisory Committee meeting; although several pivotal tri-
als yielded strong evidence of beneficial effects on intermediate
clinical outcomes, evidence eventually emerged suggesting unfa-
vorable effects on overall survival. In many oncology trials, the
systematic cross-in at disease progression has created substantive
challenges for the scientific and regulatory community in making
timely and reliable assessments of benefits and risks.

3 | Insights About Estimands and Mishandling
Intercurrent Events

3.1 | Overview of Estimand Strategies

The Addendum states, “When defining a treatment effect of inter-
est, it is important to ensure that the definition identifies an
effect because of treatment and not because of potential con-
founders such as differences in duration of observation or patient
characteristics.” In this section, we discuss how, in many cases,
estimands that apply “while on treatment”, “hypothetical”, or
“principal stratum” strategies use post-randomization informa-
tion to exclude information from randomized participants, thus
failing to preserve the integrity of randomization. Consequently,
observed differences may be due to confounders rather than to an
effect of the treatment on a meaningful outcome. We also discuss
how estimands using such strategies have the potential to mis-
lead physicians and patients about the most important effects of
an intervention. Therefore, such strategies are often problematic
for use in primary analyzes, although they may be of interest in
exploratory analyzes. We point out, in Section 4.3, some settings
where they address clinically relevant questions under plausible
assumptions.

3.2 | While on Treatment Strategies

The Addendum describes the potential motivation for the “while
on treatment” strategy as being in settings where “response to
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treatment prior to the occurrence of the intercurrent event is of
interest. .. Events such as discontinuation of treatment, switching
between treatments, or use of an additional medication may ren-
der the later measurements of the variable irrelevant or difficult to
interpret even when they can be collected.” At face value, “while on
treatment” analyzes may appear attractive. Researchers, physi-
cians, and even some statisticians perceive “while on treatment”
analyzes as providing valid assessments of temporal association
between concurrent exposure to randomized treatment and an
outcome of interest. A common argument is a discontinued inter-
vention is unlikely to cause events occurring X days after ces-
sation where X depends on biological plausibility. Further, the
introduction of additional therapies after stopping randomized
treatment may appear to muddy inference about the treatment
under investigation. Such arguments, however, have important
limitations [10, 11].

In randomized controlled trials where the experimental inter-
vention is part of a regimen allowing standard supportive care,
measurements after the participant discontinues the randomized
intervention or initiates additional treatments, or both, remain
clinically relevant. The intended beneficial effects, or unintended
harmful effects, of the experimental intervention may influence
outcomes occurring after treatment because of carry-over effects
or effects on the disease process induced while on treatment, as
well as effects on a participant’s eligibility to receive a supportive
care and the impact that such supportive care would have.

Additionally, the intercurrent events themselves, including treat-
ment discontinuation, or initiation of rescue treatments or death,
are often strongly influenced by the intervention and strongly
associated with outcome. Hence, truncating follow-up at treat-
ment discontinuation could induce substantial informative miss-
ingness and, consequently, serious inferential bias.

The “while on treatment” strategy (or perhaps more accurately, a
“while-alive” strategy) has been discussed for handling deathin a
setting of an intervention intended to treat symptoms in patients
with a terminal illness. The motivation might be to evaluate the
treatment effect on symptoms before death; because such a strat-
egy would not capture any unintended effects of the intervention
on mortality, it may produce misleading information about the
net effects of the intervention.

When choosing a strategy for the primary analysis, such as “while
on treatment” or “while alive”, having a well-defined and reliably
estimated estimand is not sufficient. Ensuring inference on this
estimand is meaningful and relevant to patients and prescribers
is necessary. The estimand must not have a substantial risk for
being misleading. For illustration, consider a trial with a clinically
important “feels, functions, survives” primary endpoint. Suppose
75% of trial participants are “vigorous” and 25% are “frail”. Sup-
pose frail patients have on average less favorable outcomes but
these two groups are not readily discerned by baseline character-
istics. Imagine also that the experimental regimen’s only causal
effects are its unfavorable effects on the frail patients. Consider
two settings. In the first, these effects induce frail patients to
promptly both stop their therapy and experience persistent wors-
ening outcomes on the primary endpoint. In a second setting,
these unfavorable effects in frail patients lead to their acute risk
of death. “While on treatment” analyzes in the first setting and

“while alive” analyzes in the second both may yield misleading
results, because in both situations the experimental cohort con-
tains predominantly vigorous patients while the control cohort
would include both “vigorous” and “frail” patients, and because
the unfavorable effects are not captured.

An alternative to a “while alive” analysis would be an analysis
addressing death through a composite strategy (see Section 3.5).
One such outcome would be “days alive with quality control of
symptoms over the first X days after randomization”. Alterna-
tively, the full evidence from the continuous assessment of symp-
toms could be retained by integrating the symptom score over
time the patient is alive, assigning the worst case over the inter-
val after the patient’s death. To partially disentangle effects on
components of composite endpoints, supportive analysis could
separately assess effects of each component.

Among issues that must be considered with the “while on treat-
ment” estimand is whether protopathic (i.e., based on signs or
symptoms truly indicative of impending events, but not yet rec-
ognized as such) or indication bias renders this estimand clini-
cally irrelevant. For example, the experience of the EXSCEL clin-
ical trial [12, 13], which compared major adverse cardiovascular
events in patients with Type 2 diabetes treated with exenatide or
placebo, suggests that restricting attention to events while partic-
ipants were on the protocol-defined therapy would not capture
the true effect of treatment: Patients discontinuing randomized
treatment had approximately a 5- to 10-fold higher incidence rate
of MACE in the 30days following discontinuation compared to
participants remaining on their assigned treatment. While it is
often presumed that similar magnitudes of elevated risk follow-
ing changes of therapy on each treatment arm would not greatly
affect the measures of relative risk across treatment arms, the
possibility of differential causes of discontinuation must also be
considered. In this example, when compared to patients remain-
ing on exenatide, a 10-fold higher rate of MACE in an average
1.5years of follow-up was observed in the participants discon-
tinuing blinded exenatide and later starting open-label treatment
with exenatide or another glucagon-like peptide 1 receptor ago-
nist (GLP 1 RA) in the same class. Similar comparisons within the
placebo arm found only a 7-fold higher risk in patients after dis-
continuing placebo to start open label exenatide or another GLP 1
RA, when compared to patients who remained on placebo. Such
differential effects are quite plausible: Placebo participants who
experience inadequate control of hyperglycemia or worsening
cardiovascular disease might add other therapies. Exenatide par-
ticipants would on average have better control of hyperglycemia,
so that progressing to alternative therapies might be more closely
related to cardiovascular disease. Disentangling the factors lead-
ing to post-randomization changes in therapy, and their impact
on biasing estimates of treatment effect, can generally not be done
in a scientifically rigorous manner.

These issues would be better addressed by following all random-
ized subjects for study outcomes regardless of the discontinuation
of randomized intervention or the use of rescue treatments and
conducting an ITT analysis including all these assessments. Since
intercurrent events likely would be causally affected by the exper-
imental intervention, supportive analyzes comparing treatment
arms with respect to the probability of the occurrence of such
intercurrent events could provide relevant additional insights.
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3.3 | Hypothetical Strategies

The Addendum, in describing the potential motivation for the
hypothetical strategy, states: “It may be of clinical or regulatory
importance to consider the effect of a treatment under different
conditions from those of the trial that can be carried out. Specifi-
cally, when additional medication must be made available for eth-
ical reasons, a treatment effect of interest might concern the out-
comes if the additional medication was not available.” Some have
applied the hypothetical strategy to recover the so-called “true”
or “undiluted” estimated treatment effect where an intercurrent
event, such as the provision of additional non-randomized ther-
apy, is feared to have obscured the effectiveness of the random-
ized treatment. If, however, an additional medication must be
made available for ethical reasons, such as access to liver trans-
plantation in patients with advanced primary biliary cholangitis,
itis unclear the importance of estimating effects in a hypothetical
setting where such additional medication would not be admin-
istered. Alternatively, suppose an intercurrent event resulted in
cessation of randomized treatment, leading to a claim that the
resulting treatment effect is diluted and underestimated. Advo-
cates of the “hypothetical” strategy for treatment discontinuation
often claim it produces an estimate of the “true”, perhaps maxi-
mal, effect of uninterrupted randomized treatment allowing pre-
scribers to advise fully adherent participants of the treatment’s
“true” efficacy [14, 15].

The rationale for the “hypothetical” trategy has important lim-
itations because we can never untangle the interplay between
randomized treatment, the intercurrent event, and outcome. Use
of a hypothetical estimand leads to estimating effects in coun-
terfactual settings, often requiring reliance on strong, untestable
assumptions. For example, in considering a hypothetical strat-
egy for treatment discontinuation, pre-specified analyzes often
simply compare outcomes in the subsets of data defined by that
post-randomization intercurrent event, using imputations based
on while on treatment measures of outcome and missing at ran-
dom assumptions (e.g., mixed model repeated measures, propor-
tional hazards regression). In practice, however, the estimand
should distinguish between a hypothetical population of partici-
pants who are fully adherent because they are forced to take the
treatment regardless of its ill effects and an idealized hypotheti-
cal population in which no intercurrent event leading to discon-
tinuation will occur. The handling of missing data under these
variations of a hypothetical estimand are very different. With
either variation, any attempted inference risks considerable bias
in estimating the true treatment effect in that hypothetical set-
ting. Furthermore, the relevance of such hypothetical scenarios is
unclear, given the expected occurrence of the intercurrent events
in the real world. Depending on the nature of the intercurrent
event, the latter setting might be better regarded as restricting the
study population to a principal stratum of patients whose toler-
ance of, seeming response to, and adherence with the treatment
regimen would lend itself to continued treatment, and analyzes
would target the prediction of principal stratum membership (see
Section 3.4).

An example of limitations with a hypothetical strategy occurs
in trials evaluating immunoglobulin A nephropathy (IgAN)
whereby IgA protein accumulates in the kidneys, impairing

long-term renal function [16]. The recent approval of SGLT2
inhibitors as effective therapy in IgAN has resulted in con-
cerns that randomized trials comparing novel interventions with
placebo in the background of established standard of care may be
impacted by physicians prescribing SGLT2 inhibitors during the
trial. This has led investigators to execute a hypothetical strategy,
censoring trial participants at the time of SGLT2 administration
or excluding those patients from the comparison of randomized
treatments. Such censoring, however, may be informative and
may induce bias due to potential systematic differences between
arms in the types and prognoses of patients who initiate SGLT2
inhibitors. While statistical methods are available to account
for informative censoring, they rely on strong and untestable
assumptions, which are problematic, especially for primary ana-
lyzes in confirmatory trials. Moreover, it is not clear why an
understanding of treatment effects in the hypothetical scenario
where SGLT?2 inhibitors are not available is relevant to real-world
use. See Carroll [17] for similar concerns regarding informative
censoring and the scope for serious bias in oncology trials.

Although treatment effects in hypothetical settings usually are
not relevant to actual populations, they may be of interest
if there were a strong reason to believe they may represent
future real-world conditions, such as after the end of a war
or a pandemic, and if the estimand can be estimated reliably.
Examples and further discussion are provided in Section 4.3.
On the other hand, in a clinical trial evaluating an immuno-
suppressive intervention for a hematologic malignancy, truncat-
ing follow-up of participants when hospitalized with COVID-19
infection would be problematic because the experimental inter-
vention could affect the risks of such events. It would be implausi-
ble to achieve unbiased imputation in the presence of such infor-
mative censoring.

Estimands using a “hypothetical” strategy for intercurrent events
are often proposed for trials conducted with placebo control arms
in which standard-of-care approved safe and effective therapies
are withheld and provided only as post-randomization rescue
treatment. The argument is that, in settings where a substantial
amount of rescue use is expected, an analysis using the “treat-
ment policy” strategy for rescue use may require a sponsor to
establish superiority of the experimental intervention over an
active control. This concern, however, can be mitigated by alter-
native designs, as discussed in Section 2, that use standard-of-care
control arms. An alternative approach to understanding the
effects of an experimental intervention in settings where another
medication would not be used is to conduct a trial in a clinical
setting where, under available standard-of-care, use of that addi-
tional medication would be unlikely prior to the assessment of
the primary endpoint. For example, in alcoholic hepatitis, unlike
in primary biliary cholangitis, many clinical sites do not pro-
vide liver transplantation as standard-of-care, so a clinical trial
in alcoholic hepatitis with a 90-day survival endpoint could be
conducted in such sites if there were interest in the efficacy of an
experimental intervention in the absence of liver transplantation.
This would enable us to use an ITT analysis to address that clini-
cal question of interest. If this approach would lead to conducting
such trials in lower-to-middle-income countries, then, by the Dis-
tributive Justice principle [18], a viable plan should be in place to
enable the participating population to receive that experimental
intervention, if subsequently shown safe and effective.
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3.4 | Principal Stratum Strategies

The Addendum describes the potential motivation for the “prin-
cipal stratum” strategy as follows: “Certain clinical events can also
be intercurrent events, when their occurrence, or non-occurrence,
defines a principal stratum of interest. Examples include tumor
shrinkage defining objective response when assessing treatment
effect on duration of response in oncology.” The Addendum refers
to principal stratification as being based on potential outcomes,
e.g., based on subgroups of participants who would have intercur-
rent events had they been assigned to a specific treatment arm.

Extensive literature is available on methods that might best esti-
mate effects among the clinical trial participants in the princi-
pal strata of interest [19]. However, the principal strata usually
cannot be fully identified, and such analyzes rely on strong and
unverifiable assumptions and have a high risk of bias, especially
if the intervention could affect the occurrence of the intercurrent
event of interest. In addition, analyzes described as addressing an
estimand using a principal stratum strategy for an intercurrent
event often simply compare outcomes in the post-randomization
subgroups defined by that intercurrent event (e.g., in evaluating
duration of response in oncology trials). Based on this implemen-
tation, the “principal stratum” estimand focuses on an “improper
subgroup” of participants, i.e., a subgroup only known after a
given intercurrent event occurs [20], and the Addendum wisely
distinguishes between such analyzes and analyzes based on prin-
cipal strata defined by the potential for intercurrent events. Fur-
thermore, such analyzes are of questionable relevance to the pre-
scriber and patient because the stratum in which the patient
would fall is unknowable at the time of treatment decisions.

The potential for bias is illustrated through the typical assessment
of duration of response in oncology trials by conditioning only
on participants experiencing tumor response. As noted in CHMP
guidance [21], analyzes based only on responding patients are
problematic because such groups are non-randomized and may
not be comparable; therefore, they should not be subject to for-
mal statistical inference. An analysis of “time in response” avoids
such bias if it assigns non-responders a zero duration of response
[5, 22]. This analysis also could provide increased sensitivity. For
example, a doubling in objective response rate with a doubling
in duration of response (calculated using only responders) trans-
lates to a true four-fold increase in time in response [5].

The Addendum describes another example that potentially moti-
vates the “principal stratum” strategy, stating, “It might be desired
to know a treatment effect on severity of infections in the prin-
cipal stratum of patients becoming infected after vaccination.”
Because randomization occurs before the existence of the clini-
cal condition, (in this instance, infection post-vaccination), and
because its occurrence cannot be reliably predicted at baseline,
to obtain interpretable and unbiased results, an ITT analysis in
all randomized participants, rather than a “principal stratum”
approach, would address the clinically important question about
treatment effect on risk of infection, (i.e., vaccine efficacy), and,
separately, regarding risk of infections leading to severe disease,
(as has been done in the evaluation of vaccines for malaria [23]
and for COVID-19 [24]).

3.5 | Composite Strategies

Incorporating intercurrent events of compelling clinical rele-
vance into a composite primary endpoint, (i.e., using a compos-
ite strategy), may sometimes be desirable. For example, a par-
ticipant who has died has had a bad outcome; the definition of
the endpoint should reflect this. A composite endpoint including
death enables analyzes based on the ITT principle. In a setting
assessing time to a clinically important event, the composite out-
come measure that includes death, “event-free survival”, would
be a proper clinical endpoint assessable using an ITT analysis.
Other examples of compelling events that a composite outcome
could address might include the surgical removal of the nasal
polyp in nasal polyposis, leg amputation when assessing symp-
toms of diabetic foot ulcers, knee replacement in osteoarthritis of
the knee, and organ transplant in various conditions. Similarly, in
cardiovascular (CV) outcome trials where interest may lie in CV
death, other events such as nonfatal myocardial infarction, non-
fatal stroke, and non-CV deaths represent compelling outcomes
that are frequently included in a composite outcome of major CV
events.

In oncology, using the composite endpoint, “progression-
free-survival,” rather than “time to progression” both enhances
the clinical relevance of the measure and enables use of ITT ana-
lyzes. An illustration of this concept in the setting of a treatment
in a hospitalized or ICU population would be to account for death
by using “days alive and out of the hospital” or “days alive and out
of the ICU” as the endpoint. These would be proper measures,
unlike “days in the hospital” or “days in the ICU”.

While the Addendum states, “a patient who discontinues treat-
ment because of toxicity may be considered not to have been suc-
cessfully treated,” considering treatment discontinuation to be an
event in a composite endpoint would meaningfully weaken the
clinical relevance of that endpoint, in part because participants
could experience considerable benefit from a therapy even after
they discontinue its administration. Furthermore, better adher-
ence rather than true clinical benefit could lead to an observed
favorable effect on a composite outcome that defines adherence
as a component.

An important issue with the Composite Strategy is the inher-
ent challenge in disentangling treatment effects on components
[25, 26]. As mentioned previously, to address this, one could
assess effects on components individually in supportive ana-
lyzes [27], using treatment policy strategies when possible and
non-treatment policy strategies when not.

4 | Additional Recommendations

41 | Non-inferiority Trials

The Addendum indicates, “The considerations informing the
construction of the estimand to support regulatory decision making
based on a non-inferiority or equivalence objective may differ to
those for the choice of estimand for a superiority objective.” While
the importance of ensuring the integrity of non-inferiority trials
motivates efforts to avoid irregularities in quality of trial conduct,
the advantages of the trial elements discussed in Section 2,
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including the use of ITT analyzes, also apply to non-inferiority
trials. The Addendum properly recognizes “the importance of
minimizing the number of protocol violations and deviations,
non-adherence and study withdrawals” in non-inferiority tri-
als. As Fleming et al. [28] indicate, “The preferred approach to
enhancing the integrity and interpretability of the non-inferiority
trial should be to establish performance standards for measures of
quality of trial conduct (e.g., targets for enrollment and eligibility
rates, event rate, adherence and retention rates, cross-in rates, and
currentness of data capture) when designing the trial, and then to
provide careful oversight during the trial to ensure these standards
are met, with the “as randomized” analysis being the primary
analysis...”.

4.2 | Addressing Prevention and Treatment
of Missingness With Appropriate Assumptions
and Sensitivity analyzes

The Addendum asserts, “To reduce missing data, measures can
be implemented to retain subjects in the trial.” This statement
is important. As Fleming [29] indicates, “The reliability and
interpretability of clinical trials can be substantially reduced by
missing data...Although rational imputation methods may be
useful to treat missing data, these methods depend on untestable
assumptions . .. The preferred and often only satisfactory approach
to addressing missing data is to prevent it.” Procedures should be
in place to maximize the likelihood of obtaining outcome data at
scheduled times of evaluation for all surviving participants who
have not withdrawn consent [30]. Doing so enables implementa-
tion of ITT analyzes. Despite best efforts at retention, if some data
are missing, assumptions about missing data, (e.g., in an imputa-
tion model), should be “centered” around the best projections for
the participants’ outcomes had they been captured and should
account for the corresponding uncertainties around those projec-
tions, (e.g., with multiple imputation). This may involve imputa-
tion methods based on the participants’ treatment group, specific
insights about the reason for their non-retention, the level of
their clinical response at the time of discontinued follow-up, and
the likelihood their treatment benefits would persist. In addi-
tion, sensitivity analyzes such as tipping point analyzes should
be conducted to evaluate systematically and comprehensively
whether the conclusions hold up under plausible violations in
the assumptions about missing data, with the recognition that
the mechanisms of missingness can differ by treatment arm.

4.3 | Exceptions Where Alternative Approaches
May be Justified

In rare settings, an alternative estimand approach, such as
the use of a hypothetical strategy for handling certain inter-
current events, may be justified if it addresses a clinically
relevant question with plausible assumptions. For example,
in some settings, compelling arguments justify excluding
post-randomization information without bias and without
compromising the interpretability of trial results. Such a situa-
tion could arise, as in the examples below, when these exclusions
are clearly independent of both the effect of the randomized
interventions and knowledge of participant randomized assign-
ment. One illustration would include the truncation of follow-up

post February 2022 in Ukrainian sites due to the war in Ukraine.
This would address a relevant hypothetical question (to wit,
what would be the effect of treatment if there were no war?),
because a geo-political war meaningfully impacts access and
adherence to treatment and evaluations of outcomes in a man-
ner meaningfully inconsistent with realistic, future non-war
clinical settings.

A second illustration comes from HIV-prevention trials. Exclu-
sion of all participant follow-up during intervals in calendar
time, following pre-specified criteria, may be justified when the
presence of peak levels of COVID-19 waves would meaningfully
adversely impact treatment adherence as well as assessment of
outcomes in a manner meaningfully inconsistent with realistic,
future clinical settings in the absence of a global pandemic.

As a third illustration, one could consider the exclusion of the
small number of participants randomized but never treated in
a blinded trial, when neither the effect nor knowledge of treat-
ment assignment could impact their exclusion. The FLO-ELA
open-label trial provides a potentially acceptable extension of
this idea. The trial compared two methods of fluid delivery
for patients following surgery [31]. While the preferred design
approach would be to randomize participants as proximal as pos-
sible to the time of initiation of randomized interventions and
then to perform a per randomization analysis, randomization in
the FLO-ETA trial needed to be performed just prior to surgery
rather than nearer to the initiation of post-surgical fluid deliv-
ery because the investigators recognized that “each fluid delivery
method takes substantial preparation”. While this could result in
occurrence of randomized but non-surgically treated patients, the
exclusion of such patients from the analysis could be justified
due to the implausibility that the intercurrent event of surgery
cancelation could be related to randomized assignment, as well
as the recognition that the number of exclusions would be <2%
(as confirmed in Supplemental File 1 of the published proto-
col), because randomization typically would not occur until “the
patient arrives in the theater site for surgery”.

5 | Conclusions

The Addendum has stimulated cross-disciplinary discussions
on how to improve clinical trials. Its careful discussion of the
importance of matching the estimator to the estimand has
focused trialists’ attention on how best to think about ensuring
that the trial’s methodology meets its aims. It has positively
influenced the selection of the trial population, primary end-
point, and population-level summary measure for comparing
treatment arms. It also recognizes the critically important role of
randomization and the desirability of including all randomized
participants in the analysis; it emphasizes the need for reducing
missing data and urges prospectively planning how to address
intercurrent events such as the discontinuation of randomized
treatment and the initiation of rescue treatments. It raises aware-
ness about the risk of bias when subgroup analysis or termination
of follow-up is based on the occurrence of an intercurrent event,
recognizes that results under hypothetical conditions might not
be of clinical or regulatory interest, and asserts that the assump-
tions underlying the analysis should be justifiable, plausible, and
supported by appropriate sensitivity analyzes.
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Unfortunately, many clinical trial protocols and statistical anal-
ysis plans have used strategies for handling intercurrent events
described in the Addendum in ways that fail to preserve the
integrity of randomization or that do not capture meaning-
ful effects of the intervention. Implementation of the estimand
framework using “while on treatment”, “hypothetical”, or “prin-
cipal stratum” strategies for handling intercurrent events is prob-
lematic when serving as the trial’s primary confirmatory anal-
ysis regarding causal effects of interventions rather than in
their more appropriate role as a supportive descriptive analy-
sis. In many cases, these estimand strategies fail to preserve the
integrity of randomization because they use post-randomization
outcomes to exclude information from randomized participants.
Failure to preserve the integrity of randomization can lead to
non-comparable groups and inherent bias in analyzes, in turn
preventing attribution of causality to treatment. Such analyzes
also often lack generalizability and have the potential to mislead
prescribing physicians and participants about the most important
effects of the intervention.

In contrast, there are critically important advantages of properly
designed randomized clinical trials with standard-of-care control
arms and with primary endpoints that are measures of how a
patient “feels, functions, survives” or are validated surrogates,
and that are properly conducted with high levels of retention.
Such trials reduce incentives to implement estimand strategies
that fail to preserve the integrity of randomization and depend on
untestable assumptions. In turn, such trials also enable obtaining
valid and unbiased inference about issues of central clinical rel-
evance when applying a treatment policy estimand strategy for
handling intercurrent events such as treatment discontinuation
and rescue medication use, while potentially also incorporating
other meaningful intercurrent events, such as death, into the pri-
mary endpoint applying a composite strategy. Such estimands
provide meaningful information relevant to real-world settings,
as they are unconditional in nature, i.e., they do not condition on
post-treatment circumstances that may not be the experience of
many participants, and properly evaluate the experimental inter-
vention within a regimen that includes possible ancillary care
and rescue therapies that would be clinically appropriate in a
real-world setting.

In conclusion, ensuring proper design, conduct, and analysis
of registrational trials is necessary to achieve valid inference
from them about clinically important hypotheses. Without
proper design, conduct, and analysis, no meaningful estimand
can be reliably evaluated. In randomized trials, this should
be done in a manner that incentivizes and enables appropri-
ate use of the treatment policy strategy, which preserves the
integrity of randomization and enables reliable evaluation of
intervention effects on clinically meaningful endpoints. This
is essential to answering the questions of greatest importance
in the pursuit of more effectively preventing and treating
diseases.
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