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The primary goal of most randomized clinical trials (RCTs) is to draw
conclusions about the effect of a treatment in a specific population
of patients. The true effect of the intervention, termed the estimand,
is estimated with the data acquired in the trial, subject to limita-
tions associated with variations in adherence to treatment, pa-
tients being lost to follow-up, and data quality.

The choice of estimand and associated target population should
reflect the goals of the trial, and can vary according to who designed
or sponsored the study, who will use the results of the study, and the
motivating scientific question. In the PIONEER 3 trial,1 investigators
compared 3 doses of oral semaglutide with sitagliptin, added to back-
ground therapy, in adults with type 2 diabetes. The primary end point
was the change in glycated hemoglobin (HbA1c). The trial design con-
sidered 2 estimands for summarizing treatment effect, termed the
treatment policy estimand and the trial product estimand.

Explanation of the Concept
What Is an Estimand?
Thetrueeffectoftheinterventionistheestimand.Theestimandisatar-
get quantity (ie, what the study aspires to measure). It is a summary of
patient outcomes, such as a difference in mean outcomes or a differ-
ence in mortality rates in the population, comparing patients who re-
ceive the investigational treatment with those who do not. Estimands
can describe both therapeutic benefits and adverse effects; thus, more
than 1 estimand may be needed to capture fully the results of a study.

Trial data provide only estimates of trial estimands because trial
participants are sampled from the population and outcomes are not
always observed for all randomized participants, and because there
are practical limitations in clinical trial execution, such as partici-
pants’ not following the prescribed protocol or not completing the
study. An estimator, in contrast to an estimand, is a formula or algo-
rithm used to estimate the target quantity from the clinical trial data,
such as the difference in sample means between 2 treatment groups,
or the Kaplan-Meier estimator of a survival curve. Statistical infer-
ence for an estimand requires a choice of the estimator and a mea-
sure of its precision. Typical methods of statistical inference are hy-
pothesis tests, confidence intervals, and posterior credibility intervals
in a bayesian analysis. The estimate is the numeric value obtained
when the estimator is applied to the actual data from the trial.

Why Is the Choice of Estimand Important?
The optimal choices of estimands and associated target popula-
tions are determined by the goals of the trial. For example, the spon-
sor of a trial may be interested in a per-protocol estimand: the effi-
cacy of a treatment in patients adherent to their assigned treatment.
However, a payer or clinician may be interested in an intention-to-
treat (ITT) estimand: the effectiveness of a treatment for all indi-
viduals assigned to it, irrespective of adherence. The different choices
of estimands address fundamentally different questions.

Clinical trials seek to measure causal effects of treatments. The
choice of estimands determines how these effects are measured, and
a lack of clarity in this choice obscures the interpretation of trial results.
Good estimands and estimators have the following features:

1. The estimand compares outcomes that capture the main ben-
efits and risks of treatments. This consideration is particularly
important when surrogate or near-term outcomes are used. For
example, in attempts to characterize the utility of drugs for pre-
venting sudden cardiac death, investigators compared suppres-
sion of ventricular ectopy on the electrocardiogram.2 Drugs were
approved based on randomized trials that showed improve-
ments in this surrogate measure of drug activity, but the defini-
tive CAST trial,3 with an estimand measuring survival, demon-
strated that the approved drugs actually reduced survival. This
difference may have resulted in a substantial cost in lives.

2. Estimators should summarize the causal effects of treat-
ments in the sample of individuals in the study. The individual
causal effect of a treatment is the difference in outcome if the
individual were assigned the treatment vs assigned the control.4

This individual effect is usually unmeasurable because only 1 of
the possible outcomes is observed; namely, the outcome for the
therapy actually assigned. However, summary causal effects, such
as the average, can be estimated for groups of individuals. Inter-
nal validity is the ability to estimate the summary causal effect
of a treatment for the sample of individuals in the study. This re-
quirement may not be met if, for example, the assumptions of
the statistical analysis strategy are violated.

3. Estimands should summarize the causal effects of treat-
ments in the target population. External validity refers to the abil-
ity to establish the average causal effect of a treatment for the tar-
getpopulation,usuallycomposedofpatientswhowouldreceivethe
treatment in clinical practice. Given internal validity, the main threat
toexternalvalidity iseffectmodification;that is,thedegreetowhich
treatment effects vary across individuals according to their charac-
teristics. Substantial effect modification that reduces external valid-
ityoccursbecausethetargetpopulationisoftenlooselydefinedand
individuals in RCTs are usually not randomly sampled from it, but
rather are self-selected volunteers. A common strategy to assess ef-
fect modification in trials is to compare average treatment effects
across subgroups according to baseline characteristics, such as
demographic variables or initial disease severity. Similarity of the es-
timated treatment effects across subgroups suggests that effect
modification is small, increasing the evidence of external validity.

4. The estimator should provide a valid and unbiased estimate
of the study estimand. For this to be true, study estimators must
have good internal and external validity. RCTs are the criterion stan-
dard for generation of evidence because random assignment to
treatments tends to eliminate bias from observed and unob-
served confounders, and hence increase internal validity. Obser-
vational studies are often larger and less costly than RCTs, and may
have better external validity than RCTs if potential confounders are
measuredandcontrolled.However,theyarevulnerabletobiasfrom
unmeasured confounders. Because internal validity is a require-
ment for external validity, RCTs will continue to be a crucial source
of evidence; however, there is substantial potential in creative com-
binations of evidence from RCTs and observational databases.5
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Limitations of Alternative Choices of Estimands
Estimands are summaries and cannot capture all relevant features
of treatments. The robustness of the findings in an RCT or observa-
tional study (ie, the degree to which causal effects of treatments have
been established) depends on the statistical analysis, and the ex-
tent to which the analysis rests on untestable assumptions, such as
absence of unobserved confounders or the assumption that miss-
ing data are missing at random.6 This can vary greatly according to
the choice of estimand. For example, per-protocol estimates in RCTs
often rely more heavily on assumptions than ITT estimates be-
cause the exclusive consideration of participants who follow the
treatment protocol may undo the balance created by randomiza-
tion and result in marked differences between the treatment groups,
confounding estimates of the treatment effect.

Substantial missing data are a threat to validity, and the amount
of missing data can vary greatly, depending on the choice of esti-
mand. For example, in the ATLAS ACS 2–TIMI 51 study,7 a large clini-
cal trial that assessed rivaroxaban for the treatment of acute coro-
nary syndrome, estimating a modified ITT estimand involved far
fewer missing data than estimating the strict ITT estimand; of 15 526
enrolled patients, 9.7% were missing the ITT outcome and 5.1% the
modified ITT outcome. A 2010 report from the National Research
Council8 recommended that the amount of missing information
should be a factor when alternative estimands are considered.

How Were Estimands Used in the PIONEER 3 Trial?
The PIONEER 3 RCT compared 3 doses of oral semaglutide with
sitagliptin, added to background therapy, in adults with type 2 dia-
betes. The primary end point was change in HbA1c from baseline
to week 26.1

Two estimands were defined, an ITT treatment policy esti-
mand and a per-protocol trial product estimand. Both of these es-
timands concern the difference in the mean end point between a
treatment group and the comparator group, but for 2 different popu-

lations. The treatment policy population was an ITT population, de-
fined as “all randomized patients regardless of trial product discon-
tinuation or use of rescue medication.” In contrast, the trial product
population was a per-protocol population, described as “the treat-
ment effect for all randomized patients under the assumption that
all patients continued taking trial product for the entire planned du-
ration of the trial and did not use rescue medication.” An alterna-
tive per-protocol definition could have been the subpopulation of
all individuals who would adhere to all of the compared treatments
if assigned. The assumption that all patients would adhere to as-
signed treatment is avoided in this definition by restricting the es-
timand to the subpopulation consisting of study participants who
were adherent to all the treatments.

How Do the Choices of Estimands Affect
the Interpretation of the PIONEER Trial?
Estimating the trial product estimand defined in the PIONEER trial
required predicting hypothetical outcomes for individuals who dis-
continued the assigned treatment, if they had continued with that
treatment. Those hypothetical outcomes represent missing data. The
repeated-measures statistical model used to predict the missing val-
ues involved untestable and perhaps unreliable assumptions. It is
often preferable when possible to define estimands that involve only
information arising while a trial participant is receiving the as-
signed treatment. These estimands can be called “on-treatment
summaries,”9 and the ICH E9 addendum10 calls this approach the
“while on treatment” strategy. In the PIONEER 3 study, a possible
on-treatment summary estimand could have been defined as fol-
lows: “Of the time between baseline and week 26 when the partici-
pant was on the assigned treatment, the proportion of time when
the diabetes was controlled,” in which “controlled” is defined as be-
low some threshold value of HbA1c. Creative choices of estimand that
limit the influence of missing data can improve the robustness of clini-
cal trial findings.
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