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Abstract

Purpose: Ideally, the objectives of a pharmacoepidemiologic comparative effectiveness

or safety study should dictate its design and data analysis. This paper discusses how

defining an estimand is instrumental to this process.

Methods: We applied the ICH-E9 (Statistical Principles for Clinical Trials) R1 adden-

dum on estimands – which originally focused on randomized trials – to three exam-

ples of observational pharmacoepidemiologic comparative effectiveness and safety

studies. Five key elements specify the estimand: the population, contrasted treat-

ments, endpoint, intercurrent events, and population-level summary measure.

Results: Different estimands were defined for case studies representing three types

of pharmacological treatments: (1) single-dose treatments using a case study about

the effect of influenza vaccination versus no vaccination on mortality risk in an adult

population of ≥60 years of age; (2) sustained-treatments using a case study about

the effect of dipeptidyl peptidase 4 inhibitor versus glucagon-like peptide-1 agonist

on hypoglycemia risk in treatment of uncontrolled diabetes; and (3) as needed treat-

ments using a case study on the effect of nitroglycerin spray as-needed versus no

nitroglycerin on syncope risk in treatment of stabile angina pectoris.

Conclusions: The case studies illustrated that a seemingly clear research question can

still be open to multiple interpretations. Defining an estimand ensures that the study

targets a treatment effect that aligns with the treatment decision the study aims to

inform. Estimand definitions further help to inform choices regarding study design

and data-analysis and clarify how to interpret study findings.

K E YWORD S

causal inference, comparative effectiveness and safety research, estimand, ICH-E9
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Key Points

• Guidance for defining estimands focuses on randomized studies. We outline five elements

that specify the estimand in observational pharmacological comparative effectiveness or

safety studies.
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• The five elements of an estimand are the population, contrasted treatments, endpoint, inter-

current events, and population-level summary measure.

• Three typical types of pharmacologic treatments are distinguished: (1) point treatments,

administered in a single dose or for a (very) short duration; (2) sustained treatments, used to

treat chronic (possibly lifelong) disease episodes; and (3) as-needed treatments, prescribed as

needed based on disease symptoms.

• Defining an estimand clarifies the exact research question, helps to inform choices regarding

study design and data-analysis, and clarifies how to interpret study findings.

Plain Language Summary

Ideally, the objectives of a pharmacoepidemiologic comparative effectiveness or safety study dictate its

design and data analysis. Although a research question can seem clear, it may actually still leave room

for multiple interpretations. By articulating a formal causal quantity that is the target of the analysis,

denoted an estimand, the research question becomes more specific, and thus results of a study will

have a clearer meaning.Guidance for defining estimands in randomized studies is given by the

ICH-E9 (Statistical Principles for Clinical Trials) R1 addendum on estimands. The current work

applied the ICH-E9(R1) addendum to three case studies of observational pharmacoepidemiolo-

gic comparative effectiveness and safety studies. Five key elements specify the estimand: the

population, contrasted treatments, endpoint, intercurrent events, and population-level summary

measure.The case studies illustrated that multiple estimands can be defined for a particular

research question. Choosing an estimand clarifies the exact research question, helps to inform

choices regarding study design and data-analysis, and clarifies how to interpret study findings.

1 | BACKGROUND

Ideally, medical decisions about the initiation of or changes in pharmacologi-

cal treatment are supported by scientific evidence. To provide the informa-

tion that is needed to inform such decisions, studies of causal effects of

pharmacological treatments need to be correctly designed and conducted.1–3

Different study designs and data-analytical approaches have been proposed

to estimate causal effects of pharmacological treatments.4–21

Because study design and data-analytical decisions unavoidably

impact the meaning of estimates,22 the choice of design and analysis

should follow from the research question and not the other way

around.23 Clearly defining the target of a study upfront is needed to

ensure that the research question is fully aligned with clinical study

objectives and operational decisions about study design and applied

data-analytical approaches should follow from the defined target.12,24,25

In the context of randomized controlled trial research, study targets are

increasingly defined in terms of estimands, as is comprehensively

described in the ICH-E9 (Statistical Principles for Clinical Trials) R1 adden-

dum on estimands.24 This addendum focuses on how to translate a con-

ceptual clinical question of interest into a formal causal quantity that is

the target of the analysis (i.e., the estimand – Box 1).

Although an estimand seems to naturally follow from the clinical

objectives and research question of a study, defining it is not trivial. A

research question can seem clear, while still leaving room for multiple

interpretations. In other words, several estimands can be consistent

with a conceptual research question, each with a different interpreta-

tion. The current work describes estimands that can be defined for

observational studies on comparative effectiveness and safety of

pharmacological treatments, taking into account that these differ

between typical pharmacological treatments used in a single dose, for

a sustained period, or as needed based on symptoms.

2 | METHODS

We outline the five key elements of an estimand in studies on compara-

tive effectiveness and safety of pharmacological treatments. Subse-

quently, three types of pharmacological treatments that are commonly

studied in comparative effectiveness and safety research are distin-

guished based on treatment indication and treatment duration. For each

type of treatment, we highlight decisions that need to be made when

defining the estimand in a hypothetical case study. Each case study is

confined to a discussion of the elements of the estimand that are most

relevant or challenging to the type of treatment, but we emphasize that

decisions on all five elements must be made in any study.

BOX 1 Definition of an estimand, estimator, and estimate
according to the Glossary of the ICH-E9(R1) addendum on estimands.

Term Definition

Estimand “A precise description of the treatment effect reflecting

the clinical question posed by the trial objective. It

summarizes at a population-level what the outcomes

would be in the same patients under different

treatment conditions being compared” (Ref. 24, p. 19)

Estimator “A method of analysis to compute an estimate of the

estimand using clinical trial data” (Ref. 24, p. 19)

Estimate “A numerical value computed by an estimator” (Ref. 24,
p. 19)
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The five key elements of an estimand are based on the five esti-

mand attributes in the ICH-E9(R1) addendum on estimands.24 For

each element, we describe what should be specified in an estimand

for pharmacoepidemiologic comparative effectiveness and safety

studies. Our refinements to the attributes of the ICH-E9

(R1) addendum on estimands are informed by the concept of ‘suffi-
ciently well-defined interventions’,26–28 considerations on esti-

mands in observational studies of causal inference,29–31 and the

target trial emulation framework.12,13

2.1 | Five key elements of an estimand

To formulate the estimand of a quantitative study precisely, five ele-

ments need to be specified12,13,24,26–29:

1. The population of interest, describing whom the results apply to

and when.

2. The contrasted treatments, describing which treatments are com-

pared, how they are administered, and for how long. In this work,

we use the term treatment regimen to indicate the duration, dos-

age, and route of administration of a pharmacological treatment.

3. The endpoint, describing which measure is a clinically relevant out-

come and at which time point.

4. Intercurrent events, describing which events may occur after base-

line and before endpoint assessment and how these events are

handled preferably. Specifically, this element should outline all

events that alter the course of a treatment or affect the interpreta-

tion or measurement of the endpoint, such as discontinuation of

assigned treatment, use of an additional treatment and terminal

events like death.

5. The population-level summary measure, describing how the

defined treatment regimens are analytically compared in a statisti-

cal effect measure.

These five elements combined define the estimand and clarify

which medical decision can be informed by studies that estimate

it. To illustrate this, we provide in each case study below an example

of a medical decision that can be informed by each estimand. Of

note, medical decisions encompass many other factors than the evi-

dence from a single scientific study and depend on the stakeholder

making the decision, for example, a physician, patient, or policy

maker.

2.2 | Three different types of pharmacological
treatment regimens

Considerations for defining an estimand are context-specific.31,32 We

distinguish three different types of pharmacological treatments:

1. Point treatments: pharmacological treatments that are typically

administered in a single dose or for a (very) short duration;

2. Sustained treatments: pharmacological treatments that are typ-

ically used to treat longer (and possibly lifelong) disease

episodes;

3. As-needed treatments: pharmacological treatments that are typi-

cally prescribed as needed based on disease symptoms.

Pharmacological treatments that are typically used in a single

dose or for a short duration aim to cure an acute condition or have a

preventative effect. Examples are antibiotic treatments, vaccines, or

bolus thrombolytics. The point treatment considered in the case study

below is influenza vaccination.

Pharmacological treatments that are used for a sustained period

aim to control symptoms or prevent worsening of an episodic or

chronic condition. Examples are cholesterol lowering drugs, antidia-

betics, or antacids. The sustained treatment considered in the case

study below is medication for uncontrolled diabetes.

Pharmacological treatments that are typically prescribed as

needed based on disease symptoms aim to control acute symp-

toms of a (chronic) condition. As such, it can be thought of as a

point-treatment given over a sustained period. Examples are treat-

ments with NSAIDs, nitroglycerin spray, or antihistamines. The as-

needed treatment considered in the case study below is nitroglyc-

erin spray for adults with stable angina pectoris.

3 | RESULTS

3.1 | Point treatment case study

We considered the research question “what is the effect of influenza

vaccination on 3-month mortality risk in adults ≥60 years of age com-

pared to not being vaccinated?”. While this research question may

seem clear, it is not specific and can be mapped to different esti-

mands, each with a different interpretation and thus supporting differ-

ent treatment decisions.

Four possible estimands were described for this general research

question (Table 1), differing in the defined population of interest and

population-level summary measure. We specified the treatment con-

trast as taking the influenza vaccination versus not taking it and the

endpoint as 3-month mortality. Intercurrent events were not consid-

ered relevant in this example because the course of a vaccine point

treatment cannot be altered and measurement of the endpoint mor-

tality is unlikely to be precluded.

When a study is to inform a decision about implementing a

population-based vaccination policy, it may aim to provide infor-

mation on potential maximal mortality reduction in the population

due to the influenza vaccination. The corresponding effect of

interest is that of taking an influenza vaccination in the entire pop-

ulation of adults ≥60 years of age invited for vaccination (Table 1,

Scenario 1). Together with the defined treatment contrast, end-

point, intercurrent events, and population-level summary measure,

the estimand can be formulated as follows: “the average differ-

ence in 3-month mortality risk if all adults ≥60 years of age who

LUIJKEN ET AL. 865
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were invited to receive the influenza vaccination had taken it com-

pared to if they had not taken it”. This effect is typically referred

to as the average treatment effect.29,33 A study should include a

representative sample of all individuals who (are planned to)

receive a vaccination invitation.

Alternatively, when a study is to inform a decision on discontinua-

tion of an already implemented vaccination policy, the research ques-

tion can specifically target the population that has taken an influenza

vaccination under current invitation and uptake patterns (Table 1,

Scenario 2). The estimand then becomes “the average difference in

3-month mortality risk if all adults ≥60 years of age who took the

influenza vaccination had instead not taken it” (typically referred to as

the average treatment effect in the treated). In a study targeting the

average treatment effect in the treated, the study sample should be

representative of those individuals who took the vaccination, which

can be achieved by, for example, reweighting or taking a matched set

of unvaccinated controls, rather than a random sample of the full tar-

get population.33

Conversely, it can be of interest to know the potential gain if

uptake of the offered vaccination were improved. In this case a study

should target the effect of vaccination for individuals similar to those

who did not take the influenza vaccination under current invitation

and uptake patterns (the so-called the average treatment effect in the

untreated, Table 1, Scenario 3): “the average change in 3-month mor-

tality risk after vaccination if all adults ≥60 years of age who did not

take the influenza vaccination had instead taken it”. The study sample

should be representative of unvaccinated individuals, which can again

be achieved by, for example, reweighting or taking a matched set of

vaccinated individuals.33

When the aim is to investigate the strength of the effect of vac-

cination, a study should provide information on how many times less

likely a fully vaccinated population is to die compared to a fully

unvaccinated population. The population-level summary measure

can be defined, for instance, as a marginal risk ratio (Table 1, Sce-

nario 4). The marginal risk ratio is a measure of relative risk and pro-

vides information about the strength of the treatment effect relative

to a base endpoint risk. Additive risk measures express the differ-

ence in endpoint risk attributable to the treatment on an absolute

scale and are sometimes said to be more suitable to inform clinical

decision-making.34 Because results on the relative scale and abso-

lute scale can differ, it is important to pre-specify that either both

scales will be investigated (and thus reported on) or which of the

two population-level summary measures is of primary interest in a

study.35

For point treatments, the moment at which persons are included

in the population is generally defined by an event, such as an invita-

tion for vaccination or the diagnosis of an acute condition. Although

this provides a natural time point for cohort entry, the time origin of

the contrasted treatments could also be set at the time the treatment

is given (as was the case in this example). In the analysis, it should be

considered how to handle the period after event-based cohort entry

and moment of treatment initiation to avoid introduction of immortal

time.9,36,37

3.2 | Sustained treatment case study

For the research question “what is the effect of using a DPP-4 inhibi-

tor compared to using a GLP1 agonist on the 1-year risk of severe

hypoglycemia in adults with uncontrolled diabetes?”, three possible

estimands were described (Table 2). The estimands differed regarding

the defined contrasted treatments and handling of intercurrent

events. For the other elements of the estimand, we considered the

population to be adults with uncontrolled diabetes mellitus type 2, the

endpoint to be 1-year risk of severe hypoglycemia, and the

population-level summary measure to be the marginal risk difference.

The considered intercurrent events were discontinuation of treat-

ment, switch to alternative treatment, switch to intermediate-acting

insulin (treatment escalation), and death.

To inform the decision which treatment to start, an appropriate

treatment contrast of interest would be the effect of initiating a

DPP-4 inhibitor versus initiating a GLP1 agonist (Table 2, Scenario 1),

which is sometimes referred to as the observational analog of an

intention-to-treat effect.13,24 The estimand can then be described as

“the difference in average 1-year risk of severe hypoglycemia if all

adults with uncontrolled diabetes had initiated a DPP-4 inhibitor,

compared to if they had initiated a GLP1 agonist”. The results are

applicable to a population with similar treatment compliance to the

study sample, meaning that descriptive results on treatment compli-

ance are essential for interpretation of the effect. The analysis does

not need to consider whether individuals sustain the treatment after

baseline and exchangeability of treatment groups is assessed at

baseline only.

Alternatively, for an individual with uncontrolled diabetes who

intends to sustain the therapy they are starting with, the choice of

treatment can better be informed by a comparative treatment effect

under perfect compliance, that is, the effect of the protocolled treat-

ment regimen. The contrasted treatments are defined as initiating a

DPP-4 inhibitor or GLP1 agonist, and – once started – complying to

the protocolled treatment regimen over the course of a year (Table 2,

Scenario 2), often referred to as the per-protocol effect.13,24 The inter-

pretation is: “the difference in average 1-year risk of severe hypogly-

cemia if all adults with uncontrolled diabetes had initiated and

sustained a DPP-4 inhibitor, compared to if they had initiated and sus-

tained a GLP1 agonist”. The effect is defined for a scenario in which

the intercurrent events discontinuation of treatment, and switch to

the alternative treatment arm would not occur, that is, these intercur-

rent events are handled under the ICH-E9 hypothetical strategy.24

Estimation of this estimand from observational data can be challeng-

ing because the defined treatment regimen may not be observed for

some individuals due to intercurrent events and adjustment for time-

varying confounding might be necessary.6,16,38

The intercurrent event “switching to intermediate-acting insulin”
can be considered a treatment failure. Hence, for individuals who con-

sider switch to intermediate acting insulin an undesirable outcome,

treatment choice can be informed by an estimand in which this inter-

current event is part of a composite endpoint indicating an unfavor-

able outcome, that is, hypo- or hyperglycemia (Table 2, Scenario 3).
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The composite endpoint allows to jointly investigate the risk of severe

hypoglycemia and the risk of diabetes not being controlled. The inter-

pretation of the estimand changes to “the difference in average

1-year risk of severe hypoglycemia or switch to intermediate-acting

insulin if all adults with uncontrolled diabetes had initiated and sus-

tained a DPP-4 inhibitor, compared to if they had initiated and sus-

tained a GLP1 agonist”.
In all three scenarios, the intercurrent event death is handled

under the ICH-E9 while on treatment strategy, meaning that the end-

point is interpreted as 1-year risk of severe hypoglycemia while alive.

The interest lies in evaluating adverse events by treatment before

death.39–41 A competing risk approach can be implemented where

death is handled as a competing event and cumulative incidence of

severe hypoglycemia is calculated.

The contrasted treatments are active treatments in these scenar-

ios. However, in other clinical settings it might be of interest to inves-

tigate whether a sustained treatment should be preferred over no

treatment. The treatment contrast is then initiating and sustaining

treatment versus non-use. This mainly poses challenges for the analy-

sis in deciding which non-users could be considered a suitable com-

parator group4 and in defining the moment from which onwards non-

users should be compared to treatment initiators.12,42

3.3 | As-needed treatments

For the research question “what is the effect of nitroglycerin spray

as-needed in adults with stable angina pectoris on risk of syncope?”,
two possible estimands were described (Table 3). The estimands dif-

fered regarding the defined contrasted treatments and handling of

intercurrent events. For the other elements of the estimand, we

defined the population as adults with newly diagnosed stable angina

pectoris, the endpoint as 6-month risk of cardiac arrest, and the

population-level summary measure as the marginal risk difference.

The considered intercurrent events were having a myocardial infarc-

tion, not using nitroglycerin during an angina attack, switch in mainte-

nance therapy for angina pectoris, and death. Note that syncope is an

adverse event potentially related to nitroglycerin use, so this research

question would be part of a safety evaluation.

The contrasted treatments of interest can be defined as prescrib-

ing nitroglycerin as-needed versus not prescribing nitroglycerin

(Table 3, Scenario 1).13,24 Some individuals who are prescribed nitro-

glycerin may not take it during an angina attack or may choose the

dose and frequency at their own discretion. The results are thus appli-

cable to a population with similar nitroglycerin use to the study sam-

ple, meaning that descriptive results on actual nitroglycerin use are

essential for interpretation of the effect.

To evaluate the safety of nitroglycerin as-needed, instead of con-

trasting treatment prescriptions, it may be more important to know

the 6-month risk of syncope for individuals who actually used the

treatment.13,24 When interest is in studying the effect of use that is

compliant with the intended use of the treatment (‘treatment proto-

col’), one could target a per-protocol effect; “the difference in average

6-months risk of syncope if all adults with stable angina pectoris used

nitroglycerin as prescribed, compared to if they had not used nitro-

glycerin” (Table 3, Scenario 2). In alternative estimands, other variants

of treatment use could be chosen for instance based on dosage and

frequency of use.

Studies on effects of as-needed treatments face the challenge of

obtaining observational data suitable to estimate the estimand of

interest. Routinely collected data usually contain information on treat-

ment prescription only, and information about actual treatment use

during an angina attack is difficult to retrieve.

4 | DISCUSSION

A research question may seem to unambiguously define the target of

a pharmacoepidemiologic analysis but can still be open to multiple

interpretations. Defining an estimand helps resolving such unclarities

by refining the research question. We outlined how the ICH-E9

(R1) addendum on trial estimands can be applied to observational

pharmacoepidemiologic comparative effectiveness and safety studies

to formulate an estimand. The case studies illustrated that several

estimands can be defined for the same research question. By articulat-

ing the estimand, the research question becomes more specifically

aligned to the treatment decision that is to be informed by the study.

Defining the five elements of an estimand before conducting a

study informs choices regarding the study design and data-analytical

approaches. A study protocol thus ideally contains a clear definition of

the targeted estimand(s).11 Additionally, reporting the five outlined

elements of an estimand is essential for readers' interpretation of

study findings and assessment of whether study design and data-

analytical approaches are suitable for the clinical problem at hand. Ide-

ally, the methods section of an article starts with a brief statement of

the estimand(s). The operationalization of each element can be elabo-

rated on in its respective subsection of the methods section.

Our examples connect statistical principles13,29,30 and research

objectives in a non-mathematical way and with added refinement

compared to the PICOT acronym.43,44 Researchers can use the exam-

ple case studies in tandem with existing guidance for designing phar-

macoepidemiologic studies. For instance, we recommend defining an

estimand as a first step when filling in the structured template for

planning and reporting on real-world evidence study implementation

(STaRT-RWE).11 Furthermore, an estimand in words is an insightful

starting point when using the CERBOT32: a tool informing specifica-

tion of the target trial in comparative effectiveness research.

Often, multiple estimands need to be specified in a single study.

For instance, when a study assesses multiple endpoints, such as a pri-

mary effectiveness endpoint, secondary effectiveness endpoints and

safety endpoints, all five elements need to be clearly outlined for each

study endpoint.

A limitation to our study is that we provided only a selection of

possible estimands that can be defined for a research question. Partic-

ularly, our discussion of contrasted treatments was limited to static

treatment regimens and did not address dynamic treatment regimens,
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in which the decision about treatment use at a particular time point is

based on updated time-varying covariate information.31,32 The con-

trasted treatments did not contain an example of a change in treat-

ment and were restricted to initiation of treatment. Other intercurrent

events can be defined when investigating sustained treatments, for

instance regarding non-adherence (e.g., skipping dosages), use of res-

cue medication (also called escape medication), change in mainte-

nance treatment, or remission of symptoms in sustained treatment of

episodic diseases. Our discussion of population-level summary mea-

sures did not address specification of subgroup effects. Regardless,

the principles outlined provide a general basis for specifying an esti-

mand in these scenarios and can be applied to define other estimands,

which incorporate expert domain knowledge and consider relevant

stake holders for the study at hand.

Another limitation is that we did not explicate how an esti-

mand can inform the choice of study design and analytical

approach. We refer to existing papers on this topic,29,33,41,45–47

particularly to explanations about aligning estimands to estimators

in randomized trials.38,48 An increasingly popular methodological

approach is the target trial emulation framework.13,49–51 Target

trial emulation provides a structure to estimate a treatment effect

of interest using observational data. The trial emulation steps

should ideally be preceded by choosing the target of interest, that

is, specifying an estimand. In some cases, estimands that are iden-

tified as interesting prior to observing the data cannot be esti-

mated with the available data. For example, conditional

exchangeability cannot be assumed in many (secondary) databases

due to the limited availability of (time-varying) confounders.

Reporting the relevant estimands is useful to inform data collec-

tion in follow-up research.

Even if a clinical research question seems clearly formulated,

there are multiple quantitative estimands into which it can be trans-

lated. Thus, without specifying the elements of an estimand for a par-

ticular study, the findings of that study are prone to misinterpretation.

Choosing the elements of an estimand clarifies the exact study ques-

tion and how study findings can be interpreted.
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