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Real-world evidence involving healthcare database studies is well established for making causal inferences in

post-market drug safety studies and methods, data, and research infrastructure for evaluating effectiveness have
advanced in recent years. The rapidly expanding field of etiologic research using insurance claims and electronic
health records databases is being evaluated for supporting effectiveness claims. One such use case to support
regulatory decision-making on effectiveness is for expanding indications beyond existing effectiveness claims.
Confidence in the validity of findings from cohort studies conducted using databases (hereafter “database study”)
to support indication expansions could be increased through a structured benchmarking process of an initial
database study against RCT evidence followed by calibration of a subsequent database study based on differences
in results observed in the initial RCT-database pair. This paper proposes a benchmark, expand, and calibration
(BenchExCal) approach to trial emulation and describes the design and process for evaluating the performance of
the approach through both simulation studies; five planned empirical examples are also described. The project will
provide insights regarding how a first-stage benchmarking emulation of a completed trial for an existing indication
can be used to calibrate, increase confidence, and improve interpretation of the results for a second-stage
emulation of a hypothetical trial that could potentially provide evidence for an expanded indication. Although the
examples have been selected to provide a variety of learnings, five use cases do not address all clinical and data
scenarios that may be encountered when seeking a supplemental indication for a marketed drug.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THIS
TOPIC:?

M Real-world evidence involving healthcare database studies
is well established for making causal inferences in post-market
drug safety studies and methods, data, and research infrastruc-
ture for evaluating effectiveness have advanced in recent years.
WHAT QUESTION DID THIS STUDY ADDRESS?

M This paper proposes a benchmark, expand, and calibration
(BenchExCal) approach to trial emulation and describes the de-
sign and process for evaluating the performance of the approach
through both simulation studies; five planned empirical exam-
ples are also described.

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

M Confidence in the validity of findings from cohort stud-
ies conducted using databases (hereafter “database study”) to
support indication expansions could be increased through a

structured benchmarking process of an initial database study
against RCT evidence followed by calibration of a subsequent
database study based on differences in results observed in the
initial RCT-database pair.

HOW MIGHT THIS CHANGE CLINICAL
PHARMACOLOGY OR TRANSLATIONAL SCIENCE?
[ The project will provide insights regarding how a first-stage
benchmarking emulation of a completed trial for an existing
indication can be used to calibrate, increase confidence, and im-
prove interpretation of the results for a second-stage emulation
of a hypothetical trial that could potentially provide evidence
for an expanded indication. Although the planned examples
have been selected to provide a variety of learnings, five use
cases do not address all clinical and data scenarios that may be
encountered when secking a supplemental indication for a mar-

keted drug.
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Healthcare database studies are well established for making causal
inferences in post-market drug safety studies, and methods, data,
and research infrastructure for evaluating effectiveness have ad-
vanced in recent years."* Advances in causal analysis, aided by the
emulation of a hypothetical target trial® and analytic techniques
such as optimized propensity score estimation,” address concerns
regarding potential biases in non-interventional study designs using
secondary healthcare data. These advances help to address biases
frequently cited in critical reviews of non-randomized studies.>

Use cases were identified for healthcare database studies to po-
tentially support regulatory decision-making on effectiveness, in-
cluding supplemental indications or other labeling expansions after
asuccessful initial new drug application.” One approach to promote
rigor in the study design, measurements of key variables, analysis,
and ultimately findings from a database study to support labeling ex-
pansions would involve benchmarking the results of a database study
against the results of a previous trial. For example, investigators can
design a database study to emulate an RCT that was conducted fora
prior indication, implement the study using the proposed database,
and then benchmark the database study results against the RCT.

Benchmarking database studies against RCTs that they are de-
signed to emulate is not a new concept.*” Benchmarking can in-
volve anything from formal pre-specified criteria for comparison to
informal post hoc deep dives into assessment of the potential im-
pact of design differences, bias, and clinical context.'”™"> However,
prior work on benchmarking and transportability of results be-
tween RCTs and database studies has required several assumptions
that may be untenable in many practical settings. For example, in
addition to the usual assumptions of conditional exchangeability
(e.g., no unmeasured confounding) between treatment arms within
the RCT and database study, consistency, and positivity, existing
benchmarking and transportability methods have required an as-
sumption that trial participation does not have an effect on the out-
come other than through treatment.® In practice, participation in a
drug trial often involves frequent follow-ups designed to maximize
adherence. This, as well as the Hawthorne effect,® contributes to
the so-called efficacy vs effectiveness gap."> Another assumption
that is unlikely to be met in practical settings is that there are no
differences in the measurement of key study variables between the
RCT and database study.® An exception may be trials nested within
the same healthcare data used for the observational analysis, but the
rare occurrence of such trials limits its application."

We describe abenchmark, expand, and calibrate (BenchExCal)
approach that can potentially inform decisions on expanding in-
dications for marketed medications that allows for some varia-
tion in measurement, follow-up, or other design differences that
cannot be aligned between an RCT and a database study that
emulates it. The first step of BenchExCal is a demonstration of
the ability to emulate the trial(s) used for an initial indication
reasonably closely, for benchmarking. Second, learnings from
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emulation of the trial(s) for the initial indication are used to
plan, execute, and interpret database studies conducted within
the same database(s), using highly similar measurements, design,
and analytic strategy to inform decisions on expanded popu-
lations, subgroups, or outcomes. Next, a calibration sensitivity
analysis is applied to integrate knowledge of the divergence ob-
served in the initial RCT and database study into the observed
results of the second database study.

Here, divergence is defined as the observed net difference in re-
sults between an RCT-database study pair, stemming from multiple
causes including residual confounding, misclassification of the out-
come, population differences, reduced adherence, etc. The approach
combines confidence gained from (successfully) benchmarking the
data and analytic methods against an RCT with sensitivity analyses
conducted to calibrate and interpret the second database study re-
sults within the context of prior information on any small divergence
observed in a similar RCT-database study pair from the initial step.

A key advantage of BenchExCal is that the interpretation of
the evidence for the expanded indication is informed by learn-
ings from a first-stage database study emulation of an actual
RCT for the drug under consideration. The BenchExCal ap-
proach, as with quantitative bias analysis'®'” and negative con-
trol methods,"®!” attempts to quantify the direction, magnitude,
and uncertainty around systematic sources of error. Importantly,
however, BenchExCal focuses on quantifying the net effect of
systematic differences, stemming not only from biases within
the database study, but also from differences in participation, de-
sign, and measurement between an RCT and the database study
designed to emulate it.

This paper describes the planned design and process for evaluat-
ing the performance of BenchExCal through both simulation and
empirical examples.

METHODS

BenchExCal approach to trial emulation
The RCT-DUPLICATE demonstration projcct“’lz'zo_23 increased our
understanding of when and how database studies can come to similar causal
conclusions on treatment effects as randomized clinical erials (RCT). In a
pre-defined process, the study compared the results of 32 RCT-database
study pairs where the database studies were explicitly designed to emulate
RCT that were actually conducted.'! The results of RCT-DUPLICATE
support the premise that when RCT study designs can be closely emulated
and key confounding factors and endpoints measured reliably, results from
database studies highly correlate with those of RCTs (r= 0.93).11:21:22.24
Nonetheless, some aspects of RCT designs are difficult to emulate
with secondary data collected as part of routine clinical care.""*** While
RCTs that study the efficacy of drugs are often designed to isolate the
treatment experiment from particular practice patterns, database studies
evaluate a mix of the drug effect and the system in which it is used. ! Even
when database studies use the same pre-defined inclusion/exclusion crite-
ria, including age range and sex, RCT participants are usually younger, and
fewer are female, which can have implications if the effects of the drug vary
based on these characteristics.?” Some exclusions are difficult to emulate
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Table 1 Selected examples of RCT emulation challenges encountered in RCT-DUPLICATE

Emulation challenge

Specific issues

Trial example

Differences in study population when
treatment effect modification is present

Despite the same sex and age range criteria,
we still have different distributions of these

Most pre-approval trials

characteristics

Variations in co-medications in multina-
tional trials

Data sources limited to the US

PLATO

Long duration of use paired with time-
varying hazards (induction periods)

Medication adherence in clinical practice is often
substantially shorter

HORIZON-Pivotal, DAPA-CKD, VERO

Dose titration during follow-up

Lack of granular data; in-hospital start

TRITON-TIMI, PLATO, ISAR-REACT5

Outcome assessment

Low specificity often leads to bias toward to null

PARADIGM-HF

Run-in phases with selective drop out
in RCTs and low adherence in clinical
practice

Almost impossible in non-experimental settings

Most COPD trials

Placebo controls

How to define time zero? Are non-users too

Most pre-approval trials

different to possibly balance outcome predictors?

RCT-based RWE-based
approach approach
Stage 1 RCT-RWE pair RCT, f‘_“’ RWE,
6, l \
Initial indication \

v 6:=6,+&

l

Stage 2 RCT-RWE pair |: RCT, :|<---> RWE,

921 0; =0+,
Supplemental |

indication

Stepsfor BenchExCal

1. Benchmark:
* Emulate RCT; to evaluate the concordance of the RCT-database study pair

N « Tweak parameters as needed to reduce bias in design, data, measurement,
analytics set up

« Select priors for divergence based on result from stage 1 RCT-database study pair

2. Expand:
« Use design, data, measurement, analytics set up from stage 1 benchmarking to
emulate RCT,

3. Calibrate:
« Use priors from stage 1 benchmarking in divergence correction sensitivity analysis
» Evaluate effectiveness claims from RWE, with boosted confidence

~4===p = Emulation of trial for initial indication
= === = Borrowing from knowledge gained in Stage 1

as part of the demonstration project

~a-—=p = Confirmation with existing expanded indication trial to evaluate BenchCal

0, = Effect for the initial trial (observed)

& = Divergence of the RWE study and RCT effect for the initial trial (observed)

07 = Effect for the RWE study = 6; + &; (observed)

0, = Effect for the trial for the expanded indication (unobserved)

& = Divergence of the RWE study and RCT effect for expanded indication (unobserved)
0, = Effect for the RWE study = 0, + ¢,(observed)

Figure 1 BenchExCal approach.

due to the lack of granular data or because the RCT criteria are difficult to
operationalize, for example, “unlikely to die in the next year.” Additionally,
the reality of suboptimal drug adherence in clinical practice often makes
it difficult to emulate treatment effects that occur after a prolonged in-
duction period. Table 1 summarizes some of the emulation challenges
observed in prior work.

It has been argued that if a causal study design and analytic approach
were applied in a reliable, and relevant data source to emulate a pre-
viously conducted RCT for the drug of interest and found to closely
replicate results, this setup could then be used to evaluate other closely
related effectiveness questions of interest. 19 potential examples include
evaluation of a clinical rather than biomarker endpoint, a different clin-
ical endpoint, or expansion of the population (e.g., children, more/less
severely ill patients).

The proposed BenchExCal approach involves sensitivity analyses
that are conducted to evaluate the robustness of results from a primary
frequentist analysis for an observational database study. The approach is
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illustrated in Figure 1. Let 6, denote the true treatment effect of interest
in stage 1 (e.g. log hazard ratlo) and 0 the estimate observed in a stage
1 RCT. 6, 1 Is a consistent estimator of ; ensured by randomization in an
RCT. Let 8] denote the estimate observed in a stage 1 database study. We
expect the quantity targeted by 67, denoted by 8}, to deviate from 6, due
to residual confounding or other emulation dlffcrences We denote thls
divergence by &, such that &, = 6] — 6, and its estimate 51 = 9 - 9
Similarly, let @, denote the true treatment effect of interest in stage 2, 0;
the quantity targeted by the datat:gse study in stage 2, and &, the diver-
gence in stage 2 (&, = 05 — 6,). 6 can be estimated from the database
study in stage 2. Our goal is to account for the effect of the divergence &, in
estimating 6, in the absence of a stage 2 RCT, using information from the
database study in stage 2 and the divergence in stage 1.

If there are differences in results between the first-stage RCT-database
pair & | is larger than expected from sampling error), then investigators
have the opportunity to revise aspects of design in a way that improves
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the database study emulation of the stage 1 RCT and minimizes the di-
vergence, &;. Once the study design and analytic framework are settled in
stage 1, any remaining observed divergences in results between the RCT-
database study pair could be used to inform the analysis and interpretation
of the results for the second stage database study.

Calibration step

Divergences in stage 1 could stem from differences in the emulation of
the study design and its measurements, systematic bias, or random error.

These sources of variation in results between an RCT and database study
often cannot be fully disentangled empirically.'"*"  However, under
the assumption that such divergences would similarly affect a similarly
designed second-stage database study for a new indication, the divg\r—
gences in a first-stage database study emulation of a published RCT (£))
can be used to calibrate the stage 2 estimate. Specifically, such differences
may be used heuristically to elicit prior distributions for the divergences
in stage 2 (&,).

Given that the rate of outcomes and effect sizes may differ in magni-
tude between the stage 1 and stage 2 questions, it will be important to
appropriately scale the estimated divergence parameter when moving
from stage 1 to stage 2. Ideally, the observed divergence in stage 1 would
be standardized dividing by the standard deviation and we would as-
that the standardized divergence in stage 1 8, =

\/var(0,) + var(0}) ~ the standardized divergence in stage 28, =

sume

&/
&/

because the stage 2 trial has not been implemented. Therefore, to ex-

mr( ) + mr(@i ) However, typically the mr(@z) is unavailable

press the divergence of stage 2 on an appropriate scale, we use the equal-

ity & = \/mr /\/wzr

quantities. Thus, the observed standardized divergence in log hazard

)&, which only involves observed

ratio from stage 1 can be used to estimate the standardized divergence

for stage 2, via é; = \/Wt;’(é\;) / \/vﬂr<§;>a

It will also be important to specify a probability distribution for the
stage 2 standardized divergence. For the purposes of this demonstration
project, we will use a normal distribution for the divergence in stage 2,
where the mean is the scalcd standardized divergence from the stage 1
RCT-database study pair fz The variance of the normal distribution used
for the prior distribution will be equal to the pooled variance of the diver-
gence in the stage 1 RCT-database study pair multiplied by the ratio of the
variances for the stage 1 and stage 2 database studies

var(0,) + var(6*)) = 9? . With these assumptions the distribu-
1 vﬂr(Gl) p

tions of the adjusted stage 2 estimator is normal with mean =8 + &, and

variance = wzr(@’z‘) + (var(e’f) + wzr(é\l ) ) —WE:;;
var| 1

Prior distributions for the divergence in the stage 2 setting could then
be used in Bayesian sensitivity analyses that calibrate the main frequentist
second-stage database study estimate under different assumptions.

Using a range of estimates for &,, 1nclud1ng the estlmate informed
by the stage 1 analysis, we can identify a “tipping point”® at which the
regulatory conclusion would be changed and consider the plausibility of
the priors around the tipping point from both clinical and methodologic
perspectives. This range of priors could include the Sth, 25th, 50th, 75th,
95th levels of the confidence interval around the estimated &,, to show
the potential range in estimates after accounting for divergences observed
between a similar prior RCT and database study. Also of interest may be
the tipping point value of &, that would produce a result that would lead
the stakeholders to make a different decision. If such a tipping point value
is far away from the priors for &, informed by the stage 1 study, this may
boost confidence in claims of effectiveness for the secondary indication
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even in the absence of a second-stage trial. Althou h P-value thresholds
and other such cutoffs can be somewhat arbltrary, decision-makers are
often faced with the need to make a binary decision. Therefore, decision-
changing thresholds must be defined in conjunction with the relevant

decision-making organization and aligned with the specific context being
considered 2>

Transparent and reproducible approach for evaluating

BenchExCal

Following the established multi-step RCT-DUPLICATE process for
transparent and reproducible trial emulation, we will develop database
study protocols for a sample of first-stage trial emulations. We will con-
duct a series of data checks at each pre-specified step in the process, which
include an assessment of power (required to be at least equal to the trial)
and balance on key confounders (as captured by standardized differences
and c-statistics after propensity score matching). At each step in this proj-
ect, the interim protocol and data checks will be reviewed before moving
on to the next step.”” At no point during this process will outcomes be
evaluated stratified by exposure status. Once a protocol is complete, it
will be pre-registered on clinicaltrials.gov with details of the data checks
completed up until that point. After registration, the pre-specified pri-
mary, secondary, and sensitivity analyses (including the BenchExCal sen-
sitivity analyses) will be conducted. If additional changes to the design
or analyses seem warranted after seeing the results, these changes will be
first documented with an amendment to the registered protocol before
they will be executed.

The observed net difference in results between the stage 1 RCT-
database study pair will be used to select Bayesian priors for the divergence
in stage 2, under the assumption that the clinical setting and the design
and measurement issues of the emulations are similar enough that the ex-
pected divergence is comparable in the two stages. We will then follow the
same multi-step process to emulate the second stage trial, using learnings
from the first stage to set up the design and analysis plan. Both the empiri-
cal results of the second-stage trial emulation and the divergence-adjusted
results will be presented.

Simulation

We plan to evaluate BenchExCal through simulations where the true
treatment effects and the relative contributions of design emulation
differences and bias are known. We will use prior trials from the RCT-
DUPLICATE library of 32 trial emulations as empirical data to form the
basis of these simulations. The simulations will include varying degrees
of unmeasured confounding and emulation differences in design and
measurement, which collectively contribute to the observed divergence
in results between the simulated RCT-database study pairs.

Empirical evaluation

We will explore the empirical performance of BenchExCal through
evaluation of the concordance of RCT-database pairs in selected case
studies, choosing sets of stage 1/stage 2 trials that evaluate the same
drug but are conducted to support effectiveness claims for separate
indications.

To evaluate the performance of BenchExCal, we will include sets of
trials where both the first- and second-stage trials have been completed.
This approach will allow us to evaluate the method and how well the
adjustment for divergences affects the concordance of results in the sec-
ond stage for case studies where the second-stage trial results have been
published.

In practice, when implementing BenchExCal, the second stage trial may
or may not be conducted at some point in the future. Therefore, we will
also include a pair of trials where the second stage trial is ongoing at the
time the second stage database study is implemented. This strategy will
allow us to evaluate how well the approach facilitates the prediction of the
result for the second stage trial.
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Table 2 Selection of example RCTs

DOACs Glucose-lowering drugs
Excluded Remaining Excluded Remaining
Trials identified in search 152 419
Comparator not measurable 67 85 57 362
Outcome not measurable 78 163 199
Inclusion—exclusion not measurable 76 36 163
Other exclusion 10 66 5 158

DOAC, direct oral anticoagulant.

Table 3 Initial set of selected trials for planned empirical evaluation of BenchExCal trial emulation approach

(A) RCTs of direct oral anticoagulants (DOACs)

Indication change from Stage 1 to 2

Change in
population: from

Change in surgical patients
surgical site: to patients with
NCT number Trial Acronym Type Indication Exposure Comparator Hip to knee prior VTE
NCT05083455 RECORD1 Sup Reduced post-operative Rivaroxaban Enoxaparin Stage 1 Stage 1 (pooled)
(hip replacement) VTE
NCT00361894 RECORD3 Sup Reduced post-operative Rivaroxaban Enoxaparin Stage 2
(knee replacement) VTE
NCT00440193 EINSTEIN- NI In patients with DVT: Rivaroxaban Warfarin Stage 2
DVT prevent a recurrent VTE
(B) RCTs of glucose-lowering drugs
Indication change from Stage 1 to 2
Change in
population:
Change in drug from patients
formulation: Injectable  with HFpEF to
NCT number Trial Type Indication Exposure Comparator to oral HFrHF
NCT01720446 SUSTAIN 6 NI MACE Semaglutide Placebo Stage 1 Stage 1
injectable
NCT02692716 PIONEER 6 NI MACE Semaglutide oral Placebo Stage 2
NCT03914326 SouL® Sup Prevention of MACE Semaglutide oral Placebo Stage 2
NCTO3057977 EMPEROR Sup  Prevention of HHF in Empagliflozin Placebo Stage 1
preserved pts with HFpEF
NCTO3057951 EMPEROR Sup  Prevention of HHF in Empagliflozin Placebo Stage 2
reduced pts with HFrEF

HFpEF, Heart failure with preserved ejection fraction; HFrEF, Heart failure with reduced ejection fraction; HHF, hospitalization for heart failure; MACE, non-fatal
myocardial infarction, non-fatal stroke, cardiovascular death; NI, non-inferiority hypothesis testing; PE, pulmonary embolism; Sup, superiority hypothesis testing;

VTE, venous thromboembolism. ?Ongoing trial, estimated completion July 2024.

Trial selection

We conducted a search of clinicaltrials.gov in two therapeutic areas, di-
rect oral anticoagulants (DOAC) and antidiabetic agents. Our search
terms are provided in the Data S1. Based on this search, we identified
152 DOAC trials and 419 diabetes trials (Table 2). We excluded trials
where a comparator (or active comparator proxy for placebo) could not
be identified, where the outcome was not measurable in claims data,
where a key eligibility criterion was not measurable, or where other trial
elements did not fit our criteria (e.g., < 100 participants, trial conducted
solely outside of the United States, pediatric or single-arm study, drug
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removed from the market, or drug approved too recently for uptake in
claims databases).

From the remaining trials, we examined the drugs, comparators, and
indications to identify groups of trials that could be used to create stage
1 and stage 2 pairs. The research team discussed potential learnings to be
gained from the set of potential trial pairs, and after preliminary feasibil-
ity counts, we selected the top five pairs of interest (Table 3). What we
hope to learn from this set of trials is how net-difference-calibrated results
could potentially inform regulatory decision-making for a supplemental
indication, building on accumulated evidence for anticipated divergences
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from prior, similar RCT-database study pairs. If one or more sets from the
initially selected trials do not pass the data checks, we will document the
reason for dropping the set and consider developing protocols and data
checks for another set.

Concordance metrics

Assessment of concordance in results between RCT-database study pairs
will use the metrics previously implemented'? in the RCT-DUPLICATE
initiative,” namely statistical signiﬁcance agreement, estimate agree-
ment, and standardized difference agreement. In this project, “full”
statistical significance agreement was defined by estimates and confi-
dence intervals on the same side of null; estimate agreement was defined
by whether estimates for the trial emulation fell within the 95% CI for
the trial results; standardized difference agreement between treatment
effect estimates from trials and emulations was defined by standardized

differences |Z] < 1.96 (Z= M where © are the treatment effect

2
+0 e

Orer
estimates and the 6~ are associated variances). In addition, “partial” sig-
nificance agreement was defined as meeting pre-specified non-inferiority
criteria even though a more highly powered database study may have in-
dicated superiority.

As part of the BenchExCal approach, if we do not meet at least one of
the binary agreement metrics described above in the first-stage emulation
of a trial, then we will determine that we do not have sufficient confidence
in the design and measurement setup for that clinical scenario and will not
proceed to the second stage emulation.

Considerations on effect measure modification

Differences may exist in the distribution of risk factors for the out-
come in a trial population and the patients in a database study that
emulates the trial design. Re-weighting and other transportability
methods have been proposed to align the distributions of risk factors
for the outcome in an RCT and database study prior to benchmark-
ing the results.® Such methods are particularly useful in nested RCT-
database study settings where the measurement of key risk factors is
the same in both studies. However, in most practical settings, RCTs
and the database studies that emulate them will be using data that are
not captured in the same way (e.g., primary vs. secondary data collec-
tion). This means that there will often be notable differences in terms
of measurement characteristics such as sensitivity, specificity, positive,
and negative predictive values for risk factors measured in RCTs vs.
databases. Transportability methods performed on data with differen-
tially measured factors may provide misleading assurance of similarity
in distributions of risk factors.

Additionally, while effect measure modification on the absolute scale
(e.g., risk differences) can be present due to differences in risk factor dis-
tribution, in the absence of effect measure modification for the effect of
treatment on the relative scale (e.g., hazard ratios), such differences in
risk factor distribution will not influence estimates of divergence or re-
calibrated database study estimates for relative risk or hazard ratios of
treatment in second stage sensitivity analyses. Therefore, for the purposes
of this demonstration project, we focus on relative measures of effect for
both stage 1 and stage 2 trials for this empirical demonstration project and
will implement methods to align the distribution of only age and sex as
sensitivity analyses because these demographic variables are strong risk
factors for cardiovascular outcomes and are likely to be well captured re-
gardless of data source. In our primary analyses, we assume that there is no
effect measure modification on the relative scale.

Patient and public involvement statement

Patients were not involved in the conception of the proposed BenchExCal
approach or the evaluation plan described in this paper. The study re-
search questions, design, and outcome measures for the 5 empirical ex-
amples were selected from previously completed or ongoing clinical trials
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after applying a systematic search and filtering process through collabo-
rative discussion with members of the FDA. The results of this methods
demonstration and evaluation study will be disseminated to the public
through a public workshop, presentations at scientific conferences, and
publication in peer-reviewed journals.

RESULTS

The initial selected set of DOAC RCTs to target include four
trials with published results: RECORDI,>*® RECORD3,*
EINSTEIN-PE,** and EINSTEIN-DVT® (Table 3A).
Three of these trials were previously emulated as part of RCT-
DUPLICATE. From this set of trials, the first and second stage
pairs involve a change in surgical site and a change in population
and comparator.

Change in surgical site

Moving from RECORDI as a stage 1 trial which evaluated rivar-
oxaban vs. enoxaparin for prevention of venous thromboembo-
lism after hip surgery 1 to the same comparison for knee surgery as
a stage 2 supplemental indication is a relatively small leap in pop-
ulation, where the only major difference is surgical site yet most
clinical parameters remain unchangf:d.34 In this setting, could a
net-difference-adjusted second-stage database study provide suffi-
cient evidence of effectiveness?

Change in population and comparator

Moving from RECORDI and RECORD?3 which evaluated ve-
nous thromboembolism post hip and knee surgery to evaluating
rivaroxaban for prevention of recurrent venous thromboembo-
lism, we would investigate the issue of how the 1-stage findings
might bolster confidence in a second-stage database study to po-
tentially inform a supplemental indication when there is a bigger
change in population/indication. This example is one where the
assumption of similarity in divergences between stage 1 and stage
2 is more difficult to make because of the relatively large jump in
clinical settings and risk factors from incident post-surgical ve-
nous thromboembolism to prevention of recurrent thromboem-
bolism. Additionally, not only does the patient population change
for this example, but the comparator therapy differs between stage
1 and stage 2 as well.

The initial set of diabetes RCTs includes five trials:
SUSTAING,” PIONEERG,** SOUL,” EMPEROR reduced,™
and EMPEROR preserved® (Table 3B). None of these trials
were previously emulated by the RCT-DUPLICATE team.
Four of the trials are completed and have published results;
SOUL is an ongoing trial with a targeted primary completion
date in July 2024. We use these examples to examine different
types of changes in indication, including a change in the route of
administration and a change in population.

Change in route of administration

Moving from SUSTAING as a stage 1 non-inferiority trial that
evaluated injectable semaglutide vs. placebo on the risk of a com-
posite outcome of non-fatal myocardial infarction, non-fatal
stroke, cardiovascular death (MACE) to evaluation of oral sema-
glutide and the risk of MACE changes the formulation for the
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drugof interest from stage 1 (injectable vs. placebo) to stage 2 (oral
vs. placebo). As second-stage trials, we will use PIONEERG, a
non-inferiority trial, and SOUL, an ongoing (as of July 2024) trial
that targets superiority which evaluated oral semaglutide on the
risk of MACE. These trials will be used to evaluate the utility of
using the BenchExCal approach to incorporate prior knowledge
about concordance in the results of an RCT-database study pair
that evaluated injectable semaglutide, to increase confidence in a
second, similarly designed database study to potentially support
claims of effectiveness for oral semaglutide.

Change in population

Moving from EMPEROR preserved as a stage 1 trial, which com-
pared empagliflozin to placebo on the risk of hospitalization for
heart failure in patients with reduced ejection fraction (HFrEF),
to the same comparison in patients with preserved ejection frac-
tion (HfpEF) would change the population. A challenge with
this set of trials is the potentially different confounding structure
for patients who have preserved vs. reduced ejection fraction, as
physicians may preferentially prescribe empagliflozin differently
in ways related to baseline risk factors for heart failure hospital-
ization. This scenario may challenge the assumption that the di-
vergence between RCT-database study pair results in stage 1 and
stage 2 would be similar. Another challenge will be classification
of patients as having preserved vs. ejection fraction because claims
databases do not contain this information directly (although vali-
dated algorithms have been developed4o which correctly classified
reduced and preserved ejection fraction in 83% of the sample), and
many commercial EHR databases currently have limited capture
of extracted ¢jection fraction values in patient cohorts that would
be trial eligible (unpublished data queries from multiple vendors).
For this set of trials, we will focus on the diabetic subgroups re-
ported in the trial results. This approach was selected because,
after FDA approval of empagliflozin to prevent hospitalization for
heart failure in 2022, there is likely a lag in the uptake of empagli-
flozin use in the heart failure patient population without diabetes
that is compounded by the lag in refreshed data available from our
healthcare databases. Accordingly, there has not been enough time
to accrue data on patients with heart failure but without diabetes
who are treated with empagliflozin.

DISCUSSION

The RCT-DUPLICATE initiative demonstrated the feasibility
of generating similar conclusions from database studies and tri-
als when the design and measurements are closely aligned.11 Such
alignment in design and measurements may not be possible in
some clinical settings and the magnitude of divergence in results
between a hypothetical RCT and database study due to design em-
ulation differences and bias is not knowable absent a completed
RCT.

The BenchExCal approach may offer insights into the potential
magnitude of divergence in results between a similarly designed
database study and RCT when planninga database study for a sup-
plemental indication. The results of a first-stage trial emulation are
intended to increase confidence in the second-stage emulation of a
hypothetical target trial for an expanded indication by providing
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assurance that the design, data, and measurements were sufficient
to closely emulate the first-stage trial. Or the results may highlight
inadequacies of the selected design, measurements, or database to
emulate a trial, which could result in not pursuing the second stage
study using RWD for that particular clinical question. However,
the first-stage results may also be used in a Bayesian sensitivity anal-
ysis that calibrates the second-stage database study results based
on priors informed by the divergences observed in the first-stage
trial emulation. “Tipping point” sensitivity analyses can be per-
formed with different priors to aid in the evaluation of the degree
to which plausible divergences between a hypothetical RCT and
database study designed to emulate it might affect interpretation
or decision-making for a second stage database study designed to
provide evidence in support of effectiveness claims.

There are several limitations to the approach and this demon-
stration study. First, binary metrics for agreement between the
results of an RCT-database pair are simplistic and cannot capture
the many nuances that a deep dive into the context, design emu-
lation differences, measurement differences, and consideration of
sources or direction of potential residual confounding could reveal.
Second, it will often not be possible to empirically disentangle the
effects of design differences, biases, and chance, which means that
the priors in BenchExCal will be based on divergences stemming
from multiple factors, any one of which may be more aligned or
less aligned between the first and second stage database study. The
BenchExCal approach assumes that the net effect of the design dif-
ferences and bias is similar for the stage 1 completed RCT-database
pair and the stage 2 hypothetical RCT-database pair. Therefore,
analogous to negative control'® and quantitative bias analysi516 ap-
proaches to sensitivity analyses, it would be important to evaluate a
range of plausible priors in BenchExCal sensitivity analyses.

As a related issue, the appropriateness of the assumption that
the divergence is similar between a stage 1 and stage 2 setting will
depend on how “close” the clinical context is. The more similar
the clinical context between a first- and second-stage question, the
more likely that such an assumption will be met. Therefore, the pa-
rameters and interpretation of the stage 2 sensitivity analyses will
require thoughtful justification and consideration from both clin-
ical and methodological perspectives. When there is knowledge
from validation studies or subset linkage to richer clinical data re-
garding the potential magnitude of misclassification for exposure
or outcome or the magnitude of residual confounding within the
initial and second-stage database studies, then BenchExCal may be
used in conjunction with traditional QBA methods'®"” that ad-
dress biases within an observational study.

Third, a challenge we face in our selected use cases that emulate
second-stage trials where RCT results have already been publicly
reported is that there may be changes in how physicians prescribe
drugs over the time frame that trial-eligible patients can be iden-
tified in healthcare databases due to the availability of the second
stage trial results. Finally, the BenchExCal approach involves a bias-
variance trade-off. The approach adjusts for expected divergences
between an RCT and a database study but also makes the variance
larger by incorporating uncertainty regarding the magnitude of
potential divergences. The larger variance after the incorpora-
tion of this uncertainty complements the interpretation of tighter
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confidence intervals from the primary frequentist analysis that
does not account for expected divergences.

That said, to our knowledge, this project is novel in terms of the
plan to systematically demonstrate and evaluate the BenchExCal
approach to trial emulation through both simulation and empir-
ical examples. The project will provide insights regarding how a
first-stage emulation of a completed trial for an initial indication
can be used to increase confidence and inform the interpretation
of a second-stage emulation of a hypothetical trial designed to
provide evidence for a supplemental indication. Although exam-
ples have been selected to provide a variety of learnings, five use
cases will not be able to address all clinical and data scenarios that
may be encountered when secking a supplemental indication for a
marketed drug. Similar follow-on work will add to this library of
learnings.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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