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Abstract
Prospective benchmarking of an observational analysis against a randomized trial increases confidence in the benchmarking 
process as it relies exclusively on aligning the protocol of the trial and the observational analysis, while the trials findings 
are unavailable. The Randomized Evaluation of Decreased Usage of Betablockers After Myocardial Infarction (REDUCE-
AMI, ClinicalTrials.gov ID: NCT03278509) trial started recruitment in September 2017 and results are expected in 2024. 
REDUCE-AMI aimed to estimate the effect of long-term use of beta blockers on the risk of death and myocardial following 
a myocardial infarction with preserved left ventricular systolic ejection fraction. We specified the protocol of a target trial as 
similar as possible to that of REDUCE-AMI, then emulated the target trial using observational data from Swedish healthcare 
registries. Had everyone followed the treatment strategy as specified in the target trial protocol, the observational analysis 
estimated a reduction in the 5-year risk of death or myocardial infarction of 0.8 percentage points for beta blockers compared 
with no beta blockers; effects ranging from an absolute reduction of 4.5 percentage points to an increase of 2.8 percentage 
points in the risk of death or myocardial infarction were compatible with our data under conventional statistical criteria. Once 
results of REDUCE-AMI are published, we will compare the results of our observational analysis against those from the trial. 
If this prospective benchmarking is successful, it supports the credibility of additional analyses using these observational 
data, which can rapidly deliver answers to questions that could not be answered by the initial trial. If benchmarking proves 
unsuccessful, we will conduct a “postmortem” analysis to identify the reasons for the discrepancy. Prospective benchmark-
ing shifts the investigator focus away from an endeavour to use observational data to obtain similar results as a completed 
randomized trial, to a systematic attempt to align the design and analysis of the trial and the observational analysis.
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Background

An analysis of observational data can complement a ran-
domized trial by addressing questions that could not be 
answered by the trial. For example, observational analyses 
may sometimes be used to extend inferences made in the trial 
to a longer follow-up, or to populations not included or under-
represented in the trial. Attempts at extending inferences from 
a trial can be supported by benchmarking, that is, a systematic 
comparison of an observational analysis and a trial that aim 
to ask the same question [1–3]. To increase confidence in the 
benchmarking process, it is preferable to complete the obser-
vational analysis before the trial findings are known. Investiga-
tors can then be confident that data have not been manipulated 
until they produce estimates that agree with the trial. Also, if 
possible, the observational analysis would be undertaken in the 
same population from which trial participants were recruited 
[4–7].

As an example, the Randomized Evaluation of Decreased 
Usage of Betablockers After Myocardial Infarction 
(REDUCE-AMI) randomized trial [8], mainly embedded in 
the Swedish Web-system for Enhancement and Development 
of Evidence-based care in Heart disease Evaluated Accord-
ing to Recommended Therapies (SWEDEHEART) registry 
in Sweden [9], started recruitment in September 2017 and is 
expected to report initial results in 2024. Because the SWEDE-
HEART registry also contains data on individuals with myo-
cardial infarction before September 2017, there is an oppor-
tunity to design an observational analysis that emulates a trial 
similar to REDUCE-AMI using data from the same underlying 
population.

Benchmarking such an observational analysis against 
the, currently unknown, results of REDUCE-AMI will be 
deemed “successful” if the same clinical decision would be 
made on the basis of either source of evidence (i.e., using the 
trial or the observational analysis results). If this prospec-
tive benchmarking is successful, it supports the credibility 
of analyses using the same observational data to rapidly 
provide answers to questions that could not be answered 
by the initial trial. If benchmarking is not successful, we 
will conduct a “postmortem” analysis to identify the reasons 
for the discrepancy, which will inform future observational 
analyses.

Here, we design a target trial as similar as possible to the 
REDUCE-AMI randomized trial, and then emulate the target 
trial using observational data from the SWEDEHEART and 
linked registers.

The index trial: REDUCE‑AMI

REDUCE-AMI (ClinicalTrials.gov ID: NCT03278509) is 
an ongoing registry-based, prospective, randomized, open-
label, parallel trial that started recruitment on 11th Sep-
tember 2017 in Sweden (38 centers), Estonia (1 center), 
and New Zealand (6 centers). An overview of the trial’s 
protocol is in Table 1. Briefly, individuals are deemed eli-
gible within seven days of type 1 myocardial infarction 
with preserved left ventricular systolic ejection fraction 
with a coronary angiography that documented obstructive 
coronary artery disease. Major exclusion criteria are any 
indication (other than for secondary prevention) or con-
traindication for beta blocker treatment according to the 
treating physician, and any condition that may affect their 
ability to comply with the study protocol.

Consenting individuals are randomly assigned to either 
beta blockers or no beta blockers. Individuals randomized 
to beta blockers are administered the assigned treatment 
(metoprolol or bisoprolol) during the hospital stay and 
receive a prescription for continued use after discharge. 
The treating physician is encouraged to aim for a daily 
dose of at least 100 mg for metoprolol or 5 mg for biso-
prolol, and participants are encouraged to continue the 
beta blockers indefinitely following discharge, unless con-
traindications develop. Individuals randomized to no beta 
blockers are discouraged from using beta blockers as long 
as there is no new indication. All individuals recruited into 
the trial receive written information about the importance 
of continuing the assigned treatment and an ID-card size 
with the same information in case of medical contact. For 
blood pressure control, guidelines recommend treatments 
other than beta blockers as first-line treatment. If an indi-
vidual is already using beta blockers when enrolled into 
the study and assigned to no treatment, a tapering of the 
beta blocker is carried out during the following two to four 
weeks. It is recommended that tapering ends with at least 
4 days of lowest possible dose, corresponding to 12.5 mg 
metoprolol or 1.25 mg bisoprolol.

The primary outcome is the composite of death from 
any cause or new myocardial infarction. Information on 
death is obtained from the Swedish Total Population Reg-
ister; information on new myocardial infarction during the 
initial hospital stay and readmission due to a non-fatal 
myocardial infarction is collected from the SWEDE-
HEART registry. To estimate the intention-to-treat effect, 
all individuals will be included in an intention-to-treat 
analysis, which will be based on events of all follow-up 
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time of each individual from randomization to end of fol-
low-up. Absolute risks of all endpoints will be estimated 
using Kaplan–Meier curves in each group. Hazard ratios 
and their 95% confidence interval will be estimated via 
Cox proportional hazards regression. The trial stopped 
recruitment on 3rd May 2023, at which point 5014 indi-
viduals had been enrolled [8].

The observational analysis

Causal inference from observational data can be seen as an 
attempt to emulate a pragmatic randomized trial—the tar-
get trial—that would answer the question of interest. The 
approach for emulating a target trial has 2 steps: 1) specify 
the protocol of the target trial, and 2) emulate the target trial 
using observational data and appropriate methods [10–13]. 
The target trial framework helps articulate a precise causal 
question, assists with discussions about trade-offs regarding 
study design, and facilitates comparisons with randomized 
trials that aim to ask the same question as the observational 
study. Explicit target trial emulation means the only unavoid-
able difference between the target trial and its emulation 
is how treatment is assigned to eligible individuals at the 
start of follow-up: at random in the target trial; under clini-
cal practice in the emulation. A successful emulation that 
relies on conditional exchangeability at baseline, therefore, 
requires detailed data on baseline confounders.

The target trial

To compare REDUCE-AMI to an observational analysis that 
attempts to answer similar clinical questions, we first speci-
fied the protocol of a target trial similar to the protocol of 
REDUCE-AMI, with deviations only when the observational 
data did not correspond to the information collected in the 
trial (see also Table 1) [10]. Here, we briefly discuss the 
main differences.

Recruitment for the target trial would only be in the 
Swedish centers participating in REDUCE-AMI (not Esto-
nia or New Zealand) and would run from 1st September 
2010 until 10th September 2017 (the day before the start of 
recruitment for REDUCE-AMI); this difference only reflects 
data availability. The eligibility criteria are the same as for 
the index trial except that eligibility extends through 30 days 
after angiography, individuals are required to have received 
statin and anti-thrombotic treatment (because most indi-
viduals who initiate beta blockers also receive these two 
treatments), and no prior use of beta blockers is allowed 
(because we cannot reliably emulate a protocol-mandated 
tapering of beta blockers in the no beta blocker group). 
Table 1 describes the operationalization of contraindications 
and indications to beta blockers, as well as of conditions that a  A
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limit an individual’s ability to adhere to the assigned treat-
ment. The treatment strategies and outcomes are the same 
as REDUCE-AMI, and follow-up ends at the earliest of 31st 
December 2017, five years after baseline, or at the outcome 
of interest. The causal contrasts in the target trial are the 
intention-to-treat and per-protocol effects.

The intention-to-treat analysis is the same as for the index 
trial under the assumption that assignment to beta blockers 
in the index trial is analogous to the (more pragmatic) target 
trial where assignment would be a beta blocker prescrip-
tion. Absolute risks can be estimated nonparametrically via 
Kaplan–Meier or parametrically, using a smooth function of 
time, by fitting a pooled logistic regression model with an 
indicator for assigned strategy, time of follow-up (restricted 
cubic spline with knots at 6, 12, 24, and 48 months), and 
a product term between the assignment indicator and time 
of follow-up. The 5-year risk in each group is then com-
pared via risk differences and ratios. An estimate analogous 
to the hazard ratios from a Cox regression model can be 
obtained using the pooled logistic regression model without 
the assignment—time product term [14]. Inverse probabil-
ity (IP) weighting can be used to adjust for prognostic fac-
tors that are imbalanced at baseline, that is, each individual 
receives an IP weight whose denominator is, informally, the 
probability of being assigned to the individual’s assigned 
group conditional on the prognostic factors. These probabili-
ties can be estimated via a logistic regression model [15]. To 
estimate the total effect on myocardial infarction, individuals 
who die are treated as not experiencing the outcome after 
death [16].

The per protocol analysis in the target trial is similar to 
the intention-to-treat analysis except participants are cen-
sored if and when they deviate from their assigned treatment 
strategy. To adjust for the potential selection bias induced 
by this censoring, we need to adjust for prognostic factors 
that are associated with non-adherence. Given the available 
information in SWEDEHEART and linked registers, we 
select the following post-baseline (time-varying) prognos-
tic factors: diagnosis of renal disease; and dispensation of 
angiotensin 2 receptor blockers, ACE inhibitors, calcium 
channel blockers, diuretics, nitrates, or diabetes treatments. 
These variables are used to estimate time-varying IP weights 
for all individuals [17].

Because adherence to the assigned treatment may vary 
substantially between the randomized trial and the routine 
clinical setting, the intention to treat effects estimated in 
each setting may differ even if both estimates are correct. 
Though the index trial protocol does not consider estimating 
the per-protocol effect as a primary aim of the study, we will 
aim at doing so when its data become available.

The observational emulation of the target trial

We used observational data from the SWEDEHEART regis-
try and linked registers to emulate the target trial. SWEDE-
HEART includes all patients hospitalized for acute coronary 
syndrome or undergoing coronary or valvular intervention 
for any indication in all relevant hospitals across Sweden [9]. 
The registry was created by merging 4 existing cardiovas-
cular health-care quality registries in 2009: the Register of 
Information and Knowledge About Swedish Heart Intensive 
Care Admissions (RIKSHIA), the Swedish Coronary Angi-
ography and Angioplasty Registry (SCAAR), the Swed-
ish Heart Surgery Registry, and the National Registry of 
Secondary Prevention (SEPHIA). SWEDEHEART is also 
regularly linked to the Swedish Total Population Regis-
ter; the Swedish National Patient Register, which records 
all primary and secondary diagnoses and procedures from 
inpatient hospitalizations and outpatient specialist care visits 
across Sweden; the Swedish Cause of Death Register, which 
records all deaths and causes of death; and the Prescribed 
Drug Register, which collects information on all prescribed 
and dispensed medications [18–20].

Each component of the protocol of the target trial was 
emulated as closely as possible using the SWEDEHEART 
registry data (see Table 1 for details). Eligible individuals 
were “assigned” to the beta blocker group if they received a 
prescription of beta blockers within 30 days of angiography, 
and to the no beta blocker group if they did not receive such 
prescription. The period of eligibility in the emulation was 
longer compared with the index trial as many individuals 
are prescribed beta blockers in the community soon after 
hospital discharge in routine practice. Individuals with an 
event in the 30 days following angiography were excluded, 
which is unlikely to introduce bias because an acute effect 
of beta blockers is not expected and because individuals at 
very high risk of an imminent outcome will not be included 
in the index trial.

In the beta blocker group, the daily treatment dose was 
assumed to be 100 mg for metoprolol and 5 mg for bisopro-
lol as the daily treatment dose in Prescribed Drug Register is 
only correct for primary indication of treatment, and second-
ary prevention after myocardial infarction is not the primary 
indication for beta blockers. The intended length of each pre-
scribed dispensation was then calculated from the number 
of pills and pill dose divided by daily dose. The REDUCE-
AMI protocol does not specify a definition of adherence, so 
we proposed the definition of adherence to be a gap of less 
than 180 days between the end date of one dispensation and 
the following dispensation, unless this was preceded by a 
contraindication, in the beta blocker group, and continuing 
to not dispense beta blockers, unless this was preceded by a 
new indication, in the no beta blocker group.
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We assumed that assignment (first prescription) was ran-
dom within levels of the baseline covariates: hospital, year 
of index, age, sex, smoking status, hypertension, diabetes, 
previous myocardial infarction, previous stroke, previous 
percutaneous coronary intervention, history of coronary 
heart failure, previous cardiac surgery, renal disease, other 
serious diseases, angiotensin 2 receptor blockers, ACE 
inhibitors, calcium channel blockers, diuretics, nitrates, 
diabetes treatments, infarction type, cardiopulmonary 
resuscitation before hospital, thrombolysis before hospital, 
cardiogenic shock, electrocardiogram (ECG) rhythm, ECG 
QRS annotation, ECG ST- & T-wave changes, percutane-
ous coronary intervention, angiography finding, stenosis 
class, proportion stenosis, IV beta blockers, IV diuretics, 
IV inotropic drugs, IV nitrates, heart rate, systolic blood 
pressure, diastolic blood pressure, LDL cholesterol, HDL 
cholesterol, creatinine, body mass index (see Supplementary 
Table 1). The outcomes were the same as the target trial 
and also identified in the Swedish Total Population Register 
and SWEDEHEART like REDUCE-AMI, but data were not 
available on migration.

The intention-to-treat analysis (i.e., effect of first prescrip-
tion) was the same as for the target trial with all baseline 
covariates adjusted for. The per-protocol analysis was the 
same as the target trial. For primary analyses, missing data 
for continuous covariates were imputed using the median 
of all non-missing instances, and missing categories were 
included for categorical variables. Non-parametric boot-
strapping with 500 samples was used to calculate 95% con-
fidence intervals.

Sensitivity analyses

We assessed the robustness of our effect estimates to sev-
eral analytic decisions. For the intention-to-treat analysis, we 
aimed to understand: (1) the impact of different modelling 
assumptions by including baseline covariates in the pooled 
logistic regression model instead of using IP weights; (2) 
the sensitivity of the results to emulation of the eligibility 
criteria “no indication for beta blockers other than as second-
ary prevention” by (2a) modifying the eligibility criteria to 
not exclude individuals with a beta blocker before baseline 
(and additionally adjusting for prior beta blockers recorded 
in either SWEDEHEART or in the prescribed drug regis-
ter in the prior 3 years), and (2b) reformulating the opera-
tionalization of prior use of beta blockers to be only those 
with registered beta blocker use on hospital admission in 
SWEDHEART rather than in both SWEDHEART and the 
prescribed drug register (and additionally adjusting for prior 
beta blockers in the prescribed drug register in the prior 
3 years); (3) the sensitivity of the results to the missing data 

assumptions by (3a) carrying out a complete case analysis 
and (3b) categorizing continuous variables with a “missing” 
category (categories specified in Supplementary Table 1); 
and (4) the impact of the decision to extend baseline through 
30 days following angiography on the risk of misalignment 
of eligibility, treatment assignment, and start of follow up 
by using a cloning and censoring approach (full details in 
“Appendix”) [21, 22]. For the per-protocol analysis, we 
reduced the time allowed between prescription dispensa-
tions for the definition of continuous treatment in the beta 
blocker group to 90 days rather than 180 days to understand 
if having larger gaps between dispensations affected results.

Results

Figure 1 shows a flowchart of selection into the target trial 
emulation, and Table 2 shows the baseline characteristics 
for the 10,926 eligible individuals. Compared with those 
assigned to no beta blockers (1,198 individuals), those 
assigned to beta blockers (9,728 individuals) were, on aver-
age, younger, and more likely to smoke and to present with 
NSTEMI with a higher proportion of coronary stenosis, 
and less likely to have prior cardiac diseases. They also had 
higher heart rate and blood pressure.

Intention‑to‑treat effect: the effect of prescription 
versus no prescription of beta blockers at baseline

Median follow up was 41 months in the beta blocker group 
and 36 months in the no beta blocker group. The estimated 
5-year risks of the composite outcome were 10.2% (9.4%, 
11.1%) under beta blockers and 11.9% (8.5%, 15.3%) under 
no beta blockers, which results in a risk difference of − 1.7% 
(− 5.5%, 1.9%), a risk ratio of 0.86 (0.64, 1.23) (Table 3 and 
Fig. 2), and an average hazard ratio by 5 years of 0.78 (0.59, 
1.12) (Table 4). We also show the hazard ratio with follow 
up time terminated at 3 and 4 years in Table 4.

For each component of the composite outcome, the esti-
mated 5-year risks of death were 5.6% (4.9%, 6.3%) under 
beta blockers and 5.9% (3.7%, 8.4%) under no beta blocker, 
which results in a risk difference of − 0.3% (− 2.9%, 1.9%), 
a risk ratio of 0.96 (0.67, 1.45), and an average hazard ratio 
by 5 years of 0.85 (0.59, 1.38); the estimated 5-year risks 
of myocardial infarction were 5.3% (4.7%, 5.8%) under beta 
blockers and 6.9% (4.4%, 9.7%) under no beta blockers, 
which results in a risk difference of − 1.6% (− 4.5%, 1.0%), 
a risk ratio of 0.76 (0.53, 1.22), and an average hazard ratio 
by 5 years of 0.75 (0.53, 1.21).

Results in sensitivity analyses were broadly similar to 
those from the main analysis for the composite outcome 
(Appendix Table 2).
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Per‑protocol effect: the effect under full adherence 
to the treatment strategy in the protocol

Adherence was 74% in the beta blocker and 91% in the no 
beta blockers group. After censoring at non-adherence to the 
assigned treatment strategy but before IP weighting, median 
follow up was 29 months in the beta blocker group and 
31 months in the no beta blocker group. The estimated 5-year 
risks of the composite outcome were 10.2% (9.3%, 11.2%) 
under beta blockers and 11.0% (7.6%, 14.4%) under no beta 
blockers, which results in a risk difference of − 0.8% (− 4.5%, 
2.8%), a risk ratio of 0.92 (0.69, 1.37) (Table 3 and Supple-
mentary  Fig. 1), and an average hazard ratio by 5 years of 0.84 
(0.64, 1.24) (Table 4). We, again, show the hazard ratios with 
follow up terminated at 3 and 4 years in Table 4.

For each component of the composite outcome, the esti-
mated 5-year risks of death were 5.6% (4.9%, 6.5%) under 
beta blockers and 5.7% (3.5%, 8.5%) under no beta blockers, 
which results in a risk difference of − 0.1% (− 2.8%, 2.2%), a 

risk ratio of 0.99 (0.67, 1.60), and an average hazard ratio by 
5 years of 0.85 (0.58, 1.36); the estimated 5-year risks of myo-
cardial infarction were 5.2% (4.6%, 5.9%) under beta blockers 
and 5.9% (3.3%, 8.5%) under no beta blockers, which results 
in a risk difference of − 0.7% (− 3.3%, 2.1%), a risk ratio of 
0.88 (0.60, 1.59), and an average hazard ratio by 5 years 0.86 
(0.60, 1.53).

Results in the sensitivity analyses were broadly similar to 
the main analysis for the composite outcome (Supplementary 
Table 3).

Discussion

We used observational data from SWEDEHEART and 
linked registers to emulate a target trial with a protocol 
similar to that of REDUCE-AMI, an ongoing trial which is 
also embedded in SWEDEHEART. Had everyone adhered 
to the treatment strategy as specified in the target trial 

Fig. 1  Flowchart for selection of eligible individuals into an emulation of a target trial of beta blockers versus no beta blockers in individuals 
with myocardial infarction with preserved ejection fraction in Sweden, 2011–2017
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Table 2  Baseline characteristics of eligible individuals for an emulation of a target trial of beta blockers versus no beta blockers in Sweden, 
2011–2017 (continued in Supplementary Table 5)

Beta blockers No beta blockers Missing SMD SMD after 
IP weighting

9728 1198
Characteristics and prior diagnoses
Age 64.0 [56.0, 72.0] 67.0 [58.0, 74.0] 0 0.181 0.031
Female 2060 (21.2) 235 (19.6) 0 0.039 0.041
Smoking status 1.7 0.126 0.034
   Never smoker 3948 (41.3) 535 (45.4)
   Ex-smoker (> 1 month) 3387 (35.4) 427 (36.2)
   Smoker 2226 (23.3) 216 (18.3)

Hypertension 2968 (30.6) 390 (32.6) 0.2 0.044 0.037
Diabetes 1065 (11.0) 108 (9.0) 0.1 0.065 0.042
Myocardial infarction 388 (4.0) 80 (6.7) 0.1 0.12 0.028
Stroke 223 (2.3) 43 (3.6) 0.1 0.077 0.057
Percutaneous coronary intervention 271 (2.8) 76 (6.3) 0.1 0.171 0.036
Cardiac surgery 83 (0.9) 27 (2.3) 0.1 0.113 0.044
Renal disease 131 (1.3) 14 (1.2) 0 0.016 0.007
Cancer 54 (0.6) 8 (0.7) 0 0.191 0.026
Presentation
NSTEMI 5492 (56.5) 786 (65.6) 0 0.189 0.012
Cardiopulmonary resuscitation 159 (1.7) 5 (0.4) 0.9 0.122 0.098
Thrombolysis 41 (0.4) 4 (0.3) 0.1 0.014 0.019
Cardiogenic shock 38 (0.4) 9 (0.8) 0.2 0.048 0.031
ECG ryhthm 0.2 0.068 0.047
   Sinus 9620 (99.1) 1176 (98.3)
   Atrial flicker/flutter 0 (0.0) 0 (0.0)
   Other 88 (0.9) 20 (1.7)

ECG QRS annotation 0.9 0.066 0.046
   Normal 8079 (83.8) 970 (81.5)
   Pacemaker 6 (0.1) 1 (0.1)
   Left bundle branch block 100 (1.0) 13 (1.1)
   Pathological Q-wave 601 (6.2) 82 (6.9)
   Right bundle branch block 256 (2.7) 41 (3.4)
   Other 597 (6.2) 83 (7.0)

ECG ST- & T-wave changes 0.4 0.234 0.043
   Normal 2459 (25.4) 362 (30.3)
   ST-elevation 4142 (42.8) 391 (32.7)
   ST-depression 1602 (16.5) 190 (15.9)
   Pathological T-wave 897 (9.3) 149 (12.5)

During hospitalization
Percutaneous coronary intervention 8887 (91.4) 1135 (94.7) 0 0.133 0.016
Angiography finding 0 0.136 0.075
   1 vessel, not left main 5126 (52.7) 680 (56.8)
   2 vessels, not left main 2685 (27.6) 340 (28.4)
   3 vessels not left main 1454 (14.9) 136 (11.4)
   Left main + 1 vessel 75 (0.8) 7 (0.6)
   Left main + 2 vessels 136 (1.4) 11 (0.9)
   Left main + 3 vessels 231 (2.4) 20 (1.7)
   Left main 21 (0.2) 4 (0.3)

Stenosis class 10.3 0.087 0.050
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protocol, we estimated a reduction in the 5-year risk of 
death or myocardial infarction of 0.8 percentage points for 
beta blockers compared with no beta blockers. However, 
effects ranging from a reduction of 4.5 percentage points 
to an increase of 2.8 percentage points are compatible 
with our data under conventional statistical criteria. Once 
results of REDUCE-AMI are published, we will compare 
results of our observational analysis against those from the 
trial to understand if our emulation was successful.

Randomized trials and observational studies differ, of 
course, in the treatment assignment procedure, which is 
randomized in the trials but not in the observational data. 
Also, randomized and observational analyses that ask a 
similar question often differ with respect to eligibility 
criteria, causal contrast, and measurement of treatment 
or outcomes. We will now consider these differences and 

their potential impact when comparing results between 
REDUCE-AMI and our observational emulation.

Despite coming from the same registry, the study pop-
ulations of the target trial emulation and the index trial 
will be slightly different for three reasons. First, the target 
trial emulation cannot exclude individuals who would not 
enrol in a randomized trial. Because generally, healthier 
individuals of higher socioeconomic status agree to enrol 
in trials, we expect index trial participants will have less 
severe disease and a lower comorbidity burden than those 
in the target trial emulation [23]. Second, the target trial 
emulation cannot fully replicate eligibility criteria that 
are vaguely articulated for the index trial. Specifically, the 
index trial will exclude individuals if they have an “indica-
tion for beta blockers other than as secondary prevention 
according to the treating physician” (but prior beta blocker 

SMD standardized mean difference, IP Inverse probability

Table 2  (continued)

Beta blockers No beta blockers Missing SMD SMD after 
IP weighting

   A 550 (6.3) 84 (7.6)
   B1 2538 (29.2) 329 (29.7)
   B2 2876 (33.1) 378 (34.1)
   C 1324 (15.2) 161 (14.5)
   B1 bifurcation 459 (5.3) 55 (5.0)
   B2 bifurcation 686 (7.9) 68 (6.1)
   C bifurcation 261 (3.0) 32 (2.9)

Proportion stenosis 4.5 0.131 0.084
    < 70% 210 (2.3) 43 (3.7)
   70–89% 1391 (15.0) 200 (17.2)
   90–99% 3497 (37.7) 456 (39.3)
   100% 4171 (45.0) 462 (39.8)

Intravenous beta blockers 749 (7.7) 18 (1.5) 0 0.299 0.111
Intravenous diuretics 325 (3.3) 24 (2.0) 0 0.083 0.052
Intravenous inotropic drugs 118 (1.2) 12 (1.0) 0 0.02 0.053
Intravenous nitrates 633 (6.5) 51 (4.3) 0.1 0.1 0.051
Concomitant medications
Angiotensin 2 receptor blockers 1747 (18.0) 231 (19.3) 0 0.034 0.063
ACE inhibitors 6784 (69.7) 713 (59.5) 0 0.215 0.016
Calcium channel blockers 1657 (17.0) 257 (21.5) 0 0.112 0.023
Diuretics 1212 (12.5) 161 (13.4) 0 0.029 0.041
Nitrates 8490 (87.3) 1050 (87.6) 0 0.011 0.022
Diabetes treatment 1130 (11.6) 107 (8.9) 0 0.089 0.006
Measurements
Heart rate 72.0 [63.0, 83.0] 63.0 [55.0, 74.0] 0 0.603 0.088
Systolic blood pressure (mm/Hg) 148.0 [130.0, 160.0] 145.0 [130.0, 160.0] 0 0.069 0.004
Diastolic blood pressure (mm/Hg) 85.0 [75.0, 95.0] 80.0 [73.0, 90.0] 0 0.218 0.034
LDL cholesterol (mmol/L) 3.3 [2.7, 4.0] 3.3 [2.6, 4.0] 15.5 0.033 0.029
HDL cholesterol (mmol/L) 1.2 [1.0, 1.4] 1.2 [1.0, 1.4] 13.7 0.084 0.016
Creatinine (µmol/L) 78.0 [68.0, 90.0] 81.0 [70.0, 93.0] 4.4 0.148 0.005
Body mass index (kg/m2) 27.0 [25.0, 30.0] 27.0 [24.0, 29.0] 2.4 0.124 0.014
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use is not an explicit exclusion) [8]. To operationalize this 
ambiguous eligibility criterion, the target trial excludes 
anyone with prior use of any beta blocker (recorded in 
SWEDHEART or the prescribed drug register in the prior 
3 year) or with characteristics that would mean they were 
indicated for a reason other than secondary prevention 
(high heart rate, high blood pressure, heart failure, atrial 
flutter). When we included those with prior beta blocker 
use in a sensitivity analysis, the 5-year risk was higher in 
both groups and the effect estimates was attenuated, com-
pared with the main analysis. Third, the target trial emu-
lation was restricted to individuals who received statins 
and anti-thrombotic treatment at baseline, which occurred 
in 94% of otherwise eligible individuals. This eligibil-
ity criterion excludes individuals who are ineligible for 
statins or anti-thrombotics (e.g.,  individuals that do not 
tolerate statins or have very high bleeding risk) and who 
perhaps did not receive these treatments because of poor 
post-myocardial infarction prognosis. Subgroup analyses 
may be needed to understand if a different composition of 
the study populations explains different effect estimates 
between the index trial and the target trial emulation.

REDUCE-AMI will estimate an intention-to-treat effect, 
which is the effect of assignment to one of the treatment 
strategies under the level of adherence observed in the trial 
over follow-up. The magnitude of the intention-to-treat 
effect depends on the type of assignment and adherence. 
Therefore, estimates of the intention-to-treat effect in the 
index trial and the observational emulation of the target trial 
may differ because of differences in assignment (a rand-
omized prescription in the trial versus a routine prescription 
in the observational data) or adherence (still unknown in the 
trial) [24]. A more comparable contrast is the per protocol 
effect [25], which we plan to estimate once trial data become 

available (as part of a fully harmonized analysis, including 
the handling of competing events).

A key advantage of our study is that outcome definitions 
should be the same as those used in REDUCE-AMI as both 
studies use routinely collected data from Swedish registers 
(SWEDEHEART and the Total Population Register) to 
identify individuals with an outcome. Variation would be 
possible if, the coding of myocardial infarction had changed 
between the time of the trial and observational analysis, but 
this is not the situation in our example.

The main effect measure in REDUCE-AMI will be the 
hazard ratio from a Cox model, that is a weighted average of 
the time-varying hazard ratios during the follow-up. Because 
this average hazard depends on the length of follow-up and 
the distribution of censoring [26], hazard ratio estimates in 
the index trial and the emulated target trial may differ. To 
ameliorate this problem, we report average hazard ratios 
when follow up is terminated at three, four, and five years in 
Table 4. More comparable effect measures are the risk dif-
ference and risk ratio at a fixed time of follow-up (e.g., five 
years), which we plan to estimate in both studies once trial 
data become available.

The observational data used to emulate the target trial had 
detailed clinical information on the index myocardial infarc-
tion required for eligibility. However, there were still data 
limitations that restricted the emulation, such as no access 
to primary care records. A consequence of this is that we 
may have missed individuals with other beta blocker indica-
tions or with a beta blocker contraindication. Additionally, 
without continuously updated information on lab values and 
diagnoses that did not require a hospital visit for the duration 
of follow up, we miss potential prognostic factors associated 
with nonadherence to the treatment protocol. This could be a 
source of residual bias in our per protocol analyses.

Table 3  Estimated risks of death and myocardial infarction by 5 years in an emulation of a target trial of beta blockers versus no beta blockers in 
Sweden, 2011–2017

a Adjusted for baseline variables in Tables 2 and Supplementary Table 1
b Further adjusted for time-varying variables in Supplementary Table 1

Outcome Beta blockers No beta blockers Risk difference
(95% CI)

Risk ratio
(95% CI)

Events Risk, %
(95% CI)

Events Risk, %
(95% CI)

Intention-to-treata

Composite 637 10.2 (9.4, 11.1) 88 11.9 (8.5, 15.3) − 1.7 (− 5.5, 1.9) 0.86 (0.64, 1.23)
Death 324 5.6 (4.9, 6.3) 45 5.9 (3.7, 8.4) − 0.3 (− 2.9, 1.9) 0.96 (0.65, 1.48)
Myocardial infarction 353 5.3 (4.7, 5.8) 47 6.9 (4.4, 9.7) − 1.6 (− 4.5, 1.0)) 0.76 (0.53, 1.22)
Per-protocola,b

Composite 523 10.2 (9.3, 11.2) 75 11.0 (7.6, 14.4) − 0.8 (− 4.5, 2.8) 0.92 (0.69, 1.37)
Death 259 5.6 (4.9, 6.5) 41 5.7 (3.5, 8.5) − 0.1 (− 2.8, 2.2) 0.99 (0.67, 1.60)
Myocardial infarction 295 5.2 (4.6, 5.9) 37 5.9 (3.3, 8.5) − 0.7 (− 3.3, 2.1) 0.88 (0.60, 1.59)
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In summary, we have designed a target trial with a proto-
col similar to REDUCE-AMI, then emulated the target trial 
using observational data from the same population in which 

Fig. 2  Estimated risk of death and myocardial infarction under beta 
blockers versus no beta blockers. Intention-to-treat analysis of an 
emulated target trial in individuals with myocardial infarction with 
preserved ejection fraction in Sweden, 2011–2017 (shaded intervals 
represent limits of the pointwise 95% CIs)
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REDUCE-AMI participants are recruited. Randomized trials 
cannot answer all important clinical questions, and obser-
vational data can be used to complement these trials and 
fill evidence gaps; benchmarking an observational analy-
sis against a randomized trial then using the observational 
data to ask additional questions is one way to achieve this. 
Prospective benchmarking shifts the investigator focus away 
from an endeavour to use observational data to estimate sim-
ilar results as a completed randomized trial, to a systematic 
attempt to align the design and analysis of the trial and the 
observational analysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10654- 024- 01119-3.

Author contributions AAM, IJD, CJM, AB, TJ, and MAH contributed 
to the study conception and design. Data preparation and analysis was 
performed by AAM. The first draft of the manuscript was written by 
AAM and MAH. All authors commented on and approved the final 
draft of the manuscript.

Funding Open access funding provided by Karolinska Institute. 
This research was also supported in part by Patient-Centered Out-
comes Research Institute (PCORI) Methods Research Award ME-
2021C2-22365 (the manuscript does not reflect the views of PCORI, 
PCORI’s Board of Governors, or the PCORI Methodology Committee).

Code availability All analysis code is available at: https:// github. com/ 
tonym atthe ws/ reduce.

Declarations 

Conflict of interest M.A.H. is a consultant for Cytel and ProPublica, 
and a member of the Scientific Advisory Board for ADIA Lab, Flati-
ron and Foundation Medicine. R.H. reports speaker fees from Bristol 
Myers Squibb/Pfizer. All other authors declare no competing interests.

Ethics approval This study was approved by the Regional Ethical 
Review Board in Stockholm (2012/60-31/2).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Dahabreh IJ, Robins JM, Hernán MA. Benchmarking observa-
tional methods by comparing randomized trials and their emula-
tions. Epidemiology. 2020;31:614–9.

 2. Matthews AA, Dahabreh IJ, Fröbert O, et al. Benchmarking obser-
vational analyses before using them to address questions trials do 

not answer: an application to coronary thrombus aspiration. Am 
J Epidemiol. 2022;2:kwac098.

 3. Matthews AA, Szummer K, Dahabreh IJ, et al. Comparing effect 
estimates in randomized trials and observational studies from the 
same population: an application to percutaneous coronary inter-
vention. J Am Heart Assoc. 2021;10: e020357.

 4. Lodi S, Phillips A, Lundgren J, et al. Effect estimates in rand-
omized trials and observational studies: comparing apples with 
apples. Am J Epidemiol. 2019;188:1569–77.

 5. Garcia-Albeniz X, Chan JM, Paciorek A, et al. Immediate versus 
deferred initiation of androgen deprivation therapy in prostate 
cancer patients with PSA-only relapse. An observational follow-
up study. Eur J Cancer. 2015;51:817–24.

 6. García-Albéniz X, Hsu J, Bretthauer M, et  al. Effectiveness 
of screening colonoscopy to prevent colorectal cancer among 
medicare beneficiaries aged 70 to 79 years. Ann Intern Med. 
2017;166:18–26.

 7. Gupta S, Wang W, Hayek SS, et al. Association between early 
treatment with tocilizumab and mortality among critically ill 
patients with COVID-19. JAMA Intern Med. 2021;181:41–51.

 8. Yndigegn T, Lindahl B, Alfredsson J, et al. Design and rationale 
of randomized evaluation of decreased usage of beta-blockers 
after acute myocardial infarction (REDUCE-AMI). Eur Heart J 
Cardiovasc Pharmacother. 2023;9:192–7.

 9. Jernberg T, Attebring MF, Hambraeus K, et al. The Swedish web-
system for enhancement and development of evidence-based care 
in heart disease evaluated according to recommended therapies 
(SWEDEHEART). Heart. 2010;96:1617–21.

 10. Hernán MA, Robins JM. Using big data to emulate a target 
trial when a randomized trial is not available. Am J Epidemiol. 
2016;183:758–64.

 11. Hernán MA, Wang W, Leaf DE. Target trial emulation: a frame-
work for causal inference from observational data. JAMA. 
2022;328:2446–7.

 12. Matthews AA, Young JC, Kurth T. The target trial framework in 
clinical epidemiology: principles and applications. J Clin Epide-
miol. 2023. https:// doi. org/ 10. 1016/j. jclin epi. 2023. 10. 008.

 13. Hansford HJ, Cashin AG, Jones MD, et al. Reporting of obser-
vational studies explicitly aiming to emulate randomized trials: a 
systematic review. JAMA Netw Open. 2023;6: e2336023.

 14. Thompson WA. On the treatment of grouped observations in life 
studies. Biometrics. 1977;33:463–70.

 15. Hernan MA, Robins JM. Causal inference: what if. Boca Raton: 
Chapman & Hall/CRC; 2020.

 16. Young JG, Stensrud MJ, Tchetgen EJT, et al. A causal framework 
for classical statistical estimands in failure-time settings with com-
peting events. Stat Med. 2020;39:1199–236.

 17. Cole SR, Hernán MA. Constructing inverse probability weights for 
marginal structural models. Am J Epidemiol. 2008;168:656–64.

 18. Ludvigsson JF, Almqvist C, Bonamy A-KE, et al. Registers of the 
Swedish total population and their use in medical research. Eur J 
Epidemiol. 2016;31:125–36.

 19. Brooke HL, Talbäck M, Hörnblad J, et al. The Swedish cause of 
death register. Eur J Epidemiol. 2017;32:765–73.

 20. Wettermark B, Hammar N, MichaelFored C, et al. The new Swed-
ish Prescribed Drug Register—opportunities for pharmacoepide-
miological research and experience from the first six months. 
Pharmacoepidemiol Drug Saf. 2007;16:726–35.

 21. Cain LE, Robins JM, Lanoy E, et al. When to start treatment? A 
systematic approach to the comparison of dynamic regimes using 
observational data. Int J Biostat. 2010;6:Article 18.

 22. Emilsson L, García-Albéniz X, Logan RW, et al. Examining bias 
in studies of statin treatment and survival in patients with cancer. 
JAMA Oncol. 2018;4:63–70.

https://doi.org/10.1007/s10654-024-01119-3
https://github.com/tonymatthews/reduce
https://github.com/tonymatthews/reduce
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jclinepi.2023.10.008


361Prospective benchmarking of an observational analysis in the SWEDEHEART registry against…

 23. Rothwell PM. External validity of randomised controlled tri-
als: “To whom do the results of this trial apply?” The Lancet. 
2005;365:82–93.

 24. Dahabreh IJ, Robertson SE, Hernán MA. Generalizing and trans-
porting inferences about the effects of treatment assignment sub-
ject to non-adherence. 2022. http:// arxiv. org/ abs/ 2211. 04876. 
Accessed 1 Dec 2023.

 25. Hernán MA, Robins JM. Per-protocol analyses of pragmatic trials. 
N Engl J Med. 2017;377:1391–8.

 26. Hernán MA. The hazards of hazard ratios. Epidemiol Camb Mass. 
2010;21:13–5.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://arxiv.org/abs/2211.04876

	Prospective benchmarking of an observational analysis in the SWEDEHEART registry against the REDUCE-AMI randomized trial
	Abstract
	Background
	The index trial: REDUCE-AMI
	The observational analysis
	The target trial
	The observational emulation of the target trial
	Sensitivity analyses

	Results
	Intention-to-treat effect: the effect of prescription versus no prescription of beta blockers at baseline
	Per-protocol effect: the effect under full adherence to the treatment strategy in the protocol

	Discussion
	References




