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Abstract

Background Emulating randomized controlled trials (RCTs) by real-world evidence (RWE) studies would ben-

efit future clinical and regulatory decision-making by balancing the limitations of RCT. We aimed to evaluate
whether the findings from RWE studies can support regulatory decisions derived from RCTs of non-vitamin K antago-
nist oral anticoagulants (NOACs) in patients with venous thromboembolism (VTE).

Methods Five landmark trials (AMPLIFY, RE-COVER I, Hokusai-VTE, EINSTEIN-DVT, and EINSTEIN-PE) of NOACs were
emulated using the South Korean nationwide claims database (January 2012 to August 2020). We applied an active
comparator and new-user design to include patients who initiated oral anticoagulants within 28 days from their

VTE diagnoses. The prespecified eligibility criteria, exposure (each NOAC, such as apixaban, rivaroxaban, dabi-

gatran, and edoxaban), comparator (conventional therapy, defined as subcutaneous heparin followed by warfarin),
and the definition of outcomes from RCTs were emulated as closely as possible in each separate emulation cohort.
The primary outcome was identical to each trial, which was defined as recurrent VTE or VTE-related death. The safety
outcome was major bleeding. Propensity score matching was conducted to balance 69 covariates between the expo-
sure groups. Effect estimates for outcomes were estimated using the Mantel-Haenszel method and Cox proportional
hazards model and subsequently compared with the corresponding RCT estimates.

Results Compared to trial populations, real-world study populations were older (range: 63-69 years [RWE] vs.

54-59 years [RCT]), with more females (55-60.5% vs. 39-48.3%) and had a higher prevalence of active cancer
(4.2-154% vs. 2.5-9.5%). The emulated estimates for effectiveness outcomes showed superior effectiveness of NOAC
(AMPLIFY: relative risk 0.81, 95% confidence interval 0.70-0.94; RE-COVER II: hazard ratio [HR] 0.60, 0.37-0.96; Hoku-
sai-VTE: 0.49, 0.31-0.78; EINSTEIN-DVT: 0.54, 0.33-0.89; EINSTEIN-PE: 0.50, 0.34-0.74), when contrasted with trials

that showed non-inferiority. For safety outcomes, all emulations except for AMPLIFY and EINSTEIN-DVT yielded results
consistent with their corresponding RCTs.

Conclusions This study revealed the feasibility of complementing RCTs with RWE studies by using claims data
in patients with VTE. Future studies to consider the different demographic characteristics between RCT and RWE
populations are needed.
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Background

Randomized controlled trials (RCT) remain the gold
standard for assessing the efficacy and safety of medical
products for clinical and regulatory approval. However,
the strict conditions required to demonstrate efficacy
often limit the applicability of RCT results to routine
clinical practice, referred to hereafter as the real world.
To address this challenge, there is increasing interest in
the use of non-interventional real-world data [1, 2]. How-
ever, concerns remain regarding the reliability and valid-
ity of estimates derived from real-world evidence (RWE)
studies [3, 4]. To assess whether RWE studies using simi-
lar methodologies can provide supportive evidence for
RCTs, it is necessary to calibrate RWE studies against the
treatment effect of RCTs [5].

The introduction of non-vitamin K antagonist oral
anticoagulants (NOACs), which have demonstrated non-
inferior efficacy and safety compared to conventional
therapy in patients with venous thromboembolism (VTE)
[6—10], has dramatically shifted the therapeutic paradigm
for VTE treatment. Accordingly, NOACs have become
the preferred option over warfarin in acute and extended
treatment phases [11]. Nevertheless, since patients with
severe underlying diseases are generally excluded from
trials, there is limited evidence on the use of NOACs in
these patients. Furthermore, potential conflicts of inter-
est among trial sponsors may make it difficult to evalu-
ate the comparative efficacy of different NOAC:s. In light
of these shortcomings of RCT, RWE studies could serve
as an alternative to assess both the treatment effects of
NOAC:s and their comparative effectiveness in real-world
practice.

Given the possibility of utilizing RWE for regulatory
decision-making, calibrating the estimates derived from
real-world data sources against RCT findings would
provide supportive evidence to better understand the
validity of RWE studies. Therefore, we compared RWE
studies that emulated effectiveness outcomes with the
efficacy results of corresponding RCTs in the NOAC-
VTE setting.

Methods

Data sources

We used the Health Insurance Review and Assessment
(HIRA) database of South Korea from January 1, 2012,
to August 31, 2020. This database contains all Korean
healthcare utilization information, including diagno-
ses, prescriptions, and surgical procedures. Patient data

remains anonymous using de-identified keys [12]. The
HIRA database covers a population of>50 million, and
all citizens are continuously enrolled unless they are
ineligible due to emigration or death. Hence, comprehen-
sive information on personal characteristics and health-
care utilization based on reimbursed claims of inpatient,
outpatient, and emergency department visits is available
for assessment. HIRA contains data on diagnoses, pro-
cedures, length of hospitalization, and prescribed medi-
cations including length of prescription, dose, route of
administration, and costs. All procedures and prescrip-
tions (mapped to the Anatomical Therapeutic Chemical
classification system) are coded using domestic codes.
Diagnoses are coded using the Korean Standard Classifi-
cation of Diseases, 7th revision, and a modified version of
the International Classification of Diseases, 10th revision
(ICD-10). In a previous validation study, the positive pre-
dictive value (PPV) of diagnosis codes in claims data was
reported to be 82%. This was calculated by comparing
the diagnoses obtained from electronic medical records,
which served as the gold standard for validation.

Study design and cohort

We conducted an active comparator, new-user, propen-
sity score-matched, nationwide cohort study to emulate
five pivotal NOAC (apixaban, dabigatran, edoxaban,
rivaroxaban) trials in patients with VTE. The studies
emulated included AMPLIFY (Apixaban for the Initial
Management of Pulmonary Embolism and Deep-Vein
Thrombosis as First-Line Therapy) [6], RE-COVER II
(Phase IIT Study Testing Efficacy & Safety of Oral Dabi-
gatran Etexilate vs. Warfarin for 6-month Treatment for
Acute Symptomatic Venous Thromboembolism) [7],
EINSTEIN-DVT (Oral Direct Factor Xa Inhibitor Rivar-
oxaban in Patients With Acute Symptomatic Deep Vein
Thrombosis) [9], EINSTEIN-PE (Oral Direct Factor Xa
Inhibitor Rivaroxaban in Patients With Acute Sympto-
matic Pulmonary Embolism) [10], and Hokusai-VTE
(Comparative Investigation of Low Molecular Weight
Heparin/Edoxaban Tosylate Versus Heparin/Warfarin in
the Treatment of Symptomatic Deep-Vein Blood Clots
and/or Lung Blood Clots) [8]. The RCTs included in our
study were selected because they involve an active com-
parator setting, directly comparing each NOAC with
conventional therapy (subcutaneous heparin followed by
warfarin). This active comparator setting is beneficial as
it improves the comparability between the two treatment
groups, thereby enhancing the validity of real-world evi-
dence (RWE) by increasing the likelihood of emulation.
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For each trial, an emulation cohort was constructed
separately, and the study period was defined as the date
of reimbursement of each NOAC indicated for recurrent
VTE (rivaroxaban, January 2013; apixaban/dabigatran,
May 2015; edoxaban, February 2016) to the last available
date in the database (August 31, 2020). In the process of
creating the emulation cohort (RWE cohort) using the
HIRA database, we implemented the same prespecified
inclusion and exclusion criteria that were utilized in the
corresponding RCT as closely as possible to ensure com-
parability between the RCTs and the RWE study cohorts
(details of emulating each trial, including protocol and
eligibility criteria, are available at the “Availability of data
and materials” section of the manuscript). Each cohort
comprised adult patients newly initiating treatment with
individual NOAC or warfarin (index date) with a prior
diagnosis of DVT or PE in the primary or secondary posi-
tion within 30 days before and including the index date
from an inpatient or emergency department (ED) setting.
New use was defined as no filled prescription of oral anti-
coagulant in the 180-day period preceding the index date.
All exclusion criteria were applied in the 180 days before
and including the index date, unless specified otherwise
in the protocol of each trial (detailed study designs are
available in Additional file 1: Fig. S1-S5).

Outcomes and follow-up

In the EINSTEIN-DVT and PE emulations, the primary
outcome was recurrent VTE, defined as a composite of
DVT or PE using ICD-10 diagnostic codes in the primary
position of inpatient claims accompanying imaging pro-
cedures (ultrasonography, computer tomography scan,
venography) and a previously validated algorithm that
showed a PPV of 83% was used [13, 14]. In AMPLIFY,
RE-COVER 1II, and Hokusai-VTE emulations, the pri-
mary outcome was a composite of recurrent VTE and
VTE-related death. The detailed diagnosis and procedure
codes are shown in Additional file 1: Table S1.

Patients were followed from the index date until the
earliest outcome occurrence: switch to another oral
anticoagulant (e.g., apixaban to edoxaban or warfarin),
treatment discontinuation (>10-day gap between last
filled prescription and start of subsequent prescrip-
tion), in-hospital death, or the end of the study period.
Considering the likelihood of lower treatment adher-
ence in real-world versus trial settings, the “as-treated”
approach (analog of per-protocol design of trials) was
selected as the primary analysis to estimate relative
hazards while patients were receiving treatment. In the
AMPLIFY emulation, treatment of an episode of VTE
with thrombectomy, insertion of a caval filter, or use of
fibrinolytic agents (streptokinase, alteplase, tenecteplase)
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were regarded as additional censoring criteria in order to
reflect the original trial protocol.

Potential confounders

We assessed 69 potential confounders to adjust for
underlying differences and to obtain comparability
between the groups in the RWE study as a proxy for
mimicking baseline randomization. Age and sex were
assessed at the index date, and unless specified otherwise,
other covariates were assessed from 180 days before and
including the index date. Covariates included the follow-
ing: active cancer, defined as a diagnosis of cancer (other
than non-melanoma skin cancer) or ongoing treatment
for cancer (chemotherapy, radiation therapy, and surgical
procedure) [15]; history of disease diagnoses (previous
VTE, stroke, chronic kidney disease); healthcare-related
procedures or tests (cardiovascular stress test, echocar-
diogram, cardiac biomarker tests, international normal-
ized ratio, bleeding time tests); concomitant medications
(meglitinides, alpha-glucosidase inhibitors, thiazide,
beta-blockers); indicators of health status (HAS-BLED
score, CHA,DS,-VASc score, Charlson comorbidity
index); and other relevant variables. Details on potential
confounders are listed in Additional file 1: Table S2.

Statistical analysis

Baseline characteristics of exposed and comparator
groups were summarized as frequencies with propor-
tions for categorical variables and as means with stand-
ard deviations for continuous variables. The propensity
score (PS) was estimated in each emulated cohort to min-
imize the systematic differences in the baseline charac-
teristics between the two groups. All 69 aforementioned
covariates were included in the logistic regression model
to estimate the probability of receiving treatment, condi-
tional on their covariates. As each NOAC was approved
at various times in Korea, substantial biases are likely to
arise from the prescribing trend or channeling over time
[16, 17]. To minimize this bias, we implemented a 1:1
propensity score nearest-neighbor matching with a cali-
per of 0.01 on the propensity score scale, stratified into
two calendar year intervals [5, 18]. Differences in baseline
covariates between the two groups were evaluated before
and after the propensity score matching using an abso-
lute standardized difference with a value of>0.1 indicat-
ing a significant difference (results of PS distribution are
available in Additional file 1: Fig. S6-S10).

Within the matched cohort, we estimated the median
follow-up and incidence of outcomes per 100 person-
years as well as the corresponding hazard ratios (HR)
with 95% confidence intervals (CI) using a Cox propor-
tional hazard model. Given that the AMPLIFY trial used
the Mantel-Haenszel method to estimate relative risk
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(RR), stratified by the type of VTE (DVT or PE), we also
used this method for the AMPLIFY emulation only. For
each emulation, we summarized and compared selected
baseline characteristics (age, sex, type of VTE, previ-
ous VTE, and active cancer) between the RWE emula-
tions and corresponding RCTs. There were no missing
variables in any of the emulation analyses. All analyses
were conducted using the SAS Enterprise Guide (ver-
sion 7.1; SAS Institute Inc., Cary, USA). A two-tailed
p-value <0.05 was considered statistically significant.

Exploratory analysis for safety assessment

We repeated our emulations for safety outcomes and
compared them to established safety profiles of current
knowledge within the trial-mimicking population. For
the exploratory outcome, major bleeding was considered
as a safety outcome and defined as a composite of intrac-
ranial, gastrointestinal, and other bleeding verified using
ICD-10 codes in the primary position of inpatient claims.
The diagnostic codes in the primary position during hos-
pitalization showed a PPV of 92% for gastrointestinal
bleeding [19]. The study also reported a PPV of 81.4% for
intracranial bleeding with an imaging diagnosis. In terms
of intracranial bleeding, imaging procedures combined
with diagnostic codes were regarded as true intracranial
bleeding to increase the PPV of the diagnosis. Detailed
ICD-10 diagnosis and procedure codes are shown in
Additional file 1: Table S3.

Sensitivity analysis

A sensitivity analysis was conducted for all outcomes to
examine the robustness of the main findings. First, the
“intention-to-treat (ITT)” approach was implemented,
which investigated the efficacy of the randomized
assigned treatment, regardless of treatment adherence
[20, 21]. To mimic this approach, patients were followed
up from the index date until outcome occurrence, in-hos-
pital death, the end of the study period, or a pre-specified
time interval from each RCT (AMPLIFY, RE-COVER II:
180 days; EINSTEIN-DVT/PE, Hokusai-VTE: 365 days).
Second, we conducted asymmetrical trimming in the
pre-matched cohort to exclude patients with propen-
sity score values below 2.5% in the treatment group and
above 97.5% of the comparator group [22, 23] and esti-
mated HRs with 95% Cls using Cox proportional hazards
models adjusted for propensity score deciles.

Agreement metrics between RCT-RWE findings

To compare the findings from RCTs and RWE studies, we
adopted the same agreement metrics developed and used
by the Randomized Controlled Trials Duplicated Using
Prospective Longitudinal Insurance Claims: Apply-
ing Techniques of Epidemiology (RCT DUPLICATE)
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initiative [5]. The first metric was regulatory agreement
(RA), which quantifies the extent to which the RWE
study would suggest the same regulatory decision as the
trial and was defined as whether the estimated effect
in the RWE study did not exceed the prespecified non-
inferiority margin of the corresponding RCT [24]. If the
result of the non-inferiority trial did not exceed the pre-
specified non-inferiority margin, the effect estimate of
the corresponding RWE study would need to yield the
same non-inferiority (including superiority) to meet RA
[25]. For example, if the RCT estimate was 0.89 (95% CI
0.76-1.21; margin 1.8) and the RWE estimate was 0.78
(95% CI 0.63-0.89), the RA criterion was considered met.
The second metric was the estimate agreement (EA),
defined as whether the RWE estimate lay within the 95%
CI of the RCT estimate [24, 25]. The last metric, stand-
ardized difference (SD), estimates the extent and direc-
tion of difference in findings between the RCT and the
corresponding RWE study.

Results

Baseline characteristics between RCTs and RWE studies

In this active comparator, new-user, propensity score-
matched analysis, the emulation cohort for our study
included the following number of study participants
in each treatment arm (for each NOAC and warfarin)
after applying the eligibility criteria: 1753 for AMPLIFY
emulation, 1226 for RE-COVER II emulation, 1505 for
Hokusai-VTE emulation, 2135 for EINSTEIN-DVT emu-
lation, and 2801 for EINSTEIN-PE emulation. Across the
five trials, the mean age range was 54—58 years, whereas
63-69 years in RWE studies (Table 1; Additional file 1:
Table S4-S14). Despite applying the same inclusion and
exclusion criteria, the mean age of the study population
in each emulation was substantially higher than that of
the corresponding trial. Likewise, the proportion of each
sex was also considerably different between the RCTs and
RWE studies, with males being more prevalent in trials
(range 51.7-61.0%) than in RWE studies (range 39.5—
45.0%). Except for the EINSTEIN-DVT and PE trials that
enrolled patients by subtype of VTE, the types of VTE
revealed contrasting features across all emulations. While
DVT was predominant in the AMPLIFY, RE-COVER
II, and Hokusai-VTE trials, PE was more prevalent in
each corresponding emulation. Previous VTE was simi-
lar between RCTs and RWE studies, although the EIN-
STEIN-DVT and PE trials showed modest differences,
especially in the EINSTEIN-DVT trial (19.4 [RCT] vs.
24.7% [RWE] for rivaroxaban users; 19.2 [RCT] vs. 24.2%
[RWE] for warfarin users). While the RE-COVER II and
Hokusai-VTE trials showed comparable proportions in
the presence of active cancer between RCT and RWE
studies, a considerably higher proportion of active cancer
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Table 1 Baseline characteristics of RCTs and the corresponding emulation of RWE studies
Variables AMPLIFY RE-COVERII Hokusai-VTE EINSTEIN-DVT EINSTEIN-PE
Apixaban Warfarin Dabigatran Warfarin Edoxaban Warfarin  Rivaroxaban Warfarin  Rivaroxaban Warfarin

Age, mean£SD, years

RCT 572160 56.7£160 547+16.2 551+163 557+163 559+162 558+164 564+163 579+73 575+72

RWE 689+170 689+164 680+16.3 680+163 688+16.1 688+16.1 6331167 629+17.1 69.0+155 69.0£152
Male, %

RCT 583 59.1 61.0 60.2 573 57.2 574 56.3 54.1 517

RWE 424 40.8 410 409 399 395 441 45.0 40.5 417
DVT only, %

RCT 65.0 65.9 685 67.8 599 59.5 98.7 98.8 0

RWE 339 340 29.5 30.6 343 344 100 100 0 0
PE with or without DVT, %

RCT 34.6 335 314 322 40.1 405 0.69 0.64 100 100

RWE 66.1 66.0 70.5 694 65.7 65.6 0 0 100 100
Previous VTE, %

RCT 17.2 15.1 19.3 15.8 19.0 179 194 19.2 18.8 203

RWE 18.0 179 18.8 18.2 196 183 24.7 24.2 14.8 154
Active cancer, %

RCT 2.5 2.8 3.9 3.9 9.2 9.5 6.8 52 4.7 45

RWE 122 1.0 4.2 44 10.6 104 11.6 11.0 15.0 154
Asian fraction, %°

RCT 84 84 20.9° 20.9° 21.0 209 122 123 6.0 59

Abbreviations: RCT randomized controlled trial, RWE real-world evidence, SD standard deviation, DVT deep vein thrombosis, PE pulmonary embolism, VTE venous

thromboembolism

2 Although information on race/ethnicity is unavailable in the HIRA database, the Asian fraction would be estimated to be approximately 99.9% (only 60,000-70,000
patients are non-Asian among the whole population in the Korean national health insurance system), the values of RE-COVER Il were not reported separately in each

intervention group

was found in RWE studies than in RCTs of AMPLIFY
and EINSTEIN studies. Given that the RE-COVER II
trial used a longer assessment period (5 years) to define
active cancer, the difference between RWE and RCT in
the proportion of active cancer would likely be higher in
RE-COVERIL

Comparison of effect estimates between RCTs and RWE
studies

Event rates for effectiveness and safety outcomes
between trials and their emulations could not be directly
compared because these data were not reported from all
trials, although the proportion of effectiveness outcomes
was comparable (Table 2). While all RCT estimates for
effectiveness outcomes showed non-inferiority, their cor-
responding RWE estimates all showed superior effective-
ness: AMPLIFY (RR 0.81, 95% CI 0.70—0.94), RE-COVER
II (HR 0.60, 95% CI, 0.37-0.96), Hokusai-VTE (HR 0.49,
95% CI, 0.31-0.78), EINSTEIN-DVT (HR 0.54, 95%
CI, 0.33-0.89), and EINSTEIN-PE (HR 0.50, 95% CI,
0.34-0.74). Kaplan—Meier plots showing trends in event
occurrence demonstrate superior effectiveness for the
primary outcome (Fig. 1).

Exploratory outcome and sensitivity analysis
All RWE emulations except for EEINSTEIN-DVT yielded
consistent results for estimates direction with the safety
outcome of RCTs, by demonstrating NOAC-favorable
results over conventional therapy: AMPLIFY (RR 0.99,
95% CI 0.73-1.37), RE-COVER II (HR 0.62, 95% CI
0.22-1.77), Hokusai-VTE (HR 0.61, 95% CI 0.25-1.51),
and EINSTEIN-PE (HR 0.65, 95% CI 0.35-1.21). While
AMPLIFY (RR 0.31, 95% CI 0.17-0.55) and EINSTEIN-
PE (HR 0.49, 95% CI 0.31-0.79) trials found a signifi-
cantly lower risk of major bleeding, the results of the
corresponding emulations showed the same direction
but did not reach statistical significance. Meanwhile,
the results of the RE-COVER II and Hokusai-VTE tri-
als were comparable across the RCT and RWE studies.
Effect estimate findings from EINSTEIN-DVT trial and
corresponding emulation were substantially different:
EINSTEIN-DVT trial (HR 0.65, 95% CI 0.33-1.30) vs. the
corresponding emulation (HR 1.62, 95% CI 0.70-3.72).
For sensitivity analysis, the results of the intention-
to-treat approach were consistent for both the primary
and exploratory outcomes (Additional file 1: Table S14).
Overall, the estimates of the intention-to-treat
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Table 2 Comparison of study sizes, proportion of events, and effect estimates between RCTs and RWE studies
Trial emulation RCT RWE RCT RWE
Patients Events (%) Patients Events (%) Incidence rate® Effect estimates® (95% ClI)
AMPLIFY
Recurrent VTE or related death
Warfarin 2635 (2.69) 1,753 45) 6.33 1.00 (ref) 1.00 (ref)
Apixaban 2609 59 (2.26) 1,753 50 (2.85) 4.63 0.84 (0.60-1.18) 0.81(0.70t0 0.94)
Major bleeding
Warfarin 2689 49 (1.82 1753 20 (1.14) 1.60 1.00 (ref) 1.00 (ref)
Apixaban 2676 15 (0.56) 1753 20(1.14) 1.85 0.31(0.17-0.55) 0.99 (0.73t0 1.37)
RE-COVERII
Recurrent VTE or related death
Warfarin 1289 28 (2.1 1226 44 (3.59) 7.85 1.00 (ref) 1.00 (ref)
Dabigatran 1279 30(2.34) 1226 29(2.37) 7.58 1.08 (0.64-1.80) 0.60 (0.37 t0 0.96)
Major bleeding
Warfarin 1289 22(1.70) 1226 (0.73) 1.57 1.00 (ref) 1.00 (ref)
Dabigatran 1279 15(1.17) 1226 (0.49) 1.53 0.69 (0.36-1.32) 0.62 (0.22to 1.77)
Hokusai-VTE
Recurrent VTE or related death
Warfarin 4122 146 (3.54) 1505 48 (3.19) 831 1.00 (ref) 1.00 (ref)
Edoxaban 4118 130 (3.15) 1505 28(1.86) 551 0.89(0.70-1.13) 049 (0.31 10 0.78)
Major bleeding
Warfarin 4122 66 (1.60) 1505 13(0.86) 223 1.00 (ref) 1.00 (ref)
Edoxaban 4118 56 (1.35) 1505 8(0.53) 1.56 0.84 (0.59-1.21) 0.61(0.25to0 1.51)
EINSTEIN-DVT
Recurrent VTE
Warfarin 1718 (2.96) 2135 50 (2.34) 422 1.00 (ref) 1.00 (ref)
Rivaroxaban 1731 36 (2.07) 2135 23 (1.08) 3.60 0.69 (0.44-1.04) 0.54 (0.33t0 0.89)
Major bleeding
Warfarin 1711 20(1.16) 2135 17 (0.80) 1.40 1.00 (ref) 1.00 (ref)
Rivaroxaban 1718 14 (0.81) 2135 12 (0.56) 1.87 0.65 (0.33-1.30) 162 (0.70t0 3.72)
EINSTEIN-PE
Recurrent VTE
Warfarin 2413 (1.8 2801 91 (3.25) 542 1.00 (ref) 1.00 (ref)
Rivaroxaban 2419 50 (2.06) 2801 38(1.36) 3.83 1.12 (0.75-1.68) 0.50 (0.34t0 0.74)
Major bleeding
Warfarin 2405 52(2.16) 2801 37(1.32) 216 1.00 (ref) 1.00 (ref)
Rivaroxaban 2412 26 (1.07) 2801 16 (0.57) 1.60 049 (0.31-0.79) 0.65(0.35t0 1.21)

Abbreviations: Cl confidence interval, VTE venous thromboembolism

2 Crude incidence rate per 100 person-years. The incidence rates were not reported in the RCTs

b Mantel-Haenszel relative risk was estimated following the protocol of the AMPLIFY trial; hazard ratio was estimated, unless specified otherwise

approach yielded conservative results that were closer
to null compared to the main analyses. In this setting,
the results of EINSTEIN-DVT were consistent with the
safety outcome of RCT (HR 0.84, 95% CI 0.49-1.42).
In other sensitivity analyses, the alternative PS method
showed similar results for both primary and explora-
tory outcomes (Additional file 1: Table S15). The results

for both outcomes were largely comparable and yielded
relatively narrow confidence intervals.

Evaluation of agreements between RCTs and RWE studies

For the effectiveness outcome, RA was achieved for all
emulations (Fig. 2). In line with the results of all RCTs
that found non-inferiority of effect estimates within
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the predefined margin, all emulations also found non-
inferior effects of NOAC versus warfarin but also found
superior effectiveness. The EA was met for two emula-
tions (AMPLIFY and EINSTEIN-DVT). The estimates of
Hokusai-VTE and EINSTEIN-PE showed a statistically
significant difference between the RCT and its emulation
(SD=2.25 [Hokusai-VTE]; SD=2.82 [EINSTEIN-PE]).
For the safety outcome, the overall effect estimates were
consistent with the current knowledge of the safety pro-
files of NOACs. The RA was met in RE-COVER II, while
it was not met in Hokusai-VTE, as the upper limit of 95%
CI exceeded the predefined non-inferiority margin from
the Hokusai-VTE trial (non-inferiority margin: 1.5). The
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EA was met in RE-COVER II, Hokusai-VTE, and EIN-
STEIN-PE. AMPLIFY was the only trial that showed a
significant difference in safety outcomes between RCTs
and corresponding emulations (SD, —3.42).

Discussion

In this study, five pivotal trials of NOAC in patients with
VTE were emulated using Korea’s nationwide claims data
for comparison with RCTs. The baseline characteristics
of each trial and corresponding emulations were gener-
ally different; real-world populations were older, more
female, and had a higher prevalence of active cancer. We
found that NOACs are not only non-inferior to warfarin
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therapy, as proven in all landmark trials [6-10], but are
likely superior in terms of effectiveness. Based on the
extent of agreement between the RCTs and RWE stud-
ies, RA was achieved for all five emulations, EA for two
emulations, and SD for three emulations. Regarding indi-
vidual trials, AMPLIFY and EINSTEIN-DVT met all the
binary criteria (RA, EA, SD), whereas Hokusai-VTE and
EINSTEIN-PE met only RA.

Overall, the extent of agreement between RCTs and
the corresponding RWE studies was best for RA (met 5
out of 5) and SD (met 3 out of 5) as opposed to EA, likely
because RWE estimates showed a significantly lower
risk of the effectiveness outcome in each emulation than
those of RCTs. In comparison with the results of emula-
tion of RCTs using non-randomized databases conducted
by the RCT DUPLICATE initiative [25], our study pre-
sented very similar findings in terms of RA (comparable
to the statistical significance of the previous study) and
SD. Particularly, for EENSTEIN-DVT and EINSTEIN-PE,
our results aligned with the previous study regarding RA,
EA, and SD. However, in our study, we found different
results for EA because the effect estimates were generally
more favorable for NOACs compared to the results of the
RCT and the previous study.

Despite attempts to replicate the key features of each
trial as closely as possible, such as inclusion/exclusion
criteria, exposures, and outcomes, inherent limitations
of the claims data made exact emulation impossible.
Heterogeneous characteristics of the study popula-
tion, exposure adherence and follow-up, and racial and
ethnic differences between RCTs and the Korean RWE
could be potential explanations for the observed dif-
ferences [26]. First, different baseline population char-
acteristics between RCT and RWE studies may cause
the effect estimate to be a different direction or signifi-
cance. In support, RWE studies had more females, an
older population, and higher cancer prevalence than
RCTs. Previous studies have explored the impact of
sex on outcomes associated with oral anticoagulants,
leading to diverse findings without a clear consensus in
patients with VTE [27-30]. However, given the higher
risk of bleeding in women observed in the prior meta-
analysis [28] and the proportional differences in sex
between our emulation cohort and the corresponding
RCT population, the potential impact of sex differences
in effect estimates could not be ruled out. Differential
age, a prominent factor in VTE incidence [31], could
also have impacted the effect estimate, as increasing
age is associated with increased comorbidity and vas-
cular elasticity. Moreover, the comparative efficacy and
safety of NOAC:s stratified by age showed a shift in trial
estimates, favoring NOACs [32, 33]. Another possible
difference between RCTs and RWE studies could be
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owed to the distribution of active cancer, especially in
AMPLIFY, EINSTEIN-DVT, and EINSTEIN-PE. One
systematic review reported a trend in favor of NOACs
for the efficacy outcome in patients with active cancer
by showing preventive effects with NOACs compared
to patients with non-active cancer [34]. Although sub-
group findings for patients with active cancer were not
available in the AMPLIFY trial, the EINSTEIN-DVT,
EINSTEIN-PE, RE-COVER, and Hokusai-VTE trials
consistently showed more preventive effects in patients
with active cancer. In this context, the heterogeneous
distribution of effect modifiers in each emulation could
have affected the accurate calibration of RWE studies
against RCTs in our NOAC-VTE setting [35].

The treatment quality of warfarin is an important fac-
tor in patients with VTE or atrial fibrillation. In East
Asian populations, including Korean patients, the recom-
mended warfarin maintenance target often sets a lower
range of INR due to a higher risk of bleeding even with
similar INR levels compared to Caucasian populations
[36, 37]. While the target INR of 2.0-3.0 has well been
established in Caucasian populations, Asian physicians
conventionally tend to adhere to a target INR of 1.6-2.6
due to bleeding concerns [38], resulting in a relatively
lower mean time in the therapeutic range (TTR) for
warfarin compared to RCTs. This difference in treat-
ment quality could potentially impact the effect estimates
between RWE and RCTs. Our findings of the superior
effectiveness of NOACs in emulation trials compared to
RCTs may be supported by the different treatment qual-
ity based on underlying bleeding profiles in patients with
VTE. The lower TTR could influence the effect estimates
on major bleeding events in our study, resulting in a
milder observed relative risk for bleeding. However, due
to limited information on warfarin treatment quality in
the HIRA database, further investigations are warranted.

Adherence to treatment in real-world practice is usu-
ally lower compared to clinical trials, where there are
various methods to maximize adherence over the course
of the trial. Given the poor adherence in routine clinical
practice, we used the as-treated approach to assess the
treatment effect in patients who continued their initial
therapy. In contrast, RCTs generally adopt the intention-
to-treat approach to estimate the effect of the initial
assigned treatment, which yields conservative estimates,
as it does not account for treatment switching or dis-
continuation throughout follow-up [39]. Another pos-
sible factor impacting treatment effect estimate could
be discrepancies in the definitions of follow-up between
RCTs and corresponding emulations, leading to differ-
ential follow-up durations where some significant out-
comes could have occurred after switching treatment or
discontinuation.
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The incidence of VTE in Asians is lower than that in
Caucasian populations [40], which may partly explain the
observed differences between the RCT and emulation
estimates. All selected trials, except for AMPLIFY, had
subgroup results for Asians. The EINSTEIN-PE (4.1% vs.
2.1%) and RE-COVER 1II (2.4% vs. 1.0%) trials reported a
higher proportion of the efficacy outcome with NOACs
versus conventional treatment [7, 10], while the EIN-
STEIN-DVT (1.4% vs. 3.8%) and Hokusai-VTE (3.1% vs.
3.9%) trials showed results consistent with the main anal-
yses [8, 9, 41]. However, the results of efficacy and safety
outcomes in the Asian subgroup are limited by statisti-
cal power, and thus, further research is needed to fully
explain the discrepancies between the estimates of RCTs
and RWE studies.

This study has several limitations. First, exposure mis-
classification should be considered. Prescription records
did not confirm whether the patient had actually admin-
istered the medication. However, the as-treated approach
with a 10-day grace period can substantially complement
this limitation. Additionally, a relatively short washout
period used to define new users of oral anticoagulants
may introduce the possibility of population misclassifi-
cation. However, we believe that the look-back period
of the 180 days provided a pragmatic approach to bal-
ance the trade-off between sample size and the potential
of misclassification. This approach allowed us to secure
a sufficiently large sample size, enhancing the statistical
power of our study. Second, outcome misclassifications
may have occurred. Using diagnostic codes cannot cap-
ture all recurrent VTE, and false positives are possible.
Nevertheless, we optimized our outcome definition using
previously validated algorithms, which had an 80-90%
PPV. Moreover, while the HIRA database primarily cap-
tures in-hospital deaths, it may not fully capture infor-
mation on deaths occurring at home or in other settings,
potentially leading to outcome or follow-up misclassifica-
tion due to censoring. However, it is important to note
that according to national statistics in South Korea for
the year 2022, approximately 74.8% of all deaths occurred
in hospitals [42]. Additionally, considering that our study
population consists of patients with venous thromboem-
bolism (VTE) who may require ongoing healthcare ser-
vices due to their vulnerability and treatment needs, the
impact of outcome or follow-up misclassification is likely
to be minimal in this study. Third, residual confounders
potentially remain despite accounting for 69 covariates,
as laboratory test results were unavailable in the HIRA
database. Fourth, several inclusion and exclusion criteria,
such as patient willingness, expectations, and laboratory
tests, could not be emulated, as these were not captured
in the HIRA database. In clinical practice, the use of such
a proxy may affect replicability, because diagnostic test
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results do not directly lead to diagnosis. In short, the
operational definition of emulating inclusion and exclu-
sion criteria in this study could be slightly different from
the intended meaning of RCT criteria. Lastly, we had a
relatively short follow-up period and limited statistical
power, despite the use of nationwide data [43]. South
Korea has not reimbursed NOACs prescribed for more
than 6 months until 2019, and this could result in differ-
ent maximum follow-up times between NOAC and war-
farin groups. However, since NOACs are recommended
for 6 months in routine practices, this effect is unlikely to
be significant in this study [11].

Conclusions

We found that RWE studies, compared with their cor-
responding RCTs, can deduce similar conclusions in
NOAC-VTE settings, suggesting the possible use of non-
randomized RWE to complement RCTs for regulatory
decision-making. Although the RCT-RWE agreement
was not met for all binary metrics, the failure of RWE
studies to meet metrics after emulation does not nec-
essarily lead to questioning its reliability, as real-world
practice is substantially different from well-controlled
trial environments. Likewise, RWE studies satisfying all
metrics do not preclude the possibility of chance findings
and thus do not confirm validity. This is because promi-
nent emulation differences and other biases can remain
in non-randomized RWE studies, including residual
confounding, misclassification of exposure or outcome,
informative censoring, and adherence to treatment.
Although RWE studies cannot completely substitute
RCTs, they can act as suggestive data for regulatory deci-
sion-making, particularly in situations where RCTs are
infeasible due to ethical or conflicting issues. Emulating
RCTs based on routine clinical practice has subtle differ-
ences, and one of these may be driven by the differential
baseline characteristics and treatment quality between
populations in RCTs and RWE studies. Further studies
using other sources of real-world data and on different
treatments would benefit healthcare providers and regu-
latory authorities by increasing their confidence in the
validity and reliability of RWE studies for future clinical
and regulatory decision-making.

Abbreviations

AMPLIFY Apixaban for the Initial Management of Pulmonary Embo-
lism and Deep-Vein Thrombosis as First-Line Therapy
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Blood Clots
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RCT Randomized controlled trial
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RR Relative risk
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