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The populations included in the randomized controlled clinical tri-
als and observational studies were different. The effectiveness and
safety of rivaroxaban for stroke prevention in patients with atrial fib-
rillation (AF) varied among studies. This study aimed to estimate the
real-world outcomes of rivaroxaban in patients with AF accurately. A
discrete event simulation (DES) was used to predict the counterfac-
tual results of the ROCKET AF study. The hypothetical cohorts of pa-
tients were generated using Monte Carlo simulation according to the
baseline covariate distributions that matched the marginal distribu-
tion of covariates reported in the ROCKET AF and three observational
studies. The DES model structure was constructed based on a priori
knowledge about disease progression and possible outcomes of pa-
tients with AF. The DES model accurately replicated the overall re-
sults of the ROCKET AF study. Both predicted stroke/systematic em-
bolism (SE) and major bleeding rates were lower in the three obser-
vational studies than in the simulated ROCKET AF study. The risk dif-
ference of stroke/SE and major bleeding was not significant among
the predicted outcomes of the three observational studies. Although
some differences existed in the absolute rates of stroke/SE and major
bleeding between observed and simulated studies, the results con-
firmed that rivaroxaban was noninferior to warfarin for the preven-
tion of stroke/systematic embolism with no significance in the risk of
major bleeding in large AF populations, which was similar to the re-
sults of ROCKET AF.
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1. Introduction
Atrial fibrillation (AF) is the most commonly diagnosed

and treated arrhythmia in clinical practice, with an increasing
health burden. In the United States, 2.7 to 6.1 million indi-
viduals are currently suffering from AF, and it is estimated to
be prevalent in more than 8 million people by the year 2050
[1, 2]. Stroke is the most feared complication of AF, which is
usually prevented by oral anticoagulation [3]. Non-vitamin
K antagonist oral anticoagulants (NOACs) have become an

alternative to vitamin K antagonists for preventing stroke in
patients with AF [4]. Rivaroxaban, one of the most com-
monly used NOACs, was approved for stroke prevention in
patients with AF based on the pivotal randomized controlled
clinical trial (RCT), namely ROCKETAF study [5]. This trial
demonstrated the efficacy and safety of rivaroxaban in reduc-
ing AF-related stroke risk.

RCTs are conducted on highly selective populations and
are managed in tightly controlled settings. Therefore, RCTs
are considered as the gold standard for assessing treatment
efficacy, and the results have the highest reliability. Never-
theless, RCTs, such as the ROCKET AF study, usually ex-
clude certain patient groups; for example, AF patients with a
CHADS2 score of 0 to 1 [5] account for about 40% of the en-
tire AF population in the real-world setting [6, 7]. It is well
known that AF patients with different stroke risks estimated
by the CHADS2 score might receive different benefits from
the anticoagulation therapy [8]. Therefore, rigorous exclu-
sions could limit the generalizability of evidence from RCTs,
as the benefits and risks in all patient populations who actu-
ally treated in real clinical practice may differ. Consequently,
uncertainty exists when physicians make anticoagulation de-
cisions of rivaroxaban for patients who fall outside the inclu-
sion criteria in the ROCKET AF study.

Real-world observational studies using routine electronic
healthcare databases, such as insurance claims data or registry
data, are available for large and diverse patient populations,
and could be used to capture rare adverse events and long-
term outcomes, as well as provide outcome estimates of treat-
ment effectiveness in broad patient populations. However,
the results of observational studies often differ from those of
RCTs, which might mainly result from the differences in pa-
tient characteristics, drug adherence, and outcome measure-
ment across studies that differ in design [9]. The XANTUS
study, a real-world, prospective, observational cohort study
described the use of rivaroxaban in a broad unselected AF pa-
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tient population [6]. In both ROCKET AF and XANTUS
studies, patients exhibited different baseline characteristics.
In the XANTUS study, a lower CHADS2 score and a lower
proportion of patients with prior stroke, heart failure, hyper-
tension, or diabetes mellitus compared to the ROCKET AF
study were observed, which might have contributed to the
outcome discrepancy between these two studies [10].

Moreover, the effectiveness and safety of rivaroxaban in
patients with AF also varied among different observational
studies. The incidence of stroke/systematic embolism (SE)
was observed to be 0.8 event per 100 patient-year in the
XANTUS study [6], whereas different rates (1.9 and 4.6 per
100 patient-year) were observed in two other observational
studies [7, 11] (Supplementary Table 1). Such significant
variations in observational studies might result from differ-
ences in study design, data source, definition of outcomes,
length of observation, analysis methods, etc. [12]. Although
real-world studies could support and extend RCT findings to
larger patient populations, the results could be biased.

To obtain generalizable results on the use of rivaroxaban
in patients with AF, it is desirable to make the results of the
ROCKET AF study and real-world studies complement each
other. To the best of our knowledge, generalizing the base-
line characteristics of the RCT population to match those of
real-world patients could facilitate the generation of evidence
for effectiveness and safety of treatments in excluded popu-
lations, thus providing more relevant evidence for decision-
makers [9]. It is worth noting that discrete event simulation
(DES) is a method that can mimic the disease pathways and
outcomes over time according to a function of treatment and
patient-level covariates [13]. Using DES, we could general-
ize the results to real-world patients with a different distri-
bution of characteristics from the RCT population. Previous
studies [14, 15] have used DES to estimate the percentage
of patients with atherosclerotic cardiovascular disease who
would require lipid-lowering therapy (LLT) intensification
in real practice and evaluate the impact of LLT intensifica-
tion on cardiovascular events. In this study, we proposed a
DES to predict the counterfactual outcomes of ROCKET AF
that would have been conducted in larger observational study
populations.

2. Methods
2.1 Data sources and study population

The ROCKET AFwas selected as a case of RCT that eval-
uated the efficacy and safety of rivaroxaban versus warfarin
in patients with AF. XANTUS, a prospective observational
study, was chosen to investigate whether the results regard-
ing the effectiveness and safety of rivaroxaban obtained in
the ROCKET AF study could translate into real-world clin-
ical practice. Two other retrospective observational studies
(Laliberté, 2014 [7] and Amin, 2017 [11]) were used to assess
the effectiveness and safety of rivaroxaban versus warfarin in
routine care. Patient baseline characteristics of the four stud-
ies were collected, including age, sex, previous thromboem-

bolic events (stroke, SE), transient ischaemic attack (TIA),
myocardial infarction (MI), heart failure (HF), hypertension,
diabetes mellitus (DM), and CHADS2 risk of stroke. The in-
cidence rate of events, such as stroke/SE, major bleeding, in-
tracranial haemorrhage (ICH), gastrointestinal (GI) bleeding,
and MI, were extracted as events per 100 patient-year.

2.2 Discrete event simulation (DES) model

A DES model was developed and reprogrammed in
Python (version 3.7, The Python Software Foundation,
USA). The hypothetical cohorts of patients were gener-
ated according to the baseline covariate distributions that
matched the marginal distribution of covariates reported in
the ROCKET AF, XANTUS, and two other observational
studies (Laliberté, 2014 [7] and Amin, 2017 [11]), using
Monte Carlo simulation by random sampling. Random sam-
pling continued until 7000 patients were simulated for each
treatment group, and this was similar to the sample size of the
ROCKET AF study. Fig. 1 presents the DES model struc-
ture built based on a priori knowledge about disease pro-
gression and possible outcomes of patients with AF receiv-
ing rivaroxaban [3, 16]. The model was designed to predict
treatment outcomes, based on patients’ baseline characteris-
tics. The CHADS2 score of individual patients, represent-
ing their stroke risk, was calculated according to the simu-
lated patients’ baseline characteristics. Therefore, patients at
different stroke risk would trace different probabilistic path-
ways in the model based on their treatment assignment (ri-
varoxaban or warfarin). The incidence of events in the simu-
lation model was obtained based on the rates reported in the
ROCKET AF study (Supplementary Table 2) [5, 17–21].
AlthoughCHA2DS2-VASc score is now recommended in the
clinical guidelines for stroke risk assessment of patients with
AF, CHADS2 score was the mainstream score for stroke pre-
diction when the ROCKET AF study was conducted. Some
patients with CHADS2 score of 0 could obtain CHA2DS2-
VASc score of 2 to 3, and those patients are eligible for an-
ticoagulation therapy. As patients with a CHADS2 score of
0–1 were excluded from the ROCKET AF study, the inci-
dence of the events used in the model for this subset of pa-
tients was extrapolated based on the Randomized Evalua-
tion of Long-Term Anticoagulation Therapy (RE-LY) trial,
which investigated the efficacy and safety of dabigatran in
AF patients. Cardiovascular events, such as stroke/SE, ma-
jor bleeding (ICH, GI bleeding, etc.), non-major clinically
relevant (NMCR) bleeding, MI, and unknown death, were
recorded during the simulated two-year follow-up period.
The patients’ cardiovascular profiles were updated from the
first year to the second year. Therefore, the CHADS2 score
of individual patientswould be calculated againwhen entered
the second year. Patients who suffered death, fatal stroke/SE,
fatal major bleeding, or fatalMI, were removed from the sim-
ulationmodel after their outcomes were recorded. The event
rates, hazard ratios (HRs), and risk differences (RDs) were
calculated and reported.
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Fig. 1. The structure of discrete event simulation (DES)model. DESmodel structure was built based on a priori knowledge about disease progression and
possible outcomes of AF patients. The model was designed to predict treatment outcomes conditional on patients’ baseline characteristics. Patients at different
stroke and major bleeding risk would trace different probabilistic pathways in the model based on their treatment assignment (rivaroxaban or warfarin). DES
could keep track of patient-level covariates and account for the changes in patients’ stroke and bleeding risk factors over time. Therefore, the stroke and major
bleeding risk could be modified as the patient got older age or greater comorbidity burden.

2.3 Comparison of simulated and observed results in ROCKET AF

To validate the DES model, we compared the simulated
results and observed results of the ROCKET AF study. The
RDs and relative HRs (RHRs) of each outcome were calcu-
lated. RDs were estimated as the absolute risk difference of
each outcome, and were calculated by subtracting the ob-
served incidence from the simulated incidence [22]. HRs and
95% confidence intervals (CI) were calculated using the Cox
proportional-hazards models. The RHRs were calculated by
dividing the simulated HRs by the observed HRs for each
outcome [22]. Both RDs and RHRs reflected the model er-
ror, which could have been caused by misspecification of the
simulation structure or assumptions about input parameters.
RDs around 0 (±0.10%) and RHRs near to1 (0.90–1.10) rep-
resented low simulation model error.

2.4 Comparison of simulated results among the ROCKET AF,
XANTUS, and two observational studies

The simulated outcomes for hypothetical cohorts of pa-
tients with marginal covariate distributions similar to the
XANTUS and two observational studies were predicted. Hy-
pothetical cohorts of 7000 rivaroxaban patients and 7000
warfarin patients were simulated for the XANTUS and other
two observational studies. As XANTUS was a single-arm
study, and there was no baseline information about patients
using warfarin; therefore, the baseline characteristics of pa-
tients using rivaroxaban were used in the simulation. The
DES model developed and validated in patients with RCT
was used to estimate outcomes of the three observational
study populations. This process was conducted by replacing
the baseline characteristics of the RCT cohorts with the sim-
ulated cohorts of the observational studies. The event rates,
RDs, HRs, and RHRs were estimated.
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Table 1. Baseline characteristics of rivaroxaban patients in ROCKET AF, XANTUS (2016) [6], Laliberté (2014) [7] and Amin
(2017) [11].

Variables ROCKET AF [5] Laliberté (2014) [7] Amin (2017) [11] XANTUS (2016) [6]

No. of patient on rivaroxaban 7131 3654 52,467 6784
Age (year), mean± SD 71.95± 9.64 73.3± 8.4 77.7± 7.2 71.5± 10
Female sex, no. (%) 2831 (39.7) 1865 (51.0) 27,135 (51.7) 2768 (40.8)
BMI, mean± SD 28.54± 5.12 - - 28.3± 5
Previous stroke, SE/TIA (%) 3916 (54.9) 357 (9.8) 6331 (12.1) 1291 (19)
HF, no. (%) 4467 (62.6) 716 (19.6) 15,239 (29) 1265 (18.6)
Hypertension, no. (%) 6436 (90.3) 2626 (71.9) 46,544 (88.7) 5065 (74.7)
DM, no. (%) 2878 (40.4) 919 (25.2) 18,989 (36.2) 1333 (19.6)
Previous MI, no. (%) 1182 (16.6) - 6416 (12.2) 688 (10.1)
PAD, no. (%) 401 (5.6) - - -
COPD, no. (%) 754 (10.6) - - -
CHADS2 risk of stroke
CHADS2 score, mean± SD 3.48± 0.94 2± 1 2.7± 1.4 2± 1.3
Score, no. (%)

0 0 (0) 0 (0) 1981 (3.8) 703 (10.4)
1 0 (0) 1464 (40.1) 9147 (17.4) 2061 (30.4)
2 925 (13) 1304 (35.7) 15,398 (29.3) 2035 (30)
3 3058 (42.9) 578 (15.8)

25,950 (49.5)

1111 (16.4)
4 2092 (29.3) 229 (6.3) 618 (9.1)
5 932 (13.1) 65 (1.8) 222 (3.3)
6 123 (1.7) 14 (0.4) 34 (0.5)

BMI, body-mess index; SE, systemic embolism; TIA, transient ischaemic attack; HF, heart failure; DM, diabetes mellitus; MI,
myocardial infarction; PAD, peripheral vascular disease; COPD, chronic obstructive pulmonary disease; CHADS2 score, the
measure of the stroke risk ranges from 0 to 6.

2.5 Statistical analyses

Demographics and clinical characteristics at baseline for
cohorts of involved studies and simulated cohorts are sum-
marized descriptively as means ± SD or proportions, as ap-
propriate. Key summary measures of the DES model were
reported as event rates (events per 100 patient-year), RDs,
HRs, and RHRs, with associated 95% CIs estimated using the
2.5th and 97.5th percentiles. Simulation of ROCKET AF
was repeated 10, 20, 50, 100, 200, 300, 500, 1000, and 2000
times, respectively, to obtain the optimal iteration times for
stable results. Finally, each simulation was repeated 1000
times with a computer running time of approximately 30
min. Analyses were performed using STATA software (ver-
sion 13, StataCorp, College Station, Texas, USA) and Python
(version 3.7, The Python Software Foundation, USA).

3. Results
3.1 Baseline characteristics of observed and simulated patients

Table 1 (Ref. [5–7, 11]) and Supplementary Table 3
outline the baseline characteristics of the observed and sim-
ulated patients in the four studies. The average age in each
of these four studies was above 70 years. The proportion
of each comorbidity varied among the different studies. A
larger proportion (54.9%) of patients on rivaroxaban with
prior stroke/TIA was included in the ROCKET AF study
than that in the three observational studies. Meanwhile, the
proportion of patients with HF, hypertension, or DM was

also higher in the ROCKET AF study. The mean CHADS2
score was 3.48± 0.94 in the ROCKET AF study, which was
much higher than that in the three observational studies.

3.2 Simulation of ROCKET AF

The DES model accurately replicated the overall results
of the ROCKET AF (Fig. 1 and Table 2). The simulation
was repeated 1000 times to obtain robust and convergent re-
sults (Supplementary Figs. 1,2). The simulated incidence of
stroke/SE and major bleeding was 1.718 vs. 1.980, and 3.463
vs. 3.379 per 100 patient-year for rivaroxaban and warfarin,
respectively. The RDs between the simulated and observed
results were relatively low among each outcome (Table 2).
The simulated HRs comparing rivaroxaban and warfarin in
the risks of stroke/SE andmajor bleedingwere 0.868 (95%CI,
0.863–0.872) and 1.025 (95% CI, 1.021–1.029), respectively
(Table 3, Ref. [5–7, 11]). The RHRs between the simulated
and observed results were approximately 1. The results in-
dicated that the estimated risks and HRs closely matched the
observed risks and HRs in the ROCKETAF study, indicating
a low error of the simulation model.

3.3 Counterfactual results of ROCKET AF using the populations
in observational studies

Cohorts of equal size and similar covariate distributions
were generated in the XANTUS, Laliberté (2014) [7] and
Amin (2017) [11] studies, respectively (Table 1). The base-
line characteristics of the ROCKET AF study were replaced
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Table 2. The risk difference between observed and simulated results for ROCKET AF.

Events
Rivaroxaban Warfarin

Observed rate Simulated rate Risk difference Observed rate Simulated rate Risk difference

no./100 patient-year no./100 patient-year no./100 patient-year no./100 patient-year no./100 patient-year no./100 patient-year

Stroke/SE 1.7 1.718 0.018 2.2 1.980 –0.220
Stroke 1.65 1.677 0.027 1.96 1.804 –0.156
SE 0.04 0.042 0.002 0.19 0.175 –0.015
MB 3.6 3.463 –0.137 3.4 3.379 –0.021
ICH 0.5 0.484 –0.016 0.7 0.732 0.032
GIB 2 1.962 –0.038 1.24 1.352 0.112
MI 0.91 0.919 0.009 1.12 1.126 0.006

SE, systemic embolism; MB, major bleeding; ICH, intracranial hemorrhage; GIB, gastrointestinal bleeding; MI, myocardial infarction; RD, risk differ-
ence (simulated event minus observed event rate).

Table 3. Comparisons of each outcome between observed results and simulated results in ROCKET AF, XANTUS, and two
observational studies.

Events
ROCKET AF [5] Laliberté (2014) [7] Amin (2017) [11] XANTUS [6]

Observed HR Simulated HR RHR Observed HR Simulated HR RHR Observed HR Simulated HR RHR Simulated HR

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Stroke/SE
0.79 0.868 1.099 0.77 0.780 1.013 0.72 0.824 1.144 0.737

(0.65–0.95) (0.863–0.872) (0.904–1.335) (0.55–1.09) (0.775–0.785) (0.715–1.435) (0.63–0.83) (0.819–0.829) (0.991–1.322) (0.732–0.742)

Stroke
0.85 0.930 1.094

-
0.835

-
0.70 0.883 1.261 0.789

(0.70–1.03) (0.924–0.935) (0.897–1.335) (0.829–0.840) (0.59–0.83) (0.878–0.889) (1.057–1.505) (0.784–0.794)

SE
0.23 0.253 1.100

-
0.233

-
0.52 0.257 0.494 0.221

(0.09–0.61) (0.246–0.260) (0.411–2.944) (0.225–0.242) (0.28–0.94) (0.249–0.266) (0.261–0.936) (0.213–0.229)

MB
1.04 1.025 0.986 1.08 0.940 0.870 1.17 1.034 0.884 0.899

(0.90–1.20) (1.021–1.029) (0.850–1.142) (0.71–1.64) (0.936–0.944) (0.570–1.328) (1.10–1.26) (1.030–1.039) (0.822–0.950) (0.895–0.903)

ICH
0.67 0.663 0.990 1.17 0.606 0.518 0.71 0.669 0.942 0.582

(0.47–0.93) (0.656–0.669) (0.697–1.406) (0.66–2.05) (0.600–0.613) (0.291–0.923) (0.59–0.87) (0.662–0.676) (0.768–1.156) (0.576–0.588)

GIB
1.66 1.450 0.873 1.27 1.333 1.050 1.35 1.468 1.087 1.278

(1.34–2.05) (1.442–1.459) (0.702–1.087) (0.99–1.63) (1.324–1.341) (0.813–1.355) (1.23–1.48) (1.460–1.477) (0.986–1.200) (1.27–1.286)

MI
0.81 0.817 1.009

-
0.813

- -
0.811

-
0.807

(0.63–1.06) (0.811–0.823) (0.772–1.318) (0.807–0.819) (0.805–0.816) (0.801–0.813)

SE, systemic embolism; MB, major bleeding; ICH, intracranial hemorrhage; GIB, gastrointestinal bleeding; MI, myocardial infarction; HR, hazard ratio; 95%
CI, 95% confidence interval; RHR, relative hazard ratio. RHRwas calculated by dividing the simulatedHR by observedHR. AnRHRof 1 indicates no difference
between simulated outcomes and observed outcomes.

with those of the simulated cohorts to repeat the simulation.
The predicted outcomes are shown in Table 3, Table 4 (Ref.
[5–7, 11]), and Supplementary Tables 3,4,5. The predicted
rates of stroke/SE were 1.718, 1.118, 1.097, and 1.318 per
100 patient-year, while the predicted rates of major bleeding
were 3.463, 2.817, 2.804, and 3.238 per 100 patient-year in ri-
varoxaban arms for simulated ROCKET AF, XANTUS, Lal-
iberté (2014) [7], and Amin (2017) [11] studies, respectively.
Both predicted rates of stroke/SE and major bleeding were
lower in the three observational studies than those in the sim-
ulated ROCKET AF (Table 4), with RDs being 0.22–0.66 per
100 patient-year. However, the RDs of stroke/SE and ma-
jor bleeding were similar among the predicted outcomes of
the three observational studies, ranging from 0.02–0.43 per
100 patient-year (Supplementary Tables 4,5). Consistent
effects were observed in other simulated outcomes such as
stroke, ICH, GI bleeding, and MI. Considering the HRs be-

tween rivaroxaban and warfarin in each outcome, the sim-
ulated HRs of stroke/SE were 0.780 (95% CI, 0.775–0.785)
and 0.824 (95% CI, 0.819–0.829) for Laliberté (2014) [7] and
Amin (2017) [11] studies, respectively, which were close to
the observed HRs of 0.77 (95% CI, 0.55–1.09) and 0.72 (95%
CI, 0.63–0.83) (Table 3). The simulated HRs of major bleed-
ing were 0.940 (95% CI, 0.936–0.944) for Laliberté (2014)
[7] study and 1.034 (95% CI, 1.030–1.039) for Amin (2017)
[11] study, which seemed to be relatively lower than the ob-
served HRs of 1.08 (95% CI, 0.71–1.64) and 1.17 (95% CI,
1.10–1.26) for Laliberté and Amin, respectively. Besides, the
simulated HRs of XANTUS study were similar with the ob-
served HRs in ROCKET AF study, with relatively lower HR
for GIB (1.278 [95% CI, 1.27–1.286]) detected in the simula-
tion of XANTUS study (Table 3 and Supplementary Table
6). Even though some differences were observed between the
event rates of each study, most of the simulated HRs were
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Table 4. Simulated results and the risk difference for rivaroxaban arms in the simulation.
Events ROCKET AF [5] Laliberté (2014) [7] Amin (2017) [11] XANTUS (2016) [6]

Stroke/SE
1.718 1.097 1.318 1.118

(1.711–1.724) (1.091–1.102) (1.312–1.324) (1.113–1.124)

RD (95% CI) ref
0.62 0.40 0.60

(0.21–1.02) (–0.02–0.82) (0.20–1.01)

Stroke
1.677 1.07 1.287 1.092

(1.670–1.684) (1.065–1.076) (1.281–1.293) (1.086–1.097)

RD (95% CI) ref
0.61 0.39 0.59

(0.20–1.0) (–0.03–0.80) (0.19–0.99)

SE
0.042 0.026 0.032 0.026

(0.040–0.043) (0.025–0.027) (0.031–0.033) (0.026–0.027)

RD (95% CI) ref
0.02 0.01 0.02

(–0.08–0.11) (–0.08–0.11) (–0.08–0.11)

MB
3.463 2.804 3.238 2.817

(3.453–3.473) (2.795–2.812) (3.228–3.247) (2.809–2.826)

RD (95% CI) ref
0.66 0.22 0.65

(0.07–1.25) (–0.39–0.82) (0.05–1.23)

ICH
0.484 0.391 0.452 0.393

(0.480–0.487) (0.388–0.395) (0.449–0.456) (0.390–0.397)

RD (95% CI) ref
0.09 0.03 0.09

(–0.13–0.34) (–0.21–0.27) (–0.15–0.32)

GIB
1.962 1.585 1.84 1.603

(1.954–1.969) (1.579–1.592) (1.832–1.847) (1.597–1.610)

RD (95% CI) ref
0.38 0.12 0.36

(–0.08–0.82) (–0.35–0.58) (–0.09–0.81)

MI
0.919 0.913 0.914 0.912

(0.914–0.924) (0.908–0.918) (0.909–0.919) (0.907–0.917)

RD (95% CI) ref
0.01 0.01 0.01

(–0.33–0.33) (–0.33–0.33) (–0.33–0.33)

SE, systemic embolism;MB,major bleeding; ICH, intracranial hemorrhage; GIB, gastrointestinal bleed-
ing; MI, myocardial infarction; RD, risk difference (simulated event rate of observational studies minus
simulated event rate of ROCKET AF). The lower and upper limits of the 95% confidence interval for
the RD between two studies were calculated using the website of http://vassarstats.net/ based onmeth-
ods described by Robert Newcombe derived from a procedure outlined by E.B.Wilson in 1927.

similar to the corresponding observed HRs, with most RHRs
around 1 (Table 3 and Supplementary Table 6).

4. Discussion
The ROCKET AF study and three observational studies

(XANTUS, Laliberté (2014) [7] and Amin (2017) [11]) con-
tributed to the clinical evidence for rivaroxaban in stroke
prevention in patients with AF. However, the effectiveness
and safety of rivaroxaban varied among the four studies. In
this study, a DES model was proposed to predict the coun-
terfactual outcomes of ROCKET AF study that could have
been observed in larger observational study populations. The
DES accurately replicated the overall results of the ROCKET
AF study. Counterfactual results of the ROCKET AF study
obtained by using the populations in observational studies
showed relatively lower stroke/SE rates and major bleeding
rates than those in the simulated ROCKET AF. Moreover,
most of the simulated HRs between the rivaroxaban andwar-
farin arms were similar to the corresponding observed HRs,

indicating similarities in benefits and harms of rivaroxaban
in patients with AF in the ROCKET AF study.

As an RCT, the ROCKET AF study investigating the ef-
ficacy and safety of rivaroxaban in AF patients is regarded
as the gold standard. Nevertheless, the study was performed
in selected AF patients with moderate-to-high risk of stroke
(CHADS2 score ≥2 and mean score: 3.5), resulting in a lack
of external validity and generalizability [23]. In comparison,
real-world studies, such as the XANTUS, Laliberté (2014)
[7], and Amin (2017) [11] studies, could reflect real-world
treatment patterns among diverse populations and provide
outcome estimates in broad patient populations. In fact, the
results of observational studies often differ from those of
RCTs and differ from each other. As baseline covariates, such
as age and history of stroke, are also risk factors for the stud-
ied outcomes, differences in patient characteristics could be
a common barrier, leading to outcome discrepancies across
studies. As a result, the treatment effects might differ across
different patient populations. In addition, differences in data
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sources, outcome measures, and patient adherence as well as
confounding bias of observational studies, contribute to the
discrepant results. Furthermore, the follow-up periods were
different in the XANTUS, Laliberté (2014) [7], and Amin
(2017) [11] studies, ranging from 0.5 to 1 year, which was
shorter than that in the ROCKET AF study (about 2 years).
Considering that some rare events could not be detected and
differences in low incidence events might not be found dur-
ing the short follow-up period, the absolute event rates and
the relative benefits of rivaroxaban might be inaccurate.

To estimate the real-world effectiveness and safety of ri-
varoxaban in patients with AF accurately, we used the DES
method to model the pathways and 2-year outcomes of ri-
varoxaban anticoagulation in AF patients. It is known that
DES is a strategy for modeling disease pathway and outcomes
over time as a function of treatment and patient-level covari-
ates [9]. Several studies have usedDES to simulate LLT in pa-
tients with atherosclerotic cardiovascular disease [14, 15, 24].
Besides, a recent study used baseline characteristics from two
observational studies to replicate the efficacy and safety of
dabigatran compared to warfarin in the RE-LY study with a
DES model [25]. The study found that differences in patient
populations can explain a substantial portion of observed dif-
ferences in outcomes across studies. In this study, a Monte
Carlo simulation was used to generate hypothetical cohorts
of patients. The DES built in this study could keep track of
patient-level covariates and account for the changes in pa-
tients’ stroke and bleeding risk factors over time [9]. There-
fore, the stroke andmajor bleeding risks could be modified as
the patient grew older or had a greater comorbidity burden.
Event rates and treatment effects could then be estimated
based on predefined relationships between the outcomes and
risk factors of stroke and bleeding. The baseline characteris-
tics of ROCKET AF patients were generalized to match the
baseline of patients treated in routine care, which facilitated
the generation of evidence for the effectiveness and safety of
rivaroxaban in excluded AF populations.

Our results indicated that the observed outcomes of the
ROCKET AF, XANTUS, Laliberté (2014) [7], and Amin
(2017) [11] studies differed from each other. However, the
differences were insignificant among the corresponding sim-
ulated studies. In the Laliberté (2014) [7] study, wide discrep-
ancies were found in the stroke incidence in the rivaroxaban
arm in both observed and simulated results, with an observed
rate of 4.6 and a simulated rate of 1.097 per 100 patient-year.
A similar trendwas found in the observed and simulated inci-
dence of major bleeding in the Amin (2017) [11] study. This
inconsistency might be caused by the inherent limitations of
real-world studies, such as short follow-up, unbalanced con-
founding bias, etc. Interestingly, stroke/SE incidence in the
rivaroxaban group was similar in the simulated XANTUS,
Laliberté (2014) [7], and Amin (2017) [11] studies (1.118,
1.097, and 1.318 per 100 patient-year, respectively), which
was much lower than that in the simulated ROCKET AF
study (1.718 per 100 patient-year). It is known that patients

enrolled in the ROCKETAF studywere ofmoderate-to-high
stroke risk. In comparison, the baseline characteristics of the
three observational studies were similar and could represent
the whole AF population. The stroke risk of patients in the
three observational studies was much lower than that in the
ROCKET AF study. Accordingly, the simulated stroke/SE
incidence of the three observational studies might reflect the
real-world stroke/SE rate in AF patients using rivaroxaban
to some extent, same as the other simulated outcomes.

It is worth noting that most observed and simulated HRs
between rivaroxaban and warfarin for each outcome were
similar in our study, with most RHRs around 1. In terms
of the HR for stroke/SE comparing rivaroxaban and war-
farin, the simulated HRs in the Laliberté (2014) [7] and Amin
(2017) [11] studies were 0.780 and 0.824, respectively, which
were close to the observed HR of 0.79 in the ROCKET
AF study. These results confirmed that rivaroxaban was
non-inferior or even superior to warfarin for the preven-
tion of stroke/SE in the real-world setting, which were in
accordance with the results obtained in two previous meta-
analyses reporting that HRs for stroke/SE comparing ri-
varoxaban and warfarin were 0.75 (95% CI, 0.64 to 0.85) and
0.83 (95% CI, 0.73 to 0.94) in real-world setting, respectively
[26, 27]. With respect to the HR for major bleeding, there
was no significant difference between groups, with observed
HR being 1.04 in ROCKETAF study and simulated HR being
1.034 in Amin (2017) [11] study. TheHRs formajor bleeding
obtained in this study were also similar to those reported in
two previous meta-analyses considering real-world studies,
with the HRs being 1.02 (95% CI, 0.95 to 1.10) and 0.99 (95%
CI, 0.91 to 1.07), respectively [26, 27]. Therefore, similar
results for the effectiveness and safety were observed when
comparing rivaroxaban and warfarin in patients with AF.

It could be easier to understand the difference in effective-
ness between rivaroxaban and warfarin when the molecular
mechanisms of these two drugs are clarified. As a traditional
oral anticoagulant, warfarin exerts its activity through inhi-
bition of the synthesis of vitamin K dependent coagulation
factors II, VII, IX, and X, as well as proteins C and S [28].
By comparison, rivaroxaban, as a NOAC, selectively inhibits
free and clot-bound factor Xa, and further inhibits the gen-
eration of thrombin, thrombin-mediated activation of coag-
ulation, and thrombin-mediated platelet aggregation [28]. It
is notable that rivaroxaban can also exert an antiplatelet ef-
fect by acting through protease-activated receptor 1, which
may lead to reduced frequency of atherothrombotic events
and improved outcomes in patients [29].

This study has some limitations. First, the model error
could not be neglected, as the DES model structure and path-
way were built based on a priori knowledge regarding disease
progression and possible outcomes of AF patients receiving
rivaroxaban, which lacked a multivariable outcome predic-
tion component. Second, the CHA2DS2-VASc score, rather
than the CHADS2 score, is now recommended in the clinical
guidelines for stroke risk assessment of patients with AF, as
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it has the advantage to identify a subset of low-risk AF pa-
tients with CHADS2 score of 0–1 [8, 30]. However, in this
study, the relationship between baseline characteristics and
clinical outcomes was calculated according to the patient’s
CHADS2 score, as it was themainstream score for stroke pre-
diction when the ROCKET AF study was conducted. Third,
as the ROCKET AF study excluded patients with a CHADS2
score of 0 to 1, the incidence of the events used in the simu-
lation model for this subset of patients was based on the RE-
LY trial, which investigated the efficacy and safety of dabi-
gatran in patients with AF. This could also introduce some
errors in the model. Moreover, individual-level information
was not available in our study. Therefore, the bootstrap-
ping method, which could preserve the covariance structure
among the baseline characteristics of observational studies
and could increase the accuracy of the simulation, could not
be used. In addition, the covariates and outcomes of observa-
tional studies might be imprecise, as the data were not orig-
inally recorded for research purposes and some vital infor-
mation might be missing. All these factors might have nega-
tively impacted the accuracy of the simulation model and the
predicted outcomes.

5. Conclusions
To estimate the real-world effectiveness and safety of ri-

varoxaban in patients with AF, the DES method was used
to model the pathways and 2-year outcomes of rivaroxaban
anticoagulation in these patients. The simulated event inci-
dence of observational studies, such as stroke/SE incidence
and major bleeding incidence, which was lower than that
in the simulated ROCKET AF study, might reflect the real-
world event rate in patients with AF. Moreover, the results
confirmed that rivaroxaban was noninferior to warfarin for
prevention of stroke/SE with no significance in the risk of
major bleeding in large AF populations, which was similar to
the results of ROCKET AF study.
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