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Abstract

Aim The population included in randomized controlled clinical trial of ROCKET AF and observational studies were different,

and the effectiveness and safety of rivaroxaban in stroke prevention of atrial fibrillation (AF) varied among studies. The aim of

this study was to estimate the real-world outcomes of rivaroxaban in AF patients in a relatively accurate way. Methods A discrete

event simulation (DES) model was proposed to predict the counterfactual outcomes of ROCKET AF that would have it been

conducted in broader observational study populations. The hypothetical cohorts of patients were generated using Monte Carlo

simulation. The DES model structure was built based on disease progression and possible outcomes of AF. Cardiovascular

events were recorded during the simulated two-year follow-up period. Results The results showed lower predicted rates of

stroke/ systemic embolism (SE) and major bleeding in three observational studies than those in simulated ROCKET AF. The

simulated stroke/SE incidence was 1.097-1.318 per 100 patient-years and simulated major bleeding incidence was 2.804-3.238

per 100 patient-years in observational studies. The risk difference of stroke/SE and major bleeding was similar among predicted

outcomes of the three observational studies. Most simulated hazard ratios (HRs) were close to the corresponding observed

HRs. Conclusion The simulated incidence of stroke/SE incidence and major bleeding might reflect the real-world event rate

in AF patients. Even some differences existed in the absolute rates of stroke/SE and major bleeding between observed and

simulated studies, the results confirmed similar effectiveness and safety to ROCKET AF comparing rivaroxaban and warfarin

in AF patients.
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Abstract

Aim

The population included in randomized controlled clinical trial of ROCKET AF and observational studies
were different, and the effectiveness and safety of rivaroxaban in stroke prevention of atrial fibrillation (AF)
varied among studies. The aim of this study was to estimate the real-world outcomes of rivaroxaban in AF
patients in a relatively accurate way.

Methods

A discrete event simulation (DES) model was proposed to predict the counterfactual outcomes of ROCKET
AF that would have it been conducted in broader observational study populations. The hypothetical cohorts
of patients were generated using Monte Carlo simulation. The DES model structure was built based on
disease progression and possible outcomes of AF. Cardiovascular events were recorded during the simulated
two-year follow-up period.

Results

The results showed lower predicted rates of stroke/ systemic embolism (SE) and major bleeding in three
observational studies than those in simulated ROCKET AF. The simulated stroke/SE incidence was 1.097-
1.318 per 100 patient-years and simulated major bleeding incidence was 2.804-3.238 per 100 patient-years in
observational studies. The risk difference of stroke/SE and major bleeding was similar among predicted out-
comes of the three observational studies. Most simulated hazard ratios (HRs) were close to the corresponding
observed HRs.

Conclusion

The simulated incidence of stroke/SE incidence and major bleeding might reflect the real-world event rate in
AF patients. Even some differences existed in the absolute rates of stroke/SE and major bleeding between
observed and simulated studies, the results confirmed similar effectiveness and safety to ROCKET AF
comparing rivaroxaban and warfarin in AF patients.

Keywords :rivaroxaban; atrial fibrillation (AF); simulation; randomized controlled trial (RCT); observational
study

What is already known about this subject

* The effectiveness and safety of rivaroxaban in stroke prevention of AF patients varied among studies (RCTs
and observational studies).

* Difference in patient characteristics could be a common barrier leading to the outcome discrepancies across
studies. Besides, difference in data source, outcome measures, and patient adherence, as well as confounding
bias of observational studies, all contribute to the discrepant results.

What this study adds

* A DES model was proposed to predict the counterfactual outcomes of ROCKET AF that would have it
been conducted in broader observational study populations.

* Both predicted stroke/SE rate and major bleeding rate were lower in the three observational studies than
those in simulated ROCKET AF, which might reflect the real-world event rate in AF patients.

* The results confirmed similar effectiveness and safety to ROCKET AF comparing rivaroxaban and warfarin
in the anticoagulation of AF patients.

Introduction

Atrial fibrillation (AF) is the most commonly diagnosed and treated arrhythmia in clinical practice with
substantial and increasing health burden. In the United States, 2.7 to 6.1 million individuals are currently

2
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suffered, and its prevalence is estimated to be more than 8 million people by the year 2050 1, 2. Stroke is the
most feared complication of AF, and oral anticoagulation could help prevent most cases of stroke 3. Non-
vitamin K antagonist oral anticoagulants (NOACs) now have become an alternative to vitamin K antagonists
for preventing stroke in AF patients4. Rivaroxaban, one of the most used NOACs, was approved for stroke
prevention in AF patients based on the pivotal randomized controlled clinical trial (RCT) of ROCKET AF5,
which demonstrated the efficacy of rivaroxaban in reducing 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 are of highest reliability. Nevertheless,
RCTs, such as ROCKET AF, usually exclude certain patient groups, for example, AF patients with CHADS2

score of 0 to 1 5, which account for about 40% of the whole AF population in the real-world setting 6, 7. It
is well known that AF patients with different stroke risk estimated by CHADS2 score might receive different
benefits from anticoagulation therapy8. Such rigorous exclusions could inevitably limit the generalizability of
evidence from trials, failing to be reflective of treatment benefits and risks in all patient populations actually
treated in the real practice. Therefore, uncertainty exists when physicians making anticoagulation decisions
of rivaroxaban for patients who have been excluded from ROCKET AF.

Non-RCTs using routine electronic healthcare databases, such as insurance claims data or registry data, are
available for large and diverse patient populations, which could complete the RCTs by capturing rare adverse
events and long-term outcomes, as well as provide outcome estimates of treatment 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 patient characteristics, drug adherence, and outcome measurement
across studies that differ in design 9. XANTUS, a prospective, single-arm, observational study described the
use of rivaroxaban in a broad unselected AF patient population6. ROCKET AF and XANTUS exhibited
different baseline characteristics. Lower value of CHADS2 score was observed in patients of XANTUS, and
the proportion of patients with prior stroke, heart failure, hypertension, or diabetes mellitus was also lower
in XANTUS than that in ROCKET AF, which might lead to the outcome discrepancy between these two
studies 10.

Moreover, effectiveness and safety of rivaroxaban in AF patients are also varied among different observational
studies. The incidence of stroke/systemic embolism (SE) was observed to be 0.8 event per 100 patient-years in
XANTUS 6, while different rates were detected as 1.9 and 4.6 per 100 patient-years in other two observational
studies 7, 11, respectively (Table S1). Such significant variations within observational studies might result
from the difference in study design, data source, definition of outcomes, length of observation, analysis
methods, et al.12. Accordingly, although real-world studies could support and extend RCT findings to large
patient populations, the results could be suspect.

In order to obtain sustained results of rivaroxaban in the use of anticoagulation for AF patients, it is desirable
to make the results of ROCKET AF and the real-world studies to mutually complete each other. To our
knowledge, generalizing the baseline characteristics of RCT population to match those of real-world patients
could facilitate generation of evidence for effectiveness and safety of treatments in excluded populations, thus
providing more relevant evidence for decision-makers 9. In this study, we propose a discrete event simulation
(DES) to predict the counterfactual outcomes of ROCKET AF that would have it been conducted in broader
observational study populations.

Methods

2.1 Data sources and study population

ROCKTE AF was selected as a case of RCT evaluating the efficacy and safety of rivaroxaban versus war-
farin in AF patients. XANTUS, a prospective observational study, was chosen to investigate whether the
results of rivaroxaban obtained in ROCKET AF could translate into real-world clinical practice. Two other
observational studies (Laliberte 2014 and Amin 2017) were used to assess the effectiveness and safety of
rivaroxaban versus warfarin in routine care. Patient baseline characteristics of the four studies were col-
lected, including age, gender, previous thromboembolic events (stroke, systemic embolism-SE), transient

3
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ischaemic attack-TIA, and myocardial infarction-MI), heart failure (HF), hypertension, diabetes mellitus
(DM), CHADS2 risk of stroke, et al. The incidence rate of events, such as stroke/SE, major bleeding,
intracranial hemorrhage (ICH), gastrointestinal (GI) bleeding, and MI, were extracted as events per 100
patient-years.

2.2 Discrete event simulation model

A discrete event simulation (DES) model was developed and reprogrammed in Python (version 3.7). The
hypothetical cohorts of patients were generated according to the baseline covariate distributions that matched
the marginal distribution of covariates reported in ROCKET AF, XANTUS, and the two observational
studies (Laliberte 2014 and Amin 2017), respectively, using Monte Carlo simulation by randomly sampling.
The random sampling continued until 7000 patients were simulated for each treatment group, which was
similar to the sample size of ROCKET AF. Figure 1 presents the DES model structure built based on a priori
knowledge about disease progression and possible outcomes of AF patients receiving rivaroxaban3, 13. The
model was designed to predict treatment outcomes conditional on patients’ baseline characteristics. CHADS2

score of individual patients was calculated according to the simulated patient’s baseline characteristics.
Therefore, patients at different stroke risk would trace different probabilistic pathways in the model based
on their treatment assignment (rivaroxaban or warfarin). The incidence of the events in the simulation
model was obtained based on the rates reported in ROCKET AF (Table S2) 5, 14-18. Cardiovascular events,
such as stroke/SE, major bleeding (GI bleeding, ICH and other major bleeding), nonmajor clinically relevant
bleeding (NMCR bleeding), MI, and unknown death, were recorded during the simulated two-year follow-up
period. The patient’s cardiovascular profile was updated from the first year to the second year. Patients
who suffered death, fatal stroke/SE, fatal major bleeding, or fatal MI, were supposed to exit the simulation
model after their outcomes were recorded. The event rates, hazard ratios (HRs), and risk differences (RDs)
were calculated and reported.

2.3 Comparison of simulated results to observed results in ROCKET AF

To validate the DES model, we compare the simulated results and observed results of ROCKET AF. RDs
and relative HRs (RHRs) of each outcome were calculated. RDs were estimated as the difference in the
absolute risk of each outcome, and were calculated by subtracting the observed incidence from simulated
incidence 19. HRs were for the rivaroxaban group as compared with the warfarin group. The RHRs were
calculated by dividing simulated HRs by observed HRs for each outcome19. Both RDs and RHRs reflect the
model error, which could be caused by misspecification of simulation structure or assumptions about input
parameters. RDs around 0 and RHRs near to1 represent low error of the simulation model.

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

The simulated outcomes for hypothetical cohorts of patients with the marginal covariate distributions similar
to XANTUS, and two observational studies were predicted, respectively. Hypothetical cohorts of 7000
rivaroxaban patients were simulated for XANTUS. Similarly, 7000 rivaroxaban patients and 7000 warfarin
patients were simulated for the other two observational studies, respectively. The DES model developed and
validated in RCT patients was used to estimated outcomes for the three observational study populations.
This process was conducted by replacing the baseline characteristics of RCT cohorts with the simulated
cohorts of the observational studies. The event rates, RDs, HRs and RHRs were estimated.

2.5 Statistical analysis

Demographics and clinical characteristics at baseline for cohorts of involved studies and simulated cohorts
were summarized descriptively as means±SD or proportions as appropriate. Key summary measures of DES
model were reported as event rates (events per 100 patient-years), RDs, HRs, and RHRs, with associated
confidence intervals (95% CIs) estimated by using the 2.5th and 97.5thpercentiles. 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 the computer running
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time of about 30 minutes. Analyses were performed using STATA software (version13, StataCorp, College
Station, Texas, USA).

Results

3.1 Baseline characteristics of observed and simulated patients

Table 1 and Table S3 outline the baseline characteristics of observed and simulated patients in the four
studies. The average age of these four studies were all above 70, with the highest mean age of 71.95 in
ROCKET AF and the lowest mean age of 71.5 in XANTUS. The proportion of each comorbidity varied from
different studies. A larger proportion of 54.9% rivaroxaban patients with prior stroke/TIA were included in
ROCKET AF compared with the three observational studies. Meanwhile, the proportion of patients with
heart failure (HF), hypertension, or diabetes mellitus (DM) was also higher in ROCKET AF. Therefore,
the mean CHADS2 score was 3.48 ± 0.94 in ROCKET AF, which was much higher than that in the three
observational studies, indicating the higher stroke risk of patients in ROCKET AF.

3.2 Simulation of ROCKET AF

The discrete event simulation model (Figure 1) successfully replicated the overall results of ROCKET AF
(Table 2). The simulation was repeated 1000 times to obtain robust and convergent results (Figure S1 and
Figure S2). The simulated incidence of stroke/SE and major bleeding was 1.718 vs 1.980, and 3.463 vs 3.379
per 100 patient-years, for rivaroxaban and warfarin, respectively. The RDs between 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 and major bleeding were 0.868 (95%CI, 0.863-0.872) and 1.025 (95%CI,
1.021-1.029), respectively (Table 3). The RHRs between simulated and observed results were around 1. The
results indicated that estimated risks and HRs were closely matched the observed risks and HRs in ROCKET
AF, representing the low error of the simulation model.

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

Cohorts of equal size and with similar covariate distributions were generated in the XANTUS, Laliberte
(2014) and Amin (2017), respectively (Table 1). The baseline characteristics of ROCKET AF were replaced
with those of simulated cohorts to repeat the simulation, respectively. The predicted outcomes are shown on
Table 3, Table 4, and Table S3-S5. The predicted rates of stroke/SE were 1.718, 1.118, 1.097, and 1.318 per
100 patient-years, while the predicted rates of major bleeding were 3.463, 2.817, 2.804, and 3.238 per 100
patient-years in rivaroxaban arms for simulated ROCKET AF, XANTUS, Laliberte (2014) and Amin (2017),
respectively. Both predicted rates of stroke/SE and major bleeding were lower in the three observational
studies than those in the simulated ROCKET AF (Table 4), with RDs being 0.22-0.66 per 100 patient-years.
Whereas, RDs of stroke/SE and major bleeding were similar among the predicted outcomes of the three
observational studies, ranging from 0.02-0.43 per 100 patient-years (Table S4 and Table S5). Consistent
effects were observed in other simulated outcomes such as stroke, ICH, GI bleeding and MI. Considering
the HRs between rivaroxaban and warfarin in each outcome, the simulated HRs of stroke/SE were 0.780
(95% CI, 0.775-0.785) and 0.824 (95% CI, 0.819-0.829) for Laliberte (2014) and Amin (2017), 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 bleeding were 0.940 (95% CI, 0.936-0.944) for Laliberte (2014) and 1.034 (95%
CI, 1.030-1.039) for Amin (2017), which seemed to be relatively lower than the observed HRs of 1.08 (95%
CI, 0.71-1.64) and 1.17 (95% CI, 1.10-1.26). Even though some difference was detected between the event
rates of each studies, most simulated HRs were similar to the corresponding observed HRs, with most RHRs
around 1 (Table 3).

Discussion

Both RCT of ROCKET AF and observational studies of XANTUS, Laliberte (2014) and Amin (2017) contri-
buted to the clinical evidence for rivaroxaban in stroke prevention of AF patients. However, the effectiveness
and safety of rivaroxaban varied among the four studies. In this study, a DES model was proposed to predict
the counterfactual outcomes of ROCKET AF that would have it been conducted in broader observational
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study populations. The DES could successfully replicate the overall results of ROCKET AF. Counterfactual
results of ROCKET AF using the populations in observational studies showed relatively lower stroke/SE
rate and major bleeding rate than those in simulated ROCKET AF. Moreover, most simulated HRs between
rivaroxaban arm and warfarin arm were similar to the corresponding observed HRs, indicating the similar
benefits of rivaroxaban in AF patients to ROCKET AF.

As an RCT, ROCKET AF is regarded as gold standard in terms of investigating efficacy and safety of rivar-
oxaban in AF patients. Nevertheless, ROCKET AF was performed in selected AF patients with moderate-
to-high risk of stroke (CHADS2 score [?]2 and mean score:3.5), resulting in lack of external validity and
generalizability20. In comparison, real-world studies, such as XANTUS, Laliberte (2014) and Amin (2017),
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 also differ from each other. Difference in patient characteristics could be a common barrier leading
to the outcome discrepancies across studies, as baseline covariates, such as age, history of stroke, are also
risk factors for the studied outcomes. As a result, the treatment effects might be different across different
patient populations. Besides, difference in data source, outcome measures, and patient adherence, as well as
confounding bias of observational studies, all contribute to the discrepant results. In addition, the follow-up
periods were different in XANTUS, Laliberte (2014) and Amin (2017), ranging from 0.5 to 1 year, which
were shorter than the follow-up in ROCKET AF of about 2 years. Considering that some rare events could
not be detected and difference in low incidence events might not be found during short follow-up period, the
absolute event rates and the relative benefits of rivaroxaban might be inaccurate.

In order to estimate the real-world effectiveness and safety of rivaroxaban in AF patients in a relatively
accurate way, we used DES method to model the pathways and 2-year outcomes of rivaroxaban anticoag-
ulation in AF patients. Monte Carlo simulation was used to generate the hypothetical cohorts of patients.
DES built in this study could keep track of patient-level covariates and account for the changes in patients’
stroke and bleeding risk factors over time9. Therefore, the stroke and major bleeding risk could be modified
as the patient got older age or greater comorbidity burden. Event rates and treatment effects could then be
estimated based on predefined relationships between outcomes and risk factors of stroke and bleeding. The
baseline characteristics of ROCKET AF patients were generalized to match the baseline of patients treated
in routine care, which facilitated the generation of evidence for effectiveness and safety of rivaroxaban in
excluded AF populations.

Our results indicated that even the observed outcomes of ROCKET AF, XANTUS, Laliberte (2014) and
Amin (2017) differed from each other, the difference became smaller among the corresponding simulated
studies. For the study of Laliberte (2014), wide discrepancies were found in the stroke incidence of rivaroxa-
ban arm between observed and simulated results, with observed rate being 4.6 and simulated rate being 1.097
per 100 patient-years. Similar trend was found in the observed and simulated incidence of major bleeding in
Amin (2017). The inconsistency might be caused by the inherent limitations of real-world studies, such as
short follow-up, unbalanced confounding bias etc. Interestingly, stroke/SE incidence of rivaroxaban group
was close among simulated XANTUS, Laliberte (2014) and Amin (2017) (1.118, 1.097, and 1.318 per 100
patient-years, respectively), which was much lower than the data of simulated ROCKET AF (1.718 per 100
patient-years). It is known that patients enrolled in ROCKET AF were of moderate-to-high stroke risk,
with mean CHADS2 score being 3.5. In comparison, the baseline characteristics of these 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 ROCKET AF, with mean CHADS2 score being 2.0-2.7.
Accordingly, the simulated stroke/SE incidence of the three observational studies might reflect the real-world
stoke/SE rate in AF patients using rivaroxaban to some extent, so 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 HR for stroke/SE comparing rivaroxaban
and warfarin, the simulated HRs in Laliberte (2014) and Amin (2017) were 0.780 and 0.824, respectively,
which were close to the observed HR of 0.79 in ROCKET AF. These results, to some extent, confirmed that

6
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rivaroxaban was noninferior or even superior to warfarin for the prevention of stroke/SE in the real-world
setting, which were in accordance with the results in two previous meta-analyses reporting that HRs for
stroke/SE comparing rivaroxaban 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 21, 22. With respect to the HR for major bleeding, there was
no significant between-group difference, with observed HR being 1.04 in ROCKET AF and simulated HR
being 1.034 in Amin (2017). The HRs for major 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 21, 22. Therefore, even some differences existed
in the absolute rates of stroke/SE and major bleeding between the observed and simulated studies, similar
data of effectiveness and safety were detected comparing rivaroxaban and warfarin in the anticoagulation of
AF patients.

Some limitations inevitably existed in this study. First, the model error could not be neglected, as DES
model structure and pathway was built based on a priori knowledge about disease progression and possible
outcomes of AF patients receiving rivaroxaban, which was lack of multivariable outcome prediction model.
Second, CHA2DS2-VASC score, rather than CHADS2score, is now recommended in the clinical guidelines
for stroke risk assessment of AF patients, as it has advantages of identifying a subset of low-risk AF patients
with CHADS2 score of 0-18, 23. However, in this study, the relationship between baseline characteristics
and clinical outcomes were calculated according to the patient’s CHADS2 score, as it was the mainstream
score for stroke prediction when ROCKET AF was conducted. Third, as ROCKET AF excluded patients
with CHADS2 score of 0 to 1, the incidence of the events used in the simulation model for this subset of
patients was based on RE-LY trail, which investigated the efficacy and safety of dabigatran in AF patients.
This could also introduce some error to the model. Moreover, individual-level information was not available
in our study. Therefore, bootstrapping method, which could preserve covariance structure among baseline
characteristics of observational studies and could increase the accuracy of the simulation, could not be used.
In addition, covariates and outcomes of observational studies might be unprecise, as the data were not
originally recorded for research purpose and some vital information might be missing. All the mentioned
factors could lead to the inaccuracy of the simulation model and the predicted outcomes.

Conclusions

In order to estimate the real-world effectiveness and safety of rivaroxaban in AF patients, DES method
was used to model the pathways and 2-year outcomes of rivaroxaban anticoagulation in AF patients. The
simulated event incidence of observational studies, such as stroke/SE incidence and major bleeding incidence,
which was lower than that in simulated ROCKET AF, might reflect the real-world event rate in AF patients.
Even some differences existed in the absolute rates of stroke/SE and major bleeding between the observed
and simulated studies, the results confirmed similar effectiveness and safety to ROCKET AF comparing
rivaroxaban and warfarin in the anticoagulation of AF patients
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Figure legend

Figure 1. The structure of discrete event simulation (DES) model. DES model 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.
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