@ E S C European Heart Journal Open (2023) 3, 1-8 REVIEW

European Society https://doi.org/10.1093/ehjopen/oead004 ici
of Cardiology p g jop Vascular medicine

Clinical significance of the
rivaroxaban-dronedarone interaction:
insights from physiologically based
pharmacokinetic modelling

Burkhard Hiigl1’*, Marc Horlitz2, Kerstin Fischer?, and Reinhold Kreutz ®*4

"Clinic for Cardiology and Rhythmology, Marienhaus Klinikum St Elisabeth Neuwied, Neuwied, Germany; *Klinik fur Kardiologie, Elektrophysiologie und Rhythmologie, Krankenhaus Porz
am Rhein, Universitdt Witten/Herdecke, KéIn, Germany; 3Bayer AG, Research & Development, Pharmaceuticals Therapeutic Opportunity Expansion, Berlin, Germany; and *Charité -
Universitatsmedizin Berlin, corporate member of Freie Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Department of Clinical Pharmacology and
Toxicology, Charité University Medicine, Berlin, Germany

Received 22 July 2022; revised 6 January 2023; accepted 16 January 2023; online publish-ahead-of-print 23 January 2023

Handling Editor: Magnus Back

Patients with atrial fibrillation may require rhythm control therapy in addition to anticoagulation therapy for the prevention of stroke. Since 2012, the
European Society of Cardiology and European Heart Rhythm Association guidelines have recommended non-vitamin K antagonist oral anticoagu-
lants, including rivaroxaban, for the prevention of stroke in patients with atrial fibrillation. During the same period, these guidelines have also recom-
mended dronedarone or amiodarone as second-line rhythm control agents in certain patients with atrial fibrillation and no contraindications.
Amiodarone and dronedarone both strongly inhibit P-glycoprotein, while dronedarone is a moderate and amiodarone a weak inhibitor of cyto-
chrome P450 3A4 (CYP3A4). Based on these data and evidence from physiologically based pharmacokinetic modelling, amiodarone and dronedar-
one are expected to have similar effects on rivaroxaban exposure resulting from P-glycoprotein and CYP3A4 inhibition. However, the rivaroxaban
label recommends against the concomitant use of dronedarone, but not amiodarone, citing a lack of evidence on the concomitant use of rivaroxaban
and dronedarone as the reason for the different recommendations. In this report, we discuss evidence from clinical studies and physiologically based
pharmacokinetic modelling on the potential for increased rivaroxaban exposure resulting from drug—drug interaction between rivaroxaban and
dronedarone or amiodarone. The current evidence supports the same clinical status and concomitant use of either amiodarone or dronedarone
with rivaroxaban, which could be considered in future recommendations.
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Graphical Abstract

Amiodarone

CYP3A4 metabolism: Yes (weak inhibitor)
P-gp substrate: Yes (strong inhibitor)

Rivaroxaban
CYP3A4 metabolism: Yes
P-gp substrate: Yes

Dronedarone

CYP3A4 metabolism: Yes (moderate inhibitor)
P-gp substrate: Yes (strong inhikitor)

Clinical/preclinical evidence
Direct data on the interaction are not available

Interaction analysis based on 8% of patients in ROCKET AF
receiving concomitant amiodarone: No clinically relevant effect

RWE suggests similar clinical relevance as
the potential interaction with dronedarone

Clinical/preclinical evidence
Direct data on the interaction are not available
No patients in ROCKET AF received concomitant dronedarone

RWE suggests similar clinical relevance as the
potential interaction with amiodarone
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Rivaroxaban label
No contraindication or recommendation for amiodarone
Avoid concomitant use of strong inhibitors of both CYP3A4 and P-gp

Rivaroxaban label
Avoid concomitant use of dronedarone due to limited clinical data
Avoid concomitant use of strong inhibitors of both CYP3A4 and P-gp

Conclusion: The same clinical status supporting the concomitant use of either amiodarone or dronedarone could be

considered in future recommendations

Clinical significance of the rivaroxaban-dronedarone interaction. AUC, area under the concentration-time curve; CYP3A4, cyto-
chrome P450 3A4; PBPK, physiologically based pharmacokinetic; p-gp, p-glycoprotein; ROCKET AF, rivaroxaban once daily oral
direct factor xa inhibition compared with vitamin k antagonism for prevention of stroke and embolism trial in atrial fibrillation;

RWE, real-world evidence.
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Introduction

In addition to anticoagulation therapy to reduce the risk of stroke,
patients with atrial fibrillation (AF) may require rhythm control ther-
apy."™ Since 2012, dronedarone and amiodarone have been recom-
mended by the European Society of Cardiology (ESC) and European
Heart Rhythm Association (EHRA) guidelines as second-line rhythm
control agents in selected patients with AF." The same guidelines
have recommended the non-vitamin K antagonist oral anticoagulant
(NOAC) rivaroxaban for the prevention of stroke in patients with
AF since 2012, based on the results of the phase Il Rivaroxaban
Once Daily Oral Direct Factor Xa Inhibition Compared with Vitamin
K Antagonism for Prevention of Stroke and Embolism Trial in Atrial
Fibrillation (ROCKET AF) study.1’3'6 The NOAC:s apixaban, dabigatran,
and edoxaban are also recommended by the ESC/EHRA guidelines for
the same indication.>>*

The concomitant use of rivaroxaban with either amiodarone or dro-
nedarone has the potential for drug—drug interaction (DDI) because
they share components of their elimination pathways [cytochrome
P450 (CYP) 3A4 and P-glycoprotein (P-gp)].*’~® However, not all

DDls are clinically significant; only concomitant medication that strong-
ly inhibits both CYP3A4 and P-gp simultaneously is expected to lead to
a clinically significant increase in rivaroxaban exposure and bleeding
risk.””"" Amiodarone and dronedarone are strong inhibitors of P-gp,
but dronedarone is a moderate inhibitor of CYP3A4, with a predicted
increase in rivaroxaban exposure up to 1.82-fold, while amiodarone is a
weak inhibitor of CYP3A4 with a predicted AUC (area under the
curve) increase up to 1.58-fold.**'%"3 Therefore, CYP3A4 and P-gp in-
hibition with either amiodarone or dronedarone is predicted to have a
similar, small effect on rivaroxaban exposure.’®

Despite this, both the rivaroxaban label and ESC/EHRA guidelines
recommend against the concomitant use of dronedarone, but not
amiodarone.>” The reason for the different recommendations is
that there is a lack of clinical evidence on the concomitant use of
dronedarone and rivaroxaban.?’ However, in the ROCKET AF study,
the expected increase in rivaroxaban exposure did not appear to be
clinically relevant in the subset of patients (n=1144) who received
both rivaroxaban and amiodarone,"* whereas no patients received dro-
nedarone concomitantly with rivaroxaban in ROCKET AF.'* Although
there is limited pharmacokinetic data for some of these agents, the
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ESC/EHRA guidelines do not recommend against the combination of
amiodarone or dronedarone with other NOACs (however, concomi-
tant use of dabigatran and dronedarone is contraindicated).> DDIs be-
tween dronedarone or amiodarone and other NOACs are possible to
varying degrees” (Table 1).%"®

This review aims to synthesize the available evidence from clinical
studies, as well as PBPK modelling, on the potential DDI between
rivaroxaban and dronedarone, and place it in context of the evidence
on the potential DDI between amiodarone and rivaroxaban.

DDIs exist between rivaroxaban and
dronedarone or amiodarone due to their
shared metabolic and elimination
pathways

Rivaroxaban and other NOAGCs, such as apixaban, dabigatran, and
edoxaban, can be used for the prevention of stroke in a broad popula-
tion of patients with AF.>? A subset of these patients are eligible for
second-line rhythm control therapy with amiodarone or dronedarone.
Patients with severe arrhythmia who have not responded to or toler-
ated other therapies, as well as patients with concomitant heart failure,
may be eligible for amiodarone therapy.>* Dronedarone has rhythm-
and rate-controlling properties, but is indicated only to maintain sinus
rhythm after successful cardioversion in clinically stable patients with
paroxysmal or persistent (but not permanent) AF in whom other anti-
arrhythmics, such as flecainide or propafenone, cannot be used.***
Dronedarone can be used in patients with or without structural heart
disease, but not in patients with left ventricular systolic dysfunction or
any history of heart failure.*** In fact, dronedarone is a derivative of
amiodarone designed to have an improved tolerability profile.®® In
one study, dronedarone use was shown not to be associated with an
increased risk of death or liver disease in patients with AF in clinical
practice compared with the general population.”’

The reason for the potential DDI between rivaroxaban and
amiodarone or dronedarone is that these agents share components
of their elimination pathways, which may increase the plasma concen-
tration of rivaroxaban.*”~>> Approximately two-thirds of each dose
of rivaroxaban is metabolized by the cytochrome P450 enzymes
CYP3A4 and CYP2J2, as well as CYP-independent pathways.”?®
CYP3A4 contributes to 18% of rivaroxaban clearance and CYP2)2 ac-
counts for 14%.2° CYP-independent amide bond hydrolysis is respon-
sible for 14% of rivaroxaban elimination; rivaroxaban is also a
substrate of P-gp and breast cancer resistance protein (Bcrp)
transpor“ters.7’9'28’29

Based on a study of the pharmacokinetics of rivaroxaban in healthy
volunteers, only strong inhibitors of both CYP3A4 and P-gp or Bcrp
are expected to increase rivaroxaban exposure to a clinically significant
degree,® their concomitant use with rivaroxaban is not recom-
mended.’ In contrast, concomitant medications that inhibit only
CYP3A4 or P-gp, but not both, and moderate inhibitors of CYP3A4,
P-gp, or both are expected to cause smaller increases in rivaroxaban ex-
posure that are unlikely to be clinically relevant, except in high-risk pa-
tients.”’ The concomitant use of these agents with rivaroxaban is not
prohibited.”

Amiodarone is a weak inhibitor of CYP3A4 and a strong inhibitor of
P-gp.>">3" Although amiodarone is mainly metabolized by CYP3A4,
CYP2C8 is also involved in its metabolism.>3? Interactions between
amiodarone and other CYP enzymes, as well as transporters other
than P-gp, have been demonstrated.”> Concomitant treatment with
amiodarone and rivaroxaban has been associated with increased plas-
ma concentrations of rivaroxaban of almost two-fold [odds ratio
(OR) 1.97, 95% confidence interval (Cl), 1.04-3.72, P=0.036] in clinical
practice.33 Dronedarone is also metabolized mainly by CYP3A4. It is a
moderate inhibitor of CYP3A4 and a strong inhibitor of P-gp.* In

addition, dronedarone is a mild inhibitor of CYP2D6é and may inhibit
transport proteins other than P-gp.*'3

Therefore, neither amiodarone nor dronedarone strongly inhibits
both CYP3A4 and P-gp. As demonstrated in in vitro assays and static
modelling, the DDIs between rivaroxaban and amiodarone or drone-
darone are expected to be weak and to result in similar increases in riv-
aroxaban exposure.'’ Despite this, the rivaroxaban label does not
contraindicate the concomitant use of amiodarone or dronedarone
with rivaroxaban, but cautions that concomitant use of dronedarone
should be avoided due to the lack of clinical data.’

Other NOACS and their potential
interactions with amiodarone
and dronedarone

The label recommendations on the concomitant use of amiodarone or
dronedarone with other NOACs vary according to their elimination
pathways and the available evidence (Table 7). Apixaban is metabolized
mainly by CYP3A4 and transported by both P-gp and Bcrp. However,
although direct evidence on the DDIs between apixaban and amiodar-
one or dronedarone is not available,z’19 the label does not contraindi-
cate, or recommend a dose reduction with, the concomitant use of
other medications that are not strong inhibitors of CYP3A4 as well
as P-gp."® Dabigatran is metabolized independently of CYP3A4, but
its plasma levels can be increased when administered concomitantly
with a P-gp inhibitor."”** Based on their effects on the plasma concen-
tration of dabigatran, concomitant use of dronedarone is contraindi-
cated and caution is advised when amiodarone is used."” Finally,
edoxaban is a substrate for P-gp, but only a small proportion of
edoxaban is metabolized by CYP3A4. Based on the effect of the rhythm
control agents on edoxaban exposure in vivo, the label recommends
halving the edoxaban dose when used in combination with dronedar-
one, but no dose reduction is required when co-administered with
amiodarone, 820722

Current evidence suggests that DDIs with dronedarone or amiodarone
and rivaroxaban are unlikely to increase the risk of clinical events.

Clinical evidence

The availability of evidence on the concomitant use of amiodarone, but
not dronedarone, with rivaroxaban in the phase Il ROCKET AF study
accounts for this difference in the guideline recommendations.>'* In
the ROCKET AF study, concomitant use of rhythm control agents
was permitted at the discretion of the treating physician.'* The risk
of bleeding, death, and embolic events was not increased in the subset
of patients who received rhythm control agents, including amiodarone,
suggesting that the potential increase in rivaroxaban exposure with
concomitant use of amiodarone and rivaroxaban may not be clinically
relevant.'* Furthermore, a meta-analysis of 4 randomized controlled
trials showed that there was no significant difference in the risk of
stroke or systemic embolism, major bleeding, or intracranial bleeding
in patients receiving a NOAC with vs. without amiodarone.®
Dronedarone use was not prohibited in the ROCKET AF study, but
no patients in the study received dronedarone concomitantly with
rivaroxaban.*

Real-world evidence

‘Real-world’ studies have been performed to address the lack of clinical
evidence on the potential DDI between rivaroxaban and dronedarone,
with varying results. A single-centre retrospective cohort study
(n=226) of patients with AF in the United States treated with rivarox-
aban or apixaban showed that those receiving either concomitant
amiodarone or dronedarone, diltiazem, or verapamil therapy had a
higher risk of International Society on Thrombosis and Haemostasis
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major, non-major, or minor bleeding compared with patients receiving
only a NOAC.*® A small observational study (n=23) with a short
follow-up period (mean 9.1 months) showed no thromboembolic or
major bleeding events in patients with AF who received rivaroxaban
and dronedarone.?” In contrast, a large retrospective cohort study
(n =91 330) of patients with AF in the Taiwan National Health
Insurance database who received apixaban, dabigatran, or rivaroxaban
showed that the risk of major bleeding was significantly increased with
concomitant amiodarone, but not significantly different with concomi-
tant dronedarone, compared with patients receiving a NOAC alone.*®
Although the concomitant use of dronedarone and dabigatran is con-
traindicated,” this drug combination was reported in the study and re-
flects local clinical practice. The risk of major bleeding was increased
with the combination of amiodarone and apixaban [rate ratio (RR)
1.30; P>0.01], rivaroxaban (RR 1.38; P<0.01), and dabigatran (RR
1.36; P <0.01), but not increased with the combination of dronedarone
with apixaban (RR 0.68; P > 0.01), dabigatran (RR 0.89; P> 0.01), or riv-
aroxaban (RR 0.92; P>0.01).%

Although these studies acknowledged that their findings need to be
confirmed with further analyses,"**¢8 the limited available evidence
from clinical studies suggests that the potential interaction of rivaroxa-
ban with dronedarone is of similar clinical relevance to the interaction
with amiodarone.

Evidence from PBPK modelling suggests
no clinically significant increase in
rivaroxaban exposure with amiodarone or
dronedarone

Rationale for PBPK modelling

PBPK modelling is an established approach to estimate the pharmaco-
kinetic effects of DDIs. It is used to guide drug development and in cases
where clinical evidence is limited or where direct clinical studies are not
feasible.***" PBPK modelling can use information from in vitro and clin-
ical studies to construct a whole-body model to predict complex as-
pects of the pharmacokinetics of a drug, including DDls, in specific
physiologic compartments, and models can be adapted to specific vir-
tual patient populations based on their altered physiology.**

Because PBPK modelling requires detailed information about the
drug as well as the physiologic or anatomical compartments of the sys-
tem, it may be challenging to obtain all the parameters required to con-
struct an accurate model. ****** Therefore, model performance should
be assessed; sensitivity analysis can identify sources of uncertainty with-
in a model, such as interactions between parameters or non-linear
processes.** Model performance should also be validated with inde-
pendent clinical data.* Any discrepancies between predicted and
observed pharmacokinetics can guide further analyses to improve
PBPK model performance.**

PBPK modelling studies have become an accepted source of evi-
dence by regulatory authorities, and they are increasingly used in clinical
development and to support drug label recommendations.***** The
US Food and Drug Administration (FDA) and European Medicines
Agency have published guidance on the requirements for PBPK model
analyses that are included in regulatory submissions*®* and provide
guidance on the use of PBPK modelling and validation in various clinical
scenarios, including DDI.**##484% Many pharmaceutical companies use
approaches such as PBPK modelling during drug development and to
support regulatory submissions,>® and a substantial proportion of regu-
latory submissions to the FDA that included PBPK modelling analyses
focused on DDIs.**

While PBPK modelling is an important tool, there are limitations to this
technique. Most importantly, the data provided by PBPK modelling is in-
direct as it does not involve actual patient data but rather relies on

computational modelling.”® In addition, a large number of parameters
are required for this technique which means an accompanying sensitivity
analysis must be completed to assess the unknown/uncertain parameters,
their impact, and any other inferences that may be made regarding the PK
of a drug."™® PBPK models are also known to require substantially more
data (both experimental and in silico) than static models.*

Evidence on rivaroxaban pharmacokinetics from
PBPK modelling

PBPK modelling has been used to evaluate the pharmacokinetics of riv-
aroxaban in various clinical situations. In 2012, a semi-PBPK model as-
sessed the effects of concomitant erythromycin, a moderate inhibitor
of both CYP3A4 and P-gp, and varying degrees of renal impairment
on rivaroxaban pharmacokinetics.>' This analysis predicted that clinic-
ally relevant drug—drug—renal impairment interactions are possible
in patients with mild-to-moderate renal impairment treated with
rivaroxaban and erythromycin.>' The model predictions were generally
consistent with the available in vivo data.>" Subsequently, an adult PBPK
model of the pharmacokinetics of rivaroxaban was developed and
scaled to a paediatric population. The results of this analysis were
successfully used to guide dosing in subsequent clinical studies of
rivaroxaban in paediatric patients, including the phase | Oral
Rivaroxaban in Children With Venous Thrombosis (EINSTEIN-Jr)
study.®>>3 A PBPK model was used to assess the effect of renal or hep-
atic dysfunction as well as concomitant use of strong CYP3A4/5,
CYP2J2, or P-gp inhibitors on the pharmacokinetics of rivaroxaban.>*
This model also predicted the pharmacokinetics of rivaroxaban well
compared with observations in healthy individuals and patients with re-
nal or hepatic impairment.>*

PBPK model analysis on the DDI between rivaroxaban and amiodarone
predicted a 1.36-fold increase in rivaroxaban exposure in patients with-
out renal impairment. Because this increase was within the predefined
dose—exposure equivalence range, the authors concluded that it was un-
likely to be clinically relevant. Simulations in patients who also had mild
or moderate renal impairment predicted larger increases in rivaroxaban
exposure that were more likely to be clinically significant. The inter-
action between rivaroxaban and dronedarone was not assessed in
the study.>> Most recently, a rivaroxaban PBPK model was used to simu-
late the pharmacokinetics of rivaroxaban in patients with reduced
rivaroxaban clearance, including DDIs with amiodarone or dronedar-
one.”® This study showed that rivaroxaban exposure increased with
the strength of CYP3A4 and P-gp inhibitors.”> Importantly, the pre-
dicted increase in rivaroxaban exposure with concomitant amiodarone
which represents weak CYP3A4 inhibition (1.05-1.58-fold) was similar
and overlapping with the expected increase in rivaroxaban exposure
with dronedarone which represents moderate CYP3A4 inhibition
(1.13-1.82-fold) therapy and was small-to-moderate, depending on
the level of P-gp inhibition (Figure 1)."3

Implications of PBPK modelling for clinical use

The PBPK model assessing DDI between rivaroxaban and the rhythm
control agents was based on standard dosages for all three drugs—
rivaroxaban 20 mg od, dronedarone 400 mg bid, and amiodarone
200 mg od (maintenance dose)—in both healthy adults without con-
ditions that may affect rivaroxaban elimination, and in patients with
renal or hepatic impairment.*>"? In general, patients with moderate
to severe renal impairment [creatinine clearance (CrCl) 30-49 mL/
min or CrCl 15-29 mL/min] require a reduced rivaroxaban dose be-
cause renal impairment itself may lead to increased rivaroxaban ex-
posure. Other factors, such as frailty and advanced age, are not
dose reduction criteria for rivaroxaban.”® Similarly, no dose adjust-
ment is required for dronedarone or amiodarone in elderly patients
or patients with renal impairment (CrCl >30 mL/min).*> However,
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Figure 1 Predicted increases in rivaroxaban area under the concentration—time curve associated with concomitant amiodarone or dronedarone."

P-gp, P-glycoprotein.

frail or elderly patients may have coexisting conditions that could con-
tribute to altered elimination of these medications.” RCTs investigat-
ing the use of NOAC:s in patients with AF exclude patients with severe
chronic kidney disease; therefore, data on this population are
scarce.>® Further analyses would be needed to assess and model
the impact of dronedarone or amiodarone use in patients with renal
impairment receiving reduced dose rivaroxaban or in other challen-
ging clinical scenarios.

Monitoring rivaroxaban plasma levels during concomitant use of
rhythm control agents to avoid an excessive increase in bleeding risk
would not be feasible because no known plasma level thresholds are
available. Rivaroxaban plasma levels were found to be highly variable be-
tween patients with AF in the ROCKET AF trial; it was found that mon-
itoring rivaroxaban levels in patients was unlikely to offer benefits
compared to monitoring other patient factors.>” This analysis demon-
strated no obvious lower limit of rivaroxaban exposure that culminated
in any loss of efficacy, further showing the wide therapeutic range that
exists for rivaroxaban in patients with non-valvular atrial fibrillation. Any
potential gain from measuring rivaroxaban levels would be limited.>”

Furthermore, the rivaroxaban label states that monitoring of expos-
ure or coagulation parameters is not required when used concomitant-
ly with amiodarone®” If rivaroxaban and amiodarone can be used
in combination without monitoring plasma levels, and amiodarone
and dronedarone have similar effects on rivaroxaban plasma levels,
the same approach is expected to apply to the concomitant use of
rivaroxaban and dronedarone.

Conclusion/learning points

The available evidence from clinical studies complemented by PBPK
modelling suggests that the potential for increased rivaroxaban expos-
ure due to DDlIs with the combination of dronedarone and rivaroxaban
is similar to that with amiodarone. Depending on individual factors and
comorbidities, these DDIs may be associated with an increase in the
risk of bleeding, as previously suggested for all NOACs (Table 1).
Thus, other factors affecting the risk of bleeding should be considered
in individual patients. The available evidence, based on PBPK modelling
and real-world studies, suggests that concomitant use of dronedarone
with rivaroxaban should have the same clinical status as concomitant
amiodarone.
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