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Abstract

The non—vitamin K antagonist oral anticoagulant rivaroxaban is used in several thromboembolic disorders. Rivaroxaban is eliminated via both metabolic
degradation and renal elimination as unchanged drug. Therefore, renal and hepatic impairment may reduce rivaroxaban clearance, and medications
inhibiting these clearance pathways could lead to drug-drug interactions. This physiologically based pharmacokinetic (PBPK) study investigated the
pharmacokinetic behavior of rivaroxaban in clinical situations where drug clearance is impaired. A PBPK model was developed using mass balance and
bioavailability data from adults and qualified using clinically observed data. Renal and hepatic impairment were simulated by adjusting disease-specific
parameters,and concomitant drug use was simulated by varying enzyme activity in virtual populations (n = 1000) and compared with pharmacokinetic
predictions in virtual healthy populations and clinical observations. Rivaroxaban doses of 10 mg or 20 mg were used. Mild to moderate renal impairment
had a minor effect on area under the concentration-time curve and maximum plasma concentration of rivaroxaban, whereas severe renal impairment
caused a more pronounced increase in these parameters vs normal renal function. Area under the concentration-time curve and maximum plasma
concentration increased with severity of hepatic impairment. These effects were smaller in the simulations compared with clinical observations. AUC
and Cpax increased with the strength of cytochrome P450 3A4 and P-glycoprotein inhibitors in simulations and clinical observations. This PBPK
model can be useful for estimating the effects of impaired drug clearance on rivaroxaban pharmacokinetics. Identifying other factors that affect the

pharmacokinetics of rivaroxaban could facilitate the development of models that approximate real-world pharmacokinetics more accurately.
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Rivaroxaban is an oral anticoagulant that directly
inhibits factor Xa and has been approved for the
prevention and treatment of several thromboembolic
disorders in adult patients."> The outcomes of several
phase 3 studies have led to the approval of rivaroxaban
for the prevention of venous thromboembolism after
knee or hip replacement surgery and for the treat-
ment and prevention of the recurrence of deep vein
thrombosis and/or pulmonary embolism. In eligible
patients with nonvalvular atrial fibrillation (AF), ri-
varoxaban is indicated to prevent stroke or systemic
embolism. Additionally, in Europe, rivaroxaban 2.5 mg
twice daily plus aspirin is approved for the preven-
tion of atherothrombotic events after acute coronary
syndrome and has recently been approved for the
prevention of thromboembolic events in patients with
coronary artery disease, peripheral artery disease, or
both in several countries.!® Recently, rivaroxaban was
investigated for thrombosis treatment in children*> and
in patients with symptomatic peripheral artery disease
undergoing lower-extremity revascularization.®’

Both the kidneys and the liver play an important
role in rivaroxaban elimination. In addition, the liver
synthesizes many factors of the coagulation path-
way, and clotting factors are reduced in hepatically
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impaired patients.® Rivaroxaban has a high bioavail-
ability (>80%) for doses up to 10 mg. For the higher
doses of rivaroxaban (15 mg and 20 mg), a similarly
high bioavailability can be achieved when administered
with food.> Rivaroxaban is highly bound to plasma
proteins, mainly to serum albumin. Approximately two-
thirds of a dose are subject to metabolic degradation
by the cytochrome P450 (CYP) enzymes CYP3A4 and
CYP2J2, as well as CYP-independent mechanisms,
with approximately equal proportions of the metabo-
lites being excreted renally and in the feces.”!® Ap-
proximately one-third (~36%) of the dose is renally
eliminated as unchanged drug, of which ~7% is ex-
creted via glomerular filtration and ~29% via active
renal secretion.”!! In vitro and in vivo drug interaction
studies suggest that transporters involved in active renal
secretion of rivaroxaban include P-glycoprotein (P-gp)
and breast cancer resistance protein (ABCG2).>1%13

If rivaroxaban is administered to patients with
moderate renal impairment (creatinine clearance,
30-49 mL/min), dose adjustment may be required and
renal function needs to be monitored appropriately,
depending on the indication.>'* The use of rivaroxaban
in patients with a creatinine clearance of 15 to 29
mL/min has not been studied extensively, but the
available evidence suggests that plasma concentrations
of rivaroxaban are significantly increased and that
the drug should therefore be used with caution in this
patient population.” Moderate hepatic impairment
(Child-Pugh B) leads to an increased area under the
concentration-time curve (AUC) and increased factor
Xa inhibition'’; therefore, rivaroxaban should not be
administered to patients with moderate (Child-Pugh
B) and severe (Child-Pugh C) hepatic impairment or
with any hepatic disease associated with coagulopathy.
Furthermore, medications that are eliminated or
metabolized by the same pathways as rivaroxaban
have the potential to lead to drug-drug interactions
(DDIs). Previous DDI studies have been conducted
in healthy subjects, and the results suggest that only
strong inhibitors of both CYP3A4 and P-gp interact
with rivaroxaban at a clinically relevant level.'®

A previous physiologically based pharmacokinetic
(PBPK) modeling study explored the potential increase
in rivaroxaban exposure in patients with renal or
hepatic impairment and simultaneous administration
of other drugs that inhibit CYP3A4 or P-gp.!” More
recently, a weak DDI was predicted to exist between
rivaroxaban and the antiarrhythmic drugs amiodarone
and dronedarone.'® These antiarrhythmic drugs can be
used as part of AF management and may therefore be
administered concomitantly with rivaroxaban.'%
Amiodarone is a second-choice antiarrhythmic
agent for long-term rhythm control therapy that
can be used in patients with abnormal left ventricular

hypertrophy or heart failure, whereas dronedarone can
be used for long-term rhythm control in certain patients
with no history of heart failure or left ventricular
systolic dysfunction and with or without structural
heart disease.2>22 However, both amiodarone and
dronedarone act as CYP3A4 and P-gp inhibitors.
Dronedarone is primarily metabolized by CYP3A4 in
the liver and is a mild inhibitor of CYP2D6, a moderate
inhibitor of CYP3A4, and a potent inhibitor of
P-gp.”2> Amiodarone is also primarily metabolized by,
and a weak inhibitor of, CYP3A4 and has the potential
to inhibit other enzymes including CYP2D6 and
P-gp.”! Based on the current evidence, both agents have
the potential for DDIs with rivaroxaban in patients
with AF.

The aim of this study was to apply a previously
developed and validated PBPK model for rivaroxaban
to simulate and extrapolate the pharmacokinetics (PK)
of rivaroxaban to situations that have not yet been
clinically tested, specifically to situations in which drug
clearance may be impaired due to renal or hepatic
impairment and concomitant use of drugs that inhibit
rivaroxaban clearance pathways to different degrees.

Methods

The Rivaroxaban PBPK Model

An adult PBPK model was developed during the early
development phase of rivaroxaban. This model was
built using physicochemical data of rivaroxaban, mass
balance information (Figure 1), as well as PK data
obtained in healthy adult subjects. At first, a model
was established to describe rivaroxaban PK follow-
ing intravenous administration. This model was then
expanded to account for oral administration under
fasted and fed conditions.”? The adult PBPK model was
then qualified by comparing population simulations in
a virtual reference population for 10-mg and 20-mg
oral doses of rivaroxaban with corresponding clinically
observed individual PK data observed in healthy adults
that were not used for model building.?*** The adult
model was further scaled to children to support the
pediatric development program of rivaroxaban. Details
of the PBPK model building and qualification in adults
and children have been published previously.?

Software

The rivaroxaban PBPK model was built with the soft-
ware PK-Sim Version 4.2 and exported to MoBi Ver-
sion 2.3 (both from Bayer AG, Leverkusen, Germany,
now available as part of the Open Systems Pharma-
cology Suite; www.open-systems-pharmacology.org).
The underlying model of PK-Sim considers organ-
specific blood flow rates and permeation across the
cellular membrane into each organ that is driven by the
substance- and organ-specific permeability x surface
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Figure |I. Rivaroxaban metabolic clearance and elimination pathways, based on in vitro investigations and human mass balance, absolute bioavailability,
and renal impairment studies. 2324 Adapted from Mueck et al!* BCRP, breast cancer resistance protein; ClLsys, systemic plasma clearance;
CYP, cytochrome P450; F,ps, absolute oral bioavailability; P-gp, P-glycoprotein; Vss, volume of distribution at steady state.

Table 1. Fractional Changes (Dimensionless) in PBPK Parameters That
Are Altered in Renally Impaired Individuals vs Healthy Individuals

Table 2. Fractional Changes (Dimensionless) in PBPK Parameters That
Are Altered in Hepatically Impaired Individuals vs Healthy Individuals?’

PBPK Model Parameter Value
Portal vein blood flow>® (severe renal impairment) 1.267
Hepatic arterial blood flow®® (severe renal impairment) 0.373
Renal blood flow*® (severe renal impairment) 0.135
CYP3A activity*’ (severe renal impairment) 0.860
CYP2J2 activity® 1.00
P-gp activity (mild renal impairment) 0.75
P-gp activity (moderate renal impairment) 0.50
P-gp activity (severe renal impairment) 0.25

CYP, cytochrome P450; PBPK, physiologically based pharmacokinetic;
P-gp, P-glycoprotein.
aUn<:hangez:i (no data available).

area product.”> All batch-mode simulations for MoBi
models were performed using MATLAB Version
8.2.0.701 (R2013b) and the MoBi Toolbox Version 2.3
for MATLAB (The MathWorks Inc., Natick, Mas-
sachusetts). The same MATLAB version was used for
plotting.

Virtual Individuals and Populations

Renal and hepatic impairment were simulated in virtual
populations. For each population, 1000 virtual indi-
viduals were created with the population simulation
module of PK-Sim, and the population was converted
to PK-Sim 4.2 format. For simulations in populations
with renal or hepatic impairment, model parameters
were adapted based on prior pathophysiologic knowl-
edge as shown in Table 1 and Table 2, respectively. For
CYP2J2, no specific disease-related activity data were
available, and it was therefore assumed that its specific
activity remained unchanged in the renal or hepatic

Severity of Liver Disease

Child—Pugh  Child-Pugh  Child-Pugh

PBPK Model Parameter A B C

Portal vein blood flow>® 0.4 0.36 0.04
Hepatic arterial blood flow®® 1.3 2.3 34
Renal blood flow®? 0.88 0.65 0.48
Blood flow in other organs®’ 1.75 2.25 2.75
Albumin®0-62 0.8l 0.68 0.5
Alpha-1-acid glycoprotein®? 0.6 0.56 03
Hematocrit (absolute)®* 0.39 0.37 0.35
Hematocrit (fractional)® 091 0.86 0.8l
Functional liver mass® 0.69 0.55 0.28
CYP3A4 activity®® | 0.4 0.4
CYP2J2 activity? | | |

GFR®267:68 | 0.7 0.36

CYP, cytochrome P450; GFR, glomerular filtration rate; PBPK, physiologically
based pharmacokinetic.
aUnchanged (no data available).

impairment model. However, the fractional plasma
clearance via CYP2J2 (as well as for CYP3A4) is
affected by the pathophysiologic changes in liver blood
flow rate and the reduction in functional liver mass as
listed in Table 1 and Table 2. Each “virtual” individual
in the healthy and diseased populations has the same
anthropometric and physiologic parameters and differs
only in the specific disease parameters. For simulations
of rivaroxaban PK in the presence of concomitant
drugs, “virtual” individuals were generated with the
same anthropometric and physiologic parameters and
varying CYP3A4 and P-gp activity.
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Parameter Sensitivity Analysis

The rivaroxaban PBPK model is parameterized based
on prior knowledge using data and information from
various sources. For example, the relative contributions
of the different clearance pathways were informed by
in vitro data® as well as human mass balance data.'
Before using a PBPK model for predictions, it is impor-
tant to understand how uncertainties in the model pa-
rameters influence the simulation results of the model.
To this end, a parameter sensitivity analysis of the
rivaroxaban PBPK model was performed. Parameter
sensitivities were calculated by varying each model pa-
rameter separately by factors of 1.10, 1.05, 1/1.05, and
1/1.10 and calculating the slope of a linear regression
line through the relative PK parameter change (here,
AUC and maximum plasma concentration [Cp.x]) Vs
the parameter variation. A list of the model parameters
rank-ordered by their sensitivity provides an under-
standing of the most influential model parameters.

Categorization of Renal Impairment

Renal impairment categories were defined as follows
(according to guidelines at the time of clinical
studies): healthy (glomerular filtration rate [GFR],
>80 mL/min), mild renal impairment (GFR, 50 to
<80 mL/min), moderate renal impairment (GFR,
30 to <50 mL/min), and severe renal impairment
(GFR, 0 to <30 mL/min). In patients with chronic
renal impairment, it was assumed that the increasing
reduction in GFR was associated with a corresponding
decrease in P-gp activity in the kidney (Table 1).

Categorization of CYP3A4 Enzyme Inhibition Levels
CYP3A4 inhibition categories were defined on the basis
of the US Food and Drug Administration criteria,®
using midazolam as the sensitive index substrate. Index
inhibitors, such as ketoconazole, show predictable in-
hibition of a metabolic pathway or enzyme. A PBPK
model for midazolam was used to calculate the AUC
increase dependent on CYP3A4 activity level in the
presence of ketoconazole. Static activity levels imple-
mented as factorial changes (CYP3A4 factor) were
identified that correspond to the threshold values for
factorial AUC increase (Table 3).

Definition of P-glycoprotein Inhibition Categories
P-gp inhibition was arbitrarily classified into 4 cate-
gories: no inhibition (0% to <25%), weak inhibition
(25% to <50%), weak to moderate inhibition (50% to
<75%), and strong inhibition (75% to <100%).

Application of the Rivaroxaban PBPK Model

Simulations of the PK of rivaroxaban were conducted
in virtual healthy and clearance-impaired populations.
The PK parameters AUC and C,,x were analyzed
in comparison with healthy populations. The PK of

Table 3. Classification of CYP3A4 Activity Based on the Relative AUC
Increase for Midazolam

Classification Level of
of CYP3A4 CYP3A4
Activity Activity at
Inhibition AUC Increase Upper Limit
No inhibition <1.25 84%
Weak inhibition 1.25 to <2 58%
Moderate 2to <5 26%
inhibition
Strong inhibition >5 <26%

AUC, area under the concentration-time curve; CYP, cytochrome P450.

rivaroxaban was also simulated in different DDI sce-
narios that were designed to approximately reflect
the CYP3A4 enzyme and P-gp inhibition previously
reported in clinical DDI studies.

Results

Sensitivity Analysis

For AUC, the parameter sensitivity analysis for a total
of 237 PBPK model parameters revealed that the 23
most influential parameters contributed to 90% of the
total sensitivity. The most influential model parameters
for AUC can be grouped into 2 main categories:

1. Physiologic parameters relevant for the oral ab-
sorption of rivaroxaban. The dimensions of the
gastrointestinal tract (segmental lengths, radiuses,
and effective surface areas), as well as the gastric
emptying time influence the AUC by modulating
the extent of the oral absorption of rivaroxaban.

2. Parameters relevant for the elimination of rivarox-
aban. The volumes of the liver and kidney and
the fractional contributions of cells, vascular and
interstitial space to their total volume, as well
as kidney blood flow are the model parameters
with highest sensitivity that influence AUC by
modulating the rate and extent of rivaroxaban
elimination.

For C,.x, the parameter sensitivity analysis revealed
that 37 parameters contributed to 90% of the total
sensitivity. The most influential model parameters for
Cmax can be grouped into 3 main categories:

1. Physiologic parameters relevant for the oral
absorption of rivaroxaban (as for AUC).

2. Parameters relevant for rivaroxaban elimination
(as for AUC).

3. Physiologic parameters relevant for the distribu-
tion of rivaroxaban: volume and composition, as
well as blood flow rate of the major distribution
organs (muscle, fat tissue) affect the rate and
extent of distribution of rivaroxaban between
plasma and tissue.
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Renal impairment, rivaroxaban 10 mg

Degree of Group AUC ratio (Cl) AUC ratio (CI) C,. ratio (CI) C,. ratio (CI)
impairment
I i
Observed 1.44 (1.08-1.91) e 1.28 (1.07-1.55) e
Mild ! |
Simulated 0.99 (0.41-2.11) e S 1.00 (0.51-1.89) ——
| |
I I
Observed 1.52 (1.15-2.01) | 1.12(0.93-1.34) -
Moderate } }
Simulated 1.17 (0.55-2.36) 4:-0—< 1.04 (0.56-1.87) 4‘H
I I
Observed 1.64 (1.24-2.17) | e 1.26 (1.05-1.51) e
Severe | |
Simulated 1.43 (0.67-3.1) ———— 1.12 (0.62-2.08) —t—
I I
— —
0.25 1 4 0.25 1 4
Hepatic impairment, rivaroxaban 10 mg
Degree of Group AUC ratio (CI) AUC ratio (CI) c,,, ratio (CI) c,, ratio (CI)
impairment
I i
Mild Observed 1.15(0.85-1.57) >—?—0—< 0.97 (0.75-1.25) +
I I
I )
Child-Pugh A Simulated 1.17 (0.58-2.25) '—:—0—< 1.04 (0.57-1.83) "
I I
I I
Moderate Observed 2.27 (1.68-3.07) ! —e— 1.27 (0.99-1.63) Lo
| |
Child-Pugh B Simulated 1.46 (0.75-2.97) '—l—% 1.14 (0.63-2.00) '—‘r0—<
—t— —t
0.5 1 2 4 0.5 1 2 4
Drug-drug interactions
Interaction Group AUC ratio (Cl) AUC ratio (Cl) C,.. ratio (CI) C,. ratio (CI)
or range or range or range or range
CYP3A4 and P-gp inhibition (strong for both) | |
I I
I I
Observed 1.82(1.59-2.08) | —— 1.53 (1.27-1.85) e
Rivaroxaban 10 mg | |
+ ketoconazole 200 mg once daily ! !
Simulated 16-2.08 | — 1.19-1.27 -
I I
I I
) Observed 258 (2.36-2.82) ! o 1.72 (1.61-1.83) ! Y
Rivaroxaban 10 mg i ;
+ ketoconazole 400 mg once daily I |
Simulated 1.6-2.08 } — 1.19-1.27 } —
I I
I I
Observed 253 (2.34-2.74) | - 1.55 (1.41-1.69) | ——
Rivaroxaban 10 mg } }
+ ritonavir 600 mg twice daily | |
Simulated 1.64-2.1 I — 1.22-1.32 | —
I I
I I
CYP3A4 and P-gp inhibition (strong/weak) | |
I I
I I
Observed 1.54 (1.44-1.64) | Y 1.40 (1.30-1.52) 1 .
Rivaroxaban 10 mg | |
+ clarithromycin 500 mg twice daily ! !
Simulated 136-166 | —— 1.14-1.23 |
I I
I I
CYP3A4 and P-gp inhibition (weak to moderate for both) } }
I I
I I
Observed 1.34 (1.23-1.46) ! o= 1.34 (1.21-1.48) ! ——
Rivaroxaban 10 mg } }
+ erythromycin 500 mg 3 times daily | |
Simulated 1.12-1.64 } —_— 1.05-1.22 } —
I I
CYP3A4 inhibition (moderate) | |
I I
I I
Observed 1.42 (1.29-1.56) } o 1.28 (1.12-1.47) } ——
Rivaroxaban 20 mg | |
+ fluconazole 400 mg once dail: } }
)é\mulated 1.44-1.83 | —_— 1.16-1.26 I
b e —
1 2 4 1 2 4

Figure 2. Rivaroxaban exposure derived from clinically observed plasma concentration data and predicted with PBPK simulations in populations with
renal impairment, hepatic impairment, or drug-drug interactions.'""'>!'6 AUC and Cj.x are given as mean ratios and 90%Cl values for renal and hepatic
impairment studies (clinical and simulated) and clinical drug-drug interaction studies. AUC and Cpax ratios in simulated drug-drug interaction studies
are given as ranges associated with the respective ranges of CYP and P-gp inhibition. AUC, area under the concentration-time curve; Cl, confidence
intervals; Cpax, maximum plasma concentration; CYP, cytochrome P450; PBPK, physiologically based pharmacokinetic; P-gp, P-glycoprotein.

Renal Impairment

impairment was predicted to have almost no impact

Simulations of rivaroxaban PK following the admin-  on rivaroxaban AUC, whereas severe renal impairment
istration of a single 10-mg dose to populations with ~ was predicted to cause a slight increase in AUC.
renal impairment in the fasted state yielded AUC values ~ The observed data showed a higher impact of renal
and ratios as shown in Figure 2, alongside the data impairment on AUC and C,,,x compared with the
from clinical observations. Mild or moderate renal simulation in patients with mild, moderate, or severe
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Table 4. Predicted Relative Increases in the AUC for Rivaroxaban Resulting From CYP3A4 and P-gp Inhibition

Level of P-gp Inhibition

Level of CYP3A4 inhibition® 0% to <25%

25% to <50%

50% to <75% 75% to <100%

None 1.00-1.11
Weak (eg, amiodarone)® 1.05-1.21
Moderate (eg, dronedarone)® 1.13-1.35
Strong 1.26-1.51

1.07-1.20 1.15-1.30 1.24-1.42
1.12-1.31 1.21-1.43 1.31-1.58
1.22-1.48 1.32-1.63 1.44-1.82
1.36—1.66 1.49-1.85 1.64-2.10

AUC, area under the concentration-time curve; CYP, cytochrome P450; FDA, US Food and Drug Administration; P-gp, P-glycoprotein.

a . . . . o .
Based on FDA criteria, using midazolam as the sensitive index substrate.

b ) ) ) L ) . S .
Factors of AUC increase for rivaroxaban in combination with amiodarone or dronedarone as a CYP3A4 inhibitor without an exactly known level of P-gp

inhibition.

renal impairment (Figure 2). Associated interindividual
variability in AUC and C,,x, which is represented by
the ranges in Figure 2, was predicted to be higher than
previously observed.

Hepatic Impairment

Simulations of rivaroxaban PK following the admin-
istration of a single 10-mg dose to populations with
hepatic impairment in the fasted state yielded AUC
values and ratios as shown in Figure 2, alongside the
data from clinical observations. As expected, a more
severe hepatic impairment resulted in higher AUC
for rivaroxaban. With mild hepatic impairment, the
predicted AUC and C,,x were consistent with pre-
viously observed values, and the predicted interindi-
vidual variability was slightly higher than previously
observed (Figure 2). With moderate hepatic impair-
ment, the predicted AUC is on average lower than
the observed AUC (-54.1%), but the predicted range
overlaps with the observed, and the predicted C,.y is
slightly lower than the observed Cp.x (-11.4%). The
predicted interindividual variability was comparable to
previous observations.

Drug-Drug Interactions

The concomitant administration of drugs that inhibit
the same clearance and elimination pathways can lead
to DDIs. The administration of the CYP3A4 and P-
gp inhibitors ketoconazole, ritonavir, clarithromycin,
erythromycin, and fluconazole with rivaroxaban was
assessed with the PBPK model and compared with
previous clinical observations in healthy subjects. As
expected, the AUC and Cy,a of rivaroxaban increased
with the strength of the inhibitors. The simulated
increase was also greater with stronger inhibitors in
clinical observations, although the simulation under-
estimated the ranges for Cy,x in most cases (Figure
2). For the lower end of the C,x range, the relative
deviation between the simulated and observed ranged
from —42.0% (rivaroxaban 10 mg + ketoconazole 40 mg
once daily) to +4.0% (rivaroxaban 20 mg + fluconazole

400 mg once daily). For the upper end of the Cpx
range, the relative deviation between the simulated and
observed ranged from —45.7% (rivaroxaban 10 mg + ke-
toconazole 200 mg once daily) to —16.7% (rivaroxaban
20 mg + fluconazole 400 mg once daily).

Additional simulations were carried out to assess
the possible impact of CYP3A4 and P-gp inhibition,
including with the antiarrhythmic agents amiodarone
and dronedarone, on the PK of rivaroxaban (Table 4).
The model predicted a small to moderate increase in
rivaroxaban AUC in combination with dronedarone
or amiodarone.

Discussion

PBPK modeling systematically integrates preclinical
and clinical knowledge on the PK of a drug as
it becomes available during clinical development. A
PBPK model consists of drug-dependent and system-
dependent parts. The drug-dependent part requires the
physicochemical properties of the drug (eg, molecu-
lar weight, lipophilicity, and pK,), which are mostly
determined in vitro. The system-dependent part is
the mechanistic representation of the physiology and
anatomy of the system, such as the organism to which
the drug is administered. System compartments in
PBPK modeling represent real anatomic spaces, such
as intracellular, vascular (plasma and red blood cells),
and interstitial spaces or organs. The concentration of
a drug in a specific compartment is simulated on the
basis of a large set of mass balance equations that
describe the absorption, distribution, metabolism, and
elimination of a drug in a whole-body PBPK model.”’

The modular structure of a PBPK model allows
the translation of a model to a different system, such
as an untested patient population, by adapting only
the system-dependent parameters. For example, scaling
of adult PBPK models to children is an established
workflow?® that accounts for age-dependent differences
in drug clearance and protein binding. Such an ap-
proach was used to inform the rivaroxaban dosing
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regimen assessed in clinical studies on children.?® Sim-
ilarly, the PK of a drug in patient populations with
impaired drug clearance can be explored with PBPK
modeling by simulating renal or hepatic impairment
in the physiologic input parameters.”’ The details of
PBPK modeling methodology have been described
previously.’**? Despite the increasing acknowledgment
of PBPK modeling, the large number of required input
parameters is a known limitation of this modeling
technique. PBPK model input parameters can be phys-
iologic in nature (eg, organ volumes, blood flow rates),
compound specific (eg, lipophilicity, solubility), or a
mixture of both (eg, organ:plasma partition coefficients
that are derived using physicochemical and physiologic
information).”> Therefore, the impact of unknown or
uncertain parameters and the corresponding inferences
made regarding the simulated PK of a drug need to
be carefully assessed, for example with a sensitivity
analysis.> A parameter sensitivity analysis performed
with the rivaroxaban PBPK model revealed that the
model parameters with the highest sensitivities, with
respect to AUC and C,,,x are physiologic parameters
that affect either the absorption or elimination of
rivaroxaban. Cp,y is also affected by the physiologic
parameters of the main distribution organs (fat and
muscle). A high sensitivity in combination with an
uncertain model parameter is associated with a high
uncertainty of the model output.

The clinical development of rivaroxaban has been
supported by PBPK modeling. This type of modeling
is a mathematical tool widely used in pharmaceutical
research and development and academia.’**> PBPK
modeling was originally established in environmen-
tal toxicology and risk assessment.*®3” Over the past
decades, PBPK modeling has gained importance in
making informed decisions during drug development
and in the regulatory decision-making process.’® The
European Medicines Agency and US Food and Drug
Administration have both issued guidelines on the
content, conduct, and reporting of PBPK modeling
analyses’®>* that reflect the ongoing discussion on a
scientific framework for PBPK.*'"** PBPK modeling
has been acknowledged in regulatory guidelines on
hepatic impairment,®> pediatrics,*® and DDI*** to
inform clinical study design. Indeed, the number of
regulatory submissions using PBPK modeling has risen
constantly over the past years, and a number of drug
labels have been informed by PBPK-based simulations
(reviewed by Jamei*?).

In this study, a PBPK model was used to predict the
effects of renal impairment, hepatic impairment, and
DDIs on the PK of rivaroxaban. The simulated effect
of renal or hepatic impairment was generally consistent
with previously reported clinical data.'''> However,
the simulation predicted a slightly smaller increase in

the AUC and C,,,x for rivaroxaban compared with
clinical data in patients with any renal or moderate
hepatic impairment. A previous study also reported
smaller predicted increases in rivaroxaban exposure in
patients with renal or hepatic impairment compared
with observed data.*’

The concomitant use of rivaroxaban and drugs that
are strong inhibitors of both CYP3A4 and P-gp is
not recommended because these DDIs could substan-
tially increase the plasma concentration of rivaroxaban
and therefore the risk of bleeding. The combination
of rivaroxaban with drugs that moderately inhibit
CYP3A4 and/or P-gp, or strongly inhibit only one of
the elimination pathways, is expected to cause a smaller
increase in the plasma concentration of rivaroxaban
that can be significant in high-risk patients.'* The
PBPK model predicted increases in the AUC and Cyax
of rivaroxaban when administered with CYP3A4 or
P-gp inhibitors, which increased with the strength of
inhibitors. This was consistent with the relationship
observed in the clinical data, although the simulated
increase in C,x was mostly underestimated (up to
—45.7%). The increase in AUC and C,,,x was larger with
strong vs weak inhibitors of CYP3A4 or P-gp in the
simulations, as well as in clinical observations.

A potential reason for the tendency to underestimate
the effects of comedications on AUC and C,,,y 1s the
reliability of the fractional clearance contributions of
rivaroxaban as implemented in the PBPK model. The
main source of information for parameterizing the
hepatic and renal contributions is the rivaroxaban mass
balance study that reported the radioactive profiles
in plasma and excreta of 4 healthy subjects who
had received a single oral dose of ['*C]rivaroxaban.
The total recovery of radioactivity in humans was
93.7%.° The nonrenal clearance contribution was
further subdivided into metabolization by CYP3A4,
CYP2J2, and CYP-independent mechanisms based on
in vitro information.'® Taken together, the clearance
parameterization in the rivaroxaban PBPK model
might not 100% accurately reflect the human in vivo
situation. The parameter sensitivity analysis showed
that, in general, parameters that are related to rivarox-
aban elimination are among the most sensitive model
parameters affecting AUC and C,,x predictions. As
most sensitive clearance-related parameters, however,
the volumes of the liver and kidney and their fractional
contributions of cells, vascular, and interstitial space,
as well as the kidney blood flow, were identified and
not the fractional contributions of hepatic or renal
processes to the total rivaroxaban clearance. The
American and Canadian labels do not recommend
a dose reduction or include a contraindication or
warning against the use of the antiarrhythmic agents
amiodarone or dronedarone with rivaroxaban in
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patients with AF,' although the European label and
practical guides recommend avoiding the concomitant
use of dronedarone and rivaroxaban due to a lack
of clinical data.>*" Based on the PBPK model, the
predicted increase in AUC with the simultaneous use of
rivaroxaban and the weak (amiodarone) and moderate
(dronedarone) CYP3A4 and P-gp inhibitors was low
and therefore should be unlikely to increase the risk of
bleeding in patients receiving rivaroxaban. The findings
of our study are also consistent with a subanalysis of
the ROCKET AF trial (Rivaroxaban Once Daily Oral
Direct Factor Xa Inhibition Compared With Vitamin
K Antagonism for Prevention of Stroke and Embolism
Trial in Atrial Fibrillation), which demonstrated no
increase in the risk of bleeding, mortality, or embolic
events in patients with AF receiving concomitant
treatment with rivaroxaban and amiodarone or other
antiarrhythmic agents.”!

The results of our PBPK modeling analyses are
generally consistent with previous studies, including an
analysis on DDI between rivaroxaban and amiodarone
or dronedarone based on in vitro inhibition assays
and static modeling,'® and a PBPK modeling analysis
assessing the effect of DDIs between rivaroxaban and
ketoconazole, ritonavir, and clarithromycin.** PBPK
modeling and clinical studies have also shown that
the potential impact of DDI on rivaroxaban exposure
may be of particular concern in patients with renal or
hepatic impairment and should be considered in clinical
practice.*>>>* The findings of our study provide the
data required to address important clinical questions
about the optimal management of patients with AF
who are receiving rivaroxaban.

Conclusion

Although PBPK models have some limitations, they
can be useful for estimating the effects of impaired
drug clearance or DDIs on the PK, as in the case of
rivaroxaban. Factors in addition to those considered in
the PBPK model may also affect the PK of rivaroxaban.
If these factors could be identified, the PBPK model
could be refined to approximate the real-world PK of
rivaroxaban more accurately. Furthermore, the model
predictions are consistent with the label recommenda-
tions for dose reductions in patients with renal impair-
ment and contraindication in patients with Child-Pugh
B and C, and these predictions support the decision
not to include a contraindication or warning for the
concomitant use of rivaroxaban with dronedarone or
amiodarone in patients with AF.
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