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ABSTRACT: Background: Rivaroxaban is an oral Factor Xa inhibitor. The primary objective of this com-
munication was to quantitatively predict changes in rivaroxaban exposure when individuals with varying
degrees of renal impairment are co-administered with another drug that is both a P-gp and a moderate
CYP3A4 inhibitor. Methods: A physiologically based pharmacokinetic (PBPK) model was developed to
simulate rivaroxaban pharmacokinetics in young (20–45years) or older (55–65years) subjects with normal
renal function, mild, moderate and severe renal impairment, with or without concomitant use of the com-
bined P-gp andmoderate CYP3A4 inhibitor, erythromycin. Results: The simulations indicate that combined
factors (i.e., renal impairment and the use of erythromycin) have a greater impact on rivaroxaban exposure
than expected when the impact of these factors are considered individually. Compared with normal young
subjects taking rivaroxaban, concurrentmild,moderate or severe renal impairment plus erythromycin resulted
in 1.9-, 2.4- or 2.6-fold increase in exposure, respectively in young subjects; and 2.5-, 2.9- or 3.0-fold increase in
exposure in older subjects. Conclusions: These simulations suggest that a drug–drug–disease interaction is pos-
sible, whichmay significantly increase rivaroxaban exposure and increase bleeding risk. These simulations ren-
der more mechanistic insights as to the possible outcomes and allow one to reach a decision to add cautionary
language to the approved product labeling for rivaroxaban. Copyright © 2012 JohnWiley & Sons, Ltd.
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eversible inhibition constant;KI, inhibitor concentration causinghalf
aximal inactivation for time-dependent inhibition; kinact, maximal
activation rate constant; KPh, liver/plasma tissue partitioning
atio; KPk, kidney/plasma tissue partitioning ratio; Qha, Qhv, and
pv, hepatic blood flows of hepatic artery, hepatic vein, and portal
ein; Vh, Vgut, and Vpv, volume of the liver, gut lumen and portal
ein, and Vpv uses plasma as reference; Vss, total plasma volume
f distribution at steady state
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Introduction

Rivaroxaban (XareltoW, Janssen Pharmaceuticals, Inc.,
Titusville, NJ) [1] is an orally administered inhibitor of
Factor Xa of the coagulation cascade. It was initially
approved in 2011 by the United States (US) Food
and Drug Administration (FDA) for the prophylaxis
of deep vein thrombosis (DVT), which may lead to
pulmonary embolism (PE) in patients undergoing
knee or hip replacement surgery [2]. Rivaroxaban
was also approved by the European Medicines
Agency (EMA) in 2008 for a similar indication [3,4].
Rivaroxaban exhibits complete oral bioavailabil-

ity (F) for the US approved 10mg tablet form, and
has a low oral clearance (CL/F) (approximately
10 l/h) and an modest volume of distribution
(< 1 l/kg) [1,5]. Liver metabolism and kidney excre-
tion account for approximately 60% and 40% of the
elimination of rivaroxaban, respectively [1,5–8]. In
the liver, cytochrome P450 enzymes (CYPs) CYP3A,
CYP2J2, and hydrolytic enzymes each contribute ap-
proximately one-third of the hepatic metabolism of
rivaroxaban [1,5–8]. Approximately 12% of the
metabolites have not been identified. In addition,
passive glomerular filtration and active secretion
mediated by transporters (likely P-glycoprotein,
P-gp and/or breast cancer resistance protein, [1,5,9])
Figure 1. Summary of EMA review of fold changes in exposure (A
with no inhibition, (b) various degrees of renal impairment comp
(Child-Pugh A and B for mild and moderate hepatic impairment, C

Copyright © 2012 John Wiley & Sons, Ltd.
contribute to rivaroxaban renal clearance (CLR) at a
ratio of 1:5 [1,5]. The clearance of rivaroxaban
appears to decrease in the elderly [1,5,10].

Increasing rivaroxaban exposure is associated
with a steep increase in the risk of major bleeding
which makes identification of patient factors,
intrinsic and/or extrinsic, that affect exposure to
be of great importance [1,4,5]. Figure 1 sum-
marizes the clinically evaluated intrinsic or extrin-
sic factors that are associated with rivaroxaban
exposure change. The US approved product label-
ing (PI) for rivaroxaban states its use should be
avoided in the presence of (i) any hepatic disease
with coagulopathy and clinically relevant bleed-
ing risk, (ii) moderate hepatic impairment (Child
Pugh B), (iii) severe hepatic impairment (Child
Pugh C), (iv) severe renal impairment (creatinine
clearance (CLcr) approximately 15–29ml/min),
and (v) co-administration with a combined P-gp
and strong CYP3A4 inhibitor (e.g. ketoconazole)
unless clinical data suggest a change in exposure
is unlikely to affect the bleeding risk [2]. The
increased exposure of rivaroxaban in subjects with
mild to moderate renal impairment (CLcr
30–80ml/min) or with a moderate CYP3A/P-gp
inhibitor (e.g. erythromycin) did not warrant
avoidance or dose modification [2]. However,
since rivaroxaban is eliminated both by hepatic
metabolism and renal excretion, the issue of
complex drug–drug interactions (DDI) involving
both of these pathways became a concern of the
FDA and the EMA [2,3]. Specifically, patients with
any degree of renal impairment with concurrent
use of P-gp and weak to moderate CYP3A4
UC) in the presence of (a) CYP3A4/P-gp inhibition compared
ared with normal renal function and (c) hepatic impairment
P-A and CP-B) compared with normal hepatic function
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101PREDICTING COMPLEX, DRUG–DRUG–RENAL IMPAIRMENT INTERACTIONS USING PBPK
inhibitors may have significant increases in expo-
sure which may increase the bleeding risk [2,3].
The primary objective of this study was to quanti-

tatively evaluate changes in rivaroxaban exposure in
individuals when erythromycin is co-administered
in subjects with varying degrees of renal impair-
ment using a physiologically based pharmacokinetic
(PBPK) modeling and simulation approach.

Materials and Methods

General PBPK model building

The PBPK models of rivaroxaban and erythromycin
were developed and used to simulate the pharmaco-
kinetic (PK) profile for rivaroxabanwith andwithout
erythromycin in humans. A semi-PBPK model was
chosen for rivaroxaban because its humanpharmaco-
kinetic profile exhibits an apparent one compartmen-
tal distribution behavior [11]. In contrast to a ‘full’
PBPK model in which organs and tissues are sepa-
rately represented, a ‘semi’ PBPK model combines
tissues having similar drug partitioning and distri-
bution equilibrium with the plasma compartment
Figure 2. PBPK models of rivaroxaban and enzyme/transporter i
Abbreviations are described in Tables 1 and 2. Subscript “inh” den
indicate drug transfer between compartments, either via blood flow
irreversible loss by clearances (CLR and CLH). Dashed lines link the
partments as the operating concentrations for the inhibition effects t
distribution of the plasma compartment is described as the differe
state (Vss) and the apparent volume of distribution of the liver (re
and the liver:plasma partitioning ratio). ► indicates elimination pr

Copyright © 2012 John Wiley & Sons, Ltd.
[12]. These semi-PBPK models have been utilized to
study the dynamics or time-based characteristics of
drug–drug interactions [13–15]. A semi-PBPK model
was also constructed for erythromycin.

The PBPK model for each compound was
composed of a physiological (system-dependent)
component and a drug-dependent component
[16,17]. Most drug data available in the literature
are based on plasma determinations. Hence, our
efforts are centered on the utilization of published in-
formation from plasma to relate to blood flow, after
conversion of the plasma concentration and para-
meters (the apparent plasma volume of distribution
at steady state Vss, and systemic clearances, CL) to
blood concentrations and parameters based on the
blood to plasma concentration ratio, BP. The physio-
logical component includes the gut compartment, a
hypothetical portal vein compartment, the liver and
an apparent plasma compartment (Figure 2). In the
apparent plasma compartment, drug is assumed to
homogenously distribute in all tissues other than
the liver and intestines, and it can be eliminated by
non-hepatic pathways such as the kidneys. The
nhibitor. The inhibitor is either ketoconaozle or erythromycin.
otes inhibitor for the drug-dependent parameters. Solid arrows
s (e.g. Qpv, in l/h) or first order transfer (e.g. Ka, in h-1), and the
inhibitor concentration in the liver and apparent plasma com-

oward CLH and CLR of rivaroxaban, respectively. The volume of
nce between the total plasma volume of distribution at steady
ferenced to plasma, where Vh and KPh represent liver volume
ocesses that can be affected by renal impairment

Biopharm. Drug Dispos. 33: 99–110 (2012)
DOI: 10.1002/bdd



102 J. A. GRILLO ET AL.
drug-dependent component includes parameters
necessary to describe the absorption, distribution,
metabolism and excretion (ADME) of the drugs. In
both rivaroxaban and erythromycinmodels, the drug
molecule dosed in the gut compartment is absorbed
into a hypothetical portal vein compartment of
volume Vpv. The drug enters the liver compartment
by blood flow of the portal vein (Qpv). In the liver,
the drug is eliminated by drug metabolizing
enzymes or is delivered from the liver compartment
to an apparent plasma compartment by blood flow
of the hepatic vein (Qhv). Finally, the drug is trans-
ferred from the apparent plasma compartment to
the liver via blood flows of the hepatic artery (Qha)
and portal vein. That is, Qhv=Qpv+Qha. The dy-
namics of drug–drug interaction is accomplished
by linking the concentration of erythromycin, a
combined P-gp and moderate CYP3A4 inhibitor,
via appropriate interaction mechanisms within the
compartment of interest (see below).
Portal vein blood compartment Vpv
dCpv

dt
¼ fAKaVgutCgut þQpvCpBP�QpvCpvBP (2)

Liver compartment Vh
dCh

dt
¼ QpvCpvBPþQhaCpBP�QhvBPðCh=KPhÞ � CL int;HCh;u (3)

Apparent plasma compartment ðVss � VhKPhÞ
dCp

dt
¼ QhvðCh=KPhÞ � ðQpv þQhaÞCp

� �
BP� ½fpGFRþ CL’

sec;K�Cp

(4)

Gut compartment Vgut
dCgut

dt
¼ �KaVgutCgut (1)

where KPh is the liver to plasma partitioning
ratio. The hepatic intrinsic clearance CL′int,H is
derived from the equation below according to
the well-stirred model with hepatic, plasma
clearance (CLH) and upon conversion of CLH
to the hepatic blood clearance, or CLH/BP, for
Rivaroxaban PBPK model

The PBPK model was customized to incorporate
drug-dependent parameters estimated from hu-
man plasma pharmacokinetic studies [11], includ-
ing the first order absorption rate constant (Ka)
describing drug transfer from the gut compartment
to the portal vein compartment, Vss, and CL
Copyright © 2012 John Wiley & Sons, Ltd.
comprising hepatic and renal contributions (CLH
and CLR) as outlined in Table 1. Geometric mean
plasma rivaroxaban concentration versus time data
from the literature [11]were digitized (GetData soft-
ware, Version 2.24, Digital River Inc., Cologne, Ger-
many). The data were fitted to a one-compartment
model to estimate Ka using WinNonlin software
(V5.2, Pharsight Corp, Cary, North Carolina,
USA). The product of the fraction absorbed (fA)
and bioavailability across the gut wall (fG) was
assumed to be 1, based on the high oral bioavail-
ability of nearly 100% for rivaroxaban [1,4].
Although rivaroxaban is tested to be a P-gp sub-
strate in vitro, the impact of P-gp on oral absorption
of rivaroxaban is considered insignificant because
of its complete oral bioavailability. The mass
balance rate equations for rivaroxaban in each of
the following compartments are expressed by
Equations (1–4).
Biopharm. Drug Dispos. 33: 99–110 (2012)
DOI: 10.1002/bdd



Table 1. Physiological and drug-dependent parameters of the PBPK model for the study of rivaroxaban pharmacokinetics

Parameter Value (unit) Reference

Physiological
Qhv 98 (l/h) [15]
Qha 24 (l/h) [15]
Qpv 74 (l/h) [15]
Vpv 0.07 (l) [15]
Vh 1.87 (l) [24] See Materials and Method
Age range Younger: 20–45 (years) [24] See Materials and Method

Older: 55–65 (years)
Weight Younger: 78.8 (kg) [24] See Materials and Method

Older: 78.0 (kg)
GFR Younger: 7.63 (l/h) [24] See Materials and Method

Older: 5.74 (l/h)
Rivaroxaban
Ka 0.75 (1/h) Estimated using compartmental analysis of phase I data
fA*fG 1 Assumed
Plasma Vss Young: 48.9 (l) [4,9]

Elderly: 48.4 (l)
fp 0.065 [4,9]
BP 0.71 [4,9]
KPh 0.588 Calculated based on physico-chemical properties using SimCYP
CLR,P Young: 4.7 (l/h) [4,6,9]

Elderly: 2.6 (l/h)
CLH Younger: 6.0 (l/h) [4,6,9]

Older: 5.9 (l/h)
fm,CYP3A of CLint,H 0.37 [4,9]
fm,CYP2J2 of CLint,H 0.29 [4,9]
fm,other of CLint,H 0.34 [4,9]

Qhv, blood flow in hepatic vein; Qha, blood flow in hepatic artery; Qpv, blood flow in portal vein; Vpv, plasma volume of portal vein; Vh, volume of
liver; GFR, glomerular filtration rate; Ka, absorption rate constant; fA, fraction absorbed; fG, fraction bioavailability across gut wall; Vss, plasma volume
of distribution at steady state; CLfiltration, filtration clearance; BP, blood/plasma concentration ratio; KPh, liver/plasma tissue partition coefficient; CLR,
plasma renal clearance; CLH, plasma hepatic clearance; fm, fractional metabolism in liver.

highly permeable drugs (no transport barrier)
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CL’int;H ¼ fbCL int;H ¼ ðCLH=BPÞQhv

Qhv � ðCLH=BPÞ (5)

where fb is the unbound fraction in the blood (or
fp/BP, Table 1), and CLint,H or the metabolic intrin-
sic clearance in the liver operates on the unbound
concentration in liver Ch,u to provide the rate of
metabolism. Values of the fractional metabolism
(fm) for CYP3A, CYP2J2, and non-CYP pathways
are further found from published literature on
rivaroxaban (Table 1). For the apparent plasma
compartment, the apparent volume of distribu-
tion equals whole body blood volume of distribu-
tion (Vss/BP) minus the apparent volume of
distribution of rivaroxaban in the liver (reference
to blood, Vh*KPh/BP). Drug elimination by the
kidney is assigned to the apparent plasma
compartment. Plasma renal clearance (CLR)

[18].
Copyright © 2012 John Wiley & Sons, Ltd.
comprises filtration (CLfiltration, calculated as fp
multiplied by glomerular filtration rate, GFR)
and net active secretion (CL′sec,k), assumed to be
based on plasma drug concentration.

CLR ¼ fpGFRþ CL’
sec;K (6)

Since transporter mediated active transport in
the kidney can result in both secretion and re-
absorption, the net active secretion is calculated
as the difference between absolute secretion and
absolute reabsorption.

PBPK model for erythromycin and coupling of
drug models via CYP3A4/P-gp inhibition

The effects of CYP3A4/P-gp inhibition on renal
clearance and hepatic clearance of rivaroxaban
were incorporated into the PBPK model. The
structure of the inhibition model design and
relevant equations have been presented elsewhere
Biopharm. Drug Dispos. 33: 99–110 (2012)
DOI: 10.1002/bdd



Table 2. Drug-dependent parameters of erythromycin used in
the PBPK models

Parameter Value (unit) Reference

Erythromycin
Ka,Inh 0.26 (1/h) SimCYP Librarya

fA,Inh *fG,Inh 1 Assumed
Vss,Inh Young: 100.1 (l) SimCYP Librarya

Elderly: 99.1 (l)
fp,Inh 0.31 SimCYP Librarya

BP,Inh 0.854 SimCYP Librarya

Hepatic uptake 1 SimCYP Librarya

KPh, Inh 2.71 SimCYP Librarya

KPk Inhplasma 2.23 SimCYP Librarya

CLInh /F 63.6 (l/h) SimCYP Librarya

CLR,P,Inh 3.13 (l/h) SimCYP Librarya

Kdeg,CYP3A4 0.03 (h-1) [36]
kinact (CYP3A4) 1.02 (h-1) [37]
KI 1.48 (mM) [37]
Ki (CYP2J2) 2 (mM) Assumed, [35]
Ki (CL′sec,K) 11 (mM) [19]

Ka, absorption rate constant; fA, fraction absorbed; fG, fraction bioavail-
ability across gut wall; Vss, total plasma volume of distribution at
steady state; CLfiltration, filtration clearance; BP, blood/plasma concen-
tration ratio; KPh, liver/plasma tissue partitioning ratio; KPk, kidney/
plasma tissue partitioning ratio; CLp/F, apparent plasma clearance;
CLR,inh, renal clearance of inhibitor; Ki, reversible inhibition constant;
Kdeg, 1st order degradation rate constant; kinact, maximal inactivation
rate constant; KI, inhibitor concentration causing 50% maximal inactiva-
tion for time-dependent inhibition.
aReferences for SimCYP compound profile ‘sim-erytromycin’ were: fp:
Dette et al., 1982; [38]; Vss and CL data: Austin et al., 1980; Barre et al.,
1982, Josefsson, 1982 [39–41].
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[15]. Unless otherwise stated, drug-dependent
parameters for erythromycin were extracted from
the compound library of the PBPK modeling and
simulation software SimCYPW (SimCYP Ltd,
Sheffield, UK) (Table 2).
The PBPK models of rivaroxaban and erythro-

mycin are linked such that the effect of the inhibitor
on the elimination of rivaroxaban in the liver and
the kidney can be simulated in a dynamic fashion
(see Figure 2). The inhibition of rivaroxaban elimi-
nation pathways via CYP2J2 and renal secretion
by efflux transporters was assumed reversible,
whereas the inhibition of CYP3A4 was assumed to
be time-dependent. The effect of erythromycin on
CL’int,H of rivaroxaban is described in Equation (7).
CL’
int;HðþErythromycinÞ

CL’
int;H

¼ fm;CYP3A

ðKdeg;CYP3A þ Kobs;CYP3A

Copyright © 2012 John Wiley & Sons, Ltd.
For Equation (7), fm,CYP3A + fm,CYP2J2 + fm,non-

CYP= 1; [I] is operating inhibitor concentration
(see below), and Ki is the reversible inhibition con-
stant, Kdeg,CYP3A is the apparent first order degra-
dation rate constant of CYP3A, and Kobs is the
apparent inactivation rate constant in the presence
of erythromycin according to Equation (8).

Kobs ¼ kinact½I�
KI þ ½I� (8)

In Equation (8), kinact and KI are maximal inacti-
vation rate constant and inhibitor concentration
causing 50% maximal inactivation for time-depen-
dent inhibition of CYP3A, respectively (see Table 3).

As stated earlier, the inhibition effect of erythro-
mycin on CL′sec,K assumes competitive inhibition.
For erythromycin, a Ki value of 11 mM was derived
from an in vitro study using digoxin as a substrate
(IC50 = 22.7 mM) in Caco-2 cells [19].

Time-based unbound tissue concentrations ([I]u,
tissue) were used as the operating inhibitor concen-
trations of erythromycin. Simulations were fur-
ther conducted to evaluate rivaroxaban
pharmacokinetics in subjects with varying
degrees of renal impairment (RI).

Effect of RI on the rivaroxaban PBPK model

Both CLR and CLH of rivaroxaban were found to be
decreased in subjects with varying degrees of renal
impairment [20]. The value of CLR reported for sub-
jects with normal renal function (control group) was
2.4 l/h [20] , a value that is lower than that reported
in phase I pharmacokinetic studies (4.7 l/h, Table 1).
The renal filtration (CLfiltration =mean creatinine
clearance multiplied by fp), renal secretion (CL′sec,k =
geometric mean CLR�mean CLfiltration) and the
plasma hepatic (median CLH) clearances of each
renal impairment group were normalized to the
corresponding value of the control group (Supple-
mental Table 2). These fractional changes were then
incorporated into the rivaroxabanmodel to simulate
Þ=Kdeg;CYP3A
þ fm;CYP2J2

1þ ½I�=Ki;CYP2J2
þ fm;non�CYP (7)

Biopharm. Drug Dispos. 33: 99–110 (2012)
DOI: 10.1002/bdd



Table 3. Change in rivaroxaban exposure relative to combined CYP3A4/P-gp inhibition and renal impairment. Note the simulated
AUC ratio between the elderly and the young subjects is 1.3

Scenario AUCR of Rivaroxaban

Observed 55(mean age 52 years) CLcr (ml/min)
50–80 30–49 15–29

- Erythromycin 1.0 1.4 1.5 1.6
+ Erythromycin 1.3

Renal impairment
Simulated Control Mild Moderate Severe
Scenario 1a Younger population (20–45 years)
- Erythromycin 1.0 1.6 1.9 2.1
+ Erythromycin 1.2 1.9 2.4 2.6
Scenario 2b Older population (55–65 years)
- Erythromycin 1.0 1.5 1.7 1.8
+ Erythromycin 1.2 1.9 2.2 2.3
Scenario 3c Older population (55–65 years)
- Erythromycin 1.3 2.0 2.2 2.3
+ Erythromycin 1.6 2.5 2.9 3.0

aCompared with younger control population not taking erythromycin.
bCompared with older control population not taking erythromycin.
cCompared with younger control population not taking erythromycin.
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the effect of varying degrees of renal impairment –
mild, moderate and severe, on rivaroxaban pharma-
cokinetics. In addition, it was assumed that RI has
no effect on drug disposition of erythromycin. The
validity of this assumption is unknown.
Creation of virtual populations to assess the effect
of age on rivaroxaban exposure

Cross-study comparisons show that old patients
appeared to have a lower clearance of rivaroxaban.
Table 1 in Supplemental Material shows that the
geometric mean values of CL/F were in the range
8–8.5 l/h for 51 years and older subjects [6,21]. Over
a similar dose range (10–30mg), CL/F values were
9.8–17.4 l/h for those younger than 45years
[5,11,22,23]. Therefore, the effect of age on rivaroxa-
ban exposure was considered in the PBPK model.
This was accomplished by incorporating age related
changes into the PBPK model. First, two virtual
populations, younger subjects (20–45years) and
older subjects (55–65years), were created using Sim-
CYPW software (Version 10.0). The ‘Healthy volun-
teer population’ of the software has an age range
of 18–65years. Using the ‘Trial Design’ function in
SimCYPW, one can define the specific age range,
numbers of subjects and proportion of females for
a study population. Because a pre-defined demo-
graphic database (including central tendency and
Copyright © 2012 John Wiley & Sons, Ltd.
variability of known system-dependent parameters)
has been compiled from the literature [24], demo-
graphic information of each study subject can be
generated according to the Monte-Carlo approach.
For each age group, 100 subjects were used. The
GFR values were calculated based on the Cockcroft
and Gault method [25]. The geometric means of
body weight and GFR were calculated for each age
group. These values were used to adjust the differ-
ences in CLR according to Equation (6) and Vss,
respectively. Second, the values of CLH, CLR and
CL′sec,K were adjusted for the older group. This
was accomplished by calculating the differences in
mean total CL and CLR between the young healthy
volunteers and those reported in the study in the
older age group, assuming the rivaroxaban PK is
the same between the virtual older group of this
simulation and the subjects studied clinically.
System- and drug-dependent parameters other than
those specified above were assumed unchanged
between the two age groups. Finally, these clearance
terms were incorporated into the PBPK model to
simulate the rivoxaban PK in these two age groups.
For erythromycin, only Vss was adjusted based on
body weight differences between the two age
groups. Other parameters remain unchanged
between the two groups.

The main purpose of creating virtual popula-
tions was to generate system parameters for two
Biopharm. Drug Dispos. 33: 99–110 (2012)
DOI: 10.1002/bdd



106 J. A. GRILLO ET AL.
distinct age groups (young and older) according
to a pre-defined demographic database that
has been compiled by SimCYPW. Note a relatively
narrow age range for the older group
(55–65 years) was used in this study, which was
limited by the maximum age in the ‘Healthy Vol-
unteer Population’ in SimCYPW (65 years). Also,
simulations comparing these two age groups (see
below) assumed that system-dependent para-
meters such as blood flows, tissue compositions,
and enzyme abundance remained unchanged.
Whereas SimCYPW output indicated that sys-
tem-dependent parameters are different by >10%
between the young and the older groups (data
not shown). Therefore, the assumption that the
disposition processes for both rivaroxaban and
erythromycin remain unchanged with age may
not be valid.
Simulation scenarios and data analyses

The PBPK models used in this study were
constructed using SAAMII software (SAAM Insti-
tute, University of Washington, Seattle, WA, USA).
The models were used to simulate rivaroxaban PK
according to the following sequence: (1) in healthy
subjects in the absence of an inhibitor [11]; (2) in
healthy subjects in the presence of CYP3A4/P-gp
inhibition by erythromycin [2–4,9] (3) in subjects
with varying degrees of renal impairment [21],
and (4) in subjects with varying degrees of renal im-
pairment taking erythromycin. For scenario (3) and
(4), simulations were conducted in both young and
older virtual subjects. The simulation study designs
(i.e. dose administration sequence and timing) were
similar to those reported from the actual clinical
studies. Erythromycin 500mg was dosed three
times daily for 4days (total of 12 doses) in healthy
subjects and in subjects with RI set as 25%, 50%,
75% and 90% of the baseline GFR. On day 4, a
single oral dose of rivaroxaban was co-administered
with the 10th dose of erythromycin.
Using the PBPK model developed for rivaroxa-

ban, the simulated pharmacokinetic profile was
compared with observed data from healthy
subjects taking a 10mg oral dose. The simulated
profile reasonably describes the observed data
reported by Kubitza and colleagues based on a
visual analysis (Supplemental Figure 1). Because
the PBPK model directly used systemic clearance
Copyright © 2012 John Wiley & Sons, Ltd.
from the in vivo study, the plot was only intended
to show that the model, which incorporates more
detailed drug elimination mechanisms by the liver
and the kidney, is able to describe the rivaroxaban
PK profile in humans.

The SAAMII simulated PK profiles were
analysed by noncompartmental analysis using
WinNonlin (V5.2, Pharsight Corp., Mountain
View, CA, USA) to estimate the values of area un-
der the concentration–time curve (AUC) for each
of the four scenarios tested. The AUC ratios
(AUCR) were calculated for scenarios 2–4 accord-
ing to the equation below:

AUCR ¼ AUCi

AUC0

AUCi is the AUC under the condition of interfer-
ence of drug disposition by intrinsic and/or ex-
trinsic patient factors, and AUC0 is the AUC of
healthy subjects taking rivaroxaban only. For sce-
narios (3) and (4), AUCR values were calculated
using the AUC0 within each age group (i.e. young
or older).
Results

Simulation of rivaroxaban pharmacokinetics in
the presence of erythromycin

The PBPK model developed for erythromycin
utilized time-dependent CYP3A4 inhibition and
reversible CYP2J2 and P-gp inhibition to estimate
a rivaroxaban AUCR of 1.20, whereas the
observed AUCR was 1.34 (Table 3, subjects with
normal renal function) [2–4,9].

Simulation of rivaroxaban pharmacokinetics in sub-
jects with varying degrees of renal impairment (RI)

The estimated AUCR values within the young
subjects appear to slightly over-predict the effect
of renal impairment (1.6, 1.9, 2.1 compared with
1.4, 1.5, 1.6 for mild, moderate and severe RI, re-
spectively, Table 3). The estimated AUCR values
for older subjects (1.5, 1.7, and 1.8) according to
the PBPK model are closer to the reported expo-
sure changes of rivaroxaban in the published RI
study. This is likely because the mean age of the
Biopharm. Drug Dispos. 33: 99–110 (2012)
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subjects enrolled in the study was approximately
52 years [21].

Simulation of rivaroxaban pharmacokinetics in
subjects with varying degrees of renal impairment
and CYP3A4/P-gp inhibition

The simulated AUCR values of rivaroxaban in
subjects with normal renal function and in sub-
jects with varying degrees of renal impairments
with and without co-administration with erythro-
mycin are shown for each age group in Table 3
(Scenarios (1) and (2)). With any degree of renal
impairment, the estimated AUCR following the
concurrent use of erythromycin in both young
and older subjects was greater than the effect by
each individual factor alone.
It is important to note that the simulated expo-

sures of Scenarios (1) and (2) (Table 3) are relative
to the normal renal function subjects without
co-medication within the particular age group. In
fact, exposure simulations for the older subjects
(Table 3 Scenario (3)) were approximately 30%
higher than those for the younger group suggest-
ing the elderly population may be at even greater
risk if this complex DDI scenario exists.
Discussion

A complex DDI scenario exists when several
different factors (e.g. renal impairment, hepatic
impairment, metabolic enzyme inhibition, etc.)
are considered, each alone does not cause a clini-
cally relevant change in drug exposure, but they
can result in a clinically relevant change when
combined [26]. A key concern with this scenario
is that, under certain conditions, this complex
DDI can be synergistic leading to increases in
drug exposure greater than the effect of either
factor alone. The multifaceted nature of the
complex DDI makes accurate quantification of
the effect on exposure challenging and dedicated
clinical studies are often not included in a drug
application for approval. The absence of quantita-
tive information creates a regulatory and clinical
dilemma since it is almost impossible to optimize
the dose in response to these scenarios and
regulators are left with restriction through cau-
tionary language.
Copyright © 2012 John Wiley & Sons, Ltd.
It would be ideal if complex DDIs could be iden-
tified early in drug development so that clinical
studies could be planned or prioritized to assess
the risk. Unfortunately, in most cases, only in vitro
and limited clinical data are available early in
development. This makes such an assessment of
complex DDI a challenge using traditional pharma-
cokineticmodeling. The PBPK approach has experi-
enced a resurgence recently due to the development
of highly sophisticated, population-based PBPK
modeling and simulation tools [27,28], which may
be valuable to addressing complex DDI issues. This
approach is grounded in basic human physiology
and chemistry and recent achievements allow for
scaling of early in vitro and animal data to create a
platform for simulations in humans [28]. The PBPK
approach simultaneously incorporates multiple un-
derlying physiology changes, which is not readily
explicit using a classical compartmental pharmaco-
kinetic approach.

Simulations from this study suggest that poten-
tially clinically relevant drug–drug–RI interactions
may exist when a combined P-gp and moderate
CYP3A4 inhibitor is used concurrently with
rivaroxaban in a subject with mild to moderate
renal impairment. The model estimates for
rivaroxaban exposure changes (i.e., 2–3 fold
increases) in varying degrees of RI with concurrent
erythromycin use are similar to the degree seen
with strong CYP3A4/P-gp inhibitors such as keto-
conazole and ritonavir in subjects with normal re-
nal functions (Figure 1). Therefore, these AUCR
values are consistent with those deemed ‘significant
increases in rivaroxaban exposure [that] may in-
crease bleeding risk’ reported in the approved
product labeling for rivaroxaban [2]. This is not ob-
vious when considering individual results regard-
ing concurrent combined P-gp and moderate
inhibitor use with rivaroxaban or the use of rivarox-
aban in subjects with mild to moderate renal im-
pairment. This becomes more disconcerting when
one considers the steep exposure safety curve for
rivaroxaban [2], the incidence of mild to moderate
renal impairment in the elderly (see next para-
graph), and the drugs that could be used concur-
rently in this population (e.g. amiodarone,
verapamil, diltiazem) also fit into the moderate
CYP3A4/P-gp inhibitor category.

These results also illustrate the importance of
understanding the effect of patient factors on drug
Biopharm. Drug Dispos. 33: 99–110 (2012)
DOI: 10.1002/bdd



108 J. A. GRILLO ET AL.
exposure in the population commonly studied in
drug development. The renal clearance of rivarox-
aban was lower (55%) and the relative exposure
was higher (40–50%) in the elderly population
(60–76 years), as compared to a younger popula-
tion (19–45 years). The average age of patients
participating in the phase 3 studies for rivarox-
aban was 64 years, but the drug interaction
studies were completed in younger healthy
volunteers [4–6,9,11,21]. Often, translation of
knowledge gained from clinical pharmacoki-
netic studies in healthy young subjects to target
populations that may differ significantly in age
is not straightforward. If significantly reduced
drug clearance already exists between the
elderly and young groups, the effect of complex
DDI in the elderly group may be more substantial.
During model development it appeared necessary
to consider the effect of age when evaluating
changes in bothCLH andCLR of rivaroxaban in sub-
jects with renal impairment (Table 3).
Further clinical studies would be needed to con-

firm these simulations before they can be used to op-
timize dosing. However, these results did support
the cautionary language regarding the potential for
complex DDI in the US product information for riv-
aroxaban [2]. In addition, these simulations also
played a role in FDA’s decision to require holders
of the approved drug application to conduct a post-
marketing clinical study [2] to quantify the pharma-
cokinetic and pharmacodynamic effects of this
complex DDI under Section 505(o)(3) of the Food
Drug and Cosmetic Act.
Certain caveats and limitations of our PBPK

approach should be mentioned. First, although the
simulation presented in this manuscript generally
serves its purpose of revealing the impact of concur-
rent patient factors on the exposure of rivaroxaban,
the model should be updated when new informa-
tion becomes available, and be expanded to include
stochastic features to assess inter-individual vari-
ability when needed. Second, because the majority
of the published studies included primarily male
subjects, extrapolation of age effects for female
subjects may require further evaluation. Third,
although decreased metabolism in RI was incorpo-
rated into the model, this assumption was based on
relatively few published reports regarding altered
metabolic activity with RI [30–34]. Protein binding
effects were not incorporated into this model. This
Copyright © 2012 John Wiley & Sons, Ltd.
was because, while there is clear information re-
garding the effect of renal impairment on binding
proteins in plasma, the available observed data for
rivaroxaban did not show an obvious binding effect
[21]. Fourth, several assumptions made in the
model require further scrutiny. With regard to
DDI mechanisms, the reversible Ki of erythromycin
against CYP2J2 was assumed to be as potent as that
by ketoconazole [35] to represent the worst case
scenario. P-gpwas assumed to be solely responsible
for the net renal secretion of rivaroxaban. A
reversible Ki value derived from a study using a
known P-gp substrate digoxin was used for eryth-
romycin, despite a recent report of minimal impact
on P-gp mediated rivaroxaban transport in vitro by
erythromycin [10]. Further model verification is
needed for erythromycin’s inhibition mechanisms,
including sensitivity/uncertainty analyses of inhi-
bition parameters. With regard to the creation of
age groups, the validity related to the assumptions
such as unchanged blood flow, tissue composition
and enzyme abundance with age, is unknown.

Despite the limitations described above, this
study highlights the importance of considering
complex DDI in clinical practice and the impor-
tance of evaluating the degree of exposure change
of a substrate under various clinical scenarios
including multiple impairments. This brings to
light the potential for PBPK to be used to aid in de-
cisionmaking regarding the need to evaluatemulti-
ple factor scenarios early in drug development.
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