-

HEINRICH HEINE

UNIVERSITAT DUSSELDORF

Development and Evaluation of Physiologically Based
Pharmacokinetic Drug-Disease Models for Carvedilol in Adults
and Children by Using Population Based Simulations and Real

Data

INAUGURAL-DISSERTATION
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von
Muhammad Fawad Rasool

aus Multan

Disseldorf, April 2016



Aus dem
Institut fur Klinische Pharmazie

und Pharmakotherapie

Gedruckt mit der Genehmigung der

Mathematisch-Naturwissenschaftlichen Fakultat der

Heinrich-Heine-Universitat Dusseldorf

Referent: Prof. Dr. Stephanie Laer
Korreferent: Prof. Dr. Jorg Breitkreutz

Tag der miindlichen Priifung: 18.05.2016




I. Erklarung zur Dissertation

Ich versichere an Eides Statt, dass die Dissertation von mir selbstandig und ohne
unzuldssige fremde Hilfe unter Beachtung der , Grundsatze zur Sicherung guter
wissenschaftlicher Praxis an der Heinrich-Heine-Universitdt Disseldorf” erstellt
worden ist. Die Dissertation wurde in der vorgelegten oder in ahnlicher Form noch
bei keiner anderen Institution eingereicht. Ich habe bisher keine erfolglosen

Promotionsversuche unternommen.

Dusseldorf den Muhammad Fawad Rasool




-Acknowledgement-

Il. Acknowledgement

| would like to express my deepest gratitude to my supervisor Prof. Dr.
Stephanie Lder for her continuous support throughout my PhD research. Her
valuable input in my research work through different individual and group
discussions helped me in understanding the basic principles of pharmacokinetic
modelling. Her encouragement and support to participate in different research
trainings was also invaluable. | appreciate her encouragement and guidance that
helped me in attending and presenting my research work in leading scientific
conferences and meetings. | am also thankful for her personal efforts that helped
me while living with my family in Germany.

| would like to thank Dr. Willi Cawello and Prof. Dr. Jorg Breitkreutz for their
guidance as my PhD co-supervisors and | would also like to thank Dr. Trevor
Johnson and Prof. Dr. Amin Rostami-Hodjegan for the training and support related
to SIMCYP® software.

| would like to thank Dr. Barry E. Bleske for providing us with original data
from his clinical study.

| would like to thank my friend and colleague Dr Imran, who motivated me
to pursue PhD in Germany. He was always a source of inspiration for me.

| would like to thank a mother-figure of our Institute, Frau Anita Mittler.
She helped me throughout my PhD tenure in all the official and personal matters,
starting from the very first day until submission of my thesis.

| would also like to thank Dr. Feras Khalil for helping me throughout my
research, starting from introduction of different pharmacokinetic modeling
software to writing of research papers. | can never forget the social support
provided by him throughout my stay in Germany.

| would like to thank Dr. Bjorn Burckhardt for helping me in understanding
different bioanalytical methods for drug analysis. | am also indebted to him for the
social help provided by him and his family to me throughout my stay in Germany.

| would also like to thank my colleagues, Dr. Sergej Ramusovic, Dr. Ralf
Lupken, Dr. Benjamin Ehlers, Agnes Ciplea, Julia Schafer, Cristina Castro, Maira
Deters, Nina Makowski and Elisabeth Rass for their support.

Last but not the least, | would like to thank my family: my parents, my wife
and kids for their support throughout my research and in my life.




-Zusammenfassung-

lll. Zusammenfassung

Die zligig voranschreitende Entwicklung im Bereich des Physiologie-
basierten pharmakokinetischen (PBPK) Modellierens sowie das stetig wachsende
Wissen Uber pathophysiologische Verdanderungen tragen entscheidend zur
Entwicklung von Arzneistoff-Krankheitsmodellen bei. Durch Einbindung dieser
krankheitsbedingten pathophysiologischen Veranderungen, besteht mittels des

PBPK Ansatzes die Moglichkeit Arzneistoff-Krankheitsmodelle zu entwickeln.

Im erste Abschnitt der Dissertation wurden zwei PBPK Modelle entwickelt,
welche pathophysiologisch bedingte hdmodynamische Anderungen im
hepatischen und renalen Blutfluss bei vorliegender Herzinsuffizienz
beriicksichtigen. Am Beispiel des Modelarzneistoffes Carvedilol wurde gezeigt,
dass die entwickelten Modelle eine korrekte Vorhersage der Pharmakokinetik in

gesunden und erkrankten Populationen ermoglichen.

Der zweite Teil der Arbeit diente der Modellentwicklung zur Vorhersage
der stereo-selektiven Disposition von Carvedilol in Erwachsenen und Kindern mit
Herzinsuffizienz. Das entwickelte Model, welches den reduzierten Blutfluss durch
die Organe beriicksichtigt, konnte erfolgreich die Pharmakokinetik der Carvedilol
Enantiomere in gesunden und herzinsuffizienten Erwachsenen zeigen. Im
Gegensatz zu Erwachsenen, zeigte sich jedoch, dass bei Kindern bis 12 Jahren die

Simulation ohne reduzierten Blutfluss eine genauere Vorhersage erlaubt.

Der Schwerpunkt im dritten Kapitel dieser Arbeit war die Entwicklung und
Untersuchung eines PBPK-Carvedilol-Zirrhose Modells, welches fahig ist
Dosisempfehlungen zu berechnen. Hierbei wurde vor allem der grundlegende
Unterschied an gebundener und gesamter (gebunder und ungebunder)
systemischer Carvedilol Konzentration in den unterschiedlichen Schweregraden

der Krankheit untersucht.

Diese Dissertation befasst sich mit PBPK Modellierung verschiedener
klinischer Szenarien, in welchen der stark Gber die Leber extrahierte-Arzneistoff

Carvedilol in gesunden und erkrankten Populationen zum Einsatz kommt.
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IV. Summary

The rapid advancement in physiologically based pharmacokinetic (PBPK)
modelling as well as the increasing quantitative knowledge of disease-related
pathophysiological changes facilitate building of drug-disease models. By
incorporating pathophysiological changes occurring in different diseases, the

PBPK approach can be used for developing drug-disease models.

In the first part of this thesis, two PBPK models were developed that were
incorporating the pathophysiological changes in hepatic and renal blood flow
occurring in adult and pediatric chronic heart failure (CHF) patients. Carvedilol,
which undergoes extensive metabolism in the liver, was selected as a model drug.
The model has successfully predicted carvedilol PK in healthy and diseased

populations.

The aim of second part of thesis was to predict stereo-selective disposition
of carvedilol in adult and pediatric CHF patients. The developed model has
successfully described PK of carvedilol enantiomers in healthy adults and in CHF
patients after the incorporation of reduced organ blood flows. In contrast to
adults, pediatric patients up to 12 years of age were better described without the
reductions in organ blood flow, whereas older pediatric patients were better

described after incorporating organ blood flow reductions.

The focus of third part of the thesis was to develop and evaluate a PBPK-
carvedilol-cirrhosis model with the available clinical data in liver cirrhosis patients
and to recommend model based drug dosing after exploring the underlying
differences in unbound and total (bound and unbound) systemic carvedilol

concentrations with the different disease stages.

In short, this thesis focuses on PBPK modelling of different clinical
scenarios encountered with the use of high hepatic extraction drug “carvedilol” in

healthy and diseased populations.

VI
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IX. Motivation, Rationale, and Aim of the Thesis

In the world of classical pharmacokinetics there was always a need for
models that are physiologically realistic and easy to understand. This need was met
by the emergence of systems pharmacology which eventually lead to the
development of physiologically based pharmacokinetics (PBPK). The PBPK
approach utilizes population specific, demographical, anatomical, physiological
and genetic data that leads to development of virtual populations. These virtual
populations then can be used to explore pharmacokinetics (PK) of different drugs
by facilitating incorporation of in-vivo and in-vitro absorption, distribution,

metabolism and elimination data (ADME).

In the current PhD research work, PBPK approach was used for building
drug-disease models in adult and pediatric populations. The first chapter focuses
on development of a PBPK model for the use of high hepatic extraction drug,
carvedilol in adult and pediatric chronic heart failure patients (CHF), by
incorporating pathophysiological reductions in organ blood flows. Since, carvedilol
is administered as a racemic mixture of R and S-enantiomers and both enantiomers
have different PK and pharmacodynamics (PD) profiles. Therefore, in the second
chapter the previously developed CHF model was upgraded with additional
information on tissue/organ blood flow reductions and was used to predict stereo-
selective disposition of carvedilol enantiomers in adult and pediatric CHF patients.
In the last chapter, a PBPK model was developed in liver cirrhosis patients to
explore the PK of carvedilol in this population. The developed carvedilol-cirrhosis
PBPK model was evaluated with the only available clinical PK data in Child-Pugh—C
patients and after evaluation it was extended to other Child-Pugh populations.
Moreover, on the basis of differences between unbound and total (bound and
unbound) carvedilol exposure, dose reductions were recommended in different

Child-Pugh cirrhosis populations.

XVI
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Chapter 1:

A physiologically based pharmacokinetic drug-disease
model to predict carvedilol exposure in adult and pediatric
heart failure patients by incorporating pathophysiological
changes in hepatic and renal blood flows

1.1. Introduction

Chronic diseases are associated with pathophysiological changes that
could have profound impact on drugs pharmacokinetic behavior with a potential
need to modify the administered drug therapy (Boucher et al., 2006). It is
important to acknowledge that most patients with chronic illnesses do not have a
single, predominant condition but suffer from multiple comorbidities. The rapid
advancement in physiologically based pharmacokinetic (PBPK) modelling as well
as the increasing quantitative knowledge of disease-related pathophysiological
changes facilitate building of drug-disease models that can incorporate these
changes to predict their pharmacokinetic impact (Edginton and Willmann, 2008;
Johnson et al., 2010; Khalil and Laer, 2011; Rowland Yeo et al., 2011; Li et al., 2012;
Sayama et al., 2014; Vogt, 2014). A PBPK model that is modified according to the
pathophysiology of a disease could be extended, after its evaluation, to a wide
variety of drugs because of its mechanistic nature. An additional gain can be
further obtained if an extrapolation from adult patients to special populations, e.g.

children, does occur.

However, despite the clinical significance, there are only few published
examples of PBPK models incorporating pathophysiological changes occurring

with chronic diseases (Edginton and Willmann, 2008; Johnson et al., 2010; Li et al.,
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2012; Sayama et al., 2014; Vogt, 2014). Interestingly, there is, up to date, no
published report of a drug-disease PBPK model evaluated for predicting drug
exposure in chronic heart failure (CHF) adult and pediatric patients after
incorporating reduced organ blood flow changes; despite the high prevalence and
the clinical importance of this disease. Instead, there are some published PBPK
models that explored drug pharmacokinetics with liver cirrhosis (Edginton and
Willmann, 2008; Johnson et al., 2010), chronic kidney disease (Rowland Yeo et al.,
2011; Li et al., 2012; Sayama et al., 2014), and in patients with low cardiac output
syndrome undergoing cardiac surgery (Vogt, 2014). In CHF, there is a gradual
decrease in hepatic blood flow with increasing severity of the disease, which was
previously quantified in adults (Leithe et al., 1984). Developing and evaluating a
PBPK model that can incorporate the relevant hemodynamic changes seen in CHF
and that can quantify the impact of those change could be of great use. This is
particularly true for drugs with high hepatic extraction ratio, as these are most
vulnerable to hepatic blood flow changes resulting in a significant effect on their
clearance (Nies et al., 1976). Under intravenous (iv) administration, the change in
CL will lead to a direct change of drug exposure, whilst in the case of oral
administration, the effect of CL changes on exposure is more complex as it is

confounded and compensated, in part, by the change in bioavailability.

In light of this information, to evaluate a PBPK CHF model with incorporated organ
blood flow changes, a model drug being used clinically in CHF with high hepatic
extraction was searched. Carvedilol, a third generation beta-blocker used in the
treatment of various cardiovascular disorders undergoes extensive first pass

metabolism with a high hepatic extraction ratio (0.7) and an absolute oral

2
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bioavailability of 22-24% (Neugebauer et al., 1987; Neugebauer et al., 1990;
Neugebauer and Neubert, 1991; Abdelaziz et al., 2009). Due to its high hepatic
extraction and the availability of observed clinical data in both healthy and CHF
adult populations (Neugebauer et al., 1987; von Mollendorff et al., 1987; Tenero
et al., 2000; Giessmann et al., 2004), a PBPK model for carvedilol can be developed
and evaluated in healthy adults and in adult CHF patients. Furthermore, due to
availability of clinical PK data in pediatric CHF patients (Behn, 2001), carvedilol can
serve as a model drug to demonstrate if a PBPK disease model can accurately
predict the pharmacokinetic changes occurring in adult and pediatric CHF

patients.

1.1.1. Objective

The main objective of this study was to develop PBPK models that incorporate
the hemodynamic changes in hepatic and renal blood flow occurring in CHF, and

to evaluate it in adults and children using carvedilol as a model drug.
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1.2. Methods

1.2.1. Modeling software and strategy of model building

Simcyp® simulator v.13.1 (Simcyp Ltd, Sheffield, UK) was used to provide the
general structure of the developed PBPK models. Simcyp® is a population based
PBPK simulator used for bottom up mechanistic drug modeling of absorption,
distribution, metabolism and excretion (ADME). This software combines in vitro
and in vivo data for drug absorption, distribution, and elimination with its
physicochemical properties, in addition to the incorporated anatomical and
physiological data to simulate the drug systemic exposure in virtual healthy and

diseased populations (Jamei et al., 2009a).

In the presented work, two PBPK models that differed only in terms of the
assigned clearance inputs were developed: model-1, in-vitro intrinsic clearances
(CLint) based on human liver and intestinal microsomes (HLM and HIM), and
model-2, based on CYP-enzyme clearances. The choice of presenting both models
were made because fewer assumptions were made with model-1; however,
model-2 can offer additional gain of information in the future by allowing the user
to incorporate information on the genetic polymorphisms of the metabolizing

enzymes.

A systematic approach was used in developing the PBPK models, starting by
screening and extracting drug specific input parameters and clinical
pharmacokinetic data from published literature, followed by the incorporation of
these data into the software and the selection of the underlying physiological

models and final model parameters, and ending with the final evaluation of model
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predictions of drug disposition and absorption. The model building was done in a
stepwise strategy similar to that reported previously (Khalil and Laer, 2014). In this
strategy, the iv drug application in healthy adult subjects is first simulated to avoid
the complexities of the oral absorption process so that a wide range of drug-
dependent parameters that govern the drug disposition, including clearance
inputs and the percentage CYP-enzyme contributions, were chosen or optimized.
For the oral application, parameters from the previous step were kept plus
additional parameters that control and influence drug absorption such as
intestinal permeability. In order to do so, one third (n=3, one iv and 2 oral) of the
collected observed pharmacokinetic data in adults was used to optimize the
model parameterization, two-thirds (n=6) were used later for a subsequent model
verification, and all data were used in the final model evaluation. Changes of
hepatic and renal blood flows observed in CHF were then incorporated into this
adult model to predict carvedilol PK in CHF patients. At the end, the final adult CHF
model was then scaled down to children using the pediatric module of Simcyp®.
In the adult and pediatric CHF populations, predictions were made in duplicate
using both models i.e., with and without incorporating the reduced organ blood

flows. The workflow for the development of PBPK models is shown in Figure 1-1.
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Figure 1-1 Workflow for the development of adult and pediatric PBPK carvedilol
heart failure models
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dissociation constant, ADME Absorption, Distribution, Metabolism and Elimination, Pefman human
jejunum permeability, HLM human liver microsomes, HIM human intestinal microsomes, ADAM
Advanced Dissolution Absorption and Metabolism
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1.2.2. Model structure and parameterization

A comprehensive literature search was performed to extract necessary in
vivo and in vitro ADME data to complete the parameterization of the models.
These data include, for e.g., the drug-specific physicochemical properties, drug
clearance information, and measures of drug intestinal permeability. The final set
of model input parameters are summarized in Table 1-1. The two developed
models were similar in terms of all the input parameters, except the method used
for assigning clearance. A detailed description of the various model components

with their parameterization is given below.

1.2.2.1. Absorption

The advanced, dissolution, absorption and metabolism (ADAM) model
with the default values of fasting gastric emptying time (mean=0.4h with
coefficient of variation (CV) 38%) and small intestinal transit times (mean=3.33h
with Weibull distribution, =2.92 and 6=4.04) were used to predict drug
absorption (Jamei et al., 2009b). The predicted human jejunum permeability
(Pefrman) of carvedilol was 1.94x10* (cm/s), which was obtained using in vitro
Caco-2 permeability (Pqpp) data calibrated with reference values of propranolol
and metoprolol (Bachmakov et al., 2006). In addition, the predicted absorbed
fraction of carvedilol was 0.896, which is consistent with carvedilol being a highly

permeable drug belonging to BCS class Il.

The Pegrman value was increased from 1.94x10* (cm/s) to 7.4x10% (cm/s) in
all simulations of adults and pediatrics whenever carvedilol was administered as

oral suspension due to the observed increase in carvedilol bioavailability. This
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optimization was achieved by comparing the predicted pharmacokinetic
parameters in healthy adults with the observed data, after administering 50 mg
oral capsule and suspension (von Mollendorff et al., 1987). Although fast gastric
emptying of liquid dosage formulations is already reported and can, theoretically,
be a parameter to adjust (Davis et al., 1986), it was, however, not possible to
account for the previously mentioned increase in drug absorption by only reducing

the gastric emptying time.

With regard to the active transport, there are some reports suggesting
possible role of P-glycoprotein (P-gp) in carvedilol disposition (Kaijser et al., 1997;
Giessmann et al., 2004). However, the “International Transporter Consortium”
(ITC) has stated in its guidelines and established decision trees that, when the net
flux ratio of a drug in a bidirectional transport assay as Caco-2 is less than 2, then
it is a poor or non P-gp substrate (Giacomini et al., 2010), which was the case with
carvedilol (net flux ratio is 1.3(Bachmakov et al., 2006)). This suggests that
carvedilol is a poor substrate to P-gp, which is in harmony with reports stating that
carvedilol is a strong P-gp inhibitor but not a good substrate (Wessler et al., 2013).
In light of above mentioned information, no P-gp specific data was incorporated

in the developed PBPK models.
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Table 1-1 Main drug dependent parameters and characteristics of the presented PBPK models

Parameter Model 1 Model 2 Ref. Reference
value

Molecular weight (g/mol) 406.47 406.47  406.47 PubChem.
LogPo:w 4.19 4.19 4.19 PubChem.
pKa 7.97 7.97 7.97 (Caron et al., 1999)
Absorption
Model ADAM
Peftman (cm/s) in tablets and 1.94%10% 1.9A:lx10' 1.9A:lx10' (Bachmakov et al., 2006)
capsules®
Peff,man (Fm/bs) in oral 2 %10 7 4x10 ) )
suspension
Distribution
Model Full PBPK
Prediction method © Poulin and Theil

method
Blood to plasma (B:P) ratio 0.69 0.69 0.69 (Fujimaki et al., 1990)
fup 0.0054 0.0054 0.0054 (Fujimaki et al., 1990)
Elimination
CLiv (L/h) - 38 35.34¢  (von Mollendorff et al., 1987)
HLM CLint (UL/min/mg protein) 246 - 246 (Kilford et al., 2009)
Fraction unbound in 0.04 ; 0.04 (Kilford et al., 2009)

microsomal incubation
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Parameter Model 1 Model 2 Ref. Reference
value
HIM CLint (LL/min/mg protein) 11.4 - 11.4 (Hanioka et al., 2012)
CYP2D6 CLint (uL/min/mg/pmol
. - 339.7 - -
of isoform)®
CYP1A2 CLjnt (UL/min/mg/pmol
. - 8.71 - -
of isoform)®
CYP2C9 CLint (uL/min/mg/pmol
. - 3.1 - -
of isoform)®
CYP2E1 ClLint (uL/min/mg/pmol
. - 3.71 - -
of isoform)®
Additional HLM clearance
(uL/min/mg protein)® i 906.7 i i
CLg (L/h) 0.25 0.25 0.25 (Gehr et al., 1999)

LogP..w octonal-water partition coefficient, fue fraction of unbound drug in plasma, pKzacid dissociation constant, ADAM Advanced, Dissolution, Absorption and
Metabolism, CLiv intravenous clearance, CLrrenal clearance, HLM human liver microsomes, HIM human intestinal microsomes, CLint intrinsic clearance

@ Human jejunum permeability calculated from Papp value of a Caco-2 assay by calibrating with metoprolol and propranolol using Simcyp®

b Optimized human jejunum permeability

¢Poulin and Theil method with the Bierezhkovskiy correction as the prediction method for the volume of distribution and the tissue to plasma partition coefficients
(predicted Vss 1.69 L/kg)

4CLiv (L/h) range 22.5—50.8

¢Values calculated by using the retrograde model in Simcyp®

10
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1.2.2.2. Distribution

The full PBPK model for the prediction of drug distribution was used in
both developed models. The drug volume of distribution in steady state (Vss) and
the specific tissue to plasma partition coefficients (Kp) were calculated by Poulin
and Theil method with the Bierezhkovskiy correction (Berezhkovskiy, 2004). As a
result, the predicted Vssvalue of 1.69 L/kg by this method was comparable to the

reported value of 1.62 L/kg! in the literature (von Mollendorff et al., 1987).

1.2.2.3. Elimination

The human liver and human intestinal microsomes intrinsic clearance
(CLint) were used for the prediction of drug clearance in model-1 (Kilford et al.,
2009; Hanioka et al., 2012). The model-2 uses CYP-enzyme CLin: values calculated
by the retrograde model for enzyme kinetics in Simcyp®. The retrograde model is
one of the models incorporated in Simcyp®, and allows the calculation of intrinsic
clearance values of the relevant metabolizing enzymes from an in vivo measured
clearance. The detailed description of this model is already published elsewhere
(Cubitt et al., 2011; Salem et al., 2014). In brief, the retrograde model utilizes an
in vivo measure of the adult iv or oral clearance with known fractions of hepatic,
renal, or any additional clearance, the drug fraction unbound (f.), the blood to
plasma ratio of drug concentrations, and the liver blood flow to calculate a total
hepatic intrinsic clearance as given in the following equation of the well-stirred

liver model:

Vs was calculated by using non-compartmental analysis in Phoenix WinNonLin®

11
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QuXCLy

CLine = fupx(Qu—CLy)

Equation 1-1

In a second step, this hepatic CLin: value is divided between the involved
hepatic elimination pathways (i.e., the different CYP-enzymes) using input
information about the percentage contribution of these metabolizing enzymes in

drug clearance.

The contributions of the CYP-enzymes that are involved in carvedilol
metabolism were guided by the available evidence in the literature. It has been
reported that CYP2D6 is the major contributing CYP-enzyme whilst CYP1A2,
CYP2C9, CYP2E1, and CYP3A4 are involved with a minor role (Oldham and Clarke,
1997; Giessmann et al., 2004; Sehrt et al., 2011). In the literature, there is no clear
information about the relative contributions of the CYP-enzymes to the total
carvedilol clearance except for CYP2D6 with 50-62% (Giessmann et al., 2004; Sehrt
et al., 2011). From the remaining CYP enzymes believed to be involved in the
metabolic pathways of carvedilol, CYP1A2, CYP2C9, and CYP2E1 were reported to
be of further importance (Oldham and Clarke, 1997). In light of the above
mentioned information and the fact that relative amount of carvedilol-
glucuronidation is around 22% (Neugebauer and Neubert, 1991), 80% of total
carvedilol clearance was assigned to the following CYP-enzymes: 60% CYP2D6,
10% CYP1A2, 5% CYP2C9 and 5% CYP2E1l and the remaining 20% to
glucuronidation as additional clearance. A renal clearance of 0.25 L/h was used in

both models 1 and 2 (Gehr et al., 1999).

Three UGT enzymes, UGT1A1, UGT2B4 and UGT2B7 are believed to be

involved in the metabolism of carvedilol. In the literature, there is no clear

12
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information about their individual relative contribution to the metabolic clearance
of carvedilol, therefore, the collective impact of these UGT enzymes was reflected
in an assigned additional clearance that constituted about 20% of the total
carvedilol clearance. This is in a good agreement with the reported values of 20-

23% in healthy adults (Neugebauer and Neubert, 1991).

The variability in clearance was assigned by a CV of 30% to HIM and HLM
CLintin model-1. In model-2, a 30% CV was assigned to the additional clearance,
whereas for the CYP-enzyme CLir: values obtained by the retrograde model the
seen variability was due to variations in the physiological and anatomical variables
such as liver weight, microsomal proteins per gram liver, the abundance of each

specific CYP-enzyme, cardiac output and liver blood flow.

The hepatic clearance (CLy) was predicted by using well stirred liver model

(Wilkinson and Shand, 1975) using following equation,

CL, — QuXfupXCLug int
g =
Qu+fupXCLuy int

Equation 1-2

The hepatic blood flow (Qnx) changes occurring in CHF were incorporated into the

model for predicting disposition of carvedilol in patients with CHF.

The oral bioavailability was predicted by using the following equation,
F=FXFEXF, Equation 1-3

Where, Fq is the fraction of drug absorbed, Fy is the fraction that escapes

metabolism in the gastrointestinal tract and Fj is the fraction that escapes the

hepatic metabolism.

13
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1.2.3. Model scaling to children

Only when the adult CHF models have shown to predict carvedilol
pharmacokinetics adequately, they were scaled to the children by using pediatric
module of Simcyp®. This module of the program incorporates a wide variety of
age-specific physiological and anatomical parameters, which facilitates the
pediatric scaling of drug clearance on physiological basis. Due to the use of oral
suspension of carvedilol in both pediatric clinical trials (Behn, 2001), an optimized
value of Pes was used in all pediatric predictions, as in the adults, who were
administered oral suspension of carvedilol. The pediatric module of the program
also accounts for the age related changes occurring in the total body composition,
when predicting distribution of drugs (Johnson and Rostami-Hodjegan, 2011). The
key determinants for predicting drug clearance in the pediatric module are, the
age specific changes occurring in, plasma protein binding, blood volume, organ
blood flows, organ sizes and ontogeny and abundance of hepatic CYP-enzymes
(Johnson and Rostami-Hodjegan, 2011). In model-2 the ontogeny profiles of CYP-
enzymes were incorporated by default within the program but in model-1, in
order to create similar ontogeny profile as model-2, a customized ontogeny profile
was created by addition of the fractional contributions of the CYP-enzymes with
their respective ontogenies (Oldham and Clarke, 1997; Sehrt et al., 2011; Salem et
al., 2013). All the pediatric patients were diagnosed with CHF and the reductions
in hepatic and renal blood flows were incorporated in the pediatric models by
categorizing the patients into different CHF categories, according to modified Ross

score (Laer et al., 2002).

14
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1.2.4. Blood flow changes to eliminating organs in heart failure

The liver and kidney are the main organs of drug elimination from the human
body, and therefore, changes in the blood flows to these organs are of
pharmacokinetic importance. In adult heart failure patients, the reduction in
hepatic blood flow is known to increase with increased severity of the disease
(Leithe et al., 1984). In brief, these organ blood flow reductions occurring in adult
heart failure patients were quantified after measuring the hepatic and renal
plasma flows in healthy and heart failure patients by administering doses of iv
indocyanine green and iv p-Aminohippurate and measuring their respective
clearances (Leithe et al., 1984). The quantified reductions were, 23.5%, 46.2%, and
53.7% of normal hepatic blood flow in mild, moderate, and severe CHF patients,
respectively (Leithe et al., 1984) (Table 1-2). Moreover, the reduction in renal
blood flow were also shown to increase with increased severity of CHF, however,
this reduction is not absolutely linear when we move from moderate to severe
CHF, as it was reported to be around 22.2%, 45%, and 37.1% of normal blood flow

in mild, moderate, and severe CHF patients, respectively (Leithe et al., 1984).

Table 1-2 Percentage decrease in hepatic and renal blood flows in heart failure
patients. Presented data adopted from Leithe et al. 1984.

Population Hepatic blood flow Renal blood flow
Healthy? 100.0 100.0

Mild CHF 76.4 77.7

Moderate CHF 53.7 54.9

Severe CHF 46.2 62.8

%blood flows in healthy population were taken as 100 %

CHF: chronic heart failure

15
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In the adult patients, the New York Heart Association (NYHA) functional
classification system provides a simple way of classifying the severity of CHF (Table
1-3), where for example, NYHA class Il reflects a mild CHF, NYHA class Il a
moderate CHF, whereas NYHA class IV stands for a severe CHF (NYHA, 1994). As a
result, the reported reductions in blood flows to the liver and the kidney could be
directly correlated in adults with the NYHA classification. In order to predict drug
exposure in CHF patients using a PBPK model, these reductions in organ blood
flows were assigned to the simulated virtual populations within Simcyp® by
reducing the percentage blood flow to the liver and kidney, respectively. When
the drug exposure in population comprising of NYHA class Ill (moderate CHF) and
IV (severe CHF) patients has to be predicted, the mean organ blood flow
reductions of moderate and severe CHF from the reported values were used
(Leithe et al., 1984), i.e. a reduction of 49.9% and 41% of normal hepatic and renal

blood flow, respectively.

In the pediatric CHF patients, due to difficulty in assessing the physical
activity, the NYHA classification is not used to assess the severity of the CHF,
instead, Ross score is the common system that is used in children (Ross et al.,
1992). According to Ross score, a score of 0-2 categorizes the patient as
asymptomatic, 3—6 as with mild CHF, 7-9 as with moderate CHF, and 10-12 as a
patient with severe CHF (Ross et al., 1992; Laer et al., 2002) (Table1-4). There was
no experimental data available, quantifying the reduction of hepatic and renal
blood flows in pediatric CHF patients and correlating them to the pediatric CHF
classification system, the proposed changes in the pediatric CHF model were

adopted from adults’ values previously mentioned (Leithe et al., 1984). The

16
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relative reductions in the organ blood flows with their association to the severity

of CHF according to NYHA class and Ross score are shown in Figure 1-2.

Table 1-3 New York Heart Association (NYHA) classification of heart failure

Class Symptoms

Class | (Mild) No limitation of physical activity. Ordinary physical activity
does not cause undue fatigue, palpitations or shortness of
breath

Class Il (Mild) Slight limitation of physical activity. Comfortable at rest but
ordinary physical activity results in fatigue, palpitations and
shortness of breath.

Class Il (Moderate) Marked limitation of physical activity. Comfortable at rest
and less than ordinary physical activity causes fatigue,
palpitations and shortness of breath.

Class IV (Severe) Unable to carry out any physical activity without
discomfort. Symptoms of fatigue, palpitations and
shortness of breath are present at rest. If any physical

activity is performed, discomfort increases.

17
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Table 1-4 Ross scoring system for heart failure in children.

Parameter Score

0 1 2

Feeding History
Volume consumed per feeding (oz) >3.5 2.5-3.5 <2.5
Time taken per feeding (min) <40 >40 -

Physical examination

Respiratory rate (n/min) <50 50-60 >60
Heart rate(n/min) <160 160-170 >170
Respiratory pattern Normal Abnormal -
Peripheral perfusion Normal Decreased -

S3 or diastolic rumble Absent Present -
Liver edge from right costal margin <2 2-3 >3
(cm)

A score of 0-2 categorizes the patient as asymptomatic, 3—6 as with mild CHF, 7-9 as with
moderate CHF, and 10-12 as a patient with severe CHF (Ross et al., 1992; Laer et al., 2002)

18
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Figure 1-2 Changes in hepatic and renal blood flows in heart failure patients, as
incorporated in the developed PBPK heart failure models of carvedilol. Presented
data taken from Leithe et al. 1984 (Leithe et al., 1984)

1.2.5. Pharmacokinetic/Clinical data

1.2.5.1. Healthy adult and adult CHF populations

MEDLINE database was screened for pharmacokinetic studies of carvedilol
in healthy adults and CHF patients with known age, gender, height or weight, clear
dosing information, and reported systemic drug concentration-time profiles. As a
result, pharmacokinetic data from four different clinical studies in healthy subjects
(3 studies, 41 subjects) and CHF patients (one study, 10 patients with NYHA Ill and
10 patients with NYHA V) were used in the adult model development and
evaluation (Neugebauer et al., 1987; Tenero et al., 2000; Behn, 2001; Giessmann

et al., 2004). These studies provided a total of 9 data sets (5 data sets in healthy,
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4 data sets in CHF patients) (Table 1-5). Each experimental data set represents a
mean or median observed concentration-time profile in an average of 18 subjects
who received either iv or oral doses of carvedilol. The average number of observed
concentrations in these data sets is 13 (total number is 122). These data sets were
either provided by the author (Behn, 2001) or scanned from the publications’
figures (Neugebauer et al., 1987; Tenero et al., 2000; Giessmann et al., 2004) using
the digitizer tool in the data analysis and graphing software OriginPro® version 9.0
(OriginLab. Northampton, MA). In addition, one study that reported only the
pharmacokinetic parameters, but not the concentration-time profiles, after
administration of oral suspension in healthy subjects was additionally used in the
comparison of the observed and predicted values of the chosen pharmacokinetic

parameters (von Mollendorff et al., 1987).

1.2.5.2. Pediatric CHF patients

Two clinical data sets, including thirty-two pediatric CHF patients of different
age groups with known age, gender, height, weight, dosing information, Ross
score, and measured plasma profiles were used (Table 1-6) (Behn, 2001). The age
of the patients ranged from 43 days to 19.3 years (average: 7.3 years) and they
received either 0.09 mg/kg single dose or 0.35 mg/kg steady state doses of oral
carvedilol for the treatment of CHF. The average number of measured
concentrations in each patient is 12 (total number is 197 and 202 for single dose
and steady-state sampling). In our paper, no explicit pediatric age groups were
used, as the total number of the included pediatric patients was relatively small
with an unequal distribution between the different pediatric age subcategories.

Whenever the term “children” is used, this refers to the entire pediatric age group

20



-Chapter 1-A PBPK model to predict carvedilol exposure in adult and pediatric CHF patients

ranging from birth to 18 years old. The 19.3 years old patient has been shown
separately in the results, as this patient was out of the pediatric age range

according to guidelines set by World Health Organization (WHO).
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Table 1-5 Characteristics of the adult data sets used for carvedilol model development

No. Population Nr. of Dose Application Age Proportion Body Weight Ref.
subjects (mg) (years) of females (kg)
Mean Range Mean Range
1 Healthy 12 5 ivinfusion®® - 21-29 0.25 - 59-92 (Giessmann et al., 2004)
2 Healthy 20 12.5 iv infusion® - 19-45 0 - 60-92 (Neugebauer et al., 1987)
3 Healthy 9 6.3¢ oral 29.68  24-37 0.66 69.8" 56-100 (Behn, 2001)
4 Healthy 20 25 oral - 19-45 0 - 60-92 (Neugebauer et al., 1987)
5 Healthy 20 50 oral - 19-45 0 - 60-92 (Neugebauer et al., 1987)
6 Healthy 20 50 orald - 19-45 0 - 60-92 (von Mollendorff et al., 1987)
7 Heart 20 6.25 oral 55* 39-64* O 89.5* 60.8-113.1* (Tenero et al., 2000)
failure®f
8 Heart 20 12.5 oral 55* 39-64* O 89.5* 60.8-113.1* (Tenero et al., 2000)
failure®f
9 Heart 20 25 oral 55* 39-64* O 89.5* 60.8-113.1* (Tenero et al., 2000)
failure®f
10  Heart 20 50 oral 55* 39-64* O 89.5* 60.8-113.1* (Tenero et al., 2000)
failure®f

3 ntravenous infusion was given over 1 hour, ® Mean of individual profiles was used for comparison, ¢ Dose administered as 0.09 mg/kg but normalized to total dose by
multiplying with the average weight of the participants in the clinical trial, ¢ Suspension, ¢ The mean results reported in the study were further subdivided into NYHA Ill and
NYHA IV subgroups, fThe population includes 10 patients with NYHA Ill and 10 with NYHA IV heart failure, 8 Median age 27 years, SD 5.4 and 25" and 75 percentiles 24.5
and 35 years, "Median weight 65 kg, SD 15.04 and 25 and 75t percentiles 58.05 and 80.25 kg, * The presented values for age and weight are the reported values for the
initial study population (n=22)
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Table 1-6 Characteristics of pediatric data used for model development

No. Age Gender Body Single dose Steady state Ross
(years) Weight (mg/kg) dose (mg/kg) score/
(kg) NYHA Class
Patients categorized according to Ross score
0.12  Female 3.1 0.09 0.35 3
2 0.15 Male 3.9 0.09 0.35 3
3* 0.25 Female 4.2 - 0.35 4
4 0.5 Female 5.2 0.09 0.35 8
5** 0.75 Male 8 0.09 - 3
1.25 Male 10.1 0.09 0.35 3
1.5 Male 9.5 0.09 0.35 10
3.5 Female 13.1 0.09 0.35 3
g** 5.5 Male 20.2 0.09 - 3
10 7.5 Male 243 0.09 0.35 5
11 8.25 Male 25.8 0.09 0.35 7
12 10.75 Male 25.5 0.09 0.35 4
13 11.6  Female 343 0.09 0.35 4
14 11.8 Male 39 0.09 0.35 2
15* 13.5 Male 52 - 0.35 NA
Patients categorized according to NYHA classification
16 17.0 Male 56 0.09 0.35 NYHA I
17 17.8 Male 61 0.09 0.35 NYHA 11I
18 19.3° Male 98.2 0.09 0.35 NYHA 11I
Mean 7.27 27.41 - - -
SD 6.72 25.65 - - -
Median 6.5 22.25 - - -
25t 0.68 7.3 - - -
Percentile
75t 12.23 42.25 - - -
Percentile

NA not available, NYHA New York heart association classification of heart failure, SD standard

deviation, All children were diagnosed with heart failure and were participants in the same

clinical trial (Behn, 2001), ®Patient out of the pediatric age range according to guidelines set by
World Health Organization, * Measured concentrations available only in steady-state
** Measured concentrations available only after a single dose
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1.2.6. Model evaluation

The simulations were performed by creating a virtual population of 100
subjects for every clinical data set with the same age range, proportion of females,
fluid intake and fasting/fed states as in the reference clinical studies. The
predictions performed with higher number of virtual individuals (500 or 1000)
produced no significant difference in comparison to the previous results (100
virtual individuals), so as reported in other model based PBPK studies (Jiang et al.,
2013; Jamei et al., 2014; Marsousi et al., 2014), a virtual population of 100
individuals was always used for comparison with the observed profiles.
Patient/population specific genotype data was available from two clinical studies
(Behn, 2001; Giessmann et al., 2004) and the simulated virtual populations using
model-2 were having the same frequency of genotypes as in reported clinical

studies.

The evaluation of the developed PBPK models was performed by visual
predictive checks and a comparison of the observed and predicted values of
various pharmacokinetic parameters. In the visual predictive checks, the complete
observed systemic drug concentration-time profile was overlaid on the predicted

values so that a direct visual comparison could be made.

For the comparison of pharmacokinetic parameters, a non-compartmental
analysis (NCA) was performed for each observed profile and its corresponding
predicted value by each model (i.e. using the predicted values at the same time
points) using Phoenix WinNonLin® version 6.3 (Pharsight Corporation, CA, USA).

The area under the systemic drug concentration-time curve from time 0 to the last
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measured concentration (AUCiast) was calculated via the linear trapezoidal rule.
The maximal concentration in a profile was defined as (Cmax) and the clearance (CL
for the IV application, CL/F for the oral application) was calculated by dividing the

given dose by the calculated AUCast.

Following the NCA, the observed/predicted ratios (ratioobs/ered) Of the
pharmacokinetic parameters was then calculated and the final results were

reported as mean ratios(obs/pred) With @ 95% confidence interval (95% Cl).

To the best of our knowledge, there is no clear guidelines regarding the error
range that should be used during the evaluation of predictions obtained by PBPK
models. The most commonly used range by researchers in this field is a 2-fold
error range (Johnson et al., 2006; Jones et al., 2006; De Buck et al., 2007; Li et al.,
2012; Khalil and Laer, 2014). Others have also used a wider (3-fold) (Gertz et al.,
2011) or stricter ranges (1.5-fold) (Abduljalil et al., 2014). In our case, and because
the models were used to perform predictions in both adults and children, and
because of the high variability observed in the reported pharmacokinetic
parameters of carvedilol, a 2-fold error range was used and considered to be

adequate.

Moreover, goodness to fit plots: population predicted vs. population
observed plots, residual vs. population predictions plots and residuals vs. time

plots were used for identifying systemic errors in the developed models.

Depending upon the reported values of pharmacokinetic parameters, the
predicted mean or median values of pharmacokinetic parameters were used for

comparison and calculation of ratios(obs/pred)-
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1.3. Results

1.3.1. Healthy Adults

The observed and predicted systemic drug concentration-time profiles after
the administration of iv and oral carvedilol in healthy adults are shown in Figure
1-3A and B, Appendix 1 and 2, and the residual plots in Figure 1-4. The results of
both models were in a good agreement with the observed data irrespective of the
administered dosages of 5—12.5 mg iv and 6.3—50 mg oral carvedilol. However,
model-2 was superior to model-1 in terms of capturing the absorption phase, as
the latter tend to slightly over predict early drug concentrations. This was further
confirmed when comparing the pharmacokinetic parameters as the resultant
mean AUC.s: ratios(obs/pred) after iv application were 1.12 (95% CI: 1.01-1.22) and
0.97 (95% Cl: 0.78-1.16) and after oral application were 0.80 (95% Cl: 0.51-1.11)
and 0.94 (95% Cl: 0.65—-1.23) using models 1 and 2, respectively. In addition, the
calculated mean AUCjast, Cmax, and CL (iv and oral) ratios(obs/pred) Were within the

defined 2-fold error range (Figure 1-5 a—c and Appendix 3).
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Figure 1-3A Comparison of observed and predicted systemic carvedilol concentration-time profiles in healthy after intravenous drug dosing.

(a, b) 5 mg*(Giessmann et al., 2004) and (c, d) 12.5 mg (Neugebauer et al., 1987). Prediction results are shown for model 1 or model 2 as median or mean (lines), 5" and
95 percentiles (dotted lines), and minimum/maximum (dashed lines).
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Figure 1-3B Comparison of observed and predicted systemic carvedilol
concentration-time profiles in healthy adults after oral drug dosing.

(a, b) 0.09 mg/kg, (Behn, 2001), (c, d) 25 mg (Neugebauer et al., 1987), and (e, f) 50 mg
(Neugebauer et al., 1987). Prediction results are shown for model 1 or model 2 as median (lines),

5t and 95 percentiles (dotted lines), and minimum/maximum (dashed lines).

28



-Chapter 1-A PBPK model to predict carvedilol exposure in adult and pediatric CHF patients

80 T

T T T T T 60 T T T T T T
(a) 6.25 mg oral Medel-1 (b) 6.25 mg oral Model-2

150 T T T \ 150 T T T T T T

100 [ - 100{ o ]

- i
—
(e)]
=
c
(o]
=
1]
|
E 250 T T T T T T 250 T T T T T T
O 4. (e) 25 mg oral Model-1 (f) 25 mg oral Model-2
g 200 /| : 2004 .
o ’ S ’]F ~ o
o ! !
© 150+ . 150+ | e i s
= j .
@ 100 8 -
it
2
o 504 4 .
0 i T T T T T T
0 2 4 6 8 10 12
500 T T T | 500 T T T T T T
s (g) 50 mg oral Model-1 (h) 50 mg oral Model-2
4004 /0 . 4004 ]
300 f 300 / |

200/

100/

Time (h)

Figure 1-3C Comparison of observed and predicted systemic carvedilol
concentration-time profiles in adult chronic heart failure patients after oral drug
dosing.

(a, b) 6.25 mg (Tenero et al., 2000), (c, d) 12.5 mg, (e, f) 25 mg, and (g, h) 50 mg oral carvedilol.
Prediction results are shown for model 1 or model 2 as mean (lines), 5" and 95" percentiles
(dotted lines), and minimum/maximum (dashed lines). The gray dashed line indicates mean model
predictions without the incorporation of organ blood flow changes
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Figure 1- 4 Goodness to fit plots for model predictions in the adult population

presented as predicted vs. observed concentrations plots, residuals vs. predicted concentrations
plots, and residuals vs. time plots. (a—c) healthy adults, iv dosing; (d—f) healthy adults, oral dosing;
(g—i) heart failure patients without renal and hepatic blood flow reductions, and (j—I) heart failure
patients with renal and hepatic blood flows reductions. The solid line indicates line of identity, the
dashed line a 2-fold error range. (o) results by model-1 and (e) results by model-2
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Figure 1-5 Comparison between the observed and predicted values of
pharmacokinetic parameters.

Comparison between the observed and predicted values of the area under the plasma
concentration-time curve (AUCpast), the maximum concentration (Cmax), and drug clearance in
healthy adult and heart failure populations. Results are presented as individual and mean
ratios(observed/predicted) With @ 95% confidence interval (Cl) using model 1 and model-2. (a—c) ® In
healthy adults, m In heart failure without renal and hepatic blood flow reductions, ¥ In heart
failure with renal and hepatic blood flows reductions. and (d—f) ® In NYHA Il and m NYHA IV heart
failure patients without renal and hepatic blood flow reductions, ¥In NYHA Il and ¢ NYHA IV with
renal and hepatic blood flows reductions. The shadowed gray area indicates a 2-fold error range.
n =number of data sets. Clearance is the calculated oral clearance (CL/F) if the dose is given orally
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1.3.2. Adult patients

The observed and predicted systemic drug concentration-time profiles after
administering steady state oral doses of carvedilol (6.25 mg to 50 mg) in NYHA III
and IV CHF patients are shown in Figure 1-3C and Appendix 4. The visual
predictive checks show a substantial improvement in predictions after
incorporation of reduced organ blood flows in the models. The mean AUC|ast
ratios(obs/pred) Without adjusting the organ blood flows, were outside the 2-fold
error range, i.e. 2.33 (95% Cl: 2.02-2.63) and 2.65 (95% Cl: 2.29-3.01) by using
models 1 and 2 respectively. After incorporating the proposed organ blood flow
changes, these ratios improved to 0.79 (95% Cl: 0.69-0.90) and 1.03 (95% Cl: 0.89—
1.16), respectively. The complete comparison of the calculated pharmacokinetic
parameters with and without adjusting organ blood flows is shown in Figure 1-5
(a—c) and in Appendix 3. Similar results were seen after further categorizing the
CHF patients into NYHA Ill and IV subgroups. The developed models were capable
of predicting carvedilol exposure in NYHA [l and NYHA IV patients as can be seen
by the mean ratios(obs/pred) With their 95% CI (Figure 1-5 d—f and Appendix 5).
Despite the fact that the predicted concentrations by both models were within a
2-fold error range (Figure 1-4), it can be noticed that model-1 tends to over-
predict drug concentrations in the absorption phase in all dosage levels whereas

model-2 predictions were in closer agreement with the observed data.
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Figure 1-6 The predicted effect of decrease in hepatic blood flow in different
stages of heart failure.

The predicted effect of decrease in hepatic blood flow in different stages of heart failure on, (a)
bioavailability (F) and fraction escaping the hepatic metabolism (Fn) and (b) oral clearance (CL/F)
of carvedilol using model-2 after administering 0.09 mg/kg single oral dose of carvedilol. The data
presented is from predictions in 25 years old male virtual population.

Similarly, the mean CL/F ratios(obs/pred) Without reducing organ blood flows,
were outside the 2-fold error range, i.e. 0.34 (95% Cl: 0.31-0.37) by using both
models and were significantly improved to 1.0 (95% Cl: 0.92-1.08) and 0.95 (95%
Cl: 0.88-1.03), using models 1 and 2, respectively. The predicted bioavailability (F)

and the fraction escaping the hepatic metabolism (Fn) decreased with the increase
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in hepatic blood flow reduction (increase in severity of CHF). The predicted effect
of the decreased hepatic blood flow on carvedilol oral clearance and

bioavailability in the different stages of heart failure can be seen in Figure 1-6.

1.3.3. Pediatric patients

Carvedilol exposure after single and steady state doses of 0.09 mg/kg and
0.35 mg/kg, respectively, was predicted using both models in the entire pediatric
age range (see Figure 1-7). It can be seen that both models were able to describe
the individual plasma concentration-time points, however, model-2 was again
better when compared to model-1 with a higher number of observed plasma
concentration-time points within the maximum and minimum prediction range

(~93% for model-2 vs. ~86% for model-1).

The individual predictions made by model-2 after administering a single oral
dose of 0.09 mg/kg carvedilol to 15 pediatric patients and one young adult are
shown for a visual predictive check in Figure 1-8A-D and Appendix 6, with and
without reducing organ blood flows. In addition, the residual plots are given in
Figure 1-9. In general, the model was able to predict carvedilol concentrations
accurately in all patients above one year of age (12 out of 16). For the one patient
with a symptomatic CHF (Ross score of 0-2), no changes in blood flows were
incorporated, and therefore, no change to be seen in the visual predictive check.
For the ten pediatric patients with mild CHF, the incorporation of blood flow
reductions did not improve the predictions in these patients but improvement was
seen in one patient classified with NYHA class Il. Concerning the four patients with

moderate CHF, the model predictions were better without organ blood flow
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reductions in those patients classified with Ross scores (n = 2, with scores of 7-9),
whereas in the remaining two who were classified as being NYHA class lll, the
prediction was clearly improved in one patient (19.3-year-old patient) but no
improvement was seen in other NYHA Il patient (17.8-year-old patient) with

reductions in organ blood flows.
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Figure 1-7 Predictions made by using model-1 and model-2 in the entite pediatric age range.

Predictions made by using (a,c) model-1 and (b,d) model-2 after administering, single 0.09 mg/kg and steady state 0.35 mg/kg oral dosing of carvedilol in the entire pediatric
age range (0.12 to 17.8 years), including 19.3 years old patient, (solid line) median prediction, (dashed line) minimum and maximum prediction, (dotted line) 5 and 95t
percentiles and e observed data (Behn, 2001)
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Figure 1-8A The individual predictions made by model-2 after administering single
test dose of 0.09 mg/kg oral carvedilol.

The individual predictions made by model-2 after administering single test dose of 0.09 mg/kg oral
carvedilol with (0) and without (e) adjusting the organ blood flows, (solid line) median prediction,
(dashed line) minimum and maximum prediction, (dotted line) 5™ and 95" percentiles and (e,0)
observed data (Behn, 2001).
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Figure 1-8BThe individual predictions made by model-2 after administering single
test dose of 0.09 mg/kg oral carvedilol.

The individual predictions made by model-2 after administering single test dose of 0.09 mg/kg oral
carvedilol with (0) and without (e) adjusting the organ blood flows, (solid line) median prediction,
(dashed line) minimum and maximum prediction, (dotted line) 5™ and 95 percentiles and (e, 0)
observed data (Behn, 2001)

38



Systemic concentration

-Chapter 1-A PBPK model to predict carvedilol exposure in adult and pediatric CHF patients

100

7.5 years Ross score 5

100

T T T
7.5 years Ross score 5

4 6 8

T
90+ 8.25 years Ross score 7 - 904 ~ 8.25 years Ross score 7 .

(1g/’l)

100 T T T T T 100 T T T T T
90+ 10.75 years Ross score 4 b 90+

90 11.6 years Ross score 4 - 90—

Figure 1-8C The individual predictions made by model-2 after administering single

test dose of 0.09 mg/kg oral carvedilol.

The individual predictions made by model-2 after administering single test dose of 0.09 mg/kg oral
carvedilol with (0) and without (e) adjusting the organ blood flows, (solid line) median prediction,
(dashed line) minimum and maximum prediction, (dotted line) 5™ and 95 percentiles and (e, 0)
observed data (Behn, 2001)
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Figure 1-8D The individual predictions made by model-2 after administering single

test dose of 0.09 mg/kg oral carvedilol.

The individual predictions made by model-2 after administering single test dose of 0.09 mg/kg oral
carvedilol with (0) and without (e) adjusting the organ blood flows, (solid line) median prediction,
(dashed line) minimum and maximum prediction, (dotted line) 5™ and 95 percentiles and (e, 0)
observed data (Behn, 2001)
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The mean AUCiast ratios(obs/pred) With 95% Cl after administering single dose
(0.09 mg/kg) of carvedilol were 0.98 (95% Cl: 0.68—1.28) and 1.0 (95% Cl: 0.7-1.30)
without incorporation of reduced organ blood flows. There was no improvement
seen in the prediction capability of both models by reducing organ blood flows,
after administering single and steady state doses of carvedilol as the calculated
AUCiast, Cmax, and CL/F ratios(obs/pred), Were further away from unity (Figure 1-10
and Appendix 7). The previous finding that pediatric predictions improved in
those patients having a moderate or severe CHF, given by a NYHA classification,

after reducing the blood flows can also be seen here.
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Figure 1-9 Goodness to fit plots for model-2 predictions in the pediatric

population.

Goodness to fit plots for model-2 predictions in the pediatric population presented as median
predicted vs. individual observed concentrations plots, residuals vs. median predicted
concentrations plots, and residuals vs. time plots. (a—c) results without renal and hepatic blood
flow reductions and (d—f) results with renal and hepatic blood flows reductions. The solid line
indicates line of identity, the dashed line a 2-fold error range. (®) without and (o) with reductions

in organ blood flows
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Figure 1-10 Comparison
between the observed
and predicted values of
pharmacokinetic
parameters in children

Comparison between the
observed and predicted
values of the area under the
plasma concentration-time
curve (AUCpst), the maximum
concentration (Cmax), and
drug clearance in heart failure
pediatric  patients  after
administering single doses of
0.09 mg/kg. Results are
presented as individual and
mean ratios(observed/predicted)
with a 95% confidence
interval (Cl) without e or with
m blood flow reductions. (a—c)
results by both models
stratified by age, (d—i) results
by model-2 stratified by the
severity of the disease. The
shadowed gray area indicates
a 2-fold error range
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The observed oral clearance of carvedilol increased with age after
administering the single dose of 0.09 mg/kg, starting from 9.20 L/h in a patient
with age of 0.12 years and reaching up to 110 L/h in a patient with age of 19.3
years. When the oral clearance was normalized with weight, a decrease was
seen with increasing age, as it decreased from 2.94 L/h/kg at the age of 0.12
years to 1.12 L/h/kg until the age of 19.3 years, which is the reflection of the
incorporated knowledge enzyme ontogeny in the modeling software. Similar
trend was seen after administering steady state target doses of carvedilol. The
developed models were capable of capturing the age related changes in oral
clearance of carvedilol after single and steady state administration (see Figure 1-

11A and B).
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Figure 1-11A The change in carvedilol oral clearance with age.

(a,c) The change in carvedilol oral clearance with age after single (0.09 mg/kg) and steady state (0.35 mg/kg) dosing. (b,d) The change in weight normalized oral clearance of
carvedilol with age after single dose and steady state dosing. + predicted values by model-1 (n= 500) and e observed values (Behn, 2001).
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Figure 1-11A The change in carvedilol oral clearance with age.

(a,c) The change in carvedilol oral clearance with age after single (0.09 mg/kg) and steady state (0.35 mg/kg) dosing. (b,d) The change in weight normalized oral clearance of
carvedilol with age after single dose and steady state dosing. O predicted values by model-2 (n=500), and @ observed values (Behn, 2001).
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1.4. Discussion

In this study reduced hepatic and renal blood flows were incorporated into
whole-body PBPK models to predict carvedilol exposure in CHF patients. Both
developed models were able to describe carvedilol pharmacokinetics in adults and
pediatrics over 1 year of age, but model-2 was shown to be superior to model-1
in its predictive performance. The incorporation of the reduced hepatic and renal
blood flows in the developed CHF models resulted in a significant improvement in
predictions of drug exposure in adult patients. Conversely, the incorporated blood
flow reductions did not result in any improvements in the pediatric CHF patients,
except in those patients having a mild or severe CHF and classified, as in adults,

according to NYHA classification system (NYHA III).

Following the implemented strategy of model development, the presented
models were first parameterized and evaluated in healthy adults. The results
showed accurate prediction of carvedilol exposure over a wide range of
administered iv and oral doses (Figures 1-3A and B, 1-4 and 1-5), which implicate
their ability to account for the various processes governing drug absorption and
disposition. The predicted bioavailability in healthy volunteers was in the range of
15-27% by both models, which was quite close to the reported values of 22-24%
(von Mollendorff et al., 1987). Furthermore, the mean AUCast ratios(obs/pred) in
healthy adults were within the 2-fold error range i.e., after iv application: 1.12
(95% Cl: 1.01-1.22) and 0.97 (95% Cl: 0.78-1.16) and after oral application: 0.80
(95% ClI: 0.51-1.11) and 0.94 (95% CI: 0.65-1.23), using models 1 and 2,

respectively.
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In CHF, hepatic and renal blood flows decrease with increasing severity of the
disease (Leithe et al., 1984). Incorporating these reductions improved model
predictions significantly, for example, the mean AUCs: ratios(obs/ered) changed
from 2.33 (95% Cl: 2.02-2.63) to 0.79 (95% Cl: 0.69-0.90) and from 2.65 (95% Cl:
2.29-3.01) to 1.03 (95% Cl: 0.89-1.16) using models 1 and 2 respectively. The
extensive first pass effect and the high hepatic extraction ratio of carvedilol
(Neugebauer et al., 1987; von Mollendorff et al., 1987; Abdelaziz et al., 2009)
implicate that changes in hepatic blood flow, as seen in CHF, will influence its first-
pass and systematic hepatic metabolism and, thus, its bioavailability and total
exposure. The reduced hepatic blood flow will lead to an increase of the first-pass
metabolism with a subsequent decrease in drug bioavailability (because of a
higher hepatic extraction during first pass), and a decrease in the systematic
clearance of the drug. The reduction in carvedilol bioavailability and oral clearance
with the increased severity of CHF was clearly seen in the predictions (see Figure
1-6). On the other hand, the renal clearance of carvedilol is only about 1-2 %
(Neugebauer et al., 1987; Gehr et al., 1999) of its total clearance, therefore, the
change in the latter is clearly attributed to the decrease in hepatic clearance. The
ratios(obs/pred) With 95% Cl of the pharmacokinetic parameters after further
subdividing the adult CHF patients into NYHA Il and NYHA |V categories supported
out hypothesis that the incorporated reduced hepatic and renal blood flows in the

developed models are associated with NYHA classification of CHF (Figure 1-5).

The previously presented and evaluated models in adults formed the basis

to extrapolate carvedilol pharmacokinetics to children on physiological basis,
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using the pediatric module in Simcyp®. The developed pediatric models, that
incorporate a wide range of age-specific information, were capable of reflecting
carvedilol exposure after single and steady state doses in the pediatric age range
(Figure 1-7). However, it was noticed that the models tended to generally
overpredict the drug concentrations in those patients under one year of age with
or without the incorporation of blood flow reductions. An overprediction of drug
concentrations in this age was previously reported when child-specific PBPK
models were used to predict drug PK when given orally (Khalil and Laer, 2014),
with the reason being most probably attributed to age-specific information gaps
in the parameterization of the integrated absorption models. Second, in contrast
to the adult patients, the improvement in the model predictions by the
incorporation of blood flow changes was limited to few cases as will be discussed

below.

Ten out of the 14 pediatric CHF patients that were included in the clinical trial
were diagnosed with a mild CHF, 9 patients according to the modified Ross score
system and 1 patient according to NYHA classification. For patients categorized
with Ross score, no substantial improvement was seen, on the other hand
prediction was improved in one patient staged NYHA Il when reduced organ blood
flows were incorporated (Figure 1-8). These findings could suggest that the
pharmacokinetics of carvedilol may not be affected in mild CHF as in moderate or
severe CHF. On the other hand, no improvement was seen when the model was
modified to blood flow changes in the only patient with a severe CHF, as indicated

by a Ross score of 10, whereas clear improvement was seen only in 19.3 years’
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patient staged as NYHA Ill and the 17.8 years’ patient staged as NYHA Il was better
described without organ blood flow reductions. As a result, an assumption that
Ross scoring system is poorly correlated with the reductions in organ blood flows
in comparison to NYHA system of grading CHF cannot be completely excluded. In
the modified Ross score system, different subjects with different symptoms may
end up having same score and CHF category. Amongst the 6 categories used for
classification of pediatric patients by the modified Ross score system, 3 are related
to breathing, which may result in undermining of the other symptoms associated
with CHF in pediatrics (Ross, 2012). In addition, the aetiology and the
pathophysiology of CHF is different in adults when compared to children,
especially in the first few years after birth. Children have a higher heart rate
(Fleming et al., 2011) when compared to adults (Tanaka et al., 2001), which
deceases with age after birth and becomes comparable to adults at the age of 18
(Fleming et al., 2011), and therefore, may have a higher capacity to compensate a
decrease in cardiac output. Our pediatric disease model is based on the adult
heart failure model with its incorporated reductions in organ blood flows because
in pediatrics we are not aware of any study that quantified hepatic and renal blood
flow reductions with respect to different stages of heart failure in pediatrics.
Therefore, these adult quantifications may not be completely true for children.
Finally, children also have higher percentage of liver weight to total body weight
when compared to adults (Noda et al., 1997), which may lead to a higher drug
clearance capacity (by rapidly maturating and abundant metabolizing enzymes),
and the influence of a decreased hepatic blood flow may not have the same

impact on drug clearance as in adults.

50



-Chapter 1-A PBPK model to predict carvedilol exposure in adult and pediatric CHF patients

The observed weight normalized oral clearance of carvedilol decreased in
pediatric patients with increasing age (43 days to 17.8 years). This was due to the
fact that infants have liver weight around 4% of their total body weight, which
decreases to about 2% in adults (Noda et al., 1997). Moreover, CYP2D6 is the
major enzyme involved in carvedilol metabolism (~60%) and it achieves more than
50% of adult activity within first month of life (Salem et al., 2013). Another enzyme
that plays a minor role in carvedilol metabolism is CYP2C9 which also has a fast
ontogeny and therefore it was previously reported that significantly higher
weight-normalized doses, as compared to adults, are required in young children
with drugs that are primarily metabolized with this enzyme (Anderson, 2010).
Furthermore, the decrease in oral clearance of carvedilol can also be attributed to
decrease in organ blood flows, as improvement in predictions were seen with
incorporation of reduced organ blood flows in patients within adolescent age
group (Figure 1-8). The developed pediatric models were capable of capturing the
age specific changes in carvedilol clearance as the mean CL/F ratios(obs/pred) after
administering single dose of carvedilol, without incorporating reduced organ
blood flows, were 1.44 (95% Cl: 0.77-2.11) and 1.43 (95% Cl: 0.72-2.14) using

models 1 and 2, respectively (Figure 1-10).

Despite the fact that the already incorporated ontogeny profiles for each of
the individual CYP enzymes give model-2 a clear advantage over model-1 through
the ability to incorporate enzyme specific genotype data, the predicted results
obtained by both models were very similar. One reason could be that, the

customized ontogeny profile that was assigned in model-1 is based on the
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ontogeny data of each of the individual enzymes used in model-2. A second reason
is that; the additional superiority of model-2 could have been clearer if population
specific enzyme genotype data were included for all of the used clinical studies. In
our study, this was only done in the simulations of two clinical studies (Behn, 2001;

Giessmann et al., 2004).

1.5. Limitations

A part of the carvedilol concentration-time profiles observed in adults was
scanned from the publications’ figures and was not obtained from source.
However, the difference seen between the reported PK parameters in the original
papers and those calculated by us using the scanned profiles was negligible, and
therefore of no significance to the model evaluation results. In addition, the adult
CHF model was only evaluated with NYHA lll and IV patients, but this was because

the availability of only one PK study of carvedilol in CHF patients.

The absorption (ADAM) model used for pediatric simulations was not
completely parameterized with age-specific information for all the anatomical and
physiological factors that may influence the drug absorption. For example, the
model does contain information on the age related changes in intestinal length,
diameter, blood flows, and intestinal CYP enzymes but yet no information on
changes in gastric and intestinal pH, bile secretion, transporters, and gut fluid
dynamics. This reflects the fact that pediatric drug absorption in PBPK modelling
software is an area of ongoing research, and therefore, the presented pediatric
results must be judged in this context. The fluid intake with dose was not modified

according to the age of the pediatric subjects; however, no relevant impact was
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seen on the results of the 4 infants under one year of age. The assigned Pes value
was not changed with age so that a similar passive diffusion of the substance was

assumed in adults and children.

The role of the three different UGTs involved in carvedilol metabolism was
assigned collectively as an additional clearance. Since each of these pooled UGT
enzyme possess a different ontogeny profile and no clear information about their
individual contribution, no specific ontogeny was assigned to this collective value.
This can be a limitation in model-2 and an aspect to improve the model in the

future.

Finally, in the presented models, we have assumed similar organ blood flow
reductions in pediatric heart failure patients as in adults, as no specific clinical

information were available for the pediatric population.

The developed PBPK model was successful in describing ADME of carvedilol
in adult and pediatric CHF patients. Due to the mechanistic nature of the
developed PBPK model it can be extended to predict PK of other high hepatic

extraction drugs.

Since, carvedilol is admininstered as a racemic mixture of R and S enantiomers
and both enantiomers have different pharmacokinetic and pharmacodynamic
properties and therefore, the organ blood flow flow reductions in CHF pateints
can effect carvedilol disposition in a stereo-selective fashion. Keeping this in mind,

the second chapter of this thesis is focused on development and evaluation of a
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PBPK model capable of predicting stereo-selective disposition of carvedilol in

healthy and CHF populations.

54



-Chapter 2-Predicting stereo-selective disposition of carvedilol in CHF patients

Chapter 2:

Predicting stereo-selective disposition of carvedilol in adult
and pediatric chronic heart failure patients by
incorporating pathophysiological changes in organ blood
flows—A physiologically based pharmacokinetic approach

2.1. Introduction

Racemic drugs are composed of enantiomers that can differ greatly in their PK
and pharmacodynamic (PD) properties (Birkett, 1989). The PK differences
between the enantiomers are mainly due to differences in absorption and
disposition which can lead to variations in their systemic concentrations and
hence can influence the concentration-effect relationship (Tucker and Lennard,
1990). Since, some of the enantiomers show stereo-selective disposition, any
pathophysiological condition that can affect their clearance can have a profound
impact on their exposure and efficacy. Carvedilol is a racemic mixture of two
enantiomers, with S-enantiomer having both ai-receptor blocking and f-
adrenoreceptor blocking activities while R-enantiomer is more selective towards
as-receptor blocking activity (Neugebauer et al.,, 1990). Both enantiomers
undergo extensive stereo-selective first pass metabolism through CYP enzymes
(CYP2D6, CYP1A2, CYP2C9, CYP3A4 and CYP2E1) and UGT enzymes (UGT1Al,
UGT2B4 and UGT2B7) (Oldham and Clarke, 1997; Ohno et al., 2004; Takekuma et
al., 2012), with reported absolute bioavailability of 31.1 % for R-carvedilol and 15.1
% for S-carvedilol (Neugebauer et al.,, 1990). Because, CYP2D6 is the main
metabolic enzyme that is involved in the metabolism of both enantiomers and is
more selective towards the overall disposition of R-carvedilol, the decrease

activity of this enzyme in poor metabolizers (PM’s) may result in higher systemic
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concentration of R-carvedilol and hence an increase in a-blockade, which can
cause greater acute blood pressure reduction and increased incidence of
orthostatic hypotension in comparison with extensive metabolizers (EM’s) of
CYP2D6 (Zhou and Wood, 1995). Since, carvedilol is used in the management of
CHF and it undergoes extensive stereo-selective first pass metabolism, the organ

blood flow reductions occurring in CHF can significantly affect its ADME.

A physiologically based pharmacokinetic (PBPK) model incorporating reduced
hepatic and renal blood flows has been used previously to predict PK of racemic
carvedilol in adult and pediatric CHF patients (Rasool et al., 2015). However, the
reductions in blood flow to limbs, adipose, skin and muscle tissues, which can
additionally affect the drug distribution and hence the plasma concentration of
the drug, were not yet incorporated in the previously reported carvedilol-CHF
model (Rasool et al., 2015). Keeping in mind that carvedilol is administered as a
racemic mixture of R and S enantiomers, which have ~2-fold difference in their F,
the organ blood flow reductions occurring in CHF can affect the disposition of both
in a stereo-selective fashion. The differences in the exposures of R and S carvedilol
will influence the expected PD response and may potentially lead to adverse drug
reactions. A PBPK model that incorporates all the reported relevant blood flow
reductions occurring in CHF can be used to predict stereo-selective disposition of
carvedilol in CHF patients. Furthermore, a developed and evaluated PBPK model
with clinical data in adult CHF patients can be scaled to pediatrics on physiological

basis by using a population based ADME simulator.
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2.1.1. Objective

The main objective of this work was to develop a PBPK drug-disease model
capable of predicting stereo-selective disposition of carvedilol in CHF patients
after incorporating the relevant organ/tissue blood flow changes and to evaluate

it with the available clinical data in adult and pediatric CHF patients.
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2.2. Methods

2.2.1. Modelling platform

The population based PBPK simulator, Simcyp® version 14.1 (Simcyp Ltd,

Sheffield, UK) was used in developing a whole body PBPK model.

2.2.2. Modelling strategy

A PBPK model was developed by adopting a systematic model building
strategy (Khalil and Laer, 2014), starting with the literature search for screening of
drug specific input parameters and clinical pharmacokinetic data to be used in
model development. This was followed by incorporation of these data into the
simulator and selection of system parameters for running predictions in virtual
populations and the final evaluation of the developed model with the comparison
of predicted results with the observed clinical trial data. To avoid the complexity
associated with the oral drug absorption, initially predictions were performed
after iv drug application and all the drug-specific parameters that can potentially
influence drug disposition such as, in-vivo clearance and contributions of various
metabolic enzymes (CYP’s and UGT’s) were optimized. After successful evaluation
of the iv predictions with the observed data, the previously selected parameters
are kept constant and other additional drug-specific parameters which can affect
drug absorption process, such as permeability and fraction unbound of the drug
in the enterocyte are selected or optimized. Amongst the seven PK data sets (2 iv
and 5 oral) in healthy adults, three data sets (1 ivand 2 oral) were used for model
building and remaining data sets were used for model verification and all the data

sets were used for model evaluation. After evaluation of developed model in
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healthy adults, pathophysiological changes in organ blood flows occurring in CHF
were incorporated to predict ADME of carvedilol enantiomers in adult CHF
patients. After successful evaluation of developed CHF model with the observed
data, it was scaled to pediatrics on physiological basis by using the pediatric
module of Simcyp®. In order to see impact of reduced organ blood flows on the
model predictions in pediatric CHF patients, simulations were performed in

duplicate i.e., with and without incorporating reductions in organ blood flows.

All the predictions were performed by creating a virtual population with
same demographics as in the original trial by keeping the age range, proportion of
females, fluid intake, fasting/fed states and where applicable same genotypic
frequencies. In adults, all the predictions were performed by creating a virtual
population of 100 individuals for every PK data set, while in pediatrics, the initial
simulations were performed in the entire age range including the young adult,
without stratifying them in different age groups, by creating a virtual population
of 1000 individuals within the age range of 0.12—-19.3 years, followed by simulating
pediatric patients in different age groups by creating a virtual population of 100
individuals for every age group. The workflow for the development of PBPK model

can be seen in Figure 2-1.
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Figure 2-1 Workflow for the development of enantiomeric carvedilol PBPK heart
failure model in adult and pediatric populations.

The white area shows model development in healthy adults and the grey shaded area shows stages
of model development in chronic heart failure patients. (A) Full PBPK model with different body
compartments. The grey compartments show the organs in which blood flow reductions are
incorporated. (B) Incorporated organ blood flow reductions in chronic heart failure patients with
respect to severity of disease (Adopted from (Leithe et al., 1984). CHF chronic heart failure, NYHA
New York Heart Association functional classification of heart failure PBPK model physiologically

based pharmacokinetic model.
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2.2.3. PBPK Model parameterization

After undergoing through an extensive literature search, relevant in-vivo
and in-vitro drug and population-specific data was selected for completing the
model parameterization. The final model input parameters are summarized in
Table 2-1. The detailed parameterization of various drug and disease-specific

components used in the final PBPK model is given below.
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Table 2-1 The drug dependent parameters and characteristics of the presented PBPK model

Parameter R-Carvedilol S-Carvedilol Source/
Reference

Molecular weight (g/mol) 406.47 406.47 PubChem.

LogPo:w 4.19 4.19 PubChem.

pKa 7.97 7.97 (Caron et al., 1999)

Absorption

Model ADAM

Solubility (mg/mL)? 0.01 0.01 (Benet et al., 2011)

Peman (cm/s) 3.9x10°% 1.6x10% (Tian et al., 2012), Sensitivity analysis and manual

optimization

fusut 0.00138 0.00124 Simcyp predicted

Qaue (L/h) € 12.2 8.1 Simcyp predicted

Distribution

Model Full PBPK

Vss (L/kg)—predicted 1.57 1.95 Poulin and Theil method

Vss (L/kg)— observed 1.39-3.40 1.42-3.84 (Neugebauer et al., 1990)

Blood to plasma (B:P) ratio 0.67 0.74 (Fujimaki et al., 1990)

fup 0.0045 0.0063 (Fujimaki et al., 1990)
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Parameter R-Carvedilol S-Carvedilol Source/
Reference
Elimination
CLiv (L/h)—used as input in retrograde model 41 54 (Neugebauer et al., 1990), Optimized
CYP2D6 CLint (uL/min/mg/pmol of isoform)¢ 656.5 702.2
CYP1A2 CLint (uL/min/mg/pmol of isoform)¢ 2.7 21.6
CYP2C9 CLint (uL/min/mg/pmol of isoform)? 1.9 15.3
CYP3A4 CLint (uL/min/mg/pmol of isoform)¢ 0.5 4.1 oo | of ineti
CYP2E1 CLint (uL/min/mg/pmol of isoform)¢ 1.1 9.2 #Simeyp retrograde model of enzyme kinetics
UGT1A1 ClLint (uL/min/mg/pmol of isoform)® 8.8 9.1
UGT2B4 CLint (UL/min/mg/pmol of isoform)e 10.5 10.4
UGT2B7 CLint (LL/min/mg/pmol of isoform)® 8.9 19.6
CLg (L/h)f 0.25 0.25 (Gehr et al., 1999)

LogP..w octonal-water partition coefficient, fup fraction of unbound drug in plasma, pKsacid dissociation constant, ADAM Advanced, Dissolution, Absorption and
Metabolism, fucut fraction unbound drug in enterocytes, Qaut hybrid term derived from villous blood flow and drug permeability through the enterocyte membrane, CLiv
intravenous clearance, CLrrenal clearance, CLintintrinsic clearance,

2Assumed to be similar for both enantiomers

PHuman jejunum permeability calculated from Papp value of a Caco-2 assay by calibrating with atenolol and using Simcyp®

¢Qgut value was adjusted according to decrease in hepatic blood flow in chronic heart failure patients, see method section for details

9Values calculated by using retrograde model in Simcyp®

€Values calculated manually by predicted additional clearance using retrograde model in Simcyp®

fAssumed to be similar in both enantiomers
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2.2.3.1. Absorption

In order to predict oral drug absorption, the advanced, dissolution,
absorption and metabolism (ADAM) model was used (Jamei et al., 2009b). The
human jejunum permeability (Pef;man) Of R-carvedilol was predicted using in vitro
Caco-2 permeability (Papp) input data after calibrating it with reference value of
atenolol within Simcyp® (Tian et al., 2012). For S-carvedilol, the Pefman Was
optimized and adjusted manually after sensitivity analysis to get a good visual fit
with the observed clinical data. The model Pefman values R for S-carvedilol were
3.9x10* (cm/s) and 1.6x10™ (cm/s) respectively. The predicted absorbed fractions
(fa) of R and S-carvedilol were 0.98 and 0.85 respectively, which are in accordance
with carvedilol having a high permeability and belonging to Biopharmaceutics
Classification System (BCS) class Il. Additionally, the unbound fractions of R and S-
carvedilol within the enterocytes (fu,cut) were predicted using Simcyp®. Although,
some reports suggest a possible role of P-glycoprotein (P-gp) in carvedilol
disposition (Kaijser et al., 1997; Giessmann et al., 2004), but active transport
process is considered to be significant only when carvedilol is given concomitantly
with other P-gp substrates (Aiba et al., 2005). Furthermore, carvedilol is
considered to be a strong inhibitor and not a good substrate to P-gp (Wessler et
al., 2013), taking this information into consideration, no active transport data was

incorporated in the developed PBPK model.

2.2.3.2. Distribution
A perfusion limited whole body, full PBPK model was used for predicting
enantiomeric distribution of carvedilol. The volumes of distribution at steady state

(Vss) and the tissue to plasma partition coefficients (K;) for R and S-carvedilol were
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predicted by using Poulin and Theil method with the Bierezhkovskiy correction

(Berezhkovskiy, 2004).

2.2.3.3. Elimination

Due to absence of relevant metabolic enzyme specific data which can
support and predict the reported enantiomer specific carvedilol clearances, the
intrinsic clearances of metabolic enzymes involved in R and S-carvedilol clearance
were back calculated from their respective iv clearances (CLy) using the retrograde
model for enzyme kinetics in Simcyp® (Neugebauer et al., 1990; Cubitt et al., 2011;
Salem et al., 2014). In order to calculate the total hepatic intrinsic clearance (CLint),
the adult CLy, known fractions of hepatic and renal clearance, the fraction of
unbound drug (fu), the blood to plasma drug ratio and the hepatic blood flow were
used as input parameters. The predicted hepatic CLi»+ was further divided and
assigned to different CYP-enzymes, on the basis of available evidence regarding
fractional contributions of these enzymes. The CLin: not being assigned to any CYP-
enzyme was used as additional drug clearance in the program. The hepatic

intrinsic clearance was predicted using the well-stirred liver model:

QuXCLy

CLine = fupx(Qu—CLy)

Equation 2-1

The fractional contributions of CYP-enzymes involved in metabolism of R
and S-carvedilol were obtained from available evidences in the published reports
(Oldham and Clarke, 1997; Giessmann et al., 2004; Sehrt et al., 2011). It is stated
that CYP2D6 is the major metabolic enzyme involved in carvedilol clearance with
some minor contributions from CYP1A2, CYP2C9, CYP2E1, and CYP3A4. The 74 %

of total R-carvedilol clearance is dependent on CYP2D6 while other CYP-enzymes
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have a minor role in its disposition, while 50 % of total S-carvedilol clearance is
attributed to CYP2D6 and other metabolic enzymes may have an important role
in its overall disposition (Zhou and Wood, 1995; Oldham and Clarke, 1997; Sehrt
et al., 2011). In healthy adults, glucuronidation accounts for 20-23 % of total
carvedilol clearance (Neugebauer and Neubert, 1991) and three UGT isoforms,
UGT1A1, UGT2B4 and UGT2B7 are involved in its metabolism (Ohno et al., 2004).
The contributions of UGT1A1, UGT2B4 and UGT2B7 are reported to be around 30
%, 25-40 %, and 30-45 % for R-carvedilol and 12—20 %, 15—-26 % and 60—-65 % for

S-carvedilol respectively (Takekuma et al., 2012).

Taking into account the above mentioned information, 80 % of total
carvedilol clearance was assigned to the CYP-enzymes (R-carvedilol: 74 % CYP2D6,
2 % CYP1A2, 2 % CYP2C9, 1 % CYP3A4 and 1 % CYP2E1 and S-carvedilol: 50 %
CYP2D6, 10 % CYP1A2, 10 % CYP2C9, 5 % CYP3A4 and 5 % CYP2E1) using
retrograde model and remaining 20 % was assigned to UGT-enzymes, which was
predicted as additional clearance in the program. The UGT-enzyme contributions
were optimized manually to achieve good agreement with the observed clinical
data. The final values of different clearance parameters used in the developed

PBPK model are shown in Table 2-1.

The hepatic clearance (CLy) was predicted by using well stirred liver model

using equation: 2-2 (Wilkinson and Shand, 1975),

CL., — QuXfupxXClug int
g =
Qu+fupXCLuy int

Equation 2-2

66



-Chapter 2-Predicting stereo-selective disposition of carvedilol in CHF patients

The reductions in hepatic blood flow (Qu) occurring in CHF were
incorporated into the model for predicting clearance of carvedilol enantiomers in

CHF patients.

The fraction escaping the gut wall metabolism (Fs) was predicted using

equation: 2-3,

Q .
F; = o Equation 2-3
Qcut+Su,cutXCly int,Gut

Where f,, 6utis the unbound fraction of the drug in the enterocyte, CLy int 6ut
intrinsic clearance in the gut, and Qgu: is a hybrid term predicted by using villous
blood flow (Quiri) and the permeability clearance (CLperm), Which is measured from
the effective permeability of the compound. Qgu: is calculated by using equation:

2-4,

_ QvilliXCLperm

Gut = Equation 2-4

Qvilli"'CLperm
The oral bioavailability was predicted by using equation: 2-5,
F=fo XF;XFy Equation 2-5

Where, f, is the fraction of drug absorbed, Fy is the fraction that escapes
metabolism in the gastrointestinal tract and Fy is the fraction that escapes the

hepatic metabolism.

2.2.4. Pediatric PBPK model

When the developed PBPK was able to predict ADME of both R and S-
carvedilol in adult healthy and CHF patients, it was scaled to pediatrics on

physiological basis using the paediatric module of Simcyp®. This module includes
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a wide variety of relevant age-specific physiological and anatomical parameters
which facilitates the pediatric scaling of drug clearance on physiological basis.
These parameters include the age related changes in, total body composition,
plasma protein binding, blood volume, organ blood flows and abundance of
different metabolic enzymes (Johnson and Rostami-Hodjegan, 2011). In pediatric
module, the renal function is described on the basis of glomerular filtration rate
(GFR), which is linked with BSA of the simulated individuals (Johnson et al., 2006).
In order to simulate the oral drug absorption process in pediatrics, the B-version
of the pediatric ADAM model was used with the similar input value of mean gastric

emptying time as in the adult model (0.4 hour).

Because, all the pediatric patients included in model evaluation were
diagnosed with CHF, the organ blood flow reductions were incorporated in the
pediatric model to see the impact of blood flow reductions on ADME of R and S-

carvedilol.

2.2.5. Blood flow changes to different organs/tissues in heart failure

Previously explained changes in hepatic and renal blood flows were
incorporated in the developed PBPK model (see Chapter 1 for details).
Additionally, the changes in blood flow to limbs can affect the drug distribution,
as the blood flow to the limbs also supplies skin, adipose, muscle and bone (Lee et
al., 1993). The reported fractional reduction in limb blood flow was, 0.57, 0.44 and
0.28 of normal limb blood flow in mild, moderate and severe CHF patients (Leithe

et al., 1984).
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In CHF patients there is hepato-splanchic congestion, affecting the passive
drug diffusion, that results in decreased migration of drug from the intestinal
lumen into systemic circulation, which is depicted as decrease in f, of the drug
(Sica, 2003). Furthermore, the gastrointestinal absorption of drugs having low
solubility like carvedilol (0.01 mg/mL, BCS Il) are more sensitive to CHF associated
changes occurring in gut blood flow (Ogawa et al., 2014). Since, in the developed
model the reduction in blood flow to gut was accounted by reducing the Qu (both
arterial and portal) and in order to account for decrease in Quiii with severity of
CHF, the predicted Qqut (equation: 4) value due to its dependence on Quiii was

reduced in accordance with the reduction in hepatic blood flow.

The incorporated organ blood flow reductions with respect to severity of
CHF in adults (NYHA class) and in pediatric patients (Ross score) are described in

detail in Chapter 1 and are shown graphically in Figure 2-1.

2.2.6. Pharmacokinetic/Clinical data

2.2.6.1. Healthy and Adult patients with CHF

MEDLINE database was searched for screening and identification of
pharmacokinetic studies of R and S-carvedilol in healthy adults and CHF patients
with known demographic information and reported systemic drug concentration-
time profiles. As a result of the search, systemic drug concentration-time data
from five different clinical studies in healthy adults (4 studies, and 36 subjects) and
CHF patients (one study, 10 patients with NYHA Ill and 10 patients with NYHA 1V,
4 PK data sets) were used in the adult model development and evaluation

(Neugebauer et al., 1990; Spahn et al., 1990; Zhou and Wood, 1995; Tenero et al.,
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2000; Behn, 2001). These studies provided a total of 11 data sets (7 data sets in
healthy and 4 data sets in CHF patients) (Table 2-2). Each PK data set used for
model development and evaluation represents a mean or median observed
concentration-time profile after iv or oral doses of R and S-carvedilol. Amongst the
data sets used, one was provided by the author (Behn, 2001) and rest were
scanned from the publications’ figures (Neugebauer et al., 1990; Spahn et al.,
1990; Zhou and Wood, 1995; Tenero et al., 2000) using the “digitizer” tool in
software OriginPro® version 9.0 (OriginLab. Northampton, MA). CYP2D6 specific
genotype data was available in two clinical studies (Zhou and Wood, 1995; Behn,

2001).
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Table 2-2 Characteristics of the adult data sets used for carvedilol model development

No. Population Nr. of Dose Application Age Body Weight Ref.
subjects (mg) (years) (kg)
Mean Range Mean Range
1 Healthy 102 12.5 ivinfusion® 29.5 2139 739 56.5-98 (Neugebauer et al.,
1990)
2 Healthy 3 12.5 ivinfusion® - - - - (Spahn et al., 1990)
Healthy 10° 50 oral 29.5 21-39 73.9 56.5-98 (Neugebauer et al.,
1990)
4 Healthy 3 50 oral - - - - (Spahn et al., 1990)
Healthy 9 25 oral 28.4¢ - 82.1¢ - (Zhou and Wood,
1995)
6 Healthy 7 25 oral 32¢ - 89.0¢ - (Zhou and Wood,
1995)
Healthy 7 6.4¢ oral 29.7 24-37 71 56-100 (Behn, 2001)
Heart failurefs 20 6.25 oral 55 39-64 89.5 60.8-113.1
9 Heart failurefs 20 12.5 oral 55 39-64  89.5 60.8-113.1  (Tenero et al., 2000)
10 Heart failurefs 20 25 oral 55 39-64  89.5 60.8-113.1
11 Heart failurefs 20 50 oral 55 39-64 89.5 60.8-113.1

2The number of patients included in pharmacokinetic analysis of S-carvedilol after iv and oral application were 6 and 7 respectively, ® Intravenous infusion
was given over 1 hour, “SEM for age + 1.3 years and for weight + 3.2 kg,  SEM for age + 2.4 years and for weight + 6.9 kg, ¢ Dose administered as 0.09
mg/kg but normalized to total dose by multiplying with the average weight of the participants in the clinical trial, f20 patients completed the study (10
patients with NYHA 11l and 10 with NYHA IV heart failure), & The presented values for age and weight are the reported values for the initial study population
(n=22)
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2.2.6.2. Paediatric patients with CHF

One clinical PK data set, including 15 pediatric CHF patients and one young
adult with known age, gender, height, weight, CYP2D6 genotype, dose, Ross score,
and measured systemic drug concentration-time profiles was used (Table 2-3)
(Behn, 2001). The age of the patients ranged from 43 days to 19.3 years (average:
6.7 years) and they received a 0.09 mg/kg dose of oral R and S-carvedilol. Fifteen
of these patients were similar to that included in the previous chapter for model
evaluation. The pediatric patients were divided in different age groups i.e., infant
(2 month—1 year), young child (2—6 year), children (6—12 year) and adolescents

(12-18 year) according to guidelines set by World Health Organization (WHO).
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Table 2-3 Characteristics of pediatric data used for model development

No. Age Gender Body Dose Ross
(year Weight (mg/kg) score/
s) (kg) NYHA
Class
1 0.12 Female 3.1 0.09 3
2 0.13 Male 4 0.09 6
3 0.15 Male 3.9 0.09 3
4 0.5 Female 5.2 0.09 8
5 0.75 Male 8 0.09 3
6 1.25 Male 10.1 0.09 3
7 1.5 Male 9.5 0.09 10
8 3.5 Female 13.1 0.09 3
9 5.5 Male 20.2 0.09 3
10 7.5 Male 243 0.09 5
11 8.25 Male 25.8 0.09 7
12 11.6  Female 343 0.09 4
13 11.8 Male 39 0.09 2
14 17.5 Male 56 0.09 NYHA I
15 17.8 Male 61 0.09 NYHA IlI
16 19.3° Male 98.2 0.09 NYHA 1l
Mean 6.7 26 - -
SD 6.72 25.6 - -

NYHA New York heart association classification of heart failure, SD standard deviation
All patients were diagnosed with heart failure and were participants in the same clinical
trial (Behn, 2001)

@ patient out of the pediatric age range according to guidelines set by World Health
Organization (WHO).

2.2.7. Model evaluation

Please refer to Chapter 1.
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2.3. Results

2.3.1. Healthy Adults

The model predictions after iv and oral application in healthy adults were in
a good agreement with the observed data at all administered dosages of 12.5 mg
ivand 6.4—50 mg oral racemic carvedilol (Figure 2-2, Appendix 8, 9 and 10). The
ratios(obs/pred) for AUCo—, Cmax and CL after iv and oral administration of R and S-
carvedilol were within 2-fold error range (Figure 2-3). After iv administration, the
systemic concentration of R-carvedilol was slightly higher than that of S-carvedilol
which was evident from a mean R/S AUCo— ratio of 1.2 and 1.4 for observed and
predicted data, respectively. An increase in the mean observed and predicted R/S
AUCo- ratios was seen after oral administration of carvedilol as it was increased
to 2.5 and 2.4 respectively, suggesting that stereo-selective disposition is more

pronounced after oral administration.

The visual predictive checks in extensive and poor metabolizers (EM’s and
PM’s) of CYP2D6 show that the model has slightly over-predicted the absorption
phase (Cmax) for S-carvedilol but for R-carvedilol, the Cmax predictions were in
agreement with the observed data (Figure 2-2 and Appendix 11). The
ratios(obs/pred) for all the PK-parameters in EM’s and PM’s of CYP2D6 were within
2-fold error range (Figure 2-3). Furthermore, the predicted vs. observed systemic
drug concentration plots after iv and oral application of R and S-carvedilol showed
that the model has successfully predicted the observed data at high and low

systemic drug concentrations (Figure 2-4).
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The predicted Vss were 1.57 and 1.95 L/kg for R and S-carvedilol, which are
in line with reported values (range) of 1.39-3.40 and 1.42-3.84 L/kg respectively.
Additionally, the predicted bioavailability of R and S-carvedilol in healthy adults
was 0.34 and 0.17 respectively, which is in agreement with the reported absolute

bioavailability of these enantiomers (Table 2-4).
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Figure 2-2 Comparison of observed and predicted systemic R and S-carvedilol
concentration-time profiles in healthy adults after intravenous or oral drug
dosing

Comparison of observed and predicted systemic R and S-carvedilol concentration-time profiles in
healthy adults after intravenous or oral drug dosing. Healthy adults, iv application (a, f) 12.5 mg,
(Neugebauer et al., 1990), o (Spahn et al., 1990). Oral application, (b, g) 50 mg, ® (Neugebauer et
al., 1990), o (Spahn et al., 1990), 25 mg, (Zhou and Wood, 1995), (c, h) extensive metabolizers, (d,
i) poor metabolizers, (E, J) 0.09 mg/kg, n = 7, (Behn, 2001). Prediction results are shown as median
(lines), 5™ and 95 percentiles (dotted lines), and minimum/maximum (dashed lines). The
observed data is shown as filled and empty circles.
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Figure 2-4 Observed vs. predicted concentrations plots in adults.

Observed vs. predicted concentrations plots in healthy adults after intravenous (a, b), oral (c, d) R
and S-carvedilol application and in chronic heart failure patients after oral application of R and S-
carvedilol (e, f). The solid line indicates line of identity and the dashed line show a 2-fold error

range.
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Table 2-4 Predicted bioavailability of carvedilol enantiomers in different
populations

Simulated population R-Carvedilol S-Carvedilol
. Fe Fh fa F Fe Fn fa F
Healthy adults 098 035 099 034 096 0.21 0.88 0.17

Extensive metabolizers 0.99 0.35 0.99 0.34 0.96 0.20 0.89 0.17

Poor metabolizers 1.00 0.65 0.99 0.64 098 0.34 0.89 0.30

Adults with heart failure 097 0.19 0.74 0.14 092 0.11 0.55 0.05

Pediatrics with heart 098 0.42 0.99 0.41 096 0.27 093 0.23
failure®

fa fraction of drug absorbed, F¢ fraction of drug escaping metabolism in the gut, Fn fraction of
drug escaping the hepatic metabolism and F is the bioavailability. @ simulation performed without
reducing organ blood flows, number of virtual patients included in predictions; n=100.

2.3.2. Adult CHF patients

The developed adult CHF model was successful in predicting stereo-
selective disposition of R and S-carvedilol after administering steady state oral
doses of racemic carvedilol (6.25-50 mg) in CHF patients (Figure 2-5 and Appendix
13). The mean ratios(obs/rred) Of the PK parameters for both enantiomers were
within 2-fold error range and close to unity. The mean ratios(obs/pred) for AUCo—
and CL/F were 1.2 and 0.8 for R-carvedilol and 1.1 and 0.9 for S-carvedilol (Figure
2-6 and Appendix 14). Moreover, the predicted vs. observed systemic drug
concentration plots in CHF showed that the model has successfully predicted
steady state systemic concentrations of R and S-carvedilol at all dosage levels
(Figure 2-4). In adult with CHF, the mean R/S AUCo— ratios were reduced to 1.8
and 1.6 for observed and predicted data, respectively, showing a relative increase

in S-carvedilol concentration in CHF patients.

A decrease in predicted bioavailability (F) of both R and S-carvedilol was

seen in CHF patients, which was associated with decrease in f; and Fn. The

79



-Chapter 2-Predicting stereo-selective disposition of carvedilol in CHF patients

predicted f,, Frhand F in adult CHF patients were reduced to 0.74, 0.19 and 0.14 for

R-carvedilol and to 0.55, 0.11 and 0.05 for S-carvedilol (Table 2-4).
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Figure 2-5 Comparison of observed and predicted systemic R and S-carvedilol
concentration-time profiles after steady state oral drug dosing in Heart failure

patients

Comparison of observed and predicted systemic R and S-carvedilol concentration-time profiles

after steady state oral drug dosing in Heart failure patients: (a, ) 6.25 mg, (b, f) 12.5 mg, (c, g) 25
mg, and (d, h) 50 mg oral carvedilol. Observed data are shown as dark circles (Tenero et al.,
2000). Prediction results are shown as median (lines), 5" and 95 percentiles (dotted lines), and
minimum/maximum (dashed lines).

81



-Chapter 2-Predicting stereo-selective disposition of carvedilol in CHF patients

a R-Carvedilol b S-Carvedilol
® °
CL/F A . +. CL/F A ° *

AUC H il AUC H l1 [ ]
Cm;n_ "Al:

I T T T T 1 T T T T T T 1

T
0.0 0.5 1.0 1.5 2.0 25 30 0.0 0.5 1.0 1.5 2.0 2.5 3.0

max

o

Ratiooye/pred Ratio gy preq

Figure 2-6 Comparison between the observed and predicted values of
pharmacokinetic parameters in adult chronic heart failure patients.

Comparison between the observed and predicted values of the area under the plasma
concentration-time curve (AUC) m, the maximum concentration (Cmax) A, and drug clearance (CL/F)
e in adult heart failure population. Results are presented as mean ratios observed/predicted) for R-
carvedilol (a) and S-carvedilol (b).

2.3.3. Pediatric CHF patients

The systemic concentration-time profiles of R and S-carvedilol after
administering an oral dose of 0.09 mg/kg racemic carvedilol in the entire age range
(0.12-19.3 years) without incorporating any pathophysiological changes show
that the developed model was capable of predicting the age specific changes in
systemic concentrations of both enantiomers, since, most of the observed
systemic concentration-time were within predicted 5" and 95%™ percentiles
(Figure 2-7). Moreover, the age related changes occurring in CL/F of R and S-
carvedilol was captured by the model, as the observed values were within the
predicted CL/F range, except in two patients with age of 17.5 and 19.3 years,

where the observed CL/F was lower than the predicted values (Figure 2-7).
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Figure 2-7 Model predictions in the
entire pediatric age range.

Model predictions in the entire pediatric age
range n=15 (0.12 to 17.8 year) including the
young adult n=1 (19.3 year) after administering
0.09 mg/kg R and S-carvedilol, (a, b) systemic
concentration-time plots, o observed data _—
median prediction, ---- minimum and maximum
prediction, - 5™ and 95t percentiles and (c, d)
Change in oral clearance of R and S-carvedilol
with age o Predicted CL/F, e observed CL/F
(Behn, 2001). Simulations performed by creating
a virtual population of 1000 individuals.
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The predicted systemic concentration-time profiles and the ratios(obs/pred) of
the PK parameters in different pediatric age groups after administering an oral
dose of 0.09 mg/kg racemic carvedilol are shown in Figures 2-8 and 2-9, Appendix
15 and 16). The infants, young children and children who were classified with
respect to Ross score were better described without incorporating
pathophysiological changes in the model, as the AUCo— and CL/F ratios(obs/pred)
were always within 2-fold error range and the results in these age groups are as
follows: In infants, the model has slightly over-predicted systemic concentration
of both enantiomers, that can be seen in the ratios(obs/pred) for Cmax and AUCo—
which were 0.8 for R-carvedilol and 0.7 for S-carvedilol. The predictions in young
children for R-carvedilol were in close agreement with the observed data but the
Cmax for S-carvedilol was over predicted in this age group and the AUCo—
ratios(obs/pred) for R and S-carvedilol were 1.2 and 1.7 respectively. In children, the
predictions for both enantiomers were in agreement with the observed data and
the CL/F and Cmax ratios(obs/pred) for R and S carvedilol were, 1.1 and 1.2

respectively. (Figures 2-8 and 2-9).
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Figure 2-8 Model predictions in
different pediatric age groups.

Model predictions in different pediatric
age groups for R and S-carvedilol (a, b)
infants, (c, d) young children, (e, f) children
and (g, h) adolescents. Model predictions
in individual patients (i-p) after
administering 0.09 mg/kg oral dose of R
and S-carvedilol, without (0) and with (e)
adjusting the organ blood flows, — median
prediction, ---- minimum and maximum
prediction, - 5™ and 95 percentiles and
e, 0 observed data (Behn, 2001)
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Figure 2-9 Comparison between
the observed and predicted values
of pharmacokinetic parameters in
pediatrics

Comparison between the observed and
predicted values of the maximum
concentration (Cmax), and drug clearance
(CL/F) in pediatric chronic heart failure
patients. Results are presented as
individual and ratios(observed/predicted) (a, b)
R-carvedilol and (c, d) S-carvedilol e
predictions without organ blood flow
reductions and m predictions with
incorporation of organ blood flow
reductions. The arrow head of the line
points from ratio(observed/predicted) Without
reduction in organ blood flow to
ratio(observed/predicted) With reduction in
organ blood flow in the same patient. The
shadowed gray area indicates a 2-fold
error range.
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Amongst the three patients (2 adolescents and 1 young adult) who were
classified as adults, according to NYHA functional classification, two (17.5 and 19.3
years) were better described with incorporation of the pathophysiological
changes, as in adults with CHF and are presented individually in the visual
predictive checks and comparison of PK parameters (Figures 2-8 and 2-9). The
17.5-year-old patient classified as NYHA class |l was better described with organ
blood flow reductions as the ratios(obs/pred) for AUCo— and CL/F without reduction
in organ blood flows were outside the 2-fold error range, but with incorporation
of adult organ blood flow reductions they were improved and were within 2-fold
error range (Figure 2-9). The 17.8-year patient classified as NYHA class Il was
better described without reductions in organ blood flows. The organ blood flow
reductions in 19.3-year young adult classified as NYHA class Il significantly
improved the predictions as the ratios(obs/pred) for CL/F and Cmax Without reductions
in blood flow were, 0.6 and 3.2 for R-carvedilol and 0.3 and 4.7 for S-carvedilol
and were improved to 1.7 for R-carvedilol and 1.5 and 1.4 for S-carvedilol

respectively (Figure 2-9).

Lastly, the predicted vs. observed systemic drug concentration plots in
pediatrics show that with few exceptions, particularly with R-carvedilol, where
model has under-predicted the systemic concentrations, in general the model was
capable of predicting the individual concentrations of both enantiomers, as most

of the concentrations were within 2-fold error range (Figure 2-10).
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Figure 2-10 Observed vs. predicted concentrations plots in pediatric CHF patients.

Observed vs. predicted concentrations plots in pediatric CHF patients after administering 0.09
mg/kg R and S-carvedilol (a, b). The solid line indicates line of identity and the dashed line show a

2-fold error range.
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2.4. Discussion

In the presented work, the pathophysiological organ blood flow changes
occurring in CHF were incorporated into whole body PBPK model to predict
stereo-selective disposition of carvedilol in CHF patients. When the developed
PBPK model has successfully described PK of R and S-carvedilol in healthy adults
and after incorporation of reduced organ blood flows in adult CHF patients, it was
scaled to pediatric CHF patients. In contrast to adults, pediatric patients up to 12
years of age were better described without the reductions in organ blood flow,
whereas older pediatric patients were better described after incorporating organ

blood flow reductions.

The model development was initiated by parameterization of various drug-
specific parameters after iv application in healthy adults, which was followed by
predictions of R and S-carvedilol after oral administration. The predicted
bioavailability of R and S-carvedilol was in very close agreement with the reported
absolute bioavailability of these enantiomers (Neugebauer et al., 1990) (Table 2-
4). The additional success in predicting the disposition of R and S-carvedilol in EM’s
and PM’s of CYP2D6 provided additional confidence in the CYP2D6 CLin: values
used in the developed model, as this enzyme is the most relevant for the drug
metabolism. Moreover, in comparison to R-carvedilol, the slight over-prediction
of Cmax With S-carvedilol highlights the equally important role of other cyp-
enzymes involved in its metabolism, as in the developed model only 50 %
clearance of S-carvedilol is attributed to CYP2D6 and remaining 30 % to other cyp-

enzymes while with R-carvedilol 74 % clearance is associated with CYP2D6 and

89



-Chapter 2-Predicting stereo-selective disposition of carvedilol in CHF patients

remaining 6 % is attributed to other cyp-enzymes. Therefore, suggesting that, in
addition to CYP2D6-gentotype, the incorporation of genotype-specific data for
other cyp-enzymes involved in clearance of S-carvedilol is equally important for

predicting its ADME

The developed model was successful in predicting the ~2-fold difference in F
of both enantiomers (Table 2-4). It was seen that carvedilol undergoes extensive
stereo-selective first pass metabolism which is more sensitive towards S-
carvedilol. Furthermore, the resulted R/S AUCo— ratios SUggest that stereo-selective
clearance of carvedilol is more distinct after oral administration, since the
predicted R/S AUCo— ratio in healthy adults after iv administration was 1.4 and it
was increased to 2.4 after oral administration of carvedilol. The predicted R/S
AUCo— ratio was decreased to 1.6 in adult CHF patients after administering steady
state oral application of carvedilol. This decrease in R/S AUCo— ratio was
associated with differences in CLint of both enantiomers, as the reduction of Quin
CHF resulted in a differential effect on clearance of both enantiomers. Therefore,
in CHF compared to R-carvedilol there will be a relative increase in S-carvedilol
systemic concentration and hence its AUCo—. This relative increase in S-carvedilol

exposure is expected to expand with increased severity of disease.

The incorporation of reduced blood flows to liver and kidney in adult CHF
patients resulted in decrease CL/F of R and S-carvedilol, because, both carvedilol
enantiomers undergo extensive first pass metabolism (Neugebauer et al., 1990),
this decrease in CL/F was primarily attributed to reduction in Qu. The reduced Qu

lead to an increased first-pass metabolism (decrease in Fn) which in turn, resulted
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in reduced F of both enantiomers. The decrease in carvedilol CL/F and F was
successfully predicted by the developed model in CHF patients (Figures 2-5, 2-6
and Table 2-4). Because, the adult patients were having decompensated CHF
(NYHA class lll and IV) (Tenero et al., 2000) and reduction in CL (~50 %) of various
drugs has been reported previously in these patients (Ogawa et al., 2013) which
suggests that the incorporated reduced organ blood flows can be correlated with
the NYHA functional classification of heart failure. Furthermore, the predicted fa
of both enantiomers was reduced in adult CHF patients (Table 2-4), which is
consistent with the reports stating reduction in passive drug diffusion due to
reduction in Quini in CHF (Berkowitz et al., 1963; Sica, 2003). Moreover, in CHF, the
absorption of drugs with low solubility are more susceptible to changes in
intestinal blood flow, therefore, for drug like carvedilol (BCS class Il) having low
solubility and high permeability, any change in blood flow to intestine can have an
impact on its fa (Ogawa et al., 2014). In the developed model due to absence of
any clear information on the intestinal blood flow in relation to severity of CHF,
intestinal blood flow was not reduced with severity of CHF, instead reduction in
Qu was used as a surrogate, therefore, to account decrease in Quiii and its impact
on absorption of both enantiomers, the Qsut Wwas reduced in relation to reduction

to Q.

The pediatric simulations showed that in contrast to the adults, the patients
up to 12 years of age, all categorized with Ross scoring system, were better
described without the reductions in organ blood flow. On the other hand, one
from the two adolescent’ patients as well as the young adult patient (17.5 and

19.3 years, all classified according to NYHA classification), were better described

91



-Chapter 2-Predicting stereo-selective disposition of carvedilol in CHF patients

after incorporating organ blood flow reductions. One of the possible reasons for
such a difference may be the use of the same organ blood flow reductions in
pediatric population as in adults. Since, the incorporated blood flow reductions in
pediatrics simulations were based on adult values, it is likely that these values
might be close to what is happening in the late adolescence but not be true for
young children, as improvement in predictions with incorporation of reduced
organ blood flows was only seen in old adolescents (the young adults). Moreover,
the pathophysiology of CHF is different between adult and pediatric patients, with
congenital heart disease being the main cause of CHF in the vast majority of
pediatric patients (Hsu and Pearson, 2009). When compared with adults, children
have higher frequency of heart rate (Tanaka et al., 2001; Fleming et al., 2011) and
a higher drug CL due to higher percentage of liver weight in relation to body
weight (Noda et al., 1997). This can lead to differences in the total impact of these
changes on drug CL between both populations. In addition to that, it is not clear if
the different grading system that was used is related, in any way, to this finding,
as both grading systems are based on different criteria. In order to draw
conclusions about the validity of this finding as well as the possible reasons for it,
more data is needed specially to confirm if this difference is true. However, the
presented findings indicate that the incorporated blood flow reductions in the

adult model cannot be directly adopted in pediatrics, at least for the young ones.

The ontogeny of the metabolic cyp-enzymes seems to have a minor impact
on the overall disposition of carvedilol enantiomers in the pediatric CHF patients
that were included in the model evaluation (Behn, 2001). This is, because, all of

these pediatric patients were above one month of age and the two major cyp-
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enzymes for carvedilol metabolism (i.e. CYP2D6 and CYP2C9) have a fast ontogeny
profile, as they achieve more than ~50 % of adult activity by the age of 0.1 year
(Salem et al., 2013). Nevertheless, in the developed model about 20 % of the total
assigned metabolism of S-carvedilol is due to cyp-enzymes with slow enzyme-
ontogeny and a later maturation time point, i.e. CYP1A2: 10 %, CYP2E1: 5 % and
CYP3A4: 5 %. The latter enzymes contribute only to about 4 % in the case of R-
carvedilol, i.e. CYP1A2: 2 %, CYP2E1: 1 % and CYP3A4: 1 %. As a result, the impact
of the slow maturation of these enzymes will be more profound on the clearance
of S- rather than the R-carvedilol. Moreover, if pediatric patients less than one
month of age would have been included, the effect of enzyme ontogeny on the

predicted drug clearance would have been more pronounced.

The predicted systemic drug concentration profiles for R and S-carvedilol in
different pediatric age groups have successfully captured the observed data, with
few exceptions, where model has over-predicted the systemic concentrations of
R and S-carvedilol, particularly in infants. These over-predictions in infants may be
associated with the knowledge gaps with respect to intestinal permeability and
perfusion within CHF patients of this age group, as low drug absorption in
comparison to adults has been previously reported in pediatric CHF due to
congenital heart defects (Nakamura et al.,, 1994). Since, changes in intestinal
morphology, permeability and absorption are affected in adult CHF patients, the
possibility of such changes in pediatric CHF patients cannot be completely ruled

out (Sica, 2003; Sandek et al., 2007).
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The age related changes in CL/F for R and S-carvedilol have been successfully
captured by the developed PBPK model (Figure 2-7). The observed CL/F values
were within the predicted values, exceptin 17.5 and 19.3 year patients, where the
observed CL/F for both enantiomers were low, which can be attributed to reduced
blood supply to eliminating organs in these patients as only in these 2 patients,
the predicted PK parameters were improved with incorporation of reduced organ
blood flows (Figure 2-9). Additionally, due to the higher hepatic extraction of S-
carvedilol, the impact of reduction in Qu on its CL/F was more significant when
compared to R-carvedilol. However, it seems that the role of reduced organ blood
flows becomes important only in adolescent age group who are categorized
according to NYHA classification of CHF. Since, the number of participants in the
clinical study used for model evaluation in pediatrics was small, therefore, these

results cannot be generalized for all the pediatric CHF patients.

Even though in comparison to R-carvedilol, the developed model has slightly
over-predicted the S-carvedilol systemic concentration, the ratios(obs/rreq) for the
PK parameters for both enantiomers were within the 2-fold error range. Keeping
in view the fact that in disposition of S-carvedilol, contrary to R-carvedilol, CYP2D6
is not the only responsible enzyme, since minor differences were seen in systemic
concentrations of S-carvedilol between PM’s and EM’s of CYP2D6 (Zhou and
Wood, 1995). Because, genotype-specific data was only available for CYP2D6 in
two clinical studies (Zhou and Wood, 1995; Behn, 2001), the differences seen in
observed and predicted values for S-carvedilol highlights the equally important

role of other enzymes involved in metabolism of S-carvedilol.
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Since, the developed model has successfully predicted the stereo-selective
disposition of carvedilol in healthy and diseased populations, it can be linked with
the PD data (Blood pressure and heart rate). The incorporation of PD data in the
developed model can help in improving safety profile of carvedilol by reducing the
adverse drug reactions associated with it, particularly, the ones associated with
higher systemic concentrations of R-carvedilol (orthostatic hypotension), that can

lead to serious consequences in geriatric population.

2.5. Limitations

Some of the observed pharmacokinetic data used for model evaluation was
extracted from the publication figures, as original data was not accessible. In order
to identify any error arising from scanning of data from the figures, the calculated
values of pharmacokinetic parameters from the scanned and reported data were
compared. It was seen that there were no significant differences between the
reported and calculated values for different pharmacokinetic parameters that

could potentially impair the model evaluation process.

The first two chapters of the thesis were focused on predicting carvedilol
ADME in adult and pediatric CHF patients. Because, carvedilol is clinically used for
the management of portal hypertension in liver cirrhosis patients and there are
no clear dosing recommendations available for its use in patients with different
Child-Pugh score (disease severity). Therefore, in the next chapter previously
developed PBPK model for carvedilol in chapter 1 will be extrapolated to liver
cirrhosis patients for optimizing clinical use of carvedilol in management of portal

hypertension..
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Chapter 3:
Optimizing the clinical use of carvedilol in liver cirrhosis: a
physiologically based pharmacokinetic approach

3.1. Introduction

Liver cirrhosis is a complex pathophysiological condition that can affect the
pharmacokinetics (PK) of many therapeutic agents with a potential to alter the
intensity of their desired and undesired effects (Verbeeck, 2008). In liver cirrhosis,
both hepatic blood flow (Qx) and hepatic drug extraction ratio (ER) are reduced,
which can lead to impaired metabolism of drugs having high and low hepatic
clearance (Morgan and McLean, 1995). The dysfunction of the liver is not merely
associated with a reduction in the capacity of the hepatic metabolism and biliary
clearance, but is also accompanied with alterations in the production of drug
binding proteins (Verbeeck, 2008). As a result, drug dosing in liver cirrhosis
patients’ needs to be adjusted to the severity of the disease state. The drug
regulatory agencies in the US, Food and Drug Administration (FDA), and Europe,
the European Medicines Agency (EMA), expect sponsors to conduct
pharmacokinetic studies in patients with impaired hepatic function for disease
specific dosing recommendations, particularly when the PK of the drug are likely

to be affected in this condition (FDA, 2003; EMA, 2005).

In this context, the inherent ability of physiologically based
pharmacokinetic (PBPK) models to incorporate the pathophysiological changes
that occur in liver cirrhosis make it a very valuable tool. By using a PBPK approach,
population specific (system) parameters can be separated from the drug related

parameters and the likely impact of the disease-associated changes on the kinetics
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of administered drugs can be studied. In fact, reports about the use of PBPK
models to predict drug absorption, distribution, metabolism and elimination
(ADME) and drug dosing in healthy and diseased populations (liver cirrhosis, renal
failure and chronic heart failure, etc.) have been previously published (Edginton
and Willmann, 2008; Johnson et al., 2010; Li et al., 2012; Jones et al., 2013; Rasool
et al,, 2015). Among these are two PBPK-cirrhosis models that were modified with
relevant pathophysiological changes with respect to the severity of liver cirrhosis
(classified with a Child-Pugh [CP] score A—C) to predict the PK profiles of various

drugs (Edginton and Willmann, 2008; Johnson et al., 2010).

The non-selective B-blockers (NSBB) have been successfully used for the
treatment of portal hypertension, a condition for which liver cirrhosis is a main
cause (Bosch et al., 2008; de Franchis, 2010; Giannelli et al., 2014). Carvedilol is an
NSBB with an additional anti-a-1 adrenergic activity and proven efficacy in the
management of portal hypertension (Bosch, 2013; Reiberger et al., 2013; Giannelli
et al., 2014; Sinagra et al., 2014). However, the clinical benefits that are associated
with its use in cirrhosis patients for the management of portal hypertension are
overshadowed by the associated reports of adverse drug reactions (ADR’s),
particularly at higher dosing (i.e. 25 mg/day) (Forrest et al., 1996; Stanley et al.,
1999; Hemstreet, 2004). Because carvedilol undergoes an extensive first pass
metabolism with a high hepatic extraction, the pathophysiological changes in Qu
and cyp-enzyme expression/activity due to liver cirrhosis can have a profound
impact on its disposition (Neugebauer et al., 1987; Neugebauer et al., 1990;
Neugebauer and Neubert, 1991; Abdelaziz et al., 2009). Furthermore, carvedilol is

a highly protein bound drug and the decrease in blood albumin levels in liver
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cirrhosis when compounded with the potential decrease in the metabolic capacity
may affect its unbound systemic concentration and hence, its associated
pharmacodynamic (PD) effect. As a result, administering similar carvedilol doses
in different cirrhosis populations (CP-A—C) may lead to different drug exposures

and/or different effects.

Looking in the literature, there are plenty of available PK data for carvedilol
in healthy subjects (Neugebauer et al., 1987; Tenero et al., 2000; Behn, 2001;
Giessmann et al., 2004). In contrast, there are only limited PK data for carvedilol
in liver cirrhosis patients (only CP—C) (Neugebauer et al., 1988). Up to date, there
is no report of a PBPK model to predict carvedilol ADME in patients with liver

cirrhosis.

3.1.1. Objective

The objective of this study was to develop and evaluate a PBPK-carvedilol-
cirrhosis model with the available clinical data in liver cirrhosis CP—C population
and to extrapolate the evaluated PBPK model to CP—A and CP-B cirrhosis
populations, where no clinical PK data are available. The ultimate aim was to
generate data that may substantiate a safer drug therapy by recommending
model based drug dosing in liver cirrhosis after exploring the underlying
differences in drug disposition as well as drug unbound and total (bound and

unbound) exposure with the different disease stages.
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3.2. Methods

3.2.1. Modelling Platform

A whole body PBPK model was developed using the population based PBPK

simulator, Simcyp® (version 14 release 1, Simcyp Ltd, Sheffield, UK).

3.2.2. Model Structure

Refer to chapter 1 for details.

3.2.3. Modeling strategy, simulation conditions, and drug-specific parameters

The PBPK model presented here is a modified and extended version of the
model developed and evaluated previously in healthy adults (Rasool et al., 2015);
however, after modifications with regard to the assigned clearance due to
glucuronidation. In the previous report (Rasool et al.,, 2015), clearance due to
glucuronidation was assigned collectively as 20% of the total drug clearance that
was calculated using the retrograde model of enzyme kinetics within Simcyp®.
There are, however, reports stating the involvement of UGT1A1, UGT2B4 and
UGT2B7 enzymes in the glucuronidation of carvedilol (Ohno et al., 2004;
Takekuma et al., 2012), along with their relative contributions (Takekuma et al.,
2012). Therefore, in this model, the previously assigned intrinsic clearance due to
glucuronidation was divided by the respective contributions of UGT-enzymes
(Takekuma et al., 2012) and then by their abundances in the liver to get individual
intrinsic clearance values (CLint) for each enzyme. The calculated UGT-CLint values
were refined by using the parameter estimation (PE) module within Simcyp®

utilizing the iv plasma concentration vs. time data in healthy adults as a reference
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(Neugebauer et al., 1988). This modified model was then further evaluated in
healthy adults after oral application. The final list of drug-specific parameters is

presented in Table 3-1.
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Table 3-1 Drug-specific parameters incorporated in the developed PBPK model

Parameter Value/Model Reference

Molecular weight (g/mol) 406.47 PubChem.

LogPo:w 4.19 PubChem.

pKa 7.97 (Caron et al., 1999)

Absorption

Model ADAM

Peft,man (cm/s) 1.94x10* (Bachmakov et al., 2006)
Predicted after calibrating with
metoprolol and propranolol using
Simcyp®

Distribution

Model Full PBPK

Prediction method Poulin and Theil method with the Bierezhkovskiy

correction

Blood to plasma (B:P) ratio 0.69 (Fujimaki et al., 1990)

fup 0.0054 (Fujimaki et al., 1990)

Elimination

CLi, (L/h) 38 (von Mollendorff et al., 1987)

CYP2D6 CLint (uL/min/mg/pmol of 339.7

isoform)?®

CYP1A2 CLjnt (UL/min/mg/pmol of 8.71

isoform)? aSimcyp® retrograde model of

CYP2C9 CLint (UL/min/mg/pmol of 3.1 enzyme kinetics

isoform)?

CYP2E1 CLint (uL/min/mg/pmol of 3.71

isoform)?

UGT1A1 CLint (uL/min/mg/pmol of 4.04

isoform)P®

UGT2B4 CLint (uL/min/mg/pmol of 3.43 bSimcyp® parameter estimation

isoform)P® module, (Takekuma et al., 2012)

UGT2B7 CLint (uL/min/mg/pmol of 5.75

isoform)®

CLr (L/h) 0.25 (Gehr et al., 1999)

LogPo.w octonal-water partition coefficient, fup fraction of unbound drug in plasma, pK. acid
dissociation constant, ADAM Advanced, Dissolution, Absorption and Metabolism, CLi intravenous
clearance, CLrrenal clearance, CLintintrinsic clearance
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In order to run simulations in cirrhotic patients, some of the system
parameters were modified according to the reported changes in liver cirrhosis (see
“System parameters” for details). Simulations in liver cirrhosis population were
performed after iv and oral application of carvedilol using the Simcyp® CP —C
population and were compared to available experimental data. Only when the
developed PBPK model was able to predict carvedilol ADME in liver cirrhosis CP—
C population, simulations were extended to cirrhosis CP—A and CP-B populations
were no experimental data are available. At this stage, the developed PBPK model
was used to predict carvedilol unbound and total (bound and unbound) AUC’s in
healthy and cirrhosis populations (CP-A—C) in order to explore the need of dose
adjustments. The simulations in healthy and cirrhosis populations were performed
by creating a virtual population of 100 subjects for every clinical data set with the
same age range (same in healthy adults but in cirrhosis patients the age range for
created virtual population was 40-70 years), proportion of females and fluid
intake as in the reference clinical study (Table 3-2). An overview of the workflow
for the development of this PBPK-carvedilol-cirrhosis model is shown in Figure 3-

1.

3.2.4. System parameters

The “Sim-Healthy Volunteer” population library in Simcyp® was used for
simulating carvedilol ADME in healthy volunteers, whereas “Sim-Cirrhosis-CP (A,
B, or C)” population libraries were used for simulating carvedilol PK in liver
cirrhosis patients as categorized with respect to CP score. The “Sim-Healthy

Volunteer” population library comprises of demographic, genetic, anatomical and
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physiological parameters obtained from an extensive literature search (Simcyp®
version 14 release 1). The “Sim-Cirrhosis-CP (A—C)” population libraries categorize
the cirrhosis patients based on the disease severity based on the CP scoring system
into CP—A (well compensated disease), CP—B (significant functional compromise),
or CP—C (decompensated disease) (Pugh et al., 1973). These population libraries
incorporate demographic and physiological information specific to liver cirrhosis
that were reported previously (Johnson et al., 2010), such as changes in liver
weight, CYP-enzyme expression/activity, cardiac output, liver blood flow,
intestinal blood flow, renal function, hematocrit and plasma protein
concentrations (data summarized in Fig. 2). These factors can influence carvedilol
PK, for example, equation 4, implemented in simcyp® shows how changes in the
concentration of plasma albumin can affect the unbound fraction of carvedilol in

cirrhosis patients,

fucirr = N [P] [Pleirr (1 quV*)]
[P] HV* fugy«

Where, Cirr is cirrhosis, P is for plasma protein (albumin) and HV* is the typical

value in a healthy subject (25 years old).
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Figure 3-1 Schematic workflow for the development of PBPK model of carvedilol
in cirrhosis population.

white area (a) healthy adults and grey area (b) liver cirrhosis patients. LogP..w- octonal-water
partition coefficient, pKe-acid dissociation constant, B:P=blood to plasma, fur-fraction of unbound
drug in plasma, Pefman= human jejunum permeability, CLint= intrinsic clearance, CLgr- renal
clearance, ADAM= Advanced Dissolution Absorption and Metabolism Model.
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Figure3-2A Pathophysiological changes in different cirrhosis populations.

(a) Liver volume (b) CYP-enzyme abundance (c) Hepatic arterial blood flow (d) Villous blood flow
(e) Cardiac output (f) Portal blood flow. CP-A—C: Child-Pugh class A-C. Presented data were
extracted from Johnson et al (Johnson et al., 2010) and Simcyp® version 14 release 1.
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(g) Albumin (h) Haematocrit (i) Glomerular filtration rate and (j) Mean fasting gastric emptying
time. CP-A—C: Child-Pugh class A-C. Presented data were extracted from Johnson et al (Johnson et

al., 2010) and Simcyp® version 14 release 1.
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3.2.5. Clinical data

Pharmacokinetic data in healthy volunteers and liver cirrhosis patients
after iv and oral administration of carvedilol (Neugebauer et al., 1988) were
extracted using the digitizer tool in the software OriginPro® version 9.0 (OriginLab.
Northampton, MA). The reference clinical study provided four median systemic
drug concentration vs. time profiles (2 in healthy adults and 2 in cirrhosis patients)
after administering 12.5 mg iv infusion and 25 mg of oral carvedilol (Table 3-2). In
short, twenty healthy adults included in the reference study served as historical
controls and received the same dose under similar conditions as the cirrhosis
patients (Neugebauer et al., 1988). Six liver cirrhosis patients (5 males and 1
female) included in this study were diagnosed by a decreased serum
cholinesterase (less than 1800 U/L) and Quick test vales (less than 70%). The
cirrhosis patients included in this study were not stratified by the authors with
respect to CP score; therefore, on the basis of the available information, the
decreased serum cholinesterase levels (less than 1800U/L) served as a surrogate

for categorizing these patients into CP—C class (Meng et al., 2013).

3.2.6. Model evaluation

Refer to Chapter 1 for details.
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Table 3-2 Characteristics of the clinical data used in model development

Dose i i
No. Population Nr. of Age (years) Proportion Body weight Height Reference
. (mg) Route (kg) (em)
subjects
(Range) of females  (Range) (Range)
1 Healthy 20 12.5 ivinfusion® 19-45 0 60-92 160-197 (Neugebauer et al., 1988)
2 Cirrhosis-CP-C* 6 12.5 ivinfusion® 40-76 0.16 65.5-96 163-174  (Neugebauer et al., 1988)
3 Healthy¢ 20 25 oral 19-45 0 60-92 160-197 (Neugebauer et al., 1988)
4 Cirrhosis-CP-C 6 25 oral 40-76 0.16 65.5-96 163-174  (Neugebauer et al., 1988)

CP—C: Child-Pugh class C

2 Intravenous infusion was given over 1 hour

Ponly 5 subjects were included in PK analysis

conly 19 subjects were included in PK analysis
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3.3. Results

3.3.1. Model evaluation in healthy adults

The here presented PBPK model was first checked for the ability to reflect
carvedilol PK behavior in healthy adults before extending it to liver cirrhosis.
Figure 3-3 and Appendix 17 shows the median observed and predicted systemic
drug concentration-time profiles after iv and oral drug application in healthy
adults for a visual check. As can be seen in Figure 3-3, there is a good agreement
between the observed and predicted systemic carvedilol concentration-time
profiles indicating that the drug ADME were well captured by the model. This was
further supported by the predicted Vs and ke values, as the observed and
predicted values for Vss were 1.4 L/kg and 1.6 L/kg and for ke were 0.2 1/h and
0.18 1/h after iv drug iv application, respectively. In addition, the ratios(obs/pred) for
the calculated AUCp-, Cmax, and CL matched well and were all within a 1.5-fold
range (Table 3-3). For example, the predicted iv and oral carvedilol clearance
values were 35 L/h and 150 L/h, which were very close to the observed values of
36 L/h and 174 L/h, respectively. Finally, the drug absolute bioavailability (F) after
oral administration of carvedilol was also well predicted when compared to the

observed value (23% vs. of 21%, see Figure 3-4).
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Figure 3-3 Visual predictive
checks of the observed and
predicted carvedilol
systemic  concentration-
time profiles in healthy
adults and liver cirrhosis
Child Pugh Class C patients.

(a) Healthy adults, 12.5 mg iv
infusion (b) Liver cirrhosis
patients, 12.5 mg iv infusion; (c)
Healthy adults, 25 mg oral; (d)
Liver cirrhosis patients, 25 mg
oral. Observed data (solid
circles) are median measured
concentration of the study
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95t percentiles (dotted lines),
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(dashed lines).
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Table 3-3 Comparison of median observed and predicted pharmacokinetic
parameters along with their ratio(obs/pred) in healthy and cirrhosis populations after
ivand oral administration of carvedilol

PK-parameter Healthy adults Liver cirrhosis

Observed Predicted ratioobs/eredy Observed Predicted ratioobs/pred)

Intravenous application

Crmax (1g/L) 177.50 149.54 1.19 149.22 151.59 0.98
AUCo— (ug.h/L) 342.06 354.15 0.97 556.48 726.48 0.77
Oral application

Crmax (ug/L) 21.90 28.23 0.78 103.32 117.42 0.88
AUCo— (ug.h/L) 167 163.8 1.02 981.66 1278.35 0.77

AUCo—; area under the systemic drug concentration-time curve from time zero to infinity, Cmax;
the maximum concentration. n=20 for healthy adults and n=6 for cirrhosis patients (Neugebauer
et al., 1988).
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3.3.2. Model evaluation in cirrhosis CP-C patients

After incorporating the main physiological changes that accompany liver
cirrhosis in a disease modified model, model predictions were compared with
experimental PK data obtained from decompensated liver cirrhosis CP—C patients
(Figure 3-3). The visual predictive checks showed that all the observed systemic
drug concentration-time points were within the maximum and minimum
prediction range indicating that the presented model has also successfully
captured carvedilol PK in these patients after oral and iv drug application. The
increase in Vs and the decrease in ke in cirrhosis population CP—C when compared
with healthy subjects were also well predicted by the model. Whereas the
observed and predicted values of Vssin cirrhosis patients after administering iv
carvedilol were increased from 1.4 L/kg and 1.6 L/kg in healthy subjects to 3.1 L/kg
and 2.5 L/kg respectively, the observed and predicted values for ke were

decreased from 0.2 1/h and 0.18 1/h to 0.08 1/h and 0.08 1/h, respectively.

In addition, the model predictions captured the ~4-fold increase in Cmax,
the ~3-fold increase in F, ~6-fold increase in AUCo-» and the ~8-fold decrease in
CL/F between observed healthy and cirrhosis CP—C population after oral drug
application. The predicted increase in F from 23% to 88% was comparable with
the increase in observed F from 24% to 88% (Figure 3-4). Finally, the calculated
ratios(obs/pred) Of the main PK parameters of interest is presented in Table 3-3.
These results confirm again that the modified model was able to capture the drug
disposition in patients also, and therefore, is a strong basis to perform simulations

of drug application to CP—A and CP-B diseased populations.
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3.3.3. Model simulations in virtual cirrhosis CP—A and B patients

In liver cirrhosis populations CP—A and CP-B, no clinical PK data were
available, and therefore, model simulations were intended to fill some of the
information gap. First, a comparative analysis of AUCo—, Cmax, CL, and F in these
cirrhosis populations when compared to healthy and CP-C patients was presented
in Figure 3-4. Here, a periodic increase was seen in predicted values of AUCo—,
Cmax and F between CP—A to CP—-C populations. Second, the fractional contribution
of the metabolizing enzymes in the cirrhosis populations was investigated (Figure
3-5). The results showed changes in the predicted percentage contribution of CYP
and UGT contributions to the overall carvedilol clearance between healthy and
cirrhosis populations. Whereas the CYP enzymes were dominating the overall drug
clearance in healthy adults by 76%, their contribution decreased to 72% in CP-A,
to 56% in CP-B, and to 32% in CP—C populations. In contrast, UGT-enzyme
contributions gradually raised from 23% in healthy adults to 66 % in cirrhosis (CP—
C) population. This finding can have important implications, particularly in the

investigations of drug-drug interactions (DDI’s).
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Figure 3-5 The model predicted contributions of the various metabolic enzymes and the renal clearance in the overall carvedilol metabolism in
healthy adult and in liver cirrhosis populations.

CP-A= Child-Pugh Class A; CP-B= Child-Pugh Class B; and CP-C= Child-Pugh Class C
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3.3.4. Predicted drug exposure in virtual cirrhosis populations

Further simulations were performed to predict the relative drug exposure
from healthy subjects to cirrhosis patients of different severity of the disease. The
predicted mean total (bound and unbound) drug exposure (AUCrotal [ug.h/L]) after
administering 25 mg oral carvedilol increased significantly between the healthy
and the cirrhosis populations (CP-A—C) populations, i.e. from 204.0 (95 % Cl 175.2—
232.7) in healthy adults to 1397 (95% Cl 1289-1505) in CP—C population. In order
to have a similar total carvedilol exposure between healthy and cirrhosis
populations, the first dosing modification suggested to reduce the administered
carvedilol doses to 12.5 mg in CP-A, 6.25 mg in CP-B and 3.125 mg in CP-C
population. As a result of this dosing modification, the mean total exposure was
predicted to be 233.3 (95 % Cl: 206.5-260.1) in CP-A, 186.1 (95 % Cl: 169.4-202.9)
in CP-B, and 174.6 (95% Cl: 161.1-188.2) in CP—C population (Figure 3-6 and

Appendix 18).

Looking at the unbound systemic concentrations of carvedilol, an increase
was also seen as the mean unbound drug exposure (AUCunbound [pg.h/L]) changed
from 1.06 (95 % Cl 0.91-1.21) in healthy adults to 13.8 (95 % Cl 12.8—-14.8) in CP-
C population (Figure 3-6). The trend of increase was similar to that seen with the
total exposure, however, it was more pronounced as here the magnitude of
change was ~13-folds in comparison to a ~7-fold increase for the total carvedilol
exposure between healthy and the CP—C population. Applying the previously
mentioned dose modification, the upper 95 % Cl of mean unbound carvedilol

exposure in CP-A—C populations were still higher than that in healthy adults
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(Figure 3-6 and Appendix 19). As a result, a further 25% reduction doses to be
administered was suggested so that the required carvedilol doses were adjusted
10 9.375 mgin CP-A, 4.68 mg in CP-B and 2.34 mg in CP—C population. This model
based final dosing proposal resulted in a comparable mean unbound drug
exposure in all patient subgroups, i.e. 1.03 (95 % Cl: 0.91-1.14) in CP-A, 1.34 (95
% Cl: 1.22—1.45) in CP—B and 1.3 (95% ClI: 1.2—-1.4) in CP—C population as well as in

the total drug exposure (Figure 3-6 and Appendix 20).
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Figure 3-6 Box plots showing predicted area under the curve with 5t-95th
percentiles in healthy and cirrhosis populations.

(a) Predicted AUCwota after administering 25 mg dose of carvedilol in healthy and cirrhosis
populations. (b) Predicted AUCunbound after administering 25 mg dose of carvedilol in healthy and
cirrhosis populations. (c) Predicted AUCtwtal after reduction in administered carvedilol doses in
different cirrhosis populations (CP-A—C). (d) Predicted AUCunbound after reduction in administered
carvedilol doses in different cirrhosis populations (CP-A—C). (e) Predicted AUCtotal after further 25%
reduction in administered carvedilol doses in different cirrhosis populations (CP-A-C). (f) Predicted
AUCunbound after further 25% reduction in administered carvedilol doses in different cirrhosis
populations (CP-A—C). The grey shaded area shows the exposure after administering 25 mg oral
dose of carvedilol in healthy adults. HA= healthy adult; CP-A= Child-Pugh Class A; CP-B= Child-Pugh
Class B; and CP-C= Child-Pugh Class C
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3.4. Discussion

Due to recent reports on comparative clinical evaluation of non-selective beta-
blockers in cirrhosis patients with portal hypertension, there is a renewed interest
in the clinical use of carvedilol. However, the therapeutic benefits associated with
its use in cirrhosis patients with portal hypertension are often overshadowed by
the associated reports of ADR’s, particularly at higher doses of 25 mg/day. Keeping
this in mind, a PBPK model of carvedilol was developed to predict drug exposure
and recommend dosing in order to optimize its clinical use in liver cirrhosis
populations of different disease severity. The final model simulations quantified a
significant increase in the unbound and total (bound and unbound) systemic
exposure of carvedilol with the increased severity of the disease, with the increase
of the former being more pronounced. Based on these predicted drug exposures,
suggestions for dose selection/optimization were given in order to enhance a safer

carvedilol therapy in cirrhotic patients.

The developed model has successfully captured the ADME processes in
healthy adults after iv and oral administration of carvedilol, as the predicted Cmay,
AUCo—, and clearance in healthy adults were in close agreement with the
observed values with ratios(obs/ered) Within 1.5-fold range (Table 3-3). Keeping in
mind that carvedilol undergoes extensive first pass metabolism (Neugebauer et
al., 1987; Neugebauer et al., 1990; Neugebauer and Neubert, 1991; Abdelaziz et
al., 2009) through different CYP P450 enzymes (~80 %) and UGT-enzymes (~20 %)
(Oldham and Clarke, 1997; Giessmann et al., 2004; Ohno et al., 2004; Sehrt et al.,

2011; Takekuma et al., 2012), any change in enzyme expression/activity and in
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liver size and volume in cirrhosis can have a significant impact on its metabolic

clearance.

In liver cirrhosis, there is a gradual decrease in liver volume and in the
abundance of the CYP enzymes with increased severity of the disease. The liver
volume decreases from 1.5 L in healthy adults to 1.0 L in cirrhotic patients (CP—C),
whereas the abundances of the CYP-enzymes that are involved in carvedilol
metabolism, i.e. CYP2D6, CYP1A2, CYP2C9 and CYP2E1, are reduced from 8, 52, 73
and 61 pmol/mg microsomal protein in healthy adults to 0.84, 6.1, 24.4 and 6.71
pmol/mg microsomal protein in cirrhosis CP—C patients, respectively (Johnson et
al.,, 2010). On the other hand, the activity of UGT-enzymes is believed to be
preserved (Johnson et al., 2010). Therefore, in comparison to healthy individuals,
the relative contributions of CYP and UGT-enzymes to the total carvedilol
metabolism were significantly altered in cirrhosis patients. The mean predicted
contribution of CYP and UGT-enzymes in overall carvedilol metabolism were
reduced from 76 % and 23% in healthy adults to 32% and 66% in cirrhosis CP-C
respectively (Figure 3-5). This finding indicate that drugs that can alter UGT
enzymes activity (Kiang et al., 2005) will play a more significant role in cirrhotic
patients when compared to healthy population where CYP metabolism
predominates the overall carvedilol metabolism. This is important keeping in mind
that patients with liver cirrhosis have often multiple comorbidities that require a
concurrent administration of different drugs with a higher potential for DDI’s and
eventually, ADR’s (Franz et al.,, 2012). By using the developed PBPK model,
clinically possible “what if” scenarios can be explored and DDI’s between

carvedilol and other co-administered drugs (e.g. UGT inhibitors) can be predicted,
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which can eventually help in optimizing the drug therapy and preventing ADR’s in

liver cirrhosis population.

There is no doubt that the clinical use of carvedilol has been extensively
studied in cirrhosis patients with portal hypertension (Forrest et al., 1996; Stanley
et al., 1999; Tripathi et al., 2002; Hobolth et al., 2014), but after looking closely at
participants of these clinical trials, some shortcomings and question marks can be
identified that may have undermined their findings. Firstly, the number of
participating cirrhosis patients with respect to CP classes were different in every
clinical trial, so the findings from these clinical studies may not be generalized for
all the cirrhosis patients with different CP classes. Moreover, in every clinical
study, the same carvedilol dose was administered to cirrhosis patients regardless
of the CP class, which may have resulted in different drug exposures and could
have potentially impaired the associated clinical benefits with its use in these
patients. These potential changes in the drug exposure were explored and
guantified with the presented model, and the results indicate the need of dose

adaptation if the same drug exposure is to be achieved in all patients.

In the present work, the developed model after its evaluation with the CP—C
population was used to predict carvedilol exposure in CP-A and B populations,
where no clinical data were available and it was seen that, in order to have similar
total (bound and unbound) drug exposure as achieved after administering 25 mg
oral carvedilol in healthy population, the administered doses should be reduced
to 12.5 mg, 6.25 mg, and 3.125 mg in in CP-A, CP-B, and CP-C populations,

respectively (Figure 3-6). Since, carvedilol is a drug that is extensively bound to
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plasma proteins (fup of 0.0054) and the changes occurring in its CL and free fraction
in liver cirrhosis patients can affect its PD response, therefore,
measuring/predicting its unbound systemic concentration in liver cirrhosis
patients is very important. Keeping this in mind, the developed model was used
to predict unbound systemic carvedilol concentrations in healthy and cirrhosis
(CP-A—C) populations. It was seen that in liver cirrhosis patients, the unbound
systemic concentration of carvedilol increases more markedly in comparison to
that of total systemic concentration of carvedilol (~7-fold increase in total
exposure vs. ~13-fold increase in unbound exposure between healthy and CP—C
population). This relative increase in unbound drug exposure may be the potential
underlying reason for the intolerance seen in cirrhosis patients after administering
25 mg daily doses of oral carvedilol (Stanley et al., 1999). As a result, on the basis
of simulated unbound carvedilol exposure, a further 25% reduction in
administered carvedilol dose was required and the final suggested drug doses
were 9.375 mg in CP-A, 4.68 mg in CP-B and 2.34 mg in CP-C population.
Nevertheless, the above-suggested dose reductions should be considered in light
of the information that carvedilol is commercially available in strengths of 3.125
mg, 6.25 mg, 12.5 mg, and 25 mg, and that for these recommendations,

manipulation of the available dosage forms may be required.
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X. Final Summary of the thesis and perspectives

This thesis was aimed to improve the clinical use of carvedilol, a high
hepatic extraction drug, in CHF and liver cirrhosis populations by developing PBPK
drug-disease models. In order to understand the pharmacokinetic differences
associated with use of carvedilol in healthy and diseases populations, a systematic
model building strategy was adopted. In this modeling strategy, the developed
models were first evaluated in healthy populations and after incorporation of
disease related data, they were tested in diseased populations. In order to
propose model based drug dosing and to explore complex clinical scenarios, after
evaluation of these developed drug-disease models with the available clinical data
sets, they were extrapolated to other populations, where no clinical data was
available. The developed PBPK models have the capacity to be extended to predict
ADME of other high hepatic extraction drugs in diseased populations and they can

be used to optimize current dosing schemes in these diseased populations.

In the first part of the thesis, the hemodynamic changes occurring in
hepatic and renal blood flow in CHF were incorporated in two-PBPK models and
the model predictions were compared with the available clinical data in adult and
pediatric CHF patients. The model predictions in adult CHF population who were
classified according to NYHA classification of CHF, were significantly improved
with incorporation of reduced organ blood flows and a strong connection was
seen between decrease in hepatic clearance of carvedilol with increased disease
severity. The predictions in pediatric CHF patients were not improved with organ

blood flow reductions and it was hypothesized that the pediatric system of
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assessing severity of heart failure, the Ross score, was not very well correlated
with the organ blood flow reductions occurring in the disease as the NYHA system.
Since, majority of pediatric patients in the clinical trial were diagnosed with mild
heart failure (Ross score 3-6), it was assumed that the pathophysiology of the
disease is different in mild CHF, this assumption was further strengthened when
the organ blood flow reductions in children above 17 years of age, assessed by
NYHA system, resulted in improvement in predicted pharmacokinetic parameters.
These results cannot be generalized to all the pediatric CHF patients taking into
consideration the small sample size of the pediatric clinical trial data used for
model development and secondly, in terms of severity of disease the participants
were not evenly distributed throughout the pediatric age range. In order to make
a definite conclusion regarding the role of reduced organ blood flows in children,
there is a need for further evaluation with additional clinical pharmacokinetic data

of pediatric patients with different degrees of CHF.

In the second part of the thesis a PBPK model was developed to predict
stereo-selective disposition of carvedilol in CHF populations, after incorporating
more relevent pathophysiological changes in blood flow to limbs, adipose, skin
and muscle. After evaluation in adult CHF patients, the model was scaled to
pediatric CHF patients to see if the same tissue/organ blood flow changes can also
be adopted for children. The developed model has successfully described PK of
carvedilol enantiomers in healthy adults and in patients after the incorporation of
reduced organ blood flows. In comparison to systemic concentration of R-
carvedilol, there was a relative increase in S-carvedilol systemic concentration in

adult CHF population. This relative increase in S-carvedilol systemic concentration
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is expected to widen with the increase in severity of CH. In contrast to adults,
pediatric patients up to 12 years of age were better described without the
reductions in organ blood flow, whereas older pediatric patients were better
described after incorporating organ blood flow reductions. These findings indicate
that the incorporated blood flow reductions in the adult model cannot be directly
adopted in pediatrics, at least for the young ones; however, in order to draw

definite conclusions, more data is still needed.

The last part of thesis was aimed to develop and evaluate a PBPK-
carvedilol-cirrhosis model with the available clinical data in liver cirrhosis patients
and to recommend model based drug dosing after exploring the underlying
differences in unbound and total (bound and unbound) systemic carvedilol
concentrations with the different disease stages. The model predictions in
different cirrhosis populations (CP-A—C) showed that UGT-enzymes predominate
drug metabolism in CP—C populations and therefore, the concomitant use of UGT
inhibitors with carvedilol in cirrhosis patients can lead to clinically relevant DDI’s.
Since, both drug regulatory agencies (FDA and EMA) recommend studying drug PK
with respect to CP classification system in cirrhosis populations, dose optimization
was recommended based on predicted unbound drug exposure in different
cirrhosis CP classes (A—C). The presented model generated-data can guide the
optimization of administered carvedilol doses in cirrhosis patients with respect to
disease severity and can help improve the design of some necessary clinical

studies in the drug development process
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Because of the mechanistic nature of the presented PBPK models, they can
be extended to other high extraction drugs in chronic heart failure and liver
cirrhosis populations. These models can also serve as a basis to develop PBPK
models for carvedilol and similar high extraction drugs in special populations like
geriatrics and renal failure. By exploring underlying pathophysiological differences
between adult and pediatric CHF populations, the developed PBPK models can

help in suggesting required carvedilol doses in pediatric CHF patients.
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Appendix 1. Observed and predicted data used for model evaluation in healthy adults after
intravenous carvedilol administration

Time Systemic carvedilol concentration (ug/L)

(hour) Observed* Model-1predicted Model-2 predicted Route Dose Study
0.37 112.0 109.4 113.8 iv 12.5 1
0.60 136.0 126.4 1335 iv 12.5 1
0.84 160.0 139.5 147.9 iv 12.5 1
1.00 177.5 145.2 154.4 iv 12.5 1
1.08 88.5 74.1 82.6 iv 12.5 1
1.25 72.8 60.7 68.7 iv 12.5 1
1.33 65.3 53.8 61.0 iv 12.5 1
1.50 54.8 49.0 55.6 iv 12.5 1
1.75 48.2 42.7 48.6 iv 12.5 1
2.00 42.3 36.4 42.5 iv 12.5 1
2.50 34.0 31.0 36.0 iv 12.5 1
3.00 30.3 27.0 31.8 iv 12.5 1
3.50 26.2 23.6 28.1 iv 12.5 1
4.00 22.1 20.0 24.5 iv 12.5 1
6.00 13.7 12.6 16.2 iv 12.5 1
8.00 9.4 7.9 10.7 iv 12.5 1
10.00 6.2 5.1 7.3 iv 12.5 1
12.00 4.0 3.5 5.1 iv 12.5 1
14.00 2.8 2.4 3.5 iv 12.5 1
0.25 37.3 40.8 42.0 iv 5 2
0.50 48.8 49.0 514 iv 5 2
0.75 58.7 55.2 58.4 iv 5 2
1.00 54.7 60.2 64.3 iv 5 2
1.33 26.8 22.8 26.3 iv 5 2
1.75 22.1 18.1 21.1 iv 5 2
2.00 19.6 16.2 19.1 iv 5 2
2.40 16.3 13.6 16.3 iv 5 2
2.89 14.1 11.7 14.3 iv 5 2
4.00 10.8 8.8 11.1 iv 5 2
6.00 7.0 54 7.3 iv 5 2

Study 1: (Neugebauer et al., 1987), Study 2: (Giessmann et al., 2004)

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences
between digitized and source data.
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Appendix 2. Observed and predicted data used for model evaluation in healthy adults after oral
carvedilol administration

Time Systemic carvedilol concentration (ug/L)
(hour) Observed* Model-1predicted Model-2 predicted Route Dose Study
0.25 5.1 19.1 14.8 oral 25 mg 1
0.75 104 29.4 23.1 oral 25 mg 1
1.00 15.5 36.3 29.8 oral 25 mg 1
1.25 194 38.1 31.0 oral 25 mg 1
1.50 22.2 38.5 30.2 oral 25 mg 1
1.75 20.8 35.8 30.0 oral 25 mg 1
2.00 19.1 31.8 27.5 oral 25 mg 1
2.50 17.0 26.8 23.8 oral 25 mg 1
3.00 14.9 23.1 20.8 oral 25 mg 1
3.50 12.5 20.8 18.9 oral 25 mg 1
4.50 10.8 16.9 15.7 oral 25 mg 1
6.00 6.6 11.5 10.8 oral 25 mg 1
8.00 5.2 7.4 7.2 oral 25 mg 1
10.00 4.0 4.5 4.6 oral 25 mg 1
12.00 3.1 3.0 3.3 oral 25 mg 1
14.00 3.2 2.1 2.2 oral 25 mg 1
0.25 8.6 24.5 18.6 oral 50 mg 1
0.75 41.0 58.8 46.2 oral 50 mg 1
1.00 47.0 72.5 59.5 oral 50 mg 1
1.50 51.5 76.9 60.4 oral 50 mg 1
1.75 51.5 71.6 60.1 oral 50 mg 1
2.00 50.2 63.5 55.1 oral 50 mg 1
2.50 45.2 53.7 47.5 oral 50 mg 1
3.00 38.3 46.3 41.6 oral 50 mg 1
3.50 32.1 41.6 37.8 oral 50 mg 1
4.50 27.1 33.7 31.4 oral 50 mg 1
6.00 18.6 22.9 21.7 oral 50 mg 1
8.00 15.1 14.7 144 oral 50 mg 1
10.00 104 9.0 9.1 oral 50 mg 1
12.00 7.6 6.1 6.5 oral 50 mg 1
14.00 6.8 4.2 4.4 oral 50 mg 1
0.25 3.5 11.5 8.1 oral  0.09mg/kg 2
0.50 7.9 17.6 12.6 oral 0.09mg/kg 2
0.75 9.5 17.7 12.8 oral  0.09mg/kg 2
1.00 9.4 13.9 10.6 oral 0.09mg/kg 2
1.50 9.3 9.5 7.6 oral  0.09mg/kg 2
2.00 8.4 7.0 5.8 oral 0.09mg/kg 2
2.50 7.2 5.4 4.6 oral  0.09mg/kg 2
3.00 6.1 4.5 3.9 oral 0.09mg/kg 2
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Time Systemic carvedilol concentration (pug/L)

(hour) Observed* Model-1 predicted Model-2 predicted Route Dose Study
4.00 4.0 3.3 3.0 oral  0.09mg/kg 2
5.00 2.7 2.6 2.4 oral 0.09mg/kg 2
6.00 1.9 1.9 1.9 oral  0.09mg/kg 2
8.00 1.4 1.2 1.2 oral 0.09mg/kg 2
12.00 0.7 0.5 0.6 oral  0.09mg/kg 2

Study 1: (Neugebauer et al., 1987), Study 2: (Behn, 2001)

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences

between digitized and source data.
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Appendix 3. Observed/predicted ratios for the pharmacokinetic parameters in adults

PK-Parameter Model-2 Model-1 Model-2 Model-1 | Model-2 Model-1 Model-2 Model-1
CHF-R CHF-N oral iv

AUCast 1.0 0.8 2.6 2.3 1.1 0.8 1.0 1.1
1.0 0.7 2.5 2.2 0.7 0.6 1.0 1.1

1.0 0.8 2.6 2.3 0.9 0.8

1.2 0.9 3.0 2.6 1.0 1.1
Crnax 1.2 0.8 2.6 2.0 0.8 0.5 1.2 1.2
1.1 0.7 2.3 1.8 0.7 0.6 0.9 1.0

1.2 0.8 2.6 2.0 0.8 0.7

1.3 0.9 2.8 2.1 1.3 1.1
CL 1.0 1.0 0.4 0.4 0.9 1.2 1.1 0.9
1.0 1.0 0.4 0.4 1.3 1.4 1.0 0.9

1.0 1.0 0.3 0.3 1.0 1.1

0.9 0.9 0.3 0.3 1.0 1.0

CHF: chronic heart failure, iv: intravenous, CHF-R: simulations with incorporation of reductions in organ blood
flows, CHF-N: simulations with normal healthy organ blood flows, AUCiast: area under the plasma concentration-
time curve, Cmax: the maximum concentration and CL: clearance
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Appendix 4. Observed and predicted data used for model evaluation in adult chronic heart

failure patients after oral carvedilol administration

Time Systemic carvedilol concentration (ug/L)
(hour) Teneroet Model-1predicted Model-2 predicted Route Dose (mg) Study
al.*
0.00 6.5 5.6 5.0 oral 6.25 1
0.33 11.2 13.7 10.0 oral 6.25 1
0.67 16.4 21.4 14.9 oral 6.25 1
1.00 21.4 28.2 19.8 oral 6.25 1
1.50 24.2 28.8 20.6 oral 6.25 1
2.00 21.2 26.6 19.4 oral 6.25 1
2.50 18.2 24.7 18.3 oral 6.25 1
3.00 16.4 22.3 16.8 oral 6.25 1
4.00 15.1 18.3 14.3 oral 6.25 1
6.00 7.6 13.1 10.7 oral 6.25 1
8.00 8.2 9.7 8.2 oral 6.25 1
12.00 5.8 5.6 5.0 oral 6.25 1
0.00 12.3 11.1 10.0 oral 12.5 1
0.33 13.8 27.4 20.0 oral 12.5 1
0.67 30.9 42.8 29.9 oral 12.5 1
1.00 41.7 56.4 39.5 oral 12.5 1
1.50 43.7 57.6 41.1 oral 12.5 1
2.00 39.0 53.2 38.9 oral 12.5 1
2.50 37.2 49.3 36.6 oral 12.5 1
3.00 33.2 44.6 33.7 oral 12.5 1
4.00 28.0 36.7 28.6 oral 12.5 1
6.00 18.9 26.2 214 oral 12.5 1
8.00 14.7 19.5 16.5 oral 12.5 1
12.00 10.4 11.1 10.0 oral 12.5 1
0.00 29.3 22.3 20.1 oral 25.0 1
0.33 33.1 54.8 40.0 oral 25.0 1
0.67 70.8 85.5 59.8 oral 25.0 1
1.00 97.8 112.8 79.0 oral 25.0 1
1.50 92.4 115.2 82.2 oral 25.0 1
2.00 81.4 106.4 77.7 oral 25.0 1
2.50 74.3 98.7 73.2 oral 25.0 1
3.00 66.3 89.2 67.4 oral 25.0 1
4.00 55.2 73.4 57.2 oral 25.0 1
6.00 38.2 52.5 42.8 oral 25.0 1
8.00 31.9 38.9 32.9 oral 25.0 1
12.00 21.6 22.3 20.1 oral 25.0 1
0.00 62.0 44.5 40.1 oral 50.0 1
0.33 72.0 109.6 79.9 oral 50.0 1
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0.67
1.00
1.50
2.00
2.50
3.00
4.00
6.00
8.00
12.00

131.9
160.5
178.1
164.4
148.3
136.9
120.7
82.7
68.9
42.3

171.1
225.7
230.5
212.8
197.3
178.4
146.8
104.9
77.8
44.5

119.5
158.1
164.4
155.5
146.3
134.7
114.4
85.6

65.8

40.1

oral
oral
oral
oral
oral
oral
oral
oral
oral
oral

50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0

PR R R R R R R RR

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences

between digitized and source data.
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Appendix 5. Observed/predicted ratios for the pharmacokinetic parameters in NYHA Ill and NYHA IV adult chronic heart failure patients

PK-
Parameter Model-2 Model-1 Model-2 Model-1 | Model-2 Model-1 Model-2 Model-1
NYHA IV-R NYHA I1I-R NYHA IV-N NYHA [1I-N

AUC3st 1.3 1.0 0.6 0.6 3.5 3.1 1.7 1.5
1.2 0.9 0.7 0.6 3.1 2.7 1.8 1.6
1.1 0.9 0.9 0.7 3.1 2.8 2.1 1.8
1.1 0.9 0.8 0.7 3.2 2.8 2.2 1.9

Crax 1.4 1.2 1.1 1.0 3.3 2.5 2.4 1.8
1.7 1.2 1.0 0.9 3.4 2.6 2.2 1.7
1.4 1.1 1.2 1.0 3.2 2.5 2.6 2.0
1.2 1.0 1.3 1.1 2.9 2.2 2.7 2.0

CL 1.0 1.0 1.7 1.7 0.3 0.3 0.7 0.7
1.1 0.9 1.6 1.6 0.4 0.4 0.6 0.6
1.1 0.9 1.4 1.4 0.4 0.4 0.6 0.5
1.1 0.9 1.4 1.4 0.4 0.4 0.5 0.5

NYHA Il and IV: New York Heart Association chronic heart failure class Il and IV, NYHA-R: simulations with incorporation of reductions in organ blood flows,NYHA-N:
simulations with normal healthy organ blood flows, AUCkst: area under the plasma concentration-time curve, Cmax: the maximum concentration and CL: clearance
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Appendix 6. Observed and predicted data used for model evaluation in pediatric chronic heart
failure patients after oral carvedilol administration

Patientage time Systemic carvedilol concentration
(years) (ug/L)

(hour) Observed Predicted-N Predicted-R

0.12 0.50 21.3 26.4 35.0

0.75 15.3 26.2 34.0

1.00 10.6 22.3 29.1

1.50 9.2 15.3 20.5

2.00 49 11.6 15.9

2.50 3.0 9.1 12.7

3.00 33 7.1 10.3

4.00 1.8 4.7 6.9

6.00 0.4 2.3 3.4

7.00 0.2 1.6 2.4

0.15 0.75 1.0 24.4 30.9

1.00 1.5 21.0 25.7

1.50 2.1 14.5 18.4

2.00 1.9 11.0 13.9

2.50 2.5 8.6 11.1

3.00 2.3 6.9 9.1

4.00 1.5 4.6 6.5

7.00 0.5 1.6 2.4

0.5 0.25 2.6 13.2 16.0

0.50 12.3 23.8 29.4

0.75 7.8 23.5 31.0

1.00 10.4 20.6 27.8

1.50 8.3 14.1 19.7

2.00 5.1 10.1 14.3

2.50 3.9 7.9 10.7

3.00 3.2 6.3 8.5

4.00 2.2 4.2 5.9

5.00 1.9 2.8 4.3

6.00 1.1 1.9 3.2

7.00 0.8 1.3 2.3

8.00 0.8 0.9 1.7

12.00 0.4 0.2 0.5

0.75 0.25 2.9 9.5 13.0

0.50 5.4 18.0 23.8

0.75 5.6 19.4 25.4

1.00 5.0 17.8 23.4

1.50 3.9 12.3 16.9

2.00 3.7 8.7 12.0
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Patientage time Systemic carvedilol concentration
(years) (ug/L)

(hour) Observed Predicted-N Predicted-R

2.50 2.7 6.6 9.0

3.00 1.7 5.2 7.2

4.00 1.2 35 5.1

6.00 0.8 1.6 2.7

8.00 0.6 0.9 1.5

12.00 0.3 0.2 0.5

1.25 0.25 21.2 11.5 12.9

0.50 28.4 19.3 22.1

0.75 22.2 19.5 23.9

1.00 26.6 18.6 22.3

1.50 18.4 12.5 15.9

2.00 20.9 9.3 11.5

2.50 11.5 6.9 8.6

3.00 6.0 53 6.9

4.00 4.2 3.6 4.8

5.00 2.4 2.5 35

6.00 1.9 1.7 2.6

8.00 1.5 0.9 1.5

1.5 0.25 2.3 8.2 17.2

0.50 8.0 15.8 32.3

0.75 12.7 17.8 35.6

1.00 14.4 16.1 32.6

1.50 10.1 11.2 25.0

2.00 8.1 7.6 18.4

2.50 7.0 5.8 14.7

3.00 5.7 4.5 12.1

4.00 2.9 3.0 9.0

5.00 2.2 2.1 7.0

6.00 1.9 1.5 5.6

7.00 1.3 1.1 4.6

35 0.25 10.1 8.7 12.7

0.50 24.4 15.5 22.0

0.75 23.4 16.3 23.0

1.00 12.8 14.7 20.8

1.50 9.9 10.6 15.5

2.00 5.0 7.4 11.3

2.50 4,5 5.6 8.5

3.00 3.6 4.3 6.8

4.00 2.4 2.9 4.7

5.00 1.6 2.0 3.5
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Patientage time Systemic carvedilol concentration
(years) (ug/L)

(hour) Observed Predicted-N Predicted-R

6.00 1.1 1.5 2.6

7.00 0.8 1.1 1.9

12.00 0.4 0.2 0.5

5.5 0.25 6.9 8.9 12.1

0.50 15.6 15.1 19.6

0.75 16.8 15.3 19.7

1.00 15.6 13.7 18.1

1.50 13.9 10.0 13.7

2.00 9.9 7.2 10.3

2.50 6.0 5.5 7.9

3.00 4.8 4.4 6.4

4.00 4.2 3.0 4.4

5.00 33 2.1 3.2

6.00 2.3 1.5 2.3

7.00 1.9 1.1 1.7

8.00 0.9 0.8 1.2

12.00 0.6 0.2 0.4

7.5 0.25 7.1 8.7 11.7

0.50 15.3 14.7 19.2

0.75 13.5 15.0 19.4

1.00 12.2 13.3 17.5

1.50 8.1 9.8 13.3

2.00 6.5 7.2 10.1

2.50 4.5 5.6 8.0

3.00 3.7 4.5 6.4

4.00 2.0 3.1 4.5

5.00 1.6 2.1 3.2

6.00 2.1 1.5 2.3

7.00 1.7 1.0 1.7

8.00 0.7 0.7 1.2

12.00 0.4 0.2 0.3

8.25 0.25 7.1 8.6 17.0

0.50 9.5 14.4 27.2

0.75 6.6 15.0 27.4

1.00 7.9 13.3 24.8

1.50 7.8 9.8 19.0

2.00 6.6 7.2 15.1

2.50 3.5 5.7 12.2

3.00 2.7 4,5 10.3

4.00 5.7 3.1 7.6
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Patientage time Systemic carvedilol concentration
(years) (ug/L)
(hour) Observed Predicted-N Predicted-R
5.00 2.4 2.1 5.9
6.00 1.2 1.5 4.6
7.00 0.9 1.1 3.7
8.00 0.5 0.7 2.9
10.75 0.25 9.7 8.2 11.1
0.50 13.7 13.8 18.3
0.75 12.6 14.1 19.1
1.00 10.5 13.0 17.8
1.50 10.8 9.5 13.4
2.00 7.5 7.0 10.0
3.00 39 4.1 6.5
4.00 3.2 2.8 4,5
6.00 2.2 1.2 2.2
8.00 1.6 0.6 1.1
11.6 0.25 0.5 9.0 13.4
0.50 17.7 14.7 22.3
0.75 31.7 15.3 23.3
1.00 23.6 14.2 20.8
1.50 18.6 9.8 15.1
2.00 16.0 6.9 10.9
2.50 8.7 5.1 8.2
3.00 7.4 4.0 6.6
4.00 4.7 2.6 4.7
5.00 33 1.8 3.4
6.00 2.7 1.3 2.6
7.00 1.9 0.9 1.9
8.00 1.6 0.6 1.4
11.8 0.25 33 8.0
0.50 8.7 13.5
0.75 11.7 13.7
1.00 11.8 12.8
1.50 8.8 9.2
2.00 6.4 6.7
2.50 4.9 5.1
3.00 4.0 4.0
4.00 2.0 2.7
5.00 1.7 1.8
6.00 1.3 1.3
7.00 0.7 0.9
8.00 0.6 0.6
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Patientage time Systemic carvedilol concentration
(years) (ug/L)

(hour) Observed Predicted-N Predicted-R

17.5 0.25 16.0 7.9 11.7

0.50 36.4 12.8 18.1

0.75 32.5 12.8 18.6

1.00 26.8 11.0 16.1

1.50 23.0 8.1 11.2

2.00 17.8 5.9 8.5

2.50 12.9 4.9 6.9

3.00 11.7 4.1 6.0

4.00 6.2 3.1 4.7

5.00 4.6 2.4 3.7

6.00 3.8 1.9 3.0

8.00 2.6 1.1 2.0

12.00 1.3 0.4 0.9

17.8 0.25 2.8 7.9 17.7

0.50 16.4 12.7 27.1

0.75 13.3 12.8 27.0

1.00 11.7 11.2 23.6

1.50 9.3 8.1 16.4

2.00 6.4 5.9 12.5

2.50 4.2 4.8 10.3

3.00 4.5 4.1 9.1

4.00 4.0 3.1 7.4

5.00 3.3 2.4 6.3

6.00 2.3 1.9 54

7.00 1.6 1.4 4.6

8.00 14 1.1 4.0

19.3 0.25 29.4 7.5 16.6

0.5 35.6 12.0 26.6

0.75 33.0 13.0 28.4

1 22.3 11.7 25.7

1.5 18.8 8.4 18.7

2 14.2 6.2 14.1

2.5 10.9 5.0 11.4

3 9.0 4.1 9.9

4 5.7 3.1 8.1

6 3.5 2.0 5.9

7 1.8 1.6 5.1

8 1.2 1.3 4.5

Predicted-N: simulations with normal healthy organ blood flows, Predicted-R: simulations with incorporation of
reductions in organ blood flows. Observed clinical data: (Behn, 2001)
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Appendix 7. Observed/predicted ratios for the pharmacokinetic parameters in pediatric chronic heart failure patients

Pharmacokinetic 19.3 years patient All pediatric patients
parameter
Model-2-R  Model-1-R  Model-2-N  Model-1-N | Model-2-R  Model-1-R  Model-2-N  Model-1-N

AUCiast 0.9 0.7 2.2 1.9 0.4 0.4 0.5 0.6
0.1 0.1 0.2 0.2

0.4 0.2 0.5 0.7

0.3 0.3 0.4 0.4

1.2 1.1 1.5 1.8

0.4 0.3 0.9 0.9

0.6 0.6 1.0 1.0

0.9 0.8 1.3 1.2

0.7 0.6 0.9 0.9

0.4 0.3 0.8 0.7

0.8 0.6 1.1 0.9

1.1 0.9 1.7 1.5

1.6 1.5 0.9 0.7

0.4 0.4 0.9 0.9

2.3 24

Crmax 1.2 0.9 2.7 24 0.6 0.6 0.8 0.8
0.1 0.1 0.1 0.1

0.4 0.3 0.5 0.6

0.2 0.2 0.3 0.3

1.2 1.1 1.4 1.5

0.4 0.3 0.8 0.8

1.1 0.9 1.5 1.3

0.8 0.7 1.1 0.9

0.8 0.6 1.0 0.8

0.3 0.3 0.6 0.5
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Pharmacokinetic 19.3 years patient All pediatric patients
parameter
Model-2-R  Model-1-R  Model-2-N  Model-1-N | Model-2-R  Model-1-R  Model-2-N  Model-1-N

0.7 0.6 1.0 0.8

1.4 1.0 2.0 1.8

0.6 0.5 0.8 0.7

1.9 1.7 1.2 1.0

2.2 2.3

CL 1.4 1.5 0.5 0.5 2.9 2.6 21 1.8
7.4 7.6 5.6 5.5

2.5 4.3 1.8 1.4

3.5 3.6 24 2.3

0.8 0.9 0.6 0.6

3.0 3.7 1.1 1.1

1.5 1.7 1.0 1.0

1.1 1.3 0.8 0.8

1.5 1.7 1.1 1.2

3.0 3.7 1.3 1.4

1.1 1.6 0.8 1.1

0.9 1.2 0.5 0.7

2.7 2.5 1.2 1.4

0.6 0.6 1.1 1.1

0.4 0.4

Model-1-N: simulations with normal healthy organ blood flows, Model-1-R: simulations with incorporation of reductions in organ blood flows, Model-2-N:
simulations with normal healthy organ blood flows, Model-2-R: simulations with incorporation of reductions in organ blood flows.
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Appendix 8. Observed and predicted data used for model evaluation in healthy adults after administering 12.5 mg intravenous racemic
carvedilol

Time Systemic R-carvedilol concentration (ug/L) Time Systemic S-carvedilol concentration (pg/L)
(hour) Predicted Neugebaueretal* Spahnetal* | (hour) Predicted Neugebaueretal* Spahnetal*
0.25 51.8 54.3 34.6 0.25 435 47.7 30.5
0.50 62.4 70.0 44.8 0.50 50.9 58.5 41.2
0.75 69.9 70.2 61.5 0.75 56.3 58.1 55.2
1.00 71.2 84.6 71.5 1.00 56.8 70.6 65.5
1.15 33.1 46.6 1.15 23.8 354
1.25 29.4 31.0 1.25 21.1 29.0
1.50 24.0 37.8 25.8 1.50 17.3 27.4 22.4
2.00 19.2 29.0 21.1 1.75 14.8 18.9
2.50 16.1 17.5 2.00 13.6 21.8 19.9
3.00 13.6 15.6 17.9 2.50 11.3 15.2
3.50 11.9 15.6 3.00 9.6 11.3 14.6
4.00 10.6 10.4 12.4 3.50 8.4 11.5
6.00 6.5 5.0 9.6 4.00 7.3 8.0 12.6
8.00 4.1 3.4 6.4 6.00 4.3 4.4 8.5
10.00 2.6 2.4 8.00 2.7 2.5 5.2
12.00 1.7 1.4 10.00 1.7 1.5
14.00 1.1 0.8

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences between digitized and source data.
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Appendix 9. Observed and predicted data used for model evaluation in healthy adults after administering 50mg oral racemic carvedilol

Time Systemic R-carvedilol concentration (ug/L) Time Systemic S-carvedilol concentration (ug/L)
(hour) Predicted Neugebaueretal* Spahnetal* | (hour) Predicted Neugebaueretal* Spahn et al*
0.25 30.5 7.8 0.25 8.6 3.1
0.50 53.8 54 0.50 14.3 23.7 4.5
0.75 60.4 50.9 28.1 0.75 15.6 21.5 11.8
1.00 60.1 65.6 50.9 1.00 17.9 21.0 20.5
1.50 49.1 54.6 54.7 1.50 17.6 16.9 20.1
2.00 37.9 45.0 54.7 2.00 14.0 13.6 21.1
2.50 304 59.7 2.50 13.2 234
3.00 24.6 24.0 40.5 3.00 12.1 7.5 15.0
3.50 20.2 28.6 3.50 10.6 11.8
4.00 17.6 15.7 22.9 4.00 9.1 5.0 10.7
6.00 10.5 6.8 13.0 6.00 5.5 2.6 6.0
8.00 6.4 3.9 7.6 8.00 3.5 1.9 5.2
10.00 4.2 2.6 10.00 2.1 1.1
12.00 2.8 1.7 12.00 1.3 1.0
24.00 0.2 0.4 14.00 0.9 0.5

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences between digitized and source data.
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Appendix 10. Observed and predicted data used for model evaluation in healthy adults (n=7), after administering 0.09mg/kg oral racemic
carvedilol.

Time Systemic R-carvedilol concentration (ug/L) Time Systemic S-carvedilol concentration (pg/L)
(hour) Predicted Behn, 2001 (hour) Predicted Behn, 2001
0.25 4.2 21 15 35 44 45 58 0.2] 0.25 1.0 02 23 14 12 14 12 30
0.50 7.3 53 28 86 65 99 7.8 0.5] 0.50 1.9 03 40 30 24 15 16 36
0.75 8.1 8.7 11.6 6.8 103 80 1.1]| 0.75 2.4 05 36 39 32 16 13 3.2
1.00 8.0 96 25 123 74 96 8.2 18| 1.00 2.6 0.8 33 53 35 16 14 31
1.50 6.5 76 26 135 68 9.7 56 24| 1.50 2.5 0.8 32 42 29 14 12 20
2.00 5.0 7.0 2.2 107 53 114 54 25| 2.00 2.2 0.8 42 31 28 1.2 2.1
2.50 3.9 58 15 79 46 138 4.4 2.7| 2.50 19 0.8 56 26 2.7 10 0.8 1.8
3.00 3.1 4.4 5.9 9.0 2.3 22| 3.00 1.6 0.6 34 1.7 138 1.0
3.50 2.6 9.1 4.00 1.2 0.7 24 13 15 0.7 05 0.7
4.00 2.3 30 0.7 37 26 72 13 21| 5.00 0.9 06 11 10 09 06 0.5 0.9
5.00 1.7 18 05 27 17 35 15 14| 6.00 0.7 05 11 0.7 08 05 04
6.00 1.3 1.2 04 16 1.2 31 1.1| 8.00 0.4 0.5 1.0 0.5 0.4 05
7.00 1.0 0.5 10.00 0.2 0.5
8.00 0.8 04 08 0.7 23 0.8 | 12.00 0.1 0.7 0.3
10.00 0.5 0.5
12.00 0.3 03 1.2
24.00 0.0 0.3
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Appendix 11. Observed and predicted data used for model evaluation in extensive and poor metabolizers of CYP2D6 after administering
25mg oral racemic carvedilol

Time Systemic R-carvedilol Time Systemic S-carvedilol

concentration (pg/L) concentration (ug/L)

(hour) EM-P EM* PM-P PM* | (hour) EM-P EM* PM-P PM*
0.25 16.2 204 29.1 12.6 | 0.25 3.9 11.1 5.0 6.2
0.50 27.9 35.5 58.2 40.4 1 0.50 7.3 18.8 12.8 16.5
0.75 31.7 354 69.2 65.3 ] 0.75 9.4 15.1 15.7 23.0
1.00 31.9 334 72.0 72.2 | 1.00 10.0 13.2 17.4 21.7
1.25 28.1 35.9 68.6 74.2 | 1.25 10.0 14.3 18.4 20.2
1.50 25.2 34.8 63.1 72.0] 1.50 9.5 13.6 17.9 18.8
2.00 19.6 30.9 51.9 63.1 ] 2.00 8.3 11.5 16.1 14.3
2.50 15.5 25.5 43.3 52.8 | 2.50 7.0 9.6 14.5 11.5
3.00 12.3 22.3 37.5 49.7 1 3.00 5.9 8.1 12.5 11.0
4.00 8.8 15.9 30.3 38.1| 4.00 4.4 6.2 9.3 8.2
6.00 5.2 7.8 22.7 24.1| 6.00 2.6 3.3 54 5.1
8.00 3.2 4.3 15.0 15.2 | 8.00 1.6 2.4 3.4 3.2
10.00 1.9 2.8 10.8 12.6 | 10.00 0.9 1.8 2.2 2.9

EM-P: model predicted values in extensive metabolizers, EM: observed data in extensive metabolizers, PM-P: model predicted values in poor metabolizers, PM:
observed data in poor metabolizers. EM and PM: Observed data from (Zhou and Wood, 1995).

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences between digitized and source data.
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Appendix 12. Observed/predicted ratios for the pharmacokinetic parameters in adults after administering racemic carvedilol

R-carvedilol S-carvedilol
PK- iv oral iv oral
Parameter

Crnax 125mg | 50mg 25mg-EM 25 mg-PM 0.09 mg/kg | 12.5mg | 50mg 25 mg-EM 25 mg-PM 0.09 mg/kg
1.1 1.1 1.1 1.0 1.0 0.9 1.3 1.8 1.2 1.3
0.9 1.0 1.1 1.3

CL 0.9 1.1 0.7 0.9 1.0 1.2 1.3 0.6 1.0 1.1
0.9 0.9 0.8 0.8

iv: intravenous, EM

: extensive metabolizers, PM: poor metabolizers.
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Appendix 13. Observed and predicted data used for model evaluation in adult CHF patients after administering steady state doses of oral
racemic carvedilol

Time Systemic R-carvedilol concentration Systemic S-carvedilol concentration Dose
(ug/L) (ug/L)

(hour)  Predicted Tenero et al* Predicted Tenero et al.* (mg)
0.00 2.6 4.8 1.7 2.2 6.25
0.33 6.6 7.8 3.5 3.9 6.25
0.67 11.3 11.7 5.5 5.3 6.25
1.00 13.6 14.9 6.6 6.5 6.25
1.50 14.3 159 7.2 6.7 6.25
2.00 135 13.7 7.0 54 6.25
2.50 12.1 12.1 6.6 5.0 6.25
3.00 10.7 11.0 6.0 4.7 6.25
4.00 8.3 9.5 5.0 4.0 6.25
6.00 5.6 4.4 3.6 2.6 6.25
8.00 4.2 5.7 2.7 2.6 6.25

12.00 2.6 3.7 1.7 2.0 6.25
0.00 51 8.8 34 4.1 12.5
0.33 13.3 9.1 7.0 4.5 12.5
0.67 22.5 18.5 10.9 9.7 12.5
1.00 27.2 27.6 13.1 12.8 12.5
1.50 28.5 30.3 14.2 13.6 12.5
2.00 26.8 26.8 13.9 11.7 12.5
2.50 24.0 25.3 13.0 10.7 12.5
3.00 21.1 22.4 11.9 9.8 12.5
4.00 16.4 19.2 9.8 8.1 12.5
6.00 11.0 12.6 6.9 5.8 12.5
8.00 8.2 10.2 53 5.0 12.5

12.00 51 6.5 3.4 3.7 12.5

0.0 10.1 19.1 6.5 9.1 25
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Time Systemic R-carvedilol concentration Systemic S-carvedilol concentration Dose
(ug/L) (ug/L)

(hour)  Predicted Tenero et al* Predicted Tenero et al.* (mg)
0.33 26.4 22.2 13.7 10.6 25
0.67 44.6 47.9 21.5 22.3 25
1.00 53.8 65.2 25.7 30.3 25
1.50 56.4 61.4 27.7 26.8 25
2.00 52.9 56.1 27.0 23.0 25
2.50 47.4 49.7 25.2 21.7 25
3.00 41.7 45.4 22.9 18.6 25
4.00 32.3 36.7 18.8 15.5 25
6.00 21.6 25.5 13.1 12.2 25
8.00 16.2 20.7 10.0 10.5 25

12.00 10.1 13.2 6.5 7.6 25
0.0 19.9 41.1 12.2 20.3 50
0.33 52.2 45.0 26.3 25.1 50
0.67 87.3 88.6 41.3 45.1 50
1.00 104.3 109.9 49.2 52.6 50
1.50 108.8 120.7 52.4 56.0 50
2.00 102.1 103.6 50.6 49.6 50
2.50 91.7 94.6 46.9 46.7 50
3.00 81.0 89.1 42.6 42.7 50
4.00 63.0 84.0 34.8 37.8 50
6.00 41.9 56.7 24.2 26.3 50
8.00 31.5 37.1 18.5 22.0 50
12.00 19.9 29.3 12.2 16.9 50

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences between digitized and source data.
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Appendix 14. Observed/predicted ratios for the pharmacokinetic parameters in adult CHF patients

R-carvedilol S-carvedilol
Cmax AUC CL/F | Cmax AUC CL/F
1.2 1.2 0.8 0.9 1.0 1.0
1.1 1.2 0.8 1.0 1.1 0.9
1.2 1.3 0.8 1.1 1.1 09
1.1 1.2 0.6 1.1 1.3 0.8
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Appendix 15. Observed and predicted data used for model evaluation in pediatric CHF patients after administering 0.09mg/kg of oral
racemic carvedilol

Patient age Time Systemic R-carvedilol concentration (ug/L) Time Systemic S-carvedilol concentration (ug/L)

Group/years | (hour) Predicted Individual patients; Behn, 2001 (hour) Predicted Individual patients; Behn, 2001

Infants 0.25 4.8 1.8 0.25 1.3 0.7
0.50 9.0 10.0 2.8 79 4.0 1.7 | 0.50 2.7 35 21 26 1.8 1.1
0.75 9.9 6.3 0.5 6.8 36 17.1 0.75 3.5 2.4 0.4 2.2 19 7.3
1.00 9.1 3.6 3.2 09 6.1 3.2 147 9.0 1.00 3.7 1.5 28 06 1.8 13 6.5 4.1
1.50 6.6 3.5 20 1.2 53 2.7 119 6.8 1.50 3.2 1.5 16 09 1.7 15 49 2.7
2.00 4.4 2.3 1.6 1.1 43 11.4 46| 2.00 2.4 11 11 08 14 46 2.4
2.50 3.2 1.6 1.1 15 2.8 7.4 3.7 2.50 1.8 09 10 10 1.0 3.2 1.8
3.00 2.3 1.2 23 13 1.7 39 3.01] 3.00 1.3 0.7 2.0 1.0 0.8 19 1.8
4.00 1.4 1.3 1.8 08 1.2 08 2.7 15| 4.00 0.8 0.7 14 07 05 06 14 1.0
5.00 0.9 1.0 1.3 | 5.00 0.5 0.6 0.9
6.00 0.5 1.1 0.7 04 0.8 6.00 0.3 0.7 0.4 04 0.6
8.00 0.2 0.6 8.00 0.1 0.7

Young 0.25 4.3 6.2 3.5 0.25 1.1 2.8 2.9

children
0.50 7.6 13.2 8.3 0.50 2.2 51 54
0.75 7.9 12.2 10.5 0.75 2.7 44 6.5
1.00 7.5 9.0 9.3 1.00 2.8 3.3 58
1.50 6.0 6.1 94 1.50 2.5 22 57
2.00 4.2 3.3 5.7 2.00 2.0 1.2 35
2.50 3.0 23 40 2.50 1.6 09 25
3.00 2.2 1.5 2.7 3.00 1.2 0.7 2.0
4.00 1.3 0.7 19 4.00 0.7 05 15
5.00 0.8 0.5 2.0 5.00 0.5 0.4 1.6
6.00 0.5 03 16 6.00 0.3 03 14
8.00 0.2 0.5 8.00 0.1 0.5

Children 0.25 4.4 5.0 2.4 0.25 1.1 2.2 0.9
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Patient age Time Systemic R-carvedilol concentration (ug/L) Time Systemic S-carvedilol concentration (ug/L)
Group/years | (hour) Predicted Individual patients; Behn, 2001 (hour) Predicted Individual patients; Behn, 2001

0.50 7.5 6.7 114 6.5 0.50 2.1 3.0 50 21

0.75 7.9 45 19.8 9.7 0.75 2.5 1.7 6.8 3.2

1.00 7.7 56 19.0 8.8 1.00 2.6 24 6.1 24

1.50 6.2 5.7 7.0 1.50 2.6 2.4 1.7

2.00 4.8 4.5 95 51 2.00 2.3 24 3.0 15

2.50 3.6 24 6.6 4.0 2.50 1.9 1.2 26 1.0

3.00 2.8 1.7 4.7 3.0 3.00 1.5 1.0 1.7 0.9

4.00 1.7 0.9 25 1.6 4.00 0.9 06 1.1 1.0

5.00 1.0 0.7 1.6 5.00 0.6 0.6 0.8

6.00 0.6 0.6 1.3 6.00 0.4 0.6 0.7

8.00 0.3 0.6 8.00 0.2 0.5
Adolescents 0.25 3.9 11.2 1.9 0.25 1.1 6.0 0.8

0.50 7.0 27.6 104 0.50 2.1 124 3.8

0.75 8.4 24.2 10.5 0.75 2.5 86 3.8

1.00 8.3 21.7 8.7 1.00 2.7 7.2 3.2

1.50 7.0 18.8 6.1 1.50 2.7 6.4 2.1

2.00 5.4 13.7 4.5 2.00 2.3 43 1.6

2.50 4.3 10.3 3.2 2.50 2.0 35 1.2

3.00 3.5 96 2.0 3.00 1.6 3.0 0.9

4.00 2.4 5.2 2.1 4.00 1.2 1.3 1.0

5.00 1.7 40 1.7 5.00 0.8 1.2 1.0

6.00 1.2 3.2 1.0 6.00 0.6 1.0 0.7

7.00 0.9 1.1 7.00 0.4 0.8

8.00 0.7 2.1 8.00 0.3 0.8
17.5-years*™ 0.25 4.1 11 0.25 1.7 6.0

0.50 7.9 28 0.50 3.2 12.4

0.75 10.0 24 0.75 4.1 8.6

1.00 10.6 22 1.00 4.5 7.2

1.50 10.3 19 1.50 4.7 6.4
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Patient age Time Systemic R-carvedilol concentration (ug/L) Time Systemic S-carvedilol concentration (ug/L)

Group/years | (hour) Predicted Individual patients; Behn, 2001 (hour) Predicted Individual patients; Behn, 2001
2.00 9.0 14 2.00 4.5 4.3
2.50 7.5 10 2.50 4.0 3.5
3.00 6.3 9.6 3.00 3.5 3.0
4.00 4.6 5.2 4.00 2.7 1.3
5.00 3.6 4 5.00 2.2 1.2
6.00 2.9 3.2 6.00 1.8 1.0
8.00 1.9 2.1 8.00 1.2 0.8

19.3-years* 0.25 4.9 19 0.25 2.6 9.7
0.50 10.3 25 0.50 5.3 12.2
0.75 13.1 14 0.75 7.1 5.9
1.00 14.6 19 1.00 8.0 8.5
1.50 14.4 13 1.50 8.4 5.6
2.00 13.5 7.6 2.00 8.2 3.0
2.50 11.9 5.5 2.50 7.5 2.4
3.00 10.3 5.5 3.00 6.7 33
4.00 7.5 3.4 4.00 5.0 2.0
5.00 5.9 2.8 5.00 4.0 2.5
6.00 4.8 1.4 6.00 3.2 1.3
8.00 3.5 0.6 8.00 2.4 2.0

*Predictions with incorporation of reduced organ/tissue blood flows
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Appendix 16. Observed/predicted ratios for the pharmacokinetic parameters in pediatric CHF patients

PK- All Patients 19.3 year* 19.3year 17.8year 17.5year* 17.5year Children Young Infants
Parameter Children
R-carvedilol Cmax 1.2 1.7 3.2 1.2 2.5 3.4 13 1.5 0.8
CL 1.1 1.7 0.6 1.1 0.7 0.4 0.9 0.8 1.2
S-carvedilol Cmax 1.2 1.4 4.7 13 2.6 4.9 1.2 2.0 0.8
CL 1.0 1.5 0.3 0.7 1.0 0.4 0.9 0.7 1.4

* Predictions with incorporation of reduced organ/tissue blood flows
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Appendix 17. Observed and predicted data used for model evaluation in healthy and cirrhosis
patients after administering iv and oral carvedilol.

Time Systemic carvedilol concentration
(ug/L)
(hour) Predicted Neugebauer et al*. Route Dose (mg) Population
0.37 106.2 112.0 iv 12.50 Healthy
0.60 126.4 136.0 iv 12.50 Healthy
0.84 144.4 160.0 iv 12.50 Healthy
1.00 142.3 177.5 iv 12.50 Healthy
1.08 74.4 88.5 iv 12.50 Healthy
1.25 68.3 72.8 iv 12.50 Healthy
1.33 60.6 65.3 iv 12.50 Healthy
1.50 50.0 54.8 iv 12.50 Healthy
1.75 441 48.2 iv 12.50 Healthy
2.00 40.1 42.3 iv 12.50 Healthy
2.50 34.0 34.0 iv 12.50 Healthy
3.00 29.9 30.3 iv 12.50 Healthy
3.50 26.8 26.2 iv 12.50 Healthy
4.00 23.4 22.1 iv 12.50 Healthy
6.00 15.5 13.7 iv 12.50 Healthy
8.00 10.3 9.4 iv 12.50 Healthy
10.00 6.9 6.2 iv 12.50 Healthy
12.00 4.9 4.0 iv 12.50 Healthy
14.00 3.4 2.8 iv 12.50 Healthy
24.00 0.6 0.5 iv 12.50 Healthy
0.50 116.7 128.0 iv 12.50 Cirrhosis
0.75 1339 149.2 iv 12.50 Cirrhosis
1.00 151.6 100.0 iv 12.50 Cirrhosis
2.00 54.8 41.8 iv 12.50 Cirrhosis
4.00 40.2 22.5 iv 12.50 Cirrhosis
8.00 27.4 17.4 iv 12.50 Cirrhosis
12.00 19.3 139 iv 12.50 Cirrhosis
24.00 7.1 6.2 iv 12.50 Cirrhosis
32.00 3.6 2.4 iv 12.50 Cirrhosis
0.25 10.8 1.0 oral 25.00 Healthy
0.50 16.5 7.8 oral 25.00 Healthy
0.75 22.7 13.7 oral 25.00 Healthy
1.00 26.1 17.2 oral 25.00 Healthy
1.50 28.1 21.9 oral 25.00 Healthy
2.00 26.8 18.4 oral 25.00 Healthy
2.50 24.3 17.8 oral 25.00 Healthy
3.00 21.4 14.8 oral 25.00 Healthy
3.50 19.1 12.7 oral 25.00 Healthy

170



-Appendix-

Time Systemic carvedilol concentration
(ug/L)

(hour) Predicted Neugebauer et al*. Route Dose (mg) Population
4.00 16.8 10.1 oral 25.00 Healthy
6.00 10.6 6.7 oral 25.00 Healthy
8.00 7.2 4.3 oral 25.00 Healthy
10.00 4.7 3.2 oral 25.00 Healthy
12.00 33 2.7 oral 25.00 Healthy
14.00 2.3 1.8 oral 25.00 Healthy
0.25 30.2 50.5 oral 25.00 Cirrhosis
0.75 71.7 98.6 oral 25.00 Cirrhosis
1.25 112.0 103.0 oral 25.00 Cirrhosis
2.25 116.5 79.4 oral 25.00 Cirrhosis
4.25 89.9 54.1 oral 25.00 Cirrhosis
8.50 57.3 36.7 oral 25.00 Cirrhosis
13.00 39.0 22.6 oral 25.00 Cirrhosis
24.00 14.5 12.0 oral 25.00 Cirrhosis
32.00 7.3 5.5 oral 25.00 Cirrhosis

*The observed data was digitized by using the publication figure. Therefore, it is possible to have small differences
between digitized and source data.
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Appendix 18. Unbound and total area under the curve (AUC) for carvedilol in
healthy and cirrhosis populations

AUC 1otal AUC unbound
Administered carvedilol dose: 25mg

Healthy  CP-A CP-B CP-C | Healthy CP-A CP-B CP-C
76.8 215.2 4664 682.1 0.4 1.3 3.4 6.7
107.4 298.6 6754 1017.9 0.5 1.7 4.7 9.5
299.0 918.3 2039.3 2905.7 1.4 4.5 119 22.7
129.9 328.0 693.3 1022.7 0.8 2.6 7.2 144
240.7 671.5 1318.6 1672.3 1.2 3.6 8.7 15.0
818.3 17325 24915 26204 4.0 9.5 16.8 23.8
185.1 438.7 957.5 15154 1.2 3.6 105 225
202.8 566.8 1141.1 15204 0.9 2.6 6.2 11.0
78.4 208.3 464.2 684.9 0.5 1.6 4.9 9.8
78.5 248.1 5985 1000.5 0.4 1.7 52 118
156.6 381.5 868.4 1300.7 0.7 2.5 7.3 149
156.2 471.2  929.8 1230.9 0.8 2.9 73 13.0
55.1 177.9 4321 744.6 0.3 1.2 3.6 8.3
278.6 684.3 12114 18323 1.2 2.8 8.1 16.3
275.6 584.6 1144.7 1433.1 1.4 44 113 191
236.4 619.3 13714 2176.8 1.2 3.5 9.7 20.7
207.0 586.1 1255.4 1764.2 1.0 3.2 8.6 16.3
231.7 5783 11689 1612.7 1.3 3.7 94 175
86.3 225.7 530.8 8823 0.4 1.5 45 10.0
1711 447.5 952.3 13719 1.0 3.0 8.1 15.9
110.4 274.2 631.2 975.6 0.6 1.7 4.8 9.8
127.1 3413 6271 7974 0.7 2.1 4.8 8.2
191.0 1525 3634 5975 11 1.0 3.0 6.5
359.7 843.5 1400.3 2010.8 2.2 6.3 13.8 218
21.8 59.7 145.9  249.7 0.1 0.4 13 3.0
196.1 383.2 805.0 1182.6 1.1 2.2 58 113
163.2 547.0 1237.6 1992.2 0.8 2.7 7.2 155
140.9 402.0 903.3 1495.2 0.7 2.3 7.0 156
251.7 870.1 1870.7 2597.0 1.4 46 120 223
64.6 183.0 440.7 755.0 0.4 1.5 50 117
338.6 864.1 1883.3 2732.0 2.0 6.6 19.0 37.7
96.8 279.0 671.0 1031.7 0.5 1.8 56 118
467.8 11729 1933.6 2085.7 2.0 51 9.8 141
164.3 343.0 7199 1020.2 0.8 2.1 55 10.3
210.8 287.4 582.7 819.6 1.2 2.0 53 101
300.7 438.8 902.3 12575 1.6 3.0 8.0 14.9
142.9 419.7 1104.4 1855.8 0.7 2.5 8.2 186
218.4 557.3 14089 2117.9 1.3 2.4 6.9 13.7
142.1 3269 717.8 1181.6 0.8 2.2 6.2 124
110.4 192.7 462.7 773.8 0.6 1.4 45 101
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AUC unbound
Administered carvedilol dose: 25mg

120.8
65.5
168.9
132.0
79.3
1334
162.2
441.3
713.0
118.8
194.7
68.9
163.4
396.9
189.5
172.4
156.6
305.4
177.0
388.4
385.0
94.0
199.2
84.8
76.2
149.6
260.8
176.6
125.5
190.4
267.6
600.7
147.2
89.2
265.0
252.9
37.3
284.7
57.7
114.0
294.4
247.1
69.9
430.1

AUC Total
336.2 8345
181.6  422.7
496.8 1035.1
325.0 805.1
228.3 545.6
653.7 1572.2
346.4  757.7
3919 837.4
483.1 1038.8
673.8 1484.0
408.9 896.6
616.2 948.7
430.7 949.6
4344 851.1
646.8 1247.3
269.3 535.4
160.6  412.3
844.7 1644.4
214.6  529.7
4555 966.7
290.3 645.9
524.4 1061.8
476.9 11121
266.2 608.0
332.4  755.7
499.3 1234.0
688.1 1439.2
558.5 1097.5
326.7 7724
384.3 750.5
661.3 1532.3
252.3  689.5
336.1 696.9
227.0 570.3
583.6 1125.9
593.3 1224.8
269.0 720.8
634.1 1318.1
345.3 754.9
330.2 837.3
609.0 1202.2
610.5 1296.9
185.9  480.2
989.9 1785.9

1407.9
671.3
1409.7
2021.8
872.2
2429.9
1121.5
1216.3
1429.0
2160.8
1324.8
1101.2
1379.7
1133.1
1680.0
787.4
994.7
2102.8
876.7
1478.2
991.0
1304.3
1731.6
952.4
1137.4
1857.6
2027.2
1452.1
1232.8
1001.0
2194.9
1422.9
970.2
995.3
1521.1
1675.8
1264.2
1758.7
1173.1
1403.2
1615.7
1814.0
767.4
2246.0

0.6
0.4
0.8
0.6
0.5
0.7
0.9
24
3.4
0.6
0.9
0.4
1.0
2.2
1.0
0.7
0.8
1.7
11
1.8
2.1
0.5
1.0
0.4
0.4
0.8
1.5
0.7
0.7
11
1.4
3.5
0.9
0.6
1.4
1.2
0.2
15
0.3
0.5
1.5
1.2
0.4
2.3

1.7
1.2
3.3
2.1
1.6
2.7
2.3
2.1
3.0
3.4
2.5
4.5
2.1
2.7
3.7
1.8
1.2
4.0
1.3
3.4
1.7
3.3
2.6
1.4
2.0
2.2
3.5
3.7
1.9
2.9
3.9
15
2.5
1.4
3.5
3.0
1.4
4.1
2.1
1.7
3.6
3.1
1.3
5.7

5.0
3.5
8.7
6.7
4.9
7.4
6.3
5.4
8.1
9.1
6.9
9.0
5.6
6.8
8.7
4.4
3.9
9.3
3.9
9.5
4.7
8.4
7.6
3.8
5.6
6.5
8.9
9.1
5.7
7.5
11.1
51
6.7
4.5
8.6
7.4
4.6
10.7
5.6
51
8.8
8.1
4.2
12.7

111
7.5
16.0
14.6
10.5
15.2
12.6
10.4
15.0
17.6
13.6
14.0
10.7
12.1
15.6
8.7
8.6
15.9
8.7
19.7
9.7
15.8
15.7
7.9
11.5
13.1
16.7
16.2
12.2
134
214
11.2
12.7
10.6
154
13.5
10.8
19.4
11.7
11.4
15.9
15.1
9.0
21.4
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AUC unbound
Administered carvedilol dose: 25mg

114.8
133.8
253.3
81.6
81.5
327.7
104.9
240.6
148.1
386.4
749.7
98.4
102.5
228.2
85.2
122.3

AUC Total
314.7 7371
288.9 595.9
609.5 1264.2
210.0 524.3
245.0 646.6
747.6 1548.1
284.3  644.7
4746  824.7
3915 763.2
811.4 1351.5
1566.7 2332.2
3546 833.4
255.4  565.8
629.8 1466.7
234.3 505.4
351.1 857.2

1125.2
833.8
1731.5
916.9
1204.9
2168.0
963.8
1041.9
1022.0
1612.2
2608.9
890.9
873.6
2060.7
706.7
1305.9

0.6
0.7
1.3
0.4
0.4
1.6
0.5
1.5
0.7
2.0
4.0
0.6
0.5
1.0
0.4
0.7

1.7
1.7
3.4
1.3
1.3
4.1
1.6
3.8
2.2
4.7
9.7
1.9
1.5
3.1
1.3
2.3

5.0
4.4
8.7
4.0
4.0
10.4
4.4
8.9
5.5
9.6
18.2
5.3
4.1
8.6
3.6
7.2

10.2
8.4
15.9
9.3
10.0
19.5
8.9
15.2
10.0
154
27.5
12.0
8.5
18.5
6.8
14.8
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Appendix 19. Unbound and total area under the curve (AUC) for carvedilol in
healthy and cirrhosis populations after first reductions in administered doses.

AUC Total AUC unbound
25mg 12.5mg 6.25mg 3.125mg 25mg 12.5mg 6.25mg 3.125mg
Healthy CP-A CP-B CP-C Healthy CP-A CP-B CP-C
76.8 107.6 79.4 85.3 0.4 0.6 0.9 0.8
107.4 866.3 131.6 127.2 0.5 4.8 1.2 1.2
299.0 29.9 394.1 363.2 1.4 0.2 3.0 2.8
129.9 143.7 135.6 127.8 0.8 1.0 1.8 1.8
240.7 107.3 264.0 209.0 1.2 0.6 2.2 1.9
818.3 238.4 458.8 327.6 4.0 13 4.2 3.0
185.1 166.2 177.2 189.4 1.2 1.0 2.6 2.8
202.8 279.2 218.2 190.1 0.9 1.8 1.5 14
78.4 192.1 93.1 85.6 0.5 15 1.2 1.2
78.5 172.7 123.1 125.1 0.4 1.0 13 1.5
156.6 459.2 151.1 162.6 0.7 23 1.8 1.9
156.2 335.8 167.0 153.9 0.8 1.8 1.8 1.6
55.1 201.0 86.2 93.1 0.3 1.2 0.9 1.0
278.6 209.9 229.4 229.0 1.2 13 2.0 2.0
275.6 248.4 235.0 179.1 14 1.6 2.8 2.4
236.4 326.9 264.2 2721 1.2 13 2.4 2.6
207.0 262.2 220.9 220.5 1.0 1.6 2.1 2.0
231.7 305.3 222.6 201.6 1.3 1.6 2.4 2.2
86.3 237.3 94.5 110.3 0.4 1.9 11 1.3
171.1 177.3 177.9 171.5 1.0 0.9 2.0 2.0
110.4 293.1 123.9 122.0 0.6 1.6 1.2 1.2
127.1 112.9 108.2 99.7 0.7 0.7 1.2 1.0
191.0 170.7 72.6 74.7 1.1 1.0 0.7 0.8
359.7 273.5 270.7 251.3 2.2 13 3.4 2.7
21.8 163.5 27.0 31.2 0.1 11 0.3 0.4
196.1 196.0 157.1 147.8 1.1 1.0 1.4 1.4
163.2 217.2 229.7 249.0 0.8 14 1.8 1.9
140.9 126.1 183.3 186.9 0.7 0.8 1.8 2.0
251.7 92.9 358.8 324.6 1.4 0.6 3.0 2.8
64.6 195.8 82.3 94.4 0.4 1.1 1.3 1.5
338.6 164.0 371.5 341.5 2.0 13 4.7 4.7
96.8 235.6 133.8 129.0 0.5 1.5 14 1.5
467.8 89.0 362.8 260.7 2.0 0.6 2.5 1.8
164.3 76.3 137.3 127.5 0.8 0.5 14 1.3
210.8 171.5 97.4 102.5 1.2 1.0 13 1.3
300.7 219.4 176.2 157.2 1.6 1.5 2.0 1.9
142.9 90.8 228.0 232.0 0.7 0.6 2.1 2.3
218.4 113.5 260.3 264.7 1.3 0.7 1.7 1.7
142.1 783.4 136.2 147.7 0.8 4.9 1.6 1.6
110.4 175.6 85.6 96.7 0.6 1.2 11 1.3
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AUC Total AUC unbound
25mg 12.5mg 6.25mg 3.125mg 25mg 12.5mg 6.25mg 3.125mg
Healthy CP-A CP-B CP-C Healthy CP-A CP-B CP-C
120.8 2194 160.2 176.0 0.6 1.8 1.2 14
65.5 421.7 84.9 83.9 0.4 3.2 0.9 0.9
168.9 91.5 209.3 176.2 0.8 0.8 2.2 2.0
132.0 278.7 156.1 252.7 0.6 1.2 1.7 1.8
79.3 114.1 102.2 109.0 0.5 0.8 1.2 1.3
1334 422.3 290.5 303.7 0.7 2.0 1.9 1.9
162.2 227.8 143.1 140.2 0.9 1.7 1.6 1.6
441.3 163.4 162.4 152.1 2.4 1.0 13 1.3
713.0 122.5 208.8 178.6 34 0.6 2.0 1.9
118.8 142.1 282.4 270.1 0.6 0.8 2.3 2.2
194.7 149.3 174.9 165.6 0.9 0.8 1.7 1.7
68.9 168.1 175.9 137.7 0.4 0.8 2.2 1.8
163.4 173.2 190.4 172.5 1.0 11 14 1.3
396.9 241.6 163.4 141.6 2.2 1.5 1.7 1.5
189.5 204.4 2334 210.0 1.0 13 2.2 2.0
172.4 3234 104.4 98.4 0.7 1.8 1.1 1.1
156.6 80.3 83.7 124.4 0.8 0.6 1.0 1.1
305.4 330.7 302.2 262.9 1.7 1.9 2.3 2.0
177.0 157.4 98.3 109.6 1.1 0.9 1.0 1.1
388.4 405.7 172.2 184.8 1.8 2.3 2.4 2.5
385.0 104.1 132.1 123.9 2.1 0.8 1.2 1.2
94.0 309.7 209.6 163.0 0.5 1.8 2.1 2.0
199.2 432.0 2235 216.5 1.0 3.3 1.9 2.0
84.8 139.5 120.6 119.1 0.4 0.9 0.9 1.0
76.2 96.3 149.8 142.2 0.4 0.7 14 14
149.6 344.0 241.6 232.2 0.8 1.8 1.6 1.6
260.8 168.1 269.8 253.4 1.5 1.2 2.2 2.1
176.6 134.5 223.1 181.5 0.7 0.7 2.3 2.0
125.5 317.1 153.7 154.1 0.7 2.0 14 1.5
190.4 304.7 148.1 125.1 1.1 1.7 1.9 1.7
267.6 283.4 299.0 274.4 1.4 13 2.8 2.7
600.7 124.1 139.8 177.9 35 0.8 1.3 1.4
147.2 190.8 129.2 121.3 0.9 13 1.7 1.6
89.2 342.2 108.0 124.4 0.6 14 1.1 1.3
265.0 2154 218.7 190.1 1.4 11 2.1 1.9
252.9 134.7 220.6 209.5 1.2 0.9 1.9 1.7
37.3 291.8 154.1 158.0 0.2 1.8 1.2 1.3
284.7 495.0 255.3 219.8 1.5 2.8 2.7 2.4
57.7 105.0 133.2 146.6 0.3 0.6 1.4 1.5
114.0 314.9 157.0 175.4 0.5 1.5 1.3 1.4
294 .4 292.3 220.3 202.0 1.5 2.2 2.2 2.0
247.1 289.1 254.1 226.8 1.2 1.8 2.0 1.9
69.9 223.7 97.8 95.9 0.4 15 1.0 1.1
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AUC Total AUC unbound
25mg 12.5mg 6.25mg 3.125mg 25mg 12.5mg 6.25mg 3.125mg
Healthy CP-A CP-B CP-C Healthy CP-A CP-B CP-C
430.1 137.1 347.3 280.8 23 0.8 3.2 2.7
114.8 435.0 140.3 140.7 0.6 23 1.2 1.3
133.8 336.9 114.1 104.2 0.7 1.7 11 11
253.3 308.1 239.8 216.4 1.3 2.2 2.2 2.0
81.6 373.8 101.6 114.6 0.4 2.0 1.0 1.2
81.5 127.7 134.1 150.6 0.4 0.7 1.0 1.3
327.7 117.2 294.5 271.0 1.6 0.7 2.6 2.4
104.9 191.6 124.6 120.5 0.5 1.1 1.1 1.1
240.6 586.4 150.1 130.3 1.5 25 2.2 1.9
148.1 162.5 149.3 127.8 0.7 1.1 1.4 1.3
386.4 145.2 272.4 201.5 2.0 0.9 24 1.9
749.7 133.1 456.1 326.1 4.0 0.7 4.6 34
98.4 249.6 178.8 111.4 0.6 11 13 1.5
102.5 296.6 104.7 109.2 0.5 1.5 1.0 1.1
228.2 165.1 2555 257.6 1.0 0.8 2.2 2.3
85.2 304.5 101.5 88.3 0.4 1.8 0.9 0.8
122.3 144 .4 163.1 163.2 0.7 0.9 1.8 1.9
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Appendix 20. Unbound and total area under the curve (AUC) for carvedilol in
healthy and cirrhosis populations after further 25% reductions in administered
doses.

Total AUC Unbound AUC
25mg 9.375mg 4.68mg 2.34mg | 25mg 9.375mg 4.68mg 2.34mg
Healthy CP-A CP-B CP-C Healthy CP-A CP-B CP-C
76.8 80.7 87.3 63.8 0.4 0.5 0.6 0.6
107.4 112.0 126.4 95.3 0.5 0.6 0.9 0.9
299.0 344.4 381.7 272.0 1.4 1.7 2.2 2.1
129.9 123.0 129.8 95.7 0.8 1.0 1.4 1.4
240.7 251.8 246.8 156.5 1.2 1.4 1.6 1.4
818.3 649.7 466.5 245.3 4.0 3.6 3.2 2.2
185.1 164.5 179.3 141.8 1.2 1.4 2.0 2.1
202.8 212.6 213.6 142.3 0.9 1.0 1.2 1.0
78.4 78.1 86.9 64.1 0.5 0.6 0.9 0.9
78.5 93.1 112.0 93.7 0.4 0.6 1.0 1.1
156.6 143.1 162.6 121.8 0.7 0.9 1.4 1.4
156.2 176.7 174.1 115.2 0.8 1.1 1.4 1.2
55.1 66.7 80.9 69.7 0.3 0.4 0.7 0.8
278.6 256.6 226.8 171.5 1.2 1.1 1.5 1.5
275.6 219.2 214.3 134.1 1.4 1.7 2.1 1.8
236.4 232.3 256.8 203.8 1.2 13 1.8 1.9
207.0 219.8 235.0 165.1 1.0 1.2 1.6 1.5
231.7 216.9 218.8 150.9 13 1.4 1.8 1.6
86.3 84.7 99.4 82.6 0.4 0.6 0.8 0.9
171.1 167.8 178.3 128.4 1.0 1.1 1.5 1.5
110.4 102.8 118.2 91.3 0.6 0.6 0.9 0.9
127.1 128.0 117.4 74.6 0.7 0.8 0.9 0.8
191.0 57.2 68.0 55.9 1.1 0.4 0.6 0.6
359.7 316.3 262.1 188.2 2.2 2.4 2.6 2.0
21.8 22.4 27.3 23.4 0.1 0.2 0.2 0.3
196.1 143.7 150.7 110.7 1.1 0.8 1.1 1.1
163.2 205.1 231.7 186.5 0.8 1.0 1.4 1.5
140.9 150.8 169.1 140.0 0.7 0.9 13 1.5
251.7 326.3 350.2 243.1 1.4 1.7 2.2 2.1
64.6 68.6 82.5 70.7 0.4 0.6 0.9 1.1
338.6 324.0 352.6 255.7 2.0 2.5 3.6 3.5
96.8 104.6 125.6 96.6 0.5 0.7 1.1 1.1
467.8 439.8 362.0 195.2 2.0 1.9 1.8 1.3
164.3 128.6 134.8 95.5 0.8 0.8 1.0 1.0
210.8 107.8 109.1 76.7 1.2 0.8 1.0 0.9
300.7 164.6 168.9 117.7 1.6 1.1 1.5 1.4
142.9 157.4 206.8 173.7 0.7 0.9 1.5 1.7
218.4 209.0 263.8 198.2 1.3 0.9 13 1.3
142.1 122.6 134.4 110.6 0.8 0.8 1.2 1.2
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Total AUC Unbound AUC
25mg  9.375mg 4.68mg 2.34mg | 25mg 9.375mg 4.68mg 2.34mg
Healthy CP-A CP-B CP-C | Healthy CP-A CP-B CP-C
110.4 72.3 86.6 72.4 0.6 0.5 0.8 0.9
120.8 126.1 156.2 131.8 0.6 0.6 0.9 1.0
65.5 68.1 79.1 62.8 0.4 0.4 0.7 0.7
168.9 186.3 193.8 131.9 0.8 1.2 1.6 1.5
132.0 121.9 150.7 189.2 0.6 0.8 1.3 14
79.3 85.6 102.1 81.6 0.5 0.6 0.9 1.0
133.4 245.1 294.3 227.4 0.7 1.0 14 14
162.2 129.9 141.8 105.0 0.9 0.9 1.2 1.2
441.3 147.0 156.7 113.9 24 0.8 1.0 1.0
713.0 181.2 194.5 133.8 34 1.1 1.5 1.4
118.8 252.7 277.8 202.3 0.6 1.3 1.7 1.7
194.7 153.3 167.8 124.0 0.9 0.9 13 13
68.9 231.1 177.6 103.1 0.4 1.7 1.7 1.3
163.4 161.5 177.8 129.1 1.0 0.8 1.0 1.0
396.9 162.9 159.3 106.1 2.2 1.0 1.3 1.1
189.5 242.6 2335 157.3 1.0 1.4 1.6 1.5
172.4 101.0 100.2 73.7 0.7 0.7 0.8 0.8
156.6 60.2 77.2 93.1 0.8 0.4 0.7 0.8
305.4 316.8 307.8 196.8 1.7 1.5 1.8 1.5
177.0 80.5 99.2 82.1 1.1 0.5 0.7 0.8
388.4 170.8 181.0 138.4 1.8 1.3 1.8 1.8
385.0 108.9 120.9 92.8 2.1 0.6 0.9 0.9
94.0 196.6 198.8 122.1 0.5 1.2 1.6 1.5
199.2 178.8 208.2 162.1 1.0 1.0 1.4 1.5
84.8 99.8 113.8 89.2 0.4 0.5 0.7 0.7
76.2 124.7 141.5 106.5 0.4 0.7 1.1 1.1
149.6 187.2 231.0 173.9 0.8 0.8 1.2 1.2
260.8 258.0 269.4 189.8 1.5 13 1.7 1.6
176.6 209.4 205.5 135.9 0.7 14 1.7 1.5
125.5 122.5 144.6 115.4 0.7 0.7 1.1 1.1
190.4 144.1 140.5 93.7 1.1 1.1 14 1.3
267.6 248.0 286.9 205.5 1.4 1.5 2.1 2.0
600.7 94.6 129.1 133.2 35 0.6 1.0 1.1
147.2 126.0 130.5 90.8 0.9 0.9 1.3 1.2
89.2 85.1 106.8 93.2 0.6 0.5 0.9 1.0
265.0 218.8 210.8 142.4 1.4 1.3 1.6 14
252.9 222.5 229.3 156.9 1.2 1.1 14 1.3
37.3 100.9 134.9 118.3 0.2 0.5 0.9 1.0
284.7 237.8 246.8 164.6 1.5 1.5 2.0 1.8
57.7 129.5 141.3 109.8 0.3 0.8 1.1 1.1
114.0 123.8 156.8 131.3 0.5 0.6 1.0 1.1
294.4 228.4 225.0 151.2 1.5 1.3 1.7 1.5
247.1 229.0 242.8 169.8 1.2 1.2 1.5 14
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Total AUC Unbound AUC
25mg  9.375mg 4.68mg 2.34mg | 25mg 9.375mg 4.68mg 2.34mg
Healthy CP-A CP-B CP-C | Healthy CP-A CP-B CP-C
69.9 69.7 89.9 71.8 0.4 0.5 0.8 0.8
430.1 371.2 334.3 210.2 2.3 2.1 2.4 2.0
114.8 118.0 138.0 105.3 0.6 0.7 0.9 1.0
133.8 108.3 111.6 78.1 0.7 0.6 0.8 0.8
253.3 228.5 236.7 162.1 1.3 1.3 1.6 1.5
81.6 78.7 98.2 85.8 0.4 0.5 0.7 0.9
81.5 91.9 121.1 112.8 0.4 0.5 0.8 0.9
327.7 280.4 289.8 202.9 1.6 1.5 1.9 1.8
104.9 106.6 120.7 90.2 0.5 0.6 0.8 0.8
240.6 178.0 154.4 97.5 1.5 1.4 1.7 1.4
148.1 146.8 142.9 95.7 0.7 0.8 1.0 0.9
386.4 304.3 253.0 150.9 2.0 1.8 1.8 1.4
749.7 587.5 436.6 244.2 4.0 3.6 34 2.6
98.4 133.0 156.0 83.4 0.6 0.7 1.0 1.1
102.5 95.8 105.9 81.8 0.5 0.6 0.8 0.8
228.2 236.2 274.6 192.9 1.0 1.2 1.6 1.7
85.2 87.9 94.6 66.2 0.4 0.5 0.7 0.6
122.3 131.7 160.5 122.2 0.7 0.9 1.4 1.4
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