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Summary
Aims
The aims of this study are to apply a theory based mechanistic model to describe the
pharmacokinetics (PK) and pharmacodynamics (PD) of S- and R-warfarin.
Methods
Clinical data were obtained from 264 patients. Total concentrations for S- and R-warfarin
were measured by ultra-high performance liquid tandem mass spectrometry. Genotypes were
measured using pyrosequencing. A sequential population pharmacokinetic parameter with
data method was used to describe the international normalized ratio (INR) time course. Data
were analyzed with NONMEM. Model evaluation was based on parameter plausibility and
prediction-corrected visual predictive checks.
Results

The warfarin PK had been described using one-compartment model. CYP2C9 *1/*3
genotype had reduced clearance (CL) for S-warfarin, but increased CL for R-warfarin. The in
vitro parameters for the relationship between prothrombin complex activity (PCA) and INR
were markedly different (A=0.560, B=0.386) from the theory based values (A=1, B=0).
There was a small difference between healthy subjects and patients. A sigmoid Emax
pharmacodynamic model inhibiting PCA synthesis as a function of S-warfarin concentration
predicted INR. Small R-warfarin effects was described by competitive antagonism of
S-warfarin inhibition. Patients with VKORC1 AA and CYP4F2 CC or CT genotypes had

lower C50 for S-warfarin.

This article is protected by copyright. All rights reserved.



Conclusion

A theory based PKPD model describes warfarin concentrations and clinical response.
Expected PK and PD genotype effects were confirmed. The role of predicted fat free mass
with theory based allometric scaling of PK parameters was identified. R-warfarin had a minor
effect compared with S-warfarin on PCA synthesis. INR is predictable from 1/PCA in vivo.
What is already known about this subject

*A number of warfarin dosing algorithms have been reported using different methods for
linking warfarin concentration to effect.

*The link has often been described using empirical relationships without clear theoretical
foundations.

What this study adds

« In vivo, but not in vitro, observations are consistent with a simple theory based inverse
relationship between INR and PCA.

« The relationship between warfarin pharmacokinetics and size is best described by fat free
mass.

» The relative quantitative contribution of genotypes has been evaluated.

 R-warfarin acts as a competitive antagonist of warfarin.
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Introduction

Warfarin is a commonly prescribed oral anticoagulant used to prevent and treat
thromboembolic events [1-3]. Long-term warfarin therapy is often required for cardiac
surgery patients. Warfarin therapy is challenging because of a delayed onset of response,
narrow therapeutic range and marked between subject variability[2]. Warfarin is administered
as a racemic mixture containing equal amounts of S- and R- enantiomers [1, 2, 4]. The daily
maintenance dose of warfarin may vary by more than 10-fold [5-8]. The therapeutic effect
and safety of warfarin are controlled by targeting the international normalized ratio (INR)
within an acceptable range [3, 9, 10]. The risk of thrombotic events will increase when the
INR is lower than the lower limit of the acceptable range, whereas the risk of hemorrhagic

events will increase when the INR is above the upper limit of the acceptable range [2, 3, 7, 9].

The factors that contribute to between and within subject variability in warfarin dose are
numerous, including patients’ demographic characteristics, dietary vitamin K intake,
pathophysiologic characteristics, and concomitant medications [5, 10]. Genetic differences
have been found through genome-wide association studies that are strongly associated with
the required dose of warfarin [7, 11-13]. The genes that are involved in warfarin metabolism
and action include CYP2C9, cytochrome P450 oxidoreductase (POR), CYP4F2, and vitamin
K epoxide reductase complex subunit 1 (VKORC1). Numerous algorithms that are based on
patient factors and genetic variants have been established by multivariate linear regression to
predict warfarin daily dosage, but approximately 40% of individual variability remains

unexplained[10, 14].
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Modeling techniques can be valuable tools for individual dose predictions for drugs with
considerable variability in individual requirements, including selection of the optimal initial
dose and adjustment of subsequent doses [14-17]. Several studies of warfarin
pharmacokinetics (PK) and pharmacodynamics (PD) models have been reported, but most
have focused on mixed disease populations, such as patients with atrial fibrillation, deep vein
thrombosis, pulmonary embolism [14, 16, 18], or healthy volunteers[19, 20]. No reported
studies have specifically focused on cardiac surgery patients.

The purposes of the present study were to apply a theory based mechanistic model to
describe the PK and PD of S- and R-warfarin on the turnover of clotting factors leading to a
change in INR and to identify the contribution of body size, body composition, genotype and
R-warfarin to variability in INR response. The primary objective of this analysis is an

integrated and principle based description of the clinical pharmacology of S- and R- warfarin.

Methods
Patients and sampling

The present study was approved by the Health Authority Ethics Committee of the First
Affiliated Hospital of Soochow University and was in accordance with the Declaration of
Helsinki. All patients gave written informed consent. Patients were administered warfarin
once daily following cardiac surgery, including heart valve replacement, thoracic aorta
vascular replacement, thoracic endovascular aortic repair, and followed up from the first
administered warfarin dose. When artificial material comes in contact with blood it increases

the risk of thrombosis so warfarin was used to reduce the risk. This was the only indication
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for warfarin. Demographic characteristics, genetic factors, and concomitant medications were
collected from the medical records.

Blood samples for INR measurements were performed according to the judgement of the
treating physician. The acceptable INR was 1.5 to 2.5 [21]. The base INR value was the most
recently measured INR value before cardiac surgery. Blood samples for S- and R-warfarin
samples were taken in addition to measurement of INR as part of clinical care of patients and

preserved at -70°C.

Genotyping

Blood samples were used to extract genomic DNA. Genomic DNA was extracted from
blood leukocytes with a genomic DNA purification kit (Promega, USA). The present study
considered gene polymorphisms associated with warfarin metabolism and action that
included CYP2C9 (rs1057910), POR*28 (rs1057868), PORrs286 (rs2868177), CYP4F2
(rs2108622), and VKORC1 (rs9923231). CYP2C9 and VKORC1 were performed as part of
standard clinical care. The other genotypes were a research procedure. All genes were
genotyped by pyrosequencing. Primers for pyrosequencing were designed with PyroMark
Assay Design Software 2.0. One of the primers used for amplification of DNA for
polymerased chain reaction (PCR) analysis was biotinylated. The PCR sequencing primers
and the sequences of sites to analyze in the pyrosequencing assays are shown in
Supplementary Table S1. Thermal cycling conditions for PCR were 1 cycle at 95 °C for 5
min (for CYP2C9 and VKORC1) or 3 min (for CYP4F2, POR*28, and PORrs286) followed

by 35 cycles at 95 °C for 30 s, at 60 °C (for CYP2C9 and VKORC1) or 55 °C (for CYP4F2,
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POR*28, and PORrs286) for 30 s and 72 °C for 30 s, and a final extension step at 72 °C for 7
min. The pyrosequencing genotyping assay for all genes was designed by Pyrosequencing
Assay Design Software (Qiagen, Germany). Pyrosequencing was conducted according to the

manufacturer’s protocol.

Bioanalysis

Total (bound plus unbound ) plasma concentrations of S- and R-warfarin were measured
simultaneously by ultra-high performance liquid tandem mass spectrometry (UPLC/MS-MS,
Waters)[5]. The linear range for S- and R-warfarin concentration was 25-1000 ng/mL. The
precision of the assay, as indicated by the coefficient of variation, was 2.2% for S-warfarin,
and 9.63% for R-warfarin at 25 ng/mL. The intra- and inter-day precision at concentrations of
50, 250 and 800 ng/mL, as indicated by the coefficient of variation, was between 0.7 and
5.5%, and the assay accuracy was within 15% of the actual quality control concentration for
both S- and R-warfarin (Supplementary Table S2).

The INR for prothrombin time was measured in a single hospital clinical laboratory. To
ensure the result of INR, the hospital clinical laboratory participate several times quality
control scheme of National Center for Clinical Laboratories of China every year. The
international sensitivity index (ISI) of the hospital clinical laboratory was 1.05.

The PKPD and turnover model analysis used the population PK parameter and data
sequential approach [22, 23]. Data analysis was performed using NONMEM (version 7.3.0;
ICON Development Solutions), and Wings for NONMEM (version wfn741,

http://win.sourceforge.net/). All parameters were estimated using NONMEM’s first-order
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conditional estimation method (FOCE) with interaction (INTER). Computation was
performed on the NeSl cluster at the University of Auckland using 4 parallel processors. The
NONMEM license for use on a multi-computer cluster was granted to the Australasian Centre

for Pharmacometrics by ICON Development Solutions.

Pharmacokinetic model

One-compartment pharmacokinetic models with first-order absorption were considered to
describe the pharmacokinetics of warfarin. The PK models were parameterized using
clearance (CL), distribution volume (V), absorption half-life, and assumed a population
bioavailability (F) of 1. The PK models for S- and R-warfarin were developed simultaneously
using the NONMEM subroutine ADVAN 5.

Pharmacodynamic and turnover model

The anticoagulant effect of warfarin is primarily due to inhibition of vitamin K epoxide
reductase, thereby inhibiting the synthesis factors (factors II, VII, IX and X) determining
prothrombin complex activity (PCA).

Warfarin concentrations were assumed to have an immediate effect on the synthesis of
factors determining PCA. The pharmacodynamic model for the effects of S- and R-warfarin
on PCA synthesis was based on the sigmoid Emax model (Equation 1) [24, 25]. Two models
were considered for the interaction of S- and R- warfarin. The first assumed S- and R-
warfarin had different values of C50 (Equation 1). The concentrations of S- (Cg) and
R-warfarin (Cg) were normalized by the concentrations producing 50% of Emax (C505 and

C50g) if each enantiomer was given separately.
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Emax

PD = Equation 1

1+ <—c50S + T508

The second assumed R-warfarin was a competitive antagonist of S-warfarin (Equation 2).

RIC50 is the parameter describing competitive antagonism of R-warfarin.

Emax

PD = Equation 2

C —Hill
1+ ( 2 )
C505 + (Cr /RIC50)

A turnover model was used to describe the kinetics of PCA synthesis and elimination
(Equation 3).
dPCA _

ST Rsyn X Fback X (1 —PD) — Kpca X PCA Equation 3

The initial condition for Equation 3 was PCA, (baseline PCA assumed to be at steady state).
Rsyn represents the zero-order synthesis rate of PCA, and Kpca represents the first-order
elimination rate constant for PCA. The half-life (T2PCA) corresponding to Kpca was
estimated and Kpca calculated from In(2)/T2PCA. Rsyn was predicted from Kpca multiplied
by PCA,. The possibility of feedback of PCA on the synthesis of PCA was investigated with
an empirical feedback function (Equation 4) based on the PCA relative to the baseline PCA,

and a power parameter.

PCAYY .
] Equation 4

Fback = [PCAO

The INR is used as an index of anti-coagulation factors [14]. It is directly related to the
time needed for plasma to coagulate under standardized conditions in vitro. Coagulation is
assumed to occur when the factors described by PCA have produced a particular

concentration of fibrin so that a clot can form. The theory of linear reaction kinetics predicts

that the time to reach this concentration will be inversely proportional to the concentration of
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coagulation factors and thus to PCA [19, 26] . The theory based relationship with A=1 and
B=0 is shown in Equation 5.

A .
- Equation 5
INR PCA+B q

An empirical extension of the theory based relationship has been used in earlier studies

of warfarin using in vitro estimates of A and B [19, 26].

The relationship between INR and PCA was investigated in vitro. Blood was collected
from 25 healthy subjects and 25 patients who needed warfarin before starting anti-coagulant
treatment. 2.7 mL of blood was draw from each subject into a plastic tube (Becton, Dickinson
and Company) which included 0.3 mL 0.109 mol/L sodium citrate anticoagulation. Plasma
was separated and then mixed with 0.9% saline to reach a final volume of 250 pL containing
between 10 and 90% saline. The expected PCA was calculated from the dilution of plasma
with saline. The INR was measured in each of the PCA dilutions using the same method used
in clinical practice. The model for INR (Equation 5) was used to estimate A and B with a
proportional residual error model (Equation 12) using NONMEM and $PRED.

The PKPD and turnover models for warfarin were developed using the NONMEM

subroutine ADVAN 13.

Predictable Sources of Between and Within Subject Variability

The covariates included both continuous and categorical covariates. The continuous
covariates included body size and age.

Fat free mass (FFM;) was calculated according to an individual patient’s total body mass
(TBM;), height, and sex [27]. The individual normal fat mass (NFM;) was then calculated

according to Equation 6.

NFM; = FFM; + Ffat x (TBM; — FFM,) Equation 6

where Ffat represents the fat mass (TBM-FFM) equivalent to FFM in terms of allometric size
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[28].
The standard fat mass (FATstp) for a standard male subject with weight 70 kg (TBMsTp)

and height 176 cm is 56.6 kg. Standard NFM is calculated using Equation 7:

NFMSTD = FFMSTD + Ffat % (TBMSTD - FFMSTD) Equatlon 7

The variability of CL and V was predicted using body size based on a theory based

allometric model (Equation 8 and 9).

S ( NEM )3/4 Equation 8
= X | ——
NFM
V=Vsrp X ——— Equation 9
NFMgrp

where CLstp is the clearance in a standard individual and Vstp is the distribution volume in a

standard individual.

The continuous covariate of age was divided into decades and the empirical association
of age with each decade was estimated for CL,V, T2PCA, C50-S and HILL relative to the
40-49 year decade.

The categorical covariates included sex, the CYP2C9, CYP4F2, POR*28, PORrs286,
and VKORC1 genotypes, co-administration of amiodarone and fluconazole, the reason for
using warfarin, and the type of heart valve replacement (mechanical, bioprosthetic valve or
no valve replacement). Some patients were treated with intravenous vitamin K1 when the
INR was considered too high. The effect of vitamin K1 was modelled by assuming the effect
of warfarin (PD, Equation 1) was zero during vitamin K1 treatment.

Random Sources of Between Subject and Between Occasion Variability

The between subject and between occasion variability of the parameters used an
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exponential model (Equation 10).

0; = 0 x eMit ¥ Equation 10

where 0j; represents the ith individual value of the parameter on the jth occasion, 0
represents the population value of the parameters, n represents the between subject variability,
and « represents the between occasion variability. 1 was normally distributed with a mean of
0 and a variance of ®%, k was normally distributed with a mean of 0 and a variance of 7°.

Between subject variability was estimated for the PK, PD and turnover model
parameters An occasion was defined by one or more concentration observations within a
dosing interval. Between occasion variability was estimated for the PK parameters CL, V and
F. It was assumed that between subject and between occasion variability was the same for S-

and R- warfarin.

Residual Unidentified Variability

The residual unidentified variability (residual error) for the pharmacokinetic observations
used a combined (proportional plus additive) model (Equation 11).

Y = CONC + sqrt(CONC? X Bprop- + Oapp2) X € Equation 11

where Oprop represents the parameter of the proportion residual error, Oapp represents the
parameter of addition residual error, CONC represents the individual predicted S- or
R-warfarin concentration, Y represents the observed concentrations, and ¢ is the residual error,
assumed to be normally distributed with a mean of 0 and a variance of ¢°.

The residual unidentified variability (residual error) model for INR (Equation 5) used a

proportional model (Equation 12).

This article is protected by copyright. All rights reserved.



Y = INR + PROP x € Equation 12

where Y represents the observed INR, INR the predicted INR and & the random effect
(Equation 12).

Model Selection

A non-parametric bootstrap was performed with a model including all covariate effects

first for the PK model then for the PD and turnover model. The 95% bootstrap confidence
interval was used to determine if the covariate explained parameter variability. Covariates
were eliminated if this confidence interval included a value indicating no effect of the
covariate as a predictor of individual differences. This method was used because of the large
number of potential covariate effects and the potential problems of relying on multiple
likelihood ratio tests [29, 30].

Certain models were selected based on a significant improvement in the goodness of fit
using the likelihood ratio test assuming a chi-square distribution and alpha=0.05.

Model selection included a preference for models that were based on theory (e.g. theory
based allometry) and mechanism (e.g. turnover of clotting factors) rather than empiricism
(e.g. relationship between INR and PCA).

Model evaluation

Model evaluation was based on parameter plausibility and visual predictive checks
(VPC). The prediction-corrected VPC was preferred to mitigate the effect of dose adjustment

based on INR[31].
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Results
Patient demographic data

A total of 264 patients with 2858 observed S- and R- warfarin concentrations and 2163
observed INR values of S- and R-warfarin were enrolled. The median number of warfarin (S-
and R-) concentrations was 10 and the median number of INR values was 8 per patient. The
median INR at the end of follow up was 1.6 with a median follow up time of 8.8 weeks. The
demographic characteristics of the patients are presented in Table 1. The frequency
distributions of CYP2C9, VKORC1, CYP4F2, POR*28, and PORrs286 polymorphisms are
described in Table 2. The distributions of the various genotypes, except for POR*28, were in
accordance with Hardy-Weinberg equilibrium (P > 0.05). One hundred thirteen patients
(42.8%) were administered amiodarone for the prevention and treatment of atrial fibrillation.
Seventeen patients (6.44%) were administered fluconazole because of postoperative infection.
It was assumed that the enzyme inhibitory effect of each of two drugs was maintained for one
week after treatment was stopped. Seventy-six patients (28.8%) were administered vitamin
K1 by intravenous infusion because the INR value was high.
Pharmacokinetic models

Because there were no observations during the absorption phase, the absorption half-life
was fixed to a value of 0.385 h corresponding to a first-order absorption rate constant of 1.8
h™. Other values (ranging from 1.6-2.0 h™) were also tested according to previous reports but

did not obviously improve the fit [14, 16, 18, 32].
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The bootstrap confidence intervals for the full pharmacokinetic model (Supplementary
Table S3and Table S4) were used to identify significant covariate effects. A minimal model
was then obtained by removing all non-significant covariate effects. All the age covariate
parameters were included because they may carry information associated with age such as
impaired organ function. The parameter estimates for the minimal pharmacokinetic model are
shown in Table 3 and Table 4. These intervals showed that the Ffat parameter were not
different from zero for CL or V for either S- or R-warfarin. Setting the Ffat parameters to 0
increased the objective function value (OFV) by 1.452, Chisquare df=4, P=0.835. Therefore
fat free mass was considered the most suitable descriptor of allometric size. Amiodarone
(AMI) resulted in a 24.5% and 13.2% decrease in CL for S- and R-warfarin, respectively.
Co-administered fluconazole (FLU) resulted in a 43.8% decrease in CL for S-warfarin
without any significant effect on CL for R-warfarin. Removal of the effect of fluconazole on
CLR increased the OFV 1.827, Chisquare df=1, P=0.176, which confirmed the bootstrap
finding. CYP2C9 (rs1057910, A>C) *1/*3 genotype reduced CL for S- (16.7%) compared
with *1/*1, but increased CL (23.4%) for R-warfarin. Removal of the effect of CYP2C9
*1/*3 on CLR increased the OFV by 4.377, Chisquare df=1, P=0.0364 which confirmed the
bootstrap finding. A bioprosthetic type of valve was associated with a decrease in CL, Female
sex was associated with an increase in VS and VR. There was no evidence for an effect of
age on CLS, CLR, VS or VR at any decade. Removal of age from the model increased the
OFV by 14.471, Chisquare df=10, P=0.152 (see Supplementary Figure S3 showing the trends
with age). Female patients had a distribution volume 34.3% higher for S-warfarin compared

to male patients. There was a similar trend for R-warfarin 23.3% higher.
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Although several covariates had no statistically significant effect on pharmacokinetic
parameters they were nevertheless included in the sequential PKPD model (fixed to the
original data estimates shown in Supplementary Table S3, Table S4, and Table S5) to improve
the prediction of individual concentration profiles.

Pharmacodynamic model

The in vitro estimates of A and B for prediction of INR (Equation 5) were 0.482 and
0.409 for healthy subjects, and 0.560 and 0.386 for patients, respectively. The values of A
and B were highly significantly different from the theory based values of A=1 and B=0 (OFV
change 184.8, Chisquare df=2, P<le-40). On the other hand, there was no improvement of in
vivo estimated values of A and B compared with theory based values (OFV change 0.672,
Chisquare df=2, P=0.714).

Emax Was not significantly different from 1 and was therefore fixed to 1. The bootstrap
confidence intervals for the full pharmacodynamic and turnover model (Supplementary Table
S5) were used to identify significant covariate effects using the full pharmacokinetic model
parameter estimates. A minimal model was then obtained by removing all non-significant
pharmacokinetic and pharmacodynamic covariate effects. The minimal pharmacodynamic
and turnover model parameter estimates are shown in Table 5. S-warfarin concentrations
predicted the inhibition of PCA synthesis. The C50 for S-warfarin was 0.391 mg/L. A lower
C50 was estimated with VKORC1 (rs9923231,-1639G>A) AA (72.2%) and CYP4F2
(rs2108622, C>T) CC or CT (76.6%) genotype. Combining the effect of CYP4F2 CC and CT
genotypes did not worsen the fit significantly indicating that the effects of these genotypes

can be considered to be the same (OFV change 0.013, Chisquare df=1, P=0.909). When the
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effect of R-warfarin was described in terms of potency relative to S-warfarin the potency
estimate was -0.126. This does not have any good pharmacological interpretation so the
effect of R-warfarin was described as a competitive antagonist for S-warfarin (Equation 2).
The R-warfarin concentration producing a 50% increase in apparent C50 for S-warfarin was

2.36 mg/L.

The inclusion of an empirical feedback function did not improve the fit (OFV change
1.084 P=0.298). The bootstrap confidence interval for the feedback parameter y (-0.411 to
0.651) included zero indicating that there was no robust evidence for a feedback effect. The
model with feedback worsened (OFV increase 7.2, Chisquare df=1, P=0.007) when the
competitive antagonist effect of R-warfarin was removed.

Addition of an empirical age effect to the full model T2PCA, C50 and HILL parameters
decreased the OFV by 23.3 but this was not statistically significant (Chisquare df=15,
P=0.078) (see Supplementary Figure S4 showing the trends with age).There is no convincing
evidence for an effect of age on T2PCA, C50-S or HILL at any decade. There was no effect
of sex associated with any of the turnover and pharmacodynamic model parameters (OFV
decrease 0.013, Chisquare df=6, P=0.999).

Model evaluation

The goodness of fit of the minimal model for S- and R-warfarin concentrations and
effects on INR was evaluated using a prediction-corrected VPC shown in Figure 1 and Figure
2. The corresponding prediction-corrected VPCs for the full model are shown in

Supplementary Figure S1 and Figure S2.
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Discussion

Theory driven models of warfarin PK, PD and clotting factor turnover were investigated
with hospital based clinical data from 264 cardiac surgery patients. The relationship between
body size and the pharmacokinetic parameters of CL and V was consistent with theory based
allometry driven by fat free mass. The expected lower CL of S-warfarin associated with
CYP2C9 *1/*3 genotype was confirmed implying a lower dose is required to achieve a target
INR. Unexpectedly the same genotype were associated with an increase in clearance of
R-warfarin. Because R-warfarin has only a minor effect on the effect of warfarin this
association has no implication for dosing.

As expected the pharmacodynamic model showed that VKORC1 AA and CYP4F2 CC
or CT haplotypes were associated with a lower C50 for S-warfarin implying a lower dose is
required to achieve a target INR.

Numerous algorithms based on patient factors and genetic variants have been
established by multivariate linear regression to predict the warfarin daily dosage [10, 14].
However, these models only predict warfarin dose at steady state. The PKPD models
established here also provide guidance for initial warfarin dosage. Our results could be useful
for a clinicians in individualizing the dose of warfarin in the clinic. The use of this
description of warfarin PKPD for dosing recommendations is a potential application of the
model. Development of another dosing method was not the primary purpose of the analysis
reported here. It would be possible to predict the first doses of warfarin, before INR
measurements are available, using the model we describe. A limitation of this use of our

model is the requirement to have available 3 specific genotypes (CYP2C9, CYP4F2 and
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VKORC1) which are not all routinely available (especially CYP4F2).

We had genotype information in all patients and so we were able to estimate genotype
specific values for CL-R, CL-S, and C50-S and appropriate BSV for these parameters. The
problem is how to use these values when the genotype information is not known. We fixed all
the parameters except those which describe the genotype effect on CL-S, CL-R and C50-S
and estimated the effect that describes this study population when genotype is missing
(Supplementary Table S6). These estimates may be used when genotype information is
missing with the same model and parameters that are used when the genotype is known. We
will use these estimates prospectively as an initial dosing method with a subsequent extension
to predict the next dose when INR measurements are available. We plan to do this in the
Chinese population because the distribution of genotypes should be similar to that observed
in the current analysis. While the predictions may be less precise we would not expect a
systematic bias.

The bootstrap population standard values (FFM of 56.6 kg e.g. 70 kg 176 cm male) of
CL was 0.225 L/h and V was and23.88 L for S-warfarin, 0.124 L/h and 16.11 L for
R-warfarin. Hamberg et al reported that CL was 0.314 L/h and V was 13.8 L for S-warfarin,
0.139 L/h and 12.8 L for R-warfarin. Yune et al reported that CL was 0.276 L/h and V was
10.6 L for S-warfarin, 0.130 L/h and 9.39 L for R-warfarin [14, 16, 20]. The CL values for
S-warfarin and R-warfarin are consistent with those of previous reports. However, the V
values for S- and R-warfarin are higher than those reported. These discrepancies might be due
in part to non-standard reporting of PK parameters and regional or racial differences between

the study populations [33, 34].
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The bootstrap population values of C50S was 0.391 mg/L, which is (perhaps) lower than
those of previous reports. Hamberg et al reported that C50S was 1.92 mg/L for VKORC1 AA,
3.01 mg/L for GA, and 4.10 mg/L for GG. Nagashima et al reported that C50S was 0.842
mg/L. Wingard et al reported that C50S was 0.655 mg/L. Powers et al reported that C50S was
0.562 mg/L. Svec et al reported that C50S was 0.655 mg/L. Murray et al reported that C50S
was 0.468 mg/L. Chan et al reported that C50S was 0.6 mg/L [14, 16, 35, 36].

Warfarin is considered an inhibitor of VKOR and as such its inhibitory potency was
evaluated under the assumption that both S- and R-warfarin were both capable of 100%
inhibition but had different potencies. This model produced a negative estimate for
R-warfarin potency. We therefore used the analogy of partial agonism were a partial agonist
will appear to be a competitive antagonist of an agonist with greater efficacy. Under the
assumption that S-warfarin can completely inhibit VKOR and that R-warfarin is less effective
as an inhibitor it was possible to describe the effect of R-warfarin as if it was a competitive
antagonist of S-warfarin. The worsening of the feedback model fit when the R-warfarin
competitive inhibition effect was removed indicates that the R-warfarin effect which tends to
reduce the apparent potency of warfarin with time is not due to misspecification by not
including a feedback mechanism.

The bootstrap average value of RIC50 was 2.36 mg/L which predicts that the effect of
R-warfarin would increase the apparent C50 of S-warfarin to 0.530 mg/L (36% increase) with
a dose of 5 mg/d in a standard size patient. This could explain why the estimate of C50S is
lower than previous reports. The increased CL of R-warfarin predicted in patients with the

CYP2C9 *1/*3 genotype would make the effect of R-warfarin on S-warfarin smaller.
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The PKPD and turnover model for PCA was used to predict INR. The in vitro
parameters for the relationship between PCA and INR were markedly different from the
theory based values (A=1, B=0). In contrast, the in vivo relationship between PCA and INR
was consistent with a simple inverse relationship as expected from theory. The fit of in vivo
INR values was no better (P=0.715) using the empirical extension of the model for INR
compared with the theory based model. In view of the empirical nature of the extension and
the lack of correlation with in vitro estimates we recommend using the theory based model to
predict INR from PCA.

The CL decrease with amiodarone and fluconazole is expected because both are potent
inhibitors of cytochrome P450 enzymes [37-40]. The higher volume of distribution in
females presumably reflects differences in body composition unrelated to fat free mass
between males and females. Bioprosthetic valve patients had lower CL by about 23.9 % than
other patients CL. These patients tended to be older and may have worse cardiac function
which would be expected to impair warfarin clearance.

Warfarin is extensively metabolized through specific cytochrome P450 enzymes in the
liver. For example, CYP2C9 plays a major role in S-warfarin metabolism, and CYP2C8,
CYP2C18, CYP2C19 play minor roles. Whereas R-warfarin is mainly metabolized by
CYP1Al, CYP1A2, and CYP3A4, the enzymes CYP2C8, CYP2C18, CYP2C19, and
CYP3AA4/5 only have a minor role[1]. CYP4F2 has been demonstrated to be responsible for
the metabolism of vitamin K1 to hydroxyvitamin K1 [41, 42]. Cytochrome P450
oxidoreductase (POR) is essential for electron donor to microsomal cytochrome

P450-mediated monooxygenation, which plays major roles in the metabolism of most drugs
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[13, 43]. The distribution of the POR*28 genotypes weren’t in accordance with the
Hardy-Weinberg equilibrium (P <0.05). The percentage of POR*28 CT genotype was higher
than expected. Some pharmacogenomics studies have demonstrated that genetic differences
in POR and CYP4F2 are also involved in warfarin metabolism and action, and they have
contributed to the between subject variability of warfarin [13].

Genetic differences in CYP2C9 were confirmed as having a significant impact on
pharmacokinetic (CL) parameters for warfarin in the present study. The decrease in
S-warfarin clearance with the CYP2C9*1/*3 genotype was expected, however, the increased
in R-warfarin clearance with this genotype was not.

Warfarin exerts its anticoagulant effect by interfering with the synthesis of vitamin
K-dependent clotting factors by the inhibition of VKORC1 [12, 44]. Vitamin K1 is
metabolized by CYP4F2 [7, 45]. Genetic differences in VKORC1, and CYP4F2 both had an
effect to decrease the C50 for S-warfarin.

Figure 3 shows the predicted time course of S- and R-warfarin concentrations and with
and without the most frequent genotypes observed in our study. Maintenance dose rates were
chosen to achieve a target INR of about 2. Loading doses were chosen to approach steady
state concentrations. It is of interest to note the transient initial overshoot of the INR and slow
decrease towards steady state as R-warfarin concentrations slowly rise and decrease the effect

of S-warfarin when a loading dose is used with the most frequent genotype combination

(upper right plot).
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The frequency of the genotypes reported here may be different in other racial groups. For
example, VKORC1 A alleles were 91% in this Chinese population which is similar to
Asian-Americans (89%) but higher than Caucasian-Americans (37%) and African-Americans
(14%) [46]. These racial associations are a well-known finding for many genotypes which
may affect the action of drugs. The differing distribution of genotypes in other racial groups
would be expected to produce different effects if these genotypes were not accounted for.

Patients who undergo cardiac surgery are more likely to have other disease factors (e.g.
heart failure). Initial dosing and adjustment of dose using INR may occur in a pre- and/or
post-operative setting that is different from patients who need anticoagulation in a different
setting. However, the parameter estimates we obtained are not particularly different from
those reported in the literature for other populations of patients. Thus these results obtained in
the cardiac surgery population are likely to be applicable to others.

A negative feedback homeostatic mechanism related to PCA might be expected because
of the need for close control of PCA. The non-significant improvement of the model fit and
the inclusion of zero in bootstrap confidence interval for y means there is no support for a
feedback mechanism.

A Bayesian dosing method has been developed using the warfarin model described here.
It is part of the web based NextDose tool which is implemented for use in a clinical
environment. Instructions for access to NextDose are available at www.nextdose.org.

In summary, a theory based PKPD of warfarin was established. Fat free mass is the best
predictor of body size influencing CL and V. Expected genotype effects were confirmed on

CL and C50. R-warfarin behaves more like a competitive antagonist of S-warfarin.
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Figure 1 Minimal model Pred Corrected VPC S- and R-warfarin concentration time course

over 12 weeks. Observed (with symbols) and predicted 5, 50, 95 %iles, with predicted 95%

confidence Intervals (shaded).

This article is protected by copyright. All rights reserved.



INR
IN
N
\
»
INR
N

T T T T T T v 1 v

0 7 14 21 28 0 4 8 12

Day Week

Figure 2 Minimal model Pred Corrected VPC International Normalized Ratio time course
over 28 days and 12 weeks. Observed (with symbols) and predicted 5, 50, 95 %iles, with

predicted 95% confidence Intervals (shaded).

This article is protected by copyright. All rights reserved.



LD 0 mg MDR 2.66 mg/d CYP2C9 *1/*1, VKORC1 AA, CYP4F2 CC LD 11 mg MDR 2.66 mg/d CYP2C9 *1/*1, VKORC1 AA, CYP4F2 CC

INR

Day Day

—~Conc- S —~Conc-R —INR —Conc-S —Conc-R —INR

Figure 3 Predicted time course of S- and R-warfarin concentrations and INR in a standard
size patient (FFM 56.1 kg) with the most frequent genotypes CYP2C9 *1/*1, VKORC1 AA,
CYP4F2 CC (Upper plots), and least frequent genotypes CYP2C9 *1/*3, VKORC1 GG,
CYP4F2 TT (Lower plots). Maintenance dose rates (MDR) chosen to achieve target INR of

about 2 (Left plots). Loading dose (LD) chosen to approach steady state concentrations plus

MDR (Right plots).
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Table 1 Demographic and disease characteristics of the patients

Patient characteristic Value (meanzSD, 95% interval, n)
Demographic characteristics
Sex (male/female) 148/116
Age<30 (year) 24.7+4.1 (16.8-29.0, 15)
30-49 (year) 35.4+2.9 (30-39, 25)
40-49 (year) 45.2+2.6 (40-49, 55)
50-59 (year) 55.2+2.6 (50-59,74)
60-69 (year) 63.4+2.8 (60-69,72)
Age>70 (year) 73.943.0 (70-79.8, 23)
Height (cm) 164.2+8.2 (150-180)
Weight (kg) 61.8+11.4 (40.0-86.0)
BMI (kg/m?) 22.8+3.38 (16.2-29.7)
BSA (m?) 1.7620.18 (1.44-2.12)
Type of valve
Mechanical valve prosthesis 193 (73.1%)
Bioprosthetic heart valves 59 (22.3%)
No valve replacement 12 (4.5%)
Reason for surgery
AVR (n, %) 62 (23.5%)
MVR (n, %) 113 (42.8%)
DVR (n, %) 60 (22.7%)
TVR (n, %) 3 (1.1%)
Bentall (n, %) 14 (5.3%)
TEVAR (n, %) 12 (4.5%)

AVR, aortic valve replacement; MVR, mitral valve replacement; DVR, aortic and mitral

valve replacement; TVR, tricuspid valve replacement; TEVAR, thoracic endovascular aortic
repair.
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Table 2 Frequency distributions of CYP2C9, VKORC1, CYP4F2, POR*28, and PORrs286
polymorphisms in the current patient population

Hardy-Weinber

Allele . g
SNP frequencies Genotype frequencies equilibrium test
(P value)
CZ:(QPZ *1 *3 *1/*1 *1/*3 *3%3
0, 0,
(1s105 (27.2 (2.8%) 249(943% 15(5.7% (0%) 0.635
7910) %) ) )
VE?R G A GG GA AA
(89 (91.1% o 45(17.0 218 0.407

g;ii? %) ) 1O4%) o (82.6%)
CY; 4F C T CC CT T

0, 0,
(5210 (705.0 (25.0% 148(56.1% 10(3)(37. 16(6.1%) 0.870
8622) %) ) ) 8%)

*

PO8R 2 C T CC CT T

0, 0,
(5105 (6(3)/6).7 (33).3 %o 108(4;0.9 Yo 1:’;&3)/(5)1 20(7.6%) 0.010
7868) °
Pg:6rs G A GG GA AA

0,
(5286 (445 (55.5% 51(19.3%) 133(50. 80 (30.3%) 0.747
8177) %) ) 4%)
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Table 3 Parameter estimates of the warfarin original minimal pharmacokinetic model and
bootstrap average, 95% confidence interval and relative standard error (RSE). Only covariate
effect parameters with 95% CI excluding 1 are shown.

Parameter Original Units average 2.5%ile 97.5%ile RSE
POP_CLS 0.224 L/h 0.225 0.201 0.246 5%
POP_VS 24.00 L 23.88 19.70 27.70 9%
POP_CLR 0.124 L/h 0.124 0.111 0.135 5%
POP_VR 16.20 L 16.11 13.29 18.61 9%
POP_TABS 0.385 FIXED

FAMI_CLS 0.760 0.755 0.666 0.851 6%
FAMI_CLR 0.872 0.868 0.789 0.954 5%
FFLU_CLS 0.549 0.562 0.284 0.882 27%
F2C9_CLS 0.830 0.833 0.689 0.991 10%
F2C9 CLR 1.230 1.234 1.020 1.470 9%
FTYP2_CL 0.775 0.761 0.625 0.905 9%
FFEM_VS 1.33 1.343 1.130 1.620 9%
FFEM_VR 1.22 1.233 1.080 1.410 7%

CLS, VS, CLR, VR are per 56.1 kg FFM. FAMI is the effect of amiodarone on CLS and
CLR; FFLU is the effect of fluconazole on CLS; F2C9 is the effect of CYP2C9 *1/*3
genotype relative to *1/*1 on CLS and CLR; FTYP2 is the effect of bioprosthetic valve on

CL (similar for both CLS and CLR); FFEM is effect of female sex on V.

Table 4 Random effect parameter estimates of the warfarin original minimal pharmacokinetic
model and bootstrap average, 95% confidence interval and relative standard error (RSE).
Only parameters with 95% CI excluding 0.001 are shown.

Parameter Original average  2.5%ile 97.5%ile RSE

BSV_CLS 0.224  0.222 0.186 0.257 8%
BOV_VS1 0.123 0.111 0.001 0.178 37%
BSV_CLR 0.073  0.052 0.001 0.134 83%
BSV_F 0.156  0.148 0.092 0.195 18%
BOV_F1 0.284  0.287 0.235 0.344 10%
RUV_PROP_CS 0.279  0.278 0.260 0.297 3%
RUV_ADD_CS 457  4.297 0.046 7.071 39%
RUV_PROP_CR 0.243  0.242 0.227 0.257 3%

BSV is between subject variability; BOV is between occasion variability; PROP is
proportional residual error; ADD is addition residual error; RSE is relative standard error.
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Table 5 Parameter estimates of the warfarin original minimal pharmacodynamic and turnover
model and bootstrap average, 95% confidence interval and relative standard error (RSE)

Parameter Original  Units Average  2.5%ile 97.5%ile RSE
POP_PCAO 0.979 0.979 0.964 0.992 1%
POP_EMAX 1 FIXED

POP_C50 0.378 mg/L 0.391 0.281 0.536 17%
POP_HILL 2.720 2.723 2.330 3.320 10%
POP_T2PCA 11.400 h 115 10.1 13.0 7%
POP_RIC50 2.387 mg/L 2.357 0.935. 238 72%
FVKOR_C50 0.725 0.722 0.632 0.826 7%
F4F20/21_C50 0.770 0.766 0.668 0.869 7%
PPV_PCAO 0 FIXED

PPV_EMAX 0 FIXED

PPV_C50 0.26 0.258 0.199 0.318 12%
PPV_HILL 0.389 0.380 0.282 0.469 13%
PPV_T2PCA 0.341 0.335 0.213 0.464 21%
PPV_RIC50 0 FIXED

RUV_PROP_INR 0.177 0.176 0.166 0.187 3%

PPV is population parameter variability; T2PCA is the PCA apparent turnover half-life;
FVKOR is effect of VKORC1 AA genotype relative to AG or GG on C50-S; F4F20/21 is
effect of CYP4F2 CC or CT genotype relative to TT on C50-S; PROP is proportional residual
error.
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