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Different contributions of polymorphisms in VKORC1 and
CYP2C9 to intra- and inter-population differences in
maintenance dose of warfarin in Japanese, Caucasians and

African-Americans
Harumi Takahashi?,

Grant R. Wilkinson®, Edith A. Nutescu®, Takashi Moritad,

Marylyn D. Ritchie®, Maria G. Scordo, Vittorio Pengo®, Martina Barban®,
Roberto Padrin_ih, Ichiro leiri', Kenji Otsubo', Toshitaka Kashima,
Sosuke Kimura!, Shinichi Kijima® and Hirotoshi Echizen®

Objective To investigate pharmacokinetic and pharmaco-
dynamic factors associated with population differences in
warfarin doses needed to achieve anticoagulation, in
particular the possible involvement of genetic variability in
vitamin K epoxide reductase (VKOR) and CYP2CS.

Methods Warfarin maintenance dose, unbound plasma
S-warfarin concentration [Cu(S)] and INR were determined
in 157 Caucasians, 172 Japanese, and 36 African-
Americans stably anticoagulated patients. In a subset
(n=1686), fully carboxylated plasma normal prothrombin
levels (NPT) were also measured. Genotyping for seven
CYP2C9 (CYP2C9*1 through 6 and *77) and seven
VKORC1 variants were performed in 115 Caucasians and
64 Japanese patients and 66 healthy African-Americans.
Multivariate analysis was performed to identify covariates
associated with warfarin requirement.

Results The relationship between NPT and Cu(S) indicated
Japanese are more susceptible to inhibition of NPT
production by S-warfarin than the other two populations.
VKORC1 1173 C>T had a greater frequency in Japanese
(89.1%) than Caucasians (42.2%) and African-Americans
(8.6%). CYP2CS variants with reduced metabolizing ability
were less frequent in Japanese compared to the other two
populations. The median warfarin dose was significantly
higher in Caucasians than Japanese patients (5.5 versus
3.5mg/day), however, when matched for CYP2C9*1
homozygosity, no difference in dose was observed
between VKORC1 genotype-matched groups. Furthermore,
VKORC1 1173C>T and CYP2C9 (*2/*3/*11) genotypes,
age and weight were identified as independent covariates
contributing to interpatient variability in warfarin dosage.

Introduction

Warfarin is the mainstay of anticoagulation therapy,
worldwide. Its clinical use, however, is complicated by
the fact that it has a narrow therapeutic index with
associated adverse effects that are potentially serious, i.e.,
bleeding, and the dosage requirement to produce a

1744-6872 ¢ 2006 Lippincott Williams & Wilkins

Conclusions Both VKORC1 and CYP2C9 polymorphisms
contribute to inter-population difference in warfarin doses
among the three populations, but their contribution to
intra-population variability may differ within each
population. Pharmacogenetics and Genomics 16:101-110
¢ 2006 Lippincott Williams & Wilkins.

tics and G 2006, 16:101-110

Dh
¥har g

Keywords: warfarin, Japanese, Caucaslian, African-Americans,
polymorphism, VKORC1, CYP2C9

9ni.ch

*Departments of Phar th istry, Meiji Pharmaceutical
University, Tokyo, Japan, Depanmem of Pharmacology, °Center for Human
Genetics Research, Vanderbilt University School of Medicine, Nashville,
Tennessee, USA, “Department of Pharmacy Practice, University of illinois at
Chicago, College of Pharmacy, Chicago, lifincis, USA, ’Departmem of
Chmcal and Experimental Medicine and Ph , University of M

ina, ltaly, “Department: of Climcal and Expenmental Medicine,
"Pham\acology and Anesth University of Padova, Padova, Italy,
Department of Hospnal Phamacy, Faculty of Medicine, Tottori U
Tottori, Japan and !Depariment of Cardiovascular Surgery, International
Medical Center of Japan, Tokyo, Japan

Cor d and requests for reprints to Dr Harumi Takahashi, Depanment of
Pimrmacothempy, Meiji Pharmaceutical University, Noshio 2-622-1, Kiyose, Tokyo
204-8688, Japan

Telfax: +81-424-96-8463/8612; e-mail: harumit@my-pham.ac.jp

Sponsorship: This study was supported in part by grants from the Ministries of
Education, Culture, Sports, Science and Technology of Japan (12670703) and of
Health, Labor and Welfare (14130301), the Japanese Research Foundation for
Clinical Pharmacology, the Halian Ministry of Research (COFIN2000) and the
USPHS National Institutes of Health (GM31304).

Dr Harumi Takahashi and Dr Hirotoshi Echizen received fi
Eisai Co. Ltd. (Tokyo, Japan). Other authors: none declared.

ial support from

Received 25 May 2005 Accepted 6 September 2005

required degree of anticoagulation varies widely between
patients. The reason for the lacter is multifactorial and
includes determinants such as age [1-3], diet [4], and
race [5-10]. Additionally, genetic factors determining the
activity of CYP2C9 have been recently demonstrated
to be important. This cytochrome P450 is largely
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responsible for the metabolism of S-warfarin, which is the
enantiomer predominantly responsible for the drug’s anti-
coagulant activity [11] — warfarin is administered as a
racemate. In particular, two structural variants, CYP2C9.2
and CYP2C9.3, have greatly reduced catalytic activity
compared to the wild-type enzyme, CYP2C9.1 [9,12], and
retrospective studies have shown associations between the
various genotypes and warfarin dose requirement and adverse
effects {1-3,9,12-14]. It is apparent, however, that other
factors, also possibly genetic, are important because, even
when matched according to CYP2CY genotype, the dosing
requirements for a similar degree of anticoagulation varies
across populations and appear to be related to racial ancestry.
“For example, patients of Asian descent (Chinese [5,8,10],
Japanese [9] and Malay [8,10]) require a lower maintenance
dose of warfarin than Caucasians and Indians; by contrast, a
higher dose is needed in African-Americans [6,7].

Warfarin’s anticoagulant activity results from inhibition of
hepatic vitamin K epoxide reductase (VKOR) that affects
the synthesis of various coagulation factors. Recently,
variants of the vitamin K epoxide reductase complex
subunit 1 gene (VKORCI) have been described to have
potentially functional consequences [15-21]. For instance,
Riedereral. [21] identified five major haplotypes (H1, HZ,
H?7, H8 and H9) based upon 10 common single nucleotide
polymorphisms (SNPs) of VKORC! in Caucasian and Asian
populations and found that those having either H1 or HZ
‘haplotypes required significantly lower dose of warfarin
than those having H7, H8 or H9. In addition, these
VKORCI1 haplotypes were correlated with the level of
expression of mRNA of VKORC! in human liver.

Collectively, genetic polymorphisms involved in both
pharmacokinetic ~ (CYP2C9) and  pharmacodynamic
(VKORCYI) factors, therefore, appear to interplay in the
overall interindividual variability of warfarin doses; more-
over, the contribution of each factor may differ among
different ethnic populations. In this context, we initially
studied the pharmacokinetics and pharmacodynamics of
warfarin separately in a large number of patients having
different ethnic backgrounds to assess population differ-
ence in the pharmacokinetic and pharmacodynamic
phenotypes of warfarin among Caucasians, Japanese and
African-Americans. We then examined the contribution of
genetic polymorphisms of CYP2CY and VKORCT in smaller
subsets of patients in order to study whether differences in
the frequencies of CYP2C9 and VKORCI variants would
provide a possible explanation for the difference in warfarin
requirements between these populations after taking other
clinical covariates (e.g,, demographics) into account.

Methods

Patients

Three hundred and sixty-five patients (157 Caucasians,
172 Japanese and 36 African-Americans) participated in

the present study. The majority of them (140 Caucasians
and 90 Japanese had been previously investigated with
regard to S-warfarin metabolism [9,12]. Further analysis
was performed in 179 patients in whom genetic informa-
tion was available for both CYP2C9 and VKORCI. Each
patient received warfarin orally once daily for at least one
month with the dose being titrated to an international
nomalized ratio (INR) target value of 2.0 to 3.0 for
Caucasian and African-Americans [22] and 1.5 to 2.5 for
Japanese patients [23]. Clinical indications for anti-
coagulant therapy were prevention or treatment of
thromboembolic disease (e.g., atrial fibrillation, deep
vein thrombosis, or prosthetic valve replacement).
Standard clinical laboratory tests indicated that all of
the patients had normal liver function but three had
impaired renal function (creatinine clearance ranging
from 12 to 23 ml/min). Concurrent medications with
potential to affect S-warfarin’s metabolism included
amiodarone (#=4), NSAIDs (n=3), cimetidine
(z=2), thyroid hormone (7#=6) and carbamazepine
(n=1).

Study protocol

Blood (5~10ml) was obtained 12 to 16 h after adminis-
tration of the last dose of warfarin, during a routine clinic
visit. Separated plasma was stored at —70°C until
analyzed whereas the buffy coat was maintained at 4°C
until extracted for DNA. The study protocol was
approved by-the IRBs of the Tespective institutions and
written informed consent was obtained from each
patient.

Pharmacokinetics and pharmacodynamics of warfarin
The plasma concentrations of warfarin’s enantiomers
were determined by a chiral high-pressure liquid
chromatography-based method as previously described
[24]. The extent of plasma protein binding was measured
using ultrafiltration [24], which permitted estimation of
the steady-state unbound plasma concentration [Cu(S)]
and unbound oral clearance of S-warfarin [CLpo,u(S)]
[9.25]).

In addition to the INR value, warfarin’s anticoagulant
effect was also assessed in 166 patients (54 Caucasians,
91 Japanese and 21 African-Americans) through measure-
ment of the plasma concentration of fully carboxylated or
normal prothrembin (NPT) by the carinactivase-1
method [26). A ‘warfarin sensitivity index’ [INR/Cu(S)]
was also estimated for all patients.

VKORC1 and CYP2C9 genotyping

DNA was extracted from the buffy coat of blood using a
commercially available kit (Qiagen, Tokyo, Japan).
Genotyping for variants in all coding regions and intron/
exon boundaries of VKORC! (GenBank accession number
AY587020) was performed by PCR and direct sequencing
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using described primers to identify VKORG1 129C > T,
497T>G, 1173C>T, 1196G>A, 1331G>A,
3462C >T and 3730G > A [15,16,21]). In the present
study, the position of a nucleotide was numbered
according to a previously described system [16]:
the A of the ATG initiation codon of AY587020
being denoted as position 1. Thus, the positions of
381, 3673, 6484, 6853 and 7566 of the reference sequence
(AY587020) correspond to —4931, - 1639, 1173, 1542 and
2255, respectively. Allelic variants of CYP2C9 (CYP2C9*1

through CYP2C9*6, and CYP2C9*11) were determined by -

cither RFLP analysis or direct sequencing [9,27].

Genotypes for both VKORCI and CYP2C9 were available
for 179 patients (115 Caucasians and 64 Japanese).
Because no DNA samples were available from African-
American patients on warfarin, blood was commercially
obtained from 64 healthy African-American subjects
(ProMedDx, LLC, Norton, Massachusetts, USA) for
analysis of the frequencies of the two gene’s allelic
variants. The patient haplotypes and their frequencies
were estimated by PowerMarker (Ver. 3.23) and a
haplotype association test was performed according to
the method of Rieder & 4/ [21]), which allowed
classification of each patient into either Group A
(comprising either H1 or H2 haplotypes) or Group B
(comprising either H7, H8 or H9 haplotypes). Because
the nucleotide at position 861 according to the Rieder’s

—~ —-System - was not ecxamined, patients —with--the - H7 -

haplotype were not distinguishable from those with an
H8 haplotype. However, this did not affect classification
of such individuals into Group B. A log-transformed
maintenance dose adjusted for age, sex, body weight and
CYP2C9 genotype and warfarin sensitivity index [INR/
Cu(S)] were compared between the patient groups with
different haplotypes.

Race and genetic variability affect warfarin dose Takahashi etal. 103

Statistics

Multiple comparisons between the mean values for the
pharmacokinetic, pharmacodynamic and demographic
data obtained from three populations were performed
by ANOVA followed by the Tukey-Kramer test. Relation-
ship between Cu(S) and INR in patients with different
VKORCI (1173C > 'T) genotypes was examined by the
Pearson’s correlation test. Genetic data for deviation from
the Hardy-Weinberg proportions were tested using the
chi-square test. Multiple comparisons for allelic frequen-
cies of VKORCI and CYP2C9 variants between Caucasian,
Japanese and African-American patients were performed
by the chi-square test followed by the Tukey-Kramer
test. Spearman’s rank correlation test followed by the
stepwise multiple regression analysis were performed to
assess the contribution of patients’ covariates [i.e., age,
sex, body weight, racial ancestry (Caucasian versus
Japanese) and genotypes (wild-type versus heterozygote
versus homo- or the combined homozygote) of VKORC! -
and CYP2C9] to the overall variability of maintenance
doses of warfarin. Squares of the adjusted correlation
coefficient (r?) and Akaike’s Information Criterion (AIC)
were employed to evaluate the goodness of model fitting.
Data are presented as means + SD or medians and the
upper and lower quartile ranges (25 and 75 percentiles)
where appropriate. A P-value of less than 0.05 was
considered statistically significant for all analyses.

Results — »
The Caucasian patients were slightly older than the other
two populations and there were also differences in body
weight between the groups (Table 1). The daily
maintenance dose of warfarin and its associated unbound
concentration of the S-enantiomer were higher in African-
Americans than in Caucasians who, in turn, had larger
values than the Japanese; the reverse ranking was present

Table 1 Demographic characteristics of study patients
Parameter African-American Caucasian Japanese
Number of patients studied
Dose-Cu(S)-INR relationship 36 167 172
Plasma normal prothrombin 21 64 91
Genotyping of CYP2C9 and VKORC1 (64)" 116 64
Gender (M/F) 12/24 87/70 101/71
Age (years) 111 66+13 61+10'
Body weight (kg) 89.6+26.4 73741721 56.5+10.9™
Dose of racemic wartarin {mg/day) 63126 47+24 36%1.6™
Cu(S) (ng/mi) 6.76 £ 2.97 4.091+2.08 219+ 1.26™
CLpo,u(S) (mV/min) 314.74£163.1% 469.41204.4 664.3+376.8™
INR 2.67+0.81 2501089 1.84+0.69"™
INR/Cu(S) (mi/ng) 0.46+0.21* 0.7640.45 1.06+0.68"
Normal prothrombin level (pg/mi) 64.6+23.2 60.3+36.1 6265+ 26.1
Abbreviations: Cu(S), pk unbound cor ion of S-warfarin; CLpo,u(S}, unbound oral clearance of S-warlarin; INR, international normalized ratio of prothrombin
time.

Data are mean values = SD.

“DNA samples were obtained from healthy subjects.

tP<0.01 between the Caucasian and Japanese groups.
#P<0.01 between the Japanese and African-American groups.
$P<0.05 between the Caucasian and African-American groups.
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in the oral clearance of unbound S-warfarin (Table 1). No
apparent differences in unbound S-warfarin’s oral clear-
ance were observed between patients who were given
either amiodarone (458 + 98 ml/min, #=4) or thyroid
hormone (330 %+ 119 ml{/min, #»=6) with warfarin and
those were given warfarin alone. There was a significant
(P < 0.0001) correlation between the oral clearances of
S-warfarin and R-warfarin (r = 0.706).

Population differences were also apparent in the asso-
ciated measures of anticoagulation (Table 1) with INR
values in the Japanese patients being lower than in either
of the other two populations. However, the ‘warfarin
sensitivity index’ - a measure of the degree of anti-
coagulation normalized for the unbound S-warfarin
plasma concentration — was higher in Japanese compared
to Caucasians or African-Americans. No significant
differences were present in the NPT concentrations
between the populations, however, the distribution of
NPT levels in the Japanese patients relative to the
unbound plasma concentration of S-warfarin was shifted
to the left compared to that in the Caucasian and African-
American populations (Fig. 1a). On the other hand, the
relationships between the NPT level and INR value in
the three populations overlapped each other (Fig. 1b).

Seven allelic variants in the VKORCY gene were identified
and these all exhibited differences in frequency between
the populations studied (Table 2).With the exception of
the 1173C > T transition in Japanese, Hardy-Weinberg
equilibrium was present. A synonymous 3462C>T
transition (Leul20Leu) in exon 3 was selectively present
in African-Americans and two heterozygous cases of an
exon 2 substitution (1331G > A, Valé6Met) were also
found in this population. In contrast, the transitions at
129C > T in exon 1, 497T > G in intron 1 and 1196G > A
in intron 1 appeared to be present in Caucasians at a low
frequency and the allelic frequencies of the transition at
3730G > A in the 3’-downstream region was significantly
higher in African-American and Caucasians compared
with Japanese. The most common allelic variant with a
significant difference in frequency in all three popula-
tions was an 1173C > T polymorphism in intron 1 which
was found in 8.6% of African-Americans, 42.2% of
Caucasians and 89.1% of Japanese. Population differences
in the allelic frequencies of the various CYP2CY variants
were also found (Table 2); CYP2C9 variants with reduced
metabolizing ability were present at higher frequencies
in Caucasians and African-Americans compared with
Japanese.

Low but statistically significant (P.<0.05) correlations
were present between the INR value and the unbound
plasma concentrations of S-warfarin in VKORCI 1173
C > T heterozygotes and variant homozygotes but not .
homozygote wild-type in the collective results from all
patients (Fig. 2). For any given genotype, the data from
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Relationships between plasma unbound concentrations of S-warfarin
[Cu(S)] and plasma concentrations of fully carboxylated normal
prothrombin (NPT) (a) and those between plasma concentrations of
NPT and INR (b) in Caucasian (open circles), Japanese (grey or
halftone circles) and African-American (closed circles) patients.

the Caucasians and Japanese patients overlapped. Ad-
ditionally, the slopes of the relationships were steeper in
the heterozygous and homozygous variant groups (0.163
and 0.183ml/ng, respectively) than in the wild-type
population (0.021 ml/ng). Regarding the novel VKORC?
1196 G > A transition, all four such Caucasian patients
had an INR value greater than 2.5 at an unbound plasma
concentration of S-warfarin < S5ng/ml (i.e., they had
increased warfarin sensitivity). Three of them also carried
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Table 2 Allelic frequencies of VKORC?7 and CYP2C9 variants
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African-American (nw= 64) Caucasian (n=116) Japanese (n=64)
VKORC1 129 C>T {Cys43Cys, exon 1) [ 0.009 0
VKORC 497T>G (intron 1) 0.039" 0.288 o*
VKORC1 1173C>T (intron 1) 0.086 0.422 0.891%
VKORC1 1196G>A" (intron 1) 0 0.017 o
VKORC1 1331G >A (Val§6Met, exon 2) 0016 0 .0
VKORC1 3482C>T (Leu120Leu, exon 3) 0227 0.004 o
VKORC1 3730G > A 3'-downstream) 0.523! 0.374 0.167%
CYP2C9'1 (wild-type) (Arg;ss/ Argoasliesss) 0.953° 0.743 0.984'
CYP2C9"2 (exon 3) (Arg/Cysyad) ot 0.143 ot
CYP2C9°3 (exon 7) (lle/teussq) 0.008 0.109 o.016'
CYP2C9"4 (exon 7) {lle/Thrasg) 0 0 0
CYP2C9'6 {exon 7) {Asp/Glusea) 0.008 0 (4]
CYP2CS'6 {exon ) (818delA) 0.008 0 o
CYP2C3"11 {exon 7) (Arg/Tripass) 0.023 0.004 0
African-American DNA samples were obtained from healthy subjects.
“a novel polymorphism. : /
tP<001 b the Cat and Jap groups.
{P<0.01 between the Japanese and African-American groups.
$P<0.06 between the Caucasian and African-American groups.
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shown separately. Four Caucasian patients carrying VKORC7 1196G > A are presented by black triangles. Significant (P<0.05) and apparently
steeper comelations between the two parameters were observed in the C/T (r=0.35) and T/T genotypes (r=0.38), respectively.

the VKORC! 1173 homozygous mutant allele (T/T), but
one had the 1173 wild-type genotype. No differences in
metabolizing ability, as measured by the oral clearance of
unbound S-warfarin, were observed between the three
VKORC1 1173 C > T genotype groups in Caucasians and
Japanese. However, reduced maintenance doses of
warfarin in patients carrying CYP2C9*2 andfor CYP2C9*3
were observed in the Caucasians and Japanese patients
(55+2.6,40x 1.8, 3.2+ 1.5, 2.0+ 1.3 mg/day in Cau-
casians with CYP2C9*1/*1, *1/*2, *1/*3 versus *2/*3 or
versus *2/*2 or versus *3/*3, respectively, and 3.6 * 1.7 and
1.8 + 0.5 mg/day in Japanese with CYP2C9*1/*] and *1/*3
genotypes, respectively). In order to perform further
genotype: phenotype analysis (Fig. 3), patients homo-
zygous for the wild-type CYP2CY gene (67 Caucasian and

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

62 Japanese patients) were selected to exclude the
influence of population differences in the frequencies of
defective CYP2C9*2 and CYP2C9*3 alleles on the
maintenance doses.

The median daily warfarin dose in Caucasians was
significantly greater (P <0.01) than that in Japanese
(5.5 versus 3.5 mg/day, respectively), when the two such
populations were compared irrespective of VKORCI
genotype (ALL in Fig. 3). There was a significant
(P <0.05) VKORCI 1173C > T gene~dose effect present
in each population, e.g., a lower dose was observed in
patients carrying homozygous mutations (T/T) compared
with those with wild-type (C/C) and heterozygous
mutations (C/T) except for Japanese patients with C/C
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Fig. 3

Genotypes of VKORC1 1173 C>T variant
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on the boxes represent median values and the upper and lower quartiles, respectively. The closed circles (@) are outlying values beyond the maximum

length in terms of the interquartile range. Numbers of patients in each group
doses between Caucasian and Japanese patients when compared irrespect

are shown in the parentheses. There was a significant difference in warfarin
ive of VKORC1 genotype (ALL). There were also significant differences in

warfarin doses between Caucasian patients having different VKORC7 genotypes and between Japanese patients having 1173 C/C and T/T genotypes

and between

patients with 1173 C/T and T/T genotypes. **P<0.01 between the Caucasian and Japanese groups; 1P<0.01 between Caucasian patients

with 1173 C/C and those with C/T or T/T genotypes; *P<0.05 between Caucasian patients with 1173 CIT and those with T/T genotypes; 'P<0.01

between Japanese patients with 1173 C/C and those with T/T genotypes;
genotypes.

'P<0.01 between Japanese patients with 1173 C/T and those with T/T

and C/T genotypes:. .the..mean maintenance. doses.
obtained from Caucasian patients carrying C/C, C/T and
T/T genotypes were 6.9 versus 5.2 versus 3.0 mg/day,
respectively, and the corresponding values obtained from
Japanese patients were 7.0 versus 5.4 versus 3.3 mg/day.
In contrast, no significant differences were observed
between these two populations in the daily dose within
each 1173C > T genotype (Fig. 3).

Haplotype frequencies were 0.156 and 0.847 for H1,
0.256 and 0 for H2, 0.363 and 0.109 for H7/H8 and 0.200
and 0 for H9 in Caucasian and Japanese patients,
respectively. Haplotype analysis revealed no significant
differences in warfarin doses adjusted for age, sex, body
weight and CYP2C9 genotype and ‘warfarin sensitivity
index’ for S-warfarin between patients in Group A, i.c.,
with the H1 versus H2 haplotype (3.4 versus 3.5 mg/day,
and 1.0 versus 1.0 ml/ng, respectively). No significant
differences were observed in the corresponding values in
Group B patients with the H7/H8 haplotype and those
with the H9 haplotype (5.8 versus 5.2 mg/day, and 0.66
versus 0.58 ml/ng). Haplotype groups of A/A, A/B and B/B
completely corresponded to the genotype groups of
VKORCI 1173 T/T, T /C and C/C.

Univariate analysis to identify patient covariates asso-
ciated with the interindividual variability in daily warfarin
dose showed that age (r=-0.22), body weight
(r=0.29), CYP2C9 variant (r= —032), VKORCI

1173C>T (r= —0.58) -and- Japanese -arcestry- {=—-—

~0.20) were all significantly (r <0.05) correlated.
Further multivariate analysis - with these covariates in
115 Caucasian and 64 Japanese patients revealed that
CYP2C9 and VKORCI genotypes, age and body
weight had independent and statistically significant
contributions to the overall variability in warfarin
dose (Table 3). The final regression cquation for
estimating maintenance doses (MD) of warfarin was
as follows: for patients with homozygous wild-type
genotype for both CYP2C9 and VKORCI: MD (mg)
=6.6-0.035 (age, years) + 0.031 (body weight, kg);
for those with either heterozygous or homozygous
variant of CYP2C9, the MD was reduced by 1.7 and
2.8 mg, respectively, and for those with either hetero-
zygous or homozygous variant of VKORCI 1173C>'T,
the MD was further reduced by 1.3 and 2.9mg,
respectively, from those predicted by the respective
equations. Based on the standardized partial regression
cocfficients, genotypes of CYP2C9 and VKORCI were
the principal covariates contributing equally to inter-
patient variability in warfarin requirements. Collectively,
the identified covariates accounted for 57% of the
overall variability in the daily dose of warfarin. Also, a
significant correlation (r = 0.76, P <0.001) without
systematic bias was observed between the actual main-
tenance doses taken by the Caucasian and Japanese
patients and those predicted from the multiple regression
model (Fig. 4).
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Table 3' Multivariate analysis for patients’ covariates that are associated with interindividual variability of warfarin doses

Covariates Partial regression coefficient+ SE Standardized partial regression P-value
coefficient
Constant 6.656£0.973 ,
Age (years) -0.035£0.010 -0.252 0.000808
Body weight (kg) 0.031+0.007 0.298 0.000059
CYP2C9*2/*3/*11 (Heterozygous) -1.706£0.290 -0408 <0.0000005
{Homazygous variant) -281610473 -0413 <0.0000005
VKORC1 1178 C> T (Heterozygous) -1.31610.309 -0.310 0.000034
{Homozygous variant) -2941+0310 -0.690 <0.0000006
SE, standard error of mean.
Fig. 4 these genetic variants differed among the three popula-
tions (Table 2). As a result, 70% of Caucasian, 83% of
15 African-American and 20% of Japanese patients were
% p
o found to carry pharmacokinetic (CYP2C9) and pharmaco-
dynamic (VKORCI) genetic factors which are associated
‘§’ with a lower and a higher requirement, respectively,
? Ko} resulting in the wide interindividual variation in warfarin
- 10F o0 doses. ‘
g o
‘U - -
3 ] o3 Discussion
> g B r=0.76 Warfarin therapy is complicated by large interpatient
é P LT P<0.001 variability in maintenance dose requirement.and the
e 5r e . associated risk of under- and over-anticoagulation. This is
8 & X the first study demonstrating that there are population
] oA & O differences not only in pharmacokinetics but also in
(9’0 e % pharmacodynamics of warfarin based upon the dose-
e YD = — e --plasmaa—concentration -and- plasma concentration—-INR
oo 5 1‘0 1‘5 relationships. The pharmacodynamics of S-warfarin eval-
‘ uated by its ‘warfarin sensitivity index’ showed significant
Prodioted dally WF dose (mg/dey) y its ‘warfa itivity inde; signific

Relationship between maintenance doses of warfarin predicted from
the multiple regression mode! and those actually observed in the 115
Caucasian (O) and 64 Japanese (@) patients. There is a significant
correlation between the predicted and observed doses (y=x+0.0008,
r=0.76, P<0.001). The solid line represents the line of identity.

Caucasian and Japanese patients who carried CYP2CY
variants possessed a lower unbound oral clearance
for S-warfarin (decreased metabolic activity), thereby
required a smaller daily dose of the drug (Fig. 5a).
In addition, those carrying the VKORC! 1173C/C
wild-type allele needed higher unbound concentrations
of S-warfarin to achieve a therapeutic anticoagulation
response (reduced sensitivity), and a greater daily dose
was required regardless of race (Fig. 5b). Forty-seven
percent of Caucasian patients possessed one of the
CYP2C9 variant alleles (CYP2C9*2, CYP2C9*3 or
CYP2C9*11) and 48% the VKORCI 1173 C/C wild-type
allele, respectively. The corresponding values for
African-Americans were 11% and 83%, and those for
Japanese were 3% and 17%, respectively. These
genetic polymorphisms in CYP2C9 and VKORCI were
independent to each other and allelic frequencies of

differences between African-Americans, Caucasians and
Japanese patients, although the number of African-
American patients (#=36) participating in the study
was smaller than the Caucasians and Japanese groups
(Table 1). In addition, the sensitivity of S-warfarin to
inhibit normal or fully carboxylated prothrombin (NPT)
production was found to differ between populations and
this may play a pivotal role in the population differences
of warfarin dose requirement.

Readily determinable demographic factors such as age
and body weight have been considered as contributing
covariates [1-3], and this is confirmed in the present
study. The age factor may be related to a reduced ability
to metabolize warfarin with aging [1]. A similar mechan-
istic explanation may also account for the body weight
covariate although a pharmacodynamic factor may also be
involved, since obese subjects have been found to have
clevated plasma levels of fibrinogen and factor VII
compared to lean individuals [28]. Nonetheless, such
demographic factors only have limited utility for optimiz-
ing the warfarin maintenance dose and it has become
increasingly appreciated that genetic factors may have an
important role. Recent focus has been upon drug
metabolizing enzymes invelved in warfarin’s metabolism
that influence its plasma concentration.
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triangle), VKORCT 1173 C/T and 1196 G/G (grey circles), VKORC1 1173 T/Tand 1196 G/G (black circles) and VKORC? 1173T/Tand 1196 G/A

(grey triangles).

Clinically available warfarin is a racemic mixture of R- and
S-enantiomers. However, S-warfarin has been shown to be
three to five times more potent than R-warfarin based
upon the anticoagulation responses elicited after the
administration of the respective enantiomers separately
in healthy subjects [11]. While plasma concentrations of
R-warfarin are, on average, approximately twice those of
S-warfarin following oral administration of the racemate,
pharmacokinetic-pharmacodynamic analysis concluded
that the anticoagulant effect is attributable almost
entirely to S-warfarin concentrations [29]. Moreover, as
noted in the present study, there was a significant
correlation between the oral clearance of unbound S-
warfarin and that for R-warfarin (P < 0.0001), indicating
that demographic factors (e.g., body weight and age),
nutritional and certain environmental factors linked with
variability in both of these parameters may also be
associated. Accordingly, it is likely that interindividual
variability in the plasma concentration of S-warfarin is
more important than that of R-warfarin when considering

the variability of anticeagulant activity following the
administration of racemic warfarin.

CYP2(9 and its allelic variants have been investigated
since the encoded enzyme is largely responsible for the
metabolism of S-warfarin. Several relatively large retro-
spective clinical studies in several different populations
have now demonstrated associations between warfarin’s
maintenance dose and adverse events, i.e., increased
bleeding complications, and the presence of CYP2C9
variants leading to markedly reduced catalytic activity of
the resulting enzyme such as CYP2C9.2 and CYP2C9.3
[1-3,9,12-14]. Collectively, the present data confirm
these previous observations that lower doses are required
in patients carrying these variant alleles especially
CYP2C9*3. Despite such associations, however, the
contribution of such genetic variability to the overll
variability in warfarin’s maintenance dose is relatively low
— less than 20% of the variance {1-3]. The present
findings based on the presence of CYP2C9*2, CYPZ2C9*3
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and CYP2C9*11 variants, all of which are associated with
reduced enzyme activity, also confirm this small con-
tribution even when variant homozygosity is present.
Moreover, the difference in warfarin dosage requirement
between Japanese and Caucasians cannot be explained by
a greater frequency of CYP2C9 variants with reduced
catalytic activity in Caucasians (Table 2), and the former
population have higher unbound oral clearances of S-
warfarin than the latter when matched for the wild-type
genotype in the 5'-flanking (up to —2kb) and coding
regions of CYP2C9 [9,27]. Therefore, the present results
strongly suggest the involvement of other factors.

The molecular target of warfarin is vitamin K epoxide
reductase, which is critically involved in the production of
functionally active vitamin K-dependent coagulation
factors [e.g., factors II (prothrombin), VII, IX and X)]
through y-glutamyl carboxylation [30]. Subunit 1 of this
lipoprotein complex has recently been shown to exhibit
genetic polymorphisms, and several such allelic variants
have been shown to have reduced catalytic activity
that is associated with ‘warfarin-resistance’, i.e., require
substantially higher doses to achieve satisfactory anti-
coagulation [15,17]. However, only two such heterozy-
gous VKORCI 1331G > A, Val66Met, African-American
individuals were found in the present study. Other
variants reported to be associated with ‘warfarin-resis-
tance’ {15] were not detected. A number of other
nucleotide. . transitions. . including .a ..novel VKORCI
1196G > A were, however, identified and appeared to
have selective distribution according to racial ancestry,
but their rarity made it impossible to assess whether they
have functional consequences. On the other hand, a
haplotype combination including a VKORCY 1173C>T
transition, previously reported to be present in 40%
of European-Caucasians, was found to be common
with higher and lower frequencies in Japanese and
African-Americans, respectively [16-21]. This variant
was also found to be associated with a gene—dose effect
and a lower warfarin maintenance dose [16-21].
The present findings confirm this observation in Cauca-
sians and extend the relationship to Japanese. Interest-
ingly, this VKORCI variant appeared to affect the
relationship between the unbound concentrations of S-
warfarin and the resulting INR value = the slopes of the
regression curves of the relationship being steeper in
heterozygous and homozygous variant patients than in
those homozygous for the wild-type allele. Importantly,
the different population frequency of the VKORC7 1173T
variant allele in Japanese compared to Caucasians,
appeared to account for the increased ‘warfarin sensitiv-
ity’ of the former group of patients, matched according to
CYP2C9 genotype, i.e., CYP2C9*1 homozygous, since no
differences in dosage requirement was observed between
the populations when stratified according to VKORCI
genotype. Furthermore, multiple regression analysis
showed that the VKORCI 1173C>'T variant was an
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important covariate with respect to the interindividual
variability in warfarin dosage. Patients carrying the
T allele at the position of 1173 of VKORCI gene are
classified into the Group A haplotype associated with a
lower dose requirement [21]. However, this haplotype
system is no more informative than a single segregating
SNPs among those at positions 381, 3673, 6484, 6853 and
7566 of the reference sequence (GenBank accession
number AY587020) as shown previously by others [16],
when the influence of VKORCI genotype on the
interindividual variability in warfarin doses is considered.
Overall, these results also suggest that the higher
dose requirements in African-Americans [6,7] may
possibly reflect the higher frequency of the VKORC!
1173C allele (91%) compared to Japanese (11%) and
Caucasians (58%) (Table 2).

The 1173C > T transition in intron 1 of VKORCI was
recently reported to be in complete disequilibrium with
-1639G>A at a putative NF1 binding site [18],
-4931T > C, 1542G>C and 2255C>T [21]. While
there is a controversy regarding the influence of this
VKORCT haplotype on the transcriptional activity of this
gene [16,18,19], a recent report indicates that this
haplotype was associated with lower mRNA levels in
human liver {21]. This finding suggests that the
1173C > T variant may be associated with the lower
levels of reduced form of vitamin K, thereby making
patients. with_ this - .variant . more . susceptible to the
anticoagulation effect of warfarin. In addition to the
conventional measure of anticoagulation, namely, the
INR value, the concentration of NPT was also deter-
mined in the patients. No population differences could
be discemed in the relationship between these two
biomarkers, indicating comparable functionality of the
involved fully carboxylated vitamin K-dependent factors
and fibrinogen. However, Japanese patients appeared to
be more sensitive to y-carboxylation of prothrombin in
that a comparable NPT response was achievable at
lower plasma concentrations of unbound S-warfarin
compared to Caucasians and African-Americans. The
reason for this difference is unknown. but may involve
population differences in NPT’s baseline level (pre-
liminary unreported data), and further studies are
required to explore this possibility. In addition, the
question of whether the VKORC! haplotypes may
influence the baseline levels of VKOR and NPT remains
to be clarified. Regarding functionally related genes,
multiple variants in several vitamin K-dependent proteins
have been identified including factor II, factor VII and y- .
glutamyl carboxylase [20,31]. Moreover, some of these are
associated with altered ‘warfarin sensitivity’ {20,31] and
preliminary data (not shown) indicates that their allelic
frequencies differ between Caucasian and Japanese
populations. Therefore, influences of these polymorph-
isms on the overall variability in warfarin responses are
also to be clarified.
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In summary, the present study shows that interindividual
variability and population differences in the maintenance
dose of warfarin required to achieve anticoagulation
involves demographic, pharmacokinetic, and pharmaco-
dynamic factors. Furthermore, genetic variability in
CYP2C9-mediated metabolism of S-warfarin and the
drug’s molecular target, VKOR, are specific determinants.
The present study shows that 70% Caucasian and 83%
African-American patients carried either CYPZ2CY ot/and
VKORC1 genotype(s) which leads to either reduced
metabolic activity or attenuated sensitivity of warfarin.
In contrast, only 20% of Japanese population possesses
these genotypes. Thus, the relative contribution of the
VKORC! and CYP2C9 genotypes to the overall inter-
patient variability in warfarin doses differs between the
three populations according to racial ancestry. Moreover,
it should be of note that the identified demographic and
genetic covariates of warfarin doses only account for 57%
of interindividual variability. Accordingly, other currently
unknown determinants remain to be identified, and
populations other than those currently studied need to be
investigated.
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Population Pharmacokinetic and
Pharmacodynamic Analysis of a
Class IC Antiarrhythmic, Pilsicainide,
in Patients With Cardiac Arrhythmias
Ryuichi Ogawa, MSc, Ryoji Kishi, MD, Kiyoshi Mihara, PhD, Harumi Takahashi, PhD,

Akihiko Takagi, MD, Naoki Matsumoto, MD, Keisou Masuhara, PhD, Kiyoshi Nakazawa, MD,
Fumihiko Miyake, MD, Shinichi Kobayashi, MD, and Hirotoshi Echizen, MD, PhD '

Population pharmacokinetics (PK) of a sodium channel-
blocking antiarrhythmic, pilsicainide, was studied using the
nonlinear mixed-effects modeling technique in 91 patients
with cardiac arrhythmias (80 suspected Brugada syndrome
[BrS] and 11 with atrial fibrillation) who received an intrave-
nous infusion of 10 mg of the drug. Population pharmaco-
dynamic (PD) analysis was also performed using an effect
compartment model. PD responses were assessed by changes
in electrocardiogram (ECG) pattern (BrS-like elevation of ST-
segment) and conduction parameters. The final PK model
showed that gender (values were 50% lower in women than
in men) and creatinine clearance were significant (P < .01)

covariates of weight-normalized systemic clearance of
pilsicainide. Patients who showed a BrS-like ECG pattern af-
ter the drug administration also showed a significantly (P <
.01) greater prolongation in His-Purkinje conduction com-
pared to the remaining patients. In conclusion, female gen-
der, renal dysfunction, and the drug-induced BrS-like ECG
morphology may be associated with augmented ECG re-
sponses to pilsicainide.

Keywords: Pilsicainide; pharmacokinetics-pharmacodynamics;
Brugada syndrome
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ilsicainide HCL is a class IC antiarrhythmic drug

widely used in the treatment of supraventricular
and ventricular tachyarrhythmias in Japan. Previous in
vitro and in vivo studies have révealed-its unique
pharmacokinetic (PK) and pharmacodynamic (PD)
characteristics. Electrophysiological studies* per-
formed with isolated myocardial cells using standard
microelectrode and whole-cell clamp techniques re-
vealed that pilsicainide is a pure sodium channel
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blocker with no autonomic blocking effects and no
potassium/calcium channel-blocking properties. The
conventional PK study® of the drug performed during a
phase 1 clinical trial in healthy young male subjects
demonstrated that it is eliminated mainly into urine in
unchanged form and that an active tubular transport is
likely to be involved. The renal clearance (200-300 mL/
min) of pilsicainide surpasses the glomerular filtration
rate (100 mL/min). Since the drug is a cationic drug, an
active tubular secretion mediated by one of the organic
cation transporters (OCTs) may be associated with its
renal elimination. To our knowledge, however, few ef-
forts have been made to identify clinical covariate(s)
dominating interindividual variability of PK and/or PD
of this antiarrthythmic agent.

The necessity of a PK/PD study of pilsicainide has
been fueled by recent clinical findings indicating that
this drug may serve as a useful probe for assessing al-
tered sodium channel responsiveness in patients sus-
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pected of Brugada syndrome (BrS).* BrS is considered
to be a sodium channelopathy associated with a high
incidence of sudden death due to fatal arthythmias de-
veloping in subjects with structurally normal hearts.
The condition is more prevalent in Asians than in
whites. Characteristic electrocardiogram (ECG) pat-
terns consisting of right bundle branch block and either
coved or saddleback-shape ST-segment elevation in
the right precordial leads (ie, V,-V,) are hallmarks of
BrS. Since the ECG findings obtained from patients
with BrS show variations over time in the same patient
(eg, either exaggeration or amelioration by autonomic
interventions),® it is difficult to arrive at a conclusive
diagnosis of BrS in patients with apparently normal or
equivocal ECG findings despite highly suspicious clin-
ical manifestations and presence of family history of
the disease. For such patients, a pharmacological prov-
ocation test with a pure sodium channel blocker such
as pilsicainide may be of value. Nevertheless, there is a
paucity of knowledge about PK/PD covariates that con-
tribute to the interindividual variability in responsive-
ness to the drug. In this context, we decided to under-
take a population PK/PD analysis of pilsicainide in
Japanese patients with cardiac arrhythmias using non-
linear mixed-effects modeling (NONMEM).® In this ar-
ticle, we present data indicating that gender and renal
_function are the major determinants of the PK variabil-
ity of pilsicainide and that drug-induced BrS-like ST-
segment elevation in ECGs may be a phenotypic trait of
exaggerated dromotropic effects in response to the
drug.

METHODS
Patients and Study Design

Ninety-one patients received an intravenous adminis-
tration of pilsicainide in the coronary care unit of St.
Marianna University School of Medicine Hospital in
Kawasaki, Japan. Eighty patients received the drugasa
diagnostic test for BrS, and 11 patients received the
drug for controlling paroxysmal atrial fibrillation. The
study protocol had been approved by the Institutional
Review Board of St. Marianna University School of
Medicine before the study was started. Written in-
formed consent was obtained from each patient after
the purpose of the study and possible risks and benefits
were thoroughly explained.

Each patient was given an intravenous infusion of

vided into 2 groups according to the ECG responses to
the drug. Taking the criteria proposed by Brugada et al’
into consideration, we tentatively assigned those de-
veloping drug-induced ST-segment elevation of +0.15
mV or greater from the baseline ECG tracing at J point
{at the end of QRS complex), ST, point (at 80 millisec-
onds after the end of QRS complex), or QT,, point (at
160 milliseconds after the beginning of QRS complex)
in the V, lead of the standard 12 leads ECG as respond-
ers to pilsicainide (group A). The remaining patients
were considered nonresponders (group B). Plasma
pilsicainide concentrations obtained from the patients
who received the drug for treatment of atrial fibrillation
were used exclusively for the PK analysis. Blood bio-
chemistry and urinalysis were performed at the De-
partment of Clinical Chemistry, St. Marianna
University School of Medicine Hospital.

Blood Samplings and ECG Recordings

Most blood samples (5 mL each) were obtained within
120 minutes after the end of pilsicainide infusion un-
der continuous ECG monitoring. At least 2 samples
were obtained from all but 6 of the patients during this
period. Additional blood samples were obtained there-
after up to 24 hours postdose when possible. Blood was
collected into glass tubes contsining EDTA-2Na, and--
plasma was separated immediately by centrifugation at
1630g for 10 minutes at 4°C and stored at —20°C until
analyzed.

Continuous ECG monitoring was performed during
the study, and ECGs were recorded at a paper speed of
25 mm/s at 5 minutes before the pilsicainide infusion
was started (baseline) and at 0, 5, 10, 30, 60, 90, and 120
minutes after completion of drug infusion. The phar-
macological effects of pilsicainide on electrical con-

.duction in the heart were assessed by changes in P

wave duration, PQ interval, PEQ interval, and QRS du-~
ration. PEQ interval is defined as the isoelectrical re-
gion from the end of the P wave to the onset of the QRS

‘complex. It largely represents the period associated

pilsicainide HCL at a rate of 1 mg/kg over 10 minutes

under continuous ECG monitoring.* The patients who
were given the drug for diagnosing BrS were further di-
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with impulse propagation from the AV node to the His-
bundle and intraventricular conduction system. Mea-
surements of these parameters were made by one of the
authors (R.O.) using a digital vernier caliper (Mitsutoyo
Co, Tokyo, Japan) for at least 5 consecutive beats at each
sampling point, and the mean value was calculated.
Both within- and between-day intraobserver variabil-
ity of measurements assessed as coefficients of varia-
tion (CVs) were <2%. The respective ECG parameters
at each sampling time were expressed as degrees of
change from the corresponding baseline values.
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Pilsicainide Assay

Plasma pilsicainide assay was performed with a high-
performance liquid chromatography-ultraviolet ab-
sorption according to Shiga et al’ with minor modifica-
tions. Briefly, we used quinidine (final concentration
of 1.0pg/mL) as internal standard and areversed-phase
column (Capcel-Pak C,,, 5 m, 250 X 4.6 mm; Shiseido
Co Ltd, Tokyo, Japan) for the analysis. The mean (+SD)
percent recovery of pilsicainide and the internal stan-
dard from extraction were 101% +4% and 105% +4%,
respectively. Calibration curves were linear over the
drug concentration range of 0.05 to 1.0 pg/mL (r >
0.999, P < .01). The within- and between-day
precisions for the assay were <5% as the CV and theac-
curacy ranged from —9% to +16% as percentage error
from the theoretical concentrations ranging from 0.05
to 1.0 pg/mL.

Population PK Analysis

The population PK analysis was performed on 237
plasma concentrations of pilsicainide obtained from 91
patients by applying the NONMEM (version V, level
1.0; University of California, San Francisco).® A prelim-
inary study using not only the objective function (OBJ)

... values but also the distribution of weighted residues to_

evaluate the goodness of fit of PK models indicated that
the 2-compartment model with zero-order input and
first-order elimination from thé central compartment
had a better fit than the 1-compartment model did.
Therefore, further analysis was performed by the 2-
compartment model. The linear 2-compartment struc-
tural model was parameterized in terms of the primary
PK parameters, comprising systemic clearance (CL),
volumes of the central and peripheral compartments
(V. and V,, respectively), and intercompartmental
clearance (QQ) using a part of the NONMEM program
(PREDPP subroutines ADVAN3 and TRANS4, the first-
order conditional estimate method). Compilation of
the program was performed with DIGITAL Visual For-
tran (Professional Edition, version 6.0A; Digital Equip-
ment Corp, Nashua, NH). A preliminary analysis per-
formed with a basic model showed that CL, V,, and V,,
but not Q, were dependent on body weight. Therefore,
body-weight-normalized parameters were used for CL,
V., and V, in the subsequent analyses. The reason Q
was independent of body weight remains unclear. The
choice of statistical models for the interpatient and re-
sidual (intrapatient) variability were made based on
the OBJ values and the distribution of the weighted re-
siduals as a function of patients’ individual post hoces-

PHARMACOKINETICS AND PHARMACODYNAMICS

timates of plasma pilsicainide concentrations obtained
from the different error structures (ie, proportional, ex-
ponential, or additive). Since the results indicated that
the proportional error model fitted to the data better -
than the other models did, we adopted the
proportional error model for the analysis of the
interindividual and residual variances in the PK of
pilsicainide.

Then, we assessed whether incorporation of pa-
tients’ parameters (age, gender, serum creatinine, and
predicted creatinine clearance) as covariates of CL and
V, would reduce the interindividual variability as-
sessed by the OB]J value. Particular caution was exer-
cised to select covariates that were mutually independ-
ent. For instance, the Cockcroft-Gault equation® used
for estimating creatinine clearance depends on age and
serum creatinine concentration. Thus, creatinine clear-

" ance, rather than age and serum creatinine, was se-

lected as a possible covariate for CL of pilsicainide. In
addition, because the distribution of pilsicainide oc-
curs rapidly (typically within 5 minutes after the end of
infusion) and only a limited number of data points
were available during this period, covariate analysis
was not done for V.. Regarding the model selection for
continuous covariates, linear (P = , + , ® Fac), recip-
rocal P= ,+ ,/Fac),power(P= ,+ Fac ?),and maxi-

mumeffect (P= , + , ¢ Fac/[ , + Fac]) equationswere
“tested, where P represents PK parameters (such as CL),

Fac represents the measurements of relevant
covariates, and , are the estimates calculated by
NONMEM. For a categorical covariate {such as gender),
theequationP= , ¢ (1-Fac)+ ,* ,* Facwasused,

- where Fac equals 0 for men and 1 for women. During

mode] building, a reduction in the OBJ value of at least
6.635 ( = .01) after incorporating a single covariate
was considered statistically significant. Model build-
ing was performed by a stepwise extension of the
model, adding an additional covariate at each step. The
validity of a full model was checked by a stepwise
backward elimination of each parameter. The goodness
of fit of the final population PK model was also as-

" sessed by inspecting the scatter plots of population

model-predicted as well as the observed pilsicainide
concentrations and weighted residual as a function of
population model-predicted pilsicainide concentra-
tions. The accuracy and robustness of the final popula-
tion PK model were assessed by use of a bootstrap
method.” From the original data set of 91 patients, 400
bootstrap sets of 91 individuals were drawn by
resampling. For each of the 400 bootstrap sets, the pop-
ulation PK parameters were estimated and then com-
pared with those obtained in the original data set. The
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final model was considered validated if no significant
differences were observed.

Sequential Population PK/PD
Analysis With Effect Compartment

Because no measurements of intraatrial conduction
time (eg, P wave, PQ and PEQ intervals) were possible
in patients with atrial fibrillation (group C), population
PD analysis was conducted only in patients of groups A
and B. PD responses in terms of ECG paramsters elic-
ited after pilsicainide infusion were plotted against the
plasma drug concentrations obtained from actual mea-
surements or individual post hoc estimates generated
by applying the NONMEM. Since visual inspection
showed that PD responses lag behind plasma drug con-
centrations (ie, counterclockwise hysteresis), the drug
concentration-effect relationship was analyzed by the
so-called effect compartment model developed by
Sheiner et al.’* According to this model, K,,, defined as
the elimination rate constant of drug in the effect com-
partment, characterizes the time-dependent aspects of
equilibrium between plasma concentration and effect.
The sigmoid E_, model, in which the concentration is
substituted by the effect site concentration (Ce), was fit-
ted to the time course of PD responses by the
NONMEM program. The choice of the statistical model
for error structure and the analysis of patient character-
istics (age, gender, the presence or absence of ST-
segment elevation) relevant to the PD variability were
performed as outlined in the PK analysis. The model-
building process and the criteria for selecting an
optimal model are essentially similar to those for PK
analysis as described above.

Statistical Analysis

Multiple comparisons in the demographic and base-
line ECG parameters among the 3 groups were made by
ANOVA followed by the 2-sided unpaired £ test with
Bonferroni’s correction. For comparisons of propor-
tions, eithera *test or Fisherexact test was used where
appropriate. The least-squares regression method was
used for assessing a correlation between creatinine
clearance and systemic clearance of pilsicainide, those
between measured plasma drug concentrations and PD
responses and those predicted by the NONMEM
method. Statistical analyses were performed by the
SPSS 7.5] program (SPSS Inc, Chicago, IlI). A Pvalue of
less than .05 was considered statistically significant.
Data are expressed as means * SD (range) throughout
the study.
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RESULTS
Patients

Table I lists the demographic and clinical characteris-
tics (eg, baseline ECG parameters and complications) of
the patients who participated in the present study. The
mean age of group C was significantly (P < .05) greater
than that of group A. In addition, the mean predicted
creatinine clearance in group C was significantly (P <
.05) smaller than that in group A. In agreement with
previous reports,’> men were predominant over
women in patients exhibiting ECG findings compatible
with or suspected of BrS (group A).

Population PK Analysis

Figure 1a and its inset show scatter plots of plasma
pilsicainide concentrations versus time. Gender and
CL, were found to be significant (P < .01) covariates for
CL of pilsicainide in the final population PK model, as
was age for V,. Table II lists the respective population
PK parameters, coefficients of covariates possessing
significant fixed (ie, systematic) effects on the PK pa-
rameters, and random effect parameters (ie, inter- and
intraindividual variance and their coefficient of varia-

--- -tions). The final population PK model for GL and V; is - -

represented by the following equations:
CLpy=( ;+ ,*CCR)*(1-SEX)+ )
(,+ ,*CCR)* ,°*SEX,

Vyv= o+ 5 AGE, @)

where CLy is the typical value (ie, population mean) of
body-weight-normalized CL of pilsicainide (L/min/
kg), CCR is the predicted CL (L/min/kg), SEX is the
gender parameter (ie, 0 = male, 1 = female), ,and ,are
the intercepts as a function of total body weight and
slope parameters for the relationship between CL,; and
CL for male patients, , is the coefficient of CL for
women, V,y is the typical value of peripheral volume
of distribution in liters per kilogram, AGE is the age of
patients in years, and , and , are the intercepts as a
function of total body weight and slope parameters for
the relationship between age and V. Taking the signifi-
cant patients’ covariate into account, the
interindividual variability of CL, V,, Q, and V, and the
residual variability assessed as CVs were 14.1%,
31.8%, 41.8%, and 25.2%, respectively. There was a
good agreement between plasma pilsicainide concen-
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TableI Demographic and Clinical Characteristics of Patients Who Underwent the
Pilsicainide Challenge Test for the Diagnosis of Brugada Syndrome (Groups A and B) and
Those Who Received the Drug for the Treatment of Paroxysmal Atrial Fibrillation (Group C)

Patients With Suspicious Brugada Syndrome

Patients With Paroxysmal
Patient Characteristic Group A (Responders) Group B (Nonresponders)  Atrial Fibrillation (Group Q)
Elevation of ST-segment® Present Absgent Not applicable
Number of subjects 36 4 11
Number of plasma samples 104 109 24
Gender, M/F 32/4 35/9 7/4
Age, y 48117 (19-79) 56 + 14 (25-78) 66 £ 8* (57-76)
Height, cm 166 £ 8 (150-180) 165 1 8 (148-179) 163 £ 7 (148-175)
Body weight, kg 62 1 10 (39-84) 62111 (43-85) 66 + 9 (54-77)
Body mass index, kg/m? 22+ 3 (17-32) 23 1 3 (15-30) 25 + 3 (21-29)
Renal function

Serum creatinine, mg/dL

0.80% 0.17 (0.52-1.10)

Blood urea nitrogen, mg/dL 151 4(9-26)
Predicted creatinine clearance,

mL/min 96 1 31 (49-168)

Baseline ECG parameter

P wave, ms 105 + 16 (72-137)
PQ interval, ms 179 + 31 (122-265)
PEQ interval, ms 75 £ 24 (31-150)
QRS complex, ms 90 t 16 (64-128)
]_ point, mV 0.24t 0.25 (~0.10-0.96)
ST,, point, mV 0.25% 0.16 (-0.15-0.62)

~ QT point, mV -
Complication, no. of pahenta (%)

0.23t 0.15(-0.15-0.54) =

Bradycardia 2(8)
Ischemic heart disease 0(0)
Cardiomyopathy 2(6)
Diabetes mellitus 2(s)
Thyroid disorder 1(3)
Seizure 3(8)

0.811 0.22 (0.42-1.28)
151 4 (8-24)

88 t 28 (39-150)

0.87 = 0.19 (0.60-1.20)
17+ 2 (12-19)

68 + 15* (45-92)

107 + 17 (68-142) NA
174 + 23 (133-236) NA
67 + 22 (32-135) NA
94 1 20 (60-148) NA
0.19 + 0.28 (—0.16-1.89) .NA
0.23 + 0.13 (~0.13-0.54) NA
021 % 0:101=0.08:0.47) — " " NA
6 (14) 2 (18)
4(9) 3(27)
5(11) 1(9)
3(7) 1(9)
2 (5) 2(18)
0 (0) 0 (0)

a. When ST-segment elevations of 0.15 mV or greater from the baseline of EOG tracing were owerved either at the J, ST, or QT ,, point in the V2 lead of the stan-
dard 12 leads, the response was considered positive. Data are p: d as +SD(

*P < .05 versus group A.

trations predicted by the final population PK model
and the observed concentrations (Figure 1b). In addi-
tion, when weighted residuals for pilsicainide concen-
trations predicted by the final population PK model
were plotted as a function of its log-transformed
plasma concentrations, the data appear to distribute
uniformly around the line of Y = 0 (Figure 1c), indicat-
ing that there is little concentration-dependent bias in
the estimation of the plasma drug concentration. The
model validation performed with bootstrapping
showed that the mean parameter estimates were within
-18% and +26% of those obtained with the original
data set. In addition, the 95% confidence intervals of
the PK parameters obtained with bootstrapping

PHARMACOKINETICS AND PHARMACODYNAMICS

spanned the corresponding parametem obtained in the
original data set.

Sequential Population PK/PD Analysis
With Effect Compartment Model

Three patients (1 in group A and 2 in group B) were ex-
cluded from the PD analysis because they developed
atrial fibrillation after the infusion of the drug. Table III
summarizes the number of PD data points; the error
models used to describe the interindividual variance;
the improvements of the OBJ value from the basic
model; the population mean of K, estimated by the fi-
nal effect compartment PK/PD model, E_,, EC,,, and
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