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Abstract

Clopidogrel is an antiplatelet drug used to reduce the risk of acute coronary
syndrome and stroke. It is converted by CYP2C19 to its active metabolite;
therefore, poor metabolizers (PMs) of CYP2C19 exhibit diminished antiplate-
let effects. Herein, we conducted a proof-of-concept study for using population
pharmacokinetic-pharmacodynamic (PK-PD) modeling to recommend a per-
sonalized clopidogrel dosing regimen for individuals with varying CYP2C19
phenotypes and baseline P2Y12 reaction unit (PRU) levels. Data from a pro-
spective phase I clinical trial involving 36 healthy male participants were
used to develop the population PK-PD model predicting the concentrations
of clopidogrel, clopidogrel H4, and clopidogrel carboxylic acid, and linking
clopidogrel H4 concentrations to changes in PRU levels. A two-compartment
model effectively described the PKs of both clopidogrel and clopidogrel car-
boxylic acid, and a one-compartment model of those of clopidogrel H4. The
CYP2C19 phenotype was identified as a significant covariate influencing the
metabolic conversion of the parent drug to its metabolites. A PD submodel
of clopidogrel H4 that stimulated the fractional turnover rate of PRU levels
showed the best performance. Monte Carlo simulations suggested that PMs
require three to four times higher doses than extensive metabolizers to reach
the target PRU level. Individuals within the top 20th percentile of baseline
PRU levels were shown to require 2.5-3 times higher doses than those in the
bottom 20th percentile. We successfully developed a population PK-PD model
for clopidogrel considering the impact of CYP2C19 phenotypes and baseline
PRU levels. Further studies are necessary to confirm actual dosing recommen-
dations for clopidogrel.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Among various CYP isoenzymes, CYP2C19 plays a critical role in the conver-
sion of clopidogrel to its active form, clopidogrel H4. Poor metabolizers (PMs) are
associated with diminished platelet aggregation when administered a standard
dose of 75mg once daily, and effective methods to optimize the dose in these
individuals have not been established. Most authorities recommend prescribing
alternative antiplatelet drugs for these patients.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study aimed to determine whether an effective dosing strategy could be de-
vised to optimize the treatment outcome in PMs of clopidogrel using population
pharmacokinetic-pharmacodynamic modeling.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study provides a proof-of-concept (PoC) of how to derive an individualized
clopidogrel dosing regimen that accounts for both the CYP2C19 phenotype and
pretreatment P2Y12 reaction unit (PRU) level, two important sources of interin-
dividual variability affecting treatment outcomes.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Our novel dosing guideline can be used as a PoC to instigate future exploratory
and validation studies to achieve better therapeutic effects in patients with dif-
ferent CYP2C19 phenotypes and baseline PRU levels and provide an alternative
personalization strategy in PMs when switching to other antiplatelet drugs is not

an option.

INTRODUCTION

Clopidogrel is an antiplatelet drug that is frequently pre-
scribed to prevent symptoms of atherosclerosis in patients
with ischemic stroke, acute coronary syndrome (ACS),
and atrial fibrillation.'™ In patients with atrial fibrillation,
clopidogrel administration has been shown to effectively
reduce the risk of thromboembolism."

Clopidogrel is rapidly absorbed after oral admin-
istration. Approximately 85% of the oral dose is me-
tabolized by carboxylesterase 1 to form clopidogrel
carboxylic acid.* The remaining 15% of the oral dose is
metabolized by CYP2C19, CYP1A2, and CYP2B6 to form
2-oxo-clopidogrel,*® which is further metabolized to
clopidogrel thiol H4 (clopidogrel H4), the active moiety.
Among the aforementioned CYP isoenzymes, CYP2C19
plays a predominant role in the conversion of clopido-
grel to clopidogrel H4. Consequently, subjects with low
CYP2C19 activity exhibit lower clopidogrel H4 concen-
trations,® reduced inhibition of platelet aggregation, and
higher rates of thrombotic events than those with nor-
mal or high CYP2C19 activity at the same clopidogrel
dose.®™?

Clopidogrel H4 binds irreversibly to P2Y12 recep-
tors on platelet surfaces,!! which are chemoreceptors for

adenosine diphosphate (ADP) belonging to the G; class of
G protein-coupled purinergic receptors.'*** Clopidogrel
competes with ADP in binding to P2Y12 receptors and
inhibits the activation of the glycoprotein IIb/IIla com-
plex and ultimately platelet aggregation.""** The degree
of P2Y12 receptor inhibition is reported using the P2Y12
reaction unit (PRU)," a surrogate end point indicative of
the degree of platelet aggregation. The normal baseline
PRU values range from 180 to 376.'° This range must be
appropriately managed to prevent adverse effects related
to bleeding and thromboembolic events, with excessively
low or high values, respectively, linked to an increased risk
of bleeding or atherothrombotic and/or thromboembolic
events."

The conventional approach to clopidogrel dosing con-
sists of a daily oral administration of a 75mg dose for in-
dividuals identified as CYP2C19 extensive metabolizers
(EMs).>'” Accompanying this, a loading dose of 300 mg is
often prescribed in ACS, >3 whereas non-ACS patients
may receive the same without the loading dose.**”* Yet,
this standardized regimen may falter with CYP2C19 in-
termediate metabolizers (IMs) and poor metabolizers
(PMs). Studies have revealed that in these phenotypes,
the standard dose is frequently linked to diminished
platelet inhibition and increased instances of therapeutic
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failure,'° underscoring an urgent need for refined dosing
strategies. Evidence from the ADAPT-DES trial indicates
that both excessively high and low PRU levels correlate
with suboptimal clinical outcomes.”’ This suggests the
existence of a therapeutic window within which platelet
inhibition is optimal, necessitating careful dose adjust-
ments. Consequently, patients with higher baseline PRU
levels would likely benefit from an increased clopidogrel
dosage to align within this therapeutic window. Despite
these complexities, current practice lacks individualized
dosing protocols tailored to diverse CYP2C19 phenotypes
and baseline PRU levels. The only specific guidance of-
fered is the recommendation to prescribe alternative anti-
platelet drugs to IMs and PMs,” leaving a significant gap
in patient-centered care for those requiring clopidogrel
therapy.

Although  pharmacokinetic =~ (PK) and PK-
pharmacodynamic (PK-PD) models for clopidogrel have
been developed previously,””*'° model-based optimiza-
tion of the clopidogrel dose considering both the CYP2C19
phenotype and baseline PRU levels has not been suffi-
ciently investigated. Therefore, this study was conducted
as a proof-of-concept (PoC) study aimed to develop a pop-
ulation PK-PD model of clopidogrel and platelet aggrega-
tion, identify the effects of the CYP2C19 phenotype and
interindividual variability (IIV) of baseline PRU levels on
clopidogrel PKs and PDs, and propose an individualized
dosing regimen based on these factors.

METHODS
Subjects and data

Data were prospectively collected from 36 healthy male
participants who participated in a phase I clinical trial.
This study was approved by the Institutional Review
Board (IRB) of Yonsei University Severance Hospital
(IRB approval number: 4-2019-0740), is registered at clini
caltrials.gov (NCT number: NCT04171687), and was con-
ducted at Severance Hospital in Seoul, South Korea, from
October 2019 to April 2020.

Eligible subjects were healthy male adults aged 19-
55years, with body weights ranging from 55 to 90kg, and
body mass index between 18.5 and 27.0kg/m”. Subjects
with clinically significant diseases affecting the pulmo-
nary, cardiovascular, hepatobiliary, neurological, endo-
crine, or immune systems were excluded. Additionally,
exclusion criteria included current smokers, individuals
with gastrointestinal diseases or surgeries affecting drug
absorption, those with a clinically significant bleeding his-
tory, and those whose PRU values at screening fell outside
+10% of the upper/lower limit of the normal range.

ASCPT

Upon admission, blood samples were collected to deter-
mine the CYP2C19 phenotype. One day later, the subjects
received a 75mg tablet of clopidogrel orally once daily for
7days to attain maximum platelet inhibition.”* Loading
dose was not given, aligning with common practices out-
side acute coronary syndrome scenarios.*'”*° Blood sam-
ples were collected at predose, 0.33,0.67, 1, 1.5, 2, 3, 4, 6, 8,
12, and 24 h. After the last blood sample collection, all the
subjects were discharged from the hospital.

The concentrations of clopidogrel and clopidogrel car-
boxylic acid were measured at all sampling times, whereas
the concentrations of clopidogrel H4 were measured pre-
dose, 0.33, 0.67, 1, 2, 4, and 6h after dosing. PRU values
were determined at predose on days 1, 3, 5, and 7, and 1,
4, 6, and 24h after dosing on day 7. The PRU value was
measured twice at each sampling time, and the arithmetic
mean value was used as the end point.

The following demographic and laboratory data were
collected: age, body weight, height, blood urea nitrogen,
serum creatinine, total protein, albumin, total bilirubin,
alkaline phosphatase, aspartate transaminase, alanine
transaminase, y-glutamyl transferase, and CYP2C19

phenotype.

Plasma assay for PK, PD, and CYP
phenotyping

For PK analysis, blood samples (~6 mL) were collected in
tubes containing EDTA-K2 and centrifuged (3000 rpm,
4°C, 10min) for 30 min. The supernatant was then pre-
served at —70°C or lower, and the temperature during
transportation to the analysis institute was maintained
at a level that did not affect the stability of the samples.
Clopidogrel and its metabolite concentrations were ana-
lyzed by liquid chromatography-mass spectrometry after
plasma separation from each blood sample.**** The cali-
bration ranges and correlation coefficients (y) were 0.09-
10ng/mL with y greater than or equal to 0.9985, 0.3-50ng/
mL with ygreater than or equal to 0.9987, and 50-5000 ng/
mL with ygreater than or equal to 0.9987 for clopidogrel,
clopidogrel H4, and clopidogrel carboxylic acid, respec-
tively. The lower limits of quantification (LLOQs) for the
assays were 0.09, 0.3, and 50 ng/mL for clopidogrel, clopi-
dogrel H4, and clopidogrel carboxylic acid, respectively.
Following the intra- and inter-day assays, the accuracies
were found to be within the range of 85%-115% (LLOQ:
80%-120%), and all precisions were less than 15% (LLOQ:
<20%) in the coefficient of variation (CV).

For the PD analysis, blood samples of ~4 mL were col-
lected into dedicated citrate tubes. During collection, tur-
bulence and hemolysis were prevented, and the collected
blood was mixed with an anticoagulant by inverting the
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tube. Blood samples for PD analysis were stored at 25°C
(room temperature) and analyzed within 4 h of collection.
PRU was measured in whole blood using the VerifyNow
system and VerifyNow P2Y12 assay kit (Accumetrics).'>*

Genetic analysis to determine the CYP2C19 phenotype
was conducted for all participants on the day they were
admitted to Severance Hospital. Approximately 2mL of
blood was collected in tubes containing EDTA-K2 and
analyzed. The subjects were classified as EM, IM, or PM
based on their CYP2C19 genotype.

Population PK-PD analysis

Analysis was performed using MonolixSuite 2021R2, with
the stochastic approximation expectation maximization
algorithm used for parameter estimation.” Data explo-
ration and a graphical representation of the results were
conducted using R version 4.2.2. For the samples below
quantification limit (BQL), the M4 method was utilized.
This approach is based on the simultaneous modeling
of BQL observations and observations above the LLOQ,
treating BQL observations as categorical data and con-
straining them to values greater than zero and less than
the LLOQ.%

A sequential PK-PD modeling process was imple-
mented.”’ First, a PK model was developed for clopido-
grel and its metabolites. Subsequently, all PK parameters
obtained from the final PK model were fixed, and the PD
parameters were estimated by linking the PK model to the
PD model.

PK model

A model was developed to jointly predict the PKs of the
parent drug and its metabolites. To account for first-pass
metabolism, a hepatic compartment was inserted between
the depot and central compartments.® In the hepatic com-
partment, we assumed that the parent drug was converted
into one of the following metabolites: clopidogrel H4,
clopidogrel carboxylic acid, or others. We further assumed
that all parent drugs ultimately underwent metabolism in
the hepatic compartment.

Given the molecular weights of clopidogrel, clopi-
dogrel H4, and clopidogrel carboxylic acid, viz. 321.82,
355.83, and 307.80 g/mol, respectively, we applied scal-
ing factors of 1.106 and 0.956 to the formation rates of
clopidogrel H4 and clopidogrel carboxylic acid, respec-
tively.”** The fractions of the dose metabolized to clopi-
dogrel H4 (fmy,), clopidogrel carboxylic acid (fm .y,
and others (fm,e,s) Were set to fm; « fm,, (1 —fm, ) « fm,
and 1 — fm,, respectively, with 0 less than or equal to

fm,, fm, less than or equal to 1. Because of parameter
unidentifiability, we set the hepatic volume to be the
same as the central volume and fixed the typical fm,
and fm, values to 0.125 and 0.96, respectively, based on
the known fractions metabolized to clopidogrel H4 and
clopidogrel carboxylic acid, which were ~10-15% and
85%, respectivelyf"5

PK-PD model

In accordance with the sequential PK-PD modeling
framework, we fixed all PK parameters to the estimates
obtained from the final PK model. The PRU level was
used as the PD end point, and its changes were linked to
the concentration of clopidogrel H4. A turnover model in
which clopidogrel H4 stimulated the decline in PRU levels
was identified as the best PD model.*' The structure of the
PK-PD model is depicted in Figure 1.

ITV associated with the model parameters was modeled

as:
P, =TVPeexp(n;).
or log B = log(ﬂ) + n; for fm,; and fm,
1-P 1-TVP !

where TVP is the typical value of the parameter (P), P; is
the parameter for the ith individual, and #; is a random
effect representing the inter-individual difference, which
is assumed to be normally distributed with a mean of zero
and variance of w? For fm; and fm,, whose values were
constrained between 0 and 1, IIVs were applied using a
logit function. We estimated the correlation coefficients
between parameters when they were deemed physiolog-
ically plausible.
The residual variability was modeled as:

Yi' = Flj . (1 + EPro,ij) + SAdd,ij

whereYj;and Fj;are the jth measured observation and model
prediction of the ith individual, respectively, and epy, ;; and
€add,j are proportional and additive residual errors, which
are normally distributed with a mean of zero and variances
of 6 pyop? and o 4442 respectively.

Covariate model

We explored parameter-covariate relationships based on
correlation tests between patient covariates and the indi-
vidual #;. Considering both the physiology and the statisti-
cal significance level of the parameter-covariate correlation,
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FIGURE 1 A schematic diagram illustrating the structure of the final PK-PD model. The parent drug in the depot is absorbed into the
hepatic compartment, which is either metabolized into H4, carboxylic acid, and others or distributed to the central (plasma) and peripheral

compartments. The active metabolite, H4, stimulates the elimination of PRU. CL, clearance; PD, pharmacodynamic; PK, pharmacokinetic;

PRU, P2Y12 reaction unit.

stepwise covariate modeling was performed with signifi-
cance levels of p less than 0.01 (objective function value
difference [AOFV]=6.63, df=1) for forward addition and p
less than 0.001 (AOFV =10.83, df=1) for backward deletion,
where OFV denotes objective function value.** We applied
power or exponential functions to continuous covariates
and exponential functions for categorical covariates.

(Power function)
TVP = TVP, » (COV/COVeq)”

(Exponential function)
TVP =TVP, e exp(f « COV)

or TVP = TVP, « exp[f + (COV — COV4)]

where TVP and TVP,, denote the typical values of the pa-
rameter with and without covariate incorporation, g the
regression coefficient, COV the covariate, and COV .4 the
median value of the covariate.

The final PK-PD model was evaluated using visual
predictive checks (VPCs). At this stage, the precision of
the estimated model parameters and plausibility of the
parameter-covariate relationships were assessed.

Dose optimization

Based on the final PK-PD model, we simulated the aver-
age PRU value at steady-state (PRU,,, ) after clopidogrel
administration using Simulx 2021R2. Subgroups were de-
fined based on the baseline PRU levels and CYP2C19 phe-
notypes (EMs, IMs, and PMs). Baseline PRU levels were
categorized into five intervals: 180-209, 209-242, 242-280,
280-324, and 324-376 based on the known normal range
of 180-376.'° For each subgroup, we calculated PRU e s
and the proportion of subjects whose PRU,, ;s Was within
the target range of 70-150.>*** We randomly allocated vir-
tual subjects into 15 subgroups (with 1000 virtual subjects
in each subgroup), set the dosing scheme to once daily for
3weeks, and escalated the doses at multiples of 15mg. The
goal of dose optimization was to maximize the proportion
of subjects with PRU levels within the target range.
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RESULTS
Subjects and data

The baseline demographic and laboratory data of each
participant are shown in Table 1. All 36 participants
completed the full schedule of the clinical trial. The total
numbers of observations for clopidogrel, clopidogrel H4,

structure of the final PK-PD model. Table 2 presents pa-
rameter estimates for the final model. All parameters
were estimated with reasonable precision and had relative
standard errors less than 30%. The following system of or-
dinary differential equations describes the model. For the
description of the model variables, refer to the footnotes
in Table 2.

clopidogrel carboxylic acid, and PRU were 503, 239, 504, da, = —k,+A,,A,(0) =Dose
and 280, respectively. The proportions of observations d
BQL were 27.0%, 11.7%, and 3.8% for clopidogrel, clopi-
dogrel H4, and clopidogrel carboxylic acid, respectively. % =k oA, — M . Qe .
g , pidogr Xy » Tesp y g fetAam —— rAut A
No BQLs were observed in the PRU measurements. The H c
PK and PD observations stratified by the CYP2C19 pheno-
type are shown in Figure S1. dA. Q. e Qc +Qp A+ Qp A
When determining the CYP2C19 phenotype, the *1/*1 dr Vi H V. ¢ Vp p
and *1/*17 genotypes were classified as EM, *1/*2, *¥1/*3,
*2/%17, and *3/*17 as IM, and *2/*2, *2/*3, and *3/*3 as
PM. The numbers of EM, IM, and PM subjects were 17, 15, dA, 3 Qp Qp A
and four, respectively. dr ~ v, ¢ v, *“p
PK-PD modeling dAdrtnl =1.106+ fm, « fm, CLe , - C‘}ml Ay, Coy = Am
H ml ml
The PK data were effectively described by a two-
compartment model for both clopidogrel and clopidogrel d'z;"z =0.956+ (1 —fm; ) « fm, » (‘:/I: oAy — CL%ZQ“‘Z oAy + Oz <Ay
carboxylic acid and a one-compartment model for clopi- " v
dogrel H4. A PK-PD model for clopidogrel H4 stimulating dA
the fractional turnover of PRU showed the best perfor- P2 @ Ay, — Qun2 A,
mance. Figure 1 schematically illustrates the overall dt Vina p2 ’
CYP2C19 phenotype TABLE 1 Baseline characteristics of
the subjects (N=36).

Variables EM (n=17) IM (n=15) PM (n=4)

Baseline PRU 207.41+23.60 199.83 +28.60 207.50+33.48

Age, year 32.35+6.99 31.27+4.51 27.00+4.90

Weight, kg 71.32£8.04 72.80+8.69 74.93 +7.68

Height, cm 172.96 +3.89 175.31+5.19 179.00 +8.21

AST, IU/L 18.53+4.90 17.93+3.08 17.50+6.95

ALT, IU/L 20.29 +12.62 15.40 +5.64 15.00+7.75

ALP, IU/L 69.06+14.74 64.40+12.88 72.00 +8.87

y-GT, TU/L 23.12+13.79 22.20+12.19 22.50+10.97

Total bilirubin, mg/dL 0.69+0.11 0.85+0.38 0.80+0.50

Blood urea nitrogen, mg/dL 13.11+3.60 12.87+3.83 12.68+3.17

Serum creatinine, mg/dL 0.91+0.14 0.92+0.15 0.95+0.07

Total protein, g/dL 7.02+0.35 7.19+0.41 6.98+0.30

Albumin, g/dL 4.62+0.21 4.73+0.32 4.58+0.35

Note: All data are shown mean + standard deviation.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; EM, extensive metabolizer; IM, intermediate metabolizer; PM, poor metabolizer; PRU,

P2Y12 reaction unit; y-GT, gamma-glutamyl transferase.
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TABLE 2 Parameter estimates of the final PK-PD model.

Population
Parameters mean Standard deviation
Clopidogrel
V. (=Vy) (L) 1463.92 (7.56) 0.331(17.7)
v, (L) 2823.98 (7.72)
CL,. (L/h) 9257.28 (6.92) 0.343(17.7)
Cor(V,, CL,) 0.702 (21.2)
Q. (L/h) 845.70 (7.04) 0.307 (17.3)
Q, (L/h) 587.93(9.23)
k, (h™Y) 19.64 (28.0)
Tjag (h) 0.196 (4.59)
Oclopidogrel 0.357 (2.68)
Clopidogrel H4 and clopidogrel carboxylic acid
fm, 0.125 FIX 0.255 (16.0)
fm, ~IM —0.450 (29.8)
fm,~PM —0.996 (17.6)
fm, 0.960 FIX 1.130 (16.7)
fm,~IM —1.428 (29.8)
fm,~PM —2.432(24.2)
Voq (L) 51.45(9.81)
CL,,, (L/h) 74.25 (8.87)
Viy (L) 17.34 (3.54)
Ve (L) 51.89 (6.48) 0.285 (17.1)
CL,,, (L/h) 7.248 (3.53) 0.123 (14.3)
Qu (L/h) 4.476 (3.59)
Cia 0.363 (3.91)
Cearbo 0.209 (2.11)
PRU
K, 1.225 (3.81) 0.120 (12.7)
Koy (B 0.006 (3.3)
Epax 57.84 (12.7) 0.501 (15.0)
ECs, (ng/mL) 67.32(12.0)
Hill 1.851 (7.46)
Opru 13.69 (2.66)

Abbreviations: CL,, clearance; CL,,,, clearance in clopidogrel H4; CL,,,,
clearance in clopidogrel carboxylic acid; ECs,, concentration which half of
maximum response reaches at; fm,, relative fraction of dose metabolized to
clopidogrel H4 within two metabolites; fm,, fraction of dose metabolized
to clopidogrel H4 and clopidogrel carboxylic acid; E,,,,, maximum effect
of drug on response; Hill, coefficient of exponent in a sigmoid E,,,, model;
IM, immediate metabolizer; k,, first-order absorption rate constant; K;,

, turnover rate; K., fractional turnover rate; PD, pharmacodynamic; PK,
pharmacokinetic; PM, poor metabolizer; PRU, P2Y12 reaction unit; Q,,
intercompartmental clearance between hepatic and central compartment;
Q,, intercompartmental clearance between central and peripheral
compartment; Q,,,, intercompartmental clearance between central and
peripheral compartment in clopidogrel carboxylic acid; T,,, lag time of
absorption; V,, volume of central compartment;Vy, volume of hepatic
compartment; V, ;, volume of central compartment in clopidogrel H4; V,,,
, volume of central compartment in clopidogrel carboxylic acid; V,,
of peripheral compartment; V5, volume of peripheral compartment in
clopidogrel carboxylic acid; o, proportional error about clopidogrel
carboxylic acid; o ¢qpigogrers Proportional error about clopidogrel; opgy,
additive error about PRU; 64,, Proportional error about clopidogrel H4.

volume

ASCPT

Hill K

in

E ..*C,
dPRU =K, — Ky <1 4 max * “m1

————— | «PRU, PRU(0) =
dt ECSOH111+Cm1H111> ©

out

fmyy, = fmy « fm,, Mg, = (1 - fml) o fmy, fmgper =1 —1fm,

PK submodel

IIV was incorporated into V(=Vy), CL, Q., fmy, fm,, V5,
and CL,,,. For parameter definitions, refer to the footnote
of Table 2. CL, and V_ exhibited a significant positive cor-
relation (Pearson's ¥=0.702). K, was estimated to be 19.64
h~1, corresponding to an absorption half-life of 2.13min.
We assumed a logit-normal distribution for fm; and fm,
and calculated the CV% of IIV using the Delta method.*
The CV% of fm, and fm, were 24.52% and 2.78% in EMs,
26.44% and 11.13% in IMs, and 27.78% and 27.87% in
PMs, respectively. The only significant covariate was the
CYP2C19 phenotype in fm; and fm,. A proportional re-
sidual error model was selected for all end points, with
estimated magnitudes of 35.7%, 36.3%, and 20.9% for
clopidogrel, clopidogrel H4, and clopidogrel carboxylic
acid, respectively.

The VPCs of the final PK model are shown in
Figure 2a-c. The model predictions were concordant
with the observations; 93.44%, 95.82%, and 96.03%
of the total observations were within 90% of the pre-
diction intervals (5th-95th percentiles) for clopido-
grel, clopidogrel H4, and clopidogrel carboxylic acid,
respectively.

PD submodel

The typical baseline PRU level was estimated as 212.67
(calculated as K;, /K,,)- IIV was incorporated into Kj,
and E,,,. K, was estimated to be 0.00576 h™! (x0.006),
corresponding to a half-life of 5days. E,,, was estimated
to be 57.84, implying a maximum reduction in PRU at a
steady state of 1.7% ( 1+51778 4). The standard deviation (w)
associated with the IIV of E_ ., was estimated to be 0.501,
suggesting substantial variability in drug efficacy among
subjects with the same CYP2C19 phenotype. No signifi-
cant covariates were found to affect the PDs of clopidogrel.
The additive residual error model yielded an estimated
error magnitude of 13.69.

The VPC of the final PD model is shown in
Figure 2d. The model predictions showed good fit
with the observations. Of the total observations,
90.71% were within 90% prediction intervals (5th-
95th percentiles).
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FIGURE 2 Visual predictive checks of the final PK-PD model. Black and red dots represent observations above and below LLOQ,
respectively. Blue dashed lines represent 5th, median, and 95th percentiles of predictions and each shaded area represents the corresponding
90% confidence interval. (a) Clopidogrel; (b) clopidogrel H4; (c) clopidogrel carboxylic acid; (d) PRU. LLOQ, lower limit of quantification;
PD, pharmacodynamic; PK, pharmacokinetic; PRU, P2Y12 reaction unit.

Impact of CYP2C19 phenotype on
clopidogrel PKs

Covariate model building showed that fm; and fm, were
significantly different among CYP2C19 phenotypes.
We calculated the fractions metabolized to clopidogrel
H4 (fmyy,) and clopidogrel carboxylic acid (fmg,y,)
using fm; and fm, estimates. Table 3 summarizes the
estimated fractions that were converted into differ-
ent metabolites. The predicted fmy,/fm,4,, values for
EMs, IMs, and PMs were 0.120/0.84, 0.071/0.781, and
0.034/0.644, respectively. Specifically, fmy, and fm,;,
in IMs decreased to 59.2% and 93.0% of those in the EMs,
respectively. Regarding PMs, fmyy, and fm_, 4, decreased
to 28.3% and 76.7% of those in the EMs, respectively.
Although CYP2C19 affected the rate of conversion of
both metabolites, fm;, was more sensitive compared to

TABLE 3 Fraction of dose metabolized to clopidogrel H4,
clopidogrel carboxylic acid, and others stratified by CYP2C19
phenotype.

fm, fm, fmy, fm 40 e
EM 0.125 0.960 0.120 0.840 0.040
M 0.083 0.852 0.071 0.781 0.148
PM 0.050 0.678 0.034 0.644 0.322

Abbreviations: EM, extensive metabolizer; fm_,,,, fraction of dose
metabolized to clopidogrel carboxylic acid=(1 — fm, ) « fm,; fmy,, fraction
of dose metabolized to clopidogrel H4=fm, « fm,; fm ., fraction of dose
metabolized to other metabolites=1 — fm,; IM, intermediate metabolizer;
PM, poor metabolizer.

fm .- Conversely, fm .. increased to 0.148 and 0.322
for IMs and PMs, respectively, compared with 0.040 for
EMs.
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Simulations for optimal dosing regimen
stratified by CYP2C19 phenotype and
baseline PRU level

We performed Monte Carlo simulations of the final PK-
PD model using different doses by random sampling from
the estimated parameter-covariance matrix and calculated

TABLE 4 Optimal doses stratified by baseline PRU level and
CYP2C19 phenotype.

Optimal dose

EM M PM
180-208.99 30mg q.d. 60mg q.d. 120mg q.d.
209-241.99 45mg q.d. 75mg q.d. 150 mg q.d.
242-279.99 60mg q.d. 90mg q.d. 180mg q.d.
280-323.99 75mg q.d. 120mg q.d. 240mg q.d.
324-375.99 90mg q.d. 150mg q.d. 300mg q.d.

Abbreviations: EM, extensive metabolizer; IM, intermediate metabolizer;
PM, poor metabolizer; PRU, P2Y12 reaction unit.

180~209

300-

200-

PRUss

300-

EM IM PM EM

209~242
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steady-state PRU levels (PRU,, ;) to guide dose optimiza-
tion. Table 4 summarizes the optimal doses for achieving
the target therapeutic range of PRU,y ¢ The PRU, o
and the proportion of subjects whose PRU,, (c was within
the target range after being given the optimal dose, strati-
fied by baseline PRU level and CYP2C19 phenotype, are
described in the Table S1. PRU,, ¢ distributions of the
different strata are shown in Figure 3.

The optimal doses differed among baseline PRU levels
and CYP2C19 phenotypes. The predicted optimal mainte-
nance doses for once-daily administration ranged between
30 and 90, 60 and 150, and 120 and 300 mg for EMs, IMs,
and PMs, respectively. Simulation results suggested that
IMs and PMs require 1.5-2 times and 3-4 times higher
doses than EMs to achieve the target PRU level, respec-
tively. Furthermore, subjects in the top 20th percentile
(324-376) of baseline PRU levels were shown to require
2.5-3 times higher doses than those in the lowest 20th
percentile (180-209). In patients with ACS, the optimal
loading dose was calculated by multiplying the proposed
dose by four.

242~280

Dose (mg/day)

B3 30 E345 E360 B 75
E3 90 E3 105 E@ 120 B8 135
B3 150 E3 165 E3 180 E3 195
B3 210 B3 225 E3 240 B3 255
B3 270 E3 285 B3 300 E3 315

IM PM

CYP2C19 phenotype

FIGURE 3 Distributions of PRU,

ave,ss

and red dots represent the predicted interquartile ranges and outliers of PRU

given different doses stratified by baseline PRU levels and CYP2C19 phenotypes. The colored bars

ave.ss» Tespectively. The two blue dashed lines represent the

lower (=70) and upper (=150) bounds of PRU,, . therapeutic range. PRUg, P2Y12 reaction unit at steady-state.
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The simulated median PRU,, ;c was within the range
of 95-110. There was large ITV in PRU,,, ;c among virtual
subjects in each subgroup, decreasing in the order of PMs,
IMs, and EMs owing to the positive dependence of IIV
magnitude on baseline PRU levels. The results addition-
ally showed that PRU,,  ratios of the 95th percentile to
5th percentile in IMs and PMs were 1.01-1.22 times and
1.15-1.30 times higher than those in EMs, respectively.
The ratios in the highest 20th percentile of the baseline
PRU levels were 1.28-1.54 times higher than those in the
lowest 20th percentile. In contrast, the proportion of sub-
jects within the target PRU range decreased in the order of
EMs, IMs, and PMs, which were 63.9-80.8%, 62.8-73.1%,
and 57.6-69.7%, respectively, owing to their dependence
on the baseline PRU level. Given the same CYP2C19 phe-
notype, the proportions in the highest 20th percentile of
baseline PRU levels were ~12%-17% lower than those in
the lowest 20th percentile.

DISCUSSION

The 2022 US Food and Drug Administration-approved
drug label for clopidogrel includes a boxed warning re-
garding diminished antiplatelet effects in CYP2C19 PM.
This warning advocates for the use of another platelet
P2Y12 inhibitor or alternative dosing strategies in these
individuals.*

In a prospective randomized crossover trial, Collet
et al. assessed the PK-PD responses to a standard (300 mg)
versus high (900 mg) loading dose of clopidogrel accord-
ing to the carrier status of the CYP2C19 allele.*’ The re-
sults demonstrated that the use of a high loading dose
could overcome genetic resistance among heterozygous,
but not homozygous carriers of loss-of-function (LOF)
allele. Aleil et al. reported that maintenance therapy
with a high dose of 150 mg/day enhanced the treatment
response in the majority of low responders.*® However,
studies using higher maintenance doses of clopidogrel
have shown disappointing results in carriers of the ho-
mozygous CYP2C19 LOF allele.* Overall, there is incon-
clusive evidence to support the use of higher doses of
clopidogrel in PMs.

Nevertheless, dual antiplatelet therapy with clopi-
dogrel and aspirin remains the standard of care for pre-
venting recurrent ischemic events in patients undergoing
percutaneous coronary intervention.*’ Clopidogrel is also
reportedly associated with a lower bleeding risk than the
more recently introduced platelet inhibitors and is less
expensive.*’ Hence, personalized clopidogrel dosing reg-
imens for PMs are needed.

The ADAPT-DES, a large multicenter observa-
tional study involving 8583 patients, demonstrated the

importance of achieving an ideal level of PRU for optimal
clinical outcome.? Increased PRU levels were associated
with a monotonic increase in stent thrombosis, whereas
bleeding risk was confined to the lowest PRU quintile,
suggesting an optimal therapeutic window for platelet in-
hibition. Given the large 1TV associated with pretreatment
PRU levels, it is likely that better strategies to personalize
clopidogrel doses would consider both the CYP2C19 phe-
notype and baseline PRU level.

Herein, we developed a PK-PD model for clopidogrel
to provide a framework for an optimal dosing regimen tai-
lored to different CYP2C19 phenotypes and baseline PRU
levels. Our results suggest that the optimal maintenance
dose of clopidogrel in PMs with a typical pretreatment
PRU level within the range of 242-280 is 180mg. Indi-
viduals with higher pretreatment PRU levels in the range
of 324-376 require a maintenance dose as high as 300 mg
to achieve a therapeutic PRU window of 70-150.>*** The
probability of attaining a therapeutic PRU level under the
proposed optimal doses decreased with higher pretreat-
ment PRU levels. In PMs, individuals with pretreatment
PRU in the lowest quintile of 180-209 attained therapeu-
tic PRU levels of ~70%, but only 58% was attained in the
highest quintile of 324-376. These results offer potential
explanations for the failures reported in previous stud-
ies.>¥ First, the maintenance dose used in these previous
reports, although higher than the standard dose, may have
been insufficient to achieve a therapeutic effect. Second,
the highly variable pretreatment PRU levels might have
resulted in a lower statistical power to detect a significant
clinical benefit.

The implications of our study are as follows: On one
hand, it opens new avenues to better adapt clopidogrel
dosing according to different CYP2C19 phenotypes and
pretreatment PRU levels. In contrast, the expected treat-
ment success rate under the optimal dosing regimen was
modest; the maximum expected success probability was
merely around 70% (Table S1), which was attained in in-
dividuals with low pretreatment PRU levels. Given these
aspects, conclusions from previous studies that claim no
significant benefit from an increased clopidogrel dose are
understandable.*

To assess the face validity of our model, we compared
the model parameter estimates with those reported in pre-
viously developed population PK-PD models.””” Overall,
the clearance-related parameter values were similar; how-
ever, the volume-related parameter values displayed some
differences. Potential causes are differences in sampling
time, race, or model structure.

The core novelty of our proposed dosing regimen is
the consideration of pretreatment PRU levels, in addi-
tion to CYP2C19 phenotype. This resulted in a substan-
tial reduction in the variability of treatment outcomes.
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Because the baseline PRU level can easily be measured
before the initiation of clopidogrel therapy, its consid-
eration in optimizing the clopidogrel dose constitutes
a feasible strategy. Precise documentation of the base-
line PRU value also enables a more accurate assess-

ment of the degree of inhibition of platelet aggregation

_ 7 _ _Target PRU
(IPA_‘l Baseline PRU”" . . .
This study has some limitations. First, we did not dis-

tinguish between CYP2C19 ultra metabolizers (UMs)
and EMs. Although some subjects harbored the *1/*17
genotype, we classified both *1/*1 and *1/*17 as EM. If
we had included subjects with the *17/*17 genotype, we
could have explored the effect of CYP2C19 UM on the
PKs and PDs of clopidogrel and developed a more detailed
dosing regimen. Second, we optimized the dose based on
the CYP2C19 phenotype rather than genotype. Different
genotypes may have different CYP2C19 activities even if
they belong to the same phenotype. However, given the
small number of subjects, dose optimization stratified by
genotype was difficult. Third, all subjects were healthy
adult men, rendering the identification of additional
covariates affecting the PK-PD of clopidogrel nearly im-
possible. There were no women and patients with cardio-
vascular diseases. Fourth, the sample size was small with
only 36 subjects. Fifth, there is no universally accepted
target range for PRU. Therefore, the optimal clopidogrel
dose can change if alternative target ranges are used. Fi-
nally, our model was not externally validated with a larger
population including women or patients. Therefore, our
study should be considered as a PoC study with all its con-
clusions requiring further external validation. Owing to
this, prospective clinical trials are required to validate our
results and to gain firm confidence regarding our dosing
scheme.

In conclusion, we successfully developed a popula-
tion PK-PD model for clopidogrel by considering the
impact of varying CYP2C19 phenotypes and baseline
PRU levels. We suggest that clopidogrel dosing should
consider both an individual's CYP2C19 phenotype and
baseline PRU level.
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