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Abstract

Warfarin, an oral anticoagulant, has been used for decades to prevent thromboembolic events. 

The complex interplay between CYP2C9 and VKORC1 genotypes on warfarin PK and PD 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence to: Medical Sciences Campus, Pharmaceutical Sciences Dept./ Pharmacogenomics Lab B-214, PO Box 365067, San 
Juan, PR 00936-5067, USA. jorge.duconge@upr.edu (J. Duconge). 

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

CRediT authorship contribution statement
Rodríguez-Fernández Karine: Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. 
Reynaldo-Fernández Gledys: Data curation, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – 
review & editing. Reyes-González Stephanie: Data curation, Investigation. de las Barreras Alonso Camila de las Mercedes: Data 
curation, Formal analysis, Investigation. Rodríguez-Vera Leyanis: Data curation, Methodology. Vlaar Cornelis: Conceptualization, 
Funding acquisition, Resources. Monbaliu Jean-Christophe M.: Conceptualization, Funding acquisition, Resources. Stelzer 
Torsten: Conceptualization, Funding acquisition, Resources. Duconge Jorge: Conceptualization, Project administration, Resources, 
Supervision, Validation, Writing – review & editing. Mangas-Sanjuan Victor: Formal analysis, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review & editing.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the online version at doi:10.1016/j.biopha.2023.115977.

HHS Public Access
Author manuscript
Biomed Pharmacother. Author manuscript; available in PMC 2024 February 09.

Published in final edited form as:
Biomed Pharmacother. 2024 January ; 170: 115977. doi:10.1016/j.biopha.2023.115977.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


properties is not fully understood in special sub-groups of patients. This study aimed to externally 

validate a population pharmacokinetic/pharmacodynamic (PK/PD) model for the effect of warfarin 

on international normalized ratio (INR) and to evaluate optimal dosing strategies based on the 

selected covariates in Caribbean Hispanic patients. INR, and CYP2C9 and VKORC1 genotypes 

from 138 patients were used to develop a population PK/PD model in NONMEM. The structural 

definition of a previously published PD model for INR was implemented. A numerical evaluation 

of the parameter-covariate relationship was performed. Simulations were conducted to determine 

optimal dosing strategies for each genotype combinations, focusing on achieving therapeutic INR 

levels. Findings revealed elevated IC50 for G/G, G/A, and A/A VKORC1 haplotypes (11.76, 

10.49, and 9.22 mg/L, respectively), in this population compared to previous reports. The model-

guided dosing analysis recommended daily warfarin doses of 3–5 mg for most genotypes to 

maintain desired INR levels, although subjects with combination of CYP2C9 and VKORC1 
genotypes * 2/* 2-, * 2/* 3- and * 2/* 5-A/A would require only 1 mg daily. This research 

underscores the potential of population PK/PD modeling to inform personalized warfarin dosing 

in populations typically underrepresented in clinical studies, potentially leading to improved 

treatment outcomes and patient safety. By integrating genetic factors and clinical data, this 

approach could pave the way for more effective and tailored anticoagulation therapy in diverse 

patient groups.
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1. Introduction

Warfarin is an oral anticoagulant that has been used for over six decades to prevent 

thromboembolic events, such as stroke and deep vein thrombosis [1]. It works by inhibiting 

the synthesis of vitamin K-dependent clotting factors in the liver, thus reducing the 

production of blood clots [2]. Despite its widespread use, warfarin therapy is associated 

with several challenges, including a narrow therapeutic window, a high risk of bleeding, 

and significant interpatient variability in response [3,4]. The management of warfarin 

therapy involves maintaining a stable therapeutic international normalized ratio (INR) range, 

which is typically between 2.0 and 3.0 for most indications [5]. However, achieving and 

maintaining this target range can be challenging due to the wide interpatient variability 

in warfarin exposure and response. This variability can be attributed to various factors, 

including age, sex, body weight, diet, comorbidities, and concomitant medications, as well 

as genetic variations [4].

The impact of genetic polymorphisms on warfarin response has been extensively studied, 

particularly for two relevant pharmacogenes: the CYP2C9 gene encodes the cytochrome 

P450 isoform 2C9, a member of the cytochrome P450 superfamily of enzymes, and the 

VKORC1 gene encodes the catalytic subunit 1 of the vitamin K epoxide reductase complex 

enzyme [3,4]. CYP2C9 is responsible for the metabolism of S-warfarin, the more active 

enantiomer of warfarin, and genetic polymorphisms in this gene have been associated with 

altered warfarin clearance (CL) and higher INR values [4,6,7]. VKORC1 is responsible for 
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the reduction of inactive vitamin K 2,3-epoxide to active vitamin K in the endoplasmic 

reticulum membrane and, therefore, is involved in the synthesis of vitamin K-dependent 

clotting factors [6]. Genetic polymorphisms affecting this gene have been associated with 

reduced sensitivity to warfarin [8,9]. Given the impact of genetic polymorphisms on 

warfarin response, the use of a pharmacogenetic-driven algorithm has been recommended 

to guide warfarin dosing in clinical setting, particularly in patients starting warfarin therapy 

[6,10–12]. The results of genetic testing for CYP2C9 and VKORC1 polymorphisms can be 

used to inform initial warfarin dosing and subsequent dose adjustments, leading to more 

effective and personalized therapy [6,11–14].

In recent years, population pharmacokinetic (PK) and pharmacokinetic/pharmacodynamic 

(PK/PD) models that incorporate genetic information have been developed to predict 

optimal warfarin doses for individual patients, improving therapeutic efficacy and reducing 

the risk of adverse events and thromboembolic events [7,15–19]. The models use a two-step 

approach: first, a suitable starting dose is estimated based on patient factors that have 

been previously identified as predictors for dose individualization, which is referred to as 

a priori individualization. Second, once the treatment has started, the dosing can be further 

personalized based on feedback observations from the patient, which is referred to as a 

posteriori individualization [7,15,20].

However, the development of a reliable and accurate PK/PD model that incorporates 

genetic information can be challenging due to the complex interplay between genetic and 

non-genetic factors affecting warfarin dosing. Furthermore, the predictive performance and 

comparability of different PK/PD models that incorporate genetic information have not been 

extensively evaluated. External validation studies are necessary to assess the accuracy and 

reliability of these models in different populations, allowing for more personalized and 

effective warfarin dosing. While PK/PD modeling has shown promise in predicting the 

optimal warfarin dose for individual patients, most of the studies have been conducted 

in Caucasian populations, with few studies focusing on non-Caucasian populations. 

Furthermore, there is limited data on the application of PK/PD models incorporating 

CYP2C9 and VKORC1 genotypes information in Caribbean Hispanic patients.

In this study, we aimed to (i) externally validate a population PK/PD model of INR after 

concomitant administration of warfarin in clinical practice, and (ii) evaluate optimal dosing 

strategies of warfarin in Caribbean Hispanic patients based on the selected covariates.

2. Materials and methods

2.1. Ethics approval

This is a secondary analysis of a previous pharmacogenetic study of warfarin in Puerto 

Rican patients (IRB approval #A4070109). Proper safeguards against any potential violation 

of privacy and/or breach of confidentiality will be ensured. Authorization to use the data 

for the purpose stated in this project was previously obtained from individual patients by 

an informed consent process. Accordingly, the study was conducted following Helsinki’s 

declaration for human subject protection in clinical surveys.
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2.2. Study design

Data for analyses were available from elderly patients, mostly males, followed upon at 

the anticoagulation clinic in the Veteran Affairs Caribbean Healthcare System (VACHS) at 

San Juan, PR. The patients received long-term warfarin anticoagulant therapy for different 

thromboembolic disorders in total weekly doses ranged from 7 to 82 mg, depending on the 

24- or 48-hour dosing interval. Also, they carried eight different CYP2C9 alleles (*1/*2, 

*1/*3, *1/*5, *1/*8, *2/*2, *2/*3, *2/*5) and three VKORC1 genotypes (G/A, G/G, A/A). 

Detailed information was recorded, including demographics and clinical response, evaluated 

longitudinally using the assessment tool INR.

2.3. Base population PK/PD model

Due to the absence of longitudinal PK information of warfarin in the current study, a 

previously published population PK model was implemented to retrieve the structural PK 

parameter estimates for each sub-group of CYP2C9 genotype [20]. Given the absence of 

experimental PK values in the recruited patients, inter-individual variability (IIV) was not 

associated to the PK parameters.

The structural definition of a previously published PD model for INR was implemented, 

which relies on an indirect response model coupled to a series of transit compartments 

to account for the delay between warfarin exposure and INR levels [7,17]. The effect of 

warfarin concentration was incorporated using a sigmoid response function based on the 

typical longitudinal PK levels for each CYP2C9 genotype. IIV associated to the PK/PD 

model parameters was modeled exponentially preventing negative values for the individual 

estimates, and residual unexplained variability (RUV) was described with a proportional 

model. The population PD parameters were re-estimated as part of the development of the 

base PD model from the experimental information (INR) available in the recruited patients. 

The significance of the non-diagonal elements of the Ω variance-covariance matrix and 

subject specific RUV were also evaluated.

2.4. Final population PK/PD model

A numerical evaluation of the parameter-covariate relationship was performed manually in 

a univariate testing. A decrease in 6.63 units (p value <0.01) of the objective function value 

(OFV) provided by NONMEM®. Covariates evaluated included: body weight, age, CPY2C9 
and VKORC1 genotypes, race, diabetes mellitus and smoking status. For categorical 

covariates the relative size of the different categories had to be larger than 5% to be 

considered for covariate testing. Covariates were also investigated for co-linearity. If two 

covariates had a correlation coefficient > |0.6| then one of the two covariates was excluded 

from testing.

Assessment of model adequacy was influenced by convergence stability, biological 

plausibility, and parsimony. Additional evaluation of standard goodness-of-fit (GOF) plots 

together with the normalized prediction distribution errors (NPDE) plots was conducted 

[21].
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Model evaluation of the selected models was performed through prediction-corrected visual 

predictive checks (pc-VPC) [22] with 1000 datasets obtained by Monte Carlo simulation 

using the final parameter estimates for both fixed and random effects. Each simulated 

dataset has the study design features (covariates, dosing times, PK sampling times) identical 

to those in the analysis dataset. For each simulated dataset, the 2.5th, 50th, and 97.5th 

percentiles of the simulated concentrations in each bin were calculated. Then, the 95% 

prediction intervals of the above-described percentiles were calculated and displayed 

graphically together with corresponding percentiles computed from raw data.

2.5. Optimal dosing regimen evaluation

A simulation-based analysis using a Monte Carlo approach (n = 10,000) was conducted 

assuming log-normal distribution of PD parameters and different combinations of 

statistically significant covariates. A multiple dose regimen of daily oral administration 

of 1, 3, 5, 7, and 10 mg of warfarin to achieve steady-state concentrations were assumed. 

Individual INR levels were computed at 23 h post-dose of the 10th administration cycle (PK 

steady-state conditions) of warfarin. Dosing regimen selection was established with the goal 

of achieving the highest probability of INR levels within the therapeutic range (2.0–3.0).

2.6. Data analysis

All data analyses were performed based on the population approach with the software 

NONMEM® (v7.5, Icon Development Solutions, Ellicott City, MD). The population 

parameters were estimated using the Stochastic Approximation of the Expectation 

Maximization and the Importance Sampling Estimation (SAEM) and the Importance 

Sampling Estimation (IMP) method.

For graphical and statistical analysis, the R® software v4.2.1 was used (R Foundation for 

Statistical Computing, Vienna, Austria). The pc-VPC were performed using PsN version 

5.0.0 [23].

3. Results

The modelling dataset consisted of 1033 INR observations from 138 patients with Table 1 

presenting subject demographics. Fig. 1 shows the individual INR (PD) profiles available. 

Distributions of continuous covariates at baseline are displayed in Supplementary Fig. S1.

3.1. Base population PK/PD model

A previously developed one-compartment model with first-order oral absorption and 

CYP2C9 genotype effect on CL was considered for generating longitudinal PK profiles 

across different CYP2C9 genotypes [20]. Since the population PK models were developed 

from oral administration of warfarin, the bioavailability fraction (F) is unknown, and the 

estimates of CL and V represent the apparent estimates.

Parameter estimates of the base population PK/PD model are summarized in Supplementary 

Table S1 and the corresponding GOF, NPDE and VPC are shown in Supplementary Fig. 

S2. The structural definition of the base PK/PD, which incorporates two transit compartment 
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chains with three compartments each to account for the delay between exposure and INR 

response, can satisfy the overall INR trend with no appreciable systematic bias that suggest 

model inadequacies. System-related PD parameters (MTT1, and MTT2) were fixed to the 

values reported by Hamberg et al., 2010 (MTT1: 27.2 h or 1.13 d, and MTT2: 110.9 h 

or 4.62 d). A typical INR at baseline (INRbase =1.86) was estimated and the maximum 

INR was set to 20 as previously reported [7, 17]. An inhibitory sigmoid Emax model 

of warfarin on the zero-order synthesis rate constants for each chain was assumed. The 

model assumes a complete (100%) inhibition of warfarin (Imax) to the vitamin K epoxide 

reductase, as previously reported [7,17,24], and the IC50 was estimated (15.4 mg/L). This 

parametrization helps to enhance the model stability. Due to the lack of intensive PD 

sampling, inter-individual variability was only incorporated on INRbase (25%) and IC50 

(35%) parameters.

3.2. Final population PK/PD model

The final population PK/PD model incorporates CYP2C9 on CL and body weight on 

V, as previously reported [20] and for the pharmacodynamic parameters, VKORC1 
polymorphisms as statistically significant covariate on INRbase and IC50 (p < 0.01, 

ΔOFV=−11.8), respectively (Table 2). Other covariates, binary or (normalized) continuous 

variables, were investigated during the modeling process, but no statistical improvement (p < 

0.01) after their inclusion was observed.

Supplementary Fig. S3 depicts the eta-distribution values of INRbase (ETA1) and IC50 

(ETA2) across the different covariates available from the base population PK/PD model. 

Based on the GOF and NPDE plots (Fig. S4A), no systematic bias was observed and a slight 

improvement in the DV vs PRED plot is detected after the inclusion of the covariate effects. 

Individual observed vs predicted longitudinal INR profiles are shown in Supplementary Fig. 

S4B. The examination of the pc-VPC (Fig. 2) suggests a reasonable agreement between the 

observed data and model predictions for the median (50th percentile) and the variability 

(2.5th and 97.5th percentiles). The impact of VKORC1 haplotypes on IC50 was modelled 

by accounting for the effects of individual alleles (G and A), which provides a more robust 

estimation in uncommon genotypes. The gamma parameter (1.47) of the sigmoid-Emax 

function was estimated, which is in accordance with other published values [7, 15]. Warfarin 

IC50 for G/G, G/A, and A/A were 11.76, 10.49, and 9.22 mg/L, respectively, which are 

higher than the reported ranges [7, 15,17,25]. The INRbase for the G/A, G/G, and A/A 

VKORC1 haplotypes were 1.78, 1.84, and 2.18, respectively. After the covariate analysis, 

the IIV on INRbase and IC50 was reduced to 23% and 34%, respectively. Supplementary 

Fig. S5 depicts the eta-distribution values of INRbase (ETA1) and IC50 (ETA2) across the 

different covariates available from the final population PK/PD model.

3.3. Optimal dosing regimen evaluation

Based on the PD model developed, including the significant covariates on PK (CYP2C9 
genotypes on CL) and PD (VKORC1 haplotypes on baseline and IC50), we aimed to 

optimize the oral dosing strategy of warfarin in Caribbean Hispanic patients to achieve 

the optimal benefit/risk ratio. Fig. 3 represents the simulated INR levels across the 
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dosing regimens tested. Table 3 summarizes the optimal dosing regimen selected for each 

combination of CYP2C9 genotypes and VKORC1 haplotypes.

4. Discussion

Currently, treatment with warfarin in the Caribbean Hispanic population generates certain 

therapeutic gaps since there are no clinical guidelines that evaluate the impact of different 

CYP2C9 and VKORC1 genotypes on routine INR measures (efficacy surrogate endpoint) in 

this population. Consequently, patients show sub-optimal clinical response rates, according 

to individual INR values. To address this, we have adapted a population PK/PD model of 

warfarin from individual data and dose records over 2 years in Caribbean Hispanic patients 

from a local anticoagulation clinic to optimize the dosing regimens in this population. In this 

paper, a simulation-based analysis to calculate the probability of guaranteeing therapeutic 

INR levels (2–3) for different daily regimens of warfarin was performed. The simulations 

accommodated different patient’s genotypes resulting from combinatorial CYP2C9 and 

VKORC1 polymorphisms.

A relevant aspect of this work is that it provides external validation of previously published 

PK and PD models. The combination of both has made it possible to establish a PK/PD 

model capable of collecting behavior in the Hispanic Caribbean population, which is 

different from that used in previous studies. Longitudinal PK model predictions between 

the structural PK definition of Hamberg et al. [7,17] and Reyes-González et al. [20] can 

be found in Fig. 4, where no relevant differences were observed across both PK model 

structures. This highlights the importance of adapting published structural models to predict 

the behavior of anticoagulant therapy and corroborates their predictive capacity at the 

structural level.

Due to the paucity of longitudinal profiles with a high number of INR samples, the 

maturation times (MTT1 and MTT2) of each of the transit-compartment chains were fixed 

to published values. Although some authors propose a K-PD structure [7], whereby the 

INR response is not governed by warfarin concentrations, in this article we have generated 

the PK profiles from the pharmacogenetic information available in each patient to predict 

the change in response over time as a consequence of warfarin concentrations. Despite the 

limitation of not having observed concentrations of warfarin and the fact that all patients 

with the same genetic profile present the same longitudinal profile of warfarin, we believe 

that this strategy makes it possible to partly mitigate the excessive IIV of warfarin observed 

in clinical practice.

One of the most surprising results of this study is the IC50 values obtained for each 

of the VKORC1 haplotypes studied in the Caribbean Hispanic population, which were 

clearly higher (9.22–11.76 mg/L) than those earlier reported in other populations (1.56–3.11 

mg/L) [7,17]. This is consistent with the therapeutic gaps observed in this underrepresented 

population and suggests increased resistance of Caribbean Hispanic patients to warfarin, 

who may require more intensive dosing regimens to achieve similar target INR responses. 

This phenomenon may be the consequence of a longer longitudinal evaluation than in 

previous studies (> 2000 d), as well as a slightly higher distribution of G/G and G/A 
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polymorphisms that may be partially affecting the point estimate. The underlying cause 

for these increased IC50 values remains unclear. However, we also speculate it might in 

part be linked to the presence of the NQO1* 2 allele (g .559 C> T, p. P187S) that has 

been previously associated with warfarin resistance in Hispanics [26,27]. The NQO1 gene 

encodes a NAP(H)-dependent quinone oxide reductase enzyme, responsible for catalyzing 

the reduction of quinones, including vitamin K, into hydroquinone. This mechanism could 

potentially serve as an alternate vitamin K recycling pathway to VKORC1 in carriers of the 

haplotype A, who show a lower VKORC1 gene expression. Nevertheless, this hypothesis 

needs further validation.

On the other hand, when taking into account the INR values at baseline (INRbase) 

across different VKORC1 haplotypes, we observed higher measures in A/A carriers (2.18) 

compared to those in patients with haplotypes containing the G allele (1.78 and 1.84, 

respectively). This could be explained by a more prolonged prothrombin time and lower 

levels of functional (active) prothrombin-dependent coagulation factors in carriers of the 

VKORC1-A allele due to their reduced expression of the hepatic VKORC1 enzyme, which 

plays a pivotal role in the vitamin K cycle in the liver [28]. Vitamin K dihydroquinone is 

oxidized to vitamin K epoxide during this process and γ-glutamyl carboxylase (GGCX) 

carboxylates the various hypofunctional coagulation factors involved in the clotting cascade 

including prothrombin (FII). VKORC1 is responsible for the reduction of vitamin K epoxide 

back to vitamin K1 and vitamin K dihydroquinone, which is the rate-limiting step in 

vitamin K recycling. Therefore, even in the absence of any competitive inhibition by 

warfarin (baseline), reduced VKORC1 levels in carriers of the group A haplotype will 

deplete the formation of vitamin K1 dihydroquinone. Since vitamin K1 dihydroquinone 

is the essential cofactor to GGCX, further post-translational activation of hypofunctional 

coagulation factors is critically compromised in this situation. As a result, the prothrombin 

time will be prolonged, and the INR level will rise accordingly. This would open the door to 

hypothesize that VKORC1 polymorphisms not only affect the potency of warfarin but also 

influence basal INR levels, partially explaining the excessive inter-individual variability in 

INRbase.

A model-informed optimal dosing regimen selection has been conducted based on the 

probability of achieving therapeutic INR levels in a virtual population using the fixed and 

random parameters from the final population PK/PD model. The different sub-populations 

considered are the result of the combination of CYP2C9 and VKORC1 polymorphisms. 

Overall, the predicted probability in all scenarios reaches therapeutic INR levels in at 

least 60% of the patients. Previous authors stated that due to the moderate inter-individual 

variability and residual error and independently of the structural definition of the PK/PD 

model, probabilities less than 70% are not expected for warfarin dose selection [7, 29]. In 

this regard, 3–5 mg of daily warfarin would achieve therapeutic INR levels in most of the 

scenarios considered. The sub-group of patients with * 2/* 2-, * 2/* 3- and * 2/* 5-A/A 

would require only 1 mg daily of warfarin to achieve therapeutic INR levels at steady-state 

conditions.

The absence of tailored clinical guidelines considering the impact of distinct CYP2C9 and 

VKORC1 genotypes on routine INR measures in Caribbean Hispanics has led to therapeutic 
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gaps, contributing to sub-optimal clinical response rates within this population. Through 

simulation-based analyses encompassing various patient genotypes resulting from CYP2C9 
and VKORC1 polymorphisms, this study delved into optimizing dosing regimens to ensure 

therapeutic INR levels. Our findings support the significance and clinical relevance of 

using a population PK/PD approach in elucidating the role of genetic polymorphisms (e.g., 

CYP2C9 and VKORC1 haplotypes) for the optimal design of warfarin dosing schemes in 

Caribbean Hispanic patients. The simulations provided a comprehensive understanding of 

how a broader range of CYP2C9 variants and, specifically, the VKORC1-1636 A allele 

influence the PK and PD of warfarin, as well as baseline INR measures, within this diverse 

population and shed light on potential underlying mechanisms linked to increased IC50 

values.

The participants in our study are mainly elderly men, which is a limitation of the study as 

sex differences in warfarin PK have been suggested in previous studies [30,31]. However, 

the genotypes included as covariates in the PK/PD analyses were based on the CPY2C9 and 

VKORC1 polymorphisms, which are not sex-linked variants and are therefore unlikely to 

represent significant sex bias.

5. Conclusions

By performing an external validation of the PK/PD model, we can confidently extrapolate 

findings from the model to real-world patient scenarios, enabling tailored and precise 

warfarin dosing recommendations for Caribbean Hispanic individuals. Therefore, this 

model-informed precision dosing (MIPD) approach is expected to minimize the risk of 

adverse events linked to inaccurate warfarin dosing due to genetic differences at individual 

level and enhances therapeutic outcomes. This strategy will ultimately foster safer and more 

effective clinical management of personalized anticoagulation therapy in this specific patient 

subgroup, which is often underrepresented in clinical studies. In conclusion, by adapting 

this MIPD strategy to the Caribbean Hispanic population’s unique characteristics, this 

research underscores the predictive capacity of the PK/PD modeling approach in guiding 

anticoagulant therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

PK pharmacokinetics

PD pharmacodynamics

PK/PD pharmacokinetic/pharmacodynamic

INR international normalized ratio

CYP2C9 cytochrome P4502C9 gene

VKORC1 vitamin K epoxide reductase complex subunit 1 gene

VACHS Veteran Affairs Caribbean Healthcare System

CI confidence intervals

OFV objective function value

IIV inter-individual variability

RUV residual unexplained variability

GOF goodness of fit

NPDE normalized prediction distribution errors

pc-VPC prediction-corrected visual predictive checks

SAEM Stochastic Approximation of the Expectation Maximization

IMP Importance Sampling Estimation

F bioavailability fraction

CL clearance

V volume of distribution

MTT mean transit time

Imax maximum inhibitory effect

IC50 concentration resulting in 50% of Imax

DV dependent variable

PRED population prediction

K-PD kinetic-pharmacodynamic model

MIPD model-informed precision dosing

GGCX γ-glutamyl carboxylase
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Fig. 1. 
Experimental raw data of INR observations vs time for all subjects included in the study (N 

= 138). The open circles represent the measured INRs in each patient and each color line 

represents an individual time profile of INR variations. INR: international normalized ratio.
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Fig. 2. 
Prediction-corrected visual predictive check of the final population pharmacodynamic model 

of INR after warfarin administration. Grey lines represent the median of 2.5th, 50th and 

97.5th percentiles of the experimental INR observations. Green shaded areas encompass 

the 95% confidence intervals of prediction interval at 2.5th, 50th and 97.5th percentiles 

for the simulated INR data (n = 1000). Empty grey dots represent the experimental INR 

observations. INR: international normalized ratio.
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Fig. 3. 
Stochastic simulations (n = 10,000) of INR levels using the final population PK/PD 

model assuming different daily dosing regimens for each sub-population of CYP2C9 and 

VKORC1 polymorphisms. The red band represents the therapeutic INR interval (2–3). INR: 

international normalized ratio.
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Fig. 4. 
Comparison of the longitudinal PK model predictions between the structural PK definition 

of Hamberg et al. (2007, 2010) and Reyes-González et al. (2020).
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Table 1

Summary of patients’ characteristics.

Demographics Value

N 138

Median age, years (range) 68 (31–90)

Median body weight, kg (range) 83 (51–159)

Race, n (%), self-reported

White Hispanics 33 (24)

Black Hispanics 26 (19)

Admixed 37 (27)

Others or not reported 42 (30)

Smoking status, n (%)

Yes 59 (43)

No 79 (57)

type 2 DM status, n (%) Yes 39 (28)

No 72 (57)

CYP2C9 genotypes, n (%)

* 1/* 1 (wild type) 98 (71)

* 1/* 2 21 (15)

* 1/* 3 7 (5.1)

* 1/* 5 1 (0.72)

* 1/* 8 2 (1.44)

* 2/* 2 2 (1.44)

* 2/* 3 6 (4.34)

* 2/* 5 1 (0.72)

VKORC1 haplotypes, n (%)

G/A 62 (45)

G/G 57 (41.3)

A/A 19 (13.7)

INR, international normalized ratio; DM, diabetes mellitus.
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Table 2

Final parameter estimates of the final population pharmacokinetic- pharmacodynamic model of warfarin in 

Caribbean Hispanic patients.

Population PK Model Estimates Bootstrap Results

Fixed-Effect Value Shrinkage (%) Median 95%CI

MTT1 (d) 1.13 FIX 1.13 FIX

MTT2 (d) 4.62 FIX 4.62 FIX

Baseline

 G/A 1.78 1.76 1.48–1.91

 G/G 1.84 1.85 1.53–2.05

 A/A 2.18 2.14 1.97–2.23

IC50

 G 5.88 5.91 5.61–6.37

 A 4.61 4.63 4.41–4.98

γ 1.47 1.48 1.27–1.61

Inter-individual variability 

Baseline (%) 23 13 24 19–30

IC50 (%) 34 44 34 28–39

Residual unexplained variability 

Proportional (%) 27 6 26 22–31

MTT: mean transit time; IC50: concentration resulting in 50% of Imax.
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Table 3

Model-informed dosing regimen selection of daily warfarin in patients with combinatorial CYP2C9 and 

VKORC1 polymorphisms.

Type of patient Schedule Probability

* 1/* 1-A/A 3 mg/d 67

* 1/* 1-G/A 5 mg/d 66.7

* 1/* 1-G/G 5 mg/d 66.2

* 1/* 2-A/A 3 mg/d 64.7

* 1/* 2-G/A 5 mg/d 67.3

* 1/* 2-G/G 5 mg/d 69.2

* 1/* 3-A/A 3 mg/d 64.6

* 1/* 3-G/A 3 mg/d 60.7

* 1/* 3-G/G 5 mg/d 65.9

* 1/* 5-A/A 3 mg/d 60.6

* 1/* 5-G/A 5 mg/d 63.6

* 1/* 5-G/G 5 mg/d 65.2

* 1/* 8-A/A 3 mg/d 63.5

* 1/* 8-G/A 5 mg/d 62.4

* 1/* 8-G/G 5 mg/d 63.6

* 2/* 2-A/A 1 mg/d 60.8

* 2/* 2-G/A 5 mg/d 62.5

* 2/* 2-G/G 5 mg/d 63.5

* 2/* 3-A/A 1 mg/d 64.3

* 2/* 3-G/A 3 mg/d 63

* 2/* 3-G/G 3 mg/d 64.9

* 2/* 5-A/A 1 mg/d 63.2

* 2/* 5-G/A 3 mg/d 67.3

* 2/* 5-G/G 3 mg/d 62.4
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