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ABSTRACT

Background: Carvedilol is a beta-adrenergic receptor antagonist primarily metabolized 
by cytochromes P450 (CYP) 2D6. This study established a carvedilol population 
pharmacokinetic (PK)–pharmacodynamic (PD) model to describe the effects of CYP2D6 
genetic polymorphisms on the inter-individual variability of PK and PD.
Methods: The PK–PD model was developed from a clinical study conducted on 21 healthy 
subjects divided into three CYP2D6 phenotype groups, with six subjects in the extensive 
metabolizer (EM, *1/*1, *1/*2), seven in the intermediate metabolizer-1 (IM-1, *1/*10, *2/*10), 
and eight in the intermediate metabolizer-2 (IM-2, *10/*10) groups. The PK–PD model was 
sequentially developed, and the isoproterenol-induced heart rate changes were used to 
establish the PD model. A direct effect response and inhibitory Emax model were used to 
develop a carvedilol PK–PD model.
Results: The carvedilol PK was well described by a two-compartment model with zero-
order absorption, lag time, and first-order elimination. The carvedilol clearance in the 
CYP2D6*10/*10 group decreased by 32.8% compared with the other groups. The inhibitory 
concentration of carvedilol estimated from the final PK–PD model was 16.5 ng/mL regardless 
of the CYP2D6 phenotype.
Conclusion: The PK–PD model revealed that the CYP2D6 genetic polymorphisms were 
contributed to the inter-individual variability of carvedilol PK, but not PD.

Keywords: Carvedilol; Cytochrome P-450 Enzyme System; Genetic Variation; Pharmacokinetics; 
Pharmacodynamics

INTRODUCTION

Carvedilol is an α1-, β1-, β2-adrenergic receptor antagonist that reduces heart rate (HR) and 
blood pressure. It is widely used as a first-line therapy to treat cardiovascular diseases such as 
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hypertension and heart failure.1 Carvedilol is extensively metabolized in the liver by cytochrome 
P450 (CYP) 2D6 and CYP2C9.2,3 Several active metabolites were identified, including 
4′-hydroxyphenyl carvedilol, 5′-hydroxyphenyl carvedilol, and O-desmethyl carvedilol. 
Among them, only 4′-hydroxyphenyl carvedilol, the main CYP2D6 metabolite, contributes to 
β-blocking activity with 13 times of carvedilol potency.4 Although 4′-hydroxyphenyl carvedilol 
concentration is only approximately 10% of carvedilol, the CYP2D6 genotype could impact 
carvedilol efficacy by affecting the concentration of carvedilol and its metabolites.5-7

CYP2D6 is highly polymorphic, with more than 100 known allelic variants, some of which 
reduce CYP2D6 activity.8 Nine alleles occupy more than 95% of CYP2D6 diplotypes; *1 and 
*2 are normal function alleles; *3, *4, *5, and *6 are nonfunctional alleles; and *10, *17, and 
*41 are decreased function alleles.9,10 Owing to the highly polymorphic characteristics of 
CYP2D6, the dosage of many drugs, including antidepressants, should be adjusted based 
on genotype alleles.8 However, according to current clinical guidelines, carvedilol dosage 
does not need to be adjusted based on the CYP2D6 genotype,8 although the CYP2D6 allele 
distribution differs among various races and ethnicities.9-11 In Koreans, the allele frequency 
of decreased function for *10 and *41 is 42.7–47.3% and 1.1–2.2%, while in Caucasians, it is 
0.9–2.8% and 3.1–11.7%, respectively.9-11 However, the effects of various alleles on CYP2D6 
activity and the efficacy of carvedilol are insufficiently described. Therefore, a previous study 
investigated the effects of CYP2D6 genetic polymorphisms on the pharmacokinetics (PK) and 
pharmacodynamics (PD) of carvedilol in a Korean population.12 Based on the data from that 
study, we developed a PK−PD model for carvedilol in Koreans.

PK−PD modeling can explain the causative relationship between drug exposure and response 
to better understand the observed drug effect and a tool to quantify the variability in 
drug exposure and response.13 There are several PK−PD models for β-blockers, especially 
carvedilol, using clinical data.14 One PK−PD model demonstrated the relationship between 
(S)-carvedilol and HR reduction in exercise-induced tachycardia.15 Another study investigated 
the relationship between carvedilol concentration and blood pressure.16 However, there is no 
reported PK−PD model using an elaborate PD marker and investigating the effect of CYP2D6 
polymorphism on the inter-individual variability of carvedilol PK. Therefore, we developed a 
PK−PD model to investigate the effect of CYP2D6 polymorphism on carvedilol PK and PD and 
to explore the inhibitory concentration of carvedilol effect in healthy Koreans.

METHODS

Data
Data from an open-label, one-sequence, multiple-dosing study involving healthy subjects (n 
= 21) were used in this population PK−PD analysis. Three functional phenotypic groups for 
CYP2D6 genetic variants, extensive metabolizer (EM, *1/*1, *1/*2), intermediate metabolizer-1 
(IM-1, *1/*10, *2/*10), and intermediate metabolizer-2 (IM-2, *10/*10), were included in the 
analysis. Blood samples were obtained before and after a 12.5-mg single dose of carvedilol and 
after multiple doses of once-daily 25-mg carvedilol at 0, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 
hours to evaluate the PK characteristics. An isoproterenol sensitivity test (IST) was performed 
at the baseline and after single and multiple carvedilol administrations to evaluate carvedilol 
PD. The isoproterenol dosing scheme was 0.25, 0.5, 1, and 2 μg at baseline and 5, 10, 20, and 
40 μg after single and multiple doses of carvedilol. Isoproterenol was injected until the HR 
was > 140 bpm or showed an increase of 30 bpm compared with the pre-dose rate.
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PK−PD model development
First, we developed and finalized a PK model, including the covariate effects involving 
CYP2D6 genetic variants. Second, we developed a PD model using a baseline isoproterenol 
model and post hoc Bayesian PK parameter estimates for each individual. Finally, we re-
evaluated the covariate effects for a PK−PD model and developed and finalized a sequential 
PK−PD model.17,18

The PK structural models were explored, including one- and two-compartment models 
with first- and zero-order and combined absorption models with and without lag time. The 
interindividual variability (IIV) of PK parameters was described as an exponential model, 
assuming a normal distribution with a mean of zero and a variance of ω2.

				    Pi = PTV × eηi	 	 (1)

In equation (1), Pi is the parameter estimate of the ith individual subject, PTV is the 
parameter estimate of the typical population, and ηi is the interindividual random effects. A 
proportional error model was used for residual variability.

				    Cij = Cpred,ij × (1 + εij)		  (2)

In equation (2), Cij is the jth observed concentration in the ith individual subject, Cpred,ij is the 
predicted concentration, and εij is the proportional residual random error. All potential 
covariates, including age, height, weight, and CYP2D6 phenotypes, were evaluated to 
determine whether they significantly affected the IIV of PK parameters.

The baseline isoproterenol model was explored using a sigmoid Emax model or simple Emax 
model involving isoproterenol dose and HR for the base structure model.

			   (3)

In equation (3), E is the effect of isoproterenol at the isoproterenol dose (D), E0 is the 
HR baseline, Emax is the maximal effect of isoproterenol for HR induction, ED50 is the 
isoproterenol dose to achieve the half-maximal effect of isoproterenol, and γ is the Hill 
exponent. A direct effect response model was developed for isoproterenol because its HR 
induction was rapid with no delayed response.13,19

We developed the PD model for carvedilol by modifying the Emax model for competitive 
antagonism with isoproterenol.18,20

 		  (4)

 
In equation (4), E is the effect of the combination of isoproterenol and carvedilol, E0 is 
the baseline for HR, Emax is the maximal effect of isoproterenol for HR reduction, IC50 is 
the inhibitory concentration of carvedilol to achieve the half-maximal effect, and C is the 
carvedilol concentration.

The exponential model was used for the IIV of the final PD parameters, and an additional 
error model was used for the residual variability, as follows:
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 +  𝐷𝐷𝐷𝐷𝛾𝛾𝛾𝛾
 



				    Eij = Epred,ij + εij		  (5)

where Eij is the jth observed effect in the ith individual subject, Epred,ij is the predicted 
concentration, and εij is the additional residual random error.

After developing the PK−PD model, the effects of the covariates on the final PK−PD model 
were screened for age, height, weight, and CYP2D6 phenotype. The continuous covariates 
such as age were incorporated into the model with the power model in which the covariate 
was normalized by the median value, as follows:

							       (6)

where Covi is the ith individual value of a particular covariate and Covmed is the median value of 
a particular covariate.

The categorical covariate (CYP2D6 phenotype) was incorporated into the model using the 
following equation:

			   Pi = PTV × (1 − Pdiff) × eηi		  (7)

where Pdiff is the fixed effect parameter to estimate the difference of the parameters between 
the CYP2D6 phenotypes.

Covariate analyses using the forward-addition and backward-elimination methods were 
conducted after screening. The likelihood ratio test was used to evaluate the effect of the 
covariates on the model parameters.

Model evaluation
The model was evaluated using goodness-of-fit (GOF) plots and visual prediction checks 
(VPCs). The bootstrap method was used to create 1,000 datasets by random resampling of 
the original data to evaluate the robustness of the final PK and PK−PD models. The median 
parameters and 95% confidence intervals (CIs) were compared with the parameter estimates 
of the final PK and PK−PD models. Shrinkage was assessed whether the parameter was 
appropriately estimated, not overfitted.

Software implementation and model selection
Nonlinear mixed-effects modeling (NONMEM) software, version 7.4.4 (ICON, Ellicott City, 
MD, USA), was used to develop the PK and PK−PD models. Population PK−PD analysis was 
conducted using the first-order conditional estimation method with the interaction (FOCE-I) 
method. The objective function value (OFV) was used for model selection and evaluation. 
The change in OFV between the two nested models was assumed to follow a χ2 distribution. 
A decrease of 3.84 OFV (P < 0.05) was considered a statistically significant improvement. 
Following covariate analysis, the covariate was selected if there was a significant decrease 
in the OFV (≥ 3.84, P < 0.05), and the significant covariates were added to the model. 
Subsequently, each covariate was removed from the model, and the covariate was considered 
significant if the OFV increased by ≥ 3.84 (P < 0.05).
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Ethics statement
This clinical trial was conducted in accordance with the Declaration of Helsinki and Korean 
Good Clinical Practice and approved by the Institutional Review Board of Seoul National 
University Bundang Hospital, Seongnam, South Korea (IRB No. B-1408/263-008). Details of 
the study design are available in a previous report (NCT02286934).12 Informed consent was 
submitted by all subjects when they were enrolled in the clinical trial.

RESULTS

Study population
A total of 450 plasma observations and 1003 HR observations from 21 subjects were used to 
develop PK and PD models. The demographic characteristics of the dataset are presented in 
Table 1. Among the 21 subjects, six were in the CYP2D6 EM group, seven in the IM-1 group, 
and eight in the IM-2 group (Table 1). There were no significant differences in demographics 
between the CYP2D6 phenotypes (Table 1).

PK modeling
The PK of carvedilol in healthy subjects was well described using a two-compartment model, 
zero-order absorption with lag time, and first-order elimination (Fig. 1). As absorption 
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Table 1. Demographic characteristics of the subjects
Characteristics Total EM  

(CYP2D6*1/*1, *1/*2)
IM-1  

(CYP2D6*1/*10, *2/*10)
IM-2  

(CYP2D6*10/*10)
No. of subjects 21 6 7 8
Age, yr 27.3 ± 4.7 28.5 ± 3.5 29.6 ± 6.1 24.4 ± 2.7
Sex

Male 21 (100) 6 (100) 7 (100) 8 (100)
Height, cm 174.2 ± 6.6 175.5 ± 4.2 174.9 ± 9.9 172.6 ± 4.9
Weight, kg 70.4 ± 9.6 79.3 ± 3.9 69.5 ± 10.3 64.5 ± 7.4
BMI, kg/m2 23.1 ± 2.4 25.8 ± 1.1 22.7 ± 2.3 21.6 ± 1.4
Values are presented as mean ± standard deviation or number (%).
EM = extensive metabolizer (CYP2D6*1/*1, *1/*2), IM-1 = intermediate metabolizer (CYP2D6*1/*10, *2/*10), IM-2 
= intermediate metabolizer (CYP2D6*10/*10), BMI = body mass index.

k21

Zero
order Tlag

k12

Heart rate

C

Carvedilol
input

Isoproterenol
input

Isoproterenol dose

k10 k
E = E0 +

Emax · D

ED50(1 + IC50

C ) + D

Peripheral
compartment

Central
compartment

Isoproterenol
compartment

D

Fig. 1. Final PK−PD model structure of carvedilol. The PD model was developed based on HR changes detected from isoproterenol sensitivity tests linked to the 
PD model. The final PK−PD model describes carvedilol PK and HR response to carvedilol. 
C = carvedilol concentration, D = isoproterenol dosage, ED50 = half-maximal effective isoproterenol dosage, Emax = maximal effect of isoproterenol, HR = heart 
rate, IC50 = half-maximal inhibitory carvedilol concentration, k = elimination rate constant of isoproterenol, k10 = elimination rate constant of carvedilol from 
the central compartment, k12 = rate transfer constant from the central compartment to the peripheral compartment, k21 = rate transfer constant from the 
peripheral compartment to the central compartment, PD = pharmacodynamic, PK = pharmacokinetic, Tlag = lag time for zero-order absorption.



models including first order absorption, first order absorption with lag time and dual 
absorption models did not well describe the PK data of carvedilol, zero-order absorption with 
lag time model was selected. The addition of IIV on clearance (CL/F), Vc/F, and Tlag improved 
the PK model estimation (ΔOFV = −429.93). Covariate analysis results revealed that the 
CYP2D6 phenotype was significantly associated with CL/F, and the inter-individual variability 
decreased from 26.8% to 14.6% (ΔOFV = −27.50), but age, height, and weight were not 
significant. Table 2 summarizes the parameter estimates and relative standard errors (RSEs) 
of the PK parameters and coefficients of variation. Carvedilol CL/F decreased by 32.8% in 
IM-2 group subjects compared with the other subjects.

The GOF plots indicated that the model structure well described the PK and did not indicate 
a bias for PK prediction (Fig. 2A). The results of the visual predictive checks showed good 
predictive performance of the PK model after a single 12.5-mg dose and multiple 25-mg 
doses of carvedilol (Fig. 2B and C). The bootstrap estimates and 95% CIs were consistent 
with the parameter estimates of the final model (Table 2). According to the eta shrinkage, the 
PK model appropriately estimated the PK parameters (Table 2).

PK−PD modeling
A simple Emax model was selected with γ fixed as 1 for the baseline isoproterenol model 
evaluated by GOF and appropriate parameter estimates. There were no significant covariates 
including CYP2D6 phenotype affecting parameters in the baseline isoproterenol model. 
Individual PK parameters considering the CYP2D6 phenotype from the PK model were 
incorporated into the PK−PD model. The PK−PD model was developed to explain HR 
reduction by carvedilol using the modified Emax receptor model for competitive antagonism 
with isoproterenol (Fig. 1). The addition of IIV to E0 and Emax improved the estimation of the 
final PD model (ΔOFV = −541.97) (Table 3). The population parameter estimates (residual 
standard error) of the baseline HR (E0), isoproterenol potency (ED50), maximal isoproterenol 
effect (Emax) on HR reduction from the final model were 60.4 bpm (3.1%), 0.69 μg (30.9%), 
and 30.7 bpm (21.9%), respectively (Table 3). None of the covariates, including the CYP2D6 
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Table 2. Parameter estimation of the final PK model and bootstrap results for carvedilol
Parameters Final model Bootstrap (n = 1,000)

Estimate (RSE, %) Median (95% CI)
Population parameters

D1 (h) 0.383 (70) 0.390 (0.330–0.515)
Tlag (h) 0.215 (0.6) 0.205 (0.166–0.246)
CL/F (L/h) 153 (0.7) 147.6 (131–170)

IM-2 effect on CL/Fa 0.328 (14.6) 0.314 (0.203–0.417)
Vc/F (L) 440 (35) 414 (365–501)
Vp/F (L) 754 (2.3) 732 (553–992)
Q/F (L/h) 41.3 (5.1) 41.3 (35.6–50.9)

Interindividual variability (coefficient of variation, CV%) [η shrinkage]
ωTlag 56.8 (12.9) [7%] 57.7 (33.9–108.5)
ωCL/F (%) 14.6 (9.8) [11%] 12.9 (7.8–17.9)
ωVc (%) 26.1 (9.2) [31%] 17.2 (2.4–31.1)

Residual error
Proportional error 0.379 (2.2) 0.376 (0.339–0.404)

RSE (%) = (Standard Error)/(Estimate) × 100
PK = pharmacokinetic, RSE = relative standard error, CI = confidence interval, D1 = duration of zero-order absorption, 
Tlag = absorption lag time, CL/F = apparent clearance, IM-2 = intermediate metabolizer (CYP2D6*10/*10), Vc/F 
= apparent volume of central compartment distribution, Vp/F = apparent volume of peripheral compartment 
distribution, Q = apparent inter-compartmental clearance between the central and peripheral compartments.
aCL/F = 153*(1−0.328*GT); GT =1 (IM-2) or 0 (EM, IM-1).
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Fig. 2. Goodness-of-fit plots of carvedilol and visual predictive checks for the final PK model of carvedilol. (A) Goodness-of-fit plots of the final PK model. Open 
circles indicate observations; solid black lines are identity lines; red lines represent locally weighted scatterplot smoothing. Visual predictive checks of the final 
PK model (B) after a single 12.5-mg dose of carvedilol and (C) after multiple 25-mg doses of carvedilol. Open circles represent carvedilol plasma concentrations; 
solid lines represent the 5th (blue), median (red), and 95th (blue) concentration percentiles; blue and red areas indicate the 90% confidence interval of the 
simulated concentrations of each percentile. 
PK = pharmacokinetic.



phenotype, had significant effects on the PD parameters, and the IC50 estimated from the 
final model was 16.5 ng/mL regardless of the CYP2D6 phenotype.

The GOF plots indicated that the model structure well described the PD and did not indicate 
a bias for PD prediction (Fig. 3A). VPCs indicated a good predictive performance of the 
final model (Fig. 3B, C, and D). The peak of HR in VPCs were induced by the injection of 
isoproterenol for the IST resulting the increase of HR. The bootstrap estimates and 95% 
CIs were consistent with the parameter estimates of the final PD model (Table 3). The final 
PK−PD model precisely estimated the individual parameters based on the low value of eta 
shrinkage (Table 3).
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Fig. 3. Goodness-of-fit plots of heart rate and visual predictive checks for the final PK−PD model. (A) Goodness-of-fit plots of the final PK−PD model. Open 
circles indicate observations; solid black lines are identity lines; red lines represent locally weighted scatterplot smoothing. Visual predictive checks for HR 
after IST (B) in baseline, (C) after a single 12.5-mg dose of carvedilol and (D) after multiple 25-mg doses of carvedilol. Open circles represent carvedilol plasma 
concentrations; solid lines represent the 5th (blue), median (red), and 95th (blue) concentration percentiles; blue and red areas indicate the 90% confidence 
interval of the simulated concentrations of each percentile. 
PK = pharmacokinetic, PD = pharmacodynamic, IST = isoproterenol sensitivity test.	 (continued to the next page)



DISCUSSION

To the best of our knowledge, the PK−PD model developed in this study is the first to 
describe the relationship between carvedilol exposure and HR response combined with 
isoproterenol and quantify the CYP2D6 polymorphism effect on carvedilol PK variability in 
healthy subjects. The large value of RSE of PK parameter associated with the absorption, 
duration of zero-order absorption (D1), from the final PK model suggested the parameter 
uncertainty. However, it was evaluated that the final PK model well described the carvedilol 
PK considering the results of bootstrap. In this study, the model well described the effect of 
CYP2D6 polymorphism on carvedilol PK and PD, and revealed that CYP2D6 polymorphism was 
contributed to the inter-individual variability of carvedilol PK.
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Fig. 3. (Continued) Goodness-of-fit plots of heart rate and visual predictive checks for the final PK−PD model. (A) Goodness-of-fit plots of the final PK−PD model. 
Open circles indicate observations; solid black lines are identity lines; red lines represent locally weighted scatterplot smoothing. Visual predictive checks for HR 
after IST (B) in baseline, (C) after a single 12.5-mg dose of carvedilol and (D) after multiple 25-mg doses of carvedilol. Open circles represent carvedilol plasma 
concentrations; solid lines represent the 5th (blue), median (red), and 95th (blue) concentration percentiles; blue and red areas indicate the 90% confidence 
interval of the simulated concentrations of each percentile. 
PK = pharmacokinetic, PD = pharmacodynamic, IST = isoproterenol sensitivity test.



A previous PK−PD analysis of carvedilol showed that the CYP genotype influenced the PK 
characteristics, but not the PD response of carvedilol.12 This population PK−PD analysis also 
showed that CYP2D6*10/*10 subjects had a 32.7% lower carvedilol CL/F than CYP2D6*1/*1 and 
*1/*2 subjects. Consistent with previous clinical studies,21,22 this study showed that CYP2D6 
genetic polymorphism did not have a significant impact on the negative chronotropic effect 
of carvedilol. The metabolic ratios of carvedilol metabolites (4′-hydroxyphenyl carvedilol, 
5′-hydroxyphenyl carvedilol, and O-desmethyl carvedilol) for most of subjects were below 0.1. 
Therefore, the PK−PD model was only constructed for carvedilol like other PK models.16,23

So far, various carvedilol PK models including this study have been reported. In previous 
other studies, carvedilol PKs have been described by one- or two-compartment models 
with first-order absorption in congestive heart failure patients and healthy subjects, 
respectively.16,22,23 The differences in CYP frequencies and PK sampling points may have 
resulted in PK structural model variations between the studies. In this study, CYP2D6 
phenotype frequencies were equal in the CYP2D6 EM (*1/*1 and *1/*2), IM-1 (*1/*10 and *2/*10), 
and IM-2 (*10/*10) groups, whereas in other studies, the frequencies between the phenotypes 
were unknown or inconsistent.16,23,24 Furthermore, the PK sampling points in this study 
were abundant in the absorption phase, which may have contributed to a more appropriate 
absorption model. Considering these differences, a two-compartment model with zero-order 
absorption and lag time that we developed well explained the carvedilol PK.

The final PK−PD model in this study showed that only CYP2D6 polymorphism influenced 
carvedilol CL/F. In this study, the data were obtained from healthy subjects, not patients, and 
the demographic characteristics, including body weight, concomitant therapy, and smoking, 
were similar among the subjects. However, other studies suggested that total body weight, α1-
acid glycoprotein, concomitant digoxin therapy, and tobacco use also affected carvedilol PK 
variability.23,24 These differences might have resulted from the data sources used to develop 
the model between patients with congestive heart failure and healthy subjects. Nevertheless, 
the similarity of demographic characteristics in this study would be rather appropriate to 
investigate the effect on PD while excluding other confounding factors.

The final model sensitively detected the β-adrenergic receptor inhibition of carvedilol, 
using isoproterenol as an elaborate and accurate indirect marker. As isoproterenol-induced 
tachycardia is a reliable method for investigating the efficacy of β-blockers, we established 
a simple Emax model and directly linked it to the effect on HR because of the direct and rapid 
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Table 3. Parameter estimation of the final PD model and bootstrap results for carvedilol
Parameters Final model Bootstrap (n = 1,000)

Estimate (RSE, %) Median (95% CI)
Population parameters

E0 (bpm) 60.4 (3.1) 60.4 (56.9–64.0)
ED50 (μg) 0.685 (30.9) 0.709 (0.387–1.512)
Emax (bpm) 30.7 (21.9) 31.7 (20.2–52.1)
IC50 (ng/mL) 16.5 (34.4) 16.6 (9.3–39.4)

Interindividual variability (coefficient of variation, CV%) [η shrinkage]
ωE0 (%) 13.5 (12.7) [0%] 13.2 (9.2–16.1)
ωEmax (%) 65.4 (27) [8%] 57.6 (31.7–109.0)

Residual error
Additive error 64.2 (5.9) 63.1 (50.6–79.1)

RSE (%) = (Standard Error)/(Estimate) × 100
PD = pharmacodynamic, RSE = relative standard error, CI = confidence interval, E0 = baseline heart rate, ED50 = half-
maximal isoproterenol effective dose, Emax = maximal effect of carvedilol, IC50 = inhibitory potency of carvedilol.



effect of isoproterenol.25,26 The Emax model was then modified for carvedilol, a competitive 
antagonist of isoproterenol.18,20 The baseline HR from the final PK−PD model in this study 
was estimated at 60 bpm. The maximum effect estimated in this study was estimated as 
30.7 bpm which means that the maximum increase for HR was 30.7 bpm from the baseline. 
Tenero et al.15 also used the Emax model to describe the PD of carvedilol, in which the baseline 
exercise-induced HR and maximal decreasing effect of carvedilol were estimated at 146 and 
19.2 bpm, respectively. The differences between the results were primarily because of the 
methods used to induce tachycardia. Tenero et al.15 used exercise to induce the tachycardia 
for measuring the clinical effect of β-antagonist, thereby showing a higher baseline HR.

The PK−PD relationship in this study was described by the simple Emax model, which was 
identified with similar profiles in the previous study, regardless of 12.5- or 25-mg dose.21 
Carvedilol PK showed dose-proportionality in the dose range of 6.25–50 mg.3 According 
to the results, the higher dose of carvedilol seems to show higher probability to achieve the 
maximal effect for HR reduction.

This PK−PD modeling was the first investigation to estimate the IC50 of carvedilol inhibition 
on isoproterenol induced tachycardia in human as 16.5 ng/mL. Carvedilol is a racemic 
mixture with a systemic exposure R/S ratio of approximately 2 and S(-)-carvedilol has 
β-blocking activity like HR reduction.6 Carvedilol has a flat concentration−effect relationship 
at S(-)-carvedilol concentrations > 20 nmol/L, and Tenero et al.6 estimated the concentration 
of half maximal effect for S(-)-carvedilol as 7.7 ng/mL.21 Therefore, the IC50 calculated to 
achieve the half-maximal effect for HR reduction which was the β-blocking activity in this 
study seems rational.

The study results showed that low-function CYP2D6 variants (*10/*10) significantly decreased 
carvedilol CL/F by approximately 32.7% and demonstrated that CYP2D6 polymorphism can 
explain the inter-individual variability of carvedilol CL/F. However, consistent with previous 
studies, CYP2D6 phenotypes had a negligible effect on carvedilol PD.12,21 Additionally, 
among the racemic forms, only S(-)-carvedilol shows β-blocking activity and a higher affinity 
for various CYP enzymes, including CYP2D6, CYP1A2, 2E1, and 3A4.2,5 Considering the 
multiple metabolic pathways of carvedilol, it is plausible that CYP2D6 variations did not affect 
its HR reduction activity.

In conclusion, this study was the first study to identify the effects of CYP2D6 polymorphism 
on PK−PD and quantify its variability in healthy subjects using the population PK−PD 
modeling approach. The decreased function CYP2D6 allele may have moderately affected 
carvedilol CL/F; however, it did not influence its negative chronotropic effect. Therefore, 
dosage adjustment of carvedilol based on the CYP2D6 genotype is not recommended in 
routine clinical settings.
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