
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Variability in response to antihypertensive drug therapy: From population based
therapy towards individualized treatment

Bikker, P.C.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Bikker, P. C. (2014). Variability in response to antihypertensive drug therapy: From population
based therapy towards individualized treatment. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/variability-in-response-to-antihypertensive-drug-therapy-from-population-based-therapy-towards-individualized-treatment(e4dcc2f3-71d8-43c5-8d23-ca6a37201b49).html


Pharmacokinetic-Pharmacodynamic modeling of the 
antihypertensive effect of eprosartan in black and white 
hypertensive patients

Chapter 6

Petra C. van Rijn-Bikker
Oliver Ackaert
Nelleke Snelder
Reinier M. van Hest
Bart A. Ploeger
Richard P. Koopmans
Ron A.A. Mathôt

Clinical Pharmacokinetics 2013;52(9):793-803



Chapter 6

124

ABSTRACT

Background: It is well recognized that many antihypertensive drugs exhibit large interindividual 

variability in effect and that this wide range of patient response to antihypertensive drugs is a major 

problem in achieving blood pressure (BP) control. Variability in both drug concentration and drug effect 

may cause the heterogeneity in antihypertensive drug response. However, for most antihypertensive 

drugs, no clear relationship between drug concentration and its effect on BP has been reported. This 

study aimed to describe the relationship between eprosartan exposure and its effect on the systolic 

blood pressure (SBP) using population pharmacokinetic-pharmacodynamic modeling. Interindividual 

variability in pharmacokinetics and pharmacodynamics was quantified and the influence of covariates 

on this relationship was evaluated. 

Methods: Eprosartan plasma concentrations and SBP  measurements were determined in 86 

mildly hypertensive patients from the ROTATE study aged 48.1 ± 7.6 years with different ethnic 

backgrounds (33 white Dutch, 41 Creole Surinamese, 12 Hindustani Surinamese). In 12 of these patients, 

pharmacokinetics were densely sampled and 24-hour ambulatory BP measurements were obtained. 

Data were analyzed using nonlinear mixed effects modeling.

Results: Eprosartan concentration-time profiles were adequately described with a two-compartment 

pharmacokinetic model with zero-order absorption. A log-linear relationship was used to describe the 

relationship between concentration and the decrease in SBP. A hypothetical effect compartment was 

used to describe hysteresis in the drug effect. Approximately 80% of the maximum decrease in SBP 

was observed after 24 days. Interindividual variability in drug response was 65% and decreased to 14% 

when ethnicity was added as covariate. Creole Surinamese exhibited no drug response in contrast to 

white Dutch and Hindustani Surinamese [- 2.6 mm Hg per (ng/ml)].

Conclusions: The developed pharmacokinetic-pharmacodynamic model allows the quantification 

and explanation of variability in SBP between individuals with ethnicity as an useful determinant of 

responsiveness to eprosartan. 
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INTRODUCTION

Despite the widespread use of blood pressure (BP) lowering drugs and decades of concentrated effort, 

the majority of hypertensive patients still remain uncontrolled.1 Possible differences between drug 

classes in prevention of stroke or coronary heart disease are minor compared to the importance of 

reaching BP target.2 This is defined as achieving the agreed BP standard of less than 140/90 mm Hg 

(office-based measurement). Therefore, strategies for optimizing antihypertensive drug therapy in 

the individual patient are of utmost importance. Heterogeneity in antihypertensive drug response is 

due to interindividual variability in pharmacokinetics (PK: the time course of drug concentration) and 

pharmacodynamics (PD: the relationship between drug concentration and drug effect). Consequently, 

it is important to quantify variability in both drug concentration and drug effect and to identify specific 

patient characteristics (demographic, clinical, pathophysiological) that explain variability between 

patients. Knowledge of determinants of pharmacokinetic and pharmacodynamic variability may aid in 

choosing the right dose of the right drug for the right patient.

For most antihypertensive drugs no clear relationship between drug concentration and its effect 

on BP has been reported.3-5 This is probably the result of initial studies in which relatively high doses 

were administered with exposures in the upper part of the sigmoid concentration-response curve, 

resulting in effects all close to the maximum response (Emax). The description of the concentration-

effect relationship for antihypertensive drugs was furthermore confounded by a failure to collect 

sufficient pharmacodynamic data, a failure to identify and account for the fact that the BP-lowering 

effect develops over a number of weeks, and a failure to account for circadian variability in the 

diurnal BP profile.6 On the other hand, there have been some reports studying the concentration-

antihypertensive effect relationship for calcium antagonists and alpha blockers.7-9 However, in clinical 

practice this has not led to an individualized approach to describe and predict antihypertensive drug 

response. Clearly, there is a need for information with respect to the concentration effect relationship 

of antihypertensive drugs and their corresponding interindividual variability. 

In this article, we describe the relationship between plasma concentration and antihypertensive effect 

on systolic blood pressure (SBP) of the angiotensin receptor blocker eprosartan, using population 

pharmacokinetic-pharmacodynamic modeling. Interindividual variability in pharmacokinetics and 

pharmacodynamics was quantified and it was investigated whether interindividual variability could 

be explained with relevant covariates such as demographics and lifestyle. The model accounted for 

24-hour diurnal variation in BP using an earlier published model.10
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METHODS

Study population and design

The study population was selected from participants in the ROTATE study: a population-based, 

crossover, open-label, randomized treatment study stratified for ethnicity in mildly hypertensive 

patients aged 35-60 years in an outpatient hypertension clinic. The methods of the ROTATE study are 

described elsewhere.11

In brief, 102 patients with essential hypertension were enrolled from three ethnic groups: Creole 

Surinamese, Hindustani Surinamese, and white Dutch people referred to in this article as black, South 

Asian and white, respectively. Participants underwent five successive 6-week treatment episodes 

of single-drug treatment in a randomized order with representatives of the major antihypertensive 

drug classes (including the angiotensin receptor blocker eprosartan). In these periods, no other 

antihypertensive drugs were used. Based on the pharmacokinetics of the five antihypertensive drugs 

and to control for possible prolonged duration of antihypertensive therapy, a wash-out period of 3 

weeks was introduced in the design to minimize carry-over effects. Eprosartan was dosed once daily 

in the morning in the recommended starting dose of 600 mg and in week 3 the dose was increased 

to 800 mg if BP was not below 140/90 mm Hg. Efficacy and tolerability were assessed after 3 and 6 

weeks treatment. The primary outcome measure was the DSBP after 6 weeks of drug therapy. The 

institutional review board of the Amsterdam Academic Medical Center approved the study protocol 

and all patients gave written informed consent.

Blood sampling procedure

In 12 patients, dense pharmacokinetic data were collected on day 3. On the basis of the reported 

terminal half-life of eprosartan (5-9 h), steady-state pharmacokinetics were assumed. Venous blood 

samples to determine plasma concentrations were taken in a subset of 12 randomly chosen patients at 

regular time intervals (0 [pre-dose] and 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24, 33 h) following oral ingestion 

of 600 mg eprosartan. This group is referred to as the densely sampled patients. In all patients two 

trough plasma samples (after 3 and 6 weeks of treatment) were obtained. One additional sample was 

taken randomly at steady state in 16 of these patients in the period 0-12 h after ingestion of 600 mg of 

eprosartan. This group is referred to as the sparsely sampled patients. Samples were stored at -80 °C 

until analysis.

Analysis of eprosartan in plasma

A sensitive and specific method using liquid-chromatography (LC)-tandem mass spectrometry (MS/

MS) was developed and validated for the quantification of eprosartan in plasma. Previously published 

methods 12,13 were modified to quantify eprosartan in a range of 5-7,500 ng/ml.
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A 50-ml aliquot of human plasma was spiked with the deuterated internal standard eprosartan 

mesylate-d6 and deproteinized by addition of 400 ml acetonitrile. After vortex mixing, centrifugation, 

and evaporation to dryness of the supernatant, the dried extract was reconstituted with acetic acid 

(1%) and 10 ml was injected onto the LC-MS system. Separation was achieved on a Hydrosphere C18 

1.0 x 33 mm column using gradient elution mode with 1% acetic acid in Milli-Q water and acetonitrile. 

Detection was performed by positive ion electrospray ionization MS/MS. 

The assay allowed quantification of eprosartan plasma concentrations in the range of 5-7,500 ng/

ml. For all concentrations interassay inaccuracy was within ± 5.2% and interassay precision was less 

than 7%. Matrix effects were minor (<7%); the process efficiency was between 96% and 105%. The 

associated lower limit of quantification was 5 ng/ml. 

BP measurements

In all patients, BP was measured at every visit to the outpatient clinic for 15 min at 2.5-min intervals 

at rest in the seated position using an automatic device (Datascope Medical). The office BP was 

considered as the average of the measurements obtained in the period 5-15 min (measurements of the 

first 5 min were rejected). Visits were arranged 3 and 6 weeks after first administration of eprosartan 

(approximately 24 h after the last dose) and after 3 weeks wash-out. The patients were invited for 

follow-up visits at the same time of the day. 

In the densely sampled patients, BP was measured noninvasively by 24-hour ambulatory blood 

pressure monitoring (ABPM) (Spacelabs nr 90207, Spacelabs Medical, Washington, DC) at four 

occasions: baseline BP (day 0), day 3, and after 3 and 6 weeks of treatment (day 20 and day 41). BP was 

monitored at 15-min intervals during daytime and at 30-min intervals during the night. At the start and 

the end of ABPM, BP was also measured with both the Spacelabs and Datascope devices.

Data analysis

The time profile of plasma concentrations of eprosartan and the relationship with BP, taking into 

account diurnal BP variability, were analyzed by nonlinear mixed effects modeling (NONMEM) using 

the first-order conditional estimation method with the η-ε interaction option (FOCE INTERACTION) 

(NONMEM version 6, ICON Development Solutions, Ellicott City, MD).

A stepwise modeling approach was conducted. First, a population pharmacokinetic model was 

developed to describe the time course of the eprosartan plasma concentration. Second, a population 

baseline model was developed to describe the time profile of the SBP at baseline level before 

eprosartan administration. Third, a population pharmacodynamic model was developed to describe 

the time profile of the SBP following eprosartan administration. In this step the baseline SBP data and 

SBP following drug administration were analyzed simultaneously. 
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Considering that little information on the pharmacokinetics of eprosartan and little information 

on BP could be obtained from data from sparsely sampled patients, both the pharmacokinetic and 

pharmacodynamic model were developed using data from the 12 densely sampled patients. The data 

from the sparsely sampled patients were used for an external validation of both models using visual 

predictive checks (VPC; see section model evaluation and model selection).

Population pharmacokinetic model 

One-, two-, and three-compartment pharmacokinetic models were evaluated to describe the time 

course of the eprosartan plasma concentration. Furthermore, it was investigated whether absorption 

from the gastrointestinal tract (dose compartment) to the blood (central compartment) could be 

described with a first-order or zero-order process. Interindividual variability (IIV) was assumed to be 

log-normally distributed and the coefficient of the population variation (CV%) was approximated by 

Equation 1:

         (1)

where ω2 is the estimated variance. The residual error was modeled by a proportional error model. 

Population pharmacodynamic model

Baseline BP

The previously developed baseline model was used to describe the time course of the SBP before 

eprosartan administration.10 Briefly, the circadian rhythm of BP was described using two cosine 

functions with different amplitudes and different periods, but with the same horizontal displacement. 

The model was parameterized to describe the time course of the SBP with clinically relevant 

parameters, which are predictive for cardiovascular events (daytime and nighttime SBP, morning 

surge, nocturnal dip). To account for the measurement difference between the two BP measurement 

devices (Datascope and Spacelabs), a correction factor (DDS) for baseline SBP (BSL) was taken into 

account when SBP was measured using the Datascope.

Drug effect

A sequential modeling approach was used. Individual pharmacokinetic parameters were fixed to 

calculate individual exposure in the pharmacodynamic model. The drug effect (E) was additive to 

baseline BP (BPBase) as described in Equation 2:

         (2)
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Different relationships (linear, log-linear, Emax  and Sigmoidal Emax; Equations 3-6) were investigated to 

relate the concentration to the observed drug effect:

Linear:          (3)

Log-linear:         (4)

Emax:         (5)

Sigmoidal Emax:        (6)

 

where E is the effect at concentration C, SLP is the slope of the (log)linear relationship, Emax is the 

maximum effect, EC50 is the plasma concentration at which half of the maximum effect is achieved and 

γ is the hill coefficient. 

It was observed that there was a time delay, also called hysteresis, between plasma concentration and 

the effect on the BP. This hysteresis could be described with a hypothetical effect compartment using 

Equation 7 :

         (7)

 

where Cp is the plasma concentration, Ce is the concentration in the hypothetical effect compartment, 

and ke0 is the first-order rate constant describing drug transport. This approach implies the 

assumption that at equilibrium the Cp equals Ce. A schematic presentation of the pharmacokinetic-

pharmacodynamic model is presented in Figure 1.

Interindividual variability was assumed to be log-normally distributed and the residual error was 

modeled by an additive error with a separate error for data obtained with Spacelabs and Datascope 

measurements.

log (C)
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Figure 1 Schematic representation of the pharmacokinetic-pharmacodynamic model following oral 
administration of eprosartan. The transfer from the dose compartment into the central compartment occurred 
according to a zero-order transport process. Distribution and elimination was described with a two-compartment 
disposition model with first-order elimination. The hysteresis between the plasma concentration (central) and the 
effect (E) was described by including a hypothetical effect compartment. The relationship between the effect and 
the concentration in the effect compartment (Ce) was described with a log-linear relationship with slope (SLP).

Covariate analysis 

It was investigated whether demographic and lifestyle covariates were related to individual 

pharmacokinetic and pharmacodynamic parameter estimates. The covariates considered in the 

pharmacokinetic and pharmacodynamic model were age, sex, body mass index, ethnicity, creatinine, 

total cholesterol, and current smoking on the parameters clearance (CL), volume of distribution 

of central compartment (V1), bioavailability (F), and on the drug effect parameter slope. Genetic 

polymorphisms as covariates were not tested because pharmacokinetic-pharmacodynamic data of 

only 12 subjects were used for model development and covariate testing (see section data analysis). 

Individual parameter estimates were obtained by post hoc Bayesian analysis. In a first step, a graphical 

exploratory analysis was conducted. If a clear relationship was observed, it was investigated if the 

identified covariate candidate could improve the model fit. Continuous covariates (COVi) were 

incorporated with reference to the calculated median value (COVmed) using Equation 8 in case of a 

normally distributed covariate or Equation 9 if the covariate is log-normally distributed:

         (8)

DOSE 
zero order 
absorption 

Peripheral 

Effect 
compartment Central 

E 

Ce 

E=SLP.log(Ce) 
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         (9)

 

where TVP is the population value for the parameter P (e.g., CL), θx is the population value for the 

parameter P from the base model, and θy is the population value for the slope of the covariate 

relationship. 

Categorical covariates were incorporated using indicator variables, where each category had its own 

fixed effect parameter value according to Equation 10:

         (10)

where each FLAG was set to 1 when it was referred to the relevant category and 0 if it was not. A 

covariate was only kept in the final model if there was a reduction in the random variability and if there 

was an improvement in the model fit (see model evaluation and model selection for statistical criteria).

Model evaluation and model selection

Model selection was based on the minimum value of the objective function (MVOF), defined as 

minus 2 log likelihood. A decrease of the MVOF by 10.8 points after adding an additional parameter 

is considered statistically significant. This decrease corresponds to P <0.001 in a c2-distribution. 

Goodness-of-fit (GOF) was determined by visual inspection of the following diagnostic plots: 

observations versus individual predictions (IPRED), observations versus population predictions (PRED), 

weighted residuals (WRES) versus time, weighted residuals versus PRED, and visual predictive check 

(VPC). For the visual predictive check, 1,000 datasets were simulated, using the final model parameter 

estimates and summarized in a prediction versus time plot, displaying the prediction interval for 80% of 

the population and the predicted median together with the observations. A VPC allows investigation 

if the model adequately predicts the time course and the variability in the data. 

cat1 cat2 cat3
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RESULTS

Patients

In the ROTATE study, 90 patients started with eprosartan treatment and 83 patients completed the 

whole treatment period at week 6. Three patients stopped drug therapy within 3 days due to adverse 

drug effects and 1 patient was lost to follow-up. Eprosartan plasma concentrations were available from 

86 patients. Patient baseline characteristics are summarized in Table 1. Patient baseline characteristics 

did not significantly differ between the model building group (densely sampled patients) and the 

model validation group (sparsely sampled patients). Also, no statistically significant differences were 

observed in baseline characteristics between ethnicities within both the dense and the sparse sampled 

groups. For the densely sampled group (12 patients), 14 or 15 samples per patient were obtained 3 days 

after start of eprosartan (in total 174 samples). For the sparsely sampled group (74 patients), 1-3 plasma 

samples were collected 2-6 weeks after start of eprosartan (in total 181 samples). 

Population pharmacokinetic model

A population pharmacokinetic model was developed to describe the time course of the eprosartan 

concentration following oral administration. A two-compartment disposition model with zero-order 

absorption and first-order elimination processes was developed. A schematic representation of the 

pharmacokinetic model is shown in Figure 1. 

The final pharmacokinetic parameters, presented in Table 2, were obtained by fitting the model to 

the data of the densely sampled patients. The parameters of the fixed effects could be estimated 

with adequate precision, because the coefficients of variation (CV%) were smaller than 50%. With no 

intravenous data being included in the current analysis, it was not possible to estimate the bioavailability 

of this compound. Therefore, the bioavailability was fixed to a literature value of 13%.14 Interindividual 

variability (IIV) on the structural parameters CL, F, and duration of zero-order absorption (D1) could 

be estimated. The variability in CL, F, and D1 was 36, 85 and 43%, respectively. There was also a relevant 

correlation between IIV in CL and F (r = 0.86); patients with higher CL tended to have a higher F.

The developed population pharmacokinetic model adequately described the data from the dense-

sampled dataset. The observed plasma concentrations are randomly distributed around the population 

median and approximately 80% of the observations are within the 80% prediction interval (Figure 2, 

panel A). This shows that the population pharmacokinetic model adequately predicts the time course 

of eprosartan with a good description of the population variability. The observed samples of the 

sparsely sampled patients were used to validate the developed pharmacokinetic model (Figure 2, panel 

B). As can be observed in Figure 2 (panel B) the plasma concentrations at each time point are randomly 

allocated around the population median and within the 80% prediction interval. 
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Table 1  Patient baseline characteristics 

Characteristic Densely sampled

(n=12)

Sparsely sampled

(n=74)

P valuea

Women, no (%) 4 (33) 30 (41) 0.76

Age (years) 47.9 (8.0) 48.2 (7.6) 0.89

Body Mass Index (kg/m2) 27.8 (4.1) 29.4 (5.3) 0.45

24-hour Systolic BP (mm Hg) daytime 148.3 (8.0) 154.9 (13.1) 0.08

24-hour Diastolic BP (mm Hg) daytime 98.2 (7.0) 97.2 (8.8) 0.78

24-hour Heart rate (beats/min) daytime 78 (12) 79 (10) 0.82

Creatinine (mmol/L) 78 (17) 81 (18) 0.89

Microalbumin/creatinine ratio ( ratio>3), no (%) 2 (17) 5 (7) 0.22

Hypertension de novo, no (%) 4 (33) 22 (30) 1.00

Diabetes mellitus, no (%) 0 (0) 8 (11) 0.59

Left ventricular hypertrophyb, no (%) 4 (33) 10 (14) 0.08

Low sodium intake at study entry, no (%) 2 (17) 15 (20) 1.00

Current smoking, no (%) 5 (42) 26 (35) 0.75

Ethnicity, no (%)
   White
   Black
   South Asian

7 (58)
3 (25)
2 (17)

26 (35)
38 (51)
10 (14)

0.20

Values are expressed as mean (SD) unless otherwise indicated
BP blood pressure; SD standard deviation
a Comparison of the densely and sparsely sampled data was performed using the Mann-Whitney test for continuous 
variables and the Fisher’s exact test for categorical variables.
b Sokolov criteria



Chapter 6

134

Table 2 Structural and stochastic parameter values for the population pharmacokinetic model

Parameter unit value 95% CI

Population parameters

Central clearance (θCL) L/h 6.66 5.63-7.69

Central volume of distribution (θV1) L 16.0 13.1-18.9

Intercompartmental clearance (θQ) L/h 1.36 0.81-1.91

Peripheral volume of distribution (θV2) L 24.3 20.5-28.1

Duration of zero-order absorption (θD1) h 2.58 1.78-3.38

Bioavailability (θF) 0.13 FIXa

Interindividual variability (IIV)

Central clearance (ωCL) CV% 36 14-50

Bioavailabitliy (ωF) CV% 85 54-113

Duration of zero-order absorption (ωD1) CV% 43 0-65

Correlation ωCL-ωF (ρCL,F) _ 0.86 0.64-1.08

Residual unexplained variability

s1 (proportional) % 17 12-21

a Oral absolute bioavailability was fixed to a literature value 14

CI confidence interval; CL clearance from central compartment; V1 volume of distribution of central compartment; 
Q intercompartmental clearance between central and peripheral compartment; V2 = volume of peripheral 
compartment; D1 duration of zero-order input; F absolute bioavailability. 
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Figure 2 Visual predictive check of pharmacokinetics of eprosartan, based on the parameter estimates of the 
densely sampled population; (A) observations from the densely sampled individuals and (B) observations from 
the sparsely sampled individuals.
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Therefore, the population pharmacokinetic model also adequately predicts the concentration time 

profile of eprosartan in the sparsely sampled population. This population pharmacokinetic model was 

used to obtain individual pharmacokinetic estimates for the densely sampled patients. These individual 

parameter estimates were used as input for the development of a population pharmacodynamic 

model.

Population pharmacodynamic model of the effect of eprosartan on SBP

The pharmacodynamic model was developed using the SBP data from the densely sampled population. 

The resulting parameters, obtained by fitting the model to the data of the densely sampled population, 

are presented in Table 3. The diurnal variation of SBP (with no eprosartan present) was modeled using 

the baseline model. The relationship between the drug effect and the eprosartan concentration in 

the hypothetical effect compartment was best described with a log-linear relationship (Equation 4) 

additive to the baseline SBP. The observed delay, also called hysteresis, between the antihypertensive 

effect and the rise of plasma concentration was accounted for by implementing a hypothetical effect 

compartment. The delay was quantified by the rate constant ke0, which was estimated to be 0.00058 

h-1, corresponding to an equilibrium half-life for the effect compartment of 50 days. Concentration 

in the hypothetical effect compartment and the corresponding decrease in SBP were simulated on 

the basis of the average pharmacokinetic and pharmacodynamic parameters for a white subject  

(Figure 3). The simulation showed that steady-state concentrations in the hypothetical effect 

compartment are reached after approximately 200 days. Approximately 80% of the maximum 

decrease in SBP was observed after 24 days of eprosartan therapy.

In addition, a correction factor (DDS) was estimated for the difference in SBP measurements taken 

with the Datascope and Spacelabs BP devices (ΔSBP = 3.8 mm Hg). It should be noted that the 

interindividual variability in the correction factor was very high (167%) and could not be precisely 

estimated (0-635%). Because the correction factor itself was estimated with adequate precision  

(Table 3) and because no covariate relationships were tested on DDS, the overall results at the 

population level are not affected by the high and imprecisely estimated interindividual variability in 

DDS. 

An exploratory graphical analysis identified ethnicity as a possible covariate. Upon testing of this 

covariate, it appeared that a decrease in BP was estimated for the white Dutch and South Asian 

populations, while the slope for the black population was estimated to be indistinguishable from 

0. This means that no drug effect could be observed for the black population, as is illustrated in 

Figure 4, which shows the relationship between the BP lowering (DSBP) and the concentration in 

the hypothetical effect compartment for the white/South Asian and the black population. No other 

demographic parameters could be identified as possible covariates in this dataset. 
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Table 3 Structural and stochastic parameter values for the population pharmacokinetic-pharmacodynamic model 

Parameter Unit Value 95% CI

Population parameters

Baseline (θBSL) mm Hg 142 138 – 146

Correction factor datascope measurement (θDDS) mm Hg -3.8 -6.2 to -1.3

Nadira (θNAD) mm Hg 123

Period (θPER) h 24

Horizontal displacement (θHOR) h 8.9 8.4 – 9.5

Day-night change (θCHA) mm Hg 28 23 – 34

Slope concentration-effect relationshipb (θSLP) 

White + South Asian

Black 

mm Hg / (ng/ml)

-2.6

0

-3.7 to -1.5

Rate constant effect compartment (θke0) h-1 5.8x10-4 -6.4x10-4 to 1.8x10-3

t1/2 (effect compartment)c days 50

Interindividual variability (IIV)

Baseline (wBSL) CV% 5 1 – 7

Correction factor datascope (wDDS) CV% 167 0 – 635

Day-night change (wCHA) CV% 37 19 – 49

Horizontal displacement (wHOR) CV% 10 3 – 13

Slope concentration-effect relationship (wSLP) CV% 14 0 – 29

Correlation wBSL x wDDS (ρBSL,DDS)  - -0.034 -0.527 to 0.458

Correlation wBSL x wCHA (ρBSL,CHA) - -0.408 -0.937 to 0.121

Correlation wDDS x wCHA (ρDDS,CHA) - -0.028 -0.550 to 0.494

Interoccasion variability (IOV)

Baseline (wBSL) CV% 2 1 – 3

Residual unexplained variability

s1 (additive); spacelab measurement mm Hg 12.1 11.0 – 13.2

s2 (additive); datascope measurement mm Hg 8.5 7.9 – 9.1

a The nadir was calculated as nadir = (BSL- 4 x change/6) x (1+(θnadir,fraction))
b ID30188 was analyzed by a separate slope (SLP): 1.9 (95% CI 1.0 – 2.8) mm Hg per (ng/ml) 
c t1/2 =(0.693/ke0)/24

CI confidence interval; CV coefficient of population variation; BSL baseline SBP; t1/2 half-life
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Figure 3 Simulation of 800 mg eprosartan once daily. The solid line represents the time profile of concentration 
in the hypothetical effect compartment whereas the dashed line represents the decrease in systolic blood pressure 
(SBP). Note that 80% of the maximum SBP reduction is observed after 24 days of pharmacotherapy.

Figure 4 Relationship between the net drug effect (ΔSBP) and the concentration in the hypothetical effect  
compartment.  ΔSBP = SBP with drug effect (week 6) - baseline SBP (week 0). SBP systolic blood pressure

Gray filled circles show the observed Δ SBP; black filled circles show the population predicted Δ SBP.
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It should be noted that one single individual (ID30188-white Dutch) showed an increase in BP with 

increasing eprosartan concentration; this was analyzed by a separate slope.

The goodness of fit of the pharmacokinetic-pharmacodynamic model was assessed with visual 

inspection of Figure 5, presenting the time course of the observed and predicted SBP, panelled per 

ethnicity and week during treatment. The observed data of the sparsely and densely sampled 

populations for both ethnic groups are randomly distributed around the predicted SBP during the 

whole time frame. 

All fixed effect parameters except ke0 were estimated with high precision (CV <50%). IIV could be 

estimated on several structural parameters: BSL, DDS, horizontal displacement (HOR), day-night 

change (CHA) and slope of the concentration effect relationship (SLP). There was also a relevant 

correlation between IIV in BSL, DDS and CHA. The most abundant correlation was found between 

IIV in BSL and CHA (r = -0.408); patients with lower BSL tended to have a higher CHA. In addition, the 

estimated interoccasion variability (IOV) on BSL was 2%, which means that in general fluctuations in 

baseline BP of an individual during the treatment period were small.
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Figure 5 Population prediction based on parameter estimates from the densely sampled individuals, together 
with observations from the densely sampled and sparsely sampled individuals; (A) densely and sparsely sampled 
white and South Asian patients, (B) densely and sparsely sampled black patients.

Gray open circles show the observations of the densely sampled patients; black filled triangles show the observations of the 
sparsely sampled patients; black full line shows the population prediction (PRED).
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DISCUSSION 

It is well recognized that many antihypertensive drugs exhibit large interindividual variability (IIV) 

in effect and that this wide range of patient response to antihypertensive drugs is a major problem 

in achieving BP control. An important part of the IIV in response may be due to pharmacokinetic 

and pharmacodynamic differences among patients. Quantifying and explaining variability in 

pharmacokinetics and pharmacodynamics may contribute to individualizing dosage regimens 

for antihypertensive drugs and thereby improving clinical outcome. In this study, a population 

pharmacokinetic-pharmacodynamic model was successfully developed to describe the relationship 

between the exposure and antihypertensive drug effect following oral administration of eprosartan 

in hypertensive patients. The results are presented for SBP only because the burden of disease is 

mainly due to SBP; while DBP increases up to around age 50 years and falls thereafter, SBP continues 

to rise along with the risk of cardiovascular disease. Therefore, SBP is considered to better reflect 

cardiovascular risk than DBP.15 Also, the population model allowed quantification of IIV variability in the 

estimated pharmacokinetic-pharmacodynamic parameters. Furthermore, during model development, 

ethnicity was identified as determinant of the antihypertensive response to treatment with eprosartan. 

The pharmacokinetics of eprosartan were adequately described with a two-compartment model. 

All previous studies have used noncompartmental analyses to investigate the pharmacokinetics of 

eprosartan.14,16,17 Therefore, this is the first report of population pharmacokinetic-pharmacodynamic 

modeling of eprosartan in hypertensive patients. In contrast to the noncompartmental analysis, 

the population approach enables the estimation of typical population pharmacokinetic and 

pharmacodynamic parameters of eprosartan, including their interpatient variability, already on the basis 

of a few measurements per subject. In a earlier study, Csajka et al.18 analyzed the data of phase I studies 

with ten different angiotensin II receptor antagonists and built a general-population pharmacokinetic-

pharmacodynamic model for angiotensin antagonism in healthy individuals. However, eprosartan was 

not investigated and given the different chemical structure in comparison to all other angiotensin II 

antagonists, this model may not be representative of eprosartan. 

The typical (median) value for clearance was 6.7 L/h and population variation in this parameter was 

36%. In previous pharmacokinetic studies of eprosartan, average clearance was reported in healthy 

volunteers (7.9 L/h)14, but not in patients with hypertension. Therefore, we could not compare our 

results with data from previous studies. Our simulations showed that 95% steady state eprosartan 

is reached after 32.5 h. This corresponds well to the time to reach steady state of 20-36 h, calculated 

by four times the reported terminal half-life of eprosartan (5-9h).14,18 Eighty-five percent IIV in 

bioavailability was detected, which is probably caused by variable oral absorption because eprosartan 

exhibits pH-dependent aqueous solubility.14
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The time delay between the plasma concentration and the observed effect was described by 

incorporating a hypothetical effect compartment, linked with the central compartment. The rate 

constant ke0 was quite small, indicating that the equilibrium between the plasma and the effect 

compartment is obtained after a relatively long time (equilibrium half-life of 50 days). It is suggested 

that the pronounced delay between a change in plasma concentration and the change in effect results 

from the slow dissociation kinetics from the angiotensin II receptor. In in vitro studies the proportion 

of competitive (loose) / non-competitive (tight) binding corresponds to the duration of binding of the 

antagonist to the receptor.19-21 Also it is important to take into account that BP, the result of cardiac 

output and peripheral resistance, is regulated by different pathophysiologic mechanisms. It is possible 

that compensatory mechanisms play a role in the time delay between the plasma concentration and 

the observed effect.

Using the final pharmacokinetic-pharmacodynamic model, simulations were performed to investigate 

the time to reach steady state. It was demonstrated that 99% steady state eprosartan concentration 

in the central compartment was achieved already after three doses of eprosartan. With a calculated 

equilibrium half-life of 50 days, 95% steady state levels in the effect compartment will be reached after 

200 days, although this estimate is somewhat uncertain as the ke0 parameter was estimated with a 

coefficient of variation of 107%. However, Figure 3 shows that approximately 80% of the maximum 

decrease in SBP is observed after 24 days of eprosartan therapy. This justifies the judgment of the 

clinical effect of eprosartan after 3-4 weeks, which is clinical routine.

In the covariate analysis differences in drug effect were found between white Dutch and South Asian 

patients in comparison to black patients. Interindividual variability in drug response (SLP) was 65% and 

decreased to 14% when ethnicity was added as covariate on SLP. The responsiveness to eprosartan for 

white Dutch and South Asians was -2.6 mm Hg per ng/ml. No drug effect could be observed for the 

black population. 

Although the pharmacokinetic-pharmacodynamic model was developed using the data from 12 densely 

sampled patients (of which 25% were black), the effect of ethnicity was confirmed in the validation group 

of 74 (of which 51% were black) sparsely sampled patients. In addition, previous studies demonstrated 

that ethnicity is an important determinant of antihypertensive response, so we consider inclusion 

of ethnicity in our model justified.22,23 Moreover, the observation of no antihypertensive effect of 

eprosartan in the black population is in accordance with recent recommendations on the management 

of hypertension, which prefer calcium channel blockers or diuretics as first-choice monotherapy for 

black patients rather than angiotensin receptor blockers.24,25 This, however, does not mean that no drug 

effect will be seen in every black patient, but that the typical black patient in our population does not 

experience any blood pressure-lowering effect. 
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Besides ethnicity, other determinants, such as age or baseline blood pressure, may play an important 

role in the response to antihypertensive therapy. Considering that the population in the present 

study was relatively young (35-60 years old) and only mildly hypertensive, it would be of interest to 

investigate the influence of covariates on the response to antihypertensive therapy in a larger, older, 

and more severely hypertensive population.

Population pharmacokinetic and pharmacodynamic analysis is a powerful tool to understand the 

effects of antihypertensive drugs. It offers a number of advantages. First, it can provide a relatively 

simple reflection of the magnitude of the drug effect in the population as well as in the individual 

patient. In our case, SLP represents the antihypertensive response of eprosartan. Second, it can 

determine how fast drug response develops over time. Third, the advantage of a compartmental 

over a noncompartmental analysis is the ability to predict the full concentration-time profile with a 

limited number of samples. Fourth, variability between patients can be quantified and explained with 

patient characteristics such as age, pre-treatment BP, ethnicity, plasma renin activity, etc. Thus, the 

model potentially could be used to predict whether a patient, depending on characteristics, is likely 

to respond to the proposed drug therapy. This is illustrated in our model by ethnicity: black patients 

showed to be nonresponders to eprosartan

Taken together, our model shows that integrated pharmacokinetic-pharmacodynamic analysis can 

have a role in evaluating dose concentration-effect relationships as part of clinical drug development, 

a thought that is relatively new to the field of hypertension treatment.26 Expanding the application 

of the model to daily clinical practice will be a next step. For example, the model may be used in 

combination with a few measurements per individual to reliably predict drug effects using Bayesian 

analysis. This could replace the cumbersome 24-hour blood pressure measurements, which still are 

common practice. It may also reduce the number of visits necessary to the physician, before blood 

pressure lowering therapy is optimized. However, before application in clinical practice is possible, 

limited sampling strategies need to be developed and prospective validation studies need to be 

conducted in a much broader population. This will be part of future research.
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CONCLUSION

In this study, a population pharmacokinetic-pharmacodynamic model was successfully developed 

to describe the relationship between the exposure and antihypertensive drug effect following oral 

administration of eprosartan in hypertensive patients. The model showed that black patients exhibit 

no drug response in contrast to white Dutch and South Asian patients, and that it takes several months 

before a steady state drug effect will be reached, although approximately 80% of the effect is reached 

after 24 days. Characterizing concentration-effect relationships is an important tool to optimize 

antihypertensive drug therapy.
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