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Hypertension is a worldwide public-health challenge, because of the high prevalence and its 

contribution to the burden of heart disease, stroke, and renal failure. Hypertension affects 

approximately 1 billion adults, a number that is expected to have increased to more than 1.5 billion 

in the year 2025. Globally, cardiovascular disease (CVD) is responsible for 30% of all deaths. Of these, 

complications of hypertension account for 9.4 million deaths worldwide a year.

High blood pressure (BP) is one of the most important and modifiable risk factors for CVD. BP 

reduction is a successful strategy and along with management of target organ damage preventions 

has a remarkable impact on the overall risk profile. However, despite the availability of effective 

antihypertensive drugs the number of people whose BP is controlled is disappointingly low: 25-40% of 

the hypertensive patients in Europe achieve target BP (<140/90 mm Hg, office based measurement). 

Therefore a large part of the hypertensive population does not  achieve the maximum potential 

risk reduction in CVD. So there clearly is a strong need to find the most effective BP-lowering drug 

for an individual patient to improve overall efficacy of (ongoing) treatment within the hypertensive 

population.

Choosing the right antihypertensive drug for an individual patient requires understanding of the 

factors contributing to variability in BP and to the variability in drug response both between and within 

individuals over time. BP variability is a multiphaceted phenomenon between individuals as well as 

within individuals from moment to moment, in response to biological, mechanical and environmental 

factors. Ambulatory BP monitoring (ABPM) makes it possible to follow the time course of variation 

around the clock in an individual patient, while office-based BP measurements are indicative of only 

a very brief and small fraction of the diurnal BP pattern. Furthermore, specific features of the 24-hour 

ABPM such as daytime and nigttime BP, nocturnal dip, and morning surge have been shown to be 

better predictors of the occurrence of target organ damage and CV events than conventional office BP. 

Also, marked variability in hypertensive patients’ response to different antihypertensive drugs 

is well known. Methods that will reliably identify individuals who will respond well to a specific 

antihypertensive drug are lacking. Individualization of treatment is mostly done empirically and this is 

cumbersome and time-consuming. Several factors such as plasma renin activity, age, and ethnicity have 

been claimed to predict the BP response, however the potential effect of interindividual differences in 

pharmacokinetics and pharmacodynamics have been ignored. 

In this thesis pharmacokinetic and pharmacodynamic modeling was used with the aim to quantify 

the variability between patients in BP and BP response, and to evaluate the extent of this variability 

that could be explained by ethnicity and genetic factors in order to provide suggestions for new drug 

individualization strategies in the treatment of hypertension (CHAPTER 1).
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Data used in this thesis are derived from the SUNSET and ROTATE studies. The SUNSET (Surinamese 

in the Netherlands: study on health and ethnicity) study was a population-based cross sectional 

study to assess the cardiovascular risk profile of three ethnic groups in Southeast Amsterdam in 

the Netherlands: Creole and Hindustani Surinamese and white Dutch people aged 35-60 years. In 

the ROTATE study (open-label, crossover) patients were included that participated in the SUNSET 

study. Patients were rotated for antihypertensive treatment with a single drug from 5 drug classes: 

angiotensin-converting enzyme (ACE) inhibitors, β-blockers, calcium antagonists, diuretics and 

angiotensin receptor blockers.

CHAPTER 2 addressed the question whether ethnicity per se can serve as a guide for antihypertensive 

drug selection. In our multi-ethnic hypertensive patients two possible treatment algorithms were 

compared by means of a Monte Carlo simulation: 1) the rotation strategy (a systematic rotation 

of monotherapy with an angiotensin-converting enzyme (ACE) inhibitor, a b-blocker, a calcium 

antagonist, a diuretic and an angiotensin receptor blocker, and 2) an ethnic strategy, where drug 

selection was based on ethnic background of the patient only: a diuretic for blacks and an ACE inhibitor 

for whites. This study indicates that a strategy of rotating patients through each of the major drug 

classes results in statistically more patients on target (corrected SBP <140 mm Hg) than choosing 

the first antihypertensive drug by considering self-reported ethnicity.  The best drug in the rotation 

strategy resulted in 39.6 % of the patients on target, while this was 36.7% of the patients for the 

ethnic strategy. Although statistically less patients are on target, the ethnic strategy is comparably 

effective from a perspective of clinical routine. Furthermore, it has the advantage that patients reach 

target within shorter time. Second, we found that natural BP variation (BP variability due to analytic 

measurement and biologic variability within individuals) is likely to overestimate the effect of SBP 

lowering in a rotation strategy, frequently (25-50%) resulting in selection of a drug that would not 

give the largest SBP lowering effect relative to one or more other drugs in the rotation strategy, i.e. 

improper drug selection. Therefore natural BP variation should not be neglected as this leads to non-

optimal antihypertensive drug therapy. Since this conclusion is based on simulated data, evaluation in 

a prospective trial is mandatory

In CHAPTER 3 is described whether genetic variation predicts the individual SBP response to 

antihypertensive drugs and is assessed to what extent the individual treatment response could be 

explained by the combined effects of known demographic, environmental and genetic factors.  Data 

of the ROTATE study were analyzed. The crossover design with washout periods made it possible 

to directly assess the natural BP variation (analytic measurement and biologic variability within 

individuals). We assumed that the difference between the total variance present in the dataset (377 

treatment episodes) and the natural BP variation within individuals is the potentially predictable 

variation in individual treatment response across the population. The estimated, unpredictable, 

natural variation in SBP within individuals in the ROTATE population was 65% of the total variance 
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(total variance = 120 mm Hg2, natural variation = 78 mm Hg2). The remaining part of 35% is therefore the 

potentially predictable variation in individual treatment response across the population. The primary 

analysis model that considered the effects of environmental, demographic, and genetic factors, 

explained 23% of the total variance accounting for 66% (23/35) of the predictable variance. Ethnicity, 

low sodium intake, and alpha-adducin 614G→T polymorphism showed to be drug-related predictors. 

A number of genetic variants (ADD1 614G→T, ADRB1 145A→G, ADRB2 79C→G, CYP11B2 -344C→T 

and SLC12A3 78G→A) contributed significantly (9%) to the total variance of the SBP response. Using 

environmental, demographic and genetic factors to predict SBP-lowering was twice as good as using 

age and race alone (23% vs 11% of the total variance). However, the added value of individual SNPs in 

choosing the best possible antihypertensive treatment for an individual is limited (from 1.1 to 2.4%). 

To describe the concentration-effect relationship of antihypertensive drugs, including the 

interindividual variability in this relationship, nonlinear mixed effects modeling was introduced, a state 

of the art methodology of simultaneous quantification of population average effects and variability 

between patients in these effects. First, a population model was developed to characterize 24-hour 

diurnal SBP with parameters that correlate directly with features of the diurnal profile that, on their 

turn, are related to CVD risk (being daytime SBP, nighttime SBP, nocturnal dip and morning surge) 

(CHAPTER 4). The diurnal SBP profile was adequately described with the sum of 2 cosine functions 

and with the model parameters baseline SBP (BSL), nadir (minimum SBP during the night), and change 

(SBP difference between day and night). These three parameters correlated well with daytime and 

nighttime SBP, nocturnal dip and morning surge (R2=0.50-0.92), but this needs confirmation in separate 

datasets. Variability in our model was in part explained by ethnicity which was associated with change. 

Change was 40% higher in white Dutch patients and 26.8% higher in SouthAsian patients than in black 

patients. No correlations were observed for the investigated gene polymorphisms. 

The next step was to apply the population model developed in chapter 4 to a pharmacokinetic-

pharmacodynamic study of the angiotensin receptor blocker eprosartan. In order to describe the 

pharmacokinetics of eprosartan, a selective and sensitive liquid-chromatography (LC) -tandem mass 

spectrometry (MS/MS) method was developed and validated for measurement of eprosartan plasma 

concentrations (CHAPTER 5). Eprosartan was extracted from human plasma by a simple protein 

precipitation method with acetonitrile. As internal standard the deuterated d6-eprosartan was used. 

The assay allowed quantification of eprosartan plasma concentrations in the range from 5 to 7500 ng/

ml. Inter-assay inaccuracy was within ± 5.2% and inter-assay precision was less than 7%. Matrix effects 

were minor (<7%); the process efficiency was between 96% and 105%. The developed method was 

successfully applied to study the pharmacokinetics of eprosartan. 
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The relationship between eprosartan exposure and its effect on SBP using the developed 

population model is described in CHAPTER 6. Interindividual variability in pharmacokinetics 

and pharmacodynamics was quantified. Moreover, the influence of covariates on this relationship 

was evaluated, in an attempt to explain the observed variability in SBP lowering effect between 

patients and thus identify potential leads for drug individualization. Eprosartan concentration-time 

profiles were adequately described with a 2-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 (being the slope of the log-linear relationship) was 65% and decreased to 

14% when ethnicity was added as covariate. Creole Surinamese exhibit no drug response in contrast 

to White Dutch and Hindustani Surinamese (the slope was estimated to be -2.6 mm Hg/(ng/ml)). This 

model showed that integrated pharmacokinetic-pharmacodynamic analysis can aid in elucidating the 

concentration-effect relationships of antihypertensive drugs and may provide a tool to find leads for 

antihypertensive drug individualization.

In CHAPTER 7 the main findings, strengths and limitations of the studies in this thesis are discussed 

together with the implications for future research and clinical practice. The main points are summarized 

here.

To improve and individualize treatment of high BP, new strategies are needed. We believe that 

application of the population approach by using nonlinear mixed effects modeling (NONMEM) can 

contribute to this challenge for two purposes:

•	 it enables the description of the 24-hour SBP profile in terms of three parameters (BSL, nadir 

and change) that correlate with daytime SBP, nighttime SBP, nocturnal dip and morning surge, 

including quantification and (in part) explanation of variability between patients in the identified 

parameters (explaining variability in BP). 

•	 it enables the description of the relationship between plasma concentration and antihypertensive 

effect on SBP of the angiotensin receptor blocker eprosartan, including quantification and (in 

part) explanation of variability between patients in SBP response to eprosartan (explaining 

variability in antihypertensive drug response).
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Our efforts are one of the first steps of this approach in the field of hypertension management. External 

validity with SBP data independently collected from the data used to develop the model but from a 

similar population is warranted to confirm the accuracy of the model. Furthermore, the correlation 

of the model parameters BSL, nadir, and change with clinical outcomes should be confirmed in larger 

ABPM databases. Also, it is of interest to investigate the influence of covariates on the variability in BP 

and on the variability in antihypertensive drug response in a larger and more severely hypertensive 

population. Variability in BP within a patient over time as well as interoccasion variability in drug 

response including the influence of covariates should be part of future research.

Another important added value of this population method is that it is not required that each study 

individual provides a certain predefined minimum of measurements to be able to completely 

characterize their own diurnal SBP profile. Traditionally, ambulatory BP registries have to fulfil a 

series of pre-established criteria ( ≥ 70% successful SBP and DBP recordings during the daytime and 

nighttime periods and ≥ 1 BP measurement per hour), however this is quite cumbersome for the 

patient. Population analysis methods allow sparse sampling strategies without fixed protocol times. 

Thus, the model provides a tool to evaluate and optimize the sampling frequency for 24-hour ABPM. 

Furthermore, the developed population PKPD model for eprosartan may serve as an example that 

illustrates how PKPD modeling can aid in the understanding of the time course of the effects of 

antihypertensive drugs and how this understanding can be used to optimize and individualize dosing 

regimens.

CONCLUSION

Variability in BP is a multifaceted phenomenon. The challenge with regard to variability in BP and 

variability in antihypertensive drug response for researchers and physicians is to recognize this 

variation for correct initiation and evaluation of antihypertensive therapy. In this thesis we made the 

first steps in population model-based analysis in the field of hypertension. Ethnicity was found to 

explain a significant part of blood pressure variation and of variation in response to the blood pressure 

lowering effect of eprosartan. Genetic factors did not explain enough variation in BP and in the effect 

of BP lowering drugs to be clinically useful so far. For future research, the models developed may be 

evaluated for the optimization of the sampling frequency for determination of the 24-hour SBP profile 

and for the individualization of antihypertensive drug therapy. 


