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HYPERTENSION

Hypertension, also known as high or raised blood pressure, is an important worldwide public-health 

challenge.1 It contributes as a causal factor to the burden of heart disease, stroke, and renal failure. 

Epidemiological estimates indicate that more than a quarter of the world’s adult population is 

hypertensive, an approximate of nearly one billion people in 2000 and this will increase to more than 

1.5 billion by 2025.1,2 For global cardiovascular disease (CVD: disorders of the heart and blood vessels, 

e.g. coronary heart disease and cerebrovascular disease) World Health Organization (WHO) reports 

ca. 17 million deaths a year, which is nearly one third of the total (all-cause) mortality.3,4 Of these 17 

million deaths, complications of hypertension account for 9.4 million deaths worldwide every year.5 

Hypertension is responsible for at least 45% of deaths due to coronary heart disease, and 51% of deaths 

due to stroke (WHO).4 For adults aged 25 years and above the prevalence of hypertension is highest 

in the African Region with a value of 46%, while the lowest prevalence (35%) is found in the Americas.6 

Overall, high-income countries have a lower prevalence of hypertension - 35% - than other countries, 

which have a prevalence of 40%.7 Despite knowledge about certain preventive measures that can be 

taken, the prevalence of hypertension is rising owing in part to the increasing age of the population 

and increased rates of obesity. 

The pathogenesis of hypertension is multifactorial; environmental and biological circumstances both 

contribute to the occurrence of the disease.1,8-10 Hypertension is defined as a systolic blood pressure 

(SBP) equal to or above 140 mm Hg and/or a diastolic blood pressure (DBP) equal to or above 90 

mm Hg (office-based BP measurement).11 The relationship between BP values and cardiovascular risk, 

renal morbidity and fatal events has been addressed in a large number of observational studies.12-16 The 

higher the BP, the greater is the chance of myocardial infarction (MI), heart failure, stroke, and kidney 

disease. For individuals aged 40-70 years each increment of 20 mm Hg in SBP or 10 mm Hg in DBP 

doubles the risk of CVD across the entire BP range from 115/75 – 185/115 mm Hg.12 Furthermore, it has 

been shown that ambulatory BP in general is a more sensitive risk predictor of clinical CV outcomes 

than office BP. Twenty-four hour ambulatory BP monitoring (ABPM) is performed with the patient 

wearing a portable BP measuring device for a 24-25 hour period, so that it gives information on BP 

during daily activities and at night during sleep. Specific features of the 24-hour ABPM are daytime 

and nighttime BP, nocturnal dip and morning surge. These have been shown to be better predictors of 

the occurrence of target organ damage and CV events than conventional office BP, which consists of 

unspecified single time-of-day measurements.17-20

The decision to start treatment in apparently healthy persons depends on the predicted cardiovascular 

mortality of an individual, using the Systematic COronary Risk Evaluation (SCORE) model. This 

model estimates the risk of dying from CV (not just coronary) disease over 10 years based on age, 

gender, smoking, total cholesterol level and SBP.21 This risk score should not be used in patients 
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with established CVD, diabetes or with severely elevated single risk factors, because these patients 

are already at very high risk and need prompt intervention. Life style modifications are initially the 

most important interventions for patients with mild hypertension (BP 140-159/90-99 mm Hg) and no 

other cardiovascular risk factors, organ damage or disease. When total cardiovascular risk is high (a 

calculated SCORE ≥ 5% and <10% for 10-year risk of fatal CVD) or very high (a calculated SCORE ≥ 10%) 

or acceptable BP levels are not achieved by life style modifications pharmacologic treatment should 

be advised. 11

Advances in antihypertensive drug therapy over the past decades have considerably reduced morbidity 

and mortality associated with high BP. Law et al. suggested that an effective BP decrease in the order 

of 10/5 (SBP/DBP) mm Hg reduces fatal and non-fatal cardiovascular events by approximately 25% 

and cerebrovascular events by 30%.22 Also, this large meta-analysis showed that all the investigated 

classes of blood pressure lowering drugs (angiotensin converting enzyme (ACE) inhibitors, β-blockers, 

calcium antagonists, diuretics and angiotensin receptor blockers) have a comparable effect in reducing 

the risk for coronary heart disease and stroke for a given reduction in BP. Exceptions are the extra 

protective effect of β-blockers given shortly after an MI and the minor additional effect of calcium 

channel blockers in preventing stroke. However, despite the availability of effective antihypertensive 

drugs the number of people whose BP is controlled is disappointing low: 25-40% of the hypertensive 

patients in Europe achieve target BP (<140/90 mm Hg, office-based BP measurement)23-27 and therefore 

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

in coronary heart disease and stroke. So there clearly is a strong need to improve the efficacy of  

(ongoing) treatment.

VARIABILITY IN BLOOD PRESSURE

It has long been known that BP varies naturally and spontaneously within and between individuals as 

a result of numerous factors, including, for instance, time of the day, physical activity and emotional 

state.28-30 Within an individual the time profile of BP is characterized by marked fluctuations occurring 

within a 24 hour period, including beat to beat, minute to minute, hour to hour and day to night 

changes, and fluctuations from day to day. This variability in BP reflects fluctuations in biological, 

mechanical and environmental circumstances. Therefore, the following factors (as shown in Figure 1) 

are likely to contribute to BP differences between and within patients:

•	 patient characteristics such as age and ethnicity 

•	 environmental (behavioral) factors such as diet (sodium intake), exercise practices, smoking, 

alcohol consumption

•	 genetic variation
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SUNSETSUNSET

Figure 1 Illustration of interplay between predictors that are likely to contribute to the interpatient variation 
in BP and the response to antihypertensive drug therapy. BP: blood pressure is regulated by intrinsic cardiovascu-
lar control mechanisms PKPD: pharmacokinetics & pharmacodynamics SUNSET: Surinamese in the Netherlands: 
study on health and ethnicity. ROTATE: crossover, open-label, single-drug treatment study in a Dutch multiracial 
population with representative drugs from 5 drug classes. 

With office BP measurements, the assessed BP may be influenced by factors such as measurement 

technique, accuracy of equipment and patient anxiety. Standardization of measurement techniques 

(measurements taken in the same arm, patients seated with 5 minutes of rest etc.) may increase the 

accuracy and precision of the measurement, usually through estimating an average of several serially 

obtained values. In clinical practice such a standardization is often difficult to achieve. The use of 

automatic instrumentation for non-invasive ABPM makes it possible to follow the time course of BP 

variation around the clock in an individual patient. ABPM provides multiple daytime and nighttime 

readings within the patients’ regular environment. Therefore, ABPM derived data allow better 

characterization of BP (fluctuations) during everyday activities and sleep than clinical BP measurements. 

Generally, the diurnal BP profile exhibits a decrease during sleep, a surge in the morning and a small 

postprandial decline (Figure 2). 

It is clear that office BP measurements are indicative of only a very brief and small fraction of this 24-

hour BP pattern. The challenge for the treating physician is to recognize this BP variation in clinical 

measurement and to interpret this variation correctly in order to make right clinical decisions.
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Figure 2 Illustration of the 24-hour systolic blood pressure (SBP) profile.

The diurnal BP profile includes normally a decrease during sleep (blue arrow), a surge in the morning (green arrow) 
and a small postprandial decline (red arrow)

VARIABILITY IN RESPONSE TO ANTIHYPERTENSIVE DRUG TREATMENT

Although hypertensive patients as a group respond to most antihypertensive drug treatments with 

a reasonably predictable BP decrease, the individual responses are highly variable (Figure 3). The 

figure shows that on average SBP decreases with 6.5 mm Hg, whereas in individual patients SBP 

may be reduced with more than 35 mm Hg or increased with 25 mm Hg. In order to choose the right 

antihypertensive drug and dose for the right patient, it is necessary to understand the cause of the 

differences in antihypertensive drug response both between individuals and within individuals. 

Probably, the individual response to drug treatment is related to the pathophysiologic mechanisms 

contributing to elevation of BP in the individual patient. Abnormalities in these mechanisms such 

as excessive renal sodium retention or raised activity of the sympathetic nervous system may 

result in elevated BP. Attempts have therefore been made to predict the individual response to 

antihypertensive therapy, and factors such as plasma renin activity, salt sensitivity, age, ethnicity and 

initial BP have all been claimed to predict the BP response.31-33 However, efforts to predict BP response 

to antihypertensive drugs based on these factors are inconclusive. 
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Figure 3 Variation in individual treatment response across a population (377 treatment episodes)

Data are obtained from the ROTATE study: crossover, open-label randomized treatment study in 97 mildly 
hypertensive patients aged 35-60 years in an outpatient hypertension clinic. Patients (Creole and Hindustani 
Surinamese and Dutch Caucasians) underwent five successive 6-week treatment episodes of single-drug 
treatment in a randomized order with representatives of the major drug classes (lisinopril, nebivolol, barnidipine, 
hydrochlorothiazide, eprosartan). The primary outcome measure was the ∆ SBP after 6 weeks drug therapy.

Better understanding of the heterogeneity of treatment effects will improve the care of patients with 

hypertension. Factors that in this thesis are considered to be likely to contribute to the interpatient 

variation in the response to antihypertensive drug therapy are shown in Figure 1.

Ethnicity

Ethnicity has been considered an important factor in determining the response to antihypertensive 

treatment. Several studies have shown an association between ethnicity and antihypertensive drug 

response; in general, in patients of African ancestry calcium antagonists and diuretics lower BP on 

average more than β-blockers and RAS blockers when used as monotherapies.34-36 Possible reasons 

for these differences are: interaction between the pharmacologic effect of these drugs and lifestyle 
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factors (blacks have a higher sodium intake and lower potassium intake on average compared with 

non-blacks),37-39 low-renin profile (renin-profiling studies showed that elderly and blacks tend 

to have lower renin levels compared to young patients and Caucasians40-42), genetic differences, 

adherence to therapy, and socioeconomic status. However, conflicting evidence exists whether initial 

antihypertensive drug treatment should be based on ethnicity. Considerable overlap in BP response 

has been reported to antihypertensive drugs between blacks and whites.43-45

Genetic factors

The large variation in individual response to antihypertensive treatment also encouraged a search for 

genetic factors. There is a clear genetic component in the determination of the individual level of BP 

with an estimated heritability in the range of 15% to 30%.46-49 However, the genetic contribution to 

the hypertensive burden of a population is difficult to determine, because the relationship between 

genetics and BP is modified by environmental factors and other patient characteristics. 

Pharmacogenetics is the science that evaluates the role of genetic variation in drug response. With 

respect to the antihypertensive response, potential polymorphisms identified thus far include genes 

encoding for the renin-angiotensin-aldosterone system, and other genes involved in BP regulation 

such as genes encoding for the β-receptors and G-proteins. Several polymorphisms in these candidate 

genes have been studied, but so far these polymorphisms did not show a consistent influence on the 

effect of antihypertensive drugs.35,50-52 

Pharmacokinetics & Pharmacodynamics

In the search for predictors of antihypertensive drug response the potential effect of interindividual 

differences in pharmacokinetics and pharmacodynamics have been ignored thus far. Pharmacokinetics 

describe the relationship between the dose of a drug and the time profile of drug concentration in body 

fluids (e.g. blood or plasma). The pharmacodynamics describe the relationship between blood/plasma 

concentration and the pharmacological effect. Integrated, an PKPD model describes the time profile 

of drug effect. For most antihypertensive drugs no clear relationship between drug concentration 

in body fluids and its effect on BP has been reported.53-55 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. For instance, 

doses of hydrochlorothiazide used in early studies were much higher (doses up to 150 mg/day) than 

used nowadays (12.5 - 50 mg/day). In previous studies antihypertensive response has been quantified 

based on pharmacodynamic effects only. This approach has serious shortcomings because individual 

differences in drug disposition and thus to plasma and tissue drug levels were not taken into account. To 

overcome these shortcomings population pharmacokinetic-pharmacodynamic (PKPD) analyses have 

been put forward. The potential advantage of population PKPD analyses of hypertension treatment 
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effects could be that they both quantify the course of drug concentration and its concomitant drug 

effect over time. Moreover, variability in the pharmacokinetic and pharmacodynamic parameters that 

describe these relationships can be quantified and an attempt can be made to explain this variability 

by means of a so called covariate analysis. Such an analysis may yield predictors for drug exposure and 

drug effect, which may contribute to individualizing dose regimens for antihypertensive drugs and 

thereby improving clinical outcome. 

OBjECTIVE OF THE THESIS

Although several patient characteristics explain variability in BP and the antihypertensive response to 

commonly prescribed drugs, it still remains difficult to predict the response to a BP lowering drug in 

an individual patient. As a result, individualization of treatment is mostly performed in an empirical 

manner (“trial and error”) at present which is cumbersome and time-consuming. Early control of 

hypertension is important as it may have favorable impact on long-term outcome.22,56 Therefore new 

strategies are needed which can be used to predict and find the optimal drug and dose for an individual 

patient. So there is a clear need for methods that will reliably identify individuals who will respond well 

to a specific antihypertensive drug. 

The objective of this thesis was to identify factors that contribute to the interpatient variation in BP 

and to the interpatient variation in response to antihypertensive drug therapy and as such to provide 

suggestions for new drug individualization strategies in the treatment of hypertension.

OUTLINE OF THE THESIS

Data used in this thesis are derived from the SUNSET and ROTATE studies. The SUNSET (Surinamese 

in the Netherlands: a 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. 

Demographic variables, information on lifestyle, cardiovascular risk factors were collected through 

a face-to-face structured interview and a medical examination including BP measurement.57 If 

the screening was SBP ≥140 mm Hg and/or DBP ≥90 mm Hg (independent of treatment status) 

patients were invited to the outpatient hypertension clinic of the Academic Medical Center. 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 inhibitors, β-blockers, calcium antagonists, diuretics and angiotensin  

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

causes of the naturally occurring fluctuations in BP and the variability in drug response both between 

and within individuals overtime. Chapter 2 addresses 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: the rotation strategy 

(a systematic rotation of monotherapy with the five antihypertensive drugs) was compared with an 

‘ethnic’ strategy, where drug selection was based on ethnic background of the patient only. Chapter 

3 describes whether genetic variation predicts the individual SBP response to antihypertensive drugs 

and assesses to what extent the individual treatment response could be explained by the combined 

effects of known demographic, environmental and genetic factors. 

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

interindividual variability in this relationship, we introduced nonlinear mixed effects modeling, 

a state of the art methodology of simultaneous quantification of population average effects and 

variability between patients in these effects. The first step was to develop a mathematical model to 

describe the baseline BP. In Chapter 4 a population model was developed describing the diurnal SBP 

profile with parameters that correlate directly with clinically relevant BP-parameters (daytime and 

nighttime SBP, nocturnal dip, and morning surge, Figure 2). The next step was to apply this population 

model to a pharmacokinetic-pharmacodynamic study of an antihypertensive drug. The angiotensin 

receptor blocker eprosartan was chosen as model-drug. 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). The relationship between eprosartan exposure and its effect on the 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 and thus identify potential leads for drug 

individualization.

Finally, the main findings, strengths and limitations of this thesis are discussed in Chapter 7, together 

with the implications for future research and clinical practice.
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ABSTRACT

Background: Ethnicity affects antihypertensive drug efficacy, but it remains controversial if this factor 

should guide the choice of antihypertensive drug selection. 

Methods: In a multiracial, mildly hypertensive population 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, 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. Data were 

obtained from the ROTATE study: a crossover, open-label treatment study in an outpatient setting. 

Due to naturally occurring random fluctuations of blood pressure (BP) within individuals over time 

independent of drug effect, SBP lowering may be prone to over - or underestimation. In the simulation 

SBP fall was corrected for this natural variation in BP, thus obtaining an estimate of the true drug effect 

under chronic treatment. Target corrected SBP was <140 mm Hg.

Results: The rotation strategy resulted in statistically more patients on target than the ethnic strategy 

(39.6% vs. 36.7% on target, P < 0.05). This difference was small and not likely to be of clinical significance. 

Moreover, it was found that natural BP variation is likely to contribute to overestimation of the effect of 

SBP lowering, resulting in an improper drug choice during rotation in one out of two to four patients. 

Conclusion: From a clinical point of view, the ethnic strategy is comparably effective as a rotation 

strategy in reaching target SBP and makes it possible to reach the target in less time. Since this 

conclusion is based on simulated data, evaluation in a prospective controlled trial is mandatory.
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INTRODUCTION 

Despite the availability of effective antihypertensive drugs and the progress that has been made in the 

treatment of hypertension, the number of people in Europe whose blood pressure (BP) is controlled 

is disappointing low (< 40%).1-5 This failure to achieve BP control is associated with persistence of an 

elevated cardiovascular risk. There is a strong need to improve the efficacy of (ongoing) treatment. 

Choosing highly effective drugs early in the treatment procedure helps to achieve early adequate BP 

lowering and leads to greater adherence.

Each hypertensive patient is an individual with unique physiologic and environmental characteristics. 

Of interest are strategies to find or predict the best drug for initial treatment for each patient to achieve 

both effectiveness and tolerability in daily practice. Ideally, this should be based on a more thorough 

understanding of determinants of interindividual variability of the response to antihypertensive drugs 

such as ethnicity. 

Ethnicity has been considered an important factor in determining BP response to treatment. Several 

studies have shown ethnic variability in antihypertensive response; 6-10 in general, patients of African 

ancestry respond better to calcium antagonists and diuretics while response to b-adrenergic blockade 

and inhibition of the angiotensin-converting enzyme is attenuated.11 The National Institute for Health 

and Clinical Excellence (NICE) recommends that first line treatment for hypertension depends on 

age and ethnicity (A(B)/CD rule).12 However, conflicting evidence on the effect of ethnicity exists as 

Nguyen et al. concluded after reviewing the available literature that BP response is qualitatively similar 

in US blacks and whites under calcium channel blocker monotherapy.13 This suggests that race is not 

likely to offer any clinical utility for decisions about the effect of calcium channel blockers.

For now, it remains controversial whether an initial drug selection based on ethnicity is likely to be 

more effective in early adequate BP lowering than a trial-and-error approach in an individual patient 

with mild hypertension. Because urban populations in western countries are increasingly of mixed 

ethnic background, it is even more important to address this subject. 

In this study we address whether ethnicity is a guide for antihypertensive drug selection. In order 

to do so retrospective data were used from a crossover, open-label, single-drug treatment study we 

performed in a Dutch multiracial population in which one representative of each of five drug groups 

were compared in a randomized order (the ROTATE study): diuretics, b-blockers, angiotensin-

converting enzyme (ACE) inhibitors, calcium antagonists, and angiotensin receptor blockers. In the 

ROTATE study, the efficacy and adverse events of the five antihypertensive drugs were compared. 

Based on these data, we compare in our multi-ethnic hypertensive patients two possible treatment 

algorithms by means of a Monte Carlo simulation: the rotation strategy (a systematic rotation of 

monotherapy with the five antihypertensive drugs) with an ‘ethnic’ strategy, where drug selection was 

based on ethnic background of the patient only.
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METHODS 

Patients and data collection

Data were used from the SUNSET study (Surinamese in the Netherlands: a Study on health and 

Ethnicity), a cross-sectional study aimed to assess the cardiovascular risk profile of three ethnic groups 

in Southeast Amsterdam in the Netherlands.14 

Ethnic background in this study was assessed according to the self-reported ethnic origin and the 

ethnic origin of the mother and father. Grandparents’ ancestry was used if this information was 

missing or unclear.14,15 Suriname is a former Dutch colony in South America. During the process of de-

colonization in 1975, approximately half of the Surinam population migrated to The Netherlands. Our 

study population contains two groups of these first generation immigrants. ‘Creole’ refers to people 

with a mixed African ancestral origin. In Suriname admixture occurred to a very limited extent with 

Indians and Caucasians. ‘Hindustani-Surinamese’ refers to people with South Asian ancestral origin. 

In this paper, Creole and Hindustani are named as black and South Asian, respectively. The Dutch are 

people with Dutch ancestral origin (Dutch Caucasians). Theoretically, the Dutch and Creoles may share 

distant ancestors, but based on the migration history it is unlikely that relevant population admixture 

between the three ethnic groups occurred. 

Participants were approached for a medical examination in the morning including BP measurement. If 

the screening was SBP ≥ 140 mm Hg or DBP ≥ 90 mm Hg (independent of treatment status), patients 

were invited to the outpatient hypertension clinic of the Academic Medical Center (AMC) where they 

were screened for inclusion in the ROTATE study. The methods of the SUNSET study and ROTATE 

study are described elsewhere.14,16 The institutional review committee approved both studies and the 

participants gave written informed consent.

In brief, in the outpatient clinic 283 patients were examined (Figure 1). Each patient underwent 

routine laboratory testing and a 24-hour ambulatory BP measurement (Spacelabs nr 90207, Spacelabs 

Medical, Washington, DC) after stopping all antihypertensive drugs for at least three weeks. A total of 

102 patients with essential hypertension were enrolled in the ROTATE study. The inclusion criterion for 

hypertension was met when 24-hour ambulatory BP recording showed an average daytime SBP above 

135 mm Hg and/or an average daytime DBP above 85 mm Hg. Participants went through five 6-week 

single-drug treatment episodes in a randomized order. Five drugs of the major antihypertensive drug 

classes were used once daily in the morning in the lowest recommended starting dose; in week 3, the 

dose was increased if BP was not below 140/90 mm Hg. The drugs were: the angiotensin-converting 

enzyme inhibitor lisinopril dosed 10 or 20 mg/day, the b-blocker nebivolol dosed 2.5 or 5 mg/day, the 

calcium antagonist barnidipine dosed 10 or 20 mg/day, the diuretic hydrochlorothiazide dosed 12.5 or 

25 mg/day and the angiotensin receptor blocker eprosartan dosed 600 or 800 mg/day; these drugs are 
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Figure 1 Flowchart ROTATE study.  A: angiotensin-converting enzyme inhibitor, B: b-blocker, C: calcium 
antagonist, D: diuretic, E: angiotensin receptor blocker. W: white, BL: black, SA: South Asian; non-C: noncompliance 
SUNSET: Surinamese in the Netherlands: Study on health and Ethnicity. ROTATE: crossover, open-label, single-drug 
treatment study in a Dutch multiracial population with representative drugs from 5 drug classes.

referred to as A, B, C, D and E, respectively, in this paper. Efficacy and tolerability was assessed after 

3 and 6 weeks treatment, 24 hours after the last drug intake; in between each 6-week drug episode a 

3-week wash-out period was scheduled. The primary outcome in the ROTATE study was the D SBP 

after 6 weeks of treatment. During each visit a standardised questionnaire was filled out regarding side 

effects.17,18 Non-compliance, defined as missing doses more than 3 times during a 3-week episode, was 

determined by a count of pills. 

During every visit BP was measured for 15 minutes at 2.5-minute intervals at rest in the seated position 

with the arm supported at the level of the heart using an appropriately sized cuff and an automatic 

device (Datascope Accutorr Plus; Datascope Europe, Hoevelaken, the Netherlands). The office BP was 

calculated as the average of the measurements obtained in the period 5-15 minutes separated by 2.5 

minutes (measurements of the first 5 minutes were rejected). Visits were arranged at approximately 

24 hours after the last drug dose and after three weeks wash-out. The patients were invited for follow-

up visits at the same time of the day. 

 

n=97 

 

 

- 
:  
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Statistical analysis

Patient characteristics were summarized using means and SDs or counts and percentages as 

appropriate. Baseline characteristics of the three ethnic groups were compared using analysis of 

variance (ANOVA) for continuous variables and c2-tests of homogeneity for categorical variables. 

For this analysis the SPSS statistical software program (version 14.0; SPSS, Chicago, IL) was used. 

Correlation between BP measurement values was analyzed with Pearson’s correlation. 

Monte Carlo simulation

A Monte Carlo simulation was performed to compare two treatment algorithms: ‘rotation’ and ‘ethnic’. 

The rotation strategy is based on a systematic rotation of monotherapy with the five antihypertensive 

drugs where the best drug (largest BP reduction) is selected for therapy. For the ethnic strategy the 

drug was chosen based on the ethnic background of the subject: a diuretic for blacks and an ACE-

inhibitor for whites. BP data of the South Asian group were not used because of the small number of 

patients, and differences in drug response were mainly observed between white and black patients. 

Because measured BP is intrinsically variable, the clinically measured SBP is the sum of the true SBP 

and a random error term (i.e. analytic measurement error and biologic variability within individuals). 

The true BP is the blood pressure free of all random fluctuations, from now on referred to as SBPcorrected. 

The random error could be approximated, in theory, by the variance of a large number of BP readings 

taken over several months (without the presence of BP lowering drugs). Equation 1 then gives the 

composition of measured SBP values. 

SBP measured = SBP corrected + random error      (1)

Because the effects of hypertension treatment on hard end points do not depend on random 

intraindividual variations in measured SBP, we aimed to simulate estimates of the corrected  

SBP reduction. 

Uncorrected SBP fall

First an uncorrected SBP fall was simulated for each individual:

uncorrected SBP fall = SBP measured baseline – SBP measured treatment     (2)

Baseline SBP (SBP measured baseline ) is defined as the mean SBP during daytime without treatment assessed 

with a 24-hour ambulatory BP measurement. Each simulated individual’s baseline SBP was randomly 

selected from the normal distribution of the untreated daytime SBP values assessed with 24-hour 

ABPM as observed at study inclusion in the ROTATE study (Table 1). 
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SBP during treatment (SBP measured treatment ) is defined as the mean SBP after 6 weeks of treatment for 

an individual with one of the five antihypertensive drugs. This resulted in five BP falls per patient 

(one for each drug). Simulations were based on the mean observed SBP effect of each drug in the 

ROTATE study and the observed variance of the SBP effect of each drug (Table 2). Because different 

samples drawn from the same population would in general have different values of the sample mean, 

an standard error of the mean (for black patients sd/ √45 and for white patients sd/√35) was added on 

the observed drug effect. 

Corrected SBP fall

The simulated uncorrected SBP falls are prone to over- or underestimation due to spontaneous 

fluctuations of BP in an individual (see Equation 1), that are independent from drug effect; these drug-

independent effects are present in the observed variance of the BP effect. Because the largest of the 

five uncorrected SBP falls is selected as ‘the best’ during the rotation strategy (and then compared 

with the ethnic strategy), this SBP fall is likely to be overestimated by random, drug-independent, 

fluctuations in blood pressure. To correct for this potential overestimation we calculated a corrected 

SBP fall: the variance of SBP observed during wash out in-between treatment episodes of the 

ROTATE study (from now on referred to as natural BP variation) was subtracted from the observed 

variance of the SBP fall of each drug (Table 2). This narrows the variance of the SBP fall after drugs 

and consequently prevents an overestimation of drug effect by random variation. It also makes the 

thus corrected SBP fall representative for the SBP fall during chronic treatment assuming that during 

repeated measurements on chronic treatment the mean value is only minimally influenced by random 

variation. As we described elsewhere, the estimated natural variation was 78 mm Hg2 corresponding 

to a standard deviation of 8.8 mm Hg.16 The corrected SBP fall was calculated with the same simulation 

strategy as the uncorrected SBP fall, but then using the corrected observed variances of the BP effect 

of each drug. For example: in the ROTATE study we found for blacks -10.3 ± 11.6 mm Hg SBP lowering 

on hydrochlorothiazide. The corrected SBP fall was simulated with -10.3 ± 7.5 mm Hg (√ (11,62 – 8.82)= 

7.5 mm Hg). The corresponding corrected SBP fall for the drug with the largest uncorrected SBP 

fall was selected for comparison with the corrected SBP fall from the ethnic strategy (calculated as 

described above). This was done since the uncorrected SBP fall would be used in clinical practice for 

drug selection from a rotation strategy. Both strategies were run 100 times for 45 blacks and 35 whites, 

using an Excel spreadsheet.
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Table 1 Baseline characteristics 

Whites Blacks South Asians P value

Characteristics (n=33) (n=48) (n=16)

Women, no (%) 9 (27) 26 (54) 7 (44) 0.06

Age (years) 50.5 (7.9) 46.0 (6.6) 45.6 (7.8) 0.02

Body Mass Index (kg/m2) 29.1 (6.4) 30.0 (4.6) 29.0 (3.3) 0.68

Creatinine (mmol/L) 75 (14) 84 (20) 75 (16) 0.05

Microalbumin/creatinine ratio ( ratio>3), no (%) 2 (7) 3 (7) 4 (25) 0.06

Total cholesterol mmol/L 5.6 (1.1) 5.1 (0.9) 5.0 (1.2) 0.06

Hypertension de novo, no (%) 12 (36) 15 (32) 4 (25) 0.73

Diabetes mellitus, no (%) 1 (3) 4 (8) 4 (25) 0.04

Left ventricular hypertrophy#, no (%) 4 (12) 9 (19) 1 (6) 0.42

Low sodium intake at study entry, no (%) 7 (21) 6 (13) 7 (44) 0.03

Current smoking, no (%) 19 (58) 14 (30) 3 (19) 0.01

Blood Pressure

24 h Systolic BP (mm Hg) daytime 153 (11) 156 (15) 153 (9) 0.58

24 h Diastolic BP (mm Hg) daytime 95 (8) 99 (9) 98 (6) 0.06

24 h Heart rate (beats/min) daytime 80 (10) 78 (11) 85 (8) 0.10

Office Systolic BP (mm Hg) & 148 (9) 151 (16) 147 (11) 0.43

Office Diastolic BP (mm Hg) & 91 (7) 97 (9) 96 (8) 0.02

Office Heart Rate (beats/min) & 79 (10) 76 (8) 85 (9) 0.01

values are expressed as mean (SD) unless otherwise indicated 
#Sokolov criteria
&Mean of 5 wash-out periods



A simulated comparison of two treatment algorithms

33

2

Ta
bl

e 
2 

D
ru

g 
ef

fe
ct

s (
∆

 S
BP

/D
BP

) a
ft

er
 6

 w
ee

ks
 o

f t
re

at
m

en
t f

or
 th

re
e 

et
hn

ic
 g

ro
up

s; 
24

 h
ou

rs
 a

ft
er

 th
e 

la
st

 d
ru

g 
in

ta
ke

  W
hi

te
  B

la
ck

    
    

    
    

    
    

    
    

    
  S

ou
th

 A
si

an

dr
ug

n
m

ea
n

 ∆
 S

BP
 m

m
 H

g
 S

D
SD

co
r

n
m

ea
n

 ∆
 S

BP
 m

m
 H

g
 S

D
SD

co
r

n
m

ea
n

 ∆
 S

BP
  m

m
 H

g
 S

D

A
lis

in
op

ril
28

-8
.6

10
.8

6.
2

35
-4

.2
10

.2
5.

1
11

-12
.5

11
.7

B
ne

bi
vo

lo
l

31
-6

.8
9.

0
1.6

38
-5

.3
11

.6
7.6

11
-10

.8
11

.0

C
ba

rn
id

ip
in

e
27

-3
.8

10
.4

5.
5

31
-9

.7
13

.0
9.

5
9

-8
.9

15
.7

D
hy

dr
oc

hl
or

ot
hi

az
id

e
27

-3
.0

8.
9

1.1
39

-10
.3

11
.6

7.5
12

-6
.1

10
.9

E
ep

ro
sa

rt
an

31
-6

.1
10

.6
5.

8
35

-2
.3 

 9
.3

2.
9

12
-5

.4
6.

9

dr
ug

n
m

ea
n

 ∆
 D

BP
 S

D
n

m
ea

n

 ∆
 D

BP
 S

D
n

M
ea

n

 ∆
 D

BP
 S

D

A
lis

in
op

ril
28

-5
.0

7.6
35

-2
.5

9.
3

11
-9

.7
8.

2

B
ne

bi
vo

lo
l

31
-4

.8
8.

2
38

-7
.7

9.
1

11
-9

.0
9.

7

C
ba

rn
id

ip
in

e
27

-1.
4

10
.3

31
-8

.3
9.

4
9

-8
.2

12
.2

D
hy

dr
oc

hl
or

ot
hi

az
id

e
27

-2
.1

6.
8

39
-7

.1
8.

5
12

-3
.2

10
.4

E
ep

ro
sa

rt
an

31
-3

.8
9.

2
35

-2
.6

 
7.8

12
-2

.6
6.

1

SB
P:

 S
ys

to
lic

 B
lo

od
 P

re
ss

ur
e;

 D
BP

: D
ia

st
ol

ic
 B

lo
od

 P
re

ss
ur

e;
 S

D
: s

ta
nd

ar
d 

de
vi

at
io

n;
 S

D
co

r: c
or

re
ct

ed
 S

D
 fo

r n
at

ur
al

 v
ar

ia
tio

n

A
: A

C
E-

in
hi

bi
to

r, 
B:

 b
-b

lo
ck

er
, C

: c
al

ci
um

 a
nt

ag
on

ist
, D

: d
iu

re
tic

, E
: a

ng
io

te
ns

in
 re

ce
pt

or
 b

lo
ck

er



Chapter 2

34

The primary outcome parameter was the percentage of patients with normalization of SBP (<140 mm 

Hg) after 6 weeks of treatment. Secondary outcome was the chance of not selecting the most effective 

SBP lowering drug during the rotation strategy as a result of the overestimated (uncorrected) SBP fall. 

Drug selection was based on the uncorrected SBP fall as described above. The corrected SBP fall of the 

selected drug was compared with the drug that showed the greatest corrected SBP fall after simulation 

(which would not necessarily be the same drug). If there was a drug which resulted in a corrected SBP 

fall that was 5 mm Hg or more greater than the corrected SBP fall of the drug selected, drug selection 

was scored as improper. The analysis was repeated for a difference in corrected SBP fall of 1, 2 and 3 

mm Hg.

Furthermore, for both strategies we also considered what would happen if the ROTATE study had 

resulted in quantitatively different drug effects than actually observed (as would have been the case, 

for instance, by using higher doses of the study drugs, or by measuring the drug effects at earlier time-

points after dosage). Therefore, we simulated mean corrected SBP falls for the whole population in 

steps of 5 mm Hg (5, 10, 15, 20 and 25 mm Hg). The following assumptions were made: white patients 

as a group respond twice as good to ACE-inhibitors, b-blockers and angiotensin receptor blockers than 

to calcium blockers and diuretics (where response is defined as SBP lowering in mm Hg). Black patients 

respond twice as good to calcium blockers and diuretics compared to ACE-inhibitors, b-blockers and 

angiotensin receptor blockers.16,19,20 We furthermore assumed that the corrected variances of the BP 

effect are half of the average SBP fall. For example: to simulate a corrected SBP fall of on average 15 

mm Hg (population mean) for a calcium blocker, a white patient will have a SBP fall of 10 mm Hg (2 x 

15 mm Hg)/3 x 1 = 10 mm Hg) with a standard deviation of 10/2 = 5 mm Hg; for a black patient these 

values are an average SBP fall of 20 mm Hg (2 x 15 mm Hg)/3 x 2 = 20 mm Hg) with a standard deviation 

of 20/2 = 10 mm Hg. This corresponds with an uncorrected variance of 178 mm Hg2 ( 102 + 8.82 =178 i.e. 

a standard deviation of 13.3 mm Hg). The corrected variances used in this simulation correspond to 

standard deviations in the range of 10-20 mm Hg. This is in accordance with the variances seen in the 

studies that are summarized in the meta-analysis of Brewster et al.9

RESULTS

The SUNSET study is based on a random sample of 2975 individuals aged 35-60 years drawn from 

the Amsterdam population registry. The overall response to the interview was 60% and of these 

participants 1444 persons underwent physical examination including BP measurement. Two hundred 

eighty-three patients with SBP ≥ 140 mm Hg or DBP ≥ 90 mm Hg agreed to visit the outpatient clinic to 

undergo a hypertension screening, which was necessary for inclusion in the ROTATE-study. Of these, 

a total of 181 patients were excluded from this study because hypertension was not confirmed by 

ambulatory BP measured (38%), loss to follow-up or not giving informed consent (22%), well-treated 
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hypertension (15%), organ damage (11%), and miscellaneous (14%). Therefore, the ROTATE cohort 

consisted of 102 patients; 33 whites, 48 blacks, and 16 South Asians; the 5 patients of undetermined 

ethnicity were excluded from the analysis (Figure 1).

The ROTATE participants (n=97) started 438 and completed 407 treatment episodes. Mean number of 

completed treatment episodes did not differ between the three ethnic groups (4.6; 4.1; 3.7 treatment 

episodes for whites, blacks, and South Asians respectively). A total of 53 treatment episodes was 

excluded from the primary analysis because of noncompliance, including 34 treatment episodes of 

patients who decided to stop drug therapy due to adverse drug effects. Another 8 treatment episodes 

were excluded for other reasons such as pregnancy, occurrence of dramatic life-events (Figure 1). 

Characteristics at study enrollment are presented in Table 1. The three ethnic groups differed in 

terms of age, creatinine, diabetes mellitus, low sodium intake and current smoking. Blacks showed 

significantly higher creatinine levels in comparison to whites, which is most likely due to differences in 

muscle mass and not due to differences in kidney function.21 The subjects enrolled were moderately 

hypertensive (Table 1). No differences were seen between the ambulatory BP values of the three 

groups. The ambulatory BP values were highly correlated with office measurements without drugs: 

the mean of the 5 measurements at the end of the 3-week wash-out episodes showed a significant 

correlation with a Pearson’s coefficient of 0.78 with the ambulatory BP values. 

The BP responses between the 5 study drugs showed no differences when the 3 ethnic groups were 

combined (ANOVA, P = 0.40/0.13 (SBP/DBP)). However, there were significant differences between 

the three ethnic groups in their responses to the 5 study drugs (Table 2). Black patients as a group 

respond better to barnidipine (C) ( -9.7 ± 13.0 / -8.3 ± 9.4 mm Hg) and hydrochlorothiazide (D) (-10.3 

± 11.6 / -7.1 ± 8.5 mm Hg) as compared to white patients (respectively -3.8 ± 10.4/ -1.4 ± 10.3 and -3.0 ± 

8.9 / -2.1 ± 6.8 mm Hg). Figure 2 compares the mean BP values of the five drugs with baseline (which 

was calculated as the mean of the five BP measurements for each individual after the 3-week washout 

periods), for blacks and whites; it also shows BP values for the best drug during rotation. 53% of whites 

best responded to the ACE-inhibitor and b-blocker. In blacks, 60% best responded to the calcium-

antagonist and diuretic. 

No life threatening adverse events were recorded during the study. Analysis of 15 complaints of the 

Bulpitt questionnaire showed significant differences between the five different drugs for swollen 

ankles (1.2, 2.4, 8.0, 2.2 and 0% respectively for drug A, B, C, D, and E); dry cough (27, 5.9, 14.6, 3.4, and 

7.2%) and white fingers in cold weather (7.0, 4.8, 1.1, 0, and 5.7%). No differences in these complaints 

were seen for the three ethnic groups.
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Figure 2 SBP/DBP for whites and blacks after 6 weeks treatment

A to E: mean values for SBP/DBP (mm Hg) after 6 weeks on treatment during rotation. Best: mean values for SBP/
DBP (mm Hg) for the best drug during rotation.

Number of patients for the white and black population, respectively: n=28 and 35 (drug A), n=31 and 38 (drug B), 
n=28 and 31 (drug C), n=27 and 39 (drug D), n=31 and 35 (drug E), n= 32 and 41 (best).

SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; A: angiotensin-converting enzyme (ACE) inhibitor, B: 
b-blocker, C: calcium antagonist, D: diuretic, E: angiotensin receptor blocker



A simulated comparison of two treatment algorithms

37

2

Figure 3 Different strategies to choose the optimal antihypertensive drug (100 simulations) 

(A) Simulation of corrected SBP fall during chronic treatment (rotation vs. ethnic strategy): % of patients on target 
(<140 mm Hg, left hand panel) and obtained SBP in mm Hg (right hand panel) (B) Simulation of the rotation strategy 
during chronic treatment (corrected for natural BP variation) compared with simulation of the rotation strategy not 
corrected for natural variation: % of patients on target (<140 mm Hg, left hand panel) and obtained SBP in mm Hg (right  
hand panel). 
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The results of the Monte Carlo simulation are summarized in Figure 3. If the best drug was chosen 

based on simulation of the corrected SBP fall in the rotation strategy, 39.6 ± 5.0% of the patients were 

on target during chronic treatment (mean population SBP: 143.5 ± 1.6 mm Hg), while this was 36.7 ± 

5.3% of the patients for the ethnic strategy (mean population SBP: 145.3 ± 1.8 mm Hg) (Figure 3A). This 

difference was statistically significant (P < 0.05). Figure 3B shows that rotation leads to overestimation if 

SBP fall is not corrected for natural BP variation ( 61.2 ± 5.7% of the patients on target; mean population 

SBP: 135.5 ± 1.8 mm Hg). These percentages were not affected by increasing the number of simulations. 

Results of improper drug selection are shown in Table 3. Drug selection based on the uncorrected 

SBP fall resulted in one out of two to four patients in an improper drug choice. For example, the 

corrected SBP fall, representative for chronic therapy, of the drug selected based on the uncorrected 

SBP fall was at least 5 mm Hg smaller than the corrected SBP fall of one of the other drugs in 27% of the  

population (Table 3). 

Table 3 Improper drug selection during rotation strategy as a result of the overestimated (uncorrected) SBP fall

Difference ∆SBPcorrected* 0 mm Hg 1 mm Hg 2 mm Hg 3 mm Hg 5 mm Hg

total group (n=80) 50% 45% 41% 36% 27%

white (n=35) 57% 51% 45% 40% 28%

black (n=45) 45% 41% 37% 34% 26%

*Difference ∆SBPcorrected that means difference in corrected SBP fall when drug selection is based on the uncorrected 
SBP fall (thus including natural variation) and drug selection based on the corrected SBP fall.

Figure 4 shows the simulated mean corrected SBP fall and % on target (SBP <140 mm Hg) for both 

strategies when SBP effects are assumed in the range of 5-25 mm Hg. As expected, an increase in the 

mean fall of SBP also shows an increase in the percentage of patients on target for the rotation strategy 

in comparison with the ethnic strategy. A simulated corrected SBP fall of on average 10 mm Hg showed 

for the rotation strategy 51.5% of the patients on target and for the ethnic strategy 47.2%. Almost 75% 

of the patients were on target at a corrected SBP fall of 15 mm Hg for the rotation strategy, while a cor-

rected SBP fall of 20 mm Hg would be necessary to reach target SBP in the same percentage of patients 

treated according to the ethnic strategy.
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Figure 4 Simulated mean corrected SBP fall in steps of 5 mm Hg in the total population

rotation strategy: a systematic rotation of monotherapy with an angiotensin-converting enzyme inhibitor, a 
b-blocker, a calcium antagonist, a diuretic and an angiotensin receptor blocker

ethnic strategy: drug selection based on ethnic background of the patient only: a diuretic for blacks and an  
angiotensin-converting enzyme inhibitor for whites. 

DISCUSSION

The present study indicates that in a mildly hypertensive population consisting of relatively young 

subjects of African descent and Dutch Caucasians, 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 anti-hypertensive drug by considering self-reported ethnicity. If the best drug 

was chosen based on the corrected SBP fall (being a representative estimate of the SBP fall during 

chronic treatment) in the rotation strategy, 39.6 % of the patients were on target, while this was 36.7% 

of the patients for the ethnic strategy. Although statistically significant, this difference is small and 

not likely to be of clinical relevance. Second, we found that natural BP variation, mostly neglected as a 

background noise, is likely to overestimate the effect of SBP lowering in a rotation strategy, frequently 

resulting in an improper drug selection. These results are relevant to the practical question of whether 

or not one should consider patients ethnicity when making clinical decisions about the choice of 

antihypertensive therapy.
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Marked variability in hypertensive patients’ response to different antihypertensive drugs was shown 

in previous rotation studies.19,20,22 These systematic crossover comparisons of different classes of drugs 

support the A(B)/CD scheme for choosing antihypertensive therapy, maintaining that the first drug 

should be selected from one of these pairs and poorly responding patients should be switched to 

the other pair. However, they have studied exclusively Caucasian populations. In the ROTATE study 

participants were of different ethnic background. We found significant differences between the 

ethnic groups in their responses to the five study drugs. Black patients as a group respond better to 

barnidipine (C) and hydrochlorothiazide (D) as compared to white patients. This is in agreement with 

previous findings with regard to ethnicity as a determinant of antihypertensive therapy response. 9,10

Although rotation studies are a simple and successful way to optimise antihypertensive drug therapy 

in an individual patient, they are time-consuming. Early control of hypertension may have favourable 

impact on long-term outcome.23 Therefore, it is of importance to minimize the time taken for rotation 

in daily routine practice. Based on the ROTATE-data we simulated a comparison between the rotation 

strategy and an ethnic strategy and found, as mentioned, that from a clinical point of view the ethnic 

strategy was almost as effective as the rather laborious rotation strategy. However, figure 4 shows 

that at greater SBP lowering effects (e.g. obtained with higher doses) a relevant larger proportion of 

patients is expected to obtain the target SBP with the rotation strategy in comparison to the ethnic 

strategy. 

Ethnic differences and notably their impact on clinical decision making are controversial. In a number 

of studies it is described that the mean response of a population of black and white patients does not 

hold much predictive value for the response of an individual patient.13,24,25 Indeed, there is considerable 

interindividual variation in antihypertensive response, but as long as there is no better predictor our 

simulation showed that self-identified ethnicity can be used to achieve earlier adequate BP lowering, 

thus bypassing time-consuming drug rotation. This may also lead to greater adherence.

Another important finding in comparison to previous rotation studies is that our study suggests 

that rotation leads to overestimation of the percentage of patients who will obtain target SBP during 

chronic treatment. This was not evident from the data of GENRES and the first study of Brown et 

al.19,20 Probably this is due to the fact that BP during rotation is both determined by the intrinsic 

drug effect, and the natural variation of BP within each individual. Since there were five drugs in the 

rotation strategy, there were also five chances that the SBP would be overestimated after a drug cycle. 

Because the drug with the largest SBP fall is selected after rotation, the effect will almost always be 

overestimated. In our simulation we corrected for the natural BP variation, thus obtaining an estimate 

of the true drug effect under chronic treatment. The potential overestimation of the SBP fall led to 

improper drug selection in the rotation strategy in one out of two to four patients. It is therefore 

difficult for a clinician in routine practice to know whether he is changing a drug or dose in response to 
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natural variation in BP or to a truly insufficient drug effect. This underlines that a good perception on 

the concept of variation is important for clinical decision making.

The strength of our study lies in the population-based setting and the a priori ethnic stratification. We 

studied mildly hypertensive patients without much comorbidity. They were enrolled after community 

screening, and studied in a representative out-patient setting. The effect was measured in a state-of-

the-art way. Ethnicity was self-reported. In our opinion, all of these factors allow extrapolation of our 

findings to the majority of patients presenting with mild hypertension de novo.

The design of our study also contains some weaknesses. First, our comparison of the two strategies, 

rotation and ethnic, depends on a simulation rather than direct observations. Thus, our results need 

prospective confirmation. Nevertheless, our assumptions were based on data which were actually 

observed in clinical practice during the ROTATE study. Second, we observed relatively mild drug 

effects due to measurement of BP at 24 hours after dosage intake and a ‘start low, go slow’ titration 

strategy. Third, in this simulation we used the observed variability in BP from the ROTATE-study, in 

which BP was measured in a thorough way. In routine clinical practice BP measurement is likely to be 

less rigorous than under trial conditions. Therefore it is possible that the natural BP variation is even 

larger in clinical practice.26 

Furthermore, our results relate only to monotherapy. The ESC-ESH guidelines27 underlined that 

monotherapy can effectively reduce BP only in patients with mild BP elevation and low to moderate 

cardiovascular risk and that most patients require the combination of at least two drugs to achieve 

BP control. A simulated comparison of algorithms based on combination therapy needs appropriate 

data from a multiracial hypertensive population where patients were treated with two or more drugs. 

These data were not available in the ROTATE dataset.

In summary, from a clinical point of view, the ethnic strategy is comparably effective as a rotation 

strategy in reaching target SBP and makes it possible to reach the target in less time. Since this 

conclusion is based on simulated data, evaluation in a prospective controlled trial is mandatory.
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ABSTRACT 

Background: The success of antihypertensive drugs may be improved by better prediction of their 

efficacy in individual patients. The objective of our study was to determine whether genetic variation 

predicts the individual systolic blood pressure (SBP) response to antihypertensive drugs and to assess 

to what extent the individual treatment response could be explained by the combined effects of 

known demographic, environmental, and genetic factors.    

Methods: A population-based, crossover, open-label randomized treatment study stratified for 

ethnicity in 102 mildly hypertensive patients aged 35-60 years in an outpatient hypertension clinic 

(the ROTATE study). Patients underwent five successive 6-week treatment episodes of single-drug 

treatment in a randomized order with representatives of the major antihypertensive drug classes. The 

primary outcome measure was the DSBP after 6-week drug therapy.

Results: Participants (n=97) completed 407 treatment episodes. The estimated unpredictable natural 

variation of SBP within individuals was 65% of the total study variance. The primary analysis model 

that considered the effects of environmental, demographic, and genetic factors and their interactions 

to SBP response to antihypertensive drugs, explained 23% of the total variance accounting for 66% of 

the predictable variance. Ethnicity, low sodium intake, and ADD1 614G→T polymorphism were the 

only 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. The contribution of each individual single-nucleotide polymorphism (SNP) 

ranged from 1.1 to 2.4%. 

Conclusion: Genetic factors are relevant and independent determinants of antihypertensive drug 

effects in a multiracial population.
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INTRODUCTION 

Hypertension is an important risk factor for cardiovascular, cerebrovascular, and renal disease. Over the 

past years prevalence of hypertension rose to 31.3% and the number of patients with hypertension has 

increased to 65 million in the United States.1 The benefits of reducing blood pressure (BP) on the risks 

of major cardiovascular disease have been well established. Many antihypertensive drugs are available 

but they are effective in only 40-60% of patients.2,3 Successful lowering of BP is difficult to predict in 

individual patients. Moreover, acceptable BP levels according to current guidelines are reached in at 

most one-third of hypertensive patients.4 To find the optimal drug for the individual patient, clinicians 

apply a trial-and-error approach in the absence of compelling indications for a specific drug. 

Choosing the right antihypertensive drug for a patient requires understanding of the components of 

BP variability within and between individuals based on substantial heterogeneity of treatment effects 

in patients receiving antihypertensive drugs.5 BP varies naturally and spontaneously, for instance, 

as a result of time of the day, emotional state, and BP measurement variability. Standardization of 

techniques minimizes this variability but underlying patient characteristics will affect BP, including 

response to antihypertensive drugs. In clinical practice, one needs to consider all the components of 

this BP variability to determine the right drug for the individual patient.

Essential hypertension is a complex quantitative trait that is affected by combinations of genetic and 

environmental factors leading to numerous intermediate phenotypes.6,7,8 Probably the individual 

response to drug treatment is related to the pathophysiologic mechanisms contributing to elevation 

of BP in the individual patient. Abnormalities in these mechanisms such as excessive renal sodium 

retention or raised activity of the sympathetic nervous system may result in elevated BP.  Attempts have 

therefore been made to predict the individual response to therapy, and factors such as initial BP, plasma 

renin activity, salt sensitivity, age, and ethnicity have all been claimed to predict the BP response.9,10,11 

Renin-profiling studies showed that young patients and Caucasians tend to have higher renin levels 

compared to elderly and blacks.12,13,14  Brown et al. showed that high-renin hypertension is best treated 

by inhibitors of the renin-angiotensin system and low-renin hypertension by antihypertensive drugs 

that do not inhibit the renin-angiotensin system (AB/CD rule).2,15  Blacks with hypertension have been 

shown to be more responsive to monotherapy with diuretics and calcium antagonists.16 
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However, efforts to predict BP response to antihypertensive drugs based on the above-mentioned 

factors are inconclusive. Pharmacogenetic studies are of interest to further individualize 

antihypertensive therapy, but to date progress in this field has been limited.17 Several polymorphisms 

in candidate genes of antihypertensive drug therapy have been studied, but these polymorphisms did 

not consistently interact with antihypertensive drugs.18,19,20 The objective of our study was to determine 

whether variants of candidate genes contribute to systolic BP (SBP) response to antihypertensive 

drugs; therefore we studied the interplay of known demographic and environmental factors and 14 

polymorphisms. Second, we estimated the components of BP variability to assess to what extent the 

variation in individual treatment response to the major classes of antihypertensive drugs could be 

explained by the combined effects of all known predictors. 

METHODS

We performed a crossover, open-label, single-drug treatment study in a Dutch multiracial population 

with a representative of diuretics, b-blockers, angiotensin-converting enzyme inhibitors, calcium 

antagonists, and angiotensin receptor blockers (the ROTATE study).

ROTATE population 

Subjects were recruited from the SUNSET (Surinamese in the Netherlands: a study on health and 

ethnicity) study, a population-based cross-sectional study to assess the cardiovascular risk profile 

stratified for three ethnic groups in Southeast Amsterdam in the Netherlands: Creole and Hindustani 

Surinamese and white Dutch people aged 35-60 years. Ethnicity was based on self-reported ethnic origin 

and the ethnic origin of the mother and father. Grandparents’ ancestry was used if this information was 

missing or unclear.21,22 Suriname was a former Dutch colony in South America. During the process of 

de-colonization in 1975, approximately half of the Surinam population migrated to the Netherlands. 

Our study population contains two groups of these first generation immigrants. ‘Creole’ refers to 

people with a mixed African ancestral origin. In Suriname, admixture occurred to a very limited extent 

with Indians and Caucasians.  ‘Hindustani-Surinamese’ refers to people with South Asian ancestral 

origin. This population was and still is a genetic isolate.  In this paper, Creole and Hindustani are named 

as black and South Asian, respectively.  The white Dutch are people with Dutch ancestral origin (Dutch 

Caucasians). Theoretically, the white Dutch and Creoles may share distant ancestors, but based on the 

migration history it is unlikely that relevant population admixture between the three ethnic groups 

occurred. These participants were approached for a medical examination including BP measuring. If 

the screening SBP was ≥ 140 mm Hg or DBP ≥ 90 mm Hg (independent of treatment status), they were 

invited to the outpatient hypertension clinic of the Academic Medical Center (AMC). 



Genetic factors in antihypertensive drug therapy

51

3

Design 

In the outpatient clinic, 283 patients were examined (Figure 1). Each patient underwent routine 

laboratory testing, electrocardiography, a chest X-ray to assess the cardiothoracic ratio, and a  

24-hour ambulatory BP measurement (Spacelabs nr 90207; Spacelabs Medical,  Washington, DC), 

after stopping all antihypertensive drugs for at least 3 weeks. Patients with a history of recent stroke, or 

myocardial infarction, or with comorbidity with a life expectancy <2 years, or with >4 antihypertensive 

drugs for BP control, or compelling indication for any of the study medications, hypersensitivity to any 

of the study medications were excluded.  



 

Figure 1 Flowchart ROTATE cohort
A: angiotensin-converting enzyme inhibitor, B: b-blocker, C: calcium antagonist, D: diuretic,  E: angiotensin recep-
tor blocker, W: white, BL: black, SA: South Asian; non-C: noncompliance, SUNSET: Surinamese in the Netherlands: 
Study on health and Ethnicity, ROTATE: crossover, open-label, single-drug treatment study in a Dutch multiracial 
population with representative drugs from 5 drug classes.
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A total of 102 patients with essential hypertension were enrolled in the ROTATE study (definition 

of hypertension BP >135/85 mm Hg and <180/110 mm Hg during daytime, established with 24-hour 

ambulatory BP measuring). Before start of the study, the participants were informed of the influence 

of salt intake, alcohol use, weight reduction, and exercise on BP. The use of salt free diet was self-

reported. Participants went through five 6-week single-drug treatment episodes in a randomized 

order (see below). Efficacy and tolerability was assessed after 3- and 6-week treatment; in-between 

6-week drug episodes a 3-week washout period followed. After finishing the protocol, patients were 

further treated with one of the study drugs. The primary outcome measure was the DSBP after 6-week 

drug therapy. The institutional review board of the Amsterdam Academic Medical Center approved 

the study protocol and all patients gave written informed consent. 

Drugs

Five drugs of the major antihypertensive drug classes were used once daily in the morning in the 

recommended starting dose. In week 3, the dose was increased if BP was not <140/90 mm Hg. The drugs 

were the angiotensin-converting enzyme inhibitor lisinopril (A) dosed 10 or 20 mg/day, the b-blocker 

nebivolol (B) dosed 2.5 or 5 mg/day, the calcium antagonist barnidipine (C) dosed 10 or 20 mg/day, the 

diuretic hydrochlorothiazide (HCT) (D) dosed 12.5 or 25 mg/day and the angiotensin receptor blocker 

eprosartan (E) dosed 600 or 800 mg/day. The randomization scheme was generated by computer in 

the hospital pharmacy, in randomly ordered blocks sized 5 or 10 patients. Noncompliance, defined as 

missing doses >3 times during a 3-week episode, was determined by pill counting.

BP measurements 

Trained observers using standardized methods measured BPs during the study. At every visit, BP 

was measured for 15 min at 2.5-min intervals at rest in the seated position using an automatic device 

(Datascope Accutorr Plus; Datascope Europe, Hoevelaken, the Netherlands). The office BP was 

considered as the average of the measurements obtained in the period 5-15 min separated by 2.5 min 

intervals (measurements of the first 5 min were rejected). Visits were arranged at ~24 h after the last 

dose and after 3-week wash out. The patients were invited for follow-up visits at the same time of the day.

Gene polymorphisms 

In January 2003, we searched the PubMed database of National Council for Biotechnology Information 

with the following search terms: genetic polymorphism, BP, hypertension, antihypertensive agents, 

renin-angiotensin system, adrenergic receptors, catecholamines, G-protein-coupled receptors, and 

sodium channels. A total of five polymorphisms in genes involved in RAS, five polymorphisms in 

genes encoding for the b-receptors, one polymorphism in the gene encoding for G-protein, and three 

polymorphisms in genes involved in sodium handling were selected as variants in candidate genes. 

Details of the polymorphisms can be found in Supplementary Table S1.
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Genomic DNA was extracted from 10-ml whole blood on an Autopure LS apparatus (Gentra Systems, 

Minneapolis, MN) according to a protocol provided by the manufacturer. PCR of the human AT1R gene 

was performed as described by Hilgers et al.23 The angiotensin-converting enzyme gene insertion/

deletion polymorphism was genotyped according to the methods described by Rigat et al.24 For the 

other polymorphisms, the Assay-by-Design service (www.appliedbiosystems.com) was used to set 

up Taqman genotyping assays. Results were analyzed by the ABI Taqman 7900HT using the sequence 

detection system 2.22 software (Applied Biosystems, Foster City, CA).

Statistical analysis

The SPSS statistical software program (version 12.0; SPSS, Chicago, IL) was used for data analysis. 

Baseline characteristics of the three ethnic groups were compared using analysis of variance for 

continuous variables and c2-tests of homogeneity for categorical variables. Hardy-Weinberg 

equilibrium of the polymorphisms was tested if cells had a content >5 using the c2-test.

Estimation of natural variation in BP 

Random BP variability comprises intraindividual variability and random measurement error and 

excluding variability to the difference in efficacy between drugs: in this article, both are taken together 

and defined as natural variation within individuals. This natural variation is by definition not predictable 

by the factors that we consider in this study, because these factors are constant in individuals 

(ethnicity, gender, diet, single-nucleotide polymorphisms (SNPs)). The predictable variability includes 

two components: the drug effects within individuals and the fixed components (such as patient 

characteristics and SNPs), which differ between individuals, but do not change during the study. 

We calculated the natural variation in SBP within individuals as follows. For each subject DSBP 

between each set of two successive washout episodes was calculated. To minimize carry-over drug 

effects, measurements at 3 weeks after stopping the drugs were used. Subsequently, we calculated 

the variance for each subject and geometric mean of these variances for the population. The difference 

between the total variance of the whole data set and the natural variation within individuals is the 

potentially predictable variation in individual treatment response across the population. 

Predictors

Multivariate mixed effects analysis (to account for intraperson correlations among repeated 

measurements) was performed to assess the known factors related to SBP lowering; these included 

ethnicity, low sodium intake, drugs, age, gender, body mass index, baseline SBP, smoking, and the 

above mentioned candidate genes. Homozygote and heterozygote carriers that occur infrequently 

(<10 subjects) in the study population were combined resulting in recessive or dominant models. 

Before the primary analysis the influence of each individual SNP and its two-way interactions were 
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assessed in isolation. We restricted the interactions to those considered to be biologically plausible: 

for RAS and salt gene interactions with ethnicity, drugs, and low sodium intake; for b-receptor gene 

interactions with ethnicity, drugs, and smoking; for the G-protein gene interactions with ethnicity and 

drugs. In the primary analysis, only the significant SNPs were retained. 5,7;18,25    

Model of the primary analysis

Ethnicity, low sodium intake, drugs, age (<50 and ≥ 50 years), body mass index (<30 and ≥ 30 kg/m2), 

gender, diabetes, smoking, baseline daytime SBP (<160 and ≥ 160 mm Hg), and statistically significant 

polymorphisms and interactions as described above were included as independent variables. Two-

way interactions between ethnicity and respectively drugs, low sodium intake; drugs and, respectively, 

low sodium intake, age, smoking; baseline SBP and, respectively, low sodium intake, age, gender were 

also included in the model. To determine the best-fitting model we used the backward elimination 

selection method accepting predictors with P values of <0.10. In order to evaluate the stability of 

this stepwise selection process, we performed a bootstrap validation analysis (n=1,000).26,27 In the 

best-fitting model, the predictive value of the variables was quantified by P values, by the change in 

explained variance inclusive of the related interactions and by the percentage bootstrap samples in 

which the variable was selected. All P values <0.10 in the backward selection process and bootstrap 

frequency >50% were considered significant. To further validate the best-fitting model we assessed the 

correlation between the predicted values of SBP-lowering and the measured SBP-lowering during the 

follow-up using the best performing drug of the 6-week treatment episodes.

RESULTS

In the SUNSET study, 283 participants were screened as possibly hypertensive. Of these, a total of 181 

patients were excluded from this study because hypertension was not confirmed by ambulatory BP 

measuring (38%), loss to follow-up or not giving informed consent (22%), well-treated hypertension 

(15%), organ damage (11%), and miscellaneous (14%). Therefore, the ROTATE cohort consisted of 102 

patients: 33 whites, 48 blacks, and 16 South Asians and 5 patients were of undetermined ethnicity; 

the 5 patients of undetermined ethnicity were excluded from the analysis (Figure 1). Characteristics at 

study enrollment are presented in Table 1. Mean values (or percentages) for age, creatinine, diabetes 

mellitus, low sodium intake at study entry, and current smoking differed significantly between the three 

ethnic groups. These confounders were included in the multivariate analysis except for creatinine. 

Blacks showed significantly higher creatinine levels in comparison to whites, but this is likely due to 

differences in muscle mass and not due to differences in kidney function.28
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Table 1 Baseline characteristics

Characteristics
Whites

(n=33)

Blacks

(n=48)

South Asians

(n=16)

P value

Women, no (%) 9 (27) 26 (54) 7 (44) 0.06

Age (years) 50.5 (7.9) 46.0 (6.6) 45.6 (7.8) 0.02

Body Mass Index (kg/m2) 29.1 (6.4) 30.0 (4.6) 29.0 (3.3) 0.68

24-hour Systolic BP (mm Hg) daytime 153 (11) 156 (15) 153 (9) 0.58

24-hour Diastolic BP (mm Hg) daytime 95 (8) 99 (9) 98 (6) 0.06

24-hour Heart rate (beats/min) daytime 80 (10) 78 (11) 85 (8) 0.10

Creatinine (mmol/L) 75 (14) 84 (20) 75 (16) 0.05

Microalbumin/creatinine ratio ( ratio>3), no (%) 2 (7) 3 (7) 4 (25) 0.06

Hypertension de novo, no (%) 12 (36) 15 (32) 4 (25) 0.73

Diabetes mellitus, no (%) 1 (3) 4 (8) 4 (25) 0.04

Left ventricular hypertrophy#, no (%) 4 (12) 9 (19) 1 (6) 0.42

Low-sodium intake at study entry, no (%) 7 (21) 6 (13) 7 (44) 0.03

Current smoking, no (%) 19 (58) 14 (30) 3 (19) 0.01

Values are expressed as mean (standard deviation) unless otherwise indicated. 
#Sokolov criteria
BP: blood pressure

The ROTATE participants (n=97) started 438 and completed 407 treatment episodes.  Mean number 

of completed treatment episodes did not differ between the three ethnic groups (4.6; 4.1; 3.7 treat-

ment episodes for whites, blacks, and South Asians respectively). A total of 53 treatment episodes 

were excluded from the primary analysis because of noncompliance, including 34 treatment episodes 

of patients who decided to stop drug therapy due to adverse drug effects. Another 8 treatment epi-

sodes were excluded for other reasons such as pregnancy, occurrence of dramatic life-events (Figure 

1). Subjects with missing genotype because of technical reasons, could not enter the primary analysis. 

The range of missing genotypes was 5-8 % for most polymorphisms, but angiotensinogen and angi-

otensin receptor type 1 polymorphisms were not available in 15 and 10%, respectively. The genotype 

frequencies of the 14 candidate polymorphisms are shown in Supplementary Table S1. All groups and 

subgroups were in Hardy-Weinberg equilibrium (c < 3.129, df=1, P >0.08). The primary analysis was 

based on 302 complete treatment episodes.
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Table 2 Drug effects after 6 weeks of treatment; 24 hours after the last drug intake

Drug n Mean ∆SBP (mm Hg) SD Range (mm Hg) Mean dose (mg)

A lisinopril 74 -7.1 10.9 -34 to 15 16

B nebivolol 80 -6.7 10.6 -34 to 22 4

C barnidipine 67 -7.2 12.5 -39 to 24 16

D hydrochlorothiazide 78 -7.1 11.0 -34 to 26 21

E eprosartan 78 -4.3 9.6 -27 to 23 728

SBP: Systolic Blood Pressure; SD: standard deviation 
A: angiotensin-converting enzyme inhibitor,  B: b-blocker, C: calcium antagonist, D: diuretic, 
E: angiotensin receptor blocker

The effects on SBP (377 treatment episodes) of the five antihypertensive drugs after 6 weeks of 

treatment are shown in Table 2. The differences in SBP were not significantly different between the 

five antihypertensive drugs (analysis of variance, P = 0.4). However, large differences were observed 

between individuals for each individual drug ranging from -39 to + 26 mm Hg.

In Table 3, the predictors are shown that significantly associated with SBP response in the primary 

analysis. Because there is some overlap between the different factors, these predictors do not add up 

to the given total. Additional significant factors and interactions of the previous multivariate analyses 

that were subsequently eliminated in the stepwise backward elimination analyses are also noted in  

Table 3. Although the order of the drugs was randomized, we still might have had unbalanced subgroups 

due to the presence of groups with relatively small numbers. Therefore, we additionally incorporated 

the period effect in this analysis and this was not significantly associated with SBP response (P = 0.13). 

Moreover, the treatment assignments between the groups were equally distributed and the effects 

were identical to the analysis without the period effect (data not shown).

The estimated unpredictable natural variation in SBP within individuals in the ROTATE population was 

65% of the total variance (total variance of 377 treatment episodes =120 mm Hg2, geometric mean 

variance = 78 mm Hg2  (corresponds with a standard deviation of 8.8 mm Hg (95% CI: 7.8-10.1 mm Hg)). 

The remaining part of 35% is therefore the potentially predictable variation in individual treatment 

response across the population. The total explained variance of the primary analysis model was 23%. 
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Table 3 Predictors associated with SBP response in the primary analysis

Predictors
P values

(∆SBP)
r2  (%) validation (%)a

Ethnicity 0.06 10.9b 69

Ethnicity x drugs 0.004 97

ADRB2 79C→G x ethnicity 0.001 68

Low sodium intake at study entry 0.50 3.1b 37

Low sodium intake x drugs 0.01 87

Diabetes mellitus 0.02 2.4 66

Age 0.79 1.1b 47

Age x baseline SBP 0.03 59

Baseline SBP 0.002 1.5b 47

Baseline SBP x age 0.03 59

Body mass index 0.05 0.5 60

ADD1 614G→T 0.56 2.4b 35

ADD1 614G→T x drugs 0.09 82

ADRB1 145A→G 0.01 1.7 70

ADRB2 79C→G 0.17 1.9b 37

ADRB2 79C→G x ethnicity 0.001 68

CYP11B2 -344C→T 0.03 1.1 55

SLC12A3 78G→A 0.09 1.1 35

aPercentage of bootstrap samples in which the variable was selected.
b Main and interaction effects (factors do not add up to total).
ADD1=  a-adducin; ADRB1= b-1 adrenoceptor; ADRB2= b-2 adrenoceptor; AGT= angiotensinogen; CYP11B2= 
aldosterone synthase; SLC12A3=thiazide sensitive sodium channel; SBP systolic blood pressure
Eliminated factors: gender, smoking, ethnicity x low sodium intake, age x drugs, baseline SBP x low sodium intake, 
baseline SBP x gender, AGT 4072T→C x low sodium intake,  CYP11B2 -344C→T  x ethnicity, ADRB1 x ethnicity. 
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The environmental, demographic, and genetic factors and their interactions (see Table 3) contributing 

to the prediction of SBP response accounted for 23/35=66 % of the predictable variation. The following 

polymorphic genes: ADD1 614G→T, ADRB1 145A→G, ADRB2 79C→G, CYP11B2 -344C→T, and SLC12A3 

78G→A inclusive their interactions contributed significantly to the prediction of DSBP (9% of the total 

variance).  The contribution of each individual SNP as shown in Table 3 was small (range 1.1-2.4%). The 

estimated contribution of ethnicity and age in this model was half of the total variance by all identified 

predictors (11% vs. 23%).

Table 3 showed also differentiation between predictors related to drugs and not drug-related 

predictors. Ethnicity, low sodium intake, and ADD1 614G→T polymorphism accounted for 14% of drug-

related prediction; the largest part can be attributed to the interaction between ethnicity and drugs 

(Table 4, the other drug-related predictors are available in Supplementary Tables S2 and S3). The three 

ethnic groups differed in their response to the 5 study drugs. Lisinopril, nebivolol, and eprosartan 

showed a larger SBP response in whites and South Asians in comparison to blacks, in whom barnidipine 

and HCT showed better SBP-lowering effect (see Table 4).

The correlation between the predicted values of SBP-lowering using the significant predictors in our 

mixed effect model and the measured SBP-lowering during the follow-up is shown in Figure 2. This was 

a significant correlation with a Pearson’s coefficient of 0.43 (n=51, due to exclusion of patients with no 

therapy, combination therapy, or other agents).

Table 4 SBP response (mm Hg) at the mean value of all other variables in the primary model

Drugs
Whites

 mean (95% CI)

Blacks

 mean (95% CI)

South Asians 

mean (95% CI)

Lisinopril -9.5 (-14.9 to -4.0) -0.9 (-6.6 to 4.8) -14.8 (-22.6 to -7.0)

Nebivolol -7.0 (-12.5 to -1.5) -0.7 (-6.5 to 5.1) -10.2 (-18.3 to -2.1)

Barnidipine -3.4 (-9.3 to 2.6) -5.2 (-11.8 to 1.5) -4.2  (-12.3 to 3.9)

Hydrochlorothiazide -2.7 (-8.1 to 2.8) -4.6 (-10.1 to 1.0) -4.5  (-12.0 to 3.1)

Eprosartan -5.2 (-10.1 to -0.3) 5.6 (0.3 to 10.9) -4.4  (-11.2 to 2.3)

CI confidence interval; SBP systolic blood pressure



Genetic factors in antihypertensive drug therapy

59

3

5

0

-5

-10

-15

-20

-25

-40 -30 -10 0-20

Figure 2 Correlation between the predicted values of DSBP and the measured DSBP during follow-up
SBP: systolic blood pressure

DISCUSSION

In this study, we found that of our selection of 14 genetic polymorphisms with known effects on 

BP regulation, ADD1 614G→T predicted 2.4 % of the drop in SBP in relation to the five different 

antihypertensive drugs that were used. Self-reported ethnicity and sodium intake accounted for a 

further 12% of drug-related prediction. Interestingly, but less relevant as they were not drug related, 

were the contributions of the following significant predictors diabetes, age, baseline SBP, body mass 

index, ADRB1 145A→G, ADRB2 79C→G, CYP11B2 -344C→T and SLC12A3 78G→A.  Taken together, all 

these factors predicted 23% of variation in individual treatment responses across the population. As 

65% of this variation throughout the course of the study occurred by chance, these predictors account 

for the majority (that is: 66%) of the predictable variation.
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Potential predictors of individual antihypertensive drug response have been studied for decades. 

Several measures have been considered to predict antihypertensive drug response: e.g., measures 

of RAS activity, salt sensitivity, insulin resistance, baseline BP, age, gender, and race. Chapman et al.9 

conducted a search for predictors of BP response to a standard dose of HCT in a biracial sample. The 

combined effects of race and gender accounted for 11% of the interindividual variation in SBP response 

and the combined effects of different covariables accounted for 38%. This study was restricted to the 

antihypertensive response to HCT.  Turner et al. were able to explain a considerable part in a similar 

study; the covariates ethnicity, gender, age, and waist-to-hip ratio accounted for 26% of interindividual 

variation in SBP response to HCT.29  Moreover, they studied also genetic variants and found one 

significant SNP that explained 1% of the interindividual variation. We have investigated SBP-lowering of 

five antihypertensive drugs in a mixed effects model. Our findings that environmental, demographic, 

and genetic factors and their interactions account for 23% of the total variance in SBP response are in 

line with these two earlier studies. 

The strength of our study is that we chose a setting very similar to daily clinical practice, and that we 

used a crossover design with five representatives of the major drug classes in a multiracial population. 

In contrast to previous studies, our crossover study design with washout periods made it possible not 

only to assess the predictable variation in individual treatment response across the population but also 

to directly assess the random natural variation within individuals.  We consider this observed natural 

variation to be independent of the drug effects as we used modest dosages during relatively short 

treatment periods and measured BP at the end of substantial washout periods. Our findings were 

in line with an alternative estimate of natural variation based on the residual variance of our mixed 

effects model (data not shown). Moreover, the range of our variance within individuals is consistent 

with published values.30,31,32

Our study differs from previous studies in that our design implies less BP lowering. This is caused by 

starting with low doses of antihypertensive drugs and BP measurements 24h after the last drug intake, 

which is the preferable strategy in patient care (ESH guidelines 2003).33 This causes the intraindividual 

variation in our study to be relatively high compared to the drug effects, which is a potential limitation 

of our study, but it also makes our data better applicable for use in clinical practice. 

In daily practice, we do not have an accurate means of identifying the individuals who respond well 

to a specific antihypertensive drug; practitioners use the simple age by race construct, but there is 

a growing sense of the importance of pharmacogenetics for such prediction. A number of studies 

have investigated genetic polymorphisms as determinants of antihypertensive drug response. Some 

studies of polymorphisms in individual candidate genes indicate that the contribution of genetics 

to the interindividual variation in BP response is 1-4%.29,34 In other studies in which the interactions 

between various SNPs and the use of different antihypertensive drug classes have been investigated 
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within the same design, no gene-effect was found at all.35,36 We found small contributions of 

individual SNPs (range 1.1-2.4%). When these genetic factors are taken together, there could be an 

additive contribution of these genetic factors in predicting SBP-lowering.  Our data showed that 

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

as using age and race alone (11% vs. 23%). The predicted values of our model showed also a significant 

correlation with the SBP response in the follow-up. 

However, we have to be careful in interpreting our data in functional terms. It is possible that the 

measured SNPs serve only as markers and may have no functional effects. Another factor that should 

be considered when interpreting our data is multiple testing and its consequences.

We considered the association of about 20 biographical and clinical patient characteristics with 

treatment efficacy, and this number of covariates produces a multiple testing problem. We did not 

perform multiple testing correction, for instance, by the Bonferroni method, because we aimed 

to maintain sufficient power, but this means that the significant results should be interpreted with 

caution. Instead, we validated findings by a bootstrap procedure and we considered findings relevant 

only if it was significant in at least 50% of the bootstrap samples.27

Maybe issues as mentioned above contribute to the fact that pharmacogenetic studies in hypertensive 

drug treatment have been inconclusive so far. Other factors possibly leading to inconsistent findings 

could be population admixture, differences in phenotype definition, lack of statistical power, unknown 

environmental factors within a population, and variation of the effects of polymorphisms in candidate 

genes due to interactions with such environmental factors. Some of these factors are certainly also 

limitations of our study: the fact that we did not use ambulatory BP measurement at follow-up, the 

lack of ancestry informative markers, and the fact that we studied a relatively small group of subjects 

in a nonblinded design.

In conclusion, this study shows that the predictable variation in antihypertensive drug response can be 

attributed to mainly ethnicity, low sodium intake, and five genetic polymorphisms. We also showed 

that using the ‘age by race construct’ partly predicts effective SBP-lowering, but that adding genetic 

factors improves these predictions significantly. However, the added value of individual SNPs in 

individualizing the best possible antihypertensive treatment is limited. 
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Supplementary Table S1

Gene Polymorphism Ethnicity n Genotype

Angiotensinogen (AGT) 4072T→C TT TC CC

Met235Thr (rs699) White 30 5 13 12 

Black 40 21 18 1 

South Asian 12 3 7 2 

AngiotensinConverting Enzyme  I/D II ID DD

(ACE) (rs4340) White 33 7 19 7 

Black 45 7 21 17 

South Asian 14 4 9 1 

Angiotensin II receptor type 1 (AT1R) 1166A→C AA AC CC

(rs5186) White 31 18 12 1 

Black 42 39 3 0 

South Asian 14 10 3 1 

Aldosteronsynthase (CYP11B2) 2718A→G AA AG GG

Lys173Arg (rs4539)  White 33 11 16 6 

 Black 42 20 17 5 

 South Asian 15 7 6 2 

Aldosteronsynthase (CYP11B2) (-344C→T) CC CT TT

(rs1799998)  White 32 5 17 10 

 Black 42 4 19 19 

 South Asian 15 2 6 7 

Beta-1 adrenoceptor (ADRB1) 145A→G AA AG GG

Ser49Gly (rs1801252) White 32 26 6 0 

Black 43 24 15 4 

South Asian 14 13 0 1 

Beta-1 adrenoceptor (ADRB1) 165 G→C GG GC CC

Gly389Arg (rs1801253)        White 32 3 8 21 

Black 43 8 21 14 

South Asian 14 0 6 8 

Beta-2 adrenoceptor (ADRB2) 46A→G AA AG GG

Arg16Gly (rs1042713) White 33 8 12 13 

Black 44 15 20 9 

South Asian 15 2 10 3 

Beta-2 adrenoceptor (ADRB2) 79C→G CC CG GG

Gln27Glu (rs1042714) White 33 15 10 8 

Black 44 37 5 2 

South Asian 15 13 1 1 
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Beta-3 adrenoceptor (ADRB3) 190T→C TT TC CC

Trp64Arg (rs4994) White 32 30 2 0 

Black 43 35 7 1 

South Asian 14 9 4 1 

G-protein beta3 subunit (GNB3) 825C→T CC CT TT

(rs5443) White 31 17 10 4 

Black 44 7 14 23 

South Asian 15 6 9 0 

Alpha-adducin (ADD1) 614G→T GG GT TT

Gly460Trp (rs4961) White 33 22 10 1 

Black 44 35  9 0 

South Asian 15 7  6 2 

Amiloride-sensitive-epithelial sodium 474T→C  TT TC CC

channel (SCNN1G) White 33        23 10 0

Black 45 37 7 1

South Asian 14 8             4 2

Thiazide-sensitive sodium channel 78G→A  GG  GA AA

(SLC12A3) Arg913Gln (cv9609124) White 31 25              6 0

Black 44 38 6 0

South Asian 14 13 1 0
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Supplementary Table S2 SBP response (mm Hg) at the mean value of all other variables in the primary model 
(interaction drugs x low sodium intake at study entry)

Drugs

Low sodium intake 

at study entry

mean (95% CI)

No low sodium intake 

at study entry

mean (95% CI)

Lisinopril -10.1 (-16.4 to -3.7) -6.7 (-11.3 to -2,1)

Nebivolol -7.0 (-13.3 to -0.6) -5.0 (-9.9 to -0.1)

Barnidipine -2.3 (-9.2 to 4.6) -6.2 (-11.2 to -1.2)

Hydrochlorothiazide -5.1 (-11.0 to 0.9) -2.7 (-7.3 to 1.8)

Eprosartan 3.3  (-1.8 to 8.5) -6.0 (-10.3 to -1.8)

CI confidence interval

Supplementary Table S3 SBP response (mm Hg) at the mean value of all other variables in the primary model 
(interaction drugs x ADD1 614G→T)

Drugs

Trp allele

mean (95% CI)

non-Trp allele 

mean (95% CI)

Lisinopril -6.9 (-12.3 to -1.5) -9.9 (-14.9 to -4.8)

Nebivolol -4.3 (-10.1 to 1.5) -7.6 (-12.5 to -2.7)

Barnidipine -4.4 (-10.9 to 2.2) -4.1 (-9.1 to 0.8)

Hydrochlorothiazide -2.3 (-7.6 to 3.1) -5.5 (-10.3 to -0.8)

Eprosartan -4.1 (-8.7 to 0.6) 1.3 (-3.0 to 5.6)

ADD1=  a-adducin; CI confidence interval; Trp tryptophan
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ABSTRACT 

Background: Cardiac and cerebrovascular events in hypertensive patients are related to specific 

features of the 24-hour diurnal blood pressure (BP) profile (i.e., daytime and nighttime BP, nocturnal 

dip (ND), and morning surge (MS)). This investigation aimed to characterize 24-hour diurnal systolic 

BP (SBP) with parameters that correlate directly with daytime and nighttime SBP, ND, and MS using 

nonlinear mixed effects modeling.

Methods: Ambulatory 24-hour SBP measurements (ABPM) of 196 nontreated subjects from three 

ethnic groups were available. A population model was parameterized in NONMEM to estimate and 

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

difference between day and night). Associations were tested between these parameters and patient-

related factors to explain interindividual variability.

Results: The diurnal SBP profile was adequately described as the sum of 2 cosine functions. The 

following typical values (interindividual variability) were found: BSL = 139 mm Hg (11%); nadir = 122 mm 

Hg (14%); change = 25 mm Hg (52%), and residual error 12 mm Hg. The model parameters correlate well 

with daytime and nighttime SBP, ND, and MS (R2=0.50-0.92). During covariate analysis, ethnicity was 

found to be associated with change; change was 40% higher in white Dutch subjects and 26.8% higher 

in South Asians than in blacks. 

Conclusion: The developed population model allows simultaneous estimation of BSL, nadir, and 

change for all individuals in the investigated population, regardless of individual number of SBP 

measurements. Ethnicity was associated with change. The model provides a tool to evaluate and 

optimize the sampling frequency for 24-hour ABPM.
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INTRODUCTION 

Twenty-four-hour ambulatory blood pressure (BP) measurements (ABPM) reveal a significant circadian 

variation in BP, with a decrease during sleep, a surge in the morning, and a small postprandial decline.1 

Specific features of the 24-hour ABPM have been shown to be better predictors of the occurrence 

of target organ damage (left ventricular hypertrophy, proteinuria) and cardiovascular events (stroke, 

myocardial infarction) than conventional office measurements (the average of 2 consecutive readings 

obtained at an examination center).2-5 The diurnal BP profile normally includes a 10%-20% fall in BP 

during sleep (nocturnal dip). In 1988, O’Brien et al. reported that a reduced decrease in nighttime 

BP led to an increased risk of stroke.6 The International Database of Ambulatory BP in relation to 

Cardiovascular Outcome (IDACO) findings showed that both the daytime (average awake BP) and 

nighttime (average asleep BP) BP levels independently carry prognostic information with respect to 

cardiovascular events.7-9 Furthermore, several studies 8,10-13 have shown that an exaggerated morning BP 

surge is a potential risk for cardiovascular disease independent of the average of 24-hour BP.

Several methods have been proposed for the characterization of the diurnal BP profile, ranging 

from simple statistics such as the median and mean values to more complex smoothing techniques 

as Fourier modeling.14 These techniques usually produce parameter estimates (in terms of, e.g., 

amplitudes and acrophases) that cannot directly be correlated with clinically relevant features of the 

diurnal BP profile such as average daytime and nighttime BP, nocturnal dip, and morning surge. As far as 

we know, population or nonlinear mixed effects modeling is rarely used for this purpose, but it would 

be especially suited for 24-hour ABPM because it allows the simultaneous analysis of all obtained BP 

measurements to learn about the average (structural) parameters that describe BP in the population as 

well as about the differences between patients in these parameters (i.e., between-patient variability). 

Subsequently, an attempt can be made to explain the observed variability by testing associations 

between the structural parameters and specific patient-related factors (covariates) such as ethnicity.

In this report, the application of nonlinear mixed effects modeling is presented for the modeling of 

24-hour ABPM aiming 1) to describe the 24-hour diurnal systolic BP (SBP) profile with parameters that 

correlate with daytime and nighttime SBP, nocturnal dip and morning surge, and 2) to quantify and 

explain variability between patients in the identified parameters that describe the 24-hour diurnal SBP 

profile. 
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METHODS

Patients and data collection

Participants were selected from the SUNSET study (SUrinamese in the Netherlands: a Study on 

health and EThnicity).15 These participants were approached for a medical examination including BP 

measuring. If the screening was SBP ≥ 140 mm Hg and/or DBP ≥ 90 mm Hg (independent of treatment 

status), patients were invited to the outpatient hypertension clinic of the Academic Medical Center, 

where they were screened for inclusion in the ROTATE study.16  The methods of the SUNSET study and 

ROTATE study are described elsewhere.15,16  The institutional review committee approved both studies 

and the participants gave written informed consent.

In brief, Surinamese are known to have a high risk to develop cardiovascular disease. The SUNSET 

study, a cross-sectional study, was aimed to assess the cardiovascular risk profile of three ethnic 

groups in southeast Amsterdam in the Netherlands: Creole and Hindustani Surinamese (in this paper 

named as black and South Asian, respectively) and white Dutch people aged 35-60 years. Demographic 

variables, lifestyle, cardiovascular risk factors (such as smoking, diabetes, hypertension, dyslipidemia, 

and being overweight), socioeconomic status, and self-defined ethnicity were collected through a 

face-to-face structured interview and a medical examination. Genomic DNA was prepared from 10 ml 

whole blood obtained at the time of the medical examination. A total of five polymorphisms in genes 

involved in the renin angiotensin system, five polymorphisms in genes encoding for b-receptors, one 

polymorphism in the gene encoding for G-protein, and three polymorphisms in genes involved in 

sodium handling were selected as variants in candidate genes. Details of the polymorphisms have 

been reported previously.16

For subsequent inclusion in the ROTATE study, a crossover, open-label, randomized treatment 

study, the patients received a 24-hour ambulatory BP measurement (ABPM) (Spacelabs nr 90207; 

Spacelabs Medical, Washington, DC) to assess hypertension. The 24-hour ABPM was programmed to 

register BP at 15-minute intervals during the daytime and 30-minute intervals at night. Patients using 

antihypertensive drugs stopped this medication for at least three weeks. 

The BP data from the ROTATE study were available for this population analysis and were combined 

with the accompanying data on patient characteristics from the SUNSET study.
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Data analysis

Nonlinear mixed effects modeling

Data on SBP were analyzed using the nonlinear mixed effects modeling approach. A population 

model, or mixed effects model, contains structural and stochastic parameters. The structural 

model parameters describe the relationship between fixed effects (e.g., time, change, nadir) and the 

dependent variable (SBP). The typical values (population averages) of the structural model parameters 

are estimated in the model (θ). There are 2 levels of stochastic (or random effect) model parameters. 

The first level of stochastic model parameters, η’s, describe the random variability of structural model 

parameters within the study population (i.e., between-patient variability). The second level of random 

effects, ε’s, describe the variability of the difference between the predicted SBP values by the model and 

the actually observed SBP values. This second level of random effects is also called residual error and 

includes model misspecification, but also intraindividual variability and measurement error. By fitting 

the model to all data simultaneously, estimates are calculated for the average (structural) parameters 

that describe SBP in the population as well as for the amount of variability between patients in these 

parameters (the latter through the stochastic parameters). After this first step, an attempt is made to 

explain the observed variability by testing associations between the structural parameters and specific 

patient-related factors (covariates) such as ethnicity. 

Computation

Data on SBP were implemented in NONMEM (version 7.1.2; Icon Development Solutions, Ellicott City, 

MD). The models were compiled using Digital Fortran (version 6.6C3; Compaq Computer, Houston, 

TX) and executed on a PC equipped with an AMD Athlon 64 processor 3200+ under Windows XP. 

The results were analyzed using the statistical software package S-Plus for Windows (version 6.2 

Professional; Insightful, Seattle, WA). Parameters were estimated using the first order conditional 

estimation method with interaction between the 2 levels of stochastic effects (FOCE interaction). 

Structural model

A Fourier analysis was applied to describe the circadian rhythm in SBP. A Fourier series is an expansion 

of a periodic function in terms of an infinite sum of sines and cosines. To simplify a Fourier analysis 

it was assumed that the circadian rhythm in SBP could be described by the sum of a maximum of 

10 cosines with different amplitudes and periods, but with the same horizontal displacement  

(equation (1)). 



Chapter 4

76

     (1)

In this equation, t represents the time, BSL represents the baseline SBP, ampn are the amplitudes of 

n cosine functions, and hor represents the horizontal displacement over time. The number of cosine 

functions was systematically reduced following the criteria for statistical significance as specified in the 

section model selection and evaluation. 

With the aim of obtaining SBP parameters that correlate with the daytime and nighttime SBP, morning 

surge, and nocturnal dip, the model was re-parameterized. Three model parameters were estimated 

(as described in the results; equation (4)) namely, BSL, nadir (minimum SBP during the night), and 

change (difference in SBP between the maximum SBP during the day and the minimum SBP during 

the night). Random effects were included as exponential terms reflecting lognormal distributions of 

model parameters. The residual error was explored with proportional and additive error models.

Covariate analysis

A graphical analysis was performed to investigate associations of a selection of potentially relevant 

covariates (demographic variables, lifestyle, cardiovascular risk factors, gene polymorphisms) on 

BSL, nadir and change by plotting the relationships between individual estimates of these parameters 

and the covariates. Individual parameters estimates were obtained by post hoc Bayesian analysis (the 

Empirical Bayes estimates (EBE’s)). In addition, a statistical test, (i.e., a Kruskall-Wallis rank test) was 

performed to evaluate associations with all categorical covariates. Formal covariate analysis was done 

using a forward inclusion and backward elimination procedure in NONMEM.17 A decrease of at least 

6.63 in the minimum value of the objective function (P ≤ 0.01, c2, 1 degree of freedom (df)) was used 

as inclusion criterion, whereas an increase of < 10.8 (P ≤ 0.001, c2, 1 df) led to removal of the covariate 

during the backward elimination step (see section “model selection and evaluation”). As a first step in 

the forward inclusion all selected covariates were evaluated in the base model one-by-one with linear 

functions (single addition). The effect of continuous covariates was modeled relative to the population 

median (equation (2)). 

     (2)

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

fixed-effects parameter value. The final model with covariate effects was reevaluated using a dataset 

from which all subjects for which no covariate information was available (for the covariate effects that 

were included in the final model) were omitted. 
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To investigate the clinical relevance of the identified statistically significant covariates effects, 

simulations were performed to show the covariate effect on the circadian rhythm of SBP. In addition, 

the distributions of the empirical Bayes estimates were compared between covariate classes.

Model selection and evaluation

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

the negative log-likelihood of the data. For nested models, a decrease of the MVOF by 10.8 points 

in the objective function (corresponding to P <0.001 in a c2 distribution) after adding an additional 

parameter was considered statistically significant. The goodness-of-fit (GOF) was determined by 

visual inspection of diagnostic plots (e.g., individual SBP predictions vs. observed SBP values, weighted 

residuals vs. time). In addition, a visual predictive check (VPC) was performed in which the median and 

the 90% interquantile range of data simulated with the developed model were plotted together with 

the observed SBP values and the 90% interquantile range of the observations. To calculate the 90% 

interquantile range of the observations, the observations were binned into 24 classes with an equal 

number of observations per class. A visual predictive check (VPC) is an internal validation method that 

allows investigating whether the model adequately predicts the time course of SBP and whether the 

variability is adequately described within the population.

Comparison of model parameters with the traditional approach

Empirical Bayes estimates for BSL, nadir, and change of 50 randomly selected patients were compared 

with the following parameters that are often used in literature (traditional approach) and are generally 

accepted as predictive for cardiovascular events: the average SBP during the day (daytime), both the 

average nighttime SBP and the minimum SBP during the night (lowest nighttime SBP), the nocturnal 

dip, and the morning surge. These parameters were calculated from the raw data as follows: daytime 

was defined as the interval ranging from 10 AM to 8 PM and the nigttime interval ranged from 12 PM 

to 6 AM, in accordance with the definitions of the IDACO-database.18 To quantify the nocturnal dip in 

SBP, the night/day SBP ratio was computed from the nighttime and daytime SBP. The lowest nighttime 

SBP was defined as the average of the lowest pressure and the 2 readings immediately preceding and 

following the lowest value. The sleep-trough morning surge was the difference between the morning 

pressure (the average SBP during the 2 hours after awakening) and the lowest nighttime SBP.19 For 

analysis of the morning surge in SBP, we determined the awake periods from the subjects diary cards 

(self-reported data of going-to-bed and getting-up times). 
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RESULTS

Patients and data

The SUNSET study is based on a random sample of 2,975 individuals aged 35-60 years drawn from 

the Amsterdam population registry. All persons in the sample were approached for a face-to-face 

structured interview. The overall response to the interview was 60% (n = 1,697 persons). Of these 

participants, 1,444 persons underwent physical examination including BP measurement. If the 

screening was SBP ≥ 140 mm Hg and/or DBP ≥ 90 mm Hg, the subjects were invited to the outpatient 

hypertension clinic of the Academic Medical Center. Two hundred eighty-three patients agreed to 

visit the outpatient clinic to undergo a hypertension screening, which was necessary for inclusion in 

the ROTATE study. Twenty-four-hour ABPMs were available for 201 nontreated subjects. Eighty-two 

subjects were excluded because of well-treated hypertension (33%), unwillingness to participate or 

loss to follow up (38%), organ damage (14%), and miscellaneous reasons (15%) such as pregnancy, poor 

communication, fear, or noncompliance. Because 5 subjects were of undetermined ethnicity, the 3 

ethnic groups (white Dutch, black, and South Asian) consisted of 196 subjects in total. An overview 

of patient characteristics is given in Table 1. Patients were genotyped for 14 candidate genes that may 

contribute to diurnal SBP variation (Supplementary Table S1).

Structural model

The circadian rhythm in SBP was best described as the sum of two cosine functions (Figure 1A, 

(equation (3)).      

   (3)

In this equation, t represents time, BSL the baseline SBP, amp1 and amp2 the amplitudes of the cosine 

functions, and hor the horizontal displacement over time, as illustrated by Figure 1. With the aim of 

obtaining SBP parameters that correlate with daytime and nighttime SBP, nocturnal dip, and morning 

surge the model was reparameterized. To enable direct estimation of nadir and change, amp1 and amp2 

are expressed in terms of nadir and change (Figure 1B) (equation (4)).

  (4)
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Table 1 Baseline characteristics 

White Dutch Black South Asian

n n n

Women, no (%) 62 21 (34) 97 58 (60) 37 15 (41)

Age (years) 62 49.9 (7.5) 97 45.9 (6.5) 37 46.6 (6.6)

Body Mass Index (kg/m2) 61 27.3 (5.2) 94 29.3 (5.1) 37 28.5 (2.8)

24-hour Systolic BP (mm Hg) 
daytime

60 145.5 (13.9) 95 147.4 (17.9) 36 145.5 (15.0)

24-hour Diastolic BP (mm Hg) 
daytime

60 91.3 (8.1) 95 93.2 (10.7) 36 93.0 (8.6)

Creatinine (mmol/L) 61 75.9 (15.0) 95 79.6 (17.3) 37 78.9 (17.3)

Microalbumin/Creatinine ratio (>3)
no (%)

60 4 (6.7) 95 10 (10.5) 37 6 (16.2)

Total Cholesterol (TC) (mmol/L) 61 5.8 (1.2) 95 5.3 (1.0) 37 5.5 (1.2)

HDL cholesterol (mmol/L) 61 1.5 (0.4) 95 1.5 (0.4) 37 1.2 (0.3)

LDL cholesterol (mmol/L) 61 3.6 (1.0) 95 3.4 (1.0) 37 3.5 (1.0)

TC/HDL cholesterol 61 4.2 (1.2) 95 3.7 (1.1) 37 4.7 (1.2)

Diabetes mellitus, no (%) 62 3 (4.8) 96 12 (12.4) 37 9 (24.3)

Current smoking, no (%) 62 31 (50) 95 31 (32) 37 12 (32.4)

Use of alcohol, no (%) no use 55 2 (4) 96 17 (18) 37 18 (49)

minor 20 (36) 61 (64) 15 (41)

moderate 9 (16) 7 (7) 2 (5)

excessive 24 (44) 11 (11) 2 (5)

Low sodium intake, no (%) 60 11 (18.3) 96 12 (12.5) 37 11 (29.7)

Family history of MI <60 years, 
no (%)

62 28 (45.2) 96 29 (29.9) 37 22 (59.5)

Values are expressed as mean (SD) unless otherwise indicated.
BP blood pressure; HDL high-density lipoprotein; LDL low-density lipoprotein; MI Myocardial Infarction.



Chapter 4

80

Figure 1 Parameterization of the model to describe the circadian rhythm in systolic blood pressure (SBP).

(A) ‘Standard’ parameterization of a model with 2 cosine functions. (B) Parameterization of the reparameterized 
model. In this figure, BSL represents the baseline SBP, amp1 and amp2 are the amplitudes of the cosine functions, 
HOR represents the horizontal displacement over time, and PER represents the period of the diurnal blood pres-
sure profile. In addition, nadir represents the minimum during the night, and change represents the difference 
between the maximum SBP during the day and the minimum SBP during the night.

To ensure stable and positive parameter estimation, the value below the square root of equation (4) 

should be positive. Therefore, nadir was estimated as a function of BSL and change (equation (5)). In 

this equation, θn represents the parameter estimate for the nadir. 
  

      (5)

In these equations, substitution of equation (4) in equation (3) resulted in the final model, used to 

describe the diurnal SBP, including variation in it. More details of the mathematical description of the 

reparameterization can be found in Supplementary Material S2. 
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Figure 2 Visual predictive check of the description of the circadian rhythm in systolic blood pressure (SBP) by the 
developed model without covariate effects (A) and separately for all 3 ethnicities (B).

Black continuous line shows the predicted median; gray area shows the 90% prediction interval; scatter shows the obser-
vation; white dashed line shows the median of the observations; black dashed lines show the lower and upper limit of 90% 
of the observations.
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Variability between patients could be estimated for BSL, nadir, change, and hor. All parameters could 

be estimated with good precision as the relative standard errors (RSE) were all <50% (Table 2). BSL, 

nadir, and change were estimated to be 139, 122, and 25.2 mm Hg, respectively. The correlation between 

change and nadir was negative and relatively small (-0.32), indicating that subjects with a high SBP 

during the night have a small difference in SBP during the day and night and vice versa. 

This reparameterized model adequately described the diurnal SBP profile, as could be observed in 

the diagnostic plots (Supplementary Figure 1) and the visual predictive check (Figure 2A). The visual 

predictive check demonstrated that the trend in SBP data during the 24-hour measurement period was 

adequately described because the median of the observations is close to the predicted median. In the 

same figure, it can be seen that the variability was adequately described because the 90% interquantile 

range of the observed and the simulated data show good correspondence. 

Covariate analysis

The covariate effects to be formally tested are listed in Table 3. After the forward inclusion and 

backward deletion steps, ethnicity was found to be associated with change. Change was estimated to 

be 40% higher in white Dutch subjects and 26.8% higher in South Asian subjects than in black subjects. 

Ethnicity explained 3.7% of the variability in change (Table 2). In addition, because nadir was estimated 

as a function of BSL and change (equation (5)), the effect of ethnicity on change also influences nadir. 

Therefore, nadir was 4.8% lower in white Dutch subjects and 3.2% lower in South Asian subjects than 

in black subjects. No additional effect of ethnicity on nadir or on BSL was identified. Visual predictive 

checks for the 3 ethnic groups separately demonstrated that for all three ethnicities the median and 

variability in the data were adequately described (Figure 2B). 

The overall effect of ethnicity on the SBP vs. time profiles for an average white Dutch, South Asian and 

black subject is shown in Figure 3A. In addition, Figure 3B demonstrates the magnitude of the associa-

tion with ethnicity on change. For the gene polymorphisms no correlations were observed. 
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Table 2 The parameter values from the base model and the model with covariates to describe the circadian 
rhythm in systolic blood pressure (SBP)

    Base model      Model with  
      covariates

Parameter units Value RSE (%) Value RSE (%)

Population parameters

Baseline (θBSL) mm Hg 139 0.777 139 0.791

Nadira (θnadir,) mm Hg 122 0.995

  Ethnicity effect θnadir for white Dutch subjects mm Hg 119 1.40

  Ethnicity effect θnadir for South Asian subjects mm Hg 121 1.67

  Ethnicity effect θnadir for black subjects mm Hg 125 1.05

Period (θPER)) h 24 fixed 24 fixed

Horizontal shift (θHOR) h 8.83 1.19 8.82 1.22

Change in SBP between day and night (θchange) mm Hg 25.2 3.97

  Ethnicity effect θchange for white Dutch subjects mm Hg 30.8 6.23

  Ethnicity effect θchange for South Asian subjects mm Hg 27.9 9.68

  Ethnicity effect θchange for black subjects mm Hg 22.0 4.95

Interindividual variability b

Baseline (ωBSL) CV % 11.0 5.07c 11.0 5.11c

Horizontal shift (ωHOR) CV % 15.4 7.58c 15.7 7.57c

Change in SBP between day and night (ωchange) CV % 52.2 7.03c 48.5 7.15c

Nadir (ωnadir) CV % 14.4 4.12c 

  Ethnicity effect ωnadir for white Dutch subjects CV % 15.2 4.05c

  Ethnicity effect ωnadir for South Asian subjects CV % 14.6 4.12c

  Ethnicity effect ωnadir for black subjects CV % 13.5 4.35c

Correlation ωchange-ωnadir (ρchange,nadir)   - -0.319 -31.0 -0.363 27.1

Residual unexplained variability

 Additive residual error mm Hg 11.9 2.80 12.0 2.83

CV coefficient of variation, calculated as square root of (EXPOMEGA -1) x 100

RSE relative standard error, expressed as percentage of estimate 
aThe nadir was calculated as nadir = (baseline SBP – 4 x change / 6) x (1+ (θnadir,frac)). Because ethnicity was found to 
have an influence on change, the nadir varied also per ethnicity. 
bEstimates of eta-shrinkage <18%.
cCalculation of the RSE of the CV% is based on a first-order Taylor expansion of the CV%; The CV% is assumed to 
be normally distributed. This assumption results in less than 0.5% bias.
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Table 3 Overview of the covariate effects that were formally tested and results after single addition analysis 

Covariate Parameter P value 

Categorical covariates selected based on graphical analysis

Ethnicity change <0.001a 

Family history of MI <60 years change 0.009a  

AGT: Met235Thr 4072TgC change 0.002

AT1R: 1166AgC change 0.051 

ADRB2: Gln27Glu 79CgG change 0.008

GNB3: 825CgT change 0.006

ADD1: Gly460Trp 614GgT change 0.04

SLC12A3: Arg913Gln 78GgA change 0.007

Diabetes Mellitus nadir 0.20

ADRB1: Gly389Arg 165GgC nadir 0.019

Family history of MI <60 years BSL 0.03

SCNN1G: 474TgC BSL 0.005a

Categorical covariates selected based on Kruskall-Wallis Rank test

Sex change 0.054

Current smoking change 0.004

SCNN1G: 474TgC change 0.006

Continuous covariates selected based on graphical analysis

Microalbumin/Creatinine ratio change 0.40

Total Cholesterol/HDL cholesterol change 0.45

Total Cholesterol/HDL cholesterol nadir 0.85

Body Mass Index BSL 0.006

Bolded P values indicate covariates selected for forward inclusion.
aCovariates selected for backward deletion.

ADD1 a-adducin; ADRB1 b-1 adrenoceptor; ADRB2 b-2 adrenoceptor; AGT angiotensinogen ; AT1R angiotensin 
II receptor type ; GNB3 G-protein b3 subunit; SCNN1G amiloride-sensitive-epithelial sodium channel; SLC12A3  
thiazide-sensitive sodium channel.

BSL baseline systolic blood pressure; HDL high-density lipoprotein; MI myocardial infarction. 
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Figure 3 Effect of ethnicity on systolic blood pressure (SBP). 

(A) Simulation of the effect of ethnicity on circadian rhythm of SBP. (B) Distribution of change (the difference 
between the maximum SBP during the day and minimum SBP during the night) per ethnicity. 

Black line shows the median; the box shows range between the 25th and 75th percentile; the whiskers show the 5th and 
95th percentiles.

Comparison of model parameters with the traditional approach

The agreement of the model parameters BSL, nadir, and change with SBP parameters that relate 

to cardiovascular events was evaluated by comparing the individual parameter estimates with SBP 

parameters that have often been used in former studies (traditional approach). For this purpose, the 

model parameter BSL was compared with average SBP during the day, nadir with both the average and 

minimum SBP during the night, the ratio of nadir/BSL with the nocturnal dip (night to day ratio), and 

change with the morning surge. A strong correlation was observed between BSL and the average SBP 

during the day (R2=0.89), between the nadir and average SBP during the night (R2=0.92), between nadir 

and the minimum SBP during the night (R2=0.85), and between the nadir/BSL ratio and the nocturnal 

dip (R2=0.79), whereas the correlation between change and morning surge was modest (R2=0.50) 

(Figure 4).
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Figure 4 Correlation between the model parameters (from the reparameterized model) and the widely used 
parameters for the diurnal blood pressure (BP) profile calculated from the raw data. (A) Correlation of the baseline 
systolic blood pressure (SBP) (BSL) vs. mean daytime SBP.  (B) Correlation of the minimum during the night (nadir) 
vs. mean nighttime SBP. (C) Correlation of the nadir/BSL ratio vs. nocturnal dip. (D) Correlation of the difference 
between the maximum SBP during the day and the minimum SBP during the night (change) vs. the morning surge.

DISCUSSION

This is the first report of a population model that describes the diurnal profile in SBP in terms of three 

parameters (BSL, nadir, and change) that correlate well with daytime SBP, nighttime SBP, the nocturnal 

dip, and the morning surge. Variability between patients was quantified for the estimated parameters, 

and it was found that ethnicity was associated with change. 

Modeling of DBP produced comparable results as for SBP. However, in this report the results are 

presented for SBP only because burden of disease is mainly due to SBP: whereas DBP increases until 

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.20
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Several investigators have applied the Fourier analysis to describe the diurnal variability in BP. 
21-23 Staessen et al. recommended the use of a Fourier model with 4 harmonic cosine functions as an 

acceptable compromise between the accuracy and the complexity of the mathematical procedures.14 

In our model, the circadian rhythm in SBP was best described as the sum of 2 harmonic functions. 

Introduction of a third cosine function did not significantly improve the model fit, as judged from the 

difference in the minimal value of the objective function and goodness-of-fit plots. This does not mean 

that the diurnal SBP profile can not be described in more detail with 1 or 2 additional cosine functions 

but merely that the collected data did not contain any more information to allow incorporation of > 2 

cosine functions. 

An important practical advantage of the developed population model is that it translates the 24-

hour SBP profile with the parameters BSL, nadir, and change into SBP measures that correlate with 

parameters that have been shown to be risk factors for cardiovascular events. First, a strong correlation 

was observed between daytime SBP and the model-estimated BSL (R2 = 0.89) and between nighttime 

SBP and the model-estimated nadir (R2 = 0.92). Both abnormal SBP values throughout daytime activity 

and during nighttime sleep, have been shown to be important risk factors for strokes, heart attacks, 

and other vascular and renal diseases.3,7,9,24-25 

Second, a strong correlation was observed between the ratio nadir/BSL and nocturnal dip (R2 = 0.79). 

A number of studies have demonstrated that individuals with essential hypertension and a nondipping 

BP pattern (i.e., night average SBP reduction <10% with respect to day values) show an increased 

frequency of target organ damage and cardiovascular events.7,24,26,27 However, it is not easy to classify 

patients into dippers and nondippers based on a single 24-hour ABPM because BP changes between 

day and night are poorly reproducible and influenced by arbitrary criteria. 28,29 

 Third, the correlation with change and the morning surge was less evident (R2=0.50). Currently, several 

definitions of morning surge are used.19,30,31 In our study, we used the sleep-trough definition for which 

the accurate registration of arising is a prerequisite. The modest correlation between change and 

morning surge may therefore be explained by some imprecision in patients self-recording of the time 

of awakening. Also there may have been a delay between patients waking, standing up, and recording 

the SBP. Our finding of a change of 25 ± 13 mm Hg is in the same order of magnitude as the morning 

surge found in other large studies.32,33 Li et al. found that an absolute level of 37 mm Hg was associated 

with poor cardiovascular outcome. A sleep-MS in SBP <20 mm Hg is probably not associated with an 

increased risk of death or cardiovascular events.33 Based on the individual Bayesian estimates, 25% of 

our population showed a change of < 20 mm Hg, and 24% of the population is probably at risk with a 

change >37 mm Hg. 
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Our study was limited by missing a direct link between the identified model parameters BSL, nadir, and 

change and clinical outcome because these data are unfortunately not available in the dataset. Besides, 

there are not enough patients in the dataset (n=196) to reliably establish such correlations. Although 

the model parameters correlate well with the discussed clinically relevant BP parameters, and thus 

correlation with clinical outcome seems plausible, this should be confirmed in larger ABPM databases. 

It was investigated whether variability between patients could be explained by testing associations 

between relevant covariates and the parameters BSL, nadir, and change. Ethnicity was found to be 

associated with change. Change is 40% higher in white Dutch subjects and 26.8% higher in South 

Asian subjects than in black subjects, with respective values of 30.8, 27.9, and 22.0 mm Hg. This is in 

agreement with the findings of Neutel et al.32 They observed a significantly reduced morning surge in 

black hypertensive patients compared with white patients (22 mm Hg respectively 29 mm Hg). Also 

other studies have found a smaller nocturnal BP fall and higher prevalence of a nondipping BP pattern 

in black populations.34,35 

In the literature different associations between morning surge or nocturnal dip and aging, alcohol 

consumption or smoking are described, which were also tested in our analysis but were found not 

to be significantly correlated with morning surge or nocturnal dip. This could be because of a lack of 

statistical power or could be a reflection of the selected study population, which was relatively young 

(aged 35-60 years).

For the candidate genes, no correlations were observed, however the single-addition analysis showed 

some polymorphisms that were selected for the forward inclusion, for instance, the correlation 

between angiotensinogen variant Met 235 gThr (T235) allele and change, which was also found by 

Kario et al.36 In our study, however, associations with polymorphisms in the final model were not found. 

This may be because of a lack of power. So far, there are few studies that describe the effect of genetic 

polymorphisms on the diurnal BP pattern. Nevertheless, our developed population model provides a 

means in future studies to search for such factors that may prove to be risk factors for cardiovascular 

events.

With regard to internal validity of the final model, we tested whether the model adequately predicts 

the time course of SBP as well as the variability between patients for all 3 ethnic subgroups. The visual 

predictive check per ethnicity (Figure 2B) shows that the model allows reliable estimation of SBP 

parameters in whites, blacks, and South Asians. This is regardless of the distribution of these ethnicities 

in our population, as the model estimates the average population values for BSL, nadir, and change 

per ethnicity. Besides ethnicity, we also tested whether the model adequately predicts SBP values for 

both normotensive and hypertensive patients (as both were present in our study population). For this 

purpose, individual SBP values predicted by the final (reparameterized) model were plotted for each 

of both groups against the measured SBP values. No structural deviations from the line of identity  
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(y = x) were seen, indicating that the model describes the diurnal SBP for both the normotensive and 

the hypertensive groups without bias (Supplementary Figure S2). 

With regard to external validity of the final model, external validation with SBP data independently 

collected from the data used to develop the model but from a similar population (relatively 

young and mildly hypertensive) is still warranted to confirm the accuracy of the model. Moreover, 

application of the model to populations with other characteristics than ours cannot be merely 

done. For example, our model is not automatically applicable in a population i.e., very old of age, 

includes patients from other ethnicities than white Dutch, black or South Asian and/or patients 

with severe hypertension because these patient categories were not part of our study population. 

Nevertheless, external validation of the final model can be done with data from an older and 

more severely hypertensive population as a starting point for model adjustment and refinement. 

During such a procedure, bias in the model may be detected, and the model needs then to be  

adjusted accordingly.

Application of population model-based analysis of the diurnal SBP profile is novel. The advantage of 

the population model over traditional approaches to determine the 24-hour SBP profile is that SBP 

parameters are estimated from all SBP data from all individuals simultaneously and that variability 

between patients is taken into account, whereas calculations with traditional methods are usually based 

on averaged observations in selected time intervals, which are more susceptible to imprecision and 

bias. This can be illustrated by the morning surge, which in traditional approaches usually is estimated 

in a time interval of 2-4 hours. We compared the coefficient of variation of the morning surge with the 

coefficient of variation of change in our dataset and found a difference of 10% (coefficient of variation 

morning surge = 62% vs. coefficient of variation change = 52%). The population method calculates the 

parameter change using the full 24-hour profile from all individuals. Because during morning surge 

BP changes rapidly within a short period of time, calculation of the morning surge using data from 

all individuals is likely to result in more precise parameter estimates in comparison with traditional 

approaches, where only the available data from the concerning individual, usually one per 30 minutes, 

are used for calculation of morning surge.

The most important added value of this population method relative to other methods is that it is 

not required that each study individual provides a certain predefined minimum of measurements to 

completely characterize their own diurnal SBP profile. Population analysis methods allow borrowing 

of information between individuals to fill in gaps in the BP profiles and therefore allow the use of so-

called sparse sampling. Traditionally, ambulatory BP registries have to fulfil a series of pre-established 

criteria including > 70% successful SBP and DBP recordings during the daytime and nighttime periods 

and > 1 BP measurement per hour. This is quite cumbersome for the patient. The need for these strict 

criteria may however be reduced when less BP measurements during night and day in combination 
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with the population model may prove to characterize the diurnal BP profile, in terms of clinically 

relevant parameters, equally well. This should be confirmed by future, prospective research.

Moreover, the developed model can be used in pharmacokinetic-pharmacodynamic studies of 

antihypertensive drugs, allowing accurate quantification of the effects on the clinically relevant BP 

parameters. 

In summary, this study presents a population model that allows estimation of SBP parameters (BSL, 

nadir and change) that correlate well with clinically relevant BP parameters (respectively daytime and 

nighttime SBP, nocturnal dip, morning surge). Change was shown to be 40% higher in white Dutch 

subjects and 26.8% higher in South Asian subjects than in black subjects.
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Supplementary Figure 1 Diagnostic plots of the developed model without covariate effects. (A) Prediction 
of systolic blood pressure (SBP) versus the observed SBP in an individual. (B) Population prediction of the SBP 
versus observed SBP. (C) Conditional weighted residuals (CWRES) versus time. (D) Conditional weighted residuals 
(CWRES) versus the population prediction.
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Supplementary Figure 2 Individually systolic blood pressure (SBP) values predicted by the final 
reparameterized model. (A) Individual predictions of SBP versus the observed SBP from normotensive patients 
(ambulatory blood pressure measurement (ABPM): SBP < 135 mm Hg) (B) Individual predictions of SBP versus the 
observed SBP from hypertensive patients (ABPM: SBP ≥ 135 mm Hg).
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Supplementary Table S1

Gene Polymorphism Ethnicity n Genotype

Angiotensinogen (AGT) 4072T→C TT TC CC

Met235Thr (rs699) White 30 5 13 12 

Black 40 21 18 1 

South Asian 12 3 7 2 

Angiotensin Converting Enzyme  I/D II ID DD

(ACE) (rs4340) White 33 7 19 7 

Black 45 7 21 17 

South Asian 14 4 9 1 

Angiotensin II receptor type 1 (AT1R) 1166A→C AA AC CC

(rs5186) White 31 18 12 1 

Black 42 39 3 0 

South Asian 14 10 3 1 

Aldosteronsynthase (CYP11B2) 2718A→G AA AG GG

Lys173Arg (rs4539)  White 33 11 16 6 

 Black 42 20 17 5 

 South Asian 15 7 6 2 

Aldosteronsynthase (CYP11B2) (-344C→T) CC CT TT

(rs1799998)  White 32 5 17 10 

 Black 42 4 19 19 

 South Asian 15 2 6 7 

Beta-1 adrenoceptor (ADRB1) 145A→G AA AG GG

Ser49Gly (rs1801252) White 32 26 6 0 

Black 43 24 15 4 

South Asian 14 13 0 1 

Beta-1 adrenoceptor (ADRB1) 165 G→C GG GC CC

Gly389Arg (rs1801253)         White 32 3 8 21 

Black 43 8 21 14 

South Asian 14 0 6 8 

Beta-2 adrenoceptor (ADRB2) 46A→G AA AG GG

Arg16Gly (rs1042713) White 33 8 12 13 

Black 44 15 20 9 

South Asian 15 2 10 3 

Beta-2 adrenoceptor (ADRB2) 79C→G CC CG GG

Gln27Glu (rs1042714) White 33 15 10 8 

Black 44 37 5 2 

South Asian 15 13 1 1 

Beta-3 adrenoceptor (ADRB3) 190T→C TT TC CC

Trp64Arg (rs4994) White 32 30 2 0 

Black 43 35 7 1 

South Asian 14 9 4 1 
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G-protein beta3 subunit (GNB3) 825C→T CC CT TT

(rs5443) White 31 17 10 4 

Black 44 7 14 23 

South Asian 15 6 9 0 

Alpha-adducin (ADD1) 614G→T GG GT TT

Gly460Trp (rs4961) White 33 22 10 1 

Black 44 35  9 0 

South Asian 15 7  6 2 

Amiloride-sensitive-epithelial sodium 474T→C TT TC CC

channel (SCNN1G) White 33 23 10 0

Black 45 37 7 1

South Asian 14 8 4 2 

Thiazide-sensitive sodium channel 78G→A GG GA     AA

(SLC12A3) Arg913Gln (cv9609124)   White 31 25 6 0

Black 44 38 6 0

South Asian 14 13 1 0
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SUPPLEMENTARY MATERIAL S2: MATHEMATICAL DESCRIPTION  
REPARAMETERIZATION 

The circadian rhythm in SBP was best described as the sum of two cosine functions 

   (s1)

With t as time, BSL as the baseline SBP, amp1 and amp2 as the amplitudes of the cosine functions and 

hor as the horizontal displacement over time. 

For simplicity and transparency we write

       (s2)

so that SBP(t) becomes

     (s3)

With the aim of obtaining BP parameters that correlate with the daytime and nighttime SBP, morning 

surge and nocturnal dip the model was re-parameterized with the following clinical relevant BP 

parameters: nadir (minimum during the night) and change (difference between the maximum SBP 

during the day and the minimum SBP during the night). To obtain nadir and change, first the minimum 

and maximum SBP are determined by deriving the first derivative of SBP

     (s4)

By putting the derivative to zero we obtain the values of x at which SBP reaches its minima and maxima: 

   (s5)

Graphical analysis with the final set of parameters from the model expressed by equation s1 revealed 

that the minimum is reached at 

        (s6)

and the maximum is reached at 

    (s7)

Therefore, with equations s4 and s6, the minimum SBP equals

   (s8)
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And, with equation s4 and one of the solutions of equation s7 (both solutions result in the same 

maximum), the maximum SBP equals

         (s9)

With 

     (s10)

we get

     (s11)

Nadir equals the minimum SBP, which was expressed by equation s8

     (s12)

and change equals the maximum SBP (s9) minus minimum SBP (s8)

    (s13)

Substitution of equation s12 in s13 gives

 (s14)

To enable direct estimation of nadir and change, amp1 and amp2 are expressed in terms of change and 

nadir. Reordering equation s12 gives

       (s15)

and reordering equation 14 gives two solutions for amp2 with only one physiological plausible solution

  (s16)

To ensure stable and positive parameter estimation, the value below the square root of equation s16 

should be positive. 

       (s17)
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ABSTRACT

Background: Pharmacokinetic-Pharmacodynamic studies are useful to find determinants related to 

interindividual variability in drug response. As a result, sensitive and selective assays are necessary 

to determine drug concentrations. In this study a sensitive and specific method using liquid-

chromatography (LC) - tandem mass spectrometry (MS/MS) was developed for the quantification of 

the angiotensin II receptor antagonist eprosartan in plasma.

Methods: A 50 ml aliquot of human plasma was spiked with the internal standard d6-eprosartan 

mesylate 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 into the LCMS-system. Separation was achieved on a Hydrosphere C18 1.0 x 33 mm 

column using a gradient elution mode composed of 1% acetic acid in MilliQ water and acetonitrile. 

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

Results: The assay allowed quantification of eprosartan plasma concentrations in the range from 

5-7500 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 in two hypertensive 

patients. 

Conclusion: The developed method is selective, sensitive, accurate, precise, and was successfully 

applied in a clinical pharmacokinetic study.
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INTRODUCTION

Heterogeneity in response to antihypertensive therapy has been known for decades. It remains 

however difficult to identify patient characteristics that predict blood pressure response.1 

Heterogeneity in response can be explained by interindividual variability in pharmacokinetics (PK) 

and pharmacodynamics (PD). In our institution we examined the relationship between eprosartan 

exposure in plasma and its effect on the systolic and diastolic blood pressure. PK and PD parameters 

were correlated with demographic, pathophysiological and genetic patient characteristics. It was 

investigated whether interindividual variability in response could be explained by these specific patient 

factors. For the successful description of the PK of eprosartan in plasma a selective and sensitive 

analytical method was developed.

Eprosartan is a highly selective, non-peptide angiotensin II subtype 1 (AT1) receptor antagonist (ARB), 

thereby relaxing smooth muscle, increasing salt and water excretion, reducing plasma volume and 

decreasing cellular hypertrophy. ARBs can adequately lower blood pressure (BP) and significantly 

reduce cardiovascular events such as stroke and myocardial infarction, and are well tolerated.2 The 

ARBs are non-peptide compounds with varied structures resulting in differences in binding affinity 

and pharmacokinetic profiles: eprosartan is orally active and has a nonbiphenyl, nontetrazole chemical 

structure (Figure 1). This structure is different from all other ARBs.3  Eprosartan, in tablet formulations 

incorporated as eprosartan mesylate, exhibits pH-dependent aqueous solubility and lipophilicity 

that may result in variable absorption as the compound passes through the gastrointestinal tract 

(the average bioavailability is approximately 13%). At pH 1 eprosartan is lipophilic (octanol/water 

distribution coefficient of > 100) and at physiologic pH eprosartan is hydrophilic (octanol/water 

distribution coefficient of approximately 0.05).4 The pH-dependent aqueous solubility of eprosartan 

can limit the correct chromatographic separation from plasmatic interferences in human plasma and 

co-administered cardiovascular drugs. For quantification of plasma concentrations, it is therefore of 

importance to use a selective and sensitive method. 

Figure 1  Chemical structure of eprosartan. pKa waarden eprosartan: pKa1 = 4.11, pKa2 = 5.68 en pKa3 = 6.89
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Several methods have been reported for the quantification of eprosartan in human plasma and urine 

featuring solid phase extraction (SPE) in combination with high-performance liquid chromatography 

(HPLC) with ultraviolet (UV) absorbance detection5-7, or capillary electrophoresis.8 So far, only two 

articles have described the determination of eprosartan by liquid-chromatography (LC) - tandem 

mass spectrometry (MS/MS).  Ferreiros et al. developed a LC-MS/MS procedure for the simultaneous 

determination of 7 AT1-receptor antagonists with a detection limit of 13 ng/ml in plasma (eprosartan).9 

Also Li et al. have described the quantification of eprosartan in human plasma by liquid chromatography 

- tandem mass spectrometry with concentrations ranging from 5 to 2000 ng/ml.10  Clinical studies 

have however indicated that following oral administration the maximum concentration of eprosartan 

exceeds the upper limit of the ranges reported so far.10,11

In this study we developed and validated a selective and sensitive LC-MS/MS method that quantifies 

eprosartan in human plasma in a range from 5-7500 ng/ml. The method was applied in a clinical 

pharmacokinetic study with eprosartan.

ExPERIMENTAL

Chemicals and reagents

LC-MS grade water, liquid chromatography-grade methanol (absolute), and acetonitrile  (HPLC 

supragradient) were purchased from Biosolve BV (Valkenswaard, the Netherlands).  Analytical grade 

acetic acid was purchased from Merck (Darmstadt, Germany). Purified water from a Milli-Q Plus water 

system (Merck Millipore, Darmstadt, Germany) was used in the preparation of the mobile phase. 

Eprosartan mesylate (purity >99%, batch number 828E8-02) and the deuterated internal standard 

d6-eprosartan mesylate (purity 97.6%, isotopes: d5 15%, d6 79%, d7 6%, batch number WMH00310A) 

were kindly provided by Solvay Pharmaceuticals (Weesp, the Netherlands). Blank plasma from healthy 

volunteers was obtained from the institutional blood bank supply of the Academic Medical Center 

(Amsterdam, the Netherlands). 

Instrumentation and chromatographic conditions

The LC-MS/MS system consisted of a modular HPLC system (Surveyor; Thermo Finnigan, San Jose, 

CA, USA) composed of a cooled autosampler (T=15°C), a low-flow quaternary MS pump and a 

analytical HPLC column coupled to a triple stage quadrupole (TSQ) Quantum AM (Thermo Finnigan 

Corporation, San Jose, CA, USA). The analytical column was a Hydrosphere C18 1.0 x 33 mm column 

(YMC, Dinslaken, Germany) with 3.0 mm particle size.
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The mobile phase was a gradient of solution A (1% acetic acid in MilliQ water) and solution B 

(acetonitrile) with an initial composition of 90% A and 10% B. Mobile phase composition increased 

linearly from 10% B to 95% B in 1 min. After 2 min the composition was switched back to 90% A and 

10% B and left for 3 minutes, leading to a total runtime of 5 min. The flow rate was 0.2 ml/min with a 

constant column temperature of 35°C and the injection volume was 10 ml. Analytes were detected by 

MS/MS using electrospray ionization (ESI) interface in the positive ion, multiple reaction monitoring 

(MRM)-mode. The optimized transitions were for eprosartan: m/z 425.15 → m/z 207.00 and for d6-

eprosartan m/z 431.20 → m/z 207.00. The ESI-MS/MS operating parameters used are summarized in 

Table 1. Data were acquired using Xcalibur software and processed using Quan browser 2.0.7. (Thermo 

Fisher Scientific, San Jose, CA, USA ).

Table 1 Settings of the triple stage quadrupole (TSQ) Quantum AM mass spectrometer

Parameter Setting

Run duration (min) 5

Events 2

Spray voltage (kV) 3500

Sheath gas pressure (mTorr) 50

Aux gas pressure (mTorr) 15

Capillary temperature (°C) 320

Tube lens offset (V) 196

Collision gas pressure (mTorr) 1.5

Peak with Q1 0.7

Peak with Q3 0.7

eprosartan d6-eprosartan

Parent  (m/z) 425.15                                  431.20

Daughter (m/z) 207.00                                  207.00

Scan time (m/z) 0.1                                         0.1

Scan with (m/z) 1   1

Skimmer offset (V) 20 10

Collision energy (V) 18 18                           
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Standard solutions, calibration standards and QC samples

Stock solutions at a concentration of 0.4 mg/ml of eprosartan were prepared in acetonitrile and LC-MS 

water (3:2 v/v). A minimum of 50% (v/v) acetonitrile was necessary to keep eprosartan dissolved. In an 

acetonitrile/water mixture of 2:3 v/v crystallization was observed after 3 days. Separate stock solutions 

were prepared from two independent weightings of eprosartan mesylate for calibration standards and 

quality control (QC)-samples. These stock solutions were diluted with acetonitrile/LC-MS water (1:1 

v/v) to produce standard working solutions with eprosartan concentrations of 1, 10, and 100 mg/ml. The 

standard working solutions were divided and stored at 2-8 °C in the dark until use. 

Calibration standards were prepared by spiking drug free human plasma (1 ml) with a standard working 

solution (5-75 ml) producing two eprosartan plasma calibration curves: one for the lower concentration 

range: 5, 10, 20, 30, 50, 150, 250, and 350 ng/ml and the other for the higher concentration range 350, 

500, 1000, 2500, 5000, and 7500 ng/ml. Internal QC samples for intra- and interassay comparisons 

were also divided into two ranges: lower limit of quantification (LLOQ) 5, 10, 50, and 350 ng/ml (low 

range) and 350, 2500 and 7500 ng/ml (high range). The preparation of the QC samples was similar to 

the calibration standards. 

The deuterated internal standard (IS) d6-eprosartan mesylate solution was diluted in acetonitrile: LC-

MS-water (2:1 v/v) to prepare a stock solution of 0.13 mg/ml. Two working internal standard solutions 

(1: 181 ng/ml and 2: 1810 ng/ml) were prepared by diluting 70, 700 ml stock solution respectively in 50 ml 

acetonitrile: LCMS-water (1:1 v/v).  All stock and working solutions were stored at 2-8 °C.

Sample  Preparation 

To 50 ml of plasma, 50 ml of IS working solution 1 or if plasma concentration >350 ng/ml 50 ml of IS 

working solution 2 was added in a 1.5 ml Eppendorf centrifuge tube.  The sample was vortex mixed 

for 5 sec. Proteins were precipitated by adding 400 ml acetonitrile under vortex mixing to avoid the 

precipitation of the proteins as clusters which would retain the analyte. Subsequently the sample 

was vortex mixed vigorously for 8 minutes and placed in the refrigerator (2-8°C) for 10 minutes. After 

centrifugation at 4000 rpm for 5 min, the supernatant was transferred to a glass vial and evaporated 

to dryness under nitrogen at 40°C. The residue was reconstituted with 100 ml acetic acid 1% (samples 

with IS-solution 1) or 1000 ml acetic acid 1% (samples with IS-solution 2), vortex mixed for 5 minutes 

and transferred to autosampler vials. 

Validation procedure

The validation of the assay in human plasma was performed according to the FDA guidelines for bio-

analytical method validation.12 The following parameters were determined.
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Linearity and LLOQ

Eight calibration samples in the low range (5-350 ng/ml) and six samples in the high range (350-7500 ng/

ml) were analyzed. Calibration curves were constructed using weighted linear regression on the ratio 

of the peak-areas of the analyte and the internal standard versus the eprosartan plasma concentration. 

The best fit was selected after exploration of different regression models and weighting factors. 

The final curves were fitted using a weighted (1/x) regression model, where x is the concentration 

of eprosartan. Concentrations were back-calculated from the constructed calibration curve and the 

deviations from the nominal concentration should be within ±15%. The lower limit of quantification 

(LLOQ) was defined as the lowest concentration that could be quantified with accuracy of 80-120% 

and precision <20% (n=6). The analyte response at the LLOQ should be at least 5 times the response 

compared to blank response.

Intra- and inter-day accuracy and precision

Accuracy and precision were calculated using QC samples on the same day (intra-day n=6) and over 6 

days (inter-day). Inaccuracy was defined as the percentage deviation from the nominal concentration 

after quantification on a freshly prepared calibration curve. Precision was defined as the coefficient of 

variation (CV, %).

In total 7 different QC samples were used: 5 ng/ml (LLOQ), 10, 50, and 350 ng/ml in the low range and 

350, 2500, and 7500 ng/ml in the high range. The deviation (inaccuracy) and precision should be within 

±15% except at the LLOQ concentration where it should be within 20%.

Process efficiency and matrix effects.

The overall recovery or process efficiency (PE) of eprosartan was quantified by calculating the ratio of 

the eprosartan peak area from a plasma sample which was spiked before precipitation and the peak 

area of a spiked acetic acid (1% v/v) solution. PE was evaluated at eprosartan concentrations of 5, 10, 50, 

350, 2500, and 5000 ng/ml, n=6. 

Plasma and solvent components in the ionization chamber can cause batch specific ion suppression 

or enhancement, leading to inter-patient and intra-patient signal variability.13 To investigate whether 

endogenous matrix compounds interfered with the assay, matrix effects (ME) were evaluated. Matrix 

effects were quantified at six different concentration levels (10, 50, 350, 1000, and 5000 ng/ml, n=6) by 

comparing post extraction spiked plasma samples to spiked samples of eprosartan in acetic acid 1%.  



Chapter 5

108

Selectivity

The selectivity of the method was tested by analyzing independent blank human plasma samples from 

six different sources under optimized chromatographic conditions and by comparing them with the 

chromatograms of spiked plasma samples at 5 ng/ml.  Samples were prepared and analyzed according 

to the described procedures. Peak areas of compounds co-eluting with the analyte should not exceed 

20% of the analyte peak area at the LLOQ.

Metabolites were not tested for interference because of eprosartan has no active metabolites and is 

primarily eliminated as unchanged drug via biliary and renal excretion.

Additionally ten drugs frequently used by hypertensive patients were tested for interference. Plasma 

samples were spiked with 10 ng/ml eprosartan and one of the following drugs in a therapeutic 

concentration: hydrochlorothiazide (600 ng/ml), lisinopril (200 ng/ml), triamterene (58.4 ng/ml), 

metoprolol tartrate (400 ng/ml), nifedipine (180 ng/ml), simvastatin (100 ng/ml), salicylic acid (200 

mg/ml), ibuprofen (80 mg/ml), metformin (4.8 mg/ml), glibenclamide (500 ng/ml), omeprazole (2 mg/

ml) and acetaminophen (19 mg/ml). The degree of interference was assessed by visual inspection of the 

chromatograms of the spiked plasma samples. Eprosartan plasma concentrations were calculated and 

should be within ±15% from the nominal concentration. 

Stability 

The stability of eprosartan in spiked plasma samples was assessed at different concentrations (5, 350, 

and 7500 ng/ml) and at different experimental conditions.  Freeze-thaw stability (three cycles, -80 °C) 

was tested with QC- samples in triplicate. Bench-top stability (room temperature (20 °C) and light, 6 

h) and stability at 2-8 °C  for 7 days of plasma samples were investigated in triplicate and compared to 

freshly prepared QC samples. The re-injection stability of the auto-sampler (15 °C ) was determined in 

triplicate after 24 h and compared with the initial concentrations. 

Additionally,  the stability of the stock solution of eprosartan diluted to 500 ng/ml and the deuterated 

internal standard d6-eprosartan mesylate solution diluted to 91 ng/ml were evaluated in triplicate 

at room temperature (20 °C) and light for 6 h and refrigerated (2-8 °C) for 1 month by comparing 

the response with freshly prepared solutions. The analyte is considered stable in biological matrix or 

extracts if 85-115% of the reference concentration is recovered, except for the  LLOQ (5 ng/ml) where 

it should be within 20%.
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Comparison of plasma and serum concentrations

In the ROTATE study (see section Clinical application) both plasma and serum samples were collected 

simultaneously from the patients. Forty-five plasma and serum samples with concentrations ranging 

from 5 to 7500 ng/ml were analyzed according to the described procedures. Plasma and serum 

concentrations were calculated from the constructed calibration curve in plasma. Serum concentrations 

were compared to the plasma concentrations; the deviations from the plasma concentration should 

be within ±15%. 

Clinical application

The developed assay was applied to samples from hypertensive patients participating in the ROTATE 

study (a crossover, open-label, single-drug treatment study in a multiracial population) at the Academic 

Medical Center (AMC) in the Netherlands.14 The medical ethics committee of the AMC approved the 

study protocol and the patients gave written informed consent. In the study eprosartan was dosed 

600 mg/day once daily in the morning and the dose was increased in week 3 if blood pressure (BP) 

was not <140/90 mm Hg. Peak and through plasma and serum samples were collected after three and 

6 weeks under treatment. In two hypertensive patients the pharmacokinetics of eprosartan following 

oral ingestion were determined on day 3 after the start of therapy. Samples were drawn at t=0, 0.5, 1, 

1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24, and 33 h. After centrifugation plasma was stored at -80 °C until analysis. 

Plasma levels of eprosartan were measured in 50 ml plasma according to the assay described. Individual 

pharmacokinetic parameters were assessed by fitting multi-compartment pharmacokinetic models 

to measured plasma concentrations using NONMEM software version 7.2 (Globomax LLC, Hanover, 

USA). The best model was selected on basis of plots of weighted residuals versus time and the Akaike 

information criterion (AIC).15 
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RESULTS AND DISCUSSION 

Method development 

HPLC and MS/MS conditions for the eprosartan and d6-eprosartan determination in plasma were 

adjusted to meet a short analysis time and the requirements as described in the validation section, 

thus minimizing interference and suppression of signal of the analytes while maximizing signal to 

noise (S/N) in a reduced runtime. In order to optimize ESI conditions for eprosartan and d6-eprosartan 

full scan mass spectra were acquired in the positive ion mode and tuning parameters were varied. The 

settings of the mass spectrometer used in this method are listed in Table 1. Figure 2A shows a partial 

mass spectrum of the deuterated internal standard d6-eprosartan. The use of a deuterated IS with 

similar chemical physical properties as the studied analyte is beneficial, since differences in recovery 

due to the sample pre-treatment or differences in chromatographic behaviour are minimized.  

Figure 2A shows that the used batch of d6-eprosartan (m/z 431.2) contained some d5-eprosartan (m/z 

430.2) and d7-eprosartan (m/z 432.2) as well. Unlabeled eprosartan (425.2) was however not observed. 

MRM transitions were selected on the basis of product ion scans of the molecular ions of eprosartan 

and d6-eprosartan. The transition of m/z 425.15 → m/z 207.00 had the highest signal to noise ratio 

(S/N) for eprosartan, whereas the m/z transition 431.20 → m/z 207.00 was selected for d6-eprosartan.  

Figure 2B shows the product-ion scan of the [M+H]+ ion of d6-eprosartan m/z 431.2. MS parameters for 

the final MRMs were optimised in standards and spiked samples successively. Special attention was 

given to possible carry-over effects by the autosampler system, taking into account the large dynamic 

range of concentrations within a series of samples. Using a 2 ml needle rinse of ACN / MilliQ / acetic 

acid, 90/10/0.1 (v/v/v), carry-over was < 0.01% measuring a blank after a sample of 7500 ng/ml.

Sample preparation

It was not possible to dissolve eprosartan 0.4 mg/ml (as eprosartan mesylate) in water as reported by 

Li et al.10 Furthermore, acetonitrile concentrations of minimal 50% (v/v) were needed for the dilution of 

stock and standard solutions in order to prevent crystallization after a few days. Vortex mixing proved 

to be important: vortexing during protein precipitation avoided the formation of precipitation clusters 

that negatively influence recovery. After reconstitution of the residue in acetic acid 1%, 5 minutes 

vortex mixing showed good results. 
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Figure 2 (A) Partial mass spectrum of the internal standard d6-eprosartan (m/z 431.2). The batch d6-eprosartan 
contained some d5-eprosartan (m/z 430.2) and d7-eprosartan (m/z 432.2) as well. Unlabeled eprosartan (m/z 425.2) 
was not observed. (B) Product-ion scan of the [M+H]+-ion of d6-eprosartan m/z 431.2
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Assay Validation  

Linearity and LLOQ

The calibration curves provided a linear response in both eprosartan plasma concentration ranges: 5 

to 350 ng/ml and 350 to 7500 ng/ml. The correlation coefficients (r2) of the 1/x-weighted calibration 

curves were in the range of 0.9996-1.0000 (low range; n = 6 ) and 0.9997-1.0000 (high range; n = 

6). At all concentration levels of a total of six different calibration curves the deviation of measured 

concentration from the nominal concentration was within acceptable limits with values between -5.9% 

to 6.3% (low range) and -3.2% to 4.0% (high range). Two separate calibration curves (ranges 5 - 350 ng/

ml and 350 -7500 ng/ml) were necessary to be able to adequately measure the plasma concentrations 

observed after the oral administration of 600 mg eprosartan. In our two studied hypertensive patients 

the observed concentrations varied from 8 to 4580 ng/ml in the 36 hour period following ingestion of 

the dose. Li et al have found that maximum plasma concentrations of eprosartan ranged from 1755 to 

7550 ng/ml in twenty healthy volunteers receiving one 600 mg eprosartan tablet.10 Another study in 

healthy volunteers showed maximal plasma concentrations between 439 and 1857 ng/ml after a single 

oral dose of 100-800 mg eprosartan.11

The lower limit of quantification in this assay was arbitrarily set at 5 ng/ml. The peak area of the 

response at 5 ng/ml was approximately twenty times higher than the blank response which was in 

accordance with the criteria of the (minimum) five-fold ratio. A chromatogram of eprosartan at the 

LLOQ concentration 5 ng/ml and a blank plasma sample are shown in Figure 3. With the LLOQ set at 

5 ng/ml a method was obtained that was sufficiently sensitive for the determination of all the samples 

in our study. However, taking into account the signal noise ratio of about 20 at 5 ng/ml and the good 

results for accuracy and precision (<7%) at this concentration, it may well be possible to use a LLOQ 

lower than 5 ng/ml with this method.  Our results compare favourably with those of other studies 

which reported LLOQs of 5 and 13 ng/ml (LC-MS/MS) 9,10 and 10-150 ng/ml (HPLC-UV).5,6

Intra- and inter-day accuracy and precision

The results for the intra- and inter- assay accuracy and precision for the quality controls are summarized 

in Table 2. Intra- and inter-day accuracy ranged from 96.2% to 105.8% for all controls. At the LLOQ, 

deviation of the nominal concentration was <5%. Intra- and inter-day precisions were <7% for all 

concentrations (inclusive LLOQ) and were found to be acceptable. These results were comparable to 

the findings of Li et al.10
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Process efficiency and matrix effects

The results of the evaluation of the process efficiency (PE) and matrix effects (ME) are summarized in 

Table 2. PE was greater than 96% (range 96.0%-104.9%) for all studied eprosartan concentrations; with 

respect to ME minor ion suppression (<7%) and enhancement (< 6%) was detected. 

The process efficiency reflects the combined results of two effects: the effect of sample matrix (ME) 

and recovery of the analyte (RE). If unseen, undetected endogenous compounds present in different 

plasma samples coelute with the analyte of interest, they may effect the efficiency of ionization of 

the analyte leading to the decrease or an increase in the MS response. In our case matrix effects were 

relatively small (< 6-7%). With PE ranging from 96% to 105% this indicates that recovery of the analyte 

is not affected by the matrix. 

Selectivity

Selectivity is the ability to differentiate the analyte from endogenous and exogenous components. 

There were no discernable interfering components in plasma judging from a comparison between 

blank plasma and blank plasma spiked with eprosartan and d6-eprosartan at 5 ng/ml (Figure 3). 

Also comparison of the chromatograms of ten possibly co-administered substances and spiked plasma 

samples (eprosartan 10 ng/ml) showed in all cases no interfering signals within the retention time 

window of the chromatographic peak of eprosartan. Plasma concentrations were obtained by back 

calculation on the calibration curve and ranged from 91.1% to 108.5% (QC sample 10 ng/ml: 9.97 ± 0.23 

ng/ml).

Stability

The stability data of eprosartan are summarized in Table 3. Eprosartan is stable in plasma at room 

temperature and light up to 6 h, at 2-8 °C for 7 days and can safely undergo three freeze-thaw cycles 

at -80 °C. Also autosampler stability was established indicating that the final extract can be stored in 

the autosampler and re-injected in 24 h.  Furthermore, we evaluated the storage at 2-8 °C protected 

from light of the final extracts of a measured calibration curve (350-7500 ng/ml) at 2-8 °C for 3 weeks 

and 4 months. After this period the calibration curve was measured again and compared to a freshly 

prepared calibration curve.  Plasma concentrations ranged from 95-102% after 3 weeks and 94-99% 

after 4 months. 
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Table 3 Stability data of eprosartan

Matrix Conditions Ref. conc. Found conc. CV

ng/ml % %

    n=3    

Plasma room temp 20 °C + light, 6h 5 84.7 4.1

350 108.3 1.3

7500 101.6 2.1

Plasma 2-8 °C, 7 days 5 100.9 4.3

350 109.5 4.3

7500 105.8 1.1

Plasma 3 freeze ( -80 °C )/ thaw cycles 5 96.9 7.2

350 109.6 0.9

7500 104.7 2.7

Final extract autosampler 15 °C, 24 h 5 94.4 7.8

350 102.6 4.0

7500 99.6 1.6

stock eprosartan room temp 20 °C + light, 6h 350 96.6 2.1

2-8 °C, 1 month 500 103.6 5.0

stock IS room temp 20 °C + light, 6h 91 98.1 2.9

  2-8 °C, 1 month 91 101.4 3.9
Conc. concentration; Ref. reference; temp. temperature; IS internal standard; h hour; CV coefficient of variation

Comparison of human plasma and serum.

In various bioanalytical tests serum is preferred over plasma because the plasma coagulation factors 

can sometimes interfere with the measurement. Comparison of forty-five serum concentrations to 

plasma concentrations in the range of 5-7500 ng/ml showed deviations from -7.9% to 8.8% (mean 0.4 

± 3.5).  This indicates that the method is also applicable for serum samples. 
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Figure 4 Concentration-time profiles of eprosartan on day 3 in two hypertensive patients (A, B)  receiving epro-
sartan 600 mg once daily. The symbols represent the measured plasma concentrations and the solid line the fitted 
2-compartment pharmacokinetic model.

A

B
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Clinical Application

The pharmacokinetics of eprosartan was studied in two hypertensive patients receiving eprosartan 

600 mg once daily on the third day of drug therapy. On basis of the plots of weighted residuals versus 

time and the Akaike information criterion, a 2-compartment pharmacokinetic model with first-order 

absorption and first-order elimination was selected to describe the time profile of eprosartan plasma 

concentration. The concentration-time profiles are presented in Figure 4. The following individual 

oral pharmacokinetic parameters were estimated: lagtime before start absorption 0.94 and 1.51 h, 

absorption rate 1.9 and 3.7 h-1, central volume of distribution (estimated as VC/F (F= bioavailability 

fraction) 69 and 196 L, steady-state volume of distribution (VSS / F) 135 and 1160 L, clearance (CL/F) 39 

and 71 L/h, first distribution half-life 0.85 and 0.36 h and elimination half-life 5.1 and 40.4 h. 

CONCLUSION

In this report the development, validation and application of a LC-MS/MS method for quantitative 

analysis of eprosartan in plasma are described. Eprosartan was extracted from human plasma by a 

simple protein precipitation method with acetonitrile. Two linear calibration curves were obtained 

in the plasma concentration range from 5-350 ng/ml and 350-7500 ng/ml eprosartan. There were no 

apparent matrix effects and process efficiency was high. The method is selective, sensitive, accurate, 

precise and was successfully applied in a clinical pharmacokinetic study.
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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
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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.



PKPD modeling of eprosartan 

139

6

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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INTRODUCTION

Hypertension is an important public-health challenge because of the high prevalence and its 

contribution to the burden of heart disease, stroke, and renal failure. Epidemiological estimates 

indicate that more than an quarter of the world’s adult population is hypertensive, an approximate 

of nearly one billion people in 2000 which will increase to more than 1.5 billion by 2025.1,2 Globally 

cardiovascular disease (CVD) accounts for approximately 17 million deaths a year, which is nearly 

one third of the total (all-cause mortality).3,4 Of these, complications of hypertension account for 9.4 

million deaths worldwide every year.5

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

a direct relationship between the level of BP and the risk for developing CVD. For individuals aged 

40-70 years each increment of 20 mm Hg in SBP or 10 mm Hg in DBP doubles the risk of CVD across 

the entire BP range from 115/75 to 185/115 mm Hg.6 BP reduction is a successful strategy and along 

with management of target organ damage preventions has a remarkable impact on overall risk profile. 

However, the prevalence of high BP has grown progressively over time with a progressive increase not 

only in the absolute number of patients, but also with a larger proportion of treated patients showing 

BP values out of control.7 Less than 40% of the European patients treated with antihypertensive drugs 

achieve target BP (<140/90 mm Hg, office-based BP measurement).8-12 So there clearly is a strong need 

to improve the efficacy of (ongoing) treatment. 

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

factors contributing to variability in BP and to the variability in antihypertensive 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 makes it possible to follow the time course of 

variation around the clock in an individual patient. 

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. At present individualization of treatment is mostly done empirically 

and this is cumbersome and time-consuming. Early control of hypertension is of importance as it may 

have favourable impact on long-term outcome13,14 Therefore, new strategies are needed to find or 

predict the optimal drug and dose for an individual patient. 

The objective of this thesis was to identify factors that contribute to the interpatient variation in BP 

and to the interpatient variation in response to antihypertensive drug therapy and as such to provide 

suggestions for new drug individualization strategies in the treatment of hypertension.
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In this general discussion we will first focus on the main findings of the studies presented in this 

thesis. The first part concerns the findings related to variability in BP and the second part deals with 

the findings related to variability in antihypertensive drug response. Subsequently, we describe 

strengths and limitations of our research. Finally, we will discuss the implications for future research 

and implications for clinical practice.

MAIN FINDINGS

Variability in BP

Natural BP variation within individuals

Measured BP is intrinsically variable because every cardiac cycle produce a different BP. The true basal 

BP of a patient is the BP free of all the fluctuations in response to environmental stimuli and as a result 

of the activity of cardiovascular control mechanisms. In analyses of the ROTATE study we assumed 

that the clinically measured BP is the sum of the true BP and a random error (analytic measurement 

and biologic variability within individuals) and defined this random BP variability as natural BP variation 

within individuals. 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.15 

The crossover design of the ROTATE study, including wash-out periods, made it possible to assess this 

natural BP variation as described in Chapter 3. Firstly, for each subject the variance of the differences 

between blood pressures measured in subsequent wash-out periods was calculated. Then we were able 

to calculate the geometric mean of these variances for our population (78 mm Hg2, this corresponds 

with a standard deviation of 8.8 mm Hg (95% CI: 7.8-10.1 mm Hg)). This calculated natural BP variation 

was used in the simulated comparison of two treatment algorithms (Chapter 2): the rotation strategy 

(a systematic rotation of monotherapy with five representatives of the major antihypertensive drug 

classes) and an ethnic strategy, where drug selection was based on ethnic background of the patient 

only. We found that due to natural BP variation, in the clinical situation mostly neglected, the SBP 

lowering effect is likely to be overestimated when a search for the optimal antihypertensive drug in an 

individual patient is done according to a rotation strategy. This potential overestimation of the SBP fall 

led to improper drug selection in one out of two to four patients meaning that in a high percentage 

(25-50%) of patients there is another agent that would be better during chronic antihypertensive 

drug therapy. 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.
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BP variability between patients

BP variability between patients was assessed in Chapter 4 and this was done with the aim to quantify 

and explain variability in BP parameters that correlate with clinically relevant endpoints. Ambulatory 

BP monitoring (ABPM) makes it possible to construct the time course of BP around the clock, with, in 

many persons with uncomplicated essential hypertension, the lowest levels during nighttime sleep, a 

rise with morning awakening and attainment of peak values during the initial hours of daytime activity.16 

Specific features of this 24-hour BP course (daytime BP, nighttime BP, nocturnal dip, morning surge) 

have been shown to be better predictors of the occurrence of target organ damage and the risk for 

cardiovascular events (stroke and myocardial infarction) than conventional office BP measurements.12-15 

For instance, findings from the International Database of Ambulatory BP in relation to Cardiovascular 

Outcome (IDACO) showed that both daytime (average awake) and nighttime (average asleep) BP 

levels independently carry prognostic information with respect to cardiovascular events.17-19 With 

regard to the nocturnal dip (a 10-20% fall in BP during sleep) the most consistent finding is that patients 

with a reduced or no drop in nocturnal BP exhibit a worse cardiovascular prognosis than patients with 

a greater drop. On average, each 5% attenuation in the decline in nocturnal SBP/DBP conferred about 

a 20% rise in the risk of cardiovascular mortality.19-22

In Chapter 4 we developed a nonlinear mixed effects model (NONMEM) that describes the diurnal 

profile in SBP in terms of three parameters (Figure 1): baseline SBP (BSL), nadir (minimum SBP during 

the night), and change( difference in SBP between the maximum SBP during the day and the minimum 

SBP during the night). An important practical advantage of the developed population model is that it 

translates the 24-hour SBP profile with the parameters BSL, nadir and change into SBP measures that 

correlate well with parameters that have been shown to be risk factors for cardiovascular events (mean 

daytime SBP (BSL: R2 = 0.89) and mean nighttime SBP (nadir: R2= 0.92), nocturnal dip (nadir/BSL ratio: 

R2= 0.79) and morning surge (change: R2= 0.50). Yet, this has to be confirmed in separate datasets. The 

model did not only characterize clinically relevant parameters of the 24-hour BP course, but we also 

investigated associations of potentially relevant covariates to explain variability between patients in 

baseline SBP, nadir and change. Variability in our model was in part explained by ethnicity which was 

associated with change. Change (difference between the maximum SBP during the day and nadir) was 

40% higher in white Dutch patients and 26.8% higher in South Asian patients than in black patients, 

with respective values of 30.8, 27.9, and 22.0 mm Hg. In the population model interpatient variability in 

change dropped from 52.2% to 48.5% due to the inclusion of the effect of ethnicity on change.
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Figure 1  Developed population model to describe the circadian rhythm in systolic blood pressure (SBP). In this 
figure BSL represents the baseline SBP, HOR represents the horizontal displacement over time and PER represents 
the period of the diurnal blood pressure profile. In addition nadir represents the minimum during the night, and 
change represents the difference between the maximum SBP during the day and the minimum SBP during the 
night.

In the population model it was furthermore evaluated whether interpatient variability could 

be explained by the presence of several gene polymorphisms known from literature (such as 

polymorphisms in genes involved in the renin angiotensin system or in genes encoding for the 

b-receptors) to influence BP. Interestingly, no correlations were observed for the investigated gene 

polymorphisms. In principle the availability of a population model for diurnal BP allows the evaluation 

for different covariates especially in larger datasets with more (>10,000) patients. When covariates 

explain interpatient variability, it becomes possible to predict these specific features of the diurnal 

BP profile more accurately for any given patient and thus the risk of cardiovascular events. Nonlinear 

mixed effects modeling is especially suited for this purpose. It is the state of the art methodology for 

simultaneous quantification of population average effects, including variability between patients in 

these effects, as well as explanation of the observed variability by means of a covariate analysis.



Chapter 7

154

Variability in response to antihypertensive drug therapy

The average BP decrease of hypertensive patients to most antihypertensive drugs is well predictable. 

However, the individual responses are highly variable and difficult to predict. In daily practice, methods 

that will reliably identify individuals who will respond well to a specific antihypertensive drug are 

lacking. As stated earlier, at present individualization of treatment is mostly done empirically and this is 

cumbersome and time-consuming. Several patient characteristics have been claimed to be predictors 

of BP response to commonly prescribed drugs, however, the majority of interindividual variation in BP 

responses still remains unexplained. In this thesis pharmacokinetic-pharmacodynamic modeling was 

used to quantify the variability between patients in BP response and the contribution of ethnicity and 

genetic factors to this variability was evaluated. 

In Chapter 2 we presented a simulated comparison of two treatment algorithms. This study indicates 

that in a mildly hypertensive population consisting of relatively young subjects of African descent and 

Dutch Caucasians, a strategy of rotating patients through each of the major drug classes results in 

statistically more patients on target (SBP <140 mmHg) than choosing the antihypertensive drug by 

considering self-reported ethnicity (39.6% vs 36.7%, P <0.05). 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 a shorter time period. 

Data of the ROTATE study were analyzed to determine whether genetic variation predicts the 

individual SBP response to antihypertensive drugs (Chapter 3). In addition, we assessed to what extent 

the variation in individual treatment response to the major classes of antihypertensive drugs could 

be explained by the combined effects of all known genetic and non-genetic predictors. We assumed 

that the difference between the total variance present in the dataset (377 treatment episodes) and 

the natural 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 (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. We found differentiation between predictors related 

to drugs and not drug-related predictors. The drug-related predictors ethnicity, low sodium intake 

and alpha-adducin 614G→T polymorphism accounted for 14% of the total variance, with the largest 

part attributed to the interaction ethnicity and drugs. Lisinopril, nebivolol and eprosartan showed a 

larger SBP response in whites and South Asians in comparison to blacks, in whom barnidipine and 

HCT showed better SBP-lowering effect. Interestingly, but less relevant were the not drug-related 

contributions of the following predictors: diabetes, age, baseline SBP, body mass index and the 

polymorphic genes a-1 adrenoreceptor 145A→G, a-2 adrenoreceptor 79C→G, aldosterone synthase 

-344C→T and thiazide sensitive sodium channel 78G→A. Taken together all these factors explained 

23% of the total variance accounting for 66% (23% of 35%) of the potentially predictable variance. Our 
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data showed that 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 single-nucleotide polymorphisms (SNPs) in choosing the best possible antihypertensive 

treatment for an individual is limited (range of contribution individual SNPs was 1.1-2.4%).

The large interindividual variability in antihypertensive drug effect may be due to pharmacokinetic 

and pharmacodynamic differences among patients. The population model of the baseline 24-hour 

course of SBP as developed in Chapter 4, was used to perform a population pharmacokinetic-

pharmacodynamic study describing the relationship between the exposure and antihypertensive drug 

effect following oral administration of eprosartan in hypertensive patients. 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). A two-compartment pharmacokinetic model described the eprosartan 

concentration time profiles adequately and a log-linear relationship was used to describe the 

relationship between concentration and the decrease in SBP. Variability in drug response (the slope of 

the log-linear relationship) between patients was 65% and decreased to 14% when ethnicity was added 

as covariate on slope. The model showed that Black patients exhibit no drug response (the slope was 

estimated indistinguishable from 0) in contrast to White patients (the slope was estimated -2.6 mm Hg 

per (ng/ml)). So it became clear that it is possible to establish a concentration-antihypertensive effect 

relationship and to quantify and explain variability between patients with patient characteristics, in 

this case ethnicity, in this relationship.

STRENGTHS AND LIMITATIONS

Application of NONMEM

Over the past 60 years the treatment of hypertension has evolved to a position where there is a broad 

choice of safe and effective antihypertensive agents. Nevertheless, the prevalence of high BP has 

grown progressively over time with an increase in the number of patients showing BP values out of 

control. So there is a clear need to find out new strategies to improve and individualize treatment of 

high BP. In this thesis, we tried to contribute to this challenge; we applied the population approach 

by using nonlinear mixed effects modeling (NONMEM).20 We believe that this is a strength of our 

research for two purposes:

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

and change) that correlate with daytime and 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). 
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•	 it enabled the description of the relationship between plasma concentration and antihypertensive 

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

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

in antihypertensive drug response).

The diurnal SBP profile varies considerably between patients. As a result, a model describing the diurnal 

SBP profile should reflect these differences between patients. Several methods have been proposed 

for the characterization of the diurnal BP profile, ranging from simple statistics such as the median 

and mean values to more complex smoothing techniques as Fourier modeling.21-24 These techniques 

usually produce parameter estimates (in terms of e.g. amplitudes and acrophases) which cannot be 

directly correlated with clinically relevant features of the diurnal BP-profile such as average daytime 

and nighttime BP, nocturnal dip and morning surge. 

As far as we know, population modeling using nonlinear mixed effects modeling has been rarely used 

for this purpose. Our analysis showed that this methodology is suitable for a quantitative description 

of the 24-hour SBP profile. BP parameters are obtained that inform about the average (structural) 

effects that determine the shape of the 24-hour SBP profile in the population as well as about the 

differences between patients in these parameters (i.e. between-patient variability). 

Also, the use of the population approach to reveal PKPD relationships for blood pressure lowering 

drugs is only sparsely found in the scientific literature. The description of such relationships is probably 

confounded by administering of relatively high doses of antihypertensive drugs in initial studies with 

exposures in the upper part of the sigmoid concentration response curve, quantifying BP reduction 

only and failure to account for circadian variability in the diurnal BP profile.28,29 Our analysis showed 

that with this technique it was possible to identify a concentration-effect relationship for eprosartan 

in hypertensive patients including quantification of the between-patient variability in this relationship. 

Subsequently, an attempt was made to explain the observed variability by testing associations 

between relevant covariates such as demographic variables, life-style, cardiovascular risk factors, gene 

polymorphisms and the parameters describing the 24-hour SBP profile and the parameters describing 

the concentration-effect relationship of eprosartan. Most of these tested covariates were found not to 

be significantly related. This could be because of a lack of statistical power or it could be a reflection of 

the selected, relatively homogeneous, study population which was relatively young. 

It was very obvious and also striking that ethnicity turned out as a significant determinant in our search 

for factors that contribute to the interpatient variation in BP and in response to antihypertensive drug 

therapy. Our data did not allow us to discover measurable (pathophysiologic) factors that explain 

the mechanism behind the observed ethnic disparities. There are likely other variables that were not 

measured or included in our studies that may have an impact on the associations between ethnicity 
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and the parameters that describe the 24-hour SBP profile on one end and between ethnicity and the 

response to BP lowering drugs on the other. Ethnocultural, socioeconomic, genetic and biological 

differences may be the more mechanistic variables behind the surrogate marker ethnicity, which can 

hopefully be identified in future studies.

A second notable finding in the results of the covariate analysis is the limited contribution of genetics. 

Fourteen genetic polymorphisms with possible effects on BP regulation were tested as covariates 

on parameters describing the 24-hour SBP profile and as determinants of antihypertensive drug 

response. We only found small contributions of individual SNPs to the variability in BP and to the 

variability in SBP lowering response. This may again be due to lack of power. During the last 10-15 years 

pharmacogenetic studies have identified numerous potential genetic variants (for example identified 

in the renin-angiotensin-aldosterone system25) associated with response to antihypertensive drug 

treatment. However so far, no unique mutation was by itself predictive of the therapeutic response to 

antihypertensive drugs and even the combined effects of polymorphisms did not account for enough 

variation in response to be clinically useful.26;27 The negative results do not exclude the possibility 

that these polymorphisms are related to clinical outcomes in hypertensive patients. Factors possibly 

leading to inconsistent findings could be:

•	 differences in study populations that might influence genetic associations and lead to disparate 

findings across studies

•	 variability in the BP phenotype. Probably office BP is not the optimal BP phenotype for assessing 

genetic predictors of drug response. 24-hour ABPM is more strongly associated with long term 

outcomes and reduces the measurement error relative to a single clinic BP measurement

•	 lack of statistical power, because of relatively small studies. 

•	 unknown environmental factors within a population and variation of the effects of polymorphisms 

in candidate genes due to interactions with such environmental factors.

Genetic factors are of interest to further individualize antihypertensive therapy, but may be only a 

small part of a large and complex picture. The population model we developed provides a means in 

future studies to extend the search for such factors.

As discussed, population model-based analysis offer the opportunity to quantify and explain variability 

between patients. Our efforts are one of the first steps of this approach in the field of hypertension 

management. 
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The baseline SBP model describes the diurnal blood pressure profile in a relatively young, mildly 

hypertensive multiracial population, but is not directly generalizable to other populations. This 

model should first be externally validated with data from a similar population as ours, for example 

the relatively young, mildly hypertensive patients of the International Database of Ambulatory BP in 

relation to Cardiovascular Outcome (IDACO)28 to confirm the accuracy of the model, before it can be 

used for example to optimize the sampling frequency during 24-hour ABPM. An external validation 

procedure can also be done with data from an older and more severely hypertensive population. 

During such a procedure bias in the model may be detected and the model then needs to be adjusted 

accordingly (e.g. by correcting for an eventual effect of age).

The baseline SBP model was also limited by the fact that a direct link between the identified model 

parameters baseline SBP, nadir and change and clinical outcome (e.g. cardiovascular events) could not 

be made as these data were not available in the ROTATE dataset. Besides, there are not enough patients 

(n=196) in the dataset to reliably establish such correlations (for which large populations of 1000 

patients or a multitude thereof (meta-analysis) would be necessary). Although the model parameters 

correlate well with daytime BP, nighttime BP, nocturnal dip and morning surge and thus correlation 

with clinical outcome may be plausible, this should be confirmed in larger ABPM databases.

In the development of the PKPD model of eprosartan ethnicity was found as an important determinant 

of antihypertensive drug response. Next to ethnicity other determinants such as age or a higher 

baseline BP may play an important role in the response to antihypertensive drug therapy. Also here 

the population was relatively homogeneous with only mildly hypertensive patients. It is therefore of 

interest to investigate the influence of covariates on the response to antihypertensive therapy in a 

larger and more severely hypertensive population.

The developed population models quantify the average (structural) parameters that describe the 24-

hour SBP profile and the concentration-effect relationship of eprosartan, as well as the amount of 

variability between patients in these parameters. We do not have repeated 24-hour BP measurements 

over time and thus we cannot estimate variability within a patient over time, so called interoccasion 

variability. It may be of interest in future studies to address natural variation in BP as well as interoccasion 

variability in drug response, including the influence of covariates on these estimates of variability.
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IMPLICATIONS FOR FUTURE RESEARCH AND CLINICAL PRACTICE 

Application of population modeling with respect to the diurnal BP profile is new. The challenge of a 

new method is to show that it has superior results to a standard method. 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. This 

should be part of future research. 

ABPM provides the needed information for diagnostic categorization, treatment efficacy evaluation 

and cardiovascular outcome prediction.29 However, application of ABPM is not common. At this time 

in daily practice conventional office BP measurement is the standard BP measurement procedure 

and ABPM is recommended only in a limited number of clinical circumstances.30 However, the recent 

update of the NICE guidelines proposes for the first time the need to corroborate the diagnosis 

of hypertension in all patients with ABPM (the average value of at least 14 BP measurements, only 

daytime BP measurements).31 Patient tolerability to around-the-clock ABPM has been discussed as a 

possible limitation, mostly because it may induce disturbance of nighttime sleep.29 Population model 

based analysis provides a nice tool to evaluate and optimize the sampling frequency, which may thus 

prove to be able to decrease the burden of 24-hour BP measurement.

The most important added value of this population method relative to other methods 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. Population analysis methods 

allow borrowing of information between individuals to fill in gaps in the BP profiles and therefore 

allow the use of so-called sparse sampling.32 Traditionally, ambulatory BP registries have to fulfill 

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

daytime and nighttime periods and ≥ 1 BP measurement per hour.30 This is quite cumbersome for 

the patient. The need for these strict criteria may however be reduced when less BP-measurements 

during night and day in combination with the population model may prove to characterize the 

diurnal BP profile, in terms of clinically relevant parameters, equally well. For this, limited sampling 

strategies need to be developed and validated prospectively in a broad (heterogeneous) population of  

hypertensive patients.
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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. 

When the accuracy of the population model of the diurnal BP can be confirmed and limited sample 

strategies are developed to replace the cumbersome 24-hour BP measurements, the model may be 

used, in combination with a few BP measurements per individual, to reliably predict drug effects in the 

individual patient. This should of course first be evaluated in the context of clinical studies. 

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. 
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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).



Chapter 8

170

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. 
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Hypertensie, bekend als verhoogde bloeddruk, is wereldwijd een belangrijk gezondheidsprobleem. 

Het aantal patiënten met hypertensie wordt geschat op 1 miljard en zal de komende jaren verder 

stijgen. Mensen met hypertensie lopen een verhoogd risico om vroegtijdig te overlijden aan hart- en 

vaatziekten. Wereldwijd is 30% van alle sterfgevallen toe te schrijven aan hart- en vaatziekten. Jaarlijks 

overlijden 9,4 miljoen mensen aan de complicaties van hypertensie zoals een beroerte of hartinfarct.

Hypertensie is een belangrijke en te beïnvloeden risicofactor voor hart- en vaatziekten. Het 

verlagen van de systolische bloeddruk (bovendruk) met 10 mm Hg of van de diastolische bloeddruk 

(onderdruk) met 5 mm Hg zorgt voor een 30-40% lager risico op het krijgen van een beroerte en 

een 20% lager risico op het krijgen van een hartinfarct. Ondanks de beschikbaarheid van effectieve 

bloeddrukverlagende geneesmiddelen (antihypertensiva) is het aantal mensen bij wie de bloeddruk 

onder controle is echter teleurstellend laag; slechts 25-40% van de patiënten met een hoge bloeddruk 

in Europa haalt de streefwaarde (systolische/diastolische bloeddruk <140/90 mm Hg). Daardoor wordt 

in een groot deel van de bevolking niet de maximale verlaging van het risico op hart- en vaatziekten 

bereikt. Er is duidelijk behoefte aan een strategie om voor de individuele patiënt het meest effectieve 

bloeddrukverlagende geneesmiddel te kiezen waarmee de streefwaarde wel wordt gehaald ter 

verbetering van de effectiviteit van de (lopende) hypertensie behandeling.

Het kiezen van het juiste bloeddrukverlagende geneesmiddel voor een individuele patiënt vereist 

inzicht in de factoren die bijdragen aan de variabiliteit (verschillen) in bloeddruk en de variabiliteit 

in geneesmiddelrespons zowel tussen (inter-individueel) als binnen individuen (intra-individueel). 

Variabiliteit in bloeddruk zowel tussen individuen als ook binnen een individu, is een verschijnsel dat 

beïnvloed wordt door vele factoren in reactie op biologische, mechanische en omgevingsfactoren. 

Ambulante bloeddrukmeting ofwel 24-uurs bloeddrukregistratie, maakt het mogelijk om de variatie in 

bloeddruk gedurende een etmaal in kaart te brengen in een individuele patiënt. Bovendien, specifieke 

kenmerken van het 24-uurs bloeddrukprofiel, zoals de gemiddelde bloeddruk overdag (daytime) en de 

gemiddelde bloeddruk ’s nachts (nighttime), de dip in de bloeddruk tijdens de nacht (nocturnal dip) en 

de stijging van de bloeddruk in de ochtend (morning surge) hebben een voorspellende waarde voor 

het krijgen van orgaanschade en cardiovasculaire (betrekking hebbend op hart (cardio) en bloedvaten 

(vasculair)) gebeurtenissen, zoals een beroerte of een hartinfarct. Deze voorspellende waarde is beter 

dan die van de gemiddelde bloeddruk gemeten tijdens een bezoek aan de arts. 

Verder is bekend dat er een grote inter-individuele variatie bestaat in respons op bloeddrukverlagende 

geneesmiddelen. Methoden die kunnen voorspellen welke personen goed op een specifiek 

bloeddrukverlagend geneesmiddel reageren ontbreken. Individualisering van de behandeling is 

meestal gebaseerd op ‘trial and error’ en dit is omslachtig en tijdrovend. In de literatuur is melding 

gemaakt van diverse voorspellende factoren voor de effectiviteit van bloeddrukverlagende 

geneesmiddelen, zoals de plasma renine activiteit, leeftijd en etniciteit. Het effect van inter-individuele 
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verschillen in farmacokinetiek (opname, verdeling, omzetting in het lichaam en uitscheiding van een 

geneesmiddel uit het lichaam, resulterend in een bepaalde blootstelling aan een geneesmiddel) en 

farmacodynamiek (wat doet het geneesmiddel met het lichaam, resulterend in het beoogde effect, 

maar ook in bijwerkingen) van bloeddrukverlagende geneesmiddelen zijn echter niet in kaart gebracht. 

In het onderzoek beschreven in dit proefschrift wordt populatie farmacokinetische (PK) en 

farmacodynamische (PD) modellering gebruikt met als doel de variabiliteit in bloeddruk en de 

variabiliteit in de respons op bloeddrukverlagende geneesmiddelen tussen patiënten te kwantificeren 

en te evalueren hoe deze variabiliteit kan worden verklaard, zoals bijvoorbeeld door etniciteit, genetica 

(HOOFDSTUk 1). Op deze manier probeert dit proefschrift suggesties aan de hand te doen om de 

behandeling van hypertensie te individualiseren.

De gegevens die zijn gebruikt in dit onderzoek zijn afkomstig van de SUNSET studie (Surinamers in 

Nederland: studie naar gezondheid en etniciteit) en de ROTATIE studie. De SUNSET studie betreft een 

representatieve steekproef uit het bevolkingsregister met als doel de prevalentie van cardiovasculaire 

risicofactoren zoals roken, hypertensie en diabetes bij Hindoestaanse, Creoolse Surinamers en blanke 

Nederlanders te meten. De studie bestond uit een gestructureerd interview en een aanvullend 

lichamelijk onderzoek bij ongeveer 1000 Surinamers en 500 blanke Nederlanders in de leeftijd van 

35-60 jaar in Amsterdam Zuidoost. Indien een verhoogde bloeddruk werd gemeten tijdens het 

SUNSET onderzoek werden de personen uitgenodigd voor deelname aan het ROTATIE onderzoek. 

In de ROTATIE studie werden de personen behandeld voor hypertensie met 5 bloeddrukverlagende 

geneesmiddelen, in gerandomiseerde volgorde (ROTATIE), namelijk een angiotensine converterend 

enzym (ACE) remmer (lisinopril), een b-blokker (nebivolol), een calcium antagonist (barnidipine), een 

diureticum (hydrochloorthiazide) en een angiotensine receptor blokker (eprosartan).

In HOOFDSTUk 2 wordt de vraag gesteld of de keuze voor een bloeddrukverlagend geneesmiddel 

even goed of beter gemaakt kan worden op basis van etniciteit in plaats van de ‘trial and error’ 

benadering. In de hypertensieve multiraciale populatie werden twee mogelijke behandelalgoritmes 

vergeleken met behulp van een Monte Carlo simulatie: 1) de ‘trial and error’ benadering, hierna 

genoemd de rotatie strategie (een systematische rotatie van behandeling in monotherapie met een 

ACE-remmer, een b-blokker, een calcium antagonist, een diureticum en een angiotensine receptor 

blokker en 2) een etnische strategie, waar de keuze van het geneesmiddel is gebaseerd alleen op de 

etnische achtergrond van de patiënt: een diureticum voor mensen van Afrikaanse afkomst en een ACE-

remmer voor blanken. Statistisch gezien bereikten meer patiënten de streefwaarde (gecorrigeerde 

systolische bloeddruk <140 mm Hg) middels de rotatiestrategie dan met de etnische strategie (39,6% 

vs. 36,7%). Echter vanuit klinisch perspectief is dit verschil klein en lijkt de effectiviteit van beide 

strategieën vergelijkbaar. Bovendien, heeft de etnische strategie het voordeel dat patiënten hun doel 

bereiken in een korter tijdsbestek, omdat de zoektocht naar het geneesmiddel dat de bloeddruk het 
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meest verlaagt door middel van rotatie niet meer nodig is. Een tweede bevinding van deze studie 

was, dat het bloeddrukverlagend effect in de rotatie strategie kan worden overschat ten gevolge 

van de natuurlijke variatie in bloeddruk (variabiliteit binnen een patiënt in de bloeddruk als gevolg 

van meetfouten en natuurlijk voorkomende, biologische variatie binnen individuen). Dit kan in 25-

50% van de patiënten die behandeld worden met een rotatie strategie leiden tot selectie van een 

geneesmiddel dat niet de grootste bloeddrukdaling laat zien, in vergelijking tot één of meerdere 

andere geneesmiddelen in de rotatie strategie. Een foutieve keuze dus van het geneesmiddel. Het 

is van belang de natuurlijke variatie in bloeddruk niet te verwaarlozen, omdat dit kan leiden tot een 

niet-optimale antihypertensieve medicamenteuze therapie. Aangezien deze conclusie is gebaseerd op 

gesimuleerde gegevens, is evaluatie in een prospectieve studie nodig.

In HOOFDSTUk 3 is beschreven of op basis van genetische variatie de individuele respons op 

bloeddrukverlagende geneesmiddelen kan worden voorspeld. Daarnaast wordt beoordeeld in 

hoeverre de individuele respons op bloeddrukverlagende geneesmiddelen kan worden verklaard door 

de gecombineerde effecten van demografische, omgevings- en genetische factoren. Bij dit onderzoek 

werden gegevens geanalyseerd die werden verkregen uit de ROTATIE studie. Het ‘crossover design’ 

van de studie (6 weken behandeling met aansluitend 3 weken een geneesmiddelvrije periode) maakte 

het mogelijk om de natuurlijke variatie in de bloeddruk (variabiliteit binnen een patiënt in de bloeddruk 

als gevolg van meetfouten en natuurlijk voorkomende, biologische variatie binnen individuen; dit is 

exclusief het geneesmiddeleffect) vast te stellen. We hebben aangenomen dat het verschil tussen 

de totale variantie in de dataset (377 behandel periodes van 6 weken) en de natuurlijke variatie in 

bloeddruk binnen individuen de potentieel voorspelbare variatie is. De geschatte, niet te voorspellen, 

natuurlijke variatie in systolische bloeddruk binnen individuen in de ROTATIE populatie was 65% van 

de totale variantie (totale variantie (inclusief geneesmiddeleffect)= 120 mm Hg2, natuurlijke variatie = 

78 mm Hg2). Het resterende deel van 35% is daarom de potentieel voorspelbare variatie in individuele 

respons op bloeddrukverlagende geneesmiddelen.

In het best passende analysemodel zijn de effecten van de demografische, omgevings en genetische 

factoren bestudeerd. Deze factoren verklaarden 23% van de totale variantie, goed voor 66% (23/35) 

van de voorspelbare variantie. Etniciteit, het gebruik van weinig zout en een genetisch polymorfisme 

(alpha-adducin 614G→T polymorfisme) bleken geneesmiddel gerelateerde voorspellers. Een aantal 

genetische varianten (ADD1 614G→T, ADRB1 145A→G, ADRB2 79C→G, CYP11B2 344C→T en SLC12A3 

78G→A) droegen significant bij (9%) aan de totale variantie. Door de effecten van de omgevings, 

demografische en genetische factoren te combineren bleek de bloeddrukverlaging twee keer zo goed 

te voorspellen dan op basis van leeftijd en etniciteit alleen (23% vs. 11% van de totale variantie). De 

toegevoegde waarde van individuele genetische polymorfismen bij het kiezen van de best mogelijke 

antihypertensieve behandeling was echter beperkt (van 1,1 tot 2,4%). 
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De relatie tussen de concentratie van een geneesmiddel in het bloed en het geneesmiddeleffect in het 

lichaam wordt beschreven door de farmacodynamiek. Om de relatie tussen concentratie en effect van 

bloeddrukverlagende geneesmiddelen te beschrijven, met inbegrip van de inter-individuele variabiliteit 

in deze relatie, hebben we ‘non-linear mixed effects modeling’ (NONMEM) geïntroduceerd. Dit is een 

methodologie waarbij het mogelijk is gelijktijdig het gemiddelde geneesmiddeleffect in een populatie 

als ook de variabiliteit tussen de patiënten in het geneesmiddeleffect te kwantificeren.

Allereerst werd een populatiemodel ontwikkeld dat het 24-uurs bloeddrukprofiel beschrijft in 

parameters die rechtstreeks correleren met specifieke kenmerken van het 24-uurs bloeddrukprofiel. 

Dit zijn de gemiddelde bloeddruk overdag, de gemiddelde bloeddruk ’s nachts, de dip in de bloeddruk 

tijdens de nacht en de stijging van de bloeddruk in de ochtend, die op hun beurt weer gerelateerd 

zijn aan cardiovasculaire gebeurtenissen zoals een beroerte of een hartinfarct (HOOFDSTUk 4). 

Het 24-uurs bloeddrukprofiel werd adequaat beschreven met de som van 2 cosinus functies. Aan de 

hand van het 24-uurs profiel was het mogelijk de basislijn systolische bloeddruk (BSL), nadir (minimale 

systolische bloeddruk tijdens de nacht) en change (het verschil in systolische bloeddruk tussen dag en 

nacht) te schatten en de inter-patient variatie in deze parameters. BSL, nadir en change correleerden 

goed met de gemiddelde bloeddruk overdag en ’s nachts, de dip in de bloeddruk tijdens de nacht en 

de stijging van de bloeddruk in de ochtend (R2 = 0,50-0,92). Variabiliteit in het model kon gedeeltelijk 

worden verklaard door etniciteit. Het verschil in systolische bloeddruk tussen dag en nacht (change) 

was namelijk 40% hoger in blanke Nederlanders en 26,8% hoger in Hindoestaanse Surinamers in 

vergelijking met Creoolse Surinamers. Geen correlaties werden waargenomen voor de onderzochte 

genetische  polymorfismen. 

De volgende stap was het populatiemodel zoals beschreven in hoofdstuk 4 toe te passen in een PKPD 

studie. Als modelstof werd het bloeddrukverlagend geneesmiddel eprosartan gebruikt. Alvorens 

de farmacokinetiek van eprosartan te kunnen beschrijven, hebben we een methode ontwikkeld om 

de concentraties van eprosartan in bloed te kunnen meten. In HOOFDSTUk 5 is beschreven hoe 

we een selectieve en gevoelige vloeistof-chromatografie (LC)-tandem massaspectrometrie (MS/

MS) methode hebben ontwikkeld en gevalideerd. Eprosartan werd geëxtraheerd uit het bloed 

door gebruik te maken van een eenvoudige eiwit-precipitatie-methode met acetonitril. Als interne 

standaard werd gedeutereerd d6-eprosartan gebruikt. Met deze bepalingsmethode is het mogelijk 

eprosartan in bloed te meten tussen 5 en 7500 ng/ml. De onnauwkeurigheid in de bepaling was binnen 

± 5,2% en de imprecisie in de bepaling was kleiner dan 7%. Matrixeffecten waren eveneens klein (< 7%); 

de efficiëntie van het proces was tussen 96% en 105%. De ontwikkelde methode is succesvol toegepast 

om de farmacokinetiek van eprosartan te bestuderen.
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De relatie tussen blootstelling aan eprosartan en het effect daarvan op de systolische bloeddruk is 

beschreven in HOOFDSTUk 6. Hierbij werd gebruik gemaakt van het ontwikkelde populatiemodel 

voor het 24-uurs bloeddrukprofiel uit hoofdstuk 4. De gemiddelde relatie tussen dosis, concentratie 

in het bloed (farmacokinetiek) en bloeddrukdaling (farmacodyamiek) werd beschreven. Daarnaast 

werd de inter-individuele variabiliteit in deze processen gekwantificeerd. Mogelijke correlaties tussen 

PK en PD parameters en covariaten (zoals leeftijd, geslacht, etniciteit etc.) werden geëvalueerd, om 

de inter-individuele variabiliteit in bloeddrukverlaging tussen patiënten te kunnen verklaren. Deze 

correlaties kunnen mogelijk aanknopingspunten zijn om de behandeling voor de individuele patiënt 

te optimaliseren. 

Het tijdsverloop van de concentratie eprosartan in het bloed werd adequaat beschreven met een 

2-compartimenten model met nulde-orde absorptie en eerste-orde eliminatie. De vertraging 

tussen het verloop van de concentratie in het bloed en het bloeddrukverlagend effect (hysterese) is 

beschreven middels een hypothetisch effectcompartiment. De relatie tussen de daling in systolische 

bloeddruk en de concentratie eprosartan in het hypothetisch effectcompartiment werd het best 

beschreven middels een log-lineaire relatie (het geneesmiddel effect = de helling van de relatie x de 

logaritme van de eprosartan concentratie). Ongeveer 80% van de maximale bloeddrukdaling werd 

waargenomen na 24 dagen. Inter-individuele variabiliteit in de reactie op het geneesmiddel (de 

helling van de log-lineaire relatie) was 65% en daalde naar 14% wanneer etniciteit werd toegevoegd als 

covariaat. Etniciteit verklaarde de verschillen tussen patiënten in het effect van eprosartan als volgt: 

Creoolse Surinamers reageerden niet op het geneesmiddel in tegenstelling tot blanke Nederlanders en 

Surinamers van Hindoestaanse afkomst. Dit model laat zien dat een geïntegreerde farmacokinetische-

farmacodynamische analyse kan helpen om meer inzicht te krijgen in de concentratie-effect relaties 

van bloeddrukverlagende geneesmiddelen. Daarnaast is het een hulpmiddel in de zoektocht naar 

aanknopingspunten om de medicamenteuze behandeling van hypertensie te individualiseren.

In HOOFDSTUk 7 zijn de belangrijkste bevindingen van dit proefschrift weergegeven. De sterke 

punten en de beperkingen van de studies worden besproken samen met de gevolgen voor toekomstig 

onderzoek en de klinische praktijk. De belangrijkste punten zijn hieronder samengevat. 

Om de behandeling van hypertensie te individualiseren zijn nieuwe strategieën nodig. Toepassen van 

populatie modellering (gebruikmakend van ‘non-linear mixed effects modeling’ (NONMEM)) kan 

hieraan een bijdrage leveren namelijk:
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•	 deze methode maakt het mogelijk het 24-uurs bloeddrukprofiel te beschrijven in drie parameters 

(BSL, nadir en change) die correleren met de gemiddelde systolische bloeddruk overdag, 

de gemiddelde systolische bloeddruk in de nacht, de dip in de bloeddruk tijdens de nacht en 

de stijging van de bloeddruk in de ochtend. Bovendien maakt deze methode het mogelijk de 

variabiliteit tussen patiënten in deze parameters te kwantificeren en (deels) te verklaren. Op deze 

manier wordt inzicht verkregen in de variabiliteit van de bloeddruk.

•	 deze methode maakt het mogelijk de relatie te beschrijven tussen de concentratie eprosartan in 

het bloed en het bloeddrukverlagende effect van deze angiotensine receptor blokker. Daarnaast 

is het mogelijk de verschillen in het bloeddrukverlagende effect van eprosartan tussen patiënten 

te kwantificeren en (deels) te verklaren.  Deze methode is geschikt om inzicht te verkrijgen in de 

variabiliteit in bloeddrukverlagend effect van geneesmiddelen.

In het onderzoek beschreven in dit proefschrift zijn de eerste stappen gezet om de populatie-methode 

toe te passen in de behandeling van hypertensie. Om de juistheid van het model te bevestigen wordt 

aanbevolen het model te valideren met gegevens afkomstig van een soortgelijke populatie, maar die 

onafhankelijk verzameld zijn van de beschreven studie. Daarnaast is het van belang de correlatie van 

de modelparameters BSL, nadir en change in grotere gegevensbestanden te bevestigen en direct te 

relateren aan klinische uitkomsten, zoals hartinfarcten en beroertes. Tevens is het van belang  de 

invloed van covariaten op de variabiliteit in bloeddruk en op de variabiliteit in het bloeddrukverlagende 

effect van geneesmiddelen verder te onderzoeken in een grotere populatie met een hogere 

uitgangsbloeddruk dan beschreven in de ROTATIE studie. De populatie-methode is ook geschikt 

om variabiliteit in bloeddruk en bloeddrukverlagend effect binnen een patiënt (intra-individuele 

variabiliteit) in kaart te brengen.

Een andere belangrijke toegevoegde waarde van de populatie-methode is, dat het model de mogelijkheid 

biedt om de frequentie van het aantal bloeddrukmetingen te evalueren en te optimaliseren. Om een 

24-uurs bloeddrukprofiel in kaart te brengen is het nu nog noodzakelijk te voldoen aan een aantal 

vooraf vastgestelde criteria (≥ 70% succesvolle bloeddrukmetingen overdag en ’s nachts, en tenminste 

1 of meer bloeddrukmetingen per uur). Deze frequente metingen zijn belastend voor de patiënt. 

Met behulp van deze populatie-methode is het mogelijk het aantal bloeddrukmetingen te beperken, 

omdat de beschikbare informatie vanuit het populatiemodel voor een deel de bloeddrukmetingen bij 

de individuele patiënt kan vervangen. 
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CONCLUSIE

Variabiliteit in bloeddruk is een veelzijdig verschijnsel. Voor onderzoekers en artsen is het een 

uitdaging de variabiliteit in bloeddruk en de variabiliteit in respons op bloeddrukverlagende 

geneesmiddelen te herkennen om het juiste geneesmiddel te kiezen en het bloeddrukverlagend 

effect correct te kunnen evalueren. In het onderzoek beschreven in dit proefschrift zijn de eerste 

stappen gezet om de populatie-methode toe te passen in de behandeling van hypertensie. Een deel 

van de bloeddruk variatie en de variatie in reactie op het bloeddrukverlagende effect van eprosartan 

kan worden verklaard door etniciteit. Vooralsnog is de bijdrage van genetische factoren te beperkt 

om een rol te kunnen gaan spelen in de kliniek. Toekomstig onderzoek zou gericht moeten worden 

op evaluatie van de ontwikkelde modellen. Hierbij zouden de populatiemodellen hun toegevoegde 

waarde kunnen bewijzen door limitering van het aantal bloeddrukmetingen benodigd voor het 24-

uurs bloeddrukprofiel en door de identificatie van biologische, mechanische en omgevingsfactoren 

die kunnen dienen als ‘leads’ voor de individualisatie van de medicamenteuze behandeling van 

hypertensie.



183

Samenvatting





List of abbreviations



Appendices

186

A   angiotensin converting enzyme inhibitor

ABPM   ambulatory blood pressure monitoring

ACE   angiotensin converting enzyme

ADD1   alpha-adducin

ADRB1   beta-1 adrenoceptor

ADRB2   beta-2 adrenoceptor

ADRB3   beta-3 adrenoceptor

AGT   angiotensinogen

AIC   Akaike information criterion

Amp   amplitude of the cosine function

ANOVA   analysis of variance

ARB   angiotensin receptor antagonist

AT1R   angiotensin II receptor type 1

B    b-blocker

BL   black

BP   blood pressure

BSL   baseline SBP

C   calcium antagonist

C    concentration 

Ce   concentration in the hypothetical effect compartment

Cp   plasma concentration  

CHA    change

Change   difference between the maximum SBP during the day and the  

   minimum SBP during the night

CI   confidence interval

CL   clearance

COV   covariate

CV   coefficient of variation

CV   cardiovascular

CVD   cardiovascular disease

CWRES   conditional weighted residual

CYP11B2   aldosteronsynthase

D    diuretic

D1   duration of zero-order absorption

d6-eprosartan  deuterated eprosartan

DBP   diastolic blood pressure

DDS   correction factor  for the difference in SBP measurements
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DNA   deoxyribonucleic acid

E   angiotensin receptor antagonist

E   drug effect

Emax   maximum effect

EBE   empirical Bayes estimate

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

ESC   European Society of Cardiology

ESH   European Society of Hypertension

ESI   electrospray ionization 

F   bioavailability

FDA   Food and Drug Administration

FOCE   first-order conditional estimation

g   hill coefficient

GNB3   G-protein beta 3 subunit

GOF   goodness of fit

h    hour

HCT   hydrochlorothiazide

HDL   high-density lipoprotein

HOR   horizontal displacement over time

HPLC   high-performance liquid chromatography

IDACO   the International Database of Ambulatory BP in relation to   

   Cardiovascular Outcome

IIV   interindividual variability

IOV   interoccasion variability

IPRED   individual predictions

IS   internal standard

ke0   first-order rate constant describing drug transport

LC-MS   liquid chromatography-mass spectrometry

LDL   low-density lipoprotein

(L/U) LOQ  (lower, upper) limit of quantification

ME   matrix effects

MI   myocardial infarction

min   minute

MRM   multiple reaction monitoring

MS    morning surge

MS(/MS)    (tandem) mass spectrometry

MVOF   minimum value of the objective function
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Nadir   minimum blood pressure during the night

ND   nocturnal dip

NICE   the National Institute for health and Clinical Excellence

Non-C   noncompliance

NONMEM  nonlinear mixed effects modeling

PCR   polymerase chain reaction

PD   pharmacodynamics

PE   process efficiency

PER   the period of the diurnal blood pressure profile

PK   pharmacokinetics

PRED   population predictions

Q   intercompartmental clearance between central and peripheral  

   compartment

QC    quality control

R2    correlation coefficient

RAS   renin angiotensin system

ROTATE   crossover, open-label, single-drug treatment study in a Dutch  

   multiracial population

RSE   relative standard error

S/N   signal to noise ratio

SA   South Asian

SBP   systolic blood pressure

SCNN1G   amiloride-sensitive-epithelial sodium channel

SCORE   Systematic COronary Risk Evaluation

SD   standard deviation

SDcor   corrected standard deviation for natural variation

SLC12A3   thiazide-sensitive sodium channel

SLP   slope of the concentration effect relationship

SNP   single-nucleotide polymorphism

SPE   solid phase extraction

SPSS   statistical software program

SUNSET   Surinamese in the Netherlands: a study on health and ethnicity

t   time

Trp   tryptophan

TSQ   triple stage quadrupole

UV   ultraviolet 

V   volume of distribution
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V1   volume of distribution of central compartment

V2   volume of distribution of peripheral compartment

VPC   visual predictive check

W   white

WHO   World Health Organization

WRES   weighted residual
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Het is zover!

Het boekje is tastbaar, de proeve van bekwaamheid tot het zelfstandig uitoefenen van de wetenschap 

is doorstaan. Hoewel het maken van dit proefschrift niet over rozen ging, kijk ik met voldoening terug 

op een enerverende periode waarin ik veel heb geleerd, zowel op wetenschappelijk gebied als ook 

op persoonlijk vlak. Zonder strijd geen overwinning! Dit proefschrift zou niet tot stand gekomen zijn 

zonder de steun en hulp van vele personen die ik graag wil bedanken.

Allereerst wil ik mijn promotoren bedanken voor de hulp bij het tot stand komen van het manuscript.

Prof. dr. R.P. Koopmans, beste Richard, dank voor je voortdurende betrokkenheid, nimmer aflatende 

positieve instelling en geduld in mijn promotietraject. Jouw humor, gedrevenheid en enthousiasme 

werken aanstekelijk. Als internist – klinisch farmacoloog was je destijds betrokken bij het klinisch 

farmaceutisch rapport in de ziekenhuisapotheek en daarbij leerde je, ons apothekers, casuïstiek uit 

een ander perspectief te bekijken. Geweldig dat ik als apotheker in de ROTATIE studie kon stappen en 

daarmee de kliniek in. 

Prof. dr. R.A.A. Mathôt, beste Ron, ik heb het zeer gewaardeerd dat je in dit project bent gestapt als 

mijn promotor. Dank voor je focus, geduld en vertrouwen om het proefschrift af te ronden. Ik ben 

onder de indruk van je kennis op het gebied van farmacokinetisch- farmacodynamisch modeleren. Een 

expertise die we met jouw aanstelling als hoogleraar Klinische Farmacologie nu ook in huis hebben en 

waar je met veel enthousiasme en gedrevenheid inhoud aan geeft. De NONMEM-groep laat zien dat 

er veel potentie is en onder jouw begeleiding  gaat dit de komende jaren zeker zijn vruchten afwerpen.

Dr. R.M. van Hest, beste Reinier, op het moment dat jij betrokken raakte bij mijn promotietraject wist 

ik dat mijn promotie bijna niet meer stuk kon. Zonder jouw positieve kritische aandacht, je steun op 

divers vlak en advies was ik er niet gekomen. Veel dank. Ook kan ik niet ongenoemd laten de snelheid 

waarmee je mijn manuscripten las en mijn mails beantwoordde, dat waardeer ik ten zeerste.

Geachte leden van de promotiecommissie, Prof. dr. A. de Boer, Prof. dr. H.J. Guchelaar, Prof. dr. 

M.M. Levi, Prof. dr. L. Lie-A-Huen, Dr. G.A. van Montfrans en Prof. dr. A.H. Zwinderman, dank voor 

de bereidheid om zitting te nemen in de commissie en voor de inhoudelijke beoordeling van dit 

proefschrift. Enkele personen wil ik nog in het bijzonder noemen:

Prof. dr. H.J. Guchelaar, beste Henk-Jan, in de tijd dat je hoofd was van de ziekenhuisapotheek in 

het AMC, genereerde je veel onderzoeksprojecten in samenwerking met klinische afdelingen. Je 

enthousiasmeerde en motiveerde je staf voor wetenschappelijk onderzoek. Dank voor de mogelijkheid 

die je destijds creëerde om in het ROTATIE project te stappen.
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Prof. dr. L. Lie-A-Huen, beste Loraine, na het vertrek van Henk-Jan heb jij het stokje overgenomen en 

heb je mij de mogelijkheid gegeven om het onderzoek te kunnen voortzetten. Onder jouw leiderschap 

zijn Ron en Reinier aangetrokken waar ik mijn voordeel mee deed. Ook toen er zich een moeilijk 

moment voordeed, wist je een oplossing te bedenken, veel dank daarvoor. 

Dr. G.A. van Montfrans, beste Gert, samen met Richard heb je aan de wieg gestaan van het ROTATIE 

project. Met plezier ging ik naar de hypertensiebesprekingen, waar ik onder de indruk was van je kennis 

op het gebied van hypertensie met altijd wel een leuke parallel in de literatuur of een interessante 

referentie. Een hoogtepunt wat ik niet ongenoemd wil laten, was het hypertensie symposium in 

Suriname. Je organiseerde dat de gehele onderzoeksgroep naar Suriname kon afreizen om nascholing 

te geven, een onvergetelijke ervaring. Dank voor de begeleiding en erg leuk dat je deelneemt aan de 

oppositie.

Alle mede-auteurs van de artikelen in dit proefschrift ben ik zeer erkentelijk voor hun bijdrage aan de 

verschillende manuscripten.

Het ROTATIE project zou direct zijn gestrand zonder medewerking van de patiënten die meededen 

aan het onderzoek. Dank, zonder jullie hadden we veel nuttige informatie nooit bij elkaar kunnen 

krijgen. Ook dank aan de farmaceutische industrie (destijds Solvay Pharmaceuticals Weesp, Menarini 

Farma Woerden, Astellas Pharma Leiderdorp) die een financiële bijdrage hebben geleverd om de 

ROTATIE studie te kunnen uitvoeren.

De belangrijkste mensen in de begeleiding van de ROTATIE studie zijn reeds hierboven genoemd. Het 

bijzondere in dit onderzoeksproject was toch wel, dat een arts en een apotheker waren gekoppeld 

om de diverse deelgebieden te onderzoeken. Gideon, we hebben menig uurtje samen op de 

poli doorgebracht, we waren goed op elkaar ingespeeld, wisten het vertrouwen te krijgen van de 

onderzoekspopulatie en hadden zo onze favoriete patiënten en vice versa… Ik denk met plezier terug 

aan deze uurtjes, je humor en betrokkenheid, enorm bedankt voor de samenwerking.

Diverse mensen hebben ondersteunende werkzaamheden uitgevoerd: Marianne en Petra, bedankt 

voor de hulp bij de ambulante bloeddrukmetingen en de administratie daar omheen. Jan Willem, dank 

voor het inkloppen van de vele data, hand en spandiensten, een mooi bijbaantje destijds. Waarschijnlijk 

al lang verleden tijd nu je zelf gepromoveerd bent. Willem Veenstra, wat een inspanningen en 

administratie rond de ROTATIE studie, maar je zorgde dat de doosjes met de juiste medicatie altijd 

weer tijdig klaar stonden, de samenwerking verliep vlekkeloos. Wouter Feenstra, dank voor de hulp 

op ICT- gebied. Ik had altijd wel weer een vraagje, vooral als het ging over Access, maar gelukkig werd 

steeds weer een gaatje gevonden om te helpen.
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De ROTATIE studie is onlosmakelijk verbonden aan het SUNSET project. Daarom dank aan alle 

betrokkenen en in het bijzonder Navin, die op één of andere manier een bijdrage hebben geleverd aan 

het slagen van het ROTATIE project. Ook wil ik op deze plaats Lizzy noemen, die destijds onderzoek 

deed naar creatine kinase en bloeddruk met een link naar de SUNSET en ROTATIE studie. Lizzy, je 

bent een geweldige onderzoekster met een enorm doorzettingsvermogen, dank voor de kennis die je 

overdraagt en veel succes in de wetenschap.

De analisten van het laboratorium van de ziekenhuisapotheek, in het bijzonder Yin en Lilian, wil ik 

bedanken voor de hulp bij het opslaan van de monsters en de betrokkenheid bij het opzetten en 

uitvoering van de bepalingsmethode voor eprosartan. In de wandelgangen eprosatan genoemd… 

Inderdaad hadden we in dit traject wel een aantal hobbels te overwinnen. Uiteindelijk i.s.m. het 

laboratorium Genetisch metabole ziekten is het gelukt om een LC-MS/MS bepaling op te zetten. Allen 

dank voor jullie inspanningen.

LAP&P consultants, Bart, Nelleke en Oliver wil ik bedanken voor de samenwerking op het gebied van 

farmacokinetisch-farmacodynamisch modeleren.

Al vanaf 1997 ben ik werkzaam in de ziekenhuisapotheek van het AMC. Eerst als projectapotheker, 
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