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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 



Chapter 1

12

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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