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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.
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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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