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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)). 
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     (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.
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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)


