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SUMMARY 

Preeclampsia is a major cause of maternal and neonatal morbidity and mortality. The 

precise underlying mechanisms are unknown and are probably related to vascular, 

immunological, genetic and environmental factors.1 Despite extensive research the onset 

of preeclampsia and disease progression remains unpredictable and there is no real cure 

except inducing delivery. Although the clinical symptoms appear in the second half of 

pregnancy the origin of the underlying pathophysiologic mechanisms is thought to occur 

much earlier in pregnancy at the time of placentation. 

Prevention of preeclampsia will have a huge impact on maternal health worldwide. 

Because the origin of the disease is early in pregnancy development of methods for 

early detection of the preclinical stage and thus prediction of preeclampsia is of major 

importance. Though some promising tests seem to arise,2;3 up to now such predictive 

test is not available.4 

The work presented in this thesis focuses on cardiovascular differences in the beginning 

of pregnancy between women with a healthy pregnancy and women who develop 

preeclampsia later in pregnancy and in the modifiable risk factors psychosocial stress 

and physical activity. Effective risk assessment enables targeting intensified obstetric care 

at those who need this most and selection of high risk women for the assessment of 

preventive treatment strategies. 

This chapter summarizes the findings from this research and evaluates the results and 

future research implications. While up to now most predictive tests were designed to 

be performed in the second trimester we evaluated tests for the first trimester in the 

expectation that any possible preventive treatment should be applied early in pregnancy 

before the development of placental vascular supply is finished.5-7  Preeclampsia and 

gestational hypertension were defined according to the guidelines of the International 

Society for the Study of Hypertension in Pregnancy.8

SYSTEMATIC REVIEW

In chapter 2 we present a systematic review on the use of blood pressure as a predictive 

test for preeclampsia. Medline, Embase, Cochrane library, Medion and reference lists 

of included articles were searched from inception to February 2007. 34 studies were 

included testing 60.599 women with 3341 cases of preeclampsia. Clinical heterogeneity 

between studies was found for the method or device used for measuring blood pressure, 
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the definition of preeclampsia used and the risk for preeclampsia in the patients under 

study. In women at a low risk for preeclampsia the areas under the summary receiver 

operating characteristics curves in the second trimester were 0.68 (95% CI 0.64-0.72), 

0.66 (95% CI 0.59-0.72) and 0.76 (95% CI 0.70-0.82) for systolic blood pressure, 

diastolic blood pressure and mean arterial pressure, respectively. Only six studies 

reported blood pressure measurements in the first trimester. These studies showed similar 

results. Second trimester mean arterial pressure of 90 mmHg or more showed a positive 

likelihood ratio of 3.5 (95% CI 2.0-5.0) and a negative likelihood ratio of 0.46 (95% CI 

0.16-0.75). In women at high risk a diastolic blood pressure of 75 mmHg or more at 

13 to 30 weeks of gestational age predicted preeclampsia best: positive likelihood ratio 

of 2.8 (95% CI 1.8-3.6) and a negative likelihood ratio of 0.39 (95% CI 0.18-0.71). 

Additional subgroup analysis did not show improved predictive accuracy. 

We concluded that as a single test blood pressure is insufficient for the prediction 

of preeclampsia or selection of women at risk in daily clinical practice. Of all blood 

pressure measurements the mean arterial pressure is the most promising parameter. 

It was not possible to investigate if automated devices are superior to conventional 

sphygmomanometry. This is subject to further study.

Prospective cohort study

We collected a prospective cohort of healthy nulliparous women and multiparous 

women with an increased risk for developing hypertensive disorders to investigate if 

cardiovascular differences can be observed early in pregnancy between women, who will 

develop preeclampsia or gestational hypertension later in pregnancy and women with an 

uncomplicated pregnancy. We measured blood pressure early in pregnancy between 8 
0/7-11 0/7 weeks gestational age using conventional sphygmomanometry (Maxi Stabil 3, 

an aneroid sphygmomanometer, Welch Allyn, Skaneateles Falls, New York, USA) (using 

an aneroid sphygmomanometer), continuous finger arterial waveform registration by the 

FinometerTM (Finapres Medical Systems, Amsterdam, The Netherlands) and ambulatory 

blood pressure monitoring (ABPM) for 48 hours with the Spacelab 90207TM (Redmond, 

WA, USA). Further data to be collected were age, ethnic origin, smoking, medical history, 

and weight and length.

295 women were included, 251 nulliparous women and 44 multiparous women with a 

history of preeclampsia. Five women were excluded because of serious fetal congenital 

malformations and one woman was lost to follow up. 289 Women were available for 

analysis, 20 (6.9 %) developed preeclampsia and 16 (5.5 %) gestational hypertension. 

39 women had an incomplete ABPM registration due to signal loss and patient non-
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compliance. Of these women 28 had at least 10 measurements in 48 hour and were 

used for analysis. Study results from this cohort are presented in chapter 3, 4 and 5.

Using 48 hour measurements of the ABPM the hyperbaric index (HBI) can be calculated 

as the amount of blood pressure excess during the measurement period above a 

90% tolerance limit.9 One research group evaluated the HBI for the prediction of 

preeclampsia with extremely good results; they observed a sensitivity of 94% and a 

specificity of 100%.10;11 Since the original report by Hermida et al. only one other 

group studied HBI in pregnancy in a hospital-based research setting (sensitivity 80% and 

specificity 77%).10 Therefore, we wanted to validate the HBI as a test for the prediction 

of preeclampsia in our own cohort. In chapter 3 we present the results of this study. 

We compared the predictive efficacy of the HBI with mean ABPM measurement for 48 

hours and conventional manometry in our research cohort of nulliparous women and 

parous women with a previous preeclampsia. We could include 219 of the 289 women 

in our cohort in this study. For 42 women no ABPM measurement was available on 

inclusion. Data of 28 women could not be analysed because of missing measurements 

or failure of the device. The first 90 nulliparous women who had an uneventful pregnancy 

formed thereference group for calculation of a time specified tolerance interval with 90% 

confidencelimits. In the validation group, consisting of the remaining 63 nulliparous 

women and 38 women with previous preeclampsia, the hyperbaric index was calculated 

as the time-specified blood pressure excess over this tolerance limit for SBP, DBP and 

mean arterial pressure. The maximum HBI was defined as the maximum value of either 

the HBI of SBP or DBP or MAP for each individual.

For preeclampsia the maximum HBI had the best predictive capacity, however, the 

difference with standard ABPM measurement or conventional manometry was small. 

The HBImax had a sensitivity of 73 % and a specificity of 86 % at an optimum cut-off 

of 17.6mmHg x hour. SBP with sphygmomanometry had a sensitivity of 60 % and a 

specificity of 92 % at a cut-off of 118 mmHg and 24 hours ABPM using DBP had a 

sensitivity of 53 % with a specificity of 95% at a cut-off of 74 mmHg. The predictive 

efficacy for gestational hypertension was poor with all methods (sensitivity between 54 % 

and 77 %, specificity between 41 % and 78 %).

We concluded that conventional manometry, ABPM measurement and the HBI calculated 

from 48 hour ABPM had a comparable, restricted predictive efficacy in a group with low  

and high risk women. The high predictive value of the HBI as observed in earlier studies 

could not be reproduced and therefore this method can not be recommended for use in 

daily practice.



148

We observed a significantly higher blood pressure in women who developed preeclampsia 

or gestational hypertension in the first trimester compared to women with unaffected 

pregnancies with all three devices (Chapter 4). The absolute blood pressure values were  

different between the devices. The point estimate of the Odds ratios of blood pressure 

(SBP, DBP or MAP) in the first trimester after adjustment for previous preeclampsia for later 

preeclampsia or combined pregnancy outcome (preeclampsia or gestational hypertension) 

was higher using the automated blood pressure measurement techniques compared to 

conventional sphygmomanometry, although there was a considerable overlap of 95% 

CI intervals. The area under the ROC curves for conventional sphygmomanometry with 

preeclampsia as pregnancy outcome were 0.73 (95% CI 0.58-0.83), 0.68 (95% CI 

0.53-0.84) and 0.70 (95% CI 0.55-0.85) for SBP, DBP and MAP respectively. For finger 

arterial pressure waveform registration this was 0.82 (95% CI 0.68-0.95), 0.77 (95% CI 

0.63-0.91) and 0.82 (95% CI 0.69-0.96) and for ABPM 0.78 (95% CI 0.65-0.91), 0.77 

(95% CI 0.63-0.90) and 0.78 (95% CI 0.65-0.91) for SBP, DBP and MAP respectively.

For the combined pregnancy outcome results were comparable.

Since signal loss in ABPM is considerable with sub-optimal patient compliance and 

conventional sphygmomanometry is subject to considerable interobserver variation in 

daily practice we concluded that early pregnancy blood pressure measurement by finger 

arterial pressure waveform registration is the most promising automated blood pressure 

measurement technique to study in a prospective large cohort study.

In chapter 5 we use data from our research cohort to evaluate arterial stiffness early 

in pregnancy and the association with later preeclampsia. We hypothesised that the 

combination with blood pressure (MAP) could improve this association. 

235 nulliparous women and 42 parous women were included with an incidence of 

preeclampsia of 4.3% and 16.6% respectively. Data collected with finger arterial 

waveform registration were used. The finger arterial waveform was filtered to an aortic 

waveform and the augmentation indexes (AIx) and augmentation pressure (AP) were 

determined. After adjustment for previous preeclampsia the AIx and AP were associated 

with later preeclampsia, areas under the ROC-curves 0.74 (95% CI 0.61-0.87) and 

0.77 (95% CI0.61-0.87). When MAP was added to the model, the combination with 

AP had the highest area under the ROC-curve (0.82 (95% CI 0.66-0.97)). This is not a 

considerable improvement compared to MAP and parity alone, area under the ROC-

curve 0.79 (95% CI 0.64-0.93). Our results do not support the addition of AIx or AP to 

blood pressure measurement, which is far easier to apply, for the assessment of risk for 

preeclampsia.
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Hypertensive disorders in pregnancy and adult cardiovascular diseases share predisposing 

conditions, like elevated blood pressure, diabetes and obesity. Protective or disease 

modifying factors of cardiovascular disease might also be applicable for the prevention 

of hypertensive disorders in pregnancy. One of these factors is psychosocial stress.11;12 

Several studies showed a relation with high psychosocial stress in pregnancy and 

hypertensive disorders of pregnancy.15-18 However most of these studies are retrospective 

or case-control studies.

In chapter 6 we investigated the association of preeclampsia and gestational hypertension 

with psychosocial stress in the first half of pregnancy in a prospective cohort study. For 

this study we used the data of the Amsterdam Born Children and their Development 

study (ABCD-study). This is a prospective community-based study which examines the 

relationship between various lifestyles during pregnancy and pregnancy outcome in a 

multicultural population. For this assessment we included only the nulliparous women 

with a singleton pregnancy in this cohort, who completed the questionnaire before 24 

weeks, and delivered after 24 weeks. A postpartum questionnaire was used to gather 

information on preeclampsia, hypertension or proteinuria. Data were linked with the 

Dutch national obstetric register and all women who were coded as having hypertensive 

complications in pregnancy were selected. Medical files were examined for all selected 

women, either from the questionnaires, or from the Dutch national obstetric register 

to confirm the diagnosis of preeclampsia and gestational hypertension according 

to the International Society for the Study of Hypertension in Pregnancy guidelines. 

From the non-selected women a random sample of 5% was drawn for confirmation 

of absence of hypertensive complications by examination of medical files. The study 

population consisted of 128 women with preeclampsia, 161 women with gestational 

hypertension and 3390 controls. Psychosocial stress was defined as work stress (Work 

Experience and Appreciation Questionnaire of van Velthoven et al,13 partly based on 

the Job Content Instrument of Karasek et al.14), anxiety (the State-Trait Anxiety Inventory, 

STAI15), depression (Center for Epidemiological Studies Depression Scale, CES-D16;17) 

and pregnancy related anxiety (PRAQ-R18). After correction for sociodemographic and 

medical confounders, we could not observe an association of psychosocial stress in the 

first half of pregnancy with later preeclampsia or gestational hypertension. 

Using the same cohort as described in chapter 6 we studied another disease modifying 

factor for adult cardiovascular disease i.e. physical exercise. Physical exercise is known to 

prevent cardiovascular disease and to reduce its symptoms. In chapter 7 we assessed if 

physical activity in leisure time early in pregnancy reduces the incidence of preeclampsia 
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or gestational hypertension. In the questionnaire of the ABCD-study questions about 

physical activity in leisure time in the past week were asked using questions about 

walking, cycling, doing sports and other activities like “Do It Yourself” or gardening in 

leisure time. As well the amount of time spent in minutes as the intensity of the physical 

activity was asked. 

After correction for sociodemographic and medical confounders, the amount of time or 

intensity of physical activity in leisure time in the first half of pregnancy was not associated 

with preeclampsia or gestational hypertension.

Many researchers focus on risk assessment for preeclampsia in (early) pregnancy 

while developing prediction models which can be used before pregnancy are equally 

interesting. It is well known that ovarian hormones affect the cardiovascular and renin-

aldosteron system.19-21 However, the magnitude of the effect of hormonal fluctuations 

during the menstrual cycle on blood pressure regulation is not clear and literature in this 

respect is not consistent.22-24 Moreover it is unclear if it is important to take into account 

the menstrual cycle while performing measurements before conception. The purpose 

of the study described in chapter 8 was to evaluate if hemodynamic parameters and 

cardiovascular control vary between the follicular and luteal phase of the menstrual 

cycle. Healthy women who were never pregnant were studied at days 5 to 10 and days 

18 to 25 of the menstrual cycle. Blood pressure, heart rate, cardiac output and total 

peripheral resistance were measured continuously using non-invasive finger arterial 

pressure waveform registration. Baroreflex sensitivity (BRS) and sympathetic activity by 

phase angle difference were studied using spectral analysis and xBRS. There were no 

differences in hemodynamic parameters, BRS and sympathetic activity between the two 

phases of the menstrual cycle.

We concluded that, although there is no difference in blood pressure, BRS and sympathetic 

activity between the first and second half of the menstrual period, measurements are 

preferably performed in the first half of the menstrual cycle as one is certain that no 

pregnancy exists, since the magnitude of the influence on blood pressure of very early 

pregnancy is unknown.

GENERAL DISCUSSION

This thesis reports on hemodynamic parameters early in pregnancy associated with the 

development of preeclampsia or gestational hypertension later in pregnancy. These 
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variables could be used for development of models for the prediction of gestational 

hypertensive disease.

For a model for the prediction of preeclampsia the nature and magnitude of risk indicators 

is essential. This model might in addition help to better understand the pathophysiological 

mechanism of the disease and to design preventive therapies. Selection of high risk women 

facilitates the establishment of effectiveness of these preventive strategies, because the 

low incidence of preeclampsia in an unselected population necessitates large patient 

cohorts. Strategies for prevention will have to start early in pregnancy because the origin 

of the disease is thought to occur at the time of placentation.25 Consequently, a test for 

the selection of women at high risk should be effective in the first trimester of pregnancy. 

Furthermore, the selection of women at high risk for obstetric complications enables 

targeting of intensive obstetric care at those who will benefit most. A predictive test needs 

a high sensitivity to reduce the number of false-negatives since the consequences of 

preeclampsia are severe for mother and child. Severe preeclampsia is a rare disease 

(0,5 %) which means that test characteristics must also show high specificity. Until now 

such test in the first trimester is not available for screening in the general population.26

Studies in this thesis confirmed that blood pressure is increased already in the first 

trimester in women with normal blood pressure according to standard criteria, who will 

develop preeclampsia or gestational hypertension. This difference of blood pressure can 

potentially be used for prediction (chapter 3 and 4). This association was independent 

of the device used. The mean arterial pressure (MAP) had the best predictive capacity 

according to our meta-analysis of the literature.27 This we could only partially confirm in 

our prospective cohort study in first trimester pregnancy. We found a higher association 

with later preeclampsia (higher point estimate of Odds ratios) of ABPM and of finger 

arterial waveform registration than of conventional sphygmomanometry. Unfortunately 

our sample size was not large enough for detecting significant differences. Wearing an 

ABPM device for 48 hours was considered as a burden and this resulted in 18% signal 

loss. 28 women discontinued wearing the device because it impeded them in their daily 

activities or disturbed their sleep. Especially sleep disturbance is reported as a major 

cause of noncompliance.28 

By using finger arterial waveform registration not only blood pressure is measured. 

From the peripheral pulse wave the aortic pressure wave can be reconstructed and 

parameters of arterial compliance can be calculated. This can be used to gain more 

knowledge about preeclampsia and the development of the disease during pregnancy. 

Increased arterial stiffness is an independent predictor of adverse outcome in adult 

cardiovascular disease.29  Several studies showed an elevated arterial stiffness in women 

with preeclampsia.30-33 Although in our prospective cohort study (chapter 5), women 
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who developed later preeclampsia had a higher AIx and AP compared to women with 

an uncomplicated pregnancy, we found, in contrast to the results of an other research 

group, comparable Odds ratios with mean arterial blood pressure.34 We concluded 

that there are no advantages of adding the AIx or AP to automated blood pressure in 

predicting preeclampsia.

Several other factors early in pregnancy are associated with later preeclampsia and their 

predictive capacity has been studied by others. Maternal factors like age, BMI, a previous 

pregnancy with preeclampsia and medical history are associated with the development 

of preeclampsia.35 Even when these maternal factors are combined in a multivariate 

analysis and a prediction algorithm is developed the detection rate of preeclampsia is 

low. At a 5% false positive rate the detection rate of preeclampsia was approximately 30% 

and 20 % for gestational hypertension.36 Other potential predictors like abnormal uterine 

artery Doppler findings or biochemical markers have also been investigated. Uterine 

artery Doppler assessment showed to be of limited value as a screening test. In a meta-

analysis Cnossen et al. found a sensitivity of 43% and a specificity of 93% for bilateral 

notching of the uterine arteries in the second trimester in a low risk population.37 Serum 

markers for Down’s syndrome are also not suitable as a single test.38 Prediction using 

angiogenic factors is only reported in small studies and have insufficient discriminative 

capacity.39 Combination of biochemical markers and abnormal uterine artery Doppler 

findings improved the performance of early prediction of preeclampsia but in low risk 

population the sensitivity was not higher than 60-80%.40 Recent developments using 

metabolomics for predicting of preeclampsia need confirmation in large cohorts with 

selected variables.3 

A clinically useful prediction test will probably integrate a combination of multiple known 

factors associated with preeclampsia. Earlier in this thesis we considered that preeclampsia 

and cardiovascular disease had similar risk indicators. The most frequently used 

prediction model for cardiovascular disease is the Framingham score (using sex, age, total 

cholesterol, high-density-lipoprotein cholesterol, systolic blood pressure and smoking-

status) for estimating 10-year risk for adverse cardiovascular outcome. Until now this 

model could not be improved by adding new biomarkers associated with cardiovascular 

risk obtained by large scale genomic analysis of patients.41 These prediction models 

including the Framingham score are not useful for prediction of preeclampsia so we have 

to search for at more pregnancy specific markers. Using logistic regression analysis Poon 

et al. developed an algorithm for the early prediction of preeclampsia combining the 

logs of the uterine artery pulsatility index, mean arterial pressure, pregnancy-associated 

plasma protein-A, and placental growth factor and maternal factor-derived a-priori 

risk.42 Blood pressure was measured with an automated device using oscillometry. Using 
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the same variables they developed three prediction models, for preeclampsia before 34 

weeks of pregnancy (early preeclampsia), preeclampsia after 34 weeks of pregnancy (late 

preeclampsia) and gestational hypertension.  At 110/7-136/7 weeks of pregnancy 93.1% 

of the women with early preeclampsia, 35.7% of the women with late preeclampsia, 

and 18.3% of the women who developed gestational hypertension could be detected 

with a 5% false-positive rate. This model seems promising although 476 women tested 

positive for early preeclampsia, of whom 32 actually developed early disease and 444 

did not. Two cases with early preeclampsia were missed. Only 35.7% of the women with 

preeclampsia after 34 weeks of pregnancy were identified. Because preeclampsia at 

term is associated with severe maternal morbidity and mortality this model still must be 

improved before it is suitable for daily clinical practice.

The authors made different models for early and late preeclampsia with different predictive 

capacity. While early preeclampsia is often complicated by fetal growth retardation 

because of poor placentation, in late preeclampsia the placenta and fetus often have 

an appropriate size for the gestational age. It is hypothesized that early preeclampsia is 

caused by excessive or atypical maternal immune response to poor placentation while 

in late preeclampsia predisposing cardiovascular and metabolic disorders are more 

prominent factors that lead to a cascade of placental and systemic inflammation and 

oxidative stress resulting in preeclampsia.43 This indeed can explain the necessity for 

different prediction models. 

Women with obesity, chronic hypertension, vascular disease, diabetes, or a previous 

preeclampsia have an increased risk for developing preeclampsia. Seed et al. found an 

incidence of preeclampsia 23% in nulliparous women with chronic hypertension and a 

body mass index >30 m/kg2. In women with chronic hypertension and preeclampsia in a 

previous preeclampsia 30% developed again preeclampsia.44 If prevention for preeclampsia 

will be available it is probably more cost-effective to treat these women without testing. It 

will depend on screening test efficacy and the benefit of a potential preventive treatment 

to determine at which a priori risk it is cost effective to use screening for the selection of 

women for preventive therapy in stead of advising preventive treatment to all.

The development of prediction models is hampered by the low incidence of preeclampsia 

as a low number of events (the occurrence of preeclampsia) and many suspected 

confounders cause an overestimation of regression coefficients.45 For the same reasons 

we could not develop a prediction model in our cohort. 

All reported models have to be validated in an external population. They must be tested 

by other investigators and in populations that differ from those used to develop them, in 

order to validate their use in daily clinical practice. This is underlined by the present thesis 

in which we show the importance of external validation since we could not reproduce the 
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high predictive capacity of the HBI and of the AIx as found by others.34;46;47 Even if this 

could be explained by small differences in population or gestational age this makes these 

markers questionable for prediction of preeclampsia in the general population.

IMPLICATIONS FOR FUTURE RESEARCH 

1. Development of prediction models

Prediction of preeclampsia early in pregnancy or even before pregnancy remains 

important to facilitate timely preventive strategies. Prevention will have to start early 

because the origin of the disease is thought to occur at the time of placentation. Large 

population-based studies evaluating algorithms combining maternal characteristics 

with mean arterial pressure and other parameters measured in the first trimester are 

needed. As women with hypertension, renal disease, diabetes or a previous preterm 

preeclampsia are at high risk for developing preeclampsia, further selection is 

questionable. Because 2/3 of all cases of preeclampsia occur in nulliparous women 

and in most of these cases the disease starts unexpectedly and acutely, research 

should focus on this group. Possibly different prediction models are needed for early 

and late preeclampsia.

2. Use of automated blood pressure devices in prediction of hypertensive disease

Conventional sphygmomanometry is sufficient to diagnose preeclampsia since 

most data for intervention and anti hypertensive treatment are based on this type 

of measurement. Several automated devices are validated in pregnancy and 

measure blood pressure securely and in addition can measure other cardiovascular 

characteristics. Data on these additional parameters to predict preeclampsia and its 

complications might be worth while to obtain. Based on our findings, finger arterial 

waveform registration is the preferred method for further research.

3. Prospective collection of clinical data and biomaterials of pregnant women

Prospectively collecting and storing clinical data and biomaterials of pregnant women 

according to standardized and professional protocols is essential for developing 

prediction models. As shown by us and by other research groups blood pressure 

alone measured by conventional sphygmomanometry or other devices is not sufficient 

to predict preeclampsia in daily clinical practice.27;48 A useful model will probably 

contain maternal characteristics, blood pressure and biomarkers. Large cohorts are 

being studied at this time and the first data are emerging. The Scope study collects such 

a cohort and is an example of a high quality biobank in New Zealand, Australia, the 
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UK and the USA.3;49 Since Dutch obstetricians and midwives are very well organized 

in research consortia the same effort is recommended within for example the String of 

Pearls Initiative (www.parelsnoer.org). By collecting data together we can enhance the 

development and validation of such a prediction model.
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