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General introduction

1
INTRODUCTION

Blood pressure is regulated by our cardiovascular system within narrow boundaries by 
alteration of its main determinants: cardiac output and peripheral vascular resistance. 
During healthy pregnancy, major changes in these hemodynamic parameters take place 
that benefit the uteroplacental circulation. Preeclampsia, a hypertensive pregnancy 
complication, is often preceded by heterogeneous deviant hemodynamic changes be-
fore overt clinical disease. Tailored interventions targeting these deviant changes could 
be a key modality in preventing preeclampsia.

Preeclampsia and its burdens

Preeclampsia, a pregnancy-related multisystem disorder, affects approximately 3-5% of 
pregnant women worldwide.1 It is characterized by hypertension along with de novo 
proteinuria or other maternal organ dysfunction in previously normotensive women, or 
superimposed upon chronic hypertension.2 Preeclampsia associates with impaired foe-
tal growth, preterm birth, stillbirth, placental abruption and other adverse maternal and 
offspring outcomes, and is therewith a leading cause of maternal and neonatal mortality 
and morbidity in the Western world.1

Low birthweight of affected neonates associates with long-term cardiovascular morbid-
ity.3 Women with a history of preeclampsia have an increased risk for premature cardio-
vascular and metabolic diseases later in life. Hypertension is prevalent in 25% of women 
within a few years after their preeclamptic pregnancy, and up to one fifth of women meet 
the criteria for metabolic syndrome by that time.4, 5 Preeclampsia relates to a 2- to 7-fold 
increased risk of coronary heart disease, stroke and related death within 15 years.4, 6 
It is not evident whether the postpartum sequelae are a consequence of overlapping 
pre-existing risk factors that also contribute to the development of preeclampsia, and/
or due to the deleterious effects of the gestational disease itself.7-9

Pathogenesis of preeclampsia involves a combination of defective placentation and 
functioning, deviant cardiovascular adjustments to pregnancy and pre-existing (sub-
clinical) cardiovascular and cardiometabolic risk factors.10-12 Not surprisingly, many 
different risk factors related to these aspects have been identified.13, 14 Most women 
develop preeclampsia after 34 weeks of gestation, generally referred to as late-onset 
preeclampsia, while approximately 10% of women develop early-onset preeclampsia, 
which often coincidences with impaired foetal growth. Birthweight of neonates born to 
women with early-onset preeclampsia are up to over a pound less in weight compared 
with normotensive gestational-age matched women.15, 16 Early-onset preeclampsia with 
foetal growth restriction is hypothesized to be placental mediated, while later onset of 
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preeclampsia is mainly linked to maternal constitutional factors including higher BMI 
and insulin resistance.17-19 The excess of large-for-gestational-age neonates observed in 
a subset of preeclamptic women delivering at term is attributed to maternal obesity.20-22

Currently the only definite treatment of preeclampsia is delivery of foetus and pla-
centa, which may induce a management dilemma at preterm gestational ages. Preterm 
scheduled birth, especially before 34 weeks of pregnancy, increases the risk of neonatal 
morbidity and mortality, whereas deferred delivery puts the mother and foetus at jeop-
ardy from deterioration of the preeclamptic condition.23 Moreover, deferred delivery 
seems to be associated with persistent postpartum hypertension, and a relatively small, 
but significantly increased risk of severe cardiovascular diseases in the years following 
delivery (21 cardiovascular events/10.000 person-years in women who delivered within 
a week after diagnosis versus 46 cardiovascular events/10.000 person-years in women 
whose pregnancy was prolonged more than a week after diagnosis).24, 25 Ancillary treat-
ment options when delivery is deferred include antihypertensive medication to control 
blood pressure, tailored fluid management to balance between oliguria and pulmonary 
oedema and administration of magnesium sulphate to prevent eclampsia.26, 27 These 
symptomatic interventions may allow additional time for foetal development or admin-
istration of antenatal corticosteroids for foetal lung maturation when scheduled birth 
is imminent. Since present treatment results are suboptimal, measures to prevent pre-
eclampsia would have a significant impact on maternal and neonatal health worldwide.

Preventing preeclampsia by treating blood pressure

Although elevated blood pressure is one of the clinical hallmarks of preeclampsia, there 
is a lot of controversy on antihypertensive drug treatment during pregnancy. In 2017, 
the American College of Cardiology / American Heart Association (ACC/AHA) updated 
their blood pressure management guidelines in adults, lowering thresholds to define 
hypertension (Table 1).28 Adoption of these guidelines almost doubles the prevalence 
of hypertension in women in the reproductive age, but this does not inevitably result in 
an increasing number of women becoming pregnant on antihypertensive medication.29 
The guideline recommends antihypertensive drug treatment only in individuals with 
clinical atherosclerotic cardiovascular disease or an increased cardiovascular disease 
risk, which is often not the case in these young, otherwise-healthy women.30 Nonethe-
less, women with elevated blood pressure or stage 1 hypertension in the first trimester 
have a significantly increased risk to develop preeclampsia compared with women with 
normal blood pressure, with an adjusted relative risk of 1.50 (95% CI 1.01–2.22) and 2.92 
(95% CI 1.44–5.95), respectively.31 In women with pharmacologically treated chronic 
hypertension, discontinuation of antihypertensive medication showed no effect on the 
incidence of superimposed preeclampsia (31% versus 47% in the treated versus non-
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1
treated group), but significantly higher incidences of severe hypertension (25% versus 
67%), placental abruption (8% versus 22%) and preterm delivery (23% versus 53%) 
were observed in the non-treated women, favouring continuation of antihypertensive 
medication.32

During pregnancy, for its well-established maternal benefits, it is generally accepted to 
treat blood pressure when it reaches the threshold of severe hypertension (defined in 
Table 1).33 In contrast, effectiveness of antihypertensive medication in mild to moderate 
gestational hypertension is subject of debate and medication is not uniformly initiated 
because of different effects on maternal disease evolvement and alleged poorer foetal 
outcomes, mainly related to foetal growth.34, 35 In mild to moderate hypertension, the use 
of any antihypertensive drug halves the risk of developing severe hypertension (relative 
risk of 0.49; 95% CI 0.40–0.60), while it neither prevents progression to preeclampsia 
(relative risk of 0.92; 95% CI 0.75–1.14), nor reduces the risk of offspring complications 
(relative risk for small-for-gestational-age neonate 0.96; 95% CI 0.78–1.18, relative risk 
for stillbirth 1.15; 95% CI 0.58–2.30, and relative risk for neonatal death 0.60; 95% CI 
0.19–1.87).34 As a consequence, international guidelines recommend to initiate medica-
tion only in severe hypertension, repeatedly measured moderate gestational hyperten-
sion, or in case of comorbidities.36 When mild to moderate hypertension is pharmaco-
logically treated, guidelines advise a stepwise medication approach including labetalol, 
nifedipine and methyldopa as first-line agents, with potential adverse effects, contra-
indications, and clinician’s experience and familiarity with a particular drug as leading 
criteria on which the medication choice is based. However, these pregnancy-compatible 
antihypertensive drugs have different targets and mechanisms to lower blood pressure, 
and this stepwise treatment approach is not in favour of all hypertensive women.

Basic aspects of blood pressure regulation

Arterial blood pressure is generated by the heart, pumping blood from the left ventricle 
into the aorta and following distributing arteries, exerting pressure on the vessel walls. 
Accordingly, blood pressure is established by two adaptable determinants: cardiac out-

Table 1. Blood pressure thresholds defining elevated blood pressure and hypertension according to the 
ACC/AHA- and obstetric guidelines.

ACC/AHA guideline Threshold Obstetric guidelines Threshold

Normal blood pressure <120 and <80 mmHg

Elevated blood pressure 120-129 and <80 mmHg

Stage 1 hypertension 130-139 or 80-89 mmHg Normal blood pressure <140 and <90 mmHg

Stage 2 hypertension ≥140 or ≥90 mmHg Mild to moderate hypertension ≥140 or ≥90 mmHg

Severe hypertension ≥160 or ≥110 mmHg
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put and peripheral vascular resistance. Cardiac output is the product of stroke volume 
and heart rate. Stroke volume is determined by the preload, contractility and afterload. 
In turn, peripheral vascular resistance is determined by the blood vessel diameter, tone 
and blood viscosity.

Hemodynamic and vascular regulating mechanisms with neural and humoral mediators, 
and feedback loops are all set to maintain blood pressure at a constant level. In the short 
term, nervous reflex mechanisms contribute to rapid blood pressure regulation primarily 
via the sympathetic and parasympathetic autonomic nervous system. The sympathetic 
system excites the heart and constricts vasculature, resulting in an increased cardiac 
output and peripheral vascular resistance, respectively, elevating blood pressure. The 
parasympathetic system has the opposite effect by lowering cardiac function, resulting 
in a blood pressure decrease. Important humoral factors include the renin-angiotensin-
aldosterone system, antidiuretic hormone, circulating catecholamines and atrial natri-
uretic peptide. In the long-term, each of these humoral systems directly or indirectly 
alters cardiac function, vascular function, and subsequently blood pressure. Increase in 
blood pressure is only notable when cardiac output and peripheral vascular resistance 
are unable to fully compensate deteriorations in these aforementioned systems. In all 
above-mentioned considerations, it is important to notice that healthy cardiac function-
ing is assumed.

Cardiac or vascular driven hypertension

In gestational hypertensive complications, the equilibrium between cardiac output and 
peripheral vascular resistance is not uniformly affected. On the one hand, gestational 
hypertension may originate from a high cardiac output-low vascular resistance (hy-
perdynamic) circulation, a profile often accompanied by late-onset preeclampsia and 
normal foetal growth (Figure 1). On the other hand, a high vascular resistance (hypody-
namic) profile is associated with earlier onset of maternal complications and impaired 
foetal growth.12, 37, 38 This heterogeneous nature of underlying circulatory profile may be 
responsible for the variable results of stepwise choice of antihypertensive therapy dur-
ing pregnancy. Women with hyperdynamic hypertension might profit most from reduc-
ing cardiac output, while this may be detrimental in women with a hypodynamic profile, 
who may instead benefit from reduction in peripheral resistance as first-line therapy.

Following this line of reasoning, it may be possible to detect upcoming complications 
while blood pressure is yet within the normotensive range by assessing hemodynamic 
functioning and adjustments in pregnancy. In-depth insight in magnitude and timing in 
physiologic adjustments of cardiovascular parameters during normotensive pregnancy 
is required to recognize aberrant adjustment patterns.
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Hemodynamic adjustments during pregnancy

Non-physiologic hemodynamic changes during pregnancy might have a prominent role 
in the pathogenesis of preeclampsia. Healthy, normotensive pregnancy is accompanied 
by major hemodynamic changes that benefit the uteroplacental circulation and perfu-
sion and with it, foetal development by ensuring appropriate oxygenation and nutrient 
delivery to the foetus. A drop in systemic vascular resistance during the first trimester 
triggers several compensatory mechanisms to maintain blood pressure, such as an 
increase in plasma volume and cardiac output.39, 40 Heterogeneous deviant changes in 
these hemodynamic parameters prelude different phenotypes of preeclampsia. Women 
who develop preeclampsia at the end of pregnancy have normal to elevated cardiac 
output throughout gestation, while in women who develop early-onset preeclampsia 
with impaired foetal growth, cardiac output is low and peripheral vascular resistance 
is high over the course of pregnancy.12, 41-45 An altered pre-pregnant hemodynamic 
phenotype, inadequate cardiovascular adjustments to pregnancy or crossover from 
hyperdynamic to the more unfavourable hypodynamic circulation as a consequence 
of endothelial derangement and loss of intravascular fluid, are thought to underlie 
divergent hemodynamic profiles. In-depth insight in magnitude and timing in physi-
ologic changes of cardiovascular parameters during normotensive pregnancy relative to 

figure 1. Underlying circulatory profile in gestational hypertension, associated clinical features and anticipated appropri-
ate treatment.
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prepregnant values is required to recognize abnormal changes to pregnancy. Reference 
curves of cardiac output and total peripheral vascular resistance values over the course 
of pregnancy may enhance detection of women at risk for hypertensive complications. 
Generic preventive measures may be initiated in women expected to be at higher 
risk. Even more sophisticated, tailored pharmacological circulatory correction to the 
expected physiologic values in maladaptive pregnancy might prevent development of 
hypertensive complications. Currently, there is a paucity of evidence on the effect of 
tailored treatment correcting deviant hemodynamic circulatory profiles on pregnancy 
outcome.

Cardiac output assessment during pregnancy

Determination whether gestational hypertension is cardiac or vascular driven, and rec-
ognition of non-physiologic adjustments to pregnancy has great potential to improve 
intervention and prevention opportunities. It seems therefore highly relevant to assess 
cardiac output and peripheral vascular resistance during regular pregnancy check-ups, 
at least in women with risk factors for preeclampsia.43 Currently, hemodynamic as-
sessments in addition to blood pressure measurements are not routinely performed. 
This might be due to the lack of an optimal measurement method for this purpose, the 
absence of physiologic reference values encompassing the period from non-pregnant 
to pregnant to post-gestation, and the lack of clinical evidence of effectiveness of he-
modynamic-guided treatment that lowers the risk on preeclampsia without negatively 
affecting offspring health.

The generally considered gold standard for cardiac output measurement is the pulmo-
nary artery catheter method, but the invasiveness of the procedure and associated risks 
of injury and infection make longitudinal and out-patient use not feasible. In response, 
the interest in minimally- and non-invasive techniques to measure cardiac output effi-
ciently in the obstetric population has remarkably increased in the recent years.46 Trans-
thoracic echocardiography is the most commonly used non-invasive imaging modality 
in obstetric practice, but this method is labour-intensive and expertise-dependent, and 
results are not readily available. Evaluation of other non-invasive methods during 
pregnancy with immediately readable results and quickly acquired skills to perform 
measurements are necessary for implementation and applicability of hemodynamic 
parameters in obstetric clinical practice. Optimization of these ‘point-of-care’ devices 
facilitates routine utilization of hemodynamic parameters during pregnancy.
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AIMS AND OUTLINE Of THIS THESIS

This thesis aims to provide enhanced insight in healthy maternal hemodynamic adjust-
ments to pregnancy, and to delineate non-physiological adjustments in relation to the 
development of gestational hypertensive complications. Two tailored hemodynamic-
affecting interventions to prevent development of incident and recurrent preeclampsia 
are outlined, and we focused on facilitating the measurement of hemodynamic param-
eters in daily obstetric clinical practice. These elaborations are of great importance in 
order to reduce the direct and remote burden of preeclampsia.

Chapter 2 evaluates the effect of pregnancy prolongation after diagnosis of early-onset 
preeclampsia on offspring outcome and postpartum maternal cardiovascular, metabolic 
and renal function.

Chapter 3 estimates whether the incidence of recurrent preeclampsia and associated 
offspring complications decreased in the past two decades in women who had an exten-
sive non-pregnant cardiovascular and cardiometabolic risk factor assessment.

Chapter 4 systematically reviews current literature on cardiac output, its determinants 
heart rate and stroke volume, and total peripheral vascular resistance during pregnancy, 
estimates the timing and magnitude of changes over the course of normotensive and 
hypertensive singleton pregnancies, and establishes reference curves for these hemo-
dynamic parameters in normotensive pregnancy.

Chapter 5 presents a study protocol to investigate whether treatment of mild to moder-
ate gestational hypertension based on underlying hemodynamic profile and anticipated 
response to antihypertensive medication prevents maternal disease progression to 
severe hypertension and preeclampsia.

Chapter 6 presents the effect of timely tailored treatment of early non-physiologic 
hemodynamic changes in pregnancy on maternal and foetal outcome in a high-risk 
population.

Chapter 7 compares cardiac output measurements obtained by the Ultrasonic Cardiac 
Output Monitor, a new non-invasive ‘point-of-care’ device, and transthoracic echocar-
diography, the most commonly used method to assess cardiac function in pregnancy.

Chapter 8 summarizes and elaborates on the main findings of the studies in this thesis.
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ABSTRACT

Objective: To evaluate the association between deferred delivery in early-onset pre-
eclampsia and offspring outcome and maternal cardiovascular, renal and metabolic 
function in the postpartum period.

Design: Observational study

Setting: Tertiary referral hospital

Population: Nulliparous women diagnosed with preeclampsia before 34 weeks’ 
gestation who participated in a routine postpartum cardiovascular risk assessment 
programme. Women with hypertension, diabetes mellitus or renal disease prior to 
pregnancy were excluded.

Methods: Regression analyses were performed to assess the association between preg-
nancy prolongation and outcome measures.

Main outcome measures: Offspring outcome and prevalence of deviant maternal car-
diovascular, renal and metabolic function.

Results: The study population included 564 women with a median pregnancy prolon-
gation of 10 days (interquartile range (IQR) 4-18) who were assessed at on average 8 
months (IQR 6-12) postpartum. Pregnancy prolongation after diagnosis resulted in a 
decrease in infant mortality (adjusted odds ratio (aOR) 0.907; 95% CI 0.852–0.965 per 
day prolongation). This improvement in offspring outcome was associated with an 
elevated risk of moderately increased albuminuria (aOR 1.025; 95% CI 1.006–1.045 per 
day prolongation), but not with aberrant cardiac geometry, cardiac systolic or diastolic 
dysfunction, persistent hypertension or metabolic syndrome.

Conclusion: Pregnancy prolongation in early-onset preeclampsia is associated with 
improved offspring outcome and survival. These effects do not appear to be deleterious 
to short-term maternal cardiovascular and metabolic function, but are associated with 
a modest increase in risk of residual albuminuria.

Keywords: Early-onset preeclampsia, deferred delivery, cardiovascular health, hyper-
tension, albuminuria, metabolic syndrome.
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INTRODUCTION

Preeclampsia, a gestational hypertensive disorder, substantially increases maternal 
and offspring morbidity and mortality.1 It is thought to be an endothelial disease where 
pathogenesis involves suboptimal placental function and cardiovascular maladaptation, 
mostly superimposed upon subclinical pre-existing cardiovascular and cardiometabolic 
risk factors.2, 3 Forty percent of women with preterm preeclampsia have asymptomatic 
structural cardiac alterations or dysfunction at 1 year postpartum, and within 15 years 
after delivery, preeclampsia relates to a two- to seven-fold increased risk of coronary 
heart disease, stroke and related death, and a four-fold increased risk of end-stage renal 
disease.4, 5 Hypertension is prevalent in 25% of women within a few years after preg-
nancy and up to 20% of women meet the criteria for metabolic syndrome by that time.4, 6 
It is not evident whether the postpartum sequelae are a consequence of the pre-existing 
underlying maternal cardiovascular risk factors or due to the deleterious effects of the 
gestational disease itself on the maternal cardiovascular system.7-9

Delivery is currently the only definite treatment of preeclampsia and scheduled delivery 
is clinically dependent on gestation at diagnosis, severity of maternal disease and foetal 
condition. This decision often presents a management dilemma because premature 
birth increases the risk of neonatal morbidity and mortality, whereas expectant manage-
ment increases maternal jeopardy from deterioration of the preeclamptic condition.10 
International guidelines generally recommend expectant management with continued, 
vigilant surveillance of mother and foetus, with scheduled delivery for features of se-
vere maternal disease or signs of foetal compromise.11, 12 Risk of maternal peripartum 
complications can be estimated by the PIERS model which predicts adverse maternal 
outcomes based on few parameters that are readily obtainable in clinical practice.13

Prolongation of pregnancy by a week in women with gestational hypertensive disorders 
at term did not relate to increased prevalence of metabolic syndrome.14 However, it does 
seem to be associated with persistence of postpartum hypertension, and with the risk 
of severe cardiovascular diseases, suggesting that prolonged exposure to preeclampsia 
affects remote maternal cardiovascular health.15, 16 There is a real paucity of evidence on 
the effect of expectant management of severe, early-onset preeclampsia on postpartum 
maternal cardiovascular recovery and function. The objective of this observational 
study was to evaluate the association between duration of gestational disease exposure 
and offspring outcome and maternal cardiovascular, renal and metabolic function in 
primiparous women.
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MATERIAL AND METHODS

Study population

There were no patients involved, or public involvement in the design and conduct of 
this research. No core outcome set has been used. Informed consent related to the use 
of clinically acquired data for scientific analysis was obtained as is customary in the 
Maastricht University Medical Centre (MUMC). From 1996, postpartum assessment was 
offered to all women with preeclampsia and related complications during pregnancy. 
The clinical service was accessible to all women in the country and approximately 65% 
of women were referred by physicians from other hospitals, who mainly refer women 
with severe complications during their pregnancy. The assessment took place at least 
4, but preferably 6 months postpartum, and women were only scheduled when not 
breastfeeding to measure plasma volume by the Iodine125 albumin indicator dilution 
technique (not evaluated in this study). For our analysis, we included only women ad-
mitted to the assessment within 2 years after delivery, and with onset of preeclampsia 
before 34 weeks of gestation, as in these women, pregnancy prolongation is assumed 
to benefit offspring outcome. General management of these women was according to 
international guidelines, recommending a temporising management plan in women 
without features of severe disease, and an individualised approach in women with fea-
tures of severe disease. Women who presented with preeclampsia before 24 weeks were 
excluded, as expectant management was not typically offered as a standard treatment 
option.17 Women who presented with stillbirth at time of admission were excluded as the 
clinical consideration of whether to terminate pregnancy for the benefit of the foetus is 
no longer an issue. Multiparous women and women with pre-pregnancy hypertension, 
diabetes mellitus or renal disease were also excluded.

Postpartum assessment

Assessment of cardiovascular, renal and metabolic risk factors was performed in 
standardised conditions at a morning clinic after an overnight fast. Clinical data on 
obstetric history, medical history and use of medication were collected from medical 
files, referral letters and direct patient enquiry. Diagnosis of preeclampsia was taken as 
the gestational age at which hypertension and proteinuria were observed for the first 
time. Glucose, insulin, creatinine and lipid-spectrum levels were obtained from fast-
ing blood samples. Urine was collected in the 24 hours preceding the measurements, 
and was assayed for albumin, creatinine and total protein. Body mass index (BMI) was 
calculated by dividing the bodyweight in kilograms by the squared height in meters. 
Arterial blood pressure was measured in sitting position by a semiautomatic oscillo-
metric device (Dinamap Vital Signs Monitor 1846; Critikon, Tampa, FL) every 3 minutes. 
The median value of 11 measurements was reported. Transthoracic echocardiography 
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was performed according to the American Society of Echocardiography (ASE) guidelines 
using a commercially available phased-array echocardiographic Doppler system (iE33 
system with S5-1 or X5-1 transducers, Philips Medical Systems, Best, Netherlands).18 All 
images were acquired in left lateral position, recorded as ECG-gated digital loops and 
stored for off-line analysis. Using M-mode in the parasternal long-axis view, we measured 
left ventricular end-diastolic (LVEDd) and end-systolic (LVESd) diameters, end-diastolic 
interventricular septum thickness (IVST) and the posterior (inferolateral) wall thickness 
(PWT). As recommended by the ASE, left ventricular mass (LVM; g) was determined using 
the Devereux formula: 0.8 × (1.04 ((LVEDd + PWT + IVST)3 − (LVEDd)3)) + 0.6, indexed for 
body surface area.19, 20 Relative wall thickness (RWT) was computed using the formula: 
2 × PWT / LVEDd.20 Left ventricular end-diastolic (EDV) and end-systolic volumes (ESV) 
were determined using the Teichholz formula. Left ventricular ejection fraction (%) was 
calculated using the formula: ((EDV-ESD)/EDV) × 100.

Definitions

Preeclampsia was defined as new-onset hypertension with a systolic blood pressure 
≥140 mmHg and/or diastolic blood pressure ≥90 mmHg in two repeated measurements 
along with de novo proteinuria (≥0.3 g/24h or ≥2+ on dipstick analysis) after 20 weeks 
of gestation. Early-onset preeclampsia was defined as diagnosis before 34 weeks’ 
gestation. HELLP-syndrome was defined as haemolysis (LDH >600 U/L), elevated liver 
enzymes (AST and ALT >70 U/L) and low platelets (platelet count <100.109/L). Small-for-
gestational-age (SGA) birth was defined as neonatal birthweight below the 10th percen-
tile of the national birthweight charts, and corrected for sex of the neonate and parity.21 
Infant mortality was defined as death within 1 year after delivery.

Cardiac systolic dysfunction was defined as an ejection fraction ≤55% and aberrant 
cardiac geometry was defined by left ventricular mass index >95 g/m2, or RWT >0.42. 
Kidney function was evaluated based on the Kidney Disease Improving Global Outcomes 
(KDIGO) criteria, indicating that monitoring of kidney function at least once a year is 
required for women with a glomerular filtration rate <60 mL/min/1.73m2 or an albumin-
to-creatinine ratio ≥3.0 g/mol creatinine.22

Constituents of the metabolic syndrome were defined based on World Health Organi-
zation criteria as follows: hyperinsulinemia (fasting insulin >9.2 mU/L, fasting glucose 
>6.1 mmol/L, and/or homeostasis model assessment for insulin resistance (HOMA-IR) 
>2.2), obesity (BMI >30 kg/m2), dyslipidaemia (triglycerides ≥1.7 mmol/L or HDL-choles-
terol <0.9 mmol/L), hypertension (systolic blood pressure ≥140 mmHg, diastolic blood 
pressure ≥90 mmHg and/or the use of antihypertensive medication) and proteinuria 
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(albuminuria >2.5 g/mol creatinine or proteinuria >0.3 g/24h).23 Metabolic syndrome 
was defined as hyperinsulinemia along with two or more of the other constituents.

Statistical analysis

Women were divided into three groups based on duration of preeclampsia to give a gen-
eral insight in the study population characteristics. Trends in difference between groups 
were analysed with pregnancy prolongation in days between diagnosis and delivery 
as a continuous variable, and not categorically. Logistic and linear regression analysis, 
whenever applicable, was performed to estimate the associations between duration of 
preeclampsia and offspring outcome, and maternal deviant cardiovascular, renal and 
metabolic function. Because postpartum time intervals could differ between women, 
we corrected for time-interval between delivery and postpartum assessment by adding 
time as a covariate in the multivariable regression analysis when analysing the mater-
nal effects. In addition, adjusted odds ratios (aOR) were calculated with multivariable 
regression analysis. We adjusted for gestational age at delivery, maternal age, year of 
assessment and the presence of metabolic syndrome factors at evaluation. A two-sided 
P-value of 0.05 or below was considered statistically significant. All statistical analyses 
were performed using IBM SPSS Statistics version 24.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Between September 1996 and July 2018, 709 women with a history of early-onset pre-
eclampsia were admitted to the MUMC for postpartum cardiovascular and metabolic 
risk assessment (Figure 1). Selecting primiparous women without pre-existing diseases 
resulted in 594 eligible women. Characteristics of women with onset of preeclampsia be-
fore 24 weeks’ gestation (n = 23) or who presented with stillbirth (n = 7) are presented in 
Table S1. In the analysis were 564 women whose obstetric characteristics are presented 
in Table 1. Median pregnancy prolongation was 10 days, gestational age at diagnosis was 
lower in the group of women with the longest pregnancy prolongation, and prevalence 
of HELLP syndrome was highest in the group with short pregnancy prolongation.

Postpartum maternal status

Regression analysis showed no differences in postpartum cardiac geometry and function, 
vascular function, renal function or metabolic syndrome components with pregnancy 
prolongation (Table 2 and Table S2). The OR adjusted for the interval between delivery 
and postpartum assessment showed that pregnancy prolongation was associated with 
moderately increased postpartum albuminuria (OR 1.022; 95% CI 1.005–1.040 per day 
prolongation), but not with severely increased proteinuria (Table 3). After adjustments 
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for gestational age at delivery, maternal age, year of postpartum assessment and meta-
bolic syndrome constituents, the association with moderately increased albuminuria 
persisted. Pregnancy prolongation was not associated with reduced creatinine clear-
ance, annual monitoring of kidney function advice, deviant cardiac parameters or 
hypertension postpartum.

Offspring outcome

There were no offspring outcomes associated with pregnancy prolongation, apart 
from higher absolute birthweight in women whose pregnancy was prolonged longer 
(Table 1). Pregnancy prolongation did not increase the risk of placental abruption, still-
birth or prevalence of SGA neonates but was associated with a significant decrease in 
infant mortality (OR 0.952; 95% CI 0.909–0.998) (Table S3). When adjusted for gestational 
age at diagnosis, concurrent HELLP syndrome and eclampsia, and year of assessment, 
the beneficial effect of pregnancy prolongation on infant survival persisted (aOR 0.907; 
95% CI 0.852–0.965).

Women admitted for 
postpartum assessment 

after early-onset pre-
eclampsia within two years 

after delivery 
(1996 - 2018)

n = 709

Primiparous women 
n = 665

Women with pre-existing 
hypertension, diabetes 

mellitus or renal disease 
prior to pregnancy

n = 71

Multiparous women 
n = 44

Eligible women
n = 594

Women with onset of pre-
eclampsia before 24 

weeks’ gestation (n = 23), 
and women who presented 

with stillbirth (n = 7)

Women included in analysis
n = 564

figure 1. Flowchart for selection of women.
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DISCUSSION

Main findings

This observational study demonstrates that pregnancy prolongation in early-onset pre-
eclampsia is related to improved offspring outcome and survival but is not associated 
with deleterious effects on maternal cardiovascular, renal and metabolic function in the 
postpartum period, other than an increased risk of moderately increased albuminuria.

Strengths and limitations

The strength of our study is the extensive postpartum assessment of risk factors, which 
enabled us to correct for cardiovascular and renal risk factors. Some limitations also 
need to be addressed. Firstly, detailed information on antihypertensive treatment, tar-
get blood pressure and other treatment goals during pregnancy is lacking. Therefore, we 
are not able to evaluate the effect of specific treatment on pregnancy prolongation and 
outcomes. In addition, as we do not have detailed information on maternal condition 
that contributed to the physicians’ decision to terminate pregnancy, it could be possible 
that immediate scheduled birth was planned because of rapid deterioration of maternal 
condition. This would mitigate the association between pregnancy prolongation and 
maternal outcomes. On the other hand, pregnancy prolongation might be associated 
with more advanced maternal disease contributing to residual albuminuria postpartum. 

Table 1. Obstetric characteristics of study population categorized by duration of pregnancy prolongation

Pregnancy outcome Total Pregnancy prolongation

P-value*

≤6 days 7-13 days ≥14 days

n = 564 n = 186 n = 173 n = 205

Prolongation in days 10 [4-18] 3 [1-4] 9 [7-11] 21 [17-30]

GA at diagnosis 300 [280-320] 310 [290-325] 300 [280-320] 300 [270-320] <0.001

GA at delivery 320 [295-336] 315 [292-331] 312 [290-330] 330 [305-351] <0.001

HELLP syndrome 404/564 (72%) 134/186 (72%) 131/173 (76%) 139/205 (68%) 0.017

Eclampsia 34/564 (6%) 17/186 (9%) 5/173 (3%) 13/205 (6%) 0.690

Birthweight, g 1400 [1000-1810] 1348 [975-1677] 1270 [875-1680] 1620 [1165-2060] <0.001

Birthweight centile 16 [8-30] 18 [8-32] 16 [8-25] 15 [8-31] 0.805

Multifetal pregnancy 20/564 (4%) 7/186 (4%) 5/173 (3%) 8/205 (4%) 0.936

SGA birth/neonate 179/564 (32%) 54/186 (29%) 55/173 (32%) 70/205 (34%) 0.255

Placental abruption 19/564 (3%) 10/186 (5%) 5/173 (3%) 4/205 (2%) 0.109

Offspring demise 36/564 (6%) 15/186 (8%) 13/173 (8%) 8/205 (4%) 0.036

 Stillbirth 8/564 (1%) 2/186 (1%) 4/173 (2%) 2/205 (1%) 0.559

 Infant mortality 28/564 (5%) 13/186 (7%) 9/173 (5%) 6/205 (2%) 0.042

Data are presented as median [interquartile range] or number/known outcome (percentage in group). *P-value indicates 
trend based on regression analysis with pregnancy prolongation used as a continuous variable. GA indicates gestational 
age; SGA, small-for-gestational-age
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However, the decision to end pregnancy is often not based on increase or magnitude of 
proteinuria, as this does not affect maternal or perinatal outcome.24 Lastly, as women 
had to attend the postpartum evaluation, we were not able to assess maternal death as 
outcome of a temporising management plan. Although absolute numbers of maternal 
deaths are low, and most maternal deaths occur after 34 weeks of pregnancy, postpon-
ing delivery in early-onset preeclampsia exposes the women to increased risk of mortal-
ity.25, 26

Interpretation

In preeclampsia diagnosed before 34 weeks’ gestation, immediate induction of labour 
increases the risk of neonatal mortality and morbidity, and pregnancy prolongation is 
preferred as long as maternal and foetal condition permits.27, 28 In our sample, pregnancy 
was prolonged for 10 days, which is slightly longer than in other studies despite the rela-

Table 2. Pregnancy prolongation and postpartum maternal cardiovascular, renal and metabolic function

Total ≤6 days 7-13 days ≥14 days

P-value*n = 564 n = 186 n = 173 n = 205

Time to assessment (months) 8 [6-12] 8 [6-12] 7 [6-12] 8 [6-14] 0.006

Maternal age (years) 30.4 (4.2) 29.9 (4.0) 30.6 (4.1) 30.8 (4.5) 0.090

Cardiac parameters

LVM index (g/m2) 70 [61-79] 69 [61-79] 69 [60-78] 71 [61-80] 0.916

Relative wall thickness 0.33 [0.30-0.35] 0.33 [0.30-0.35] 0.32 [0.30-0.35] 0.33 [0.30-0.35] 0.698

Ejection fraction (%) 64 [61-67] 64 [61-67] 64 [60-67] 64 [60-67] 0.861

Renal parameters

Albuminuria (g/mol creatinine) 1.0 [0.5-2.3] 0.8 [0.4-1.9] 1.0 [0.6-2.2] 1.2 [0.5-2.7] 0.643

Proteinuria (g/mol creatinine) 8.2 [6.7-10.5] 8.0 [6.7-10.3] 7.9 [6.4-10.3] 8.9 [7.0-11.4] 0.941

CC (ml/min/1.73m2) 106 [95-117] 107 [97-118] 105 [93-117] 104 [93-115] 0.209

Vascular function

Systolic blood pressure (mmHg) 116 [109-124] 114 [108-123] 116 [109-124] 117 [109-125] 0.784

Diastolic blood pressure (mmHg) 73 [68-78] 72 [67-78] 74 [67-80] 73 [68-77] 0.725

Hypertension 98/559 (18%) 35/185 (19%) 25/170 (15%) 38/204 (19%) 0.716

Pulse pressure 43 [39-49] 43 [39-48] 43 [39-49] 44 [38-49] 0.971

Stroke volume/pulse pressure 1.64 [1.43-1.95] 1.68 [1.43-2.02] 1.63 [1.43-1.89] 1.63 [1.43-1.96] 0.783

Metabolic syndrome 82/560 (15%) 26/185 (14%) 21/171 (12%) 35/204 (17%) 0.321

Hyperinsulinemia 295/560 (53%) 98/185 (53%) 91/172 (53%) 106/203 (52%) 0.720

Obesity 124/564 (22%) 42/186 (23%) 34/173 (20%) 48/205 (23%) 0.265

Dyslipidaemia 109/563 (19%) 34/186 (18%) 33/173 (19%) 42/204 (21%) 0.956

Albuminuria or proteinuria 121/544 (22%) 31/178 (17%) 32/168 (19%) 58/203 (29%) 0.061

Data are presented as mean (standard deviation), median [interquartile range] or number/valid measurements (percent-
age in group). *P-value indicates trend based on regression analysis with pregnancy prolongation (days) used as a continu-
ous variable. LVM indicates left ventricular mass; CC, creatinine clearance
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tive high incidence of HELLP syndrome.28-30 Women whose pregnancy was prolonged 
the longest, had earlier onset of preeclampsia, which probably explains the observed 
neonatal health gain of postponing delivery. Clinicians are more likely to take the risk of 
short-term maternal and foetal complications when the survival rate of the neonate is 
expected to be considerably improved with pregnancy prolongation.31 Deferred delivery 
was associated with a decreased risk of infant mortality and resulted in higher absolute 
birthweight, which in turn also contributes to an increased survival rate.32 The presump-
tion that the in utero environment may be suboptimal for the growth potential of the 
foetus could not be substantiated by our observations, as the relative birthweight did 
not deteriorate with prolonged pregnancy.33, 34

Prevalence of hypertension and blood pressure levels did not relate to pregnancy pro-
longation, nor did estimates of arterial compliance. The reason might be that clinical 
preeclampsia does not induce persistent vascular alterations, or that this contribution 
is minor compared with disease evolution prior to diagnosis. The changes in cardiac 
geometry during normotensive pregnancy generally recover in the postpartum period.35 
In contrast, after preterm preeclampsia, about half of women show asymptomatic 

Table 3. Association between pregnancy prolongation after preeclampsia diagnosis (per day prolongation) 
and maternal cardiovascular, renal and metabolic function.

OR (95% CI) P-value Adjusted OR
(95% CI)

P-value

Cardiac parameters

Left ventricular mass index >95 g/m2 1.005 (0.956–1.056) 0.853 0.987 (0.928–1.050) 0.677

Relative wall thickness >0.42 1.023 (0.971–1.078) 0.398 1.001 (0.932–1.074) 0.987

Ejection fraction <55% 0.956 (0.873–1.047) 0.333 0.931 (0.840–1.031) 0.170

Renal parameters

Albuminuria >2.5 g/mol creatinine* 1.022 (1.005–1.040) 0.011 1.025 (1.006–1.045) 0.010

Proteinuria >30 g/mol creatinine* 0.998 (0.932–1.069) 0.995 0.994 (0.924–1.071) 0.994

Creatinine clearance <90 ml/min/1.73m2 1.011 (0.993–1.029) 0.234 1.001 (0.981–1.022) 0.904

Annual monitoring necessary according to KDIGO* 1.013 (0.995–1.031) 0.173 1.013 (0.993–1.034) 0.211

Metabolic syndrome* 1.012 (0.993–1.032) 0.228 1.014 (0.993–1.036) 0.182

Hyperinsulinemia* 0.998 (0.984–1.012) 0.774 1.005 (0.988–1.023) 0.540

Obesity* 1.005 (0.989–1.022) 0.534 1.008 (0.988–1.028) 0.450

Dyslipidaemia* 1.003 (0.985–1.021) 0.755 0.996 (0.975–1.017) 0.702

Hypertension* 1.004 (0.986–1.023) 0.653 1.010 (0.989–1.032) 0.339

Albuminuria or proteinuria* 1.021 (1.004–1.039) 0.014 1.024 (1.005–1.044) 0.015

KDIGO indicates Kidney Disease Improving Global Outcomes. ORs are adjusted for months between delivery and postpar-
tum assessment. aOR are adjusted for gestational age at delivery, maternal age, year of postpartum assessment, hyperin-
sulinemia, hypertension, obesity, dyslipidaemia, and moderately increased albuminuria or severely increased proteinuria. 
*Not adjusted for specific metabolic syndrome component(s)
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structurally altered cardiac geometrics consisting mainly of concentric left ventricular 
remodelling, even after several years.4 Concentric remodelling is known for its asso-
ciation with increased myocardial fibrosis which decreases left ventricular compliance 
and consequently impairing diastolic function.4, 36 About a quarter of women in our 
population had a left ventricle mass index >80 g/m2, which is above the upper limit of 
non-pregnant reference values.37 In addition, the RWT of our women was comparable 
to other formerly preeclamptic women, being substantially higher than the postpartum 
RWT in women with uncomplicated pregnancies.38 There was no association between 
pregnancy prolongation and deviant cardiac geometric indices and prevalence of global 
left ventricular dysfunction. A possible explanation could be that the known association 
with unfavourable structural alteration in preeclampsia may have already occurred by 
the time the diagnosis was made. A meta-analysis showed that the steepest change in 
left ventricular remodelling occurs before 30 weeks.37 Moreover, when preeclampsia is 
diagnosed, blood pressure-lowering medication is initiated, which may temper further 
geometrical changes and myocardial damage.39 It is also conceivable that the time-span 
of estimated disease prolongation is too short to result in deleterious effects on cardiac 
geometry.

The median albumin-to-creatinine ratio in our population was 1.0 g/mol (0.5–2.3 g/mol), 
which is slightly higher than the normal range in healthy women aged between 20 and 
40 years (0.7 g/mol; 0.4–1.1 g/mol).40 Preeclamptic women with prolonged pregnancy 
have a slightly higher risk of residual moderately increased albuminuria postpartum, but 
glomerular filtration rate and serum creatinine level were not affected. Also, pregnancy 
prolongation did not increase the prevalence of severely increased proteinuria, which 
usually resolves within weeks to months postpartum.15 These observations suggest a 
higher risk on moderate endothelial dysfunction when a policy of pregnancy prolon-
gation is pursued. It is uncertain whether residual albuminuria reflects incomplete re-
covery from permanent damage incurred during pregnancy or undetected pre-existing 
endothelial dysfunction predisposing to preeclampsia and postpartum diagnosis of 
albuminuria.41, 42 Preeclampsia is associated with an upregulation of placental sFlt-1, 
which scavenges vascular endothelial growth factor (VEGF). Reduction of VEGF in mice 
results in proteinuria and glomerular endotheliosis, resembling preeclampsia.43 VEGF is 
a signal protein produced by podocytes with autocrine function to support cell survival, 
and paracrine function on the glomerular endothelial cells.44 The degree of damaged 
podocytes correlates with the intensity of proteinuria, and depletion up to 20% results 
in a transient increase in proteinuria, with preserved creatinine clearance.45 Proteinuria 
itself is potentially harmful to the proximal tubule and podocytes, as proteins in the 
glomerular ultrafiltrate activate inflammation and fibrosis, and presence of proteins 
impairs podocyte regeneration.46, 47
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Our results emphasise the importance of monitoring the presence of moderately 
increased albuminuria in women with early-onset preeclampsia, especially in women 
whose pregnancy is prolonged by several weeks. To date, no specific interventions to 
improve long-term outcomes are evidenced, but adequate blood pressure control in 
hypertension, lifestyle and exercise advise might lower albuminuria in screen-positive 
women.48, 49 Postpartum metabolic syndrome was observed in 15% of women in our pop-
ulation, compared with a prevalence of 5% in Dutch women of similar age.50 Prevalence 
was not related to duration of preeclampsia - nor were the individual components of the 
metabolic syndrome other than albuminuria. Similar results were found in women with 
gestational hypertensive disorders at term whose induction of labour was postponed 
for a week compared with immediate delivery.14 As hypertensive complications during 
pregnancy are associated with exaggerated metabolic changes prior to overt clinical 
disease, it might be unlikely that duration of preeclampsia affects the development of 
metabolic syndrome postpartum.51-53 These findings support the concept of Romunds-
tad et al. who suggested that postpartum development of metabolic syndrome is attrib-
utable to shared pre-pregnancy risk factors rather than a direct influence of gestational 
hypertensive disorders.7

CONCLUSION

Prolongation of pregnancy in early-onset preeclampsia with consideration of individual 
context at the discretion of the attending obstetrician relates to reduced infant mortality. 
Moreover, it is associated with a raised prevalence of moderately increased albuminuria 
but does not seem to have an adverse effect on cardiovascular function and metabolic 
status. It is unknown how these findings translate to long-term cardiovascular morbidity. 
Our findings should also be evaluated in a setting with detailed information on disease 
severity at presentation and peripartum management.
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SUPPLEMENTAL MATERIAL

Table S1. Characteristics of women with preeclampsia before 24 weeks’ gestation or who presented with 
stillbirth admitted to the postpartum assessment within 2 years after delivery.

Women presenting with 
stillbirth

Women with onset of 
preeclampsia before 
24 weeks’ gestation

Pregnancy outcome n = 7 n = 23

Gestational age at diagnosis 283 [264-320] 223 [211-230]

Gestational age at delivery 284 [270-320] 252 [240-274]

HELLP syndrome 5/7 (71%) 14/23 (61%)

Eclampsia 0/7 2/23 (9%)

Birthweight (grams) 840 [770-1352] 520 [380-790]

Birthweight centile 5 [3-25] 4 [0-7]

Multifetal pregnancy 0/7 0/23

SGA neonate 4/7 (57%) 19/23 (83%)

Placental abruption 1/7 (14% 2/22 (9%)

Offspring demise

 Stillbirth 7/7 15/23 (65%)

 Infant mortality NA 1/23 (4%)

Time to assessment (months) 6 [5-7] 6 [5-10]

Cardiac parameters

Left ventricular mass index (g/m2) 68 [48-83] 69 [57-83]

Relative wall thickness 0.36 [0.32-0.38] 0.34 [0.31-0.36]

Ejection fraction (%) 63 [59-65] 64 [62-67]

Renal parameters

Albuminuria (g/mol creatinine) 0.9 [0.3-1.5] 1.5 [0.6-8.7]

Proteinuria (g/mol creatinine) 8.2 [6.8-38.6] 10.9 [6.1-19.0]

Creatinine clearance (ml/min/1.73m2) 101 [90-107] 100 [93-117]

Vascular function

Systolic blood pressure (mmHg) 113 [112-117] 117 [114-129]

Diastolic blood pressure (mmHg) 73 [65-76] 78 [64-82]

Pulse pressure 44 [40-48] 45 [37-55]

Hypertension 1/7 (14%) 8/22 (36%)

Antihypertensive medication 0/7 7/23 (30%)

Compliance

Stroke volume/pulse pressure 1.47 [1.31-1.55] 1.46 [1.23-1.77]

Metabolic syndrome 2/7 (29%) 4/23 (17%)

Hyperinsulinemia 3/7 (43%) 10/23 (43%)

Insulin (mU/L) 6.6 [6.1-10.5] 9.2 [6.1-15.0]

Glucose (mmol/L) 5.0 [4.7-5.4] 4.9 [4.8-5.1]
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Table S1. (continued)

Women presenting with 
stillbirth

Women with onset of 
preeclampsia before 
24 weeks’ gestation

HOMA-IR 1.70 [1.27-2.22] 1.97 [1.31-3.35]

Obesity 3/7 (43%) 4/23 (17%)

Body mass index (kg/m2) 29.2 [19.5-35.2] 25.2 [20.8-27.5]

Dyslipidaemia 3/7 (43%) 6/23 (26%)

Triglycerides (mmol/L) 1.24 [0.83-2.46] 1.11 [0.77-1.84]

HDL-cholesterol (mmol/L) 1.5 [1.1-1.8] 1.3 [1.1-1.4]

Albuminuria or proteinuria 1/7 (14%) 8/23 (35%)

Data are presented as mean (standard deviation), median [interquartile range], or number/valid measurements (percent-
age in group). HOMA-IR indicates homeostatic model assessment for insulin resistance; HDL, high-density lipoprotein.

Table S2. Pregnancy prolongation and postpartum maternal cardiovascular, renal and metabolic function

Total Pregnancy prolongation after diagnosis

P-value*

≤6 days 7-13 days ≥14 days

n = 564 n = 186 n = 173 n = 205

Antihypertensive medication 69/564 (12%) 24/186 (13%) 17/173 (10%) 28/205 (14%) 0.451

Insulin (mU/L) 9.4 [6.6-14.0] 9.3 [6.5-14.0] 9.8 [6.8-15.0] 9.4 [6.5-13.7] 0.304

Glucose (mmol/L) 5.1 [4.8-5.4] 5.0 [4.8-5.4] 5.1 [4.8-5.4] 5.1 [4.9-5.3] 0.716

HOMA-IR 2.13 [1.47-3.21] 2.11 [1.46-3.27] 2.14 [1.51-3.33] 2.14 [1.43-3.18] 0.354

BMI (kg/m2) 25.1 [22.2-28.9] 26.3 (5.2) 25.8 (5.3) 26.3 (5.2) 0.862

Triglycerides (mmol/L) 0.93 [0.67-1.33] 0.96 [0.68-1.28] 0.94 [0.69-1.37] 0.92 [0.64-1.36] 0.466

HDL-cholesterol (mmol/L) 1.3 [1.1-1.5] 1.3 [1.1-1.5] 1.3 [1.2-1.5] 1.3 [1.1-1.6] 0.125

Data are presented as median [interquartile range], or number/valid measurements (percentage in group). *P-value in-
dicates trend based on regression analysis with pregnancy prolongation (days) used as a continuous variable. HOMA-IR 
indicates homeostatic model assessment for insulin resistance; HDL, high-density lipoprotein.
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Table S3. Association between pregnancy prolongation after preeclampsia diagnosis (days) and offspring 
outcome.

Odds ratio (95% CI) P-value Adjusted odds ratio*
(95% CI)

P-value

Small-for-gestational-age neonate 1.009 (0.994–1.024) 0.255 0.997 (0.981–1.013) 0.704

Placental abruption 0.956 (0.904–1.010) 0.109 0.947 (0.892–1.005) 0.070

Offspring demise

 Stillbirth 0.979 (0.912–1.051) 0.559 0.869 (0.758–0.995) 0.042

 Infant mortality 0.952 (0.909–0.998) 0.042 0.907 (0.852–0.965) 0.002

Univariate linear regression

β-coefficient (95% CI) Adjusted β-coefficient* (95% CI)

Birthweight (grams) 14.8 (11.1–18.5) <0.001 24.3 (22.4–26.1) <0.001

Birthweight centile -0.02 (-0.14–0.11) 0.805 0.09 (-0.03–0.21) 0.154

*Adjusted for gestational age at onset preeclampsia, concomitant HELLP syndrome and/or eclampsia, and year of post-
partum assessment
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ABSTRACT

Objective: Several efforts to reduce recurrent preeclampsia have been implemented 
in clinical practice in the past decades. We assessed whether recurrence rates of pre-
eclampsia and related offspring complications decreased in the past 20 years in women 
who received tailored preventive advices.

Study design: In this observational cohort study, we included 752 women who had their 
first pregnancy complicated by preeclampsia between 1996 and 2012, and who partici-
pated in a non-pregnant risk factor assessment. A questionnaire was sent to women to 
follow-up on their next pregnancy outcome.

Main outcome measures: Prevalence of preeclampsia and related offspring complica-
tions in the subsequent pregnancy.

Results: 467 (62%) women responded to the questionnaire of which two-thirds had a 
subsequent ongoing pregnancy. Recurrent preeclampsia occurred in 29% of women 
who delivered between 1997 and 2004, in 20% of women who delivered between 
2005 and 2009, and in 24% of women who delivered between 2010 and 2016 (overall 
P-value = 0.319). Combined maternal complications did not change over time (OR 0.98 
per year, 95% CI 0.93–1.04, P-value = 0.503). Offspring complications in the subsequent 
pregnancy decreased over time with an OR of 0.92 (95% CI 0.86–0.98, P = 0.009) per year.

Conclusion: Recurrence rates of preeclampsia did not decrease over the past 20 years in 
women who have been extensively assessed on cardiovascular risk factors. In the same 
period, foetal and neonatal outcomes improved substantially. Efforts to extend and 
improve strategies to reduce recurrence risk of preeclampsia still seem to be necessary.

Keywords: Preeclampsia, recurrent disease; cardiovascular assessment, metabolic 
syndrome.
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INTRODUCTION

Preeclampsia (PE) is one of the leading causes of maternal and neonatal morbidity and 
mortality in the Western world, complicating 5-10% of all pregnancies.1 Recurrence rates 
of PE in studies range from 7 to 80%, depending on studied population.2, 3 On the one 
hand, recurrence rates are related to outcome of the first pregnancy, and rise with earlier 
onset of PE, co-occurrence of the HELLP syndrome (Haemolysis, Elevated Liver enzymes, 
Low Platelet count), and delivery of a small-for-gestational-age (SGA) infant.2 On the 
other hand, underlying maternal constitutional factors consistent with the metabolic 
syndrome, including high body mass index (BMI), insulin resistance, unfavourable lipid 
profile and elevated blood pressure, relate to an elevated risk of recurrent disease.3-6 
Increased recognition of these metabolic risk factors offers the possibility to counsel on 
lifestyle adjustments, even before the next pregnancy.

Over the recent decennia, diverse other measures to prevent recurrent PE have been 
evaluated and partly implemented in clinical practice. If initiated timely, low-dose aspi-
rin and calcium supplementation improve pregnancy outcome regarding hypertensive 
complications.7, 8 Physicians often advise high-risk women to take these preventive 
measures, but in absence of recommendations in national guidelines, penetrance is far 
from complete. Prophylactic anticoagulation, even in women with hereditary throm-
bophilia, is controversial, and conflicting results of studies may withhold physicians 
to prescribe low-molecular-weight heparins.9 Once hypertensive complications arise 
during pregnancy, women may benefit from antihypertensive treatment and timely 
induction of labour.10-12 In the meantime, measures to improve neonatal outcome have 
also emerged, including corticosteroid courses when preterm birth is imminent, surfac-
tant therapy since the early 1990s and development of enhanced neonatal ventilation 
techniques.13-15

In this study, we assessed whether the precautions and taken efforts to improve health 
care resulted in a decline in recurrence rates of PE and improved offspring outcome over 
the past 20 years.

METHODS

Study Population

The hospital medical ethical committee of the Maastricht University Medical Centre 
(MUMC) approved the study protocol (MEC azM/UM 17-4-004). This study was conducted 
in women admitted to a cardiovascular and cardiometabolic risk assessment in the 
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MUMC after their first pregnancy was complicated by PE. This assessment took place at 
least 4 months, but more often longer postpartum. Studying this population overcomes 
the effect of increasing prevalence of metabolic syndrome in young women on recur-
rence rates.16 Evaluation is accessible to all women in the country, and approximately 
75% of women are referred by physicians of other hospitals, who mainly refer women 
with a history of severe PE. Over the years, the number of referrals has increased, and 
capacity for assessment was enlarged. All women assessed between 1996 and 2012 
received a short questionnaire per electronic mail or post mail, designed to evaluate 
outcome of possible subsequent pregnancies, including information on date of birth, 
gestational age at delivery, birthweight and sex of the neonate, and the occurrence of 
any complications during that pregnancy. Data of women who responded to the ques-
tionnaire were used in the analysis.

Definitions

PE was defined based on the International Society for the Study of Hypertension in Preg-
nancy criteria as de novo hypertension with a systolic blood pressure (BP) ≤140 mmHg 
and/or diastolic BP ≥90 mmHg in 2 repeated measurements (at least 6h apart) and the 
co-occurrence of proteinuria (≥0.3 g/24h or ≥2+ on dipstick analysis) occurring after 
20 weeks of gestation in previously normotensive women or when proteinuria devel-
oped >20 weeks of gestation in women with pre-existing hypertension.17 Early-onset PE 
was defined as PE diagnosed before 34 weeks of pregnancy.18 SGA infancy was defined 
as neonatal birthweight below the 10th percentile of the national birthweight charts, and 
corrected for sex of the neonate and parity.19 Offspring complications were foetal and 
neonatal complications, and were defined as placental abruption, stillbirth, SGA and/or 
neonatal death (within the first 28 days of life). Preterm delivery was defined as delivery 
before 37 weeks and extreme preterm delivery before 34 weeks of gestational age.

Cardiovascular assessment

Assessment of cardiovascular and metabolic risk factors was performed in one session. 
Glucose, insulin, triglycerides and high-density lipoprotein (HDL) cholesterol levels were 
obtained from fasting blood samples. BMI was calculated by dividing bodyweight (kg) 
by the square height (meters). Arterial blood pressure was measured in sitting position 
by a semiautomatic oscillometric device (Dinamap Vital Signs Monitor 1846; Critikon, 
Tampa, FL). The median value of 11 measurements was reported. Urine was collected 
in the 24h preceding the measurements, and assayed for micro-albumin, creatinine 
and total protein. Metabolic syndrome was diagnosed based on slightly adjusted World 
Health Organization criteria as follows: hyperinsulinemia (fasting insulin >9.2 mU/L, 
fasting glucose >6.1 mmol/L, and/or homeostasis model assessment-insulin resistance 
(HOMA-IR) >2.2) along with 2 or more of the following: (1) obesity (BMI >30 kg/m2), (2) 
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dyslipidaemia (triglycerides ≥1.7 mmol/L or HDL-cholesterol <0.9 mmol/L), (3) hyperten-
sion (systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg and/or 
the use of antihypertensive medication), (4) microalbuminuria (>2.5 g/mol creatinine) 
or proteinuria (>0.3 g/24h).20 The adjustment relates to including BMI instead of abdomi-
nal circumference. After assessment, women were counselled and advised on the risk 
factors and possibilities to modify them (i.e. regularly exercise, dietary advice) in a single 
consultation. Moreover, general preventive measures in the next pregnancy applicable 
at time of assessment were advised. No standardized advice on birth spacing was given 
to the women. If indicated, treatment was initiated or intensified in consultation with 
the woman’s referring physician, who was responsible for the subsequent care.

Statistical analysis

We divided women who responded to the questionnaire in three subgroups based on 
year of second delivery. Group 1 delivered between 1997 and 2004, group 2 between 2005 
and 2009, and group 3 between 2010 and 2016. Categorical variables were compared be-
tween the 3 groups using Pearson’s Chi-square test if more than 5 cases were present in 
each group, and Fishers Exact test if less than 5 cases were present. Normally distributed 
continuous data were compared using analysis of variance (ANOVA), and expressed as 
mean with standard deviations. Kruskal Wallis test was used in case of skewness, and 
results were reported as median with interquartile range. Multiple logistic regression 
was performed to adjust for differences between groups in pregnancy characteristics and 
metabolic syndrome determined during the inter-pregnancy cardiovascular assessment. 
In addition, with logistic regression the association between year of delivery as a con-
tinuous variable and PE and related offspring complications was estimated. A two-sided 
p-value ≤0.05 was considered statistically significant. Missing values of less than 5% 
within a variable were considered acceptable and subsequently complete case analysis 
was used. All statistical analyses were performed using IBM SPSS Statistics version 20.

RESULTS

Of the 752 women who were admitted for postpartum assessment after their first preg-
nancy complicated by PE, 467 (62%) women responded to the questionnaire (Figure 1). 
Table 1 presents the characteristics of women who responded to the questionnaire and 
women who did not. Non-responders were slightly younger at delivery (29.0 vs. 30.0 years, 
p < 0.001). Neither gestational age at delivery nor early-onset PE, co-occurrence of 
eclampsia, placental abruption, stillbirth, SGA or neonatal death in the first pregnancy 
was different between the responders and non-responders. Prevalence of concomitant 
HELLP syndrome in the index pregnancy was lower in the non-responders group (63% 
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vs. 74%, respectively, p = 0.001). Non-responders had an unfavourable cardio-metabolic 
profile during the postpartum assessment compared with the responders. Of the 467 
responders, 147 (31%) did not conceive again or had a miscarriage. Three subsequent 
pregnancies were excluded because of congenital or chromosomal foetal abnormalities, 
resulting in 317 (68%) women who had an ongoing second pregnancy. Between 1997 
and 2004 (group 1), 99 women (31%) delivered again, between 2005 and 2009 (group 2), 
99 women (31%) and between 2010 and 2016 (group 3), 119 women (37%) delivered a 
second time.

Women admitted for
assessment after first 

pregnancy complicated by PE 
(1996-2012)

n = 752

Responders to the
questionnaire

n = 467

Non-responders
to the

questionnaire
n = 285

Did not achieve a 
second pregnancy

n = 147

Delivery between
1997-2004

n = 99
Group 1

Delivery between
2010-2016

n = 119
Group 3

Delivery between
2005-2009

n = 99
Group 2

Women who achieved a second 
pregnancy

n = 320
Congenital or 
chromosomal
abnormalities

n = 3

Assessment 
between

1996-2004
n = 177

Assessment  
between

2010-2012
n = 118

Assessment 
between

2005-2009
n = 172

figure 1. Flow diagram of study population enrolment.
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Table 2 presents the obstetric characteristics of the index pregnancy and postpartum 
cardiovascular and metabolic risk factors categorized in groups by year of second delivery. 
Maternal age, prevalence of multifetal pregnancies, eclampsia, stillbirth and placental 
abruption at index pregnancy did not differ between the three groups. Group 1 had the 
lowest gestational age at delivery, and the highest prevalence of early-onset PE, concur-
rent HELLP syndrome, SGA and neonatal death in the index pregnancy. With respect to the 
metabolic variables, group 1 had the highest levels of fasting insulin and HOMA-IR values, 
and the highest HDL levels. Blood pressure was higher in women in group 1. BMI, glucose, 
triglycerides, 24h protein excretion and microalbuminuria did not differ between groups.

Table 1. Obstetric history and cardiovascular risk factors at assessment of women who responded to the 
questionnaire and the non-responders.

Characteristic Responders
(n = 467)

Non-responders
(n = 285) p-value

Index pregnancy

Maternal age, y 30.0 [27.0-32.0] 29.0 [25.0-31.0] <0.001

Multifetal pregnancies, % 3 4 0.952

GA at delivery, w 334 [302-360] 331 [300 – 360] 0.737

Early-onset PE, % 67 69 0.487

HELLP syndrome, % 74 63 0.001

Eclampsia, % 10 8 0.337

SGA, % 29 33 0.221

Placental abruption, % 4 2 0.147

Stillbirth, % 5 5 0.837

Neonatal death, % 3 5 0.140

Characteristics at evaluation

Interval between delivery - evaluation, m 9 [6-17] 11 [6-24] 0.095

Metabolic syndrome, % 12 16 0.156

Glucose, mmol/l 5.1 [4.8-5.4] 5.1 [4.8-5.5] 0.942

Insulin, iU/L 8.7 [6.1-13.0] 9.9 [6.6-14.9] 0.019

HOMA-IR 2.0 [1.4-3.0] 2.2 [1.5-3.4] 0.041

BMI, kg/m2 24.3 [21.6-27.7] 25.1 [22.3-28.9] 0.026

Triglycerides, mmol/l 0.83 [0.61-1.19] 0.91 [0.68-1.30] 0.025

HDL, mmol/l 1.30 [1.10-1.50] 1.30 [1.10-1.50] 0.033

Systolic blood pressure, mmHg 114 [108-123] 116 [108-126] 0.279

Diastolic blood pressure, mmHg 72 [66-77] 72 [67-78] 0.491

Antihypertensive medication, % 14 14 0.964

24h protein excretion, g/24h 0.07 [0.05-0.12] 0.08 [0.06-0.14] 0.022

Microalbuminuria, g/mol creatinine 1.0 [0.5-2.2] 1.0 [0.6-2.2] 0.945

Data are presented as percentage, mean (SD) or median [interquartile range] within group. GA indicates gestational age; PE, 
preeclampsia; HELLP syndrome, Haemolysis, Elevated Liver Enzymes, Low Platelets syndrome; SGA, small-for-gestational-
age; HOMA-IR, Homeostatic Model Assessment-Insulin Resistance; BMI, body mass index; HDL, high-density lipoprotein
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Table 3 presents the prevalence of the obstetric complications in the subsequent preg-
nancy. The overall recurrence rate of PE in our population was 24.3% (77/317). The prev-
alence of recurrent PE did not differ between the three groups, nor did the prevalence of 
recurrent early-onset PE. In addition, the prevalence of HELLP syndrome and eclampsia 
in the subsequent pregnancy did not differ. After adjustment for HELLP syndrome and 
SGA in index pregnancy (yes/no), metabolic syndrome at non-pregnant assessment 
(yes/no), inter-delivery interval (months), and the use of aspirin and/or calcium (yes/no) 

Table 2. Obstetric characteristics of the index pregnancy and cardiovascular characteristics at postpartum 
assessment.

Characteristic Group 1
1997-2004
n = 99

Group 2
2005-2009
n = 99

Group 3
2010-2016
n = 119 p-value

Index pregnancy

Maternal age, y 29.0 [26.0-30.0] 29.0 [27.0-31.0] 29.0 [26.0-31.0] 0.142

Multifetal pregnancy, % 0 2 0 0.109

GA at delivery, w 320 [283-352] 340 [316-365] 334 [305-362] 0.002

Early-onset PE, % 78 63 64 0.037

HELLP syndrome, % 80 77 66 0.028

Eclampsia, % 8 14 8 0.272

SGA, % 40 30 23 0.026

Placental abruption, % 6 4 5 0.810

Stillbirth, % 6 5 7 0.874

Neonatal death, % 11 0 3 <0.001

Characteristics at evaluation

Interval between delivery and evaluation, m 10 [6-18] 9 [7-14] 8 [6-14] 0.205

Metabolic syndrome, % 12 8 13 0.522

Glucose, mmol/l 5.1 [4.8-5.4] 5.0 [4.8-5.2] 5.1 [4.9-5.4] 0.062

Insulin, iU/L 9.6 [7.5-15.0] 9.0 [6.1-14.0] 7.5 [5.3-11.0] <0.001

HOMA-IR 2.3 [1.7-3.4] 2.1 [1.3-3.2] 1.7 [1.2-2.6] 0.002

BMI, kg/m2 23.7 [21.5-26.9] 24.4 [21.5-27.8] 24.1 [21.8-27.6] 0.432

Triglycerides, mmol/l 0.83 [0.54-1.18] 0.77 [0.56-1.18] 0.86 [0.69-1.21] 0.107

HDL, mmol/l 1.4 [1.2-1.6] 1.3 [1.1-1.5] 1.3 [1.1-1.5] 0.002

Systolic blood pressure, mmHg 119 [111-129] 115 [107-126] 113 [106-120] <0.001

Diastolic blood pressure, mmHg 75 [67-82] 71 [66-77] 72 [67-75] 0.020

Antihypertensive medication, % 11 9 16 0.278

24h protein excretion, g/24h 0.06 [0.05-0.11] 0.07 [0.05-0.10] 0.07 [0.05-0.13] 0.127

Microalbuminuria, g/mol creatinine 1.1 [0.6-2.2] 0.9 [0.5-2.2] 1.1 [0.6-2.7] 0.795

Data are presented as percentage, mean (SD) or median [interquartile range] within group. GA indicates gestational age; 
PE, preeclampsia; HELLP syndrome, Haemolysis, Elevated Liver Enzymes, Low Platelets syndrome; SGA, small-for-gesta-
tional-age; m, months; HOMA-IR, homeostatic model assessment-Insulin Resistance; BMI, body mass index; HDL, high-
density lipoprotein
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Table 3. Outcome of the subsequent ongoing pregnancy in women with history of preeclampsia.

Group 1
1997-2004
n = 99

Group 2
2005-2009
n = 99

Group 3
2010-2016
n = 119

P value

Maternal complications

Total, % 31 23 24 0.328

aOR (95% CI) Ref 0.90 (0.43-1.89) 0.89 (0.64-1.23)

Recurrent PE, % 29 20 24 0.319

aOR (95% CI) Ref 0.88 (0.41-1.90) 0.91 (0.65-1.27)

HELLP syndrome, % 10 6 6 0.420

aOR (95% CI) Ref 0.52 (0.15-1.79) 0.98 (0.54-1.76)

Eclampsia, % 2 1 0 0.307

aOR (95% CI) Ref 0.33 (0.02-5.27) NA

GA onset of PE, w 344 [322-370] 360 [300-370] 350 [322-375] 0.943

Recurrent early-onset PE, % 12 6 6 0.180

Interval diagnosis PE - delivery, d 12 [2-26] 15 [1-42] 8 [2-23] 0.682

GA at delivery, w 384 [370-400] 391 [374-401] 381 [372-391] 0.036

Inter-delivery interval, m 30 [26-40] 36 [26-48] 36 [28-48] 0.034

Aspirin use, % 76 44 63 <0.001

Calcium use, % 35 16 35 0.004

foetal and neonatal complications

Total, % 25 15 11 0.016

aOR (95% CI) Ref 0.56 (0.24-1.31) 0.60 (0.38-0.95)

Placental abruption, % 4 2 0 0.092

aOR (95% CI) Ref 0.60 (0.09-4.12) NA

Stillbirth, % 5 0 0 0.004

aOR (95% CI) Ref NA NA

SGA, % 22 13 11 0.054

aOR (95% CI) Ref 0.56 (0.22-1.43) 0.69 (0.43-1.13)

Neonatal death, % 1 1 0 0.546

aOR (95% CI) Ref 3.39 (0.1-100.2) NA

Pre-term birth, % 16 13 15 0.830

aOR (95% CI) Ref 1.02 (0.41-2.54) 1.04 (0.68-1.59)

Extreme pre-term birth, % 5 3 3 0.573

aOR (95% CI) Ref 0.61 (0.13-2.88) 0.83 (0.36-1.92)

Data are presented as percentage, mean (SD) or median [interquartile range] within group. PE indicates preeclampsia; 
aOR, adjusted odds ratio; CI, confidence interval; HELLP syndrome, Haemolysis, Elevated Liver Enzymes, Low Platelets 
syndrome; d, days; SGA, small-for-gestational-age; GA, gestational age; d, days; w, weeks; m, months; NA, not assessed.
Adjustments are made for metabolic syndrome at evaluation (yes/no), early-onset PE in index pregnancy (yes/no), HELLP 
syndrome in index pregnancy (yes/no), SGA in index pregnancy (yes/no), inter-delivery interval in months, calcium and/or 
aspirin use in the subsequent pregnancy (yes/no).
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in the subsequent pregnancy, there was still no difference between prevalence of PE, 
HELLP syndrome or eclampsia in the different groups. Logistic regression revealed that 
year of delivery did not influence maternal complications in the second pregnancy (odds 
ratio (OR) = 0.98 per year, 95% CI 0.93–1.04, p = 0.503). In case PE developed, gestational 
age at onset, and duration of PE, that is the interval between diagnosis and delivery, did 
not differ between groups. A significant difference was found in aspirin and calcium use, 
wherein women in the first group reported to use these preventive measures the most.

In contrast to the maternal sequelae, the prevalence of related offspring complications 
in subsequent pregnancy was less in group 3 compared to groups 1 and 2. As compared 
to women delivering in 1995, each subsequent year improved offspring outcome 
(OR = 0.92 per year, 95% CI 0.86–0.98, p = 0.009). Though not statistically significant, SGA 
prevalence seems to decrease over the time from 22% to 13% to 11% in time period 1, 
2 and 3 respectively (p = 0.054). There was more stillbirth in women assigned to group 
1 compared to women assigned to group 2 and 3, 5% versus 0% and 0% (p = 0.004). The 
prevalence of pre-term birth and extreme pre-term birth did not differ between the three 
groups.

Women in group 1 delivered at earlier gestational age and had more frequent early-
onset PE during their index pregnancy compared with women in the other time periods 
(Table 2). Therefore, we repeated analyses in a subgroup of women with early-onset PE 
in the index pregnancy. With respect to next pregnancy outcome, there was still no dif-
ference between PE, HELLP syndrome and/or eclampsia prevalence in the different time 
periods (Table 4). At any rate, offspring outcome still improved over time, even when 
accounted for severity of obstetric history, inter-delivery interval, underlying metabolic 
syndrome, and preventive measures in the next pregnancy.

DISCUSSION

In contrast to our expectations, even when adjusted for obstetric history, underlying 
metabolic risk factors and use of preventive measures in the subsequent pregnancy, 
recurrence rates of PE did not improve over the past two decades. Foetal and neonatal 
outcomes in the subsequent pregnancy after PE improved substantially in the same era.

The overall recurrence rate of PE in our population was 24.3%, which is higher compared 
with the 13.8% recurrence rate described in a recent meta-analysis.2 Our population had 
a high prevalence of early-onset PE (68%) and concurrent HELLP-syndrome (74%) in 
the index pregnancy, which has probably contributed to high prevalence of recurrent 
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Table 4. Outcome of the subsequent ongoing pregnancy in women with history of early-onset preeclampsia.

Group 1
1997-2004
n = 77

Group 2
2005-2009
n = 62

Group 3
2010-2016
n = 76 P value

Maternal complications

Total, % 31 21 29 0.381

aOR (95% CI) Ref 0.81 (0.32–2.02) 1.01 (0.68–1.48)

Recurrent PE, % 29 21 29 0.502

aOR (95% CI) Ref 0.93 (0.37–2.34) 1.05 (0.71–1.55)

HELLP syndrome, % 10 3 7 0.254

aOR (95% CI) Ref 0.31 (0.05–1.88) 1.10 (0.53–2.31)

Eclampsia, % 3 0 0 0.164

aOR (95% CI) Ref NA NA

GA onset of PE, w 330 [306-370] 350 [300-370] 340 [320-370] 0.878

Recurrent early-onset PE, % 15 10 9 0.556

Interval diagnosis PE - delivery, d 14 [3-25] 35 [3-51] 8 [3-24] 0.265

GA at delivery, w 380 [370-400] 390 [372-402] 380 [371-391] 0.137

Interdelivery interval, m 30 [24-42] 36 [26-52] 36 [28-49] 0.062

Aspirin use, % 82 64 71 0.060

Calcium use, % 41 21 41 0.037

Foetal and neonatal complications

Total, % 30 16 13 0.024

aOR (95% CI) Ref 0.42 (0.16–1.11) 0.58 (0.35–0.96)

Placental abruption, % 5 3 0 0.145

aOR (95% CI) Ref 0.60 (0.09–4.12) NA

Stillbirth, % 6 0 0 0.010

aOR (95% CI) Ref NA NA

SGA, % 26 13 13 0.058

aOR (95% CI) Ref 0.45 (0.15–1.40) 0.76 (0.44–1.31)

Neonatal death, % 1 2 0 0.565

aOR (95% CI) Ref 3.39 (0.1–100.2) NA

Pre-term birth, % 18 13 18 0.630

aOR (95% CI) Ref 0.71 (0.24–2.06) 1.03 (0.64–1.67)

Extreme pre-term birth, % 6 3 4 0.619

aOR (95% CI) Ref 0.39 (0.07–2.29) 0.83 (0.36–1.92)

Data are presented as percentage and odds ratio with (95% CI). PE indicates preeclampsia; aOR, adjusted odds ratio; 
HELLP syndrome, Haemolysis Elevated Liver Enzymes Low Platelets syndrome; d, days; SGA, small-for-gestational-age; 
GA, gestational age; w, weeks; m, months; NA, not assessed.
Adjustments are made for metabolic syndrome at evaluation (yes/no), HELLP syndrome in index pregnancy (yes/no), SGA 
in index pregnancy (yes/no), inter-delivery interval in months, calcium and/or aspirin use in the subsequent pregnancy 
(yes/no).
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disease. To our knowledge, only one other study investigated recurrence rates of PE 
over time, showing a reduction of early preterm PE from 1993 onwards, attributed to the 
introduction of prophylaxis with low-dose aspirin in women with a history of early-onset 
PE.

Total recurrence rates irrespectively of gestational age at onset of disease did not de-
crease, which is in line with our findings.21 In contrast to the study of Ebbing et al. we 
were able to correct for the presence of underlying metabolic syndrome by computing 
adjusted odds ratios, which minimizes the influence of increasing prevalence of meta-
bolic syndrome on the development of recurrent PE.16

In the consultation after assessment, most women were advised to use aspirin and 
calcium during the subsequent pregnancy. Aspirin reduces the risk of PE 10 to 40%.7, 22 
Calcium supplementations may half the risk of PE, especially in high-risk women and in 
women with low calcium intake.8 Adherence to these preventive measures in our cohort 
appeared to be low, only 60% and 28% of the women reported to have used aspirin 
and calcium, respectively, during their second pregnancy. We hypothesized that besides 
absence of recommendations in the national guidelines, physicians might have been 
reserved in prescribing aspirin and calcium in women with a history of late-onset PE. All 
the more because an increased intake was noted in women with early-onset compared 
with late-onset PE in the first pregnancy (71% and 34% respectively). Recurrence rates 
could be improved by emphasizing the importance of effective preventive measures 
nationwide, not limited to selected highest risk populations.

Women in group 3 delivered earlier in their second pregnancy than women in groups 1 
and 2, possibly masking an even higher prevalence of PE in this group that might have 
developed by expectant management. Earlier delivery could be a consequence of the 
in 2009 published multicentre HYPITAT trial showing advantages of labour induction at 
37 weeks of gestational age, instead of watchful waiting in pregnancies complicated by 
hypertension.12 As this study ran in about a quarter of all national hospitals, induction of 
labour in case of gestational hypertension at term was rapidly implemented throughout 
the country.

Later onset of disease could also be a reflection of improved health care. However, 
gestational age at onset of recurrent disease was similar between the three groups. 
Treatment of hypertension might prevent progression to PE, although the effect of 
antihypertensive medication is debated.10 Physicians only prescribing antihypertensive 
medication in severe hypertension follow national guidelines. The comparable duration 
of PE in the different groups could relate to the physicians’ preference, since a temporiz-
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ing management plan instead of induction of labour, especially at advanced gestational 
age, is controversial.23, 24

In contrast to maternal outcome, the unfavourable offspring outcomes related to PE have 
decreased substantially over time. Growth restriction, placental abruption and stillbirth 
are all linked to placental dysfunction. Consequently, preventive measures for maternal 
complications could have affected offspring outcome. In high-risk women daily low-
dose aspirin favours foetal growth7, and as an effect of increased growth, a decrease in 
stillbirth and neonatal death could be expected.25 Improved surveillance strategies most 
likely have contributed to the decreased prevalence of stillbirth. Formerly preeclamptic 
women are often subjected to an increased frequency of consultation during their next 
pregnancy, and content of check-ups is expanding. Assessment of foetal well-being 
by Doppler measurements in the umbilical artery and middle cerebral artery, and bio-
physical parameters (amniotic fluid index, foetal movements, and cardio-tocography) 
might have resulted in earlier intervention as soon as (multiple) deteriorations of the 
mentioned parameters were identified.26 In addition, knowledge by the clinicians of 
improved neonatal facilities that result in better survivability of the pre-term delivered 
neonate, may have contributed to the clinician’s decision to terminate the pregnancy 
instead of expectant management, thereby reducing prevalence of stillbirth. Finally, the 
reduced prevalence of SGA could be partly attributed to earlier induced, though still at 
term, delivery.27

The response rate of the questionnaire was over 60%, and even data of women who had 
their assessment almost 20 years ago was available, reflecting the commitment of these 
women to aid in research regarding PE. Even though almost 40% of women were lost to 
follow-up, the response rate did not change proportionally over time. Another shortcom-
ing refers to the extensive post-partum assessment, which is not considered standard 
health care. Having more in-depth sight on underlying disorders might increase aware-
ness, and with it, interventions to optimize health before the next pregnancy. Therefore, 
findings cannot be extrapolated to the general population. Unfortunately, because this 
study did not have a prospective design, we were not able to monitor compliance to given 
advices during the postpartum evaluation. Women with a worse metabolic state may be 
less compliant to lifestyle modification advice, but at the same time, this same group is 
expected to benefit the most of lifestyle changes. However, the extent of compliance or 
non-compliance could be expected for the groups equally and is therefore estimated to 
influence the outcomes of the second pregnancy to a similar extent. Index pregnancy 
characteristics were different between the groups to the detriment of women in the first 
group. Adjustments for characteristics in the index pregnancy did not change our main 
findings, and subgroups analysis in women with early-onset PE in their index pregnancy 
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showed similar outcomes. We therefore are confident that the severity of disease in 
the index pregnancy had not affected our conclusions. We compared recurrence rates 
between different chosen time interval groups, in order to create groups of similar sizes. 
Shorter time periods resulted in the inability to analyse outcomes with low prevalence. 
To overcome this limitation, logistic regression was performed, showing similar effects 
of year of delivery on the maternal and offspring complications.

As components of the metabolic syndrome are highly prevalent in women after PE, and 
often associated with recurrent disease and remote cardiovascular disease, metabolic 
syndrome assessment postpartum is likely to be profitable in identifying women at risk 
for recurrent pregnancy complications and women at risk for associated cardiovascular 
disease in the long-term. The general practitioner could be involved in this necessary 
assessment instead of the obstetrician or vascular medicine specialist. Whether this 
approach may improve cost/benefit ratio needs to be modulated by experts.

CONCLUSION

Despite several available preventive measures to diminish the risk of recurrent PE and 
maternal sequelae, the recurrence rates did not decrease over the past 20 years in 
women who have been evaluated and counselled on risk factors. However, offspring 
outcomes improved substantially over this timespan. Efforts to extend and improve 
preventive strategies and especially, to implement already proven preventive measures 
in clinical practice are still necessary to reduce recurrence risk of PE.
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ABSTRACT

Background: In-depth insight into hemodynamic changes during normotensive preg-
nancy may help identify women at risk for gestational hypertensive complications.

Objectives: To determine the magnitude of changes in cardiac output and its deter-
minants stroke volume and heart rate, and total peripheral vascular resistance during 
singleton normotensive and hypertensive pregnancies.

Search Strategy: PubMed (NCBI) and Embase (Ovid) databases were searched from 
their inception up to November 2019.

Selection Criteria: Studies reporting original measurements of hemodynamic param-
eters during pregnancy together with a non-pregnant reference measurement. Studies 
including women using antihypertensive medication were excluded.

Data Collection and Analysis: Pooled mean differences between pregnant and non-
pregnant women, and absolute values of hemodynamic parameters were calculated for 
predefined gestational intervals using a random-effects model in normotensive and hy-
pertensive pregnancy. Meta-regression analysis was used to analyse group differences 
in adjustments and absolute values during pregnancy.

Main Results: In normotensive pregnancies, cardiac output increased from the first 
weeks on, reaching its highest level early in the third trimester (mean difference, 1.41 L.
min-1; 95% CI 1.18–1.63 L.min-1). In parallel, vascular resistance decreased progressively 
until its nadir in the early third trimester (mean difference, -331 dyn·sec·cm-5; 95% CI 
−384 to −277 dyn·sec·cm-5) and then increased slightly at term. In hypertensive preg-
nancies, the initial cardiac output increase was higher and vascular resistance did not 
change throughout gestation compared with reference values.

Conclusions: Hemodynamic changes in women who eventually develop hypertensive 
complications are substantially different. Serial monitoring and plotting against devel-
oped normograms can identify women at risk and may allow timely intervention.

funding: NA

Keywords: Pregnancy, gestational hypertension, preeclampsia, cardiovascular disease
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INTRODUCTION

Healthy pregnancy is accompanied by major hemodynamic changes that benefit 
the uteroplacental circulation. A drop in systemic vascular resistance during the first 
trimester triggers several compensatory mechanisms to maintain blood pressure, such 
as an increase in plasma volume and cardiac output (CO).1, 2 Pregnancies complicated 
by gestational hypertension and/or preeclampsia may show deviant hemodynamic 
changes long before clinical presentation. An exaggerated rise in CO is associated with 
gestational hypertension and late-onset preeclampsia, whereas a shallow rise in 
CO with no drop in vascular resistance predisposes to the much less common early-
onset preeclampsia along with impaired foetal growth.3-6 Recognition of hemodynamic 
changes during normal pregnancy may identify early deviant hemodynamic changes 
in women destined to develop severe maternal hypertensive complications, enhancing 
possibilities for early prevention and intervention. This study aimed to assess adjust-
ments in CO and its determinants stroke volume (SV) and heart rate (HR), and total 
peripheral vascular resistance (TPVR) during singleton normotensive and hypertensive 
pregnancies. We performed a systematic review and meta-analysis of existing data to 
provide detailed insight into the magnitude and moment of hemodynamic changes dur-
ing normotensive and hypertensive pregnancies, and to construct reference curves for 
normotensive gestation.

METHODS

No patients or public were involved in the design and conduct of this research. There 
was no specific funding for this research, and no core outcome set was used.

Data sources and searches

This article follows the previously designed series of meta-analyses on physiologic 
adjustments of maternal cardiovascular and cardiometabolic parameters during preg-
nancy, and follows the Preferred Reporting Guidelines for Systematic Reviews and 
Meta-Analyses (PRISMA).1, 7, 8 We conducted an extensive literature search of studies 
evaluating CO, TPVR, SV, and HR during normotensive and hypertensive pregnancies in 
the MEDLINE (PubMed) and Embase (Ovid) electronic databases. We included articles 
published from inception (1946 in PubMed and 1974 in Embase) to November 2019. 
Part one of the search string consisted of pregnancy and hypertensive complications of 
pregnancy and was similar to the search string used in previously published systematic 
reviews. Part two of the search string focused on hemodynamic parameters: CO, TPVR, 
SV, HR, and blood pressure (Appendix S1). Filters were used to limit the search to studies 
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that included human participants and journal articles as publication type, and the stud-
ies had to be published in English or Dutch to be able to assess quality.

Study selection

The identified studies were assessed for eligibility in two phases. First, every study 
was screened independently for eligibility by two investigators based on the title and 
abstract. Several investigators participated in this process (EM, SdH, ZM, NS, FAH, FA). 
Secondly, full-text articles were obtained and screened for eligibility based on the inclu-
sion and exclusion criteria by two of four investigators (EM, SdH, ZM, NS). Discrepancies 
were resolved by mutual agreement or by consulting a third investigator. Studies were 
included if they were original studies measuring haemodynamic parameters during 
human singleton pregnancies. To be included, studies had to report a reference mea-
surement, either measured before conception, ≥6 weeks postpartum in the same study 
group, or in a non-pregnant control group. Moreover, hemodynamic parameters had to 
be reported as numerical values (mean with standard deviation [SD], standard error [SE] 
or 95% confidence interval [CI]). Requests were made to retrieve additional information 
from authors if data were graphically presented, if hemodynamic indices were indexed 
for anthropometric measures or if data were incomplete. We excluded case reports, and 
studies with unknown pregnancy outcome. We also excluded studies that included a 
proportion of women with a history of cardiovascular complications, including chronic 
hypertension, diabetes mellitus, gestational diabetes, and thyroid disease. Studies of 
complicated pregnancies were excluded if women could have used antihypertensive 
medication.

Data extraction and quality assessment

Data from included articles were extracted and entered in predesigned data collection 
forms. We registered study characteristics (study design, sample size, measurement 
method and maternal position during measurement), participant characteristics (age, 
non-pregnant body mass index [BMI] and parity), whether women had a normotensive 
or hypertensive pregnancy and how the latter was defined, and outcome measures. 
We chose to analyse crude values of hemodynamic parameters, unadjusted for body 
surface area or other anthropometric measurements. Hemodynamic parameters of 
interest were CO (L.min-1), TPVR (dyne·sec·cm-5), SV (mL) and HR (bpm). Detailed data 
on systolic and diastolic blood pressure, and mean arterial pressure have been handled 
in a separate manuscript. When studies had focused on position-dependent or exercise-
dependent changes of hemodynamic parameters during pregnancy, only baseline 
values measured at rest were extracted. If the exact gestational age when the measure-
ments were collected was not mentioned, they were included as 7 weeks for the first 
trimester, 21 weeks for the second trimester, and 34 weeks for the third trimester. If both 
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non-pregnant controls and a postpartum reference measurement were given, the latter 
was selected to reduce between-subject variance due to unpaired measurements. When 
a study provided multiple postpartum values, the last measurement after delivery was 
used as the reference measurement.

Quality of the included studies was assessed using a modified list of items described in 
the Quality In Prognosis Studies tool, made most suitable for the purpose of this review.9 
Studies were scored with a plus or minus in six domains including study participation, 
study attrition, variable measurement, data reporting and study design. Items that were 
not mentioned or not applicable received a negative score. Cross-sectional studies were 
scored negative for study attrition because loss-to-follow-up reporting is not applicable 
for this study design. Studies with a score >60% were defined as high quality, between 
30% and 60% as moderate quality, and <30% as low quality.

Data synthesis and analysis

The hemodynamic parameters were categorized into five different predefined intervals 
of gestational age: first trimester (up to 14 weeks), early second trimester (15–21 weeks), 
late second trimester (22–28 weeks), early third trimester (29–35 weeks) and late third 
trimester (36–41 weeks). The primary outcome was the weighted mean difference 
of the hemodynamic parameters, and the relative change presented as a percentage 
with a 95% CI between pregnant women and a non-pregnant reference group. In these, 
measurements from pre-pregnant and postpartum women and non-pregnant controls 
were combined in the non-pregnant group. Pooled estimates of the absolute values 
with a 95% CI for the hemodynamic parameters were also analysed. SE or 95% CI values 
were converted to SD according to the Cochrane Handbook for Systematic Reviews of 
Interventions.10 If data were reported as median with interquartile range, we inquired 
whether the data were normally distributed. If so, studies were included and the SD was 
calculated by dividing the difference of the 25th and the 75th percentile by 1.35.10 If a 
study reported multiple measurements in the same women at one gestational interval, 
the mean and SD were pooled into one combined measurement according to the Co-
chrane Handbook. Pooled mean differences in CO, TPVR, SV and HR were calculated 
separately for these intervals using a random-effects meta-analysis as described by Der-
Simonian and Laird.11 This random-effects model allows inter-study variation and was 
chosen, as observational data on study and characteristics from different populations 
were used and heterogeneity was anticipated between studies. Publication bias was 
evaluated for each gestational interval in normotensive pregnancies by Egger’s regres-
sion test for funnel plot asymmetry.12 If present, the pooled effect sizes were corrected 
for publication bias using the trim-and-fill method described by Duval and Tweedie.13 
The ratio between total heterogeneity and total variability (I2 statistic) is presented as a 
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measure of heterogeneity. I2 can distinguish true heterogeneity from sampling variance 
and is expressed as a percentage.14 Sources of heterogeneity (type of reference group, 
quality of study, measurement method, position during measurement, parity, and dif-
ferences between normotensive and hypertensive pregnancies) were analysed by meta-
regression analyses using a mixed-effects model. Reference curves were constructed 
assuming that changes were normally distributed over the course of the pregnancy. To 
establish reference curves, we computed the 5th, 50th, and 95th percentiles weighted by 
study sample size, using a restricted cubic splines model. All analyses were performed 
in R version 4.0.2.15 The meta-analyses and meta-regression analyses were performed 
using the meta package.16

RESULTS

Study selection

The search strategy in PubMed and Embase yielded 32 604 unique articles (Figure 1), 
3934 of which were excluded based on language restrictions. After screening of title 
and abstracts, we excluded 27 558 articles that concerned other topics. This left 1112 
articles for full text evaluation, 17 of which could not be retrieved despite attempts to 
obtain them from other libraries in the Netherlands or by contacting the authors via 
Research Gate.17-33 Of the 1095 manuscripts with full text available, 981 were excluded. 
Studies were excluded because a reference group was absent (n = 526), the study design 
was unsuitable (n = 166), the data were unusable (n = 152), the data was not original 
(n = 44), only blood pressure was reported (n = 43) and for other reasons (n = 51). Often, 
contacted authors could not provide the requested data, such as unindexed parameters, 
because the data were stored on storage media incompatible with modern computers.

Of the 113 eligible articles, nine were suspected to report data from previously published 
samples because the authors, method and/or study period were similar.34-42 Eight of 
these studies were excluded; one was included because supplemental data on hyper-
tensive pregnancies were provided.40 In total, 105 studies were included, and the full 
references are presented in Appendix S2. Eighteen studies reported data on pregnancies 
complicated by hypertension. Thirteen studies reported on pregnancies complicated by 
preeclampsia, and five studies included women with pregnancy-induced hypertension 
or combined complications. The criteria used to define hypertension and preeclampsia 
are reported in Table S2. One study did not report the non-pregnant SD for HR, so the ra-
tio between non-pregnant and pregnant SD in the complete dataset was used to estimate 
the SD.43 Three studies compared different measurement methods, and Doppler echo-
cardiography measurements were extracted, as most other studies used this method.44-46
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Summary of studies

A summary of included studies and their population is presented in Table S1. More than 
half of the studies reported gravidity or parity of women. Most studies included a mixed 
parous group, whereas 14 studies included only nulliparous women.

Quality assessment of included studies

The quality assessment is summarized in Table S3. Of the 105 included studies, 13 
(12%) were scored as low quality, 70 (67%) as moderate quality, and 22 (21%) as high 
quality. The items that scored the lowest among all studies were: (1) reporting baseline 
characteristics of participants who were lost to follow-up (4%), and (2) the use of a pre-
conception measurement as the reference value (13%). Items that scored the highest 
were: (1) methods and setting are the same for all participants and throughout follow-
up (88%) and (2) clear reporting of gestational age at measurement (88%).

Articles identified in 
Embase (n = 26.315)

Articles identified in 
Pubmed (n = 25.421)

Articles after elimination of duplicates (n = 32.604)

Articles in languages other than 
English or Dutch (n = 3934)

Articles screened on 
title and abstract 

(n = 28.670)

Full text articles 
assessed for eligibility 

(n = 1112)

Studies eligible for 
meta-analysis (n = 113)

Included studies 
(n = 105)

Articles excluded (n = 27.558)

Full text articles excluded
• Full text not retrieved, n = 17
• No reference measurement, n = 526 
• Unsuitable study design, n = 166
• Data not usable, n = 152
• No original data, n = 44
• Other reason, n = 51
• Only data on blood pressure, n = 43

Articles suspected for overlapping 
population 
• Removed, n = 8
• Additional information, n = 1

figure 1. Flowchart summarizing selection of studies in the meta-analysis.
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Synthesis of results
Normotensive pregnancies

During normotensive pregnancies, CO started to increase from the first trimester, reach-
ing a maximum mean difference of 1.41 L.min-1 between 29 and 35 weeks of pregnancy 
(Table 1, Figure 2). In parallel, TPVR decreased in the first 14 weeks by 188 dyne·sec·cm-5 
and continued to decrease, reaching its minimum between 22 and 28 weeks. SV started to 
increase in the first trimester and peaked between 15 and 21 weeks of pregnancy. In the 
second half of the pregnancy, the increase in SV diminished and between 36 and 41 weeks 
of pregnancy, SV did not differ between pregnant and non-pregnant women. HR started 
to increase in the first trimester and peaked in the early third trimester with a mean differ-
ence of 14.6 bpm, after which the increase plateaued. Forest plots of weighted mean dif-
ferences and absolute values per gestational age interval of all hemodynamic parameters 
in normotensive pregnancies are presented in Figures S1–S8. During early normotensive 
pregnancy, both systolic and diastolic blood pressure significantly decreased, reaching 
their nadir in the second trimester (-4 mmHg, 95% CI -6 to -2 mmHg and -4 mmHg, 95% CI 
-5 to -3 mmHg respectively). Thereafter, blood pressure gradually increased towards non-
pregnant values at term (detailed data presented in other manuscript).47

In case of significant funnel plot asymmetry, which indicates publication bias, cor-
rected mean differences were calculated (Table 1). Meta-regression analysis showed a 
significant contribution of the measurement method to the heterogeneity of CO, TPVR 
and SV measurements. In addition, the type of reference group contributed significantly 
to heterogeneity in CO measurements. Study quality contributed significantly to het-
erogeneity in HR measurements, and maternal position contributed significantly to 
heterogeneity in SV measurements. Parity did not contribute to heterogeneity in any of 
the parameters.

Hypertensive pregnancies

The CO increase observed during the first trimester of hypertensive pregnancies was 
higher than the increase observed in normotensive pregnancies, on top of a higher ab-
solute CO value in the non-pregnant state (Table 2). TPVR and SV values in hypertensive 
pregnancies were not different from non-pregnant reference values. In the last trimes-
ter, HR values in hypertensive pregnancies were substantially higher than non-pregnant 
reference values. Meta-regression analysis showed that changes in CO, TPVR and HR 
during complicated pregnancies were significantly different from changes during nor-
motensive pregnancies. Forest plots of weighted mean differences and absolute values 
per gestational interval of hemodynamic parameters in hypertensive pregnancies are 
presented in Figures S9–S16. Pregnancies eventually complicated by hypertension 
and/or preeclampsia lacked an early decrease in systolic blood pressure, even though 
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diastolic blood pressure dropped to a greater extent compared with normotensive preg-
nancies. In the second half of pregnancy, systolic and diastolic blood pressure increased 
tremendously (detailed data presented in other manuscript).47

figure 2. Mean diff erences and 95% CI as error bar of hemodynamic parameters compared with non-preg-
nant reference values (pre-conceptional, postpartum or non-pregnant control group) in normotensive and 
hypertensive pregnancies per gestational interval.
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Reference curves

Reference curves for absolute CO, TPVR, SV and HR values during pregnancy and in 
the postpartum period were constructed with data from normotensive pregnancies 
(Figure 3, Figures S17–19).

DISCUSSION

Main fi ndings

This study comprehensively describes the magnitude and time-point of changes in CO, 
its determinants SV and HR, and TPVR during normotensive and hypertensive pregnan-
cies. During hypertensive pregnancies, the initial increase in CO is augmented, estab-
lished merely by an elevation in HR, and this increase is not sustained over the course of 
pregnancy. In contrast to normotensive pregnancies, TPVR does not decrease much in 
hypertensive pregnancies.

Strength and limitations

The strength and novelty of this work is that we included only studies with a non-
pregnant reference measurement. Therefore, we provide general mean diff erences as 
our primary outcome, which makes usability method- and device-independent. There 
are some limitations to our study. First, the postpartum reference group may have 
attenuated the mean diff erences in our outcome parameters due to the residual time-

figure 3. Reference curve of absolute CO values during pregnancy and in the postpartum period, with 
mean (solid line), and 5th and 95th percentiles (dashed lines) weighted by study sample size. Size of indi-
vidual plots indicates sample size of point estimate and their colour indicates study quality: red, low qual-
ity; green, moderate quality; blue, high quality. Studies with multiple measurements during pregnancy are 
plotted per measurement.
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effect of pregnancy and breast-feeding on hemodynamic parameters.2, 48-51 However, we 
performed a meta-regression analysis to identify parameters that affected the observed 
changes, and found no effect of the kind of reference group on heterogeneity. Secondly, 
we were not able to analyse nulliparous and multiparous women separately, although 
the magnitude of hemodynamic changes is thought to be more pronounced in mul-
tiparous women.50, 52, 53 Meta-regression analysis did not show an effect of parity on the 
tested parameters, although this could be due to the inclusion of nulliparous women in 
the mixed parous group. Thirdly, we could not assess the effect of age and BMI on hemo-
dynamic parameters during pregnancy, as these factors were inconsistently reported. 
Fourthly, our references curves are constructed based on aggregated data per study and 
are weighted on sample size. We made assumptions on the normality of data distribu-
tion. This limitation can only be overcome with an individual patient data meta-analysis. 
Finally, for funnel plot asymmetry, corrected mean differences were calculated. These 
are based on the assumption that publication bias is present and therefore should be 
interpreted with some caution.

It is well accepted that the increase of CO in normotensive pregnancy results from an in-
crease in both SV and HR.2, 46, 54-56 Our study confirmed that HR increased over the course 
of a normotensive pregnancy. This is most likely explained by an increased sympathetic 
activity and involvement of the Bainbridge reflex, which is an increase in HR to prevent 
damming of blood in response to increased venous filling. In contrast, the SV increase 
lessens in the second half of pregnancy, which may be the resultant of several factors. 
First, preload might be hampered because the enlarged uterus compresses the inferior 
vena cava at the end of pregnancy.57, 58 Secondly, a higher HR decreases the diastolic 
period, which may impair filling of the left ventricle.7 Thirdly, cardiac remodelling during 
pregnancy may reduce compliance of the extensively stretched sarcomeres, which may 
reduce the SV.49

In a healthy pregnancy, CO increase and TPVR decrease are thought to be caused by 
several early adaptations following conception. These include increased arterial compli-
ance, decreased vascular tone, decreased vascular responsiveness to vasoconstrictors, 
increased release of and sensitivity to vasodilatory substances (including relaxin, nitric 
oxide, progesterone, and oestrogen), and the opening of maternal protective regulatory 
micro-circulatory and placental arterio-venous shunts.59-62 The subsequent relative cir-
culatory underfill is counterbalanced by activation of the renin-angiotensin-aldosterone 
system, which stimulates renal volume retention, and expands plasma volume, sup-
porting a rise in SV and, with it, increased CO.63, 64 Plasma volume expansion leads to 
dilutional anaemia, which may reduce TPVR by reducing blood viscosity.65, 66 Marked 
sympathetic activation in favour of elevated inotropy and chronotropy may be a com-
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pensatory mechanism to maintain blood pressure at pre-pregnancy levels, although 
resetting of baroreceptor sensitivity and reduction of neurovascular transduction in 
pregnancy blunts the effect of sympathetic regulation on arterial blood pressure.37, 67-69 
The mechanisms responsible for healthy vascular adjustments might be compromised 
in gestational hypertensive diseases.

Hypertensive pregnancies

Pregnancies ending in hypertensive complications show an altered vascular response 
to conception. In addition to a higher CO at baseline, the initial increase in CO is more 
pronounced. The rise in CO predominantly originates from increased HR rather than SV, 
suggesting sympathetic over-activity to counterbalance hemodynamic changes in the 
first trimester. Because sympathetic activation is usually accompanied by a raised SV, 
the absence of an SV increase in women destined to develop hypertension may originate 
from other factors, such as diminished circulating plasma volume resulting in shallow 
preload, reduced left ventricle compliance, increased afterload due to increased vascu-
lar resistance or reduced arterial compliance.1, 70 Concurrently, TPVR does not decrease, 
suggesting blunted vascular adjustments, and no change or even rise in blood pressure 
at any time during pregnancy before the clinical onset of hypertensive complications. 
Previous longitudinal studies have shown similar deviant hemodynamic changes pre-
ceding hypertensive complications. Easterling et al. showed that preeclamptic women 
had a higher CO over the course of pregnancy than normotensive women did.3 Bosio et 
al. showed that evolving of gestational hypertension to preeclampsia was accompanied 
by a crossover from a high output, low resistance circulation to a low output, high re-
sistance circulation.4 Other studies have shown that severe, early-onset preeclampsia 
and associated foetal growth restriction may result from an initial and consistent low 
output, high resistance vasoconstricted circulation.5, 71 Because the systemic–biological 
pathways to complications are so divergent, combining measurements of women at 
different pathophysiologic time points results in the wide confidence intervals found in 
hypertensive pregnancies. Unfortunately, we were not able to perform subgroup analy-
ses on gestational hypertension, early-onset preeclampsia or late-onset preeclampsia 
because of combined complications and inconsistent definitions among the included 
studies.

Interpretation

Hemodynamic differences between normotensive and hypertensive pregnancies can be 
detected early in pregnancy, even when blood pressure is still within the normotensive 
range. Recognizing abnormal changes in hemodynamic parameters during pregnancy 
has great potential to improve prevention and intervention opportunities.72 Preventive 
measures may include daily low-dose aspirin and calcium supplementation in women 
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at higher risk for hypertensive complications. Even more sophisticated, tailored phar-
maceutical correction of deviant hemodynamic changes towards the expected normal 
values could be a key modality in preventing hypertensive complications. In this line 
of reasoning, timely initiation of beta-blockade in women with exaggerated high CO 
seems to reduce hypertensive complications during pregnancy.73 Additional vasodila-
tory therapy in women with an unfavourable low output and high resistance circulation 
could improve flow and with it maternal and foetal outcomes.74 Devices that are easy 
to use have been developed to assess CO, so it is now feasible to measure CO in the 
outpatient setting along with blood pressure to determine gestational hemodynamic 
changes in clinical practice.

CONCLUSION

In normotensive pregnancy, resting CO increases from the first trimester to the early 
third trimester by almost 1.5 L.min-1 above non-pregnant values, and both SV and HR 
contribute to this increase. In parallel, TPVR decreases, reaching its nadir in the late 
second trimester. Monitoring these hemodynamic changes during pregnancy can help 
identify those women at risk of developing hypertensive complications, as in these 
women the change in CO, TPVR, and HR are deviant from that observed in normotensive 
pregnancy. Serial measurements are necessary to detect aberrant changes that precede 
hypertension during pregnancy.
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SUPPLEMENTAL MATERIAL

Appendix S1. Literature search: strategy for PubMed (NCBI) and Embase (Ovid) databases.
Limits: Species: Humans and Article type: Journal Article.

Component PubMed Embase

Pregnancy “Pregnancy” [Mesh] OR “pregnancy” [Title/Abstract] 
OR “pregnancies” [Title/Abstract] OR “pregnant” 
[Title/Abstract] OR “gestation” [Title/Abstract] OR 
“gestations” [Title/Abstract] OR “gestational” [Title/
Abstract] OR “gravidity” [Mesh] OR “gravidity” 
[Title/Abstract] OR “gravidities” [Title/Abstract] OR 
“gravid” [Title/Abstract]

exp pregnancy/ or exp gravidity/ or exp 
gestation/ or (pregnancy or pregnancies 
or pregnant or gestation or gestations or 
gestational or gravidity or gravidities or 
gravid).ti,ab.

Pregnancy-
induced 
hypertension

“Hypertension, pregnancy-induced” [Mesh] 
OR “pregnancy induced hypertension” [Title/
Abstract] OR “pregnancy associated hypertension” 
[Title/Abstract] OR “PIH” [Title/Abstract] OR 
“hypertensive pregnancy” [Title/Abstract] OR 
“pregnancy hypertension” [Title/Abstract] OR 
“gestational hypertension” [Title/Abstract] OR 
“HELLP syndrome” [Mesh] OR “HELLP” [Title/
Abstract] OR “Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets” [Title/Abstract]

exp maternal hypertension/ or exp 
HELLP syndrome/ or (pregnancy induced 
hypertension or pregnancy associated 
hypertension or PIH or hypertensive 
pregnancy or pregnancy hypertension 
or gestational hypertension or HELLP 
or Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets).ti,ab.

Preeclampsia “Pre-eclampsia” [Mesh] OR “pre-eclampsia” [Title/
Abstract] OR “preeclampsia” [Title/Abstract] OR 
“preeclamptic” [Title/Abstract] OR “pre-eclamptic” 
[Title/Abstract] or “PE” [Title/Abstract] OR 
“Eclampsia” [Mesh] OR “eclampsia” [Title/Abstract] 
OR “eclampsias” [Title/Abstract] OR “eclamptic” 
[Title/Abstract] OR “toxemia” [Title/Abstract] OR 
“toxemias” [Title/Abstract]

exp preeclampsia/ or exp eclampsia/ 
or (pre-eclampsia or preeclampsia or 
pre-eclamptic or preeclamptic or PE or 
eclampsia or eclampsias or eclamptic or 
toxemia or toxemias).ti,ab.

Foetal growth 
restriction

“Fetal Growth Retardation” [Mesh] OR “foetal 
growth retardation” [Title/Abstract] OR “fetal 
growth restriction” [Title/Abstract] OR “FGR” [Title/
Abstract] OR “intrauterine growth retardation” 
[Title/Abstract] OR “intrauterine growth restriction” 
[Title/Abstract] OR “IUGR” [Title/Abstract] OR 
“Infant, Small for Gestational Age” [Mesh] OR “small 
for gestational age” [Title/Abstract] OR “SGA” [Title/
Abstract]

exp intrauterine growth retardation/ or 
exp small for date infant/ or (fetal growth 
retardation or fetal growth restriction or 
FGR or intrauterine growth retardation 
or intrauterine growth restriction or 
IUGR or small for gestational age or SGA 
).ti,ab.

Cardiac 
output

“cardiac output” [MeSH Terms] OR “cardiac 
output”[Title/Abstract] OR “heart minute 
volume”[Title/Abstract]

Exp heart output/ OR (cardiac minute 
volume or cardiac output or cardiac 
ventricle output or heart minute volume 
or heart ventricle output or heart output 
or cardiac output).ti,ab

Total 
peripheral 
vascular 
resistance

“vascular resistance”[MeSH] OR “ vascular 
resistance “[Title/Abstract] OR “peripheral 
resistance”[Title/Abstract] OR “total peripheral 
resistance”[Title/Abstract] OR “total vascular 
resistance”[Title/Abstract] OR “total peripheral 
vascular resistance”[Title/Abstract]

Exp vascular resistance/ or (total 
peripheral vascular resistance or total 
vascular resistance or total peripheral 
resistance or vascular resistance or 
peripheral resistance).ti,ab.
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Appendix S1. (continued)

Component PubMed Embase

Stroke volume “stroke volume”[MeSH Terms] OR “ejection 
fraction”[Title/Abstract]OR “stroke volume”[Title/
Abstract] OR “end systolic volume”[Title/Abstract] 
OR “end diastolic volume”[Title/Abstract]

Exp stroke volume/ OR exp ejection 
fraction/ OR exp heart left ventricle 
endsystolic volume/ OR exp heart left 
ventricle enddiastolic volume/ OR 
(stroke volume or ejection fraction or 
endsystolic volume or enddiastolic 
volume).ti,ab

Heart rate “heart rate”[MeSH] OR “heart rate”[Title/Abstract] 
OR “cardiac frequency”[Title/Abstract] OR “cardiac 
rate”[ Title/Abstract] OR “heart frequency” [Title/
Abstract]

Exp heart rate/ or (heart rate or cardiac 
frequency or cardiac rate or heart 
frequency).ti,ab.

Blood 
pressure

“blood pressure”[MeSH] OR “blood pressure”[Title/
Abstract] OR “vascular pressure”[Title/Abstract] 
OR “arterial pressure”[MeSH] OR “arterial 
pressure”[Title/Abstract] OR “diastolic blood 
pressure”[Title/Abstract] OR “systolic blood 
pressure”[Title/Abstract] OR “mean arterial 
pressure”[Title/Abstract]

Exp blood pressure/ OR mean arterial 
pressure/ or (blood pressure or blood 
tension or vascular pressure or arterial 
pressure or diastolic blood pressure or 
systolic blood pressure or mean arterial 
pressure).ti,ab
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figure S1. Forest plot of cardiac output (CO) adjustments during normotensive pregnancy. CO is reported 
as mean difference with 95% CI in L·min-1 between pregnant women and non-pregnant reference group.
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figure S1 (continued). Forest plot of cardiac output (CO) adjustments during normotensive pregnancy. CO 
is reported as mean difference with 95% CI in L·min-1 between pregnant women and non-pregnant refer-
ence group.
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figure S1 (continued). Forest plot of cardiac output (CO) adjustments during normotensive pregnancy. CO 
is reported as mean difference with 95% CI in L·min-1 between pregnant women and non-pregnant refer-
ence group.



89

Cardiac output and peripheral vascular resistance during pregnancy

4

figure S1 (continued). Forest plot of cardiac output (CO) adjustments during normotensive pregnancy. CO 
is reported as mean difference with 95% CI in L·min-1 between pregnant women and non-pregnant refer-
ence group.
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figure S2. Forest plot of absolute cardiac output values in litres per minute with 95% CI in non-pregnant 
women and during normotensive pregnancy.
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figure S2 (continued). Forest plot of absolute cardiac output values in litres per minute with 95% CI in 
non-pregnant women and during normotensive pregnancy.
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figure S2 (continued). Forest plot of absolute cardiac output values in litres per minute with 95% CI in 
non-pregnant women and during normotensive pregnancy.
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figure S2 (continued). Forest plot of absolute cardiac output values in litres per minute with 95% CI in 
non-pregnant women and during normotensive pregnancy.
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figure S3. Forest plot of total peripheral vascular resistance (TPVR) adjustments during normotensive 
pregnancy. TPVR is reported as mean difference with 95% CI in dyne·sec·cm-5 between pregnant women 
and reference group.
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figure S3 (continued). Forest plot of total peripheral vascular resistance (TPVR) adjustments during nor-
motensive pregnancy. TPVR is reported as mean difference with 95% CI in dyne·sec·cm-5 between pregnant 
women and reference group.



CHAPTER 4

96

figure S4. Forest plot of absolute values with 95% CI of total peripheral vascular resistance in dyne·sec·cm-5 
in non-pregnant women and during normotensive pregnancy.
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figure S4 (continued). Forest plot of absolute values with 95% CI of total peripheral vascular resistance in 
dyne·sec·cm-5 in non-pregnant women and during normotensive pregnancy.
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figure S4 (continued). Forest plot of absolute values with 95% CI of total peripheral vascular resistance in 
dyne·sec·cm-5 in non-pregnant women and during normotensive pregnancy.
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figure S5. Forest plot of stroke volume (SV) adjustments during normotensive pregnancy. SV is reported as 
mean difference with 95% CI in mL between pregnant women and reference group.
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figure S5 (continued). Forest plot of stroke volume (SV) adjustments during normotensive pregnancy. SV 
is reported as mean difference with 95% CI in mL between pregnant women and reference group.
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figure S5 (continued). Forest plot of stroke volume (SV) adjustments during normotensive pregnancy. SV 
is reported as mean difference with 95% CI in mL between pregnant women and reference group.
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figure S6. Forest plot of absolute values with 95% CI of stroke volume in mL in non-pregnant women and 
during normotensive pregnancy.



103

Cardiac output and peripheral vascular resistance during pregnancy

4

figure S6 (continued). Forest plot of absolute values with 95% CI of stroke volume in mL in non-pregnant 
women and during normotensive pregnancy.
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figure S6 (continued). Forest plot of absolute values with 95% CI of stroke volume in mL in non-pregnant 
women and during normotensive pregnancy.
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figure S6 (continued). Forest plot of absolute values with 95% CI of stroke volume in mL in non-pregnant 
women and during normotensive pregnancy.
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figure S7. Forest plot of heart rate (HR) adjustments during normotensive pregnancy. HR is reported as 
mean difference with 95% CI in beats per minute between pregnant women and reference group.
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figure S7 (continued). Forest plot of heart rate (HR) adjustments during normotensive pregnancy. HR is re-
ported as mean difference with 95% CI in beats per minute between pregnant women and reference group.
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figure S7 (continued). Forest plot of heart rate (HR) adjustments during normotensive pregnancy. HR is re-
ported as mean difference with 95% CI in beats per minute between pregnant women and reference group.
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figure S7 (continued). Forest plot of heart rate (HR) adjustments during normotensive pregnancy. HR is re-
ported as mean difference with 95% CI in beats per minute between pregnant women and reference group.
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figure S8. Forest plot of absolute values with 95% CI of heart rate in beats per minute in non-pregnant 
women and during normotensive pregnancy.
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figure S8 (continued). Forest plot of absolute values with 95% CI of heart rate in beats per minute in non-
pregnant women and during normotensive pregnancy.
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figure S8 (continued). Forest plot of absolute values with 95% CI of heart rate in beats per minute in non-
pregnant women and during normotensive pregnancy.
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figure S8 (continued). Forest plot of absolute values with 95% CI of heart rate in beats per minute in non-
pregnant women and during normotensive pregnancy.
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figure S8 (continued). Forest plot of absolute values with 95% CI of heart rate in beats per minute in non-
pregnant women and during normotensive pregnancy.
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figure S9. Forest plot of cardiac output (CO) adjustments during hypertensive pregnancy. CO is reported as 
mean difference with 95% CI between pregnant women and reference group in litres per minute.
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figure S10. Forest plot of absolute values (95% CI) of cardiac output in non-pregnant women and during 
hypertensive pregnancy.



117

Cardiac output and peripheral vascular resistance during pregnancy

4

figure S11. Forest plot of total peripheral vascular resistance (TPVR) adjustments during hypertensive 
pregnancy. TPVR is reported as mean difference with 95% CI between pregnant women and reference 
group in dyne·sec·cm-5.



CHAPTER 4

118

figure S12. Forest plot of absolute values (95% CI) of total peripheral vascular resistance in non-pregnant 
women and during hypertensive pregnancy.
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figure S13. Forest plot of stroke volume (SV) adjustments during hypertensive pregnancy. SV is reported as 
mean difference with 95% CI between pregnant women and reference group in mL.
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figure S14. Forest plot of absolute values (95% CI) of stroke volume in non-pregnant women and during 
hypertensive pregnancy.
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figure S15. Forest plot of heart rate (HR) adjustments during hypertensive pregnancy. HR is reported as 
mean difference with 95% CI between pregnant women and reference group in bpm.
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figure S16. Forest plot of absolute values (95% CI) of heart rate in non-pregnant women and during hyper-
tensive pregnancy.
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figure S17. Reference curve of total peripheral vascular resistance during pregnancy and in the postpar-
tum period, with mean (solid line), and 5th and 95th percentiles (dashed lines) weighted by study sample 
size. Size of individual plots indicates sample size of point estimate and their colour indicates quality as-
signed to the study: red, low quality; green, moderate quality; blue, high quality. Studies with multiple 
measurements during pregnancy are per measurement plotted.
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figure S18. Reference curve of stroke volume during pregnancy and in the postpartum period, with mean 
(solid line), and 5th and 95th percentiles (dashed lines) weighted by study sample size. Size of individual 
plots indicates sample size of point estimate and their colour indicates quality assigned to the study: red, 
low quality; green, moderate quality; blue, high quality. Studies with multiple measurements during preg-
nancy are per measurement plotted.
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figure S19. Reference curve of heart rate during pregnancy and in the postpartum period, with mean (solid 
line), and 5th and 95th percentiles (dashed lines) weighted by study sample size. Size of individual plots 
indicates sample size of point estimate and their colour indicates quality assigned to the study: red, low 
quality; green, moderate quality; blue, high quality. Studies with multiple measurements during pregnancy 
are per measurement plotted.
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Table S2. Used criteria to define hypertensive pregnancies

Author, 
publication year

Definition of hypertensive pregnancy

Ahmad 1996

These patients developed hypertension and proteinuria in the third trimester of their 
pregnancy but were normotensive and aproteinuric on their initial visits. Hypertension was 
defined as two consecutive measurements of blood pressure of >140/90 mmHg or rise of 
>15 mmHg in diastolic blood pressure or >30 mmHg in systolic blood pressure above the 
baseline in the first trimester of pregnancy. Urinary protein was estimated initially by urine 
dipstick examination and later confirmed by biochemical analysis. Significant proteinuria 
was defined as detection of >300 mg/L (2+) protein in two random samples of urine.

Borghi 2000

The diagnosis of preeclampsia was based on the concomitant presence after 20 weeks’ 
gestation of hypertension (diastolic blood pressure >90 mmHg on two occasions 4 hours 
apart), proteinuria (≥300 mg/24h, one dipstick measurement ≥2+, or two dipstick 
measurements ≥1+ at a specified interval for blood pressure measurements), and 
peripheral oedema.

Cong 2015
Preeclampsia was identified according to the criteria of the international society for the 
study of hypertension in pregnancy. Women with pregnancy induced hypertension were 
excluded.

Dennis 2012
Hypertension and one or more deranged maternal organ systems and/or uterofoetal 
compromise.

Eneroth-Grimfors 
1994

Preeclampsia: blood pressure ≥140/90 mmHg and proteinuria ≥300 mg/24h or dipstick ≥1+

Giannubilo 2017

According to the International Society for the Study of Hypertension in Pregnancy, 
preeclampsia was defined as a blood pressure of at least 140/90 mmHg, on two occasions 
4–6 h apart, after week 20 of gestation in previously normotensive women, accompanied by 
proteinuria ≥300 mg/24h.

Hale 2010

A total of 3 women developed complicated hypertension during pregnancy; 2 had 
classically defined preeclampsia with 24-hour urine collections demonstrating proteinuria 
>300 mg/dL and blood pressure >140/90 mmHg and the third woman had new onset third 
trimester, elevated blood pressure >140/90 mmHg, elevated liver enzymes, elevated uric 
acid concentration (>5 mg/dL) and foetal growth restriction with iatrogenic delivery at 
37 weeks.

Hasan 2002
Preeclampsia was defined as follows: new hypertension (diastolic pressure consistently 
greater than 90 mmHg, with previous lower values) and new proteinuria (>300 mg/24h) in 
the absence of urinary tract infection; both remitting sometime after delivery.

Heiskanen 2011
Gestational hypertension was defined as a systolic blood pressure level ≥140 mmHg or 
a diastolic blood pressure level ≥90 mmHg after 20 weeks of pregnancy in women with 
previously normal blood pressure and with or without proteinuria.

Kaaja 2004
Preeclampsia was defined by a blood pressure of greater than 140/90 mmHg on at least 
two occasions after 20 weeks’ gestation, and proteinuria of ≥ 0.3 g/24h or ≥1+ on dipstick. 
Women with severe preeclampsia were excluded.

Lewinsky 1998
All had blood pressure values exceeding 140/90 mmHg on two occasions at least 6 h apart 
and proteinuria exceeding 300 mg per day.

Lim 1976
Hypertension was defined as a mean brachial arterial blood pressure of 100 mmHg 
(equivalent to 130 mmHg systolic pressure and 85 mmHg diastolic pressure) or more.

Miyake 2002
Only women with severe preeclampsia were included, defined as de novo hypertension 
more than 160/100 mmHg after gestational week 20 with proteinuria (>300 mg/dl) in a spot 
urine.
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Table S2. (continued)

Author, 
publication year

Definition of hypertensive pregnancy

Ohashi 2010

Preeclampsia was defined by The American College of Obstetricians and Gynecologists 
criteria as newly diagnosed systolic blood pressure of at least 140 mmHg or diastolic blood 
pressure of 90 mmHg on at least 2 occasions; the measurements had to be taken at least 
4 hours but not more than 7 days apart.

Rang 2008

Gestational hypertension was defined by an SBP higher than 140 mmHg or a DBP 
higher than 90 mmHg, measured at least twice with an interval of more than 6 hours 
after 20 weeks’ gestational age in women with normal blood pressure before 20 weeks. 
Preeclampsia was defined by gestational hypertension with proteinuria more than 0.3 mg 
per 24 hours, according to the International Society for the Study of Hypertension in 
Pregnancy recommendation.

Tihtonen 2006
Preeclampsia was diagnosed if blood pressure was constantly higher than 140/90 mmHg 
and if consistent proteinuria of more than 300 mg/day was present.

Valensise 2008

The criteria of the International Society for the Study of Hypertension in Pregnancy were 
used to define preeclampsia. Preeclampsia was diagnosed if a previously normotensive 
woman had 2 consecutive (4 hours apart) diastolic blood pressure measurements of 
≥90 mmHg after the 20th week of gestation, and proteinuria >300 mg in a 24-hour urine 
specimen.

Yu 2018

Gestational hypertension was defined as blood pressure ≥140/90 mmHg occurring 
for the first-time during pregnancy and no proteinuria. Preeclampsia was considered 
≥140 mmHg systolic blood pressure or ≥90 mmHg diastolic blood pressure with proteinuria 
(>300 mg/24h) after 20 weeks of gestation in a previously normotensive woman.
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Table S3. Overview of the quality assessment

Domain Item
Percentage 

studies with 
positive score

Adequate 
description of 
participants’ 
characteristics

Parity or gravidity 53

Health or comorbidities of participants 79 

Clear reporting of gestational age 88 

Ethnicity 22 

Height 40 

Non-pregnant weight and/or body mass index 43 

Use of medication or supplements 56 

Study 
Participation

Adequate description of participant recruitment 61

Adequate description of in- and exclusion criteria 61 

Study Attrition
Reasons for loss to follow-up/drop-out are provided 30

Adequate description of participants lost to follow-up and differences 
between participants who completed and drop-outs 

4 

Variable 
Measurements

Method of measurement is adequately valid and reliable. Amount of 
measurements, mean or median and position are mentioned

67

Methods and setting are the same for all participants and throughout 
follow up 

88 

Data Reporting Time frame of measurements (gestational age) is reported as mean 43

Study Design

Study used a longitudinal study design 52

Multiple longitudinal measurements during pregnancy of the variable 39 

Reference value was a pre-pregnant measurement of the variable 13 
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ABSTRACT

Background: In contrast to severe gestational hypertension, it is questioned whether 
antihypertensive medication for mild to moderate gestational hypertension prevents 
adverse maternal and offspring outcomes. Hypertensive drugs halve the risk of severe 
hypertension, but do not seem to prevent progression to preeclampsia or reduce the 
risk of complications in offspring. In fact, beta-blockers, a first line therapy option, are 
suspected to impair foetal growth. Disappointing effects of antihypertensive medication 
can be anticipated when the pharmacological mode of action does not match the under-
lying haemodynamic imbalance. Hypertension may result from 1) high cardiac output, 
low vascular resistance state, in which beta-blockade is expected to be most effective, 
or 2) low cardiac output, high vascular resistance state where dihydropyridine calcium 
channel blockers or central-acting alpha agonists might be the best corrective medica-
tion. In the latter, beta-blockade might be maternally ineffective and even contribute to 
impaired foetal growth by keeping cardiac output low. We propose a randomized con-
trolled trial to determine whether correcting the haemodynamic imbalance in women 
with mild to moderate hypertension reduces the development of severe hypertension 
and/or preeclampsia more than non-pharmacological treatment does, without alleged 
negative effects on foetal growth.

Methods: Women diagnosed with mild to moderate hypertension without proteinuria 
or signs of other organ damage before 37 weeks of pregnancy are invited to participate 
in this randomized controlled trial. Women randomized to the intervention group will be 
prescribed tailored antihypertensive medication, using a simple diagnostic and treat-
ment algorithm based on the mean arterial pressure/heart rate ratio, which serves as 
an easy-to-determine proxy for maternal circulatory state. Women randomized to the 
control group will receive non-pharmacological standard care according to national 
and international guidelines. In total, 208 women will be randomized in a 1:1 ratio. The 
primary outcome is progression to severe hypertension and preeclampsia and the sec-
ondary outcomes are adverse maternal and neonatal outcomes.

Discussion: This trial will provide evidence of whether tailoring treatment of mild to 
moderate gestational hypertension to the individual haemodynamic profile prevents 
maternal disease progression.

Trial registration number: clinicaltrials.gov, NCT02531490, registered on 24 August 2015

Keywords: Gestational hypertension, pregnancy, preeclampsia, haemodynamic profile, 
tailored treatment, antihypertensive drugs
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INTRODUCTION

Preeclampsia is a leading cause of maternal and perinatal morbidity and mortality in the 
Western world.1 In most cases of preeclampsia-related maternal death, blood pressure 
is not adequately controlled.2, 3 For its well-established maternal benefits, it is generally 
accepted to treat blood pressure when it reaches the threshold of severe hypertension 
(systolic or diastolic blood pressure ≥160 or ≥110 mmHg, respectively).4 In contrast, ef-
fectiveness of antihypertensive medication in mild to moderate hypertension is subject 
of debate and medication is not uniformly initiated because of different effects on ma-
ternal disease progression and alleged poorer foetal outcomes.5, 6 In mild to moderate 
hypertension, the use of any antihypertensive drugs halves the risk of developing severe 
hypertension (relative risk of 0.49; 95% CI 0.40–0.60), but does not prevent progression 
to preeclampsia (relative risk of 0.93; 95% CI 0.80–1.08), or reduce the risk of offspring 
complications (relative risk for small-for-gestation-age neonate, 0.97; 95% CI 0.80–1.17, 
relative risk for stillbirth, 1.14; 95% CI 0.60–2.17 and relative risk for neonatal death, 0.79; 
95% CI 0.14–4.34).6 On the other hand, sub-grouped by class of drugs, beta-blockers 
seemed to reduce the development of preeclampsia (OR 0.73; 95% CI 0.57–0.94) but 
may increase the chance of the neonate being small-for-gestational-age (OR 1.38; 95% CI 
0.99–1.92), while calcium antagonists seemed to increase the chance of preeclampsia (OR 
1.40; 95% CI 1.06–1.86), but have no effect on foetal growth (OR 0.84; 95% CI 0.60–1.16).6 
As a consequence of these inconsistent findings when pooling all antihypertensives ir-
respective of mode of action, international guidelines recommend initiating medication 
of choice only in severe hypertension or repeated moderate gestational hypertension.7, 8

A drawback in studies investigating treatment of mild to moderate gestational hyperten-
sion is that they do not consider the maternal circulatory state or the circulatory re-
sponse to the blood pressure lowering drug. Instead, most reported treatments involve 
stepwise use of compound drug classes, based on the physician’s experience; in this 
treatment approach, chosen medications are only changed if severe side effects are 
observed or if increasing dosages do not achieve the target blood pressure. This trial-
and-error approach may not only delay the time interval to effective circulatory control, 
but may also negatively affect foetal wellbeing that may prelude to preterm birth.

Antihypertensive drugs lower blood pressure via different mechanisms. Blood pressure 
is regulated within narrow boundaries by beat-to-beat baroreceptor-mediated altera-
tion of cardiac output and vascular resistance. Blood pressure only changes when these 
two determinants are unable to compensate deteriorations; therefore, elevated blood 
pressure can be lowered by reducing cardiac output or vascular resistance or both. Beta-
blockers, central-acting alpha agonists, and calcium antagonists are commonly used to 
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lower blood pressure during pregnancy. Selective beta-blockers lower elevated blood 
pressure predominantly by lowering the heart rate (HR) and reducing contractility, re-
sulting in reduced cardiac output. Beta-blockers with additional ɑ-adrenergic receptor 
blockade activity, like labetalol, concurrently reduce peripheral resistance.9, 10 Central-
acting alpha receptor agonists, like methyldopa, lower blood pressure by altering 
central sympathetic activity. Cardiac output levels do not change, suggesting a balance 
between reduced afterload, venous return, and negative chronotropic and inotropic ef-
fects of sympathetic inhibition.11, 12 Dihydropyridine calcium channel blockers, like nife-
dipine, are relatively vasoselective. They inhibit calcium ions from entering the calcium 
channels of vascular smooth muscle, so blood pressure is mainly lowered by reducing 
arterial tone and with it, peripheral vascular resistance. Secondary to vasodilation, the 
sympathetic nervous system is activated resulting in increased levels of norepinephrine, 
higher HR and ultimately increased cardiac output.13-15

Haemodynamic parameters in gestational hypertension

The haemodynamic profile of gestational hypertension differs between individuals. 
On the one hand, gestational hypertension can originate from hyperdynamic circula-
tion characterized by high cardiac output and low vascular resistance; this profile is 
often accompanied by late onset preeclampsia and normal foetal growth (Figure 1). 
On the other hand, a hypertensive profile with high vascular resistance is associated 
with early onset maternal complications and impaired foetal growth.16-19 In the clinical 
phase of preeclampsia, most women exhibit a high-resistance profile with either low 
cardiac output (in 58% of women) or normal cardiac output (in 36% of women).20 Altered 
pre-pregnant haemodynamic phenotypes, inadequate cardiovascular adaptation to 
pregnancy, or crossover from hyperdynamic circulation to the more unfavourable hy-
pertensive circulation with high vascular resistance as a consequence of endothelial de-
rangement and loss of intravascular fluid, might underlie the divergent haemodynamic 
profiles.21, 22 These heterogeneous circulatory profiles may explain the variable results of 
trials on antihypertensive therapy in mild to moderate hypertension during pregnancy. 
Beta-blockers are thought to be suitable for treating hyperdynamic hypertension, but 
reducing cardiac output may be detrimental in hypertensive women with high vascular 
resistance who already have low-cardiac-output. These women may instead benefit 
from vasodilation by dihydropyridine calcium channel blockers, or from central-acting 
alpha agonists that reduce peripheral resistance.

Tailored treatment of hypertension

In non-pregnant individuals with uncontrolled hypertension, haemodynamically 
tailored antihypertensive treatment almost doubled the chance of reaching the target 
blood pressure within three months of initiating or adjusting the therapy compared 
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with conventional standard treatment based on the specialist’s preference.23, 24 During 
pregnancy, with respect to underlying haemodynamic profile, adequate blood pressure 
response to beta-blockage can be predicted by the mean arterial pressure (MAP), HR, 
and (if available) stroke volume index.25 About 20–25% of gestational hypertensive 
women were refractory to labetalol and needed additional vasodilatory therapy. In 
these women, cardiac output was lowest and vascular resistance was highest before 
treatment. The highest response rate to labetalol primarily relates to alteration of HR 
and peripheral vascular resistance, and consequently blood pressure, but not stroke 
volume. This suggests that a simple algorithm weighing blood pressure and HR may 
grossly indicate the underlying haemodynamic profile. Therefore, it may be better to 
view antihypertensive drugs as adjusters of the haemodynamic state rather than as 
reducers of blood pressure.26 If we do not take the maternal haemodynamic profile and 
the pharmacological mode of action of the drug into account, generic antihypertensive 
treatment will continue to result in disappointing, ineffective or even paradoxical out-
comes for at least part of treated mothers and their offspring. To address this problem, 
we propose a randomized trial to compare tailored antihypertensive treatment based 
on the maternal circulatory profile with generally practiced active surveillance of hyper-
tension in pregnant women with mild to moderate hypertension.

figure 1. Haemodynamic profiles in mild hypertension, associated complications and anticipated effect of 
antihypertensive treatment.
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METHODS

Aim

The aim of this study is to determine whether haemodynamically tailored antihyper-
tensive therapy in pregnant women with mild to moderate hypertension reduces the 
incidence of severe hypertension and preeclampsia and improves offspring outcome 
compared with standard care.

Objectives

Our primary objective is to determine whether haemodynamically tailored treatment 
of mild to moderate hypertension reduces disease progression to severe hypertension 
and preeclampsia compared with standard care. Our secondary objectives are to assess 
the effects of this treatment approach on maternal and offspring outcomes, including 
concomitant HELLP syndrome and eclampsia, gestational age at delivery, and neonatal 
birthweight and centile.

Trial design and setting

The Early Vascular Adjustments (EVA) trial is a randomized controlled open-label 
superiority trial, with two parallel groups (intervention and control). Progression to 
severe hypertension or preeclampsia is the primary endpoint. A schematic overview of 
patient enrolment and follow-up, and the SPIRIT timetable for the study are presented 
in Figures 2 and 3. Participants will be randomized 1:1 to the intervention or control 
group using premade, non-opaque sealed envelopes, in two blocks of 104 participants 
to achieve equal sample sizes in the end. Generalizability of the findings will be assessed 
in a third group of women who do not consent to randomization, but agree to follow-up 
of their pregnancy outcomes. In this group, women will receive standard care, meaning 
that their physician will discuss treatment with them, and decide which medication to 
prescribe. Participants will be recruited from the outpatient clinic and department of 
obstetrics in Maastricht University Medical Centre, which is both a secondary and tertiary 
referring hospital. During every routine pregnancy check-up, blood pressure is mea-
sured. Women with mild to moderate hypertension (defined as systolic blood pressure 
measures ≥140 and <160 mmHg and/or diastolic blood pressure ≥90 and <110 mmHg) 
without symptoms or signs of preeclampsia will be given the study patient information 
form, and follow-up on blood pressure is planned at least 4 hours later and within a few 
days. Eligible women who give consent will be randomized to the intervention or control 
group, after which they will continue regular pregnancy check-ups with blood pressure 
measurements; additional laboratory analysis will be performed when indicated. After 
37 weeks’ gestation, induction of labour will be recommended to all participants, as 
this is associated with improved maternal outcome.27 Study endpoints are an unevent-
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ful pregnancy and 6-week postpartum period, or diagnosis of severe hypertension or 
preeclampsia. In the latter case, participants will receive standard care, which usually 
means hospitalization and intensifying or initializing antihypertensive medication for 
the intervention group and control group, respectively.

Eligibility criteria

Women must provide written informed consent before any study procedure occurs.

Inclusion criteria
Patients eligible for the trial must meet the following criteria at randomization:
• Age ≥18 years;
• Living foetus before 37 weeks’ gestation;
• Diagnosed with mild gestational hypertension (systolic blood pressure 140–159 

mmHg and/or diastolic blood pressure 90–109 mmHg, measured twice with at least 
4 hours in between).

Mild gestational hypertension
Systolic blood pressure 140-159mmHg and/or
diastolic blood pressure 90-109mmHg without 

signs or symptoms of preeclampsia

Eligible for participation Not eligible for participation

Consent for 
randomisationNo consent

Care as usual

Follow-up within 4 hours up until 3 days
Repeatedly mild gestational hypertension

Consent for follow up 
on pregnancy data

n = 160

Intervention group
n = 104

Control group
n = 104

Study event:
Severe hypertension or 

preeclampsia

Uneventful pregnancy: 
follow-up on pregnancy 
outcome until 6 weeks 

postpartum

Tailored antihypertensive 
medication Active surveillance

Regular check-ups including blood pressure measurements

figure 2. Schedule of enrolment, intervention, and assessments.
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Exclusion criteria
• Severe hypertension (systolic blood pressure ≥160 mmHg and/or diastolic blood 

pressure ≥110 mmHg);
• Diagnosed with preeclampsia, HELLP syndrome, or eclampsia;
• Taking antihypertensive drugs;
• Intending to terminate the pregnancy;
• Foetus has a major anomaly or chromosomal abnormality;
• Not able to comprehend the study outline;
• Contraindication for one of the possible prescribed antihypertensive medications.

Interventions

Eligible patients who consent to participate will be randomized to receive tailored 
antihypertensive medication (intervention group) or standard care (control group). The 
antihypertensive medications we plan to administer to participants in the intervention 
group can be safely prescribed to pregnant women.6 Total peripheral vascular resistance 
(calculated as: 80 × MAP / cardiac output) indicates whether the hypertension is cardiac- 
or vascular-driven. In a healthy pregnancy, total peripheral vascular resistance drops 
from approximately 1300 to 1000 dyne.s/cm5 during the second and third trimester.28, 29 
Considering a standard deviation (SD) of 150 dyne.s/cm5, the upper limit of healthy di-
lated total peripheral vascular resistance is 1300 dyne.s/cm5. Women can be considered 
vasoconstricted when gestational vascular resistance exceeds 1300 dyne.s/cm5 and 
vasodilated when vascular resistance is below 1300 dyne.s/cm5. To avoid the need for an 
additional tool to assess cardiac output (stroke volume × HR), the MAP/HR ratio is used 
as a proxy for the haemodynamic profile. The MAP/HR ratio differs from total peripheral 
vascular resistance assessment in that it does not account for stroke volume. During 
healthy pregnancy, the mean ± SD stroke volume is 75 ± 10 ml. In the estimation of which 
proportion of women can be assumed to be vasoconstricted or vasodilated using the 
MAP/HR ratio, we can estimate the range in which total peripheral vascular resistance 
must be by taking the mean ±2SD stroke volume. When the MAP/HR ratio exceeds 1.4, 
more than 95% of all women must be considered vasoconstrictive. Contrary, when the 
MAP/HR ratio is 1.1 or less, more than 50% of women are likely to have a vasodilated 
circulation (Figure 4). In the absence of empirical data that support the determination 
of cut-off values, we assumed a likelihood of more than 95% vasoconstrictive and rela-
tively hypodynamic, corresponding a MAP/HR ratio 1.4 as reference value for considering 
vasodilating medication, and opposite, a likelihood of more than 50% of women to be 
vasodilated and hyperdynamic, corresponding MAP/HR ratio of 1.1 as a reference value 
for considering HR-lowering and with it, cardiac output-lowering medication. In the 
latter case, a beta-blocker with dual alpha- and beta-adrenergic receptor antagonism 
will account for the potential overlap in profiles. Thus, we will administer labetalol in 
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the intervention group when hyperdynamic hypertension is assumed (MAP/HR ratio 
≤1.1), and slow-release nifedipine when hypodynamic hypertension is assumed (MAP/
HR ratio ≥1.4). Women with normodynamic hypertension will be identified by a MAP/

 STUDY PERIOD  

 Enrolment Allocation Post-allocation Close-out 

   Antenatal check-ups  6 weeks 
postpartum 

TIMEPOINT -t1 0 t1 t2 t… td tpp 

ENROLMENT:  

Eligibility screen X       

Informed consent  X       

Randomization X       

Allocation  X      

INTERVENTIONS:  

Tailored medication   X X X X  

Care as usual   X X X X  

ASSESSMENTS:  

Blood pressure X X X X X X X 

Heart rate X X X X X X X 

Subjective symptoms   X X X  X 

Medication adherence 
(intervention group)   X X X   

Side-effects 
(intervention group)   X X X   

Laboratory tests   Xii Xii Xii Xii Xii 

Delivery related 
variables      X  

Offspring outcomes      X  

Adverse maternal 
outcomes       X 

Adverse neonatal 
outcomes       X 

td: at delivery; tpp: 6 weeks postpartum; Xii: assessed if indicated 

 figure 3. SPIRIT timetable of the study
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HR ratio between 1.1 and 1.4 and will be prescribed methyldopa (Figure 5). Treatment 
will be increased if the targeted blood pressure of <130/80 mmHg (MAP 97 mmHg) is 
not achieved.7, 30 The maximum dosages for blood pressure control are 800 mg three 
times daily for labetalol, 30 mg three times daily for slow release nifedipine and 1000 
mg three times daily for methyldopa. If the maximum dosage has been administered 
and the MAP/HR ratio does not indicate another medication class, the blood pressure 
will be accepted. Moreover, in the unlikely event that blood pressure measurements fall 
below 95/50 mmHg, the treatment regime will be reduced and the last added medica-
tion step will be stopped. In case of intolerable side effects, the medication class will 
be switched; methyldopa will substitute labetalol or nifedipine, and nifedipine will 
substitute methyldopa when the MAP/HR ratio is ≥1.3 and labetalol when the MAP/HR 
ratio is <1.3. Antihypertensive drugs will be provided by the local pharmacy. Since this 
is an open-label study, the participant, researcher, and physician will know the type and 
dosage of the prescribed medication. Adherence to the treatment and side effects of 
the medication in the intervention group will be discussed and recorded during each 
scheduled check-up.

figure 4. Assessment of underlying haemodynamic profile by MAP/HR ratio and the likelihood of vasocon-
stricted low output, or vasodilated high output hypertension.
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Example 1:
A 34-year-old woman, eligible for participation is randomized for the intervention group. 
Her blood pressure is 145/80 (102) mmHg, with a HR of 60bpm (MAP/HR ratio 1.7) and 
therefore she is prescribed slow release nifedipine 30mg once a day, and at follow-up 
her blood pressure is 135/74 (94) mmHg, HR of 72bpm (MAP/HR ratio 1.3). Therefore, 
methyldopa 250mg 3 times daily is added. One week later her blood pressure is 118/74 
(89) mmHg, HR of 74bpm (MAP/HR ratio 1.2), which is below (additional) treatment 
threshold, and adequate blood pressure control is reached. Check-ups are continued 
every two weeks.

Example 2:
A 23-year-old woman eligible for participation is randomized for the intervention group. 
Her blood pressure is 155/91 (112) mmHg, and her HR is 94bpm (MAP/HR ratio 1.2). She 
is prescribed methyldopa 250mg three times daily. At the follow-up visit, her blood 
pressure measures 141/85 (104) mmHg, HR is 101bpm (MAP/HR ratio 1.0). As she did not 
achieve target blood pressure, labetalol 100mg 3 times daily is added. One week later, 

Hypertension
≥ 140/90 mmHg

1.1 < MAP/HR < 1.4

methyldopa 
3d250 mg

normodynamic

after one week

blood pressure
< 130/80 mmHg?

no

MAP/HR ≥ 1.4MAP/HR ≤ 1.1

hyperdynamic hypodynamic

labetalol
3d100 mg

slow release 
nifedipine 

1d30 mg

after two weeks after one week

yes

+ methyldopa 
3d250 mg

1.1 < MAP/HR < 1.4MAP/HR ≤ 1.1 MAP/HR ≥ 1.4

+ labetalol
3d100 mg

+ slow release 
nifedipine

1d30 mg

figure 5. Tailored antihypertensive treatment strategy in the intervention group.
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blood pressure is 125/75 (92) mmHg, 92bpm (MAP/HR ratio 1.0) and adequate blood 
pressure control is reached. Check-up are continued every two weeks.

Outcome measures

Primary study endpoints:
1) Severe hypertension, defined as a systolic blood pressure ≥160 mmHg and/or a 

diastolic blood pressure ≥110 mmHg.31

2) Preeclampsia defined as hypertension and one or more of the following new-onset 
conditions:

• Proteinuria (spot urine protein/creatinine ≥30 g/mol or ≥300mg/24h);
• Renal insufficiency (creatinine levels ≥90 μmol/L);
• Liver involvement (elevated transaminases at least twice the upper limit of normal 

(≥70 U/I);
• Neurological complications (hyperreflexia when accompanied by clonus and/or 

severe headaches, persistent visual scotomata, altered mental status, eclampsia);
• Haematological complications (thrombocytopenia defined as platelet count below 

150*109/L, disseminated intravascular coagulation, haemolysis).31

Secondary and other study parameters
Maternal outcomes: side effects of medication, required level of care, serious maternal 
complications (maternal death, HELLP syndrome defined as the combination of throm-
bocytopenia, elevated transaminases and haemolysis, stroke, blindness, uncontrolled 
hypertension, respiratory failure, myocardial ischaemia/infarction, renal failure, hepatic 
haematoma and/or rupture, coagulopathy), birth-related variables, and placental ab-
ruption.

Neonatal outcomes: miscarriage, gestational age at delivery, birthweight and centile, 
Apgar score at 1 and 5 minutes after birth, use of antenatal corticosteroids and surfac-
tant, adverse perinatal outcomes (miscarriage, stillbirth, neonatal mortality, and serious 
morbidity including neonatal sepsis, central nervous system morbidity and necrotizing 
enterocolitis), required level of care, and duration of care.

Data collection

Data will be recorded in predesigned case record forms. Data on pregnancy and neona-
tal outcomes will be collected from the hospital maternity records. Additional neonatal 
outcomes will be collected from the discharge summary when neonates are admitted to 
the neonatal care department.
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Sample size / power calculation
Severe hypertension and preeclampsia develop respectively in 20% and 15–25% of 
women initially diagnosed with mild to moderate gestational hypertension.6, 32 As severe 
hypertension and preeclampsia require comparable in-hospital treatment, we consider 
an 15% reduced incidence of both as clinically relevant. We calculated the sample size 
based on a progression level of 10% in the intervention group and a progression level of 
25% in the control group. For a desired power of 80% and a two-tailed alpha level of 0.05, 
we need to recruit 99 women per group. Considering an anticipated dropout rate of 5%, 
we will recruit 208 women for randomization. We expect to include approximately 160 
women who do not consent for randomization but agree to follow-up of their pregnancy 
outcomes. In this observational cohort, we will evaluate general obstetrical care for mild 
to moderate hypertension, patient characteristics, and patient outcomes comparable to 
the randomized population.

Planned statistical analysis

The effectiveness of haemodynamically tailored treatment of mild to moderate 
gestational hypertension will be evaluated based on the intention-to-treat principle. 
Descriptive statistics will be used to compare baseline characteristics between study 
groups. The primary analysis will be an X2 test, or Fisher’s exact test in groups with less 
than five cases, to compare the incidence of severe hypertension and preeclampsia in 
the intervention group and the control group. We planned to conduct a per protocol 
sub-analysis in with women with at least 80% of their medication intake assessed by 
self-report at each pregnancy check-up. Secondary outcomes will be assessed by using 
X2, Fisher’s exact test, Mann-Whitney U or T test as appropriate. For both primary and 
secondary outcomes, crude and adjusted odds ratio’s will be calculated (control group 
will be considerate as reference) and adjustments will be made for gestational age at 
recruitment. Separate analyses will be conducted to evaluate whether or not optimal 
blood pressure control was reached, if the type of medication and dosage affected the 
outcomes, which haemodynamic profiles were most prevalent, and if the initial haemo-
dynamic profile affected the outcome, and to explore the effect of BMI, parity and age on 
the haemodynamic profile and response to medication.

DISCUSSION

Mild to moderate hypertension is a common complication during pregnancy, leading 
to increased maternal and foetal mortality and morbidity when it progresses to severe 
hypertension, preeclampsia and associated sequela. Previous studies show paradoxical 
maternal and foetal outcomes when a general, stepwise antihypertensive medica-
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tion strategy is used. Previous studies on treating gestational hypertension have not 
considered the maternal circulatory profile and pharmaceutical mode of action of the 
prescribed medication, and the contemplated response to the medication class, while 
hypertensive pregnant women exhibit distinct circulatory profiles. This trial will inves-
tigate whether haemodynamically tailored treatment of mild to moderate gestational 
hypertension prevents progression to severe hypertension and preeclampsia without 
paradoxical maternal and offspring outcomes as observed in traditional non-tailored 
stepwise treatment approaches. We will tailor antihypertensive treatment to partici-
pants’ individual haemodynamic profiles using a simple diagnostic and treatment algo-
rithm that includes the MAP and HR values. Directly measuring cardiac function might 
determine the underlying haemodynamic profile more precisely, but these methods 
(such as echocardiography) are labour-intensive and require expertise. Our designed 
algorithm represents a pragmatic approach to choosing appropriate antihypertensive 
drugs and can be easily implemented since both parameters are readily available in 
daily clinical practice.
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ABSTRACT

Preeclampsia is often preceded by abnormal hemodynamic changes with heteroge-
neous patterns in the first half of pregnancy. We assessed the effect of timely tailored 
correction of non-physiological hemodynamic changes on preventing preeclampsia in 
a high-risk population. Primiparous women with a history of preeclampsia were invited 
to participate in a longitudinal program in their next pregnancy, including repeated 
hemodynamic assessments at 12-, 16-, 20- and 30-weeks’ gestation additional to regular 
pregnancy check-ups. When at least 2 of the hemodynamic variables were not within 
physiological reference values, the hemodynamic imbalance between cardiac output 
and peripheral vascular resistance was counteracted with either labetalol, methyldopa, 
or nifedipine using a simple treatment algorithm. Normogram-guided women (n=157) 
were matched to 157 women receiving care as usual (power 80%, α=0.05).

Risk of recurrent preeclampsia was analysed with logistic regression adjusted for daily 
low-dose aspirin or calcium supplementation. Hemodynamic changes were considered 
non-physiological in 90% of women in the normogram-guided group. Twelve percent 
of these women developed recurrent preeclampsia compared with 22% in the care-as-
usual group (adjusted odds ratio, 0.47 [95% CI, 0.25–0.88]). There were no differences be-
tween groups in gestational age at delivery (381 and 382 weeks in the normogram-guided 
and care-as-usual groups, respectively) and neonatal birthweight (3148 and 3180 g in 
the normogram-guided and care-as-usual groups, respectively). Tailored circulatory 
normalization of non-physiological hemodynamic changes during pregnancy halves the 
risk of recurrent preeclampsia, without disadvantageous effects on offspring outcome. 
This simple and innovative treatment strategy may also be beneficial to other women at 
increased risk for preeclampsia in pregnancy.

Keywords: Pregnancy; Hemodynamics; Physiology; Preeclampsia; Hypertension, 
Pregnancy-Induced; Foetal Development
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INTRODUCTION

Healthy pregnancy is normally accompanied by major changes in hemodynamic 
parameters that benefit the uteroplacental circulation. The first-trimester drop in 
vascular resistance triggers several compensatory mechanisms, resulting in increased 
plasma volume and cardiac output, to maintain adequate blood pressure and perfu-
sion.1, 2 Women destined to develop gestational hypertensive complications exhibit non-
physiological hemodynamic changes with heterogeneous patterns, long before overt 
clinical disease.3-8 The heterogeneous abnormal patterns are prominently shown in the 
differences between late-onset preeclampsia (≥34 weeks of gestation), early-onset pre-
eclampsia (<34 weeks of gestation), and whether there is concomitant impaired foetal 
growth. Late-onset preeclampsia, typically with normal foetal growth, is preceded by 
exaggerated early-pregnancy rise in cardiac output, whereas early-onset preeclampsia 
with foetal growth restriction is mostly headed by shallow first-trimester rise in cardiac 
output and absent drop in peripheral vascular resistance.3-8

There is increasing evidence that in hypertensive pregnant women, improved blood 
pressure control is achieved when the choice for antihypertensive drug is based on 
correction of the underlying hemodynamic imbalance between cardiac output and 
peripheral vascular resistance.9-12 Following this line of reasoning, normalization of 
non-physiological hemodynamic changes in early pregnancy with counteracting 
medication may impede the circulatory processes that contribute to the development 
of preeclampsia. The aim of this study was to evaluate the effect of circulatory modifica-
tion of abnormal hemodynamic changes to pregnancy before the onset of hypertension 
on preventing recurrent preeclampsia.

METHODS

The data that support the findings of this study are available from the principal inves-
tigator (M.E.A.S., marc.spaanderman@mumc.nl) upon reasonable request. This study 
was registered in https://www.clinicaltrials.gov (unique identifier NCT04216706). The 
hospital medical ethical committee of the Maastricht University Medical Centre ap-
proved the study protocol (METC azM/UM 14-4-118). Informed consent related to the 
use of clinically acquired data for scientific analysis was obtained, as is customary in 
the Maastricht University Medical Centre. From 1996 onwards, a nonpregnant cardio-
vascular and metabolic risk factor assessment was offered to women with a history of 
preeclampsia. This clinical service was accessible to all women in the country, and ≈65% 
of women were referred by physicians from other hospitals, who mainly referred women 
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with severe complications. Women were scheduled for the assessment at at least 4, but 
preferably 6 months postpartum.

Nonpregnant assessment

Assessment of cardiovascular and metabolic risk factors was performed in standardized 
environmental conditions in the morning after an overnight fast. Clinical data on ob-
stetric history, medical history, and use of medication were collected from medical files, 
discharge letters, and by direct patient enquiry. Haemoglobin level, plasma fibronectin, 
glucose, insulin, and lipid-spectrum levels were obtained from fasting blood samples. 
Urine was collected in the 24 hours preceding the measurements and assayed for albu-
min, creatinine, and total protein. Arterial blood pressure and mean arterial pressure 
were measured in sitting position by a semiautomatic oscillometric device (Dinamap 
Vital Signs Monitor 1846; Critikon, Tampa, FL) at a 3-minute interval with a cuff size 
appropriate for arm circumference. The median value of 11 measurements was used 
to detail blood pressure. Transthoracic echocardiography was performed according to 
the American Society of Echocardiography guidelines using a commercially available 
phased-array echocardiographic Doppler system (iE33 system with S5-1 or X5-1 trans-
ducers; Philips Medical Systems, Best, the Netherlands).13 All images were acquired in left 
lateral position, and recorded as ECG-gated digital loops and stored for off-line analysis. 
Outflow tract diameter and velocity time integrals were measured at the level of the aortic 
annulus. Heart rate was calculated by measuring the time interval between 2 consecutive 
R peaks on the ECG. Cardiac output was calculated using the formula: π (outflow tract 
diameter/2)2 × velocity time integral × heart rate, and total peripheral vascular resistance 
(TPVR) was calculated using the formula mean arterial pressure × 80/cardiac output.

Structured cardiovascular program during pregnancy

From 2013 onwards, all women admitted to the nonpregnant assessment were invited 
to participate in a follow-up program during their subsequent pregnancy. Women and 
partners could decide for themselves whether they wanted to participate, irrespective 
of insurance as maternity care is covered by the compulsory basic health care insur-
ance in the Netherlands. The sole aim of the program was to evaluate hemodynamic 
changes at several moments during pregnancy and to adjust abnormal adaptation with 
tailored medication. The program took place at 12-, 16-, 20- and 30-week gestational 
age, and it was additive to regular pregnancy check-ups. All other clinical decisions re-
garding patient management were at the discretion of the referring physician. Content 
of additional pregnancy assessments was similar to the nonpregnant assessment and 
included fasting blood samples, blood pressure measurements and echocardiography 
and in addition, Doppler flow measurements of the uterine arteries according to ISUOG 
guidelines of the International Society of Ultrasound in Obstetrics & Gynecology.14
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Assessment of Adaptation and Treatment Scheme

Treatment decisions at the four evaluations during pregnancy were made in a 2-step strategy. 
The first step was to diagnose hemodynamic non-physiological gestational adjustments. 
The second step was to choose the appropriate treatment in case of non-physiological 
hemodynamic adjustments. At each following evaluation, the hemodynamic profile was re-
assessed and tailored medication was initiated or added accordingly, whenever applicable.

Step 1, diagnosis
Adequacy of hemodynamic adjustments was evaluated based on 7 parameters: (1) cardiac 
output, (2) TPVR, (3) blood pressure, (4) haemoglobin concentration (as a proxy for plasma 
volume expansion15), (5) plasma fibronectin (as biochemical proxy for endothelial shear), 
(6) mean pulsatility index of uterine arteries, and (7) the presence of diastolic notching (the 
latter two as proxy for downstream spiral artery remodelling). Absolute physiologic values 
appropriate for gestational-age (graphed in Figure S1 in the Data Supplement) were weighted 
together with individual changes at each gestational age moment relative to individuals’ 
nonpregnant values.5, 16-20 Non-physiological adjustment was diagnosed when at least 2 of 
the parameters were outside the gestational age–normalized physiological range (Figure S2).

Step 2, treatment
Type of medication was chosen to balance circulatory function towards physiologic 
values and guided on TPVR and heart rate normalized to gestational age interval. The 
used algorithm (depicted in Figure S3) was as follows:

-A dual α- and β-adrenergic receptor blocker (labetalol, starting dose, 100 mg TID) was 
initiated when heart rate was extreme high (higher than the 90th percentile, ie, >p90) in 
combination with an intermediate-to-low TPVR (<p50), or when TPVR was extreme low 
(<p10) in combination with an intermediate-to-high heart rate (>p50).

-A vasodilating agent, that is, a dihydropyridine calcium channel blocker (slow-release 
nifedipine; starting dose, 30 mg QD), was initiated when heart rate was extremely low 
(<p10) in combination with an intermediate-to-high TPVR (>p50), or when TPVR was 
extremely high (>p90) in combination with an intermediate-to-low heart rate (<p50). In 
general, a calcium channel blocker was only initiated in women already using a centrally 
acting sympatholytic agent as increased TPVR in early pregnancy may also originate 
from exaggerated sympathetic response.

-A centrally acting sympatholytic agent (methyldopa, starting dose, 250 mg TID) was 
indicated when both heart rate and TPVR were equally high, without deviating to the 
extreme sites. We considered blood pressure too low to initiate medication when it 
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was below the physiological reference values. In case of increased TPVR with abnormal 
uterine artery waveforms at 30 weeks requiring calcium antagonist treatment, women 
were hospitalized for 1 day for additional foetal monitoring.

Primary and secondary outcome measures

The primary outcome was the occurrence of recurrent preeclampsia, defined as new-
onset hypertension with blood pressure ≥140/90 mmHg at 2 repeated measurements 
along with de novo proteinuria (≥0.3 g/24 h or ≥2+ on dipstick analysis) or other maternal 
organ dysfunction (ie, renal insufficiency, liver involvement, neurological complications 
or haematological complications) after 20 weeks of gestation in previously normoten-
sive women or superimposed on chronic hypertension.21 Secondary outcomes were 
associated maternal and offspring complications (occurrence of haemolysis, elevated 
liver enzymes, and low platelets [HELLP] syndrome, eclampsia, placental abruption, 
and stillbirth), gestational age at the onset of complications, gestational age at delivery, 
and neonatal outcomes (birthweight and centile).22 Complications are defined in the 
Data Supplement. Data on pregnancy outcomes were obtained from medical files and 
via regular patient enquiry following the nonpregnant assessment.

Statistical analysis

Women voluntarily participating in the additive program during their second pregnancy 
(normogram guided group) were matched, based on the year of delivery, to women attend-
ing the nonpregnant assessment but not participating in the additive program and who thus 
received only regular antenatal care in their second pregnancy (care-as-usual group). Logis-
tic regression analyses were used to determine the difference between groups in incidence 
of dichotomous outcomes. Adjustments were made for daily low-dose aspirin and calcium 
supplementation, because we anticipated an increased use of these preventive measures 
in the normogram-guided group owing to limited employment in regular antenatal care in 
absence of recommendation in national guidelines.23 The intervention effect was quantified 
as odds ratios with corresponding 95% CIs. The Kaplan-Meier estimate was used to compute 
preeclampsia-free pregnancy prolongation, right censored for women who delivered. The 
log-rank test was used to test for equality of the survival function between the normogram-
guided and care-as-usual groups. The least needed sample size was estimated a priori based 
on an expected prevalence of recurrent preeclampsia of 24% in the care-as-usual group.23 
Halving the recurrence rate would need 157 women per group to evaluate the effectiveness 
of this program with a desired power of 80% and a 2-tailed α level of 0.05. Outcomes were 
evaluated by both intention-to-treat and per protocol analyses. In the latter, all women in the 
normogram-guided group not able to attend all 4 assessments during pregnancy, or women 
noncompliant to advised medication were excluded. Statistical analyses were performed 
using R, version 3.6.1 and IBM SPSS Statistics, version 24.
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RESULTS

A total of 314 women attending the nonpregnant assessment between 2005 and 2018 with 
known subsequent pregnancy outcome were selected, of which half formed the normogram-
guided group (Figure 1). Women referred from the Maastricht University Medical Centre partici-
pated more often in the normogram-guided group than in the care-as-usual group. Obstetric 
outcomes of the first pregnancy and findings at the nonpregnant assessment are presented in 
Table 1. Besides a slightly lower prepregnant cardiac output and higher TPVR in the normogram-
guided group, there were no differences between the two groups with respect to the severity of 
complications in the first pregnancy and prevalence of nonpregnant cardiovascular and meta-
bolic risk factors. In the second pregnancy, daily low-dose aspirin and calcium supplementation 
were taken more often in the normogram-guided group (97% and 96% respectively) compared 
with the care-as-usual group (73% and 45%, respectively) (both P<0.001).

Primiparous women with 
history of preeclampsia 

admitted for non-pregnant 
risk factor assessment

Referrals:
≈35% from MUMC
≈65% from other hospitals

Care-as-usual group 
(n = 157)
22% delivered in MUMC
78% delivered in other hospitals

Regular antenatal care 
+ cardiovascular follow-up 
program during subsequent 

pregnancy

Regular antenatal care 
during subsequent 

pregnancy 

Normogram-guided group 
(n = 157)
43% delivered in MUMC
57% delivered in other hospitals

12 weeks, n = 145
- Delayed enrollment, n=12

16 weeks, n = 153
- Delayed enrollment, n=2
- Discontinued program, n=1
- Missed appointment, n=1

20 weeks, n = 156
- Discontinued program, n=1

30 weeks, n = 155
- Discontinued program, n=1
- Developed preeclampsia, n=1

figure 1. Flow diagram showing enrolment of women.
MUMC indicates Maastricht University Medical Centre
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Table 1. Obstetric history and cardiovascular and metabolic characteristics during nonpregnant assess-
ment in women receiving normogram-guided care and care as usual in their next pregnancy.

Obstetric history and characteristics 
at assessment

Normogram-guided care
(n=157)

Care-as-usual
(n=157) P-value

first pregnancy

Maternal age, y 29.6 (3.8) 29.3 (3.6) 0.62

Gestational age at delivery 343 [305-370] 343 [315-370] 0.94

Gestational age at diagnosis 330 [291-360] 330 [286-360] 0.97

Early-onset preeclampsia 88/157 (56%) 91/156 (58%) 0.68

Superimposed preeclampsia 5/157 (3%) 9/157 (6%) 0.27

HELLP syndrome 105/157 (67%) 105/157 (67%) 1.00

Eclampsia 9/157 (6%) 8/157 (5%) 0.80

Birthweight, g 1968 [1248-2691] 2035 [1302-2608] 0.86

Birthweight centile 20 [9-47] 25 [9-47] 0.57

Multifetal pregnancy 3/157 (2%) 2/157 (1%) 1.00

Small-for-gestational-age neonate 42/157 (27%) 40/157 (26%) 0.80

Placental abruption 3/157 (2%) 6/157 (4%) 0.50

Offspring demise 12/157 (8%) 13/157 (8%) 0.84

 Stillbirth 6/157 (4%) 11/157 (7%) 0.21

 Infant mortality 6/157 (4%) 2/157 (1%) 0.17

Time to assessment, mo. 9 [6-19] 9 [6-14] 0.29

Body mass index, kg/m2 24.3 [21.8-27.6] 24.0 [21.8-27.0] 0.58

Metabolic syndrome* 14/156 (9%) 14/154 (9%) 0.97

 Hyperinsulinemia 65/157 (41%) 60/157 (38%) 0.56

 Obesity 24/157 (15%) 17/157 (11%) 0.24

 Dyslipidaemia 28/157 (18%) 25/157 (16%) 0.65

 Hypertension 26/157 (17%) 26 /157(17%) 1.00

 Albuminuria/proteinuria 26/156 (17%) 29/154 (19%) 0.62

Systolic blood pressure, mmHg 113 [108-121] 113 [107-120] 0.35

Diastolic blood pressure, mmHg 72 [67-77] 71 [66-74] 0.11

Mean arterial pressure, mmHg 87 [82-94] 87 [81-91] 0.26

Cardiac output, L/min 4.7 [4.1-5.5] 5.0 [4.5-5.7] 0.04

TPVR, dyne·sec·cm-5 1478 [1263-1687] 1364 [1225-1596] 0.01

Haemoglobin, mmol/L 8.3 [8.0-8.7] 8.3 [8.0-8.6] 0.74

Plasma fibronectin, mg/L 300 [263-343] 303 [262-364] 0.50

Data are presented as mean (SD), median [interquartile range] or number/valid measurements (percentage in group). BMI 
indicates body mass index; HELLP, haemolysis, elevated liver enzymes, and low platelets; TPVR, total peripheral vascular 
resistance; WHO, World Health Organization
*Metabolic syndrome based on the WHO criteria as follows: the presence of hyperinsulinemia (fasting insulin ≥9.2 mU/L, 
fasting blood glucose ≥6.1 mmol/L, or Homeostasis Model Assessment for insulin resistance >2.2), along with two or more 
of the following: 1) obesity (BMI ≥30 kg/m2); 2) dyslipidaemia (triglycerides >1.69 mmol/L or HDL <0.9 mmol/L); 3) hyper-
tension (systolic blood pressure ≥140 mmHg, or diastolic blood pressure ≥90 mmHg, or antihypertensive medication use); 
4) albuminuria (≥2.5 g/mol creatinine) or proteinuria (≥0.30 g/24h).
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In the normogram-guided group, 142 women (90%) attended all 4 pregnancy assess-
ments. The main reason for missing an assessment was because of delayed enrolment, 
resulting in, respectively, 145 and 153 women attending the 12- and 16-week assess-
ment. In addition, one woman decided to refrain from further assessments when early 
hemodynamic adjustments were considered adequate, and one woman unintendedly 
missed her 16-week appointment. One woman did not attend the last assessment be-
cause she delivered preterm due to preeclampsia.

Parameters measured during the assessments before and during pregnancy of women 
in the normogram-guided group, and specific medication recommendations are pre-
sented in Table S1. Twenty-four women were on antihypertensive medication before 
their first assessment. In 142 women (90%), hemodynamic adjustments at ≥1 attended 
assessment were outside the physiologic range, resulting in medication advice. Fifteen 
women decided to refrain from treatment as they did not want to take antihypertensive 
medication when being normotensive. Nineteen women (13%) experienced side effects 
resulting in dose reduction of medication. Blood pressure trajectories based on number 
of times inadequate adjustments to pregnancy (ranging from 0 to 4) are presented in 
Table 2, showing that antihypertensive medication prescribed on circulatory-guided 
arguments did not result in lower blood pressure levels. The risk for recurrent pre-
eclampsia increased substantially with number of assessments with hemodynamic 
functioning outside physiological ranges (odds ratio per assessment adjusted for num-
ber of attended assessments, 2.52 [95% CI, 1.43–4.44]).

Table 2. Association between number of gestational check-ups with inadequate adjustments to pregnancy, 
concurrent blood pressure, and recurrent preeclampsia in the normogram-guided group.

No. of 
inadequate 
adjustments 
to pregnancy

Blood 
pressure at 

nonpregnant 
assessment

Blood 
pressure at 

12 wk.

Blood 
pressure at 

16 wk.

Blood 
pressure at 

20 wk.

Blood 
pressure at 

30 wk.
Recurrent 

preeclampsia

Zero
(n=15)

114 ± 10
71 ± 5

112 ± 8
64 ± 5

107 ± 8
60 ± 5

109 ± 5
62 ± 5

108 ± 8
62 ± 5

1/15 (7%)

1×
(n=45)

115 ± 12
73 ± 9

112 ± 10
66 ± 7

108 ± 8
62 ± 5

108 ± 9
62 ± 5

110 ± 8
63 ± 6

3/45 (7%)

2×
(n=56)

113 ± 11
73 ± 9

111 ± 9
67 ± 7

109 ± 8
64 ± 7

107 ± 8
61 ± 5

110 ± 8
65 ± 6

4/56 (7%)

3×
(n=35)

116 ± 14
72 ± 10

114 ± 7
67 ± 6

111 ± 10
64 ± 8

110 ± 9
64 ± 7

115 ± 10
67 ± 8

7/35 (20%)

4×
(n=6)

119 ± 8
75 ± 7

117 ± 14
68 ± 9

120 ± 12
66 ± 11

119 ± 9
65 ± 7

121 ± 10
68 ± 7

4/6 (67%)
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Obstetric outcomes of the second pregnancy are presented in Table 3. In the normogram-
guided group, significantly less women developed recurrent preeclampsia compared 
with the care-as-usual group (12% versus 22%, respectively) with an adjusted odds ratio 
of 0.47 (95% CI, 0.25–0.88) (Table 4). Also, the HELLP syndrome developed in less women 
in the normogram-guided group compared with the care-as-usual group (1% versus 6%, 
respectively; adjusted odds ratio 0.11 [95% CI, 0.01–0.86]). Gestational age at delivery 
and offspring outcomes did not differ between groups. The Kaplan-Meier survival curves 
of the normogram-guided and care-as-usual groups illustrate the proportion of women 
with an ongoing pregnancy without preeclampsia from 24-week gestational age to 
delivery (Figure 2). Event-free survival was better for women in the normogram-guided 
group than in the care-as-usual group, with borderline significance (log-rank test statis-
tic P=0.05).

Table 3. Outcome of subsequent pregnancy in the normogram-guided and care-as-usual group.

Outcome Normogram-guided group
(n=157)

Care-as-usual group
(n=157) P-value

Maternal age, y 32.8 (3.7) 32.8 (3.7) 0.82

GA at delivery 381 [372-391] 382 [373-395] 0.43

Preterm birth 19/157 (12%) 24/157 (15%) 0.51

Maternal complications

Preeclampsia 19/157 (12%) 34/157 (22%) 0.03

HELLP syndrome 1/157 (1%) 10/157 (6%) 0.01

Eclampsia 0/157 1/157 (1%) 1.00

Offspring outcomes

Birthweight, g 3148 [2711-3483] 3170 [2831-3506] 0.52

Birthweight centile 38 [17-67] 41 [22-67] 0.36

SGA neonate 17/157 (11%) 22/157 (14%) 0.49

Placental abruption 0/157 1/157 (1%) 1.00

Stillbirth 0/157 0/157 NA

Infant mortality 1/157 (1%) 2/157 (1%) 1.00

Preeclamptic second pregnancies Normogram-guided group (n=19) Care-as-usual group (n=34)

GA at onset of preeclampsia 361 [346-366] 350 [321-372] 0.66

GA at delivery 370 [364-373] 370 [355-380] 1.00

Data are presented as mean (SD), median [interquartile range] or number per group (percentage). GA indicates gestational 
age; HELLP, haemolysis, elevated liver enzymes, and low platelets; NA, not applicable; SGA, small-for-gestational-age
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DISCUSSION

Physiologic normogram-guided care halves the risk of recurrent preeclampsia. Indi-
vidualized pharmacological modulation of nonphysiological circulatory adjustments in 
pregnancy seems an eff ective strategy to prevent preeclampsia in a high-risk popula-
tion, without disadvantageous eff ects on off spring outcome.

The unfavourable, heterogeneous patterns of hemodynamic changes preceding 
preeclampsia develop through diff erent trajectories. These trajectories may originate 
in abnormal prepregnant hemodynamic capacity, deviant adjustments to pregnancy, 
or a crossover from high-output, low-vascular resistance to low-output, high-vascular 
resistance circulation. The latter is thought to result from endothelial derangement and 
loss of intravascular fl uid.5, 7, 24 In the normogram-guided group, antihypertensive medi-
cation was chosen to correct the leading hemodynamic imbalance before the onset of 

Table 4. Odds ratios for preeclampsia and HELLP-syndrome between normogram-guided care as com-
pared to care-as-usual during the second pregnancy.

Obstetric outcome Odds ratio (95% CI) P value Adjusted odds ratio (95% CI)* P value

Intention-to-treat analysis (n=314)

Recurrent preeclampsia 0.50 (0.27–0.92) 0.03 0.47 (0.25–0.88) 0.02

HELLP syndrome 0.09 (0.01–0.75) 0.03 0.11 (0.01–0.86) 0.04

Per-protocol analysis (n=287)

Recurrent preeclampsia 0.44 (0.23–0.86) 0.02 0.43 (0.22–0.84) 0.01

HELLP syndrome 0.11 (0.14–0.90) 0.04 0.13 (0.02–1.06) 0.06

*Corrected for daily low-dose aspirin or calcium supplementation

figure 2. Kaplan-Meier survival curve showing ongoing pregnancies until delivery (right censored) with-
out developing recurrent preeclampsia in the normogram-guided and care-as-usual groups (log-rank test 
statistic P=0.05).
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hypertension. This modulation is expected to impede pathologic processes contributing 
to the development of preeclampsia.25 In healthy functioning circulations, spontaneous 
fluctuations in blood pressure are autonomically counterbalanced by baroreceptor-
mediated changes in heart rate and vascular tone to keep blood pressure stable around 
each individual’s blood pressure set point.26 As a result, alterations in cardiac output 
and TPVR both contribute to maintain stable blood pressure. Consistent rise or fall in 
blood pressure within one person throughout gestation, therefore, indicates failure of 
these response mechanisms to compensate for the pregnancy-induced drop in TPVR. 
As such, rising blood pressure is a late signal in the system biology toward hypertensive 
complications in pregnancy. When adjusting nonphysiological hemodynamic function-
ing before the onset of hypertension, compensational responses in heart rate, stroke 
volume and TPVR are activated to maintain stable blood pressure as we also observed 
in our normogram-guided population.

The medications used in the current treatment strategy are commonly prescribed 
in pregnancy. Labetalol is a dual acting α- and β-receptor blocker. It lowers elevated 
blood pressure by lowering heart rate and contractility and concurrent α-receptor 
blockade–induced reduction in TPVR, although the β-blocking activity might be lower 
in pregnancy.27, 28 Lowering exaggerated cardiac output that is beyond physiological 
boundaries may decrease endothelial shear and overperfusion of the placental inter-
villous space, the latter affecting healthy placental development and with it, foetal 
growth.25, 29, 30 Methyldopa—a dopamine receptor agonist— is a centrally acting sympa-
tholytic agent that modestly reduces vascular resistance and slightly increases cardiac 
output.31, 32 Nifedipine—a dihydropyridine calcium channel blocker—inhibits calcium 
ions from entering vascular smooth muscle cells and strongly reduces arterial vascular 
tone and TPVR. Secondary to arterial vasodilation, the sympathetic nervous system is 
activated resulting in increased levels of norepinephrine, higher heart rate, and ulti-
mately increased cardiac output.33, 34

In normotensive women, in general, centrally acting sympatholytic agents and calcium 
antagonists are thought to support the uterine perfusion by reducing systemic and uter-
ine bed vascular resistance.35-37 The different modes of action of these compounds are 
pivotal in correcting the underlying non-physiological alterations that may jeopardize 
individuals and offspring health throughout gestation.

Absolute birthweight, birthweight centile, and incidence of small-for-gestational-age 
infants were similar in both groups. This is an important finding given the common 
conventional concerns that lowering blood pressure with antihypertensive medication 
negatively associates with neonatal birthweight. Beta-blockers are thought to negatively 



167

Preventing preeclampsia by tailored treatment of non-physiological hemodynamics

6

affect foetal growth by attenuating perfusion of the placental intervillous space.38-40 
However, our approach was different on two aspects compared to previous studies. 
Timing of treatment, before the rise of blood pressure, may have allowed the maternal 
cardiovascular system to compensate changes induced by medication without having 
an effect on blood pressure. Also, it may be that the unfavourable effects of treatment on 
foetal growth could be avoided by using β-blockers only in women with an appropriate-
to-high output effectuated by high heart rate. Moreover, previous hemodynamically 
guided antihypertensive treatment with additional vasodilators in women with lower 
cardiac output also did not result in increased prevalence of growth restriction.12 Nor-
malization of preconceptional and early-pregnancy circulatory function might favour 
placentation, but a large trial is needed to evaluate the effects on foetal growth.5

Strengths and limitations

The novelty of this treatment strategy lies in approaching the heterogenic syndrome 
preeclampsia by categorizing the underlying nonphysiological circulatory function to 
individualize treatment before blood pressure rises. The magnitude of the clinical effect 
along with large group size yielding to substantial statistical power supports a funda-
mental change in treatment paradigm for future studies. Besides strengths, there are 
also some shortcomings that need to be addressed. First, the vast majority of women in 
our study population were of Northern-European ancestry, which may affect generaliz-
ability to other ethnicities. On the other hand, the intervention is based on individuals’ 
hemodynamic profile instead of ethnic groups’ averages. Second, the study design 
reflects the effectiveness in clinical practice, but a placebo effect of the normogram-
guided program, possibly enhancing the sense of control and reducing stress and 
anxiety affecting development of preeclampsia, cannot be ruled out.41 Third, as this 
study is not randomized, it is prone to self-selection (healthy user) bias, but the effect on 
the outcomes is anticipated to be small, considering that the prevalence of prepregnant 
cardiometabolic risk factors in both groups were comparable. The latter two issues are 
both to overcome with a randomized placebo-controlled trial.42 An alternative, possibly 
more feasible approach would be a randomized open-label approach, in which women 
receive normogram-guided-care or care as usual. The only difference with this study 
would then be the randomization upfront. Lastly, the physiologic normograms used 
to weigh changes in pregnancy result from relatively small studies, and larger samples 
or comprehensive meta-analyses on variables used should result in more robust refer-
ence values. Ideally, locally derived reference values specific for measurement method 
should be used.
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Perspectives

Physiological normogram-guided care and tailored pharmacological intervention 
directed to correct underlying hemodynamic imbalances during pregnancy halves the 
risk of recurrent preeclampsia, without unfavourable effects on offspring outcome. This 
treatment strategy is likely to be beneficial to all women at high risk of preeclampsia. 
The proposed treatment strategy does not introduce novel medication but uses 3 drugs 
being used for decades in obstetric healthcare. The clinically relevant decrease in the 
occurrence of preeclampsia along with the reassuring offspring effects may facilitate 
implementation of this simple diagnosis and treatment paradigm into large multicentre 
clinical trials and clinical practice. The increasing global interest of obstetric centres 
in serially monitoring circulatory function along with the availability of easy operable 
devices that assess cardiac output facilitates implementation in general practice. On the 
one hand, generic preventive measures as low-dose aspirin and calcium can be advised 
in high-risk women, and on the other hand, tailored nongeneric preventive strategies 
with modulation of maladaptive hemodynamic functions can be pursued. A randomized 
controlled trial to evaluate the treatment strategy is an appropriate next step to confirm 
these promising findings.
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DATA SUPPLEMENT

Supplemental text – used definitions
• A subsequent pregnancy was defined as an ongoing pregnancy beyond 24 weeks 

with known maternal and foetal outcome.
• Preeclampsia was defined as new-onset hypertension with systolic blood pressure 

≥140 mmHg and/or diastolic blood pressure ≥90 mmHg at two repeated measure-
ments along with de novo proteinuria (≥0.3 g/24h or ≥2+ on dipstick analysis) or 
other maternal organ dysfunction (i.e. renal insufficiency, liver involvement, neuro-
logical complications or haematological complications) after 20 weeks of gestation 
in previously normotensive women, or superimposed on chronic hypertension.1 We 
considered normotensive women on normogram-guided antihypertensive medica-
tion with de-novo persistent proteinuria also as preeclamptic.

• Early-onset preeclampsia was defined as diagnosis before 34 weeks’ gestation.
• HELLP syndrome was defined as LDH ≥600 IU/L, AST or ALT levels elevated more than 

twice the upper limit of normal and platelet count <100×109/L.
• Eclampsia was defined as the occurrence of new onset seizures.
• Small for gestational age infancy was defined as neonatal birthweight below the 10th 

percentile of the national birthweight charts.2
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figure S1. Reference curves of parameters over the course of pregnancy with the 10th, 50th and 90th centiles 
as (error) bars.
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The treatment scheme was based on three different underlying hemodynamic response profiles:
•  A hypodynamic hemodynamic profile characterized by a low cardiac output, effectuated by a low heart rate, and high 

peripheral vascular resistance, in which Nifedipine was the preferred medication.
•  A hyperdynamic hemodynamic profile characterized by a high cardiac output, effectuated by a high heart rate, and low 

peripheral vascular resistance, in which Labetalol was the preferred medication.
•  A mixed hemodynamic profile characterized by an equal cardiac output and peripheral vascular resistance, without one 

of those (or both) deviating explicitly to the extreme sides, suggesting mixed sympathetic response for which methyl-
dopa was the preferred medication.
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[>p90]) in combination with an intermediate to low heart rate (<p50), or when heart rate was extreme low (<p10) in com-
bination with an intermediate to high total peripheral resistance (>p50). A betablocker was initiated when heart rate was 
extreme high (>p90) in combination with an intermediate to low (<p50) total peripheral vascular resistance, or when total 
peripheral vascular resistance was extreme low (<p10) in combination with an intermediate to high heart rate (>p50). A 
centrally acting sympatholytic agent was indicated when both heart rate and total peripheral resistance were equally high.
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Table S1. Hemodynamic parameters of the normogram-guided group at non-pregnant assessment and at 
the assessments during the second pregnancy in women with and without recurrent preeclampsia.

Characteristics Total Non-recurrent 
preeclampsia

Recurrent 
preeclampsia P-value

Non-pregnant assessment n = 157 n = 138 n = 19

Systolic blood pressure, mmHg 113 [108-121] 113 [108-120] 121 [110-129] 0.08

Diastolic blood pressure, mmHg 72 [67-77] 72 [67-77] 72 [68-80] 0.70

Mean arterial pressure, mmHg 87 [82-94] 87 [82-93] 89 [86-97] 0.17

Cardiac output, L/min 4.7 [4.1-5.5] 4.7 [4.1-5.8] 4.6 [4.2-5.4] 0.97

TPVR, dyne·sec·cm-5 1478 [1263-1687] 1472 [1255-1695] 1515 [1376-1631] 0.44

Haemoglobin, mmol/L 8.3 [8.0-8.7] 8.3 [8.0-8.7] 8.2 [8.0-8.7] 0.70

Plasma fibronectin, mg/L 300 [263-343] 301 [263-343] 299 [269-337] 0.76

12 weeks assessment n = 145 n = 128 n = 17

Systolic blood pressure, mmHg 113 [106-118] 112 [106-118] 115 [110-120] 0.17

Diastolic blood pressure, mmHg 67 [62-71] 67 [62-71] 66 [60-73] 0.96

Mean arterial pressure, mmHg 84 [78-89] 84 [78-89] 85 [81-91] 0.47

Cardiac output, L/min 5.4 [4.9-6.3] 5.4 [4.8-6.3] 5.4 [4.9-6.4] 0.90

TPVR, dyne·sec·cm-5 1231 [1073-1401] 1234 [1064-1408] 1230 [1106-1367] 1.00

Haemoglobin, mmol/L 7.8 [7.5-8.2] 7.8 [7.5-8.2] 8.0 [7.6-8.2] 0.54

Plasma fibronectin, mg/L 307 [266-361] 308 [268-361] 304 [260-363] 0.91

Mean PI uterine arteries 1.72 [1.21-2.16] 1.72 [1.22-2.16] 1.75 [1.02-2.14] 0.68

Suboptimal adjustments 110/145 (76%) 96/128 (75%) 14/17 (82%) 0.76

Start Labetalol 17/110 (15%) 13/96 (14%) 4/14 (29%)

 Methyldopa 85/110 (77%) 76/96 (79%) 9/14 (64%)

or add Nifedipine* 8/110 (7%) 7/96 (7%) 1/14 (7%)

16 weeks assessment n = 153 n = 134 n = 19

Systolic blood pressure, mmHg 109 [103-115] 108 [102-114] 115 [109-121] <0.01

Diastolic blood pressure, mmHg 62 [58-68] 62 [58-67] 65 [58-72] 0.21

Mean arterial pressure, mmHg 80 [76-85] 79 [76-84] 86 [79-90] <0.01

Cardiac output, L/min 5.7 [5.1-6.6] 5.8 [5.0-6.7] 5.5 [5.3-6.0] 0.60

TPVR, dyne·sec·cm-5 1120 [996-1246] 1108 [981-1241] 1181 [1109-1322] 0.03

Haemoglobin, mmol/L 7.5 [7.3-7.9] 7.5 [7.3-7.9] 7.7 [7.3-8.1] 0.28

Plasma fibronectin, mg/L 306 [258-360] 306 [258-359] 324 [256-369] 0.67

Mean PI uterine arteries 1.29 [1.02-1.62] 1.24 [1.02-1.58] 1.46 [0.96-2.06] 0.22

Suboptimal adjustments 70/153 (46%) 57/134 (43%) 13/19 (68%) 0.03

Start or add Labetalol 11/70 (16%) 9/57 (16%) 2/13 (15%)

 Methyldopa 49/70 (70%) 40/57 (70%) 9/13 (69%)

 Nifedipine 10/70 (14%) 8/57 (14%) 2/13 (15%)

20 weeks assessment n = 156 n = 137 n = 19

Systolic blood pressure, mmHg 108 [103-114] 107 [102-113] 114 [111-119] <0.01

Diastolic blood pressure, mmHg 62 [58-66] 62 [58-65] 64 [58-70] 0.15
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Table S1. (continued)

Characteristics Total Non-recurrent 
preeclampsia

Recurrent 
preeclampsia P-value

Mean arterial pressure, mmHg 80 [75-83] 79 [75-82] 83 [79-90] 0.01

Cardiac output, L/min 5.8 [5.3-6.8] 5.8 [5.3-6.9] 5.8 [5.1-6.3] 0.52

TPVR, dyne·sec·cm-5 1090 [947-1219] 1080 [937-1215] 1103 [1022-1253] 0.17

Haemoglobin, mmol/L 7.3 [7.1-7.6] 7.3 [7.0-7.6] 7.4 [7.2-7.8] 0.59

Plasma fibronectin, mg/L 287 [252-344] 286 [252-342] 305 [248-357] 0.07

Mean PI uterine arteries 1.06 [0.84-1.41] 1.05 [0.84-1.32] 1.54 [0.83-1.81] 0.08

Suboptimal adjustments 51/156 (33%) 41/137 (30%) 10/19 (53%) 0.05

Start or add Labetalol 11/51 (22%) 10/41 (24%) 1/10 (10%)

 Methyldopa 35/51 (65%) 29/41 (71%) 6/10 (60%)

 Nifedipine 5/51 (10%) 2/41 (5%) 3/10 (30%)

30 weeks assessment n = 155 n = 137 n = 18

Systolic blood pressure, mmHg 110 [104-117] 110 [104-116] 121 [113-129] <0.01

Diastolic blood pressure, mmHg 64 [60-69] 63 [60-68] 67 [64-75] <0.01

Mean arterial pressure, mmHg 81 [77-86] 81 [77-86] 89 [82-95] <0.01

Cardiac output, L/min 5.9 [5.3-6.5] 5.9 [5.3-6.6] 5.9 [5.4-6.2] 0.59

TPVR, dyne·sec·cm-5 1120 [967-1252] 1110 [959-1224] 1220 [1124-1395] 0.01

Haemoglobin, mmol/L 7.1 [6.7-7.4] 7.1 [6.7-7.5] 7.2 [6.8-7.4] 0.47

Plasma fibronectin, mg/L 312 [261-370] 308 [258-357] 371 [311-489] <0.01

Mean PI uterine arteries 0.82 [0.68-0.94] 0.80 [0.68-0.93] 0.94 [0.72-1.51] 0.05

Suboptimal adjustments 55/155 (35%) 44/137 (32%) 11/18 (61%) 0.02

Start or add Labetalol 25/55 (45%) 20/44 (45%) 5/11 (45%)

 Methyldopa 26/55 (47%) 21/44 (48%) 5/11 (45%)

 Nifedipine 4/55 (7%) 3/44 (7%) 1/11 (9%)

*In general, nifedipine was only initiated in women already using a centrally acting sympatholytic agent.
Data are presented as median [interquartile range] or number/valid measurements (percentage in group).
TPVR indicates total peripheral vascular resistance; PI, pulsatility index
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ABSTRACT

Objective: Monitoring hemodynamic status throughout pregnancy may help in iden-
tifying women with maladaptation predisposing to hypertensive complications. The 
Ultrasonic Cardiac Output Monitor (USCOM) is an easy-to-operate device for measuring 
cardiac output (CO) quickly. Our aim was to assess agreement between USCOM and 
transthoracic echocardiography (TTE) in: 1) non-pregnant women to correct for possible 
sources of discrepancy; 2) women longitudinally over the course of the pregnancy.

Study design: High-risk women admitted for cardiovascular risk factor evaluation be-
fore pregnancy and multiple times during pregnancy, were included. CO was measured 
by TTE directly followed by USCOM measurements.

Main outcome measures: Bias, limits of agreement (LOA) and percentage error between 
the two methods by Bland-Altman analysis.

Results: Despite comparable non-pregnant CO levels (4.6 L/min), LOA and percentage 
error between the two methods improved moderately by optimizing the measurements 
using only the highest quality USCOM recordings in 132 non-pregnant women (percent-
age error of 39% and 30%, respectively). During pregnancy, in total 83, 106, 96 and 77 
measurements were evaluated at respectively 12-, 16-, 20- and 30-weeks’ gestational 
age. Mean CO in USCOM was about 0.6 L/min higher compared to TTE in all trimesters; 
percentage error ranged from 35% to 45%. Linear mixed model analysis showed no as-
sociation between bias and moment of measurement.

Conclusion: Agreement between USCOM and TTE in pregnancy was outside our a priori 
determined level of acceptability and therefore absolute values of USCOM and TTE can-
not be used interchangeably. Future research should focus on the agreement of USCOM 
and TTE in clinical decision-making.

Keywords: Cardiac output, Hemodynamics, Echocardiography, Heart, Pregnancy, Mea-
surement techniques comparison
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INTRODUCTION

During pregnancy, the maternal cardiovascular system undergoes major changes, 
including increases in blood volume, stroke volume (SV) and heart rate (HR), and an 
accompanying increase in cardiac output (CO).1-3 During pregnancy, hypertensive com-
plications and foetal growth restriction are often preceded by deviant hemodynamic 
adaptation.4 Women who develop gestational hypertension often have a higher CO 
accompanied by low peripheral vascular resistance early in pregnancy, while in early- 
onset preeclampsia, low first trimester CO and elevated peripheral vascular resistance 
is seen.5-8 In the case of impaired foetal growth, a limited initial increase in maternal CO 
parallel to a restricted fall in peripheral resistance is often observed.9, 10 Therefore, deter-
mining hemodynamic status early in pregnancy may be helpful in identifying women at 
risk for complications.11, 12 It may improve our intervention and prevention possibilities, 
thereby reducing the high maternal and foetal morbidity and mortality of hypertensive 
disorders and impaired foetal growth.13 Moreover, classifying maternal hemodynamic 
parameters when gestational hypertensive complications occur may indicate corrective 
measures, directed to a more tailored choice in antihypertensive medication.14, 15

The gold standard for CO measurement is the pulmonary artery catheter method. How-
ever, the invasiveness of the procedure and associated risks of injury and infection make 
longitudinal and outpatient use impossible. Transthoracic echocardiography (TTE) is 
a non-invasive alternative that has been widely used in regular practice. In pregnant 
populations, TTE can be used as a reference method for the validation of CO measuring 
techniques.16 Although many specialized centres optimised their accessibility to TTE, it 
is still not standardly available in all obstetrics departments. Moreover, this method is 
labour-intensive, expertise-dependent and results are not readily available. The Ultra-
sonic Cardiac Output Monitor (USCOM) is a non-invasive method using continuous wave 
Doppler ultrasound to determine CO. No additional costs are incurred after purchase, 
and the device is compact and portable, making it possible to measure CO at the bed-
side with results immediately available. The skills required to perform measurements 
with USCOM are quickly acquired when compared to TTE.

Previous studies have shown poor agreement between USCOM and TTE in non-pregnant 
and postpartum individuals.17, 18 In the study by Nguyen et al., increased discrepancy 
between the two methods could have been introduced by including both adults and 
children.17 Estimated valve area based on height, as is applied in the USCOM device, 
could be a contributing source of error. For CO monitoring purposes, it might be profit-
able to measure valve diameter once by TTE, and use it for subsequent efficient USCOM 
follow-up measurements.19
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Two studies have cross-sectionally determined the accuracy of USCOM compared with 
TTE in pregnant women.18, 20 Both studies report higher CO values when measured by 
USCOM, and only in the third trimester, agreement between the two methods was close 
to the proposed level for clinical acceptability when comparing CO monitors.21 The 
cross-sectional study design did not allow to check whether the difference in readings 
of two methods is consistent when measured multiple times during pregnancy.

In this study, we aimed to quantify the accuracy and precision of TTE and USCOM for 
measuring CO in: 1) non-pregnant women to correct for possible sources of discrepancy; 
and 2) pregnant women over the course of pregnancy, measured longitudinally at de-
fined time points of gestational age.

METHODS

The hospital medical ethical committee of the Maastricht University Medical Centre 
(MUMC) approved the study protocol (MEC azM/UM 14-4-118). Individually informed 
consent related to the use of clinically acquired data for scientific analysis was obtained, 
as is customary in the MUMC. Participants were recruited from a standard monitoring 
programme that has been running since 2014 at the Department of Obstetrics. In this 
ongoing programme, high-risk non-pregnant women structurally undergo cardiovascu-
lar measurements in a single assessment, and again during their subsequent pregnancy 
around 12, 16, 20 and 30 weeks (±1 week) of gestational age. High risk is defined as 
having pre-existent hypertension, diabetes mellitus, an auto-immune disease or a 
previous pregnancy complicated by hypertension, preeclampsia, HELLP syndrome, 
eclampsia and/or related foetal complications, including delivery of a small for gesta-
tional age (SGA) neonate, stillbirth or placental abruption. The aim of the preconception 
assessment is to determine underlying disorders and risk factors that contribute to the 
development of pregnancy complications and cardiovascular disease, and to advise 
on preventive measures. The aim of the assessments during pregnancy is to monitor 
cardiovascular adaptation to pregnancy and to adjust maladaptation with medication 
in order to the reduce risk of complications. Data on obstetric outcomes of pregnancies 
were obtained from medical files after delivery. The effect of pharmaceutical correction 
of maladaptation as intervention was not the scope of this study. Women with congeni-
tal or acquired heart valve disease were excluded from the analysis.

Measurements of hemodynamic parameters were performed in one morning session 
and USCOM measurements parallel to TTE measurements were introduced in the 
period July 2015 through to December 2017. Arterial blood pressure was measured in 
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sitting position on the left arm at a 3-minute interval by a semiautomatic oscillometric 
device (Dinamap Vital Signs Monitor 1846; Critikon, Tampa, FL). The median value of 
11 measurements was reported. TTE was performed in all women, directly followed by 
USCOM measurements in triplicate. These examinations were performed by a single ex-
perienced cardiac sonographer (J.O.) to assure accuracy and consistency, and to avoid 
inter-observer variation.

TTE was performed according to the American Society of Echocardiography guidelines 
using a commercially available phased-array echocardiographic Doppler system (iE33 
system with S5-1 or X5-1 transducers, Philips Medical Systems, Best, the Netherlands).22 
As per recommendations, all images were acquired in left lateral position, after 10 min-
utes of rest to ensure stable hemodynamic variables and timed at the end of expira-
tion. Images were recorded as ECG-gated digital loops and stored for offline analysis. 
Data on hemodynamic parameters were collected and analysed offline using specific 
software (Xcelera, Philips, Best, the Netherlands) after completing all measurements. 
Outflow tract diameter (OTD) and velocity time integrals (VTI) were measured at the 
level of the aortic annulus. HR was calculated by measuring the time interval between 
two consecutive R peaks on the ECG. SV was calculated using the following formula: 
SV = π (OTD/2)2*VTI; three VTI traces were used to determine SV. CO was calculated as 
CO = HR*SV. TTE measurements with low image quality were excluded for the analysis. 
To determine reproducibility, images on CO were acquired in duplicate for 24 women, 
with a few minutes rest in left lateral position in between.

USCOM (Ultrasonic Cardiac Output Monitor, USCOM Ltd, Sydney, Australia) measure-
ments were performed standardized in supine position. Hemodynamic parameters 
were determined by placing the 3.3-MHz transducer in the suprasternal notch directing 
caudally towards the aortic valve where blood flow through the valve can be measured. 
According to the manufacturer’s instructions, the systolic Doppler profile was optimized 
through small angulations of the probe in order to achieve the highest velocity and 
greatest spectral intensity with a clear systolic beginning and end, full systolic timing, 
and sharp peaks. All measurements were displayed and analysed in the flow trace 
modus, including all VTI complexes displayed on the screen. Singular flows that were 
traced inadequately were deselected offline. All measurements with USCOM were indi-
vidually scored by a single researcher (S.B.), blinded to the TTE measurements, using 
the Fremantle criteria, a 6-point score system to assess the quality of images.23 The first 
collected image per subject with a Fremantle score of ≥4 was included in the analysis. To 
determine reproducibility, multiple measurements of women with a Fremantle score of 
≥4 were analysed. Overall, the first twenty examinations whereof aim was to gain assess-
ment competence were excluded from analysis, as proposed by Dey et al.23
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Statistical analyses

In both groups of women, agreement between USCOM and TTE was determined by using 
the Bland-Altman method, as it measures the extent of deviation from the line of com-
plete agreement between the two methods.24 The Bland-Altman graph was constructed 
by plotting the difference of USCOM and TTE values for each subject against the average 
of both measurements. Moreover, for CO and each component that defines CO -including 
SV, OTD, VTI and HR- mean difference (bias), precision (SD of mean difference), limits of 
agreement (LOA, bias ± 1.96SD) and the percentage of error (100 * 1.96SD / mean value) 
were determined. As suggested by Critchley et al., a threshold of <30% for percentage 
error was defined as acceptable.21 In order to detect potential proportional bias (i.e. the 
mean difference related to the magnitude of measurement), the difference of the two 
methods was regressed on the average of the two methods.

In non-pregnant women, we repeated the analysis with only high-quality USCOM mea-
surements (Fremantle score >5), and incorporated the measured OTD in the USCOM 
formula for CO to assess whether better agreement was obtained by minimizing the in-
fluence of an estimated OTD. For the longitudinal data of the pregnant women, a linear 
mixed-effects regression analysis was performed to assess the association between the 
average difference in CO measured by the two methods and the moment of measure-
ment. The linear mixed-effects regression accounts for the clustering of multiple mea-
sures within each patient (i.e., the longitudinal measurements). Reliability of both TTE 
and USCOM was assessed by scatterplots and by calculating the intra-class correlation 
coefficient for repeated measurements. IBM SPSS version 21.0 was used for calculations 
and statistical analysis.

RESULTS

Non-pregnant participants

A total of 172 eligible non-pregnant women were enrolled in this study. Eight par-
ticipants (4.7%) were excluded from analysis due to inadequate TTE measurements 
and 32 women (18.6%) due to poor USCOM image quality (Fremantle score <4). Conse-
quently, data from 132 non-pregnant participants were suitable for analysis. Baseline 
characteristics of non-pregnant women are presented in Table 1. Figure 1 shows the 
Bland-Altman plot for CO in the non-pregnant group. We observed no systematic bias 
(mean difference = 0.0), and the LOA were -1.8 to 1.8 L/min. However, the percentage 
error was 39%. No proportional bias was detected in the group of non-pregnant women. 
Replacing the estimated OTD by the measured OTD in USCOM calculations for CO, a bias 
(LOA) of -0.3 (-1.9 to 1.3) L/min was found with a lower percentage error of 36%. In a sub-
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group consisting only of participants with a Fremantle score ≥5 (n=103), a bias (LOA) of 
0.1 (-1.5 to 1.7) L/min was seen. Participants with a Fremantle score of 6 (n=52) showed 
a bias (LOA) of 0.2 (-1.2 to 1.6) L/min. Percentage error for image qualities scoring ≥5 and 
6 were respectively 34% and 30% (Table 2).

Table 1. Baseline characteristics of non-pregnant women and obstetric outcomes of pregnant women.

Non-pregnant women
n = 132

Age, y 39 (9.3)

Height, cm 168 (7)

Weight, kg 73 (12)

Parity 2 [1]

Systolic blood pressure, mmHg 114 (12)

Diastolic blood pressure, mmHg 71 (8)

Mean arterial pressure, mmHg 88 (9)

Pregnant women
n = 139

Gestational age at delivery, w 382 [13]

Preterm birth <37 w, n (%) 15 (11)

Birthweight 3095 [749]

Birth percentile 35 [47]

SGA neonate, n (%) 19 (14)

Preeclampsia, n (%) 10 (7)

Stillbirth, n (%) 2 (1)

Neonatal death, n (%) 1 (1)

Data are presented as mean (standard deviation) or as median [interquartile range].
W indicates weeks; y, years; cm, centimetres; kg, kilogrammes; SGA, small-for-gestational-age.

Table 2. Agreement of CO between USCOM and TTE in non-pregnant women, with proceedings to optimize 
measurements

All measurements
n = 132

Measured OTD
n = 132

fremantle 
score ≥5
n = 103

fremantle 
score =6
n = 52

CO USCOM 4.6 (0.9) 4.3 (1.0) 4.7 (0.9) 4.7 (0.8)

(L/min) TTE 4.6 (0.9) 4.6 (0.9) 4.6 (0.9) 4.6 (0.9)

Bias 0.0 -0.3 0.1 0.2

Precision 0.9 0.8 0.8 0.7

Limits of agreement -1.8 to 1.8 -1.9 to 1.3 -1.5 to 1.7 -1.2 to 1.6

Percentage error 39% 36% 34% 30%

Data are presented as mean (standard deviation). 
OTD indicates outflow tract diameter; CO, cardiac output; USCOM, Ultrasonic Cardiac Output Monitor; TTE, transthoracic 
echocardiography.
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Pregnant participants

139 pregnant women were included, of whom 20 (14%) were measured once, 27 (19%) 
were measured twice, 54 (39%) were measured three times, and 38 (27%) were mea-
sured four times during pregnancy. The number of pregnant women measured at 12, 
16, 20 and 30 weeks of gestational age was respectively 87, 111, 104 and 86. Obstetric 
outcomes of pregnant women are presented in Table 1. Women who developed com-
plications during pregnancy were included in the analysis. In all four gestational age 
groups, one woman was excluded due to poor image quality obtained by TTE. Addition-
ally, due to poor USCOM quality (Fremantle scores <4), we excluded three women (3.4%) 
at 12 weeks of gestation, fi ve women (4.5%) at 16 weeks of gestation, seven women 
(6.7%) at 20 weeks of gestation, and eight women (9.3%) at 30 weeks of gestation. There 
was no diff erence in the number of poor USCOM quality measurements between groups 
at diff erent gestational ages (P = 0.356). For the comparison between USCOM and TTE, 
we analysed respectively 83, 105, 96, and 77 women at the gestational age of 12, 16, 20 
and 30 weeks.
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figure 1. Bland-Altman plot presenting agreement between USCOM and echocardiography (TTE) for car-
diac output (CO) in non-pregnant women. The centred line (yellow) presents bias between two methods, 
and upper and lower lines (blue) indicate the limits of agreement.
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Bland-Altman plots for CO measured at 12, 16, 20 and 30 weeks of gestational age 
are shown in Figure 2. Results on bias, LOA and percentage error of the variables are 
presented in Table 3. During pregnancy, CO measured by USCOM was at about 0.6 L/
min higher compared to CO measurement by TTE. Percentage error of CO varied be-
tween 35% and 45%, being lowest at 12 weeks of pregnancy, and highest at 16 weeks of 
pregnancy. Regression analysis showed proportional bias at all gestational age groups, 
indicating a tendency for USCOM to overestimate higher CO values and underestimate 
lower CO values.

This table is supplemented with mean values and Bland-Altman analysis for variables 
that determine CO, namely SV, HR, OTD and VTI. Bland-Altman analysis of SV shows 

(A) Bland-Altman plot in pregnant women at 12 weeks of 
gestational age.

(B) Bland-Altman plot in pregnant women at 16 weeks of 
gestational age.
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(C) Bland-Altman plot in pregnant women at 20 weeks of 
gestational age.

(D) Bland-Altman plot in pregnant women at 30 weeks of 
gestational age.
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figure 2 (A-D). Bland-Altman plots presenting agreement between USCOM and transthoracic echocardiog-
raphy (TTE) for cardiac output (CO) in pregnant women over the course of pregnancy. The centred line 
(yellow) presents bias between two methods, and upper and lower lines (blue) indicate the limits of agree-
ment. The dotted lines indicate significant proportional bias.
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Table 3. Agreement between USCOM and TTE of cardiac output, and variables that determine cardiac out-
put during pregnancy

12 weeks
n = 83

16 weeks
n = 105

20 weeks
n = 96

30 weeks
n = 77

GA age at measurement 123 [5] 163 [5] 201 [4] 301 [4]

Height, cm 166 (6) 166 (6) 167 (6) 167 (6)

Weight, kg 72 (14) 73 (14) 75 (13) 79 (14)

CO USCOM 6.2 (1.2) 6.4 (1.3) 6.5 (1.3) 6.6 (1.3)

(L/min) TTE 5.7 (0.9) 5.8 (0.9) 6.0 (0.9) 6.0 (0.9)

Bias 0.6 0.6 0.5 0.6

Precision 1.1 1.4 1.4 1.3

Limits of agreement -1.5 to 2.7 -2.2 to 3.4 -2.2 to 3.2 -1.8 to 3.1

Percentage error 35% 45% 43% 39%

SV USCOM 85 (15) 88 (17) 89 (17) 84 (15)

(ml) TTE 75 (10) 77 (12) 79 (12) 72 (11)

Bias 9 11 10 11

Precision 15 18 18 15

Limits of agreement -21 to 39 -24 to 46 -25 to 45 -19 to 41

Percentage error 37% 43% 42% 39%

HR USCOM 74 (10) 73 (9) 74 (9) 80 (9)

(bpm) TTE 76 (11) 75 (9) 77 (11) 83 (10)

Bias -2 -2 -3 -4

Precision 7 6 6 6

Limits of agreement -15 to 11 -14 to 10 -16 to 10 -15 to 8

Percentage error 17% 17% 17% 14%

OTD USCOM 1.91 (0.06) 1.91 (0.06) 1.92 (0.06) 1.92 (0.06)

(cm) TTE 1.90 (0.12) 1.90 (0.11) 1.91 (0.11) 1.93 (0.13)

Bias 0.02 0.02 0.00 -0.02

Precision 0.12 0.11 0.11 0.13

Limits of agreement -0.22 to 0.25 -0.20 to 0.24 -0.21 to 0.21 -0.27 to 0.24

Percentage error 12% 11% 11% 13%

VTI USCOM 29.6 (4.7) 30.6 (5.4) 30.7 (5.4) 28.9 (4.9)

(cm) TTE 26.7 (3.3) 27.5 (4.0) 27.8 (4.4) 24.9 (3.5)

Bias 2.9 3.1 2.9 4.1

Precision 4.0 5.1 5.6 4.5

Limits of agreement -4.9 to 10.7 -6.9 to 13.1 -8.0 to 13.8 -4.8 to 12.9

Percentage error 28% 35% 37% 33%

Data are presented as mean (standard deviation) or as median [interquartile range]. USCOM indicates Ultrasonic Cardiac 
Output Monitor; TTE, transthoracic echocardiography; GA, gestational age; y, years; cm, centimetres; kg, kilogrammes; 
CO, cardiac output; L/min, litres per minute; SV, stroke volume; ml, millilitres; HR, heart rate; bpm, beats per minute; OTD, 
outflow tract diameter; VTI, velocity time integral
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similar results as compared to CO, with an overestimation when measured with USCOM, 
and lowest percentage error found early in pregnancy. HR measured with USCOM was 
on average lower compared to TTE. Linear mixed-effects regression showed no evidence 
of an association between the difference in CO by the two methods and moment of 
measurement (P = 0.874).

Method characteristics

TTE measurements in duplicate showed an intra-class correlation coefficient of 0.86 
(95% CI 0.71–0.94; P <0.001) and 0.93 (95% CI 0.90–0.95; P < 0.001) for USCOM.

DISCUSSION

The aim of this study was to assess accuracy and precision of CO measured with USCOM 
and TTE before and during pregnancy. Optimizing measurements in non-pregnant 
women only moderately improved agreement between the methods. Therefore, only 
unrefined data of pregnant women were used in further analysis. Bland-Altman analy-
ses revealed similar results of bias in pregnant women over the course of the pregnancy, 
being 0.6 L/min higher when measured with USCOM, however, percentage error in all 
trimesters was higher than clinical acceptability of 30%.

First, we determined whether agreement between the two methods could be improved 
by optimizing measurements in the non-pregnant population. Estimated OTD based 
on height by USCOM was replaced by measured OTD by TTE, which could be useful for 
monitoring purposes. This procedure barely improved percentage error, and precision 
decreased slightly. Therefore, we would not recommend this procedure to optimize 
agreement. Similar results of only small improvements in agreement when estimated 
OTD was replaced was found in a study comparing USCOM with Cardiac Magnetic 
Resonance and in a study comparing USCOM with thermodilution.19, 25 Selecting only 
high-quality USCOM images (Fremantle score = 6) improved percentage error up to 
30%, reaching approximately the clinical level of acceptability. Since only 52 of the 132 
measurements (40%) had this Fremantle score, in clinical practice, this restriction is not 
feasible.

Percentages of error in pregnant women in our study varied between 35% and 45%, 
which is higher compared to McNamara et al. (percentage of error 33%) and Vinayagam 
et al. (percentage of error between 29% and 38%).18, 20 This might be explained by differ-
ence in measurement position. McNamara et al. performed both measurements in left 
lateral position, while women in our study were shifted from left lateral (TTE) to supine 



CHAPTER 7

190

position (USCOM), in compliance with manufacturer’s instructions. The difference in 
position in itself and shifting may have induced changes in CO, especially in the third 
trimester, when the enlarged uterus may compress the inferior vena cava and affect 
cardiac preload, filling and SV.26 Another explanation for the difference in percentage 
error could be the higher mean CO measured in women by Vinayagam et al. Percentage 
error is calculated by dividing precision by mean CO, and lower percentages of error 
could be expected in high CO states. This difference was most pronounced in advanced 
gestation. All determinants of CO (i.e. SV calculated from VTI and OTD, and HR) had some 
degree of disagreement. In contrast to McNamara et al. the percentage error of SV was 
comparable to the percentage error of CO, and we would not recommend assessing this 
as an independent variable.20

This is the first study reporting the difference between TTE and USCOM measurements 
longitudinally during pregnancy. For valid measures of CO during pregnancy, it is im-
portant that bias is independent from the moment of measurement during pregnancy. 
We found no evidence that the bias in CO increases or decreases over the course of 
pregnancy, taking repeated measurement within individuals into account.

Insight in hemodynamic status early in pregnancy may be helpful in identifying women 
with deviant adaptation to pregnancy, who are at risk for hypertensive complications 
and/or growth restriction.10, 11 Also, information on maternal hemodynamic parameters 
when hypertensive problems arise may result in a tailored choice of antihypertensive 
medication.14, 15 A “point-of-care” device, such as USCOM, should be efficient, cheap and 
easy to operate. USCOM is portable and results are immediately readable. We showed 
good intra-observer correlations for USCOM measurements, and good inter-observer 
correlations have been reported previously.27 However, utility in clinical practice greatly 
depends on useful results, and acceptable quality measurements. In USCOM, only 80% 
of the images were of a good quality in the non-pregnant women in our population, 
which is a significant limitation of the measure. This study showed that exact values of 
USCOM and TTE cannot be used interchangeably. Biological fluctuations in CO that result 
from respiration and baroreceptor-mediated cardiac responses might have moderately 
contributed to the discrepancy between the two methods. Even though measurements 
with TTE were timed at the end of expiration, a deviation of 20% of the averaged CO 
during a complete respiratory cycle cannot be ruled out.28 USCOM measurements were 
not timed within the respiratory cycle. Previous research has shown that repeated CO 
measurements with thermodilution randomly at different phases of the respiratory cycle 
substantially affected variation (range of 1.50 L/min) compared with timed repeated 
measurements (range of 0.47 L/min at end-exhalation).29
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Compared to TTE, CO in USCOM is based on more heartbeats and velocity time integral 
complexes, averaging hemodynamic fluctuations. Ideally, when comparing methods, CO 
should be measured during a similar period, using many more, but at least a comparable 
amount of cardiac cycles to enable a more accurate comparison. Lastly, as extensively 
explained by Cecconi et al., fulfilling the 30% criteria of clinical acceptability greatly 
depends on the precision of the reference technique, which appeared to be moderate 
for TTE.30 With a lower precision of the reference measurement, it is more difficult to 
reach the limit of clinical acceptability for a newly introduced method.

The main strength of our study is the comparison of a new method with a reference 
method in non-pregnant women, and a broad range of gestational ages in the same 
women. The possible self-induced biological CO fluctuation through a change in the as-
sessment position was a limitation of our study, as were the untimed USCOM measure-
ments in the respiratory cycle. Moreover, our high-risk population is more likely to have 
deviant hemodynamic adaptation to pregnancy. Due to the present proportional bias, 
indicating that CO is underestimated by USCOM in low CO values, and overestimated in 
high CO values, agreement might be more acceptable within the normal range of CO. 
However, especially women with deviant adaptation to pregnancy might benefit from 
CO determination, and a method that replaces echocardiography should be able to ac-
curately identify both a limited as well as a marked increase in CO. We would therefore 
not recommend to study agreement of these methods solely in a low-risk population. 
Taken the proportional bias into account, USCOM provides a rough estimate of CO (low, 
moderate, high), only allowing to identify women at higher risk of complications.

CONCLUSION

Agreement between USCOM and TTE in pregnancy was outside our a priori determined 
level of acceptability and absolute values of TTE and USCOM should not be used inter-
changeably. Optimizing USCOM measurements resulted only in limited improvement 
in agreement between the two methods. Future research should focus on the clinical 
consequences and decision-making of the measured CO for the separate techniques.
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The syndrome of preeclampsia complicates 3-5% of all pregnancies. In the short term, 
it is a leading cause of maternal and neonatal mortality and morbidity in the Western 
world. Remotely, preeclampsia associates with early development of cardiovascular 
and metabolic diseases in affected women and their offspring. In favour of women’s 
and offspring’s health, preventing preeclampsia and managing its postpartum sequalae 
are of great importance. In-depth insight in pathogenetic processes that contribute to 
the development of this gestational complication might provide clues for personalized 
preventive measures and targeted treatment.

Vascular complications in pregnancy are preceded by different cardiovascular stages. A 
prepregnant risk status predisposes to abnormal cardiovascular adjustments to preg-
nancy, that are followed by an increasing loss in maternal and placental reserve capac-
ity, sympathetic system dominated maintenance of blood pressure, ultimately leading 
to preeclampsia. This thesis focusses on pre-pregnancy hemodynamic performance 
and the subsequent adjustments to pregnancy, and its crucial role in the development 
of hypertension and preeclampsia. Heterogeneous patterns of deviant hemodynamic 
adjustments are associated with hypertensive complications of pregnancy. However, 
even in high-risk women, hemodynamic assessment in addition to blood pressure mea-
surements throughout gestation are not routinely performed. This might be due to 
the absence of physiologic reference values over the course of pregnancy, the lack of 
clinical evidence of effectiveness of hemodynamic-guided treatment in women at risk 
and the lack of optimal measurement methods for this purpose. Elucidations on these 
limiting factors are explored in this thesis. The first chapters underscore the necessity of 
preventive measures by presenting the postpartum consequences of preeclampsia and 
the limited improvement of recurrent rates over the last two decades.

Results of preventing recurrent preeclampsia in the past two decades

Incidences of recurrent preeclampsia range from 7 to 80%, depending on studied 
populations.3, 4 The risk of recurrent preeclampsia relates to severity of complications 
in the first pregnancy and underlying maternal cardiovascular and cardiometabolic risk 
factors.4-7 In contrast to our expectations, we did not find a decreased incidence of recur-
rent preeclampsia and related maternal complications in the past two decades, even 
though, in contrast to older guidelines, current guidelines advocate preventive use of 
aspirin and calcium. In population-based studies, such a finding might be explained by 
the consistent rise in prevalence of maternal constitutional risk factors for preeclampsia 
and advanced maternal age.8, 9 In our study, we were able to adjust for the presence 
of pre-pregnancy underlying cardiovascular and cardiometabolic risk factors and ges-
tational preventive measures, because all women underwent a risk factor assessment 
at comparable time after their first complicated pregnancy and in all women the use 
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of above mentioned preventive measures were evaluated. Later onset of preeclampsia 
could be another measure reflecting improved health care, which was additionally 
evaluated in our study, but the gestational age at onset of recurrent disease did not 
change over the past two decades. Also, trends of earlier elective delivery may have 
masked an even higher incidence of preeclampsia that could have developed in case 
pregnancy was prolonged.10 The HYPITAT trial showed advantages of labour induction 
at 37 weeks of gestational age, instead of watchful waiting in pregnancies complicated 
by hypertension.11 As this study ran in about a quarter of all hospitals in the Netherlands, 
induction of labour in case of hypertension at term was rapidly implemented through-
out the country in the last decade.

A population-based study in Norway between 1973 and 2012 showed a reduction of 
recurrent early preterm preeclampsia from 1993 onwards, attributed to the introduction 
of prophylaxis with daily low-dose aspirin during the subsequent pregnancy.12 This was 
only advised to women with a history of early-onset preeclampsia. As a consequence, 
women with a history of late preterm and term preeclampsia were neither advised 
to take preventive medication nor showed a reduction in recurrence rate. Nowadays, 
the advantageous effect of timely instituted daily low-dose aspirin on preeclampsia 
is evidenced, regardless of the risk level of women, although the number needed to 
treat for one woman to benefit is high (>60 in the overall population).13 Another generic 
beneficial preventive measure during pregnancy, calcium supplementation, reduces the 
risk of preeclampsia, but the effect varies with dietary calcium intake.14 In the consulta-
tion after the non-pregnant risk factor assessment, all women in our study were advised 
to take daily low-dose aspirin and calcium supplementation during their subsequent 
pregnancy. Preventive measures had effect, but even when correcting for these factors, 
this did not affect the general recurrence rate. The low adherence was remarkable: 
only 60% and 28% of women in our study reported to have taken aspirin and calcium, 
respectively. Similar limited aspirin usage in a high-risk population was noticed in the 
early 2000s across the United Kingdom.15 It might be that physicians who provided 
perinatal care during the next pregnancy were reserved in prescribing this measure in 
absence of recommendations in national guidelines, especially in women with a history 
of late-onset preeclampsia. Future rates of incident and recurrent preeclampsia could 
be improved by incorporating general preventive measures in the national guidelines, 
not limited to selected highest risk populations.

Maternal adjustments during pregnancy

Healthy pregnancy is accompanied by major hemodynamic changes that later benefit 
and preserve sufficient uteroplacental circulation. A drop in systemic vascular resis-
tance during the first trimester triggers several compensatory mechanisms to maintain 
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blood pressure, amongst an increase in plasma volume and cardiac output.16, 17 One of 
our aims was to provide detailed insight into the magnitude and moment of healthy 
hemodynamic changes during normotensive pregnancies, and to construct reference 
curves of hemodynamic parameters for normotensive gestation by performing a sys-
tematic review and meta-analysis. Our results showed that during normotensive preg-
nancies, cardiac output started to increase from the first trimester onwards, reaching 
its maximum in the early third trimester. In parallel, total peripheral vascular resistance 
substantially decreased in the first trimester, and reached its minimum between 22 and 
28 weeks of gestation after which it slightly increased until term. The initial increase in 
cardiac output in normotensive pregnancy results from an increase in both heart rate 
and stroke volume.17, 18 Nonetheless, we observed that heart rate steadily increased 
over de course of pregnancy, while the rise in stroke volume attenuated in the second 
half of the pregnancy, and at term, stroke volume was no longer different from non-
pregnant women. This may be the resultant of several factors. First, preload might be 
hampered because the enlarged uterus compresses the inferior vena cava at the end 
of pregnancy.19, 20 Second, a higher heart rate decreases the diastolic period, which may 
impair filling of the left ventricle.21 Third, cardiac remodelling during pregnancy may 
reduce compliance of the extensively stretched sarcomeres, which could reduce stroke 
volume.22 The latter is only valid when end-diastolic filling is substantially increased.

The specific mechanisms and vasodilators contributing to the reduction in vascular 
resistance are not yet completely unravelled. There appears to be a role for the secre-
tory products of the corpus luteum, amongst progesterone, oestrogen and relaxin, as 
functionally supported by similar cardiovascular changes to take place in the luteal 
phase of the menstrual cycle, and cardiovascular changes that are attenuated in in vitro 
fertilization pregnancies without a corpus luteum.23, 24 This hormonal environment is 
paralleled by a first trimester rise in arterial compliance along with decreased general 
vascular tone, followed by decreased vascular responsiveness to vasoconstrictors (es-
pecially angiotensin II and norepinephrine), increased sensitivity to vasodilatory sub-
stances, and the functional opening of maternal protective regulatory micro-circulatory 
and placental arterio-venous shunts.25-28 The resulting first trimester relative circulatory 
underfill is counterbalanced by activation of the renin-angiotensin-aldosterone system, 
which stimulates renal volume retention that expands plasma volume, supporting a rise 
in stroke volume and therewith cardiac output.23, 29 Plasma volume expansion leads to 
dilutional anaemia, which additionally may reduce total peripheral vascular resistance 
by reducing blood viscosity.30, 31 Marked sympathetic activation in favour of elevated in-
otropy and chronotropy may be a compensatory mechanism to maintain blood pressure 
at pre-pregnancy levels, although resetting of baroreceptor sensitivity and reduction of 
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neurovascular transduction in pregnancy blunts the effect of sympathetic regulation on 
arterial blood pressure.32-35

The compensatory central hemodynamic mechanisms of healthy pregnancy seem to be 
compromised in gestational hypertensive diseases. In our meta-analysis, we observed 
that, on top of a higher prepregnant cardiac output, the initial increase in cardiac output 
to be greater in later developing hypertensive complications than the increase observed 
in normotensive evolving pregnancies. The excessive rise predominantly originates 
from an increased heart rate rather than stroke volume, because the latter did not 
significantly change compared to non-pregnant values. Also, total peripheral vascular 
resistance did not substantially decrease in any trimester in women who eventually 
developed hypertensive complications. Despite these aggregated findings, previous 
longitudinal studies have shown that heterogeneous deviant hemodynamic changes 
precede hypertensive complications. Late-onset preeclampsia, typically with normal 
foetal growth, is headed by an exaggerated early-rise in cardiac output, whereas early-
onset preeclampsia with foetal growth restriction is mostly preceded by shallow first-tri-
mester increase in cardiac output and absent drop in peripheral vascular resistance.36-40 
Because the system-biological pathways to complications are so divergent, combining 
measurements of women at different pathophysiologic time points results in the wide 
confidence intervals of hemodynamic parameters found in hypertensive pregnancies. It 
is likely that women with late-onset preeclampsia were overrepresented, because it de-
velops much more frequently than early-onset preeclampsia. In addition, women with 
early-onset preeclampsia and concomitant foetal growth restriction are likely to deliver 
preterm, thus their measurements at term are not available. Unfortunately, subgroup 
analyses on gestational hypertension, early-onset and late-onset preeclampsia was not 
possible because of combined groups, and inconsistent definitions among the studies 
included in our meta-analysis.

In healthy functioning circulations, spontaneous fluctuations in blood pressure are 
autonomically counterbalanced by short-term baroreceptor-mediated changes in heart 
rate and vascular tone to keep blood pressure stable around each individual’s blood 
pressure set point.41 Long-term regulation of blood pressure involves hormonal and 
renal mechanisms, affecting systemic vascular resistance and blood volume, which 
influences cardiac output. As a result, alterations in cardiac output and total peripheral 
vascular resistance both contribute to maintain stable blood pressure. Consistent rise 
or fall in blood pressure within one person throughout gestation indicates failure of re-
sponse mechanisms to compensate for the pregnancy-induced drop in total peripheral 
vascular resistance. As such, rising blood pressure is a rather late circulatory signal in 
the system biology toward hypertensive complications in pregnancy. Normalization of 
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non-physiological hemodynamic adjustments in early pregnancy with counteracting 
medication may impede the circulatory processes that contribute to the development 
of preeclampsia. Lowering exaggerated cardiac output that is beyond physiological 
boundaries may decrease endothelial shear and damage by overperfusion to the pla-
cental intervillous space.42, 43 Centrally acting sympatholytic agents and calcium antago-
nists may support uterine perfusion by reducing uterine bed vascular resistance, while 
beta-blockers may reduce the detrimental effect of overperfusion.44, 45 We showed that, 
in a high-risk population, modification of abnormal hemodynamic adjustments halves 
the risk of recurrent preeclampsia and reduces the risk of HELLP syndrome about 90%, 
without disadvantageous effects on offspring outcome.

Towards appropriate and early treatment of elevated blood pressure

Current management of elevated blood pressure in pregnant women is less tight 
compared with non-pregnant individuals. First, blood pressure thresholds to define 
hypertension and to advice pharmacological treatment in pregnant women are higher 
compared with non-pregnant individuals. Second, the choice of pregnancy-compatible 
antihypertensive agent is often guided by physicians’ experience and regional stepwise 
treatment protocols. On the contrary, in non-pregnant individuals, choice of antihy-
pertensive drug depends on presence of cardiovascular risk factors, comorbidities and 
ancestry, of which the latter associates with distinct circulatory profiles.46, 47 Changing 
treatment paradigms of elevated blood pressure during pregnancy may improve obstet-
ric outcomes.

Gestational hypertension can originate from hyperdynamic circulation characterized by 
high cardiac output and low vascular resistance (‘cardiac hypertension’), a hypodynamic 
circulation characterized by low cardiac output and high vascular resistance (‘vascular 
hypertension’), or a mixed hemodynamic circulation. Beta-blockers, central-acting 
alpha agonists, and calcium antagonists are commonly administered during pregnancy 
because of their safety profile. Each of this drug class is considered to lower high blood 
pressure via different mechanisms by reducing cardiac output or vascular resistance. 
Selective beta-blockers lower high blood pressure primarily by reducing cardiac output, 
while beta-blockers with additional ɑ-adrenergic receptor blockade activity concur-
rently reduce peripheral resistance.48, 49 Central-acting alpha agonists lower elevated 
blood pressure by altering central sympathetic activity. Cardiac output levels before and 
after start treatment do not change, suggesting a balance between reduced afterload, 
venous return, and negative chronotropic and inotropic effects of sympathetic inhibi-
tion.50, 51 Dihydropyridine calcium channel blockers inhibit calcium ions from entering 
the calcium channels of vascular smooth muscle, so elevated blood pressure is mainly 
lowered by reducing arterial tone and with it, vascular resistance.52, 53 Along these lines 
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of reasoning, beta-blockers are thought to be suitable for treating ‘cardiac’ hyperten-
sion, but could be detrimental in ‘vascular’ hypertensive women. These women may 
instead benefit from vasodilation by dihydropyridine calcium channel blockers, or from 
central-acting alpha agonists that reduce peripheral resistance.

Pharmacological treatment is recommended for severe hypertension to prevent 
cerebrovascular haemorrhage, liver or kidney failure: serious but very rare adverse 
events.54 Therefore, an extensive meta-analysis on pharmacological treatment of mild 
to moderate hypertension was underpowered to assess these compliations.55 The cur-
rent rationale for pharmacological treatment of mild to moderate hypertension is to 
prevent or delay progression to severe hypertension and preeclampsia. Medication is 
not recommended and uniformly initiated due to different effects on maternal disease 
progression and alleged poorer foetal outcomes, mainly related to foetal growth.56, 57 De-
spite divergent pharmacological mode of action of the various anti-hypertensive drugs 
used in obstetric hypertensive disease, most studies on which this recommendation is 
based, did not consider the maternal circulatory state or the circulatory response to the 
antihypertensive drug.

Our latest systematic review and meta-analysis on arterial blood pressure adjustments 
during pregnancy showed that virtually all blood pressure levels during normotensive 
pregnancy are <130/80 mmHg.58 Lowering thresholds to define hypertension, even when 
not pharmacologically treated, may result in improved risk perception and awareness. 
This could contribute to increased surveillance with appropriate risk counselling and 
additional screening tests for related complications when indicated. Women may be 
earlier and specifically pointed out to pay attention to preeclampsia-related symptoms, 
that necessitates contact with their perinatal health care provider. On the other hand, 
earlier treatment with tailored antihypertensive medication based on mode of action 
and underlying maternal circulatory profile might improve obstetric outcomes. Another 
argument in favour of early pharmacological treatment is the possibility to attenuate 
unfavourable cardiac remodelling. During healthy pregnancy, the maternal heart under-
goes reversible morphological alterations to meet the increased cardiac demand.21, 22 In 
hypertensive pregnancy, these alterations tend more towards unfavourable structural 
changes associated with diastolic dysfunction, that may persist after gestation. Devi-
ant adjustments of the heart may be hampered by early treatment of elevated blood 
pressure. Blood-pressure lowering medication, especially when directed at the hemody-
namic imbalance, may temper geometric changes and myocardial damage.59

The Control of Hypertension in Pregnancy Study (CHIPS) trial randomized almost 
1000 hypertensive pregnant women to tight control (target diastolic blood pressure of 
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85 mmHg) or less tight control (target diastolic blood pressure of 100 mmHg) of blood 
pressure.60 Tight control reduced progression to severe hypertension, which was, in a 
secondary analysis, evaluated as an outcome worthy of avoidance, because it associ-
ates with more adverse maternal and perinatal outcomes, independent of the effects 
of preeclampsia.61 The currently ongoing Chronic Hypertension and Pregnancy (CHAP) 
trial intends to evaluate whether a targeted blood pressure of <140/90 mmHg compared 
to treatment of severe hypertension (≥160/105 mmHg) in women with chronic hyper-
tension results in less adverse perinatal outcomes (ClinicalTrials.gov unique identifier: 
NCT02299414). In both studies, Labetalol is recommended as a first line agent, but other 
antihypertensive medications treatment schemes are also accepted. In about three-
quarters of women with mild to moderate hypertension, betablockers are likely to be the 
appropriate class of antihypertensive drugs, as their hypertension is of hyperdynamic 
‘cardiac’ origin. However, about a quarter of women develops hypodynamic ‘vascular’ 
hypertension, and they require (additional) vasodilator therapy to achieve blood pres-
sure control.62, 63 Women with high peripheral resistance who respond adequately are 
less likely to develop severe complications.44 Monitoring of response, with repeated 
hemodynamic evaluation is necessary to detect a crossover from a hyperdynamic to 
hypodynamic circulation, which is a sign of circulatory decompensation.64, 65 In the clini-
cal phase of preeclampsia, most women exhibit a high-resistance profile with either low 
cardiac output (in 58% of women) or normal cardiac output (in 36% of women).66

Monitoring hemodynamic parameters

Implementation of central hemodynamic assessment in pregnancy is challenged by the 
limited possibility to measure hemodynamic parameters efficiently and accurately. In 
the recent years, minimally- and non-invasive techniques to measure cardiac output 
are developed, and these are increasingly in use, also in the obstetric population in an 
outpatient setting.67 Some specialized centres have accessibility to transthoracic echo-
cardiography, but this is not standardly available in all obstetrics departments. Echocar-
diography is labour-intensive, expertise-dependent and results are not readily acces-
sible, unlike diverse other point-of-care methods. With the Ultrasonic Cardiac Output 
Monitor (USCOM), cardiac output is measured efficiently, and skills to perform measure-
ments are quickly acquired. In pregnant populations, transthoracic echocardiography 
can be used as a reference method for the validation of cardiac output measuring tech-
niques.68 Therefore, we executed a validation study to compare echocardiography with 
the USCOM in non-pregnant, and pregnant women over the course of their pregnancy. 
The found percentage of error, a measure to define agreement between the two meth-
ods, was outside our predetermined level of acceptability, indicating that cardiac output 
values of echocardiography and USCOM should not be used interchangeably, and one 
method cannot be mixed with the other. Two other validation studies showed similar 
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results with borderline deviant percentages of error over the course of pregnancy.69, 70 
In all studies, cardiac output in pregnancy measured by the USCOM was higher than 
cardiac output measured by echocardiography, with a surplus that ranged between 
0.5 and 1.1 L/min. The meta-regression on cardiac output measurement method in our 
systematic review and meta-analysis also indicated a trend of higher measured cardiac 
output with suprasternal aortic Doppler velocimetry methods compared with the other 
techniques (p = 0.09).

The conclusion that absolute cardiac output values are not interchangeable does not in-
evitably mean that the USCOM is unsuitable to use. It merely denotes that a single meth-
od should be used to monitor hemodynamic adjustments. Cardiac output is subject to 
transient biological fluctuations that result from respiration and baroreceptor-mediated 
compensations. A single estimate might deviate up to 20% from the averaged cardiac 
output during a complete respiratory cycle.71 Repeated cardiac output measurements 
randomly at different phases of the respiratory cycle substantially affected variation 
(range of 1.50 L/min) compared to timed repeated measurements (range of 0.47 L/min at 
end-exhalation).72 Compared with echocardiography, cardiac output measurement by 
the USCOM is based on more heartbeats and velocity time integral complexes, averaging 
those hemodynamic fluctuations.

In any case, absolute values should be evaluated with device-specific reference ranges, 
and reference values for the USCOM during pregnancy are available.73 Another direct 
application is to determine the difference in cardiac output during pregnancy relative 
to the non-pregnant value. In our systematic review and meta-analysis on central 
hemodynamic adjustments during pregnancy, the primary outcome was the mean dif-
ference between the non-pregnant and pregnant values determined per gestational age 
interval. These values can be used to assess an individual’s adjustments, provided that 
the prepregnant value is present. Finally, clinical consequences of the cardiac output 
values for the separate techniques were not evaluated, because these parameters are 
not standardly used in obstetrics. Future research on the use of hemodynamic param-
eters in obstetric clinical practice could reveal similar clinical consequences between 
measurement techniques.

fUTURE PERSPECTIVES

Hemodynamics and foetal growth

Hypertensive gestational disorders and impaired foetal growth are related com-
plications, that share common pathophysiological mechanisms, including deviant 



205

General discussion

8

hemodynamic functioning during pregnancy. In uncomplicated pregnancies, the early 
increase in cardiac output and reduction in peripheral vascular resistance correlates 
with foetal growth and birthweight of the neonate.74 Women who give birth to a small-
for-gestational-age neonate have a decreased cardiac output and an increased vascular 
resistance throughout pregnancy, and differences are more pronounced in severely 
growth restricted neonates.75, 76 Administration of vasodilators and plasma volume ex-
panders in women with early-onset preeclampsia and foetal growth restriction changed 
maternal hemodynamic parameters, supported pregnancy prolongation and improved 
neonatal birthweight.77 However, medication was not started until preeclampsia and 
growth restriction were diagnosed. Another multicentre trial, that currently evaluates 
the vasodilating effect of an organic nitrate on foetal growth restriction, antedates the 
complication by including women with impaired uterine artery Doppler at mid gesta-
tion.78 We showed that very early modification of hemodynamic parameters helps to 
prevent maternal gestational vascular complications and may possibly benefit first and 
second trimester placental development and function. This raises the prospect of early 
modification therapy to also optimize foetal growth, but pharmacologically lowering of 
high blood pressure, especially by betablockers, is previously negatively associated with 
neonatal birthweight.56 On the other hand, personalized early circulatory restoration of 
deviant adjustments prior to gestational hypertension allows the maternal cardiovascu-
lar system to compensate changes induced by medication while keeping blood pressure 
stabile. The potential beneficial effect of an intervention with early hemodynamic modi-
fication when the placenta is still developing on foetal growth needs to be evaluated in 
future trials.

Impact on reproductive choice

Experiencing a preeclamptic pregnancy influences couples’ decision-making about fu-
ture family planning.79-81 A first pregnancy complicated by preeclampsia results in lower 
rates of subsequent pregnancies compared to women without preeclampsia, although 
not in case of perinatal death.82, 83 Reasons for not achieving a subsequent pregnancy 
are fear of recurrent disease and preterm delivery.83 However, general estimates of 
recurrent complications might not match the risk and impact perceived by a parental 
couple. Counselling with individualized risk estimates might be useful to aid women 
and their partners to make confident choices regarding their reproductive future. 
Several prediction models have yet been developed for preeclampsia, incorporating 
maternal characteristics, uterine ultrasound appearances and serum biomarkers, but 
many models can only be used during pregnancy.84 Therefore, there is urgent need 
for prediction models that are applicable before pregnancy. Besides obstetric char-
acteristics of the first complicated pregnancy, these models could include maternal 
cardiovascular and cardiometabolic risk factors that are related to the risk of recurrent 
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disease.4-6 Many of those risk factors that have predictable capacity are modifiable 
with lifestyle changes. With specific insight in one’s own situation, women may strive 
to optimize their cardiovascular and cardiometabolic status before trying to conceive 
again, and to improve cardiovascular risk factors to prevent long-term cardiovascular 
diseases. Potential reduction in risk of recurrence of pregnancy complications is found 
to be an important motivator for women to change their lifestyle.85 Although there are 
no intervention trials of prepregnant lifestyle modification on subsequent pregnancy 
outcomes, a positive effect of adopting a healthy life style is very likely. A higher pre-
conception physical activity level is associated with a risk reduction of preeclampsia, 
and weight loss between pregnancies, even in women with a normal BMI, reduces the 
risk for recurrent preeclampsia.86, 87 Formerly preeclamptic women who ran through an 
intensive 12 weeks aerobic training program achieved substantial improvement of their 
cardiovascular and metabolic risk factors.88, 89 Future research should reveal what the 
effect is of such a training program on subsequent pregnancy outcomes.

Conclusion

Healthy pregnancy is accompanied by major changes in hemodynamic parameters, such 
as an increase in cardiac output and a drop in peripheral vascular resistance, from the 
first trimester on. Hemodynamic changes in women who eventually develop hyperten-
sive complications are substantially different over the course of pregnancy. Therefore, 
serial monitoring and weighing actual performance against developed normograms 
helps to identify women with deviant adjustments who are at risk for hypertensive 
complications. This allows timely initiation of generic preventive measures, including 
daily low-dose aspirin and calcium supplementation during pregnancy, and tailored 
non-generic preventive strategies with pharmacological modulation of the hemody-
namic imbalance. Such an innovative strategy halves the risk of recurrent preeclampsia 
in high-risk women, and reduces the risk on HELLP syndrome by 90%. Also, information 
on maternal hemodynamic parameters when hypertensive problems arise results in a 
substantiated choice of antihypertensive medication, based on pharmacological mode 
of action and anticipated hemodynamic response instead of the current stepwise ap-
proach to pharmacological therapy. Tailored prescription of antihypertensives in mild to 
moderate gestation hypertension may prevent disease evolvement to severe hyperten-
sion and preeclampsia, without adverse effect on foetal outcomes. The potential use of 
maternal hemodynamic parameters in pregnancy, and the availability of monitors that 
efficiently measure cardiac output promote implementation in general obstetric care, in 
order to reduce the burden of preeclampsia.
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This chapter addresses the possible impact and relevance of this thesis for our society. 
The general aim is to describe hemodynamic adjustments in normotensive and hyper-
tensive pregnancy, and to propose strategies to optimize the use of maternal hemody-
namic parameters in the prevention of gestational vascular complications, amongst 
preeclampsia, HELLP syndrome and foetal growth restriction, as current preventive 
measures fall short. In this chapter, the financial and social burden of preeclampsia are 
delineated as well as the potential financial and social gain that preventing this disease 
can achieve.

Preeclampsia, a hypertensive vascular disorder, complicates 4.6% (95% CI 2.7–8.2%) of 
all pregnancies worldwide.1 In the Netherlands, 167.588 women delivered in the year 
2019, meaning that over 7700 women recently experienced this gestational complica-
tion.2 Incidences are on the rise, possibly as a consequence of increasing prevalence of 
cardiovascular risk factors among women in the reproductive age, including elevated 
BMI (and concurrent dyslipidaemia, glucose handling disorders and high blood pressure) 
and advanced maternal age at gestation.2-4 Preeclampsia is a major cause of maternal 
and neonatal mortality and morbidity.5 Remotely, it associates with early development 
of cardiovascular and metabolic diseases in affected women, and in their offspring in 
case of impaired foetal growth and preterm birth. To date, there is no definite treatment 
for preeclampsia other than delivery, with associated neonatal risks of iatrogenic pre-
term birth. In Western world countries, the direct medical care costs of a preeclamptic 
pregnancy can amount to €22.360 extra compared to an uncomplicated pregnancy.6 
Based on Dutch economic findings in a group of formerly preeclamptic women receiving 
comparable intensive outpatient follow up throughout gestation (€8047), accounting for 
the additional costs made for normogram-guided care (€336/pregnancy trajectory) and 
the reduction in clinical outcome made -preeclampsia (costs €3720), which is also the 
primary variable together with preterm birth on additional direct costs- this kind of care 
is estimated to be at least cost effective or even less expensive than current care.7 On 
the short term, the primary drivers of the incremental costs are infant costs, especially 
in preterm and extreme preterm birth when admittance to a neonatal intensive care unit 
is necessary. These expenses neither include future costs to the healthcare system of 
preeclampsia-associated health problems for women and offspring, nor indirect costs 
and costs associated with lost productivity.

Effect on mental health

Pregnancies complicated by preeclampsia have great impact on physical and mental 
health of the parents, especially for the mother. Many women experience preeclampsia 
as a traumatic life event, particularly in preeclampsia with severe features necessitat-
ing hospital admission to an obstetric high- or intensive-care unit, combined with an 
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unexpected emergency delivery -often a ceasearean section- and birth of a premature 
child. This is possibly followed by admission of the neonate to the intensive care unit, or 
in the most severe cases, offspring handicap or infant loss. High levels of stress following 
this (severe) illness and/or adverse neonatal outcomes may develop into more severe 
psychological disorders, including post-traumatic stress disorder and depression, 
which, in turn affects cognitive functioning and well being.8, 9 Physical and mental health 
complaints might interfere with resumption of everyday life, affecting work obligations, 
leisure activities and family commitments.10

In the research agenda of 2020-2023 of the NVOG (Dutch Society of Obstetrics and Gyn-
aecology), the challenges in the development of preventive and treatment options for 
preeclampsia are outlined. The limited availability of predictors, and limited possibili-
ties of early diagnosis are emphasized. This agenda suggests that future research should 
focus on unravelling the pathophysiologic pathways leading to preeclampsia and foetal 
growth restriction, determination of (bio)markers and imaging for early diagnosis, and to 
evaluate preventive and therapeutic interventions on maternal and offspring outcomes 
during pregnancy. This thesis is in line with these goals, with deviant hemodynamic 
adjustments in early pregnancy as contributor and impressionable factor. Deviant he-
modynamic adjustments during pregnancy is assessable by monitoring cardiac output 
next to blood pressure measurements. To date, minimal- and non-invasive techniques 
are available to assess cardiac output in an outpatient obstetric clinic. We highlighted 
the USCOM, an efficient non-invasive method to determine cardiac output. Although ab-
solute values of the USCOM are not interchangeable with values measured by transtho-
racic echocardiography, this ‘point-of-care’ method is a suitable and attainable option 
to get an impression of the hemodynamic balance in hypertensive pregnant women. 
The prospects of the use of the hemodynamic (im)balance to prevent preeclampsia are 
outlined in this thesis.

Personalized care

Personalized drug treatment in gestational hypertension is likely to improve obstetric 
outcomes. The study protocol in this thesis outlines a theoretical background of ap-
propriate antihypertensive medication choice based on the hemodynamic parameters 
that determine blood pressure. Correcting the imbalance between cardiac output and 
total peripheral vascular resistance with appropriate counteracting drugs normalizing 
hemodynamic functioning may prevent disease evolvement from mild and moderate 
hypertension to severe hypertension and preeclampsia. Previous studies showed that 
improved blood pressure control in pregnancy is achieved when choice of medication is 
based on cardiac output.11, 12 As cardiac output assessment is not yet standardly feasible 
in obstetric clinics, we also developed a treatment algorithm to personalize antihyper-
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tensive treatment with readily available parameters (mean arterial pressure and heart 
rate). Pending the results of our randomized controlled trial with this treatment scheme, 
obstetricians may in ahead use the presented algorithm in daily clinical practice to make 
a more substantiated choice of antihypertensive agent in gestational hypertension.

In this thesis, we provide evidence that treatment of hemodynamic imbalances towards 
healthy, physiological hemodynamic values, even before blood pressure rises, substan-
tially improved recurrence rates of preeclampsia and HELLP syndrome without any 
disadvantageous offspring effects. In-depth insight in timing and magnitude of physi-
ological adjustments in cardiac output and peripheral vascular resistance is necessary 
to employ this strategy in daily clinical practice. Therefore, we executed a systematic 
review and meta-analysis to summarize all available data in current literature on hemo-
dynamic parameters, and we provided reference values of physiological adjustments 
during pregnancy. We presented both mean difference relative to non-pregnant values 
and absolute hemodynamic values throughout gestation. The former makes usability in 
clinical practice method- and device-independent.

The experience of a complicated pregnancy influences couples’ decision-making about 
future family planning. A first pregnancy complicated by preeclampsia results in lower 
rate of subsequent pregnancies compared to women without preeclampsia, although 
not in case of perinatal death.13, 14 Reasons for not achieving a subsequent pregnancy are 
fear of recurrent disease and preterm delivery. To date, available preventive measures, 
and optimal monitoring and intervention strategies in women at risk for this pregnancy 
complication are limited. Provided care-as-usual during pregnancy greatly depends on 
patients’ preference and physicians’ common practice. As a consequence, health care 
consumption in the subsequent pregnancy after early onset preeclampsia and/or HELLP 
syndrome greatly varies between individual cases, ranging between 5 and 37 outpatient 
visits.7 Our presented cardiovascular monitoring and modification program during the 
subsequent pregnancy in formerly preeclamptic women not only reduces the incidence 
of recurrent preeclampsia, it also make the control frequency more uniform and predict-
able, and may improve feeling of control of the parents during the next pregnancy.

Dissemination

Various efforts to disseminate the knowledge gained from our studies to different target 
groups were initiated. All of the studies and the protocol presented in this thesis have 
been published in diverse international journals, and most of them as open access 
publications to spread the findings to the international research community and clinical 
practices. In addition, most findings have been presented at national and international 
conferences that hosted many physicians and researchers from the Netherlands and 
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across the globe. The systematic review and meta-analysis on hemodynamic adjust-
ments during pregnancy is part of a designed series of reviews and meta-analyses on 
physiological adjustments of maternal cardiovascular and cardiometabolic parameters 
during pregnancy. Results of all review subjects are intended to be published in a refer-
ence book for (medical) students and specialists.

A non-pregnant cardiovascular and cardiometabolic risk factor assessment in Maastricht 
is accessible to all women in the country who experienced a pregnancy complicated 
by hypertension, preeclampsia and/or associated adverse events. From 2013 onwards, 
all these women are invited to participate in the -still ongoing- cardiovascular program 
during their pregnancy with modulation of deviant hemodynamic adjustments, in addi-
tion to regular care. More than half of the formerly preeclamptic women participating 
in this program are referred by physicians from other hospitals. Results of every single 
evaluation, and advices for pharmacological modulation of abnormal hemodynamic 
adjustments are explained to the parental couple and the referring physician. Therefore, 
many obstetricians in the country are informed about this early treatment strategy, and 
this is likely to enhance implementation of the program in other hospitals. Moreover, 
one of the women participating in the cardiovascular program during pregnancy was 
reported for the television program “Dokters van Morgen” (Physicians of Tomorrow), 
which was broadcasted on national television in November 2020. In this program, in-
novations and new insights in health care are highlighted, and the program was selected 
for the hypertension episode. Every other year, our research group together with patient 
support group “Hart voor HELLP” organizes a patient conference, where results of our 
(ongoing) studies are elucidated. Unfortunately, the planned conference for 2020 could 
not take place due to the regulations regarding the COVID-19 pandemic.
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SUMMARY

Preeclampsia is a pregnancy complication characterized by hypertension along with 
de novo proteinuria or other signs of maternal organ dysfunction in previously normo-
tensive women, or superimposed upon chronic hypertension. It is a leading cause of 
maternal and neonatal morbidity and mortality in the Western world. Delivery of foetus 
and placenta is currently the only definite treatment of preeclampsia, with associated 
neonatal risks as a consequence of iatrogenic preterm delivery. The effect of deferred 
delivery in preeclamptic pregnancies on postpartum maternal cardiovascular recovery 
and health is yet underexplored. A lot of effort is put on researches on interventions 
to prevent and adequately treat gestational hypertensive complications. The main 
focus of this thesis is on hemodynamic adjustments to pregnancy, the association with 
gestational hypertensive complications and following related opportunities to prevent 
(recurrent) preeclampsia.

Healthy pregnancy is accompanied by major hemodynamic changes that preserve and 
benefit the uteroplacental circulation. A first-trimester drop in systemic vascular resis-
tance triggers several compensatory mechanisms, such as an increase in blood volume 
and cardiac output, to meet the metabolic demands of the growing foetus and to main-
tain blood pressure. Women destined to develop gestational hypertensive complications 
including preeclampsia often exhibit non-physiological hemodynamic adjustments long 
before overt clinical disease. The more commonly occurring gestational hypertension 
and late-onset preeclampsia are mostly preluded by exaggerated early rise in cardiac 
output, whereas a shallow rise and absent drop in peripheral vascular resistance in the 
first half of pregnancy predisposes to the much less prevalent early-onset preeclampsia 
along with impaired foetal growth. Enhanced insight in timing and magnitude of physi-
ological hemodynamic adjustment patterns in normotensive pregnancies might help to 
recognize deviant adjustments preceding preeclampsia. The following step is to explore 
the possibilities to modify deviant adjustment patterns to prevent preeclampsia.

Chapter 1 is a general introduction about preeclampsia, the basics of blood pressure 
and blood pressure regulation and hemodynamic adaptation patterns during preg-
nancy. The aims and outlines of this thesis are described in this chapter.

Delivery of foetus and placenta is currently the only definite treatment of preeclampsia 
and scheduled birth is clinically dependent on severity of maternal disease, foetal 
condition and gestational age at diagnosis. Before 34 weeks of pregnancy, this deci-
sion often presents a management dilemma because premature birth increases the 
risk of neonatal morbidity and mortality, whereas deferred delivery puts the mother 
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at jeopardy from deterioration of the preeclamptic condition and associated adverse 
foetal complications, including stillbirth. The effect of expectant management of severe, 
early-onset preeclampsia on postpartum maternal cardiovascular recovery and health 
are yet underexplored. Chapter 2 describes an observational study which evaluated 
the association between duration of gestational disease exposure from diagnosis to 
delivery on offspring outcome on the one hand, and maternal cardiovascular, renal and 
metabolic health in the postpartum period on the other hand. Pregnancy prolongation 
after diagnosis resulted in a higher absolute neonatal birthweight, and a decrease in 
infant mortality by 5% per day extension. Pregnancy prolongation was associated with 
a 2% per day elevated risk of moderately increased albuminuria, but not with aberrant 
cardiac geometry, cardiac systolic or diastolic dysfunction, persistent hypertension 
or metabolic syndrome. These results emphasize the importance of monitoring renal 
barrier function, especially in women whose pregnancy is prolonged by several days 
to weeks. Moreover, the outcomes substantiate the answer to a very practical question 
from formerly preeclamptic women wondering whether a prolonged temporizing man-
agement plan affected their remote cardiovascular health.

Chapter 3 presents an observational study on the recurrence rates of preeclampsia 
and related complications in the past decades. Increased recognition of cardiovascular 
and metabolic risk factors contributing to the development of preeclampsia offers the 
possibility to counsel on lifestyle changes before pregnancy. In addition, diverse other 
measures to prevent recurrent preeclampsia have been evaluated and implemented in 
clinical practice including daily low-dose aspirin and calcium supplementation during 
the subsequent pregnancy. In an observational cohort study of women who had an ex-
tensive non-pregnant cardiovascular risk factor assessment after their first preeclamptic 
pregnancy, recurrence rates of preeclampsia did not decline over the past two decades. 
However, in the same era, foetal and neonatal outcomes improved substantially. This 
study underpins the need to extend, improve and implement strategies to reduce the 
incidence of (recurrent) preeclampsia in high-risk women.

Chapter 4 is a systematic review and meta-analysis to delineate adjustments in cardiac 
output, its determinants stroke volume and heart rate, and total peripheral vascular 
resistance during singleton normotensive and hypertensive pregnancies. In-depth 
insight in timing and magnitude of hemodynamic adjustments during normotensive 
pregnancy may aid in identifying women at risk for gestational hypertensive complica-
tions. In normotensive pregnancies, cardiac output increased from the first weeks on, 
reaching its highest level in the early third trimester (mean difference compared to non-
pregnant reference values: 1.47 L·min-1, 95% CI 1.24–1.70 L·min-1). Both stroke volume 
and heart rate contribute to this increase. Stroke volume reduced slightly from the early 
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third trimester until term, and heart rate reached a steady state, resulting in a slightly 
decreasing cardiac output towards the end of pregnancy. In parallel to cardiac output, 
total peripheral vascular resistance decreased from the first trimester progressively 
until its early third trimester nadir (mean difference of -316 dyne·sec·cm-5, 95% CI −368 
to −265 dyne·sec·cm-5) after which it increased slightly at term. Pregnancies ending in 
hypertension or preeclampsia show an altered hemodynamic response to conception. 
In addition to a higher baseline cardiac output, the initial increase in cardiac output 
is more pronounced, although this is not sustained as in normotensive pregnancies. 
Moreover, the rise in cardiac output predominantly originates from an increased heart 
rate rather than in combination with stroke volume. Total peripheral vascular resistance 
values did not change throughout hypertensive gestation. Monitoring hemodynamic 
adaptation patterns next to blood pressure measurements in early pregnancy might aid 
in identifying women with high risk at gestational hypertensive complications. This may 
enhance possibilities to initiate general preventive measures, or intervention by tailored 
modulation of hemodynamic parameters.

Recognition of underlying circulatory profile in mild to moderate gestational hyperten-
sion might result in a more substantiated choice of antihypertensive drugs. Chapter 
5 describes a study protocol delineating a randomized controlled trial on the effect 
of personalized treatment in mild to moderate gestational hypertension to prevent 
severe hypertension and/or preeclampsia. For its well-established maternal benefits, 
international and national guidelines recommend to treat blood pressure when it 
reaches the threshold of severe hypertension (systolic or diastolic blood pressure ≥160 
or ≥110 mmHg respectively). Effectiveness of antihypertensive medication in mild to 
moderate hypertension (systolic blood pressure between 140 and 160 mmHg or diastolic 
blood pressure between 90 and 110 mmHg) is subject of debate and medication is not 
uniformly initiated because of inconsistent effects on maternal outcomes and alleged 
adverse foetal consequences. However, disappointing outcomes of previous studies 
might be explained by a stepwise medication selection without consideration of the 
underlying circulatory profile and mechanism of action of the first-line antihypertensive 
agent. Blood pressure is regulated within narrow boundaries by neural and humoral 
mediated alteration of cardiac output and vascular resistance, and is only changing 
when these determinants are unable to compensate deteriorations. As such, elevated 
blood pressure can be lowered by reducing cardiac output, vascular resistance or by a 
combination. Hypertensive women with a high-cardiac-output, low-vascular-resistance 
circulatory profile might profit most from beta-blockage, while reducing cardiac output 
may be detrimental in low-cardiac-output, high-vascular-resistance women. The latter 
women may instead benefit from vasodilation by calcium channel blockers or reduction 
in peripheral resistance by central-acting alpha agonists as first-line therapy. In this cur-
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rently ongoing randomized controlled trial, personalized antihypertensive treatment 
based on maternal circulatory profile is compared with generally practiced expectant 
management in women with mild to moderate hypertension during pregnancy. Per-
sonalized treatment in the medication arm is guided on hemodynamic profile using a 
simple treatment algorithm using mean arterial pressure and heart rate to allow easy 
implementation in daily clinical practice. The primary outcome is the incidence of severe 
hypertension and/or preeclampsia; secondary outcomes are maternal and offspring 
outcomes and complications.

An observation study of an innovative antenatal care program is outlined in Chapter 
6. As women destined to develop gestational hypertensive complications often exhibit 
different hemodynamic adjustment patterns to pregnancy, tailored pharmacological 
circulatory modulation might result in improved pregnancy outcomes. This treatment 
strategy was evaluated in an observational study. Primiparous women with a history 
of preeclampsia admitted to a non-pregnant cardiovascular and metabolic risk factor 
assessment were invited to participate in a longitudinal program during their second 
pregnancy, additive to regular antenatal care. In this program, tailored antihyperten-
sive medication was advised to women with non-physiological adjustments. In short, 
women with an exaggerated cardiac output rise effectuated by a high heart rate were 
advised a dual-acting betablocker. Women with a persistent high peripheral vascular 
resistance were advised a dihydropyridine calcium channel blocker, and a centrally act-
ing sympatholytic agent was primarily indicated when heart rate and vascular resistance 
were equally high. We showed that physiologic normogram-guided care and tailored 
pharmacological intervention directed to correct underlying hemodynamic imbalance 
halved the risk of recurrent preeclampsia, without unfavourable effects on offspring 
outcome. This clinically relevant decrease in recurrent preeclampsia along with the 
reassuring offspring effects may facilitate implementation of this simple diagnose and 
treatment paradigm into large multicentre clinical trials and clinical practice.

Insight in hemodynamic parameters is essential for the understanding of the preclinical 
and clinical stages of gestational hypertensive complications. Currently, assessment 
of hemodynamic parameters beyond arterial pressure is not standardly available and 
performed in all obstetric departments. Chapter 7 describes the comparison between 
two different non-invasive methods to measure cardiac output and its determinants. 
Transthoracic echocardiography is widely used in pregnancy, but this method is labour-
intensive, expertise-dependent, and results are not readily available. The Ultrasonic 
Cardiac Output Monitor (USCOM) might be a suitable alternative, as this ‘point-of-care’ 
device determines cardiac output quick and easy, and it requires little training to use 
competently. The results of this study show that absolute cardiac output values of 
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echocardiography and USCOM should not be used interchangeably. All determinants of 
cardiac output (i.e. stroke volume calculated by the product of velocity time integral and 
outflow tract diameter, and heart rate) had some degree of disagreement between the 
two methods. Optimizing USCOM measurements by, amongst other strategies, selecting 
only high-quality images resulted only in limited improvement in agreement. Applica-
tion of USCOM measurements in daily obstetric practice necessitates method-specific 
reference values. Future research could focus on the clinical consequences of, and 
decision-making following the measured cardiac output for the separate techniques.

Chapter 8 elaborates on the findings of this manuscript, and contains a discussion 
wherein wider implications and suggestions for future research are given.
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SAMENVATTING

Preeclampsie is een complicatie in de zwangerschap die ernstige gevolgen voor de 
gezondheid van moeder en het (ongeboren) kind kan hebben. Kenmerkend voor 
preeclampsie zijn hypertensie in combinatie met eiwitverlies via de urine of andere 
tekenen van maternale orgaanschade. Daarnaast wordt het geassocieerd met foetale 
groeibeperking.

De enige behandeling voor preeclampsie is het inleiden van de bevalling, met bijbe-
horende risico’s en gevolgen van een mogelijke iatrogene vroeggeboorte van dien. Er 
is nog weinig bekend over de effecten van uitstel van de bevalling op de maternale 
cardiovasculaire gezondheid na de bevalling. Het lijkt geassocieerd te zijn met ernstige 
cardiovasculaire aandoeningen in de eerste tien jaar na de bevalling. Mede hierom is 
er op wetenschappelijk gebied veel aandacht voor het voorkomen van preeclampsie 
door specifieke risicofactoren aan te pakken. Dit proefschrift richt zich voornamelijk 
op de hemodynamische aanpassingen van het hart- en vaatstelsel van de vrouw in de 
zwangerschap in relatie tot preeclampsie.

Onderdeel van preeclampsie zijn afwijkende aanpassingen van de bloedsomloop vroeg 
in de zwangerschap. Normaliter ondergaat het maternale hart- en vaatstelsel substan-
tiële veranderingen in de zwangerschap, die onder meer nodig zijn om het ongeboren 
kind via de placenta van zuurstof en voedingsstoffen te voorzien. Een initiële verlaging 
van de vaatweerstand wordt gecompenseerd door een toename van het plasmavolume 
en het hartminuutvolume om de bloeddruk op peil te houden. Een bovenmatige toe-
name van het hartminuutvolume is gerelateerd aan preeclampsie die zich laat in de 
zwangerschap manifesteert, terwijl een geringe toename van het hartminuutvolume in 
combinatie met het uitblijven van een daling in vasculaire weerstand juist geassocieerd 
is met preeclampsie vroeg in de zwangerschap, vaak in combinatie met foetale groei-
vertraging.

Met gedetailleerde kennis over de fysiologische zwangerschapsaanpassingen van het 
hart- en vaatstelsel is het mogelijk om afwijkende hemodynamische profielen die mo-
gelijk preeclampsie voorspellen, te herkennen. Daarop aansluitend onderzochten we de 
mogelijkheden om via gepersonaliseerde medicatie afwijkende zwangerschapsaanpas-
singen bij te sturen om zo preeclampsie te voorkomen.

Hoofdstuk 1 is een algemene introductie over zwangerschapsvergiftiging, de basisprin-
cipes van bloeddruk en bloeddrukregulatie, en hemodynamische aanpassingen in de 
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loop van de zwangerschap. Het hoofdstuk beschrijft de opzet en doelstellingen van dit 
proefschrift.

De enige definitieve behandeling van preeclampsie is bevalling van het kind en de 
placenta. Het moment van bevalling is afhankelijk van de ernst van preeclampsie, de 
foetale conditie en de zwangerschapstermijn. Bij een zwangerschapsduur korter dan 
34 weken geeft dit een klinisch dilemma voor artsen: enerzijds kan bij uitstel van de 
bevalling het ongeboren kind verder ontwikkelen en groeien, waarbij er minder kans 
is op neonatale mortaliteit en morbiditeit. Anderzijds kan de preeclampsie bij uitstel 
van de bevalling verergeren, en kunnen er acute complicaties optreden met negatieve 
gevolgen voor moeder en het ongeboren kind, waaronder doodgeboorte. De gevolgen 
van uitstel van bevalling op de cardiovasculaire gezondheid en herstel van de moeder in 
de postpartum periode zijn in bestaand onderzoek nog onderbelicht.

In hoofdstuk 2 staan de gevolgen van (langdurige) zwangerschapsvoortzetting op 
foetale en neonatale uitkomsten, en de maternale cardiovasculaire, renale en meta-
bole functie in de postpartum-periode beschreven. Zwangerschapsverlenging geeft 
een hoger geboortegewicht en een lagere kans op neonatale sterfte. Verlenging van 
zwangerschap bleek niet gerelateerd aan een afname in de relatieve groei, waardoor de 
gedachte dat de baarmoeder van vrouwen met zwangerschapsvergiftiging suboptimaal 
is voor de foetale groei niet onderschreven kon worden. Er werd geen verschil gevonden 
in de prevalentie van hypertensie, afwijkende cardiale geometrie of abnormale meta-
bole functies tussen vrouwen die vlak na de diagnose zijn bevallen en vrouwen waarbij 
de bevalling dagen tot weken is uitgesteld. Wel is er per dag zwangerschapsverlening 
een 2% hogere kans op een matig verhoogde albuminurie in de postpartum-periode, 
zonder dat dit effect heeft op andere parameters die de nierfunctie beschrijven.

Hoofstuk 3 bespreekt een observationele studie naar de herhaling van preeclampsie 
en gerelateerde complicaties in een volgende zwangerschap in de afgelopen decennia. 
Omdat er steeds meer bekend wordt over (subklinische) preconceptionele cardiovascu-
laire en metabole risicofactoren kunnen zorgverleners vrouwen beter informeren over 
mogelijkheden om deze risicofactoren aan te pakken, bijvoorbeeld met leefstijlaanpas-
singen. Daarnaast is er in de afgelopen jaren steeds meer duidelijkheid gekomen over 
de werkzaamheid van preventieve maatregelen om preeclampsie te voorkomen, zoals 
dagelijks laag-gedoseerde aspirine en calciumsuppletie in de zwangerschap. In een 
groep vrouwen met een uitgebreide evaluatie van hun risicofactoren en bijpassende 
persoonlijke adviezen nam de incidentie van recidiverende preeclampsie in de afgelo-
pen 20 jaar niet af. In dezelfde periode traden er wel minder vaak foetale en neonatale 
complicaties op. Deze studie benadrukt hiermee de noodzaak om op zoek te blijven 
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naar manieren om preeclampsie te voorkomen en om effectieve maatregelen sneller te 
implementeren in de klinische praktijk.

Hoofdstuk 4 is een systematische review en meta-analyse om de aanpassingen van 
de hartfunctie en de perifere vaatweerstand gedetailleerd in kaart te brengen in zowel 
ongecompliceerde als hypertensief-gecompliceerde zwangerschappen. Nog niet eerder 
was er een overkoepelende studie naar het hartminuutvolume, bestaande uit hartslag 
en slagvolume, en de totaal perifere vaatweerstand in zowel timing als omvang in de 
zwangerschap ten opzichte van waardes buiten de zwangerschap. Het hartminuutvo-
lume in normotensieve zwangerschappen neemt al vroeg toe en stijgt tot het einde van 
het tweede trimester. Zowel een stijging in de hartslag als in het slagvolume dragen 
bij aan deze toename. Parallel daaraan neemt de vaatweerstand af tot aan het derde 
trimester. Dan neemt het slagvolume lichtelijk af en stabiliseert de hartslag, wat zorgt 
voor een dalend hartminuutvolume tegen het einde van de zwangerschap. Het hemo-
dynamische aanpassingspatroon in hypertensief gecompliceerde zwangerschappen 
verloopt substantieel anders. Er is een grotere toename in hartminuutvolume, bovenop 
een hoger hartminuutvolume voor de zwangerschap. Echter, in dit geval daalt het hart-
minuutvolume na het eerste trimester sterk. Tegelijkertijd is er gedurende de gehele 
zwangerschap geen daling van de vaatweerstand. Het herkennen van een afwijkend 
aanpassingspatroon in de vroege zwangerschap kan vrouwen met een verhoogd risico 
op hypertensie identificeren. Dit kan de mogelijkheden voor preventie- en interventie-
maatregelen verbeteren.

Hoofdstuk 5 beschrijft een studieprotocol voor gepersonaliseerde behandeling van 
zwangerschapshypertensie. Internationale en nationale richtlijnen voor de behandeling 
van zwangerschapshypertensie zijn conservatief en pas bij ernstige zwangerschapshy-
pertensie, dat wil zeggen een systolisch bloeddruk ≥160 mmHg en/of een diastolische 
bloeddruk ≥110 mmHg, wordt medicamenteuze behandeling strikt geadviseerd. De 
voordelen van antihypertensiva bij milde tot matige hypertensie zijn minder evident, 
en daardoor wordt medicatie niet standaard geadviseerd. De tegenvallende resultaten 
van onderzoek naar behandeling van milde tot matige zwangerschapshypertensie 
zouden verklaard kunnen worden door het gebruik van een stapsgewijs medicatieplan. 
Hierbij wordt er geen rekening gehouden met het onderliggend hemodynamisch profiel 
en het primaire werkingsmechanisme van de verschillende soorten antihypertensiva. 
Bloeddruk is de resultante van het hartminuutvolume en de perifere vaatweerstand, en 
hypertensie kan gepaard gaan met een hoog hartminuutvolume/lage vaatweerstand 
hemodynamisch profiel, of juist een laag hartminuutvolume/hoge vaatweerstand 
hemodynamisch profiel. De antihypertensiva die geadviseerd worden in de zwanger-
schap kunnen onderscheden worden door hun werking op het hartminuutvolume of de 
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vaatweerstand. Theoretisch gezien zou een hoge bloeddruk met een hoog hartminuut-
volume het best behandeld worden met een antihypertensiva die het hoge hartminuut 
volume tempert, zoals een bètablokker. Anderzijds zou een vaatverwijder beter passen 
bij hypertensie in combinatie met een verhoogde vaatweerstand. De hypothese van 
deze studie luidt dat het gepersonaliseerd voorschrijven van antihypertensiva resulteert 
in minder progressie naar ernstige hypertensie en/of preeclampsie in vergelijking met 
vrouwen zonder medicamenteuze behandeling, zoals nu vaak gedaan wordt.

Hoofdstuk 6 beschrijft een observationele studie van een innovatief zorgtraject, 
waarbij de hemodynamische zwangerschapsaanpassingen vanaf het eerste trimester 
gemonitord en bijgesteld werden. Vrouwen die al eerder een zwangerschapsvergifti-
ging doormaakten, werden na een uitgebreide cardiovasculaire risicofactor-analyse in 
de postpartum-periode uitgenodigd om tijdens hun volgende zwangerschap deel te 
nemen aan dit zorgtraject in aanvulling op normale zwangerschapscontroles. Op vier 
vastgestelde momenten, bij 12, 16, 20 en 30 weken zwangerschapsduur, ondergingen 
deze vrouwen diverse onderzoeken om hun hemodynamische aanpassingen aan de 
zwangerschap in kaart te brengen. Bij een afwijkend aanpassingspatroon kregen vrou-
wen een gepersonaliseerd medicatieadvies gericht op het corrigeren van de disbalans 
in hartminuutvolume en vaatweerstand. De uitkomsten van de tweede zwangerschap 
werden vergeleken met vrouwen die na de uitgebreide evaluatie niet deelnamen aan dit 
aanvullende zorgtraject. De kans op herhaling van preeclampsie halveerde, zonder dat 
er verschillen tussen de groepen waren in maternale of foetale complicaties, of geboor-
tegewicht en -percentiel van de neonaat. Een gerandomiseerde, placebogecontroleerde 
studie is de logische volgende stap om de resultaten van deze studie te bevestigen.

Voor implementatie van gedetailleerde hemodynamische zwangerschapsaanpas-
singen-monitoring en -bijsturing is het noodzakelijk dat het hartminuutvolume in de 
praktijk makkelijk gemeten kan worden. In de afgelopen jaren zijn hiervoor nieuwe 
niet-invasieve apparaten ontwikkeld. In hoofdstuk 7 worden twee verschillende me-
thodes vergeleken. Hartechografie is een veelgebruikte, niet-invasieve methode om 
het hartminuutvolume te meten. Echter is deze methode arbeidsintensief, moet het 
door een deskundige uitgevoerd worden en de resultaten zijn met deze methode niet 
direct beschikbaar. Een alternatief is de Ultrasonic Cardiac Output Monitor (USCOM) 
methode, een ‘point-of-care’ apparaat waarmee het hartminuutvolume snel en gemak-
kelijk te meten is door een sensor vanuit de suprasternal notch op het uitstroomgebied 
van het hart te richten. De bevindingen van dit onderzoek laten zien dat de absolute 
hartminuutvolumewaardes die verkregen zijn met een hartecho, niet een-op-een te 
vergelijken zijn met de waardes gemeten met de USCOM. Alle parameters waaruit het 
hartminuutvolume bestaat, zoals slagvolume en hartslag, dragen bij aan het verschil in 
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waardes tussen de twee methodes. Hierdoor wordt de vergelijking tussen de methodes 
niet beter door relatief constante parameters te combineren. Ook met het toepassen 
van verschillende maatregelen om de optimale USCOM-meting te verkrijgen leidde niet 
tot een betere overeenkomst tussen de twee methodes. Methode-specifieke referentie-
curves zijn daarom noodzakelijk voor klinisch gebruik.

In hoofdstuk 8 worden de bevindingen van dit proefschrift bediscussieerd, en worden 
suggesties voor toekomstig onderzoek aangedragen. De behandeling van verhoogde 
bloeddruk in de zwangerschap wordt vergeleken met de behandeling van hypertensie 
buiten de zwangerschap, waarbij de afkapwaarde voor behandeling lager ligt en het 
soort antihypertensivum dat voorgeschreven wordt, wel afhangt van kenmerken van de 
patiënt. Door het hemodynamisch profiel in de zwangerschap te monitoren en geperso-
naliseerde behandeling in te zetten, kan preeclampsie voorkomen worden.
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deelname aan de wetenschappelijke onderzoeken. Bijzonder dat ze ons hun verhalen 
en ervaringen toevertrouwden. Samen maken we het mogelijk om de (na)zorg rond 
zwangerschapsvergiftiging weer een stap verder te brengen.

Mijn promotieteam verdient veel dank voor de inspirerende begeleiding. Marc, Chahinda 
en Sander, samen boden jullie me een veilige haven om open op onderzoek uit te gaan 
en een plek om mijn data en conclusies te bevragen en te bediscussiëren.

Marc, je daagde me uit mijn eigen grenzen te verleggen. Inhoudelijk, maar zeker zo 
vaak met belangrijke levenslessen. Je gaf me handvatten om me te ontwikkelen als vol-
waardig medisch onderzoeker en professional. Met jou als supervisor voelde ik me een 
gewaardeerde medewerker én collega. Ik bewonder hoe je er altijd voor alle patiënten 
was; betrokken was bij ieder van hen. En bedankt dat je altijd met mijn grapjes meelacht 
:). 

Chahinda, voor sommige mensen is the sky the limit, maar jij plakt er nog een heel uni-
versum bij aan! Ik heb grote bewondering voor de manier waarop je projecten aanpakt 
en vormgeeft. En hoe jij in overvolle restaurants een tafel weet te bemachtigen. Je leerde 
me dat het verhaal dat van jezelf is, ook andere mensen steun en comfort kan geven. 
Onze bijpraatmomenten over het onderzoek, het werk en het leven had ik niet willen 
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missen. Erg fijn dat onze vriendschap ook nu - na mijn vertrek uit Maastricht - nog altijd 
voor boeiende, inspirerende, kunstzinnige en melige conversaties en belevenissen leidt. 

Sander, methodologische en statistische rots in de branding: altijd geduldig om uitleg 
te geven bij de data en de mogelijke analyses die we daar op los konden laten. Je gaf me 
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ziekenhuismuren, en het delen van je werkervaring bij de GGD.

De beoordelingscommissie ben ik dankbaar voor de inzet om mijn proefschrift te be-
oordelen. Dank prof. Gyselaers, prof. Kruitwagen, prof. Lees, prof. Teunissen en prof. 
Vernooy voor jullie tijd en expertise. Ik verheug me erop mijn onderzoek tegenover jullie 
te verdedigen en ik ben benieuwd of jullie in mijn verzameling artikelen nog nieuwe 
inzichten hebben opgedaan.

Veel dank aan mijn mede-auteurs: Basky Thilaganathan, Joris van Drongelen, Luc 
Smits en Rogier van der Zanden voor jullie kritische blik, scherpe meelezen en in-
ventieve aanvullingen. Jullie specifieke farmacologische, statistische, en inhoudelijke 
kennis heeft de inhoud van de artikelen naar een hoger niveau getild. 

Lieve dames van het TVDC, Betul, Caroline, Cecile, Gonny, Lonneke, Marie-Jeanne, 
Monique, Nathalie, Stella, Yolanda en Yvonne, wat kijk ik met veel plezier terug op 
onze samenwerking en wat ben ik jullie onwijs dankbaar voor alle hulp en gezelligheid, 
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een topteam, en altijd bereid om de zorg nog beter te maken! Ik ben heel blij dat ik daar 
onderdeel van mocht zijn. 

Veronica, wat heb ik geboft met jou als collega in mijn eerste baan als arts: ik mocht 
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elders. Een heel groot dankjewel! Stéphanie, het was altijd fijn om bij jou op de uni 
binnen te stappen. Dat kon altijd, op elk moment. Ontspanning, en een oase van rust 
en relativering op het moment dat dit nodig was. Bedankt voor de pret en gezellig-
heid, altijd een luisterend oor, goede adviezen en de (zeer belangrijke) introductie in 
verschillende Limburgse tradities. Voor het aantal rondes bananengateau en vlaai kom 
ik graag langs op je verjaardag! Veronique, gelijk na je afstuderen kwam je Veronica 
en mij versterken met de artsentaken op het TVDC, en wat pakte je de werkzaamheden 
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gesties voor verbetering van de artikelen. Indira, wat een toewijding voor onderzoek 
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jezelf te blijven. Dankjewel voor je belangstelling en vrolijkheid.
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je prettige manier van samenwerken, je geduld, en het perfectioneren van de R-codes. 
Mieke, fijne en blije ad-hoc huisgenoot! Ik ken weinig mensen die zo snel schakelen 
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Esther, Jorne, Laura, Robert-Jan en Veronique: de oorsprong van ons app-groepje is 
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Appendices

246

onze vertegenwoordiging. En in aanvulling vele (goede) koffies, traktaties, our own 
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Lieve Rolin, tweelingzusje-to-be totdat jij op tijd geboren werd. Hoe ver we zo nu en dan 
ook bij elkaar vandaan wonen, we weten elkaar altijd te vinden en daar ben ik je heel 
dankbaar voor! Al decennia deel ik met jou lief en soms wat leed en kan ik praten over 
alles wat ik wil bespreken. Superleuk dat jij en Max - de beste en meest geduldige en 
zorgzame nachtchef die ik ken - altijd de deur hebben openstaan én in zijn voor alles: 
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Linda, een toevallige ontmoeting op station Zwolle met Kyra en jou resulteerde in een 
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veel stoom afgeblazen. En daarna samen eten, een spelletje spelen, een puzzel leggen 
of een hippo haken (hoor jij ook hetzelfde bejaardentehuis roepen?). Ik voelde me altijd 
welkom bij jou en Emile. Of het nu bij oud & nieuw, een overbruggingsperiode tijdens 
een verhuizing of jullie prachtige bruiloft was. En Linda, ik vond het een hele eer jouw 
paranimf te mogen zijn. Ik heb met heel veel plezier en vol trots naast je gestaan in de 
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