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INTRODUCTION

This thesis describes the long-term pediatric consequences of severe and ear-

ly-onset hypertensive pregnancy disorders (HDP). The children in this study were 

born to women who participated in a randomized controlled intervention trial 

in the Academic Medical Center (AMC) and the VU University Medical Center in 

Amsterdam, between 2000 and 2003. Children were followed from childbirth 

onwards up to age 12 years. Follow-up at age 12 years included assessments of 

growth, blood pressure, cognition, and behavior. This general introduction pro-

vides the rationale, aim and design of this pediatric follow-up study.

HYPERTENSIVE DISORDERS OF PREGNANCY

In the Netherlands, 20,000 pregnancies per annum are complicated by hyper-

tensive disorders of pregnancy (HDP), approximately 10% of all Dutch pregnan-

cies.1 HDP are defined as de novo hypertension presenting after 20 weeks of 

pregnancy. Pre-eclampsia is defined as hypertension accompanied by protein-

uria or other maternal organ dysfunction, or uteroplacental dysfunction result-

ing in fetal growth restriction (FGR).2 The combination of hemolysis, elevated 

liver enzymes, and low platelets (HELLP syndrome) is one of the more severe 

expressions of pre-eclampsia, and so is severe high blood pressure (> 160 

mmHg systolic or > 110 mmHg diastolic).2,3 Pre-eclampsia is considered to be of 

early-onset if it occurs before 34 weeks of pregnancy.3 

The exact etiology of pre-eclampsia is unknown. The role of the placenta is piv-

otal. It is postulated that there are different pathways in which a complex mix of 

placental vasoactive signaling molecules in the maternal circulation cause en-

dothelial dysfunction. In early-onset disease the main pathway is thought to be 

through placental ischemia, where incomplete remodeling of the spiral arteries 

leads to dysregulation of placental perfusion. In late-onset disease it appears 

that a high load of placental signaling molecules parallel to the large size of the 

placenta is the predominant pathway, highlighting its continuum with physio-

logical pregnancy changes. In both pathways an exaggerated maternal inflam-

matory response to the placental vasoactive signaling molecules in the mater-

nal circulation at the level of the endothelium is probably also very important 

in the development of pre-eclampsia.4 Important consequences of endothelial 
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dysfunction are decreased production of nitric oxide (leading to hypertension), 

increased permeability (leading to edema) and a prothrombic state (leading to 

HELLP-syndrome).4,5

Fetal growth restriction (FGR) is most common in early-onset disease and can 

also be used to establish the diagnosis of pre-eclampsia.2,5 FGR is diagnosed 

by fetal ultrasound measures of growth and Doppler measures of blood flow 

changes of the fetal and umbilical arteries.6,7 FGR differs from being born small 

for gestational age (SGA). SGA implies a statistical deviation of a cross sectional 

size measurement, with the 10th centile as the most commonly used threshold. 

FGR, however, implies pathology of growth, and to diagnose FGR longitudinal 

measures of growth are required. Hence, the risk for pathology is different for 

SGA and FGR.8,9.

At present, the only cure for HDP is to end pregnancy. Particularly in early-onset 

disease this poses a dilemma. If pregnancy is prolonged, potentially life-threat-

ening conditions may occur to the mother, such as liver rupture, pulmonary 

edema, renal failure, eclampsia, or cerebral bleeding. Eventually, HDP may even 

result in maternal mortality.10 Induction of delivery may be necessary to de-

crease the risk of maternal morbidity and mortality. Also, if fetal health is com-

promised, induction of delivery is necessary to prevent fetal death. On the other 

hand, induced preterm delivery increases the risk for neonatal morbidities such 

as respiratory distress syndrome and chronic lung disease, intraventricular hem-

orrhage, and periventricular leukomalacia.11 This also may result in (neonatal) 

mortality. Long-term consequences of preterm birth are comprehensive and 

may involve affected growth, as well as affected cognitive, motor, and behavior-

al development. Gynecologists and neonatologists working in the perinatal field 

have to estimate and balance these risks.

CONSEQUENCES OF PLACENTAL INSUFFICIENCY FOR 
THE FETUS

Placental insufficiency that occurs in severe and early-onset HDP results in an 

insufficient supply of nutrients and oxygen to the fetus. This impacts fetal devel-

opment in several ways. First, as an adaptation to a chronic state of hypoxia and 

insufficient nutrition, the fetus responds with a redistribution of cardiac output 
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to the most vital organs, including the brain and myocardium, at the expense of 

the kidneys, gastro-intestinal tract and lower extremities.12 Fetal Doppler studies 

have shown increased blood flow to the middle cerebral artery and a shift of the 

cardiac output in favor of the left ventricle.12 This cardiovascular redistribution 

results in reduced and asymmetrical fetal growth, with decreased abdominal 

circumference and normal biparietal diameter.13 This results in a birth weight 

reduction of 12% to 23%, with the risk for SGA being four times higher than in 

normal pregnancies.14 

Second, the chronic state of hypoxia may re-program the fetal cardiovascular 

system. On a DNA/RNA level, fetal hypoxia triggers gene up and downregula-

tion, altering the fetal gene expression.12 This results in changes in cell commu-

nication and cell structure, and apoptosis, eventually leading to cardiovascular 

remodeling (ie, arterial stiffness, increased wall thickness, endothelial dysfunc-

tion, left ventricle dysfunction), as well as altered renal and sympatho-adrenal 

structures function, and metabolic changes (i.e. altered glucose metabolism, 

increased serum lipids).15 Fetal programming has been associated with an in-

creased cardiovascular disease risk in adulthood. This is known as the Barker 

hypothesis.16 In childhood, an elevated blood pressure might be an early clini-

cal sign of this increased cardiovascular risk. Also, rapid weight gain /catch-up 

growth in childhood after FGR may be an early sign of a compromised cardio-

vascular system, since rapid weight gain in childhood is associated with cardio-

vascular diseases in adulthood.17,18

Third, the redistribution of blood flow to the brain at cost of the body is known 

as brain sparing.19 Although brain sparing suggests a positive effect on brain 

development, and is probably a valuable compensatory mechanism in the im-

mediate situation, brain development may be altered.20,21 Recent research shows 

that brain sparing leads to impaired fetal (pre)frontal brain perfusion. Initially, 

blood flow increases to the frontal brain regions, but when placental insuffi-

ciency worsens, blood flow is redistributed to the basal ganglia.22 This may lead 

to alterations in (pre)frontal brain development, and consequently, may affect 

cognitive and behavioral outcomes.21
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PEDIATRIC FOLLOW-UP

IMPORTANCE OF PEDIATRIC FOLLOW-UP

Children born after severe and early-onset HDP are at risk for developmental 

problems. This warrants follow-up. Pediatric follow-up is necessary to reveal 

which aspects of development are at risk in children with a history of HDP, and 

consequently whether there is need for counselling or interventions. Also, re-

sults from follow-up studies help to inform new parents on the developmental 

perspectives of their child, and, if there is risk for adverse outcomes, to offer 

preventive counselling and care. Moreover, pediatric follow-up after HDP is im-

portant to evaluate health care and to gain knowledge of the consequence of 

clinical decisions. This requires up to date insight in the long-term consequen-

ces of HDP, and insight in risk factors for adverse outcomes.

OUTCOMES OF PEDIATRIC FOLLOW-UP

Growth

With the majority of children born after early-onset HDP being FGR, child growth 

seems at risk. However, after birth, steady catch-up growth of height up to pu-

berty has been reported, with children reaching a final height within their target 

height range, and a final height comparable to children born after normotensive 

pregnancies.23,24 In studies of children born SGA on the other hand, stunting 

of height has been observed.25-27 This may result in concerns of parents and 

children about the final target height they may reach. Concerning weight, rapid 

weight gain / catch-up growth, and overweight have been reported in adoles-

cents born after HDP, although studies are not always consistent.17,23,28,29 Over-

weight, as well as rapid weight gain, have been associated with an increased risk 

of cardiovascular disease in low birth weight adults.17,30,31 

Blood pressure

There is growing evidence showing that children and adults born after HDP have 

an elevated systolic and diastolic blood pressure.29 An elevated blood pressure 

might be the first sign of an affected cardiovascular system.32 In offspring of 

pre-eclamptic women aged 4 to 30 years, a mean increase of the systolic blood 

pressure of 2.4 mmHg has been reported, and 1.4 mmHg increase for the dia-

stolic blood pressure.29 When extrapolated into adulthood, this elevation would 

mean an 8 percent increased risk of mortality from ischemic heart disease, and 

a 12 percent increased stroke risk.29,33 Although HDP seems a risk factor for in-
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creased blood pressure itself, It is not clear to what extent other factors, like 

preterm birth, childhood overweight, adverse life style, or a genetic predispo-

sition for hypertension add to the risk of an increased blood pressure.5,29,30,34-36 

Identifying factors that predict blood pressure in HPD offspring might help to 

prevent or treat hypertension, and consequently may help to reduce the risk for 

cardiovascular diseases.

Cognition and behavior

Follow-up of cognitive and behavioral development is warranted since brain 

sparing may lead to alterations in brain development. Worries about cognitive 

development appear to be one of the main concerns of parents of neonatal care 

unit graduates.37 Cognitive development is a keystone for academic achieve-

ment and social functioning, and poor cognitive function has been associated 

with lower academic outcomes as well as with more behavior problems.38 Few 

studies have followed cognitive and behavior development of offspring after se-

vere and early-onset HDP. Studies of children with intra-uterine growth restric-

tion report problems with cognitive development and behavior problems.39-43 

Preterm birth may add to the increased risk for cognitive and behavioral prob-

lems. Preterm born children at school age have higher risk for cognitive as well 

as behavioral problems.44,45 Attention and internalizing problems are the most 

reported behavior problems.46 Also autism spectrum disorder and attention 

deficit hyperactivity disorder (ADHD) are found more often, with ADHD being 

reported twice as many compared to children born at term.44,47 

With increasing age, the environment of the child becomes more complex and 

demanding, requiring higher-order cognitive functions. Development of the 

prefrontal cortex goes parallel with the development of these higher order cog-

nitive functions.48 Important higher order cognitive functions are the executive 

functions (EF). In EF output of various cognitive processes are integrated to cope 

with novel and unexpected situations. Key EF are inhibitory control, working 

memory, mental flexibility, and planning skills.49,50 Inhibitory control concerns 

the suppression of a response to an irrelevant stimulus. Working memory is the 

capacity to manipulate information in mind. Mental flexibility (set-shifting) is the 

capacity to alternate between multiple mental strategies. The adverse effect of 

brain sparing on the fetal frontal blood flow raises the question if children born 

after HDP are at risk for EF problems. To date, studies that examine EF in chil-

dren born after HDP with brain sparing are missing. EF studies in children born 
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very preterm and / or with low birth weight display poorer EF compared to age-

matched peers.46,51

Maternal psychological health

Child development after HDP may be compromised by the psychological health 

of the mothers. The life-threatening state of both woman and child that may 

occur in severe and early-onset HDP may lead to increased stress levels.52-55 

Also, altered maternal brain function as a consequence of HDP might enhance 

maternal distress.56 High levels of maternal psychological distress, depression 

and anxiety, have been reported, and HDP may even lead to a post-traumatic 

stress disorder.53,54,57-60 Psychological distress has been reported to be most per-

sistent in case of early onset HDP and in case of an adverse infant outcome.61 

The high levels of maternal psychological distress after HDP tend to persist af-

ter pregnancy, much more than after uncomplicated pregancies.55,59,62 Maternal 

psychological stress may lead to an unfavorable environment for child devel-

opment, and, together with the increased vulnerability of the child, may result 

in poorer cognitive and behavioral outcomes.63 Currently, information on the 

relation between early maternal psychological distress and long-term child de-

velopment after severe and early-onset HDP is missing.

AIM AND DESIGN

The aim of this thesis was to examine long-term consequences of HDP on child 

growth, blood pressure, cognition, and behavior. We also aimed to explore fac-

tors associated with adverse child outcomes.  

The study subjects of this thesis were children born to mothers who participat-

ed in the PETRA study (Pre-eclampsia Eclampsia Trial Amsterdam). PETRA was 

executed by two tertiary care centers in the Netherlands (Academic Medical 

Center Amsterdam, VU University Medical Center Amsterdam). The objective 

of this randomized clinical trial was to compare temporizing management with 

or without plasma volume expansion in women with early-onset hypertensive 

pregnancy disorders. Women with a severe hypertensive disorder of pregnan-

cy – pre-eclampsia, HELLP syndrome, pregnancy induced hypertension and, 

concomitant FGR - who presented with a viable singleton pregnancy, at a ges-

tational age between 24 and 34 completed weeks, were asked to participate if 
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they were eligible for a temporizing management strategy. When included, fetal 

ultrasound assessments, i.e. estimated fetal weight and Doppler measures of the 

umbilical artery and the middle cerebral artery, were performed at least twice 

a week. Further details of the study protocol of the trial have been described in 

the original trial publication.64 A total of 216 women were included in the trial. 

There were 20 fetal deaths, 16 neonatal deaths, and two deaths between term 

age and three months post-term, resulting in 178 children alive at three months 

post-term. The addition of plasma volume expansion in temporizing treatment 

did not improve maternal or fetal outcome.64 Pediatric follow-up so far has been 

performed at term age, age 3 months, 1 year, and 4.5 years.65,66 No differen-

ces were found between randomization groups up to age 4.5 years concern-

ing growth, neurological, cognitive and motor development and behavior.65,66 

Therefore, in this thesis the children are considered as one cohort of HPD-sin-

gleton offspring. At 4.5 years it was found that adverse outcome, i.e. perinatal 

mortality or abnormal child development, occurred in one third of the preg-

nancies, and was highest in the lowest gestational age or birth weight ranges.66

At a corrected age of 12.5 years, children were invited to the outpatient clinic of 

the AMC. Measures of growth were performed, including height, weight, head 

circumference, waist and hip circumference, and pubertal stage. Also the blood 

pressure was measured. The cognitive test battery included measures of IQ, EF, 

and attention. EF and attention were also assessed by parent report, as was child 

behavior. 

OUTLINE OF THIS THESIS

Chapter 2 describes growth outcomes at age 4.5 years. We hypothesized that 

children would catch-up in height and weight, but would still be smaller and 

lighter compared to nationwide reference curves, and that growth would be re-

lated to FGR severity and to the gestational age. At 12.5 years, we studied growth 

as well, including pubertal stage and predictors of growth outcomes (chapter 3). 

We hypothesized that child growth would deviate from Dutch reference values, 

and that FGR severity would predict growth scores. In chapter 4 we describe 

blood pressure outcomes at 12.5 years, and we explore risk factors associated 

with higher blood pressure values. We hypothesized that systolic and diastolic 

blood pressure would have the strongest association with child BMI at age 12.5 

years. In chapter 5 we describe cognitive and behavior outcomes, including 
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EF, at age 12.5 years. We hypothesized that HDP offspring would have poorer 

cognitive outcomes and more behavior problems, compared to a healthy com-

parison group. In chapter 6 we explore the association of early maternal psy-

chological distress and child behavior problems at age 12.5 years in a secondary 

analyses. We hypothesized that early maternal distress would be related to child 

behavior problems. Chapter 7 provides a general discussion. 
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