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Chapter 1 
General Introduction
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Hypertensive disorders of pregnancy aff ect 2-7% of all pregnancies worldwide. (1,2) 
These disorders include pregnancy-induced hypertension (PIH), preeclampsia, and 
haemolysis, elevated liver enzymes and low platelets (HELLP) syndrome. Preeclampsia 
is commonly subdivided into early (delivery before 34 weeks of gestation) and late 
(delivery after 34 weeks of gestation) onset preeclampsia. In a large population based 
study the overall preeclampsia rate was 3.1% and the incidence increased sharply with 
gestation; early- and late-onset preeclampsia rates were 0.4% and 2.7%, respectively. (3) 
Preeclampsia is clinically defi ned as a multisystem syndrome by its key signs hyperten-
sion and concomitant proteinuria, after 20 weeks of gestation. Hypertension is defi ned 
according to the criteria of the International Society for the Study of Hypertension in 
Pregnancy (ISSHP) as diastolic blood pressure above 90 mmHg and/or systolic blood 
pressure above 140 mmHg, measured on two or more separate occasions at least 4 
hours apart. Proteinuria is diagnosed when urinary protein is above 300 mg per 24 hour 
or above 2+ at dipstick urinalysis. (4) Maternal complications of preeclampsia are HELLP 
syndrome, placental abruption, eclampsia, cerebral haemorrhage, liver hematoma or 
rupture, renal failure, pulmonary edema, coagulopathy and maternal death. The foetus 
of a preeclamptic mother is at increased risk for intra uterine growth restriction (IUGR), 
perinatal asphyxia and death. HELLP syndrome, placental abruption, eclampsia and 
IUGR can also be diagnosed as distinct clinical entities and together with preeclampsia 
these are collectively known as maternal placental syndromes. Many risk factors for 
developing preeclampsia have been identifi ed of which chronic hypertension; late 
maternal age and primiparity are the most studied. (1) Preeclampsia remains one of the 
leading causes of maternal and perinatal morbidity and mortality worldwide. (5) 

PREECLAMPSIA AND SPIRAL ARTERY REMODELLING 

Despite extensive research the pathophysiology of preeclampsia is still not completely 
elucidated. However, it is now widely accepted that failure of remodelling the spiral ar-
teries plays a pivotal role in the development of (in particular early onset) preeclampsia 
and other disorders of pregnancy. (6) Spiral arteries emerge from the radial arteries that 
in turn sprout from accurate arteries that lie deep in the myometrial part of the placental 
bed. (7) Many of these fi ndings were discovered in the early 1960’s using hysterectomies 
and placental bed biopsies. (8) Sampling techniques to study the placental bed are 
further discussed in length in chapter 2. Physiological spiral artery remodelling is now 
thought to develop in fi ve steps (fi gure 1). This model is widely accepted although it is 
by no means fully established. The earliest stage in vascular remodelling (stage 1) con-
sists of endothelial vacuolation and some swelling of individual muscle cells. Invasion 
of stromal and perivascular tissues by interstitial trophoblast is associated with further 
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disorganization of the vascular smooth muscle layer (stage 2). Only then endovascular 
trophoblast appear (stage 3). Trophoblasts become embedded intramurally within 
a fi brinoid layer, which replaces the original vascular smooth muscle (stage 4). Finally 
re-endothelialisation occurs (stage 5). (6) Lack of adequate spiral artery remodelling is 
present in about 52-90% of preeclampsia cases. (9) Impaired spiral artery remodelling-
however, is not confi ned to preeclampsia and IUGR, but is also seen in 19% of pregnan-
cies complicated by preterm birth, abruption of the placenta (58%) and even in 4-7% of 
normal pregnancies. (9-13) 

The placenta itself has also been subject of many research papers over the last 
decades. (14) Both IUGR and maternal hypertensive disease, in particular early-onset 
preeclampsia, are characterized by placental pathology associated with hypoxia and 
reperfusion damage caused by impaired remodeling and/or obstruction of the spiral 
arteries. (15,16). Common lesions include infarction (17), infl ammation (18,19) and le-

Figure 1. The multistep pathway of remodeling of spiral arteries. Adopted from Pijnenborg et al. (6), copied 
with permission from the publisher.
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sions consistent with chronic ischemia. (19,20) Other lesions like chronic villitis or villitis 
of unknown etiology (VUE) are seen in normal pregnancy as well and are in fact one of 
the most common benign infl ammatory placental lesions found. We investigated the 
hallmark features of placental pathology associated with early IUGR and to compare 
these between placentas from women with or without preeclampsia in chapter 4.

Currently the most accepted hypothesis in the development of the clinical syndrome of 
preeclampsia is the three-step model described by Redman and Sargent. (21) In the fi rst 
stage the maternal immune system plays a vital role. It is proposed that maternal intoler-
ance to the allogeneic trophoblasts causes a maldevelopment of the spiral arteries due 
to impairment of trophoblast invasion and/or function. As a result the second stage is 
characterized by poor placentation leading to small muscular spiral arteries resulting in 
a high-pressure pulsatile fl ow in to the intervillous space (fi gure 2). Subsequently this 
causes oxidative stress, endoplasmic reticulum (ER) stress and infl ammatory stress. (22) 
The fi nal stage of preeclampsia is caused by a global maternal infl ammatory response to 
the poorly developed and stressed placenta. (21) According to this theory, development 
of the syndrome of preeclampsia depends on the extent to which poor placentation 
causes infl ammatory signals and the nature of the maternal response to those signals. 
However, the precise factors that link placental abnormalities to the development of 
maternal disease remain unknown. It is likely that several maternal factors (genetic, 
environmental and behavioural) interact with poor placentation to result in the pre-
eclamptic syndrome. (6)

MECHANISMS OF IMPAIRED TROPHOBLAST INVASION 

The mechanisms underlying failed trophoblast invasion are likely to be complex. 
Evidence suggests that several factors are involved, including cell adhesion molecules, 
matrix metalloproteases (MMPs), apoptosis, nitric oxide and other vasoactive mediators, 
oxygen tension, cytokines and other immunological factors. (23) 

Matrix metalloproteases
MMPs are proteolytic enzymes that play a key role in the trophoblast invasion process 
by degrading basement membranes and ECM components, and thereby facilitating cell 
movement through tissues. In vitro, the invasive capacity of trophoblasts has been relat-
ed to their secretion of MMPs. (24) Several types of MMPs have been identifi ed and many 
have proven to be involved in controlling trophoblast invasion. (25) Lyall summarized 
the evidence in her review and concluded that overall evidence supports MMP-1, MMP-
2, MMP-3, MMP-7, MMP-9 and MMP-11 involvement in normal trophoblast invasion of 

Jan Verbeek - Binnenwerk v6.indd   10Jan Verbeek - Binnenwerk v6.indd   10 18-05-15   11:2218-05-15   11:22



11

1

the decidua. (23) The balance between secretion of MMPs by trophoblasts and decidual 
cells and their inhibition by tissue inhibitors of MMPs produced by the same cells result 
in normal invasion. Abnormalities in these processes could lead to excessive invasion 
such as choriocarcinoma or restricted invasion as in early pregnancy failure, preeclamp-
sia and IUGR. (23) It has been shown for instance that a signifi cant reduction in MMP 
levels in cases of IUGR is associated with shallow trophoblast invasion. (26) Causes of 
these impaired processes are largely unknown. However, protein secretion, functionality 
and activity are negatively infl uenced by ER stress. (27) We therefore investigated the 
impact of ER stress on MMP activity and subsequent trophoblast invasion in chapter 6.

ER stress 
Secretory and membrane proteins are synthesized and post-translationally modifi ed 
within the ER before entering the Golgi apparatus for fi nal targeting. Fast adaptation of 
ER capacity to the varying demands of the cell is essential to prevent disturbances in cel-
lular homeostasis. Factors that aff ect ER integrity or conditions during which ER demand 
outpaces its capacity, can disrupt ER homeostasis and trigger ER stress. The ER has its 
own intricate network of signalling proteins that continuously senses and communi-
cates ER status to the cell. When ER homeostasis is disrupted, these proteins coordinate 

Figure 2. Spiral artery remodelling in non-pregnant, normal pregnancy and pre-eclampsia/IUGR. Notice 
the reduced blood fl ow and diameter of the spiral arteries during PE/IUGR. 
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the so-called unfolded protein response (UPR), a signalling cascade that aims to restore 
ER homeostasis and relieve the stress. If ER stress cannot be resolved, UPR signalling can 
activate apoptotic pathways, which leads to removal of fatally injured cells. The primary 
response initiated by UPR signalling is to inhibit protein synthesis thereby reducing pro-
tein load on the ER. (28) Yung et al were the fi rst to demonstrate that ER stress-mediated 
inhibition of protein synthesis plays a key role in the pathophysiology of IUGR. (27) They 
showed that inadequate remodelling of the spiral arteries leads to ischemia reperfu-
sion (I/R) injury in the placenta. The placental ischemia resulted in impaired ATP- and 
Ca2+-dependent protein modifi cations, leading to protein misfolding and subsequent 
induction of ER stress and UPR signalling. (22,27,29) In vivo modelling of ER stress is dif-
fi cult and up to now no model exists. In chapter 5 we investigated if low-grade ischemia 
reperfusion (I/R) injury during labour can provide us with a biomodel for ER stress.

Immunological factors 
It is thought that inadequate maternal toleration to alloantigens, expressed by foetal 
trophoblasts, leads to poor placentation and subsequently dysfunctional uteroplacental 
perfusion, placental oxidative stress and release of pro-infl ammatory factors. (21) There-
fore, an altered maternal immune response against the semi-allogeneic fetus, in which 
many components of the immune system (cells, cytokines and molecules) participate, 
is probably one of the main problems in preeclampsia. Trophoblast invasion partly 
depends on the interaction between invading trophoblasts and maternal immune cells. 
(21,30,31) These include macrophages, uterine natural killer (uNK) cells and T-cells, 
which are discussed in greater detail separately. 

The regulatory functions of FOXP3+ CD4 cells (Treg) in pregnancy have been studied 
extensively by Rowe et al. (32) They showed that there is an accumulation of immune 
suppressive Treg cells during pregnancy and an accelerated expansion of Treg cells 
during secondary pregnancy. Interestingly this expansion was driven by proliferation 
of foetal-specifi c FOXP3+ cells retained from prior pregnancy, whereas induced FOXP3+ 
expression and proliferation of pre-existing FOXP3+ cells each contribute to Treg expan-
sion during primary pregnancy. In other words, pregnancy imprints FOXP3+ CD4 cells 
that sustain protective regulatory memory to foetal antigens. (32) In turn, pregnancy 
complications including preeclampsia have shown to be associated with blunted ma-
ternal Treg expansion in peripheral blood and placental bed. (33,34) Sasaki et al. (34) 
studied the presence of regulatory T cells in the placental bed. The percentage of these 
regulatory T cells was lower in the placental bed of preeclamptic cases compared to 
uncomplicated pregnancies, which could possibly lead to a reduction in the maternal 
tolerance towards the fetus as a consequence of insuffi  cient regulatory function.
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Natural killer (NK) cells have been extensively studied by Trowsdale and Moff et. (30,35) 
Uterine NK cells (uNK) have shown to be substantially diff erent from circulating periph-
eral NK cells. Maternal uNK are in direct contact with extra villous trophoblast (EVT) in 
the decidua (basalis and parietalis). Although it was shown that the multinucleated syn-
cytiotrophoblast does not express HLA class II or I molecules, EVT expresses polymorphic 
HLA-C and non-polymorphic HLA-E and HLA-G. Binding of EVT to uNK cells is facilitated 
through binding of uNK cell killer immunoglobulin-like receptors (KIR) to HLA-C and 
HLA-G on invading EVT. Of great interest is the fi nding that the combination of maternal 
KIR-AA genotype (on uNK cells) and foetal HLA-C2 genotype (on EVT) has been shown 
to result in the highest risk of PE relative to other comparable combinations. (35) Stud-
ies on the proportion of uNK-cells in the placental bed have yielded some confl icting 
results. Stallmach et al. (36) reported an increase in the proportion of uNK cells in cases 
of preeclampsia associated with IUGR, compared to uncomplicated pregnancies; this 
increase was not found in cases of preeclampsia without IUGR. Williams et al. (37) on 
the other hand, found a reduction of uNK cells in placental bed biopsies of preeclamptic 
patients, further indicating a possible regulatory function for the innate immune system 
in trophoblast invasion. 

Macrophages are derived from blood monocytes and have important immunological 
functions such as phagocytosis, secretion of cytokines and orchestrating innate and 
adaptive immune responses. (38) Macrophages are thought to be involved in regulating 
trophoblast migration through regulating apoptosis as well as maternal tolerance to 
fetal antigens. (39) Density and infi ltration patterns of macrophages in preeclampsia 
have been investigated most extensively in placental bed biopsies and were reported as 
increased (40), decreased (41) and equal (42) compared to uncomplicated pregnancies. 
A plausible explanation for the discrepancy in these results is the use of diff erent mark-
ers to detect macrophages. The presence of the maternal immune cells in the placental 
bed is further discussed and investigated in chapter 3. 

ACUTE ATHEROSIS

The (mal)function of macrophages is not only studied in light of their role in trophoblast 
invasion but also play an important role in the pathophysiology of a pregnancy specifi c 
lesion: acute atherosis (fi gure 3). 

Acute atherosis can be found in the basal arteries of the placental bed, as well as in the 
spiral arteries itself (43), and is characterized by fi brinoid necrosis, ultimately through-
out the vessel wall; accumulation of lipid in the myointimal cells and macrophages of 
the damaged arterial wall, giving them a foamy appearance (so-called foam cells); and 
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infi ltration of mononuclear infl ammatory cells (mostly lymphocytes and macrophages) 
in the decidua around the aff ected vessels. (43-45)

Acute atherosis is often associated with thrombosis, which may lead to placental isch-
emia and ultimately infarction. (46) As the spiral artery lumen is narrowed by the lesion, 
it is assumed that acute atherosis contributes to the altered placental perfusion seen in 
preeclampsia. (47) It has long been recognized that striking similarities exist between 
acute atherosis and other vascular conditions, such as atherosclerosis in systemic artery 
disease (44) and arterial lesions in acute rejection of renal transplants. (48) These fi nd-
ings support an immunological basis of preeclampsia, especially now atherosclerosis is 
more and more considered an infl ammatory disease. (49) These fi ndings also generated 
the hypothesis of a common pathophysiology in acute atherosis and atherosclerosis; 
especially when the shared risk factors and the predisposition of preeclamptic women 
to other cardiovascular disorders later in life are taken into account. (31)

Figure 3. Acute atherosis in decidual arteriole of patient with pre-eclampsia. The vessel wall has been re-
placed by fi brin and the intima is replaced with plasma proteins and cholesterol-laden macrophages.
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1
CARDIOVASCULAR DISEASE AND HYPERTENSIVE DISORDERS OF 
PREGNANCY

Cardiovascular disease (CVD) has gained interest in obstetrics in recent years, since large 
observational studies revealed a remarkable increase in the long-term risk of CVD in 
women who experienced diff erent types of gestational hypertensive disorders (50-52). 
These include pregnancy-induced hypertension (PIH) and preeclampsia. 

A review of the literature showed an increase of the postpartum risk of CVD events 
according to the severity of the hypertensive pregnancy disorder, with the highest 
risk in women who experienced early-onset preeclampsia. (50) Other studies revealed 
that common modifi able risk factors are already signifi cantly elevated 6 months after 
a pregnancy complicated by early and late onset preeclampsia, pregnancy induced 
hypertension. (53-56) Together, these data suggest that the diff erences in long-term 
CVD risk between women with a history of a hypertensive pregnancy may be depen-
dent on variation in the underlying maternal CVD risk profi les. In chapter 9 we further 
investigate this relationship by comparing CVD risk profi les between three hypertensive 
disorders of pregnancy: early onset preeclampsia, late onset preeclampsia and PIH. 

Ray et al. (52) related several other maternal placental syndromes to the subsequent 
maternal risk of premature cardiovascular disease, including placental infarction, pla-
cental abruption and IUGR. These maternal placental syndromes may be considered as a 
cluster of pregnancy-related disorders that appear when the cardiovascular system fails 
to adapt to the increased metabolic, infl ammatory and hemodynamic demands during 
pregnancy and represent the fi rst manifestation of compromised cardiovascular health 
of the mother. (54,57) Although cardiovascular risk profi les were signifi cantly altered in 
several of the maternal placental syndromes, this has not been separately studied for 
women with previous placental abruption. In chapter 8 we present a case control study 
of cardiovascular risk factors in women who have and have not experienced placental 
abruption in a recent pregnancy.

The aforementioned has led to the general accepted hypothesis that pregnancy is a stress 
test for cardiovascular health (fi gure 4). (58) Women who experience maternal placental 
syndromes have failed this stress test. How these pregnancies complications are related to 
the risk of cardiovascular disease remains to be elucidated. It is speculated that these women 
might have a maternal phenotype predisposing to cardiovascular disease. (59)

Previous studies not only suggest a role for common CVD risk factors (obesity, dyslipid-
emia, hyperinsulinemia, chronic hypertension and family history of CVD)(60), but also 
for markers of the systemic acute-phase infl ammatory response (e.g. plasma C-reactive 
protein (CRP) and fi brinogen levels), as predictors of future CVD after preeclampsia. (61) 
The relation between CRP and recurrent preeclampsia and other cardiovascular risk 
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factors is further investigated in chapter 7. The growing body of evidence that women 
with pregnancy complications are at higher risk of developing cardiovascular disease 
later in life led to the recognition of preeclampsia to be an independent risk factor for 
cardiovascular disease. The American Heart Association (AHA) updated the guideline 
for the prevention of CVD in women in 2011 in which they recognized preeclampsia, 
gestational diabetes and pregnancy-induced hypertension as an independent risk fac-
tor for CVD. (62) Furthermore it has recently led to a nationally implemented guideline 
for cardiovascular risk management after reproductive disorders. (63)  

In summary, failed spiral artery remodelling plays a pivotal role in the pathogenesis of 
hypertensive pregnancy complications also know as maternal placental syndromes. 
Several mechanisms, such as an exaggerated systemic infl ammatory response in the 
mother, are thought to impair the capacity of trophoblast to remodel maternal spiral 
arteries. It has been widely acknowledged in recent years that the likelihood of devel-
oping cardiovascular disease is increased after a pregnancy complicated by maternal 
placental syndromes, especially after early onset preeclampsia. Moreover, preeclampsia 
and cardiovascular disease have numerous common risk factors, including endothelial 
dysfunction, obesity, hyperglycemia, insulin resistance, diabetes mellitus, hypertension, 
dyslipidaemia and lipid deposition in vessel walls, suggesting a shared pathogenesis. 
This thesis, therefore, focuses both on mechanisms of defective spiral artery remodel-
ling and on possible shared pathological pathways in the development of preeclampsia 

Figure 4. Underlying maternal phenotype becomes identifi able during the stress test of pregnancy. Ad-
opted from Sattar and Greer. (58) 
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and cardiovascular disease. Understanding the involvement of the maternal immune 
system in the placental bed and the placenta during preeclampsia may provide new 
insights in not only the pathogenesis of preeclampsia, but also into the development 
of cardiovascular disease. Moreover, we shed new light on modifi able cardiovascular 
risk factors after several maternal placental syndromes, in order to further personalize 
(vascular) follow up and prevention in these patients.  

AIMS OF THE THESIS

Part I
• To review existing techniques used to sample the placental bed and propose a uni-

form protocol. (Chapter 2)
• To identify key pathological characteristics of placentas from pregnancies compli-

cated by early intrauterine growth restriction, and to examine the correlation of 
these characteristics with maternal hypertensive disease and umbilical artery Dop-
pler waveform abnormalities. (Chapter 3)

• To examine a newly developed scoring system for lesion characteristics of the pla-
cental bed which is used to investigate the role of the maternal immune system in 
normal pregnancy and preeclampsia. (Chapter 4)

Part II
• To investigate whether labour induces ER stress in placentas from healthy pregnan-

cies and if exposure to labour presents the opportunity to study placental cellular 
changes to ER stress in the absence of maternal factors. (Chapter 5)

• To identify the role of ER stress in trophoblast migration and its eff ects on matrix 
metalloproteases. (Chapter 6)

Part III
• To investigate whether C-reactive protein (CRP) and fi brinogen levels in non-pregnant 

primiparous women with a history of early-onset preeclampsia measured several 
months postpartum are predictive of recurrent preeclampsia in a next pregnancy. 
(Chapter 7)

• To compare common CVD risk factors between women with a history of placental 
abruption at 6-12 months after delivery and control women with a history of only 
uneventful pregnancies. (Chapter 8)

• To compare postpartum cardiovascular disease risk factors between women who 
experienced early onset preeclampsia, late onset preeclampsia and pregnancy 
induced hypertension. (Chapter 9)
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ABSTRACT

The physiologic transformation of uterine spiral arteries in the human placental bed 
is essential for a healthy pregnancy. Failure of this transformation, due to defi cient 
trophoblast invasion, is widely believed to underlie pregnancy complications such as 
preeclampsia, fetal growth restriction, miscarriage and preterm labour. Understanding 
invasive behaviour and remodelling properties of trophoblasts in the uterine wall is es-
sential in elucidating the aetiology of these pregnancy complications. However, there 
is a lack of satisfactory specimens of the placental bed to study the mechanisms that 
control trophoblast invasion. Several techniques can be used to obtain biopsies from 
the placental bed and sample handling can be executed diff erently depending on the 
research question. This systematic review provides an overview of all studies investigat-
ing the placental bed and sampling techniques used. Publications describing surgical 
techniques, specimen handling, complications and/or success rate of the placental bed 
biopsy procedures were included. The acquisition of placental bed biopsies is a neces-
sary and feasible technique to study abnormalities in the placental bed associated with 
pregnancy complications. Depending on the technique the likelihood of sampling a 
spiral artery and trophoblast from the placental bed is 51% to 78% per subject, without 
signifi cant complications. Caution is needed when interpreting data if the placental bed 
has been subject to labour. We propose a uniform sampling technique and conservation 
protocol for the study of the placental bed and provide tools for selection of the ap-
propriate technique to establish future placental bed collections.  
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INTRODUCTION

Over the last three decades extravillous trophoblast (EVT) dependent spiral artery 
remodelling has emerged as a vital process in establishing a functional human haemo-
chorial placenta. (1) However, despite extensive research it remains largely unknown 
how EVT invasion is regulated in vivo and how EVTs facilitate the extensive so called 
“physiological change” of the spiral arteries of the placental bed. (2) In recent years 
maternal immune cells such as the abundant uterine natural killer (NK) cells and macro-
phages have been attributed as key regulators of the placental bed, regulating both EVT 
invasion and spiral artery remodelling. (3) How failure of deep EVT invasion and spiral 
artery remodelling contributes to the aetiology of placental disorders such as recurrent 
miscarriage, preeclampsia, intra uterine growth restriction (IUGR), and preterm birth 
remains to be elucidated. 

Major modifi cations of the placental bed take place during early pregnancy. (4) The 
study of early developmental processes in the placental bed during pregnancy is not 
feasible, and many studies have relied on samples of the placenta bed after (preterm) 
delivery of the placenta. However, functional studies on these specimens are very lim-
ited and most investigators have resorted to in vitro models of trophoblast invasion with 
the use of modifi ed human trophoblast cell lines. Although these studies have given us 
a better understanding of the molecular mechanisms regulating invasion and remodel-
ling of the placental bed spiral arteries, the interpretation of data must be executed with 
caution as they do not refl ect the in vivo situation. Therefore, representative placental 
bed biopsies are still needed from both early and late normal and complicated pregnan-
cies, taken by reproducible techniques and coupled to detailed clinical characterisation 
of the study subjects. 

A ‘true’ placental bed biopsy consists of both decidual and myometrial tissue and con-
tains EVTs. However, in order to study spiral artery remodelling a ‘successful’ placental 
bed biopsy must contain at least one spiral artery. Although not the ‘true placental bed’, 
spiral arteries and EVTs can also be found in decidual tissue alone. To obtain a successful 
placental bed biopsy is challenging, because the placental bed only contains around 30-
60 spiral arteries. (5) The success rate varies with the biopsy technique used and inter-
pretation of data is heavily dependent on subsequent tissue handling and conservation. 
Choosing the right technique and sample processing is therefore of pivotal importance. 

In this review we provide a comprehensive overview of the techniques employed in 
current studies of the human placental bed and the limited number of biopsy collections 
worldwide. Techniques are discussed with their corresponding success rates. Finally, we 
propose a uniform protocol for sampling the human placental bed and subsequent 
tissue processing in order to increase the availability of comparable and good quality 
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specimens with which to unravel the mechanisms of trophoblast invasion and spiral 
artery remodelling, and their failure in adverse pregnancy outcomes. 

METHODS

Studies included were identifi ed by a systematic search of the databases PubMed, 
Embase and Cochrane. The following search terms were combined using the Boolean 
operator OR: placental bed, spiral arteries, uteroplacental arteries and preeclampsia. The 
complete search query is presented in Table 1. The search string was restricted to title 
and abstract. All papers, written in English, that described studies of the placental bed in 
humans, using placental bed biopsies or hysterectomy specimens taken after caesarean 
or vaginal delivery, were included. Case reports, expert opinions, studies concerning 
placental bed research in animals and reviews that did not describe actual placental bed 
studies were excluded. 

To identify relevant studies not covered by the search, cross-references were also picked 
up in the review process and screened for relevance. A total of 1027 papers were identi-
fi ed with the search query and after duplicates were removed. After screening title and 
abstract for the inclusion and exclusion criteria mentioned above, 130 papers remained 
for full text analysis. Finally, full text screening identifi ed 91 studies that have used pla-
cental bed biopsies. Together with 3 additional studies found by cross-references a total 
of 94 papers were included. Not all papers have reported success rates of the biopsy 
technique used and some studies have used archived collections of placental bed biop-
sies, in which case only the original study was included in the analysis of success rates. 
Twenty-fi ve papers reported success rates of their biopsy technique. (6-30) Successful 
biopsies were defi ned as either sampling a myometrial spiral artery with trophoblast or 
any spiral artery and trophoblast. In Supplemental Figure 1 a fl owchart of the selection 
progress is shown.

If success rates were reported for each studied patient group separately an average 
rate for that paper was calculated. Average success rates for each technique were cal-
culated including only papers that reported success rate per case (and not per biopsy). 
A weighted mean was calculated to include sample size in the equation. Statistical 
analyses were performed using SPSS (release 20.0; Chicago, IL).

Table 1. Search syntax

pregnan*[tiab] AND (“placental bed”[tiab] OR “placenta bed”[tiab] OR “spiral artery”[tiab] OR “spiral 
arteries”[tiab] OR “uteroplacental arteries”[tiab] OR “uteroplacental artery”[tiab])
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RESULTS

Historical overview placental bed research 
From meticulous examinations of the human placenta in situ in the 16th century, it was 
concluded for the fi rst time that there is no direct vascular connection between mother 
and foetus. (31) This fi nding presented indirect evidence for the existence of a vascular 
bed in the uterine wall adjacent to the placenta: the ‘placental bed’. The Hunter brothers 
published the fi rst illustrations of the placental bed. Using coloured wax injected into 
specimens of human uteri with placentas in situ they revealed the fi rst direct macro-
scopic evidence for spiral arteries. (32)

 With the discovery of the microscope and its rapid advances, trophoblasts were iden-
tifi ed in the second half of the 19th century. Not long thereafter the invasive nature of the 
trophoblast was fi rst appreciated. (1) The advances in early placenta bed research were 
attributed to the availability of hysterectomy and post-mortem specimens of uteri with 
in situ placentas. Several of these specimens are preserved in histological collections 
and often accessibility is limited. The biggest collections of early pregnancy material 
are stored in the Boyd collection at the Centre for Trophoblast Research, University of 
Cambridge (33) and the Carnegie Collection at the Human Developmental Anatomy 
Center, Washington DC. (34) The Carnegie collection consists mainly of the specimens 
preserved by Hertig and Rock who carefully collected very early embryos and implanta-
tion sites from hysterectomies. The placenta-in-situ samples of the Boyd collection are 
overrepresented by low-lying placentas that may have caused the need for hysterectomy. 
Although no tissue blocks remain the collection holds in situ placenta hysterectomies 
from various gestational ages that are partly digitalized and accessible on the website of 
the Centre for Trophoblast Research. (http://www.trophoblast.cam.ac.uk). 

Ground breaking work on spiral artery remodelling in the placental bed has un-
doubtedly been performed by Brosens et al. (7,8,35,36) and Pijnenborg et al. (4,37,38) 
The early histological studies Pijnenborg conducted on the placental bed revealed a 
higher density of extravillous trophoblasts (EVTs) in the proximity of spiral arteries with 
morphological signs of remodelling. The specimens that were used for these studies 
came from an impressive collection of 48 intact uteri with pregnancies ranging from 8 
to 18 weeks gestational age. Advances in obstetric care and surgical techniques have 
made pregnant hysterectomy a rare procedure. Therefore, obtaining new hysterectomy 
samples is very uncommon, let alone in complicated pregnancies. However, the grow-
ing body of evidence implicating abnormalities of the placental bed in the genesis of 
pregnancy complications, such as preeclampsia, increases the need for representative 
samples to study the placental bed. (39)
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“Modern” placental bed biopsy techniques
In the early 1950’s, Hertig (40) and Zeek and Assali (41) among others described changes 
in decidual vessels that were recognized as having acute atherosis. However, the authors 
acknowledged the fact that the material was not adequate and that further study of 
maternal vessels deeper in the placental bed was required. In 1958 Dixon and Robertson 
introduced a technique to obtain representative placental bed material suitable for his-
tological examination of such deeper myometrial maternal vessels. (42) Using a punch 
biopsy technique they were the fi rst to collect myometrial parts of the spiral arteries 
apart from the existing hysterectomy and post-mortem uterus specimens. Since that 
time several techniques for the sampling of the placental bed have been used which we 
will discuss in the following section. 

Punch biopsy at caesarean section
Since its introduction in 1958, the punch biopsy technique has been widely used. Ger-
retsen et al studied the physiological changes of spiral arteries in normal pregnancies 
and a variety of pregnancy complications. (12) The authors used the technique to obtain 
1 sample of the placental bed of 175 patients. In 42% of the cases they found at least 
one spiral artery and trophoblasts. Robson et al sampled 139 patients during caesarean 
section and collected successful biopsies in 45% of the normal pregnancies and 52% 
of the pregnancies complicated by preeclampsia. (26) Eight biopsies were taken under 
direct vision of the placental bed after placental removal and intravenous administra-
tion of 10IU oxytocin to facilitate uterine contraction. Taking multiple biopsies from the 
placental bed seemed not to enhance the chances of successfully sampling the bed. 

Our group recently started a new biobank study in which the punch biopsy technique 
during caesarean section has shown comparable success rates. Collecting 280 biopsies 
from 70 patients we managed to sample the placental bed containing at least one spiral 
artery and EVT in 57% of the cases (unpublished data). Our proposed standardized 
protocol will be discussed in detail later.

The studies that reported the likelihood of sampling a spiral artery and trophoblasts 
from the placental bed with punch biopsy at caesarean section are shown in Table 1. 
With this technique an average success rate of 51% is feasible. 

Transcervical punch biopsy 
The punch biopsy technique was not only used in the setting of caesarean sections. Ger-
retsen et al. also employed a comparable technique in 1981 after vaginal delivery and 
reported a success rate of 33%. (43) Success was defi ned as sampling tissue containing 
interstitial trophoblasts and spiral arteries at the endometrial-myometrial junction. In 
1990 Michel et al. were the fi rst to describe the ultrasound-guided placental bed biopsy. 
(44) Focusing on leucocytes in the fi rst trimester they did not report the number of spiral 
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arteries in their biopsies. By excluding the cases with insuffi  cient myometrial vessels it 
is impossible to assess the success rate. The experiences from Robson and colleagues in 
sampling under ultrasound guidance were discussed in their publication in 2002. (26) 
They report success rates with both transcervical techniques as well as biopsies under 
direct vision during caesarean section as discussed earlier. Currently this is the largest 
series of early placental bed biopsies reported in the literature. Biopsies were attempted 
in 313 women who underwent termination of pregnancy (TOP) before 20 weeks of 
gestation and in 104 women in need of evacuation of retained products of conception 
(ERPC) after foetal death between 7 and 21 weeks of gestation. In short, after induction 
of general anaesthesia an ultrasound scan was performed for placenta localization and 
estimation of gestational age. After evacuation of the uterine contents a biopsy forceps 
was introduced under ultrasound guidance to the site of the presumed placental bed. 
Four biopsies were then taken from the central placental bed. With this procedure 17% 
to 77% of the biopsies were successful in sampling a spiral artery. There was a signifi cant 
positive correlation between gestational age and the likelihood of obtaining at least 
one spiral artery. The latter was probably related to the diffi  culty to clearly visualize the 
placental bed with ultrasound in very early pregnancy. There were no complications 
recorded that could be related to the biopsy procedure. 

This biobank of placental bed biopsies has been extensively used to study spiral artery 
remodelling and related processes. They contributed, for example, to our knowledge 
on the role of adhesion molecules (45), nitric oxide (46), transforming growth factor 
beta (45), interleukin-6 and 8 (47), and vascular smooth muscle cell apoptosis (48) in 
trophoblast invasion and spiral artery remodelling.

Studies that reported the likelihood of sampling a spiral artery and trophoblasts from 
the placental bed with punch biopsy after vaginal delivery, TOP or ERPC are shown in 
Table 2. With this technique an average success rate of 54% is feasible. 

Scissors or scalpel biopsy technique
Robertson and colleagues published their 30-year experience from three centres in 
sampling the placental bed in 1986. (49) Centres in Leuven Belgium, London United 
Kingdom and Dublin Ireland have collected placental bed samples with curved scissors 
or scalpel, a technique that is reported to sample true placental bed in more than 70% 
of the cases. However, it is not clear if success was defi ned as the presence of spiral 
arteries or presence of interstitial trophoblasts alone. Biopsies were taken at caesarean 
section under direct visualisation of the placental bed. After digitally marking the centre 
of the placenta, the placenta itself was peeled away and the supposed placental site and 
surroundings were carefully inspected. With curved scissors a disk of 1.5 cm in diameter 
was removed from the central part of the placental bed. A depth of 0.5 cm proved to 
be more than suffi  cient to obtain the myometrial sections of spiral arteries. The same 
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dimensions can be obtained when a surgical scalpel is used to collect a wedge-shaped 
biopsy. The resulting defect was closed with absorbable sutures. There were no reports 
of biopsy-related complications and this technique has been widely used ever since. 
A variant of the scalpel biopsy technique was published by Pijnenborg et al. (24) A 
22-gauge marking needle was thrust through the serosal side of the uterus through 
the centre of the placental bed that was manually localized previously. A second needle 
was inserted from the decidual side into the uterus next to the marking needle that 
could then be removed. With a sharp scalpel a cone of 1-2 cm wide and 1cm deep was 
obtained. In 68% of hypertensive women the biopsies contained at least one spiral 
artery, whereas normotensive women were accurately sampled in 35% of the cases. The 
diff erence between success rates was not addressed in the paper.

The studies that reported the likelihood of sampling a spiral artery and trophoblasts 
from the placental bed with scalpel or scissors are shown in Table 3. With this technique 
an average success rate of 58% is feasible.  

Vacuum suction technique
More recently Harsem evaluated a new technique collecting decidual tissue by vacuum 
suction for functional and morphological studies described earlier by Staff  et al. (15,50) 
Quality criteria included the presence of spiral arteries and extravillous trophoblasts. 
However, they do not fi t the defi nition of ‘true placental bed’ as discussed earlier. Mor-
phological features of the obtained biopsies were compared with archived placental 
bed material and basal plate sections. During caesarean section 5IU oxytocin was given 
intravenously after delivery of the baby to ensure uterine contraction. The placenta 
was then manually located and gently removed from the uterine wall. Placental bed 
tissue was collected by applying suction force directly on a nylon net, which in turn was 
fl ushed with 500 mL of sterile saline to remove blood. A random portion was selected 
for morphological studies. In the evaluation study 51 women undergoing caesarean 
sections and vacuum suctions were included and compared to 33 placental bed punch 
biopsies and 33 placental plate specimens sampled from the maternal side of the deliv-
ered placenta. In 86% of the decidual suction samples one or more spiral arteries were 
found. Placental bed biopsies and placental plate biopsies contained spiral arteries in 
61% and 48% respectively. In the long term follow up of 38-60 months after vacuum 
suction there were no biopsy related complications reported. (15)

The studies that reported the likelihood of sampling a spiral artery and trophoblasts 
from the decidua with vacuum suction are shown in Table 4. With this technique an 
average success rate of 78% is feasible although the chances of obtaining myometrial 
spiral arteries are very small (13%; one study).  
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Other techniques 
Several other techniques have been used to sample the placental bed. Most of the 
studies did not report any success rates merely because the aim was to investigate the 
metabolism or the immune system in relation to localisation within the foetal placental 
unit. For instance, Schafer et al. collected decidual material from the placental bed dur-
ing caesarean section by wiping the uterine cavity with a tampon. The number of spiral 
arteries or interstitial trophoblasts is not discussed. (51)

Transcervically obtaining spiral arteries from the placental bed by curettage after 
vaginal delivery has proven not to be successful. Only one out of 46 (2%) biopsies was 
successful in sampling an appropriate portion of spiral artery. The technique was there-
fore abandoned by Gerretsen et al. (43) Stallmach et al. used curettage of the placental 
bed under direct vision during caesarean section to sample the placental bed. (52) Their 
success rates seem to be signifi cantly higher with an average of 6,2 spiral arteries per 
sample. However, no reports were made on samples without spiral arteries. Interest-
ingly, although no incisions were made in the uterine wall, biopsies ‘usually’ contained 
myometrium. 

It is beyond the scope of this review to discuss all studies that have sampled decidual 
tissue and basal plate on the delivered placenta. Although Khong and Chambers showed 
that en face specimens from the basal plate of the delivered placenta could sample spiral 
arteries with a 56.4% success rate we focussed on techniques of direct sampling of the 
placental bed. (53)

LOCALIZATION OF THE PLACENTAL BED

For accurate sampling of the ‘true placental bed’ it is the crucial to localize the placental 
bed either by ultrasound or under direct visualization. The transcervical biopsy proce-
dure is accurately described in the publications by Robson et al. (26) It has proven dif-
fi cult to visualize the early pregnancy placental bed with ultrasound before 8 weeks of 
gestation. Only 17% of those samples contained spiral arteries. By thrusting the biopsy 
forceps through the in situ placenta to the placental bed it was usually possible to obtain 
two or three biopsies in the study of Dixon and Robertson. (42) This technique very 
accurately localized the placental bed, but did not necessarily result in a high success 
rate. The method of Pijnenborg et al (24) involved insertion of a 22-gauge needle from 
the serosal side of the uterus after localizing the centre of the placenta as previously 
described. Finally, biopsies can be taken under direct visualization of the placental bed 
during caesarean section. Before the procedure the placental site should be identifi ed 
using ultrasound, as routine practice. Immediately after delivery of the baby the centre 
of the placenta is manually localized and gently separated from the underlying myome-
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trium by controlled cord traction. From our own experience it is possible to see a slightly 
depressed placental site, diff erent from the smooth surrounding decidua.  This is easily 
palpable and should allow the obstetrician to make the distinction between the two. 
When the placenta is located on the anterofundal site of the uterus the uterine wall can 
be exteriorized by slightly inverting the incision side.

SAFETY, COMPLICATION RATES AND POST-BIOPSY PROCEDURES

Although based on expert opinion, when sampling the placental bed from complicated 
pregnancies caution should be taken when preeclampsia is further complicated by 
coagulopathy. Especially when the pregnancy is complicated by the haemolysis, low 
platelets and elevated liver enzyme (HELLP) syndrome, one should assess platelet count 
before surgery. Platelet count <100.000/mm3 is included in the classifi cation of HELLP 
syndrome. (54) In our protocol discussed below we set the limit of platelet count to 
50.000/mm3 with normal ranges being 150.000/ul-400.000/mm3. The limit was set in 
accordance with local protocols indicating that administration of platelets in patients 
requiring caesarean section was necessary if platelet count is <50.000/mm3.  

During caesarean section all procedures are as normal. It is at the obstetrician’s discre-
tion to abandon the biopsy procedure in case of any complications like excessive blood 
loss, hemodynamic problems, etc. Robson et al. (26) as well as Harsem et al. (15) have 
described the use of oxytocin after delivery of the foetus; 5 and 10IU were adminis-
tered intravenously. In our own study we have used 5IU oxytocin in order to increase 
the chances of sampling a spiral artery and reducing blood loss. After delivery of the 
placenta and confi rmation that all uterine contents were removed, uterine angles were 
fi rst secured to ensure patient safety and a reduction of blood loss before the sampling 
procedure commenced.

From our experience is has never been necessary to use sutures to close any defects 
in the uterine wall after punch biopsy. It must be emphasized that it is not of vital im-
portance to sample the myometrium in great depth. Serial sections of hysterectomy 
specimens demonstrated that the radial arteries divided approximately 0.5 cm beneath 
the endometrium (i.e., myometrial junctional zone) into 2 or 3 arteries with physiologic 
changes or transformation. (55) Hence, shallow biopsies no deeper than 5 mm are suf-
fi cient and reduce the need for sutures and possible complications. Using the scissors 
and scalpel biopsy technique it is reported that absorbable sutures are often needed. 
However, no complications have been reported in 30 years of experience. The few pub-
lished adverse events could not be accredited to the biopsy procedure. (49)
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SAMPLE HANDLING 

In an attempt to optimize sample collection of placental (bed) studies, very recently an 
extensive review has been published on sample handling and tissue processing. (56) In 
short, biopsies should be processed as soon as possible. Depending on the substrate 
or organelle of interest there may or may not be any delay in processing the samples. 
For instance there is no change of levels of heat shock proteins within a time period of 
45 minutes. However hypoxemia occurs already after 7-10 min in delivered placentas, 
resulting in dilation of several organelles already within 5 minutes. (57)

Fixation of the obtained biopsies in an appropriate fi xative is a crucial step for long-
term conservation. Placental bed samples are small in size (0.5 cm3-1.5 cm3), so caution 
should be taken with the duration of fi xation. Burton et al. recommend that placental 
samples of the same dimensions should be fi xed in paraformaldehyde no longer than 
12 hrs. when used for immunohistochemistry. (56) It is advisable to always snap-freeze 
some of the biopsies for protein, DNA, RNA and metabolomics studies. Ideally one 
would have the fi xative available in the operating theatre in order to reduce the interval 
between sampling and conservation to a minimum. 

After fi xation, accurate orientation of the biopsies for proper cutting of paraffi  n or 
frozen tissue sections is essential. Biopsies should ideally be positioned in such way that 
perpendicular sections from decidual surface to the myometrial base can be obtained. 
However, macroscopically decidua and myometrium are diffi  cult to distinguish. Figure 1 
shows an overview picture of a well-orientated placental bed biopsy obtained with the 
punch biopsy technique. Taking biopsies with the scalpel and scissors technique will 
result in samples that are easy to orientate as well. Some authors have recommended 
placing the scalpel or scissor biopsy with the myometrial aspect down on a piece of fi lter 
paper for orientation. (49) Organizing eff ective logistics is very important in creating 
a representative and consistent biobank. This includes accurate registration of patient 
characteristics and clinical data. Due to many possible-confounding factors as medica-
tion use, labour and severity of clinical disease, data can be easily misinterpreted. Nelson 
and Burton (58) have listed possible confounders in a recent paper encouraging authors 
to register basic clinical characteristics in placental (bed) research. 

EVALUATION OF PLACENTAL BED BIOPSY

When evaluating the success of the placental bed biopsy immunohistochemistry 
staining can be used for cytokeratin 7 (CK7) and preferable Periodic Acid Shiff  (PAS) 
after diastase. CK7 identifi es EVTs and PAS after diastase can be used to demonstrate 
fi brinoid depositions in the wall of transformed spiral arteries. Success can be defi ned in 
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diff erent ways. We propose an uniform protocol by dividing specimens in 3 categories 
as described previously (26): (1) specimens without trophoblast and spiral artery; (2) 
specimens with only trophoblast but no spiral arteries; and (3) specimens with both 
trophoblast and spiral artery (=successful biopsy).  

In Tables 1, 2, 3 and 4 the success rates per technique are shown as deduced from 
papers that have reported their success rates in sampling the placental bed.

COLLECTION PROTOCOL

The following protocol is derived from our experience and based on publications on 
placental bed biopsies discussed in this review. The bullet action points are arranged in 
chronological order and can be incorporated into a local Standard Operation Procedure. 
It is recommended that the presence of all materials used are checked and replenished 
regularly in order not to delay the processing of the biopsies. The protocol is mainly ap-
plicable for biopsy techniques during caesarean section. However, many of the actions 
are also applicable to transcervical punch biopsies after delivery. 

1 mm 

10X 

D 

D 

M 

Figure 1. Well-orientated biopsy perpendicular embedded and sectioned from decidual surface to the 
myometrial base (PAS after diastase stain). Arrowhead: non-remodeled spiral artery; M: myometrium; D: 
decidua.
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Preparations
1. Obtain informed consent according to the declaration of Helsinki before start of the 

procedure, in acute situations this must have been done beforehand.
2. Localize placenta (bed) by (trans-abdominal) ultrasound
3. Make sure (sterile) biopsy materials are present in the operating theatre
4. Check platelet count (> 50.000/ul)
5. Collect clinical data in structured manner i.e. standardized list of pregnancy and 

patient characteristics.

During caesarean section 
6. After delivery of the foetus give 5-10IU oxytocin intravenously. 
7. Identify the outer angles of the incision in the uterus and clamp with haemostatic 

forceps to reduce bleeding
8. Ascertain location of placenta manually and remove by controlled cord traction
9. Confi rm removal of all foetal tissues from the uterus
10. Manually and/or visually identify the location of the placental bed. It is possible to 

observe a slightly depressed placental site, diff erent from the smooth surrounding 
tissue covered by decidua parietalis. 

11. Depending on preferred technique:
 •  Punch biopsy: Introduce the biopsy forceps in to the uterine cavity directing 

it to the uterine wall. Whenever possible angle the forceps to 45 degrees with 
the uterine wall. Place the other hand on the serosal side of the uterus just 
underneath the placental site in order to prevent perforation. Take 4-8 biopsies 
placed on a small bandage gauze.

 •  Scalpel/Scissors biopsy: Identical as punch biopsy, but use curved scissors 
or scalpel. Remove a disk of 1,5 cm in diameter from the central part of the 
placental bed or a wedge shaped sample of 1,5 cm in length. Both no deeper 
than 0,5cm. Further details are described elsewhere. (49)

 •  Vacuum suction biopsy: Identical procedures as punch biopsy, but applying 
suction force directly on a nylon net placed on the placental bed. Further de-
tails are described elsewhere. (15)

12. Biopsy site is inspected for bleeding, if necessary an absorbable suture can be used 
to close the defect. The suture technique is at the obstetricians’ discretion. The re-
mainder of the procedure can be completed as normal.

Processing biopsy  
13. Directly rinse collected specimens in sterile saline to remove excessive blood and 

blood clots.
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14. Place specimens in desired fi xative preferably within 5-10 minutes, e.g., on the oper-
ating table itself to prevent any delay.

15. Snap-freeze immediately in liquid nitrogen or transfer to fi xative such as fresh 4% 
buff ered paraformaldehyde overnight. If regulations do not allow liquid nitrogen in 
the operating theatre, the sluice room will suffi  ce to process the samples. 

16. For embedding in Optimal Cutting Temperature (OCT) compound transfer to 20-30% 
sucrose overnight at 4°C

17. Register the biopsy-fi xation time and store in biobank  
18. Embed in paraffi  n or OCT

FUTURE PERSPECTIVES

In this review we have presented a comprehensive overview of studies with placental 
bed biopsies. Unfortunately many studies did not report the likelihood of sampling a 
spiral artery, but only presented data of preselected biopsies containing a spiral artery 
and trophoblasts. Currently it is possible to obtain successful biopsies in 17% up to 70% 
of the cases, with an average of approximately 50% depending on the technique used. 
Success rates seem to be dependent on experience of the obstetrician in sampling the 
placental bed. (59) Careful localization, visualisation and inspection of the placental bed 
is very important and experience will enhance the chances of success. Interestingly, 
taking multiple biopsies appears not to increase the chance of obtaining spiral arteries 
and trophoblasts from the placental bed. Gerretsen et al obtained a portion of a spiral 
artery from the deciduomyometrial junction in 42% of the cases with a single biopsy.
(43) Whereas Bulmer et al had a comparable success rate of 47% per case after taking 8 
biopsies using only a slightly diff erent biopsy forceps. (26) Moreover, in our own study 
we show a success rate of 57% per case when 4 biopsies were obtained. The number of 
biopsies taken should be adjusted to the quantity appropriate for the research question 
and use of multiple processing techniques. 

Researchers interested to collect placental bed biopsies must choose their technique 
carefully. Depending on the research question and tissues needed the less invasive de-
cidual suction methods may well suffi  ce for their research purpose. For instance, acute 
atherosis lesions are more likely to be found in the decidual parts of the spiral artery. (60) 
Therefore the suction technique or even basal plate sampling should be used instead of 
punch biopsy or scalpel biopsy. If the research question encompasses remodelling of 
the deeper myometrial spiral arteries one should consider techniques that sample the 
placental bed up to 0.5 cm of depth (scalpel and scissors or punch biopsy). Although 
no complications were reported, the scissors and scalpel technique often needs closure 
of the created defect in the uterine wall as opposed to the punch biopsy technique. 
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Therefore the punch biopsy with its excellent success rates and reproducibility is the 
recommended choice for (myometrial) placental bed sampling. 

Several factors infl uence interpretation of the placental bed biopsy. Orientation is 
very important and sections from decidual surface to the myometrial base should be 
obtained. Secondly, it is stressed that samples must be thoroughly rinsed in PBS/saline 
to remove excess blood before placing the biopsy in fi xative of choice, preferably within 
5 minutes from sampling. Further, the placental bed that has been exposed to labour 
must be used with care as many biological processes may be aff ected by the acute 
hypoxia and reperfusion of the placental bed during contractions. For instance, recent 
studies have shown that endoplasmic reticulum stress and oxidative stress are higher in 
laboured placentas. (61,62)

The greatest challenge in advancing this fi eld further is the inability to obtain high-
quality tissue samples from the fi rst and second trimester in on-going pregnancies. 
Failure of spiral artery remodelling occurs between 8-14 weeks of gestation and possibly 
even later. (4) The only materials currently available are remainders of chorionic villous 
samples collected largely for serum screening related risk for chromosomal abnormali-
ties. (63) However, newer techniques in detecting foetal cells in the maternal circulation 
(i.e. Non Invasive Prenatal Testing (NIPT)) may make invasive villous sampling obsolete 
in the nearby future. (64) Other techniques should be explored to overcome this prob-
lem. Although prediction models for preeclampsia still suff er from low sensitivity and 
specifi city, recent studies indicate that early preeclampsia can be accurately predicted in 
the fi rst trimester of pregnancy using maternal characteristics, biomarkers and Doppler 
fl ows of the uterine artery. (65,66) Obtaining these parameters before termination of 
pregnancy might enable us to stratify for women at high risk of developing (early) pre-
eclampsia if their pregnancy would have continued. We therefore encourage research-
ers to continue collecting placental bed samples in terminations of (early) pregnancy 
and when possible to use prediction models for preeclampsia to stratify for women that 
are at higher risk of developing preeclampsia combined with judging the level of spiral 
artery remodelling. (67) However, the predictive nature of such studies will still result in 
a demand for placental bed biopsies sampled in term (complicated) pregnancies. 

Standardisation of placental bed biopsy procedures will improve the quality and 
comparability of studies using placental bed biopsies and allow large collections of 
samples to be generated. We have proposed a standard in this paper. Placental bed 
samples, when combined with functional experiments on primary and/or immortalized 
trophoblasts, should give us further insight in the mechanisms of trophoblast invasion 
and subsequently in the pathology of pregnancy complications such as preeclampsia, 
IUGR, preterm birth and placental abruption.
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ABSTRACT:

Women with a history of placental bed disorders, including preeclampsia (PE) and in-
trauterine growth restriction (IUGR) have an increased long-term risk of cardiovascular 
disease (CVD). Similarities between atherosclerosis and pathology observed in placental 
bed spiral arteries in pregnancies aff ected by PE and IUGR, such as acute atherosis and 
defective remodeling, suggest a common pathophysiological pathway underlying both 
disorders. The aim of this study was to investigate vascular and infl ammatory lesions in 
the placental bed of women with PE and normal pregnancy using a new systematic ap-
proach to characterize lesions of the placental bed. Placental bed punch biopsies were 
performed following Caesarean section and systematically studied to assess vascular 
pathology, remodeling, and the presence of T-cells, NK cells and macrophages. In addi-
tion we tested modifi able CVD risk factors immediately post-partum. We found fewer 
spiral arteries with complete remodeling in women with PE than in the control group 
(21% versus 68%; P=0.008). Women with PE showed a lower presence of T-cells in both 
decidua and myometrium. With our newly developed scoring system we were able to 
identify several types of maternal immune cells and estimate the extent of their pres-
ence in a reproducible way. Preliminary fi ndings suggest a correlation between acute 
atherosis and higher triglycerides and LDL. Systematic study of vascular pathology in 
uterine spiral artery biopsy samples in relation to CVD risk factors may provide valuable 
insight into the link between cardiovascular health and placental bed disorders.
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INTRODUCTION

Preeclampsia (PE) is a common hypertensive disorder of pregnancy and is associated 
with several foetal and maternal complications, including eclamptic seizures, intrauter-
ine growth restriction (IUGR) and intrauterine foetal death in some cases. (1) Our group 
and others have shown that these women show diff erent cardiovascular disease (CVD) 
risk profi les postpartum as compared to women with uncomplicated pregnancies. (2-6) 
Similar, large observational studies have confi rmed an increase in the long-term risk of 
CVD in women who experienced PE or other types of placental disorders associated with 
defective spiral artery remodeling, such as IUGR, placental abruption and pregnancy-
induced hypertension. (7,8) Characteristic vascular pathology of the spiral arteries (SA) 
in the placental bed is thought to be involved in the development of PE and other 
hypertensive disorders of pregnancy. Lack of adequate SA remodeling, associated with 
incomplete trophoblast invasion, has been described as the key pathophysiological de-
fect in PE, and is present in about 52-90% of cases. (9) Impaired SA remodeling, however, 
is not confi ned to PE and IUGR, but is also seen in 19% of pregnancies complicated by 
preterm birth and even in 4-7% of normal pregnancies. (9-11)

Besides abnormal spiral artery remodeling, women with PE also show other character-
istic placental vascular abnormalities described as “acute atherosis”. (12,13) These lesions 
are more likely to occur in the decidual part of the placental bed and in vessels of the 
membranes, and are accompanied by infl ammation and several features similar to vas-
cular pathology found in early-stage atherosclerosis, including lipid accumulation, foam 
cells and the presence of macrophages. (14,15) It has been suggested that the presence 
of these lesions correlate with an increased risk of cardiovascular disease (CVD). (16) The 
most acknowledged hypothesis regarding this relation proposes a mutual pathophysi-
ological pathway causing both diseases. (17) Similar to the pathophysiology of athero-
sclerosis, it is likely that the infl ammatory response (to the invading foetal trophoblast) 
has a central role in regulating SA remodeling and may be an important culprit in the 
development of hypertensive disease in pregnancy. (18) Biobanking and evaluation 
of spiral artery pathology in complicated and uncomplicated pregnancies have been 
suggested to further clarify the relation between features of spiral artery pathology and 
underlying maternal CVD risk factors. (13,16) To shed more light on this relationship, we 
initiated the SPiral Artery Remodeling (SPAR) study to systematically collect both spiral 
artery biopsy samples and perform CVD risk factor screening. Aims of this study were: 
[1] to develop a structured scoring system for lesion characteristics of the placental bed 
pathology; and [2] to study the involvement of local immune cells in spiral artery re-
modeling in normal and pre-eclamptic pregnancy. In addition, as a preliminary analysis, 
we explored the correlation between levels of established CVD risk factors immediately 
postpartum and placental bed characteristics identifi ed by the scoring system.
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METHODS

Patient selection and defi nitions
This paper is the fi rst report on an ongoing prospective cohort-control study conducted 
in a single tertiary Perinatology Center at the University Medical Center Utrecht (UMCU), 
the Netherlands. Patients are recruited from the antenatal clinic or maternity ward when 
consented for a caesarean section because of PE. Preeclampsia is defi ned as (new) onset 
of hypertension (≥140/90 mmHg) and signifi cant proteinuria (≥300mg/24h) after 20 
weeks of gestation, according to the criteria of the International Society for the Study 
of Hypertension in Pregnancy (ISSHP). (19) Controls are women eligible for an elective 
Caesarean section after an uneventful pregnancy and without any major underlying 
pathology (mostly for breech position, and women with previous Caesarean section 
declining a trial of labour). 

IUGR is defi ned as an ultrasonically estimated foetal weight below the 10th percentile. 
(20) Hemolysis Elevated Liver enzymes Low Platelet syndrome (HELLP) is defi ned by the 
following laboratory fi ndings in serum; aspartate aminotransferase > 50 U/L or alanine 
aminotransferase >50 U/L, lactate dehydrogenase > 600 U/L, platelet count < 100x109/L 
and evidence of hemolysis. (21) All patients receive study information and sign informed 
consent forms prior to participation. This study was reviewed and approved by the local 
Institutional Ethical Review Board (IERB) of the University Medical Center Utrecht, refer-
ence number: 11-503. The study adheres to the principles of the Declaration of Helsinki 
and Title 45, U.S. Code of Federal Regulations, Part 46, Protection of Human Subjects, 
Revised November 13, 2001, eff ective December 13, 2001.

Placental bed biopsies and immunohistochemistry
At the time of Caesarean section, after the neonate is delivered, the central part of the 
placental bed is manually located on the uterine myometrial wall. Four placental bed 
biopsies are taken using cervical biopsy forceps (Aesculaap, ER063R). Samples were 
fi xed in 4% buff ered paraformaldehyde for storage and transport. After dehydration 
the biopsies are embedded in paraffi  n wax for histological examination according to 
routine laboratory protocols. Our certifi ed Pathology Laboratory, according to standard 
operating procedures, further processes placental bed biopsies. Sections are cut at 3μm 
thickness and mounted onto glass slides. Sections from each biopsy are stained with 
haematoxylin and eosin and the PAS after diastase stain (using the DAKO coverstainer, 
Belgium) using a standardized protocol to enable basic orientation. 

For this study, we developed a placental bed scoring system, based on available litera-
ture on spiral artery pathology and a large study on systematic scoring of atherosclerotic 
lesions. (22,23) Supplementary Table 1 shows the defi nitions used in the scoring system. 
All markers were scored as either absent or minimal, moderate or heavy and/or cluster-
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ing, of cells by two independent observers blinded for outcome (PN, EvV, JV). When 
interpretations diff ered, a third observer was consulted. As part of our scoring protocol, 
all sections (6-8 per patient in total) were stained for specifi c cell types using a Ventana 
Benchmark Ultra (Roche, Switzerland). CK7 staining (clone OV-TL 12/3, Biogenex, USA) 
was used to identify extravillous trophoblast (EVT) cells. Immune cells were identifi ed by 
CD56 (clone 123C3, Neomarkers, USA) and CD3 (DAKO coverstainer, Belgium) staining, 
to identify natural killer (NK) cells and T-cells, respectively. CD68 (clone KP1, Novocastra, 
United Kingdom) staining was used to identify the presence of macrophages. Distinction 
was made in scoring the presence of infl ammatory cells in decidua and the presence of 
infl ammatory cells in the myometrium.

Only the biopsies that sampled the ‘true’ placental bed, i.e. containing EVT, were used 
to score the number of immune cells. In the biopsies that also contained a spiral artery, 
the developmental state of spiral arteries was assessed, as well as the presence of acute 
atherosis, defi ned as aggregates of lipid laden macrophages in the artery wall, thrombo-
sis and the degree of intima proliferation. Defi nitions of these specifi c lesions are shown 
in Supplemental Table 1. 

Postpartum cardiovascular biochemical parameters
Fasting blood samples were drawn coinciding with routine blood sampling after 
Caesarean section on the fi rst day postpartum. All blood samples were analysed by 
standard protocols used by the Laboratory of Clinical Chemistry and Hematology of the 
UMCU. Concisely, hemoglobin, total cholesterol, triglycerides, high-density lipoprotein 
cholesterol (HDL), glucose, homocysteine, thyroid stimulating hormone (TSH) and high 
sensitivity C-reactive protein (hsCRP) were measured using a Vitros analyser (Ortho, 
Mulgrave, Australia) or DxC800 analyzer (Beckman Coulter, Brea, USA). Low-density 
lipoprotein cholesterol (LDL) was calculated using the Friedewald formula.24 Within-run 
variation coeffi  cients at the UMCU at time of this study were 1.5% for total cholesterol, 
2.0% for HDL, 2.0% for triglycerides, 2.5% for hsCRP and 2.4% for fasting glucose levels. 
In addition, several of these measurements were dichotomized to previously described 
cut-off  values. (2,3)

Data on maternal characteristics (i.e. maternal age, history, BMI and parity) were reg-
istered at the antenatal clinics during routine booking and follow-up visits throughout 
pregnancy. Data on neonatal outcomes including foetal birth weight and birth weight 
percentile were recorded directly after birth.

Statistical analysis
Baseline characteristics were presented as medians (interquartile ranges [IQR]) or 
number (percentages) if variables were either continuous or categorical, respectively. 
P-values to indicate diff erences between groups were calculated using Mann-Whitney-U 
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tests and Chi-squared or Fisher’s Exact tests for continuous and categorical variables, 
respectively. The placental bed scoring is displayed in 2 x 3 tables to give an overview 
of the data. CVD risk factors were compared by means of T test. Cut off  values deducted 
from common practice were used and compared between the groups. Finally CVD risk 
factors of women with acute atherosis were preliminary compared by means of t-test. 
Statistical analyses were performed using SPSS (release 20.0; Chicago, IL). P-values <0.05 
were considered statistically signifi cant.

RESULTS

Baseline characteristics
We included 29 women with PE and 29 normal pregnant controls in this study. Maternal 
and neonatal baseline characteristics are presented in Table 1. The percentage of nul-

Table 1. Maternal and pregnancy characteristics within the study population.

Parameter Control
n=29

PE
n=29

p-value

Maternal characteristics

Age (years) 33.9(30.2-36.6) 30.5(27.9-36.4) 0.227

BMI, kg/m2 22.7(21.4-26.3) 25.2(21.4-27.2) 0.320

Caucasian, % 28 (96.6%) 25 (86.2%) 0.352

Smoking, % 0(0%) 3 (10.3%) 0.105

Nulliparity, % 8 (27.6%) 22 (75.9%) 0.001

Pregnancy outcome

GA at delivery (days) 275(273-278) 212 (202-223) <0.001

Birth weight (grams) 3730 (3402-3958) 1135(913-1395) <0.001

IUGR, % 0 (0%) 16 (55.2%) <0.001

HELLP, % 0(0%) 11 (37.9%) <0.001

Systolic blood pressure (mm Hg) 125(120-130) 180(170-193) <0.001

Diastolic blood pressure (mm Hg) 80(70-80) 110(105-116) <0.001

General and obstetric history

Pre-existent hypertension 0 (0%) 5 (17.2%) 0.052

Pre-existent DM 0 (0%) 1 (3.4%) 1.000

Hypertensive pregnancy complication 1(5%) 4(80%) 0.002

Values are presented as median (interquartile range; IQR) or as number (%) for continuous and catego-
rical variables respectively.  P values calculated through Mann-Whitney-U test for continuous variables 
and Fisher exact test for categorical variables. PE indicates preeclampsia; BMI, Body Mass Index; HELLP, 
Hemolysis Elevated Liver enzymes Low Platelet syndrome; GA, gestational age at delivery (days); IUGR, 
Intra-Uterine Growth restriction; DM, diabetes mellitus. N/A: not applicable. Obstetric history is shown for 
all multiparous women.
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liparous women was higher in the PE group compared with controls (75.9% vs. 27.6% 
respectively, p=0.001). In 11 cases (37.9%), PE was complicated by HELLP syndrome. 
Gestational age (GA) and birth weight diff ered signifi cantly between the PE and the 
control group (212 vs. 275 days and 1135 vs. 3730 grams, respectively, p<0.001). As 
expected, the maximum systolic and diastolic blood pressure level in pregnancy was 
higher for preeclamptic women than for women with a normal pregnancy outcome (180 
vs. 125 and 110 vs. 80, respectively, p<0.001). 

Postpartum CVD and infl ammatory markers
CVD and infl ammatory markers in serum, measured on the fi rst day postpartum, are 
presented in Table 2. We found no diff erences between groups for hemoglobin, fasting 
blood glucose, TSH, total cholesterol and hsCRP levels. Compared to controls, women 
with PE had higher creatinine and homocysteine levels (p<0.001 for both). Median 
triglyceride levels were slightly higher and HDL lower in the PE group, but this was not 

Table 2. Cardiovascular disease risk markers measured postpartum in women with pre-eclampsia and con-
trols.

SPAR laboratory data Control
n=29

PE
n=29

p-value

Hemoglobin, mmol/L 7.0(6.3-7.7) 6.9(6.4-7.6) 0.679

Fasting glucose, mmol/L 5.4(4.3-6.0) 5.1(4.4-5.9) 0.867

Total cholesterol, mmol/L 5.4(4.9-6.4) 5.8(4.6-6.6) 0.951

Triglycerides, mmol/L 2.9(2.2-3.3) 3.6(2.4-4.1) 0.077

HDL, mmol/L 1.6(1.3-1.7) 1.3(1.1-1.6) 0.059

LDL, mmol/L 2.8(1.9-3.3) 2.6(2.2-3.5) 0.793

Creatinine, μmol/L 51.5(47.0-58.0) 65.0(59.5-74.0) <0.001

TSH, mIU/L 2.5(1.8-4.2) 2.6(1.8-5.6) 0.283

HsCRP, mg/L 56.1(15.5-77.4) 36.5(19.2-68.5) 0.241

Homocysteine, μmol/L 4.5(3.4-5.3) 7.0(5.2-9.5) <0.001

Cut-off  values

Glucose (>5.6 mmol/L) 12(41.4%) 9(31.0%) 0.582

Cholesterol (>6.2mmol/L) 8(27.6%) 11(37.9%) 0.573

Triglycerides (>1.7mmol/L) 29(100%) 26(89.7%) 0.491

HDL (<1.29 mmol/L) 6(20.7%) 14(48.3%) 0.026

LDL (>1.8 mmol/L ) 22(75.9%) 24(82.8%) 0.469

Homocysteine (>12μmol/L) 5(17.2%) 19(65.5%) <0.001

Values are presented as median (interquartile range; IQR) or as number (%) for continuous and categorical 
variables respectively.  P values calculated through Mann-Whitney-U test for continuous variables and 
Fisher exact test for categorical variables. PE indicates preeclampsia; HDL, high-density lipoprotein; LDL, 
low-density lipoprotein; TSH, thyroid stimulating hormone; HsCRP, High sensitivity c-reactive protein; BMI, 
body mass index.
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statistically signifi cant (p=0.077 and p=0.059 respectively). Adjustment for maternal 
age, BMI and smoking by multivariable regression did not change the results (data not 
shown). When using clinical cut-off  points for CVD risk factor levels, we more often found 
low HDL levels in PE patients than in controls (48.3% vs. 20.7%, p=0.026). Similar, PE 
patients were more likely to have high homocysteine levels (65.5% vs 17.2%, p<0.001). 

Placental bed biopsies
Table 3 shows characteristic fi ndings of the placental bed biopsies containing both 
decidual and myometrial segments of spiral arteries. In the PE group, we excluded 12 
samples where the biopsy sample appeared not to be obtained from the site of  the 
placental bed, since no trophoblasts and no spiral artery could be identifi ed. A further 
three cases contained only trophoblast cells but no spiral artery sample. The remaining 
14 (48.3%) cases in this group had biopsies containing both trophoblast cells and at 
least one spiral artery. In the control group there were 10 cases without trophoblast 
or spiral artery. The remaining 19 (65.5%) cases showed both. This resulted in a total of 
36 (62%) biopsies confi rmed to be obtained from the placental bed, of which a total of 
33 (57%) biopsies contained spiral arteries. The key placental bed features of these 36 
biopsies are presented in Table 3. 

When investigating T cell presence, we observed signifi cantly more moderate to heavy 
staining of CD3 positive cells in the placental bed tissue of the control group compared 
to the PE group (p=0.006 and p=0.047 respectively). The number of CD68 positive cells in 
the decidua was distributed similar for both groups. We found moderate to heavy pres-
ence of macrophages, i.e. CD68 positive cells, in the myometrium of most patients in both 
the PE and control group, with a trend towards more heavy clustering of macrophages in 
PE pregnancies (5/17 cases versus 1/19 controls; P=0.10) with similar fi ndings for macro-
phages surrounding spiral arteries. The incidence of CD56 positive cells (NK cells) in the 
decidua and myometrium show no diff erence for women women PE and controls. 

Table 3. Characteristic pathology of the placental bed in women with pre-eclampsia and controls. 

Placental bed characteristics Control
(n=19)

PE
(n=17)

p-value

T-cell presence (decidua) 0.041

Minimal 0 (0%) 0 (0%)

Moderate 9 (47,4%) 14 (82,4%)

Heavy and/or clustering 10 (52,6%) 3 (17,6%)

T-cell presence (Myometrium) 0.037

Minimal 2 (10,5%) 6 (35.3%)

Moderate 7 (36,8%) 7 (41,2%)

Heavy and/or clustering 10 (52,6%) 4 (23,5%)
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Table 3. (Continued)

Placental bed characteristics Control
(n=19)

PE
(n=17)

p-value

Macrophage presence (decidua) 0.829

None to minimal 1 (5,3%) 1 (5,9%)

Moderate and/or clustering 11 (57,9%) 7 (41,2%)

Heavy and/or clustering 7 (36,8%) 9 (52,9%)

Macrophage presence (myometrium without SA) 0.052

None to minimal 3 (15,8%) 0 (0%)

Moderate and/or clustering 15 (78,9%) 12 (70,6%)

Heavy and/or clustering 1 (5,3%) 5 (29,4%)

Macrophage (myometrium with SA)* 0.160

None to Minimal 9(47.4%) 4(28.6%)

Moderate and/or clustering 8(42.1%) 8(57.1%)

Heavy and/or clusters 0(0%) 2(14.3%)

N/A 2(10.5%) 0 (0%)

Macrophage (around spiral arteries)* 0.741

None to Minimal 7(36.8%) 4(28.6%)

Moderate and/or clustering 10(52.6%) 6(42.9%)

Heavy and/or clusters 1(5.3%) 2(14.3%)

N/A 1(5.3%) 2(14.3%)

Natural killer cells presence (decidua) 0.415

None 0(0%) 0(0%)

Minimal 1 (5.3%) 3 (17,6%)

Moderate 11 (57,9%) 10 (58,8%)

Heavy and/or clusters 7 (36,8%) 4 (23,5%)

Natural killer cells presence (myometrium) 0.032

None 0(0%) 0(0%)

Minimal 3 (50,8%) 1 (5,9%)

Moderate 9 (47,4%) 15 (88,2%)

Heavy and/or clusters 7 (36,8%) 1 (5,9%)

Remodeling* 0.008

None 0(0%) 3 (21.4%)

Minimal 1(5.3%) 4(28.5%)

Moderate 5(26.3%) 4(28.5%)

Complete 13(68.4%) 3(21.4%)

Thrombosis* 0(0%) 1(7.1%) 0.424

Atherosis* 1(5.3%) 2(14.2%) 0.561

Intima proliferation* 16(84.2%) 7 (50%) 0.057

Data are presented as numbers (percentages) and p values are calculated by Fisher exact tests. PE: pree-
clampsia, SA: spiral artery * only in cases with biopsies containing spiral artery Control: n=19 and PE: n=14 
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Incomplete SA remodeling was more common in the PE group when compared to 
the control group with 3 (21.4%) vs. 13 (68.4%) cases, respectively (p=0.008). Presence 
of atherosis and thrombosis in the placental bed SA was similar for women with PE and 
controls. Intima proliferation was less often present in the PE group, however this diff er-
ence was not statistically signifi cant (50% vs 84.2%, p=0.057).

Next, we explored associations between CV risk factor levels assessed immediately 
postpartum and characteristics of placental bed and spiral artery pathology. Although 
our numbers are too small to draw any defi nitive conclusions, the preliminary analysis 
suggests a possible relation between higher levels of triglycerides and LDL cholesterol in 
women with acute atherosis lesions compared to women without these lesions (Table 4). 

DISCUSSION 

In this study we present the design and rationale for a new and original systematic ef-
fort to collect and biobank spiral artery biopsy samples with the purpose of studying 
spiral artery remodeling, vascular and infl ammatory pathology of the placental bed 
in uncomplicated pregnancies and pregnancies complicated by preeclampsia, the 
SPAR biobank study. In addition, participants of the SPAR study undergo a detailed 
assessment of established CV risk markers immediately postpartum, at 6-12 months 
and then biennial CV follow-up. In this fi rst analysis, we present results of systematic 
evaluation of the placental bed biopsy samples using a scoring system with pre-defi ned 
histopathological criteria, and show novel evidence for several diff erences in vascular 
and infl ammatory characteristics of the placental bed in pregnancies aff ected by PE 
as compared to controls, including incomplete myometrial SA remodeling and some 
striking alterations in the presence of a number of key maternal immune cells within 
the myometrium and decidua. This was most evident for CD3 positive T-cells that were 
present in lower numbers in women with PE. Preliminary analysis of CVD risk factors, 

Table 4. Correlation between the presence of acute atherosis and postpartum cardiovascular disease risk 
markers

SPAR laboratory data Acute atherosis
n=3

No Acute atherosis 
n=29

p-value

Fasting glucose, mmol/L 5.3(0.97) 5.0(0.91) 0.646

Total cholesterol, mmol/L 7.1(2.4) 5.6(1.2) 0.079

Triglycerides, mmol/L 4.5(0.93) 2.9(0.92) 0.010

HDL, mmol/L 1.4(0.45) 1.5(0.33) 0.697

LDL, mmol/L 3.8(1.9) 2.3(1.1) 0.043

Homocysteine, μmol/L 6.8(3.6) 5.9(3.0) 0.642

Values are presented as means with SD. HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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assessed immediately postpartum, revealed low HDL levels and high homocysteine 
levels in women with PE. Intriguingly, we found a possible association between high 
triglyceride and LDL levels and the presence of acute atherosis lesions in spiral arteries 
of the placental bed. This may suggest a relationship between maternal dyslipidaemia 
and placental bed vascular pathology. However, these fi ndings are still preliminary and 
need to be further confi rmed in a suffi  cient-sized study sample to include CV risk factor 
assessment both immediately postpartum and at follow-up. 

Abnormal vascular remodeling in both the decidual and myometrial part of the pla-
cental bed has been recognized as a characteristic pathological sign of PE. (25,26,27) The 
role of the maternal cardiovascular and infl ammatory system in this process is unknown. 
Our small but well-defi ned cohort-control study provides new data on the histopathol-
ogy of the placental bed and several biochemical CV risk factors directly postpartum. 
With this approach, the SPAR study has the potential to provide a unique insight into the 
role of maternal CV health in relation to normal and pathological spiral artery develop-
ment.

The most striking pathological fi nding in this study is the lower presence of CD3 
positive T cells in PE aff ected pregnancies. Although this needs to be explored in further 
experimental work, it is likely that these absent T cells consist mostly of regulatory T-cells 
(Treg) as recently demonstrated by Staff  et al. (28) Tregs are known to act as a suppressor 
to several infl ammatory cells that otherwise exacerbate the immune response. There-
fore, Tregs play an important role in preventing excessive immune reactions involved in 
infl ammatory disease, including atherosclerosis. (18, 28-30) In view of our fi ndings, it is 
interesting to note the small study of Sasaki et al who indeed found that the population 
of T regulatory cells in placental bed biopsies is lower in preeclampsia. (31) In addition, 
we found a trend towards an increased presence of macrophages. Macrophages are 
thought to be involved in regulating trophoblast migration through regulating apopto-
sis as well as maternal tolerance to fetal antigens. (32) An accumulation of macrophages 
within the vascular wall is also a hallmark of atherosclerosis. In a recent review it was 
shown that the relative proportion of macrophage subsets within the plaque might be 
more important for plaque stability than the total numbers of macrophages. (33) Future 
studies are needed to clarify the role of subsets of immune cells within the placental bed. 
In addition to spiral artery sampling, we assessed circulating CVD risk markers in serum 
drawn one day postpartum and found higher homocysteine and creatinine levels the PE 
group. Higher creatinine levels are likely explained by increased vascular permeability in 
patients with PE that also causes generalized peripheral edema, and leads to renal hy-
perfi ltration and relative haemoconcentration, which a common feature of this disease. 
(34) Homocysteine has been shown to be associated with maternal risk of hypertensive 
pregnancy complications in several previous studies and hyperhomocysteinemia may 
persist postpartum, although in most women homocysteine levels will return to normal 
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over time. (35,36,37) When we used clinical cut-off  values to stratify biochemical risk 
parameters we found an increased amount of patients with low HDL in the PE group. 

Two recently published papers link acute atherosis in decidua basalis and decidua 
parietalis with severity of PE, adverse perinatal outcomes and a higher predicted CVD 
and thrombotic risk several months after pregnancy. (38,39) Adding to these studies, we 
were also able to demonstrate atherosis lesions in about 8% of myometrial spiral arter-
ies, with no statistical diff erence between PE cases and controls, although our sample 
size is still too small to draw fi rm conclusions. It has been suggested that these vascular 
lesions primarily occur in the decidual part of the SA and could therefore explain why 
they are substantially less present in myometrial biopsies in this study. (16) It has been 
proposed that acute atherosis lesions, irrespective of pregnancy outcome, predispose 
to CVD later in life. (28) However, studies to relate placental bed pathology to subse-
quent cardiovascular risk factor profi le and/or incident CVD events have not yet been 
conducted.  It is interesting to note that, despite the small sample size, our preliminary 
fi ndings suggest an association between atherosis lesions in the placental bed and 
subsequently measured maternal levels of established CV markers, including increased 
levels of triglycerides and LDL cholesterol.  This has not been demonstrated before and 
needs to be further investigated in the full SPAR cohort analysis.

Strengths of the SPAR study include detailed and reliable phenotyping of PE group 
according to consensus criteria19, the reliable and safe protocol for biopsy sampling, 
use of a predefi ned scoring system and assessment of pathological features by a clinical 
pathologist unaware of the diagnosis, and systematic follow-up postpartum with serial 
assessment of CVD health and risk factor status. In our study, we were able to success-
fully sample the placental bed and obtain a spiral artery in 56.9% of biopsies, reaching 
a relatively high success rate compared to previously noted rates ranging between 
42%-47% when looking at successfully identifying spiral arteries in a similar placental 
bed punch biopsy studies at Caesarean sections. (23) There were no adverse events or 
complications related to the biopsy procedure. 

Some limitations of this study need to be addressed. Firstly, the sample sample size 
does not yet allow for detailed or stratifi ed analysis. Secondly, CV risk factor levels when 
assessed immediately postpartum, may have been infl uenced by medication; severity 
of disease and, the postoperative fl uctuations after the caesarean section procedure, 
which could have infl uenced CV risk markers e.g. lipids glucose and blood pressure. (40) 
This should become clearer as the results of the follow-up programme for cardiovascular 
evaluation 6 months after pregnancy become available, thereby reducing a possible 
transient eff ect of pregnancy on cardiovascular disease risk factor levels. Thirdly, it is 
relevant to note that PE cases had early onset disease and required a preterm caesarean 
section <34 weeks of gestation. Control women, on the other hand, were mostly term 
elective caesarean section. Therefore, these results of this do not represent the entire 
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spectrum of patients aff ected by PE, and an eff ect of gestational age on spiral artery 
pathology between 34 weeks and term pregnancy cannot be excluded. 

With this study, we established a new cohort and biomaterial resource that will allow 
for systematic phenotyping of the placental bed in normal and complicated pregnancies, 
and relate fi ndings to underlying maternal and foetal health. Findings presented in this 
paper, e.g. the correlation between the pathological scoring of the placental bed and 
maternal CVD risk factors LDL and triglycerides, will then be verifi ed in a larger sample 
size to further unravel the important research question as to how maternal health may 
infl uence spiral artery development. Systematic evaluation of placental bed vascular 
and infl ammatory lesions in women with a history of preeclampsia may prove to be a 
valuable tool to identify pathways that explain how the shared predisposition of women 
to pre-eclampsia and subsequent CV risk translates to placental disorders.
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Supplemental table. coring tool used to defi ne maternal immune cell presence in placental bed biopsies

Placental bed marker Defi nition FOV

T-cell presence (decidua)

Minimal < 50 positive stained cells present 10x10 (2.5mm2)

Moderate  ≥ 50 cells but <100 cells present 10x20 (0.6mm2)

Heavy and/or clustering Diff use presence (> 100 cells) and/or clustering (>50 cells).

T-cell presence (Myometrium)

Minimal < 50 positive stained cells present 10x10 (2.5mm2)

Moderate  ≥ 50 cells but <100 cells present 10x20 (0.6mm2)

Heavy and/or clustering Diff use presence (> 100 cells) and/or clustering (>50 cells).

Macrophage  presence (decidua)

None to minimal < 50 positive stained cells present 10x10 (2.5mm2)

Moderate and/or clustering ≥ 50 cells but <100 cells,  or presence in small groups (<50 cells). 10x20 (0.6mm2)

Heavy and/or  clustering Diff use presence (> 100 cells) and/or clustering (>50 cells).

Macrophage presence (myometrium without SA)

None to minimal < 50 positive stained cells present 10x20 (0.6mm2)

Moderate and/or clustering ≥ 50 cells but <100 cells,  or presence in small groups (<50 cells).

Heavy and/or  clustering Diff use presence (> 100 cells) and/or clustering (>50 cells).

Macrophage  (myometrium with SA)

None to Minimal < 50 positive stained cells present 10x20 (0.6mm2)

Moderate and/or clustering ≥ 50 cells but <100 cells,  or presence in small groups (<50 cells).

Heavy and/or clustering Diff use presence (> 100 cells) and/or clustering (>50 cells).

N/A Not applicable, when a spiral artery was not visible in this 
specifi c stained section of the biopsy.

N/A

Macrophage  (around spiral arteries)

None to Minimal < 50 positive stained cells present 10x20 (0.6mm2)

Moderate and/or clustering ≥ 50 cells but <100 cells,  or presence in small groups (<50 cells).

Heavy and/or clustering Diff use presence (> 100 cells) and/or clustering (>50 cells).

N/A Not applicable, when a spiral artery was not visible in this 
specifi c stained section of the biopsy.

N/A

Natural killer cells presence (decidua)

None No positive stained cells present. 10x10 (2.5mm2)

minimal < 50 positive cells present

Moderate ≥ 50 cells but <100 cells,  or presence in small groups (<50 cells).

Heavy and/or clustering Diff use presence (> 50 cells) and/or clustering (>50 cells). 10x20 (0.6mm2)

Natural killer cells presence (myometrium)

None No positive stained cells present. 10x10 (2.5mm2)

Minimal < 50 positive cells present

Moderate ≥ 50 cells but <100 cells,  or presence in small groups (<50 cells).

Heavy and/or clustering Diff use presence (> 50 cells) and/or clustering (>50 cells). 10x20 (0.6mm2)
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Supplemental table. (Continued)

Placental bed marker Defi nition FOV

Remodeling present?

None No physiological changes of the SA circumference N/A

Minimal Focal physioclogical changes <1/3 of the  SA circumference, 
some arterial miscle still present.

Moderate Focal physioclogical changes >1/3 but  <2/3 of the  SA 
circumference, , some arterial miscle still present.

Complete Complete circular physiological changes of the SA.

Thrombosis Presence of thrombosis in the arterial lumen. N/A

Atherosis Aggregates of lipid laden macrophages invading the artery wall.

Intima proliferation Intraluminal fi brosis

FOV : Field of view as used by the pathologist.
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ABSTRACT

Introduction: To identify key pathological characteristics of placentas from pregnancies 
complicated by early intrauterine growth restriction, and to examine their relations with 
maternal hypertensive disease and umbilical artery Doppler waveform abnormalities. 

Methods: Single-center retrospective cohort study of singleton pregnancies with 
abnormal umbilical artery Doppler fl ow patterns resulting in a live birth <34 weeks of 
a baby with a weight <10th percentile for gestational age. Umbilical artery end dia-
stolic fl ow was classifi ed as being either present or absent/reversed (AREDF). Data were 
stratifi ed into intrauterine growth restriction with or without hypertensive disease and 
pathological characteristics were compared between these various conditions accord-
ing to predefi ned scoring criteria. 

Results: Among 164 placentas studied, we found high rates of characteristic histopatho-
logical features that were associated with intrauterine growth restriction, including in-
farction (>5% in 42%), chronic villitis (21%), chronic chorioamnionitis (36%), membrane 
necrosis (20%), elevated nucleated red blood cells (89%), increased syncytial knotting 
(93%), increased villous maturation (98%), foetal thrombosis (32%) and distal villous 
hypoplasia (35%). Chronic infl ammation of foetal membranes and syncytial knotting 
were more common in women with concomitant hypertensive disease as compared to 
women with normotensive IUGR (p < 0.05). Placentas from women with umbilical artery 
AREDF were more likely to show increased numbers of nucleated red blood cells and 
distal villous hypoplasia (p < 0.05). 

Discussion: Placentas of women with early IUGR show high rates of several histological 
aberrations. Further, concomitant maternal hypertension is associated with character-
istic infl ammatory changes and umbilical artery AREDF with signs of chronic hypoxia.
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INTRODUCTION

Intrauterine growth restriction (IUGR) is one of the leading causes of perinatal mortality 
and morbidity. (1,2) Although maternal tobacco use, infections and genetic disorders 
are known to cause IUGR in some cases, impaired placentation is thought to underlie 
most cases of severe IUGR. (3-6) Both early IUGR and maternal hypertensive disease, in 
particular early-onset preeclampsia, are characterized by placental pathology associated 
with hypoxia and reperfusion damage caused by impaired remodeling and/or obstruc-
tion of the spiral arteries. (3,5) Common lesions include infarction (7), infl ammation (8,9) 
and lesions consistent with chronic ischemia. (9,10) Maternal hypertensive disease and/
or Doppler abnormalities may coincide with early IUGR, and both are associated with 
poorer perinatal outcome. (11,12) However, it is not known whether maternal hyper-
tensive disease and/or Doppler abnormalities in early IUGR are associated with more 
extensive or diff erent placental pathology.

We conducted a single-center retrospective cohort study of women who delivered at 
a single perinatal center before 34 weeks of gestation after a pregnancy complicated by 
early IUGR, with the purpose to analyze characteristics of placental pathology according 
to predefi ned histopathological scoring criteria. The aim of this study was to identify 
hallmark features of placental pathology associated with early IUGR and to compare 
these between placentas from women with or without concomitant maternal hyperten-
sive disease and 2 subclasses of abnormal umbilical artery Doppler waveform patterns.

MATERIALS AND METHODS

We performed a retrospective cohort study (Utrecht Cohort) that identifi ed all 185 
preterm singleton IUGR neonates (gestational age (GA) <34 weeks and birth weight 
<10th percentile, according to the most recent Dutch population growth charts (13)), 
who were delivered between January 1st 1997 en 31 December 2004 at the University 
Medical Center Utrecht, the Netherlands. Clinical data on perinatal outcome have been 
published before (14). For the purpose of this study, we chose to analyze only placentas 
of women who were delivered by Cesarean section (n = 164) without induction of labor 
with the aim to minimize the potential eff ect of labor itself on placental histology (e.g. 
infl ammation, membrane necrosis) and excluded cases with apparent maternal infec-
tion, preterm premature rupture of membranes, chromosomal abnormalities and/or 
major congenital abnormalities, foetal deaths and multiple pregnancies. Further, we 
excluded women for whom results of umbilical artery Doppler ultrasound examina-
tion were normal or were unavailable (total n  =  21), including only IUGR with weight 
<p10 and abnormal Doppler patterns. Maternal hypertensive disease was defi ned as 
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the presence of preeclampsia and/or the Hemolysis, Elevated Liver enzymes and Low 
Platelets (HELLP) syndrome. Pre-existent hypertension was defi ned as known hyperten-
sion prior to pregnancy that required treatment. Preeclampsia was defi ned according 
to the criteria of the International Society for the Study of Hypertension in Pregnancy 
(ISSHP) as a de novo rise in systolic blood pressure ≥140 mmHg and/or diastolic blood 
pressure ≥90  mmHg in the second half of pregnancy and proteinuria ≥300  mg/24  h. 
(15) HELLP syndrome was diagnosed according to previously published criteria based 
on the following laboratory abnormalities: AST >50 U/L or ALT >50 U/L, LDH >600 U/L, 
platelet count <100 × 109/L and evidence of hemolysis (16). Finally, umbilical artery end-
diastolic fl ow (EDF) was classifi ed as being either present or absent/reversed (AREDF). 
Clinical Doppler ultrasound data (Pulsatility Index) were collected retrospectively and 
were verifi ed by chart review, but without knowledge of the placental pathology. The 
Institutional Review Board (IRB) of the University Medical Center Utrecht approved the 
study and concluded that no informed consent was needed due to the reviewing nature 
of the study.

All placentas were examined macroscopically and microscopically as part of routine 
clinical care. Placentas were weighed (without umbilical cord and membranes) and the 
percentage of macroscopic lesions on cut surface was determined. The ratio between 
infant birth weight and placental weight (fetoplacental weight ratio) was calculated. 
Subsequently, two samples of the umbilical cord, foetal and placental membranes 
and at least two samples of macroscopically normal placental tissue were taken from a 
central part of a placental cotyledon and additional samples of lesions. Placentas were 
immediately fi xed in 4% neutral buff ered formalin for at least 24 h and then dehydrated 
and embedded in paraffi  n wax for histology according to routine laboratory protocols.

To determine whether placentas showed signs of pathology 4-micron paraffi  n sec-
tions were dewaxed and standard hematoxylin and eosin staining was performed. 
For the present study, archived placental slides were reviewed by an expert perinatal 
pathologist (PN), blinded to the clinical outcome, to include the following predefi ned 
histopathological characteristics as suggested by Redline et al. (17-19): acute chorioam-
nionitis, acute funisitis, chronic villitis, chronic chorioamnionitis, necrosis of membranes, 
nucleated (foetal) red blood cells (NRBCs), syncytial trophoblast knotting, maturation of 
placental parenchyma, foetal thrombosis and distal villous hypoplasia. Detailed descrip-
tions of the criteria used to classify the placental fi ndings are summarized in Table  1. 
(10,17-21) Because some of these fi ndings depend on gestational age (e.g. maturation 
of placental parenchyma progresses during gestation (9)), information on gestational 
age at delivery was disclosed to the pathologist before review. A simple scoring scheme 
was adopted to grade the histopathological fi ndings as either normal or abnormal for 
gestational age. In the supplementary table clinical characteristics of pregnancies for 
placentas studied are displayed as suggested by Nelson and Burton. (22)
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Statistical analyses were performed using the Statistical Package for the Social Sci-
ences version 20.0 (IBM Corp.). Data were stratifi ed into two pre specifi ed study groups, 
i.e. (1) on the basis of the presence or absence of concomitant maternal hypertensive 
disease and (2) on the basis of the presence or absence of AREDF at Doppler examina-
tion. Diff erences between study groups were analyzed by the chi square test (Fisher’s 
exact test if the expected count was <5) for categorical variables or the Mann–Whitney 
U test for continuous variables. We considered diff erences to be statistically signifi cant 
at P < 0.05.

Table 1. Defi nitions for gross and histopathological placental fi ndings (adapted from Redline et al (17-20))

Placental fi nding Defi nition

Placental weight Weight of the placenta measured without umbilical cord and 
membranes

Fetoplacental weight ratio The ratio of fetal to placental weight

Infarction Presence of infarction in the placental disc measured as a percentage 
of total placental volume

Acute chorioamnionitis More than a few scattered neutrophils in the chorionic plate or 
membranous chorionic connective tissue and/or the amnion (19).

Acute funisitis Aggregates of neutrophils in the wall of the vein and / or arteries 
without or with expansion in Wharton’s jelly. 
Stage 1: chorionic vasculitis/umbilical phlebitis 
Stage 2: umbilical arteritis 
Stage 3: umbilical perivasculitis (19)

Chronic villitis of unknown etiology  Mononuclear cells infi ltrating 
Low grade: less than 10 villi involved per focus in 1 slide (focal)
High grade: 10 or more villi per focus involved in more slides 
(multifocal) (20)

Chronic chorioamnionitis Lymphocytic infi ltration of the membranes, defi ned as clusters of >50 
lymphocytes in the chorion. 

Membrane necrosis Presence of necrosis in the membranes defi ned as decidual necrosis 

Elevated NRBC Circulating nucleated erythrocytes present in less than two capillaries 
in a random 10x fi eld. Severely elevated NRBC compromised 
circulating nucleated erythrocytes present in more than two 
capillaries in a random 10x fi eld.

Increased syncytial knotting Syncytial knotting: Syncytial nuclei forming a multinucleated 
protrusion from the villous surface of terminal villi present in all slides 
from macroscopically normal placental parenchyma. 
Increased knotting: marked increased comparable to guideline from 
Loukeris et al.  (21) 

Increased villous maturation Maturation of chorionic villi in the fetal lobule matched with 
gestational age: appropriate or more advanced than stated age

Fetal thrombosis Diagnosed as at least 5 avascular fi brotic villi without infl ammation or 
mineralization or if adherent thrombi in stem vessels were present. 

Distal villous hypoplasia Villous pattern characterized by slender, elongated, poorly branched 
and poorly capillarized villi with an apparent increase in the 
intervillous space.  (10)
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RESULTS

The demographic characteristics of the study population are shown in Table  2. We 
found no diff erences for maternal age, race, and gestational age at delivery and birth 
weight. Women with a pregnancy complicated by early-onset IUGR who had developed 
maternal hypertension were less likely to smoke during pregnancy than women with 
normotensive IUGR (2% versus 15%). Furthermore, nulliparity was more common when 
IUGR occurred in the presence of maternal hypertensive disease.

Placental pathology was found in all the placentas from pregnancies complicated by 
IUGR. Commonly observed histopathological characteristics included infarction (>5% in 
42%), chronic villitis (21%), chronic chorioamnionitis (36%), membrane necrosis (20%), 
elevated nucleated red blood cells (89%), increased syncytial knotting (93%), increased 
villous maturation (98%), foetal thrombosis (32%) and distal villous hypoplasia (35%). 
Next, we performed subgroup analysis of pregnancies with early IUGR with concomitant 
maternal hypertensive disease, compared to pregnancies with normotensive early IUGR. 
As shown in Table  3, placental weight and fetoplacental weight ratio was similar for 
both study groups. Chronic chorioamnionitis was more common in IUGR complicated 
by maternal hypertensive disease as compared to IUGR without hypertension (41% vs. 
20%). Placentas of infants with IUGR born form hypertensive pregnancies showed a 
higher rate of increased knotting and were more likely to show increased maturation 
compared to normotensive IUGR pregnancies (96% vs. 83% and 100% vs. 93% respec-

Table 2. Demographic characteristics of the study population. 

Preterm IUGR

Preterm IUGR
(n = 164)

Normotensive
(n = 40)

Hypertensive disease†
(n = 124)

Mean age (SD) 29.75 (5.2) 29.10 (6.0) 29.95 (4.9)

Race 

 White (%) 159 (97) 40(100) 119 (96)

 Black (%) 1 (0.6) 0(0) 1(0.8)

 Other (%) 4 (2.4) 0(0) 4(3.2)

Smoking (%) 9 (5.5) 6(15) 3(2.4)*

Nulliparous (%) 126 (76.8) 25(62.5) 101(81.5)*

Chronic hypertension (%) 21 (12.8) 0 (0) 21(16.9)*

Pre-gestational diabetes (%) 1 (0.6) 1(2.5) 0(0)

Gestational age (weeks) 30.3 (30.0-30.6) 31 (30.4- 31.6) 30.3 (29.8-30.5)

Birth weight (grams) 894 (861-927) 868 (796-941) 901 (863-938)

Data are presented as means with SD or 95% CI or percentages. IUGR: intra uterine growth restriction. *P< 
0,05. † maternal hypertensive disease implies the presence of concomitant pre-eclampsia and/or HELLP 
syndrome
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tively) although very high percentages of increased knotting and maturation were seen 
in all study groups. We found no diff erences for infarction, membrane necrosis, elevated 
nucleated red blood cells, foetal thrombosis and distal villous hypoplasia. Only few pla-
centas showed signs of chorioamnionitis and acute funisitis (0–5%), all of whom were in 
the normotensive IUGR group.

In Table 4 we present data of our second subgroup analysis based on the umbilical 
artery Doppler data, to compare pregnancies with positive EDF to pregnancies with 
AREDF. We found no diff erences in any of the demographic characteristics. AREDF was 
associated with lower placental weight, but a similar fetoplacental weight ratio. Further-
more, severely elevated nucleated red blood cells and distal villous hypoplasia were 

Table 3. Characteristic placental histology in preterm IUGR with and without maternal hypertensive dis-
ease. 

Normotensive 
IUGR
(n=40)

IUGR with hypertensive 
disease†
(n = 124)

Placental weight (grams) 188 (171-205) 197 (187-206)

Fetoplacental weight (ratio) 4.81 (4.4- 5.2) 4.75 (4.5-5.0)

Infarction (%) 75 83

Infarction >5% (%) 43 42

Acute chorioamnionitis (%) 5 0

Acute funisitis (%) 5 0

Chronic villitis (%) 20 22

Chronic chorioamnionitis (%) 20 41*

Chronic chorioamnionitis with concomitant chronic villitis (%) 38 29

Membrane necrosis  (%) 18 21

Elevated NRBC (%) 93 88

Severely elevated NRBC (%) 20 19

Increased knotting (%) 83 96*

Increased maturation (%) 93 100*

Fetal thrombosis (%) 40 30

Distal villous hypoplasia (%) 35 36

Maternal vascular malperfusion a 90 97

Infl ammation b 38 51

Data are presented as means with 95% CI or percentages. IUGR: intra uterine growth restriction. NRBC: 
nucleated red blood cells *P< 0.05. 
† maternal hypertensive disease implies the presence of concomitant pre-eclampsia and/or HELLP syn-
drome.
a Maternal vascular malperfusion’: placenta with any of the following lesions; increased knotting, distal 
villous hypoplasia or infarction >5%. 
b Infl ammation: placenta with any of the following lesions related to an altered infl ammatory response; 
chronic chorioamnionitis, chronic villitis, acute funisitis or acute chorioamnionitis.
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more common in placentas from pregnancies with AREDF as compared to placentas 
with positive EDF (31 vs. 9% and 44 vs. 27%, respectively), but the prevalence of other 
histopathological characteristics (including infarction, thrombosis, villous hypoplasia 
and infl ammation) was similar for both groups.

DISCUSSION

In this study, we provide more insight into the prevalence, distribution and type of pla-
cental pathology among women with clinically recognizable subgroups of early IUGR, 
i.e. presence or absence of maternal hypertensive disease and/or abnormal umbilical 
artery Doppler fi ndings. We found high numbers of several key histopathological char-
acteristics in placentas of all subgroups that are not expected to be present in normal 

Table 4. Placental histology in preterm IUGR with present versus absent or reversed end-diastolic umbilical 
artery fl ow.

Positive EDF
(n=82)

Absent/reverse EDF
(n=82)

Placental weight (grams) 206 (193-218) 184 (172-192)*

Fetoplacental weight (ratio) 4.6 (4.4-4.9) 4.9 (4.6-5.2)

Infarction (%) 82 81

Infarction >5% (%) 43 41

Acute chorioamnionitis (%) 0 2

Acute funisitis (%) 0 2

Chronic villitis (%) 22 21

Chronic chorioamnionitis (%) 33 39

Membrane necrosis  (%) 21 20

Elevated NRBC (%) 88 90

Severely elevated NRBC (%) 9 31*

Increased knotting (%) 94 92

Increased maturation (%) 99 98

Fetal thrombosis (%) 31 34

Distal villous hypoplasia 27 44*

Maternal vascular malperfusion a 45 50

Infl ammation b 95 96

Data are presented as means with 95% CI or percentages. IUGR: intra uterine growth restriction; EDF: end-
diastolic fl ow. NRBC: nucleated red blood cells
a Maternal vascular malperfusion’: placenta with any of the following lesions; increased knotting, distal 
villous hypoplasia or infarction >5%. 
b Infl ammation: placenta with any of the following lesions related to an altered infl ammatory response; 
chronic chorioamnionitis, chronic villitis, acute funisitis or acute chorioamnionitis.  *P<0.05 
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placental tissue (23) and showed several placental characteristics to be specifi c to IUGR 
complicated by hypertensive disease or AREDF.

In comparison to previous studies on placental pathology in IUGR (5,7,24-26), 
strengths of our study includes its well-defi ned cohort design, its use of comprehensive 
predefi ned scoring criteria with adjustments for gestational age and its sample size, 
which allowed for stratifi ed analysis of relevant clinical subgroups. Some smaller studies 
have focused on pregnancies with IUGR and abnormal umbilical artery (UA) fl ow (27,28) 
but very little is known about diff erences in placental pathology between early IUGR 
with or without concomitant maternal hypertensive disease. (29,30) To our knowledge 
this is the fi rst study of IUGR placentas that stratifi ed for concomitant PE and/or HELLP 
and excluded pregnancy-induced hypertension. The retrospective design of our study 
might cause selection bias and missing data. However, we were able to identify and re-
analyze the placental pathology specimens from all IUGR-placentas that were delivered 
in our institute during the study period.

Findings from our and previous studies show that IUGR placentas may have patho-
logical lesions of two major categories, i.e. (1) those related to reduced vascular supply 
of nutrients and oxygen due to maternal vascular malformation (e.g. infarction, villous 
hypoplasia, increased syncytial knotting and elevated NRBCs) and (2) those related to an 
altered infl ammatory response (e.g. chorioamnionitis, villitis and acute funisitis). Similar 
to other reports we found substantial placental infarction (>5% of placental volume) in 
about half of women with early IUGR as well as multiple thrombotic occlusions in foetal 
vessels in about a third. (7, 24-26) Interestingly though, placental infarction appeared 
not to be associated with AREDF, nor with presence or absence of maternal hypertensive 
disease. Similar to previous reports, we did fi nd more subtle signs of chronic ischemia 
and poor nutrient supply (i.e. severely elevated NRBCs and the presence of distal vil-
lous hypoplasia) in placentas from pregnancies with IUGR and umbilical artery AREDF 
as compared to pregnancies with normal EDF. (29, 31-34) This is likely to represent the 
severity of the IUGR and in our study this was also associated with reduced placental 
weights in the AREDF group, although without a signifi cant diff erence in the fetoplacen-
tal weight ratio. (35)

We observed marked infl ammatory changes (e.g. chronic villitis, chronic chorioamnio-
nitis) in many placentas from pregnancies complicated by early IUGR. Chronic villitis or 
villitis of unknown etiology (VUE) was seen in 1 in 5 cases independent of the presence 
of EDF or maternal hypertensive disease. A recent review on this phenomenon gener-
ally found studies that included term placentas only. VUE is known to become more 
common at term with numbers up to 33% (36). However, in preterm groups like our 
study group 20% is rather high and uncommon. Although not completely understood, 
chronic villitis has been associated with anatomic and functional placental insuffi  ciency, 
most likely by an immunopathological process that leads to placental hypoplasia and 
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subsequent foetal growth restriction (37). We also found higher levels of chronic cho-
rioamnionitis from pregnancies with early IUGR and maternal hypertensive disease, as 
compared to normotensive IUGR pregnancies. To our knowledge, this fi nding has not 
been reported before. Chronic chorioamnionitis is a somewhat elusive phenomenon 
that was originally described by Gersell et al. (38) who found this unusual variant of cho-
rioamnionitis in a small series of 17 cases with diff erent pregnancy outcomes including 
preterm birth, IUGR and a number of other pregnancy complications. Since then, only 
one small study fi ve IUGR placentas confi rmed these fi ndings and identifi ed CD3+, CD8+ 
and to a lesser extent CD4+ lymphocytes (39). Preterm preeclampsia is widely believed 
to be associated with an underlying innate pro-infl ammatory phenotype and excessive 
production of several infl ammatory cytokines and chemokine’s. (39,40) We speculate 
that higher levels of chronic chorioamnionitis observed in pregnancies complicated by 
early IUGR with hypertensive disease may refl ect diff erences in the maternal immune 
response to the placental pathology. Possibly, as earlier suggested by Kim et al. (41), by 
a more pronounced allograft rejection and graft-versus-host disease in the membranes 
in women with concomitant hypertensive disease.

In summary, we found high rates of several characteristic placental pathologies in 
placentas from pregnancies complicated by preterm IUGR. These seem to be related 
to reduced perfusion, chronic hypoxia, poor nutrient supply and infl ammation. Further, 
hallmarks of reduced placental perfusion and chronic hypoxia appeared to be mostly 
related to severe disease (with abnormal umbilical artery Doppler waveform patterns), 
whereas chronic chorioamnionitis was more common in pregnancies with concomitant 
maternal hypertensive disease, which may refl ect the more pronounced role of the ma-
ternal immune system in early IUGR cases complicated by preeclampsia. In conclusion, 
placental pathology in early IUGR appears to refl ect distinct clinical features including 
maternal hypertensive disease and severity of placental insuffi  ciency.
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Supplemental table 1. Clinical characteristics of pregnancies for placentas studied.

Normotensive IUGR
(n=40)

IUGR with hypertensive 
disease (n=124)

Gravidity  Median (25-75%;range) 2.00(1.00-3.00;7) 1.00(1.00-2.00;5)

Parity Median (25-75%;range) 0.00(0.00-1.00;3) 0.00(0.00-0.00;3)

Gestational age(GA) (wks) Average (SD) 31.00(1.73) 30.11(1.72)

Maternal age (years) Average (SD;range) 29.10(6.0) 29.96(4.9) 

Race (%)

Black, n= 0(0) 1(0.8)

White, n= 40(100) 119(96)

Mediterranean, n= 0(0) 3(2.4)

Other, n= 0(0) 1(0.8)

Unknown, n= 0(0) 0(0)

Prenatal medications (%)

None, n= 27(67.5) 35(28.2)

Iron, n= 1(2.5) 0(0)

Other (list): 

 Antihypertensiva, n= 0(0) 66(53.2)

  + anticoagulants, n= 2(5) 5(4.0)

  + prednisone, n= 0(0) 0(0)

   + calciumcarbonate,n= 0(0) 1(0.8)

  + thyrax, n= 0(0) 1(0.8)

  + tocolyse, n= 0(0) 0(0)

   + antibiotics, n= 0(0) 1(0.8)

  + cardura 0(0) 1(0.8)

  + anti-asthmatics 0(0) 1(0.8)

 Antidepressants, n= 1(2.5) 0(0)

 Tocolytics, n= 1(2.5) 1(0.8)

  Anticoagulants, n= 3(7.5) 4(3.2)

  + insulin, n= 1(2.5) 0(0)

  + antipsychotic, n= 1(2.5) 0(0)

 Prednison, n= 1(2.5) 0(0)

 Antiepileptics, n= 0(0) 1(0.8)

 Anti-asthmatics 2(5) 1(0.8)

Unknown, n= 0(0) 6(4.8)

Drugs  (%)

Cigarettes,  n= 6(15) 3(2.4)

Alcohol, n= 0(0) 0(0)

Other (list): n= 0(0) 0(0)

Unknown, n= 0(0) 0(0)
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Supplemental table 1. (Continued)

Normotensive IUGR
(n=40)

IUGR with hypertensive 
disease (n=124)

Previous prenatal admission(s) (%)

Yes, n= 15(37.5)

No, n= 25(62.5)

Diagnoses if yes: 

 Fetal distress, n= 5(12.5)

 PE, n= 0(0)

 HELLP, n= 0(0)

 PROM, n= 1(2.5)

 IUGR, n= 1(2.5)

 EUG, n= 1(2.5)

 IUVD, n= 4(10)

 NVO, n= 1(2.5)

 Preterm labor, n= 1(2.5)

Unknown, n= 0(0)

Blood pressures <140/90 mm Hg (%)

Yes, n= 38(95) 0(0)

No, n= 0(0) 108(87.1)

Unknown, n= 2(5) 16(12.9) 

Screened for diabetes (%)

Yes, n= 40(100) 124(100)

No, n= 0(0) 0(0)

Unknown, n= 0(0) 0(0)

Antibiotics in labour (%)

None, n= 0(0) 1(0.8)

Penicillin, n= 0(0) 0(0)

Other: (list)

 Erythromycine, n= 1(2.5) 1(0.8)

Unknown, n= 39(97.5) 122(98.4)

Beta strep status (%)

Positive, n = 0(0) 0(0)

Negative, n= 1(2.5) 1(0.8)

Unknown, n= 39(97.5) 123(99.2)

Antenatal steroids (%)

Yes, n= 24(60) 84(67.7)

No, n= 14(35) 38(30.6)

If yes, week GA Average (SD) 29.14(1.70) 28.79(1.70)

 unknown GA 9(22.5) 32(25.8)
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Supplemental table 1. (Continued)

Normotensive IUGR
(n=40)

IUGR with hypertensive 
disease (n=124)

Unknown, n= 2(5) 2(1.8)

Magnesium sulfate (%)

Yes, n= 0(0) 54(43.5)

No, n= 39(97.5) 68(54.8)

Unknown n= 1(2.5) 2(1.8)

Anesthesia (%)

Epidural, n= 0(0) 2(1.8)

Spinal, n= 27(67.5) 63(50.8)

Narcotics, n= 0(0) 0(0)

General, n= 5(12.5) 26(21.0)

Other/none n= 0(0) 0(0)

Unknown, n= 8(20) 33(26.6)

Cervical ripening agent (%)

Prostaglandin E1, n= 0(0) 0(0)

Prostaglandin E2, n= 0(0) 0(0)

Mechanical, n= 0(0) 0(0)

Other: list

None, n= 40(100) 124(100)

Labor (%)

Yes, n= 0(20) 0(0)

No, n= 40(100) 59(100)

Unknown, n= 0(0) 0(0)

Delivery mode (%)

Vaginal delivery: n= 0(0) 0(0)

C-section, repeat, no labor: n= 5(12.5) 9(7.4)

C-section, repeat, with labor: n= 0(0) 0(0)

C-section, primary, no labor: n= 34(85) 115(92.6)

C-section, primary, with labor: n= 0(0) 0(0)

C-section, details unknown: n= 1(2.5) 0(0)

Maternal oxygen given at delivery (%)

Yes, n= 0(0) 0(0)

No, n= 0(0) 0(0)

Unknown, n= 40(100) 124(100)

Birth weight (g) Average(SD) 868.3(227.5) 902.4(210.8)

Placental weight (g) Average(SD) 187.8(53.3) 197.1(54.1)

Baby’s sex

Female, n= 17(42.5) 51(41.1)

Male, n= 23(57.5) 73(58.9)
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Supplemental table 1. (Continued)

Normotensive IUGR
(n=40)

IUGR with hypertensive 
disease (n=124)

Unknown, n= 0(0) 0(0)

Delivery to processing (min) Average;(SD) 

Unknown, n=

40(100) 124(100)

Pre-gestational diabetes (%)

Yes, n= 1(2,5) 0(0)

No, n= 39(97.5) 124(100)

Unknown, n= 0(0) 0(0)

Chronic hypertension (%)

Yes, n= 0(0) 21(16.9)

No, n= 40(100) 103(83.1)

Unknown, n= 0(0) 0(0)

Nulliparous  (%)

Yes, n= 25(62.5) 101(81.5)

No, n= 15(37.5) 23(18.5)
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ABSTRACT

Placental endoplasmic reticulum (ER) stress has been postulated in the pathophysiology 
of pre-eclampsia (PE) and intrauterine growth restriction (IUGR), but its activation re-
mains elusive. Oxidative stress induced by ischaemia/hypoxia-reoxygenation activates 
ER stress in vitro. Here, we explored whether exposure to labour represents an in vivo 
model for the study of acute placental ER stress. ER stress markers, GRP78, P-eIF2α and 
XBP-1, were signifi cantly higher in laboured placentas than in Caesarean-delivered con-
trols localised mainly in the syncytiotrophoblast. The similarities to changes observed in 
PE/IUGR placentas suggest exposure to labour can be used to investigate induction of 
ER stress in pathological placentas.
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INTRODUCTION

Insuffi  cient remodelling of spiral arteries is thought to underlie several pregnancy 
complications, such as pre-eclampsia (PE), intrauterine growth restriction (IUGR) and 
preterm labour (1-3). Secondary to this maldevelopment, placental malperfusion may 
result in a repetitive hypoxia-reperfusion type of injury resulting in oxidative stress, 
which can compromise normal function of cellular components including mitochondria 
and the endoplasmic reticulum (ER) (4,5).

The ER is the organelle responsible for the synthesis and post-translational modifi cation 
of secretory and membrane proteins, prior to delivery to the Golgi apparatus for fi nal tar-
geting. The ER has its own intricate network of signalling proteins that continually senses 
and communicates ER status to the cell. When ER homeostasis is perturbed, these proteins 
coordinate the Unfolded Protein Response (UPR), a signalling cascade that aims to restore 
ER homeostasis and relieve the stress or induce apoptosis if this process fails (6).

Three highly conserved signalling pathways are activated in the UPR, including PRKR-
like endoplasmic reticulum kinase (PERK) which in turn phosphorylates eukaryotic ini-
tiation factor 2 subunit α (eIF2α) and inhibits non-essential protein synthesis; activating 
transcription factor 6 (ATF6) which up-regulates ER chaperones (GRP78 and GRP94) to 
increase folding capacity; and inositol requiring protein 1 (IRE1) which in turn activates 
X-box binding protein 1 (XBP-1) and TRAF2 for up-regulating phospholipid biosynthesis, 
promoting mis-folded protein degradation and provoking infl ammatory response (6,7). 
These three signalling pathways are usually activated in a sequential manner dependent 
on the severity of ER stress stimulation (8,9).

We recently showed that ER stress might contribute to the pathophysiology of 
early-onset PE and IUGR, but not late-onset PE (10). Our laboratory has previously 
demonstrated that exposure of placentas to labour can provide a useful in vivo model 
for studying cellular changes induced by oxidative stress seen in the pre-eclamptic 
placenta. In this study we further tested whether ER stress can also be induced by the 
labouring process in placentas from healthy pregnancies and the potential use a in vivo 
model to study placental cellular changes to ER stress in the absence of maternal factors.

METHODS

A total of 16 placental samples were used for the study, including 8 caesarean section 
controls and 8 labour placentas. All placentas were delivered at term by standard vaginal 
delivery or by elective non-labouring caesarean section (CS) from normotensive healthy 
singleton pregnancies. Both groups had no history of cigarette smoking, diabetes, auto-
immune diseases, thrombophilic conditions or complicated pregnancies.
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Detailed description of sample collection was published previously (11). Briefl y, 
samples were collected in the University College Hospital in London where local ethics 
committee approved of the study and all patients signed informed consent. For each 
placenta, small pieces of tissue from separate lobules were randomly taken and rinsed 
in PBS to remove excess blood, blotted dry and snap-frozen in liquid nitrogen within 
10 min of delivery; the samples were stored at −80 °C.

For immunohistochemistry, one full-thickness section placed into 10% buff ered for-
malin for 12–24 h before embedding in paraffi  n wax according to standard procedures. 
Sections were cut at 6  μm thickness. After dewaxing and blocking of endogenous 
peroxidases, the sections were incubated with non-immune serum for 1  h. Rabbit 
polyclonal to GRP78/BiP (ab21685, Abcam, Cambridge UK) was diluted 1:3000 and 
incubated overnight at 4 °C. Vectastain Elite ABC kits (Vector Laboratories, Burlingame, 
CA) and SigmaFast diaminobenzidine (Sigma–Aldrich) were used to detect binding. 
Sections were lightly counterstained with haematoxylin. GRP78 intensity was scored in 
a semiquantitative fashion scoring the intensity of syncytial staining in 10 random fi elds 
at 25× magnifi cation. The staining intensity was graded as 0 (no staining), 1+ (weak), 
2+ (moderate), or 3+ (strong). The H-score was calculated using the following formula; 
H-Score = (% at 0) * 0 + (% at 1+) * 1 + (% at 2+) * 2 + (% at 3+) * 3.

Western blotting was performed as described elsewhere (9).
Statistical analyses were performed using the Prism GraphPad verson 6.0. Diff erences 

between study groups were analysed by the two-tailed Mann–Whitney U test and plot-
ted as Box & whiskers with 10–90 percentile. We considered diff erences to be statistically 
signifi cant at p < 0.05.

RESULTS

Average duration of labour was 12.3 h (SD ± 3.8) and caesarean controls (CS) were free 
from labour. Mean placental weight (604 g vs. 571 g; p = 0.43) and birth weight (3489 g 
vs. 3270 g; p = 0.59) were not statistically diff erent between the two groups.

Western blotting showed signifi cantly higher protein levels of GRP78, XBP-1 and 
p-eIF2α (Fig. 1A and B) in placentas exposed to labour compared to CS controls. A trend 
(p = 0.083) was seen in the ratio of P-p38 to p38, which was higher in the laboured group 
(Fig. 1C and D).

Immunohistochemistry showed strong reactivity for GRP78 in laboured placentas, but 
not in the CS controls. Quantitation of immunoreactivity of GRP78 by H-score indicated 
an approximate 3 fold increased in its intensity (Fig.  2D). The majority of the positive 
staining was found in the syncytiotrophoblast while no or only weak staining was ob-
served in stromal and endothelial cells (Fig. 2 A and B).
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A B

C

D

Figure 1. Increase 
of ER stress markers 
in the vaginal deliv-
ery labour placentas 
compared to caesar-
ean section placentas. 
(A,C) Equal amount 
of proteins were sub-
jected for Western 
blotting analysis with 
antibodies specifi c 
against a number of 
ER stress markers. 
β-actin was used for 
the loading control. 
(B,D) Densitometry 
of bands expressed 
relative to normal 
controls (100%). Phos-
phorylation status is 
presented as the ratio 
between phosphory-
lated and total pro-
tein, both normalized 
to β-actin. Data are 
mean  ±  SD for eight 
placentas per group. 
“*” and “**” indicate 
p  <  0.05 and p  <  0.01 
respectively.
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DISCUSSION

In this study we provide evidence that placental ER stress can be induced by the process 
of labour, as indicated by the elevated levels of ER stress markers, including GRP78, XBP1 
and P-eIF2α. The majority of ER stress induced by labour was found in the syncytiotro-
phoblast, consistent with the localization of ER stress observed in placentas from cases 
of IUGR and early-onset PE (9).

Placental ER stress has been implicated in many pregnancy disorders, including small-
for-gestational age at high altitude, IUGR, early-onset PE and gestational diabetes, but 
not in late-onset PE ((9,12) and HWY, unpublished data). ER stress response pathways 
can be induced by a variety of stimuli, including viral infection, hypoxia, oxidative 

Figure 2. Higher GRP78 immunoreactivity in laboured placenta. A) Caesarean control; B) Labour; C) No 
primary antibody negative control; D) Semi-quantitation of GRP78 immunoreactivity in placentas using 
H-score. Data presented as mean ± SD, n = 8. * indicates p < 0.001. Arrowhead shows positive staining of 
GRP78 in syncytium. Scale bar = 100 μm.
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stress and nutrient deprivation. We have previously demonstrated that oxidative stress 
induced by ischaemia/hypoxia-reoxygenation is a strong inducer of ER stress in vitro in 
human choriocarcinoma cells (8,9). Although the exact mechanisms are unclear, there 
are at least two potential pathways by which the oxidative and ER stress may be linked. 
Firstly, reduction of intracellular ATP levels during oxidative stress could inhibit SERCA 
channel activity in the ER membranes, resulting in perturbation of Ca2+ homeostasis and 
loss of function of the protein folding (PDI) enzymes. Secondly, formation of disulfi de 
bonds during folding is an oxidative process and the PDI enzymes require molecular 
oxygen as an electron acceptor. A short electron transport chain is present within the ER, 
and, as in mitochondria, leakage can occur generating reactive oxygen species (ROS). 
Under normal conditions, approximately 25% of ROS generated in a cell arise within the 
ER, and this will be increased with attempts to refold misfolded proteins. Activation of 
PERK increases the synthesis of glutathione and also promotes the nuclear translocation 
of Nrf2, regulating antioxidant gene expression. Nonetheless, if these responses are 
overwhelmed, a feedback loop that further enhances ER stress will be formed.

Exposure to labour has been demonstrated to be a useful tool to study placental 
responses to oxidative stress induced by a physiological insult in vivo (13). Our results 
indicate that it may also be used to study acute responses in ER stress signalling path-
ways. Placental oxidative and ER stress have been implicated in the pathophysiology 
of early-onset PE. However, elucidating their role in this syndrome is confounded by 
the presence of the maternal pro-infl ammatory milieu, making it diffi  cult to distinguish 
between cause and eff ect. Exposure to labour may therefore present the opportunity to 
study placental cellular changes to oxidative and ER stresses in the absence of maternal 
factors.

An alternative explanation is that placental stresses induce labour. We have previously 
reported that induction of oxidative stress in the mouse placenta is associated with 
upregulation of cyclooxygenase enzymes, and proposed this possibility (14). ER stress 
response pathways can also cause increase secretion of pro-infl ammatory cytokines (7) 
that are known to promote labour. Separating cause and eff ect is impossible in the hu-
man placenta, and further studies in animal models are required.

Our results further suggest that caution should be taken when interpreting gene 
expression or other data obtained from placentas exposed to labour, for they may be 
subjected to stress-induced protein synthesis inhibition and other downstream conse-
quences of ER stress.
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ABSTRACT

Spiral artery remodelling plays a pivotal role in the development of (hypertensive) 
disorders of pregnancy such as preeclampsia and intrauterine growth restriction. The 
mechanisms that cause the failure of extravillous trophoblast-dependent remodelling 
of the spiral arteries have not been fully elucidated, although they are likely to involve 
the interplay between several factors. Matrix metalloproteases (MMPs) have been 
shown to mediate invasion of trophoblasts in vitro, and signifi cant reduction in levels of 
matrix metalloproteases is found in cases of intrauterine growth restriction associated 
with shallow trophoblast invasion. The secretion and functionality of many proteins 
are negatively infl uenced by endoplasmic reticulum (ER) stress. The aim of this study 
was to determine the eff ects of ER stress on metalloprotease activity and subsequent 
trophoblast invasion in vitro. We found signifi cantly higher levels of ER stress markers 
when HTR8/SVneo cells were treated with tunicamycin and thapsigargin. MMP zymo-
gen activity was signifi cantly reduced under ER stress, while protein levels of MMPs 
appeared increased intracellularly and unchanged in conditioned media. Furthermore, 
invasiveness of trophoblasts through Matrigel was signifi cantly reduced. Loss of activity 
of MMPs was unlikely to be caused by alterations in the inhibitor TIMP-1 because under 
ER stress intracellular levels were unchanged, and levels in conditioned media were 
reduced. In this study, we provide evidence that ER stress aff ects trophoblast invasion, 
possibly by facilitating MMP-2 and -9 mis-folding. Our data suggest a possible role for ER 
stress in causing the defi cient trophoblast invasion observed in IUGR and preeclampsia.   
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INTRODUCTION 

Despite many eff orts to unravel the pathophysiology and improve clinical care, pre-
eclampsia and intrauterine growth restriction (IUGR) remain leading causes of maternal 
and perinatal morbidity and mortality worldwide. (1) Further, there has been a growing 
body of evidence in the last decade suggesting that preeclampsia is not a disorder 
confi ned to pregnancy but has long-term (cardiovascular) health consequences as 
well. (2) Although the pathophysiology is not completely elucidated, it is now widely 
accepted that failure of extravillous trophoblast-dependent remodelling of the spiral 
arteries plays a pivotal role in the development of preeclampsia and IUGR. (3) Lack of 
adequate spiral artery remodelling is present in about 52-90% of preeclampsia cases 
and myometrial segments of the arteries are more adversely aff ected in pathological 
pregnancies than the decidual segments. (4) The mechanisms underlying insuffi  cient 
trophoblast invasion are likely to be complex, and evidence suggests that several factors 
are involved, including cell adhesion molecules, apoptosis, nitric oxide and other vaso-
active mediators, oxygen tension, cytokines and matrix metalloproteases (MMPs). (5) 

MMPs are proteolytic enzymes that play a key role in the trophoblast invasion process 
by degrading basement membranes and extracellular matrix components, thereby 
facilitating cell movement through tissues. In in vitro experiments, the invasive capacity 
of trophoblasts has been related to their secretion of MMPs. (6) A signifi cant reduction 
in MMP levels has been reported in cases of IUGR associated with shallow trophoblast 
invasion. (7) Several types of MMPs have been identifi ed and overall evidence supports 
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, and MMP-11 involvement in normal trophoblast 
invasion of the decidua. (5) The balance between secretion of MMPs by trophoblasts and 
decidual cells, and their inhibition by tissue inhibitors of MMPs (TIMPs 1-3) produced by 
the same cells results in the control of normal invasion. Abnormalities in these processes 
could lead to excessive invasion such as placenta accreta, choriocarcinoma or restricted 
invasion as in early pregnancy failure, pre-eclampsia and fetal growth restriction. (5) 
Causes of these impaired processes are largely unknown. However, it has been shown 
that protein secretion and activity are negatively infl uenced by endoplasmic reticulum 
(ER) stress. (8) ER stress is increasingly recognised as the basis of many neurological and 
metabolic diseases, but its involvement in disorders or reproduction is only beginning 
to be explored. (9)

The ER is mostly known for synthesizing and the post-translational modifi cation of 
secretory and membrane proteins before entering the Golgi apparatus for fi nal target-
ing. When ER homeostasis is disrupted, the so-called unfolded protein response (UPR) is 
activated, a signalling cascade of three highly conserved pathways that aim to restore ER 
homeostasis and relieve the stress. (10) The primary response initiated by UPR signalling 
is to inhibit protein synthesis, thereby reducing protein load on the ER. This is mediated 
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by phosphorylation of eukaryotic initiation factor 2 subunit α (eIF2α) by PRKR-like endo-
plasmic reticulum kinase (PERK). Furthermore, induction of activating transcription fac-
tor 6 (ATF6) up-regulates ER chaperones (GRP78 and GRP94) to increase folding capacity 
and inositol requiring protein 1 (IRE1) phosphorylation in turn activates X-box binding 
protein 1 (XBP-1) for up-regulating phospholipid biosynthesis, promoting mis-folded 
protein degradation and provoking infl ammatory response. (11) 

Recently, it has been shown that the activation of the UPR is higher in placentae from 
early-onset preeclampsia compared to control second-trimester and term placentae. 
(12) These data show that ER stress might contribute to the pathophysiology of the 
syndrome of preeclampsia, in particular early-onset preeclampsia. Whether ER stress 
reduces MMP activity and subsequently trophoblast invasion is currently unknown. 

In this study we tested whether ER stress impacts on MMP activity and results in a 
subsequent reduction in the invasiveness of trophoblast cells. We therefore investigated 
the eff ect of ER stress in trophoblast invasion in vitro using HTR8/SVneo cells and the 
ER stress inducers tunicamycin and thapsigargin. To determine the activity of MMPs in 
ER-stressed trophoblasts we performed a zymogen assay. Finally we tested if ER stress 
causes impaired trophoblast invasion in an in vitro cell invasion assay.  

MATERIALS AND METHODS 

Cell culture
Dr. E.D. Post Uiterweer, University Medical Center Utrecht, the Netherlands, kindly pro-
vided the HTR8/SVneo trophoblast cell line. Cells were cultured in RPMI 1640 medium 
(Invitrogen Ltd, Paisley, UK) supplemented with 10% heat-inactivated FBS (Invitrogen), 
penicillin (100 U/ml), and streptomycin (100 μg/ml) at 37°C in a 5% CO2 atmosphere. Upon 
reaching confl uence, cells were rinsed with PBS. 2.5ml 0.05% Trypsin-EDTA (Invitrogen) 
was added for 10 min at 37°C to disrupt cell adhesions and cells were resuspended in 
medium and centrifuged at 1500 rpm at room temperature for 5 min. The cell pellet was 
resuspended and cell density calculated with a haemocytometer. The suspension was 
diluted to 20 x 104 cells/ml with medium and cells were seeded in a 6-well plate in a total 
volume of 2ml/well for subsequent assays.

ER stress induction 
Plated cells were cultured for 48 h to reach confl uence. Medium was removed and cells 
were rinsed once with serum-free medium before incubating with 2 ml of serum-free 
medium containing serial dilutions of tunicamycin (Sigma- Aldrich) and thapsigargin 
(Sigma- Aldrich). The optimal concentration found was used for further experiments. 
Incubation with the optimal concentration was 24 h to ensure ER stress detectable with 
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western blot but with minimal cell death (<10%). Three independent experiments were 
performed in each condition. Plated cells were then treated with the optimal concen-
tration and cell lysates and medium were collected for further analysis with western 
blotting and zymogen assay. The collected medium was concentrated to 100μl using a 
VivaSpin. 

Western Blotting
Cells were washed with ice-cold PBS and cell lysis buff er was added containing 20 mM 
Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium 
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, and complete mini prote-
ases inhibitor cocktail (Roche Diagnostics, East Sussex, UK). After scraping the cells we 
transferred the mixture to a microfuge tube. After pipetting up and down ~20 times, 
cells were maintained on ice for 20 min with occasional vortexing and centrifuged at 
10,000 g for 5 min. Bicinchoninic acid (Sigma-Aldrich) was used to determine protein 
concentration using 2 μl of cell lysate. Equivalent amounts of protein were resolved by 
SDS-PAGE, blotted onto a nitrocellulose membrane and incubated with primary anti-
bodies to GRP78-BiP (ab21685 Abcam, Cambridge UK), P-eIF2α (33985, Cell Signaling), 
GRP94 (ab18055, Abcam, Cambridge UK), MMP2 (ab86607 Abcam, Cambridge UK), 
MMP9 (ab7299, Abcam, Cambridge UK) Timp1 (ab1827 Abcam, Cambridge UK) and 
β-actin (Sigma-Aldrich). Ponceau S staining (Sigma-Aldrich) was used to evaluate equal 
loading. The blots were analysed by enhanced chemiluminescence (ECL) (GE Healthcare, 
UK) using Kodak X-OMAT fi lm (Sigma-Aldrich). Films were scanned and intensities of the 
bands were analysed using Image J analysis software (Freeware). (8)

Zymogen assay
Conditioned media were subjected to native gel electrophoresis on ice in a 10% SDS 
polyacrylamide gel containing 0.1% gelatin (Sigma-Aldrich). Three independent ex-
periments were performed in each condition. After resolving, the gel was incubated in a 
zymogram renaturing buff er containing 2.5% Triton X-100 (Sigma) with gentle shaking 
for 1 h at room temperature. For hydrolysing the gelatin the gel was transferred into 
zymogen buff er containing 50 mM Tris HCl, 200 mM NaCl, 10 mM CaCl2 for overnight in-
cubation at 37°C. After incubation the gel was stained with PAGE-BLUE (Fermentas, UK) 
before washing in water until MMP activity appeared as clear bands against a dark blue 
background. The intensity of the bands was quantifi ed using Image J analysis software.     

Trophoblast invasion assay
The transwell invasion inserts of a FluorBlock Matrigel coated 24-multiwell insert system 
(Cat. No. 354165, BD Biosciences, pore size 8 μm) were prehydrated according to manu-
facturers instructions with 100μl of serum-free medium containing ER stress inducers 
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with the same optimal concentration. Confl uent HTR8/SVneo cells were washed with 
PBS, trypsinized and centrifuged. The pellet was resuspened in serum free RPMI medium 
containing the optimal concentration of ER stress inducers. The cell suspension was 
diluted and 100.000 cells were transferred to the insert. Medium containing 10% serum 
was added to the lower wells. After 24 h incubation at 37°C in a 5% CO2 atmosphere 
the medium was discarded and cells on the lower surface of the fi lter were fi xed and 
permeabilized with ice-cold methanol. After washing with PBS and MilliQ water the cells 
were stained with 0.6 μg/ml SYTOX-green (S33025, Nuclear labelling kit for fi xed cells, 
Invitrogen). The number of cells that had migrated through the matrigel insert were 
visualized with a Leitz DM1L microscope (Leica Microsystems, Wetzlar, Germany). With a 
5x objective the number of invaded cells was counted in 9 random fi elds nearly covering 
the whole fi lter. 

Statistics
Statistical analyses were performed using the Statistical Package for the Social Sciences 
version 21.0 (IBM Corp.). Prism GraphPad version 6.0 was used to generate the graphs. 
Diff erences between study groups were analysed by the two-tailed Mann-Whitney U 
test or Student’s t-test, when appropriate. We considered diff erences to be statistically 
signifi cant at P< 0.05.

RESULTS

The level of the ER chaperone protein GRP78 was used to evaluate the eff ect of the ER 
stress inducers on HTR8/SVneo cells after a dose-response study using the ER stress in-
ducers, tunicamycin and thapsigarin. The sublethal dose of the ER stress inducers which 
maximized activation of ER stress and was chosen for later study is shown in Figure 1A. 
For tunicamycin this was found to be 0,078 μg/ml and 0,125 μM for thapsigargin. These 
concentrations resulted in less <10% cell death equivalent to serum free treated control 
condition (data not shown). To further investigate the pathways of the UPR activated 
by the induced ER stress, other ER stress markers were studied using western blots. 
We observed signifi cantly higher levels of P-eIF2α, GRP78 and GRP94 in treated group 
versus non-treated groups (Figure 1B-G). 

MMP activity is reduced in ER stress treated HTR8/SVneo cells
MMP activity is thought to be crucial in the invasive capacity of trophoblasts, especially 
MMP-2 and -9. Therefore, we examined the protein levels of MMP-2 and -9 in the cell 
lysates, as well as the levels secreted by the trophoblast into the media. The levels of 
MMP-2 were found to be signifi cantly higher in cell lysates of the ER stress-induced 
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Figure 1. ER stress is induced by tunicamycin and thapsigargin in HTR8/SVneo cells. (A) Dose response 
curve, * indicating sublethal concentration. (B) Equal amount of proteins were subjected for Western blot-
ting analysis with antibodies specifi c against GRP78, GRP94, P-eIF2α and eIF2α. β-actin was used for the 
loading control. (C-G) Densitometry of bands expressed relative to serum free treated controls (100%). 
Phosphorylation status is presented as the ratio between phosphorylated and total protein, both normal-
ized to β-actin. Data are mean ± SD for three experiments per group. “*” indicates p < 0.05
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groups (fi gure 2A). Levels of MMP-9 in the conditioned media showed no diff erences 
between the groups (Figure 2A). Despite repeated attempts, the antibodies were unable 
to recognize MMP-9 in the lysates and MMP-2 in the conditioned media. 

Levels of TIMP-1 showed no changes in the cell lysates, but were lower in the media of 
ER stress-induced HTR8/SVneo cells (Figure 2B).  
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Figure 2. MMP-9 and 2; and Timp1 levels in conditioned medium and cell lysate. (A,B) Equal amount of 
proteins were subjected for Western blotting analysis with antibodies specifi c against MMP-9, MMP-2 and 
TIMP1. Densitometry of bands expressed relative to serum free treated controls (100%). Data are mean ± SD 
for three experiments per group. “*” indicates p < 0.05
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Figure 3. Zymogen activity of MMP-9 and MMP-2. Conditioned media was subjected to a zymogen as-
say and densitometry of bands was expressed relative to serum free treated controls (100%). Data are 
mean ± SD for three experiments per group. “*” indicates p < 0.05
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Figure 4. Matrigel invasion assay with ER stress induced HTR8/SVneo cells. Cells were plated on the upper 
surface of the membrane and counted as they appeared on the under surface. The percentage of migrating 
cells was expressed relative to the serum free treated control (100%). Data are mean ± SD for three experi-
ments per group. “*” indicates p < 0.05
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The ER is important in post-translationally modifying proteins and ER stress can lead to 
mis-folding and subsequent defective function of proteins. To measure the proteolytic 
capacity of secreted MMP-2 and -9 following ER stress, the conditioned medium was 
collected for zymogen assay using gelatin as substrate. ER stress treated cells showed 
signifi cantly lower proteolytic activity compared to serum-free treated cells (Figure 3). 

Invasiveness of trophoblast is signifi cantly impaired under ER stress.     
Invasive properties of trophoblasts are thought to be vital process in establishing a 
functional human haemochorial placenta. (3) Therefore, we investigated the eff ects of 
ER stress induced low MMP-2 and -9 activity on invasiveness of trophoblast cells. This 
was performed using a Matrigel invasion assay, in which cells were plated on the upper 
surface of the membrane and counted as they appeared on the under surface. The tech-
nique and data are shown in Figure 4. There were signifi cantly fewer cells that migrated 
under ER stress conditions compared to control conditions. 

DISCUSSION

To our knowledge this is the fi rst study to investigate the inhibitory role of ER stress in 
the invasiveness of trophoblasts. In this study, we provide direct evidence that ER stress 
aff ects trophoblast invasion, possibly through inhibition of MMP-2 and -9 activity. The 
exact mechanisms for suppression of MMP-2 and -9 activity under ER stress require fur-
ther investigation. However, our data suggest that they are unlikely to involve reduced 
MMP expression as MMP-2 protein level was increased upon ER stress. Inhibition of MMP 
secretion is also unlikely to be the case as MMP-9 extracellular protein concentrations 
remained unchanged. Finally, the potential inhibition from TIMPs is also unlikely as 
extracellular TIMP-1 concentrations were reduced upon ER stress. Taken together, these 
data suggest that ER stress could be involved in regulating migration and invasion of 
trophoblast cells through modulating MMPs activity but unlikely through their inhibi-
tors TIMPs. 

Invasion of trophoblast into myometrium underlying the implantation site is of piv-
otal importance to successful pregnancy. Failure of this process is a commonly seen in 
the placental bed of pregnancies complicated by IUGR, preeclampsia, placental abrup-
tion and preterm birth. (13-15) Defective deep placentation, in which the deeper lying 
myometrial parts of the spiral arteries are not remodelled, seems to be a key factor in 
complicated pregnancies. (15) Despite extensive research, the reasons why extravillous 
trophoblasts fail to remodel maternal spiral arteries into high capacity and low resis-
tance vessels remain unclear. 
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The regulation of MMP functions in the placental bed seems to be crucial for success-
ful implantation and may operate at various levels. (16,17) For instance, Caniggia et al 
showed that an oxygen tension switch around 10-12 weeks of pregnancy may infl uence 
MMP activity and subsequent invasion which seemed to be mediated by a reduction of 
HIF1α expression, and downregulation of trophoblast TGFβ3 expression. (18) Research 
on the expression of MMPs in preeclampsia is, however, limited, especially in vivo. Lian 
et al. (19) and Reister et al. (20) demonstrated that the expression of MMP-1, MMP-3 and 
MMP-7 in extravillous trophoblasts was signifi cantly lower in placental bed biopsies of 
preeclamptic cases than in those of uncomplicated pregnancies. However, the placental 
bed samples were taken at term and it is highly unlikely that the levels of MMP found 
refl ect those of early pregnancy. Moreover, it is known that as pregnancy progresses 
MMPs are diff erentially expressed. (21) Studies have shown expression of MMP-2 and 
-9 is most strongly localized in the placental bed very early in pregnancy. (22) In our 
study we therefore focused on MMP-2 and -9. We have previously shown that ER stress-
mediated inhibition of protein synthesis plays a key role in the pathophysiology of IUGR. 
(23) In the current study we found that under ER stress trophoblasts increase the levels 
of MMP-2 in cell lysates. Surprisingly, the zymogen assay showed that the activity of 
MMP-2 is signifi cantly lower, implying that there is a loss of functionality rather then a 
loss of abundance. However, without data on MMP-2 levels in the conditioned media we 
cannot make defi nitive conclusions. The loss of zymogen activity is also refl ected in the 
reduced capability of the trophoblast cells to invade a matrigel coated transwell system 
(Figure 4). All secreted and membrane-bound proteins undergo post-translational 
modifi cation within the ER, such as disulphide bond formation and glycosylation. How-
ever, under ER stress these processes are compromised, resulting in protein mis-folding 
and potentially adversely aff ecting their bioactivity as well. 

TNFα and Interferon (IFN) γ have been shown to reduce the activity of pro-MMP-2 
as well. (24) Interestingly, both cytokines are also capable of inducing ER stress and 
activate the UPR. (25,26) Also, we have previously shown that ER stress can be induced 
in BeWo cells by TNFα, albeit at a mild level. (27) Of interest, is the dominant immune cell 
population in the decidua; the uterine NK (uNK) cell which is known to exert its eff ector 
functions through cytokines like TNFα and IFN γ. (28)  The fi ndings of Hiby et al. further 
support the concept that immune interactions between trophoblast and uNK cells are 
important in spiral artery remodeling. These authors showed that trophoblast cell MHC 
class I molecules (HLA-C) can interact with Ig-like receptors (KIRs) on uNK cells, and that 
certain KIR/HLA-C combinations are predictable of poor obstetric outcome i.e. PE and 
IUGR. (29) Nevertheless, it remains unclear if indeed aberrant activation of uNK cells (or 
other maternal immune cells) early in pregnancy results in higher levels of cytokines and 
subsequently leads to ER stress on extravillous trophoblasts. 
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Finally, the activity of MMPs is tightly regulated by TIMPs. They inhibit MMP activity by 
binding to zinc binding sites of active MMPs. (30) We showed that expression of TIMP1 
was not changed under ER stress conditions. Excreted levels, however, were signifi cantly 
lower in conditioned media of ER stressed cells. We can therefore conclude that TIMP1 
is probably not involved in downregulating the activity of MMP-2 and -9. However, as 
earlier stated, multiple TIMPs have been discovered and can be diff erentially expressed 
throughout pregnancy. Further research is therefore needed to determine the role of 
this family in modulating trophoblast invasion under conditions of ER stress. 

Unfortunately it is not possible to test our hypothesis in vivo. The lack of early preg-
nancy samples from on-going pregnancies is a major problem for research into placen-
tal development and events within the placental bed. Our studies have shown that ER 
stress is signifi cantly higher in preterm preeclampsia, as consequence of compromised 
spiral artery remodelling, indicating that ER stress might contribute to the syndrome 
of early-onset preeclampsia. It is however highly unlikely that the placental ER stress 
found at term refl ects the level of ER stress early in pregnancy. Furthermore, caution 
must be taken when interpreting data from in vitro studies, as they do not refl ect actual 
in vivo situation. Finally it must be noted that we only used one immortalized tropho-
blast cell line. Other cell lines and primary cultures must be included in order to draw 
defi nite conclusions. Nonetheless, isolation procedures of primary cells can cause ER 
stress as well; caution must be taken with the use of these cultures. Unfortunately we 
were not able to detect MMP-9 in the cell lysate and MMP-2 in the conditioned media. 
Our positive control for MMP-2 (cell lysate) did show a clear band. This fi nding might 
be explained by the fact that the antibody used is made with a recombinant fragment 
derived from within residues 380 - 655 of human MMP-2. Possibly due to mis-folding or 
altered glycosylation this epitope is not recognized in the secreted form.     

From our data we propose that ER stress could be involved in failure of spiral artery 
remodeling and thereby be causative of several pregnancy complication. How ER stress 
is induced in trophoblast remains to be elucidated. Future research should also focus on 
trying to alleviate ER stress with orally active chemical chaperones. This could provide 
potential future treatment options. The eff ectiveness of chaperones that relieve the cell 
from ER stress has been shown previously in a mouse model of type 2 diabetes, where 
ER stress was reduced and glucose homeostasis restored. (31) Although proven to be 
clinically safe, the teratogenity of such drugs remains to be investigated.  
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ABSTRACT

Objective: Women with a history of early-onset preeclampsia have an increased risk of 
recurrent preeclampsia and are more prone to develop future cardiovascular disease. 
At present, risk factors underlying this association are not well characterized. We inves-
tigated whether the risk of recurrent preeclampsia is associated with pre-pregnancy 
levels of common cardiovascular and infl ammatory markers.

Methods: Reproductive follow-up and cardiovascular parameters were obtained for 
150 primiparae with a history of early-onset preeclampsia 6 – 12 months after their fi rst 
delivery. Simultaneously, fasting plasma samples were collected and tested for lipids, 
glucose, C-reactive protein and fi brinogen. The relative contribution of each marker to 
the recurrence risk of preeclampsia and preterm delivery was estimated by Cox propor-
tional hazard models.

Results: Forty-two women (28%) developed preeclampsia in a next pregnancy. Recur-
rent preeclampsia was related to elevated pre-pregnancy levels of C-reactive protein and 
fi brinogen when compared to women who did not develop recurrent disease. We found 
no associations between recurrent preeclampsia and maternal age, pre-pregnancy BMI, 
smoking or fasting levels of total cholesterol, high-density lipoprotein-cholesterol, low-
density lipoprotein-cholesterol, triglycerides and glucose.

Conclusion: These observations support a role for infl ammation in recurrent hyperten-
sive disorders of pregnancy similar to its contribution to later-life atherosclerosis and 
risk of cardiovascular disease.
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INTRODUCTION

Preeclampsia is a common hypertensive disorder of pregnancy with an incidence of 
1 – 5% defi ned as de-novo systemic hypertension and proteinuria in the second half 
of pregnancy. (1,2) In recent years, it has become clear that a history of preeclampsia 
predisposes a woman to premature cardiovascular disorders, such as hypertension, 
ischaemic heart disease, stroke and venous thromboembolism, and is associated with 
excess long-term cardiovascular mortality. (3 – 5) Mechanisms underlying the shared 
maternal predisposition to preeclampsia, atherosclerosis and cardiovascular disease 
(CVD) are poorly understood. (6,7) Previous studies have suggested a role for common 
CVD risk factors (obesity, dyslipidaemia, hyperinsulinaemia, chronic hypertension and 
family history of CVD) (8), and for markers of infl ammation as markers of future CVD 
risk after preeclampsia (9). We and others previously reported an association between 
elevated postpartum levels of C-reactive protein (CRP) and fi brinogen (9), as well as a 
high prevalence of other common CVD risk factors, among women with a history of 
preeclampsia. (10 – 12) Future CVD-related morbidity and mortality appears to be high-
est in women who experienced early-onset preeclampsia, that is, preeclampsia that re-
quired delivery before 34 weeks. These women have a three-fold higher risk of ischaemic 
heart disease and stroke compared to women who experienced late-onset disease. 
(3,13) Also, recurrent preeclampsia occurring in two or more consecutive pregnancies 
is associated with higher cardiovascular mortality and a higher prevalence of CVD risk 
factors postpartum. (14,15) In this study, we tested the hypothesis that – apart from 
common CVD risk factors (total cholesterol, high-density lipoprotein (HDL)-cholesterol, 
low-density lipoprotein (LDL)-cholesterol, triglycerides, blood pressure and smoking) 
– acute-phase infl ammatory markers (CRP, fi brinogen) contribute to the increased risk 
of recurrent preeclampsia in a next pregnancy following a fi rst pregnancy complicated 
by early-onset preeclampsia. To this end, we conducted a prospective cohort study of 
150 women included after a fi rst pregnancy complicated by early-onset preeclampsia 
and studied the relationship between pre-pregnancy cardiovascular and infl ammatory 
markers and the risk of recurrent preeclampsia.

METHODS

Study population
We conducted a prospective cohort study to include 304 women after a fi rst pregnancy 
complicated by early-onset preeclampsia, who had been admitted to our Tertiary Refer-
ral Center (UMC Utrecht, the Netherlands) between1995 and 2006. Details of inclusion 
criteria, recruitment and study protocol have been described elsewhere. (16) In brief, 
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women were asked to participate by their consultant perinatologist after delivery and 
provided written informed consent prior to enrolment. Between 6 and 12 months 
postpartum, we registered demographic, general medical, obstetric data and relevant 
information on family history, and collected fasting blood samples for the measurement 
of thrombophilia-related factors and metabolic, infl ammatory and lipid markers. (16,17) 
Women were advised to discontinue breastfeeding and intake of any vitamin and folic 
acid supplements, or either of them, at least 6 weeks prior to inclusion. Preeclampsia 
was defi ned as de-novo development of hypertension, that is, a DBP rise to above 90 
mmHg and a SBP rise to above 140 mmHg, or either of the two, measured twice with 
an interval of at least 4h, accompanied by new-onset proteinuria, dipstick 2+ or more 
than 300 mg/24 h, according to the criteria of the International Society for the Study 
of Hypertension in Pregnancy (ISSHP). (18) We defi ned the Haemolysis Elevated Liver 
enzymes and Low Platelets (HELLP) syndrome according to previously published cri-
teria: a platelet count below 100 109/l, lactate dehydrogenase in excess of 600 U/l or 
haptoglobin below 0.3 g/l, and if serum aspartate aminotransferase or serum alanine 
aminotransferase had increased to a value above 50 U/l. (19) We considered a newborn 
to be small for gestational age (SGA) when birth weight was below the 10th percentile 
for gestational age, based on the most recent Dutch birth weight charts. (20) We de-
fi ned chronic hypertension as hypertension requiring treatment with antihypertensive 
medication before the tar- get pregnancy. In this study cohort, we included all women 
with a second pregnancy continuing until after the 16th week and completed before 
December 2007. Only data of singleton pregnancies were considered. At the time of 
analysis, the study cohort included 184 (65.8%) women who had completed a second 
pregnancy beyond 16 weeks gestational age. There was no loss to follow-up. For the 
purpose of this study, we further excluded 34 women because data on infl ammatory 
markers were unavailable. Details about pregnancy course and outcome of the second 
pregnancy were collected prospectively. All women received low-dose aspirin (80 mg 
daily) between 12 and 36 weeks of the second pregnancy as part of the standard pro-
tocol for routine care. Women with hyperhomocysteinemia used daily supplements of 
5 mg folic acid with 100 mg vitamin B6 daily, also according to our hospital protocol. 
All participants provided informed consent and the study was approved by the Medical 
Research Ethics Committee of the University Medical Center Utrecht (proposal number 
12 – 641).

Assessment of cardiovascular risk factors cardiovascular risk factors determined in this 
study were derived from the Framingham Risk Score and the Reynolds Risk Score for 
women. (21,22) We added fi brinogen levels as an additional marker of the acute-phase 
infl ammatory response related to cardiovascular risk. (23) Height, weight, BMI and the 
presence of diabetes or chronic hypertension were registered at inclusion. We measured 
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blood pressure sphygmomanometrically, as the mean value of two separate measure-
ments using the Korotkoff  V cut-off  point for DBP. Blood samples were collected after 
an overnight fast, immediately centrifuged and analyzed for lipid markers, glucose and 
triglyceride levels by standard procedures at the routine Clinical Chemistry Laboratory 
of our hospital. A description of measurements and laboratory procedures has been de-
tailed previously. (9,12,24) In brief, high-sensitivity CRP was determined using commer-
cially available reagents for nephelometric analysis (Dade Behring, Marburg, Germany). 
Fibrinogen levels were measured by the Claus’ clotting method using a StaR automated 
coagulation analyzer with STA Fibrinogen reagent (Diagnostic Stago, Taverny, France) 
according to routine and extensively validated standard operating procedures used 
within our tertiary ISO 9001:2008 accredited diagnostic facility. Similar, fasting levels 
of total cholesterol, HDL-cholesterol, triglycerides and glucose were determined using 
a Vitros950 dry-chemistry analyzer (Johnson & Johnson, Rochester, New York, USA). 
LDL-cholesterol was estimated using the Friedewald formula. Within-run variation coef-
fi cients were less than 4% for all variables. Technicians were blinded for the study group 
and unaware of the hypothesis to be tested.

Statistical analysis
Baseline data were independently tested for their association with recurrence risk of 
preeclampsia. Student’s t-tests were used for continuous variables and chi-square 
tests for categorical variables. Hazard ratios were calculated using Cox proportional 
hazard models, with days of gestation in second pregnancy as timescale, as previously 
reported. (24) Hazard ratios were adjusted for chronic hypertension and other potential 
confounders by multivariable Cox proportional hazard ratio analysis. The relation be-
tween CRP, fi brinogen, BMI, smoking status, diabetes, age, total cholesterol level on the 
one hand and recurrent preeclampsia on the other, was further analyzed by comparing 
consecutive tertiles, with cut-off  points based on the distribution of values within the 
study population; hazard ratios and 95% confi dence intervals (CIs) were calculated for 
each tertile with the lowest tertile serving as reference group using multivariable Cox 
proportional hazard models. Trend was evaluated using the tertiles as one independent 
variable (0 – 2) in a multivariable logistic regression model. Goodness-of-fi t tests for 
trends were performed using the Hosmer – Lemeshow test and were considered ac-
ceptable at P greater than 0.05. Statistics were performed with SPSS 20.0.0 (IBM Corp.). 
P-values less than 0.05 were considered to indicate statistically signifi cant diff erences.
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RESULTS

We obtained complete follow-up for 150 participants who had completed a second 
pregnancy after a fi rst pregnancy complicated by early-onset preeclampsia at a mean 
inter- birth interval of 2.8 years. None of the included women were lost to follow-up. 
Table 1 lists the baseline characteristics of the study population. Women with a history 
of early-onset preeclampsia are known to have a high prevalence of CVD risk factors 
(12), which is in line with the relatively high mean values for all CVD markers observed 
in this study as compared to the distribution of the Dutch population. (12,25) Table 2 
shows the clinical characteristics of the fi rst and second pregnancy. Outcome of a second 
pregnancy in former patients aff ected by early-onset pre- eclampsia was generally more 
favorable compared to the fi rst pregnancy. Consequently, pregnancies complicated by 
preterm delivery, HELLP syndrome, placental abruption or fetal growth restriction were 
less common and caesarean sections were performed less often, that is, in less than half 
of the second pregnancies. Forty-two women had developed recurrent preeclampsia 
(28%) in the second pregnancy, 6(4%) of whom before 34 weeks of gestation, 10 women 
(6.6%) between 34 and 37 weeks and 26 women (17%) after 37 completed weeks of 
gestation. Five (3.3%) second pregnancies were complicated by perinatal deaths. Two 
neonates died due to complications of prematurity after indicated preterm delivery 
in pregnancies complicated by severe recurrent early-onset preeclampsia. Two infants 
died secondary to placental abruption and one neonate died due to sepsis following an 

Table 1.  Baseline Characteristics 

Variable Women with a History of Early-Onset Preeclampsia (N=150)

Age, y 30.5 (29.8–31.1) 

Inter-birth interval, y 2.8 (2.6–3.0) 

Postpartum, mo 10.0 (7.6–12.3)

Body-mass index, kg·m-2 26.4 (25.6–27.2) 

Smoking, % 31.3

Chronic hypertension, % 33.1

Diabetes, % 1.3

Total cholesterol, mmol/L 5.20 (5.0–5.4)

HDL-cholesterol, mmol/L 1.36 (1.3–1.4) 

LDL-cholesterol, mmol/L 3.20 (3.0–3.3)

Triglycerides, mmol/L 1.41 (1.3–1.6) 

Glucose, mmol/L 4.87 (4.7–5.1)

C-reactive protein, mg/L 3.33 (1.8–4.9) 

Fibrinogen, mg/dL 297 (271–323) 

Data are presented as mean and 95% confi dence interval. HDL indicates high-density lipoprotein and 
LDL, low-density lipoprotein.
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intrauterine infection. Mean birth weight in the subgroup of women with recurrent pre-
eclampsia was higher than in the preceding preeclamptic pregnancy (3142 ± 713 versus 
2540 ± 937 g; P < 0.001). Similar diff erences between women with and without recurrent 
preeclampsia were observed for gestational age at delivery (38.7 3.3 versus 36.4 4.0 

Table 2. Characteristics of First and Subsequent Pregnancy 

Variable First pregnancy 
(N=150)

Subsequent pregnancy 
(N=150)

Gestational age at delivery, weeks 29.5 (29.1–29.9) 38.1 (37.5–38.6) 

PIH, % - 26.9

Preeclampsia, % 100 28.0

Delivery < 34 weeks gestational age, % 100 6.0

HELLP-syndrome, % 45.3 2.0

Placental abruption, % 4.7  2.7

Infant birthweight, g 1029 (955–1103) 2972 (2838–3106) 

SGA <10th percentile, % 52.7 16.8

Cesarean section, % 82.0 40.1

Perinatal deaths, % 32.2 2.0

Data are presented as mean and 95% confi dence interval. PIH indicates pregnancy-induced hypertension; 
HELLP, hemolysis, elevated liver enzymes, low platelets; SGA, small-for-gestational-age.  

Table 3. Comparison of Clinical Characteristics and Cardiovascular Markers among Women with a History 
of First Pregnancy Early-Onset Preeclampsia, with or without Recurrent Preeclampsia in Subsequent Preg-
nancy

Variable Recurrent Preeclampsia
(N=42)

Non-Recurrent Preeclampsia
(N=108)

P

Age, y 30.6 (29.3–31.9) 30.4 (29.6–31.2) .811

Inter-birth interval, y 2.5 (2.1–2.9) 2.9 (2.6–3.2) .125

Body-mass index, kg · m-2 26.7 (25.2–28.3) 26.3 (25.3–27.3) .637

Smoking, % 27.0 32.7 .520

Chronic hypertension, % 19.0 18.5 .940

Diabetes, % 2.4 0.9 .483

Total cholesterol, mmol/L 5.41 (5.1–5.7) 5.12 (4.9–5.3) .115

HDL-cholesterol, mmol/L 1.36 (1.2–1.5) 1.36 (1.3–1.4) .995

LDL-cholesterol, mmol/L 3.36 (3.1–3.6) 3.13 (2.9–3.3) .180 

Triglycerides, mmol/L 1.49 (1.2–1.8) 1.38 (1.2–1.6) .518 

Glucose, mmol/L 4.78 (4.5–5.1) 4.90 (4.6–5.1) .622

C-reactive protein, mg/L 5.89 (0.9–10.9) 2.34 (1.3–3.4) .041

Fibrinogen, mg/dL 347 (292–403) 276 (248–303) .010

Data are presented as mean and 95% confi dence interval. HDL indicates high-density lipoprotein and 
LDL, low-density lipoprotein. 
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weeks; P = 0.001) and the incidence of small-for-gestational-age newborns (26.2 versus 
13.1%; P = 0.054). Further, we found a higher rate of caesarean sections in women who 
had developed recurrent disease (61.0 versus 32.1%; P = 0.001). Women with and with-
out recurrent disease showed no diff erences in mean maternal age, inter-birth interval, 
BMI and levels of total cholesterol, LDL-cholesterol, triglycerides and glucose (Table 3). 
Both groups were also similar with respect to current smoking status and the presence 
of diabetes mellitus. Former patients who had developed recurrent preeclampsia in the 
second pregnancy had higher mean pre-pregnancy levels of fi brinogen (347 versus 276 
mg/dl; P = 0.01) and CRP (5.89 versus 2.34 mg/l; P = 0.041), when compared to women 
who did not develop recurrent disease. Hazard ratios and corresponding 95% CIs for re-
current preeclampsia according to tertiles of CRP and fi brinogen levels revealed a rise in 
the mid and high biomarker categories in a dose-eff ect manner up to hazard ratio 4.84 
(95% CI 1.3 – 18.0) for the highest compared to the lowest tertile of CRP and hazard ratio 
2.72 (1.0 – 7.2) for fi brinogen, respectively. The strength of these associations was not 
attenuated after adjustment for BMI, smoking status, diabetes mellitus, age and total 
cholesterol levels (Table 4). As shown in Fig. 1, combined stratifi ed analysis of baseline 
CRP and fi brinogen levels revealed further potential improvements to predict recurrent 
preeclampsia in the next pregnancy with hazard ratios up to 10.8 for the highest tertiles.

Table 4.  Hazard Ratios for Recurrent Preeclampsia in a Subsequent Pregnancy after Early-Onset Preeclamp-
sia, According to Tertiles of C-Reactive Protein and Fibrinogen

Unadjusted HR Adjusted HR 

CRP 
(mg/L) 

Multivariable 
model 1*

Multivariable 
model 2†

Multivariable 
model 3‡

Low < 0.48 1 1 1 1

Mid 0.48 – 1.68 2.3 (0.6–8.9) 2.5 (0.6–9.9) 2.7 (0.5–13.6) 2.7 (0.5–14.3) 

High > 1.68 4.8 (1.3–18.0) 4.6 (1.2–17.1) 6.8 (1.4–33.4) 5.5 (1.0–30.6) 

P trend 0.013 0.019 0.009 0.012

Unadjusted HR Adjusted HR 

Fibrinogen
(mg/dL) 

Crude HR Multivariable 
model 1*

Multivariable 
model 2†

Multivariable 
model 3‡

Low < 240 1 1 1 1

Mid 240 – 330 1.6 (0.6–4.1) 1.7 (0.7–4.5) 2.4 (0.8–7.2) 2.3 (0.7–7.2) 

High > 330 2.7 (1.0–7.2) 2.8 (1.1–7.5) 4.1 (1.3–12.8) 4.2 (1.3–14.0) 

P trend 0.031 0.021 0.008 0.011

HR indicates hazard ratio. CRP, C-reactive protein. 
* Adjusted for chronic hypertension. 
† Additionally adjusted for body-mass index. 
‡ Additionally adjusted for smoking status, diabetes, age and total cholesterol levels. 
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DISCUSSION

In this prospective cohort study among primiparae with a history of early-onset pre-
eclampsia, we found two markers of systemic acute-phase infl ammation measured 
at 6 – 12 months postpartum (CRP and fi brinogen) that are associated with recurrent 
preeclampsia in a next pregnancy. Although women with a history of early-onset pre-
eclampsia are more likely to have an abnormal lipid profi le and altered glucose metabo-
lism after delivery (12), we found no consistent diff erences in postpartum levels of total, 
HDL and LDL-cholesterol or triglycerides between women who did or did not develop 
recurrent disease. The observed associations between fi brinogen, CRP and recurrent 
preeclampsia could not be explained by diff erences in age, chronic hypertension, BMI, 
incident diabetes and smoking, or by interaction with lipid levels. Of interest and in line 
with previous studies (2,24), clinical parameters of fi rst pregnancies complicated by 
early- onset preeclampsia such as gestational age at delivery, the presence of HELLP syn-

Figure 1. Hazard Ratios for Recurrent Preeclampsia in Women with First Pregnancy Early-Onset Preeclamp-
sia According to Prepregnancy Levels of Fibrinogen (Z-axis) and C-Reactive Protein (X-axis).
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drome, placental abruption, fetal growth restriction, perinatal death or mode of delivery, 
were not related to recurrent preeclampsia in a next pregnancy. In contrast to previous 
fi ndings in women with a history of late-onset preeclampsia (15), in our data, recurrence 
risk was not associated with BMI and markers of abnormal lipid or glucose metabolism. 
Also, as opposed to previous studies in late-onset or mild preeclampsia, the associations 
with raised levels of infl ammatory markers observed in our study were not attenuated 
by adjustment for BMI (26,27). This may indicate that early-onset preeclampsia is related 
to an innate pro-infl ammatory phenotype of the mother (9), rather than to infl ammation 
as surrogate marker for acquired weight gain or excessive body fat. 

Some limitations to this study merit consideration. First, data were only those of 
primiparae with a history of early-onset disease. Therefore, the fi ndings of our study 
cannot be extrapolated to women with late-onset disease or multiparas. Second, we 
measured CRP and fi brinogen as robust markers of the acute-phase infl ammatory re-
sponse known to be predictive of CVD risk. Although many studies suggest a central 
role for the infl ammatory system in the pathogenesis of early-onset preeclampsia, an 
exact mechanism for development of preeclampsia remains uncertain and may well 
involve multiple other components of the infl ammatory system, such as interleukin-6, 
tumor necrosis factor- alpha, von Willebrand factor and components of the complement 
system. Third, we cannot rule out any temporary eff ects of pregnancy itself on CRP and 
fi brinogen levels measured at 6 – 12 months postpartum. However, this seems unlikely 
as baseline levels of CRP and fi brinogen have a strong hereditary component and are 
relatively stable over time. (28,29) Finally, although we adjusted for known confounders 
including BMI, chronic hypertension, smoking, diabetes and lipid levels, any eff ect of 
other unknown confounders (such as routine aspirin use, anti- hypertensive agents and 
other types of medication) on the associations of CRP and fi brinogen with recurrent 
preeclampsia cannot be fully excluded. Also, the a priori risk of CVD and indeed the 
prevalence of most cardiovascular risk factors in the Dutch population is relatively low 
compared to some other background populations (such as the UK and North America), 
hence caution should be applied when extrapolating our results to other populations 
(e.g. to populations with higher obesity rates) as the eff ect sizes may vary.

The results of this study have several implications. First, the fi ndings reveal that mark-
ers of chronic low-grade infl ammation are related to recurrent severe hypertensive 
complications of pregnancy. (9,26,30 – 32) From a pathophysiological perspective, our 
data support the view that an underlying maternal pro-infl ammatory phenotype may 
be relevant to the development of early-onset preeclampsia and could be a potential 
target for risk assessment and intervention. (33,34) Second, our data are relevant to 
the previous observation that women who experience pre-eclampsia in more than one 
pregnancy are more likely to develop CVD, than women who experience preeclampsia 
in the fi rst pregnancy only. (3) Although follow-up of women in this study was not 
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continued beyond the second pregnancy, it is likely that the underlying maternal 
pro- infl ammatory phenotype associated with recurrent hypertensive complications of 
pregnancy will remain present after the second delivery as a potential long-term risk 
factor for premature cardiovascular morbidity later in life. In this respect, recent strate-
gies aimed at lowering cardiovascular risk in women with mildly raised levels of baseline 
infl ammatory markers (CRP >2 mg/l), but without any other known cardiovascular or 
lipid risk factors (35), may prove to be particularly relevant for women with a history of 
recurrent preeclampsia.

In summary, in this follow-up study of cardiovascular risk markers in non-pregnant 
women with a fi rst pregnancy complicated by early-onset preeclampsia, we demon-
strated that CRP and fi brinogen levels measured 6 – 12 months postpartum are closely 
related to recurrent preeclampsia in the next pregnancy. Increased levels of infl amma-
tory markers may partly explain the shared predisposition to recurrent preeclampsia 
and the development of atherosclerosis later in life.
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ABSTRACT

The prevalence of premature cardiovascular diseases (CVD) is increased in women with a 
history of maternal placental syndromes, including pregnancy-associated hypertensive 
disorders (eg, preeclampsia), fetal growth restriction, and placental abruption. Whereas 
previous studies have shown a high prevalence of CVD risk factors after pregnancies 
complicated by preeclampsia, this has not been studied for women with a history of 
placental abruption. To explore the association of placental abruption with CVD risk fac-
tors after delivery, we compared 75 women with a history of placental abruption with a 
control group of 79 women with uneventful pregnancies at 6 to 9 months postpartum 
for the presence of common CVD risk factors. In a subanalysis, data were stratifi ed ac-
cording to the presence or absence of concomitant hypertensive disease and further 
adjusted for potential confounders. Women with previous placental abruption had 
signifi cantly higher mean systolic blood pressure, body-mass index, fasting blood 
glucose, C-reactive protein, total cholesterol, high-density lipoprotein-cholesterol, and 
low-density lipoprotein-cholesterol as compared with controls with only uneventful 
pregnancies. In the subanalysis, all diff erences remained signifi cant for women with a 
history of placental abruption only (ie, without concomitant gestational hypertension), 
except for the associations with low-density lipoprotein-cholesterol and diastolic and 
systolic blood pressure. Most likely, the identifi ed CVD risk factors predispose to placen-
tal abruption and development of premature CVD later in life. 
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INTRODUCTION

Several large-scale population studies have found a strong link between pregnancy-
specifi c disorders linked to abnormal development of the placental bed, such as 
preeclampsia Hemolysis, Elevated Liver enzymes and Low Platelet count syndrome 
(HELLP), gestational hypertension, placental abruption, placental infarction, and fetal 
growth restriction, also known as maternal placental syndromes (MPS), and subsequent 
maternal risk of premature cardiovascular disease (CVD). (1–4) MPS may be considered 
as a cluster of pregnancy-related disorders that appear when the cardiovascular system 
fails to adapt to the increased metabolic, infl ammatory, and hemodynamic demands 
during pregnancy and represent the fi rst manifestation of compromised cardiovascular 
health of the mother. (5,6)

Placental abruption, the separation of the placenta before delivery, is a serious com-
plication of pregnancy, associated with a high morbidity and mortality for both mother 
and child. Placental abruption complicates ≈1% of pregnancies. (7) The precise patho-
genesis of placental abruption is unclear, although recent studies suggest an important 
role for defective development remodeling of uterine spiral arteries. This may lead to 
inadequate blood and nutrient supply to the placenta in the fi rst and second trimesters 
of pregnancy preceding subsequent placental abruption. Data from placental bed 
biopsy studies obtained in women with placental abruption show a higher prevalence 
of abnormal spiral artery remodeling, decidual thrombosis, infl ammation, and intimal 
and subintimal thickening (so-called acute atherosis lesions) than that observed in nor-
mal pregnancy. (7–11) Although the pathophysiology of these characteristic vascular 
abnormalities is not well understood, intriguing similarities exist in the vascular biology 
of early-stage atherosclerosis preceding most CVD. (12)

For preeclampsia and fetal growth restriction, previous studies on postpartum CVD 
risk factors revealed a higher prevalence of multiple modifi able risk factors for CVD 
within the fi rst year after delivery. (5,13,14) However, to date this has not been sepa-
rately studied for women with previous placental abruption. In this study, we assessed 
common CVD risk factors in women with a history of placental abruption at 6 to 12 
months after delivery, in comparison with a control group of women with a history of 
only uneventful pregnancies. 

METHODS

Study Population
All women with a pregnancy complicated by placental abruption who delivered at 
the University Medical Center Utrecht, The Netherlands, between November 1994 
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and December 2009 were considered to be eligible for inclusion. Placental abruption 
was diagnosed as the following: retroplacental bleeding or clots at cesarean section, 
sonographic visualization of abruption, or a combination of abdominal pain or vaginal 
bleeding accompanied by a nonreassuring fetal heart rate trace, uterine hypertonicity, 
or as evident signs of placental abruption on histopathologic examination. (11) Patients 
with chronic hypertension, that is, using antihypertensive treatment for known chronic 
hypertension before pregnancy and patients with traumatic injury before hospital 
admission were excluded. Preeclampsia was defi ned as the presence of gestational 
hypertension and concomitant proteinuria in the second half of pregnancy. Gestational 
hypertension was defi ned according to the criteria of the International Society for the 
Study of Hypertension in Pregnancy as diastolic blood pressure >90 mm Hg and sys-
tolic blood pressure >140 mm Hg, measured on ≥2 separate occasions ≥4 hours apart. 
Proteinuria was diagnosed with urinary protein ≥300 mg per 24 hour or >2+ at dipstick 
urinalysis. (15) Infants were considered small-for-gestational age if the birth weight was 
below the fi fth centile based on standardized Dutch population charts. (16) Women 
with abruption were divided into 2 groups: abruption with or without concomitant 
MPS in the index pregnancy or obstetric history. The control group was recruited from 
the same background population as cases and consisted of healthy women who had 
experienced only uncomplicated pregnancies. Control women were randomly selected 
and asked to participate by the research team in collaboration with the low-risk primary 
care antenatal clinic of the University Medical Center Utrecht and at a local midwifery 
practice nearby, within the same referral population as the cases to prevent selection 
bias. Control subjects were recruited according to the same inclusion protocol, were 
enrolled by the same research team, and were subject to identical sample handling and 
laboratory procedures as the cases. None of the women had a subsequent pregnancy 
at screening, and all stopped breastfeeding ≥6 weeks before screening. The study was 
approved by the Institutional Review Board of the University Medical Center Utrecht, 
and all participants provided written informed consent. 

Assessment of Classic CVD Risk Factors
CVD risk factors were assessed 6 to 9 months after delivery. Breast-feeding and vitamin 
or folic acid supplements were discontinued ≥6 weeks before the risk assessment. The 
presence of diabetes mellitus and smoking were recorded, and body-mass index (BMI) 
was calculated, using self-reported height and measured weight at inclusion. A trained 
research nurse measured blood pressure by auscultatory sphygmomanometer, using an 
aneroid sphygmomanometer with normal cuff  size, in sitting position. Diastolic blood 
pressure values were determined using the fi fth Korotkoff  sound. Where appropriate, 
cuff  sizes were adjusted to arm circumference. The mean value of 2 separate measure-
ments 30 minutes apart was used for analysis. All fasting venous blood samples were im-
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mediately centrifuged and analyzed directly for lipid markers, glucose, and triglyceride 
levels by standard operating procedures at the routine Clinical Chemistry Laboratory of 
our hospital. A detailed description of measurements and laboratory procedures was 
previously published elsewhere. (5,17) Briefl y, fasting total cholesterol, high-density lipo-
protein (HDL)-cholesterol, triglycerides, and glucose were determined using a Vitros950 
dry-chemistry analyzer (Johnson & Johnson, Rochester, NY). Low-density lipoprotein 
(LDL) cholesterol was calculated using the Friedewald formula. The Homeostatic Model 
Assessment (HOMA) score was used to calculate the level of insulin resistance with the 
following equation: (fasting glucose×fasting insulin)/22.5. Within-run variation coef-
fi cients were 1.7% for total cholesterol, 2.3% for HDL-cholesterol, 1.9% for triglycerides, 
and 4.3% for fasting glucose levels. Technicians were blinded for outcome. 

Statistical Methods
Statistical analyses were performed using Statistical Package for the Social Sciences 
(version 17.0 SPSS Inc, Chicago, IL). Baseline variables in the group with and without a 
previous abruption were expressed as means with 95% confi dence intervals, or number 
and percentage. Statistical comparison was performed using generalized linear models. 
In the original data set, several women had missing data, and for some variables selec-
tive missing may have occurred. Average missing rate per variable was 17% in controls 
(confi dence interval, 10–25) and 20% in cases (confi dence interval, 10–35). To avoid any 
potential bias that may occur in complete-case analysis, multiple imputations (20×) 
were applied using observed patient characteristics. (18,19) Missing data were imputed 
using a logistic regression model that included the following variables: maternal age, 
BMI, nulliparity, blood pressure, glucose, insulin, high sensitive C-reactive protein, tri-
glycerides, and cholesterols. Generalized linear models were used to analyze the data in 
each imputation set separately, before pooling the data using Rubin’s rules. (20)

For subgroup analyses, the patient population was stratifi ed into abruption without ad-
ditional MPS (ie, preeclampsia/HELLP, gestational hypertension, or small-for-gestational 
age) and abruption with additional MPS. Where appropriate, variables were adjusted 
for potential confounders that were identifi ed in the baseline comparison. P<0.05 were 
considered statistically signifi cant. In addition, several parameters were dichotomized 
using the common cutoff  values for metabolic syndrome, or those described in the 
JUPITER trial, and were subsequently compared between the groups by χ2 test. (21)

Results
Seventy-fi ve women with placental abruption and 79 population-based controls were 
included in the analysis. Baseline characteristics are summarized in Table 1. Women in 
the control group were slightly older compared with the cases, with a mean diff erence 
in age of 2.2 years. Placental abruption was associated with a 63% rate of concomitant 
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gestational hypertension, preeclampsia, and intrauterine growth restriction (47 cases). 
Of the 28 women without MPS in the index pregnancy, 8 women were multiparous. 
None had MPS in their obstetric history. Women with previous placental abruption had 
signifi cantly higher mean BMI, systolic blood pressure, fasting blood glucose, total cho-
lesterol, HDL-cholesterol, and LDL-cholesterol than women in the control group (Table 
1). No signifi cant diff erences were found for diastolic blood pressure, cholesterol/HDL 
ratio, triglycerides, high sensitive C-reactive protein, and HOMA score. 

Subgroup analysis between multiple determinants of CVD risk and a history of pla-
cental abruption is shown in Table 2. After adjustment for age, BMI, and nulliparity, the 
associations between increased systolic blood pressure, fasting blood glucose, total cho-

Table 1.  Baseline Patient Characteristics of Controls and Placental  Abruption Cases

Parameter Control Group
n=79

Placental Abruption 
n=75

Age 33,1 (32.9-33.4) 30.9 (30.7-31.1)*

BMI (kg/m2) 22.8 (21.8-23.7) 25.7 (24.8-26.7)*

White (%) 79 (100) 73 (97.3)

Nulliparity (%) 47 (59.5) 58 (77.3)*

Smoking (%) 14 (17.7) 18 (24)

Pregnancy outcome
Gestational age at delivery (days)

282 (7.5) 207 (37.8)*

 Infant’s birth weight 3592 (467) 1024 (619)*

 Small-for-gestational age (%) 1 (1.3) 22 (29,3)*

 Gestational hypertension (%) - 11 (14,7)

 Pre-eclampsia (%) - 31 (41,3)

Systolic blood pressure  (mmHg) 113 (110-116) 122 (117-126)*

Diastolic blood pressure (mmHg) 75 (72-77) 80 (76-83)

Fasting glucose (mmol/L) 4.11 (3.9-4.3) 5.09 (4.9-5.3)*

Fasting Insulin (uIU/L) 12.35 (9.2-15.4) 10.75 (9.4-12.1)

HOMA score 1.97 (1.5-2.5) 2.43 (2.2-2.7)

hsCRP (mg/L) 1.59 (0.6-2.6) 4.36 (1.6-7.1)

Triglycerides (mmol/L) 1.08 (0.9-1.3) 1.2 (1.1-1.4)

Cholesterol (mmol/L)

 Total cholesterol 3.76 (3.5-4.0) 5.01 (4.7-5.3)*

 HDL 1.22 (1.1-1.3) 1.44 (1.1-1.3)*

 LDL 2.06 (1.8-2.3) 3.00 (2.8-3.2)*

 Cholesterol/HDL ratio 3.40 (3.0-3.8) 3.71 (3.4-4.1)

Data are presented as mean and 95% confi dence interval (CI) hsCRP: high sensitive C-reactive protein; HDL: high-
density lipoprotein; LDL: low-density lipoprotein; HOMA: Homeostatic Model Assessment. * p<0.05
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lesterol, HDL-cholesterol and LDL-cholesterol levels, and a history of placental abruption 
remained signifi cant for both the subgroup of women with a placental abruption and 
concomitant MPS, as well as for women with placental abruption without concomitant 
MPS, except for blood pressure and LDL cholesterol 

Table 3 shows stratifi ed results according to clinical cutoff  values used in the JUPITER 
trial and according to established criteria for components of the metabolic syndrome. 
Signifi cant diff erences were observed for all CVD risk factors between women who expe-
rienced placental abruption with other concomitant MPS as compared with the control 
group, Similar, for placental abruption without MPS diff erences remained signifi cant 
except for the diff erence in glucose levels. 

DISCUSSION

This study demonstrates an association between placental abruption and increased 
prevalence of CVD risk factors several months after delivery. Women with a history of 
placental abruption seem to have a diff erent CVD risk profi le compared with women 
with a history of only uncomplicated pregnancies. Blood pressure, BMI, fasting blood 

Table 2. Determinants of Cardiovascular Risk in Placental Abruption Cases with or without concomitant 
MPS and Controls 

Parameter Control 
Group
n=79

Placental abruption 
with concomitant MPS
n=47 

Placental 
Abruption 
n=28

Systolic blood pressure (mmHg) 115 (111-118) 122 (117-127)* 118 (110-125)

Diastolic blood pressure 
(mmHg)

75 (72-78) 80 (77-84) 78 (72-83)

Fasting glucose (mmol/L) 4.13 (3.9-4.3) 5.10 (4.8-5.4)* 5.02 (4.7-5.4)*

Fasting Insulin (uIU/L) 12.96 (10.2-15.8) 9.79 (8.1-11.5) 8.14 (6.0-10.3)

HOMA score 2.23 (1.8-2.7) 2.32 (2.0-2.6) 1.90 (1.5-2.3)

hsCRP (mg/L) 1.95 (0.9-3.0) 3.33 (1.3-5.4) 5.07 (0.4-9.8)

Triglycerides (mmol/L) 1.18 (1.0-1.4) 1.26 (1.0-1.5) 0.98 (0.7-1.3)

Cholesterol (mmol/L)

 Total cholesterol 3.87 (3.6-4.2) 5.06 (4.7-5.4)* 4.77 (4.3-5.3)*

 HDL 1.16 (1.1-1.3) 1.44 (1.3-1.6)* 1.60 (1.4-1.8)*

 LDL 2.19 (1.9-2.4) 3.05 (2.7-3.4)* 2.73 (2.3-3.1)

 Cholesterol/HDL ratio 3.64 (3.2-4.1) 3.64 (3.1-4.2) 3.15 (2.4-3.9)

Data are presented as mean and 95% confi dence interval (CI), adjusted for age, BMI and nulliparity. 
hsCRP: high sensitive C-reactive protein; HDL: high-density lipoprotein; LDL: low-density lipoprotein; HOMA: 
Homeostatic Model Assessment. MPS: Maternal Placenta Syndrome i.e. PE/HELLP, gestational hypertension or 
SGA.  * p<0.05 vs. control
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glucose, total cholesterol, and LDL-cholesterol are signifi cantly higher in women after 
placental abruption compared with population-based controls. 

Previous studies have shown that preeclampsia and small-for-gestational age are asso-
ciated with CVD risk factors early in life and an increased risk of future CVD. (2,3,13,14,22) 
Even the 10-year CVD risk in women with a history preeclampsia is signifi cantly higher 
with an odds ratio of 1.31 according to the Framingham risk score. (23) Therefore, in our 
study, the presence of concomitant MPS may be considered as a potential confounder 
for the association between placental abruption and subsequent CVD risk factor levels. 
However, with the exception of blood pressure and LDL cholesterol, subgroup analysis of 
cases in our study without concomitant MPS demonstrated a virtually unaltered signifi -
cant diff erence in CVD risk profi les compared with healthy controls. This is also refl ected 
in Table 3, where several cutoff  points were used. Next to the metabolic syndrome cutoff  
values, we chose to use the JUPITER trial criteria to estimate clinically relevant cutoff  
points for this population of young apparently healthy women. Hence, the fact that 
this apparently healthy group of men and women with only mildly elevated high sensi-
tive C-reactive protein (>2.0 mmol/L) and <1.8 mmol/L LDL values after rosuvastatin 
treatment seemed to have improved event free survival. Placental abruption seems to 
be independently related to the presence of CVD risk factors ≥6 months after delivery, 
irrespective of concomitant MPS in the index pregnancy. 

Several studies have shown a strong correlation between placental lesions and pla-
cental abruption. (9,10) It has been hypothesized that placental abruption results from 
poor vessel quality of placental spiral arteries in women who are already predisposed 
to CVD. (1–4) Defective spiral artery remodeling is assumed to cause underperfusion of 
the placental bed with subsequent infarction and increased resistance of the placental 
vessels. (11,24,25) Specifi c decidual vasculopathy like muscular thickening, thrombosis, 

Table 3. Cut off  values used in JUPITER trail and Metabolic Syndrome in Placental Abruption Cases with or 
without concomitant MPS and Controls

Cut off  values Control 
Group
n=79

Placental abruption 
with concomitant MPS
n=47 

Placental 
Abruption 
n=28

hsCRP >2mg/ml 15 (19%) 21 (45%)* 10 (36%)*

LDL cholesterol >1.8 mmol/L 47 (59%) 45 (96%)* 26 (93%)*

HDL cholesterol <1.29 mmol/L 53 (67%) 19 (40%)* 12 (43%)*

BMI>30 kg/m2 3(4%) 6 (13%)* 7 (25%)*

Triglycerides >1.7 mmol/L 10 (13%) 8 (17%)* 5 (18%)*

Glucose >5.6 mmol/L 5 (6%) 5 (11%)* 3 (11%)

Data are presented as number and percentage. 
hsCRP: high sensitive C-reactive protein; HDL: high-density lipoprotein; LDL: low-density lipoprotein; MPS: 
Maternal Placenta Syndrome i.e. PE/HELLP, gestational hypertension or SGA.  * p<0.001 vs. control
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and acute atherosis lesions possibly arise as response to increased sheer stress and are 
indeed seen more often in cases of placental abruption and other MPS. (10,11) In this 
concept, pregnancy acts as a metabolic stress test revealing poor cardiovascular health 
in women with a pregnancy complicated by an MPS, such as placental abruption. (6,26)

Of note, HDL-cholesterol levels were mildly lower in the control group. Because HDL-
cholesterol is shown to be inversely related to the CVD risk in several epidemiological 
studies, we expected levels to be lower in women with a history of placental abrup-
tion. (27–30) It is diffi  cult to explain this fi nding. HDL levels are known to be higher in 
women and show a temporal decline with increasing age; thus, one may speculate that 
increased HDL-cholesterol levels observed in women with previous placental abruption 
may (temporarily) protect them against early atherogenesis, despite alterations in other 
lipid parameters and metabolic disturbances. (31)

Some limitations of this study need to be addressed. First, controls were signifi cantly 
older than women with previous placental abruption. However, this attenuates rather 
than explains the diff erences in CVD risk factors between cases and controls because 
advanced age is associated with an increment in CVD risk factor levels. We estimate this 
eff ect to be rather small because age-adjusted logistic regression models had virtually 
no eff ect on the observed associations. Second, although to date our study represents 
the fi rst data set on CVD risk factors after placental abruption, for some outcomes in 
the stratifi ed subanalysis, our sample size had limited power to draw any defi nitive 
conclusions. Third, our data were collected several months after delivery. It is not certain 
that abnormal risk profi les were already present before pregnancy in women who ex-
perienced placenta abruption. However, because the minimum delivery-to-assessment 
interval was 6 months, we assume that the levels of blood pressure and all biochemical 
risk factors had returned to prepregnancy values. Furthermore, there is no evidence that 
maternal weight decreases more or faster after normal pregnancy as compared with 
pregnancy complicated by placental abruption. 

In spite of the higher prevalence of CVD risk factors in women with previous placental 
abruption, the estimated absolute CVD risk is low for most women during the fi rst years 
after delivery. Nevertheless, this is mainly attributable to the young age of the study 
population masking the long-term impact of a positive history of placental abruption 
on CVD risk. Because the CVD risk profi le is already signifi cantly diff erent in these young 
and apparently healthy women without known CVD shortly after delivery, the observed 
alterations in CVD risk profi les are likely to precede the appearance of clinically relevant 
metabolic abnormalities and signs of accelerated development of atherosclerosis in 
some of these women, leading to premature development of CVD later in life. (1–4)
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Clinical Perspective
Evidence exist that CVD is largely preventable by early modifi cation of CVD risk factors. 
(32) However, the fi rst presentation of CVD usually does not occur before menopause, 
making it diffi  cult to identify women at risk for future CVD. The presence of modifi -
able risk factors in women with a history of multiple placental syndromes, including 
placental abruption, may therefore be of potential use for primary prevention programs. 
Currently, CVD follow-up of women with a history of placental abruption or other MPS 
is not routine practice in The Netherlands and is largely clinic dependent. At present, 
very few clinics worldwide have started such cardiovascular risk assessment programs. 
(33,34) The American Heart Association updated the guideline for the prevention of CVD 
in women in 2011 in which they recognized preeclampsia, gestational diabetes mel-
litus, and pregnancy-induced hypertension as independent risk factors for CVD. (35) The 
update emphasizes referring these women to a primary care physician or cardiologist 
in the years after pregnancy. Recently, Spaan et al (33) suggested a structured cardio-
vascular screening program for these women by multidisciplinary teams, including an 
obstetrician. Our fi ndings suggest that such multidisciplinary routine assessment and 
reduction of CVD risk factors may also be off ered to women with placental abruption in 
the future. However, as for the hypertensive disorders of pregnancy, the feasibility and 
clinical and cost-eff ectiveness of such a strategy of screening and preventive interven-
tions in women who experienced placenta abruption must be evaluated before wide 
implementation in clinical practice. 
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ABSTRACT

Observational studies have shown an increased lifetime risk of cardiovascular disease 
(CVD) in women who experienced a hypertensive disorder in pregnancy. This risk is 
related to the severity of the pregnancy-related hypertensive disease and gestational 
age at onset. However, it has not been investigated whether these diff erences in CVD 
risk factors are already present at postpartum cardiovascular screening. We evaluated 
postpartum diff erences in CVD risk factors in 3 subgroups of patients with a history 
of hypertensive pregnancy. We compared the prevalence of common CVD risk factors 
postpartum among 448 women with previous early-onset preeclampsia, 76 women 
with previous late-onset preeclampsia, and 224 women with previous pregnancy-
induced hypertension. Women with previous early-onset preeclampsia were compared 
with women with late-onset preeclampsia and pregnancy-induced hypertension and 
had signifi cantly higher fasting blood glucose (5.29 versus 4.80 and 4.83 mmol/L), in-
sulin (9.12 versus 6.31 and 6.7 uIU/L), triglycerides (1.32 versus 1.02 and 0.97 mmol/L), 
and total cholesterol (5.14 versus 4.73 and 4.73 mmol/L). Almost half of the early-onset 
preeclampsia women had developed hypertension, as opposed to 39% and 25% of 
women in the pregnancy-induced hypertension and late-onset preeclampsia groups, 
respectively. Our data show diff erences in the prevalence of common modifi able CVD 
risk factors postpartum and suggest that prevention strategies should be stratifi ed 
according to severity and gestational age of onset for the hypertensive disorders of 
pregnancy.
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INTRODUCTION

Cardiovascular disease (CVD) has gained interest in obstetrics in recent years because 
large observational studies revealed a remarkable increase in the long-term risk of CVD 
in women who experienced diff erent types of gestational hypertensive disorders. (1–3) 
These include pregnancy-induced hypertension (PIH) and preeclampsia, which aff ect 
2% to 7% of all pregnancies worldwide. (4)

A review by Bellamy et al (1) showed an increase of the postpartum risk of CVD events 
according to the severity of the hypertensive pregnancy disorder, with the highest risk 
in women who experienced early-onset preeclampsia. Women with a normal pregnancy 
have an advantage according to these results, but still develop CVD later in life. Currently, 
it is not possible to identify individual women who have the highest risk in developing 
CVD. In recent years, other studies did reveal that common modifi able risk factors such 
as fasting blood glucose and lipid levels are signifi cantly elevated 6 months after a preg-
nancy complicated by early-onset preeclampsia. (5–8) The dose–response relationship 
with the severity of a hypertensive pregnancy disorder and future CVD suggest that 
the diff erences in long-term CVD risk between women with a history of a hypertensive 
pregnancy may be dependent on variation in the underlying maternal CVD risk profi les. 
However, studies that compare cardiovascular risk factors between women with a previ-
ous pregnancy complicated by early-onset preeclampsia, late-onset preeclampsia, or 
PIH within the same population are lacking.

In this study, we compare CVD risk profi les >=3 months postpartum between women 
with previous early-onset preeclampsia, term preeclampsia and term gestational hyper-
tension. We hypothesize that there is a diff erence in the prevalence of modifi able CVD 
risk factors postpartum between women with a history of a hypertensive disorder of 
pregnancy. Identifi cation of women at high risk of CVD at a relatively young age may 
provide an opportunity for early-personalized follow-up and prevention.

METHODS

Study Population
The study population consists of data from 2 cohorts: the Utrecht cohort and patients 
who participated in the Hypitat Risk Assessment Study (HyRAS). Both are discussed 
separately below.

Utrecht Cohort
All women delivered at the University Medical Center Utrecht between November 1994 
and January 2012, with a pregnancy complicated by early-onset preeclampsia were 
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asked to participate in a follow-up program starting >=3 months postpartum. Patients 
with chronic hypertension, defi ned as known hypertension who required antihyper-
tensive treatment before pregnancy, as well as chronic kidney disease and diabetes 
mellitus, were excluded. Characteristics of the study population and inclusion criteria 
have been published in detail elsewhere. (8,9) For this analysis, women with an interval 
of >5 years between delivery and follow-up were excluded to ensure comparability with 
the HyRAS cohort.

HyRAS Cohort
Between June 2008 and November 2010, 306 women who had participated in the Hy-
pertension and Preeclampsia Intervention Trial at Term (HYPITAT) study were enrolled 
in the HyRAS study between 2 and 5 years postpartum. Details on inclusion criteria of 
this cohort study have been published elsewhere. (10) In short, women who have par-
ticipated in the HYPITAT trial (11) were consented for the HyRAS study, a cardiovascular 
follow-up 2 to 5 years after their pregnancy. The HYPITAT study evaluated if induction 
of labor between 36+0 and 41+0 weeks of gestation improved maternal outcome in 
women with late-onset preeclampsia and PIH. Exclusion criteria of the HYPITAT study 
included: diabetes mellitus, gestational diabetes mellitus needing insulin treatment, re-
nal disease, heart disease, previous caesarean section, hemolysis elevated liver enzymes 
and low platelets syndrome, oliguria of <500 mL/24 h, pulmonary edema or cyanosis, 
HIV seropositivity, use of antihypertensive drugs before pregnancy, fetal anomalies, 
suspected intrauterine growth restriction, abnormalities detected during fetal heart rate 
monitoring, and postpartum preeclampsia. Seventy-six of these women had late-onset 
preeclampsia and 230 women had PIH; all women were >=18 and delivered between 
36+6 and 41+0 weeks of gestation. Women with a history of preeclampsia were excluded 
from the PIH group. The patient selection of this study is represented in Supplemental 
Figure 1.

Defi nitions
Preeclampsia was defi ned as the presence of PIH and concomitant proteinuria in the 
second half of the pregnancy. PIH was defi ned according to the criteria of the Interna-
tional Society for the Study of Hypertension in Pregnancy as diastolic blood pressure 
>90 mm Hg and/or systolic blood pressure >140 mm Hg, measured on >=2 separate 
occasions >=4 hours apart. Proteinuria was diagnosed with urinary protein was >300 
mg/24 h or >=2 at dipstick urinalysis. (12)

Homeostasis Model Assessment score (fasting plasma glucose [mmol/L]×fasting insu-
lin levels [mU/L]/22.5) was used as a measurement for insulin sensitivity, where higher 
values correspond with higher insulin resistance. (13)
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Small for gestational age off spring was defi ned as birth weight below the 10th 
percentile according to the most recent growth charts used in the Netherlands. (14) 
Hypertension at inclusion was defi ned as systolic blood pressure >=140 mm Hg or dia-
stolic blood pressure >=90 mm Hg or taking antihypertensive drugs as described in The 
Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, 
and Treatment of High Blood Pressure. (15)

Metabolic syndrome was defi ned according to the International Diabetes Founda-
tion as body mass index (BMI) >30 kg/m2 and >=2 of the following: triglycerides >=1.7 
mmol/L, high-density lipoprotein cholesterol <1.3 mmol/L, systolic blood pressure 
>=130 mm Hg or diastolic blood pressure >=85 mm Hg, and fasting plasma glucose 
levels >=5.6 mmol/L. (16) The cutoff  points total cholesterol >6.2 mmol/L, low-density 
lipoprotein cholesterol >1.8, and high-sensitive C-reactive protein (hsCRP) >2.0 mg/mL 
were based on the Adult Treatment Panel III guidelines and Justifi cation for the Use of 
Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) trial. (17,18)

Assessment of Classic CVD Risk Factors
The 3 study groups were compared for baseline characteristics, pregnancy outcome, 
and CVD risk factors postpartum, including BMI, blood pressure, plasma lipids, glucose, 
insulin, Homeostasis Model Assessment score, hsCRP, smoking status, and current hy-
pertension or diabetes mellitus. In all groups, breastfeeding was stopped >=6 weeks 
before inclusion.

Both the assessment of risk factors in the early-onset preeclampsia group as well as 
in the late-onset preeclampsia and PIH group have been described in detail elsewhere. 
(8–10) Study protocols on assessment of risk factors were the same in both hospitals. In 
summary, BMI was calculated using measured height and weight at inclusion. A trained 
research nurse measured blood pressure by auscultatory sphygmomanometry, using an 
aneroid sphygmomanometer, in sitting position. Diastolic blood pressure values were 
determined using the fi fth Korotkoff  sound. Where appropriate, cuff  sizes were adjusted 
to arm circumference. The mean value of 2 separate measurements 30 minutes apart 
was used for analysis.

Interassay Variations
After centrifuging the blood samples at the local center, samples were sent to the 
routine clinical chemistry laboratory of the Medical Center Haaglanden (late-onset pre-
eclampsia/PIH groups) or University Medical Center Utrecht (early-onset preeclampsia 
group). Protocols for blood analysis used by the laboratories were comparable and all 
technicians were blinded for outcome. Details about the assays used and their mutual 
comparability are presented in Supplemental Table 1. Results from the diff erent assays 
were harmonized with the use of annual data from the Dutch Foundation for Quality 
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Assessment in Clinical Laboratories (SKML) from 1994 to 2013. This independent foun-
dation uses assays from diff erent laboratories to measure the same samples during 6 
annual measuring rounds. As a result, accordance between centers is assured and the 
quality of laboratory performance is monitored.

Outcome Measures
The primary outcome measure was the diff erence in modifi able classic cardiovascular 
risk factors, that is, blood glucose, insulin, cholesterol, triglycerides, and hsCRP. Second-
ary outcome measures were the presence of hypertension and use of antihypertensive 
drugs.

Statistical Methods
All statistical analyses were performed using PASW statistics 21.0, SPSS Inc.

Average missing rates per variable were 15% in women with early-onset preeclampsia 
(95% confi dence interval, 1%–28%), 5% (95% confi dence interval, 2%–11%) in women 
with late-onset preeclampsia, and 5% (95% confi dence interval, 2%–12%) in PIH, respec-
tively. To avoid any potential bias that may occur in complete-case analysis, we used 
a previously described multiple imputation method (10×) using the observed patient 
characteristics. (19,20) Missing data were imputed using a logistic regression model that 
included the following variables: follow-up time, group, smoking, maternal age, BMI, 
nulliparity, blood pressure, glucose, insulin, hsCRP, triglycerides, and cholesterol.

For all parameters, mean and SE or numbers and percentages were calculated. 
Baseline characteristics were compared using ANOVA for continuous variables and chi2 
tests for categorical variables. Generalized linear models were used to compare the 
cardiovascular risk factors between early-onset preeclampsia, late-onset preeclampsia, 
and PIH. Variables were adjusted for age, BMI, and nulliparity. P<0.017 were considered 
to indicate statistical signifi cance and were adjusted with the Bonferroni correction for 
multiple testing.

Ethical Approval
All women gave written informed consent for participation in the studies. The Insti-
tutional Review Boards of the participating hospitals and the local ethics committees 
approved both the original studies. HyRAS is a follow-up of the HYPITAT study (trial 
registration: ISRCTN08132825). The Utrecht cohort is registered under Institutional Re-
view Board number 12–641/C. The study adhered to the principles of the Declaration 
of Helsinki and Title 45, US Code of Federal Regulations, Part 46, Protection of Human 
Subjects, Revised November 13, 2001, eff ective December 13, 2001.
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RESULTS

Baseline characteristics are shown in Table 1. Maternal age, percentage of non-whites, 
gestational age, and birth weight were signifi cantly lower in women who had early-
onset preeclampsia when compared with women with late-onset preeclampsia and 
PIH. Furthermore, nulliparity and percentage of small for gestational age off spring 
were lower when women with early-onset preeclampsia were compared with PIH. BMI 
was higher in women with a history of PIH compared with women who experienced 
early-onset preeclampsia during pregnancy. Follow-up time was signifi cantly diff erent 
between the Utrecht cohort (mean, 213 days [SE, 10.4]) and HyRAS cohort (late-onset 
preeclampsia: mean, 919 days [SE, 19.7] and PIH: mean, 921 days [SE, 11.1]).

The percentage of women with hypertension at time of screening varied from 25% 
in the late-onset preeclampsia group to 39% in PIH and 45% in the early-onset pre-
eclampsia group, respectively. The use of antihypertensive drugs varied from 9% to 16% 
and 21% in women with late-onset preeclampsia, PIH, and early-onset preeclampsia, 
respectively. However, the diff erence between late-onset preeclampsia and PIH was 
nonsignifi cant for the use of hypertensive drugs.

Table 1. Baseline characteristics of the study population

Parameter Early-onset 
PE

Late-onset 
PE

PIH Early 
vs. Late

Early 
vs. PIH

Late 
vs. PIH

n=448 n=76 n=224

Characteristics at postpartum screening

Age (years) 31.5 (0.23) 34.2 (0.63) 33.5 (0.34) <0.001 <0.001 0.271

BMI (kg/m2) 26.2 (0.26) 26.6 (0.72) 28.0 (0.35) 0.565 <0.001 0.045

Caucasian 425 (94.9%) 69 (90.7%) 202 (90.2%) 0.014 <0.001 1.000

Smoking 72 (16.1%) 11 (14.5%) 30 (13.4%) 0.865 0.355 0.841

Hypertension 201 (44.9%) 19 (25.0%) 88 (39.3%) 0.002 0.017 0.016

Antihypertensive medication 94 (20.9%) 7 (9.2%) 35 (15.6%) 0.017 0.023 0.085

Time interval pregnancy-screening 
(days)

213 (10.4) 919 (19.7) 921 (11.1) <0.001 <0.001 0,935

Number of women with pregnancies 
between index and screening

6 (1.3%) 24 (31%) 63 (28%) <0.001 <0.001 0.661

Pregnancy (index)

Nulliparity 374 (83.5%) 59 (77.6%) 164 (73.2%) 0.251 0.002 0.544

Gestational age (days) 206.5 (0.84) 272.8 (1.11) 276.4 (0.55) <0.001 <0.001 0.002

Birth weight (kg) 1042 (19.5) 3146 (54.7) 3482 (34) <0.001 <0.001 <0.001

SGA 123 (27.5%) 12 (15.8%) 16 (7.1%) 0.033 <0.001 0.038

Data are presented as means (SE) unless otherwise indicated
BMI: Body mass Index, SGA: Small for Gestational Age
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CVD Risk Factors
A generalized linear model was used to compare mean and SDs in the 3 study groups 
after adjustment for maternal age, BMI, and nulliparity (Table 2). Blood pressure, 
glucose, Homeostasis Model Assessment scores, triglycerides, and total cholesterol 
were signifi cantly diff erent between the early-onset preeclampsia and late-onset pre-
eclampsia groups (P<0.017). All parameters were signifi cantly diff erent between women 
with early-onset preeclampsia and PIH, except for diastolic blood pressure and hsCRP. 
Signifi cant diff erences in the late-onset preeclampsia and PIH groups were only seen in 
blood pressures and high-density lipoprotein levels.

Metabolic Syndrome and CVD Cutoff  Points
The prevalence of metabolic syndrome was the same in all the 3 groups (Table 3). Several 
individual components of the metabolic syndrome, however, were signifi cantly diff erent 
between the groups. Glucose levels >5.6 mmol/L occurred in 16% of women with previ-
ous early-onset preeclampsia, compared with 5% and 6% in women with late-onset 
preeclampsia and PIH, respectively (P<0.001). A BMI>30 was present in 21% to 29% of 
the women, but was only signifi cantly diff erent between early-onset preeclampsia and 
PIH (21% versus 29%, P<0.001). Blood pressures measured >=3 months postpartum did 
not diff er between women with early-onset preeclampsia and PIH.

Besides the cutoff  points defi ned in the metabolic syndrome, we also chose to compare 
other clinically relevant cutoff  points for total cholesterol and hsCRP (Table 2). Again the 

Table 2. Determinants of Cardiovascular Risk in early-onset PE, late-onset PE and PIH

Parameter Early-onset 
PE 

Late-onset 
PE

PIH Early 
vs. Late

Early 
vs. PIH

Late 
vs. PIH

n=448 n=76 n=224

Systolic blood pressure (mmHg) 128 (0.80) 119 (1.49) 124 (0.94) <0.001 0.006 0.004

Diastolic blood pressure (mmHg) 82 (0.61) 79 (1.26) 82 (0.67) 0.007 0.952 0.003

Fasting glucose (mmol/L) 5.29 (0.04) 4.80 (0.09) 4.83 (0.05) <0.001 <0.001 0.754

Fasting Insulin (uIU/L) 9.12 (0.32) 6.31 (0.08) 6.17 (0.43) <0.001 <0.001 0.786

HOMA score 2.19 (0.08) 1.37 (0.18) 1.37 (0.11) <0.001 <0.001 0.93

hsCRP (mg/L) 4.83 (0.52) 3.85 (0.69) 4.46 (0.42) 0.197 0.546 0.414

Triglycerides (mmol/L) 1.32 (0.04) 1.02 (0.08) 0.97 (0.05) 0.004 <0.001 0.629

Cholesterol (mmol/L)

 Total cholesterol 5.14 (0.05) 4.73 (0.11) 4.73 (0.06) 0.002 <0.001 0.937

 HDL 1.36 (0.02) 1.34 (0.04) 1.44 (0.02) 0.627 0.002 0.012

 LDL 3.19 (0.04) 2.93 (0.1) 2.85 (0.06) 0.048 <0.001 0.432

Data are presented as means (SE), adjusted for age, BMI and nulliparity.
hsCRP: high sensitive C-reactive protein; HDL: high-density lipoprotein; LDL: low-density lipoprotein; 
HOMA: Homeostatic Model Assessment
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results showed signifi cantly altered lipid levels in women with early-onset preeclampsia 
versus PIH. However, total cholesterol >6.21 mmol/L was nonsignifi cant between women 
with early-onset preeclampsia and late-onset preeclampsia. Signifi cantly higher levels 
of hsCRP were found in women with early-onset preeclampsia and PIH compared with 
late-onset preeclampsia. The main fi ndings are summarized in Supplemental Figure 2.

DISCUSSION

This study provides evidence that the number and levels of postpartum modifi able CVD 
risk factors diff er between the diff erent hypertensive disorders of pregnancy; early-
onset preeclampsia, late-onset preeclampsia, or PIH. Women with a previous early-onset 
preeclampsia showed an overall less favorable CVD risk profi le, compared with women 
with late-onset preeclampsia and PIH, particularly refl ected in glucose and lipid levels. 
Hypertension postpartum is observed in almost half of the patients with a history of 
early-onset preeclampsia and PIH. Furthermore, we showed that blood pressure was 
signifi cantly higher in women who experienced early-onset preeclampsia and PIH com-
pared with late-onset preeclampsia. These results support the hypothesis that the CVD 
risk profi le after pregnancy may refl ect the risk of CVD later in life, in particular, the risk 
of chronic hypertension.

Table 3. Cut-off  values used in Metabolic Syndrome, ATP III guidelines and JUPITER trial in early-onset PE, 
late-onset PE and PIH

Cut off  values Early-onset 
PE 

Late-onset 
PE

PIH Early 
vs. Late

Early 
vs. PIH

Late 
vs. PIH

n=448 n=76 n=224

Metabolic syndrome 69 (15%) 11 (14%) 36 (16%) 0.873 0.846 0.755

BMI>30 kg/m2 93 (21%) 16 (21%) 66 (29%) 0.957 <0.001 0.151

Systolic BP >130 209 (47%) 22 (29%) 95 (42%) 0.006 0.395 0.042

Diastolic BP> 85 202 (45%) 23 (30%) 108 (48%) 0.009 0.406 0.008

Glucose >5.6 mmol/L 70 (16%) 4 (5%) 11 (5%) 0.024 0.004 0.858

Triglycerides >1.7 mmol/L 88 (20%) 8 (11%) 18 (8%) 0.065 <0.001 0.540

LDL cholesterol >1.8 mmol/L 430 (96%) 74 (97%) 213 (95%) 0.629 0.580 0.458

ATP III guidelines and JUPITER trial

HDL cholesterol <1.29 mmol/L 200 (45%) 36 (47%) 79 (35%) 0.748 0.020 0.081

Total cholesterol >6.21 mmol/L 62 (14%) 4 (5%) 14 (6%) 0.050 0.005 0.840

hsCRP >2mg/ml 249 (56%) 27 (36%) 126 (56%) 0.006 0.873 0.002

Data are presented as number and percentage. 
hsCRP: high sensitive C-reactive protein; HDL: high-density lipoprotein; LDL: low-density lipoprotein; BMI: 
Body mass Index
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Large observational studies have shown that there is an increased risk of future CVD 
for women who experienced hypertensive pregnancy complications, such as early-onset 
preeclampsia, late-onset preeclampsia, and PIH. For instance, women who experienced 
preeclampsia have a 2.28 higher risk of developing CVD according to a recent meta-
analysis on this subject. (2) Only few articles have addressed the changes in risk for 
developing CVD between diff erent hypertensive pregnancy complications. In the study 
of Wikström et al, (21) the risk for developing ischemic heart disease was signifi cantly 
higher in women with severe preeclampsia compared with PIH and mild preeclampsia 
similar to the study of Lykke et al. (22) Women with mild preeclampsia had an [almost 
equal to] 4-fold increased risk of subsequent hypertension later in life. However, the 
risk increased to 5- and 6-fold in women with a history of PIH and severe preeclamp-
sia, respectively. (21) Although we acknowledge that stratifi cation in early versus late 
preeclampsia is not the same as mild and severe preeclampsia, we observed similar pat-
terns in mean blood pressure, usage of antihypertensive medication and the presence 
of hypertension with the highest incidence in early-onset preeclampsia followed by PIH 
and late-onset preeclampsia. It is striking that 25% to 45% of women in this relatively 
young population has hypertension compared with 8% in the Dutch female population 
aged 30 to 39 years. Even more, the use of antihypertensive drugs was only 2% in this 
age category compared with the 9% to 21% in our cohort. (23)

Patterns of maternal vascular remodeling and responsiveness show a distinct vascu-
lar adaptation between early and late preeclampsia. (24) It has also been shown that 
women with early preeclampsia show high total vascular resistance and women with 
late preeclampsia have low total vascular resistance 1 year postpartum. (25) Increased 
vascular resistance might lead to systolic and diastolic dysfunction and could be a pos-
sible mechanism in the development of chronic hypertension. This also supports the 
theory that pregnancy is a stress test for cardiovascular health and that hypertensive 
disorders unmask the patients more prone to develop CVD later in life. However, we 
cannot exclude the reverse: more severe endothelial damage and infl ammatory stress 
in early-onset preeclampsia cause (more) permanent vascular damage apposed to the 
milder late-onset preeclampsia and PIH. (26) These diff erences in permanent vascular 
damage may contribute to the pathogenesis of CVD later in life and explain the seem-
ingly gliding scale in diff erences in CVD prevalence between the hypertensive pregnancy 
disease early-onset preeclampsia and late-onset preeclampsia, PIH. 

Up to now, PIH has not been included in postpartum research as a separate clinical 
entity. Our data show that the postpartum biochemical CVD risk factors do not diff er be-
tween late-onset preeclampsia and PIH. Nonetheless, signifi cant diff erences were found 
between early-onset preeclampsia on the one hand and late-onset preeclampsia and 
PIH on the other hand. Fasting blood glucose, insulin, Homeostasis Model Assessment 
score, triglycerides, and total cholesterol were signifi cantly higher than in women with 
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a history of late-onset preeclampsia and PIH. BMI seemed not to relate to this diff erence 
hence the fact that BMI was only signifi cantly higher in the PIH group when compared 
with the early-onset preeclampsia group.

Interestingly, mean hsCRP levels did not diff er between the groups. However, when 
the cutoff  value of 2 mg/mL was used, there was a signifi cant diff erence in prevalence 
when early-onset preeclampsia and PIH were compared with the late-onset preeclamp-
sia group. The role of hsCRP as a predictor for CVD is controversially and several reports 
have questioned its usefulness. (27,28) Nonetheless, recent data from a large cohort 
reconfi rmed the associations found in the JUPITER trial. (29) Our results show that 
women with early-onset preeclampsia or PIH in their medical history are more prone 
to hypertension than late-onset preeclampsia. This diff erence is also refl ected in hsCRP 
cutoff  levels. Recent data show that elevated prepregnancy CRP predisposes to recurrent 
preeclampsia in women with a history of early-onset preeclampsia, (30) which might 
explain the higher incidence of hypertension as well. Further research and follow-up are 
needed to confi rm the relationship between hsCRP and subsequent hypertension after 
complicated pregnancy.

Some limitations of this study need to be addressed. First, women in the early-onset 
preeclampsia were signifi cantly younger than women with previous late-onset pre-
eclampsia or PIH. Advanced age is associated with an increased risk of CVD. However, 
in this relatively young population of women, the eff ect of a few years diff erence is 
estimated to be small. Besides, data were corrected for age and showed no eff ect on 
the associations found. Second, data were obtained from 2 diff erent cohorts. However, 
population diff erences between both cohorts are highly unlikely due the fact that the 
HyRAS cohort was based on a national study, including the Utrecht region. Although 
almost identical in design, some inclusion criteria were diff erent with follow-up time 
being the most notable. The follow-up time within the groups was not correlated with 
any of the other variables tested. Besides, several articles have shown that as early as 6 
to 7 weeks serum lipid levels rapidly decrease to normal values. (31,32) Therefore, it is 
unlikely that the diff erences between groups have confounded importantly by a diff er-
ence in follow-up time. The exception would be the number of intervening pregnancies 
that was lower in the early-onset preeclampsia group. However, there is no proper data 
available that indicate that multiple pregnancies would further increase the risk on CVD 
later in life. Finally one of the limitations of this study is the lack of prepregnancy values 
of the measured CVD risk factors. It is possible that women with early-onset preeclamp-
sia exhibit more risk factors simply because there is a diff erence in prepregnancy values. 
Nonetheless, this does not detract from our main conclusion that these pregnancy-
related diseases present an opportunity for early detection of CVD risk factors in young 
women.  
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In conclusion, our study showed that early-onset preeclampsia, late-onset preeclamp-
sia, and PIH diff er signifi cantly on the levels of postpartum biochemical CVD risk factors 
and the presence of hypertension. Women with a previous early-onset preeclampsia 
show an overall less favorable risk profi le compared with late-onset preeclampsia and 
PIH, in particular, for glucose and lipid levels. The high prevalence of hypertension in 
both early-onset preeclampsia and PIH compared with late-onset preeclampsia may 
be of benefi t for the development of targeted prevention programs. With high rates of 
hypertension found in our study, it seems justifi ed to assess the CVD risk profi le within 
1 year after pregnancy routinely. Specifi c follow-up strategies may be required for the 
diff erent hypertensive disorders of pregnancy.

PERSPECTIVES

Hypertension increases the risk for a variety of CVDs, including stroke, coronary artery 
disease, heart failure, and peripheral vascular disease. (33) Of great interest is the glid-
ing scale of prevalence of hypertension postpartum. In early-onset preeclampsia, the 
prevalence is the highest followed by PIH and late-onset preeclampsia. Furthermore, 
the women with previous early-onset preeclampsia have the most deviant risk profi le 
compared with late-onset preeclampsia and PIH in terms of glucose levels and lipid 
profi le. Our results not only emphasize on early prevention programs for these high-risk 
women but also suggest that physicians should stratify for the diff erent hypertensive 
pregnancy complications to further personalize preventive strategies.
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Supplemental fi gure 1. Flowchart of patient selection. A total of 748 women enrolled after excluding >5 
year follow-up time and women with a history of PE in the PIH group.  EOPE: early-onset preeclampsia; 
LOPE: late-onset preeclampsia; PIH: pregnancy induced hypertension.
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Supplemental fi gure 2. Summary of main fi ndings between the three groups studied. A. Systolic and dia-
stolic blood pressures (mean and SD); B. Fasting glucose levels (mean and SD); C. Total cholesterol (mean 
and SD); D. Triglycerides (mean and SD); E. Percentage of women with HsCRP >2mg/ml (%); F. Percentage 
of women with hypertension at screening (%). PE: preeclampsia; PIH: pregnancy induced hypertension. * 
Signifi cant versus early onset PE, # Signifi cant versus PIH
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Preeclampsia, intra uterine growth restriction (IUGR), placental abruption and preterm 
birth are major contributors to maternal and perinatal morbidity and mortality. (1,2) In 
these disorders the placenta is a key aetiological factor and therefore preeclampsia, IUGR 
and placental abruption are also referred to as maternal placental syndromes (MPS). In 
order to understand these syndromes one has to study placental development. Over the 
last century, research has provided us with knowledge on how the functional human 
haemochorial placenta develops. Especially the invasive growth into the uterine wall 
and the underlying maternal blood vessels has been the focus of attention. Since the 
vascular morphology within the placental bed was fi rst characterised (3) and subsequent 
identifi cation of the extravillous trophoblast some years later, the number of publications 
on this subject has risen exponentially. (4) It is now widely accepted that impaired spiral 
artery remodelling in the placental bed is a key factor in the development of early-onset, 
severe preeclampsia and other pregnancy complications, such as placental abruption, 
IUGR and preterm birth. (5-7) Extravillous trophoblasts fail to remodel maternal spiral 
arteries, into high capacity and low resistance vessels, in complicated pregnancies. 
Despite extensive research, the mechanism of this failure remains unclear. It is probable 
that several maternal factors (genetic, environmental and behavioural), many of which 
are also associated with the development of atherosclerosis and cardiovascular risk, 
interact with the development of the placenta. Failure of this process results in “shallow” 
placentation and, ultimately, the preeclamptic syndrome, which is clinically defi ned as a 
multisystem syndrome by its key signs hypertension and concomitant proteinuria after 
20 weeks of gestation. Interestingly, the risk of cardiovascular disease is increased after 
a hypertensive pregnancy and common risk factors suggest a shared pathogenesis. (8) 
Given that pregnancy is considered as a stress test for future cardiovascular health, it 
has been proposed that women with MPS fail this stress test and are at higher risk for 
developing cardiovascular disease later in life. (9)
This thesis focuses on spiral artery remodelling during pregnancy, the role of the 
maternal immune system and endoplasmic reticulum (ER) stress as contributing fac-
tors when remodelling failure occurs. In addition, we investigated the possible shared 
pathogenesis of failed spiral artery remodelling with cardiovascular disease. Finally, we 
show diff erences in cardiovascular risk factors in several MPS. The conclusions, implica-
tions and questions that arise from our fi ndings are summarised and discussed in this 
fi nal chapter.

SAMPLING THE PLACENTAL BED 

The ‘physiologic change’ of spiral arteries in the placental bed is crucial to the establish-
ment of a healthy pregnancy. (4) The study of the absence or failure of this morpho-
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logical change requires placental and placental bed tissues. In chapter 2, we summarize 
all previous studies that have used placental bed biopsies to study various aspects of 
placentation. Ninety-four papers were identifi ed including the fi rst placental bed biopsy 
study in 1958. (3) Few groups have collected bed biopsies, most of them with only a 
small number of patients. By far the largest collection of placental bed samples was 
taken through punch biopsy. This cohort comprised 417 patients undergoing preg-
nancy terminations or evacuation of retained products of conception. (10) Although 
these samples are important for elucidating the physiology of spiral artery remodelling 
in early pregnancy, they cannot be correlated with pregnancy outcome and, as such, are 
less relevant when studying preeclampsia. Although prediction models for preeclamp-
sia still suff er from low sensitivity and specifi city, recent studies indicate that early 
preeclampsia can be accurately predicted in the fi rst trimester of pregnancy using ma-
ternal characteristics, biomarkers and Doppler fl ow measurements of the uterine artery. 
(11,12) Obtaining these parameters before termination of pregnancy might enable us 
to distinguish women at high risk of developing (early) preeclampsia if their pregnancy 
would continue. Furthermore, one could stratify the samples according to the degree 
of spiral artery remodelling. However, caution must be taken when this approach is 
followed due to variations in gestational age at the start of spiral artery remodelling. 
(13) Changes in the myometrial region of the spiral arteries progressively increase from 
10-12 weeks of gestation onwards, whereas in 6-8 weeks samples, changes are only seen 
in the decidual region. (13,14) Due to the speculation of pregnancy outcome with these 
early pregnancy placental bed specimens, there is still need for placental bed biopsies 
sampled in (near) term pregnancies. Therefore, we proposed a sample protocol in chap-
ter 2 for the uniform collection of placental bed biopsies. Caution should be taken when 
the placental bed has been subjected to labour, which induces changes in the normal, 
in vivo molecular profi le of the tissue. (15) In chapter 5 we showed that labour also 
induces ER stress in the placenta. Although labour presents the opportunity to study 
placental cellular changes to oxidative and ER stress in the absence of maternal factors, 
it might be less useful for other purposes. These data, together with a recently published 
paper on sample handling by Burton et al (16), have been incorporated in the suggested 
protocol in chapter 2. This protocol was used in our spiral artery remodelling (SPAR) 
study that investigated the distribution of maternal immune cells in the placental bed 
and how this correlated with cardiovascular risk factors, which is presented in chapter 3. 
The success rate of sampling the placental bed was 57%, depending on the criteria used 
to determine success. “Successful” sampling of the placental bed was achieved when 
biopsies contained trophoblasts and both decidua and myometrium. However, in order 
to study acute atherosis, these biopsies should contain at least one spiral artery. (10) The 
success rates shown in this chapter are comparable to the success rates presented in 
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chapter 2. The feasibility and safety of the procedure were also evaluated and found to 
be suffi  cient to continue biobanking placental bed biopsies at our institution. 

MATERNAL IMMUNE SYSTEM IN PREGNANCY DISORDERS 

Immune cells are generally thought to play a role in spiral artery remodelling, as discussed 
in chapter 1. Previous work, aiming to identify the involvement of specifi c immune cell 
types in spiral artery remodelling, has been confl icting due to the use of diff erent mark-
ers for identifi cation. Nonetheless, we found that the number of CD3 positive cells was 
signifi cantly lower in both the myometrium and decidua of preeclampsia patients in the 
third trimester of pregnancy (chapter 3). Sasaki et al, however, did not detect a change 
in myometrial or decidual CD3 abundance between preeclampsia and control pregnan-
cies. (17) The small group of patients used by this group may have accounted for this 
negative result. The scoring system proposed in chapter 3 of this thesis involves visualiz-
ing the whole placental bed biopsy slide, in order to categorise the presence of immune 
cells. This way, sampling error is less likely, due to assessment of larger areas. Sasaki et al 
found that the population of T-regulatory cells was signifi cantly lower in preeclamptic 
cases. (17) Based on the results presented in chapter 3, it is tempting to speculate that 
the number of T-regulatory cells is also reduced in the placental bed of preeclamptic 
pregnancies, resulting in insuffi  cient control of the maternal immune system. This, in 
turn, could account for the excessive maternal immune response in preeclampsia, as has 
been described previously. (18) To further substantiate this theory, it is known that there 
is a shift from the T-helper (Th) 2 type immunity in normal pregnancy to an abnormal 
Th1 type state in preeclampsia, with increased proinfl ammatory circulating factors, such 
as CRP, IL-6, TNFα, IFN-γ, IL-12p70 and IL-18. (19,20) Also, experiments in animal models 
of preeclampsia suggest a causative role of infl ammatory stimulation. (21). Future work 
should therefore focus on investigating subsets of immune cells in the placental bed in 
greater detail. A larger sample size is needed to make defi nite conclusions about the role 
of specifi c cell types. However, we acknowledge the limitation that placental bed biop-
sies were collected at term/preterm and, thus, changes in these biopsies are unlikely 
to refl ect early fi rt trimester pregnancy. Furthermore, researchers should incorporate 
cases of preterm birth, IUGR and placental abruption into investigations on immune 
regulation of the placental bed, given the shared morphological placental phenotype 
of these disorders. 
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POSSIBLE ROLE FOR ENDOPLASMIC RETICULUM (ER) STRESS IN FAILURE OF 
SPIRAL ARTERY REMODELLING

The eff ect of the maternal immune system on trophoblast invasion has been the subject 
of many papers. (18,22,23) A growing body of evidence suggests that immune cells at 
the feto-maternal interface play an important role in controlling trophoblast invasion. 
(18,24,25) Infl ammatory factors like Interferon γ (INFγ) can, in turn, cause ER stress by 
downregulating the sarcoendoplasmic reticulum Ca2+ pump and depleting ER Ca2+. 
(26) A potential relationship between trophoblast invasion and ER stress has not been 
studied previously. In chapter 6, we have shown that ER stress could be successfully 
induced in vitro in an HTR8/SVneo trophoblast cell line. Subsequently, we showed that 
ER stressed HTR8/SVneo cells display a diminished invasive capacity, most likely due to 
reduced MMP activity. This suggests that ER stress may negatively impact trophoblast 
invasiveness in vivo and, thus, may be implicated in the pathophysiology of MPS. In 
order to test this hypothesis, fi rst trimester trophoblasts from pregnancies, that in the 
future will be complicated by maternal placental syndromes should be analysed for ER 
stress. Unfortunately, as reviewed in chapter 2, it is very challenging, if not impossible, 
to obtain fi rst trimester tissues from on-going pregnancies. In further elucidating the 
role for ER stress, future research could focus on trying to alleviate ER stress with orally 
active chemical chaperones such as 4-Phenyl butyric acid and taurine-conjugated ur-
sodeoxycholic acid. This may provide us with potential future treatment options. The 
eff ectiveness of chaperones that relieve the cell from ER stress has been shown previ-
ously in a mouse model of type 2 diabetes where ER stress was reduced and glucose 
homeostasis restored. (27) Although proven to be clinically safe, teratogenicity of such 
drugs remain to be investigated.  

PLACENTAL CHANGES

As a result of defective spiral artery remodelling, characteristic placental pathology asso-
ciated with hypoxia and reperfusion can be identifi ed. Although the direct relationship 
has never been properly identifi ed. Pathological lesions can be classifi ed into two major 
categories; [1] those related to reduced vascular supply of nutrients and oxygen due to 
ineff ective spiral artery remodeling (e.g. infarction, villous hypoplasia, increased syncytial 
knotting and elevated foetal nucleated red blood cells (NRBCs)) and [2] those related to 
an altered infl ammatory response (e.g. chorioamnionitis, villitis and acute funisitis). (28-
32) In chapter 4 we found that chronic chorioamnionitis was more common in IUGR 
pregnancies with concomitant preeclampsia possibly refl ecting the excessive systemic 
infl ammation in preeclampsia as discussed earlier. Interestingly, the severity of IUGR, 
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expressed in absence of end diastolic fl ow in the umbilical artery, seemed to correlate 
with signs of chronic ischemia and poor nutrient supply (i.e. severely elevated NRBCs 
and the presence of distal villous hypoplasia) and not with (excessive) infl ammation. 
Overall, both groups showed signifi cant placental changes, although there were subtle 
immunological changes when IUGR was further complicated by preeclampsia. Paradoxi-
cally, not all these women developed preeclampsia, despite the largely shared placental 
phenotype. This suggests a diff erent pathophysiologic pathway even though poor 
placentation is thought to underlie both conditions. Possibly, women with concomitant 
preeclampsia are more susceptible to oxidative, ER and infl ammatory stress from the 
placenta, causing the global maternal infl ammatory response.

FROM INFLAMMATION IN PREGNANCY TO FUTURE CARDIOVASCULAR 
DISEASE 

Systemic infl ammation observed in normal pregnancy generates physiological hyper-
lipidaemia. Due to exaggerated systemic infl ammation in preeclampsia and other ma-
ternal placental syndromes, hyperlipidaemia and dyslipidaemia (hypertriglyceridemia 
and increased circulating low-density lipoproteins) becomes excessive. (33) However, 
since dyslipidaemia itself contributes to excessive infl ammation cause and eff ect are 
diffi  cult to distinguish. Of interest, dyslipidaemia seen in preeclampsia patients re-
sembles that seen in atherosclerosis, including higher levels of oxidised low-density 
lipoprotein (LDL) cholesterol. (34) In line with this, preeclampsia and atherosclerosis are 
both considered infl ammatory diseases. (18,35,36) Both are characterised by increased 
concentrations of circulating pro-infl ammatory cytokines, such as TNFα and IL-6, which, 
in turn, play an important role in trophoblast migration (chapter 6) and in the develop-
ment of coronary heart disease. (37) Acute phase proteins, such as C-reactive protein 
(CRP) and markers of leukocyte activation, are augmented in both conditions. (38,39) In 
chapter 7, we showed that elevated pre-pregnancy CRP and fi brinogen also predispose 
to recurrent preeclampsia in women with a history of early-onset preeclampsia. This 
supports the hypothesis that an underlying pro-infl ammatory phenotype in the mother 
may be a predisposition for developing early onset preeclampsia. We were not able to 
show any correlation between serum levels of cardiovascular risk markers and recur-
rent preeclampsia. Magnussen et al., however, did fi nd positive associations between 
pre-pregnancy serum levels of triglycerides, cholesterol, LDL cholesterol, non-high 
density lipoprotein (HDL) cholesterol and blood pressure and the risk of developing 
preeclampsia. (40) Diff erences in sample size and patient population (only women with 
a history of early onset preeclampsia were included in the present study) may explain 
the discordance between the present data and those of Magnussen et al. Nonetheless, 
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our fi ndings suggest that routine assessment of infl ammatory markers postpartum may 
improve stratifi cation of former patients into risk categories for recurrent preeclampsia 
and facilitate the development of eff ective preventative strategies tailored to the indi-
vidual’s recurrence risk. Interestingly, elevated CRP levels have also been associated with 
higher risk of cardiovascular disease (41,42), suggesting that the underlying maternal 
pro-infl ammatory phenotype may also predispose women to cardiovascular disease 
later in life.

From the previous fi ndings we hypothesised that excessive systemic infl ammation 
seen in preeclampsia might be predictive in the future development of cardiovascular 
disease. In chapter 3 we compared the fi ndings of the scoring system with cardiovascular 
disease risk factors directly post partum. We found small diff erences in HDL triglycerides, 
creatinine and homocysteine. It is known that, among others, medication use, severity 
of disease, interval between caesarean section and sampling can infl uence lipid profi les, 
glucose and blood pressures. (43) As the blood samples were taken on the morning after 
the caesarean section, this could potentially have interfered with the measurements. 
Therefore, a defi nitive conclusion on diff erences between cardiovascular disease risk 
factors could not be drawn from the data at present. Despite the small sample size, some 
correlations between placental bed characteristics and cardiovascular disease risk fac-
tors were observed. Women had higher levels of triglycerides and cholesterol when the 
placental bed biopsies contained acute atherosis. This preliminary fi nding will be further 
investigated in our on-going study, in which included patients will be enrolled into a 
follow-up programme for cardiovascular risk evaluation ~ 6-12 months after pregnancy, 
hereby diminishing the eff ects of pregnancy on cardiovascular disease risk factors. 

Two theories have been postulated that link preeclampsia and cardiovascular disease: 
[1] preeclampsia and future cardiovascular disease share risks factors for augmented 
infl ammation and [2] preeclampsia, or even pregnancy in general, causes (permanent) 
vascular alterations implicated in the development of future cardiovascular disease. (44-
46) The theories are not mutually exclusive and may even co-exist. In chapters 8 and 
9 we investigated if such shared risk factors could already be identifi ed several months 
post partum. 

The long-term risk for cardiovascular disease is highest in early onset preeclampsia. 
(8) In chapter 9, we hypothesized that diff erences in long-term cardiovascular disease 
risk of women with a history of a hypertensive disorder of pregnancy is refl ected in the 
prevalence of modifi able cardiovascular disease risk factors postpartum. Accordingly, 
our data suggest that the prevalence of post-partum hypertension increases with the 
severity of preeclampsia. We showed that early onset preeclampsia is associated with an 
overall less favourable cardiovascular disease risk profi le, refl ected in glucose and lipid 
levels. Nonetheless, these values were all within clinical normal ranges in these relatively 
young women. 
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Although the highest CVD risk is found in early onset preeclampsia, Ray et al reported 
a hazard ratio of 1.7 for developing cardiovascular disease after placental abruption. (47) 
In chapter 8, we showed that, comparable to preeclampsia and IUGR (48-51), women 
with a history of placental abruption had a higher prevalence of multiple modifi able 
risk factors for cardiovascular disease within the fi rst year after delivery. This diff erence 
remained in a subanalysis that excluded women with concomitant hypertensive dis-
ease. Although the pathophysiology of placental abruption remains to be characterised 
completely, one study reported an involvement of failed spiral artery transformation. 
(52) Moreover, there seems to be a relationship between (prolonged) infl ammation and 
placental abruption, suggesting placental abruption may be a consequence of defects 
present in the fi rst trimester, before placental abruption even presents. (53,54) If failed 
spiral artery remodelling is implicated in placental abruption, it is tempting to speculate 
that the pathogenesis might be similar to preeclampsia. However, placental abruption 
also occurs without preeclampsia. Possibly, as discussed as well in chapter 4, women 
with concomitant preeclampsia are more susceptible to oxidative, ER and infl ammatory 
stress from the placenta. Due to a small sample size in the study by Dommisse et al (52) 
researchers were not able to stratify between abruption with and without concomitant 
disease in studying the placental bed. Thus, future work should focus on this caveat in 
knowledge and examine placental bed biopsies following placental abruption. 

CLINICAL IMPLICATIONS

It is striking that as many as 25-45% of the relatively young women investigated in 
chapter 9 had hypertension, compared to 8% in the Dutch female population aged 30-
39 years. Moreover, antihypertensive drugs were used by only 2% in this age category 
compared to the 9-21% in our cohort. (55) Hypertension increases the risk for a variety 
of cardiovascular diseases, including stroke, coronary artery disease, heart failure and 
peripheral vascular disease. (56) The diff erences in prevalence of postpartum hyper-
tension between early onset preeclampsia, late onset preeclampsia, and pregnancy-
induced hypertension are interesting. In early-onset preeclampsia, the prevalence is 
the highest, followed by pregnancy induced hypertension and late-onset preeclampsia. 
Furthermore, women with previous early-onset preeclampsia have the most deviant 
risk profi le, compared to late-onset preeclampsia and PIH, in terms of glucose levels 
and lipid profi le. Collectively, this suggests that likelihood of developing cardiovascular 
disease later in life may be refl ected in post-partum (biochemical) risk factors.

Existing evidence suggests that cardiovascular disease is largely preventable by early 
modifi cation of cardiovascular disease risk factors. (57) However, the fi rst presentation 
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of cardiovascular disease does not usually occur before menopause, making it diffi  cult 
to identify women at risk for future cardiovascular disease. The presence of modifi able 
risk factors in women with a history of multiple placental syndromes, including placen-
tal abruption, preeclampsia and PIH, may therefore be of potential use for prevention 
programmes. Recently, the American Heart Association (AHA) recognised preeclampsia, 
gestational diabetes and pregnancy-induced hypertension as independent risk factors 
for cardiovascular disease. (58) This update also emphasised referring these women to 
a primary care physician or cardiologist in the years after their complicated pregnancy. 
In the Netherlands a national guideline for cardiovascular risk management after repro-
ductive disorders has been developed recently. (59) Our results support development 
of early prevention programmes for high-risk women but also indicate that physicians 
should stratify for the diff erent hypertensive pregnancy complications in order to fur-
ther personalize preventive strategies. 

FUTURE DIRECTIONS FOR RESEARCH AND CLINICAL PRACTICE

Although this thesis has shed new light on several aspects of maternal placental syn-
dromes, we have by no means solved the mysteries that still underlie these pregnancy 
complications. Investigations remain hampered by the lack of sample material from 
fi rst trimester on-going pregnancies. Although theories postulate why spiral artery re-
modelling does not occur adequately in maternal placental syndromes, they cannot be 
properly tested. We should therefore explore new techniques to overcome this problem.

In order to confi rm the hypothesis that placental bed pathology, composition of the 
immune cell population and circulating risk factors correlate to the risks of developing 
cardiovascular disease later in life, future research should focus on structured, longitudinal 
follow-up of women with a history of maternal placental syndromes; studies that our 
research group are recently carrying out. Collections of tissues from the placenta and 
placental bed are indispensable in such studies. Studying these samples in correlation to 
data on cardiovascular health before, during and (long) after pregnancy may provide more 
knowledge on the pathogenesis of both maternal placental syndromes and cardiovascular 
disease. Therefore, we should also explore the common ground of vascular remodelling in 
obstetrics and cardiovascular biology to further elucidate the possible shared pathogenesis.

Women with maternal placental syndromes have an increased risk of developing cardio-
vascular disease later in life, and the risk is most pronounced in cases of early preeclampsia. 
One could argue the relevance of screening all women who have a history of a hypertensive 
pregnancy, as is being proposed in the recent national guideline. (59) Future research should 
focus on the feasibility, clinical relevance and cost-eff ectiveness of such screening and pre-
ventive interventions before wide implementation in clinical practice may take place. 

Jan Verbeek - Binnenwerk v6.indd   176Jan Verbeek - Binnenwerk v6.indd   176 18-05-15   11:2418-05-15   11:24



177

10

REFERENCES
 (1) Sibai B, Dekker G, Kupferminc M. Pre-eclampsia. Lancet 2005 Feb 26-Mar 4;365(9461):785-799.
 (2) Roberts JM, Pearson G, Cutler J, Lindheimer M, NHLBI Working Group on Research on Hyperten-

sion During Pregnancy. Summary of the NHLBI Working Group on Research on Hypertension 
During Pregnancy. Hypertension 2003 Mar;41(3):437-445.

 (3) Dixon HG, Robertson WB. A study of the vessels of the placental bed in normotensive and hyper-
tensive women. J Obstet Gynaecol Br Emp 1958 Oct;65(5):803-809.

 (4) Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arteries in human pregnancy: facts and 
controversies. Placenta 2006 Sep-Oct;27(9-10):939-958.

 (5) Kim YM, Bujold E, Chaiworapongsa T, Gomez R, Yoon BH, Thaler HT, et al. Failure of physiologic 
transformation of the spiral arteries in patients with preterm labor and intact membranes. Am J 
Obstet Gynecol 2003 10;189(0002-9378; 0002-9378; 4):1063-1069.

 (6) Lyall F, Robson SC, Bulmer JN. Spiral artery remodeling and trophoblast invasion in preeclampsia 
and fetal growth restriction: relationship to clinical outcome. Hypertension 2013 Dec;62(6):1046-
1054.

 (7) Brosens I, Pijnenborg R, Vercruysse L, Romero R. The “Great Obstetrical Syndromes” are associated 
with disorders of deep placentation. Am J Obstet Gynecol 2011 Mar;204(3):193-201.

 (8) Bellamy L, Casas JP, Hingorani AD, Williams DJ. Pre-eclampsia and risk of cardiovascular disease 
and cancer in later life: systematic review and meta-analysis. BMJ 2007 Nov 10;335(7627):974.

 (9) Sattar N, Greer IA. Pregnancy complications and maternal cardiovascular risk: opportunities for 
intervention and screening? BMJ 2002 Jul 20;325(7356):157-160.

 (10) Robson SC, Simpson H, Ball E, Lyall F, Bulmer JN. Punch biopsy of the human placental bed. Am J 
Obstet Gynecol 2002 11;187(0002-9378; 0002-9378; 5):1349-1355.

 (11) Kuc S, Wortelboer EJ, van Rijn BB, Franx A, Visser GH, Schielen PC. Evaluation of 7 serum bio-
markers and uterine artery Doppler ultrasound for fi rst-trimester prediction of preeclampsia: a 
systematic review. Obstet Gynecol Surv 2011 Apr;66(4):225-239.

 (12) Poon LC, Stratieva V, Piras S, Piri S, Nicolaides KH. Hypertensive disorders in pregnancy: combined 
screening by uterine artery Doppler, blood pressure and serum PAPP-A at 11-13 weeks. Prenat 
Diagn 2010 Mar;30(3):216-223.

 (13) Lyall F. The human placental bed revisited. Placenta 2002 Sep-Oct;23(8-9):555-562.
 (14) Pijnenborg R, Bland JM, Robertson WB, Brosens I. Uteroplacental arterial changes related to 

interstitial trophoblast migration in early human pregnancy. Placenta 1983 Oct-Dec;4(4):397-413.
 (15) Cindrova-Davies T, Yung HW, Johns J, Spasic-Boskovic O, Korolchuk S, Jauniaux E, et al. Oxidative 

stress, gene expression, and protein changes induced in the human placenta during labor. Am J 
Pathol 2007 Oct;171(4):1168-1179.

 (16) Burton GJ, Sebire NJ, Myatt L, Tannetta D, Wang YL, Sadovsky Y, et al. Optimising sample collection 
for placental research. Placenta 2014 Jan;35(1):9-22.

 (17) Sasaki Y, Darmochwal-Kolarz D, Suzuki D, Sakai M, Ito M, Shima T, et al. Proportion of peripheral 
blood and decidual CD4(+) CD25(bright) regulatory T cells in pre-eclampsia. Clin Exp Immunol 
2007 Jul;149(1):139-145.

 (18) Redman CW, Sargent IL. Immunology of pre-eclampsia. Am J Reprod Immunol 2010 Jun;63(6):534-
543.

 (19) Szarka A, Rigo J,Jr, Lazar L, Beko G, Molvarec A. Circulating cytokines, chemokines and adhesion 
molecules in normal pregnancy and preeclampsia determined by multiplex suspension array. 
BMC Immunol 2010 Dec 2;11:59-2172-11-59.

Jan Verbeek - Binnenwerk v6.indd   177Jan Verbeek - Binnenwerk v6.indd   177 18-05-15   11:2418-05-15   11:24



178

 (20) Visser N, van Rijn BB, Rijkers GT, Franx A, Bruinse HW. Infl ammatory changes in preeclampsia: 
current understanding of the maternal innate and adaptive immune response. Obstet Gynecol 
Surv 2007 Mar;62(3):191-201.

 (21) Faas MM, Schuiling GA, Baller JF, Visscher CA, Bakker WW. A new animal model for human 
preeclampsia: ultra-low-dose endotoxin infusion in pregnant rats. Am J Obstet Gynecol 1994 
Jul;171(1):158-164.

 (22) Moff ett A, Colucci F. Uterine NK cells: active regulators at the maternal-fetal interface. J Clin Invest 
2014 May 1;124(5):1872-1879.

 (23) James JL, Whitley GS, Cartwright JE. Pre-eclampsia: fi tting together the placental, immune and 
cardiovascular pieces. J Pathol 2010 Aug;221(4):363-378.

 (24) Otun HA, Lash GE, Innes BA, Bulmer JN, Naruse K, Hannon T, et al. Eff ect of tumour necrosis factor-
alpha in combination with interferon-gamma on fi rst trimester extravillous trophoblast invasion. 
J Reprod Immunol 2011 Jan;88(1):1-11.

 (25) Seki H, Matuoka K, Inooku H, Takeda S. TNF-alpha from monocyte of patients with pre-eclampsia-
induced apoptosis in human trophoblast cell line. J Obstet Gynaecol Res 2007 Aug;33(4):408-416.

 (26) Cardozo AK, Ortis F, Storling J, Feng YM, Rasschaert J, Tonnesen M, et al. Cytokines downregulate 
the sarcoendoplasmic reticulum pump Ca2+ ATPase 2b and deplete endoplasmic reticulum 
Ca2+, leading to induction of endoplasmic reticulum stress in pancreatic beta-cells. Diabetes 
2005 Feb;54(2):452-461.

 (27) Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, et al. Chemical chaperones 
reduce ER stress and restore glucose homeostasis in a mouse model of type 2 diabetes. Science 
2006 Aug 25;313(5790):1137-1140.

 (28) Kovo M, Schreiber L, Bar J. Placental vascular pathology as a mechanism of disease in pregnancy 
complications. Thromb Res 2013 Jan;131 Suppl 1:S18-21.

 (29) Becroft DM, Thompson JM, Mitchell EA. The epidemiology of placental infarction at term. Pla-
centa 2002 Apr;23(4):343-351.

 (30) Little WA. Placental infarction. Obstet Gynecol 1960 Feb;15:109-130.
 (31) Vedmedovska N, Rezeberga D, Teibe U, Melderis I, Donders GG. Placental pathology in fetal 

growth restriction. Eur J Obstet Gynecol Reprod Biol 2011 Mar;155(1):36-40.
 (32) Sato Y, Benirschke K, Marutsuka K, Yano Y, Hatakeyama K, Iwakiri T, et al. Associations of intra-

uterine growth restriction with placental pathological factors, maternal factors and fetal factors; 
clinicopathological fi ndings of 257 Japanese cases. Histol Histopathol 2013 Jan;28(1):127-132.

 (33) Potter JM, Nestel PJ. The hyperlipidemia of pregnancy in normal and complicated pregnancies. 
Am J Obstet Gynecol 1979 Jan 15;133(2):165-170.

 (34) Rodie VA, Freeman DJ, Sattar N, Greer IA. Pre-eclampsia and cardiovascular disease: metabolic 
syndrome of pregnancy? Atherosclerosis 2004 Aug;175(2):189-202.

 (35) Redman CW, Sacks GP, Sargent IL. Preeclampsia: an excessive maternal infl ammatory response to 
pregnancy. Am J Obstet Gynecol 1999 Feb;180(2 Pt 1):499-506.

 (36) Matsuura E, Atzeni F, Sarzi-Puttini P, Turiel M, Lopez LR, Nurmohamed MT. Is atherosclerosis an 
autoimmune disease? BMC Med 2014 Mar 18;12:47-7015-12-47.

 (37) Kaptoge S, Seshasai SR, Gao P, Freitag DF, Butterworth AS, Borglykke A, et al. Infl ammatory cyto-
kines and risk of coronary heart disease: new prospective study and updated meta-analysis. Eur 
Heart J 2014 Mar;35(9):578-589.

 (38) Belo L, Santos-Silva A, Caslake M, Cooney J, Pereira-Leite L, Quintanilha A, et al. Neutrophil activa-
tion and C-reactive protein concentration in preeclampsia. Hypertens Pregnancy 2003;22(2):129-
141.

Jan Verbeek - Binnenwerk v6.indd   178Jan Verbeek - Binnenwerk v6.indd   178 18-05-15   11:2418-05-15   11:24



179

10

 (39) Teran E, Escudero C, Moya W, Flores M, Vallance P, Lopez-Jaramillo P. Elevated C-reactive protein 
and pro-infl ammatory cytokines in Andean women with pre-eclampsia. Int J Gynaecol Obstet 
2001 Dec;75(3):243-249.

 (40) Magnussen EB, Vatten LJ, Lund-Nilsen TI, Salvesen KA, Davey Smith G, Romundstad PR. Prepreg-
nancy cardiovascular risk factors as predictors of pre-eclampsia: population based cohort study. 
BMJ 2007 Nov 10;335(7627):978.

 (41) Mora S, Glynn RJ, Hsia J, MacFadyen JG, Genest J, Ridker PM. Statins for the primary prevention of 
cardiovascular events in women with elevated high-sensitivity C-reactive protein or dyslipidemia: 
results from the Justifi cation for the Use of Statins in Prevention: An Intervention Trial Evaluating 
Rosuvastatin (JUPITER) and meta-analysis of women from primary prevention trials. Circulation 
2010 Mar 9;121(9):1069-1077.

 (42) Emerging Risk Factors Collaboration, Kaptoge S, Di Angelantonio E, Pennells L, Wood AM, White 
IR, et al. C-reactive protein, fi brinogen, and cardiovascular disease prediction. N Engl J Med 2012 
Oct 4;367(14):1310-1320.

 (43) Wolinsky H. The eff ects of beta-adrenergic blocking agents on blood lipid levels. Clin Cardiol 1987 
Oct;10(10):561-566.

 (44) Staff  AC, Johnsen GM, Dechend R, Redman CW. Preeclampsia and uteroplacental acute atherosis: 
immune and infl ammatory factors. J Reprod Immunol 2014 Mar;101-102:120-126.

 (45) Staff  AC, Dechend R, Redman CW. Review: Preeclampsia, acute atherosis of the spiral arteries and 
future cardiovascular disease: two new hypotheses. Placenta 2013 Mar;34 Suppl:S73-8.

 (46) Staff  AC, Dechend R, Pijnenborg R. Learning from the placenta: acute atherosis and vascular 
remodeling in preeclampsia-novel aspects for atherosclerosis and future cardiovascular health. 
Hypertension 2010 Dec;56(6):1026-1034.

 (47) Ray JG, Vermeulen MJ, Schull MJ, Redelmeier DA. Cardiovascular health after maternal pla-
cental syndromes (CHAMPS): population-based retrospective cohort study. Lancet 2005 Nov 
19;366(9499):1797-1803.

 (48) Manten GT, Sikkema MJ, Voorbij HA, Visser GH, Bruinse HW, Franx A. Risk factors for cardiovascu-
lar disease in women with a history of pregnancy complicated by preeclampsia or intrauterine 
growth restriction. Hypertens Pregnancy 2007;26(1):39-50.

 (49) Veltman-Verhulst SM, van Rijn BB, Westerveld HE, Franx A, Bruinse HW, Fauser BC, et al. Polycystic 
ovary syndrome and early-onset preeclampsia: reproductive manifestations of increased cardio-
vascular risk. Menopause 2010 Sep-Oct;17(5):990-996.

 (50) van Rijn BB, Nijdam ME, Bruinse HW, Roest M, Uiterwaal CS, Grobbee DE, et al. Cardiovascular 
disease risk factors in women with a history of early-onset preeclampsia. Obstet Gynecol 2013 
May;121(5):1040-1048.

 (51) Hermes W, Franx A, van Pampus MG, Bloemenkamp KW, Bots ML, van der Post JA, et al. Cardiovas-
cular risk factors in women who had hypertensive disorders late in pregnancy: a cohort study. Am 
J Obstet Gynecol 2013 Jun;208(6):474.e1-474.e8.

 (52) Dommisse J, Tiltman AJ. Placental bed biopsies in placental abruption. Br J Obstet Gynaecol 1992 
Aug;99(8):651-654.

 (53) Tikkanen M. Etiology, clinical manifestations, and prediction of placental abruption. Acta Obstet 
Gynecol Scand 2010 Jun;89(6):732-740.

 (54) Ananth CV, Oyelese Y, Prasad V, Getahun D, Smulian JC. Evidence of placental abruption as a 
chronic process: associations with vaginal bleeding early in pregnancy and placental lesions. Eur 
J Obstet Gynecol Reprod Biol 2006 Sep-Oct;128(1-2):15-21.

Jan Verbeek - Binnenwerk v6.indd   179Jan Verbeek - Binnenwerk v6.indd   179 18-05-15   11:2418-05-15   11:24



180

 (55) Blokstra A, Vissink P, Venmans L, Holleman P, van der Schouw Y, Smit H, et al. Nederland 
de Maat Genomen, 2009-2010. Monitoring van risicofactoren in de algemene bevolking. 
2011;260152001/2011.

 (56) Lloyd-Jones DM, Leip EP, Larson MG, Vasan RS, Levy D. Novel approach to examining fi rst cardio-
vascular events after hypertension onset. Hypertension 2005 Jan;45(1):39-45.

 (57) Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, et al. Heart disease and 
stroke statistics--2012 update: a report from the American Heart Association. Circulation 2012 Jan 
3;125(1):e2-e220.

 (58) Mosca L, Benjamin EJ, Berra K, Bezanson JL, Dolor RJ, Lloyd-Jones DM, et al. Eff ectiveness-based 
guidelines for the prevention of cardiovascular disease in women--2011 update: a guideline from 
the american heart association. Circulation 2011 Mar 22;123(11):1243-1262.

 (59) Nederlandse Vereniging voor Obstetrie en Gynaecologie (NVOG). RICHTLIJN Cardiovasculair 
risicomanagement na een reproductieve aandoening. 2014.

Jan Verbeek - Binnenwerk v6.indd   180Jan Verbeek - Binnenwerk v6.indd   180 18-05-15   11:2418-05-15   11:24



1

2

3

4

5

6

7

8

9

10

11

12

Chapter 11 
Dutch Summary

(Nederlandse samenvatting)

Jan Verbeek - Binnenwerk v6.indd   181Jan Verbeek - Binnenwerk v6.indd   181 18-05-15   11:2418-05-15   11:24



Jan Verbeek - Binnenwerk v6.indd   182Jan Verbeek - Binnenwerk v6.indd   182 18-05-15   11:2418-05-15   11:24



183

11

Pre-eclampsie , intra-uteriene groeirestrictie (IUGR), loslating van de moederkoek (pla-
centa) en vroeggeboorte zijn belangrijke oorzaken van ziekte en sterfte van moeders en 
kinderen rondom zwangerschap en geboorte. De placenta speelt een belangrijke rol bij 
het ontstaan van deze aandoeningen en daarom worden pre-eclampsie, IUGR en losla-
ting van de placenta ook wel maternale placentasyndromen (MPS) genoemd. De kennis 
over de oorzaken van deze syndromen is nog altijd beperkt. Om die oorzaken beter te 
begrijpen moet de ontwikkeling van de placenta worden bestudeerd. In de loop van 
de vorige eeuw heeft onderzoek ons   veel geleerd over hoe de menselijke placenta zich 
ontwikkelt. Vooral het binnendringen van cellen van het kind (trofoblastcellen) in de 
baarmoederwand en de onderliggende moederlijke bloedvaten (spiraalarteriën) vroeg 
in de zwangerschap is een belangrijk punt van aandacht geweest. Sinds ontdekt is dat 
de vaten in de baarmoeder omgevormd (geremodelleerd) worden tijdens de zwanger-
schap en dat de trofoblast hierbij een belangrijke rol speelt, is er veel gepubliceerd over 
dit onderwerp. De veranderingen vinden vooral plaats in het placentavaatbed, dit is 
het gedeelte van de baarmoeder direct onder de placenta en bevat de spiraalarteriën. 
Het is nu algemeen geaccepteerd dat onvolledige spiraalarterieremodellering in het 
placentaire bed een belangrijke factor is in de ontwikkeling van ernstige pre-eclampsie 
en andere zwangerschapscomplicaties, zoals loslating van de placenta, IUGR en vroeg-
geboorte. Trofoblastcellen slagen er dan niet in de spiraalarteriën om te vormen tot 
bloedvaten met een hoge capaciteit en lage weerstand. Ondanks het vele onderzoek 
dat is gedaan, blijft het mechanisme achter dit falen onduidelijk. Waarschijnlijk zijn een 
aantal moederlijke factoren (genetisch, milieu en gedrag) betrokken, die ook betrok-
ken zijn bij de ontwikkeling van slagaderverkalking en hart- en vaatziekten. De slechte 
placenta-ontwikkeling resulteert later in de zwangerschap in een te sterke bloedstroom 
in de placenta. Dit veroorzaakt een overmatige productie van zuurstofradicalen en stress 
in de fabriek van de cel: het endoplasmatisch reticulum (ER). Dit alles resulteert in een 
algehele ontstekingsreactie bij de moeder en vermoedelijk resulteert deze overmatige 
ontstekingsreactie in de uitingen van pre-eclampsie. De belangrijkste verschijnselen van 
pre-eclampsie zijn een hoge bloeddruk met eiwitverlies in de urine in de tweede helft 
van de zwangerschap. Interessant is dat het lange termijn risico van de moeder op hart- 
en vaatziekten verhoogd is als zij in de zwangerschap een hoge bloeddruk heeft gehad. 
De zwangerschap kan worden beschouwd als een stresstest voor het vaatsysteem van 
de vrouw. Vrouwen die falen voor deze stresstest ontwikkelen MPS en gedacht wordt 
dat MPS kunnen worden beschouwd als een eerste vorm van hart- en vaatziekten. We 
denken dat het mogelijk afwijkende vaatstelsel (al voor de zwangerschap) bij sommige 
van deze vrouwen er voor zorgt dat zij al op relatief jonge leeftijd hart- en vaatziekten 
ontwikkelen. Welke vrouwen nu het hoogste risico op hart- en vaatziekten hebben is 
nog niet helemaal duidelijk, maar gedacht wordt dat MPS en hart- en vaatziekten ge-
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meenschappelijke risicofactoren en daarmee vermoedelijk ook een gemeenschappelijk 
ontstaanswijze hebben.

Dit proefschrift gaat over spiraalarterieremodellering tijdens de zwangerschap, de rol 
van het afweersysteem van de moeder en ER stress als oorzaak van het falen van de 
remodellering. Daarnaast onderzochten wij overeenkomsten in de ontstaanswijze van 
MPS en hart- en vaatziekten. 

In hoofdstuk 2 worden alle gepubliceerde onderzoeken die placentabedweefsel be-
studeerden door biopten af te nemen geanalyseerd. We vonden aanvankelijk 94 publi-
caties waarvan er slechts 25 het percentage gevallen beschreven waarbij er op de juiste 
plek van de baarmoederwand werd gebiopteerd. In de studie met verreweg de meeste 
biopten werd een biopsietang gebruikt waarmee in 47% van de patiënten succesvolle 
biopten werden afgenomen. Wij stellen in dit hoofdstuk een uniform biopsieprotocol 
voor en doen we aanbevelingen voor verwerking van het weefsel. 

Dit protocol is in hoofdstuk 3 gebruikt om bij 29 vrouwen met pre-eclampsie en 29 
gezonde vrouwen met een normaal verlopen zwangerschap waarbij een keizersnede 
heeft plaatsgevonden biopten af te nemen van het placenta vaatbed. Het doel van deze 
studie was het bestuderen van de afwijkingen van het vaatstelsel en het afweersysteem 
in het placentavaatbed met behulp van een nieuw, door ons ontwikkeld systeem om 
deze afwijkingen te beoordelen. De biopten werden beoordeeld op remodellering en 
aanwezigheid van verschillende afwijkingen; [1] vaat afwijkingen zoals acute atherose 
(een aderverkalking-achtige afwijking) en [2] de hoeveelheid immuuncellen (T-cellen, 
NK-cellen en macrofagen). Daarnaast werden bij deze vrouwen direct na de bevalling 
risicofactoren voor hart- en vaatziekten in het bloed gemeten en gecorreleerd aan de 
mate van remodellering van de spiraalarteriën. In vrouwen met pre-eclampsie vonden 
we dat de spiraalarteriën inderdaad minder goed geremodelleerd waren. Verder bleken 
er minder T-cellen bij vrouwen met een pre-eclampsie aanwezig te zijn in zowel de 
spierlaag (myometrium) als het baarmoederslijmvlies (decidua). Bij slechts 3 patiënten 
was sprake van acute atherose. Deze vrouwen hadden een minder gunstig profi el van 
de risicofactoren voor hart- en vaatziekten in het bloed. We gaan dit onderzoek herhalen 
in een grotere groep zwangeren. Uiteindelijk hopen we door dit onderzoek van het 
placentavaatbed meer inzicht te krijgen in de gemeenschappelijke ontstaanswijze van 
hart- en vaatziekten en pre-eclampsie.

In hoofdstuk 4 vergeleken we de pathologische kenmerken van de placenta in 
zwangerschappen die gecompliceerd werden door een vroege IUGR met of zonder 
pre-eclampsie en met of zonder terugstroom van bloed in de navelstreng. Dit laatste 
duidt op een zeer hoge weerstand in de placenta en komt meestal voor bij de ernstigste 
vormen van IUGR. In verreweg de meeste placenta’s werden karakteristieke afwijkingen 
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gevonden zoals infarcten, ontstekingsverschijnselen, tekenen van zuurstoftekort en 
weefselschade en trombose. Vrouwen met IUGR met een afwijkend bloedstroomprofi el 
van de navelstreng hadden vaker verhoogde aantallen kernhoudende rode bloedcel-
len en onderontwikkelde placentavlokken, iets dat kan duiden op zuurstof tekort. 
Chronische ontsteking van de vliezen en toegenomen “syncytial knotting” (kenmerk van 
de placenta vlokken die met de duur van de zwangerschap meer wordt en de rijpheid 
weergeeft) werden vaker gezien als de moeder naast de IUGR ook een hoge bloeddruk 
had. Wij speculeren dat een chronische ontsteking van de vliezen vaker wordt gezien bij 
IUGR in combinatie met hoge bloeddruk omdat het afweersysteem van deze vrouwen 
wellicht anders reageert op de slecht ontwikkelde placenta. Mogelijk ontstaat dit ver-
schil door een verhoogde afweerreactie van de moeder. 

In het tweede deel van dit proefschrift hebben we gekeken naar de mogelijke rol van 
endoplasmatisch reticulum (ER) stress bij het verminderd binnendringen van de tro-
foblast en remodellering van de spiraal arteriën. Het ER is de fabriek van de cel waar 
alle eiwitten in het lichaam worden gemaakt, aangepast en opgevouwen voordat ze 
op transport gaan naar de locatie waar ze nodig zijn. Het ER communiceert met een 
eigen netwerk van signaaleiwitten met de cel. Veranderingen in de balans binnen de cel 
zorgen voor de “Unfolded Protein Response” (UPR) die als doel heeft deze balans weer 
te herstellen. Drie signaalcascades worden geactiveerd in de UPR waarin verschillende 
eiwitten een rol spelen. Deze drie signaalcascades worden gewoonlijk tegelijk geacti-
veerd afhankelijk van de ernst van de ER stress. Om een goed model te vinden om ER 
stress te onderzoeken zonder de invloed van factoren in de moeder is in hoofdstuk 5 
onderzocht of placenta’s die aan weeën onderhevig zijn geweest ook ER stress hebben. 
Al eerder werd gevonden dat dit het geval was voor oxidatieve stress. In acht placenta’s 
die blootgesteld zijn aan weeënactiviteit en acht placenta’s die bij een keizersnede ver-
kregen zijn is gekeken naar de bovenstaande ER stress markers. Verschillende eiwitten 
in de UPR waren verhoogd in de placenta’s die aan weeën blootgesteld waren. We zagen 
dat één van de eiwitten, die we een kleur gaven en onder de microscoop bekeken, zich 
met name in de buitenste laag van de placentavlokken bevond en niet in de cellen in het 
midden van de vlok. Blootstelling aan weeën lijkt een nuttig model om ER stress in de 
placenta in vivo (in het lichaam) te bestuderen. Verder blijkt uit onze resultaten dat we 
voorzichtig moeten zijn met onderzoek in placenta’s die blootgesteld zijn aan weeën, 
omdat zij door ER stress remming van eiwitproductie en functie kunnen laten zien. Het 
is daardoor moeilijk om oorzaak en gevolg te scheiden, omdat de processen die je wilt 
onderzoeken mogelijk veranderd zijn door de weeënactiviteit. 

In hoofdstuk 6 hebben we aangetoond dat ER stress opgewekt kan worden in een 
celkweek met trofoblastcellen die we onsterfelijk hebben gemaakt zodat ze oneindig 
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kunnen doorgroeien. Deze worden HTR8/SVneo cellen genoemd. Vervolgens hebben 
we aangetoond dat ER stress in deze HTR8/SVneo cellen minder goed een gel kunnen 
binnendringen, waarschijnlijk door verminderde activiteit van enzymen die de ruimte 
tussen de cellen kunnen afbreken: metalloproteinases (MMPs). Dit suggereert dat ER 
stress een negatieve invloed heeft op het binnendringen van de trofoblast en dus mo-
gelijk betrokken is bij de ontstaanswijze van MPS. Om deze hypothese te testen hebben 
we trofoblastcellen (en dus weefsel) nodig uit de eerste drie maanden van de zwanger-
schap. Hier vind een belangrijk deel van de remodellering plaats. Helaas, zoals beschre-
ven in hoofdstuk 2, is het zeer moeilijk, zo niet onmogelijk, om in die eerste maanden 
weefsel van een doorgaande zwangerschap te verkrijgen, waarbij we uiteindelijk ook de 
uitkomst (wel of niet pre-eclampsie) kunnen vaststellen danwel voorspellen. Om de rol 
van ER stress verder te ontrafelen zou toekomstig onderzoek gericht moeten zijn op het 
opheff en van ER stress met medicatie tegen ER stress. Dit zou in de verre toekomst een 
mogelijke behandeling kunnen zijn. 

In het laatste deel van dit proefschrift hebben we gekeken naar risicofactoren voor 
hart- en vaatziekten bij de moeder na een MPS. Uit grote epidemiologische onderzoe-
ken is gebleken dat vrouwen met een voorgeschiedenis van MPS een (sterk) verhoogd 
risico hebben op hart- en vaatziekten op latere leeftijd. Zoals in hoofdstuk 3 al werd 
besproken zou dit mogelijk het gevolg kunnen zijn van een gezamenlijk onderliggend 
mechanisme. Van beide aandoeningen wordt gedacht dat het afweersysteem een be-
langrijke rol speelt bij de ontstaanswijze. 

In hoofdstuk 7 zijn de resultaten gepubliceerd van een studie waarin de rol van 
hart- en vaatziekten en immuunsysteem gerelateerde markers in herhaalde vroege 
pre-eclampsie wordt bepaald. Bij 150 vrouwen met een voorgeschiedenis van vroege 
pre-eclampsie (vóór 34 weken zwangerschap), werden 6-12 maanden na de bevalling 
factoren van het afweersysteem en risicofactoren voor hart- en vaatziekten gemeten. 
Naast cholesterol, glucose, HDL (goede cholesterol), LDL (slechte cholesterol), triglyceri-
den (vetten in het bloed) is ook gekeken naar factoren die verhoogd zijn bij ontsteking: 
CRP en fi brinogeen. De relatieve bijdrage van de markers aan het risico op herhaalde 
pre-eclampsie werd met een statistisch model bepaald. Van de 150 vrouwen ontwik-
kelde 42 (28%) van hen wederom een pre-eclampsie in de volgende zwangerschap. 
Ondanks dat vrouwen met een voorgeschiedenis van vroege pre-eclampsie vaker 
afwijkende risicofactoren voor hart- en vaatziekten hebben na de bevalling, vonden 
we geen relatie met een herhaling van pre-eclampsie. CRP en fi brinogeen waren wel 
gecorreleerd met een herhaalde pre-eclampsie. Deze uitkomsten waren niet te verkla-
ren door bijvoorbeeld een verschil in gewicht. Het suggereert dat vroege pre-eclampsie 
inderdaad gerelateerd is aan een actiever immuunsysteem van de moeder. Het lijkt er 
op dat een overactief immuunsysteem van de moeder betrokken is bij de ontwikkeling 
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van vroege pre-eclampsie en daarmee kunnen we deze informatie wellicht gebruiken 
voor preventie strategieën. 

Het risico op hart- en vaatziekten is niet alleen verhoogd in vrouwen met een vroege 
pre-eclampsie, maar ook bij een loslating van de placenta, zwangerschapshypertensie 
(Pregnancy Induced Hypertension, PIH) en late pre-eclampsie. In hoofdstuk 8 en 9 zijn 
risicofactoren voor hart- en vaatziekten gemeten, 6-12 maanden na een zwangerschap 
met deze aandoeningen. Voor loslating van de placenta geldt dat deze vaak voorkomt 
samen met een pre-eclampsie, maar ook zonder. Daarom is in hoofdstuk 8 gekeken in 
75 vrouwen met een loslating van de placenta en werd de groep verder onderverdeeld 
in loslating in combinatie met en zonder pre-eclampsie of PIH en vergeleken met een 
normale gezonde groep zwanger vrouwen. Vrouwen met deze aandoening hadden 
signifi cant hogere bloeddruk, gewicht, glucose, CRP, cholesterol, HDL en LDL, allen 
gecorrigeerd voor leeftijd, gewicht en nullipariteit. Interessant is dat dit verschil blijft 
bestaan in de vrouwen met een loslating van de placenta zonder pre-eclampsie of PIH. 
Voor beide groepen geldt dat deze vrouwen mogelijk gebaat zijn bij een preventiepro-
gramma. Tot op heden zijn er slechts enkele klinieken in Nederland die vrouwen met 
MPS controleren op risicofactoren voor hart- en vaatziekten. Onze data laten zien dat 
ook vrouwen met een loslating, al dan niet gecompliceerd door een pre-eclampsie of 
PIH, mogelijk ook baat kunnen hebben bij een dergelijke controle. Echter zijn de risico’s 
op het ontwikkelen van hart- en vaatziekten op latere leeftijd een stuk kleiner dan bij 
vroege pre-eclampsie.

Voor PIH en late pre-eclampsie geldt ook dat het risico op hart en vaatziekten weliswaar 
verhoogd is maar niet zo hoog als bij vroege pre-eclampsie. Daarom vergeleken we 
in hoofdstuk 9 risicofactoren voor hart- en vaatziekten tussen vroege pre-eclampsie, 
late pre-eclampsie en PIH om te kijken of dit verschil in risico ook al zichtbaar is in het 
verschil in risicofactoren in het bloed na de zwangerschap. In totaal werden 448 vroege 
pre-eclampsie patiënten, 76 late pre-eclampsie patiënten en 224 patiënten met PIH 
vergeleken met elkaar. Uit de resultaten blijkt dat inderdaad bij vroege pre-eclampsie 
glucose, insuline, triglyceriden en cholesterol signifi cant hoger zijn dan bij PIH en late 
pre-eclampsie. Het voorkomen van hoge bloeddruk na de bevalling gaat van 45% in 
de vroege pre-eclampsie groep naar 39% van PIH en 25% van de late pre-eclampsie 
patiënten. Dit laat zien dat, ondanks het feit dat al deze vrouwen een verhoogd risico 
hebben op hart- en vaatziekten, de risicofactoren voor hart- en vaatziekten bij vroege 
pre-eclampsie patiënten het sterkst afwijken. Het is dus belangrijk om onderscheid te 
maken tussen deze verschillende zwangerschapscomplicaties en eventuele preventie-
programma’s hierop aan te passen.
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Hoewel dit proefschrift nieuwe inzichten belicht rondom de verschillende aspecten van 
MPS, zijn de mechanismen die ten grondslag liggen aan deze zwangerschapscompli-
caties nog niet geheel ontrafeld. De verschillende theorieën betreff ende de afwijkende 
spiraalarterieremodellering in MPS kunnen niet goed worden getest. Onderzoeken 
worden beperkt door het gebrek aan weefsel uit de eerste maanden van doorlopende 
zwangerschappen. We zullen daarom nieuwe methoden moeten vinden om dit pro-
bleem op te lossen en deze theorieën te toetsen.

Om onze hypothese te bevestigen dat het voorkomen van placenta-afwijkingen en ri-
sicofactoren voor hart- en vaatziekten zijn gerelateerd aan hart- en vaatziekten op latere 
leeftijd, moeten we in de toekomst gestructureerd en voor langere tijd deze vrouwen 
volgen. Het verzamelen van placenta en placentavaatbed biopten is hierbij essentieel. 
Het bestuderen van deze weefsels en de relatie met gezondheid van hart en vaten voor, 
tijdens en (lang) na de zwangerschap kan ons veel informatie geven over de ontwikke-
ling van MPS, maar ook over hart- en vaatziekten. 

Vrouwen met MPS hebben een verhoogd risico op het ontwikkelen van hart- en vaat-
ziekten op latere leeftijd en dit risico is het meest uitgesproken in vroege pre-eclampsie 
patiënten. Men kan zich afvragen of het zinvol is om al deze vrouwen te screenen voor 
risicofactoren. De recente richtlijn van de Nederlandse Vereniging Obstetrie en Gynae-
cologie heeft dit kritisch onderzocht. Voorlopig is hieruit gebleken en overeengekomen 
dat vooral de vroege pre-eclampsie patiënt baat heeft bij deze screening. Toekomstig 
onderzoek zal zich moeten richten op de haalbaarheid, de klinische relevantie en de 
kosteneff ectiviteit van dergelijke screening en preventieve interventies voordat we het 
kunnen toepassen in de dagelijkse praktijk.
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Lieve Carolien, ook al zien we elkaar niet vaak weet ik dat je er altijd bent! Fijn gevoel 
is dat en ik ben blij dat we nu weer dicht bij elkaar wonen. Dank voor je interesse en 
enthousiasme voor mijn promotie!

Eusz, Ilse, Anoek en Elwin wat een geluk dat ik jullie heb leren kennen… Fijn dat er bij 
jullie altijd de deur openstaat voor een borrel en een hapje, en altijd interesse in mijn 
promotie hebben gehad! Van skivakanties tot uitwaaien op de zeilboot en van tripjes 
naar New York naar 2 sterren eten in Cambridge, heerlijk om dat met jullie te mogen 
delen. Dank!  

Bosschenaren, wat een fantastische vriendengroep zijn jullie toch… Wat een eer dat 
jullie mij direct overal bij betrokken en zo geïnteresseerd waren in het onderzoek wat 
ik deed. Hoe bijzonder is het toch dat de ‘vrouwen van’ het ook zo fi jn hebben! Op naar 
mooie weekeindjes en lange Brabantse nachten!  

Tim, Sterre en Pax, tijdens je promotie de kans krijgen om 4 weken naar Australië te ko-
men… Wat fi jn dat het kon! Hoogzwanger trouwden jullie op 1 van de mooiste locaties 
in Sydney, wat een eer dat ik getuige mocht zijn op deze speciale dag. Jammer dat jullie 
niet bij de verdediging kunnen zijn maar een uitgebreid verslag en foto’s volgen!! We 
drinken er hopelijk snel een drankje op!

Beste gynaecologen, verpleegkundigen, secretaresses en assistenten van het Diakones-
senhuis, wat ben ik blij dat ik weer terug ben op mijn oude stek! Het warme welkom 
en enthousiasme van iedereen is geweldig! Ik heb ontzettend veel zin in de komende 
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jaren kliniek. Dank voor de open sfeer, het lachen, het leren en jullie interesse in mijn 
promotie!  

With so many international PhD’s students and postdocs in Cambridge it was hard not 
to make new friends. I feel very privileged that all the people from the CTR were always 
very much interested and always willing to help in any way. Billy and Tereza, thank you 
for your patience and time! It was great being able to do basic science again. Dearest 
Elizabeth and Nuala I’ve already thanked you for the hospitality, the fun and the support 
but being home makes me realize what a special time I had with you! Amanda and Emily, 
my favourite Australian girls… Thank you ever so much for the scientifi c help, amazing 
college dinners, the St. Johns May Ball, parties and of course your friendship. Dino, thank 
you so much for all your help, brainstorm sessions and the Dutch dinner. I sincerely hope 
that we can work together in the nearby future.

Dear Alex, James, Josie and Steve you have made our Cambridge time even more memo-
rable… I couldn’t have fi nished this thesis during my time in Cambridge without your 
help and support. Josie, special thanks for correcting major parts of this thesis! James, 
thank you for making the afterbirth of our Cambridge year so incredibly entertaining. 
I’m so proud and happy that you are sitting behind me when I defend my thesis, thank 
you so much!! I’m starting to love this international friendship…

Lieve Noor, wat een mooie tijd hebben we gehad samen in Cambridge… Vanaf het 
eerste koffi  etje in het WKZ wist ik zeker dat we heel veel leuke dingen gingen beleven 
in Cambridge. Dagjes Londen, landhuizen bezoeken en scones bij Fitzbillies! Wat ben ik 
blij dat ik heb kunnen spuien bij je en via jou in het sociale lab van Dino werd betrokken. 
Fijn dat je tijdens de verdediging achter me zit! 

Lieve nichtjes, wat een fi jne mannen zijn jullie toch ook. Dank voor alle mooie avonden 
en jullie steun tijdens mijn promotie. Gerbrand ik ben super blij dat je op ‘mijn’ onder-
werp verder gaat en kijk uit naar nog meer samenwerken! Snel maar weer eens ‘een 
meeting’ hebben in een mooie Europese stad! 

Arnout en Marijn, toen ik jullie ontmoette jaren terug in Cambodja heb ik al verteld over 
de plannen om te promoveren… Van begin tot einde hebben jullie het meegemaakt en 
van tijd tot tijd waren jullie soms nog enthousiaster over het onderzoek dan ik dat zelf 
was. Heerlijk! Veel dank voor jullie fi jne vriendschap. 

AAH, als laatste van het JAAH-gezelschap mag ik dan nu eindelijk ook mijn proefschrift 
verdedigen. Hilde, wat ben ik blij dat je terug bent uit Boston! Ben trots op je nieuwe 
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baan waarin we hopelijk in de toekomst nog kunnen samenwerken. Annemieke, wat 
een fantastisch mooi gezin heb je gecreëerd de afgelopen jaren, twee prachtige kin-
deren en een top vent. Geweldig om te zien dat je fl oreert in je baan en zo ontzettend 
goed bent in wat je doet! Anke, hoe vaak ga ik je wel niet bellen als ik weer een gekke 
labuitslag heb in de kliniek!? Vast heel vaak… Bizar wat jij allemaal kan onthouden en 
reproduceren over werkelijk alle vakgebieden binnen de geneeskunde. Dank voor al 
jullie steun de afgelopen jaren als ervaringsdeskundigen, fi jn ook dat we nu eindelijk 
weer eens alle 4 in Nederland wonen: zullen we dat even zo laten?   

Lieve Micha, 15 jaar lang al beste maatjes. Ik zou niet weten wat ik zonder je zou moeten! 
De meest bijzondere reizen hebben we gemaakt van Syrië tot Parijs en Beiroet tot the 
Lake District. Altijd kon ik bij je terecht als ik in de (promotie) put zat, veel dank daar-
voor! Ik ben ontzettend trots op de manier hoe je je carrière hebt vormgegeven. Ik kan 
er zoveel van leren! Ik weet zeker dat we nog hele mooie dingen gaan meemaken de 
komende jaren, ik kijk er naar uit. Fijn dat je achter me zit op 25 juni!   

Lieve Jeanne, Geert, Mieke, Maike en Martijn wat een geluk heb ik toch met mijn schoon-
familie! De ontspannen momenten bij jullie thuis hebben me heel erg geholpen om 
er weer een week tegen aan te gaan. Wat fi jn dat jullie op de eerste rij zitten met mijn 
verdediging. 

Lieve Erika, wat een fi jne band hebben we toch! Ik geloof niet dat er veel mensen zijn die 
kunnen zeggen dat ze met hun tante op vakantie gaan… Ik ben trots op de manier hoe 
je in het leven staat en ik leer er elke keer weer van. De keuzes die ik in de promotie heb 
moeten maken had ik niet zonder jouw advies kunnen doen! Dank voor alles. 

Lieve mama, eindelijk is het af! Ik vind het geweldig dat je mij zo gesteund hebt en altijd 
achter mijn keuzes staat. Ook fantastisch dat je naar Cambridge bent gekomen om te 
zien waar ik woonde en werkte, wat een heerlijke dagen waren dat! Door jou opvoeding, 
normen en waarden ben ik de dokter (en doctor!) geworden die ik vandaag de dag ben. 
En daar ben ik je ontzettend dankbaar voor.

Lieve Wouter, ik heb zo ongeloofl ijk veel aan je gehad de afgelopen jaren… Dit proef-
schrift was er nooit gekomen zonder jouw steun en motivatie. Je twijfelde geen moment 
over het idee om samen naar Cambridge te verhuizen en gelukkig maar want wat was 
het een top tijd. Ik ben immens trots op je hoe je de tijd in Engeland ten volste hebt 
gebruikt om Bellytray UK tot een groots succes te maken. Het leven met jou is een feest 
en dat zou ik nooit meer anders willen…. Ik hou van je.
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