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ABSTRACT
Pre-eclampsia is a pregnancy-specific disorder affecting 2-8% of all pregnancies. Every year
approximately 70 000 women die due to pre-eclampsia and its complications. It accounts for
nearly one fifth of all maternal deaths. The only treatment for pre-eclampsia is delivery,
which may lead to a premature birth. The aim of this study was to find ways to predict preeclampsia and test the performance of low dose aspirin in the prevention of pre-eclampsia in
women at high risk.
This thesis includes data from two study cohorts. Participants of Study I comprise 21
nulliparous, pre-eclamptic women and 11 normotensive, non-proteinuric women recruited
between January 1996 to February 1998 in the maternity clinics, the prenatal clinic and the
antenatal ward of Helsinki University Central Hospital. The participants of Studies II-V
consist of 947 pregnant women with and 117 without known risk factors for pre-eclampsia
who were included in the PREDO project between September 2005 and December 2009 from
12+0 to 13+6 weeks of gestation in 1 of the 10 participating hospital maternity clinics.
To study the role of different combinations of risk factors in predicting pre-eclampsia, we
studied 903 women using cluster analysis (Study IV). Of these, 86 (9.5%) developed preeclampsia, 10 (11.6%) had early-onset disease and 36 (41.9%) had severe disease. Women
who have had pre-eclampsia, or small for gestational age (SGA) newborn in an earlier
pregnancy, or who have chronic hypertension (CHT) or type 1 diabetes mellitus were at
highest risk of early-onset pre-eclampsia, severe pre-eclampia and preterm pre-eclampsia.
Pre-eclampsia in a previous pregnancy and a body mass index over 30 kg/m2 were the most
important risk factors for term pre-eclampsia. Early-onset and late-onset pre-eclampsia had
different risk profiles. Moreover, the risk of pre-eclampsia increased exponentially with
respect to the number of risk factors.
To assess the role of vasoactive agents in the prediction of pre-eclampsia, we studied
placental growth factor (PlGF) and soluble vascular endothelial growth factor receptor-1
(VEGF-1 or sFlt-1) and their ratio, at 12-14, 18-20 and 26-28 weeks of gestation in a total of
53 women at high risk for pre-eclampsia and healthy controls (Study III). Of these, 27
developed pre-eclampsia: 6 early-onset and 21 late-onset forms of the disease. By the second
measurement, differences in PlGF concentrations, and by the third measurement, differences
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in sFlt-1 concentrations were discovered between those who developed early-onset preeclampsia and others. With a cut-off point of 40 the ratio of sFlt-1/PlGF identified all women
who developed early-onset pre-eclampsia, with no false positives, 4 to 6 weeks before the
clinical diagnosis.
To study the predisposing factors to superimposed pre-eclampsia in women with CHT (Study
V) we assessed markers of placental and endothelial function, and maternal cardiac function,
and renal tubular injury at all three timepoints in women with CHT (n=90) and healthy
controls (n=90). Superimposed pre-eclampsia was diagnosed in women with CHT with new
proteinuria over 0.3g per day after 20+0 weeks of gestation. In women who subsequently
developed superimposed pre-eclampsia, plasma syndecan-1 concentrations were lower at
26+0-27+6 weeks (p=0.03) and plasma PlGF concentrations were lower (p=0.002) across
gestation, compared to women with CHT without superimposed pre-eclampsia. Urine
albumin creatine ratio (ACR) was elevated across gestation in women with CHT who
subsequently developed superimposed pre-eclampsia compared with women with CHT only
(p=0.007) or healthy controls (p=0.002). At the first timepoint receiver operator curve (ROC)
value for ACR for prediction of pre-eclampsia was 0.87 (CI 0.73-1.0).
We investigated the concentrations of total and individual free fatty acids (FFA) in preeclamptic and normotensive pregnant women and the relationship between FFA
concentrations and insulin sensitivity (Study I). Total FFA concentrations at baseline were
67% higher in pre-eclamptic than normotensive pregnancies (P = 0.0002). This difference
was no longer significant after an oral glucose load. At the baseline, the differences between
pre-eclamptic and normotensive pregnancies were largest in the concentrations of the oleic
(75%), linoleic (129%) and arachidonic (315%) acids.
In the aspirin trial (Study II), we randomised 152 women with risk factors for pre-eclampsia
and abnormal uterine artery flow upon Doppler velocimetry to low dose aspirin (100 mg per
day) or placebo. We could not demonstrate any differences in the primary or secondary
outcomes. Because the number of women identified as high risk by ultrasound was lower than
expected, we concluded a meta-analysis of placebo-controlled aspirin trials with women
whose uterine artery measurement indicated a high risk. According to the meta-analysis (3
trials, 346 women) low dose aspirin started at or before 16 weeks of gestation reduced the risk
of pre-eclampsia (Risk ratio (RR) 0.6, 95% confidence interval (CI) 0.37-0.83), and severe
pre-eclampsia (RR 0.3, 95%CI 0.11-0.69).
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In conclusion, the risk of pre-eclampsia increased exponentially with respect to the number of
risk factors. The sFlt-1/PlGF ratio identified women who develop early-onset pre-eclampsia
weeks before the onset of clinical findings. The association between ACR in early pregnancy
and superimposed pre-eclampsia is an evidence that pre-existing endothelial dysfunction in
women with CHT may contribute to development of pre-eclampsia. It may be used in the
prediction of pre-eclampsia in women with CHT already at the 12 weeks of gestation.
Reduced syndecan-1 and PlGF antedate the development of pre-eclampsia in women with
CHT, which implicate endothelial glycocalyx disturbance and reduced angiogenic capacity in
the pathophysiology of superimposed pre-eclampsia. Women with established pre-eclampsia
had higher FFA concentrations, which may influence several characteristics of pre-eclampsia,
for example increased insulin resistance, endothelial cell dysfunction and altered production
of vasoactive substances. According to the meta-analysis, low dose aspirin reduced the risk of
pre-eclampsia and severe pre-eclampsia in women with abnormal uterine artery flow.
Consequently, low dose aspirin at a dose of 100 mg per day should be recommended to
initiate before the 16th week of gestation in high-risk women and continued until 35+0 weeks
of gestation.
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INTRODUCTION
Pre-eclampsia affects 2-8% of all pregnancies worldwide (1). In Finland, 2.5% of babies are
born from pre-eclamptic pregnancies, similar rates have been reported in other Nordic
countries (2,3). Pre-eclampsia is a pregnancy-specific condition currently defined as blood
pressure above 140 mmHg systolic and/or 90 mmHg diastolic and proteinuria over 0.3mg per
day after 20+0 weeks of gestation (4) and may include a wide range of other symptoms and
findings. Pre-eclampsia and its consequences are important causes of both maternal and
newborn morbidity and mortality. The risks are not only restricted in the period of pregnancy,
but long-term maternal risks after pre-eclampsia include chronic hypertension, stroke, and
ischemic heart disease (5,6). Children and adults born from pre-eclamptic pregnancies have
elevated risks of long-term cardiovascular (7,8) and mental health disorders and cognitive
impairments (9,10).
Pre-eclampsia is a multi-systemic syndrome. The aetiology of pre-eclampsia is still largely
unknown, but we know more regarding the pathogenesis. The defects in placentation, which
later lead to clinical pre-eclampsia, already emerge in the early weeks of gestation. In preeclampsia, the remodelling of placental spiral arteries is incomplete. The cytotrophoblast
invasion of decidua is shallow, limited in the superficial decidua and the myometrial
segments of the spiral arteries remain narrow and high-resistance (11-13). This first stage in
the pathogenesis of pre-eclampsia, poor placentation,

is followed by the second stage

involving endothelial damage. The symptoms of pre-eclampsia reflect this endothelial
dysfunction, which is induced by antiangiogenic factors, systemic inflammation,
immunologic factors, and hypoxia, which all contribute to the development of this
heterogenous condition (13). The result is vasoconstriction, end-organ ischaemia and
increased vascular permeability (14).
An imbalance of the angiogenic factors plays a crucial role in the pathogenesis of preeclampsia (15). Vascular endothelial growth factor (VEGF) is necessary for glomerular
capillary repair and in maintaining the health of the endothelium (13). Placental growth factor
(PlGF) is a potent angiogenic growth factor and has a structural homology to VEGF-A.
VEGF and PlGF have a common receptor, VEGF receptor-1, also called fms-like tyrosine
kinase (Flt-1) on endothelial cells. Its soluble variant, sFlt-1, binds both PlGF and VEGF, and
inhibits their binding to endothelial cell surface receptors. In pre-eclamptic women,
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expression of sFlt-1 is upregulated (15) and an increase in serum sFlt-1 seems to precede
clinical syndrome (16-18).
Metabolic

characteristics

of

pre-eclampsia

include

reduced

glucose

utilisation,

hyperinsulinemia and hyperlipidemia (19,20) and many other known cardiovascular risk
factors (21-24). High plasma lipids may contribute to the development of pre-eclampsia by
increasing vascular dysfunction in uteroplacental circulation by advancing lipid changes in
the walls of already poorly transformed spiral arteries (25).
Superimposed pre-eclampsia is diagnosed in a pregnant woman with chronic hypertension
(CHT) when she develops new-onset proteinuria over 0.3g per day after 20+0 weeks of
gestation. Approximately 26% of women with CHT develop superimposed pre-eclampsia
(26). Endothelial dysfunction and abnormalities in cardiac and renal function are proposed to
contribute to the development of superimposed pre-eclampsia in women with CHT.
A great effort regarding finding tools to predict pre-eclampsia before the clinical onset of the
disease has been made. Demographic factors, biochemical markers, or biophysical findings
may offer clinical tools in the prediction. An ideal biochemical marker plays a central role in
pathogenesis, is present early on or before the clinical manifestations, is easy and inexpensive
to test for, shows a high sensitivity and specificity for the disease, correlates with the severity
of the disease, and is non-detectable or present at low levels in normal pregnancies (27).
There is strong evidence that low dose aspirin would prevent pre-eclampsia. Aspirin’s
preventive function is thought to be due to its favourable effect on prostaglandin production,
particularly the prostacyclin-thromboxane ratio, which is in imbalance in pre-eclamptic
women before the clinical disease. Other possible routes of the action of low dose aspirin are
recently introduced, as well.
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REVIEW OF LITERATURE
Background
Pre-eclampsia is a pregnancy-specific disorder, affecting 2-8% of all pregnancies (1). It is one
of the greatest challenges of obstetrics causing nearly one-fifth of all maternal deaths (28,29)
and increasing the risk of adverse outcomes. Pre-eclampsia is a placental disease and
symptoms arise from endothelial dysfunction. It is characterised by increased blood pressure
and proteinuria, and a broad spectrum of other symptoms. These include headache, visual
disturbances, oedema, upper abdominal pain, nausea, and may lead to serious complications,
and even death of the mother or fetus. Placental dysfunction may affect fetal growth and
wellbeing. At one end of the spectrum is pre-eclampsia with mild symptoms in a term
pregnancy, and at the other end is rapidly progressing early-onset pre-eclampsia with severe,
even life threatening, symptoms. The only treatment of pre-eclampsia is delivery, which may
lead to a very premature birth.
Symptoms typical in pre-eclampsia were mentioned as early as in ancient Greek sources
originating from the time before Hippocrates (30). The Coan Prognosis depicted: “In
pregnancy, the drowsy headaches with heaviness is bad; such cases are perhaps liable to some
sort of fits at the same time” (31). For thousands of years, the disease was known as a
convulsive disease of pregnancy and different theories explaining the reasons changed over
times (30). In a symposium on eclampsia, held in Giessen in 1901, it was agreed upon that the
disease was caused by a toxin. This was followed by several hypotheses on the source of the
toxin. The theory was later refuted. However, today we still use the word toxaemia when
referring to pre-eclampsia.
Definitions
Definitions of pre-eclampsia have varied throughout the times. Improved understanding of the
pathogenesis of pre-eclampsia has influenced the definitions. Pre-eclampsia is a pregnancy
specific condition diagnosed when blood pressure is elevated above 140 mmHg systolic
and/or 90 mmHg diastolic and proteinuria over 0.3 mg per day after 20+0 weeks of gestation
(4). Severe pre-eclampsia is diagnosed when blood pressure exceeds 160 mmHg systolic
and/or 110 mmHg diastolic or proteinuria is over 5 g per day. Superimposed pre-eclampsia is
diagnosed when a pregnant woman with CHT has new-onset proteinuria over 0.3 mg per day
after 20+0 weeks of gestation. When blood pressure is elevated after 20+0 weeks of gestation
without proteinuria, the condition is defined as gestational hypertension. Pre-eclampsia is
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commonly divided into early- and late-onset disease and preterm and term subtypes based on
the time of delivery or time of the diagnosis (Table 1).

Table 1. Definitions of pre-eclampsia

Early-onset

6\VWROLFEORRGSUHVVXUHPP+JRUGLDVWROLFEORRG
SUHVVXUHPP+JDIWHU+0 weeks of gestation and
SURWHLQXULDJGD\
Delivery (or diagnosis) before 34+0 weeks of gestation

Late-onset

Delivery at or after 34+0 weeks of gestation

Preterm

Delivery (or diagnosis) before 37+0 weeks of gestation

Term

Delivery at or after 37+0 weeks of gestation

Severe

6\VWROLFEORRGSUHVVXUHPP+JRUGLDVWROLFEORRG
SUHVVXUHPP+JRUSURWHLQXULDJGD\
New-onset grand mal seizures in a woman with pre-

Pre-eclampsia

Eclampsia

eclampsia
Gestational hypertension

Chronic hypertension

6\VWROLFEORRGSUHVVXUHPmHg or diastolic blood
SUHVVXUHPP+JDIWHUthe 20th week of gestation without
proteinuria
6\VWROLFEORRGSUHVVXUHPP+JRUGLDVWROLFEORRG
SUHVVXUHPP+JEHIRUH+0 weeks of gestation without
proteinuria

Superimposed pre-eclampsia New proteinuria over 0.3 g/day after 20+0 weeks of gestation
in a pregnant woman with chronic hypertension

Recently, pre-eclampsia definitions have been updated. The American College of
Obstetricians and Gynecologists (ACOG) proposed, in the Task Force on Hypertension in
gestation (32) recommendations that, in the absence of proteinuria, pre-eclampsia could be
diagnosed when newly diagnosed hypertension occurs in association with thrombocytopenia,
impaired liver function, new development of renal insufficiency, pulmonary oedema, or newonset cerebral or visual disturbances. The Australasian Society for the Study of Hypertension
and the Society of Obstetricians and Gynaecologists of Canada have adopted even broader
definitions and include fetal features, such as fetal growth restriction, in the definitions.
ACOG suggested that massive proteinuria (greater than 5g) should be removed from the
definition of severe pre-eclampsia, and recommends that any one of the following findings
indicate severe form of the disease: blood pressure according to the classical definition of
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severe pre-eclampsia, thrombocytopenia, impaired liver function, progressive renal
insufficiency, pulmonary oedema, new-onset cerebral or visual disturbances. The classic
definition could also be updated by taking into account the current knowledge of the
pathology of pre-eclampsia. Using vasoactive markers, PlGF and s-Flt1, pre-eclampsia can be
divided into angiogenic and non-angiogenic subgroups (33). Early-onset and severe preeclampsia seem to predominantly form the angiogenic subtype while the non-angiogenic
subtype has milder and later course of the disease (34). Pre-eclampsia can also develop in the
postpartum period, including pre-eclampsia with severe systemic organ involvement and
seizures (32,35). One-third of all eclamptic seizures occur in the post-partum period (35).
These cases are called late postpartum pre-eclampsia and late postpartum eclampsia and the
pathophysiology of these phenomena is unknown. The definitions based on pathophysiology
are discussed more closely later in the paragraph on pathophysiology.
Public health burden
Pre-eclampsia affects 2-8% of all pregnancies (1). In Finland, according to the combined data
from the National Medical Birth Registry and Care Register of Health Care, at the National
Institute for Health and Welfare of Finland in year 2013, 2.5% of babies were born from preeclamptic pregnancies, of which 24% were severe, and 8% early-onset subtypes of preeclampsia. Similar rates have been reported in other Nordic countries. In the Danish hospital
discharge register 2.7% of the women who gave birth in Northern Sealand from 1998-2000
had pre-eclampsia (2) and in the Norwegian Medical Birth Registry data of 1.7 million births
from years 1967 to 1992, the pre-eclampsia rate was 2.2% (3). While no validation studies
have been performed for pre-eclampsia in the Finnish healthcare registers, studies of the
Norwegian (36) and Danish (2) registries have been validated using medical records and in
both studies the prevalence of pre-eclampsia in the study populations were relatively similar
whether obtained from registry or whether based on medical records.
Pre-eclampsia and its consequences are important causes of both maternal and newborn
morbidity and mortality. Every year an estimated 62,000 to 77,000 women worldwide die due
to pre-eclampsia and its complications. That is almost 18% of all maternal deaths (28,29)
most of these in developing countries. For comparison, during years 1972-2005, there were
117 direct maternal deaths (caused by a disease or its management during gestation) in
Finland. The maternal mortality ratio was 5.6 per 100,000 (deaths per 100,000 live births)
(37). During that time, there were 15 maternal deaths per about 2 million live births due to
pre-eclampsia or its complications, 12.4% of all maternal deaths. The significance of
organised maternity care is emphasised by the fact that between years 1926-1937 there were

16

93 maternal deaths per 100,000 births in the Women’s hospital in Helsinki and 264 in Vyborg
hospital (38). Althought maternal death is rare in developed countries, the burden of preeclampsia and its consequences on health care systems is enormous. Women with preeclampsia have a 3- to 25-fold increased risk of severe pregnancy complications (39). In
developing countries, pre-eclampsia and its complications cause 25% of all stillbirths and
neonatal deaths (40). In a Norwegian study of 21,000 pre-eclamptic pregnancies, the risk of
fetal death was remarkably high for early-onset pre-eclampsia (41). At 26 weeks of gestation,
the relative risk of fetal death was 86-fold higher, compared to pregnancies without preeclampsia. This risk declined as gestation advanced, however, though still more than 7-fold
higher at 34 weeks of gestation.
Complications
Maternal complications of pre-eclampsia include eclampsia, stroke, placental abruption,
HELLP syndrome (hemolysis, elevated liver enzymes, low platelets), disseminated
intravascular coagulation, liver haemorrhage or rupture, pulmonary oedema, adult respiratory
syndrome, acute renal failure, and death (1,42) (Table 2).
Table 2. Maternal and fetal complications of pre-eclampsia
Central nervous system

Eclampsia (seizures), cerebral haemorrhage (stroke), cerebral
oedema, cortical blindness, retinal blindness

Renal system

Renal cortical necrosis, renal tubular necrosis

Respiratory system

Pulmonary oedema, laryngeal oedema

Liver

Jaundice, HELLP syndrome*, hepatic rupture

Coagulation system

Disseminated intravascular coagulation

Placenta

Placental dysfunction, placental infarction, placental abruption

Fetus

Death, intrauterine growth restriction, preterm birth and their
complications

* Haemolysis, elevated liver enzymes, and lowered platelets

In general, pre-eclampsia increases the rates of cardiovascular, respiratory, central nervous system,
renal, hepatic and other maternal morbidity, and women with early-onset pre-eclampsia have
significantly higher rates of maternal morbidity than women with late-onset pre-eclampsia (43).
Pre-eclampsia reduces the woman’s health-related quality of life and increases the risk of
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postpartum depression (44-46). Perinatal consequences include stillbirth, preterm delivery, FGR,
neonatal complications, and later sequelae (47). In Finland, 8% of all pre-eclamptic pregnancies
were early-onset, meaning deliveries before 34+0 weeks and almost a quarter were preterm, before
37+0 weeks of gestation. Preterm birth in pre-eclampsia is usually due to iatrogenic labour, induced
labour or caesarean section, because, at present, ending the pregnancy is the only treatment for
pre-eclampsia. Preterm birth prolongs newborn hospitalisation and the earlier the delivery the
more pervasive the problems. Complications associated with premature birth include respiratory
distress, hypoglycaemia, jaundice, feeding difficulties, and more severe in very premature
newborns; kernicterus, seizures, periventricular leucomalasia (48). Preterm delivery, as well as,
pre-eclampsia itself, elevates the risk of bronchopulmonary dysplasia (49) and cerebral palsy
(46,50).
Long term consequences of pre-eclampsia
The long-term maternal risks after pre-eclampsia are chronic hypertension, stroke, and ischemic
heart disease (5,6). Pre-eclampsia in any previous pregnancy is an independent risk-factor for
coronary artery disease (51). Women who have had early-onset pre-eclampsia have an almost
eight times higher risk of dying from ischemic heart disease than women without hypertensive
pregnancy complications (52). Women with recurrent pre-eclampsia may have underlying
pathological diseases, which increase their risk for hypertensive and cardiovascular disease (6).
Genetic factors that increase the risk of cardiovascular disease may also be linked to pre-eclampsia
(52). It has not been studied whether prevention of pre-eclampsia affects the risk of later
cardiovascular complications. However, it is important for women to become aware of these risks,
since, with lifestyle interventions, it is possible to influence them.
Children and adults born from pre-eclamptic pregnancies have increased risks of long-term
cardiovascular and other diseases (7,8). For example, those born from hypertensive pregnancies
between years 1934-1944 in Helsinki, had twice the risk of stroke (53) and four times the risk of
depression than adults not born from hypertensive pregnancies (10). They had, as well, a lower
cognitive ability and greater cognitive decline up to old age (9,54). Children born from
pregnancies with gestational hypertension are at an increased risk of type 2 diabetes mellitus in
adult life (55) and the association between low birth weight and cardiometabolic disease is well
established (56-58). This association is mostly attributable to poor fetal growth, although preterm
birth is also independently associated with adult cardiometabolic risk factors. Pre-eclampsia is
likely to contribute in part to these associations. For example, a recent individual-participant metaanalysis on blood pressure in adults born preterm at very low birth-weight (VLBW) showed that
this association is strongest among VLBW offspring exposed to maternal pre-eclampsia, but it is
also present in VLBW offspring whose mothers did not have pre-eclampsia (59). Part of the risks
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may reflect common genetic risk factors of pre-eclampsia and cardiovascular diseases, but part is
thought to reflect fetal programming during pregnancy. The long-term risk attributable to fetal
programming could in theory be reduced through prevention or improved management of preeclampsia, but this has not been studied.

Aetiology and pathogenesis of pre-eclampsia
Aetiology
Pre-eclampsia is a multi-systemic syndrome. Despite active research and knowledge of the risk
factors, the cause of pre-eclampsia is still largely unknown. Different causal models may be
speculated (60). In the mono-causality model one known exposure is both necessary and sufficient
to cause disease. An example is a single gene with high penetrance. Multiple-causality refers to a
model described in terms of sufficient and necessary causes (60,61). In that model, a cause of a
disease is an event, condition or characteristics that precedes the disease and is necessary for the
disease to occur. A sufficient cause refers to a complete causal mechanism. A disease can be
caused by more than one causal mechanism, and recognised causes of the disease are neither
necessary nor sufficient to produce the disease. The multiple-causality model can be applied to
pre-eclampsia. However, the threshold liability model is suggested by Trogstad and colleagues
(60) as the best fitting model on pre-eclampsia based on the current knowledge (Figure 1).

Figure 1. The liability model explaining the risk of pre-eclampsia. Genetic, pregnancy
specific and environmental factors all add to the woman’s basic liability to pre-eclampsia.
Modified from Trogstad et al (60).
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The model assumes that genetic action is additive, and that the phenotype reflects the summed
effect of a number of genetic and environmental factors, each with small or moderate influence. In
that model, maternal susceptibility genes set a liability to pre-eclampsia, which are influenced by
fetal genes and environmental factors. Thus, the risk of pre-eclampsia may differ between
pregnancies, depending on maternal compatibility with the fetus, change of maternal weight or
other environmental or maternal factors that may be subject to change between pregnancies.
Pathogenesis
Regarding the pathogenetic background of pre-eclampsia, we know slightly more than the
syndrome’s aetiology. The symptoms of pre-eclampsia reflect the maternal endothelial
dysfunction, which is a consequence of a complicated cascade of events. The placenta is essential
in the development of pre-eclampsia, and pre-eclampsia may develop without a fetus, for example
in hydatiniform mole pregnancies (62). The defects in placentation, which later lead to clinical
pre-eclampsia, already emerge in the early weeks of gestation. Between the 8th to 18th weeks of
gestation, the cytotrophoblasts of fetal origin invade decidua and enter the lumina of the uterine
spiral arteries. These invaded spiral arteries go through remodelling and lose their smooth muscle
and become widely dilated, turning into large-caliber capacitance vessels capable of providing
adequate placental perfusion (63-65). This remodelling is necessary for normal placental function.
In pre-eclampsia, remodelling is incomplete. The cytotrophoblast invasion of the decidua is
shallow, limited to the superficial decidua and the myometrial segments of the spiral arteries
remain narrow and high-resistance (11-13). Poor placentation is the first stage in the two-stage
model of the pathogenesis of pre-eclampsia. The contributors in early placental vascular
development and trophoblast invasion may be hypoxia, perturbation of the renin-aldosteroneangiotensin II axis, excessive oxidative stress, inflammation, immune maladaptation, and genetic
susceptibility. This first stage takes place in the first half of pregnancy without clinical findings of
pre-eclampsia (66) and is followed by the second stage with endothelial damage. The endothelial
dysfunction is induced by antiangiogenic factors, systemic inflammation, immunologic factors,
and hypoxia, which all contribute to the development of this heterogenous condition (13). It is
unknown whether these are interrelated, have synergistic effects or act independently (13). The
result is vasoconstriction, end-organ ischaemia and increased vascular permeability (14).
The imbalance of angiogenic factors plays a crucial role in the pathogenesis of pre-eclampsia (15)
VEGF is necessary for glomerular capillary repair and in maintaining the health of the
endothelium (13) particularly in the kidney, liver, and brain (15) PlGF is a potent angiogenic
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growth factor with structural homology to VEGF-A and is thought to amplify VEGF signalling
(67,68) (Figure 2).

Figure 2. Vascular dysfunction in pre-eclampsia. The endothelial monolayer requires vascular
endothelial growth factor (VEGF), placental growth factor (PlGF), and transforming growth factor-E
(TGF-E) to function normally via activation of nitric oxide (NO). In pre-eclampsia, the VEGF
protective signal is comprised due to an excess of soluble Flt-1 (sFlt-1), which is compounded by
decrease in the expression of PlGF and a rise in circulating soluble endoglin (sEng), which binds and
neutralizes TGF-E. eNOS=endothelial nitric oxide synthase , HO=heme oxygenase , VEGFR=vascular
endothelial growth factor receptor. Modified from Ahmed A (68).

PlGF is expressed early in pregnancy by the placenta. In men and non-pregnant individuals, low
levels are produced by the heart, lung, thyroid, skeletal muscle, and adipose tissue (69). VEGF and
PlGF have a common receptor, VEGF receptor-1, also called Flt-1 in endothelial cells. Its soluble
variant, sFlt-1, binds to both PlGF and VEGF and inhibits their binding to endothelial cell surface
receptors. In pre-eclamptic women, expression of sFlt-1 is upregulated in the placenta (15) and an
increase in serum sFlt-1 seems to precede the clinical syndrome (16-18). Maynard and colleagues
(15) first presented that sFlt-1 given to pregnant rats induced hypertension, proteinuria and
glomerular endotheliosis (typical histological findings in pre-eclamptic kidneys). Excessive antiangiogenic activity causes pre-eclampsia-like syndrome in non-pregnant experimental animals and
non-pregnant humans being treated with VEGF antagonists for cancer (70). An experimental study
of extracorporeal apheresis of sFlt-1 in early-onset pre-eclampsia has been conducted, and it
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lowered sFlt-1 levels, reduced proteinuria and stabilised blood pressure without any adverse
effects (71).
Another anti-angiogenic, placenta-derived factor, soluble endoglin (sEng), is upregulated in preeclampsia (68,72,73). Both sFlt-1 and sEng are released from syncytiotrophoblasts of the placenta.
sEng binds and neutralises transforming growth factor (TGF-E), a proangiogenic and an antiinflammatory factor (74) sEng acts synergistically with sFlt-1. In pre-eclamptic women, they
contribute to the endothelial dysfunction and hypertension, proteinuria, glomerular endotheliosis,
HELLP syndrome, and restriction of fetal growth (73). The molecular mechanisms that regulate
their release are not thoroughly identified, except that cytokines and angiotensin-1 (AT1) receptor
autoantibodies increase (75) and heme oxygenase-1 (HO-1) inhibits their release (76).
Recently, the HO-enzyme has garnered interest in pre-eclampsia research and may play an
important role in the syndrome’s pathogenesis. HO has antioxidant and anti-inflammatory effects,
and tissue protective actions, which lead to the inhibition of atherogenic processes in the
cardiovascular system. The HO enzyme exists in two forms, HO-1 and HO-2 (77). The products of
HO are bilirubin and carbon monoxide (CO). Bilirubin has anti-complement and anti-oxidant
effects. CO has anti-platelet (78) and vasodilatory properties, and it reduces perfusion pressure in
the placenta. HO-1 is upregulated in states of hypoxia and ischaemia. HO-1 promotes angiogenesis
(79) and increased expression of the HO-1 coding gene Hmox-1 inhibit the production of sFlt-1
and sEng (68). The expression (80) and activity of Hmox-1 are suppressed in the pre-eclamptic
placenta.
Endothelin-1 is a 21 amino acid peptide secreted by vascular endothelial cells and placental
syncytiotrophoblasts, and is the most potent vasoconstrictor known (81,82). It is elevated in
pregnant women with pre-eclampsia, and some studies indicate that the level of circulating
endothelin-1 correlates with symptom severity and plasma sFlt-1 levels (83,84). In pregnant rats,
hypertension induced by placental ischaemia, chronic infusion of sFlt-1, tumour necrosis factor-Į
or angiotensin II type 1 receptor can be completely attenuated by antagonism of the endothelin-1
receptor type-A found in vascular smooth muscle (83,84). Therefore, it is suggested that
endothelin-1 could be the common pathway linking factors produced by placental ichemia to
elevations of blood pressure and may be a future target for pharmacological interventions (81,82).
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Defining pre-eclampsia on the basis of pathogenesis
Since knowledge of the pathogenesis of pre-eclampsia has increased, it may become necessary and
practical to update the definitions of the disease. Pre-eclampsia has been classified into early-onset
and late-onset subtypes on the basis of the timing of the clinical findings. Division into placental
and maternal pre-eclampsia has also been used. Both classifications express the same phenomenon
of two extremities of this syndrome with differing in the onset of the pathophysiological changes
and clinical findings, the severity of the disease, the presence or absence of placental dysfunction
and FGR and differences in the predisposing clinical risk factors. These subgroups (early/late, or
placental/maternal), are also different in genetic risk and inheritance (85).
Egbor and collegues compared placental morphology in pregnancies complicated by early- and
late-onset pre-eclampsia with controls (86). Placentas of early-onset pre-eclampsia differed
significantly from those of late-onset pre-eclampsia by weight, volume of intervillous space,
terminal villous volume and surface areas of the terminal villi (86). Placentas from late-onset preeclampsia were morphologically similar to placentas from gestational-age-matched controls,
suggesting two subtypes of pre-eclampsia and supporting the hypothesis of predominantly
maternal and placental disease.
Staff and colleagues have proposed redefining pre-eclampsia on the basis of placental contribution
to the syndrome (33). They reasoned that current definitions of high blood pressure and proteinuria
are clinical signs, which are tertiary, maternal features. Placental markers, like PlGF, reflecting
placental pathology, and FGR may be more sensitive and specific diagnostically. In women with
FGR, similar changes in the vasoactive markers as in placental pre-eclampsia are seen, reflecting
poor placentation. It is unknown why poor placentation does not always stimulate hypertension
and proteinuria, but only FGR. It is suggested that this reflects interaction of fetal and maternal
predisposing factors (33).

Prediction of pre-eclampsia
A great effort on finding tools to predict pre-eclampsia before the clinical onset of the disease has
been committed. Demographic factors, biochemical markers, or biophysical findings may offer
clinical tools in the prediction. An ideal biochemical marker plays a central role in a disease’s
pathogenesis, applies early or before the clinical manifestations, is easy and inexpensive to test for,
shows a high sensitivity and specificity to the disease in question, correlates with the severity of
the disease, and is not-detected or detected in only low levels in normal pregnancies (27). The
pathogenesis of the pre-eclamptic placenta initiates in the first trimester and the process begins to
emerge early. From a preventive point of view, to be able to influence this process it is important
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to identify the at risk women in early gestation. However, it is unlikely that any single biomarker
would perform well in the prediction of this multi-systemic syndrome involving variety of risk
factors and heterogeneous aetiological and pathophysiological factors among women who go on to
develop pre-eclampsia.
Clinical risk factors
Clinical risk factors may be used in the prediction of pre-eclampsia. Duckitt and Harrington
conducted a systemic review of 52 controlled studies to determine the risk of pre-eclampsia
associated with factors that may be present at antenatal booking (Table 3) (85). They reported that
the risk factors causing the highest risk for pre-eclampsia are a history of pre-eclampsia and the
presence of antiphospholipid antibodies.
Table 3. Risk factors for pre-eclampsia
Risk factors

Increased risk

Nulliparity

3 fold a,b

Pre-eclampsia

7-8 fold a,b

Multifetal pregnancy

3 fold b

Prior placental abruption

2 fold b

Prior stillbirth

2 fold b

Chronic hypertension

5-10 fold a,b

Obesity

3 folda,b

Diabetes – insulin dependent

4 folda,b

Maternal age over 40

1.5 -2 folda,b

Antiphospholipid antibodies*

3-10 fold a,b

Systemic lupus erythematosus

3b

Renal disease

2-3 fold a,b

Family history of pre-eclampsia

3 fold a

Use of assisted reproductive technology

2 fold b

* anticardiolipin or lupus anticoagulant antibodies
a
Duckitt and Harrington 2005
b
Bartsch et al 2016

Pre-eclampsia in the first pregnancy increased the risk of pre-eclampsia seven-fold in the
second pregnancy (85). Recurrent pre-eclampsia and the presence of antiphospholipid
antibodies (anticardiolipin or lupus anticoagulant or both) increased the risk of pre-eclampsia
almost ten-fold. Pre-existing diabetes and a pre-pregnancy body mass index (BMI) of 35
kg/m2 or over almost quadrupled the risk. Nulliparity, a family history of pre-eclampsia, and a
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twin pregnancy almost tripled the risk. Neither the chorionicity nor the zygosity alters the risk
in a twin pregnancy, however (87,88). Maternal age 40 years or over, BMI 30 kg/m2 or over at
booking, and a systolic blood pressure of 130mmHg or higher at booking doubled the risk.
The meta-analysis by Bartsch and collegues showed parallel findings (89). Duckitt and
Harrington also reported an increased risk of pre-eclampsia with pre-existing renal disease,
chronic autoimmune disease, and a period of ten years or more between pregnancies, but they
were not able to specify the magnitude of the increase.

Uterine artery Doppler ultrasound measurements
Uterine artery blood flow can be measured by Doppler ultrasound examination. In the nonpregnant uterus and in very early pregnancy, the uterine arteries have high flow resistance,
with high systolic and low diastolic blood flow. A physiological early diastolic notch may be
present. Resistance to blood flow gradually drops during gestation as a greater trophoblastic
invasion takes place. An abnormally high resistance can persist in women who go on to
develop pre-eclampsia and intrauterine growth restriction (IUGR). The early defects of
placentation and the resulting abnormalities in uteroplacental blood flow characteristic of preeclampsia are reflected in the uterine arteries by an increased resistance to blood flow (90).
This results in an abnormal waveform pattern that can be evaluated by Doppler ultrasound
measurements (91,92) analysing the resistance or pulsatility indices (RIs or PIs) or persistence
of a unilateral or bilateral diastolic notch (Figure 3).
The utility of these measurements in the prediction of pre-eclampsia and small for gestational
age (SGA) have been studied extensively. In a systematic review and meta-analysis by
Cnossen and colleagues (93) the use of uterine artery Doppler ultrasonography in preeclampsia prediction was evaluated from 74 studies on pre-eclampsia (total of 79,547 women)
and 61 studies of SGA (total of 41,131 women). That meta-analysis revealed that abnormal
uterine artery waveforms are a better predictor of pre-eclampsia than of SGA. The PI, alone
or combined with notching, is the most predictive Doppler index. According to that metaanalysis, and other research, uterine artery Doppler ultrasonography provides a more accurate
prediction when performed in the second trimester (after the 16th week of gestation) than in
the first trimester. An elevated PI with notching was the best predictor of pre-eclampsia in the
second trimester in both high- and low-risk women (positive likehood ratio of 21.0 among
high-risk patients, and 7.5 among low-risk patients in the second trimester, and negative
likehood ratio 0.82 and 0.59, respectively) in Cnossen and colleagues meta-analysis.
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d. Second degree notch with high pulsatility index and low diastolic flow.

c. Second degree notch with high pulsatility index.
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b. First degree notch with high pulsatility index.

a. First degree notch with normal pulsatility index.

Figure 3. Waveform patterns of uterine artery Doppler measurements.

The best predictor of severe pre-eclampsia in low-risk women was PI (positive and negative
likehood ratio 15.6 and 0.23, respectively) and bilateral notching (positive and negative likehood
ratio 13.4 and 0.37, respectively). Doppler assessment showed no diagnostic characteristics in the
prediction of severe pre-eclampsia in high-risk women or pre-eclampsia in the first trimester
altogether. Doppler ultrasound measurement of uterine arteries, however, has a significant role in
the risk-analysis algorithms, which combine different indices in the first trimester to predict the
risk for pre-eclampsia.

Biochemical markers

Placental angiogenic and anti-angiogenic factors
In normal pregnancy, in the early first trimester, vasoactive markers produced by the placenta are
elevated, with sFlt-1 concentrations over ten-fold and PlGF over two-fold higher than in the nonpregnant state. In men and non-pregnant women, low levels of PlGF are produced by heart, lung,
thyroid, skeletal muscle, and adipose tissue (69). In pregnancies ending in early miscarriage, both
sFlt-1 and PlGF concentrations, measured at gestational weeks six to ten, are significantly lower
than in pregnancies that result in live birth (94). The concentration of PlGF continues to increase
in the maternal blood until the end of the second trimester and decreases during the last two
months of normotensive pregnancies, whereas sFlt-1 stays constant until the last two months,
when it starts to increase (16,70,95) (Figure 4). In normal pregnancy, PlGF concentrations
decrease with maternal weight, and in cigarette smokers (96).
Maynard and colleagues (15) first reported that elevated concentrations of sFlt-1 circulates in the
plasma of pre-eclamptic women, which leads to reduced PlGF and VEGF concentrations and in
endothelial dysfunction. Levine and colleagues (16) first showed that changes in PlGF and sFlt-1
concentrations occur earlier and are more pronounced in women who will develop pre-eclampsia
compared to normotensive pregnancies. In pregnancies with early-onset pre-eclampsia and preeclamptic pregnancies associated with an IUGR, these changes are further exaggerated (16,96).
Therefore, these biomarkers have been of high research interest. Neither of these, however,
performs in the first trimester as a sole marker in the prediction of pre-eclampsia. PlGF, though,
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has an important role in risk estimation algorithms, which seem to work well in the prediction of
early-onset pre-eclampsia (Table 4).

Figure 4. PlGF and sFlt-1 in normal pregnancy and in pregnancy with established preeclampsia. In normal
pregnancy, PlGF concentrations rise until 29-32 weeks of gestation and fall then towards term. sFlt-1
increases towards the end of gestation. At term both markers approach the concentrations of established
pre-eclampsia. Modified from Redman C and Staff C (70).

In the second and third trimester, these vasoactive markers provide predictive information. They
may be used as a tool when planning a monitoring schema for those women who are at increased
risk of pre-eclampsia or show the first clinical signs of the disease. Stepan and colleagues
suggested in a review that the sFlt-1/PlGF ratio could be used in the follow-up of women at high
risk for pre-eclampsia at an asymptomatic stage and in clinical decisions with women having
signs and symptoms of pre-eclampsia (97).

Pregnancy-associated protein A
Pregnancy-associated protein A (PAPP-A) is mainly produced by the placenta and its
concentration increases until the end of pregnancy (27). PAPP-A reflects placental function. It is
involved in growth and repair processes. Its concentration has an interesting dual meaning (98) in
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healthy conditions, like normal pregnancy, PAPP-A is increased and contributes to antiinflammatory, anabolic and reparative processes, raised concentrations indicate a healthy state. In
active disease states, for example in acute coronary symptoms, raised levels relate to ongoing
morbidity and poor outcomes, and may indicate a compensatory increase in expression.
Interestingly, one of PAPP-A’s main functions is to allow free insulin-like growth factor to
interact with its cell membrane protein, and consequently activates the synthesis of NO, with its
multiple protective actions on the cardiovascular system.
In pregnancy, PAPP-A measurement is used in the screening for fetal chromosomal abnormalities
at gestational weeks 11+0- 13+6 together with human chorionic gonadotropin-ȕ K&*ȕ) and nuchal
translucency thickness (99). In pregnancies affected by trisomy 21, PAPP-A levels are lower than
in pregnancies with normal fetal chromosomes (100). Lower levels of PAPP-A in the first
trimester in pregnancies with fetuses with normal chromosomes are associated with increased risk
for pre-eclampsia, IUGR, SGA and preterm delivery (101-103). With extremely low PAPP-A
concentrations (under 0.3 multiples of median (MoM)), the risks of aneuploidy, spontaneous
abortion, preterm delivery, and SGA newborn increase with decreasing concentrations (104). In
the first trimester the screening performance of PAPP-A is only 10-20% as a single predictive
marker for pre-eclampsia (105,106). However, it performs better in risk estimate algorithms with
other predictive variables.

Placental protein 13
Placental protein-13 (PP-13) is produced by placental trophoblast cells (107). In normal
pregnancies, serum PP-13 levels slowly rise with gestational age (27). In women who
subsequently develop pre-eclampsia, PP-13 levels are lower in the first trimester (108,109) and
with early-onset or severe pre-eclampsia, these findings are more pronounced (108,110).
Different studies have produced differing information on the performance of PP-13 as a
predictive marker (111,112). Detection rates are not high enough to enable using PP-13 as a
single biochemical marker in the prediction of pre-eclampsia. For example, when combining PP13 with Doppler ultrasound PI measurement, the prediction rate in early pregnancy was 71% at a
false positive rate of 10% in a study by Khalil and colleagues (112). Another study reported a
prediction rate of 90% in the prediction of early-onset pre-eclampsia at 11+0-13+6 weeks of
gestation in combination with Doppler ultrasound PI with a false positive rate of 10% (110).
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Free fetal haemoglobin and Į1-microglobulin
Free, extracellular fetal haemoglobin (HbF) may be involved in the pathogenesis of preeclampsia, and the heme- and radical scavenger Į1-microglobulin (A1M) in the physiological
defence against HbF (27,113). Increased Hb production has been demonstrated in pre-eclamptic
placentas (114,115). It is hypothesised that Hb genes may be overexpressed in a subpopulation of
cells in the pre-eclamptic placenta, and Hb may be released into the placenta blood vessel lumen
(114). Free Hb, and its metabolites heme and iron are potent toxins and cause endothelial damage
and inflammation (116,117). Placental cells produce haematopoesis stimulating agents in
response to reduced perfusion and possibly local hypoxia (114). Several Hb and hemi
detoxification systems have been described (117). Free heme and radical neutralising A1M is
produced by liver and placenta (118). Its expression is up-regulated following exposure to Hb,
heme, and reactive oxygen species (115). In women who subsequently develop pre-eclampsia,
both HbF and A1M are significantly elevated in the first trimester (115). There are promising
results of studies evaluating HbF and A1M in the prediction of pre-eclampsia in the first trimester
(115,119). Combining these two biomarkers with maternal clinical risk factors may serve as a
prediction model for pre-eclampsia (120).

Genetic risk factors
Pre-eclampsia tends to run in families. The estimated heritability is 54 %, according to a Swedish
twin register study (121). Both maternal and paternal factors have been shown to contribute to the
risk (122). A woman born from a pre-eclamptic pregnancy has over twice the risk of preeclampsia compared to a woman without such a history. A man born from a pre-eclamptic
pregnancy has a 1.5-times increased risk of fathering a pre-eclamptic pregnancy than a man
without such a history, and moreover, if a woman’s sibling is born from a pre-eclamptic
pregnancy, her risk of pre-eclampsia is doubled (122) (Figure 5). There are also clear differences
in the prevalence of pre-eclampsia between ethnical groups (123) for example between white
American and African-American women.
Since fetus expresses both maternal and paternal genes, mechanisms have evolved to protect the
fetus from immune rejections by the mother. It is speculated that an inappropriate maternal
immune response might influence trophoblast invasion and lead to pre-eclampsia (124).
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Trophoblasts express an unusual repertoire of human leukocyte antigens (HLA). Interactions of
maternal, paternal and fetal genotypes of HLA may play an important role in the pathogenesis of
pre-eclampsia (124,125).

Figure 5. Risk of parenting a pregnancy with pre-eclampsia. Modified from Skjaerven R et al (122).

The majority of candidate gene studies have been underpowered and results inconsistent. Family
linkage studies, however, have identified susceptibility loci. For example, in Finnish preeclampsia families susceptibility loci have been found in chromosomes 2 and 9 (126,127).
However, individual genes have not been pinned down. New genome-wide strategies provide
opportunities to identify common and rare sequence variants associated with pre-eclampsia
(128,129). The InterPregGen consortium (130) has reported the discovery of the first genomewide significant susceptibility locus in the offsprings of pre-eclamptic pregnancies. The locus is
near the fms-related tyrosine kinase gene (FLT1) encoding Flt-1, which has been implicated in
pre-eclampsia. Morever, Lokki and colleagues (131) recently reported findings of maternal FLT1
sequence variants associated with lower pre-eclampsia susceptibility. Women carrying these
variants may also have a lower incidence of heart failure later in life.
At present, there are no genetic tests available for the prediction of pre-eclampsia. However,
family history of pre-eclampsia has been included in the risk prediction models. Recent promising
findings may, in the future, assist in the prediction of pre-eclampsia and offer new opportunities
in pre-eclampsia prevention.

31

Risk prediction models
Since pre-eclampsia is a multi-system syndrome with a great diversity of aetiological factors, it is
unlikely, that a single biomarker could be found to predict the disease. Consequently, different
prediction algorithms have been generated. In these, maternal history, mean arterial pressure
(MAP), PI of uterine arteries measured with Doppler ultrasound, and biochemical markers in
different combinations are utilised (Table 4). With all combinations of predictive variables,
prediction of early-onset pre-eclampsia performs better than prediction of late-onset preeclampsia. In Onwudine’s work (132) uterine artery PI together with maternal history and MAP
find all women who will develop early-onset pre-eclampsia when 10% false positives is accepted,
and 96 % with only uterine artery PI measurements. From studies by others (93,96) however, sole
uterine artery PI does not perform as well. An efficient combination of variables for early
prediction of early-onset pre-eclampsia is maternal factors, (maternal history and characteristics)
included with PlGF concentrations, uterine artery PI, and MAP. PAPP-A (96,133,134) does not
improve the performance of this combination. The best performance in the prediction study of
late-onset pre-eclampsia by Poon and colleagues (135) is a combination of maternal factors,
uterine artery PI, MAP and a selection of biochemical markers which partially differ from the
ones used in the prediction of early-onset disease: PlGF, activin-A, and P-selexin (135). MAP
(132) or cardiac output (136,137) which are already elevated early in the pregnancy in women
who will later develop pre-eclamsia, do not serve as solitary variables in the prediction of preeclampsia.
In a recent prospective study (138) a screening based on clinical risk factors suggested in The
National Institute for Health and Care Excellence (NICE) and ACOG recommendations (4,32)
was compared to a risk algorithm developed by the Fetal Medicine Foundation (FMF), with a
multivariate logistic model combining maternal factors, biophysical (MAP, uterine artery PI) and
biochemical (PlGF) measurements by O’Gorman and colleagues (134). The FMF method
detected 100% of the very early-onset (under 32+0 weeks of gestation) and 75% of preterm (under
37+0) pre-eclampsia, with a false positive rate (FPR) of 10.0%. The NICE guidelines detected
41% and 35% respectively, with a FPR of 10.2% and ACOG guidelines 94% and 90% ,
respectively, with a FPR of 64.2%.
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Possible predictive factors of superimposed pre-eclampsia in women with
chronic hypertension
Superimposed pre-eclampsia is diagnosed in a pregnant woman with CHT when new-onset
proteinuria over 0.3 g per day is detected after 20+0 weeks of gestation. Approximately 26% of
women with CHT develop superimposed pre-eclampsia (26). It is associated with adverse
outcomes for both the mother and fetus (139). Women with CHT who develop superimposed preeclampsia have significantly higher rates of perinatal morbidity, they significantly more often
deliver SGA infants and before 32 weeks of gestation compared to women with CHT without preeclampsia (140). Endothelial dysfunction and abnormalities in cardiac and renal function are
proposed to contribute to the development of superimposed pre-eclampsia.
In hypertensive men and non-pregnant women, the relationship between microalbuminuria and
reduced NO bioavailability in association with impaired endothelial flow-mediated dilatation is
well described. NO plays an important role in maintaining vascular homeostasis. It inhibits
smooth muscle contraction and growth, platelet aggregation and leukocyte adhesion to the
endothelium (141). It is a highly reactive nitrogen radical, a gas with a short half-life. Blood
vessels produce NO by endothelial nitric oxide synthase (eNOS) from L-arginine. eNOS is
activated by blood flow induced shear stress across the vascular endothelial cell layer and it leads
to continuous NO release (142). ADMA is an endogenous NOS inhibitor, it competes with Larginine in the NO synthesis pathway. In normal pregnancy, ADMA concentrations fall until 24th
weeks of gestation, consistent with gestational changes in blood pressure, and rise to prepregnancy levels at term (143). Some studies report that the albumin:creatine ratio (ACR) and
ADMA are elevated prior to onset of pre-eclampsia compared to normal pregnancies (144,145).
However, conflicting results exist (146,147) and studies focusing on pregnant women with CHT
are few.
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Early-onset pre-eclampsia < 32
Preterm pre-eclampsia < 37
Term pre-HFODPSVLD 37
Early pre-eclampsia <34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-eclampsiD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34

Maternal factors plus UtaPI, MAP, PAPP-A, PlGF

Maternal factors, MAP, UtaPI, PAPP-A

Maternal factors

Maternal factors plus UtaPI, MAP, biochemical
(early: PlGF; late: PlGF, activin-A, P-selexin)

Maternal factors

Uta-PI

MAP

Combined screening

Park F et al. 2013

Poon L et al. 2010
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Early-onset pre-eclampsia < 32
Preterm pre-eclampsia < 37
Term pre-eclampsia  37

Maternal factors

O’Gorman N et al. 2016

Onwudine N et al. 2008

Subgroups

Predictive factors

Study

Table 4. Algorithms for early prediction of pre-eclampsia.

89 (70-97)
45 (36-57)

40 (5-69)
37 (27-48)

42 (15-72)

82 (70-90)
64 (58-70)
33 (30-37)

42 (30-55)
36 (30-41)
28 (24-31)

100 (85-100)
56 (41-64)

65 (43-84)
40 (29-52)

96 (78-99)
41(30-52)

30 (10-55)
35 (24-46)

92 (75-99)
66 (55-75)

47 (13-79)
48 (24-68)

92 (62-99)

89 (79-96)
75 (70-80)
48 (44-52)

53 (40-65)
49 (43-55)
38 (34-41)

Detection rate (%,(95%CI))
for fixed false positive rate (FPR)
FPR 5%
FPR 10%

Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34

PAPP-A

Uta-PI

Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34
Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34

PAPP-A

Uta PI

PAPP-A, UtaPI

PlGF, UtaPI

PlGF, PAPP-A, UtaPI

Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34

Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34

PlGF

Maternal factors plus:
PlGF

Early-onset pre-eclampsia <34
Late-onset pre-HFODPSVLD34

Maternal factors

76 (57-90)

76 (57-90)
30 (21-40)

69 (49-85)

69 (49-85)
30 (21-40)

52 (33-71)
30 (20-39)

55 (36-74)
29 (20-39)

38 (21-58)
16 (10-25)

24 (10-44)
8 (4-16)

28 (13-47)
19 (12-30)

39 (18-63)
30 (21-40)

35

UtaPI = uterine artery pulsatility index, MAP = mean arterial pressure, PAPP-A = pregnancy-associated protein A, PlGF = placental growth factor

Akolekar R et al. 2008

86 (68-96)

90 (73-98)
49 (39-59)

72 (53-87)

76 (57-90)
51 (41-61)

69 (49-85)
47 (37-57)

62 (42-79)
52 (33-71)

66 (46-82)
28 (19-38)

41 (24-61)
18 (11-28)

52 (33-71)
33 (24-43)

49 (20-70)
44 (34-54)

The glycocalyx is a negatively-charged mesh of membranous glycoproteins, proteoglycans,
glycoaminoglycans and associated plasma proteins on the endothelial cell surface (148). Its
principal glycosaminoglycans (heparin sulphate and hyaluronic acid) and core proteins
(syndecans and glypicans) are degraded in vascular diseases, leading to breakdown of the
vascular permeability barrier, enhanced access of leukocytes to the arterial intima that
propagate inflammation, and alteration of endothelial mechanotransduction mechanisms that
protect against disease (149). Vascular endothelial glycocalyx is a crucial regulator of
vascular function, and its damage has been implicated in reperfusion oxidative injury,
inflammation, atherosclerosis and diabetes (149-151). Disruption of the glycocalyx in the
non-pregnant state is also associated with proteinuric disease (152) salt overload (148) and
high concentrations of atrial natriuretic peptide (153). These all are features of CHT and
potentially relevant to the development of superimposed pre-eclampsia. Syndecan-1 (a
transmembrane heparin sulphate peptidoglycan) is a major constituent of the endothelial
glycocalyx . Syndecan-1 and sialic acid are shed in response to sheddases (e.g. heparanase,
matrix metalloproteinase) and neuraminidase enzymatic activity respectively (149).
Cardiac dysfunction, defined by left ventricular systolic and diastolic dysfunction, and left
ventricular mass index and wall thickness, has been described in women prior to the onset of
pre-eclampsia (154) however, the contribution of pre-existing cardiac disease in women with
CHT to superimposed pre-eclampsia is poorly understood. CHT is also associated with
abnormalities in renal function and undiagnosed chronic kidney disease (155), but the
involvement of subclinical glomerular and renal tubular injury to superimposed pre-eclampsia
development is unknown.

Free fatty acids and metabolic adaptations in pregnancy
In the non-pregnant state, higher concentrations of free fatty acids (FFA) are associated with
lipid accumulation in multiple tissues, including liver, skeletal muscle, heart, and pancreatic
ȕ-cells (156). This intracellular lipid accumulation in non-adipose tissues is associated with
VWHDWRKHSDWLWLVVNHOHWDOPXVFOHLQVXOLQUHVLVWDQFHDQGȕ-cell dysfunction (157). In pregnancy,
the plasma FFA composition and concentration are dynamic and depend on many factors,
including the state of the pregnancy, obesity, insulin resistance, and other metabolic and
dietary conditions (158). In the first and second trimesters of pregnancy, the mother’s
metabolism is in an anabolic state. Through enhanced lipogenesis and hyperphagia, fat
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deposit accumulation increases (159). As the pregnancy enters the third trimester, metabolism
switches into a catabolic state, responding to rapid fetal growth. Physiological hyperlipidemia
involves a rise in blood triglycerides and cholesterol (160,161). Maternal triglycerides do not
cross the placenta, but, by the hydrolysing action of lipases, they are released to the fetus as
FFAs (159). Lipolytic activity of the adipose tissue becomes enhanced late in the second
trimester, increasing plasma levels of FFA and glycerol (162). There is a positive linear
relationship between plasma FFAs and maternal age, nulliparity and prepregnant BMI (163).
It is thought that maternal hypertriglyceridemia benefits the fetus and newborn in several
ways (159). Under fasting conditions, triglycerides can rapidly be used for energy by ketone
body synthesis in the liver, and they also provide a source of essential fatty acids to the fetus
from the maternal diet. Essential fatty acids (EFA) and long-chain polyunsaturated fatty acids
(LCPUFA) are important in cell growth and development (164) and in mediating intracellular
gene expression (165). These are important in fetal development during the third trimester
and in the neonatal period. The fetus depends on placental transport completely for the supply
RIOLQROHLFDQGĮ-linolenic acid EFAs. More than 90% of fetal fat deposition occurs in the last
10 weeks of gestation (166). LCPUFAs are higher in fetal than in maternal circulation and the
composition is different (164,167). Fetal production of LCPUFAs, arachidonic acid and
docosahexaenoic acid, is very low, but there is active uptake by the placenta (166). The fetal
brain and retina are very rich in LCPUFAs, especially arachidonic acid and docosahexaenoic
acid (168-170) which the placental membrane fatty acid binding protein (p-FABPpm)
preferentially binds to compared with linoleic and oleic acid (171). Modification of pregnant
mothers’ dietary fat intake does not affect the cord and neonatal lipid levels (172).
Metabolic

characteristics

of

pre-eclampsia

include

reduced

glucose

utilisation,

hyperinsulinemia and hyperlipidemia (20) and many other known cardiovascular risk factors
(21-24). These metabolic changes are seen both in normal pregnancies and in pre-eclampsia,
but are exaggerated in pre-eclampsia, and are likely to have evolved to meet the metabolic
demands of the growing fetus (159). Circulating FFAs are key regulators of glucose
metabolism and have been shown to increase in pre-eclamptic women long before clinical
onset of the disease (173-177). High plasma lipids may contribute to the development of preeclampsia by increasing vascular dysfunction in the uteroplacental circulation by advancing
lipid changes in the walls of already poorly transformed spiral arteries. The atherogenic
haemodynamic flow patterns in these pre-eclamptic spiral arteries may play a role in
aggregating lipid deposition in the vessel wall (25). High concentrations of FFAs may
influence several characteristics of pre-eclampsia, such as increased insulin resistance,
disturbed endothelial cell function and altered production of vasoactive substances.
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Prevention of pre-eclampsia
Since placental changes in pre-eclampsia begin in the first trimester, women at highest risk,
those who would benefit most from prevention of the disease, should be identified in early
gestation. Due to the multifactorial nature of pre-eclampsia, it might be that in the future
different subgroups of pre-eclampsia will be recommended individual preventive medication.
Acetylsalicylic acid
Background
Acetylsalicylic acid, or aspirin, is believed to have been used as early as 1534 BC, since the
use of ‘salix’, aspirin-related compounds derived from willow tree bark, were documented on
papyrus scrolls used by Egyptian physicians (178). In 1758, Reverend Edward Stone studied
willow tree bark for the relief of headaches, myalgia and fever. The Nobel Prize in 1971 was
awarded to Samuelson and Bergström for demonstrating the mechanism of action and clinical
aspects of aspirin. After that, research on its antiplatelet effects was undertaken. In 1979, it
was observed that pregnant women who took aspirin did not develop pre-eclampsia as often
as other pregnant women (179). Results of a small randomised trial were published in the year
1985. This trial reported that 150 mg aspirin, started at 12th weeks of gestation, prevented preeclampsia, IUGR and perinatal death (180).
The preventive effect of aspirin is thought to be due to its favourable effect on prostaglandin
production, particularly the prostacyclin:thromboxane ratio, which is in imbalance in preeclamptic women before the clinical disease. Vasodilatary prostacyclin is produced in
endothelial cells, and vasoconstrictive and aggregatory thromboxane in platelets. In normal
pregnancy there is a predominance of prostacyclin (181). Arachinoid acid is a precursor of
these prostaglandins. By the action of cyclo-oxygenases (COX-1 and COX-2), arachinoid
acid is converted to prostanoids (PGH2), which are further converted to prostaglandins. Low
dose aspirin irreversibly inhibits COX-1 synthase. Since COX-1 synthase is the main cyclooxygenase in platelets, the production of thromboxane is efficiently inhibited. Inhibition of
COX-2 synthase in the blood vessel wall requires considerably higher doses of aspirin and the
production of prostacyclin is intact with the low dosage (182). Vainio and colleagues (183)
studied this dose-dependent inhibition and the favourable effect on prostacyclin:thromboxane
ratio was within the 0.5-2.0 mg/kg dose range.
Other possible routes of action of low dose aspirin have emerged. One of these is throught the
HO-1 pathway. Aspirin stimulates the expression and enzymatic activity of HO-1 in
endothelial cells, presumably via NO-dependent and COX-independent pathways (184,185).
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The increased HO-1 activity leads to the ensuing formation of bilirubin and CO, and may
contribute to and explain the antioxidant and antiatherogenic activities of aspirin (186).
Aspirin also reduces ADMA concentration (184,185) consequently increasing endothelial NO
synthase activity. Furthermore, aspirin dose-dependently inhibits sFlt-1 production in
cytotrophoblasts via COX-1 inhibition (187).
Low dose aspirin has side effects as often as placebo (188) and it is safe in pregnancy due to
the knowledge of its use on tens of thousands of pregnant women. Aspirin is contraindicated
in patients with an allergy to aspirin or a history of peptic ulcer. One to two out of every one
thousand users of aspirin develop intestinal haemorrhage (189). There are no long-term
follow-up studies of the children after mothers’ consumption of low dose aspirin during
pregnancy.

Studies on pre-eclampsia prevention by low dose aspirin
Large meta-analyses suggest that low dose aspirin and other antiplatelet agents would benefit
women with an increased risk of pre-eclampsia. The Paris collaboration (190) meta-analysis
of 32,217 mothers included randomised studies regardless of the inclusion criteria. The effect
was moderate but consistent. The relative risk (RR) of pre-eclampsia was 0.9 in women
receiving anti-platelet agents compared to control women. The authors recommended low
dose aspirin in high-risk women. The Cochrane review (191) updated in 2007, accepted
studies that included women with an increased risk of pre-eclampsia and demonstrated a 17%
reduction in the incidence of the disease. Another meta-analysis (192) included 27 studies
(11,348 women) in which the initiation of the low dose aspirin treatment could be identified.
In those women who started low dose aspirin at 16 weeks of gestation or earlier had
significantly reduced risk of pre-eclampsia compared to control women (RR 0.47, 95%CI
0.34-0.65). In women who started aspirin after 16 weeks of gestation there was no effect on
the risk (RR 0.81, 95%CI 0.63-1.03). According to meta-analyses, low dose aspirin prevents
early-onset and severe pre-eclampsia, but does not have an effect on late-onset and nonsevere pre-eclampsia (193-196). The evidence of low dose aspirin in the prevention of preeclampsia has been determined to be so strong that several organisations and expert groups
have released recommendations on its initiation in high-risk women (32,197-200) (Table 5).
Aspirin resistance
In cardiovascular literature, the concept of aspirin resistance is well identified. Some patients
seem to develop severe cardiovascular-related events despite the antithrombotic therapy. It is
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suggested that these patients are aspirin ‘resistant’, their platelets are not affected or the
response to aspirin therapy is different compared to those who benefit from it. Some of these
patients require a larger dose of aspirin to develop the expected antiplatelet effect. The reason
behind this phenomenon is unclear. A too low aspirin dose, compliance issues, differences in
abilities to absorb aspirin, or an underlying genetic disposition are suggested explanations
(201-203). In pregnancy, enhanced platelet turnover may be an underlying cause (178).
According to a meta-analysis (204) of aspirin resistance and cardiovascular risk, the patients
who are aspirin resistant have about a four-fold greater risk of long term cardiovascular,
cerebrovascular, or vascular morbidity while on aspirin compared to patients with a normal
aspirin response. In that meta-analysis, 28% of the 2980 patients were classified as aspirin
resistant by platelet function assays. Since low dose aspirin completely inhibits COX-1
pathway, those assays that target aspirin COX pathways are appropriate in demonstrating
aspirin resistance (178).
Statins
Statins, used to treat high blood cholesterol are currently being studied in the prevention of
pre-eclampsia (205). They have many positive effects, but have previously been
contraindicated during pregnancy (206). Since more experience has accumulated, it seems
that statins can be safe during pregnancy (207). Statins have a positive effect on cytokine and
free radical oxide production and immunomodulation, and they have anti-inflammatory
effects. They increase the production of Flt-1 in endothelial cells by stimulating factor 1alpha. Statins induce HO-1 transcription and expression. HO-1 has anti-inflammatory and
cell-protective actions, and the HO-1 pathway inhibits vasoconstrictive sFlt-1 and sEng (208).
Low molecular weight heparin
Women with placenta-mediated complications in earlier pregnancies have an increased risk of
both recurrent placenta-mediated complications (209) and venous thromboembolism in
subsequent pregnancies (210). Vice versa, women with previous venous thromboembolic
complications have an increased risk of placenta-mediated pregnancy complications (211).
These are all associated with placental vascular thrombosis. Antithrombotic low molecular
weight heparin (LMWH) has been studied in the prevention of pre-eclampsia combined with
and without low dose aspirin. The Cochrane review of LMWH in improving maternal and
infant health outcomes did not show an effect in the prevention of pre-eclampsia (212) and in
smaller trials, including women with thrombophilia, results have been similar (213).
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High risk women (i.e. those with a history of hypertension in a
previous pregnancy, chronic kidney disease, type 1 or 2 diabetes, or
chronic hypertension) and if more than one of the moderate risk
IDFWRUVH[LVWV ILUVWSUHJQDQF\DJH\HDUVSUHpregnancy
LQWHUYDORYHU\HDUV%0,NJP2, family history, multifetal
pregnancy)
Chronic hypertension, previous pregnancy-related hypertension

12th week of
gestation

12th week of
gestation
After 12 weeks of
gestation

75

Low dose aspirin
81

The UK National
Institute for Health and
Care Excellence (NICE)

BMI = body mass index, SGA = small for gestational age

U.S. Preventive Services
Task Force (USPSTF)
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Previous pre-eclampsia, diabetes, chronic hypertension, renal
disease, autoimmune disease and previous pre-eclampsia with
adverse outcome, multiple pregnancy, and if more than one of the
moderate risk factors exists (history of an SGA infant, first
SUHJQDQF\DJH\HDUVSUHJQDQF\LQWHUYDORYHU\HDUV%0,
35 kg/m2, family history, multifetal pregnancy)

High risk women (i.e., history of pre-eclampsia, diabetes, chronic
hypertension, renal or autoimmune disease, multiple pregnancy)

12th to 20th weeks of
gestation

75

World Health
Organization (WHO)

American Heart
Association (AHA)

Medical history of early-onset pre-eclampsia with preterm delivery
(under 34 weeks of gestation) or pre-eclampsia in more than one
prior pregnancy (In a statement from July 2016, ACOG supported
the broader list of risk factors by USPSTF)

During the late first
trimester

60-80

American Congress of
Obstetricians and
Gynecologists (ACOG)

Indications

Recommended
starting point

Dose
(mg per day)

Recommendation

TABLE 5. Recommendations for low dose aspirin in the prevention of pre-eclampssia

Combined treatment of LMWH with low dose aspirin, started in the first trimester, seems to
prevent early-onset hypertensive diseases and SGA in women with inherited thrombophilia
(214). According to a recent meta-analysis, LMWH combined with aspirin compared to sole
low dose aspirin seems to reduce the risk of early-onset pre-eclampsia and SGA considerably
more efficiently in women with a history of pre-eclampsia (215). Because of small number of
women in these studies larger clinical trials are required to confirm these findings and for
recommendations in clinical work.
Antioxidants and other dietary supplementation
Low dietary calcium and low serum calcium concentrations are associated with preeclampsia. Large trials on the benefit of calcium supplementation, 1.5-2 g per day, in
prevention of pre-eclampsia have not supported this treatment in healthy nulliparous women
(216) nor in women with a calcium deficient diet (217). However, the findings are
controversial. In the World Health Organisation (WHO) randomised trial of over 8,000
women with a calcium deficient diet (217) treatment significantly reduced the risk of serious
complications from pre-eclampsia, which included maternal and neonatal morbidity and death
and preterm delivery; the latter among young women. Daily calcium supplementation of 1.52.0 grams is thereby recommended by the WHO in the second half of pregnancy in those
women whose dietary intake is low. In Cochrane review from 2014 (218) with meta-analysis
of 13 trials and over 15,000 women, calcium supplementiRQ JGD\ ZDV associated with a
significant risk reduction of pre-eclampsia, particularly among women with a low calcium
diet. However, the authors advise to interpret these results cautiously since they believe the
result is overestimated due to a small-study effect or publication bias. In Finland, calcium
supplementation, 0.5-1.0 g per day, is recommended to pregnant women, depending on their
diet (219).
Oxidative stress, an imbalance between pro-oxidant and antioxidant forces, plays a part in the
pathogenesis of pre-eclampsia. Various studies have attempted to find out if antioxidants have
an effect on pre-eclampsia prevention. Vitamins C, E or D do not reduce the risk of preeclampsia. In a 2008 Cochrane Review of antioxidants in the prevention of pre-eclampsia
(220) a meta-analysis of 9 trials and 5,500 women, vitamins C and E did not have a
preventive effect. A meta-analysis by Rossi and Mullin (221) did not show any effect of
vitamin C and E in preventing pre-eclampsia in subgroups of high-risk or low-risk women. In
the International Trial of Antioxidants in the Prevention of Pre-eclampsia (INTAPP) (222)
2647 women were randomised to 1 g vitamin C and 400 IU vitamin E daily. The trial was
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discontinued due to a concern of adverse pregnancy outcomes such as fetal loss or perinatal
death and preterm prelabor rupture of membranes. No effect was seen in the prevention of
pre-eclampsia, as was found in another placebo-controlled trial (223) with similar doses of
vitamins C and E, however, in that study significantly more low birthweight babies were born
in the antioxidant group.
Studies of vitamin D are contradictory. A recent prospective cohort (224) with 1710 pregnant
women suggest that vitamin D concentrations at 15th weeks of gestation are not associated
with development of pre-eclampsia.
Physical exercise and obesity management
Regular physical exercise has various health benefits and it protects from cardiovascular
diseases throught a with wide variety of mechanisms. By having an impact on many risk
factors common to pre-eclampsia, physical exercise may also be important in the prevention
of pre-eclampsia. Regular exercise reduces obesity-related markers and the risk of type 2
diabetes by improving insulin sensitivity, endothelial dysfunction, lipid profile, oxidative
stress and inflammatory markers (225-228). Exercise reduces visceral fat, which increases
insulin sensitivity. A meta-analysis including 15 studies with 180,000 participants
investigating the effect of pre-pregnancy and early-pregnancy physical activity on the risk of
pre-eclampsia suggested a reduced risk with increasing levels of physical activity (229).
Women in the higher levels of physical activity had a 20 to 33% reduction in the risk of
developing pre-eclampsia. The protective effect of physical exercise on the incidence of preeclampsia is based on its effect on the improvement of the functional capacity of placenta and
endothelial function (230) glycemic control and insulin resistance (231) antioxidant defences,
pregnancy-induced inflammation suppression, blood pressure reduction, and levels of total
cholesterol, triglycerides (232,233) and leptin (234).
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AIMS OF THE STUDY

1. To investigate the concentrations of total and individual free fatty acids in pre-eclamptic
and normotensive pregnant women and to study the relationship between free fatty acid
concentrations and insulin sensitivity (Study I).
2. To explore predictive factors concerning the onset and severity of pre-eclampsia by using
cluster analysis in a prospectively-collected cohort of women with known clinical risk factors
for pre-eclampsia (Study IV).
3. To study the concentrations of sFlt-1 and PlGF and their ratio (sFlt-1/PlGF) in predicting
pre-eclampsia in prospectively-collected serial serum samples from a cohort of pregnant
women with clinical risk factors for pre-eclampsia, and controls with special reference to
early- and late-onset disease (Study III).
4. To study the contribution of maternal (endothelium, cardiac, renal) and placental factors to
the development of superimposed pre-eclampsia in women with chronic hypertension (Study
V).
5. To study the effect of low dose aspirin (100mg) started at 12+0 to 13+6 weeks of gestation
on the prevention of pre-eclampsia and intrauterine growth restriction in high-risk women
identified by abnormal uterine artery flow (Study II).
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MATERIALS AND METHODS

Patients and study design for the free fatty acid profiles in the preeclampsia study (Study I)
The study participants, 21 nulliparous, previously healthy pre-eclamptic women and 11
normotensive, non-proteinuric women, were recruited in the maternity clinics, the prenatal
clinic and the antenatal ward of Helsinki University Central Hospital between January 1996
and February 1998. Patients with severe pre-eclampsia were not included. At examination, the
range of gestational ages was 32.3-39.3 (median 36.4) in the pre-eclamptic women and 29.038.3 (median 34.4) in the control group. There were no differences in the pre-pregnancy BMI
and weight gain.
Measurements
FFAs were measured in conjunction with a 75 mg oral glucose tolerance test, with serum
samples collected at baseline and at 60 and 120 min. No women had gestational diabetes as
defined with concurrent Finnish criteria IDVWLQJPPRO/DWKPPRO/DWK
7.9 mmol/L).
As previously reported (19), the intravenous glucose tolerance test, using the minimal model
technique, was used to measure whole-body insulin sensitivity. A dose of glucose (0.3g/kg
glucose) was injected intravenously after overnight fast, followed by a bolus of insulin at 20
min (0.03IU/kg insulin). Blood samples were collected at baseline with 5-min interval, and 4,
6, 8, 10, 22, 29, 37, 67, 90, 180 min after administration of the glucose bolus. Insulin
sensitivity was evaluated from using disappearance curves of glucose and insulin with the
Minimal Model computer program and expressed in min-1 per ȝ8P/
FFA determinations
Lipids were first extracted from the serum samples using the Folch and Lees method. The
extract was dried and reconstituted in chloroform (E.Merck, Darmstadt, Germany). Then,
lipid extract was applied to separate small amino acid columns employing a Gilson automatic
sample pretreatment device (Middleton, Wisconsin, USA). The FFA fraction was eluted with
2% acetic acid in diethyl ether and ether fractions were then evaporated in vacuo and FFAs
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methylated with HCl-methanol reagent. Isolated FFAs were then determined employing a gas
chromatograph equipped with a FID detector.
Statistical analysis
Data were analyzed by using the SPSS 14.0 software program (SPSS Inc). FFA
concentrations were log transformed to attain normality. An independent-samples t-test was
used to calculate differences between subjects, and adjusted for gestational age and prepregnancy BMI by linear regression. A paired-sample t-test was used to calculate differences
within subjects. All P-values are two-sided.

PREDO - Prediction and prevention of pre-eclampsia Study Cohort
(Studies II-V)
The multidisciplinary PREDO Project ‘Prediction and Prevention of Pre-eclampsia’ has three
study arms: obstetric, genetic and psychological. The entire PREDO Project is described in a
Cohort Profile publication (235). This thesis is based on the obstetric arm, for which we
recruited 947 women with risk factors for pre-eclampsia and 117 pregnant women without
known risk factors as a comparison group at 12+0 to 13+6 weeks of gestation between
September 2005 and December 2009. We refer to these groups as high-risk and a control
group, respectively. The psychological arm includes an additional subsample of 3698 women
who were enrolled regardless of their risk status (236-238). The development and health of
the children is being followed up (239-241), however that data is not part of this thesis. The
recruitment took place when these women attended the first ultrasound screening in one of the
ten hospital maternity clinics participating in the PREDO Project; Women’s Hospital,
Kätilöopisto Maternity Hospital and Jorvi Hospital in Helsinki University Central Hospital,
Kanta-Häme Central Hospital, Päijät-Häme Central Hospital, Tampere University Hospital,
Kuopio University Hospital, Northern Karelia Central Hospital, Hyvinkää Hospital and
Iisalmi Hospital. Table 6 illustrates the number of participants recruited from each hospital.
We also enrolled the spouse of each study participant (biological father of the child) for the
genetic arm. The flow-chart of Studies II-V of this thesis is shown in Figure 6.
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Table 6.
Number of participants recruited from each hospital
Hospitals in PREDO Project

Number of participants
recruited

Helsinki University Central Hospital:
Women’s Hospitai
Kätilöopisto Maternity Hospital
Jorvi Hospital
Other hospitals:

402
292
112

Hyvinkää Hospital
Kanta-Häme Central Hospital
Päijät-Häme Central Hospital
Tampere University Hospital
Kuopio University Hospital
Northern Karelia Central Hospital
Iisalmi Hospital

52
28
12
16
80
50
38

Figure 6. Flow chart of Studies II-V. These studies are part of the Prediction and Prevention of
Pre-eclampsia (PREDO) Project.

PE = pre-eclampsia, ASA = aspirin, CH = chronic hypertension
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Inclusion and exclusion criteria and definitions
The inclusion and exclusion criteria of the at-risk group of women in the PREDO cohort in
Table 7. Women with one or more risk factors for pre-eclampsia were invited to participate
unless any of the exclusion criteria were present.
Table 7. Inclusion and exclusion criteria in women recruited in the at-risk group of the
PREDO Project
Inclusion criteria
Age under 20 or age over 40
Obesity (BMI over 30 kg/m2)
Chronic hypertension
Sjögren’s syndrome, lupus erythematosus
A history of one of the following conditions:
Gestational diabetes
Pre-eclampsia
Small for gestational age (birthweight < -2 SD)
Fetus mortus (fetal death after 22 weeks of gestation or > 500 g weight in a previous pregnancy)
Exclusion criteria
Allergy to aspirin, tobacco smoking (during pregnancy), multiple pregnancy
A history of one of the following: asthma, peptic ulcer, placental ablation, inflammatory bowel
disease (Crohn’s disease, colitis ulcerosa), rheumatoid arthritis, haemophilia or thrombophilia
(previous venous or pulmonary thrombosis or coagulation abnormality)
BMI = body mass index, SD = standard deviation

Samples collected
Blood and urine samples were collected at 12+0 to 13+6, 18+0 to 20+0 and 26+0 to 28+0 weeks of
gestation and stored at -80°C.
Ultrasound measurements
We measured uterine artery blood flow by colour Doppler ultrasound transvaginally from all
participants at 12+0 to 13+6 weeks of gestation. We identified the uterine artery at the level of
the internal cervical os as it approaches the uterus laterally. Women who had a bilateral prediastolic second-degree notch were allocated to the medication group. Women who did not
fulfil the criteria for the medication group were allocated into follow-up groups. Those
women who did not have any of the inclusion criteria and who did not have a bilateral second
degree pre-diastolic notch in the uterine artery blood flow examination were recruited into the
control group.
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Outcomes
Outcome diagnoses of the PREDO cohort were: pre-eclampsia (systolic blood pressure 
PP+J RU GLDVWROLF  PP+J DQG SURWHLQXULD   JGD\ RU dipstick equivalent in two
consecutive measurements), severe pre-eclampsia (V\VWROLF EORRG SUHVVXUH  PP+J RU
GLDVWROLF EORRG SUHVVXUH   PP+J RU SURWHLQXULD  JGD\ , early-onset pre-eclampsia
(diagnosis < 34+0 gestation), CHT (blood pressure  140/90 mmHg or medication for
hypertension before 20 weeks of gestation), gestational hypertension (systolic blood pressure
  PP+J RU GLDVWROLF EORRG SUHVVXUH  PP+J DIWHU th weeks of gestation without
proteinuria), gestational diabetes (diet treated/ insulin treated), HELLP -syndrome, eclampsia,
SGA (< -2 standard deviation (SD), birthweight SD score as a continuous variable calculated
according to Finnish standards (242)), normal pregnancy, and fetus mortus (fetal death after
22weeks of gestation or >500g weight) in a previous pregnancy. Each individual outcome
diagnosis was determined by a jury, which consist of two physicians and a study nurse, who
met face-to-face and reviewed the hospital and maternity clinic records of each participant.

Patients and methods for the cluster analysis (Study IV)
Participants and outcomes
Those 903 women who had risk factors for pre-eclampsia were included in the cluster
analysis. Women (n=69) who were randomised to receive low-dose aspirin were excluded
from this substudy.
Primary outcomes for the study were pre-eclampsia EORRGSUHVVXUHPP+JDW two
FRQVHFXWLYH PHDVXUHPHQWV DQG SURWHLQXULD   JKRXUV (4), gestational hypertension
(new onset hypertension after 20 weeks of gestation, without proteinuria), and birth weight
SD score as a continuous variable calculated according to Finnish standards (242).
Secondary outcomes were early-onset pre-eclampsia (delivery before 34+0 weeks of
gestation), late-onset pre-eclampsia (delivery at or after 34+0 weeks of gestation), preterm preeclampsia (delivery before 37+0 weeks of gestation), term pre-eclampsia (delivery at or after
37+0 weeks of gestation), intermediate pre-eclampsia (delivery between 34+0-36+6 weeks of
gestation), severe pre-HFODPSVLD EORRG SUHVVXUH  PP+J V\VWROLF DQGRU  PP+J
GLDVWROLF DQGRU SURWHLQXULD   JKRXUV  6*$ ELUWKZHLJKW -2SD), gestational diabetes
(diet or insulin treated), CHT ( PP+J RU PHGLFDWLRQ IRU K\SHUWHQVLRQ EHIRUH 
weeks of gestation), HELLP syndrome and fetal demise (fetal death after 22nd gestational
week or over 500g weight).

49

Methods
We applied a Bayesian clustering algorithm based on mixtures of binary variables, see, e.g.
(243) using an implementation available in the Bayesian Analysis of Population Structure
(BAPS) software (244) to classify the study participants on the basis of their risk factors. The
algorithm detected 25 clusters, corresponding to different risk factor combinations. For each
cluster detected, we computed the risk ratio of each disease outcome, relative to the risk in the
general population. The significance and CIs of the risks in the different clusters were
computed using the exact binomial test (function binom.test in the R software). The false
discovery rates (FDR) were computed using the function p.adjust in R.
The risk for pre-eclampsia and its subtypes in the general Finnish population for these
outcomes were estimated according to data from the National Institute for Health and Welfare
registers (Medical Birth Register and Care Register for Health Care) from the year 2013; preeclampsia 2.5% (of those 24% severe, 8% early-onset, 15% intermediate, 77% term, 23%
preterm) with frequences obtained by request from the register authorities, and gestational
hypertension 4.4%, SGA 2.3%, and gestational diabetes 9%.

Vasoactive agents for the prediction of early- and late-onset pre-eclampsia
(Study III)
Subcohort
In this substudy we included 26 women with risk factors for pre-eclampsia who eventually
developed the disease. The first control group was formed from 26 women with risk factors
for pre-eclampsia who did not develop the disease. They were chosen by computerised
randomization. The second control group was formed with 53 women without clinical risk
factors and without pre-eclamptic pregnancy. One woman without risk factors was included
in the pre-eclampsia group, since she developed the disease.
Sample collection and assays
Serum samples from all three trimesters were included in the analysis. Serum sFlt-1 and PlGF
concentrations were determined with an automated ElecSys 2010 immunoanalyzer (Roche
Diagnostics, Germany).
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Statistical analysis
Data were analysed with the SPSS 19.0 program. For comparisons between groups Student ttests and analysis of variances (ANOVA) were used as appropriate. For multiple comparisons
Bonferroni adjustment was used. The nonparametric Kruskal-Wallis test was used since the
sizes of the groups differed and for correction: post hoc test pairwise comparisons with
adjusted significance and to compare concentrations (PlGF and sFlt-1) and the sFlt-1/PlGF
ratio between the four groups.
The change in the concentration (PlGF and sFlt-1) or ratio (sFlt-1/PlGF) between
measurements was calculated for each individual and for comparison of sequential changes
between the first and second, and the second and third measurement. For comparison of these
changes between the four study groups the non-parametrical Kruskal-Wallis test was used. To
determine the predictive value of PlGF and the sFlt-1/PlGF ratio at the second and third
measurement point, receiver -operating characteristic (ROC) analysis was performed.

Patients and methods for the analysis of predisposing factors of
superimposed pre-eclampsia in chronic hypertension (Study V)
All women of the PREDO project with CHT were included in this substudy and those healthy
controls with the greatest sample availability. Samples from the entire cohort (522 samples
from 90 women with CHT and 90 healthy controls at 3 timepoints) were analysed for plasma
markers of placental function (PlGF), maternal cardiac function (B-type natriuretic peptide;
BNP) and renal tubular injury (neutrophil gelatinase-associated lipocalin; NGAL).
Nested case-control study
Additional markers were measured in a nested case-control study using samples which were
available at all visits from 12 women who developed superimposed pre-eclampsia, 24 women
with CHT who did not develop superimposed pre-eclampsia matched for BMI and age and 24
randomly selected healthy controls. There were no demographic differences between control
women who were included or excluded from the case-control study.
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Validation cohort
Concentrations of plasma biomarkers that were significantly different between women with
and without superimposed pre-eclampsia were validated in a second cohort of women with
CHT and/or chronic kidney disease (CKD) with and without superimposed pre-eclampsia (at
time of diagnosis), women with pre-eclampsia without pre-existing disease and healthy
controls (245).
Biochemical analysis
Analysed biomarkers and methods used in Table 8.
Table 8. Measured biomarkers and methods used
Functional
entity
Endothelial
function

Sub entity

Biomarker measured

Method

Glycocalyx

Syndecan-1

ELISA

Plasma-free sialic acid

Chromatographic stable isotope
dilution electrospray (MSMS)
method
MSMS method

Functional
markers
Cardiac
function
Renal
function

Plasma asymmetric
dimethylarginine (ADMA)
Urine albumin
Plasma B-type natriuretic
peptide (BNP)
Plasma symmetric
dimethylarginine (SDMA)
Plasma cystatin C
Plasma neutrophil gelatinaseassociated lipocalin (NGAL)
Urine and plasma N-acetyl-E-D
glucosaminidase (NAG)
activity
Urine retinol binding protein
(RBP)
Placental growth factor (PlGF)

Laser nephelometric
immunoassay
Triage CardioRenal Test (Alere)
MSMS method
Particle-enhanced laser
nephelometric immunoassay
Triage CardioRenal Test
LC electrospray MSMS
Particle-enhanced laser
nephelometric immunoassay
Triage PlGF Test

Placental
function
ELISA = the enzyme-linked immunosorbent assay, MSMS = tandem mass spectronomic method, LC =
liquid chromatography

Statistical analysis
Demographic data are presented as medians (interquartile range, IQR) or frequencies
(percentages). A Q-Q plot was used to explore distribution normality, and logarithmic
transformations were used where appropriate. T-tests or the Mann-Whitney test were used to
compare parametric and non-parametric differences between groups, respectively, and
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Fisher’s exact test for contingency tables. To avoid multiple testing of the same hypothesis,
data were corrected for inclusion of women who had provided multiple samples, using
interval regression analysis with random-effect modeling for individual clustering.
Relationships between biomarkers, maternal age, and BMI was examined with Spearman’s
correlation.
ROC areas were used for comparison of potential predictive performance of biomarkers for
development of superimposed pre-eclampsia.
Sample size calculation
A sample size of 12 cases and 24 controls was calculated as adequate to detect a one SD
difference in means of the concentration of any biomarker between cases and controls to give
81% power at the 5% significance level.

Aspirin in the prevention of pre-eclampsia – aspirin trial and metaanalysis (Study II)
Randomisation and blinding
This was a randomised placebo-controlled double-blinded trial. Randomisation was
performed by the Tampere University Hospital Pharmacy. Aspirin and placebo tablets were
prepared by a pharmaceutical company, as a paid service (Orion, Espoo Finland). Women
with one or more risk factors (inclusion criteria Table 7) and bilateral second degree uterine
artery notch were randomized to 100 mg per day aspirin or placebo from 12th to 35th weeks of
gestation.
Primary and secondary outcomes of the aspirin trial are presented in Table 9.
Table 9. Outcomes in the aspirin trial
Primary outcomes
Pre-eclampsia (blood pressure PP+JV\VWROLFRUPP+JGLDVWROLFDQGSURWHLQXULD3 g/24
hours or dipstick equivalent in two consecutive measurements)
Gestational hypertension
Secondary outcomes
Early-onset pre-eclampsia (diagnosed before 34+0 weeks of gestation)
Preterm pre-eclampsia (diagnosed before 37+0 weeks of gestation)
Severe pre-eclampsia (blood pressure PP+JV\VWROLFRUPP+JGLDVWROLFDQGSURWHLQXULD
5.0 g/24 hours
Small for gestational age fetus (birthweight <-2 SD)
Severe diagnosis (early-onset pre-eclampsia and/or severe pre-eclampsia and/or SGA fetus)
SD = standard deviation
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Meta-analysis
All prospective, randomised, controlled trials, that met the following criteria were included in
the meta-analysis: 1) included women that had abnormal uterine artery Doppler flow
velocimetry measurements and 2) aspirin started at or before the 16th week of gestation with
doses between 50 and 150 mg/day. The control group had to be allocated to either on placebo
or no treatment. Through the literature search, we identified 1414 eligible studies. Only two
studies (246,247) fulfilled the abovementioned inclusion criteria in addition to our study. The
results were available for a total of 346 women.
The outcome measures for the meta-analysis were pre-eclampsia, severe pre-eclampsia,
preterm and term pre-eclampsia.

Statistical methods
Continuous variables were tested for normality. Highest proteinuria values were log
transformed to attain normality. Independent sample t-tests were used for continuous
YDULDEOHVEHWZHHQVWXG\JURXSVDQGȤWHVWs for categorical variables. Two-tailed P-values less
than 0.05 were considered statistically significant. To compare the risk of each outcome
between the aspirin and placebo groups RRs were calculated.
We expected an incidence of 25% for pre-eclampsia among the study participants based on a
previous study (246). We calculated that with a power of 0.80 and an alpha of 0.05 we would
be able to confirm or exclude a reduction in incidence to 10% in groups of 80 participants
each. For groups of 60 and 61 participants, which was the number included in the analysis,
the corresponding power is 0.62.
Studies included in the meta-analysis were combined and analysed using Comprehensive
Meta-analysis V 2.0 software (Biostat Inc., Englewood, NJ, USA). Individual RRs were
calculated for each study, and pooled for global analysis with 95% confidence intervals (CI).
In case of heterogeneity global RR were calculated according to Der Simmonian and Laird
random effect models. Heterogeneity between studies was analysed with Higgins’ I2 and
considered to be high if over 50%. Since heterogeneity for both term and preterm preeclampsia was 75%, a random effects models was used for all outcomes. For pre-eclampsia,
heterogeneity was 14%, and for severe pre-eclampsia, it was 0%. Because of the small
number of studies, a funnel plot analysis to assess publication bias was not conducted.

54

RESULTS
Free fatty acid profiles in pre-eclampsia (Study I)
Total FFA concentrations
Total FFA concentrations at baseline were 67% higher in pre-HFODPSWLF ȝPROO WKDQLn
normotensive pregnancies  ȝPROO  (P = 0.0002) (Table 10). This difference was no
longer significant after an oral glucose load, which at 2 h had reduced FFA concentrations by
40% in pre-eclamptic women, but only 24% in control women (P for interaction = 0.084).
Table 10. Free fatty acids in women with pre-eclampsia and normotensive pregnant women at
baseline and at 2 hours after oral glucose intolerance test.

Total free fatty acids
Baseline
2h
Myristic acid (14:0)
Baseline
2h
Palmitic acid (16:0)
Baseline
2h
Palmitoleic acid (16:1
n-7)
Baseline
2h
Stearic acid (18:0)
Baseline
2h
Oleic acid (18:1 n-9)
Baseline
2h
Linoleic acid (18:2 n6)
Baseline
2h
Arachidonic acid
(20:4 n-6)
Baseline
2h

Preeclampsia
geometric
mean
ȝPROO

Normotesive
geometric
mean
ȝPROO

Mean
difference %
(95%
confidence
interval)

P-value

P-value,
adjusted by
BMI and
gestational
diabetes

569.4
342.7

341.7
259.3

67 (30; 114)
32 (-4; 82)

0.0002
0.08

0.003
0.04

19.8
12.1

22.3
20.4

-12 (-32; 6)
-41 (-59; 13)

0.36
0.009

0.73
0.04

173.0
116.8

112.7
92.6

48 (4; 110)
-14 (-37; 16)

0.03
0.31

0.06
0.53

24.0
9.0

16.3
10.5

48 (4; 110)
-14 (-37; 16)

0.03
0.31

0.06
0.53

65.1
47.3

47.0
45.9

39 (5; 83)
3 (-29; 50)

0.02
0.88

0.51
0.82

171.1
81.4

97.8
67.1

75 (33; 131)
21 (-11, 66)

0.0002
0.22

0.003
0.62

70.4
41.7

30.8
16.9

129 (61; 225)
146 (55; 291)

<0.0001
0.0004

0.0005
0.003

12.4
7.9

3.0
2.7

315 (130; 664)
193 (59; 440)

<0.0001
0.001

0.001
0.02

BMI = body mass index
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Individual FFA concentrations
Table 10 shows the concentrations of total and individual FFAs at baseline and at 2 h. At
baseline, the concentrations of individual FFAs were all higher in women with pre-eclampsia,
with the exception of myristic acid. The differences between pre-eclamptic and normotensive
pregnancies were largest in the concentrations of the oleic (75%), linoleic (129%) and
arachidonic (315%) acids. After the oral glucose tolerance test, the concentrations of linoleic
and arachidonic acids remained significantly higher in women with pre-eclampsia, whereas
myristic acid concentrations were lower. After adjusting for BMI before pregnancy and
gestational age the differences of FFA concentrations between pre-eclamptic and control
subjects remained similar.
There was a group of FFAs, which were not identified. The concentration of undetermined
FFAs was 5.9% in the pre-eclamptic group and 3.4% in the control group.
FFA concentrations and insulin sensitivity
Insulin sensitivity in pre-eclamptic women was 37% lower (P=0.009) than in control women
as previously reported (20).

Cluster analysis in the prediction of pre-eclampsia (Study IV)
Of the 903 women with risk factors for pre-eclampsia, 86 (9.5%) developed the disease. Of
those with pre-eclampsia, 10 (11.6%) had early-onset disease and 36 (41.9%) severe disease.
465 women (51.5%) did not meet any of the primary or secondary outcome criteria, whereas
438 (48.5%) had one or more of these pregnancy complications.
In the control group of 110 women without risk factors, 2 developed pre-eclampsia (1 of them
severe and the other non-severe late-onset pre-eclampsia). Of women in the healthy control
group, 87% did not meet any of our primary or secondary outcome criteria.
Women with pre-eclampsia in a previous pregnancy, CHT, a SGA newborn, or type 1
diabetes mellitus were at high risk of early-onset, severe, preterm and intermediate preeclampsia. Pre-eclampsia in a previous pregnancy and obesity (BMI over 30 kg/m2) were the
most important single risk factors for term pre-eclampsia. Obese women had an increased risk
of any (Odds ratio (OR) 2.1, 95% CI 1.1-3.6), term (OR 2.3, 95% CI 1.1-4.2) and severe (OR
5.2, 95% CI 2.1-10.5) pre-eclampsia. No association with preterm or early-onset preeclampsia was observed. Obesity combined with other risk factors, CHT, and type 1 diabetes
mellitus further increased the risk of pre-eclampsia. Type 1 diabetes mellitus without other
risk factors increased the risk of preterm, but not term pre-eclampsia. Age over 40 or under 20
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in a healthy woman without other risk factors did not increase the risk of pre-eclampsia in our
cohort. Systemic lupus erythematosus was an inclusion criterion for 4 women and Sjögren’s
syndrome for 13 women. None developed pre-eclampsia. Women with pre-eclampsia
significantly more often had labour induced or caesarean sections, and their newborns had
lower Apgar scores.
The risk of pre-eclampsia increased exponentially (linearly on the logarithmic scale) as the
number of risk factors increased.

Vasoactive agents in the prediction of pre-eclampsia (Study III)
We studied PlGF and sFlt-1 (also known as VEGF-1) and the sFlt-1/PlGF ratio in 3
timepoints (12-14, 18-20 and 26-28 weeks of gestation) in 53 women with high pre-eclampsia
risk and 53 healthy controls. From these women, 27 developed pre-eclampsia, 6 early-onset
and 21 late-onset forms of the disease.
PlGF
There were no significant differences in PlGF concentrations between early-onset, late-onset
and control groups in the first trimester. By 18th to 20th weeks of gestation, significant
differences in PlGF concentrations occurred between those who developed early-onset preeclampsia and those who developed late-onset pre-eclampsia and controls without risk factors
for pre-eclampsia (Table 11).
Table 11. Concentrations of placental growth factor (PlGF) in the three measurements during
pregnancy
Weeks + days
of gestation
12+0 to 14+0
+0

18 to 20

+0

26+0 to 28+0

Early-onset preeclampsia
(n=6)
29.4

Late-onset preeclampsia
(n=21)
35.3

Controls with
risk factors
(n=26)
37.9

Controls without
risk
factors(n=53)
40.9

(21.0-41.1)

(30.0-41.3)

(31.6-45.5)

(35.3-47.3)

71.9

136.7

132.4

137.3

(52.8-98.1)*

(112.7-165.8)

(113.8-154.0)

(120.9-155.9)

44.6

274.2

271.5

383.8

(25.6-77.8)*

(222.4-338.1)

(224-9-327.6)

(332.3-443.3)

Concentrations (geometric mean, 95% confidence interval) of PlGF in all four study groups.
*P < 0.05 compared to late-onset pre-eclampsia, controls with risk factors and without risk factors
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sFlt-1
There were no significant differences in sFlt-1 concentrations between early-onset, late-onset
and control groups in the first and second trimester. sFlt-1 was higher at the third
measurement (26-28 weeks of gestation) in those women who developed early-onset preeclampsia (Table 12). sFlt-1 concentrations were higher at all three timepoints in women who
developed severe, late-onset pre-eclampsia than in women who developed non-severe, lateonset pre-eclampsia.
Table 12. Concentrations of soluble vascular endothelial growth factor receptor (sFlt-1) in the
three measurements during pregnancy
Weeks +
days of
gestation
12+0 to 14+0
+0

18 to 20

Early-onset preeclampsia
(n=6)
1006.7

Late-onset preeclampsia
(n=21)
924.5

Controls with
risk factors
(n=26)
930.7

Controls without
risk factors
(n=53)
1020.0

(715.0-1417.8)

(760.3-1124.3)

(803.2-1078.4)

(875.0-1189.0)

1147.1

918.1

922.1

969.8

(592.2-2221.3)

(772.9-1090.7)

(748.4-1143.9)

(831.8-1128.3)

4847.3*

1054.4

1034.9

1141.3

(1318.6-17819.2)

(887.2-1252.9)

(876.2-1222.4)

(975.9-1334.8)

+0

26+0 to 28+0

Concentrations (geometric mean, 95% confidence interval) of sFlt-1 all four study groups.
*P < 0.05 compared to late-onset pre-eclampsia, controls with risk factors and without risk factors

sFlt-1/PlGF ratio
The ratio of sFlt-1/PlGF was higher at 26-28 weeks of gestation in the group of women who
later developed early-onset pre-eclampsia (Table 13). The sFlt-1/PlGF ratio separated women
who developed early-onset pre-eclampsia from other pre-eclamptics and controls explicitly.
According to our study, all women who developed early onset pre-eclampsia could be
identified 4.0 to 6.3 weeks before clinical diagnosis of the disease.
Table 13. Soluble vascular endothelial factor receptor-1 (sFlt-1) and placental growth factor
(PlGF) ratio (sFlt-1/PlGF ratio) in the three measurements during pregnancy
Weeks + days
of gestation
12+0 to 14+0

Early-onset preeclampsia
(n=6)
34.4 (22.2-53.3)

Late-onset preeclampsia
(n=21)
26.6 (21.3-33.2)

Controls with
risk factors
(n=26)
24.8 (19.7-30.5)

Controls without
risk factors
(n=53)
25.9 (22.3-28.0)

18+0 to 20+0

15.9 (6.6-38.8)

6.7 (5.2-8.7)

6.9 (5.3-8.9)

7.1 (6.1-8.2)

26+0 to 28+0

108.8*

4.0

3.8

3.0

(49.5-292.1)

(3.0-5.4)

(3.0-4.9)

(2.5-3.6)

Concentrations (geometric mean, 95% confidence interval) of the sFlt-1/PlGF ratio placental growth
factor in all four study groups.
*P < 0.05 compared to late-onset pre-eclampsia, controls with risk factors and without risk factors.
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The role of maternal and placental factors in the risk of superimposed preeclampsia in chronic hypertension (Study V)
Biomarker data in women with CHT with and without superimposed pre-eclampsia
Plasma syndecan-1 concentrations were lower at 26+0-27+6 weeks (p = 0.03) in women who
subsequently developed superimposed pre-eclampsia compared to women with CHT without
superimposed pre-eclampsia. This was not seen at earlier gestational timepoints, nor was
there any difference over the assessed gestational age range between women with CHT and
healthy controls.
Plasma PlGF concentrations (across gestation) were lower in women with CHT who
developed superimposed pre-eclampsia compared to those who did not (p = 0.002) and was
also discriminatory for superimposed pre-eclampsia at 26+0-27+6 weeks (p < 0.0001).
The ACR was elevated (across gestation) in women with CHT who subsequently developed
superimposed pre-eclampsia compared with women with CHT (p = 0.007) or healthy controls
(p = 0.002), and discriminated between women with CHT who did and did not develop
superimposed pre-eclampsia at 12+0-13+6 and 26+0-27+6 weeks (p = 0.009 and p = 0.006
respectively).
There were no differences in any other marker between women with CHT who did and did
not develop superimposed pre-eclampsia.
Comparisons between women with CHT without superimposed pre-eclampsia and
healthy controls
Plasma NGAL and serum cystatin C concentrations were significantly higher across gestation
in women with CHT without superimposed pre-eclampsia than healthy controls (p < 0.0001
and p = 0.008 respectively).
Creatinine clearance was higher across gestation in women with CHT without superimposed
pre-eclampsia than healthy controls (p = 0.03).
There were no differences in PlGF concentrations between healthy controls and women with
CHT without superimposed pre-eclampsia, nor any other markers of cardiac, renal or
endothelial function.
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Gestational profile
PlGF concentrations increased with gestation in healthy controls and women with CHT with
and without superimposed pre-eclampsia (p < 0.0001), except between the second and third
timepoints in women who subsequently developed superimposed pre-eclampsia (p = 0.70).
Similarly, the syndecan-1 concentration also increased with gestation in healthy controls and
women with CHT without superimposed pre-eclampsia (p < 0.01).
Plasma sialic acid and N-acetyl-E-D glucosaminidase (NAG) concentrations also increased
with gestation (p < 0.0001), but there were no differences between healthy controls and those
with CHT with and without superimposed pre-eclampsia.
There were no changes with gestation in the ACR in healthy controls or women with CHT
who developed superimposed pre-eclampsia.
BNP concentrations fell as gestation advanced in women with CHT without superimposed
pre-eclampsia (p = 0.011) and healthy controls (p = 0.005) but did not decrease with gestation
in women with subsequent superimposed pre-eclampsia.
There were no changes with gestation in creatinine clearance in women with CHT without
superimposed pre-eclampsia or healthy controls, but women who developed superimposed
pre-eclampsia had a significant increase in creatinine clearance at 18+0-19+6 compared to 12+013+6 weeks (p = 0.007) and then lower values at 26+0-27+6 weeks ( p < 0.0001).
Women with CHT with and without superimposed pre-eclampsia demonstrated a decrease in
plasma symmetric dimethylarginine (SDMA) clearance at 26+0-27+6 compared to 18+0-19+6
weeks’ (p = 0.045 and p = 0.001 respectively), which was not evidenced in healthy controls.
Cystatin C concentrations increased with gestation in all groups (P<0.0001) with no
differences between groups.
There were significant increases in the urine NAG:creatinine ratio with gestation in healthy
control women (p < 0.0001) and women with CHT without superimposed pre-eclampsia (p <
0.0001); the change with gestation was less marked in women with CHT who developed
superimposed pre-eclampsia (26+0-27+6 vs 12+0-13+6 weeks, p = 0.034), but did not
discriminate between groups. Similarly, the urinary retinol binding protein (RBP):creatinine
ratio increased with gestation in all groups (p < 0.001), but no differences between subgroups
were seen.
There were no significant differences between groups or with gestation in plasma ADMA
concentrations or the SDMA:ADMA ratio.
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Prediction of superimposed pre-eclampsia
The highest observed ROC areas for the prediction of superimposed pre-eclampsia were for
ACR at 12+0-13+6 weeks 0.87 (95% CI 0.73-1.0) and PlGF at 26+0-27+6 weeks 0.78 (95% CI
0.55-1.00).
Validation cohort
Samples were taken at 37.1 weeks of gestation (interquartile range (IQR): 32.2, 38.3) for
women with CHT with superimposed pre-eclampsia, at 34.0 weeks (28.3, 37.3) for women
without superimposed pre-eclampsia, at 36.2 weeks (34.2, 38.1) for women with preeclampsia without pre-existing disease, and at 37.9 weeks (31.2, 39.2) for healthy controls.
PlGF concentrations were lower in women with superimposed pre-eclampsia than those with
CHT and/or CKD (p = 0.003), and in women with pre-eclampsia without pre-existing disease
compared with healthy controls (p < 0.001).
Syndecan-1 was lower with superimposed pre-eclampsia than those with CHT and/or CKD (p
= 0.001) and after adjustment for gestation remained significantly lower (p = 0.005).
Syndecan-1 was also lower in healthy controls than women with CHT and/or CKD without
superimposed pre-eclampsia (p = 0.045) and after adjustment for gestation (p = 0.045). There
were no differences in syndecan-1 concentrations (p = 0.615) between women with preeclampsia compared with healthy controls even after adjustment for gestation.
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Aspirin in the prevention of pre-eclampsia in high-risk women (Study II)

Of the recruited 947 women with risk factors for pre-eclampsia in the PREDO cohort, 152
(16.1%) were allocated into the aspirin trial since they had a bilateral second-degree diastolic
notch in the uterine artery flow examination.

Of the 152 randomised women initially

recruited into the aspirin trial, 121 were included in the final analysis. The baseline
characteristics of the 61 women randomly allocated into the aspirin group and 60 women in
the placebo group are presented in Table 14. Their pregnancy characteristics are presented in
Table 15.

Table 14. Baseline characteristics of the women in the aspirin trial
Characteristics

Aspirin group (n=61)

Placebo group (n=60)

30.8 (5.3)

31.0 (5.1)

BMI before pregnancy kg/m (SD)

27.9 (6.6)

29.7 (7.8)

Primiparous, n (%)

19 (26.2%)

9 (15.0%)

Elementary or less

3 (7.8%)

1 (2.4%)

High school or vocational school

7 (17.5%)

15 (35.7%)

Intermediate

13 (32.5%)

13 (31.0%)

University

17 (42.5%)

13 (31.0%)

Age years (SD)
2

Educational attainment

SD, standard deviation. BMI, body mass index. Continuous data presented as mean (SD).
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Table 15. Pregnancy characteristics of the women in the aspirin trial
Characteristics

Aspirin group

Placebo group

(n=61)

(n=60)

P-value

Before 20 weeks of gestation

4 (6.6%)

3 (5.0%)

After 20 weeks of gestation

7 (11.5%)

9 (15.0%)

11.7 (4.7)

12.1 (4.9)

0.6

10 (16.4%)

9 (15.0%)

0.6

Insulin

1 (1.6%)

3 (5.0%)

Oral glucose tolerance test performed

6 (9.8%)

5 (8.3%)

Highest systolic blood pressure, mmHg (SD)

142.5 (19.6)

146.2 (21.9)

0.3

Highest diastolic blood pressure, mmHg (SD)

92.1 (11.8)

95.1 (12.5)

0.2

3.3

1.3

0.1

47 (77.0%)

43 (71.7%)

0.8

Antihypertensive medication, n (%)

Weigh gain during pregnancy, kg (SD)

0.8

Gestational diabetes, n (%)
Diet

Highest proteinuria, g/day*
Mode of delivery, n (%)
Vaginal
Elective caesarean section
Caesarean section during labour
Apgar score at 5 min

3 (4.9%

3 (5.0%)

11 (18.0%)

14 (23.3%)

9.0 (0.8)

8.9 (0.8)

0.7

Umbilical artery pH below 7.15, ** n (%)

7 (12.5%)

4 (7.4%)

0.6

Newborn birthweight, g (SD)

3413 (630)

3321 (871)

0.5

Placental weight, g (SD)

602 (131)

585 (150)

0.5

Continuous data presented as mean (standard deviation, SD).
* Geometric mean
** No umbilical artery pH was below 7.00

Of those 31 women who discontinued the study, 4 had a miscarriage (3 in the aspirin group
and 1 in the placebo group). Eleven women were lost to follow-up or discontinued for various
nonmedical reasons (7 of these were in the aspirin group and 4 in the placebo group). Five
women decided to discontinue the aspirin trial because of a medical condition (3 of these
women were in the placebo group and 2 in the aspirin group). Eleven participants were
additionally excluded from the analysis because of noncompliance with the study protocol.
The pregnancy outcome for all of these 31 discontinued women is known. We conducted an
intention-to-treat analysis, in which we included all randomised women, except the ones who
miscarried. The results of the intention-to-treat analysis did not differ from the analysis made
without the excluded women.
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Primary outcomes in the aspirin trial
Primary outcomes are shown in Table 16. Altogether 19 (15.7%) women were diagnosed with
pre-eclampsia, 8 in the aspirin group and 11 in the placebo group (RR 0.7, 95% CI 0.3-1.7).
Sixteen women were diagnosed with gestational hypertension, 10 in the aspirin and 6 in the
placebo group (RR 1.6, 95% CI 0.6-4.2). The birthweight SD score in the aspirin group
was -0.1 (SD = 1.1) and in the placebo group -0.3 (1.3) (P = 0.3).
Table 16. Study outcomes in aspirin and placebo groups, and relative risk (RR) with
95% confidence intervals (CI) for each outcome
Aspirin
n=61

Placebo
n=60

RR

95%CI

Pre-eclampsia

8 (13.1%)

11 (18.3%)

0.7

0.3-1.7

Gestational hypertension

10 (16.4%)

6 (10.0%)

1.6

0.6-4.2

Early-onset pre-eclampsia

1 (1.6%)

4 (6.7%)

0.2

0.03-2.1

Preterm pre-eclampsia

3 (4.9%)

5 (8.3%)

0.6

0.2-2.4

Severe pre-eclampsia

3 (4.9%)

8 (13.3%)

0.4

0.1-1.3

Small for gestational age

2 (3.3%)

6 (10.0%)

0.3

0.1-1.6

Severe diagnosis

4 (6.6%)

10 (16.7%)

0.4

0.1-1.2

Primary outcomes

Secondary outcomes

Early-onset pre-eclampsia = diagnosed before 34+0
Preterm pre-eclampsia = diagnosed before 37+0
Severe pre-eclampsia = bORRGSUHVVXUHV\VWROLFDQGRUGLDVWROLFDQGRU
SURWHLQXULDJKRXU
Small for gestational age = birthweight < -2 SD
Severe diagnosis = early-onser pre-eclampsia and/or severe pre-eclampsia and/or small for
gestational age

Secondary outcomes in the aspirin trial
Secondary outcomes are shown in Table 16. There was one woman with early-onset preeclampsia in the aspirin group and four in the placebo group (RR 0.2, 95% CI 0.03-2.1).
Severe pre-eclampsia was diagnosed in three women in the aspirin group and eight women in
the placebo group (RR 0.4, 95% CI 0.1-1.3). In the aspirin group two newborns were
diagnosed as SGA compared with six in the placebo group (RR 0.3, 95% CI 0.1-1.6). These
diagnoses were, in part, seen in the same participants. Four women in the aspirin group and
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ten in the placebo group had one or more of these severe diagnoses (early-onset pre-eclampsia
and/or severe pre-eclampsia and/or SGA) (RR 0.4, 95% CI 0.1-1.2). Three women in the
aspirin group and five in the placebo group (RR 0.6, 95% CI 0.2-2.4) developed preterm preeclampsia (diagnosed before 37+0 weeks of gestation). Mean gestational age in the aspirin
group was 39.1 weeks (SD = 0.8) and in the placebo group 38.9 (SD = 3.0) (P = 0.6). None of
these differences were statistically significant. One woman in the placebo group had HELPP
syndrome with early-onset pre-eclampsia. None had eclampsia.
Among the 795 women with clinical risk factors who were included in the follow-up groups,
but whose uterine artery Doppler ultrasound waveforms did not fulfil the criteria of the
aspirin trial, 66 (8.3%) women developed pre-eclampsia, 24 (3.0%) of these were diagnosed
with severe pre-eclampsia and 16 (2.0%) with early-onset pre-eclampsia. Eighty-nine women
were diagnosed with gestational hypertension (11.1%). Twenty-four (3.0%) newborns were
born SGA and ten (1.3%) women both gave birth to an SGA newborn and were diagnosed
with pre-eclampsia. In the control group of 110 women without known risk factors for preeclampsia, two (1.8%) developed pre-eclampsia.
Adverse effects
One participant reported sudden deafness in one ear at 24 weeks of gestation. The medication
was discontinued and her randomisation code was opened: this participant had received
placebo. No other adverse effects were reported.
Results of the meta-analysis
The meta-analysis included two additional studies (246,248). In the meta-analysis aspirin
started at or before 16 weeks of gestation in women with abnormal uterine artery
measurements, as an indication of increased risk, aspirin significantly reduced the risk of preeclampsia (RR 0.6, 95% CI 0.37-0.83), and severe pre-eclampsia (RR 0.3, 95% CI 0.11-0.69).
Aspirin did not reduce the risk of preterm (RR 0.2, 95% CI 0.02-1.26) or term pre-eclampsia
(RR 1.0, 95% CI 0.25-4.26).
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DISCUSSION

Main findings
In our cohort, 10.0% of the women with and 1.8% of the women without known risk factors
developed pre-eclampsia. Of all pre-eclamptic women, 22.3% had early-onset pre-eclampsia.
The most important risk factors for severe and preterm pre-eclampsia in our cohort were preeclampsia or an SGA newborn in a previous pregnancy, CHT, and type 1 diabetes mellitus.
Pre-eclampsia in a previous pregnancy was the most important risk factor for term preeclampsia. Obesity increased the risk for term pre-eclampsia and severe pre-eclampsia. Term
and preterm pre-eclampsia had different risk profiles. The more risk factors a pregnant
woman had, the stronger her risk of developing pre-eclampsia was. The risk increased
exponentially as the number of risk factors increased.
We found that pre-eclamptic women had higher circulating FFA concentrations, which,
despite insulin resistance, were suppressed by oral glucose loading. Arachidonic, linoleic,
oleic and palmitic acids were higher in pre-eclamptic women compared to controls. This may
have an important role in the endothelial cell dysfunction seen in pre-eclampsia, and may also
have a role in disturbance of the prostaglandin metabolism, which is associated with preeclampsia.
In the group of women with CHT, 15% developed superimposed pre-eclampsia. As an
implication of endothelial dysfunction and reduced placental angiogenic capacity, these
women had reduced syndecan-1 and PlGF concentrations and an elevated overnight
urine:creatine ratio compared to hypertensive women who did not develop pre-eclampsia and
controls without CHT. No differences between groups appeared in renal tubular or cardiac
function. Findings of endothelial dysfunction and reduced placental angiogenic capacity are
likely predisposing factors for superimposed pre-eclampsia in pregnant women with
hypertension.
In our cohort, we showed that PlGF can be used in the prediction of early-onset pre-eclampsia
from the 18th to 20th weeks of gestation and the sFlt-1/PlGF ratio from the 26th to 28th weeks
of gestation. From 26 weeks of gestation, the sFlt-1/PlGF ratio was able to identify all women
who later had early-onset pre-eclampsia, without false positives. We also found that serum
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sFlt-1 is already significantly elevated in the first trimester in women who developed lateonset, severe pre-eclampsia compared to those who developed late-onset, non-severe preeclampsia.
Our placebo-controlled randomized aspirin trial was limited by a small sample size. Of the
women who had risk factors for pre-eclampsia, 16.1% were estimated to be high-risk by
second degree diastolic notches in the uterine artery velocity waveforms and were randomised
in the aspirin trial. In the placebo group, 18.3% developed pre-eclampsia in comparison to
13.1% in the medication group. Although both early-onset and severe pre-eclampsia and SGA
infants were more common in the placebo group than in the low-dose aspirin group, the
differences between the two study groups were not significant. For the difference to be
significant, the risk ratio in the early-onset group needed to be 0.12, instead of 0.2. We
conducted a meta-analysis of similar studies, and according to that, low-dose aspirin started at
or before the 16th gestational week prevents pre-eclampsia and severe pre-eclampsia, with
number needed to treat (NNT) 6 and 12, respectively.

Strengths and limitations of the study
The strengths of the study include the well-characterized study cohorts. In the study of FFA
profiles (Study I) the case and control groups were relatively homogenous, women with
gestational diabetes were excluded, and insulin sensitivity was assessed by an intravenous
glucose tolerance test. The sample size of the study was limited due to the labor-intensive
design. Moreover, we did not measure FFA in cord blood, which would have added on the
provided information on FFA metabolism from the fetal side of the placenta.
The PREDO study cohort used in studies II-V consists of prospectively recruited women with
risk factors for pre-eclampsia and controls without known risk factors. However, the number
of women who developed pre-eclampsia was rather small, even though we studied women
with increased risk of pre-eclampsia. The aspirin trial (Study II) was limited because of the
relatively small sample size. The main reason for that was the use of second-degree uterine
artery notch as a criterion in selecting women in the medication group. Our objective was to
distinguish women with the highest risk, however, the number of women who fulfilled this
inclusion criterion was unexpectedly small, only 16%. Furthermore, the number of women
who developed pre-eclampsia was also unexpectedly small. The rationale for conducting the
meta-analysis was to incorporate the findings of our study with the scientific literature despite
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the small sample size. The high homogeneity for pre-eclampsia and severe pre-eclampsia
suggested valid findings.
We initiated the study of vasoactive markers (Study III) at a point when only some of the total
participants had final outcomes verified by the jury, which limited the available sample size.
Since we did not collect samples after the 30th week of gestation we were unable to study the
changes of the biomarkers in women who developed late-onset pre-eclampsia close to the
established disease.
For the cluster analysis (Study IV), we had limited information on the onset, severity and
recurrence of pre-eclampsia in the previous pregnancies. Therefore, we were unable to
incorporate this information of possible previous pre-eclampsia in estimating the risk.
In the study of predisposing factors to superimposed pre-eclampsia (Study V), in vivo
assessment of function using cardiac indices, endothelial function and formal measurement of
glomerular filtration would have confirmed the relationship between pre-existing disease and
the development of superimposed pre-eclampsia.

Interpretation of the study
In the PREDO cohort 10.0% of the women with risk factors for pre-eclampsia developed the
disease. Of those, 11.6% had early-onset pre-eclampsia and 41.9% had severe disease. Half of
the women at risk met one or more of the primary or secondary outcome criteria. In contrast,
from 110 control women without known risk factors for pre-eclampsia, 2 developed preeclampsia (1 had severe and 1 non-severe late-onset pre-eclampsia). Of the control women,
87% did not meet any of the primary or secondary outcome criteria.
In our study, women who developed early-onset and/or severe pre-eclampsia had different
risk profiles compared to term pre-eclampsia. CHT was a stronger predictor of early-onset
and severe pre-eclampsia. The results were consistent with earlier studies (249). A preexisting endothelial dysfunction that predisposes to placental vascular insufficiency may
contribute to the development of superimposed pre-eclampsia in CHT. Maternal diabetesrelated vascular and metabolic dysfunction predisposes women with type I diabetes mellitus
to pre-eclampsia (250). In our cohort, women with type I diabetes mellitus had an increased
risk of severe, early-onset and preterm pre-eclampsia. Klemetti and colleagues (250) reported
an increased risk for pre-eclampsia in women with diabetes classified as White’s class B to F.
Classes B to F include diabetes which existed before pregnancy to disease with diabetic
nephropathy. A history of giving birth to an SGA newborn increased a risk of early-onset,
preterm and severe pre-eclampsia. Conversely, preterm pre-eclampsia in a previous
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pregnancy has been shown to be associated with having a SGA newborn in a subsequent
pregnancy without pre-eclampsia (251) which reflects the common placenta-derived
pathogenesis of these outcomes (252). The outcome is modified by the absence or presence of
maternal metabolic factors. Previous pre-eclampsia was a strong risk factor for all types of
pre-eclampsia. According to earlier studies, women with early-onset pre-eclampsia have even
higher risk of recurrent pre-eclampsia than women with late-onset disease (85,253).
Moreover, women with a previous preterm pre-eclampsia have an increased risk of adverse
pregnancy outcomes in the second pregnancy even in the absence of pre-eclampsia (254). A
previous normal pregnancy is associated with a reduced risk of pre-eclampsia in subsequent
pregnancy (255). The strongest risk factor for term pre-eclampsia was previous preeclampsia, and accompanied with high BMI, the risk increased. Altogether, the risk for preeclampsia increased exponentially as the number of risk factors increased.

Vasoactive agents in the prediction of pre-eclampsia in the first trimester
Our study of the vasoactive agents was relatively small, however, there are only a few
comparable studies with prospectively-collected serial samples. We studied PlGF and sFlt-1
at three timepoints (12-14, 18-20 and 26-28 weeks of gestation). We did not show differences
between early-onset, late-onset and control groups in the first trimester. In larger studies, it
has been shown that women who develop preterm or term pre-eclampsia already have
significantly lower concentrations of PlGF in the first trimester (96,256-259). Others have
demonstrated low first trimester PlGF concentrations only in women who developed earlyonset or preterm preeclampsia (260,261). Recently, in a larger substudy of the PREDO
project (Murtoniemi et al., unpublished), women with subsequent early-onset pre-eclampsia
already had significantly lower PlGF concentration than women who developed late-onset
pre-eclampia or controls in the first trimester samples. In a recent study by Vieira and
colleagues (262) low plasma PlGF concentrations in early pregnancy was associated with
subsequent preterm and term pre-eclampsia in obese women, but only with preterm preeclampsia in non-obese women. However, PlGF concentrations are not sensitive enough to be
used alone in the prediction of pre-eclampsia in the first trimester. Combined with clinical
risk factors and physical measurements, PlGF performs well in the early prediction of preeclampsia. Different calculation models have been introduced and some are in commercial
use. These tests promise significant specificity and sensitivity. These calculation models are
more sensitive in predicting early-onset and severe pre-eclampsia. The pathology of those
subgroups is more of placental origin. The group of women with late-onset pre-eclampsia is
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more heterogenous, they more often have the maternal type or the non-angiogenic type of preeclampsia without early placental changes and markedly reduced PlGF concentrations.
Vasoactive agents in the prediction of pre-eclampsia in the second and third trimester
By the 18th to 20th weeks of gestation there were differences in PlGF concentrations between
those who developed early-onset pre-eclampsia and those who developed late-onset preeclampsia and controls. In all three groups PlGF concentration rose between the first and
second sampling, however, in the early-onset group PlGF concentration rose less steeply, and
before the third measurement, the concentration almost halved. In the late-onset group, PlGF
concentrations rose in the same manner as in the control groups. As with PlGF, in the analysis
of sFlt-1, similar groups were seen, with significant differences only between the early-onset
pre-eclampsia group and others. There were only slightly rising concentrations of sFlt-1 in the
longitudinal samples of the other groups, but in the early-onset pre-eclampsia group, the sFlt1 concentration rose steeply between the second and third sampling, indicating impending
clinical disease. This is in line with most other studies (17,258,263). One study found a
sequential change of sFlt-1 between the first and second trimester to be strongly predictive of
pre-eclampsia (264).
We were able to identify, four to six weeks prior to the clinical diagnosis of pre-eclampsia, all
women who developed early-onset disease. A cut-off value of 40 for the sFlt-1/PlGF ratio
distinctly identified women who developed early-onset from those who developed late-onset
disease. This same finding has been observed by others (97). The sFlt-1/PlGF ratio could be
used in the follow-up of women at high risk of pre-eclampsia in an asymptomatic stage (97)
and in clinical decision making in women with signs and symptoms of pre-eclampsia (17,265268). Stepan and colleagues (97) suggested that in asymptomatic high-risk women with an
sFlt-1/PlGF ratio under 38, pre-eclampsia could be ruled out for at least a week. Women with
a ratio between 38-85 are at high risk of developing pre-eclampsia within 4 weeks in an earlyonset setting and should be followed up in 1 to 2 weeks time. In late-onset pre-eclampsia, the
intermediate result of the ratio (38-110) is suggestive of impending placental dysfunction and
induction of delivery should be considered. Additionally, the sFlt-1/PlGF ratio may add
valuable information regarding the clinical course and progression of the established preeclampsia. In women with suspected or diagnosed pre-eclampsia, measurement of the sFlt1/PlGF ratio can assist in clinical decisions. Again, a ratio under 38 rules out pre-eclampsia
for at least 1 week. In women with a ratio over 85 in an early-onset situation and over 110 in a
late-onset situation, a diagnosis of pre-eclampsia or other placenta-related disorder is highly
probable. In that case, repeated measurements 2-4 days apart would distinguish if the disease
will progress rapidly, with a steeply rising sFlt-1/PlGF ratio, or if it will be rather stable with
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ratio not elevating steeply, whereupon a very frequent follow-up is not needed. In the stable
situation, the authors recommend sFlt-1/PlGF ratio re-measurement in two weeks. A severely
elevated sFlt-1/PlGF ratio, over 655 in early-onset and over 201 in late-onset pre-eclampsia,
are associated with the need to deliver within 48 hours.
The PreOS study (269) experimented with the influence of the sFlt-1/PlGF ratio on clinical
decision-making in more than 200 women with suspected pre-eclampsia. They reported that,
in clinical situations, it influenced the decision making towards appropriate hospitalisation. In
the PreOS study, among women who had suspected pre-eclampsia, only one in five actually
developed pre-eclampsia. They also reported an increase in pre-eclampsia-related maternal
and fetal outcomes with increasing sFlt-1/PlGF ratio. Rana and colleagues (270)
prospectively studied 616 women who were evaluated with suspected pre-eclampsia. They
concluded that of the 167 women presenting with pre-eclamptic symptoms before 34 weeks
of gestation, the sFlt-1/PlGF ratio significantly improved the prediction of adverse outcomes
occurring within 2 weeks. From women who had a Flt-1/PlGF ratio over 85, 86.5% delivered
within 2 weeks, compared with 15.5% of women with ratio under 85. Furthermore, in women
with an atypical pre-eclampsia presentation, with relatively normal blood pressure or no
proteinuria, this test performed well. The sFlt-1/PlGF ratio was inversely correlated with the
remaining duration of pregnancy.
It seems that the sFlt-1/PlGF ratio has the potential to assist in planning the actions in highrisk women and in women with established pre-eclampsia. However, the different laboratory
assays may give differing concentrations of sFlt-1 and PlGF, which impacts the cut-off
values. The threshold values of singleton pregnancies do not work in twin pregnancies (271).
As a clinical implement in the screening of threatening pre-eclampsia, the sFlt-1/PlGF ratio is
promising and in need of clinical evaluation.

Superimposed pre-eclampsia and the role of endothelial and placental factors
We studied endothelial, cardiac, renal and placental biomarkers in longitudinal samples of
women with CHT to assess their relative contribution to the development of superimposed
pre-eclampsia. Few previous studies have explored the influence of pre-existing maternal
disease on developing superimposed pre-eclampsia (272). In healthy controls and in women
with CHT without superimposed pre-eclampsia, plasma syndecan-1 and sialic acid
concentrations increased with gestation. Previously, syndecan-1 protein expression has been
demonstrated in the placenta, localised to the syncytiotrophoblast interface (273,274).
Elevated plasma concentrations of syndecan-1 in normal pregnancy could reflect placental
release. However, increased endothelial permeability, evident even in a healthy pregnancy, is
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suggestive of systemic glycocalyx changes. We found that women who developed
superimposed pre-eclampsia were characterised by a failure to sustain a normal gestational
increase in the plasma syndecan-1 concentration, a marker of endothelial glycocalyx function,
in parallel with the reduction of PlGF. Furthermore, women with CHT or CKD had lower
plasma syndecan-1 concentrations after diagnosis of superimposed pre-eclampsia compared
to those without. This may reflect a decline in placental or systemic synthesis of glycocalyx
constituents and an inability to maintain the protective glycocalyx barrier in those with preexisting endothelial injury. Reduced plasma syndecan-1 concentrations may also occur as a
precursor to the onset and contribute to the clinical manifestations of pre-eclampsia. The
glycocalyx barrier may become exhausted and thereby contribute to the endothelial
manifestations. The estimation of glycocalyx function in women with CHT has not been
previously done. In pregnancy, and particularly in pre-eclamptic compared to healthy women,
modulators of the glycocalyx, including shear stress, tumour necrosis factor-Į UHDFWLYH
oxygen species and matrix metalloproteinases increase (275). We found an increase of NAG
in all groups in our study (Study V), a surrogate biomarker of lysosomal enzyme release,
including neuraminidase. These lysosomal enzymes are capable of endothelial glycocalyx
disruption. Syndecan-1 is a natural competitive inhibitor of neuraminidase, hence, a reduction
in syndecan-1 concentration in those with superimposed pre-eclampsia could lead to further
glycocalyx destruction. There is also evidence for reduced expression of syndecan-1 by
trophoblasts in women with pre-eclampsia, which reflects reduced placental synthesis
(273,276).
Women who developed superimposed pre-eclampsia had lower plasma levels of PlGF
compared to other groups. This is consistent with earlier findings (277) but not all (278).
PlGF-2 (a splice variant of PlGF) has a potent heparan binding domain (279) which may
contribute to glycocalyx maintenance and could also contribute to a reduction in syndecan-1
concentration in those who develop pre-eclampsia.
Microalbuminuria is strongly associated with several factors (e.g., obesity) that are prevalent
in women with CHT, and endothelial dysfunction is a proposed common mediator. The
overnight urinary ACR was predictive in hypertensive women who developed pre-eclampsia
compared to those who did not. This offers an inexpensive way, already in the early
pregnancy, to evaluate the risk of pre-eclampsia when planning how to monitor the pregnancy
of a women with CHT. This association between ACR in early pregnancy and later
developing superimposed pre-eclampsia supports the implication that pre-existing systemic
endothelial injury plays a role in the development of pre-eclampsia. However, other markers
of endothelial, cardiac or renal function did not differ significantly between women with CHT
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who did or who did not develop superimposed pre-eclampsia. Women with CHT without
superimposed pre-eclampsia had higher glomerular filtration rates estimated by creatinine
clearance than healthy controls. This may reflect impaired autoregulation. In early
hypertension, which occurs prior to development of CKD, hyperfiltration is an identified
feature, which may be the consequence of fewer functional nephrons (280).
Our findings support the hypothesis that pre-existing endothelial dysfunction, assessed by
overnight ACR, contributes to the development of superimposed pre-eclampsia in women
with CHT. Reduced shedding of syndecan-1 and decreased PlGF concentrations antedate
disease development, as well, implicate endothelial glycocalyx disturbance and reduced
angiogenic capacity in the pathophysiology of pre-eclampsia.

Free fatty acids
We found that total concentrations of FFAs were significantly higher in those women who
were diagnosed with pre-eclampsia than in healthy controls. Of the individual fatty acids,
arachidonic, linoleic, oleic and palmitic acids were significantly higher in pre-eclamptic
patients. These high concentrations of FFAs may influence several characteristics of preeclampsia, for example increased insulin resistance, endothelial cell dysfunction and altered
production of vasoactive substances.
Most earlier studies have only evaluated total FFA concentrations in pregnant women,
however, individual FFAs have divergent effects. FFA concentrations were already altered
10-20 weeks before the onset of pre-eclampsia in Lorentzen’s and colleagues study (173,177).
They showed elevated levels of palmitic, oleic and linoleic acids in women who later
developed pre-eclampsia, as well, as in pre-eclamptic women (177). They also showed that
there were no differences between early- and late-onset pre-eclampsia groups in FFA
concentrations. Insulin resistance (20) and increased adrenergic activity (281), characteristics
of pre-eclampsia, are both associated with increased lipolytic activity in adipocytes, which
possibly underlies the increased circulating levels of FFAs in pre-eclampsia. We did not find
a relationship between total FFA concentrations and insulin sensitivity, as was expected. In
pre-eclamptic women, higher insulin sensitivity was associated with higher total FFA
concentrations. However, this relationship was no longer significant after adjustment for BMI
and gestational age. The interplay between insulin sensitivity and FFAs in pre-eclamptic
women may be regulated by other factors, for example placental hormones. A comparable
phenomenon is seen with adipokines, adiponectin and adipocyte fatty acid-binding protein
(AFABP), which are all elevated in pre-eclamptic women (282,283). In the non-pregnant
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state, low adiponectin and high AFABP concentrations are associated with insulin resistance
(284) however, in pregnancy they show no relationship with insulin sensitivity (282,283).

FFA and endothelial function
In the non-pregnant state, altered lipid metabolism is a known cause of endothelial
dysfunction, potential vascular remodelling and atherosclerosis (285). Altogether, an increase
in plasma glucose, insulin and lipids is associated with endothelial dysfunction (285). An
increased molar FFA to serum albumin ratio leads to enhanced endothelial cell uptake of
FFAs and enhanced flux of FFAs into the liver. FFAs are esterified into triglycerides in both
the endothelial cells and in the liver (286). Consequently, the liver produces increased
amounts of triglyceride-rich very low density lipoprotein (VLDL) particles into the plasma,
further enhancing the accumulation of triglycerides in the endothelial cells (287). In vitro
exposition of endothelial cells to hyperlipidemic pre-eclamptic sera increases the cellular
triglyceride content and is accompanied by altered endothelial function (288). The
accumulation of triglycerides in endothelial cells is a common feature of pre-eclampsia (19)
and may harm endothelial cell function. The mechanisms behind the abnormal elevation of
triglycerides and FFAs in pre-eclampsia are unknown. One theory proposes that the increased
insulin resistance, common in pre-eclampsia, results in elevated FFAs and triglycerides by
increasing fatty acid mobilisation from visceral fat, promoting overproduction of VLDLs by
the liver, and suppressing postheparin lipoprotein lipase (160,162,289).

FFAs, prostaglandins, and inflammation
Arachidonic acid, which we found to be increased in pre-eclamptic women, is a precursor of
vasoactive prostaglandins (prostacyclin and thromboxane). Prostacyclin is produced mainly in
endothelial cells and is a vasodilator and inhibits platelet aggregation (290). Thromboxane is
produced mainly in platelets and has vasoconstrictive and platelet aggregatory effects (291).
Pre-eclampsia is characterised by disturbances in the prostacyclin-thromboxane ratio.
Previous studies show that increased arachidonic and linoleic acid in pre-eclamptic women, as
seen in our study, could lead to a disturbed prostacyclin-thromboxane ratio. High linoleic acid
concentrations impede the ability of the endothelium to produce prostacyclin and inhibit
platelet aggregation (292). Endothelial cells exposed in vitro to linoleic acid show a
concentration-dependent reduction in the release of prostacyclin (292). In a study by
Lorentzen and colleagues reduced prostacyclin release was demonstrated when endothelial
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cells were treated with sera from pre-eclamptic women (288). The preventative effect of low
dose aspirin on pre-eclampsia is through its action on prostaglandins. It irreversibly inhibits
the production of thromboxane by the platelets, but does not affect the production of
prostacyclin.
An alternative pathway of arachidonic acid metabolism produces lipooxygenase products,
leukotrienes (293). Leukotrienes could partly be responsible for the inhibition of prostacyclin
production, hypertension and the increased endothelial permeability seen in pre-eclampsia
(294,295). Leik and Walsh (296) showed that when placental smooth muscle cells are
exposed to linoleic acid in conditions of oxidative stress, the production of interleukin-8 (IL8), a potent inflammatory mediator, is stimulated. Furthermore, the production of IL-8 is
increased in the placental vascular smooth muscle cells of pre-eclamptic women when
exposed to linoleic acid (297).
Our samples for FFA analysis were collected at the time of the diagnosis, thus, assumptions
on the performance of the FFAs in the early prediction of pre-eclampsia can not be made
based on this study. However, it has been shown by others that elevated serum triglycerides
and FFAs are already increased before 20 weeks of gestation in women who go on to develop
pre-eclampsia (173,176). These elevated FFA concentrations return to non-pregnant levels
two to three days after labour in both normal and pre-eclamptic pregnancies (174). FFA
profiling may be a potential predictive method. With a metabolomics method such as nuclear
magnetic resonance (NMR) and mass spectrometry, it is possible to measure the distribution
of lipids in large sets of samples. In future, this may assist in the identification of different
lipid risk profiles of pre-eclampsia in the early weeks of gestation.

Low dose aspirin in the prevention of pre-eclampsia
Low dose aspirin started in the 12+0 to 13+6 weeks of gestation did not prevent pre-eclampsia
in our high-risk cohort. In the placebo group, we had more women diagnosed with early-onset
and severe pre-eclampsia, and more SGA newborns, than in the low dose aspirin group,
however, the differences between groups were not statistically significant. We performed a
meta-analysis of similar aspirin trials. Only two additional placebo-controlled trials with
women whose uterine artery measurements indicated a high risk had been conducted earlier.
In these studies, low dose aspirin had been started at gestational weeks 12+0 to 16+0.
According to the meta-analysis, women in the low dose aspirin group had a risk ratio of 0.6
(95% CI 0.4-0.8) for pre-eclampsia and 0.3 (95% CI 0.1-0.7) for severe pre-eclampsia.
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A wide range of studies on aspirin in the prevention of pre-eclampsia has been published.
There are considerable differences between these trials and discrepancies in conclusions.
Studies differ on the weeks of gestation the medication is initiated, the dose, the risk status,
and on the subgroup analyses. In the earlier trials particularly, low-dose aspirin was started in
any week of gestation, even when the first symptoms of pre-eclampsia already emerged. At
present, according to meta-analyses, there is evidence that medication should be started
before 16+0 weeks of gestation (192,195,298) however, there are contradictory studies
(190,299,300). There are two active phases of trophoblast invasion during placentation, the
first of which ends at the 10th week of gestation. The second active phase starts between the
14th and 15th weeks of gestation and ends around the 18th week of gestation (65,301,302)
however, active endovascular trophoblasts are seen as late as 22th weeks. Aspirin is thought to
have a positive influence on the development of the placenta when medication is initiated
well before the end of the second active phase. The current recommendations suggest the
initiation between 12+0 to 16+0 weeks of gestation (Table 5). It may be speculated whether the
optimal time of initiation is even earlier. Because all medication in the first trimester of
gestation, the period of organogenesis, is generally avoided, at this point, this would seem a
challenging proposal. However, low-dose aspirin is already used in the first weeks of
gestation, and for example, pre-conceptionally as part of in vitro fertilisation treatments (303305). No problems have been reported. One small study of very early-onset aspirin treatment,
at 8 to 10 weeks of gestation, has been published (306). That included 82 women with aspirin
treatment and 82 controls. The risk of hypertensive disorders was reduced to 0.07 (95%CI
0.01-0.5). Meher and colleagues speculated in their recent meta-analysis (299) that aspirin
should be initiated even after 16 weeks of gestation among high risk women for whom it has
not yet been initiated.
The dose of aspirin is important. A wide range, between 50-150 mg per day, is used. Vainio
and collegues (183) studied the favourable dose of aspirin that inhibits the production of
vasoconstrictive thromboxane in platelets, but does not affect the production of vasodilatory
prostacyclin in the vessel wall. They gave 0.5, 1.0 and 2.0 mg/kg/day of aspirin to
hypertensive and control women and measured major stable metabolites in their urine. They
concluded that with a daily dose of 0.5-2 mg/kg aspirin, the prostacyclin:thromboxane ratio
improved. This means that 100 mg of aspirin is appropriate for most pregnant women. In
speculating on the dose, we should take into account the phenomenon of aspirin resistance
(307). In patients with cardiovascular disease, the prevalence of aspirin resistance is estimated
to be significant; according to a meta-analysis, 28% of patients had aspirin resistance (204).
The existence of aspirin resistance should be considered when initiating aspirin treatment to
high-risk women. Platelet function assays targeted to aspirin-COX pathways may be used to
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demonstrate platelet function, and compliance to treatment may be determined by measuring
salicylate levels, however, these have not been assessed in pregnant women (178).
Aspirin trials and meta-analyses can be divided into two types based on the risk status of
women included. The treatment may be initiated in women who are estimated to belong in a
high-risk group or to a general group of women with an unknown risk status. In large trials or
meta-analyses on general populations of pregnant women, the effect of aspirin does not seem
very high (190,300). When limited to an at-risk group of women, the effect is higher
(192,194,195,298,308) as seen also in our meta-analysis (Table 17). However, by
conventional methods of evaluating the risk status, medical history and physiological
measurements, the nulliparous women are largely left out of these preventive procedures. By
determining the risk status with a model of medical history, uterine artery measurements and
predictive markers in all pregnant women at first ultrasound screening, alongside the trisomy
screen, low dose aspirin could be offered to women at high risk.
As our understanding of the pathology of pre-eclampsia has improved, subgroup analyses in
aspirin trials and meta-analyses has become more common. Pre-eclampsia is not one disease,
but a syndrome with different aetiologies and pathological processes. Pre-eclampsia is
divided by its onset or time of iatrogenic delivery, severity, existence of vasoactive agents,
and by estimation of placental or maternal disease. The clinical disease is due to a common
pathway, endothelial dysfunction. Due to the differences, there might not be one preventative
medication. It seems that aspirin’s preventative action works most efficiently in the placental/
early-onset/severe/angiogenic subgroup. The explanation for this may be regarding aspirin’s
actions on the placenta via prostacyclin:thromboxane ratio, stimulation of the expression and
enzymatic activity of HO-1 in endothelial cells (184,185) reduction of ADMA concentration
(184,185) and dose-dependent inhibition of sFlt-1 production in cytotrophoblasts via COX-1
inhibition (187).
Meta-analysis is a powerful tool in summarising data and increasing the sample size.
However, there are problems which should be taken into account when planning and
interpreting results of a meta-analysis (309). There may be bias through the identification and
selection of studies, quality of the included studies, large degree of heterogeneity of included
studies, small study effect and publication bias. Due to these problems with meta-analysis
interpretation, a desire for a large-scale aspirin trial has emerged (310). The ASPRE trial has
been established to answer the questions left after meta-analyses, and interesting results have
recently been announced from the ASPRE project (311).
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Low-risk women
High-risk women
High-risk women
High-risk women
High-risk women

3 trials
9901 participants

4 trials
392 participants

5 trials
556 participants

3 trials
346 participants

29 trials, 21,403

Roberge S et al. 2012

Roberge S et al. 2012

Villa PM et al. 2013

Xu T et al. 2015

6 trials, 3867

1st to 3rd trimester

High-risk women

7 trials
10,729 participants

Pre-eclampsia
Severe pre-eclampsia

Before 16+0 weeks of
gestation
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Severe pre-eclampsia

Pre-eclampsia

Pre-eclampsia before 37+0
Pre-eclampsia after 37+0

Before 16+0 weeks of
gestation

1st to 3rd trimester

Severe pre-eclampsia
Non-severe pre-eclampsia

Before 16+0 weeks of
gestation

Pre-eclampsia

Pre-eclampsia

Pre-eclampsia
Severe pre-eclampsia

After 16+0 weeks of
gestation

18 trials
10,584 participants

Rossi AC et al. 2011

Pre-eclampsia
Severe pre-eclampsia

High-risk women

9 trials
764 participants

Bujold E et al. 2010

Pre-eclampsia
Aspirin dose > 75mg/day
$VSLULQGRVHPJGD\

Before 16+0 weeks of
gestation

No limitations

31 trials
32,217 participants

Askie LM et al. 2007
PARIS Collaborative Group

1st to 3rd trimester

Subgroups

Pre-eclampsia

No limitations

59 trials
37,560 participants

Duley L et al. 2004
Cochrane database
Updated 2007

Initiation of medication

1st to 3rd trimester

Risk status at the
initiation of aspirin

Number of
participants

Table 17. Meta-analyses of low-dose aspirin trials.

0.37 (0.23-0.61)

0.71 (0.57-0.87)

0.55 (0.37-0.82)
0.27 (0.11-0.69)

0.11 (0.04-0.33)
0.98 (0.42-2.33)

0.22 (0.08-0.57)
0.81 (0.33-1.98)

0.82 (0.65-1.04)

0.72 (0.51-1.00)

0.81 (0.63-1.03)
0.26 (0.05-1.26)

0.47 (0.34-0.65)
0.09 (0.02-0.37)

0.90 (0.83-0.98)

0.83 (0.77-0.89)
0.66 (0.51-0.80)
0.88 (0.81-0.95)

Risk ratio (95% CI)

Meher S et al. 2017

Roberge S et al. 2016

High-risk women

High-risk women

High risk women
High risk women

21 trials
5130 participants

27 trials
15,779 participants

17 trials
9241 participants

22 trials
21,429

Pre-eclampsia
Severe pre-eclampsia
Fetal growth restriction
There was no dose-dependency
Pre-eclampsia
Pre-eclampsia

After 16+0 weeks of
gestation

Before 16+0 weeks of
gestation
After 16+0 weeks of
gestation
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Pre-eclampsia
Severe pre-eclampsia
Fetal growth restriction
In above groups the effect was
dose-dependent

Before 16+0 weeks of
gestation

0.9 (0.83-0.98)

0.9 (0.79-1.03)

0.81 (0.66-0.99)
0.85 (0.64-1.14)
0.95 (0.86-1.05)

0.57 (0.43-0.75)
0.47 (0.26-0.83)
0.56 (0.66-0.70)

ASPRE is a prospective randomised controlled trial with a plan to recruit a large number of
participants (over 30,000) who are screened for pre-eclampsia risk. From the screening, those
10% of women who were considered in the high-risk group, were randomized to initiate
aspirin with 150 mg dose per day or placebo, between the 12th to 16th weeks of gestation.
From the preliminary results, with approximately 800 women in each study group, the risk of
early-onset pre-eclampsia (before 34 weeks) (unpublished) and preterm pre-eclampsia (before
37 weeks) (311) were significantly lower in the aspirin group. The reduction of pre-eclampsia
was reported 80% and 62%, respectively.

Cost-benefit of low dose aspirin treatment
The cost-benefit of aspirin treatment has been analysed by Werner and colleagues (312). They
created a decision model to evaluate four approaches to aspirin prophylaxis in the United
States in approximately 4 million pregnant women: no prophylaxis, universal prophylaxis,
ACOG

recommendations,

and

U.S.

Preventive

Services

Task

Force

(USPSTF)

recommendations (Table 5). They included the costs associated with aspirin, pre-eclampsia,
preterm birth, and potential aspirin-associated adverse effects and concluded that the USPSTF
approach was the most cost-beneficial and the second was universal prophylaxis. These
would reduce morbidity, save lives, and lower health care costs much more effectively than
the ACOG approach, with markedly tighter limits of aspirin administration. Therefore, this
outcome supports the recommendation for quite unrestricted use of low dose aspirin when
using clinical risk factors as the only tool in risk -evaluation.

80

FUTURE DIRECTIONS
Further studies in low dose aspirin are needed:
-

The most effective aspirin dose is still undetermined; for example, it is unknown
whether it should be adjusted based on body size. The effect of aspirin resistance
should also be taken into account.

-

There is little information about the long-term influence of aspirin in the child’s
future health. Longitudinal follow-up of previous and future studies are needed to
evaluate that.

Further studies on the prediction of pre-eclampsia:
-

First trimester prediction models of pre-eclampsia combined with low dose aspirin
treatment should be tested in clinical work and the impact on morbidity of the women
and newborns should be studied.

-

Studies should examine how the follow-up of at-risk women (determined by sFlt1/PlGF ratio measurements in the second trimester) could influence and aid in clinical
decision making and in the follow-up of women with established pre-eclampsia.

-

New techniques may be introduced in pre-eclampsia prediction from metabolomics
and proteomics.

-

In the future, risk profiling that could individually suggest a specific prophylaxis, for
example aspirin or a statin, on the basis of the woman’s profile may be possible.
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CONCLUSIONS
In PREDO cohort early-onset and late-onset pre-eclampsia had different risk profiles. Women
who have had pre-eclampsia in a previous pregnancy, or SGA newborn in a previous
pregnancy, or who had CHT or type 1 diabetes mellitus were at the highest risk of early-onset
pre-eclampsia, severe pre-eclampia and preterm pre-eclampsia. Pre-eclampsia in a previous
pregnancy and a BMI over 30 kg/m2 were the most important risk factors for term preeclampsia. As the number of risk factors increased, the risk of pre-eclampsia increased
exponentially.
Low serum PlGF predicted early-onset pre-eclampsia from 18 weeks of gestation. There were
no differences in PlGF in the first trimester samples between the study groups. However, in
larger studies, in which PlGF is combined with clinical risk factors and physical
measurements, PlGF performs well in the prediction of pre-eclampsia already in early
pregnancy.
The sFlt-1/PlGF ratio identified women who went on to develop early-onset pre-eclampsia
weeks before the onset of clinical findings. This may help to plan individual follow-up in
high-risk women. The sFlt-1/PlGF ratio measurements can also help in the clinical decision
making among women with signs and symptoms of pre-eclampsia.
Higher overnight urinary ACR was predictive of superimposed pre-eclampsia in women with
CHT already in the first trimester. This association between ACR in early pregnancy and
superimposed pre-eclampsia suggests that pre-existing endothelial dysfunction in women with
CHT contribute to the development of pre-eclampsia.
Reduced shedding of syndecan-1 and reduce PlGF concentrations antedated disease
development in women with CHT, implicating the role of endothelial glycocalyx disturbance
and reduced angiogenic capacity in the pathophysiology of superimposed pre-eclampsia.
Circulating FFA concentrations were higher in pre-eclamptic than in control women. Despite
insulin resistance, FFAs were suppressed by oral glucose loading. Among individual FFAs,
arachidonic- and linoleic acid were at the highest concentrations. These may influence several
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characteristics of pre-eclampsia, for example increased insulin resistance, endothelial cell
dysfunction and altered production of vasoactive substances.
We did not show any effect of low dose aspirin on prevention of pre-eclampsia in the PREDO
study cohort. However, the number of women with pre-eclampsia and, consequently, study
power were unexpectedly low. In a meta-analysis of studies, that included women with
abnormal uterine artery measurements and treatment started before 16+0 weeks of gestation,
low dose aspirin reduced the risk of pre-eclampsia and severe pre-eclampsia. Moreover,
recent studies by others support the initiation of low dose aspirin before 16+0 weeks of
gestation in high-risk women. Low dose aspirin reduces the risk of early-onset and severe preeclampsia and, based on current knowledge should be recommended to initiate in high-risk
women before 16+0 weeks of gestation.

83

ACKNOWLEDGEMENTS
This study was carried out at the Department of Obstetrics and Gynaecology, Helsinki
University Central Hospital and University of Helsinki between 2004-2017. I wish to express
my gratitude to the former and present academic Heads of the Department Professors Olavi
Ylikorkala, Jorma Paavonen, Oskari Heikinheimo and Juha Tapanainen and the
administrative Heads of the Department Professor Maija Haukkamaa and Adjunct professor
Jari Sjöberg and Professor Seppo Heinonen.
I wish to express my sincere gratitude to all of the following:
My deepest gratitude belongs to my supervisors, Associate Professor Hannele Laivuori and
Adjunct Professor Eero Kajantie.
I admire Hannele for her scientific skills, her enthusiastic attitude towards science and her
positive and energetic attitude towards life. She has supported me through these years and
encouraged me to complete this project. She has always been there for me with my questions.
During these years, we have become friends and have had several great travels together.
I admire Eero for his scientific and statistical skills, which he patiently tried to teach me, as
well. I have learned a lot about scientific writing and working from his example. I want to
thank him for his wise advice and counselling in many challenging situations. I also want to
thank him for his friendship and being a pleasant travel companion.
The official reviewers of this thesis, Professor Pertti Kirkinen, and Adjunct Professor Tytti
Raudaskoski who carefully reviewed this thesis. Their comments were invaluable and greatly
improved this work.
Professor Oskari Heikinheimo and Adjunct Professor Jari Petäjä for being my thesis followup group.
The PREDO board members,
Adjunct Professor Esa Hämäläinen, for all the work he has done for this project and for his
steady and kind support, he is a person one can always rely on.

84

Academy Professor Katri Räikkönen-Talvitie, a talented and efficient researcher, I admire her
passionate attitude towards science, which has pushed our project forward over the years.
Professor Anukatriina Pesonen, a wise and skilled scientist for all the hard work she has done
for our PREDO project. I admire her resilience.
Adjunct Professor Pekka Taipale, for generating the initial idea of this project.
My co-authors and collaborators:
Merja Vainio, from whose theses this all started from.
Terhi Saisto, Veli-Matti Ulander, Sanna Suomalainen-König, Jukka Uotila, Eeva Koistinen,
Ansa Aitokallio-Tallberg, Ville Hiilesmaa, Maija-Riitta Ordén, Pekka Staven, Merja
Kurkinen, Rauno Solja, Anna-Maija Henry, Tuula Karipohja, Riitta Meri, Susanna Sainio,
Tiina Vaitilo, and Leena Keski-Nisula for contributing to the PREDO project. I respect the
time and expertise they have given to assist in this project during their busy clinical
workdays.
Pekka Marttinen and Jussi Gillberg from Aalto University. I admire them for their skill and
talent. Their work and interest helped me in numerous ways.
Annukka Mäki, for her expertise in clinical chemistry.
The collaborators from King’s College, London, especially Kate Bramham, for her and her
team’s contribution to this work. It has been inspiring to collaborate with these talented
reseachers.
Professor Risto Kaaja for sharing his knowledge and expertise when I was working on my
first manuscript.
Professor Aila Tiitinen for her warm encouragement and interest over the years.
Study nurses, I have been very lucky to be surrounded by assistance from these great ladies.
Leena Järvinen, the kindest study nurse of all times, who took motherly care of me, as well as
the study participants.

Eija Kortelainen and Christina Salmén for their expertise and

helpfulness in many practical matters. Hilkka Puttonen for her assistance. Laboratory
technician Susanna Mehtälä for the skilful help.
The midwives and other personnel who have helped our project in many ways in the study
hospitals: Women’s hospital, Kätilöopisto Maternity Hospital, Jorvi, Hyvinkää and Iisalmi
Hospitals, Kanta-Häme, Päijät-Häme, and Northern Karelia Central Hospitals, and Kuopio
University Hospital. These people are treasures.
Henrik Alfthan for his crucial help.

85

Nina Nyholm, Päivi Lod-Markkanen, and Maaria Puupponen for the friendly and efficient
assistance with all issues.
Pre-eclampsia group co-researchers for offering peer support. Inkeri Lokki for her
enthusiastic interest and encouragement. Tea Kaartokallio for our conversations, those have
been important to me. Kerttu Majander for her co-authorship.
All the fellow researchers I have gotten to know over these years, especially Jenni HeikkinenEloranta, Pauliina Tuomikoski, Miira Pettersson, Kirsi Palva, Katja Murtoniemi and Janina
Forsten. I have met many great people, which I would never have met without this project. A
great diamond I came to know is Päivi Tommola, whose support and interest have been
crucial. Thank you for all the endless conversations, and for the advice and help during this
process. I wish our friendship continues for life.
Colleagues and midwives from Hyvinkää, Helsinki and Porvoo for their friendship and help
in all matters. Ritva Hurskainen and Tapio Väyrynen for their positive attitude towards
research, which enabled scientific work alongside clinical work.
The mothers who participated in the PREDO project, they made it possible.
Alyce Whipp for her skilful revising of the language.
All my friends for being there, even if I have been away too often.
Basketball team members of Sykki boys year 99-01 and their parents, for those many years
they forced me in taking some time out from research work; they made it easy.
Anne Ylikortes, a colleague and dear friend, for her contribution and sharing, and for all the
good times we have had together.
Sami Ylikortes for his friendship.
Heli and Jaakko Villa for their friendship.
Liisa Björklund for her support in my life.
Janne, for the encouragement he gave me during our years together. He believed that I was
able to accomplish this goal and helped me to believe in it, too.
Joonas Putti, for his indispensable technical and mental support during these last hasty
months. Veli Inget, for his technical support. Kerttu Villa, for her friendship and help with the
grand children when they were little.

86

My dear mother Terttu whose help and love have been invaluable. My late, so dear, father
Timo for his love.
Finally, I want to thank my dear children Pilvi, Otso and Elmo for their existence. You are the
most important and I love you.
This study was financially supported by the Clinical Graduate school in Pediatrics and
Obstetrics/Gynaecology, University of Helsinki, Päivikki and Sakari Sohlberg Foundation,
Finnish Medical Foundation, Academy of Finland, Emil Aaltonen Foundation, Finnish
Concordia Fund, Finnish Foundation For Paediatric Research, Signe and Ane Gyllenberg
Foundation, Sigrid Juselius Foundation, The State Research Funding, Jane and Aatos Erkko
Foundation, Orion Foundation, and Yrjö Jahnsson Foundation.
Helsinki, August 9th 2017

Pia Villa

87

References
(1) Duley L. The global impact of pre-eclampsia and eclampsia. Semin Perinatol 2009 Jun;33(3):130137.
(2) Klemmensen AK, Olsen SF, Osterdal ML, Tabor A. Validity of preeclampsia-related diagnoses
recorded in a national hospital registry and in a postpartum interview of the women. Am J Epidemiol
2007 Jul 15;166(2):117-124.
(3) Lie RT, Rasmussen S, Brunborg H, Gjessing HK, Lie-Nielsen E, Irgens LM. Fetal and maternal
contributions to risk of pre-eclampsia: population based study. BMJ 1998 May 2;316(7141):13431347.
(4) Report of the National High Blood Pressure Education Program Working Group on High Blood
Pressure in Pregnancy. American Journal of Obstetrics & Gynecology 2000 Jul;183(1):S1-S22.
(5) Carty DM, Delles C, Dominiczak AF. Preeclampsia and future maternal health. J Hypertens 2010
Jul;28(7):1349-1355.
(6) 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.
(7) Davis EF, Lazdam M, Lewandowski AJ, Worton SA, Kelly B, Kenworthy Y, Adwani S, Wilkinson
AR, McCormick K, Sargent I, Redman C, Leeson P. Cardiovascular risk factors in children and young
adults born to preeclamptic pregnancies: a systematic review. Pediatrics 2012 Jun;129(6):e1552-61.
(8) Thoulass JC, Robertson L, Denadai L, Black C, Crilly M, Iversen L, Scott NW, Hannaford PC.
Hypertensive disorders of pregnancy and adult offspring cardiometabolic outcomes: a systematic
review of the literature and meta-analysis. J Epidemiol Community Health 2016 Apr;70(4):414-422.
(9) Tuovinen S, Eriksson JG, Kajantie E, Lahti J, Pesonen A, Heinonen K, Osmond C, Barker DJP,
Räikkönen K. Maternal hypertensive disorders in pregnancy and self-reported cognitive impairment of
the offspring 70 years later: the Helsinki Birth Cohort Study. Am J Obstet Gynecol 2013
Mar;208(3):200.e1-200.e9.
(10) Tuovinen S, Räikkänen K, Kajantie E, Pesonen AK, Heinonen K, Osmond C, Barker DJ, Eriksson
JG. Depressive symptoms in adulthood and intrauterine exposure to pre-eclampsia: the Helsinki Birth
Cohort Study. BJOG 2010 Sep;117(10):1236-1242.
(11) Brosens I. A study of the spiral arteries of the decidua basalis in normotensive and hypertensive
pregnancies. J Obstet Gynaecol Br Commonw 1964 Apr;71:222-230.
(12) Gerretsen G, Huisjes HJ, Elema JD. Morphological changes of the spiral arteries in the placental
bed in relation to pre-eclampsia and fetal growth retardation. Br J Obstet Gynaecol 1981
Sep;88(9):876-881.
(13) Young BC, Levine RJ, Karumanchi SA. Pathogenesis of preeclampsia. Annual Review Of
Pathology 2010;5:173-192.
(14) Sibai B, Dekker G, Kupferminc M. Pre-eclampsia. Lancet 2005 Feb 26-;365(9461):785-799.
(15) Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, Libermann TA, Morgan JP, Sellke
FW, Stillman IE, Epstein FH, Sukhatme VP, Karumanchi SA. Excess placental soluble fms-like
tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria in
preeclampsia. J Clin Invest 2003 Mar;111(5):649-658.
(16) Levine RJ, Maynard SE, Qian C, Lim KH, England LJ, Yu KF, Schisterman EF, Thadhani R,
Sachs BP, Epstein FH, Sibai BM, Sukhatme VP, Karumanchi SA. Circulating angiogenic factors and
the risk of preeclampsia. N Engl J Med 2004 Feb 12;350(7):672-683.

88

(17) Hertig A, Berkane N, Lefevre G, Toumi K, Marti HP, Capeau J, Uzan S, Rondeau E. Maternal
serum sFlt1 concentration is an early and reliable predictive marker of preeclampsia. Clin Chem 2004
Sep;50(9):1702-1703.
(18) Wathen K, Tuutti E, Stenman U, Alfthan H, Halmesmäki E, Finne P, Ylikorkala O, Vuorela P.
Maternal Serum-Soluble Vascular Endothelial Growth Factor Receptor-1 in Early Pregnancy Ending in
Preeclampsia or Intrauterine Growth Retardation. Journal of Clinical Endocrinology & Metabolism
2006 January;91(1):180-184.
(19) Kaaja R, Tikkanen MJ, Viinikka L, Ylikorkala O. Serum lipoproteins, insulin, and urinary
prostanoid metabolites in normal and hypertensive pregnant women. Obstet Gynecol 1995
Mar;85(3):353-356.
(20) Kaaja R, Laivuori H, Laakso M, Tikkanen MJ, Ylikorkala O. Evidence of a state of increased
insulin resistance in preeclampsia. Metabolism 1999 Jul;48(7):892-896.
(21) Laivuori H, Tikkanen MJ, Ylikorkala O. Hyperinsulinemia 17 years after preeclamptic first
pregnancy. J Clin Endocrinol Metab 1996 Aug;81(8):2908-2911.
(22) Garovic VD, Hayman SR. Hypertension in pregnancy: an emerging risk factor for cardiovascular
disease. Nat Clin Pract Nephrol 2007 Nov;3(11):613-622.
(23) Magnussen EB, Vatten LJ, Lund-Nilsen TI, Salvesen KA, Davey Smith G, Romundstad PR.
Prepregnancy cardiovascular risk factors as predictors of pre-eclampsia: population based cohort study.
BMJ 2007 Nov 10;335(7627):978.
(24) Manten GT, Sikkema MJ, Voorbij HA, Visser GH, Bruinse HW, Franx A. Risk factors for
cardiovascular disease in women with a history of pregnancy complicated by preeclampsia or
intrauterine growth restriction. Hypertens Pregnancy 2007;26(1):39-50.
(25) Lorentzen B, Henriksen T. Plasma lipids and vascular dysfunction in preeclampsia. Semin Reprod
Endocrinol 1998;16(1):33-39.
(26) Bramham K, Parnell B, Nelson-Piercy C, Seed PT, Poston L, Chappell LC. Chronic hypertension
and pregnancy outcomes: systematic review and meta-analysis. BMJ 2014 Apr 15;348:g2301.
(27) Anderson UD, Olsson MG, Kristensen KH, Åkerström B, Hansson SR. Review: Biochemical
markers to predict preeclampsia. Placenta 2012 2;33, Supplement(0):S42-S47.
(28) Khan KS, Wojdyla D, Say L, Gulmezoglu AM, Van Look PFA. WHO analysis of causes of
maternal death: a systematic review. Lancet 2006 Apr 1;367(9516):1066-1074.
(29) WHO. The world health report:2005:Make every mother count.
[http://www.who.int/whr/2005/whr2005_en.pdf]. 2005.
(30) Lindheimer M, Taylor R, Roberts J, Cunningham F, Chesley L. Chapter 1 - Introduction, History,
Controversies, and Definitions. In: Taylor R, Roberts J, Cunningham F, Lindheimer M, editors.
Chesley's Hypertensive Disorders in Pregnancy. Fourth edition ed.: Elsevier Inc; 2015. p. 1-2-23.
(31) Chadwick J, Mann W. The Genuine Works of Hippocrates. London: The Sydenham Society;
1849.
(32) American College of Obstetricians and Gynecologists. Hypertension in pregnancy Task force
recommendations. 2014.
(33) Staff AC, Benton SJ, von Dadelszen P, Roberts JM, Taylor RN, Powers RW, Charnock-Jones DS,
Redman CW. Redefining preeclampsia using placenta-derived biomarkers. Hypertension 2013
May;61(5):932-942.

89

(34) Rana S, Schnettler WT, Powe C, Wenger J, Salahuddin S, Cerdeira AS, Verlohren S, Perschel FH,
Arany Z, Lim KH, Thadhani R, Karumanchi SA. Clinical characterization and outcomes of
preeclampsia with normal angiogenic profile. Hypertension in Pregnancy 2013;32(2):189-201.
(35) Hirshfeld-Cytron J, Lam C, Karumanchi SA, Lindheimer M. Late postpartum eclampsia:
examples and review. Obstet Gynecol Surv 2006 Jul;61(7):471-480.
(36) Klungsoyr K, Harmon QE, Skard LB, Simonsen I, Austvoll ET, Alsaker ER, Starling A, Trogstad
L, Magnus P, Engel SM. Validity of pre-eclampsia registration in the medical birth registry of norway
for women participating in the norwegian mother and child cohort study, 1999-2010. Paediatr Perinat
Epidemiol 2014 Sep;28(5):362-371.
(37) Tikkanen M, Gissler M, Metsäranta M, Luukkaala T, Hiilesmaa V, Andersson S, Ylikorkala O,
Paavonen J, Nuutila M. Maternal deaths in Finland: Focus on placental abruption. Acta Obstet Gynecol
Scand 2009 October;88(10):1124-1127.
(38) Erkki Pelkonen. Untersuchungen über die Frequenzschwankungen der Nierengestosen in Finnland
und die auf sie einwerkenden Faktoren.Acta Soc Med Fenn Duodecim Soc B; 1940.
(39) Zhang J, Meikle S, Trumble A. Severe Maternal Morbidity Associated with Hypertensive
Disorders in Pregnancy in the United States. Hypertens Pregnancy 2003;22(2):203-212.
(40) Ngoc NTN, Merialdi M, Abdel-Aleem H, Carroli G, Purwar M, Zavaleta N, Campodonico L, Ali
MM, Hofmeyr GJ, Mathai M, Lincetto O, Villar J. Causes of stillbirths and early neonatal deaths: data
from 7993 pregnancies in six developing countries. Bull World Health Organ 2006 Sep;84(9):699-705.
(41) Harmon QE, Huang L, Umbach DM, Klungsoyr K, Engel SM, Magnus P, Skjaerven R, Zhang J,
Wilcox AJ. Risk of fetal death with preeclampsia. Obstet Gynecol 2015 Mar;125(3):628-635.
(42) Ghulmiyyah L, Sibai B. Maternal mortality from preeclampsia/eclampsia. Semin Perinatol 2012
Feb;36(1):56-59.
(43) Lisonkova S, Sabr Y, Mayer C, Young C, Skoll A, Joseph KS. Maternal morbidity associated with
early-onset and late-onset preeclampsia. Obstet Gynecol 2014 Oct;124(4):771-781.
(44) Prick BW, Bijlenga D, Jansen AJG, Boers KE, Scherjon SA, Koopmans CM, van Pampus MG,
Essink-Bot M, van Rhenen DJ, Mol BW, Duvekot JJ. Determinants of health-related quality of life in
the postpartum period after obstetric complications. Eur J Obstet Gynecol Reprod Biol 2015
Feb;185:88-95.
(45) Blom EA, Jansen PW, Verhulst FC, Hofman A, Raat H, Jaddoe VWV, Coolman M, Steegers
EAP, Tiemeier H. Perinatal complications increase the risk of postpartum depression. The Generation
R Study. BJOG 2010 Oct;117(11):1390-1398.
(46) Mol BWJ, Roberts CT, Thangaratinam S, Magee LA, de Groot CJM, Hofmeyr GJ. Pre-eclampsia.
Lancet 2016 Mar 5;387(10022):999-1011.
(47) Backes CH, Markham K, Moorehead P, Cordero L, Nankervis CA, Giannone PJ. Maternal
preeclampsia and neonatal outcomes. Journal of Pregnancy 2011;2011:214365.
(48) Saigal S, Doyle LW. An overview of mortality and sequelae of preterm birth from infancy to
adulthood. Lancet 2008 Jan 19;371(9608):261-269.
(49) Hansen AR, Barnes CM, Folkman J, McElrath TF. Maternal preeclampsia predicts the
development of bronchopulmonary dysplasia. J Pediatr 2010 Apr;156(4):532-536.
(50) Strand KM, Heimstad R, Iversen A, Austgulen R, Lydersen S, Andersen GL, Irgens LM, Vik T.
Mediators of the association between pre-eclampsia and cerebral palsy: population based cohort study.
BMJ 2013;347:f4089.

90

(51) Haukkamaa L, Salminen M, Laivuori H, Leinonen H, Hiilesmaa V, Kaaja R. Risk for subsequent
coronary artery disease after preeclampsia. Am J Cardiol 2004 Mar 15;93(6):805-808.
(52) Irgens HU, Reisaeter L, Irgens LM, Lie RT. Long term mortality of mothers and fathers after preeclampsia: population based cohort study. BMJ.British medical journal (Clinical research ed.)
2001;323(7323):1213-7.
(53) Kajantie E, Eriksson JG, Osmond C, Thornburg K, Barker DJ. Pre-eclampsia is associated with
increased risk of stroke in the adult offspring: the Helsinki birth cohort study. Stroke 2009
Apr;40(4):1176-1180.
(54) Tuovinen S, Räikkönen K, Kajantie E, Henriksson M, Leskinen JT, Pesonen A, Heinonen K, Lahti
J, Pyhälä R, Alastalo H, Lahti M, Osmond C, Barker DJP, Eriksson JG. Hypertensive disorders in
pregnancy and cognitive decline in the offspring up to old age. Neurology 2012 Oct 09;79(15):15781582.
(55) Kajantie E, Osmond C, Eriksson JG. Gestational hypertension is associated with increased risk of
type 2 diabetes in adult offspring: the Helsinki Birth Cohort Study. American Journal of Obstetrics &
Gynecology 2016 Nov 04.
(56) Eriksson JG, Kajantie E, Thornburg K, Osmond C. Prenatal and maternal characteristics and later
risk for coronary heart disease among women. Eur J Prev Cardiolog 2016 Mar;23(4):385-390.
(57) Whincup PH, Kaye SJ, Owen CG, Huxley R, Cook DG, Anazawa S, BarrettConnor E, Bhargava
SK, Birgisdottir BE, Carlsson S, de Rooij SR, Dyck RF, Eriksson JG, Falkner B, Fall CDM, Forsen T,
Grill V, Gudnason V, Hulman S, Hypponen E, Jeffreys M, Lawlor DA, Leon DA, Minami J, Mishra G,
Osmond C, Power C, RichEdwards JW, Roseboom TJ, Sachdev HS, Syddall H, Thorsdottir I, Vanhala
M, Wadsworth M, Yarbrough DE. Birth Weight and Risk of Type 2 Diabetes: A Systematic Review.
JAMA 2008 December 24/31;300(24):2886-2897.
(58) Huxley R, Owen CG, Whincup PH, Cook DG, RichEdwards J, Davey Smith G, Collins R. Is birth
weight a risk factor for ischemic heart disease in later life?1-3. Am J Clin Nutr 2007 May;85(5):12441250.
(59) Hovi P, Vohr B, Ment LR, Doyle LW, McGarvey L, Morrison KM, Evensen KAI, van der Pal S,
Grunau RE, APIC Adults Born Preterm International Collaboration, Brubakk A, Andersson S, Saigal
S, Kajantie E. Blood Pressure in Young Adults Born at Very Low Birth Weight: Adults Born Preterm
International Collaboration. Hypertension 2016 Oct;68(4):880-887.
(60) Trogstad L, Magnus P, Stoltenberg C. Pre-eclampsia: Risk factors and causal models. Best Pract
Res Clin Obstet Gynaecol 2011 Jun;25(3):329-342.
(61) Rothman KJ, Greenland S. Causation and causal inference in epidemiology. Am J Public Health
2005;95(Suppl 1):S144-50.
(62) Koga K, Osuga Y, Tajima T, Hirota Y, Igarashi T, Fujii T, Yano T, Taketani Y. Elevated serum
soluble fms-like tyrosine kinase 1 (sFlt1) level in women with hydatidiform mole. Fertility & Sterility
2010 Jun;94(1):305-308.
(63) Redman CW. Preeclampsia: a multi-stress disorder. Rev Med Interne 2011 Jun;32(Suppl 1):S41-4.
(64) Young BC, Levine RJ, Karumanchi SA. Pathogenesis of preeclampsia. Annu Rev Pathol
2010;5:173-192.
(65) 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.
(66) Young BC, Levine RJ, Karumanchi SA. Pathogenesis of preeclampsia. Annual Review Of
Pathology 2010;5:173-192.

91

(67) Autiero M, Luttun A, Tjwa M, Carmeliet P. Placental growth factor and its receptor, vascular
endothelial growth factor receptor-1: novel targets for stimulation of ischemic tissue revascularization
and inhibition of angiogenic and inflammatory disorders. J Thromb Haemost 2003 Jul;1(7):1356-1370.
(68) Ahmed A. New insights into the etiology of preeclampsia: identification of key elusive factors for
the vascular complications. Thromb Res 2011 Feb;127(Suppl 3):S72-5.
(69) De Falco S. The discovery of placenta growth factor and its biological activity. Exp Mol Med
2012 Jan 31;44(1):1-9.
(70) Redman CW, Staff AC. Preeclampsia, biomarkers, syncytiotrophoblast stress, and placental
capacity. Am J Obstet Gynecol 2015 S9-11; Oct;213(4 Suppl):S9.e1-11.
(71) Thadhani R, Kisner T, Hagmann H, Bossung V, Noack S, Schaarschmidt W, Jank A, Kribs A,
Cornely OA, Kreyssig C, Hemphill L, Rigby AC, Khedkar S, Lindner TH, Mallmann P, Stepan H,
Karumanchi SA, Benzing T. Pilot study of extracorporeal removal of soluble fms-like tyrosine kinase 1
in preeclampsia. Circulation 2011 Aug 23;124(8):940-950.
(72) Levine RJ, Lam C, Qian C, Yu KF, Maynard SE, Sachs BP, Sibai BM, Epstein FH, Romero R,
Thadhani R, Karumanchi SA, CPEP Study G. Soluble endoglin and other circulating antiangiogenic
factors in preeclampsia. N Engl J Med 2006 Sep 7;355(10):992-1005.
(73) Venkatesha S, Toporsian M, Lam C, Hanai J, Mammoto T, Kim Y, Bdolah Y, Lim K, Yuan H,
Libermann T, Stillman I, Roberts D, D'Amore P, Epstein F, Sellke F, Romero R, Sukhatme V, Letarte
M, Karumanchi SA. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat Med
2006;12(6):642.
(74) Robertson AL, Rudling M, Zhou X, Gorelik L, Flavell RA, Hansson GK. Disruption of TGF-beta
signaling in T cells accelerates atherosclerosis. J Clin Invest 2003 Nov;112(9):1342-1350.
(75) Zhou CC, Irani RA, Zhang Y, Blackwell SC, Mi T, Wen J, Shelat H, Geng Y, Ramin SM,
Kellems RE, Xia Y. Angiotensin receptor agonistic autoantibody-mediated tumor necrosis factor-alpha
induction contributes to increased soluble endoglin production in preeclampsia. Circulation 2010 Jan
26;121(3):436-444.
(76) Cudmore M, Ahmad S, Al-Ani B, Fujisawa T, Coxall H, Chudasama K, Devey LR, Wigmore SJ,
Abbas A, Hewett PW, Ahmed A. Negative regulation of soluble Flt-1 and soluble endoglin release by
heme oxygenase-1. Circulation 2007 Apr 3;115(13):1789-1797.
(77) Phipps E, Prasanna D, Brima W, Jim B. Preeclampsia: Updates in Pathogenesis, Definitions, and
Guidelines. Clinical Journal of The American Society of Nephrology: CJASN 2016 Jun 6;11(6):11021113.
(78) Brune B, Ullrich V. Inhibition of platelet aggregation by carbon monoxide is mediated by
activation of guanylate cyclase. Mol Pharmacol 1987 Oct;32(4):497-504.
(79) Deramaudt BM, Braunstein S, Remy P, Abraham NG. Gene transfer of human heme oxygenase
into coronary endothelial cells potentially promotes angiogenesis. J Cell Biochem 1998 Jan
1;68(1):121-127.
(80) Ahmed A, Rahman M, Zhang X, Acevedo CH, Nijjar S, Rushton I, Bussolati B, St John J.
Induction of placental heme oxygenase-1 is protective against TNFalpha-induced cytotoxicity and
promotes vessel relaxation. Mol Med 2000 May;6(5):391-409.
(81) Karumanchi SA, Granger JP. Preeclampsia and Pregnancy-Related Hypertensive Disorders.
Hypertension 2016 Feb;67(2):238-242.
(82) Saleh L, Danser JAH, van den Meiracker AH. Role of endothelin in preeclampsia and
hypertension following antiangiogenesis treatment. Curr Opin Nephrol Hypertens 2016 Mar;25(2):9499.

92

(83) George EM, Granger JP. Linking placental ischemia and hypertension in preeclampsia: role of
endothelin 1. Hypertension 2012 Aug;60(2):507-511.
(84) George EM, Palei AC, Granger JP. Endothelin as a final common pathway in the pathophysiology
of preeclampsia: therapeutic implications. Curr Opin Nephrol Hypertens 2012 Mar;21(2):157-162.
(85) Duckitt K, Harrington D. Risk factors for pre-eclampsia at antenatal booking: systematic review of
controlled studies. BMJ 2005 March 12;330(7491):565.
(86) Egbor M, Ansari T, Morris N, Green CJ, Sibbons PD. Morphometric placental villous and
vascular abnormalities in early- and late-onset pre-eclampsia with and without fetal growth restriction.
BJOG 2006 May;113(5):580-589.
(87) Savvidou MD, Karanastasi E, Skentou C, Geerts L, Nicolaides KH. Twin chorionicity and preeclampsia. Ultrasound Obstet Gynecol 2001 Sep;18(3):228-231.
(88) Maxwell CV, Lieberman E, Norton M, Cohen A, Seely EW, Lee-Parritz A. Relationship of twin
zygosity and risk of preeclampsia. Am J Obstet Gynecol 2001 Oct;185(4):819-821.
(89) Bartsch E, Medcalf KE, Park AL, Ray JG, High Risk of Pre-eclampsia Identification Group.
Clinical risk factors for pre-eclampsia determined in early pregnancy: systematic review and metaanalysis of large cohort studies. BMJ 2016;353:1753.
(90) Khong TY, De Wolf F, Robertson WB, Brosens I. Inadequate maternal vascular response to
placentation in pregnancies complicated by pre-eclampsia and by small-for-gestational age infants. Br J
Obstet Gynaecol 1986 Oct;93(10):1049-1059.
(91) Steel SA, Pearce JM, Chamberlain G. Doppler ultrasound of the uteroplacental circulation as a
screening test for severe pre-eclampsia with intra-uterine growth retardation. Eur J Obstet Gynecol
Reprod Biol 1988 Aug;28(4):279-287.
(92) Steel SA, Pearce JM, McParland P, Chamberlain GV. Early Doppler ultrasound screening in
prediction of hypertensive disorders of pregnancy. Lancet 1990 Jun 30;335(8705):1548-1551.
(93) Cnossen JS, Morris RK, ter Riet G, Mol BW, van der Post JA, Coomarasamy A, Zwinderman AH,
Robson SC, Bindels PJ, Kleijnen J, Khan KS. Use of uterine artery Doppler ultrasonography to predict
pre-eclampsia and intrauterine growth restriction: a systematic review and bivariable meta-analysis.
CMAJ 2008 Mar 11;178(6):701-711.
(94) Muttukrishna S, Swer M, Suri S, Jamil A, Calleja-Agius J, Gangooly S, Ludlow H, Jurkovic D,
Jauniaux E. Soluble Flt-1 and PlGF: new markers of early pregnancy loss?. PLoS ONE
2011;6(3):e18041.
(95) Palm M, Basu S, Larsson A, Wernroth L, Akerud H, Axelsson O. A longitudinal study of plasma
levels of soluble fms-like tyrosine kinase 1 (sFlt1), placental growth factor (PlGF), sFlt1: PlGF ratio
and vascular endothelial growth factor (VEGF-A) in normal pregnancy. Acta Obstet Gynecol Scand
2011 Nov;90(11):1244-1251.
(96) Akolekar R, Zaragoza E, Poon LC, Pepes S, Nicolaides KH. Maternal serum placental growth
factor at 11 + 0 to 13 + 6 weeks of gestation in the prediction of pre-eclampsia. Ultrasound Obstet
Gynecol 2008 Nov;32(6):732-739.
(97) Stepan H, Herraiz I, Schlembach D, Verlohren S, Brennecke S, Chantraine F, Klein E, Lapaire O,
Llurba E, Ramoni A, Vatish M, Wertaschnigg D, Galindo A. Implementation of the sFlt-1/PlGF ratio
for prediction and diagnosis of pre-eclampsia in singleton pregnancy: implications for clinical practice.
Ultrasound Obstet Gynecol 2015 Mar;45(3):241-246.
(98) Andreotti F, Rio T, Conti E. Role of PAPP-A in atherothrombosis: messages to take home.
Atherosclerosis 2009 Apr;203(2):353-354.

93

(99) Kagan KO, Wright D, Valencia C, Maiz N, Nicolaides KH. Screening for trisomies 21, 18 and 13
by maternal age, fetal nuchal translucency, fetal heart rate, free beta-hCG and pregnancy-associated
plasma protein-A. Hum Reprod 2008 Sep;23(9):1968-1975.
(100) Spencer K, Souter V, Tul N, Snijders R, Nicolaides KH. A screening program for trisomy 21 at
10-14 weeks using fetal nuchal translucency, maternal serum free beta-human chorionic gonadotropin
and pregnancy-associated plasma protein-A. Ultrasound Obstet Gynecol 1999 Apr;13(4):231-237.
(101) Ranta JK, Raatikainen K, Romppanen J, Pulkki K, Heinonen S. Decreased PAPP-A is associated
with preeclampsia, premature delivery and small for gestational age infants but not with placental
abruption. Eur J Obstet Gynecol Reprod Biol 2011 Jul;157(1):48-52.
(102) Spencer K, Yu CK, Cowans NJ, Otigbah C, Nicolaides KH. Prediction of pregnancy
complications by first-trimester maternal serum PAPP-A and free beta-hCG and with second-trimester
uterine artery Doppler. Prenat Diagn 2005 Oct;25(10):949-953.
(103) Odibo AO, Zhong Y, Longtine M, Tuuli M, Odibo L, Cahill AG, Macones GA, Nelson DM.
First-trimester serum analytes, biophysical tests and the association with pathological morphometry in
the placenta of pregnancies with preeclampsia and fetal growth restriction. Placenta 2011
Apr;32(4):333-338.
(104) Kaijomaa M, Ulander V, Hämäläinen E, Alfthan H, Markkanen H, Heinonen S, Stefanovic V.
The risk of adverse pregnancy outcome among pregnancies with extremely low maternal PAPP-A.
Prenat Diagn 2016 Dec;36(12):1115-1120.
(105) Poon LC, Maiz N, Valencia C, Plasencia W, Nicolaides KH. First-trimester maternal serum
pregnancy-associated plasma protein-A and pre-eclampsia. Ultrasound Obstet Gynecol 2009
Jan;33(1):23-33.
(106) Spencer CA, Allen VM, Flowerdew G, Dooley K, Dodds L. Low levels of maternal serum
PAPP-A in early pregnancy and the risk of adverse outcomes. Prenat Diagn 2008 Nov;28(11):10291036.
(107) Than NG, Abdul Rahman O, Magenheim R, Nagy B, Fule T, Hargitai B, Sammar M, Hupuczi P,
Tarca AL, Szabo G, Kovalszky I, Meiri H, Sziller I, Rigo J,Jr, Romero R, Papp Z. Placental protein 13
(galectin-13) has decreased placental expression but increased shedding and maternal serum
concentrations in patients presenting with preterm pre-eclampsia and HELLP syndrome. Virchows
Arch 2008 Oct;453(4):387-400.
(108) Spencer K, Cowans NJ, Chefetz I, Tal J, Meiri H. First-trimester maternal serum PP-13, PAPP-A
and second-trimester uterine artery Doppler pulsatility index as markers of pre-eclampsia. Ultrasound
Obstet Gynecol 2007 Feb;29(2):128-134.
(109) Gonen R, Shahar R, Grimpel YI, Chefetz I, Sammar M, Meiri H, Gibor Y. Placental protein 13
as an early marker for pre-eclampsia: a prospective longitudinal study. BJOG 2008 Nov;115(12):14651472.
(110) Nicolaides KH, Bindra R, Turan OM, Chefetz I, Sammar M, Meiri H, Tal J, Cuckle HS. A novel
approach to first-trimester screening for early pre-eclampsia combining serum PP-13 and Doppler
ultrasound. Ultrasound in obstetrics gynecology 2006;27(1):13-7.
(111) Akolekar R, Syngelaki A, Beta J, Kocylowski R, Nicolaides KH. Maternal serum placental
protein 13 at 11-13 weeks of gestation in preeclampsia. Prenat Diagn 2009 Dec;29(12):1103-1108.
(112) Khalil A, Cowans NJ, Spencer K, Goichman S, Meiri H, Harrington K. First-trimester markers
for the prediction of pre-eclampsia in women with a-priori high risk. Ultrasound Obstet Gynecol 2010
Jun;35(6):671-679.

94

(113) May K, Rosenlof L, Olsson MG, Centlow M, Morgelin M, Larsson I, Cederlund M, Rutardottir
S, Siegmund W, Schneider H, Akerstrom B, Hansson SR. Perfusion of human placenta with
hemoglobin introduces preeclampsia-like injuries that are prevented by alpha1-microglobulin. Placenta
2011 Apr;32(4):323-332.
(114) Centlow M, Carninci P, Nemeth K, Mezey E, Brownstein M, Hansson SR. Placental expression
profiling in preeclampsia: local overproduction of hemoglobin may drive pathological changes. Fertil
Steril 2008 Nov;90(5):1834-1843.
(115) Olsson MG, Centlow M, Rutardottir S, Stenfors I, Larsson J, Hosseini-Maaf B, Olsson ML,
Hansson SR, Akerstrom B. Increased levels of cell-free hemoglobin, oxidation markers, and the
antioxidative heme scavenger alpha(1)-microglobulin in preeclampsia. Free Radic Biol Med 2010 Jan
15;48(2):284-291.
(116) Tsemakhovich VA, Bamm VV, Shaklai M, Shaklai N. Vascular damage by unstable
hemoglobins: the role of heme-depleted globin. Arch Biochem Biophys 2005 Apr 15;436(2):307-315.
(117) Kumar S, Bandyopadhyay U. Free heme toxicity and its detoxification systems in human.
Toxicol Lett 2005 Jul 04;157(3):175-188.
(118) Olsson MG, Allhorn M, Bulow L, Hansson SR, Ley D, Olsson ML, Schmidtchen A, Akerstrom
B. Pathological conditions involving extracellular hemoglobin: molecular mechanisms, clinical
significance, and novel therapeutic opportunities for alpha(1)-microglobulin. Antioxid Redox Signal
2012 Sep 01;17(5):813-846.
(119) Anderson UD, Olsson MG, Rutardottir S, Centlow M, Kristensen KH, Isberg PE, Thilaganathan
B, Akerstrom B, Hansson SR. Fetal hemoglobin and alpha1-microglobulin as first- and early secondtrimester predictive biomarkers for preeclampsia. Am J Obstet Gynecol 2011 Jun;204(6):520.e1520.e5.
(120) Anderson UD, Gram M, Ranstam J, Thilaganathan B, Kerstrom B, Hansson SR. Fetal
hemoglobin, alpha1-microglobulin and hemopexin are potential predictive first trimester biomarkers
for preeclampsia. Pregnancy Hypertens 2016 Apr;6(2):103-109.
(121) Salonen Ros H, Lichtenstein P, Lipworth L, Cnattingius S. Genetic effects on the liability of
developing pre-eclampsia and gestational hypertension. Am J Med Genet 2000 Apr 10;91(4):256-260.
(122) Skjaerven R, Vatten L, Wilcox A, Ronning T, Irgens L, Lie R. Recurrence of pre-eclampsia
across generations: exploring fetal and maternal genetic components in a population based cohort.
BMJ.British medical journal (Clinical research ed.) 2005;331(7521):877-877.
(123) Shen JJ, Tymkow C, MacMullen N. Disparities in maternal outcomes among four ethnic
populations. Ethn Dis 2005 Summer;15(3):492-497.
(124) Moffett A, Hiby SE. How Does the maternal immune system contribute to the development of
pre-eclampsia? Placenta 2007 Apr;28 Suppl A:S51-6.
(125) Chappell S, Morgan L. Searching for genetic clues to the causes of pre-eclampsia. Clin Sci
(Colch) 2006 Apr;110(4):443-458.
(126) Laivuori H, Lahermo P, Ollikainen V, Widen E, Häivä-Mällinen L, Sundström H, Laitinen T,
Kaaja R, Ylikorkala O, Kere J. Susceptibility loci for preeclampsia on chromosomes 2p25 and 9p13 in
Finnish families. Am J Hum Genet 2003;72(1):168-77.
(127) Majander KK, Villa PM, Kivinen K, Kere J, Laivuori H. A follow-up linkage study of Finnish
pre-eclampsia families identifies a new fetal susceptibility locus on chromosome 18. European Journal
of Human Genetics 2013 Sep;21(9):1024-1026.

95

(128) Johnson MP, Brennecke SP, East CE, Goring HHH, Kent JWJ, Dyer TD, Said JM, Roten LT,
Iversen A, Abraham LJ, Heinonen S, Kajantie E, Kere J, Kivinen K, Pouta A, Laivuori H, FINNPEC
Study Group, Austgulen R, Blangero J, Moses EK. Genome-wide association scan identifies a risk
locus for preeclampsia on 2q14, near the inhibin, beta B gene. PLoS ONE 2012;7(3):e33666.
(129) Zhao L, Triche EW, Walsh KM, Bracken MB, Saftlas AF, Hoh J, Dewan AT. Genome-wide
association study identifies a maternal copy-number deletion in PSG11 enriched among preeclampsia
patients. BMC Pregnancy Childbirth 2012 Jun 29;12:61.
(130) McGinnis R, Steinthorsdottir V, Williams NO, Thorleifsson G, Shooter S, Hjartardottir S,
Bumpstead S, Stefansdottir L, Hildyard L, Sigurdsson JK, Kemp JP, Silva GB, Thomsen LCV,
Jaaskelainen T, Kajantie E, Chappell S, Kalsheker N, Moffett A, Hiby S, Lee WK, Padmanabhan S,
Simpson NAB, Dolby VA, Staines-Urias E, Engel SM, Haugan A, Trogstad L, Svyatova G, Zakhidova
N, Najmutdinova D, FINNPEC Consortium, GOPEC Consortium, Dominiczak AF, Gjessing HK,
Casas JP, Dudbridge F, Walker JJ, Pipkin FB, Thorsteinsdottir U, Geirsson RT, Lawlor DA, Iversen A,
Magnus P, Laivuori H, Stefansson K, Morgan L. Variants in the fetal genome near FLT1 are associated
with risk of preeclampsia. Nat Genet 2017 Jun 19.
(131) Lokki AI, Daly E, Triebwasser M, Kurki MI, Roberson EDO, Happola P, Auro K, Perola M,
Heinonen S, Kajantie E, Kere J, Kivinen K, Pouta A, Salmon JE, Meri S, Daly M, Atkinson JP,
Laivuori H. Protective Low-Frequency Variants for Preeclampsia in the Fms Related Tyrosine Kinase
1 Gene in the Finnish Population. Hypertension 2017 Aug;70(2):365-371.
(132) Onwudiwe N, Yu CK, Poon LC, Spiliopoulos I, Nicolaides KH. Prediction of pre-eclampsia by a
combination of maternal history, uterine artery Doppler and mean arterial pressure. Ultrasound Obstet
Gynecol 2008 Dec;32(7):877-883.
(133) Park FJ, Leung CHY, Poon LCY, Williams PF, Rothwell SJ, Hyett JA. Clinical evaluation of a
first trimester algorithm predicting the risk of hypertensive disease of pregnancy. Aust N Z J Obstet
Gynaecol 2013 Dec;53(6):532-539.
(134) O'Gorman N, Wright D, Syngelaki A, Akolekar R, Wright A, Poon LC, Nicolaides KH.
Competing risks model in screening for preeclampsia by maternal factors and biomarkers at 11-13
weeks gestation. Am J Obstet Gynecol 2016 Jan;214(1):103.e1-103.e12.
(135) Poon LCY, Akolekar R, Lachmann R, Beta J, Nicolaides KH. Hypertensive disorders in
pregnancy: screening by biophysical and biochemical markers at 11-13 weeks. Ultrasound in obstetrics
gynecology 2010;35(6):662-70.
(136) De Paco C, Kametas N, Rencoret G, Strobl I, Nicolaides KH. Maternal cardiac output between
11 and 13 weeks of gestation in the prediction of preeclampsia and small for gestational age. Obstet
Gynecol 2008 Feb;111(2 Pt 1):292-300.
(137) Khaw A, Kametas NA, Turan OM, Bamfo JE, Nicolaides KH. Maternal cardiac function and
uterine artery Doppler at 11-14 weeks in the prediction of pre-eclampsia in nulliparous women. BJOG
2008 Mar;115(3):369-376.
(138) O'Gorman N, Wright D, Poon LC, Rolnik DL, Syngelaki A, de Alvarado M, Carbone IF,
Dutemeyer V, Fiolna M, Frick A, Karagiotis N, Mastrodima S, de Paco Matallana C, Papaioannou G,
Pazos A, Plasencia W, Nicolaides KH. Multicenter screening for preeclampsia by maternal factors and
biomarkers at 11-13 weeks' gestation: comparison to NICE guidelines and ACOG recommendations.
Ultrasound in Obstetrics & Gynecology 2017 Mar 10.
(139) Abalos E, Cuesta C, Carroli G, Qureshi Z, Widmer M, Vogel JP, Souza JP, WHO Multicountry
Survey on Maternal and Newborn Health Research Network. Pre-eclampsia, eclampsia and adverse
maternal and perinatal outcomes: a secondary analysis of the World Health Organization Multicountry
Survey on Maternal and Newborn Health. BJOG 2014 Mar;121(Suppl 1):14-24.
(140) McCowan LM, Buist RG, North RA, Gamble G. Perinatal morbidity in chronic hypertension. Br
J Obstet Gynaecol 1996 Feb;103(2):123-129.

96

(141) Moncada S, Higgs EA. Nitric oxide and the vascular endothelium. Handb Exp Pharmacol 2006.
(142) Hudlicka O, Brown MD. Adaptation of skeletal muscle microvasculature to increased or
decreased blood flow: role of shear stress, nitric oxide and vascular endothelial growth factor. J Vasc
Res 2009;46(5):504-512.
(143) Holden DP, Fickling SA, Whitley GS, Nussey SS. Plasma concentrations of asymmetric
dimethylarginine, a natural inhibitor of nitric oxide synthase, in normal pregnancy and preeclampsia.
Am J Obstet Gynecol 1998 Mar;178(3):551-556.
(144) Savvidou MD, Hingorani AD, Tsikas D, Frolich JC, Vallance P, Nicolaides KH. Endothelial
dysfunction and raised plasma concentrations of asymmetric dimethylarginine in pregnant women who
subsequently develop pre-eclampsia. Lancet 2003 May 3;361(9368):1511-1517.
(145) Bar J, Hod M, Erman A, Kaplan B, Ovadia J, Schoenfeld A. Microalbuminuria in early
pregnancy in normal and high-risk patients. Early Pregnancy 1996 Sep;2(3):197-200.
(146) Poon LC, Kametas N, Bonino S, Vercellotti E, Nicolaides KH. Urine albumin concentration and
albumin-to-creatinine ratio at 11(+0) to 13(+6) weeks in the prediction of pre-eclampsia. BJOG 2008
Jun;115(7):866-873.
(147) Ehsanipoor RM, Fortson W, Fitzmaurice LE, Liao W, Wing DA, Chen D, Chan K. Nitric oxide
and carbon monoxide production and metabolism in preeclampsia. Reprod Sci 2013 May;20(5):542548.
(148) Oberleithner H, Peters W, Kusche-Vihrog K, Korte S, Schillers H, Kliche K, Oberleithner K. Salt
overload damages the glycocalyx sodium barrier of vascular endothelium. Pflugers Arch 2011
Oct;462(4):519-528.
(149) Tarbell JM, Cancel LM. The glycocalyx and its significance in human medicine. J Intern Med
2016 Jul;280(1):97-113.
(150) Annecke T, Fischer J, Hartmann H, Tschoep J, Rehm M, Conzen P, Sommerhoff CP, Becker BF.
Shedding of the coronary endothelial glycocalyx: effects of hypoxia/reoxygenation vs
ischaemia/reperfusion. BJA: British Journal of Anaesthesia 2011 November;107(5):679-686.
(151) Broekhuizen LN, Lemkes BA, Mooij HL, Meuwese MC, Verberne H, Holleman F,
Schlingemann RO, Nieuwdorp M, Stroes ESG, Vink H. Effect of sulodexide on endothelial glycocalyx
and vascular permeability in patients with type 2 diabetes mellitus. Diabetologia 2010
December;53(12):2646-2655.
(152) Chen J, Gall MA, Yokoyama H, Jensen JS, Deckert M, Parving HH. Raised serum sialic acid
concentration in NIDDM patients with and without diabetic nephropathy. Diabetes Care 1996
Feb;19(2):130-134.
(153) Bruegger D, Jacob M, Rehm M, Loetsch M, Welsch U, Conzen P, Becker BF. Atrial natriuretic
peptide induces shedding of endothelial glycocalyx in coronary vascular bed of guinea pig hearts. Am J
Physiol Heart Circ Physiol 2005 Nov;289(5):H1993-9.
(154) Melchiorre K, Sutherland G, Sharma R, Nanni M, Thilaganathan B. Mid-gestational maternal
cardiovascular profile in preterm and term pre-eclampsia: a prospective study. BJOG 2013
Mar;120(4):496-504.
(155) Crews DC, Plantinga LC, Miller ER3, Saran R, Hedgeman E, Saydah SH, Williams DE, Powe
NR, Centers for Disease Control and Prevention Chronic Kidney Disease Surveillance Team.
Prevalence of chronic kidney disease in persons with undiagnosed or prehypertension in the United
States. Hypertension 2010 May;55(5):1102-1109.

97

(156) de Ferranti S, Mozaffarian D. The perfect storm: obesity, adipocyte dysfunction, and metabolic
consequences. Clin Chem 2008 Jun;54(6):945-955.
(157) Schaffer JE. Lipotoxicity: when tissues overeat. Curr Opin Lipidol 2003 Jun;14(3):281-287.
(158) Campbell FM, Gordon MJ, Hoggard N, Dutta-Roy AK. Interaction of free fatty acids with
human leptin. Biochem Biophys Res Commun 1998 Jun 29;247(3):654-658.
(159) Herrera E. Metabolic adaptations in pregnancy and their implications for the availability of
substrates to the fetus. Eur J Clin Nutr 2000 Mar;54 Suppl 1:S47-51.
(160) Potter JM, Nestel PJ. The hyperlipidemia of pregnancy in normal and complicated pregnancies.
Am J Obstet Gynecol 1979 Jan 15;133(2):165-170.
(161) Herrera E, Lasuncion MA, Gomez-Coronado D, Aranda P, Lopez-Luna P, Maier I. Role of
lipoprotein lipase activity on lipoprotein metabolism and the fate of circulating triglycerides in
pregnancy. Am J Obstet Gynecol 1988 Jun;158(6 Pt 2):1575-1583.
(162) Biezenski JJ. Maternal lipid metabolism. Obstet Gynecol Annu 1974;3(0):203-233.
(163) Chen X, Scholl TO. Association of elevated free fatty acids during late pregnancy with preterm
delivery. Obstet Gynecol 2008 Aug;112(2 Pt 1):297-303.
(164) Uauy R, Treen M, Hoffman DR. Essential fatty acid metabolism and requirements during
development. Semin Perinatol 1989 Apr;13(2):118-130.
(165) Sellmayer A, Danesch U, Weber PC. Effects of different polyunsaturated fatty acids on growthrelated early gene expression and cell growth. Lipids 1996 Mar;31(Suppl):S37-40.
(166) Haggarty P. Placental regulation of fatty acid delivery and its effect on fetal growth--a review.
Placenta 2002 Apr;23(Suppl A):S28-38.
(167) Alvino G, Cozzi V, Radaelli T, Ortega H, Herrera E, Cetin I. Maternal and fetal fatty acid profile
in normal and intrauterine growth restriction pregnancies with and without preeclampsia. Pediatr Res
2008 Dec;64(6):615-620.
(168) Crawford MA, Hassam AG, Williams G. Essential fatty acids and fetal brain growth. Lancet
1976 Feb 28;1(7957):452-453.
(169) Uauy R, Hoffman DR. Essential fatty acid requirements for normal eye and brain development.
Semin Perinatol 1991 Dec;15(6):449-455.
(170) Innis SM. Essential fatty acids in growth and development. Prog Lipid Res 1991;30(1):39-103.
(171) Campbell FM, Gordon MJ, Dutta-Roy AK. Placental membrane fatty acid-binding protein
preferentially binds arachidonic and docosahexaenoic acids. Life Sci 1998;63(4):235-240.
(172) Khoury J, Haugen G, Tonstad S, Froslie KF, Henriksen T. Effect of a cholesterol-lowering diet
during pregnancy on maternal and fetal Doppler velocimetry: the CARRDIP study. Am J Obstet
Gynecol 2007 Jun;196(6):549.e1-549.e7.
(173) Lorentzen B, Endresen MJ, Clausen T, Henriksen T. Fasting serum free fatty acids and
triglyserides are increased before 20 weeks of gestation in women who later develop preeclampsia.
Hypertens Pregnancy 1994;13(1):103-109.
(174) Hubel CA, McLaughlin MK, Evans RW, Hauth BA, Sims CJ, Roberts JM. Fasting serum
triglycerides, free fatty acids, and malondialdehyde are increased in preeclampsia, are positively
correlated, and decrease within 48 hours post partum. Am J Obstet Gynecol 1996 Mar;174(3):975-982.

98

(175) Murai JT, Muzykanskiy E, Taylor RN. Maternal and fetal modulators of lipid metabolism
correlate with the development of preeclampsia. Metabolism 1997 Aug;46(8):963-967.
(176) Kenny LC, Broadhurst DI, Dunn W, Brown M, North RA, McCowan L, Roberts C, Cooper GJS,
Kell DB, Baker PN, Screening for Pregnancy Endpoints Consortium. Robust early pregnancy
prediction of later preeclampsia using metabolomic biomarkers. Hypertension 2010 Oct;56(4):741-749.
(177) Lorentzen B, Drevon CA, Endresen MJ, Henriksen T. Fatty acid pattern of esterified and free
fatty acids in sera of women with normal and pre-eclamptic pregnancy. Br J Obstet Gynaecol 1995
Jul;102(7):530-537.
(178) Navaratnam K, Alfirevic A, Alfirevic Z. Low dose aspirin and pregnancy: how important is
aspirin resistance? BJOG: An International Journal of Obstetrics & Gynaecology 2016
Aug;123(9):1481-1487.
(179) Crandon AJ, Isherwood DM. Effect of aspirin on incidence of pre-eclampsia. Lancet 1979 Jun
23;1(8130):1356.
(180) Beaufils M, Uzan S, Donsimoni R, Colau JC. Prevention of pre-eclampsia by early antiplatelet
therapy. Lancet 1985 Apr 13;1(8433):840-842.
(181) Ylikorkala O, Viinikka L. The role of prostaglandins in obstetrical disorders. Baillieres Clin
Obstet Gynaecol 1992 Dec;6(4):809-827.
(182) Patrono C, Coller B, Dalen JE, FitzGerald GA, Fuster V, Gent M, Hirsh J, Roth G. Platelet-active
drugs : the relationships among dose, effectiveness, and side effects. Chest 2001 Jan;119(1 Suppl):39S63S.
(183) Vainio M, Mäenpää J, Riutta A, Ylitalo P, Ala-Fossi S, Tuimala R. In the dose range of 0.5-2.0
mg/kg, acetylsalicylic acid does not affect prostacyclin production in hypertensive pregnancies. Acta
Obstet Gynecol Scand 1999 February;78(2):82-88.
(184) Hetzel S, DeMets D, Schneider R, Borzak S, Schneider W, Serebruany V, Schroder H,
Hennekens CH. Aspirin increases nitric oxide formation in chronic stable coronary disease. J
Cardiovasc Pharmacol Ther 2013 May;18(3):217-221.
(185) Hennekens CH, Schneider WR, Pokov A, Hetzel S, Demets D, Serebruany V, Schroder H. A
randomized trial of aspirin at clinically relevant doses and nitric oxide formation in humans. J
Cardiovasc Pharmacol Ther 2010 Dec;15(4):344-348.
(186) Grosser N, Abate A, Oberle S, Vreman HJ, Dennery PA, Becker JC, Pohle T, Seidman DS,
Schroder H. Heme oxygenase-1 induction may explain the antioxidant profile of aspirin. Biochem
Biophys Res Commun 2003 Sep 5;308(4):956-960.
(187) Li C, Raikwar NS, Santillan MK, Santillan DA, Thomas CP. Aspirin inhibits expression of
sFLT1 from human cytotrophoblasts induced by hypoxia, via cyclo-oxygenase 1. Placenta 2015
Apr;36(4):446-453.
(188) Ahrens KA, Silver RM, Mumford SL, Sjaarda LA, Perkins NJ, Wactawski-Wende J, Galai N,
Townsend JM, Lynch AM, Lesher LL, Faraggi D, Zarek S, Schisterman EF. Complications and Safety
of Preconception Low-Dose Aspirin Among Women With Prior Pregnancy Losses. Obstet Gynecol
2016 Apr;127(4):689-698.
(189) Patrono C, Rocca B. Aspirin and Other COX-1 Inhibitors . Handbook of Experimental
Pharmacology 210: Springer-Verlag Berlin Heidelberg 2012; 2012.
(190) Askie LM, Duley L, Henderson-Smart DJ, Stewart LA, PARIS Collaborative G. Antiplatelet
agents for prevention of pre-eclampsia: a meta-analysis of individual patient data. Lancet 2007 May
26;369(9575):1791-1798.

99

(191) Duley L, Henderson-Smart DJ, Knight M, King JF. Antiplatelet agents for preventing preeclampsia and its complications.[update in Cochrane Database Syst Rev. 2007;(2):CD004659; PMID:
17443552]. Cochrane Database Syst Rev 2004(1):004659.
(192) Bujold E. Roberge S. Lacasse Y. Bureau M. Audibert F. Marcoux S. Forest JC. Giguère Y.
Prevention of preeclampsia and intrauterine growth restriction with aspirin started in early pregnancy: a
meta-analysis. Obstet Gynecol 2010 Aug;116(2 Pt 1):402-414.
(193) Roberge S, Nicolaides KH, Demers S, Villa P, Bujold E. Prevention of perinatal death and
adverse perinatal outcome using low-dose aspirin: a meta-analysis. Ultrasound in Obstetrics &
Gynecology 2013 May;41(5):491-499.
(194) Roberge S, Giguere Y, Villa P, Nicolaides K, Vainio M, Forest JC, von Dadelzen P, Vaiman D,
Tapp S, Bujold E. Early administration of low-dose aspirin for the prevention of severe and mild
preeclampsia: a systematic review and meta-analysis. Am J Perinatol 2012 Aug;29(7):551-556.
(195) Roberge S, Villa P, Nicolaides K, Giguere Y, Vainio M, Bakthi A, Ebrashy A, Bujold E. Early
administration of low-dose aspirin for the prevention of preterm and term preeclampsia: a systematic
review and meta-analysis. Fetal Diagn Ther 2012;31(3):141-146.
(196) Roberge S, Demers S, Bujold E. Low-dose aspirin for prevention of morbidity and mortality
from preeclampsia. Ann Intern Med 2014 Oct 21;161(8):613.
(197) WHO. WHO recommendations for prevention and treatment of pre-eclampsia and eclampsia.
http://www.who.int/reproductivehealth/publications/maternal_perinatal_health/9789241548335/en/
2011.
(198) National Institute of Health and Excellence. NICE clinical guideline 107 National Institute for
Health and Excellence: Hypertension in pregnancy. The management of hypertensive disorders during
pregnancy. http://www.nice.org.uk/nicemedia/ live/13098/50418/50418.pdf 30.
(199) LeFevre ML, U.S. Preventive Services Task Force. Low-dose aspirin use for the prevention of
morbidity and mortality from preeclampsia: U.S. Preventive Services Task Force recommendation
statement. Ann Intern Med 2014 Dec 02;161(11):819-826.
(200) Bushnell C, McCullough LD, Awad IA, Chireau MV, Fedder WN, Furie KL, Howard VJ,
Lichtman JH, Lisabeth LD, Pina IL, Reeves MJ, Rexrode KM, Saposnik G, Singh V, Towfighi A,
Vaccarino V, Walters MR, American Heart Association Stroke Council, Council on Cardiovascular
and Stroke Nursing, Council on Clinical Cardiology, Council on Epidemiology and Prevention,
Council for High Blood Pressure Research. Guidelines for the prevention of stroke in women: a
statement for healthcare professionals from the American Heart Association/American Stroke
Association. Stroke 2014 May;45(5):1545-1588.
(201) Patrono C, Garcia Rodriguez LA, Landolfi R, Baigent C. Low-dose aspirin for the prevention of
atherothrombosis. N Engl J Med 2005 Dec 01;353(22):2373-2383.
(202) Buchanan MR. Biological basis and clinical implications of acetylsalicylic acid resistance. Can J
Cardiol 2006 Feb;22(2):149-151.
(203) Hennekens CH, Schror K, Weisman S, FitzGerald GA. Terms and conditions: semantic
complexity and aspirin resistance. Circulation 2004 Sep 21;110(12):1706-1708.
(204) Krasopoulos G, Brister SJ, Beattie WS, Buchanan MR. Aspirin "resistance" and risk of
cardiovascular morbidity: systematic review and meta-analysis. BMJ 2008 Jan 26;336(7637):195-198.
(205) Ramma W, Ahmed A. Therapeutic potential of statins and the induction of heme oxygenase-1 in
preeclampsia. J Reprod Immunol 2014 Mar;101-102:153-160.
(206) Karalis DG, Hill AN, Clifton S, Wild RA. The risks of statin use in pregnancy: A systematic
review. J clin lipidol 2016 Sep-Oct;10(5):1081-1090.

100

(207) Ofori B, Rey E, Berard A. Risk of congenital anomalies in pregnant users of statin drugs. Br J
Clin Pharmacol 2007 Oct;64(4):496-509.
(208) Brownfoot FC, Tong S, Hannan NJ, Binder NK, Walker SP, Cannon P, Hastie R, Onda K,
Kaitu'u-Lino TJ. Effects of Pravastatin on Human Placenta, Endothelium, and Women With Severe
Preeclampsia. Hypertension 2015 discussion 445; Sep;66(3):687-697.
(209) van Rijn BB, Hoeks LB, Bots ML, Franx A, Bruinse HW. Outcomes of subsequent pregnancy
after first pregnancy with early-onset preeclampsia. Am J Obstet Gynecol 2006 Sep;195(3):723-728.
(210) Jacobsen AF, Skjeldestad FE, Sandset PM. Ante- and postnatal risk factors of venous
thrombosis: a hospital-based case-control study. J Thromb Haemost 2008 Jun;6(6):905-912.
(211) Pabinger I, Grafenhofer H, Kaider A, Ilic A, Eichinger S, Quehenberger P, Husslein P,
Mannhalter C, Lechner K. Preeclampsia and fetal loss in women with a history of venous
thromboembolism. Arterioscler Thromb Vasc Biol 2001 May;21(5):874-879.
(212) Dodd JM, McLeod A, Windrim RC, Kingdom J. Antithrombotic therapy for improving maternal
or infant health outcomes in women considered at risk of placental dysfunction. Cochrane Database of
Systematic Reviews 2013 0:(7)-2013 Ju 24.
(213) Rodger MA, Gris J, de Vries JIP, Martinelli I, Rey E, Schleussner E, Middeldorp S, Kaaja R,
Langlois NJ, Ramsay T, Mallick R, Bates SM, Abheiden CNH, Perna A, Petroff D, de Jong P, van
Hoorn ME, Bezemer PD, Mayhew AD, Low-Molecular-Weight Heparin for Placenta-Mediated
Pregnancy Complications Study Group. Low-molecular-weight heparin and recurrent placentamediated pregnancy complications: a meta-analysis of individual patient data from randomised
controlled trials. Lancet 2016 Nov 26;388(10060):2629-2641.
(214) de Vries JIP, van Pampus MG, Hague WM, Bezemer PD, Joosten JH, FRUIT Investigators.
Low-molecular-weight heparin added to aspirin in the prevention of recurrent early-onset preeclampsia in women with inheritable thrombophilia: the FRUIT-RCT. J Thromb Haemost 2012
Jan;10(1):64-72.
(215) Roberge S, Demers S, Nicolaides KH, Bureau M, Cote S, Bujold E. Prevention of pre-eclampsia
by low-molecular-weight heparin in addition to aspirin: a meta-analysis. Ultrasound in Obstetrics &
Gynecology 2016 May;47(5):548-553.
(216) Levine RJ, Hauth JC, Curet LB, Sibai BM, Catalano PM, Morris CD, DerSimonian R, Esterlitz
JR, Raymond EG, Bild DE, Clemens JD, Cutler JA. Trial of calcium to prevent preeclampsia. N Engl J
Med 1997 Jul 10;337(2):69-76.
(217) Villar J, Abdel-Aleem H, Merialdi M, Mathai M, Ali MM, Zavaleta N, Purwar M, Hofmeyr J,
Nguyen TNN, Campodonico L, Landoulsi S, Carroli G, Lindheimer M, World Health Organization
Calcium Supplementation for the Prevention of Preeclampsia Trial Group. World Health Organization
randomized trial of calcium supplementation among low calcium intake pregnant women. American
Journal of Obstetrics & Gynecology 2006 Mar;194(3):639-649.
(218) GJ.Hofmeyr, TA.Lawrie, ÁN.Atallah, L.Duley MT. Calcium supplementation during pregnancy
for preventing hypertensive disorders and related problems. Cochrane Database of Systematic Reviews
2014(Issue 6).
(219) Terveyden ja hyvinvoinnin laitos THL. Syödään yhdessä - ruokasuositukset lapsiperheille. 2016.
(220) Rumbold A, Duley L, Crowther C, Haslam R. Antioxidants for preventing pre-eclampsia.
Cochrane Database Syst Rev 2005(4):004227.
(221) Rossi AC, Mullin PM. Prevention of pre-eclampsia with low-dose aspirin or vitamins C and E in
women at high or low risk: a systematic review with meta-analysis. Eur J Obstet Gynecol Reprod Biol
2011 Sep;158(1):9-16.

101

(222) Xu H, Perez-Cuevas R, Xiong X, Reyes H, Roy C, Julien P, Smith G, von Dadelszen P, Leduc L,
Audibert F, Moutquin J, Piedboeuf B, Shatenstein B, Parra-Cabrera S, Choquette P, Winsor S, Wood S,
Benjamin A, Walker M, Helewa M, Dube J, Tawagi G, Seaward G, Ohlsson A, Magee LA,
Olatunbosun F, Gratton R, Shear R, Demianczuk N, Collet J, Wei S, Fraser WD, INTAPP study group.
An international trial of antioxidants in the prevention of preeclampsia (INTAPP). Am J Obstet
Gynecol 2010 Mar;202(3):239.e1-239.e10.
(223) Poston L, Briley AL, Seed PT, Kelly FJ, Shennan AH, Vitamins in Pre-eclampsia (VIP) Trial
Consortium. Vitamin C and vitamin E in pregnant women at risk for pre-eclampsia (VIP trial):
randomised placebo-controlled trial. Lancet 2006 Apr 08;367(9517):1145-1154.
(224) Boyle VT, Thorstensen EB, Mourath D, Jones MB, McCowan LME, Kenny LC, Baker PN. The
relationship between 25-hydroxyvitamin D concentration in early pregnancy and pregnancy outcomes
in a large, prospective cohort. Br J Nutr 2016 Oct;116(8):1409-1415.
(225) Tsai AC, Sandretto A, Chung YC. Dieting is more effective in reducing weight but exercise is
more effective in reducing fat during the early phase of a weight-reducing program in healthy humans.
J Nutr Biochem 2003 Sep;14(9):541-549.
(226) Verdaet D, Dendale P, De Bacquer D, Delanghe J, Block P, De Backer G. Association between
leisure time physical activity and markers of chronic inflammation related to coronary heart disease.
Atherosclerosis 2004 Oct;176(2):303-310.
(227) Ignarro LJ, Balestrieri ML, Napoli C. Nutrition, physical activity, and cardiovascular disease: an
update. Cardiovasc Res 2007 Jan 15;73(2):326-340.
(228) Smith JK, Dykes R, Douglas JE, Krishnaswamy G, Berk S. Long-term exercise and atherogenic
activity of blood mononuclear cells in persons at risk of developing ischemic heart disease. JAMA
1999 May 12;281(18):1722-1727.
(229) Aune D, Saugstad OD, Henriksen T, Tonstad S. Physical activity and the risk of preeclampsia: a
systematic review and meta-analysis. Epidemiology 2014 May;25(3):331-343.
(230) Belo L, Santos-Silva A, Quintanilha A, Rebelo I. Similarities between pre-eclampsia and
atherosclerosis: a protective effect of physical exercise? Curr Med Chem 2008;15(22):2223-2229.
(231) Oken E, Ning Y, Rifas-Shiman SL, Radesky JS, Rich-Edwards JW, Gillman MW. Associations
of physical activity and inactivity before and during pregnancy with glucose tolerance. Obstet Gynecol
2006 Nov;108(5):1200-1207.
(232) Butler CL, Williams MA, Sorensen TK, Frederick IO, Leisenring WM. Relation between
maternal recreational physical activity and plasma lipids in early pregnancy. Am J Epidemiol 2004 Aug
15;160(4):350-359.
(233) Enquobahrie DA, Meller M, Rice K, Psaty BM, Siscovick DS, Williams MA. Differential
placental gene expression in preeclampsia. Am J Obstet Gynecol 2008 Nov;199(5):566.e1-566.11.
(234) Ning Y, Williams MA, Butler CL, Muy-Rivera M, Frederick IO, Sorensen TK. Maternal
recreational physical activity is associated with plasma leptin concentrations in early pregnancy. Hum
Reprod 2005 Feb;20(2):382-389.
(235) Girchenko P, Hämäläinen E, Kajantie E, Pesonen A, Villa P, Laivuori H, Räikkönen K,
Complete author list is available in the full version of the profile. Prediction and Prevention of
Preeclampsia and Intrauterine Growth Restriction (PREDO) study. Int J Epidemiol 2016 Sep 17.
(236) Pesonen A, Lahti M, Kuusinen T, Tuovinen S, Villa P, Hämäläinen E, Laivuori H, Kajantie E,
Räikkönen K. Maternal Prenatal Positive Affect, Depressive and Anxiety Symptoms and Birth
Outcomes: The PREDO Study. PLoS ONE 2016;11(2):e0150058.

102

(237) Reynolds RM, Pesonen A, O'Reilly JR, Tuovinen S, Lahti M, Kajantie E, Villa PM, Laivuori H,
Hämäläinen E, Seckl JR, Räikkänen K. Maternal depressive symptoms throughout pregnancy are
associated with increased placental glucocorticoid sensitivity. Psychol Med 2015 Jul;45(10):20232030.
(238) Räikkönen K, Pesonen A, O'Reilly JR, Tuovinen S, Lahti M, Kajantie E, Villa P, Laivuori H,
Hämäläinen E, Seckl JR, Reynolds RM. Maternal depressive symptoms during pregnancy, placental
expression of genes regulating glucocorticoid and serotonin function and infant regulatory behaviors.
Psychol Med 2015 Nov;45(15):3217-3226.
(239) Lahti M, Tuovinen S, Pesonen A, Savolainen K, Kajantie E, Heinonen K, Lahti J, Villa P,
Laivuori H, Hämäläinen E, Reynolds R, Räikkönen K. Additive effects of maternal depressive
symptoms during pregnancy and three years after childbirth on offspring psychiatric symptoms in early
childhood. Psychoneuroendocrinology 2015 Nov;61:12.
(240) Wolford E, Pesonen A, Lahti M, Tuovinen S, Savolainen K, Kajantie E, Heinonen K, Lahti J,
Villa P, Laivuori H, Hämäläinen E, Reynolds RM, Räikkönen K. Associations between maternal
anxiety symptoms during and three years after pregnancy and child's behavioral symptoms of attention
deficit hyperactivity disorder. Psychoneuroendocrinology 2015 Nov;61:28.
(241) Lahti M, Savolainen K, Tuovinen S, Pesonen A, Lahti J, Heinonen K, Hämäläinen E, Laivuori H,
Villa PM, Reynolds RM, Kajantie E, Räikkönen K. Maternal Depressive Symptoms During and After
Pregnancy and Psychiatric Problems in Children. J Am Acad Child Adolesc Psychiatry 2017
Jan;56(1):30-39.e7.
(242) Pihkala J, Hakala T, Voutilainen P, Raivio K. [Characteristic of recent fetal growth curves in
Finland]. Duodecim 1989;105(18):1540-1546.
(243) Bishop CM. Pattern recognition and machine learning. USA: Springer; 2006.
(244) Corander J, Marttinen P. Bayesian identification of admixture events using multilocus molecular
markers. Mol Ecol 2006 Sep;15(10):2833-2843.
(245) Bramham K, Seed PT, Lightstone L, Nelson-Piercy C, Gill C, Webster P, Poston L, Chappell
LC. Diagnostic and predictive biomarkers for pre-eclampsia in patients with established hypertension
and chronic kidney disease. Kidney Int 2016 Apr;89(4):874-885.
(246) Vainio M, Kujansuu E, Iso-Mustajärvi M, Mäenpää J. Low dose acetylsalicylic acid in
prevention of pregnancy-induced hypertension and intrauterine growth retardation in women with
bilateral uterine artery notches. BJOG 2002 Feb;109(2):161-167.
(247) Ebrashy A, Ibrahim M, Marzook A, Yousef D. Usefulness of aspirin therapy in high-risk
pregnant women with abnormal uterine artery Doppler ultrasound at 14-16 weeks pregnancy:
randomized controlled clinical trial. Croat Med J 2005 Oct;46(5):826-831.
(248) Chiaffarino F, Parazzini F, Paladini D, Acaia B, Ossola W, Marozio L, Facchinetti F, Del
Giudice A. A small randomised trial of low-dose aspirin in women at high risk of pre-eclampsia. Eur J
Obstet Gynecol Reprod Biol 2004 Feb 10;112(2):142-144.
(249) Lisonkova S, Joseph KS. Incidence of preeclampsia: risk factors and outcomes associated with
early- versus late-onset disease. Am J Obstet Gynecol 2013 Dec;209(6):544.e1-544.e12.
(250) Klemetti MM, Laivuori H, Tikkanen M, Nuutila M, Hiilesmaa V, Teramo K. White's
classification and pregnancy outcome in women with type 1 diabetes: a population-based cohort study.
Diabetologia 2016 Jan;59(1):92-100.
(251) Bramham K, Briley AL, Seed P, Poston L, Shennan AH, Chappell LC. Adverse maternal and
perinatal outcomes in women with previous preeclampsia: a prospective study. Am J Obstet Gynecol
2011 Jun;204(6):512.e1-512.e9.

103

(252) Ness RB, Sibai BM. Shared and disparate components of the pathophysiologies of fetal growth
restriction and preeclampsia. Am J Obstet Gynecol 2006 Jul;195(1):40-49.
(253) Mostello D, Kallogjeri D, Tungsiripat R, Leet T,c. Recurrence of preeclampsia: effects of
gestational age at delivery of the first pregnancy, body mass index, paternity, and interval between
births. American Journal of Obstetrics & Gynecology 2008 July;199(1):55e1-55e7.
(254) Wikstrom A,c, Stephansson O,b, Cnattingius S. Previous preeclampsia and risks of adverse
outcomes in subsequent nonpreeclamptic pregnancies. American Journal of Obstetrics & Gynecology
2011 February;204(2):148e1-148e6.
(255) Trogstad LI, Eskild A, Magnus P, Samuelsen SO, Nesheim BI. Changing paternity and time
since last pregnancy; the impact on pre-eclampsia risk. A study of 547 238 women with and without
previous pre-eclampsia. Int J Epidemiol 2001 Dec;30(6):1317-1322.
(256) Romero R, Nien JK, Espinoza J, Todem D, Fu W, Chung H, Kusanovic JP, Gotsch F, Erez O,
Mazaki-Tovi S, Gomez R, Edwin S, Chaiworapongsa T, Levine RJ, Karumanchi SA. A longitudinal
study of angiogenic (placental growth factor) and anti-angiogenic (soluble endoglin and soluble
vascular endothelial growth factor receptor-1) factors in normal pregnancy and patients destined to
develop preeclampsia and deliver a small for gestational age neonate. J Matern Fetal Neonatal Med
2008 Jan;21(1):9-23.
(257) Thadhani R, Mutter WP, Wolf M, Levine RJ, Taylor RN, Sukhatme VP, Ecker J, Karumanchi
SA. First trimester placental growth factor and soluble fms-like tyrosine kinase 1 and risk for
preeclampsia. J Clin Endocrinol Metab 2004 Feb;89(2):770-775.
(258) Poon LC, Kametas NA, Maiz N, Akolekar R, Nicolaides KH. First-trimester prediction of
hypertensive disorders in pregnancy. Hypertension 2009 May;53(5):812-818.
(259) Wa Law L, Sahota DS, Chan LW, Chen M, Lau TK, Leung TY. Serum placental growth factor
and fms-like tyrosine kinase 1 during first trimester in Chinese women with pre-eclampsia--a casecontrol study. J Matern Fetal Neonatal Med 2011 Jun;24(6):808-811.
(260) Cowans NJ, Stamatopoulou A, Matwejew E, von Kaisenberg CS, Spencer K. First-trimester
placental growth factor as a marker for hypertensive disorders and SGA. Prenat Diagn 2010
Jun;30(6):565-570.
(261) Noori M, Donald AE, Angelakopoulou A, Hingorani AD, Williams DJ. Prospective study of
placental angiogenic factors and maternal vascular function before and after preeclampsia and
gestational hypertension. Circulation 2010 Aug 3;122(5):478-487.
(262) Vieira MC, Poston L, Fyfe E, Gillett A, Kenny LC, Roberts CT, Baker PN, Myers JE, Walker JJ,
McCowan LM, North RA, Pasupathy D, SCOPE Consortium. Clinical and biochemical factors
associated with preeclampsia in women with obesity. Obesity (Silver Spring) 2017 Feb;25(2):460-467.
(263) Moore Simas TA, Crawford SL, Solitro MJ, Frost SC, Meyer BA, Maynard SE. Angiogenic
factors for the prediction of preeclampsia in high-risk women. Am J Obstet Gynecol 2007
Sep;197(3):244.e1-244.e8.
(264) Vatten LJ, Eskild A, Nilsen TI, Jeansson S, Jenum PA, Staff AC. Changes in circulating level of
angiogenic factors from the first to second trimester as predictors of preeclampsia. American Journal of
Obstetrics & Gynecology 2007 Mar;196(3):239.e1-239.e6.
(265) Chaiworapongsa T, Romero R, Savasan ZA, Kusanovic JP, Ogge G, Soto E, Dong Z, Tarca A,
Gaurav B, Hassan SS. Maternal plasma concentrations of angiogenic/anti-angiogenic factors are of
prognostic value in patients presenting to the obstetrical triage area with the suspicion of preeclampsia.
J Matern Fetal Neonatal Med 2011 Oct;24(10):1187-1207.

104

(266) Verlohren S, Herraiz I, Lapaire O, Schlembach D, Moertl M, Zeisler H, Calda P, Holzgreve W,
Galindo A, Engels T, Denk B, Stepan H. The sFlt-1/PlGF ratio in different types of hypertensive
pregnancy disorders and its prognostic potential in preeclamptic patients. Am J Obstet Gynecol 2012
Jan;206(1):58.e1-58.e8.
(267) Verlohren S, Galindo A, Schlembach D, Zeisler H, Herraiz I, Moertl MG, Pape J, Dudenhausen
JW, Denk B, Stepan H. An automated method for the determination of the sFlt-1/PIGF ratio in the
assessment of preeclampsia. Am J Obstet Gynecol 2010 Feb;202(2):161.e1-161.e11.
(268) Duckworth S, Griffin M, Seed PT, North R, Myers J, Mackillop L, Simpson N, Waugh J,
Anumba D, Kenny LC, Redman CWG, Shennan AH, Chappell LC. Diagnostic Biomarkers in Women
With Suspected Preeclampsia in a Prospective Multicenter Study. Obstet Gynecol 2016
Aug;128(2):245-252.
(269) Klein E, Schlembach D, Ramoni A, Langer E, Bahlmann F, Grill S, Schaffenrath H, van der
Does R, Messinger D, Verhagen-Kamerbeek WDJ, Reim M, Hund M, Stepan H. Influence of the sFlt1/PlGF Ratio on Clinical Decision-Making in Women with Suspected Preeclampsia. PLoS ONE
2016;11(5):e0156013.
(270) Rana S, Powe CE, Salahuddin S, Verlohren S, Perschel FH, Levine RJ, Lim KH, Wenger JB,
Thadhani R, Karumanchi SA. Angiogenic factors and the risk of adverse outcomes in women with
suspected preeclampsia. Circulation 2012 Feb 21;125(7):911-919.
(271) Droge L, Herraiz I, Zeisler H, Schlembach D, Stepan H, Kussel L, Henrich W, Galindo A,
Verlohren S. Maternal serum sFlt-1/PlGF ratio in twin pregnancies with and without pre-eclampsia in
comparison with singleton pregnancies. Ultrasound Obstet Gynecol 2015 Mar;45(3):286-293.
(272) Redman CWG, Sargent IL. Pre-eclampsia, the placenta and the maternal systemic inflammatory
response--a review. Placenta 2003 Apr;24(Suppl A):S21-7.
(273) Jokimaa V, Inki P, Kujari H, Hirvonen O, Ekholm E, Anttila L. Expression of syndecan-1 in
human placenta and decidua. Placenta 1998 Mar-Apr;19(2-3):157-163.
(274) Gandley RE, Althouse A, Jeyabalan A, Bregand-White JM, McGonigal S, Myerski AC, Gallaher
M, Powers RW, Hubel CA. Low Soluble Syndecan-1 Precedes Preeclampsia. PLoS ONE
2016;11(6):e0157608.
(275) Chaiworapongsa T, Chaemsaithong P, Yeo L, Romero R. Pre-eclampsia part 1: current
understanding of its pathophysiology. Nat Rev Nephrol 2014 Aug;10(8):466-480.
(276) Heyer-Chauhan N, Ovbude IJ, Hills AA, Sullivan MH, Hills FA. Placental syndecan-1 and
sulphated glycosaminoglycans are decreased in preeclampsia. J Perinat Med 2014 May;42(3):329-338.
(277) Perni U, Sison C, Sharma V, Helseth G, Hawfield A, Suthanthiran M, August P. Angiogenic
factors in superimposed preeclampsia: a longitudinal study of women with chronic hypertension during
pregnancy. Hypertension 2012 Mar;59(3):740-746.
(278) Powers RW, Jeyabalan A, Clifton RG, Van Dorsten P, Hauth JC, Klebanoff MA, Lindheimer
MD, Sibai B, Landon M, Miodovnik M, Eunice Kennedy Shriver National Institute of Child Health
Human Development Maternal-Fetal Medicine Units,Network. Soluble fms-Like tyrosine kinase 1
(sFlt1), endoglin and placental growth factor (PlGF) in preeclampsia among high risk pregnancies.
PLoS ONE [Electronic Resource] 2010;5(10):e13263.
(279) Martino MM, Briquez PS, Guc E, Tortelli F, Kilarski WW, Metzger S, Rice JJ, Kuhn GA, Muller
R, Swartz MA, Hubbell JA. Growth factors engineered for super-affinity to the extracellular matrix
enhance tissue healing. Science 2014 Feb 21;343(6173):885-888.
(280) Helal I, Fick-Brosnahan GM, Reed-Gitomer B, Schrier RW. Glomerular hyperfiltration:
definitions, mechanisms and clinical implications. Nat Rev Nephrol 2012 Feb 21;8(5):293-300.

105

(281) Schobel HP, Fischer T, Heuszer K, Geiger H, Schmieder RE. Preeclampsia -- a state of
sympathetic overactivity. N Engl J Med 1996 Nov 14;335(20):1480-1485.
(282) Fasshauer M, Seeger J, Waldeyer T, Schrey S, Ebert T, Kratzsch J, Lossner U, Bluher M,
Stumvoll M, Faber R, Stepan H. Serum levels of the adipokine adipocyte fatty acid-binding protein are
increased in preeclampsia. Am J Hypertens 2008 May;21(5):582-586.
(283) Kajantie E, Kaaja R, Ylikorkala O, Andersson S, Laivuori H. Adiponectin concentrations in
maternal serum: elevated in preeclampsia but unrelated to insulin sensitivity. J Soc Gynecol Investig
2005 Sep;12(6):433-439.
(284) Xu A, Tso AWK, Cheung BMY, Wang Y, Wat NMS, Fong CHY, Yeung DCY, Janus ED, Sham
PC, Lam KSL. Circulating adipocyte-fatty acid binding protein levels predict the development of the
metabolic syndrome: a 5-year prospective study. Circulation 2007 Mar 27;115(12):1537-1543.
(285) Okon EB, Chung AWY, Zhang H, Laher I, van Breemen C. Hyperglycemia and hyperlipidemia
are associated with endothelial dysfunction during the development of type 2 diabetes. Can J Physiol
Pharmacol 2007 May;85(5):562-567.
(286) Endresen MJ, Lorentzen B, Henriksen T. Increased lipolytic activity and high ratio of free fatty
acids to albumin in sera from women with preeclampsia leads to triglyceride accumulation in cultured
endothelial cells. Am J Obstet Gynecol 1992 Aug;167(2):440-447.
(287) Sattar N, Gaw A, Packard CJ, Greer IA. Potential pathogenic roles of aberrant lipoprotein and
fatty acid metabolism in pre-eclampsia. Br J Obstet Gynaecol 1996 Jul;103(7):614-620.
(288) Lorentzen B, Endresen MJ, Hovig T, Haug E, Henriksen T. Sera from preeclamptic women
increase the content of triglycerides and reduce the release of prostacyclin in cultured endothelial cells.
Thromb Res 1991 Aug 1;63(3):363-372.
(289) Knudsen P, Eriksson J, Lahdenperä S, Kahri J, Groop L, Taskinen MR. Changes of lipolytic
enzymes cluster with insulin resistance syndrome. Botnia Study Group. Diabetologia 1995
Mar;38(3):344-350.
(290) Szczeklik A, Gryglewski RJ, Nizankowski R, Musial J, Pieton R, Mruk J. Circulatory and antiplatelet effects of intravenous prostacyclin in healthy men. Pharmacol Res Commun 1978
Jun;10(6):545-556.
(291) Granstrom E, Diczfalusy U, Hamberg M, Hansson G, Malmsten C, Samuelsson B. Thromboxane
a2: biosynthesis and effects on platelets. Adv Prostaglandin Thromboxane Leukot Res 1982;10:15-58.
(292) Endresen MJ, Tosti E, Heimli H, Lorentzen B, Henriksen T. Effects of free fatty acids found
increased in women who develop pre-eclampsia on the ability of endothelial cells to produce
prostacyclin, cGMP and inhibit platelet aggregation. Scand J Clin Lab Invest 1994 Nov;54(7):549-557.
(293) Friedman SA. Preeclampsia: a review of the role of prostaglandins. Obstet Gynecol 1988
Jan;71(1):122-137.
(294) Saeed SA, Mitchell MD. Lipoxygenase activity in human uterine and intrauterine tissues: new
prospects for control of prostacyclin production in pre-eclampsia. Clin Exp Hypertens B
1983;2(1):103-111.
(295) Ogburn PLJ, Williams PP, Johnson SB, Holman RT. Serum arachidonic acid levels in normal
and preeclamptic pregnancies. Am J Obstet Gynecol 1984 Jan 1;148(1):5-9.
(296) Leik CE, Walsh SW. Linoleic acid, but not oleic acid, upregulates production of interleukin-8 by
human vascular smooth muscle cells via arachidonic acid metabolites under conditions of oxidative
stress. J Soc Gynecol Investig 2005 Dec;12(8):593-598.

106

(297) Leik CE, Walsh SW. Neutrophils infiltrate resistance-sized vessels of subcutaneous fat in women
with preeclampsia. Hypertension 2004 Jul;44(1):72-77.
(298) Roberge S, Odibo AO, Bujold E. Aspirin for the Prevention of Preeclampsia and Intrauterine
Growth Restriction. Clin Lab Med 2016 Jun;36(2):319-329.
(299) Meher S, Duley L, Hunter K, Askie L. Antiplatelet therapy before or after 16 weeks' gestation for
preventing preeclampsia: an individual participant data meta-analysis. Am J Obstet Gynecol 2017
Feb;216(2):121-128.e2.
(300) Duley L, Henderson-Smart DJ, Meher S, King JF. Antiplatelet agents for preventing preeclampsia and its complications.[update of Cochrane Database Syst Rev. 2004;(1):CD004659; PMID:
14974075]. Cochrane Database Syst Rev 2007(2):004659.
(301) Pijnenborg R, Dixon G, Robertson WB, Brosens I. Trophoblastic invasion of human decidua
from 8 to 18 weeks of pregnancy. Placenta 1980 Jan-Mar;1(1):3-19.
(302) Lyall F. Priming and remodelling of human placental bed spiral arteries during pregnancy--a
review. Placenta 2005 Apr;26(Suppl A):S31-6.
(303) Haapsamo M, Martikainen H, Tinkanen H, Heinonen S, Nuojua-Huttunen S, Räsänen J. Lowdose aspirin therapy and hypertensive pregnancy complications in unselected IVF and ICSI patients: a
randomized, placebo-controlled, double-blind study. Hum Reprod 2010 Dec;25(12):2972-2977.
(304) Groeneveld E, Lambers MJ, Lambalk CB, Broeze KA, Haapsamo M, de Sutter P, Schoot BC,
Schats R, Mol BW, Hompes PG. Preconceptional low-dose aspirin for the prevention of hypertensive
pregnancy complications and preterm delivery after IVF: a meta-analysis with individual patient data.
Human Reproduction 2013 Jun;28(6):1480-1488.
(305) Lambers MJ, Groeneveld E, Hoozemans DA, Schats R, Homburg R, Lambalk CB, Hompes PG.
Lower incidence of hypertensive complications during pregnancy in patients treated with low-dose
aspirin during in vitro fertilization and early pregnancy. Hum Reprod 2009 Oct;24(10):2447-2450.
(306) Bakhti A, Vaiman D. Prevention of gravidic endothelial hypertension by aspirin treatment
administered from the 8th week of gestation. Hypertens Res 2011 Oct;34(10):1116-1120.
(307) Hoffman MK. Investigating the role of aspirin resistance in obstetrics may optimise prevention of
pre-eclampsia. BJOG: An International Journal of Obstetrics & Gynaecology 2016 Aug;123(9):1488.
(308) Xu T, Zhou F, Deng C, Huang G, Li J, Wang X. Low-Dose Aspirin for Preventing Preeclampsia
and Its Complications: A Meta-Analysis. J Clin Hypertens (Greenwich) 2015 Jul;17(7):567-573.
(309) Greco T, Zangrillo A, Biondi-Zoccai G, Landoni G. Meta-analysis: pitfalls and hints. Heart Lung
Vessels 2013;5(4):219-225.
(310) O'Gorman N, Wright D, Rolnik DL, Nicolaides KH, Poon LC. Study protocol for the randomised
controlled trial: combined multimarker screening and randomised patient treatment with ASpirin for
evidence-based PREeclampsia prevention (ASPRE). BMJ Open 2016 Jun 28;6(6):e011801.
(311) Rolnik DL, Wright D, Poon LC, O'Gorman N, Syngelaki A, de Paco Matallana C, Akolekar R,
Cicero S, Janga D, Singh M, Molina FS, Persico N, Jani JC, Plasencia W, Papaioannou G, TenenbaumGavish K, Meiri H, Gizurarson S, Maclagan K, Nicolaides KH. Aspirin versus Placebo in Pregnancies
at High Risk for Preterm Preeclampsia. N Engl J Med 2017 Jun 28.
(312) Werner EF, Hauspurg AK, Rouse DJ. A Cost-Benefit Analysis of Low-Dose Aspirin Prophylaxis
for the Prevention of Preeclampsia in the United States. Obstet Gynecol 2015 Dec;126(6):1242-1250.

107

