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ABSTRACT 

Pre-eclampsia is a placenta-driven pregnancy complication causing systemic 
inflammation and endothelial dysfunction. It is characterised by increased blood 
pressure and proteinuria and affects vital organs of the body. Therefore, without 
surveillance and treatment it threatens the health and life of the mother and the foetus. 
Every year approximately 70,000 mothers die due to pre-eclampsia and its 
complications globally. There is still no cure for pre-eclampsia other than delivery. The 
aim of this thesis was to investigate associations of biomarkers to pre-eclampsia, and 
to find better ways to predict the disease and its subtypes, and accordingly to also 
increase the understanding of the mechanisms and pathways of the pathophysiology 
of pre-eclampsia, which eventually may lead to innovations of new therapeutic targets.  

This thesis includes data from the multidisciplinary PREDO (Prediction and prevention 
of pre-eclampsia and fetal growth restriction) project, which consists of 988 pregnant 
women with and 117 without known risk factors for pre-eclampsia. These women were 
recruited between September 2005 and December 2009 in ten maternity clinics in 
Finland.  

The usefulness of serum hyperglycosylated human chorionic gonadotropin (hCG-h) or 
the proportion of hCG-h to hCG (%hCG-h) was assessed for the prediction of pre-
eclampsia in the first trimester (Study I). These were combined with maternal risk 
factors, known biomarkers (placental growth factor (PlGF), free human chorionic 

-associated plasma protein A (PAPP-A)), and 
biophysical measurements (mean arterial pressure and mean uterine artery pulsatility 
index).  The study was conducted in a subcohort of 257 women with known risk factors 
for pre-eclampsia. We found that prior pre-eclampsia and low serum %hCG-h were 
associated with late-onset and non-severe pre-eclampsia, whereas low serum PlGF was 
associated with early-onset and severe pre-eclampsia. Free hCG  was higher in women 
who developed severe pre-eclampsia than in women who did not develop severe pre-
eclampsia, whereas low serum PAPP-A was associated with non-severe pre-eclampsia. 
Multivariate models constructed with regularised logistic regression provided only 
modest prediction rates for all pre-eclampsia (36% sensitivity with 90% specificity) and 
its subtypes (20% sensitivity for early-onset pre-eclampsia and 32% sensitivity for late-
onset pre-eclampsia with 90% specificity). 

The effect of low-dose aspirin (100mg/d) on maternal serum concentrations of PlGF 
during pregnancy from the first trimester to the late second trimester was investigated 
(Study II). Blood samples were collected at 12–14, 18–20 and 26–28 weeks of gestation. 
The main finding was that high-risk women who had low-dose aspirin treatment (N=61) 
started before 14 weeks of gestation for prevention of pre-eclampsia had higher 
concentrations of serum PlGF than high-risk women who had placebo treatment 
(N=62). The difference was evident from mid-gestation onwards. 

We investigated the differences of haemoglobin scavenger proteins haemopexin (Hpx) 
and alfa-1-microglobulin (A1M) in high risk women and low risk women at 26–28 weeks 
of gestation (Study III). It was a case–control study with high-risk women who 
subsequently developed pre-eclampsia (n=42), high-risk women who did not develop 
pre-eclampsia (n=49) and low-risk women (n=51). We found higher plasma Hpx 
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concentration in high risk women, who developed pre-eclampsia compared to low risk 
women. Plasma A1M was higher in the group of high-risk women, who did not develop 
pre-eclampsia than in other groups.  

We investigated the changes in maternal plasma Hpx and A1M concentrations from the 
first trimester to late second trimester (blood sampling at 12–14, 18–20 and 26–28 
weeks of gestation) (Study IV). We used the same study cohort than in the third study. 
It appeared that high-risk women, who did not develop pre-eclampsia had a unique 
profile of haemoglobin scavenger proteins during pregnancy. Firstly, unlike in other 
groups, plasma Hpx concentration did not change during the study period, and it was 
lower during the first half of the pregnancy than in other groups.  Secondly, the A1M 
concentration increased during the first half of the pregnancy and stayed at the higher 
level compared to the other two study groups. During the first half of the pregnancy 
the change in A1M concentration in high-risk women who did not develop pre-
eclampsia was opposite to the change seen in those women who developed pre-
eclampsia, while there was no change of plasma A1M concentration in low-risk women. 
We also found that women who subsequently developed pre-eclampsia and gave birth 
to a small-for-gestational-age newborn had consistently higher plasma levels of A1M 
than women who developed pre-eclampsia and gave birth to an appropriate-for-
gestational-age newborn. The difference was significant from mid-gestation onwards.  

In conclusion, the serum PlGF concentration of women who started low dose aspirin 
before 14 weeks of gestation was higher from mid-gestation onwards compared to the 
other groups. This may provide one mechanism by which low-dose aspirin prevents pre-
eclampsia. This thesis sheds light on the serum haemoglobin scavenger protein 
dynamics during the first and second trimester of pregnancy in women who have low 
or high risk for pre-eclampsia, as it was found that higher plasma concentrations of A1M 
in high-risk women, who do not develop pre-eclampsia may be associated with a 
reduced risk of developing pre-eclampsia. Furthermore, high-risk women who do not 
develop pre-eclampsia may have unique, protective dynamics of serum haemoglobin 
scavenger proteins. These findings suggest that not only clarification of the 
pathophysiology of pre-eclampsia, but also protective factors should be a focus of 
future research. Additionally, it was shown that the change in plasma A1M 
concentration in women who subsequently develop pre-eclampsia may be inversely 
related with foetal growth from mid-gestation onwards until the late second trimester. 
Multivariate models constructed with regularised logistic regression provided only 
modest prediction rates for all pre-eclampsia and its subtypes. This thesis strengthens 
the theory that pre-eclampsia is a complex multi-factorial syndrome, in which many 
biochemical pathways are affected. 
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TIIVISTELMÄ 

Pre-eklampsia on raskauskomplikaatio, joka aiheuttaa systeemisen inflammaation ja 
endoteelin toimintahäiriön. Se ilmenee raskausviikon 20 jälkeen kohonneena 
verenpaineena ja valkuaisvirtsaisuutena ja johtaa pahimmillaan elintärkeiden elinten 
komplikaatioihin uhaten sekä sikiön että äidin terveyttä. Vuosittain maailmassa kuolee 
noin 70 000 naista pre-eklampsiaan tai sen aiheuttamiin komplikaatioihin. Sairauteen 
ei ole olemassa muuta hoitomuotoa kuin synnytys.  

Väitöskirjan tavoite oli tutkia lupaavia pre-eklampsian merkkiaineita ja löytää keinoja 
taudin ennustamiseen sekä lisätä ymmärtämystä pre-eklampsian tautimekanismeista. 
Väitöskirjassa käytettiin PREDO (Prediction and prevention of pre-eclampsia and foetal 
growth restriction) -tutkimusprojektissa vuosien 2005–2009 välisenä aikana kerättyä 
aineistoa.  

Väitöstyössä selvitettiin seerumin hyperglykosyloituneen istukkahormonin (hCG-h) 
sekä hCG-h:n ja kokonais-hCG:n (istukkahormoni, hCG) suhdemuuttujan (%hCG-h) 
käyttökelpoisuutta monimuuttujamallissa pre-eklampsian ennustamiseen alkuraskau-
dessa. Malliin yhdistettiin äidin riskitietoja, alkuraskauden keskiverenpaine, tunnettuja 
pre-eklampsian ennustamiseen käytettyjä merkkiaineita (istukan kasvutekijä, PlGF; 
vapaa hCG  ja raskauteen liittyvä plasman proteiini A, PAPP-A) sekä ensimmäisellä 
raskauskolmanneksella mitattujen kohtuvaltimovirtauksien pulsatiliteetti-indeksien 
keskiarvo. Monimuuttujatutkimus tehtiin 257 naisen osakohortissa, jossa tutkittavilla 
oli ainakin yksi tunnettu pre-eklampsian riskitekijä. Havaitsimme, että aiemmin 
sairastettu pre-eklampsia ja äidin matala %hCG-h ensimmäisessä raskaus-
kolmanneksessa mitattuna assosioituivat myöhään ilmaantuvaan ja ei-vaikeaan pre-
eklampsiaan, kun taas seerumin matala PlGF assosioitui varhaiseen ja vaikeaan pre-
eklampsiaan. Jälkimmäiseen assosioitui myös vapaan hCG- :n pitoisuuteen siten, että 
vaikeaan pre-eklampsiaan sairastuneilla naisilla oli matalampi vapaa hCG-  kuin niillä 
naisilla, jotka eivät sairastuneet vaikeaan pre-eklampsiaan. Matala PAPP-A 
ensimmäisellä raskauskolmanneksella assosioitui ei-vaikeaan pre-eklampsiaan. 
Logistisella regressiolla luoduilla malleilla saavutettiin 36 %:n sensitiivisyys pre-
eklampsian, 20 %:n sensitiivisyys varhaisen ja 32 %:n sensitiivisyys myöhäisen pre-
eklampsian ennustamisessa 90 %:n spesifisyydellä. Monimuuttujamallit eivät 
osoittautuneet kliiniseen käyttöön sopiviksi työkaluiksi pre-eklampsian ennusta-
misessa. Niiden kyky ennustaa pre-eklampsiaa oli yhtä hyvä tai heikompi kuin aiemmin 
luoduilla monimuuttujamalleilla eikä hCG-h:n tai %hCG-h:n lisääminen malleihin 
oleellisesti parantanut niiden kykyä ennustaa pre-eklampsiaa tai sen alatyyppejä. 

Toisessa osajulkaisussa tutkittiin matala-annoksisen aspiriinin (mini-ASA) vaikutusta 
äidin seerumin PlGF-pitoisuuksiin raskausviikoilla 12–14, 18–20 ja 26–28. Aiemmin on 
osoitettu, että alkuraskaudessa aloitettu mini-ASA vähentää pre-eklampsian 
ilmaantuvuutta. Havaitsimme, että niillä naisilla (N=61), joille oli aloitettu mini-ASA ( 
100 mg/vrk) ennen raskausviikkoa 14+0 pre-eklampsian ehkäisemiseksi, oli korkeammat 
PlGF pitoisuudet seerumissa kuin niillä naisilla (N=62), jotka saivat lumelääkettä. Ero 
ilmeni keskiraskaudesta alkaen. Tämä löydös tukee mini-ASA:n käyttöä ja selittää 
osaltaan sen tehoa pre-eklampsian ehkäisyssä. 
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Kolmannessa osatyössä tutkittiin plasman hemoglobiinin sieppaajaproteiinien 
hemopeksiinin (Hpx) ja alfa-1-mikroglobuliinin (A1M) konsentraatioita raskausviikoilla 
26–28 otetuista verinäytteistä. Tapaus-verrokkitutkimuksessa oli kolme ryhmää: 1. 
naiset, joilla oli korkea riski sairastua pre-eklampsiaan ja he sairastuivat (N=42), 2. 
naiset, joilla oli korkea riski sairastua, mutta he eivät sairastuneet (N=49) ja 3. naiset, 
joilla oli matala riski sairastua pre-eklampsiaan (N=51). Tutkimuksessa selvisi, että pre-
eklampsiaan sairastuneilla korkeariskisillä naisilla oli korkeammat Hpx-pitoisuudet kuin 
naisilla, joilla oli matala riski sairastua pre-eklampsiaan. Selvisi myös, että A1M-
pitoisuudet olivat korkeammat riskinaisilla, jotka eivät sairastuneet, kuin muissa 
ryhmissä. Korkeat A1M-pitoisuudet saattavat assosioitua vähentyneeseen riskiin 
sairastua pre-eklampsiaan. 

Neljännessä osatyössä tutkittiin kolmessa eri raskauden vaiheessa (raskausviikoilla 12–
14, 18–20, 26–28) otetuista plasmanäytteistä Hpx- ja A1M-pitoisuuksia. Kohortti oli 
sama kuin kolmannessa osatyössä. Tutkimuksessa havaittiin, että kahdessa 
ensimmäisessä raskauskolmanneksessa hemoglobiinin sieppaajaproteiiniprofiili oli 
poikkeava riskinaisilla, jotka eivät sairastuneet. Heillä Hpx-pitoisuus ei muuttunut 
kahden ensimmäisen raskauskolmanneksen kuluessa kuten muissa ryhmissä tapahtui 
ja A1M-pitoisuus nousi ensimmäisestä raskauskolmanneksesta alkaen. Nousu jatkui 
raskauden puoliväliin, jonka jälkeen pitoisuus jäi muita ryhmiä korkeammalle tasolle 
aina toisen raskauskolmanneksen loppuun asti. Sen sijaan pre-eklampsiaan 
myöhemmin sairastuneilla naisilla A1M-pitoisuus laski ensimmäisen raskaus-
kolmanneksen aikana ja pysyi matalana raskauden puolivälistä toisen raskauskol-
manneksen loppuun saakka. Havaitsimme myös, että niillä pre-eklampsiaan 
sairastuneilla naisilla, joiden sikiöt olivat raskausviikkoihin nähden pienipainoisia, oli 
keskiraskaudesta alkaen korkeammat A1M-pitoisuudet kuin niillä pre-eklampsiaan 
sairastuneilla naisilla, joiden sikiöt olivat raskausviikkoihin nähden normaalipainoisia.  

Väitöstutkimus antaa uutta tietoa mini-ASA:n vaikutusmekanismista pre-eklampsian 
ehkäisyssä sekä plasman hemoglobiinin sieppaajaproteiinien pitoisuuksien muutoksista 
normaaliraskauksissa ja raskauksissa, joissa on korkea riski sairastua pre-eklampsiaan. 
Väitöskirjatyö vahvisti käsitystä pre-eklampsiasta monitekijäisenä tautikirjona, jonka 
taustalta löytyy useita patofysiologisia mekanismeja. 
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1 INTRODUCTION 

Pre-eclampsia is a pregnancy-specific multisystem disorder that occurs in 1–8% of 
pregnancies (1-3). The pathogenesis is incompletely understood and there is no cure 
for the disease other than delivery. Hypertensive disorders are globally the second 
major cause of maternal death after haemorrhage, and they account for 14% maternal 
deaths worldwide (4). In addition to the short-term morbidity and mortality of the 
mother and the foetus or the newborn, pre-eclampsia is associated with long-term 
morbidity both in affected woman and in offspring born from pre-eclamptic pregnancy.  

In pre-eclampsia, the pathophysiological changes occur in early pregnancy due to 
defective placental development. However, the disease normally manifests after 20 
weeks of gestation as hypertension and proteinuria, or as other organ dysfunction. The 
early identification of women at high risk for pre-eclampsia would guide in the planning 
of their follow-up during pregnancy and in the implementation of preventive measures. 
Clinical risk factors (e.g., antiphospholipid antibody syndrome, prior pre-eclampsia, 
chronic hypertension and pregestational diabetes) have been used in early pregnancy 
in identifying those women at high risk of developing pre-eclampsia (5, 6). A predictive 
test with high sensitivity and positive predictive value that incorporates maternal risk 
factors, biomarkers and biophysical measurements is needed to implement prophylaxis 
strategies (7).  

A recent case–control study showed that serum hyperglycosylated human chorionic 
gonadotropin (hCG-h) is a promising biomarker of early-onset pre-eclampsia (8). It has 
been shown in in vitro and in vivo studies that hCG-h is a biomarker of trophoblast 
invasion (9). Defective trophoblast invasion and incomplete uterine spiral artery 
remodelling are thought to be pathophysiological processes related to pre-eclampsia, 
particularly early-onset pre-eclampsia (10).  

Another promising biomarker for prediction of pre-eclampsia is placental growth factor 
(PlGF). It is a member of the vascular endothelial growth factor (VEGF) family, produced 
mainly by the trophoblast cells during pregnancy. It plays an important role as a 
regulator and promotor of normal endothelial function in the vasculature. From recent 
studies, we know that the blood concentration of PlGF is already lower in early 
pregnancy in women who will later develop pre-eclampsia (11, 12). There is evidence 
that low-dose aspirin (LDA), started at 12–16 weeks of gestation, reduces the risk of 
pre-eclampsia (13, 14). However, the mechanism by which LDA acts as prophylaxis is 
unknown. If this mechanism could be clarified, it might lead to new innovations of other 
therapeutic targets.  

The classical theory of the pathophysiology of pre-eclampsia is a two-stage model (15). 
The first stage includes the impaired invasion of trophoblasts to the inner third of the 
uterine wall and incomplete remodelling of spiral arteries, which leads to decreased 
utero-placental perfusion. This results in induction of oxidative stress and placental 
damage. Placenta-derived toxic factors leak from the damaged placenta into maternal 
circulation causing a systemic inflammatory response and endothelial dysfunction, 
which results in general organ damage and manifestation of pre-eclampsia. However, 
we do not know what is ultimately the trigger that initiates the maternal systemic 
response. Free fetal haemoglobin (HbF) in maternal circulation has been suggested to 
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play an essential role in the aetiology of pre-eclampsia (16-18). There are series of 
studies investigating haemoglobin (Hb) scavengers haemopexin (Hpx) and alpha-1-
microglobulin (A1M) as indicators of activation of the Hb scavenging system (16, 18, 
19), and A1M is a particularly promising biomarker for prediction of pre-eclampsia in 
the first trimester (19). There are previous studies of maternal blood Hpx and A1M 
concentrations in the first trimester and in late pregnancy. However, there are no 
studies on these scavenger proteins at other time points of pregnancy. 
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2 REVIEW OF THE LITERATURE 

2.1 Background 

Pre-eclampsia is a placenta-driven pregnancy complication causing systemic 
endotheliopathy that affects vital organs of the body, therefore, without surveillance 
and treatment it threatens the health and life of the mother and the foetus. The ancient 
Greeks recognised pre-eclampsia at least at the time of Hippocrates, about 400 B.C.E., 
for in the literature associated with Hippocrates (Coan Prognosis, XXXI, No. 523) we 
find: ‘In pregnancy, the onset of drowsy headaches with heaviness is bad; such cases 
are perhaps liable to some sort of fits at the same time’. The word ‘eclampsia’ comes 
from the Greek and means ‘bright light’ (20, 21). For about 2000 years, eclampsia was 
thought to be a condition characterised by convulsive seizures typically emerging 
during late pregnancy and ending after delivery (22). The modern history of pre-
eclampsia begins perhaps at the end of 17th century when Mauriceau published his 
observation that primiparous women were at greater risk to develop convulsions 
during pregnancy than multiparous women, as well as other observations regarding 
pregnancy-related convulsions (23). An overview of the medical history of pre-
eclampsia from the time of Hippocrates to the year 2004 is presented in Table 1.   

The definition of pre-eclampsia is a new-onset hypertension and proteinuria (after 20 
weeks gestation) during pregnancy or hypertension with severe complications such as 
haematological or neurological disturbances (24). Enormous effort has been put to the 
study of pre-eclampsia during the last century and vast progress in understanding its 
pathophysiology has been achieved, but the aetiology of pre-eclampsia has not yet 
been fully explicated. The complexity of the pathophysiology poses a challenge on the 
study of pre-eclampsia because rather than being one disease, pre-eclampsia is a range 
of conditions the phenotype of which depends on the combination of different 
pathophysiological pathways.  

Typical symptoms of pre-eclampsia are headache, visual disturbances, upper gastric 
pain, nausea, fatigue, oliguria, and oedema. In addition to hypertension and proteinuria 
or signs of new-onset organ dysfunction, patients can have hyperreflexia, lowered 
levels of consciousness, anxiety and even preliminary tremor before the condition 
develops to convulsions (i.e. to eclampsia), which can also be the first sign. 

Despite the great progress made in understanding the pathophysiology of pre-
eclampsia, there is no cure for the disease other than delivery and removal of the 
placenta. The correct timing of delivery is essential to optimal care. Thus, close follow-
up and treatment of hypertension are often needed to prevent severe complications 
(1). Magnesium sulfate infusion is used to prevent eclampsia and the worsening of pre-
eclampsia with severe features when delivery is planned within 24 hours (25). The 
development and implementation of obstetric ultrasound and up-take of antenatal 
glucocorticoid treatment, as well as advancements in neonatal care, have improved the 
prognosis of the infants born from pre-eclamptic pregnancies.  



Table 1. An overview of the history of pre-eclampsia from about 400 B.C.E. to 2004. 
Year Scientist Theory/observation/finding 
400 B.C.E. and even 
before  

Coan prognoses (20) ‘In pregnancy, the onset of drowsy headaches with heaviness is bad; such cases are 
perhaps liable to some sort of fits at the same time’ 

1694– Mauriceau (23) ‘Primigravida are at far greater risk of convulsions than are multiparas.’ 
1726 De la Motte (20) ‘Edema during pregnancy is benign unless associated with convulsions.’ 
1840 Rayer P. (23) Found protein in the urine of three pregnant oedematous women, one developed eclampsia 
1843 Lever J. /Simpson J. (23) Proteinuria and convulsions during pregnancy are a different entity from other renal 

diseases 
1884 Delore (20) Suggested that bacterial infection causes pre-eclampsia 
1893 Schmorl (15, 26) Eclampsia is accompanied by a complex of changes, characteristic of no other disease. 

Affected organs are kidneys, liver, brain and heart, capillaries with a widespread 
thrombosis, lung vessels with presence of placental cells  

1894/1897 Vinay/Vaquez N. (20) Pre-eclampsia is hypertension in pregnant women with proteinuria 
1901 Symposium on eclampsia in Giessen (20) Pre-eclampsia is caused by toxin, no agreement about its source 
1903 Cook and Briggs (27) Proteinuria usually associated with hypertension; blood pressure is the better guide to 

prognosis 
1905 Liepmann (28) Toxin of eclampsia is produced in the eclamptic placenta, the chorionic epithelium is an 

important factor in the genesis of toxin 
1909 Holland E. (26) ‘An intoxication of the body by the passage of ferments and autolytic products from the 

placenta into the circulation, the principal effect of which is increased coagulability of the 
blood and the activation of autolytic ferments in other parts of the body’ 

 1932–36 Herrick W.W. (29) A hypothesis of maternal susceptibility 
1953 Browne and Veal (30) Blood supply to the foeto-placental unit is impaired in pre-eclampsia 
1968–72 Robertson and Brosens (31) Impaired remodelling of the uterine spiral arteries in pre-eclampsia 
1989 Roberts (32) Endothelial dysfunction causes maternal disease 
1991 Redman (15) Two-stage model: stage I: impaired placentation stage, stage II: manifestation of the 

disease with high blood pressure and proteinuria caused by systemic endothelial 
dysfunction  

1992 Redman (33) Immune mechanisms are involved in poor placentation and development of clinical pre-
eclampsia  

1996 Ness and Roberts (34) Two types of pre-eclampsia: placental and maternal type 
1999 Redman and colleagues (35) Endothelial activation in pre-eclampsia is a consequence of the systemic inflammatory 

response caused by proinflammatory stress factors from the placenta 
2003/2004 Maynard and colleagues/Levine and 

colleagues (11, 36) 
Imbalance of angiogenic/anti-angiogenic factors 

17
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There is evidence that the earliest pathological processes of pre-eclampsia occur even 
before conception (37). However, the disease itself manifests normally after mid-
gestation (after 20 weeks gestation). Although the maternal and perinatal morbidity 
and mortality have decreased dramatically in high-income countries during the last 
century, there is still a lack of an appropriate and effective method to predict the 
disease. Recent studies have shown that low-dose acetylsalicylic acid (low-dose aspirin, 
LDA) started before 16 weeks of gestation is moderately effective in prevention of pre-
eclampsia, especially preterm pre-eclampsia (13, 14).  

2.2 Classical definitions of hypertensive disorders of pregnancy 

2.2.1 Chronic hypertension 

A hypertension that is present and observable before pregnancy or that is diagnosed 
before the 20th week of gestation is defined as chronic hypertension during pregnancy. 
The diagnostic threshold is   90 mmHg diastolic. When 
hypertension is diagnosed for the first time during pregnancy and it does not resolve 
after delivery, it is also classified as chronic hypertension (38).  

2.2.2 Gestational hypertension 

The American College of Obstetrics and Gynecologists (ACOG) suggested the use of the 
term ‘gestational hypertension’ instead of ‘pregnancy-induced hypertension’ for the 
first time in 2002 (39). It is defined as a systolic blood pressure level  140 mmHg or a 
diastolic blood pressure level  90 mmHg that occurs after 20 weeks of gestation in a 
woman with previously normal blood pressure. 

2.2.3 Pre-eclampsia 

Traditionally, pre-eclampsia has been defined as a new-onset hypertension, systolic 
 140  90 mmHg, occurring 

after 20 weeks of gestation combined with a urinary 24-hour protein excretion of 0.3 
 +1) in two consecutive measurements (39). Different 

subtypes have been defined by severity of the disease and according to gestational age 
at which the disease manifests or requires delivery (40). Previously, severe pre-
eclampsia has been defined as systolic blood pressure  160 mmHg or diastolic blood 

110 mmHg on 2 occasions at least 6 hours apart while the patient is on bed 
rest and proteinuria  5 g in a 24-hour urine specimen or 3+ on 2 random urine 
samples collected at least 4 hours apart (39). Pre-eclampsia has been classified by the 
duration of the pregnancy in relation to the time of delivery or to the time when the 
diagnosis has been established. The definition of early-onset and late-onset pre-
eclampsia has been suggested for pre-eclampsia occurring before 34 weeks of gestation 
and at or after 34 weeks of gestation, respectively (41). However, especially in many 
retrospective studies, the definition of early-onset pre-eclampsia is a disease that 
requires delivery before 34 weeks of gestation, since the time of the delivery is easier 
to define retrospectively (40). Additionally, the terms pre-term and term pre-eclampsia 
are used with the definitions of delivery or diagnosis before 37 weeks of gestation and 
at or after 37 weeks of gestation, respectively (42).  
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2.3 Definition of pre-eclampsia by national and international guidelines 

An unambiguous definition of pre-eclampsia is necessary for clinical practice and 
especially for the research of pre-eclampsia (40). We do not have national guidelines 
for pre-eclampsia in Finland yet. Several international organisations have defined pre-
eclampsia and provided guidelines for diagnosis and management of the disease. There 
is some variation in the definition of pre-eclampsia depending on the organisation (43). 
Definitions for diagnostic criteria of pre-eclampsia by the International Society for the 
Study for Hypertension in Pregnancy (ISSHP) (44), the National Institute for Health and 
Care Excellence guidelines (NICE) (25), the ACOG and the World Health Organisation 
(WHO) (45) are presented in Table 2. The newer and revised definition of pre-eclampsia 
according to these organisations includes new-onset hypertension and proteinuria 
during pregnancy, but proteinuria is no longer mandatory for the diagnosis. Instead, 
diagnosis can also be established if there is hypertension and one or more of the 
following new-onset conditions: renal insufficiency, liver dysfunction, neurological or 
haematological complications. ISSHP and NICE also include uteroplacental dysfunction 
to these features. Recently, the diagnostic threshold of proteinuria > 0.3 g / 24 hours 
and the use of dipsticks as a diagnostic tool for proteinuria has been questioned, since 
the most important factor that influences maternal and neonatal outcome is the 
severity of blood pressures and presence of end organ damage, rather than excess 
protein excretion (46). 

Neurological symptoms and complications can be related to substantial but reversible 
bilateral white-matter abnormalities in the posterior regions of the cerebral 
hemispheres and some other parts of the brain seen in computed tomography (CT) or 
magnetic resonance imaging (MRI) scans. This phenomenon is called posterior 
reversible encephalopathy syndrome (PRES), and can also occur in other conditions 
when there is a sudden rise in blood pressure and renal dysfunction (47).  

Eclampsia is a severe form of pre-eclampsia. It is defined as new-onset tonic-clonic, 
focal, or multifocal seizures in the absence of other causative conditions such as 
epilepsy, cerebral arterial ischaemia and infarction, intracranial haemorrhage or drug 
use (48).  

2.4 Other classifications 

2.4.1 Classification by severity of the disease 

Because pre-eclampsia can deteriorate rapidly and without warning, ISSHP does not 
recommend classifying it as ‘mild’ or ‘severe’ in clinical practice (44). The same applies 
to ACOG guidelines, therefore, the two definitions used are pre-eclampsia with or 
without severe features, which includes all those signs and symptoms listed as 
diagnostic criteria for pre-eclampsia other than proteinuria (see Table 1) and severe 

(48). 
NICE guidelines define severe pre-eclampsia as pre-eclampsia with severe hypertension 

is associated with ongoing or recurring severe headaches, visual scotomata, nausea or  
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Table 2. Definition of pre-eclampsia according to different international or national organisations. 
 

WHO(45) ISSHP(44) NICE(49) ACOG(48) 
Definition New episode of blood 

pressure during 
pregnancy, 
characterised by 
persistent 
hypertension and 
substantial proteinuria  

Gestational hypertension* 
accompanied by one or 
more of the following new-

1. Proteinuria 2. Other 
maternal organ 
dysfunctions** 

New-onset 
hypertension† after 20 
GW and the coexistence 
of one or more of the 
following new-onset 
conditions†† 

Blood pressure‡ after 20 GW in a 
woman with a previously normal 
blood pressure and proteinuria‡‡ or 
the new onset of any of the 
following:‡‡‡  

Blood 
pressure 

diastolic blood 
 

*Gestational hypertension = 
a new onset of 
hypertension (blood 

diastolic) at or after 20 GW 
in the absence of features 
of pre-eclampsia 

†> 140 systolic or > 90 
mmHg diastolic 

‡Systolic  140 mmHg or diastolic  
90 mmHg on two occasions at least 
4 hours apart 

110 mmHg can be confirmed 
within a short interval (minutes) to 
facilitate timely antihypertensive 
therapy 

Proteinuria > 0.3 g/24 hours Automated/careful visual 

30mg/dl, urine 

30mg/mmol (0.3mg/mg) 

††Urine 
protein/creatinine  30 
mg/mmol or 
albumin/creatinine  8 
mg/mmol, or at least 1 
g/l (2+) on dipstick 
testing 

‡‡ 300 mg /24-hour urine 
collection or a timed excretion that is 
extrapolated to this 24-hour urine 
value or a protein/creatinine ratio of 
at least 0.3 (each measured as 
mg/dL) or dipstick reading of 2+ 
(used only if other quantitative 
methods not available) 

Other 
features 

Eclampsia is defined 
as generalised 
seizures, generally in 
addition to pre-
eclampsia criteria 

**Acute kidney injury 

1mg/dl) 

††Renal insufficiency 
(creatinine 90 μmol/l) 

‡‡‡Renal insufficiency: Serum 
creatinine concentrations > 1.1 
mg/dl or a doubling of the serum 
creatinine concentration in the 
absence of other renal disease    

**Liver involvement 
(elevated transaminases 
e.g., ALAT or ASAT > 40IU/l) 
with or without right upper 
quadrant or epigastric 
abdominal pain 

†† Liver involvement 
(elevated transaminases 
e.g., ALAT or ASAT > 
40IU/l) with or without 
right upper quadrant or 
epigastric abdominal 
pain  

‡‡‡Impaired liver function: 
Elevated blood concentrations of 
liver enzymes, i.e., to twice the 
upper limit normal concentration 
and severe persistent right upper 
quadrant or epigastric pain 

  
**Neurological 
complications (eclampsia, 
altered mental status, 
blindness, stroke, clonus, 
severe headaches, 
persistent visual scotomata) 

††Neurological 
complications 
(eclampsia, intractable 
headaches, repeated 
visual scotomata) 

‡‡‡New-onset cerebral (e.g., 
headache unresponsive to 
medication and not accounted for 
by alternative diagnoses) or visual 
disturbances 

  
**Haematological 
complications 
(thrombocytopenia – 
platelet count below 

haemolysis) 

††Haematological 
complications 
(thrombocytopenia – 
platelet count below 

haemolysis) 

‡‡‡Thrombocytopenia: Platelet 
count less than 100,000 109/l 

  
**Uteroplacental 
dysfunction (foetal growth 
restriction, abnormal 
umbilical artery Doppler 
wave form analysis, or 
stillbirth) 

††Uteroplacental 
dysfunction (foetal 
growth restriction, 
abnormal umbilical 
artery Doppler waveform 
analysis, or stillbirth) 

‡‡‡Pulmonary oedema  

WHO=World Health Organisation, ISSHP=International Society for the Study of Hypertension in Pregnancy, NICE=National Institute 
for Health and Care Excellency, ACOG=American College of Obstetrics and Gynecology, GW=weeks of gestation, ALAT=alanine 
aminotransferase, ASAT=aspartate aminotransferase, DIC=disseminated intravascular coagulation  

  The criteria that are totally identical between organisations 
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vomiting, epigastric pain and oliguria, as well as progressive deterioration in laboratory 
blood tests such as rising creatinine or liver transaminases or falling platelet count, or 
failure of foetal growth or abnormal Doppler findings (25). However, in research it is 
often expedient to classify pre-eclampsia as ‘severe’ and ‘non-severe’ to divide 
outcomes into different subtypes. 

2.4.2 Superimposed pre-eclampsia 

This diagnosis is made when a woman with chronic essential hypertension develops 
maternal organ dysfunction consistent with pre-eclampsia (see Table 2). In the absence 
of pre-existing proteinuria, new-onset proteinuria in the setting of a rise in blood 
pressure is su cient to diagnose superimposed pre-eclampsia (44).  

2.4.3 HELLP 

Haemolysis, elevated liver enzymes and low platelet count are a combination of signs 
called HELLP syndrome, which is considered as one severe form of pre-eclampsia (44, 
48, 50) although 15% of patients developing HELLP do not have preceding hypertension 
or proteinuria (51). There is no consensus of the diagnostic criteria for HELLP syndrome. 
However, two different classification systems have been suggested: Tennessee and 
Triple-class Mississippi systems (Table 3) (52). 

Table 3. Tennessee and Mississippi classification of HELLP syndrome. 

Tennessee Mississippi 
HELLP 
• LD > 600 U/L 
• ASAT > 70 U/L 
• Platelets < 100·10

9
/l  

Class 1 
•  
•  
• ·10

9
/l 

Partial HELLP   
One or two of the following: 

• LD > 600 U/l 
• ASAT > 70 U/l 
• platelets < 100·10

9
/l 

Class 2 
•  
•  
• Platelets > 50·10

9 9
/l 

 
Class 3 
•  
•  
• 9

/l 
    Severe PE in association with 2 of 3 

laboratory criteria for HELLP syndrome 
HELLP=haemolysis, elevated liver enzymes, low platelet, LD=lactate dehydrogenase, ASAT= aspartate 
aminotransferase, ALAT= alanine aminotransferase, PE=pre-eclampsia. Adapted from articles by 
Audibert and colleagues (53) and Martin and colleagues (54). 
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2.5 Epidemiology and burden of pre-eclampsia 

2.5.1 Epidemiology 

The prevalence of pre-eclampsia is 1–8%, the highest prevalence occurs in some areas 
of eastern Asia, Sub-Saharan Africa and Latin America (1, 2, 45). In Northern Europe, 
Australia, Canada and the USA, the rates of pre-eclampsia vary from 1.4% to 4.0% (55, 
56). In Finland, the prevalence of all pre-eclampsia is 2.5%, severe pre-eclampsia 0.6%, 
early-onset pre-eclampsia 0.2%, preterm pre-eclampsia 0.6% and term pre-eclampsia 
1.9%, according to the combined data from the National Medical Birth Registry and 
Care Register (National Institute for Health and Welfare) (56).  

The rates of pre-eclampsia are slightly increasing globally (2). In some areas, for 
example in the USA and Canada, this trend is clear (55, 57, 58). However, in other 
regions of the ‘Western world’ there is a decreasing trend (55). The results from 
different studies investigating the trends of incidence are controversial (55, 59). 
Accurate estimates are difficult to obtain because of a lack of standardisation of 
diagnostic criteria in population databases (60).  

The incidence of eclampsia varies from 0.1% in Europe to 4.0% in some parts of Nigeria 
(2). In Finland, the incidence of eclampsia has declined substantially in the past century: 
There were 30–40 eclampsia cases per 10,000 deliveries between the years 1928–1956, 
whereas between 2006–2010 the incidence of eclampsia was 1.5/10,000 (61). 

HELLP syndrome occurs in 1 to 8 per 1000 pregnancies (62). The onset of symptoms 
occurs in 67% of patients during 27–37 weeks of gestation and in 25% the HELLP 
diagnosis is done in the postpartum period, although 80% of those women have had a 
diagnosis of pre-eclampsia before delivery (63).   

2.5.2 Maternal morbidity 

Serious complications of pre-eclampsia by affected organ system and their 
consequences to affected women and foetuses/infants are presented in Figure 1 and 
the increased risk for some short-term complications in Table 4. Economic growth 
and all its consequences for societies have brought about the decline in severe 
complications of pre-eclampsia, especially eclampsia, in developed countries. Well-
organised maternal care detects pre-eclampsia in its early stages, and optimally 
timed delivery prevents the progression of the disease into a more severe form. 
However, the proportion of severe complications from all pre-eclampsia has not 
decreased as would have been expected. In fact, it may have increased in high-
income countries (57, 64). In low- and middle-income regions, the proportions of 
severe pre-eclampsia of all pre-eclampsia and the case fatality is higher than in high-
resource regions (65).  

 



 
Figure 1. Serious complications of pre-eclampsia by affected organ system, clinical findings, treatments, and consequences of serious 
complications to affected women and their foetus/infant. References: Magee and colleagues (66), a Zeeman and colleagues (67), b Norwitz and 
colleagues (68), c Bello and colleagues (69). CNS=central nervous system, ALAT= L-alanine aminotransferase, ASAT= L-aspartate 
aminotransferase, DIC=disseminated intravascular coagulation, LD=lactate dehydrogenase, APTT=activated partial thromboplastin time, 
INR=international normalised ratio, IUGR= intrauterine growth restriction, MgSO4=magnesium sulphate, UA=umbilical artery, PRES=posterior 
reversible encephalopathy syndrome. 

23
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Table 4. The short-term consequences of pre-eclampsia to affected women when compared 
to women who did not develop pre-eclampsia. The elevated risk is expressed as fold increase. 

Serious complications of pre-
eclampsia 

Increased risk in PE compared 
to uncomplicated pregnancy or 
pregnancy without PE, times 
fold 

Reference  

Placental abruption  Mild Severe  
Non-severe PE 1.7 2.1 Ananth and colleagues AJOG 

2016 (70) Severe PE 2.0 4.2 
Strokea 

5.2 
Leffert and colleagues  AJOG 
2015 (71) 

Major adverse cardiopulmonary 
complicationb 

Over 3 
Lin and colleagues Am J 
Cardiol. 2011 (72) 

Acute renal insufficiency 
12.5 

Hitti and colleagues AJOG 
2018 (73) 

a peri-partum stroke, comparison between women with and without hypertensive disorder of 
pregnancy, b other than stroke. PE=pre-eclampsia, DIC=disseminated intravascular coagulation. 

Women with severe pre-eclampsia have a four-fold higher risk for severe maternal 
morbidity compared to women without any pregnancy-related hypertensive conditions 
(73). The increased risk is due to placental abruption (74) and DIC (disseminated 
intravascular coagulation) (54, 75) and cerebral complications (seizures, cerebral 
oedema and hypertensive encephalopathy, haemorrhagic and ischaemic stroke) (76). 
Women with hypertensive disorders of pregnancy are 5.2 times more likely to have a 
stroke than women with a normotensive pregnancy. In particular, systolic hypertension 
> 160 mmHg increases the risk substantially and there is an increasing trend in the 
occurrence as well as in severe complications related to peri-partum stroke in women 
with hypertensive disorder (71).  

Cardiopulmonary complications occur in 6% of severe pre-eclampsia and in 12% of 
women with HELLP syndrome. Pulmonary oedema is the most common 
cardiopulmonary complication (77). According to a large population-based study, the 
incidence of major adverse cardiovascular events (other than stroke) during pregnancy 
is over three times greater in pre-eclamptic women when compared to women who do 
not develop pre-eclampsia (72).   

The risk for acute renal failure is 12.5-fold higher in pre-eclamptic pregnancies 
compared to pregnancies without complications (73). The incidence of renal failure 
varies in different populations from 7.1 to 153/1000 deliveries in high-income versus 
low-income regions (57, 78). Other rare complications are subcapsular hepatic 
haematoma (51, 79-81) and cardiomyopathy (69). The prevalence of post-traumatic 
stress disorder is higher in women whose pregnancy is complicated by pre-eclampsia 
(82), and pre-eclampsia reduces health-related quality of life as well as increases the 
risk of post-partum depression (83). 

Pre-eclampsia is the leading cause for intensive care unit admissions in the puerperal 
period (84). Serious complications may require infusion of blood products, in rare cases 
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dialysis due to a renal failure or laparotomy due to a hepatic rupture or other bleeding 
(65). Cesarean section is a more common mode of delivery in pre-eclampsia 
pregnancies when compared to pregnancies not complicated with pre-eclampsia (85). 

2.5.3 Maternal mortality 

After haemorrhage, hypertensive disorders are globally the second major cause of 
maternal death (4). Although haemorrhage causes the majority of maternal deaths, 
pre-eclampsia has the highest case fatality rate (86). It has been estimated that in 2017 
only 1400 (0.5%) of all 294,400 maternal deaths occurred in high-income countries (87). 
The proportion of hypertensive disorders during pregnancy accounts for 14% of 
maternal deaths worldwide (4). In Finland, five women died of pre-eclampsia between 
the years 1998–2018 (Statistics Finland, Causes of death (88)). 

About half of the maternal deaths caused by pre-eclampsia occur in women with 
eclampsia (89). Eclampsia is much more fatal in developing than in developed countries 
(mortality rate 14–20% vs. 0–1.8%, respectively) (90, 91). In low- and middle-income 
countries, the risk for maternal death is 8.6- and 73-fold higher in women with pre-
eclampsia and eclampsia, respectively, compared to women without these conditions 
(3). In Finland, the mortality associated with eclampsia was as high as 29% in 1944 (92), 
whereas there were no maternal deaths related to eclampsia between 2006–2010 (61). 
The major contribution to this favourable development, alongside improved common 
health and welfare, was the improvement of the healthcare system and maternal 
surveillance (92), as well as the uptake of magnesium sulphate treatment (93).  

Mortality rates of HELLP vary from 0% to 24% worldwide. Events associated with 
maternal death include cerebral haemorrhage (in 45% of cases), DIC (39%), adult 
respiratory distress syndrome (28%), sepsis (23%), hepatic haemorrhage (20%), and 
hypoxic ischaemic encephalopathy (16%) (94). 

2.5.4 Perinatal mortality and morbidity 

The short-term consequences of pre-eclampsia and eclampsia for the foetus/neonate 
are presented in Table 5. Infants born from pregnancies complicated by pre-eclampsia 
or eclampsia are at excess risk for adverse outcomes, and it has been estimated that 
500,000 perinatal deaths occur annually due to pre-eclampsia (95). An infant born from 
a pre-eclampsia or eclampsia pregnancy has a 4-5-fold increased risk of at least one 
complication during the early neonatal period ( 7 days after delivery). There is also a 
substantially increased risk for prematurity, lower birthweight, lower Apgar scores, 
admission to the neonatal intensive care unit and perinatal death compared to 
pregnancies not complicated by pre-eclampsia (3, 75).  

An interesting finding of Wu and colleagues was that preterm infants born from pre-
eclamptic pregnancies had a decreased risk of cerebral palsy, anaemia and pneumonia 
compared with preterm infants whose mothers did not have pre-eclampsia (96).  
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Table 5. Proportion of different peri-/neonatal morbidities in infants born from pregnancies 
not complicated with pre-eclampsia and from pregnancies complicated by pre-eclampsia or 
eclampsia.  

Outcome No pre-
eclampsia (%) 

Pre-eclampsia/Severe pre-
eclampsia (%) 

Eclampsia (%) 

At least one complication 5.3 20.6 25.5 
Prematurity* 5.3–7.1 30.9–33.8 23.0–39.8 
Birthweight < 2500 g 10.8 34.3 44.6 
Apgar scores < 7 2.6 7.9 20.2 
Admission to NICU 6.2 25.8 32.0 
Bronchopulmonary 
dysplasia** 

19.5 38.5  

NEC*** 5.8 14.3  
Perinatal death 2.7 9.2 22.7 

* Abalos and colleagues 2014 (3) and Zhang and colleagues 2003 (75), ** Among extremely and very 
preterm (<32 weeks of gestation) infants, Ozkan and colleagues 2012 (59), *** Among preterm (<37 
weeks of gestation) infants, Cetinkaya and colleagues 2012 (60). NICU=neonatal intensive care, 
NEC=necrotising enterocolitis. 

2.5.5 Long-term consequences 

Pre-eclampsia does not only represent a health threat to the woman and her foetus 
during pregnancy and delivery, it also has long-term consequences to both mother and 
child (97).  

2.5.5.1 Women 
Pre-eclampsia increases woman’s long-term morbidity. It is regarded as a clinically 
important risk factor for cardiovascular disease in women (98-100). A recent study 
showed that hypertensive disorders of pregnancy are associated with accelerated 
cardiovascular aging and more diverse cardiovascular conditions than previously 
appreciated, including coronary artery disease, heart failure, aortic stenosis, and mitral 
regurgitation (101). Pre-eclampsia and cardiovascular diseases share the same risk factors 
and, therefore, it has been assumed that they also have at least a partly common 
pathogenesis (102). This is supported by recent findings that the same gene variants are 
associated with cardiovascular disease and pre-eclampsia (103). The increased risk of 
cardiovascular disease in pre-eclamptic women is largely mediated by hypertension 
(101). It has been shown that the risk of hypertension is high promptly after an affected 
pregnancy and as far as 30% of women with a hypertensive disorder of pregnancy may 
develop hypertension within a decade of an affected pregnancy (104). The risk of later 
cardiovascular disease and premature death is two-fold higher in pre-eclamptic women 
compared to women with pregnancies without complications (105, 106). Women with a 
history of early-onset pre-eclampsia may be at far greater risk than women with late-
onset pre-eclampsia and normotensive pregnant women (107). 

The risk of stroke later in life after pre-eclampsia is 1.8-fold higher, and there is a 3.6-
fold risk of death from stroke when compared to women with a history of normotensive 
pregnancies (108). The risk of type II diabetes is 3–4-fold higher in women with a history 
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of pre-eclamptic pregnancy when compared to women with uncomplicated 
pregnancies (109, 110).  

2.5.5.2 Infants 
An infant born from a pregnancy complicated by severe pre-eclampsia has a 2.5 times 
higher risk of thrombotic stoke and a 1.5 times risk of hypertension later in life when 
compared to an infant born from a normotensive pregnancy (111), and infants born 
from pregnancies complicated by non-severe pre-eclampsia had an increased risk for 
haemorrhagic stroke when compared to normotensive pregnancies.  

Pre-eclampsia might have an impact to the offspring’s immune system as well (112). It 
may increase the risk of hospitalisation for asthma in children born to mothers with 
non-severe pre-eclampsia (96). Adolescents of mothers whose pregnancies have been 
complicated with either pre-eclampsia or placental abruption have an increased risk of 
allergic sensitisation and severe atopic sensitisation (113).  

Intrauterine exposure to pre-eclampsia may have a negative impact on cognitive 
functioning throughout life (114, 115). Infants born at term after mild or severe pre-
eclampsia have an increased risk of hospitalisation for epilepsy from birth to 27 years 
(96). Offspring born to a primiparous pre-eclamptic woman have over 30% higher 
depressive symptom scores (Beck depression inventory (116)) later in their adulthood 
than offspring born to a normotensive woman (117). 

2.5.6 Costs 

The average costs of pregnancy complicated by pre-eclampsia are estimated to be 
twice the costs of an uncomplicated pregnancy, the neonatal intensive care generating 
the largest proportion of these costs (118). Increased costs are also due to the increased 
surveillance in maternal outpatient clinics and at the prenatal care unit, increased 
proportion of deliveries by caesarean section, increased intensive care of the mother 
and prolonged hospital stay in puerperium (58, 65, 75).  

2.6 Aetiology and pathophysiology 

2.6.1 The two-stage model 

Pre-eclampsia was long thought to be a disorder manifesting by hypertension and 
proteinuria during pregnancy. The idea of the placenta being causative was presented 
in 1909 (26). In the 1960s and 1970s, Brosens showed for the first time that in humans, 
unlike in other mammals, the trophoblastic invasion is deep, invading not only the 
decidua but also the inner one-third of the myometrium (23), and that the defective 
remodelling of spiral arteries was a typical finding in the placentas of women affected 
by pre-eclampsia (119). The first idea of systemic endothelial dysfunction provoked by 
underlying predisposing maternal risk factors was presented by Roberts in 1989 (32). 
In 1991, Redman combined these two theories and presented a two-stage model of the 
pathophysiology of pre-eclampsia (15). He proposed that stage I leads to stage II, and 
the crucial question was, what links these two stages. The two-stage model has long 
been widely accepted and is the foundation of further research. In 1996, Ness and 
colleagues proposed that rather than having a single pathophysiological mechanism, 
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pre-eclampsia is a pregnancy complication of heterogeneous origin and that there are 
two types of pre-eclampsia: placental and maternal. They suggested that maternal pre-
eclampsia is a consequence of pre-existing and predisposing maternal factors, such as 
obesity, chronic hypertension or diabetes mellitus (34). In 1999, Redman presented a 
theory that systemic endothelial dysfunction as an end-stage of the pathophysiological 
mechanisms of pre-eclampsia is a result of systemic inflammation (35). Figure 2 
presents the classical theories of pathogenesis of pre-eclampsia. 

 
Figure 2. The classical theory of pathogenesis of pre-eclampsia, modified from Redman 1991 
(15) and Redman 1999 (35). A. Pathogenesis of ‘placental’ pre-eclampsia causing early-
onset pre-eclampsia and pre-eclampsia with intra uterine growth restriction. 
B. Pathogenesis of ‘maternal’ pre-eclampsia that is more related to late-onset pre-
eclampsia. 

2.6.2 Modern theory of the pathogenesis of pre-eclampsia 

Pre-eclampsia is now considered to be one of several placental syndromes that share 
similar pathophysiological mechanisms. Alongside pre-eclampsia, habitual miscarriage, 
preterm labour, normotensive intrauterine growth restriction, and placental abruption 
are included in the category of placental syndromes (120). The composition of different 
pathways and the severity of the defective processes determines which type of 
placental syndrome will develop (121). The mechanism of pre-eclampsia developing 
due to impaired placentation is presented in Figure 3.  

2.6.2.1 Pathophysiology from pre-conception to early development of the placenta 
There is evidence that the priming of immunotolerance to paternal antigens begins from 
seminal plasma even before conception (37, 122). Paternal antigens interact with the 
maternal immune system, which then develops tolerance to foeto–paternal antigens 
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(123). Indeed, there is epidemiological evidence that a short interval between first coitus 
and conception with a new partner increases the risk of pre-eclampsia (124-126). The first 
foeto–maternal interface forms when the blastocyst invades the endometrium. It has 
been shown that some combinations of foeto–paternal antigens (human leucocyte 
antigens, HLAs) and their maternal receptors (immunotolerance killer-cell 
immunoglobulin-like receptors, KIRs) on the cell membranes of decidual (uterine) natural 
killer cells (uNK cells) are unfavourable regarding development of normal maternal 
immunotolerance to foeto–placental allograft, and some combinations are protective 
against pre-eclampsia (127, 128). The uNK cells and regulatory T cells (Treg cells) play an 
important role in the development of immunotolerance. The unfavourable combination 
of foetal HLA-antigens and maternal KIRs impairs the normal function of uNK cells, which 
in turn affects their ability to conduct normal remodelling of spiral arteries (123, 128). 
Recently, Wedenoja and colleagues found that down-regulation of human leukocyte 
antigen G (HLA-G), its receptors and many other tolerogenic genes in the placenta are 
associated with pre-eclampsia. Furthermore, HLA-G haplotypes modulate pre-eclampsia, 
stillbirth and birth sex ratio (129). 

2.6.2.2 Placental factors 
Maternal ovarian hormones, oestradiol and especially progesterone, regulate the 
decidualisation of the endometrium (130), and there may be maternal genetic and 
constitutional factors (such as obesity, chronic hypertension, and diabetes) that affect 
this process (121, 131). The composition and function of decidua determines the 
success of implantation, continuation of the pregnancy and adverse pregnancy 
outcomes (130). Alterations in decidual maturation and immune properties may play a 
role in the genesis of pre-eclampsia (120), e.g., there is indirect evidence that the 
amount of Treg cells in decidua may be decreased at the time of implantation in women 
who subsequently develop pre-eclampsia (132). 

The Treg cells have an essential role in the implantation, regulation and maintenance 
of tolerance to foeto–placental allograft in early pregnancy (133). Recently, Burton 
suggested that defective interaction of trophoblasts and decidua may lead to impaired 
formation of the trophoblastic shell and incomplete plugging of immature spiral 
arteries, causing precocious onset of maternal circulation into the intervillous space. 
This could be one pathophysiological mechanism causing placental syndromes and, 
again, the severity and timing of the impairment determines the outcome (134). 

The circulation of the uterus must adapt for the demands of developing and growing 
foeto–placental unit; the fraction of the cardiac output of the uterus increases from 
3.5% in early pregnancy to 12% near term (135). During early placental formation, the 
dividing trophoblasts differentiate into villous and extravillous trophoblasts and 
syncytiotrophoblasts (136). Extra villous trophoblasts invade the interstitial decidua 
and inner myometrium and differentiate into interstitial and endovascular extra villous 
trophoblasts. The endovascular trophoblasts invade into the wall of spiral arteries, 
where they replace the endothelium, and partially the muscle layer of these vessels. In 
normal adaptation, the spiral arteries lose their spiral contour and the thick intermedia 
layer of the vessel wall disappears as well as the capacity for controlling blood flow by 
vasoconstriction (137). As a consequence, the endometrial and distal part of 
myometrial spiral arteries turn into a broader, thin-walled and loose drainage that 
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opens into intervillous spaces and the maternal blood steadily rinses the villous 
extensions of the foetal side of the placenta (138). 

In pre-eclampsia, impaired invasion of extra villous trophoblasts into the maternal spiral 
arteries causes defective remodelling of the arteries and incomplete vascular adaptation 
to pregnancy (139). Some of the spiral arteries may still have their spiral contour and 
capacity of controlling blood flow. This may cause uneven blood flow in the intervillous 
space of the placenta (138), intermittent hypoxia and ischaemia-reperfusion injury to 
trophoblasts (140). This in turn causes oxidative stress (140), which means that the 
capacity of the buffering scavenger system, i.e., antioxidants, is exceeded by excessive 
production of reactive oxygen species (ROS) (141). The oxidative stress increases 
apoptosis and ROS can damage lipid membranes, proteins or DNA (deoxyribonucleic acid) 
either directly or via the shortening of telomeres (141). This may lead to premature 
senescence of trophoblasts, which in turn activate cyclo-oxygenase (COX) pathways 
through COX-2 and prostaglandins as well as increases inflammation mediators, such as 
interleukin-6 (IL-6) and tumour necrosis  (TNF- ) (see Figure 3) (142). 

 
Figure 3. Schematic presentation of pathophysiological processes associated with pre-
eclampsia. ROS=reactive oxygen species, sFlt-1=soluble fms-like tyrosine kinase-1, 
PlGF=placental growth factor, TNF- =tumour necrosis factor , IL=interleukin, 
UPR=unfolded protein response, IUGR=intrauterine growth restriction. Adapted from 
several articles (121, 123, 142-145). The oval shapes indicate factors that may have 
influence on the issues presented in the rectangles.  
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Intermittent hypoxia and oxidative stress affects the function of the endoplasmic 
reticulum (ER) of trophoblasts and syncytiotrophoblasts (144). The ER regulates cell 
homeostasis through protein modifications and folding. ER stress means that the 
capacity of the folding apparatus and degradation pathway of unfolded proteins is 
exceeded, and the unfolded proteins start to accumulate in the ER. This may slow cell 
proliferation and activate the defence mechanisms called the unfolded protein 
response (UPR) (146). The protracted cell proliferation and UPR-activated apoptosis in 
placental cells result in a small and often malfunctioning placenta and IUGR (144). 
Oxidative and ER stress both result in increased production of pro-inflammatory 
cytokines and factors creating inflammatory stress and the interaction between these 
three processes creates a vicious circle that derails and harms the function of 
trophoblasts  (123, 147). The excessive production of ROS may damage the placenta–
blood barrier and the increased leakage of placental and foetal products into the 
maternal blood circulation follows (see Figure 3) (148-150). In particular, these 
mechanisms have been associated with early-onset pre-eclampsia and IUGR with or 
without pre-eclampsia (144, 147).  

2.6.2.3 Maternal factors 
In normal pregnancy there is increased systemic inflammation, as well as oxidative 
stress and changes in levels of angiogenic/anti-angiogenic factors and vascular 
reactivity (151). In pre-eclampsia, circulating factors, such as free cellular DNA, cellular 
debris, cytokines, free foetal haemoglobin (HbF), and anti-angiogenic factors, released 
from the damaged placenta may cause an excessive systemic inflammatory response 
of the mother, meaning acute phase reactions like activation of the complement and 
coagulation systems or global disturbance of vascular endothelium, i.e., endothelial 
dysfunction (35, 123). How the immune system and vasculature of a pregnant woman 
reacts to the increased circulating placental factors depends on maternal 
characteristics determined by acquired constitutional features like obesity, and by 
multifactorial genetic susceptibility (152). It has been suggested that pre-pregnancy 
vascular inflammation caused by, for example, chronic diseases like type I diabetes, 
chronic hypertension or systemic lupus erythematosus increases vascular susceptibility 
to factors shed by the placenta (131). Maternal risk factors that increase susceptibility 
to pre-eclampsia are presented in Table 7. It is probably excessive inflammation that 
also leads to the formation of decidual acute atherosis, which can further impair the 
function of the placenta (121). 

It has been suggested that late-onset pre-eclampsia or ‘mild’, non-severe pre-eclampsia 
is a disease of maternal origin rather than of placental origin (34). However, recently 
Staff and Redman proposed that late-onset pre-eclampsia occurs when placental 
capacity is outgrown so that the terminal villi are compressed and this results in 
impaired foeto–maternal circulation, hypoxia of the placental cells and similar stress to 
syncytiotrophoblasts as in early-onset pre-eclampsia (153). Thus, this theory suggests 
that eventually in all pre-eclampsia subtypes there is a placental contribution to the 
pathogenesis of pre-eclampsia, only the mechanism of the placental defect may be 
different.  

2.6.2.4 Genetic factors 
Twin studies and studies on family cohorts, as well as extensive epidemiological studies, 
support the idea that genes play an important role in the pathogenesis of pre-eclampsia 
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(154-161). Results from these studies suggest that the genes involved in the 
development of the disease would lower a woman’s biological threshold at which she 
would develop the condition rather than directly cause it (162). The complexity and 
heterogeneity of pre-eclampsia phenotypes point to the involvement of multiple genes 
in different biological pathways (163). Both genetic and environmental factors, as well 
as interaction between these two, determine whether a woman will develop pre-
eclampsia during pregnancy or not (164).  

Twin studies suggest that the penetrance of pre-eclampsia is less than 50% (162). In a 
population-based Swedish cohort study with a large multi-generational cohort, the 
estimate of heritability was over 50% (165). Both maternal and foetal genes contribute 
to the inheritance (161, 165-168). It is estimated that maternal genetic effects are 
associated with 35% of the variance accounted for pre-eclampsia and 20% is associated 
with foetal genetic effects, with equal contribution from mother and father, as well as 
13% is associated with a ‘couple effect’, which means the genetic interaction of 
maternal and paternal genes (165). Genome-wide linkage studies analysing 
Australasian, Icelandic and Finnish families with affected women, as well as a large 
Norwegian population-based study, have found loci in chromosome 2, which are 
associated with pre-eclampsia (169-172). Based on the meta-analyses of studies 
conducted on candidate genes of pre-eclampsia, there may be an association with 
polymorphic loci in genes encoding coagulation and fibrinolysis, the renin–angiotensin 
system, lipid metabolism and inflammation (173, 174). Recently, the first gene variants 
of foetal origin, located near the Flt-1 gene, were found to increase the mother’s 
susceptibility to pre-eclampsia (175). Additionally, a protective gene variant of the 
same gene has been shown to be enriched in the Finnish population (176).  

The complexity and polygenetic origin of pre-eclampsia decreases our chances to find 
strong associations that could be generalised at the population level (163). Multi-centre 
studies with large cohorts and detailed clinical phenotyping of the participants and their 
disease are required to overcome the limitations (common alleles, small sample size 
and poor characterisation of participants/pre-eclampsia phenotypes) of previous 
studies (177). Genome-wide analyses hold promise to improve our understanding of 
the genetic code for pre-eclampsia. 

2.7 Screening and prediction of pre-eclampsia 

The terms screening and prediction are often used interchangeably although 
‘screening’ is a wider approach including the invitation of a population to participate 
and ending with treatment for individuals identified as being at high risk, whereas 
‘prediction’ is a calculation of the risk of the disease. Screening involves prediction as a 
part of the whole process. The term ‘prediction’ is preferred when there is no evidence 
that identification of individuals at risk will eventually improve their outcome (178).   

Until now, the screening of pre-eclampsia has been based on close follow-up of the 
pregnant women by antenatal visits with measurements of blood pressure and 
monitoring of proteinuria. This method is topical even today, since a substantial 
reduction in mortality related to pre-eclampsia could be made in low-income countries 
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by screening for hypertension and proteinuria and the early delivery of women with 
severe disease (179).  

The next step in reducing morbidity would be a clinically useful screening test during 
early pregnancy. Ideally, the screening test would predict reliably and accurately the 
development of pre-eclampsia and enable the targeted, closer surveillance of at-risk 
women as well as implementation of preventive measures, such as low-dose aspirin 
prophylaxis. Focus on those at high risk of pre-eclampsia avoids the treatment of 
healthy women, who gain little or no benefit from aspirin prophylaxis. The ideal method 
for prediction of pre-eclampsia has high sensitivity and specificity, but also enables 
individual evaluation, whether a treatment improves the outcome of a pregnant 
woman belonging to a particular category of at-risk women (180). The criteria for an 
ideal screening test are presented in Table 6. 

Table 6. Criteria for a good screening test. 

Safe, i.e., does not inflict significant morbidity 
Non-invasive 
Affordable, cost-effective 
Widely available 
Easy to perform 
Prevention method/treatment exists 
Treatment is more effective when applied before symptoms begin 
Results should be reliable, valid, and reproducible 
High likelihood ratio for a positive test result (>15) 
Low likelihood ratio for a negative test result (<0.1) 

Adapted from Obuchowski and colleagues (181) and Conde-Agudelo and colleagues (182) 

2.7.1 Maternal risk factors 

According to an extensive meta-analysis, a woman with antiphospholipid antibody 
syndrome has the highest probability (17.3%) to develop pre-eclampsia during 
pregnancy. However, when the relative risk comparing exposed vs. unexposed 
populations was calculated in the same study, prior pre-eclampsia had the greatest 
pooled relative risk, i.e., women with prior pre-eclampsia have an 8.4-fold relative risk 
to develop pre-eclampsia during pregnancy when compared to women without this risk 
factor (6). Maternal characteristics that are known risk factors for pre-eclampsia are 
shown in Table 7. 

At a population level, nulliparity as a risk factor is the major contributor to the incidence 
of pre-eclampsia (population attributable fraction 32.3%, 95% confidence interval 
27.4–37.0%) (6). 

National and international guidelines recommend the screening of pre-eclampsia risk 
by maternal risk factors. Table 8 summarises the risk factors and criteria for the 
implementation of LDA and the recommended dose and duration of preventive 
medication. 
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Table 7. Known risk factors for pre-eclampsia and relative risk when compared to women 
without the given risk factor and a threshold number needed to prevent one case of pre-
eclampsia with low-dose 250. 
Risk factor Relative risk (95% CI)  NNT   250 
Prior pre-eclampsia 8.4 X 
Chronic hypertension 5.9 X 
Pregestational diabetes 3.7 X 
Multifoetal pregnancy 2.9 X 
Pre-pregnancy BMI >30 2.8 X 
Anti-phospholipid antibody syndrome 2.8 X 
Systemic lupus erythematosus 2.5  
Prior stillbirth 2.4 X 
Nulliparity 2.1  
Chronic kidney disease 1.8 X 
Assisted reproductive technology 1.8 X 
Maternal age >40  1.5 X 

BMI = body mass index; CI = confidence interval; NNT=number needed to treat to prevent one case of pre-eclampsia 
by low-dose aspirin started before 16 weeks of gestation. Adapted from Bartsch and colleagues 2016 (6) 

Table 8. Maternal risk factors, criteria for the implementation of prophylaxis with low-dose aspirin and 
recommended protocol for prevention by national and international guidelines. 
ORGANISATION RISK FACTORS CRITERIA FOR 

PREVENTION 
RECOMMENDATION 
FOR PREVENTION 

WHO (45) • Previous PE  
• DM 
• Chronic hypertension  
• Renal disease  
• Autoimmune disease 
• Multifoetal pregnancy 

• 
factors  

• LDA 75 mg before 
20 GW 

• optimally from 12 
GW onwards 

 High Moderate   
ISSHP (44) • Prior PE  

• Chronic hypertension 
• Pregestational DM 
• BMI > 30 kg/m2 
• Chronic kidney disease 
• aPL 

• Advanced maternal  
age > 35 

• Family history of PE 
• Short duration of sexual 

relationshipa 
• Connective tissue disorder 

• -risk 
factors  

• 
risk factors  

• LDA 100–150 mg/d 
started before 16 
GW 

• continue daily until 
37 GW 

NICE (49) • Prior PE 
• Chronic hypertension 
• Autoimmune disease 

(aPL or SLE) 
• Type 1 or type 2 DM  
• Chronic kidney 

disease  

• Nulliparity  
• Age > 40 
• Interpregnancy  

interval > 10 years 
• BMI at first visit > 35 kg/m2  
• Family history of PE  
• Multifoetal pregnancy 

• -risk 
factors  

• 
risk factors  

• LDA 75–150 mg/d 
from 12 GW 

• continue daily until 
delivery 

ACOG (48) • Prior PE 
• Chronic hypertension 
• Type 1 or type 2 DM 
• SLE 
• Renal disease 
• Multifoetal gestation 
• aPL 

• Nulliparity 
•  
• Interpregnancy  

interval > 10 years 
• BMI > 30 kg/m2 
• Family history of PEb  
• History of SGA or adverse 

outcome 
• Sociodemographic 

characteristicsc  

• 
high-risk 
factors 

• 
2 moderate 
risk factors 

• LDA 81 mg/d 
started 12–28 GW 

• optimally before 
16 GW 

• continue daily until 
delivery 

a < 5 years has been associated with an increased risk for pre-eclampsia, b mother or sister, c African American race 
or low socio-economic status. WHO=World Health Organization, ISSHP=International Society for the Study of 
Hypertension in Pregnancy, NICE=National Institute for Health and Care Excellency, ACOG=American College of 
Obstetrics and Gynecology, PE=pre-eclampsia, DM=diabetes mellitus, LDA=low-dose aspirin, GW=weeks of gestation, 
BMI=body mass index, aPL=antiphospholipid syndrome, SLE=systemic lupus erythematosus 
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These recommendations are based on retrospective epidemiologic studies 
investigating associations between individual risk factors and the development of pre-
eclampsia. In most studies, the outcome has been all pre-eclampsia without 
considering different phenotypes (95). The screening performance of previous versions 
of NICE and ACOG guidelines as well as a new competing multivariate model of the 
Foetal Medicine Foundation (FMF) based on maternal factors (183) are presented in 
Table 9. 

There have been vigorous attempts to find a combination of maternal characteristics 
to predict pre-eclampsia in early pregnancy in series of prospective studies. Table 10 
summarises studies reporting multivariate prediction models constructed from 
maternal characteristics for all pre-eclampsia, for early-onset/pre-term pre-eclampsia 
and for late-onset/term pre-eclampsia.  

Table 9. Performance of NICE and ACOG recommendations for screening of pre-eclampsia. 
 NICEa  ACOGb Algorithm of FMF  

for MFc 

DR(%) 95% CI (%) FPR(%) DR(%) 95% CI (%) FPR(%) DR(%) 95% CI (%) FPR(%) 
All PEd 30 26–35 NRe       
Term PE  

d 
34 27–41 10.2 89 84–94 64.2 37 30–45 10 

Pre-term PE  
(< 37 GW)d 

39 27–53 10.2 90 79–96 64.2 41 28–54 10 

Pre-term PE  
(< 37 GW)c 

41 33–49 NRe       

Early PE  
(delivery < 32 GW)d 

41 18–67 10.2 94 71–100 64.2 53 28–77 10 

a NICE 2010 (184), same criteria for initiation of LDA unchanged when compared to NICE 2019 guidelines, 
b ACOG 2015 (183, 185), c O’Gorman and colleagues (183), d Tan and colleagues (186), e Screen positive 
rate 10.3%. NICE=National Institute for Health and Care Excellency, ACOG=American College of 
Obstetrics and Gynecology, FMF=Fetal Medicine Foundation, MF=maternal factors, DR=detection rate, 
CI=confidence interval, FPR=false positive rate, PE=pre-eclampsia, GW=weeks of gestation 

The problem with the prediction models of international and national guidelines is that 
each risk factor has an additive contribution to the risk assessment, and while each risk 
factor increases the accuracy of the model, it also increases the false positive rate at 
the same time. Multivariate regression models allow the combining of risk factors and 
protective factors to other variables such as biomarker concentrations or Doppler 
ultrasound measurements of uterine artery indices (95). Most of the studies presented 
in Table 10 are aimed to find a method to calculate apriori risk for further assessment 
of more individualised risk with other variables. The recent studies of Tan and 
colleagues using a new FMF algorithm for pre-eclampsia screening with maternal 
factors (187) report a detection rate of 48.3% for early-onset pre-eclampsia, 41.5–
44.8% for pre-term pre-eclampsia (pre-eclampsia requiring delivery < 37 weeks of 
gestation), and 30.5–33.5% for term pre-eclampsia (pre-
37 weeks of gestation) with 10% screen-positive rate (186, 188). 
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Table 10. Performance of maternal risk factors in predicting all pre-eclampsia, early-onset/pre-term, and 
late-onset/term pre-eclampsia in first trimester. Studies are compared by reported AUC. 
All pre-eclampsia   
Author Cohort Model n/N AUC Valid. 

AUC 
Comment 

Plasencia 
2007 (189) 

Prospective 
screening 
cohort  

Ethnic origin, BMI, and prior PE 107/ 6015 0.81 0.73a MVM constructed 
with logistic 
regression 

Direkvand-
Moghadam 
2013 (190) 

Prospective 
cohort 

Prior PE, CH, and history of 
infertility 

58/610 0.67 0.56a Cohort from one 
hospital 

Al-Rubiae  
2020 (191) 

Retrospective 
cohort  

Age, BMI, ethnicity, multiple 
pregnancy, family history of 
PE, autoimmune disease, CH, 
chronic renal disease 

293/ 
12395 

0.66 0.70d Nulliparous women 
from three centres 

 EOPE and pre-term 
Poon 2010 
(192)e 

Prospective 
screening 
study 

Black race, CH, prior PE, and 
use of ovulation drugs 

37/8366 0.79 0.76b MVM constructed 
with logistic 
regression 

Scazzocchio 
2013 (193)e 

Prospective 
screening 
cohort 

Parity, CH, renal disease, prior 
PE 

26/5170 0.96 0.83c MVM for apriori risk 
assessment 

O’Gorman 
2016 (194)f 

Prospective 
screening 
cohort 

Age, height, racial origin, CH, SLE, 
IVF, prior PE (yes/no), and for 
women with no CH: weight, family 
history of PE, DM type I or II 

292/ 
35948 

0.80 0.76i MVM constructed 
with logistic 
regression and using 
Bayes theorem 

Al-Rubiae 
2020 (191)e 

Retrospective 
cohort of 
nulliparous 
women 

Age, BMI, ethnicity, multiple 
pregnancy, family history of 
PE, autoimmune disease, CH, 
chronic renal disease 

46/12395 NR 0.72d Model developed 
especially for low-
risk population 

LOPE and term PE 
Plasencia 
2007 (189)g 

Prospective 
screening 
cohort 

Ethnic origin, BMI, family 
history of PE (affected 
mother), prior PE 

NR/6015 0.80  0.60a MVM for apriori risk 
assessment 

Poon 2010 
(192)g 

Prospective 
screening 
cohort 

Maternal age and BMI and 
family history of PE or prior PE 

128/8366 0.80  0.73a MVM constructed 
with logistic 
regression 

Scazzocchio 
2013 (193)g 

Prospective 
screening 
cohort 

Parity, CH, DM, thrombophilic 
condition, prior PE 

110/5170 0.71 0.70c MVM for apriori risk 
assessment 

O’Gorman 
2016 (194)h 

Prospective 
screening 
cohort  

Age, height, racial origin, CH, SLE, 
IVF, prior PE (yes/no), and for 
women with no CH: weight, family 
history of PE, DM type I or II 

766/ 
35948 

0.75 0.74i MVM constructed 
with logistic 
regression and using 
Bayes theorem 

a AUC of external validation in the study conducted by Lamain-de Ruiter and colleagues (195), b AUC of external 
validation in the study conducted by Park and colleagues (196), c AUC of external validation in the study conducted by 
Allen and colleagues (197), d internal validation, e early-onset pre-eclampsia, delivery < 34 weeks of gestation, f pre-term 
pre-eclampsia, delivery < 37 weeks of gestation, g late-onset pre-eclampsia, delivery  34 weeks of gestation, h term pre-
eclampsia, delivery , I AUC of external validation in the study conducted by O’Gorman and 
colleagues (198). An AUC value over 0.70 may be regarded as an indicator of moderate predictive potential (195). 
AUC=area under curve, MVM=multivariate model, BMI=body mass index, PE=pre-eclampsia, MAP=mean arterial 
pressure, CH=chronic hypertension, DM=diabetes mellitus, NR=not reported. MAP during pregnancy should be 
defined and agreed upon, since a standardised protocol would benefit both the study of hypertensive disorders of 
pregnancy and clinical practice (199).  
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2.7.2 Mean arterial pressure 

Mean arterial pressure (MAP) is the average arterial pressure throughout one cardiac 
cycle, systole, and diastole (200). It is the major haemodynamic determinant of tissue 
perfusion, and also a key parameter that is associated with cardiac function and the 
wall properties of central arteries (201). To determine MAP with absolute accuracy, 
invasive intra-arterial measurement with analogue electronic circuitry or digital 
techniques are required (202). However, in clinical practice systolic and diastolic 
pressures are measured and MAP is approximated mathematically. The most common 
and widely used formula for MAP calculation is that proposed by Gauer in 1960: 
MAP = here DBP is diastolic blood pressure and PP is pulse pressure, i.e., 
difference between systolic (SBP) and diastolic blood pressure (PP=SBP–DBP) (201). 

The blood pressure measurement should be carried out at each antenatal visit to screen 
for pre-eclampsia (25). ISSHP recommends the use of well-calibrated automated 
devices instead of aneroid manometers or mercury sphygmomanometers, but does not 
provide any further recommendations of the measurement protocol (44). However, the 
exact protocol for the measurement of blood pressure and the calculation of The MAP 
measured in the first or second trimester of pregnancy is a better predictor for pre-
eclampsia than systolic or diastolic blood pressure. In the meta-analyses of Cnossen and 
colleagues, the AUC for all pre-eclampsia in first trimester was 0.66 for systolic blood 
pressure, 0.67 for diastolic blood pressure, and 0.79 for MAP in the low-risk population 
(203). The MAP measured in the first or second trimester was a better predictor of pre-
eclampsia when compared to a multivariate model constructed from maternal risk 
factors, but the combination of the first and second trimester MAP was the best of 
these four methods (MAP in first trimester, MAP in second trimester, multivariate 
model constructed from maternal risk factors and combined first and second trimester 
MAP) in the study of Gallo and colleagues (204). Table 11 presents studies investigating 
performance of the MAP alone to predict pre-eclampsia. The MAP as a single test 
during the first and second trimesters is a modest predictor of pre-eclampsia (182). 

Table 11. Studies investigating the use of mean arterial pressure for prediction of pre-eclampsia in the first trimester 
and the performance of prediction expressed as area under the curve. 
All pre-eclampsia 
Author Type of study n/N AUC Valid. AUC Conclusion/finding 
Miller and 
colleagues 
2007 (205) 

Retrospective 
study 

49/ 1655 0.71 No validation 
data 

MAP is strongly associated with risk of 
PE 

Cnossen and 
colleagues 
2008 (203) 

Systematic review 
and meta-analysis 
of 34 studies 

3341/ 60,599 0.79 NA MAP better predictor for PE than SBP, 
DBP, or an increase of BP 

Poon and 
colleagues 
2008 (206) 

Prospective 
screening study 

104/ 4619 0.73 No validation 
data 

MAP is equally effective in screening 
for EOPE and LOPE, screening 
performance was better, when MAP 
was combined with MF 

Poon and 
colleagues 
2011 (207) 

Prospective 
screening study 

EOPE 37/ 8366 0.84 No validation 
data 

MAP was higher in EOPE and LOPE, than 
in controls, no  difference in the 
screening performance for EOPE vs. LOPE 

LOPE 128/ 8366 0.75 

AUC=area under the curve, BP=blood pressure, DBP=diastolic blood pressure, EOPE=early-onset pre-eclampsia, 
LOPE=late-onset pre-eclampsia, MAP=mean arterial pressure, MF=maternal factor, NA=not applicable, PE=pre-
eclampsia, SBP=systolic blood pressure, Valid.=validated  
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Attempts to find a multivariate model to combine maternal risk factors and MAP are essential 
because these parameters are easily and economically applied, and therefore, applicable in 
primary care especially in low-resource settings. It has been shown that the prediction rates 
of a model combining maternal risk factors and MAP is a better method to screen high-risk 
populations for further, closer surveillance than the risk assessment made with NICE or ACOG 
guidelines (208). Table 12 summarises studies investigating the prediction rates of models 
combining maternal risk factors and MAP. With the new FMF algorithm, the detection rate 
with maternal factors for pre-term pre-eclampsia is 41.5% (with a 10% screen-positive rate). 
By adding MAP to the model, the detection rate increases up to 49.3% (186), so this model 
appears to be more accurate than the screening with the NICE model (186). 

Table 12. Studies investigating the use of multivariate models combining maternal risk factors with mean 
arterial pressure measured in the first trimester for prediction of pre-eclampsia and the performance of 
prediction expressed as area under the curve. 
Author Cohort Maternal risk factors n/N AUC Valid. 

AUC 
Statistics 

All pre-eclampsia, maternal factors + MAP 
Poon and 
colleagues 
2008 (206) 

Prospective 
screening 

Ethnic origin, BMI, family history 
of PE (affected mother), prior 
PE, nulliparity 

104/ 
4619 

0.85 0.76a/ 
0.63b 

Multivariate model 
constructed with logistic 
regression and using 
Bayes theorem 

Poon and 
colleagues 
2011 (207) 

Prospective 
screening 

Ethnic origin, BMI, family history 
of PE (affected mother), prior 
PE, nulliparity 

165/ 
8366 

0.85 0.76a/ 
0.63b 

Multivariate model 
constructed with logistic 
regression and using 
Bayes theorem 

North and 
colleagues 
2011 (209)  

Prospective multi-
centre study on 
healthy, nulliparous 
women 

Age, BMI, family history of PE 
and/or CAD, maternal birthweight, 

 

186/ 
3529 

0.76 0.58b Stepwise logistic 
regression model 

EOPE/pre-term PE, maternal factors + MAP 
Poon and 
colleagues 
2011 (207)c 

Prospective 
screening 

Black race, chronic 
hypertension, prior PE, use of 
ovulation drugs 

37/ 
8366 

0.90 NR Multivariate model 
constructed with logistic 
regression and using 
Bayes theorem 

Myers and 
colleagues 
2013 (210)d 

Prospective multi-
centre cohort, 
case–control study 

Fertility treatment, any sister 
with PE 

47/ 
188 

0.76 0.74e Stepwise logistic 
regression model 

O’Gorman 
2016 (194)d 

Prospective 
screening  

Age, height, racial origin, CH, SLE, 
IVF, prior PE (yes/no) and for 
women with no CH: weight, family 
history of PE, DM type I or II 

292/ 
35948 

0.85 0.82f Multivariate model 
constructed with logistic 
regression and using 
Bayes theorem 

LOPE, maternal factors + MAP 
Poon and 
colleagues 
2011 (192)g 

Prospective 
screening cohort 

Maternal age, BMI, family or 
prior history of PE 

128/ 
8366 

0.85 NR Multivariate model for 
apriori risk assessment 

O’Gorman 
2016 (194)h 

Prospective 
screening  

Age, height, racial origin, CH, SLE, 
IVF, prior PE (yes/no) and for 
women with no CH: weight, family 
history of PE, DM type I or II 

766/ 
35948 

0.78 0.78f Multivariate model 
constructed with logistic 
regression and using 
Bayes theorem 

a AUC of external validation in the study conducted by Lamain-de Ruiter and colleagues (195), b AUC of external validation in 
the study conducted by Meertens and colleagues (211), c early-onset pre-eclampsia, delivery < 34 weeks of gestation, d pre-
term pre-eclampsia, delivery < 37 weeks of gestation, e AUC after statistical validation (10-fold cross validation), f AUC of external 
validation in the study conducted by O’Gorman 2017 (198), g late-onset pre-eclampsia, delivery  34 weeks of gestation, h term 
pre-eclampsia, delivery . AUC=area under the curve, PE=pre-eclampsia, MAP=mean arterial pressure, 
BMI=body mass index, PE=pre-eclampsia, CAD=coronary artery disease, CH=chronic hypertension, DM=diabetes mellitus, 
IVF=in vitro fertilisation, SLE=systemic lupus erythematosus, NR=not reported 
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2.7.3 Mean uterine artery pulsatility index 

The systolic/diastolic ratio (S/D), resistance index (RI) and pulsatility index (PI) are the 
three best-known indices with which to measure arterial flow-velocity waveforms. 
According to the International Society of Ultrasound in Obstetrics & Gynecology 
(ISUOG), the uterine artery pulsatility index (Uta-PI) should be used for the examination 
of uterine artery resistance in the context of pre-eclampsia screening (178).  

The pulsatility index was introduced for the first time by Raymond Gosling in 1974 
(212). He defined Uta-PI as follows: ‘Pulsatility index (PI) = (Peak-to-peak height of 
sonagram waveform)/(mean height over one cardiac cycle)’ (Figure 4). 

 
Figure 4. Schematic presentation of maximum Doppler shift waveform and the equation of 
pulsatility index. PI = pulsatility index, S = peak systolic frequency shift, D = end-diastolic 
frequency shift, A = temporal average frequency shift over one cardiac cycle. Adapted from 
Maulik 2005 (213). 

Prediction and screening  with the Uta-PI in early pregnancy should be carried out at 
11+0 – 13+6 weeks of gestation (214) and the ISUOG states that both vaginal and 
abdominal approaches are approved (178). The Doppler measurement of the Uta-PI 
should be done at the level of the internal os of cervix and with as low an angle of 
insonation as possible (< 30°) and at least three consecutive uniform waveforms should 
be recorded and the mean Uta-PI should be calculated from the measurements of the 
right and left Uta-PI (214).  

The idea that pre-eclampsia could be predicted or screened by measurement of uterine 
artery flow indices is based on the theory that the incomplete remodelling of uterine 
spiral arteries supplying the placenta causes pre-eclampsia. This failure of adaptation 
to pregnancy results in increased impedance (resistance) in placental vasculature which 
in turn is measurable in uterine artery Doppler velocimetry (215). The Uta-PI is better 
in predicting early-onset and severe pre-eclampsia than late-onset and non-severe pre-
eclampsia (189), since the placental maladaptation during early pregnancy contributes 
more to the development of early-onset and severe pre-eclampsia than to late-onset 
and non-severe pre-eclampsia. In addition, the Uta-PI works better as a predictor of 
pre-eclampsia in low-risk than in high-risk populations (182). 
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In the study of Ferreira and colleagues, there were differences of up to ± 20–30% when 
the Uta-PI examination was repeated by the same observer and differences of up to ± 
30–40% when the examination was repeated by a different observer, hence the intra-
observer reproducibility of Uta-PI assessment is moderate, whereas the interobserver 
reliability is relatively poor (216). Therefore, constant quality assessment and staff 
education is required to maintain high reproducibility of the method (217). The Uta-PI 
alone detects 75% of early-onset pre-eclampsia cases, 55% of pre-term pre-eclampsia 
cases and 42% of all pre-eclampsia cases, with a 10% false-positive rate in the screening 
population (218). When the Uta-PI is combined with maternal factors and MAP, the 
corresponding detection rates are 88%, 74%, and 44%, respectively (186). 

2.8 Biomarkers of pre-eclampsia 

The progress made in understanding the pathophysiology of pre-eclampsia has 
increased the amount of potential biochemical and biophysical markers of pre-
eclampsia. Biomarkers can be classified based on mechanisms of disease implicated in 
the pathophysiology. Markers of placental perfusion/vascular resistance dysfunction, 
foeto-placental unit endocrinology dysfunction, renal dysfunction, endothelial/oxidant 
stress dysfunction or biomarkers indicating alterations in immunology, hormone 
regulation or changes in proteomics, metabolomics and transcriptomics have been 
investigated/proposed for the prediction of pre-eclampsia (182). 

The maternal biomarkers investigated in this thesis project are isoforms of hCG 
associated with pregnancy (hCG, hCG- -hCG) and the proportion hCG-h of 
total hCG (%hCG-h), placental growth factor (PlGF), pregnancy-associated plasma 
protein A (PAPP-A), as well as haemoglobin scavenger proteins haemopexin (Hpx) and 
alpha-1-microglobulin (A1M). The focus has been on hCG-h and %hCG-h, PlGF, Hpx and 
A1M. Figure 5 shows how these main biomarkers are linked to the pathogenesis of pre-
eclampsia. 

2.8.1 Isoforms of hCG related to pregnancy 

Aschheim and Zondec published in 1927 their discovery that the placenta produces a 
molecule that promotes ovarian progesterone production (219), and it was named 
human chorionic gonadotropin (hCG). In 1997, Elliot and colleagues published their 
investigation showing that there are isoforms of hCG with ‘hyperbranched’ 
carbohydrate side chains, seen at low concentrations in normal pregnancy and at 
increased concentrations in malignant diseases (220). These isoforms were named 
hyperglycosylated hCG (hCG-h).  

The isoforms of hCG belong to a wider group of glycoprotein hormones that are the 
most complex molecules with hormonal activity (221). There are two major forms of 
hCG: endocrine hCG and autocrine hyperglycosylated hCG. Several variants of these 
two major forms are produced by different tissues and act at different sites of the body 
(see Table 13).  

 



 
Figure 5. Pre-eclampsia biomarkers of the thesis project and their relation to the pathogenesis of pre-eclampsia. Level 1 shows the chronological 
and logical sequence of the pathophysiology of pre-eclampsia. Level 2 presents the pathophysiology in more detail and in relation to level 1 and 
how biomarkers (in orange boxes) relate to the pathophysiology of pre-eclampsia. hCG-h=hyperglycosylated human chorionic gonadotropin, 
hCG=human chorionic gonadotropin, PlGF=placental growth factor, sFlt-1=soluble fms-like tyrosine kinase 1, Hpx=haemopexin, A1M=alpha-1-
microglobulin, HbF=foetal haemoglobin. References: Brosens and colleagues 1970 (119), Burton and colleagues 2009 (144), Guibourdenche and 
colleagues 2010 (9), Maynard and colleagues 2003 (36), Levine and colleagues (11), Hung and Burton 2006 (140), May and colleagues 2011 
(150), Centlow and colleagues 2008 (222), Hanson and colleagues 2013 (223). 
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Table 13. Isoforms of hCG and hCG -subunits. 
Isoform Source Mode of action Suggested site of 

action 
Function 

Placental hCG Syncytiotrophoblast  Endocrine/ 
paracrine* 

LH/hCG receptor 
and  
LH/hCG receptor 
independent way  

Promotes: luteal cells to produce progesterone from 4 to 7 GW 
(224), formation of MIF to protect foetal and placental tissues 
from maternal macrophages (225), differentiation of 
cytotrophoblast to form syncytiotrophoblast (226), support 
placentation and nutrition of the foetus by maintaining 
angiogenesis (227, 228), *stimulates trophoblast invasion (229, 
230) 

Placental hCG-h Invasive 
cytotrophoblast 
(231) 

Autocrine/ 
paracrine/ 
(endocrine**) 

TGFß 
antagonism(232) 
/(LH/hCG 
receptor**(233)) 

Drives implantation of the blastocyst and promotes growth of the 
implanting blastocyst (234), stimulates trophoblast invasion (229) 
and villous growth (proliferation of cytotrophoblast) (235), 
promotes placental angiogenesis (232) 

Placental free hCG  Intermediate or 
differentiating 
trophoblast (236) 

Autocrine/ 
paracrine 

Several candidates 
(230, 237) 

Stimulates trophoblast invasion (229) 

Pituitary sulphated hCG Pituitary 
gonadotropic cells 

Endocrine LH/hCG receptor Controls ovarian steroidogenesis, ovarian follicular growth, oocyte 
ovulation and luteogenesis (238) 

Cancer hCG-h Trophoblastic 
malignancy cells 
(239) 

Autocrine TGFß antagonism 
(240) 

Promotes invasiveness of cancer cells in trophoblastic 
malignancies (239) 

Cancer hCGß-h  
subunit 

Non-trophoblastic 
malignancy cells 
(239) 

Autocrine TGFß antagonism? 
(241) 

Promotes growth and invasiveness of cancer cells in non-
trophoblastic malignancies (241, 242) 

Foetal hCG foetal kidney and 
liver cells (243) 

Not known Not known Controls foetal organ growth and development (244) 

** with lower activity than hCG. hCG=human chorionic gonadotropin, hCG-h=hyperglycosylated human chorionic gonadotropin, LH=luteinising hormone, TGFß= 
transforming growth factor-ß, GW=weeks of gestation, MIF=macrophage migration inhibitory factor. Modified from the article of Cole and colleagues (245) and 
articles referenced in the table. 
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hCG is a glycoprotein of about 37kDA, and hCG-h of about 41kDA. Both molecules are 
-subun -subunit, and the two 

subunits are bound by non-covalent association (246, 247) -subunit is identical 
to pituitary hormones luteinising hormone (LH), follicle-stimulating hormone and 
thyroid-stimulating hormone, and it is encoded by a single gene located in chromosome 
6q21.1-23 (248) -subunits are different and specific for each hormone and 
there are several genes encoding them in humans and these genes are located in a 
region on chromosome 19 at 19q13.32 (221, 249). Figure 6 illustrates the structural 
differences between hormone hCG and autocrine hCG-h. 

The developing blastocyst produces hCG (237), which is therefore the first placental 
signal in the maternal blood after implantation, detectable six days after fertilisation 
(250). The dividing syncytiotrophoblasts excrete hCG in exponentially increasing 
concentrations during the first weeks of pregnancy so that the concentration doubles 
every 1.5–2 days and peaks at 10 weeks of gestation (21), which is coincident with 
proliferation of immature trophoblastic villi (236). After this, the concentration 
decreases levelling out at 13–15 weeks and slowly increases again until 30–33 weeks of 
gestation, after which there is a moderate decrease towards term (251). hCG is cleared 
from circulation mostly by the liver (78%), but also by the kidneys (22%) (252).  

Both hCG and LH act on the same receptor, but the action of hCG results in different 
intracellular signalling than LH (253). The modes of action are listed in Table 13. 
Placental hCG also acts via LH/hCG receptors independently as an autocrine or 
paracrine, regulating trophoblast invasion along with hCG- (229).  

hCG promotes both progesterone production in the corpus luteum (224) and 
angiogenesis of the endometrium (254), and in the endometrium, it also suppresses 
maternal macrophage attack on immunologically foreign foetal and placental tissues 
(225, 244). Furthermore, hCG suppresses myometrial contractions during pregnancy 
(255). Conde-Agudelo and colleagues have pooled 13 studies investigating hCG as a pre-
eclampsia biomarker in the second trimester and concluded that with a cut-off of 2.0–
2.5 multiple of the median (MoM), the sensitivity was 21% with specificity of 91% (256). 

hCG-h is produced by cytotrophoblast cells; the place and the amount of production 
changes rapidly during the first trimester of pregnancy (231, 235). hCG-h is the 
predominant form of hCG after conception, since about 90% of the total serum hCG 
consists of its hyperglycosylated isoform at 4 to 5 weeks of gestation (244, 257, 258), 
but the proportion of hCG-h of total hCG decreases rapidly as the concentration of total 
hCG increases and the concentration of hCG-h decreases along with advancing 
pregnancy so that at 20 weeks of gestation the maternal serum hCG-h concentration is 
only about 1–3% of total hCG concentration (244, 258).  
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Figure 6. Schematic and simplified structure of hCG and hCG-h. Both hCG variants, hCG and 
hCG- -subunit and a 145 -subunit and both have four 
identical N-linked sugar structures (green shapes). hCG has four different kinds of O-linked 
oligosaccharides, all of which are trisaccharides or tetrasaccharides (type I oligosaccharides, 
red rectangular). hCG-h has three or four O-linked pentasaccharides or hexasaccharides 
(type 2 oligosaccharides, yellow shapes). These structural differences result in very different 
folding of the amino acid chain. As a result, placental hCG is a hormone acting on an hCG/LH 
joint hormone receptor and hCG-h is an autocrine/paracrine, the receptor of which is still 
uncertain. Adapted and simplified from Cole and colleagues 2010 (240). 

hCG-h initiates the invasion process of the blastocyst to the endometrium (234, 259), 
promotes growth of the cytotrophoblast cells in the implanted blastocyst (235), and 
when hCG in turn promotes differentiation of the cytotrophoblast cells into 
syncytiotrophoblast cells, the combined action of hCG and hCG-h probably leads to 
villous formation (240).  

In the serum sample -subunit (i.e., ) is primarily 
derived from the dissociation of regular hCG and hyperglycosylated hCG (260). The 
proportion of serum h  from total hCG changes during pregnancy so that in early 
pregnancy, it may reach 4% but it drops rapidly to less than 1% by 8–9 weeks of 
gestation (21). It has been shown that  alone can stimulate trophoblast invasion 
in an LH/hCG receptor independent way (229). The measurement of maternal serum 

 is part of the first trimester screening for trisomy (trisomy 21, 18 and 13) and 
owing to the rapid changes during pregnancy; it is expressed as MoM for each week of 
pregnancy (21). 

Although the mechanism and function of isoforms of hCG are still poorly understood, 
evidence shows that low maternal serum hCG-h during very early stages of pregnancy 
is associated with adverse pregnancy outcomes such as miscarriage (257) and pre-
eclampsia (8, 261). Studies investigating the use of hCG-h as a biomarker of pre-
eclampsia are summarised in Table 14. 



Table 14. Previous studies on the use of hCG-h in prediction of pre-eclampsia. 
Publication Research 

type 
Cohort 
type 

Cohort, N Sample 
type 

GW/ 
median 

Analysing 
method 

Main result Conclusion Comment 
Outcome Control 

Bahado-
Singh and 
colleagues 
Prenatal 
Diagnosis 
2002 (262) 

Prospective 
observatio
nal study 

Prospectiv
e cohort 

26* 542 Urine 16.1 Two-step 
sandwich-
type ELISA 

The mean hCG-h level 
was lower in pre-
eclamptic women 
than in controls 

Low maternal mid-
trimester urine hCG-
h predicted 
subsequent PE 

No calculations of 
diagnostic 
prediction rates, no 
replication or 
statistical 
validation 

Brennan 
and 
colleagues 
Prenatal 
Diagnosis 
2013 (263) 

Prospective 
observatio
nal study 

Prospectiv
e cohort 

15*, 7 GH 182 Urine 7.6 Two-step 
sandwich-
type ELISA 

No difference 
between PE and 
controls before 10 
GW, a possible 
association between 
low hCG-h levels after 
10 GW and LOPE  

Screening for 
subsequent PE or GH 
is unreliable with a 
single measurement 
of maternal urine 
hCG-h at 10 GW or 
less 

Type II error 
possible due to 
small sample size, 
no power 
calculation 

Keikkala 
and 
colleagues 
Placenta 
2013 (8) 

Nested 
case–
control 

Screening 
cohort 

159*, 
29** 

427 Serum 10.3 Time-
resolved 
immune-
fluorometric 
assay 

In women with 
subsequent pre-
eclampsia %hCG-h 
was lower than in 
controls, especially in 
women with EOPE  

hCG-h is a promising 
first trimester marker 
for EOPE. Addition of 
PAPP-A and maternal 
risk factors may 
improve the 
prediction rates 

Retrospective, 
case–control study 
is a preliminary 
study requiring 
confirmation in a 
prospective cohort 

Keikkala 
and 
colleagues 
Prenatal 
Diagnosis 
2014 (264) 

Nested 
case–
control 

Screening 
cohort 

55* 83 Serum 15.3 Time-
resolved 
immuno-
fluorometric 
assay 

Concentrations of 
hCG-h or %hCG-h did 
not differ between 
women with 
subsequent pre-
eclampsia and 
controls 

Serum hCG-h or 
%hCG-h did not 
improve prediction of 
pre-eclampsia in the 
second trimester 

Is in accordance 
with the theory 
and finding that 
hCG-h rapidly 
decreases with 
advancing 
pregnancy 

Keikkala 
and 
colleagues 
BMC 
Pregnancy 
and 
Childbirth 
2016 (261) 

Nested 
case–
control 

Screening 
cohort 

98*, 
13**, 
24*** 

177 Serum 10.3 Time-
resolved 
immuno-
fluorometric 
assay 

Women with 
subsequent pre-term 
PE or EOPE had lower 
concentrations of 
PlGF, PAPP-A and 
%hCG-h than controls 

Multivariate model 
combining %hCG-h, 
PlGF, PAPP-A, 
nulliparity and MAP 
predicted pre-term 
PE and EOPE better 
than the same model 
without %hCG-h 

Promising result 
that should be 
confirmed in a 
prospective 
screening cohort 

* overt PE, ** EOPE, *** pre-term PE (pre-eclampsia requiring delivery < 37 GW). PE=pre-eclampsia, GH=gestational hypertension, EOPE=early-onset pre-
eclampsia, GW=gestational weeks, %hCG-h= the proportion hyperglycosylated hCG of total human chorionic gonadotropin, PlGF=placental growth factor, PAPP-
A=pregnancy associated plasma protein A, MAP=mean arterial pressure
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2.8.2 Placental growth factor 

Placental growth factor (PlGF) was first discovered in 1991 by Maria Graziella Persico 
(265). The gene is coded by a single gene located on chromosome 14 at 14q24-q31 
(266). PlGF is a dimeric glycoprotein of which four different isoforms have been 
described: PlGF-1, PlGF-2, PlGF-3 and PlGF-4; PlGF-1 and PlGF-2 are believed to be the 
major isoforms (267). The isoforms of PlGF differ in terms of size as well as of their 
secretion properties and their binding affinities (268). PlGF-1 and -3 are diffusible 
isoforms, whereas PlGF-2 and PlGF-4 have heparin-binding domains, which suggest that 
PlGF-2 and -4 remain cell membrane–associated and affect as an autocrine, while the 
diffusible isoforms may act in a paracrine manner (269). PlGF is a member of the 
vascular endothelial growth factor (VEGF) family of proteins, and it was the second 
member identified of this family, VEGF-A (or simply VEGF) having been described in 
1989 (270). PlGF is synthesised by trophoblast cells during pregnancy and it is also 
expressed in heart, lung, thyroid, adipose tissue and skeletal muscle (271).  

2.8.2.1 Receptors of vascular growth factor family 
The structure and function of tyrosine kinase receptors binding VEGF and PlGF as well 
as their known main biological effects are presented in Figure 7. There are three 
membrane-bound and homologous tyrosine  kinase receptors that bind dimeric VEGF 
family proteins: VEGFR1 (or fms-like tyrosine kinase receptor/Flt-1), VEGFR2 (or kinase 
insert domain receptor, KDR) and VEGFR3 (272). All these receptors have similar 
structures (i.e., extracellular part with seven immunoglobulin-like domains connected 
to an intracellular  tyrosine kinase domain via a single transmembrane helix) (271, 272), 
and upon binding VEGF or PlGF they heterodimerise (273). In addition, there is a soluble 
form of Flt-1 receptor, soluble fms-like tyrosine kinase (sFlt-1), that does not have 
transmembrane or intracellular domains and can circulate freely (274). Since it binds 
and neutralises VEGF and PlGF in circulation, reducing their availability to their 
membrane-bound receptors, it has anti-angiogenic potential (275). 

2.8.2.2 Function of PlGF 
In vitro and in vivo evidence shows that PlGF regulates angiogenesis both with direct 
and indirect mechanisms and it can both enhance or inhibit it (271, 276). With VEGF 
and their anti-angiogenic counterpart, sFlt-1, PlGF forms a complicated system that 
maintains normal endothelial structure and function (153, 277).  PlGF directly activates 
endothelial cells, macrophages and haematopoietic progenitor cells (271). During 
pathological conditions, such as inflammation and ischaemia, loss of PlGF impairs 
angiogenesis, collateral growth and plasma extravasation (278).  

During pregnancy, maternal serum PlGF concentration increases rather slowly in the 
first trimester, secretion accelerates in the second trimester reaching a maximum level 
at around 30 weeks of gestation and subsequently decreases (279). These changes 
associate with the development of placental vasculature so that the slower increase in 
first trimester corresponds to the remodelling of spiral arteries in a low oxygen 
environment and the acceleration after that coincides with the rapid development and 
maturation of the villous tree vasculature in a high oxygen environment (269).  
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Figure 7. Schematic presentation of the structure and function of tyrosine kinase receptors 
binding VEGF and PlGF. References: Autiero and colleagues (276), Claesson-Welsh (280), 
Park and colleagues (272).  

Evidence from studies with PlGF-knockout mice shows that PlGF has a regulatory role 
in the early development of placental vasculature (281), and the role of PlGF may be 
even more essential in human placenta due to the unique and deeper implantation to 
myometrium (269, 282). However, the exact role of PlGF, as well as the mechanism of 
action, is not known or fully understood. In mouse models, it has been shown that PlGF 
is not necessary for normal embryogenesis (278), however, although PlGF-knockout 
mice appear normal, differences in, for example, foetal and adult brain development 
when compared to wild-type mice have been reported (283). In addition, PlGF may 
contribute to trophoblast invasion, increase trophoblast proliferation and reduce 
apoptosis during placental development (269). 

2.8.2.3 PlGF and pathophysiology of pre-eclampsia 
In 2003, Maynard and colleagues reported their finding that increased circulating sFlt1 
in patients with pre-eclampsia is associated with decreased circulating levels of free 
VEGF and PlGF, resulting in endothelial dysfunction (36). This finding was confirmed 
with a larger cohort published in 2004 (11), and thereafter in many other studies. 
Furthermore, Maynard and colleagues showed, in vitro, that endothelial dysfunction 
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caused by sFlt-1 can be rescued by exogenous VEGF and PlGF, which in turn can cause 
microvascular relaxation of renal arterioles and the relaxation can be blocked by sFlt1. 
Finally, they reported that administration of sFlt1 to pregnant rats induces 
hypertension, proteinuria, and glomerular endotheliosis, the classic manifestations of 
pre-eclampsia (36). Since PlGF is thought to participate in the regulation of normal 
endothelial function, its reduction in pre-eclamptic women aggravates the direct effect 
of excess sFlt-1 on maternal vasculature.  

2.8.2.4 LDA and PlGF 
Aspirin has anti-inflammatory, anti-thrombotic, and antioxidant pharmacological 
properties, and it has been proved to be effective in secondary prevention of 
cardiovascular events by inhibiting platelet aggregation and thrombosis (284). As pre-
eclampsia prophylaxis, it may act directly on the placenta and by preventing the 
systemic endothelial dysfunction. The anti-platelet effect of aspirin is mediated via 
inhibition of arachidonic acid metabolism by inactivating the cyclo-oxygenase (COX) 
enzyme system (284), but it may have other mechanisms by which it affects the 
endothelium (285) and trophoblasts (286). Yet, these mechanisms are poorly 
understood. 

According to the Cochrane review on the efficacy of LDA in preventing pre-eclampsia, 
the use of LDA (dose 50–150 mg/d) reduces the risk of proteinuric pre-eclampsia by 
18%, with the number needed to treat for one woman to benefit being 61 (287). It is 
still debatable whether the effect of LDA is dependent on the timing of initiation of 
treatment, i.e., whether the onset of LDA is before or at/after 16 weeks of gestation 
(287-290). A recent prospective, double-blinded placebo-controlled study on women 
with a positive FMF screening test for pre-eclampsia showed clear evidence that LDA 
150 mg/d started at 11–14 weeks of gestation reduces the risk of developing preterm 
pre-eclampsia resulting in delivery before 37 weeks of gestation by 62% (291). 

After oral administration of 100mg aspirin (LDA), the maximal plasma concentration of 
1 mg/l is reached within half an hour, and this dose mainly inhibits cyclo-oxygenase 1 
(COX-1), not cyclo-oxygenase 2 (COX-2) (292, 293). The inhibition of COX-1 leads to 
decreased concentration of thromboxane A2, a potent activator of both platelet 
aggregation and vasoconstriction, and a relative increase in prostacyclin that has the 
opposite effect (285). It has been suggested that LDA facilitates early placental 
embedding, of which there is indirect evidence from a Doppler ultrasound study on 
flow indices of sub-placental arcuate arteries (294). LDA may also act directly on 
trophoblasts. At the molecular level, LDA may down-regulate genes involved in the 
complement and coagulation cascades, as well as genes involved in lipid transport and 
metabolism and by that means may inhibit increases in sFlt-1 expression, clot formation 
and placental atherosis associated with pre-eclampsia (286). Furthermore, it has been 
shown in vitro that aspirin decreases sFlt-1 production in cytotrophoblasts (295, 296), 
and one mechanism may be inhibition of COX-1 (296). A shift towards normal 
concentrations of sFlt-1 would lead to increased serum concentrations of unbound 
PlGF. In addition, an in vitro study by Panagodage and colleagues showed that aspirin 
may prevent pre-eclampsia by modulating cytokine secretion, reducing apoptosis, and 
preventing the premature trophoblast differentiation (297). Studies on the effect of 
LDA on serum concentrations of PlGF are summarised in Table 15.  
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There are only a few studies investigating the effect of LDA on maternal serum PlGF 
concentration, and two of them did not show any association between use of LDA and 
concentration of PlGF (298, 299). In the study by Mayer-Pickel and colleagues, it was 
found that aspirin may have a favourable effect on the sFlt-1/PlGF in women with a 
pathologic first trimester screening for pre-eclampsia, with the most prominent effects 
at a dosage of 150 mg/d and the effect appears to be dose-dependent (300).  

Table 15. Summary of studies investigating the effect of daily LDA on maternal serum 
concentration of PlGF during pregnancy. 
Study Cohort/ 

Research 
type 

LDA, 
N 

Placebo
*/ No 
LDA**, 
N 

LDA 
dose, 
mg/d 

LDA 
started/ 
ended, 
GW 

Blood 
sample/ GW 

Conclusion Comment 

Powers 
and 
colleagues 
2010 (298) 

High-risk 
women, 
prosp. 
RCT 

492 501* 60 From 
12–27 
to 
delivery 

1. At 
recruitment

 2.
 

24–28 
3.

 
34–38

 

No 
difference 
in PlGF 
between 
the groups 

Low dose, 
insufficient
? 

Mone and 
colleagues 
2019 (299) 

Low-risk 
nullip. 
women, 
prosp. 
RCT 

150/ 
13a 

282** 75 From 11 
to 36 

1. 11 
2. 20–22 

No 
difference 
in PlGF 
between 
the groups 

Low dose, 
insufficient
? 

Mayer-
Pickel and 
colleagues 
2019 (300) 

High-risk 
women, 
prosp. 

43b, 
143c, 
95d 

68** 50/ 
75b, 
100c, 
150d 

from 
first 
trim., no 
endpoint 
mentioned

From 10–12 
at 4-week 
intervals until 
postpartum 

Reduction 
in sFlt-1/ 
PlGF in 
women 
with 
positive 
FMF 
screening 
test dose-
dependent-
ly 

No RCT, no 
adjustments,
how was 
the dose 
defined? 

a Foetal medicine foundation screen positive, b 43 participants received either LDA 50 mg/d or 75 
mg/d. GW=gestational weeks, LDA=low-dose aspirin, RCT=randomised controlled trial, 
prosp.=prospective, nullip.=nulliparous, trim.=trimester 

2.8.3 PAPP-A 

PAPP-A was discovered by Lin and colleagues in 1974 (301). It is a 200 kDa glycoprotein 
consisting of 1547 amino acids and belongs to a group of metalloproteinases. During 
pregnancy, 99% of PAPP-A circulates as a heterotetramer composed of a PAPP-A 
homodimer and two proform eosinophil major basic proteins (proMBP), which inhibits 
the protease action of PAPP-A (302). The gene coding PAPP-A is located on 
chromosome 9q33.1 (303). 

The serum concentration of PAPP-A in the non-pregnant state is very low. 
Syncytiotrophoblasts produce PAPP-A into the maternal circulation in increasing 
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concentrations throughout pregnancy (304-306). PAPP-A cleaves IGF (insulin growth 
factor)-binding proteins 2, 4 and 5, increasing the availability of active IGF-1 (307), 
which increases signals of cell growth (mitosis) and survival (inhibition of apoptosis). 
The IGF system 

is essential for placental formation and regulation of foetal growth (308). Clinically, 
PAPP-A is important as part of a first-trimester screening test for chromosomal 
abnormalities, as it is abnormally low in trisomy 21, 13, 18 and in Turner’s syndrome 
(309), and is assessed together with free hCG  and ultrasound examination of nuchal 
translucency of the foetus (310). The pathophysiology behind the phenomenon is 
unknown (309).   

Over one-hundred studies have investigated the association of PAPP-A and pre-
eclampsia (302), and the majority of them were conducted in first trimester due to the 
use of PAPP-A in the first-trimester screening for chromosomal abnormalities. This 
explains why most of the studies are conducted after the year 2000 along with the 
increasing implementation of the first-trimester chromosomal screening. In the study 
by Gordon and colleagues, it was shown that low PAPP-A in the first trimester is 
associated with adverse pregnancy outcomes, i.e., with IUGR, premature delivery, pre-
eclampsia, and stillbirth (311). As a single biomarker in first trimester, the detection 
rate of PAPP-A for pre-eclampsia has been shown to be 15% with the cut-off of the 5th 
centile of normal PAPP-A (0.415 MoM) (312). PAPP-A has been an essential biomarker 
during the development of the FMF algorithm of first-trimester screening for pre-
eclampsia (194, 313, 314). The newest screening FMF algorithm (version 3.1, 14 
November 2016) combines maternal risk factors (changed algorithm compared to 
previous versions), MAP, mean Uta-PI and MAP, serum PAPP-A and PlGF (194). With 
the combination of maternal risk factors, MAP, mean Uta-PI and PAPP-A, the AUC and 
detection rate for pre-eclampsia requiring delivery before 32 weeks of gestation was 
0.94 and 82.8%, respectively, for preterm pre-eclampsia (with delivery at < 37 weeks of 
gestation) 0.90 and 68.2%, respectively, and for term pre-eclampsia 
37 weeks of gestation) 0.77 and 40.6%, respectively, at a screen-positive rate of 10% 
(188). PlGF appears to be superior to PAPP-A in predicting pre-eclampsia, if one of them 
should be chosen (315). 

2.8.4 Biomarkers in multivariate prediction models 

Along with the increased understanding of the pathophysiological mechanisms of pre-
eclampsia, active research has been done to find a biomarker or model combining 
different variables to predict pre-eclampsia. Table 16 presents some of them.  

Probably the most persevering development work has been done with the FMF 
algorithm, which combines maternal risk factors, MAP, Uta-PI, and the maternal 
serum/plasma concentration of PlGF or PAPP-A or both and is called the ‘triple test’. 
The statistics of the model are based on Bayes’ theorem method with the use of the 
competing risk approach. This allows personalisation of risk assessment, when it 
incorporates both the maternal risk factors and the protective factors, and it is based 
on a survival-time model for the gestational age at delivery with pre-eclampsia (187, 
194, 314, 316). The long-term development of the FMF algorithm is thoroughly 
summarised in the article by Chaemsaithong and colleagues (95). They show that the 
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FMF triple test has detection rates of 90% and 75% for the prediction of early-onset and 
preterm pre-eclampsia, respectively, with a 10% false-positive rate. The development 
work of at least two decades with prospective screening cohorts of thousands of 
participants has resulted in a prediction model that is also widely in clinical use. The 
ASPRE trial showed that the incidence of pre-term pre-eclampsia (pre-eclampsia 
requiring delivery < 37 weeks of gestation) can be reduced by 62% when LDA (150mg/d) 
is started in early pregnancy to women who are detected to be at high risk of developing 
pre-eclampsia by the FMF algorithm (317). The International Federation of Gynecology 
and Obstetrics (FIGO) recommends its use for prediction of pre-eclampsia in the first 
trimester (318). 

2.8.5 Haemoglobin scavenger proteins and pre-eclampsia 

2.8.4.1 Haemopexin 
Hpx, a 60 kDa plasma glycoprotein, was discovered in 1958 (319). It is folded into two 
homologous domains of about 200 amino acid residues each, joined by a 20-residue 
linker (320). Domains and folding results in a unique four-bladed -propeller (321). Hpx 
is encoded by an 11 kb gene located on chromosome 11 and expressed mainly in the 
liver, but to some extent also in the nervous system, skeletal muscle, retina, and kidney 
(322). The low-density lipoprotein receptor-related protein 1 (LRP1) is the only known 
receptor of Hpx, and it is expressed in several cell types including macrophages, 
hepatocytes, neurons, and syncytiotrophoblasts (323). The concentration of Hpx in 
plasma is 0.5–1.0 mg/ml, but can increase during inflammatory processes, and is 
regulated by several cytokines, such as IL-6, IL-11, leukaemia inhibitory factor (LIF), and 
tumour necrosis factor alpha (TNF- ) (324). 

Based on in vitro studies, and studies on animal models, it is speculated that the Hpx-
haem complex may activate pathways controlling cell proliferation, survival and 
apoptosis, and it may also act as a regulator of gene expression (325). Evidence from a 
mouse study suggest that Hpx has a cardio-protective effect and it preserves systolic 
function by limiting haem-driven oxidative stress (326), and a study on rhesus monkeys 
showed that a small amount of haem administered intravenously increases the Hpx 
concentration by increasing the rate of Hpx synthesis, intermediate amounts do not 
have an effect on Hpx concentration, and large amounts of haem reduce Hpx levels by 
increased Hpx catabolism (327). 

Hpx has protease-like activity, and it has been shown that enhanced Hpx activity may 
be associated with normal pregnancy (328). The maternal haemodynamic adaptation 
to pregnancy includes an increase in cardiac output and blood volume, as well as a 
decrease in peripheral vascular resistance (329). These changes may be explained by 
alterations in the renin-angiotensin-aldosterone system, such as decreased vascular 
responsiveness to angiotensin II (Ang II), which is mediated via down-regulation of 
vascular receptor of Ang II (AT1) (330). Hpx activity gradually increases from 10 weeks 
of gestation onwards (331). Bakker and colleagues have shown in vitro and in vivo that 
Hpx down-regulates AT1-receptors in human monocytes and endothelial cells, as well 
as on rat aortic rings (331). Furthermore, they showed that in plasma of normal 
pregnant women, monocytes express a reduced amount of AT1 receptors compared to 
non-pregnant or pre-eclamptic women. Thus, indirect evidence suggests that Hpx has 
a role in normal haemodynamic adaptation to pregnancy.   



Table 16. Studies on multivariate models including biochemical markers for prediction of pre-eclampsia and its subtypes. 
Study Outcome Study design/Country Study 

size 
Timing/ 
GW 

Model Performance Conclusion/comment 

Schneuer and 
colleagues 2013 
(332) 

PE Prospective I trim. 
screening cohort, singl. 
pregnancy, Australia 

2681 I trim. PlGF, sFlt-1, PAPP-A, weight, 
smoking, parity, DM, CH, high 
BP during pregnancy, country 
of birth 

AUC 0.76 sFlt-1 and PlGF do not predict 
PE better than routinely 
collected data and MRF, no 
validation 

Goetzinger and 
colleagues 2010 
(333) 

PE Retrospective cohort, 
singl. pregnancies, USA 

3716 11–14 DM, maternal BMI > 25, 
African American ethnicity, 
PAPP-A < 10th percentile 

AUC 
0.69/0.55j 

Low PAPP-A associated with the 
development of PE; only 
modest predictive ability 

Kenny and 
colleagues 2014 
(334) 

PE/EOPEb Prospective cohort, 
nulliparous women, 
singl. pregnancies, New 
Zealand, Australia, UK, 
Ireland 

3747/ 
1876a 

14–16 
and US 
19–21 

PE PlGF, MAP, BMI, high fruit 
intake, family history of PE; 
EOPE angiogenin/PlGF, MAP, 
any pregnancy loss < 10 GW, 
mean Uta-RI 

PE AUC 0.73/ 
0.68a/0.60h 

EOPE AUC 
0.89/ 0.78 

Modest predictive ability for 
EOPE, poor for term PE, not 
suitable for clinical use, PAPP-A 
was not included in model 

Audibert and 
colleagues 2010 
(335) 

PE/EOPEb Prospective I trim. 
screening cohort, 
Canada 

1000 11–13 BMI, chronic disease, PIGF, 
inhibin A, PAPP-A, L-PI 

PE AUC 0.82 
EOPE AUC 
0.99 

Accurate screening for EOPE in 
 

No validation 
Baschat and 
colleagues 2014 
(336) 

PE Prospective I trim. 
screening cohort, USA 

2442 11–13 Nulliparity, CH, prior PE, MAP, 
PAPP-A 

PE AUC 
0.82/0.76l, 
EOPE 0.83  

Identifies a significant 
proportion of women with 
subsequent PE 

Chang and 
colleagues 2016 
(337) 

EOPEb Prospective cohort, 
screening, and delivery 
at study hospital, singl. 
pregnancy, China 

4453 11–13 EOPE with IUGR: MAP, Uta-
Doppler, PAPP-A, PlGF 

AUC 0.76 Good predictive value for the 
EOPE with IUGR 

Goetzinger and 
colleagues 
2013/2014  
(338, 339) 

PE Prospective cohort 
(training/ validation), 
singl. Pregnancies, USA 

578/ 
622a 

11–14 CH, prior PE, DM, BMI > 30, 
PAPP-A < p10, Uta bilateral 
notch 

AUC 0.76/ 
0.78a/0.56j 

Modest accuracy but excellent 
reproducibility 

Odibo and 
colleagues 2011  

EOPEb Prospective I trim. 
screening cohort, USA 

452/ 
10b 

11–14 CH, mean Uta-PI, PP13, 
PAPPA,  

AUC 
0.85/0.86a,g 

Modest accuracy 

Crovetto and 
colleagues 2015 
(340) 

EOPEb, 
LOPEc 

Prospective I trim. 
screening cohort 

9462 8–11, US 
11–13 

MRFf, MAP, mean Uta-PI, 
PlGF, and sFlt-1 
 

EOPE AUC 
0.97, LOPE 
0.87 

Angiogenic factors substantially 
improved the prediction. No 
validation 
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Table 16. (continued) 
Study Outcome Study design/Country Study 

size 
Timing/ 
GW 

Model Performance Conclusion/comment 

Park and 
colleagues 2014 
(341) 

LOPEc Prospective cohort, low-
risk women, singl. 
pregnancy, Korea       

262 11–13, 
15–20, 
24–27, 
34–37  

PAPP-A I trim. and II trim., 
sFlt-1/PlGF II trim. 

AUC 0.97 Combination better predictors 
of LOPE than any individual 
marker, small cohort 

Scazzocchio and 
colleagues 
2013/2017 
(193, 342) 

EOPEb/ 
LOPEc 

Prospective cohort 
(training/ validation), 
singl. pregnancies, Spain 

5170/ 
4203a 

11–13 EOPE BMI, CH, renal disease, 
prior PE, Uta-PI, MAP, LOPE 
prior PE, CH, DM, 
thrombophilic condition, 
multiparous, BMI, PAPP-A 

EOPE: AUC 0.88/ 
0.95a, LOPE: AUC 
0.75/0.71a 

Good predictive value for the 
EOPE, modest for the LOPE, 

 did not differ between 
the groups, low PAPP-A 
associated with LOPE 

Teixeira and 
colleagues 2014 
(343) 

PE, 
EOPEd, 
LOPEe  

Retrospective cohort, 
singl. pregnancies, no 
chromosomal 
abnormalities, Portugal 

4799 9–13 CH, DM, Caucasian, prior PE, 
age, weight, smoker, 
multiparous, NT, CRL, (PAPP-
A),  

AUC PE 0.73, 
EOPE 0.75, LOPE 
0.74 

Modest prediction rates, 
further development of the 
model needed, contributions 
from MRF, , CRL and NT, 
but not PAPP-A 

Yucel and 
colleagues 2016 
(344) 

PE Prospective I trim. 
screening cohort, Turkey 

602 11–14 Uta-PI, placental volume, 
PAPP-A, if at least 2 
abnormal values 

AUC 0.85 Replication with larger cohort 
needed 

Skråstad and 
colleagues 
2014i (345) 

PE, 
severe PE 

Inclusion: nulliparity, 
prior PE or prior GH, 
Norway  

579 11–13 PE: Age, MAP, Uta-PI, severe 
PE: MAP, Uta-PI, PlGF, PAPP-
A 

PE AUC 0.74, 
severe PE 0.87 

MRF, MAP, Uta-PI, PAPP-A 
and PlGF showed limited 
value 

a training/validation, b delivery < 34 GW, c delivery  34 GW, d diagnosis < 34 GW, e LOPE diagnosis  34 GW, f EOPE black race nulliparity, prior PE, CH, renal 
disease, LOPE white race BMI, nulliparity, prior PE, CH, smoking, g external validation by Oliveira and colleagues (346), h external validation by Meertens and 
colleagues (211), i external validation of the study by Akolekar and colleagues (218), j external validation by Lamain-De Ruiter. GW=gestational weeks, PE=pre-
eclampsia, CH=chronic hypertension, hCG=human chorionic gonadotropin, =free human chorionic gonadotropin beta, PP13=placental protein 13, 
AUC=area under the curve, PlGF=placental growth factor, sFlt-1=soluble fms-like tyrosine kinase 1, PAPP-A=pregnancy-associated plasma protein A, 
DM=diabetes mellitus, BP=blood pressure, BMI=body mass index, msAFP=maternal serum alpha-foetoprotein screening, MRF=maternal risk factors, L-
PI=lowest of uterine artery Doppler pulsatility indices, MAP=mean arterial pressure, EOPE=early-onset pre-eclampsia, LOPE=late-onset pre-eclampsia, 
trim.=trimester, singl.=singleton, Uta= uterine artery, Uta-PI=uterine artery pulsatility index, IUGR=intrauterine growth restriction, NT=nuchal translucency, 
CRL=crown rump length, GH=gestational hypertension, US=ultrasound, FPR=false positive rate. 
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2.8.4.2 Alpha-1-microglobulin 
Ekström and colleagues reported in 1975 their finding of a new small molecular weight 

1-glycoprotein isolated from the urine of patients with chronic cadmium poisoning 
(347). They had discovered A1M, a 26 kDA and 184 amino acid protein with 
oligosaccharides in three positions (348). A1M belongs to the lipocalin protein family, 
and has a typical lipocalin structure; a single amino acid chain folds into a 8–9-stranded 

-barrel with a deep pocket lined by four loops at its open rim (348, 349). The gene 
coding A1M is mapped to a lipocalin gene cluster in chromosome 9q32–33, and is 
produced mainly in the liver, but also at low rates in all cells, and it is degraded in renal 
glomeruli (349). A1M is found in blood, as well as in extracellular space in most tissues, 
and especially at interfaces between the epithelium and the environment, such as in 
the lungs, intestine, kidneys and placenta (350). The A1M is up-regulated by free Hb, 
haem and ROS (351, 352). A1M acts as a tissue housekeeping protein by cleaning 
products of oxidative waste, repairing macro molecules like collagen fibrils, and 
protecting from antioxidation. It binds and reduces haem and radicals (353), transports 
them to the kidneys, where A1M is reabsorbed from the tubules and degraded (349). 

2.8.4.3 The relationship of Hpx and A1M to pre-eclampsia 
A series of recent studies suggest that extracellular foetal haemoglobin (HbF) has a 
crucial role in the aetiology of pre-eclampsia (223, 354). Centlow and colleagues 
showed increased expression of genes encoding HbF in pre-eclamptic placentas, as well 
as an accumulation of extracellular HbF in the vascular lumen of placentas delivered by 
women with pre-eclampsia (222). Extracellular HbF induces oxidative stress by inducing 
the formation of ROS, which results in damage to the blood–placenta barrier and the 
release of HbF into the maternal circulation (150). Indeed, plasma concentration of 
extracellular HbF has been shown to already be increased in maternal plasma in the 
first trimester in women who subsequently develop pre-eclampsia (17). Furthermore, 
increased plasma concentration of HbF in the third trimester has been shown to be 
associated with maternal blood pressure (354). 

Extracellular Hb is cleared from maternal circulation by the haemoglobin scavenger 
system, haptoglobin (Hp) being the most important scavenger protein. Hp binds the 
free Hb, and the formed complex is cleared from plasma via CD163 receptors on 
macrophages (355, 356). Some of the released Hb is oxidised by the rate-limiting 
enzyme haem oxygenase 1 (HO-1) to ferric haem, which is then bound by Hpx and 
transferred to the liver, where it is either recycled to produce new haemoproteins, 
catabolised, and restored in ferritin, or exported to bile canaliculi (322, 357, 358). A1M 
complements the Hb scavenging system by binding and reducing toxic haem. 

Table 17 presents studies conducted on the Hb scavenger system and pre-eclampsia. 
The cohorts in all studies are case–control studies. Two of them showed quite 
promising prediction rates for screening pre-eclampsia in early pregnancy (17, 359). 
The studies by Olsson and colleagues, Gram and colleagues and Anderson and 
colleagues strengthened the results gained from in vitro and animal studies when they 
showed that in blood samples taken 24 hours before the delivery, free HbF, haem and 
A1M concentrations were increased, and concentrations of Hp, Hpx and HO-1, as well 
as Hpx protease activity, were decreased in women who subsequently developed pre-
eclampsia when compared to control women (16, 18, 354). 



Table 17. Studies investigating haemoglobin and its endogenous scavenger proteins in relation to pre-eclampsia. 
Study Outcome Study 

design 
Study size/ 
Ncase/Ncontrol 

Timing/ GW Variables Results Conclusion 

Olsson and 
colleagues 
2010 (16) 

PE Case–
control 

28/37 Within 24 h 
before delivery 

HbF, HbA, Hp, 
plasma A1M, 
urine A1M, 
placenta A1M 

• HbF , HbA , plasma 
A1M  

• urine and placenta 
A1M  

• Hb-induced oxidative stress is a 
pathogenic factor in pre-
eclampsia 

Anderson 
and 
colleagues 
2011 (17) 

PE Case–
control 

60/36 11–16 Serum HbF, 
total Hb and 
A1M 

•  
• optimal prediction 

model: HbF/Hb ratio, 
A1M 

• AUC 0.89, 69% sensitivity 
at 5% SPR and 90% 
sensitivity at 23% SPR 

• HbF/Hb ratio in combination with 
A1M is predictive biomarker for 
PE 

Gram and 
colleagues 
2015 (18) 

PE, LOPEa, 
EOPEb 

Case–
control 

98/47 Within 24 h 
before delivery 

Plasma HbF, 
Hp-HbF, total 
Hb, Hp, CD 163, 
Hpx, A1M 

• 
 

• PE pathophysiology is associated 
with increased HbF 
concentrations and an activation 
of the Hb scavenger systems 

Anderson 
and 
colleagues 
2016 (19) 

PE, LOPEa, 
EOPEb 

Case–
control 

86/347 Blood sample at 
6–20 (mean 
13.7 GW), 
ultrasound at I 
trimester 

MRF, Serum 
HbF, Hp-HbF, 
Total-Hb, Hp, 
CD 163, Hpx, 
A1M, Uta-PI 

• 
-  

• optimal prediction 
model: MRFc, HbF, Hpx, 
A1M 

• sensitivity 60% at 95% 
specificity 

• The combination of MRF, HbF, 
Hpx, A1M may serve as a 
prediction model for pre-
eclampsia 

Anderson 
and 
colleagues 
2018 (17) 

PE, LOPEa, 
EOPEb 

Case–
control 

89/46 Within 24 h 
before delivery 

Plasma HbF, 
haem, Hpx, 
Hpxact, HO-1 

• haem
Hpx HO-  

• Increased plasma HbF and haem 
in PE associated with decreased 
HO-1, Hpx, Hpxact,  

• Information about the dynamics 
of the PE was obtained 

a diagnosis < 34 GW, b diagnosis  34 GW, c parity, diabetes mellitus, and chronic hypertension, =increased in PE compared to control group, =reduced in 
PE compared to control group. GW=weeks of gestation, PE=pre-eclampsia, EOPE=early-onset pre-eclampsia, LOPE=late-onset pre-eclampsia, HbF=extracellular 
foetal haemoglobin, HbA=adult haemoglobin, Hp-HbF=haptoglobin-foetal haemoglobin complex, Hb=haemoglobin, Hp=haptoglobin, Hpx=haemopexin, 
Hpxact=haemopexin activity, A1M=alpha-1-microglobulin, MRF=maternal risk factors, Uta-PI=uterine artery pulsatility index, HO-1=haem oxygenase-1.

55



56 

3 AIMS OF THE STUDY 

In this thesis project, I investigated whether it is possible to predict pre-eclampsia and 
especially its different clinical phenotypes with maternal risk factors, biomarkers, and 
biophysical measurements. I also assessed whether low-dose LDA (100 mg/d) started 
in the first trimester of pregnancy has an effect on maternal plasma PlGF concentration 
during the first two-thirds of pregnancy.  

The specific aims of the study were: 

1. To assess the usefulness of hCG-h or proportion of hCG-h to hCG (%hCG-h) 
in combination with maternal risk factors, other biomarkers and with 
biophysical measurements for the prediction of pre-eclampsia in a cohort of 
high-risk women,  

2. to investigate the effect of low-dose LDA (100 mg/d) started in the first 
trimester of pregnancy on maternal serum PlGF concentration from 12–14 
to 26–28 weeks of gestation, 

3. to assess maternal plasma Hpx and A1M concentrations at 26–28 weeks of 
gestation in high-risk women who later developed pre-eclampsia, in high-risk 
women who did not develop pre-eclampsia and in low-risk women, 

4. to investigate longitudinal changes in maternal plasma Hpx and A1M 
concentrations from the first trimester to 26–28 weeks of gestation in high-
risk women who later developed pre-eclampsia, in high-risk women who did 
not develop pre-eclampsia and in low-risk women. 
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4 MATERIALS AND METHODS 

4.1 Study design 

This thesis project is part of the multidisciplinary PREDO (Prediction and prevention of 
pre-eclampsia and fetal growth restriction) project initiated in 2004. The PREDO project 
has three arms: obstetric, genetic, and psychological. The complete cohort description 
is published elsewhere (360). 

The recruitment started in September 2005 and was completed in December 2009. Ten 
maternity clinics in Finland participated in the recruitment: Hyvinkää hospital, 
Kätilöopisto Maternity Hospital, Jorvi Hospital, Helsinki University Central Hospital, 
Kanta-Häme Central Hospital, Päijät-Häme Central hospital, Tampere University 
Hospital, Kuopio University Hospital, Northern Karelia Central Hospital, and Iisalmi 
Hospital.  

The inclusion and exclusion criteria for high-risk women are presented in Table 15. The 
inclusion criteria were chosen based on a priori clinical risk factors for pre-eclampsia, 
known from previous literature. The exclusion criteria were mainly contraindications 
for LDA treatment. The definition of low risk in this study was: pregnant women who 
do not fulfill the criteria for the high-risk group. 

The flowchart presenting the recruitment process of the study is presented in Figure 8. 
The recruitment took place at the first ultrasound screening in the maternal outpatient 
clinic during the first trimester between 12+0 and 13+6 weeks of gestation. All 
participants filled out a questionnaire about their health status, medications, lifestyle, 
physical activity, previous pregnancies, and occupation. They had a first trimester 
ultrasound, wherein the gestational age was confirmed by crown-to-rump length (CRL) 
and the bilateral measurement of uterine artery flow wave form and indices (pulsatility 
index, PI, and resistance index, RI) were assessed.  

Of 1105 participants, 988 were women fulfilling criteria for high-risk and 117 women 
were randomly selected to the control group of low-risk women (not fulfilling the 
inclusion criteria). Those women who had a bilateral second-degree notch in Doppler 
ultrasound measurement of uterine arteries were recruited to the low-dose aspirin 
(LDA) trial and randomised to either the LDA group or placebo group.  

Women with one or more risk factors (inclusion criteria Table 15) and a bilateral 
second-degree uterine artery notch were randomised to 100 mg per day of aspirin or 
placebo from the 12th to 35th weeks of gestation. The dose of aspirin was chosen based 
on the study of Vainio and colleagues. They showed that in the dose range of 0.5–2.0 
mg/kg/day aspirin has a favourable effect on the ratio of prostacyclin to thromboxane 
A2 in hypertensive pregnancies (361). The second-degree uterine artery notch was 
defined as a notch in the beginning of diastole at least as deep as the end diastolic notch 
(13). Those high-risk women who did not have a bilateral notch in uterine artery 
Doppler velocimetry were randomly recruited to either follow-up group 1 or 2.  
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Table 15. Inclusion and exclusion criteria for high-risk women 

 

The pregnancies and outcomes of both follow-up groups were followed similarly, but 
only women in follow-up group 1 gave blood samples at three different time points 
during pregnancy so that women who participated in the LDA trial and women in 
follow-up group 1 gave blood samples at 12+0 – 13+6, 18+0 – 20+0 and 26+0 – 
28+0 weeks of gestation. Blood samples were drawn from the antecubital vein and 
serum was separated within an hour by centrifugation and stored in –80°C until 
analysis. Women who participated in the LDA trial also had uterine artery Doppler 
velocimetry at their second and third study visit (at 18+0 – 20+0 and 26+0 – 28+0, 
respectively). 

Inclusion criteria 

• Obesity (body mass index over 30 kg/m2) 
• Chronic hypertension (≥140/90 mmHg or antihypertensive medication before GW 20) 
• Sjögren’s syndrome 
• History of gestational diabetes 
• History of pre-eclampsia (blood pressure ≥140 mmHg systolic or ≥90 mmHg diastolic 

and proteinuria ≥0.3 g/day or dipstick equivalent in two consecutive measurements) 
• History of small-for-gestational-age (birthweight < -2SD) 
• History of foetus mortus (foetal death after 22 weeks of gestation or >500 g weight in a 

previous pregnancy) 
• Systemic lupus erythematosus 
• Type 1 diabetes mellitus 
Exclusion criteria 
• Tobacco smoking (during this pregnancy)  
• Multiple pregnancy 
• History of asthma 
• History of peptic ulcer 
• Placental abruption 
• Inflammatory bowel diseases (Crohn’s disease, colitis ulcerosa) 
• Rheumatoid arthritis 
• Haemophilia or thrombophilia (previous venous or pulmonary thrombosis or coagulopathy) 
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Figure 8. Flowchart of the obstetric arm of the PREDO cohort. LDA=low-dose aspirin, 
SD=standard deviation. 

4.2 Ethics 

The Ethics Committee of the Helsinki and Uusimaa Hospital District approved the study 
(document number 3/E/05, date of approval 17th of February 2005 and document 
number 216/13/03/03/2012, date of approval 24th of October 2013) and written 
informed consent was obtained from all participants.  

4.3 Outcome measures 

The primary outcome was pre-  140 
mmHg and/or a diastolic blood pressure  90 mmHg occurring after 20 weeks of 
gestation combined with a urinary 24-hour protein excretion of > 0.3 g or the dipstick 
equivalent ( +1) in two consecutive measurements (39). Secondary outcomes were: 
early-onset pre-eclampsia (diagnosed before 34+0 weeks of gestation), late-onset pre-
eclampsia (diagnosed at or after 34+0 weeks of gestation), severe pre-eclampsia 
(systolic blood pressure  160 mmHg and/or diastolic blood pressure  110 mmHg 
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and/or proteinuria  5 g/24 hours), non-severe pre-eclampsia (pre-eclampsia not 
fulfilling the criteria of severe pre-eclampsia) and small-for-gestational-age (SGA) 
(birthweight < -2 standard deviations (SD), i.e., approximately < 2.5% 
percentile) (362). All diagnoses were independently confirmed by a jury of two 
physicians and one research nurse, as described previously (13).  

4.4 Study I 

4.4.1 Sub-cohort 

In this study we included all 267 high-risk women with available serum samples. Those 
66 women who used LDA, as part of the LDA trial, were not included. Ten women were 
excluded for various reasons: 1 had a miscarriage at 19 weeks of gestation, 1 woman 
discontinued the study due to a non-medical reason and 8 women were not included 
due to missing data. Of the sub-cohort of 257 women, 34 (13.2%) were affected by pre-
eclampsia. The distribution of different subtypes and clinical phenotypes of pre-
eclampsia in the study cohort are presented in Figure 9. 

4.4.2 Study design 

The principle of the multivariate model construction with logistic regression is 
presented in Figure 10. Three separate models were fitted for all outcomes on a clinical 
basis. Model 1 included maternal background variables and MAP since these variables 
are easily obtainable and economical. Model 2 included Model 1 and biomarkers and 
in Model 3 MoM of the mean Uta-PI was added to clarify if it further improves 
prediction rates.  

 
Figure 9. Distribution of subtypes and clinical phenotypes of pre-eclampsia. PE=pre-
eclampsia, EOPE=early-onset pre-eclampsia, LOPE=late-onset pre-eclampsia, NON-
SEVERE=non-severe pre-eclampsia, SEVERE=severe pre-eclampsia. 
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Figure 10. The principle of the multivariate model construction. PE=pre-eclampsia, 
EOPE=early-onset pre-eclampsia, LOPE=late-onset pre-eclampsia, NON-SEVERE=non-
severe pre-eclampsia, SEVERE=severe pre-eclampsia, MAP=mean arterial pressure 
measured during the first trimester, Uta-PI=mean uterine artery pulsatility index, %hCG-
h=proportion of hyperglycosylated human chorionic gonadotropin from total hCG, PAPP-
A=pregnancy- beta, BMI=body mass index, 
SGA=small-for-gestational-age, DM=diabetes mellitus, GDM=gestational DM, FM=foetus 
mortus (stillbirth) and GW=weeks of gestation 

4.4.3 Maternal risk factors 

The clinical risk factors included in model construction were maternal age, pre-
pregnancy body mass index (BMI), nulliparity, infertility treatment before the present 
pregnancy, prior pre-eclampsia, prior SGA newborn, prior gestational diabetes, type I 
diabetes mellitus, chronic hypertension, and prior stillbirth.  

4.4.4 Laboratory methods 

Serum biomarker concentrations were determined from blood samples collected at 12–
13+6 weeks of gestation. Commercial assays were used for analyses of PlGF, PAPP-A, hCG 

manufacturers’ instructions. The concentration of hCG-h was 
analysed by an in-house immunofluorometric assay in which the solid-phase monoclonal 
antibody 152 binds to biantennary core-
then in-house antibody 1B2 is used 
the complement and B152 antibody in the hCG-h assay, serum samples were diluted 100-
fold prior to analysis with EDTA- (258).  

4.4.5 Biophysical measurements 

The uterine artery flow was measured from the level of the inner os of the cervix, as it 
approaches the uterus laterally. The mean PI was calculated and then the multiple of 
the median (MoM) mean PI was calculated with the equation: Loge mean Uta-
PI = 1.39  0.012 × GA + GA2 × 0.0000198 MoM (363), where GA = gestational age in 
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days. Blood pressure was measured at the first study visit. The MAP was 
calculated from the first trimester visit blood pressure measurement with the 
equation: MAP = diastolic blood pressure + (systolic blood pressure – diastolic blood 
pressure)/3.  

4.4.6 Statistics 

Binary logistic regression was used to compare the characteristics of the study groups. 
The mean of continuous variables was calculated to compare the differences between 
the groups, if the variable was normally distributed. If the number of subjects in a 
subgroup was low or the continuous variable was not normally distributed, the median 
and interquartile range was reported.  

The concentrations of hCG-h, hCG, hCGβ, PAPP-A, and PlGF, as well as %hCG-h were 
normally distributed after log-transformation and were adjusted for gestational age 
using linear regression analysis. The median regression equation was calculated from 
the respective concentrations measured from 107 women without clinical risk factors 
in the PREDO cohort and from a screening cohort of the Kuopio University Hospital (8). 
Then, concentrations measured from women with clinical risk factors in the PREDO 
cohort were compared to the gestational age–adjusted median and expressed as MoM. 

Binary logistic regression was used to evaluate univariate associations between 
measured variables and outcomes. The results were presented with odds ratios (OR). 
Since the number of investigated predictor variables was large compared to the 
number of women who developed pre-eclampsia, prediction models were built using 
regularised logistic regression with the L1/L2-norm using the R package glmnet (364). 
Cross validation was used to select regularisation variables and separately to assess 
model fit. Maternal clinical background variables and MAP in the first trimester were 
included in Model 1 since these variables are easily obtainable and economical. 
Biomarkers, which were the main interest of the study, were added in Model 2 and 
MoM of the mean Uta-PI was added in Model 3 to clarify if it further improves 
prediction rates.  

The effect of each maternal risk factor on the risk of developing pre-eclampsia was 
estimated from Model 1. For model construction, all variables that improved the model 
fit in the multivariate logistic regression analyses were included at each step because 
we wanted to investigate the maximum prediction potential of each model. We used 
10-time cross validation to compensate for the lack of replication cohort.   

The area under the receiver operating characteristic (ROC) curve (AUC) value was 
determined for each model, and models were compared using the R package 
pROC (365). Results of multivariate logistic regression analyses are presented without 
confidence intervals, as confidence intervals obtained from regularised methods are 
problematic (366). Since our aim was to assess the screening performance of the 
models in clinical practice, the reference group was all women who did not develop the 
outcome of interest, as in the study by Kenny and colleagues (334). For example, for 
severe pre-eclampsia the reference group consisted of women who did not develop 
severe pre-eclampsia: women without pre-eclampsia and women who developed non-
severe pre-eclampsia.  
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4.5 Study II 

The study cohort comprised all the 454 women who had three laboratory assessments 
during pregnancy at 12–14, 18–20 and 26–28 weeks of gestation and who had plasma 
samples available. Serum PlGF concentration was measured with the AutoDelfia 
analyser (Wallac, PerkinElmer, Turku, Finland). For this sub-study, we divided the 
cohort into three groups: low-risk women (women without known risk factors for pre-
eclampsia, N=110), medium-risk women (women who fulfilled the inclusion criteria for 
the high-risk group, but did not have a bilateral diastolic notch in Doppler ultrasound 
assessment of uterine arteries, N=202) and high-risk women (women who fulfilled the 
inclusion criteria and had a bilateral diastolic notch in Doppler ultrasound of uterine 
arteries, N=142). The high-risk women were those recruited into the LDA trial. Half of 
them were randomised to the placebo group and the other half to the LDA group, thus 
for the analyses there was seven different groups : Group 1: low-risk women, Group 2: 
medium-risk women who did not develop pre-eclampsia, Group 3: medium-risk women 
who developed pre-eclampsia, Group 4: high-risk women who had placebo treatment 
from the first trimester until 35 weeks of gestation and did not develop pre-eclampsia, 
Group 5: high-risk women who had placebo treatment and developed pre-eclampsia, 
Group 6: high-risk women who took LDA from the first trimester until 35 weeks of 
gestation and did not develop pre-eclampsia and Group 7: high-risk women who took 
LDA and developed pre-eclampsia (Figure 11).   

To investigate the effect of LDA on PlGF concentration and changes in PlGF 
concentration in the longitudinal samples, we compared the high-risk women who 
were randomised to the placebo groups (n=62) (groups 4 and 5) and to LDA (n=61) 
groups (groups 6 and 7) (Figure 11). 

The differences in PlGF concentrations between the seven study groups were 
compared. To investigate the effect of LDA on PlGF concentration and changes in PlGF 
concentration longitudinally, placebo (N=62) and LDA groups (N=61) were compared. 

The difference of means in normally distributed baseline variables between groups 
were analysed by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc 
tests. The Kruskal–Wallis test was used if the data was not normally distributed. 
Comparison of medians of different non-normally distributed variables was done with 
the Mann–Whitney U test. Bonferroni corrections were used in post-hoc comparisons. 
Categorical variables were compared with the chi-square test and in pairwise 
comparisons Bonferroni correction was used. 

The repeated measures analysis of variance (ANOVA) was used to analyse differences 
in serum PlGF levels between the groups. The model included the main effects of time, 
group, and the interaction effect Time × Group. Log-transformed PlGF values were used 
in these analyses due to the positively skewed distribution. The comparisons between 
LDA and placebo groups were adjusted for pre-pregnancy BMI, chronic hypertension 
and first-trimester MAP. Results of PIGF values are expressed as geometric means (95% 
confidence intervals). In all analyses, p-values < 0.05 were considered statistically 
significant. Statistical analyses were done with SPSS for Windows version 24 (IBM Corp., 
Armonk, NY, USA). 
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Figure 11. Flowchart presenting the formation of the study groups. PE=pre-eclampsia, 
LDA=low-dose aspirin (100 mg/d) 

4.6 Study III and IV  

4.6.1 Sub-cohort 

This study was a nested case–control study. In total, 142 women were included: 42 
women diagnosed with pre-eclampsia (HRPE) and 49 randomly selected high-risk 
women who did not develop pre-eclampsia (HRW) and 51 low-risk women (LRW). 
Seven women in HRPE and three women in HRW participated in the LDA trial arm of 
the PREDO project and were treated with LDA (100 mg/d) starting before the 14th GW. 
The flowchart describing selection of study participants is presented in Figure 12. 

4.6.2 Laboratory methods 

Plasma Hpx concentration was measured using a sandwich ELISA kit from Genway 
Biotech Inc. (Human Haemopexin, San Diego, CA, USA) and Wallac 1420 Multilabel 
Counter (PerkinElmer, Wallac, Turku, Finland) (absorbance at 450nm). Plasma A1M 
concentration was measured using an in-house ELISA assay described in detail in the 
article by Kalapotharakos and colleagues (367). Absorbance at 450 nm was read using 
a Wallac 1420 Multilabel Counter.  
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Figure 12. Flowchart of study cohort. AGA=appropriate-for-gestational-age, SGA=small-for-
gestational-age ( -2 standard deviation from medium (362)). 

4.6.3 Statistics

4.6.3.1 Study III 
Statistical analyses were performed using SPSS version 25.0 statistic software package. 
Normally distributed data were analysed using one-way ANOVA followed by 
Tukey’s post hoc tests. Kruskal–Wallis and Mann–Whitney test were used if the data 
were not normally distributed and Bonferroni corrections were used in post-
hoc comparisons. Statistical significance was defined as a p-value < 0.05. 

4.6.3.2 Study IV 
Data distribution were analysed for normality. The difference of means in normally 
distributed baseline variables between groups were analysed by one-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc tests. Kruskal–Wallis test was used if 
the data was not normally distributed. Comparison of medians of different non-
normally distributed variables was done with the Mann–Whitney U test. Bonferroni 
corrections were used in post-hoc comparisons. Categorical variables were compared 
with Fisher’s exact test, and in pairwise comparisons Bonferroni correction was used. 

The repeated measures analysis of variance (RMANOVA) was used to analyse 
differences in plasma Hpx and A1M concentrations between the groups. The model 
included the main effects of time, group, and the interaction effect Time x Group. Log-
transformed Hpx and A1M values were used in these analyses due to the positively 
skewed distribution. Best covariance structure was selected by using AICC (Akaike 
Information Criterion, correction for small sample size) and compound symmetry 
covariance structure was chosen. Results of Hpx and A1M values are expressed as 
geometric means with 95% confidence intervals. One-way ANOVA followed by Tukey’s 
post-hoc tests was used for multiple comparisons of biomarker concentrations at each 
sampling point if further analyses were indicated after RMANOVA. In all analyses, p-
values < 0.05 were considered statistically significant. Statistical analyses were 
performed using SPSS version 25.0 statistic software package. 

110 prospectively recruited, 
randomly selected low-risk 

women 

344 prospectively recruited women with risk 
factors for pre-eclampsia, 142 were randomised 

to placebo-controlled low-dose aspirin trial 

Randomly 
selected low-risk 

women, N=51 

High-risk women, no 
pre-eclampsia, N=49 

High-risk women affected 
by pre-eclampsia, N=42 

Pre-eclamptic women 
with AGA foetuses, 

Pre-eclamptic women 
with SGA foetuses, n=9 
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5 RESULTS 

5.1 Study I 

5.1.1 Clinical and pregnancy characteristics 

Pregnancy characteristics of high-risk women who did and did not develop pre-
eclampsia are presented in Table 16. There were no differences between women who 
did and did not develop pre-eclampsia in studied clinical characteristics when the 
groups were compared regarding age, BMI, nulliparity, infertility treatments and 
chronic disease. There were more women with the lowest education level among those 
who developed pre-eclampsia compared to women who did not develop pre-
eclampsia.  

Table 16. Pregnancy characteristics of high-risk women who did and did not develop pre-
eclampsia 

Pregnancy characteristics of high-risk women No PE N=223  PE N= 34 P-value* 
Antihypertensive medication, n (%)  17 (7.6) 22 (64.7) <0.01 

. Started before 20 weeks of gestation, n (%) 5 (2.2) 2 (5.9) 0.23 

. Started after 20 weeks of gestation , n (%) 12 (5.5) 20 (58.8) <0.01 
Weight gain during pregnancy, kg  12.8 (6.7) 12.4 (6.6) 0.80 
Gestational diabetes, n (%) 56 (25.2) 9 (26.5) 0.84 
Oral glucose tolerance test not performed, n (%) 17 (7.6) 2 (5.9) 1.00 
Highest systolic blood pressure, mmHg 136 (26) 168 (28) <0.01 
Highest diastolic blood pressure, mmHg 90 (17) 110 (8) <0.01 
Highest proteinuria, g/day 0.2 (0.0) 1.2 (1.8) <0.01** 
Gestational weeks at birth 39.9 (6.8) 38.4 (6.6) <0.01 
Mode of delivery, n (%)       

Vaginal 151 (68.6) 18 (52.9) 0.12 
Vacuum extraction 20 (9.1) 1(2.9) 0.33 
Elective caesarean section 17 (7.7) 1 (2.9) 0.48 
Caesarean section during labour 31 (14.2) 14 (41.2) <0.01 

Apgar score at 5 min 9 (0) 9 (2) 0.24 
Umbilical artery pH 7.26 (0.10) 7.25 (0.10) 0.22 
Newborn birthweight, g 3615 (685) 3109 

(1260) 
<0.01 

Placental weight, g 610 (180) 545 (185) <0.01 
*Mann–Whitney U test was used with continuous variables and Fisher’s exact test with categorical 
variables, **There were only seven women who had proteinuria during pregnancy in the high-risk 
control group. With continuous variables, median and interquartile range in parentheses is presented. 
N=number of cases, PE=pre-eclampsia 

5.1.2 Univariate analyses 

The significant associations between studied variables are presented in Figure 13. The 
median weeks of gestation at sampling was 13.0 weeks of gestation and at Doppler 
ultrasound velocimetry 12.76 weeks of gestation. 
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Elevated MAP was associated with all pre-eclampsia and pre-eclampsia subtypes 
except non-severe pre-eclampsia. Elevated median Uta-PI was associated with all pre-
eclampsia and severe pre-eclampsia. Lower serum PlGF was associated with severe and 
early-onset pre-eclampsia and lower serum %hCG-h was associated with late-onset and 
non-severe pre-eclampsia. Ele  was associated with severe pre-
eclampsia while lower serum PAPP-A was associated with non-severe pre-eclampsia. 

 
Figure 13. The flowchart presenting the first trimester variables that were associated with 
pre-eclampsia or its subtype in either univariate analyses or in Model 1 of multivariate 
analyses. PE=pre-eclampsia, EOPE=early-onset pre-eclampsia, SEVERE=severe pre-
eclampsia, LOPE=late-onset pre-eclampsia, NON-SEVERE=non-severe pre-eclampsia, 
MAP=mean arterial pressure measured during the first trimester, Uta-PI=mean uterine 
artery pulsatility index measured at 12–14 weeks of gestation, %hCG-h=proportion of 
hyperglycosylated human chorionic gonadotropin from total hCG, PAPP-A=pregnancy-

variable is significantl  

5.1.3 Multivariate logistic regression models 

The most significant factor that increased the risk of developing all pre-eclampsia (OR 
1.69) and the late-onset (OR 2.40) or the non-severe (OR 2.32) subtypes was a history 
of pre-eclampsia. Model 1 for early-onset pre-eclampsia included nulliparity (OR 3.34) 
and chronic hypertension (OR 0.20), which means that among high-risk women 
nulliparity increased and chronic hypertension decreased the risk of developing early-
onset pre-eclampsia. A prior SGA infant was associated with a decreased risk of 
developing late-onset pre-eclampsia (OR 0.5). Maternal risk factors characteristic to 
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each pre-eclampsia subtype are included in Figure 13, and the best prediction models 
and their screening test characteristics are presented in Figure 14 and Table 17. 

 
Figure 14. The best multivariate prediction models for pre-eclampsia and its subtypes. 
PE=pre-eclampsia, EOPE=early-onset pre-eclampsia, SEVERE=severe pre-eclampsia, 
LOPE=late-onset pre-eclampsia, NON-SEVERE=non-severe pre-eclampsia, MAP=mean 
arterial pressure measured during the first trimester, Uta-PI=mean uterine artery pulsatility 
index measured at 12–14 weeks of gestation, %hCG-h=proportion of hyperglycosylated 
human chorionic gonadotropin from total hCG, PAPP-A=pregnancy-associated plasma 

CG beta, SGA=small-for-gestational-age, DM=diabetes mellitus, 
MAP=mean arterial pressure, CH=chronic hypertension, PlGF=placental growth factor, 
MoM=multiple of the median, BMI=body mass index. before a variable means the higher 
the level of continuous variable and  means the lower the level of continuous variable,  
after a variable means increased risk and  after a variable means decreased risk. 

For all pre-eclampsia, the best validated AUC value of 0.66 at sensitivities of 36 and 16% 
were achieved with 90 and 95% specificity, respectively, when combining maternal 
characteristics, MAP, biomarkers, and Uta-PI MoM. With this model, the positive 
predictive value (PPV) was 33% and negative predictive value (NPV) was 88%. The best 
multivariate model for prediction of early-onset pre-eclampsia was achieved by 
combining maternal characteristics, MAP, and biomarkers. The validated AUC value 
was 0.68 with 20% sensitivity at both 90 and 95% specificity. The PPV for early-onset 
pre-eclampsia was 25% and NPV was 88%. For prediction of late-onset pre-eclampsia, 
Model 3 produced the highest prediction rates with an AUC value of 0.66, with 32 and 
16% sensitivity at 90 and 95% specificity, respectively. 
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Table 17. The best multivariate regression models and screening test characteristics for pre-eclampsia and 
its subtypes. 

 

AUC=area under the curve, Valid.=validated; PPV=positive predictive value; NPV=negative predictive value; 
PLR=positive likelihood ratio; PE=pre-eclampsia; EOPE=early-onset PE; LOPE=late-onset PE. 

For prediction of severe pre-eclampsia, the best validated AUC value was 0.65 with 24% 
sensitivity at 90% specificity. It was achieved by combining MAP, the a priori risk factor 
of having a previous stillbirth, biomarkers and Uta-PI MoM (Model 3). A sensitivity of 
23% at 95% specificity was achieved by combining MAP and biomarkers (Model 2). The 
best multivariate model for predicting non-severe pre-eclampsia, with a validated AUC 
value of 0.60 and 22 and 15% sensitivity at 90 and 95% specificity, respectively, was 
attained with Model 3. 

5.2 Study II 

Two of the seven study groups differed from other groups, i.e., group 3 and group 5 
(p<0.001) (Figure 15). Group 3 was the group of medium-risk women who developed 
pre-eclampsia and group 5 consisted of high-risk women who were randomised to the 
placebo group and developed pre-eclampsia.  

The longitudinal (from 12–14 to 26–28 weeks of gestation) serum PlGF concentration 
of high-risk women who received LDA (100mg/d) was higher compared to that of high-
risk women who were randomised to receive placebo after adjustment for BMI, chronic 
hypotension and MAP (p=0.046). In further analyses, the difference between the 
groups was significant after mid-gestation, from 18–20 weeks of gestation onwards 
(p=0.43) (Figure 16). 

Outcome and 
best model 

Prevalence 
% 

AUC Valid. 
AUC 

At 90% Specificity for Validated 
AUC 

At 95% Specificity for Validated 
AUC 

PE 13.2 

  
Sensitivity 

% 
PPV 
% 

NPV 
% 

PLR Sensitivity 
% 

PPV 
% 

NPV 
% 

PLR 

Model 3 
 

0.85 0.66 36 36 90 3.7 16 33 88 3.3 
EOPE 3.5 
Model 2 0.96 0.68 20 24 88 2.0 20 38 88 3.9 
LOPE 9.7 

          

Model 3 0.89 0.66 32 33 90 3.3 16 33 88 3.3 
Severe PE 6.6 

          

Model 3 
 

0.86 0.65 24 27 89 2.5 20 38 89 4.1 
Non-severe PE 6.6 
Model 3 

 
0.89 0.60 22 25 88 2.2 15 31 88 2.9 
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Figure 15. The geometric means of PlGF concentrations in seven study groups by weeks of 
gestation. Group 1=Low-risk women; Group 2=Medium-risk women, no PE; Group 
3=Medium-risk women, PE; Group 4=High-risk women randomised to placebo group, no PE; 
Group 5=High-risk women randomised to placebo group, PE; Group 6=High-risk women 
randomised to LDA group, no PE; Group 7=High-risk women randomised to LDA group, PE. 
The change in PlGF concentration between measurements was lower in Group 3 and Group 
5 compared to other groups (interaction effect Time × Group, p<0.001). There was no 
difference between Groups 1, 2, 4, 6 and 7 (interaction effect Time × Group, p=0.15). 
PlGF=placental growth factor, PE=pre-eclampsia, LDA=low-dose aspirin (100mg/d). Red 
bars indicate 95% confidence intervals. 

 
Figure 16. The adjusted geometric means of serum PlGF levels of medium-risk women not 
randomised to the LDA trial and of women randomised to placebo and LDA groups by weeks 
of gestation. After adjustment for BMI, chronic hypertension and MAP, the change in PlGF 
concentration was lower in the placebo group than the LDA group (interaction effect Time 
× Group, p=0.046), in particular the change from 18–20 weeks of gestation to 26–28 weeks 
of gestation differed in further analysis (interaction effect Time × Group, p=0.043). BMI = 
body mass index, MAP = mean arterial pressure, PlGF = placental growth factor, LDA = low-
dose aspirin (100 mg/day). Red bars indicate 95% confidence intervals. 
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5.3 Study III 

The results of Study III are presented in Figure 17 and Table 18. At 26–28 weeks of 
gestation, serum haemopexin was higher in HRPE compared to LRW (p=0.014), and 
A1M was higher in HRW compared to LRW (p=0.002). The results by pre-eclampsia 
subgroups are presented in Table 18.  

 
Figure 17. The serum haemopexin and alpha-1-microglobulin concentrations across the 
study groups at 26–28 weeks of gestation. A. Serum haemopexin (Hpx) was higher in high-
risk women who developed pre-eclampsia compared to low-risk women (p=0.02). There 
were no other significant differences in Hpx concentration between the groups.  B. Serum 
alpha-1-microglobulin (A1M) was higher in high-risk women who did not develop pre-
eclampsia compared to low-risk women (p<0.01). There were no other significant 
differences in A1M concentration between the groups.   
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Table 18. The serum Hpx and A1M concentrations by pre-eclampsia subgroups.  
Comparison between groups Hpx 

mg/ml 
IQR P-value A1M 

μg/ml 
IQR P-value 

Pre-eclampsia, SGA foetus, n=8 0.97 0.25 0.18 16.85 5.83 0.11 
Pre-eclampsia, AGA foetus, n=34 1.22 0.51 13.20 3.84 
Early-onset pre-eclampsia, n=11 1.16 0.64 0.66 16.66 3.96 0.07 
Late-onset pre-eclampsia, n=31 1.22 0.32 13.34 3.26 
Severe pre-eclampsia, n=21 1.21 0.44 0.84 14.83 5.24 0.04 
Non-severe pre-eclampsia, n=21 1.22 0.56 12.30 4.46 
LDA, no, n=35 1.20 0.43 0.16 14.24 4.42 0.30 
LDA, yes, n=7 1.31 0.51 12.13 3.10 

SGA=small-for-gestational-age, AGA=appropriate-for-gestational-age, LDA=low-dose aspirin (100 
mg/d), Hpx=haemopexin, A1M=alpha-1-microglobulin, IQR=interquartile range 

There were no differences in Hpx concentrations between women who were affected 
by early-onset vs. late-onset pre-eclampsia or between women who developed severe 
vs. non-severe pre-eclampsia. Hpx concentrations did not differ in women who 
subsequently gave birth to a small-for-gestational-age newborn (PESGA) compared to 
women who subsequently gave birth to an appropriate-for-gestational-age newborn 
(PEAGA). The concentration of A1M was higher in women who developed severe pre-
eclampsia compared to women who were affected by non-severe pre-eclampsia. 
Otherwise, there were no differences in A1M concentrations between pre-eclampsia 
subtypes, i.e., early-onset vs. late-onset or PESGA vs. PEAGA. There were no differences 
in Hpx or A1M concentrations between HRPE who took LDA (100 mg/d) from 12–14 
weeks of gestation until 35 weeks of gestation and HRPE without preventive LDA 
treatment. 

5.4 Study IV 

5.4.1 Haemopexin 

The results of Study IV are presented in Figures 17, 18 and 19. The mean gestational 
weeks at the three sampling points were 13.0 weeks of gestation (95% confidence 
interval 11.9–15.9), 19.4 weeks of gestation (95% confidence interval 18.0–21.3) and 
27.1 weeks of gestation (95% confidence interval 25.0–28.7). 

5.4.1.1 All pre-eclampsia 
The geometric mean of Hpx concentration was higher in HRPE than in HRW and LRW 
(Figure 18A and Table 19A) during the study period from 12–14 to 26–28 weeks of 
gestation, main effect Group, p=0.01 and p=0.02, respectively. After adjustment for 
BMI, there was a difference between HRPE and HRW, main effect Group, p<0.01 (Figure 
18B and Table 19B). The change in Hpx concentration differed between HRW and LRW 
before and after adjustment for BMI, interaction effect Time × Group, p=0.01 and 
p=0.02, respectively. 
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Figure 18. The geometric means of plasma haemopexin concentration in high-risk women who did and did 
not develop pre-eclampsia and in low-risk women by duration of pregnancy A. before and B. after 
adjustment for pre-pregnancy body mass index. Hpx=haemopexin, PE=pre-eclampsia. Red bars indicate 
95% confidence intervals. 

Table 19. P-values of pairwise comparison of plasma Hpx concentrations from 12–14 to 26–28 weeks of 
gestation between study groups. 

 
P-values of pairwise comparison of haemopexin concentrations from 12–14 to 26–28 weeks of gestation between the 
study groups A. before and B. after adjustment for pre-pregnancy body mass index. PE=pre-eclampsia. 

When change within each group was investigated separately, the Hpx concentration 
did not change significantly between the three sampling points in HRPE, p=0.16, and in 
HRW, p=0.93, but it decreased in LRW after mid-gestation (from 18–20 to 26–28 weeks 
of gestation), p<0.01. After mid-gestation, the mean Hpx concentration decreased in 
the LRW (-0.16 mg/ml) and increased slightly in the HRW (0.01 mg/ml). These changes 
differed significantly from each other (p=0.012) over time (between 18–20 and 26–28 
weeks of gestation). During the same period, the mean Hpx concentrations were higher 
in the HRPE than the LRW (main effect Group, p=0.015, changes in Hpx concentration -
0.05 vs. -0.16, respectively, p=0.056) and the HRW (main effect Group, p=0.039). The 
changes in Hpx concentrations did not differ between HRPE and HRW after mid-
gestation (-0.05 vs. 0.01, respectively, p=1.000). After adjustment for BMI there was no 
difference in the Hpx concentration between LRW and HRPE. However, in pairwise 
comparisons there was a significant difference in the change of Hpx concentration 
between HRW and LRW, p=0.004, and after adjustment for BMI, p=0.002. 

A. B. 

 

Effect/ Time Group Time*Group 
Comparison p-value p-value p-value 
High-risk, PE vs. no PE 0.69 0.01 1.00 
High-risk, PE vs. low-risk <0.01 0.02 0.32 
High-risk, no PE vs. low-risk 0.03 1.00 0.01 

Effect/ Time Group Time*Group 
Comparison p-value p-value p-value 
High-risk, PE vs. no PE 1.00 <0.01 1.00 
High-risk, PE vs. low-risk <0.01 1.00 0.21 
High-risk, no PE vs. low-risk 0.02 1.00 0.02 

A. B. 
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In further analyses, the mean Hpx concentration of HRW was lower than in HRPE and 
LRW from 12–14 to 18–20 weeks of gestation, p<0.01 with or without adjustment for 
BMI for both comparisons. There were no differences in change of Hpx concentration 
during the same study period with or without adjustment for BMI, p=0.99 and p=1.00, 
respectively. 

5.4.1.2 Small-for-gestational-age vs. appropriate-for-gestational-age 
There was no difference in either Hpx concentration or in change of Hpx concentration 
of PESGA compared to PEAGA (main effect Group, p=0.48, BMI adjusted, p=0.45, 
interaction effect Time × Group, p=0.49, BMI adjusted p=0.45) from 12–14 to 26–28 
weeks of gestation. 

5.4.1.3 Early-onset pre-eclampsia vs. late-onset pre-eclampsia 
The Hpx concentration did not differ in high-risk women who developed early-onset vs. 
late-onset pre-eclampsia (p=0.57 and BMI adjusted p=1.00) nor did the change in Hpx 
concentration from 12–14 to 26–28 weeks of gestation (p=0.58 and BMI adjusted 
p=1.00). 

5.4.1.4 Severe vs. non-severe pre-eclampsia 
The Hpx concentration of women who developed severe vs. non-severe pre-eclampsia 
did not differ from 12–14 to 26–28 weeks of gestation (p=0.93 and BMI adjusted 
p=0.38). There was also no difference in change of Hpx concentration during the study 
period between the groups (p=0.73, BMI adjusted p=0.76). 

5.4.2 Alpha-1-microglobulin 

5.4.2.1 All pre-eclampsia 
The longitudinal changes of A1M concentrations in the study groups are presented in 
Figure 19 and Table 20. Significant changes occurred during the first half of the 
pregnancy (from 12–14 to 18–20 weeks of gestation), i.e., in HRPE the A1M decreased 
and in HRW the A1M concentration increased, interaction effect Time × Group, p<0.01. 
After mid-gestation (from 18–20 to 26–28 weeks of gestation), the A1M concentration 
did not change significantly within groups (see Table 20A) or between groups, 
interaction effect Time × Group, p=0.78. However, the A1M concentration was higher 
in HRW compared to HRPE and LRW, main effect Group p<0.01, from 18–20 to 26–28 
weeks of gestation. 

The A1M concentration was higher in HRPE than in HRW and LRW at 12–14 weeks of 
gestation (at first sampling), p=0.02 and p<0.01, respectively. At 18–20 weeks of 
gestation (second sampling), the A1M was higher in HRW compared to HRPE and LRW, 
p=0.04 and p<0.01, respectively. At 26–28 weeks of gestation (third sampling), the A1M 
was higher in HRW compared to LRW, p<0.01. 
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5.4.2.2 Small-for-gestational-age vs. appropriate-for-gestational-age 
The mean plasma A1M concentration in the PEAGA decreased from 12–14 to 26–28 
weeks of gestation while it increased in the PESGA, interaction effect Time × Group 
p=0.002, after Bonferroni correction p=0.012. However, if the changes were 
investigated between each sampling point separately, the difference was not 
statistically significant. From mid-gestation onwards (from 18–20 to 26–28 weeks of 
gestation), the A1M concentration was higher in the PESGA compared to the PEAGA 
(main effect Group, p=0.008, after Bonferroni correction p=0.048) (Figure 20). 

 
Figure 20. Geometric mean of alpha-1-microglobulin concentration in pre-eclamptic women 
with small-for-gestational-age and appropriate-for-gestational-age foetus by weeks of 
gestation. A1M=alpha-1-microglobulin, PESGA=women who developed pre-eclampsia and 
gave birth to a small-for-gestational-age newborn, PEAGA= women who developed pre-
eclampsia and gave birth to an appropriate-for-gestational-age newborn. Red bars indicate 
95% confidence intervals. 

Figure 19. The geometric means of plasma A1M 
concentration in high-risk women who did and did 
not develop pre-eclampsia and in low-risk women. 
A1M=alpha-1-microglobulin, PE=pre-eclampsia; red 
bars indicate 95% confidence intervals. 

Table 20. P-values of A. within group and B. between
group comparisons of plasma A1M concentration
from 12–14 to 26–28 weeks of gestation.
A1M=alpha-1-microglobulin, PE=pre-eclampsia,
Time1=from 12–14 to 18–20 weeks of gestation,
Time2=from 18–20 to 26–28 weeks of gestation. 
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5.4.2.3 Early-onset pre-eclampsia vs. late-onset pre-eclampsia 
The mean plasma A1M concentration among high-risk women who developed early-
onset pre-eclampsia was higher than among high-risk women who developed late-
onset pre-eclampsia during the study period from 12–14 to 18–20 weeks of gestation, 
but the difference was not significant (main effect Group p=0.134 and interaction effect 
Time x Group p=0.082). 

5.4.2.4 Severe and non-severe pre-eclampsia 
The mean plasma A1M concentration was higher at each of the three sampling points 
among high-risk women who developed severe pre-eclampsia compared to high-risk 
women who developed non-severe pre-eclampsia. However, the difference was not 
significant (main effect Group p=0.055, interaction effect Time x Group p=0.668). 
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6 DISCUSSION 

6.1 Main findings and their interpretation 

6.1.1 hCG-h, %hCG-  

We found that prior pre-eclampsia and lower serum %hCG-h MoM in the first trimester 
were associated with late-onset and non-severe pre-eclampsia, whereas lower serum 
PlGF MoM in the first trimester was associated with early-onset and severe pre-
eclampsia among high-risk women of the PREDO cohort. Of the biomarkers, free hCG  
MoM was higher in women who developed severe pre-eclampsia than in women who 
did not develop severe pre-eclampsia, whereas low serum PAPP-A MoM was associated 
with non-severe pre-eclampsia. Despite these associations, multivariate models 
constructed with regularised logistic regression produced only modest prediction rates 
for all pre-eclampsia and its subtypes in the PREDO cohort consisting of women with a 
priori risk factors for pre-eclampsia. Our results suggest that %hCG-h does not add any 
value to pre-eclampsia prediction over previously tested variables using a multivariate 
approach, at least not in a high-risk population and in the late first trimester. 

The role of hCG-h in the pathophysiology of pre-eclampsia is yet to be elucidated, but 
evidence from the in vitro and in vivo study of Guiboudenche and colleagues showed 
that extravillous cytotrophoblasts initiate the production of hCG-h during their 
differentiation from proliferative cytotrophoblasts to invasive cytotrophoblasts in 
normal pregnancies, and therefore the hCG-h circulating in maternal serum may reflect 
the invasion process of trophoblasts during the first trimester (9).  

Our result is inconsistent with the result of Keikkala and colleagues (8), because their 
case–control study on a screening cohort showed that lower serum %hCG-h in the first 
trimester was associated with subsequent early-onset pre-eclampsia. There are two 
factors that may explain the contradiction: 1) In the study of Keikkala and colleagues 
the study cohort comprised an unselected screening population, whereas our cohort 
comprised prospectively recruited high-risk women. 2) The median sampling time in 
the study of Keikkala and colleagues was three weeks earlier (about 10 weeks of 
gestation) than in our study (about 13 weeks of gestation). Since the concentration of 
hCG-h and especially %hCG-h decreases rapidly (258) during early pregnancy, it is 
possible that this time interval is significant regarding the serum %hCG-h evolvement, 
because total hCG reaches its peak value at 10–11 weeks of gestation and decreases 
thereafter (21, 368).  

There are no studies regarding how hCG-h or %hCG-h develops in early- or late-onset 
pre-eclampsia. Although, classically there is an idea of late-onset pre-eclampsia being 
more of a ‘maternal disease’ and early-onset pre-eclampsia being a ‘placental disease’, 
there may be milder and later-developing defects of the placenta associated with late-
onset pre-eclampsia which may affect the evolvement of serum hCG-h concentration. 
Soto and colleagues showed in their work on placentas delivered from pregnancies 
complicated with late-onset pre-eclampsia that about half of the patients with late-
onset pre-eclampsia had placental lesions consistent with abnormally low perfusion of 
the placenta, while only 2% of the placentas delivered from normal pregnancies had 
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the same kind of lesions (369). Furthermore, the regression line reflecting hCG-h 
concentrations against gestational weeks in the scatterplot showed lower values in 
early-onset pre-eclampsia before 12 weeks gestation than in the other groups. This 
agrees with previous publications (8, 261), but in the present study only nine women 
had early-onset pre-eclampsia. Thus, it is not possible to draw any definitive 
conclusions. Our result with respect to hCG-h and %hCG-h was in accordance with the 
study of Brennan and colleagues, since they found a possible association with low urine 
hCG-h after 10 weeks of gestation and late-onset pre-eclampsia. Although the 
difference between women who subsequently developed late-onset pre-eclampsia and 
controls was significant, the number of women affected was only five (263). In a case–
control study consisting of women participating in a first trimester screening of 
chromosomal abnormalities, there was no difference in serum %hCG-h concentration 
between women who did and did not develop pre-eclampsia when the samples were 
collected at 14–17 weeks of gestation (264).  

In univariate analyses, the concentrations of studied biomarkers showed specific 
associations to different phenotypes of pre-eclampsia. The women who developed 
severe pre-eclampsia had higher free hCG  MoM than women who did not develop 
severe pre-eclampsia. Previous studies have reported decreased first trimester 
concentrations of free hCG  in women who subsequently developed pre-eclampsia 
compared to women who did not develop pre-eclampsia (370-372), but in substantially 
more studies there has not been any association between free hCG  and pre-eclampsia 
(311, 333, 373-376). Furthermore, in the systematic review of Kuc and colleagues, the 
free hCG  did not show any association to pre-eclampsia (375). A study of Di Lorenzo 
and colleagues reported that in their first trimester screening cohort higher free hCG  
concentrations were associated with early-onset pre-eclampsia (377). 

High maternal serum free hCG  MoM seen in trisomy 21 (Down syndrome) pregnancies 
(median 1.8 MoM in the study of Macintosh and colleagues) is thought to be related to 
delayed maturation of the placenta (378). However, in our study, although women who 
developed severe pre-eclampsia had higher median free hCG  MoM than those who 
did not develop severe pre-eclampsia, the median free hCG  MoM was below 1.0, and 
the women who did not develop severe pre-eclampsia had even lower median free 
hCG  MoM. The median free hCG  MoM was especially low in women who 
subsequently developed late-onset and non-severe pre-eclampsia, when compared to 
women who did not develop these conditions. The difference was not significant, but 
it may have had effect on the median free hCG  MoM value of women who did not 
develop severe pre-eclampsia.  

6.1.2 PAPP-A and PlGF 

The maternal serum PAPP-A MoM was lower in women who developed pre-eclampsia 
compared to women who did not develop pre-eclampsia, but the difference was not 
significant. However, lower maternal serum PAPP-A MoM had a significant association 
with non-severe pre-eclampsia. Women with early-onset pre-eclampsia had also 
similarly decreased PAPP-A MoM, but the difference between women who did and did 
not develop early-onset pre-eclampsia was not significant. Evidence from previous 
studies shows that there is an association between low concentrations of first trimester 
serum PAPP-A and pre-eclampsia (371, 373, 374, 379-382). As part of a prediction 
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model, serum PAPP-A is better at predicting early-onset and pre-term pre-eclampsia 
than late-onset or term pre-eclampsia in the first trimester (188, 194).  

Serum PlGF concentration showed an association with early-onset and severe pre-
eclampsia in the first trimester, especially when combined with maternal factors and 
other variables. This is in accordance with previous studies (188, 345).  

6.1.3 Multivariate model 

Comparison of our multivariate model to previous publications is not possible since 
there are no other studies conducted in the same kind of a cohort. It would have been 
easier to compare our results to, for example, results of studies conducted with the 
FMF algorithm, if we knew the exact prediction rates of the inclusion criteria that were 
chosen for the PREDO cohort. In our study, results showed how maternal factors 
predict pre-eclampsia among women that already have increased risk for pre-
eclampsia. Hence, we should add the a priori risk to those prediction rates that were 
calculated from the multivariate models constructed with logistic regression to make 
our results comparable with previous studies conducted in first-trimester screening 
studies. With the NICE recommendation for screening pre-eclampsia with maternal 
factors, detection rates were 34%, 39% and 41% for pre-term (delivery <37 weeks of 

pre-eclampsia (delivery <32 
weeks of gestation) with a screen positive rate of 10.2%, respectively (Table 9) (186). 
There are two obstacles that make comparison difficult: the categories of pre-eclampsia 
by gestational weeks are different when compared to our study, and the maternal 
factors with which women are included to the high-risk group are not exactly the same 
(Table 9 and Table 15). However, prediction performance of the NICE recommendation 
may provide a clue as to what the a priori risk of our cohort might be. Nevertheless, it 
was not possible to calculate the prediction rates of inclusion criteria in our study (i.e., 
positive likelihood ratio of a priori risk) due to the nature of our cohort (selection made 
using maternal factors, no data on the unselected population).  

The detection rates achieved with the multivariate approach (Bayes theorem) in first-
trimester screening cohorts are 90% for early-onset pre-eclampsia and 60% for late-
onset pre-eclampsia with a 10% screen positive rate (188), whereas the detection rate 
(sensitivity) in our study for early-onset pre-eclampsia was 20% and for late-onset pre-
eclampsia 32% with a 10% false positive rate. Although the statistical methods between 
the study of Tan and colleagues (188) and our study were different, one could conclude 
that prediction of pre-eclampsia with a multivariate model combining maternal factors, 
MAP, biomarkers and Uta-PI succeeds better in a screening cohort than in a high-risk 
cohort.  

6.1.4 PlGF and LDA 

The main finding of our study was that high-risk women who had LDA treatment (100 
mg/d), started before 14 weeks of gestation for prevention of pre-eclampsia, had 
higher concentrations of serum PlGF than high-risk women who had placebo 
treatment. This difference was evident from mid-gestation onwards. There is one study 
investigating the effect of LDA on serum PlGF concentrations during pregnancy that was 
published before our study (298). Powers and colleagues could not find a difference in 
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maternal serum PlGF concentrations between those high-risk women who used LDA 
and those who used placebo during pregnancy. Since publication of our study, two 
additional studies have been published on the subject. Mone and colleagues came to 
the same conclusion as Powers and colleagues (299). Their cohort consisted of low-risk 
nulliparous women. However, in both studies the LDA dose was lower (60 mg/d) than 
in our study (100 mg/d). In the study of Mayer-Pickel and colleagues, it was found that 
aspirin may have a favourable effect on the sFlt-1/PlGF in women with a pathologic 
first-trimester screening for pre-eclampsia, with the most prominent effects at a dosage 
of 150 mg/d, and the effect appeared to be dose-dependent (300). Their finding is in 
accordance with our finding and with a systematic review and meta-analyses by 
Roberge and colleagues, in which it was concluded that the dose of 100 mg/day seems 
to be the minimum dose at which the effect of aspirin becomes evident, and the effect 
of aspirin for the prevention of pre-eclampsia, severe pre-eclampsia and foetal growth 
restriction is dose-dependent (383). Our result along with the result of Mayer-Pickel 
and colleagues supports the preventive use of LDA. 

Another finding in our study was that the increase in PlGF concentration was lower in 
the medium-risk women with pre-eclampsia without any treatment as well as in high-
risk women who developed pre-eclampsia and had placebo treatment compared to the 
other groups. This is in line with earlier studies that have shown that serum PlGF 
concentration is reduced in women who subsequently develop pre-eclampsia already 
in early pregnancy when compared to women with normal pregnancies (384), and as in 
our study, this difference becomes clearer with advancing pregnancy (11, 385, 386).  

6.1.5 Pre-eclampsia and haem scavenger proteins in the late second trimester 

We found that there are differences in plasma concentrations of haem scavenger 
proteins Hpx and A1M between HRW, HRPE and LRW at the end of the second 
trimester. Plasma A1M appeared to be higher in HRW when compared to LRW or HRPE 
at 26–28 weeks of gestation.  

All previous studies on Hb scavengers and pre-eclampsia are conducted either in the 
first trimester or within 24 hours before delivery. Studies conducted in the first 
trimester indicated increased concentrations of Hb, HbF/Hb (ratio) and A1M, as well as 
reduced concentrations of Hpx (17, 19). In studies where blood samples were drawn 
within 24 hours before delivery, both HbF and adult Hb concentrations, as well as haem 
and A1M, were increased and Hpx and Hpx activity, as well as HO-1 concentration, were 
decreased in women who had pre-eclampsia (17, 19). There are no previous studies on 
maternal A1M concentrations in the late second trimester. We hypothesised that the 
differences seen in previous studies near delivery between pre-eclamptic and 
normotensive women would be detectable during the late second trimester. However, 
the median concentrations of Hpx did not differ between the groups after we had 
excluded controls and women who used LDA, and surprisingly, HRW had higher median 
A1M concentrations than HRPE and LRW. Contradiction between our hypothesis, which 
was based on previous studies at different time points during pregnancy, and our 
findings may be that in previous studies normotensive pregnant women had been 
studied as a single group, irrespective of their risk factors for pre-eclampsia. The 
elevated A1M concentration in HRW may be explained by activation of an endogenous 
protection system against oxidative stress, since A1M is up-regulated during oxidative 
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stress in general and by haemolysis (349). It is tempting to speculate that these 
mechanisms may function better in high-risk women with pregnancies not complicated 
by pre-eclampsia. 

6.1.6 Changes in plasma concentrations of Hpx and A1M 

We hypothesised that the Hpx concentrations measured at three different time points 
during pregnancy would be lower in HRPE compared to the other groups due to a pre-
eclampsia–induced increase in HbF concentration in the maternal circulation and by 
subsequent activation of the Hb scavenger system. However, the plasma Hpx 
concentration in HRPE did not differ from the plasma Hpx concentration of LRW, and it 
was higher compared to the HRW during the first half of pregnancy, suggesting a 
protective role for low plasma Hpx concentration in HRW. 

There is some contradiction between our study results and those of Anderson and 
colleagues who found that plasma collected in the first trimester had lower Hpx 
concentrations among women who subsequently developed early-onset pre-eclampsia 
compared to women who did not develop pre-eclampsia (19). This may be explained 
by the multifactorial mechanisms affecting the concentration and activity of Hpx. 
Changes in the plasma Hpx concentration reflect the balance between hepatic synthesis 
of Hpx, decreases in Hpx due to haem scavenging and rate of Hpx degradation.  

One theory that could explain our unexpected result is that the expression and activity 
of Hpx may be affected by systemic inflammation and oxidative stress. A study 
conducted on patients with type 1 diabetes mellitus showed that the expression of Hpx 
can be induced through an ROS-dependent mechanism (387). Similarly, the expression 
of Hpx might be induced due to ROS-mediated oxidative stress in high-risk women 
destined to develop pre-eclampsia, which would explain the increased level of Hpx in 
pre-eclampsia as shown in our study in HRPE, where obesity, chronic hypertension and 
diabetes mellitus were among the inclusion criteria for recruitment to the high-risk 
cohort. These conditions may predispose women to inducement of ROS-mediated 
oxidative stress (388-390).  

We found that BMI had an association with Hpx concentration, which could explain 
some of the differences between the study groups, although most of the differences 
remained significant after adjustment of the data for BMI. We hypothesised that the 
adjustment of Hpx concentrations for BMI might better reflect the role of the placenta 
in the results. However, it is also known that obesity is an independent risk factor for 
pre-eclampsia (391).  

We found that HRW had a unique profile of haem scavenger proteins during pregnancy. 
Firstly, unlike in HRPE and LRW, their plasma concentration of Hpx did not change 
during the study period and it was lower during the first half of the pregnancy when 
compared to the other two groups. Secondly, the A1M concentration increased during 
the first half of the pregnancy and stayed at the higher level thereafter when compared 
to the other two groups. The change during the first half of the pregnancy was opposite 
to the change seen in HRPE, while there was no change of plasma A1M concentration 
in LRW. This phenomenon may be associated with a reduced risk of pre-eclampsia 
despite clinical risk factors. However, further information about the mechanisms 
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behind our finding could have been gained by investigating oxidative stress markers at 
the same time with Hb scavengers. 

One of our findings is consistent with previous studies: A1M concentration was higher 
in the first trimester in HRPE. Recent studies have suggested that A1M is a promising 
first-trimester biomarker for prediction of pre-eclampsia (17, 19). The higher A1M 
concentration of HRW already seen in Study III was found to be evident from mid-
gestation onwards, and the speculation about its cause is the same. 

The plasma Hpx concentration started to decrease from the first trimester in PESGA, as 
we had hypothesised, but the difference in concentrations and in changes of 
concentrations were not statistically significant. However, the number of women in this 
group was rather small, thus the risk of type II error in this situation is possible. When 
these findings are reflected to the present knowledge of the Hb scavenger system, it 
could be anticipated that concentration of free HbF is higher in the foeto-placental 
circulation in PESGA than in normal pregnancies (392). Thus, it is possible that HbF and 
increased ROS may damage the placenta–blood barrier causing leakage of HbF into the 
maternal circulation, which in turn leads to Hpx depletion (223).  

We also found that the concentration of A1M in PESGA remains high during the first 
half of pregnancy, but in PEAGA it decreases. In HRPE, high A1M concentration at and 
after mid-gestation is associated with SGA.  

Several factors may have an influence on the concentration and changes in 
concentration of Hb scavenger proteins. Firstly, we found that BMI is associated with 
Hpx concentration. Secondly, obesity may also indirectly affect the concentration of 
Hpx and A1M since it predisposes to a pro-inflammatory state and oxidative stress 
(393), conditions that occur in normal pregnancy and are exacerbated in pre-eclampsia 
(151). Thirdly, the severity of placentation defect and its consequences to placental 
circulation and function may have crucial contributions to the gene expression of HbF 
in both the foetus and placenta, as well as to the integrity of the placenta–blood barrier 
(394). Therefore, plasma concentrations of Hpx or A1M in different subgroups of 
pregnant women may reflect different combinations of these factors. Thus, the relation 
of the haem scavenger system to pre-eclampsia should be assessed according to the 
pathophysiology of the disorder since, in light of present evidence, there are several 
mechanisms that may lead to the same clinical disorder (121, 395). Further studies 
should assess maternal cardiac function simultaneously with the concentration of haem 
and markers of oxidative stress and inflammation to further clarify whether the 
suggested mechanism presented in our study has clinical relevance. 

6.2 Strengths and limitations of the study 

The strengths of the study are the well-characterised study cohort, and the data was 
collected prospectively in a geographically wide and carefully planned manner. The 
high-risk cohort was homogeneous, since there were not any critical differences in 
maternal characteristics between those women who participated in the LDA trial and 
high-risk women who did not fulfil the criteria for the LDA trial. Furthermore, our 
prospective study reflects the true incidence of early-onset and late-onset pre-
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eclampsia in high-risk women (Study I). All the outcome diagnoses were reviewed and 
confirmed independently by a jury of two physicians and one research nurse. 

The study was originally planned regarding the LDA trial’s aim to investigate the 
preventive potential of LDA on pre-eclampsia. The aim for defining the inclusion criteria 
was to saturate pre-eclampsia in the cohort. Therefore, all results from the study should 
be interpreted with this knowledge and understanding, that results may only be 
generalised to similar cohorts. This kind of approach may be problematic, since the 
inclusion and exclusion criteria may differ between high-risk study cohorts, which 
makes it more difficult to compare and interpret the results. 

Another limitation is that the sample size was relatively low. The number of women 
who developed pre-eclampsia was smaller than expected in power calculations during 
study planning (13). This is particularly problematic with those parts of the studies that 
investigate early-onset pre-eclampsia as the outcome. This concern is global due to the 
relative rarity of the condition since the estimated incidence of early-onset pre-
eclampsia is 0.2–0.4% (56, 396).   

The new definitions of pre-eclampsia (25, 44, 48) differ from the days that the PREDO 
cohort was collected (39). However, the more restrictive definition is useful in research, 
because it is exact and unambiguous, moreover, it has been previously shown that only 
minor changes were observed in the total number of pre-eclamptic women in the 
FINNPEC cohort when comparing the ACOG 2002 classification with the later renewed 
classifications released by ISSHP and ACOG (397). 

It should be noted that the definition of early-onset pre-eclampsia was different in the 
present study than in most studies. The early-onset pre-eclampsia was defined as pre-
eclampsia diagnosed before 34 weeks of gestation, whereas the definition in most 
other studies is pre-eclampsia requiring delivery before 34 weeks of gestation. 
However, at the time of planning the PREDO project, the definition that was eventually 
used for early-onset pre-eclampsia was the most recommended in the literature (398). 
Later, the definition of early-onset pre-eclampsia has most often been pre-eclampsia 
requiring delivery before 34 weeks of gestation, which is probably more exact (provided 
that the duration of pregnancy is correctly estimated) and makes it easier to compare 
different studies.  

6.3 Summary of discussion 

We wanted to clarify if serum hCG-h concentration or %hCG-h could be clinically useful 
in the prediction of pre-eclampsia or its subtypes among high-risk women with 
multivariate models combining maternal factors, biophysical and biochemical markers 
at 12–13+6 weeks of gestation. We found that hCG-h or %hCG-h did not have any 
additional value in prediction of pre-eclampsia or its subtypes and, therefore, is not 
clinically useful in prediction of pre-eclampsia or its subtypes among women who are 
at high risk of developing pre-eclampsia. We found that low %hCG-h was associated 
with late-onset and non-severe pre-eclampsia at 12–13+6 weeks of gestation. In light 
of previous literature, it seems that lower %hCG-h from 8–13 weeks of gestation 
(median 10 weeks of gestation) is associated with early-onset pre-eclampsia. Our study 
showed that a shift of a few weeks forward in gestation on median blood sampling time 
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(i.e., to 12–13+6 weeks of gestation; median 13 weeks of gestation) may change the 
situation so that low %hCG-h is associated with late-onset rather than early-onset pre-
eclampsia. This is a new finding and future research is needed to increase our 
understanding on the role of %hCG-h in the physiology and pathophysiology of pre-
eclampsia. Future studies should also be conducted in large first-trimester screening 
cohorts, and also during the early first trimester (from 6–10 weeks of gestation) in 
normal pregnancy and in pregnancies with adverse pregnancy outcomes to strengthen 
the evidence that %hCG-h is a biochemical marker of trophoblast invasion in humans. 
Despite our negative result, %hCG-h may play a role in individualised multivariate risk 
assessment if we had a clearer picture of its function during early pregnancy. 

Our results suggest that LDA (100 mg/d) started before 14 weeks of gestation has a 
beneficial effect on serum PlGF concentration in women who are at high risk of 
developing pre-eclampsia. Our finding provides a rational to the use of LDA as a 
prophylactic treatment against pre-eclampsia. Future studies to understand the 
mechanism of the effect may reveal new therapeutic targets for pre-eclampsia. 

We found that plasma A1M concentration is higher in the late second trimester in HRW 
than in LRW or HRPE. The result suggests that high A1M in the late second trimester 
may be associated with a lower risk of developing pre-eclampsia. A study on the use of 
A1M in the treatment of pre-eclampsia is currently underway in an animal model (399). 

We investigated changes in plasma concentrations of haem scavenger proteins Hpx and 
A1M from the first trimester to late second trimester at three different time points 
during pregnancy for the first time. We found that HRW had a unique profile of haem 
scavenger proteins Hpx and A1M. This suggests that not only clarification of the 
pathophysiology of pre-eclampsia, but also protective factors should be a focus of 
future research. By discovering protective mechanisms, it may be possible to discover 
new ways of treating or preventing pre-eclampsia. The fact that the plasma A1M 
concentration of PESGA remained high from the first trimester to mid-gestation and 
increased thereafter may reflect the increased oxidative stress caused by defective 
early placentation which in turn is especially associated with SGA/IUGR with or without 
pre-eclampsia. Future research may reveal whether A1M could be used as a biomarker 
of developing SGA/IUGR or even as a cure in women with hypertensive disorders of 
pregnancy.   

6.4 Future aspects 

Further studies in the prediction of pre-eclampsia are needed: 

- The present screening methods do not detect late-onset pre-eclampsia 
accurately enough, which still causes most of the pre-eclampsia morbidity 
among women, at least in high-income countries. Biomarkers of maternal 
factors may play a key role in this respect, e.g., studies on proteomics and 
metabolomics of pre-eclampsia may shed light on the issue.  

- Better ways to predict pre-eclampsia in nullipara women are needed, since 
current methods are poor in this subgroup of women. 
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- In summary: screening should be developed towards more individualised risk 
assessment. This may become easier along with the implementation of 
artificial intelligence. 

Future study on aspirin 

- To increase our understanding of mechanisms by which aspirin affects in 
preventing or alleviating pre-eclampsia, the effect of aspirin on serum or 
plasma concentrations of other (than PlGF) biochemical markers should be 
investigated.  

Future studies in the Hb scavenger system and pre-eclampsia are needed: 

- Studies on the normal values of A1M and Hpx during pregnancy are needed. 
- There are no studies on the Hb scavenger system and pre-eclampsia 

conducted in prospective screening cohorts. In such a study, maternal 
cardiac function should be evaluated simultaneously with the concentration 
of haem, and markers of oxidative stress in maternal circulation should be 
included to further clarify whether the suggested mechanism presented in 
our study has clinical relevance. 

- Future research may be focused on A1M as a biomarker of pre-eclampsia in 
the first trimester or as a biomarker of developing SGA/IUGR in women with 
hypertensive disorders of pregnancy. 

- Promising results of an animal study suggest that A1M could be used as a 
treatment for pre-eclampsia (399). Further studies are needed to clarify its 
use in human pregnancy complicated with pre-eclampsia. 
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7 CONCLUSIONS 

1. The multivariate model including maternal risk factors, previously tested 
biomarkers and biophysical measurements combined with hCG-h or %hCG-h 
and built with regularised logistic regression did not meet the requirements 
of a clinically useful screening test. 

2. We found that there is an association between LDA started before 14 weeks 
of gestation and higher increase in serum PlGF concentration.  

3. We found that high-risk women who do not develop pre-eclampsia have 
higher plasma A1M concentrations at 26–28 weeks of gestation. There was 
no difference in Hpx concentrations between three different study groups: 
high-risk women who did and did not develop pre-eclampsia and low-risk 
women. 

4. Our study showed that plasma Hpx was higher in high-risk women who 
developed pre-eclampsia from 12–14 to 26–28 weeks of gestation when 
compared to low-risk women or high-risk women who did not develop pre-
eclampsia. It appeared that high-risk women who did not develop pre-
eclampsia had a unique profile of haem scavenger proteins during 
pregnancy: Firstly, unlike in high-risk women with subsequent pre-eclampsia 
and in low-risk women, their plasma concentration of Hpx did not change 
during the study period and it was lower during the first half of the pregnancy 
when compared to the other two groups. Secondly, the A1M concentration 
increased during the first half of the pregnancy and stayed at the higher level 
thereafter when compared to the other two groups. The change during the 
first half of the pregnancy was opposite to the change seen in high-risk 
women with subsequent pre-eclampsia, while there was no change in plasma 
A1M concentration in low-risk women. We also found that women who 
subsequently developed pre-eclampsia and gave birth to an SGA newborn 
had consistently higher plasma levels of A1M than women who developed 
pre-eclampsia and gave birth to an AGA newborn. The difference was 
significant from mid-gestation onwards. 
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