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Abstract  
 
Globally, pre-eclampsia is a leading cause of maternal and fetal morbidity and mortality. 

Approximately 2% of all pregnant women develop pre-eclampsia; women with high-risk co-

morbidities are particularly at risk with reported incidences of up to 20%. Evolving evidence 

suggests that an integrated screening tool combining medical history, ultrasound parameters 

and serum biomarkers may be of use in defining the patient-specific risk for pre-eclampsia.  

 

Against this background, this thesis examines the ability of baseline maternal characteristics, 

placental vascularisation indices, uterine artery Doppler and maternal serum biomarkers 

(Pregnancy Associated Plasma Protein-A (PAPP-A), Placental like Growth Factor (PlGF), 

soluble Fms-like tyrosine kinase (sFLt-1) and soluble Endoglin (sEng)) measured in the first 

and second trimesters of pregnancy to predict pre-eclampsia in high-risk women.  

 

To determine the added clinical utility and predictive value of these biophysical and 

biochemical parameters, a prospective longitudinal observational study of high-risk women 

and low-risk control participants was carried out (PREDICT). Set within the context of a 

systematic review evaluating the ability of (first trimester) placental vascularisation indices to 

predict pre-eclampsia, findings from the PREDICT study demonstrate that placental 

vascularisation indices perform well for prediction of pre-eclampsia in the first trimester and 

that measurements are repeatable and reproducible within a high-risk cohort. The added 

clinical utility of uterine artery Doppler ultrasound for prediction of pre-eclampsia  in high-

risk women was not apparent, however the additional clinical utility of a number of first 

(sFlt-1, sFlt-1:PlGF) and second trimester biomarkers (PlGF:sEng) was demonstrated. 

Results from the PREDICT study indicate a potential role for a first trimester combined 

screening model in high-risk women incorporating information about baseline maternal 

characteristics, vascularisation flow index and sFlt-1. In addition, an integrated screening 
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model combining baseline maternal characteristics and flow index is proposed for prediction 

of pre-eclampsia in the second trimester. 

 

Exploratory sub-group analysis demonstrated differences in performance of placental 

vascularisation indices, uterine artery Doppler and serum biomarkers in prediction of pre-

eclampsia. In particular, this thesis highlights the increased prevalence of obesity in 

pregnancy and its subsequent impact on performance of placental vascularisation indices and 

maternal serum biomarkers. 

 

Future research should focus on better understanding the underlying mechanisms for pre-

eclampsia in different sub-groups. Additional research is needed to extend current 

understanding of pre-eclampsia risk in relation to Body Mass Index trajectory and to explore 

suitable biomarker threshold ranges for prediction of pre-eclampsia in obese cohorts. 

 

Adoption of a combined screening model early in pregnancy to identify those women at 

highest risk of pre-eclampsia has the potential to significantly improve maternal and neonatal 

outcomes. It is evident that supplementary research to investigate the role of combined 

screening models for pre-eclampsia within high-risk sub-groups is required before 

introduction in a clinical setting. In challenging the existing pathways of antenatal care, 

clinicians have an opportunity to provide personalised medical care for women at greatest 

risk. 
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Chapter 1 
 

Introduction  
 

 

OVERVIEW 

Pre-eclampsia (PE) remains a leading cause of maternal, fetal and neonatal morbidity and 

mortality. Women with known high-risk characteristics including: type 1 and 2 diabetes mellitus 

(DM), body mass index (BMI) >35kg/m2, essential hypertension, a previous obstetric history of 

pre-eclampsia (PE), thrombophilia or autoimmune disease are at increased risk of adverse 

pregnancy outcomes, including PE (National Collaborating Centre for Women’s and Children’s 

health, 2010).  

A significant body of research investigating methods for prediction of PE exists. Particular focus 

has included evaluation of baseline maternal characteristics at booking, measurement of 

biophysical parameters including maternal blood pressure (BP) and BMI, evaluation of 

ultrasound parameters–including uterine artery Doppler (UAD) and 3 Dimensional Power 

Doppler (3DPD) acquisition of placental volume and placental vascularisation indices (PVIs)–in 

addition to assessment of maternal serum and urine biomarkers. While some evidence exists for 

the use of combined screening models for prediction of PE, little is known about their 

performance–including PVIs–in a carefully characterised high-risk obstetric population.  

 

The current ‘pyramid’ model of prenatal care dictates a higher concentration of antenatal visits 

later in pregnancy (Ministry of Health, 1930). This model of care remains in practice despite 

evolving evidence that an integrated booking visit combining the patient’s medical history and 

the results from biophysical and biochemical tests may be of use in defining the patient-specific 

risk for a wide spectrum of pregnancy complications (Nicolaides, 2011). Figure 1.1 summarises 
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the differences in antenatal care between the traditional pyramid model of care and the 

proposed inverted model which places maximum importance on an integrated booking visit.  

 

 

 

 

 

 
 

FIGURE 1.1: PYRAMID MODEL OF ANTENATAL CARE 

 
SOURCE: Nicolaides, K.H. (2011) ‘EDITORIAL A model for a new pyramid of prenatal care based on the 11 to 13 
weeks’ assessment.’, Prenatal diagnosis, 1(31), pp. 3–6. 
 

To date, there is little data on the use of such integrated tests in high-risk populations. Clinically, 

first trimester identification of pregnancies particularly at risk of developing secondary 

complications has major appeal; such a facility could potentially allow more appropriate 
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planning of antenatal care and the introduction of timely interventions to help prevent maternal 

and fetal complications.  

This work aims to challenge the existing pathways of care for women at risk of PE by 

investigating the clinical utility of UAD, 3DPD and measurement of maternal serum biomarkers 

in order to develop an integrated screening model for prediction of PE in high-risk pregnancies.  

 

1.2 PRE-ECLAMPSIA 

1.2.1 Epidemiology 
 
Worldwide, hypertensive disorders of pregnancy are responsible for around 18% of maternal 

deaths each year (62,000 - 77,000 deaths/annum) (Khan et al., 2006; Abalos et al., 2013). PE is 

major cause of maternal and perinatal morbidity and mortality affecting approximately 2% of all 

pregnant women (Abalos et al., 2014). Maternal complications include: HELLP syndrome 

(Haemolysis, Elevated Liver enzymes, Low Platelets), Disseminated Intravascular Coagulation 

(DIC), multi-organ failure, stroke, placental abruption, admission to intensive care and 

development of chronic hypertension. Additionally, these pregnancies are at increased risk of 

fetal complications including, miscarriage, stillbirth, Intrauterine Growth Restriction (IUGR), 

pre-term Delivery (PTD), complications of prematurity, hypoxic-ischaemic encephalopathy and 

admission to the neonatal unit (Sibai, Dekker and Kupferminc, 2005). 

 

1.2.2 Definitions 
 
Hypertensive disease in pregnancy has recently been re-classified by the International Society for 

the Study of Hypertension in Pregnancy (ISSHP). Four discrete categories are now recognised: 

(1) chronic hypertension (2) gestational hypertension (GH) (3) PE (de novo or superimposed on 

chronic hypertension (4) white coat hypertension (Tranquilli et al., 2013). PE and GH are 

characterised by new onset hypertension (systolic blood pressure >140 mmHg or diastolic 

blood pressure >90mmHg) after 20 weeks gestation (Redman and Russell, 2010). Updated 

guidance from the National Institute for Health and Care Excellence (NICE) further elaborates 
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on the definition of new onset hypertension: (1) a single diastolic blood pressure of 110 mmHg 

(2) two consecutive readings of 90 mmHg at least four hours apart (National Institute for 

Health and Care Excellence, 2016). Figure 1.2 summarises the revised definition of PE from the 

IHSSP (Tranquilli et al., 2014). 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.2: THE REVISED ISSHP DEFINITION OF PRE-ECLAMPSIA 

 
SOURCE: Tranquilli, A., et al. (2014) ‘The classification, diagnosis and management of the hypertensive disorders of 
pregnancy: A revised statement from the ISSHP.’, Pregnancy Hypertension, 4(2), pp. 97–104.  
 

For women with chronic hypertension, it is challenging for clinicians to diagnose PE. The 

updated guidance recommends diagnosis of PE when hypertension is present in addition to 

either proteinuria, maternal organ dysfunction or IUGR (Tranquilli et al., 2014). Similarly, for 

patients with renal impairment who may have secondary chronic hypertension, an additional 

clinical condition should be present before the diagnosis of PE is assigned (Tranquilli et al., 

2014). Classification of PE is typically sub-divided into early-onset PE (before 34 weeks 

gestation) and late-onset PE (after 34 weeks gestation). Early-onset PE is associated with a 

higher incidence of adverse pregnancy outcomes (Poon and Nicolaides, 2014). 

 

HYPERTENSION DEVELOPING AFTER 20 WEEKS GESTATION AND THE 
COEXISTENCE OF ONE OR MORE OF THE FOLLOWING NEW ONSET 
CONDITIONS: 
 

1. Proteinuria 
2. Other maternal organ dysfunction: 
• renal insufficiency (creatinine >90 umol/L) 
• liver involvement (elevated transaminases and/or severe right upper quadrant or 

epigastric pain) 
• neurological complications (examples include eclampsia, altered mental status, 

blindness, stroke, or more commonly hyperreflexia when accompanied by 
clonus, severe headaches when accompanied by hyperreflexia, persistent visual 
scotomata) 

• haematological complications (thrombocytopenia, DIC, haemolysis) 
3. Uteroplacental dysfunction foetal growth restriction 
• foetal growth restriction 
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1.2.3 Aetiology 
 
The placenta provides an essential link between the mother and her developing fetus. It has 

various roles including prevention of rejection of the fetal allograft, respiratory gas exchange, 

nutrient transportation, elimination of fetal waste products and secretion of peptide and steroid 

hormones (Regnault et al., 2002). 

 

PE is a multi-system disorder characterised by abnormal placental formation, resulting in sub-

optimal uteroplacental perfusion (Khong et al., 1986). A number of theories regarding its 

aetiology are suggested in the literature. PE has previously been classified as: (1) ‘maternal’ PE 

where there is an interaction between a normal placenta and pre-disposing maternal risk factors 

(Ness and Roberts, 1996) and (2) ‘placental mediated’ PE where the placenta is under oxidative 

stress in hypoxic conditions (Burton and Jauniaux, 2004). Placentation and utero-placental 

perfusion appears unaffected in women who develop maternal PE (Staff et al., 2013). Redman 

and colleagues further elaborate on these definitions stating that mixed presentations of 

maternal and placental PE are common (Redman and Sargent, 2005). 

1.2.3.1 Placentation 
 
Figure 1.3 depicts the traditionally accepted ‘two stage model’ evaluating the development of 

placental PE; pre-clinical (stage 1) and clinical (stage 2) (Redman and Sargent, 2005).  
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Figure 1.3: THE TWO-STAGE MODEL IN DEVELOPMENT OF PRE-ECLAMPSIA 

 
SOURCE: Redman, C.W. and Sargent, I.L. (2005) ‘Latest advances in understanding pre-eclampsia.’, Science, 308(5728), 
pp. 1592–1594. 
 

The pre-clinical phase (stage 1) originates from impaired placentation. Typically, embryonic 

implantation arises following adherence of the blastocyst to the epithelium of the uterine lumen 

(Ji et al., 2013). The trophoderm layer of the blastocyst exhibits highly differentiated functions; 

playing a major role in implantation and formation of the maternal-fetal interface (Red-horse et 

al., 2004). Placentation usually occurs via two distinct pathways. Trophoblast cells differentiate 

to either a villous pathway or extra-villous pathway. In the villous pathway, cytotrophoblast cells 

fuse to form a multi-nucleated syncytiotrophoblast. In the extra-villous pathway, 

cytotrophoblast cells further discriminate to either (1) interstitial extravillous trophoblasts which 

invade the decidua and myometrium or (2) endovascular extravillous trophoblasts which 

remodel the maternal vasculature; typically the decidua and inner third of the myometrial aspect 

of the uterine vessels (Regnault et al., 2002; Red-horse et al., 2004; Ji et al., 2013). Remodelling of 

the maternal vasculature is reflected by blood flow through the uterine spiral arteries.  Between 

6 weeks and 24 weeks gestation, in ‘normal’ pregnancy the uterine arteries progressively reduce 

their impedance to blood flow; therefore becoming low resistance, high capacitance vessels. 

Ultimately, this adaptation results in increasing blood flow through the utero-placental unit (Kuc 

et al., 2011). Figure 1.4 demonstrates the contrast in trophoblast behaviour in the ‘normal’ and 

pre-eclamptic situation (Lam, Lim and Karumanchi, 2005). These processes are influenced by 

multiple factors, including: oxidative stress, transcription factors, hormones, growth factors, 

signalling molecules and most recently microRNAs (ribonucleic acids) (Red-horse et al., 2004). 

In the clinical phase (stage 2) of placental mediated PE, the placenta becomes increasingly 

hypoxic resulting in maternal clinical manifestations, including, hypertension, proteinuria, 

deranged clotting and abnormal renal and liver function. In early-onset disease (<34 weeks 

gestation), fetal growth restriction and complications such as asphyxia and death are more likely 

due to severe placental insufficiency (Redman and Sargent, 2005).  
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Figure 1.4: PLACENTATION IN THE NORMAL AND PRE-ECLAMPTIC PLACENTA  

 
SOURCE: Lam, C., Lim, K-H. and Karumanchi, S.A. (2005) ‘Circulating angiogenic factors in the pathogenesis and 
prediction of preeclampsia.’, Hypertension, 46(5), pp. 1077–85. 
 

1.2.3.2 Immunological Theory 
 
Invasive trophoblast cells fail to adequately remodel maternal vessels in PE. Immunological 

theory suggests that this may be explained by poor trophoblast signalling to decidual immune 

cells, ultimately resulting in inadequate placentation (Rajagopalan and Long, 2005). It has also 

been proposed that PE may represent a form of maternal immune rejection of the fetus 

(Redman and Sargent, 2005). Invasive cytotrophoblasts express a unique combination of 

Human Leukocyte Antigens (HLAs), namely HLA – C, E and G. Of these, HLA-C is involved 

in signalling paternal antigens. In the decidua, HLA-C is recognised by Natural Killer cells (NK), 

and haplotypes exist to inhibit NK cells. PE is more common in women who are homozygous 

for inhibitory A haplotypes and is less likely in women with greater activation of NK cells 

(Rajagopalan and Long, 2005). 
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1.2.2.3 Oxidative Tension and Oxidative Stress 
 
Oxygen tension plays an important role in the differentiation process that leads to early 

cytotrophoblast invasion of the uterine wall. Initial placental development occurs in a relatively 

hypoxic environment, favouring cytotrophoblast proliferation rather than differentiation along 

the invasive pathway. Invasion of the maternal spiral arteries is inhibited by low oxygen tension, 

and it is thought likely that impaired endovascular invasion is associated with development of 

PE (Red-horse et al., 2004; Ji et al., 2013). 

 

Reactive oxygen species (ROS) are generated at sites of inflammation and injury. At low levels 

ROS can function as signalling molecules involved in regulating fundamental cell activities such 

as cell growth and cell adaptation responses. However, when present in higher concentrations, 

ROS can cause cellular injury and death (Lum and Roebuck, 2001). In PE, the hypoxic placenta 

is more likely to experience oxidative stress; an imbalance between anti-oxidant defences and 

production of ROS (Redman and Sargent, 2005). The presence of increased ROS results in 

damage to proteins, lipids and deoxyribonucleic acid (DNA) within the placenta which alters its 

structure and function. In 2007, Rumbold and colleagues published a Cochrane review to 

determine the effectiveness and safety of antioxidant supplementation during pregnancy and the 

risk of developing PE (Rumbold et al., 2008). The review included 10 randomised controlled 

trials (RCTs) (n=6,533) comparing one or more antioxidants with either placebo or no 

antioxidants during pregnancy for the prevention PE, and trials comparing one or more 

antioxidants with another, or with other interventions. No significant differences in the relative 

risk (RR) of developing PE were demonstrated between antioxidant and control groups for 

development (RR 0.73, 95% CI 0.51-1.06) or any other primary outcome including severe PE 

(RR 1.25, 95% CI 0.89-1.76). Currently, routine antioxidant supplementation in pregnancy for 

prevention of PE is not recommended. 
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1.2.3.4 Endothelial Dysfunction  
 
Normal adaptive responses to pregnancy should result in a reduction in total peripheral vascular 

resistance to compensate for increased circulating blood volume and demands of the growing 

fetus. In the setting of PE, women experience a maladaptive response where there is an increase 

in cardiac output, stroke volume and systemic vascular resistance (Dennis et al., 2012). In 

addition, markers of endothelial activation are increased including; thrombomodulin, von 

Willebrand factor, fibronectin and Plasminogen activator inhibitor-1 (Pai-1) (Deng et al., 1994; 

Savvidou et al., 2003). There is also evidence of increased platelet activation, along with cell 

adhesion molecules such as Platelet endothelial Cell Adhesion Molecule-1 (PCAM-1), 

Intercellular Adhesion Molecule-1 (ICAM-1), and Vascular Cell Adhesion Molecule-1 (VCAM-

1) (Konijnenberg et al., 1997; Szarka et al., 2010). Endothelial dysfunction contributes to 

modified vessel responsiveness; typically there is an increased level of circulating 

vasoconstrictors and thromboxane, hypersensitivity to vasopressors (drugs to induce 

vasoconstriction) and reduced response to vasodilators (Brennan, Morton and Davidge, 2014). 

These processes ultimately contribute to vasoconstriction and clinical manifestations of end-

organ disease. 

 

1.2.3.5 Angiogenic and Anti-angiogenic Factors 
 
Over the last decade accumulating evidence suggests that an imbalance between angiogenic 

factors, such as Placental like Growth Factor (PlGF), and anti-angiogenic factors, such as 

soluble Fms-like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng), play a key role in the 

pathogenesis of PE (Maynard et al., 2003; Maynard and Karumanchi, 2011). In low-risk (Levine 

et al., 2004, 2006; McKeeman et al., 2004; Romero et al., 2008) and high-risk women (Moore 

Simas et al., 2007; Sibai et al., 2008; Yu et al., 2009; Powers et al., 2010; Holmes et al., 2013), 

concentrations of angiogenic and anti-angiogenic factors are significantly different between 

women who develop PE (lower PlGF, higher sFlt-1 and higher sEng levels) compared with 

women who do not.  
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1.2.3.6 Atherosis 
 
Recent work by Staff and colleagues (Staff, Dechend and Redman, 2013) proposes that some 

cases of PE (20-40%) (Zeek and Assali, 1950) may be attributable to the development of acute 

atherosis in pregnancy. Lipid filled foam cells collect in the walls of the spiral arteries of the 

uteroplacental circulation; most commonly in the decidua. These lesions mimic early stage 

atherosclerosis and are thought to regress after delivery. The mechanisms contributing to acute 

atherosis are largely unknown but are related to defective vascular remodelling of the spiral 

arteries in the first trimester. Links to immunological theory have been suggested; similar to the 

abnormal immune reaction in the decidua between the maternal and fetal cells which causes 

impaired vascular remodelling, immunological mismatch may promote the deposition of lipids 

in the placental circulation (Redman and Sargent, 2005; Staff, Dechend and Redman, 2013). 

Interestingly, lipid deposition in the spiral arteries also occurs in pregnancies unaffected by PE 

suggesting these changes are not solely confined to maladapted spiral arteries or requiring the 

presence of background hypertension (Staff, Dechend and Pijnenborg, 2010). This theory may 

help clinicians further elucidate why women with an obstetric history of PE are more likely to 

develop cardiovascular complications in later life (Staff et al., 2013). 

 

1.2.3.7 The Revised Two-stage Model of Pre-eclampsia 
 
Following the introduction of ‘the two stage model’ to explain the aetiology of  PE (Redman 

and Sargent, 2005), Roberts and colleagues subsequently proposed a revised model which takes 

account of the adaptive fetal response (Roberts and Hubel, 2009). Figure 1.5 summarises the 

maternal and fetal interactions in the pathogenesis of PE. The authors hypothesise that in the 

setting of reduced placental perfusion–though not necessarily abnormal placentation–the fetal 

placental unit works to increase nutrient availability, while the maternal metabolism functions to 

regulate this process. The authors propose that not all women can tolerate this alteration in fetal 

response which in turn effects change on their physiology. In addition, maternal risk factors can 

also influence placentation. In summary, the presence of multiple ‘linkages’ between the 

placenta, maternal and fetal physiology although not fully understood may better explain the 
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wide spectrum of clinical manifestations of PE; particularly within different sub-groups (Roberts 

and Hubel, 2009). 

 

Figure 1.5: REVISED TWO-STAGE MODEL FOR PATHOGENESIS OF PRE-ECLAMPSIA 

 
─ ─ ─ shows links between stage 1 (placental perfusion), maternal risk factors and stage 2 (fetal and maternal 
adaptive response to placentation)  
 
SOURCE: Roberts, J.M. and Hubel, C.A. (2009) ‘The Two Stage Model of Preeclampsia: Variations on the Theme.’, 
Placenta. 23(30), pp. 32–37.  
 

1.2.4 Risk Factors 
 
Women with obesity, diabetes mellitus (DM), hypertensive disease, renal disease, intrauterine 

growth restriction (IUGR), thrombophilia and autoimmune disease are at increased risk of 

developing PE (Catov et al., 2007) with reported incidences of up to 20% in ‘high-risk’ 

populations (Herraiz et al., 2012).  

 

1.2.4.1 Obesity  
 
Obesity is a global problem with major implications for individual and public health. The 

literature suggests that the problem is being translated into pregnancy with almost 50% of 
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pregnant women classified as overweight or obese (Scott-Pillai et al., 2013). Maternal obesity has 

significant health and socio-economic implications including increased risk of miscarriage, 

gestational diabetes mellitus (GDM), GH, venous thromboembolism and PE (CEMACE, 2010). 

Obesity is also associated with an increase in adverse neonatal outcomes, including, stillbirth, 

congenital abnormalities, neonatal intensive care admission and neonatal death (Bhattacharya et 

al., 2007). A retrospective study of 30,298 singleton pregnancies was conducted in Northern 

Ireland (NI) (2004-2011) to assess the prevalence of obesity and its impact on maternal and 

neonatal outcomes (Scott-Pillai et al., 2013). The results showed that women with a BMI ≥35 

kg/m2 (n=1780; 6%) were at significantly increased risk of adverse outcomes compared with 

women of normal weight; 16% developed hypertensive disorders of pregnancy, 8% developed 

GDM, 7% had a PTD (<37 weeks gestation), 4% delivered a low birth-weight infant (<2.5kg) 

and 23% had a macrosomic infant (>4.0kg). The rate of stillbirth was 0.8%.  

 

A systematic review carried out by O’Brien and colleagues in 2003 identified 13 cohort studies 

(approximately 1.4 million women) examining the relationship between maternal obesity and 

risk of PE. Risk of PE typically doubled with each 5–7 kg/m2 increase in pre-pregnancy BMI 

(O’Brien, Ray and Chan, 2003). This review was further supported by a longitudinal cohort 

study carried out by Bodnar and colleagues which again studied the effect of obesity on risk of 

PE (Bodnar et al., 2005a). A marked increase in risk of PE was noted in women with a BMI of 

30 kg/m2 compared with women with a BMI of 15 kg/m2. The adjusted risk of PE doubled at a 

BMI of 26 kg/m2 (odds ratio (OR) 2.1, 95% confidence interval (CI) 1.4-3.4), and almost tripled 

at a BMI of 30 (OR 2.9, 95% CI 1.6-5.3). Women with a BMI of 17 kg/m2  had a 57% reduction 

in PE risk compared with women with a BMI of 21 kg/m2  (OR 0.43, 95% CI 0.25-0.76), and a 

BMI of 19 kg/m2 was associated with a 33% reduction in risk (OR 0.66, 95% CI 0.50-0.87) 

(Bodnar et al., 2005a).  

 

The mechanisms underlying the relationship between obesity and development of PE are not 

well understood. Excessive weight gain is associated with metabolic and biochemical 
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disturbances, including increased insulin resistance, dyslipidaemia, chronic inflammation and 

oxidative stress; features common to PE (Reilly and Rader, 2003). It is proposed that in the 

context of metabolic syndrome, (obesity, hypertension, insulin resistance, impaired glucose 

tolerance and dyslipidaemia) obesity contributes to hypertension by reducing nitric oxide levels, 

increasing sympathetic tone and release of angiotensinogen by adipose tissue (Dandona et al., 

2005). Release of free fatty acids from adipocytes and presence of dyslipidaemia may also 

contribute to increased oxidative stress and insulin resistance seen in obese individuals 

(Jeyabalan, 2013). Adipose tissue also generates release of inflammatory mediators (C-reactive 

protein, Interleukin-6, Tumor Necrosis Factor α) which can act to alter the function of 

endothelial cells, confer insulin resistance and increase risk of PE in addition to future 

cardiovascular complications (Grimble, 2002; Bodnar et al., 2005b). Leptin and adiponectin; 

hormones produced by adipose tissue and secreted by the placenta also affect metabolism and 

have been linked to development of cardiovascular disease (Jeyabalan, 2013). Obesity is 

associated with elevated leptin and decreased adiponectin concentrations (Correia and Haynes, 

2004). Elevated leptin concentrations have been linked to increased risk of PE, (Teppa et al., 

2000) however, the relationship between adiponectin levels and development of PE remains 

unclear. Adiponectin has insulin sensitising effects, is decreased in obese individuals and is 

inversely correlated with cardiovascular risk (Mazaki-Tovi et al., 2009).  

 

An imbalance of circulating angiogenic factors may also contribute to increased risk of PE in 

obese women. This may be due to increased production of sFlt-1, an anti-angiogenic marker 

which results in reduced production of PlGF and Vascular Endothelial Growth Factor (VEGF). 

This shift in expression of angiogenic markers causes altered circulating serum concentrations in 

pregnancy. This is thought to affect endothelial cells, causing target organ damage and maternal 

presentation of PE (Maynard et al., 2003; Levine et al., 2004).  

 

Clearly, the relationship between maternal obesity and risk of PE is complex and as yet is not 

well defined. Future research is required to investigate the interaction between maternal obesity 
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and risk of PE in addition to studying the behaviour and predictive ability of maternal serum 

biomarkers in both the first and second trimester of pregnancy.  

 

1.2.4.2 Diabetes Mellitus 
 
Diabetes mellitus in pregnancy is a high risk condition for both mothers and babies. 

Approximately 0.5% of pregnancies are complicated by type 1 and type 2 diabetes (National 

Collaborating Centre for Women’s and Children’s health, 2008). The Confidential Enquiry into 

Maternal and Child Health (CEMACH) involving 3,000 women with type 1 and type 2 DM 

from England, Wales and NI, demonstrated that perinatal mortality and congenital 

malformation rates were 3-5 times higher than in the non-diabetic pregnant population 

(Confidential Enquiry into Maternal and Child Health, 2004). Other well documented risks to 

the mother and baby include miscarriage, preterm labour, maternal hypoglycaemia, fetal 

macrosomia, neonatal hypoglycaemia and birth injury (National Collaborating Centre for 

Women’s and Children’s health, 2008). More recent data collected from the NorDip survey 

(Northern Diabetes in Pregnancy), reflects these previous findings (Tennant et al., 2015). The 

study included a total of 440 pregnancies in women with type 1 and type 2 diabetes (n=220); 67 

first pregnancies (30.5%) ended in serious adverse outcome (including miscarriage, stillbirth or 

congenital abnormality). In their first pregnancy, 16 women had fetuses (6.4%) with congenital 

abnormalities and there were 53 (24.1%) additional fetal or infant deaths. Overall, serious 

adverse outcomes were 50% less common (n=37, 16.8%) in the second pregnancy. However, 

women who had previously experienced a serious adverse outcome were twice as likely to 

experience a further serious adverse outcome in comparison to women who had a previously 

unaffected pregnancy (26.9% v 12.4%, P=0.004) (Tennant et al., 2015).  

 

The rates of PE are two to four times higher in women with type 1 DM than that in the general 

population. In addition, increased risk of PE correlates with complexity of maternal diabetes 

(Persson, Norman and Hanson, 2009). A large multicentre study of 749 pregnant women with 

type 1 DM demonstrated a prevalence of PE of 17% of pregnancies (Holmes et al., 2011). In 
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this population, HbA1c values appeared to independently predict PE; a reduction of 1% in 

HbA1c at any time point in pregnancy was associated with a significantly reduced risk of PE 

(Holmes et al., 2011). Although not fully understood, the links between DM and risk of PE may 

be similar to mechanisms linking obesity and PE. Diabetic pregnancies by their nature are 

subject to increased insulin resistance, alterations in maternal micro-vasculature and have 

recently been linked to an imbalance in circulating angiogenic and anti-angiogenic factors. 

Holmes and colleagues studied the role of angiogenic and anti-angiogenic factors to predict PE 

in women with type 1 DM. At 26 weeks gestation, women who later developed PE had lower 

PlGF, higher sFlt-1, the ratio of PlGF to sEng was lower and the ratio of sFlt-1 to PlGF was 

significantly higher (Holmes et al., 2013). Smaller longitudinal studies have also examined these 

markers in women with type 1 DM who did not have microalbuminuria in early pregnancy (Yu 

et al., 2009), women with pre-existing diabetes requiring insulin (Powers et al., 2010), and a group 

of women with type 1 or type 2 DM (Cohen et al., 2014). Prior to 25 weeks gestation, sFlt-1, 

sEng and PlGF did not differ between women with diabetes who developed PE and those who 

did not (Yu et al., 2009; Powers et al., 2010; Cohen et al., 2014). After 25 weeks gestation, results 

were conflicting. Some studies reported lower PlGF (Yu et al., 2009; Cohen et al., 2014), higher 

sFlt-1 (Yu et al., 2009) or higher sEng (Powers et al., 2010) in women who developed PE; others 

found no difference in PlGF (Powers et al., 2010), sFlt-1 (Powers et al., 2010; Cohen et al., 2014) 

or sEng concentrations (Yu et al., 2009). Conflicting results may be because of small sample 

sizes, differing inclusion criteria and variation in sample type and processing (Weissgerber and 

Mudd, 2015). 

 

1.2.4.3 Hypertensive Disease 
 
Women with essential hypertension, chronic renal impairment, a history of previous PE or GH 

are at risk of developing future PE. Risk of PE following GH–defined as new onset 

hypertension presenting after 20 weeks without significant proteinuria–is between 13-53%, 

while risk of PE in a future pregnancy following mild or moderate PE is 16% (National 

Collaborating Centre for Women’s and Children’s health, 2010). Risk of PE is reported to 
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increase to 25% if the pregnancy was complicated by severe PE (HELLP, eclampsia or PTD 

less than 34 weeks gestation). If delivery occurred at less than 28 weeks gestation as a result of 

PE, future risk is thought to be 55% (National Collaborating Centre for Women’s and 

Children’s health, 2010). Recurrent PE has been associated with increased rates of PTD, delivery 

of a small for gestational age (SFGA) infant, placental abruption and perinatal mortality (Hnat et 

al., 2002). The economic burden of recurrent PE is also evidenced by extended maternal 

inpatient postnatal stays and an increased number of admissions to the Neonatal Intensive Care 

Unit (NICU) (Bramham et al., 2011).  

 

The relationship between essential hypertension and super-imposed PE is conflicting. In 

general, essential hypertension is an accepted risk factor for PE (Bramham et al., 2014). 

Lecarpentier and colleagues retrospectively analysed risk factors for prediction of PE in women 

with essential hypertension at booking (n=211) (Lecarpentier et al., 2013). PE developed in 

23.2% of women (n=49). Using logistic regression analysis, previous PE and MAP ≥95 mmHg  

were associated with increased risk of superimposed PE. When both variables were present, 

sensitivity, specificity, positive predictive value, negative predictive value, and likelihood ratio for 

superimposed PE were 43%, 94%, 70%, 85%, and 7.71 (Lecarpentier et al., 2013). This finding is 

supported by previous work from Chappell and colleagues who noted an 22% incidence of 

superimposed PE in 822 women recruited to a randomised of antioxidant supplementation trial 

to prevent PE in pregnant women at increased risk (Vitamins in Preeclampsia (VIP) trial) 

(Chappell et al., 2008). In contrast, Sibai and colleagues did not find an increased rate of PE in 

women with essential hypertension on secondary analysis of data from 369 women enrolled in a 

multicentre trial of antioxidants to prevent PE (Sibai et al., 2011).  

 

A previous history of PE also contributes to future risk of developing PE. Bramham and 

colleagues designed a prospective longitudinal study following a cohort of 500 women who had 

a previous obstetric history of PE requiring delivery before 37 weeks gestation (Bramham et al., 

2011). PE re-occurred in 23% of women (n=117). Predictive variables included Black or Asian 
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ethnicity (OR 2.29, 95% CI 1.16–4.53 and OR 2.98, 95% CI 1.33–6.59, respectively), systolic BP 

of >130 mmHg at recruitment (OR 2.89, 95% CI 1.52–5.50), ongoing antihypertensive use (OR 

6.39, 95% CI 2.38– 17.16), and proteinuria of ≥2+ (OR 12.35, 95% CI 3.45–44.21) (Bramham et 

al., 2011). 

 

The underlying mechanisms linking essential hypertension and previous PE to development of 

future PE are complex. As previously discussed, abnormal placentation is thought to result in 

widespread activation of the maternal vascular endothelium (Redman and Sargent, 2005), 

resulting in the release of a number of factors including angiogenic and anti-angiogenic factors 

as well as inflammatory activators into the maternal systemic circulation (Brennan, Morton and 

Davidge, 2014). These factors mediate vascular function and can impact the endothelium in 

multiple ways, including enhanced endothelial oxidative stress (Redman and Sargent, 2005). 

 

1.2.4.4 Renal Disease 
 
Approximately 4% of women are affected by chronic kidney disease (CKD) (Fischer, 2007). 

However, pregnancy in women with diagnosed renal disease is fairly uncommon (0.03-0.12%) 

due to the increased likelihood of sub-fertility as the result of secondary amenorrhoea or 

prescribed medications (Fink et al., 1998). Pre-existing renal disease is an independent risk factor 

for development of PE, PTD, delivery of low birth weight infants and neonatal death (Fischer, 

2007). Severity of PE correlates with degree of renal impairment (Fischer, 2007). For women 

with mild primary CKD who have well controlled blood pressure, the majority of pregnancies 

result in live births and renal function remains unaffected. In the setting of moderate and severe 

maternal primary CKD, the incidence of fetal and maternal complications increases significantly 

with an often irreversible corresponding decline in maternal renal function (Fischer, 2007). A 

retrospective study by Fink and colleagues evaluated adverse pregnancy outcomes in 169 

women with renal disease in pregnancy. The study demonstrated a seven fold increase in 

development of PE (OR 7.2, 95% CI 4.2-12.5), eight fold increase in preterm labour (OR 7.9, 
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95% CI 1.9-32.6) and these women were five times more likely to deliver a SFGA infant (OR 

5.3, 95% CI 2.8-10.0) (Fink et al., 1998).  

 

Diabetic nephropathy remains the most common cause of renal disease in pregnancy, however a 

number of other conditions including glomerulonephritis, lupus nephropathy or prior renal 

transplantation may complicate high-risk pregnancies (Fischer, 2007; McKay and Josephson, 

2008). Women with diabetic nephropathy are more than twice as likely to develop PE in 

comparison to normal controls (35-66%) (Sibai, 2000). These women require careful follow up 

throughout pregnancy in order to promptly detect decline in renal function as well as early-onset 

PE. Women planning a pregnancy post transplantation or with DM are advised to attend pre-

conceptual counselling clinics. In addition to the risk of PE (up to 32%) (Armenti et al., 2004), 

there is an increased risk of graft rejection during pregnancy (McKay and Josephson, 2008). For 

women who conceive following renal transplantation, thorough evaluation of graft function; 

including degree of proteinuria, renal function, control of hypertension and optimisation of 

medications in early pregnancy is required (McKay and Josephson, 2008).  

 

1.2.4.5 Intrauterine Growth Restriction 
 
 Small–for–gestational age commonly refers to an infant born with a birth weight less than the 

10th centile (Royal College of Obstetricians and Gynaecologists, 2013). However, there remains 

debate regarding the definitions of SFGA birth and severe SFGA. In the most recent guideline 

from the RCOG, SFGA birth is defined as an estimated fetal weight (EFW) or abdominal 

circumference (AC) less than the 10th centile and severe SFGA as an EFW or AC less than the 

3rd centile (Chang et al., 1992; Royal College of Obstetricians and Gynaecologists, 2013). IUGR 

is not synonymous with SFGA. IUGR implies a pathological restriction of the genetic growth 

potential of a fetus, rather than a small but growing fetus (Royal College of Obstetricians and 

Gynaecologists, 2013) and approximately 50-70% of SFGA fetuses are constitutionally small 

(Alberry and Soothill, 2007). Causes of pathological growth restriction include: non–placental 

mediated growth restriction, (e.g.) structural or chromosomal abnormality, inborn errors of 
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metabolism, fetal infection and placental mediated growth restriction. Maternal factors can also 

impact placental function including: low maternal pre–pregnancy weight, under nutrition, 

substance abuse or severe anaemia (Royal College of Obstetricians and Gynaecologists, 2013). 

In 2013, Unterscheider and colleagues conducted a prospective observational multi-centre study 

to evaluate the association between sonographic findings and perinatal morbidity and mortality 

in pregnancies complicated by growth restriction (Prospective Observational Trial to Optimise 

Paediatric Health in Intrauterine Growth Restriction [PORTO study]) (Unterscheider et al., 

2013). Over an 18 month period, 1,200 singleton pregnancies with an EFW <10th centile were 

recruited between 24+0-36+6 weeks gestation. Abnormal umbilical artery Doppler (absent or 

reversed end-diastolic flow in umbilical artery or pulsatility index (PI) >95th centile) and EFW 

<3rd centile were strongly and most consistently associated with adverse perinatal outcomes. 

Consequently, the authors called for consensus regarding the definition of IUGR and use of 

stricter centile cut-offs to enable appropriate antenatal resource allocation and improved 

pregnancy outcomes (Unterscheider et al., 2013). 

 

Placental mediated growth restriction is thought to be due to inadequate uteroplacental blood 

flow and resultant placental infarction (Alberry and Soothill, 2007). Traditionally, the aetiology 

of IUGR is felt to be similar to PE; characterised by failure of trophoblast differentiation, 

invasion, and remodelling of the spiral arteries (Axt et al., 1999). Therefore, it has been 

hypothesised that IUGR and PE are different clinical manifestations of the same pathological 

process (Sibai, Dekker and Kupferminc, 2005). This view is debated in the current literature. In 

2006, Villar and colleagues carried out a retrospective review of data collected on 39,615 

pregnancies during the World Health Organisation (WHO) antenatal care trial. Determinants of 

PE, GH and IUGR were compared. The incidence of PE was 2.2%; while the incidence of 

IUGR in these women was 22.2%. Logistic regression analysis suggested that unexplained 

IUGR–not associated with smoking, malnutrition, hypertensive conditions or congenital 

malformation–was a different entity from PE. However, in this study, a history of a low birth 

weight infant increased a women’s risk of PE (OR 1.3, 95% CI 0.9-1.9) (Villar et al., 2006). In 
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addition, Tranquilli and colleagues include IUGR in the revised International Society for the 

Study of Hypertension in Pregnancy (ISSHP) guidelines defining PE (Tranquilli et al., 2014).  

 

1.2.4.6 Thrombophilia and Autoimmune Disease 
 
Thrombophilias can be inherited (antithrombin deficiency, protein C deficiency, protein S 

deficiency, factor V Leiden deficiency, prothrombin gene G20210A mutation (PTM), 

thrombocythaemia, inherited hyperhomocysteinaemia) or acquired (lupus anticoagulant, 

anticardiolipin antibodies, β2-glycoprotein 1 antibodies, acquired hyperhomocystinaemia).  

 

Approximately 11% of the population have inherited thrombophilias; these are associated with 

development of venous thromboembolism, recurrent miscarriage, stillbirth, PE and placental 

abruption (Myers and Sue, 2011). The association between inherited thrombophilia and risk of 

PE is poorly understood. Microthrombi are a common finding in the placental vasculature of 

women with pregnancy loss, and placental thrombosis has been described in association with 

individual thrombophilias, however, this is not a consistent finding in this group of women. 

Adverse pregnancy outcomes may be due to the combination of an inherited thrombophilia and 

altered maternal trophoblast characteristics which affect placental development (Myers and Sue, 

2011). Results from studies showing an association between inherited thrombophilia and risk of 

PE are conflicting. In a systematic review assessing the risk of PE in women with thrombophilia 

(25 studies, n=11,183), Robertson and colleagues reported significant associations between risk 

of PE and factor V Leiden deficiency (OR 2.19, 95% CI 1.46–3.27), PTM (OR 2.54, 95% CI 

1.52–4.23) and hyperhomocysteinaemia (OR 3.49, 95% CI 1.21–10.11) (Robertson et al., 2005). 

However, data from Rodger and colleagues showed no association between factor V Leiden 

(OR 1.22, 95% CI 0.89–1.66), PTM (OR 1.24, 95% CI 0.72–2.12) and PE (Rodger et al., 2010). 

 

Prevalence of acquired thrombophilias —commonly known as anti-phospholipid syndrome 

(APLS)— is approximately 2% in the general population (Roubey, 1996). Acquired 

thrombophilias are associated with recurrent pregnancy loss, thrombosis, PE and IUGR (Khare 
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and Nelson-Piercy, 2003). Adverse pregnancy outcomes due to acquired thrombophilia are 

attributed to: (1) defective placentation and (2) vascular and placental thrombosis (Tersigni, 

D’Ippolito and Simone, 2013). Early pregnancy failure may be due to impaired development of 

the trophoblast and failure to establish effective fetoplacental circulation (Khare and Nelson-

Piercy, 2003), while in pregnancies with late onset complications, examination of placental 

samples has demonstrated an association between APLS and massive perivillous fibrosis 

deposition and infarction (Out et al., 1991). Predictors of poor outcome include previous 

obstetric history and the level of antibody titre; in particular anticardiolipin antibody (Khare and 

Nelson-Piercy, 2003). Mechanisms thought to contribute to increased risk of thrombosis include 

activation of endothelial cells and oxidant-mediated injury of the vascular endothelium and 

interference of the function of phospholipid-binding proteins involved in the regulation of 

coagulation (Khare and Nelson-Piercy, 2003). 

 

1.2.4.7 Other Risk Factors 
 
A systemic review by Duckitt and colleagues evaluated risk factors for PE at antenatal booking 

appointments. Nulliparity is an independent risk factor for development of PE; women are 

three times more likely to develop PE in their first pregnancy (Duckitt and Harrington, 2005), 

while new paternity also increases the risk of PE suggesting an underlying causative 

immunological mechanism (Jeyabalan, 2013). Conventionally extremes of maternal age have 

thought to have been associated with risk of PE; however young age does not appear to confer 

any increased risk of PE. A woman is twice as likely to develop PE if aged more than 40 years 

old, despite her parity: for primigravidas, RR of PE is 1.68 (95% CI 1.23-2.2) and for parous 

women, RR of PE is 1.96 (95% CI 1.34-2.87) (Bianco et al., 1996). Nationwide data from the 

United States also report that risk of PE increases by 30% for each additional year of age past 34 

years (Saftlas et al., 1990). A maternal history of a first degree relative of PE nearly triples her 

risk of PE (Duckitt and Harrington, 2005). Disease clusters of PE have also been noted among 

families; however, individual genetic studies have as yet produced inconsistent results (Fong et 

al., 2014). A meta-analysis carried out by Fong and colleagues including 57 studies demonstrated 
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increased risk of PE in the presence of factor V gene, coagulation factor II (thrombin gene: 

mutation G20210A), leptin receptor gene and thrombophilic gene groups. Despite this, the 

authors note that currently there is insufficient evidence to suggest a causal relationship between 

these genes and PE (Fong et al., 2014). 

 

1.3 PREDICTION OF PRE-ECLAMPSIA 

Almost fifty years ago, the WHO commissioned a report on screening for disease from Wilson 

and Jungner (Wilson and Jungner, 1968). The authors defined their classic screening criteria 

which continue to remain relevant today (figure 1.6). PE is a global health problem which meets 

many if not all of the principles outlined by Wilson and Jungner. Development of a suitable 

screening tool for prediction of PE is of vital importance. Implementation of an appropriate 

screening model has the potential to negate the devastating consequences faced by mothers and 

their infants as a result of PE.  

 

 

 

 

 

 

 

 
 
 
 

Figure 1.6: WILSON AND JUNGER CLASSIC SCREENING CRITERIA 

 

SOURCE: Wilson, J. and Jungner, Y. (1968) ‘Principles and practice of screening for disease.’, World Health 
Organization, 65(4), pp. 281–393. 
 

 

 

1. The condition sought should be an important health problem 
2. There should be an accepted treatment for patients with recognized disease 
3. Facilities for diagnosis and treatment should be available 
4. There should be a recognizable latent or early symptomatic stage 
5. There should be a suitable test or examination 
6. The test should be acceptable to the population 
7. The natural history of the condition, including development from latent to declared disease, 

should be adequately understood 
8. There should be an agreed policy on whom to treat as patients 
9. The cost of case-finding (including diagnosis and treatment of patients diagnosed) should 

be economically balanced in relation to possible expenditure on medical care as a whole 
10. Case-finding should be a continuing process and not a “once and for all” project 
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1.3.1 Maternal Characteristics 
 
In the UK, evaluation of a woman’s risk for hypertension in pregnancy is currently based on 

guidance from NICE (National Collaborating Centre for Women’s and Children’s health, 2010). 

Women who are screened as ‘high-risk’ for hypertensive disease in pregnancy are advised to 

start aspirin at 12 weeks gestation until delivery (75mg once daily). Risk factors include: chronic 

hypertension, hypertensive disease in a previous pregnancy, CKD, autoimmune disease such as 

APLS or systemic lupus erythematous (SLE) and type 1 or type 2 DM. Women with more than 

one moderate risk factor —first pregnancy, aged 40 years or older, pregnancy interval of more 

than 10 years, BMI ≥35 kg/m2 or more at their first visit, family history of PE or multiple 

pregnancy— are also advised to commence aspirin at 12 weeks until delivery (figure 1.7). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.7: USE OF ASPIRIN IN PREGNANCY 

 

SOURCE: National Collaborating Centre for Women’s and Children’s health (CEMACE). (2010) ‘Hypertension in 
pregnancy: the management of hypertensive disorders during pregnancy.’, London: NICE 
 
 

In addition to prescription of aspirin, clinicians are also advised to commence fetal growth 

surveillance if women have a history of severe PE, PTD <34 weeks as a result of PE, IUGR 

ADVISE WOMEN WITH 1 OR MORE HIGH RISK FACTORS TO TAKE 75MG 
ASPIRIN ONCE DAILY UNTIL DELIVERY: 

 
• Hypertensive disease in a previous pregnancy 
• Chronic kidney disease 
• Autoimmune disease (systemic lupus erythematosis / antiphospholipid 

syndrome) 
• Type 1 or type 2 diabetes mellitus 
• Chronic hypertension 

 
ADVISE WOMEN WITH 2 OR MORE MODERATE RISK FACTORS TO TAKE 75MG 

ASPIRIN ONCE DAILY UNTIL DELIVERY: 
 

• First pregnancy 
• Age ≥ 40 years 
• Pregnancy interval of more than 10 years 
• Body mass index (BMI) > 35 kg/m2 at booking 
• Family history of pre-eclampsia 
• Multiple pregnancy 
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<10th centile, intrauterine fetal death (IUFD) or placental abruption associated with PE. This is 

recommended four weekly from 28 weeks gestation, or two weeks prior to onset of the previous 

hypertensive disorder of pregnancy (National Collaborating Centre for Women’s and Children’s 

Health, 2010).  

  

Performance of screening models based solely on maternal characteristics was evaluated by 

Poon and colleagues in 2010 (Poon et al., 2010). This was a prospective screening study for 

hypertensive disorders in women attending for booking in their first pregnancy. Data from 

8,366 women was collected; 2% developed PE, 1.7% developed GH and 96.4% of women were 

unaffected. Using NICE guidance (National Collaborating Centre for Women’s and Children’s 

Health, 2010) as the reference screening tool, detection rates of early PE (89.2%), late PE 

(93.0%), GH (85%) were calculated. However, a false positive rate (FPR) of 64.1% was 

determined. The authors compared performance of the NICE model to a combined screening 

algorithm derived from logistic regression analysis. Significant predictor characteristics included: 

maternal age, BMI, racial origin, parity, history of PE and/or hypertension and history of 

ovulation induction methods. For a 5% FPR, detection rates for early PE, late PE and GH were 

37%, 28.9% and 20.7% respectively. This work indicates the need for more detailed screening 

models which incorporate maternal characteristics in addition to other screening modalities to 

help improve detection rates of PE. 

 

1.3.2 Mean Arterial Pressure 
 
Many screening models incorporate measurements of mean arterial blood pressure (MAP). 

Obtaining accurate and standardised measurements of MAP is essential to aid accurate 

prediction of PE. Variables influencing recording of BP include: inter-operator variability using 

manual sphygmomanometers (Rose, 1965), cuff size, inter-arm difference in BP (Lane et al., 

2002), arm position and patient posture (Poon and Nicolaides, 2014). In addition, first trimester 

MAP has been shown to be affected by maternal BMI, racial origin, smoking status, personal 

and family history of PE and history of essential hypertension (Wright et al., 2012).  Widespread 
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introduction of automated BP monitors in clinical practice allows standardised and repeated 

measurement of BP. Many of these monitors are now validated for use in pregnancy and also 

for prediction of PE, for example, OMRON MIT Elite BP monitor. However, users must still 

choose the correct cuff size and position patients correctly in order to obtain accurate results.  

 

The first recording of BP is often the highest, it is therefore recommended that a series of BP 

measurements are carried out until a point of stability is achieved (National Heart Foundation of 

Australia, 2010; Poon et al., 2012). Performance of screening for PE using different 

combinations of MAP was previously compared with the National Heart Foundation of 

Australia recommendations (NHFA) (National Heart Foundation of Australia, 2010) (Poon et 

al., 2012). The NHFA recommends that BP should be measured at least twice in both arms with 

one minute intervals between readings until a point of stability is reached. This is defined as: (1) 

systolic BP in both arms within 10 mmHg (2) diastolic BP in both arms within 6 mmHg 

(National Heart Foundation of Australia, 2010). MAP was measured in 587 women (2.4%) who 

developed PE and 22,900 women who were unaffected by hypertensive disorders of pregnancy. 

The area under the receiver operating characteristic (AUC) for prediction of PE using MAP as 

recommended by the NHFA was 0.773 (95% CI 0.768-0.778). This was not significantly 

different from the AUC obtained by the average MAP of the first three measurements from one 

arm (AUC 0.765, 95% CI 0.760-0.771) or the average of the first (AUC 0.776, 95% CI 0.760-

0.771), second (AUC 0.771, 95% CI 0.766-0.777) and third measurements from both arms 

(AUC 0.773, 95% CI 0.768-0.778). The authors recommended that blood pressures are 

measured twice in both arms followed by calculation of MAP (Poon et al., 2012). Detection rates 

of PE are improved with the addition of MAP measurement to maternal characteristics. For a 

false positive rate (FPR) of 5%, detection of PE (<34 weeks) improved from 36% to 58% while 

detection of late PE (>37 weeks) improved from 33% to 44% (Poon and Nicolaides, 2014). 
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1.3.3 Proteinuria 
 
Previously a cardinal sign for diagnosis of PE, development of proteinuria is no longer required 

to meet the diagnostic criteria for PE (Tranquilli et al., 2014). Development of proteinuria in PE 

may represent a late marker of renal injury (Craici et al., 2014). During pregnancy, renal 

perfusion and glomerular filtration rate (GFR) increase, resulting in a physiological drop in the 

serum creatinine concentrations. In response to increased GFR and permeability of the 

glomerular basement membrane, urinary protein excretion increases.  To further compound this 

physiological change, tubular reabsorption of filtered protein is reduced in pregnancy (Roberts, 

Lindheimer and Davison, 1996). Development of significant proteinuria in addition to 

hypertension pre-disposes women to stroke, coagulopathy and liver dysfunction (Morris et al., 

2012). At present, the gold standard for diagnosing abnormal proteinuria in pregnancy is a 24 

hour urine collection (≥300mg/24 hours). In practice, a spot urine protein/creatinine is used 

with a value ≥30mg/mmol creatinine representing significant proteinuria (Tranquilli et al., 2014). 

There is insufficient evidence to support the routine introduction of spot protein/creatinine 

ratios due to heterogeneity across studies and also limitations of test accuracy to identify mid to 

high range proteinuria (Papanna et al., 2008; Morris et al., 2012). 

 

1.3.4 Podocyturia 
 
Recent data from Craici and colleagues suggest that podocyturia–urinary loss of viable 

glomerular epithelial cells (podocytes)–may occur before the onset of clinically recognised PE 

and may be useful as an early marker to predict development of PE (Craici et al., 2014). The 

number of podocytes present in maternal urine collected at the end of the second trimester 

positively correlates with the degree of proteinuria, suggesting a cause-effect relationship 

between ongoing podocyte loss and the onset and severity of proteinuria (Craici et al., 2013). 

The group also compared sensitivity of screening with serum biomarkers (sFLt-1, sEng and 

PlGF) to screening with podocyturia in the second trimester. Using screening with podocyturia, 

they noted significantly improved sensitivity and specificity for the subsequent diagnosis of PE. 
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One potential drawback in using podocyturia as a screening marker in clinical practice is 

complexity of the techniques used to identify podocytes in the urine. At present, staining 

techniques to detect live podocytes remain the most sensitive and specific (Garovic et al., 2007). 

 

1.3.5 Ultrasound Parameters 
 

1.3.5.1 Uterine Artery Doppler 
 
Uterine artery Doppler measurements have proven useful in prediction of pregnancies at high 

risk of PE and IUGR especially in the second trimester of pregnancy (Cnossen et al., 2008). 

Doppler ultrasound enables non-invasive evaluation of the maternal uteroplacental circulation 

(Poon and Nicolaides, 2014). In ‘normal’ pregnancy, impedance to UA flow is progressively 

reduced from 6 to 24 weeks gestation (Kuc et al., 2011). However, pregnancies affected by PE 

and IUGR are characterised by abnormal placental formation, resulting in inadequate 

uteroplacental blood flow (Khong et al., 1986). Subsequently, persistence of a diastolic notch 

beyond 24 weeks gestation or abnormal flow velocity ratios, for example, increased UAD PI 

have been associated with impaired placental perfusion, indicating the likelihood of impaired 

trophoblast invasion (Bolte and Dekker, 2006; Plasencia et al., 2007). Evaluation of the role of 

UAD for prediction of PE will be further discussed in chapter 6. 

 

Of emerging interest to clinicians is the performance of UAD for prediction of PE in the first 

trimester. Achieving reliable first trimester measurements of UAD PI depends upon appropriate 

training of sonographers and adherence to a standardised technique in order to improve 

reliability and reproducibility of measurements. Chapter 6 will discuss in detail the technique for 

attaining measurements of UAD PI in the first trimester. 

 

Accepted reference ranges for UAD mean PI are in now use in current clinical practice. Gomez 

and colleagues demonstrated that there was a significant decrease in the mean UA PI between 

11 and 34 weeks gestation (Gómez et al., 2008). These nomograms not only allow interpretation 
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of mean PI UA values at a specific gestation, they more importantly help clinicians identify 

which women are at risk of adverse pregnancy outcomes. In 1988, Mo and colleagues 

established that persistence of UA diastolic notches in the second trimester was associated with 

high impedance to uterine blood flow, thought to be associated with increased placental bed 

resistance as a result of impaired placentation (Mo et al., 1988). This work has been confirmed 

by numerous other studies and more recently the presence of bilateral notches and a 

significantly higher mean PI in both the first and second trimester (Cnossen et al., 2008; 

Carbillon, 2012). Gomez and colleagues demonstrated than in comparison with normal 

pregnancy outcomes, those with complications had a significantly higher persistence of a 

bilateral notch (30% v 8%).  Persistence of an abnormal mean PI from the first to the second 

trimester identified the group at greatest risk for adverse perinatal outcome (OR 10.7, 95% CI 

3.7–30.9) (Gómez et al., 2006). 

 

As discussed earlier, prediction of PE using a first trimester model combining only maternal 

characteristics results in a detection rate of approximately 30% (Poon et al., 2010). Addition of 

UAD PI measurements to the screening model has been shown to improve to detection rates of 

PE. In 2012, Wright and colleagues demonstrated that addition of UAD PI to maternal 

characteristics improved the detection rate of early PE (<34 weeks) from 35.5% to 59.3%, at a 

5% FPR. Similarly, the detection rate of late PE (>37 weeks) improved from 32.7% (maternal 

characteristics only) to 40% with the addition of UAD PI (5% FPR) (Wright et al., 2012). These 

results are supported by data from Plasencia and colleagues who published a 81.8% detection 

rate for PE (10% FPR) requiring delivery before 34 weeks gestation using a model based on 

maternal characteristics and UAD PI (Plasencia et al., 2007). Poon and colleagues also 

demonstrated how improved detection rates could be achieved through use of an integrated 

screening model combining maternal characteristics, UAD mean PI and MAP. Addition of 

UAD PI and MAP to maternal characteristics alone improved detection rates of PE requiring 

delivery <34 weeks gestation from 36% to 80% with a 5% FPR. While detection rates for PE 
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requiring delivery <37 weeks gestation improved from 33% to 55% at a 5% FPR (Poon and 

Nicolaides, 2014).  

 

An added consideration for clinicians wishing to introduce routine screening for PE is the need 

for second trimester evaluation of the UAD if a women appears ‘low-risk’ following screening 

with UAD and accepted NICE guidance criteria at her first trimester visit. Plasencia and 

colleagues evaluated a screening model for PE comprised of maternal characteristics, medical 

and obstetric history and measurement of UAD PI in 3,107 women attending for booking 

(11+0-13+6 weeks). The rate of PE was 3%. Multiple regression analysis demonstrated that 

maternal characteristics, first trimester UAD PI and the change in UAD PI between the first 

and second scan at 21+0 to 24+6 weeks significantly predicted early-onset of PE (detection rate 

90.9% at a 5% FPR). Without the combined ratio of UAD PI in the first and second trimester, 

the detection rate for early PE fell to 45.5% (Plasencia et al., 2008). 

 

A further potential application of first trimester UAD measurement is its use in prediction of 

stillbirth within high-risk populations. In a study comprising 9,859 singleton pregnancies and 

including 62 stillbirths, Lacovella and colleagues demonstrated that pregnancies resulting in 

stillbirth had a significantly higher mean UAD RI compared with those resulting in live birth 

(RI=0.74 v RI=0.7, P=0.004) (Lacovella et al., 2012). The stillbirth rate after 34 weeks was 

significantly higher (OR 2.13, 95% CI 1.26–3.61) in the group with UAD RI >90th centile 

compared with those below the ≤90th centile. The authors concluded that high first trimester 

UAD indices were associated with late stillbirth; this was superior to prediction of stillbirth 

using conventional risk factors, implying that an increased risk of stillbirth is due to placental 

dysfunction.  

 

1.3.5.2 Placental Volume and Placental Vascularisation Indices 
 
Three dimensional evaluation of the placenta using power Doppler provides a non-invasive 

technique for assessment of the placental vascular tree (Natsis et al., 2013). Given that ‘placental-
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mediated’ PE is attributed to impaired placentation and remodelling of the maternal vasculature; 

(Redman and Sargent, 2005) 3DPD provides clinicians with an opportunity to obtain 

measurements of Placental Volume (PV) and PVIs and use these in predictive models for 

adverse pregnancy outcomes.  

 

In a study involving 388 unselected women in the first trimester, Odibo and colleagues found 

no difference in placental volume among women who developed adverse pregnancy outcomes 

(PE, Pregnancy Induced Hypertension (PIH) and IUGR) and those that did not. However, 

mean values of the Vascularisation Index (VI) and Vascularisation Flow Index (VFI) were 

significantly lower in pregnancies developing PE but not in women who developed PIH or 

IUGR (Odibo et al., 2011a). Hafner and colleagues reported a similar reduction in VFI (<10th 

centile) in the first trimester for low-risk women who developed PE or PIH and IUGR. In the 

first trimester, VI <10th centile detected 60% of women who went on to develop PE, and 

66.2% women who developed either PE or PIH and IUGR (Hafner et al., 2013). Chapter two 

will further discuss the role of first trimester PVIs obtained by 3DPD whole volume placental 

scanning in the first trimester for prediction of PE. 

 

Little is known about the performance or value of measuring placental indices in high-risk 

pregnancies. Historically, gross pathological examination of placentas from women who had 

type 1 DM revealed increased placental size with fetal macrosomia, increased rate of placental 

infarction and villous immaturity (Teasdale, 1985; Maly et al., 2005). Microscopically, an increase 

in capillary volume and surface area was noted in addition to increased intervillous and 

trophoblast volume (Jauniaux and Burton, 2014). More recently, Nelson and colleagues reported 

minimal changes in placental structure in contemporary diabetic pregnancy. This group 

observed only an increase in intervillous space volume; indicating deficiency of terminal villi 

associated with villous immaturity (Nelson et al., 2009). In the first trimester, ‘de novo’ synthesis 

of placental blood vessels results in an increase in capillary length and branching, conferring a 

subsequently larger surface vascular area. In 2015, Moran and colleagues analysed PV, 
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calcification status and PVIs in 50 pregnancies known to be affected by PE and IUGR between 

24 and 40 weeks gestation (Moran et al., 2015). In pregnancies affected by PE, regardless of 

whether or not IUGR was present, all PVIs were reduced (VI: P = 0.038, FI: P = 0.004, VFI: P 

= 0.015) confirming the potential of 3DPD PVIs for prediction of adverse pregnancy outcomes 

in a clinical setting.  

 

1.3.5.2.1 Repeatability and Reproducibility of Placental Vascularisation Indices 
 
Bujold and colleagues  previously demonstrated that 3D evaluation of  PV and PVIs during the 

first trimester is a reproducible technique with indices displaying inverse correlation with uterine 

artery Pourcelot index (Bujold et al., 2009). Two independent observers measured PV, VI, FI 

and VFI using the virtual organ computer-aided analysis (VOCAL) software, with intra- and 

inter-observer reproducibility evaluated by Spearman’s correlation test. All parameters between 

women with low (<1.5 multiple of median (MoM)) and high (>1.5 MoM) uterine artery 

Pourcelot index were compared by the Mann-Whitney test. The study found excellent intra- and 

inter-observer reproducibility (R2 >0.85) for all parameters. Detailed discussion regarding the 

repeatability and reproducibility of PVIs will be discussed in chapter 5.  

 

1.3.6 Maternal Serum Biomarkers 
 
Much of the research regarding prediction of PE has concerned screening with maternal serum 

biomarkers. In a recent systematic review and meta-analysis, over 401 biomarkers were 

described in 147 studies (Wu et al., 2015). PlGF, Pregnancy Associated Plasma Protein A 

(PAPP-A), sFlt-1 and Placental Protein 13 (PP-13) were the most commonly studied biomarkers 

(Wu et al., 2015). Table 1.1 summarises a number of the most common biomarkers for 

prediction of PE (Poon and Nicolaides, 2014). The pathogenesis of PE in relation to an 

imbalance between circulating angiogenic factors was previously discussed in section 1.2.3.5. 
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Table 1.2: Biomarkers for prediction of pre-eclampsia  
 
 
SOURCE: Poon, L. and Nicolaides, K.H. (2014a) ‘Early Prediction of Pre-eclampsia.’, Obstetrics and Gynecology 
International, Article ID 297397, pp. 1–11.  
 

1.3.6.1 Measurement of Biomarkers in High-risk Pregnancy 
 
There remains a dearth of literature concerning the measurement of maternal serum biomarkers 

for the prediction of PE in high-risk pregnancies. It is known that serum biomarker patterns are 

influenced by maternal risk factors (Maynard et al., 2013). In 2013, Maynard and colleagues 

studied gestational angiogenic biomarker patterns in women at risk for PE (Maynard et al., 

2013). As part of a two centre observational cohort study, serum samples of sFlt-1, sEng and 

PlGF were collected at three time points (23-27, 28-31, and 32-35 weeks) in 156 high-risk 

A disintegrin and metalloprotease 12 (ADAM12) L-arginine 
Activin-A      L-homoarginine 
Adiponectin      Leptin 
Adrenomedullin      Magnesium 
Alpha fetoprotein      Matrix metalloproteinase-9 
Alpha-1-microglobulin     Microalbuminuria 
Ang-2 angiopoietin-2     Microtransferrinuria 
Antiphospholipid antibodies    N-acetyl-β-glucosaminidase 
Antithrombin III      Neurokinin B 
Atrial natriuretic peptide    Neuropeptide Y 
Beta2-microglobulin     Neutrophil gelatinase-associated lipocalin 
C-reactive protein     P-selectin 
Calcium       Pentraxin 3 
Cellular adhesion molecules    Placenta growth factor 
Circulating trophoblast     Placental protein 13 
Corticotropin release hormone    Plasminogen activator inhibitor-2 
Cytokines      Platelet activation 
Dimethylarginine (ADMA)     Platelet count 
Endothelin      Pregnancy associated plasma protein-A 
Estriol       Prostacyclin 
Ferritin       Relaxin 
Foetal DNA      Resistin 
Foetal RNA      Serum lipids 
Free foetal haemoglobin    Soluble endoglin 
Fibronectin      Soluble fms-like tyrosine kinase 
Genetic markers      Thromboxane 
Haptoglobin      Thyroid function 
Haematocrit      Total proteins 
Homocysteine      Transferrin 
Human chorionic gonadotropin    Tumour necrosis factor receptor-1 
Human placental growth hormone    Uric acid 
Inhibin A      Urinary calcium to creatinine ratio 
Insulin-like growth factor     Urinary kallikrein 
Insulin-like growth factor binding protein   Vascular endothelial growth factor 
Insulin resistance      Visfatin 
Isoprostanes      Vitamin D 
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women and 59 controls. Women with a previous history of PE had higher sFlt-1 (P<0.05), 

lower PlGF (P<0.05), and a higher ratio of sFlt-1+sEng:PlGF (P<0.02) from 28 weeks 

gestation when compared with controls. Women with chronic hypertension had significantly 

higher angiogenic ratios at all time points; however these differences disappeared on exclusion 

of women with PE. Obese and nulliparous women had significantly lower PlGF, but no 

differences were seen in their angiogenic ratios.  

 

Two recent papers have evaluated performance of biomarkers in women with SLE and APLS 

(Leanos-Miranda et al., 2015; Kim et al., 2016). Data from the PROMISSE study (Predictors of 

Pregnancy Outcome: Biomarkers in APLS and SLE) demonstrates that in cases of SLE and 

APLS, levels of sFlt-1, PlGF and sEng at two time points (12-15 weeks and 16-19 weeks 

gestation) were markedly altered in those who went on to develop adverse pregnancy outcomes 

(APO) (Kim et al., 2016). APO was a composite measure including: PE, second trimester loss 

unexplained by congenital or chromosomal abnormality, neonatal death, PTD or termination of 

pregnancy <36 weeks due to GH, PE, growth restriction, or placental insufficiency and lastly 

SFGA (<5th centile at birth). In women who developed PE <34 weeks gestation, levels of 

PlGF were reduced and levels of sFlt-1 and sEng were increased in comparison to control 

subjects at both time points. Predictive models were based on the development of APO rather 

than PE, however it was demonstrated that sFlt-1 most improved model performance 

(P<0.001) at 12-15 weeks gestation. For a 5% FPR, sensitivity of the model improved from 36% 

to 50%. At 16-19 weeks gestation, sFlt-1 and PlGF both improved the predictive ability of the 

model; for a 5% FPR, sensitivity was 61% (Kim et al., 2016). Leaños-Miranda and colleagues 

reported similar findings amongst women with SLE who developed PE. The group noted lower 

PlGF levels and higher sFlt-1 and sEng levels, and a higher sFlt-1:PlGF ratio than normal 

pregnancies. These findings were significant at 12 weeks gestation in women who developed 

either early-onset (<34 weeks, P≤0.003) or late-onset PE (≥34 weeks, P≤ 0.02). The risk of 

developing PE was greater in women with PlGF concentrations in the lowest quartile and with 

sFlt-1 and sEng levels and ratios in the highest quartile of the normal distribution (Leanos-



34 
 

Miranda et al., 2015).  

 

There are few publications evaluating the performance of angiogenic and anti-angiogenic 

markers for prediction of PE in women with DM. Yu and colleagues (previously discussed in 

section 1.2.4.2) measured PlGF, sFlt-1 and sEng in each trimester of pregnancy (12 weeks, 21 

weeks, 31 weeks, term) (Yu et al., 2009). They found that levels of PlGF were significantly lower 

after 31 weeks gestation in women with diabetes and PE (P<0.05). In women with DM, levels 

of sFlt-1 were noted to progressively rise from 21 weeks gestation and at 31 weeks gestation 

levels were twice as high in women who developed PE (P<0.05). sEng levels were markedly 

higher in women with diabetes in comparison to the control group at 31 weeks (P<0.0001), 

however this finding was not significantly associated with risk of developing PE in this group of 

women (Yu et al., 2009). As previously discussed, Holmes and colleagues found that PlGF, sFlt-

1 and sEng were all superior in their ability to predict risk of PE in women with type 1 DM at 

26 weeks gestation (Holmes et al., 2013).  In 2014, Cohen and colleagues measured sFlt-1 and 

PlGF in women with type I and type II DM at four time points (7-14 weeks, 16-20 weeks, 24-32 

weeks gestation and immediately prior to delivery) (Cohen et al., 2014). They found that in 

women with DM who later developed PE, sFlt-1:PlGF ratios were markedly altered in 

comparison to control subjects from 27 weeks gestation. Reduced levels of PlGF were highly 

significant at 27-34 and 35-40 weeks gestation. In contrast, levels of sFlt-1 were not significant 

at any of the time points in the study. In 2016, Wotherspoon and colleagues published a 

systematic review evaluating biomarkers for the prediction of PE in women with type 1 DM 

(Wotherspoon, Young, McCance and Holmes, 2016). Limited evidence suggests that 

combinations of biomarkers may be more effective in predicting PE than single biomarkers. 

The clinical utility of angiogenic markers for prediction of PE in women with pre-existing 

diabetes remains unclear; in particular, the gestation at which these biomarkers should be 

measured to improve prediction of PE in this group of high-risk women. Chapter 7 will discuss 

the role of five maternal serum biomarkers (Fatty Acid Binding Protein 4, PAPP-A, PlGF, sFlt-1 

and sEng) for prediction of PE in high-risk women. 
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1.3.7 Combined Screening Approaches 
 
It is unlikely that there exists a single biomarker or ultrasound parameter which can effectively 

predict PE. Given the heterogeneity of the disease, it is more plausible that a combined 

screening approach for PE incorporating baseline maternal characteristics, biophysical 

measurements and serum biomarker concentrations will advance the development of screening 

tests with improved sensitivity and specificity (Steegers et al., 2010). 

 

In 2011, North and colleagues developed a clinical risk prediction model for PE in nulliparous 

women (North et al., 2011). This was a prospective cohort study–the Screening for Pregnancy 

Endpoints (SCOPE)–involving five centres (n=3,572). Clinical information was collected at 14-

16 weeks gestation, including: age, MAP, BMI, family history of PE, family history of coronary 

heart disease, maternal birth weight, and vaginal bleeding for at least five days. Factors 

associated with reduced risk were a previous single miscarriage with the same partner, time 

taken to conceive (≥12 months), high fruit intake, cigarette smoking, and alcohol use in the first 

trimester. The AUC for the baseline model was 0.71 and addition of UAD measurement at 19-

21 weeks gestation did not improve performance of the screening model (AUC 0.71). The 

authors also developed a framework for specialist referral based on a probability of PE 

generated by the model of at least 15%, or an abnormal UAD waveform in a subset of women 

with single risk factors. Based on this model, 9% of nulliparous women would be referred for a 

specialist opinion, of whom 21% would develop PE. The RR for developing PE and early-onset 

PE in women referred to a specialist compared with standard care was 5.5 and 12.2, respectively 

(North et al., 2011). Given the additional cost involved in screening these reportedly low-risk 

women; screening models for PE need to be highly sensitive and specific. The lack of 

improvement in prediction of PE demonstrated by this model would not justify its introduction 

to routine clinical practice.  

 

Myers and colleagues undertook further analysis of data from the SCOPE study in 2013 (Myers 

et al., 2013). Logistic regression models incorporating baseline maternal characteristics, PlGF, 
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sEng and sFlt-1 were measured at 14-16 weeks gestation in the same low-risk cohort (n=3,529). 

The rate of PE was 5.3%. An AUC of 0.76 (95% CI 0.67–0.84) was observed using previously 

reported clinical risk variables. The AUC improved following the addition of PlGF (AUC 0.84; 

95% CI 0.77–0.91), but no further improvement was observed with the addition of uterine 

artery Doppler or the other angiogenic markers. Sensitivity of a model using clinical risk 

variables and PlGF measurement remained low (45%) at a 5% false positive rate. 

 

Several studies have examined the utility of UAD combined with maternal serum biomarkers for 

the prediction of PE (Odibo et al., 2011b; Akolekar and Syngelaki, 2011; Di Lorenzo et al., 2012) 

and adverse pregnancy outcomes, (Proctor et al., 2009; Stout et al., 2013). A systematic review by 

Kuc and colleagues evaluated seven first trimester maternal serum biomarkers: ADAM 12, free 

Beta hCG Subunit (f-βhCG), Inhibin A, Activin A, PP-13, PlGF and PAPP-A in combination 

with UAD for first trimester prediction of PE (Kuc et al., 2011). While low first trimester levels 

of PP-13, PlGF, PAPP-A and high levels of Inhibin A were significantly associated with the 

development of PE later in pregnancy, individual markers were poorly predictive of PE. The 

addition of UAD assessment and maternal clinical characteristics to a model combining two or 

more biomarkers increased the detection rate of PE to between 69-100% (10% FPR) (Audibert 

et al., 2010; Kuc et al., 2011).  

 

There is a paucity of research examining placental indices in combination with maternal 

biomarkers and clinical risk factors among high-risk pregnancies. Clinically, the development of 

a screening tool including measurement of placental indices and UAD, in combination with 

selected biomarkers has the potential fundamentally to change the course of antenatal care for 

high-risk women. A validated tool would allow clinicians to identify those pregnancies most at 

risk of PE and other high risk outcomes which could then be targeted for early clinical 

intervention and antenatal care tailored specifically to their clinical needs. Further discussion of 

the role of PVIs for prediction of PE will be discussed in chapters 2 and 5. 
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1.4 OUT COMES FOLLOWING PRE-ECLAMPSIA 

 

1.4.1 Maternal Outcomes 
 

1.4.1.1 Acute Outcomes 
 
Acute maternal outcomes as the result of PE can occur rapidly and are potentially devastating 

(Steegers et al., 2010). HELLP syndrome complicates 10-20% of cases of PE and is more 

commonly observed in early-onset disease. Direct complications of HELLP syndrome include 

placental abruption (9–20%), DIC (5–56%) and acute renal failure (7–36%). Less frequent 

complications include eclampsia (4–9%), pulmonary oedema (3–10%), and sub-capsular liver 

haematoma (<2%) (Haram, Svendsen and Abildgaard, 2009). Other acute cerebrovascular 

complications include retinal detachment, intracranial haemorrhage and cortical blindness 

(Posterior Reversible leukoencephalopathy Syndrome; PRES) (Zeeman, 2009). 

 

1.4.1.2 Long-term Outcomes 
 
Potential long-term consequences of PE include: increased risk of cardiovascular disease (CVD), 

development of hypertension, type 2 DM, end stage renal disease (ESRD), stroke, premature 

death, hypothyroidism, venous thromboembolism (VTE) and impaired cognition (Tranquilli et 

al., 2012).  

 

A population based cohort study of Norwegian birth registry data, including outcomes for more 

than 600,000 births between 1967 and 1992 reported that maternal risk of death from any cause 

is 1.2 times higher following PE. This risk increased to 2.71 if PE was associated with PTD. 

Risk of death from CVD in women with PE and PTD was 8 times higher. Interestingly, 

although not statistically significant, these women had a 0.36-fold reduced risk of cancer. This 

was consistent with a lower prevalence of smoking noted in women who developed PE (Irgens 

et al., 2001). Bellamy and colleagues conducted a systematic review and meta-analysis of 198,252 

women affected by PE. These women were at increased risk of hypertension (RR 3.70, 95% CI 
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2.7-5.05), ischaemic heart disease (IHD) (RR 2.16, 95% CI 1.86-2.52), stroke (RR 1.81, 95% CI 

1.45-2.2) and VTE (RR 1.79, 95% CI 1.37-2.23). In addition overall risk of mortality was still 

increased 15 years after development of PE (RR 1.48, 95% CI 1.05-2.14) (Bellamy et al., 2007). 

Data from 130,000 deliveries in Scotland reported a two fold increase in risk of CVD following 

PE and a seven fold increase in risk in CVD if PE was associated with delivery of an infant 

weighing <2.5kg (Smith, Pell and Walsh, 2001). PE also appears to increase maternal risk of 

future ESRD. Unresolved changes in the kidney as a result of PE may be causative factors. It is 

thought that glomerular endotheliosis, characterised by fibrin deposition, endothelial swelling 

and subsequent loss of capillary space may cause permanent renal injury (Munkhaugen and 

Vikse, 2009). Combined data from the birth and renal registries in Norway (1967-1991) 

demonstrates that in women affected by PE in their first pregnancy their relative risk of ESRD 

is 4.7 times higher. In addition, PTD or delivery of a low birth weight infant increases this risk 

further (Vikse et al., 2008). A population-based retrospective cohort study including 1,010,068 

women from Canada demonstrated that women with PE are twice as likely to suffer from type 2 

DM in later life (16.5 years follow-up). This risk is higher in the setting of PTD; suggesting that 

future risk of DM is associated with severity of PE. Data on obesity was not available (Feig et al., 

2013).  

 

Theories to explain why women who have an obstetric history of PE are more likely to develop 

future cardiovascular, renal and endocrine complications remain debated in the current 

literature. These women appear pre-disposed to endothelial cell dysfunction, insulin resistance, 

exhibit an exaggerated inflammatory response and have a possible genetic predilection 

(Tranquilli et al., 2012). However, data published by Ray and colleagues may indicate that 

association between future risk of CVD following PE, seems independent of conventional risk 

factors; obesity, hypertension, smoking, DM, dyslipidaemia and existence of the metabolic 

syndrome. This group conducted a population based retrospective cohort study of 1 million 

Canadian women with no pre-pregnancy history of CVD who subsequently developed ‘maternal 

placental syndrome’ (PE, GH, placental abruption or placental infarction) (Ray et al., 2005). The 



39 
 

study end point was a composite measure of CVD (re-admission to hospital or re-

vascularisation of coronary artery disease, cerebrovascular disease and peripheral artery disease 

more than 90 days post-partum). In the absence of pre-disposing maternal risk factors, results 

demonstrated a two-fold increase in CVD in women who had developed maternal placental 

syndrome during pregnancy (Ray et al., 2005). 

 

1.4.2 Neonatal Outcomes 
 
Infants born of mothers affected by PE are more likely to be pre-term and therefore suffer 

complications of prematurity. These include: intraparenchymal haemorrhage, retinopathy of 

prematurity, hearing disorders, sepsis, necrotising enterocolitis, pulmonary hypoplasia and 

subsequent development of respiratory distress syndrome, cardiovascular disorders, anaemia, 

skin scarring and altered pain responses (Institute of Medicine (US) Committee on 

Understanding Premature Birth and Assuring Healthy Outcomes, 2007). Long-term outcomes 

include, chronic lung disease, CVD, pulmonary hypertension, type 2 DM, cerebral palsy and 

learning difficulties. It is debated whether these risks are due to maternal PE, or in fact as a 

result of growth restriction and prematurity (Tranquilli et al., 2012). Barker hypothesised that in 

utero physiological programming during periods of starvation increased the chance of fetal 

survival, but in the presence of an adequate diet this mechanism appears to predispose a fetus to 

increased risk of CVD in adult life. Parallel trends have also been noted in development of non-

insulin dependent diabetes mellitus (NIDDM) and hypertension (Barker, 1997). Genetic 

predisposition could also help to explain increase risk of CVD in offspring of mothers affected 

by PE (Smith, Pell and Walsh, 2001). Paternal genetic factors may also influence risk of future 

CVD in the neonate. It has been demonstrated that fathers of low birth weight babies are at 

increased risk of coronary heart disease, hypertension, and DM. Smith and colleagues 

hypothesise that delivery of low birth weight infant may represent a perinatal manifestation of 

genotypes that are already pre-programmed for IHD. These common genetic links might 

therefore help to explain the relationship between an individual’s birth weight and his or her risk 

of IHD in adult life (Smith, Pell and Walsh, 2001). 
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1.5 THERAPIES FOR PRE-ECLAMPSIA 

 
The management of PE has remained unchanged for much of the last century. For the most 

part, current therapy is aimed at symptomatic treatment rather than disease prevention. Anti-

hypertensives (beta-blockers, calcium channel blockers or alpha blockers) do however remain 

essential in the contemporary management of hypertension in pregnancy. NICE recommends 

obstetricians aim to keep BP below 140/90mmHg during pregnancy (National Collaborating 

Centre for Women’s and Children’s health, 2010). Attention to management of BP in pregnancy 

may have previously forestalled other novel treatment advances. In 1989, Roberts and colleagues 

hypothesised that PE may be in fact due to endothelial cell dysfunction (Roberts et al., 1989). 

Roberts suggested that alteration in vascular function, that is, endothelial cell dysfunction 

causing increased vascular permeability was the cause of the well-recognised clinical triad of PE: 

hypertension, proteinuria and peripheral oedema. This hypothesis was further extended in 2009 

when the two-stage model of PE was proposed (Roberts and Hubel, 2009). As previously 

outlined in section 1.2.3.7, this now more commonly accepted model suggests that PE is due 

firstly to abnormal placentation and inadequate uterine spiral artery remodelling leading to sub-

optimal uteroplacental perfusion and the second stage in the model; clinical manifestation of PE 

(Roberts and Hubel, 2009). Design of recent treatments has been targeted by our understanding 

of the pathophysiology and aetiology of PE. 

 

1.5.1 Anti-platelets 

PE is associated with deficient production of prostacycylin and increased production of 

thromboxane, in addition to increased activation of maternal coagulation (CLASP Collaborative 

Group, 1994). These findings have led to the use of anti-platelet agents to prevent PE and other 

adverse pregnancy outcomes. There has been considerable debate in the literature regarding the 

risk reduction in PE associated with use of aspirin. Continued discussion regarding dosage, 

duration of use, timing of initiation of therapy, maternal and fetal side effects and the possibility 

of differing outcomes with low and high-risk populations of women is ongoing. In 1994, the 
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results of the CLASP (Collaborative Low-dose Aspirin Study in Pregnancy) trial were published 

in the Lancet (CLASP Collaborative Group, 1994). This multicentre study included 9,364 

women randomised to placebo or 60mg aspirin for prevention and treatment of PE. 

Participants were recruited from 12 to 32 weeks gestation: 74% were randomised for prevention 

of PE, 12% for prevention of IUGR and 3% for treatment of IUGR. In summary, aspirin use 

was associated with a 12% risk reduction in incidence of PE; however its effect was not 

statistically significant. The effect was greater among women commenced on aspirin prophylaxis 

before 20 weeks (22% reduction). The authors estimated that the number needed to treat 

(NNT) to prevent one case of PE was 10 women (CLASP Collaborative Group, 1994). Askie 

and colleagues published a meta-analysis of individual patient data from 32,217 women recruited 

to 31 RCTs investigating the use of antiplatelet agents for prevention of PE (Askie et al., 2007). 

For women assigned to receive antiplatelet agents, the RR of developing PE was 0.9 (95% CI 

0.84-0.97). Therefore, anti-platelet agents were associated with a 10% reduction in PE. The data 

suggest that the NNT to prevent one case of PE was 114 women. There was no evidence that 

using more than 75mg of aspirin (P=0.23) or commencing treatment before 20 weeks gestation 

(P=0.24) was associated a further risk reduction in incidence of PE. Sub-group analysis also 

investigated whether anti-platelet agents were more beneficial in high-risk women. However, no 

clear evidence was obtained to demonstrate improved effectiveness in high-risk sub-groups. Of 

note, small numbers of high-risk women were recruited to the RCTs, which makes it difficult to 

draw a firm conclusion about the action of anti-platelet agents in this group of women (Askie et 

al., 2007). In 2010, Bujold and colleagues conducted a meta-analysis examining the prevention 

of PE and IUGR following aspirin commenced in early pregnancy (Bujold, Roberge and 

Lacasse, 2010). There were 34 RCTs included in the analysis: low dose aspirin started ≤16 weeks 

gestation was associated with a significant reduction in PE (RR 0.47, 95% CI 0.34-0.65). In 

women developing severe PE, risk reduction was also significant (RR 0.09, 95% CI 0.02-0.37). It 

remains unclear if there is a gestational age beyond which aspirin becomes ineffective, yet 

overall these results indicate that early introduction appears to imbue a significant reduction in 

risk of PE. A further systematic review and meta-analysis was carried out by Roberge and 
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colleagues in 2012 looking at the effect of early administration of low dose aspirin for the 

prevention of pre-term and term PE (Roberge, Villa, et al., 2012). Five trials met the inclusion 

criteria. Similar to Bujold’s earlier paper, aspirin use prior to 16 weeks gestation was associated 

with an 89% risk reduction in risk of pre-term PE (RR 0.11, 95% CI 0.04-0.33), but had no 

significant effect on development of term PE (RR 0.98, 95% CI 0.42-2.33). The authors 

postulate that early administration of aspirin may help improve placentation and therefore 

reduce the risk of early PE (Roberge, Villa, et al., 2012). Roberge and colleagues conducted an 

additional systematic review and meta-analysis of four RCTs, investigating early administration 

of aspirin for the prevention of severe and mild PE (Roberge, Giguère, et al., 2012). Aspirin 

instigated at ≤16 weeks was associated with a significant reduction in severe PE (RR 0.22, 95% 

CI 0.08-0.57) but not mild PE (RR 0.81, 95% CI 0.33-1.96). Consequently, it may mean that 

future therapy should be targeted towards women most at risk of early-onset and severe PE.  

More recently, Roberge and colleagues investigated the impact of aspirin dosage on the 

prevention of PE, severe PE, and IUGR (Roberge et al., 2017). A total of 45 RCTs were 

analysed, including 20,909 women randomised to receive between 50 and 150 mg of aspirin 

daily. The group found that the highest doses of aspirin initiated ≤16 weeks gestation were 

associated with greatest reduction in PE, severe PE and IUGR (Roberge et al., 2017). Following 

on from this, Rolnik and colleagues conducted a multicentre, double-blinded, placebo-

controlled trial investigating the role of high dose aspirin in pregnancies at risk of pre-term PE 

(Rolnik et al., 2017). A total of 1,776 women were randomised to receive either 150 mg aspirin 

per day or placebo from 11-14 weeks of gestation until 36 weeks of gestation. The primary 

outcome was delivery with PE before 37 weeks gestation. Analysis was performed according to 

the intention-to-treat principle. Data was available for 1,620 women; n=798 in the aspirin group 

and n=822 in the placebo group. Pre-term PE occurred in 13 women (1.6%) in the aspirin 

group compared with 35 women (4.3%) in the placebo group; overall, there was a 62% 

reduction in the risk of developing preterm PE in the aspirin treated group (OR 0.38, 95% CI 

0.20-0.74, P=0.004) (Rolnik et al., 2017). Using the available data from the publication, the NNT 

with aspirin to prevent one case of pre-term PE was 37 women (Rolnik et al., 2017). NICE 
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currently recommends that 75mg aspirin should be commenced at 12 weeks gestation in women 

at high risk of PE (an evaluation of baseline maternal characteristics based on NICE guidance 

was previously discussed in section 1.3.1 and summarised in figure 1.7) (National Collaborating 

Centre for Women’s and Children’s health, 2010). However, given this most evidence, it may be 

appropriate for clinicians to consider higher doses of aspirin in at risk pregnancies. 

Pregnancy is also a pro-inflammatory state, and in the context of PE there appears to be an 

exaggerated maternal response with increased production of pro-inflammatory cytokines, 

including, tumour necrosis factor-alpha (TNF-α) and interleukin-6 (Sacks et al., 1998). It is 

unknown whether this excessive inflammation seen in PE is due to the disease itself or inherent 

within women affected by PE. In addition to its anti-platelet activity, aspirin has anti-

inflammatory properties which may also be useful the management of PE. 

A previous concern regarding use of aspirin in pregnancy was the potential risk of bleeding 

complications in the mother or her fetus. No additional risk of antepartum haemorrhage or 

infant bleeding has been demonstrated (CLASP Collaborative Group, 1994; Knight et al., 2007). 

In addition, there does not appear to be any increased risk of fetal abnormality associated with 

aspirin use (Nørgård et al., 2005). More recently, comparison of adverse of events–vaginal 

bleeding, anaemia, dyspepsia etc.–between women receiving 150mg aspirin or placebo 

(supplementary material from Rolnik and colleagues) demonstrated no significant between-

group differences (Rolnik et al., 2017). However, long-term safety data remains limited–

particularly at higher doses of aspirin–and continued follow-up of mothers and neonates is 

warranted before a change in clinical practice is implemented.  

 

1.5.2 Low Molecular Weight Heparin  

As previously discussed, alteration in the behaviour of trophoblasts and remodelling of the 

uterine spiral arteries is thought to cause abnormal placentation, impaired uteroplacental 
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perfusion and ultimately development of placental thrombosis and/or placental infarction(s) 

which can lead to impaired placental function.  

Low molecular weight heparin (LMWH) has been proposed as a potential therapy for 

prevention of PE, given its ability to counter development of thrombosis and therefore improve 

or protect placental function (Fenton et al., 2014). An inherent advantage of both unfractionated 

heparin and LMWH is that neither crosses the placenta. They are not therefore associated with 

any risk of fetal teratogenicity or haemorrhage. In addition, they can be continued safely in the 

post-partum period as they are not secreted in breast milk (Myers and Sue, 2011). Dodd and 

colleagues  published a Cochrane review in 2010 which reviewed the role of antithrombotic 

therapy for improving maternal and infant health outcomes in women considered at risk of 

placental dysfunction (Dodd et al., 2010). Five RCTs including 484 women were reviewed. No 

significant differences for outcomes of perinatal mortality, PTD <34 weeks and childhood 

neurodevelopmental disability were noted. However, administration of heparin was associated 

with a reduction in PE and low birth weight infants (birth weight <10th centile) (Dodd et al., 

2010). A meta-analysis published by Rodger and colleagues in 2014 investigated administration 

of LMWH to prevent recurrent placental mediated complications (Rodger et al., 2014). 70% of 

participants had a previous history of PE; of these women, most had early onset or severe PE. 

In addition, 25% participants had an identified thrombophilia. Primary outcome was a 

composite measure of PE, placental abruption, SFGA infant and miscarriage >20 weeks. A risk 

reduction of 0.52 was demonstrated (95% CI 0.32-0.86). Although, LMWH appears beneficial in 

this group of high-risk patients, it remains unknown whether the effect of LMWH is limited to 

women with a prior history of placental mediated complications. Greater risk reductions were 

noted in women who demonstrated more significant adverse pregnancy complications. For 

women with severe PE, the overall risk reduction following administration with LMWH was 

0.16 (P<0.0001), compared with a risk reduction of 0.46 for presence of PE, regardless of its 

severity (P=0.0019) (Rodger et al., 2014). 
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1.5.3 Emerging Therapies 

A number of alternative treatments for PE have been proposed (Fenton et al., 2014). Statins 

(Hydroxymethylglutaryl-CoA synthase (HMG-CoA) reductase inhibitors) have been suggested 

as a promising therapy for PE (Bonetti et al., 2003), owing to their positive effects on endothelial 

cell function, including prevention of hypoxia induced down regulation of nitric oxide. Results 

from the StAMP trial (Trial of pravaStatin to Ameliorate Early Onset Pre-eclampsia); a multi-

centre randomised control trial to evaluate the impact of Pravastatin on serum biomarkers 

implicated in women with early-onset PE are currently awaited (Ahmed and Williams, 2013). 

A potential role for administration of anti-Tumour Necrosis Factor antibodies (anti-TNF) has 

also been suggested. In pregnant rats, a two-fold increase in Tumour Necrosis Factor α (TNF-α) 

results in hypertension (LaMarca et al., 2005). Administration of anti-TNF antibodies is currently 

used for management of autoimmune conditions including rheumatoid arthritis and 

inflammatory bowel disease. While there is limited safety data for their use in pregnancy at 

present, existing data suggests that these agents are not tetratogenic and could therefore be 

explored as a potential treatment option for severe early-onset PE (Mourabet et al., 2010). 

 

1.6  CONCLUSION 

 
Ultimately, a combined screening model for PE should be sensitive, specific, reproducible, cost-

effective and acceptable to both clinicians and patients within a clinical setting. By challenging 

the existing pathways of antenatal care, there is an opportunity for clinicians to institute 

personalised medical care for women rather than continuing a generic approach to management 

of these complex pregnancies. In addition, combined screening tools for PE take account of the 

diversity of high risk medical co-morbidities existing during pregnancy, the heterogeneity of PE 

disease and spectrum of presentation. In altering the accepted clinical approach to screening for 

PE and other adverse pregnancy outcomes, there is potential to de-medicalise pregnancies 

traditionally thought of as high risk for PE, if the model identifies women as low-risk. Refining 

the current screening mechanisms for PE stands to benefit women who are at risk of maternal 
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and neonatal complications; as an additional advantage there is potential to introduce novel 

therapies for prevention of PE. 
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1.7 THESIS  RATIONAL E AND AIMS 

This thesis aims to evaluate baseline maternal characteristics and the added clinical utility of 

placental indices derived from 3DPD ultrasound of the placenta, measurement of UAD and 

maternal serum biomarkers for prediction of PE in high-risk women.   

RESEARCH AIMS: 

1. Using the available literature, evaluate the predictive value of PVIs derived from 3DPD 

whole placental volume scanning for prediction of PE. 

2. Determine the clinical utility of PVIs in the first and second trimesters of pregnancy to 

predict PE in high-risk women. 

3. Investigate intra-operator and inter-operator repeatability and reproducibility of PVIs in 

high-risk women in both the first and second trimesters of pregnancy.  

4. Determine if selected biomarkers (PAPP-A, PlGF, sFlt-1, sEng, and FABP4) enable 

early prediction of PE in high-risk women. 

5. Investigate the clinical value of measuring maternal serum biomarkers (PAPP-A, PlGF, 

sFlt-1, sEng, and FABP4), UAD pulsatility index in addition to PVIs for prediction of 

PE in high-risk women. 

6. Determine clinical applicability of a model combining information about baseline 

maternal characteristics, UAD measurements, PVIs and serum biomarkers for early 

prediction of PE in high-risk women.  

 

Chapter two includes the results from a systematic review and meta-analysis designed to 

evaluate the predictive value of PVIs derived from 3DPD whole placental volume scanning for 

prediction of PE. Chapter three describes the design and methodologies employed as part of the 

PREDICT study; a longitudinal observational study of women at high risk for PE. Chapter four 

summarises the baseline demographics, maternal and neonatal outcomes from the PREDICT 

study. Chapter five evaluates intra and inter-operator repeatability and reproducibility of PVIs 

and their use within the PREDICT study cohort to predict PE. Chapter six reports the results 
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from UAD screening within the PREDICT study. Chapter seven analyses the performance of 

selected maternal serum biomarkers and their value in prediction of PE within the PREDICT 

study population. Chapter eight discusses the role of a combined screening model for prediction 

of PE incorporating results from PVIs, UAD and maternal serum biomarkers.  
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Chapter 2  
 
Evaluation of the Predictive Value of Placental Vascularisation Indices derived from 3-

Dimensional Power Doppler Whole Placental Volume Scanning for Prediction of Pre-

eclampsia: A Systematic Review and Meta-analysis 

 

[Eastwood, K-A., Patterson, C., Hunter, A.J., McCance, D.R. and Young, I.S. (2017) ‘Evaluation of the 

predictive value of placental vascularisation indices derived from 3-Dimensional power Doppler whole 

placental volume scanning for prediction of pre-eclampsia: A systematic review and meta-analysis.’, 

Placenta, 30 (March), pp. 89-97.] 

2.1 OVERVIEW 

Pre-eclampsia (PE) is major cause of maternal and perinatal morbidity and mortality affecting 

approximately 2% of all pregnant women (Abalos et al., 2013). Screening for PE in the United 

Kingdom is currently based on evaluation of maternal characteristics at booking using guidance 

from the National Institute for Health and Care Excellence (NICE) (National Collaborating 

Centre for Women’s and Children’s health, 2010). Poon and colleagues evaluated the 

performance of screening models based exclusively on maternal characteristics (Poon et al., 

2010). The authors compared performance of the NICE model to a combined screening 

algorithm derived from logistic regression analysis. Significant predictor characteristics included: 

maternal age, body mass index (BMI), racial origin, parity, history of PE and/or hypertension 

and ovulation induction methods. For a 5% false positive rate (FPR), detection rates for early 

and late-onset PE were 37% and 28.9%, respectively (Poon et al., 2010). Their work highlights 

the need for refined screening models incorporating maternal characteristics and other screening 

modalities to improve prediction rates of PE. 

 

PE is thought to be chiefly due to abnormal placentation. Impaired trophoblast invasion of the 

uterine decidua and myometrium results in inadequate remodeling of the maternal vasculature 

and impaired utero-placental perfusion (Khong et al., 1986). Reproducible 3-Dimensional Power 
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Doppler (3DPD) ultrasonography techniques now provide a non-invasive means of assessing 

placental vascularisation and flow indices; vascularisation index (%) (VI), flow index (FI) and 

vascularisation flow index (VFI) (Bujold et al., 2009; Huster et al., 2010; Natsis et al., 2013). 

Figure 2.1 summarises the method of acquiring placental vascularisation indices (PVIs) via a 

whole volume scanning technique  (Alcázar, 2008). 

  



51 
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FIGURE 2.1: ACQUISITION OF PLACENTAL VASCULARISATION INDICES USING WHOLE 
PLACENTAL VOLUME (VOCAL - VIRTUAL ORGAN COMPUTER-AIDED ANALYSIS) 
TECHNIQUE AT 12+4 WEEKS GESTATION 

 
Source: (for definitions of Vascularisation Index, Flow Index and Vascularisation Flow Index)  
Alcázar, J.L. (2008) ‘Three-dimensional power Doppler derived vascular indices: what are we measuring and how are 
we doing it?’, Ultrasound in Obstetrics and Gynecology, 32(4), pp. 485–7. 
 

  

1. Identify the placental mass 
using 2D greyscale imaging 

2. Locate and position the 
placental mass within the 
image acquisition box. Acquire 
placental volume image using 
3D power Doppler  

 
3. Using reference image A, 

adjust the region of interest as 
required (magnification, image 
settings, rotation) 

 
4. Proceed to volume analysis. A 

manual tracing method of the 
placental border via  300 
rotations (6 rotations) should 
be employed 
 

5. Accept volume contour  

6. Generate a volume histogram 
to obtain placental 
vasularisation indices (VI (%), 
FI, VFI) 

 
Vascularisation Index (VI): Ratio 
of colour voxels to all voxels with 
the volume of interest (%) [number 
of vessels] 
Flow Index (FI): Mean power 
Doppler signal intensity from all 
colour voxels (unit-less) [intensity of 
flow] 
Velocity Flow Index (VFI): VI x 
FI /100 (unit-less) [ratio of blood 
flow and vascularisation] 
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An increasing number of studies have investigated the role of PVIs in prediction of adverse 

pregnancy outcomes, including pregnancy induced hypertension, intrauterine growth restriction 

(IUGR) and PE (Rizzo, Capponi, Pietrolucci, Capece, et al., 2009; Pomorski et al., 2012; de 

Almeida Pimenta et al., 2014; Moran et al., 2015; Plasencia et al., 2015), with findings suggesting 

that PVIs may be of interest as predictors of future PE (de Almeida Pimenta et al., 2014).   The 

aim of this review is to evaluate the ability of PVIs derived from 3DPD scanning to predict PE. 

2.2 METHODS 

A systematic search of electronic databases Medline, EMBASE, Maternity and Web of Science 

was performed. No restrictions were placed with regards to language or study design. Inclusion 

criteria were: singleton pregnancies at any gestation; high or low-risk women as defined by 

clinical characteristics such as pre-existing medical co-morbidities; pregnancy outcome of PE; 

and measurement of PVIs (VI and/or FI and/or VFI derived from 3DPD whole placental 

volume scanning via Virtual Organ Computer-aided Analysis (VOCAL) technique prior to onset 

of PE. Studies were excluded if placental volume measurements were obtained in multiple 

pregnancies, in pregnancies where a diagnosis of PE had already been assigned or if a sono-

biopsy technique was employed, due to differences in location of sampling sites and number of 

biopsies obtained. Studies measuring placental bed vascularisation were excluded as this 

measures vascularisation in the area between the placental border and deciduomyometrium. The 

review protocol was registered on PROSPERO on 23rd June 2016 (registration number: 

CRD4201604135). 

 

Searches were carried out on 15th June 2016. A defined search was conducted in each of the 

databases using similar search terms. A combination of keywords and MeSH terms was used for 

each set of terms in order to maximise the number of articles identified (table 2.1). Search terms 

related to PE, 3DPD and PVIs. Reference lists of relevant articles were also hand searched. 

After removing duplicates, one reviewer (KAE) screened titles and abstracts to identify articles 

which evaluated the use of 3DPD placental scanning to predict PE. Full text copies of the 

remaining articles were obtained and discussed by two reviewers (KAE and VAH). Any 
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outstanding conflicts were resolved by a third reviewer (CCP). Authors were contacted for 

additional information when necessary. 

 

1. Pre-eclampsia OR Preeclampsia OR toxaemia OR Pregnancy induced hypertension OR 
gestosis OR pre-eclamptic OR preeclamptic 

2. 3D power Doppler OR three dimensional power Doppler OR 3D placental volume OR 
three three dimensional placental volume 

3. Placental vascularisation OR placental vascularization OR placental indices OR placental 
flow 

4. #1 AND #2 AND #3 

 
Table 2.1: SEARCH TERMS USED IN THE ELECTRONIC DATABASES  

 

2.2.1 Quality Assessment and Data Extraction 
 
Methodological quality assessment of the included studies was performed using the QUADAS 

(Quality Assessment of Diagnostic Accuracy Studies) tool (Whiting et al., 2011). The QUADAS 

tool requires a reference standard and for this review the definition of PE referenced by each 

individual study was used.  A data extraction form was developed to collect key information 

from each study. 

 

2.2.2 Data Synthesis/Analysis  
 
A narrative review of all studies was undertaken. We compared data from women who had 

measurement of PVIs derived from 3DPD whole placenta volume scanning performed prior to 

evaluation of outcome (PE v no PE). Studies with sufficient data were included in a meta-

analysis comparing the mean PVIs in pregnancies affected and unaffected by PE. Data from 

these studies was entered in Review Manager Version 5.3 to produce forest plots for mean 

values of each vascularisation index (The Nordic Cochrane Centre, 2014). Heterogeneity across 

the studies was tested for significance and measured using I2 values. 
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2.3 RESULTS 

 

2.3.1 Study Selection 
 
In total, 667 records were identified for screening. 666 records were identified via electronic 

database searching. These searches were combined and 654 records remained after duplicates 

were removed. After screening by title and abstract, 630 records were excluded. In total, 24 full 

text articles were assessed for eligibility. One additional record was identified through hand-

searching relevant article reference lists. A further 18 records were then excluded, as outlined in 

figure 2.2 (Pietryga et al., 2006; Hafner et al., 2006, 2013; Rizzo et al., 2008; Gebb et al., 2008; 

Costa et al., 2010; Tuuli and Odibo, 2010; Odeh et al., 2011; Odibo, et al., 2011b; Yigiter et al., 

2011; Mihu, Drugan and Mihu, 2012; Chen, Wang and Chen, 2013; de Almeida Pimenta et al., 

2014; Noguchi et al., 2015; Yuan, Zhang and Han, 2015; Mansour et al., 2015; Moran et al., 2015; 

Neto and Ramos, 2016), with one further paper excluded after the author confirmed the 

publication included data from an earlier study cohort (Odibo et al., 2011a). There were five 

studies included in the final review (Hafner et al., 2010; Demers et al., 2015; Hannaford et al., 

2015; Hashish et al., 2015; Plasencia et al., 2015). No systematic reviews were identified that 

addressed our research question. Only one study declared a source of funding (Demers et al., 

2015).  
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FIGURE 2.2: PRISMA FLOW DIAGRAM 

SC
R

EE
N

IN
G

 
IN

C
LU

D
ED

 
EL

IG
IB

IL
IT

Y
 

ID
EN

TI
FI

C
A

TI
O

N
 Additional records identified through 

other sources 
(n=1) 

Records identified through database 
searching 
(n=666) 

Records after duplicates removed 
(n=654) 

Records screened 
(n=654) 

Records excluded 
(n=630) 

Full-text articles assessed for 
eligibility 
(n=24) 

Full-text articles 
excluded, with reasons 
(n = 19) 
 
Primary outcome (pre-
eclampsia) not reported 
(n=9) 
 
Placental sonobiopsy 
technique (n=5) 
 
No vascularisation indices 
reported (n=2) 
 
Placental bed 
vascularisation indices 
reported (n=1) 
 
Review article (n=1) 
 
Overlap with study cohort 
(n=1) 
 

Studies included in qualitative 
synthesis 

(n=5) 

Studies included in 
quantitative synthesis 

 (meta-analysis) 
(n=3) 



56 
 

2.3.2 Study Characteristics 
 
Table 2.2 summarises the characteristics of included studies conducted between 2010-2015 

(Hafner et al., 2010; Demers et al., 2015; Hannaford et al., 2015; Hashish et al., 2015; Plasencia et 

al., 2015). Participants were recruited from a variety of countries. Study size ranged from 100 to 

1,200 participants, with viable singleton pregnancies recruited in the first trimester of pregnancy. 

Exclusion criteria for all studies included women with multiple pregnancy, miscarriage, fetal 

aneuploidy or major congenital abnormality. Hannaford and colleagues also excluded women if 

PVIs were not obtained (Hannaford et al., 2015). Plasencia and colleagues, (Plasencia et al., 2015) 

Hannaford and colleagues (Hannaford et al., 2015) and Hafner and colleagues (Hafner et al., 

2010) reported results from prospective cohort studies. Demers and colleagues (Demers et al., 

2015) reported results from a nested case-control study, while Hashish and colleagues (Hashish 

et al., 2015) reported results from a comparative study.  

 

Analysis of the demographics of the individual study participants included in the review 

demonstrated differences. Hannaford and colleagues reported racial backgrounds of their study 

participants (Hannaford et al., 2015). Other studies did not specify the ethnicity of participants; 

however the differing countries of origin of each study suggest a potential influence of inter-

country ethnicity on development of PE. Table 2.2 outlines the differences in background 

maternal characteristics between the studies at recruitment. In relation to BMI, (mean or 

median) in women who developed PE, two studies reported baseline maternal BMI as either 

overweight (Plasencia et al., 2015) or obese class I (Hannaford et al., 2015). Interestingly, mean 

BMI (23.7kg/m2) was within the normal range for high-risk women in the Hashish and 

colleagues (Hashish et al., 2015) and median BMI for participants in the Hafner et al. study was 

23.1kg/m2 (table 2.2) (Hafner et al., 2010). However, the interquartile range of BMI reported by 

Hafner and colleagues (16.4-49.5 kg/m2) demonstrated a wide range of BMIs from underweight 

to obese class III (Hafner et al., 2010). Other differences in the baseline co-morbidities between 

study participants are also noted, with three studies reporting the inclusion of various high-risk 

characteristics (Hannaford et al., 2015; Hashish et al., 2015; Plasencia et al., 2015) (Table 2.2).  
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The incidence of PE ranged from 2-44% in the included studies. There was variation in the 

definitions used to diagnose PE; three studies (Hafner et al., 2010; Demers et al., 2015; Plasencia 

et al., 2015) referenced guidance from the International Society for Study of Hypertension in 

Pregnancy (ISSHP) (Brown et al., 2001). Plasencia and colleagues (Plasencia et al., 2015) provided 

a sub-analysis outlining cases of early and late PE. The overall incidence of PE was 8.5%. In 

addition to ISSHP guidance, Demers and colleagues (Demers et al., 2015) also referenced the 

American College of Obstetricians and Gynecologists (ACOG); the  overall incidence of PE 

was 1.9% (The American College of Obstetricians and Gynaecologists, 2002). Hannaford 

(Hannaford et al., 2015) and Hafner (Hafner et al., 2010) and colleagues (incidence of PE was 

8.4% and 2.6%, respectively) outline a definition of PE similar to Demers. Hannaford and 

colleagues (Hannaford et al., 2015) referenced guidance from ACOG and the National High 

Blood Pressure Education Program Working Group, (National High Blood Pressure Education 

Working Group on High Blood Pressure in Pregnancy., 2000; The American College of 

Obstetricians and Gynaecologists, 2002) and chose to classify PE as mild/severe and early/late. 

Hashish and colleagues (Hashish et al., 2015) (incidence of PE was 44%) referenced ACOG 

guidance and reported a binary outcome PE/no PE.  

  



58 
 

Study Design  Maternal Characteristics  PVI 
measured 

*Plasencia 
 Spain  
 

 
May 2011–March 
2014 
Prospective cohort 
study 
11+0-13+6 weeks          
n = 1004  
(988 included in 
analysis) 

 PE (n=84) No PE (n=904)  
VI (%) 
FI 
VFI 

Age, years         30.43 ±6.05 31.03 ±5.89 

BMI, kg/m2 28.07 ±5.28 26.21±5.28 

Nulliparity, n(%)  60 (71.4) 522 (57.7) 

Smoking, n(%)      14 (16.7) 200 (22.1) 

Pre-GDM, n(%)     9 (10.7) 60 (6.6) 

HTN, n(%)           11 (13.1) 20 (2.2) 

HDP, n(%)         4 (16.7) 32 (8.4) 

**Demers 

Canada 
 

 
March 2010–May 
2011 
Case-control study 
11+0-13+6 weeks            
n = 1034  
(80 included in 
analysis) 

                                  PE (n=20) No PE (n=60)     
VI (%) 
FI 
VFI 

Age, years         29.7 (27.3-33.9) 9.7 (27.9-32.3) 

BMI, kg/m2           NOT REPORTED NOT REPORTED 

Parity                   NOT REPORTED NOT REPORTED 

Smoking, n(%)      NOT REPORTED NOT REPORTED 

Pre-GDM, n(%)    NOT REPORTED NOT REPORTED 

HTN, n(%)              NOT REPORTED NOT REPORTED 

HDP, n(%)            NOT REPORTED NOT REPORTED 

*Hannaford 

 United 
States  
 
 
 
 

 
December 2008–
April 2012 
Prospective cohort 
study 
11+0-13+6 weeks             
n = 1200  
(570 included in 
analysis) 
 

 PE (n=48) Early PE 
(n=10) 

No 
PE(n=512) 

 
VI (%) 
FI 
VFI 

Age, years         30.6 ±6.1 Not reported 31.4 ±5.87 

BMI, kg/m2           32.8 ±1.4 32.7 ±8.0 27.6 ±6.8 

Parity                   1.2 ±1.4 0.8 ±1.1 1.0 ±1.2 

Smoking, 
n(%)      

6 (12.7) 1 (10.0) 42(8.2) 

Pre-GDM, 
n(%)    

NOT 
REPORTED 

NOT 
REPORTED 

NOT 
REPORTED 

HTN, n(%)              20 (41.7) 7 (70.0) 34(6.6) 

HDP, n(%)            NOT 
REPORTED 

NOT 
REPORTED 

NOT 
REPORTED 

*Hashish 

 Egypt 
 

 
June 2012–May 2013  
Comparative study 
11+0-13+6 weeks             
n = 100 

 High risk (n=50) Control (n=50)  
VI (%) 
FI 
VFI 

Age, years         28.7 ± 5.8 26.8 ±6.4 

BMI, kg/m2           23.7 ±4.6 33.4 ±5.1 

Parity                   1.47 ±0.63 3.1 ±2.1 

Smoking, n(%)      NOT REPORTED NOT REPORTED 

Pre-GDM, n(%)    4.0 (8) NOT REPORTED 

HTN, n(%)              4.0 (8) NOT REPORTED 

HDP, n(%)            16.0 (32) NOT REPORTED 

*Hafner 

 Austria  
 

 
Prospective cohort 
study 
11+0-13+6 weeks           
n = 423 
(383 included in 
analysis) 

 All Participants (n=383)  
VI (%) 
 

Age, years         28.5 (15-42) 

BMI, kg/m2           23.1 (16.4-49.5) 

Parity                   1 (0-8) 

Smoking, n(%)      55 (14.4) 

Pre-GDM, n(%)    NOT REPORTED 

HTN, n(%)              NOT REPORTED 

HDP, n(%)            NOT REPORTED 

 
TABLE 2.2: BASELINE STUDY CHARACTERISTICS 
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PE: Pre-eclampsia  BMI: Body Mass Index (kg/m2)  Pre-GDM: Pre-Gestational Diabetes Mellitus  
HTN: Hypertension  HDP: Hypertensive disorders of pregnancy  
PVI: Placental Vascularisation Indices  VI: Vascularisation Index  FI: Flow Index  VFI: Vascularisation Flow Index 
   
*Values are given as mean ± standard deviation ** Values are reported as medians (interquartile range) 
 

2.3.3 Narrative Review 
 
Table 2.3 provides a narrative synthesis of results from the included studies. All studies 

performed whole placental volume scanning and reported use of VOCAL technique. All studies 

described machine settings used and steps taken to acquire the relevant PVIs. To generate 3D 

placental images all authors reported manual tracing of the placental contour undertaken after 

six 300 rotations. Plasencia and colleagues (Plasencia et al., 2015) acquired 12 sections of the 

placenta, while Demers (Demers et al., 2015) and Hafner and colleagues (Hafner et al., 2010) 

obtained six sections of the placenta in A and B-planes. Four authors (Demers et al., 2015; 

Hannaford et al., 2015; Hashish et al., 2015; Plasencia et al., 2015) reported measures of all PVIs 

while Hafner and colleagues reported only VI (Hafner et al., 2010). Four authors (Hafner et al., 

2010; Demers et al., 2015; Hannaford et al., 2015; Plasencia et al., 2015) used Voluson 730 Expert 

ultrasound machines, (GE Medical Systems, USA) while Hashish and colleagues (Hashish et al., 

2015) reported use of Voluson E8 Expert (GE Medical Systems, Yorba, Linda, CA). A single 

operator performed all measurements in four of the studies (Hafner et al., 2010; Demers et al., 

2015; Hashish et al., 2015; Plasencia et al., 2015) while Hannaford and colleagues specified that 

scans were performed by an experienced obstetric sonographer (Hannaford et al., 2015). Three 

studies did not report reproducibility of their placental vascularisation measurements (Hafner et 

al., 2010; Hashish et al., 2015; Plasencia et al., 2015). One study assessed intra-observer and inter-

acquisition variability on a random sample of 40 participants and reported a correlation 

coefficient >0.80 for both (Girard et al., 2012). Hannaford and colleagues also referenced a 

previous study by their research team outlining the reproducibility of PVIs (Huster et al., 2010).  

 

Three studies reported lower first trimester PVIs in women who subsequently developed PE 

(Hafner et al., 2010; Demers et al., 2015; Plasencia et al., 2015) (table 3). Demers and colleagues 

(Demers et al., 2015) also reported a sub-analysis of the preterm PE cases where only the median 
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placental VI was significantly different in comparison with matched controls (1.5, IQR 0.4-1.8 

vs. 5.1, IQR 2.2-7.7, P<0.01). Hafner and colleagues found that flow indices were influenced by 

maternal BMI and are relatively unreliable in obese women; as a consequence only VI is 

reported with significantly lower mean placental VI in women who developed PE (n=10) 

(Hafner et al., 2010). A fourth study, Hashish and colleagues reported mean first trimester PVIs 

in predefined study groups (high and normal risk), but did not report mean values of PVIs 

according to PE outcome (Hashish et al., 2015). The authors did, however, report the predictive 

value of PVIs as described later in our review. VI and VFI were significantly lower in the high-

risk group; there was no significant difference in the mean FI (P=0.263).  

 

In contrast to the other papers, Hannaford and colleagues reported no significant differences in 

PVIs in women developing PE (Hannaford et al., 2015). While the authors do report lower 

mean values for VI, FI and VFI in both women who developed PE at any gestation (n=48) and 

in those developing early PE (n=10) defined as delivery <34 weeks gestation, these findings 

were not significant.  

 

Two studies evaluated the predictive value of PVIs for development of PE as shown in table 2.3 

(Hannaford et al., 2015; Hashish et al., 2015). A third study, Hafner and colleagues provided 

ROC curve images within the manuscript, however no values were given to facilitate further 

discussion of predictive value within this review (Hafner et al., 2010). 
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Study Incidence of PE (%) Results / conclusions Predictive measure 
*Plasencia 84 PE (8.5%)  

12 early onset PE (14.3%) 
72 late onset PE (85.7%) 

PE was associated with significant lower PVI 
 
VI: Early PE 8.08 (±5.49) Late PET: 8.35 (±5.02) No PE: 9.34 (±4.58) P=0.008 
FI: Early PE: 46.58(±2.79) Late PET: 45.68(±6.34) No PE: 48.77 
(±4.36)P<0.001 
VFI: Early PE: 3.84 (±2.72) Late PET: 3.95 (±2.63) No PE: 4.65 
(±2.55)P=0.004 

None 
 

**Demers† 
 

20 PE (1.9%) 
4 preterm PE (0.4%) 
16 term PE (1.5%) 

PE was associated with significant lower PVI 
 
VI: Cases: 4.0 (1.1-6.0) Controls:6.4(4.0-9.1) P<0.01 
FI: Cases: 41.7 (34.6-46.5) Controls: 45.1 (41.3-48.9) P<0.01 
VFI: Cases: 1.4 (0.4-.25) Controls: 2.9 (1.83-4.3) P<0.01 

 
 
None 
 
 
 

*Hannaford 

 
48 PE (8.4%) 
10 Early PE (1.7%) 

PVI lower in women who developed PE / early PE 
 
VI: PE: 14.8 (±7.6) Early PE: 12.4 (±6.5) No PE: 17.0 (±10.2) P=0.14 
 
FI: PE: 42.0 (±7.8) Early PE: 39.7 (±9.5) No PE: 44.4 (±9.0) P=0.06 
 
VFI: PE: 6.4 (±3.9) Early PE: 8.08 (± 5.49) No PE: 7.9 (± 5.6) P=0.06 
 

VI:    PE                                                    Early PE   
         AUC 0.77 (0.69-0.84)                   AUC 0.89 (0.78-1.00) 
         10% FPR: 45% sensitivity            10% FPR: 79% sensitivity 
         20% FPR: 55% sensitivity            20% FPR: 79% sensitivity 
FI:    AUC 0.75 (0.68-0.83)                    AUC 0.85 (0.78-1.00) 
        10% FPR: 44% sensitivity             10% FPR: 79% sensitivity 
        20% FPR: 56% sensitivity             20% FPR: 79% sensitivity 
VFI:  AUC 0.77 (0.69-0.84)                   AUC 0.89 (0.78-1.00) 
        10% FPR: 44% sensitivity             10% FPR: 79% sensitivity 
        20% FPR: 57% sensitivity             20% FPR: 79% sensitivity 

*Hashish 

 
44 PE (44%) 
High risk: 38 PE (76%) 
Control: 6 PE (12%) 

VI and FI were lower in the high-risk group 
 
VI: High risk: 14.9 ±5.4 (P<0.001) Control: 19.6 ±6.9 (P<0.001) 
 
FI: High risk: 44.8 ±1.1 (P=0.263) Control: 47.1 ±9.0 (P=0.263) 
 
VFI: High risk:  7.1 ±3.8 (P<0.001) Control: 9.6 ±4.1 (P<0.001) 
 

 
High risk VI (%) FI VFI 
Cutoff <15.72 <41.7 <5.1 
Sensitivity 76% 80% 80% 
Specificity 84% 82% 92.1% 

 
Low risk VI (%) FI VFI 
Cutoff <10.52 <38.7 <4.1 

Sensitivity 66.2% 70.7% 70.6% 
Specificity 94.7% 95.8% 86% 

 

*Hafner 

 
10 PE (2.6%) VI was lower in cases of PE  

 
VI: PE: 4.04 ±3.12 No PE: 9.79 ±5.88 P=0.0007 

ROC curve for detection of PE using VI (images presented, no 
numerical data) 

TABLE 2.3: STUDY OUTCOMES 

VI: Vascularisation Index  FI: Flow index  VFI: Vascularisation Flow Index  AUC: Area Under Curve  FPR: False Positive Rate  ROC: Receiver Operating Characteristic   
*Values are given as mean ± standard deviation ** Values are reported as medians (interquartile range) †Nested case-control study. Incidence is reported for total study cohort 
n = 1034 
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2.3.4 Meta-Analysis 
 
Three studies were included in the meta-analysis (Hafner et al., 2010; Hannaford et al., 2015; 

Plasencia et al., 2015). The other studies were excluded from the meta-analysis as Demers and 

colleagues (Demers et al., 2015) reported median PVIs and Hashish and colleagues (Hashish et 

al., 2015) reported mean values of PVIs in high and normal risk groups rather than by outcome 

(PE or no PE). Forest plots for mean values of each vascularisation indices are shown in figure 

2.3. Heterogeneity was assessed using I2 values. A random effects model was used to evaluate all 

studies. Overall, meta-analysis demonstrates that lower mean values of VI, FI and VFI in the 

first trimester of pregnancy were significantly associated with development of PE (figure 2.3). 

The first forest plot illustrates the mean difference in VI between groups: -2.93 (95% CI -5.84, -

0.01, P=0.05) with heterogeneity (I2) of 87% indicating a lack of consistency between studies. 

Analysis was repeated without the Hafner study and I2 reduced to 0%. The second and third 

forest plots illustrate meta-analysis results for FI and VFI, respectively, and include data from 

only two studies (Hannaford et al., 2015; Plasencia et al., 2015). Mean difference in FI was -2.83 

(95% CI -3.97, -1.69) with I2=0% while mean difference in VFI was -0.87 (95% CI -1.40, -0.34) 

with I2=23%. Both results were highly significant P<0.00001 (FI) and P=0.001 (VFI) and 

heterogeneity–I2 values of 0% and 23%, respectively–suggested consistency between studies.
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Vascularisation Index (VI) in % 

 
 

 
Flow Index (FI) 

 

 
Vascularisation Flow Index (VFI) 

FIGURE 2.3: FOREST PLOTS FOR THE COMPARISON OF MEAN PLACENTAL VASCULARISATION 
INDICES (VI, FI AND VFI) IN PRE-ECLAMPTIC AND NORMAL PREGNANCIES 
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2.3.5 Assessment of Risk of Bias 
 
The methodological quality of each study was assessed using the QUADAS tool (Whiting et al., 

2011). Four domains were assessed: patient selection, index test, reference standard and flow 

and timing. Where appropriate, each domain was assessed for risk of bias and concerns 

regarding applicability. Results are shown in figure 2.4. Four or more of the five included 

studies were at low risk of bias, however, in one study there was concern regarding potential for 

bias in patient selection (unclear risk) and the reference standard used (high risk) (Hashish et al., 

2015). There was also concern regarding applicability of the reference standard used in one 

study (Hashish et al., 2015). No studies reported uninterpretable results. 

 

 

FIGURE 2.4: SUMMARY OF QUALITY ASSESSMENT USING QUADAS TOOL 
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2.4 DISCUSSION 

2.4.1 Main Findings 
 
All studies demonstrated that first trimester PVIs were lower in women who developed PE. 

Only one study (Hannaford et al., 2015) did not report a statistically significant difference in 

mean PVIs in women who developed PE in comparison with women who did not, possibly 

reflecting a lack of power given the small number of PE cases in the study. Subsequent meta-

analysis of three studies demonstrated that lower mean values of PVIs in the first trimester of 

pregnancy were significantly associated with later development of PE (Hafner et al., 2010; 

Hannaford et al., 2015; Plasencia et al., 2015).  

 

2.4.2 Interpretation 
 

2.4.2.1 Performance of Placental Vascularisation Indices 
 
This review demonstrates that lower mean values of PVIs in the first trimester are significantly 

associated with development of PE. If PVIs are introduced as a future potential screening test 

for PE in the clinical setting, it is important to emphasise that their primary merit may lie in 

prediction of placental derived PE (Craici et al., 2014; Nelson et al., 2014).  

 

All studies discussed the performance of PVIs in the first trimester, we cannot therefore 

comment on the clinical utility of imaging at later gestations. Only one study comments on the 

impact of maternal characteristics on PVIs; Hafner and colleagues reported that BMI had a 

detrimental effect on flow indices and suggested that FI and VFI may be unreliable measures in 

obese women. For this reason only placental VI was reported (Hafner et al., 2010). High 

heterogeneity (I2=87%) for placental VI was noted in the meta-analysis. Examining the 

characteristics of each study reveals that the median reported BMI by Hafner and colleagues 

(Hafner et al., 2010) was lower (23.1 kg/m2) than the mean BMI reported by the other studies 

included in the meta-analysis, 28.07 and 32.8 kg/m2, respectively (Hannaford et al., 2015; 

Plasencia et al., 2015). However, when we compare the BMI ranges and standard deviations 
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(SDs) reported by each of the studies: Hafner; 16.4-49.5 kg/m2, Plasencia; SD ±5.28kg/m2, 

Hannaford; SD ±4.7 kg/m2 we note that there are likely to be a greater number of participants 

in obese class III in the Hafner cohort. Excess adipose tissue results in increased attenuation of 

ultrasound signal resulting in poorer absorption by placental tissue (Paladini, 2009). Therefore, 

maternal obesity may have increased the heterogeneity within the group and influenced the 

performance of PVIs.  

 

Only two studies provided sufficient information on sensitivity and specificity of PVIs 

(Hannaford et al., 2015; Hashish et al., 2015). In the Hannaford study, VI and VFI most 

accurately predicted early onset PE, while Hashish and colleagues report a sensitivity and 

specificity of 80% and 92.1%, respectively for VFI for prediction of PE in high-risk women 

(Hannaford et al., 2015). To determine the clinical utility of PVIs, these findings require 

validation in larger studies and within different study populations. To enable meaningful 

conclusions regarding the predictive value of PVIs for PE, future papers should report cut-

points in addition to sensitivity and specificity values. 

 

2.4.2.2 Pre-eclampsia Incidence 
 
The overall incidence of PE in the included studies ranged from 2-44%. If the study by Hashish 

and colleagues (Hashish et al., 2015) was excluded the incidence of PE in the remaining studies 

is 2-10%. It is unclear whether selection bias or the definition used by the authors can account 

for the higher than expected incidence of PE (44%). Hashish and colleagues conducted a 

prospective comparison study in pre-defined sub-groups (high and low risk) (Hashish et al., 

2015). High-risk participants were recruited to two other studies, yet in these studies, the rates 

of PE were much lower (Hannaford et al., 2015; Plasencia et al., 2015).  

 

Interpretation of results should take account of the definition of PE used. Three authors 

(Hafner et al., 2010; Demers et al., 2015; Plasencia et al., 2015) referenced guidance from the 

ISSHP (Brown et al., 2001), Hannaford and colleagues (Hannaford et al., 2015) referenced 
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guidance from the ACOG (The American College of Obstetricians and Gynaecologists, 2002) 

and the National High Blood Pressure Education Program Working Group, (National High 

Blood Pressure Education Working Group on High Blood Pressure in Pregnancy, 2000) while 

Hashish and colleagues (Hashish et al., 2015) referenced guidance from the ACOG (The 

American College of Obstetricians and Gynaecologists, 2002). Inconsistencies regarding 

adherence to definitions of PE in addition to subtle differences in diagnosis may contribute to 

the variation in incidence of PE among the studies.  

 

2.4.2.3 Strengths and Limitations 
 
This review has several strengths: it is the first systematic review to evaluate emerging research 

in relation to PVIs and PE prediction. A comprehensive search was performed across a number 

of electronic databases to ensure identification of all eligible studies. Rigorous attention to strict 

inclusion criteria has allowed evaluation of a small but comparable number of papers. All 

included papers employed a whole volume placental scanning technique using VOCAL; in 

addition authors reported standardised machine settings and methods to ensure reproducible 

and reliable images. The quality of the included studies was also assessed by recognised criteria 

from the QUADAS tool (Whiting et al., 2011). 

 

Nonetheless, there remains controversy regarding standardisation of technique for obtaining 

3DPD images using VOCAL. Welsh and colleagues investigated the effect of ultrasound gain 

on the PVIs values, concluding that fractional moving blood volume technique (FMBV), as 

previously described in 2-dimensional (2D) image acquisition, could not be used as a method to 

standardise images acquired by 3DPD (Welsh et al., 2012, 2013). In contrast, Soares and 

colleagues argue that, using an appropriate pulse repetition frequency, FMBV can be used as a 

suitable control (Soares et al., 2013).  

 

A limitation of our meta-analysis is inclusion of only three of the five papers. In addition only 

VI was reported by all three authors. For VI, heterogeneity between studies (I2=87%) is noted, 
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suggesting differences between the study populations. To guard against this, a random effects 

model was for used for analysis. However, in the presence of such a high level of heterogeneity 

caution should be exercised regarding interpretation of a pooled figure. In addition, sensitivity 

and specificity values for were not reported for all studies therefore we are unable to 

recommend cut-offs for each vascularisation indice above which development of PE is likely.  

 

2.5 CONCLUSION 

Our results demonstrate significantly lower first trimester PVIs across a range of studies in 

women who develop PE. We were unable to fully establish the predictive value of PVIs due to 

under reporting of sensitivity and specificity values and cut-points. Future studies should report 

these values so that the pooling of data is more readily accomplished to allow assessment of the 

predictive value of PVIs. PVIs may be most useful for prediction of placental PE. 

Interpretation of predictive value of VI may be burdened by a high degree of heterogeneity. The 

small number of papers suitable for inclusion in the systematic review and meta-analysis 

reinforces the need for further research in this area.  
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Chapter 3 
 

General Methods: The PREDICT study 

3.1 OVERVIEW 

 
This chapter describes the methods employed as part of the PREDICT study (Clinical utility of 

3D power Doppler ultrasound and serum biomarkers for prediction of pre-eclampsia (PE) in 

high-risk women). The study was conducted in a regional tertiary maternity hospital in Northern 

Ireland (NI) (Royal Jubilee Maternity Service - RJMS) between 2nd December 2014 and 2nd 

August 2016. All data and samples were collected by members of the PREDICT study team.  

 

3.2 THE PREDICT ST UDY 

3.2.1 Study Aim 
 
The aim of the PREDICT study was to examine the ability of 3D power Doppler (3DPD) 

ultrasound and maternal serum biomarkers measured in the first and second trimesters of 

pregnancy to predict PE in high-risk women.  

 

3.2.2 Overall Study Design 
 
The PREDICT study was a prospective longitudinal observational study of a cohort of high-

risk women and low-risk control participants to determine the clinical utility and predictive 

value of whole volume 3DPD placental volume scanning, uterine artery Doppler (UAD) 

measurement and maternal serum biomarkers to predict PE in high-risk women.  

 

Eligible participants were asked to attend for two study visits, the first between 11+0-13+6 

weeks gestation (visit 1) to coincide with the routine antenatal booking appointment, and the 

second between 19+0-21+6 weeks gestation (visit 2) to coincide with attendance for 
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recommended fetal anomaly screening (Fetal Anomaly Screening Programme). Figure 3.1 

summaries study design and the information collected at each study visit.  
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Figure 3.1: Flow diagram to show PREDICT study design and data collected at each visit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 3.1: FLOW DIAGRAM TO SHOW PREDICT STUDY DESIGN AND DATA 
COLLECTED AT EACH VISIT 

 
BMI: Body Mass Index (kg/m2), MAP: Mean Arterial blood Pressure (mmHg) 
VI: Vascularisation Index (%), FI: Flow Index, VFI: Vascularisation Flow Index 
PI: Pulsatility Index, RI: Resistance Index 
BPD: Biparietal diameter (mm), HC: Head circumference (mm) 
AC: Abdominal Circumference (mm), FL: Femur Length (mm) 
AFI: Amniotic Fluid Index (cm) 
 

Women meeting the defined inclusion 
criteria will be identified by review of GP 
booking letters. Eligible women will be 
posted an information sheet regarding study 
participation prior to booking 

Eligible women will be recruited at booking 
clinics in the RJMH (11+0-13+6 weeks 
gestation) 
 
Full written consent for participation in the 
study will be obtained 

Visit 1 (11+0-13+6 weeks) 
 Address any outstanding queries 
 Record and obtain baseline clinical and demographic data in study Case Report Form: 
• Height (cm), weight (kg), BMI (kg/m2), MAP (mmHg), urine dipstick 
 Perform first trimester ultrasound measurement including: 
• Crown Rump Length (CRL) 
• Placental vasculature indices (VI, FI, VFI, placental volume) 
• Uterine artery Doppler (PI, RI and notching)  
 Collect study specific blood and urine samples 
 Arrange visit 2 

Visit 2 (19+0-21+6 weeks) 
 Review consent for participation 
 Repeat clinical assessment (including details of medication changes): 
• Height (cm), weight (kg), BMI (kg/m2), MAP (mmHg), urine dipstick 
 Repeat ultrasound scan including: 
• Placental vasculature indices (VI, FI, VFI, placental volume) 
• Uterine artery Doppler (PI, RI and notching) 
• Fetal biometry (BPD, HC, AC, FL and AFI) 
 Offer 3D ultrasound picture to mothers 
 Collect study specific blood and urine samples 

Following delivery 
 Midwife to contact Northern Ireland Biobank and make them aware of placental sample 
 Delivery suite Midwife to collect placenta (within 30 minutes of delivery) and place in 

storage container (4oC fridge) 
 Placental processing and storage protocol to be followed by Northern Ireland Biobank 

 

Case note review 
 Relevant clinical information concerning maternal and neonatal outcomes will be extracted 

from the case notes 
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3.2.3. Study population 
The target population were pregnant women at high risk of PE as determined by pre-existing 

medical co-morbidities or past obstetric history. Women were included if they were in the first 

trimester of pregnancy (11+0–13+6 weeks gestation) with one or more of the following risk 

factors: 

1. Type 1 or type 2 diabetes preceding pregnancy 

2. BMI >35 kg/m2 

3. Previous history of PE 

4. Previous history of IUGR (birth weight <10th centile, corrected for gestational age and 

gender) 

5. Essential hypertension 

6. Renal disease 

7. Thrombophilia 

8. Autoimmune disease (Systemic Lupus Erythematosus, Anti-Phospholipid Syndrome, 

Rheumatoid / Vascular Arthritis) 

 

In addition, a control group of low-risk women without any of the above mentioned risk factors 

was recruited. Women with a multiple pregnancy were excluded from the study.  

3.2.3.1 Sample Size 
 
Assuming a 20% incidence of PE in the study population (Bhattacharya et al., 2007; Herraiz et 

al., 2012) and an inter-patient standard deviation in VFI of 5.213 (Odiboet al., 2011a), a sample 

size of 200 women gives 90% power to detect a difference of 3.0 in mean VFI between the 

normal group (expected size 160) and the PE group (expected size 40).  Allowing for practice 

(ability to recruit etc.) and patient attrition, a total sample size of 150 still gives 80% power to 

detect this same difference. 
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3.2.4 Study Set Up 
 

3.2.4.1 Patient and Public Involvement 
 
We invited women at risk of adverse pregnancy outcomes to take part in the project steering 

committee. This helped to more clearly ascertain patient ideas, concerns and expectations 

regarding participation in the planned study. It also facilitated discussion regarding the 

acceptability of the planned research and likely uptake of a screening test. At the time of the 

project steering group meeting, patient representatives were also asked to contribute to and 

comment on draft participant information sheets. Patient involvement helped refine the use of 

medical terminology and guide us as to the level of information patients might require. 

Discussion also took place regarding the future of the PREDICT study; it was agreed that there 

would be ongoing patient involvement in the study, particularly in relation to dissemination of 

findings. 

 

Prior to commencing recruitment, meetings were held with the midwifery staff in the booking 

clinic, antenatal clinic and day obstetric unit within the RJMS. These meetings proved a vital 

means of introducing the PREDICT study, its aims, potential impact on the maternity service 

and need for recruitment of patients; in particular from high-risk clinics. The inclusion and 

exclusion criteria were explained to booking midwives and a system for identifying who was a 

potential study participant was devised. There was also agreement between the midwives and 

the PREDICT study researcher that routine first trimester booking bloods would be drawn at 

the same time as PREDICT blood samples to help reduce the number of invasive procedures 

for women. Where possible, the PREDICT study researcher sampled all the bloods at visit 1.  

 

3.2.4.2 Ethical Considerations 

3.2.4.2.1. Consent 
 
Prior to receiving their booking appointment letter, referrals from General Practitioners (GP) to 

the RJMS were screened for potential inclusion in the study. To allow potential participants 
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enough time to consider taking part in the study, a participant information leaflet (appendix 1 

and 2) and an invitation letter (appendix 3) from the PREDICT study team was sent out along 

with the booking appointment letter (in excess of 48 hours). Eligible women were then formally 

recruited at the time of their booking appointment by a PREDICT study researcher. Written 

informed consent was obtained before inclusion and was again reviewed at the time of the 

second study visit (appendix 4 and 5). Women were reassured that they could withdraw at any 

time and without giving a reason for doing so. It was emphasised that withdrawal from the 

PREDICT study would not have any impact on the ongoing clinical care they would receive 

throughout their pregnancy.   

 

3.2.4.2.2 Confidentiality 
 
In line with the Caldicott Principles, only necessary personal identifiable data was collected. 

Actions were taken to minimise the risks of a breach in security. All data was anonymised at the 

outset of recruitment with participants receiving a unique patient identifier at the time of 

inclusion. Subsequently, data was entered onto a SPSS database which was stored on a password 

protected server within Queen’s University Belfast (QUB) for analysis. The identifier coding key 

was kept separately in a locked filing cabinet within a locked office in the Centre for Public 

Health. Anonymised study participant data was stored in a locked filing cabinet in the RJMS. 

 

3.2.4.2.3 Acceptability 
 
In both information leaflets (high and low risk) (appendix 1 and 2) the disadvantages and risks 

of taking part in the study were clearly outlined. Participants were advised that they might spend 

additional time in hospital. It was explained that they would have bloods drawn for 

measurement of maternal serum biomarkers at both visits. Participants were informed that they 

may experience mild discomfort associated with blood-letting and a risk of bruising around the 

needle insertion site.  
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3.2.4.2.4 Disclosure of Abnormal Findings to the Clinical Care Team 
 
The ultrasound parameters assessed as part of the PREDICT study are novel research markers. 

However, there was potential for other abnormal findings to be identified during study scans, 

for example: miscarriage, oligohydramnios and congenital fetal anomaly. In this instance, it was 

agreed that participants would be referred to their clinical team for appropriate assessment and 

follow-up. Women were informed in the patient information sheet that any clinical concerns 

during the course of the study visits would be forwarded to their clinical team. 

 

3.2.4.2.5 Ethical Approval  
 
Ethical approval was obtained from the Office for Research and Ethics in NI (ORECNI), (Ref: 

14/NI/1068) with a favourable ethical opinion granted on 15th September 2014. Local research 

governance approvals (Belfast Health and Social Care Trust, BHSCT) were finalised on 4th 

November 2014 (Ref: 14045IY-SW).  

 

3.2.5 Screening 
Before receiving their booking appointment letter, booking referrals from GP were screened 

against the agreed inclusion criteria for potential eligibility. Meetings with the medical 

administrative staff ensured that screened participants were sent invitation letters and 

information leaflets about the study along with their booking appointment letter. Eligible 

women were then formally recruited at the time of their booking appointment by a PREDICT 

study researcher.  

 

3.2.6 Recruitment 
Women were recruited from the RJMS in NI between December 2014 and June 2016. The 

initial aim of the study was to recruit 200 high-risk women containing at least 50 in each of four 

subgroups: (1) pre-existing diabetes (2) maternal obesity (3) previous history of PE, IUGR, 

essential hypertension, renal disease (4) thrombophilia, autoimmune disease, along with 30 

control subjects. Chapter 4 will outline the composition of study groups. 
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A hierarchical approach to recruitment was employed; firstly, to counter challenges faced in 

recruitment of women to appropriate study groups–namely the diabetes and autoimmune 

groups–and secondly, to enable completion of recruitment in a timely manner. Regardless of 

co-existing medical comorbidities and maternal BMI, all women with diabetes mellitus (type 1 

or 2) were allocated to the diabetes group. Similarly, all women with thrombophilia and the 

majority of women with autoimmune disease were allocated to the autoimmune group. Written 

informed consent (appendix 4 and 5) was obtained prior to inclusion in the PREDICT study. 

Figure 3.2 outlines the screening, recruitment and follow up process within the PREDICT 

study.  

 

Consultants looking after high-risk women within the RJMS were also informed about the study 

prior to commencement of recruitment. Summary information regarding inclusion criteria, 

exclusion criteria, study aims and outcome measures was provided. Information leaflets were 

also emailed to relevant consultants caring for women with high-risk medical problems in order 

to facilitate independent referral of eligible patients to the PREDICT study team.  

 

Recruitment commenced on 2nd December 2014 with second trimester follow-up visits 

completed on 2nd August 2016. Completion of data collection concerning maternal and neonatal 

outcomes was on 31st January 2017. 
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FIGURE 3.2: SCREENING, RECRUITMENT AND FOLLOW UP WITHIN THE PREDICT 
STUDY 

 

 

3.2.7 Retention Strategy 
 
The researcher provided a dedicated email and contact telephone number for any queries during 

data collection. In the event that a study participant did not attend for their second trimester 

visit, it was determined prior to further contact with the participant if the pregnancy had been 

complicated by fetal loss or an adverse event. Where possible, to minimise loss to follow up, 

patients who failed to attend their second trimester visit were contacted and offered another 

SCREENED FOR ELIGIBILITY 
n=353 

EXCLUDED (n= 121) 
• Declined to participate: 24 
• Miscarriage: 40 
• DNA: 21 
• Fetal abnormality: 1 
• Not eligible: 22 
• Researcher unavailable: 13 

 

TOTAL RECRUITED 
n=232 

LOST TO FOLLOW-UP (n=7) 
• Delivered outside Northern Ireland: 

n=1 
• First trimester miscarriage: n=3 
• Second trimester miscarriage: n=2 
• Termination of pregnancy: n=1 

DATA AVAILABLE FOR ANALYSIS 
 
V1: n=232 
V2: n=227 
Pre-eclampsia outcome: n=225 
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date for follow up within the study time frame. In addition, women were offered 3D ultrasound 

pictures of their babies at their second visit as an incentive to remain in the PREDICT study. 

 

Participants were contacted approximately four weeks in advance of their estimated date of 

delivery to remind them to notify the delivery suite staff regarding placental collection and to 

determine a date for induction of labour or elective caesarean section where appropriate.  

 

3.2.8 Data Collection Forms 
 
A specially designed case report form (CRF) was developed to record data on maternal baseline 

characteristics, anthropometric measurements, ultrasound measures of interest (placental 

volume and PVIs, UAD, fetal biometry) and maternal and neonatal outcome data (appendix 6).  

 

3.2.9 Visit Procedures 
 
An overview of each PREDICT study visit and the data collected is demonstrated in table 3.1. 

Where possible, participants attended for study visits directly after their booking appointment 

or anomaly scan (where applicable)–before their antenatal clinic review–to reduce the time 

spent by each participant in the hospital. To ensure efficiency, charts were queued for review in 

antenatal clinic while participants attended study visits.   

 

3.2.9.1 Visit 1: 11+0-13+6 Weeks Gestation 
 
Eligible women were recruited and written informed consent was obtained during their booking 

visit. In addition to clinical history and examination, first trimester ultrasound was performed to 

examine placental vasculature indices (Vascularisation Index (VI, %), FIow Index (FI), 

Vascularisation FIow Index (VFI) and placental volume (PV, cm3); UAD flow (PI, RI, 

notching) and Crown Rump Length (CRL < 84mm). Maternal blood pressure (BP) was 

recorded using a British Hypertension Society validated automated instrument. Women with 

diabetes were offered a standardised capillary blood glucose meter with a downloading facility 
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to allow collection a seven day capillary blood glucose profile (pre and 1-hour post-prandial and 

bedtime recorded daily for seven days). Study-specific non-fasting blood samples were taken 

(with routine clinical samples) for measurement of biomarkers: Plasma Associated Pregnancy 

Protein-A (PAPP-A), Placental like Growth Factor (PlGF), soluble Fms-like tyrosine kinase-1 

(sFlt-1), soluble Endoglin (sEng) and Fatty Acid Binding Protein 4 (FABP4). Routine spot ACR 

ratio results (urine albumin: creatinine) and all current medications were recorded in a 

specifically designed case report form. 

 

3.2.9.2 Visit 2: 19+0-21+6 Weeks Gestation 
 
This visit was conducted in the 2nd trimester, between 19+0 and 21+6 weeks gestation to 

coincide with the routine anomaly scan. All women had a repeat clinical assessment (including 

details of drug treatment, repeat ultrasound (placental volume, VI, FI and VFI, UA Doppler 

and fetal biometry), seven day capillary blood glucose profile, BP and maternal blood samples 

for biomarkers as for study visit 1.  

 

3.2.10 Measurement of Study Specific Parameters  
 

3.2.10.1 Body Mass Index 
 
At the time of their booking scan, all women booking for pregnancy in RJMS have their weight 

(without shoes) and height measured to calculate their booking BMI (kg/m2). This data was 

recorded on the CRF at the time of visit 1. While attending for visit 2, maternal weight was 

again recorded (without shoes) on automated scales within the day obstetric unit, RJMS. The 

same set of fully automated and regularly calibrated scales was used for each study participant. 

Second trimester maternal BMI was subsequently calculated.  
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3.2.10.2 Measurement of Blood Pressure 
 
Maternal BP was recorded using an Omron MIT Elite automated instrument validated for use 

in pregnancy and in diagnosis of PE by the British Hypertension Society. Adopting a protocol 

based on measurement of mean arterial pressure (MAP) at 11-13 weeks from Poon et al. (Poon 

et al., 2012), study participants were placed in a seated position with their arms supported at the 

level of their heart and either a normal (22–32 cm) or large size (33–42 cm) adult cuff was used 

depending on the mid-arm circumference. After resting for five minutes, BP was measured 

twice in both arms simultaneously to allow the point of stability to be reached. An average of 

these readings was taken for each arm and the MAP subsequently calculated.    

 

3.2.10.3 Maternal Blood Samples  
 
Peripheral venous blood samples were collected after participants had been sitting quietly for 

five minutes. Fasting samples were not required. A tourniquet was used to improve venous 

access and allow collection of the following 5 sample bottles: two 6 ml clotted (red top), two 6 

ml EDTA (purple top) and one 4 ml EDTA (purple top). Following collection, the clotted 

samples were stored at room temperature in the dark for at least one hour prior to 

centrifugation to allow adequate blood clotting. The two 6ml EDTA samples were stored at 

4°C before centrifugation and the 4ml EDTA sample was stored at room temperature prior to 

storage. The 4ml EDTA tube was stored as whole blood. The clotted samples and 6ml EDTA 

samples were centrifuged (3000rpm for 15mins). Following this serum from the clotted samples 

was pipetted into four 2ml storage tubes (where possible). These samples were then labelled and 

stored at -800C. Plasma from the EDTA samples was then pipetted into four 2ml storage tubes 

(where possible). Samples were then labelled and stored at -800C. A total of nine tubes for each 

subject per visit were stored (total 18 samples per participant) (appendix 7). The whole blood 

samples were recorded on the Human Tissue Authority (HTA) database.  
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3.2.10.4 Maternal Urine Samples  
 
Subjects were asked to provide a random urine sample (approximately 20mls), which was 

collected in a sterile container.  The sample was then divided and transferred into two labelled 

sterile universal urine containers. Following collection, samples were labelled and stored at -

800C (appendix 7). Urine samples were also recorded on the Human Tissue Authority (HTA) 

database.  

 

3.2.10.5 Measurement of Ultrasound Parameters 
 
Methods to acquire placental volume images and UAD measurements will be discussed in detail 

within relevant chapters concerning PVIs (chapters 2, 5) and UAD (chapter 6). Anonymised 

images were stored securely on both an encrypted external storage device and within a secure 

server in QUB. 

 

3.2.11 Endpoints in PREDICT 
 

3.2.11.1 Primary Endpoint 
 
The primary outcome was PE, defined as hypertension after 20 weeks gestation and the co-

existence of one or more of the following new-onset conditions: (1) proteinuria (spot urine 

protein/creatinine >30 mg/mmol [0.3 mg/mg] or >300 mg/day or at least 1 g/L [2+] on 

dipstick testing), (2) other maternal organ dysfunction: renal insufficiency (creatinine >90 

umol/L; 1.02 mg/dL) liver involvement (elevated transaminases – at least twice upper limit of 

normal and/or right upper quadrant or epigastric abdominal pain) neurological complications 

(eclampsia, altered mental status, blindness, stroke, or more commonly hyperreflexia when 

accompanied by clonus, severe headaches when accompanied by hyperreflexia, persistent visual 

scotomata) haematological complications (thrombocytopenia – platelet count below 

150,000/dL, DIC, haemolysis) or (3) uteroplacental dysfunction (i.e.) fetal growth restriction, in 

accordance with the International Society for the Study of Hypertension in Pregnancy guidelines 

(Tranquilli et al., 2014). The diagnosis of PE was independently confirmed by three clinicians. 
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New-onset hypertension was defined as two diastolic blood pressure readings of 90mmHg or 

more at least 4 hours apart or one reading of at least 110mmHg, occurring after 20 weeks 

gestation or in the early postnatal period (up to 48hrs), and excluding labour (Brown et al., 2001; 

National Institute for Health and Care Excellence, 2016a).  

 

The booking spot urine albumin to creatinine ratio allowed further subdivision of women with 

PE superimposed on sub-clinical nephropathy. For such women and those with pre-existing 

hypertension and/or proteinuria, PE was defined according to National High Blood Pressure 

Education Program Working Groups guidelines (National High Blood Pressure Education 

Working Group on High Blood Pressure in Pregnancy, 2000). 

  

3.2.11.1.1 Pre-eclampsia Definitions 
 
Preterm PE: defined as PE occurring between 34+1 weeks gestation and 37+0 weeks 

gestation.  

Term PE: defined as PE occurring after 37+1 weeks gestation.  

Early-onset PE: defined as PE presenting before 34+0 weeks gestation (Tranquilli et al., 2013).  

Severe PE: defined as a blood pressure >160 mmHg systolic or >110mmHg diastolic 

(Tranquilli et al., 2013). 

 

3.2.11.2 Secondary Endpoints 
 
Pregnancy induced hypertension (new onset hypertension), Intrauterine Growth Restriction 

(IUGR), pre-term delivery (PTD), stillbirth and fetal macrosomia.  

 

3.2.10.3 Other Endpoints 
 
Maternal: miscarriage, death, mode of delivery, obstetric complications; post-partum 

haemorrhage, eclampsia, HELLP syndrome (haemolysis, elevated liver enzymes, low platelets), 
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placental abruption, prolonged premature rupture of membranes (PPROM), polyhydramnios, 

duration of stay in hospital, diastolic BP >100 mmHg, >5g proteinuria /24 hours, platelets 

<100,000/ml, abnormal liver enzymes (twice normal range), biochemical analysis (PAPP-A, 

PlGF, sFlt-1, sEng, FABP4), UAD measurements, placental volume and PVIs.  

 

Neonatal: gestational age at delivery, shoulder dystocia, congenital fetal anomalies, fetal birth 

injury, death (deaths up to 28 days or prior to discharge from hospital), admission to Neonatal 

Intensive Care Unit (NICU), Apgar scores, cord pHs (arterial and venous), head circumference, 

length, hypoglycaemia (blood glucose <2.5mmol/L), need for and duration of assisted 

ventilation via endotracheal tube, continuous positive airway pressure (CPAP), supplemental 

oxygen, intravenous fluids, phototherapy, duration of hospital stay, time in NICU, high 

dependency, respiratory diagnosis (respiratory distress syndrome, transient tachypnoea of the 

newborn, meconium aspiration syndrome, pneumonia, pneumothorax), necrotising 

enterocolitis, persistent ductus arteriosus, apnoea, bradycardia, seizures, intraventricular 

haemorrhage, retinopathy of prematurity, bacteraemia, chronic lung disease (oxygen >28 days, 

oxygen >36 weeks corrected age), polycythaemia (packed cell volume >0.65). 

 

3.2.12 Statistical Analysis Plan 
 
SPSS was used for statistical analysis. Continuous variables that were not normally distributed 

were log transformed to allow for statistical analysis using non parametric tests. Comparisons 

between the four groups (high-risk PE, high-risk no PE, low-risk PE and low-risk no PE) was 

performed using chi-square (χ2) or one-way ANOVA, as appropriate. In addition, analysis of all 

participants by primary outcome (PE v no PE) was performed using chi-square (χ2) or one-way 

ANOVA as required.  

 

Reliability analysis was undertaken to evaluate repeatability (r), reproducibility (R), coefficient of 

variation (CV, %) and intra-class correlation coefficient (ICC) of PVIs in the first and second 
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trimester, where appropriate. An assessment of bias to evaluate systematic differences in 

operators was also performed using paired samples t-tests.   

 

Analysis of biomarker data was performed following logarithmic transformation, where 

necessary. P-values for all tests were two-sided and the criterion for statistical significance was 

set at P<0.05.  

 

Logistic regression was used to assess the association of Doppler parameters alone, biomarkers 

alone and combinations of Doppler parameters and biomarkers with PE, adjusted for 

established risk factors. To assess the performance of Doppler parameters and biomarkers, 

areas under the receiver-operating characteristic (ROC) curves (AUC) were derived from the 

logistic model. In addition, to quantify the added clinical value of Doppler parameters and 

biomarkers in comparison with established clinical risk factors, the integrated discrimination 

improvement index (IDI) and net reclassification improvement index (NRI) was calculated as 

described by Pencina and colleagues (Pencina, D’Agostino and Vasan, 2008).  

 

3.2.13 Major Amendment  
 
To enable collection of placental samples from PREDICT study participants, a notice of 

substantial amendment was provided to ORECNI and the Research Governance team in the 

BHSCT (9th June 2015). Collection of placental samples from these carefully characterised 

pregnancies allows further evaluation of the performance of novel ultrasound techniques 

(3DPD placental volume imaging), facilitates assessment of vascular structure and provides a 

unique resource to enable future work to be carried out on biomarker identification and 

epigenetics for PE. 

 

Following delivery, placental samples were collected, trimmed, weighed and photographed. For 

each site biopsies were obtained from sites adjacent to the cord insertion and distal from the 

cord insertion. Three Formalin Fixed Paraffin Embedded (FFPE blocks) and three snap frozen 
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fresh tissue blocks (stored at -800C) for each placenta collected as part of the PREDICT study 

are currently stored in the Northern Ireland Biobank (appendix 8).  

 

Approval for the amendment was granted on 28th July 2015 by the BHSCT and a favourable 

ethical opinion from ORECNI was given on 11th August 2015.  
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Chapter 4 
 

Maternal Characteristics and Maternal and Neonatal Outcomes 

4.1 OVERVIEW 

 
This chapter describes analysis of maternal characteristics and maternal and neonatal outcomes 

for the PREDICT study; previously discussed in chapter 3. The aim of the PREDICT study 

was to examine the ability of 3D power Doppler (3DPD) ultrasound and maternal serum 

biomarkers measured in the first and second trimesters of pregnancy to predict pre-eclampsia 

(PE) in high-risk women. This longitudinal observational study was conducted in RJMS over a 

period of 20 months.  

4.2 METHODS 

 
As discussed in chapter 3, depending on their eligibility, women were recruited to one of four 

high-risk groups (n=202). In addition, a group of low-risk women were recruited as control 

participants (n=30). Throughout the tables presented, the following summary labels have been 

used to describe the study groups: (1) diabetes; women with type 1 and type 2 diabetes (2) 

obesity; women with a booking BMI >35 kg/m2 (3) hypertension; women with essential 

hypertension, a previous obstetric history of PE, IUGR or renal disease (4) autoimmune; 

women with known thrombophilia or autoimmune disease (5) low risk; low-risk study 

participants with none of the characteristics of the other groups. These groupings are relevant 

for the remaining chapters in this thesis.    

 

Baseline maternal characteristics were collected 11+0-13+6 weeks and 19+0-21+6 weeks 

gestation. Chapter 3 describes in detail general methods employed for the PREDICT study. 

Maternal and neonatal outcomes were collected following delivery. For mothers delivering 

outside the tertiary referral centre, all maternal and neonatal medical records were requested and 
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reviewed where possible. Maternal outcomes included: length of stay for delivery admission, 

overall pregnancy outcome, mode of delivery, estimated blood loss at delivery (mls) and 

admission to Intensive Care (ICU) or High Dependency Units (HDU). Neonatal outcomes 

included: gestational age at delivery (weeks), length of stay, admission to ICU, Apgar scores, 

cord gases, birthweight (g) and Gestation Related Optimal Weight centile (GROW). Calculation 

of GROW centile at delivery was obtained using a bulk centile calculator developed by the 

Perinatal Institute for Maternal and Child Health. Variables in the equation included: maternal 

height and weight at booking, parity, gestational age at delivery, gender and birthweight. 

 

4.3 STATISTICAL ANALYSIS 

 
Baseline characteristics of study participants were analysed according to primary outcome (PE) 

using Chi-Squared, one-way ANOVA and Mann-Whitney U tests where appropriate. Group 

comparisons of baseline characteristics were analysed using Chi-squared and one-way Analysis 

of Variance (ANOVA) tests as appropriate. Statistical analysis of neonatal outcomes was 

performed using Chi-Squared, one-way ANOVA and Mann-Whitney U tests where appropriate. 

All analysis was performed using SPSS version 21 (IBM Corp., Armonk, NY). 

 

4.4 RESULTS  

 
Screening, recruitment and follow-up of participants is summarised in chapter 3 (figure 3.1). 

The initial study design aimed to recruit 50 women to each high-risk group and 30 low-risk 

women to a control group. Due to challenges encountered in the recruitment of women with 

diabetes and following discussion with the study team, group sizes were altered in order to reach 

the required sample size. Figure 4.1, below, summarises recruitment to the PREDICT study 

(n=232); 202 women were recruited to four high-risk groups and 30 women to a low-risk 

control group. Of note, one participant was lost to follow-up, therefore n=231 (figure 3.2). 
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FIGURE 4.1: SUMMARY DIAGRAM OF RECRUITMENT TO THE PREDICT STUDY 

 

As previously described in chapter 3 (section 3.2.6), a hierarchical approach to recruitment was 

adopted to ensure appropriate and timely recruitment across groups. Figure 4.1 outlines the 

composition of study groups and highlights the issue of cross contamination between groups, 

where participants had more than one high risk medical co-morbidity. This was particularly 

evident with regard to the prevalence of maternal obesity. Within the high-risk groups, the 

prevalence of maternal obesity was 47% (booking BMI>35 kg/m2); overall, mean (SD) booking 

BMI was 32.86 kg/m2 (9.02). As summarised in table 4.1, there was crossover between the 

obese group and the other high-risk groups: 26% (n=8) of women with diabetes, 28% (n=17) 

of women in the hypertensive group and 18% (n=9) of women in the autoimmune group had a 

booking BMI >35 kg/m2. Examining the presence of co-existing medical co-morbidities across 

allocated study groupings, in the diabetes group 13% (n=4) also had a history of hypertension, 

PE (13%, n=4), IUGR (n=2. 7%), renal (7%, n=2) or autoimmune disease (7%, n=2). In the 

obese group, a number of women had a history of IUGR or PE (3%, n=2 and 7%, n=4, 

respectively). As expected in the hypertension group (given its inclusion criteria), a number of 

women had essential hypertension, a past history of PE, IUGR, or renal disease, with two 

women (3%) also having a past history of autoimmune disease. In the autoimmune group, a 

range of high risk co-morbidities were seen in addition to the defining study group characteristic 

(autoimmune disease or thrombophilia); including essential hypertension (2%, n=1), PE (4%, 

n=2), IUGR (16%, n=8) and renal disease (2%, n=1).  

Diabetes
Type 1 and type 2 diabetes

n=31

Obesity
BMI >35kg/m2

n=60

Hypertension
Hypertension, history of PE / 

IUGR, renal disease
n=61

Autoimune
Thrombophilia, autoimmune disease

(APLS, SLE, RA)
n=50

Low risk
Low-risk controls

n=30
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 High risk co-morbidities (n, 
%) 

      

 Diabetes BMI>35kg/m2 Hypertension† PE† IUGR†  Renal disease† Thrombophiliaⱡ Autoimmuneⱡ  
Allocated study group         
Diabetes (n=31) 31 (100) 8 (26) 4 (13) 4 (13) 2 (7) 2 (7) 0 2 (7) 
Obesity (n=60) 0 60 (100) 0 4 (7) 2 (3) 0 0 0 
Hypertension (n=61) 0 17 (28) 16 (26) 20 (33) 27 (44) 5 (8) 0 2 (3) 
Autoimmune (n=50) 0 9 (18) 1 (2) 2 (4) 8 (16) 1 (2) 9 (18) 41 (82) 
 

TABLE 4.1: COMPOSITION OF STUDY GROUPS AND DISTRIBUTION OF MEDICAL CO-MORBIDITIES ACROSS GROUPS AT RECRUITMENT (11+0-13+6 WEEKS) 
 

† Women allocated to hypertensive group (essential hypertension, history of pre-eclampsia, history of intrauterine growth restriction (IUGR), history of renal disease) 

 ⱡ Women allocated to autoimmune group (known thrombophilia, systemic lupus erythematous (SLE), rheumatoid / vascular arthritis, anti-phospholipid syndrome (APLS) 
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4.4.1 Baseline Characteristics and Pre-eclampsia Outcome  
 
225 women (97%) were assessed for the primary outcome–development of PE–as described in 

chapter 3 (section 3.2.11.1). Analysis of maternal baseline characteristics with regard to PE 

outcome is summarised in table 4.2. No differences in age, ethnicity, BMI, gestational age at 

booking, parity, smoking status, years spent in full time education, pregnancy intention or 

attendance at pre-pregnancy counselling were noted in women who developed PE and those 

who did not. In addition, there was no difference in alcohol consumption, folic acid intake or 

aspirin use at booking in women who developed PE. No significant difference in relation to PE 

outcome was noted between study groups (diabetes, obesity, hypertension, autoimmune or low-

risk). 

 

Women who developed PE lived in the most socially deprived areas, based on postcodes at 

booking (58% v 39%, P=0.05). At visit 1, their mean (SD) diastolic BP and MAP (mmHg) were 

higher than women who did not develop PE; 83 (10.1) v 78 (10.5), P=0.03 and 98 (9.7) v 93 

(10.4), P=0.03. There was no significant difference in systolic BP at booking (P=0.07).  
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Baseline characteristics (V1) No PE (n=199) PE (n=26) P 

Maternal age (y); mean (SD) 31.8 (5.3) 33.0 (5.2) 0.26 

BMI (kg/m2); mean (SD) 31.89 (8.9) 32.97 (9.0) 0.56 

Gestational age (weeks); mean (SD) 12.2 (0.6) 12.4 (0.7) 0.21 
Full time education (y); mean (SD) 15.9 (3.2) 16.0 (2.8) 0.84 
Ethnicity (white) (n,%) 189 (95) 23 (89) 0.18 
Parous (≥1) (n,%) 149 (75) 16 (62) 0.12 
Smoker (n,%) 37 (19) 5 (19) 0.56 
Most deprived fifth (n,%) 77 (39) 15 (58) 0.05 
Planned pregnancy (n,%) 141 (71) 19 (74) 0.51 
Received pre-pregnancy counselling (n,%) 48 (24) 5 (19) 0.39 

Spontaneous conception (n,%) 197 (99) 25 (96) ─ 
Taking folic acid (n,%) 197 (99) 26 (100) ─ 
    

Stopped alcohol pre conception (n,%) 102 (51) 16 (62) 0.23 
Stopped alcohol during pregnancy (n,%) 96 (48) 10 (38)   
    

Aspirin at visit 1 (n,%) 42 (21) 5 (19) 0.53 
Aspirin at visit 2 (n,%) 120 (60) 13 (50) 0.21 
 
Mean systolic BP (mmHg); mean (SD) 

 
122 (11.7) 

 
127 (11.3) 

 
0.07 

Mean diastolic BP (mHg); mean (SD) 78 (10.5) 83 (10.1) 0.03 
MAP (mmHg); mean (SD) 93 (10.4) 98 (9.7) 0.03 
 
Diabetes (n=29) (n,%) 

 
25 (13) 

 
4 (15) 

 
0.64 

BMI>35/kg2 (n=58) (n,%) 49 (25) 9 (37)   

HTN, renal, IUGR (n=59) (n,%) 52 (26) 7 (27)   
Thrombophilia, autoimmune (n=49) (n,%) 46 (23) 3 (12)   

Low risk (n=30) (n,%) 27 (14) 3 (12)   

 
TABLE 4.2: ANALYSIS OF MATERNAL BASELINE CHARACTERISTICS BY PRE-ECLAMPSIA 
OUTCOME 

 
 

4.4.2 Pre-eclampsia Outcome Across Groups 
 
Table 4.2 compares PE rates across groups. No significant difference was noted between the 

groups (P=0.64); however, the overall rate of PE was highest in women with obesity (BMI ≥35 

kg/m2) at 16% (n=9). Of note, the rate of PE in the low-risk group was relatively high (10%, 

n=3). 
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  No PE 
  n=199 

(% in group) 

PE  
n=26 

(% in group) 

% within confirmed  
PE cases  

(%) 

P 

Diabetes (n=29) 25 (86) 4 (14) 15 0.64 

Obesity (n=58) 49 (84) 9 (16) 35  
Hypertension (n=59) 52 (88) 7 (12) 27  
Autoimmune (n=49) 46 (94)          3 (6) 12  
Low risk (n=30) 27 (90)          3 (10) 12  
  

TABLE 4.3: RATES OF PRE-ECLAMPSIA (PE) ACROSS GROUPS  
 
 

4.4.3 Baseline Characteristics Across Groups 
 
Table 4.4 compares baseline maternal characteristics across groups at the time of recruitment to 

the PREDICT study (11+0-13+6 weeks gestation). No significant differences across the groups 

were noted in maternal age, gestational age at recruitment, systolic and diastolic blood pressure 

(BP, mmHg), Mean Arterial Pressure (MAP, mmHg), years spent in full time education or folic 

acid consumption. Significant differences were demonstrated with regards to booking Body 

Mass Index (BMI, kg/m2) with highest mean (SD) BMI noted in the obese group; 41 kg/m2 

(4.6), P<0.001. 50% of these women also lived in the most socially deprived areas (n=30, 

P=0.01). The greatest number of parous women (≥1 child) were noted in the hypertensive 

group (90%, n=57, P=0.002). Planned pregnancy rates (86%, n=43, P=0.02) and attendance for 

pre-pregnancy counselling were greatest in the autoimmune group (48%, n=24, P<0.001). In 

the first trimester, aspirin use was greatest in the autoimmune group (44%, n=22, P<0.001), 

however this was surpassed by aspirin use in the diabetes group at the time of visit 2 (86%, 

n=25, P<0.001). 
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  Diabetes 

(n=31) 
BMI >35kg/m2 

(n=60) 
Hypertension  

(n=61) 
Autoimmune 

(n=50) 
Low risk  

(n=30) 
P 

Maternal age (y); mean (SD) 31.2 (7.2) 31.9 (4.9) 31.7 (4.8) 33.2 (5.5) 31.7 (4.7) 0.46 

BMI (kg/m2); mean (SD) 30.4 (8.0) 41.9 (4.6) 29.8 (7.1) 27.3 (7.7) 26.5 (4.3) <0.001 
Gestational age (weeks); mean (SD) 12.2 (0.5) 12.3 (0.7) 12.3 (0.7) 12.1 (0.6) 12.0 (0.6) 0.2 

Full-time education (y); mean (SD) 16.9 (4.1) 15.6 (2.4) 16.0 (3.6) 16.3 (2.9) 15.3 (2.6) 0.26 

Ethnicity (white) (n, %) 29 (94) 58 (97) 54 (86) 49 (98) 29 (97) 0.19 

Parous (≥1) (n,%) 16 (52) 44 (73) 55 (90) 35 (70) 20 (67) 0.002 

Smoker (n,%) 4 (8) 11 (18) 12 (20) 9 (18) 6 (20) 0.95 

Most deprived fifth (n,%) 4 (13) 30 (50) 23 (38) 23 (46) 13 (43) 0.01 

Planned pregnancy (n,%) 18 (58) 37 (62) 45 (74) 43 (86) 24 (80) 0.02 

Spontaneous conception (n,%) 30 (97) 60 (100) 61 (100) 48 (96) 30 (100) ─ 

Received pre-pregnancy counselling (n,%) 10 (32) 6 (10) 10 (16) 24 (48) 6 (20) <0.001 
Taking folic acid  31 (100) 60 (100) 60 (98) 49 (98) 30 (100) 0.69 
       

Stopped alcohol pre conception (n,%) 17 (55) 28 (48) 29 (48) 32 (64) 15 (50) 0.41 

Stopped alcohol during pregnancy (n,%) 14 (45) 31 (52) 32 (53) 18 (36) 15 (50)   

       

Aspirin use at visit 1 (n,%) 5 (16) 5 (8) 15 (25) 22 (44) 1 (33) <0.001 

Aspirin use at visit 2 (n,%) 25 (86) 30 (51) 41 (68) 34 (68) 3 (10) <0.001 
       
Mean systolic (mmHg); mean (SD) 124 (11) 123 (10) 125 (14) 120 (12) 120 (9) 0.64 
Mean diastolic (mmHg); mean (SD) 78 (9) 81 (9) 79 (13) 77 (10) 78 (10) 0.39 
MAP (mmHg); mean (SD) 94 (9) 95 (8) 95 (13) 91 (10) 92 (9) 0.31 
 

TABLE 4.4: ANALYSIS OF MATERNAL BASELINE CHARACTERISTICS BY STUDY GROUPING
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4.4.4 Maternal and Neonatal Outcomes by Pre-eclampsia Outcome 
 
Table 4.5 summarises maternal outcomes for women with and without PE. Median (IQR) 

length of stay for women with PE was twice as long (7 (4-12) v 3 (2-4) days, P<0.001). These 

women were more likely to require admission to HDU (15% v 3%, OR 5.8, 95% CI 1.5-2.2, 

P=0.004) and delivery by caesarean section (58% v 36%, OR 2.4, 95% CI 1.0-5.5, P=0.03). No 

difference in median (IQR) total estimated blood loss at delivery was noted between the two 

groups at delivery (500 (250-800) v 400 (250-638) mls, P=0.31). The overall stillbirth rate was 

0.9% (n=2), and stillbirth rate appeared higher in women with PE (3.8% v 0.5%), however 

numbers were too small to detect a statistical difference between women with PE and those 

without. In addition, the overall miscarriage rate was 2.6% (n=6); miscarriage rate could not be 

evaluated with regards to PE outcome as these women delivered before PE could be diagnosed.   

 

Maternal outcome No PE (n=199) PE (n=26)  P 
Delivery admission (total days); median(IQR) 3 (2-4) 7 (4-12) <0.001 
Admission to HDU/ICU (n, %) 7 (4) 4 (15) 0.01 
Admission to HDU (n, %) 6 (3) 4 (15) 0.004 
Admission to ICU (n, %) 2 (1) 0 (0) 0.61 
Pregnancy outcome    
Live birth (n, %) 198 (99.5) 25 (96.5) ─ 
Stillbirth (n, %) 1 (0.5) 1 (3.8) ─ 

Mode of delivery    
Vaginal (n, %) 127 (64) 11 (42) 0.03 
Caesarean section (n, %) 72 (36) 15 (58)  
Estimated blood loss (mls)    
Total estimated blood loss (mls); median (IQR) 400 (250-638) 500 (250-800) 0.31 
PPH ≥500mls (n, %) 93 (47)  16 (62) 0.13 
PPH ≥1000mls (n, %) 18 (9) 4 (15) 0.25 

 
TABLE 4.5: ANALYSIS OF MATERNAL BASELINE OUTCOMES BY PRE-ECLAMPSIA OUTCOME 

 
 
Analysis of neonatal outcomes in women with and without PE is summarised in table 4.6. 

Gestational age at delivery was lower in women with PE (median 36.9 (IQR 34.9-38.2) v 39 

(27.9-39.9) weeks, P<0.001). Delivery ≤37 weeks gestation was almost four times as likely in 

women with PE (50% v 13%, OR 6.7, 95% CI 2.8-15.9, P<0.001). In addition, delivery ≤28 

weeks was five times more likely in women with PE (15 v 3%, OR 5.8, 95% CI 15.3-22.2, 
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P=0.02). At the time of birth, mean (SD) Apgar scores at 1 minute were statistically lower in 

infants whose mothers had PE (9 (6-9), 9 (9-9), P=0.02). For neonates who had cord blood 

gases analysed following birth, no significant difference in mean arterial or venous pH was 

demonstrated in infants whose mothers had PE and those who did not (P=0.26 and 0.63, 

respectively). Median (IQR) length of neonatal stay was three times longer in neonates whose 

mothers had PE (6.5(3-11) v 2(2-3) days, P<0.001) and they were more likely to require 

admission to the Neonatal Intensive Care Unite (NICU) (27% v 11%, OR 3.3, 95% CI 1.2-8.9, 

P<0.001). There was a reduction in mean birthweight (SD) and mean GROW centile (SD) in 

infants born of mothers with PE; 2640(865) v 3417(590) g, P=0.01 and 31st(32) v 51st(30) centile, 

P=0.002. Infants born of mothers with PE were almost five times more likely to be small for 

gestational age (SFGA) with birthweights <10th centile (42% v 9%, OR 7.2, 95% CI 2.9-18.2, 

P<0.001). 

 

Neonatal outcome No PE 
(n=199) 

PE  
(n=26)  

P 

Total days in hospital (days); median (IQR) 2 (2-3) 6.5 (3-11) <0.001 
Admission to NICU (n, %) 21 (11) 7 (27) <0.001 
Gestational age at delivery (weeks)       
Gestational age at delivery (weeks) median (IQR) 39 (27.9-39.9) 36.9 (34.9-38.2) <0.001 
Delivery ≤37 weeks (n, %) 26 (13) 13 (50) <0.001 
Delivery ≤34 weeks (n, %) 6 (3) 4 (15) 0.02 
Delivery ≤28 weeks (n, %) 1 (0.5) 1 (4) 0.22 
Apgar scores       
Apgar at 1 minute; median (IQR) 9 (9-9) 9 (6-9) 0.02 
Apgar at 5 minutes; median (IUR) 9 (9-9) 9 (9-9) 0.19 
Cord gases       
Arterial pH (n=71); mean (SD) 7.22 (0.1) 7.25 (0.06) 0.26 
Venous pH (n=64); mean (SD) 7.29 (0.11) 7.30 (0.04) 0.63 
Birth weight       
Birth weight (g); mean (SD) 3417 (590) 2640 (865) <0.001 
GROW centiles; mean (SD) 51 (30) 31 (32) 0.002 
Birthweight <10th centile (n,%) 18 (9) 11 (42) <0.001 

 
TABLE 4.6: ANALYSIS OF NEONATAL OUTCOMES BY PRE-ECLAMPSIA OUTCOME 
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4.4.5 Maternal and Neonatal Outcome Across Groups 
 
Table 4.7 summarises maternal outcomes across the study groups. Women with diabetes stayed 

in hospital over twice as long as women in the other study groups; median length of stay was 7 

days (IQR 4-12 days, P<0.001). Women in this group were most likely to require admission to 

HDU/ICU (n=4, 13% of diabetic group), be delivered by caesarean section (n=18, 58%, 

P=0.12) and have the greatest estimated blood loss at delivery (median 500 mls, IQR 400-800 

mls, P=0.03). Due to their small numbers, the statistical difference in miscarriage and stillbirth 

rates between groups could not be determined. However, both stillbirths in the PREDICT 

study were in women recruited to the obese group (3%), while the highest miscarriage rate was 

also noted within this group women (n=2, 13%) followed by women in the diabetes group 

(n=2, 7%).     

 

Neonatal outcomes across groups are summarised in table 4.8. A number of significant 

differences were noted. Reflective of the maternal trend, neonates born of mothers with 

diabetes stayed longer in hospital in comparison with neonates from the other groups. Median 

length of stay was 4 days (IQR 3-8 days, P=0.008). Although not statistically significant, these 

neonates were more likely to be admitted to the NICU (n=11, 38%). In addition, neonates 

whose mothers had diabetes were more likely to be born earlier; median gestational age at 

delivery 36.4 weeks (IQR 35-37.3), particularly when compared with the low-risk group (39.6 

weeks, IQR 35.8-40.4, P<0.001). Supplementary analysis, also revealed that neonates in the 

diabetes group were more likely to be born prematurely (≤37 weeks), (n=19, 61%, P<0.001). 

Numbers were too small to fully investigate this difference at earlier gestational age ranges (≤34 

and 28 weeks). No significant differences were noted in Apgar scores, cord gases or 

birthweights between groups, however the lowest mean (SD) birthweight centiles (GROW) 

were seen in neonates born of obese women (39th (31), P<0.001). 
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Maternal outcome (n=231) Diabetes  
(n=31) 

Obesity  
(n=60) 

Hypertension  
(n=60) 

Autoimmune 
(n=50) 

Low risk  
(n=30) 

P 

Delivery admission (total days); median (IQR) 7 (4-12) 3 (2-5) 3 (2-4) 3 (2-3) 3 (2-4) <0.001 
Admission to HDU/ICU (n,%) 4 (13) 2 (3) 3 (5)  1 (2)  1 (3) ─ 
Adverse fetal event       
Miscarriage (n, %) 2 (7) 2 (13) 1 (2) 1 (2) 0 (0) ─ 
Still birth (n, %) 0 (0) 2 (3) 0 (0) 0 (0) 0 (0) ─ 
Mode of delivery       
Vaginal (n, %) 13 (42) 39 (65) 39 (65) 32 (64) 21 (70) 0.12 
Caesarean section (n,%) 18 (58) 21 (35) 21 (35) 18 (36) 9 (30)  
Total EBL (mls); median (IQR) (n=224)  550 (400-800) 400 (200-650) 500 (288-700) 350 (250-500) 325 (238-575) 0.03 

 
TABLE 4.7: MATERNAL OUTCOMES ACROSS STUDY GROUPS 
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Neonatal outcome (n=231) Diabetes 

(n=31) 
Obesity  
(n=60) 

Hypertension  
(n=60) 

Autoimmune  
(n=50) 

Low risk  
(n=30) 

P 

Delivery admission(total days); median (IQR) 4 (3-8) 3 (2-5) 3 (2-4) 2 (1-3) 2 (1-3) 0.008 
Admission to NICU (n,%) (n=226) 11 (38) 6 (10) 6 (10) 2 (4) 3 (10) ─ 
Gestational age at delivery (weeks); median (IQR) 36.4 (35-37.3) 39 (37.6-40) 38.8 (37.3-39.6) 39.1 (38-39.6) 39.6 (35.8-40.4) <0.001 
Delivery <37 weeks (n, %) 19 (61) 10 (17) 9 (15) 4 (8) 3 (10) <0.001 
Delivery <34 weeks (n, %) 5 (16) 4 (7) 4 (7) 2 (4) 1 (3) ─ 
Delivery <28 weeks (n, %) 4 (13) 2 (3) 1 (2) 1 (2) 0 (0) ─ 
Apagr scores       
Apgar at 1 minute; median (IQR)  8 (7-9) 9 (8-9) 9 (9-9) 9 (8-9) 9 (9-9) 0.08 
Apgar at 5 minutes; median (IQR)  9 (9-9) 9 (9-9) 9 (9-9) 9 (9-9) 9 (9-9) 0.14 
Cord gases       
Arterial pH; mean (SD) (n=71) 7.21 (7.18-7.27) 7.29 (7.19-7.31) 7.30 (7.12-7.31) 7.16 (7.1-7.3) 7.19 (7.0-7.3) 0.14 
Venous pH; mean (SD) (n=64) 7.28 (7.23-7.31) 7.33 (7.27-7.36) 7.32 (7.29-7.38) 7.32 (7.16-7.38) 7.23 (7.13-7.37) 0.33 
Birth weight       
Birth weight (g); mean (SD) 3080 (1176) 3361 (865) 3098 (694) 3354 (707) 3403 (568) 0.17 
GROW centile; mean (SD) 72 (33) 44 (30) 39 (31)  50 (27) 49 (27) <0.001 
Birthweight <10th centile (n,%) 3 (10) 9 (16) 13 (22) 5 (10) 2 (7) ─ 
 

TABLE 4.8: NEONATAL OUTCOMES ACROSS STUDY GROUPS
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4.5 DISCUSSION 

4.5.1 Maternal Characteristics  
 
Participants in the PREDICT study were included on the basis of pre-determined high risk 

medical co-morbidities. As summarised in table 4.1, there was some crossover in pre-existing 

high risk medical co-morbidities across study groups. Most notably, over a quarter of women in 

the diabetic and hypertensive groups and 18% of women in the autoimmune group had a 

booking BMI >35kg/m2. The high prevalence of maternal obesity across the PREDICT study 

groups mirrors the burgeoning epidemic of obesity in pregnancy seen globally. The literature 

suggests that almost 50% of pregnant women are now classified as overweight or obese (Scott-

Pillai et al., 2013). Mean (SD) BMI was highest in the obese group (41 kg/m2, 4.6); this was 

expected as women recruited to this group had a BMI ≥35 kg/m2 at booking. Interestingly, 

within all high-risk groups, PE rates were highest in women with obesity (n=9, 16%); 35% of all 

PE cases were in the obese group. The mechanisms underlying the relationship between obesity 

and development of PE are not well understood. Excessive weight gain is associated with 

metabolic and biochemical disturbances, including increased insulin resistance, dyslipidaemia, 

chronic inflammation and oxidative stress; features common to PE (Reilly and Rader, 2003). In 

addition to increased risk of PE, these women are more likely to be at increased risk of 

miscarriage, gestational diabetes mellitus (GDM), gestational hypertension and venous 

thromboembolism while pregnant (CEMACE, 2010).  

 

It is therefore vital to consider interventions to try and reduce the risk of PE and related 

pregnancy complications in this group of women. A systematic review and meta-analysis from 

Thangaratinam and colleagues in 2012 evaluated effects of dietary and lifestyle interventions in 

pregnancy on maternal and fetal weight and aimed to quantify the effects of these interventions 

on obstetric outcomes (Thangaratinam et al., 2012). The authors identified 44 relevant 

randomised controlled trials (RCTs) (7,278 women) evaluating three categories of interventions: 

diet, physical activity, and a mixed approach. Overall, there was 1.42 kg reduction (95% CI 0.95- 
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1.89 kg) in gestational weight gain with any intervention compared with control. Thirty six RCTs 

specifically studied the effect of weight loss on maternal outcomes. Overall there was a 26% 

reduction in the odds of developing PE (OR 0.74, 95% CI 0.60-0.92, P=0.006, I2= 31%). 

Compared with physical activity and a mixed approach, dietary interventions were associated 

with the greatest reduction in weight gain in pregnancy (Thangaratinam et al., 2012). 

 

Rates of PE within the low-risk group in the PREDICT study were high (10%) in comparison 

to the expected background rate (2%) (Abalos et al., 2014). Examination of maternal baseline 

characteristics in this group revealed no obvious differences in age, BMI, parity, smoking status, 

social deprivation or booking BP. In fact, two of the three low-risk women who developed PE 

were parous. It is likely that this finding is due to chance given the small group size. Although 

the focus of this thesis is to identify screening models for PE in high-risk women, this result 

also highlights a possible role for their implementation within a low-risk cohort. 

 

Women who developed PE within the PREDICT study women were more likely to who live in 

the most socially deprived areas (58% v 39%, P =0.05) and have a higher diastolic BP and MAP 

at booking. This suggests that these baseline characteristics if incorporated into a combined 

screening model may be useful in determining an individual pregnancy specific risk of 

developing PE. Certainly, detection rates of PE are improved with the addition of MAP 

measurement to maternal characteristics. For a false positive rate of 5%, detection of PE (<34 

weeks) improved from 36% to 58% while detection of late PE (>37 weeks) improved from 33% 

to 44% (Poon and Nicolaides, 2014). 

 

There was no significant difference in pregnancy intention and attendance for pre-pregnancy 

counselling between women who developed PE and those who did not. However, significant 

differences were noted between high-risk groups. Planned pregnancy rates and attendance for 

pre-pregnancy counselling were greatest in the autoimmune group–perhaps due to previous 

poor obstetric outcomes or attendance for specialist medical care–and in keeping with this, 
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aspirin uptake in the first trimester. In 2007, Mohllajee and colleagues examined the relationship 

between pregnancy intention and maternal and neonatal outcomes (Mohllajee et al., 2007). The 

authors retrospectively analysed data from 87,087 women collected from a population based 

Pregnancy Risk Assessment Monitoring System between 1996 and 1999. Women with 

‘unwanted’ pregnancies [terminology used in primary publication] had an increased likelihood of 

preterm delivery (adjusted OR 1.16, 95% CI 1.01–1.33) and premature rupture of membranes 

(adjusted OR 1.37, 95% CI 1.01–1.85) when compared with women who had planned 

pregnancies. With regards to hypertensive outcomes, unwanted pregnancy increased the odds of 

development of hypertension by 17% (adjusted OR 1.17, 95% CI 0.98-1.39). 

 

For women with high risk medical co-morbidities, it is vital that pre-conception measures are 

implemented to optimise maternal and fetal outcomes during pregnancy (National Collaborating 

Centre for Women’s and Children’s health, 2010). At visit 1, mean diastolic BP and MAP were 

higher in women who subsequently developed PE; however, additional analysis demonstrated 

no significant difference between groups. Interestingly, aspirin uptake which was most common 

in the autoimmune group at visit 1 was superseded by aspirin use in women with diabetes in 

visit 2. This demonstrates the effect of adequate risk assessment and appropriate administration 

of aspirin in this high-risk group of women (National Collaborating Centre for Women’s and 

Children’s health, 2008, 2010). A cross-sectional study from Wiles and colleagues compared 179 

women with chronic kidney disease attending a pre-pregnancy counselling clinic with 277 

controls (Wiles et al., 2015). Analysis of descriptive data and free text content from 72 

questionnaire responders demonstrated that 90% of women (n=65) found the clinic 

informative, 92% (n=66) felt that the consultation helped them to decide whether to pursue 

pregnancy and 17% women (n=12) found the multidisciplinary process intimidating (Wiles et al., 

2015). More recently, Holmes and colleagues established the effect of a preconception 

counselling DVD for women with diabetes (Holmes et al., 2017). Pre-conception indicators 

(pregnancy intention, baseline HbA1c, folic acid use) were compared in 135 women who had 

watched the DVD and a historical cohort of women with diabetes (pre DVD, n=114). Although 
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not statistically significant, mean first visit HbA1c was lower post-DVD v pre-DVD: 7.5% v 

7.8% (58.4 v 61.8mmol/mol), P=0.12). Women who watched the DVD were significantly more 

likely to have lower first visit HbA1c: 6.9% v 7.8% (52.1 v 61.8mmol/mol), P<0.001; have 

planned pregnancy their pregnancy (88% v 59%, P<0.001) and taken preconception folic acid 

(81% v 43%, P=0.001). 

 

4.5.2 Maternal Outcomes 
 
The most recent statistical bulletin from the Office of National statistics for England and Wales 

reported a stillbirth rate of 4.5 per 1,000 total births, the lowest rate since 1992 (Office for 

National Statistics, 2016). The stillbirth rate in participants who did not develop PE is reflective 

of this trend (5 per 1,000 live births); it may be slightly inflated due to the high risk nature of the 

study participants. Severe PE represents a significant risk factor for intrauterine fetal death, with 

an estimated stillbirth rate of 21 per 1,000 births affected by PE (Simpson, 2002). The stillbirth 

rate in the PE group was 3.8% (38 per 1,000 live births). Although numbers of stillbirths were 

small in the PREDICT study (n=2), it is interesting to note that both stillbirths were in women 

from the obese group. A systematic review and meta-analysis examining the major risk factors 

for stillbirth in high income countries evaluated 96 population based studies (Flenady et al., 

2011). Meta-analysis demonstrated a 60% increase in the odds of stillbirth with a population-

attributable risk (PAR) of around 3% and 1,566 resulting stillbirths. A number of modifiable risk 

factors were identified in the review; the highest ranking was maternal BMI. Women with a BMI 

>25 kg/m² had a PAR of 8–18% across five countries (Australia, Canada, USA, UK and 

Netherlands) contributing to over 8,000 stillbirths per year. Women with a BMI >40 kg/m² 

doubled their odds of a stillbirth (adjusted OR 2·08, 95% CI 1·58–2·73). Of the pregnancy 

specific conditions, small for gestational age (SFGA) fetuses (<10th centile) were associated with 

an almost four fold increase in having a stillbirth (OR 3.9, 95% CI 3.0-5.1, prevalence 10%) 

(Flenady et al., 2011).  
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Long-term outcomes for women who develop PE include increased risk of cardiovascular 

disease (CVD), development of hypertension, type 2 DM, end stage renal disease (ESRD), 

stroke, premature death, hypothyroidism, venous thromboembolism (VTE) and impaired 

cognition (Tranquilli et al., 2012). While long-term maternal outcomes are beyond the scope of 

this study, results from the PREDICT study demonstrate that women who developed PE stayed 

in hospital more than twice as long as women without PE and required more frequent 

admission to the HDU. In addition, more than half of the women who developed PE were 

delivered by caesarean section. Increased duration of hospital stay, admission to HDU and 

emergency surgery all increase the risks of related complications including sepsis, VTE, 

haemorrhage and death. A population based cohort study of Norwegian birth registry data, 

including outcomes for more than 600,000 births, reported that maternal risk of death from any 

cause is 1.2 times higher following PE (Irgens et al., 2001). In addition overall risk of mortality 

remains higher even 15 years after development of PE [RR 1.48, 95% CI 1.05-2.14] (Bellamy et 

al., 2007).  

 

It remains essential that women with PE are managed in a timely, considered and effective 

manner. Screening tools to identify women at highest risk of PE therefore have an important 

role in providing individualised medical care. Moreover, implementation of comprehensive 

screening models early in pregnancy could provide an important educational opportunity. 

Clinicians could give advice regarding future health risks for women who go on to develop PE, 

with the particular intention of encouraging postpartum lifestyle modification to reduce the risk 

of long-term complications (Seely et al., 2013). 

 

4.5.3 Neonatal Outcomes 
 
Infants born of mothers affected by PE are more likely to be pre-term and therefore suffer 

complications of prematurity, including, intra-parenchymal haemorrhage, retinopathy of 

prematurity, hearing disorders, sepsis, necrotising enterocolitis, pulmonary hypoplasia, 

respiratory distress syndrome, cardiovascular disorders, anaemia, skin scarring and altered pain 
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responses (Institute of Medicine (US) Committee on Understanding Premature Birth and 

Assuring Healthy Outcomes, 2007). Data from the PREDICT study demonstrates that neonates 

whose mothers had PE stayed in hospital over three times as long as their unaffected 

counterparts. They were born over two weeks earlier and had significantly lower birthweights at 

the time of delivery. Interestingly, group comparisons demonstrated that lowest mean 

birthweight centiles (GROW) were seen in neonates born of obese women. Maternal obesity has 

previously been demonstrated to impact birthweights; with neonates at increased of both 

macrosomia and low birth weight (Leddy, Power and Schulkin, 2008; Scott-Pillai et al., 2013). 

Difficulty in estimating accurate fetal weights in the antenatal period, due to the technical 

challenges involved in scanning obese women (Paladini, 2009) could result in missed cases of 

small for gestational age fetuses and indeed large for gestational age fetuses.  

 

Analysis of neonatal outcomes across the study groups demonstrated that poorest short-term 

outcomes were noted in neonates whose mothers had diabetes in pregnancy. These neonates 

remained in hospital for a longer period of time, were more likely to be born prematurely, and 

were more likely to be admitted to NICU. A prospective study from Ray and colleagues 

evaluated pregnancy outcome in 428 women with GDM and 196 women with pre-gestational 

diabetes mellitus (Ray et al., 2001). Reflecting findings from the PREDICT study cohort, these 

neonates were at increased risk of admission to the NICU (OR 4.0, 95% CI 2.3-6.8) and 

preterm delivery (OR 3.8, 95% CI 2.5-5.9) (Ray et al., 2001). Historically, there has been a 

relative lack of attention paid to the complications of premature delivery, with the belief that 

this gestational age is a surrogate marker for fetal maturity. Recent evidence suggests that infants 

born between 34 and 36 weeks gestation are, in fact, physiologically immature compared to term 

infants (Backes et al., 2011). Balancing the risks for mothers and their pre-term fetuses remains a 

challenging aspect of care for clinicians. 

 

The longer time impact of the PREDICT neonatal findings was not investigated as part of the 

study, however, from the existing literature it is known that these future outcomes may include, 
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chronic lung disease, CVD, pulmonary hypertension, type 2 DM, cerebral palsy and learning 

difficulties (Tranquilli et al., 2012).  

 

4.6 CONCLUSION 

 
Rates of PE were highest in obese mothers within the PREDICT study. Women who developed 

PE had longer hospital admissions, were more likely to be admitted to the HDU and were more 

commonly delivered by caesarean section. Neonates whose mothers had PE were born earlier, 

had lower birth weights and were more likely to require admission to NICU. 

  

Analysis of baseline characteristics and outcomes within the PREDICT study supports findings 

from previous publications. Given the high prevalence of obesity in pregnancy and 

consequential risk of adverse outcomes (including PE); targeted adoption of a combined 

screening model for PE in this group of women has the potential to impact clinical care. In 

addition, strategies for pre-pregnancy optimisation of maternal weight and approaches to 

support weight maintenance and/or loss during pregnancy should be considered as a potential 

future intervention.  

 

Clinicians should remain alert to possible health risks for women who have been affected by PE; 

both in future pregnancies and in later life. Appropriate advice regarding preventative strategies, 

for example, administration of aspirin in future pregnancy, lifestyle modification and annual 

review of blood pressure, renal function and blood glucose is integral in avoiding future long-

term complications.  
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Chapter 5 
 

The role of 3-dimensional Power Doppler Placental Volume Scanning in the Prediction 

of Pre-eclampsia 

5.1 OVERVIEW 

 
Evaluation of placental volume (PV) and its vascular network using whole volume 3-

Dimensional Power Doppler (3DPD) ultrasound provides a non-invasive method for 

obstetricians to predict potential adverse pregnancy outcomes (de Paula et al., 2008). There 

remains ongoing controversy in the scientific literature regarding the applicability of the 

technique for this purpose, repeatability and reproducibility of measurements and also debate 

regarding measurement and interpretation of Placental Vascularisation Indices (PVIs) (Alcázar, 

2008). 

 

Images of colour flow Doppler are obtained from measurements of moving red cells. Figure 5.1 

demonstrates calculation of velocity from emitted echoes (Deane, 2002). The principle 

underlying measurement of colour flow Doppler is Doppler shift; defined as the difference 

between the frequency of received echoes from moving blood red cells and wave frequency 

transmitted  by  the  transducer (Deane, 2002). Acquisition of colour flow Doppler images are 

influenced by: (1) velocity of flow [Doppler flow increases proportionally to velocity], (2) 

ultrasound frequency [higher frequency signals have increased Doppler frequency but reduced 

penetration] and (3) angle of insonation [Doppler frequency increases as the beam becomes 

more aligned to direction of flow] (Deane, 2002). 
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FIGURE 5.1: ULTRASOUND VELOCITY MEASUREMENT: SCATTERER (S) 
MOVING AT VELOCITY (V) IN RELATION TO THE BEAM ANGLE  

 
Source: Deane, C. (2002) ‘Doppler ultrasound: principles and practice.’ In: K.H Nicolaides, G. Rizzo, K Hecher and 
R Ximenes. (eds) 2002. Doppler in Obstetrics. London: Fetal Medicine Foundation. pp. 4–24. 
 
 
 
 
In contrast to frequency dependent colour flow Doppler, power Doppler ultrasound uses the 

amplitude component of signals received from the region of interest to represent the number of 

moving cells (Pairleitner et al., 1999). Subsequently, power Doppler is sensitive to low flow, is 

less angle dependent and not susceptible to aliasing (Rubin et al., 1995). 

 

5.2 DEFINITIONS 

 
3DPD scanning enables virtual reconstruction of the vascular tree within a volume of interest. 

Volume measurements acquired by a 3D ultrasound technique are known to be more accurate 

than 2-Dimensional (2D) volume measurements for regular and irregular shaped objects 

(Riccabona, Nelson and Pretorius, 1996). As previously discussed in chapter 2, PVIs in the 

PREDICT study were derived from 3DPD whole placental volume scanning using the Virtual 

Organ Computer-aided Analysis (VOCAL) technique. This technique is based on measurement 

of ‘voxels’ which represent a value on a regular grid in 3-D space. Using VOCAL, the following 

PVIs were generated: Vascularisation Index (%) (VI), Flow Index (FI) and Vascularisation Flow 

Index (VFI). VI is defined as the ratio of colour voxels to all voxels within the volume of 

interest (%) [number of vessels], FI is the mean power Doppler signal intensity from all colour 
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voxels (unit-less) [intensity of flow] and VFI is a ratio of blood flow and vascularisation [VI x FI 

/100 (unit-less)] (Alcázar, 2008; Eastwood et al., 2017). Figure 5.2 is a schematic representation 

of PVIs. The yellow framed cubes represent the volume of interest and the red dots illustrate 

voxels. The brightness of a red dot depends on its signal amplitude, which is related to the red 

colour scale. The yellow arrow indicates the mean signal amplitude. The yellow dots image the 

weighted colours, which are weighted by their flow intensities (yellow scale) (Pairleitner et al., 

1999). 

 

 

 FIGURE 5.2: PLACENTAL VASCULARISATION INDICES (PVIS) 

 
 
Source: Pairleitner, H., Steiner, H., Hasenoehrl, G. and Staudach, A. (1999) ‘Three-dimensional power Doppler 
sonography: Imaging and quantifying blood flow and vascularization.’, Ultrasound in Obstetrics and Gynecology, 14(2), pp. 
139–143.  
  

5.3 VOCAL TECHNIQUE 

 
There remains controversy regarding standardisation of technique for obtaining 3DPD images 

using VOCAL. Investigation of the relationship between 3DPD data and blood flow 

characteristics was performed by Raine-Fenning and colleagues using an in-vitro flow phantom 

experiment containing a nylon particle-based blood mimic solution (OrgasolTM) (Raine-Fenning 

et al., 2008a). VI, FI and VFI were all significantly affected by volume flow, attenuation, vessel 

number and erythrocyte density. VI increased linearly with an increase in flow rate while FI 

increased in a cubic manner with a rapid initial increase. VI also demonstrated a similar linear 

rise with an increase in the erythrocyte mimic density, whereas the FI increased markedly with a 

small change in erythrocyte mimic density and then plateaued. There was a significant reduction 

in each index as the distance between the transducer and vessel increased (Raine-Fenning et al., 
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2008a). Raine-Fenning and colleagues also evaluated the effect of differing machine settings on 

PVIs (Raine-Fenning et al., 2008b). The authors reported a significant difference in VI, FI and 

VFI. Greatest effects were seen with alternations of gain and signal power, followed by Pulse 

Repetition Frequency (PRF) and speed of data acquisition. They concluded that in order to 

enable meaningful comparisons between subjects, it is essential to maintain agreed Doppler 

settings (Raine-Fenning et al., 2008b). Welsh and colleagues also investigated the effect of 

ultrasound gain on the PVIs values, concluding that the fractional moving blood volume 

(FMBV) technique, as previously described in 2D image acquisition, could not be used as a 

method to standardise images acquired by 3DPD (Welsh et al., 2012, 2013). In contrast, Soares 

and colleagues argue that using an appropriate pulse repetition frequency, FMBV can be used as 

a suitable control (Soares et al., 2013). 

5.4 METHODS 

 

5.4.1 Machine Settings 
 
All participants were scanned using a Voluson E8 GE Healthcare, MDI Medical (NI) Ltd. 

Machine settings were optimised as follows before commenced of study recruitment: (1) 

Grayscale: depth 10.1cm, zoom: 1.1, frame rate 27Hz, harmonics - high, power - 100%, gain 0, 

Speckle Reduction image (SRI) III, Compound Resolution Image (CRI) Iiv (2) Power Doppler: 

depth 10.1 cm, zoom 1.1, frame rate 9Hz, harmonics - high, power 97%, gain -2.2, frequency - 

low (3) 3D Doppler: volume angle 850, quality - high 1, CRI: I, SRI: III. Settings were upheld for 

all scans for each study participant (in both visits 1 and 2) to help standardise the imaging 

technique. 

5.4.2 Acquisition of Images 
 
Transabdominal ultrasound was performed to obtain measurements of PV and PVIs (VI, FI and 

VFI) using a 3DPD whole volume placental imaging technique at time of visit 1 (11+0-13+6 

weeks) and visit 2 (19+0-21+6 weeks). Firstly, the placental mass was identified using 2D 

greyscale imaging with the aim of obtaining a longitudinal view of the placenta. Depending on 
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the size and location of the placenta this was adapted, particularly in the second trimester where 

the placental mass is larger. Using VOCAL software, the largest image of the placental mass was 

located and positioned the within the image acquisition box. Reference image A was then used 

to adjust the region of interest as required (magnification, image settings, rotation) before 

proceeding to volume analysis.  

 

Placental volumes were acquired twice on each participant at both visit 1 and visit 2 in order to 

obtain optimal images and reduce the impact of maternal characteristics on acquisition of 3D 

placental volumes. Mean PV is reported throughout the analysis.  

 

5.4.3 Image Processing and Storage 
 
Following volume acquisition, images were exported as high quality 3D lossy images. Using 4D 

view (offline image software), images were analysed by a manual tracing method of the placental 

border via 300 rotations (6 rotations). This technique is represented diagrammatically in chapter 

2 (figure 2.1). After accepting the volume contour, a volume histogram was generated to obtain 

PVIs (VI (%), FI, VFI). Anonymised images were stored securely on both an encrypted external 

storage device and within a secure server in Queen’s University Belfast.  

 

5.4.4 Repeatability and Reproducibility of Placental Vascularisation Indices 
 

5.4.4.1 Definitions 
 
STANDARD DEVIATION (S): This refers to the standard deviation for measurement error. In 

repeatability analysis, this is where the same image is evaluated twice by the same operator. In 

reproducibility analysis, this is where two different images are evaluated by the same operator. 

This measurement is in its original units and cannot be compared across PVIs (Snedecor and 

Cochran, 1967). 

 



111 
 

REPEATABILITY (R): This refers to the amount of agreement between repeated measurements, 

where only 1 in 20 differences between two measurement will exceed 2√2s~2.8s. The following 

conditions must be in place: the same location, the same measurement procedure, the same 

observer, the same measuring instrument used under the same conditions with repetition of 

measurements achieved over a short period of time. (Bland and Altman, 1986). This 

measurement is in its original units and cannot be compared across PVIs. 

 

REPRODUCIBILITY (R): This refers to this degree of agreement between the results of 

experiments conducted by different operators, at different locations using different instruments 

(Bland and Altman, 1986). Only 1 in 20 differences between two operators evaluating the same 

image will exceed 2√2s~2.8s. The measurement is in its original units and cannot be compared 

across PVIs. 

 

THE INTRA-CLASS CORRELATION COEFFICIENT (ICC): This may be interpreted as the 

proportion of total variance that is ‘between subjects,’ that is, the proportion of observed 

variance which is due to true differences between subjects rather than due to measurement 

error. Comparison of ICCs across PVIs is possible (Snedecor and Cochran, 1967).  

 

CO-EFFICIENT OF VARIATION (CV): This is a measurement of error. Standard deviation (SD) is 

divided by the sample mean; it is expressed as a percentage (%). Comparison of CVs across 

PVIs is possible (Bland and Altman, 1986). 

 

5.4.4.2 Repeatability and Reproducibility of Placental Parameters in Other Studies 
 
Following the pioneering work of Pairleitner and colleagues (Pairleitner et al., 1999), efforts have 

been made to assess the repeatability and reproducibility of 3DPD measurements. Huster 

compared two consecutive measurements of 3DPD whole volume scanning derived PV and 

vascular indices from 30 singleton pregnancies scanned between 11-14 weeks gestation as part 

of a fetal aneuploidy screening programme (Huster et al., 2010). Intra-class correlations (ICCs) 
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of 0.80 or higher were reported. Two observers, blinded to each other’s and the individual’s 

previous measurement, demonstrated similar ICCs for all indices with the exception of the VFI, 

which showed a lower but–in the authors’ opinion–acceptable correlation (0.72). Bland-Altman 

analyses indicated good reproducibility of the evaluated placental indices (Huster et al., 2010). 

Similarly, Cabezas López and colleagues evaluated reproducibility of 3DPD measurements 

acquired in the first trimester using a similar VOCAL technique as described in chapter 3. Intra-

observer repeatability for PV was excellent with an ICC of 0.97. Good agreement was noted 

between observers (correlation co-efficient 0.71). Analysis of PVIs demonstrated excellent ICC 

and between observer correlation; 0.98 and 0.96 for VI, 0.93 and 0.89 for FI and 0.97 and 0.95 

for VFI, respectively (Cabezas López et al., 2016). Less work has been carried out on the 

reproducibility of PVIs in the second trimester. Morel and colleagues evaluated the 

reproducibility of PVIs performed between 15 and 39 weeks gestation. ICCs of vascularisation 

measurements were at least 0.94 for intra-observer, 0.92 for inter-observer, and 0.56 for inter-

acquisition reproducibility. There was no significant difference for placental measurements for 

VI, FI and VFI between the second trimester and third trimester (Morel et al., 2011). In contrast, 

Lai and colleagues noted extensive variability for all PVIs acquired between 26 and 34 weeks 

gestation. ICCs were 0.24-0.57 for VI, 0.33-0.78 for FI, and 0.12-0.48 for VFI. Between 

observer correlation co-efficients were 0.38-0.92 (VI), 0.40-0.85 (FI) and 0.10-0.92 (VFI). The 

co-efficient of variation ranged from 6.28-126.34% for VI, 2.26-49.01% for FI and 6.09-

151.55% for VFI. The authors report insufficient evidence to support the introduction of 

3DPD PVIs in clinical practice (Lai, Wang and Welsh, 2010).   

5.4.4.3 Repeatability and Reproducibility of Placental Parameters in the PREDICT Study 
 
Against this background, analysis of a subset of images, chosen at random (n=30) was 

undertaken to examine repeatability (r), reproducibility (R), coefficient of variation (CV) and 

correlation–where indicated–in the first (11+0-13+6 weeks) and second trimester (19+0-21+6 

weeks). Table 5.1 demonstrates within image variation where the same image was evaluated 

twice by the same operator. The repeatability (r) and CV for PV, VI, FI and VFI was good in 

both the first and second trimester. Poorest repeatability was demonstrated in measurement of 
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PV (ICC 0.73). ICC results for PV, VI and VFI in the second trimester were >0.9 and worst 

repeatability was demonstrated with measurement of FI (ICC 0.68).  

 
Placental measure (n=30) Visit 1     Visit 2       

 s r ICC CV 
(%) 

s r ICC CV 
(%) 

Volume (cm3) 5.6 16.0 0.73 11.4 16.9 47.8 0.94 8.1 
Vascularisation Index (%) 1.7 4.9 0.95 13.5 1.8 5.0 0.97 9.0 
Flow Index 2.1 6.0 0.96 5.0 5.6 15.7 0.68 12.9 
Vascularisation Flow Index 1.1 2.5 0.94 ─ 0.8 2.3 0.95 ─ 

 
TABLE 5.1: WITHIN IMAGE VARIATION (SAME IMAGE, EVALUATED TWICE BY THE SAME 
OPERATOR) 

 
s = standard deviation for measurement error 
r = repeatability of the measurement 
ICC = Intra class Correlation Co-efficient 
CV = Co-efficient of Variation (%) 
 

Table 5.2 demonstrates between image variation where two different images were evaluated by 

the same operator. r and CV for PV, VI, FI and VFI was fair in both the first and second 

trimester. ICC was >0.8 for all PVIs in the first trimester but these measurements appeared less 

reliable in the second trimester (ICC between 0.4 and 0.68).  

 

Placental measure (n=30) Visit 1     Visit 2       
  s r ICC CV 

(%) 
s r ICC CV 

(%) 
Volume (cm3) 9.6 27.2 0.62 18.6 29.7 84.1 0.79 14.2 
Vascularisation Index (%) 2.7 7.6 0.89 20.6 5.4 15.3 0.4 26.2 
Flow Index 1.8 5.2 0.97 4.3 5.8 16.4 0.68 13.6 
Vascularisation Flow Index 1.4 3.9 0.92 ─ 2.4 6.7 0.48 ─ 
 

TABLE 5.2: BETWEEN IMAGE VARIATION (TWO DIFFERENT IMAGES EVALUATED BY THE SAME 
OPERATOR) 

 
s = standard deviation for measurement error  
r = repeatability of the measurement 
ICC = Intraclass Correlation Co-efficient 
CV = Co-efficient of Variation (%) 
 
 

Table 5.3 demonstrates inter-observer variation where the same image was evaluated by two 

independent operators blinded to each other’s results. Results for visit 1 (11+0-13+6 weeks) and 

visit 2 (19+0-21+6 weeks) are shown separately. The Reproducibility (R) and CV for PV, VI, FI 
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and VFI was fair in both the first and second trimester. However, the reproducibility measures 

do not provide a means of comparison between methods. To check for the possibility of 

systematic differences between operator A and operator B, a paired t test was carried out and a t 

statistic and P value generated to assess bias (Bland and Altman, 1986).  

 
In the first trimester, there was no significant difference noted in acquisition of PV between 

operators (P=0.69), CV was 14.1% and ICC was good at 0.83. Statistically significant differences 

were noted in acquisition of VI, FI and VFI, P <0.001, P=0.002, P=0.001, respectively. In the 

second trimester (visit 2), significant differences were noted in measurement of PV, VI, and 

VFI. ICC was good for VI and VFI (>0.89) and as previously established by intra-operator 

measurements, less correlation for measurement of FI was demonstrated (ICC 0.66). CV for 

PV, VI and FI was <15%. An assessment of bias is also presented.  

 

Placental measure (n=30) Visit 1              

 s R ICC  CV (%) Bias 95% CI P 
Volume (cm3) 6.8 19.2 0.83 14.1  ─      ─ 0.69 
Vascularisation Index (%) 3.4 9.5 0.91 23.6 -3.2 -4.5, -1.9 <0.001 
Flow Index 2.7 7.5 0.95 6.1 -2 -3.2, -0.8 0.002 
Vascularisation Flow Index 5.2 14.7 0.8  ─ -1.6 -2.4, -0.7 0.001 

        Placental measure (n=29) Visit 2       

 s R ICC  CV (%) Bias 95% CI P 
Volume (cm3) 28.8 81.5 0.87 14.4 23.3 10.3, 36.2 <0.001 
Vascularisation Index (%) 2.4 6.9 0.95 11.7 -1.6 -2.8, -0.4 0.009 
Flow Index 6.1 17.3 0.66 14.1   ─       ─ 0.67 
Vascularisation Flow Index 5.3 15 0.89    ─ -1 -1.7, -0.4 0.003 
 

TABLE 5.3: BETWEEN-OBSERVER VARIATION (SAME IMAGE EVALUATED BY TWO INDEPENDENT 
OPERATORS) 

 
s = standard deviation for measurement error  
R = Reproducibility of the measurement 
ICC = Interclass Correlation Co-efficient 
CV = Co-efficient of Variation (%) 
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5.5 STATISTICAL ANALYSIS  

Statistical analysis was performed among women recruited to the PREDICT study (prediction 

of PE in high-risk women). A full discussion of recruitment and description of study groups is 

included in chapters 3 and 4. 

 

VFI was noted to be positively skewed and therefore logarithmically transformed prior to 

statistical analysis of PVIs across study groups. Values are reported as geometric mean and 

interquartile range (IQR). Comparison of placental parameters across groups was performed 

using one-way Analysis of Variance (ANOVA) and Dunnett’s test to determine differences 

between groups. Analysis of PVIs by PE outcome using one-way ANOVA tests was also 

performed for each group. Additional analysis to investigate interactions between groups was 

performed for each PVI in both study visits. 

 

Logistic regression models using PE as the primary outcome were determined for each PVI in 

each high-risk study group. Covariates included: study group, age, Body Mass Index (BMI), 

smoking status, aspirin use, parity, material deprivation of area of residence and mean arterial 

pressure (MAP). Mean values of PVIs were converted to standardised odds ratios to enable ease 

of comparison of each placental parameter. In addition, further analysis to investigate the added 

benefit of including more than one PVI in the logistic regression model in addition to maternal 

baseline characteristics was also performed. The area under the receiver (AUC) operating 

characteristic (ROC) curve was used to assess the ability of each PVI to predict PE in high-risk 

women. Logistic regression analysis provided predicted probabilities of PE for established risk 

factors and for the addition of standardised odds ratios of each PVI to the model. These 

predicted probabilities were used to derive ROC curves, and the difference in the area 

underneath these curves was assessed for significance.  

 

To quantify the added value of PVIs for prediction of PE, Integrated Discrimination 

Improvement (IDI) and Net Reclassification Improvement (NRI) indices were calculated 
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(Pencina, D’Agostino Sr and Steyerberg, 2011). These metrics incorporate predicted 

probabilities derived from logistic regression models calculating the probability of development 

of PE for each woman (Pickering and Endre, 2012). The NRI was calculated on a continuous, 

uncategorised basis (with no predefined PE risk categories) (Pencina, D’Agostino Sr and 

Steyerberg, 2011). Pickering and colleagues describe the NRI as the sum of NRI(events) and 

NRI(non-events) (Pickering and Endre, 2012). It is interpreted as the proportion of women 

reclassified to a more appropriate risk category. In women who developed PE; if the addition of 

the PVI of interest to the model results in more individuals being reclassified to higher risk 

categories than to lower ones, then the NRI(events) is positive. For women who did not develop 

PE; if more women are assigned to lower risk categories, then the NRI(non-events) is positive. IDI 

was defined as the average increase in predicted risk in women with PE added to the average 

decrease in predicted risk in women without PE (Pickering and Endre, 2012). Statistical analysis 

was performed using SPSS version 21 (IBM Corp., Armonk, NY), Stata release 14 (StataCorp, 

College Station, TX) and the Hmisc package in R version 3.1.3 (R Core Team, Vienna, Austria).  

 

5.6 RESULTS 

 
Analysis of placental parameters was performed at two time points; 11+0-13+6 weeks and 

19+0-21+6 weeks gestation in women participating in the PREDICT study (n=232). The 

overall rate of PE in the PREDICT study participants was 12% (n=26). In logistic regression 

models investigating the association between baseline maternal characteristics and PVIs in high-

risk groups, the overall number of results available for analysis were adjusted accordingly; n=194 

(visit 1) and n=195 (visit 2). Further information regarding comparison of baseline 

characteristics is presented in chapter 4. 

 

Table 5.4 compares mean values of PV and PVIs in women with PE and those without PE. At 

visit 1 (11+0-13+6) all PVIs (VI, FI and VFI) were significantly lower in the pre-eclamptic 

group. There was no significant difference in mean (SD) PV between the two groups of women 
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however, PV trended towards a lower mean volume in women with PE (50.5 cm3 (19.3) v 51.8 

cm3 (20.4), P=0.76). At visit 2 (19+0-21+6 weeks), mean (SD) FI and VFI were significantly 

lower in women with PE: FI 39.1 (8.8) v 44.9 (8.6), P=0.002 and VFI 6.7 (4.5-9.8) v 8.3 (6.6-

10.9), P=0.02. There was no significant difference in mean VI between the two groups. 

Reflecting findings from visit 1, mean (SD) PV was non-significantly lower in women with PE 

compared to normotensive women (204.2 cm3 (63.3) v 205.2 cm3 (83.5), P=0.96).  

 

Placental parameters No PE (n=198) PE (n=26) P 

V1 (11+0-13+6 weeks)     
PV (cm3); mean, SD 51.8 (20.4) 50.5 (19.4) 0.76 
VI (%); mean, SD 14.6 (7.4) 10.5 (6.4) 0.008 
FI; mean, SD 43.3 (10.2) 38.9 (9.3) 0.04 
VFI; geometric mean (IQR) 5.7 (3.7-8.9) 3.3 (1.9-6.4) <0.001 
    
V2 (19+0-21+6 weeks) No PE (n=199) PE (n=26) P 
PV (cm3); mean, SD 205.2 (83.5) 204.2 (63.3) 0.96 
VI (%); mean, SD 20.8 (9.6) 20.1 (11.2) 0.73 
FI; mean, SD 44.9 (8.6) 39.1 (8.8) 0.002 
VFI; geometric mean (IQR) 8.3 (6.6-10.9) 6.7 (4.5-9.8) 0.02 

 
TABLE 5.4: COMPARISON OF PLACENTAL PARAMETERS BY PRE-ECLAMPSIA OUTCOME 

 
PV: Placental Volume (cm3) 
VI: Vascularisation Index (%) 
FI: Flow Index 
VFI: Vascularisation Flow Index (VFI) 
 

5.6.1 Comparison of Placental Parameters Across Groups by Pre-eclampsia Outcome 
 
Tables 5.5-5.9 summarise group outcomes for placental parameters by PE outcome. A number 

of statistically significant findings were noted in this exploratory sub-group analysis. In visit 1, 

mean (SD) PV was noted to be lower women with diabetes who developed PE (33.7 cm3 (6.0) v 

52.2 cm3 (15.9), P=0.03) (table 5.5). Mean VFI (IQR) was lower in visit 1 in obese women who 

subsequently developed PE (2.3 (1.1-5.3) v 4.6 (2.8-7.6), P=0.02) (table 5.6). In the hypertensive 

group, VI and VFI were lower in visit 1 in women who later developed PE: (1) VI: 8.7% (2.7) v 

15.6% (7.9), P=0.03, (2) FI: 38.7 (6.5) v 46.2 (9.6), P=0.05 (3) VFI: 3.2 (1.9-4.3) v 6.8 (3.85-11.8), 
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P=0.01 (table 5.7) The only significant result for visit 2 was a lower mean FI (SD) in the control 

participants who developed PE (25.5 (6.9) v 47.6 (7.69), P=0.02 (table 5.9). 

 
Diabetes No PE (n=25) PE (n=4) P 
V1 (11+0-13+6 weeks) (n=224)       
Mean PV (cm3); mean (SD) 52.2 (15.9) 33.7 (6.0) 0.03 
Mean VI (%); mean (SD) 13.1 (6.2) 13.3 (7.9) 0.96 
Mean FI; mean (SD) 42.3 (9.7) 44.3 (7.4) 0.7 
Mean VFI; geometric mean (IQR) 5.0 (3.6-8.3) 4.1 (2.4-8.1) 0.69 
    
V2 (19+0-21+6 weeks) (n=225)       
Mean PV (cm3); mean (SD) 222.7 (92.9) 144.6 (53.1) 0.12 
Mean VI (%); mean (SD) 18.7 (7.2) 15.8 (11.0) 0.54 
Mean FI; mean (SD) 45.2 (7.03) 45.5 (5.6) 0.93 
Mean VFI; geometric mean (IQR) 7.5 (5.4-10.8) 5.9 (4.9-13.1) 0.33 

 
TABLE 5.5: PLACENTAL PARAMETERS BY PRE-ECLAMPSIA OUTCOME IN THE DIABETES 
GROUP (TYPE 1 AND 2 DIABETES) 
 

 
Obesity No PE (n=48) PE (n=9) P 
V1 (11+0-13+6 weeks) (n=224)       
Mean PV (cm3); mean (SD) 52.2 (22.5) 44.4 (16.4) 0.33 
Mean VI (%); mean (SD) 14.6 (8.6) 10.3 (8.1) 0.17 
Mean FI; mean (SD) 36.5 (9.1) 31.4 (9.2) 0.13 
Mean VFI; geometric mean (IQR) 4.6 (2.8-7.6) 2.3 (1.1-5.3) 0.02 
    
V2 (19+0-21+6 weeks) (n=225)       
Mean PV (cm3); mean (SD) 238.4 (82.9) 220.4 (52.9) 0.53 
Mean VI (%); mean (SD) 24.7 (12.4) 18.7 (9.9) 0.18 
Mean FI; mean (SD) 39.9 (8.4) 36.6 (9.5) 0.29 
Mean VFI; geometric mean (IQR) 8.5 (6.43-11.2) 6.36 (4.41-9.3) 0.07 
 

TABLE 5.6: PLACENTAL PARAMETERS BY PRE-ECLAMPSIA OUTCOME IN THE OBESITY 
GROUP (BMI >35KG/M2) 

 
 
Hypertension No PE (n=52) PE (n=7) P 
V1 (11+0-13+6 weeks) (n=224)       
Mean PV (cm3); mean (SD) 53.1 (21.0) 59.1 (18.4) 0.47 
Mean VI (%); mean (SD) 15.6 (7.9) 8.7 (2.7) 0.03 
Mean FI; mean (SD) 46.2 (9.6) 38.7 (6.5) 0.05 
Mean VFI; geometric mean (IQR) 6.8 (3.85-11.8) 3.2 (1.9-4.3) 0.01 
       
V2 (19+0-21+6 weeks) (n=225)       
Mean PV (cm3); mean (SD) 201.4 (73.5) 218.6 (63.4) 0.56 
Mean VI (%); mean (SD) 20.7 (9.16) 24.1 (14.2) 0.38 
Mean FI; mean (SD) 44.9 (8.43) 39.4 (10.8) 0.12 
Mean VFI; geometric mean (IQR) 8.2 (6.26-11.15) 7.8 (4.3-12.4) 0.76 

 
TABLE 5.7: PLACENTAL PARAMETERS BY PRE-ECLAMPSIA OUTCOME IN THE 
HYPERTENSIVE GROUP (ESSENTIAL HYPERTENSION, PAST OBSTETRIC HISTORY OF 
INTRAUTERINE GROWTH RESTRICTION OR RENAL DISEASE) 
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Autoimmune No PE (n=46) PE (n=3) P 
V1 (11+0-13+6 weeks) (n=224)       
Mean PV (cm3); mean (SD) 50.8 (22.4) 52.0 (7.4) 0.93 
Mean VI (%); mean (SD) 14.8 (6.8) 7.8 (2.5) 0.08 
Mean FI; mean (SD) 46.0 (10.3) 45.7 (0.5) 0.96 
Mean VFI; geometric mean (IQR) 6.2 (4.1-9.4) 3.4 (2.5 - ) 0.13 
    
V2 (19+0-21+6 weeks) (n=225)       
Mean PV (cm3); mean (SD) 177.9 (84.9) 154.0 (22.4) 0.62 
Mean VI (%); mean (SD) 20.3 (8.0) 18.9 (14.2) 0.79 
Mean FI; mean (SD) 48.3 (7.9) 41.5 (5.3) 0.15 
Mean VFI; geometric mean (IQR) 9.0 (7.01-12.2) 6.5 (4.5-4.7) 0.17 

 
TABLE 5.8: PLACENTAL PARAMETERS BY PRE-ECLAMPSIA OUTCOME IN THE 
AUTOIMMUNE GROUP (THROMBOPHILIA OR AUTOIMMUNE DISEASE) 

 
Low risk No PE (n=27) PE (n=3) P 
V1 (11+0-13+6 weeks) (n=224)       
Mean PV (cm3); mean (SD) 49.6 (16.6) 69.4 (31.2) 0.08 
Mean VI (%); mean (SD) 14.0 (6.6) 14.9 (7.7) 0.91 
Mean FI; mean (SD) 46.0 (7.7) 48.3 (6.0) 0.63 
Mean VFI; geometric mean (IQR) 6.2 (4.07-8.0) 6.3 (3.12 - ) 0.96 
    
V2 (19+0-21+6 weeks) (n=225)       
Mean PV (cm3); mean (SD) 182.4 (71.8) 252.7 (75.2) 0.12 
Mean VI (%); mean (SD) 17.3 (7.01) 21.8 (9.4) 0.32 
Mean FI; mean (SD) 47.6 (7.69) 35.5 (6.9) 0.02 
Mean VFI; geometric mean (IQR) 7.5 (5.55-9.53) 7.1 (4.6 - ) 0.80 

 
TABLE 5.9: PLACENTAL PARAMETERS BY PRE-ECLAMPSIA OUTCOME IN THE LOW-
RISK GROUP 

 

5.6.2 Comparison of Placental Parameters Across Groups 
 
Table 5.10 compares PV (cm3), VI (%), FI and VFI across groups. In visit 1, there was no 

significant difference in PV (P=0.95), VI (P=0.97) and VFI (P=0.13) between groups. A 

statistically significant difference in mean FI between groups (P<0.001) was noted with lowest 

mean (SD) values in the obese group 35.7 (9.0). Using the low-risk group as a comparator, 

Dunnett’s test highlighted differences in mean FI and VFI in the obese group of women; 

interestingly, both mean FI and VFI were lower in the obese group.  In visit 2, there were 

significant differences in PV (P=0.002), VI (P=0.03) and FI (P<0.001) across the groups. 

Smallest mean (SD) placental volumes (211.9cm3, 82.6) were noted in the autoimmune group. 
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Lowest mean VI was noted in women with diabetes (18%) and lowest mean FI (SD) (39.4 (8.6) 

was seen in the obese group. Dunnett’s test again identified significant differences between 

obese and low-risk women. 
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Placental 
parameter 

Diabetes Obesity Hypertension Autoimmune Low risk   

Mean (SD) 95% CI Mean (SD) 95% CI Mean (SD) 95% CI Mean (SD) 95% CI Mean (SD) 95% CI P 

Visit 1 (n=231) 
  

                    

PV (cm3) 50.7 (17.0) 44.5-56.9 50.3 (21.6) 44.7-56.0 53.0 (20.9) 47.6-58.3 50.2 (21.8) 44.0-56.4 51.6 (18.7) 44.6-58.6 0.95 

VI (%) 13.4 (6.7) 11.0-15.9 14.1 (9.0) 11.8-16.4 14.6 (7.8) 12.6-16.6 14.3 (6.7) 12.4-16.2 14.1 (6.6) 11.6-16.5 0.97 

FI 42.1 (9.4) 38.7-45.6 35.7 (9.0)* 33.3-38.1 45.0 (9.6) 42.5-47.5 46.1 (9.8) 43.3-48.8 46.3 (7.5) 43.5-49.0 <0.001 
VFI 5.8 (3.3) 4.6-7.00 5.3 (3.5)* 4.4-6.2 6.8 (4.6) 5.7-8.0 6.8 (3.9) 5.7-7.9 6.9 (4.0) 5.4-8.4 0.13 

 
Visit 2 (n=227) 
  

                    

PV (cm3) 211.9 (91.9) 176.9-246.9 235.6 (78.9)* 214.9-256.4 202.4 (71.9) 183.9-221.0 174.7 (82.6) 151.2-198.2 189.4 (74.0) 161.7-217.0 0.002 

VI (%) 18.0 (7.6) 15.1-20.9 23.8 (12.2)* 20.6-27.0 20.9 (9.8) 18.4-23.5 20.0 (8.3) 17.6-22.3 17.8 (7.2) 15.1-20.5 0.03 

FI 45.2 (6.8) 42.7-47.8 39.4 (8.6)* 37.1-41.7 44.4 (8.8) 42.1-46.7 48.0 (7.9) 45.8-50.3 46.4 (8.4) 43.3-49.5 <0.001 
VFI 8.1 (3.6) 6.7-9.7 8.9 (3.6) 7.9-9.8 8.9 (3.7) 8.0-9.8 9.3 (3.3) 8.4-10.3 8.0 (2.7) 6.7-9.0 0.34 

 
TABLE 5.10: COMPARISON OF PLACENTAL PARAMETERS ACROSS STUDY GROUPS 

 
PV: Placental Volume (cm3) 
VI: Vascularisation Index (%) 
FI: Flow Index 
VFI: Vascularisation Flow Index (VFI) 
*Dunnett's test: to compare differences between each group and the low-risk group. Significance set at P<0.05
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5.6.3 Interaction Analysis 
 
Analysis was performed to check for interactions between placental parameters and high-risk 

groupings in relation to prediction of PE before proceeding with logistic regression analysis. No 

significant interactions between any of the placental parameters or study grouping were noted 

(table 5.11). 

 

Placental parameter*final group P 
V1 (11+0-13+6 weeks)   
Placental Volume (cm3) 0.15 
Vascularisation Index (%) 0.25 

Flow Index 0.28 
Vascularisation Flow Index 0.17 
V2 (19+0-21+6 weeks)   
Placental Volume (cm3) 0.34 
Vascularisation Index (%) 0.43 

Flow Index 0.68 
Vascularisation Flow Index 0.73 

 
TABLE 5.11: INTERACTION ANALYSIS BETWEEN HIGH-RISK GROUPS 

 

5.6.4 Logistic Regression Analysis of Placental Parameters in High-risk Women   

5.6.4.1 Baseline Maternal Characteristics 
 
Tables 5.12 and 5.13 summarise the logistic regression models for prediction of PE in the high-

risk groups. Each model controls for baseline maternal characteristics: study group, age, BMI 

(kg/m2), smoking status, aspirin use, parity, material deprivation of area of residence, MAP 

(mmHg) at visit 1 and 2, respectively. At the time of visit 1, significant predictor variables for 

PE were parity and material deprivation area of residence. Parous women had a reduction in 

odds of PE by 69% (OR 0.31, 95% CI 0.10-0.95, P=0.04), while women living in the most 

socially deprived areas had a 41% increased risk of developing PE (OR 1.41, 1.02-1.95, P=0.04). 

In visit 2, significant predictor variables for PE were parity (OR 0.29, 95% CI 0.09-0.89, P= 

0.03) and MAP (OR 1.04, 95% CI 1.01-1.08, P=0.02).  
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Covariate V1 (n=195) Odds 
Ratio 

95% CI P 

Age 1.09 0.99-1.20 0.07 
BMI (kg/m2) 0.95 0.88-1.03 0.22 
Smoker 1.28 0.33-5.00 0.73 
Aspirin 1.01 0.31-3.28 0.99 
Parity 0.31 0.10-0.95 0.04 
Deprivation fifth 1.41 1.02-1.95 0.04 
MAP (mmHg) 1.02 0.98-1.07 0.31 

 
TABLE 5.12: REGRESSION MODEL INCORPORATING MATERNAL BASELINE 
CHARACTERISTICS AT VISIT 1 (11+0-13+6 WEEKS) 

 
 

Covariate V2 (n=195) Odds 
Ratio 

95% CI P 

Age 1.10 0.99-1.21 0.06 
BMI (kg/m2) 0.96 0.90-1.02 0.18 
Smoker 1.27 0.31-5.17 0.74 
Aspirin 1.17 0.73-1.87 0.52 
Parity 0.29 0.09-0.89 0.03 
Deprivation fifth 1.37 0.99-1.91 0.06 
MAP (mmHg) 1.04 1.01-1.08 0.02 

 
TABLE 5.13: REGRESSION MODEL INCORPORATING MATERNAL BASELINE 
CHARACTERISTICS AT VISIT 2 (19+0-21+6 WEEKS) 

 
 
For both study visits, the AUC was used to assess the ability of the model to predict PE in high-

risk women. In a model incorporating only baseline maternal characteristics at the time of visit 

1, an AUC of 0.74 was calculated for prediction of PE (figure 5.3). When specificity was set to 

80%, with a false positive rate (FPR) of 20%, the sensitivity for prediction of PE was 44%. In 

visit 2, the AUC improved to 0.79 which is approaching ‘good’ accuracy for prediction of PE. 

For a FPR of 20%, sensitivity was 65%. 
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FIGURE 5.3: PREDICTED PROBABILITY OF PRE-ECLAMPSIA WITH BASELINE 
MATERNAL CHARACTERISTICS (VISIT 1 AND 2) 

 

5.6.4.2 Placental Volume 
 
Table 5.14 summarises the ability of PV (cm3) to predict PE in high-risk women in the first 

(11+0-13+6 weeks) and second trimester (19+0-21+6 weeks) using a binary logistic regression 

analysis model. PV was not predictive of PE on univariate analysis or when controlling for 

confounders at either study visit.  

 

Visit 1: 11+0-13+6 weeks gestation 

Visit 2: 19+0-21+6 weeks gestation 
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Placental Volume (cm3)  
 

Odds ratio 95% CI P 

11+0-13+6 weeks (n=194) 
 

   

Univariate analysis 0.80 0.49-1.30 0.37 

Placental Volume & covariates* 0.71 0.42-1.22 0.22 

19+6-21+0 weeks (n=195) 
 

   

Univariate analysis 0.87 0.55-1.37 0.55 

Placental Volume & covariates* 0.69 0.39-1.23 0.21 

 
TABLE 5.14: REGRESSION MODELS INCLUDING (1) PLACENTAL VOLUME (2) PLACENTAL 
VOLUME (CM3) AND COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND AT VISIT 2 (19+0-21+6 
WEEKS) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

 
 

FIGURE 5.4: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 1 (1) 
BASELINE COVARIATES (CM3) (2) PLACENTAL VOLUME (CM3) WITH 
COVARIATES 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 
 

To assess the predictive value of PV in relation to baseline maternal characteristics at visit 1, 

ROC curves were constructed (figure 5.4). The AUC for a model including only baseline 

characteristics was 0.74; when combined with PV, the AUC improved to 0.76. Comparison of 

the ROC curves was not significant (P=0.47). When specificity was set at 80%, sensitivity of 

baseline characteristics alone was 44% for prediction of PE, the addition of PV to baseline 

characteristics improved the sensitivity to 57%. 
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FIGURE 5.5: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 2 (1) 
BASELINE COVARIATES (2) PLACENTAL VOLUME (CM3) WITH COVARIATES 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 
 

Similarly, in visit 2, ROC curves were again created to assess the predictive value of PV (figure 

5.5). AUC for baseline characteristics only was 0.79; there was slight improvement with addition 

of PV (AUC 0.8). For a FPR of 20%, sensitivity of baseline characteristics was 65%. Sensitivity 

declined to 61% with the addition of PV in the second trimester.  

 

5.6.4.3 Vascularisation Index 
 
When VI was included as a single predictor variable in the model in visit 1, a 1 unit increase in 

VI was associated with a 59% reduction in the odds of PE in high-risk women (OR 0.41, 95% 

0.21-0.77, P=0.006). After controlling for baseline maternal characteristics, VI remained 

significant; a 1 unit increase was associated with a 58% reduction in the odds of developing PE 

(OR 0.42, 0.21-0.85, P=0.02) (table 5.15). In the second trimester (visit 2), VI was not predictive 

of development of PE on either unadjusted or adjusted analysis. 
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Vascularisation Index (%) 
 

Odds ratio 95% CI P 

V1: 11+0-13+6 weeks (n=194) 
 

   

Univariate analysis 0.41 0.21-0.77 0.006 

Vascularisation Index & covariates* 0.42 0.21-0.85 0.02 

V2: 19+0-21+6 weeks (n=195) 
 

   

Univariate analysis 0.85 0.54-1.36 0.51 

Vascularisation Index & covariates* 0.87 0.53-1.43 0.59 

 
 

TABLE 5.15: REGRESSION MODELS INCLUDING (1) VASCULARISATION INDEX (2) 
VASCULARISATION INDEX (%) AND COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) 
AND AT VISIT 2 (19+0-21+6 WEEKS) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 
 
Figure 5.6 compares two AUCs at the time of visit 1, for a model including (1) baseline maternal 

characteristics and (2) baseline maternal characteristics combined with VI. The AUC improved 

from 0.74 to 0.79 with the addition of VI. Comparison of the ROC curves was not significant 

(P=0.2). At an 80% specificity, sensitivities were 44% and 52%, respectively.  

 

 

FIGURE 5.6: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 1 
(1) BASELINE COVARIATES (2) VASCULARISATION INDEX (%) WITH 
COVARIATES 
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FIGURE 5.7: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 2 (1) 
VASCULARISATION INDEX (2) VASCULARISATION INDEX (%) WITH COVARIATES 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

 

Figure 5.7 summarises AUC in visit 2 for a model including only baseline characteristics (AUC 

0.79) and a further ROC curve combining maternal characteristics and VI (AUC 0.79). 

Comparison of the ROC curves was not significant (P=0.95). At a sensitivity of 80%, the 

sensitivity of baseline maternal characteristics (65%) was not improved upon by addition of VI 

(61%).  

 

In order to determine the ability of VI to improve prediction of PE in addition to maternal 

baseline characteristics, NRI and IDI statistics were calculated. In visit 1, the NRI statistic 

demonstrated that the addition of VI to established risk factors significantly increased correct 

classification of cases and non-cases (NRI=0.66, 95% CI 0.27-1.05, P<0.001). The IDI statistic 

showed that VI significantly increased discrimination between cases and non-cases at 11+0-

13+6 weeks gestation (IDI=0.054, 95% CI 0.02-0.09, P=0.004).  In visit 2, the NRI statistic was 

not significant when VI was added to baseline characteristics (NRI=0.23, 95% CI -0.18-0.63, 

P=0.27). The IDI statistic did not demonstrate any improvement in discrimination between 

cases and non-cases with the addition of VI (IDI=0.004, 95% CI -0.001-0.01, P=0.46).  
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5.6.4.4 Flow Index 
 
A 1 unit increase in FI was associated with a 39% reduction in the odds of PE at the time of 

visit 1 (OR 0.61, 95% CI 0.39-0.95, P=0.03). When added to the other covariates in the model, 

FI remained a significant predictor for PE; a 1 unit increase in FI was associated with a 46% 

reduction in the odds of PE (OR 0.54, 95% CI 0.30-0.98, P=0.04) (table 5.16). In visit 2, FI was 

a significant predictor of PE. On univariate analysis, a 1 unit increase in FI was associated with a 

42% reduction in the odds of PE (OR 0.58, 95% 0.37-0.90, P=0.02). In the full model FI 

remained significant for prediction of PE (OR 0.53, 95% 0.29-0.97, P=0.04) (table 5.16). 

 

Flow Index  
 

Odds ratio 
 

95% CI P 

11+0-13+6 weeks (n=194)    

Univariate analysis 0.61 0.39-0.95 0.03 

Flow Index & covariates* 0.54 0.30-0.98 0.04 

19+0-21+6 weeks (n=195)    

Univariate analysis 0.58 0.37-0.90 0.02 

Flow Index & covariates* 0.53 0.29-0.97 0.04 

 
TABLE 5.16: REGRESSION MODELS INCLUDING (1) FLOW INDEX (2) FLOW 
INDEX AND COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND AT VISIT 2 (19+0-
21+6 WEEKS) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

 

Figure 5.8 summarises ROC curves in visit 1 for a model including only baseline maternal 

characteristics (AUC 0.74) and a model combining baseline maternal characteristics and FI 

(0.78). Comparison of ROC curves was not significant (P=0.15). At a specificity of 80%, 

sensitivity of baseline maternal characteristics alone to predict PE was 44%, this improved to 

48% with the addition of FI. Figure 5.9 summarises AUC in visit 2; baseline characteristics 

alone had an AUC 0.79, which increased to 0.83 when combined with baseline maternal 

characteristics. Comparison of ROC curves was not significant (P=0.26). At an 80% specificity, 

FI in addition to baseline maternal characteristics had a 70% sensitivity. 
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FIGURE 5.8: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 1 (1) BASELINE 
COVARIATES (2) FLOW INDEX WITH COVARIATES 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 5.9: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 2 (1) BASELINE 
COVARIATES (2) FLOW INDEX WITH COVARIATES 

 
 
 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
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In visit 1, the NRI did not reveal any improvement in prediction of PE with the addition of FI 

(NRI=0.37, 95% CI -0.0603-0.801, P=0.09). In addition, the IDI statistic showed that FI did 

not significantly discriminate between cases and non-cases (IDI=0.018, 95% CI -0.006-0.042, 

P=0.13). NRI and IDI statistics were also calculated for results obtained at the time of visit 2. 

The NRI statistic did not reveal any improvement in prediction of PE with the addition of FI to 

baseline characteristics (NRI=0.4, 95% CI -0.02-0.83, P=0.06), however the IDI statistic 

showed that FI significantly increased discrimination between cases and non-cases of PE (IDI= 

0.04, 95% CI 0.003-0.08, P=0.04). 

 

5.6.4.5 Vascularisation Flow Index 
 
In visit 1, VFI was highly significant for prediction of PE; a 1 unit increase in VFI was 

associated with a 66% reduction in the odds of developing PE (OR 0.34, 95% CI 0.17-0.70, 

P<0.001), while it was associated with a 68% reduction in the odds of developing PE in the full 

model (OR 0.32, 95% 0.14-0.72, P=0.01) (table 5.20). In visit 2, VFI approached significance as 

a predictive variable on univariate analysis only (OR 0.51, 95% 0.37-1.01, P=0.05) (table 5.17).  

 

Vascularisation Flow Index 
 

Odds ratio 95% CI P 

11+0-13+6 weeks (n=194)    

Univariate analysis 0.34 0.17-0.70 <0.001 

Vascularisation Flow Index & covariates* 
 

0.32 0.14-0.72 0.01 

19+0-21+6 weeks (n=195)    

Univariate analysis 0.61 0.37-1.01 0.05 

Vascularisation Flow Index & covariates* 0.67 0.39-1.15 0.14 

 
TABLE 5.17: REGRESSION MODELS INCLUDING (1) VASCULARISATION FLOW INDEX (2) 
VASCULARISATION FLOW INDEX AND COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND AT VISIT 
2 (19+0-21+6 WEEKS) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 
 

To assess the predictive value of VFI in relation to baseline maternal characteristics at visit 1, 

ROC curves were constructed (figure 5.10). AUC for a model including only baseline 

characteristics was 0.74; when combined with VFI, the AUC improved to 0.81. Comparison of 

the ROC curves approached significance (P=0.08). At an 80% specificity, in the model 
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combining baseline maternal characteristics and VFI, sensitivity was 66%. In visit 2, the AUC 

for baseline characteristics alone was 0.79, this improved to 0.80 with the addition of baseline 

maternal characteristics to the model (figure 5.10). Comparison of ROC curves was not 

significant (P=0.79). At an 80% specificity, baseline characteristics had 65% sensitivity for 

prediction of PE, this was reduced to 61% with the addition of VFI. 

 
 

FIGURE 5.10: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT 
VISIT 1 (1) BASELINE COVARIATES (2) VASCULARISATION FLOW 
INDEX WITH COVARIATES 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
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FIGURE 5.11: PREDICTED PROBABILITY OF PE AT VISIT 2 
(1) BASELINE COVARIATES (2) VASCULARISATION FLOW 
INDEX WITH COVARIATES  

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg). 
 
Additional NRI analysis to determine the ability of VFI to predict PE in addition to baseline 

maternal characteristics showed that VFI improved reclassification of cases and non-cases in the 

first trimester (NRI=0.526, 95% CI 0.12-0.93, P=0.01). The IDI statistic also showed that VFI 

significantly increased discrimination between cases of PE and non-cases in the first trimester 

(IDI=0.06, 95% CI 0.019-0.10, P=0.004). At the time of visit 2, VFI did not significantly 

improve reclassification of cases (NRI=0.24, 95% CI -0.19-0.67, P=0.27). While, analysis to 

investigate the IDI did not demonstrate improved discrimination between cases and non-cases 

in the second trimester with the addition of VFI (IDI=0.18, 95% CI -0.01-0.05, P=0.24). 

5.6.4.6 Combined Placental Vascularisation Screening Models 
 
Supplementary analysis was undertaken to investigate the predictive ability of logistic regression 

models combining more than one PVI in addition to pre-defined baseline maternal 

characteristics. All possible combinations of VI, FI and VFI were explored at both time 

sampling time points (visit 1 and 2). Only two models–both in relation to visit 2 (19+0-21+6 

weeks)–demonstrated significant findings (table 5.18). Model 1 summarises the performance of 

VI and FI for prediction of PE when controlling baseline maternal characteristics (final group, 
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age, BMI, smoking status, aspirin use, parity, material deprivation of area of residence and 

MAP). In this model, FI remained significant for prediction of PE. A 1 unit increase in FI, was 

associated with a 65% reduction in the odds of developing PE (OR 0.35, P=0.01) which 

improved upon the performance of FI in an earlier model combining only FI and baseline 

characteristics (OR 0.53, P=0.04) (table 5.16). Model 2 combines VI, VFI and baseline maternal 

characteristics. In this model, VFI remained a significant predictor of PE. A 1 unit increase in 

VFI was associated with a 74% reduction in the odds of developing PE (OR 0.26, P=0.04). 

When compared to the model combining VFI and baseline characteristics only at visit 2 for 

prediction of PE (OR 0.67, P=0.14) (table 5.17); performance of VFI in this model was 

significantly improved. 

 

Placental parameter 
19+0-21+6 weeks (n=195) 

Odds ratio 95% CI P 

Model 1*    

Vascularisation Index (%) 0.56 0.31-1.01 0.05 

Flow Index 0.35 0.16-0.75 0.01 

Model 2*    

Vascularisation Index (%) 
 

2.59 0.86-7.83 0.09 

Vascularisation Flow Index 0.26 0.08-0.93 0.04 

 
TABLE 5.18: COMBINED SCREENING MODELS INCLUDING PLACENTAL 
VASCULARISATION INDICES AND MATERNAL BASELINE CHARACTERISTICS 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
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5.7 DISCUSSION 

5.7.1 Repeatability and Reproducibility of Placental Vascularisation Indices 
 
Repeatability of PVIs for within image variation (the same image evaluated twice by the same 

operator) was good in both the first and second trimester is in keeping with previous studies 

(Huster et al., 2010; Cabezas López et al., 2016). At both visits ICCs were >0.90, the exception 

being FI in the second trimester where ICC was 0.68. Where two different images were 

evaluated by the same operator (between image variation), repeatability was good in the first 

trimester and less reliable in the second trimester. Previous work from Lai and colleagues, who 

assessed the reproducibility and variability of placental measurements between 26 and 34 weeks 

gestation, demonstrated poor ICCs for all PVIs in the second trimester (Lai, Wang and Welsh, 

2010).  

 

Reproducibility of measurements (between observer variation) was fair at the time of both study 

visits. However, analysis of paired samples did demonstrate significant differences in 

measurement of PVIs between operators in both the first and second trimester. It is difficult to 

comment on the significance of these results in clinical practice, particularly given the dearth of 

research relating to reproducibility of PVIs in high-risk obstetric populations. In visit 1, ICCs 

for all PVIs remained ≥0.8, although CV for VI was increased at 23.1%. In visit 2, ICCs were 

excellent for PV, VI and VFI (≥0.89), lowest ICC was noted in measurement of FI (ICC 0.66) 

and interestingly, no significant differences were demonstrated between operators for this 

parameter (P=0.67). Due to the lack of knowledge regarding acceptable values for each 

placental parameter, a small difference in bias may not affect the clinical result unduly. Further 

validation work is required to determine acceptable values of PVIs in the first trimester in order 

to allow fair and reliable comparison between operators and also to verify the utility if PVIs as 

screening tools for PE in clinical practice. 

 

A number of external factors influence the repeatability and reproducibility of PVIs - for 

example: the ability to accurately sample the entire placenta, maternal BMI, age, parity and 

smoking status. The impact of high risk medical comorbidities on performance of PVIs is 
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relatively unknown. Difficulty in imaging the entire placenta was previously reported by Lai and 

colleagues –particularly in the third trimester– which may affect ability to obtain standardised 

measurements and account for poor reproducibility (Lai, Wang and Welsh, 2010). This issue 

was also identified during data collection for the PREDICT study. In the second trimester 

(19+0-21+6 weeks), even with adjustments to optimise sector width, it was not always possible 

to entirely scan large placental masses (Alcázar, 2008). The relationship between maternal BMI 

and impact on PVIs has yet to be well defined. Jimenez and colleagues reported a reduction in 

PV with increasing BMI in the first trimester but no impact on PVIs (Jimenez et al., 2009). In 

contrast, Hafner reported a negative impact of increasing maternal BMI on FI (Hafner et al., 

2010). Rizzo and colleagues investigated the impact of maternal smoking on PVIs; they noted 

reduction in all PVIs when mothers smoked ≥10 cigarettes per day (Rizzo, Capponi, Pietrolucci 

and Arduini, 2009). The influence of maternal age and parity on PVIs was evaluated in women 

between 14 and 25 weeks gestation (n=199) (Zalud and Shaha, 2008). Mean (SD) maternal age 

was 28.9 (9.8) years, 37% of women were nulliparous and 63% had one or more previous 

deliveries. Maternal age had no impact on PV or PVIs. Parity did significantly influence PVIs; 

lower PVIs (VI, FI and VFI) were noted in nulliparous women. There was no significant 

difference in PV measurements of nulliparous and parous women (Zalud and Shaha, 2008). 

5.7.2 Performance of Placental Vascularisation Indices 
 
As previously discussed in chapter 2, significantly lower first trimester PVIs across a range of 

studies have been identified in women who subsequently develop PE (Hafner et al., 2010; 

Demers et al., 2015; Hannaford et al., 2015; Hashish et al., 2015; Plasencia et al., 2015). Results 

from the PREDICT study support this finding in high-risk women. In visit 1 (11+0-13+6 

weeks gestation), descriptive analysis confirmed significantly lower mean values of VI, FI and 

VFI in women who later developed PE. In visit 2 (19+0-21+6 weeks), FI and VFI were 

significantly lower in women with PE and there was no significant difference in mean VI 

between the two groups. In addition, there was no significant difference in PV between women 

who developed PE and those who remained normotensive at either sampling point, yet, overall, 

PV tended to be smaller in women who subsequently developed PE. A lesser amount of 

research examining the performance of PVIs in the second trimester and third trimester of 
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pregnancy exists. Chen and colleagues conducted a prospective case-control study evaluating 

the performance of PVIs in normal (n=41) and pre-eclamptic pregnancies (n=27) (Chen, Wang 

and Chen, 2013). The authors reported significantly lower PVIs in pregnancies affected by PE 

compared with controls (VI P<0.001; FI P=0.02; VFI P<0.001) and also noted a reduction in 

PV in these pregnancies in comparison to controls (P=0.002) (Chen, Wang and Chen, 2013). 

Another third trimester prospective case-control study evaluating the associations between PV, 

placental vascularity and hypertensive disorders in pregnancy reported a significant reduction in 

mean (SD) VI and VFI in pregnancies complicated by PE (n=19) in comparison with controls 

(n=66): VI 13.5 % (1.2–42.3) v 9.1 % (1.2-27.2), P=0.04 and VFI 6.3 (0.9-31.1) v 4.1 (0.5-12.7), 

P=0.02, respectively. FI was reportedly higher in pregnancies complicated by PE (de Almeida 

Pimenta et al., 2014). Echoing previous findings from Hafner and colleagues, de Almeida 

Pimenta and colleagues recommend that future research should be focus on the role of 

vascularisation indices (VI and VFI), rather than flow indices for prediction of PE (Hafner et al., 

2010; de Almeida Pimenta et al., 2014). 

 

5.7.3 Prediction of Pre-eclampsia using Placental Vascularisation Indices 
 
In the first trimester, logistic regression analyses demonstrated that higher values of PVIs were 

associated with a reduction in the odds of developing PE. VI, FI and VFI remained significant 

predictors of PE in both univariate and adjusted analysis. ROC analysis also demonstrated an 

improvement in AUC when comparing a model incorporating baseline covariates only (AUC 

0.74) and models combining VI (AUC 0.79), FI (AUC 0.78) and VFI (AUC 0.81). This analysis 

supports a potential role for PVIs as a screening tool for PE in the first trimester in high-risk 

populations.  

 

In the second trimester, performance of the indices was less well defined. Logistic regression 

analysis demonstrated that only FI remained a significant predictor of PE in both univariate 

analysis and when controlling for baseline maternal characteristics. ROC analysis revealed an 

improvement in AUC from 0.79 to 0.83 with the addition of FI to baseline maternal 

characteristics. As previously discussed, difficulties in imaging the placenta in the second 
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trimester may have impacted the performance of PVIs for prediction of PE (Lai, Wang and 

Welsh, 2010; Chen, Wang and Chen, 2013). Interestingly, combining measurements of PVIs 

significantly improved their ability to predict PE in the second trimester. In a model combining 

VI, FI and baseline characteristics, predictive performance of FI improved when compared with 

a model combining only FI and maternal characteristics. Similarly, performance of VFI was 

significantly enhanced when combined with VI and baseline characteristics. Further research is 

required to clarify the relationship of PVIs within screening models in the second trimester; this 

would allow greater understanding of why an improvement in performance was seen. Overall, 

the utility and performance of PVIs in the second trimester for PE screening remains an under-

researched and ill-defined area of study. Prior to their introduction to clinical practice, additional 

research is required to examine reproducibility and repeatability of these measures in the second 

trimester, their performance in high-risk cohorts and investigate further the role of screening 

with combinations of PVIs.   

 

5.7.4 Clinical Utility of Placental Vascularisation Indices for Prediction of Pre-
Eclampsia 
 
Supplementary NRI and IDI analysis quantified the added value of PVIs for prediction of PE. 

In the first trimester, it was demonstrated that VI and VFI improved the reclassification of 

cases (NRI), and helped to discriminate between cases of PE and non-cases (IDI). NRI and IDI 

statistics were not significant for FI. It has previously been suggested that Flow Indices (FIs) are 

relatively unreliable–particularly in obese cohorts–and that attention should be focused solely on 

the performance of vascularisation indices for prediction of PE (Hafner et al., 2010; de Almeida 

Pimenta et al., 2014). In contrast to Vascularisation Indices (VIs), FIs are strongly depth 

dependent. In the obese population, there is an increased distance from the placenta to the 

abdominal surface which may influence performance of FI. Excess adipose tissue also results in 

increased attenuation of ultrasound signal resulting in impaired absorption by placental tissue 

(Paladini, 2009). There is evidence within the PREDICT study to support this hypotheses. 

Differences in PVIs were particularly apparent in the obese group when compared with the 
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low-risk group (table 5.10). In the first and second trimester, mean FI was lowest in the obese 

group of participants. 

 

In the second trimester, neither VI nor VFI helped to improve reclassification of PE cases or 

help to differentiate cases and non-cases. Both NRI and IDI statistics were negative for these 

PVIs. Interestingly, the IDI statistic did demonstrate ability of FI to distinguish cases and non-

cases in addition to baseline maternal characteristics. 

 

5.7.5 Sub-group Analysis 
 
A number of differences between study groups were noted in exploratory sub-group analysis by 

PE outcome. It is important however to acknowledge that overall study outcome (PE) was 

powered on analysis of VFI for all study participants therefore results should be interpreted 

with caution. 

 

In visit 1, mean PV was lower in women with diabetes and PE. There is limited evidence 

regarding the performance of 3DPD imaging in diabetic pregnancies or indeed the ability of 

PVIs to predict PE in this group of high-risk women. A study from Moran and colleagues 

investigated the role of PVIs to aid management of pregnancies affected by pre-gestational 

diabetes mellitus (DM) (Moran et al., 2014). PV and PVIs were measured between 12+2 and 

39+5 weeks gestation in women with type 1 (n=37) and type 2 DM (n=13); these were 

compared with measurements obtained from 250 controls. The authors reported larger PV and 

lower VI and VFI in pregnancies between 35 and 40 weeks gestation in pregnancies 

complicated by DM. Surányi and colleagues also evaluated the performance of PVIs in the 

second and third trimester in a case-control study involving healthy controls (n=113) and 

women with type 1 DM (n=43) and gestational diabetes mellitus (GDM) (n=56) (Surányi et al., 

2013). The authors reported lower PVIs in women with DM compared with controls, however 

no difference was noted between women with type 1 DM and GDM. Alterations in the vascular 

tree of placentas in pregnancies complicated by DM and GDM are not well defined (Surányi et 

al., 2013). Decreased VI and VFI in diabetic placentas could be as a result of down-regulated 
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angiogenesis, diminished number of arterioles and hypertrophy of vessel walls. Reduction in FI 

may be as a result of narrowed vascular diameter (Hiden, Froehlich and Desoye, 2011). In 

contrast, Rizzo and colleagues investigated the performance of PVIs in the first trimester in 

women with type 1 DM (n=32) (Rizzo et al., 2012). The authors noted no difference in PV 

measurements in pregnancies affected by type 1 DM when compared with controls. They also 

reported higher PVIs (VI, FI and VFI) in the cohort with significantly higher values noted in 

pregnancies with poorer glycaemic control (HbA1c ≥7%). A potential explanation for these 

conflicting findings may be the gestation at which assessment of the PVIs was undertaken. In 

the first trimester, hyperglycaemia triggers vasculogenesis but vasculopathy is not yet present 

(Hiden, Froehlich and Desoye, 2011). Therefore, reductions in placental blood flow (FI)–due to 

impaired remodelling of the maternal vasculature, development of acute atherosis and decreased 

intervillous space–and alterations in vascularisation indices (VI and VFI) noted later in 

pregnancy are not yet present (Hiden, Froehlich and Desoye, 2011; Leach, 2011). As yet there 

are no studies specifically investigating the role of PVIs for prediction of PE in women with 

DM. No significant differences were noted in the PVIs of women with diabetes in the 

PREDICT study; however the study was not designed to specifically detect this difference. 

Given the small numbers within this sub-group, it may have been underpowered to detect a 

difference.  

 

At 11+0-13+6 weeks gestation, mean VFI was lower in obese women and hypertensive women 

who subsequently developed PE. These findings are in keeping with results from the systematic 

review carried out as part of this doctoral thesis (Eastwood et al., 2017); namely that lower VFI 

is reported in women who subsequently develop PE. A recent study case-control from Surányi 

and colleagues evaluated second and third trimester PVIs derived from 3DPD in pregnancies 

complicated by chronic hypertension, gestational hypertension (GH) and PE (n=226) (Surányi 

et al., 2017). A number of interesting findings were reported; compared with controls, VI was 

significantly higher in pregnancies complicated by chronic hypertension (P=0.01) and FI was 

significantly lower in all the hyertensive groups compared with controls (Surányi et al., 2017). 

The authors suggest that the increase noted in VI in women group chronic hypertension may 
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represent a placental response–elevated vascularisation rate–to increased maternal blood 

pressure (Surányi et al., 2017). Surányi and colleagues hypothesise that the reduction in FI seen 

throughout the groups reflects impaired perfusion in the placenta (Surányi et al., 2017). Similar 

to women with DM, there are no previous studies specifically investigating the performance of 

PVIs in either obese or hypertensive women for prediction of PE.  

 

In the second trimester (19+0-21+6 weeks) only one significant result was noted in PREDICT 

study participants. Lower mean FI was seen in low-risk women who developed PE. As yet, 

adoption of screening with PVIs in the second trimester appears to be of limited value, 

particularly given the lack of understanding regarding the performance of PVIs in the second 

trimester in different groups and their ability to predict PE.   

 

5.8 CONCLUSION 

 
Analyses from the PREDICT study demonstrate significantly lower first trimester PVIs (VI, FI 

and VFI) in women who subsequently develop PE. All PVIs remained significant predictors of 

PE in logistic regression models controlling for baseline characteristics in the first trimester. 

NRI and IDI analyses also verified the added clinical utility of VI and VFI in addition to models 

incorporating baseline maternal characteristics at 11+0-13+6 weeks gestation. In addition, 

reliability analysis demonstrated that PVIs appear to be repeatable and reproducible measures in 

the first trimester of pregnancy. 

 

In the second trimester, FI and VFI were significantly lower in women with PE, however only 

FI remained a significant predictor of PE in models controlling for baseline maternal covariates. 

Examining the added clinical utility of FI confirmed significant improvement in discrimination 

of cases and non-cases of PE (IDI) but no improvement in the reclassification of cases (NRI). 

Furthermore, reproducibility of PVIs in the second trimester appears to be poorer than in the 

first trimester.  
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Further research is required before a screening model for PE incorporating PVIs can be 

adopted in routine clinical practice. In particular, supplementary evaluation of the influence of 

baseline maternal characteristics on 3DPD image acquisition and its impact on repeatability and 

reproducibility of PVIs should be investigated and validated in a larger high-risk cohort. Further 

clarification of the relationship between maternal BMI and FI also requires particular attention 

to determine if FIs are accurate in this high-risk sub-group.  

 

At present implementation of screening for PE using PVIs in the second trimester cannot be 

recommended. However, a screening model for PE in the first trimester seems feasible, 

reproducible and accurate. Given concerns regarding FI, researchers may wish to consider a 

future screening model which combines VI and VFI in addition to baseline maternal 

characteristics and selected biomarkers. 
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Chapter 6  
 

The Role of Uterine Artery Doppler in the Prediction of Pre-eclampsia 

6.1 OVERVIEW 

 
Doppler ultrasound enables non-invasive assessment of the maternal uteroplacental circulation 

(Poon and Nicolaides, 2014). Between 6 and 24 weeks gestation, impedance to uterine artery 

flow is progressively reduced (Kuc et al., 2011). However, in pregnancies affected by pre-

eclampsia (PE) it is thought that there is impaired trophoblastic invasion of the uterine decidua 

and myometrium resulting in inadequate remodelling of the maternal vasculature and a 

reduction in uteroplacental blood flow (Khong et al., 1986; Granger et al., 2001). In the second 

trimester, atypical uterine artery Doppler (UAD) measurements associated with impaired 

placental perfusion, have been represented by abnormal flow velocity ratios, for example, 

increased UAD pulsatility index (PI) and by the persistence of a diastolic notch beyond 24 

weeks (Bolte and Dekker, 2006; Plasencia et al., 2007). 

 

A Cochrane review to assess the role of utero-placental Doppler ultrasound for improving 

pregnancy outcome was published in 2010 (Stampalija, Gyte and Alfirevic, 2010). Two studies 

(n=4,993) assessing UAD ultrasound in the second trimester in women at low risk for 

hypertensive disorders were included (Goffinet et al., 2001; Subtil et al., 2003). No differences 

were found in any of the perinatal and maternal outcomes when comparing UAD ultrasound in 

the second trimester in women at low risk for hypertensive disorders versus controls. There 

were no studies of women in the first trimester or in high-risk women. 

 

6.1.1 Prediction of PE using Uterine Artery Doppler 
 
Cnossen and colleagues published a systematic review and bivariable meta-analysis examining 

the role of UAD ultrasound to predict PE and IUGR (Cnossen et al., 2008). Seventy four 

studies were identified in which UA Doppler was used to predict PE (79,547 women). The 
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majority of studies examined performance of UAD in the second trimester (18-24 weeks). The 

median rate of PE was 4.9%. In high-risk women, rates of PE varied from 3.2-44.3%. Among 

high-risk women, PE was best predicted in the second trimester by unilateral notching (positive 

likelihood ratio (PLR) 20.2, 95% CI 7.5-29.5, sensitivity 83%, specificity 96%) or an increased 

PI in addition to the presence of UAD notching (PLR 21.0, 95% CI 5.5-80.5). However 

sensitivity was reduced to 19% with a specificity of 99%. Overall, Doppler assessment to 

predict severe PE in high-risk women demonstrated low diagnostic ability (PLR 3.7). Only one 

study investigating the prediction of PE in high-risk women in the first trimester was included 

(n=72); the presence of bilateral UAD notching demonstrated poor predictive ability (PLR 1.7, 

95% CI 1.1-1.9, 91% sensitivity, 46% specificity). 

 

Interestingly, performance of UAD to predict PE in low-risk pregnancies was comparatively 

better. Increased PI with diastolic notching in the second trimester (>16 weeks) (PLR 7.5, 95% 

CI 5.4–10.2) best predicted PE in low / unspecified risk pregnancies (Cnossen et al., 2008). 

Severe PE was most accurately predicted by an increased PI (PLR 15.6, 95% CI 13.3–17.3, 23% 

sensitivity, 99% specificity) and bilateral notching (PLR 13.4, 95% CI 8.5–17.4, 43% sensitivity, 

93% specificity) in the second trimester. Again, prediction of PE in the first trimester was less 

impressive; increased PI best predicted PE but sensitivity was poor (PLR 5.4, 95% CI 4.1-6.7, 

25% sensitivity, 95% specificity) (Cnossen et al., 2008).  

 

More recently, a publication from O’Gorman and colleagues examined the distribution of UAD 

PI at 12, 22, 32 and 36 weeks gestation in screening for PE (O’Gorman et al., 2016). UAD PI 

was measured in an unselected population (92,712 at 11-13 weeks; 67,605 at 19-24 weeks; 

31,741 at 30-34 weeks and 5,523 at 35-37 weeks). The results of UAD PI screening were 

compared to (1) screening with maternal characteristics alone (2) screening with UAD PI and 

maternal characteristics (combined screening). The detection rate (DR), at a 10% false positive 

rate (FPR) for PE delivering <32 weeks was 71% and 88% with combined screening at 11–13 

and 19–24 weeks, respectively, and the DR for PE delivering at 32+0 to 36+6 weeks was 52%, 

63% and 71% with screening at 11–13, 19–24 and 30–34 weeks, respectively. However, the DR 
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of late-onset PE (≥37) weeks was only 40%, irrespective of the gestational age at screening. 

Overall, combined screening for PE was superior to screening by with UAD PI or maternal 

characteristics alone in this group of women. The authors acknowledge that the performance of 

a combined screening model derived and tested on the same dataset may be overestimated 

(O’Gorman et al., 2016). 

 

6.1.2 Performance of Uterine Artery Doppler in High-risk Pregnancies 
 
There continues to be a dearth of literature concerning the clinical utility of UAD for prediction 

of PE in high-risk pregnancies. As yet no randomised controlled trials (RCTs) have shown clear 

benefit in this population of women. In a nested case-control study (n=210 and n=42, 

respectively), Khalil and colleagues investigated the predictive value of a combination of first 

trimester serum Placental Protein 13 (PP-13), UAD PI and pulse wave analysis for PE high-risk 

women (Khalil et al., 2010). Mean PI had a 19% sensitivity for prediction of any-onset PE at a 

90% specificity and the area under the curve (AUC) was 0.72. Unsurprisingly, sensitivity 

improved with the addition of other biochemical and biophysical parameters. Herraiz and 

colleagues examined the value of sequential models of UAD in pregnant women at high risk for 

PE, including those with a history of PE and/or IUGR, chronic hypertension, diabetes (DM), 

renal disease, autoimmune disease and thrombophilia (Herraiz et al., 2012). Mean UAD PI was 

measured at 11-13 weeks gestation and repeated at 19-22 weeks gestation (n=135). PE 

developed in 20% of participants: 4.4% had early-onset disease onset (<34 weeks) and 15.6% 

had late-onset PE (≥34 weeks). The authors examined the distribution of median UAD PI 

(MoM) in the first and second trimester in three groups of women: (1) unaffected pregnancies 

(2) early-onset PE (3) late-onset PE. In the first trimester, there was no significant difference in 

median UAD PI between each of the study groups. Detection rates for late PE were poor in the 

first and second trimester for early and late-onset PE; 33.3% (AUC 0.52) and 14.3% (AUC 

0.53), respectively at 10% FPR. In the second trimester, the median UAD PI was noted to be 

significantly increased in women with PE in comparison to the unaffected group (P<0.01). 

ROC analysis showed fair predictive ability for early-onset PE in this subset of women (AUC 

0.77, 95% CI 0.48-1.00) with a detection rate of 66.7% at a 10% FPR. Detection of late-onset 



146 
 

PE in the second trimester remained poor (19%, AUC 0.59) (Herraiz et al., 2012). The authors 

note the impact of aspirin administration in high-risk pregnancy. Its influence may improve 

remodelling of the uterine arteries meaning that expected changes are not seen within the 

uterine arteries in high-risk women.    

 

A more recent paper from Woschitz and colleagues evaluated the prognostic role of UAD in 

women with a previous history of PE or chronic hypertension (Woschitz et al., 2014). This 

retrospective study included 139 women who had previously undergone UAD surveillance in 

the first and/or second trimester. The rate of PE was 34%. The authors noted that the presence 

of bilateral uterine notching in addition to an increased PI (≥2.5), both in the first and second 

trimester most accurately predicted PE. In the first trimester, in women with prior history of 

PE, sensitivity at any gestation was 33% at a specificity of 81%. In women with chronic 

hypertension, mean sensitivity was reported as 0% (95% CI 0-71) with a specificity of 95%. In 

the second trimester, in women with a history of PE, specificity was 97% and sensitivity 4%, 

while in women with chronic hypertension a 5% sensitivity and 100% specificity was reported. 

Ultimately, these data suggest a poor positive predictive value of UAD screening in high-risk 

women in both the first and second trimester. Despite the limited availability of literature 

concerning use of UAD to predict PE in high-risk women, this finding has been previously 

reported (Cnossen et al., 2008). Much of the recent work examining the role of UAD in high-

risk populations has focused on second trimester assessment, however, the general consensus 

appears to be that UAD has low sensitivity and high specificity for prediction of PE in high-risk 

women (Li, Ghosh and Gudmundsson, 2014; Nagar et al., 2015). 

 

6.1.3 Measurement of Uterine Artery Doppler in the First Trimester 
 
A review by Carbillon in 2012 outlined the feasibility and reproducibility of UAD measurement 

in the first trimester for PE and IUGR (Carbillon, 2012). Factors influencing performance of 

first trimester UAD include; maternal obesity, racial origin, medical history of pre-existing DM 

and gestational age (Wright et al., 2012). Reproducibility and reliability of first trimester UAD 

measurements is reportedly good. A study by Bujold and colleagues examining reproducibility 
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of 3D placental volume and UAD measurements demonstrated excellent intra and inter-

observer reproducibility with R2>0.85 for all parameters (Bujold et al., 2009). Hollis and 

colleagues also reported good reproducibility and repeatability of UAD resistance index (RI)–

obtained via transabdominal scanning–and inter-observer agreement regarding presence of 

UAD notching. Reproducibility of other parameters –PI, peak systolic velocity/end diastolic 

velocity ratio, peak systolic velocity and end diastolic velocity— performed poorly with high 

coefficients of variation noted (Hollis et al., 2001). The majority of studies report uterine artery 

PI measurements; with high UAD PI indicative of increased risk of PE (Carbillon, 2012). 

Martin and colleagues obtained adequate measurement of both UAD via transabdominal 

approach in 96% of unselected pregnant women (n=3,324). The 95th centile of the uterine 

artery mean PI was 2.35. The sensitivity of a mean PI >2.35 for prediction of PE requiring 

delivery <32 weeks gestation was 60% (Martin, Bindra and Curcio, 2001). Poon and colleagues 

also demonstrated the use of UAD in the first trimester in the prediction of PE, with 

significantly higher UA PI in women with both early and late-onset PE compared with 

unaffected women (P<0.0001) (Poon et al., 2009).   

 

A systematic review and meta-analysis from Velauthar and colleagues including 55,974 women 

from 18 studies evaluated the accuracy of first-trimester UAD in prediction of pregnancy 

complications (Velauthar et al., 2014). In low-risk women, a RI or PI ≥90th centile most 

accurately predicted the risk of early-onset PE (PLR 6.1, 95% CI 4.1-8.9, sensitivity 47.8%, 

specificity 92.1%). For PE at any gestation, UAD performed less well with a PLR of 4.0 (95% 

2.7-6.0, 26.4% sensitivity, 92.1% specificity). Although highly specific for predicting early-onset 

PE, the sensitivity of UAD is low. The authors investigated the Number Needed to Treat 

(NNT) with Aspirin to prevent one case of early-onset PE. For women with a background risk 

of PE of 1% and 0.4%, NNT was reduced from 1,000 to 173 and from 2,500 to 421, 

respectively. The authors concluded that introduction of routine first trimester screening with 

UAD would cost between £18 and £25 per patient and that commencement of aspirin based on 

a positive UAD screening test in the low-risk population was superior to traditional screening 

on the basis of high-risk maternal characteristics (Velauthar et al., 2014). However, in women 
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with high-risk characteristics, screening with first trimester UAD was comparable to assessment 

with baseline maternal risk factors (National Institue for Health and Clinical Excellence, 2008; 

Velauthar et al., 2014).  

 

6.2 METHODS 

6.2.1 Machine Settings 
 
All participants were scanned using a Voluson E8 GE Healthcare, MDI Medical (NI) Ltd. 

Machine settings were optimised as follows before commencement of study recruitment: (1) 

Grayscale: power 90%, gain +3, depth 15.4cm, zoom: 1.1, frame rate 16Hz, harmonics - high, 

Speckle Reduction Image (SRI) IIIi, sector angle 650 (2) Colour flow: power 100%, gain -3, 

frequency low, depth 15.4cm, zoom 1.1, frame rate 7Hz, quality normal, wave motion filter 

(WMF) Lowii, Pulse Repetition Frequency (PRF) 3.2Hziii (3) Pulse wave: depth 15.4cm,  zoom: 

1.1, frame rate 4Hz, power 96%, sample volume gait 2mm, sample volume angle 300, Wall 

Motion Filter (WMF) 90Hz, frequency low, PRI 4.4Hz. Settings were upheld for all scans for 

each study participant (in both visits 1 and 2) to help standardise the imaging technique. 

 

6.2.2 Acquisition of Images 
 

6.2.2.1 First Trimester 
 
Transabdominal ultrasound was performed to obtain measurements of the UAD; namely, PI 

and RI. In the first trimester, a sagittal section of the uterus and cervical canal was identified, the 

internal cervical canal located and colour flow mapping was used to identify the course of the 

left and right uterine arteries (figure 6.1). Pulse wave Doppler was then applied to the vessel of 

interest. Peak systolic velocity was ascertained to be greater than 60cm/s to ensure that the 

arcuate branch of the uterine artery was not interrogated and three consecutive waveforms were 

recorded. Mean PI of both arteries was then calculated and documented (Bhide et al., 2013; 

Khalil and Nicolaides, 2013). The PI is calculated as the difference between the peak systolic 

velocity (S) and the end-diastolic velocity (D), divided by the mean velocity (Vm): PI = 
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(S−D)/Vm. Figure 6.1 demonstrates colour flow mapping of the uterine artery (A) and the 

waveform of a ‘normal’ uterine artery Doppler recorded in the first trimester (B). 

 
 

FIGURE 6.1: COLOUR FLOW MAPPING AND DOPPLER TRACE OF THE UTERINE 
ARTERY IN THE FIRST TRIMESTER  

 
(a) The ascending branch of the uterine artery imaged at its para cervical portion  
(b) Uterine artery Doppler waveform in the first trimester 
 
Source: Khalil, A. and Nicolaides, K.H. (2013) ‘How to record uterine artery Doppler in the first trimester’, 
Ultrasound in Obstetrics and Gynecology, 42(4), pp. 478–9. 
 

6.2.2.2 Second Trimester 
 
In the second trimester, the uterine arteries unfurl and lie further away from the midline. Again, 

via a transabdominal technique, the probe was placed suprapubically in a longitudinal position 

on the maternal abdomen. The probe was then moved laterally and the pulsating external iliac 

artery (EIA) identified via 2D greyscale imaging. The EIA is a useful landmark from which to 

locate the uterine artery. Colour flow was then used to map the course of the uterine artery 

which is seen to cross the EIA. Pulse wave Doppler was then activated; where possible, the 

sample volume should be obtained 1cm downstream from the apparent crossover point. Three 

to five consecutive waveforms were recorded and the process was then repeated for the 

contralateral uterine artery (Bhide et al., 2013). Mean PI of both arteries was calculated and 

documented. Figure 6.2 demonstrates Doppler waveforms obtained from a ‘normal’ and 

‘abnormal’ uterine artery in the second trimester (Bhide et al., 2013).  
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FIGURE 6.2: UTERINE ARTERY DOPPLER WAVEFORMS RECORDED IN 
THE SECOND TRIMESTER 

 
(a) Image of a normal second trimester uterine artery  
(b) Image of an abnormal second trimester uterine artery Doppler with the presence of early Diastolic 

notching 
 
Source: Bhide, A., et al. (2013) ‘ISUOG practice guidelines: use of Doppler ultrasonography in obstetrics’, Ultrasound 
in Obstetrics and Gynecology, 41(2), pp. 233–239. 
 
 

6.3 IMAGE PROCESSING AND ST ORAGE 

 
Anonymised images were stored securely on both an encrypted external storage device and 

within a secure server in Queen’s University Belfast.  

 

6.4 STATISTICAL ANALYSIS 

 
Statistical analysis was performed using SPSS version 21 (IBM Corp., Armonk, NY) among 

women recruited to the PREDICT study (prediction of PE in high-risk women). Sub-group 
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analysis is as previously described in chapter 3. Measurements of UAD PI and RI were derived 

via a transabdominal technique between 11+0 and 13+6 weeks gestation (visit 1) and 19+0-

21+6 weeks gestation (visit 2).  

 

Comparison of UAD measurements across study groups was performed using Chi-squared tests 

and one-way Analysis of Variance (ANOVA), where appropriate. Analysis of UAD parameters 

by PE outcome was performed using one-way (ANOVA) tests for each study group. Mean 

values and standard deviations are reported. Logistic regression models using PE as the primary 

outcome were determined for uterine PI and RI in each high-risk group. Covariates included: 

study group, age, BMI, smoking status, aspirin use, parity, material deprivation of area of 

residence and Mean Arterial Pressure (MAP).  

 

6.5 RESULTS 

 
Analysis of uterine parameters was performed at two time points; 11+0-13+6 weeks and 19+0-

21+6 weeks gestation in women participating in the PREDICT study (n=232). The overall rate 

of PE in the PREDICT study participants was 12% (n=26). The total number of results 

available for analysis was adjusted by (1) PE outcome (n=225) and (2) availability of UAD 

measures. In the first trimester, two UAD measurements were not obtained owing to maternal 

obesity (n=223), while in the second trimester five measurements were not available due to 

adverse pregnancy events (miscarriage) (n=225). Further information regarding comparison of 

baseline characteristics in women who developed PE and those who did not is discussed in 

chapter 4. 

 

Table 6.1 compares mean UAD PI and RI measurements in women with PE and those without 

PE. No significant differences were evident in mean UAD PI or RI when comparing women 

with PE and those without PE in either the first (11+0-13+6 weeks) or second trimester (19+0-

21+6 weeks).  
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TABLE 6.1: COMPARISON OF UTERINE ARTERY DOPPLER MEASUREMENTS BY PRE-
ECLAMPSIA OUTCOME 

 

6.5.1 Comparison of Uterine Artery Doppler Measurements by Pre-eclampsia Outcome 
 
Tables 6.2-6.6 summarise group outcomes for UAD parameters by PE outcome. In women 

with diabetes, there was no significant difference in mean UAD PI, mean PI z score or RI in 

those who developed PE and those who did not, in either the first or second trimester (table 

6.2). Similarly, none of the UAD parameters were significantly between women who developed 

PE and those who did not in the obese (table 6.3) and hypertensive groups (table 6.4) at either 

study visit. 

  

Uterine artery Doppler No PE  PE  P 

V1 (11+0-13+6 weeks)  n=198 n=25  
Pulsatility Index (mean, SD) 1.58 (0.52) 1.58 (0.65) 0.10 
Resistance Index (mean, SD) 0.71 (0.10) 0.70 (0.13) 0.73 
V2 (19+0-21+6 weeks) n=199 n=26  
Pulsatility Index (mean, SD) 0.96 (0.31) 1.02 (0.44) 0.39 
Resistance Index (mean, SD) 0.56 (0.09) 0.56 (0.12) 0.94 
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Diabetes No PE (n=25) PE (n=3) P 

V1 (11+0-13+6 weeks)        
Mean UAD PI; mean (SD) 1.5 (0.6) 1.3 (0.5) 0.58 
Mean UAD PI z score; mean (SD) -0.8 (1.2) 0.04 (0.5) 0.35 
Mean UAD RI; mean (SD) 0.7 (0.1) 0.6 (0.2) 0.44 
V2 (19+0-21+6 weeks)        
Mean UAD PI; mean (SD) 0.9 (0.4) 0.8 (0.2)  0.51 
Mean UAD PI z score; mean (SD) -1.0 (1.5) -1.7 (1.4) 0.43 
Mean UAD RI; mean (SD) 0.5 (0.1) 0.5 (0.10 0.56 

 
TABLE 6.2: UTERINE ARTERY DOPPLER MEASUREMENTS BY PRE-ECLAMPSIA OUTCOME 
IN THE DIABETES GROUP (TYPE 1 AND 2 DIABETES) 

 
 
 
 
Obesity No PE (n=48) PE (n=9) P 

V1 (11+0-13+6 weeks)       
Mean UAD PI; mean (SD) 1.50 (0.54) 1.54 (0.55) 0.83 
Mean UAD PI z score; mean (SD) -0.7 (1.4) -0.5 (1.2) 0.81 
Mean UAD RI; mean (SD) 0.7 (0.1) 0.7 (0.1) 0.67 
V2 (19+0-21+6 weeks)       
Mean UAD PI; mean (SD) 0.9 (0.3) 0.8 (0.4) 0.09 
Mean UAD PI z score; mean (SD) -0.7 (1.0) -0.2 (1.5) 0.18 
Mean UAD RI; mean (SD) 0.6 (0.1)  0.6 (0.1) 0.30 
 

TABLE 6.3: UTERINE ARTERY DOPPLER MEASUREMENTS BY PRE-ECLAMPSIA OUTCOME 
IN THE OBESE GROUP (BMI >35KG/M2) 

 
 
 
 
Hypertension No PE (n=52) PE (n=7) P 
V1 (11+0-13+6 weeks)       
Mean UAD PI; mean (SD) 1.6 (0.5) 1.8 (0.6) 0.50 
Mean UAD PI z score; mean (SD) -0.3 (1.2) -0.2 (1.6) 0.93 
Mean UAD RI; mean (SD) 0.7 (0.1) 0.7 (0.1) 0.63 
V2 (19+0-21+6 weeks)       
Mean UAD PI; mean (SD) 1.04 (0.34) 1.06 (0.5) 0.88 
Mean UAD PI z score; mean (SD) -0.4 (1.2) -0.5 (1.9) 0.88 
Mean UAD RI; mean (SD) 0.6 (0.1) 0.6 (0.1) 0.66 
 

TABLE 6.4: UTERINE ARTERY DOPPLER MEASUREMENTS BY PRE-ECLAMPSIA OUTCOME 
IN THE HYPERTENSIVE GROUP (ESSENTIAL HYPERTENSION, PAST OBSTETRIC HISTORY 
OF INTRAUTERINE GROWTH RESTRICTION OR RENAL DISEASE) 

 

Table 6.5 presents the findings in UAD parameters in the autoimmune group for cases and 

non-cases of PE. At both time points there were a number of significant findings. In visit 1 
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(11+0-13+6), mean (SD) UAD PI was higher in the PE group (2.3 (0.8) v 1.6 (0.5), P=0.02).  

There was no statistical difference in mean PI z scores or mean RI. In visit 2 (19+0-21+6), 

mean UAD PI, PI z score and RI were all significantly higher in the PE group (P=0.01, P=0.02 

and P=0.04, respectively). 

 

Autoimmune No PE (n=46) PE (n=3) P 

V1 (11+0-13+6 weeks)       
Mean UAD PI; mean (SD) 1.6 (0.5) 2.3 (0.8) 0.02 
Mean UAD PI z score; mean (SD) -0.5 (1.2) 0.9 (1.4) 0.06 
Mean UAD RI; mean (SD) 0.7 (0.1) 0.8 (0.1) 0.07 
V2 (19+0-21+6 weeks)       
Mean UAD PI; mean (SD) 0.9 (0.3) 1.4 (0.5) 0.01 
Mean UAD PI z score; mean (SD) -1.0 (1.2) 0.8 (1.6) 0.02 
Mean UAD RI; mean (SD) 0.5 (0.1) 0.7 (0.1) 0.04 

 
TABLE 6.5: UTERINE ARTERY DOPPLER MEASUREMENTS BY PRE-ECLAMPSIA OUTCOME IN THE 
AUTOIMMUNE GROUP (THROMBOPHILIA OR AUTOIMMUNE DISEASE) 

 

 

A number of differences were also noted between the low-risk women who developed PE and 

those who did not (table 6.6). In visit 1 PI, mean PI z score and RI were lower in women who 

subsequently developed PE. The difference was most clearly observed in mean (SD) RI: -2.5 

(1.5) v 0.1 (1.2), P=0.002. Similar findings were noted at the time of visit 2; mean PI, PI z score 

and RI were significantly lower in cases of PE; P=0.02, P=0.004 and P=0.01, respectively.  

 

Low risk No PE (n=27) PE (n=3) P 

V1 (11+0-13+6 weeks)       
Mean UAD PI; mean (SD) 1.8 (0.6) 1.0 (0.4) 0.03 
Mean UAD PI z score; mean (SD) 0.7 (0.1) 0.6 (0.1) 0.01 
Mean UAD RI; mean (SD) 0.1 (1.2) -2.5 (1.5) 0.002 
V2 (19+0-21+6 weeks)       
Mean UAD PI; mean (SD) 0.9 (0.3) 0.6 (0.1) 0.02 
Mean UAD PI z score; mean (SD) -0.8 (1.1) -2.8 (0.4) 0.004 
Mean UAD RI; mean (SD) 0.6 (0.1) 0.4 (0.03) 0.01 
 

TABLE 6.6: UTERINE ARTERY DOPPLER MEASUREMENTS BY PRE-ECLAMPSIA OUTCOME 
IN THE LOW-RISK GROUP 
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6.5.2 Comparison of Uterine Artery Doppler across Groups 
 
Table 6.7 compares measurements of PI, PI centile (<5th, 5th-50th, 50th-95th, >95th centile) and 

RI across the study groups at the time of visit 1 (11+0-13+6 weeks) and visit 2 (19+0-21+6 

weeks). In visit 1, there were no significant differences in mean PI, RI or UAD centile across 

groups; P=0.1, P=0.17 and P=0.28, respectively. In visit 2, no significant differences were seen 

across groups for mean PI (P=0.23) or UAD centile (P=0.19). However, there was a significant 

difference in RI identified (P=0.04) across groups. Of note, mean RI (0.59) was highest in 

women with a history of hypertension, PE, IUGR or renal disease hypertension. 
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Uterine artery Doppler Diabetes  Obesity  Hypertension Autoimmune Low risk P 

       
V1(11+0-13+6) n=230* n=30 n=59 n=61 n=50 n=30  
Pulsatility Index (mean, SD) 1.4 (0.5) 1.52 (0.5) 1.63 (0.5) 1.64 (0.5) 1.75 (0.7) 0.1 
Pulsatility Index centile n=219† n=29 n=55 n=57 n=48 n=30 0.28 

<5th centile (n,%)   9 (31) 9 (16) 9  (16) 6 (13) 3 (10)  
5th-50th centile (n,%)   13 (49) 30 (55) 22 (39) 28 (58) 13 (43)  
50th-95th centile (n,%)   7 (24) 14 (26) 23 (40) 11 (23) 12 (40)  
>95th centile (n,%)   0 2 (4) 3 (5) 3 (6) 2 (7)  

Resistance Index (mean, SD) 0.68 (0.1) 0.69 (0.1) 0.72 (0.1) 0.73 (0.1) 0.72 (0.1) 0.17 
       
V2 (19+0-21+6) n=227* n=29 n=58 n=60 n=50 n=30  
Pulsatility Index (mean, SD) 0.9 (0.4) 0.97 (0.3) 1.0 (0.4) 0.96 (0.3) 0.9 (0.3) 0.23 
Pulsatility Index centile n=224† n=28 n=57 n=60 n=50 n=29 0.19 

<5th centile (n,%)   10 (38) 10 (18) 9 (15) 15 (30) 9 (31)  
5th-50th centile (n,%)   15 (54) 32 (56) 30 (50) 23 (48) 13 (45)  
50th-95th centile (n,%)   1 (4) 13 (23) 18 (30) 8 (16) 7 (24)  

            >95th centile 2 (7) 2 (4) 3 (5)  3 (6) 0  
Resistance Index (mean, SD) 0.53 (0.1) 0.56 (0.1) 0.59 (0.1) 0.55 (0.1) 0.54 (0.8) 0.04 

 

TABLE 6.7: COMPARISON OF UTERINE ARTERY DOPPLER (UAD) MEASUREMENTS ACROSS STUDY GROUPS 
 

 

*In V1, n=230 as UAD measurements could not be performed due to patient obesity. In V2, n=227 owing to participant miscarriage 

†UAD centiles were calculated for mean pulsatility index where possible 
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6.5.3 Logistic Regression Analysis of Uterine Artery Doppler Parameters in High-risk 
Women   
 
Chapter 5 previously evaluated logistic regression models incorporating baseline maternal 

characteristics for prediction of PE (tables 5.12 and 5.13). At the time of visit 1, significant 

predictor variables for PE were parity and material deprivation area of residence. In visit 2, 

significant predictor variables for PE were parity and MAP. 

 

For the purpose of this analysis performance of UAD PI and RI was evaluated on univariate 

analysis and then in addition to accepted confounders (adjusted analysis). Each model 

controlled for baseline maternal characteristics: study group, age, BMI (kg/m2), smoking 

status, aspirin use, parity, material deprivation of area of residence, MAP (mmHg) in addition 

to presence of UAD notching at visit 1 and 2, respectively.  

 

Table 6.8 summarises the ability of UAD PI to predict PE in high-risk women at visits 1 and 2 

using a binary logistic regression analysis model. PI was not predictive of PE on univariate 

analysis or when controlling for confounders at either study visit. As PI was a non-significant 

predictor of PE, additional analysis–Receiver under the Operating curve (ROC), Net 

Reclassification Improvement (NRI) and Integrated Discrimination Improvement (IDI)  

indices–previously described in chapter 5 was not performed. 

Pulsatility Index Odds Ratio 95% CI P 

11+0-13+6 weeks (n=193)       

Univariate analysis 1.58 0.69-3.62 0.28 

Pulsatility Index & covariates 1.89 0.78-4.61 0.16 

19+0-21+6 weeks (n=195)    

Univariate analysis 2.37 0.77-7.31 0.13 

Pulsatility Index & covariates 2.39 0.57-10.05 0.24 

 
TABLE 6.8: REGRESSION MODELS INCLUDING (1) UTERINE ARTERY 
DOPPLER PULSATILITY INDEX (PI) (2) PI AND COVARIATES AT VISIT 1 
(11+0-13+6 WEEKS) AND AT VISIT 2 (19+0-21+6 WEEKS) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, 
material deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg), uterine notching 
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Tables 6.9 summarises the ability of UAD RI to predict PE in high-risk women at visits 1 and 

2 using a binary logistic regression analysis model. RI was not predictive of PE on univariate 

analysis or when controlling for confounders at either study visit, therefore additional analysis 

statistical ROC, NRI and IDI was not pursued. 

 

Resistance Index  Odds Ratio 95% CI P 

11+0-13+6 weeks (n=193)       

Univariate analysis 4.96 0.06-443.81 0.48 

Resistance Index & covariates  19.72 0.18-2135.03 0.21 

19+0-21+6 weeks (n=195)       

Univariate analysis 7.63 0.08-741.56 0.38 

Resistance Index & covariates 14.20 0.07-2883.79 0.33 

 
TABLE 6.9: REGRESSION MODELS INCLUDING (1) UTERINE 
ARTERY DOPPLER RESISTANCE INDEX (RI) (2) RI AND 
COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND AT VISIT 2 (19+0-
21+6 WEEKS) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, 
material deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg), uterine notching 
 

6.6 DISCUSSION 

6.6.1 Performance of Uterine Artery Doppler 
 
Results from the PREDICT study did not demonstrate any significant differences in UAD 

parameters (PI or RI) between women who developed PE and those who did not at either 

study visit. It should be acknowledged that findings from the PREDICT study contradict 

those from a large systematic review and meta-analysis published by Cnossen and colleagues in 

2008; it is generally accepted that increased PI and the presence of bilateral uterine artery 

notching are the most promising indices for prediction of PE in both low and high-risk 

women, particularly in the second trimester (Cnossen et al., 2008). In the available literature, 

the ability of UAD parameters to predict PE in the first trimester is less convincing. Relatively 

speaking, the prevalence of PE in the UK is low. A clinically useful test must therefore have 

high PLR and a low negative likelihood ratio (NLR) (Deeks and Altman, 2004). A prospective 
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study from Martin and colleagues examined the value of UAD performed between 11-14 

weeks gestation in 3,324 consecutive singleton pregnancies. The mean PI of the right and left 

arteries was determined and the cut-point for mean PI >95th centile to allow prediction of PE 

was calculated (Martin et al., 2001). Mean PI >2.35, had low sensitivity (27%), high specificity 

(95%) with a PLR of 11% and NLR of 98%, respectively (Martin, Bindra and Curcio, 2001). 

Prediction of PE requiring delivery at <32 weeks gestation had improved sensitivity (60%) at a 

95% specificity with a reduced PLR of 3.9% and a NLR of 99.9% (Martin et al., 2001). The 

relatively poor predictive value of UAD PI in the first trimester is not completely surprising as 

placentation is still ongoing, with remodelling of the uterine arteries continuing until 24 weeks 

gestation when impedance to blood flow is lowest (Lees, 2010; Kuc et al., 2011). 

6.6.2 Prediction of Pre-eclampsia using Uterine Artery Doppler 
 
Logistic regression analysis from the PREDICT study did not ascertain any added benefit in 

screening for PE with UAD PI or RI in either the first or second trimester within a high-risk 

cohort. One potential explanation for this finding is that the sample size calculation for the 

PREDICT study was based on difference in placental Vascularisation Flow Index (VFI) 

between cases and non-cases of PE, therefore it likely that the study was not adequately 

powered to evaluate differences between cases of PE and non-PE using UAD specifically. A 

limited number of studies previously demonstrated only modest benefits in screening for PE 

with UAD within similar high-risk cohorts (Cnossen et al., 2008; Khalil et al., 2010; Li, Ghosh 

and Gudmundsson, 2014; Woschitz et al., 2014; Nagar et al., 2015). Herraiz and colleagues 

propose an interesting concept, namely that UAD performs differently in women at high-risk 

for PE compared with the general population (Herraiz et al., 2012). Proposed reasons for the 

differences observed between high-risk women and the general population are thought to be 

related to: (1) applicability of UAD screening in high-risk populations, (2) timing of application 

(first or second trimester) and/or (3) the intrinsic characteristics of PE in high-risk pregnancies 

(Herraiz et al., 2012). Regarding the role of UAD screening in high-risk cohorts; it has been 

argued that in women with a predisposition to PE, vascular remodelling of the spiral arteries is 

impaired resulting in higher resistance within the uterine arteries (Redman and Sargent, 2005). 
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Secondly, performance of UAD seems poorer in high-risk pregnancies regardless if used in the 

first or second trimester (Cnossen et al., 2008). Lastly, the influence of high-risk maternal 

characteristics appears to contribute to the ‘revised two stage model’ of PE (discussed in 

chapter 1) proposed by Roberts and colleagues where there is an interaction between placental 

perfusion, maternal risk factors and the fetal and maternal adaptive response to placentation 

(Roberts and Catov, 2008; Roberts and Hubel, 2009). The complex relationship between high-

risk medical co-morbidities and development of PE appears to affect the performance of 

UAD as a predictive tool. Certainly, the PREDICT study did not demonstrate any added 

clinical utility of screening with UAD in addition to baseline maternal characteristics. It is also 

interesting to note that despite extensive research conducted in unselected and/or low-risk 

populations, UAD has yet to be formally introduced as a screening tool for PE in clinical 

practice.  

6.6.3 Sub-group Analysis 
 
When comparing cases of PE to those without PE, there was no significant difference in UAD 

parameters in women who were obese or who had diabetes or hypertension. The diabetes sub-

group was relatively small (28 women); –three women developed PE–therefore our study may 

have been under powered to detect a difference in cases and non-cases of PE. In addition, 

women in these study groups had been identified as high risk at booking and were therefore 

likely to be prescribed aspirin. Aspirin use may have acted as a confounder through 

improvement in remodelling of the maternal vasculature, however, this variable was controlled 

for in the logistic regression models. Nonetheless, this theory does not explain why UAD 

parameters were significantly different in cases of PE in the autoimmune group. In visit 1 

mean PI was higher in the PE group and in visit 2 mean PI, PI z score and RI were all 

significantly higher in the PE group. Women in this group were in fact most likely to be on 

anticoagulant treatment (aspirin and Low Molecular Weight Heparin (LMWH). 
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In the low-risk group, all of the UAD parameters were noted to be reduced in women who 

developed PE. This contradicts previous research which typically reports higher values of PI 

and RI in women who later develop PE (Cnossen et al., 2008). It is difficult to elucidate why 

UAD PI and RI were reduced in low-risk participants who developed PE. The group size was 

relatively small (n=30) and this may have been a chance finding. However, these findings also 

raise questions regarding the underlying pathophysiology of PE in this group and differences 

between other high-risk cohorts. Despite these results being at odds with the previous 

literature, they do serve to highlight the differing performance of UAD across populations 

with varied risk for development of PE. 

 

Looking across the study groups, mean RI was significantly higher at the time of visit 2 (19+0-

21-6 weeks) in the hypertensive group when compared with the other study groups. There was 

no difference in mean PI between any of the study groups. Previous studies have reported 

differences in UAD parameters within similar high-risk groups. As previously discussed 

(section 6.1.2),  a retrospective study from Woschitz and colleagues stated that PE was best 

predicted by bilateral notching and an increased PI ≥2.5 in both the first and second trimester 

in women with a history of PE or chronic hypertension, however, the authors did not report 

results for RI (Woschitz et al., 2014).  

 

6.7 CONCLUSION 

 
Within the PREDICT study, UAD PI and RI were not predictive of PE in either the first or 

second trimester. To date only modest benefits have been demonstrated by screening with 

UAD within larger studies. Additionally, a high degree of skill is required to image the UAD–

principally in the first trimester–therefore imaging may not prove a readily accessible screening 

tool outside of tertiary units without expertise in Maternal and Fetal Medicine or additional 

investment to train healthcare professionals. At present, the routine introduction of UAD 

screening for PE within clinical practice cannot be recommended. 
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There remains a lack of studies evaluating the performance of UAD indices specifically in 

high-risk women. Future work should aim to further elucidate the performance of UAD for 

prediction of PE within pre-defined high-risk subgroups. Optimal timing for use of UAD 

remains debated. As a screening tool, prompt introduction of UAD screening in the first 

trimester has the potential to inform clinicians about a women’s individualised risk of PE 

therefore allowing timely decisions about preventative strategies and appropriate antenatal 

follow-up. Counter to this is the concept that placentation continues until the end of the 

second trimester therefore early performance of UAD for prediction of PE may be less 

reliable. Screening with UAD has low sensitivity and high specificity for prediction of PE–

particularly in the first trimester–the addition of other ultrasound and biomarker measures may 

help improve performance of UAD as a screening tool.  
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Chapter 7 
 

The Role of Maternal Serum Biomarkers in the Prediction of Pre-eclampsia 

7.1 OVERVIEW 

At present there is no widely accepted screening test for prediction of pre-eclampsia (PE) in 

individual women. Introduction of an accurate screening test for PE in high-risk women–

incorporating serum biomarkers–has the potential to improve clinical management of these 

pregnancies. Furthermore, identification of pregnancies at greatest risk of PE would enable 

clinicians to identify and facilitate appropriate pathways of antenatal care,                                                

effect early prevention strategies and ensure timely management of complications.  

 

Against this background, the PREDICT study aimed to investigate the role of five maternal 

serum biomarkers: Fatty Acid Binding Protein 4 (FABP4), Pregnancy Associated Plasma 

Protein-A (PAPP-A), Placental like Growth Factor (PlGF), soluble Fms-like tyrosine kinase-1 

(sFlt-1) and soluble Endoglin (sEng) for prediction of PE in high-risk women. 

 

7.1.1 Fatty Acid Binding Protein 4  
 
Fatty Acid Binding Protein 4 is an intracellular fatty acid binding protein found in adipose 

tissue, macrophages and the endothelium of the developing placenta. Its function includes 

transportation of lipids and modulation of inflammatory pathways in macrophages (Scifres, 

Catov and Simhan, 2012). FAPB4 is expressed mainly in adipocytes, but is activated in 

macrophages and endothelial cells (Xu et al., 2006). Levels of FABP4 are significantly increased 

in overweight and obese subjects and show correlation to waist circumference, blood pressure 

(BP), dyslipidaemia and insulin resistance (Xu et al., 2006). Figure 7.1 summarises the 

association of FABP4 expressed in adipocytes and macrophages with cardiovascular and 

metabolic diseases (Furuhashi et al., 2014). Inhibition of FABP4 could prove to be a future 

therapeutic strategy for management of metabolic and cardiovascular diseases, including 
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diabetes and atherosclerosis (figure 7.1) (Furuhashi et al., 2014).  

 

FIGURE 7.1: INTERACTION BETWEEN FATTY ACID BINDING PROTEIN 4 
(FABP4), METABOLIC AND INFLAMMATORY DISEASE PATHWAYS 

 
FABP4 inhibitor (BMS309403)─an orally active molecule─interacts with the fatty acid-binding pocket within 
FABP4 to inhibit binding of endogenous fatty acid (FA) and could serve as a potential future therapeutic 
intervention. 
 
Source: Furuhashi, M., Saitoh, S., Shimamoto, K. and Miura, T. (2014) ‘Fatty Acid-Binding Protein 4 (FABP4): 
Pathophysiological Insights and Potent Clinical Biomarker of Metabolic and Cardiovascular Diseases.’, Libertas 
Academica, 8(S3), pp. 23–33. 
 

In 2012, Scifres and colleagues investigated the hypothesis that FABP4 was elevated in women 

who developed PE prior to onset of clinical signs and symptoms (Scifres, Catov and Simhan, 

2012). Non-fasting serum samples were measured in low-risk women with singleton 

pregnancies at 13 weeks gestation and between 24 and 28 weeks gestation (n=94). Elevated 

serum levels of FABP4 were noted in both the first and second trimester in women who went 

on to develop PE (P<0.01). The authors noted that levels were stable across the gestational 

ranges. After controlling for first trimester Body Mass Index (BMI), systolic blood pressure 

(BP) and nulliparity, FABP4 was noted to be independently associated with the risk of 

developing PE (OR 1.2, P<0.01), suggesting that FABP4 has a future role as a first trimester 

biomarker for prediction of PE in both high and low-risk populations. Following this, Tuuri 
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and colleagues carried out a prospective longitudinal observational study investigating the 

relationship between FABP4 and development of pregnancy induced hypertension (PIH) in 

women with a booking BMI ≥24 kg/m2 (the authors defined these women as overweight, 

n=72) (Tuuri et al., 2014). Maternal serum was sampled at 24 and 32 weeks. Although not 

statistically significant, median maternal fasting FABP4 concentrations were higher in women 

who developed subsequent PIH when compared with controls at both sampling points. 

Logistic regression analysis did however demonstrate that increased FABP4 (sampled at 24 

weeks gestation) was associated with development of PIH (OR 1.069, 95% CI 1.020-1.121, 

P=0.006). Although the authors did not show their sub-group analysis, they reported that 

there was no difference in FABP4 levels when comparing women with PE and those who 

were normotensive at both time points.  

 

Elevated levels of FABP4 may play a role in the pathogenesis of PE via pathways related to 

insulin resistance, inflammation and lipid metabolism. FABP4 may therefore prove more 

promising for prediction of PE in high-risk cohorts. Wotherspoon and colleagues evaluated 

the role of FABP4 in prediction of PE in women with type 1 diabetes mellitus (DM). Serum 

concentrations of FABP4 were measured at 14 and 26 weeks gestation in 710 women with 

type 1 DM who had taken part in the Diabetes and Pre-eclampsia Intervention Trial (DAPIT). 

Mean (interquartile range, IQR) FABP4 was significantly elevated in early pregnancy 

(geometric mean 15.8 ng/mL, IQR 11.6–21.4 v 12.7 ng/mL, IQR 9.6–17, P<0.001) and the 

second trimester (18.8 ng/mL, IQR 13.6–25.8 v 14.6 ng/mL, IQR 10.8–19.7, P<0.001) in 

women who later developed PE. Elevated second-trimester FABP4 level was independently 

associated with PE (odds ratio 2.87, 95% CI 1.24-6.68, P=0.03) (Wotherspoon et al., 2016). 

Further research is needed to elucidate the role of FABP4 for prediction of PE in other high-

risk populations.  

7.1.2 Pregnancy Associated Plasma Protein-A  
 
Pregnancy Associated Plasma Protein-A was first identified as a circulating glycoprotein 

synthesised by the developing syncytiotrophoblast in 1974 (Lin et al., 1974; Bonno et al., 1994). 
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It is now known that PAPP-A is a novel zinc metalloproteinase expressed by a variety of cell 

types, including, kidney and bone (Conover, 2012). PAPP-A acts to enhance the mitogenic 

function of Insulin-like Growth Factors (IGF) which are thought to play a key role in placental 

growth and development (Lawrence et al., 1999). Figure 7.2 summarises the interaction 

between PAPP-A and IGF (Conover, 2012). Throughout pregnancy, maternal serum 

concentrations of PAPP-A increase with advancing gestation (Anderson et al., 2012). In clinical 

practice PAPP-A is one of the key biomarkers in mathematical models used for aneuploidy 

screening. Maternal concentrations of PAPP-A are reduced in the first trimester in pregnancies 

affected by Down’s syndrome (trisomy 21). Currently PAPP-A forms part of the first trimester 

combined screening test (11+0-13+6) along with measurement of maternal serum beta-human 

chorionic gonadotrophin (βHCG) and nuchal translucency (Kagan et al., 2008a). 

 

 

FIGURE 7.2: CONTROL OF INSULIN-LIKE GROWTH FACTOR (IGF) 
SIGNALLING BY CELL-ASSOCIATED PAPP-A 

 
(1) PAPP-A associates with heparin-like proteoglycans on the surface of secreting and adjacent cells. This action 
localises the effects of PAPP-A (2) Insulin-like Growth Factor Binding Protein-4 (IGFBP-4) binds to IGF with 
high affinity and prevents the ligand from interacting with cell surface receptors (3) PAPP-A cleaves IGFBP-4 from 
IGF (4) IGF is released which allows receptor binding (5) IGF binding initiates specific IGF-I receptor signal 
transduction which mediates mitogenesis, differentiation in function, metabolic effects, and/or apoptosis 
depending on tissue type. 
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Source: Conover, C.A. (2012) ‘Key questions and answers about pregnancy-associated plasma protein-A.’, Trends in 
Endocrinology and Metabolism, 23(5), pp. 242–249. 
 

It has been previously demonstrated that low first trimester concentrations of PAPP-A are 

predictive of pre-eclampsia (PE) (Spencer et al., 2007; Spencer, Cowans and Nicolaides, 2008). 

However, measurement of PAPP-A on its own has not proven to be very successful as only 8-

23% of pregnancies affected by PE have serum PAPP-A levels less than the 5th centile (Smith 

et al., 2002; Spencer et al., 2007; Spencer, Cowans and Nicolaides, 2008; Poon and Nicolaides, 

2014). Detection rates for PE using PAPP-A as a stand-alone marker range between 10-20% 

(Spencer, Cowans and Nicolaides, 2008; Anderson et al., 2012; Poon and Nicolaides, 2014). At 

best, in a recent review from Wu and colleagues, PAPP-A achieved a pooled sensitivity of 30% 

(specificity 92%) (Wu et al., 2015). 

 

The use of PAPP-A to predict early or late-onset PE was explored in a meta-analysis from 

Allen and colleagues; low concentrations of PAPP-A in the first trimester of pregnancy were 

significantly associated with development of PE at any gestation, while low concentrations of 

PAPP-A in the second trimester were significantly associated with development of early-onset 

PE (Allen et al., 2014). Lambert-Messerlian and colleagues also noted that low serum 

concentrations of PAPP-A in the second trimester were strongly associated with development 

of early and severe PE (P<0.01) (Lambert-Messerlian et al., 2014).  

 

7.1.3 Placental like Growth Factor 
 
Placental like Growth Factor is a member of the VEGF (vascular endothelial growth factor) 

sub-family first reported over 30 years ago (Maglione et al., 1993). It is highly expressed by the 

developing placental trophoblast in pregnancy and has both angiogenic and vasculogenic 

properties. In uncomplicated pregnancies, PlGF is detectable in the maternal circulation from 

8 weeks gestation, there is a steady increase in concentration throughout the first two 

trimesters with peak concentrations noted in maternal serum between 29 and 32 weeks 

gestation, followed by a decline (Andraweera, Dekker and Roberts, 2012). A number of 
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variables affect accurate measurement of first trimester PlGF: maternal age, race, smoking 

status, conception via in vitro fertilisation (IVF), nulliparity and DM (Akolekar et al., 2008; 

Tsiakkas et al., 2015). Screening models for adverse pregnancy outcomes should therefore take 

account of maternal characteristics if PlGF is incorporated into algorithms for prediction of 

adverse pregnancy outcomes.  

 

In women who develop PE, concentrations of PlGF in the maternal serum are lower (as early 

as 10-13 weeks gestation) throughout pregnancy with a considerable reduction in levels 5 

weeks prior to the clinical onset of disease (Andraweera, Dekker and Roberts, 2012; Staff et al., 

2013). There remains controversy over timing of the measurement of PlGF in the first 

trimester and its ability to accurately predict late-onset PE. Some studies report that low levels 

of PlGF in the late first trimester are predictive of PE (Diguisto et al., 2016), while other 

publications report no value in measurement of PlGF at extremely early gestations (Powers et 

al., 2012; Rasmussen, Lykke and Staff, 2015). In addition, the predictive ability of PlGF seems 

generally poorer for detection of late-onset PE and overall performs less well for prediction of 

PE in the absence of fetal growth restriction (Cowans et al., 2010). 

 

Adoption of PlGF as a predictive biomarker for PE remains controversial. Myers and 

colleagues measured levels of PlGF in low-risk nulliparous women at 14-16 weeks and 19-21 

gestation (n=3,529). Of the 187 women (5.3%) who developed PE, serum concentrations of 

maternal PlGF were significantly lower at both time points in women who developed preterm 

PE (delivery <37 weeks secondary to PE) when compared with controls (P<0.0001 in the first 

trimester, P<0.001 in the second trimester). The authors reported that addition of PlGF to an 

established clinical risk model would result in identification of 45% of the preterm PE cases 

(Myers et al., 2013). Low concentrations of PlGF measured in the first trimester (11+0-13+6) 

have also been reported to aid prediction of both early (requiring delivery <34 weeks) and late-

onset (requiring delivery >34 weeks) PE (P<0.05) (Parra-Cordero et al., 2013).  
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Despite ongoing controversy over the ability of PlGF to predict PE, NICE issued guidance 

for clinicians advocating the use of the Triage PlGF test and the Elecsys immunoassay sFlt-

1:PlGF ratio as an adjunct to rule out PE in women clinically suspected of having the disease 

between 20 and 34+6 weeks gestation. Recommended cut-off values only take account of 

gestational age (National Institute for Health and Care Excellence, 2016). Previous work from 

Chappell and colleagues suggests that prior to 35 weeks gestation, PlGF <5th centile (≤100 

pg/ml) has high sensitivity (0.96; 95% confidence interval, 0.89–0.99) and negative predictive 

value (0.98; 0.93–0.995) for PE within 14 days of delivery (Chappell et al., 2013). This may be 

of use in helping obstetricians’ time delivery in complex cases. In addition, a budget impact 

analysis of introduction of PlGF testing reported a saving of £35,087 (95% CI -£33,181 to -

£36,992) per 1,000 women. This equated to a saving of £582 (95% CI -552 to -£613) per 

woman tested (Duckworth et al., 2016). Further work is required to support the routine 

adoption of these tests in the NHS setting. 

 

7.1.4 Anti-angiogenic Factors 
 
Soluble Fms-like tyrosine kinase 1 (sFlt-1) and soluble Endoglin (sEng) are anti-angiogenic 

factors which are highly expressed on the cell membranes of vascular endothelium and 

synctiotrophoblasts (Kuc et al., 2011). Under usual conditions, the soluble form of Vascular 

Endothelial cell Growth Factor (VEGF) receptor 1 (sFlt-1) regulates VEGF levels, 

angiogenesis and vasculogenesis (Sánchez-Aranguren et al., 2014). PlGF is bound by sFlt-1 and 

sEng, and in the setting of PE it is thought that elevated levels of anti-angiogenic factors 

(sFLt-1 and sEng) cause a reduction in circulating levels of PlGF resulting in impaired 

endothelial cell dysfunction and ultimately development of end organ PE (Kuc et al., 2011; 

Staff et al., 2013). Figure 7.3 summarises the imbalance between circulating levels of angiogenic 

and anti-angiogenic in the ‘normal’ and pre-eclamptic situation (Sánchez-Aranguren et al., 

2014). 
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FIGURE 7.3: INTERACTION BETWEEN ANGIOGENIC AND ANTI-ANGIOGENIC 
FACTORS IN PRE-ECLAMPSIA 

 
(A) Vascular endothelial growth factor receptor 1 (Flt-1, light blue) and Fetal liver kinase 1 (Vascular endothelial 
growth factor receptor 2, Flk-1, yellow) regulate the process of angiogenesis and vasculogenesis (B) Under hypoxic 
conditions, Flt-1 is cleaved producing sFlt-1 in high concentrations. sFlt-1 competes with Flt-1 for binding of 
Vascular endothelial growth factor A (VEGF-A) and Placental like Growth Factor (PlGF) resulting in impairment 
in the angiogenesis process by decreasing the bioavailability of VEGF-A and PlGF. 
 
Source: Sánchez-Aranguren, L.C., Prada, C.E., Riaño-Medina, C.E. and Lopez, M. (2014) ‘Endothelial dysfunction 
and preeclampsia: Role of oxidative stress.’, Frontiers in Physiology, 5(372), pp. 1–11. 
 

7.1.4.1 Soluble Fms-like Tyrosine Kinase-1  
 
Vascular Endothelial cell Growth Factor is a sub-family of growth factors which are produced 

by macrophages, T cells, tumour cells and cytotrophoblasts. They are important signalling 

proteins involved in both vasculogenesis and angiogenesis (Jardim et al., 2015). sFlt-1 is the 

soluble form of the transmembrane type 1 receptor for VEGF. It is produced by monocytes, 

endothelial cells and the developing syncytiotrophoblast (Jardim et al., 2015). As stated, sFlt-1 

acts as an antagonist of PlGF by preventing interaction of angiogenic factors with their 

receptors, resulting in vasoconstriction and endothelial cell dysfunction (Maynard et al., 2003; 

Hagmann et al., 2012). Serum sFlt-1 is known to increase with gestational age, maternal age 

and is higher in women of Afro-Caribbean race and pregnancies conceived via IVF. It 

decreases with maternal weight and parity (Lai et al., 2014).  

 

It is known that levels of sFlt-1 are increased in the maternal circulation prior to the onset of 
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PE (Levine et al., 2004). In 2004, Levine and colleagues reported that in control subjects, levels 

of sFlt-1 remained constant until 33-36 weeks gestation, after which time serum 

concentrations increased until delivery. In contrast, in women who later developed PE, levels 

of sFlt-1 increased from 21-24 weeks gestation with a further increase from 29-32 weeks 

gestation. The authors noted that levels of sFlt-1 were markedly increased five weeks before 

the clinical onset of PE (Levine et al., 2004). In 2007, Stepan and colleagues noted that in the 

second trimester, sFlt-1 achieved a sensitivity of 62% (specificity 70%) for prediction of early-

onset PE (<34 weeks gestation) (Stepan et al., 2007). A more recent study from Lai and 

colleagues examined the performance of sFlt-1 between 30 and 33 weeks gestation to help 

time delivery in women affected by PE (Lai et al., 2014). Overall performance was 32% and 

42% (at a 5% and 10% false positive rate (FPR), respectively), while estimated detection rate 

improved to 74% and 95% (at 5% and 10% FPR, respectively) among cases requiring delivery 

within four weeks of sampling. These results may indicate a role for sFlt-1 in screening for PE 

in the third trimester, in addition, sFlt-1 could prove useful as a potential aid to time delivery 

in high-risk cases.   

 

7.1.4.2 Soluble Endoglin  
 
Soluble Endoglin is another anti-angiogenic biomarker, but is not a member of the VEGF 

family (Andraweera, Dekker and Roberts, 2012). Endoglin (Eng) is a transmembrane 

glycoprotein chiefly expressed on endothelial cells and is a co-receptor for transforming 

growth factor β1 and β3 (TGF-β1, TGF-β3)  (Levine et al., 2006; Venkatesha et al., 2006). It 

regulates nitric oxide-dependent vasodilation and its expression is increased in tissues 

undergoing angiogenesis (Jerkic et al., 2004). In 2006, Venkatesha and colleagues identified a 

novel placenta-derived 65 kDa soluble form of Eng (sEng). The authors noted that sEng was 

present in the serum of pregnant women, was elevated in PE individuals and was correlated to 

disease severity (Venkatesha et al., 2006). sEng disrupted formation of endothelial tubes in vitro 

and induced vascular permeability, hypertension and proteinuria in vivo. In addition, sEng was 

noted to act in concert with sFlt-1 to amplify endothelial cell dysfunction and induce clinical 
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signs of PE; including, proteinuria, HELLP syndrome and fetal growth restriction (Venkatesha 

et al., 2006). Figure 7.4 summarises the mechanism proposed for release of sEng and its role in 

the pathogenesis of PE (Perez and Lopez, 2014). 

 

 

FIGURE 7.4: PROPOSED MECHANISMS FOR SOLUBLE ENDOGLIN (SENG) 
RELEASE AND ITS ROLE IN PRE-ECLAMPSIA 

 
 
Placental hypoxia results in increased production of Hypoxia Inducible Factor-1 (HIF-1) effecting oxidative stress 
and the formation of oxysterols (oxidised derivatives of cholesterol). These in turn increase placental levels of 
membrane endoglin and the Matrix metalloproteinase protein-14 (MMP-14), which cleaves membrane endoglin 
releasing its soluble form (sEng). Activation of Liver X receptors (LXRs) and the nuclear factor kappa Κβ pathway 
(NFΚβ) further contributes to increased levels of sEng.  
 
Source: Perez, L. and Lopez, J.M. (2014) ‘Soluble endoglin: a biomarker or a protagonist in the pathogenesis of 
preeclampsia?’, Portuguese Journal of Nephrology and Hypertension, 28(3), pp. 185–192. 
 

In normal pregnancy, maternal serum concentrations of sEng remain stable until 33-36 weeks 

gestation, after which time levels increase consistently until delivery (Levine et al., 2006). In 

women who develop early onset-PE, sEng has been shown to rise from 17 weeks gestation, 

with a superimposed rise between 33 and 36 weeks gestation. In contrast, levels of sEng 

appear to rise at a later stage–from 25 weeks gestation–in women with late-onset PE, yet again 

exhibit a steep increase between 33 and 36 weeks gestation (Levine et al., 2006). Similar 
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findings were demonstrated by Maynard and colleagues in a high-risk cohort (Maynard et al., 

2010). Between 22 and 36 weeks gestation, sEng concentrations were measured 4 weekly in a 

group of high-risk women (chronic hypertension, pre-gestational diabetes, renal disease, 

obesity, systemic lupus erythematous, antiphospholipid syndrome) (n=123). The rate of PE 

was 13.8% (n=17). From 22 weeks gestation, sEng was significantly higher in women who 

developed early-onset PE (<34 weeks), while in women who developed late-onset PE (≥34 

weeks), sEng levels were higher from 28 weeks gestation (Maynard et al., 2010).  

 

7.1.4.3 Measurement of Anti-angiogenic Markers in the First Trimester 
 
There remains debate in the literature regarding the value of measurement of anti-angiogenic 

markers in the first trimester. In low-risk nulliparous women, Myers and colleagues reported 

no significant difference in levels of sFlt-1 and sEng measured between 14-16 weeks. In the 

second trimester (19-21 weeks), levels of sEng were lower in women who developed preterm 

PE (P<0.001) but no significant difference was reported in levels of sFlt-1 (Myers et al., 2013). 

The findings were replicated in a nested case-control study from Parra-Cordero and 

colleagues. The authors measured PlGF, sFlt-1 and sEng in cases (n=70) and controls (n=289) 

between 11+0-13+6 weeks gestation. Lower levels of PlGF were noted in women who 

subsequently developed early and late-onset PE, however, no significant difference was seen in 

levels of sFlt-1 and sEng in women who developed PE (early or late-onset) when compared 

with controls (Parra-Cordero et al., 2013). A meta-analysis from Allen and colleagues (30 

studies, n=65,538) evaluating the strength of association between abnormal levels of first 

trimester maternal biomarkers and risk of PE found that sFlt-1 (OR 1.3, 95% CI 2.9, 6.8) was 

significantly associated with any onset PE. The odds of early-onset PE were significantly 

increased when PlGF (OR 3.4, 95% CI 1.6-7.2) and sEng (OR 18.5, 95% CI 8.4, 41.0) were 

abnormal. Only sEng was useful for prediction of late-onset PE (OR 2.1, 95% CI 1.9, 2.4) 

(Allen et al., 2014).  
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7.1.4.4 Measurement of Anti-angiogenic Markers in High-risk Pregnancy 
 
As previously discussed in chapter 1, concentrations of serum biomarkers and their ability to 

predict PE may differ in high-risk cohorts. Maynard and colleagues noted significantly lower 

mean concentrations of sEng in women with a pre-pregnancy BMI ≥30 kg/m2 compared with 

women who were non-obese (4.30, 95% CI 3.83-4.83 v 5.65, 95% CI 5.13-6.23, P<0.001) 

(Maynard et al., 2010). The influence of maternal BMI on serum concentrations of sEng raises 

the issue for the need for specific reference ranges and defined thresholds for prediction of PE 

in different sub-groups.  

 

A prospective multicentre study from 2006 to 2009 conducted by the World Health 

Organisation (WHO) investigated the accuracy of biomarkers (sEng, sFlt-1, PlGF, sFlt-

1:PlGF) for prediction of PE in high-risk women at ≤20 weeks gestation (n=5121) (Widmer et 

al., 2015). Median serum concentrations of each biomarker were significantly altered in women 

who subsequently developed PE in comparison to those who did not; increased sEng, 

decreased sFlt-1 and PlGF and an increase in sFLt-1:PlGF. However, the area under receiver 

operating characteristics curve (AUC) at ≤20 weeks gestation was closer to 0.5 than to 1.0 for 

all biomarkers both for predicting PE at any gestation and ≤34 weeks. The corresponding 

sensitivity, specificity and likelihood ratios were poor. Interestingly, multivariable models 

combining sEng with baseline clinical characteristics (age, BMI, smoking status, pregnancy 

type (multiple v singleton), hypertension, history of hypertension, treatment for hypertension) 

demonstrated improved prediction of PE. A number of subsequent studies refute findings 

from the WHO study. In 2010, Powers and colleagues performed secondary analysis of serum 

samples obtained during the Maternal-Fetal Medicine Units Network (NICHD MFMU) 

multicentre randomised controlled trial (RCT) of low-dose aspirin for the prevention of PE in 

high-risk women (Powers et al., 2010). Four groups of high-risk women (pre-gestational insulin 

treated DM, chronic hypertension, multiple pregnancy, previous history of PE) were recruited 

and underwent blood sampling at 13 weeks, 24–28 and 34–38 weeks gestation for sFlt-1, sEng 

and PlGF (n=993). The authors identified elevated concentrations of sFlt-1 and sEng (from 
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26 weeks gestation), and low PlGF (from 31 weeks gestation) in high-risk pregnant women 

who developed PE. This reflects patterns reported in low-risk pregnant women. Interestingly, 

differences in the concentrations of biomarkers in women who developed PE and those who 

did not were modest. Ultimately, these biomarkers did not appear to be clinically useful 

predictors of PE in a high-risk cohort (Powers et al., 2010).  

  

7.1.5 Biomarker Ratios 
 

7.1.5.1 sFlt-1:PlGF Ratio 
 
To improve their predictive accuracy for PE, research has also focused on combining 

angiogenic markers. As previously discussed (section 7.1.4), in normal pregnancy, low sFlt-1 

concentrations enable VEGF and PlGF signalling. In PE, increased secretion sFlt-1 reduces 

the amount of bioavailable VEGF and PlGF resulting in impaired endothelial function. Figure 

7.4 summarises the altered sFlt-1 and PlGF ratio noted in pregnancies affected by PE.  

 

FIGURE 7.4: SFLT-1:PLGF RATIO IN NORMAL AND PRE-ECLAMPTIC 
PREGNANCIES 

 
Source: Hagmann, H., Thadhani, R., Benzing, T., Karumanchi, S.A. and Stepan, H. (2012) ‘The promise of 
angiogenic markers for the early diagnosis and prediction of preeclampsia.’, Clinical Chemistry, 58(5), pp. 837–845.  
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In 2006, Levine and colleagues examined the ability of sFlt-1:PlGF ratios for detection of PE 

(Levine et al., 2006). They found that in control samples, sFlt-1:PlGF ratio was highest at 10-12 

weeks gestation, lowest at 29-32 weeks gestation and subsequently increased until term. In 

women who subsequently developed preterm PE, the sFlt-1:PlGF ratio was highest at 17-20 

weeks gestation, in comparison to women who developed term PE where the ratio was 

greatest between 25 and 28 weeks (Levine et al., 2006). In the Diabetes and Preeclampsia 

Intervention Trial (DAPIT) it was demonstrated that measurement of angiogenic and anti-

angiogenic factors in the second trimester: lower PlGF, higher sFlt-1 and sEng allowed for 

better prediction of PE in women with type 1 DM (Holmes et al., 2013). Addition of the sFlt-

1:PlGF ratio to a logistic regression model combining established risk factors for PE 

significantly improved the predictive value of the model (AUC. 0.86, P<0.01) (Holmes et al., 

2013). Stubert and colleagues also investigated the predictive value of sFlt-1:PlGF ratio in 

women with abnormal UAD Doppler measurements in the second trimester (pulsatility index 

>95th centile +/- notching, bilaterally) between 19+0 and 26+6 weeks gestation (Stubert et al., 

2014). For a sFlt-1:PlGF ratio >95th centile, sensitivity and specificity was 66.7% and 89.5%, 

respectively. To date, neither sFlt-1, PlGF or the sFlt-1:PlGF ratio have been incorporated 

within official guidelines for the diagnosis and management of PE. An opinion paper from 

Stepan and colleagues in 2015 outlines guidance as to how these angiogenic markers could be 

employed in clinical practice to optimise management for at risk women (Stepan et al., 2015). 

 

7.1.5.2 PlGF:sEng Ratio 
 
Kusanovic and colleagues conducted a prospective longitudinal cohort study investigating the 

value of maternal angiogenic and anti-angiogenic factors for prediction of PE (n=1,622) 

(Kusanovic et al., 2009). Plasma samples of PlGF, sEng and sFlt-1 were measured between 6–

15 weeks and 20–25 weeks. The authors found that biomarker ratios performed better than 

individual biomarkers for prediction of PE; in particular, second trimester PlGF:sEng ratio, 

which had the best predictive performance (sensitivity 100%, specificity 98%, positive 
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likelihood ratio 57.6) for predicting early-onset PE (Kusanovic et al., 2009). In 2013, Holmes 

and colleagues demonstrated the added value of PlGF:sEng for prediction of PE in women 

with type 1 DM. At 26 weeks gestation, the PlGF:sEng ratio was significantly lower (40, 95% 

CI (17-71) v 71 (44-114), P<0.001) in women who subsequently developed PE.  The addition 

of the PlGF:sEng ratio to a logistic regression model incorporating established clinical risk 

factors significantly improved the prediction of PE in women with type 1DM (AUC 0.85) 

while improving the discrimination between cases and non-cases (Integrated Discrimination 

Index (IDI) 0.086, P<0.001). 

7.2 METHODS  

The study group comprised all participants (n=232) in the PREDICT study. 

 

7.2.1 Sample Collection and Analysis 
 
Serum concentrations of five biomarkers (FABP4, PAPP-A, PlGF, sFlt-1, sEng) were 

measured in peripheral venous blood samples collected from women at two time points; visit 1 

(11+0-13+6 weeks gestation), range 11.0-13.9, mean 12.2, n=232  and  visit 2 (19+0-21+6 

weeks gestation) range 10.3-22.6, mean 20.5, n=230. Collection of maternal blood samples is 

described in detail in chapter 3 (section 3.2.9.3). Serum samples were batch-analysed centrally 

in the Nutrition and Metabolism Laboratories, Centre for Public Health, Queen’s University 

Belfast. All analysis was performed according to the manufacturer’s recommendations. In 

order to standardise analysis, all kits were from the same batch and analysis of both participant 

samples was carried out on the same plate blind to PE outcome. 

 

Serum FABP4 and PAPP-A concentrations were measured using a commercially available 

ELISA kit (Biovendor, Modrice, Czech Republic), which was performed on a Triturus® 

automated immunoassay analyser (Grifols, Barcelona, Spain). For FABP4, inter-assay and 

intra-assay coefficient of variation (CVs) were 4.3% and 0-5%, respectively. Serum PAPP-A 

inter-assay and intra-assay CVs were 13.9% and 2.3-6.6%, respectively.   
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Serum PlGF, sFlt-1 and sEng concentrations were also measured using a commercially 

available ELISA kit (R&D systems, Abingdon, United Kingdom), which was performed on a 

Triturus® automated immunoassay analyser (Grifols, Barcelona, Spain). Inter-assay and intra-

assay CVs for PlGF were 11.5% and 0-6.3%, respectively. Serum sEng inter-assay and intra-

assay CVs were 5.9% and 0.7-4.2%, and serum sFlt-1 inter-assay and intra-assay CVs were 

7.9% and 0-2.6%, respectively.  

 

7.2.2 Statistical Analysis  
 
Statistical analysis was performed among high-risk women recruited to the PREDICT study. 

Study groups are as previously described in chapters 3 and 4. All biomarker results were 

positively skewed and were therefore logarithmically transformed prior to further analysis. 

Values are reported as geometric mean and interquartile range (IQR).  Comparison of 

biomarkers across groups was performed using one-way Analysis Of Variance (ANOVA). 

Within the sub-group analysis, range was substituted for IQR where small numbers were 

present. 

 

Logistic regression models using PE as the primary outcome were determined for each 

biomarker in each high-risk group (1-4). As described previously in chapters 5 and 6, 

covariates included: study group, age, BMI, smoking status, aspirin use, parity, material 

deprivation of area of residence and mean arterial pressure (MAP). Where appropriate, the 

area under the receiver (AUC) operating characteristic (ROC) curve was used to assess the 

ability of each serum biomarker and selected ratios to predict PE in high-risk women. Logistic 

regression analysis provided predicted probabilities of PE for established risk factors and for 

the addition of serum biomarkers to the model. These predicted probabilities were used to 

derive ROC curves, and the difference in the area underneath these curves was assessed for 

significance.  
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As previously described in chapter 5, the Integrated Discrimination Improvement  (IDI) and 

Net Reclassification Improvement (NRI) indices were calculated to quantify the added value 

of maternal serum biomarkers for prediction of PE, (Pencina, D’Agostino Sr and Steyerberg, 

2011). These metrics incorporated predicted probabilities derived from logistic regression 

models calculating the probability of development of PE for each woman (Pickering and 

Endre, 2012). The NRI was calculated on a continuous, uncategorised basis (with no 

predefined PE risk categories) (Pencina, D’Agostino Sr and Steyerberg, 2011). Statistical 

analysis was performed using SPSS version 21 (IBM Corp., Armonk, NY), Stata release 14 

(StataCorp, College Station, TX) and the Hmisc package in R version 3.1.3 (R Core Team, 

Vienna, Austria).  

 

7.3 RESULTS 

 
Analysis of maternal serum biomarkers by primary outcome (development of PE) was 

performed at two time points (11+0-13+6 weeks and 19+0-21+6 weeks)–where possible–in 

women participating in the PREDICT study (n=225). The overall rate of PE was 12% (n=26). 

Table 7.1 summarises mean (IQR) results for all participants. There was variation in the 

number of results reported for each biomarker: (1) results were excluded if out of working 

range (OWR) even following repeat analysis at an appropriate dilution (2) results were also 

excluded if there was inter-assay interference (between participant condition and assay). At the 

time of visit 1, the mean (IQR) sFlt-1:PlGF ratio was significantly lower in women who 

developed PE and those who did not (17.37 (10.11-25.0) v 22.36 (15.02-23.02), P=0.04). At 

visit 2, mean (IQR) PlGF was significantly lower in women who subsequently developed PE 

(171.25 (121.5-278.5) v 240.52 (184.0-340.0) pg/ml, P<0.006). In addition, mean (IQR) 

PlGF:sEng ratio was significantly lower in women who developed PE (48.34 (25.44-72.26) v 

71.18 (50.44-104.92), P=0.008).  
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Baseline characteristics No PE (n=199) PE (n=26) P 

V1 (11+0-13+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) n=223 17.15 (10.9-27.5) 19.83 (13.4-25.3) 0.78 
PAPP-A (ug/ml); Geometric mean (IQR) n=223 10.7 (8.8-20.4) 11.16 (7.6-13.9) 0.86 

PlGF (pg/ml); Geometric mean (IQR) n=225 41.07 (30.7-53.8) 46.21 (31.4-56.6) 0.19 
sFlt-1 (pg/ml); Geometric mean (IQR) n=224 903.89 (725.8-1133.5) 809 (658.5-772.0) 0.14 

sEng (ng/ml); Geometric mean (IQR) n=225 3.82 (3.2-4.5) 3.75 (3.3-4.3) 0.73 
PlGF:sEng ratio; Geometric mean (IQR) n=195 10.87 (7.00-15.86) 11.94 (7.26-18.62) 0.42 

sFlt-1:PlGF ratio; Geometric mean (IQR) n=194 22.36 (15.02-23.02) 17.37 (10.11-25.0) 0.04 

V2 (19+0-21+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) n=224 19.84 (11.9-30.0) 21.41 (14.6-31.6) 0.56 

PAPP-A (ug/ml); Geometric mean (IQR) n=225 86.82 (66.2-155.0) 77.17 (57.6-134.5) 0.57 

PlGF (pg/ml); Geometric mean (IQR) n=223 240.52 (184.0-340.0) 171.25 (121.5-278.5) 0.006 
sFlt-1 (pg/ml); Geometric mean (IQR) n=223 709.18 (500.8-999.0) 714.11 (510.0-998.0) 0.95 

sEng (ng/ml); Geometric mean (IQR) n=224 3.32 (2.8-3.8) 3.51 (2.9-3.7) 0.31 

PlGF:sEng ratio; Geometric mean (IQR) n=193 71.18 (50.44-104.82) 48.43 (25.44-72.76) 0.008 

sFlt-1:PlGF ratio; Geometric mean (IQR) n=192 3.06 (2.00-4.48) 3.89 (2.26-5.9) 0.13 

 
TABLE 7.1: SERUM BIOMARKER CONCENTRATIONS ACROSS ALL GROUPS BY PRE-
ECLAMPSIA OUTCOME 

 
FABP4: Fatty Acid Binding Protein 4 
PAPP-A: Pregnancy Associated Plasma Protein-A 
PlGF: Placental like Growth Factor 
sFlt-1: Soluble fms-like tyrosine kinase-1 
sEng: Soluble Endoglin 
 

7.3.1 Comparison of Biomarkers across High-risk Groups by Pre-eclampsia Outcome 
 
Tables 7.2-7.6 summarise biomarker concentrations by PE outcome for each high-risk group. 

A number of statistically significant findings were apparent from this sub-group analysis. In 

women with diabetes, significantly lower second trimester mean (IQR) concentrations of PlGF 

were detected in women who subsequently developed PE (142.0 (61.7-309.8) v 268.7 (208.5-

346.5) pg/ml, P=0.04). Significantly lower mean concentrations (IQR) of sFlt-1 were noted at 

the time of visit 1 in obese women who later developed PE (621.7 (488.5-848.5) v 837.5 

(704.5-996.5) pg/ml, P=0.009). In the autoimmune group, at the time of visit 1, mean 

PlGF:sEng ratio was significantly lower in women who developed PE (5.1 (range: 3.93-7.26) v 

8.7 (IQR: 6.44-11.9), P=0.04). In visit 2, higher mean concentrations of sEng were noted (5.6 

(range: 3.0-8.1) v 3.8 (IQR: 3.2-4.5) ng/ml, P=0.03). The PlGF:sEng ratio remained 

significantly lower in women who subsequently developed PE; 28.13 (range 18.10-62.30) v 65.0 
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(IQR 43.39-97.39), P=0.02. No significant differences were noted between cases and non-

cases in the hypertensive or low-risk groups of women. 

 

Diabetes No PE (n=25) PE (n=4) P 

V1 (11+0-13+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 14.9 (10.27-22.5) 11.8 (6.3-20.1) 0.42 
PlGF (pg/ml); Geometric mean (IQR) 41.4 (27.45-58.2) 41.1 (31.95-48.4) 0.98 
PAPP-A (ug/ml); Geometric mean (IQR) 12.3 (9.06-23.55) 3.51 (7.2-22.8) 0.89 
sFlt-1 (pg/ml); Geometric mean (IQR) 867.1 (750.3-1064.0) 935.8 (662.0-796.0) 0.73 
sEng (ng/ml); Geometric mean (IQR) 3.9 (3.3-4.3) 4.0 (3.2-4.9) 0.95 
PlGF:sEng ratio; Geometric mean (IQR) 10.5 (6.94-15.01) 10.4 (8.0-14.15) 0.96 
sFlt-1:PlGF ratio; Geometric mean (IQR) 22.0 (15.73-32.54) 22.7 (14.87-44.8) 0.92 
V2 (19+0-21+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 16.9 (11.7-21.3) 17.9 (9.6-30.3) 0.85 
PlGF (pg/ml); Geometric mean (IQR) 268.7 (208.5-346.5) 142.0 (61.7-309.8) 0.04 
PAPP-A (ug/ml); Geometric mean (IQR) 96.3 (69.2-172.0) 117.0 (101.5-153.3) 0.60 
sFlt-1 (pg/ml); Geometric mean (IQR) 704.3 (532.8-1044.3) 885.3 (697.0-947.0) 0.33 
sEng (ng/ml); Geometric mean (IQR) 3.43 (2.9-4.0) 3.6 (2.8-3.8) 0.76 
PlGF:sEng ratio; Geometric mean (IQR) 78.3 (58.48-114.52) 66.7 (55.99-74.31)* 0.55 
sFlt-1:PlGF ratio; Geometric mean (IQR) 2.6 (1.96-3.99) 3.7 (2.15-6.6) 0.24 

 
TABLE 7.2: BIOMARKERS BY PRE-ECLAMPSIA OUTCOME IN THE DIABETES GROUP (TYPE 
1 AND 2 DIABETES) 

 
*Range substituted for IQR where small numbers present 
 
FABP4: Fatty Acid Binding Protein 4 
PAPP-A: Pregnancy Associated Plasma Protein-A  
PlGF: Placental like Growth Factor 
sFlt-1: Soluble fms-like tyrosine kinase-1 
sEng: Soluble Endoglin 
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Obesity No PE (n=49) PE (n=9) P 

V1 (11+0-13+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 25.6 (20.08-34.5) 22.6 (16.5-30.7) 0.56 

PlGF (pg/ml); Geometric mean (IQR) 41.1 (29.9-54.1) 44.3 (30.3-58.5) 0.63 
PAPP-A (ug/ml); Geometric mean (IQR) 8.8 (5.5-14.2) 9.5 (8.12-12.95) 0.75 
sFlt-1 (pg/ml); Geometric mean (IQR) 837.5 (704.5-996.5) 621.7 (488.5-848.5) 0.009 
sEng (ng/ml); Geometric mean (IQR) 3.3 (2.9-3.8) 3.4 (3.0-3.8) 0.57 
PlGF: sEng ratio; Geometric mean (IQR) 12.5 (8.38-17.6) 12.9 (7.45-20.29) 0.85 
sFlt-1: PlGF ratio; Geometric mean (IQR) 20.5 (13.6-28.4) 14.0 (4.26-22.27) 0.07 

V2 (19+0-21+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 34.8 (26.35-49.03) 30.3 (23.65-42.5) 0.39 

PlGF (pg/ml); Geometric mean (IQR) 196.7 (144.0-315.0) 126.2 (129.0-161.0) 0.07 
PAPP-A (ug/ml); Geometric mean (IQR) 58.5 (39.3-102.5) 66.7 (46.65-120.0) 0.73 
sFlt-1 (pg/ml); Geometric mean (IQR) 643.6  (474.5-870.5) 537.5 (386.5-778.5) 0.24 
sEng (ng/ml); Geometric mean (IQR) 3.1 (2.71-3.6) 3.3 (2.9-3.7) 0.47 

PlGF:sEng ratio; Geometric mean (IQR) 63.9 (44.52-98.38) 38.6 (13.22-173.65)* 0.06 

sFlt-1:PlGF ratio; Geometric mean (IQR) 3.3 (2.14-3.93) 4.3 (2.25-8.37) 0.38 

 
TABLE 7.3: BIOMARKERS BY PRE-ECLAMPSIA OUTCOME IN THE OBESITY GROUP (BMI 
>35KG/M2)  

 
*Range substituted for IQR where small numbers present 
 
FABP4: Fatty Acid Binding Protein 4 
PAPP-A: Pregnancy Associated Plasma Protein-A 
PlGF: Placental like Growth Factor 
sFlt-1: Soluble fms-like tyrosine kinase-1 
sEng: Soluble Endoglin 
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Hypertension No PE (n=52) PE (n=7) P 

V1 (11+0-13+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 16.7 (10.9-26.2) 22.6 (19.7-30.8) 0.17 

PlGF (pg/ml); Geometric mean (IQR) 43.7 (34.38-57.4) 59.7 (34.9-72.9) 0.07 

PAPP-A (ug/ml); Geometric mean (IQR) 12.4 (8.99-23.9) 99.7 (70.1-186.7) 0.97 

sFlt-1 (pg/ml); Geometric mean (IQR) 916.5 (712.0-1161.3) 820.3 (711.0-1055.0) 0.43 

sEng (ng/ml); Geometric mean (IQR) 3.7 (3.1-4.7) 3.6 (3.3-4.0) 0.74 

PlGF:sEng ratio; Geometric mean (IQR) 11.8 (8.06-17.44) 16.8 (10.75-26.30) 0.11 

sFlt-1:PlGF ratio; Geometric mean (IQR) 21.0 (14.79-30.71) 13.7 (9.95-25.0) 0.05 

V2 (19+0-21+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 18.4 (12.3-27.6) 23.8 (14.6-31.6) 0.38 

PlGF (pg/ml); Geometric mean (IQR) 259.6 (191.75-350.3) 245.6 (172.3-455.5) 0.82 

PAPP-A (ug/ml); Geometric mean (IQR) 99.7 (70.05-186.7) 104.0 (59.8-169.0) 0.90 

sFlt-1 (pg/ml); Geometric mean (IQR) 709.2 (507.3-943.8) 749.6 (472.0-1055.0) 0.77 

sEng (ng/ml); Geometric mean (IQR) 3.2 (2.7-3.8) 3.3 (2.8-3.7) 0.79 

PlGF:sEng ratio; Geometric mean (IQR) 81.6 (55.04-123.18) 76.0 (47.30-165.92) 0.78 

sFlt-1:PlGF ratio; Geometric mean (IQR) 2.7 (1.71-4.07) 2.8 (1.17-4.68) 0.99 

 
TABLE 7.4: BIOMARKERS BY PRE-ECLAMPSIA OUTCOME IN THE HYPERTENSIVE 
GROUP (ESSENTIAL HYPERTENSION, PAST OBSTETRIC HISTORY OF INTRAUTERINE 
GROWTH RESTRICTION OR RENAL DISEASE) 

 
FABP4: Fatty Acid Binding Protein 4 
PAPP-A: Pregnancy Associated Plasma Protein-A 
PlGF: Placental like Growth Factor 
sFlt-1: Soluble fms-like tyrosine kinase-1 
sEng: Soluble Endoglin 
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Autoimmune No PE (n=46) PE (n=3) P 

V1 (11+0-13+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 13.5 (9.1-21.2) 10.6 (7.5-19.7 )* 0.56 

PlGF (pg/ml); Geometric mean (IQR) 38.1 (27.6-53.7) 27.9 (21.1-33.2)* 0.19 
PAPP-A (ug/ml); Geometric mean (IQR) 12.1 (9.6-22.0) 12.4 (6.49-29.6)* 0.97 
sFlt-1 (pg/ml); Geometric mean (IQR) 1009.9 (811.3-1192.8) 1128.4 (742.0-1795.0)* 0.61 
sEng (ng/ml); Geometric mean (IQR) 4.4 (3.6-5.0) 5.4 (4.5-7.8)* 0.13 
PlGF:sEng ratio; Geometric mean (IQR) 8.7 (6.44-11.9) 5.1 (3.93-7.26)* 0.04 
sFlt-1:PlGF ratio; Geometric mean (IQR) 26.6 (19.2-36.68) 40.6 (35.06-54.07)* 0.19 

V2 (19+0-21+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 15.7 (9.9-21.4) 12.4 (6.6-19.7 )* 0.48 

PlGF (pg/ml); Geometric mean (IQR) 243.9 (166.8-361.0) 156.5 (142.0-185.0)* 0.17 
PAPP-A (ug/ml); Geometric mean (IQR) 118.6 (80.78-185.5) 95.7 (62.9-181.0)* 0.69 
sFlt-1 (pg/ml); Geometric mean (IQR) 849.2 (561.3-1200.0) 989.1 (780.0-851.0) 0.60 
sEng (ng/ml); Geometric mean (IQR) 3.8 (3.2-4.5) 5.6 (3.0-8.1)* 0.03 

PlGF:sEng ratio; Geometric mean (IQR) 65.0 (43.39-97.39) 28.13 (18.10-62.30)* 0.02 

sFlt-1:PlGF ratio; Geometric mean (IQR) 3.5 (2.03-5.95) 6.3 (4.60-10.25)* 0.10 

 
TABLE 7.5: BIOMARKERS BY PRE-ECLAMPSIA OUTCOME IN THE AUTOIMMUNE GROUP 
(THROMBOPHILIA OR AUTOIMMUNE DISEASE)  

 
*Range substituted for IQR where small numbers present 
 
FABP4: Fatty Acid Binding Protein 4 
PAPP-A: Pregnancy Associated Plasma Protein-A 
PlGF: Placental like Growth Factor 
sFlt-1: Soluble fms-like tyrosine kinase-1 
sEng: Soluble Endoglin 
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Low risk No PE (n=27) PE (n=3) P 

V1 (11+0-13+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 14.5 (9.5-21.4) 14.0 (8.1-24.7 )* 0.92 
PlGF (pg/ml); Geometric mean (IQR) 42.2 (31.8-53.5) 58.1 (34.9-130.0)* 0.26 
PAPP-A (ug/ml); Geometric mean (IQR) 8.2 (9.93-20.1) 14.6 (0.0-18.2)* 0.66 
sFlt-1 (pg/ml); Geometric mean (IQR) 837.5 (656.0-1139.0) 1038.3 (901.0-1157.0)* 0.28 
sEng (ng/ml); Geometric mean (IQR) 4.1 (3.9-4.6) 3.5 (3.0-4.4)* 0.21 
PlGF:sEng ratio; Geometric mean (IQR) 10.2 (7.57-14.58) 16.5 (9.79-39.27)* 0.14 
sFlt-1:PlGF ratio; Geometric mean (IQR) 19.9 (13.83-28.87) 17.9 (8.9-30.74)* 0.73 
V2 (19+0-21+6 weeks)       

FABP4 (ng/ml); Geometric mean (IQR) 14.4 (10.1-21.9) 13.2 (7.3-20.0)* 0.74 
PlGF (pg/ml); Geometric mean (IQR) 263.2 (209.0-322.0) 294.1 (224-509.0)* 0.66 
PAPP-A (ug/ml); Geometric mean (IQR) 72.0 (61.3-12.0) 28.3 (2.8-132.0)* 0.21 
sFlt-1 (pg/ml); Geometric mean (IQR) 849.2 (561.3-1200.0) 989.1 (780.0-851.0) 0.60 
sEng (ng/ml); Geometric mean (IQR) 3.3 (2.9-3.6) 3.1 (3.1-3.2)* 0.65 
PlGF:sEng ratio; Geometric mean (IQR) 80.4 (55.94-100.95) 94.3 (70.98-164.19)* 0.59 
sFlt-1:PlGF ratio; Geometric mean (IQR) 2.38 (1.74-3.81) 3.0 (1.61-4.91)* 0.53 

 
TABLE 7.6: BIOMARKERS BY PRE-ECLAMPSIA OUTCOME IN THE LOW-RISK GROUP  

 
*Range substituted for IQR where small numbers present 
 
FABP4: Fatty Acid Binding Protein 4 
PAPP-A: Pregnancy Associated Plasma Protein-A 
PlGF: Placental like Growth Factor 
sFlt-1: Soluble fms-like tyrosine kinase-1 
sEng: Soluble Endoglin 
 

7.3.2 Comparison of Biomarkers across Study Groups 
 
Table 7.7 summarises the differences in the biomarker concentrations across the PREDICT 

study groups. In visit 1, mean serum concentrations of FABP4 were highest in the obese 

group (25.4 ng/ml, IQR 19.8-34.3) and lowest in the autoimmune group (13.3 ng/ml, IQR 

8.3-20.5), P<0.001. This trend was also noted in visit 2 (P<0.001). At 11+0-13+6 weeks 

gestation, sFlt-1 was highest in the autoimmune group and lowest in the obese group (1034.4 

(811.3-1215.4) pg/ml v 804.8 (658-972) pg/ml, P=0.006). This finding was replicated in visit 2, 

with highest mean serum concentrations of sFlt-1 seen in the autoimmune group and lowest in 

the obese group; 882.3 (601.3-1202.5) pg/ml v 626.1 (471.5-870.5) pg/ml, P=0.001. There 

were no significant differences in mean concentrations of PAPP-A and PlGF between groups 

at the time of visit 1; however in visit 2 significant differences in concentrations of both 

biomarkers were noted between groups. PAPP-A was lowest in the obese group and highest in 
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the autoimmune group (59.8 ug/ml (42.7-101.2) v 113.7 ug/ml (76.7-181.8), P=0.002). Lowest 

mean (IQR) PlGF concentration was also seen in the obese group; 184.1 pg/ml (130.0-276.5), 

P=0.01. Significant differences in mean serum sEng concentrations were seen across groups. 

sEng was lowest in the obese group at both time points; visit 1: 3.32 ng/ml (2.91-3.83), 

P<0.001 and visit 2: 3.1 ng/ml (2.8-3.6), P<0.001. Highest concentrations of sEng were seen 

in the autoimmune group at both sampling points. Biomarker ratios were significantly 

different across groups in visit 1 and visit 2. The PlGF:sEng ratio was lowest in the 

autoimmune group at both visits. While, sFlt-1:PlGF was highest in the autoimmune group at 

both visit 1 (mean 28.3, IQR 19.7-37.5, P=0.006) and visit 2: (3.9, 2.1-6.0, P=0.02). 

 

 



187 
 

Biomarker Diabetes (n=31) Obesity (n=60) Hypertension (n=61) Autoimmune (n=50) Low risk (n=30) P 

V1 (11+0-13+6 weeks)       
FABP4 (ng/ml); Geometric mean (IQR) 14.8 (11.0-22.2) 25.4 (19.8-34.3) 17.3 (11.1-26.3) 13.3 (8.3-20.5) 14.5 (8.3-20.5) <0.001 
PAPP-A (ug/ml); Geometric mean (IQR) 12.0 (8.7-23.5) 8.7 (5.7-13.8) 12.07 (9.0-23.7) 12.0 (9.3-22.0) 8.5 (9.7-19.4) 0.37 
PlGF (pg/ml); Geometric mean (IQR) 42.5 (27.4-51.4) 41 (29.7-54.4) 44.5 (35.5-58.9) 36.6 (26.7-52.0) 43.6 (32.6-54.4) 0.22 
sFlt-1 (pg/ml); Geometric mean (IQR) 885.44(772.8-1040) 804.8 (658-972) 901.5 (712.0-1124.8) 1034.4 (811.3-1215.4) 858.3 (679.3-1143.5) 0.006 
sEng (ng/ml); Geometric mean (IQR) 3.95 (3.3-4.5) 3.32 (2.91-3.83) 3.7 (3.17-4.5) 4.4 (3.7-5.0) 4.1 (3.6-4.6) <0.001 
PlGF: sEng ratio; Geometric mean (IQR) 0.05 (0.03-0.06) 0.05 (0.04-0.08) 0.05 (0.03-0.07) 0.04 (0.03-0.05) 0.05 (0.03-0.07) 0.006 
sFlt-1: PlGF ratio; Geometric mean (IQR) 21.5 (15.6-33.5) 19.6 (13.1-25.9) 20.3 (13.7-30.5) 28.3 (19.7-37.5) 19.7 (13.8-29.0) 0.006 
V2 (19+0-21+6 weeks)       
FABP4 (ng/ml); Geometric mean (IQR) 17.1 (13.6-25.3) 34.0 (26.4-48.3) 18.8 (12.4-27.9) 15.4 (9.9-21.0) 14.3 (10.1-21.7) <0.001 
PAPP-A (ug/ml); Geometric mean (IQR) 99.2 (77.2-170) 59.8 (42.7-101.2) 100.5 (70-169) 113.7 (76.7-181.8) 65.7 (59.2-122.0) 0.002 
PlGF (pg/ml); Geometric mean (IQR) 246.1 (208.0-340) 184.1 (130.0-276.5) 260.7 (194-369) 224.8 (160.5-341.5) 265.6 (217.3-328.8) 0.01 
sFlt-1 (pg/ml); Geometric mean (IQR) 722.6 (541.0-1050) 626.1 (471.5-870.5) 714.7 (502-910) 882.3 (601.3-1202.5) 644.9 (444.5-910.3) 0.001 
sEng (ng/ml); Geometric mean (IQR) 3.5 (2.91-4.07) 3.11 (2.79-3.6) 3.2 (2.7-3.7) 3.9 (3.2-4.6) 3.3 (2.9-3.6) <0.001 
PlGF: sEng ratio; Geometric mean (IQR) 0.4 (0.25-0.5) 0.3 (0.22-0.46) 0.4 (0.3-0.6) 0.3 (0.17-0.49) 0.41 (0.3-0.6) 0.02 
sFlt-1: PlGF ratio; Geometric mean (IQR) 2.7 (2.0-4.08) 3.4 (2.16-4.60) 2.7 (1.7-4.1) 3.9 (2.1-6.0) 2.4 (1.7-3.8) 0.02 

 
TABLE 7.7: COMPARISON OF MATERNAL SERUM BIOMARKER CONCENTRATIONS ACROSS GROUPS 
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7.3.3 Logistic Regression Analysis of Serum Biomarkers in High-risk Women 
 
Chapter 5 previously evaluated models incorporating baseline maternal characteristics for 

prediction of PE (tables 5.11 and 5.12). Similar to analysis undertaken in both chapters 5 and 6, 

performance of each biomarker was evaluated on univariate analysis and then in addition to 

agreed confounders. Each model controlled for baseline maternal characteristics: study group, 

age, BMI (kg/m2), smoking status, aspirin use, parity, material deprivation area of residence and 

MAP (mmHg).  

 

7.3.3.1 Fatty Acid Binding Protein 4 
 
Table 7.8 summarises the ability of FABP4 (ng/ml) to predict PE in high-risk women at 11+0-

13+6 and 19+0-21+6 weeks gestation. No significant results were apparent at either time point. 

FABP4 was not predictive of PE on univariate analysis or when controlling for confounders at 

either study visit. 

 

FABP4 Odds Ratio 95% CI P 

11+0-13+6 weeks (n=193)    

Univariate analysis 1.07 0.67-1.75 0.78 

FABP4 & covariates* 0.84 0.42-1.68 0.62 

19+0-21+6 weeks (n=194)    

Univariate analysis 1.16 0.73-1.86 0.53 

FABP4 & covariates* 0.92 0.47-1.83 0.82 

 
TABLE 7.8: REGRESSION MODELS INCLUDING (1) FABP4 (2) FABP4 (NG/ML) AND 
COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 WEEKS) 

 
FABP4: Fatty Acid Binding Protein 4 
*Covariates included: final grouping, age, Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

7.3.3.2 Pregnancy Associated Plasma Protein-A 
 
Similar to FABP4, PAPP-A (ug/ml) did not predict PE in high-risk women at the time of visit 1 

or visit 2 (table 7.9) on either univariate analysis or when controlling for confounders. 
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PAPP-A Odds Ratio 95% CI P 

11+0-13+6 weeks (n=194)    

Univariate analysis 0.99 0.75-1.30 0.93 

PAPP-A & covariates 0.89 0.65-1.21 0.46 

19+0-21+6 weeks (n=195)    

Univariate analysis 0.99 0.72-1.67 0.96 

PAPP-A & covariates 0.95 0.66-1.37 0.77 

 
TABLE 7.9: REGRESSION MODELS INCLUDING (1) PAPP-A (2) PAPP-A (UG/ML) AND 
COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 WEEKS) 

 
PAPP-A: Pregnancy Associated Plasma Protein (ug/ml) 
*Covariates included: final grouping, age, Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

7.3.3.3 Placental like Growth Factor  
 
Table 7.10 summarises the results of logistic regression analysis incorporating only PlGF and 

PlGF in addition to baseline maternal characteristics. In visit 1, PlGF was not predictive of PE, 

however, between 19+0-21+6 weeks gestation (visit 2), a doubling in PlGF was associated with 

a 48% reduction in the odds of developing PE (OR 0.52, 95% CI 0.33-0.84, P=0.007) on 

univariate analysis. When baseline maternal characteristics were controlled for in the model, 

PlGF remained significant. A doubling in mean PlGF was associated with a 41% reduction in 

the odds of PE (OR 0.59, 95% CI 0.35-0.99, P=0.046). 

 
PlGF Odds Ratio 95% CI P 

11+0-13+6 weeks (n=195)    

Univariate analysis 1.41 0.72-2.75 0.32 

PlGF & covariates 1.34 0.64-2.78 0.44 

19+0-21+6 weeks (n=194)    

Univariate analysis 0.52 0.33-0.84 0.007 

PlGF & covariates 0.59 0.35-0.99 0.046 

 
TABLE 7.10: REGRESSION MODELS INCLUDING (1) PLGF (2) PLGF (NG/ML) AND 
COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 WEEKS) 

 
PlGF: Placental like Growth Factor (pg/ml) 
*Covariates included: final grouping, age, Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
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To assess the predictive value of PlGF in relation to baseline maternal characteristics at visit 2, 

ROC curves were constructed (n=194) (figure 7.5). The AUC for a model including only 

baseline characteristics was 0.78; when combined with PlGF, the AUC improved to 0.83. 

Comparison of the ROC curves was not significant (P=0.16). When specificity was set at 80%, 

sensitivity of baseline characteristics alone was 64% for prediction of PE, the addition of PlGF 

to baseline characteristics improved the sensitivity to 73%. 

 

FIGURE 7.5:  PREDICTED PROBABILITY OF PE AT VISIT 2 (1) BASELINE COVARIATES 
(2) PLGF (PG/ML) WITH COVARIATES 

 
PlGF: Placental like Growth Factor (pg/ml) 
 

Supplementary analysis was carried out to calculate the NRI and IDI statistics for visit 2 (19+0-

21+6 weeks gestation) in order to determine the ability of PlGF to improve prediction of PE in 

addition to maternal baseline characteristics. The NRI statistic approached significance but 

overall did not significantly improve the classification of cases (NRI=0.426, 95% CI -0.01-0.86, 

P=0.06). The IDI was non-significant (IDI=0.024, 95% CI -0.02-0.07, P=0.27). 

 

7.3.3.4 Soluble fms-like Tyrosine Kinase-1 
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Logistic regression analysis demonstrated that sFlt-1 (pg/ml) was a significant predictor of PE at 

the time of visit 1 when incorporated into a model containing maternal baseline characteristics 

(table 7.11). On univariate analysis, the ability of sFlt-1 to predict PE approached significance 

(P=0.06). In contrast, the performance of sFlt-1 improved greatly after controlling for 

confounders and became a highly significant predictor of PE. A doubling in mean sFlt-1 was 

associated with an 80% reduction in the odds of PE (OR 0.20, 95% CI 0.06-0.65, P=0.007). The 

model was re-run to investigate if any one confounder influenced the performance of sFlt-1. No 

obvious confounder was identified. Instead, it appeared to be the influence of several covariates 

which altered the performance of sFlt-1. 

 
sFlt-1 Odds Ratio 95% CI P 

11+0-13+6 weeks (n=194)    

Univariate analysis 0.41 0.17-1.02 0.06 

sFlt-1 & covariates 0.20 0.06-0.65 0.007 

19+0-21+6 weeks (n=194)    

Univariate analysis 0.86 0.43-1.74 0.68 

sFlt-1 & covariates 0.67 0.27-1.62 0.37 

 
TABLE 7.11: REGRESSION MODELS INCLUDING (1) SFLT-1 (2) SFLT-1 (PG/ML) AND 
COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 WEEKS) 

 
sFlt-1: Soluble fms-like tyrosine kinase-1 (ng/ml) 
*Covariates included: final grouping, age, Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

Figure 7.6 summarises AUC in visit 1 for a model including only baseline characteristics (n=194, 

AUC 0.74) and a further ROC curve combing maternal characteristics and sFlt-1 (AUC 0.77). 

Comparison of the ROC curves was not significant (P=0.4). At a specificity of 80%, the 

sensitivity of baseline maternal characteristics was improved from 44% to 52% by the addition 

of sFlt-1. Analysis to determine the added value of sFlt-1 for prediction of PE in a model 

containing only baseline maternal characteristics was performed. The NRI statistic demonstrated 

that addition of sFlt-1 significantly improved reclassification of cases (NRI=0.539, 95% CI 0.12-

0.96, P=0.01). Improved discrimination between cases and non-cases was also reflected in the 

IDI statistic (IDI=0.052, 95% CI 0.004-0.10, P=0.03).  
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FIGURE 7.6:  PREDICTED PROBABILITY OF PE AT VISIT 1 (1) BASELINE COVARIATES 
(2) SFLT-1 (PG/ML) WITH COVARIATES 

 
sFlt-1: Soluble fms-like tyrosine kinase-1 (ng/ml) 
 

7.3.3.5 Soluble Endoglin 
 
Table 7.12 summarises the ability of sEng (ng/ml) to predict PE in high-risk women at 11+0-

13+6 and 19+0-21+6 weeks gestation. No significant results were apparent at either time point. 

sEng was not predictive of PE on univariate analysis or when controlling for confounders at 

either study visit. 

  



                                                                               

193 
 

 

 

sEng Odds Ratio 95% CI P 

11+0-13+6 weeks (n=195)    

Univariate analysis 1.02 0.33-3.22 0.97 

sEng & covariates 1.65 0.35-7.73 0.52 

19+0-21+6 weeks (n=194)    

Univariate analysis 1.94 0.61-6.17 0.26 

sEng & covariates 4.8 0.99-23.3 0.05 

 
TABLE 7.12: REGRESSION MODELS INCLUDING (1) SENG (2) SENG (NG/ML) AND 
COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 WEEKS) 

 
sEng: Soluble Endoglin (ng/ml) 
*Covariates included: final grouping, age, Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

7.3.3.6 Biomarker Ratios 
 
Supplementary analysis was undertaken to investigate the predictive ability of logistic regression 

models combining ratios of PlGF:sEng and sFlt-1:PlGF in addition to pre-defined baseline 

maternal characteristics.  

 

Table 7.13 demonstrates that the ratio of PlGF and sEng (PlGF:sEng) in the second trimester 

(19+0-21+6 weeks) is useful predictor of PE both on univariate analysis and in a model 

controlling for baseline maternal characteristics (final group, age, BMI, smoking status, aspirin 

use, parity, material deprivation of area of residence and MAP). On its own, a doubling in 

PlGF:sEng was associated with a 44% reduction in odds of developing PE (OR 0.56, 95% CI 

0.36-0.88, P=0.01). Performance of the ratio remained significant even when controlling for 

maternal characteristics (OR 0.56, 95% CI 0.35-0.98, P=0.04). 
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PlGF:sEng Odds Ratio 95% CI P 

11+0-13+6 weeks (n=195)    

Univariate analysis 1.26 0.72-2.22 0.42 

PlGF:sEng & covariates 1.14 0.60-2.17 0.68 

19+0-21+6 weeks (n=193)    

Univariate analysis 0.56 0.36-0.88 0.01 

PlGF:sEng & covariates 0.56 0.35-0.98 0.04 

 
 

TABLE 7.13: REGRESSION MODELS INCLUDING RATIOS OF (1) PLGF:SENG (2) 
PLGF:SENG AND COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 
WEEKS) 

 
PlGF: Placental like Growth Factor (pg/ml) sEng: Soluble Endoglin (ng/ml) 
*Covariates included: final grouping, age, Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 
 
Figure 7.7 summarises ROC curves from visit 2 (n=193) showing the predictive ability of a 

model including only baseline maternal characteristics (AUC 0.78, specificity 80%, sensitivity 

62%) in comparison to a model containing baseline characteristics in addition to PlGF:sEng. 

The AUC improved to 0.82 and the sensitivity improved to 68% at a 20% false positive rate. 

Comparison of ROC curves was not significant (P=0.25). 
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FIGURE 7.7:  PREDICTED PROBABILITY OF PE AT VISIT 2 (1) BASELINE COVARIATES 
(2) PLGF:SENG WITH COVARIATES 

 
PlGF: Placental like Growth Factor (pg/ml) 
sEng: Soluble Endoglin (ng/ml) 
 
 

NRI and IDI statistics were calculated for results obtained at the time of visit 2. The NRI 

statistic demonstrated a significant improvement in prediction of PE with the addition of 

PlGF:sEng ratio to baseline characteristics (NRI=0.682, 95% CI 0.26-1.11, P=0.002). 

Interestingly, the IDI statistic did not show any improved discrimination between cases and 

non-cases of PE for this model (IDI=0.024, 95% CI -0.01-0.06, P=0.14). 

 

Further analysis was undertaken to investigate the performance of ratio of sFlt-1 to PlGF (sFlt-

1:PlGF) at the time of both study visits (table 7.14). In the first trimester, sFlt-1:PlGF was 

associated with a 45% reduction in the odds of developing PE (OR 0.55, 95% CI 0.31-0.98), 

P=0.04. After controlling of baseline maternal characteristics, sFlt-1:PlGF was associated with a 

52% reduction in the odds of PE (OR 0.48, 95% CI 0.25-0.92, P=0.03). The ratio was not 

predictive of PE in the second trimester. 
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sFlt-1:PlGF Odds Ratio 95% CI P 

11+0-13+6 weeks (n=194)    

Univariate analysis 0.55 0.31-0.98 0.04 

sFlt-1:PlGF & covariates 0.48 0.25-0.92 0.03 

19+0-21+6 weeks (n=192)    

Univariate analysis 1.38 0.91-2.09 0.13 

sFlt-1:PlGF & covariates 1.22 0.76-1.95 0.42 

 
TABLE 7.14: REGRESSION MODELS INCLUDING RATIOS OF (1) SFLT-1:PLGF (2) SFLT-
1:PLGF AND COVARIATES AT VISIT 1 (11+0-13+6 WEEKS) AND VISIT 2 (19+0-21+6 WEEKS) 

 
sFlt-1: Soluble fms-like tyrosine kinase-1 (ng/ml)  
PlGF: Placental like Growth Fator (pg/ml)  
*Covariates included: final grouping, age Body Mass Index (kg/m2), smoking status, aspirin use, parity, material 
deprivation of area of residence and Mean Arterial Blood Pressure (MAP, mmHg) 
 

To assess the predictive value of sFlt-1:PlGF in relation to baseline maternal characteristics at 

visit 1, ROC curves were constructed (n=194) (figure 7.8). The AUC for a model including only 

baseline characteristics was 0.74; when combined with sFlt-1:PlGF, the AUC improved to 0.76. 

Comparison of the ROC curves was not significant (P=0.39). At an 80% specificity, sensitivity 

improved slightly from 44% to 52% in the model combining baseline maternal characteristics 

and sFlt-1:PlGF. To determine the added value of sFlt-1:PlGF for prediction of PE in the first 

trimester, the NRI and IDI statistics were calculated. No improvement in reclassification of 

cases was demonstrated by the NRI statistic (NRI=0.329, 95% CI -0.10-0.75, P=0.13). In 

addition, the IDI statistic did not demonstrate any improvement in reclassification of cases and 

non-cases (IDI=0.036, 95% CI -0.01-0.08, P=0.09). 
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FIGURE 7.8:  PREDICTED PROBABILITY OF PE AT VISIT 1 (1) BASELINE COVARIATES 
(2) SFLT-1:PLGF WITH COVARIATES 

 
PlGF: Placental like Growth Fator (pg/ml)  
sFlt-1: Soluble fms-like tyrosine kinase-1 (ng/ml) 
 

7.4 DISCUSSION 

7.4.1 Performance of Serum Biomarkers for Prediction of Pre-eclampsia 
 

7.4.1.1 Fatty Acid Binding Protein 4 
 
Although not statistically significant, mean serum concentrations of FABP4 were higher in 

women with PE in both the first and second trimester. This trend is reflective of previous work 

from Scifres and colleagues who found that FABP4 concentrations in low-risk women were 

elevated in women who subsequently developed PE (Scifres, Catov and Simhan, 2012). Little 

research exists to clearly ascertain the role of FABP4 for prediction of PE in high-risk women. 

Wotherspoon and colleagues previously noted significantly elevated serum concentrations of 

FABP4 in women with type 1 DM who went on to develop PE (Wotherspoon, Young, 

McCance, Patterson, et al., 2016). Sub-group analysis did not replicate this trend in the 

PREDICT study. Comparison across groups (diabetes, obesity, hypertension, autoimmune, low 

risk) did not reveal any significant differences in FABP4 concentrations in women who 
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developed PE and those who did not. Given the heterogeneity of participants in the PREDICT 

study and potential for differing pathways for development of PE, it may not have been possible 

to demonstrate differences between groups. Additionally, the PREDICT study was not 

specifically powered to detect differences in FABP4 concentrations in relation to PE across 

groups. Furthermore, on logistic regression analysis, FABP4 was not found to be a significant 

predictor of PE on either univariate analysis or when controlling for baseline cofounders. 

 

7.4.1.2 Pregnancy Associated Plasma Protein-A 
 
Previously, low first and second trimester serum concentrations of PAPP-A have been 

associated with development of PE (Spencer et al., 2007; Spencer, Cowans and Nicolaides, 2008; 

Lambert-Messerlian et al., 2014). However, the results revealed no significant difference in mean 

serum PAPP-A concentrations in women who developed PE and those who did not at either 

visit 1 or 2. Lowest mean concentrations of PAPP-A were noted in women with diabetes who 

developed PE at the time of visit 1, however this result was not statistically significant. In visit 2, 

lowest concentrations were noted in the autoimmune and low-risk groups in women who 

subsequently developed PE. The effect of maternal DM on serum concentrations of PAPP-A 

has previously been described. In 2015, Wright and colleagues studied the impact of maternal 

characteristics on serum PAPP-A in each trimester of pregnancy (Wright et al., 2015). Serum 

concentrations of PAPP-A were measured in each trimester of pregnancy at three routine 

hospital visits: 11+0-13+6 weeks (n=766), 19+0-24+6 weeks (n=82) and 30+0-34+6 weeks 

(n=82). In women with DM, serum PAPP-A was decreased at each sampling time point with 

the greatest reduction observed in women who had type 2 DM treated with insulin (Wright et al., 

2015). Kagan and colleagues previously investigated the impact of maternal characteristics on 

PAPP-A levels in the first trimester (Kagan et al., 2008b). PAPP-A was higher in nulliparous 

women, women of Afro-Caribbean, South Asian and East Asian origin, lower in smokers and in 

those conceiving by in-vitro fertilization (IVF) (Kagan et al., 2008b). Clinicians should remain 

cognisant of the impact of maternal characteristics on serum biomarker concentrations, 

particularly when designing clinically applicable predictive models for adverse pregnancy 



                                                                               

199 
 

outcomes.  

 

Retrospective analysis of first trimester serum PAPP-A collected from 12,355 women 

investigated the relationship between PAPP-A and development of PE (D’Antonio et al., 2013). 

The rate of PE was 2.4% (n=302) and the median value of PAPP-A was lower in women who 

developed PE in comparison with unaffected women (P<0.0001). The authors examined three 

subgroups of PAPP-A concentrations: 5th, 3rd and 1st centile. At best, sensitivity of PAPP-A for 

prediction of PE using a cut-off of the 5th centile was 8.1% with a specificity of 95% (OR 1.76, 

95% CI 1.1-2.7) (D’Antonio et al., 2013). In the PREDICT study, logistic regression analysis did 

not demonstrate the ability of PAPP-A to PREDICT PE either on univariate analysis or when 

controlling for baseline maternal characteristics at either study visit. Given the high-risk medical 

comorbidities of the PREDICT study participants, relatively modest sample size and 

heterogeneity between groups it is therefore less surprising that the modest gains reported in 

larger studies using PAPP-A on its own as a predictive marker for PE were not replicated 

(D’Antonio et al., 2013; Poon and Nicolaides, 2014b).  

 

7.4.1.3 Placental like Growth Factor 
 
In women who subsequently develop PE, lower concentrations of PlGF have previously been 

reported as early as 10-13 weeks gestation (Levine et al., 2004; Andraweera, Dekker and Roberts, 

2012; Staff et al., 2013). This finding was not evident in the PREDICT study. At visit 1, there 

was no significant difference in PlGF concentrations between cases and non-cases of PE; in 

fact, although non-significant, mean PlGF was higher in women who subsequently developed 

PE. It is difficult to fully explain why an early reduction in PlGF concentration was not 

demonstrated in women who later developed PE. As previously discussed in section 7.1.3 of 

this chapter, measurement of PlGF in the first trimester of pregnancy remains debated in the 

current literature. In keeping with the PREDICT study findings; in a cross-sectional study 

design, Powers and colleagues measured PlGF in 130 women with PE and 342 normotensive 

controls at delivery, and longitudinally in samples from 50 women who developed PE and in 
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250 normotensive controls. Among women who developed PE, 46% (n=23) displayed a pattern 

of consistently low PlGF throughout pregnancy. In contrast, 54% (n=27) of women who 

developed PE had maternal PlGF concentrations similar to or above (n=7) those of 

normotensive controls. The authors concluded that pregnancies with low PlGF concentrations 

from the first trimester were more likely to result in early-onset, severe disease with significantly 

elevated BP before 20 weeks gestation, earlier gestational age at delivery, increased likelihood of 

preterm delivery and small for gestational age (SFGA) infants (Powers et al., 2012). The differing 

patterns of PlGF noted in pregnancies complicated by PE may indicate that two different 

pathophysiological processes underlie this diverse syndrome: (1) insufficient angiogenic 

signalling (low PlGF) (2) insensitivity to angiogenic signalling (high PlGF) or presence of an 

alternative pathogenic factor (Powers et al., 2012). Powers and colleagues propose an alternative 

classification of PE based on the differing patterns of maternal PlGF; low versus high PlGF or 

type 1 versus type 2 PE. This classification perhaps helps to explain previous published data 

regarding the poor predictive nature of PlGF for prediction of PE in cases where PlGF is 

unaffected or raised (Powers et al., 2012). Given the sample size of the PREDICT study cohort, 

PE outcome was not further subdivided into early and late-onset disease, therefore it is not 

possible to comment on whether the initial observations noted at visit 1 resulted in similar 

clinical outcomes to those reported by Powers and colleagues.  

 

In visit 2, mean PlGF serum concentrations were significantly lower in women who later 

developed PE (P=0.006). Many studies have previously demonstrated the predictive ability of 

PlGF for PE in the second trimester (Levine et al., 2004; Vatten et al., 2007; Romero et al., 2008; 

Kusanovic et al., 2009), particularly in the presence of SFGA (Levine et al., 2004; Thadhani et al., 

2004; Cowans et al., 2010), early-onset (Levine et al., 2004) and severe PE (Powers et al., 2012). 

Logistic regression analysis in the PREDICT study confirmed that PlGF was a significant 

predictor of PE in the second trimester in both univariate analysis and when controlling for 

baseline characteristics. Between 19+0-21+6 weeks gestation, a model incorporating baseline 

maternal characteristics (final grouping, age, BMI, smoking status, aspirin use, parity, material 
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deprivation of area of residence and MAP) had an AUC of 0.78, this improved to 0.83 with the 

addition of PlGF. At an 80% specificity, sensitivity for the combined model was 73%. However, 

supplementary analysis to determine the added value of PlGF for prediction of PE in addition 

to baseline covariates did not reveal any improvement in reclassification of (NRI statistic) or 

discrimination between cases and non-cases. These results suggest a potential role for PlGF as 

an angiogenic marker for prediction of PE from 19+0 weeks gestation and perhaps indicate that 

PlGF would perform better in a model comprising additional biomarker or ultrasound 

parameters.   

 

Previously, Tsiakkas and colleagues reported that PlGF decreased with maternal weight and in 

women with type 1 DM as well those with type 2 DM requiring treatment with insulin. 

Increased PlGF was seen in women of Afro-Caribbean, South Asian and East Asian racial origin 

and in cigarette smokers (Tsiakkas et al., 2015). Analysis across study groups (diabetes, obesity, 

hypertension, autoimmune, low risk) revealed a significantly lower concentration of PlGF in 

women with diabetes who developed PE in visit 2. No other significant differences in PlGF 

concentrations were noted at either study visit.  

 

7.4.1.4 Soluble Fms-like Tyrosine Kinase-1 
 
Levels of sFlt-1 are known to increase in the maternal circulation prior to the onset of PE 

(Levine et al., 2004). At both sampling points in the PREDICT study, mean serum 

concentrations were non-significantly higher in women with PE. Logistic regression analysis 

revealed that sFlt-1 was a significant predictor variable for PE at 11+0-13+6 weeks gestation 

both on univariate analysis and in a model combining baseline maternal characteristics. Addition 

of sFlt-1 demonstrated an improvement in the AUC from 0.74 to 0.77. At an 80% sensitivity, 

specificity improved from 44 to 52% with the addition of sFlt-1 to the baseline covariates. 

Despite the reduced sensitivity of sFlt-1 for prediction of PE, additional analysis calculating the 

NRI and IDI statistics demonstrated a significant benefit of the addition of sFlt-1 for 

reclassification of cases and discrimination between cases and non-cases of PE at the time of 
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visit 1. Measurement of sFlt-1 for prediction of PE remains controversial in the literature. A 

number of studies have previously reported no significant difference in serum concentrations of 

sFlt-1 in the first trimester in women who subsequently develop PE in comparison to controls 

(Myers et al., 2013; Parra-Cordero et al., 2013; Schneuer et al., 2013). In contrast, a more recent 

study investigating the role of sFlt-1 for prediction of PE in the first trimester, demonstrated 

significantly higher levels of sFlt-1 in the first trimester in women who developed PE (Bian, 

Shixia and Duan, 2015). In a prospective nested case-control study of low-risk participants 

(n=740), 44 women developed PE (5.8%) and 100 women were selected as controls. Mean (SD) 

concentrations of sFlt-1 were significantly higher in women who later developed PE in 

comparison with controls; 0.321 (0.023) v 0.308 (0.019), P=0.001. However, the authors did not 

report first trimester sFlt-1 as a significant predictor variable for PE (Bian, Shixia and Duan, 

2015). Further research investigating the first trimester role of sFlt-1 within a high-risk cohort 

for prediction of PE is warranted to fully elucidate findings from the PREDICT study. 

 

Analysis across the study groups revealed a significantly lower concentration of sFlt-1 in obese 

women who developed PE at the time of visit 1. This is in keeping with previous work from Lai 

and colleagues who demonstrated that maternal weight gain was associated with a reduction in 

sFlt-1 levels (Lai et al., 2014). Of note, the demonstrable difference in concentration of sFlt-1 in 

the first trimester highlights the need for further research to investigate and develop specific 

reference ranges for serum biomarkers, particularly if they are to be used clinically for prediction 

of PE in the obese population. 

  

7.4.1.5 Soluble Endoglin 
 
In visit 1, no significant difference in serum concentrations of sEng were noted between women 

who developed PE and those who did not. Although non-significant, mean sEng concentration 

was higher in women who subsequently developed PE at visit 2. These findings are reflective of 

previous work from Levine and colleagues who found that maternal serum concentrations of 

sEng remained constant until 33-36 weeks gestation after which time levels increased until 
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delivery (Levine et al., 2006). As previously discussed (section 7.1.4.2), sEng levels have been 

shown to increase from 17 weeks gestation in the setting of early-onset PE, while in the context 

of late-onset PE, sEng concentrations rise from 25 weeks gestation (Levine et al., 2006). Cases 

of early and late-onset PE were not determined as part of the PREDICT study given the 

limitations of sample size. In addition, second trimester samples of sEng were obtained 19+0-

21+6 weeks gestation which may have been too early to detect a significant rise in the 

biomarker. Furthermore, logistic regression analysis did not demonstrate that sEng was a 

significant predictor variable of PE. 

 

Examining the differences between groups in relation to PE outcome, it was noted that mean 

sEng concentration was significantly higher in women with autoimmune disease who developed 

PE. As discussed in chapter 1, it is recognised that there is an altered maternal inflammatory 

response in the setting of PE (George and Granger, 2010). The interaction between angiotensin 

receptor agonistic autoantibody (AT1-AA) and sEng in pregnant mice has been investigated by 

Zhou and colleagues (Zhou et al., 2010). The authors injected pregnant and non-pregnant mice 

with either a single dosage or a double dosage of IgG from women with PE or women with a 

normotensive pregnancy. A four-fold increase in sEng was observed in pregnant mice receiving 

a double injection of IgG from PE women as compared to mice receiving two injections of IgG 

from normotensive pregnant women. This relationship was further shown to be mediated 

through induction of Tumour Necrosis Factor-α (TNF-α) and importantly, placental 

vascularisation abnormalities were demonstrated in the mouse model (Zhou et al., 2010). 

 

7.4.1.6 Biomarker Ratios 
 
Few studies have evaluated the effectiveness of the sFlt-1:PlGF ratio as an early predictive 

marker of PE in the first trimester. Studies measuring individual concentrations of sFlt-1 and 

PlGF have yielded contradictory results (Verlohren, Stepan and Dechend, 2012). Thadhani and 

colleagues demonstrated that, in the first trimester, low PlGF was associated with an increased 

risk of developing PE and delivery of a SFGA infant; however, sFlt-1 levels did not differ 
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between women developing PE and those who did not (Thadhani et al., 2004). In contrast, as 

previously discussed in section 7.4.1.3, Powers and colleagues also reported normal or higher 

mean first trimester concentrations of PlGF in women who went on to develop PE (Powers et 

al., 2012). Baumann and colleagues retrospectively measured sFlt-1:PlGF in the first trimester in 

women who had developed late-onset PE (n=46) and in controls (n=92). No significant 

difference in concentration of the ratio was noted when comparing cases and controls 

(Baumann et al., 2008). In the PREDICT study, the ratio of sFlt-1:PlGF was significantly lower 

in women who developed PE. As previously discussed in this chapter, the typical reduction in 

serum concentration of PlGF reported in other studies was not evident; in addition sFlt-1 

concentrations were non-significantly lower in women with PE at the time of visit 1. Logistic 

regression analysis in the PREDICT study demonstrated that the ratio significantly predicted PE 

both on univariate analysis and in a model containing baseline maternal characteristics in 

addition to sFlt-1:PlGF. A slight improvement in the AUC was also noted with the addition of 

the sFlt-1: PlGF ratio (AUC 0.74 to 0.76), however NRI and IDI statistics were not significant. 

In visit 2, the sFlt-1:PlGF ratio was not significant, yet mean concentrations were higher in 

women with PE, reflecting findings from previous studies (Moore Simas et al., 2007; Holmes et 

al., 2013). 

 

The PlGF:sEng ratio was significant at visit 2 only–lower concentrations were seen in women 

with PE–reflecting previous research (Kusanovic et al., 2009; Holmes et al., 2013). Logistic 

regression analysis showed that PlGF:sEng was a significant predictor of PE both on its own 

and in combination with baseline maternal characteristics. ROC analysis demonstrated an 

improvement in the AUC from 0.78 to 0.82 with the addition of the ratio to baseline covariates. 

In addition, a slight improvement in sensitivity was noted–62% to 68%–at an 80% specificity. 

NRI analysis demonstrated that PlGF:sEng provided a significant improvement in 

reclassification of cases of PE. These results indicate a potential role for PlGF:sEng as a 

screening biomarker for PE in high-risk women. Chaiworapongsa and colleagues conducted a 

retrospective cohort study investigating the role of PlGF:sEng as a prognostic test for suspected 
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of having PE (Chaiworapongsa et al., 2011). Maternal plasma samples collected between 20 and 

36 weeks gestation were analysed for PlGF:sEng concentrations (n=87). The ratio had a 76% 

sensitivity and 91% specificity for prediction of severe PE (AUC 0.9 (95% CI 0.83-0.97), PLR 

8.6 (2.9-25). The diagnostic performance of plasma concentrations of PlGF:sEng in women 

who presented at <34 weeks for the identification of those who delivered within 14 days as a 

result of PE was also evaluated. A cut-off of ≤0.05 MoM (Multiples of the Median) derived 

from the AUC demonstrated the ability of the ratio to predict delivery within 14 days (AUC 0.87 

(95% CI 0.7-0.96), 85% sensitivity, 84% specificity, PLR 5.45 (95% CI 2.4-12). Given these 

results, PlGF:sEng certainly seems to have a promising role in aiding clinicians to both diagnose 

and institute appropriate management of at risk women.  

 

A number of significant findings were seen within group comparisons by PE outcome. In visit 

1, PlGF:sEng was significantly lower in women who developed PE in the autoimmune group, 

while in visit 2, the ratio was lower in women in both women with obesity and autoimmune 

conditions. Little research exists with regard to the PlGF:sEng ratio and to date our 

understanding of how it behaves in different high-risk populations is limited. Holmes and 

colleagues previously measured PlGF:sEng at 26 weeks gestation in women with type 1 DM 

(Holmes et al., 2013). In women who developed PE, the ratio was significantly lower than in 

women without PE. In addition, PlGF:sEng was shown to improve ROC curve analysis from 

0.70 (for a model incorporating established characteristics for prediction of PE) to 0.85 

(P=0.008) (Holmes et al., 2013). Further research to establish the clinical utility of the 

PlGF:sEng ratio for prediction of PE is required, particularly within high-risk cohorts. 

 

 

7.4.2 Sub-group Analysis 
 
A number of significant differences were noted on comparison of maternal serum biomarker 

concentrations across groups; specifically when comparing mean concentrations of biomarkers 

between the obese and autoimmune groups. 
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During visit 1, FABP4 concentrations were highest in the obese group, while, concentrations of 

sFlt-1, sEng and sFlt-1:PlGF were lowest. Interestingly, although not significant, PAPP-A 

concentrations were also reduced in the obese group with concentrations similar to low-risk 

participants. At visit 2, FABP4 was again highest in the obese group while PAPP-A, sFlt-1 and 

sEng were lowest when compared across groups. The impact of maternal characteristics on 

performance of serum biomarkers is recognised within the literature. It is known that FABP4 

concentrations are significantly increased in overweight and obese subjects (Xu et al., 2006). 

sEng and PlGF levels have previously been observed to be lower in obese women (Maynard et 

al., 2010; Tsiakkas et al., 2015). Similarly, Tsiakkas and colleagues reported a reduction in sFlt-1 

with increasing maternal weight (Tsiakkas et al., 2015). Analogous to screening for PE, first and 

second trimester screening tests for aneuploidy incorporate measurements of maternal BMI 

within clinical screening algorithms. In 2003, Spencer and colleagues demonstrated a linear 

relationship between maternal weight and PAPP-A concentrations in the first trimester; as 

maternal weight increased, concentration of PAPP-A reduced (Spencer, Bindra and Nicolaides, 

2003). Given the variation in performance of maternal serum biomarkers in the obese 

population, it is evident that there is a need for development of specific biomarker reference 

ranges and adjustment made for maternal BMI in future screening models for PE. Importantly, 

this finding highlights implications for performance of biomarker screening for PE within a 

clinical setting. 

 

In the autoimmune group, sFlt-1, PAPP-A and sEng had highest concentrations at both study 

visits. In addition, biomarker ratios in the autoimmune group were significantly different from 

the other groups. PlGF:sEng ratio was lowest and sFlt-1:PlGF was highest at both visits. The 

relationship between autoimmune disease–systemic lupus erythematosus (SLE), 

antiphospholipid syndrome (APLS)–and performance of maternal serum biomarkers is not well 

defined. No studies outlining the performance of second trimester PAPP-A, sEng or the 

biomarker ratios in women with autoimmune disease exist to allow for further comment on the 



                                                                               

207 
 

PREDICT study findings. However, a study from Tsiakkas investigated the effect of maternal 

characteristics on sFlt-1 levels in each trimester (Tsiakkas et al., 2015). Only a small number of 

patients with SLE and APLS were included in this analysis (11+0-13+6 weeks: n=9, 19+0-24+6 

weeks: n=11 and 30+0-37+6 weeks: n=19), however no significant impact of SLE or APLS on 

sFlt-1 levels was noted (Tsiakkas et al., 2015).  

7.5 CONCLUSION 

 
Findings from the PREDICT study demonstrate a definite role for measurement of maternal 

serum biomarkers in screening for PE within a high-risk cohort. Chiefly, the PREDICT study 

demonstrates the potential of first trimester sFlt-1, sFlt-1:PlGF and second trimester PlGF:sEng 

as screening biomarkers for PE in high-risk women. Nonetheless, a number of challenges do 

exist for researchers seeking to develop a screening tool for widespread use in the clinical 

setting. To further refine current screening models, future research must focus on better 

understanding of the mechanisms underlying PE and their impact on biomarker concentrations 

within different high-risk sub-groups. Ultimately, this will allow development of specific 

biomarker threshold ranges–which take account of gestational age patterns–for common high 

risk conditions.  

 

Results from the PREDICT study clearly demonstrate differences in concentrations of maternal 

serum biomarkers within the obese population. Given that obesity in pregnancy is highly 

prevalent, these women are an important group requiring further study. There is a particular 

need for development of custom biomarker reference ranges for use in the obese population to 

enable accurate interpretation and performance of maternal serum biormakers within screening 

tools for PE. 

 

Performance of biomarker screening models is affected by baseline maternal characteristics; 

many of which are unmodifiable. Future models must be robust and reproducible within the 

clinical environment; the addition of biophysical parameters, for example, placental 
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vascularisation indices may further improve the sensitivity and specificity of any such model.  
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Chapter 8 
 

Combined Screening Models for Prediction of Pre-eclampsia 

8.1 OVERVIEW 

 
Screening for pre-eclampsia (PE) in the UK is currently recommended by guidance from the 

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

Care Excellence, 2016a). At booking appointments, women are screened for the following risk 

factors: age ≥40 years, nulliparity, pregnancy interval of >10 years, family or personal history of 

PE, Body Mass Index >30kg/m2 (BMI), multiple pregnancy, pre-existing cardiovascular disease 

and renal disease. At each antenatal appointment maternal blood pressure (BP) is measured and 

urinalysis performed for detection of proteinuria (National Institute for Health and Care 

Excellence, 2016a). Antenatal care and strategies for prevention of PE are subsequently 

determined by the responsible obstetrician or midwife. As previously discussed in chapter 1, 

there is evidence to suggest that screening for PE using baseline maternal characteristics can be 

improved upon (Nicolaides, 2011; Wright et al., 2012; Poon and Nicolaides, 2014a).  Poon and 

colleagues evaluated the performance of screening with maternal risk factors, in comparison to 

screening with NICE guidance (Poon et al., 2010). In a prospective study of 8,336 pregnancies, 

detection rates of early-onset PE and late-onset PE when screening by maternal factors were 

37% and 29 %, respectively, at a 5% false positive rate (FPR). Screening with NICE guidance 

resulted in a 64% FPR with detection rates of 89% and 93% for early and late-onset PE, 

respectively (Poon et al., 2010). 

 

Research focusing on screening models for PE encompasses an array of methodologies 

including, screening by maternal history, biophysical parameters–mean arterial blood pressure 

(MAP), uterine artery Doppler (UAD), placental vascularisation indices (PVIs)–and biochemical 

parameters (maternal serum biomarkers) (Poon and Nicolaides, 2014a). A number of 

publications have previously demonstrated the value of screening models combining maternal 
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characteristics, UAD and serum biomarkers (Pilalis et al., 2007; Poon et al., 2009; Akolekar et al., 

2011; Odibo et al., 2011b; Di Lorenzo et al., 2012; Andrietti et al., 2016; Gallo et al., 2016; 

O’Gorman, Nicolaides and Poon, 2016). Yet, despite a decade of research to support their use 

in clinical practice, these models have yet to be introduced and validated in a clinical setting. In 

fact, a number of publications refute the ability of combined screening models to significantly 

improve screening for PE (North et al., 2011; Myers et al., 2013; Kenny et al., 2014). 

 

To date little attention has been paid to combining PVIs with UAD, maternal characteristics and 

serum biomarkers for prediction of PE (Hafner et al., 2010; Hannaford et al., 2015). Until now, 

much of the available research on PVIs derived from 3-Dimensional Power Doppler (3DPD) 

imaging has focused solely on the prediction of PE using PVIs alone (Odibo et al., 2011a; 

Demers et al., 2015; Hashish et al., 2015; Plasencia et al., 2015). This chapter explores the 

potential value of screening models combining baseline maternal characteristics, MAP, PVIs and 

maternal serum biomarkers for prediction of PE in a carefully characterised high-risk obstetric 

population.  

 

8.2 METHODS 

 
Building on and extending the results from previous chapters (chapters 5-7); additional analysis 

was undertaken to design combined screening models for prediction of PE in high-risk 

PREDICT study participants in the first (11+0-13+6 weeks) and second trimester (19+0-21+6 

weeks) of pregnancy.  

 

Chapter 3 and the subsequent results chapters (5-7) describe in detail the methods employed to 

collect information regarding baseline maternal characteristics and obtain measurements of 

MAP, UAD (pulsatility and resistance index; PI and RI), PVIs and maternal serum biomarkers; 

Fatty Acid Binding Protein-4 (FABP4), Pregnancy Associated Plasma Protein-A (PAPP-A), 
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Placental like Growth Factor (PlGF), soluble Fms-like tyrosine kinase-1 (sFlt-1) and soluble 

Endoglin (sEng).     

 

8.3 STATISTICAL ANALYSIS 

 
The statistical strategy for this chapter took account of only significant results in logistic 

regression models for prediction of PE in previous chapters (chapter 5: PVIs, chapter 6: UAD 

and chapter 7: biomarkers). Accordingly, UAD results (RI and PI) were not included in the 

combined screening models.  

 

As previously described (chapters 5-7), logistic models were generated using PE as the primary 

outcome and baseline covariates included: final grouping, age, BMI, smoking status, aspirin use, 

parity, material deprivation area of residence and MAP. Mean values of PVIs were converted to 

standardised odds ratios to enable ease of comparison of each placental parameter. In addition, 

biomarker concentrations were positively skewed, therefore, logarithmic transformation and 

conversion to standardised odds ratios was performed before logistic regression analysis.  

 

To determine appropriate variables for prediction of PE, stepwise regression using a backward 

elimination approach was employed. All significant predictors of PE were entered in the model 

and the deletion of each variable was tested using a pre-determined model fit criterion (baseline 

maternal characteristics). Variables which were non-significant predictors of PE were removed 

from the model in a stepwise fashion and the process was repeated until a potential screening 

model was determined. The remaining variables were then re-tested in a binary logistic 

regression model to enable inclusion of all potential cases which may have been previously 

eliminated on back-step regression.  

 

Receiver under the operating curve (ROC) analysis was performed–where appropriate–to assess 

the ability of the proposed combined screening models for prediction of PE in high-risk 
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women. As before, logistic regression analysis provided predicted probabilities of PE for agreed 

maternal baseline characteristics and for the addition of selected PVIs and serum biomarkers. 

ROC curves were derived from these predicted probabilities and the area underneath the curve 

(AUC) was assessed for significance. 

 

Additional analysis to calculate the Net Reclassification Improvement (NRI) and Integrated 

Discrimination Improvement (IDI) indices was also undertaken to quantify the added value of 

biophysical and biochemical parameters for prediction of PE in addition to baseline maternal 

characteristics (Pencina, D’Agostino Sr and Steyerberg, 2011). A detailed discussion of this 

analysis is included in chapter 5 (section 5.5). Statistical analysis was performed using SPSS 

version 21 (IBM Corp., Armonk, NY), Stata release 14 (StataCorp, College Station, TX) and the 

Hmisc package in R version 3.1.3 (R Core Team, Vienna, Austria). 

  

8.4 RESULTS 

 
Analogous to previous chapters (5 and 7), analysis was performed at two time points; 11+0-

13+6 weeks and 19+0-21+6 weeks gestation, in high-risk women participating in the PREDICT 

study. Analysis was based on primary outcome (PE) and the overall number of results available 

for analysis were adjusted in the logistic regression models depending on the results available for 

each covariate (visit 1: n=193 and visit 2: n=195). The overall rate of PE was 12% (n=26). 

Selection of additional biophysical and biochemical parameters to enter in combined screening 

models for PE was based on analysis from previous chapters (chapters 5 and 7). 
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8.4.1 Visit 1: Combined Screening Model  
 
Table 8.1 summarises the significant PVIs and serum biomarkers on adjusted analysis at the 

time of visit 1 (11+0-13+6 weeks gestation), formerly detailed in chapters 5 and 7. These results 

were also fully discussed in the relevant chapters. Significant predictor variables–Vascularisation 

Index (VI), Flow Index (FI) and Vascularisation Flow Index (VFI), sFlt-1 and sFlt-1:PlGF–were 

entered into back-step regression analysis as described in section 8.3. VI, FI and sFlt-1:PlGF 

were subsequently eliminated as significant predictor variables for PE in high-risk women. 

Binary logistic regression analysis was then performed to determine a final screening model–

combining VFI, sFlt-1 and baseline maternal characteristics–for prediction of PE (table 8.2). 

 

Significant 
covariate (visit 1) 

Adjusted Odds 
Ratio 

95% Confidence 
Interval 

P Reference 

VI (%) 
FI 
VFI 
 
sFlt-1 (pg/ml) 
sFlt-1:PlGF 

0.42 
0.54 
0.32 
 
0.20 
0.48 

0.21-0.85 
0.30-0.98 
0.14-0.72 
 
0.06-0.65 
0.25-0.92 

0.02 
0.04 
0.01 
 
0.007 
0.03 

Table 5.15 
Table 5.16 
Table 5.17 
 
Table 7.10 
Table 7.13 

     

 
TABLE 8.1: SIGNIFICANT COVARIATES FOR PREDICTION OF PRE-ECLAMPSIA AT VISIT 1 (13+0-
14+6 WEEKS GESTATION) 

 
Vascularisation Index (VI) (%), Flow Index (FI), Vascularisation Flow Index (VFI), soluble Fms-like tyrosine kinase-1 
(sFlt-1), Placental like Growth Factor (PlGF) 
 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation area of residence and Mean Arterial blood pressure (MAP, mmHg) 
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Covariates V1 (n=193) Odds ratio 95% CI P 

Age (y) 1.12 1.01-1.25 0.04 

BMI (kg/m2) 0.89 0.81-0.97 0.01 

Smoker 1.9 0.37-9.84 0.44 

Aspirin 0.84 0.23-3.04 0.79 

Parity 0.22 0.06-0.83 0.03 

Deprivation fifth 1.62 1.10-2.39 0.01 

MAP (mmHg) 1.02 0.97-1.07 0.40 

VFI 0.33 0.14-0.78 0.01 

sFlt-1 (pg/ml) 0.46 0.24-0.87 0.02 
 

TABLE 8.2: REGRESSION MODEL INCORPORATING MATERNAL BASELINE CHARACTERISTICS, 
VASCULARISATION FLOW INDEX (VFI) AND SOLUBLE FMS-LIKE TYROSINE KINASE-1 (SFLT-1) 
AT 11+0-13+6 WEEKS GESTATION FOR PREDICTION OF PRE-ECLAMPSIA 

 
*Final grouping (diabetes, obesity, hypertension, autoimmune disease) was also controlled for 
 
 

In the final combined screening model, results from table 8.2 indicate that a one year increase in 

maternal age was associated with a 12% increase in the odds of developing PE (OR 1.12, 95% 

CI 1.01-1.25, P=0.04). Increasing parity (≥1 child) conferred a 78% reduction in the odds of 

development of PE (OR 0.22, 95% CI 0.06-0.83, P=0.03). Women who lived in the most 

deprived social areas (based on postcode at booking) were more likely to be at increased risk of 

developing PE (OR 1.62, 95% CI 1.10-2.39, P=0.03). A 1 unit increase in VFI was associated 

with a 67% reduction in the odds of developing PE (OR 0.33, 95% 0.14-0.78, P=0.01), while a 1 

unit increase in the logarithmically-transformed concentration of sFlt-1 reduced the odds of 

developing PE by 54% (OR 0.46, 95% CI 0.24-0.87, P=0.02). An unexpected relationship 

between maternal BMI and PE outcome was noted; a 1 unit (kg/m2) increase in BMI was 

associated with an 11% reduction in the odds of PE (OR 0.89, 95% CI 0.81-0.97, P=0.01). A 

number of non-significant covariates remained in the model; including MAP, aspirin use and 

smoking.  

 

To assess the predictive ability of a model incorporating measurements of VFI and sFlt-1 in 

addition to baseline maternal characteristics, ROC curves were constructed (figure 8.1). The 

AUC for a model including only baseline characteristics was 0.74 which improved to 0.83 with 
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the addition of VFI and sFlt-1. At an 80% specificity, sensitivity of the covariates only model 

was 44%, increasing to 61% with the addition of VFI and sFlt-1. Comparison of ROC curves 

approached but was not statistically significant (P=0.05).  

 

Additional NRI and IDI analysis to investigate the ability of the combined screening model 

(table 8.2) for prediction of PE in comparison to a model containing only maternal baseline 

characteristics was also carried out. The NRI statistic demonstrated that the combined screening 

model–baseline covariates, VFI and sFlt-1–significantly improved reclassification of cases and 

non-cases (NRI=0.709, 95% CI 0.31-1.11, P=0.0006). The model also significantly improved 

discrimination between cases of PE and non-cases (IDI=0.103, 95% CI 0.04-0.17, P=0.003). 

 

 

 

FIGURE 8.1: PREDICTED PROBABILITY OF PRE-ECLAMPSIA AT VISIT 1 (1) BASELINE 
COVARIATES (2) BASELINE COVARIATES, VASCULARISATION FLOW INDEX (VFI) AND 
SOLUBLE FMS-LIKE TYROSINE KINASE-1 (SFLT-1) 

 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation area of residence and Mean Arterial blood pressure (MAP, mmHg) 
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8.4.2 Visit 2: Combined Screening Model  
 
Table 8.3 summarises the significant PVIs and serum biomarkers on adjusted analysis at the 

time of visit 2 (19+0-21+6 weeks gestation), formerly detailed in chapters 5 and 7. Significant 

predictor variables (FI and PlGF:sEng) were entered into back-step regression analysis as 

described in section 8.3. PlGF:sEng was subsequently eliminated as a significant predictor 

variable for PE in high-risk women. Entering FI in addition baseline maternal characteristics, 

binary logistic regression analysis was performed to determine a final screening model for 

prediction of PE in the second trimester as summarised in table 8.4. This model replicates 

findings from chapter 5 (table 5.16).  

 
 
Significant 
covariate (visit 2) 

Adjusted Odds 
Ratio 

95% Confidence 
Interval 

P Reference 

FI 
 
PlGF:sEng 

0.53 
 
0.56 

0.29-0.97 
 
0.35-0.98 

0.04 
 
0.04 

Table 5.18 
 
Table 7.12 

     

 
 

TABLE 8.3: SIGNIFICANT COVARIATES FOR PREDICTION OF PRE-ECLAMPSIA AT VISIT 2 (19+0-
21+6 WEEKS GESTATION) 

 
Flow Index (FI), Placental like Growth Factor: soluble Endoglin (PlGF:sEng) 
 
*Covariates included: final grouping, age, Body Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material 
deprivation area of residence and Mean Arterial blood pressure (MAP, mmHg) 
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Covariates V2 (n=195) Odds ratio 95% CI P 

Age (y) 1.10 1.00-1.21 0.06 

BMI (kg/m2) 0.94 0.88-1.00 0.05 

Smoker 1.57 0.38-6.56 0.54 

Aspirin 1.12 0.70-1.79 0.65 

Parity 0.35 0.11-1.11 0.08 

Deprivation fifth 1.39 0.98-1.96 0.06 

MAP (mmHg) 1.05 1.01-1.08 0.01 

FI 0.53 0.29-0.97 0.04 

 
TABLE 8.4: REGRESSION MODEL INCORPORATING MATERNAL BASELINE CHARACTERISTICS 
AND FLOW INDEX (FI) AT 19+0-21+6 WEEKS GESTATION  

 
 

Discussion of the performance of all variables in the above screening model was not previously 

undertaken in chapter 5 (section 5.6.4.4). At the time of visit 2, a 1 mmHg increase in MAP was 

associated with a 5% increase in the odds of developing PE (OR 1.05, 95% CI 1.01-1.08, 

P=0.01) and a 1 unit increase in FI was associated with a 47% reduction in the odds of 

developing PE (OR 0.53, 0.29-0.97, P=0.04). Non-significant variables in the model included 

age, BMI, smoking status, aspirin use, parity and deprivation status.  

 

To assess the predictive ability of FI in addition to baseline characteristics at visit 2, ROC curves 

were previously constructed in chapter 5 (figure 5.9). AUC improved from 0.79 (61% sensitivity, 

80% specificity) to 0.83 (70% sensitivity, 80% specificity) with the addition of FI to a model 

incorporating only baseline maternal characteristics. Comparison of ROC curves was not 

significant (P=0.26). Additional analysis was also carried out to calculate NRI and IDI statistics 

(section 5.6.4.4). The NRI statistic was non-significant (NRI=0.40, 95% CI -0.02-0.83, P=0.06), 

however the IDI statistic demonstrated that FI significantly increased discrimination between 

cases and non-cases of PE (IDI=0.04, 95% CI 0.003-0.08, P=0.04).    
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8.5 DISCUSSION 

 

8.5.1 First Trimester Combined Screening Model 
 
Results from the PREDICT study indicate a potential role for a first trimester combined 

screening model for prediction of PE in high-risk women incorporating information about 

baseline maternal characteristics, VFI and maternal serum sFlt-1. ROC curve analysis 

demonstrated an improvement in the AUC with the addition of VFI and sFlt-1 to a model 

containing baseline covariates. Furthermore, NRI and IDI analysis demonstrated that the 

combined screening model–baseline covariates, VFI and sFlt-1–significantly improved 

reclassification of cases and non-cases of PE while also refining discrimination between cases 

and non-cases. 

 

Baseline maternal characteristics in the combined screening model included: final group 

allocation (diabetes, obesity, hypertension, autoimmune), age, BMI, smoking status, aspirin use, 

parity, material deprivation area of residence and MAP. Significant risk factors for development 

PE in the combined screening model included age, parity and social deprivation. These findings 

are supported by the current literature. Nulliparity has previously been identified as an 

independent risk factor for development of PE, in fact, women are three times more likely to 

develop PE in their first pregnancy (Duckitt and Harrington, 2005). In addition, Bianco and 

colleagues identified that a woman is twice as likely to develop PE if older than 40 years old 

(Bianco et al., 1996) and for each additional year past the age of 34 years, a women’s risk of 

developing PE increases by 30% (Saftlas et al., 1990). Surrogate markers for social deprivation, 

including educational level, poverty and illegal residence or asylum request have previously been 

associated with the development of PE (Haelterman et al., 2003; Bilano et al., 2014). A number 

of non-significant covariates remained in the final model at visit 1, including smoking, aspirin 

use and MAP. It is possible that due to small sample size, no significant differences were 

observed with these covariates. Although non-significant, expected trends typically reported 

with aspirin use and MAP were noted in the combined screening model. Aspirin use was 



                                                                               

219 
 

associated with a reduced risk of developing PE (CLASP Collaborative Group, 1994; Askie et al., 

2007; Bujold, Roberge and Lacasse, 2010; National Collaborating Centre for Women’s and 

Children’s health, 2010; Roberge, et al., 2012; Rolnik et al., 2017) and increasing MAP was 

associated with an increase in the odds of developing PE (Lecarpentier et al., 2013; Wright et al., 

2015; Tayyar et al., 2016). 

 

Unexpectedly, the final screening model revealed that increasing maternal BMI was associated 

with a reduction in risk of developing PE (11%). However, it is well known that maternal 

obesity is a risk factor for development of PE (O’Brien, Ray and Chan, 2003; Bodnar et al., 

2005a; CEMACE, 2010; Roberts et al., 2011; Scott-Pillai et al., 2013). As previously discussed in 

chapter 4, within the high-risk groups, prevalence of maternal obesity was 47% (defined as 

booking BMI>35 kg/m2 in the PREDICT study) and overall, mean booking BMI was 32.86 

kg/m2 (range 18-58 kg/m2). The wide range in BMI noted within the study may have 

unintentionally skewed the data and accounted for this surprising result. Within the UK, 5% of 

women  delivering infants ≥24 weeks gestation have a BMI of ≥35 kg/m2, accounting for 

38,478 births annually (CEMACE, 2010).  Prevalence of obesity in the PREDICT study was 

higher than the national average, given the high risk nature of the study participants. 

Consequently, many of the study participants had their antenatal care in a dedicated specialist 

obesity clinic. Reflecting this trend, CEMACE reported that 60% of maternity units in Northern 

Ireland reported availability of specific dietary advice to women with a booking BMI ≥30 kg/m2 

(CEMACE, 2010). These women are also more likely to receive appropriate advice regarding 

prevention of PE (including administration of aspirin), folic acid use, prevention of venous 

thromboembolism (VTE) and increased surveillance of fetal growth and maternal BP. As a 

result, study results may not accurately represent typical findings in units without availability of 

specialist services. 

   

The independent effect of maternal obesity and risk of PE remains under-researched. Studies 

often report results from bivariate analysis meaning that other factors, for example, 
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sociodemographic or lifestyle choices may have unintentionally biased results (Bodnar et al., 

2005a). Adjusted OR derived from predictive models do not necessarily imply causal 

relationships between covariates and primary outcome (Clayton and Hills, 1993). Indeed, causal 

models are designed to estimate the relationship between primary exposure (BMI) and outcome 

(PE) in an unbiased manner by adjusting for confounders. In contrast, predictive models include 

all variables which are associated with the outcome of interest without regarding one variable as 

the primary exposure (Clayton and Hills, 1993). Within the PREDICT study, BMI is a marker of 

how well obesity predicts PE relative to other covariates in the overall model and does not 

necessarily estimate the strength of the causal relationship. Bodnar and colleagues carried out a 

prospect cohort study of 1,179 primiparous women to investigate the effect of pre-pregnancy 

BMI on the risk of PE (Bodnar et al., 2005a). As previously described in chapter 1, the authors 

reported that risk of PE increased significantly when BMI increased from 15 to 30 kg/m2. The 

adjusted risk of PE–controlling for race and smoking status–almost tripled at a BMI of 30 

kg/m2 (OR 2.9, 95% CI 1.6-5.3) when compared to women with a BMI of 21 kg/m2. Similar to 

findings in the PREDICT study, the authors reported a reduction in risk of PE when maternal 

BMI increased from 35 to 40 kg/m2; OR 2.8, 95% CI 1.4-5.7 and OR 2.3, 95% CI 0.80-6.4, 

respectively (Bodnar et al., 2005a). These findings imply that the relationship between obesity 

and risk of PE may not be linear in obese class 3 (BMI ≥40 kg/m2) or in super-morbidly obese 

women (≥50 kg/m2) – i.e. at extremely high BMIs the relationship between BMI and PE risk 

may plateau. However, it should be acknowledged that this result may have been a chance 

finding in a relatively small cohort. Nonetheless, further work is required to investigate the 

relationship between BMI and development of PE in morbidly obese women.  

 

No significant difference was noted in relation to smoking status. Again, this finding is in 

contrast to the established literature which cites cigarette smoking as a protective factor in 

development of PE (Dekker and Sibai, 2001). In the PREDICT study, 18% of women smoked 

during pregnancy and mean number of cigarettes smoked was 10 per day. Consequently, the 
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study may have been underpowered to detect a difference between the smokers and non-

smokers who developed the primary outcome (PE).  

 

Reflecting previous research on the role of PVIs in screening for PE, increasing VFI was 

associated with a reduced risk of developing PE (Odibo et al., 2011a; Demers et al., 2015; 

Hannaford et al., 2015; Hashish et al., 2015; Plasencia et al., 2015). Although significant in 

previous models controlling for baseline maternal characteristics (chapter 5), VI and FI failed to 

remain significant predictor variables for PE in a model combining maternal serum biomarkers. 

A number of factors controlled for in the final screening model are known to influence the 

performance of PVIs for prediction of PE, in particular, maternal obesity (noted to impact FI) 

(Hafner et al., 2010), smoking (Rizzo et al., 2009) and parity (Zalud and Shaha, 2008). 

Importantly, results from both the PREDICT study (chapter 5) and other research groups 

(Huster et al., 2010; Cabezas López et al., 2016) indicate good repeatability and reproducibility of 

PVIs in the first trimester which is essential if a screening model is to be adopted by practicing 

obstetricians.  

 

In the first trimester combined screening model, an increase in serum concentration of sFlt-1 

(pg/ml) was associated with a reduction in the odds of developing PE. As previously discussed 

in chapters 1 and 7, measurement of angiogenic markers in the first trimester remains debated in 

the literature. In control subjects, levels of sFlt-1 are thought to remain constant until 33-36 

weeks gestation, thereafter increasing until delivery (Levine et al., 2004). An increase in serum 

concentration of sFlt-1 from the second trimester onwards has been well documented in 

women who subsequently develop PE (Levine et al., 2004; Stepan et al., 2007; Lai et al., 2014). 

However, the role of sFlt-1 for prediction of PE in the first trimester is less certain. Studies 

from Myers, Parra-Cordero, Schneuer and colleagues previously reported no significant 

difference in first trimester concentrations of sFlt-1 in women who developed PE (Myers et al., 

2013; Parra-Cordero et al., 2013; Schneuer et al., 2013). However, a meta-analysis from Allen and 

colleagues evaluating the strength of association between abnormal levels of first trimester 
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maternal biomarkers and risk of PE found that sFlt-1 was significantly associated with 

development of PE at any gestation (Allen et al., 2014). More recently, a study from Bian and 

colleagues also confirmed significantly higher first trimester levels of sFlt-1 in women who 

developed PE (Bian, Shixia and Duan, 2015). Crovetto and colleagues conducted a prospective 

cohort study of 9,462 pregnancies undergoing first trimester screening. Logistic regression 

models were developed for prediction of early and late-onset PE (Crovetto et al., 2015). The 

model included information regarding maternal characteristics, MAP and UAD and plasma 

levels of human chorionic gonadotrophin, PAPP-A, PlGF and sFlt-1. The authors reported 

significantly higher sFlt-1 levels at 8-11 weeks gestation in women who subsequently developed 

PE. In addition, the best model for early-onset PE (n=57, 0.6%) included the a priori risk, 

MAP, UAD, PlGF, and sFlt-1 and achieved detection rates of 88% and 91% at a 5% and 10% 

FPR, respectively. The optimal model for prediction of late-onset PE (n=246, 2.6%), included a 

priori risk, MAP, UAD, PlGF, and sFlt-1 and achieved detection rates of 68% and 76% at 5% 

and 10% FPR (Crovetto et al., 2015). Further studies to evaluate the performance of sFlt-1 both 

in the first trimester and in a high-risk obstetric population are essential before introduction of a 

combined screening model in clinical practice.  

 

As alluded to at the beginning of this chapter, few studies have specifically evaluated the role of 

PVIs in addition to other biophysical or biochemical parameters for prediction of PE. A 

prospective cohort study from Hannaford and colleagues evaluated the performance of PAPP-A 

and UAD in addition to PVIs (derived from 3DPD whole volume placental scanning) in the 

first trimester for prediction of PE (Hannaford et al., 2015). Of 570 women, 48 (8%) had PE, 

and 10 (2%) had early-onset PE. PVIs and PAPP-A levels were lower among women who 

developed PE while mean UAD values were higher in those who developed PE or early-onset 

PE. However, ROC analysis failed to demonstrate a significant increase in sensitivity and 

specificity in the model with the addition of PAPP-A and UAD (Hannaford et al., 2015). Future 

research should address the role of combined screening models for PE within high-risk groups 
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in the first trimester. Ultimately, introduction of a screening model which is highly specific and 

sensitive for PE has the capacity to shape the future of obstetric care.  

 

8.5.2 Second Trimester Combined Screening Model 
 
The final combined screening model for PE in the second trimester incorporated measurement 

of FI in addition to baseline maternal characteristics. No improvement in prediction of PE was 

noted with the addition of maternal serum biomarkers.  

 

Examining the performance of baseline characteristics within the combined screening model 

revealed that an increase in MAP was significantly associated with an increased risk of 

developing PE, as previously noted in the literature and further discussed in chapter 1 

(Lecarpentier et al., 2013; Wright et al., 2015; Tayyar et al., 2016). A number of non-significant 

variables did reflect expected trends in the second trimester model. Increased maternal age 

(Bianco et al., 1996; Duckitt and Harrington, 2005) was associated with an increased risk of 

developing PE, parity reduced the risk of developing PE (Duckitt and Harrington, 2005), while 

maternal deprivation was associated with a 39% increase in the odds of developing PE 

(Haelterman et al., 2003; Bilano et al., 2014).  

 

FI was the only PVI which remained significant in logistic regression models for prediction of 

PE in the second trimester (chapter 5). As previously detailed in section 5.7, caution is 

warranted when using PVIs as a screening tool in the second trimester. Analysis from the 

PREDICT study demonstrated that repeatability of FI for within image variation was good in 

the second trimester; this finding is in keeping with previous studies (Huster et al., 2010; Cabezas 

López et al., 2016). However, repeatability for between image variation was poorer in the second 

trimester, a finding reflected in a previous publication by  Lai and colleagues; poor ICCs were 

demonstrated for all PVIs in the second trimester (Lai, Wang and Welsh, 2010). Within the 

PREDICT study, reproducibility of PVIs was fair for all indices in the second trimester. 

Interestingly, analysis of paired FI samples–in contrast to the other PVIs–revealed no significant 
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difference in measurement, i.e. no apparent bias between operators. This may support role of FI 

as a reproducible measurement in the second trimester and within screening models for 

prediction of PE.  

 

Researchers should also remain mindful of external factors influencing the repeatability and 

reproducibility of PVIs, for example: the ability to accurately sample the entire placenta, 

maternal BMI, age, parity and smoking status. As reported in chapter 5, within the PREDICT 

study, it was challenging to obtain accurate measurement of large placental masses on a number 

of occasions in the second trimester. Difficulty in imaging the entire placenta was previously 

reported by Lai and colleagues–particularly in the third trimester–which may affect ability to 

obtain standardised measurements and account for poor reproducibility (Lai, Wang and Welsh, 

2010). The negative impact of increasing maternal BMI on performance of FI was previously 

reported by Hafner and colleagues (Hafner et al., 2010). In a prospective cohort study of 383 

women investigating the performance of first trimester placental and myometrial blood 

perfusion derived from 3DPD, Hafer and colleagues reported that vascularisation indices (VI 

and VFI) were almost independent of maternal obesity while FI was significantly affected 

(Hafner et al., 2010). No additional studies specifically examining the impact of maternal obesity 

on performance of PVIs for prediction of PE currently exist. Further research is required to 

investigate the relationship between maternal obesity and PVIs before a screening model could 

be introduced to the clinical environment.    

 

8.6 CONCLUSION 

 
Analyses from the PREDICT study demonstrate that an appropriate first trimester screening 

model for PE in a high-risk cohort combines data on baseline maternal characteristics, 

measurement of VFI and serum concentrations of sFlt-1. In the second trimester, combined 

screening models including baseline characteristics, biophysical and biochemical parameters 

performed no better than a model incorporating only baseline covariates and FI.  
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In addition to the findings reported in the PREDICT study, previous research indicates good 

repeatability and reproducibility of PVIs in the first trimester; an essential finding, particularly if 

a screening model is to be adopted by practicing obstetricians. As yet, the role for second 

trimester screening with PVIs remains inconclusive. Concerns regarding the ability to 

appropriately image the placenta, as well as the impact of other maternal characteristics should 

be more clearly investigated in future publications. In addition, the relationship between 

maternal obesity and vascularisation indices should be defined before a screening model is 

introduced to the clinical environment.   

  

Soluble Fms-like tyrosine kinase-1 was a significant predictor of PE in the PREDICT study, 

however, additional research is required to determine the applicability of first trimester 

biomarker screening for prediction of PE, particularly within a high-risk obstetric population.  

 

Future research should aim to address the role of combined screening models for PE within 

high-risk groups in the first trimester. Introduction of a combined screening model early in 

pregnancy would be most likely to impact clinical care. Early risk stratification has the greatest 

potential to enable clinicians to determine individualised pathways of care for high-risk groups 

with the ultimate aim of improving future maternal and neonatal outcomes. 
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Chapter 9 
Discussion and Conclusion 

9.1 OVERVIEW 

This thesis aimed to evaluate baseline maternal characteristics and the added clinical utility of 

placental indices derived from 3-Dimensional Power Doppler (3DPD) ultrasound of the 

placenta, uterine artery Doppler (UAD) imaging and measurement of maternal serum 

biomarkers for prediction of pre-eclampsia (PE) in high-risk women. The following research 

aims were identified:   

1. Evaluation of the predictive value of Placental Vascularisation Indices (PVIs) derived 

from 3DPD whole placental volume scanning for prediction of PE by appraisal of the 

available literature. 

2. To determine the clinical utility of PVIs (Vascularisation Index (VI), Flow Index (FI) 

and Vascularisation Flow Index (VFI) in the first and second trimesters of pregnancy to 

predict PE in high-risk women. 

3. To investigate intra-operator and inter-operator repeatability and reproducibility of 

PVIs in high-risk women in both the first and second trimesters of pregnancy.  

4. To determine if selected biomarkers–Pregnancy Associated Plasma Protein-A (PAPP-

A), Placental like Growth Factor (PlGF), soluble Fms like tyrosine kinase-1 (sFlt-1), 

soluble Endoglin (sEng), and Fatty Acid Binding Protein-4 (FABP4)–enable early 

prediction of PE in high-risk women. 

5. To investigate the added clinical value of measuring maternal serum biomarkers, UAD–

pulsatility index (PI) and resistance index (RI)–and PVIs for prediction of PE in high-

risk women. 
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6. To determine clinical applicability of a model combining information about baseline 

maternal characteristics, UAD measurements, PVIs and serum biomarkers for early 

prediction of PE in high-risk women. 

9.2 METHODS 

 
In order to investigate the research aims, a prospective longitudinal observational study of pre-

defined high-risk women and low-risk control participants was implemented within a tertiary 

referral centre in Northern Ireland (the PREDICT study) (n=232). Eligible participants attended 

for two study visits, the first between 11+0-13+6 weeks gestation (visit 1) to coincide with the 

routine antenatal booking appointment, and the second between 19+0-21+6 weeks gestation 

(visit 2) to coincide with attendance for recommended fetal anomaly screening. At both study 

visits, information concerning clinical history was collected and recorded in a specifically 

designed case report form. Transabdominal ultrasound was performed to examine PVIs, UAD 

flow and fetal measurements appropriate for gestation. Maternal blood pressure was recorded, 

urinalysis performed and women with diabetes were offered a standardised capillary blood 

glucose meter with a downloading facility to allow collection a seven day capillary blood glucose 

profile. Study-specific blood samples were taken for measurement of biomarkers.  

 

9.3 DISCUSSION  

 

9.3.1 Prediction of Pre-eclampsia 
 

9.3.1.1 Placental Vascularisation Indices 
 
Results from the systematic review and meta-analysis (chapter 2) demonstrate significantly lower 

first trimester PVIs across a range of studies in women who develop PE. Of note, interpretation 

of predictive value of VI may be burdened by a high degree of heterogeneity. The predictive 

value of PVIs was not established due to under reporting of sensitivity and specificity values and 

cut-points. 
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Analyses from the PREDICT study demonstrated significantly lower first trimester PVIs in 

women who subsequently developed PE (chapter 5). In the first trimester, all PVIs remained 

significant predictors of PE in logistic regression models controlling for baseline characteristics. 

Net Reclassification Improvement (NRI) and Integrated Discrimination Improvement (IDI) 

analyses confirmed the added clinical utility of VI and VFI in addition to baseline maternal 

characteristics in first trimester models for prediction of PE. In the second trimester, FI and 

VFI were significantly lower in women with PE, however only FI remained a significant 

predictor of PE in models controlling for baseline maternal covariates. Examining the added 

clinical utility of FI confirmed significant improvement in discrimination of cases and non-cases 

of PE (IDI) but no improvement in the reclassification of cases (NRI).  

 

Reliability analysis from the PREDICT study found that PVIs were repeatable and reproducible 

measurements in the first trimester. However, measurement of PVIs in the second trimester 

appeared less repeatable and reproducible. This may be due to variation in size of the placenta in 

the second trimester, maternal weight gain, fetal movement or indeed current limitations of 

ultrasound technology. 

 

9.3.1.2 Uterine Artery Doppler 
 
The ability of UAD to predict PE in high-risk women was not demonstrated in either the first 

or second trimester within the PREDICT study (chapter 6). These findings are perhaps not 

surprising when compared with results from a systematic review and meta-analysis–including 74 

studies–conducted by Cnossen and colleagues (Cnossen et al., 2008). Among high-risk women, 

PE was best predicted in the second trimester by increased PI in addition to the presence of 

UAD notching, yet sensitivity was reduced to 19% at a specificity of 99%. Overall, assessment 

with UAD demonstrated a modest ability to predict PE in high-risk women (Cnossen et al., 

2008), and only one study investigating prediction of PE in high-risk women in the first 
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trimester was included. The presence of bilateral UAD notching again demonstrated poor 

predictive ability.  

 

Optimal timing for screening with UAD remains debated. Introduction of UAD screening in 

the first trimester has the potential to inform clinicians about a women’s individualised risk of 

PE and enable timely decisions about preventative strategies and appropriate antenatal follow-

up. However, a high degree of skill is required to image the UAD–especially in the first 

trimester–therefore imaging may not prove a readily accessible screening tool outside tertiary 

units with relevant expertise.  

 

9.3.1.3 Maternal Serum Biomarkers 
 
Findings from the PREDICT study demonstrate a role for measurement of maternal serum 

biomarkers in screening for PE within a high-risk cohort (chapter 7). In the first trimester, 

logistic regression analysis demonstrated the ability of sFlt-1 and the sFlt-1:PlGF ratio as 

significant predictors of PE. In the second trimester, PlGF and the PlGF:sEng ratio were 

significant predictors of PE in models controlling for baseline maternal characteristics. Poor 

performance of the other biomarkers evaluated in the PREDICT study (FABP-4, PAPP-A, 

sEng) may have been as a result of contributing factors, including the high-risk maternal 

phenotypes present in the study or the gestation at which biomarkers were sampled. 

 

9.3.1.4 Combined Screening Tools  
 
A first trimester combined screening model for prediction of PE in a high-risk cohort was 

successfully identified in the PREDICT study (chapter 8). This model included data on baseline 

maternal characteristics (final grouping [diabetes, obesity, hypertension, autoimmune], age, Body 

Mass Index (BMI, kg/m2), smoking status, aspirin use, parity, material deprivation area of 

residence and Mean Arterial blood Pressure (MAP, mmHg), measurement of VFI and serum 

concentrations of sFLt-1. Additional (NRI and IDI) analysis demonstrated the added clinical 
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value of combining VFI and sFlt-1 with baseline maternal characteristics for prediction of PE in 

the first trimester. This finding has significant implications for both obstetricians and their 

patients. Implementation of this model has the potential to accurately inform and influence 

decision making around antenatal care, information giving and timing of delivery in addition to 

improving and maternal and neonatal outcomes. In the second trimester, combined screening 

models including baseline characteristics, biophysical and biochemical parameters performed no 

better than a model incorporating only baseline covariates and FI.  

 

9.3.2 Obesity and Pre-eclampsia 
 
An interesting finding arising from the PREDICT study was the high rate of PE seen within the 

obese group. Given that the prevalence of obesity in pregnancy is continuing to increase; going 

forward, this group are particularly important. The links between increasing BMI and 

development of PE remain poorly understood (Roberts et al., 2011). In addition, the 

independent effect of maternal obesity and risk of PE remains under-researched (Bodnar, et al., 

2005a). Results from the first trimester combined screening model designed for prediction of 

PE (chapter 8) indicate that the relationship between obesity and risk of PE may not be linear–

and indeed could plateau–in women who are in obese class 3 (BMI ≥40 kg/m2) or who are 

super-morbidity obese (≥50 kg/m2). Potentially, this finding has a wider-reaching impact; 

influencing the ability of clinicians to appropriately counsel these women in addition to safely 

negotiating potential pregnancy complications. Ultimately, obesity in pregnancy is likely to 

persist as almost 50% of women booking for pregnancy are either overweight (BMI ≥25 kg/m2) 

or obese (BMI≥30 kg/m2) (Scott-Pillai et al., 2013). Alternative strategies to address this 

burgeoning epidemic must be addressed to prevent further adverse maternal and neonatal 

outcomes. 

 

Additional caution is warranted when considering PVIs as a screening tool for PE in the obese 

population. Further exploration of the impact of maternal obesity on performance of PVIs is 

required; in particular clarification of the relationship between maternal BMI and FI. In tandem 
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with this, results from the PREDICT study also indicate a particular need for the development 

of specific biomarker threshold ranges for prediction of PE within the obese population before 

implementation in a clinical setting.  

 

9.4 ST RENGTHS AND LIMITATIONS 

 
PE remains a leading cause of maternal and neonatal morbidity and mortality. The PREDICT 

study addresses prediction of this significant and clinically relevant global health problem. A 

particular strength of the study is its specific focus on prediction of PE in high-risk women; to 

date there has been a limited research focus in this group of pregnant women. Adherence to 

strict inclusion and exclusion criteria during screening and recruitment to the PREDICT study 

ensured that pregnancies were carefully characterised prior to enrolment. The prospective 

longitudinal study design allowed extensive data collection concerning maternal and neonatal 

outcomes, enabling evaluation of multiple short-term outcomes for mothers and infants. A 

comprehensive range of methodologies were investigated for prediction of PE, these included: 

information about the clinical phenotype and characteristics of participants and their 

pregnancies, biophysical parameters (PVIs, UAD, MAP, BMI) and biochemical parameters 

(maternal serum biomarkers) in both the first and second trimester of pregnancy.   

 

An additional strength of the PREDICT study was the detailed analysis undertaken to 

investigate reliability and reproducibility of 3DPD PVIs. Despite ongoing controversy in the 

literature regarding standardisation of technique for obtaining 3DPD images using VOCAL 

(Raine-Fenning et al., 2008a, 2008b, Welsh et al., 2012, 2013; Soares et al., 2013), reliability 

analysis of placental images obtained as part of the PREDICT study demonstrated that PVIs 

appear to be repeatable and reproducible measures in the first trimester of pregnancy. This 

replicates findings from previous groups (Huster et al., 2010; Cabezas López et al., 2016). 

Reproducibility of PVIs in the second trimester was poorer than in the first trimester, again 
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reflecting previous findings from Morel and Lai and colleagues (Morel et al., 2011; Lai et al., 

2014). 

  

A further strength of the study was attainment of sample size and low attrition rate; only one 

participant was lost to follow-up. The primary outcome (PE) was carefully defined in 

accordance with the International Society for the Study of Hypertension in Pregnancy guidelines 

(Tranquilli et al., 2014) and independently verified by three clinicians. Analysis of data by primary 

outcome was available for 225 participants. The robust, comprehensive and considered 

statistical analysis strategy which was employed allowed construction of screening models 

involving potential predictor variables for PE.  

 

The study was conducted in the context of a systematic review and meta-analysis of the 

literature–the first of its kind–evaluating prediction of PE using PVIs. All eligible studies were 

identified by a comprehensive search of the available literature across a number of electronic 

databases. Predefined inclusion criteria allowed evaluation of a small but comparable number of 

papers. All included papers employed a whole volume placental scanning technique using 

VOCAL; in addition authors reported standardised machine settings and methods to ensure 

reproducible and reliable images. The quality of the included studies was also assessed by 

recognised criteria from the QUADAS tool (Whiting et al., 2011). 

 

There were a number of limitations in the PREDICT study, in particular, the rate of PE (12%) 

was lower than anticipated. Sample size was calculated on the assumption of a 20% incidence of 

PE in the study population (Bhattacharya et al., 2007; Herraiz et al., 2012; Hafner et al., 2013) and 

an inter-patient standard deviation in VFI of 5.213. A sample size of 200 women was designed 

to give 90% power to detect a difference of 3.0 in mean VFI between the normal group 

(expected size 160; actual size 199) and the PE group (expected size 40; actual size 26). The 

lower than expected incidence of PE may have been due to the influence of strategies for 

prevention of PE, for example, aspirin use, or the availability of dedicated specialist care within 
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a tertiary referral centre. In addition, there was a higher than expected incidence of PE in the 

low-risk group (10%). In the absence of any clear factors to explain this, it is thought to be a 

chance finding.  

 

It should also be acknowledged that the proposed planned numbers in each sub-group (n=50) 

were not delivered. Women with diabetes proved especially difficult to recruit due to increased 

miscarriage rates and lower than expected attendance for booking during the recruitment period. 

As a result, recruitment to the obese and hypertensive groups was increased in order to achieve 

the sample size. Moreover, power (for difference in VFI between groups) was calculated on the 

total number of women recruited to the PREDICT study, meaning that the study was 

underpowered to support sub-group analysis. Given the dearth of reported literature concerning 

high-risk sub-groups and prediction of PE, exploratory sub-group analysis was undertaken and 

reported in this thesis; however results should be interpreted with caution.  

 

9.5 CONCLUSIONS 

 
The PREDICT study shows that PVIs perform well for prediction of PE in the first trimester 

and measurements are repeatable and reproducible within a high-risk cohort. However, the 

small number of studies suitable for inclusion in the systematic review and meta-analysis 

reinforces the need for future research on the use of PVIs in the first trimester for prediction of 

PE, particularly within high-risk populations. Future studies should also aim to define 

appropriate gestational age cut-points for PVIs so that the screening tools for prediction of PE 

could be more easily and readily implemented in the clinical setting. 

 

At present screening for PE using PVIs in the second trimester cannot be recommended. 

Ultimately, additional research is required before a screening model for PE incorporating PVIs 

can be adopted in routine clinical practice. In particular, supplementary evaluation of the 

influence of baseline maternal characteristics on 3DPD image acquisition and their impact on 
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repeatability and reproducibility of PVIs should be investigated and validated in a larger high-

risk cohort.  

 

The added clinical utility of UAD for prediction of PE in high-risk women was not apparent 

within the PREDICT study. However, given the study sample size–which was powered to 

detect a difference in VFI between women with PE and those without PE–in addition to the 

heterogeneity between groups, it is not possible to completely discount UAD as a screening tool 

for PE. Future work should aim to further elucidate the performance of UAD for prediction of 

PE within larger pre-defined high-risk subgroups, particularly within the first trimester. 

 

Results from the PREDICT study indicate the additional clinical utility of a number of first and 

second trimester biomarkers for prediction of PE. However, serum biomarker concentrations 

vary throughout pregnancy and–as demonstrated by results from the PREDICT study–appear 

to behave differently among sub-groups. In particular, serum biomarker concentrations were 

significantly altered within the obese group when compared with the other high-risk sub-groups. 

This important finding has significant implications for clinical practice, particularly if screening 

tests incorporating serum biomarkers for prediction of PE were routinely introduced in an 

unselected population. There is therefore an urgent need for further research to explore suitable 

biomarker threshold ranges for prediction of PE in the obese population. 

  

In the first trimester combined screening model for PE, sFlt-1 remained a significant predictor 

of PE, however, additional research is required to determine the applicability of first trimester 

biomarker screening for prediction of PE, particularly within a high-risk obstetric population. 

Future research should focus on better understanding the underlying mechanisms for PE in 

differing sub-groups. This would help inform the understanding of gestational age biomarker 

patterns in different high-risk sub-groups and their ability to predict PE. 
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Supplementary research concerning the role of combined screening models for PE within high-

risk women–principally in the first trimester–is also required. Exploratory sub-group analysis 

demonstrated differences in performance of PVIs, UAD and serum biomarkers in prediction of 

PE and these results do add to the limited evidence base in this area. However, owing to time 

and resource constraints, extensive investigation of the performance of combined screening 

models within high-risk sub-groups was not possible. It is therefore imperative that larger 

studies are carried out to; (1) fully investigate the differences between groups and (2) further 

evaluate the ability of biophysical and biochemical parameters to predict PE in diverse high-risk 

groups. Furthermore, larger studies could also enable conclusions regarding the ability of 

screening models to predict early and late-onset PE. Researchers may wish to consider a future 

screening model which combines only VI and VFI in addition to baseline maternal 

characteristics and selected biomarkers due to concerns over the impact of maternal obesity on 

performance of FI. 

 

A combined screening model must be sensitive, specific, reproducible, cost-effective and 

acceptable to both clinicians and patients prior to routine introduction in a clinical setting. 

Adoption of a combined screening model early in pregnancy would be most likely to optimise 

maternal and neonatal outcomes. By challenging the existing pathways of antenatal care, 

clinicians could provide personalised medical care for women while acknowledging the diversity 

of high-risk medical co-morbidities existing during pregnancy, the heterogeneity of PE disease 

and spectrum of presentation. In altering the accepted clinical approach to screening for PE and 

other adverse pregnancy outcomes, there is also the potential for emerging therapies for PE to 

become a reality.   

 

This thesis highlights the burden of maternal obesity in pregnancy and increased risks for 

mothers and their babies both in pregnancy and beyond. Targeted adoption of a combined 

screening model for PE in obese women has the potential to reduce the morbidity and mortality 

associated with this high-risk condition. However, further research is needed to extend our 
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current understanding of PE risk in relation to BMI trajectory. There is also an urgent need for 

implementation of strategies to aid pre-pregnancy optimisation of maternal weight. Delivery of 

information and support for women in the pre-conception period could provide a vital means 

of impacting future change in their obstetric care. Strategies to implement change include 

specialised pre-pregnancy counselling clinics within either a primary or secondary care setting. In 

addition, increased availability of dedicated antenatal clinics for obese mothers would enable 

appropriate advice to be given throughout pregnancy regarding; diet, prevention of hypertension 

(including pregnancy induced hypertension and PE), venous thromboembolism, screening and 

appropriate management of gestational diabetes or small for gestational age pregnancy and 

counselling regarding increased risk of fetal anomalies. These clinics would also provide an 

opportunity to initiate timely anaesthetic review, discuss appropriate timing and mode of 

delivery as well as ensuring the availability of bariatric equipment for inpatient admission, if 

required. Approaches to support weight maintenance and/or loss during pregnancy should also 

be considered as a potential intervention and area of future research.  

 

Findings from the PREDICT study reveal the significant impact of PE on short-term maternal 

and neonatal outcomes. Although not examined as part of this thesis, women whose 

pregnancies are complicated by PE remain at risk of future health complications.  Future 

research investigating the role of specific postnatal advice for these women is essential. In 

particular, women should be made aware of preventative strategies, for example, administration 

of aspirin in future pregnancy, lifestyle modification and annual review of blood pressure, renal 

function and blood glucose.  
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Participant Information Sheet 
 

PREDICT 
 

Predicting the risk of pre-eclampsia. 
 
You are being invited to take part in a research study. Before you decide, it is important 
for you to understand why the research is being done and what it would involve for you. 
Please take time to read the following information carefully. Talk to others about the study 
if you wish. Ask us if there is anything that is not clear or if you would like more 
information. Take time to decide whether or not you wish to take part.  
 

Thank you for reading this 
___________________________________________________________________ 
 
What is the purpose of the study? 

 
Pre-eclampsia is the development of high blood pressure and protein in the urine usually in 
the second half of pregnancy (after 20 weeks) or soon after delivery. Around 4% of all 
pregnant women are affected by pre-eclampsia. However, in women with certain pre-
existing health problems the risk is much higher with up to 1 in 5 women developing the 
condition. Pre-eclampsia can have serious effects for the health of both mum and baby, 
including pre-term delivery, low birth weight or admission to the neonatal intensive care 
unit. 
 
To help us identify which pregnant women are most at risk of developing pre-eclampsia  we 
are conducting a research study following women with pre-existing health conditions (and a 
small number of women without pre-existing health conditions) throughout their 
pregnancies.  
 
This research will help us identify women at high risk of pre-eclampsia early in their 
pregnancy which in turn will allow us to ensure that these women receive more specialised 
care and monitoring throughout their pregnancy.  
 
Why have I been invited? 
 
If you have high blood pressure, diabetes, kidney disease, thrombophilia, lupus, anti-
phospholipid syndrome or are overweight you may be at risk of pre-eclampsia in this 
pregnancy. If you previously had pre-eclampsia or delivered a small baby you may also be 
more likely to have pre-eclampsia in this pregnancy. We are inviting all women aged 18 
years or older who have these underlying health conditions to take part in this study. If you 
are expecting twins you should not take part in this study.  
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We aim to recruit a total of 200 women with underlying health conditions to take part in the 
study.  
 

 
Do I have to take part? 
 
It is up to you to decide. We will describe the study and go through this information sheet, 
which we will then give to you. If you agree, you will be asked to sign a consent form. You 
are free to withdraw at any time without giving a reason. This will not affect the standard of 
care you receive.   
 
What will happen to me if I take part? 
 
Taking part in the study will not affect the standard of clinical care you receive in any way.  
 
If you agree to take part, we will ask you to attend for two study visits. The first of these will 
coincide with your routine hospital booking appointment where you will be asked to 
complete some questionnaires, have an ultrasound scan of the baby, a blood test and a urine 
test. The second visit will be on the same day as your anomaly scan (between 19 and 21 
weeks). We will repeat the blood and urine tests and also offer a 3D ultrasound picture of 
your baby. We are happy for you to bring your partner, a family member or a friend along 
for these extra scans. There is a possibility that some of the measurements obtained during 
your scan will be repeated by another doctor during the visits, this is to allow us to compare 
results between the different scan operators. For most women all scans will be carried out by 
placing the probe on the abdomen or stomach area, however, for a small proportion of 
women this method may not give a clear image and it may be necessary to carry out the scan 
using a vaginal probe. 
 
After your baby is born, and you have been discharged home we will look through your 
hospital notes to find out if you developed pre-eclampsia or other pregnancy related 
conditions. We will gather information on your health during pregnancy and information 
about the health of your baby.  
 
Visit 1 
 
Visit 1 will take place during your scheduled antenatal booking appointment. This 
appointment will be between 11 and 14 weeks of pregnancy.  We expect the visit to last 
about one hour. If you cannot stay on this day we can arrange for you to come back at a time 
that would suit. This visit involves you coming to the Day Obstetric Unit (in the Royal 
Maternity Hospital) for an ultrasound scan, blood test and a urine sample. We will also ask 
some questions about your general health, past pregnancies (if applicable), this pregnancy 
and measure your blood pressure. If you have diabetes we will offer you a new blood 
glucose monitor with the ability to download readings so that we can collect data about your 
blood glucose control at your next visit.  
 
 
Visit 2 
 
Visit 2 will take place on the same day as your anomaly scan (between 19 and 21 weeks). 
This visit should last less than 1 hour. At this visit we will repeat the ultrasound scan, blood 
sample, urine sample and blood pressure measurement. We will also ask about any changes 
in medication and your pregnancy so far. If you have diabetes we will download your most 
recent blood glucose readings from your blood glucose monitor. We are happy to offer a 3D 
ultrasound picture of the baby and you are welcome to bring a partner, a relative or a friend 
for the scan.  
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When it comes to the time for your delivery, everything will happen exactly as 
normal. Taking part in the study will not affect the timing of your delivery or your choice of 
method of delivery in any way. After delivery of your placenta (afterbirth) several small 
pieces (2 cm cubes) will be taken from your placenta, which would otherwise be discarded, 
to see if the structure and function of the placenta and the expression of various genes differs 
between mothers who do and who do not develop pre-eclampsia. 

What will happen if I don’t carry on with the study? 
 
You can withdraw from the study at any time and without giving a reason. A decision to 
withdraw at any time, or a decision not to take part, will not affect the standard of care you 
receive.  If you decide to withdraw from the study you can ask for any collected samples to 
be destroyed. 
 
 
What are the possible disadvantages and risks of taking part? 
 
Time: Both visits will aim to coincide with your routine antenatal appointments and therefore 
reduce any inconvenience however, collection of the study data will add a little to the time 
you spend in hospital. An additional visit may be needed if you cannot stay for the 
appointment. 
 
Blood sampling: The only known risk is the mild discomfort associated with taking blood as 
with any blood test. Sometimes you can be left with a slight bruise around the needle 
insertion site. We will take care to prevent these or to correct them should they arise. Where 
possible, additional blood samples during study visit 1 will be taken at the same time as your 
routine bloods to prevent the need for an additional blood draw. An extra blood sample will 
be taken at the second visit. 
 
What are the possible benefits of taking part? 
 
The study is designed to help us identify which mothers are at increased risk of pre-
eclampsia at an early stage in pregnancy. If we are able to do this, we may be able to help 
prevent serious complications for mothers and their babies in the future.  
 
While you will have additional scans and blood tests, there will be no direct benefits to you 
or your baby in relation to predicting pre-eclampsia as a result of taking part.   
 
What if there is a problem? 
 
If there are any abnormal findings at the time of either study visit you will be referred to 
your own clinical team for review. 
 
If you have a concern about any aspect of this study you should contact a member of our 
research team and they will do their best to answer your questions. Please see contact details 
listed below. 
 
If you remain unhappy and wish to complain formally, the NHS Complaints Department can 
be contacted via: The Belfast Health and Social Care Trust Complaints Department, 
Musgrave Park Hospital, McKinney House, 6th Floor, Stockman’s Lane, Belfast BT9 7JB; 
Telephone: 028 950 48000; email: complaints@belfasttrust.hscni.net  
 
 
 
 

mailto:complaints@belfasttrust.hscni.net
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Will my taking part in this study be kept confidential? 
 
We understand how important confidentiality is to you and your confidentiality will be 
ensured during and after the study. It may be necessary for researchers to access your patient 
notes if further information is required about your pregnancy or any previous pregnancies. 
All information which is collected about you during the course of the research will be kept 
strictly confidential and secured in a locked filing cabinet in the Belfast Health and Social 
Care Trust. Any information about you will have your name and address removed so that 
you cannot be recognised.  
 
What will happen to my data? 
The health information that we obtain from you will have all identifiable data removed and 
entered onto a study database held in Queen’s University by the researcher. The data will be 
analysed at the end of the study only by the research team.  Measurements taken by 
ultrasound will be analysed by our study researcher. Your blood samples will be sent to a 
laboratory located in Queen’s University to examine the ability of various metabolic markers 
to predict the risk of pre-eclampsia. An additional blood and urine sample will be stored and 
may be used in future research undertaken by the research team in relation to nutritional and 
metabolic markers of pre-eclampsia and other pregnancy complications. Placental samples 
will be stored and analysed in a laboratory in Queen’s University Belfast and may be used in 
future research to identify potential metabolic markers related to pre-eclampsia and other 
adverse pregnancy outcomes. 

 
What if relevant new information becomes available? 
 
If this happens, your consultant might suggest that you should withdraw from the study. 
He/she will explain the reasons and arrange for your care to continue as normal.  
 
 What will happen to the results of the research study? 
 
When the study is completed (which will take approximately 3 years) the results will be 
presented at scientific meetings and published in health journals. If successful we hope to 
take the research forward to improve antenatal care for women at risk of pre-eclampsia. You 
will receive a summary of these results. You will not be identified in any report or 
publication which results from this work. 
 
Who is organising and funding the research? 
 
This research project is organised by doctors from The Belfast Health and Social Care Trust 
and by researchers from Queen’s University Belfast. This project is supported by funding 
from the Public Health Agency.  

 
Who has reviewed the study? 
 
All research in the NHS is looked at by an independent group of people, called a Research 
Ethics Committee to protect your safety, rights, wellbeing and dignity. This study has been 
reviewed and given a favourable opinion by the Northern Ireland Research Ethics 
Committee. 
 
Further information and contact details 
 
If you would like to discuss any aspect of the study or have any questions about it, then 
please contact our research fellow: Dr Kelly-Ann Eastwood via e-mail:  
keastwood01@qub.ac.uk 
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You may wish to speak to someone who is not on the research team. You may contact Helen 
Rice (Senior Midwife), Royal Jubilee Maternity Hospital, 028 9024 0503. 
 
Study Team Members 
 
Prof Ian Young, Queen’s University Belfast 028 90632608 
Dr Valerie Holmes, Queen’s University Belfast 028 9063 4245 
Dr Alyson Hunter, Royal Jubilee Maternity Hospital 028 90632150 
Prof David McCance, Royal Victoria Hospital 028 9064 3430 
Dr Kelly-Ann Eastwood, Queen’s University Belfast 028 9063 5009 
 
Thank you for considering taking part in this study. If you agree to take part, you will be 

given a copy of this information sheet and the signed consent form to keep. 
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Low Risk Participant Information Sheet  
 

PREDICT 
 

Predicting the risk of pre-eclampsia. 
 
You are being invited to take part in a research study. Before you decide, it is important 
for you to understand why the research is being done and what it would involve for you. 
Please take time to read the following information carefully. Talk to others about the study 
if you wish. Ask us if there is anything that is not clear or if you would like more 
information. Take time to decide whether or not you wish to take part.  
 

Thank you for reading this 
___________________________________________________________________ 
 
What is the purpose of the study? 

 
Pre-eclampsia is the development of high blood pressure and protein in the urine usually in 
the second half of pregnancy (after 20 weeks) or soon after delivery. Around 4% of all 
pregnant women are affected by pre-eclampsia. However, in women with certain pre-
existing health problems the risk is much higher with up to 1 in 5 women developing the 
condition. Pre-eclampsia can have serious effects for the health of both mum and baby, 
including pre-term delivery, low birth weight or admission to the neonatal intensive care 
unit. 
 
To help us identify which pregnant women are most at risk of developing pre-eclampsia we 
are conducting a research study following women with both pre-existing health conditions 
and a small number of women without pre-existing health conditions throughout their 
pregnancies.  
 
This research will help us identify women at high risk of pre-eclampsia early in their 
pregnancy which in turn will allow us to ensure that these women receive more specialised 
care and monitoring throughout their pregnancy.  
 
 
Why have I been invited? 
 
You are being invited to take part because you are currently considered to be at low risk of 
developing pre-eclampsia. As well as recruiting women at high risk of developing pre-
eclampsia due to underlying health conditions, it is important that we recruit women at low 
risk as a comparison group. We aim to recruit 30 women aged 18 years or older without 
underlying health conditions to take part. If you are expecting twins you should not take part 
in this study. 
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Do I have to take part? 
 
It is up to you to decide. We will describe the study and go through this information sheet, 
which we will then give to you. If you agree, you will be asked to sign a consent form. You 
are free to withdraw at any time without giving a reason. This will not affect the standard of 
care you receive. 
 
What will happen to me if I take part? 
 
Taking part in the study will not affect the standard of clinical care you receive in any way.  
 
If you agree to take part, we will ask you to attend for two study visits. The first of these will 
coincide with your routine hospital booking appointment where you will be asked to 
complete some questionnaires, have an ultrasound scan of the baby, a blood test and a urine 
test. The second visit will be on the same day as your anomaly scan (between 19 and 21 
weeks). We will repeat the blood and urine tests and also offer a 3D ultrasound picture of 
your baby. We are happy for you to bring your partner, a family member or a friend along 
for these extra scans. There is a possibility that some of the measurements obtained during 
your scan will be repeated by another doctor during the visits, this is to allow us to compare 
results between the different scan operators. For most women all scans will be carried out by 
placing the probe on the abdomen or stomach area, however, for a small proportion of 
women this method may not give a clear image and it may be necessary to carry out the scan 
using a vaginal probe. 
 
After your baby is born, and you have been discharged home we will look through your 
hospital notes to find out if you developed pre-eclampsia or other pregnancy related 
conditions. We will gather information on your health during pregnancy and information 
about the health of your baby.  
 
Visit 1 
 
Visit 1 will take place during your scheduled antenatal booking appointment. This 
appointment will be between 11 and 14 weeks of pregnancy.  We expect the visit to last 
about one hour. If you cannot stay on this day we can arrange for you to come back at a time 
that would suit. This visit involves you coming to the Day Obstetric Unit (in the Royal 
Maternity Hospital) for an ultrasound scan, blood test and a urine sample. We will also ask 
some questions about your general health, past pregnancies (if applicable), this pregnancy 
and measure your blood pressure.  
 
Visit 2 
 
Visit 2 will take place on the same day as your anomaly scan (between 19 and 21 weeks). 
This visit should last less than 1 hour. At this visit we will repeat the ultrasound scan, blood 
sample, urine sample and blood pressure measurement. We are happy to offer a 3D 
ultrasound picture of the baby and you are welcome to bring a partner, a relative or a friend 
for the scan.  
 
When it comes to the time for your delivery, everything will happen exactly as 
normal. Taking part in the study will not affect the timing of your delivery or your choice of 
method of delivery in any way. After delivery of your placenta (afterbirth) several small 
pieces (2 cm cubes) will be taken from your placenta, which would otherwise be discarded, 
to see if the structure and function of the placenta and the expression of various genes differs 
between mothers who do and who do not develop pre-eclampsia. 
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What will happen if I don’t carry on with the study? 
 
You can withdraw from the study at any time and without giving a reason. A decision to 
withdraw at any time, or a decision not to take part, will not affect the standard of care you 
receive.  If you decide to withdraw from the study you can ask for any collected samples to 
be destroyed. 
 
 
What are the possible disadvantages and risks of taking part? 
 
Time: Both visits will aim to coincide with your routine antenatal appointments and therefore 
reduce any inconvenience however, collection of the study data will add a little to the time 
you spend in hospital. An additional visit may be needed if you cannot stay for the 
appointment. 
 
Blood sampling: The only known risk is the mild discomfort associated with taking blood as 
with any blood test. Sometimes you can be left with a slight bruise around the needle 
insertion site. We will take care to prevent these or to correct them should they arise. Where 
possible, additional blood samples during study visit 1 will be taken at the same time as your 
routine bloods to prevent the need for an additional blood draw. An extra blood sample will 
be taken at the second visit. 
 
What are the possible benefits of taking part? 
 
The study is designed to help us identify which mothers are at increased risk of pre-
eclampsia at an early stage in pregnancy. If we are able to do this, we may be able to help 
prevent serious complications for mothers and their babies in the future.  
 
While you will have additional scans and blood tests, there will be no direct benefits to you 
or your baby in relation to predicting pre-eclampsia as a result of taking part.   
 
What if there is a problem? 
 
If there are any abnormal findings at the time of either study visit you will be referred to 
your own clinical team for review. 
 
If you have a concern about any aspect of this study you should contact a member of our 
research team and they will do their best to answer your questions. Please see contact details 
listed below. 
 
If you remain unhappy and wish to complain formally, the NHS Complaints Department can 
be contacted via: The Belfast Health and Social Care Trust Complaints Department, 
Musgrave Park Hospital, McKinney House, 6th Floor, Stockman’s Lane, Belfast BT9 7JB; 
Telephone: 028 950 48000; email: complaints@belfasttrust.hscni.net  
 
Will my taking part in this study be kept confidential? 
 
We understand how important confidentiality is to you and your confidentiality will be 
ensured during and after the study. It may be necessary for researchers to access your patient 
notes if further information is required about your pregnancy or any previous pregnancies. 
All information which is collected about you during the course of the research will be kept 
strictly confidential and secured in a locked filing cabinet in the Belfast Health and Social 
Care Trust. Any information about you will have your name and address removed so that 
you cannot be recognised.  
 

mailto:complaints@belfasttrust.hscni.net
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What will happen to my data? 
 
The health information that we obtain from you will have all identifiable data removed and 
entered onto a study database held in Queen’s University by the researcher. The data will be 
analysed at the end of the study only by the research team.  Measurements taken by 
ultrasound will be analysed by our study researcher. Your blood samples will be sent to a 
laboratory located in Queen’s University to examine the ability of various metabolic markers 
to predict the risk of pre-eclampsia. An additional blood and urine sample will be stored and 
may be used in future research undertaken by the research team in relation to nutritional and 
metabolic markers of pre-eclampsia and other pregnancy complications. Placental samples 
will be stored and analysed in a laboratory in Queen’s University Belfast and may be used in 
future research to identify potential metabolic markers related to pre-eclampsia and other 
adverse pregnancy outcomes. 

 
 
What if relevant new information becomes available? 
 
If this happens, your consultant might suggest that you should withdraw from the study. 
He/she will explain the reasons and arrange for your care to continue as normal.  
 
What will happen to the results of the research study? 
 
When the study is completed (which will take approximately 3 years) the results will be 
presented at scientific meetings and published in health journals. If successful we hope to 
take the research forward to improve antenatal care for women at risk of pre-eclampsia. You 
will receive a summary of these results. You will not be identified in any report or 
publication which results from this work. 
 
Who is organising and funding the research? 
 
This research project is organised by doctors from The Belfast Health and Social Care Trust 
and by researchers from Queen’s University Belfast. This project is supported by funding 
from the Public Health Agency.  

 
Who has reviewed the study? 
 
All research in the NHS is looked at by an independent group of people, called a Research 
Ethics Committee to protect your safety, rights, wellbeing and dignity. This study has been 
reviewed and given a favourable opinion by the Northern Ireland Research Ethics 
Committee. 
 
Further information and contact details 
 
If you would like to discuss any aspect of the study or have any questions about it, then 
please contact our research fellow: Dr Kelly-Ann Eastwood via e-mail:  
kelly-anneastwood@doctors.org.uk 
 
You may wish to speak to someone who is not on the research team. You may contact Helen 
Rice (Senior Midwife), Royal Jubilee Maternity Hospital, 028 9024 0503. 
 
Study Team Members 
 
Prof Ian Young, Queen’s University Belfast 028 9063 2608 
Dr Valerie Holmes, Queen’s University Belfast 028 9063 4245 
Dr Alyson Hunter, Royal Jubilee Maternity Hospital 028 9063 2150 
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Prof David McCance, Royal Victoria Hospital 028 9064 3430 
Dr Kelly-Ann Eastwood, Queen’s University Belfast 028 9063 5009 
 
Thank you for considering taking part in this study. If you agree to take part, you will be 

given a copy of this information sheet and the signed consent form to keep. 
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Dear XXXXX 
 
You will be invited to take part in a research study when you attend for your first 
antenatal visit. Before you decide, it is important for you to understand why the 
research is being done and what it would involve for you. Please take time to read the 
enclosed information before you attend for your visit.  
 
If you would like further information regarding the study you may contact the 
researcher, Dr Kelly-Ann Eastwood via email: keastwood01@qub.ac.uk or 
telephone: 028 9063 5009 or you can speak to her when you attend for your 
appointment. 
 
Yours sincerely, 
 
 
{Electronic signature of Dr Hunter} 
Dr Alyson Hunter; Consultant Obstetrician  
 
  

 

 

http://www.belfasttrust.hscni.net/index.html
mailto:keastwood01@qub.ac.uk
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Patient Identification Number:__ __ ___ 

Date:  

CONSENT FORM 

PREDICT 
Predicting the risk of pre-eclampsia 
Name of Researcher: Dr Kelly-Ann Eastwood 

       Please INITIAL all boxes                      

1) I confirm that I have read and understand the information sheet dated 09/06/2015 
(version 3) for the above study.  I have had the opportunity to consider the information, ask 
questions and have had these answered satisfactorily. 

2) I understand that my participation is voluntary and that I am free to withdraw at any time 
without giving a reason and without my medical care or legal rights being affected. 

3) I understand that if I withdraw from the study, I can ask for collected samples to be 
destroyed. 

4) I understand that relevant sections of my medical notes and data collected during the 
study may be looked at by individuals from the NHS Trust and Queen’s University Belfast, 
or from regulatory authorities, where it is relevant to my taking part in this research. I give 
permission for these individuals to have access to my records. 

5) I give permission for researchers from Belfast Health and Social Care Trust and from 
Queen’s University Belfast to access my medical notes to obtain relevant study data. 

6) I give permission for researchers to take blood samples for study purposes at the 1st and 
2nd study visit. 

7) I give permission for researchers to take urine samples for study purposes at the 1st and 
2nd study visit.  
8) I give permission for researchers to perform ultrasound scans for study purposes at the 1st 
and 2nd study visit. 

9) I give permission for researchers to collect my placenta for study purposes following 
delivery. 

10) I understand that my blood and urine and placental samples will analysed for nutritional 
and metabolic markers for this study. 

11) I understand that surplus blood, urine and placental samples will be stored and may be 
used in other studies undertaken by the research team in relation to nutritional and 
metabolic markers. I understand that future studies will be approved by the local ethics 
committee before the research is done, that my blood, urine and placental samples will be 
stored without any identifying details and will only be used for research. 

12) I give permission for researchers from Belfast Health and Social Care Trust and 
Queen’s University Belfast to retain study data about me in the event of my withdrawal 
from the study. 
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13) I understand the research is being conducted by a team of researchers from Belfast 
Health and Social Care Trust and Queen’s University Belfast and that my personal details 
will be held by them until the study is complete. 
 
14) I agree to take part in the above study.  
 
            
Name of Participant  Date    Signature 

            
Name of Person Taking Consent Date    Signature  
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Patient Identification Number:__ __ ___ 

Date:  

CONSENT FORM (Control Group) 

PREDICT 
Predicting the risk of pre-eclampsia 
Name of Researcher: Dr Kelly-Ann Eastwood                                                                                    

              Please INITIAL all boxes                           

1) I confirm that I have read and understand the information sheet dated 09/06/2015 
(version 2) for the above study.  I have had the opportunity to consider the information, ask 
questions and have had these answered satisfactorily. 

2) I understand that my participation is voluntary and that I am free to withdraw at any time 
without giving a reason and without my medical care or legal rights being affected. 

3) I understand that if I withdraw from the study, I can ask for collected samples to be 
destroyed. 

4) I understand that relevant sections of my medical notes and data collected during the 
study may be looked at by individuals from the NHS Trust and Queen’s University Belfast, 
or from regulatory authorities, where it is relevant to my taking part in this research.  I give 
permission for these individuals to have access to my records. 

5) I give permission for researchers from Belfast Health and Social Care Trust and from 
Queen’s University Belfast to access my medical notes to obtain relevant study data. 

6) I give permission for researchers to take blood samples for study purposes at the 1st and 
2nd study visit. 

7) I give permission for researchers to take urine samples for study purposes at the 1st and 
2nd study visit.  
8) I give permission for researchers to perform ultrasound scans for study purposes at the 1st 
and 2nd study visit. 

9) I give permission for researchers to collect my placenta for study purposes following 
delivery. 

10) I understand that my blood and urine and placental samples will analysed for nutritional 
and metabolic markers for this study. 

11) I understand that surplus blood, urine and placental samples will be stored and may be 
used in other studies undertaken by the research team in relation to nutritional and 
metabolic markers. I understand that future studies will be approved by the local ethics 
committee before the research is done, that my blood, urine and placental samples will be 
stored without any identifying details and will only be used for research. 

12) I give permission for researchers from Belfast Health and Social Care Trust and 
Queen’s University Belfast to retain study data about me in the event of my withdrawal 
from the study. 
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13) I understand the research is being conducted by a team of researchers from Belfast 
Health and Social Care Trust and Queen’s University Belfast and that my personal details 
will be held by them until the study is complete. 
 
14) I agree to take part in the above study.  

 

               __________________           _________________ 
Name of Participant  Date    Signature 

                       

Name of Person Taking Consent Date    Signature  
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PREDICT 
SAMPLE COLLECTION SCHEME 

 
• Peripheral venous blood  
• Non-fasting subjects  
• At rest for 5 minutes 
• Tourniquet for minimum possible time (maximum of 1 minute) 
• Label all tubes with the subject number, visit date and visit type  
• (V1 and V2; where V1 = 11+0-13+6 and V2 = 19+0-21+6) 
• Collect / Fill tubes in order 1–5 (tube colour may vary depending on manufacturer): 

             
 

                        

                       
 

 
 

FINALLY, COLLECT A RANDOM URINE SAMPLE (Minimum 20mls)

1) 6ml Clotted sample  
(Red top)  

2) 6ml EDTA sample  
(Purple top)  

4) 6ml Clotted sample  
(Red top)  

5) 6ml EDTA sample  
(Purple top)  

Store at room 
temperature in the dark 
for at least 1 hour prior 
to centrifugation to 

  

  

Store at room temperature in 
the dark for at least 1 hour 
prior to centrifugation to 
allow clotting 

Mix by inversion 
Store at 4ºC (in fridge or 
on ice) prior to 
centrifugation  

Mix by inversion 
Store at 4ºC (in fridge or on 
ice) prior to centrifugation  
 

Mix by inversion 
Store at room 
temperature 
No centrifugation 
required  
 
  

3) 4ml EDTA sample  
(Purple top)  
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 1. 2 x 6ml clotted (red top) 
Store at room temperature for  
at least 1 hour before 
centrifuging (within 4 hours) 

Spin 3000 rpm 
for 15 min 

   Red cap 

Label S 

 

-8
0°

 fr
ee

ze
r  

  PREDICT SAMPLE PROCESSSING SCHEME 

Serum into 4 equal aliquots 

3. 1 x 4ml EDTA (purple top) 

4. 1 x urine sample 
10ml 10ml 

10ml urine into 2 sterile universal containers 

2. 2 x 6 ml EDTA (purple top) 
Store at 4°C and centrifuge  
as soon as possible 
(within 4 hours) 

Spin 3000 rpm 
for 15 min 

Serum into 4 equal aliquots 

Purple cap 

Label E 
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Pilot 01  

Standard Operating Procedure for: PREDICT Placenta Sample Collection  

Version: 1 

Date Created: 15/04/2016  

Date of third review:  

Date of next review: 15/04/2017  

Name of Author: Christine Greene  

Signature of Author:  

Authorised by: Jacqueline James  
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Introduction  

This document outlines the steps required to process placental specimens for PREDICT 

study purposes including steps required to ‘retrieve and process’ samples for the NIB.  

 

Staff must refer to the relevant NIB Standard Operating Procedures for the processes 

involved data entry (IT SOP 01).  

 

All internal procedures that take place within the Tissue Pathology laboratories (tissue 

blocking, processing, embedding, microtomy, H&E staining) follow the laboratory 

procedures documented within the Quality Management System for NHS Tissue 

Pathology. This includes all relevant COSHH and Risk Assessments for Tissue Collection, 

Processing and Transfer.  

 

Responsibility  

It is the responsibility of the Scientific Director of the NIB to ensure that all NIB staff 

adhere to this SOP. 
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Procedure  
 
Before delivery  

1. Patients have been previously consented previously by the study staff.  
 

2. The NIB BMS creates an NIB identifier for each patient.  
 
After delivery  

1. Royal Jubilee Maternity Hospital (RJMH) contacts the Tissue Pathology Lab or 
NIB mobile when a placenta is ready for collection.  
 

2. The NIB MLA/ BMS collects the fresh placental sample from maternity within 30 
minutes of delivery (if possible) during working hours. After 5pm the placenta is 
kept fresh in maternity fridge and collected first thing the following working day.  

 
3. Before accepting the sample, the NIB MLA/BMS must ensure there are patient 

identification details on the sample pot and labelled PREDICT study.  
 

4. The specimen is brought immediately by the NIB MLA/BMS to the Pathology 
Laboratory, having alerted the relevant pathology dissection team in advance. 
NIB barcode labels are printed with the USID number and affixed to sample vials 
and cassettes in advance.  
 

5. The placental trimmed weight, size and cord length are recorded on the study 
form.  
 

6. The placenta is dissected and two full thickness blocks (2x2cm) blocks are taken. 
One ~1cm away from the cord and the other distal from the first. See diagram 
below:  
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7. Each block is cut into six. See diagram below:  

 

 
8. From each block 3 pieces are put into labelled purple NIB cassettes A-C (first 

block) and D-F (second block)  
 

9. 2 pieces are placed in pre-labelled vials 0001 + 0002 (first block), 0004 + 0005 
(second block) and snap frozen in liquid nitrogen and immediately transferred to 
the -800C freezer: Tissue Pathology IOP - NHS Freezer in Neuropathology.  
 

10. Final piece is placed in pre-labelled RNAlater vial 0003 (first block) and 0006 
(second block), placed overnight in 4° fridge and then transferred to the -800C 
freezer: Tissue Pathology IOP - NHS Freezer in Neuropathology.  

 
All staff must adhere to the safety instructions in the Sample SOP 08 on Transport and 
Safe Handling of Specimens in Liquid Nitrogen before carrying out these procedures.  
 

11. Macroscopic photographs taken using the Macropath system (cross refer to LP 
401 145 Specimen Photography Version 2.0 held on QPULSE) to indicate the sites 
of cord and sampling of blocks 1+2, the specimen is then placed in formalin for 
overnight fixation.  
 

12. The NIB Information Management System (IMS) is updated to record time of 
delivery, time of snap freezing and cold ischaemic time. The name of the BMS 
responsible for tissue blocking and the time in fixative and total fixation time is 
also recorded on the NIB IMS.  
 

In the Pathology Laboratory  
 

1. FFPE tissue samples are allowed to fix for 24 hours before they are processed 
overnight to paraffin and embedded the next morning. 
 

2. The paraffin-embedded specimens (paraffin blocks) are trimmed and placed on 
glass slides by Biomedical Scientist staff for subsequent H&E staining. NIB 
Barcode labels are printed and affixed to the NIB colour coded slides. The NIB 
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IMS is updated to record details of the slides and blocks that have been created 
for the NIB.  
 

3. NIB blocks and matching slides are transferred to the archivist for batching and 
subsequent transfer to NIB storage facility on a monthly basis (see Sample SOP 
07 Prospective Sample Transfer and Tracking in CCRCB). The NIB IMS is updated 
to record this transfer when it happens.  
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