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Abstract 

AIM Placental biomarkers soluble Fms-like tyrosine kinase-1 (sFlt1) and placental 

growth factor (PlGF), when tested at midpregnancy, may predict preeclampsia. This 

thesis investigates testing PlGF and the sFlt1/PlGF ratio at midpregnancy, both in 

isolation and as part of a multivariable algorithm. The performance of three 

immunoassay platforms for testing these biomarkers will be compared. 

 

METHODS This prospective study included singleton pregnancies 19-22 weeks 

gestation. Maternal history, mean arterial pressure (MAP), uterine artery pulsatility 

index (UAPI) and maternal blood were collected at recruitment. Preeclampsia was the 

outcome measured. Inter-assay comparison was performed using Intraclass Correlation 

Coefficient and Bland-Altman plots. Screening performances for biomarker raw data and 

MoM values were evaluated using receiver operating characteristic (ROC) curves, with 

clinical characteristics calculated using selected cut-off values. Maternal factors, MAP, 

UAPI, PlGF MoM and sFlt1 MoM values for prediction of preterm preeclampsia were 

entered into the Fetal Medicine Foundation (FMF) algorithm and screening 

performances evaluated using selected cut-off values from ROC curves.                                            

 

RESULTS 512 patients were included. Results for PlGF and the sFlt1/PlGF ratio from the 

three platforms were well correlated, with R-values 0.896-0.949 (p<0.0001). Consistent 

differences between raw data values obtained between the three platforms was noted 

and confirmed on Bland-Altman analysis. MoM values proved equivalent between 

platforms.  

 

PlGF levels were lower at midpregnancy in patients who developed preterm and early 

onset preeclampsia (p<0.05), but not term preeclampsia. PlGF raw data values using the 

early onset preeclampsia cut-off performed best, with AUC 0.92-0.93, sensitivity 100%, 

specificity 77.8-80.75%, PPV 2.59-2.97% and NPV 100%.  
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Patients who developed early onset preeclampsia had significantly higher sFlt1/PlGF 

ratio raw data and MoM values (p<0.05), and patients who developed preterm 

preeclampsia had significantly higher sFlt1/PlGF ratio MoM values (p<0.05), with no 

significant difference in patients who developed term preeclampsia. The sFlt1/PlGF ratio 

using raw data values and the cut-off for early onset preeclampsia performed better 

than PlGF raw data values, with AUC 0.97, sensitivity 100%, specificity 95.87%, PPV 

12.5% and NPV 100%. Using the cut-off for preterm preeclampsia, PlGF MoM and 

sFlt1/PlGF MoM performed similarly, with AUC 0.71-0.74, sensitivity 62.5%, specificity 

82.34-89.29%, PPV 5.32-8.47% and NPV 99.28-99.34%.  

 

The multivariable FMF algorithm, incorporating maternal factors, MAP, UAPI and PlGF 

MoM performed superiorly to testing with biomarkers alone, with AUC 0.983-0.984, 

sensitivity 100%, specificity 94.25-95.04%, PPV 21.62-24.24% and NPV 100%. sFlt1 MoM 

did not further improve predictive performance. 

 

CONCLUSION While MoM values appear equivalent between platforms, specific 

reference ranges should be used for raw data values. sFlt1/PlGF ratio raw data values 

using the cut-off for early onset preeclampsia performed best, with fewest false 

positives. PlGF MoM and sFlt1/PlGF MoM using the cut-off for preterm preeclampsia 

performed similarly. The multivariable FMF algorithm gives superior performance over 

screening using biomarkers alone but requires more resources to undertake. 

 

In conclusion, PlGF, the sFlt1/PlGF ratio tested in isolation and PlGF MoM incorporated 

into a multivariable algorithm are all effective and feasible options for prediction of 

preeclampsia at midpregnancy. Implementation within different healthcare services 

would depend on resources available and require cost-benefit analysis prior to 

implementation. 
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Chapter 1 

Introduction and Literature Review 

 

1.1 General Introduction 

Preeclampsia is a multisystem, pregnancy specific disorder complicating 2-8% of 

pregnancies (Ghulmiyyah and Sibai 2012) and is a major cause of maternal and perinatal 

morbidity and mortality worldwide (Khan et al. 2006). Potentially life-threatening 

maternal conditions associated with preeclampsia include cerebral encephalopathy or 

haemorrhage, pulmonary oedema, hepatic failure or rupture, acute renal failure and 

placental abruption with disseminated intravascular coagulopathy (Sibai et al. 2003). 

The fetal effects can include preterm birth, fetal growth restriction, hypoxia, acidosis 

and perinatal death (Sibai et al. 2003). Maternal deaths from complications of 

preeclampsia continue to occur in developed countries, despite improvements in 

antenatal care. Four maternal deaths resulting from complications of preeclampsia 

occurred in Australia between 2012 and 2014 (Australian Institute of Health and Welfare 

2017), accounting for 6.3% of direct maternal deaths and resulting in a maternal 

mortality ratio (MMR) for hypertensive disorders of pregnancy for this period of 0.4 per 

100,000 (Australian Institute of Health and Welfare 2017). Regular assessment for 

preeclampsia is a key component of routine antenatal care, and much attention has 

been focused towards research into screening for preeclampsia in asymptomatic 

populations (O'Gorman et al. 2016; O'Gorman et al. 2017) and diagnostic testing in 

patients who present with symptoms of disease (Chappell et al. 2013; Zeisler et al. 

2016a). 

 

The development of preeclampsia is widely believed to originate from impaired 

placentation occurring early in pregnancy (Lyall et al. 2013). The placenta is an extremely 

sophisticated and complex organ, and normal placentation is fundamental to both 

maternal and fetal wellbeing, providing a vital connection between the two during all 

stages of pregnancy. The placental circulation must remain dynamic and evolve to the 
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needs of the rapidly growing fetus (Kingdom et al. 2000; Kaufmann et al. 2004). 

Abnormal levels of angiogenic factors in the maternal circulation can indicate placental 

dysfunction during the second trimester, well before symptoms of preeclampsia 

develop (Maynard et al. 2003; Levine 2004), giving an opportunity for screening with a 

view to close monitoring and early diagnosis, or potentially leading to the discovery of 

new prophylactic and therapeutic agents in future to ameliorate the development of 

this complex condition (Roberts and Hubel 2009; Warrington et al. 2013; Kar 2014). 

Despite the recent advances in our understanding of the pathophysiology and aetiology 

of preeclampsia, individual clinical tests that can accurately recognise placental 

dysfunction when performed during the second trimester of pregnancy are not yet 

recommended for routine clinical use for screening or diagnosis of preeclampsia (Meads 

et al. 2008; Henderson et al. 2017; Brown et al. 2018), and this area remains a challenge 

in modern day obstetrics. 

 

The work presented in this thesis has focused on circulating angiogenic factors and 

investigation into their clinical validity and utility as screening biomarkers for the 

prediction of preeclampsia at midpregnancy. The introduction to the thesis has 

reviewed the current understanding of the definitions, aetiology and pathophysiology 

of preeclampsia, clinical management and preventative strategies, the current 

understanding and justification for the use of placental biomarkers in preeclampsia 

screening during the second trimester.  

 

1.2 Preeclampsia  

1.2.1 Definitions  

Consistency in the definition of preeclampsia at an international level is important to 

allow appropriate diagnosis and provision of clinical care for this potentially sinister 

condition (Brown et al. 2001; Tranquilli et al. 2014; Brown et al. 2018). There exists a 

longstanding lack of definitive consensus regarding classification and diagnostic criteria 

for both preeclampsia and hypertensive disorders of pregnancy. In 2000, the 

International Society for the Study of Hypertension in Pregnancy (ISSHP) recognised this 
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lack of consensus and performed a review with the intention of specifically addressing 

this issue. Following the consideration of reports from several working groups globally, 

it was established that major consensus statements were essentially similar for the 

diagnostic criteria for preeclampsia, hypertension and their terminology (Brown et al. 

2001). The identified inconsistencies revolved around how inclusive each definition was, 

with the main area of discrepancy centered around whether the presence of significant 

proteinuria should be essential for the diagnosis of preeclampsia. Given the potentially 

sinister nature of preeclampsia, ISSHP recommended that for clinical management, it is 

safer to over diagnose preeclampsia than to miss a case, hence recommended that a 

broader, more inclusive definition, not necessarily including proteinuria, should be 

applied for the clinical definition of preeclampsia. In contrast, when considering criteria 

for patients enrolled in scientific research, a more restricted research definition with the 

inclusion of proteinuria in the diagnosis was recommended, to ensure greater specificity 

around the diagnosis of preeclampsia for the purpose of identifying cases for research 

studies (Brown et al. 2001).  

 

The ISSHP guidelines have subsequently been revised and updated (Tranquilli et al. 

2014; Brown et al. 2018). The ISSHP clinical definition for preeclampsia, which was most 

recently revised earlier this year, is as follows (Brown et al. 2018):  

 

Pre-eclampsia is gestational hypertension accompanied by one or more of the following 

new-onset conditions at or after 20 weeks’ gestation: 

 

1. Proteinuria  

2. Other maternal organ dysfunction, including:  

• Acute kidney injury (AKI) (creatinine ≥90 μmol/L; 1 mg/dL)  

• Liver involvement (elevated transaminases e.g. ALT or AST >40 IU/L) with or 

without right upper quadrant or epigastric abdominal pain) 

• Neurological complications (examples include eclampsia, altered mental status, 

blindness, stroke, clonus, severe headaches, persistent visual scotomata) 
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• Haematological complications (thrombocytopenia – platelet count below 

150,000/μL, DIC, hemolysis) 

3. Uteroplacental dysfunction (such as fetal growth restriction, abnormal umbilical 

artery Doppler wave form analysis, or stillbirth) 

 

As part of this revised definition, ISSHP defines hypertension and proteinuria as follows: 

 

1. Hypertension 

• Defined as systolic BP ≥140 and/or diastolic BP ≥90 mmHg 

• Blood pressure should be repeated to confirm true hypertension 

 o if blood pressure is severe (SBP ≥160 and/or DBP ≥110 mmHg) then the blood 

pressure should be confirmed within 15 min; 

 o for less severe blood pressure, repeated readings should be taken over a few 

hours. 

• Use a liquid crystal sphygmomanometer  

 o If this is unavailable, use a validated and appropriately calibrated automated 

device 

 

 

 

2. Proteinuria 

Proteinuria should be assessed initially by automated dipstick urinalysis when possible; 

if not available, careful visual dipstick urinalysis will suffice. 

• If positive (≥‘1+’, 30 mg/dl) then spot urine protein/creatinine ratio (PCR) should be 

performed 

• Urine PCR ≥30 mg/mmol (0.3 mg/mg) is abnormal 

• A negative dipstick test can usually be accepted and further PCR testing is not required 

at that time 

• Proteinuria is not required for a diagnosis of pre-eclampsia 

• Massive proteinuria (> 5 g/24 h) is associated with more severe neonatal outcomes 
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The ISSHP research definition of preeclampsia is as follows: de novo hypertension after 

20 weeks gestation and appropriately documented proteinuria, as described in the 

clinical definition, above (Brown et al. 2018). 

 

Throughout this work the research definition for preeclampsia has been used. 

Classification of preeclampsia in terms of severity and timing of onset are also lacking in 

consistency throughout the literature. These classifications, whilst not essential for 

everyday clinical practice, are once again useful at an international level to compare 

clinical data and outcomes (Tranquilli et al. 2014; Brown et al. 2018) and have been most 

recently revised this year, not for clinical purposes but for scientific research and 

publication purposes. Such classifications ensure that only women with the correct 

disorder will be included in scientific research, reserving the more inclusive, broader 

definition of preeclampsia as described above for use in everyday clinical practice. 

According to the recently revised guidelines, ISSHP does not advocate for any clinical 

distinction between mild and severe preeclampsia in usual clinical practice (Brown et al. 

2018). Instead, all cases of preeclampsia should be treated in the knowledge that the 

condition may change rapidly, and that this remains a major cause of maternal and fetal 

mortality worldwide. Classification of preeclampsia as early or late onset, mild or severe 

may be useful for research purposes, however, for clinical purposes, the condition 

should be considered as one that is at any time capable of becoming severe and life-

threatening from both a maternal and fetal point of view (Brown et al. 2018). Clinical 

findings warranting closer attention from a maternal perspective include ongoing or 

recurring severe headaches, visual scotomata, nausea and vomiting, epigastric pain, 

oliguria and severe hypertension as well as progressive derangements in laboratory 

tests (Brown et al. 2018). From a fetal perspective, abnormal fetal biometry, amniotic 

fluid assessment and fetal Doppler waveform analysis warrant closer monitoring (Brown 

et al. 2018). Women with concerning features should ideally be managed within a centre 

with access to both maternal and fetal high dependency or intensive care units if 

possible (Brown et al. 2018). 
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The ISSHP states that relying on the magnitude of hypertension as a solitary measure is 

not sufficient to predict immediate risk in preeclampsia, as individual thresholds differ 

substantially and some women may develop serious organ dysfunction at relatively mild 

levels of blood pressure (Brown et al. 2018). Hence, decisions to admit and monitor 

should be based on having developed preeclampsia per se, regardless of initial blood 

pressure levels. Having said this, blood pressure at or above 160/110 mmHg is 

considered a surrogate marker for the risk of stroke, as well as a reflection of increased 

severity of the overall condition of preeclampsia (Brown et al. 2018). Severe 

hypertension has been associated with significantly greater likelihood of both maternal 

and fetal adverse outcomes (Brown et al. 2018), however despite this, there is no 

universal agreement in clinical practice guidelines regarding target blood pressure levels 

to be maintained once antihypertensives are instituted in pregnancy. ISSHP endorses an 

approach that reduces the likelihood of developing severe maternal hypertension, with 

commencement of antihypertensives to treat any persistent hypertension, prior to 

reaching levels in the magnitude of 160/110 mmHg (Brown et al. 2018). This 

recommendation applies to all hypertensive disorders of pregnancy, aiming for a 

diastolic blood pressure of around 85 mmHg, and a systolic blood pressure <160 mmHg 

(Brown et al. 2018). 

 

There is ongoing debate regarding the importance of the absolute quantitation of 

proteinuria. Some believe that the degree of proteinuria provides little additional risk 

stratification, unless there is confirmed nephrotic syndrome, and it should not enter into 

consideration when determining the severity of preeclampsia (Payne et al. 2011; Brown 

2012; Cade et al. 2012). Others have shown that proteinuria is associated with increased 

maternal and perinatal morbidity (Homer et al. 2008), particularly massive proteinuria 

(>5g/24hours on a 24 hour collection, or >900mg/mmol using spot protein/creatinine 

ratio), which is associated with more severe neonatal outcomes and earlier delivery and 

worse maternal outcomes (Chan et al. 2005; Mateus et al. 2017). For this reason some 

units may choose to continue quantifying proteinuria after diagnosis, though there is no 
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current existing recommendation to expedite delivery based on the extent of 

proteinuria. 

 

As previously outlined, the diagnosis of preeclampsia is currently based on nonspecific 

criteria including blood pressure, proteinuria and subjective patient symptomatology. 

These parameters are late, end-organ effects of disease (Dekker and Sibai 2001; National 

Institute for Health and Clinical Excellence 2010; World Health Organization 2011; 

American College of Obstetricians and Gynecologists 2013) and they display poor test 

accuracy for prediction of adverse outcomes (Zhang et al. 2001; Henderson et al. 2017), 

with variable clinical presentations making risk assessment challenging. Additionally, the 

differentiation of preeclampsia from other hypertensive disorders of pregnancy can 

prove challenging, however these are important distinctions to make from a prognostic 

perspective. This is because the increased perinatal morbidity and mortality associated 

with preeclampsia does not accompany the other diagnoses to the same extent, hence 

the extent of clinical surveillance and triggers for delivery for these conditions can differ 

considerably (Dekker and Sibai 2001).  

 

1.2.2 Pathogenesis 

1.2.2.1 Normal placentation 

Formation of the maternal-fetal interface, the primary area affected by preeclampsia, is 

an extremely complex process (Maltepe et al. 2010; Carter et al. 2015). Our current 

understanding of placental development is limited by the fact that it has not been 

possible to date to replicate the specific microenvironmental conditions for the purpose 

of meaningful in vitro studies into placental development (Kaufmann et al. 2004). Our 

understanding of the development of the human fetovascular placental unit is based 

mainly on descriptive structural and immunohistochemical studies and animal 

experiments, at times limiting the ability to apply them directly to the human species 

(Kaufmann et al. 2004). With these limitations, it is no wonder that the exact aetiology 

of a condition as complex as preeclampsia is yet to be fully determined. 
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1.2.2.2 Normal placental vasculogenesis and angiogenesis 

From our established body of knowledge, it appears that the bulk of the placenta 

consists of copious tree-like projections called chorionic villi (Kingdom et al. 2000). These 

villi, containing circulating fetal blood, project into the intervillous space, the space 

between the chorionic plate on the fetal side of the placenta, and the basal plate on the 

maternal side of the placenta (Red-Horse et al. 2005) (Figure 1). Maternal blood 

circulating through the intervillous space comes into close contact with fetal blood from 

chorionic villi, and this is the site of maternal-fetal exchange (Kingdom et al. 2000; Fisher 

2015). Formation of placental villi at the placental side (Faas et al. 2014) (Figure 2) 

commences around day 13 post conception, via a process called vasculogenesis, which 

is defined as blood vessel formation occurring by a de novo production of endothelial 

cells (Risau and Flamme 1995; Kingdom et al. 2000; Kaufmann et al. 2004). Placental villi 

are initially primary villi, comprising finger-like outgrowths containing only trophoblast, 

which proliferate laterally into the intervillous space (Kingdom et al. 2000). By around 

day 21 post conception, the primary villi are invaded centrally by allantoic mesenchyme 

derived from the embryo, which transforms them into secondary villi, containing both 

trophoblast and mesoderm (Kingdom et al. 2000; Demir et al. 2004; Kaufmann et al. 

2004). Vascular endothelial growth factor A (VEGF-A), which is responsible for the 

commitment, growth and aggregation of endothelial precursors for the formation of 

haemangiogenic cords, is highly expressed at this stage (Wheeler et al. 1995; Shore et 

al. 1997; Vuorela et al. 1997) and has been shown in several studies to reach the area of 

vasculogenesis via villous trophoblast and villous stromal macrophages (Shore et al. 

1997; Vuorela et al. 1997; Demir et al. 2004). 
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Figure 1. Development of spiral arteries during vasculogenesis. Red-Horse, K., Kapidzic, M., Zhou, Y., Feng, K.T., Singh, H. and Fisher, S.J. (2005) 
'EPHB4 regulates chemokine-evoked trophoblast responses: a mechanism for incorporating the human placenta into the maternal circulation', 
Development, 132(18), 4097-106. Reproduced with permission from Development, available: http://dx.doi.org/10.1242/dev.01971.  
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Figure 2. Representation of a chorionic villus and intervillous space. Zeldovich, V.B., Robbins, J.R., Kapidzic, M., Lauer, P. and Bakardjiev, A.I. 
(2011) ‘Invasive extravillous trophoblasts restrict intracellular growth and spread of Listeria monocytogenes', PLoS Pathog, 7(3), e1002005, 
available: http://dx.doi.org/ 10.1371/journal.ppat.1002005. 
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From day 21, de novo formation of fetoplacental blood vessels occurs, via vasculogenesis 

(Risau and Flamme 1995; Kingdom et al. 2000; Kaufmann et al. 2004). The process of 

vasculogenesis involves formation of endothelial tubes from haemangiogenic cords, by 

focal enlargement of centrally located intercellular clefts which later fuse to form larger 

lumina. This leads to resulting segments of capillaries which vascularise the villi, 

classifying them as tertiary villi, containing trophoblast, mesoderm and blood vessels 

(Demir et al. 1989; Kingdom et al. 2000; Kaufmann et al. 2004). By day 28 post 

conception, the former haemoangiogenic cords of most villi show long lumina with 

flattening of surrounding endothelial cells (Kaufmann et al. 2004). Connection between 

the forming capillaries and the embryonic circulation occurs by day 35 post conception 

as villous capillaries fuse with each other and larger allantoic vessels in the early 

umbilical cord, finally establishing the connection between embryonic and placental 

vascular beds and forming the primitive fetoplacental capillary network (Downs et al. 

1998; Kaufmann et al. 2004). From this stage, formation of capillary networks continues 

via angiogenesis (Castellucci et al. 2000; Pratt et al. 2015), with elongation of existing 

tubes by non-branching angiogenesis, and branching of these tubes via sprouting 

angiogenesis, which progresses until week 25 post conception (Kaufmann et al. 2004). 

At this stage, peripheral capillary webs undergo vascular remodelling and regression and 

central stem vessel formation predominates until week 32 post conception (Kaufmann 

et al. 2004). Formation of terminal capillary loops by non-branching angiogenesis occurs 

from week 25 until term (Kaufmann et al. 2004). In vitro experiments have shown that 

expression of PlGF and sFlt-1 increase towards term, coinciding with the process of 

branching angiogenesis being increasingly replaced by non-branching angiogenesis 

(Clark et al. 1998a; Kumazaki et al. 2002).  

 

1.2.2.3 Normal transformation of spiral arterioles 

The uteroplacental circulation is established by cytotrophoblasts that leave the placenta 

and invade the uterine wall. These cells start out at the tips of placental anchoring villi, 

and migrate to form aggregates of cells, attached at one end to the placenta and at the 

other end to the uterus (Red-Horse et al. 2005; Fisher 2015) (Figure 1). 
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Figure 3. Failure of physiological transformation of the spiral arteries is implicated in preeclampsia.  
Moffett-King, A. (2002) 'Natural killer cells and pregnancy', Nat Rev Immunol, 2(9), 656-63, available: http://dx.doi.org/10.1038/nri886. 
 
 

Remodelling of spiral artery to supply low pressure, 
high volume blood flow 
 

Partially remodelled spiral artery supplies pulsatile, 
high pressure, low volume flow causing placental 
stress 
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These invasive cytotrophoblasts breach uterine blood vessels, connecting both maternal 

arterial and venous circulation to the intervillous space. Once this connection is made, 

cytotrophoblasts migrate up the maternal spiral arterioles and replace the maternal 

endothelial lining of the vessels and part of their muscular walls. This results in 

progressive distension of the arterioles and thinning of their walls, resulting in loss of 

the arterial structure altogether in some segments (Pijnenborg et al. 1983; Moffett-King 

2002) (Figure 3).  

 

This process extends as far as the decidual and inner third of the myometrial segments 

of these vessels (Fisher 2015). The spiral arteries hence transform from narrow calibre, 

high resistance to large calibre, low resistance vessels resulting in increased delivery of 

blood flow at reduced velocity to the intervillous space, allowing optimal perfusion of 

the placenta (Brosens et al. 1972; Burton and Tham 1992; Pijnenborg et al. 2011). In 

comparison to the arterial system, once linked at the maternal-fetal interface, maternal 

venous remodelling does not progress any further, limited to the extent required to 

enable venous blood return (Fisher 2015).  

 

1.2.2.4 Preeclampsia – a two stage disorder  

The exact pathogenesis of preeclampsia is not entirely understood (Dekker and Sibai 

2001; Redman and Sargent 2003; Lam et al. 2005; Sibai et al. 2005; Grill et al. 2009; 

Wang 2009; Steegers et al. 2010; Staff et al. 2013a; Warrington et al. 2013; 

Chaiworapongsa et al. 2014b; Rasmussen et al. 2015; Ngene and Moodley 2018), but is 

strongly associated with deficient uterine invasion by endovascular trophoblasts and 

incomplete remodelling of the uteroplacental spiral arteries during early pregnancy 

(Brosens et al. 1972; Pijnenborg et al. 2006; Pijnenborg et al. 2011; Lyall et al. 2013). 

Invasion and transformation of the uterine spiral arteries from small-calibre resistance 

vessels into high-calibre capacitance vessels makes the placental blood supply capable 

of matching placental perfusion with needs of the growing fetus. During early 

pregnancy, hypoxic conditions are required to stimulate placental blood vessel 

formation. Until 10 weeks gestation, the embryo lives within a hypoxic environment 

with nutrients derived from endometrial glands (Burton et al. 2010). Throughout this 

time the oxygen tension of the trophoblast has been shown to be far lower than after
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STAGE 1 
8-18 weeks 

STAGE 2 
>20 weeks 
 

 

Figure 4. A model of pathogenesis and subclassification of preeclampsia types. Staff, A.C., Benton, S.J., von Dadelszen, P., Roberts, J.M., Taylor, R.N., 
Powers, R.W., Charnock-Jones, D.S. and Redman, C.W. (2013a) 'Redefining preeclampsia using placenta-derived biomarkers', Hypertension, 61(5), 932-
42, available: http://dx.doi.org/10.1161/hypertensionaha.111.00250. 
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the spiral arteries open and perfuse the intervillous space (Rodesch et al. 1992). It has 

been demonstrated that hypoxia-mediated angiogenesis during early pregnancy may 

have an important role in placental development (Shweiki et al. 1992; Wheeler et al. 

1995). However, prolonged or oxidative stress leads to poor placental perfusion, which 

underlies the pathogenesis of preeclampsia (Sankar et al. 2013). 

 

From what we currently understand, preeclampsia is considered a two-stage disorder 

(Figure 4) (Roberts 2000; Lam et al. 2005; Levine and Karumanchi 2005; Redman and 

Sargent 2009; Roberts and Hubel 2009; Steegers et al. 2010; Staff et al. 2013a; Redman 

et al. 2014):  

 

Stage 1 involves deficient placentation, with impaired trophoblast invasion and 

remodelling of maternal spiral arteries during early gestation.  

 

Stage 2 ultimately stems from structural deficiency of the spiral arteries preventing the 

establishment of normal blood flow patterns to the intervillous space. Consequently, 

there is decreased placental perfusion, with resulting placental damage, ischaemia and 

ischaemia-reperfusion injury (Burton and Jauniaux 2004; Burton et al. 2010; Ilekis et al. 

2016). This generates placental oxidative stress (Burton and Jauniaux 2004; Redman and 

Sargent 2009; Redman et al. 2014), which directly affects the syncytiotrophoblast (STB) 

layer covering the entire surface of the villous tree (Burton and Jauniaux 2004) (Figure 

1). Consequently, there is an increased release of anti-angiogenic soluble Fms-like 

tyrosine kinase-1 (sFlt1), and a decreased release of pro-angiogenic factors such as PlGF 

from the placenta into the maternal circulation (Maynard et al. 2003; Levine 2004; Lam 

et al. 2005; Roberts and Post 2008; Lapaire et al. 2010; Redman et al. 2014). sFlt1 

additionally blocks the effects of free PlGF in the maternal circulation, preventing the 

normal interaction of PlGF with endothelial cells. This creates an anti-angiogenic state 

(Maynard et al. 2003; Redman and Sargent 2005; Roberts and Post 2008) (Figure 5).  

 

These first two steps can be considered an initial placental “trigger” for the development 

of preeclampsia (Redman and Sargent 2009). Systemic maternal endothelial cell 

dysfunction resulting from the release of placental biomarkers may then lead to the 
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maternal syndrome of preeclampsia (Redman and Sargent 2009; Redman and Sargent 

2010; Redman et al. 2014). Not all women with the potential  

placental triggers develop maternal symptoms of preeclampsia, and though the reasons 

for this have not been completely established (Walker 2000; Redman and Sargent 2005; 

Sibai et al. 2005; Roberts and Hubel 2009), it appears that the maternal response to such 

triggers are necessary for development of systemic disease (Walker 2000). 

 

Early onset preeclampsia, requiring delivery prior to 34 weeks gestation, can be 

associated with multisystemic involvement (Sibai et al. 2003; Sibai et al. 2005), a higher 

frequency of neonates with fetal growth restriction (Sibai et al. 2003), and placental 

vascular lesions consistent with placental under perfusion (Salafia et al. 1995; Salafia et 

al. 1998; Moldenhauer et al. 2003). Late onset preeclampsia, requiring delivery at or 

beyond 37 weeks gestation, is associated with more favourable neonatal outcomes than 

preterm preeclampsia, requiring delivery prior to 37 weeks gestation (Sibai 2003). In 

recent years, emerging knowledge supports the theory that early onset preeclampsia is 

a different entity to term preeclampsia, with an entirely different pathophysiology (von 

Dadelszen et al. 2003; Steegers et al. 2010; Staff et al. 2013a; Redman et al. 2014; von 

Dadelszen and Magee 2014). It appears that deficient placentation is the main 

mechanism behind early onset preeclampsia, also described as “placental 

preeclampsia”, leading to inadequate placental perfusion and resultant release of 

placental factors into the maternal circulation. The resulting maternal inflammatory 

response to these factors culminates in the maternal syndrome of preeclampsia 

(Roberts et al. 1989; Redman et al. 1999; Redman and Sargent 2005; Burton et al. 2009; 

Staff et al. 2013a; Redman et al. 2014). Late onset preeclampsia, also described as 

“maternal preeclampsia” may be characterised by predisposing maternal medical 

conditions such as diabetes, obesity or autoimmune conditions. Such conditions may 

increase maternal susceptibility to endothelial dysfunction and the clinical phenotype of 

preeclampsia as a maternal response to factors released from a normal placenta (Ness 

and Roberts 1996; Redman and Sargent 2005; Roberts and Hubel 2009; Staff et al. 

2013a). Late onset preeclampsia may also be characterised by  placental villous 

overcrowding which can occur in any pregnancy with advancing gestation, often 

associated with placental post-maturity.
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Figure 5. Circulating angiogenic factors in healthy pregnancy and pregnancy complicated by preeclampsia. Healthy placenta secretes normal 
(balanced) soluble Fms-like tyrosine kinase (sFlt1) leading to normal levels of proangiogenic factors available for binding to Fms-like tyrosine 
kinase 1 (Flt1) on endothelial cells, with resultant healthy endothelium. Ischaemic placenta secretes increased sFlt1 which binds circulating 
proangiogenic factors depleting their availability to Flt1 binding. The result is endothelial dysfunction, which may trigger a maternal response.  
Roberts, D.J. and Post, M.D. (2008) 'The placenta in pre-eclampsia and intrauterine growth restriction', J Clin Pathol, 61(12), 1254-60, available: 
http://dx.doi.org/10.1136/jcp.2008.055236. © 2018 BMJ & Association of Clinical Pathologists. All rights reserved. 

http://dx.doi.org/10.1136/jcp.2008.055236
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The aetiology of preeclampsia due to villous overcrowding then aligns with “placental 

preeclampsia” described earlier (Redman et al. 2014). Of course, there are no methods 

of distinguishing these different pathologies antenatally, and there can be overlap 

across the spectrum. Ultimately, the clinical phenotype of preeclampsia is dependent 

on the maternal response to these placental processes, which is dependent on different 

individual thresholds to mount a response against effects of placental pathology and the 

presence of potential predisposing maternal factors, with or without released circulating 

placental factors (Levine and Karumanchi 2005; Redman and Sargent 2005; Redman et 

al. 2014). Though late onset preeclampsia is often less severe than early onset, the 

majority of cases of preeclampsia occur at or near term (Hauth et al. 2000) and these 

cases constitute the bulk of the disease burden, hence accounting for a substantial 

proportion of severe maternal morbidity (Sibai et al. 1993; Staff et al. 2013a) and 

encompassing the majority of cases of eclampsia (Douglas and Redman 1994; Kenneth 

et al. 2010). Hence the identification of predictors of both early and late preeclampsia 

are clinically important. Patients who develop early onset preeclampsia have the 

potential for significant maternal and perinatal morbidity and mortality (Dekker and 

Sibai 2001; Sibai et al. 2003; Sibai 2003), as well as considerable healthcare expenditure 

(Schnettler et al. 2013). 

 

1.2.3 Current management  

Currently, assessment and management of preeclampsia follows expert opinion-

based guidelines, which perform poorly as predictors of maternal and perinatal 

outcomes. Women are often initially hospitalised until a diagnosis is established, for 

close observation and monitoring with consecutive laboratory investigations and tests 

of fetal wellbeing. The time frame between the first detection of hypertension and 

proteinuria and the subsequent development of complications is largely unpredictable, 

and women with a confirmed diagnosis warrant close monitoring until delivery (Lowe et 

al. 2015). Currently the only known cure for preeclampsia is delivery of the 

fetus and placenta. Whilst there have been significant advances in recent 

years with regard to methods for detecting preeclampsia, from both a screening 

(O'Gorman et al. 2016; O'Gorman et al. 2017) and diagnostic (Chappell et al. 2013; 

Zeisler et al. 2016a) point of view, effective treatment, other than delivery, awaits 
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discovery. The lack of available interventions reflects the complexity of the disorder, 

with multiple potential pathological processes resulting in lack of certainty regarding the 

exact underlying pathophysiology of preeclampsia (Lam et al. 2005; Sibai 2005; Grill et 

al. 2009; Wang A 2009; Steegers et al. 2010; Staff et al. 2013a; Warrington et al. 2013; 

Chaiworapongsa et al. 2014b; Rasmussen et al. 2015; Ngene and Moodley 2018).  

 

1.2.4 Preventative therapies  

Prophylactic therapies for preeclampsia have been studied extensively. Moderate 

benefits in outcomes have been reported in some studies. The outcome of a Cochrane 

review (Duley et al. 2007) looking at antiplatelet agents for preventing preeclampsia and 

its complications included 47 trials (32,891 patients) and confirmed a relative risk for 

preeclampsia of 0.83 (95% confidence interval 0.77-0.89) in patients treated with 

aspirin, which translated to a number needed to treat (NNT) of 72 patients to prevent 

one case of preeclampsia. A subsequent meta-analysis performed by the Perinatal 

Antiplatelet Review of International Studies (PARIS) group reported similar findings 

(Askie et al. 2007). They included 31 randomised trials, with a total of 32,217 women 

recruited in total. They reported a relative risk for preeclampsia of 0.90 (95% confidence 

interval 0.84-0.97) and relative risk of having a pregnancy with a serious adverse 

outcome was 0.90 (0.85-0.96). Both of these studies confirmed a significant reduction 

in rates of preterm birth in women taking aspirin. A further meta-analysis by Bujold 2010 

(Bujold et al. 2010) included 34 randomised trials including 11,348 women, and 

confirmed that when commenced prior to 16 weeks gestation, aspirin gave a relative 

risk of 0.47 (95% confidence intervals 0.34-0.65), compared with a relative risk of 0.81 

(95% confidence intervals 0.63-1.03) when commenced later than 16 weeks gestation. 

A significant decrease in severe preeclampsia, gestational hypertension and preterm 

birth was also observed in those women that commenced aspirin prior to 16 weeks 

(Duley et al. 2007; Bujold et al. 2010; Roberge et al. 2012). These findings were further 

confirmed in another meta-analysis in 2013 (Roberge et al. 2013), comparing the effects 

of early and late administration of low dose aspirin on the risk of perinatal death and a 

range of adverse perinatal outcomes. This meta-analysis included 42 studies (27,222 

women) and reported a greater reduction in preeclampsia in women who commenced 



45 

 

aspirin before or at 16 weeks gestation when compared with those who commenced 

aspirin beyond 16 weeks. Relative risks for development of preeclampsia and severe 

preeclampsia in those who commenced therapy prior to or at 16 weeks were 0.47 (95% 

confidence intervals 0.36-0.62) and 0.18 (95% confidence intervals 0.08-0.41), 

respectively, compared with 0.78 (95% confidence interval 0.61-0.99) and 0.65 (95% 

confidence interval 0.0.40-1.07), respectively, in women who commenced aspirin after 

16 weeks. They also confirmed significant reductions in perinatal death, fetal growth 

restriction and preterm birth in women taking low dose aspirin, with those commencing 

treatment prior to 16 weeks having the most significant reductions. The same group 

went on to perform a further meta-analysis in 2017 investigating more specifically the 

impact of aspirin dosage on preeclampsia risk (Roberge et al. 2017). In one of these 

studies, the risk reduction was only applicable to preterm, not term, preeclampsia 

(Roberge et al. 2012).  Studies included in these analyses used aspirin doses varying 

between 50 and 150mg/day. Previously, randomised control trials (Collaborative Low-

dose Aspirin Study in Pregnancy 1994; Caritis et al. 1998) did not support the routine 

prophylactic administration of low dose aspirin in pregnancy to high risk women. Each 

of these trials used relatively low doses of aspirin (60mg), with relatively advanced mean 

gestation at enrolment, ranging between 18 and 22 weeks gestation (Collaborative Low-

dose Aspirin Study in Pregnancy 1994; ECPPA 1996; Caritis et al. 1998). By this stage, 

placental development is essentially complete, with little scope for optimisation, which 

needs to be taken into consideration when interpreting findings reported from these 

earlier studies. Overall, there was considerable heterogeneity within the studies 

performed in this area, with significant variations in definitions of preeclampsia, aspirin 

doses administered, gestation of commencement and cessation of therapy and 

populations studied. Similarly, in low risk pregnancies, previous studies (Golding 1998) 

have reported no difference in the prevalence of preeclampsia or eclampsia between 

women that took aspirin when compared with controls. As with the previously 

mentioned randomised control trials, the dose of aspirin used in this trial was 60mg, and 

mean gestation at enrolment was between 15 and 20 weeks. Compliance was listed as 

a significant limitation of this study. A very recent systematic review (Roberge et al. 

2018) included 18,907 participants with preterm and term preeclampsia and confirmed 

a reduction in risk of preterm preeclampsia (RR 0.62, 95% confidence intervals 0.45-
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0.87) and no significant effect on term preeclampsia (RR 0.92, 95% confidence intervals 

0.70-1.21). This reduction in preterm preeclampsia occurred when aspirin was 

commenced prior to 16 weeks gestation and at a daily dose of at least 100mg daily (RR 

0.33, 95% confidence intervals 0.19-0.57). They concluded that aspirin reduces the risk 

of preterm preeclampsia, but not term preeclampsia, and only if commenced prior to 

16 weeks gestation at a dose of at least 100mg daily (Roberge et al. 2018). These findings 

go a long way towards explaining why the previous relatively low doses of aspirin used 

in older studies, when commenced at later gestations, did not demonstrate any 

appreciable effect. The current accepted knowledge of abnormal placentation and its 

role in the pathogenesis of preeclampsia, particularly at the key time of placental 

development prior to 18 weeks gestation is consistent with the findings of these more 

recent studies showing aspirin to have a greater prophylactic effect if commenced 

earlier in pregnancy.  

 

Very recently, the results of these older randomised control trials have been challenged 

by a randomised control comparing aspirin with placebo in pregnancies at high risk of 

preterm preeclampsia (Rolnik et al. 2017). This study used a multivariable logistic model 

to screen for preeclampsia risk in early pregnancy, then randomised women to 

treatment with aspirin or placebo. Results showed that preterm preeclampsia was 

significantly less common in women identified to be high risk for preeclampsia who then 

commenced aspirin (adjusted OR 0.38, 95% confidence interval 0.20 to 0.74, P=0.004), 

with no significant difference in term preeclampsia. This trial differed from previous 

randomised control trials in this area on several major fronts. Firstly, the dose of aspirin 

used was 150mg, which is much higher than the 60mg used in older trials and was 

administered at night. Secondly, the median gestation at recruitment was 12 weeks, 

which is much earlier than the mean gestation at recruitment for the older trials. Thirdly, 

women were identified as high risk for preterm preeclampsia based on combined 

screening with maternal factors and biomarkers, a strategy that has been recently 

shown to be more accurate at predicting preterm preeclampsia in the first trimester 

compared with previously utilised methods (National Institute for Health and Clinical 

Excellence 2010; American College of Obstetricians and Gynecologists 2013; O'Gorman 
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et al. 2016; O'Gorman et al. 2017). Based on this recent trial, aspirin at a dose 150mg 

per day is advised in women deemed high risk for preeclampsia and should be 

commenced between 11-14 weeks gestation (Rolnik et al. 2017).  

 

Calcium supplementation has been shown to be an effective prophylactic agent for the 

development of preeclampsia, according to a Cochrane Review (Hofmeyr et al. 2014). 

Calcium administered at a dose of ≥1g/day showed a significant reduction in the risk of 

preeclampsia according to 13 studies (15,730 women), with women who took calcium 

supplementation having a relative risk of 0.45 for the development of preeclampsia 

(95% confidence interval 0.31–0.65). Women with calcium deficient diets appeared to 

benefit most from prophylactic calcium administration, according to eight trials (10,678 

women), with a relative risk of 0.36, 95% confidence interval 0.20 to 0.65; as did women 

at high risk of preeclampsia, according to five trials (587 women), with a relative risk of 

0.22, 95% confidence interval 0.12-0.42.  

 

Use of antioxidants Vitamin C and E have been explored to determine their efficacy in 

the prevention of preeclampsia. A randomised control trial (Chappell et al. 1999) 

involving women at high risk for preeclampsia showed that supplementation with 

Vitamin C and E reduced the rate of preeclampsia compared with placebo (8% vs 17%, 

OR 0.39) however Vitamin C and E were associated with worse perinatal outcomes, with 

earlier mean delivery and reduced mean birthweight. A further randomised trial (Poston 

et al. 2006) showed the incidence of preeclampsia was similar in treatment and placebo 

groups (15% vs 16%, RR 0.97), with more low birth weight babies born to women in the 

treatment group (28% vs 24%, RR 1.15), refuting the hypothesis that Vitamin C and E 

prophylaxis from the second trimester reduces rates of preeclampsia in women at risk. 

Based on these results, Vitamin C and E at these doses are contraindicated for 

prevention of preeclampsia. A further randomised trial (Spinnato et al. 2007) showed 

that antioxidant supplementation did not demonstrate a benefit in reducing the rate of 

preeclampsia among high risk patients, and it was concluded that further studies in this 

area were not warranted.   
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Folic acid supplementation has been previously shown to reduce rates of preeclampsia, 

presumably by improving placental and systemic endothelial function and lowering 

blood homocysteine levels. Plasma or serum homocysteine levels are strongly 

associated with folate intake, with increased homocysteine levels associated with lower 

folic acid intake (Wen et al. 2008). A large cohort study (Wen et al. 2016) confirmed that 

supplementation of multivitamins containing folic acid was associated with a lower rate 

of preeclampsia, and the results were statistically significant among women at high risk 

for preeclampsia. This finding was consistent with previous studies (Hernandez-Diaz et 

al. 2002; Bodnar et al. 2006). Extrapolating from this, risks for preeclampsia have been 

shown to be greater among women taking folic acid antagonists (Wen et al. 2008). 

Limitations of these studies include the fact that non-supplementation these days is 

rare, which introduces confounding that is difficult to control in the absence of a 

randomised control trial. Hence the results of the Folic Acid Clinical Trial (FACT) study 

(Wen et al. 2013) are eagerly awaited, to ultimately prove or disprove the effect of folic 

acid supplementation on preeclampsia.  

 

It must be appreciated that trials of preventative agents have been performed in 

populations who may not have been appropriately determined to be high risk for 

preeclampsia, due to limitations with traditional methods of preeclampsia screening. 

Most patients recruited have been determined to be at high risk of preeclampsia based 

on past history and maternal factors. As previously discussed, risk stratification by these 

means alone is poorly predictive of preeclampsia. Until patients at risk of preeclampsia 

are able to reliably be detected, our scope for ascertaining the potential benefit of 

prophylactic agents in a correctly identified high risk population is limited. The ability to 

identify populations at high risk for preeclampsia, by use of sensitive and specific 

screening protocols would improve the clinical validity of future trials involving 

prophylactic agents. In addition, such accurate risk stratification would allow for 

optimisation of the model of pregnancy care and location of antenatal care, reserving 

limited tertiary resources for those at greatest risk of early onset preeclampsia. 
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1.2.5 The principles of screening and their applicability to preeclampsia 

Screening tests are designed to detect early evidence of an abnormality to allow 

preventative strategies or treatment to be implemented to improve the clinical 

outcomes compared with diagnosing the disease at a later stage. Prior to 

implementation of a population-based screening program, a range of criteria involving 

evidence behind benefits, risks and costs need to be addressed and approved (Wilson 

and Jungner 1968). The criteria that should be fulfilled to warrant population-based 

screening for a particular medical condition were first determined in 1968 (Wilson and 

Jungner 1968) and have remained essentially unchanged since then (Wilson and Jungner 

1968) (Table 1).  

 

Preeclampsia as a medical condition is yet to fulfill several of the necessary criteria to 

warrant routine predictive testing. The pathophysiology behind this extremely complex  

disease process is still incompletely understood. There are limited available testing 

strategies (Lees 2010; Cuckle et al. 2013) that are recommended in everyday clinical 

practice (Meads et al. 2008; Henderson et al. 2017; Brown et al. 2018) and as discussed 

in section 1.2.4, there are extremely few prophylactic interventions that have proven to 

be effective. At this stage, there is no accepted treatment for preeclampsia available 

except for delivery of the fetus and placenta. Many studies in the literature relating to 

preeclampsia have shown great heterogeneity as there has been no accurate way to 

target a high-risk group for the development of this condition. Effective screening for 

preeclampsia is paramount to the progression of knowledge in this field. Once such 

screening for the condition is available, studies specifically targeting patients at high risk 

of developing preeclampsia and potentially trialling different prophylactic and 

therapeutic agents can be designed. Such studies would be expected to significantly 

advance the current understanding of pathophysiology and management for this 

disease. Such advances in understanding of this disease will hopefully then translate to 

improved management protocols and optimisation of patient outcomes.
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Condition The condition sought should be an important health problem 

There should be a recognisable latent or early symptomatic stage 

The natural history of the condition, including development from latent to declared disease, should be adequately 

understood 

Test There should be a suitable test or examination 

The test should be acceptable to the population 

Treatment There should be an accepted treatment for patients with recognisable disease 

Screening 

program 

Facilities for diagnosis and treatment should be available 

There should be an agreed policy on whom to treat as patients 

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 

Case-finding should be a continuing process and not a ‘once and for all’ project 

  

Table 1. WHO Principles of screening. Wilson JMG, Jungner G. Principles and practice of screening for disease. Geneva: World Health 
Organization; 1968. 



51 

 

Recommendations for or against population screening are influenced by the relative 

strength of available evidence relating to these criteria. It is paramount that there is 

sufficient evidence from well-conducted studies, preferably randomised trials, that early 

detection improves clinical outcomes, and that benefits of screening outweigh any 

potential harms, prior to implementing such testing into clinical practice. Ethically, 

screening that is initiated by medical professionals leads to the presumption within the 

general community that this test must be beneficial.  Currently, regarding preeclampsia, 

the only known curative treatment is delivery of the fetus and placenta. Though 

initiation of aspirin prior to 16 weeks gestation in patients at high risk for developing 

preeclampsia has been confirmed to lower the incidence of preeclampsia (Rolnik et al. 

2017), other preventative strategies such as dietary interventions and antioxidant 

therapies have not proven beneficial (Chappell et al. 1999; Poston et al. 2006; Spinnato 

et al. 2007). Taking these factors into account, we are yet to clearly define the clinical 

utility of placental biomarkers for prediction of preeclampsia.  

 

1.2.5.1 Justification for preeclampsia screening at midpregnancy 

The reason that the second trimester of pregnancy was chosen as the gestation for 

screening for the purpose of this study, and more specifically, between 18 and 22 weeks 

gestation, is that this is the average gestation at which patients at the Royal Women’s 

Hospital attend their pregnancy booking visit and second trimester morphology scan, 

creating a convenient opportunity for screening. Current available evidence indicates 

that screening for preeclampsia during the second trimester may appear inferior to 

screening during the first trimester as the window of opportunity to  

administer aspirin to women considered high risk for preeclampsia will have closed 

(Roberge et al. 2012; Rolnik et al. 2017). However, a significant number of patients, for 

a variety of reasons, will encounter antenatal care for the first time later than 16 weeks 

gestation, and screening at this stage would still be useful, at the very least to avoid 

unnecessary interventions in low risk women. How could successful screening for 

preeclampsia at midpregnancy improve current management? Currently, though 

abnormal placentation occurs within the first 6 to 18 weeks of pregnancy, symptoms of 

preeclampsia do not tend to arise until many weeks later, in the late second or third 

trimester.
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Figure 6. Preeclampsia has a long asymptomatic period during which screening could identify high-risk pregnancies. 
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Until very recently, methods of diagnosis have relied on testing late, end-organ effects, 

leaving little time to optimise management. There is a long asymptomatic period in most 

women in which levels for placental biomarker sFlt1 and PlGF may be abnormal (Levine 

2004), and these abnormalities may be detectable on simple testing, well before the 

appearance of symptoms. This provides a relatively long window of opportunity for not 

only screening, but for targeted studies looking at potential preventative and curative 

therapies in women who are deemed high risk (Figure 6). Reliable prediction of preterm 

preeclampsia in the second trimester would certainly allow early transfer for tertiary 

care if required, to facilitate expert surveillance for maternal and fetal complications of 

preterm preeclampsia, and to prevent unnecessary iatrogenic preterm delivery. From 

the point of view of optimising plans for preterm delivery, second trimester prediction 

of preeclampsia would facilitate appropriate and timely administration of medications 

such as anti-hypertensives, magnesium sulphate and corticosteroids, as required (Wang 

2009; Lapaire et al. 2010; Maynard and Karumanchi 2011; Rodriguez et al. 2016). In 

addition to these clinical considerations, accurate prediction of preterm preeclampsia 

would enable potential recruitment for future studies investigating prophylactic or 

therapeutic agents for preeclampsia, or the validation of additional predictive markers 

(Roberts 2001; Lam et al. 2005; Grill et al. 2009; Wang 2009; Lapaire et al. 2010; Steegers 

et al. 2010; Maynard and Karumanchi 2011). 

 

Currently, the only prophylactic agents that have been shown to reduce the risk of 

developing preeclampsia are low dose aspirin commenced in the first trimester and 

calcium (see section 1.2.4). There are no known therapeutic agents for the condition to 

offer during this window of opportunity between detection of abnormal placental 

biomarker levels and the development of symptoms. At this stage, given that we have 

very limited effective prophylactic agents and no effective therapeutic agents available, 

it is too early to assess that midpregnancy screening for preeclampsia is not just as 

beneficial as first trimester screening when it comes to potentially preventing or treating 

this condition. 
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1.2.6 Current screening strategies for preeclampsia 

At this stage, no single screening test has been validated to predict maternal risk of 

preeclampsia with sensitivity and specificity great enough to be useful in everyday 

clinical practice (Conde-Agudelo et al. 2004; Meads et al. 2008; Henderson et al. 2017; 

Brown et al. 2018). Comparisons between screening strategies for preeclampsia based 

on studies in the literature can be difficult to make, given that many studies differ 

significantly across multiple parameters. These include methods tested, the a priori risk 

of the target group, classification and diagnostic criteria for preeclampsia and different 

gestations at which screening is undertaken (Kane et al. 2014). Each of these variations 

to different study protocols can directly affect results obtained and inferences drawn, 

with consequent difficulty forming definitive conclusions. The following sections outline 

potential components that may be used in midpregnancy screening for preeclampsia 

and will be referred to in subsequent chapters.  

 

1.2.7 Maternal Factors 

Traditionally, preeclampsia screening has been based on identifying risk factors from 

maternal demographic characteristics and medical and obstetric history, collectively 

referred to as “maternal factors” (National Institute for Health and Clinical Excellence 

2010; American College of Obstetricians and Gynecologists 2013). Published guidelines 

using these traditional methods, whilst inexpensive and not requiring specific resources 

to undertake, have been shown to have poor detection rates or high false positive rates, 

with low positive predictive values (Poon et al. 2010b; North et al. 2011; Verghese et al. 

2012). The NICE guidelines and PRECOG guidelines, both arising from the United 

Kingdom, are each based on systematic reviews of risk factors for preeclampsia to 

identify mothers at risk of developing the disease when screened prior to 20 weeks 

gestation. A study evaluating the predictive performance of these guidelines (Verghese 

et al. 2012) reported sensitivity of 77% (95% CI 65-87%) for the NICE guideline and 59% 

(95% CI 46-71%) for the PRECOG guideline, respectively, with specificities of 54% (95% 

CI 44-64%) and 81% (95% CI 73-88%), respectively. Positive predictive values were 7% 

and 11%, respectively. It was concluded that neither guideline has a reasonable 

performance and cannot be recommended for use in routine clinical practice (Verghese 

et al. 2012). Another study evaluating the NICE guidelines and comparing their 
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performance with a multivariable prediction algorithm conferred a detection rate of 

89.2% for early onset preeclampsia and 93% for late onset preeclampsia, however the 

false positive rate was very high at 64.1% (Poon et al. 2010b). In other words, based on 

these results, around two-thirds of women in this study have been falsely classified as 

being at high risk for preeclampsia, and in need of increased surveillance. When the 

maternal factors screened for in the NICE guidelines were combined into an algorithm 

derived from multivariate analysis, they give detection rates of 37% for early onset 

preeclampsia and 28.9% for late onset preeclampsia, for a 5% false positive rate (Poon 

et al. 2010b). It was concluded that screening for preeclampsia using maternal history 

necessitates use of multivariable algorithms in order to accurately derive the a priori risk 

of preeclampsia (Poon et al. 2010b). Analysis of both the NICE and PRECOG guidelines 

confirmed that a previous history of preeclampsia was the most discriminatory risk 

factor, which greatly limits the applicability of such screening based on maternal factors, 

as nulliparous women have the greatest incidence of preeclampsia. There is presently 

no method to accurately stratify healthy nulliparous women according to their risk for 

preeclampsia. The SCOPE (Screening for Pregnancy Endpoints) study, a prospective 

multicentre study included healthy nulliparous women with the primary aim of 

developing a predictive model to predict preeclampsia, among other pregnancy related 

complications (North et al. 2011). 3529 women were included, of whom 186 (5.3%) 

developed preeclampsia, with 47 (1.3%) developing preterm preeclampsia. The 

algorithm showed moderate predictive performance and was shown to predict 37% and 

61% of women for a 10% and 25% false positive rate, respectively and an AUC of 0.76. 

The predictive performance of the algorithm was not significantly improved by addition 

of uterine artery Doppler pulsatility index (AUC 0.77) (North et al. 2011). Despite using 

an algorithm which was intended to determine a personalised clinical risk estimate for 

preeclampsia, this study highlighted the limitations of screening using maternal factors 

alone (North et al. 2011). 

 

1.2.8 Mean Arterial Pressure 

Mean arterial blood pressure, when measured during the first or second trimester, has 

been shown to be a better predictor for preeclampsia than systolic blood pressure, 

diastolic blood pressure or an increase in blood pressure (Cnossen et al. 2008b). Mean 
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arterial pressure (MAP) can be calculated using the simple formula MAP = [(2 x diastolic) 

+ systolic] divided by 3.  The National Heart Foundation of Australia has devised a 

protocol for the accurate measurement of blood pressure (National Heart Foundation 

of Australia 2016). A simpler protocol for the measurement of MAP has been identified 

(Poon et al. 2012) that has been shown to achieve comparable performance in the 

prediction of preeclampsia when compared to the NHFA protocol, using the average of 

a minimum of two blood pressure measurements from each arm. This methodology 

(Poon et al. 2012) was utilised for recording MAP readings for the purpose of this study. 

 

1.2.9 Ultrasound parameters  

Uterine artery doppler pulsatility index (UAPI) has been shown to accurately reflect 

uterine blood flow and intervillous perfusion through recording blood velocity profiles 

from the uterine vessels supplying the intervillous space (Campbell et al. 1983). In 

normal pregnancies during the second trimester, these vessels have a unique profile, 

with a high diastolic velocity and low pulsatility, reflective of a low-resistance vascular 

system. In pregnancies complicated by preeclampsia, the profile of these vessels 

changes to reflect moderately increased resistance, with an early diastolic “notch” and 

reduced end-diastolic velocity (Campbell et al. 1983; Chaiworapongsa et al. 2014a) 

(Figure 7). A meta-analysis undertaken in 2008 showed Doppler testing to be less 

accurate in first trimester than in the second trimester (Cnossen et al. 2008a). In this 

review, an increased pulsatility index with notching in the second trimester best 

predicted overall preeclampsia in low risk and high-risk patients. Preeclampsia in low 

risk patients was found to be best predicted by an increased pulsatility index and 

diastolic notching in the second trimester, particularly greater than 16 weeks gestation 

(LR 7.5, 95% confidence interval 5.4-10.2). Severe preeclampsia in low risk patients was 

best predicted in the second trimester by an increased pulsatility index, with sensitivity 

78% and specificity 95% (LR 15.6, 95% confidence interval 13.3-17.3) and bilateral 

notching (LR 13.4, 95% confidence interval 8.5-17.4). Among high-risk patients, 

preeclampsia was best predicted in the second trimester by unilateral notching (LR 20.2, 

95% confidence interval 7.5-29.5) and an increased PI with notching (LR 21, 95% 

confidence interval 5.5-80.5). 
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Figure 7. Uterine artery Doppler velocimetry findings in the second trimester of pregnancy. a) Normal findings b) Abnormal findings, indicated 
by either the presence of bilateral uterine artery early diastolic notches (arrows) or a mean pulsatility index (calculated as [peak systolic velocity 
– end diastolic velocity]/time averaged velocity, averaged across both uterine arteries), above the 95th 
percentile for gestational age. Chaiworapongsa, T., Chaemsaithong, P., Korzeniewski, S.J., Yeo, L. and Romero, R. (2014a) 'Pre-eclampsia part 2: 
prediction, prevention and management', Nat Rev Nephrol, 10(9), 531-40, available: http://dx.doi.org/10.1038/nrneph.2014.103. 
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These results are based mainly on single studies or small numbers of women. More 

recently, a meta-analysis of 18 studies (55,974 women) (Velauthar et al. 2014) looking 

at first trimester uterine artery dopplers for the prediction of preeclampsia found an 

overall sensitivity and specificity of first-trimester uterine artery Doppler in predicting 

all cases of preeclampsia of 26.4% (95% confidence interval 22.5-30.8) and 93.4% (95% 

confidence interval 90.9–95.1). Sensitivity and specificity in predicting early onset 

preeclampsia were 47.8% (95% confidence interval 39.0-56.8) and 92.1% (95% 

confidence interval 88.6-94.6) (Velauthar et al. 2014). This method proves to be highly 

specific and moderately sensitive for predicting early onset preeclampsia, and 

incorporation of this test into multivariable prediction models may further improve its 

predictive ability (Onwudiwe et al. 2008). This method has the advantage of being non-

invasive and hence acceptable to patients. However, it is a specialised technique, 

requiring specific equipment and operator expertise. This test would be relatively 

straightforward to introduce in developed countries at the time of the routine 

morphology scan, however its implementation in developing countries could prove 

more challenging.  

 

1.3 Placental Biomarkers 

Within the last fifteen years, both angiogenic and anti-angiogenic factors of placental 

origin have been shown to contribute to the development of preeclampsia. In 2003, 

Maynard made very significant inroads towards our understanding of the role that 

placental sFlt1 plays in the pathogenesis of preeclampsia (Maynard et al. 2003).  Using 

gene expression profiling of placental tissue from women with and without 

preeclampsia, his group found sFlt1 mRNA to be upregulated in preeclamptic placentas. 

They then confirmed that serum sFlt1 levels are significantly increased in women with 

severe preeclampsia, and that both free VEGF and free PlGF were significantly decreased 

in patients with preeclampsia, with the degree of decrease proportionate to the rise in 

serum sFlt1 levels in these patients. They then demonstrated in vitro that excess 

circulating sFlt1 in patients with preeclampsia causes endothelial dysfunction by 

inhibiting endothelial tube formation, an established in vitro model of angiogenesis (see 

section 1.2.2.2) 
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Next, they demonstrated that exogenous administration of sFlt1 to pregnant rats 

induced hypertension and proteinuria, with lower doses of sFlt1 administered resulting 

in milder phenotypes. Finally, they demonstrated renal pathologic findings in the rats 

who received sFlt1 which resembled the classic findings seen on renal biopsies in human 

preeclampsia, including glomerular endotheliosis (Maynard et al. 2003).  These findings 

have set the foundations for subsequent research, leading to the use of maternal serum 

sFlt1 as a biomarker for the prediction of preeclampsia.  

 

Subsequently, in another landmark study in this area (Levine 2004), serum PlGF and sFlt1 

levels tested at 13-21 weeks, 26-29 weeks and 36 weeks or at the development of 

symptoms of preeclampsia were altered in women with clinical preeclampsia. The sFlt1 

level was found to change throughout gestation. In normal pregnancy, sFlt1 levels 

remained constant until between 33 and 36 weeks gestation, then increased until term. 

In women who subsequently developed preeclampsia, sFlt1 concentrations began to 

rise between 21 and 24 weeks gestation, with a steeper increase between 29 and 32 

weeks. sFlt1 concentrations were found to increase rapidly from 5 weeks prior to 

symptom onset, with increases noted from between 9 and 11 weeks prior to symptoms. 

PlGF was shown to increase through the first two trimesters, peak between 29 and 32 

weeks and decrease thereafter. PlGF levels in patients who developed preeclampsia 

were significantly lower than in controls from between 13 and 16 weeks gestation 

onwards, with mean PlGF in patients who developed preeclampsia compared with 

controls being 90pg/mL and 142pg/mL, respectively. Similar to sFlt1, PlGF levels 

decreased substantially from 5 weeks prior to symptom onset, with decrease in levels 

from up to 9 to 11 weeks prior to the onset of symptoms. Alterations in sFlt1 and PlGF 

levels were more pronounced prior to the onset of preeclampsia in women with preterm 

preeclampsia than term preeclampsia. sFlt1 and PlGF levels obtained prior to the onset 

of preeclampsia in women who developed preeclampsia and SGA were also significantly 

different from concentrations in women who had later preeclampsia without SGA.
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These crucial developments have not only specified precise factors secreted by 

oxidatively stressed syncytiotrophoblast but have led to the discovery of potentially 

useful predictive and diagnostic biomarkers for preeclampsia (Poon et al. 2010a; 

Chappell et al. 2013; Park et al. 2013; Redman et al. 2014; O'Gorman et al. 2016; Zeisler 

et al. 2016a). Despite these advances, at present, there is no clinically useful prediction 

model for the development of preeclampsia that is currently recommended  

for use in everyday practice (Meads et al. 2008; Henderson et al. 2017; Brown et al. 

2018). 

 

1.3.1  Placental Growth Factor (PlGF)  

Placental growth factor (PlGF) was first isolated from the human placenta in 1991 

(Maglione et al. 1991). PlGF is a member of the vascular endothelial growth factor 

(VEGF) family of angiogenic growth factors, which are important regulators of early 

placental vascular changes. PlGF is structurally similar to VEGF-A, and in humans, 

placental expression is reduced in women with preeclampsia compared with 

normotensive pregnant women (Su et al. 2001; Tidwell et al. 2001; Tjoa et al. 2001; 

Polliotti et al. 2003; Taylor et al. 2003; Bersinger and Odegard 2004; Levine 2004; 

Thadhani et al. 2004; Madazli et al. 2005; Espinoza et al. 2007; Stepan et al. 2007; Unal 

et al. 2007; Diab et al. 2008; Kusanovic et al. 2009; Wortelboer et al. 2010; Ghosh et al. 

2012; Ghosh et al. 2013; Geralyn Lambert-Messerlian 2014; Shim et al. 2015). VEGF has 

been shown to induce angiogenesis in vivo (Ferrara et al. 1991) and plays a central role 

in regulating vascular growth (Shore et al. 1997).  

 

Located on chromosome 14 of the human genome and consisting of seven exons 

(Maglione et al. 1993), the PlGF gene is differentially expressed in cells and tissues and 

is mainly specific to trophoblast cells (Shore et al. 1997). At least four isoforms for PlGF 

have been identified, denoted as PlGF-1, PlGF-2, PlGF-3 and PlGF-4 (Maglione et al. 

1993; Cao et al. 1997; Yang et al. 2003) (Figure 8). These isoforms are thought to arise 

from alternative mRNA splicing of the PlGF primary transcript, with each isoform 

displaying slightly different secretion properties and binding affinities (Ribatti 2008). 

Whether the different PlGF isoforms demonstrate different biological activity is not 

certain. PlGF-1 and PlGF-3 bind to the VEGFR-1 receptor, also known as Fms-like tyrosine 
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kinase (Flt-1), which is predominantly expressed by vascular endothelial cells (Ribatti 

2008). PlGF-1 and PlGF-3 are secreted in soluble form, and in the circulation, are largely 

bound to the soluble form of Flt-1 (sFlt-1) and exert their effects in a paracrine manner 

(Yang et al. 2003). In contrast, PlGF-2 and PlGF-4 contain additional amino acids which 

provide heparin-binding sites (Yang et al. 2003). PlGF-2 and PlGF-4 are thought to remain 

cell membrane bound and exert their effects in an autocrine manner (Ferrara et al. 1991; 

Yang et al. 2003). 

 

PlGF has been proposed to induce proliferation, migration and activation of endothelial 

cells (Ziche et al. 1997), and controls trophoblast growth and differentiation (Maglione 

et al. 1993). Hence PlGF plays an essential role in coordinating the numerous steps 

involved during placental invasion into the maternal decidua and subsequent 

remodelling of spiral arteries, essential to normal placental development (Vuorela et al. 

1997). Placental PlGF synthesis appears localised to villous cytotrophoblast, 

syncytiotrophoblast and extravillous trophoblast (Clark et al. 1998b) and levels increase 

as gestation advances, in contrast to VEGF which decreases (Khaliq et al. 1999). The 

gradual shift in balance from the actions of VEGF to PlGF may explain the change in 

villous angiogenesis from predominantly branching to non-branching type, resulting in 

the formation of tertiary villi, which constitute 40% of the placental volume and 50% of 

the exchange surface of the placenta leading up to term (Gruenwald 1977). Decrease in 

VEGF level with advancing gestation also allows inhibition of continuous expansion of 

the fetoplacental tree which is necessary for early placental growth (Cao et al. 1996).  

 

PlGF has been identified in several different sites within the human placenta. These 

include within vasculo-syncytial membranes, within large blood vessels of the placenta 

(Khaliq et al. 1996), within villous trophoblast, and human umbilical vein endothelial 

cells (HUVECs) (Torry et al. 1999). Vasculo-syncytial membranes consist of fetal 

capillaries which are fused with syncytiotrophoblasts. They are localised areas of the 

placental villous membrane where the thickness of the barrier separating the maternal 

and fetal circulations is reduced to as little as 1-2 microns. Consequently, they are 

believed to be important sites for diffusional exchange (Burton and Tham 1992). The  
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Figure 8. PlGF isoforms – PlGF-1, PlGF-2, PlGF-3 and PlGF-4. Takahashi H, Masabumi S. 
The vascular endothelial growth factor (VEGF)/VEGF receptor system and its role under 
physiological and pathological conditions. Clinical Science 2005; 109(3):227-41, 
available: http://dx.doi.org/10.1042/CS20040370.  
 
 
 

 

 
Figure 9. Soluble Fms-like tyrosine kinase 1. Kwelgan. Structural comparison of sFlt1-1 
and Flt-1. Wikipedia 2018, available:  
https://commons.wikimedia.org/wiki/File:Kwelgan_figure_4.tif#file 
 

VEGF or PlGF 
binding domain 

https://commons.wikimedia.org/wiki/File:Kwelgan_figure_4.tif#file
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morphological appearances suggest that they are caused by the protrusion of locally 

dilated segments of the fetal capillaries into the trophoblast layer. Vasculo-syncytial 

membranes have been shown to be extremely deficient in placentas of hypertensive 

pregnancies (Ansari 2011), most likely due to a failure of trophoblast differentiation.  

 

PlGF expressed in human trophoblast is postulated to act in a paracrine fashion to 

modulate the more distant extensive angiogenesis, vessel remodelling and vascular 

permeability during implantation and placentation, whilst directly influencing 

trophoblast function via an autocrine mechanism (Shore et al. 1997; Yang et al. 2003). 

PlGF expressed in human trophoblast culture has been shown to be significantly 

downregulated when exposed to hypoxic conditions, implying that pregnancy 

complications associated with altered oxygen tension at the maternal fetal interface, 

such as preeclampsia, may result in abnormal levels of these growth factors in the 

maternal circulation (Shore et al. 1997). PlGF is primarily expressed in the placenta, 

heart and lungs, however has also been identified in the thyroid, skeletal muscle, and 

adipose tissue (Persico et al. 1999). The physiological functions of PlGF outside of 

pregnancy are not clear. 

 

1.3.2  Soluble Fms-like Tyrosine Kinase 1 (sFlt1)  

Fms-like tyrosine kinase receptor (Flt-1), also known as VEGFR-1, was first isolated in 

1990 (Shibuya et al. 1990), and also belongs to the VEGF family of receptors. VEGF 

receptors each carry a tyrosine kinase domain in the intracellular region (Shibuya 2001) 

and seven Ig-domains in their extracellular region, which include a VEGF binding region 

(Keyt et al. 1996; Tanaka et al. 1997; Shibuya 2011) and a single transmembrane domain 

(Figure 9).  

 

The extracellular region is also known as the extracellular domain (ECD), and this is the 

section required for ligand binding. The Flt-1 gene is located on chromosome 13 

(Maynard et al. 2005). This gene expresses 2 variants of mRNAs, one being a long form, 

and the other a short form (Shibuya et al. 1990). The short mRNA is highly expressed in 

normal placenta, encoding a soluble form of Flt-1 known as sFlt-1 (Shibuya et al. 1990). 

sFlt-1 is expressed within monocytes and macrophages, and in trophoblasts at the fetal-
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maternal interface of the placenta (Shibuya 2011). Trophoblast expression of sFlt-1 is 

upregulated by hypoxic conditions (Gerber et al. 1998). 

 

Placental trophoblast cells may utilise this molecule as a biochemical barrier between 

the fetal and maternal circulation in the placenta by suppressing excessive angiogenesis 

and abnormal vascular permeability at this important site of diffusional exchange 

(Shibuya 2011). To maintain a quiescent state within the vessels throughout the 

placenta, sFlt-1 levels must be controlled within a normal physiological range, to avoid 

over trapping of VEGF which would negatively affect the placental circulation (Shibuya 

2011). Abnormal placental overexpression of sFlt-1, along with elevated serum sFlt-1 

has been observed in preeclampsia (Figure 5) (Maynard et al. 2003; Shibuya 2011). sFlt-

1 exhibits strong binding ability to both VEGF-A and PlGF and has anti-angiogenic 

properties as it acts as a direct antagonist for these molecules, by inhibiting their binding 

and interaction with their respective cell surface receptors, Flt-1 and KDR (Kendall and 

Thomas 1993). Excess sFlt-1 causes widespread endothelial dysfunction by directly 

interfering with the normal physiologic effects of VEGF and/or PlGF, with a resultant 

decrease in levels of free VEGF and PlGF proportionate to the increased sFlt-1 level 

(Maynard et al. 2003). The blockade of VEGF and PlGF by endogenous sFlt-1 has been 

demonstrated in vitro (Maynard et al. 2003). In addition, in vitro studies have 

demonstrated that while sFlt-1 does not cause vasoconstriction as such, it appears to 

block the dose-dependent increase in vasodilation induced by VEGF or PlGF, suggesting 

that it may oppose physiologic relaxation in patients with preeclampsia, hence 

contributing to the maternal manifestations of preeclampsia (Maynard et al. 2003). 

 

PlGF exhibits high affinity for the Fms-like tyrosine kinase (Flt-1) receptor (Park et al. 

1994), with Flt-1 expression thought to be restricted exclusively to vascular endothelium 

(Kaipainen et al. 1993). 
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1.3.3 Circulating angiogenic factors in normal pregnancy 

Reference values for sFlt1 and PlGF in normal pregnancy have been previously well 

documented (Levine 2004; Hirashima et al. 2005; Palm et al. 2011). sFlt-1 concentrations 

in normal pregnancy remain constant until between 33 and 36 weeks gestation, when 

they begin to increase steadily towards full term (Levine 2004). In contrast, PlGF 

concentration increases during the first two trimesters, peaks between 29 and 32 weeks 

gestation, then decreases towards full term (Levine 2004). The high PlGF concentration 

and low sFlt1 concentration during the second trimester creates a proangiogenic state, 

favouring placental health and maintenance. It has been postulated that later in 

gestation, placental vascular growth may be modified as a direct result of steadily 

increasing antiangiogenic sFlt1 level, which directly reduce levels of VEGF and PlGF, and 

hence coincide with the corresponding decrease in PlGF levels that are observed 

towards the end of pregnancy (Taylor et al. 2003).  

 

1.3.4  Circulating angiogenic factors in pregnancy complicated by preeclampsia 

Many studies have investigated maternal angiogenic imbalance reflected by placental 

proteins secreted during preeclampsia. In 2004, it was demonstrated for the first time 

that increased levels of sFlt1 and decreased levels of PlGF predict the subsequent onset 

of preeclampsia (Levine 2004). In women with preeclampsia, sFlt1 appears to increase 

earlier in gestation and reach a higher concentration than in normal pregnancy. The 

increased circulating sFlt-1 associated with preeclampsia may bind to and reduce 

availability of PlGF and VEGF (Maynard et al. 2003). sFlt1 concentrations in women who 

develop preeclampsia appear to begin to increase from between 21 and 24 weeks 

gestation, with a steeper rise occurring between 29 and 32 weeks (Levine 2004). sFlt-1 

concentrations have been recorded to be significantly increased from 9 to 11 weeks 

before the onset of preeclampsia, with a more rapid increase in sFlt1 levels noted within 

five weeks before the onset of symptoms (Levine 2004).  

 

As a result of increased sFlt1 levels, reduced PlGF and VEGF levels may halt placental 

vascular growth much earlier in pregnancies affected by preeclampsia than in normal 

pregnancy (Levine 2004) (Figure 5). Reduced PlGF production and secretion due to 

cellular stress may also contribute to the observed lowered PlGF levels in patients with 
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preeclampsia (Redman et al. 2014). PlGF concentrations have been recorded to be 

decreased in women with preeclampsia from 13 to 16 weeks onward, with significantly 

decreased levels recorded from between 9 and 11 weeks before the onset of 

preeclampsia, with substantial reductions during the 5 weeks before the onset of 

symptoms. The greatest difference in levels of sFlt1 and PlGF occurred during the week 

prior to the onset of preeclampsia. These changes appear most pronounced in women 

with an earlier onset of preeclampsia and in women with preeclampsia associated with 

small for gestational age infants (Levine 2004). These findings have been confirmed with 

subsequent research (Tidwell et al. 2001; Polliotti et al. 2003; Taylor et al. 2003; Staff et 

al. 2005; Kim et al. 2007; Moore Simas et al. 2007; Rana et al. 2007; Lim et al. 2008; 

Shokry et al. 2010; Rohra et al. 2012; Hassan et al. 2013; Perales et al. 2016).  

 

1.3.5 The sFlt1/PlGF Ratio 

sFlt1 is not widely used in isolation as a placental biomarker and tends to be combined 

with PlGF as the sFlt1/PlGF ratio. This ratio provides a useful method of highlighting the 

imbalance between the angiogenic and antiangiogenic factors PlGF and sFlt1, which may 

predispose certain patients to developing preeclampsia. Testing both biomarkers and 

combining them as a ratio should, in theory, increase the sensitivity of this test over the 

use of either biomarker alone, as derangement of one or the other should be reflected 

as an abnormal ratio, with the degree of alteration from normal values of either sFlt-1 

levels or PlGF levels, or both, being recorded simultaneously. An elevated sFlt1/PlGF 

ratio has been shown to be a better predictor of the risk of preeclampsia than either 

biomarker alone (Levine et al. 2006; Kim et al. 2007; Moore Simas et al. 2007; Lim et al. 

2008; Shokry et al. 2010; Verlohren et al. 2010; Rana et al. 2012; Rohra et al. 2012; 

Verlohren et al. 2012; Hassan et al. 2013; Rizos et al. 2013; Perales et al. 2016). As with 

the sFlt1 and PlGF values that make up this ratio, increased sFlt1/PlGF ratios have been 

shown to be significantly increased from between 9 and 11 weeks prior to the onset of 

symptoms, and more dramatically increased during the 5 weeks prior to onset of 

symptoms of preeclampsia (Levine 2004; Zeisler et al. 2016b).  
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1.4 Multiparametric tests 

Studies in the literature in the past decade have turned away from the traditional 

approach of screening for preeclampsia, based on maternal factors, with a shift in focus 

towards multivariable screening algorithms. Wright (Wright et al. 2015) showed that 

screening for preeclampsia by maternal characteristics and obstetric history in early 

pregnancy, between 11 and 13 weeks gestation, is associated with a higher detection 

rate for a given false positive rate if the maternal factors are combined into a 

multivariable logistic model rather than treating each factor as an independent 

screening test. This method has the advantage of adjusting for maternal characteristics 

of the population under investigation, and their potential ability to affect the a priori risk 

of an individual patient developing preeclampsia. At a screen positive rate of around 

11%, according to the NICE guidelines, a multivariable model including maternal 

characteristics and obstetric history can predict preeclampsia at any gestation, requiring 

delivery at <37 weeks and requiring delivery at <34 weeks gestation at rates of 40%, 48% 

and 54% of patients, respectively (Wright et al. 2015). These detection rates are 

significantly higher than the respective values of 35%, 40% and 44%, respectively, that 

were achieved in the patient population studied by application of the NICE guidelines 

alone (Wright et al. 2015). This improvement is only modest, however when used in 

conjunction with biophysical and biochemical markers such as MAP, UAPI and serum 

placental biomarkers at differing gestations to derive a patient specific risk for 

preeclampsia, detection rates improve dramatically (Poon et al. 2009; Wright et al. 

2012; Park et al. 2013; Gallo et al. 2016; O'Gorman et al. 2016). The use of such 

algorithms with the addition of biophysical and biochemical markers to maternal factors 

was first described by Poon in 2009 (Poon et al. 2009).  

 

Gallo 2015 (Gallo et al. 2016) applied this model to women at midpregnancy, including 

123,406 pregnancies in total. Data from maternal factors, UAPI, MAP, serum PlGF and 

sFlt1 were combined, with all values expressed as MoM values, adjusting for those 

characteristics found to provide a significant contribution to their values. The full data 

set was available for 7748 pregnancies, of whom 268 developed preeclampsia, with 13 

(4.9%) and 62 (23.1%) of patients with preeclampsia requiring delivery before 32 weeks 

and 37 weeks, respectively. They showed that in pregnancies that developed 
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preeclampsia, the values of MAP, UAPI and sFlt1 were increased and PlGF was 

decreased. For all biomarkers the deviation from normal was greater for early than for 

late preeclampsia, with performance of screening inversely related to the gestational 

age at which delivery became necessary for maternal and/or fetal indications. Screening 

by maternal factors predicted 52%, 47% and 37% of preeclampsia at <32, <37 and ≥37 

weeks gestation, respectively, at a false-positive rate of 10%. The respective values for 

combined screening with maternal factors and MAP, UAPI and PlGF were 99%, 85% and 

46%, with performance not improved by the addition of sFlt1. The study population was 

concurrently screened with the ACOG recommendations, which gave detection rates for 

preeclampsia at <32, <37 and ≥37 weeks gestation of 91%, 90% and 91%, but at a screen 

positive rate of 67%. It was concluded that the performance of second trimester 

screening for preeclampsia is good for preterm preeclampsia, but poor for term 

preeclampsia. The performance of screening using the competing risks model was far 

superior to those recommended by ACOG (American College of Obstetricians and 

Gynecologists 2013) or NICE (National Institute for Health and Clinical Excellence 2010). 

Litwinska (Litwinska et al. 2017) similarly used a combination of maternal factors with 

MoM values of MAP, UAPI, serum PlGF and serum sFlt1 to stratifiy women into high, 

intermediate and low-risk management groups. They included 7748 pregnancies 

including 268 (3.5%) that subsequently developed preeclampsia. Using a risk cut off of 

1:100 for preeclampsia delivering <32 weeks and a risk of 1:300 for preeclampsia 

delivering <36 weeks, the proportion of the population stratified into high, intermediate 

and low risk groups was 0.9%, 17.2% and 81.9%, respectively. The high-risk group 

contained 97% of pregnancies that developed preeclampsia less than 32 weeks and 45% 

of those that developed preeclampsia between 32 and 35 weeks. The intermediate risk 

group contained a further 46% of pregnancies that developed preeclampsia between 32 

and 35 weeks. The low-risk group contained only 0.3% of pregnancies with preeclampsia 

less than 32 weeks and 9% of those with preeclampsia between 32 and 35 weeks. This 

study confirms that multivariable screening for preeclampsia at midpregnancy can 

identify a group which constitutes <1% of the total population and contains >95% of 

those that will develop preeclampsia prior to 32 weeks. This group would benefit from 

intensive monitoring between 24 and 31 weeks. The second group identified in this 

study, constituting less than 20% of the total cohort, contained 90% of those that will 
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develop preeclampsia between 32 and 35 weeks. These patients would benefit from 

reassessment at 32 weeks (Litwinska et al. 2017). 

 

1.5 Research Objectives  

The purpose of this research was to investigate the clinical validity of predicting 

preeclampsia using biomarkers PlGF, sFlt and the sFlt1/PlGF ratio at midpregnancy. This 

gestation was chosen given this is the average gestation for antenatal booking visits at 

The Royal Women’s Hospital in Melbourne, Australia. 

 

The research objectives of this study were as follows: 

 

1. To what extent can serum PlGF and/or serum sFlt1/PlGF ratio, or both, predict 

the subsequent development of preeclampsia when tested in women at 

midpregnancy?  

2. Which of PlGF and sFlt1/PlGF ratio has greater clinical validity for predicting 

subsequent development of preeclampsia when tested in women at 

midpregnancy? 

3. Is there any significant difference in the predictive performance of the three 

different immunoassay platforms for the prediction of preeclampsia at 

midpregnancy using PlGF or the sFlt1/PlGF ratio? 

4. Do serum PlGF and/or serum sFlt1, when incorporated into a multivariable 

algorithm including maternal factors, uterine artery Dopplers and MAP, improve 

the clinical validity of such predictive models for the prediction of preeclampsia? 
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Chapter 2 

Methods and validation studies 

 

2.1 Introduction 

The methodology used to obtain results for this work was consistent throughout the 

different chapters constituting this thesis. These methods, applicable to all chapters, will 

be described here, with specific deviations from this described at the beginning of 

individual chapters. 

 

2.2 Study population 

This study was a prospective non-intervention study in singleton pregnancies. Women 

booking for antenatal care between 18 and 22 weeks gestation at The Royal Women’s 

Hospital in Melbourne, Australia, between June 2012 and January 2015 were offered 

participation. Study participants were representative of the general pregnant 

population. A total of 600 patients were enrolled.  

 

Study data were collected and managed using REDCap electronic capture tools hosted 

at The University of Melbourne. Pregnancy outcomes were determined and the 

development of preeclampsia was confirmed or ruled out by review of individual 

medical records.  

 

Women with multiple pregnancies, major fetal anomalies, fetal aneuploidy, fetal death 

or pregnancy loss prior to 24 weeks gestation were excluded, as were women with 

substantial missing outcome data. The study was approved by the Royal Women’s 

Hospital Research and Ethics Committee (Project approval number 11/23). All patients 

involved in the study gave written informed consent. 

 

2.3 Blood sample collection and storage 

Maternal blood samples were collected at the time of recruitment. A volume of 10mL of 

maternal blood was drawn and divided between non-heparinised, silicone coated tubes 
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for serum samples and EDTA tubes for plasma samples. Plasma and serum were 

collected for all patients, with the exception of 85 patients who only had plasma samples 

collected. Samples were centrifuged at 5000rpm (1,600 x g) for 10mins at 4oC and 

carefully transferred into plain polypropylene tubes. The plasma samples were 

recentrifuged at 5000rpm (1,600 x g) for 10mins at 4oC and the supernatants were 

collected into fresh polypropylene tubes. Samples were stored as serum or plasma at   -

80oC until the time of analysis. Prior to analysis, samples were removed from the freezer 

and defrosted at room temperature over a period of 30-45 minutes. Once thawed, 

samples were centrifuged at 5000rpm (1,900 x g) for 5 minutes prior to the required 

sample volume being pipetted into the appropriate tube for sampling. 

 

2.4 Immunoassay platforms 

Single measurements for each patient were performed on each of three immunoassay 

platforms between April 2015 and February 2017 in the following order:  

 

1) DELFIA® Xpress (Perkin Elmer, Inc. Wallac Oy, Turku, Finland),  

2) cobas® e 411 (Roche Diagnostics, GmbH) and  

3) B.R.A.H.M.S KRYPTOR compact PLUS (ThermoScientific, GmbH) 

 

Sample analysis was performed according to the manufacturer’s instructions for each 

platform. Specifications for each of the three immunoassay platforms are displayed in 

Table 2. 

 

2.4.1 The DELFIA® Xpress  

The DELFIA® Xpress (Delfia) is a solid phase 2-site direct sandwich assay which utilises 

time-resolved fluorescence technology (DELFIA®Xpress 6000-0010, Training Manual 

2015) and requires use of compatible DELFIA Xpress PlGF 1-2-3™ assay kits to measure 

quantitative PlGF levels (Table 2). The assay has a limit of detection of 1.9pg/mL 

(measuring range 1.9pg/mL to 4000pg/mL) and a limit of quantification, or functional 

sensitivity, of 3.3pg/mL. The PlGF test requires a serum sample volume of 40µL, and 

assay duration is around 30mins (DELFIA® Xpress PlGF 1-2-3 Kit Insert 2014). 
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Company Platform Assay Principle Method Measuring 

Range of 
Assay 
(pg/mL) 

Limit of 
Quantification 
(pg/mL) 

Sample 
volume 
(µL) 

Assay 
Duration 
(mins) 

Perkin Elmer DELFIA® Xpress Solid phase 2-site direct sandwich assay 
using time-resolved fluorescence 
technology 

DELFIA Xpress PlGF 1-2-
3™ assay kits 

1.9 - 4000 3.3 40 30  

Roche cobas® e 411 Uses electro-chemiluminescence (ECL), 
based on the streptavidin-biotin 
technology, to generate results, utilising 
a sandwich immunoassay principle 

Roche Elecsys® PlGF assay 
kits* 
 

3 - 10,000 10 50 18  

Roche Elecsys® sFlt1 assay 
kits* 
 

10 - 85,000 15 20 18  

ThermoScientific B.R.A.H.M.S 
KRYPTOR 
compact PLUS 

Immunofluorescent sandwich assay 
based on TRACE technology (Time-
Resolved Amplified Cryptate Emission) 

B·R·A·H·M·S PlGF PLUS 
assay kits^ 

3.6 - 7,000  6.9  70 29 

B·R·A·H·M·S sFlt1 
KRYPTOR assay kit^ 

22 - 90,000  34 8 9 

*The cobas® e 411 sFlt1/PlGF ratio measures the amounts of PlGF relative to sFlt1 by combining the results from the Roche Elecsys® PlGF assay and the Roche Elecsys® 

sFlt1 assays. Both the individual assay values and the sFlt1/PlGF ratio are reported. 

^The B.R.A.H.M.S KRYPTOR compact PLUS sFlt1/PlGF ratio measures the amounts of PlGF relative to sFlt1 by combining the results from the  B·R·A·H·M·S PlGF PLUS and 

B·R·A·H·M·S sFlt1 KRYPTOR assays. Both the individual assay values and the sFlt1/PlGF ratio are reported. 

 

Table 2. Description of immunoassay platforms and reagents used. DELFIA®Xpress 6000-0010, Training Manual. Version 1.4. Perkin Elmer 

GmbH. See also www.perkinelmer.com; Cobas e 411 analyser, Operator’s Manual. Version 2.1. Roche Diagnostics GmbH. Internal Data on File. 

See also www.cobas.com; ThermoScientific BRAHMS Kryptor Compact Plus, User Manual. Version 6. Thermo Fisher Scientific BRAHMS GmbH. See 

also thermoscientific.com/brahm

file:///C:/Users/carin/Desktop/MPhil/MPhil/Thesis/www.perkinelmer.com
file:///C:/Users/carin/Desktop/MPhil/MPhil/Thesis/www.cobas.com
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2.4.2 The Roche cobas® e 411 

The Roche cobas® e 411 (Cobas) analyser is a commercially available, random-access 

immunoassay platform which uses electro-chemiluminescence (ECL), based on the 

streptavidin-biotin technology, to generate results, utilising a sandwich immunoassay 

principle (Cobas e 411 analyser, Operator’s Manual 2010) (Table 2). The Cobas 

sFlt1/PlGF ratio measures the amounts of PlGF relative to sFlt1 by combining the results 

from the Roche Elecsys® PlGF assay and the Roche Elecsys® sFlt-1 assays, which are 

compatible with the Cobas automated analyser. Both the individual assay values and the 

sFlt1/PlGF ratio are reported. The Roche Elecsys® PlGF assay has a limit of detection of 

3 pg/mL (measuring range 3 to 10,000 pg/mL) and a limit of quantitation, or functional 

sensitivity, of 10 pg/ml. The Roche Elecsys® sFlt-1 assay has a limit of detection of 10 

pg/mL (measuring range 10 to 85,000 pg/mL) and a limit of quantitation, or functional 

sensitivity of 15 pg/mL. Minimum sample volume requirements are 50µL for PlGF and 

20µL for sFlt-1. The turnaround time of the Roche Elecsys® sFlt-1/PlGF ratio is around 

18 minutes (Elecsys® sFlt-1 and Elecsys® PlGF package inserts 2016).  

 

2.4.3 The B.R.A.H.M.S KRYPTOR compact PLUS 

The B.R.A.H.M.S KRYPTOR compact PLUS (Kryptor) is a fully automated, random access 

immunofluorescent sandwich assay. The system is based on TRACE technology (Time-

Resolved Amplified Cryptate Emission) (ThermoScientific BRAHMS Kryptor Compact 

Plus, User Manual 2013) (Table 2). The Kryptor sFlt1/PlGF ratio measures the amounts 

of PlGF relative to sFlt1 by combining the results from the  B·R·A·H·M·S PlGF PLUS and 

B·R·A·H·M·S sFlt-1 KRYPTOR assays, which are compatible with the analyser. Both the 

individual assay values and the sFlt1/PlGF ratio are reported. The B·R·A·H·M·S PlGF PLUS 

KRYPTOR assay has a limit of detection of 3.6 pg/mL (measuring range 3.6 to 7,000 

pg/ml) and a limit of quantitation of 6.9 pg/ml (B·R·A·H·M·S PlGF PLUS KRYPTOR 

(Instructions for use) 2014). The B·R·A·H·M·S sFlt-1 KRYPTOR assay has a limit of 

detection of 22 pg/mL (measuring range 22 to 90,000 pg/mL) and a limit of quantitation 

of 34 pg/mL. Minimum sample volume requirements are 70µL for PlGF and 8µL for sFlt1 

(B·R·A·H·M·S sFlt-1 KRYPTOR (Instructions for use) 2014). The turnaround time for the 

B·R·A·H·M·S sFlt-1 KRYPTOR assay is 9 minutes and the turnaround time for the 

B·R·A·H·M·S PlGF PLUS KRYPTOR assay is 29 minutes. 
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2.5  Outcome measures 

Pregnancy outcome data was collated and checked by two independent study staff using 

clearly defined criteria to verify the diagnosis of preeclampsia. Each case was confirmed 

by examining individual medical records. The main outcome measured was 

preeclampsia, using the International Society for the Study of Hypertension in Pregnancy 

(ISSHP) research definition outlined in section 1.2.1, as de novo hypertension (systolic 

BP ≥140mmHg and/or diastolic BP ≥90mmHg) after gestational week 20, plus 

proteinuria (>300mg/day of urinary protein) (Brown et al. 2018). 

 

2.6  Statistical analysis 

Patient baseline characteristics were compared using the Mann-Whitney U test for 

continuous variables and Fisher’s exact test for categorical variables. Data was assessed 

for normality and found to be non-parametric. After logarithmic transformation, the 

results for PlGF, sFlt1 and the sFlt1/PlGF ratio from each immunoassay platform were 

adjusted for maternal characteristics and expressed as Multiples of the Median (MoM).  

 

Inter-assay comparison between all three platforms was performed using Intraclass 

Correlation Coefficient, to measure the reproducibility and reliability of results obtained 

between platforms for PlGF, sFlt1 and the sFlt1/PlGF ratio. Bland-Altman plots were 

used to assess for agreement of results between platforms. As part of our validation 

studies, Pearson correlation was used to assess equivalence between plasma and serum 

results for each platform, given that some patients had plasma samples only available. 

Data analysis was performed using IBM Statistical Package for the Social Sciences (SPSS) 

Version 24.  
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Figure 10.  Correlation between Delfia, Cobas and Kryptor platforms for PlGF raw data and MoM values. 

 

 

r = 0.917 (p<0.0001) r = 0.896 (p<0.0001) 
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Figure 11. Correlation between Cobas and Kryptor platforms for sFlt1 raw data and MoM values. 

 

 

 

r = 0.938 (p<0.0001) r = 0.934 (p<0.0001) 
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Figure 12. Correlation between Cobas and Kryptor platforms for sFlt1/PlGF ratio raw data and MoM values. 

r = 0.915 (p<0.0001) r = 0.949 (p<0.0001) 
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2.7 Correlation of biomarker results between immunoassay platforms 

Raw data values for PlGF from all three platforms and both PlGF and sFlt1 from the 

Cobas and Kryptor platforms were highly correlated with each other. PlGF levels for the 

three platforms gave an alpha coefficient of 0.917 (p<0.0001) for raw data values and 

0.896 (p<0.0001) for MoM values (Figure 10), while sFlt1 levels for the Cobas and 

Kryptor platforms gave an alpha coefficient of 0.938 (p<0.0001) for raw data values and 

0.934 (p<0.0001) for MoM values (Figure 11). sFlt1/PlGF ratios were also highly 

correlated between the Cobas and Kryptor platform, with an alpha coefficient 0.915 

(p<0.0001) for raw data values and 0.949 (p<0.0001) for MoM values (Figure 12). It was 

noted that there was variation in raw data values for PlGF and sFlt1 according to the 

platform used for testing. PlGF values on average were consistently highest when 

measured on the Cobas analyser, followed by the Kryptor, followed by Delfia. 

Specifically, for PlGF raw data results, Cobas results were on average 16.4% higher than 

Kryptor and 29.5% higher than Delfia results. Similarly, for sFlt1 and sFlt1/PlGF ratio 

results, Cobas was on average 9.1% and 11.1% higher than Kryptor, respectively.  

 

Raw data and MoM values for the immunoassays were directly compared two at a time 

using Bland-Altman plots, to assess the degree of agreement in results between 

platforms (Figure 13 to 16 and Tables 3 and 4). 

 

Within the patient cohort, when looking at raw data values for PlGF, sFlt1 and the 

sFlt1/PlGF ratio, there was an appreciable difference in results obtained between the 

three platforms. Conversion of raw data values to MoM essentially eliminated the 

consistent variation in results between platforms (Table 5), with the difference in PlGF 

MoM values between Kryptor and Cobas, Delfia and Cobas and Delfia and Kryptor being 

0.3%, 0.4% and 0.5% respectively. For sFlt1 MoM values, and sFlt1/PlGF ratio MoM 

values, the difference between platforms was similarly inappreciable, with average 

difference between Kryptor and Cobas results being 0.3% and 0.3%, respectively.  
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a. Cobas and Delfia PlGF raw values   b. Cobas and Kryptor PlGF raw values  c. Kryptor and Delfia PlGF raw values 

 

Figure 13. Bland Altman plots comparing PlGF raw data values between platforms. Bland-Altman plot a shows mean difference between results 

from the Cobas and Delfia platforms to be 84.25 with limits of agreement -41.56 and 210.05. Plot b shows mean difference between results from 

the Cobas and Kryptor platforms to be 52.31 with limits of agreement -69.73 and 174.36. Plot c shows mean difference between results from 

the Kryptor and Delfia platforms to be 31.94 with limits of agreement -66.64 and 130.51.  
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a. Cobas and Kryptor sFlt1 raw values     b. Cobas and Kryptor sFlt1/PlGF raw values 

 

Figure 14. Bland Altman plots comparing sFlt1 and sFlt1/PlGF ratio raw data values between platforms. Bland-Altman plot a shows mean 

difference between sFlt1 raw data results from the Cobas and Kryptor platforms to be 137.33 with limits of agreement -492.45 and 767.12. Plot 

b shows mean difference between sFlt1/PlGF ratio raw data results to be 0.99 with limits of agreement -3.24 and 5.22. 
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a. Cobas and Delfia PlGF MoM values    b. Cobas and Kryptor PlGF MoM values  c. Kryptor and Delfia PlGF MoM values 

 

Figure 15. Bland Altman plots comparing PlGF MoM values between platforms. Bland-Altman plot a shows mean difference between PlGF 

MoM results from the Cobas and Delfia platforms to be -.00414 with limits of agreement -0.198 and 0.1899. Plot b shows the mean difference 

between PlGF MoM results from the Cobas and Kryptor platforms to be 0.00133 with limits of agreement -0.167 and 0.169. Plot c shows the 

mean difference between PlGF MoM results from the Kryptor and Delfia platforms to be -0.0055 with limits of agreement -0.213 and 0.202.  
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a. Cobas and Kryptor sFlt1 MoM values      b. Cobas and Kryptor sFlt1/PlGF ratio MoM values 
 

Figure 16. Bland Altman plots comparing sFlt1 MoM and sFlt1/PlGF ratio MoM values between platforms. Bland-Altman plot a shows mean 

difference between sFlt1 MoM results from the Cobas and Kryptor platforms to be 0.0039 with limits of agreement -0.0157 and 0.165. Plot b 

shows mean difference between sFlt1/PlGF ratio MoM values from the Cobas and Kryptor platforms to be 0.009 with limits of agreement -0.166 

and 0.184. 
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Platforms Compared R-value (P-value) Mean Difference (pg/mL) Limit of agreement (±2 SD) 

Cobas PlGF and Delfia PlGF 0.917 (<0.001) 84.25 -41.56 to 210.05 

Cobas PlGF and Kryptor PlGF 0.917 (<0.001) 52.31 -69.73 to 174.36 

Kryptor PlGF and Delfia PlGF 0.917 (<0.001) 31.94 -66.64 to 130.51 

Cobas sFlt1 and Kryptor sFlt1 0.938 (<0.001) 137.33 -492.45 to 767.12 

Cobas sFlt1/PlGF ratio and Kryptor sFlt1/PlGF ratio 0.915 (<0.001) 0.99 -3.24 to 5.22 

Table 3. Correlation and mean difference between raw data values for the three different platforms. 

 

 

Platforms Compared R-value (P-value) Mean Difference Limit of agreement (±2 SD) 

Cobas PlGF and Delfia PlGF MoM 0.896 (<0.001) -0.00414 -0.198 to 0.1899 

Cobas PlGF and Kryptor PlGF MoM 0.896 (<0.001) 0.00133 -0.167 to 0.169 

Kryptor PlGF and Delfia PlGF MoM 0.896 (<0.001) -0.0055 -0.213 to 0.202 

Cobas sFlt1 and Kryptor sFlt1 MoM 0.934 (<0.001) 0.0039 -0.0157 to 0.165 

Cobas sFlt1/PlGF ratio MoM and Kryptor sFlt1/PlGF ratio MoM 0.949 (<0.001) 0.009 -0.166 to 0.184 

Table 4. Correlation and mean difference between MoM values for the three different platforms. 
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Angiogenic Markers Unaffected (n=487) PE ≥ 37 weeks (n=17) PE < 37 weeks (n=8) p-value  PE < 34 weeks (n=3) p-value 

              

Delfia PlGF 166.9 (125.1-231.0) 183.7 (142.6-266.0) 95.5 (42.2-171.7) * 0.018 47.9 (34.2-81.9) * 0.010 

Cobas PlGF 248.5 (183.9-332.8) 273.7 (196.7-339.7) 161.3 (60.9-215.6) * 0.008 54.7 (52.2-116.4) * 0.012 

Kryptor PlGF  201.4 (152.3-276.1) 204.2 (160.2-316.3) 127.9 (54.3-206.0) * 0.015 48.8 (47.4-96.7) * 0.010 

Delfia PlGF MoM 1.0 (0.9-1.1) 1.1 (0.9-1.2) 0.8 (0.6-1.0) * 0.010 0.5 (0.4-0.7) * 0.020 

Cobas PlGF MoM 1.0 (0.9-1.1) 1.1 (0.9-1.1) 0.8 (0.6-1.0) * 0.006 0.6 (0.5-0.8) * 0.023 

Kryptor PlGF MoM 1.0 (0.9-1.1) 1.0 (0.9-1.1) 0.8 (0.7-0.9) * 0.008 0.6 (0.5-0.8) * 0.020 

Cobas sFlt1  1414.0 (1030.0-1928.5) 1337.0 (1078.0-2446.0) 1170.0 (787.0-1905.0) 0.292 2429 (1562.7-2429) 0.601 

Kryptor sFlt1  1264.0 (905.7-1764.5) 1164.0 (839.5-2088.0) 1027.3 (638.8-1995.0) 0.439 2293 (1405-2443) 0.581 

Cobas sFlt1 MoM 1.0 (0.9-1.1) 1.0 (0.9-1.2) 1.0 (0.8-1.2) 0.982 1.3 (1.0-1.4) 0.444 

Kryptor sFlt1 MoM 1.0 (0.9-1.1) 1.0 (0.8-1.2) 1.0 (0.8-1.3) 0.948 1.3 (1.0-1.4) 0.434 

Cobas sFlt1/PlGF ratio 5.8 (4.0-8.1) 5.2 (3.2-10.1) 9.9 (5.3-13.8) 0.067 14.0 (13.8-29.2) * 0.005 

Kryptor sFlt1/PlGF ratio 6.4 (4.1-9.3) 5.8 (3.0-11.6) 9.3 (5.6-14.3) 0.121 15.9 (13.2-36.2) * 0.012 

Cobas sFlt1/PlGF ratio MoM 1.0 (0.9-1.2) 0.9 (0.8-1.2) 1.3 (1-1.5) * 0.021 1.6 (1.5-2.0) * 0.006 

Kryptor sFlt1/PlGF ratio MoM 1.0 (0.8-1.2) 0.9 (0.8-1.2) 1.3 (1-1.4) * 0.046 1.4 (1.3-2.1) * 0.011 

Units for PlGF and sFlt1 are in pg/mL. All values are reported as median (interquartile ranges). * p<0.05 when compared to the unaffected group 
PE = preeclampsia. MoM = multiples of the median 

 

Table 5. Angiogenic marker levels for patients who developed term (≥37 weeks), preterm (<37 weeks) and early onset (<34 weeks) 

preeclampsia compared with unaffected pregnancies
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Though the three platforms were found to be highly correlated based on the Intraclass 

Correlation Coefficient, correlation coefficients are designed to assess repeatability or 

reliability by measuring the strength of the linear relationship between two methods. 

The closer the correlation coefficient is to +1.0 or -1.0, the greater the strength of the 

linear relationship. Correlation does not assess the degree of agreement, nor 

comparability between two methods, does not detect bias between two measurements 

and is highly influenced by the range of values being measured (Hartnack 2014). For this 

reason, in addition to assessing for correlation, the agreement between results obtained 

from the three different immunoassay platforms was assessed using Bland Altman plots.  

 

Bland Altman analysis involves plotting the difference between raw values obtained for 

serum and plasma, plotted on the y-axis, against the average of the two concentrations, 

plotted on the x-axis. Three horizontal lines on the Bland Altman plots should be 

considered. These include the middle line, which is the mean difference between results 

for the two methods and indicates the bias between the two methods. If the mean 

difference is small, then the bias is small, the mean difference line is close to y=0, and 

the agreement on average is good. If the mean difference is large, then one method is 

biased relative to the other, the mean difference line deviates far from y=0, and 

agreement is likely to be poor. The upper and lower horizontal lines on the plot indicate 

limits of agreement, which are values ±1.96 standard deviations (SD) of the mean 

difference. To put this into clinical context, in order to indicate acceptable agreement 

between platforms, the difference between measurements using these two methods 

should fall within these limits of agreement approximately 95% of the time. The limits 

of agreement serve as a numerical yet qualitative measure to assess for 

interchangeability between two methods (Misyura et al. 2018) and require clinical 

judgement to determine what constitutes acceptable agreement, and whether the two 

methods are equivalent from a clinical perspective.  

 

When looking at the Bland Altman plots comparing raw data values between the three 

platforms, the average difference between values (the bias) is considerable. In addition 

to this, the limits of agreement for these plots are quite wide. Though 95% of values fall 

within the limits of agreement for each plot, this alone is not sufficient to determine a 
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strong agreement between the platforms. The bias and wide limits of agreement for the 

Bland Altman plots comparing raw data values for PlGF, sFlt1 and the sFlt1/PlGF ratio 

are likely to indicate clinically significant differences between values. Based on this lack 

of agreement when directly comparing raw data values obtained between the three 

platforms, values obtained on the three different platforms should not be used 

interchangeably. This being said, though there was a consistent variance in values 

obtained between the three platforms, there was great similarity in results for clinical 

validity (see chapters 3, 4 and 5). Values obtained for each platform for sensitivity, 

specificity, positive predictive value (PPV) and negative predictive value (NPV) for the 

prediction of preeclampsia when different cut-off values for each platform were used 

were very similar, making the clinical interpretation of tests equivalent between the 

three platforms as long as the appropriate reference range was used for each. This 

would need to be taken into consideration if using raw data values from these platforms 

in clinical practice. 

 

When comparing PlGF, sFlt1 and sFlt1/PlGF MoM values between platforms, the bias 

and limits of agreement were far smaller compared with use of raw data values. These 

narrow limits of agreement, and extremely small bias, approaching zero for each 

platform, indicate that when raw data values for the three platforms are converted to 

MoM, the results obtained from each platform are essentially equivalent, and can be 

used interchangeably. 

 

2.8  Inter- and Intra- assay variability results  

2.8.1  Quality controls supplied by manufacturers 

For each of the three immunoassay platforms, commercial quality control material was 

provided for the measurement of high and low controls in the case of the Delfia and 

Cobas analysers, and high, medium and low controls for the Kryptor platform. 

Commercial quality controls were all lyophilised, requiring reconstitution with exact 

volumes of distilled water according to manufacturer’s instructions (DELFIA® Xpress 

PlGF 1-2-3 Kit Insert 2014; Elecsys® sFlt-1 and Elecsys® PlGF package inserts 2016; 

B·R·A·H·M·S PlGF PLUS KRYPTOR (Instructions for use) 2014; B·R·A·H·M·S sFlt-1 KRYPTOR 

(Instructions for use) 2014).  Following at least 15 minutes for dissolution of the 
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lyophilisate, controls were gently mixed. Contents of each reconstituted vial were 

divided into aliquots and those not used immediately for measurement were stored 

frozen at -30°C and discarded if not used within one month. Any previously frozen 

aliquots were prepared for measurement by thawing and gentle mixing followed by 

immediate use. No previously thawed aliquots were refrozen.  

 

Controls were run individually at least once every 24 hours whilst the platforms were 

being used daily to ensure day-to-day validity of results. In addition to this, they were 

run once per reagent kit, and following each calibration. Additionally, for the Delfia, a 

high and low-level control was run each time the inducer bottle was changed, as per 

manufacturer’s instructions (DELFIA®Xpress 6000-0010, Training Manual 2015). Control 

values for each platform were required to fall within 2 standard deviations of the target 

value. Patient samples were only tested if control results for the assay were within the 

required range. If the control results were out of limits, an adjustment calibration was 

performed prior to any patient samples being run. Each platform generated Levey-

Jennings charts for visualisation of quality control data. Westgard rules (Westgard et al. 

1981) were applied to determine whether quality control results obtained were 

acceptable prior to the analysis of patient samples.  

  

For the Delfia, intra-assay and inter-assay coefficients of variation (CV) published by the 

manufacturer and obtained in our laboratory for control samples are outlined in Table 

6 (DELFIA® Xpress PlGF 1-2-3 Kit Insert 2014).  

 

For the Cobas platform, for quality controls provided by the manufacturer and obtained 

in our laboratory, the intra-assay and inter-assay coefficients of variation (CV) for the 

Roche Elecsys® PlGF assay and the Roche Elecsys® sFlt-1 assay are outlined in Table 7 

(Elecsys® sFlt-1 and Elecsys® PlGF package inserts 2016). 
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 CV’s published by manufacturer CV’s in our laboratory 

Control Type Mean (pg/mL) Intra-assay CV (%) Inter-assay CV (%) Intra-assay CV (%) Inter-assay CV (%) 

DELFIA PlGF Low Level Control 25.7 4.7 2.2 4.68 4.54 

DELFIA PlGF High Level Control 89.7 2.7 3.5 4.39 4.91 

Table 6. Coefficients of variation for quality controls provided by DELFIA® Xpress a) as published in DELFIA® PlGF kit inserts and b) obtained 
within our laboratory. 
 

 

 
  CV’s published by manufacturer CV’s in our laboratory 

Control Type Mean (pg/mL) Intra-assay CV (%) Inter-assay CV (%) Intra-assay CV (%) Inter-assay CV (%) 

Roche Elecsys® PlGF 
Low level 104 0.9 2.7 1.93 4.54 

High level 1010 0.9 2.7 3.09 4.91 

Roche Elecsys® sFlt-1 
Low level 107 1.5 3.8 2.64 2.45 

High level 1080 1.4 3.9 2.79 2.37 

Table 7. Coefficients of variation for quality controls provided by Roche a) as published in kit inserts for Roche Elecsys® sFlt1 and PlGF kits 
and b) obtained in our laboratory. 
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  CV’s published by manufacturer CV’s in our laboratory 

Control Type 
Concentration Range 

(pg/mL) 
Intra-assay CV (%) Inter-assay CV (%) Intra-assay CV (%) Inter-assay CV (%) 

PlGF PLUS Kryptor Low Level 15-40 ≤8 ≤10 4.63 4.89 

 Medium Level 40-150 ≤5 7 3.96 2.82 

 High Level >150 ≤3 ≤5 2.02 3.65 

sFlt-1 Kryptor Low Level 500-2,000 ≤1 ≤5 1.63 2.03 

 Medium Level 2,000-20,000 ≤1 ≤4 0.23 1.08 

 High Level 2,000-20,000 ≤1 ≤4 1.39 3.42 

Table 8. Coefficients of variation for quality controls provided by B.R.A.H.M.S KRYPTOR compact PLUS a) as published in kit inserts for 
B·R·A·H·M·S PlGF PLUS and B·R·A·H·M·S sFlt-1 KRYPTOR assays and b) obtained in our laboratory. 
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Control Type Mean Value (pg/mL) Intra-assay CV (%) Inter-assay CV (%) 

Delfia Internal Control Low Value 90.25 8.49 8.21 

 Internal Control High Value 356.22 7.14 6.06 

Roche Elecsys® PlGF Internal Control Low Value 123.77 3.53 7.90 

 Internal Control High Value 1439.70 2.89 8.81 

Roche Elecsys® sFlt-1 Internal Control Low Value 706.78 9.84 8.95 

 Internal Control High Value 3730.33 4.56 7.56 

PlGF PLUS KRYPTOR Internal Control Low Value 95.23 6.79 9.84 

 Internal Control High Value 1220.54 7.46 4.30 

sFlt-1 KRYPTOR Internal Control Low Value 509.50 7.85 5.57 

 Internal Control High Value 3115.86 8.83 8.10 

Table 9. Coefficients of variation for internal quality controls obtained within our laboratory for each of the three immunoassay platforms. 
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Intra-assay coefficients of variation (CV) published by the manufacturer and obtained in 

our laboratory for the B·R·A·H·M·S PlGF PLUS KRYPTOR and B·R·A·H·M·S sFlt-1 KRYPTOR 

assays for low, medium and high-level control samples of the assay, are outlined in Table 

8 (B·R·A·H·M·S PlGF PLUS KRYPTOR (Instructions for use) 2014; B·R·A·H·M·S sFlt-1 

KRYPTOR (Instructions for use) 2014).   

 

2.8.2 Quality controls from our own samples 

In addition to the quality controls supplied by each manufacturer, internal inter- and 

intra-assay quality controls from within the patient cohort were regularly run across 

each of the three immunoassay platforms (Table 9).  

 

2.8.3 Addition of calcium to plasma samples prior to allow compatibility with the 

Delfia platform  

There were 85 patients with plasma samples only, as serum samples had not been 

collected. This created a challenge, as the Delfia platform processes only serum samples, 

and would not generate a result for plasma samples. The chemical 

ethylenediaminetetraacetic acid (EDTA) is used to prevent clotting in blood samples 

(Hadley and Larson 1953), by chelating divalent cations such as Ca2+, preventing them 

from reacting with their surroundings. Calcium is an essential initiator of the 

prothrombinase complex in the coagulation pathway, hence the clotting process is 

inhibited in EDTA plasma (Murray 2003). In order to generate results for the plasma 

samples using the Delfia, the samples were modified by the addition of calcium chloride 

(CaCl2) in attempt to initiate coagulation according to a previously described technique 

(Tenland and Hillman 2013). To allow analysis on the Delfia platform, stored frozen 

plasma samples were prepared for analysis in the same fashion as described in section 

2.3. Following this process, 2M CaCl2 was added to the samples, at a volume of 20µL 

CaCl2 per mL of plasma. Samples were then refrigerated at 4oC overnight, and 

centrifuged at 1,600g x g for 5 minutes. The supernatants were then pipetted into fresh 

polypropylene tubes, ready for processing. The Delfia platform was able to generate 

results for these modified plasma samples. 
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R- values comparing plasma and serum values (p-values all <0.0001) 

PlGF       sFlt1        sFlt1/PlGF ratio 
Delfia 0.975 
Cobas 0.995        Cobas 0.963      Cobas 0.997 
Kryptor 0.977      Kryptor 0.968      Kryptor 0.996 

 

Figure 17. Correlation between Plasma and Serum Results for PlGF using Delfia, Cobas and Kryptor platforms and sFlt1 and the sFlt1/PlGF 

ratio using Cobas and Kryptor platforms 
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a. Serum and plasma PlGF for Delfia   b. Serum and plasma PlGF for Cobas   c. Serum and plasma PlGF for Kryptor 

 

 

Figure 18. Bland Altman plots comparing serum and plasma PlGF values for each platform. Bland-Altman plot a shows mean difference 

between serum and plasma PlGF results for the Delfia platform to be 7.31 pg/mL, with limits of agreement -27 and 42. Plot b shows mean 

difference between serum and plasma PlGF results for the Cobas platform to be 13.37 pg/mL, with limits of agreement -47 to 61. Plot c shows 

mean difference between serum and plasma PlGF results for the Kryptor platform to be 12.19 pg/mL, with limits of agreement -29 to 54. 
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a. Serum and plasma sFlt1 values for Cobas     b. Serum and plasma sFlt1 values for Kryptor 

 

Figure 19. Bland Altman plots comparing serum and plasma sFlt1 values for each platform. Bland-Altman plot 14a shows the mean difference 

between serum and plasma sFlt1 results for the Cobas platform to be 118.13 pg/mL, with limits of agreement -172 to 408. Plot 14b shows the 

mean difference between serum and plasma sFlt1 results for the Kryptor platform to be 127.37 pg/mL, with limits of agreement -327 to 582. 
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a. Serum and plasma sFlt1/PlGF ratio values for Cobas    b. Serum and plasma sFlt1/PlGF ratio values for Kryptor 

 

Figure 20. Bland Altman plots comparing serum and plasma sFlt1/PlGF ratio values for each platform. Bland-Altman plot 15a shows the mean 
difference between serum and plasma sFlt1/PlGF ratio results for the cobas platform to be 0.376, with limits of agreement -0.41 to 1.16. 
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Platforms Compared R-value (P-value) Mean Difference (pg/mL) Limit of agreement (±2 SD) 

DELFIA® Xpress PlGF 0.975 (<0.0001) 7.31 -27 - 42 

cobas® e 411 PlGF 0.995 (<0.0001) 13.37 -47 - 61 

B.R.A.H.M.S KRYPTOR compact PLUS PlGF  0.977 (<0.0001) 12.19 -29 - 54 

cobas® e 411 sFlt1 0.963 (<0.0001) 118.13 -172 - 408 

B.R.A.H.M.S KRYPTOR compact PLUS sFlt1 0.968 (<0.0001) 127.37 -327 - 582 

cobas® e 411 sFlt1/PlGF 0.997 (<0.0001) 0.376 -0.41 - 1.16 

B.R.A.H.M.S KRYPTOR compact PLUS sFlt1/PlGF 0.996 (<0.0001) 0.207 -0.75 - 1.16 

Table 10. Correlation and mean difference between sFlt1 and PlGF values when comparing serum and plasma sample results for the Delfia, 
Cobas and Kryptor platforms. 
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2.8.4 Correlation between serum and plasma results for PlGF and sFlt1 values 

All patients, with the exception of 85 for whom there were no serum samples, had 

plasma and serum samples available, and serum samples were used in preference to 

plasma for testing, if available. For the Delfia, the 85 patients with only plasma samples 

were processed using the technique described above (Tenland and Hillman 2013). The 

Cobas analyser and Kryptor platform were both able to generate results using plasma 

samples for these 85 patients. Given that not all results were able to be generated from 

serum samples, it was deemed necessary to perform an analysis to assess the strength 

of the relationship and hence equivalence between the plasma and serum results. For 

all three platforms, as a component of the validation studies undertaken, 20 sets of 

bloods with both serum and plasma samples were analysed and a Pearson correlation 

analysis was performed. This showed a very high correlation between serum and plasma 

samples for each platform.  

 

R-values for PlGF plasma and serum samples for Delfia, Cobas and Kryptor platforms 

were 0.975 (p<0.0001), 0.995 (p<0.0001) and 0.977 (p<0.0001), respectively. R-values 

for sFlt1 plasma and serum samples for Cobas and Kryptor platforms were 0.963 

(p<0.0001) and 0.968 (p<0.0001), respectively, and for the sFlt1/PlGF ratio for plasma 

and serum samples were 0.997 (p<0.0001) and 0.996 (p<0.0001), respectively (Figure 

17).  

 

The mean concentrations of PlGF and sFlt1 in serum and plasma samples showed a 

positive bias towards serum sample values, indicating that serum sample raw values for 

PlGF and sFlt1 were consistently slightly higher than plasma values. This observation is 

demonstrated in Figures 18 to 20 and Table 10. 

 

For the comparison of results between serum and plasma, the vast majority of values 

fell between the limits of agreement, as demonstrated by the Bland Altman plots. The 

average difference in mean concentrations of PlGF and sFlt1 between serum and plasma 

was 5.9% (2.65-9.19%), which demonstrates an acceptable degree of agreement 

between plasma and serum sample values. Whilst mean PlGF and sFlt1 concentrations 

in serum and plasma samples showed slightly higher values than  
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Figure 21. Inter-assay control samples for PlGF Control 1. Average percentage differences in values obtained for internal inter-assay Control 1 
using the Roche Elecsys® PlGF kit and the Kryptor PlGF kit were 0.5%, and 3.66%, respectively.  
 

 

Figure 22. Inter-assay control samples for sFlt1 Control 1. Average percentage differences in values obtained for internal inter-assay Control 1 
using the Roche Elecsys® sFlt1 kit and the Kryptor sFlt1 kit were 0.6% and 0.89%, respectively.  
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Figure 23. Inter-assay control samples for sFlt1/PlGF ratio Control 1. Average percentage differences in values obtained for internal inter-
assay Control 1 values using the Roche Elecsys® sFlt1/PlGF ratio and the Kryptor sFlt1/PlGF ratio was 0.07% and 3.02%, respectively.  
 

 

Figure 24. Inter-assay control samples for PlGF Control 2. Average percentage differences in values obtained for internal inter-assay Control 2 
values using the Roche Elecsys® PlGF kit and the Kryptor PlGF kit were 0.94% and 2.48%, respectively. 

16.19 16.18 16.74 17.095
15.81 16.07

18.78 19.23
16.96 17.02

0

5

10

15

20

25

0 1 2 3 4 5

Roche Elecsys® sFlt1/PlGF Control 1 Kryptor sFlt1/PlGF Control 1

1477 1548.67
1758

1310.5 1344.5 1342
1167.21 1248.02 1162.11 1233.23 1279.66

0

500

1000

1500

2000

0 1 2 3 4 5

Roche Elecsys® PlGF Control 2 Kryptor PlGF Control 2



100 

 

 

Figure 25. Inter-assay control samples for sFlt1 Control 2. Average percentage differences in values obtained for internal inter-assay Control 2 
values using the Roche Elecsys® sFlt1 kit and the Kryptor sFlt1 kit were 0.39%, and 1.36%, respectively.  
 

 

Figure 26. Inter-assay control samples for sFlt1/PlGF ratio Control 2. Average percentage differences in values obtained for internal inter-
assay Control 2 values using the Roche Elecsys® sFlt1/PlGF ratio and the Kryptor sFlt1/PlGF ratio were 0.59%, and 1.25%, respectively. 
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plasma values, correlation and agreement between serum and plasma were good, and 

the difference observed between serum and plasma results was not deemed clinically 

significant, indicating that serum and plasma may be considered equivalent for the 

purpose of sFlt1 and PlGF testing. 

 

2.8.5 Correlation between fresh and thawed samples for PlGF and sFlt1 values 

As stated above in 2.8.2, internal quality controls from within the patient cohort were 

run regularly for both sFlt1 and PlGF. The inter-assay internal controls were tested each 

time a run was performed, and these same controls were used across all three 

immunoassay platforms. By the time testing on the third immunoassay platform was 

complete, some of these samples had undergone numerous freeze-thaw cycles. Whilst 

there were too few samples with multiple freeze-thaw cycles to generate any 

statistically significant results, values obtained for these samples during each freeze-

thaw cycle were compared graphically using line graphs (Figures 21 to 26). 

 

Whilst the number of samples we had that underwent numerous freeze thaw cycles was 

not large enough to draw any definitive conclusions, the average percentage differences 

between values for these samples remained minimal over up to five freeze-thaw cycles. 

There did not appear to be any marked difference in results obtained for these sample, 

with average differences ranging from 0.07%-3.66%. This indicates that PlGF and sFlt1 

are most likely stable enough molecules to undergo repetitive freeze thaw cycles 

without deterioration or significant change in value. 

 

CV’s obtained using quality controls provided by the manufacturer performed well, 

indicating good precision and repeatability of results. Quality controls using samples 

from within the patient cohort did not perform quite as well, ranging from 3.53-9.84%, 

however some of these samples had been repeatedly thawed. These values are still 

acceptable in terms of precision and repeatability of results. 

 

Overall, results from the inter-assay controls from within the patient cohort show that 

average differences in values obtained using samples that had undergone between zero 

and five freeze-thaw cycles varied by an average of 1.31% (0.07%-3.66%). This difference 
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is minimal and very unlikely to be of clinical significance. With each platform used, these 

inter-assay controls were thawed and refrozen, hence results from the Kryptor platform, 

which was tested last, might be expected to vary quite significantly from the results from 

the Delfia platform, which was tested first. However, the results were actually highly 

consistent based on the CV’s from our own samples. 

 

2.9 Discussion 

Fully automated assays have only been made commercially available within the last 

decade (Staff et al. 2005; Ohkuchi et al. 2010; Sunderji et al. 2010; Verlohren et al. 2010; 

Benton et al. 2011; Cowans et al. 2012; Rana et al. 2012; van Helden and Weiskirchen 

2015; McCarthy et al. 2018). These have taken the place of the manual enzyme-linked 

immunosorbent assay (ELISA) kits that were used in earlier clinical studies (Ong et al. 

2001; Su et al. 2001; Tidwell et al. 2001; Tjoa et al. 2001; Polliotti et al. 2003; Taylor et 

al. 2003; Bersinger and Odegard 2004; Chaiworapongsa et al. 2004; Levine 2004; 

Chaiworapongsa et al. 2005; Unal et al. 2007; Akolekar et al. 2008; Noori et al. 2010; 

Ghosh et al. 2012; Ghosh et al. 2013), which were associated with disadvantages such 

as higher inter-assay coefficients of variation, capacity for testing relatively limited 

sample numbers for each run and requiring significant amounts of both time and 

technical expertise to produce a result. The automated assays allow standardised 

inexpensive measurements with high turnover, minimal handling of samples and fast 

results.  

 

When looking at raw data values for PlGF, sFlt1 and the sFlt1/PlGF ratio obtained from 

this patient cohort, there was an appreciable difference in results obtained between the 

three platforms. Conversion of raw data values to MoM essentially eliminated the 

consistent variation in results between platforms (Table 3, 4 and 5), with the difference 

in PlGF MoM values between Kryptor and Cobas, Delfia and Cobas, and Delfia and 

Kryptor results being 0.3%, 0.4% and 0.5% respectively. For sFlt1 MoM values, and 

sFlt1/PlGF ratio MoM values, the difference between platforms was similarly 

inappreciable, with average difference between Kryptor and Cobas results being 0.3% 

and 0.3%, respectively.  
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When comparing PlGF, sFlt1 and sFlt1/PlGF MoM values between platforms, the bias 

and limits of agreement were much smaller compared with use of raw data values. 

These narrow limits of agreement, and almost negligible biases, approaching zero for 

each platform, indicate that when raw data values for the three platforms are converted 

to MoM, the results obtained from each platform are essentially equivalent, and can be 

used interchangeably. 

 

Whilst it can be appreciated that the CV’s obtained within our laboratory were at times 

greater than those reported by each manufacturer, they were all comfortably within an 

acceptable range to demonstrate minimal variation between samples tested. 

 

For the comparison of results between serum and plasma, most values fell between the 

limits of agreement, as demonstrated by the Bland-Altman plots. The average difference 

in mean concentrations of PlGF and sFlt1 between serum and plasma was 5.9% (2.65-

9.19%), demonstrating an acceptable degree of agreement between plasma and serum 

sample values. Mean PlGF and sFlt1 concentrations in serum samples showed slightly 

higher values than plasma values, which is consistent with other studies in the literature, 

reflecting spurious elevation with the release of these substances from platelets when 

blood coagulates in the non-heparinised, serum sample tubes (Polliotti et al. 2003). 

Despite the slightly higher values in serum samples, correlation and agreement between 

serum and plasma were good, and the difference observed between serum and plasma 

raw values for these biomarkers results was not deemed clinically significant. These 

results indicate that serum and plasma may be considered equivalent for sFlt1 and PlGF 

testing when using these three immunoassay platforms. 

 

Samples that had undergone up to five freeze-thaw cycles displayed minimal percentage 

differences, with an average of 1.31% (0.07%-3.66%) difference between values 

obtained with each thaw, for PlGF, sFlt1 and the sFlt1/PlGF ratio. This difference is 

minimal and very unlikely to be of clinical significance, which is in keeping with another 

study in the literature (Cowans et al. 2011). These findings indicate that PlGF and sFlt1 

are most likely stable enough molecules to undergo repetitive freeze thaw cycles 

without deterioration or significant changes in value.  
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It should be appreciated, as outlined in Table 1, that the Delfia, Cobas and Kryptor 

platforms each rely on very different technologies to generate results. Despite this, 

results from the three platforms were well correlated based on the Intraclass 

Correlation Coefficient, indicating reliable and reproducible results obtained across all 

three platforms. The average difference between raw data values for PlGF, sFlt1 and the 

sFlt1/PlGF ratio for each platform when compared using Bland-Altman plots were 

considerable, and likely to be clinically significant when comparing values directly 

between platforms. Hence when reporting raw data values, reference ranges for sFlt1 

and PlGF specific to each platform should be used. On the other hand, when raw data 

values were converted to MoM, the MoM values were directly comparable between 

platforms when compared using Bland-Altman plots, with a very small degree of bias 

and narrow limits of agreement. Conversion of raw data values to MoM would allow 

direct comparison of results between the three platforms rather than needing to refer 

to reference ranges specific to each platform to interpret results. This would simplify 

patient management in the instance that specific cut-off values for PlGF or the 

sFlt1/PlGF ratio, delineating whether a patient is at high or low risk of developing 

preeclampsia, based on whether their result is above or below the cut-off, become 

established. Using specific cut-off points for each platform when using raw data values, 

while possible, seems more cumbersome as these platform specific cut-offs would not 

be applicable across all platforms. 

 

There could be many factors contributing to the observation that the Cobas analyser 

results appeared consistently higher than the Kryptor platform, which were higher than 

the Delfia platform. These are outlined in Chapter 7.  

 

The high correlation and agreement between these three platforms is a reassuring 

finding. Common to all immunoassays, direct comparison of values between platforms 

can be problematic as raw data values are often not equivalent. With the three 

immunoassay platforms studied here, if using MoM values, direct comparison of values 

between platforms is possible. If raw data values are chosen, specific reference ranges 

for each platform, and specific to different labs, need to be generated. This is not 
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uncommon practice with immunoassays, and different healthcare settings would need 

to become familiar with the immunoassay they are using, and its specific reference 

ranges. Ultimately, comparing results directly between platforms is not paramount. It is 

more important for individual health care settings to be able to draw appropriate clinical 

information from the platform they have chosen to use, and make appropriate clinical 

decisions based on the method of testing chosen. 

 

2.10 Summary 

The validation studies performed have confirmed the following: 

• Raw data results for PlGF, sFlt1 and the sFlt1/PlGF ratio from the three platforms 

are well correlated based in the Intraclass Correlation Coefficient, indicating 

reliable and reproducible results. 

• Raw data and MoM values for PlGF, sFlt1 and the sFlt1/PlGF ratio showed good 

agreement based on Bland Altman plots. MoM values were directly comparable 

between platforms, with a small degree of bias and narrow limits of agreement. 

Reference ranges for raw data values need to be taken into consideration when 

comparing values between platforms. 

• Quality control results based on coefficients of variation were acceptable using 

both QC’s supplied by the manufacturer, and inter- and intra-assay controls 

using samples from within the patient cohort, with the former understandably 

showing best performance. 

• Correlation and agreement between serum and plasma values were both good, 

and results between them appeared clinically equivalent. 

• Numerous freeze-thaw cycles did not appear to significantly alter levels of PlGF, 

sFlt1 or sFlt1/PlGF ratio. 
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Chapter 3 

Placental Growth Factor (PlGF) for the 

prediction for preeclampsia at midpregnancy 

 

3.1 Introduction 

The commercial availability of tests which may predict the later development of 

preeclampsia has prompted extensive research into their validity for use in the first, 

second and third trimesters of pregnancy.  There have been numerous studies 

performed to assess the clinical validity of PlGF in screening for preeclampsia at 

midpregnancy.  

 

Maternal serum PlGF concentration has been shown to be significantly lower in 

pregnancies that subsequently develop preeclampsia compared with unaffected 

pregnancies, when tested during the second trimester, both among pregnancies 

deemed at increased risk of developing preeclampsia, and among the asymptomatic 

general population (Su et al. 2001; Tidwell et al. 2001; Tjoa et al. 2001; Polliotti et al. 

2003; Taylor et al. 2003; Krauss et al. 2004; Levine 2004; Unal et al. 2007; Shim et al. 

2015). Su (Su et al. 2001) tested PlGF MoM levels between 14 and 19 weeks, including 

254 patients in total. Their study included 27 patients with preeclampsia and 227 who 

had normal pregnancy outcomes. They found the median (IQR) for patients who 

developed preeclampsia to be 0.55 (0.33-0.85) MoM compared with normal pregnancy, 

which was 1.00 (0.71-1.32) MoM. ROC curves in this study showed AUC 0.76, sensitivity 

70% and specificity 70% for the prediction of preeclampsia using MoM values. They 

concluded that a decreased maternal serum PlGF concentration in the early second 

trimester is highly associated with subsequent development of preeclampsia, but that 

larger prospective studies are required to explore its predictive value. Tidwell (Tidwell 

et al. 2001) looked at changes throughout gestation of serum PlGF levels among women 

who developed preeclampsia and found that women who develop preeclampsia have 

lower PlGF during all three trimesters when compared with unaffected pregnancies. 
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Maternal PlGF levels were collected between 5 and 15 weeks gestation, 16 and 20 weeks 

gestation and 26 and 30 weeks gestation. Among the group who had samples taken 

between 16 and 20 weeks gestation, 10 developed mild preeclampsia, 4 developed 

severe preeclampsia and there were 25 controls, with a total of 39 patients analysed in 

total. They concluded that PlGF may be used as a preclinical indicator for preeclampsia. 

Using ROC curves, the optimal cutoff to detect women with preeclampsia between 16 

and 20 weeks gestation was ≤90pg/mL, with sensitivity 66.7% and specificity 88.9%. 

They found that gestational age significantly influenced serum PlGF levels, with 

statistically significant differences in mean PlGF levels between the three groups tested, 

with patients with normal pregnancy, mild preeclampsia and severe preeclampsia 

having progressively lower levels. PlGF levels were significantly reduced in patients with 

preeclampsia from around 15 weeks gestation, well prior to clinical manifestations of 

preeclampsia becoming evident, with levels reducing further as gestation advanced. 

Tjoa (Tjoa et al. 2001) tested for PlGF between 11 and 21 weeks gestation. They divided 

their patient population into three groups based on gestational age. Forty patients 

between 17 and 21 weeks were analysed in total. Of these, 25 had a normal pregnancy 

outcome, 10 developed preeclampsia and 5 developed intrauterine growth restriction. 

They found a significantly lower PlGF level in patients who later developed preeclampsia 

compared with unaffected pregnancies, when tested between 17 and 21 weeks. PlGF 

levels were measured between 17 and 21 weeks across the same three outcome groups, 

there was a statistically significant difference in results obtained between the three 

groups (p = 0.004). These differences were not found between 14 and 17 weeks 

gestation.  

 

Polliotti (Polliotti et al. 2003) performed a case-control study including patients who 

developed early onset preeclampsia requiring delivery prior to 34 weeks. Overall, they 

included 20 cases with samples collected between 14 and 21 weeks gestation who went 

on to develop early onset preeclampsia and compared them with 60 normal controls. 

From the 25 samples collected between 18 and 21 weeks gestation, 6 developed severe 

early onset preeclampsia.  They found that PlGF levels were significantly lower in 

patients with early onset preeclampsia compared with unaffected controls. ROC curves 

demonstrated predictive performance 0.799 for PlGF.  
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When used in isolation to predict early onset preeclampsia, PlGF has been shown to be 

more accurate when tested in the second trimester than the first trimester (Tjoa et al. 

2001; Ghosh et al. 2013; Lambert-Messerlian 2014). Ghosh (Ghosh et al. 2013) tested 

serum PlGF between 11 and 14 weeks and between 22 and 24 weeks to determine which 

was more effective as a biomarker to predict early onset preeclampsia requiring delivery 

prior to 32 weeks. 1244 patients had PlGF samples taken between 11 and 14 weeks, 

while 1206 patients had samples taken between 22 and 24 weeks gestation. There were 

19 cases of early onset preeclampsia requiring delivery before 32 weeks. They used ROC 

curves to establish optimal cutoffs to determine a positive test for each gestational 

group. Values for AUC, sensitivity and specificity of PlGF <144pg/mL between 22 and 24 

weeks were 0.980, 84% and 78%, respectively, which were significantly higher than for 

serum PlGF <228pg/mL between 11 and 14 weeks, which gave values of 0.972, 58% and 

66%, respectively. It was concluded that PlGF between 22 and 24 weeks gestation was 

more strongly predictive of early onset preeclampsia than PlGF testing between 11 and 

14 weeks for the prediction of preeclampsia requiring delivery prior to 32 weeks. 

Lambert-Messerlian (Lambert-Messerlian 2014) performed a case-control study 

comparing PlGF values, which they converted to MoM, and other biomarkers collected 

at 12 and 16 weeks gestation in patients who developed preeclampsia with controls. 

They included 98 patients with the outcome of preeclampsia, and 620 control 

pregnancies. These samples were then analysed for PlGF and a range of other 

biomarkers. PlGF levels were significantly reduced in patients with preeclampsia in both 

first and second trimester, and the effect was magnified when looking at early onset 

preeclampsia. PlGF was strongly associated with early onset preeclampsia in the second 

trimester and was also less strongly associated with other outcomes. For early onset 

preeclampsia, reductions in PlGF were more pronounced in the second than in the first 

trimester, a finding that is in agreement with a recent meta-analysis (Kleinrouweler et 

al. 2012). Shim (Shim et al. 2015) compared PlGF levels in 37 patients who had samples 

collected between 16 and 23 weeks and subsequently developed preeclampsia, with 37 

matched controls. They found that midpregnancy plasma PlGF levels were significantly 

lower in patients who subsequently developed preeclampsia (87.1 pg/mL [14.2-774.3], 

p<0.001) compared with those that did not (148.8 pg/mL [57.2-425.6], p<0.001). They 

also found that midpregnancy PlGF levels were lower in women who developed severe 
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preeclampsia (70.2 pg/mL [14.2-257.5], p<0.001) than those that had mild preeclampsia 

(122.4 pg/mL [57.9-774.3], p<0.001).  

 

PlGF has been clinically validated for confirming the diagnosis of preeclampsia in 

patients who present with symptoms, and to stratify risk as to the likelihood that 

delivery will be required within a fortnight (Chappell et al. 2013). The PELICAN study in 

2013 (Chappell et al. 2013) demonstrated an AUC 0.87, with sensitivity 96% (95% CI 89%-

99%) and negative predictive value 98% (95 % CI 93%-99.5%) for PlGF tested in women 

symptomatic for preeclampsia. Despite these very compelling findings, it has taken a 

long time for PlGF testing to be implemented into clinical practice, with very few 

countries in the world using the test in everyday clinical practice. With a range of 

commercial automated assays being made available within the last decade, there have 

been concerns from governing bodies internationally regarding the appropriate 

utilisation of biomarker testing for the diagnosis and prediction of preeclampsia, with 

the consensus to fully determine their clinical utility prior to implementation (Meads et 

al. 2008; Henderson et al. 2017; Brown et al. 2018).  

 

In this chapter, the intention was to determine whether PlGF, when tested using one of 

three commercially available immunoassay platforms, performs well as a predictive test 

for preeclampsia when tested at midpregnancy. Subsequently, the clinical validity of this 

test for prediction of preeclampsia at midpregnancy was evaluated.   

 

3.2 Methods 

Methods described in Chapter 2 were followed.  

 

3.2.1 Study population 

Refer to section 2.2 

 

3.2.2 Blood sample collection and storage 

Refer to section 2.3 
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3.2.3 Outcome measures 

The main outcome of interest was the development of preeclampsia, as defined by the 

ISSHP (Brown et al. 2018). More specifically, preeclampsia was classified according to 

gestation at the time of delivery, not the time of onset, as early onset preeclampsia 

(<34weeks), preterm preeclampsia (<37weeks) and term preeclampsia (≥37weeks). 

Secondary outcomes including placental abruption, fetal growth restriction (FGR) and 

stillbirths greater than 24 weeks gestation were also analysed. FGR was diagnosed if one 

of the following factors was present: doppler cerebroplacental ratio (CPR) less than the 

5th centile, UAPI greater than the 95th centile or EFW <3rd centile (Figueras and Gratacos 

2014). 

 

3.2.4  Statistical analysis 

In addition to the analyses described in Chapter 2, median raw data and MoM values for 

PlGF were compared between patients with preeclampsia and unaffected pregnancies 

using the Mann-Whitney U test. P-values <0.05 were deemed to be statistically 

significant. Screening performances for PlGF raw data and MoM values were then 

evaluated using receiver operating characteristic (ROC) curves to calculate the area 

under the curve (AUC). Coordinates of the ROC curves were used to identify PlGF values 

for the prediction of term (≥37 weeks), preterm (<37weeks) and early (<34weeks) 

preeclampsia. Selected cut-off values were chosen for each immunoassay platform, with 

biomarker values with the highest sensitivity and specificity chosen as optimal cut-off 

points for a positive test. True positive and true negative results were assessed using 2 

x 2 contingency tables, followed by diagnostic test evaluation using an online calculator 

(MedCalc®). Sensitivity, specificity, positive predictive value (PPV) and negative 

predictive value (NPV) were then determined for PlGF levels performed on each 

immunoassay platform for the prediction of preeclampsia. Clinical outcomes for 

patients who had true positive, false negative and false positive results were clinically 

correlated with PlGF test results in order to assess the clinical utility for each platform 

in our patient population.  
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Maternal 
Characteristics 

Unaffected  
(n=487) 

PE < 34 weeks 
(n=3) 

PE < 37 weeks 
(n=8) 

PE ≥ 37 weeks 
(n=17) 

     
Maternal age in years 35.4 (31.2-38.3) 35.7 (33.3-36.9) 33.8 (30.0-36.0) 33.1 (29.5-35.4) 
Maternal weight in kg 68.2 (62.0-78.0) * 96.0 (84.0-97.0) 85.5 (70.5-97.0) * 76.0 (64.0-93.0) 

Maternal height in cm 
164.8 (160.0-

169.0) 
164.0 (160.0-

167.3) 
163.3 (157.8-

169.3) 
164 (163-167) 

BMI 
 

25.2 (23.0-28.4) * 33.7 (30.3-36.6) * 32.1 (27.3-34.8) * 28.7 (23.8-34.6) 

GA in weeks 
 

20.3 (20.0-20.9) 20.7 (20.4-21.0) 20.3 (20.1-21.0) 20.6 (20.1-21.3) 

GA at delivery 
 

39.3 (38.1-40.4) * 30.1 (29.2-31.1) * 35.9 (31.1-36.3) * 38.14 (37.7-39.1) 

Racial origin, n (%) 
 

    

Caucasian 
 

366 (75.2) 2 (66.6) 5.0 (62.5) 15.0 (88.2) 

Afro-Caribbean 
 

17.0 (3.5) 0.0 1.0 (12.5) 0.0 

South Asian 40.0 (8.2) 0.0 1.0 (12.5) 0.0 
East Asian 41.0 (8.4) 1 (33.3) 1.0 (12.5) 2.0 (11.8) 

Mixed 23.0 (4.7) 0.0 0.0 0.0 
Medical History, n (%)     
Chronic hypertension 17 (3.5) 1 (33.3) 3 (37.5) * 0.0 
Diabetes Mellitus, n 

(%) 
    

Type 1 14 (2.9) 1(33.3) 1 (12.5) 3 (17.6) * 
Type 2 8 (1.6) 0.0 1 (12.5) 0.0 

Gestational Diabetes 22 (4.5) 0.0 2 (25.0) 0.0 
SLE 2 (0.4) 0.0 0.0 0.0 
APS 3 (0.6) 0.0 0.0 1 (5.9) 

Cigarette smokers, n 
(%) 

33 (6.8) 0.0 1 (12.5) 2 (11.8) 

Family history of PE, n 
(%) 

33 (6.8) 0.0 0.0 1 (5.9) 

Parity, n (%)     
Nulliparous 206 (42.3) 1 (33.3) 1 (12.5) 11 (64.7) 

Parous with no 
previous PE 

248 (50.9) 2 (66.6) 4 (50.0) 4 (23.5) 

Parous with previous 
PE 

33 (6.8) 0.0 3 (37.5) * 2 (11.8) 

Infant Characteristics     

Birthweight (g)* 
3351.0 (3028.0-

3690.0) 
1193.0 (1088.0-

1244.0) * 
2114.0 (1244.0-

3161.5) * 
3420.0 (3192.0-

3680.0) 

 

\ 

 

 

 

 

 

PE = preeclampsia; GA = gestational age; BMI = body mass index; SLE = systemic lupus erythematosus; 
APS = antiphospholipid syndrome. Values reported in median (interquartile range) unless otherwise 
stated.  
* p<0.05 when compared to the unaffected group 
 
Table 11. Characteristics of the study population for midpregnancy prediction of preeclampsia. 
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3.3 Results 

3.3.1 Descriptive statistics 

The characteristics of the study population are summarised in Table 11. 

 

When compared to women with unaffected pregnancies, women with early onset or 

preterm preeclampsia had significantly higher BMI, while gestational age at delivery and 

infant birthweights were significantly lower in these groups. Women with preterm 

preeclampsia were more likely to have higher median maternal weight, to have 

underlying chronic hypertension and to be parous with a previous history of 

preeclampsia when compared with unaffected pregnancies. Patients with term 

preeclampsia were more likely to have type 1 diabetes than patients with unaffected 

pregnancies.  

 

There were 600 patients recruited for the overall research study, and of these, 88 were 

excluded from analysis. Seven exclusions occurred due to diagnosis of aneuploidy or 

major fetal anomaly, and 81 exclusions were due to incomplete data, leaving 512 

patients for inclusion in the analysis. There were 25 patients (4.9%) with preeclampsia, 

including 17 patients (3.3%) with term preeclampsia (≥37 weeks), 8 patients (1.6%) with 

preterm preeclampsia (<37 weeks) and 3 patients (0.6%) with early onset preeclampsia 

(<34 weeks) (Figure 27). Details for the patients with early onset, preterm and term 

preeclampsia are summarised in Table 12 and 13.  

 

There were 49 cases of preterm delivery within the cohort. 39 of these were delivered 

preterm (< 37 weeks), while 10 required early delivery (<34 weeks). There were 64 cases 

of babies delivered who were small for gestational age (SGA). Of these, 48 were 

delivered at term, 16 preterm and 4 required early onset delivery prior to 34 weeks. 13 

of the 16 cases (81.3%) who were small for gestational age were confirmed to have fetal 

growth restriction (FGR), discussed further in Chapter 5. Five of the 8 cases with preterm 

preeclampsia (62.5%) and all 3 of the cases with early onset preeclampsia (100%) had 

coexisting preterm FGR. None of the patients with term preeclampsia had FGR. 

 



113 

 

 

Figure 27. Patients who developed preeclampsia from those included for analysis.  
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Patients who developed early onset (<34 weeks) preeclampsia 
 

No Parity History and antenatal course 
 

Delivery and outcome 

1 G2P1 Previous PTD following APH at 28/40 HELLP syndrome. LUSCS 28+2/40. BWt 2nd % 

2 G1P0 Chronic HT, T1DM with diabetic 
retinopathy. On aspirin 

Superimposed PE with worsening proteinuria 
(15.4g/day). LUSCS 30+1/40. BWt 2nd % 

3 G3P1  Early onset PE 32/40. LUSCS. BWt 1st centile. 
T13 placental mosaicism 

Patients who developed preterm (<37 weeks) preeclampsia 
 

 Parity History and antenatal course 
 

Delivery and outcome 

4 G3P2 Previous PE, T2DM IOL 36+1/40 for PE. BWt 99th centile 

5 G3P2 Previous PTD at 31/40. Chronic HT. 
On aspirin and calcium 

Mild PE on a background of chronic HT. IOL 
36/40 due to suspected placental abruption. 
BWt 88th centile. 6 G2P1 Previous PTD 31/40 for severe early 

onset PE. GDM. On aspirin 
Emerg LUSCS 35+5/40 for severe PE with renal 
impairment and hyperkalaemia. BWt 97th 
centile 7 G4P3 Previous PTD 28/40 for HELLP 

syndrome. On aspirin and calcium 
Severe PE 36/40. LUSCS 36+4/40. BWt 1st 
centile 

8 G4P1 Previous FDIU 33/40. Chronic HT, 
GDM 

LUSCS 36+3/40. BWt 2nd centile 

 
PE = preeclampsia. PTD = preterm delivery. HELLP = haemolysis, elevated liver enzymes, 
low platelets. APH = antepartum haemorrhage. LUSCS = Lower uterine segment 
caesarean section. BWt = birthweight. HT = hypertension. T1DM = Type 1 diabetes 
mellitus. T2DM = type 2 diabetes mellitus. IOL = induction of labour. GDM = gestational 
diabetes mellitus. FDIU = fetal death in utero. PCR = protein to creatinine ratio. MgSO4 
= magnesium sulphate. T13 = trisomy 13 
 
Table 12. Summary of patients who developed early onset and preterm 

preeclampsia. 
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Patients who developed term (≥37 weeks) preeclampsia 
 

 Parity History and antenatal course 
 

Delivery and outcome 

9 G4P2 
 

Previous PTD 36/40 due to 
PE and IUGR 

Late onset PE. LUSCS 37+4. BWt 23rd% 

10 G2P0 
 

 Severe PE/HELLP syndrome 38+1/40 (urine PCR 0.10, 
low haptoglobin, ↑ ALT, ↓platelets (112). Required 
MgSO4. IOL. BWt 65th % 11 G4P0 

 
 Late onset PE 41/40. IOL 41/40. BWt 58th % 

12 G2P0 
 

Smoker Late onset PE. LUSCS 38+4/40. BWt 30th% 

13 G1P0 
 

T1DM. Normal urine PCR 
early pregnancy 

Late onset PE. LUSCS 37+6. BWt 95th% 

14 G4P0 
 

 Late onset PE, IOL 39+4/40. BWt 72nd% 

15 G1P0 
 

 Late onset PE, LUSCS 39+5/40. BWt 95th% 

16 G1P0 
 

T1DM Late onset PE. LUSCS 38+4/40. BWt 99th% 

17 G1P0 
 

T1DM, hypothyroidism Late onset PE. Code green LUSCS for high lactate 
37+5/40. BWt 99th%. Placenta: prominent syncytial 
knots, indicating uteroplacental ischaemia. 18 G2P1 

 
Smoker. GDM Late onset PE. IOL 37+5/40. BWt 85th% 

19 G2P0 
 

 Late onset PE. IOL 38+6/40. BWt 45th% 

20 G3P2 
 

 Late onset PE. IOL 37+0/40. BWt 45th% 

21 G3P0 
 

APS. On clexane 1st trimester Late onset PE. IOL 41+4/40. BWt 17th% 

22 G3P2 
 

Grave’s disease. On 
carbimazole 

Intrapartum PE. IOL 39+1/40. BWt 80th% 

23 G2P1 
 

Previous severe PE 38/40 
requiring MgSO4. On aspirin 
 

Late onset PE. IOL 37+1/40. BWt 70th% 

24 G1P0 
 

Epilepsy Late onset PE. BWt 62nd% 

25 G3P2 
 

Previous 21/40 loss. Elective 
cervical cerclage, removed 
37/40. 

Late onset PE. IOL 37+1/40. BWt 91st% 

 

PE = preeclampsia. PTD = preterm delivery. HELLP = haemolysis, elevated liver enzymes, 
low platelets. APH – antepartum haemorrhage. LUSCS = Lower uterine segment 
caesarean section. BWt = birthweight. HT = hypertension. T1DM = Type 1 diabetes 
mellitus. T2DM = type 2 diabetes mellitus. IOL = induction of labour. GDM = gestational 
diabetes mellitus. FDIU = fetal death in utero. PCR = protein to creatinine ratio. MgSO4 
= magnesium sulphate. APS = antiphospholipid syndrome. 
 
Table 13. Summary of patients who developed term preeclampsia. 
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There were 10 cases of placental abruption, 4 of which occurred at term, 6 occurred 

prior to 37 weeks and 1 of these occurred prior to 34 weeks. There was 1 stillbirth at 39 

weeks, which occurred secondary to placental abruption.  

 

Table 14 displays patients who delivered preterm who had at least one adverse 

outcome, including preterm preeclampsia, placental abruption, preterm fetal growth 

restriction or stillbirth.  

 

For patients who developed preterm preeclampsia, one also had a placental abruption 

(patient 5 in Table 12), and 5 had preterm FGR, based on delivering babies with 

birthweights less than the 3rd centile (see Table 12 and 14). Of the remaining 9 patients 

who had a placental abruption, 1 was associated with stillbirth at 39/40 (see Table 14 

and 19). 8 preterm abruptions occurred in the absence of any other complication (Table 

14).  Of the remaining 12 patients with preterm FGR, again these occurred in the absence 

of any other complication (Table 14).  

 

There were 52 patients (10%) within the cohort that were taking low dose aspirin 

antenatally. Clinical history, outcomes and biomarker results for these patients are 

outlined in Appendix 1. Patient 1 in the table went on to develop early onset 

preeclampsia, while patients 2-9 developed late onset preeclampsia. Patients 10-16 

delivered neonates who were either SGA (patients 13-16) or had FGR (patients 10-12). 

Patients 17-26 had poor obstetric histories and had each experienced a fetal death in 

utero in a previous pregnancy. These patients had normal outcomes for the current 

pregnancy. Patients 27-42 had either significant risk factors for the development of 

preeclampsia or for a poor pregnancy outcome. The majority of these patients had a 

good outcome for the current pregnancy, except patient 32 who had a preterm delivery 

(36+6 weeks) and patient 35 who developed PPROM and chorioamnionitis requiring 

delivery at 25+4 weeks. Patients 43 to 51 had no significant risk factors for development 

of preeclampsia and achieved good outcomes for the current pregnancy.  
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3.3.2 Comparison studies for PlGF between patients who developed preeclampsia 

and unaffected pregnancies 

Patients who developed preterm or early onset preeclampsia had significantly lower 

PlGF values, both raw data values and MoM values at the time of testing across all three 

platforms (p<0.05) when compared with unaffected pregnancies (Table 15).  

 

This finding is demonstrated in Figure 28. When looking at results from each platform 

for PlGF raw data values, patients that did not develop preeclampsia and patients who 

subsequently developed preeclampsia at term had second trimester PlGF results at 

around the same level. Patients who went on to develop early or preterm preeclampsia 

had significantly lower second trimester PlGF levels when compared with unaffected 

patients or those with term preeclampsia. Similarly, when looking at results from each 

platform for PlGF MoM values, patients that did not develop preeclampsia and patients 

who subsequently developed preeclampsia at term had second trimester PlGF results 

around 1.0 MoM. Patients who went on to develop early or preterm preeclampsia had 

significantly lower second trimester PlGF results when compared with unaffected 

patients or those with term preeclampsia, with values around 0.5 MoM and 0.8 MoM, 

respectively.  
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Outcome No composite outcome Preterm PE Placental abruption Preterm FGR Stillbirth 

 476     

Preterm PE  2 1 5 0 

Placental abruption  1 8 0 1 

Preterm FGR  5 0 12 0 

Stillbirth  0 1 0 0 

TOTAL 476 (93%) 8 (1.6%) 10 (2%) 17(3.4%) 1 (0.2%) 

 

Table 14. Composite adverse outcomes. 36 patients (7%) experienced adverse outcomes including preterm preeclampsia (PE), preterm fetal 

growth restriction (FGR), placental abruption or stillbirth. 14 patients (2.7%) experienced more than one of these adverse outcomes. 
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Angiogenic Markers Unaffected (n=487) PE ≥ 37 weeks (n=17) p-value PE < 37 weeks (n=8) p-value PE < 34 weeks (n=3) p-value 
        

Delfia PlGF        

Raw data 166.9 (125.1-231.0) 183.7 (142.6-266.0) 0.457 95.5 (42.2-171.7) * 0.018 47.9 (34.2-81.9) * 0.010 

MoM 1.0 (0.9-1.1) 1.1 (0.9-1.2) 0.385 0.8 (0.6-1.0) * 0.010 0.5 (0.4-0.7) * 0.020 

Cobas PlGF        

Raw data 248.5 (183.9-332.8) 273.7 (196.7-339.7) 0.310 161.3 (60.9-215.6) * 0.008 54.7 (52.2-116.4) * 0.012 

MoM 1.0 (0.9-1.1) 1.1 (0.9-1.1) 0.215 0.8 (0.6-1.0) * 0.006 0.6 (0.5-0.8) * 0.023 

Kryptor PlGF        

Raw data 201.4 (152.3-276.1) 204.2 (160.2-316.3) 0.638 127.9 (54.3-206.0) * 0.015 48.8 (47.4-96.7) * 0.010 

MoM 1.0 (0.9-1.1) 1.0 (0.9-1.1) 0.495 0.8 (0.7-0.9) * 0.008 0.6 (0.5-0.8) * 0.020 
Units for PlGF are in pg/mL. All values are reported as median (interquartile ranges). 
 * p<0.05 when compared to the unaffected group 
PE = preeclampsia. MoM = multiples of the median 
 

Table 15. Comparison of PlGF raw data and MoM values between patients with term, preterm and early onset preeclampsia and unaffected 
pregnancies. 
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Figure 28. Comparison of PlGF raw data and MoM levels between patients with early onset (<34 weeks), preterm (<37 weeks) and term 

(≥37 weeks) preeclampsia and unaffected pregnancies. 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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3.3.3 Performance of PlGF for the prediction of preeclampsia 

Having established that both PlGF and PlGF MoM are significantly lowered in women 

who develop early onset and preterm preeclampsia, the predictive properties of PlGF at 

midpregnancy using three different commercially available platforms were compared 

using ROC curve analysis. ROC curves demonstrate the ability of placental biomarkers to 

differentiate patients with preeclampsia from normal pregnancies. When interpreting 

results, the value 1.0 represents 100% sensitivity and specificity for a given test, and the 

value 0.50 indicates that a test has no discriminatory power (Zweig and Campbell 1993). 

As indicated in Figure 29, when used to predict term preeclampsia, PlGF raw data values 

gave AUC values for the Delfia, Cobas and Kryptor platforms of 0.553, 0.572 and 0.534, 

respectively. PlGF MoM values gave AUC values for the Delfia, Cobas and Kryptor 

platforms of 0.562, 0.588 and 0.549, respectively.  

 

When used to predict preterm preeclampsia, PlGF raw data values gave AUC values for 

the Delfia, Cobas and Kryptor platforms of 0.745, 0.774 and 0.751 respectively. PlGF 

MoM values gave AUC values for the Delfia, Cobas and Kryptor platforms of 0.768, 0.786 

and 0.774 respectively (Figure 30). 

 

When used to predict early onset preeclampsia, PlGF raw data values gave AUC values 

for the Delfia, Cobas and Kryptor platforms of 0.929, 0.922 and 0.931 respectively. PlGF 

MoM values gave AUC values for the Delfia, Cobas and Kryptor platforms of 0.889, 0.880 

and 0.889 respectively (Figure 31).  
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Figure 29. ROC curves for prediction of term (≥37 weeks) preeclampsia using PlGF raw data and MoM values.  
 

 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Figure 30. ROC curves for prediction of preterm (<37weeks) preeclampsia using PlGF raw data and MoM values.  
 
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Figure 31.  ROC curves for prediction of early onset (<34weeks) preeclampsia using PlGF raw data and MoM values.  
 
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Delfia PlGF 
     

Early Onset PE
1
 0.93 100 (29.2-100) 80.75 (77.05-84.08) 2.97 (2.50-3.53) 100 

Preterm PE
1a

 0.75 62.5 (24.5-91.5) 80.56 (76.83-83.92) 4.85 (2.82-8.24) 99.27 (98.22-99.70) 

Delfia PlGF MoM 
     

Early Onset PE
2
 0.89 100 (29.2-100) 68.17 (63.93-72.20) 1.82 (1.60-2.06) 100 

Preterm PE
2a

 0.77 62.50 (24.49-91.48) 85.12 (81.71-88.11) 6.25 (3.61-10.60) 99.31 (98.32-99.72) 

Cobas PlGF 
     

Early Onset PE
3
 0.92 100 (29.2-100) 77.80 (73.93-81.34) 2.59 (2.21-3.03) 100 

Preterm PE
3a

 0.77 75.00 (34.91-96.81) 73.21 (69.12-77.03) 4.26 (2.82-6.37) 99.46 (98.23-99.84) 

Cobas PlGF MoM 
     

Early Onset PE
4
 0.88 100 (29.2-100) 64.64 (60.31-68.79) 1.64 (1.46-1.70) 100 

Preterm PE
4a

 0.79 62.5 (24.49-91.48) 87.10 (83.86-89.90) 7.14 (4.12-12.11) 99.32 (98.35-99.72) 

Kryptor PlGF 
     

Early Onset PE
5
 0.93 100 (29.24-100) 80.55 (76.84-83.90) 2.94 (2.48-3.49) 100 

Preterm PE
5a

 0.75 75 (34.9-96.8) 71.43 (67.27-75.34) 4.00 (2.66-5.98) 99.45 (98.19-99.83) 

Kryptor PlGF MoM 
     

Early Onset PE
6
 0.89 100 (29.2-100) 67.78 (63.53-71.82) 1.80 (1.59-2.03) 100 

Preterm PE
6a

 0.77 62.5 (24.5-91.5) 90.28 (87.35-92.72) 9.26 (5.31-15.67) 99.34 (98.41-92.32) 

 
Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 

PlGF concentration is in pg/mL. PE = preeclampsia. Early onset = <34 weeks. Preterm = <37 weeks. AUC = area under the 
curve. CI = confidence intervals. PPV = positive predictive value. NPV = negative predictive value 
Positive test defined as 1 PlGF <115.9; 1a PlGF <115.9; 2 PlGF MoM <0.925; 2a PlGF MoM <0.815; 3 PlGF <178.2; 3a PlGF 
<191.2; 4 PlGF MoM <0.945; 4a PlGF MoM <0.815; 5 PlGF <144.8; 5a PlGF <161.2; 6 PlGF MoM <0.935; 6a PlGF MoM <0.795 

Table 16. Clinical characteristics for PlGF raw data and MoM values for prediction of early onset 
and preterm preeclampsia. 
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3.3.4 Sensitivity and specificity analysis for prediction of preeclampsia using PlGF 

Sensitivity and specificity for the prediction of preeclampsia were calculated for the 

Delfia, Cobas and Kryptor assays using selected cut-off values from the ROC curves. Two 

cut-off points were determined for each platform. The first was the point that gave the 

highest sensitivity and specificity for prediction of patients with preterm preeclampsia 

and will be referred to as the preterm PE cut-off. The second was the point that gave the 

highest sensitivity and specificity for prediction of patients with early onset 

preeclampsia and will be referred to as the early PE cut-off.  

 

PlGF testing at midpregnancy for the prediction of term preeclampsia (Figure 29) yielded 

AUC values for each platform that were close to 0.50, indicating poor discriminatory 

power to predict term preeclampsia when tested at midpregnancy. Hence further 

analysis for this group was not performed.  

 

PlGF testing at midpregnancy for the prediction of early onset and preterm preeclampsia 

showed much better discriminatory power for this outcome, with AUC exceeding 0.92 

and 0.77, respectively, for each platform (see Table 16). 

 

When using PlGF in isolation for the prediction of early onset preeclampsia, PlGF raw 

data values performed best, with AUC for the Delfia, Cobas and Kryptor platforms at 

0.93, 0.92 and 0.93, respectively. Clinical characteristics for PlGF raw data values for the 

prediction of early onset preeclampsia for the Delfia, Cobas and Kryptor platforms were 

as follows: sensitivity 100, 100, 100; specificity 80.75, 77.8, 80.55; positive predictive 

value (PPV) 2.97, 2.59, 2.94 and negative predictive value (NPV) 100, 100, 100. 

 

When using PlGF in isolation for the prediction of preterm preeclampsia, PlGF MoM 

values performed best, with AUC for the Delfia, Cobas and Kryptor platforms at 0.77, 

0.79 and 0.77, respectively. Clinical characteristics for PlGF MoM for the prediction of 

preterm preeclampsia for the Delfia, Cobas and Kryptor platforms were as follows: 

sensitivity 62.5, 62.5, 62.5; specificity 85.12, 87.1, 90.28; PPV 6.25, 7.14, 9.26; NPV 99.3, 

99.3, 99.3. 

 



127 

 

3.3.5 PlGF raw data values for the prediction of early onset preeclampsia 

For the prediction of early onset preeclampsia, PlGF raw data values had the highest 

AUC and performed best in terms of clinical characteristics (Table 16). The prediction of 

early preeclampsia using raw data values from the Delfia, Cobas and Kryptor platforms 

involved different cut-offs for each platform, derived from the ROC curves, with cut-offs 

chosen to maximise test sensitivity and specificity. The cut-offs for early onset 

preeclampsia for each platform were as follows: <115.9pg/mL for Delfia; <178.2pg/mL 

for Cobas and <144.8pg/mL for Kryptor, respectively.  

 

The numbers of false positives, true positives, false negatives and true negatives for each 

platform in the prediction of both early onset and preterm preeclampsia are 

summarised in Table 17. 

 

Looking at true positive results detected using raw data values and these cut-offs, all 3 

cases with early onset preeclampsia (patients 1,2,3 in Table 18) were detected for each 

platform. An additional 2 patients with preterm preeclampsia (4 and 8 in Table 18) were 

also detected, resulting in 3/8 (100%) cases of early onset preeclampsia and 5/8 (62.5%) 

cases of preterm preeclampsia being captured. This cut-off also detected 3 cases of term 

preeclampsia for the Delfia and Kryptor platforms (patients 13,16,20 from Table 18), and 

4 for the Cobas platform (patients 13,16,20 and 25 from Table 18).  

 

Using the cut-offs for prediction of early preeclampsia using raw data values, for all three 

platforms there were 3/8 cases of preterm preeclampsia that had a false negative result, 

however none of these developed early onset preeclampsia (patients 5,6,7 in Table 18). 

For all 3 platforms, there was one patient who developed HELLP syndrome at term 

(patient 10 in Table 18) who had a negative result.  
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Using PlGF cut-off for early 
onset PE 

Using PlGF cut-off for preterm 
PE 

Using sFlt1/PlGF ratio cut-off for 
early onset PE 

Using sFlt1/PlGF ratio cut-off for 
preterm onset PE 

Delfia PlGF 
FP 103 
TP 3 
FN 0 
TN 406 

Delfia PlGF 
FP 101 
TP 5 
FN 3  
TN 403 

Cobas sFlt1/PlGF ratio 
FP 23 
TP 3 
FN 0 
TN 486 

Cobas sFlt1/PlGF ratio 
FP 174 
TP 5 
FN 3  
TN 330 

Delfia PlGF MoM 
FP 170 
TP 3 
FN 0 
TN 339 

Delfia PlGF MoM 
FP 76 
TP 5 
FN 3  
TN 428 

Cobas sFlt1/PlGF ratio MoM 
FP 50 
TP 3 
FN 0 
TN 459 

Cobas sFlt1/PlGF ratio MoM 
FP 56 
TP 5 
FN 3  
TN 448 

Cobas PlGF 
FP 119 
TP 3 
FN 0 
TN 390 

Cobas PlGF 
FP 139 
TP 6 
FN 2  
TN 365 

Kryptor sFlt1/PlGF ratio 
FP 92 
TP 3 
FN 0 
TN 417 

Kryptor sFlt1/PlGF ratio 
FP 171 
TP 5 
FN 3  
TN 333 

Cobas PlGF MoM 
FP 188 
TP 3 
FN 0 
TN 321 

Cobas PlGF MoM 
FP 65 
TP 5 
FN 3  
TN 439 

Kryptor sFlt1/PlGF ratio MoM 
FP 66 
TP 3 
FN 0 
TN 443 

Kryptor sFlt1/PlGF ratio MoM 
FP 92 
TP 5 
FN 3  
TN 412 

Kryptor PlGF 
FP 104 
TP 3 
FN 0 
TN 405 

Kryptor PlGF 
FP 149 
TP 6 
FN 2  
TN 355 

 Kryptor PlGF MoM 
FP 173 
TP 3 
FN 0 
TN 336 

Kryptor PlGF MoM 
FP 49 
TP 5 
FN 3  
TN 455 

PE = preeclampsia, FP = false positive, TP = true positive, FN = false negative, TN = true negative  

Table 17. Clinical characteristic summary table for preterm and early onset preeclampsia 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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PE = preeclampsia. PTD = preterm delivery. HELLP = haemolysis, elevated liver enzymes, low platelets. LUSCS = Lower uterine 
segment caesarean section. BWt = birthweight. FGR = fetal growth restriction. LGA = large for gestational age. HT = hypertension. 
T1DM = Type 1 diabetes mellitus. T2DM = type 2 diabetes mellitus. IOL = induction of labour. GDM = gestational diabetes mellitus. 
FDIU = fetal death in utero. PCR = protein to creatinine ratio. MgSO4 = magnesium sulphate 
● = patient detected using cut-off for early PE (Table 16) 
● = patient detected using cut-off for preterm PE (Table 16) 

Table 18. True positive results for PlGF raw data and MoM values for the three 
platforms. 

Patients who developed early onset PE 

No Clinical information and outcome Positive PlGF result obtained 

Delfia Cobas Kryptor 

Raw 
data 

MoM Raw 
data 

MoM Raw 
data 

MoM 

1 G2P1, previous 28/40 delivery. HELLP syndrome 28+2/40. Emerg 
LUSCS. FGR 2nd centile 

● ● ● ● ● ● 

2 G1P0, chronic HT. T1DM, diabetic retinopathy. Superimposed PE, 
proteinuria 15g/d. LUSCS 30+1/40. FGR 2nd centile. On LDA. 

●  ●  ●  

3 G3P1. Early onset PE, LUSCS 32/40. FGR 1st centile ● ● ● ● ● ● 

Patients who developed preterm PE 

4 G3P2. previous PE, T2DM. IOL 36+1/40 for PE. LGA 99th centile ● ● ● ● ● ● 

5 G3P2, previous PTD 31/40. Chronic HT. Mild PE, IOL 36+0/40. 
Normal BWt. On LDA and calcium. 

      

6 G2P1, previous PTD 31/40 early onset PE. GDM. Severe PE with 
renal impairment. LUSCS 35+5/40. LGA 97th centile. On LDA.  

      

7 G4P3, previous HELLP 28/40. Severe PE 36+4/40. FGR 1st centile. 
On LDA and calcium. 

 ●  ●  ● 

8 G4P1. Previous FDIU 33/40. Chronic HT, GDM. LUSCS 36+3/40. 
FGR 2nd centile. On LDA.  

● ● ● ● ● ● 

Patients who developed term PE 

No Clinical information and outcome Positive PlGF result obtained 

Delfia  Cobas Kryptor 

Raw 
data 

MoM Raw 
data 

MoM Raw 
data 

MoM 

9 G4P2, previous PTD 36/40 due to PE and FGR. Late onset PE, 
LUSCS 37+4. Normal BWt 

      

10 G2P0. HELLP syndrome 38+1/40 (urine PCR 0.10, low haptoglobin, 
↑ ALT, ↓platelets (112). Required MgSO4. IOL. Normal BWt 

      

11 G4P0. Late onset PE 41/40, IOL. Normal BWt       

12 G2P0. Late onset PE. LUSCS 38+4/40. Normal BWt       

13 G1P0. T1DM. Late onset PE. LUSCS 37+6/40. LGA 95th% ● ● ●  ●  

14 G4P0. Late onset PE, IOL 39+4/40. Normal BWt       

15 G1P0. Late onset PE, IOL 39+5/40. Normal BWt       

16 G1P0. T1DM. Late onset PE, LUSCS 38+4/40. On LDA and calcium. ●  ●  ●  

17 G1P0. T1DM. Late onset PE. Code green LUSCS 37+5/40 for high 
lactate. Placenta: prominent syncytial knots, indicating 
uteroplacental ischaemia 

      

18 G2P1. Late onset PE. IOL 37+5/40. Normal BWt       

19 G2P0. Late onset PE. IOL 38+6/40. Normal BWt       

20 G3P2. Late onset PE. IOL 37+0/40. Normal BWt ●  ●  ●  

21 G3P0. APLS, on clexane 1st trimester. Late onset PE. IOL 41+4/40. 
Normal BWt. On LDA. 

      

22 G3P2. Intrapartum PE 39+1/40. Normal BWt       

23 G2P1. Previous severe PE 38/40 requiring MgSO4. On LDA. Late 
onset PE. IOL 37+1/40. Normal BWt 

      

24 G1P0. Late onset PE 38+4/40. Normal BWt       

25 G3P2. Late onset PE. IOL 37+1/40. Normal BWt   ●    
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No Relevant history Outcome 

Positive result obtained  

Delfia Xpress Cobase411 Kryptor 

Raw 

data 
MoM 

Raw 

data 
MoM 

Raw 

data  

MoM 

1 G1P0. FDIU 39/40. Placental abruption. IOL. Normal BWt ● ● ● ● ● ● 

2 
G1P0. PTD 35/40, IOL for PPROM with suspected chorioamnionitis. FGR 1st centile. 

Placental histopathology confirmed chorioamnionitis 
● ● ● ● ● ● 

3 G2P1. Previous PTD 35/40 for FGR. APH 36+2/40. LUSCS. FGR 2nd centile ● ● ● ● ● ● 

4 G2P1. Previous PTD 34/40. PPROM 36+5/40, spontaneous labour. Normal BWt  ● ● ●  ● ● 

5 G1P0. Smoker. Preterm labour 34+5/40. Emerg LUSCS. FGR 4th centile ● ● ● ● ●  

6 G3P1. Chronic HT. Preterm labour 32/40, placental abruption. LUSCS. Normal BWt ●  ● ● ●  

7 
G1P0. Placental abruption 35+2/40, Kleihauer showed 157mL FMH. LUSCS. BWt 

11th centile. Placental histopathology confirmed abruption 
●  ●  ●  

8 

G2P1. Previous PTD 26/40 due to FGR. On LDA and clexane. 

PPROM 24+3/40, developed chorioamnionitis. PTD 25+4 following IOL.  Normal 

BWt. Placental histopathology acute chorioamnionitis and abruption 

● ●     

9 
G6P2. Anti-E antibodies, titre 1:128. Elevated MCA PSV 33+6/40. LUSCS. Normal 

BWt 
  ● ● ●  

10 G1P0. T1DM. PPROM, spontaneous labour 30+5/40. Normal BWt     ● ● ● 

11 
G2P1. Previous PTD 34/40 due to PE. T1DM. Preterm labour 34+3/40. LUSCS. LGA 

99th centile 
    ●  

12 
G1P0. Smoker. FGR detected 35/40, abnormal CTG. LUSCS. BWt 10th centile. 

Placental histopathology mild hypoxic/ischaemic changes 
  ● ●   

13 

G5P2. Previous PTD 26/40 due to APH and preterm labour. NND 2/52. 

Placental abruption/PPROM 34+1/40/ Normal BWt.  Placental histopathology 

retroplacental haematoma and placental infarction 

   ●   

15 

G8P7. Previous PTD 29/40. Smoker, epilepsy.  

Recurrent APH’s. PPROM 33/40. IOL 33+2/40 for suspected chorioamnionitis. 

Placental histopathology confirmed mild chorioamnionitis. 

   ●   

PE = preeclampsia. PTD = preterm delivery. LUSCS = Lower uterine segment caesarean section. BWt = 
birthweight. FGR = fetal growth restriction. LGA = large for gestational age. HT = hypertension. T1DM = 
Type 1 diabetes mellitus. T2DM = type 2 diabetes mellitus. IOL = induction of labour. GDM = gestational 
diabetes mellitus. FDIU = fetal death in utero. NND = neonatal death. PCR = protein to creatinine ratio. 
MgSO4 = magnesium sulphate. PPROM = prelabour premature rupture of membranes. FMH = feto-
maternal haemorrhage. APH = antepartum haemorrhage 
 
● = patient detected using cut-off for early PE (Table 16) 

● = patient detected using cut-off for preterm PE (Table 16) 

 
Table 19. False positive results for PlGF raw data and MoM values for the three 
platforms with preterm delivery or adverse outcome. 
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PE = preeclampsia, FGR = fetal growth restriction 
 
● = patient detected using cut-off for early PE (Table 16) 
● = patient detected using cut-off for preterm PE (Table 16) 
 
Table 20. Composite adverse outcomes for PlGF raw data and MoM values and 
sFlt1/PlGF ratio raw data and MoM values for the three platforms.

 Composite outcomes detected with PlGF or sFlt1/PlGF ratio 

No 

Outcome 

Positive result obtained PlGF 
Positive result obtained 

sFlt1/PlGF ratio 

Delfia Xpress Cobas e411 Kryptor Cobas e411 Kryptor 

Raw 
data 

MoM 
Raw 
data 

MoM 
Raw 
data 

MoM 
Raw 
data 

MoM 
Raw 
data 

MoM 

1 Early onset PE + FGR ● ● ● ● ● ● ● ● ● ●● 

2 Early onset PE + FGR * ●  ●  ●  ● ● ● ●● 

3 Early onset PE + FGR ● ● ● ● ● ● ● ● ● ●● 

4 Preterm PE + FGR  ● ● ●  ●  ● ● ●● 

5 Preterm PE + FGR ● ● ● ● ● ●     

6 Placental abruption, stillbirth ● ● ● ● ● ●  ● ● ●● 

7 Placental abruption   ●  ●      

8 Placental abruption   ● ●     ●  

9 Placental abruption   ●  ●      

10 Placental abruption ●  ● ● ●    ●  

11 Placental abruption           

12 Placental abruption           

13 Placental abruption           

14 Placental abruption ●  ●  ●  ● ● ● ●● 

15 Placental abruption         ●  

16 Preterm FGR   ● ●       

17 Preterm FGR           

18 Preterm FGR           

19 Preterm FGR ● ● ● ● ●   ● ●  

20 Preterm FGR         ● ● 

21 Preterm FGR           

22 Preterm FGR ● ● ● ● ● ● ● ●   

23 Preterm FGR         ● ●● 

24 Preterm FGR           

25 Preterm FGR ● ● ● ● ● ●  ●   

26 Preterm FGR        ● ● ●● 

27 Preterm FGR         ● ● 
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The number of false positive results for the Delfia, Cobas and Kryptor platforms when using 

PlGF raw data values and the early preeclampsia cut-off for the prediction of early onset 

preeclampsia were 103 (20.1%), 119 (23.2%) and 104 (20.3%), respectively. The majority of 

these false positives delivered at term and had a good outcome. For each platform, around 

10% of patients who had a false positive result (8 [7.8%] for Delfia, 9 [7.6%] for Cobas and 10 

[9.6%] for Kryptor) either required delivery prior to 37 weeks or had an adverse outcome. The 

details for these patients (1-8 for Delfia, 1-7, 9, 12 for Cobas and 1-7 and 9-11 for Kryptor) are 

outlined in Table 19. Using raw data values and the early PE cut-off, a significant proportion 

of patients who had a composite adverse outcome were detected (see Table 20). There were 

10 (9.7%) patients with a composite adverse outcome detected using the Delfia (patients 

1,2,3,5,6,10,14,19,22,25 in Table 20), 15 (12.6%) using the Cobas (same as Delfia plus 

4,7,8,9,16) and 12 using the Kryptor (same as Delfia plus 7 and 9). A large proportion of 

composite outcomes were the same across all three platforms. For each of the three 

platforms, 4 of the 5 cases of preterm PE and FGR were identified, the case of 39/40 stillbirth 

secondary to placental abruption, a further 2 cases of placental abruption, and 3 cases of 

preterm FGR. In addition, the Kryptor platform identified 2 further cases of abruption and the 

Cobas platform a further case of preterm FGR. 

 

3.3.6 PlGF MoM values for the prediction of preterm preeclampsia 

For the prediction of preterm preeclampsia, PlGF MoM values had the highest AUC and 

performed best in terms of clinical characteristics. The prediction of preterm preeclampsia 

using MoM values from the Delfia, Cobas and Kryptor platforms once again involved different 

cut-offs for each platform, derived from ROC curves, with cut-offs chosen to maximise test 

sensitivity and specificity. The cut-offs for preterm preeclampsia for each platform were as 

follows: for the Delfia, cut-off was <0.815MoM; for the Cobas, cut-off was <0.815MoM and 

for Kryptor, cut-off was <0.795 MoM, respectively.  

 

Looking at true positive results detected using these cut-offs, 2 of the 3 cases of early onset 

preeclampsia (patients 1 and 3 in Table 18) were detected for each platform. An additional 3 

patients with preterm preeclampsia (4,7 and 8 in table 14) were detected for each platform, 

resulting in 2/3 (66.7%) cases of early onset preeclampsia and 5/8 (62.5%) cases of preterm 
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preeclampsia being captured across all three platforms. This cut-off additionally identified 

one case of term preeclampsia using the Delfia platform.  

 

Using these cut-offs, for all 3 platforms there were 3/8 cases of preterm preeclampsia that 

had false negative results. 2 developed preterm preeclampsia requiring delivery prior to 37 

weeks (patients 5 and 6 in Table 18), while one developed early onset preeclampsia requiring 

delivery at 30 weeks gestation (patient 2 in Table 18).  

 

The number of false positive results for the Delfia, Cobas and Kryptor platforms when using 

PlGF MoM values and the preterm PE cut-off were 76 (14.8%), 65 (12.7%) and 49 (9.6%), 

respectively. The majority of these false positives delivered at term and had a good outcome. 

For each platform, around 10% of patients who had a false positive result (6 [7.9%] for Delfia, 

10 [15.4%] for Cobas and 5 [10.2%] for Kryptor) either required delivery prior to 37 weeks or 

had an adverse outcome. The details for these patients (1-5 and 8 for Delfia, 

1,2,3,5,6,9,10,12,13,15 for Cobas and 1-4 and 10 for Kryptor) are outlined in Table 19. Using 

PlGF MoM values and the preterm PE cut-off, a significant number of patients who had a 

composite adverse outcome were detected. There were 8 patients with a composite adverse 

outcome detected using the Delfia platform (patient 1,3,4,5,6,19, 22, 25), 11 using the Cobas 

platform (1,3,4,5,67,19,14,16,19,22,25) and 7 for the Kryptor platform (1,3-6, 22,25), outlined 

in Table 20. For each of the three platforms, 4 of the 5 cases of preterm PE and FGR were 

identified, the case of 39/40 stillbirth secondary to placental abruption, and two cases of 

preterm FGR. The Cobas and Kryptor platforms detected a further 1 and 2 patients with 

preterm FGR, respectively, and Cobas identified a further 2 patients with placental abruption.  

 

3.4 Discussion 

In this study, the performance of three commercially available immunoassay platforms, the 

Delfia, Cobas and Kryptor, were compared for the purpose of prediction of preeclampsia at 

midpregnancy. Clinical correlation and agreement between the three platforms, which has 

been discussed in Chapter 2, was shown to be very good. Hence, we would expect similar 

performance between the platforms with regard to prediction of clinical outcomes. 
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When testing PlGF in isolation for the prediction of preeclampsia at midpregnancy, PlGF raw 

data values performed best for the prediction of early onset PE. For the Delfia, Cobas and 

Kryptor platforms, predictive performance between the three was equivalent, based on AUC, 

sensitivity and specificity for each (see 3.3.4 and Table 16), with no particular platform 

performing significantly better than any other. All three platforms detected the same patients 

with preterm preeclampsia as true positives, and most importantly, identified all 3 cases of 

early onset preeclampsia. There were very few cases of term preeclampsia identified (3 for 

Delfia and Kryptor, 4 for Cobas), which aligns with our findings, shown in Figure 29, that 

predictive performance for preeclampsia using PlGF at term is poor. This finding also aligns 

with the evidence for early onset preeclampsia and term preeclampsia having different 

pathophysiologies, with potentially less angiogenic factor involvement in term preeclampsia, 

and hence fewer patients detected using the placental biomarker PlGF. The same 3 patients 

for each platform had false negative results, none of whom developed early onset 

preeclampsia. The Cobas platform had slightly more false positives than the Delfia and Kryptor 

platforms (119 compared with 103 and 104 for Delfia and Kryptor), respectively, displayed in 

Table 17, but then identified a greater number of patients who developed a composite 

adverse outcome (15 for Cobas compared with 10 for Delfia and 12 for Kryptor), as displayed 

in Table 20.  

 

PlGF MoM values performed best for prediction of preterm PE. Once again, predictive 

performance between the three platforms was equivalent, based on AUC, sensitivity and 

specificity (see 3.3.4 and Table 16). All three platforms detected the same 5 true positives in 

patients with preterm preeclampsia (see Table 18). There was only one case of term 

preeclampsia detected with the Delfia platform, however the detection of preterm 

preeclampsia was the priority for this test, once again indicating the likelihood of different 

pathophysiology behind preterm and term preeclampsia. The same 3 patients for each 

platform had a false negative result, one of whom developed early onset preeclampsia 

requiring delivery at 30 weeks gestation. Though the test overall identified 5 of 8 patients 

with preterm preeclampsia, failing to detect one case of early onset preeclampsia must be 

considered a significant false negative. Looking further at clinical details for this patient in 

order to seek an explanation as to why her PlGF level was not below that required to obtain 

a positive result using any of the three platforms for this cut-off value, the patient had type 1 
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diabetes, chronic hypertension and underlying diabetic nephropathy, and in light of her 

history was taking low dose aspirin. She developed superimposed preeclampsia with 

worsening proteinuria, reaching 15g/day prior to delivery. She was delivered at 30+1 weeks 

gestation and had a baby with birthweight on the 2nd centile. Given her underlying chronic 

hypertension and diabetic nephropathy, it could be possible that there was a much greater 

maternal than placental component to her disease, making her less likely to be detected by 

use of placental biomarkers. In addition to this, her clinical presentation may have been 

altered given that she had been on low dose aspirin throughout the pregnancy, which is a 

significant confounding factor. 

 

The Delfia platform had slightly more false positives (76) than Cobas (65) and Kryptor (49). 

From these false positives, the number of patients who developed a composite adverse 

outcome was slightly higher for the Cobas platform (11) compared with the Delfia (8) and 

Kryptor (7).  

 

There were 2 patients within the preterm preeclampsia group who were not detected using 

any of the platforms, using either raw data or MoM values. Patient 5 from Table 18 developed 

superimposed preeclampsia on a background of chronic hypertension, indicating a significant 

maternal component to her preeclampsia. She was taking low dose aspirin and calcium during 

pregnancy in light of her history. Though her baby had a normal birthweight, she had 

significant placental pathology, including syncytial knotting suggesting uteroplacental 

hypoxia, mild chronic villitis and early changes associated with fetal thrombotic vasculopathy. 

It is not possible to determine whether her being on aspirin potentially altered her clinical 

presentation. Patient 6 from Table 18 had a past history of severe early onset preeclampsia, 

requiring delivery at 32 weeks gestation. In her current pregnancy, she was also taking low 

dose aspirin and developed preterm preeclampsia requiring delivery 35+5 weeks gestation 

for severe preeclampsia with renal impairment and hyperkalaemia. She also had evidence of 

placental pathology on histopathology, with ischaemic changes and retroplacental clots. 

Again, it is difficult to ascertain the extent of the effect that taking aspirin had on her clinical 

course. Each of these patients had babies with birthweight within the normal range, though 

both had significant placental pathology on histopathology. Whilst the patient history did not 

state the presence of an underlying medical condition in patient 6 that may have predisposed 
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her to renal impairment, hyperkalaemia or early onset preeclampsia, the significant maternal 

component to disease in each of these patients may have reduced the extent to which 

placental biomarkers were involved in their pathogenesis, making them less likely to have a 

positive test result on screening. In addition to this, the fact that each of these patients was 

taking aspirin antenatally is a significant confounding factor which may have affected their 

clinical outcomes. 

 

Preeclampsia has a low prevalence in the patient population studied (4.9% prevalence overall, 

with 1.6% of cases having preterm preeclampsia and 0.6% of cases having early onset 

preeclampsia). As positive predictive value (PPV) depends on the population prevalence of 

disease, for this patient population, PPV’s overall were low. For the prediction of early onset 

preeclampsia using raw data values, the PPV for the Delfia, Cobas and Kryptor platforms were 

2.97, 2.59 and 2.94, respectively. This translates to a relatively high false positive rate, which 

as previously stated, was 20.1% (n=103) for the Delfia, 23.2% (n=119) for Cobas and 20.3% 

(n=104) for Kryptor. This low PPV translates to one in every 34 to 39 women determined high 

risk for early onset preeclampsia based on screening actually developing early onset 

preeclampsia. For the prediction of preterm preeclampsia using MoM values, PPV was slightly 

higher for the Delfia, Cobas and Kryptor platforms, at 6.25, 7.14 and 9.26, respectively, with 

consequently lower false positive rates of 14.8% (n=76), 12.7% (n=65) and 9.6% (n=49) for the 

Delfia, Cobas and Kryptor platforms, respectively. These PPV’s translate to one in every 11 to 

16 women determined high risk for preterm preeclampsia based on screening actually 

developing preterm preeclampsia. The relatively high false positive rates associated with PlGF 

testing at midpregnancy may understandably be associated with increased patient anxiety 

levels and inconvenience, given that a positive test result would likely lead to increased 

surveillance throughout pregnancy until a normal outcome occurs, which could incur several 

months of unnecessary worry. In addition to this, increased surveillance for the patients with 

false positive results undoubtably adds to the expense and resources required to monitor 

them, potentially unnecessarily throughout pregnancy, and may include unnecessary 

repeated testing for diagnostic purposes later in gestation. Within the patient population 

studied, a significant number of patients who had a positive PlGF test at midpregnancy, 

though they did not develop preeclampsia, and were listed as having “false positive results”, 

actually went on to have either a preterm delivery for a variety of pathologies other than 
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preeclampsia, or an adverse outcome. For the prediction of early onset preeclampsia, using 

the Delfia, Cobas and Kryptor platforms, 8.2%, 8% and 10.1% of patients with a false positive 

test delivered prior to 37 weeks or had an adverse outcome, while for the prediction of 

preterm preeclampsia, using the Delfia, Cobas and Kryptor platforms 8%, 17% and 10.2% of 

patients with a false positive test delivered prior to 37 weeks or had an adverse outcome. 

Whilst identifying excessive false positives is a downside for PlGF as a screening test for 

preeclampsia, if a significant proportion of patients with false positive results go on to develop 

an adverse outcome and might have benefitted from increased surveillance during 

pregnancy, then the test may have a positive impact on the outcome for these patients. In 

addition to this, the adverse outcomes they develop which are being detected by the 

screening test may be found in time to be linked also to having abnormal PlGF levels, for 

instance, placental abruption or preterm FGR. Once the clinical utility of these tests is better 

established, these patients may end up falling into the true positive category, rather than 

being seen as false positives.  

 

5 cases of preterm preeclampsia also developed FGR, including all 3 of the early onset 

preeclampsia cases and 2 preterm preeclampsia cases, while none of the term preeclampsia 

cases developed FGR. This will be discussed further in Chapter 5 but may support a difference 

in aetiology of late onset compared with early onset preeclampsia.  

 

PlGF raw data values using the cut-off for early onset preeclampsia, when compared with 

PlGF MoM values using the cut-off for preterm preeclampsia, showed the best performance 

in terms of clinical characteristics, however had a lower PPV and consequently a greater 

number of false positive results. PlGF MoM values using the cut-off for preterm preeclampsia 

had a slightly higher PPV and fewer false positive results but missed a case of early onset 

preeclampsia. A significant number of false positives required preterm delivery or developed 

an adverse outcome.  

 

In light of the missed case of early onset preeclampsia using the preterm PE cut-off, it would 

seem safer to use PlGF raw data values and the cut-off for early onset PE, though this test has 

a higher false positive rate, in favour of minimising false negative results. There were a 

significant number of false positives detected by both cut-offs who either required preterm 
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delivery or developed an adverse outcome. These pregnancies likely had significant 

underlying placental pathology and may have benefitted from increased surveillance. This 

may reflect the ability of PlGF testing at midpregnancy to detect broader placental pathology 

than just preeclampsia. 

 

Overall, while PlGF shows great promise for prediction of preeclampsia, and possibly a 

broader set of placental pathologies, ongoing auditing of outcomes are required to further 

define the clinical utility of PlGF testing at midpregnancy, in particular the significance of false 

positive results who developed adverse outcomes, and whether cut-offs should be adjusted 

to include these as true positive results.  

 

Due to less agreement between the platforms when using raw data values, relevant to testing 

for early onset preeclampsia using PlGF raw data results, the cut-offs are quite different and 

there would need to be different reference ranges for each platform when used in clinical 

practice. Converting values to MoM almost eliminates this issue, as the agreement between 

MoM values was much better, making values obtained from the three different platforms 

equivalent. This translates to very similar cut-offs and reference ranges for the three 

platforms in clinical practice. This needs to be taken into consideration if using raw data values 

in clinical practice for these biomarkers, with appropriate lab specific reference ranges 

generated. The advantage of using raw data values is that this would reduce the resources 

required to implement the test, as the complex and time-consuming calculations for 

conversion of raw data values to MoM are not required. 

 

Most studies reporting the performance of PlGF for the prediction of preeclampsia at 

midpregnancy used serum samples for analysis, however one study used plasma samples 

(Tjoa et al. 2001). Tjoa stated that their preliminary experiments using plasma samples were 

comparable to results obtained using serum samples, and this is in agreement with the results 

of our validation studies comparing plasma and serum results in the patient cohort studied 

(See Chapter 2).  

 

The results presented here are in agreement with findings from previous studies showing that 

maternal PlGF levels at midpregnancy appear to be significantly lower in patients who 
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subsequently develop preeclampsia, when compared with unaffected pregnancies (Su et al. 

2001; Tidwell et al. 2001; Tjoa et al. 2001; Polliotti et al. 2003; Taylor et al. 2003; Levine 2004; 

Unal et al. 2007; Ghosh et al. 2012; Lambert-Messerlian 2014; Shim et al. 2015). Other studies 

similarly report limited clinical utility due to a high proportion of false positive results. Ghosh 

(Ghosh et al. 2013) reported, among the group with PlGF below the set cut-off point between 

22 and 24 weeks gestation, that 262/1206 (22%) of women had a false positive result. There 

were 19 cases of early onset preeclampsia within their cohort, 16 of whom were detected on 

PlGF testing. There were three patients in the cohort (0.3%) who had a false negative result. 

Sensitivity and specificity obtained for preterm preeclampsia in this study is comparable to 

that of Tidwell (Tidwell et al. 2001), who reported sensitivity and specificity of PlGF testing 

between 16 and 20 weeks gestation as 66.7% and 88.9%, respectively. The predictive 

performance for early onset preeclampsia based on AUC from our ROC curves appeared 

better than that stated by Polliotti (Polliotti et al. 2003), which was AUC 0.799 for PlGF alone 

for prediction of preeclampsia requiring delivery prior to 34 weeks gestation.  

 

In other studies that had converted PlGF levels to MoM for analysis, median PlGF MoM results 

were around 0.88 MoM for all preeclampsia and 0.76 MoM for severe or early preeclampsia 

(Lambert-Messerlian 2014), while Su (Su et al. 2001) reported PlGF MoM levels in patients 

who developed preeclampsia as 0.55 (0.33-0.85) MoM compared with normal pregnancy, 

who had average PlGF levels around 1.00 (0.71-1.32) MoM. The results presented here 

showed that patients who did not develop preeclampsia or who developed preeclampsia at 

term had median second trimester PlGF results around 1.0 MoM, while patients who went on 

to develop early or preterm preeclampsia had significantly lower second trimester PlGF 

results when compared with unaffected patients or those with term preeclampsia, with 

values around 0.5 MoM and 0.8 MoM, respectively, These findings are consistent with 

previous reports (Su et al. 2001; Shim et al. 2015). With regard to future directions, it is 

already established that women with low PlGF who subsequently develop preeclampsia tend 

to have more severe, earlier onset disease that is often associated with FGR. The identification 

of these women at midpregnancy with placental biomarkers that measure secondary rather 

than tertiary features of disease has the potential to both improve outcomes on an individual 

level (Staff et al. 2013a) and hopefully lead to greater understanding of the pathophysiology 

of preeclampsia, which may allow more focused research activity into further effective tests, 
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preventative therapies or ultimately curative therapies (Roberts and Hubel 2009; Powers et 

al. 2012; Warrington et al. 2013; Kar 2014). 

 

As outlined in Section 3.3.1, the fact that 10% of patients within the cohort studied were 

taking low dose aspirin due to their increased clinical risk for preeclampsia or other adverse 

pregnancy outcomes is a significant confounding factor and may have affected the results 

obtained. This will be discussed further in Chapter 4, Section 4.4. 

 

3.5 Summary 

PlGF levels appear to be significantly lower at midpregnancy in patients who go on to develop 

preterm and early onset preeclampsia, when compared with unaffected pregnancies. As a 

single test for the prediction of preeclampsia, midpregnancy PlGF displays very good 

predictive performance, with good sensitivity and specificity for the development of both 

preterm and early preeclampsia. The three immunoassay platforms used for testing in this 

study displayed very similar sensitivity, specificity, PPV and NPV, and when clinically 

correlated with patient outcomes, displayed very similar clinical performance. PlGF raw data 

values using the cut-off for early onset preeclampsia, when compared with PlGF MoM values 

using the cut-off for preterm preeclampsia, showed the best clinical validity in terms of 

sensitivity, specificity, and NPV, however had a lower PPV and hence a greater number of 

false positive results. PlGF MoM values using the cut-off for preterm preeclampsia had slightly 

better PPV and fewer false positive results but missed a case of early onset preeclampsia. 

Overall, until clinical utility is further defined through further studies or an ongoing clinical 

audit, it would be safest to use PlGF raw data values using the cut-off for early onset 

preeclampsia in favour of minimising false negative results.  

 

It can be concluded based on results presented here and existing studies in the literature, that 

PlGF when tested in isolation is a useful tool for the identification of patients at increased risk 

for preeclampsia when tested at midpregnancy (Su et al. 2001; Tidwell et al. 2001; Tjoa et al. 

2001; Polliotti et al. 2003; Taylor et al. 2003; Levine 2004; Unal et al. 2007; Ghosh et al. 2012; 

Lambert-Messerlian 2014; Shim et al. 2015). This test satisfies several practical requirements 

for a screening test, including being easily reproducible, having a high sensitivity and being 

relatively noninvasive (Tidwell et al. 2001). PlGF testing as an isolated test is simple to 
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undertake and involves few resources beyond access to an appropriate immunoassay 

platform and consumables. Once clinical utility for this test is further determined with 

ongoing audits of pregnancy outcomes, it could serve as a useful test to help guide clinical 

decision making through stratification of women as high or low risk for preeclampsia. Studies 

performed to date looking at midpregnancy PlGF testing for prediction of preeclampsia, 

including this one, have been limited by small numbers, and at the very least ongoing clinical 

audits of patient outcomes are required to further elucidate clinical utility of PlGF as a 

screening tool and how this test can be used to optimise patient outcomes in everyday clinical 

management. At this stage there is little knowledge behind the clinical relevance of the 

different PlGF isoforms and given that different isoforms are tested to different extents with 

the commercial kits for each immunoassay platform, detailed evaluation of the functions of 

the different PlGF isoforms could further elucidate the role of PlGF in pregnancy (Tjoa et al. 

2001; Polliotti et al. 2003).  

 

The low PPV for both PlGF raw data and MoM values is likely reflective of the low prevalence 

of preterm and early onset preeclampsia in our population but does place limitations on the 

clinical validity of PlGF testing when used in isolation as a screening test. The addition of PlGF 

values to a multivariable logistic regression model may further enhance the clinical validity of 

screening for preterm preeclampsia within this patient population, and this method will be 

discussed in Chapter 6.  
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Chapter 4 

Soluble Fms-like tyrosine kinase-1 (sFlt1) and the 

sFlt1/PlGF ratio for the prediction of 

preeclampsia at midpregnancy 

 

4.1 Introduction 

The multifaceted demonstration by Maynard in 2003 that placental and serum sFlt1 are both 

upregulated in preeclampsia, that sFlt1 directly causes endothelial dysfunction and that 

administration of sFlt1 to pregnant rats induces a phenotype consistent with preeclampsia 

provided fundamental insights in terms of both our understanding of the pathophysiology of 

preeclampsia and identifying potential screening and diagnostic tests for this condition 

(Maynard et al. 2003). Levine in 2004 provided further clinical correlation of the predictable 

alterations in both sFlt1 and PlGF levels throughout normal pregnancy compared with 

pregnancies complicated by preeclampsia (Levine 2004). Subsequent research in this area has 

been underpinned by these findings.  

 

sFlt1 is not widely used in isolation as a placental biomarker and tends to be combined with 

PlGF as the sFlt1/PlGF ratio, which is calculated by dividing the value obtained for sFlt1 with 

the value obtained for PlGF. The sFlt1/PlGF ratio is automatically calculated by commercially 

available automated immunoassay platforms, such as the Cobas and Kryptor, following 

sample analysis for sFlt1 and PlGF. This ratio reflects in a combined fashion mild increases in 

sFlt1 values and mild reductions in PlGF values, such that the ratio value may become 

abnormal even while the individual biomarkers remain at the upper or lower limits of the 

normal range, respectively. The sFlt1/PlGF ratio should, in theory increase the sensitivity for 

this test over the use of either biomarker alone. An elevated sFlt1/PlGF ratio has been shown 

to be a better predictor of outcomes in patients who present with symptoms of preeclampsia 

than either biomarker tested in isolation (Levine et al. 2006; Verlohren et al. 2010; Rana et al. 

2012; Verlohren et al. 2012) and as a result, the use of the ratio has been approved as a 
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diagnostic aid for preeclampsia in conjunction with other clinical findings. The PROGNOSIS 

study (Zeisler et al. 2016a) was a prospective, multicentre study which aimed to derive and 

validate an sFlt1/PlGF ratio that would predict the absence or presence of preeclampsia in 

the short term in women with suspected preeclampsia, between 24+0 and 36+6 weeks 

gestation. The primary objective was to assess whether low sFlt1/PlGF ratios (at or below a 

derived cut-off) predict the absence of preeclampsia within 1 week, and whether elevated 

ratios (above the cut-off) predict the presence of preeclampsia within 4 weeks. In the 

development cohort, an sFlt1/PlGF ratio cut-off of 38 was identified as having important 

predictive value. The subsequent validation study confirmed an sFlt1/PlGF ratio of 38 or lower 

had a negative predictive value (i.e. no pre-eclampsia in the subsequent one week) of 99.3% 

(95% confidence intervals 97.9 to 99.9) with 80% sensitivity (95% confidence intervals 51.9 to 

95.7) and 78.3% specificity (95% confidence intervals 74.6-81.7).The positive predictive value 

of an sFlt1/PlGF ratio above 38 for a diagnosis of preeclampsia within 4 weeks was 36.7% 

(95% confidence intervals 28.4-45.7), with a 66.2% sensitivity (95% confidence intervals 54.0-

77.0) and 83.1% specificity (95% confidence intervals 79.4-86.3). The ultimate conclusion was 

that an sFlt1/PlGF ratio of 38 or lower can be used to predict the short-term absence of 

preeclampsia in women in whom the syndrome is clinically suspected. Despite these 

compelling findings, it has taken a very long time for the sFlt1/PlGF ratio to be implemented 

into clinical practice. Similar to the delay in implementing PlGF testing for the diagnosis and 

prediction of preeclampsia, the same concerns from international health authorities (Meads 

et al. 2008; Henderson et al. 2017; Brown et al. 2018) regarding the appropriate utilisation of 

biomarker testing exist for implementation of the sFlt1/PlGF ratio.  

 

With regard to use of the sFlt1/PlGF ratio for the second trimester prediction of preeclampsia 

in asymptomatic patients, there are numerous studies confirming that mean PlGF levels are 

significantly lower while mean sFlt1 levels are significantly higher when tested in patients who 

go on to develop preeclampsia, compared with unaffected pregnancies (Kim et al. 2007; 

Moore Simas et al. 2007; Lim et al. 2008; Shokry et al. 2010; Rohra et al. 2012; Hassan et al. 

2013; Perales et al. 2016). Various individual studies, with gestation at testing ranging from 

14 to 26 weeks gestation (Kim et al. 2007; Moore Simas et al. 2007; Kusanovic et al. 2009; 

Shokry et al. 2010; Rohra et al. 2012; Hassan et al. 2013; Rizos et al. 2013) have consistently 

reported this finding. Unal 2007 (Unal et al. 2007) performed a case control study which 
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sampled PlGF and sFlt1 levels between 16 and 20 weeks gestation, also including patients 

with severe preeclampsia. They had 21 patients with severe preeclampsia, 34 controls and 9 

patients with chronic hypertension. They showed that PlGF levels from patients who 

developed severe preeclampsia (median 85.3 [65-134]) were significantly lower than controls 

(133 [87-237]). There was no significant difference in sFlt1 levels between cases and controls. 

Kim 2007 (Kim et al. 2007) included 46 women with preeclampsia and 100 matched controls 

between 14 and 23 weeks gestation, with an average gestation of 17 weeks. Their results 

showed AUC, sensitivity and specificity for plasma log[sFlt1/PlGF] for prediction of 

preeclampsia at a cut-off value of 1.4 to be 0.833, 80.4% and 78%, respectively.  Moore Simas 

(Moore Simas et al. 2007) tested 94 women considered to be at increased risk for 

preeclampsia, between 22 and 36 weeks gestation. In the group of 73 women analysed 

between 22 and 26 weeks, 4 developed early onset and 6 late onset preeclampsia. AUC for 

sFlt1/PlGF ratio for the prediction of early onset preeclampsia was 0.971. Shokry (Shokry et 

al. 2010) included 240 women between 13 and 16 weeks gestation, of which 27 (11.3%) 

developed preeclampsia. They reported AUC 0.954 and 0.988 for PlGF and sFlt1, respectively, 

with sensitivity 81.5% and 100%, and specificity 97.2% and 98.6% respectively, PPV 78.6% and 

90% respectively, and NPV 97.6% and 100%, respectively. Rohra (Rohra et al. 2012) included 

611 normotensive nulliparous patients, of whom 39 (6.4%) developed preeclampsia. Patients 

were tested for sFlt1 and PlGF in 5 different gestational age groups. In the group tested 

between 16 and 22 weeks gestation, sFlt1 gave AUC 0.80. Sensitivity, specificity, PPV and NPV 

all achieved the same value at 71.4% (95% CI 53.5-84.8), respectively. They reported that 

combining sFlt1 and PlGF as the sFlt1/PlGF ratio did not further improve clinical validity above 

that of using sFlt1 alone, though data supporting this was not shown. A decline in PlGF in 

women with preeclampsia up until 29 weeks gestation was also reported, though AUC and 

other markers of clinical validity were not reported for PlGF. Hassan (Hassan et al. 2013) 

included 734 women of whom 83 developed preeclampsia and collected samples between 15 

and 20 weeks gestation. They reported AUC for sFlt1, PlGF and the sFlt1/PlGF ratio for the 

prediction of preeclampsia as 0.875, 0.855 and 0.917, respectively. Sensitivity, specificity, PPV 

and NPV for sFlt1, PlGF and the sFlt1/PlGF ratio were reported as 91.6%, 86.4%, 69.1% and 

96.9%, respectively for this patient population.  
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Other significant findings from these studies were that predictive performance for these 

biomarkers was found to be higher when trying to predict early onset preeclampsia rather 

than late onset or term preeclampsia (Kusanovic et al. 2009; Hassan et al. 2013), with overall 

poor performance of these biomarkers for prediction of term preeclampsia (Moore Simas et 

al. 2007; Kusanovic et al. 2009). Based on the evidence that concentrations of sFlt1 and PlGF 

may become abnormal up to 11 weeks prior to diagnosis, at the time of midpregnancy testing, 

levels may already be significantly deranged, which should be reflected in the testing. There 

is agreement within the literature that predictive performance of these biomarkers for 

patients at risk of developing preeclampsia generally increase with advancing gestational age 

at the time of testing (Widmer et al. 2007; Kusanovic et al. 2009; McElrath et al. 2012). Studies 

where testing was performed prior to 16 weeks gestation (Widmer et al. 2007; Kleinrouweler 

et al. 2012; Rizos et al. 2013) found no significant difference between sFlt1 and PlGF levels in 

patients who developed preeclampsia and unaffected pregnancies. Predictive performance 

for the sFlt1/PlGF ratio was shown in several studies to be more accurate than either 

biomarker alone (Moore Simas et al. 2007; Kusanovic et al. 2009; Hassan et al. 2013).  

 

In this chapter, the intention was to determine whether sFlt1 and/or the sFlt1/PlGF ratio, 

when tested using one of three immunoassay platforms, performs well as a predictive test for 

preeclampsia when tested at midpregnancy. Subsequently, the clinical validity of these tests 

for prediction of preeclampsia at midpregnancy was evaluated.  The results were compared 

and contrasted with results presented in Chapter 3 using PlGF as a predictive test, in order to 

determine to what extent serum PlGF and/or serum sFlt1/PlGF ratio, or both, predict 

subsequent development of preeclampsia when tested at midpregnancy, and which of these 

tests has greater clinical validity for predicting subsequent development of preeclampsia 

when tested in women at midpregnancy. 

 

4.2 Methods 

Methods described in Chapter 2, were followed.  

 

4.2.1 Study population 

Refer to Section 2.2 
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4.2.2 Blood sample collection and storage 

Refer to Section 2.3 

 

4.2.3 Outcome measures 

The main outcome of interest was the development of preeclampsia, as defined by the ISSHP 

(Brown et al. 2018). More specifically, preeclampsia was classified according to gestation at 

the time of delivery, not the time of onset, as early onset preeclampsia (<34weeks), preterm 

preeclampsia (<37weeks) and term preeclampsia (≥37weeks). Secondary outcomes including 

placental abruption, fetal growth restriction (FGR), and stillbirths greater than 24 weeks 

gestation were also analysed. Patients were classified as having FGR if one of the following 

factors was present: doppler cerebroplacental ratio (CPR) less than the 5th centile, UAPI 

greater than the 95th centile or EFW <3rd centile (Figueras and Gratacos 2014). 

 

4.2.4 Statistical analysis 

In addition to the analyses described in Chapter 2, both raw data and MoM values were 

compared using the Mann-Whitney U test to assess for a statistically significant difference in 

the mean sFlt1/PlGF ratio values for patients with preeclampsia compared with controls. 

Mean values for sFlt1/PlGF ratio were compared between patients with preeclampsia and 

unaffected pregnancies using the Mann-Whitney U test. P-values <0.05 were deemed to be 

statistically significant. 

 

Screening performances for sFlt1/PlGF ratio raw data and MoM values were then evaluated 

using receiver operating characteristic (ROC) curves to calculate the area under the curve 

(AUC). Coordinates of the ROC curves were used to identify predictive values for sFlt1/PlGF 

ratio at term (≥37 weeks, preterm (<37weeks) and early (<34weeks) for the prediction of 

preeclampsia. Selected cut-off values were chosen for each immunoassay platform, with 

biomarker values with the highest sensitivity and specificity chosen as optimal cut-off points 

for a positive test. True positive and negative results were assessed using 2 x 2 contingency 

tables, followed by diagnostic test evaluation using an online calculator (MedCalc®). 

Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) 

were then determined for PlGF levels performed on each immunoassay platform for the 

prediction of preeclampsia. Clinical outcomes for patients who had true positive, false 
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negative and false positive results were clinically correlated with sFlt1/PlGF ratio test results 

in order to better determine the clinical utility for each platform.   

 

4.3 Results 

4.3.1 Descriptive statistics 

The characteristics of the study population and descriptive statistics are summarised in 

Chapter 3, Table 11. 

 

As outlined in Section 3.3.1 and displayed in Appendix 1, 52 patients (10%) within the cohort 

were taking low dose aspirin antenatally.  

 

4.3.2 Comparison studies for sFlt1 between patients who developed preeclampsia and 

unaffected pregnancies 

There was no significant difference in sFlt1 raw data or MoM values between patients who 

developed early onset, preterm or term preeclampsia when compared with unaffected 

pregnancies. (Table 21). Though sFlt1 raw data and MoM values are certainly higher in 

patients who developed early onset preeclampsia compared with other groups, the 

difference was not statistically significant. 

 

This finding is demonstrated in Figure 32. When looking at results from each platform for sFlt1 

raw data values, patients that did not develop preeclampsia and patients who subsequently 

developed preeclampsia at <37 weeks or ≥37 weeks had second trimester sFlt1 levels at 

around the same level. sFlt1 levels appeared to be slightly higher in patients who developed 

early onset preeclampsia <34 weeks, however this result was not statistically significant.  

Similarly, when looking at results for each platform using sFlt1 MoM values, patients that did 

not develop preeclampsia and patients who subsequently developed preeclampsia at <37 

weeks or ≥37 weeks had second trimester sFlt1 levels around 1.0 MoM. Again, sFlt1 MoM 

results appeared slightly higher in patients who developed early onset preeclampsia <34 

weeks, but again this result was not statistically significant. 
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Angiogenic 

Markers 

Unaffected (n=487) Term PE (≥37 weeks) 

(n=17) 

p-value Preterm PE (<37 weeks) 

(n=8) 

p-value Early onset PE (<34 weeks) 

(n=3) 

p-value 

Cobas sFlt1        

Raw data values 

MoM values 

1414.0 (1030-0-1928.5) 

1.0 (0.9-1.1) 

1337.0 (1078.0-2446.0) 

1.0 (0.9-1.2) 

0.885 

0.872 

1170.0 (787.0-1905.0) 

1.0 (0.8-1.2) 

0.292 

0.982 

2429.0 (1562.7-2429.0) 

1.3 (1.0-1.4) 

0.601 

0.444 

Kryptor sFlt1        

Raw data values 

MoM values 

1264.0 (905.7-1764.5) 

1.0 (0.9-1.1) 

1164.0 (839.5-2088.0) 

1.0 (0.8-1.2) 

0.838 

0.797 

1027.3 (638.8-1995.0) 

1.0 (0.8-1.3) 

0.439 

0.948 

2293.0 (1405.0-2443.0) 

1.3 (1.0-1.4) 

0.581 

0.434 

Units for sFlt1 are in pg/mL. All values are reported as median (interquartile range). 

*p<0.05 when compared with the unaffected group. PE = preeclampsia. MoM = multiples of the median 

 

Table 21. Comparison of raw data and MoM values for sFlt1 for all platforms. 
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Figure 32. Comparison of sFlt1 raw data and MoM between patients with early onset (<34 weeks), preterm (<37 weeks) and term (≥37 

weeks) preeclampsia and unaffected pregnancies. 

 

 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Figure 33. ROC curves for prediction of term (≥37 weeks), preterm (<37 weeks) and 
early onset (<34 weeks) preeclampsia using sFlt1 raw data and MoM values.  
 

 
Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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4.3.3 Predictive performance of sFlt1 for preeclampsia at midpregnancy 

sFlt1 raw data and MoM values used in isolation to predict preeclampsia for all 

gestational groups at midpregnancy both displayed poor performance with values for 

area under the ROC curve around 0.5 for each platform tested, indicating very little 

discriminatory power for the prediction of preeclampsia (Figure 33). In light of these 

results, further analyses to determine clinical validity were not performed.  

 

4.3.4 Comparison studies for sFlt1/PlGF ratio between patients who developed 

preeclampsia and unaffected pregnancies 

Patients who developed early onset preeclampsia had significantly higher sFlt1/PlGF raw 

data and MoM values at the time of testing across all three platforms (p<0.05) (Table 

22). Patients who developed preterm preeclampsia had significantly higher sFlt1/PlGF 

ratio MoM values, but there was no significant difference in raw data values between 

patients who developed preeclampsia and unaffected pregnancies (Table 22).  There 

was no significant difference in sFlt1/PlGF ratio results between patients who developed 

preeclampsia at term and unaffected pregnancies. 

   

When looking at results from each platform for sFlt1/PlGF ratio values, there was no 

significant difference in raw data or MoM values between patients who developed term 

preeclampsia (≥37 weeks) and unaffected pregnancies (Table 22). sFlt1/PlGF raw data 

values were not significantly different between patients who developed preterm 

preeclampsia and unaffected pregnancies. Patients who developed preterm 

preeclampsia had significantly higher sFlt1/PlGF MoM values at midpregnancy across all 

three platforms (p<0.05). Patients that went on to develop early onset preeclampsia or 

preterm preeclampsia had sFlt1/PlGF ratio values around 1.4-1.6 MoM and 1.3 MoM, 

respectively, compared with unaffected patients (p < 0.05), who had sFlt1/PlGF ratio 

values around 1.0 MoM. These findings are demonstrated in Table 22 and Figure 34. 
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Angiogenic markers Unaffected (n=487) PE ≥37 weeks (n=17) p-value PE <37 weeks (n=8) p-value PE < 34 weeks (n=3) p-value 

Cobas sFlt1/PlGF ratio        

Raw data values 

MoM values 

5.8 (4.0-8.1) 

1.0 (0.9-1.2) 

5.2 (3.2-10.1) 

0.9 (0.8-1.2) 

0.506 

0.497 

9.9 (5.3-13.8) 

1.3 (1.0-1.5) * 

0.067 

0.021 

14.0 (13.8-29.2) * 

1.6 (1.5-2.0) * 

0.005 

0.006 

Kryptor sFlt1/PlGF ratio        

Raw data values 

MoM values 

6.4 (4.1-9.3) 

1.0 (0.8-1.2) 

5.8 (3.0-11.6) 

0.9 (0.8-1.2) 

0.329 

0.410 

9.3 (5.6-14.3) 

1.3 (1.0-1.4) * 

0.121 

0.046 

15.9 (13.2-36.2) * 

1.4 (1.3-2.1) * 

0.012 

0.011 

Units for sFlt1 and PlGF are in pg/mL. Values are recorded as median (interquartile range). * p<0.05 when compared to the unaffected group 

Table 22. Comparison of sFlt1/PlGF ratio raw data and MoM values between patients with preeclampsia and unaffected pregnancies. 
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Figure 34. Comparison of sFlt1/PlGF ratio raw data and MoM values between patients with preeclampsia and unaffected pregnancies. 
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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4.3.5 Performance of the sFlt1/PlGF ratio for the prediction of preeclampsia at 

midpregnancy 

Having established that patients who develop early onset preeclampsia have 

significantly increased sFlt1/PlGF ratio raw data and MoM values, and that patients who 

develop preterm preeclampsia have significantly increased sFlt1/PlGF ratio MoM values, 

the predictive properties of sFlt1/PlGF at midpregnancy using the three different 

platforms was compared using ROC curve analysis. When used to predict preeclampsia 

at term (≥37 weeks), sFlt1/PlGF ratio raw data values gave AUC values for the Cobas and 

Kryptor platforms of 0.547 and 0.548, respectively. sFlt1/PlGF ratio MoM values gave 

AUC values for the Cobas and Kryptor platforms of 0.570 and 0.559, respectively (Figure 

35).  

 

When used to predict preterm preeclampsia (<37 weeks), sFlt1/PlGF ratio raw data 

values gave AUC values for the Cobas and Kryptor platforms of 0.689 and 0.660, 

respectively. sFlt1/PlGF MoM values gave AUC values for the Cobas and Kryptor 

platforms of 0.741 and 0.707, respectively (Figure 36). 

 

When used to predict early preeclampsia (<34 weeks), sFlt1/PlGF ratio raw data values 

gave AUC values for the cobas and Kryptor platforms of 0.971 and 0.921, respectively. 

sFlt1/PlGF ratio MoM values gave AUC values for the Cobas and Kryptor platforms of 

0.959 and 0.925, respectively (see Figure 37).  
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Figure 35. ROC curves for prediction of term (≥37 weeks) preeclampsia using sFlt1/PlGF ratio raw data and MoM values at any gestation.  
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Figure 36. ROC curves for prediction of preterm (<37 weeks) preeclampsia using sFlt1/PlGF ratio raw data and MoM values  
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Figure 37. ROC curves for prediction of early onset (<34 weeks) preeclampsia using sFlt1/PlGF ratio raw data and MoM values  
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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4.3.6 Sensitivity and specificity analysis for prediction of preeclampsia using the 

sFlt1/PlGF ratio 

Sensitivity and specificity for the prediction of preeclampsia using the sFlt1/PlGF ratio 

were calculated for the Cobas and Kryptor platforms using selected cut-off values from 

the ROC curves. Two cut-off points were determined for each platform. The first was the 

point that gave the highest sensitivity and specificity for prediction of patients with 

preterm preeclampsia and will be referred to as the preterm PE cut-off. The second was 

the point that gave the highest sensitivity and specificity for prediction of patients with 

early onset preeclampsia and will be referred to as the early PE cut-off. 

 

sFlt1/PlGF ratio testing at midpregnancy for the prediction of term preeclampsia yielded 

AUC values for each platform that were close to 0.50, indicating poor discriminatory 

power to predict preeclampsia when tested at midpregnancy. Hence further analysis for 

this group was not performed.  

 

sFlt1/PlGF ratio testing at midpregnancy for the prediction of preterm and early onset 

preeclampsia showed much better discriminatory power for this outcome. It was 

previously demonstrated in Table 22 that sFlt1/PlGF ratio MoM values for preterm 

preeclampsia and both raw data and MoM values for early onset preeclampsia were 

significantly different when compared between patients who developed preeclampsia 

and unaffected pregnancies. For sFlt1/PlGF ratio MoM values for preterm preeclampsia, 

AUC exceeded 0.71 for each platform (see Table 23). For early onset preeclampsia, raw 

data and MoM values exceeded 0.92 for each platform.  

 

When using the sFlt1/PlGF ratio in isolation for the prediction of early onset 

preeclampsia, sFlt1/PlGF ratio raw data values performed best for the Cobas platform, 

with AUC 0.97, while sFlt1/PlGF ratio MoM values performed best for the Kryptor 

platform, with AUC 0.93. Sensitivity, specificity, PPV and NPV for sFlt1/PlGF ratio MoM 

for the prediction of preterm PE for the Cobas and Kryptor platforms were as follows: 

sensitivity 100 and 100; specificity 95.87 and 87.82; PPV 12.5 and 4.62 and NPV 100 and 

100 (Table 23).  
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sFlt1 and PlGF concentrations are in pg/mL. PE = preeclampsia. Early onset <34 weeks. Preterm <37 weeks. CI = confidence intervals. 
PPV = positive predictive value. NPV = negative predictive value 
Positive test defined as 1sFlt1/PlGF ratio >13.58; 1a sFlt1/PlGF ratio >7.2; 2 sFlt1/PlGF ratio MoM >1.35; 2a sFlt1/PlGF MoM >1.327; 3 sFlt1/PlGF 
ratio >10.57; 3a sFlt1/PlGF >7.98; 4 sFlt1/PlGF MoM >1.352; 4a sFlt1/PlGF MoM >1.274 
 
Table 23. Sensitivity and specificity analysis for Delfia, Cobas and Kryptor platforms using cut-offs 
from ROC curves. 
 
 
 

 

Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

 

Cobas sFlt1/PlGF ratio      

Early Onset PE1 0.97 100 (29.24-100) 95.87 (93.76-97.43) 12.50 (8.59-17.48) 100 

Preterm PE1a 0.69 62.5 (24.49-91.48) 66.47 (62.16-70.58) 2.87 (1.68-4.88) 99.11 (97.85-99.64) 

Cobas sFlt1/PlGF ratio MoM      

Early Onset PE2 0.96 100 (29.24-100) 90.57 (87.69-92.96) 5.88 (4.56-7.56) 100 

Preterm PE2a 0.74 62.5 (24.49-91.48) 89.29 (86.25-91.85) 8.47 (4.87-14.35) 99.34 (98.39-99.73) 

Kryptor sFlt1/PlGF ratio      

Early Onset PE3 0.92 100 (29.24-100) 83.10 (79.56-86.26) 3.37 (2.80-4.06) 100 

Preterm PE3a 0.66 62.5 (24.49-91.48) 67.06 (62.77-71.16) 2.92 (1.71-4.97) 99.12 (97.87-99.64) 

Kryptor sFlt1/PlGF ratio MoM      

Early Onset PE4 0.93 100 (29.24-100) 87.82 (84.66-90.53) 4.62 (3.69-5.76) 100 

Preterm PE4a 0.71 62.5 (24.49-91.48) 82.34 (78.73-85.57) 5.32 (3.08-9.03) 99.28 (98.26-99.71) 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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When using sFlt1/PlGF ratio in isolation for the prediction of preterm preeclampsia, 

sFlt1/PlGF ratio MoM values performed best for the Cobas and Kryptor platforms, with 

AUC 0.74 and 0.71, respectively. Sensitivity, specificity, PPV and NPV for sFlt1/PlGF ratio 

MoM for the prediction of preterm preeclampsia for the Cobas and Kryptor platforms 

were as follows: sensitivity 62.5 and 62.5; specificity 89.29 and 82.34; PPV 8.47 and 5.32 

and NPV 99.34 and 99.28.  

 

4.3.7 sFlt1/PlGF ratio raw data values for the prediction of early onset preeclampsia 

For the prediction of early onset preeclampsia using the Cobas platform, raw data values 

had the highest AUC and clinical characteristics, including sensitivity, specificity, NPV 

and PPV. In contrast, for the prediction of early onset preeclampsia using the Kryptor 

platform, sFlt1/PlGF ratio MoM values had the highest AUC and clinical characteristics.  

 

The prediction of early preeclampsia using raw data values for the Cobas platform and 

MoM values for the Kryptor platform involved different cut-offs derived from ROC 

curves, with the cut-offs chosen to maximise sensitivity and specificity. The cut-off for 

early onset preeclampsia using raw data values for the Cobas platform was >13.58, while 

the cut-off for early onset preeclampsia using MoM values for the Kryptor platform was 

>1.352 MoM. 

 

The numbers of false positives, true positives, false negatives and true negatives for each 

platform in the prediction of both early onset and preterm preeclampsia are 

summarised in Table 17, Chapter 3. 

 

Looking at true positive results detected using these cut-offs, all 3 cases of early onset 

preeclampsia (patients 1,2,3 in Table 24) were detected for each platform, resulting in 

3/3 (100%) detection rate for early onset preeclampsia. An additional case of preterm 

preeclampsia (patient 7 from Table 24) was detected using the Kryptor platform. These 

cut-offs also detected 2 cases of term preeclampsia (patients 10 and 16 from Table 24)  
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No Parity Positive sFlt1/PlGF ratio 
result obtained 

Cobase411 Kryptor 

Raw 
data 

MoM Raw 
data 

MoM 

1 G2P1, previous 28/40 delivery. HELLP syndrome 28+2/40. Emerg 
LUSCS. FGR 2nd centile 

● ●●  ●● 

2 G1P0, chronic HT. T1DM, diabetic retinopathy. Superimposed 
PE, proteinuria 15g/d. LUSCS 30+1/40. FGR 2nd centile. On LDA. 

● ●●  ●● 

3 G3P1. Early onset PE, LUSCS 32/40. FGR 1st centile ● ●●  ●● 

Patients who developed preterm PE 
4 G3P2. previous PE, T2DM. IOL 36+1/40 for PE. LGA 99th centile  ●  ● 
5 G3P2, previous PTD 31/40. Chronic HT. Mild PE, IOL 36+0/40. 

Normal BWt. On LDA and calcium. 
    

6 G2P1, previous PTD 31/40 early onset PE. GDM. Severe PE with 
renal impairment. LUSCS 35+5/40. LGA 97th centile. On LDA. 

    

7 G4P3, previous HELLP 28/40. Severe PE 36+4/40. FGR 1st centile. 
On LDA and calcium. 
 

 ●  ●● 

8 G4P1. Previous FDIU 33/40. Chronic HT, GDM. LUSCS 36+3/40. 
FGR 2nd centile. 

    

Patients who developed term PE 
No Parity History 

and 
antenatal 
course 

Delivery and outcome Positive sFlt1/PlGF ratio 
result obtained 

Cobase411 Kryptor 

Raw 
data 

MoM Raw 
data 

MoM 

9 G4P2, previous PTD 36/40 due to PE and FGR. Late onset PE, 
LUSCS 37+4. Normal BWt 

    

10 G2P0. HELLP syndrome 38+1/40 (urine PCR 0.10, low 
haptoglobin, ↑ ALT, ↓platelets (112). Required MgSO4. IOL. 
Normal BWt 

● ●●  ●● 

11 G4P0. Late onset PE 41/40, IOL. Normal BWt    ●● 

12 G2P0. Late onset PE. LUSCS 38+4/40. Normal BWt     
13 G1P0. T1DM. Late onset PE. LUSCS 37+6/40. LGA 95th%     
14 G4P0. Late onset PE, IOL 39+4/40. Normal BWt     
15 G1P0. Late onset PE, IOL 39+5/40. Normal BWt     
16 G1P0. T1DM. Late onset PE, LUSCS 38+4/40. BWt >97th centile 

(5.1kg) 
● ●●  ●● 

17 G1P0. T1DM. Late onset PE. Code green LUSCS 37+5/40 for high 
lactate. Placenta: prominent syncytial knots, indicating 
uteroplacental ischaemia 

    

PE = preeclampsia. PTD = preterm delivery. HELLP = haemolysis, elevated liver enzymes, low platelets. LUSCS = Lower uterine 
segment caesarean section. BWt = birthweight. FGR = fetal growth restriction. LGA = large for gestational age. HT = hypertension. 
T1DM = Type 1 diabetes mellitus. T2DM = type 2 diabetes mellitus. IOL = induction of labour. GDM = gestational diabetes mellitus. 
FDIU = fetal death in utero. PCR = protein to creatinine ratio. MgSO4 = magnesium sulphate. LDA = low dose aspirin. 
 

● = patient detected using cut-off for early PE (Table 23) 

● = patient detected using cut-off for preterm PE (Table 23) 

Table 24. True positive results for sFlt1/PlGF raw data and MoM values for the three 
platforms. 
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PTD = preterm delivery. LUSCS = Lower uterine segment caesarean section. BWt = 
birthweight. FGR = fetal growth restriction. HT = hypertension. T1DM = Type 1 diabetes 
mellitus. IOL = induction of labour. FDIU = fetal death in utero. PPROM = prelabour 
premature rupture of membranes. APH = antepartum haemorrhage. FMH = feto-
maternal haemorrhage 
 

● = patient detected using cut-off for early PE 

● = patient detected using cut-off for preterm PE 

 

Table 25. False positive results with preterm delivery or poor outcomes for 

sFlt1/PlGF raw data and MoM values for the three platforms 

False positives with preterm delivery or poor outcomes using sFlt1/PlGF ratio 

No Relevant history and outcome Positive result obtained  

Cobase411 Kryptor 

Raw 
data 

MoM Raw 
data  

MoM 

1 
G1P0. FDIU 39/40. Placental abruption. IOL. Normal BWt 

 ●●  ●● 

2 G1P0. PTD 35/40, IOL for PPROM with suspected 
chorioamnionitis. FGR 1st centile. Placental histopathology 
confirmed chorioamnionitis 

● ●●  ●● 

3 G2P1. Previous PTD 35/40 for FGR. APH 36+2/40. LUSCS. FGR 
2nd centile 

 ●●  ●● 

4 G1P0. Smoker. Preterm labour 34+5/40. Emerg LUSCS. FGR 4th 
centile 

 ●   

5 G3P1. Chronic HT. Preterm labour 32/40, placental abruption. 
LUSCS. Normal BWt 

    

6 G1P0. Placental abruption 35+2/40, Kleihauer showed 157mL 
FMH. LUSCS. BWt 11th centile. Placental histopathology 
confirmed abruption 

● ●●  ●● 

7 G1P0. T1DM. PPROM, spontaneous labour 30+5/40. Normal 
BWt  

● ●●  ●● 

10 G3P1. Previous FGR. On LDA. IOL 36+4 for gestational 
hypertension. FGR 2nd centile 

 ●●  ● 

11 PPROM 36+4/40. LUSCS. Normal BWt   ●  ●● 



163 

 

for both platforms and a further case of term preeclampsia (patient 11 from Table 24) 

for the Kryptor platform.  

 

Using these cut-offs, for the Cobas platform, which only identified the 3 patients who 

developed early onset preeclampsia, there were 5 false negative results that all had 

preterm preeclampsia (patients 4,5,6,7,8 from Table 24). These patients each delivered 

between 35+5/40 and 36+4/40, and 2 also developed FGR. For the Kryptor platform, 

there were 4 false negatives (patients 4,5,6,8 from Table 24), one of whom also 

developed FGR. 

  

When using the Cobas sFlt1/PlGF ratio raw data values for the prediction of early 

preeclampsia, 23 (4.5%) patients within the cohort who did not go on to develop 

preeclampsia had a false positive, or falsely high, sFlt1/PlGF ratio result at 

midpregnancy. 3 (13.0%) of these false positives delivered a baby at ≥37 weeks with 

birthweight less than the 10th percentile. 3 (13.0%) of these false positives delivered 

prior to 37 weeks or had a poor pregnancy outcome. The details for these latter 3 

patients are summarised in Table 25 (patients 2, 6 and 7). The Cobas sFlt1/PlGF ratio 

raw data values for the prediction of early onset preeclampsia detected 5 (21.7%) 

patients with composite adverse outcomes (see Table 20, Chapter 3). These included all 

three cases of early onset FGR and preeclampsia, a case of placental abruption, and a 

case of preterm FGR (patients 1,2,3,14,22 from Table 20). 

 

When using Kryptor sFlt1/PlGF ratio MoM values for the prediction of early 

preeclampsia, 66 (12.9%) patients within the cohort who did not go on to develop 

preeclampsia had a false positive, or falsely high, sFlt1/PlGF ratio result at 

midpregnancy. Eight (12.1%) of these false positives delivered a baby at ≥37 weeks with 

birthweight less than the 10th percentile. Six (9.1%) of these false positives delivered 

prior to 37 weeks or had a poor pregnancy outcome. The details for these latter 6 

patients (1,2,3,6,7,11) are summarised in Table 25. The Kryptor sFlt1/PlGF ratio MoM 

values for the prediction of early preeclampsia detected 8 (12.1%) patients with 

composite adverse outcomes. These included 4 of the 5 patients with preterm 

preeclampsia + FGR, the case of abruption and stillbirth at 39 weeks as well as another 
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placental abruption, and two cases of preterm FGR (patients 1,2,3,4,6,14,23,26 from 

Table 20). 

 

4.3.8 sFlt1/PlGF ratio MoM values for the prediction of preterm preeclampsia 

For the prediction of preterm preeclampsia, MoM values for the Cobas and Kryptor 

platforms gave the best clinical validity, including sensitivity, specificity, NPV and PPV. 

The cut-off for preterm PE using MoM values for the Cobas and Kryptor platforms were 

>1.327 MoM and >1.274 MoM, respectively.  

 

Looking at true positive results detected using these cut-offs, all 3 cases of early onset 

preeclampsia (patients 1,2,3 in Table 20) were detected for each platform, as well as an 

additional 2 cases of preterm preeclampsia (patients 4 and 7 from Table 24) and 2 and 

3 cases, respectively, of term preeclampsia (10 and 16 for both platforms and 11 for 

Kryptor in Table 24). This gave a 5/8 (62.5%) detection rate for preterm preeclampsia.  

 

Using these cut-offs, for both the Cobas and Kryptor platform using MoM values for the 

prediction of preterm preeclampsia, there were 3 false negative results that all had 

preterm preeclampsia (patients 5,6 and 8 from Table 24).  These patients each delivered 

between 35+5/40 and 36+3/40, and 1 developed FGR.  

 

When using the Cobas sFlt1/PlGF ratio MoM values for the prediction of preterm 

preeclampsia, 56 (10.9%) patients within the cohort who did not go on to develop 

preeclampsia had a false positive, or falsely high, sFlt1/PlGF ratio result at 

midpregnancy. Seven (12.5%) of these false positives delivered a baby at ≥37 weeks with 

birthweight less than the 10th percentile. Eight (14.3%) of these false positives delivered 

prior to 37 weeks or had a poor pregnancy outcome. The details for these latter 8 

patients (1,2,3,4,6,7,10,11) are summarised in Table 25. The Cobas sFlt1/PlGF ratio MoM 

values for the prediction of preterm preeclampsia detected 10 patients with composite 

adverse outcomes. These included 4 of the 5 patients with preterm preeclampsia and 

FGR, the case of abruption and stillbirth at 39 weeks as well as another placental 

abruption, and 4 cases of preterm FGR (Refer to Table 20 in Chapter 3).  
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When using the Kryptor sFlt1/PlGF ratio MoM values for the prediction of preterm 

preeclampsia, 92 (17.9%) patients within the cohort who did not go on to develop 

preeclampsia had a false positive, or falsely high, sFlt1/PlGF ratio result at mid-

pregnancy. 9 (9.8%) of these false positives delivered a baby at ≥37 weeks with 

birthweight less than the 10th percentile. Seven (7.6%) of these false positives delivered 

prior to 37 weeks or had a poor pregnancy outcome. The details for these 7 

(1,2,3,6,7,10,11) patients are summarised in Table 25. The Kryptor sFlt1/PlGF ratio MoM 

values for the prediction of preterm preeclampsia detected 10 (10.9%) patients with 

composite adverse outcomes (Table 20, Chapter 3). These included 4 of the 5 patients 

with preterm preeclampsia and FGR, the case of abruption and stillbirth at 39 weeks as 

well as another placental abruption (all the same patients detected by the Cobas 

platform), as well as 4 cases of preterm FGR. 

 

4.4 Discussion 

In this study, the performance of two commercially available immunoassay platforms, 

the Cobas and Kryptor, were compared for the purpose of prediction of preeclampsia at 

midpregnancy, using the sFlt1/PlGF ratio. As previously discussed in Chapter 2, clinical 

correlation and agreement between the two platforms was shown to be very good. 

Hence, we would expect similar performance between the platforms with regard to 

prediction of clinical outcomes.  

 

Overall, PlGF and the sFlt1/PlGF ratio for the prediction of preterm and early onset 

preeclampsia across all platforms perform very well, both in terms of clinical 

characteristics and clinical correlation with patient outcomes.  

 

sFlt1 raw data and MoM values alone were not significantly different between patients 

who developed preeclampsia and unaffected pregnancies. These results are not 

unexpected as though PlGF levels have been shown to decrease significantly from 

between 13 and 16 weeks gestation in patients who develop preeclampsia, the increase 

in sFlt1 shown to be associated with preeclampsia occurs at a later gestation, from 

between 21 and 24 weeks gestation (Levine 2004). The testing undertaken for the 

purpose of this study may have been slightly too early to capture this increase.  
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Similar to the use of PlGF in isolation for prediction of preeclampsia, there were 3 

patients in the preterm preeclampsia group who were not detected using sFlt1/PlGF 

ratio for either platform, with either raw data or MoM values. Possible reasons for 

patients 5 and 6 in Table 24 testing negative across all platforms despite having 

significant disease are discussed in chapter 3. Patient 8 from Table 24 had a history of 

previous FDIU at 33 weeks, GDM and chronic hypertension, and was taking low dose 

aspirin. She developed late onset preeclampsia and FGR requiring delivery at 36+3 

weeks, and her baby’s birthweight was on the 2nd centile. It is difficult to justify her test 

result being negative in light of having presumably significant placental disease, 

however the fact that she was taking aspirin may have potentially altered her clinical 

course.  

 

When testing the sFlt1/PlGF ratio for the prediction of early onset preeclampsia at 

midpregnancy, the Cobas sFlt1/PlGF ratio using raw data values displayed the most 

favourable clinical characteristics (Table 23).  sFlt1/PlGF MoM values performed best for 

prediction of preterm preeclampsia for both platforms (Table 23). 

 

For the prediction of early onset preeclampsia, the AUC for sFlt1/PlGF raw data values 

for the Cobas platform and MoM values for the Cobas and Kryptor platform (0.97, 0.96 

and 0.93), and clinical characteristics including sensitivity (100, 100 and 100), specificity 

(95.87, 90.57 and 87.82), PPV (12.5, 5.88 and 4.62) and NPV (100, 100 and 100) indicated 

effective prediction of early onset preeclampsia within this patient cohort. Each test 

detected all 3 cases of early onset preeclampsia, and the Kryptor sFlt1/PlGF ratio MoM 

additionally identified a case of preterm preeclampsia. Two, 2 and 3 cases of term 

preeclampsia, respectively, were identified by the Cobas raw data, MoM and Kryptor 

MoM cut-off, with the patient who developed HELLP syndrome at 38 weeks being 

detected with each test. As previously stated, the detection of term preeclampsia was 

not the primary objective of testing. The Cobas platform raw data and MoM value cut-

off had one more false negative result for preterm preeclampsia than Kryptor, at 5 

compared with 4, none of whom developed early onset preeclampsia. For the prediction 

of early onset preeclampsia, the Cobas sFlt1/PlGF raw data values had the least false 
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positive results (23, or 4.5%), followed by Cobas sFlt1/PlGF MoM (50, or 9.7%), followed 

by Kryptor MoM (66, or 12.9%), reflecting the higher PPV observed with the Cobas 

platform compared with the Kryptor. This resulted in fewer patients identified using 

Cobas raw data and MoM values who delivered prior to 37 weeks or had an adverse 

outcome (3 and 5 patients, respectively) than with Kryptor MoM values (6 patients). 

Looking at composite adverse outcomes, the Cobas sFlt1/PlGF raw data cut-off detected 

5 cases, the Cobas sFlt1/PlGF MoM cut-off detected 8 cases and the Kryptor sFlt1/PlGF 

MoM values identified 8 cases. In summary, both the Cobas sFlt1/PlGF ratio using raw 

data values and the early PE cut-off, the Cobas sFlt1/PlGF ratio using MoM values and 

the Kryptor sFlt1/PlGF ratio using MoM values had relatively equal performance from a 

clinical point of view with regard to detecting patients at risk of early onset 

preeclampsia. With the knowledge we currently have, based on AUC and clinical 

characteristics, and the significantly fewer false positives obtained, the Cobas sFlt1/PlGF 

ratio, using raw data values, appeared to be the superior test for the prediction of early 

onset preeclampsia within this patient population.   

 

For the prediction of preterm preeclampsia, the AUC for sFlt1/PlGF MoM values for the 

Cobas and Kryptor platforms (0.74 and 0.71), and clinical characteristics including 

sensitivity (62.5 and 62.5), specificity (89.29 and 82.34), PPV (8.47 and 5.32) and NPV 

(99.34 and 99.28) indicate good clinical validity for the prediction of preterm 

preeclampsia. Both platforms detected all 3 cases of early onset preeclampsia, as well 

as 2 cases of preterm preeclampsia (patients 4 and 7 from Table 24), and 2 and 3 cases, 

respectively, of term preeclampsia, including patient 10. The same 3 patients for each 

platform had a false negative result for preterm preeclampsia, none of whom had early 

onset preeclampsia. The Cobas sFlt1/PlGF MoM cut-off for prediction of preterm 

preeclampsia had fewer false positive results (56, or 10.9% compared with 92, or 17.9%), 

again most likely secondary to a higher PPV observed with the Cobas platform compared 

with the Kryptor. However, both platforms detected essentially the same patients with 

a false positive result who required either preterm delivery or had an adverse outcome, 

with Cobas detecting one additional patient to Kryptor (8 compared with 7 patients). 

Similarly, both platforms identified 10 patients who developed composite adverse 

outcomes, of which 4 cases developed preterm preeclampsia and FGR, the case of 



168 

 

abruption and stillbirth at 39 weeks, another case of abruption and one of preterm FGR 

were identified by both platforms. In summary, both the Cobas sFlt1/PlGF ratio MoM 

values using the preterm PE cut-off and Kryptor sFlt1/PlGF ratio MoM values using the 

preterm PE cut-off had essentially equal performances for prediction of patients at risk 

of preterm preeclampsia using sFlt1/PlGF MoM values. The Cobas had significantly 

fewer false positive results, so should be considered the superior test. 

 

When comparing the clinical characteristics using sFlt1/PlGF ratio raw data values for 

the prediction of early onset preeclampsia with sFlt1/PlGF MoM values for prediction of 

preterm preeclampsia, the Cobas sFlt1/PlGF ratio using raw data values displayed the 

most favourable clinical characteristics and based on these characteristics and the 

significantly fewer false positives for this test, it was assessed to have the best 

performance overall for prediction of early onset preeclampsia. For the prediction of 

preterm preeclampsia, the Cobas and Kryptor sFlt1/PlGF ratio using MoM values had 

essentially equal performances. Given that once again the Cobas platform had 

significantly fewer false positive results, this should be considered the superior test.   

 

When comparing clinical validity of PlGF, described in Chapter 3, and the sFlt1/PlGF ratio 

for prediction of early onset preeclampsia, PlGF raw data had a lower AUC (0.92-0.93) 

than sFlt1/PlGF ratio raw data values (0.97), and clinical characteristics performed 

worse. Clinically, PlGF raw values detected 3 cases of early onset preeclampsia and 2 

cases of preterm preeclampsia, but had very high false positive rates (103, 119, 104 for 

Delfia, Cobas and Kryptor, respectively).  For the prediction of early onset preeclampsia, 

the best tests were PlGF and the sFlt1/PlGF ratio using raw data results and the early 

onset cut-off.  

 

When comparing clinical validity of tests for the prediction of preterm preeclampsia, 

PlGF MoM performed better than sFlt1/PlGF ratio MoM based on AUC. In terms of 

clinical correlation, both tests detected 5/8 (62.5%) cases of preterm preeclampsia, 

though there was a significant false negative for all platforms for PlGF MoM, with a case 

of early onset preeclampsia going undetected (patient 2 in Table 18). The number of 

false positive results for PlGF MoM and sFlt1/PlGF ratio MoM were similar, with 65 and 
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56 false positives for Cobas PlGF MoM and sFlt1/PlGF ratio MoM, and 49 and 92 for 

Kryptor PlGF MoM and sFlt1/PlGF MoM, respectively, with a similar number of adverse 

outcomes and composite adverse outcomes being detected. Overall, despite PlGF MoM 

having better clinical validity based on AUC, when clinically correlated, PlGF MoM and 

sFlt1/PlGF ratio MoM for the prediction of preterm preeclampsia performed very 

similarly.  

 

The most serious implications from a screening test arise from false negative results. 

Within the patient cohort tested, PlGF MoM was shown to perform best for the 

prediction of preterm preeclampsia, however, one patient who went on to develop early 

onset preeclampsia at 30 weeks gestation was missed using this test (patient 2 in Table 

18). This is a significant false negative, though she probably had a greater maternal 

rather than placental component to her disease, possibly explaining why her PlGF level 

was not low enough to give a positive test result. In addition to this, she was taking 

aspirin during the pregnancy, which may have altered her clinical course. Of course, no 

test is perfect, however optimising patient safety is paramount.  

In light of the significant false negative result for PlGF MoM using the preterm 

preeclampsia cut-off, and the fact that identification of cases at increased risk for early 

onset preeclampsia is important to optimise perinatal morbidity and mortality, the 

Cobas sFlt1/PlGF ratio using raw data values using the early preeclampsia cut-off 

appears to be the superior test in terms of clinical outcomes for prediction of early onset 

preeclampsia. 

 

Positive predictive values associated with sFlt1/PlGF ratio testing for the prediction of 

preeclampsia at midpregnancy, while slightly higher than those obtained with PlGF 

testing, were still relatively low. When clinically correlated, PlGF raw data values using 

the cut-off for early onset PE had very low PPV (2.5-3.0%) with consequently large 

numbers of false positive results, translating to one in every 30 to 40 patients identified 

to be high risk for preeclampsia based on screening actually developing early onset 

preeclampsia. In contrast, sFlt1/PlGF ratio raw data values using the cut-off for early 

onset preeclampsia had a higher PPV, with the Cobas platform having a PPV of 12.5%, 

which was higher than all other tests in the study.   
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Figure 38. Clinical characteristics for the tests that perform best for the prediction of early onset and preterm preeclampsia.  
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This translated to far fewer false positive results for sFlt1/PlGF ratio raw data values 

using this cut-off, and clinically means that one in every 8 patients identified to be high 

risk of developing preeclampsia based on screening would actually develop early onset 

preeclampsia.  

 

When determining the most superior test for the prediction of preeclampsia at 

midpregnancy, the Cobas sFlt1/PlGF ratio using raw data values and the early PE cut-off 

was chosen, as it has highest AUC, sensitivity, specificity, PPV and NPV compared to the 

other tests, and significantly fewer false positive results (Figure 38). Having a lower false 

positive rate is desirable in several ways. Firstly, as outlined in chapter 3, fewer false 

positives would prevent unnecessary patient and physician anxiety and potential effort 

associated with increased surveillance. Secondly, reduction in false positives could 

significantly reduce overall costs involved with testing and consequent increased 

monitoring. On the other hand, PlGF raw data values using the early onset PE cut-off 

and sFlt1/PlGF ratio MoM values using the preterm PE cut-off both detected all cases of 

early onset preeclampsia, but had higher false positive rates, which translated to far 

more adverse outcomes and composite adverse outcomes being detected (Figure 38). 

The decision as to which is the most useful test requires further knowledge of the exact 

clinical utility of both PlGF and the sFlt1/PlGF ratio for the prediction of conditions 

arising from placental dysfunction. If the primary aim is to predict early onset 

preeclampsia, at this stage it appears that the Cobas sFlt1/PlGF ratio using raw data 

values and the early onset cut-off performs best and is the superior test for this purpose. 

If the primary aim is to identify placental dysfunction arising from various placental 

pathologies, and potentially linking preeclampsia with FGR and placental abruption, 

perhaps it is more beneficial, until the clinical utilities of PlGF and sFlt1/PlGF ratio testing 

are better defined, to favour inclusion of false positive results that might capture these 

additional adverse pregnancy outcomes. In this case, testing with PlGF raw data values 

using the early onset PE cut-off and sFlt1/PlGF ratio MoM values using the preterm PE 

cut-off may be most effective. There is much knowledge yet to be attained regarding 

the clinical utility of PlGF and the sFlt1/PlGF ratio in not only the detection of 

preeclampsia, but more generalised placental pathologies, that may even exist on the 

same spectrum. Given that our primary outcome for this study was the detection of 
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preeclampsia, the Cobas sFlt1/PlGF ratio using raw data values and the early PE cut-off 

appears to be the superior test for this purpose. Given that the clinical utility of PlGF and 

the sFlt1/PlGF ratio for midpregnancy screening for preeclampsia has not been fully 

determined, false positive tests need to be documented and considered carefully. With 

further understanding, “false positive” results linked to preterm delivery and other 

adverse outcomes may be confirmed to be associated with altered placental 

biomarkers, as an indicator for generalised placental pathology, and may end up being 

categorised as “true positives”.   

 

The results presented have confirmed those reported in the literature that second 

trimester prediction of term preeclampsia using both sFlt1 and PlGF appears to be poor, 

with predictive performance based on ROC curves for prediction of term preeclampsia 

showing very little discriminatory power for this outcome. The results from this study 

were also in alignment with other studies in the literature in terms of predictive ability 

of sFlt1/PlGF ratio testing being higher when predicting early onset and preterm 

preeclampsia rather than late onset or term preeclampsia. Using the selected cut-offs 

for preterm and early onset preeclampsia, very few cases of term preeclampsia were 

identified, providing further support for the widely accepted theory that early onset and 

term preeclampsia result from two separate pathophysiological processes, the former 

being far more likely to have significantly different maternal sFlt1 and PlGF levels than 

patients who develop preeclampsia greater than 34 weeks, making them far more likely 

to be identified by screening tests using placental biomarkers. As with numerous 

previous studies, addition of sFlt1 as the sFlt1/PlGF ratio did improve predictive 

performance for early onset preeclampsia compared with use of PlGF alone. Given the 

findings of Levine in 2004 (Levine 2004), it makes sense that the cases of early onset 

preeclampsia within this patient cohort had abnormal placental biomarkers when tested 

at midpregnancy, as sFlt1 and PlGF levels have both been reliably noted to become 

altered up to 11 weeks from development of symptoms of preeclampsia. On these 

grounds patients who developed late onset preterm preeclampsia would not be 

expected to display midpregnancy derangement in placental biomarkers if they did not 

develop symptoms of preeclampsia until after 34 weeks gestation. As with other studies, 

the majority of patients who tested positive for the sFlt1/PlGF ratio using the selected 
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cut-offs for preterm and early onset preeclampsia did not go on to develop 

preeclampsia. The PPV’s reported for both platforms for sFlt1/PlGF ratio testing were all 

low. Interestingly, PPV’s in studies in the literature ranged from 4.9 to 78.6, with the 

higher PPV’s possibly indicating that some of these studies (Shokry et al. 2010; Hassan 

et al. 2013) were performed among patients at considerably high risk for development 

of preeclampsia, which differs from the population studied here. The studies that 

reported high PPVs, and high incidence of preeclampsia within their patient population 

(Shokry et al. 2010; Hassan et al. 2013) stated that baseline characteristics were 

comparable between groups at the time of recruitment, but this data was not displayed 

in any further detail. In most studies, the majority of patients with an imbalance 

between angiogenic and antiangiogenic factors do not go on the develop preeclampsia 

(Kleinrouweler et al. 2012; McElrath et al. 2012; Myatt et al. 2013; Myers et al. 2013). 

Consequently, these tests commonly have low PPV’s, regardless of the gestation of 

sample collection. Since PPV is dependent on prevalence of a condition in the general 

population, with regard to preeclampsia screening, low PPV’s associated with screening 

tests most likely reflect this low prevalence, which is unlikely to improve significantly 

regardless of how high the sensitivity and specificity are. Hence for a disease with low 

incidence, PPV should not be used in isolation to determine clinical utility 

(Chaiworapongsa et al. 2014a). 

 

Due to less agreement between the platforms when using raw data values, relevant to 

testing for early onset preeclampsia using sFlt1/PlGF raw data results, the cut-offs are 

quite different and there would need to be different reference ranges for each platform 

when used in clinical practice. Converting values to MoM almost eliminates this issue, 

as the agreement between MoM values was much better, making values obtained from 

the three different platforms equivalent. This translates to very similar cut-offs and 

reference ranges for the three platforms in clinical practice. This needs to be taken into 

consideration if using raw data values for these biomarkers. The advantage of using raw 

data values is that this would reduce the resources required to implement the test, as 

the complex and time-consuming calculations for conversion of raw data values to MoM 

are not required. 
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Overall, though the Cobas sFlt1/PlGF ratio using raw data values and the early PE cut-off 

was assessed to be the test with greatest clinical validity for reasons described above, 

the PlGF and the sFlt1/PlGF ratio for the prediction of preterm and early onset 

preeclampsia across all platforms perform very well. Using PlGF raw data values and the 

early PE cut-off gave ranges for clinical characteristics across the three platforms as AUC 

0.92-0.93, sensitivity 100%, specificity 77.8-80.75%, PPV 2.59-2.97 and NPV 100%. Using 

sFlt1/PlGF ratio for early onset PE gave ranges across the three platforms as AUC 0.93-

0.97, sensitivity 100%, specificity 87.82-95.87%, PPV 4.62-12.50 and NPV 100%. Using 

PlGF MoM values and the preterm PE cut-off gave ranges across the platforms as AUC 

0.77-0.79, sensitivity 62.5%, specificity 85.12-90.28%, PPV 6.25-9.26 and NPV 99.31-

99.34%. Using sFlt1/PlGF ratio MoM and the preterm PE cut-off gave ranges across the 

platforms as AUC 0.71-0.74, sensitivity 62.5, specificity 82.34-89.29, PPV 5.32-8.47 and 

NPV 99.28-99.34. These tests all showed high sensitivity, particularly when using the cut-

off for early onset PE, and importantly, specificity was very high for both PlGF and 

sFlt1/PlGF ratio using both the early onset and preterm PE cut-offs. NPV was above 99% 

across all testing modalities, likely reflective of low PPV and low prevalence of 

preeclampsia in our patient population. 

 

As outlined in Chapter 3, Section 3.3.1, 52 patients in the study (10% of the cohort in 

total) were taking low dose aspirin antenatally. Nine of these patients went on to 

develop preeclampsia (1 developed early onset, 8 developed late onset). Overall, the 

majority of patients in this group (patients 1-42 in particular) who were taking low dose 

aspirin had significant risk factors for either development of preeclampsia or other 

adverse pregnancy outcomes and would be classified as high risk based on these risk 

factors, with 17% of them developing preeclampsia, which is much higher than the 

incidence of preeclampsia quoted overall for the study. It is not possible to determine 

the effect that taking prophylactic low dose aspirin has had on the biomarker values or 

clinical outcomes of these patients and this confounding factor needs to be taken into 

consideration in the interpretation of results presented.  

 

Neither PlGF nor the sFlt1/PlGF ratio were predictive of term preeclampsia. Perhaps we 

can be hopeful that in being able to accurately predict preterm and early onset 
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preeclampsia, that identifying these high-risk groups may lead not only to the discovery 

of effective prophylactic and therapeutic agents for preterm and early onset 

preeclampsia, but perhaps through this journey additional biomarkers will be discovered 

that are better predictors of term preeclampsia. This may then lead to further studies 

to determine prophylactic and therapeutic agents for term preeclampsia. 

 

4.5 Summary 

Patients who developed early onset preeclampsia had significantly higher sFlt1/PlGF raw 

data and MoM values at the time of testing across all three platforms, while patients 

who developed preterm preeclampsia had significantly higher sFlt1/PlGF ratio MoM 

values, with no significant difference in raw data values between patients who 

developed preeclampsia and unaffected pregnancies. Both sFlt1/PlGF ratio raw data 

values for the prediction of early onset preeclampsia and PlGF MoM for the prediction 

of preterm preeclampsia showed very good predictive performance, with good 

sensitivity and specificity for the development of both early onset and preterm 

preeclampsia. Following comparison of testing with PlGF and the sFlt1/PlGF ratio for the 

prediction of early onset preeclampsia, the sFlt1/PlGF ratio using raw data values and 

the cut-off for early onset preeclampsia had the greatest clinical validity for this purpose, 

with far fewer false positives compared with using PlGF in isolation as a predictive test. 

Following comparison of testing with PlGF and sFlt1/PlGF ratio for the prediction of 

preterm preeclampsia, PlGF MoM had better clinical validity based on AUC and clinical 

characteristics when compared with sFlt1/PlGF ratio, however following clinical 

correlation with analysis of true positives, false negatives and false positives for each, 

their clinical performance in our patient population was actually very similar. Of course, 

the conclusions drawn from this study are limited by very small numbers, highlighting 

the need for further research to be performed, at the very least in the form of ongoing 

audits of clinical outcomes of patients undergoing PlGF and sFlt1/PlGF ratio testing for 

the prediction of preeclampsia compared with patients undergoing standard antenatal 

care, to confirm and further determine the clinical validity and utility of these tests prior 

to implementing them in clinical practice.  
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The low PPV for both PlGF and the sFlt1/PlGF ratio is likely reflective of the low 

prevalence of preterm and early onset preeclampsia in our population and limits the 

clinical validity of PlGF testing in isolation as a screening test. The addition of PlGF or 

sFlt1/PlGF ratio values to a multivariable logistic regression model may further enhance 

the clinical validity of screening for preterm preeclampsia in this patient population, and 

this method will be discussed in Chapter 6.  
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Chapter 5 

PlGF and the sFlt1/PlGF ratio in the prediction 

of preeclampsia and fetal growth restriction 

 

5.1 Introduction 

Fetal growth restriction (FGR) is defined as a failure for a fetus to achieve their endorsed 

growth potential (Figueras and Gratacos 2014). These small fetuses are at greater risk 

for deterioration in utero, stillbirth and adverse perinatal outcomes when compared 

with normally grown fetuses, often warranting active management and elective delivery 

before full term (Figueras and Gratacos 2014). This differs from fetuses who are small 

for gestational age (SGA), defined on the basis of having estimated fetal weight (EFW) 

below a given threshold, which is commonly the 10th centile. Fetuses who are SGA are 

often constitutionally small, lack the ultrasound features that are linked with risk of 

adverse outcomes, and have a near normal perinatal outcome, with elective preterm 

delivery offering no benefit. Unfortunately, there is not a single parameter to best 

differentiate FGR from SGA (Figueras and Gratacos 2014). FGR should be diagnosed in 

the presence of factors associated with a poorer perinatal outcome, including doppler 

cerebroplacental ratio (CPR) less than the 5th centile, UAPI greater than the 95th centile 

and EFW <3rd centile (Figueras and Gratacos 2014). The traditional approach of 

identifying FGR using abdominal palpation or measurement of the symphysio-fundal 

height (SFH) show poor predictive performance, with detection of less than 30% of 

affected fetuses (Lindhard et al. 1990). A routine third trimester scan is certainly 

superior to SFH measurement in identifying pregnancies at high risk of FGR (Souka et al. 

2012; Bakalis et al. 2015), however optimal timing of this investigation is uncertain, 

depending on whether the pregnancy is at risk of early onset or late onset FGR, which 

there is currently no accurate or reliable method for predicting. Midpregnancy screening 

to determine who might be at increased risk for FGR could help guide ongoing 

monitoring, such as third trimester ultrasound, and the optimal timing for such 

monitoring (Bakalis et al. 2015; Fadigas et al. 2015; Lesmes et al. 2015). As with 



178 

 

prediction of preeclampsia, accurate prediction of FGR would greatly facilitate the 

execution of future studies into prophylactic and therapeutic agents for this condition. 

 

Placental biomarkers PlGF and sFlt1 have been shown to be linked with FGR, both in 

isolation and with coexisting preeclampsia present (Taylor et al. 2003; Crispi et al. 2008; 

Diab et al. 2008; Romero et al. 2008; Benton et al. 2012), with recent evidence 

suggesting that abnormal levels of angiogenic factors may predict a poor perinatal 

outcome among small fetuses (Lobmaier et al. 2014). Levels of PlGF have been shown 

to be progressively lower in pregnancies with idiopathic FGR, preeclampsia and 

preeclampsia with FGR, respectively (Taylor et al. 2003), indicating increasingly 

significant placental pathology. A previous case-control study at midpregnancy has 

shown that in pregnancies which have developed FGR in the absence of preeclampsia, 

PlGF levels are decreased and sFlt-1 levels are increased (Savvidou et al. 2006). One of 

the findings in a prospective cohort study of 3348 pregnancies in 2007 was that 

abnormal UAPI and decreased plasma PlGF between 22 and 26 weeks gestation was 

associated with increased development of FGR, in the absence of preeclampsia 

(Espinoza et al. 2007). Shim (Shim et al. 2015) tested PlGF between 16 and 23 weeks 

gestation. 19 out of 37 patients who developed preeclampsia also developed FGR, 

compared with one case of FGR in the control group. PlGF levels at midpregnancy were 

significantly lower in the group who went on to develop FGR.  

 

Placental biomarkers sFlt1 and PlGF may reflect the presence of various placental 

pathological entities, rather than being specific to preeclampsia. PlGF levels in women 

with suspected FGR diagnosed antenatally were shown by Benton (Benton et al. 2012) 

to effectively differentiate patients with FGR from those with constitutionally small SGA 

fetuses. A positive PlGF test in women with suspected FGR antenatally, defined as PlGF 

level <5th centile for gestation at the time of diagnosis of FGR was shown to identify 

women with placental FGR, as opposed to constitutional SGA with high sensitivity 

(100%) and specificity (86%). PPV and NPV were 90% and 100%, respectively. These 

results are in agreement with previous reports of lowered PlGF in pregnancies with 

growth restricted fetuses (Taylor et al. 2003; Levine 2004; Poon et al. 2008; Romero et 

al. 2008). The conclusions from Benton’s study were limited by small numbers (9 
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patients had confirmed placental FGR), however the results were very promising for an 

effective antenatal test to differentiate SGA from placental FGR in patients with a 

suspicion of SGA antenatally. Pregnancies at risk of FGR have been shown to have lower 

PlGF levels compared with unaffected pregnancies from as early as the first trimester 

and into the second trimester (Tjoa et al. 2001; Taylor et al. 2003; Poon et al. 2008; 

Romero et al. 2008). Building on this finding, Lesmes (Lesmes et al. 2015) used a 

multivariable algorithm to screen 9715 pregnancies between 19 and 25 weeks gestation 

for fetal growth restriction. The algorithm included maternal characteristics, medical 

history, estimated fetal weight on ultrasound, UAPI, MAP and serum PlGF, sFlt1, PAPP-

a, free BHCG and AFP. For SGA <3rd centile, they obtained an AUC 0.999, 0.966 and 0.760 

for delivery less than 32 weeks, 32 to 36 weeks and greater than 37 weeks, respectively. 

Detection rate (DR) at a 10% false positive rate (FPR) for each gestational group were 

100, 88.2 and 38.3, respectively. They found that PlGF was reduced significantly but sFlt1 

was not significantly different from normal pregnancies.  

 

Placental causes of FGR are a cause for great concern clinically, as these fetuses are 

exposed to the detrimental effects of reduced placental transfer of oxygen and nutrients 

antenatally, with inherent risk of stillbirth, neonatal death, perinatal morbidity and 

iatrogenic preterm delivery as well as delayed effects including cerebral palsy (M Kady 

and Gardosi 2004; Barker 2006; Pallotto and Kilbride 2006; Leitner et al. 2007; Jacobsson 

et al. 2008; Varvarigou 2010). Fetal undernutrition associated with FGR during the 

gestational period has been shown to be linked with cardiovascular disease and other 

long term adverse health outcomes which may continue into adult life (Barker et al. 

1993; Barker 1995) due to reprogramming of relationships between glucose, insulin, 

growth hormone and insulin-like growth factor (IGF). These adaptations, while 

necessary in order to survive the antenatal period, are associated with potentially 

serious metabolic abnormalities later in life, with substantial risk for the development 

of cardiovascular disease, type 2 diabetes and hypertension (Barker et al. 2002; Barker 

2006; de Jong et al. 2012). In addition to this, there is emerging evidence that these 

neonates are at risk of poorer neurodevelopmental outcomes into the preschool years 

(Levine et al. 2015). 
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It was observed that a significant proportion of patients in our population who 

developed preterm preeclampsia had coexisting FGR, while there were no cases of FGR 

in the patients who developed term preeclampsia. It was deemed valuable to explore 

further the nature of the association between patients who developed preterm FGR and 

patients who developed preterm preeclampsia and FGR, expecting that those with 

coexisting pathologies would have PlGF and sFlt1 levels reflecting this shared pathology, 

and that they would be expected to have a higher incidence of preterm delivery and low 

birth weight. 

 

5.2 Methods 

Methods described in Chapter 2 were followed.  

 

5.2.1 Study population 

Refer to Section 2.2 

 

5.2.2 Blood sample collection and storage 

Refer to Section 2.3. 

 

5.2.3 Outcome measures 

The main outcome of interest was fetal growth restriction (FGR), as defined as the 

presence of any of the factors associated with poorer perinatal outcome, including 

Doppler cerebroplacental ratio < 5th centile, UAPI >95th centile, or EFW below the 3rd 

percentile (Figueras and Gratacos 2014). The combined outcome of preterm 

preeclampsia and FGR was the second outcome of interest. As in previous chapters, 

preeclampsia was defined by the ISSHP (Brown et al. 2018). More specifically, 

preeclampsia was classified according to gestation at the time of delivery, not the time 

of onset, as early onset preeclampsia (<34weeks), preterm preeclampsia (<37weeks) 

and term preeclampsia (≥37weeks). 

 

5.2.4 Statistical Analysis 

In addition to the analyses described in Chapter 2, median biomarker values for PlGF 

and the sFlt1/PlGF ratio were compared between patients with unaffected pregnancies, 
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SGA, FGR and both preeclampsia and FGR using descriptive statistics. Both raw data and 

MoM values for each of these groups were then compared using the Mann-Whitney U 

test to assess for a statistically significant difference in the median biomarker values. P-

values <0.05 were deemed to be statistically significant. 

 

Screening performances for PlGF raw data and MoM values and the sFlt1/PlGF ratio raw 

data and MoM values were then evaluated using receiver operating characteristic (ROC) 

curves to calculate the area under the curve (AUC). Coordinates of the ROC curves were 

used to identify predictive values for PlGF for development of preterm FGR (<37weeks), 

early onset FGR (<34weeks) and preterm preeclampsia and FGR (<37weeks). Selected 

cut-off values were chosen for each immunoassay platform, with biomarker values with 

the highest sensitivity and specificity chosen as optimal cut-off points for a positive test. 

True positive and true negative results were assessed using 2 x 2 contingency tables, 

followed by diagnostic test evaluation using an online calculator (MedCalc®). Sensitivity, 

specificity, positive predictive value (PPV) and negative predictive value (NPV) were then 

determined for PlGF levels performed on each immunoassay platform for the prediction 

of preeclampsia.  

 

5.3 Results 

5.3.1 Descriptive Statistics 

There were 64 (12.5%) pregnancies who developed SGA. From these 64, 48 (9.4% of 

total cohort) delivered at term, 16 (3.1%) delivered preterm and 4 (0.8%) delivered prior 

to 34 weeks. Of the 16 pregnancies with preterm SGA, 13 (81.3%) were classified as FGR 

based on having birthweight less than 3rd centile, while 100% of the 4 pregnancies with 

early onset SGA were classified as FGR based on having birthweight less than 3rd centile. 

5 of the 8 cases with preterm preeclampsia (62.5%) had coexisting preterm FGR, based 

on each having a birthweight less than the 3rd centile, and all three pregnancies with 

early onset preeclampsia (100%) had coexisting FGR. In contrast, no pregnancies with 

term preeclampsia developed either SGA or FGR (see Figure 39).  
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The characteristics of the study population are summarised in Table 26. 

 

Pregnancies that delivered an SGA fetus in the absence of preeclampsia (n=64) had a 

significantly lower maternal weight and BMI, and their babies had significantly lower 

birthweights when compared with unaffected pregnancies. Pregnancies with FGR 

requiring delivery prior to 37 weeks had a significantly lower gestational age at delivery 

(36.3 weeks compared with 39.2 for unaffected pregnancies) lower birthweight, were 

more likely to be white or South Asian, and were significantly more likely to have a 

history of chronic hypertension than women with unaffected pregnancies. They were 

also more likely to be smokers, be nulliparous or parous with a history of preeclampsia 

than unaffected pregnancies. Pregnancies with FGR requiring delivery prior to 34 weeks 

(n=4) similarly had a lower gestation at delivery (30.4 weeks compared with 39.2 weeks 

for unaffected pregnancies), lower birthweight, and were more likely to have chronic 

hypertension or Type 1 diabetes than unaffected pregnancies. Pregnancies with 

preeclampsia and FGR requiring preterm or early delivery had significantly higher BMI, 

and significantly lower gestation and birthweight at delivery compared with unaffected 

pregnancies. They also were more likely to have chronic hypertension or Type 1 

diabetes.  
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64 (12.5%) pregnancies 
with SGA

48 (9.4%) delivered at term

16 (3.1%) delivered preterm 13 (2.5%) classified as FGR

4 (0.8%) delivered <34 
weeks

5 of the 8 cases with 
preterm PE (62.5%) had 

coexisting FGR

3 of the 3 cases with early 
onset PE (100%) had 

coexisting FGR

Figure 39. Patients that developed SGA and FGR 
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PE = preeclampsia; GA = gestational age; BMI = body mass index; GDM = gestational 
diabetes; SLE = systemic lupus erythematosus; APS = antiphospholipid syndrome.  
SGA = small for gestational age; FGR = fetal growth restriction 
Values reported in median (interquartile range) unless otherwise stated. * p<0.05 when 
compared to the unaffected group 
Table 26. Characteristics of the study population for midpregnancy prediction of FGR 
or preeclampsia and FGR. 

Maternal 
Characteristic

s 

Unaffected 
(n=428) 

SGA any 
gestation 

(n=64) 

FGR 
<37weeks 

(n=13) 

FGR 
<34weeks 

(n=4) 

PE and FGR 
<37weeks 

(n=5) 

PE and FGR 
<34weeks 

(n=3) 
       

Maternal age 
(years) 

35.2 (31.2-
38.2) 

34.2 (30.6-
37.9) 

32.9 (31.6-
38.1) 

36.9 (33.3-
39.0) 

35.7 (31.9-
36.0) 

35.7 (33.3-
36.9) 

Maternal 
weight (kg) 

69.0 (62.0-
78.5) 

65.5 (56.5-
72.0) * 

69.0 (56.0-
87.7) 

84.5 (72.5-
97.0) 

95.0 (72.0-
96.0) * 

96.0 (84.0-
97.0) 

Maternal 
height (cm) 

164.5 (160.0-
169.0) 

161.3 (156.0-
167.3) * 

162.0 (156.0-
166.0) 

167.3 (160.0-
174.3) 

164.0 (157.5-
168.0) 

164.0 (160.0-
167.3) 

BMI 
25.3 (23.0-

169.0) 
24.5 (22.5-

26.8) * 
26.0 (20.9-

33.7) 
30.3 (24.9-

36.6) 
33.7 (27.8-

33.7) * 
33.7 (30.3-

36.6) * 

GA (weeks) 
20.3 (20.0-

20.9) 
20.4 (20.1-

21.3) 
20.9 (20.1-

21.3) 
20.4 (20.1-

21.0) 
20.7 (20.3-

21.3) 
20.7 (20.4-

21.0) 

GA at delivery 
39.2 (38.0-

40.3) 
38.9 (36.9-

40.4) 
36.3 (32.0-

36.6) * 
30.4 (29.2-

31.3) * 
32.0 (30.1-

36.4) * 
30.1 (29.2-

31.1) * 
Racial origin       

White 325 (75.9) 43 (67.2) 6 (46.2) * 3 (75.0) 2 (40.0) 2 (66.6) 
Black 16.0 (3.7) 2 (3.1) 1 (7.8) 0.0 1 (20.0) * 0.0 

South Asian 32.0 (7.5) 9 (14.1) 3 (23.0) * 0.0 1 (20.0) 0.0 
East Asian 35.0 (8.2) 7 (10.8) 3 (23.0) 1 (25.0) 1 (20.0) 1 (33.3) 

Mixed 20.0 (4.7) 3 (4.7) 0.0 0.0 0.0 0.0 
Medical 
History 

      

Chronic 
hypertension 

16.0 (3.7) 3.0 (4.7) 2.0 (15.4) * 1.0 (25.0) * 2.0 (40.0) * 1.0 (33.3) * 

Diabetes 
Mellitus 

      

Type 1 14.0 (3.3) 1.0 (1.6) 1.0 (7.7) 1.0 (25.0) * 1.0 (20.0) * 1.0 (33.3) * 
Type 2 8 (1.9) 0.0 0.0 0.0 0.0 0.0 
GDM 21 (4.9) 2 (3.1) 1.0 (7.7) 0.0 1.0 (20.0) 0.0 
SLE 2 (0.5) 0.0 0.0 0.0 0.0 0.0 
APS 3 (0.7) 0.0 0.0 0.0 0.0 0.0 

Cigarette 
smokers 

25 (5.8) 8.0 (12.5) 1.0 (7.7) * 0.0 0.0 0.0 

Family history 
of PE 

28 (6.5) 5 (7.8) 1.0 (7.7) 0.0 0.0 0.0 

Parity       
Nulliparous 177 (41.4) 30 (7.0) 2.0 (15.4) * 1.0 (25.0) 1.0 (20.0) 1 (33.3) 
Parous with 
no previous 

PE 
218 (50.1) 31 (48.4) 8.0 (61.5) 3 (75.0) 3.0 (60.0) 2.0 (66.6) 

Parous with 
previous PE 

33 (7.7) 3 (4.7) 3.0 (60) * 0.0 1.0 (20.0) 0.0 

Infant 
Characteristic

s 

      

Birthweight 
(g) 

3342.0 
(3026.0-
3680.0) 

2582.5 
(2257.0-
2820.0) * 

1928.0 
(1295.0-
2088.0) * 

1148.5 
(1043.5-
1244.0) * 

1295.0 
(1193.0 -
2048.0) * 

1193.0 
(1088.0-
1244.0) * 
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Angiogenic 
markers 

Unaffected (n=428) SGA (n=64) 
P-

value 

Preterm FGR 
(n=13) 

P-
value 

Early onset FGR 
(n=4) 

P-
value 

Preterm PE and 
FGR (n=5) 

P-
value 

Early onset PE 
and FGR (n=3) 

P-
value 

Delfia PlGF            

Raw data 

MoM 

167.5 (126.6-234.6) 
1.0 (0.9-1.2) 

152.3 (97.5-213.8) 
0.9 (0.8-1.1) 

0.044 

0.001 
129.3 (74.7-158.3 

0.8 (0.6-0.9) 

0.018 

0.001 
81.9 (34.2-122.6) 

0.7 (0.5-0.9) 

0.010 

0.023 
75.1 (47.9-115.8) 

0.7 (0.5-0.8) 

0.005 

0.002 
47.9 (34.2-81.9) 

0.5 (0.4-0.7) 

0.010 

0.020 

Cobas PlGF            

Raw data 

MoM 

249.0 (184.0-333.7) 
1.0 (0.9-1.1)  

215.7 (163.6-293.9) 
0.9 (0.8-1.1) 

0.101 

0.002 

191.1 (102.9-210.9) 
0.8 (0.6-0.9) 

0.015 

0.000 

116.4 (52.2-188.3) 
0.8 (0.5-0.9) 

0.012 

0.027 

144.5 (54.7-178.1) 
0.8 (0.6-0.8) 

0.004 

0.003 

54.7 (52.2-116.4) 
0.6 (0.5-0.8) 

0.012 

0.023 

Kryptor PlGF            

Raw data 

MoM 

200.5 (153.9-276.0) 
1.0 (0.9-1.1) 

198.1 (146.0-271.0) 
1.0 (0.9-1.1) 

0.239 

0.005 

147.4 (104.0-203.0) 
0.8 (0.7-0.9) 

0.019 

0.000 

96.7 (47.4-146.0) 
0.7 (0.5-0.9) 

0.007 

0.018 

111.1 (48.8-144.7) 
0.8 (0.6-0.8) 

0.003 

0.002 

48.8 (47.4-96.7) 
0.6 (0.5-0.7) 

0.010 

0.020 

Cobas 
sFlt1/PlGF ratio 

           

Raw data 

MoM 

5.8 (3.9-8.1) 
1.0 (0.8-1.1) 

6.0 (4.6-9.4) 
1.0 (0.9-1.3) 

0.153 

0.043 
7.3 (5.2-13.6) 
1.3 (1.1-1.6) 

0.038 

0.001 
13.8 (9.6-29.2) 

1.5 (1.2-2.0)  

0.017 

0.020 
13.6 (7.2-1.2) 
1.4 (1.3-1.6) 

0.023 

0.008 
14.0 (13.8-29.2) 

1.6 (1.5-2.0) 

0.005 

0.006 

Kryptor 
sFlt1/PlGF ratio 

           

Raw data 

MoM 

6.5 (4.0-9.3) 
1.0 (0.8-1.2) 

6.5 (5.0-10.6) 
1.0 (0.8-1.2) 

0.142 

0.107 

8.0 (5.2-13.7) 
1.3 (1.0-1.4) 

0.088 

0.022 

13.2 (8.4-36.2) 
1.4 (1.2-2.1) 

0.033 

0.026 

10.6 (8.0-15.9) 
1.4 (1.3-1.4) 

0.051 

0.018 

15.9 (13.2-36.2) 
1.4 (1.3-2.1) 

0.012 

0.011 

PlGF and sFlt1 concentrations are in pg/mL. PE = preeclampsia. FGR = fetal growth restriction. SGA = small for gestational age. Early onset <34 
weeks. Preterm <37 weeks. Values are recorded as median (interquartile range). PPV = 
positive predictive value. NPV = negative predictive value. 
Table 27. Comparison of PlGF and sFlt1/PlGF ratio raw data and MoM values between 
patients who developed SGA, FGR, preeclampsia and FGR and unaffected pregnancies. 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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5.3.2 Comparison studies for PlGF and the sFlt1/PlGF ratio between patients who 

developed SGA, FGR, preeclampsia and FGR and unaffected pregnancies 

Pregnancies that developed SGA at any gestation (n=64) had significantly lower PlGF 

levels across all platforms (p<0.05) except the Kryptor platform using raw data values 

(Table 27). sFlt1/PlGF ratio values for this group were not significantly increased when 

compared with unaffected pregnancies, except for the Cobas sFlt1/PlGF MoM values, 

which just reached statistical significance (p=0.043). Patients who developed preterm 

FGR in the absence of preeclampsia (n=13) and preterm PE and FGR (n=5) had 

significantly lower PlGF levels and significantly increased sFlt1/PlGF ratio values across 

all platforms (p<0.05), except for the Kryptor sFlt1/PlGF ratio raw data values, which 

were not significantly different for either group (p=0.088 and p=0.051, respectively). 

Patients who developed early onset FGR in the absence of preeclampsia (n=4) and early 

onset preeclampsia and FGR (n=3) had significantly lower PlGF levels and significantly 

increased sFlt1/PlGF ratio values across all platforms (p<0.05) (Table 27). sFlt1 raw data 

and MoM values in pregnancies that developed SGA, FGR or preeclampsia and FGR, 

when analysed on their own were not significantly different from values in unaffected 

pregnancies (data not shown). 

 

These findings are demonstrated in Figures 40 and 41, with significant progressive 

lowering of PlGF levels for each platform as pathology increases from SGA to preterm 

FGR and preterm preeclampsia and FGR (Figure 40). There is no appreciable difference 

in sFlt1/PlGF ratio levels between patients with unaffected pregnancies and SGA at any 

gestation, however with progressively increasing pathology, the sFlt1/PlGF ratio 

increases significantly (Figure 41). Pregnancies which developed early onset FGR and 

early onset preeclampsia and FGR were not displayed separately from the preterm 

groups due to small numbers.  
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Figure 40. Comparison of PlGF raw data and MoM values between patients with SGA, preterm FGR and preterm preeclampsia and FGR and 
unaffected pregnancies. 

 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 41. Comparison of sFlt1/PlGF ratio raw data and MoM values between patients with SGA, preterm FGR and preterm preeclampsia 
and FGR and unaffected pregnancies.  
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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When looking at results from each platform for PlGF (Table 27), pregnancies that 

developed preterm FGR had median PlGF raw data values of 129.3, 191.1 and 

147.4pg/mL, respectively, using the Delfia, Cobas and Kryptor platforms. Median PlGF 

MoM values for these patients were 0.8 MoM for each platform. Patients who 

developed early onset FGR had median PlGF raw data values of 81.97pg/mL, 

116.47pg/mL and 96.7pg/mL, respectively, using the Delfia, Cobas and Kryptor 

platforms. Median PlGF MoM values for these patients were 0.7, 0.8 and 0.7 MoM, 

respectively. Patients who developed preterm preeclampsia and FGR had median PlGF 

raw data values of 75.17pg/mL, 144.57pg/mL and 111.1pg/mL, respectively, using the 

Delfia, Cobas and Kryptor platforms. Median PlGF MoM values for these patients were 

0.7, 0.8 and 0.8 MoM for each platform, respectively. Finally, patients with early onset 

preeclampsia and FGR had median PlGF raw data values of 47.97pg/mL, 54.77pg/mL and 

48.8pg/mL, respectively, using the Delfia, Cobas and Kryptor platforms. Median PlGF 

MoM values for these patients were significantly lower at 0.5, 0.6 and 0.6 MoM, 

respectively for each platform. 

 

When looking at results from each platform for sFlt1/PlGF ratio, pregnancies that 

developed preterm FGR had median sFlt1/PlGF raw data values of 7.3 and 8.0 for the 

Cobas and Kryptor platforms, and MoM values of 1.3 MoM for each platform. Patients 

that developed early onset FGR had sFlt1/PlGF raw data values of 13.8 and 13.2 for the 

Cobas and Kryptor platforms, and MoM values of 1.5 MoM and 1.4 MoM, respectively. 

Patients that developed preterm preeclampsia and FGR had sFlt1/PlGF raw data values 

of 13.6 and 10.6 for the Cobas and Kryptor platforms, and MoM values of 1.4 MoM for 

each platform, respectively. Patients that developed early onset preeclampsia and FGR 

had sFlt1/PlGF raw data values of 14.0 and 15.9 for the Cobas and Kryptor platforms, 

and MoM values of 1.6 MoM and 1.4 MoM, respectively. Kryptor raw data values for 

the sFlt1/PlGF ratio did not reach statistical significance for pregnancies that developed 

preterm preeclampsia and preterm preeclampsia and FGR. 
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5.3.3 Performance of PlGF and the sFlt1/PlGF ratio for the prediction of FGR and both 

preeclampsia and FGR 

With the exception of using raw data values for the sFlt1/PlGF ratio tested on the 

Kryptor platform, all biomarker values were significantly lowered in women who 

developed placental pathology consisting of preterm or early onset FGR, and preterm or 

early onset preeclampsia and FGR. The predictive properties of PlGF and the sFlt1/PlGF 

ratio at midpregnancy using the different platforms were compared using ROC curve 

analysis, similar to previous chapters. 

 

5.3.3.1 PlGF, sFlt1 and sFlt1/PlGF ratio raw data and MoM for the prediction of FGR 

and preeclampsia and FGR at term 

For the prediction of FGR in the absence of preeclampsia and FGR coexisting with 

preeclampsia at term, PlGF, sFlt1 and sFlt1/PlGF raw data all performed poorly, with 

AUC for each platform between 0.50 and 0.60, indicating poor discriminatory power to 

predict FGR or preeclampsia and FGR at term when tested at midpregnancy (ROC curves 

not shown). Hence further analysis for prediction of these outcomes at term was not 

performed.  

 

5.3.3.2 PlGF and PlGF MoM for the prediction of preterm FGR and preterm 

preeclampsia and FGR 

When using PlGF raw data values for the prediction of preterm FGR, AUC values 

obtained for the Delfia, Cobas and Kryptor platforms were 0.693, 0.698 and 0.690, 

respectively. PlGF MoM values for the prediction of preterm FGR performed better at 

0.781, 0.784 and 0.783 MoM, respectively (Figure 42). The AUC values obtained using 

PlGF raw data values for the prediction of preterm preeclampsia and FGR performed 

even better, at 0.862, 0.878 and 0.882, respectively, while PlGF MoM values gave the 

best overall predictive performance, at 0.895, 0.885 and 0.898, respectively (Figure 43).  
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Figure 42. ROC curves for prediction of preterm FGR using PlGF raw data and MoM values. 
 
 

 
Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 43. ROC curves for prediction of preterm preeclampsia and FGR using PlGF raw data and MoM values. 
 

 
Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 44. ROC curves for prediction of early onset FGR using PlGF raw data and MoM values. 
 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 45. ROC curves for prediction of early onset preeclampsia and FGR using PlGF raw data and MoM values.  
 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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5.3.3.3 PlGF and PlGF MoM for the prediction of early onset FGR and early onset 

preeclampsia and FGR 

When using PlGF raw data values for the prediction of early onset FGR, AUC values 

obtained for the Delfia, Cobas and Kryptor platforms were 0.876, 0.862 and 0.892, 

respectively. PlGF MoM gave values of AUC 0.831, 0.820 and 0.844, respectively (Figure 

44). PlGF raw data values for the prediction of early onset preeclampsia and FGR, gave 

AUC for the Delfia, Cobas and Kryptor platforms of 0.929, 0.922 and 0.931, respectively, 

while PlGF MoM values gave values of 0.889, 0.880 and 0.889, respectively (Figure 45). 

 

5.3.3.4. sFlt1 and sFlt1 MoM for the prediction of early onset, preterm and term FGR 

and early onset, preterm and term preeclampsia and FGR 

For the prediction of early onset and preterm FGR and the prediction of early onset, 

preterm and term preeclampsia and FGR, sFlt1 raw data and MoM values at 

midpregnancy yielded AUC values around 0.50, indicating poor discriminatory power to 

predict FGR or preeclampsia and FGR when tested at midpregnancy (ROC curves not 

shown). Hence further analysis for sFlt1 alone was not performed.  

 

5.3.3.5 sFlt1/PlGF ratio and sFlt1/PlGF ratio MoM for the prediction of preterm FGR 

and preterm preeclampsia and FGR  

When using sFlt1/PlGF ratio raw data values for the prediction of preterm FGR, AUC 

values obtained for the Cobas and Kryptor platforms were 0.669 and 0.638, respectively.  

sFlt1/PlGF ratio MoM values for the prediction of preterm FGR gave AUC values 0.769 

and 0.686, respectively (Figure 46). sFlt1/PlGF ratio raw data values for the prediction 

of preterm preeclampsia and FGR for the Cobas and Kryptor platforms performed better 

at 0.796 and 0.753, respectively, and sFlt1/PlGF ratio MoM values performed best, at 

0.844 and 0.806, respectively (Figure 47).  
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Figure 46. ROC curves for prediction of preterm FGR using sFlt1/PlGF ratio raw data and MoM values. 
 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 47. ROC curves for prediction of preterm preeclampsia and FGR using sFlt1/PlGF ratio raw data and MoM values. 
 

 
Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 48. ROC curves for prediction of early onset FGR using sFlt1/PlGF ratio raw data and MoM values. 
 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Figure 49. ROC curves for prediction of early onset preeclampsia and FGR using sFlt1/PlGF ratio raw data and MoM values.  
 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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5.3.3.6 sFlt1/PlGF ratio and sFlt1/PlGF ratio MoM for the prediction of early onset FGR 

and early onset preeclampsia and FGR  

For the prediction of early onset FGR, AUC values obtained for the Cobas and Kryptor 

platforms were 0.845 and 0.810 respectively. sFlt1/PlGF ratio MoM values for the 

prediction of early onset FGR gave AUC values of 0.839 and 0.824, respectively (Figure 

48). When using sFlt1/PlGF ratio raw data values for the prediction of early onset 

preeclampsia and FGR, values obtained for the Cobas and Kryptor platforms were 0.971 

and 0.921, respectively. When using sFlt1/PlGF MoM values for the prediction of early 

onset preeclampsia and FGR, AUC values were 0.959 and 0.925, respectively (Figure 49). 

 

5.3.4 Sensitivity and specificity analysis for PlGF and sFlt1/PlGF ratio raw data and 

MoM values 

Sensitivity and specificity for the prediction of both FGR (Table 28 and 29) and 

preeclampsia and FGR (Table 30 and 31) using PlGF and the sFlt1/PlGF ratio were 

calculated for each immunoassay platform using selected cut-off values from the ROC 

curves. It was not possible to isolate prediction of early onset preeclampsia from early 

onset preeclampsia and FGR, as all 3 cases of early onset preeclampsia had coexisting 

FGR. Hence the clinical characteristics obtained for the prediction of early onset 

preeclampsia are equivalent to those for the prediction of preeclampsia and FGR, 

presented in Chapters 3 and 4.  

 

For prediction of early onset FGR using PlGF raw data values, the three immunoassay 

platforms performed very similarly, with AUC 0.876, 0.862 and 0.892 for the Delfia, 

Cobas and Kryptor platforms, respectively, and clinical characteristics as follows for each 

platform: sensitivity 100, 100, 100; specificity 71.85, 68.31, 72.83; PPV 2.72, 2.42, 2.82 

and NPV 100 for each. PlGF MoM values did not perform significantly better, with AUC 

0.831, 0.820 and 0.844, with sensitivity 100 for each platform, specificity 64.57, 63.19 

and 66.14, PPV 2.17, 2.09 and 2.27 and NPV 100 for each platform. 
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Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Delfia PlGF 
     

Early Onset FGR
1
 0.876 100 (39.76-100) 71.85 (67.72-75.72) 2.72 (2.38-3.11) 100.0 

Preterm FGR
1a

 0.693 76.92 (46.19-94.96) 55.51 (51.03-59.93) 4.31 (3.19-5.81) 98.93 (97.15-99.60) 

Delfia PlGF MoM 
     

Early Onset FGR
2
 0.831 100.0 (39.76-100.0) 64.57 (60.23-68.73) 2.17 (1.94-2.44) 100.0 

Preterm FGR
2a

 0.781 84.62 (54.55-98.08) 62.93 (58.52-67.18) 5.61 (4.39-7.15) 99.37 (97.77-99.82) 

cobas PlGF 
     

Early Onset FGR
3
 0.862 100.0 (39.76-100.0) 68.31 (64.06-72.33) 2.42 (2.14-2.75) 100.0 

Preterm FGR
3a

 0.698 76.92 (46.19-94.96) 64.53 (60.15-68.73) 5.35 (3.94-7.22) 99.08 (97.54-99.66) 

cobas PlGF MoM 
     

Early Onset FGR
4
 0.820 100.0 (39.76-100.0) 63.19 (58.83-67.39) 2.09 (1.87-2.34) 100.0 

Preterm FGR
4a

 0.784 84.62 (54.55-98.08) 63.93 (59.54-68.15) 5.76 (4.50-7.34) 99.38 (97.80-99.83) 

Kryptor PlGF 
     

Early Onset FGR
5
 0.892 100.0 (39.76-100.0) 72.83 (68.74-76.66) 2.82 (2.45-3.23) 100.0 

Preterm FGR
5a

 0.690 69.23 (38.57-90.91) 70.34 (66.12-74.32) 5.73 (3.97-8.22) 98.87 (97.48-99.50) 

Kryptor PlGF MoM 
     

Early Onset FGR
6
 0.844 100.0 (39.76-100.0) 66.14 (61.84-70.25) 2.27 (2.02-2.56) 100.0 

Preterm FGR
6a

 0.783 76.92 (46.19-94.96) 66.73 (62.41-70.86) 5.68 (4.18-7.68) 99.11 (97.62-99.67) 

PlGF concentration in pg/mL. FGR = fetal growth restriction. Early onset <34 weeks. Preterm <37 weeks. 
CI = confidence intervals. PPV = positive predictive value. NPV = negative predictive value. Positive test 
defined as 1 PlGF < 129.45; 1a PlGF < 158.35; 2 PlGF MoM < 0.935; 2a PlGF MoM < 0.95; 3 PlGF < 198.55; 3a 
PlGF < 210.95; 4 PlGF MoM < 0.945; 4a PlGF MoM < 0.945; 5 PlGF < 147.5; 5a PlGF < 161.4; 6 PlGF MoM < 
0.935; 6a PlGF MoM < 0.935 
 
Table 28. Clinical characteristics for PlGF raw data and MoM values for prediction of early onset and preterm FGR.

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early 
onset (<34 weeks) PE 

had FGR 
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Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Cobas sFlt1/PlGF ratio 
     

Early Onset FGR
1
 0.845 75.00 (19.41-99.37) 95.47 (93.28-97.11) 11.54 (6.13-20.68) 99.79 (98.89-99.96) 

Preterm FGR
1a

 0.669 53.85 (25.13-80.78) 65.53 (61.18-69.70) 3.91 (2.37-6.39) 98.20 (96.79-98.99) 

Cobas sFlt1/PlGF MoM 
     

Early Onset FGR
2
 0.839 75.00 (19.41-99.37) 90.16 (87.23-92.61) 5.66 (3.11-10.07) 99.78 (98.82-99.96) 

Preterm FGR
2a

 0.769 76.92 (46.19-94.96) 61.32 (56.89-65.62) 4.93 (3.63-6.65) 99.03 (97.42-99.64) 

Kryptor sFlt1/PlGF ratio 
     

Early Onset FGR
3
 0.810 75.00 (19.41-99.37) 81.89 (78.26-85.14) 3.16 (1.77-5.58) 99.76 (98.70-99.96) 

Preterm FGR
3a

 0.638 53.85 (25.13-80.78) 66.13 (61.79-70.28) 3.98 (2.41-6.50) 98.21 (96.82-99.00) 

Kryptor sFlt1/PlGF MoM 
     

Early Onset FGR
4
 0.824 75.00 (19.41-99.37) 87.01 (83.77-89.81) 4.35 (2.41-7.71) 99.77 (98.78-99.96) 

Preterm FGR
4a

 0.686 76.92 (46.19-94.96) 49.10 (44.63-53.58) 3.79 (2.81-5.09) 98.79 (96.79-99.55) 

PlGF and sFlt1 concentrations are in pg/mL. FGR = fetal growth restriction. Early onset <34 weeks. Preterm <37 weeks. CI = confidence intervals. PPV = positive predictive 
value. NPV = negative predictive value. Positive test defined as 1 sFlt1/PlGF ratio >13.58764 
1a sFlt1/PlGF ratio >7.20329; 2 sFlt1/PlGF ratio MoM > 1.35053; 2a sFlt1/PlGF ratio MoM >1.06453; 3 sFlt1/PlGF ratio >10.57995; 3a sFlt1/PlGF ratio >7.98438; 4 sFlt1/PlGF ratio 
MoM >1.35215; 4a sFlt1/PlGF ratio MoM >0.98058 
 

Table 29. Clinical characteristics for sFlt1/PlGF ratio raw data and MoM values 
for prediction of early onset and preterm FGR. 
 

 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR  
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Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Delfia Xpress PlGF       

Preterm PE + FGR
1
 0.862 80 (28.36-99.49) 79.88 (76.12-83.29) 3.77 (2.39-5.91) 99.75 (98.59-99.96) 

Delfia Xpress PlGF MoM       

Preterm PE + FGR
2
 0.895 80 (28.36-99.49) 84.81 (81.39-87.82) 4.94 (3.1-7.77) 99.77 (98.67-99.96) 

Cobas e411 PlGF       

Preterm PE + FGR
3
 0.878 80 (28.36-99.49) 76.73 (72.8-80.34) 3.28 (2.08-5.12) 99.74 (98.54-99.96) 

Cobas e411 PlGF MoM       

Preterm PE
4 

+ FGR 0.885 80 (28.36-99.49) 86.98 (83.74-89.79) 5.71 (3.57-9.02) 99.77 (98.71-99.96) 

Kryptor PlGF       

Preterm PE
5
+ FGR 0.882 80 (28.36-99.49) 70.41 (66.23-74.36) 2.60 (1.66-4.05) 99.72 (98.41-99.95) 

Kryptor PlGF MoM       

Preterm PE + FGR
6
 0.898 80 (28.36-99.49) 90.14 (87.21-92.59) 7.41 (4.58-11.77) 99.78 (98.75-99.96) 

PlGF concentration in pg/mL. PE = preeclampsia. FGR = fetal growth restriction. Early onset <34 weeks. Preterm <37 weeks. CI = confidence intervals. PPV = positive predictive 
value. NPV = negative predictive value 
Positive test defined as 1 PlGF <115.9; 2 PlGF MoM <0.815; 3 PlGF <178.2; 4 PlGF MoM <0.815; 5 PlGF <160.9; 6 PlGF MoM <0.795 
 

Table 30. Clinical characteristics for PlGF raw data and MoM values for prediction of early onset  
and preterm preeclampsia and FGR. 
 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered 
<34 weeks 

5/8 (62.5%) with 
preterm (<37 

weeks) PE had 
FGR 

3/3 (100%) with 
early onset (<34 

weeks) PE had FGR 
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Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Cobas e411 sFlt1/PlGF ratio       

Preterm PE + FGR
1
 0.796 80 (28.36-99.49) 65.48 (61.17-69.62) 2.23 (1.43-3.48) 99.7 (98.29-99.95) 

Cobas e411 sFlt1/PlGF ratio MoM       

Preterm PE + FGR
2
 0.844 80 (28.36-99.49) 89.35 (86.33-91.9) 6.9 (4.28-10.94) 99.78 (98.74-99.96) 

Kryptor sFlt1/PlGF ratio       

Preterm PE + FGR
3
 0.753 80 (28.36-99.49) 66.07 (61.77-70.19) 2.27 (1.45-3.54) 99.7 (98.3-99.95) 

Kryptor sFLt1/PlGF ratio MoM           

Preterm PE + FGR
4
 0.806 80 (28.36-99.49) 86.98 (83.74-89.79) 5.71 (3.57-9.02) 99.77 (98.71-99.96) 

PlGF and sFlt1 concentrations are in pg/mL. PPV = positive predictive value. NPV = negative predictive value. PE = preeclampsia. FGR = fetal growth restriction. Early onset 
<34 weeks. Preterm <37 weeks. CI = confidence intervals. 
Positive test defined as 1sFlt1/PlGF ratio >7.2; 2 sFlt1/PlGF ratio MoM >1.345; 3 sFlt1/PlGF ratio >7.97; 4 sFlt1/PlGF MoM >1.35; PlGF concentration in pg/mL. PE = preeclampsia. 
Early onset <34 weeks. Preterm <37 weeks. CI = confidence intervals. 
 

Table 31. Clinical characteristics for sFlt1/PlGF ratio raw data and MoM values for prediction of early onset and preterm preeclampsia and 
FGR 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered <34 
weeks 

5/8 (62.5%) with preterm 
(<37 weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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For prediction of preterm FGR using PlGF raw data values, again the performance for 

the Delfia, Cobas and Kryptor platforms were similar, with AUC 0.693, 0.698 and 0.690 

respectively, sensitivity 76.92, 76.92 and 69.23; specificity 55.51, 64.53 and 70.34; PPV 

4.31, 5.35 and 5.73 and NPV 98.93, 99.08 and 98.87, respectively. PlGF MoM values 

performed slightly better, with AUC 0.781, 0.784 and 0.783, sensitivity 84.62, 84.62 and 

76.92, PPV 5.61, 5.76 and 5.68 and NPV 99.37, 99.38 and 99.11, respectively. 

 

As already presented in chapter 3, when testing PlGF in isolation for prediction of early 

onset preeclampsia and FGR, PlGF raw data values performed best, with AUC 0.93, 0.92 

and 0.93 for the Delfia, Cobas and Kryptor platforms, with sensitivity 100 for each 

platform, specificity 80.75, 77.80 and 80.55, PPV 2.97, 2.59 and 2.94 and NPV 100 for 

each platform. PlGF MoM values did not perform quite as well, with AUC 0.89, 0.88 and 

0.89, sensitivity 100 for each platform, specificity 68.17, 64.64 and 67.78, PPV 1.82, 1.64 

and 1.80 and NPV 100 for each platform. 

 

For prediction of preterm preeclampsia and FGR using PlGF raw data values, the Delfia 

and Cobas platforms performed slightly better than the Kryptor, with AUC 0.862, 0.878 

and 0.882, sensitivity 80 for each platform, PPV 3.77, 3.28 and 2.60 and NPV 99.74, 99.74 

and 99.72 respectively. PlGF MoM values performed slightly better, with AUC 0.895, 

0.885 and 0.898, sensitivity 80 for each platform, specificity 84.81, 86.98 and 90.14, PPV 

4.94, 5.71 and 7.41, and NPV 99.77, 99.77 and 99.78, respectively. When compared with 

prediction of preterm preeclampsia at midpregnancy using PlGF MoM, discussed in 

Chapter 3, which gave AUC 0.77, 0.79 and 0.77 for the Delfia, Cobas and Kryptor 

platforms, respectively, these AUC’s appeared to perform better. 

 

For prediction of early onset preeclampsia and FGR using the sFlt1/PlGF ratio, the results 

were equivalent to those presented in Chapter 3 for the prediction of early onset 

preeclampsia, given that all 3 cases with early onset preeclampsia also had FGR. The 

sFlt1/PlGF ratio raw data values using the Cobas platform performed best (see Chapter 

3) for the prediction of early onset preeclampsia and FGR at the midpregnancy. Clinical 

characteristics for the Cobas and Kryptor platforms were as follows: AUC 0.97 and 0.92; 

sensitivity 100 for both platforms, specificity 95.87 and 83.10, PPV 12.5 and 3.37 and 
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NPV 100 for both platforms. The sFlt1/PlGF ratio MoM values for prediction of early 

onset preeclampsia and FGR gave AUC 0.96 and 0.93, sensitivity 100 for both platforms, 

specificity 90.57 and 87.82, PPV 5.88 and 4.62 and NPV 100 for both platforms.  

 

For prediction of preterm preeclampsia and FGR using sFlt1/PlGF raw data values, the 

Cobas and Kryptor platforms performed very similarly, with AUC 0.796 and 0.753 for 

Cobas and Kryptor, respectively, sensitivities 80 for each platform, specificities 65.48 

and 66.07, PPV 2.23 and 2.27 and NPV 99.7 for each platform. sFlt1/PlGF ratio 

performed significantly better for the prediction of preeclampsia and FGR, with AUC 

0.844 and 0.806 for the Cobas and Kryptor platforms, respectively, sensitivities 80 for 

each platform, specificity 89.35 and 86.98, PPV 6.9 and 5.71 and NPV 99.78 and 99.77, 

respectively.  

 

5.4 Discussion 

The results obtained, represented in Table 27 and Figures 40 and 41, demonstrate a 

progressive decrease in PlGF levels and increase in sFlt1/PlGF ratio as pathology 

progresses from SGA at any gestation to preterm FGR, early onset FGR, preterm 

preeclampsia and FGR and early onset preeclampsia and FGR. This supports the theory 

that FGR and preeclampsia both exist on the spectrum of placental dysfunction, capable 

of causing abnormalities in placental angiogenic factors, such as PlGF and sFlt1, with the 

extent of derangement likely proportional to the degree of placental dysfunction. 

 

5.4.1 PlGF and sFlt1/PlGF ratio as a predictive test for preterm and early onset FGR 

when tested at midpregnancy. 

PlGF when tested at midpregnancy for the prediction of FGR, demonstrates good clinical 

validity for this purpose (see Table 28). Using the cut-off for early onset FGR gave 

sensitivities and NPV’s of 100% across all platforms, while use of the cut-off for preterm 

FGR gave sensitivities 69-85%, with NPV’s above 99%. Addition of sFlt1 as the sFlt1/PlGF 

ratio (Table 29) reduced sensitivity quite significantly, but improved specificity and PPV 

significantly using the early FGR cut-off in particular. Using the  
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Using PlGF cut-off for early 
onset FGR 

Using PlGF cut-off for preterm 
FGR 

Using sFlt1/PlGF ratio cut-off for 
early onset FGR 

Using sFlt1/PlGF ratio cut-off for 
preterm onset FGR 

Delfia PlGF  
FP 143 
TP 4 
FN 0 
TN 365 

Delfia PlGF  
FP 223 
TP 10 
FN 3  
TN 276  

Cobas sFlt1/PlGF ratio  
FP 23 
TP 3 
FN 1  
TN 485 

Cobas sFlt1/PlGF ratio  
FP 172 
TP 7 
FN 6   
TN 327 

Delfia PlGF MoM  
FP 180 
TP 4 
FN 0 
TN 316 

Delfia PlGF MoM  
FP 185 
TP 11 
FN 2  
TN 314 

Cobas sFlt1/PlGF ratio MoM 
FP 50 
TP 3 
FN 1  
TN 458 

Cobas sFlt1/PlGF ratio MoM 
FP 193 
TP 10 
FN 3  
TN 306 

Cobas PlGF 
FP 161 
TP 4 
FN 0 
TN 347 

Cobas PlGF 
FP 177 
TP 10 
FN 3  
TN 322  

Kryptor sFlt1/PlGF ratio  
FP 92 
TP 3 
FN 1  
TN 416 

Kryptor sFlt1/PlGF ratio  
FP 169 
TP 7 
FN 6  
TN 330 

Cobas PlGF MoM 
FP 187 
TP 4 
FN 0 
TN 328 

Cobas PlGF MoM 
FP 180 
TP 11 
FN 2  
TN 319 

Kryptor sFlt1/PlGF ratio MoM 
FP 66  
TP 3 
FN 1  
TN 442 

Kryptor sFlt1/PlGF ratio MoM 
FP 254 
TP 10 
FN 3  
TN 245 

Kryptor PlGF 
FP 113 
TP 4 
FN 0 
TN 395 

Kryptor PlGF 
FP 148 
TP 9 
FN 4  
TN 351 

Kryptor PlGF MoM 
FP 172 
TP 4 
FN 0 
TN 336 

Kryptor PlGF MoM 
FP 166 
TP 10 
FN 3  
TN 333 

FGR = fetal growth restriction, FP = false positive, TP = true positive, FN = false negative, TN = true negative 
 
Table 32. Clinical characteristic summary table for preterm and early onset FGR. 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered 
<34 weeks 

5/8 (62.5%) with 
preterm (<37 

weeks) PE had FGR 

3/3 (100%) with 
early onset (<34 

weeks) PE had FGR 
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sFlt1/PlGF ratio and the cut-off for early onset FGR gave sensitivities of 75%, specificities 

87-95% and NPV greater than 99% across all platforms, while use of the cut-off for 

preterm FGR gave sensitivities 53-77% specificities 49-66% and NPV above 98% (Table 

29). 

 

When assessing the predictive performance of PlGF using the cut-off for early onset FGR, 

conversion of raw data values to MoM did not improve predictive performance 

significantly (Table 28). Raw data values performed best, and results were equivalent 

across the three platforms. 

 

False positive rates were quite high for both PlGF raw data and MoM values across all 

three platforms (Table 32). Due to the 100% sensitivity, there were no false negatives 

within this group. The addition of sFlt1 resulted in lower sensitivity with an increase in 

false negatives (one for each platform using both raw data and MoM values), but 

increased specificity for both platforms, with far fewer false positives. Until the clinical 

utility of PlGF testing for the prediction of FGR is more accurately defined, it would 

appear safest to have more false positives than to potentially miss a case, hence at this 

stage the addition of sFlt1 is not recommended based on these results. 

 

When assessing the predictive performance of PlGF using the cut-off for preterm FGR, 

MoM values performed better than raw data values for PlGF, with similar performance 

between the three platforms. The addition of sFlt1 did not improve predictive 

performance, and resulted in reduced sensitivity, with a resultant increase in false 

negatives, particularly for the Cobas platform, where false negatives doubled in number 

with addition of sFlt1 (Table 32). 

 

When comparing the performance of the PlGF cut-off for early onset and preterm FGR, 

the most striking difference is that the sensitivity is 100% for the early onset cut-off, 

resulting in no false negative results. Having said this, the cut-off for preterm FGR still 

gave a very good sensitivity (77-85%) and detected a greater proportion of patients who 

went on to develop both early onset and preterm FGR, without having significantly more 

false positives than the early onset FGR cut-off (see Table 28). PlGF using the cut-off for 
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preterm FGR, using both raw data and MoM values, successfully detected all 4 cases of 

early onset FGR. It would appear safer to be more inclusive and favour the use of the 

preterm PE cut-off and PlGF MoM values. The performance of this test was very similar 

between platforms. The addition of sFlt1, while it did improve the predictive 

performance using the Cobas sFlt1/PlGF ratio and the early onset FGR cut-off, did not 

significantly improve performance for the preterm FGR cut-off. The addition of sFlt1 

increased false negatives and did not favourably alter false positive rates when 

compared with the use of PlGF in isolation. Hence, overall, PlGF MoM values using the 

preterm FGR cut-off appeared to perform the best for the prediction of FGR at 

midpregnancy. Based on the increased false negatives with the addition of sFlt1 across 

all testing, the addition of sFlt1 as the sFlt1/PlGF ratio is not beneficial for the prediction 

of preterm or early onset FGR. 

 

5.4.2 PlGF and sFlt1/PlGF ratio as a predictive test for preterm and early onset 

preeclampsia and FGR when tested at midpregnancy. 

PlGF when tested at midpregnancy for the prediction of preeclampsia and FGR, 

demonstrated high sensitivity and NPV, with improved clinical validity when compared 

with the prediction of FGR alone. Using the cut-off for early onset preeclampsia and FGR 

gave sensitivities 100%, specificities 64-80% and NPV 100% across all platforms (Table 

16 in Chapter 3), while using the preterm preeclampsia and FGR cut-off gave sensitivities 

80%, specificities 70-90% and NPV greater than 99% across all platforms (Table 30).  

 

When assessing the predictive performance of PlGF using the cut-off for early onset 

preeclampsia and FGR, raw data values performed better than MoM values, with greater 

AUC, specificity and NPV. Addition of sFlt1 in the sFlt1/PlGF ratio did improve predictive 

performance significantly, particularly for the Cobas platform using raw data values, 

where the addition of sFlt1 improved raw data AUC to 0.97, increasing sensitivity and 

PPV to 95.87 and 12.5, respectively. This improvement significantly reduced false 

positive rates from 103/512 (20%) using PlGF in isolation to 23/512 (4.49%), which was 

the lowest number of false positives among any of the tests (Table 17 in Chapter 3). With 

addition of sFlt1, Cobas MoM values and Kryptor raw data and MoM values also showed 

significant reductions in false positive results.   
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PE = preeclampsia, FGR = fetal growth restriction, FP = false positive, TP = true positive, FN = false negative, TN = true negative 
 
Table 33. Clinical characteristic summary table for preterm and early onset preeclampsia and FGR. 

Using PlGF cut-off for early 
onset PE + FGR 

Using PlGF cut-off for preterm 
PE + FGR 

Using sFlt1/PlGF ratio cut-off for 
early onset PE + FGR 

Using sFlt1/PlGF ratio cut-off for 
preterm onset PE + FGR 

Delfia PlGF  
FP 103 
TP 3 
FN 0 
TN 406 

Delfia PlGF  
FP 102 
TP 4 
FN 1  
TN 405 

Cobas sFlt1/PlGF ratio  
FP 23 
TP 3 
FN 0 
TN 486 

Cobas sFlt1/PlGF ratio  
FP 175 
TP 4 
FN 1  
TN 332 

Delfia PlGF MoM  
FP 170 
TP 3 
FN 0 
TN 339 

Delfia PlGF MoM  
FP 77 
TP 4 
FN 1  
TN 430 

Cobas sFlt1/PlGF ratio MoM 
FP 50 
TP 3 
FN 0 
TN 459 

Cobas sFlt1/PlGF ratio MoM 
FP 54 
TP 4 
FN 1  
TN 453 

Cobas PlGF 
FP 119 
TP 3 
FN 0 
TN 390 

Cobas PlGF 
FP 118 
TP 4 
FN 1  
TN 389 

Kryptor sFlt1/PlGF ratio  
FP 92 
TP 3 
FN 0 
TN 417 

Kryptor sFlt1/PlGF ratio  
FP 172 
TP 4 
FN 1  
TN 335 

Cobas PlGF MoM 
FP 188 
TP 3 
FN 0 
TN 321 

Cobas PlGF MoM 
FP 66 
TP 4 
FN 1  
TN 441 

Kryptor sFlt1/PlGF ratio MoM 
FP 66 
TP 3 
FN 0 
TN 443 

Kryptor sFlt1/PlGF ratio MoM 
FP 66 
TP 4 
FN 1  
TN 441 

Kryptor PlGF 
FP 104 
TP 3 
FN 0 
TN 405 

Kryptor PlGF 
FP 150 
TP 4 
FN 1  
TN 357 

Kryptor PlGF MoM 
FP 173 
TP 3 
FN 0 
TN 336 

Kryptor PlGF MoM 
FP 50 
TP 4 
FN 1  
TN 457 

Pregnancies that developed SGA and FGR 

64 (12.5%) with SGA 

13 (2.5%) preterm (<37 weeks) FGR 

4 (0.8%) delivered 
<34 weeks 

5/8 (62.5%) with 
preterm (<37 

weeks) PE had FGR 

3/3 (100%) with early onset 
(<34 weeks) PE had FGR 
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Whether this is beneficial prior to the clinical utility of these tests has been definitively 

established is uncertain. As discussed in chapters 3 and 4, a significant number of 

patients with “false positive” results went on to either deliver preterm or have an 

adverse outcome in their pregnancy. Ongoing auditing of outcomes are required to 

determine whether these cases should actually be considered true positives once the 

full predictive capacity of PlGF and sFlt1 testing is known. Perhaps for now it is best to 

stick with the test that is more inclusive, despite having a greater number of false 

positives.  

 

When comparing the predictive performance of PlGF using the cut-off for preterm 

preeclampsia and FGR with that of the cut-off for early onset preeclampsia and FGR, the 

preterm cut-off using MoM values gives very good AUC (0.885-0.898), sensitivity (80% 

for all platforms), specificity (84-90%) and NPV (>99.7%) and detected a greater 

proportion of patients who went on to develop both early onset and preterm 

preeclampsia and FGR, without having significantly more false positives than the early 

onset preeclampsia and FGR cut-off (Table 33). PlGF using the cut-off for preterm 

preeclampsia and FGR, using both raw data and MoM values, successfully detected all 4 

cases of early onset FGR. It would appear safer to be more inclusive and favour the use 

of the cut-off for preterm preeclampsia and FGR, given this test detected more cases of 

FGR, including all four cases of early onset FGR, without a significant difference in false 

positives. The addition of sFlt1, while it did improve the predictive performance using 

the Cobas sFlt1/PlGF ratio and the early onset preeclampsia and FGR cut-off, did not 

significantly improve performance for the preterm preeclampsia and FGR cut-off. The 

addition of sFlt1 increased false negatives and did not favourably alter false positive 

rates when compared with the use of PlGF in isolation. Hence, overall, PlGF MoM values 

using the preterm preeclampsia and FGR cut-off appeared to perform the best for the 

prediction of preeclampsia and FGR at midpregnancy.  

 

Patients with preterm and early onset preeclampsia and FGR were more likely to have 

underlying chronic hypertension and Type 1 diabetes (Table 26). The potential for 

underlying vasculopathy as a result of such conditions may make these patients more 

susceptible to mounting a maternal response in the presence of deranged placental 



212 

 

biomarkers. In the preterm FGR group, patients had a lower BMI compared with those 

that developed preeclampsia and FGR, and were more likely to smoke, possibly 

contributing to the pathology behind their FGR. None of the patients who developed 

preterm preeclampsia and FGR were smokers. Of the 8 cases with preterm 

preeclampsia, 1 was nulliparous and 7 were multiparous. Three of the multiparous 

women had a past history of preeclampsia, while 3 had undergone an early preterm 

delivery for another indication, one of whom had an FDIU at 33 weeks gestation. Though 

history of previous preterm birth was not specifically analysed, these results indicate 

that possibly the patients who developed preterm preeclampsia had an underlying 

predisposition to developing placental pathology.  

 

A significant decrease in PlGF was observed for all platforms, using both raw data and 

MoM values, in patients who developed preterm FGR in the absence of preeclampsia. It 

is not clear as to why these patients did not mount a maternal response to the placental 

biomarkers which were likely implicated in their fetal growth restriction. This finding 

illustrates that significant placental pathology can exist in the absence of the symptoms 

of preeclampsia. It is quite possible that advancing gestation in these cases may have 

ultimately resulted in maternal manifestations of the disease, and that delivery on fetal 

grounds occurred prior to this development. It certainly makes the predominance of 

placental disease, rather than maternal disease seem likely in the aetiology of these 

patients.  

 

At the time of a meta-analysis in 2013 reporting the use of placental biomarkers in the 

prediction of FGR, it was concluded that based on the evidence available, none of the 

biomarkers evaluated was sufficiently accurate to recommend use as a predictor of FGR 

in routine clinical practice (Conde-Agudelo et al. 2013). There are many potential 

reasons why it is difficult to find a single marker for the prediction of FGR, the most 

obvious being that FGR is both multifactorial and diverse in its presentation, making the 

discovery of a single marker which identifies all cases seem unrealistic. There is 

considerable variation in the definitions and terminology used for FGR in the literature, 

which would affect cases recruited and potentially results obtained. Not all studies 

convert biomarker levels to MoM, which makes it difficult to compare results directly, 
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as potentially significant maternal factors are not corrected for. Other factors such as 

sample storage times, methods of analysis, thawing and refreezing of samples, cut-offs 

chosen can all potentially affect results obtained and conclusions drawn (Conde-

Agudelo et al. 2013)  

 

The results presented here are in alignment with existing reports of lowered placental 

biomarkers in patients with growth restricted fetuses (Taylor et al. 2003; Levine 2004; 

Savvidou et al. 2006; Espinoza et al. 2007; Crispi et al. 2008; Diab et al. 2008; Romero et 

al. 2008; Benton et al. 2012; Lobmaier et al. 2014; Shim et al. 2015). Additionally, the 

findings from this chapter add to existing evidence that preterm preeclampsia and FGR, 

when they coexist, have greater consequences than when either entity occurs in 

isolation (Taylor et al. 2003). Preterm and early onset preeclampsia and FGR, as 

expected, resulted in significantly decreased gestation at delivery and birthweight, 

factors that have been associated with both immediate and long-term risks for the 

neonate.  It was not possible to compare outcomes in patients who developed early 

onset preeclampsia with those that developed early onset preeclampsia and FGR, purely 

due to the fact that each of the patients that developed early onset preeclampsia also 

developed FGR, so the two outcomes could not be isolated for the purpose of analysis. 

The fact that all of our cases of early onset preeclampsia had coexisting FGR, 5 of 8 cases 

of preterm preeclampsia had FGR, and none of the term cases of preeclampsia had FGR 

also aligns with previous evidence that the pathophysiology behind term preeclampsia 

is very different to that of preterm and early onset preeclampsia. It shows great promise 

that using PlGF for the prediction of preeclampsia was able to detect cases who had 

coexisting FGR, as the fetuses of these patients with coexisting serious pathology are at 

the greatest risk for perinatal morbidity and potentially mortality and would 

consequently benefit most from screening. Whilst sFlt1 did not improve prediction for 

preterm FGR significantly, PlGF, particularly MoM values using the cut-off for preterm 

preeclampsia and FGR, shows great promise as a potential marker when tested at the 

midpregnancy. The results presented here provide a spring board to further determine 

the clinical utility of PlGF for this subset of cases who develop either FGR in isolation or 

preeclampsia and FGR. Taking this a step further, it would be worthwhile investigating 

the extent to which predictive performance of PlGF and the sFlt1/PlGF for either FGR in 
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isolation or preeclampsia and FGR improves in our patient population when 

incorporated into a multivariable algorithm, including maternal factors, MAP, UAPI, PlGF 

and sFlt1.  

 

The accurate diagnosis of FGR antenatally and distinction of this condition from SGA in 

order to limit potential exposure to unnecessary iatrogenic preterm delivery is currently 

challenging. A serum marker capable of stratifying patients into high and low risk groups, 

with ongoing monitoring in the high-risk group, would aid clinicians tremendously in 

optimising management for these pregnancies. Once the clinical utility for this test is 

established, along with the relationship between placental dysfunction, FGR and low 

PlGF, it may prove a useful clinical tool to use in conjunction with standard technologies 

already used in clinical practice. Clinical care for these cases would be optimised in high 

risk cases, to include early referral to appropriate tertiary units for surveillance and 

timely intervention, reduction in anxiety for patients assessed to be at low risk for 

placental dysfunction, and prioritisation of limited health resources towards those who 

are assessed to be high risk and are subsequently most likely to be affected (Benton et 

al. 2012). Though there are no preventative interventions available currently, reliable 

prediction of antenatal FGR would allow testing for potential preventative interventions 

for pregnancies that are deemed high risk. In addition, prevention of FGR from detection 

in utero could mark the early stages of a public health strategy aimed towards avoiding 

adverse health outcomes arising from FGR that may extend into adult life, including 

cardiovascular disease, hypertension and Type 2 diabetes (Conde-Agudelo et al. 2013). 

 

5.5 Summary 

Within our patient cohort, PlGF levels were significantly decreased and the sFlt1/PlGF 

ratio significantly increased in patients who developed preterm preeclampsia and FGR, 

with levels deviating further from normal with earlier gestation of onset of disease. PlGF 

MoM using the cut-off for preterm FGR or preeclampsia and FGR appeared to be the 

most useful test at this point in time. PlGF appears to detect coexisting preterm 

preeclampsia and FGR more reliably than preeclampsia alone, possibly due to these 

patients having more significant placental disease. These results are limited by the small 

number of patients in this study who developed preterm and early onset FGR or 
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preeclampsia and FGR. Further confirmation of these findings with a larger prospective 

study focusing on the subset of patients with either preterm FGR or preterm 

preeclampsia and FGR is required, in order to confirm these findings regarding the 

clinical validity of these tests, and to further determine their clinical utility, or how the 

use of these placental biomarkers could improve patient outcomes when used in 

everyday practice. 
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Chapter 6 

Prediction of preterm preeclampsia at 

midpregnancy using a multivariable screening 

algorithm 

 

6.1 Introduction 

Within the last decade, multivariable prediction algorithms have shown greater clinical 

validity for prediction of preeclampsia than the traditional approach of screening with 

maternal history alone (O'Gorman et al. 2017). The Fetal Medicine Foundation (FMF) in 

the United Kingdom have devised a multivariable prediction algorithm for preeclampsia. 

This algorithm, which is based on a competing risks model, has been validated in several 

different patient populations around the world (Park et al. 2013; Oliveira et al. 2014a; 

Oliveira et al. 2014b; Gallo et al. 2016; O'Gorman et al. 2016) and is available online at 

www.fetalmedicine.org. Competing risks models for the prediction of preeclampsia 

were first described in 2012 (Wright et al. 2012). This model, which allows estimation of 

individual patient-specific risks of preeclampsia that require delivery before a specified 

gestation, is based on a survival time model for the time of delivery for preeclampsia. 

Bayes’ theorem is used to combine the a priori risk from maternal characteristics and 

medical history with the results of various combinations of biophysical and biochemical 

measurements collected at different times during pregnancy, to generate a separate a 

posteriori risk for individual patients. This approach assumes that, if the pregnancy were 

to continue indefinitely, all women would ultimately experience preeclampsia, and 

whether or not they do so before a specified gestational age depends on competition 

between delivery before or after development of preeclampsia (Figure 50). The effect 

of variables from maternal characteristics and history and biomarkers is to modify the 

mean of the distribution of gestational age at delivery with preeclampsia so that, in 

pregnancies at low risk for preeclampsia, the gestational age distribution is shifted to  

http://www.fetalmedicine.org/
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In pregnancies at low risk for preeclampsia, the gestational age distribution is shifted 

to the right, and in most pregnancies, delivery will occur before the development of 

preeclampsia. In pregnancies at high risk of preeclampsia, the distribution is shifted to 

the left. The risk of preeclampsia occurring at or before a specified gestational age is 

given by the area under the distribution curve (black). In the low-risk group, the risk of 

preeclampsia at or before 34 weeks gestation is 0.01 or 1%, and in the high-risk group, 

the risk is 0.3 or 30%. 

Figure 50. Distribution of gestational age at delivery for preeclampsia. Wright, D., 
Syngelaki, A., Akolekar, R., Poon, L.C. and Nicolaides, K.H. (2015) 'Competing risks model 
in screening for preeclampsia by maternal characteristics and medical history', Am J 
Obstet Gynecol, 213(1), 62.e1-62.e10. 
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the right with the implication that, in most pregnancies, delivery will occur before the 

development of preeclampsia (Wright et al. 2015). In pregnancies at high risk for 

preeclampsia, the gestational age distribution is shifted to the left, and the smaller the 

mean gestational age, the higher the risk for preeclampsia. The implication here is that 

delivery may well occur after the development of preeclampsia (Wright et al. 2015). 

When used between 19+0 and 24+6 weeks, markers required for the full algorithm include 

mean arterial pressure (MAP), uterine artery pulsatility index (UAPI), placental growth 

factor (PlGF) level in MoM, and soluble Fms-like tyrosine kinase-1 (sFlt1) level in MoM.  

 

Previous studies using algorithms for the prediction of preterm and early onset 

preeclampsia in the second trimester have shown detection rates of around 85% and 

99%, respectively, at a false-positive rate of 10% (Gallo et al. 2016). The FMF clinical 

algorithm has been previously validated in the Australian population for first trimester 

screening for preeclampsia (Park et al. 2013). We sought to determine the clinical 

validity of using this algorithm to screen for preterm preeclampsia at midpregnancy in 

our patient population. Midpregnancy was chosen as this is the average gestation at 

which patients in our hospital undergo their initial antenatal visit and morphology scan. 

 

6.2 Methods 

Methods described in Chapter 2 were followed. Maternal demographic characteristics 

and medical, obstetric and family history were recorded by the clinical research midwife 

at enrolment. Mean arterial blood pressure (MAP) readings were similarly recorded at 

enrolment, following two measurements taken in each arm according to a previously 

published technique (Poon et al. 2012). A standardised colour Doppler technique was 

used to measure the right and left uterine artery pulsatility index (UAPI) by 

transabdominal ultrasound and the average value was recorded (Campbell et al. 1983; 

Plasencia et al. 2007). These ultrasound parameters were obtained at the time of the 

routine morphology scan of patients enrolled.  

 

 

 

 



219 

 

6.2.1 Study population 

Refer to section 2.2 

 

6.2.2  Blood sample collection and storage 

Refer to section 2.3 

 

6.2.3 Outcome measures 

The main outcome of interest was the development of preeclampsia, as defined by the 

ISSHP (Brown et al. 2018). More specifically, preeclampsia was classified according to 

gestation at the time of delivery, not the time of onset, as early onset preeclampsia 

(<34weeks), preterm preeclampsia (<37weeks) and term preeclampsia (≥37weeks). 

  

6.2.4 Statistical analysis 

In addition to the analyses described in Chapter 2, the individual risk for preterm 

preeclampsia was calculated for each patient, according to the FMF algorithm, using 

data obtained from maternal demographic characteristics and medical, obstetric and 

family history, which were collected at enrolment, along with MAP and UAPI indices and 

PlGF MoM and sFlt1 MoM values from each of the three platforms. The risk calculations 

were performed retrospectively at the completion of the study by the same clinician, 

who was blinded to patient outcomes, using a previously published algorithm (Gallo et 

al. 2016).  

 

Screening performances for combined values for a) maternal factors, MAP, UAPI and 

PlGF MoM for Delfia, Cobas and Kryptor platforms and b) maternal factors, MAP, UAPI, 

PlGF MoM and sFlt1 MoM for the Cobas and Kryptor platforms following risk assessment 

using the FMF algorithm were then evaluated using receiver operating characteristic 

(ROC) curves to calculate the area under the curve (AUC). Coordinates of the ROC curves 

were used to identify predictive values for the risks calculated using the FMF algorithm 

for the development of preterm (<37weeks) and early onset (<34weeks) preeclampsia. 

Selected cut-off values were chosen using options a) and b), outlined above, for each 

immunoassay platform, with algorithm combinations with the highest sensitivity and 

specificity chosen as optimal cut-off points for a positive test. True positive and negative 
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results were assessed using 2 x 2 contingency tables, followed by diagnostic test 

evaluation using an online calculator (MedCalc®). Sensitivity, specificity, positive 

predictive value (PPV) and negative predictive value (NPV) were then determined for 

options a) and b), outlined above, for each immunoassay platform for the prediction of 

preeclampsia. Clinical outcomes for patients who had true positive, false negative and 

false positive results were then correlated with clinical outcomes in order to assess the 

clinical utility for each platform in our patient population.  

 

6.3 Results 

6.3.1 Descriptive statistics 

The characteristics of the study population are summarised in Chapter 3, Table 9. 

 

6.3.2 Performance of the full FMF screening algorithm for the prediction of 

preeclampsia when tested at midpregnancy 

 

6.3.2.1 Combined values for maternal factors, MAP, UAPI MoM and PlGF MoM for 

Delfia, Cobas and Kryptor platforms 

When used to predict preeclampsia at term, screening using the FMF algorithm 

including PlGF but not sFlt1 gave AUC for the Delfia, Cobas and Kryptor platforms of 

0.650, 0.649 and 0.653, respectively. When used to predict preterm preeclampsia, AUC 

for each platform improved to 0.984, 0.984 and 0.983, respectively. When used to 

predict early onset preeclampsia, AUC’s obtained for each platform were 0.974, 0.973 

and 0.971, respectively (Figure 51).  

 

6.3.2.2 Combined values for maternal factors, MAP, UAPI MoM, PlGF MoM and sFlt1 

MoM for Delfia, Cobas and Kryptor platforms 

Use of the FMF algorithm including PlGF MoM and sFlt1 MoM to predict preeclampsia 

at term gave AUC for the Cobas and Kryptor platforms of 0.644 and 0.650, respectively. 

When used to predict preterm preeclampsia, AUC for each platform improved to 0.985 

and 0.983, respectively. When used to predict early onset preeclampsia, AUC’s obtained 

for each platform were 0.972 and 0.969, respectively (Figure 52).  
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Figure 51. ROC curves using the FMF algorithm for prediction of preeclampsia using combined values for maternal history, MAP, UAPI MoM 

and PlGF MoM for Delfia, Cobas and Kryptor platforms. 

 

 
Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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Figure 52. ROC curves using the FMF algorithm for prediction of preeclampsia using combined values for maternal history, MAP, UAPI MoM, 

PlGF MoM and sFlt1 MoM for Cobas and Kryptor platforms. 

 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 



223 

 

6.3.3 Sensitivity and specificity analysis for prediction of preeclampsia using PlGF 

Sensitivity and specificity for the prediction of preeclampsia using the FMF algorithm 

were calculated for the Cobas and Kryptor platforms using selected cut-offs from ROC 

curves.  

 

Two cut-off points were selected for each platform. The first was the point that gave the 

highest sensitivity and specificity for prediction of patients with preterm PE and will be 

referred to as the preterm PE cut-off. The second was the point that gave the highest 

sensitivity and specificity for prediction of patients with early onset PE and will be 

referred to as the early PE cut-off.  

 

When using the FMF algorithm including PlGF for the prediction of early onset 

preeclampsia, the three platforms each performed extremely similarly, with very similar 

clinical characteristics (Table 34). The cut-offs for early onset PE and preterm PE were 

the same for individual platforms. For the prediction of early onset preeclampsia, the 

Delfia, Cobas and Kryptor platforms gave sensitivity 100 for each platform, specificity 

94.11, 94.11 and 93.32, respectively, PPV 9.09, 9.09 and 8.11, respectively and NPV 100 

for each platform. For the prediction of preterm preeclampsia, the Delfia, Cobas and 

Kryptor platforms gave sensitivity 100 for each platform, specificity 95.04, 95.04 and 

94.25, respectively, PPV 24.24, 24.24 and 21.62, respectively and NPV 100 for each 

platform. A summary of clinical characteristics using the FMF algorithm and PlGF MoM 

+/- sFlt1 MoM is displayed in Table 35. 

 

Detection rates (DR), false-positive rates (FPR) and areas under the curve at cut-off risks 

of 1:50 and 1:100 for development of preeclampsia before 37 weeks are summarised in 

Table 36 and 37.  
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Assay AUC Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI) 

Delfia PlGF MoM      

Early Onset PE1 

Preterm PE1a 

0.974 

0.984 

100.0 (29.24-100.0) 

100.0 (63.06-100.0) 

94.11 (91.69-95.99) 

95.04 (92.76-96.76) 

9.09 (6.60-12.40) 

24.24 (17.92-31.92) 

100.0 

100.0 

Cobas PlGF MoM      

Early Onset PE2 

Preterm PE2a 

0.973 

0.984 

100.0 (29.24-100.0) 

100.0 (63.06-100.0) 

94.11 (91.69-95.99) 

95.04 (92.76-96.76) 

9.09 (6.60-12.40) 

24.24 (17.92-31.92) 

100.0 

100.0 

Kryptor PlGF MoM      

Early Onset PE3 

Preterm PE3a 

0.971 

0.983 

100.0 (29.24-100.0) 

100.0 (63.06-100.0) 

93.32 (90.79-95.33) 

94.25 (91.84-96.11) 

8.11 (5.99-10.88) 

21.62 (16.23-28.20) 

100.0 

100.0 

Cobas PlGF MoM + sFlt1 MoM      

Early Onset PE4 

Preterm PE4a 

0.972 

0.985 

100.0 (29.24-100.0) 

100.0 (63.06-100.0) 

93.52 (91.02-95.5) 

94.44 (92.07-96.28) 

8.33 (6.14-11.23) 

22.22 (16.62-29.05) 

100.0 

100.0 

Kryptor PlGF MoM + sFlt1 MoM      

Early Onset PE5 

Preterm PE5a 

0.969 

0.983 

100.0 (29.24-100.0) 

100.0 (63.06-100.0) 

91.94 (89.23-94.16) 

92.86 (90.25-94.95) 

6.82 (5.17-8.94) 

18.18 (13.96-23.34) 

100.0 

100.0 

PlGF concentration in pg/mL. PE = preeclampsia. Preterm = <37 weeks. AUC = area under the curve. CI = confidence intervals. PPV = positive predictive value. NPV = negative predictive value 
Positive test defined as cut-off for risk calculated using FMF algorithm for combined values for maternal history, MAP, uterine artery Doppler PI and PlGF MoM for Delfia, Cobas and Kryptor as: 
1 and 1a 0.0316923; 2 and 2a 0.0356180; 3 and 3a 0.0287150 
Positive test defined as cut-off for risk calculated using FMF algorithm for combined values for maternal history, MAP, uterine artery Doppler PI, PlGF MoM and sFlt1 MoM for cobas4 and 
Kryptor5: 4 and 4a 0.03055905 and 5a 0.0223037 

Table 34. Prediction of preterm preeclampsia using the FMF algorithm, combining values for 
maternal history, MAP, UAPI MoM, PlGF MoM +/- sFlt1 MoM values.  

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 
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FMF algorithm with PlGF MoM for 
prediction of preterm PE 

FMF algorithm with sFLt1 MoM and 
PlGF MoM for prediction of preterm PE 

Delfia PlGF MoM 
FP 25 
TP 8 
FN 0 
TN 479 

 
 
 
 
 

Cobas PlGF MoM 
FP 25 
TP 8 
FN 0 
TN 479 

Cobas sFlt1 MoM and PlGF MoM 
FP 28 
TP 8 
FN 0 
TN 476 

Kryptor PlGF MoM 
FP 29 
TP 8 
FN 0 
TN 475 

Kryptor sFlt1 MoM and PlGF MoM 
FP 36 
TP 8 
FN 0 
TN 468 

 
Table 35. Clinical characteristic summary table using the FMF algorithm with PlGF 
MoM +/- sFlt1 MoM for prediction of preterm preeclampsia. 
 
 

Pregnancies that developed PE 

25 (4.9%) overall PE 

17 (3.3%) term 
(≥37 weeks) PE 

8 (1.6%) preterm 
(<37 weeks) PE 

3 (0.6%) early onset 
(<34 weeks) PE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



226 

 

 

 

PlGF and sFlt1 concentrations in pg/ml. FMF = fetal medicine foundation; DR = detection 
rate; FPR = false-positive rate; MAP = mean arterial pressure; UAPI = uterine artery 
Doppler pulsatility index  
 
Table 36. Screening performance according to the FMF algorithm (using cut-offs of 
1:50 and 1:100) for preeclampsia delivering before 37 weeks. 
 

 

 

 

 

Data entered into FMF 
algorithm 

Cut-Off 1:50 Cut-Off 1:100 

DR (%) FPR (%) DR (%) FPR (%) 

Maternal factors 75.0 (45.0-105.0) 14.3 (11.2-17.3) 87.5 (64.6-110.4) 29.4 (25.4-33.3) 

MAP 75.0 10.5 87.5 18.7 

UAPI 100 16.5 100 25.6 

Delfia PlGF 87.5 6.9 87.5 15.5 

Cobas PlGF 87.5 7.0 87.5 14.5 

Kryptor PlGF 87.5 7.0 87.5 15.3 

Cobas sFlt1 75.0 12.1 87.5 27.6 

Kryptor sFlt 75.0 12.3 87.5 28.0 

Cobas PlGF + sFlt1 87.5 6.9 87.5 14.3 

Kryptor PlGF + sFlt1 87.5 7.0 87.5 13.9 

MAP + UAPI 87.5 11.1 100 18.3 

MAP + Delfia PlGF 75.0 5.8 87.5 11.3 

MAP + Cobas PlGF 87.5 5.6 87.5 10.7 

MAP + Kryptor PlGF 75.0 5.8 87.5 11.0 

MAP + Cobas sFlt1 75.0 10.1 87.5 18.5 

MAP + Kryptor sFlt1 75.0 10.1 87.5 18.5 

MAP + Cobas PlGF + sFlt1 75.0 5.6 87.5 10.7 

MAP + Kryptor PlGF + sFlt1 75.0 6.0 87.5 11.1 

UAPI + Delfia PlGF 100 10.1 100 18.3 

UAPI + Cobas PlGF 100 10.3 100 18.1 

UAPI + Kryptor PlGF 100 9.9 100 18.3 

UAPI + Cobas sFlt1 100 15.7 100 24.8 

UAPI + Kryptor sFlt1 100 15.7 100 24.0 

UAPI + Cobas PlGF + sFlt1 100 9.9 100 17.5 

UAPI + Kryptor PlGF + sFlt1 100 10.1 100 17.7 

MAP + UAPI + Delfia PlGF 100 8.1 100 13.5 

MAP + UAPI + Cobas PlGF 100 7.9 100 13.3 

MAP + UAPI + Kryptor PlGF 100 7.9 100 12.9 

MAP + UAPI + Cobas sFlt1 87.5 10.9 100 17.5 

MAP + UAPI + Kryptor sFlt1 87.5 10.9 100 17.7 

MAP + UAPI + Cobas PlGF + sFlt1 100 8.1 100 12.7 

MAP + UAPI + Kryptor PlGF + 
sFlt1 

100 7.7 100 12.9 
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Data entered into FMF 
algorithm 

AUC FPR 5% FPR 10% 

 DR (%) DR (%) 

Maternal factors 0.847 75.0 (45.0-105.0) 75.0 (45.0-105.0) 

MAP 0.855 62.5 75.0 

UAPI 0.976 75.0 100 

PlGF1 0.950 75.0 87.5 

PlGF2 0.950 62.5 87.5 

PlGF3 0.943 75.0 87.5 

sFlt2 0.850 75.0 75.0 

sFlt3 0.851 75.0 75.0 

PlGF2, sFlt2 0.948 75.0 87.5 

PlGF3, sFlt3 0.935 87.5 87.5 

MAP, UAPI 0.973 87.5 87.5 

MAP, PlGF1 0.935 75.0 87.5 

MAP, PlGF2 0.935 75.0 87.5 

MAP, PlGF3 0.929 75.0 87.5 

MAP, sFlt2 0.856 62.5 75.0 

MAP, sFlt3 0.856 62.5 75.0 

MAP, PlGF2, sFlt2 0.931 75.0 87.5 

MAP, PlGF3, sFlt3 0.922 75.0 87.5 

UAPI, PlGF1 0.987 100 100 

UAPI, PlGF2 0.988 100 100 

UAPI, PlGF3 0.988 100 100 

UAPI, sFlt2 0.974 87.5 87.5 

UAPI, sFlt3 0.974 87.5 87.5 

UAPI, PlGF2, sFlt2 0.988 100 100 

UAPI, PlGF3, sFlt3 0.988 100 100 

MAP, UAPI, PlGF1 0.984 87.5 100 

MAP, UAPI, PlGF2 0.984 87.5 100 

MAP, UAPI, PlGF3 0.983 87.5 100 

MAP, UAPI, sFlt2 0.972 87.5 87.5 

MAP, UAPI, sFlt3 0.974 87.5 87.5 

MAP, UAPI, PlGF2, sFlt2 0.985 87.5 100 

MAP, UAPI, PlGF3, sFlt3 0.983 87.5 100 

PlGF and sFlt1 concentrations in pg/ml. FMF = fetal medicine foundation; DR = detection 
rate; FPR = false-positive rate; MAP = mean arterial pressure; UAPI = uterine artery 
Doppler pulsatility index  
 
Table 37. Performance of screening for fixed 5% and 10% false positive rates for the 
FMF algorithm. 
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Screening for preeclampsia using the FMF algorithm at a cut-off 1:50 using maternal 

factors, MAP, UAPI and PlGF MoM values from the Delfia, Cobas and Kryptor platforms 

detected 100% of cases of preterm preeclampsia for each platform, at FPR of 8.1%,  

7.9% and 7.9%, respectively. Adding sFlt1 to the algorithm gave detection rate 100% for 

the Cobas and Kryptor platforms, with FPR 8.1 and 7.7% respectively. 

 

Screening for preeclampsia using the FMF algorithm at a cut-off 1:100 using maternal 

factors, MAP, UAPI and PlGF MoM from the Delfia, Cobas and Kryptor platforms 

detected 100% of cases of preterm preeclampsia for each platform, at FPR of 13.5%, 

13.3% and 12.9%, respectively. Adding sFlt1 to the algorithm gave detection rate 100% 

for the Cobas and Kryptor platforms, with FPR 12.7 and 12.9% respectively. 

 

At a fixed FPR of 5%, the FMF algorithm using maternal factors, MAP, UAPI and PlGF 

MoM from the Delfia, Cobas and Kryptor platforms gave detection rate 85%. This did 

not change with addition of sFlt1. 

 

At a fixed FPR of 10%, the FMF algorithm using maternal factors, MAP, UAPI and PlGF 

MoM from the Delfia, Cobas and Kryptor platforms gave detection rate 100%. At a fixed 

FPR of 10%, the FMF algorithm using maternal factors, MAP, UAPI and PlGF MoM from 

the Delfia, Cobas and Kryptor platforms gave detection rate 100%.  

 

6.4 Discussion 

Given that no single screening test for preeclampsia or FGR to date has proven 

sufficiently accurate for international health authorities to recommend use in everyday 

clinical practice, many researchers have combined tests in attempt to improve overall 

predictive value (Parra et al. 2005; Giguere et al. 2010; Poon et al. 2010a; Akolekar et al. 

2011; Akolekar et al. 2013; Lai et al. 2013; Park et al. 2013; Garcia-Tizon Larroca et al. 

2014; Park et al. 2014; Gallo et al. 2016; Kienast et al. 2016; O'Gorman et al. 2016; 

O'Gorman et al. 2017; Al-Amin et al. 2018). By using multiple parameters, pathological 

biochemical and biophysical abnormalities behind these multifactorial conditions are, in 

theory, more likely to be captured and hence prove beneficial in a screening setting 

(Rodriguez et al. 2016).   
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The best markers for prediction for preeclampsia that were entered into the FMF 

algorithm for the patient population in this study were UAPI and PlGF MoM, and 

therefore combinations that included these two markers displayed the best predictive 

performance. Albaiges in 2000 (Albaiges et al. 2000) performed uterine artery Doppler 

imaging on 1757 women at 23 weeks gestation and discovered that this test identified 

most women who subsequently developed serious complications related to impaired 

placentation, including preeclampsia and delivery of SGA infants. Papageorghiou in 2001 

(Papageorghiou et al. 2001) performed uterine artery Doppler imaging on 8335 women 

at 23 weeks gestation and found that abnormal results were predictive of preterm (<32 

weeks) preeclampsia with FGR, preeclampsia without FGR and FGR without 

preeclampsia with sensitivities of 93%, 80% and 56%, respectively.  

 

Traditionally, preeclampsia screening has been based on maternal demographic 

characteristics and medical and obstetric history, collectively referred to as maternal 

factors. These traditional methods, whilst inexpensive and not requiring specific 

resources to undertake, have been shown to have poor detection rates and high false 

positive rates. Like NICE (National Institute for Health and Clinical Excellence 2010) and 

ACOG (American College of Obstetricians and Gynecologists 2013), the US Preventative 

Services Task Force (USPSTF) (Henderson et al. 2017) provides a list of risk factors to 

assist clinicians in determining which patients are at elevated risk for preeclampsia. 

Combining risk factors into an algorithm to provide an individualised risk assessment has 

been shown to be significantly more effective than screening by maternal factors alone. 

Gallo in 2016 (Gallo et al. 2016) used a competing risks model in 8079 pregnancies. They 

reported that screening by maternal factors only predicted 52%, 47% and 37% of 

preeclampsia at <32, <37 and ≥37 weeks gestation, respectively, for a FPR of 10%. The 

respective values for combined screening with maternal factors, MAP, UAPI and PlGF 

MoM were 99%, 85% and 46%, with no further improvement in performance with the 

addition of sFlt1. A study performed in the same research department using the same 

patient population as the results presented in this thesis compared the performance of 

the NICE and ACOG guidelines for the prediction of preeclampsia with the multivariable 

FMF algorithm, including maternal history, MAP and UAPI in the second trimester, 

between 19 and 22 weeks gestation (Al-Amin et al. 2018). Results from this study 
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showed that the NICE (National Institute for Health and Clinical Excellence 2010) 

guidelines detected 33%, 75% and 47.3% of early onset, preterm and term preeclampsia 

with FPR 22.4% when used in this patient population. The ACOG (American College of 

Obstetricians and Gynecologists 2013) guidelines detected 66.6%, 87.5% and 89.4% of 

early onset, preterm and term preeclampsia with FPR 67.8%. Detection rates using the 

FMF algorithm, including maternal factors, MAP and UAPI showed far superior 

performance. At a cut-off of 1:100, 100% cases of early onset and preterm preeclampsia 

and 42.1% of term preeclampsia were detected with FPR 12.9%. At a cut-off of 1:60, 

100% cases of early onset and preterm preeclampsia and 26.3% of term preeclampsia 

were detected with FPR 12.9%. The performance of the algorithm is certainly superior 

to screening with maternal factors alone. While traditional history-based methods lead 

to low detection rates (National Institute for Health and Clinical Excellence 2010) or very 

high false positive rates, including more than half of the population in the high-risk group 

(American College of Obstetricians and Gynecologists 2013), patient specific risk 

assessment allows detection of a high proportion of the patients that will develop 

preterm preeclampsia with an acceptable false positive rate. 

. 

Given that detection rates for preterm preeclampsia using maternal factors, MAP and 

UAPI as in the study by Al-Amin (Al-Amin et al. 2018) were 100%, how then can addition 

of PlGF MoM or sFlt1 MoM further improve these results? As displayed in Table 36 and 

37, addition of PlGF MoM halved the FPR for any used cut-off compared to maternal 

factors and UAPI alone and reduced the FPR by a further 30% compared with using 

maternal factors, MAP and UAPI. PlGF MoM from the three providers using the FMF 

algorithm performed very similarly, as did sFlt1 using the Cobas and Kryptor platforms. 

However, in agreement with the study by Gallo in 2016 (Gallo et al. 2016), addition of 

sFlt1 did not significantly improve prediction rates or lower false positive rates any 

further, which was as we expected given that sFlt1 values were not significantly different 

in affected and unaffected pregnancies for the prediction of preeclampsia (see Chapter 

4). Hence it would be reasonable to exclude sFlt1 from the algorithm in order to save 

costs and resources and recommend that screening for preterm preeclampsia with the 

FMF algorithm, using maternal history, MAP, UAPI and PlGF MoM gives the best 

predictive performance.  
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Screening for preterm and early onset preeclampsia using the FMF multivariable 

algorithm significantly improved prediction rates when compared with use of 

biomarkers alone. Prediction of preterm preeclampsia using the FMF algorithm gave the 

best clinical characteristics of all the tests discussed thus far, as outlined in Table 34. PPV 

using this method was significantly higher than that when using biomarkers alone, with 

values between 22% and 24%. This translates to between 1 in 4 and 1 in 5 patients who 

are classified as high risk based on their screening result later developing preterm 

preeclampsia.  

 

The implementation of a multivariable algorithm should prove technically feasible 

within a tertiary hospital setting. Recording of necessary maternal factors required for 

the multivariable algorithm may require specific proformas to be developed, but this 

information should routinely be collected for all pregnancies at the first antenatal visit. 

Measurement of MAP requires adherence to a specific technique but can easily be 

performed by healthcare professionals after minimal training and using inexpensive 

blood pressure devices (Poon et al. 2012). Measurement of mean UAPI requires specific 

training for sonographers undertaking the technique but can be performed relatively 

quickly as part of the routine midpregnancy morphology scan (Plasencia et al. 2007). 

Conversion of raw data values obtained to MoM and preeclampsia risk calculation 

requires expertise and familiarity with this technique. Of course, regular ongoing audits 

for quality assurance of the risk calculation generated would need to be implemented, 

and auditing of pregnancy outcomes for quality assurance would be required, however 

each of these aspects should be achievable in a tertiary centre.    

 

These findings indicate that the addition of PlGF levels to a second trimester externally 

validated multivariable algorithm which includes maternal factors, MAP and UAPI for 

the prediction of preterm and early onset preeclampsia does not further increase 

detection rates above those when including maternal factors, MAP and UAPI alone, but 

does significantly reduce false positive rates (see Table 36 and 37). The addition of PlGF 

MoM levels to this algorithm in patients tested at midpregnancy would incur costs 

associated with collection and analysis of blood results, commercial immunoassay 
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machines and consumables. Whilst a formal cost-benefit analysis would need to be 

performed, the significantly lower false positive rate incurred with the addition of PlGF 

to the model, with the subsequent reduction in costs and resources from monitoring 

patients with false positive results unnecessarily could quite possibly justify any cost 

involved of addition of this biomarker to the algorithm. An additional benefit would be 

potentially significant reduction in anxiety associated with a positive test, given that far 

fewer patients will have false positive results.  

 

6.5 Summary 

Screening for the development of preterm preeclampsia at midpregnancy using the 

multivariable FMF algorithm, which incorporates maternal factors, MAP, UAPI and PlGF 

MoM, is effective within an Australian population and gives superior performance when 

compared with screening using PlGF or the sFlt1/PlGF ratio alone. Specificity and 

positive predictive values were improved using this method, with a significant reduction 

in false positives. Addition of sFlt1 did not significantly improve the predictive 

performance of the algorithm. PlGF and UAPI were the most influential markers to 

contribute to the algorithm, and PlGF from the three different immunoassays performed 

very similarly. 
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Chapter 7 

Discussion and Summary 

 

7.1 General Discussion  

Preeclampsia, fetal growth restriction and placental abruption are obstetric conditions 

which all fall within the category of placental dysfunction. These conditions, either 

occurring in isolation or coexisting in the same pregnancy, can necessitate iatrogenic 

preterm delivery with associated neonatal morbidity and mortality (Friedman and 

Cleary 2014). Though these conditions can differ significantly in their clinical 

presentation, they do share some common features. They have many of the same risk 

factors and each condition can recur in subsequent pregnancies or coexist within the 

one pregnancy, which suggests that they may even share a common underlying 

aetiology. There is no doubt that successful prediction and prevention of these disorders 

could substantially improve both neonatal and maternal outcomes (Friedman and Cleary 

2014).  

 

The purpose of this research was to determine which of PlGF, sFlt1 and the sFlt1/PlGF 

ratio effectively predicts preeclampsia at midpregnancy, which biomarker has the best 

clinical validity for predicting this outcome, and whether the incorporation of these 

biomarkers into a multivariable algorithm improves predictive performance further. In 

addition, an analysis was undertaken to determine if there was any significant difference 

in the predictive performance of the three immunoassay platforms used for the 

prediction of preeclampsia at midpregnancy, namely the Delfia, Cobas and Kryptor 

platforms.  

 

In terms of correlation and agreement of results between the three platforms, validation 

studies described in Chapter 2 confirmed that raw data values for the three platforms 

were very well correlated, based on Intraclass Correlation Coefficients of 0.971 for PlGF, 

0.969 for sFlt1 and 0.951 for the sFlt1/PlGF ratio. This indicates that the results obtained 

using these platforms are reliable and reproducible. To assess for agreement between 
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the three platforms, Bland Altman plots showed that while PlGF, sFlt1 and sFlt1/PlGF 

ratio values that had been converted to MoM were directly comparable between 

platforms, laboratory specific reference ranges for raw data values would need to be 

taken into consideration when comparing raw data values between platforms. Raw data 

values do not take into consideration certain maternal factors that can affect an 

individual’s risk of developing preeclampsia. To allow direct comparison of results, these 

factors should ideally be taken into consideration and corrected for, which occurs as 

part of the process of converting raw data values to MoM. The process of converting 

raw data values to MoM originates from the method generated to normalise data from 

laboratories analysing alpha-fetoprotein results (AFP) in the screening for neural tube 

defects and has now become the established standard for reporting maternal serum 

screening results (Palomaki and Neveux 2001). Converting raw data results to MoM is 

not a straightforward process, involving time and expertise to undertake the necessary 

calculations. This needs to be taken into consideration prior to potentially implementing 

a screening test that requires MoM values. 

 

Many similarities exist between multivariable screening for aneuploidy and 

preeclampsia, including the importance of establishing the a priori risk and expressing 

values that are entered into the model as MoM, allowing correction for gestation and 

other significant maternal factors. Along with their similarities, differences also exist 

between screening for aneuploidy and preeclampsia. For instance, a high-risk 

aneuploidy screen result potentially exposes a patient to confirmation of the screening 

result with an invasive procedure such as amniocentesis or chorionic-villus sampling, 

with 0.5-1% chance of quoted pregnancy loss. A high false positive rate in this setting 

would be unacceptable due to the risk of potential harm caused by such an invasive 

diagnostic test. In contrast, a high-risk preeclampsia screen result may expose patients 

to prophylactic therapy, with insignificant risk of harm, and enhanced surveillance, both 

interventions currently offered to women deemed high-risk according to suboptimal 

models that are currently based on preeclampsia risk estimation using maternal factors 

alone. These traditional methods of screening have very high false positive rates, so 

once again it can be argued that any potential increase in cost associated with screening 

will likely reduce overall costs associated with unnecessary intervention and monitoring 
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for a significant number of patients who would most likely receive a negative result if 

screened using a multivariable model.  

 

For those receiving a false negative screening result for preeclampsia, harm may 

potentially arise from not being commenced on early prophylactic therapy, however the 

routine antenatal schedule of care provides ongoing opportunities for preeclampsia 

surveillance in this case. This contrasts significantly from aneuploidy screening, where a 

false negative screening result at a single screening opportunity provides false 

reassurance, with the erroneous result only becoming apparent when a chromosomal 

abnormality is suspected and definitively diagnosed after delivery. 

 

It was confirmed that PlGF levels were significantly lower in patients who developed 

preterm and early onset preeclampsia when tested between 18 and 22 weeks gestation, 

compared with unaffected pregnancies (Table 15 and Figure 28, Chapter 3). As a single 

test, PlGF showed good predictive performance for preterm and early onset 

preeclampsia, with high sensitivity and NPV (Table 16, Chapter 3). When clinically 

correlated with patient outcomes, the performance of the three immunoassay 

platforms for the prediction of preeclampsia was very similar. High sensitivity in a 

screening test for preeclampsia is paramount, as false negative results would prove 

more detrimental than false positives.   

 

There was no significant difference in sFlt1 values between patients who developed 

early onset, preterm or term preeclampsia when compared with unaffected pregnancies 

(Table 21, Chapter 4). 

 

sFlt1/PlGF ratio values were significantly higher in patients with early onset 

preeclampsia. For patients with preterm preeclampsia, sFlt1/PlGF ratio MoM values 

were significantly higher, with no significant difference in raw data values between 

patients who developed preeclampsia and unaffected pregnancies (Table 22, Chapter 

4). Overall, both PlGF and the sFlt1/PlGF ratio for the prediction of preterm and early 

onset preeclampsia across all platforms performed very well. Both sFlt1/PlGF ratio raw 

data values using the cut-off for early onset PE and PlGF MoM values using the cut-off 
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for preterm PE showed very good predictive performance. When determining the most 

superior test for the prediction of preeclampsia at midpregnancy, the Cobas sFlt1/PlGF 

ratio using raw data values and the early PE cut-off was chosen, as it had the highest 

AUC, sensitivity, specificity, PPV and NPV compared to the other tests, and significantly 

fewer false positive results (Figure 53). For the prediction of preterm preeclampsia, PlGF 

MoM had better clinical validity based on AUC and clinical characteristics compared with 

sFlt1/PlGF ratio MoM, however following clinical correlation, their clinical performance 

in our patient population was actually very similar. PlGF MoM using the cut-off for 

preterm preeclampsia missed a case of early onset preeclampsia, which must be 

considered a significant false negative. On these grounds, it may be safest to use 

sFlt1/PlGF MoM values using the cut-off for preterm PE, in favour of minimising false 

negative results (Figure 53). The decision as to which is the most useful test requires 

further auditing of clinical outcomes to further determine clinical utility of both PlGF and 

the sFlt1/PlGF ratio for the prediction of conditions arising from placental dysfunction. 

If the primary aim is to predict early onset preeclampsia, at this stage it appears that the 

Cobas sFlt1/PlGF ratio using raw data values and the early onset cut-off performs best 

and is the superior test for this purpose. If the primary aim is to identify placental 

dysfunction manifesting as various different pathologies, and potentially linking 

preeclampsia with FGR and placental abruption, perhaps it is more beneficial, until the 

clinical utilities of PlGF and sFlt1/PlGF ratio testing are better defined with ongoing 

audits of clinical outcomes, to favour including false positive results that might capture 

these additional adverse pregnancy outcomes. In this case, testing with PlGF raw data 

values using the early onset PE cut-off and sFlt1/PlGF ratio MoM values using the 

preterm PE cut-off may be preferred. With further understanding, “false positive” 

results linked to preterm delivery and other adverse outcomes may be confirmed to be 

associated with altered placental biomarkers, as an indicator for generalised placental 

pathology, and may end up being labelled as “true positives”.   
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Figure 53. Clinical characteristics for the tests that perform best for the prediction of early onset and preterm preeclampsia 
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For the prediction of preterm FGR, PlGF MoM values using the preterm FGR cut-off 

appeared to perform best (Table 28, Chapter 5). 

 

It was determined that PlGF levels are significantly decreased and the sFlt1/PlGF ratio 

significantly increased in patients who developed preterm preeclampsia and FGR, with 

levels deviating further from normal with earlier gestation of onset of disease. For the 

prediction of preterm preeclampsia and FGR, PlGF MoM values using the preterm PE 

and FGR cut-off appeared to perform best (Table 30, Chapter 5). 

 

It was not possible to isolate prediction of early onset preeclampsia from early onset 

preeclampsia and FGR, as all 3 cases of early onset preeclampsia had coexisting FGR. 

Hence, For the prediction of early onset preeclampsia and FGR, as with prediction of 

early onset preeclampsia, the sFlt1/PlGF ratio using the early onset PE cut-off and the 

Cobas platform performed best (Table 23, Chapter 4). 

 

Screening for the development of preterm preeclampsia at midpregnancy using the 

multivariable FMF algorithm, which incorporates maternal factors, MAP, UAPI and PlGF 

MoM, gave superior performance when compared with screening using PlGF or the 

sFlt1/PlGF ratio alone, with very high sensitivity, specificity and NPV, and a much higher 

PPV than that obtained using biomarkers in isolation (Table 34, Chapter 6). In particular, 

specificity and positive predictive values were improved using this method. Again, 

addition of sFlt1 did not significantly improve the predictive performance of the 

algorithm (Table 34, Chapter 6).  

 

Based on these results, the use of PlGF and sFlt1/PlGF ratio in isolation for the prediction 

of midpregnancy preeclampsia, and the use of PlGF MoM incorporated into a 

multivariable algorithm are all effective and feasible options. The combination of 

maternal factors, MAP, UAPI and PlGF MoM in the FMF multivariable algorithm had 

superior performance for the prediction of preterm preeclampsia overall, however this 

test requires significantly more resources to undertake, and this needs to be taken into 

consideration. Use of the biomarkers in isolation, on the other hand, requires few 

resources other than access to an appropriate immunoassay platform, reagents and 
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consumables, and potentially the resources to convert raw data values to MoM if 

required. 

 

The method chosen by any particular healthcare service would therefore be dependent 

on their resources and would require cost-benefit analysis prior to implementation 

 

7.2 Factors in implementation of PlGF or the sFlt1/PlGF ratio as screening tests 

Preeclampsia remains a complex and multilayered syndrome that has presented many 

challenges in terms of prediction, diagnosis and management for clinicians for decades. 

In recent years, expansion of our knowledge and understanding regarding the 

underlying pathophysiology for this condition has led to new methods of diagnostic and 

screening tests aimed towards the underlying physiology of the condition rather than 

testing for late end organ effects that are currently the “gold standard”. Periodic blood 

pressure and proteinuria measurements are routinely collected in obstetric care. 

Because of the long anecdotal history of use of blood pressure and urine protein 

screening for preeclampsia screening, few studies have assessed their benefits and 

harms, and there is no existing evidence to inform comparison among various screening 

protocols using these tests. Blood pressure and urine protein testing have never been 

validated as suitable predictive or diagnostic tests for preeclampsia, and both have low 

positive predictive value for the detection of preeclampsia related adverse outcomes 

(Zhang et al. 2001), yet these tests currently form the reference standard for screening 

and diagnostic testing. It seems difficult to believe that currently there is no existing 

evidence evaluating the effectiveness of these routine screening tests currently used in 

identifying and guiding management in women with preeclampsia. There are no 

proteinuria studies evaluating the accuracy of this test that have been conducted in a 

general primary care setting in the screening of pregnant women (Henderson et al. 

2017), with evidence regarding their performance mainly looking at their diagnostic 

confirmation of patients who present with suspected preeclampsia. Results from these 

studies do not translate to performance for routine screening for preeclampsia. 

Similarly, currently no evidence exists evaluating the test accuracy of blood pressure 

screening for identifying women at risk of preeclampsia. Partly this may hinge on the 

fact that urine protein and blood pressure screening occur throughout pregnancy and 
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false positive results may lead to greater surveillance or further confirmatory testing, 

which is not usually harmful. These tests are cheap and non-invasive to perform and 

undertaking numerous tests over the course of pregnancy for the purpose of either 

disproving a previous false positive or false negative result can occur easily and without 

inconvenience or expense. Hence maximising single test performance for a cheap and 

non-invasive test could be argued to have limited value (Henderson et al. 2017). 

However, proteinuria is no longer essential for the diagnosis of preeclampsia, as stated 

in the most recent ISSHP guidelines (Brown et al. 2018). Hence the role of urine protein 

in the detection and diagnosis of preeclampsia with these new guidelines and our 

understanding of the pathophysiology behind preeclampsia needs to be re-evaluated 

and warrants consideration of different approaches to screening for women with 

hypertension in the absence of proteinuria. 

 

There has been great progress made in terms of establishing the clinical validity of 

multivariable logistic regression models, including placental biomarkers, for the 

prediction of first trimester preeclampsia (Poon et al. 2009; Wright et al. 2012; Oliveira 

et al. 2014a; Oliveira et al. 2014b; O'Gorman et al. 2016; Park et al. 2013), and similarly, 

the clinical validity of diagnostic testing and prognostic screening in patients 

symptomatic for preeclampsia has been established (Zeisler et al. 2016a). The results 

presented here support the clinical validity of using PlGF and the sFlt1/PlGF ratio for 

screening for preterm and early onset preeclampsia at midpregnancy, particularly when 

incorporated into the multivariable FMF algorithm. Within the last decade, a range of 

fully automated immunoassay platforms which can measure sFlt1 and PlGF have 

become commercially available. These machines have revolutionised testing for 

placental biomarkers when compared with previous use of ELISA technology, as they 

function quickly and easily, allowing standardised inexpensive measurement of samples 

with high capacity and low turnaround time. Currently, use of PlGF and sFlt1/PlGF ratio 

testing are not universally recommended for routine clinical use for preeclampsia 

screening, but they are being used to guide clinical practice within various individual 

centres throughout the world, particularly for diagnostic and prognostic testing in 

patient who are symptomatic of preeclampsia. Undoubtedly their use will become 

widespread among centres who have access to them, initially as a comparison to women 
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undertaking standard care, until an improvement in clinical outcomes when compared 

with routine methods of screening and favourable cost-benefit analyses can be 

demonstrated. Cost benefit analyses are essential prior to implementation, to ensure 

that the cost of the screening test and subsequent testing and surveillance generated 

from a high-risk result are balanced against the reduced costs incurred by current 

methods of screening and surveillance and consequences of the primary condition. 

 

As with many conditions that are screened for, preeclampsia is a relatively uncommon 

disorder with a low pretest probability, which translates to a low positive predictive 

value (PPV). The low PPV of midpregnancy screening tests for preeclampsia negatively 

impacts on their clinical validity. In testing for early onset and preterm preeclampsia 

within the patient population studied, the two tests with the best predictive 

performance (sFlt1/PlGF ratio using Cobas platform for prediction of early onset 

preeclampsia and sFlt1/PlGF MoM values using the cut-off for preterm preeclampsia 

using any platform) displayed good sensitivity and specificity for the prediction of 

preeclampsia, but had low PPV’s of 12.5% and 5.3-8.5%, respectively. These numbers 

translate to having to perform close surveillance on 8 and between 12 and 20 patients, 

respectively, in order to identify one case of early onset or preterm preeclampsia. These 

numbers would need to be taken into consideration prior to implementing these tests 

into clinical practice.  Use of the multivariable FMF algorithm significantly improved both 

specificity and PPV, with PPV’s between 22-24% for the three different platforms. This 

translates to having to perform close surveillance on between 4 and 5 patients in order 

to identify a case of preterm preeclampsia, which is a far more acceptable prospect. 

 

Screening tests can be associated with harm for patients who undertake them, and 

contingencies need to be made for these. When applied to patients being screened for 

preeclampsia, the greatest risk is that patients receiving false negative results may 

experience delays in diagnosis and treatment. In this aspect, routine antenatal care, 

which requires patients to present for assessment on a regular basis, particularly in the 

third trimester of pregnancy, lessens the likelihood of this, as routine screening of blood 

pressure for hypertensive disorders of pregnancy occurs at each visit. Hence a false 

negative screening result is not the only opportunity during the pregnancy to detect a 
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patient at increased risk for preeclampsia. Negative screening test results may lead to a 

false sense of security and result in patients ignoring early symptoms, however, again, 

with regular antenatal visits and objective blood pressure testing, there are ongoing 

opportunities for screening. A false positive result can involve patients without disease 

undergoing further testing or surveillance which may be uncomfortable, expensive, 

inconvenient or potentially harmful. The increased surveillance resulting from a high-

risk screening test result would usually be in the form of increased antenatal visits, 

potentially increased blood tests, fetal monitoring and ultrasound scans, none of which 

should be deemed overtly unacceptable to patients. False positives may occasionally 

lead to unnecessary treatment and may incur psychological consequences for patients 

and family members. Significant harms stemming from preeclampsia risk assessment 

have not been substantiated, and there is evidence suggesting no significant differences 

in anxiety before and after risk categorisation as high or low risk based on screening 

(Simeone et al. 2015). 

 

Despite these potential risks, it is hoped that placental biomarker testing will be 

integrated into clinical practice in the not too distant future, as it appears to be a simple, 

effective approach that may assist clinicians in managing the risk of preeclampsia in a 

better way. 

 

Screening for preeclampsia at midpregnancy is not currently recommended by 

international health authorities, such as the USPSTF, the UK National Screening 

Authority and ISSHP (Meads et al. 2008; Henderson et al. 2017; Brown et al. 2018). The 

USPSTF systematic review in 2017, which focused on multivariable prediction models, 

had several reasons behind this recommendation.  It was felt that there have been no 

studies comparing the effectiveness of preeclampsia screening with that of an 

unscreened population, which would better determine how screening for preeclampsia 

might affect clinical outcomes. It is difficult to conceptualise that traditional methods of 

screening, which have never been validated themselves for the purpose of preeclampsia 

screening, are still used as the reference standard against which more recent screening 

strategies are compared. Another criticism was that sensitivity of multivariable 

prediction models was generally low (52-92%), with low PPVs (4-39%) (Henderson et al. 
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2017), giving no clear evidence of high performance or clinical benefits for any of the 

externally validated models, with once again no randomised studies evaluating the 

effects of these models in clinical practice when compared with usual care. The results 

reported in this thesis using a multivariable prediction model show very good sensitivity 

(100%) for the prediction of preterm preeclampsia, with PPV 22-24%, which is not an 

unreasonable PPV for a condition with relatively low prevalence within the population. 

The Royal Women’s Hospital, as one of the participating centres in the PROGNOSIS study 

(Zeisler et al. 2016a), has recently commenced using the sFlt1/PlGF ratio to predict 

preeclampsia in women who present with symptoms. A clinical audit and cost-benefit 

analysis, comparing women undergoing sFlt1/PlGF testing with routine care (Jones 

2017; Jones and Brennecke 2017) confirmed that this test was not only superior to 

current tests for the prediction of preeclampsia, based on its very high negative 

predictive value that was retained for up to three weeks after testing, but that it had a 

favourable cost-benefit profile over tests that are currently performed. A similar large-

scale audit could possibly serve to justify the use of the sFlt1/PlGF ratio for the prediction 

of preeclampsia from midpregnancy, prior to clinical implementation.  

 

The USPSTF review was concerned that the predictive models they had reviewed had 

not been appropriately externally validated and did not display appropriate 

discrimination and calibration, with calibration referring to the relationship between 

predicted probabilities and observed outcomes, used to evaluate model performance. 

They also felt that the likely performance or clinical impact of these models had not been 

fully determined. Concern was also expressed regarding the resource intensive nature 

of using multivariable algorithms, and that a clear net benefit of using these prediction 

models compared to usual practice needs to be clearly demonstrated prior to 

implementation. As discussed in Chapter 6, within a large tertiary institution with access 

to appropriate immunoassay platforms, sonographers who are appropriately trained in 

measuring UAPI and staff who are sufficiently able to record maternal factors and MAP, 

adequate resources should exist to implement this form of testing routinely. Pending 

appropriate cost-benefit analyses, it seems highly likely that the costs and resources 

associated with these tests which pose significantly lower false positive rates than 

traditional methods of screening would prove proportional to the costs saved by 
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appropriate management of patients determined to be high-risk, with a potential 

significant reduction in surveillance and monitoring in patients who have been 

accurately reassured with negative screening. This sort of analysis would need to be 

undertaken prior to implementation, but it is anticipated that the results would favour 

the newer screening strategies over traditional ones. 

 

Taking into account the results presented here and previous work in this field supporting 

the clinical validity of sFlt1/PlGF ratio and PlGF testing for the prediction of preterm 

preeclampsia, particularly when incorporated into a multivariable algorithm, it can only 

be hoped that the recommendation against use of biomarkers and multivariable 

screening algorithms for the prediction of preeclampsia is reviewed and changed in the 

not too distant future.  

 

7.3 Different pathophysiology for early onset and term preeclampsia 

The results from this study support the belief that early onset preeclampsia appears to 

be a separate disease entity to late onset preeclampsia. Within this patient cohort, 

preterm and early onset preeclampsia were associated with progressively worse 

outcomes in terms of gestational age and birthweight at delivery. In addition to this, the 

incidence of coexisting FGR and preeclampsia in patients with early onset, preterm and 

term preeclampsia was 100%, 62.5% and 0%, respectively.  Early onset preeclampsia is 

believed to stem from an entirely different pathophysiology to late onset preeclampsia 

(Steegers et al. 2010; Staff et al. 2013a; Redman et al. 2014). Preeclampsia reflects an 

underlying multisystem disorder, linked closely to maternal cardiovascular health 

around the time of conception and during placental formation, with potential 

consequences for the mother, fetus and placenta (von Dadelszen and Magee 2014). 

Women who develop early onset preeclampsia, which is far more strongly associated 

with comorbid growth restriction, predominantly do so in response to inadequate 

placental perfusion, also referred to as “placental preeclampsia” (Roberts et al. 1989; 

Redman et al. 1999; Redman and Sargent 2005; Burton et al. 2009; Staff et al. 2013a; 

Redman et al. 2014). Placental preeclampsia is postulated to originate from the 

incomplete remodelling of the placental spiral arteries, with consequent structural 

deficiency and restricted uteroplacental flow leading to excessive oxidative 
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syncytiotrophoblast stress. This process results in release of placental biomarkers sFlt1 

with resultant reduction in levels of PlGF into the maternal circulation which mount a 

systemic inflammatory response, causing generalised endothelial dysfunction and 

expression of the clinical phenotype consistent with the maternal syndrome of 

preeclampsia (Redman et al. 1999; Redman and Sargent 2005; Burton et al. 2009; 

Redman and Sargent 2010; Staff et al. 2013a). There is evidence confirming that women 

with early onset placentally mediated preeclampsia are at increased risk of 

cardiovascular disease and diabetes later in life (Staff et al. 2013a; Rasmussen et al. 

2015) and in our patient cohort, women with early onset preeclampsia were more likely 

to have increased BMI and a history of chronic hypertension, both risk factors for 

cardiovascular disease. In addition, patients who developed coexisting preterm or early 

onset preeclampsia and FGR had a significantly increased risk of Type 1 diabetes, 

another risk factor for cardiovascular disease.  Patients who develop preeclampsia at or 

near term may do so as a result of pre-existing maternal conditions (Staff et al. 2013b). 

“Maternal preeclampsia” appears to occur in the absence of significant placental 

pathology, with predisposing medical conditions increasing maternal susceptibility to 

endothelial dysfunction and the clinical phenotype of preeclampsia as a response to 

factors released from a normal placenta (Ness and Roberts 1996; Redman and Sargent 

2005; Roberts and Hubel 2009; Staff et al. 2013a). Maternal preeclampsia is more often 

associated with late onset disease. Another theory behind the development of term 

preeclampsia in otherwise uncomplicated pregnancies is that of increasing 

syncytiotrophoblast (STB) stress as a result of the villous overcrowding, indicating that 

the placental size has reached its functional limits (Redman et al. 2014). This results in 

placental terminal villi becoming overcrowded with subsequent impeded intervillous 

perfusion and increasing intervillous hypoxia and STB stress (Redman et al. 2014). There 

is no predisposing pathology to this type of STB stress, so fetuses tend to be well grown, 

typical of late onset preeclampsia. This model implies that all pregnant women may 

eventually develop preeclampsia, but delivery precedes this event in the majority of 

cases (Redman et al. 2014), and this pathophysiological model is consistent with patients 

who developed term preeclampsia in the patient population studied here. Using 

placental biomarkers to predict the development of late onset preeclampsia is hence 

less effective compared to prediction of early onset preeclampsia as the occurrence of 
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STB stress is a late event. This may explain why placental biomarkers such as sFlt1 and 

PlGF may have strong predictive value for early onset preeclampsia, with limited value 

in predicting late onset disease (Andraweera et al. 2012). This was certainly the case 

within the patient cohort studied here, with only a small proportion of term 

preeclampsia cases being detected using PlGF and sFlt1/PlGF ratio testing, and none of 

the patients with term preeclampsia developing placental pathology significant enough 

to manifest as FGR. Of course, placental and maternal preeclampsia are on a spectrum 

and there can be considerable overlap between them. Ultimately, the clinical phenotype 

of preeclampsia is dependent on the maternal response to these placental processes, 

which depends upon the potential presence of predisposing maternal factors and 

different individual thresholds to mount a response against effects of placental 

pathology, with or without released circulating placental factors (Redman et al. 2014). 

 

Preeclampsia is a condition that appears to arise from multiple complex pathological 

processes, with manifestations of the disease having extreme variation at both the 

maternal and fetal level. There has been a lack of consensus until recent years regarding 

definition and classification, leaving previous research in the area subject to inconsistent 

results based on different criteria for diagnosis and classification. Given the advances in 

understanding of the pathophysiology behind preeclampsia that has occurred in recent 

decades, it remains a common aim for clinicians to have the capacity to predict and 

diagnose preeclampsia based on pathophysiological processes specific to the disease, 

rather than signs and symptoms of late stage end-organ manifestations. It is hoped that 

once these tests are validated for routine use, we can expect not only a significant 

improvement in the management of these high risk pregnancies, but in reliably 

predicting who is likely to develop preeclampsia and other forms of placental 

dysfunction, the knowledge gained about these conditions as a result of predictive 

testing will provide valuable further insights into pathophysiology, which can then 

translate to determining potential prophylactic and therapeutic remedies for this 

complex and multifactorial condition.  
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7.4 Sources of interference with immunoassay results 

Despite good correlation between results obtained from the three platforms, it was 

observed that raw data results from the Cobas analyser appeared consistently higher 

than the Kryptor, which were higher than the Delfia. Following assessment of limits of 

agreement using Bland Altman plots (see Chapter 2), it was determined that since raw 

data values between platforms were not directly comparable, specific reference ranges 

for PlGF and sFlt1 should be generated for each platform. The reasons behind the 

variation in raw data results between the platforms are most likely multifactorial. 

Potential contributing factors include: 

 

• interference from sample haemolysis, lipaemia, icterus, the effects of 

anticoagulants and the effect of sample storage (Schiettecatte et al. 2012; Selby 

1999). 

• interferences that are analyte dependent include interaction of sample 

components with reagent antibodies, with falsely elevated or lowered analyte 

concentrations. This type of interference can lead to discordant results between 

assay systems (Selby 1999; Tate and Ward 2004). 

• slight differences in the antibodies and reagents supplied by individual 

manufacturers 

• interactions involving PlGF in the circulation and pericellular environment that 

may alter PlGF function in vivo (Staff et al. 2013a) 

• the existence of four different PlGF isoforms (PlGF 1-4) (Maglione et al. 1991; 

Cao et al. 1997; Yang et al. 2003), each derived from different splicing of the 

primary gene transcripts (Staff et al. 2013a). Uncertainty surrounds which of 

these isoforms, if any, is most clinically relevant (Staff et al. 2013a). Local 

concentrations of these molecules are extremely difficult to determine, and 

subsequent local cellular consequences of binding are impossible to predict, due 

to very complex interactions between free and bound PlGF molecules and other 

angiogenic regulators (Staff et al. 2013a). Single-point measurement of serum or 

plasma of any one of these components will be affected by all these complex 

interactions.  
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• The existence of four different PlGF isoforms (PlGF 1-4) may also lead to cross 

reactivity, which is the non-specific influence of substances in a sample that 

structurally resemble the analyte and compete for a binding site on the antibody, 

which could potentially result in over- or underestimation of analyte 

concentration.  Circulating PlGF in humans is predominantly PlGF 1, and the 

immunoassays are mainly specific to PlGF 1, however the Delfia and Cobas 

analysers both show some cross reactivity between PlGF isoforms 1 and 2, while 

the Kryptor platform shows some cross reactivity between isoforms 1, 2 and 3. 

Whether the different PlGF isoforms demonstrate different biological activity is 

not certain and warrants further investigation. 

• lower median results for the Delfia may occur as this platform is targeted best 

towards first trimester testing for preeclampsia, with mean expected values 

being lower on average than other platforms. 

 

There may be more than one of these factors at play at any given time, making robust 

predictions based on such assays problematic. These factors need to be taken into 

consideration as a potential limitation of immunoassay-based tests. 

 

7.5 Future Directions 

There is no doubt that the complexity of preeclampsia and the variety of ways it can 

present with regard to timing, signs and symptoms make it difficult to identify a highly 

effective and broadly applicable risk assessment and screening strategy (Henderson et 

al. 2017). The findings presented here show great promise for the use of placental 

biomarkers for the effective prediction of preeclampsia when tested at midpregnancy. 

Though the results indicate that clinical validity is superior when PlGF MoM values are 

incorporated into the multivariable FMF algorithm, both the sFlt1/PlGF ratio and PlGF 

used in isolation display robust clinical characteristics to indicate their value in screening 

for preeclampsia at midpregnancy. Whilst use of multivariable algorithms might be 

logistically and financially feasible in developed countries and within institutions with 

plentiful resources, biomarker testing in isolation requires far fewer resources and could 

be more feasible within healthcare settings with fewer resources, or within the 

developing world.  
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Aligning with the shift in aneuploidy screening from the second trimester to the first 

trimester in recent years, much of preeclampsia screening has now also been focused 

on the first trimester. Multivariable algorithms have been validated to effectively predict 

preeclampsia in the first trimester (Poon et al. 2009; Park et al. 2013; O'Gorman et al. 

2016) and use of prophylactic aspirin in those deemed high risk has proven an effective 

intervention to reduce preeclampsia risk in these women (Rolnik et al. 2017). However, 

there is a substantial need for an effective screening strategy that can be accessed later 

in pregnancy, for the vast number of women who, for a variety of reasons, do not 

undergo or do not have access to first trimester screening using multivariable 

algorithms.   

 

At the Royal Women’s Hospital, antenatal bookings do not occur until 20 weeks 

gestation on average, making this an appropriate time to undertake screening as part of 

the first booking visit, hence midpregnancy was chosen as the gestation for screening 

for this study. Identifying women that are high risk for preeclampsia at midpregnancy 

has huge advantages over methods of screening currently used in everyday clinical 

practice, which tend to detect preeclampsia only once symptoms arise. Relatively early 

identification of pregnancies at risk would help optimise outcomes by allowing early 

opportunities for transfer for tertiary care to obtain expert surveillance for maternal and 

fetal complications of preterm, and particularly early onset preeclampsia, including 

avoidance of unnecessary iatrogenic preterm deliveries. Early tertiary referral prior to 

onset of symptoms would also facilitate appropriate and timely administration of 

medications such as antihypertensives, MgSO4 and corticosteroids, as required (Wang  

2009; Lapaire et al. 2010; Maynard and Karumanchi 2011; Rodriguez et al. 2016). 

Antenatal care models could change quite significantly if we are able to determine 

women at high risk for preeclampsia at midpregnancy in everyday practice (Litwinska et 

al. 2018). For instance, those deemed to be high-risk for early onset preeclampsia could 

have close surveillance arranged between 24 and 32 weeks gestation when they are at 

greatest risk of developing symptoms and possibly requiring management and delivery. 

Those determined to be at high-risk for preterm preeclampsia could be reassessed 

around 32 weeks gestation and have a plan made for surveillance at that stage 
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(Litwinska et al. 2018). This would eliminate much of the ad hoc screening for 

preeclampsia that currently occurs throughout gestation with blood pressure and urine 

protein analysis. The exact timing and content of these surveillance visits would need to 

be refined based on outcomes of ongoing audits of pregnancy outcomes, however 

would allow the development of departmental protocols that are effective within 

different patient populations. Possibly the most exciting aspect of being able to predict 

who is likely to be affected by preeclampsia at midpregnancy is that future studies 

looking at prophylactic and therapeutic agents, or additional predictive markers, can be 

undertaken in this high-risk group (Roberts 2001; Lam et al. 2005; Grill et al. 2009; Wang 

2009; Lapaire et al. 2010; Steegers et al. 2010; Maynard and Karumanchi 2011). 

Outcomes of such studies have huge potential to improve our current understanding 

and management of this complex disease (Figure 54). 

 

While the manifestations of preeclampsia usually resolve within three months of 

delivery, there is evidence that the condition poses a risk of long term maternal 

cardiovascular consequences (Smith et al. 2009; Wang 2009; Warrington et al. 2013). 

The increased cardiovascular mortality associated with preeclampsia has been observed 

in both previously healthy women (Craici et al. 2008) and those with cardiovascular risk 

factors, with aetiologies including the presence of preexisting risk factors, or potentially 

residual vascular damage or persistent endothelial dysfunction caused by preeclampsia 

in women without any underlying cardiovascular risk factors (Wang 2009). Hence 

accurate screening for the condition could aid in identification of groups at greatest risk, 

who would potentially benefit from public health strategies including lifestyle education 

and intervention (Steegers et al. 2010) to optimise their risk following pregnancy, and 

potentially facilitate further research into prophylactic and therapeutic strategies for 

cardiovascular disease in these high-risk subjects (Staff et al. 2013a).  
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Figure 54. Significance of research and future directions 
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As reported in Chapter 5, it is very promising that PlGF in particular can effectively 

predict women who are at increased risk of developing preterm FGR, both in the 

absence of and with coexisting preeclampsia, when tested at midpregnancy. This finding 

supports work on this topic from other groups in the literature and provides a jumping 

board for further determination of the clinical utility of PlGF in this setting. Current 

methods of screening for FGR are limited, with abdominal palpation and symphysio-

fundal height measurement both performing poorly in the prediction for FGR (Lindhard 

et al. 1990). It would be extremely useful to determine whether incorporation of PlGF 

into a multivariable algorithm might improve prediction rates further, with a view to 

potentially screening for FGR and preeclampsia at the same time at midpregnancy 

booking.  

 

Currently, international health authorities (Meads et al. 2008; Henderson et al. 2017; 

Brown et al. 2018) do not recommend screening for preeclampsia at midpregnancy 

using placental biomarkers in isolation or as part of a multivariable algorithm. These 

authorities each call for large prospective studies comparing patients who undergo 

screening with those who undergo standard antenatal care, in order to confirm and 

validate the findings from recent studies in the literature and to put into context exactly 

how these tests should best be used and how they can optimise maternal and perinatal 

outcomes. Should studies demonstrate that these screening methods are no worse than 

the current established tests, and have advantages over current screening methods, this 

evidence should be sufficient to recommend implementation into clinical practice. ISSHP 

supports first trimester screening for preeclampsia when this can be integrated into the 

local health system (Brown et al. 2018), although the cost effectiveness of this approach 

remains to be established. ISSHP call for randomised controlled trials of “rule in” and 

“rule out” tests which include a co-primary non-inferiority outcome of neonatal 

morbidity because of the very real risk of earlier delivery in these women. A non-

inferiority trial should be designed to demonstrate that a new test is not worse than an 

established test in terms of efficacy, and potentially preferable due to factors such as 

lower cost, easier administration or less harm. These advantages can then be sufficient 

to recommend implementation of the new test over its comparison. The use of co-

primary endpoints can be used when there is more than one primary endpoint 
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considered to be of equal clinical importance, with the study being declared successful 

only if both primary endpoints are statistically significantly in favour of the intervention 

being tested (Brown et al. 2018). ISSHP states that at this stage, no test should be used 

routinely to “rule out” preeclampsia in clinical practice, though PlGF testing may prove 

useful in selected groups in future studies. Taking into account the results presented 

here and previous work in this field supporting the clinical validity of sFlt1/PlGF ratio and 

PlGF testing for the prediction of preterm preeclampsia, particularly when incorporated 

into a multivariable algorithm, it can only be hoped that this recommendation against 

use of biomarkers and multivariable screening algorithms for the prediction of 

preeclampsia is reviewed and changed in the not too distant future. 

 

There is a gross lack of empiric evidence with regard to current antenatal screening 

methods for preeclampsia, including blood pressure and urine protein analysis, which 

form the reference standard (Zhang et al. 2001). The routine use of these tests has 

continued given that they are now well established and are feasible in clinical practice 

and are neither harmful nor expensive. Blood pressure and urine protein testing have 

never been validated as suitable predictive or diagnostic tests for preeclampsia, and 

both have low positive predictive value for the detection of preeclampsia related 

adverse outcomes, yet these tests currently form the reference standard for screening 

and diagnostic testing (Henderson et al. 2017). These tests have never really proven 

their worth and given that there are now methods that have been proven to be more 

effective, it can only be hoped that international health authorities review their 

recommendations to support the newer screening strategies in everyday clinical 

practice.  

 

The recent confirmation that use of the FMF multivariable algorithm to predict preterm 

preeclampsia (Al-Amin et al. 2018) performs far better than screening by maternal 

factors alone according to the NICE and ACOG guidelines goes a long way towards 

confirming that we are not currently optimising preeclampsia screening in light of the 

knowledge we have.  
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7.6 Strengths and Limitations 

The strengths to this study include: 

 

1) the use of two independent adjudicators checking all patient outcomes using 

clearly defined criteria, and performing a thorough medical record review of all 

cases of preeclampsia 

2) having access to fully automated instruments for biomarker testing, which 

should optimise the accuracy of measurements of sFlt1 and PlGF 

3) use of one technician for blood sample analysis, who was blinded to outcomes 

throughout testing 

4) having resources to convert our biomarker values to MoM after adjustment for 

factors assessed to significantly affect their values.   

 

Limitations to this study include: 

 

1) the relatively small sample size, with small number of patients to develop both 

preterm (8) and early onset (3) preeclampsia. This impacts quite significantly on 

the generalisability of the results obtained, such that while our findings are 

extremely promising, particularly for the prediction of early onset preeclampsia, 

the sample size must be taken into consideration in the interpretation of results. 

At the least, large scale audits of clinical outcomes are required to confirm our 

findings prior to commencing any clinical use of this proposed screening test.  

2) 52 (10%) patients within the cohort were taking aspirin antenatally, including 

several patients who developed preterm preeclampsia, which has previously 

been discussed in Chapters 3 and 4. It is not possible to say how this medication 

may have confounded results by potentially altering placental pathology in 

patients taking aspirin, however it was not possible to correct for this 

confounding factor, and results need to be interpreted with this in mind.  

3) there was a protracted time period between sample collection (between June 

2012 and January 2015) and sample analysis (early 2015 for the Delfia platform, 

late 2015-early 2016 for the Cobas analyser, and early 2017 for the Kryptor 
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platform), which has meant a very long duration of frozen storage for these 

samples. There is evidence in the literature that prolonged storage times do not 

appear to significantly affect sFlt1 and PlGF levels (Law et al. 2010) and the 

validation studies for this study, discussed in Chapter 2, confirmed this.  

4) there were only plasma samples available for testing in some patients. This was 

particularly an issue when using the Delfia platform, which does not accept 

plasma samples, as addition of CaCl2 to these samples was required in order to 

render them compatible with the Delfia platform, according to a previously 

described technique (Tenland and Hillman 2013). Fortunately, correlation and 

agreement between serum and plasma values was good, and results between 

them appeared clinically equivalent. This aligns with other studies in the 

literature (Tjoa et al. 2001), which is reassuring from the point of view of the 

integrity of the results obtained, however it would have been preferable not to 

have this variable involved.  

5) due to having to put the samples through multiple platforms, there was an 

unavoidable increase in the proportion of samples that had been previously 

thawed for analysis with the second (Cobas analyser) and third (Kryptor) 

immunoassay. Numerous freeze-thaw cycles did not appear to significantly alter 

levels of PlGF, sFlt1 or sFlt1/PlGF ratio, consistent with a previous study (Cowans 

et al. 2011). While this is reassuring, it would be preferable not to have this 

variable involved.  

 

7.7 Summary 

PlGF and the sFlt1/PlGF ratio are promising markers for the prediction of early onset and 

preterm preeclampsia. Within the patient cohort tested, the tests that performed best 

in terms of clinical characteristics and correlation with clinical outcomes were the Cobas 

sFlt1/PlGF ratio using the early PE cut-off, to predict early onset preeclampsia, and the 

Cobas sFlt1/PlGF ratio MoM values using the preterm PE cut-off, to predict preterm 

preeclampsia. These tests are easily reproducible, non-invasive, non-expensive and 

require few resources other than access to an appropriate immunoassay platform and 

consumables. These features make them feasible for a broad range of healthcare 

settings. They display high sensitivities, though they are somewhat limited by low PPV 
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and relatively high false positive rates. Interestingly, a significant number of patients 

with false positive results on testing underwent either preterm deliveries or adverse 

outcomes, indicating that the scope of placental pathology able to be identified by these 

tests needs to be defined further. 

 

PlGF shows great promise for prediction of preterm FGR and both preeclampsia and 

FGR. This is very good news as the accurate diagnosis of FGR antenatally and distinction 

of this condition from SGA in order to limit potential exposure to unnecessary iatrogenic 

preterm delivery is very challenging. A serum marker capable of stratifying patients into 

high and low risk groups, with ongoing monitoring in the high-risk group, would aid 

clinicians tremendously in optimising management for these pregnancies. Though there 

are no preventative interventions available currently, reliable prediction of antenatal 

FGR would allow testing for potential preventative interventions for pregnancies that 

are deemed high risk. These results are limited by the small number of patients in this 

study who developed preterm and early onset preeclampsia, and further studies or 

large-scale audits of clinical outcomes to confirm these findings are required. 

 

PlGF MoM values show great promise when included in a multivariable algorithm for 

the prediction of preterm preeclampsia. Results here indicate that the addition of PlGF 

MoM values to a multivariable algorithm which includes maternal factors, MAP and 

UAPI for the prediction of preterm and early onset preeclampsia does not further 

increase detection rates but does significantly reduce false positive rates. The addition 

of serum PlGF MoM to this algorithm in patients tested at midpregnancy would incur 

costs associated with collection and analysis of blood results, commercial immunoassay 

machines and consumables. Whilst a formal cost-benefit analysis would need to be 

performed, the significantly lower false positive rate incurred with the addition of PlGF 

to the model, with the subsequent reduction in costs and resources from monitoring 

patients with false positive results unnecessarily could quite possibly justify any cost 

involved of addition of this biomarker to the algorithm.  
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As previously discussed, there was a group within our patient cohort that was high risk 

for the development of preeclampsia or adverse pregnancy outcomes (see Chapter 3, 

Section 3.3.1, Chapter 4, Section 4.3.1 and 4.4 and Appendix 1). The majority of these 

patients (82%) had significant risk factor(s) for either the development of preeclampsia 

or other adverse pregnancy outcomes. Within the scope of our current knowledge, 

while it was appropriate for these patients to be taking low dose aspirin, including their 

results into the study does introduce confounding factors, which need to be taken into 

consideration when interpreting results from the study. There is no way of knowing how 

the aspirin has ameliorated placental development in these patients, nor affected their 

placental biomarker levels or clinical outcomes. It can only be presumed that there 

would have been significantly more cases of preeclampsia or adverse outcomes within 

our cohort had these high-risk women not taken aspirin antenatally, however there is 

no benefit to speculating any further. This confounding factor would be expected to 

exist in analysis of results from ongoing large-scale audits to further clarify the clinical 

utility of placental biomarkers PlGF and sFlt1 for the midpregnancy prediction of 

preeclampsia as with the current knowledge we have, it would not be ethically feasible 

to withhold aspirin from women deemed high risk for either preeclampsia or other 

adverse pregnancy outcomes outside the setting of a randomised control trial.   

 

Second trimester pregnancy screening for preeclampsia is not currently recommended 

by international health authorities (Meads et al. 2008; Henderson et al. 2017; Brown et 

al. 2018). At this stage, the clinical utility of screening tests in this context in reducing 

both maternal and perinatal morbidity and mortality have not yet been fully 

determined. We are still in the process of defining exactly how testing for PlGF and the 

sFlt1/PlGF ratio at midpregnancy should impact on clinical decision making and patient 

outcomes, and how these tests may best be implemented into the everyday clinical 

setting. At the least, a large-scale clinical audit comparing patients who undergo 

screening for preeclampsia in midpregnancy to those undergoing standard care are 

required to confirm and validate current findings and to put into context exactly how 

these tests should best be used and how they can improve patient outcomes. It would 

appear that if such studies are able to demonstrate that these screening methods do 

not display worse performance than the current established tests, including blood 
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pressure and urine protein testing, and potentially have advantages over current 

screening, this may be sufficient to recommend implementation in clinical practice. It 

can be concluded that both PlGF and the sFlt1/PlGF ratio are promising markers for the 

prediction of both early and preterm preeclampsia when used in isolation, and PlGF in 

particular shows great promise when included in a multivariable algorithm for the 

prediction of preterm preeclampsia. Ultimately the choice of test used for screening in 

different healthcare settings will depend on screening performance within the patient 

population screened, feasibility of implementation and cost-benefit analyses performed 

prior to implementation (Gallo et al. 2016). 
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Appendices 
No History  Outcome Biomarker values for 

Delfia (D), Cobas (C) and 
Kryptor (K) platforms 

PlGF 
(pg/mL) 

sFlt1/PlGF 
ratio 

1 G1P0, chronic HT, T1DM with diabetic 
nephropathy 

Early onset PE. LUSCS 30+1. FGR BWt 2nd centile D 115.8 
C 178.1 
K 144.7 

 
C 13.6 
K 15.9 

2 G3P2, previous PTB 31/40. Chronic HT. Taking 
calcium 

Late onset PE. Spont labour 36/40, NVD., 
placental abruption and PPROM. Normal BWt 

D 189.8 
C 240.1 
K 266 

 
C 5.57 
K 6.38 

3 G2P1, previous PTB 31/40, GDM, smoker Late onset PE. LUSCS 35+5, renal impairment. 
LGA BWt 99th centile 

D 245.6 
C 320.2 
K 250.7 

 
C 3.13 
K 2.98 

4 
 

G1P0, T1DM, taking calcium Late onset PE, LUSCS 38+4, LGA. BWt 99th 
centile 

D 101.2 
C 176.5 
K 134.1 

 
C 13.86 
K 19.81 

5 
 

G2P1 Late onset PE, NVD 37+5, GDM. Normal BWt D 318.3 
C 222.7 
K 368.2 

 
C 1.98 
K 1.52 

6 
 

G4P3, previous PTB 28/40 due to PE. Taking 
calcium 

Late onset PE. LUSCS 36+5. FGR BWt 1st centile D 153.6 
C 191.1 
K 161.1 

 
C 7.23 
K 8.0 

7 
 

G3P0. APS, on clexane 1st trimester Late onset PE, NVD 41+4. Normal BWt D 529.7 
C 636.7 
K 507.1 

 
C 2.1 
K 2.31 

8 
 

G2P1, previous PE Late onset PE. NVD 37+1. Normal BWt D 140.5 
C 315.1 
K 180.8 

 
C 2.76 
K 4.16 

9 
 

G4P1-1, previous FDIU 33/40. Chronic HT and 
GDM 

Late onset PE. LUSCS 36+3. FGR BWt 2nd centile D 75.1 
C 144.5 
K 111.1 

 
C 5.09 
K 4.77 

10 
18262 

G4P1-1, previous FDIU 26/40 due to FGR IOL 36+1 for suspected FGR, NVD, FGR 
confirmed. BWt 1st centile 

D 179.0 
C 210.9 
K 202.98 

 
C 6.06 
K 5.16 

11 
18445 

G3P1, previous SGA Gestational HT, NVD 36+4. FGR 2nd centile D 193.5 
C 202.6 
K 161.3 

 
C 10.11 
K 12.5 

12 
18078 

G2P1, previous SGA NVD 40+3. FGR BWt 2nd centile D 304.9 
C 301.1 
K 399.1 

 
C 2.72 
K 2.49 

13 
17760 

G2P1 LUSCS 37+4. SGA BWt 7th centile D 163.7 
C 232.7 
K 179.2 

 
C 5.82 
K 6.23 

14 
17880 

G1P0, minimal change disease (kidney) NVD 39/40. SGA BWt 9th centile D 74.3 
C 121.1 
K 91.48 

 
C 6.11 
K 7.50 

15 
17885 

G2P0, chronic HT NVD 40+3. SGA BWt 9th centile D 111.2 
C 125.3 
K 153.6 

 
C 7.94 
K 7.97 

16 
18304 

G1P0 LUSCS 38+2. SGA BWt 9th centile D 138.4 
C 217.7 
K 165.4 

 
C 4.33 
K 4.07 

17 
17558 

G3P2-1, previous PTB 23/40 for HELLP 
syndrome resulting in NND. Lupus 
anticoagulant positive. Chronic HT, on aldomet 
and clexane 

LUSCS 38+3. Normal BWt D 62.2 
C 74.03 
K 84.72 

 
C 15.57 
K 12.70 

18 
18101 

G9P3-2, previous two FDIU’s at 23/40. SLE and 
APS, GDM. On heparin 

NVD 37+4, LGA, BWt 94th centile D 192.1 
C 265.3 
K 200.4 

 
C 4.92 
K 4.8 

19 
17944 

G3P2-1, FGR and FDIU in 1st pregnancy, SGA 2nd 
baby, GDM 

NVD 37+3. Normal BWt D 223.4 
C 289.2 
K 236.5 

 
C 3.03 
K 2.94 

20 
18175 

G2P1-1, previous PE and PTB 28/40 FDIU due to 
FGR. APLS on clexane 

LUSCS 38/40. LGA BWt 93rd centile D 138.4 
C 193.6 
K 158.8 

 
C 3.62 
K 3.31 
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21 
18212 

G4P2-1, previous FGR and FDIU 37/40  NVD 37+5. Normal BWt D 132.8 
C 237.2 
K 171 

 
C 6.93 
K 8.51 

22 
18300 

G3P1-1, previous FDIU 20/40 NVD 40/40. Normal BWt D 209.7 
C 351.0 
K 297.13 

 
C 5.61 
K 5.91 

23 
18343 

G2P1-1, previous FDIU 36/40 LUSCS 38+4. Normal BWt D 180.0 
C 259.5 
K 226.3 

 
C 6.31 
K 7.59 

24 
18354 

G3P1-1, previous PE and FDIU NVD 40+2. LGA BWt 92nd centile D 116.6 
C 191.6 
K 147.1 

 
C 6.28 
K 6.82 

25 
18414 

G3P1-1, previous FDIU 32/40.  LUSCS 36+3. Normal BWt D 340.3 
C 412.9 
K 377.1 

 
C 4.58 
K 4.31 

26 
18456 

G4P2-1, previous FDIU 36/40. FVL NVD 37/40. Normal BWt D 180.3 
C 212.4 
K 86.75 

 
C 6.23 
K 11.42 

27 
17267 

G4P2, chronic HT LUSCS 37+4, HT, APH and placenta praevia. 
Normal BWt 

D 157.8 
C 222.6 
K 181.3 

 
C 7.39 
K 7.82 

28 
17752 

G4P1, previous PE and FGR. Chronic HT and 
SLE, on clexane 

LUSCS 38+2. Normal BWt D 151.7 
C 253.5 
K 177.7 

 
C 5.62 
K 6.06 

29 
17792 

G4P1, previous PTB 36/40 for PE and FGR NVD 40+1. Normal BWt D 90.1 
C 154.2 
K 93.06 

 
C 8.49 
K 8.78 

30 
17940 

G2P1, previous PE. On calcium LUSCS 39+4. Normal BWt D 143.2 
C 213.8 
K 164 

 
C 12.81 
K 17.97 

31 
18145 

G4P1, previous PE, on calcium Gestational HT, LUSCS 38+3. Normal BWt D 76.5 
C 114.0 
K 81.3 

 
C 9.7 
K 11.3 

32 
18157 

G8P1, previous PTB 32/40 NVD 36+6, PTB due to PPROM. Normal BWt D 409.1 
C 949.4 
K 757.8 

 
C 2.19 
K 2.27 

33 
18198 

G2P1. Chronic HT, IgA nephropathy. Previous 
late onset PE and FGR 

LUSCS 38+3. Normal BWt D 127.7 
C 169.8 
K 148.6 

 
C 10.49 
K 10.21 

34 
18275 

G3P1, T1DM. Previous HELLP syndrome, LUSCS 
38/40 

Gestational HT, LUSCS 37+5. Normal BWt D 36.2 
C 63.46 
K 60.65 

 
C 24.14 
K 21.07 

35 
18298 

G2P1, previous FGR and PTB 26/40. On clexane.  PPROM and chorioamnionitis, NVD 25+4. 
Normal BWt 

D 73.7 
C 189.8 
K 177.71 

 
C 3.2 
K 2.79 

36 
18342 

G8P2, previous PTB 32/40 LUSCS 37+2. Normal BWt D 223.3 
C 320.8 
K 248.5 

 
C 6.02 
K 7.05 

37 
18351 

G2P1, previous PTB due to PE and FGR at 
34/40. On clexane 

LUSCS 38+1. Normal BWt D 163.9 
C 225.4 
K 167.9 

 
C 7.74 
K 8.64 

38 
18448 

G3P1, previous PTB 36/40 NVD 39+2. Normal BWt D 607.4 
C 713.2 
K 601.46 

 
C 1.97 
K 1.92 

39 
18468 

G2P1, previous PE Gestational HT. LUSCS 38+5. LGA BWt 98th 
centile 

D 145.6 
C 128.9 
K 145.9 

 
C 7.18 
K 8.86 

40 
18002 

G1P0, T2DM, mother had PE. Taking Calcium NVD 38+1. Normal BWt D 221.1 
C 283.7 
K 284 

 
C 2.55 
K 2.80 

41 
18004 

G10P2, FVL and Crohn’s disease LUSCS 39+3. Normal BWt D 140.3 
C 221.8 
K 168 

 
C 6.34 
K 6.88 

42 
18094 

G5P1, FVL on clexane NVD 38/40, APH. Normal BWt D 78.4 
C 150.7 
K 111.7 

 
C 8.1 
K 8.6 

43 
17954 

G2P0 NVD 39+5. Normal BWt D 368.0 
C 558.7 
K 475.3 

 
C 3.18 
K 4.04 
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44 
17979 

G1P0 LUSCS 40+2, gestational HT. LGA BWt 99th 
centile 

D 91.4 
C 128.7 
K 102.0 

 
C 10.47 
K 10.16 

45 
18100 

G4P0 NVD 39+4. Normal BWt D 159.4 
C 224.8 
K 175.9 

 
C 8.00 
K 8.08 

46 
18179 

G2P1, previous CVA LUSCS 39+1. Normal BWt D 344.9 
C 589.5 
K 279.3 

 
C 4.3 
K 7.84 

47 
18226 

G4P0 LUSCS 40+3. Normal BWt D 200.0 
C 350.2 
K 286.7 

 
C 6.42 
K 7.46 

48 
18285 

G4P1 LUSCS 37+5. Normal BWt D 204.0 
C 249.0 
K 219.0 

 
C 3.63 
K 3.61 

49 
18370 

G1P0, GDM LUSCS 38+2. LGA BWt 99th centile D 123.6 
C 183.7 
K 166.2 

 
C 8.29 
K 8.8 

50 
18441 

G2P0 NVD 40/40. Normal BWt D 156.1 
C 326.0 
K 233.8 

 
C 5.33 
K 5.67 

51 
18466 

G4P1, GDM LUSCS 38+5. Normal BWt D 243.9 
C 260.7 
K 240.5 

 
C 3.67 
K 3.79 

PE = preeclampsia. HT = hypertension. T1DM = Type 1 diabetes mellitus. LUSCS = lowers uterine segment caesarean section. FGR = 
fetal growth restriction. BWt = birthweight.  D = Delfia platform. C = Cobas platform. K = Kryptor platform. PTB = preterm birth. NVD 
= normal vaginal delivery. PPROM = preterm prelabour rupture of membranes. BWt = birthweight. GDM = gestational diabetes 
mellitus. LGA = large for gestational age. APS = antiphospholipid syndrome. FDIU = fetal death in utero.  SGA = small for gestational 
age. NND = neonatal death. FVL = Factor V Lieden deficiency. APH = antepartum haemorrhage. HELLP = haemolysis, elevated liver 
enzymes, low platelets. SLE = systemic lupus erythematosus. CVA = cerebrovascular accident.    
 
          Patients who developed preeclampsia 
 
          Patients who developed SGA or FGR 
 
          Patients with poor obstetric histories including a previous FDIU 
 
          Patients with other significant risk factors for the development of preeclampsia or for a poor pregnancy outcome  
 
          Patients with no significant risk factors for the development of preeclampsia or an adverse pregnancy outcome 
 

Appendix 1. Clinical history, outcomes and biomarker results for patients taking low 
dose aspirin antenatally 
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