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Preeclampsia is a hypertensive condition of pregnancy that 
affects 3% to 5% of nulliparous pregnancies. It remains a 

leading cause of maternal and perinatal morbidity and mortal-
ity, accounting for 70 000 maternal and 500 000 infant reported 
deaths annually.1,2 A quarter of the babies born to mothers with 
preeclampsia are growth restricted and a third are premature; 
preeclampsia accounts for occupancy of ≈20% of neonatal 
intensive care unit cots.3 Surviving neonates may have prob-
lems with neurocognitive development that can result in mild 

learning difficulties through to severe disabilities. Furthermore, 
preeclampsia has healthcare implications for the women later 
in life with an increased risk of hypertension, coronary artery 
disease, stroke, and type 2 diabetes mellitus.4,5

Early identification of preeclampsia remains one of the 
major focuses of antenatal care in high-resource countries. 
The National Institute of Clinical Excellence guideline6 rec-
ommends screening for specific clinical risk factors in the 
first trimester and then offering low-dose aspirin, which can 
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reduce disease incidence by 17% overall and by 25% in high-
risk women,7 to women considered at moderate to high risk of 
developing preeclampsia. However, most of the proposed risk 
factors have low odds ratios and are not applicable to first-
time mothers.8,9 Consequently, application of the National 
Institute of Clinical Excellence criteria to a nulliparous popu-
lation detected only a third of cases of preeclampsia.9 To bet-
ter identify which healthy nulliparous women are at high risk 
of preeclampsia, we developed an algorithm based on clini-
cal risk factors in >3000 nulliparas partaking in the Screening 
for Pregnancy Endpoints (SCOPE) study.9 The area under 
the receiver operator curve (AUC) was 0.76 (0.71 on 10-fold 
cross-validation), but on validation of the algorithm in the 
remaining women in the SCOPE cohort, the AUC was 0.66.

During the past decade, there has been increasing scientific 
momentum to develop better screening methods for preeclamp-
sia that could translate into clinical practice. Two strategies have 
been used to improve predictive performance: first, the inclusion 
of better discriminatory markers for preeclampsia, in particu-
lar biomarkers,10–13 and second, the development of algorithms 
specific to subphenotypes of preeclampsia, such as early-onset 
preeclampsia.12 The heterogeneous syndrome of preeclampsia, 
with its complex pathogenesis,8 militates against a single clini-
cal risk factor or biomarker in early pregnancy ever discriminat-
ing women destined to develop preeclampsia. Previous studies, 
generally in women of mixed parity and risk, have identified 
numerous biomarkers with some capacity to predict preeclamp-
sia, including placental hormones, angiogenic factors, and lip-
ids.10,11,14 To date, none (nor any combination) has emerged with 
the requisite specificity and sensitivity to be of clinical use.13 
Few studies have focused on nulliparous populations, from 
whom the majority of cases of preeclampsia arise.

The present study is the culmination of the SCOPE study 
(www.scopestudy.net), an international prospective, multicenter 
cohort study of healthy nulliparous women with the primary 
aim of developing screening tests to predict adverse pregnancy 
outcomes including preeclampsia. The study design incorpo-
rated prospective collection of information on all known clini-
cal risk factors for preeclampsia, as well as a uniquely detailed 
early pregnancy data including demography, anthropometry, 
family history, diet, and physical and mental health in the first 
trimester. The primary objective of this study was to develop 
a multivariable predictive model for the prediction of pre-
eclampsia by combining measurements of the best performing 
biomarkers (selected from >100 previously associated with pre-
eclampsia) measured at 14 to 16 weeks’ gestation, clinical risk 
factors and ultrasound estimates of uteroplacental perfusion and 
fetal measurements at 19 to 21 weeks’ gestation. The secondary 
objective was to develop multivariable models to predict spe-
cific subphenotypes of preeclampsia. We sought to determine 
the performance of these models to predict preeclampsia in a 
separate validation data set in the SCOPE cohort and to develop 
a proposal for risk stratification of healthy nulliparous women.

Methods
Ethical approval was obtained from local ethics committees (New 
Zealand AKX/02/00/364, Australia REC 1712/5/2008, London, Leeds 
and Manchester 06/MRE01/98 and Cork ECM5 (10) 05/02/08), and 
all women provided written informed consent.

Between November 2004 and February 2011, nulliparous women 
with singleton pregnancies were recruited to the SCOPE study in 
Auckland, New Zealand; Adelaide, Australia; London, Manchester, 
and Leeds, United Kingdom; and Cork, Ireland.15

The exclusion and inclusion criteria and details of the clinical 
study have been described previously15 and are detailed in full in the 
Methodology in the online-only Data Supplement.

Primary Outcome
The primary outcome was preeclampsia. Secondary outcomes 
included term preeclampsia (gestation at delivery ≥37 weeks), pre-
term preeclampsia (gestation at delivery <37 weeks), and early-onset 
preeclampsia (gestation at delivery <34 weeks). The definition of pre-
eclampsia is described in full in the Methodology in the online-only 
Data Supplement.

Data Sets
The cohort was randomly divided, stratified for geographical area 
(Australasian centers and European centers), into training and vali-
dation cohorts at a ratio of 2:1. All clinical variable and biomarker 
investigation and selection was performed in the training cohort. The 
models for each end point were developed in the training cohort and 
then the predictive performance was evaluated in the validation cohort.

Biomarkers
Biomarkers were selected on the basis of a priori knowledge of (1) 
an association with preeclampsia, (2) a biological role in placenta-
tion, or (3) a role in cellular mechanisms involved in the pathogenesis 
of preeclampsia, for example, angiogenesis and inflammation. An 
assay was not available for all candidate biomarkers selected. The 47 
biomarkers measured are listed in Table S1 in the online-only Data 
Supplement, and the details of the immunoassay methodologies are 
listed in Methodology in the online-only Data Supplement.

The details of biomarker transformation and the selection of bio-
markers and clinical variables for multivariable modeling are includ-
ed in the Methodology in the online-only Data Supplement.

Statistical Methods
SAS (version 9.1) was used to perform univariable analysis of clinical 
variables in the training data set. All other statistical analyses were 
performed in R (version 3.01).16 Descriptive analyses of study popula-
tion characteristics, pregnancy outcome, and biomarker data were per-
formed in the total cohort. Comparison of maternal characteristics and 
pregnancy outcome across preeclampsia end points was performed 
using Student t test, ANOVA, the Wilcoxon rank-sum test, or the χ2 
test, as appropriate for the data type. Comparison of untransformed 
biomarker distributions in women with and those without preeclamp-
sia was performed using the Wilcoxon rank-sum test, with P values 
adjusted to control the False Discovery Rate.17 Single-variable logistic 
regression was then applied to the each log-transformed biomarker, 
followed by calculation of the AUC using the pROC package in R.18

Multivariable Modeling
To fully explore the predictive potential of the available variables across 
all preeclampsia end points (all preeclampsia, term preeclampsia, pre-
term preeclampsia, and early-onset preeclampsia), 4 distinct models 
were constructed per end point as follows: (1) biomarkers measured 
only at 14 to 16 weeks’ gestation; (2) clinical risk factors at 14 to 16 
weeks’ gestation; (3) combination of biomarkers and clinical risk fac-
tors at 14 to 16 weeks’ gestation; and (4) combinations of clinical risk 
factors (14–16 weeks), biomarkers (14–16 weeks), and ultrasound scan 
variables measured at 19 to 21 weeks. In order to realistically assess 
the screening performance of the model in clinical practice, the refer-
ent group was all women who did not develop the primary outcome of 
interest; for example, for early-onset preeclampsia, the referent group 
consisted of women who did not have early-onset preeclampsia and, 
therefore, included women with preeclampsia delivered after 34 weeks 
and women with a range of other pregnancy complications, along with 
women who had uncomplicated pregnancies.
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Selection of variables available for multivariable modeling was based 
on a priori knowledge and univariate analysis in the training cohort 
only, as described earlier. Logistic regression models based solely on 
biomarkers or clinical risk factors were constructed using backward 
stepwise variable selection, starting from a model containing all avail-
able biomarkers or all available clinical variables, respectively, and us-
ing Bayesian Information Criterion as the stopping rule in the stepwise 
variable selection procedure. For all models, Bayesian Information 
Criterion stopping criterion was used, because it enforces a more strict 
variable retention rule, resulting in a final model with less variables with 
less potential for overfitting the training data. To restrict the total num-
ber of variables available when modeling combinations of biomarkers 
with clinical variables, only biomarkers included in the biomarker only 
model for a preeclampsia end point were available for inclusion in the 
combined logistic regression model. Similarly, only variables that re-
mained in the multivariable logistic regression model using clinical risk 
factors only for a preeclampsia end point were available to the combined 
biomarker and clinical risk factor models. Again, logistic regression 
models were constructed using backward stepwise variable selection 
with Bayesian Information Criterion as the stopping rule.

Model performance was assessed in the Training and Validation 
data sets via calculation of AUC for each model, along with sensi-
tivity, positive and negative predictive value, and positive likelihood 
ratio at a 5% false-positive rate (95% specificity). The R packages 
pROC18 and Epitools19 were used for these calculations.

Results
Of the 8531 nulliparous women approached to participate in 
the SCOPE study, 70% (n=5989) initially agreed to partici-
pate but a further 299 women were excluded (Figure). Among 
the 5690 women recruited into the study, pregnancy outcome 
data were available for 5623 (99%). Preeclampsia developed 
in 278 (4.9%), of whom 209 had term preeclampsia (3.7%), 
69 (1.2%) had preterm preeclampsia, and 28 (0.5%) had early-
onset preeclampsia. The diagnosis of preeclampsia was based 
on hypertension with proteinuria in 90% (249 of 278) and on 
hypertension in combination with multisystem complications 
in 10% (n=29). The cohort was split into training (n=3747) 
and validation (n=1876) cohorts, with the rate of pregnancy 
complications in these data sets shown in Table S5.

The baseline characteristics of women who developed pre-
eclampsia are shown in Table 1 and the maternal characteris-
tics of those who developed preterm and term preeclampsia in 
Table S4. Women with early-onset preeclampsia who deliv-
ered before 34 weeks were more likely to be primigravida 
(50% versus 23%), obese (body mass index ≥30 kg/m2 in 21% 

versus 15%), and had higher mean systolic blood pressure 
(116 [SD, 13] versus 107 [SD, 10] mm Hg) and mean dia-
stolic blood pressure (73 [SD, 10] versus 65 [SD, 8] mm Hg) 
at 14 to 16 weeks’ gestation than women without early-onset 
preeclampsia (P<0.01). Preeclampsia developed at a mean 
gestation of 37.1 (SD, 3.2) weeks, with the mean maximum 
blood pressure recorded in the different preeclampsia sub-
phenotypes shown in Table 2. The median protein:creatinine 
ratio for all preeclampsia was 90 mg/mmol (range, 30–2455 
mg/mmol; n=161) and 24-hour protein excretion 0.8 g/24 h 
(range, 0.3–9.89 g/24 h; n=116). Twenty-five percent of new-
born infants born to women with preeclampsia were small for 
gestational age, increasing to 64% small for gestational age in 
early-onset preeclampsia, Table 2.

Mean plasma biomarker concentrations (measured at 14–16 
weeks) that were significantly different in women who later 
developed preeclampsia and those who did not develop pre-
eclampsia in the total cohort (Wilcoxon with false discovery 

Figure. Flow diagram of participants in Screening for Pregnancy 
Endpoints study.

Table 1. Baseline Characteristics of Women With and Those 
Without Preeclampsia

Maternal Characteristic
Preeclampsia 

(n=278)
No Preeclampsia 

(n=5345) P Value*

Mean (SD) maternal  
age, y

27.7 (5.7) 28.7 (5.5) 0.002

Ethnicity 0.67

  White 247 (89) 4811 (90)

  Maori or Polynesian 9 (3) 107 (2)

  Asian 7 (2.5) 163 (3)

  Indian 7 (2.5) 127 (2)

  Other 8 (3) 137 (3)

Married/cohabiting 250 (90) 4835 (90) 0.85

Socioeconomic index 38 (16) 42 (17) <0.0001

Education <12 y  
schooling

117 (42) 2003 (37) 0.14

Tertiary education 222 (80) 4446 (83) 0.18

Full-/part-time work 228 (82) 4566 (85) 0.14

Primigravida 66 (24) 1231 (23) 0.84

Previous miscarriage 37 (13) 738 (14) 0.88

Previous termination 28 (10) 569 (11) 0.84

Smoking status 0.82

  Nonsmoker 212 (76) 4047 (76)

  Ceased smoking in  
pregnancy

39 (14) 718 (13)

  Current smokers 27 (10) 580 (11)

Body mass index, kg/m2 <0.0001

  <20.0 10 (4) 393 (7)

  20.0–24.9 96 (34) 2705 (51)

  25.0–29.9 94 (34) 1481 (28)

  ≥30 78 (28) 766 (14)

Mean (SD) systolic blood  
pressure, mm Hg

112 (11) 107 (10) <0.0001

Mean (SD)diastolic blood  
pressure, mm Hg

69 (8) 65 (8) <0.0001

Data are mean (SD) or numbers (percentages).
*P values are comparisons between groups with χ2 or Student t test.
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rate–adjusted P value <0.05) are shown in Table 3. The AUCs 
indicate poor to modest predictive performance of a single bio-
marker to predict preeclampsia (Table 3). The plasma concen-
tration of all the biomarkers excluded from Table 3 was not 
different in women who later developed preeclampsia com-
pared with those who did not. Of note, 2 biomarkers (elafin and 
leptin), found to be significantly different prior to preeclamp-
sia in the total cohort, were not included in the biomarkers for 
multivariable modeling as these had not met the criteria for 
variable selection (P<0.01 in the training cohort, Table S2).

In the total cohort, the only biomarkers that were signifi-
cantly different prior to preterm and early-onset preeclampsia 

compared with women without these conditions were pla-
cental growth factor (PlGF) and endoglin. Plasma PlGF 
concentrations at 14 to 16 weeks’ gestation were lower prior 
to preterm preeclampsia (median [interquartile range], 0.04 
[0.2–0.7] versus 1.0 [0.5–1.6] mg/mL; P<0.0001] and early-
onset preeclampsia (0.02 [0.2–0.4] versus 1.0 [0.5–1.6]  
mg/mL; P<0.0001], Wilcoxon with false discovery rate cor-
rection P value <0.05. The AUC for PlGF for preterm and 
early-onset preeclampsia in the total cohort was 83 (95% 
confidence interval, 74–92) and 74 (95% confidence inter-
val, 67–80), respectively. Endoglin concentration was higher 
in women who later developed early-onset preeclampsia 

Table 3. Univariate Analysis and AUC of Individual Biomarkers Measured at 14 to 16 Weeks’ Gestation Comparing 
Preeclampsia With Controls (No Preeclampsia)

Biomarker* Preeclampsia (n=278) No Preeclampsia (n=5345) P Value† AUC (95% CI)‡

Angiogenin, mg/mL 7.6 (5.6–11.0) 6.9 (5.1–9.5) 0.006 56 (53–60)

BNP, ng/mL 884 (631,1330) 989 (686,1412) 0.02 55 (51–58)

CRP, mg/mL 12.6 (7.7–23.2) 9.9 (5.3–18.5) <0.001 59 (56–62)

Cystatin C, mg/mL 2.0 (1.6–2.5) 1.9 (1.5–2.4) 0.01 55 (52–59)

Elafin, ng/mL 138 (97–178) 124 (91–166) 0.01 56 (52–59)

ICAM-1, ng/mL 672 (553–845) 637 (513–799) 0.02 55 (52–59)

IL-1Ra, ng/mL 11 (8–17) 10 (7–15) 0.008 56 (52–59)

Leptin, ng/mL 11.3 (5.5–16.8) 9.3 (5.5–15.5) 0.049 54 (41–58)

Leptin receptor, ng/mL 132 (92–168) 146 (109–182) <0.001 57 (54–61)

PlGF, ng/mL 642 (347–1252) 977 (545–1649) <0.001 61 (58–65)

TIMP-1, ng/mL 101 (74–131) 91 (73–119) 0.01 55 (52–59)

AUC indicates area under receiver operating curve; BNP, brain natriuretic peptide; CI, confidence interval; CRP, C-reactive protein; ICAM-1, intercellular 
adhesion molecule 1; IL-1Ra, interleukin-1 receptor antagonist; PlGF, placental growth factor; and TIMP-1, tissue inhibitor of metalloproteinase 1.

*Biomarker concentrations are shown as median (interquartile range) for raw data.
†Comparison of preeclampsia with no preeclampsia in the total cohort using Wilcoxon, with the P value adjusted using False Discovery Rate.
‡AUC was calculated using log-transformed biomarker data.

Table 2. Pregnancy Outcome by Preeclampsia Status

Early-Onset 
Preeclampsia (n=28)

Preterm Preeclampsia 
(n=69)

Term Preeclampsia 
(n=209)

All Preeclampsia 
(n=278)

No Preeclampsia 
(n=5327)* P Value†

Maternal

  Mean maximum systolic blood 
pressure, mm Hg

177 (21) 168 (18) 154 (15) 158 (17) 123 (13) <0.0001

  Mean maximum diastolic blood 
pressure, mm Hg

111 (13) 105 (11) 99 (9) 101 (10) 77 (10) <0.0001

  Protein creatinine ratio, mg/mmol
246 (96–591) 164 (65–312) 76 (45–136) 90 (50–204) …

n=21 n=49 n=112 n=161

  24 h urinary protein, g/24 h
1.4 (0.7–3.5) 1.1 (0.6–2.5) 0.7 (0.4–1.3) 0.8 (0.5–1.6) …

n=20 n=42 n=74 n=116

Fetal

  Mean birth weight, g 1563 (453) 2024 (619) 3357 (537) 3026 (802) 3421 (572) <0.0001

  Mean gestation at delivery, wk 32 (2) 34 (2) 39 (1) 38 (3) 40 (2) <0.0001

  SGA (<10th customized centile) 18 (64) 39 (57) 31 (15) 70 (25) 561 (11)‡ <0.0001

  Admission to neonatal unit 26 (93) 52 (75) 31 (15) 83 (30) 564 (11) <0.0001

  Perinatal death 2 (7) 2 (3) 1 (0.5) 3 (1) 28 (0.5) 0.42

Data are numbers (percentages) or mean (SD) or median (interquartile range). SGA indicates babies born small for gestational age.
*Excludes miscarriages and terminations of pregnancy (n=18).
†P values are comparisons between all preeclampsia and no preeclampsia using χ2 or Student t test.
‡n=5323 as 4 fetal losses at 20–22 weeks had no birth weight customized centile.
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(median [interquartile range], 22.6 [16.7–26.7] versus 16.0 
[12.3–20.6] mg/mL; P=0.008).

Predictive models were constructed for preeclampsia, term 
preeclampsia, preterm preeclampsia, and early-onset pre-
eclampsia, using biomarkers, clinical risk factors, clinical 
risk factors with biomarkers, and the combination of clinical 
risk factors, biomarkers, and scan variables. The biomarkers 
or biomarker ratios, clinical risk factors, and scan variables 
included in the multivariable models, along with their AUCs, 
are shown in Table 4.

The final model for the prediction of preeclampsia included 
PlGF, mean arterial pressure, body mass index, high daily fruit 
consumption, and mean uterine artery resistance index. The 
AUC (95% confidence interval) for this model in the training and 
validation cohorts was 0.73 (0.70–0.77) and 0.68 (0.63–0.74),  
respectively.

The performance of the predictive model of early-onset pre-
eclampsia was somewhat better with the AUC of the model 
(cystatin C/PlGF, mean arterial blood pressure, and mean 
uterine artery resistance index) being 0.83 in the validation 

cohort (Table 4). Given that the interassay coefficient of varia-
tion for cystatin C was 28%, the impact of excluding cystatin 
C was evaluated. After exclusion of cystatin C, the model for 
prediction of early-onset preeclampsia included Angiogenin/
PlGF, mean arterial pressure, any pregnancy loss <10 weeks, 
and mean uterine artery. The AUC (95% confidence interval) 
for this model in the training and validation cohorts was 0.89 
(0.78–1.0) and 0.78 (0.58–0.99), respectively. Table 5 sum-
marizes the screening characteristics of the final models for 
the prediction of preeclampsia, term preeclampsia, preterm 
preeclampsia, and early-onset preeclampsia on the basis of a 
combination of biomarker, clinical, and scan variables at a 5% 
false-positive rate in the validation data set. The models are 
detailed in Table 5.

Discussion
This study represents one of the most comprehensive evalua-
tions of putative biomarkers in early pregnancy (14–16 weeks 
of gestation) to predict preeclampsia, performed using a rigor-
ous prospective cohort design that ensured the quality of the 

Table 4. AUCs From Multivariable Models to Predict Preeclampsia, Term and Preterm Preeclampsia, and Early-
Onset Preeclampsia

End Point and Type of Variables Variables in Model

AUC (95% CI) AUC (95% CI)

Training Cohort (n=3747) Validation Cohort (n=1876)

Preeclampsia

  Biomarkers† PlGF, IL-1Ra, CRP/HbF 0.64 (0.60–0.69) 0.66 (0.60–0.73)

  Clinical MAP, BMI, family history of  
preeclampsia, high fruit intake

0.73 (0.69–0.76) 0.64 (0.59–0.69)

  Biomarkers+clinical PlGF, MAP, BMI, family history of preeclampsia, high 
fruit intake

0.73 (0.69–0.77) 0.68 (0.62–0.73)

  Biomarkers+clinical+scan PlGF, MAP, BMI, high fruit intake,  
mean uterine artery RI

0.73 (0.70–0.77) 0.68 (0.63–0.74)

Term preeclampsia

  Biomarkers TIMP-1, leptin, IL-1Ra/ANP propeptide 0.65 (0.61–0.70) 0.52 (0.45–0.60)

  Clinical MAP, BMI, high fruit intake 0.71 (0.67–0.75) 0.60 (0.53–0.66)

  Biomarkers+clinical TIMP-1, MAP, BMI, high fruit intake 0.72 (0.68–0.76) 0.59 (0.52–0.65)

  Biomarkers+clinical+scan TIMP-1, MAP, BMI, high fruit intake 0.72 (0.68–0.76) 0.59 (0.53–0.66)

Preterm preeclampsia

  Biomarkers IL-1Ra/PlGF 0.69 (0.59–0.79) 0.74 (0.65–0.83)

  Clinical MAP, any previous pregnancy  
loss ≤10 wk

0.71 (0.62–0.80) 0.60 (0.48–0.72)

  Biomarkers+clinical IL-1Ra/PlGF, MAP, any previous pregnancy loss 
≤10 wk

0.75 (0.67–0.83) 0.72 (0.62–0.82)

  Biomarkers+clinical+scan IL-1Ra/PlGF, MAP, mean uterine artery RI 0.78 (0.70–0.87) 0.80 (0.70–0.91)

Early-onset preeclampsia

  Biomarkers Cystatin C/PlGF 0.85 (0.76–0.94) 0.72 (0.55–0.89)

  Clinical MAP, any previous pregnancy  
loss ≤10 wk

0.80 (0.65–0.94) 0.64 (0.44–0.85)

  Biomarkers+clinical Cystatin C/PlGF, MAP, any previous pregnancy loss 
≤10 wk

0.87 (0.76–0.99) 0.73 (0.55–0.90)

  Biomarkers+clinical+scan Cystatin C/PlGF, MAP, mean  
uterine artery RI

0.90 (0.79–1.0) 0.83 (0.66–1.0)

High fruit intake is ≥3 pieces of fruit per day. ANP indicates atrial natriuretic peptide; AUC, area under receiver operating curve; BMI, body 
mass index; CI, confidence interval; CRP, C-reactive protein; HbF, fetal hemoglobin; IL-1Ra, interleukin-1 receptor antagonist; MAP, mean 
arterial blood pressure; PlGF, placental growth factor; RI, resistance index; and TIMP-1, tissue inhibitor of metalloproteinase 1. 

†Biomarkers or ratios of biomarkers.
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biobanked specimens and integrity of the data. We present a 
series of models combining biomarkers and clinical and ultra-
sound data that predict risk of preeclampsia and its different 
subphenotypes in this large, international pregnancy cohort 
of low-risk nulliparous women. The optimal model for the 
prediction of preeclampsia gives, at best, modest prediction, 
and does not perform at a level that would be acceptable for 
introduction into clinical practice. We have previously per-
formed a detailed, state-of-the-art analysis of clinical risk fac-
tors in this cohort9 and developed a model combining novel 
clinical risk factors with modest performance (AUC of 0.71). 
Our expectation was that early pregnancy prediction of pre-
eclampsia would be improved by the addition of biomarkers. 
Despite numerous previous studies supporting the selection 
of the majority of biomarkers included in this investigation, 
none, nor any combination, significantly improved the per-
formance of the clinical risk model (AUC of 0.73 and 0.68 
in the training and validation data sets, respectively, for the 
prediction of all types of preeclampsia). The early pregnancy 
prediction of preterm, and particularly early-onset preeclamp-
sia, is improved by combinations of biomarkers with clinical 
risk factors at 14 to 16 weeks and uterine artery Doppler ultra-
sound (performed at 19–21 weeks).

These analyses provide interesting insights into possible 
biological determinants of the different disease phenotypes. 
A biomarker common to models for all preeclampsia, pre-
term and early-onset preeclampsia is PlGF. PlGF, a member 
of the vascular endothelial growth factor family, is an angio-
genic, proinflammatory factor produced by trophoblast cells, 
and has a central role in the regulation of vascular endothe-
lial growth factor–dependent angiogenesis.20 PlGF circulates 
free or in complexes with soluble fms-like tyrosine kinase-1 
(vascular endothelial growth factor receptor 1). The mechanis-
tic role of PlGF in the pathogenesis of preeclampsia was first 
described by Zhou et al21 in 2002, and evidence soon emerged 

that PlGF showed potential for early prediction of preeclamp-
sia.14,22,23 However, the clinical utility of PlGF in screening for 
preeclampsia seems confined to early-onset disease.24–26 In line 
with this, the screening performance of models presented here 
indicates that reduced plasma PlGF is more strongly associ-
ated with early-onset preeclampsia. Central to the pathogen-
esis of early-onset preeclampsia is defective early placentation 
with impaired trophoblast invasion and restricted remodeling 
of the spiral arteries resulting in reduced uteroplacental per-
fusion. Consistent with this, the other biomarkers associated 
with early-onset preeclampsia in our study, specifically angio-
genin and endoglin, are also placentally derived and involved 
in angiogenesis, a process fundamental to the development of 
the fetal side of the placenta. Reduced PlGF, increased angio-
genin, and increased endoglin have been previously implicated 
in preeclampsia by many investigators.20,27 In contrast to oth-
ers,26 another placental protein, pregnancy-associated plasma 
protein A, did not add predictive value to our models for early-
onset preeclampsia. Overall, our findings add support to the 
concept that early-onset preeclampsia is a more homogeneous 
disorder, associated with abnormal placentation, that can from 
early pregnancy be predicted, to a degree, through altered lev-
els of specific plasma proteins involved in angiogenesis. It is 
also entirely possible that some biomarkers perform better sim-
ply when they are measured closer to the onset of disease and 
therefore by definition, early-onset disease is more predictable.

The challenge involved in applying such models to clini-
cal screening for early-onset preeclampsia is the very low 
prevalence of disease (0.5%), which, even with a highly dis-
criminatory screening test, results in a huge number of false-
positive tests for every true-positive result.26 In our validation 
cohort, the optimal model (based on cystatin C/PlGF, mean 
arterial blood pressure, and mean uterine artery resistance 
index) for early-onset preeclampsia detected 44% of cases, 
at 95% specificity, with positive likelihood ratio of 8.9. For 

Table 5. Screening Test Characteristics, at 95% Specificity, for Preeclampsia and Term, Preterm, and Early-
Onset Preeclampsia of the Multivariable Models Based on Biomarkers, Clinical Risk Factors, and Ultrasound 
Scan

Clinical Group Pretest Prevalence Sensitivity Positive Predictive Value Negative Predictive Value Positive Likelihood Ratio

Preeclampsia 4.9%

  Training 22 (17–29) 20 (15–26) 96 (95–96) 4.5

  Validation 17 (10–27) 13 (8–21) 96 (95–97) 3.3

Term preeclampsia 3.7%

  Training 19 (13–26) 14 (10–20) 96 (96–97) 3.8

  Validation 6 (2–16) 3 (1–9) 97 (96–98) 1.1

Preterm preeclampsia 1.2%

  Training 41 (28–57) 9 (6–14) 99 (99–100) 8.3

  Validation 42 (24–61) 10 (5–17) 99 (99–99) 7.9

Early-onset preeclampsia 0.5%

  Training 67 (41–85) 5 (3–10) 100 (100–100) 13.4

  Validation 44 (19–74) 4 (2–11) 100 (99–100) 8.9

Models on which screening performance was calculated: preeclampsia: −12.200−0.655 high fruit intake+0.054 body mass index 
(BMI)+0.065 mean arterial blood pressure (MAP)+2.569 mean uterine artery resistance index (RI)−0.311 placental growth factor 
(PlGF); term preeclampsia: −9.504−0.577 high fruit intake+0.058 MAP+0.058 BMI+0.550 tissue inhibitor of metalloproteinase 1; 
preterm preeclampsia: −14.164+0.075 MAP+6.1782 mean uterine artery RI+0.649 interleukin-1 receptor antagonist/PlGF; early-onset 
preeclampsia: −34.347+0.109 MAP+7.679 mean uterine artery RI+1.232 cystatin C/PlGF.
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every true-positive test result, there would be 23 false-positive 
screening tests. Extrapolating our data to screening a nullipa-
rous population of 10 000 women, 519 (5%) women would 
screen positive for being at risk of early-onset preeclampsia. 
If treatment of low-dose aspirin prevented 25% of early-onset 
preeclampsia cases, the number needed to screen and then 
treat to prevent 1 case would be 1818 and 95 women, respec-
tively. It is likely that improved performance of screening 
healthy nulliparous women for early-onset preeclampsia will 
be achieved only either by the discovery of novel, highly dis-
criminatory biomarkers, possibly the incorporation of serial 
change in biomarkers,24 or by extremely large studies that 
are powered to enable local modeling for specific subgroups 
of women, such as the obese or those with a positive family 
history.

Term preeclampsia is often considered to be a maternal 
syndrome with evidence of placental dysfunction only in 
the minority of cases.1,28 Given the poor prediction of term 
preeclampsia in the SCOPE study, it is likely that the early 
pregnancy prediction of term disease may remain elusive 
as the most robust biomarkers reflect placental dysfunction. 
Alternatively, it is possible that early pregnancy screening 
for term preeclampsia may be improved by the inclusion of 
biomarkers that better reflect underlying cardiovascular and 
metabolic susceptibility to the disorder. While C-reactive 
protein (a biomarker that has been previously reported to be 
associated with cardiovascular risk in women),29 leptin, and 
leptin receptor were significantly different at 14 to 16 weeks 
in women who developed term preeclampsia compared with 
those who did not (Table S2), none was included in the multi-
variable model. Inclusion of other cardiovascular biomarkers 
such as lipids, fatty acids,30 and the recently identified glyco-
gen phosphorylase isoenzyme BB31 may improve prediction 
of term disease. The immunoassay platforms used to mea-
sure the biomarkers in this study precluded inclusion of lip-
ids. Again local prediction models for specific at-risk groups, 
such as obese women, might also improve prediction of term 
preeclampsia.

Arguably, the clinical need for an effective screening test 
is greatest for term disease. Although preterm preeclampsia 
results in the most severe fetal morbidity, term preeclampsia 
comprises the majority of women with preeclampsia (75% of 
preeclampsia cases in the SCOPE study). A review of cases 
of severe preeclampsia in 16 maternity units in the United 
Kingdom demonstrated that one third of neonatal deaths were 
of infants born at term32 and analysis of data from Canada 
demonstrated that two thirds of cases of eclamptic seizures 
occurred at term.33 A recent meta-analysis showed that the ini-
tiation of low-dose aspirin prophylaxis at or before 16 weeks’ 
gestation did not reduce the rate of term preeclampsia.34 Given 
that term preeclampsia can be managed by expedient deliv-
ery after 37 weeks, an alternative strategy is identification of 
those at risk of late-onset preeclampsia in the third trimester. 
While screening for early-onset preeclampsia needs to be per-
formed in early pregnancy to offer intervention with low-dose 
aspirin, second-stage screening at 32 to 34 weeks of gestation 
would enable increased surveillance of women at high risk of 
late-onset preeclampsia and timely delivery to prevent major 
maternal or fetal morbidity. This pyramid approach advocated 

by Smith35 may have some immediate benefits on clinical 
care. Later screening and elective delivery of those at high 
risk at 37 weeks may alleviate the significant maternal and 
fetal morbidity burden of term disease.

This study has numerous strengths. SCOPE is a prospec-
tive, international cohort of low-risk nulliparous women with 
predefined aims. The biobank was collected and is curated 
according to rigorous standardized protocols and is accom-
panied by detailed and pristine phenotyping. Moreover, this 
was a large cohort study of 5623 women. Other investigators 
have reported models for the prediction of preeclampsia with 
better performance than those reported here. Many of the 
reported models have been generated by smaller case–control 
studies, in which the control population comprises women 
with entirely uncomplicated pregnancy outcomes. The results 
of such studies are misleading and introduce bias with over-
estimation of screening performance.36 In general, there is a 
tendency for biomarkers which show promise in case–control 
studies to subsequently demonstrate little or no predictive util-
ity in cohort studies, where the noise of other adverse out-
comes reduces their performance. Discrepancies have been 
reported in the literature for many biomarkers, such as vas-
cular endothelial growth factor receptor 1 (soluble fms-like 
tyrosine kinase-1), initially proposed as a significant predictor 
in the first trimester of later preeclampsia in case–control stud-
ies,37–39 which was not confirmed in cohort studies.24,40

The SCOPE cohort consists of entirely low-risk nullipa-
rous women, as the majority of cases of preeclampsia occur 
in this population. Furthermore, and by definition, low-risk 
nulliparous women do not have some of the strongest clinical 
risk factors for the development of preeclampsia (a history of 
previous early-onset preeclampsia or preexisting medical con-
ditions). Models with apparently better performance than that 
reported here (for examples see Poon et al,11 Akolekar et al,26 
and Poon et al41) have been generated in heterogeneous popu-
lations consisting of both nulliparous and multiparous women, 
often with pre-existing risk factors. There are inherent flaws 
with the generating models in such heterogenetic populations 
(compared with the SCOPE population) as the models gener-
ated within them, particularly those containing clinical risk 
factors, will not attain the ascribed performance in low-risk 
nulliparous women. Models derived from studies of high-risk 
women can and should be applied to high-risk populations. 
However, other studies in nulliparous populations report 
screening characteristics similar to our findings.24,42

There are some limitations to this study. More than 90% 
of women in SCOPE are white, and this limits the applica-
bility of this study to other ethnic groups. The low incidence 
of the more uncommon subgroups of preeclampsia (such as 
early-onset preeclampsia) inevitably means that the models 
presented here may be overfit to the data. Biomarkers avail-
able in the multivariable modeling process were selected on 
the basis of univariate significance in the training cohort, and 
the low incidence meant that there was a low ratio of cases 
per biomarker available for model construction. We used the 
more stringent Bayesian Information Criterion stopping cri-
teria to reduce overfitting in the training data, and as a result, 
the subsequent performance of the models in the indepen-
dent validation cohort should provide a realistic reflection 
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of the performance that could be expected on application of 
these methods to a new population with similar ethnic and 
demographic characteristics. Furthermore, as the primary 
aim of SCOPE was the generation of an early pregnancy 
screening test, the trial design did not include a third-trimes-
ter sample. Thus, validation of these findings is required in 
a larger cohort.

Perspectives
We present what we think is the most comprehensive evalu-
ation to date of putative biomarkers combined with clini-
cal risk factors and uterine Doppler ultrasound to generate 
predictive models for preeclampsia in low-risk nulliparous 
women. The modest prediction of all cases of preeclampsia 
precludes translation of the algorithm into clinical practice. 
Our data suggest that prediction of early-onset disease may 
be attainable. However, early-onset disease accounts for a 
minority of cases and the burden of disease lies within pre-
eclampsia presenting at or close to term. Early pregnancy 
prediction of term preeclampsia remains too poor to be of 
clinical use and, on the basis of these data, we support the 
concept of 2-stage screening with screening in early preg-
nancy for early-onset disease and screening for term pre-
eclampsia in the third trimester.
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What Is New?
•	This study represents the most comprehensive evaluation to date of all 

putative biomarkers and clinical risk factors for the development of pre-
eclampsia, a serious complication of pregnancy, which causes signifi-
cant maternal and neonatal morbidity and mortality.

What Is Relevant?
•	The best performing model for the prediction of preeclampsia failed to 

achieve previously reported performance levels of models generated in 
populations of mixed parity and risk.

Summary
In low-risk first-time mothers, combining multiple biomarkers and 
clinical and ultrasound data does not result in a clinically use-
ful test. Future research efforts should concentrate on either the 
discovery of new biomarkers or the development of a 2-staged 
screening method.

Novelty and Significance
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