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A B S T R A C T

Background: Preeclampsia is a disease specific to pregnancy that can cause severe maternal and foetal morbidity and mortality. Early identification of women at
higher risk for preeclampsia could potentially aid early prevention and treatment. Although a plethora of preeclampsia prediction models have been developed in
recent years, individualised prediction of preeclampsia is rarely used in clinical practice.
Objectives: The objective of this systematic review was to provide an overview of studies on preeclampsia prediction.
Study design: Relevant research papers were identified through a MEDLINE search up to 1 January 2017. Prognostic studies on the prediction of preeclampsia or
preeclampsia-related disorders were included. Quality screening was performed with the Quality in Prognostic Studies (QUIPS) tool.
Results: Sixty-eight prediction models from 70 studies with 425,125 participants were selected for further review. The number of participants varied and the
gestational age at prediction varied widely across studies. The most frequently used predictors were medical history, body mass index, blood pressure, parity, uterine
artery pulsatility index, and maternal age. The type of predictor (maternal characteristics, ultrasound markers and/or biomarkers) was not clearly associated with
model discrimination. Few prediction studies were internally (4%) or externally (6%) validated.
Conclusions: To date, multiple and widely varying models for preeclampsia prediction have been developed, some yielding promising results. The high degree of
between-study heterogeneity impedes selection of the best model, or an aggregated analysis of prognostic models. Before multivariable preeclampsia prediction can
be clinically implemented universally, further validation and calibration of well-performing prediction models is needed.

1. Introduction

Globally, 10–15% of all maternal deaths are attributable to pre-
eclampsia or eclampsia, a placentally derived disease of pregnancy
[1,2]. Timely identification and management of preeclampsia can lead
to significantly improved maternal and perinatal outcomes. However,
even in settings with high-quality care, the severity and onset of the
condition remain largely unpredictable, with high morbidity and mor-
tality.

Risk prediction of preeclampsia and preeclampsia-related disorders
has received much attention over the past two decades. Before
16 weeks’ gestation, women at high risk of preeclampsia benefit from
low-dose aspirin [3,4]. Moreover, increased vigilance for high-risk
women throughout pregnancy can facilitate early identification and
treatment, which should reduce the incidence of adverse outcomes. At
the first antenatal visit, women are stratified into high or low-risk ca-
tegories for the development of a range of pregnancy-related disorders,
including preeclampsia, based on the presence of risk factors. However,
individualised prediction models, especially for preeclampsia and its
related disorders, are not currently available for use in clinical practice,
despite various models having been developed.

To date, meta-analyses [5–9] have contributed to the literature for

preeclampsia prediction and with single risk factors, and a 2016 review
[10] provided a summary of prognostic models published up to July
2012. However, a comprehensive overview of the availability and
predictive performance of multivariable predictive models for pre-
eclampsia is lacking. To fill that knowledge gap, we conducted a sys-
tematic review as an extension to the 2016 paper. Moreover, as preg-
nancy is a dynamic process, we aimed to assess to what extent changes
in risk factors during pregnancy have been taken into account in pre-
diction models to date.

2. Methods

2.1. Search strategy

MEDLINE (PubMed) was searched on 10 January 2017 for pub-
lished articles between 1 July 2012 and 10 January 2017. For reasons
of consistency, the search terms published by Kleinrouweler et al. [10]
were used, excluding terms for outcomes not associated with placenta-
related pregnancy disorders. The outcomes were therefore “(abruption
[tiab] OR growth restrict* OR preeclampsia [tiab] OR pre-eclampsia
[tiab] OR pregnancy induced hypertension [tiab] OR HELLP [tiab] OR
preterm deliver* [tiab] OR stillbirth OR “small-for-gestational-age” OR
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preterm birth [tiab] OR prematurity [tiab] OR “fetal death” [tiab] OR
“perinatal mortality” [tiab])”. See Appendix S1 for a detailed descrip-
tion of the search terms.

2.2. Study selection

Prognostic studies were included for the prediction of preeclampsia
or preeclampsia-related disorders, e.g. HELLP (Hemolysis, ELevated
liver enzymes, and Low Platelet count) syndrome, eclampsia, and
pregnancy-induced hypertension, with at least one indicator of pre-
diction model performance. The domain for the inference of the results
was defined as pregnant women who could potentially develop pre-
eclampsia or a preeclampsia-related disorder at a later time point in
pregnancy. Studies assessing the outcome severity in women with
current preeclampsia or hypertension were therefore excluded. In ad-
dition, studies restricted to women with pre-existing medical disorders,
such as HIV/AIDS, antiphospholid syndrome or systemic lupus er-
ythematosus, were excluded. If the method of participant selection was
unclear, the corresponding author was contacted for clarification.
Indicators of model performance included model discrimination, cali-
bration and validation. The discrimination of a model is typically
quantified using its receiver operating curve (ROC), which is a plot of
sensitivity against one minus specificity across risk thresholds. The area
under the ROC curve (AUC) is the probability of correctly identifying
which of two individuals is more likely to have the outcome – a model
with no prognostic value would have an AUC of 0.5. Model calibration
indicates the degree to which the predicted and observed risks corre-
spond to one another, typically quantified at the group level. Model
validation is an assessment of whether the prediction model developed
in one study population performs well in segments of the original po-
pulation (also termed internal validation) or in a different population
(also termed external validation). Included prediction models after full-
text review were summarised based on the model performance listed
above. AdK performed the paper screening and selection, in consulta-
tion with SP and SK.

2.3. Qualitative data synthesis

Data extraction was performed using a pre-specified extraction
form. Study date, size, design, location and assessment of risk factor
changes were recorded. Variables that were considered for prediction
(candidate predictors) were recorded, as well as the variables that were
included in the subsequent, ‘final’, prediction model (selected pre-
dictors). When multiple outcomes were considered in a single study, the
prediction model with preeclampsia irrespective of severity or timing of
gestation was presented as the main outcome for the purpose of com-
parability. The candidate and selected predictors were grouped ac-
cording to the AUC, sensitivity/specificity or false positive/detection
rate of the prediction model in order to see whether there was a global
association of type of included predictor variables (such as serum
markers or baseline characteristics) with model discrimination. Where
available, the AUC of the final prediction models was recorded. Based
on a previous review [10], the study populations and outcomes were
expected to be too heterogeneous to perform an aggregated analysis. A
meta-analysis was therefore not included in the pre-specified protocol.

2.4. Quality assessment

Studies that assessed the predictive capacity of a single prognostic
factor, rather than assessing a combination of prognostic factors, were
not included for quality assessment. Model development with a single
prediction factor was aimed at assessing the association of a single
variable with disease, while we aimed to include studies evaluating the
best method to predict preeclampsia and preeclampsia-related dis-
orders in a population. Studies in which the best prediction model had
an AUC below 0.6 were furthermore not included for quality assess-
ment, as a model with such poor discrimination between women who
will and will not develop preeclampsia was deemed unlikely to be
useful in clinical practice. The methodological quality of the remaining
full-text papers was assessed using the Quality In Prognostic Studies
(QUIPS) tool [11]. Studies were scored on risk of bias in the following

Fig. 1. Flow chart of literature screening process.
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categories: study participation, study attrition, prognostic factor mea-
surement, outcome measurement, and statistical analysis and reporting.
‘Study confounding’ is included in the QUIPS score, but is irrelevant in
this context of risk prediction. Studies were selected for further analysis
if they scored as ‘low bias’ on at least 3 of the 5 quality assessment
categories.

3. Results

3.1. Systematic search

Fig. 1 shows a flow chart of the study selection process. Sixty-one
papers were included for quality assessment from the previous review
[10]. The updated systematic search yielded a further 5656 records.
After full-text screening, the total number of included studies was 174.
Following the quality assessment (Table S1), 70 studies with 68 pre-
diction models including 425,125 women were selected for further
review. From these 70, 21 studies were included from the Kleinrou-
weler review and 49 studies were included that had been published at a
later date. The included studies are summarised in Tables 1–3. Most
studies (76%) were based in Europe, USA or Australia. Study popula-
tions either comprised all pregnant women presenting for antenatal
screening or a selection of women based on gestational age, parity, or
presence of risk factors.

3.2. Outcome definition

Preeclampsia was relatively uniformly defined as a combination of
de novo hypertension in pregnancy and proteinuria, with most studies
adhering to the latest International Society for the Study of
Hypertension in Pregnancy (ISSHP) consensus definition [12,13]. The
definition changed slightly between 2001 and 2014, in the latter defi-
nition giving room to a diagnosis of preeclampsia without proteinuria
in the presence of maternal organ dysfunction or uteroplacental dys-
function [13]. The greatest difference between studies arose in the
definition of subgroups of timing and severity of disease. Sixty-five
(87%) studies used ‘all preeclampsia’ as an outcome, 18 (26%) preg-
nancy-induced hypertension, 13 (19%) early-onset preeclampsia, 9
(13%) late-onset preeclampsia and 7 (10%) severe preeclampsia, in-
cluding eclampsia and HELLP syndrome. Two studies solely considered
severe preeclampsia [14,15].

3.3. Predictors

Table 1 lists the studies in which the final prediction models only
included non-time-varying (i.e. parity or ethnicity) and time-varying
(i.e. blood pressure) maternal characteristics. The prediction model in 2
(3%) studies only included non-time-varying maternal characteristics
and 5 (7%) prediction models only included time-varying and non-
time-varying maternal characteristics at baseline and/or throughout
pregnancy. Twelve (17%) studies included maternal characteristics and
ultrasound characteristics as predictor variables, of which 11 studies
included both maternal and ultrasound characteristics in the final
prediction model (Table 2). Maternal characteristics and biomarkers
were assessed as candidate predictors in 15 (21%) studies (Table 2).
From these, 10 studies included both variable types in the final model, 2
studies only included maternal characteristics and 3 studies only in-
cluded biomarkers. Table 3 lists 35 (50%) studies that assessed ma-
ternal, ultrasound and biomarker characteristics as candidate pre-
dictors. Five studies included 1 predictor category in the final model, 8
studies included 2 categories and 22 studies included all three cate-
gories.

The most frequently used predictors were medical history (61% of
models), body mass index (BMI) (59%), blood pressure (51%), parity
(49%), uterine artery pulsatility index (UtA PI, 49%) measured using
ultrasound, and maternal age (44%). In 91% of the models that

included maternal baseline characteristics, blood pressure, or BMI as
candidate predictors, these predictors were included in the final model.

3.4. Discrimination

Of all included models, the AUCs ranged from 0.61 [16] to 0.996
[17]. The study with the lowest AUC included 229 participants< 17
weeks’ gestation, while the study with the highest AUC had 3529
participants between 22 and 25weeks’ gestation. The selected predictor
variables in the final models seemed to be distributed independently of
model AUC (Figs. 2–4). The AUCs of models with only maternal char-
acteristics ranged between 0.77 and 0.89 (Table 1). The range of AUCs
was 0.71–0.996 for models with the addition of ultrasound markers,
and 0.61–0.90 for models with the addition of biomarkers (Table 2).
The AUCs of models with included maternal characteristics, ultrasound
markers and biomarkers as predictors ranged between 0.76 and 0.97.
Where AUC was not reported as a measure of model discrimination, the
detection rate was used in some cases. Models with a fixed 10% false
positive rate exhibited a range of detection between 35 [18]-73%[19].
In other words, accepting a chance of 10% of incorrectly classifying
someone at ‘high risk’, 73% of preeclampsia cases could potentially be
detected using a model that included serum markers – placental growth
factor (PlGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) – and the
mean arterial pressure at 35–37week’s gestation, compared to 35%
with a set of maternal characteristics assessed between 9 and 13weeks’
gestation.

3.5. Timing of prediction

Most studies (87%) made a risk assessment at a set time point in
pregnancy, sometimes coinciding with a clinically relevant event such
as first trimester screening. Other studies (13%) assessed the predictive
capacity of risk factors measured at multiple time points. In a study of
305 participants, changes in maximal capillary density (MCD) in the
intervals 20–24 and 27–32weeks’ gestation were simultaneously in-
cluded as significant predictors in the final prediction model, with an
AUC of 0.94 [20]. Model performance with both measurements was not
compared to a model with a single measurement at either time point. A
larger study of 12,996 women included blood pressure measurements
at various time points during pregnancy, leading to a prediction model
at each time point [21]. The resulting AUCs increased with advancing
gestational age. While this prediction model is illustrative of varying
predictive performance with gestational age, it does not provide an
updated individual risk throughout pregnancy, as prior blood pressure
measurements were not included in the model. Overall, the trimester in
which risk factors were assessed did not have a clear association with
model performance (Figs. 2–4).

3.6. Validation and calibration

The majority of models were neither internally nor externally vali-
dated. Three studies divided their study population data into training
and validation datasets [22–24]. There was high AUC concordance for
predicting preeclampsia in the training and validation dataset in two
studies: 0.83 in both training and validation datasets, [22] and 0.76 in
training and 0.78 in the validation dataset [23]. The third study re-
ported a somewhat larger difference, with an AUC of 0.73 in the
training and 0.68 in the validation dataset [24]. Four papers externally
validated different prediction models. In each case, the external vali-
dation was performed in a similar demographic and geographical set-
ting to where the model was developed [16,21,25]. Two studies ex-
ternally validated two prediction models that had been developed in a
different patient setting [26,27]. One algorithm was developed in the
UK and validated in a population from multiple European clinics (UK,
Belgium, Spain, Italy and Greece) [27,28]. The validation study found
similar indices of discrimination in the development and validation
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cohorts, although the confidence intervals in the validation study were
larger despite a larger study population (9041 compared to 1058 par-
ticipants) [27]. Although model discrimination was similar to that of
the developed models in the second algorithm, the predictive perfor-
mance for preeclampsia ≥34weeks’ gestation was poor (AUC 0.578)
and the performance for predicting preterm preeclampsia could not be
accurately assessed due to its low incidence (n= 5) [26]. In one study
that externally validated a prediction model at 28 weeks’ gestation,
model calibration indicated a general overestimation of the risk of
preeclampsia, leading to a re-calibrated model [21].

4. Discussion

In current clinical guidelines, antenatal screening for preeclampsia
and related disorders only takes account of single risk factors, such as
age and parity, that are independently associated with the risk of dis-
ease occurrence. In this systematic review of prediction models of
placentally-derived pregnancy disorders, most models included medical
history, BMI, blood pressure, parity, uterine artery pulsatility index
(UtA PI) and maternal age; fewer models included additional bio-
markers or emerging risk factors. The performance of the models did
not seem to be associated with the choice of predictor variables. The
current clinical relevance of these prediction models seems limited, as
few were externally validated or calibrated. Furthermore, to date there
is no prospective study that has assessed the accuracy of risk prediction
with one or more selected algorithms, in comparison to the current
single risk factor screening.

A recent multi-centre trial assessing the efficacy of aspirin treatment
was the first to employ a preeclampsia risk prediction algorithm in a
clinical setting to determine who would be eligible to receive aspirin
prophylaxis or placebo [29]. The algorithm included maternal baseline
characteristics, mean arterial pressure, UtA PI, and the serum markers
PlGF and pregnancy-associated plasma protein A (PAPP-A). Women
with a predicted risk of ≥1% were considered to be at high risk for
preeclampsia and were therefore eligible for aspirin or placebo treat-
ment. The resulting odds ratio (95% confidence interval) of pre-
eclampsia for aspirin users was 0.38 (0.20–0.74) [29], compared to
0.90 (0.84–0.97) in a population identified as high-risk for pre-
eclampsia with a single risk factor [30]. The larger treatment effect
suggests that the use of a multifactorial prediction model could po-
tentially refine the selection of women in need of increased vigilance
and prophylaxis. However, the risk algorithm was employed with little
evidence for its clinical utility. It therefore remains doubtful whether
this method of patient selection can be extrapolated to a different po-
pulation.

Besides predicting disease occurrence, there may be a clinical ben-
efit in identifying women with preeclampsia who are most likely to
have a severe outcome (such as eclampsia or organ failure). A selection
of risk algorithms for the prediction of preeclampsia severity has al-
ready been identified and validated in several study populations
[31,32]. The next step for the prediction of preeclampsia occurrence
may be to test and compare multiple promising models in diverse po-
pulations in order to narrow down the options for subsequent testing in
clinical practice, with more basic tools required in low-income settings.

Several aspects of this systematic review warrant discussion. The
heterogeneity amongst the included studies is the main limiting factor
in drawing a single conclusion on the benefits and reliability of pre-
eclampsia prediction. Furthermore, the comparison of the various
prediction models by model performance is subject to bias, as these
values are strongly influenced by study-specific factors such as sample
size and risk of preeclampsia in the population, which varied across
studies. Studies that assessed the predictive performance of a single risk
factor were not included, in order to focus solely on the results of model
development. While this has ensured higher quality, comparing the
efficacy of single factor versus multifactorial prediction algorithms is
not possible, which may lead to an overoptimistic view of multivariableTa
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Fig. 2. First trimester predictor and prediction models overview. Top: Text size and text colours indicate the frequency in which the variable was used in the final
prognostic models. Bottom: overview of candidate and selected predictors per study. Green and dotted boxes indicate predictors in final prediction model. Pink and
striped boxes indicate candidate predictor. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Second trimester predictor and prediction models overview. Top: Text size and text colours indicate the frequency in which the variable was used in the final
prognostic models. Bottom: overview of candidate and selected predictors per study. Green and dotted boxes indicate predictors in final prediction model. Pink and
striped boxes indicate candidate predictor. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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prediction models. Lastly, the spectrum of placenta-related disorders of
pregnancy is very broad and not limited to preeclampsia alone. Being
able to predict fetal growth restriction, stillbirth and gestational dia-
betes, for example, would also have clinical benefits. Due to the sheer
size of the available literature, it was not possible to include these
outcomes in the current review.

In summary, with the large variety in preeclampsia prediction study
designs and outcomes impeding model comparisons, it is not possible to
identify the best-performing prediction algorithms or predictors.
Moreover, the rarity of systematic model validation and calibration il-
lustrates the current lack of a coordinated effort to implement pre-
eclampsia prediction in clinical practice.
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