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ABSTRACT

My thesis aims to improve pre-eclampsia prevention and outcomes in Australian women by
providing evidence that can be used to enhance pre-eclampsia risk assessment in broad
antenatal settings. I conducted the thesis in three stages. In stage 1, a systematic review
identified major limitations in the existing evidence for current guideline approaches and
‘simple’ risk models incorporating maternal characteristics to identify women at increased risk
of pre-eclampsia in early pregnancy. While the review demonstrated models including
specialised tests such as uterine artery Doppler and serum biomarkers improved sensitivity to
predict pre-eclampsia compared to simple models, there was insufficient evidence to compare
the performance of simple models versus clinical guideline decision rules; and few simple
models had been externally validated. To address these gaps, I conducted studies with the aim
to validate current guideline approaches and published simple models; and to develop and
validate a simple risk model for predicting pre-eclampsia in settings where specialised tests are
not available. Studies were undertaken using the Perinatal Antiplatelet Review of International
Studies (PARIS) clinical trials dataset (Stage 2); and the Western Sydney Local Health
District’s ObstetriX database (Stage 3). The findings support the use of current guideline
approaches to offer a simple and specific approach for predicting pre-eclampsia. Analysis of
the PARIS dataset demonstrated the methodological challenges for developing and validating
simple risk models to improve on guideline approaches. The PARIS model supported the value
of including maternal mean arterial pressure (MAP) in simple models for pre-eclampsia
prediction. Analysis of Western Sydney data demonstrated ethnic variation in the risk of preeclampsia independent of established clinical risk factors. These findings support the inclusion
of ethnicity for pre-eclampsia risk assessment in Australia’s diverse multiethnic population.
Further research is needed to understand the underlying causes for the reduced risk of preeclampsia observed for immigrant women. The Western Sydney (WS) risk model achieved
modest performance for prediction of pre-eclampsia in nulliparous women. The model did not
outperform the current antenatal guidelines; but has the advantage of providing individualised
risk estimates to better inform patient counselling and guide decisions for further testing and
prophylaxis. Further research is needed to assess the impact of adding MAP to the WS model.
These findings can inform the development of Australian antenatal guidelines for the preeclampsia risk assessment and contribute towards the development of an improved nation-wide
pre-eclampsia preventive strategy.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW
Pre-eclampsia is a major maternal health problem worldwide [1]. It is characterized by the
development of new onset of hypertension and one or more of the following: proteinuria, renal
insufficiency, liver impairment, neurological or haematological complications, foetal growth
restriction or stillbirth at or beyond 20 weeks’ gestation [2]. Pre-eclampsia can lead to severe
adverse maternal and foetal effects, including preterm delivery, maternal and perinatal death
[3].

Worldwide, pre-eclampsia affects 1-8% of pregnancies [3, 4]. Case-fatality rates are higher in
developing countries compared to developed countries [3, 5], but remains a major cause of
maternal deaths in developed countries. The United Nations (UN) Millennium Development
Goals recognise that more effort needs to be spent toward decreasing maternal mortality [6].
The development of effective pre-eclampsia prevention strategies that can be widely
implemented in broad antenatal settings would help address this need.

One effective intervention for prevention is the use of antiplatelet therapy such as aspirin in
pregnancy. Meta-analyses of randomized controlled trials provide evidence that aspirin reduces
the risk of pre-eclampsia, in particular, if started in early pregnancy [7,8]. Therefore, there is
now a need for research to improve risk assessment for pre-eclampsia to identify women at
increased risk who may benefit from antiplatelets or other agents for prevention. This evidence
may ultimately lead to reduced incidence of pre-eclampsia and its complications.

Despite a large volume of published research into risk factors and risk models for pre-eclampsia,
there is no widely accepted approach. This PhD project proposes to address this problem by
validating the current clinical antenatal guidelines for predicting pre-eclampsia; and developing
a practical risk tool for use in antenatal settings where access to more specialised tests are not
routinely available. The findings will be valuable to inform antenatal care guidelines for
assessment of pre-eclampsia risk in early pregnancy to guide selection of antiplatelet therapy
for primary prevention.
1

1.2 PRE-ECLAMPSIA DIAGNOSTIC CRITERIA AND EPIDEMIOLOGY
Pregnancy can induce hypertension, and the associated clinical condition ‘pre-eclampsia’ [2].
The International Society for the Study of Hypertension in Pregnancy (ISSHP) defines preeclampsia as the development of new onset of hypertension at or beyond 20 weeks’ gestation
(systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mm Hg) accompanied
by significant proteinuria (spot urine protein/creatinine ratio ≥30 mg/mmol (0.3 mg/mg)) [2].
In the absence of proteinuria, pre-eclampsia can be also defined as hypertension accompanied
by the new onset of one or more of the following conditions at or beyond 20 weeks’ gestation:
renal insufficiency, liver impairment, neurological or haematological disturbances, foetal
growth restriction or stillbirth [2].

Pre-eclampsia is a major public health problem worldwide, due to the potential for severe
adverse maternal and foetal effects, including death [5]. The global pre-eclampsia incidence
ranges from 1% to 8% [3, 4]. Between 2003-2009, hypertensive disorders, including preeclampsia, were the second leading cause of direct maternal mortality globally, estimated at
343 000 maternal deaths (14.0% of all maternal deaths (range 11.1–17.4%)) [9].

Internationally, the World Health Organisation (WHO) analysis of maternal death data reported
hypertensive disease of pregnancy is the most common cause of maternal death in developed
countries, accounting for 16% of maternal deaths; and the first or second most common cause
after haemorrhage in developing countries [1]. In developed countries, advances in the
management of high-risk women, and the condition itself have improved outcomes leading to
a significant reduction in rates of pregnancy hypertension, pre-eclampsia and its complications
[10]. However, hypertensive disorders of pregnancy, including pre-eclampsia, still remains one
of the leading direct cause of maternal deaths in Australia, affecting approximately 3.3% of
pregnancies and was associated with 6% of maternal deaths and attributed to 2.5% of perinatal
deaths [11].

In developing countries, the risk of complications are higher [1] and case-fatality rates are
higher with maternal and perinatal mortality in Africa estimated at 1.4% and 16.5%
respectively [3, 5], Many women affected do not have access to tertiary level specialist care to
manage the complications Thus, there is a critical need for the development of effective
prevention strategies that can be widely implemented in low resource settings.
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1.3 PRE-ECLAMPSIA IN AUSTRALIA
Compared to other developed countries, the rate of hypertensive disease of pregnancy (HDP)
and pre-eclampsia in Australia appears to be at the high end of the international range. These
rates are estimated using the National Perinatal Database which collects data recorded at birth
by a midwife or other attendant at public and private hospitals [11]. Using these data, the
prevalence of HDP ranges from 9.3% to 12.4% of pregnant women Australia-wide [11],
compared to estimates from other developed countries ranging from 3.6% to 9.1% [4]. In
Australia, a population-based linked dataset cohort study conducted between 2000-2008 has
estimated the overall incidence rate of pre-eclampsia in pregnancy is 3.3% [12]; compared to
estimates from other developed countries ranging from 1.2% to 3.2% [13]. These estimates
may reflect a true population difference between countries or be due to different definitions
and recording methods.

Rates of early-onset pre-eclampsia, the more serious form of the condition requiring delivery
before 34 weeks’ gestation, range between 0.3% and 0.6% (in the state of New South Wales
(NSW) and Western Australia (WA) respectively) [4]. HDP including pre-eclampsia represents
the fifth leading direct cause of maternal death related to pregnancy in Australia (4 of 63 (6%)
of maternal deaths between 2012 and 2014) [14]. During the same period, 29 of 1,178 (2.5%)
perinatal (foetal and neonatal) deaths were attributed to HDP [11]. Compared to normotensive
pregnant, women with pre-eclampsia have a relative risk (RR) of maternal death in first year
after delivery of 5.1 (95% confidence interval (CI), 3.07-8.60) [6].

1.4 PATHOPHYSIOLOGY AND CURRENT TREATMENT
The pathogenic sequence of pre-eclampsia develops early in pregnancy and before the clinical
manifestations appear at or beyond 20 weeks of gestation. However, the exact pathogenesis
and pathophysiology of the disease is still not well understood. For ethical reasons, it is difficult
to conduct research in a mother and her foetus to better understanding the pathophysiology of
the disease [15].

The current hypothesis is that pre-eclampsia can develop as a result of placental ischemia due
to defective spiral arteries. The ischemia leads to an increase in the level of the soluble fmslike tyrosine kinase-1 (sFlt1), a protein with anti-angiogenic effects and a decrease in both
placental growth factor (PlGF) and vascular endothelial growth factor (VEGF), proteins with
3

angiogenesis properties. The anti-angiogenic effects result in endothelial dysfunction leading
to multi-organ involvement, in particular, renal and hepatic dysfunction, haematological, and
uteroplacental impairment [15].
Pre-eclampsia may progress to ‘eclampsia’ when it involves the central nervous system, which
is manifested by seizures [16]. In severe complicated and untreated cases, pre-eclampsia can
lead to maternal death [17]. Pre-eclampsia can also affect the foetus and neonates leading to
intrauterine growth retardation, lung immaturity associated with bronchopulmonary dysplasia,
brain insult (cerebral palsy) and foetal death [16-19].

Delivery of the foetus and placenta is the only cure for pre-eclampsia [16]. Following diagnosis,
the goal of management is to prevent complications until a safe birth can be achieved.
Management includes referral to a specialist, hospital admission, bed rest, fluid restriction, and
antihypertensive medications. Magnesium sulphate (MgSO4) is used for eclampsia treatment
and prevention and, also for foetal neuroprotection. Corticosteroids therapy and platelet
transfusion are used in some situations [16].

Ideally, pre-eclampsia will become a preventable disease. Randomized controlled trials (RCTs)
evidence has demonstrated that aspirin reduces the risk of pre-eclampsia, with a relative risk
reduction of 10% reported from the Perinatal Antiplatelet Review International Studies (PARIS)
individual patient data meta-analysis (RR 0·90 (95% CI 0·84–0·97)) [20]. Further trial metaanalyses have indicated these benefits are even greater if aspirin is started before 16 weeks,
with relative risk reduction of more than 50% [21, 22]. Based on this evidence, current antenatal
guidelines in Australia [23] United Kingdom (UK) [24], the United States (US) [25]
recommend antiplatelet prophylaxis for high-risk women.

1.5 RISK FACTORS
There are many published studies investigating a wide range of risk factors for pre-eclampsia
including: maternal characteristics (medical history, pregnancy history, family history);
biochemical tests such as pregnancy-associated plasma protein-A (PAPP-A); and imaging tests
such as uterine artery Doppler. Of these, maternal risk factors have the advantages of being
readily assessable in any setting. Biochemical tests and imaging tests have the disadvantage
that they may not be available in low-resource antenatal settings. A systematic review of risk
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factors for pre-eclampsia identified maternal risk factors that can be assessed at the first
antenatal visit include a personal history of pre-eclampsia or hypertension, obesity, multiple
pregnancy and diabetes [26].

Several large cohort studies have quantified the risk of pre-eclampsia in women with these
known simple maternal risk factors. For example, a Swedish population-based prospective
cohort study (Hernandez-Di'az et al 2009, n= 763 795 women) reported the rate of preeclampsia for women in their second pregnancy with a history of pre-eclampsia in their first
pregnancy was 15%, and up to 32% for women in their third pregnancy with a history of preeclampsia in their first two pregnancies, compared to a 1% risk among multiparous women
without a history of pre-eclampsia [27]. Another prospective study of 3529 healthy nulliparous
women reported 186 (5%) developed pre-eclampsia; with at least 16.5% of women classified
as high-risk of pre-eclampsia [28]. However, most nulliparous women who develop preeclampsia do not have multiple risk factors [28]. Thus, if it is proposed that these risk factors
are used in routine antenatal care, it is important to estimate their accuracy for predicting preeclampsia.

1.6 ETHNIC DIVERSITY AND PRE-ECLAMPSIA
In addition to the variation by country, there is international evidence that the risk of preeclampsia varies within countries by ethnicity [7,13]. Australia has a diverse multicultural
population comprising approximately 300 ethnic groups with one in five residents speaking a
language other than English at home [8]. The ethnic diversity of women giving birth in
Australia is documented by country of birth and primary language spoken at home. In 2017,
36% of women who gave birth in Australia were born overseas [29]. In New South Wales
(NSW) State, the largest ethnic groups by maternal region of birth in 2017 were Asian (North
East Asian, Southern Asian and South East Asian) and Middle East and African women (20.8%
and 5.3% respectively in 2017) [30].

A large international study of population-based datasets from the USA, Canada, Denmark,
Sweden, Spain and Australia in the period 1995-2010 (over 9 million deliveries) reported a
wide variation in the risk of pre-eclampsia between immigrant and non-immigrant women, but
also demonstrated the effect of ethnicity varied by receiving country [13]. In the Australian
group where the sample drawn from Victoria State, the study reported that non-immigrant
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women had a similar or higher risk of pre-eclampsia to immigrant groups. In contrast, Leung
et al. conducted a single centre prospective cohort study in Australia to examine risk factors
for early-onset pre-eclampsia indicated that immigrant women from East Asia and South Asia
background may be at higher risk of early-onset pre-eclampsia than Caucasian women [31].

Therefore, further Australian evidence about the relative importance of ethnicity as a risk factor
may help inform the development of Australian pre-eclampsia risk assessment tools.

1.7 RISK PREDICTION MODELS
Accurate risk prediction would allow doctors to better identify and manage high-risk women
with antiplatelet therapy for prevention and close monitoring; whereas, women classified as
low-risk, such as those with no previous history of pre-eclampsia, and no personal or family
history of hypertension may be advised that treatment is not necessary. Research is ongoing to
define optimal combinations of risk factors to accurately predict women at low versus highrisk of pre-eclampsia. These include simple ‘‘clinical prediction rules” that list which factors
or combinations of factors should be used to identify high-risk women, and the development
of more complex mathematical models that include a set of risk factors and apply a ‘weight’ to
each factor to quantify a woman’s risk level.

Some prediction models include uterine artery Doppler and serum biomarkers tests that are not
routinely available in antenatal care (referred to herein as ‘special tests’). Simple clinical
prediction tools that use routinely collected maternal characteristics to help identify women at
higher risk of pre-eclampsia within a routine antenatal care setting are needed to guide the use
of aspirin in routine practice.

It is essential that risk models are externally validated in different populations to assess their
predictive performance. A risk model may not perform well in new populations due to
overfitting in the development population or due to differences in the distribution of predictors
and outcome rate between development and validation populations [32].
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1.8 ANTENATAL GUIDELINES FOR PRE-ECLAMPSIA PREVENTION
Despite a large volume of research into risk factors and models for pre-eclampsia, guideline
recommendations vary reflecting the uncertainty about the optimal strategy for risk
classification and risk-based treatment. This uncertainty highlights the need for further research.

In Australia, the Society of Obstetric Medicine of Australia and New Zealand (SOMANZ)
Guideline for the Management of Hypertensive Disorders of Pregnancy 2014 recommend low
dose aspirin until 37 weeks’ gestation for women with moderate to high-risk of preeclampsia
and for women with an increased risk in their first pregnancy [23].

In the United Kingdom, current guidelines for management of hypertension in pregnancy from
the National Institute for Health and Care Excellence (NICE) recommend a daily use of 75150 mg aspirin started from 12 weeks gestation until birth for pregnant women assessed at
antenatal booking to be at increased risk for pre-eclampsia based on the presence of one highrisk factor (previous hypertensive disorder of pregnancy, chronic kidney disease, autoimmune
disease, diabetes mellitus 1 or 2, chronic hypertension) or more than one moderate-risk factor
(first pregnancy, ≥40 years, >10 year pregnancy interval, body mass index (BMI) ≥35 at first
visit, family history of pre-eclampsia, multiple pregnancy) [24].

In the US, the US Preventive Services Taskforce (USPSTF) recommend low-dose of aspirin
(60-150 mg/day) to be initiated between 12 and 28 weeks’ gestation in women at increased risk
for pre-eclampsia [25]. The USPSTF guidelines recommend a similar risk assessment approach
to NICE, but the risk factors listed in each are not identical. The USPSTF incorporate ethnicity
by including African American race as a moderate-risk factor [25]. Fewer antenatal visits are
recommended for women with uncomplicated pregnancies including those at low-risk of preeclampsia [24]. Nevertheless, pre-eclampsia can still be expected to occur in at least 1 per 100
of low-intermediate risk women [27]. Given the potentially serious clinical consequences of
the condition and the availability of antiplatelet therapy as an effective cheap and well-tolerated
treatment for reducing the risk of pre-eclampsia [20], better risk classification among lowintermediate risk women will be valuable to better target antiplatelet therapy.

As outlined above, guidelines recommend antiplatelet therapy for prevention to be started early
in pregnancy [23-25]. The most common antiplatelet therapy used in the clinical trials on which
this recommendation is based, and in current practice, is aspirin (acetylsalicylic acid). Despite
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recommending treatment based on assessing a woman’s risk of pre-eclampsia, guidelines do
not provide consistent advice about what risk factors, clinical prediction rule or risk model to
use, and how to use this information to select which women should receive aspirin. Ideally,
adequate evidence would be available to develop a guideline that can be implemented
internationally in different antenatal settings including the low-income settings.

1.9 PhD RESEARCH PROGRAM
This PhD research program investigates pre-eclampsia risk assessment. The goal is to provide
evidence that can be used to improve pre-eclampsia preventive strategies and outcomes in
Australian women (Figure 1).

As outlined in Figure 1, the project includes six studies to address the main components of the
thesis which are: i) assessing the performance of the current guideline approaches and
published simple risk models to predict pre-eclampsia; ii) assessing the distribution of the
individual risk factors of pre-eclampsia; and iii) development and validation of simple risk
prediction tools for Australian women.

This evidence will be valuable to inform antenatal care guidelines for the risk assessment and
prevention of pre-eclampsia. It is anticipated that improving risk-based treatment selection will
lead to improved treatment outcomes by reducing the incidence and severity of pre-eclampsia
and associated serious adverse maternal and foetal effects, including reduced mortality in
women classified as being at elevated risk; and avoiding the unnecessary costs and
inconvenience of antiplatelet therapy in women classified at low-risk.
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FIGURE 1. The goal of PhD project.

1.10 DATA SOURCES
The Perinatal Antiplatelet Review International Studies (PARIS) sample
The PARIS trial dataset includes a total of 32 217 pregnant women enrolled in 31 RCTs of
antiplatelet therapy for the prevention of pre-eclampsia conducted in developed and developing
countries conducted between 1985-2005 and published in 2007 [17]. It will be used to address
research questions (2), (3) and (4).

ObstetriX sample
The ObstetriX sample includes a total of 58 250 pregnant women extracted from Western
Sydney Local Health District (WSLHD) ObstetriX database for women booked for antenatal
care at Auburn, Blacktown-Mount Druitt and Westmead Hospitals between 1 January 2011 to
31 December 2014 (4 years) with a delivery recorded on the Obstetrix database. These data
will address research questions (5) and (6).
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1.11 KEY RESEARCH QUESTIONS
1- What is the predictive performance of published risk prediction models that use routinely
collected maternal characteristics to predict pre-eclampsia compared to models that include
specialised tests and current clinical practice guideline approaches?
2- What is the predictive performance of current NICE and USPSTF guideline approaches in
external validation samples?
3- What is the predictive performance of published simple risk prediction models for preeclampsia when externally validated in an international trial sample?
4- Can a risk model developed from the PARIS international trial sample, based on routinely
available clinical factors, more accurately identify women at increased risk of pre-eclampsia
than the NICE and USPSTF approaches?
5- Does the incidence of pre-eclampsia vary between ethnic groups after adjustment for known
risk factors and socio-economic status?
6- Can a risk model developed from the ObstetriX hospital sample, incorporating routinely
available clinical factors, more accurately identify Australian nulliparous women at risk of preeclampsia than the current NICE approach?

1.12 THESIS STRUCTURE
The research program has been conducted in three stages. The thesis is presented in three
sections to report findings from each stage:
Section 1: Review of existing evidence
Section 2: Investigation of pre-eclampsia risk assessment in an international trial population
Section 3: Investigation of pre-eclampsia risk assessment an Australian antenatal clinic
population

In Section 1, a systematic review was undertaken to provide a comprehensive summary of the
best available evidence about the predictive performance of existing risk tools for preeclampsia, including validity and applicability to broad antenatal care settings.

Sections 2 and 3 build on the evidence identified in Section 1 by validating published risk
factors and risk models for pre-eclampsia in a high-quality trial dataset (Section 2); and through
the development of a practical risk tool that can be used in general antenatal care settings with
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the aim to better estimate the risk of pre-eclampsia to guide the use of anti-platelet therapy in
Australia (Section 3).
Each chapter reports on an individual study. Each chapter begins with an overview to explain
the purpose of the study by describing the problem, outlining the existing knowledge, the
evidence gap and the research questions the study will address. The overview is followed by a
full study report. For published chapters, a discussion is presented to summarise the main
findings for each research question, and discuss what the study adds to the existing evidence
and key implications.

1.13 ETHICAL CONSIDERATIONS AND APPROVAL
The Perinatal Antiplatelet Review International Studies (PARIS)
Trial participants signed consent to participate in the primary trial for the purpose of research
to develop strategies to prevent pre-eclampsia. Use of the PARIS dataset for the analyses
undertaken for this thesis was authorised by the PARIS collaboration steering committee
(PROSPERO registration number 2015:CRD42015025166).
The PARIS trial dataset is de-identified. Investigators do not have access to any identifying
data to prevent re-identification of trial participants.
Notre Dame Human Research Ethics Committee (HREC) approval number: 015097S

ObstetriX
The ObstetriX dataset is de-identified by the data custodian. Investigators do not have access
to any identifying data to prevent re-identification. Use of the ObstetriX dataset for these
analyses with a waiver of patients consent was approved by the Notre Dame and WSLHD
human research ethics committees.
Notre Dame HREC approval number: 016071S
WSLHD HREC approval number: LNR/16/WMEAD/239
LNR SSA/16/WMEAD/256
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SECTION 1
EXISTING EVIDENCE – SYSTEMATIC REVIEW

CHAPTER 2

PERFORMANCE OF PUBLISHED RISK PREDICTION MODELS AND
CLINICAL GUIDELINE DECISION RULES FOR PRE-ECLAMPSIA – A
SYSTEMATIC REVIEW

2.1 OVERVIEW
Over the last decade, extensive research had been published on the development of risk models
for predicting pre-eclampsia. These risk models include ‘simple models’ that incorporate
maternal risk factors that can be routinely collected during antenatal care in early pregnancy;
and ‘specialised models’ that incorporate specialised tests such as uterine artery Doppler and
serum biomarkers. However, there is no single pre-eclampsia risk assessment approach in wide
use internationally to guide aspirin prophylaxis decisions in early pregnancy.

Despite the potential advantage of specialised tests, these tests may not be available in lowincome countries and low-resource settings. Thus, there is a need to identify a simple model
that performs adequately to guide clinical decisions for all women. The National Institute for
Health and Care Excellence (NICE) in United Kingdom provides a simple clinical decision
rule for this purpose. Using the NICE approach, women with one or more high-risk factors or
two or more moderate-risk factors for pre-eclampsia are recommended aspirin prophylaxis to
start at 12 weeks’ gestation.

Any new model should be validated in independent samples of women and perform at least as
well as the NICE clinical decision rule before recommending for clinical use. Therefore, there
is a need to examine the available evidence about the performance of published risk models for
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pre-eclampsia and to assess their advantages and disadvantages against current antenatal
clinical decision rules.

The purpose of this systematic review was to assess the performance of ‘simple’ risk prediction
models for pre-eclampsia and compare their performance to ‘specialised’ models; and to
clinical guideline approaches.

Research questions:
1- What are the characteristics and performance of published risk models that combine
routinely collected maternal characteristics to identify women at increased risk of preeclampsia who may benefit from aspirin prophylaxis?
2- What is the estimated accuracy of these models to predict pre-eclampsia compared to
models that include specialised tests and current clinical guideline rules?

2.2 PUBLICATION

Citation:
Al‐Rubaie ZT, Askie LM, Ray JG, Hudson HM, Lord SJ. The performance of risk prediction
models for pre‐eclampsia using routinely collected maternal characteristics and comparison
with models that include specialised tests and with clinical guideline decision rules: a
systematic review. BJOG: An International Journal of Obstetrics & Gynaecology. 2016 Aug
1;123(9):1441–52.
Link: http://onlinelibrary.wiley.com/doi/10.1111/1471-0528.14029/full

Corrigenda: A correction was submitted to correctly distinguish between citations to the
NICE 2008 and NICE 2013 guidelines.

Volume 125, Issue 5, BJOG: An International Journal of Obstetrics & Gynaecology, pages:
635-635
First Published online: March 25, 2018.
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2.3 DISCUSSION
This systematic review identified 22 simple risk models for prediction of pre-eclampsia. No
single predictor was included in every model. All of the four externally validated simple models
were developed to predict early or late onset pre-eclampsia, rather than any-onset preeclampsia. Overall, these simple risk models demonstrated good discrimination to identify
women at high-risk of pre-eclampsia, if modest sensitivity and specificity are acceptable, but
do not provide strong evidence of advantage over NICE guideline approach. Twelve studies
directly compared the accuracy of simple models versus specialised models (including two
validation studies) providing evidence that the addition of specialised tests offers a median gain
in sensitivity of 18% at fixed specificity of 90 or 95%, although the magnitude of this advantage
varied widely between studies (gain in sensitivity range 0% to 56%).

The main limitation of the review to address the review question was the methodological
limitations of included studies. Only three external validation studies were identified for four
simple models; and no models have been validated in low-income countries. None of the
included studies of simple models reported model performance at the pre-eclampsia risk level
where aspirin is recommended to allow an assessment of their clinical value. The majority of
studies did not report on model calibration and reported model sensitivity at a fixed specificity,
which does not provide a meaningful measure of clinical performance. Thus, the performance
of these models to guide aspirin prophylaxis in clinical practice is uncertain

As discussed in our paper (Al-Rubaie et al, BJOG 2016), these findings have major
implications for further research. In particular, highlighting the need to develop and validate a
simple risk tool incorporating maternal factors to predict pre-eclampsia in early pregnancy that
can perform better than the current guideline approaches. These tools should be developed for
use in a wide range of settings including low-income countries where pre-eclampsia outcomes
are poorest and more advanced screening techniques are not available.

2.4 CONCLUSIONS
Overall, this systematic review adds to existing literature by providing evidence that ‘simple’
risk models using routinely collected maternal characteristics demonstrate good discrimination
to identify women at high-risk of pre-eclampsia who may benefit from aspirin prophylaxis, if
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modest sensitivity and specificity are acceptable. However, the potential advantage of these
models to improve prediction over current guideline approaches has not yet been established.

Our finding that the addition of specialised tests can substantially improve pre-eclampsia risk
prediction achieved by simple models with a median gain of 18 additional women classified at
high-risk per 100 women who will develop pre-eclampsia supports the use of specialised risk
models where these tests are available.

2.5 FURTHER COLLABORATION
This published work lead to collaboration with the High Risk of Pre-eclampsia Identification
Group on a systematic review of clinical risk factors of pre-eclampsia published in the British
Medical Journal in 2016 (http://www.bmj.com/content/353/bmj.i1753). From this review, a
meta-analysis of large cohort studies was undertaken to provide the clinician with a list of
clinical risk factors that can be assessed at or before 16 weeks of gestation to estimate the risk
of pre-eclampsia. The study showed that the incidence of pre-eclampsia in women with
antiphospholipid antibody syndrome (17.3%, 95% confidence interval (CI) 6.8-31.4%),
chronic hypertension (16.0%, 95% CI12.6-19.7%), pregestational diabetes (11.0%, 95% CI
8.4-13.8%, pre-pregnancy body mass index (BMI) >30 kg/m2 (7.1%, 95% CI 6.1- 8.2%), and
use of assisted reproductive technology (6.2%, 95% CI 4.7-7.9). Of the risk factors examined,
past history pre-eclampsia had the strongest association with pre-eclampsia (relative risk (RR)
8.4, 95% CI 7.1-9.9). A limitation of this meta-analysis of published data is that the risk
estimates were reported from univariable analyses. Access to individual patient datasets are
needed to estimate the effect size of each factor independent of other factors.

The results of this systematic review and meta-analysis are useful to clinicians as the best
available evidence about clinical risk factors for pre-eclampsia when using clinical guideline
approaches to assess a woman’s risk of pre-eclampsia. The findings were valuable to my
research by identifying candidate risk factors for the development of a risk prediction model.
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APPENDICES

APPENDIX 1: Search Strategy

For MEDLINE (set limited to human): 15-06-2014
1. Hypertension, Pregnancy-induced
2. Pre-Eclampsia
3. 1 or 2
4. risk factors/
5. risk/
6. risk assessment/
7. risk*
8. predict* rule*
9. 4 or 5 or 6 or 7 or 8
10. models, statistical/
11. nomograms/
12. logistic models/
13. model*
14. logistic*
15. regress*
16. combinat*
17. multivar*
18. algorithm*
19. Area Under Curve*
20. ROC Curve*
21. Receiver Operating Characteristic*
22. 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21
23. 3 and 9 and 22

For PubMed: 15-06-2014
1. Hypertension, Pregnancy-induced
2. Pre-Eclampsia
3. 1 or 2
4. risk factors/
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5. risk/
6. risk assessment/
7. risk*
8. predict* rule*
9. 4 or 5 or 6 or 7 or 8
10. models, statistical/
11. nomograms/
12. logistic models/
13. model*
14. logistic*
15. regress*
16. combinat*
17. multivar*
18. algorithm*
19. Area Under Curve*
20. ROC Curve*
21. Receiver Operating Characteristic*
22. Receiver Operat*
23. 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22
24. 3 and 9 and 23
25. limit 24 to humans

For Embase: 18-06-2014
1. preeclampsia/exp or preeclampsia
2. maternal hypertension/exp or maternal hypertension
3. 1 or 2
4. risk/exp or risk
5. risk*:ab,ti
6. predict* and rule*:ab,ti
7. 4 or 5 or 6
8. statistical model/exp or statistical model
9. nomogram/exp or nomogram
10. model*:ab,ti
11. logistic*:ab,ti
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12. regress*:ab,ti
13. combinat*:ab,ti
14. multivar*:ab,ti
15. algorithm*:ab,ti
16. area under the curve/exp or area under the curve
17. receiver operating characteristic/exp or receiver operating characteristic
18. 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17
19. 3 and 7 and 18
20. 19 and human/de
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APPENDIX 2: SUPPLEMENTARY TABLES
TABLE S1. Characteristics of model development studies, n = 29 studies
Study design
Country
Single/Multi centre,
Setting
Recruitment dates
Model development population, n = 14 studies

N (n*)

Goetzinger et al.
2014 (12)

Retrospective cohort
USA
Single centre
University Hospital
clinic
2008-2012
Prospective cohort
Chile
Multicentre
Hospital clinic
Study dates: NR
Prospective cohort
Iran
Single centre
Hospital obstetric unit
2010
Nested case-control
Finland
Single centre
University Hospital
clinic
2008-2010

Kuc et al.
2013 (16)

Parra-Cordero et al.
2013 (17)

Author
Year

Caradeux et al.
2013 (13)

DirekvandMoghadam et al.
2013 (14)

Keikkala et al.
2013 (15)

Population

PE
n (%)

Model method
Validation method

Model type and
outcome

Model output

Selection criteria

Maternal characteristics**

1225 (1200)
Development 578
Validation 622

1st trimester aneuploidy
screening
GA: 11-14 weeks
Singleton

Maternal age:
mean 31 y (SD 6)
Nulliparous: 235/578 (41%)***
Multiple pregnancy: 0%
PHx PE: 33/578 (6%)***

PE
88 (7.3%)

Multivariate logistic
regression
Internal validation

Simple
NA
Specialised
PE

Risk score based
on risk factor
model weights
Classify high risk
of PE if score ≥6

627

1st trimester US
screening
GA: 11-14 weeks
Singleton: NR

PE
29 (4.6%)
EO-PE
9 (1.5%)

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
EO-PE

Risk model
Probability of EOPE

610

Attended hospital
obstetric unit
GA: >20 week****
Singleton: NR

PE
58 (9.5%)

Multivariate logistic
regression
No internal &
external validation

Simple
PE
Specialised
NA

Risk model
Probability of EOPE

Base cohort 12615
Total 586
Cases 159
Controls 427

1st trimester screening
for Down's syndrome
GA: 8-13 weeks
Singleton

Maternal age:
mean 28-29 y (SD 6 to 9)
Nulliparous: 146 (23%)***
Multiple pregnancy: NR
PHx PE: 15(2%)***
Maternal age:
mean 28-29 y (SD 5)
Nulliparous: NR
Multiple pregnancy: NR
PHx PE: 38 (6%)***
Maternal age:
mean 28-29 y (SD 5 to 6)
Nulliparous (included):
301/586 (51%)***
Multiple pregnancy: 0%
PHx PE: NR

Base cohort
PE
273 (2.2%)
No. cases
PE 159
EO-PE 29

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
PE, EO-PE

Risk model
Probability of PE,
EO-PE

Nested case-control
Netherlands
Multicentre
US clinics
2007-2009

667
Cases 167
Controls 500

1st trimester trisomy 21
screening
GA: 9-13+6 weeks
Singleton

No. cases
PE 167
EO-PE 68
LO-PE 99

Multivariate logistic
regression
No internal &
external validation

Simple
EO-PE, LO-PE
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Nested case-control
Chile
No. of Centres: NR
University Hospital
clinic
2002-2010

Base cohort 5367
(2619)
Total 359
Cases 70
Controls 289

1st trimester PE
screening project
GA: 11-13+6 weeks
Singleton: NR

Maternal age:
median 33- 34 y (IQR 30 to 37)
Nulliparous (included):
360/667 (54%)***
Multiple pregnancy: 0%
PHx PE (included): 18/667
(3%)***
Maternal age:
mean 29-30 y (SD* 6 to 7)
Nulliparous (included):
172/359 (48%)***
Multiple pregnancy: NR
PHx PE: NR

Base cohort
PE
83 (3.2%)
No. cases
EO-PE 17
LO-PE 53

Multivariate
logistic regression
No internal &
external validation

Simple
NA
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE
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Scazzocchio et al.
2013 (18)

Prospective cohort
Spain
Single centre
Hospital clinic
2009-2011

5170

1sttrimester routine
screening
GA: 8-13+6 weeks
Singleton

Maternal age:
median 31-33 y (IQR 28 to 37)
Nulliparous: 3055 (59%)***
Multiple pregnancy: 0%
PHx PE: 43 (1%)***

Di Lorenzo et al.
2012 (19)

Prospective cohort
Italy
Single centre
Hospital clinic
2007-2009

2170 (2118)

1st trimester aneuploidy
screening
GA: 11-13+6 weeks
Singleton

Maternal age:
mean 33-34 y (SD NR)
Nulliparous: 1227 (58%)***
Multiple pregnancy: 0%
PHx PE: NR

Kuijk et al.
2011 (20)

Retrospective cohort
Netherlands
Multicentre
Hospital perinatal
tertiary referral clinic
1993-2008

407

Past history of EO-PE in
1st pregnancy
GA: 0 week (data
collected after index
EO-PE and prior to
subsequent pregnancy)
Singleton

North et al.
2011 (21)

Prospective cohort
International
Multicentre
Hospitals, Obstetricians,
GP, Midwives
2004-2008
Prospective cohort
USA
Single centre
Hospital clinic
2009-2011
Retrospective cohort
USA
Single centre
University Hospital
clinic
2003-2009

3572 (3529)

Poon et al.
2010b (24)

Emonts et al.
2008 (25)

Odibo et al.
2011 (22)

Goetzinger et al.
2010 (23)

PE
136 (2.6%)
EO- PE
26 (0.5%)
LO-PE
110 (2.1%)
PE
25 (1.2%)
EO-PE
12 (0.6%)
LO-PE
13 (0.6%)

Multivariate logistic
regression
No internal &
external validation

Simple
EO-PE
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised*****
PE, EO-PE, LOPE

Risk model
Probability of PE,
EO-PE & LO-PE

Maternal age at 1st delivery:
mean 29 y (SD 4)
Nulliparous: 0%
Multiple pregnancy: 0%
PHxPE:100%

PE
28 (6.9%)

Multivariate logistic
regression
Internal validation

Simple
NA
Specialised
Recurrence of
EO-PE

Risk model
Probability of
recurrence of EOPE and
probability
thresholds 4.6, 5.3,
5.4, 6.2%

Recruited to SCOPE
study cohort to develop
screening tests
GA: 14-16 weeks
Singleton

Maternal age:
mean 27-28 y (SD 6)
Nulliparous: 100%
Multiple pregnancy: 0%
PHx PE: 0%

PE
186 (5.3%)

Multivariate logistic
regression
Internal validation

Simple
PE
Specialised
NA

Risk model
Probability of PE

477 (452)

1sttrimester aneuploidy
screening
GA: 11-14 weeks
Singleton

PE
42 (9%)

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
PE

Risk model
Probability of PE

4020 (3716)

1st trimester aneuploidy
screening
GA: 11-13+6 week
-Singleton

Maternal age:
mean 30-32 y (SD 6)
Nulliparous: 183 (40%)***
Multiple pregnancy: 0%
PHx PE: NR
Maternal age:
mean 35 y (SD 4)
Nulliparous: NR
Multiple pregnancy: 0%
PHx PE: NR

PE
293 (7.9%)

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
PE

1. Risk model
Probability of PE
2.Score system for
prediction of PE
based on number
of risk factor

Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Nov 2007

9149 (8366)

Routine first antenatal
visit
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 25 to 37)
Nulliparous: 2674 (32%)***
Multiple pregnancy: 0%
PHx PE: 241 (3%)***

Multivariate logistic
regression
External validation:
by 2 studies

Simple
EO-PE, LO-PE
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Case-control
Belgium
Single centre
Hospital clinic

151
Cases 101
Controls 50

Cases: hospitalized with
severe PE
Controls: normotensive,
term delivery

Maternal age:
mean 30 y (SD 5)
Nulliparous: NR
Multiple pregnancy: NR

PE
165 (2.0%)
EO-PE
37 (0.4%)
LO-PE
128 (1.5%)
PE
101 (%NR)

Multivariate logistic
regression
No internal &
external validation

Simple
PE
Specialised
PE

Risk model
Probability of PE
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1999-2002

GA: NR
Singleton: NR
UK population, n = 14 studies in addition to Poon 2010b (24) described above

PHx PE: NR

Poon et al.
2011 (26)

Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Nov 2007

9149 (8366)

Routine first antenatal
visit
GA:11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 25-37)
Nulliparous: 2674 (32%)***
Multiple pregnancy: 0%
PHx PE: 241 (3%)***

Foidart et al.
2010 (27)

Case-control
UK
Single centre
Hospital clinic
Mar 2006-Mar 2007

Base cohort
8234
Total 270
Cases 90
Controls 180

Routine first hospital
visit in pregnancy
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 25-37)
Nulliparous (included):
141/270 (52%)***
Multiple pregnancy: 0%
PHx PE (included): 21/270
(8%)***

Poon et al.
2010c (28)

Case-control
UK
Single centre
Hospital clinic
Mar 2006-Nov 2007

Base cohort
9149 (8366)
Total 402
Cases 201
Controls 201

Routine assessment
of risk for chromosomal
abnormalities
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 26-39)
Nulliparous (included):
139/402(35%)3
Multiple pregnancy: 0%
PHx PE (included): 32/402(8%)***

Poon et al.
2010a (29)

Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Nov 2007

9149 (8366)

Routine first antenatal
visit
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 25-37)
Nulliparous: 2674 (32%)***
Multiple pregnancy: 0%
PHx PE: 241 (3%)***

Leal et al.
2009 (30)

Case- control
UK
Single centre
Hospital clinic
Study date: NR

1138
Cases 128
Controls 569

Routine assessment of
risk for chromosomal
abnormalities
GA:11-13+6 weeks
Singleton: NR

Poon et al.
2009e (31)

Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Nov 2007

9149 (8366)

Routine first antenatal
visit
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 16-49)
Nulliparous (included):
570/1138 (50%)***
Multiple pregnancy: NR
PHx PE (included): 59/1138
(5%)***
Maternal age:
median 32-33 y (IQR 25-37)
Nulliparous: 2674 (32%)***
Multiple pregnancy: 0%
PHx PE: 241 (3%)***

PE
165 (2.0%)
EO-PE
37 (0.4%)
LO-PE
128 (1.5%)
Base cohort
PE
147 (1.8%)
No. cases
PE 90
EO-PE 30
LO-PE 60

Multivariate logistic
regression
No internal &
external validation

Simple
EO-PE, LO-PE
Specialised
NA

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
No internal &
external validation

Simple
EO-PE
Specialised
EO-PE

Risk model
Probability of EOPE

Base cohort
PE
165 (2.0%)
EO-PE
37 (0.4%)
LO-PE
128 (1.5%)
No. cases
PE 116
EO-PE 26
LO-PE 90
PE
165 (2.0%)
EO-PE
37 (0.4%)
LO-PE
128 (1.5%)
No. cases
PE 128

Multivariate logistic
regression
No internal &
external validation

Simple
EO-PE, LO-PE
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
No internal &
external validation

Simple
EO-PE, LO-PE
Specialised
NA

Risk model
Probability of EOPE & LO-PE

Multivariate
logistic regression
No internal &
external validation

Simple
NA
Specialised
PE

Risk model
Probability of PE

PE
165 (2.0%)
EO-PE
37 (0.4%)
LO-PE
128 (1.5%)

Multivariate
logistic regression
No internal &
external validation

Simple
EO-PE, LO-PE
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE
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Poon et al.
2009d (32)

Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Nov 2007

9149 ( 8366)

Routine first antenatal
visit
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-33 y (IQR 25-37)
-Nulliparous: 2674 (32%)***
-Multiple pregnancy: 0%
-PHx PE: 241 (3%)***

Poon et al.
2009c (33)

Case-control
UK
Single centre
Hospital clinic
Study dates: NR

Total 1138
Cases 569
Controls 569

Routine assessment
of risk for chromosomal
abnormalities
GA: 11-13+6 weeks
Singleton: NR

Poon et al.
2009b (34)

Nested case-control
UK
Single centre
Hospital clinic
Mar 2006-Aug 2007

Base cohort
8481 (7797)
Total 627
Cases 209
Controls 418

Routine first antenatal
visit
GA: 11-13 weeks
Singleton

Maternal age:
median 32-33 y (IQR 16-49)
Nulliparous (included):
570/1138(50%)***
Multiple pregnancy: NR
PHx PE (included): 59/1138
(5%)***
Maternal age:
median 32-33 y (IQR 26-37)
Nulliparous: 3715 (48%)***
Multiple pregnancy: 0%
PHx PE: 222 (3%)***

Poon et al.
2009a (35)

Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Jun 2007

8679 (8051)

Routine assessment of
trisomy 21 risk
GA: 11-13+6 weeks
Singleton

Maternal age:
median 32-32 y (IQR 16-49)
Nulliparous: 3861 (48%)***
Multiplepreg.: 0%
PHx PE: 233 (3%)***

Akolekar et al.
2008 (36)

Case-control
UK
Centre: NR
Hospital clinics Dates:
NR

824
Cases 215
Controls 609

Routine assessment of
risk for Trisomy 21
GA: 11- 13+6 weeks
Singleton: NR

Maternal age:
median 32-33 y (IQR 16-49)
Nulliparous (included):
406/824 (49%)***
Multiple pregnancy: NR
PHx PE (included): 44/824
(5%)***

De Paco et al.
2008 (37)

Prospective cohort
UK
Single centre
Hospital clinic
2006
Prospective cohort
UK
Single centre
Hospital clinic
Mar 2006-Dec 2006

4617 (4293)

Routine assessment of
risk for chromosomal
abnormalities
GA: 11-13 +6 weeks
Singleton
Routine assessment of
risk for chromosomal
abnormalities
GA: 11-13+6 weeks
Singleton

Maternal age:
median 31-33 y (IQR 16-49)
Nulliparous: 2056 (48%)***
Multiple pregnancy: 0%
PHx PE: 731 (17%)***
Maternal age:
median 32 y (IQR 16-49)
Nulliparous: 2177 (47%)***
Multiple pregnancy: 0%
PHx PE: 131 (3%)***

Poon et al.
2008 (38)

5590 (4619)

PE
165 (2.0%)
EO-PE
37 (0.4%)
LO-PE
128 (1.5%)
No. cases
PE 128
EO-PE 29
LO-PE 99

Multivariate logistic
regression
External validation:
by 1 study

Simple
EO-PE, LO-PE
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Base cohort
PE
157 (2%)
EO-PE
34 (0.4%)
LO-PE
123 (1.6%)
No. cases
PE 127
EO-PE 29
LO-PE 98
PE
156 (1.9%)
EO-PE
32 (0.4%)
LO-PE
124 (1.5%)
Base cohort
PE
no. NR
(1.8%)
No. cases
PE 127
EO-PE 29
LO-PE 98
PE
83 (1.9%)
PE without
SGA
46 (1%)
PE
104 (2%)

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
External validation:
by 1 study

Simple
NA
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
EO-PE, LO-PE

Risk model
Probability of EOPE & LO-PE

Multivariate logistic
regression
No internal &
external validation

Simple
NA
Specialised
All PE,
PE without SGA
Simple
PE
Specialised
NA

Risk model
Probability of all
PE & PE without
SGA

Multivariate logistic
regression
No internal &
external validation

Risk model
Probability of PE
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Plasencia et al.
2007 (39)

Prospective cohort
UK
Single centre
Hospital clinic
Study date: NR

6592 (6015)

1st trimester screening
for chromosomal
abnormalities
GA: 11-13 +6 weeks
Singleton

Maternal age:
mean 32-33 y (range 15-49)
Nulliparous: 2821 (47%)***
Multiple pregnancy: 0%
PHx PE: 181 (3%)***

PE
107 (1.8%)

Multiple regression
analysis
External validation:
by 2 studies

Simple
PE, EO-PE, LOPE
Specialised
PE, EO-PE, LOPE

Risk model
Probability of PE,
EO-PE & LO-PE

Maternal age:
mean 28 y (SD 5-6)
Nulliparous: 100%
Multiple pregnancy: 0%
PHx PE: 0%

Base cohort
PE
187 (5.3%)
No. cases
Preterm PE
47

Multivariate logistic
regression
Internal validation

Simple
Preterm PE with
delivery <37
week
Specialised
Preterm PE with
delivery <37
week

Risk model
Probability of
preterm PE

SCOPE population , n = 1 study in addition to North et al 2011 (21) described above
Myers et al.
2013 (40)

Nested case-control
International
Multicentre
Hospitals, Obstetricians,
GP, Midwives
2004-2008

Base cohort
3572 (3529)
Total 235
Cases 47
Controls 188

Recruited to SCOPE
study cohort to develop
screening tests
GA: 14-16 weeks
Singleton

EO-PE, early-onset pre-eclampsia. GA, gestational age. IQR, interquartile range. LO-PE, late-onset pre-eclampsia. NA, not applicable. NR, not reported. PE, pre-eclampsia.
PHx, past history of. SCOPE, Screening for Pregnancy Endpoints. SD, standard deviation. SGA, small-for-gestational-age. UK, United Kingdom. US, ultrasound. USA,
United States of America.
*Number of subjects included in analysis for development of final model.
**If mean age and SD is reported for multiple groups, the range of mean and SD between the groups is reported.
***Calculated from data presented in tables.
****Study population GA >20wk, however model developed that can be used before 17 weeks.
*****Model A included all maternal factors, both statistically significant and not, based on Nicolaides group’s approach. Model B included statistically significant predictors
only.
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TABLE S2. List of predictors of pre-eclampsia risk prediction models
Model predictors

Author
Simple model
Year
Model development population, n = 14
Goetzinger et al.
NA
2014 (12)

Specialised model

Caradeux et al.
2013 (13)

NA

DirekvandMoghadam et al.
2013 (14)
Keikkala et al.
2013 (15)

PE
MC
PHx PE, PHx HTN, PHx Infertility
NA

EO-PE
MC
Age, Parity, PHx PE, PHx HTN, PHx preterm labor, Weight
BP
SBP, DBP, MAP
Uterine artery Doppler
UtA-PI*
NA

Kuc et al.
2013 (16)

EO-PE
MC
Age, Weight, Height, Parity, Smoking
LO-PE
MC
Age, Weight, Parity

Parra-Cordero et al.
2013 (17)

Scazzocchio et al.
2013 (18)

NA

EO-PE
MC
Chr. HTN, Hx Renal disease, Parity +/-PHxPE,
BMI

PE
MC
Chr. HTN, PHx PE, Pre-pregDM, BMI >25
Uterine artery Doppler
Bilat. UA notching
Serum
PAPP-A

PE & EO-PE
MC
Parity
BP
MAP
Serum
PAPP-A*, hCG-h*
EO-PE
MC
Age, Weight, Height, Parity, Smoking
BP
MAP*
Serum
PAPP-A*, ADAM12*, PlGF*
LO-PE
MC
Weight, Height, Parity
BP
MAP*
Serum
PAPP-A*, ADAM12*, PlGF*
EO-PE
MC
Smoking, BMI
Uterine artery Doppler
UtA-PI*
Serum
PlGF*
LO-PE
MC
BMI
Uterine artery Doppler
UtA-PI*
Serum
PlGF*
EO-PE
MC
Chr. HTN, Hx Renal disease, Parity +/-PHxPE, BMI
BP
MAP*
Uterine artery Doppler
UtA-PI*
LO-PE
MC
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Di Lorenzo et al.
2012 (19)

NA

PHx PE, Chr. HTN, Hx DM, Hx Throm- bophilia, Parity, BMI
Serum
PAPP-A*
Model A**
PE
MC
Age, BMI, Race, Parity, Smoking, GDM, Sex child, Chr. HTN
Uterine artery Doppler
UtA-PI*, Bilateral Notch12
Serum
free b-hCG*, PAPP-A*, PP-13*, PlGF*
EO-PE
MC
Age, BMI, Race, Parity, GDM, Sex child, Chr. HTN
Uterine artery Doppler
UtA-PI*, Bilateral Notch12
Serum
free b-hCG*, PAPP-A*, PP-13*, PlGF*
LO-PE
MC
Age, BMI, Parity, Smoking, GDM, Sex child
Uterine artery Doppler
UtA-PI*, Bilateral Notch12
Serum
free b-hCG*, PAPP-A*, PP-13*, PlGF*
Model B**
PE
MC
Chr. HTN
Uterine artery Doppler
UtA-PI*
Serum
PlGF*

Kuijk et al.
2011 (20)

NA

North et al.
2011 (21)

PE
MC
Age, BMI***, FHx PE, FHx CHD, Maternal
birth weight, PV bleeding >=5 days, PHx single
miscarriage with the same partner, >=12 months
to conceive, High intake of fruit, Cigarette /day,
Alcohol use in trimester 1
BP
MAP
NA

Odibo et al.
2011 (22)

Goetzinger et al.
2010 (23)

NA

Poon et al.
2010b (24)

EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method
LO-PE

EO-PE
MC
Chr. HTN
Serum
b-hCG*, PlGF*
Recurrence of EO-PE
MC
GA at previous birth, Prior SGA, BMI, HTN
Blood test
FBG
NA

PE
MC
Hx Chr. HTN
Uterine artery Doppler
UtA-PI*
Serum
PP13*, PAPP-A*
PE
MC
Pre-preg DM, Chr.HTN, Race, BMI >25
Serum
PAPP-A
EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE, Conception method
BP
MAP*
Uterine artery Doppler
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MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI

Emonts et al.
2008 (25)

PE
MC
Age, Parity, Gestation, FHx HTN, BMI
BP
SBP, DBP

UtAL-PI*
Serum
PAPP-A*
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI
BP
MAP*
Uterine artery Doppler
UtAL-PI*
PE
MC
Age, Parity, Gestation, FHx HTN, BMI
BP
SBP, DBP
Serum
APTT, PT, Activated factor VIII, Homocyst-ein 4h, Free protein
S, Vitamin B1

PE
MC
Age, Parity, Gestation, FHx HTN, BMI
BP
SBP, DBP
Serum
APTT, PT, Activated factor VIII, Homocyst-ein 4h, Free protein
S, Vitamin B1, Relative plasma volume
UK population, n = 14 studies in addition to Poon 2010b (24) described above
Poon et al.
2011 (26)

Foidart et al.
2010 (27)

Poon et al.
2010c (28)

EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method
BP
SBP OR, DBP OR MAP*
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI
BP
SBP OR, DBP OR MAP*
EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method

EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI

Poon et al.
2010a (29)

EO-PE:
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method

NA

EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE, Conception method
Uterine artery Doppler
UtAL-PI*
Serum
PlGF*, sEng*
EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE, Conception method
BP
MAP*
Uterine artery Doppler
UtAL-PI*
Serum
PIGF*
LO-PE:
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI
BP
MAP*
Uterine artery Doppler
UtAL-PI*
Serum
PIGF*, Activin-A*, P-selectin*
NA

LO-PE
MC
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Leal et al.
2009 (30)

Poon et al.
2009e (31)

Age, FHx PE, Race, Parity +/-PHx PE, BMI
NA

EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI

Poon et al.
2009d (32)

EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE,
Conception method
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI

Poon et al.
2009c (33)

Poon et al.
2009b (34)

Poon et al.
2009a (35)

NA

NA

NA

PE
MC
FHx PE, Race, Parity +/- PHx PE, Hx Chr. HTN, BMI
Uterine artery Doppler
UtA-PI*
EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE, Conception method
BP
MAP*
Uterine artery Doppler
UtAL-PI*
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI
BP
MAP*
Uterine artery Doppler
UtAL-PI*
EO-PE
MC
Race, Hx Chr. HTN, Parity +/-PHx PE, Conception method
Uterine artery Doppler
UtAL-PI* (lowest OR mean OR highest)
LO-PE
MC
Age, FHx PE, Race, Parity +/-PHx PE, BMI
Uterine artery Doppler
UtAL-PI* (lowest OR mean OR highest)
EO-PE
MC
Hx Chr.HTN, Race
Uterine artery Doppler
UtA-PI* Serum
PAPP-A*
LO-PE
MC
FHx PE, Race, Parity +/- PHx PE, BMI
Uterine artery Doppler
UtA-PI*
Serum
MMP-9*
EO-PE
MC
Parity +/-PHx PE, BMI
BP
MAP*
Uterine artery Doppler
UtA-PI*
Serum
PAPP-A*, PlGF*
LO-PE
MC
Parity+/-PHx PE, Race, FHx PE (mother), BMI
BP
MAP*
Uterine artery Doppler
UtA PI*
Serum
PlGF*
EO-PE
MC
Hx Chr. HTN, Race, Parity +/-PHx PE
Uterine artery Doppler
UtA PI*
Serum
PAPP-A*
LO-PE
MC
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Akolekar et al.
2008 (36)

NA

De Paco et al.
2008 (37)

NA

Poon et al.
2008 (38)

PE
MC
Race, FHx PE (mother), Parity+/-PHx PE, BMI
BP
MAP*
PE & LO-PE
MC
Race, FHx PE, Parity+/-PHx PE, BMI

Plasencia et al.
2007 (39)

EO-PE
MC
Race, Parity+/-PHx PE

FHx PE, Race, Parity +/-PHx PE
BMI
Serum
PAPP-A*
EO-PE
MC
Hx Chr. HTN, Race
Uterine artery Doppler
UtA-PI*
Serum
PlGF*, PAPP-A*
LO-PE
MC
FHx PE (mother), Race, Parity +/- PHx PE, BMI
Uterine artery Doppler
UtA-PI*
Serum
PlGF*
All PE & PE without SGA
MC
Race, Parity+/-PHx PE, FHx PE, Weight (kg)
Echo
Cardiac output*
NA

PE & LO-PE
MC
Race, FHx PE, Parity+/-PHx PE, BMI
Uterine artery Doppler
UtA-PI*

EO-PE
MC
Race, Parity+/-PHxPE
Uterine artery Doppler
UtA-PI*
SCOPE population , n = 1 study in addition to North et al 2011 (21) described above
Myers et al.
2013 (40)

PE with delivery <37 week
MC
Fertility Rx, FHx PE
BP
MAP

PE with delivery <37 week
MC
Fertility Rx
BP
MAP
Serum
PlGF

ADAM12, A Disintegrin And Metalloprotease 12. APTT, activated partial thromboplastin time. b-hCG, beta human
chorionic gonadotrophin. Bilat. UA notching, bilateral uterine artery notching. BMI, body mass index. BP, blood
pressure. CHD, coronary heart disease. Chr., chronic. DBP, diastolic blood pressure. DM, diabetes mellitus. EO-PE,
early-onset pre-eclampsia. FBG, Fasting Blood Glucose. FHx, family history of. fLI, free leptin index. GA,
gestational age. GDM, gestational diabetes mellitus. hCG-h, proportion of hyperglycosylated human chorionic
gonadotrophin (hCG) to hCG. HTN, hypertension. Hx, history of. LO-PE, late-onset pre-eclampsia. MAP, mean
arterial pressure. MC, maternal characteristics. MMP-9, Matrix metalloproteinase-9. NA, not applicable. PAPP-A,
pregnancy-associated plasma placentalprotein A. PE, pre-eclampsia. PHx, past history of. PlGF, placental growth
factor. PP-13, placental protein 13. PT, prothrombin time. Rx, treatment. SBP, systolic blood pressure. SCOPE,
Screening for Pregnancy Endpoints. sEng, Soluble endoglin. SGA, small-for-gestational-age. UA, Uterine artery. UK,
United Kingdom. UtAL-PI, lowest uterine artery pulsatility index. UtA-PI, uterine artery pulsatility index.
*This variable was calculated after adjustment of other variables.
**-Model A included all maternal factors, both statistically significant and not, based on Nicolaides group’s approach
-Model B included statistically significant predictors only.
***Categorized variable.
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TABLE S3. Risk of bias assessment, n = 14 model development studies
Author
Year

Participant
selection

Predictors

Outcome

Sample size and flow

Analysis

Risk of
Bias

External
validation

Applicability

Goetzinger
et al.
2014 (12)

Study design:
Retrospective cohort
Patient sampling:
11-14 weeks
Avoid inappropriate
exclusions: Yes

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
PE 88 events/6 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: Yes, goodness of fit,
plot
Assessed discrimination: Yes
Internal validation: Yes

High

No

Low
Requires blood test

Caradeux et
al.
2013 (13)

Study design:
Prospective cohort
Patient sampling:
0-16 weeks
Avoid inappropriate
exclusions: Yes

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: No
EO-PE 9 events/10 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: No
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: Yes, goodness of fit
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires uterine
artery Doppler

DirekvandMoghadam
et al.
2013 (14)

Study design:
Prospective cohort
Patient sampling:
>20 week
Avoid inappropriate
exclusions: Yes

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
PE 58 events/3 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Women >20 week
Middle income
country

Keikkala et
al.
2013 (15)

Study design:
Nested case-control
Patient sampling:
8-13 weeks
Avoid inappropriate
exclusions: Yes

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
PE 159 events/4 variables-yes
EO-PE 29 events/4 variables-no
All enrollees included in analysis:
No

Reports predictor selection method: No
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test

Kuc et al.
2013 (16)

Study design:
Nested case-control
Patient sampling:

Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: NA
Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: NA
Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: Yes
Blinding: NR

Explicit PE
definition: Yes

Adequate sample size: Yes
EO-PE
simple 68 events/5 variables-yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: Yes

High

No

Low
Requires blood test
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9-13+6 weeks
Avoid inappropriate
exclusions: Yes

ParraCordero et
al. 2013 (17)

Study design:
Nested case-control
Patient sampling:
11-13+6 weeks
Avoid inappropriate
exclusions: No

Scazzocchio
et al.
2013 (18)

Study design:
Prospective cohort
Patient sampling:
8-13+6 weeks
Avoid inappropriate
exclusions: Yes

Di Lorenzo
et al.
2012 (19)

Study design:
Prospective cohort
Patient sampling:
11-13+6 weeks
Avoid inappropriate
exclusions: Yes

Kuijk et al.
2011 (20)

Study design:
Retrospective cohort
Patient sampling: No
Avoid inappropriate
exclusions: Yes

Established high risk
predictors considered: No
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: Yes
Blinding: NR
Established high risk
predictors considered: No
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: Yes
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: Yes
Blinding: NR
Established high risk
predictors considered: No
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: No

Blinded outcome
assessment: NR

special 68 events/9 variables-no
LO-PE
Simple 99 events/ 3 variables-yes
special 99 events/7 variables-yes
All enrollees included in analysis:
Yes

Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
EO-PE 17 events/4 variables-no
LO-PE 53 events/3 variable-yes
All enrollees included in analysis:
No

Reports predictor selection method: No
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test
& uterine artery
Doppler

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
EO-PE
Simple 26 events/5 variables-no
Special 26 events/7 variables-no
LO-PE
Special 110 events/7 variables-yes
All enrollees included in analysis:
Yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: Yes, nagelkerke R2
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test
& uterine artery
Doppler

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: No
Model A
PE 25 events/14 variables-no
EO-PE 12 events/13 variables-no
LO-PE 13 events/12 variables-no
Model B
PE 25 events/3 variables-no
EO-PE 12 events/3 variables-no
All enrollees included in analysis:
Yes
Adequate sample size: No
EO-PE 28 events/5 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test
& uterine artery
Doppler

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: Yes
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: Yes, goodness of fit
Assessed discrimination: Yes
Internal validation: Yes

High

No

Low
Requires blood test
Applies to women
with PHx PE

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

46

North et al.
2011 (21)

Study design:
Prospective cohort
Patient sampling:
0-16 weeks
Avoid inappropriate
exclusions: Yes

Odibo et al.
2011 (22)

Study design:
Prospective cohort
Patient sampling:
11-14 weeks
Avoid inappropriate
exclusions: Yes

Goetzinger
et al.
2010 (23)

Study design:
Retrospective cohort
Patient sampling:
11-13+6 weeks
Avoid inappropriate
exclusions: No

Poon et al.
2010b (24)

Study design:
Prospective cohort
Patient sampling:
11-13+6 weeks
Avoid inappropriate
exclusions: No

Emonts et al.
2008 (25)

Study design:
Case-control
Patient sampling: NR
Avoid inappropriate
exclusions: NR

Explicit predictor
definition: Yes
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: NR
Explicit predictor
definition: Yes
Blinding: NR
Established high risk
predictors considered: No
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: No
Categorical variables with
data driven threshold: Yes
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: Yes
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No
Continuous variables
assessed for non-linear
associations: Yes
Explicit predictor
definition: No
Blinding: NR
Established high risk
predictors considered: Yes
Categorical variables with
data driven threshold: No

Explicit PE
Definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
PE 186 events/12 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: Yes
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: Yes, plot
Assessed discrimination: Yes
Internal validation: Yes

Low

No

High

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
PE 42 events/ 4 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: NR
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: Yes, goodness of fit
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test
& uterine artery
Doppler

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
PE 293 events/ 5 variables
All enrollees included in analysis:
No

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: No
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: Yes
EO-PE
Simple 37 events/5 variables-no
Special 37 events/8 variables-no
LO-PE
Simple 110 events/6 variables-yes
Special 110 events/8 variables-yes
All enrollees included in analysis:
No

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

Low

Yes

Low
Requires blood test
& uterine artery
Doppler

Explicit PE
definition: Yes
Blinded outcome
assessment: NR

Adequate sample size: No
PE 101 events/14 variables
All enrollees included in analysis:
Yes

Reports predictor selection method: Yes
Accounts for over-fitting and optimism: No
Score weights correspond to the regression
coefficients: Yes
Pre-specified risk group categories: NA
Assessed calibration: No
Assessed discrimination: Yes
Internal validation: No

High

No

Low
Requires blood test
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Continuous variables
assessed for non-linear
associations: No

EO-PE, early-onset pre-eclampsia. LO-PE, late-onset pre-eclampsia. NA, not applicable. NR, not reported. PE, pre-eclampsia. PHx, past history of.
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TABLE S4. Model performance and validation, n = 29 studies
Author
Year

PE
no. events
/no. patients

Discrimination
AUC
(95% CI)
Simple models

Specialised models

Classification
Risk threshold
Sensitivity% (95% CI)
Specificity% (95% CI)
Simple models
Specialised models

Calibration

Validation method

1.Goodness of
fit: Hosmer &
Lemeshow test
2.Calibration
plot
Goodness of fit:
Hosmer &
Lemeshow test

Internal validation:
Split sample
AUC 0.78 (0.69-0.86)
Sn 26% (13-42%)
Sp 95% (92-97%)
NR

NR

NR

NR

NR

NR

NR

NR

NR

Model development population, n = 14 studies
Goetzinger et al.
2014 (12)

PE
88/1200

NA

PE*
0.76 (0.69-0.83)

NA

PE*
risk score ≥ 6
37% (23-52%)
93% (91-95%)

Caradeux et al.
2013 (13)

EO-PE
9/627

NA

EO-PE**
0.90 (95% CI NR)

NA

DirekvandMoghadam et al.
2013 (14)

PE
58/610

PE
0.67 (0.59-0.76)

NA

Keikkala et al.
2013 (15)

PE
159/586
EO-PE
29

NA

PE***
0.76 (0.72-0.81)
EO-PE***
0.86 (0.79-0.94)

PE
Overall accuracy
91% (95% CI NR)
Sn NR
Sp NR
NA

EO-PE**
fixed at 5% FPR
63% (95% CI NR)
95% (95% CI NR)
NA

Kuc et al.
2013 (16)

PE
167/667
EO-PE
68/667
LO-PE
99/667

EO-PE
NR
LO-PE
NR

EO-PE***
0.88 (95% CI NR)
LO-PE***
NR

Parra-Cordero et
al.
2013 (17)

PE
83/2619
EO-PE
17/359
LO-PE
53/359

NA

EO-PE*
NR
LO-PE*
NR

EO-PE
fixed at 10% FPR
64% (51-75%)
90% (fixed)
LO-PE
fixed at 10% FPR
45% (35-55%)
90% (fixed)
NA

PE***
fixed at 10% FPR
39% (32-47%)
90% (fixed)
EO-PE***
fixed at 10% FPR
69% (51-83%)
90% (fixed)
EO-PE***
fixed at 10% FPR
72% (59-83%)
90% (fixed)
LO-PE***
fixed at 10% FPR
49% (38-60%)
90% (fixed)
EO-PE*
fixed at 10% FPR
47% (95% CI NR)
90% (fixed)
LO-PE*
fixed at 10% FPR
29% (95% CI NR)
90% (fixed)
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Scazzocchio et
al. 2013 (18)

PE
136/5170
EO-PE
26/5170
LO-PE
110/5170

EO-PE
NR

EO-PE**
0.95 (0.94-0.98)
LO-PE***
0.71 (0.66-0.76)

EO-PE
fixed at 10% FPR
31% (95% CI NR)
90% (fixed)

Di Lorenzo et al.
2012 (19)

PE
25/2118
EO-PE
12/2118
LO-PE
13/2118

NA

Model B*
EO-PE
0.89 (95% CI NR)
Other models: NR

NA

Kuijk et al.
2011 (20)

Recurrence
EO-PE
28/407

NA

Recurrence EOPE***
0.65 (0.56-0.74)

NA

North et al.
2011 (21)

PE
186/3529

PE
0.71 (0.7060.714)§

NA

PE
at 25% FPR
61% (54-68%)
75% (74-76%)

Odibo et al.
2011 (22)

PE
42/452

NA

PE*
0.77 (0.63-0.81)

NA

Goetzinger et al.
2010 (23)

PE
293/3716

NA

PE***
0.70 (0.65- 0.72)

NA

EO-PE**
fixed at 10% FPR
81%(95% CI NR)
90% (fixed)
LO-PE***
fixed at 10% FPR
40%(95% CI NR)
90% (fixed)
Model A
PE*
fixed at 10% FPR
52% (95% CI NR)
90% (fixed)
EO-PE*
fixed at 10% FPR
67% (95% CI NR)
90% (fixed)
LO-PE*
fixed at 10% FPR
31% (95% CI NR)
90% (fixed)
Model B
PE*
fixed at 10% FPR
40% (95% CI NR)
90% (fixed)
EO-PE***
fixed at 10% FPR
75% (95% CI NR)
90% (fixed)
Recurrence EO-PE***
risk cut-off 6.2%
75% (55-89%)****
54% (49-59%)****
NA

PE*
fixed at 20% FPR
60% (95% CI NR)
80% (fixed)
PE**
score of ≥2
36% (31-43%)

Goodness-offit: Nagelkerke
R

NR

NR

NR

Goodness of fit:
Hosmer &
Lemeshow test

Goodness of fit

Internal validation:
Bootstrapping
200 samples
shrinkage factor=0.74
Internal validation:
10-fold cross validation
AUC 0.71 (0.7060.714)****
Sn 53% (48-58%)
Sp 75% (74-76%)
NR

NR

NR

Calibration plot
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Poon et al.
2010b (24)

PE
165/8366
EO-PE
37/8366
LO-PE
128/8366

EO-PE
0.79 (0.72-0.87)
LO-PE
0.80 (0.76-0.83)

EO-PE*
0.96 (0.956-0.964)
LO-PE**
0.863 (0.855-0.87)

Validated by
Park et al.
2013 (41)

PE
83/3014
EO- PE
12/3014
LO-PE
71/3014

EO-PE
0.76 (0.74-0.77)
LO-PE
0.68 (0.66-0.69)

EO-PE*
0.93 (0.92 to 0.94)

Validated by
Farina et al.
2011 (42)

LO-PE
39/554

NA

LO-PE**
0.93 (0.88-0.98)

Emonts et al.
2008 (25)

PE
101/151

PE
NR

PE
NR

EO-PE
fixed at 10% FPR
47% (23-65%)
90% (fixed)
LO-PE
fixed at 10% FPR
41% (33-50%)
90% (fixed)

EO-PE
fixed at 10% FPR
40% (10-76%)
90% (fixed)
LO-PE
fixed at 10% FPR
22% (12- 32%)
90% (fixed)
NA

PE
risk estimate >0
67% (95% CI NR)
80% (95% CI NR)

87% (86-88%)
EO-PE*
fixed at 10% FPR
95% (82-99%)
90% (fixed)

NR

External validation:
by 2 studies

NR

NR

NR

NR

NR

NR

NA

NR

NR

EO-PE*

NR

NR

risk cut-off 1%
Sn 87%
Sp 93.5%
risk cut-off 10%
Sn 35%
Sp 99.3%
LO-PE**
fixed at 10% FPR
57% (48-66%)
90% (fixed)
EO-PE*
fixed at 10% FPR
92% (62-99%)
90% (89.7-92%)

LO-PE**
fixed at 10% FPR
85% (73-96%)
90% (fixed)
PE*** (2 models)
risk estimate >0
88% (95% CI NR)
88% (95% CI NR)
risk estimate >0
88% (95% CI NR)
90% (95% CI NR)

UK population, n = 14 studies in addition to Poon 2010b (24) described above
Poon et al.
2011 (26)

PE
165/8366
EO-PE
37/8366
LO-PE
128/8366

EO-PE₳
0.90 (0.85-0.95)
LO-PE₳
0.85 (0.83-0.88)

NA

Foidart et al.

PE

EO-PE

EO-PE*

EO-PE₳
fixed at 10% FPR
76% (59-88%)
90% (fixed)
LO-PE₳
fixed at 10% FPR
52% (43-61%)
90% (fixed )
EO-PE
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2010 (27)

90/270
EO-PE
30/270
LO-PE
60/270
PE
116/402
EO-PE
26/402
LO-PE
90/402

0.75 (0.69-0.81)

0.95 (0.91-0.98)

fixed at 10% FPR
40% (23-59%)
90% (fixed)

fixed at 10% FPR
96% (81-99%)
90% (fixed)

EO-PE
0.72 (0.65-0.77)
LO-PE
0.78 (0.73-0.82)

EO-PE*
0.96 (0.93-0.98)
LO-PE*
0.86 (0.82-0.90)

NR

PE
165/8366
EO-PE
37/8366
LO-PE
128/8366

EO-PE
0.79 (0.72-0.87)
LO-PE
0.80 (0.76-0.83)

NA

EO-PE*
fixed at 10% FPR
92% (75-99%)
90% (fixed)
LO-PE*
fixed at 10% FPR
66% (55-75%)
90% (fixed)
NA

NR

Poon et al.
2010a (29)

NR

NR

Leal et al.
2009 (30)

PE
128/1138

NA

PE**
0.82 (0.79-0.85)

EO-PE
fixed at 10% FPR
47% (13-79%)
90% (fixed)
LO-PE
fixed at 10% FPR
48% (24-68%)
90% (fixed)
EO-PE
fixed at 5% FPR
37% (13-50%)
95%(fixed)
LO-PE
fixed at 5% FPR
29% (22-38%)
95% (fixed)
NA

NR

NR

Poon et al.
2009e (31)

PE
165/8366
EO-PE
37/8366
LO-PE
128/8366

EO-PE
0.79 (0.72-0.87)
LO-PE
0.80 (0.76-0.83)

EO-PE**
0.95 (0.92-0.99)
LO-PE**
0.863 (0.855-0.87)

NR

NR

Poon et al.
2009d (32)

PE
165/8366
EO-PE
37/8366
LO-PE
128/8366

EO-PE
0.79 (0.72-0.87)
LO-PE
0.80 (0.76-0.83)

EO-PE**, ₳
0.91 (0.86-0.96)
LO-PE**, ₳
0.81 (0.78-0.85)

NR

External validation:
by 1 studies

Validated by
Farina et al.
2011 (42)

LO-PE
39/554

NA

LO-PE**
0.75 (0.66-0.84)

NR

NR

Poon et al.
2009c (33)

PE 128/1138
EO-PE
29/1138

NA

EO-PE*
0.91 (0.84-0.97)
LO-PE*

PE**
fixed at 10% FPR
55% (95% CI NR)
90% (fixed)
EO-PE**
fixed at 10% FPR
89% (75-97%)
90% (fixed)
LO-PE**
fixed at 10% FPR
57% (48-66%)
90% (fixed)
EO-PE**, ₳
fixed at 10% FPR
81% (65-92%)
90% (fixed)
LO-PE**, ₳
fixed at 10% FPR
47% (38-56%)
90% (fixed)
LO-PE**
fixe at 10% FPR
44% (28-59%)
90% (fixed)
EO-PE*
fixed at 5% FPR
69% (95% CI NR)

NR

NR

Poon et al.
2010c (28)

EO-PE
fixed at 10% FPR
47% (23-65%)
90% (fixed)
LO-PE
fixed at 10% FPR
41% (33-50%)
90% (fixed)
EO-PE
fixed at 10% FPR
47% (23-65%)
90% (fixed)
LO-PE
fixed at 10% FPR
41% (33-50%)
90% (fixed)
NA

NA
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LO-PE
99/1138

0.82 (0.77-0.86)

Poon et al.
2009b (34)

PE
127/627
EO-PE
29/627
LO-PE
98/627

NA

EO-PE*
NR
LO-PE*
NR

NA

Poon et al.
2009a (35)

PE
156/8051
EO-PE
32/8051
LO-PE
124/8051

NA

EO-PE*
0.85 (0.84-0.86)
LO-PE***
0.79 (0.78-0.80)

NA

Validated by
Farina et al.
2011 (42)

LO-PE
39/554

NA

LO-PE***
0.70 (0.60-0.79)

NA

Akolekar et al.
2008 (36)

PE
127/824
EO-PE
29/824
LO-PE
98/824

NA

EO-PE*
0.94 (0.88-0.99)
LO-PE*
0.82 (0.77-0.86)

NA

De Paco et al.
2008 (37)

PE
83/4293
PE without
SGA
46/4293

NA

All PE**
0.81 (0.77-0.86)
PE without SGA**
0.83 (0.77-0.89)

NA

Poon et al.
2008 (38)

PE
104/4619

PE
0.85 (95% CI NR)

NA

Plasencia
2007 (39)

PE
107/6015
EO-PE

PE
0.81 (0.80-0.82)
EO-PE

PE**
0.85 (0.84-0.86)
EO-PE**

PE
fixed 10% FPR
63% (95% CI NR)
90% (fixed)
PE
fixed at 10% FPR
47% (95% CI NR)

95% (fixed)
LO-PE*
fixed at 5% FPR
34% (95% CI NR)
95% (fixed)
EO-PE*
fixe at 5% FPR
93% (95%CI NR)
95% (fixed)
LO-PE*
fixe at 5% FPR
45% (95%CI NR)
95% (fixed)
EO-PE*
fixe at 10% FPR
72% (95% CI NR)
90% (fixed)
LO-PE***
fixed at 10% FPR
41% (95% CI NR)
90% (fixed)
LO-PE***
fixed at 10% FPR
35.9% (20.8-51)
90% (fixed)
EO-PE*
fixed at 10% FPR
86% (68-96%)
90% (fixed)
LO-PE*
fixed at 10% FPR
49% (39-59%)
90% (fixed)
All PE**
fixed at 10% FPR
43% (33-55%)
90% (fixed)
PE without SGA**
fixed at 10% FPR
52% (37-67%)
90% (fixed)
NA

PE**
fixed at 10% FPR
62% (95% CI NR)

NR

NR

NR

External validation:
by 1 studies

NR

NR

NR

NR

NR

NR

NR

NR

NR

External validation:
by 2 studies
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NR
LO-PE
NR

90% (fixed)
EO-PE
fixed at 10% FPR
50% (95% CI NR)
90% (fixed)
LO-PE
fixed at 10% FPR
44% (95% CI NR)
90% (fixed)
Validated by
LO-PE
LO-PE
NA
LO-PE
Farina
39/554
0.72 (0.62-0.82)
fixed at 10% FPR
2011 (42)
54% (38-69%)
90% (fixed)
Validated by
PE
EO-PE
EO-PE**
EO-PE
Herraiz
20/152
0.74 (0.60-0.89)
0.78 (0.64-0.92)
fixed at 10% FPR
**
2009 (43)
EO-PE
LO-PE
LO-PE
29% (95% CI NR)
13/152
0.65 (0.49-0.80)
0.64 (0.48-0.80)
90% (fixed)
LO-PE
LO-PE
7/152
fixed at 10% FPR
23% (95% CI NR)
90% (fixed)
SCOPE population, n = 1 study in addition to North et al 2011 (21) described above

90% (fixed)
EO-PE**
fixed at 10% FPR
82% (95% CI NR)
90% (fixed)
LO-PE**
fixed at 10% FPR
52% (95% CI NR)
90% (fixed)
NA

Myers et al.
2013 (40)

EO-PE
(Preterm PE)
47/3529

0.78 (0.77-0.80)
LO-PE
0.80 (0.79-0.81)

EO-PE (Preterm
PE)
0.76 (0.67-0.84)

0.91 (0.90-0.92)
LO-PE**
0.84 (0.83-0.85)

EO-PE (Preterm
PE)***
0.84 (0.77-0.91)

EO-PE (Preterm
PE)
fixed at 5% FPR
34% (22-48%)
95% (fixed)

NR

NR

EO-PE**
fixed at 10% FPR
43%(95% CI NR)
90% (fixed)
LO-PE**
fixed at 10% FPR
23% (95% CI NR)
90% (fixed)

NR

NR

EO-PE (Preterm
PE)***
fixed at 5% FPR
45% (31-59%)
95% (fixed)

NR

Internal validation:
10-fold cross validation
AUC 0.74 (0.7350.744)
Sn NR
Sp NR

AUC, area under the curve. CI, confidence interval. EO-PE, early-onset pre-eclampsia. FPR, false positive rate. LO-PE, late-onset preeclampsia. NA, not applicable. NR, not reported. PE, pre-eclampsia. SCOPE, Screening for Pregnancy Endpoints. SGA, small-for-gestationalage. Sn, sensitivity. Sp, specificity. UK, United Kingdom.
₳Report of best performing model
*Specialised model include maternal factors+uterine artery Doppler+blood test.
**Specialised model include maternal factors+uterine artery Doppler or Echo.
***Specialised model include maternal factors+blood test.
****Calculated from available data in tables.
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APPENDIX 3: SUPPLEMENTARY FIGURES

1688 Articles identified through
MEDLINE Database

1176 Articles identified through
PubMed Database

3153 Articles identified through
Embase Database

3657 Articles identified from literature search after duplicates
removed

2864 Excluded on basis of title

793 Article abstracts checked for eligibility

548 Abstracts excluded based on
eligibility criteria
245 Articles full text retrieved
64 Excluded due to conference
abstract only available
181 Full text of articles
checked for eligibility
179 Excluded on basis of:
-No model or algorithm
developed (n = 134)
-Letters (n = 2)
-Editorial (n = 2)
-Hypothetical example (n = 1)
-Review article (n = 4)
-Systematic review, no report on
performance (n = 7)
-Unable to retrieve (n = 9)
-Articles reported 2nd trimester
model (n = 15)
-Developed model combining
specialised tests only (n = 1)
-Systematic review reported
model performance, primary
studies checked for eligibility
(n = 4)

30 Articles retrieved through
citation tracking

32 Articles reported 1st trimester
models included in the review
29 developed models, score
system or nomogram
3 externally validated published
models

FIGURE S1. Quorum Flowchart.
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Avoid inappropriate exclusion

10

Adequate sample size

10

Appropriate study design

10

Consider established risk factors

9

Exciplicit definition of predictors
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Calibration
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Account for overfitting
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Internal validation
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External validation

1

0
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2

3
Yes
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11

12

13
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No or not reported

FIGURE S2. Risk of bias assessment of studies reporting risk prediction models for preeclampsia, n = 14 studies.
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SECTION 2
INTERNATIONAL TRIAL POPULATION ‒ PARIS DATA

CHAPTER 3

VALIDATION OF CLINICAL PRACTICE GUIDELINES FOR
PREDICTING PRE-ECLAMPSIA

3.1 OVERVIEW
Randomized controlled trials (RCTs) have provided high quality evidence that low dose aspirin
started early in pregnancy can help prevent the development of pre-eclampsia. Based on this
evidence, current antenatal guidelines in developed countries such as Australia, the United
Kingdom (UK), and the United States (US) recommend aspirin for high-risk women, however,
there are no widely accepted international guidelines about how risk assessment should be
performed. Furthermore, most of the risk assessment approaches and risk prediction tools
available at the time of undertaking the systematic review reported in Chapter 2 had not been
assessed in independent populations. Therefore, there is a need to validate these tools in
different antenatal samples and settings.

In this chapter, we validate the National Institute for Health and Care Excellence (NICE)
guidelines in UK and the United States Preventive Services Task Force (USPSTF) guidelines
for identifying women at high-risk of pre-eclampsia using the Perinatal Antiplatelet Review of
International Studies (PARIS) trial dataset.

Research questions:
1- What is the distribution of established routinely available clinical risk factors for
predicting pre-eclampsia in the PARIS trial dataset?
2- What is the performance of current clinical practice guidelines for early predicting preeclampsia for parous and nulliparous women in the PARIS trial dataset?
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3- What is the performance of the guidelines for predicting preterm versus term and earlyonset versus late-onset pre-eclampsia?

3.2 PUBLICATION
Citation:
Al-Rubaie ZT, Askie LM, Hudson HM, Ray JG, Jenkins G, Lord SJ. Assessment of NICE and
USPSTF guidelines for identifying women at high risk of pre-eclampsia for tailoring aspirin
prophylaxis in pregnancy: an individual participant data meta-analysis. European Journal of
Obstetrics & Gynecology and Reproductive Biology. 2018 Oct 1;229:159-66.

Link: https://www.sciencedirect.com/science/article/pii/S0301211518309588
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3.3 DISCUSSION
This validation of the NICE and USPSTF guidelines demonstrates both approaches are specific
but poorly sensitive to identify women at high-risk of pre-eclampsia, whom may benefit from
aspirin prophylaxis, in particular for nulliparous women. Sensitivity was higher for prediction
of preterm pre-eclampsia (requiring delivery <37 weeks’ gestation) than term pre-eclampsia
(delivery ≥37 weeks’ gestation) with similar specificity.

Our estimates of the positive and negative predictive value of the NICE and USPSTF
approaches are helpful to consider the clinical benefits versus harms of using these approaches
to guide aspirin prophylaxis. Our finding that both approaches had a positive predictive value
of approximately 14% supports their use to guide aspirin use if it is considered acceptable to
manage 7 women as high-risk for every one woman who will develop pre-eclampsia. The
acceptability of this trade-off will depend on the potential harm of unnecessary further testing,
management and associated anxiety for women identified as high-risk of pre-eclampsia. In
settings where more advanced pre-eclampsia screening tests are available, our finding that both
approaches have a negative predictive value of approximately 96% supports their use to rule
out the need for further testing or routine prophylaxis for women classified at low-risk of preeclampsia if it is considered acceptable that of 25 women classified as low-risk, one women
will develop pre-eclampsia and miss the opportunity to receive early prophylaxis.

The main limitation of our analysis was that we could only consider risk factors recorded in
the PARIS dataset. The trials were also conducted some time ago (enrolment period 19921994), while the definition of pre-eclampsia and the distribution of risk factors such as older
age and obesity has changed over time. Thus, further validation of these approaches in more
contemporary samples of pregnant women is needed.

The modest sensitivity of the guideline also supports the need to develop and validate simple
prediction tools using routinely available information that can perform better than the current
guideline approaches. Future studies should ideally be conducted in both high- and lowincome settings.
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3.4 CONCLUSIONS
The current NICE and USPSTF guidelines offer a simple and specific approach for predicting
pre-eclampsia using routinely collected maternal factors in pregnancy with higher sensitivity
for prediction of preterm pre-eclampsia than term pre-eclampsia. The poor sensitivity of these
approaches, especially among nulliparous women, demonstrates the clinical need for further
research to develop and validate a simple tool that can improve the prediction of pre-eclampsia
in order to optimize aspirin prophylaxis in settings where specialised tests are not available.
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APPENDICES
APPENDIX 1: SUPPLEMENTARY TABLES
TABLE S1. Characteristics of eligible PARIS randomized controlled trials (n=3 trials)*
Trial
Author,
publication
year

N=PARIS
total
n=
control
arm

Years
recruited

Country
(income
status)**

Treatment
comparison

Maternal
age, years
Mean (SD)
[range]

GA at
randomisation
eligibility
criterion
a. ≤20 weeks,
b. 21-28 weeks
c. >28 weeks

First
pregnancy

PE event rate***

n (%)
Golding J
1998 [27]

N=6275
n=3133

1992–1994

Jamaica
(Middleincome)

Aspirin vs
placebo

20.3y (4.2)
[12–41]

12–32 weeks
a. 1821 (58.2%)
b. 1073 (34.3%)
c. 233 (7.5%)

2722 (86.9%)
Missing: 2

156 (5.0%)
Missing: 9

Rotchell Y
1998 [28]

N=3647
n=1824

1992–1994

Barbados
(Highincome)

Aspirin vs
placebo

24.3y (5.9)
[14–46]

12–32 weeks
a. 1078 (59.1%)
b. 609 (33.4%)
c. 137 (7.5%)

799 (43.8%)
Missing: 0

88 (4.8%)
Missing: 8

Louden K
1992 [29]

N=16
n=8

NR

UK
(Highincome)

Aspirin vs
placebo

26.1y (5.4)
[19–34]

16 weeks
a. 8 (100%)

7 (87.5%)
Missing: 0

0 (0.0%)
Missing: 0

GA, gestational age. NR, not reported. PARIS, Perinatal Antiplatelet Review of International
Studies. PE, pre-eclampsia. SD, Standard Deviation. UK, United Kingdom.
*Values extracted from the PARIS dataset, some of these values differ to original trial
publication. **https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.CD?locations=XMXP-XD
***Pre-eclampsia as defined by PARIS collaborative group.
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TABLE S2. Excluded trials and reason for exclusion (n=28 trials)
Trial
Author, publication
year

N*=PARIS
total
n= control arm

Years
recruited

Country
(income status)**

Grover V
1991 [1]

N=40
n=20

1987

India
(Middle-income)

PE not reported

Italian Study of
Aspirin in Pregnancy
1993 [2]

N=763
n=352

NR

Italy
(High-income)

PE not reported

Chiaffarino F
2004 [3]

N=40
n=22

1998-2000

Italy
(High-income)

PE missing in >90%

Gallery E
1997 [4]

N=119
n=58

NR

Australia
(High-income)

Previous pregnancy or
PHxPE not reported

Uzan S
1991 [5]

N=230
n=74

1985-1989

France
(High-income)

Previous pregnancy or
PHxPE not reported

Uzan S
1989 [6]

N=315
n=151

NR

NR

Previous pregnancy or
PHxPE not reported

Rivas-Echeverria C
2000 [7]

N=60
n=38

NR

Venezuela
(High-income)

GA >28 week at
randomisation

Kincaid-Smith P
1995 [8]

N=21
n=11

NR

Australia
(High-income)

GA at randomisation
missing for >50%

Wang Z
1996 [9]

N=84
n=44

NR

China
(Middle-income)

GA >28 week at
randomisation

Seki H
1999 [10]

N=26
N=15

1994-1996

Japan
(High-income)

GA >28 week at
randomisation

Byaruhanga R
1998 [11]

N=256
n=130

1994–1995

Zimbabwe
(Low-income)

Selected high-risk

Caritis S
1998 [12]

N=2539
n=1266

1991–1995

USA
(High-income)

Selected high-risk

ECPPA
1996 [13]

N=1091
n=551

1989–1993

Brazil
(Middle-income)

Selected high-risk

August P
1994 [14]

N=55
n=27

NR

USA
(High-income)

Selected high-risk

CLASP
1994 [15]

N=8021
n=4008

1988–1992

UK
(High-income)

Selected high-risk

Michael C
1993 [16]

N=110
n=55

NR

Australia
(High-income)

Selected high-risk

Schiff E
1989 [17]

N=62
n=29

1987–1988

Israel
(High-income)

Selected high-risk

Hermida R
2003 [18]

N=341
n=167

NR

Spain
(High-income)

Excluded high-risk

Subtil D
2003 [19]

N=3294
n=1650

1993–1998

France
(High-income)

Excluded high-risk

Rogers M
1999 [20]

N=193
n=75

1992–1994

Hong Kong
(High-income)

Excluded high-risk

Hauth J
1993 [21]

N=606
n=304

1988–1991

USA
(High-income)

Excluded high-risk

Sibai B
1993 [22]

N=3135
n=1565

NR

USA
(High-income)

Excluded high-risk

Reason for exclusion
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Railton A
1988 [23]

N=44
n=14

NR

South Africa
(Middle-income)

Excluded high-risk

Yu C
2003 [24]

N=560
n=280

2001–2002

UK
(High-income)

Selected based on uterine
artery Doppler findings

Vainio M
2002 [25]

N=90
n=45

1997–1999

Finland
(High-income)

Selected based on uterine
artery Doppler findings

Zimmerman P
1997 [26]

N=26
n=13

1994–1995

Finland
(High-income)

Selected based on uterine
artery Doppler findings

Ferrier C
1996 [27]

N=56
n = 28

NR

Australia
(High-income)

Selected based on uterine
artery Doppler findings

Morris J
1996 [28]

N=102
n=50

1992–1994

Australia
(High-income)

Selected based on uterine
artery Doppler findings

CLASP, Collaborative Low-dose Aspirin Study in Pregnancy. ECPPA, Estudo Colaborativo
para PrevenGdo da PrP-eclampsia com Aspirina. NR, not reported. PARIS, Perinatal
Antiplatelet Review of International Studies. PE, pre-eclampsia. PHxPE, past history of preeclampsia. UK, United Kingdom. USA, United States of America.
*Number available in PARIS dataset (may be different to original publication).
**https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.CD?locations=XM-XP-XD
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TABLE S3. Characteristics of study population, parous and nulliparous women
Characteristic

Parous (n=1020)
Total

PE

All

1020

Maternal age
<20y
20-24y
25-29y
30-34y
35-39y
≥40y

Nulliparous (n=3504)
No PE

Total

PE

53

967

3504

168

3336

82 (8.0)
304 (29.8)
308 (30.2)
217 (21.3)
96 (9.4)
13 (1.3)

2 (3.8)
14 (26.4)
13 (24.5)
14 (26.4)
9 (17.0)
1 (1.9)

80 (8.3)
290 (30.0)
295 (30.5)
203 (21.0)
87 (9.0)
12 (1.2)

1842 (52.6)
1169 (33.4)
360 (10.3)
109 (3.1)
23 (0.7)
1 (0.03)

66 (39.3)
55 (32.7)
32 (19.1)
13 (7.7)
2 (1.2)
0 (0.0)

1776 (53.2)
1114 (33.4)
328 (9.8)
96 (2.9)
21 (0.6)
1 (0.03)

Multiple pregnancy
Yes
No

11 (1.1)
1009 (98.9)

0 (0.0)
53 (100.0)

11 (1.1)
956 (98.9)

32 (0.9)
3472 (99.1)

8 (4.8)
160 (95.2)

24 (0.7)
3312 (99.3)

Renal disease
Yes
No

2 (0.2)
1018 (99.8)

1 (1.9)
52 (98.1)

1 (0.1)
966 (99.9)

22 (0.6)
3482 (99.4)

2 (1.2)
166 (98.8)

20 (0.6)
3316 (99.4)

Chronic hypertension
Yes
No

5 (0.5)
1015 (99.5)

0 (0.0)
53 (100.0)

5 (0.5)
962 (99.5)

12 (0.3)
3492 (99.7)

0 (0.0)
168 (100)

12 (0.4)
3324 (99.6)

Diabetes
Yes
No

6 (0.6)
1014 (99.4)

0 (0.0)
53 (100.0)

6 (0.6)
961 (99.4)

44 (1.3)
3460 (98.7)

5 (3.0)
163 (97.0)

39 (1.2)
3297 (98.8)

Previous PE
Yes
No

50 (4.9)
970 (95.1)

12 (22.6)
41 (77.4)

38 (3.9)
929 (96.1)

--------------------------------------------------

Previous HDP*
Yes
No

86 (8.4)
934 (91.6)

14 (26.4)
39 (73.6)

72 (7.5)
895 (92.6)

--------------------------------------------------

Previous SGA
Yes
No

15 (1.5)
1005 (98.5)

1 (1.9)
52 (98.1)

14 (1.5)
953 (98.6)

--------------------------------------------------

Previous
foetal/neonatal loss
Yes
No

52 (5.1)
968 (94.9)

2 (3.8)
51 (96.2)

50 (5.2)
917 (94.8)

n (%)

No PE

n (%)

Medical history

Past pregnancy history

--------------------------------------------------

HDP, hypertensive disease in pregnancy. PE, pre-eclampsia. SGA, small for gestational age.
*Previous HDP includes past history of pre-eclampsia and/or past history of pregnancy-induced hypertension.
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TABLE S4. Performance of NICE approach* to predict preterm, term, early- and late-onset pre-eclampsia in eligible PARIS trials population;
all, parous and nulliparous women
Risk rule

N**

PE
OR
n
(95% CI)
Preterm pre-eclampsia requiring delivery before 37 weeks’ gestation
All women (n=4523)
negative
4320
55
1.00
positive
203
14
6.04 (3.30–11.08)

P-value

Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Positive LR
(95% CI)

Negative LR
(95% CI)

<0.001a
0.04b

20.3% (12.5–31.2%)

95.8% (95.1–96.3%)

6.9% (4.2–11.2%)

96.1% (95.4–96.6%)

4.78 (2.94–7.79)

0.83 (0.74–0.94)

0.001a
0.27b

38.5% (17.7–64.5%)

91.0% (89.0–92.3%)

5.2% (2.2–11.6%)

99.1% (98.3–99.6%)

4.26 (2.08–8.70)

0.68 (0.44–1.04)

<0.001a
0.03b

16.1% (8.7–27.8%)

97.2% (96.6–97.7%)

8.4% (4.5–15.2%)

98.6% (98.2–99.0%)

5.65 (3.01–10.61)

0.86 (0.77–0.97)

Term pre-eclampsia with delivery at or after 37 weeks’ gestation
All women (n=4523)
negative
4320
136
1.00
positive
203
15
2.62 (1.50-4.56)

0.001

9.9% (6.1–15.7%)

95.7% (95.1–96.3%)

7.4% (4.5–11.8%)

96.9% (96.3–97.3%)

2.31 (1.40–3.81)

Parous (n=1020)
negative
positive

924
96

31
9

1.00
3.13 (1.44–6.81)

0.004

22.5% (12.3–37.5%)

91.1% (89.2–92.3%)

9.4% (5.0–16.9%)

96.7% (95.3–97.6%)

2.53 (1.38–4.66)

0.85 (0.72–1.01)

Nulliparous (n=3503)
negative
positive

3396
107

105
6

1.00
2.02 (0.86–4.71)

0.11

5.4% (2.5–11.3%)

97.0% (96.4–97.5%)

5.6% (2.6–11.7%)

96.9% (96.3–97.4%)

1.82 (0.81–4.05)

0.98 (0.93–1.02)

0.006a
0.66c

16.0% (6.4–34.7%)

95.6% (94.9–96.1%)

2.0% (0.8–5.0%)

99.5% (99.3–99.7%)

3.62 (1.46–9.00)

0.88 (0.74–1.04)

0.27a
0.95c

25.0% (4.6–69.9%)

90.7% (88.7–92.3%)

1.0% (0.2–5.7%)

99.7% (99.1–99.9%)

2.67 (0.48–14.76)

0.83 (0.47–1.46)

0.01a
0.37c

14.3% (5.0–34.6%)

97.0% (96.4–97.5%)

2.8% (1.0–7.9%)

99.4% (99.2–99.7%)

4.78 (1.65–13.87)

0.88 (0.74–1.05)

Parous (n=1020)
negative
positive

924
96

8
5

1.00
6.75 (2.16–21.09)

Nulliparous (n=3503)
negative
positive

3396
107

47
9

1.00
6.75 (3.21–14.19)

Early-onset pre-eclampsia requiring delivery before 34 weeks’ gestation
All women (n=4523)
negative
4320
21
1.00
positive
203
4
4.52 (1.54–13.31)
Parous (n=1020)
negative
positive

924
96

3
1

1.00
3.60 (0.37–34.98)

Nulliparous (n=3503)
negative
positive

3396
107

18
3

1.00
5.88 (1.70–20.31)

0.94 (0.89–0.99)
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Late-onset pre-eclampsia requiring delivery at or after 34 weeks’ gestation
All women (n=4523)
negative
4320
170
1.00
positive
203
25
3.49 (2.23–5.45)

<0.001

12.8% (8.8–18.2%)

95.9% (95.3–96.4%)

12.3% (8.5–17.6%)

96.1% (95.4–96.6%)

3.12 (2.10–4.62)

0.91 (0.86–0.96)

Parous (n=1020)
negative
positive

924
96

36
13

1.00
3.90 (1.99–7.64)

<0.001

26.5% (16.2–40.3%)

91.5% (89.5–93.1%)

13.5% (8.1–21.8%)

96.1% (94.7–97.2%)

3.10 (1.87–5.17)

0.80 (0.68–0.95)

Nulliparous (n=3503)
negative
positive

3396
107

134
12

1.00
3.16 (1.69–5.91)

<0.001

8.2% (4.8–13.8%)

97.2% (96.6–97.7%)

11.2% (6.5–18.6%)

96.1% (95.4–96.7%)

2.90 (1.63–5.17)

0.95 (0.90–0.99)

CI, confidence interval. LR, likelihood ratio. NICE, National Institute for Health and Care Excellence. NPV, negative predictive value. OR, odds ratio. PE, pre-eclampsia. PPV, positive predictive
value.
*NICE approach: Positive refers to ≥1 high-risk factors or ≥2 moderate-risk factors. High-risk factors included in this analysis: previous hypertensive disease in pregnancy (includes past history
of pre-eclampsia and/or past history of pregnancy-induced hypertension), renal disease, diabetes (type 1 or 2) and chronic hypertension. Autoimmune disease status not included in this analysis.
Moderate-risk factors included in this analysis: first pregnancy, age ≥40 year and multiple pregnancy.
**Excludes women with missing data.
a
P-value for test of null hypothesis of no difference in odds of preeclampsia for guideline positive versus negative.
b
P-value for test of null hypothesis of no difference in odds ratio for guideline positive versus negative between pre-eclampsia with delivery <37 versus ≥37 weeks.
c
P-value for test of null hypothesis of no difference in odds ratio for guideline positive versus negative between pre-eclampsia with delivery <34 versus ≥34 weeks.
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TABLE S5. Performance of USPSTF approach* to predict preterm, term, early- and late-onset pre-eclampsia in eligible PARIS trials population;
all, parous and nulliparous women
Risk rule

N**

PE
OR
n
(95% CI)
Preterm pre-eclampsia requiring delivery before 37 weeks’ gestation
All women (n=4523)
negative
4312
55
1.00
positive
211
14
5.83 (3.18–10.68)

P-value

Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Positive LR
(95% CI)

Negative LR
(95% CI)

<0.001a
0.08b

20.3% (12.5–31.2%)

95.6% (94.9–96.1%)

6.6% (4.0–10.8%)

98.7% (98.3–99.0%)

4.59 (2.82–7.47)

0.83 (0.74–0.94)

<0.001a
0.26b

38.5.0% (17.7–64.5%)

92.4% (90.6–93.8%)

6.1% (2.6–13.5%)

99.2% (98.3–99.6%)

5.03 (2.45–10.34)

0.67 (0.43–1.02)

<0.001a
0.08b

16.1% (8.7–27.8%)

96.5% (95.9–97.1%)

7.0% (3.7–12.7%)

98.6% (98.2–99.0%)

4.62 (2.47–8.61)

0.87 (0.78–0.98)

Term pre-eclampsia with delivery at or after 37 weeks’ gestation
All women (n=4523)
negative
4312
134
1.00
positive
211
17
2.91 (1.72-4.92)

<0.001

11.3% (7.2–17.3%)

95.6% (94.9–96.1%)

8.1% (5.1–12.5%)

96.9% (96.3–97.4%)

2.54 (1.59–4.05)

Parous (n=1020)
negative
positive

938
82

31
9

1.00
3.84 (1.76–8.39)

0.001

22.5% (12.3–37.5%)

92.6% (90.7–94.0%)

11.0% (5.9–19.6%)

96.7% (95.4–97.7%)

3.02 (1.63–5.59)

0.84 (0.71–0.99)

Nulliparous (n=3503)
negative
positive

3374
129

103
8

1.00
2.24 (1.06–4.73)

0.03

7.2% (3.7–13.6%)

96.4% (95.8–97.0%)

6.2% (3.2–11.8%)

97.0% (96.3–97.5%)

2.02 (1.01–4.02)

0.96 (0.91–1.01)

0.007a
0.77c

16.0% (6.4–34.7%)

95.4% (94.8–96.0%)

1.9% (0.7–4.8%)

99.5% (99.3–99.7%)

3.48 (1.40–8.62)

0.88 (0.74–1.05)

0.20a
0.95c

25.0% (4.6–69.9%)

92.3% (90.2–93.5%)

1.2% (0.2–6.6%)

99.7% (99.1–99.9%)

3.14 (0.57–17.34)

0.82 (0.46–1.44)

0.01a
0.51c

14.3% (5.0–34.6%)

96.4% (95.7–97.0%)

2.3% (0.8–6.6%)

99.5% (99.2–99.7%)

3.95 (1.37–11.41)

0.89 (0.75–1.06)

Parous (n=1020)
negative
positive

938
82

8
5

1.00
8.27 (2.63–25.95)

Nulliparous (n=3503)
negative
positive

3374
129

47
9

1.00
5.51 (2.64–11.53)

Early-onset pre-eclampsia requiring delivery before 34 weeks’ gestation
All women (n=4523)
negative
4312
21
1.00
positive
211
4
4.37 (1.48–12.85)
Parous (n=1020)
negative
positive

938
82

3
1

1.00
4.41 (0.45–42.94)

Nulliparous (n=3503)
negative
positive

3374
129

18
3

1.00
4.80 (1.39–16.52)

0.93 (0.88–0.98)
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Late-onset pre-eclampsia requiring delivery at or after 34 weeks’ gestation
All women (n=4523)
negative
4312
168
1.00
positive
211
27
3.68 (2.39–5.68)

<0.001

13.9% (9.7–19.4%)

95.6% (95.1–96.3%)

12.8% (9.0–18.0%)

96.1% (95.5–96.6%)

3.26 (2.23–4.75)

0.90 (0.85–0.95)

Parous (n=1020)
negative
positive

938
82

36
13

1.00
4.77 (2.42–9.43)

<0.001

26.5% (16.2–40.3%)

92.9% (91.1–94.4%)

15.9% (9.5–25.3%)

96.2% (94.7–97.2%)

3.73(2.22–6.27)

0.79 (0.67–0.99)

Nulliparous (n=3503)
negative
positive

3374
129

132
14

1.00
3.05 (1.71–5.47)

<0.001

9.6% (5.8–15.5%)

96.6% (95.9–97.1%)

10.9% (6.6–17.4%)

96.1% (95.4–96.7%)

2.80 (1.65–4.75)

0.94 (0.89–0.99)

CI, confidence interval. LR, likelihood ratio. NPV, negative predictive value. OR, odds ratio. PE, pre-eclampsia. PPV, positive predictive value. USPSTF, United States Preventive Services Task
Force.
*USPSTF approach: Positive refers to ≥1 high-risk factors or ≥2 moderate-risk factors. High-risk factors included in this analysis: past history of pre-eclampsia, multiple pregnancy, chronic
hypertension, diabetes (type 1 or 2) and renal disease. Autoimmune disease status not included in this analysis. Moderate-risk factors included in this analysis: first pregnancy, age ≥35 year,
previous small for gestational age and previous foetal or neonatal death.
**Excludes women with missing data.
a
P-value for test of null hypothesis of no difference in odds of preeclampsia for guideline positive versus negative.
b
P-value for test of null hypothesis of no difference in odds ratio for guideline positive versus negative between pre-eclampsia with delivery <37 versus ≥37 weeks.
c
P-value for test of null hypothesis of no difference in odds ratio for guideline positive versus negative between pre-eclampsia with delivery <34 versus ≥34 weeks.
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APPENDIX 2: SUPPLEMENTARY FIGURES

FIGURE S1. Selection of the eligible trials and included study population.
NICE, National Institute for Health and Care Excellence. USPSTF, United States Preventive Services Task Force.
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A.

B.

C.
PPV (95% CI)

Pooled PPV

PPV

D.
NPV (95% CI)

Pooled NPV

NPV

FIGURE S2. Forest plot of (A) sensitivity, (B) specificity, (C) positive predictive valuePPV and (D) negative predictive value-NPV from eligible PARIS trials for prediction
of pre-eclampsia in nulliparous women using NICE approach.

80

A.

B.

C.
PPV (95% CI)

Pooled PPV

PPV

D.
NPV (95% CI)

Pooled NPV

NPV

FIGURE S3. Forest plot of (A) sensitivity, (B) specificity, (C) positive predictive valuePPV and (D) negative predictive value-NPV from eligible PARIS trials for prediction
of pre-eclampsia in nulliparous women using USPSTF approach.
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CHAPTER 4

EXTERNAL VALIDATION OF A PRE-ECLAMPSIA RISK
PREDICTION MODEL

4.1 OVERVIEW
Assessment of the performance of a prediction model for disease in a different sample to the
one in which it was developed (‘external validation’) is essential before adopting the model in
routine clinical practice. We have demonstrated that although an extensive number of models
to predict pre-eclampsia have been published, few have been externally validated (Chapter 2).
Given the modest performance of current antenatal guidelines for risk prediction (Chapter 3),
a model based on maternal factors routinely available in early pregnancy that performs well on
external validation might provide a better tool for identifying women at increased risk of preeclampsia to recommend aspirin prophylaxis.

The aim of this chapter is to externally validate a published algorithm incorporating maternal
risk factors routinely collected in early pregnancy to predict early-onset pre-eclampsia
(requiring delivery <34 weeks’ gestation) using the Perinatal Antiplatelet Review of
International Studies (PARIS) population.

Research questions:
1- What is the performance of a published algorithm that incorporates chronic hypertension,
diabetes and mean arterial blood pressure (MAP) to predict early-onset pre-eclampsia in the
PARIS trial sample?
2- Does simple recalibration improve the predictive performance of the algorithm?
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4.2 SUMMARY
Background: Pre-eclampsia presents a serious risk to maternal and infant health, in particular
early-onset pre-eclampsia (requiring delivery before 34 weeks’ gestation). Risk prediction
models may provide a useful tool for early prediction of pre-eclampsia to guide management
including aspirin prophylaxis. However, few published models have been externally validated.

Objective: To assess the predictive accuracy of a published model that incorporates maternal
risk factors that are routinely collected in early pregnancy to predict early-onset pre-eclampsia.

Methods: We conducted a retrospective individual-participant data meta-analysis using the
PARIS dataset to validate the Baschat et al. risk model developed to predict early-onset preeclampsia. Randomised controlled trials (RCTs) were eligible if they enrolled pregnant women
up to 28 weeks’ gestation, reported model risk factors (chronic hypertension, diabetes, mean
arterial blood pressure (MAP)), and assessed pre-eclampsia. RCTs were excluded if they
selected women based on the presence or absence of high-risk factors. From each eligible RCT,
women assigned to the control arm were included. Model performance was assessed by
estimating sensitivity, specificity, positive (PPV) and negative (NPV) predictive value for
predicting early-onset pre-eclampsia at risk threshold 0.7% to classify women at low- versus
high-risk. Sensitivity, PPV and NPV were also assessed at 10% and 20% false positive rate
(FPR) as reported in the original publication. Model discrimination was also assessed by
calculating the area under the curve (AUC) and 95% confidence interval (CI). Model
calibration was assessed using the Hosmer and Lemeshow goodness-of-fit test and a calibration
plot. Simple recalibration by updating the intercept and slope was planned.

Results: Three eligible RCTs included 4524 women, age range 12-46 years. The prevalence of
pre-eclampsia was 4.9% (221 cases), including 25 cases (0.6%) of early-onset pre-eclampsia.
Overall, 17 (0.4%) of women had a history of hypertension and 50 (1.1%) had a history of
diabetes, but there were no pre-eclampsia events in these groups. For prediction of early-onset
pre-eclampsia at risk threshold 0.7%, model sensitivity was 28.0% (95% CI 14.3-47.6%),
specificity 84.3 % (83.2-85.3%), PPV 1.0% (0.5% -2.0%), NPV 99.5% (99.3-99.7%). At 10%
and 20% FPRs, sensitivity was 20.0% (95% CI 8.9-39.1%) and 32.0% (17.2-51.6%)
respectively. Model AUC=0.55 (95% CI 0.43-0.68), goodness-of-fit p=0.86. Recalibration was
not warranted due to poor discrimination and insufficient events for reliable estimates.
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Conclusions: The validity of a model incorporating chronic hypertension, diabetes and MAP
for predicting early-onset pre-eclampsia was not verifiable in this validation sample. These
findings highlight the challenges for the development and validation of models to predict rare
events.

Publication: The abstract of this chapter has been presented as a poster presentation at the
Methods for Evaluation of medical prediction Models, Tests And Biomarkers (MEMTAB)
2018 Symposium, Utrecht, The Netherlands and published as a conference abstract.

Citation:
Methods for Evaluation of medical prediction Models, Tests And Biomarkers (MEMTAB)
2018 Symposium. Diagn Progn Res 2, 12 (2018) doi:10.1186/s41512-018-0036-3

Link: https://diagnprognres.biomedcentral.com/articles/10.1186/s41512-018-0036-3

4.3 INTRODUCTION
Current antenatal guidelines in the United Kingdom (UK) [1] and United States (US) [2]
recommend aspirin prophylaxis for women classified at high-risk of pre-eclampsia based on
the presence of one or more high-risk, or two or more moderate-risk factors. However, as we
have demonstrated in Chapter 3, these approaches have low sensitivity for predicting preeclampsia [3], highlighting the need for alternative risk assessment tools for more accurate
early prediction of pre-eclampsia.

We have identified an extensive number of published risk models that may improve on the
accuracy of simple risk factor approaches [4]. These models provide a mathematical algorithm
to combine information on a set of risk factors to compute an individualized estimate of the
probability of pre-eclampsia. Using statistical methods, the algorithm is developed to assign a
‘weight’ to each risk factor that reflects the strength of its association with pre-eclampsia.
Information about the presence, absence or level of each risk factor collected from an individual
is then applied to the algorithm to estimate the probability of pre-eclampsia. Pre-eclampsia is
84

commonly classified as ‘early-onset’ (pre-eclampsia requiring delivery <34 weeks) and ‘lateonset’ (onset at or after 34 weeks) due to the prognostic differences between these groups [5]
and evidence indicating a different pathophysiology (albeit with overlap) [6], thus some preeclampsia models have been developed specifically to predict early-onset or late-onset preeclampsia.
Following model development, ‘external validation’ to assess performance in a different
population sample is essential to determine its suitability for clinical use because of the
potential for overestimation of performance in the original model development sample due to
‘overfitting’ [7,8]. As reported in Chapter 2, few published pre-eclampsia risk models have
been externally validated to date [4]. Of the validated models identified, several that include
specialised tests such as uterine artery Doppler and serum biomarkers have demonstrated very
good performance in validation studies. For example, validation of a model for early-onset preeclampsia reported a sensitivity of 92% (compared to 95% in the development study) at a fixed
specificity of 90% [4]. In contrast, there are very few validation studies of models using
routinely available maternal factors (‘simple’ models); and those available have reported
relatively poor performance. For example, in our previous systematic review, the best
performing validated simple model to predict early-onset pre-eclampsia achieved a sensitivity
of 40% in a validation study (47% in the development study) at fixed specificity of 90% [4].
Thus, in settings where specialised tests are not available, there is an ongoing need to identify
a well performing model that incorporates clinical information available from routine antenatal
care. Ideally such a model could be broadly applicable to both developed and developing
countries to predict women at increased risk of pre-eclampsia for preventive strategies.

The accuracy of a prediction model varies at different risk thresholds (the risk level used to
classify individuals as low-risk versus high-risk), thus external validation studies should seek
to assess model performance at clinically meaningful decision thresholds [9]. Most validation
studies of pre-eclampsia risk models published to date assess model sensitivity at a fixed false
positive rate, for example 10%. The clinical relevance of this cut-point is not explained but
implies that a specificity >90% is demanded for risk assessment. At this threshold, no more
than 1 in 10 women who do not develop pre-eclampsia would be classified as being at highrisk. It may be more clinically relevant to assess the sensitivity and specificity of the model to
discriminate between high- versus low-risk women at a risk threshold of 8% to reflect the
current treatment threshold recommended by the United States Preventive Services Task Force
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(USPSTF) guidelines for aspirin prophylaxis [2]. This threshold implies that it is acceptable to
manage 12 women as being at high-risk of pre-eclampsia for every one woman who will
develop the condition. A risk assessment tool that achieves a positive predictive value >8% for
correctly predicting women who develop pre-eclampsia would meet this minimum
performance level.

Data from the clinical trials originally conducted to evaluate aspirin prophylaxis, such as
available from the Perinatal Antiplatelet Review of International Studies (PARIS) dataset,
provide an opportunity to validate new pre-eclampsia risk models [10]. From our previous
systematic review, we identified one risk model that included routinely collected risk factors
that were also available in the PARIS dataset. This model was reported by Baschat et al in 2014
and includes chronic hypertension, diabetes, mean arterial blood pressure (MAP) to predict
early-onset pre-eclampsia [11]. The same publication also developed a model for predicting
any-onset pre-eclampsia; however, it included a blood test for PAPP-A, which is not routinely
available in all antenatal settings, and thus is not assessed here.
The aim of this chapter is to validate the performance of Baschat et al (2014) model to predict
early-onset pre-eclampsia in the PARIS dataset.

4.4 METHODS
Original model and development study
The Baschat model was developed in a prospective multicentre cohort of 2441 women
attending first trimester screening in four centres in the United States, 2007-2010 [11]. Women
with bilateral uterine artery notching on ultrasound were excluded. There were 18 (0.7%) earlyonset pre-eclampsia events [11]. The model algorithm was reported as follows: Log odds of
early-onset pre-eclampsia (Y) = ‒5.803 + 0.302 (for history of diabetes) + 0.767 (for history of
hypertension) + 0.00948 (per unit mean arterial pressure). The Baschat et al. (2014) publication
reported the area under the curve (AUC) was 0.83, with sensitivity 55% and 66% at false
positive rate (FPR) 10% and 20% respectively [11]. Although modest, these accuracy estimates
are higher than current guideline approaches [3]. We are not aware of any other validation
study of this model reported to date.
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Study design and data source
We externally validated the Baschat model by undertaking an individual participant data metaanalysis using PARIS trial data. PARIS randomised controlled trials (RCTs) were eligible if
they enrolled pregnant women up to 28 weeks’ gestation with no known diagnosis of preeclampsia, reported model risk factors, and assessed pre-eclampsia. We excluded RCTs if they
selected women based on the presence or absence of high-risk factors or uterine artery Doppler
findings. From each eligible RCT, we included women assigned to the control arm (placebo or
no antiplatelet therapy).

We followed the external validation steps recommended by Riley et al. (2016) [7] and the
Transparent Reporting of a multivariable prediction model for Individual Prognosis Or
Diagnosis (TRIPOD) guidelines to report our findings [8].

Outcomes
The primary outcome for model validation was early-onset pre-eclampsia requiring delivery
<34 weeks as a binary outcome (yes vs no).

In PARIS, pre-eclampsia was defined as hypertension with new onset proteinuria at or beyond
20 weeks’ gestation [10].

Where the original trial definition of pre-eclampsia differed from the PARIS definition, we
used the PARIS definition.

Study data
We extracted the maternal risk factors included in the model from each eligible trial: chronic
hypertension (yes vs no); diabetes (yes vs no). We extracted systolic blood pressure (SBP) and
diastolic blood pressure (DBP) in mmHg (continuous) measured at randomisation to calculate
MAP using the following formula: MAP=DBP+1/3(SBP-DBP).
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Statistical analysis
Descriptive analysis
To visually assess the distribution of MAP as a continuous variable, we plotted a probability
distribution curve and tested for normality using the Kolmogorov–Smirnov test [12]. We
calculated the mean and standard deviation of MAP and summarized the frequency of MAP as
a categorical variable (<100 mmHg vs ≥100 mmHg) and other categorical risk factors (chronic
hypertension and diabetes) as a percentage. We calculated the prevalence of early-onset preeclampsia, and summarised the distribution of model risk factors for the subgroup of women
who developed early-onset pre-eclampsia.

We inspected missing data for prior pregnancy and established high-risk factors from each trial.
Subjects with missing risk factors were excluded from the analyses to allow comparison of
model performance with antenatal guideline performance.

Univariate analysis
We estimated the odds ratio (OR) and 95% confidence interval (CI) for each of the model risk
factors.

Model performance
We used the Baschat model to estimate the probability of developing early-onset pre-eclampsia
for each individual woman in the PARIS dataset by calculating the log odds (Y), exponentiating
this term to calculate the odds (ExpY), and calculating the probability as follows:
probability=odds/1+odds [11].

We examined model performance by assessing discrimination and calibration. We assessed
discrimination by calculating the AUC of the receiver operating characteristics (ROC) curve
and 95% CI; and assessing model accuracy for predicting early-onset pre-eclampsia. The AUC
value, also referred to as the ‘c-statistic’, provides an estimate of the probability of correctly
ordering the risk of pre-eclampsia for two randomly selected women, one who will develop
pre-eclampsia, and the other who will not. An AUC of 0.5 represents a probability no better
the chance and 1 represents perfect discrimination (where all randomly selected pairs would be
correctly ordered) [8]. We assessed accuracy by estimating the sensitivity, specificity, positive
88

predictive value (PPV) and negative predictive value (NPV) of the model to predict early-onset
pre-eclampsia at the risk threshold 0.7%, in contrast to the higher risk threshold of 8% set for
any onset pre-eclampsia (such that women with risk <0.7% were classified as low-risk, and
those with risk ≥0.7% were classified as high-risk for early-onset pre-eclampsia). This
threshold was chosen from the prevalence of early-onset pre-eclampsia in the Baschat study
population used for model development. We also assessed sensitivity at 10% and 20% FPR as
reported in the original Baschat publication, and we reported the risk threshold corresponding
to 10% and 20% FPR.

We assessed model calibration as follows: we calculated the ratio of the total number of women
expected to have pre-eclampsia based on the model predictions to the total observed preeclampsia events (referred to as the expected/observed (E/O ratio) [7]; we used the HosmerLemeshow test for goodness-of-fit [13], where a p-value <0.05 indicates poor calibration; we
presented the distribution of predicted probabilities in a histogram; and displayed a calibration
plot to visually compare the observed risk (y-axis) versus predicted risk (x-axis) for women
classified into five groups based on predicted risk (<0.55%, 0.55-<0.6%, 0.6-<0.65%, 0.650.7%, >0.7%). We planned to perform simple recalibration if appropriate by updating the
intercept and slope using the method published by Steyerberg [14].

We assessed heterogeneity in model performance between the eligible RCTs using the I-square
measure and chi-square statistic using Meta-Disc software [15] and presented the results in a
forest plot. We used SPSS version 24 and SAS version 9.3 statistical software for all other
analyses. A p-value of <0.05 was regarded as statistically significant for all analyses.

4.5 RESULTS
Study sample
Three RCTs of antiplatelet therapy in primary prevention samples of pregnant women were
eligible for the analysis (Figure S1) [16-18]. The characteristics of eligible RCTs are
summarized in Table 1. From the three eligible RCTs, 4524 women were included in the
analysis. Maternal age ranged from 12-46 years. The prevalence of any-onset pre-eclampsia
was 4.9% (n=221) and early-onset pre-eclampsia was 0.6% (n=25).
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TABLE 1. Characteristics of eligible randomized controlled trials*
Trial
Author,
publication year

N=PARIS
total
n=
evaluable in
the control
arm

Years
recruited

Country
(income
status)**

Treatment
comparison

Selection criteria

Maternal age,
years
Mean (SD)
[range]

GA at randomisation
eligibility criterion
a. ≤20 weeks,
b. 21-28 weeks
c. >28 weeks

First pregnancy

PE event
rate***

n (%)
Golding J
1998 [16]

N=6275
n=3133

1992–1994

Jamaica
(Middleincome)

Aspirin vs
placebo

Unselected for risk
factors
Included:
Primiparous

20.3y (4.2)
[12–41]

12–32 weeks
a. 1821 (58.2%)
b. 1073 (34.3%)
c. 233 (7.5%)

2722 (86.9%)
Missing: 2

156 (5.0%)
Missing: 9

Rotchell Y
1998 [17]

N=3647
n=1824

1992–1994

Barbados
(High-income)

Aspirin vs
placebo

Unselected for risk
factors

24.3y (5.9)
[14–46]

12–32 weeks
a. 1078 (59.1%)
b. 609 (33.4%)
c. 137 (7.5%)

799 (43.8%)
Missing: 0

88 (4.8%)
Missing: 8

Louden K
1992 [18]

N=16
n=8

NR

UK
(High-income)

Aspirin vs
placebo

Unselected for risk
factors Included:
Primigravida

26.1y (5.4)
[19–34]

16 weeks
a. 8 (100%)

7 (87.5%)
Missing: 0

0 (0.0%)
Missing: 0

GA, gestational age. NR, not reported. PARIS, Perinatal Antiplatelet Review of International Studies. PE, pre-eclampsia. SD, Standard Deviation. UK, United Kingdom.
*Values extracted from the PARIS dataset, some of these values differ to original trial publication.
**https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.CD?locations=XM-XP-XD
***Pre-eclampsia as defined by PARIS collaborative group.
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Association between model factors and pre-eclampsia
MAP was normally distributed (Figure S2). None of the model risk factors were statistically
significantly associated with early-onset pre-eclampsia with no early-onset pre-eclampsia
events reported for women with chronic hypertension or diabetes; and one event reported
among 73 women with MAP ≥100 mmHg (Table 2).

TABLE 2. Distribution of model risk factors and
association with early-onset pre-eclampsia, PARIS
validation sample
Variable

Early-onset PE
n=25 (0.6%)
OR (95% CI)

P-value

Total
n (%)

Early-onset
PE
n (%)

Chronic
hypertension
No
Yes

4506 (99.6%)
17 (0.4%)

25 (100%)
0 (0.0%)

inestimable

inestimable

Diabetes
No
Yes

4473 (98.9%)
50 (1.1%)

25 (100%)
0 (0.0%)

inestimable

inestimable

1.02 (0.98-1.07)*

0.29

1.00
2.55 (0.34-19.13)

0.34

MAP
Mean (SD)
[range]
<100 mmHg
≥100 mmHg
Missing=13

80 (9)
[53-123]
4437 (98.4%)
73 (1.6%)

24 (96.0%)
1 (4.0%)

CI, confidence interval. MAP, mean arterial pressure. OR, odds ratio.
PE, pre-eclampsia.
*OR per mmHg increase in MAP

Model discrimination
The c-statistic for the model was 0.55 (95% CI 0.43-0.68) indicating poor discrimination (Table
3, Figure 1). At the risk threshold of 0.7%, the model classified 712 (16%) of women at highrisk of early-onset pre-eclampsia with sensitivity 28.0% (95% CI 14.3-47.6%), specificity
84.3% (83.2-85.3%), PPV 1.0% (0.5%-2.0%), NPV 99.5% (99.3-99.7%) (Table 3). At 10%
and 20% FPR, sensitivity was 20.0% (8.9-39.1%) and 32.0% (17.2-51.6%) respectively; and
corresponded to a risk threshold of 0.71% and 0.68% respectively.

91

TABLE 3. Accuracy of the Baschat model for predicting early-onset pre-eclampsia in the
PARIS validation sample, n=4510
10% FPR* (95% CI)

20%FPR** (95% CI)

20.0% (8.9-39.1%)

32.0% (17.2-51.6%)

84.3% (83.2-85.3%)

89.6% (88.7-90.5%)

79.8% (78.6-80.9%)

Positive predictive value

1.0% (0.5-2.0%)

1.1% (0.5-2.5%)

0.9% (0.4-1.7%)

Negative predictive value

99.5% (99.3-99.7%)

99.5 (99.2-99.7%)

99.5% (99.2-99.7%)

Performance measure

Risk threshold 0.7% (95% CI)
28.0% (14.3-47.6%)

Sensitivity
Specificity

CI, confidence interval. FPR, false positive rate.
*Corresponds to a risk threshold of 0.71%
*Corresponds to a risk threshold of 0.68%

Cut-points
Risk 0.7%
FPR 10%
FPR 20%

FIGURE 1. ROC curve for the Baschat model for predicting early-onset
pre-eclampsia in the PARIS validation sample (AUC=0.55, 95% CI 0.420.68), showing model sensitivity at three cut-points (risk threshold 0.7%,
FPR 10%, FPR 20%)
FPR; false positive rate.
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Model calibration
Most model predictions for early-onset pre-eclampsia ranged between 0.5% and 1%
(Interquartile range 0.60%-0.68%, Figure 2). Overall, the model predicted 29.3 early-onset preeclampsia events, compared to 25 observed events (E/O ratio=1.2); and the Hosmer and
Lemeshow goodness-of-fit test indicated that the model fits the data, i.e, it is well calibrated
(X2=3.97; p=0.86). The calibration plot also indicated an acceptable level of calibration for
prediction of early-onset pre-eclampsia within the 95% confidence limits. However, at
predicted probabilities lower than 0.5% and higher than 0.7%, the model underestimated the

Number of women

observed probability (Figure 3).

0.0%

0.5%

1.0%

1.5%

2.0%

Probability of early-onset pre-eclampsia

FIGURE 2. A histogram of the distribution of predicted probability of early-onset
pre-eclampsia using the Baschat model in the PARIS sample.
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Observed proportion of early-onset pre-eclampsia

0.035
3.5%
0.03
3.0%
0.025
2.5%
0.02
2.0%
0.015
1.5%

Risk%

Total

Early-onset preeclampsia, n (%)

0.01
1.0%

<0.55
0.55‒<0.60
0.60‒<0.65
0.65‒0.7
>0.7

171
592
1653
1382
712

1 (0.6)
4 (0.7)
7 (0.4)
6 (0.4)
7 (1.0)

0.005
0.5%
0
0

0.005
0.5%

0.01
1.0%

0.015
1.5%

0.02
2.0%

0.025
2.5%

0.03
3.0%

0.035
3.5%

Predicted probability of early-onset pre-eclampsia

FIGURE 3: Calibration plot comparing the observed versus predicted
probability of early-onset pre-eclampsia using the Baschat model in PARIS
sample. The mean predicted probability for five model-predicted risk groups
(<0.55%, 0.55-<0.6%, 0.6-<0.65%, 0.65-0.7%, >0.7%) is plotted on the x-axis;
and the observed proportion of women with pre-eclampsia and 95%
confidence interval for each risk group is plotted on the y-axis.

Model recalibration
There were 0.45 and 0.27 expected events in women with diabetes and hypertension
respectively; and no observed events. Thus, we explored model recalibration without these risk
factors. For this analysis, women with hypertension or diabetes were excluded from the PARIS
sample (N=4443). We found simple recalibration coefficients with MAP as a single predictor
were not statistically significant; and MAP was non-significant in logistic regression fits. Thus,
simple recalibration by updating the intercept and slope of a model including MAP alone was
not feasible.

To explore the potential for refitting MAP, we re-examined the relationship between MAP and
the observed probability of early-onset preeclampsia by plotting a smoothed curve using the
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Loess function in R. This post-hoc analysis indicated an apparent non-linear relationship; with
an apparent association between increasing MAP and early-onset pre-eclampsia for women

Probability of early-onset pre-eclampsia

with a MAP ≥85 mmHg (Figure 4).

MAP (mmHg)

Figure 4. Relationship between mean arterial pressure (MAP) and early-onset
pre-eclampsia in the PARIS sample.

Assessment of the heterogeneity of the model performance among eligible PARIS trials
Two RCTs reported adequate data to allow comparison of Bashat model performance between
different trial populations (Golding et al 1998 [16] and Rotchell et al 1998 [17]). The estimates
of model sensitivity to predict early-onset pre-eclampsia varied by 15% between these trials,
but with only 25 pre-eclampsia events, there were wide 95% confidence intervals around these
estimates and this difference was not statistically significant (sensitivity 25% versus 40%
respectively; p-heterogeneity=0.51). The 9% difference in the estimates of model specificity
between the two trials was statistically significantly different (88% versus 79% respectively;
p-heterogeneity <0.01) (Figure 5). Model PPV and NPV were similar across the two trials
(Figure 5).
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A.

B.

C.
PPV (95% CI)

Pooled PPV

PPV

D.
NPV (95% CI)

Pooled NPV

NPV

FIGURE 5. Forest plot of model (A) sensitivity, (B) specificity, (C) positive
predictive value (PPV) and (D) negative predictive value (NPV) for prediction
of early-onset pre-eclampsia using Baschat model within individual PARIS
trials.
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4.6 DISCUSSION

Main Findings
The Baschat et al 2014 model for predicting early-onset pre-eclampsia performed poorly in the
PARIS sample with an AUC substantially lower than the original published estimate (AUC
0.55, 95% CI 0.43-0.68 versus AUC 0.83, 95% CI, 0.74-0.91 respectively). Model sensitivity
was less than half that estimated in the original development study (20% versus 55% at 10%
FPR; and 32% versus 66% at 20% FPR, respectively).

Despite poor discrimination performance, measures of model calibration indicated adequate
fit. However, this analysis was seriously limited by the small number of early-onset preeclampsia events resulting in wide standard errors and we are not able to exclude the possibility
of a model slope b= 0 (not useful) or b=1 (perfect fit). Recalibration was not warranted due to
poor discrimination and insufficient events for reliable estimates.

The apparent association between MAP and early-onset pre-eclampsia in women with upper
quartile range MAP >80 mmHg is an exploratory finding.

Interpretation in context of existing evidence
This is the first external validation study of the Baschat model, thus we are unable to compare
our results to validation studies conducted in other antenatal samples.

Possible explanations for our finding of substantially poorer predictive performance than the
original published results include: overfitting of the original model, in particular given the
small number of 18 early-onset pre-eclampsia cases in the development population; and
variation in the distribution of the predictors between the development and validation
populations including variables included in the Baschat model [7] and those not included.
Although the prevalence of any-onset and early-onset pre-eclampsia in PARIS sample was
similar to the model development study (4.9% versus 4.4%; and 0.6% versus 0.7%,
respectively) suggesting comparable antenatal populations, differences in the prevalence of
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model predictors diabetes and chronic hypertension between these studies (diabetes 0.4%
versus 3.7%, chronic hypertension 1.1% versus 7.1% for the present study versus the Baschat
model, respectively) provide some support for this explanation.

Model calibration was not reported in the original study. In the present study, the model
predicted probabilities were within a narrow range of 0-2%. For example, even at the maximum
reading of MAP in the PARIS dataset, a woman with both diabetes and chronic hypertension
would have a predicted probability of early-onset pre-eclampsia of 2%. Given the low range of
estimated probabilities, we contacted the author who confirmed that the algorithm was
correctly reproduced in the publication.

We demonstrated heterogeneity in model specificity between two large included trial
populations indicating model performance varies across different populations. The Bashat
model was developed in pregnant women from four different centres in US. This would be
expected to offer the advantage of improving the representativeness of the development
population and thus applicability of the model. We note the authors did not assess the
heterogeneity in model performance across these centres as recommended by Riley et al [7],
but the relatively small sample sizes at each centre would likely limit interpretation of such
analyses.

Model discrimination performance was similar to the accuracy achieved by the NICE and
USPSTF guidelines for prediction of early-onset pre-eclampsia among parous women
(sensitivity 25% and specificity 91-92%) in the same validation sample [3]. Our previous
systematic review identified additional published models based on routinely collected maternal
factors that have reported higher predictive performances than the Baschat model, but these
models included risk factors which are not recorded in the PARIS dataset, such as body mass
index (BMI) and conception method, or not adequately reported such as family history, and
therefore validation was not possible in the PARIS dataset.
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Although disappointing, our finding of poor model performance is not unexpected for the
reasons outlined above. At least one of the few validation studies of other simple models have
also reported substantial differences in model performance between development and
validation studies. For example, Poon et al 2010 [19] reported good sensitivity for a model
developed to predict early-onset pre-eclampsia that included maternal factors (race, chronic
hypertension, parous with or without past history of pre-eclampsia, conception method) and
MAP in a UK antenatal population (sensitivity 75.7, 95% CI 58.8–88.2) at 10% FPR. However,
Park et al 2013 validation of the Poon model in two Australian hospitals reported lower
sensitivity (58.3, 95% CI 27.8–84.7) at the same 10% FPR [20]. Even so, the modest
performance on validation, was slightly higher than the performance of the Baschat model in
the development population and substantially higher than our validation of the Baschat model.

Strengths and Limitations
A major strength of this validation study is the use of the PARIS dataset, which provides data
from three independent RCTs that enrolled women representing the general antenatal
population, with the vast majority of women (99%) recruited from two trials conducted in the
Caribbean region (Jamaica [16] and Barbados [17]) where the risk of pre-eclampsia is higher
than the UK and Europe [21]. The assessment of risk factors in these RCTs was protocoldefined, as were study outcomes, which strengthens the validity of our assessment. In addition,
we included an assessment of model performance at the same cut-points as the original study
to allow a direct comparison with the performance measures reported.

The main limitation of our analysis is that despite the large population size, early onset preeclampsia is relatively rare (<1%); and there were only 25 cases in the eligible PARIS sample,
thus our estimate of model sensitivity has a wide 95% confidence interval reflecting the wide
range of uncertainty; and seriously limited our assessment of calibration. Even so, this
validation study was larger than the original model development study and included more cases
of early onset pre-eclampsia (25 versus 18). Another limitation of using the PARIS dataset is
that the women were enrolled in the early 1990s and the definition of pre-eclampsia and
distribution of some risk factors such as maternal age has changed over time [22,23].
Furthermore, some women were randomised up to 28 weeks’ gestation, thus the study sample
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may not have captured women with (rare) very early-onset pre-eclampsia, limiting our ability
to assess prediction of very early-onset of pre-eclampsia.

Clinical implications
Overall, our findings do not support implementation of the model for clinical use. Further
development and validation of simple risk models are therefore needed to guide aspirin
prophylaxis or further evaluation. These models should aim to improve on both the sensitivity
and specificity of guideline approaches, in particular for nulliparous women in whom we have
demonstrated very poor sensitivity, to maximise the correct identification of those at high-risk
of pre-eclampsia. A higher PPV is desirable, in particular if there are concerns that aspirin may
be associated with a (very small) increased risk of adverse outcomes such as antepartum
haemorrhage or placental abruption [24], which may reduce the acceptability of, and adherence
to, aspirin prophylaxis.

Research implications
The present study illustrates the challenge of validating models for the prediction of rare events.
Two additional methodological issues relevant to the development and validation of the
Baschat model are: First, model performance was estimated at a fixed FPR in the model
development study. To consider the potential clinical benefits and harms of adopting a model
to guide clinical decisions, model performance should include assessment of sensitivity and
specificity at clinically meaningful risk thresholds for classifying low- versus high-risk women
for example the risk thresholds used to guide treatment decisions such as aspirin prophylaxis.
If model sensitivity is assessed at fixed FPR, the clinical rationale should be stated, and the
corresponding risk threshold should be reported. Depending on the clinical decisions the model
risk assessment will be used to inform, an FPR lower or higher than 10% may be acceptable.

Second, model calibration was not assessed in the model development study. ROC curves are
generally inappropriate to assess the clinical performance of risk prediction models since they
do not provide estimations of the proportions of women who have high-risk versus low-risk
probabilities. In addition, the curves do not provide information about the range of model
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predicted risks [25]. Estimation of model sensitivity from the corresponding from the ROC
curve and FPR cut-point is a flawed method especially when comparing model performance
across different populations because the same FPR can be achieved at different risk thresholds
in different populations [25]. Therefore, determining appropriate risk thresholds for assessment
of clinical performance will be important for ongoing model development.

4.7 CONCLUSIONS
The validity of the Baschat model for predicting early-onset pre-eclampsia was not verifiable
in this validation sample. These findings highlight the importance of validating prediction
models in independent samples before recommending for use; and some of the challenges for
validation of models to predict rare events.
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APPENDICES
APPENDIX 1: SUPPLEMENTARY FIGURES

Trial level exclusion

31 trials

Excluded trials





Pre-eclampsia not reported, 2 trials
Pre-eclampsia missing in >90%, 1 trial
Diabetes and chronic hypertension not available, 4 trials
Gestational age >28 week at randomisation or missing >50%,
4 trials
 Selected high-risk factors, 9 trials
 Excluded high-risk factors, 8 trials

3 eligible trials
9938 women

Patient level exclusions

Analysis level

 Treatment arm exclusions (n=4973)
 Missing co-variables required to compare model performance
with clinical guideline rules for classifying high-risk: preeclampsia (n=18), previous pregnancy (n=2), past history of
pre-eclampsia (n=409), chronic hypertension (n=11), renal
disease (n=2).
 Missing mean arterial pressure (n=13)

Study population
4510 women

Validation of Baschat model

FIGURE S1. Selection of the eligible trials and included study population.
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APPENDIX FIGURE 2. Histogram of the distribution of mean arterial pressure (MAP)
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FIGURE S2. A histogram of the distribution of mean arterial pressure (MAP).
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CHAPTER 5

PRE-ECLAMPSIA RISK PREDICTION MODEL DEVELOPMENT AND
VALIDATION – THE PARIS MODEL

5.1 OVERVIEW
Improved targeting of effective prophylactic agents such as aspirin to women at elevated risk
of pre-eclampsia may help achieve substantial reductions in the global burden of this disease.
Clinical practice guideline rules provide a simple approach to classify women at increased risk
of pre-eclampsia in settings where specialised tests such as uterine artery Doppler and serum
biomarkers are not available, however we have demonstrated the performance of these rules is
modest (Chapter 3). Combining maternal factors in a risk algorithm may allow more accurate
prediction to guide management including preventive strategies for women identified at highrisk. However, few maternal risk factor models have been externally validated (Chapter 4), and
the extent to which a model may improve on the predictive performance of current guideline
approaches is not known.

The purpose of this chapter is to develop and validate a risk prediction model for pre-eclampsia
by combining the maternal risk factors and mean arterial pressure (MAP) available in the
Perinatal Antiplatelet Review of International Studies (PARIS) dataset of randomised
controlled trials; and compare its performance with the National Institute for Health and Care
Excellence (NICE) guideline risk rule approach.

Research questions:
1. Does a pre-eclampsia risk prediction model developed from maternal risk factors listed in
the antenatal guidelines perform better than the NICE risk rule approach?
2. Does the addition of blood pressure measurement to maternal risk factors improve the
performance of a pre-eclampsia risk model based on maternal risk factors alone?
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3. Does the performance of the pre-eclampsia risk model vary across different antenatal
populations?
4. Does simple recalibration improve model performance across different antenatal populations?
5. Does the performance of the model vary for identifying early-onset pre-eclampsia (requiring
delivery <34 weeks’ gestation) and pre-term pre-eclampsia (requiring delivery <37 weeks’
gestation) versus any-onset pre-eclampsia?

5.2 SUMMARY
Background: Combining maternal risk factors for pre-eclampsia in an algorithm may allow
more accurate prediction of pre-eclampsia than current guideline risk rules.

Objective: To develop and validate a risk prediction model for pre-eclampsia by combining
maternal risk factors listed in antenatal guidelines; assess the additional predictive value of a
model developed from maternal risk factors and baseline blood pressure measurement; and
compare model performance with the NICE risk rule approach.

Methods: We conducted a retrospective individual-participant data meta-analysis using the
PARIS trial dataset. Trials were eligible if they enrolled pregnant women <28 weeks’ gestation;
assessed pre-eclampsia and pre-eclampsia risk factors; and did not recruited women based on
the presence or absence of pre-eclampsia risk factors. Women assigned to the control arm were
included. Model performance was assessed by estimating sensitivity, specificity, positive
(PPV) and negative (NPV) predictive value for predicting pre-eclampsia (at risk thresholds
≥6%, ≥8%, and ≥10% to classify low- versus high-risk). We estimated the number need to
screen (NNS) and number need to treat (NNT) to avoid one pre-eclampsia event if using the
risk model to classify women as high-risk for aspirin prophylaxis. Model discrimination was
assessed by calculating the area under the curve (AUC) and 95% confidence interval (CI).
Model calibration was assessed using the Hosmer and Lemeshow goodness-of-fit test, a
calibration plot and a risk-stratification capacity table. We calculated the net reclassification
index (NRI) to compare model performance with and without blood pressure.

107

Results: Three eligible trials included 4524 women. The prevalence of pre-eclampsia was
4.9%. The addition of mean arterial pressure (MAP) improved model performance (Additive
NRI= 11).

The final model predictors were: parity, past history of pre-eclampsia, diabetes, renal disease,
multiple pregnancy, maternal age and MAP. The model classified 12% of women at ≥8% risk
of pre-eclampsia with model sensitivity 35% (95% CI 29-42%), specificity 89% (88-90%),
PPV 14% (12-18%), NPV 96.4% (95.8-96.9%); AUC=0.70 (0.67-0.74); goodness-of-fit
p=0.53, NNS 578 and NNT 69. In comparison, 4.5% of women were classified as screenpositive using the NICE approach with a sensitivity of 13% (9-18%) and specificity 96% (9597%), NNS 1560 and NNT 70.

Conclusions: A simple risk prediction model for pre-eclampsia using routinely collected
maternal factors and blood pressure measurement in early pregnancy demonstrated modest
accuracy for predicting pre-eclampsia at the 8% risk threshold relevant for aspirin prophylaxis,
but improved on the NICE guideline approach.

5.3 INTRODUCTION
The current guideline approaches in the United Kingdom (UK) [1] and the United States (US)
[2,3] for classifying women at high-risk of pre-eclampsia are practical for use at the first
antenatal clinic visit. However, as demonstrated in Chapter 3, most women who develop preeclampsia would not be classified as being at high-risk using these guideline approaches and
therefore miss the opportunity to benefit from aspirin prophylaxis [4]. By improving the
targeting of prophylaxis and/or further testing for high-risk women, more accurate risk
prediction tools have the potential to offer significant reductions in the global incidence and
burden of this pre-eclampsia.

Combining guideline-listed maternal risk factors in an algorithm may allow more accurate risk
prediction. However, our systematic review demonstrates there is limited evidence to assess
the advantage of risk models of routinely collected maternal risk factors over guideline risk
rules; and there is currently no such model in wide use internationally (Chapter 2) [5]. In
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addition, our review identified only four simple risk models that have been externally validated.
These validated models did not provide adequate information about their performance at the
risk threshold relevant to guide aspirin prophylaxis. Furthermore, our validation study in
Chapter 4 did not report encouraging findings for a previously published risk model.

To address the clinical need to improve on current guideline approaches, the aim of this study
was to develop a pre-eclampsia risk prediction model based on routinely available clinical
factors that could be used at the first antenatal visit. The primary research questions were: (1)
Does a pre-eclampsia risk prediction model developed from maternal risk factors listed in the
antenatal guidelines perform better than the NICE risk rule approach? (2) Does the addition of
blood pressure measurement to maternal risk factors improve the performance of a preeclampsia risk model based on maternal risk factors alone? (3) Does the performance of the
pre-eclampsia risk model vary across different antenatal populations? (4) Does simple
recalibration improve model performance across different antenatal populations? (5) Does the
performance of the model vary for identifying early-onset pre-eclampsia (requiring delivery
<34 weeks’ gestation) and pre-term pre-eclampsia (requiring delivery <37 weeks’ gestation)
versus any-onset pre-eclampsia?

5.4 METHODS
Study design and data source
We performed a retrospective individual participant data meta-analysis of the prospectively
collected Perinatal Antiplatelet Review of International Studies (PARIS) trial dataset to
develop risk prediction models for this study. The characteristics of the trials included in the
PARIS dataset have been previously described in Chapter 3 and in a previous meta-analysis
[6]. We followed the Transparent Reporting of a multivariable prediction model for Individual
Prognosis Or Diagnosis (TRIPOD) guidelines to develop and validate the model [7].
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Data collection
PARIS RCTs were eligible for inclusion if they satisfied the following inclusion criteria:
women were enrolled up to 28 weeks’ gestation and were eligible for primary prevention with
no known diagnosis of pre-eclampsia prior to enrolment; the control arm was placebo or no
treatment; pre-eclampsia was recorded, with data available for ≥90% of women (missing or
unknown <10%); and pre-specified risk factors, including parity and past history of preeclampsia were reported. Trials were excluded if they included: women with a known diagnosis
of pre-eclampsia; ˃50% of women had gestational age >28wks; pre-eclampsia was not reported
as an outcome; or the trial selected women based on specialised tests such as uterine artery
Doppler.

From each eligible trial, participants were included in the analysis if they were assigned to
control arm (no antiplatelet therapy).

Outcome
The primary outcome for assessing the performance of the clinical prediction models was the
presence of pre-eclampsia as a binary outcome (any severity or timing). In PARIS, preeclampsia was defined as hypertension with new onset proteinuria at or beyond 20 weeks’
gestation [6].

Secondary outcomes were: early-onset pre-eclampsia (requiring delivery <34 weeks); and
preterm pre-eclampsia (requiring delivery <37 weeks). Women with pre-eclampsia and
delivery ≥ 34 weeks were also classified at late-onset pre-eclampsia.

Where the original trial definition of pre-eclampsia differed from the PARIS definition, we
have used the PARIS definition.

We summarised the inclusion criteria for each included trial and classified trials according to
whether they selected women based on the presence of one or more risk factor (‘high-risk’
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population); the absence of risk factors (‘low-risk’ population) or did not select patients based
on risk factors (‘unselected’ population).

Maternal factors
Maternal risk factors were extracted from each eligible trial to develop the model. Candidate
variables were identified from published antenatal guidelines [1,2] and a previous systematic
review of published pre-eclampsia risk models [5]. Factors available in the PARIS dataset for
inclusion in this analysis were:


maternal age in years (continuous);



past pregnancy history (past history pre-eclampsia, previous foetal/neonatal death,
previous small for gestational age (SGA)/intrauterine growth retardation (IUGR);



pre-existing conditions (chronic renal disease, chronic hypertension, pre-pregnancy
diabetes mellitus);



current pregnancy factors (parity (nulliparous, multiparous), multiple pregnancy, systolic
blood pressure (SBP) at randomisation in mmHg (continuous), diastolic blood pressure
(DBP) at randomisation in mmHg (continuous)).

Past history of pre-eclampsia and parity were combined to create a categorical variable
(nulliparous, parous with past history of pre-eclampsia and parous without past history of preeclampsia).

The mean arterial pressure (MAP) was calculated using the following formula:
MAP=DBP+1/3*(SBP-DBP).

The PARIS dataset did not include the following candidate factors identified from the clinical
guidelines and published models: body mass index (BMI), race, conception method and
pregnancy interval.

Family history was not included in this analysis because data were only recorded in two of the
eligible trials, and these data were also incomplete (recorded as present in 51 of 3947 patients
(1.3%), recorded as absent in three women, missing data for 3893 women). Autoimmune
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disease was not included in this analysis because data were not recorded for 70% of women
(7217/10 338).

Statistical analysis
Descriptive analysis
The distribution of the continuous variables (age, SBP, DBP and MAP) was assessed visually
by plotting a probability distribution curve and normality was tested using the Kolmogorov–
Smirnov test [8]. The prevalence of pre-eclampsia was calculated as a percentage, and a
descriptive analysis of the baseline maternal factors was performed by summarising the mean
and standard deviation of continuous variables and the frequency of categorical variables as a
percentage, overall, and for the subgroups of women who developed pre-eclampsia and those
who did not.

Univariate analysis
Logistic regression was used to assess the statistical association between the risk factors and
pre-eclampsia by calculating the odds ratio (OR) and 95% confidence interval (CI) for each
specified maternal factor. A secondary analysis was performed to test for a difference in risk
factors between early- and late-onset pre-eclampsia and the results presented in a forest plot.
A p-value of <0.05 was regarded as statistically significant for these analyses.

Model development
The model development population comprised participants from the subset of trials that did not
select women based on the presence/absence of risk factors. Model development was
performed using multivariable logistic regression.
First, we developed a “base model” by entering all the risk factors listed in antenatal guidelines
[1,2] that were also available in the PARIS dataset. Second, we developed a “final model” by
entering all the established risk factors available in the PARIS dataset including factors not
listed in the guidelines such as MAP.
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To develop the model, we used internal-external (leave-one-out) cross validation by rotating
the exclusion of one trial from the set, using the same backward stepwise regression method
for each iteration, with validation of the model in the excluded trial population [9]. Candidate
predictors were retained in each model iteration if they were classified as high-risk by clinical
guidelines [1,2] regardless of their statistical significance or the p-value was ≤0.3 since the
primary goal of developing the model is the estimation of the individual risk of pre-eclampsia
[10]. It was planned to select the final variables from the variables appearing in at least twothirds of models and the performance of the models. The intercept and beta (log odd ratio)
estimates and 95% CI for the final model were presented. A forward stepwise method using
the final variables was also performed to assess the consistency of the results from the
backward stepwise method. In the model development stage, we compared the performance of
each model using the likelihood ratio X2 test, R2 and Brier score.

Model performance
We evaluated the performance of the base and final models by assessing discrimination and
calibration. Discrimination refers to the ability of a prediction model to differentiate between
those with and without the event of interest. Calibration refers to the agreement between the
model predictions and the observed outcome events. For these measures, we used the model
algorithm to estimate the probability of pre-eclampsia for each individual woman by
calculating the log odds (Y) and the odds ratio (ExpY) and using the following equation:
Probability=odds/1+odds.

Discrimination was quantified by calculating the area under the curve (AUC), also referred to
as the “c-statistic” and 95% CI. This value estimates the proportion of ‘subject pairs’ the model
will correctly rank with each subject pair randomly drawn to include one woman with preeclampsia and one woman without pre-eclampsia. For a correct ranking, the woman with preeclampsia will have a higher predicted risk than the woman without pre-eclampsia; a value of
0.5 represents chance and 1 represents perfect discrimination [7]. Given the model is intended
to be used to classify individuals as low- or high-risk of pre-eclampsia to inform clinical
decisions, discrimination was also assessed by estimating accuracy measures: sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) of the model
to predict pre-eclampsia and their 95% CI. For our primary analysis, we used ≥8% as the cutpoint to provide the most clinically relevant measure of accuracy. Women were classified as
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true positive if they had a pre-eclampsia diagnosis and model prediction at or above this cutpoint; false positive (high-risk and no pre-eclampsia); true negative (low-risk, no preeclampsia) or false negative (low-risk and pre-eclampsia) based on the model predicted risk
and recorded diagnosis of pre-eclampsia. We repeated these analyses using cut-points at ≥6%,
and ≥10%. These cut-offs were selected from a publication recommending a 6-10% risk
threshold for informing aspirin decisions [11].

In a secondary analysis, we assessed the AUC and sensitivity and specificity of the final model
in the high-risk trial population and the low-risk trial population. We also assessed the
discrimination of the final model to predict early-onset pre-eclampsia and preterm preeclampsia.

Model calibration was assessed using the Hosmer-Lemeshow goodness-of-fit test, with p-value
<0.05 indicating poor calibration [12]. Calibration was also plotted on a graph by plotting
observed risks on the y-axis against predicted risks on the x-axis for subgroups of patients
categorised by their predicted probabilities (0-2%, 2-4%, 4-6%, 6-8%, 8-10%, 10-15%, >15%)
[7].

We also demonstrate how the model may be recalibrated for use in different populations by
recalibration in a high-risk trial population. This was performed by updating the intercept and
slope using the method published by Steyerberg [10]. Recalibration was assessed by displaying
the distribution of predicted probabilities in a histogram and a calibration plot. The c-statistic
and Brier score for the model before and after recalibration were calculated.

To compare the base versus final models, we also created a risk stratification table and
compared the proportions of pre-eclampsia events in the margins with the corresponding row
and column labels for each model. Using this approach, agreement between the observed
proportion of pre-eclampsia events and the predicted risk category (i,e; the observed proportion
of pre-eclampsia events falls within the predicted risk category) indicates a well calibrated
model [13].
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When a model is determined to be well calibrated, it is valuable to explore its value by
evaluating its capacity to stratify the population into clinically relevant risk categories together
with estimation of the population proportions allocated into these categories (‘risk stratification
capacity’) [13]. A better model shifts more women to the extremes that can inform clinical
decisions. A perfect model would place the whole population to either the very highest or very
lowest risk categories and leave the middle categories empty. A useless model allocates the
same risk to the whole population. Therefore, we presented the distribution of predicted risk
from the final model in a histogram and quantified the risk-stratification capacity of the model
by calculating the proportion of women allocated into clinically relevant low-, middle- and
high-risk categories (<6%, 6-10% and >10% risk respectively).

To assess the clinical value of including MAP in the model, we estimated the Net
Reclassification Improvement (NRI) for the final model versus the base model. The additive
NRI using the final model is calculated by summing the percentage of women with preeclampsia correctly reclassified as high-risk using the final model to the percentage of women
without pre-eclampsia who are correctly reclassified as low-risk [14].

We also calculated the absolute NRI using the final model by summing the number of women
with pre-eclampsia correctly reclassified as high-risk and the number of women without preeclampsia correctly reclassified as low-risk using the final model and reporting as a proportion
of all women [14].

The final model was internally validated using the bootstrapping sampling technique to assess
potential overfitting of the regression coefficients. One thousand bootstrap samples were used.
Bootstrapping repeats the sample generation process from the observed dataset by selecting
samples, with replacement, from the original dataset to create ‘bootstrap samples’, each with
the same size as the original dataset [10]. A model is developed in each bootstrap sample and
its performance assessed in the bootstrap sample (‘bootstrap performance’) and in the original
sample (‘test performance’) [10]. ‘Optimism’ is calculated at the difference between the
bootstrap performance and test performance. The ‘corrected’ estimate of the final model
performance after correction for optimism was calculated as follows:
Estimated performance = apparent performance – optimism
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The ‘apparent’ and ‘estimated’ performance of the final model was presented in a table,
together with the mean values for bootstrap performance, test performance and optimism
calculated from the 1000 bootstrap samples.

The mean c-statistic (AUC) of the bootstrapping models was compared with the final model
using the following formula: AUC=0.5*(Dxy+1), where: Dxy is Somer’s D. A well validated
model will report minimal optimism. We planned to adjust the regression coefficients by the
resulting shrinkage factor if required [10].

The final model is presented as a nomogram that can be used to assign each patient with a risk
score to estimate their probability of pre-eclampsia [7]. This is done by assigning points for
each predictor by drawing a line from the predictor value for the individual (for example:
nulliparous or multiparous) to the top point line and then summing the points for each predictor
and reading the predicted probability by drawing a line from the total points line to the predicted
risk scale on the bottom of the graph.

Model comparisons with NICE guidelines
The performance of the base and final model was compared with the NICE guidelines approach
(with the exception of NICE-listed moderate-risk factors: BMI, pregnancy interval >10 years
and family history of pre-eclampsia which were not available in the PARIS dataset) by
calculating sensitivity and specificity and number need to screen (NNS) [15] and number need
to treat (NNT).

Assessment the heterogeneity in model performance across trial populations
We assessed heterogeneity in model performance among the eligible RCTs using the I-square
and chi-square statistic using Meta-Disc software [16] and presented the results in a forest plot
[17].

SPSS version 24 and SAS version 9.3 statistical software and R were used for all analyses. The
R rms package was used for model internal validation (bootstrapping), recalibration and
development of the nomogram (see Appendix 1 for R code).
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5.5 RESULTS
Selection of the women
Of the 31 primary prevention RCTs included in the PARIS dataset, nine eligible trials reported
adequate data on risk factors to be included in the analysis for model development and
validation (Figure 1).

31 trials
Trial level exclusions







PE not reported, 2 trials
PE missing in >90%, 1 trials
Previous pregnancy or PHxPE not reported, 3 trials
GA >28 week at randomisation or missing >50%, 4 trials
Missing data on other factors, 7 trials
Selected based on uterine artery Doppler findings, 5 trials

9 trials
21 927 women
Patient level exclusions
 Treatment arm exclusions (n=10 974)
 Missing PE (n=91), previous pregnancy (n=2), PHxPE (n=426), other missing variables
(multiple pregnancy=94, renal disease=2)

9 trials
10 338 women

4 trials
‘High-risk’ population
4013 women

3 trials
‘Unselected’ population 4524
women

2 trials
‘Low-risk’ population
1801 women

4524 women included in the
development of the base
model

4511 women included in the
final model development
(missing MAP, n=13)

FIGURE 1: Selection of the eligible trials and included study population.
MAP, mean arterial pressure. PE, pre-eclampsia. PHxPE, past history of pre-eclampsia

117

TABLE 1. Characteristics of eligible PARIS randomized controlled trials (n=9 trials)*
Trial
Author,
publication
year

N*=PARIS
total
n=
control arm

Years
recruited

Country
(income
status)**

Treatment
comparison

Selection criteria

Maternal age,
years
-Mean (SD)
[range]

GA at
randomisation
eligibility criterion
a. ≤20 weeks,
b. 21-28 weeks
c. >28 weeks

First pregnancy

PE event
rate***

n (%)
‘Unselected population’: included in analysis of guidelines’ approach and single high-risk factor analysis (n=3 trials)
Golding J
1998 [18]

N=6275
n=3133

1992–1994

Jamaica
(Middleincome)

Aspirin vs
placebo

Primiparous.

20.3y (4.2)
[12–41]

12–32 weeks
a. 1821 (58.2%)
b. 1073 (34.3%)
c. 233 (7.5%)

2722 (86.9%)
Missing: 2

156 (5.0%)
Missing: 9

Rotchell Y
1998 [19]

N=3647
n=1824

1992–1994

Barbados
(Highincome)

Aspirin vs
placebo

Unselected for risk
factors.

24.3y (5.9)
[14–46]

12–32 weeks
a. 1078 (59.1%)
b. 609 (33.4%)
c. 137 (7.5%)

799 (43.8%)
Missing: 0

88 (4.8%)
Missing: 8

Louden K
1992 [20]

N=16
n=8

NR

UK
(Highincome)

Aspirin vs
placebo

Primigravida.

26.1y (5.4)
[19–34]

16 weeks
a. 8 (100%)

7 (87.5%)
Missing: 0

0 (0.0%)
Missing: 0

‘High-risk population’: included women only with high-risk factors (n=4 trials)
August P
1994 [21]

N=55
n=27

NR

USA
(Highincome)

Aspirin vs
placebo

Chronic HTN or
PHxPE.

32y (6.5)
[20–42]

13–15 weeks
a. 27 (100%)

5 (18.5%)
Missing:0

6 (23.1%)
Missing: 1

CLASP
1994 [22]

N=8021
n=4008

1988–1992

UK
(Highincome)

Aspirin vs
microcrystalline
cellulose and
corn starch

≥1 risk factors.

28.7y (5.3)
[15–48]

12 weeks
a. 2931 (73.1%)
b. 896 (22.4%)
c. 181 (4.5%)

920 (23.0%)
Missing: 0

501 (12.5%)
Missing: 2

Michael C
1993 [23]

N=110
n=55

NR

Australia
(Highincome)

Aspirin vs
placebo

HTN or PHxPE.

27.7y (5.9)
[18–40]

<24 weeks
a. 37 (68.5%)
b. 17 (31.5%)

9 (16.4%)
Missing: 0

9 (17.3%)
Missing: 3
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Schiff E
1989 [24]

N=62
n=29

1987–1988

Israel
(Highincome)

Aspirin+starch
+colloidal
silicon dioxide
vs
starch+lactose+
colloidal silicon
dioxide+talc+g
elatine+Ca
stearate

‘Low-risk population’: Excluded women with high-risk factors (n=2 trials)
Hauth J
N=606
1988–1991
USA
Aspirin vs
1993 [25]
n=304
(Highplacebo
income)
Sibai B
1993 [26]

N=3135
n=1565

NR

USA
(Highincome)

Aspirin+starch
vs
lactose+starch

Nulliparous.
Multiple pregnancy
or PHxPE.
Exclude: chronic
HTN.

28.3y (4.2)
[18–38]

28–29 weeks
b. 19 (65.5%)
c. 10 (34.5%)

25 (86.2%)
Missing: 0

7 (24.1%)
Missing: 0

Nulliparous.
Exclude: high-risk
factors.

19.6y (2.7)
[13–28]

24 weeks
b. 304 (100%)

304 (100.0%)
Missing: 0

17 (5.6%)
Missing: 3

Nulliparous.
Normotensive.
Exclude: high-risk
factors.

20.6y (4.7)
[12–43]

13–25wks
a. 877 (56%)
b. 683 (43.6%)
c. 5 (0.3%)

1172 (74.9%)
Missing: 0

60 (4.0%)
Missing: 65

CLASP, Collaborative Low-dose Aspirin Study in Pregnancy. GA, gestational age. HTN, hypertension. NR, not reported. PARIS, Perinatal Antiplatelet Review
of International Studies. PE, pre-eclampsia. PHxPE, past history of pre-eclampsia. SD, Standard Deviation. UK, United Kingdom. US, ultrasound. USA,
United States of America.
*Values extracted from the PARIS dataset, some of these values differ to original trial publication.
**https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.CD?locations=XM-XP-XD
***Pre-eclampsia as defined by PARIS collaborative group.
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The characteristics of the included trials are summarised in Table 1. After applying our
eligibility criteria and excluding women with missing maternal risk factors, nine trials (n=10
338 women) were included: three trials included women unselected for risk factors [18-20]
(‘unselected population’ n=4524 women); four required the presence of a risk factor for
inclusion [21-24] (‘high-risk population’, n=4013 women); and two trials required the absence
of a high-risk factor for inclusion [25,26] (‘low-risk population’, n=1801 women). The reasons
for excluding other trials are summarised in Table S1.

Characteristics of the study population
Overall pooled the pre-eclampsia prevalence in included trials was 7.9% (817 of 10 338
women): 4.9% in the three unselected trials; 12.7% in the four high-risk trials; and 4.1% in the
two low-risk trials. Participant age ranged from 12-48 years. The early-onset and preterm preeclampsia rates were 0.6% and 1.5% respectively. The distribution of maternal age, SBP, DBP
and MAP as continuous variables in the PARIS sample are shown in Figure S1.

In univariate analysis, women who developed pre-eclampsia were more likely to have previous
pregnancy with a past history of pre-eclampsia compared to women with no prior pregnancy
(OR 3.61, 95% CI 2.88-4.52). Women with a multiple pregnancy (2.58, 95% CI 1.79-3.73) or
a history of chronic hypertension (2.42, 95% CI 1.98-2.95) also had a statistically significant
elevated risk of pre-eclampsia. (Table 2). The association between individual factors and preeclampsia did not vary significantly across trial groups (Figure S2), and were similar for earlyonset pre-eclampsia and late-onset pre-eclampsia (Figure S3). The risk factors had stronger
association with early-onset pre-eclampsia than late-onset pre-eclampsia (Figure S3).

120

TABLE 2. Characteristics of the study population
Variable

n (%)

Missing

No PE
n (%)

PE
n (%)

OR (95% CI)

P-value

10338
24.2 (6.3) [12-48]

0

9521 (92.1%)

817 (7.9%)

1.06 (1.05-1.07)*

<0.001

2956 (28.6%)
2892 (28.0%)
2265 (21.9%)
1486 (14.4%)
621 (6.0%)
118 (1.1%)

2840 (29.8%)
2691 (28.3%)
2007 (21.1%)
1329 (14.0%)
550 (5.8%)
104 (1.1%)

116 (14.2%)
201 (24.6%)
258 (31.6%)
157 (19.2%)
71 (8.7%)
14 (1.7%)

0.32 (0.25-0.40)
0.58 (0.48-0.71)
1.00
0.92 (0.75-1.13)
1.00 (0.76-1.33)
1.047 (0.59-1.86)

<0.001
<0.001

10338
5881 (56.9%)
2172 (21.0%)
2285 (22.1%)

9521 (92.1%)
5527 (58.1%)
2066 (21.7%)
1928 (20.3%)

817 (7.9%)
354 (43.3%)
106 (13.0%)
357 (43.7%)

1.25 (1.00-1.56)
1.00
3.61 (2.88-4.52)

0.05

Multiple pregnancy
Total
No
Yes

10338
10135 (98.0%)
203 (2.0%)

9521 (92.1%)
9354 (98.2%)
167 (1.8%)

817 (7.9%)
781 (95.6%)
36 (4.4%)

2.58 (1.79-3.73)

<0.001

Renal disease
Total
No
Yes

10338
10146 (98.1%)
192 (1.9%)

9521 (92.1%)
9355 (98.3%)
166 (1.7%)

817 (7.9%)
791 (96.8%)
26 (3.2%)

1.85 (1.22-2.82)

0.004

Chronic hypertension
Total
No
Yes

10338
9475 (91.7%)
863 (8.4%)

9521 (92.1%)
8794 (92.4%)
727 (7.6%)

817 (7.9%)
681 (83.4%)
136 (16.7%)

2.42 (1.98-2.95)

<0.001

Diabetes
Total
No
Yes

10338
10157 (98.2%)
181 (1.8%)

9521 (92.1%)
9368 (98.4%)
153 (1.6%)

817 (7.9%)
789 (96.6%)
28 (3.4%)

2.17 (1.44-3.27)

<0.001

9505 (92.1%)

817 (7.9%)

1.03 (1.03-1.04)**

<0.001

8694 (91.5%)
811 (8.5%)

660 (80.8%)
157 (19.2%)

2.55 (2.11-3.08)

<0.001

9507 (92.1%)

817 (7.9%)

1.05 (1.04-1.06)**

<0.001

8863 (93.2%)
644 (6.8%)

678 (83.0%)
139 (17.0%)

2.82 (2.31-3.44)

<0.001

9505 (92.1%)

817 (7.9%)

1.05 (1.04-1.06)**

<0.001

8505 (89.5%)
1000 (10.5%)

625 (76.5%)
192 (23.5%)

2.61 (2.20-3.11)

<0.001

9504 (92.2%)
8344 (87.8%)
1160 (12.2%)

805 (7.8%)
671(83.3%)
134 (16.7%)

1.44(1.18-1.75)

<0.001

9516 (92.1%)
8934 (93.9%)
582 (6.1%)

813 (7.9%)
741 (91.1%)
72 (8.9%)

1.49 (1.16-1.93)

0.002

Maternal age
Total (year)
mean (SD)
By group
<20y
20-24y
25-29y
30-34y
35-39y
≥40
Parity
Total
1st pregnancy
Parous without PHxPE
Parous with PHxPE

0.43
0.98
0.87

<0.001

Medical history

Randomised systolic BP
Total
Mean (SD)
<140 mmHg
≥140 mmHg
Randomised diastolic
BP
Total
Mean (SD
<90 mmHg
≥90 mmHg

10322 (99.8%)
115 (16) [78-240]
9354 (90.6%)
968 (9.4%)

16

10324 (99.9%)
69 (12) [20-130]
9541 (92.4%)
783 (7.6%)

14

10322 (99.8%)
84 (12) [47-160]
9130 (88.4%)
1192 (11.6%)

16

SGA/IUGR
Total
No
Yes

10309
9015 (87.4%)
1294 (12.6%)

29

Foetal or neonatal loss
Total
No
Yes

10329
9675 (93.7%)
654 (6.3%)

9

MAP
Total
Mean (SD
<100 mmHg
≥100 mmHg
Past medical history
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BP, blood pressure. IUGR, intrauterine growth retardation. MAP, mean arterial pressure. OR, odds ratio.
PHxPE, past history of pre-eclampsia. PE, pre-eclampsia. SD, standard deviation. SGA, small for
gestational age.
*OR per year increase in age
**OR per mmHg increase in BP

Multivariable regression analysis in predicting pre-eclampsia
Seven factors were included in the final model built in the unselected trial population: parity
(nulliparous, parous with past history of pre-eclampsia), diabetes, renal disease, multiple
pregnancy, maternal age (in years, continuous variable), and MAP at randomisation (in mmHg,
continuous variable) (Table 3 and Table 4)

The base model algorithm is:
Y= -5.1118+ 0.6237*(Nulliparous) + 1.8899*(parous with past history of pre-eclampsia) +
0.6437*(Diabetes)

+

1.0155*(Renal

disease)

+

1.4770*(Multiple

Pregnancy)

+

0.0698*(Maternal Age) (Table 3).

The final model algorithm is:
Y= -9.5368 + 0.6690*(Nulliparous) + 1.6127*(parous with past history of pre-eclampsia) +
0.5894*(Diabetes)

+

0.9935*(Renal

disease)

+

1.4351*(Multiple

Pregnancy)

+

0.0468*(Maternal Age) + 0.0596*(MAP) (Table 4).

In both models, parous women with a past history of pre-eclampsia had the highest odds of
pre-eclampsia (adjusted OR 6.62, 95% CI 3.19-13.75; and 5.02, 2.36-10.66 respectively)
followed by women with a multiple pregnancy (adjusted OR 4.38, 95% CI 1.98-9.68; and
4.20, 95% CI 1.86-9.49 respectively).
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TABLE 3. Multivariable regression analysis for prediction of pre-eclampsia,
base model
Variables

B (beta coefficient) SE

Adjusted OR (95% CI)

P-value

Intercept

-5.1118

0.4330

Nulliparous

0.6237

0.2082

1.87 (1.24-2.81)

0.003

Parous with PHxPE

1.8899

0.3730

6.62 (3.19-13.75)

<0.001

Diabetes

0.6437

0.4819

1.90 (0.74-4.90)

0.18

Renal disease

1.0155

0.6332

2.76 (0.80-9.55)

0.11

Multiple pregnancy

1.4770

0.4049

4.38 (1.98-9.68)

<0.001

Maternal age

0.0698

0.0138

1.07 (1.04-1.10)

<0.001

CI, confidence interval. OR, odds ratio. PHxPE, past history of pre-eclampsia. SE, standard error

TABLE 4. Multivariable regression analysis for prediction of pre-eclampsia,
final model
Variables

B (beta coefficient) SE

Adjusted OR (95% CI)

P-value

Intercept

-9.5368

0.7559

Nulliparous

0.6690

0.2094

1.95 (1.30-2.94)

0.001

Parous with PHxPE

1.6127

0.3845

5.02 (2.36-10.66)

<0.001

Diabetes

0.5894

0.4861

1.80 (0.70-4.68)

0.23

Renal disease

0.9935

0.6528

2.70 (0.75-9.71)

0.13

Multiple pregnancy

1.4351

0.4157

4.20 (1.86-9.49)

0.001

Maternal age

0.0468

0.0143

1.05 (1.02-1.08)

0.001

MAP

0.0596

0.00813

1.06 (1.05-1.08)

<0.001

CI, confidence interval. MAP, mean arterial pressure. OR, odds ratio. PHxPE, past history of preeclampsia. SE, standard error
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Performance of the base and final models
The base model AUC was 0.62 (95% CI 0.58-0.66) indicating poor discrimination (likelihood
ratio X2 test =60.25, R2=0.041, Brier score=0.046). With the addition of MAP, the final model
AUC was 0.70 (0.67-0.74) indicating good discrimination (likelihood ratio X2 test =114.29,
R2=0.077, Brier score=0.045) (Figure 2).

The base model classified 7% of women as having a risk of pre-eclampsia at or above the 8%
risk threshold (Table 5). At this risk threshold, base model sensitivity for predicting preeclampsia was 19% (95% CI 15-25%) with specificity 94% (93-95%). The sensitivity of the
base model was higher at the ≥6% risk threshold (36%, 95% CI 30-42%), with lower specificity
(84% (83-85%)) (Table 5). The final model classified 12% of women as having a risk of preeclampsia at or above the 8% risk threshold. At this risk threshold, final model sensitivity for
predicting pre-eclampsia was 35% (29-42%) with specificity 89% (88-90%). The sensitivity of
the final model at the ≥6% risk threshold was 53% (95% CI 46-59%) with specificity 79%
(95% CI 78-80%) (Table 5).

Performance of the final model in high- and low-risk trial populations
In the high-risk trial population, the final model showed overall poor discrimination with an
AUC of 0.62 (95% CI 0.59-0.64) (Figure 3A). At the ≥8% risk threshold, it demonstrated very
good sensitivity (90%, 95% CI 88-93%) but very poor specificity (22%, 95% CI 21-24%)
(Table 5). In the low-risk trial population, the final model showed overall good discrimination
with an AUC of 0.71 (95% CI 0.66-0.77) (Figure 3B); but very low sensitivity (14%, 95% CI
8-24%) with very good specificity (95%, 95% CI 94-96%) at ≥8% risk threshold (Table 5).
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TABLE 5. Performance of PARIS models with and without MAP, in high- and low-risk trial populations
PE/n
<threshold ≥ threshold

Sensitivity
(95%CI)

Specificity
(95%CI)

PPV
(95%CI)

NPV
(95%CI)

≥6%

142/3770

79/754

36% (30-42%)

84% (83-85%)

10% (8-13%)

96.2% (95.6-96.8%)

≥8%

178/4223

43/301

19% (15-25%)

94% (93-95%)

14% (11-19%)

95.8% (95.1-96.4%)

≥10%

192/4335

29/189

13% (9-18%)

96.3% (95.7-96.8%)

15% (11-21%)

95.6% (94.9-96.1%)

≥6%

104/3493

117/1018

53% (46-59%)

79% (78-80%)

11% (10-14%)

97% (96-98 %)

≥8%

143/3969

78/542

35% (29-42%)

89% (88-90%)

14% (12-18%)

96.4% (95.8-96.9%)

≥10%

169/4206

52/305

24% (18-30%)

94% (93-95%)

17% (13-22%)

96% (95-97)

≥6%

25/629

494/3384

95% (93-97%)

17% (16-19%)

15% (13-16%)

96% (94-97%)

≥8%

50/836

469/3177

90% (88-93%)

22% (21-24%)

15% (14-16%)

94% (92-95%)

≥10%

70/1066

449/2947

87% (83-89%)

29% (27-30%)

15% (14-17%)

93% (92-95)

≥6%

55/1611

22/187

29% (20-39%)

90% (89-92%)

12% (8-17%)

96.6% (95.6-97.4)

≥8%

66/1706

11/92

14% (8-24%)

95% (94-96%)

12% (7-20%)

96% (95-97 %)

≥10%

72/1758

5/40

6% (3-14%)

98% (97-99%)

13% (5-26%)

96% (95-97%)

Risk threshold (%)
Model development
PARIS base model without MAP
(n=4524)

PARIS final model with MAP
(n=4511)

Model validation
PARIS final model with MAP in
high-risk trial population (n=4013)

PARIS final model with MAP in lowrisk trial population (n=1798)*

CI, confidence interval. MAP, mean arterial pressure. NPV, negative predictive value. OR, odds ratio. PARIS, Perinatal Antiplatelet
Review of International Studies. PE, pre-eclampsia. PPV, positive predictive value.
* Three women missing MAP in low-risk trial population.
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ROC Curves for Comparisons
1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 - Specificity
ROC Curve (Area)

Model with MAP (AUC=0.70)
Model (0.7045)
without MAP (0.6198)
Model without MAP (AUC=0.62)
with MAP (0.7045)

FIGURE 2: ROC curve and AUC for base (AUC=0.62, 95% CI 0.58-0.66) and
final (AUC=0.70, 95% CI 0.67-0.74) PARIS models to predict pre-eclampsia.
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ROC Curve for WORK.HIGH
A. High-risk trial population
Area Under the Curve = 0.6178
1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 - Specificity

ROC Curve for WORK.LOW
B. Low-risk trial population
Area Under the Curve = 0.7147

1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 - Specificity

FIGURE 3: ROC curve and AUC for final PARIS model to predict pre-eclampsia
in: (A) high-risk trial population (AUC=0.62, 95% CI 0.59-0.64); (B) low-risk trial
population (AUC=0.71, 95% CI 0.66-0.77).
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Performance of the final PARIS model to predict early-onset and preterm pre-eclampsia
Early-onset pre-eclampsia
The final model demonstrated overall poor discrimination to predict early-onset pre-eclampsia
with an AUC of 0.68 (95% CI 0.57-0.79) (Figure 4A); and reported similar sensitivity 36%
(20-55%) and good specificity 88% (87-89%) at the ≥8% risk threshold compared to its
performance to detect pre-eclampsia at any time of onset (Table 6).

Preterm pre-eclampsia
The final model also demonstrated overall poor discrimination to predict preterm pre-eclampsia
with an AUC of 0.68 (95% CI 0.60-0.75) (Figure 4B); and reported similar sensitivity (38%,
95% CI 27-49%) and good specificity (88%, 95% CI 87-89%) than model identifying anyonset pre-eclampsia at ≥8% risk threshold (Table 6).

TABLE 6. Performance characteristics of the final model for
prediction of early-onset pre-eclampsia and preterm preeclampsia at ≥8% risk threshold
Test characteristic

n/N

Study population (95%
CI)

Early-onset PE (n=4510)
Sensitivity

9/25

36% (20-55%)

Specificity

3953/4485

88% (87-89%)

PPV

9/541

2% (1-3%)

NPV

3953/3969

99.6% (99.3-99.8%)

Sensitivity

26/69

38% (27-49%)

Specificity

3926/4441

88% (87-89%)

PPV

26/541

5% (3-7%)

NPV

3926/3969

98.9% (98.5-99.2%)

Preterm PE (n=4510)

CI, confidence interval. NPV, negative predictive value. OR, odds ratio. PE,
pre-eclampsia. PPV, positive predictive value.
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A. Early-onset pre-eclampsia
ROC Curve

for Model

Area Under the Curve = 0.6762
1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 - Specificity

B. Preterm pre-eclampsia

ROC Curve for Model
Area Under the Curve = 0.6753

1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 - Specificity

FIGURE 4. ROC curve and AUC for final PARIS model to predict: (A) early-onset
pre-eclampsia at ≥8% risk-threshold (AUC=0.68, 95% CI 0.57-0.79); (B) preterm
pre-eclampsia at ≥8% risk-threshold (AUC=0.68, 95% CI 0.60-0.75)
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Comparison with the NICE guideline approach
Using the NICE approach, 4.5% of women were classified screen-positive. The sensitivity of
the NICE approach was 13% (9-18%) which was slightly lower than the PARIS base model at
the ≥8% risk threshold in the unselected trial population. The specificity of the NICE rule (96%
(95-97%) was slightly higher than the PARIS base model at this threshold. At the ≥10% risk
threshold, base model performance was similar to the NICE approach (Table 7). The NNS for
the base model at the ≥8% risk was 1052, compared to 1560 for women classified as screenpositive as defined by NICE approach. The NNT was 70 for both the base model and NICE
approach.

The final model demonstrated higher sensitivity than the NICE guidelines at the ≥8% risk
threshold, sensitivity 35% (29-42%), with lower specificity 89% (88-90%) (Table 7). The NNS
for the final model at the ≥8% risk was 578 and the NNT was 69.

TABLE 7. Comparison of the performance of the base model, final model and
the NICE approach for pre-eclampsia prediction
Risk threshold (%)

Sensitivity
(95%CI)

Specificity
(95%CI)

PPV
(95%CI)

NPV
(95%CI)

96.2% (95.6-96.8%)

PARIS base model
≥6%

36% (30-42%) 84% (83-85%)

10% (8-13%)

≥8%

19% (15-25%) 94% (93-95%)

14% (11-19%) 95.8% (95.1-96.4%)

≥10%

13% (9-18%)

96.3% (95.7-96.8%) 15% (11-21%) 95.6% (94.9-96.1%)

PARIS final model with MAP
≥6%

53% (46-59%) 79% (78-80%)

11% (10-14%) 97% (96-98 %)

≥8%

35% (29-42%) 89% (88-90%)

14% (12-18%) 96.4% (95.8-96.9%)

≥10%

24% (18-30%) 94% (93-95%)

17% (13-22%) 96% (95-97)

13% (9-18%)

14% (10-20%) 95.6% (94.9-96.1%)

NICE guidelines*
positive vs negative

96% (95-97%)

CI, confidence interval. MAP, mean arterial pressure. NICE, Institute for Health and Care Excellence.
NPV, negative predictive value. PARIS, Perinatal Antiplatelet Review of International Studies. PPV,
positive predictive value.
*NICE guidelines screen-positive rate was 4.5%
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Model calibration
Model predictions using the final model ranged between 0.7% and 71.7% (Interquartile range
(IQR): 2.6-5.7, Figure 5). The Hosmer and Lemeshow goodness-of-fit test indicates that both
the base and final PARIS models are well calibrated (X2=7.37; p=0.39 and X2=7.05; p=0.53
respectively). Figure 6 displays the final model has an acceptable level of calibration, however,
at predicted probabilities for pre-eclampsia higher than 15%, it might overestimate the risk of
pre-eclampsia.

FIGURE 5. A histogram of distribution of predicted probabilities for any-onset
pre-eclampsia using the final PARIS model.
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Observed proportion of pre-eclampsia

0.3
0.25
0.2
0.15
0.1
0.05
0
0

0.05

0.1

0.15

0.2

0.25

0.3

Predicted probability of pre-eclampsia

FIGURE 6. Calibration plot comparing the observed versus predicted probability
of pre-eclampsia using the final PARIS model. The mean predicted probability for
7 model-predicted risk groups (0-2%, 2-4%, 4-6%, 6-8%, 8-10%, 10-15%, >15%)
is plotted on the x-axis; and the observed proportion of women with pre-eclampsia
and 95% confidence interval for each risk group is plotted on the y-axis.

The calibration of the risk prediction models for pre-eclampsia can be also assessed by
comparing the proportions of pre-eclampsia events in the margins of Table 8 with the
corresponding row and column labels. For the base model without MAP, the proportions of
observed pre-eclampsia events within each risk category are in the far-right column under
“Total” heading and they generally agree with the row labels.

Accordingly, the proportion of observed pre-eclampsia events within the risk category of 0<6% is 1.7%, which falls within the range of the risk category; the same is true for the risk
category of 6-10% (proportion of pre-eclampsia events is 8.8%), and >10% (proportion of preeclampsia events is 15.3%). Therefore, the base model is well calibrated by stratification.
Correspondingly, when women are categorized according to their risk as calculated by the final
model with MAP, the proportion of pre-eclampsia events in each category falls within the range
of risk in the column label. Therefore, the final model is also well calibrated.
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Risk-Stratification capacity of the models
Assessment of the risk-stratification capacity showed the final model classified more women
into the high-risk group than the base model (final model 7% versus base model 4%), but fewer
women into the low-risk group (base model 83% versus final model 77%).

Using the base model (rows): 83% of women were classified in the lowest risk group (0-<6%);
4% in the highest risk group (>10%); and 13% in the middle category (6-10%) compared to
the final model (columns): 77% of women in the lowest risk group (0-<6%); 7% in the highest
risk group (>10%); and 16% in the middle category (6-10%) (Table 8). Therefore, the final
model with MAP was unable to shift more women to the extremes than those categorized
according to their risk as calculated by the base model (final model 16% versus base model
13%).

TABLE 8. Risks-stratification for pre-eclampsia as predicted by base and final
models
Base model
0-<6%
Women, n
PE, n
No PE, n
Proportion of women with PE (%)

0-<6%

Final model (with MAP)
6-10%
>10%

Total

3236
97
3139
3.0

435
34
401
7.8

86
11
75
12.8

3757 (83%)
64
3615
1.7

6-10%
Women, n
PE, n
No PE, n
Proportion of women with PE (%)

249
7
242
2.8

230
27
203
11.7

86
16
70
18.6

565 (13%)
50
515
8.8

>10%
Women, n
PE, n
No PE, n
Proportion of women with PE (%)

8
0
8
0

48
4
44
8.3

133
25
108
18.8

189 (4%)
29
160
15.3

Total
Women, n
PE, n
No PE, n
Proportion of women with PE (%)

3493 (77%)
104
3389
3.0

713 (16%)
65
648
9.1

305 (7%)
52
253
17.0

4511 (100%)
221
4290
4.9

PE, pre-eclampsia. MAP, mean arterial pressure
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Net Reclassification Index (NRI) for the final versus base model.
Figure 7 shows the risk reclassification of patients with and without pre-eclampsia using the base model
without MAP and also when MAP was included in the final model.

Patients with pre-eclampsia (n=221, 4.9% of total))

Patients without pre-eclampsia (n=4290, 95.1% of total)
Final model

Totals,
base model

Low-risk

High-risk

Low-risk

137

41

178

High-risk

6

37

43

143

78

221

Totals,
final model

Final versus base model

Correct reclassification
Incorrect reclassification
Net reclassification

Patients with preeclampsia, n (%)
Total=221
41 (19%)
6 (3%)
35 (16%)

Base model

Base model

Final model

Totals,
base model

Low-risk

High-risk

Low-risk

3745

287

4032

High-risk

81

177

258

3826

464

4290

Totals,
final model

Patients without preeclampsia, n (%)
Total=4290
81 (2%)
287 (7%)
‒206 (5%)

Additive NRI
Absolute NRI

11
‒3.8%

FIGURE 7. Risk reclassification of women at risk of PE based on addition of the MAP to the
maternal factor model to predict pre-eclampsia.
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Internal validation using bootstrapping method
The estimate of optimism for Dxy was 0.0156 indicating very small optimism for the apparent
final model performance (Table 9). The optimism corrected performance estimate of Dxy was
0.3891, which corresponds to an AUC of 0.5*(0.4046+1) = 0.70 compared to the apparent
model performance AUC of 0.69.

TABLE 9. Optimism and correction values for the final model calculated from
training and test model performance in 1000 bootstrap samples

“index.orig” shows the final PARIS model performance values
“training” shows the mean bootstrap model performance in the bootstrap sample
“test” shows the mean model performance in the original PARIS sample
“optimism” is calculated as the difference between bootstrap and test performance “index.corrected”
represents the estimated performance of the final PARIS model after correcting for optimism

Nomogram
The final model is presented graphically as a nomogram (Figure 8). From this nomogram, one
can estimate a woman’s probability of developing pre-eclampsia without the need for
calculator or computer [7].
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For example, if a 30 year-old pregnant multiparous woman without a past history of preeclampsia presents at her first antenatal visit with a history of type 1 diabetes, renal disease, a
MAP of 90 mmHg and an ultrasound report reveals a singleton viable foetus. Reading the
nomogram, a line is drawn from each variable to the top point score line to read off the
corresponding score (for example, history of diabetes gives a score of 13, renal disease 22).
Adding the scores for each variable gives a total point score of 109. Reading from the total
points line to the risk score line at the bottom of the nomogram, a total score of 109 corresponds
to an estimated risk of 18% for developing any-onset pre-eclampsia. In contrast, if a 25 yearold pregnant multiparous woman without a past history of pre-eclampsia presents with a history
of type I diabetes, a MAP of 80 mmHg and an ultrasound report reveals a singleton viable
fetus, her total point score is 69 which corresponds to a risk of 4.8% risk for developing anyonset pre-eclampsia.

Points
nulliparous

Parity ±
PHxPE

multiparous + no PHxPE

multiparous + PHxPE

Maternal age, years

Diabetes

Multiple pregnancy

Renal disease

MAP, mmHg

Total points

Predicted risk of PE

FIGURE 8. Nomogram for prediction of any-onset pre-eclampsia using final model with MAP.
MAP, mean arterial pressure. PE, pre-eclampsia. PHxPE, past history of pre-eclampsia.
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Assessment of the heterogeneity in the performance of the final model
Eight out of nine RCTs reported adequate data to allow comparison of final PARIS model
performance among different trial populations [18,19,21-26]. The estimates of model
sensitivities and specificities were statistically significantly different between trials (pheterogeneity <0.001 for both, Figure 9). Model PPV and NPV among the different trial
populations are shown in Figure 9.

A.

B.
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C.
PPV (95% CI)

Pooled PPV

PPV

D.
NPV (95% CI)

Pooled NPV

NPV

FIGURE 9. Forest plot of model (A) sensitivity, (B) specificity, (C) positive
predictive value-PPV and (D) negative predictive value-NPV for prediction of
any-onset pre-eclampsia using final model with MAP within individual PARIS
eligible trials.
*Unselected for risk factors trial.
**High-risk trial.
***Low-risk trial.
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Model recalibration
We recalibrated the final PARIS model in the Collaborative Low-dose Aspirin Study in
Pregnancy (CLASP) high-risk trial sample (Table 1) [22]. From this trial, 3923 women were
included in the validation sample with a pre-eclampsia prevalence of 13% (n=499). The
distribution of model predictors in this validation sample is shown in Table S2. The distribution
of the predicted probability of any-onset pre-eclampsia is shown in Figure 10 and Figure S4
(IQR: 0.09-0.31).
At the ≥8% risk threshold, the final model classified 79% of women to be at high-risk of preeclampsia in CLASP population before recalibration. Model sensitivity was 90% (87-93%),
specificity 22% (21-24%), PPV 15% (13-16%), and NPV 94% (92-96%). AUC=0.62, 95% CI
0.60-0.65 (Figure S5A). The NNS was 87 and NNT 69. Using NICE approach, 73% (n=2868)
of women were classified as screen-positive. NICE sensitivity was 87% (84-90%), specificity
29% (27-30%), PPV 15% (14-17%) and NPV 94% (92-95%). The NNS was 90 and NNT 66.

The calibration plot shows the final model underestimated risk of pre-eclampsia for women
with a predicted probability of 6-8% and overestimated risk for predicted probabilities higher
than 10% (Figure S6). The Hosmer and Lemeshow goodness-of-fit test indicates the model
was not well calibrated (X2=32.27; p<0.001, Table 10).

A simple recalibration technique undertaken by updating the intercept and slope did not
substantially improve model performance in CLASP. The sensitivity of the recalibrated model
was 92% (90-94%), specificity 17% (16-18%), PPV 14% (13-15%) and NPV 94% (92-95%);
AUC=0.60, 95% CI 0.58-0.63 (Table 10, Figure S5B). The NNS was 85 and NNT 72. The
distribution of the predicted probability of any-onset pre-eclampsia is shown in Figure 10 and
Figure S7 (IQR: 0.09-0.13). The Hosmer and Lemeshow goodness-of-fit test indicates that the
recalibrated model does not fit the data well (X2=9.18, p<0.03, Table 10).
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Probability of any-onset pre-eclampsia

i) uncalibrated

ii) recalibrated

FIGURE 10. Box plot showing the distribution of the predicted probability of any-onset
pre-eclampsia using the final model in the CLASP high-risk trial sample: i) uncalibrated;
ii) recalibrated by updating the intercept and slope.
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TABLE 10. The AUC and goodness-of-fit statistics for the final model in the unselected trial sample; and in
the CLASP high-risk trial sample before and after recalibration
Model

N

PE
AUC

Final model in
unselected
trial sample

4511

221

0.70

Uncalibrated
final model in
CLASP

3923

499

0.62

Recalibrated
final model in
CLASP

3923

499

0.60

SE

Discrimination
95% CI

P

Intercept,
a
-

SE,
a
-

Calibration
P
Slope,
b
-

SE,
b
-

P

Lack of fit
H-L
P
Χ2
7.05
0.53

0.67-0.74

-

Brier
score
-

0.04

0.60-0.65

<0.001

0.109

-1.3557

0.0720

<0.001

0.4215

0.19

0.07

32.27

<0.001

0.03

0.58-0.63

<0.001

0.109

0.000

0.2417

1.000

1.000

0.1266

<0.001

9.18

0.03

-

AUC, area under the curve. CI, confidence interval. CLASP, Collaborative Low-dose Aspirin Study in Pregnancy. H-L, Hosmer-Lemeshow.
PE, pre-eclampsia. SE, standard error.
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5.6 DISCUSSION
Main findings
We demonstrate that a risk model developed by considering guideline-listed risk factors did
not perform better than the NICE risk rule approach for classifying women as high-risk at the
pre-specified ≥8% risk threshold. Lowering the risk threshold for classifying women as highrisk to ≥6%, the model classified more women as high-risk (17%) than the NICE approach
(4.5% screen-positive) and performed better than the NICE approach to correctly classify those
who develop pre-eclampsia as high-risk with good calibration. However, the sensitivity of this
base model was still modest at this risk threshold, and specificity was lower than the NICE
approach (PARIS base model sensitivity 36% (95% CI 30-42%), specificity 84% (83-85%);
NICE approach sensitivity 13% (9-18%), specificity 96% (95-97%)).

We demonstrate that including MAP in the final model improved risk discrimination with good
calibration and internal validation. At the ≥6% risk threshold, the final model classified 23%
of women as high-risk and correctly classified approximately 50% of women who developed
pre-eclampsia as high-risk and approximately 80% of women without pre-eclampsia as lowrisk. However, we did not have the opportunity to externally validate the performance of the
final model performance in an independent sample of women representative of current
antenatal practice.

Interpretation
Our finding that MAP improved the performance of the base model supports the value of
developing risk models for prediction of pre-eclampsia to improve on the performance of
existing risk rule approaches. In addition to the potential for improved predictive accuracy, a
risk model allows a quantitative estimation of the probability of pre-eclampsia for each woman,
rather than a qualitative classification of risk using a risk rule approach. A risk model also has
the advantage of allowing information from risk factors that are measured on a continuous scale
to be fully incorporated rather than setting cut-points.

MAP provides a measure of both systolic and diastolic blood pressure. Diastolic blood pressure
is the measurement of the small peripheral arterial pressure while systolic blood pressure
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reflects the pressure of the aorta and large arteries [27,28]. The World Health Organization
recommends that only diastolic blood pressure should be considered in the diagnosis of preeclampsia [29]. However, with advancing age, diastolic blood pressure can also be affected by
aortic and large arteries stiffness and change in functions [30], thus in older women, assessment
of both systolic and diastolic pressure may be important factors for diagnosing pre-eclampsia
and, as our results suggest, also for predicting pre-eclampsia. This is relevant because in the
last few decades, there has been a four-fold increase in the percentage of pregnant women aged
35 years and older [31]. The inclusion of MAP need not add to the complexity of using the
model because MAP measurement can now be conveniently obtained using a software program
or directly recorded by digital blood pressure devices [32].

To consider the potential clinical advantage of using the final model versus the base model, the
NRI analysis demonstrated the addition of MAP improved the correct classification of patients
with pre-eclampsia as high-risk at the expense of reducing the correct classification of patients
without pre-eclampsia as low-risk. Of the 221 women who experienced a pre-eclampsia event,
35 (15.8%) additional women were correctly classified as high-risk by the model including
MAP. Of the 4290 who did not have a pre-eclampsia event, 206 (4.8%) were better classified
by the base model without MAP. This represents an additive NRI of 11 in favour of the final
model. However, the additive NRI does not take into account the rates of events and nonevents. Overall, adding MAP to the model led to 171 more women being incorrectly
reclassified than the base model (absolute NRI −3.8%). This finding indicates the base model
would be favoured if the clinical benefits of correctly excluding pre-eclampsia (‘true negative’
low-risk classification) was judged to be the same as correctly predicting pre-eclampsia (‘true
positive’ high-risk classification). Thus, interpretation of the NRI requires careful
consideration of the acceptable trade-off between a ‘true positive’ versus ‘false positive’ highrisk classification. Our estimate of PPV for the final model at 14% is acceptable if it is
considered acceptable to manage seven women as high-risk, for every one woman who will
develop pre-eclampsia.

In settings where specialised pre-eclampsia screening tests are not available, our model
estimates of NPV at 96% supports use of the final model if it is considered acceptable that for
every 28 women classified as low-risk, one woman who will develop pre-eclampsia will be
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misclassified as low-risk and miss the opportunity for further screening and referral for
management by a high-risk obstetrician.

The NNS of 578 and NNT of 69 for the final model indicates that screening 578 women can
detect 69 women at high-risk to recommend prophylaxis and prevent one pre-eclampsia case.
Thus, in our dataset of 4511 women, screening to detect high-risk women for management may
prevent eight pre-eclampsia cases. Scaled up to regions with obstetric admissions of 50 000
women per year (for example), this simple approach could effectively prevent 90 cases of preeclampsia each year.

Our assessment of model performance in diverse trial populations provides a valuable
instructive example of the potential limitation of applying risk models to populations with a
different distribution of risk factors. In the trial sample of women selected with high-risk factors
(pre-eclampsia prevalence 12.9%), the model classified 79% of women as high-risk at the ≥8%
risk threshold, including correctly classifying 90% of women with pre-eclampsia at high-risk
but also incorrectly classifying 78% of the women without pre-eclampsia as high-risk. A simple
recalibration technique to update the intercept and slope did not substantially improve model
performance in a high-risk trial sample.

In contrast, in trials that selected women without high-risk factors (pre-eclampsia prevalence
4.3%), the model classified 95% of women as low-risk, including correctly classifying 95% of
women without pre-eclampsia as low-risk, but incorrectly classifying 86% of women with preeclampsia as low-risk. The latter results indicate the limitations of using the model in low-risk
antenatal care settings, for example in settings where women with known high-risk factors are
routinely directly referred to high-risk clinics for further investigation, monitoring and
management. In contrast to our findings for sensitivity and specificity, the PPV and NPV were
remarkably consistent across the unselected, high- and low-risk trial populations. For example,
at the ≥8% risk threshold, the PPV of the final model was 14% in the unselected population,
compared to 15% and 12% in the high- and low-risk population respectively. These findings
support the validity of the model predictors as strong independent risk factors and provide a
valuable example that the PPV and NPV of a risk model can remain relatively stable between
populations with very different distribution of risk factors, whereas sensitivity and specificity
will differ substantially. This is an important message because the textbook teaching is that the
sensitivity and specificity of a medical test remains stable between populations with different
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disease prevalence but PPV and NPV vary [33]. Our findings illustrate that this does not hold
true for tests based on assessment of risk factors. We demonstrate that despite the wide range
in ‘test’ positivity and detection rates between different risk group populations, the ratio of
TP:FP and TN:FN (reflecting the trade-off between the potential benefits versus harms of
acting on a positive and negative test result) did not vary widely between these different
populations.

Comparison with other studies
In a previous systematic review of prediction models [5], we identified five published maternal
risk factor models that included MAP. These studies reported similar or better performance
than our findings for the PARIS model, and are described individually below. Overall, the
models included a wide range of different variables ranging from a simple model of three
variables [34] to a model incorporating 12 variables that included both established and less
established risk factors [35]. Three studies were conducted in more limited populations,
including only nulliparous women only [35,36] or singleton pregnancies [37]. Studies
comparing models with and without MAP reported that the addition of MAP improves model
performance consistent with our findings [37,38].

Baschat et al [34] developed a model to predict early-onset pre-eclampsia in an unselected
population that included history of diabetes, history of hypertension and MAP. They estimated
model sensitivity at 66% and 55% (95% CI not reported) corresponding to a 20% and 10%
FPR respectively; which are higher than our model sensitivity (48% and 32%) at a 20% and
10% FPR respectively.

North et al [35] developed a model using maternal factors and MAP to predict any-onset preeclampsia in nulliparous women and reported AUC=0.71 (0.706-0.714), marginally higher
than our finding for the PARIS model (AUC=0.70, 95% CI 0.67-0.74). North et al estimated
their model sensitivity at 61% (95%CI 54-68%) at 25% false positive rate (FPR); marginally
higher than the sensitivity of the PARIS model (57%) at the same 25% FPR cut-off
(corresponding to a risk threshold cut-off of 5.6%). The North model included additional risk
factors not included in the antenatal guidelines such as high intake of fruit and alcohol use in
the first trimester. Myer et al [36] used the same dataset to evaluate a simple model
incorporating fertility treatment, any sister with pre-eclampsia and MAP to predict preterm pre145

eclampsia (required delivery before 37 weeks’ gestation; and reported poor performance
(sensitivity 34% (22-48%)) but used a different FPR cut-off of 5%.

Of studies that assessed the value of adding MAP to a simple risk model, Poon et al [37]
demonstrated slightly improved performance with the addition of MAP to a maternal risk factor
model to predict early-onset pre-eclampsia in singleton pregnancies (sensitivity 59.5 (42.175.2) at 10% fixed FPR), but lower for prediction of late-onset pre-eclampsia (sensitivity 36.7
(28.4-45.7)). In general, the Poon model to predict early-onset pre-eclampsia performed better
than the PARIS model at the same 10% FPR (PARIS model: sensitivity 32% (17-52%) for
prediction of early-onset pre-eclampsia). Another study, Scazzocchio et al [38] developed a
simple model for singleton women to predict early-onset pre-eclampsia that incorporated
chronic hypertension, renal disease, parous with or without previous pre-eclampsia and BMI.
Model sensitivity was poor (31% at 10% fixed FPR) but increased to 69% when MAP was
added to the model; higher than our estimates for the PARIS model.

Strength and limitations
In addition to the advantages of providing high-quality protocol-defined data , a major strength
of the PARIS dataset for developing a risk model is that it allowed us to build the model in
trial populations that were not selected for the presence or absence of risk factors and thus
representative of the routine antenatal population before aspirin was used; and to re-assess
performance in trial populations that selected women based on the presence or absence of one
or more risk factors in order to provide an illustrative example of the impact of patient selection
on model performance.

An important limitation is that we could only consider risk factors recorded in the PARIS
dataset which may have limited our ability to develop an optimally performing maternal risk
factor model. Some established moderate-risk factors such as BMI, pregnancy interval and race
were not available; and family history of pre-eclampsia was only available for two trials (1.3%
women). Autoimmune disease is a relatively rare condition, with the lowest population
attributable fraction for pre-eclampsia [39], thus although we were not able to consider it as a
candidate risk factor, it is unlikely to have contributed substantially model performance. In
contrast, obesity may have helped to improve model performance because it contributes a
higher population attributable fraction [39] and is becoming more common, currently affecting
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13–23% of pregnant women [40,41]. Additional limitations of the trial dataset have been
outlined in Chapter 3.

Clinical and research implications
The clinical implications of our findings for the PARIS model to current practice in Australia
is limited given the study limitations outlined above. In particular, the model development
sample was largely drawn from the Caribbean region; the sample was enrolled some decades
ago (a limitation because the definition of pre-eclampsia and the distribution of risk factors has
changed over time); and risk factors such as BMI were not available. Nevertheless, the
development and validation of the PARIS model provides evidence to support the value of
considering MAP in the development of risk tools to improve pre-eclampsia prediction.

Although the model showed modest performance, taking a history for maternal risk factors and
measuring blood pressure during the first antenatal visit can be routinely undertaken to guide
the use of effective, low cost prophylaxis. The importance of the external validation is well
established, for example, Meertens et al reported that all identified simple models performed
more poorly in an external validation cohort [42]. Our findings of major differences in final
model performance for high- and low-risk samples highlight the importance of carefully
selecting the validation sample to be as similar as possible to the population intended for risk
assessment.

Further research is needed to develop a simple risk model including BMI that can improve on
current guidelines, especially for women with moderate-risk factors. The methodological steps
undertaken for the development and validation of the PARIS model provide a helpful
illustrative example for future research and teaching purposes. Future studies should be
conducted in both high- and low-income settings. An internationally agreed and validated
simple model would be valuable to provide a tool that can be recommended world-wide to
guide aspirin prophylaxis strategies.
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5.7 CONCLUSIONS
We present a simple risk prediction model for pre-eclampsia using routinely collected maternal
factors and blood pressure measurement in the first antenatal visit. The model more accurately
classifies women at higher risk of pre-eclampsia than clinical practice guideline approaches.
However, limitations of the sample available for model development raises the need for future
research to develop global preventive strategies for pre-eclampsia.
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APPENDICES
APPENDIX 1: R Coding
# R script code to assess performance of the PARIS base and final model and external
validation of final model in CLASP trial population
###########################################################################
#Load packages
library(rms)

#for Harrells nomogram etc

library(pROC) #for ROC curve analysis
library(dplyr) #for the mutate function to create a new variable from a data set
library(lattice) #for graphics
library(ResourceSelection) #probability functions for Hosmer Lemeshow test
library(tibble)
###########################################################################
#Load model development data
#Model developed in trial set that did not select subjects based on the presence or absence of
risk factors
# Three trials = Golding trialref=38, Rochell trialref=9, Louden trialref=54, n=4524.
# n= 4511 after exclusion of 12 women with missing MAP
load("D:/Ziad/mydir/Chapter5/ch5unsel.Rda")
View(ch5unsel)
ch5unsel <- as_tibble(ch5unsel)
summary(ch5unsel)
###########################################################################
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#PART 1 Assess the performance of the PARIS base and final model, R package hmisc.
# Model variables selected following steps described in Chapter 5
# Performance of base model created with NICE variables compared to NICE approach
# Performance of final model created with NICE variabes and other routinely collected risk
factors available in PARIS dataset including MAP compared to base model without MAP
# Measures to compare performance of base and final model: likelihood ratio chi square test,
pseudo R-square, BrierScore
#Select model variables
modvars <- c("ID", "PE", "PrevPreg","PrevPE", "Parity", "Diabetes", "RenalDisease",
"MultiplePreg", "MatAge", "MAP")
mod_dev <-ch5unsel[modvars]
#Create factor variables for model performance analysis
mod_dev <- ch5unsel %>% select(modvars)%>%
mutate(
PrevPreg.f = factor(PrevPreg, labels = c("no preg", "preg")),
parity = factor(ifelse(PrevPreg==1,PrevPE,2),labels = c("noPrevPE",
"PrevPE","nulliparous")), # coding 0, 1, 2
diab.f = factor(Diabetes, labels = c("no", "yes")),
prevpe.f = factor(PrevPE, labels = c("no", "yes")),
renal.f = factor(RenalDisease, labels = c("no", "yes")),
multp.f = factor(MultiplePreg, labels = c("no", "yes"))
)
dd <- datadist(mod_dev) # determines variable summary for plotting ranges etc
options(datadist='dd')
#Re-create models
#Base model: fitmod0
fitmod0<- lrm(PE ~ parity+diab.f+renal.f+multp.f+MatAge, data=mod_dev, x=TRUE,
y=TRUE)
fitmod0
summary(fitmod0)
#Final model: fitmod1
fitmod1 <- lrm(PE ~ parity+Diabetes+RenalDisease+MultiplePreg+MatAge+MAP,
data=mod_dev, x=TRUE, y=TRUE)
fitmod1
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summary(fitmod1)
#Internal validation
validate(fitmod1, bw = T, B = 1000)
#Calibration
plot(calibrate(fitmod1),xlab="Predicted probability preeclampsia", ylab="Observed
probability of preeclampsia")
#Nomogram
plot(nomogram(fitmod1))
plot(nomogram(fitmod1,lp.at=seq(-6,1,by=0.5),fun=plogis,
fun.at=c(.001,.01,.02,.03,.05,seq(.1,.9,by=.1),.95,.99,.999), funlabel='Predicted risk of PE'))
###########################################################################
#PART 2 Validate final PARIS model in CLASP.
# Assess performance: descrimination and calibration
#Load CLASP trial data
load("D:/Ziad/mydir/Chapter5/clasp_trial.Rda")
clasp <- as_tibble(clasp)
#Select model variables
clpvars <- c("ID", "PE", "PrevPreg","PrevPE", "Diabetes", "RenalDisease", "MultiplePreg",
"MatAge", "MAP","Parity")
mod_valid<-clasp[clpvars]
#Create factor variables for analysis
mod_valid <- clasp %>% select(clpvars)%>%
mutate(
parity = factor(ifelse(PrevPreg==1,PrevPE,2),labels = c("noPrevPE",
"PrevPE","nulliparous")), # coding 0, 1, 2
PrevPreg.f = factor(PrevPreg, labels = c("no", "yes")),
diab.f = factor(Diabetes, labels = c("no", "yes")),
prevpe.f = factor(PrevPE, labels = c("no", "yes")),
renal.f = factor(RenalDisease, labels = c("no", "yes")),
multp.f = factor(MultiplePreg, labels = c("no", "yes"))
)
# Descriptive analysis
describe(mod_valid)
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s <- with(mod_valid, summary(PE ~
PrevPE+PrevPreg+Diabetes+RenalDisease+MultiplePreg+MatAge+MAP))
# show crosstab for each variable and PE prevalence and plot
print(s)
plot(s)
#Create CLASPval datset to hold these variables and append probability predicton P_cl
CLASPval <- mod_valid %>% mutate(
LP_cl= -9.5368+0.6690*(parity=="nulliparous")+
1.6127*(parity=="PrevPE")+0.5894*(diab.f=="yes")
+0.9935*(renal.f=="yes")+1.4351*(multp.f=="yes")+0.0468*MatAge+0.0596*MAP,
P_cl=plogis(LP_cl)
) %>% filter(!(is.na(MAP))&(!(is.na(PE)))) # is.na in case any missing
dd <- datadist(CLASPval)
options(datadist='dd')
# Check AUC as measure of discrimination, SE and 95% CI from pROC
ROC_cl <- roc(PE~LP_cl,data=CLASPval)
auc(ROC_cl)

#c-statistic for prediction of PE =0.6213

sqrt(var(ROC_cl)) #=0.013
ci(ROC_cl)

#Delong 95% CI 0.60-0.65

plot(ROC_cl)
#Calculate number of expected and observed PE
sum(CLASPval$P_cl) #=873.97
sum(CLASPval$PE)

#499 (model expected many more in high risk population)

#Check intercept and slope for PARIS model in CLASP before recalibration
fit0 <- lrm(PE~LP_cl, data=CLASPval) #p-value testing if b is diff to 0
fit0.2 <- lrm(PE~offset(LP_cl), data=CLASPval) # a method for simple calibration on
intercept only
fit0.3 <- lrm(PE~offset(LP_cl)+LP_cl, data=CLASPval) # to test b=1 in original prediction
logit(p)= a+ b LP
fit0
#######################################################################
#PART 3 Recalibrate PARIS model in CLASP by changing intercept and slope
# (1) Fit full model in CLASP using PARIS model variables
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full7 <- lrm(PE ~ parity+Diabetes+RenalDisease+MultiplePreg+MatAge+MAP,
data=CLASPval, x=TRUE, y=TRUE)
full7
devel.pars <- coef(full7)
# (2) Set up parameters from the final PARIS model
# Intercept+PrevPreg+PrevPE+Diabetes+RenalDisease+MultiplePreg+MatAge+MAP
Clsp.par <- c(-9.5368, 0.6690, 1.6127, 0.5894, 0.9935, 1.4351, 0.0468, 0.0596)
# Create linear predictors
LP_cl1 <- full7$x %*% Clsp.par[-1] + Clsp.par[1] # [-1] excludes first coef; mat mult %*%;
constant [1]; employs only x-variables used in the full7 model
head(CLASPval$LP_cl)
#Check intercept and slope and SE and p-value for PARIS model in CLASP
#fit.cl <- lrm(PE~LP_cl1, data=exval)
#fit.cl
#(3) Recalibrate based on intercept and slope
# clLPr <- fitted(fit0) # alternative
clLPr <- lrm.fit(y=full7$y, x=LP_cl1) #clLPr = CLASP linear predictor recalibrated
coef(clLPr)
recal <- plogis(clLPr$linear.predictors)
CLASPval2 <- transform(CLASPval,recal=plogis(clLPr$linear.predictors)) # adds
Probability predicton recal to exval and calls it exval2c
names(CLASPval2)
#Check intercept and slope for PARIS model in CLASP after recalibration
fit1 <- lrm(PE~clLPr$linear.predictors, data=CLASPval2) ##intercept 0 slope 1
fit1
#Graph
boxplot(CLASPval2$P_cl,recal,main="Distribution of predicted risk
i. uncalibrated in CLASP; ii. recalibrated by intercept and slope in CLASP")
#check total expected for recalibrated model in CLASP
sum(recal) #predicts 499 PE
ROC_cl2 <- roc(PE~clLPr $linear.predictors,data=CLASPval2)
auc(ROC_cl2)

#c-statistic for prediction of PE=0.6048 after recalibration

sqrt(var(ROC_cl2)) #=0.013
ci(ROC_cl2)

#Delong 95% CI 0.579-0.630
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histogram(CLASPval2$recal, nint=50)
histogram(CLASPval2$P_cl, nint=50)
plot(ROC_cl2)
#Estimate sensitivity and specificity at 8% cut-point
# create groups classified as low and high risk using model
CLASPval2$ctest [CLASPval2$recal< 0.08] <- "low"
CLASPval2$ctest [CLASPval2$recal>= 0.08] <- "high"
mytable <- table(CLASPval2$PE,CLASPval2$ctest) # A will be rows, B will be columns
mytable # print table
# Convert the column to a factor
CLASPval2$ctest <- factor(CLASPval2$ctest)
summary(recal)
summary(CLASPval2$ctest)
###########################################################################
# PART 4 Hosmer-Lemenshow goodness-of-fit test
with(CLASPval2, hoslem.test(PE, recal, g = 10 ))
# X-squared = 25.065, df = 8, p-value = 0.001516 PARIS model after recalib
# check H-L for 7 predefined groups
quantile(CLASPval2$recal,prob=c(0,0.2,0.4,0.6,0.8,1))
CLASPval2 %>% mutate(cutp=cut2(recal,cuts=c(0,0.06,0.08,0.12,0.16,1))) -> CLASPval2
# here merged first 2 risk categories to make the first category 0.02 -- 0.06 (n=103)
# This avoid errors (before merge: first row n=1 and PE_hat=0, and error because the code
attempts division by 0)
CLASPval2 %>% group_by(cutp) %>%
summarise(
n=n(),
PE=sum(PE),
PE_obs=(PE+0.5)/(n+1), # avoid 0 prob estimates and SEs
PE_pred=mean(recal)) %>%
mutate(
SE=sqrt(PE_obs*(1-PE_obs)/n), # upper=PE_obs+1.96*SE, lower=max(PE_obs1.96*SE,0),
PE_hat = binconf(PE,n,method="exact")[,1],
bl=binconf(PE,n,method="exact")[,2],
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bu=binconf(PE,n,method="exact")[,3]
) -> figvals
figvals
# Hosmer Lemeshow test for recalibrated PARIS model in CLASP
figvals %>% summarise(
HL=sum((PE-n*PE_pred)^2/n/PE_pred),
df=3,

#Degrees of freedom: 5 rows less 2 estimated pars a, b = 3 df

prob= pchisq(HL,df,lower=FALSE)
)
# check range of CLASP recalibrated predictions
with(CLASPval2,quantile(recal))
# Save everything
save.image(file="Chapter5ParisModelwith validation.RData")

APPENDIX 2: SUPPLEMENTARY TABLES

TABLE S1. Excluded trials and reason for exclusion (n=22 trials) *
Trial
Author, publication
year

N=PARIS total
n=evaluable in
the control
arm

Years
recruited

Country
(income
status)**

Reason for exclusion

Grover V
1991 [1]

N=40
n=20

1987

India
(Middle-income)

PE not reported

Italian Study of
Aspirin in Pregnancy
1993 [2]

N=763
n=352

NR

Italy
(High-income)

PE not reported

Chiaffarino F
2004 [3]

N=40
n=22

1998-2000

Italy
(High-income)

PE missing in >90%

Gallery E
1997 [4]

N=119
n=58

NR

Australia
(High-income)

Previous pregnancy or
PHxPE not reported

Uzan S
1991 [5]

N=230
n=74

1985-1989

France
(High-income)

Previous pregnancy or
PHxPE not reported

Uzan S
1989 [6]

N=315
n=151

NR

NR

Previous pregnancy or
PHxPE not reported

Rivas-Echeverria C
2000 [7]

N=60
n=38

NR

Venezuela
(High-income)

GA >28 week at
randomisation
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Kincaid-Smith P
1995 [8]
Wang Z
1996 [9]

N=21
n=11
N=84
n=44

NR

Australia
(High-income)
China
(Middle-income)

GA at randomisation missing
for >50%
GA >28 week at
randomisation

Seki H
1999 [10]

N=26
N=15

1994-1996

Japan
(High-income)

GA >28 week at
randomisation

Byaruhanga R
1998 [11]

N=256
n=130

1994–1995

Zimbabwe
(Low-income)

Missing data on other factors
listed in guidelines’ approach

Caritis S
1998 [12]

N=2539
n=1266

1991–1995

USA
(High-income)

Missing data on other factors
listed in guidelines’ approach

ECPPA
1996 [13]

N=1091
n=551

1989–1993

Brazil
(Middle-income)

Missing data on other factors
listed in guidelines’ approach

Hermida R
2003 [14]

N=341
n=167

NR

Spain
(High-income)

Missing data on other factors
listed in guidelines’ approach

Subtil D
2003 [15]

N=3294
n=1650

1993–1998

France
(High-income)

Missing data on other factors
listed in guidelines’ approach

Rogers M
1999 [16]
Railton A
1988 [17]

N=193
n=75
N=44
n=14

1992–1994

Hong Kong
(High-income)
South Africa
(Middle-income)

Missing data on other factors
listed in guidelines’ approach
Missing data on other factors
listed in guidelines’ approach

Yu C
2003 [18]

N=560
n=280

2001–2002

UK
(High-income)

Selected based on uterine
artery Doppler findings

Vainio M
2002 [19]

N=90
n=45

1997–1999

Finland
(High-income)

Selected based on uterine
artery Doppler findings

Zimmerman P
1997 [20]

N=26
n=13

1994–1995

Finland
(High-income)

Selected based on uterine
artery Doppler findings

Ferrier C
1996 [21]

N=56
n = 28

NR

Australia
(High-income)

Selected based on uterine
artery Doppler findings

Morris J
1996 [22]

N=102
n=50

1992–1994

Australia
(High-income)

Selected based on uterine
artery Doppler findings

NR

NR

ECPPA, Estudo Colaborativo para PrevenGdo da PrP-eclampsia com Aspirina. GA, gestational
age. NR, not reported. PARIS, Perinatal Antiplatelet Review of International Studies. PE, preeclampsia. PHxPE, past history of pre-eclampsia. UK, United Kingdom. USA, United States of
America.
*Values extracted from the PARIS dataset, some of these values differ to original trial
publication.
**https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.CD?locations=XM-XP-XD
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TABLE S2. Distribution of the predictors in CLASP high-risk trial and their
association with any-onset pre-eclampsia (pre-eclampsia events=499
women, 12.7%)
Variable

n (%)

No PE
n (%)

PE
n (%)

OR (95% CI)

P-value

Parity
Total
Nulliparous
Parous without PHxPE
Parous with PHxPE

3923
908 (23.1%)
807 (20.6%)
2208 (56.3%)

3424 (87.3%)
792 (23.1%)
758 (22.2%)
1874 (54.7%)

499 (12.7%)
116 (23.3%)
49 (9.8%)
334 (66.9%)

2.27 (1.60-3.21)
1.00
2.76 (2.02-3.76)

<0.001

Multiple pregnancy
Total
No
Yes

3923
3784 (96.5%)
139 (3.5%)

3424 (87.3%)
3310 (96.7%)
114 (3.3%)

499 (12.7%)
474 (95.0%)
25 (5.0%)

1.53 (0.98-2.39)

0.06

Renal disease
Total
No
Yes

3923
3759 (95.8%)
164 (4.2%)

3424 (87.3%)
3283 (95.9%)
141 (4.1%)

499 (12.7%)
476 (95.4%)
23 (4.6%)

1.13 (0.72-1.77)

0.61

Diabetes
Total
No
Yes

3923
3795 (96.7%)
128 (3.3%)

3424 (87.3%)
3318 (96.9%)
106 (3.1%)

499 (12.7%)
477 (95.6%)
22 (4.4%)

1.45 (0.90-2.31)

0.12

Maternal age (years)
Total
mean (SD) [range]

3923
28.6 (5.3) [15-48]

3424 (87.3%)

499 (12.7%)

1.00 (0.98-1.02)*

0.95

MAP (mmHg)
Total
mean (SD) [range]

3923
92 (13) [53-160]

3424 (87.3%)

499 (12.7%)

1.03 (1.02-1.03)**

<0.001

<0.001

MAP, mean arterial pressure. OR, odds ratio. PHxPE, past history of pre-eclampsia. PE, preeclampsia. SD, standard deviation.
*OR per year increase in age
**OR per mmHg increase in blood pressure
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A.

B.
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C.

D.

FIGURE S1. Distribution of the continuous variables (A) Maternal age, (B) Systolic
blood pressure, (C) Diastolic blood pressure and (D) Mean arterial pressure as in the
PARIS dataset.
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Past history of PE

Chronic hypertension

Diabetes

Renal disease

Multiple pregnancy

FIGURE S2. Comparison of estimates of effect size for high-risk factors for pre-eclampsia
in trial samples that select and do not select women based on the presence of high-risk
factors.
PE, pre-eclampsia.
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Risk factor

Factor present

Factor absent

(events/total)

(events/total)

Outcome

Odds Ratio (95% CI)

Early-onsetpre-eclampsia
Early-onset pre-eclampsia
Past history of pre-eclampsia
Chronic hypertension
Diabetes
Renal disease
Multiple pregnancy

96/2796
63/1375
7/434
7/203
15/580

34/2934
140/10967
195/11860
151/10561
195/13306

3.31 (2.23-4.91)
4.00 (2.95-5.42)
1.09 (0.51-2.34)
2.56 (1.18-5.54)
1.84 (1.08-3.14)
Late-onsetpre-eclampsia

Late-onset pre-eclampsia
Past history of pre-eclampsia
Chronic hypertension
Diabetes
Renal disease
Multiple pregnancy

365/2796
179/1375
71/434
20/203
55/580

167/2934
754/10967
852/11860
697/10561
897/13306

2.56 (2.11-3.10)
2.11 (1.77-2.51)
2.53 (1.95-3.30)
1.58 (0.99-2.53)
1.47 (1.10-1.96)

0

1

2

3

4

5

6

7

8

9

10

FIGURE S3. Forest plot of the distribution and association of the high-risk factors listed in the
clinical guidelines for prediction of early and late-onset pre-eclampsia.
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Frequency
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0.6

0.8

1.0

Probability of pre-eclampsia

FIGURE S4. A histogram of distribution of the predicted probabilities for any-onset preeclampsia using the final PARIS model in CLASP high-risk trial (uncalibrated).
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A. Uncalibrated model
ROC Curve for WORK.CLASP
Area Under the Curve = 0.6213
1.00

Sensitivity

0.75

0.50

0.25

0.00
0.00

0.25

0.50

0.75

1.00

1 - Specificity

B. Recalibrated model

1.0

Sensitivity

0.8

0.6

0.4

0.2

0.0

0.0

0.2

0.4

0.6

0.8

1.0

1 ─ Specificity

FIGURE S5. ROC curve for the final model in the CLASP high-risk trial to predict
any-onset pre-eclampsia: (A) before recalibration (AUC=0.62, 95% CI 0.60-0.65);
(B) after recalibration by updating the intercept and slope (AUC=0.60, 95% CI
0.58-0.63).
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Observed proportion of pre-eclampsia

0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Predicted probability of pre-eclampsia

FIGURE S6. Calibration plot comparing the observed versus predicted probability
of pre-eclampsia using the PARIS model in CLASP high-risk trial after
recalibration. The mean predicted probability for 10 model-predicted risk groups
(0-4%, 4-6%, 6-8%, 8-10%, 10-15%, 15-20%,20-25%, 25-35%, 35-35%, >45%) is
plotted on the x-axis; and the observed proportion of women with pre-eclampsia
and 95% confidence interval for each risk group is plotted on the y-axis.
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FIGURE S7. Histogram of the predicted probabilities for any-onset pre-eclampsia using
the final PARIS model in the CLASP high-risk trial after model recalibration.
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SECTION 3
AUSTRALIAN ANTENATAL CLINIC POPULATION ‒ OBSTETRIX
DATA

CHAPTER 6

THE ASSOCIATION BETWEEN ETHNICITY AND PRE-ECLAMPSIA
IN AUSTRALIA

6.1 OVERVIEW
In Australia, hypertensive disease of pregnancy is the fifth leading cause of maternal deaths.
The incidence of pre-eclampsia is 3.3%, which is at the high end of rates reported by developed
countries.

As outlined in the previous chapters, clinical risk factors for pre-eclampsia are well established
and antenatal risk assessment is widely recommended to identify high-risk women for
preventive strategies. Ethnicity is not widely included as a predictor in the risk assessment for
pre-eclampsia. However, there is now international evidence that the risk of pre-eclampsia
varies between ethnic groups. There is limited evidence about ethnicity to inform risk
assessment in Australia’s diverse multiethnic antenatal population. Hence, there is a need for
research to examine ethnic variation in the risk of pre-eclampsia in Australia.

In this chapter, we assess ethnicity as an independent risk factor for pre-eclampsia in women
attending antenatal care in Australia by using the “ObstetriX” database held by the Western
Sydney Local Health District (WSLHD).

Research questions:
1- What is the frequency of established demographic and clinical risk factors for preeclampsia in the antenatal population in the WSLHD, and do they vary between ethnic
groups?
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2- What is the incidence of pre-eclampsia in the WSLHD, and does it vary between ethnic
groups after adjustment for known risk factors and socio-economic status?
3- Does the strength of ethnicity and clinical risk factors for preeclampsia vary by timing
of pre-eclampsia (<34 weeks, <37 weeks, any-onset of time)?

6.2 WESTERN SYDNEY LOCAL HEALTH DISTRICT AND OBSTETRIX
DATABASE
The study is set in the WSLHD. The WSLHD provides public healthcare services to more than
a million people residing in the western region of Sydney and is one of the most multicultural
and ethnic diverse communities in Australia, with 47% of residents in 2017 born overseas*
compared to the state-wide proportion of 38%**; and 50% of WSLHD residents speaking a
language other than English at home. According to New South Wales Mothers and Babies
2017, the WSLHD reported 15% of all births (14 479 of 94 449) in the state of New South
Wales (NSW) during 2017, the highest number of births for a local health district. Our study
sample was drawn from all three public hospitals that provide antenatal care and delivery
services in the WSLHD: Auburn (major hospitals group 2 – B2 level according to NSW
Hospital Peer Groups 2016 classification***), Blacktown-Mount Druitt (major hospitals group
1 – B1 level) and Westmead (principal referral – A1 level).

Study data were extracted from the ObstetriX database held by the maternity units at each
hospital. The ObstetriX database collects information for all women attending their first
antenatal visit to the discharge of mothers and their babies from the hospital**. Nearly all
women who give birth in Australia have at least one antenatal visit (99.9% in 2016)****. In
2017, 86% of mothers in Western Sydney began antenatal care before 20 weeks’ gestation**.

*wslhd.health.nsw.gov.au [homepage on the internet]. Western Sydney Local Health District 2017-18 Year In
Review. Available from URL:
https://www.wslhd.health.nsw.gov.au/Publications/Reports/Annual
**Centre for Epidemiology and Evidence. New South Wales Mothers and Babies 2017. Sydney: NSW Ministry
of Health, 2018.
***health.nsw.gov.au [homepage on the internet]. NSW Hospital Peer Groups, 2016. Available from URL:
https://www1.health.nsw.gov.au/pds/ActivePDSDocuments/IB2016_013.pdf
****Australian Institute of Health and Welfare. Australia’s Mothers and Babies 2016—in brief. Perinatal statistics
series no. 34. Cat. no. PER 97. Canberra: AIHW, 2018.
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6.3 SAMPLE SIZE CALCULATION
We calculated a sample size of 36 200 would allow us to estimate the size of effect for
individual risk factors with good precision; and will be adequate to identify risk factors with a
OR of 1.3 or greater, assuming a 3% baseline risk of pre-eclampsia (estimate ~ 1000 preeclampsia diagnoses), ≥10% prevalence of the factor, up to 5% existing use of antiplatelet
therapy, accepting an alpha level of 0.05 and power 80%; and greater power to detect
associations between risk factors with an OR >1.3. This sample will also provide adequate
power to detect very rare high-risk factors, for example factors with a prevalence of 0.1% and
OR 5. Based on birth rates reported in hospital annual reports, we estimated we would require
4 years of hospital data to achieve this sample size.

6.4 PUBLICATION

Citation:
Al‐Rubaie ZT, Malcolm Hudson H, Jenkins G, Mahmoud I, Ray JG, Askie LM, Lord SJ. The
association between ethnicity and pre‐eclampsia in Australia: A multicentre retrospective
cohort study. Australian and New Zealand Journal of Obstetrics and Gynaecology. 2019 Oct 3.
doi: 10.1111/ajo.13069.

Link: https://obgyn.onlinelibrary.wiley.com/doi/abs/10.1111/ajo.13069

173

174

175

176

177

178

179

180

181

182

6.5 DISCUSSION
Pre-eclampsia varies widely between ethnic groups in Australia, independent of established
risk factors. Australian/New Zealand-born English-speaking ethnic group has highest preeclampsia rate while North-East Asian women has lowest rate. While international studies have
focused on identifying high-risk ethnic minority groups, our findings are consistent with Urquia
et al’s* previous international study that included women from the state of Victoria, Australia.
The authors used a similar classification of ethnic groups as our study but did not adjust for
known risk factors. The ethnic differences observed might be related to a ‘healthy migrant’
effect but cannot be explained by adjusting for known risk factors. Thus, they likely reflect
unmeasured social, cultural or other environment factors.

Of the major study limitation is that the data were retrospectively collected which might lead
to potential under-ascertainment of variables as discussed in our paper (Al-Rubaie et al,
ANZJOG 2019). In particular, past history of pre-eclampsia is not available in the ObstetriX
database which limited our ability to adjust for this risk factors in parous women. However, we
showed similar findings for ethnicity in sensitivity analyses designed to explore these problems;
for example, in nulliparous women, excluding Westmead hospital (a tertiary referral hospital),
and excluding women with high-risk factors. Finally, women giving birth in private hospitals
were not included. Therefore, we are unable to assess whether hospital setting impacts the
Australian/New Zealand-born effect. However, Urquia et al’s previous international study
included data from both public and private hospitals in Victoria State and showed similar ethnic
differences to our study findings.

The main clinical implication is that the high rate of pre-eclampsia in Australian-born women
highlights the importance of developing and implementing effective Australia-wide preeclampsia risk assessment and prevention strategies. Research is needed to seek underlying
causes for the ethnic differences. If environmental risk/protective factors associated with
culture are identified, this knowledge may be used to develop effective preventive or treatment
strategies. Research is also needed to assess the clinical value of including ethnicity into risk
assessment tools for pre-eclampsia such as the antenatal guidelines or risk prediction models
for pre-eclampsia.
*Urquia ML, Glazier RH, Gagnon AJ et al. Disparities in pre-eclampsia and eclampsia among immigrant women
giving birth in six industrialised countries. BJOG 2014; 121(12): 1492–1500.
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6.5 CONCLUSIONS
Pre-eclampsia risk varies between ethnic groups in Australia, independent of established risk
factors. Australian-born women are at higher risk of pre-eclampsia than immigrant groups;
with North-East Asian women having the lowest rate of pre-eclampsia. These findings can be
used to inform pre-eclampsia risk assessment guidelines in Australia. Further research is
needed to examine the possible social, cultural or other environmental explanations for the
ethnic differences observed.
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APPENDICES

APPENDIX 1: Supplementary appendix

Study data
1. Clinical risk factors
Risk factors identified from antenatal guidelines and available in ObstetriX database as
follows:


Autoimmune disease: (systemic lupus erythematosus or antiphospholipid syndrome,
yes vs no);



Chronic hypertension: (yes vs no);



Chronic renal disease: (yes vs no);



Diabetes mellitus (type 1 or 2): (yes vs no);



Multiple pregnancy: (yes vs no);



Parity: (nulliparous vs parous);



Maternal age in years: continuous and categorical (<25, 25-29 [referent], 30-34, ≥35);



Body mass index (BMI) in kg/m2: continuous and categorical (<25 [referent], 25-29,
30-34, ≥35);



Family history of pre-eclampsia: (yes vs no); and



Socioeconomic status: (classified by postcode using the Australian Bureau of Statistics
(ABS) Index of Relative Socio-economic Advantage and Disadvantage from the SocioEconomic Indexes for Areas, Australia (SEIFA); and categorized by quintile (1=most
disadvantaged [referent group], 5=most advantaged)†. Socioeconomic status was also
categorised as low (SEIFA scores 1-2) and high (SEIFA scores 3-5).

Two risk factors listed in antenatal guidelines for parous women (past history of pre-eclampsia
and pregnancy interval >10 years) were not available in ObstetriX database.

Additional factors identified from published risk prediction models for pre-eclampsia as
follows:
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Conception method: (assisted, by use of medications such as clomiphene or fertilization
procedures

(include

intrauterine

insemination,

in-vitro

fertilization

and

intracytoplasmic sperm injection, vs natural); and


Smoking status: (current smokers vs non-smokers).

2. Classification of ethnicity
For assessment of ethnicity, we first classified women as immigrant versus non-immigrant
(Australian-born yes, no). We further classified women into six ethnic groups based on
country-of-birth‡ and, for women born in Australia and New Zealand, primary language spoken
at home§ (Australian/New Zealand-born English-speakers, Middle-East and African, SouthEast Asian, North-East Asian, Southern Asian and Others). For example, we classified a
woman born in Australia whose spoke Indian at home as Southern Asian.

The ethnic groups were categorized by geographical area to match the categories used in the
2017 NSW Mothers and Babies report¶ as follows:


Middle-East and African includes countries extending from Turkey in the north to
South Africa in the south and to Afghanistan in the east. Lebanese-born and
Afghanistan-born women were most common in the study sample from this region.



South-East Asian includes countries extending from Myanmar in the north to Indonesia
in the south and to Philippines in the east. Philippines-born women were most common
in the study sample from this region.



North-East Asian includes countries extending from Mongolia and China in the north,
Japan in the west and Korea in the east. Chinese-born women were most common in
the study sample from this region.



Southern Asian includes countries extending from Pakistan in the north to India and Sri
Lanka in the south and to Bangladesh in the east. Indian-born women were most
common in the study sample from this region.

†abs.gov.au [homepage on the internet]. Australian Bureau of Statistics, 2033.0.55.001 - Census of Population
and Housing: Socio-Economic Indexes for Areas (SEIFA), Australia, 2016. Available from:
http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/2033.0.55.001main+features100042011
https://www.abs.gov.au/AUSSTATS/abs@.nsf/Lookup/2033.0.55.001Main+Features12016?OpenDocument
‡abs.gov.au [homepage on the internet]. Classification of countries used to classify ethnic groups from country of
birth available from:
https://www.abs.gov.au/AUSSTATS/abs@.nsf/Lookup/1269.0Main+Features202016?OpenDocument
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§abs.gov.au [homepage on the internet]. Classification of languages used to identify ethnic group for Australian
and New Zealand-born non-English speaking women available from:
https://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/1267.02016?OpenDocument
¶Centre for Epidemiology and Evidence. New South Wales Mothers and Babies 2017. Sydney: NSW Ministry
of Health, 2018.
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APPENDIX 2: SUPPLEMENTARY TABLES

TABLE S1. Rate of pre-eclampsia, overall and by hospital, WSLHD, 2011-2014
Outcome

All women
(N=40 824)

Auburn
hospital
(N=5702)

Blacktown/MountDruitt hospital
(N=12 906)
n (%)

Westmead
hospital
(N=22 216)

Pre-eclampsia
No
Yes

39376 (96.5)
1448 (3.5)

5593 (98.1)
109 (1.9)

12452 (96.5)
454 (3.5)

21331 (96.0)
885 (4.0)

Pre-eclampsia defined by gestational age at delivery†
Early-onset and late-onset pre-eclampsia, N= 40810
No pre-eclampsia
Late-onset pre-eclampsia, delivery ≥34 weeks’ gestation
Early-onset pre-eclampsia, delivery <34 weeks’ gestation

39362 (96.5)
1298 (3.2)
150 (0.4)

5591 (98.1)
107 (1.9)
2 (0.0)

12450 (96.5)
442 (3.4)
12 (0.1)

21321 (96.0)
749 (3.4)
136 (0.6)

Preterm and term pre-eclampsia, N= 40810
No pre-eclampsia
Term pre-eclampsia, delivery ≥37 weeks’ gestation
Preterm pre-eclampsia, delivery <37 weeks’ gestation

39362 (96.5)
1062 (2.6)
386 (0.9)

5591 (98.1)
93 (1.6)
16 (0.3)

12450 (96.5)
384 (3.0)
70 (0.5)

21321 (96.0)
585 (2.6)
300 (1.4)

WSLHD, Western Sydney Local Health District.
†Fourteen women excluded due to missing data for gestational age at delivery.
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TABLE S2. Prevalence of maternal characteristics by ethnic group, WSLHD, 2011-2014
Characteristic

All women
(N=40 824)†

Australian/New
Zealand-born
English-speakers
(N=15 422)†

MiddleEastern/African
(N=6977)†

South-East
Asia
(N=2725)†

North-East
Asia
(N=4470)†

Southern Asian
(N=8762)†

Others
(N=2468)†

P-value

n (%)
Parity
Parous
Nulliparous

28081 (68.8)
12743 (31.2)

11125 (72.1)
4297 (27.9)

5261 (75.4)
1716 (24.6)

1885 (69.2)
840 (30.8)

2874 (64.3)
1596 (35.7)

5149 (58.8)
3613 (41.2)

1787 (72.4)
681 (27.6)

<0.001

Maternal age (years)
Mean (SD)

29.3 (5.3)

28.4 (5.7)

29.2 (5.6)

31.8 (4.9)

29.9 (5.2)

29.4 (3.9)

31.0 (5.3)

<0.001

≤24
25-29
30-34
≥35

7621 (18.7)
13704 (33.6)
12805 (31.4)
6694 (16.4)

4061 (26.3)
4862 (31.5)
4167 (27.0)
2332 (15.1)

1567 (22.5)
2222 (31.8)
1934 (27.7)
1254(18.0)

183 (6.7)
667 (24.5)
1082 (39.7)
793 (29.1)

751 (16.8)
1409 (31.5)
1442 (32.3)
868 (19.4)

784 (8.9)
3855 (44.0)
3294 (37.6)
829 (9.5)

275 (11.1)
689 (27.9)
886 (35.9)
618 (25.0)

Body mass index (kg/m 2), N=40109
Mean (SD)

25.5 (5.9)

27.3 (6.8)

26.2 (5.7)

23.7 (4.3)

21.7 (3.2)

24.3 (4.1)

26.2 (6.2)

≤24
25-29
30-34
≥35

22338 (55.7)
10417 (26.0)
4491 (11.2)
2863 (7.1)

6715 (44.6)
4054 (26.9)
2368 (15.7)
1935 (12.8)

3334 (48.6)
2102 (30.6)
965 (14.1)
464 (6.8)

1850 (69.7)
583 (22.0)
168 (6.3)
53 (2.0)

3837 (86.8)
493 (11.2)
77 (1.7)
14 (0.3)

5335 (61.5)
2576 (29.7)
611 (7.0)
146 (1.7)

1267 (52.2)
609 (25.1)
302 (12.4)
251 (10.3)

Socioeconomic status‡
1
2
3
4
5

8816 (21.6)
4765 (11.7)
8776 (21.5)
9705 (23.8)
8711 (21.4)

3317 (21.5)
1545 (10.0)
3443 (22.4)
3583 (23.3)
3507 (22.8)

2519 (36.1)
1622 (23.3)
1111 (15.9)
975 (14.0)
745 (10.7)

498 (18.3)
255 (9.4)
875 (32.1)
499 (18.3)
596 (21.9)

868 (19.4)
419 (9.4)
729 (16.3)
1049 (23.5)
1400 (31.4)

1181 (13.5)
731 (8.3)
2039 (23.3)
3080 (35.2)
1727 (19.7)

433 (17.6)
193 (7.8)
579 (23.5)
519 (21.1)
736 (29.9)

<0.001

Smoking status, N=40635
Current smokers

3510 (8.6)

2918 (19.0)

329 (4.7)

65 (2.4)

30 (0.7)

12 (0.1)

156 (6.3)

<0.001

Family history of PE
Yes

104 (0.3)

69 (0.4)

7 (0.1)

4 (0.1)

1 (0.0)

8 (0.1)

15 (0.6)

<0.001

Conception method, N=40626
Assisted§

1697 (4.2)

647 (4.2)

283 (4.1)

107 (4.0)

121 (2.7)

442 (5.1)

97 (3.9)

<0.001

<0.001

<0.001

<0.001
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Autoimmune disease¶, N=40645
Yes

59 (0.2)

31 (0.2)

4 (0.1)

9 (0.3)

5 (0.1)

5 (0.1)

5 (0.2)

0.002

Chronic hypertension, N=40652
Yes

411 (1.0)

198 (1.3)

74 (1.1)

36 (1.3)

12 (0.3)

62 (0.7)

29 (1.2)

<0.001

Chronic renal disease, N=40620
Yes

361 (0.9)

162 (1.1)

63 (0.9)

17 (0.6)

13 (0.3)

82 (0.9)

24 (1.0)

<0.001

Diabetes mellitus (type 1 or 2), N= 40646
Yes

325 (0.8)

153 (1.0)

57 (0.8)

18 (0.7)

11 (0.2)

58 (0.7)

28 (1.1)

<0.001

Multiple pregnancy
Yes

1311 (3.2)

640 (4.1)

203 (2.9)

40 (1.5)

142 (3.2)

192 (2.2)

94 (3.8)

<0.001

PE, pre-eclampsia. SD, standard deviation. WSLHD, Western Sydney Local Health District.
†The total for each characteristic varies from the overall total due to missing data.
‡Australian Bureau of Statistics Socio-Economic Index for Australia (SEIFA) advantage/disadvantage by postcode classification grouped by quintiles (1=most
disadvantaged, 5=most advantaged).
§Assisted by use of medications or fertilization procedures (includes intrauterine insemination, in-vitro fertilization, intracytoplasmic sperm injection).
¶Autoimmune disease includes systemic lupus erythematosus and antiphospholipid syndrome.
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TABLE S3. The association between maternal demographic,
clinical characteristics and pre-eclampsia within ethnic
group, WSLHD, 2011-2014
Characteristic
PE

All women (N=40 824)
Total†
Adjusted OR
(95% CI)¥

Australian/New Zealand-born
English-speakers
Parous
Nulliparous

575
160

11125
4297

1.00
0.79 (0.66-0.96)

0.02

Middle-Eastern/African
Parous
Nulliparous

161
21

5261
1716

1.00
0.42 (0.25-0.69)

0.001

South-East Asian
Parous
Nulliparous

88
22

1885
840

1.00
0.70 (0.43-1.15)

0.16

North-East Asian
Parous
Nulliparous

37
14

2874
1596

1.00
77 (0.40-1.49)

0.44

Southern Asian
Parous
Nulliparous

179
76

5149
3613

1.00
0.66 (0.50-0.88)

0.005

Others
Parous
Nulliparous

100
15

1787
681

1.00
0.46 (0.26-0.81)

0.007

Wald
P-value

7.30
0.20

P-value

Parity

Maternal age (years)
Australian/New Zealand-born
English-speakers
<35
≥35

576
159

13090
2332

1.00
1.35 (1.12-1.64)

0.002

Middle-Eastern/African
<35
≥35

134
48

5723
1254

1.00
1.43 (1.00-2.03)

0.05

South-East Asian
<35
≥35

57
53

1932
793

1.00
1.97 (1.32-2.96)

0.001

North-East Asian
<35
≥35

35
16

3602
868

1.00
1.55 (0.64-2.39)

0.52

Southern Asian
<35
≥35

211
44

7933
829

1.00
1.57 (1.08-2.29)

0.02

Others
<35
≥35

77
38

1850
618

1.00
1.25 (0.81-1.91)

0.31

Wald
P-value

3.41
0.64
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Body mass index (kg/m2)
Australian/New Zealand-born
English-speakers
<30
≥30

363
361

10769
4303

1.00
2.41 (2.07-2.81)

<0.001

Middle-Eastern/African
<30
≥30

109
69

5436
1429

1.00
2.15 (1.55-2.97)

<0.001

South-East Asian
<30
≥30

85
22

2433
221

1.00
2.22 (1.28-3.87)

0.005

North-East Asian
<30
≥30

48
1

4334
91

1.00
1.05 (0.14-7.78)

0.96

Southern Asian
<30
≥30

213
37

7911
757

1.00
1.41 (0.95-2.09)

0.09

Others
<30
≥30

71
43

1876
553

1.00
1.95 (1.30-2.94)

0.001

Wald
P-value

6.22
0.29

Socioeconomic status‡
Australian/New Zealand-born
English-speakers
High
Low

516
217

10533
4863

1.00
0.91 (0.77-1.08)

0.27

Middle-Eastern/African
High
Low

69
112

2831
4141

1.00
1.12 (0.82-1.54)

0.48

South-East Asian
High
Low

85
25

1970
753

1.00
0.81 (0.51-1.30)

0.39

North-East Asian
High
Low

42
9

3178
1287

1.00
0.48 (0.22-1.04)

0.06

Southern Asian
High
Low

208
47

6846
1912

1.00
0.81 (0.58-1.13)

0.21

Others
High
Low

86
29

1834
626

1.00
0.84 (0.53-1.33)

0.46

Wald
P-value

4.94
0.42

12415
2918

1.00
0.87 (0.71-1.06)

Smoking status
Australian/New Zealand-born
English-speakers
Non-smokers
Current smokers

611
120

0.17
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Middle-Eastern/African
Non-smokers
Current smokers

174
7

6618
329

1.00
0.70 (0.32-1.53)

0.37

South-East Asian
Non-smokers
Current smokers

107
2

2638
65

1.00
0.63 (0.15-2.68)

0.53

North-East Asian
Non-smokers
Current smokers

51
0

4426
30

Inestimable

Southern Asian
Non-smokers
Current smokers

251
1

8727
12

1.00
2.91 (0.36-23.39)

0.32

Others
Non-smokers
Current smokers

108
7

2305
156

1.00
0.87 (0.39-1.94)

0.73

Wald
P-value

1.65
0.90

Family history of PE
Australian/New Zealand-born
English-speakers
No
Yes

724
11

15353
69

4.52 (2.26-9.05)

<0.001

Middle-Eastern/African
No
Yes

180
2

6970
7

1.00
18.24 (3.43-97.11)

0.001

South-East Asian
No
Yes

110
0

2722
4

Inestimable

North-East Asian
No
Yes

51
0

4469
1

Inestimable

Southern Asian
No
Yes

252
3

8754
8

1.00
19.68 (4.39-88.23)

<0.001

Others
No
Yes

114
1

2453
15

1.00
1.35 (0.16-11.03)

0.78

Wald
P-value

6.51
0.26

Conception method
Australian/New Zealand-born
English-speakers
Natural
Assisted§

676
56

14688
647

1.00
1.62 (1.19-2.21)

0.002

Middle-Eastern/African
Natural
Assisted§

172
8

6662
283

1.00
0.92 (0.42-2.01)

0.83

South-East Asian
Natural
Assisted§

102
7

2589
107

1.00
1.40 (0.60-3.26)

0. 44
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North-East Asian
Natural
Assisted§

45
5

4330
121

1.00
1.92 (0.66-5.58)

0.23

Southern Asian
Natural
Assisted§

233
18

8295
442

1.00
1.18 (0.69-2.01)

0.55

Others
Natural
Assisted§

114
1

2365
97

1.00
0.17 (0.02-1.34)

0.09

Wald
P-value

9.00
0.11

Autoimmune disease¶
Australian/New Zealand-born
English-speakers
No
Yes

729
5

15309
31

1.00
2.12 (0.72-6.24)

0.17

Middle-Eastern/African
No
Yes

179
1

6938
4

1.00
12.59 (1.22-130.51)

0.03

South-East Asian
No
Yes

108
1

2697
9

1.00
1.33 (0.13-13.64)

0.81

North-East Asian
No
Yes

50
0

4452
5

Inestimable

Southern Asian
No
Yes

251
1

8732
5

1.00
2.39 (0.20-28.58)

Others
No
Yes

115
0

2458
5

Inestimable

Wald
P-value

2.09
0.84

0.49

Chronic hypertension
Australian/New Zealand-born
English-speakers
No
Yes

688
44

15145
198

1.00
3.56 (2.43-5.22)

<0.001

Middle-Eastern/African
No
Yes

166
13

6877
74

1.00
6.21 (3.25-11.87)

<0.001

South-East Asian
No
Yes

101
9

2674
36

1.00
4.68 (1.88-11.68)

0.001

North-East Asian
No
Yes

50
1

4439
12

1.00
9.71 (1.19-78.89)

0.03

Southern Asian
No

234

8675

1.00
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Yes

19

62

9.91 (5.17-18.99)

<0.001

Others
No
Yes

106
8

2431
29

1.00
5.76 (2.31-14.36)

<0.001

Wald
P-value

7.45
0.19

Chronic renal disease
Australian/New Zealand-born
English-speakers
No
Yes

691
33

15168
162

1.00
3.63 (2.38-5.54)

<0.001

Middle-Eastern/African
No
Yes

174
6

6887
63

1.00
3.02 (1.23-7.40)

0.02

South-East Asian
No
Yes

104
5

2694
17

1.00
6.43 (1.90-21.68)

0.003

North-East Asian
No
Yes

50
0

4434
13

Inestimable

Southern Asian
No
Yes

232
13

8643
82

1.00
4.53 (2.32-8.88)

<0.001

Others
No
Yes

108
6

2433
24

1.00
5.35 (1.98-14.43)

0.001

Wald
P-value

1.93
0.86

Diabetes mellitus (type 1 or 2)
Australian/New Zealand-born
English-speakers
No
Yes

711
23

15189
153

1.00
2.14 (1.31-3.49)

0.002

Middle-Eastern/African
No
Yes

176
4

6887
57

1.00
1.32 (0.44-3.96)

0.62

South-East Asian
No
Yes

107
2

2684
18

1.00
0.54 (0.09-3.25)

0.50

North-East Asian
No
Yes

50
0

4445
11

Inestimable

Southern Asian
No
Yes

248
4

8680
58

1.00
1.61 (0.52-5.03)

0.41

Others
No
Yes

111
4

2436
28

1.00
2.03 (0.61-6.81)

0.25

Wald

2.02
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P-value

0.85

Multiple pregnancy
Australian/New Zealand-born
English-speakers
No
Yes

686
49

14782
640

1.00
1.60 (1.16-2.20)

0.004

Middle-Eastern/African
No
Yes

173
9

6774
203

1.00
1.52 (0.73-3.17)

0.27

South-East Asian
No
Yes

108
2

2685
40

Inestimable

North-East Asian
No
Yes

41
10

4328
142

1.00
7.37 (3.47-15.62)

<0.001

Southern Asian
No
Yes

241
14

8570
192

1.00
2.20 (1.17-4.14)

0.01

Others
No
Yes

103
12

2374
94

1.00
3.37 (1.94-7.18)

<0.001

Chi-square
P-value

17.99
0.003

CI, confidence interval. OR, odds ratio. PE, pre-eclampsia. WSLHD, Western
Sydney Local Health District.
†The total for each characteristic varies from the overall total due to missing data.
‡High socioeconomic status=SEIFA scores 3-5; Low socioeconomic status=SEIFA
scores 1-2.
§Assisted by use of medications or fertilization procedures (includes intrauterine
insemination, in-vitro fertilization and intracytoplasmic sperm injection).
¶Autoimmune disease includes systemic lupus erythematosus and antiphospholipid
syndrome.
¥Adjusted for: autoimmune disease, chronic hypertension, chronic renal disease,
diabetes mellitus (type 1 or 2), multiple pregnancy, maternal age group (<35 vs ≥35
years) and body mass index group (<30 vs ≥30 kg/m2).
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TABLE S4. The association between maternal characteristics and early-onset and preterm pre-eclampsia, all women, WSLHD, 2011-2014
Characteristic
Earlyonset PE

Total†

OR (95% CI)

All women (N=40 810)
Adjusted OR
Preterm
(95% CI)¥
PE

Total†

OR (95% CI)

Adjusted OR
(95% CI)¥

Ethnicity
Australian/New Zealand-born English-speakers
Middle-Eastern/African
South-East Asian
North-East Asian
Southern Asian
Others

67
14
14
11
33
11

15417
6973
2725
4468
8759
2468

1.00
0.46 (0.26-0.82)
1.18 (0.66-2.11)
0.57 (0.30-1.07)
0.87 (0.57-1.32)
1.03 (0.54-1.94)

1.00
0.45 (0.24-0.86)
1.32 (0.69-2.53)
0.76 (0.38-1.54)
1.01 (0.63-1.63)
1.14 (0.59-2.19)

168
45
33
22
83
35

15417
6973
2725
4468
8759
2468

1.00
0.59 (0.42-0.82)
1.11 (0.76-1.62)
0.45 (0.29-0.70)
0.87 (0.67-1.13)
1.31 (0.91-1.88)

1.00
0.61 (0.42-0.87)
1.28 (0.84-1.94)
0.59 (0.36-0.96)
1.07 (0.80-1.45)
1.40 (0.95-2.04)

Maternal and clinical factors
Parity
Parous
Nulliparous

96
54

28070
12740

1.00
1.24 (0.89-1.73)

1.00
1.52 (1.04-2.22)

258
128

28070
12740

1.00
1.09 (0.88-1.35)

1.00
1.44 (1.14-1.83)

150
20
42
52
36

40810
7617
13699
12803
6691

1.06 (1.02-1.09)
0.86 (0.50-1.46)
1.00
1.33 (0.88-1.99)
1.76 (1.13-2.75)

1.04 (1.01-1.07)
0.78 (0.45-1.40)
1.00
1.09 (0.70-1.68)
1.37 (0.85-2.20)

386
49
96
132
109

40810
7617
13699
12803
6691

1.07 (1.05-1.09)
0.92 (0.65-1.30)
1.00
1.48 (1.13-1.92)
2.34 (1.78-3.09)

1.04 (1.02-1.06)
0.91 (0.63-1.32)
1.00
1.37 (1.04-1.81)
1.72 (1.27-2.32)

137
64
29
21
23

40096
22330
10415
4491
2860

1.05 (1.03-1.07)
1.00
0.97 (0.63-1.51)
1.64 (1.00-2.68)
2.82 (1.75-4.55)

1.03 (1.01-1.06)
1.00
0.84 (0.53-1.32)
1.25 (0.74-2.11)
2.06 (1.25-3.40)

370
162
90
55
63

40096
22330
10415
4491
2860

1.05 (1.04-1.06)
1.00
1.19 (0.92-1.55)
1.70 (1.25-2.31)
3.08 (2.30-4.13)

1.04 (1.02-1.05)
1.00
1.03 (0.79-1.35)
1.25 (0.90-1.73)
2.11 (1.53-2.89)

Socioeconomic status‡
1
2
3
4
5

25
12
28
40
45

8814
4764
8773
9700
8708

1.00
0.89 (0.45-1.77)
1.13 (0.66-1.93)
1.46 (0.88-2.40)
1.83 (1.12-2.98)

1.00
0.78 (0.37-1.65)
1.16 (0.66-2.03)
1.34 (0.79-2.30)
1.63 (0.95-2.78)

69
34
88
104
91

8814
4764
8773
9700
8708

1.00
0.91 (0.60-1.38)
1.28 (0.94-1.76)
1.37 (1.01-1.87)
1.34 (0.98-1.83)

1.00
0.84 (0.54-1.31)
1.32 (0.95-1.84)
1.29 (0.93-1.80)
1.25 (0.89-1.76)

Smoking status
Non-smokers
Current smokers

134
11

37111
3510

1.00
0.87 (0.47-1.61)

1.00
0.92 (0.49-1.72)

344
34

37111
3510

1.00
1.05 (0.73-1.49)

1.00
1.06 (0.73-1.53)

Maternal age (years)
Total
≤24
25-29
30-34
≥35
Body mass index (kg/m 2)
Total
≤24
25-29
30-34
≥35

Family history of PE
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No
Yes

147
3

40706
104

1.00
8.20 (2.57-26.13)

1.00
8.93 (2.73-29.22)

383
3

40706
104

1.00
3.13 (0.99-9.90)

1.00
3.10 (0.95-10.13)

Conception method
Natural
Assisted§

126
17

38915
1697

1.00
3.12 (1.87-5.18)

1.00
2.25 (1.29-3.92)

328
48

38915
1697

1.00
3.42 (2.52-4.65)

1.00
1.72 (1.21-2.45)

Autoimmune disease¶
No
Yes

144
2

40572
59

1.00
9.85 (2.38-40.73)

1.00
3.12 (0.64-15.12)

376
3

40572
59

1.00
5.73 (1.79-18.38)

1.00
2.26 (0.62-8.17)

Chronic hypertension
No
Yes

136
14

40227
411

1.00
10.40 (5.94-18.18)

1.00
6.66 (3.53-12.56)

348
36

40227
411

1.00
11.00 (7.69-15.74)

1.00
6.50 (4.27-9.88)

Chronic renal disease
No
Yes

130
16

40245
361

1.00
14.31 (8.42-24.31)

1.00
8.81 (4.91-15.79)

342
30

40245
361

1.00
10.58 (7.17-15.60)

1.00
6.07 (3.94-9.35)

Diabetes mellitus (type 1 or 2)
No
Yes

144
2

40307
325

1.00
1.73 (0.43-7.00)

1.00
0.62 (0.14-2.70)

361
18

40307
325

1.00
6.49 (3.99-10.55)

1.00
2.76 (1.56-4.87)

Multiple pregnancy
No
Yes

128
22

39499
1311

1.00
5.25 (3.33-8.28)

1.00
4.50 (2.70-7.50)

303
83

39499
1311

1.00
8.74 (6.81-11.22)

1.00
8.21 (6.25-10.78)

CI, confidence interval. OR, odds ratio. PE, pre-eclampsia. WSLHD, Western Sydney Local Health District.
†The total for each characteristic varies from the overall total due to missing data.
‡Code of socioeconomic status quintile sing Australian Bureau of Statistics (ABS) Socio-Economic Index for Australia (SEIFA) advantage/disadvantage by
postcode classification (1=most disadvantaged, 5=most advantaged).
§Assisted by use of medications or fertilization procedures (include intrauterine insemination, in-vitro fertilization and intracytoplasmic sperm injection).
¶Autoimmune disease includes systemic lupus erythematosus and antiphospholipid syndrome.
¥Adjusted for: autoimmune disease, chronic hypertension, chronic renal disease, diabetes mellitus (type 1 or 2), multiple pregnancy, maternal age group and
body mass index group.
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TABLE S5. The association between maternal characteristics and early-onset and preterm pre-eclampsia, nulliparous women, WSLHD, 20112014
Characteristic
Earlyonset PE

Total†

OR (95% CI)

Nulliparous (N=12 740)
Adjusted OR
Preterm
(95% CI)¥
PE

Total†

OR (95% CI)

Adjusted OR
(95% CI)¥

26
3
6
4
9
6

4295
1716
840
1596
3612
681

1.00
0.29 (0.09-0.95)
1.18 (0.49-2.88)
0.41 (0.14-1.18)
0.41 (0.19-0.88)
1.46 (0.60-3.56)

1.00
0.15 (0.02-1.13)
1.99 (0.74-5.37)
0.60 (0.17-2.12)
0.62 (0.26-1.50)
2.03 (0.79-5.23)

65
11
10
6
28
8

4295
1716
840
1596
3612
681

1.00
0.40 (0.22-0.80)
0.78 (0.40-1.53)
0.25 (0.11-0.57)
0.51 (0.33-0.79)
0.77 (0.37-1.62)

1.00
0.43 (0.20-0.92)
1.14 (0.55-2.36)
0.29 (0.12-0.75)
0.70 (0.42-1.17)
0.91 (0.42-1.97)

54
12
15
17
10

12740
3779
5203
2916
842

1.11 (1.05-1.17)
1.10 (0.52-2.36)
1.00
2.03 (1.01-4.07)
4.16 (1.86-9.28)

1.07 (1.02-1.14)
1.04 (0.46-2.37)
1.00
1.46 (0.68-3.16)
2.48 (1.02-6.02)

128
29
35
43
21

12740
3779
5203
2916
842

1.09 (1.06-1.13)
1.14 (0.70-1.87)
1.00
2.21 (1.41-3.46)
3.78 (2.19-6.52)

1.06 (1.02-1.10)
1.19 (0.70-2.03)
1.00
2.03 (1.25-3.27)
2.28 (1.23-4.23)

48
25
7
7
9

12539
8338
2683
973
545

1.09 (1.05-1.13)
1.00
0.87 (0.38-2.01)
2.41 (1.04-5.59)
5.58 (2.59-12.01)

1.06 (1.02-1.11)
1.00
0.77 (0.33-1.83)
2.14 (0.90-5.10)
3.45 (1.46-8.15)

121
71
21
8
21

12539
8338
2683
973
545

1.07 (1.04-1.09)
1.00
0.92 (0.56-1.50)
0.97 (0.46-2.01)
4.67 (2.85-7.65)

1.04 (1.01-1.07)
1.00
0.83 (0.50-1.37)
0.83 (0.39-1.77)
2.92 (1.64-5.18)

Socioeconomic status‡
1
2
3
4
5

8
4
5
16
21

2418
1477
2701
3245
2881

1.00
0.82 (0.25-2.72)
0.56 (0.18-1.71)
1.49 (0.64-3.49)
2.21 (0.98-5.00)

1.00
0.71 (0.21-2.46)
0.49 (0.16-1.54)
1.03 (0.41-2.60)
1.65 (0.68-4.00)

15
9
26
45
33

2418
1477
2701
3245
2881

1.00
0.98 (0.43-2.25)
1.56 (0.82-2.95)
2.25 (1.25-4.05)
1.86 (1.01-3.43)

1.00
0.85 (0.36-2.03)
1.49 (0.77-2.87)
1.63 (0.87-3.05)
1.40 (0.73-2.71)

Smoking status
Non-smokers
Current smokers

51
1

12001
686

1.00
0.34 (0.05-2.48)

1.00
0.38 (0.05-2.86)

122
4

12001
686

1.00
0.57 (0.21-1.55)

1.00
0.65 (0.23-1.83)

Family history of PE
No
Yes

54
0

12705
35

Inestimable

Inestimable

128
0

12705
35

Inestimable

Inestimable

Ethnicity
Australian/New Zealand-born English-speakers
Middle-Eastern/African
South-East Asian
North-East Asian
Southern Asian
Others
Maternal and clinical factors
Maternal age (years)
Total
≤24
25-29
30-34
≥35
Body mass index (kg/m 2)
Total
≤24
25-29
30-34
≥35
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Conception method
Natural
Assisted§

41
10

11931
745

1.00
3.95 (1.97-7.91)

1.00
1.80 (0.76-4.30)

102
23

11931
745

1.00
3.69 (2.34-5.84)

1.00
1.29 (0.72-2.32)

Autoimmune disease¶
No
Yes

50
1

12680
10

1.00
28.07 (3.49-225.69)

1.00
32.34 (3.45-302.85)

124
1

12680
10

1.00
11.25 (1.42-89.48)

1.00
13.05 (1.49-114.05)

Chronic hypertension
No
Yes

47
7

12589
103

1.00
19.46 (8.58-44.14)

1.00
10.31 (3.90-27.31)

117
11

12589
103

1.00
12.76 (6.65-24.45)

1.00
8.49 (3.85-18.69)

Chronic renal disease
No
Yes

49
4

12574
110

1.00
9.65 (3.42-27.21)

1.00
6.13 (2.04-18.37)

114
9

12574
110

1.00
9.74 (4.81-19.74)

1.00
5.89 (2.71-12.82)

Diabetes mellitus (type 1 or 2)
No
Yes

51
0

12620
73

Inestimable

Inestimable

121
4

12620
73

1.00
5.99 (2.15-16.67)

1.00
1.73 (0.45-6.62)

Multiple pregnancy
No
Yes

45
9

12393
347

1.00
7.31 (3.54-15.07)

1.00
6.86 (3.03-15.54)

97
31

12393
347

1.00
12.44 (8.18-18.92)

1.00
12.20 (7.65-19.46)

CI, confidence interval. OR, odds ratio. PE, pre-eclampsia. WSLHD, Western Sydney Local Health District.
†The total for each characteristic varies from the overall total due to missing data.
‡Code of socioeconomic status quintile sing Australian Bureau of Statistics (ABS) Socio-Economic Index for Australia (SEIFA) advantage/disadvantage by
postcode classification (1=most disadvantaged, 5=most advantaged).
§Assisted by use of medications or fertilization procedures (include intrauterine insemination (IUI), in-vitro fertilization (IVF) and intracytoplasmic sperm
injection (ICSI)).
¶Autoimmune disease includes Systemic Lupus Erythematosus (SLE) and Antiphospholipid Syndrome (APS).
¥Adjusted for: autoimmune disease, chronic hypertension, chronic renal disease, diabetes mellitus (type 1 or 2), multiple pregnancy, maternal age group and
body mass index group.
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APPENDIX 3: SUPPLEMENTARY FIGURES

Auburn hospital
5727 women

Westmead hospital
22 451 women

Blacktown/Mount-Druitt hospital
12 997 women

41 175 women

307 women received antiplatelet
therapy in the first trimester
40 868 women

Exclusion of missing factors
 Pre-eclampsia, n=2 women
 Parity, n=19 women
 Ethnicity, n=23 women

Assessment of the risk factors for
pre-eclampsia
40 824 women

14 women missing for gestational
age at delivery

28 081 parous women

Assessment of risk factors for preeclampsia in nulliparous women

Assessment of risk factors for earlyonset and preterm pre-eclampsia

12 743 women

40 810 women

FIGURE S1. Selection of the study population, Western Sydney Local Health District, 2011-2014.
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CHAPTER 7

SCREENING FOR PRE-ECLAMPSIA IN AUSTRALIA

7.1 OVERVIEW
The Society of Obstetric Medicine of Australia and New Zealand (SOMANZ) and the
Australian Department of Health Pregnancy Care guidelines recommend all pregnant women
have their risk of pre-eclampsia assessed. Women at increased risk of pre-eclampsia are
recommended for closer surveillance and preventive strategies such as the use of antiplatelet
prophylactic agents. However, neither guidelines provide an explicit approach for risk
assessment.

Internationally, guidelines in the United Kingdom (UK) and the United States (US) include
risk assessment tools based on routinely available risk factors, but these tools have not been
adequately validated in an Australian antenatal population to assess their applicability. Most of
the established risk factors for pre-eclampsia were independently associated with the preeclampsia in Australian population (Chapter 6). The United States Preventive Services Task
Force (USPSTF) guidelines recommends conducting research in certain groups who are at
increased risk for pre-eclampsia such as nulliparous women.

The Perinatal Antiplatelet Review of International Studies (PARIS) model, developed using an
international trial sample (Chapter 5), demonstrated modest predictive performance and might
underestimate the women at increased risk of pre-eclampsia due to the absence of known risk
factors such as body mass index (BMI). Therefore, there is a need for Australian research to
support the development of national guidelines for early identification of women at increased
risk pre-eclampsia.
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In this chapter, we develop a risk prediction model for nulliparous women by combining
established maternal risk factors for pre-eclampsia; and compare the performance of the model
with the United Kingdom National Institute of Health and Care Excellence (NICE) guideline.
We use routinely collected data from women giving birth in public hospitals in the Western
Sydney Local Health District (WSLHD).

Research questions:

1- Can a risk model to predict pre-eclampsia in nulliparous women that combines
established maternal risk factors perform better than the NICE guideline approach
alone?
2- Does the performance of the model vary for identifying early-onset pre-eclampsia and
pre-term pre-eclampsia comparing to its performance to predict any-onset preeclampsia?
3- Does the performance of the guidelines vary for predicting preterm (requiring delivery
<37 weeks’ gestation) versus term and early-onset (requiring delivery <34 weeks’
gestation) versus late-onset pre-eclampsia in nulliparous women?

The potential significance of our findings for this chapter may be used to inform the national
pre-eclampsia preventive strategy in Australia.

7.2 PUBLICATION
Citation:
Al‐Rubaie ZT, Malcolm Hudson H, Jenkins G, Mahmoud I, Ray JG, Askie LM, Lord SJ.
Prediction of pre-eclampsia in nulliparous women using routinely collected maternal
characteristics: A model development and validation study. BMC Pregnancy Childbirth 20, 23
(2020) doi:10.1186/s12884-019-2712-x

Link: https://bmcpregnancychildbirth.biomedcentral.com/articles/10.1186/s12884-019-2712-x
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7.3 DISCUSSION
We report a WS risk model that combines eight routinely collected maternal characteristics to
estimate the risk of pre-eclampsia for women in their first pregnancy. The model demonstrated
good calibration for pre-eclampsia risk prediction in our validation sample. When setting the
risk threshold for classifying women as high risk at ≥4%, model sensitivity was 36% (95% CI
31-41%) and specificity 92% (91-92%); similar to the NICE approach (NICE sensitivity (37%,
(31–42%) and specificity (91% (91–92%) at a 3.8% risk threshold. The WS model sensitivity
was higher for prediction of early-onset and preterm pre-eclampsia than any-onset preeclampsia at similar specificity.

The main limitation of our study is the use of retrospectively collected study data might lead
to under-ascertainment of study variables and underestimation of the model predictive
performance. In addition, we did not include births from private hospitals which would limit
the applicability of the WS model to women giving birth in the public hospitals. Furthermore,
no women in the study sample had more than three high-risk factors recorded, thus model
predictions cannot be extended to such women.

Ideally, we could assess model performance on participants from settings that are completely
different from those used in model development (geographic validation) to provide a more
robust assessment of model performance. Limitations of temporal validation (assessing model
performance on participants enrolled from the same setting where the model was developed
but at a later time period) include the possibility of changes in the definition of pre-eclampsia
and diagnostic tools over the study period. Also, the demographic and maternal characteristics
of women may be more similar between temporal validation cohorts which could affect our
findings.

Compared to the NICE approach, the main clinical implication is that the WS model has the
advantage of providing an estimate of the probability of pre-eclampsia to assist patient
counselling and guide clinical practice decisions about prophylaxis and/or referral for further
testing to prevent the condition or its complications. In particular, the model allows risk
prediction based on maternal age and BMI, which are more common than high-risk factors
such as chronic hypertension, whereas the NICE approach is restricted to using a single
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different cut-off for these two factors. We provide the model algorithm in an Excel spreadsheet
that can be readily incorporated into the first antenatal clinic visit.

The WS model needs to be validated outside of the WSLHD before implementing for
nulliparous women in other Australian settings. Based on evidence presented in Chapters 5 and
6, further research is needed to assess the value of including individual ethnic groups and/or
maternal blood pressure measurement in the model to improve model prediction for preeclampsia. The WS model can also be used as a foundation to develop a risk prediction model
for Australian women that incorporates established specialised tests such as uterine artery
Doppler. Our findings of the modest performance of both the NICE approach and the WS risk
model can inform cost-effectiveness analyses of including such specialised tests into routine
antenatal care for pre-eclampsia risk assessment.

7.4 CONCLUSIONS
This WS risk model using routinely collected maternal characteristics in early pregnancy
achieved modest performance for pre-eclampsia prediction in nulliparous women. Although
not superior to the NICE approach, the WS model has the advantage of providing
individualised risk-estimates, to inform decisions for pregnancy surveillance and aspirin
prophylaxis.
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APPENDICES
APPENDIX 1: SUPPLEMENTARY TABLES
TABLE S1. Western Sydney (WS) model for prediction of pre-eclampsia
in women without known high-risk factors, and all women, model
development sample
Predictors

B

SE

aOR (95% CI)

P-value

WS base model developed in women without high-risk factors (N=6061)
Intercept

-8.963

0.765

<0.001

Maternal age*

0.079

0.023

1.08 (1.03-1.13)

0.001

BMI**

0.093

0.017

1.10 (1.06-1.13)

<0.001

Australian/NZ ethnicity

0.452

0.188

1.57 (1.09-2.27)

0.02

Multiple pregnancy

1.499

0.308

4.48 (2.45-8.18)

<0.001

Family history of PE

2.553

0.658

12.85 (3.54-46.64)

<0.001

WS full model developed in all women (N=6194)
Intercept

-0.444

0.346

0.20

WSO base model risk score

0.885

0.094

2.42 (2.02-2.91)

<0.001

Autoimmune disease

2.010

1.169

7.46 (0.75-73.86)

0.086

Chronic hypertension

1.899

0.410

6.68 (2.99-14.91)

<0.001

Chronic renal disease

1.504

0.425

4.50 (1.96-10.35)

<0.001

*Continuous spline linear from 27 years.
**Continuous spline linear from 26.3 kg/m2.
aOR = Adjusted odds ratio, BMI = Body mass index, CI = Confidence interval, NZ = New
Zealand, PE = Pre-eclampsia, SE = Standard error
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TABLE S2. Internal validation of Western Sydney (WS) base and
full model by bootstrapping, 1000 resamples
index.orig training test
optimism
index.corrected
WS base model in women without high-risk factors (N=6061)*
Dxy
0.3239
0.3247 0.3157
0.0090
0.3149
R2
0.0720
0.0750 0.0671
0.0079
0.0641
Intercept
0.0000
0.0000 -0.1066
0.1066
-0.1066
Slope
1.0000
1.0000 0.9687
0.0313
0.9687
B
0.0208
0.0208 0.0209
-0.0001
0.0210

913
913
913
913
913

WS full model in all women (N=6194)**
Dxy
0.3803
0.3820 0.3733
R2
0.0910
0.0935 0.0848
Intercept 0.0000
0.0000 -0.1283
Slope
1.0000
1.0000 0.9622
B
0.0228
0.0228 0.0229

893
893
893
893
893

0.0087
0.0087
0.1283
0.0378
-0.0002

3.716000e-01
8.230000e-02
-1.283000e-01
9.622000e-01
2.300000e-02

n

*Divergence or singularity in 87 samples.
** Divergence or singularity in 107 samples.
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TABLE S3. Performance of the Western Sydney (WS) final model
for prediction of early-onset pre-eclampsia and preterm preeclampsia at ≥8% risk threshold, N=12,395
n/N

Predictive accuracy

Sensitivity (95% CI)

17/46

37% (25-51%)

Specificity (95% CI)

11992/12349

97.1% (96.8-97.4%)

PPV (95% CI)

17/374

5% (3-7%)

NPV (95% CI)

11992/12021
-

99.8% (99.7-99.8%)

-

0.65 (0.52-0.81)

Sensitivity (95% CI)

36/115

31% (24-40%)

Specificity (95% CI)

11942/12280

97% (97-98%)

PPV (95% CI)

36/374

10% (7-13%)

NPV (95% CI)

11942/12021

99.3% (99.2-99.5%)

Positive LR (95% CI)

-

11.37 (8.51-15.21)

Negative LR (95% CI)

-

0.71 (0.62-0.80)

Test characteristic
Early-onset pre-eclampsia

Positive LR (95% CI)
Negative LR (95% CI)

12.78 (8.65-18.90)

Preterm pre-eclampsia

CI = Confidence interval, LR = Likelihood ratio, NPV = Negative predictive value,
PPV = positive predictive
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Table S4. Performance of NICE approach* to predict preterm, term, early- and late-onset pre-eclampsia for nulliparous women in WSLHD, 2011-2014
(n=12 395)
Risk rule

N**

PE
OR
n
(95% CI)
Preterm pre-eclampsia requiring delivery before 37 weeks’ gestation
negative
11091
55
1.00
positive
1126
60
11.29 (7.79–16.37)
Term pre-eclampsia with delivery at or after 37 weeks’ gestation
negative
11167
131
1.00
positive
1113
47
3.71 (2.65–5.21)
Early-onset pre-eclampsia requiring delivery before 34 weeks’ gestation
negative
11060
24
1.00
positive
1088
22
9.49 (5.30–16.98)
Late-onset pre-eclampsia requiring delivery at or after 34 weeks’ gestation
negative
11198
162
1.00
positive
1151
85
5.43 (4.15–7.12)

P-value

Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Positive LR
(95% CI)

Negative LR
(95% CI)

<0.001a
<0.001b

52% (43–61%)

91% (91–92%)

5% (4–7%)

99.5% (99.4–99.6%)

5.92 (4.93–7.12)

0.52 (0.43–0.64)

<0.001

26% (21–33%)

91% (91–92%)

4% (3–6%)

98.8% (98.6–99.0%)

3.00 (2.33–3.86)

0.81 (0.74–0.88)

<0.001a
0.09c

48% (34–62%)

91% (91–92%)

2% (1–3%)

99.8% (99.7–99.9%)

5.43 (3.99–7.38)

0.57 (0.43–0.76)

<0.001

34% (29–41%)

91% (91–92%)

7% (6–9%)

98.6% (98.3–98.8%)

3.91 (3.26–4.68)

0.72 (0.66–0.79)

*NICE approach: Positive refers to ≥1 high-risk factors or ≥2 moderate-risk factors. High-risk factors included in this analysis: chronic renal disease, diabetes (type 1 or 2), chronic hypertension
and autoimmune disease status. Moderate-risk factors included in this analysis: first pregnancy, age ≥40 year, body mass index ≥35 kg/m 2, family history of pre-eclampsia and multiple pregnancy.
**Excludes women with missing data.
a
P-value for test of null hypothesis of no difference in odds of pre-eclampsia for guideline approach positive versus negative.
b
P-value for test of null hypothesis of no difference in odds ratio for guideline positive versus negative between pre-eclampsia with delivery <37 versus ≥37 weeks; Wald Chi square=19.39
c
P-value for test of null hypothesis of no difference in odds ratio for guideline positive versus negative between pre-eclampsia with delivery <34 versus ≥34 weeks; Wald Chi square=2.96
CI = Confidence interval, LR = Likelihood ratio, NICE = National Institute for Health and Care Excellence, NPV = Negative predictive value, OR = Odds ratio, PE = Pre-eclampsia, PPV =
Positive predictive value
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APPENDIX 2: SUPPLEMENTARY FIGURES

Probability of pre-eclampsia

A.

Maternal age (years)

Probability of pre-eclampsia

B.

Body Mass Index (kg/m2)

FIGURE S1. Fitted trend between a continuous predictor and the logit pre-eclampsia using
cubic spline function, Legend: (A) maternal age in years; (B) body mass index in kg/m2; all
women (N=12,395).
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Frequency of women

Predicted probability of pre-eclampsia

FIGURE S2. Distribution of predicted probabilities for pre-eclampsia using the
Western Sydney (WS) base model in the validation sample excluding women with
high-risk factors (N=6064).
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Frequency of women

Predicted probability of pre-eclampsia

FIGURE S3. Distribution of predicted probabilities for pre-eclampsia using the
Western Sydney (WS) full model in the validation sample (N=6201).
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FIGURE S4. Receiver-operator characteristic curve for the Western
Sydney (WS) final model for prediction of pre-eclampsia in the entire
study sample (N=12,395), area-under-curve 0.70 (95% CI 0.66-0.73).
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APPENDIX 3: PRE-ECLAMPSIA RISK CALCULATOR – Attached file/Additional file 3.
Australian risk prediction calculator for pre-eclampsia for women in their first pregnancy (Attached
file/Additional file 3).
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CHAPTER 8

CONCLUSIONS

This thesis aims to improve knowledge about models and approaches for assessment of preeclampsia risk in early pregnancy in order to improve pre-eclampsia prevention strategies and
outcomes for Australian women. Following evidence from the Perinatal Antiplatelet Review
of International Studies (PARIS) individual participant meta-analysis on the effectiveness of
antiplatelet therapy for reducing pre-eclampsia risk [1], international antenatal guidelines
recommend identifying women at increased risk of pre-eclampsia for antiplatelet therapy such
as aspirin [2-4]. A recent randomised controlled trial of aspirin that used a risk prediction model
incorporating maternal factors, blood pressure measurements, uterine artery Doppler and serum
biomarkers to identify women at increased risk of pre-eclampsia demonstrated the
effectiveness of this approach to reduce the incidence of pre-eclampsia [5]. This thesis
addresses the need for risk tools to identify high risk women in settings where specialised tests
are not available.

As outlined in Chapter 1 of this thesis, over the last few decades, researchers have been working
to identify and combine risk factors for pre-eclampsia and develop risk assessment tools that
can be used to identify women at increased risk of pre-eclampsia for preventive strategies.
Multiple ‘simple’ risk prediction tools that combine routinely collected risk factors have been
published for this purpose. However, as reported in Chapter 2, their predictive performance to
guide pre-eclampsia prevention has not been well established [6]; and their uptake in Australia
is not known.

In contrast, validation studies have demonstrated risk tools that include

specialised tests such as uterine artery Doppler and serum biomarkers have very good
sensitivity for identifying high-risk women [6].

At the time of submitting the thesis, the International Federation of Gynecology and Obstetrics
(FIGO) have published a ‘pragmatic’ guide for screening of preterm pre-eclampsia using the
first-trimester combined test (maternal risk factors, mean arterial pressure, uterine artery
pulsatility index, and placental growth factor) [7]. Some tertiary centres now routinely use these
specialised tests for pre-eclampsia risk assessment with publicly available tools such as that
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developed by the Fetal Medicine Foundation in United Kingdom [8, 9]. However, specialised
tests are not yet routinely available in public hospital antenatal clinics across Australia. The
cost, time, expertise and facilities required for these tests may prohibit their feasibility for risk
assessment at the first booking visit outside of tertiary centres, and in low-resource countries.
Thus, there is a need for evidence about the predictive performance of existing guideline
approaches to guide patient counselling; and for research to develop and validate simple tools
to provide women with individualized risk estimates that may improve on current antenatal
guideline approaches.

This thesis aims to address these gaps. The component studies are organised into three topics:
(1) assessment of international antenatal guideline approaches for identifying women at high
risk of pre-eclampsia; (2) evaluation of individual risk factors for pre-eclampsia in a culturally
diverse Australian population; and (3) development and validation of a simple risk prediction
model for pre-eclampsia that can be used in broad antenatal care settings.

The purpose of this chapter is to discuss the main findings of this thesis to address the aims and
the implications for advancing clinical practice and priorities for further research (Figure 1). It
is divided into four sections to discuss: research methods; main findings; strengths and
limitations; and implications.
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Current practice (Chapter 1)
Pregnancy

Australian guidelines
• Society of Obstetric Medicine of
Australia and New Zealand (SOMANZ)

Attend antenatal clinic in first trimester

• Clinical Practice Guidelines: Pregnancy
Care, Australian Government
Department of Health
Aspirin for high risk women reduces preeclampsia incidence

Pre-eclampsia risk assessment

No explicit risk assessment approach

Evidence gap
Research program (Chapters 2-7)
International approaches to classify
high-risk women

Single risk factors

Risk models to provide
Individualised risk estimate

Assessment of the predictive
performance of NICE and USPSTF
guideline approaches
(Chapters 3 & 7)

Assessment of the strength of
individual pre-eclampsia risk factors
(Chapters 3 & 6)

Development and validation of risk
prediction models:
(Chapters 2, 4, 5 & 7)

Implications (Chapter 8)
Clinical practice

Future research

 Supports use of international guideline approaches in
Australia if no other validated risk tool available

 To investigate the causes of ethnic differences in the
risk of pre-eclampsia to seek a better understanding
of disease mechanisms and identify potentially
modifiable factors

 Supports addition of ethnicity for routine risk
assessment in Australia
 Western Sydney risk model available as practical tool
to estimate the probability of developing preeclampsia in early pregnancy

 To externally validate the Western Sydney model
outside of Western Sydney before recommending its
broader use across Australia
 To assess the feasibility and clinical impact of
implementing a risk assessment tool into routine
antenatal care in Australia

Potential health outcomes
Reduced pre-eclampsia incidence
and complications

FIGURE 1. Research undertaken in this thesis to improve prediction and prevention of preeclampsia.
NICE, National Institute for Health and Care Excellence. USPSTF, United States Preventive Services Task Force.
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8.1 RESEARCH METHODS
The primary studies undertaken for this thesis have been undertaken using the methods
described by Harrell [10] and Steyerberg [11]. I have followed relevant reporting guidelines
to report the methods and findings, including the comprehensive Transparent Reporting of a
Multivariable Prediction Model for Individual Prognosis Or Diagnosis (TRIPOD) reporting
guidelines that were published during my candidature [12].

As reported in Chapter 2, the systematic review of risk models of readily available maternal
risk factors demonstrated important methodological limitations of the existing evidence that
highlighted the need for high quality research to advance pre-eclampsia risk prediction. In
particular, we found few risk models were externally validated and assessment of model
performance was generally limited to assessment of discrimination using the area under the
receiver operating characteristics curve (AUC). However, the AUC is inadequate to assess the
clinical performance of risk models [13]. Of studies that assessed predictive accuracy as a
measure of the clinical performance of the model, most reported sensitivity at a fixed false
positive rate without explanation of clinical relevance of this threshold.

We have attempted to avoid these common problems in this thesis by accessing data from two
large datasets: trial data from the PARIS dataset (Chapter 3,5); and ObstetriX data from the
Western Sydney Local Health District (WSLHD) (Chapter 6,7). For clinically meaningful
assessment of the PARIS and Western Sydney (WS) risk models, we assessed model
calibration, and estimation of sensitivity and specificity at the risk thresholds used to guide
treatment decisions such as aspirin prophylaxis.

The initial intention was to include all the trials in the PARIS dataset, a high-quality dataset, in
the primary analysis. However, when I examined trial selection criteria, only three out of 31
trials (4524 out of 32 217 women) were eligible for our analysis. The remaining trials were
excluded because they selected women based on the presence or absence of risk factors for preeclampsia. In addition, the PARIS data did not include body mass index (BMI) which limited
usefulness for development of a risk model for use in current practice. As a result, the
development and validation of the PARIS model (Chapter 5) serves to illustrate the methods
for model development and validation. All other studies undertaken for this thesis have been
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published as journal articles (Chapters 2, 3, 6) or published as conference abstracts (Chapter
4), or submitted for publication (Chapter 7).

8.2 MAIN FINDINGS
Assessment of international antenatal guideline approaches
To assess the performance of the United Kingdom National Institute for Health and Care
Excellence (NICE) and United States Preventive Services Task Force (USPSTF) guidelines
[3,4], we used both PARIS and Obstetrix data sources.

The PARIS dataset gave us the opportunity to assess the NICE guidelines in diverse samples
of women from two Caribbean countries (Jamaica, a middle-income country, and Barbados, a
high-income country); and the United Kingdom (UK). Our individual patient data metaanalysis of these trial data showed that both NICE and USPSTF guidelines offer a simple and
specific approach for predicting pre-eclampsia. However, the sensitivity of the NICE approach
was very modest (8.9%) in nulliparous women. A limitation of this analysis was that we could
only consider risk factors recorded in the PARIS dataset where two of established moderaterisk factors, BMI and family history of pre-eclampsia, were not available.

The ObstetriX dataset gave us the opportunity to assess the applicability of the NICE guidelines
in current Australian practice. We demonstrated NICE performance was modest in Australian
nulliparous women, although better than estimated in the PARIS dataset. We estimated that by
adopting the NICE approach in Australia, one third of nulliparous women who develop preeclampsia will be correctly classified at high-risk (sensitivity 37% (95% CI 31–42%),
specificity 91% (91–92%)). The NICE approach performed better for prediction of early-onset
and preterm pre-eclampsia than any-onset pre-eclampsia, classifying approximately half of
women with these conditions as high-risk with similar specificity to that observed for
prediction of any-onset pre-eclampsia (chapter 7).

Our findings support the findings from other validation studies that the NICE approach
correctly classifies approximately one quarter to one third of nulliparous women who will
develop pre-eclampsia as high-risk. As discussed in Chapter 7, two international studies
identified in our systematic review have reported on the performance of the NICE approach in
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nulliparous women, although both excluded women with multiple pregnancies [14,15]. A UK
study reported the NICE approach classified 12% of nulliparous women as high-risk (compare
to 10% in the present study) with a sensitivity of 25% (95% CI 23–27%) and specificity (88%)
for prediction of any-onset pre-eclampsia [14]. The other international study included
Australian women and reported a sensitivity of 31% and a specificity 88% for prediction of
preterm pre-eclampsia [15]. One Australian study published after our systematic review has
assessed the NICE approach for prediction of preterm and early-onset pre-eclampsia in a single
hospital sample [16]. The study estimates of NICE performance were surrounded by wide 95%
confidence intervals given the small sample size; and the authors did not report results
separately for nulliparous women, which limits comparisons with our findings.

Assessment of risk factors in an Australian antenatal population
Australian and international antenatal guidelines list maternal risk factors for pre-eclampsia
identified from published systematic reviews [17,18]. I contributed as a collaborator with the
High Risk of Pre-eclampsia Identification Group to the most recent of these reviews, published
in the British Medical Journal (BMJ) in 2016 [17]. In this thesis, we assessed NICE-listed risk
factors in the international PARIS trial dataset and the Australian ObstetriX dataset; and
demonstrated an independent association with pre-eclampsia, consistent with the existing
evidence (Chapters 5 & 7), with the exception of our finding for diabetes 1 or 2 in the ObstetriX
sample as discussed in Chapter 7.

Assessment of ethnicity as a risk factor
Our Australian study sample was collected from the WSLHD, one of the most diverse
multiethnic local health districts in Australia, which allowed us to assess the ethnic differences
in the risk of pre-eclampsia in Australia (Chapter 6). This analysis showed the risk of preeclampsia varies widely between ethnic groups in Australia, independent of established risk
factors. We observed Australian/New Zealand-born English-speaking women have a higher
rate of pre-eclampsia (4.8%, 95% CI 4.4-5.1%); while North-East Asian women had the lowest
rate (1.1%, 95% CI 0.9-1.5%).
This finding is supported by international evidence [19]. Urquia et al’s international
population-based study reported Southern Asian (OR 0.58, 95% CI 0.55-0.62), East-Southeast
Asian (OR 0.64, 95% CI 0.58-0.71) and Middle East/North African women (OR 0.69, 95% CI
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0.63-0.77) had a lower risk of pre-eclampsia than Australian-born women (referent group),
adjusted for maternal age and parity [19]. Our study adds to Urquia et al’s findings by
demonstrating the ethnic differences in pre-eclampsia rates in Australia cannot be entirely
explained by differences in the prevalence of known risk factors, which we demonstrate also
vary widely between groups. Our finding that North East Asian women (includes China, Japan,
Korea, Taiwan) have a substantially lower risk of pre-eclampsia than Australian/New Zealand
born English speakers is also consistent with estimates of other studies [20-22].

Our study demonstrated that North East Asian and Middle East and African women had a lower
risk of early-onset pre-eclampsia but not for Southern Asian women. In contrast, our findings
of increased risk of early-onset pre-eclampsia for South East Asian women (all women, OR
1.32, 95% CI 0.69-2.53, nulliparous women OR 1.14, 95%CI 0.55-2.36) provide some support
for Leung et al’s findings that East Asian and South Asian ethnic groups in Australia may be
at increased risk of early-onset pre-eclampsia (OR 1.86, 95% CI0.56-6.19 and 1.73 95% CI
0.38-7.95 respectively) (Chapter 6) [23].

The Australian guidelines and the NICE rule do not list ethnicity as a risk factor, while the
USPSTF risk rule classifies African American ethnicity as a moderate risk factor [24]. Some
risk models also include ethnicity as a predictor. For example, the Wright 2015 model includes
the following ethnic groups: white, Afro-Caribbean, South Asian, East Asian and mixed [14].
Since different ethnic groups vary by country, internationally defined ethnic groups may not
be relevant to Australia. Our finding of ethnic differences in the risk of pre-eclampsia with
North Asian at lowest risk and Aboriginal and Torres Strait Islander and Australian/New
Zealand-born English speakers at highest risk builds on previous Australian [19, 25] and
international research [20, 26] by demonstrating these effects are independent of established
risk factors. This difference may be explained in part by a ‘healthy migrant effect’, due to as
yet unknown factors (not accounted for by established risk factors).

Simple risk prediction models
Our systematic review [6] identified few simple models have been externally validated in
independent samples; and no validation studies reported on performance at clinically
meaningful risk thresholds (Chapter 2). We externally validated an existing model using the
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PARIS dataset and observed poor discrimination but these findings were inconclusive (Chapter
4).

These findings illustrate the challenges for developing and validating pre-eclampsia risk
models that arise because to pre-eclampsia is a rare event and the prevalence of high-risk
factors is also rare. We explain the importance of an adequate sample size to build and validate
risk models for pre-eclampsia in the discussion of problems encountered when attempting to
validate the Baschat’s model [27] in Chapter 4.

Our systematic review [6] provided limited evidence to compare the performance of simple
risk prediction models incorporating maternal characteristics to the current NICE approach
(Chapter 2). We were able to address this question by developing and validating a simple risk
model using the PARIS dataset (PARIS model, Chapter 5) and the ObstetriX dataset (WS
model, Chapter 7).

Using the PARIS dataset, we demonstrated similar performance for the risk model developed
from NICE-listed risk factors compared to the NICE guideline approach. Through development
of the PARIS model, we also demonstrated the value of incorporating blood pressure
measurements with maternal factors model to improve prediction of pre-eclampsia (Chapter
5). At the ≥8% risk threshold, the PARIS model sensitivity was 35% (95% CI 29-42%),
specificity 89% (88-90%), compared to sensitivity 19% (95% CI 15-25%), specificity 94%
(93-95%) when mean arterial pressure was not included. A limitation of this model is that it
only considered the risk factors available in the PARIS dataset.

The ObstetriX dataset had the advantage of representing a contemporary Australian antenatal
care and included variables not available in the PARIS dataset. Based on USPSTF
recommendations for further research in sub-populations of women at increased risk of preeclampsia, including certain ethnic groups and nulliparous women [4], we developed and
validated the WS model for pre-eclampsia, that considered ethnicity, using the sample of
nulliparous women from the ObstetriX database.

Through the WS model, we demonstrated the value of including ethnicity in the risk models
for prediction of pre-eclampsia in Australia’s diverse multiethnic community. The WS model
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included the following factors: maternal age, BMI in kg/m2, ethnicity (Australian and New
Zealand-born English speakers vs immigrants), multiple pregnancy, family history of preeclampsia, autoimmune disease, chronic hypertension and chronic renal disease (Chapter 7).

The WS model achieved modest performance for prediction of pre-eclampsia in Australian
nulliparous in our validation cohort. One in five women who developed pre-eclampsia had a
model-predicted risk of pre-eclampsia ≥8% (sensitivity 18% (14-23%), specificity 97% (9798%)), the risk threshold recommended by the USPSTF for commencing aspirin prophylaxis
[4]. The model improved on the specificity but not the sensitivity of the guideline approaches
at ≥8% risk threshold.

The WS model sensitivity was higher than the guideline approaches at lower risk thresholds.
Approximately half of women who developed pre-eclampsia had a model-predicted risk ≥3%
risk (sensitivity 47% (41-53%%), specificity (87%, 86-87%) for prediction of pre-eclampsia.
The model sensitivity and specificity were similar to the NICE approach at a risk threshold
correspond to NICE specificity. The WS model demonstrated higher performance for
prediction early-onset and preterm pre-eclampsia than any-onset pre-eclampsia with similar
specificity.

The WS model predictive performance is similar to the other two simple risk prediction models
identified from our systematic review that have reported performance in nulliparous women
[14,28]. As discussed in Chapter 7, both models had more risk factors than our PARIS and WS
models and one of them included blood pressure measurements [28]. The latter study supports
the evidence that adding blood pressure measurements to simple maternal factors model could
improve prediction of pre-eclampsia [29].

8.3 STRENGTHS AND LIMITATIONS
A major strength of the thesis is the use of two major complementary data sources: the PARIS
dataset, an international trial database; and ObstetriX data from Australian public hospitals.
The PARIS dataset provides a large array of women data from randomised control trials of
antiplatelet prophylaxis; and included only women in the control arm who were unexposed to
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aspirin. The Australian ObstetriX sample included more than 40 000 women from WSLHD,
one of the most populous and ethnically diverse communities in Australia. The large sample
provided good precision to estimate the independent effect of ethnicity on the risk of preeclampsia; allowed us to assess the applicability of the international guideline approaches to
Australian practice; and to develop and validate a risk model for pre-eclampsia in nulliparous
women.

The main limitation of our analysis of PARIS dataset was that we could only consider risk
factors recorded in the PARIS dataset. For example, BMI was not available which limited our
ability to validate guideline approaches or to develop an optimal risk prediction model. Another
limitation for using the PARIS sample for model development was the trial period. Participants
were enrolled in the 1990s, while risk factors such as maternal age have changed over time
[30]. The definition of pre-eclampsia has also changed slightly over time. Finally, the trial
sample may not have included women with very early-onset pre-eclampsia since some women
were randomised up to 28 weeks’ gestation.

The main limitation of our analysis of the ObstetriX database was that the data are collected
for clinical and administrative purposes, and not specifically designed for pre-eclampsia
research. We were not able to monitor the quality and completeness of data entry, thus underascertainment of study variables may occur. One study has recently reported on the reliability
of the post-part hemorrhage data extracted from ObstetriX database of the WSLHD compared
to paper-based medical record [31]. The authors reported an acceptable level of agreement
between the ObstetriX database and medical records for the volume of blood loss during
delivery, but poor recording of total blood loss and management. The authors concluded that
the ObstetriX database was not a reliable source for post-part hemorrhage data. However, this
study did not assess pre-eclampsia records. In contrast, two studies of the quality of hospital
discharge and birth data to report on pre-eclampsia rates in Australia [32,33]. Both studies
provide evidence of under-reporting but indicate data for pre-eclampsia are adequately reported
for research purposes. Moreover, our finding of pre-eclampsia in 3.5% of all women in our
ObstetriX sample does not appear to be an underestimate, when compared to the overall
incidence of 3.3% for NSW between 2000 and 2008. [34].
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We could not extract past pregnancy history from the Obstretrix database, which limited our
ability to adjust for risk factors such as past history of pre-eclampsia and pregnancy interval in
parous women. Blood pressure measurements were also not available, however we had the
opportunity to examine the added value of incorporating blood pressure using the PARIS
dataset. Another limitation is that women giving birth in private hospitals were not included in
the present analysis, thus we are unable to assess whether hospital setting impacts the effect of
ethnicity observed in our public hospital sample.

8.4 IMPLICATIONS
Research implications
Our study findings raise three priorities for further research as outlined below.
First, our findings of ethnic differences in the risk of pre-eclampsia in Australia, independent
of established risk factors (Chapter 6), raise the need for further research to investigate causal
mechanisms. Internationally, studies have reported consistent findings for ethnicity and risk
pre-eclampsia and maternal hypertension [35]. However, the mechanism by which ethnicity
and immigrant status is associated with pre-eclampsia is not yet well understood, despite large
studies that have explored additional potential social determinants such as maternal education,
including a recent national birth cohort study of approximately 8 million births reported by
Singh et al (2018) [35]. Research to identify genetic factors that may help explain differences
in the prevalence of pre-eclampsia between countries is still ongoing [36,37]. Thus, further
research to identify social, behavioural and environmental risk/protective factors is needed to
explain our findings. Such research will be essential to develop a complete causal model for
pre-eclampsia. This is a high priority research area because improved understanding of the
causal mechanisms may lead to the identification of modifiable risk factors that can be targeted
by interventions to improve prevention.

Second, while the WS model has been validated in a Western Sydney antenatal sample, it
should also be validated outside of the WSLHD before recommending for use in other
Australian settings. The model assigns a higher risk of pre-eclampsia to Australian/New
Zealand born women than immigrants, which makes its applicability unique to Australia. Given
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our findings for differences between immigrant ethnic groups, further research is needed to
investigate whether the inclusion of ethnic groups may improve model prediction in Australia’s
highly culturally diverse antenatal population. Further research is also needed to investigate the
value of including maternal blood pressure measurement, not available in the ObstetriX dataset,
in the model. In settings where tests such as uterine artery Doppler and serum biomarkers are
routinely available for pre-eclampsia risk assessment, the WS model might provide a strong
foundation on which to build specialised risk prediction models.

Third, this project has focused on assessment of the predictive accuracy of a simple risk rule
and model. While our findings of modest predictive accuracy support their implementation in
Australia over single risk factors alone, further research is needed to assess the feasibility of
using the risk tool in the first antenatal booking visit, the impact on appropriate decisions for
prophylaxis and/or further testing, and ultimately the impact on pre-eclampsia incidence and
complication rates. Clinicians may be offered both the risk rule and the risk model (after further
validation as appropriate for use outside of WSLHD). Initially these tools should be piloted
with small groups of clinicians and pregnant women to simplify and clarify the risk assessment
process. Qualitative methods could be used to develop appropriate patient information to
explain the purpose and results of risk assessment (ie. probability of pre-eclampsia) to guide
shared decision-making. The tool could then be evaluated in a broader sample of clinicians and
pregnant women using a quantitative survey to assess acceptability of the tool in the first
antenatal visit. If successfully piloted, a randomised controlled trial should be performed to
assess the impact of using the risk tool to guide management on the incidence and
complications of pre-eclampsia. Nulliparous women would be randomised to receive the risk
tool or standard care (the clinician’s assessment without the tool). Women assessed as high risk
(eg. >4% using the risk tool) would be recommended antiplatelet prophylaxis such as aspirin
or referral for further testing (if available). Given the possibility of contamination, a cluster
randomised controlled trial should be considered. A randomised controlled trial comparing a
risk model that included specialised tests with aspirin prophylaxis for women at >1% risk has
previously demonstrated the effectiveness of this approach for reducing preterm pre-eclampsia
[5].

This research will likely raise additional research questions. For example, at an individual level,
decisions for aspirin will depend on the estimated risk of pre-eclampsia and how the trade-off
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between potential benefits (reduction of pre-eclampsia risk) versus harm (uncertain small risk
of bleeding complications) is judged. Guidelines assess the risk of low dose of aspirin in
pregnancy to be very low, however a meta-analysis did not exclude an increased risk of
antepartum haemorrhage or placental abruption [38]. Thus, prospective longitudinal studies are
required to better estimate the potential harm of aspirin on both mother and her baby to inform
patient counselling when using the tool.

Finally, at the nexus of research and health service delivery, the need for large representative
samples for the development, validation and updating of pre-eclampsia risk assessment tools
points to the value of routinely collected antenatal clinic data for research. The analysis of data
collected from the WSLHD ObstetriX database (Chapters 6 and 7) demonstrates the feasibility
of clinic data for this purpose. The research potential for ‘real world’ data collections to
improve health outcomes justifies resources to monitor the accuracy and completeness of
coding. Ideally, health care professionals should contribute to the definition of the variables,
to maximise their quality for research purposes. For pre-eclampsia research, recording of
additional parameters such as blood pressure measurements, height, weight and the baseline
laboratory tests in the first antenatal visit would also be valuable. Given disease and risk factors
definitions change over time, these definitions may need to be revisited over time. The ability
for data linkage between antenatal clinic to hospital medical records and birth data across
pregnancies would be valuable to improve the quality and completeness of research data.

Clinical implications
The three main clinical implications from the project findings are discussed below.

First, clinicians who are not currently using a formal approach for pre-eclampsia risk
assessment can use the evidence of the performance of the NICE approach to consider
implementing a simple risk rule in their practice to improve prediction beyond the use of single
risk factors alone. Current Australian antenatal guidelines do not provide an explicit approach
for identifying of women at higher risk of pre-eclampsia for preventive measures. Without
explicit guidelines, clinicians rely on high-risk factors, in particular past history of preeclampsia, to guide the use of antiplatelet prophylaxis. It is even less established how to deal
with nulliparous women with moderate-risk factors, as discussed in the current USPSTF
241

guidelines [4]. In settings where specialised tests are not routinely available, our findings
support the use of a simple risk rule such as the NICE approach over high risk factors alone.
For nulliparous women, we estimate the NICE approach would correctly predict approximately
one third of pre-eclampsia cases and classify eleven women as high-risk for every one woman
who will develop pre-eclampsia (PPV 9% (95% CI 8–11%)). Where specialised tests are
available but not yet routinely used for pre-eclampsia screening, our findings also support the
use of the NICE approach to select high-risk women for further testing with an NPV of 98%
(95% CI 98-99).

In settings where specialised tests are routinely available, our findings that the predictive
performance of the NICE approach is so modest in nulliparous women (Chapters 3,7)
compared to the performance reported for specialised model using tests such as uterine artery
Doppler and serum biomarkers [6] can be used to support the use of these tests, as
recommended in the recent FIGO guidelines [7]. In Australia, broader implementation of
specialised tools for antenatal screening will depend on cost-effectiveness. Our estimates of the
accuracy of the NICE approach and the WS model will be valuable to model the effectiveness
of the low resource ‘comparator’ for risk assessment without specialised tests.

Second, our finding of ethnic differences in pre-eclampsia can be used to improve risk
assessment in Australia. While the causal explanation for ethnic differences is not yet
understood, awareness of these differences can assist risk prediction for pre-eclampsia.

Third, we have provided a risk tool for nulliparous women that has been validated for use in
Western Sydney to estimate the probability of developing pre-eclampsia in early pregnancy.

Compared to a risk rule approach, the WS model has the advantage of providing an estimate
of the probability of pre-eclampsia to better inform patient counselling and guide clinical
practice decisions about prophylaxis and/or referral for further testing. In particular, the model
allows risk prediction based on maternal age and BMI, which are more common than high-risk
factors such as hypertension, whereas risk factor lists such as the NICE approach is restricted
to using a single different cut-off for these two factors. The WS pre-eclampsia risk calculator
is provided in an excel sheet that clinicians in the WSLHD can use when providing antenatal
care. Approximately half of the women in our Western Sydney study sample attended their
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first hospital antenatal visit after 12 weeks of gestation, thus in addition to obstetricians and
midwives providing care in hospital antenatal clinics, the risk calculator should also be shared
with general practitioners providing care for women in early pregnancy. With antenatal clinics
moving to the use of electronic medical records, the risk calculator could also be linked to
automatically calculate a woman’s risk of pre-eclampsia when data are entered at the booking
visit to assist patient counselling and inform clinical decisions for preventive measures or
referral for further testing.
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Australian risk prediction calculator for pre‐eclampsia for women in their
first pregnancy
Mother's age in years
24
Mother's body mass index (BMI) in kg/m2
25.00
Australian or New Zealand‐born and English speaker at home?
Yes
TRUE
Multiple pregnancy?
Yes

FALSE

Biological mother and/or sister has a history of pre‐eclampsia?
Yes
FALSE
Autoimmune disease (systemic lupus erythematosus, antiphospholipid syndrome)?
Yes
FALSE
Chronic hypertension?
Yes

FALSE

Chronic renal disease?
Yes

Risk of pre‐eclampsia
1.7 %
1
2
3

FALSE

