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Abstract 

Background:  

To predict individual risk of maternal complications in women with early onset pre-eclampsia 

(before 34 weeks) at various time points including 48 hours, and by postnatal discharge, 

using prognostic models comprised of predictors evaluated in clinical practice. 

 

Method:  

Women with confirmed early onset pre-eclampsia were recruited from 53 maternity units in 

the UK to a large prospective cohort study (PREP - 946) for development of prognostic 

models for the overall risk of experiencing a complication using logistic regression (PREP-

L), and for predicting the time to adverse maternal outcome using a survival model (PREP-

S). External validation of the models were carried out in a multinational cohort (PIERS - 

634); and another cohort from the Netherlands (PETRA - 216). Main outcome measures were 

C-statistics to summarise discrimination of the models, and calibration plots and calibration 

slopes 

 

Results:   

169 mothers (18%) in the PREP dataset had adverse outcomes by 48 hours, and 633 (67%) 

by discharge. The C-statistics of the models for predicting complications by 48 hours and by 

discharge were 0.84 (95% CI 0.81, 0.87; PREP-S) and 0.82 (0.80, 0.84; PREP-L) 

respectively. The PREP-S model included maternal age, gestation, medical history, systolic 

blood pressure, deep tendon reflexes, urine protein creatinine ratio, platelets, serum alanine 

amino transaminase, urea, creatinine, oxygen saturation, and treatment with antihypertensives 

or magnesium sulphate. The PREP-L model included the above except deep tendon reflexes, 

serum alanine amino transaminase and creatinine. On validation in the external PIERS 

81 
 

dataset, the reduced PREP-S model showed reasonable calibration (slope 0.80) and 

discrimination (C statistic 0.75) for predicting adverse outcome by 48 hours. Reduced PREP-

L model showed excellent calibration (slope: 0.93 PIERS, 0.90 PETRA) and discrimination 

(0.81 PIERS, 0.75 PETRA) for predicting risk by discharge in the two external datasets.   

 

Conclusions:  

PREP models can be used to obtain predictions of adverse maternal outcome risk, including 

early preterm delivery, by 48 hours (PREP-S), and by discharge (PREP-L) in women with 

early onset pre-eclampsia in the context of current care. They have a potential role in triaging 

high-risk mothers who may need transfer to tertiary units for intensive maternal and neonatal 

care. 

 

Clinical trial registration: ISRCTN40384046, http://www.isrctn.com/ISRCTN40384046 - 

retrospectively registered 
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Background 

Early-onset pre-eclampsia presents with hypertension and proteinuria before 34 weeks’ 

gestation, and contributes disproportionately to pregnancy complications than late-onset 

disease.1-4 Complications necessitate intensive care in a third of women, who are at risk of 

unexpected clinical deterioration.5 6 The only known cure for the condition is delivery of the 

baby,7 which often occurs at extreme preterm gestation, and requires immediate neonatal 

intensive care.   

 

A diagnosis of early onset pre-eclampsia with impending complications, including iatrogenic 

preterm delivery before 34 weeks, often triggers transfer to a tertiary unit with intensive care 

facilities for the mother and the preterm infant. Given the paucity of neonatal intensive care 

beds, and high dependency space for mother in tertiary centres,8 the prolonged time and 

significant resources used to facilitate the process,9,10 an accurate estimation of risk at various 

time points after diagnosis of early onset pre-eclampsia is needed to prioritise and plan care.  

Information on mother’s overall risk status will determine the intensity of monitoring in 

pregnancy. 

 

Existing models on pre-eclampsia were not designed specifically to predict complications in 

early-onset disease, and do not have sufficient sample size to robustly predict risks at various 

time points,1-4 due to the small numbers of events per variable.3,4,11  The adverse outcomes 

predicted by the models do not include risk of preterm delivery, an important component that 

influences decisions regarding in utero transfer.4 Furthermore, the models do not take into 

account the effect of treatment (including early delivery), which may influence the choice of 

predictors and performance of models.12  

83 
 

 We developed multivariable prognostic models for providing individual risks of adverse 

maternal outcomes, including delivery of preterm infant before 34 weeks, in women with 

early-onset pre-eclampsia in the UK, by 48 hours and by discharge. We externally validated 

these in various independent datasets across the world.4,11  

 

Methods 

We conducted the study using a prospective protocol,13 and reported in line with the TRIPOD 

(Transparent Reporting of a multivariable prediction model for Individual Prognosis Or 

Diagnosis) recommendations.14-16 A panel of experts provided additional methodological 

input on the development of prediction models.17 The National Research Ethics Service 

Committee (West Midlands, UK) provided approval (11/WM/0248.)  

 

Population 

We approached potentially eligible mothers from 53 obstetric units within secondary and 

tertiary care hospitals in the UK. Information about the study was provided when women 

attended the hospital for obstetric care. We recruited consecutive women with suspected or 

confirmed pre-eclampsia before 34 weeks’ gestation from December 2011 to April 2014. 

Women with confirmed early-onset pre-eclampsia contributed to model development 

(Supplemental Table 1). Women were excluded from the study if the outcome of interest had 

occurred prior to the assessment of predictors; there was insufficient time to obtain informed 

consent; or there was a lack of translators for non-English speaking mothers. All women in 

the study were managed according to National Institute for Health and Care Excellence 

(NICE) guidelines on Hypertension in Pregnancy.18  
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Predictors 

An initial list of 33 candidate predictors was identified from published systematic reviews 19-

24 and primary studies4,25-30, and subsequently (before any data analysis) reduced to 22 after 

prioritising their importance by a Delphi consensus among experts.22 Candidate predictors 

included maternal characteristics, relevant medical history, symptoms, signs, investigations 

and interventions that have the potential to modify the probability of outcome (Table 1). In 

cases of multiple collected values for the same predictor, we chose the worst value within the 

first 24 hours. We also considered predictors for fetal outcomes shown in Supplemental Table 

2.  

Table 1: Details of candidate predictors of women in the PREP study and the proportion with 
missing values 

Candidate predictor Women with early onset pre-eclampsia  
n=954 
Mean (SD) or n (%) 

Number of women with missing data  
n (%) 

Maternal 
characteristics   

Maternal age (yr.), 
mean (SD) 30.2 (6.1) 2 (0.2%) 

Gestational age at 
diagnosis (wks.), 
mean (SD) 

30.5 (2.9) - 

Number of fetuses in 
pregnancy3   

 Singleton 866 (91%)  
 Twins 83 (9%) - 
 Triplets 5 (1%)  
Parity  - 
 0 551 (58%)  
 1 207 (22%)  
 2 109 (11%)  
 3 55 (6%)  
 4 20 (2%)  
 5 – 9 12 (1%)  
History   
Medical history4  1 (0.1%) 

                                                           
3 Number of pregnancies  
2 All missing values are for nulliparous women where previous occurrence of pre-eclampsia is not applicable 
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 None 601 (63%)  
 At least one 
condition 251 (26%)  

 2 or more 
conditions 101 (11%)  

 Chronic hypertension 139 (15%) 10 (1.0%) 
 Renal disease 30 (3%) 10 (1.0%) 
 Previous history of 
pre-eclampsia 169 (43%) 5582 

 Autoimmune disease 18 (2%) 32 (3.4%) 
 Diabetes mellitus  109 (11%) 6 (0.6%) 

Symptoms    
Symptoms of 
headache and/or 
visual disturbance 

382 (41%) 28 (2.9%) 

Symptoms of 
epigastric pain, 
nausea and/or 
vomiting 

202 (22%) 47 (4.9%) 

Symptoms of chest 
pain and/or 
breathlessness 

60 (7%) 126 (13.2%) 

Bedside examination 
and tests   

Systolic blood 
Pressure (mmHg), 
mean (SD) 

159 (19) 5 (0.5%) 

Diastolic blood 
Pressure (mmHg), 
mean (SD) 

99 (12) 5 (0.5%) 

Clonus 95 (17%) 403 (42.2%) 
Exaggerated tendon 
reflexes 147 (24%) 353 (37%) 

Oxygen saturation by 
Pulse Oximetry (%), 
mean (SD) 

98 (2) 521 (54.6%) 

Oxygen saturation: 
Abnormal (<94%) 4 (1%) 521 (54.6%) 

Urine dipstick   
 None/Trace 39 (4%)  
 1+ 170 (18%)  
 2+ 314 (34%) 19 (2%) 
 3+ 306 (33%)  
 ≥4 106 (11%)  
Laboratory tests   
Haemoglobin (g/L), 
mean (SD) 11.9 (1.3) 37 (3.9%) 

Platelet count (x 
109/L), mean (SD) 226 (78) 41 (4.3%) 
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Alanine transaminase 
(U/L), mean (SD) 31.0 (71.0) 75 (7.9%) 

Serum uric acid 
(µmol/L), mean (SD) 0.6 (2.7) 165 (17.3%) 

Serum urea (mmol/L), 
mean (SD) 4.6 (4.4) 70 (7.3%) 

Serum creatinine 
(µmol/L), mean (SD) 61.0 (17.8) 38 (4%) 

Urine PCR  
(mg/mmol), mean 
(SD) 

273 (492) 109 (11.4%) 

Treatment provided   
Any anti-hypertensive 
therapy 5 753 (79%) 6 (0.6%) 

Oral anti-hypertensive 
therapy 734 (77%) 6 (0.6%) 

Parenteral anti-
hypertensive therapy 111 (12%) 6 (0.6%) 

Parenteral magnesium 
sulphate 6 144 (15%) 6 (0.6%) 

 
 

Outcomes 

An independent panel of experts ranked the outcomes for their importance to clinical 

practice.17 Based on the PIERS study, the components of the outcome were identified by a 

Delphic consensus.3 We defined the primary outcome as maternal complication that included 

maternal death, neurological, hepatic, cardiorespiratory, renal or haematological 

complications, or delivery before 34 weeks (Supplemental Table 3a).  The panel agreed that 

delivery before 34 weeks is often offered for medical reasons to avoid complications as per 

the national guidelines; thus excluding this as an adverse outcome would underestimate the 

true incidence of adverse outcomes and lead to prognostic models that yield too low risk 

predictions of actually developing an adverse outcome. 17 Hence, deliveries before 34 weeks’ 

gestation were added as a component of the primary outcome before data analysis.  The 

                                                           
5 On-going at diagnosis or introduced within 1 day of diagnosis 
6 Administered any time before diagnosis or within 24hrs of diagnosis 

87 
 

secondary outcomes included composite perinatal outcomes by discharge, which were also 

developed by Delphi consensus (Supplemental Table 3b).3  

 

Sample size 

Based on systematic reviews on accuracy of tests in predicting complications in women with 

pre-eclampsia, 3,19,23,24 we expected 20% of women with early-onset pre-eclampsia to develop 

adverse maternal outcome at any time point, and about 10 events were required for each 

candidate predictor to reduce model overfitting issues.31 We revised our initial sample size of 

500 women, to continue recruitment until 100 adverse maternal events were reached. Prior to 

analysis, discussions with the independent Steering Committee resulted in extension of the 

primary outcome to also include delivery before 34 weeks’ gestation.17 (Supplemental Table 

4).  

 

Datasets for external validation  

We externally validated the developed PREP models in two independent datasets: PIERS  

(Pre-eclampsia Integrated Estimate of RiSk) study,4 a prospective cohort on prediction of 

adverse maternal outcomes in women with any-onset pre-eclampsia (634 women recruited in 

Canada, New Zealand, Australia, and the UK); and PETRA (Pre-Eclampsia TRial 

Amsterdam) study, a randomised trial on effectiveness of plasma expansion in the 

management of early-onset hypertensive disease in pregnancy (216 women). 11  
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Data analysis 

Model development:  

We developed two prediction models: a survival model (PREP-S) censored at 34 completed 

weeks’ gestation to predict the risk over time at daily intervals from diagnosis of early onset 

pre-eclampsia; and a logistic regression model (PREP-L) to predict the overall risk of 

maternal complications by post-natal discharge. We evaluated the performance of the models 

in terms of calibration and discrimination. Calibration assesses if the predicted risks agree 

with the observed risks. We reported this graphically using calibration plots and estimated the 

calibration slope (with 95% confidence intervals) across the spectrum of predicted risks for 

included women. A calibration slope of 1 is desired. In addition to calibration slopes for both 

models, we calculated the ratio of observed to predicted probability of outcome for the 

PREP-S model in various risk groups at 48 hours, 1 week and overall. Discrimination 

indicates how well the model separates mothers without complications from those with 

complications, and was quantified using Harrell’s C-statistic for the PREP-S model, and the 

generic C-statistic for the PREP-L model with 95% confidence intervals (CI). A C-statistic of 

0.5 indicates no discrimination beyond chance, whereas a C-statistic of 1 indicates perfect 

discrimination. 

 

We used the Royston-Parmar approach for the survival analysis (PREP-S),32-34 to model the 

cumulative baseline hazard scale using restricted cubic splines.35 The numbers of knots in the 

spline function were chosen based on visual inspection and goodness-of-fit statistics.32-34   

During development of both models, we used the ICE package in Stata with 5 imputations to 

deal with missing predictor values under a missing at random assumption. 35 The estimates 

across imputed datasets were combined using Rubin’s rules to produce final parameter 

89 
 

estimates for the model. 36 No outcomes were imputed. Sensitivity analysis examined the 

impact of increasing the number of imputed datasets to 40.  

 

For each PREP-S and PREP-L models separately, we started with the full model (including 

all candidate predictors) and used backwards selection to identify predictors to include at 

p<0.15 of the log likelihood ratio test. We forced gestational age and maternal age at 

diagnosis into the models to ensure clinical acceptability of the final model. We evaluated 

non-linear trends of the continuous predictors using multivariable fractional polynomials, 

with p<0.01 (for the change in model fit) used to justify the non-linear trends. We reported 

the model performance at 48 hours, 1 week and overall. A sensitivity analysis was conducted 

by adding oral and parenteral anti-hypertensives separately into the final models to check if 

model fit was improved by using a likelihood ratio test with P<0.15.  We checked the final 

PREP-S model for time dependent effects (non-proportional hazards) of included predictors.  

 

Internal validation and adjustment for over-optimism 

We internally validated the performance of our models. We estimated their apparent (i.e. 

before adjustment for model overfitting) calibration and discrimination, by averaging across 

performance across imputed datasets. We used non-parametric bootstrapping to estimate 

over-optimism in performance, where in each of 100 bootstrap samples we repeated the entire 

modelling process (including predictor selection) and compared apparent model performance 

(in bootstrap sample) with performance in the original sample. The average optimism across 

all bootstrap samples was then used to calculate, for our developed models, their optimism-

adjusted C-statistics and optimism-adjusted calibration slopes. Based on the latter, uniform 

shrinkage factors were applied to all the predictor effects in the final developed models to 
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We used the Royston-Parmar approach for the survival analysis (PREP-S),32-34 to model the 

cumulative baseline hazard scale using restricted cubic splines.35 The numbers of knots in the 

spline function were chosen based on visual inspection and goodness-of-fit statistics.32-34   

During development of both models, we used the ICE package in Stata with 5 imputations to 

deal with missing predictor values under a missing at random assumption. 35 The estimates 

across imputed datasets were combined using Rubin’s rules to produce final parameter 
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estimates for the model. 36 No outcomes were imputed. Sensitivity analysis examined the 

impact of increasing the number of imputed datasets to 40.  
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p<0.15 of the log likelihood ratio test. We forced gestational age and maternal age at 
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non-linear trends of the continuous predictors using multivariable fractional polynomials, 

with p<0.01 (for the change in model fit) used to justify the non-linear trends. We reported 

the model performance at 48 hours, 1 week and overall. A sensitivity analysis was conducted 

by adding oral and parenteral anti-hypertensives separately into the final models to check if 

model fit was improved by using a likelihood ratio test with P<0.15.  We checked the final 

PREP-S model for time dependent effects (non-proportional hazards) of included predictors.  

 

Internal validation and adjustment for over-optimism 

We internally validated the performance of our models. We estimated their apparent (i.e. 

before adjustment for model overfitting) calibration and discrimination, by averaging across 

performance across imputed datasets. We used non-parametric bootstrapping to estimate 

over-optimism in performance, where in each of 100 bootstrap samples we repeated the entire 

modelling process (including predictor selection) and compared apparent model performance 

(in bootstrap sample) with performance in the original sample. The average optimism across 

all bootstrap samples was then used to calculate, for our developed models, their optimism-

adjusted C-statistics and optimism-adjusted calibration slopes. Based on the latter, uniform 

shrinkage factors were applied to all the predictor effects in the final developed models to 
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account for the over-optimism identified. The choice of imputed dataset to obtain bootstrap 

samples from made little difference to the optimism estimates. 

 

External validation 

For assessment of model transportability, the final optimism-adjusted models were externally 

validated in the PIERS and PETRA datasets. However, as some predictors in the final models 

were not available in the external datasets, we developed a reduced version of our final 

models. That is, we re-estimated the available predictor effects and intercept terms within the 

models using the development data, and adjusted for optimism according to the method 

described above. These reduced PREP models were then validated in the PIERS and PETRA 

population.  

To examine calibration graphically, women were grouped into four risk categories; low 

(<15th centile), intermediate (15-50th), high (>50-85th) and very high (>85th) in the PREP-S 

model, and into tenths of predicted risk (defined by deciles) in the PREP-L model. If 

necessary, we examined whether recalibration of the intercepts of the developed models 

improved their performance in the validation sets.  

 

Prediction of secondary (adverse perinatal) outcomes  

A logistic regression model was used to predict the risk of adverse perinatal outcomes, as for 

the maternal outcomes. In addition to the maternal predictors, we evaluated cardiotocography 

and uterine artery Doppler. Pregnancy was the unit of analysis and non-linear terms were not 

considered. A similar variable selection process on the full list of maternal and fetal candidate 

predictors was done.   

 

All analyses were carried out using Stata version 12.0.35 
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Results  

We screened 3302 pregnant women, of whom 1101 were recruited to the study. There were 

954 women with confirmed early-onset pre-eclampsia. We included 946 women with 

complete outcome data in the final prediction models (Figure 1). 

Characteristics of women in the PREP study  

Over 90% (866/954) of women with early-onset pre-eclampsia had new onset disease. More 

than half of all women were nulliparous (551/954, 58%) and the mean gestational age of 

diagnosis was 30.5 (SD 2.9) weeks. More than three-quarters of women were on anti-

hypertensives at baseline (753/948, 79%). Of the 15% of mothers who received magnesium 

sulphate at baseline in the PREP study, the rationale was documented as severe pre-eclampsia 

in 72% (104/144), and not reported in the rest (Table 1).  

 

Outcomes 

About a fifth of mothers diagnosed with the condition suffered a complication (169/946, 

18%) by 48 hours after diagnosis of early onset pre-eclampsia, and two-thirds (633/946, 

66.9%) by postnatal discharge. The most frequent outcome was early preterm delivery before 

34 weeks gestation (580/946, 61.3%), followed by postpartum haemorrhage (74/946, 7.8%) 

(Supplemental Table 5a). Three-quarters of all babies (702/945, 74%) had suffered at least 

one complication by discharge, with admission to the neonatal intensive care unit being the 

commonest outcome in 72% (681/945) (Supplemental Table 5b).  
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Figure 1: Flow of women recruited in the PREP study for development of prediction model(s) 
for adverse maternal outcomes 

 

Model development 

PREP-S model: risks at various time points   

The apparent and optimism-adjusted Harrell’s C-statistic of the developed PREP-S model 

were 0.77 (95% CI 0.75, 0.79) and 0.75 (95% CI 0.73, 0.78), respectively. The optimism-

adjusted C-statistic of the model by 48 hours and 1 week was 0.84 (95% CI 0.81, 0.87) and 

0.79 (95% CI 0.76, 0.81) respectively. The final predictors included in the PREP-S model are 

listed in Box 1.  

 

Eligible women: n = 1203 

Eligible but not recruited: n = 102 
 -Refused consent: n = 36 
 -Missed for screening: n = 66 

Total recruited: n = 1101 

Number with confirmed 
pre-eclampsia: n = 954 

No baseline data: n = 5 
Suspected but not confirmed pre-eclampsia: n = 142 

Complete cases of confirmed 
pre-eclampsia for development 
of models 
 n = 946 

Lost to follow up: n = 8 
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Box 1: Full PREP prognostic models to calculate the risk of adverse maternal outcomes 
in women with early onset pre-eclampsia  
 

 
a. Risk at various time points from diagnosis until 34 weeks’ gestation using the 

survival model (PREP-S)  
 

S(t) = S0 (t)§ ^exp ((β1*X1+⋯+βn*Xn)) 
 
S(t) = S0(t)^exp(– 0.031*maternal age + 1.514*((Log(GA at diagnosis/10))-2 – 0.8345136) + 
5.707*((Log(GA at diagnosis/10))-2* ln(log(GA at diagnosis/10)) – 0.0652155) + 0.122 
(exaggerated tendon reflexes) – 0.169 (one pre-existing medical condition) – 0.384 (two or 
more pre-existing medical conditions) + 0.016*systolic blood pressure + 0.797 (oxygen 
saturation < 94% on air) – 0.002*platelet count + 0.126*log(alanine amino transferase) + 
0.605*log(serum urea)2 – 0.144*log(serum urea)3 + 0.265*log(serum creatinine) + 
0.080*log(protein creatinine ratio) + 0.176 (baseline treatment with any antihypertensive) + 
1.066 (baseline treatment with magnesium sulphate)) 
 
§ S0 (t) – baseline survival adjusted for optimism at time t 
S0(48 hrs) = 0.99142, S0(72 hrs) = 0.98542, S0(1 week) = 0.96492, S0(1 month) = 0.87377 
 

b. Overall risk by postnatal discharge using the logistic model (PREP-L)  
 

Probability (maternal adverse outcome) = exp(X)/(1+exp(X)),  
 
Where X = – 1.507– 0.020*maternal age + 12.052*(log (gestational age)) 3 – 39.90241) – 
7.930*((log (gestational age))3*log(log (gestational age) – 49.08188) – 0.330 (if one pre-
existing medical condition) – 0.579 (if two or more pre-existing medical conditions) + 
0.146*log (urine protein creatinine ratio ) – 0.951*(log (serum urea)-1) – 0.004*platelet count 
+ 0.024*systolic blood pressure + 0.409 (baseline treatment with antihypertensive) + 1.252 
(baseline treatment with magnesium sulphate)  
 
Predictor value is 1 when present, and 0 when absent 
 

 

Figure 2 shows the model-based mean survival curves for these prognostic groups compared 

to their observed Kaplan-Meier survival curves up to one month after diagnosis. Overall there 

was excellent apparent agreement, both at 48 hours and by 1 week after delivery, across all 

risk categories. In the highest risk group (>90th centile), 81% of mothers experienced the 

adverse outcome by 48 hours after diagnosis, and 96% by one week. In the lowest risk group 

(≤10th centile), adverse maternal outcome rate was 2% by 48 hours after diagnosis, and 7% by 

one week.  The bootstrap approach showed an optimism of 0.14 in calibration slope, and thus 
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Box 1: Full PREP prognostic models to calculate the risk of adverse maternal outcomes 
in women with early onset pre-eclampsia  
 

 
a. Risk at various time points from diagnosis until 34 weeks’ gestation using the 

survival model (PREP-S)  
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0.080*log(protein creatinine ratio) + 0.176 (baseline treatment with any antihypertensive) + 
1.066 (baseline treatment with magnesium sulphate)) 
 
§ S0 (t) – baseline survival adjusted for optimism at time t 
S0(48 hrs) = 0.99142, S0(72 hrs) = 0.98542, S0(1 week) = 0.96492, S0(1 month) = 0.87377 
 

b. Overall risk by postnatal discharge using the logistic model (PREP-L)  
 

Probability (maternal adverse outcome) = exp(X)/(1+exp(X)),  
 
Where X = – 1.507– 0.020*maternal age + 12.052*(log (gestational age)) 3 – 39.90241) – 
7.930*((log (gestational age))3*log(log (gestational age) – 49.08188) – 0.330 (if one pre-
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+ 0.024*systolic blood pressure + 0.409 (baseline treatment with antihypertensive) + 1.252 
(baseline treatment with magnesium sulphate)  
 
Predictor value is 1 when present, and 0 when absent 
 

 

Figure 2 shows the model-based mean survival curves for these prognostic groups compared 

to their observed Kaplan-Meier survival curves up to one month after diagnosis. Overall there 

was excellent apparent agreement, both at 48 hours and by 1 week after delivery, across all 

risk categories. In the highest risk group (>90th centile), 81% of mothers experienced the 

adverse outcome by 48 hours after diagnosis, and 96% by one week. In the lowest risk group 

(≤10th centile), adverse maternal outcome rate was 2% by 48 hours after diagnosis, and 7% by 

one week.  The bootstrap approach showed an optimism of 0.14 in calibration slope, and thus 
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we reduced the predictor effect estimates within the final model by the uniform shrinkage 

factor of 0.86 (Box 1). Sensitivity analysis (e.g. increasing the number of imputations for 

missing data from 5 to 40) identified no important changes in the developed model or its C-

statistic. 

 

PREP-L model: risk by postnatal discharge 

The apparent C-statistic for the PREP-L model was 0.84 (95% CI 0.82, 0.87), and after 

bootstrap adjustment for optimism it was 0.82 (95% CI 0.80, 0.84) (Table 2). The final 

predictors included in the logistic PREP-L model are listed in Box 1.  The apparent 

calibration plot in Figure 2 shows mostly good agreement between predicted versus observed 

risks. We identified an optimism of 0.14 for the calibration slope, and thus reduced the 

predictor effect estimates within the final developed model by the uniform shrinkage factor of 

0.86 (Box 1). Sensitivity analyses did not identify any important changes.  

 

External validation of PREP models  

In the external datasets, data were available for 636 (PIERS study) and 216 women (PETRA 

study) with early-onset pre-eclampsia (Supplemental Table 6). The reduced version of the 

PREP-S (without serum urea and deep tendon reflex) and PREP-L (without serum urea) 

models were evaluated in PIERS and PETRA cohorts. 
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a. PREP-S (survival model) to predict maternal risks at various time intervals from diagnosis to 34 
weeks 

 

   

 

 

 

 

 

 

 

 

 

b. PREP-L (logistic model) to predict risk of overall maternal complications by postnatal discharge 

 

 

 

Figure 2. Apparent performance and calibration in the external cohorts of the PREP 
models for predicting adverse maternal outcomes in early onset pre-eclampsia 

 

  

Apparent performance in the PREP cohort External validation of the reduced PREP-S model in 
the PIERS cohort 

Apparent performance in the PREP cohort External validation of the reduced PREP-L 
model in the PIERS and PETRA cohorts 
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we reduced the predictor effect estimates within the final model by the uniform shrinkage 

factor of 0.86 (Box 1). Sensitivity analysis (e.g. increasing the number of imputations for 

missing data from 5 to 40) identified no important changes in the developed model or its C-

statistic. 
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PREP-S model performance in external datasets 

Calibration: The calibration slope at 48 hours was 0.80 (95% CI 0.62, 0.99), at 1 week was 

0.75 (0.61, 0.89), and overall was 0.67 (95% CI 0.56, 0.79) on validation in the PIERS 

external dataset (Table 2). There was good calibration between observed and predicted 

probability of survival without complications in the low (91% vs. 95%) and intermediate 

(88% vs. 89%) risk groups at 48 hours, but with under prediction of survival in the high (90% 

vs. 70%) and very high (46% vs. 28%) risk groups (Table 3).  

Table 2. Performance of the PREP-S (risk at various time points) and PREP-L (overall risk by 
discharge) models in the derivation cohort and the external validation datasets for prediction 
of complications in women with early onset pre-eclampsia 

 
Model performance Development 

cohort 
 
PREP  

External cohorts 
 
PIERS  

 
PETRA 

PREP-S model N= 946 N= 339  
 
C-statistic (95% CI) 

At 48 hours 
At 1 week  
Overall 

 

 
 
0.84 (0.81, 0.87)^ 
0.79 (0.76, 0.81)^ 
0.75 (0.73, 0.78)^$ 
 

 
 
0.75 (0.69, 0.81)* 

0.72 (0.68,0.76) * 
0.71 (0.67, 0.75) * 
 

- 

Calibration slope (95% CI) 
At 48 hours 
At 1 week 
Overall  

 

 
1 
1 
1 

 
0.80 (0.62, 0.99) 
0.75 (0.61,0.89) 
0.67 (0.56, 0.79) 

- 
 

PREP-L model  N = 946 N = 437 N=211 
 
C-statistic (95% CI) 
 

 
0.82 (0.80, 0.84) ^£ 

 
0.81 (0.77, 0.85)* 

 
0.75 (0.64,0.86)* 

Calibration slope (95% CI) 1 0.93 (0.72, 1.13) 0.90 (0.48,1.32) 
 
N = Number of women analysed *Apparent C-statistic ^ Optimism adjusted C-statistic  
$ Overall apparent C-statistic 0.77 (95% CI 0.75, 0.79); £ Apparent C-statistic 0.84 (95% CI 0.82, 0.87) 
PREP - Prediction of complications in early-onset pre-eclampsia study; PIERS - Pre-eclampsia Integrated 
Estimate of RiSk study; PETRA - Pre-Eclampsia TRial Amsterdam study 
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Discrimination: The C-statistic of the reduced PREP-S model was 0.75 (95%CI 0.69, 0.81) at 

48 hours, 0.72 (95% CI 0.68, 0.76) at 1 week after diagnosis, and 0.71 (95% CI 0.67, 0.75) 

overall. The performance of the PREP-S model could not be evaluated in the PETRA dataset 

due to non-availability of data on time to event. 

 

PREP-L model performance in external datasets 

The reduced PREP-L model showed excellent agreement between predicted and observed 

risks, with a calibration slope of 0.93 (95% CI 0.72, 1.13). The C-statistic of 0.81 (95% CI 

0.77, 0.85) in the PIERS dataset (Table 2 and Figure 2) was similar to that observed in the 

development data, and the reduced model separates women into low, intermediate, high and 

very high-risk groups in the PIERS cohort similar to the PREP data. Recalibration of the 

intercept term to the PIERS data did not improve the calibration slope. In the PETRA dataset, 

the reduced model had good calibration (0.90, 95% CI 0.48, 1.32), though with slight over-

prediction in most tenths (Figure 2), and a slightly lower C statistic than before (0.75, 95% CI 

0.64, 0.86).  

 

Risk of adverse perinatal outcomes  

An increase in the gestational age at diagnosis of pre-eclampsia along with any pre-existing 

medical history, was associated with a reduction in the odds of perinatal complications (OR 

0.91, 95% CI 0.39, 0.99) and (OR 0.65, 95% CI 0.44, 0.98) respectively. Raised urine PCR 

(OR 1.29, 95% CI 1.11, 1.50), serum urea (OR 1.72, 95% CI 1.07, 2.76), management with 

anti-hypertensives (OR 1.56, 95% CI 1.04, 2.37), treatment with magnesium sulphate (OR 

2.40, 95% CI 1.04, 5.57), abnormal uterine artery Doppler (OR 1.94, 95% CI 1.08, 3.51), and 

when the expected fetal weight was less than 10th centile by ultrasound (OR 2.54, 95% CI 
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PREP-S model performance in external datasets 
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Discrimination: The C-statistic of the reduced PREP-S model was 0.75 (95%CI 0.69, 0.81) at 

48 hours, 0.72 (95% CI 0.68, 0.76) at 1 week after diagnosis, and 0.71 (95% CI 0.67, 0.75) 

overall. The performance of the PREP-S model could not be evaluated in the PETRA dataset 

due to non-availability of data on time to event. 

 

PREP-L model performance in external datasets 

The reduced PREP-L model showed excellent agreement between predicted and observed 

risks, with a calibration slope of 0.93 (95% CI 0.72, 1.13). The C-statistic of 0.81 (95% CI 

0.77, 0.85) in the PIERS dataset (Table 2 and Figure 2) was similar to that observed in the 

development data, and the reduced model separates women into low, intermediate, high and 

very high-risk groups in the PIERS cohort similar to the PREP data. Recalibration of the 

intercept term to the PIERS data did not improve the calibration slope. In the PETRA dataset, 

the reduced model had good calibration (0.90, 95% CI 0.48, 1.32), though with slight over-

prediction in most tenths (Figure 2), and a slightly lower C statistic than before (0.75, 95% CI 

0.64, 0.86).  

 

Risk of adverse perinatal outcomes  

An increase in the gestational age at diagnosis of pre-eclampsia along with any pre-existing 

medical history, was associated with a reduction in the odds of perinatal complications (OR 

0.91, 95% CI 0.39, 0.99) and (OR 0.65, 95% CI 0.44, 0.98) respectively. Raised urine PCR 

(OR 1.29, 95% CI 1.11, 1.50), serum urea (OR 1.72, 95% CI 1.07, 2.76), management with 

anti-hypertensives (OR 1.56, 95% CI 1.04, 2.37), treatment with magnesium sulphate (OR 

2.40, 95% CI 1.04, 5.57), abnormal uterine artery Doppler (OR 1.94, 95% CI 1.08, 3.51), and 

when the expected fetal weight was less than 10th centile by ultrasound (OR 2.54, 95% CI 
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1.46, 4.40), was associated with.an increase in  the odds of complications (Supplemental 

Table 2).  

Table 3. Comparison of observed and predicted probability of survival using PREP-S model at 
48 hours and by 1 week after diagnosis of early onset pre-eclampsia in external datasets  

Risk 
stratification 
(No. of women) 
  

Time External validation in PIERS cohort 
Observed survival 

probability 

 

Predicted survival 
probability 

 

Ratio 

 /  

<=15th 
(n=59) 

48 hours 0.91 0.95 0.96 
1 week 0.81 0.79 1.0 
    

>15th -50th  
(n=70) 

48 hours 0.88 0.89 1.0 
1 week 0.62 0.60 1.0 

     
>50th -85th  
(n=123) 

48 hours 0.90 0.70 1.3 
1 week 0.40 0.23 1.7 

     
>85th 

(n=87)  
48 hours 0.46 0.28 1.6 
1 week 0.14 0.02 7.0 

     
 

Discussion 

We have developed and validated models to predict maternal complications, including 

preterm delivery, in women with early onset pre-eclampsia. The models are based on routine 

tests, which are performed in clinical practice on suspicion or confirmation of pre-eclampsia. 

The PREP-S model can be used at the point of care to predict the risks of complications at 

various time points, including 48 hours, whereas the PREP-L can be used to provide overall 

risk by postnatal discharge. The apparent performances of the models show good 

discrimination at 48 hours, and by discharge. In terms of discrimination performance in 

external datasets, the C-statistic estimates for reduced models were similar to those observed 

in the PREP data for all models. For calibration performance in external datasets, the reduced 

PREP-L and PREP-S models had some over-prediction with calibration slopes less than 1, 

but miscalibration was only slight for PREP-L by discharge and PREP-S by 48 hours. 
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Strengths and limitations 

We developed the PREP models by using a large, well-defined, and prospectively collected 

cohort of mothers from several centres in the UK. We clearly defined the predictors, and only 

used values within 24 hours of diagnosis of early onset pre-eclampsia, to allow application of 

the model at the point of diagnosis. The final models included clinically relevant predictors 

used in practice to assess disease severity, such as blood pressure, thereby providing face 

validity. Missing values of predictors were dealt with multiple imputation to avoid loss of 

useful information. Overfitting issues were reduced by a large sample size and through 

optimism-adjustment methods.   

 

We identified the components of the composite outcome by a Delphi survey of experts, and 

prioritised for their clinical importance, thereby ensuring that only the clinically most 

relevant outcomes were included. An a priori expert workshop provided guidance to 

minimise bias from treatment paradox. We addressed this problem by including 

administration of anti-hypertensives and magnesium sulphate as predictors, and delivery 

before 34 weeks as an outcome.17 In women with severe pre-eclampsia, magnesium sulphate 

is administered either for prevention of eclamptic seizures, or more recently, for 

neuroprotection of the preterm infant. 37 However, we expect the proportion of women who 

received it solely for fetal neuroprotection to be small, and less likely to significantly alter the 

performance of the models. We had sufficient sample size for the chosen number of 

candidate predictors.12 Our models, particularly PREP-L and also PREP-S by 48 hours, 

validated well in external populations despite variation in country, setting, and management. 

This suggests the models are transportable and potentially useful for other non-UK 

populations. 
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We only assessed predictors that are available in current everyday practice in high-resource 

settings, which may be seen as a weakness. Differences in management could affect the 

performance of the model. Although the models included predictors of composite outcome, 

we were unable to identify those associated with specific outcomes, due to the small numbers 

of individual complications. The logistic model does not allow for predictions over time and 

therefore we also developed a survival model to provide risks at various time points including 

at 48 hours. We, however censored at 34 weeks, as one of the components of the outcome 

was delivery by 34 weeks. We were also unable to assess the added predictive contribution of 

biomarkers (sFlt1, sEng, PIGF) in maternal blood or urine, because the planned 

ASTRONAUT study which was going to provide data on biomarkers did not commence. We 

also could not differentiate iatrogenic premature births from spontaneous births. However, it 

is likely that pre-eclampsia and its complications such as abruption could predispose to 

spontaneous preterm labour. 38 Although admission to neonatal intensive care unit was 

considered an indication of morbidity by Delphi consensus,13,39 its inclusion as a perinatal 

outcome may have weakened the prediction of other more clinically relevant outcomes. Due 

to the non-availability of all predictors in external datasets, we were unable to validate the 

original PREP models. However, our validation of reduced PREP-L and PREP-S models 

gives an insight into how the original models might perform. For example, a reduced PREP-L 

model showed good discrimination and calibration for predicting overall risk by discharge, 

and thus we expect the original PREP-L to have similar, if not better performance, when fully 

externally validated.  
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Comparison to existing evidence 

Current prediction models such as PIERS and mini PIERS included women with any onset 

pre-eclampsia, and not specifically those with early onset pre-eclampsia.4,40 Furthermore, 

existing models do not have sufficient sample size for predicting complications at 48 hours in 

women with early onset pre-eclampsia. They evaluated a large number of predictors for 

relatively fewer outcomes observed at 48 hours, and used the worst values of the tests, which 

may have overestimated the performance of the model. 12 Effective interventions such as 

delivery and anti-hypertensives could have contributed to the observed absence of traditional 

risk factors such as blood pressure, a crucial part of clinician’s risk assessment, in these 

models. 4,40  

 

The performance of the PIERS model was dominated by haematological complications such 

as transfusion of any blood product or low platelet count that contributed to about half of all 

complications. Transfusion of blood products scored the lowest for clinical importance in the 

management of women with early-onset pre-eclampsia, in a survey of experts.41 Our PREP 

models’ predictions were heavily influenced by risk of early delivery before 34 weeks, a 

clinically more important outcome which helps inform mothers make informed decisions. 

Compared to the current PIERS model that had a C-statistic of between 0.7 and 0.8 at one 

week after admission, the PREP-L model showed discrimination of over 0.8 for a longer 

period until postnatal discharge from the hospital.  

 

Relevance to clinical care 

Currently, mothers diagnosed with early onset pre-eclampsia in secondary care are 

transferred tertiary hospitals. However, with only a third of these mothers suffering a 

complication by 48 hours, in current practice, many mothers diagnosed with the condition in 
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secondary care, would have been transferred to a tertiary centre. The promising 

discrimination and calibration performance of the PREP-S at 48 hours makes it suitable for 

use as a triage tool, in accurately identifying mothers for in utero transfer to tertiary care unit. 

It will also determine use of corticosteroids depending on the predicted probability of 

complications. With good agreement between the predicted and observed risk of 

complications in the PREP-S at 48 hours in the low and intermediate risk groups, women 

with a predicted probability of complication below 50% can avoid unnecessary transfer to 

tertiary units. Women categorised to be low risk by the PREP-L model could be followed-up 

in an outpatient setting, with high and very high-risk women monitored as inpatients with 

regular intensive monitoring. 

 

The model is available for everyday use in clinical practice as an excel sheet, and is being 

developed as an app to obtain individualised risk estimates for decisions on further 

management. Provision of personalised risk information allows parents to have the 

opportunity to discuss the expected outcomes. It is important to recognise that all prediction 

models in this field, including our PREP models, provides risk estimates in the context of 

current care and clinical management decisions. The models are not designed to guide 

clinicians’ decisions on choice of management such as timing of delivery, administration of 

anti-hypertensives and magnesium sulphate. A woman with a low predicted risk should be 

viewed as an individual with low outcome risk if current care pathways are used, as it may be 

the clinical care that results in her low risk status.   

 

Relevance to research 

The next stage in this prediction research is evaluation of the impact of using PREP models in 

clinical practice, in terms of whether they help improve subsequent maternal and perinatal 

103 
 

outcomes. This requires well-planned robust randomised trials. The threshold for intervention 

such as transfer to a tertiary unit, or admission to the hospital and subsequent delivery needs 

to be established by working with Patient and Public Involvement groups (PPI). The design 

for such clinical trials should be to randomise centres on use of PREP models as triaging 

tools to plan management in women with early onset pre-eclampsia. Evaluating the added 

value of biomarkers to our models may also be a subject of future research, though they have 

not been found useful in recent research. 42 This may be supported by individual patient data 

(IPD) meta-analyses to improve power to identify important predictors.  

 

Conclusion 

The PREP models enable the individualised risk prediction of complications in early-onset 

pre-eclampsia for overall risk, and by 48 hours. They use routinely collected data and show 

promising performance upon internal and external validation. They can now be considered 

for use to support healthcare professionals and parents make decisions on place of care, 

intensity of monitoring, and early in-utero tertiary transfer to appropriate units. 
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Supplemental Table 1: Definition of the inclusion criteria for women recruited in the 
PREP study 

Inclusion criteria Definition 
New onset pre-eclampsia New onset hypertension (systolic BP ≥ 140 

mm Hg or diastolic BP ≥ 90 mm Hg on 2 
occasions 4 -6 hours apart in women) after 
20 weeks of pregnancy and new onset 
proteinuria  (≥ 2+ in urine dipstick or PCR 
ratio of greater than 30mg/mmol or 300 mg 
of protein excretion in 24 hours).51 

 
Suspected pre-eclampsia 

 
New onset hypertension (systolic BP ≥ 140 
mm hg or diastolic BP ≥ 90 mm hg on 2 
occasions 4 -6 hours apart in women) after 
20 weeks of pregnancy, and 1+ proteinuria 
on urine dipstick 

 
Superimposed pre-eclampsia 

 

- In women with chronic hypertension 
and no proteinuria before 20 weeks’ 
gestation 

New-onset proteinuria (as defined 
previously)  

- In women with significant 
proteinuria before 20 weeks’ 
gestation 

 
 
 
 
 
 
 
 
HELLP syndrome 
 
 
 
 
 
 
 
 
One episode of eclamptic seizures without 
hypertension or proteinuria 

Elevated serum alanine aminotransferase 
concentration (>70 U per litre) or worsening 
hypertension (either two diastolic BP of at 
least 110 mm Hg four hours apart or one 
diastolic measurement of at least 110 mm 
Hg if the woman had been treated with an 
antihypertensive drug), plus one of the 
following: increasing proteinuria, persistent 
severe headaches, or epigastric pain 
 
Hemolysis, Elevated Liver enzymes, and 
Low Platelets syndrome: Presence of 
hemolysis based on examination of the 
peripheral smear, elevated indirect bilirubin 
levels, or low serum haptoglobin levels in 
association with significant elevation in 
liver enzymes and a platelet count below 
100,000/mm(3) after ruling out other causes 
of hemolysis and thrombocytopenia.  
 
Other neurological conditions of seizures 
have been excluded. 
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Supplemental Table 2: Crude univariable and multivariable analyses of candidate 
predictors and adverse fetal outcomes in women with early onset pre-eclampsia 

Candidate 
predictors 

No of 
women 

7 

No 
adverse 

fetal 
outcome 

N=243 

Adverse 
fetal 

outcome 

N=702 

Univariable model 

N=945 

Multivariable model  

N=945 

  Mean (SD) or N (%) OR 95% CI p OR 95% CI p 

Maternal characteristics 

Maternal Age in 
years 

943 31.0 (6.1) 30.0 
(6.1) 

0.972 [0.949,0.99
5] 

0.018 0.984 [0.954,1.015
] 0.301 

Log transformed 
gestational age at 

diagnosis 

945 3.4 (0.1) 3.4 (0.1) 0.889 [0.446,0.97
8] 

0.007 0.911 [0.393,0.987
] 

0.014 

Multiple pregnancy 
(Reference: 
Singleton) 

945 225 (93%) 637 
(91%) 

      

Twins  17 (7%) 62 (9%) 1.288 [0.738,2.25
0] 

0.373 1.676 [0.862,3.260
] 0.128 

Triplets  1 (0%) 3 (0%) 1.060 [0.110,10.2
39] 

0.960 1.245 [0.112,13.77
4] 0.858 

Global test      0.673   0.313 

History 

Score of medical 
history (Reference:0) 

944 116 (48%) 478 
(68%) 

      

1 medical history  83 (34%) 167 
(24%) 

0.490 [0.351,0.68
3] 

<0.00
1 0.654 [0.435,0.984

] 0.041 

2 or more medical 
history 

 44 (18%) 56 (8%) 0.309 [0.198,0.48
1] 

<0.00
1 0.434 [0.246,0.767

] 0.004 

Global test      <0.00
1   0.009 

Symptoms 

Symptoms of 
Headache and/or 
visual disturbance 

919 102 (43%) 278 
(41%) 

0.891 [0.658,1.20
6] 

0.456 0.812 [0.552,1.193
] 

0.289 

Symptoms of 
Epigastric pain, 
nausea and/or 
vomiting 

900 43 (19%) 157 
(23%) 

1.331 [0.906,1.95
5] 

0.145 0.958 [0.578,1.590
] 

0.869 

Symptoms of Chest 
pain and/or dyspnoea 

821 12 (6%) 48 (8%) 1.340 [0.668,2.68
7] 

0.410 1.190 [0.502,2.822
] 

0.693 

Bedside examination and tests 

                                                           
7 Descriptive of predictors based on the original non-imputed data. N is the number of women with available data  
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Clonus 545 10 (8%) 84 (20%) 2.399 [1.262,4.56
2] 

0.008 1.487 [0.609,3.633
] 0.384 

Exaggerated tendon 
reflexes 

594 20 (16%) 126 
(27%) 

2.063 [1.318,3.23
1] 

0.002 0.852 [0.461,1.575
] 0.610 

Systolic Blood 
Pressure 

941 153 (16) 161 (20) 1.025 [1.016,1.03
4] 

<0.00
1 1.005 [0.992,1.019

] 0.414 

Diastolic Blood 
Pressure 

941 96 (11) 101 (11) 1.044 [1.029,1.05
9] 

<0.00
1 1.018 [0.996,1.039

] 0.103 

Oxygen saturation: 
Abnormal (<94%) 

428 1 (1%) 3 (1%) 1.039 [0.108,10.0
32] 

0.974 0.107 [0.009,1.214
] 

0.071 

Urine dipstick 
(Reference: 
None/trace) 

927 11 (5%) 28 (4%)       

1+  71 (30%) 98 (14%) 0.549 [0.256,1.17
9] 

0.124 0.609 [0.259,1.435
] 0.257 

2+  100 (42%) 212 
(31%) 

0.840 [0.401,1.76
0] 

0.644 0.781 [0.341,1.791
] 0.560 

3+  42 (18%) 261 
(38%) 

2.429 [1.117,5.28
4] 

0.025 1.445 [0.587,3.555
] 0.424 

≥4  13 (5%) 91 (13%) 2.739 [1.111,6.75
1] 

0.029 0.974 [0.334,2.840
] 0.961 

Global test      <0.00
1   0.045 

Laboratory tests 

Haemoglobin 909 11.8 (1.1) 12.0 
(1.4) 

1.096 [0.983,1.22
3] 

0.100 1.019 [0.885,1.173
] 0.792 

Platelet Count 905 244 (77) 220 (77) 0.996 [0.994,0.99
8] 

<0.00
1 0.998 [0.996,1.001

] 0.128 

Log transformed 
ALT 

870 2.7 (0.6) 3.0 (0.8) 1.641 [1.244,2.16
5] 

<0.00
1 1.330 [0.958,1.848

] 0.089 

Log transformed 
serum uric acid 

781 0.6 (1.4) 1.0 (1.0) 1.244 [1.086,1.42
5] 

0.002 1.131 [0.941,1.358
] 0.190 

Log transformed 
serum urea 

876 1.2 (0.4) 1.4 (0.5) 3.679 [2.482,5.45
2] 

<0.00
1 1.718 [1.068,2.764

] 0.026 

Log transformed 
serum creatinine 

908 4.0 (0.3) 4.1 (0.3) 2.823 [1.662,4.79
5] 

<0.00
1 1.039 [0.506,2.135

] 0.916 

Log transformed PCR 837 3.9 (1.4) 4.9 (1.4) 1.569 [1.397,1.76
2] 

<0.00
1 1.290 [1.111,1.497

] 0.001 

Treatment provided 

Antihypertensive 
therapy  

944 177 (73%) 573 
(82%) 

1.663 [1.182,2.33
9] 

0.004 1.558 [1.026,2.368
] 0.038 

MgSO4 administered  944 9 (4%) 135 
(19%) 

6.190 [3.100,12.3
63] 

<0.00
1 2.402 [1.036,5.573

] 0.041 

Steroids administered  783 66 (41%) 364 
(59%) 2.186 [1.549,3.08

5] 
<0.00

1 1.208 [0.795,1.835
] 0.376 
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Ultrasound and cardiotocography 

Uterine artery 
Doppler abnormal 

339 12 (14%) 79 (31%) 2.365 [1.536,3.63
9] 

<0.00
1 1.944 [1.077,3.510

] 0.027 

CTG findings 
abnormal 

710 10 (6%) 36 (7%) 1.395 [0.680,2.86
5] 

0.364 0.625 [0.254,1.538
] 0.306 

Estimated fetal 
weight <10th centile 

712 27 (15%) 261 
(49%) 

3.835 [2.453,5.99
5] 

<0.00
1 2.538 [1.462,4.405

] 0.001 

Liquor volume 
abnormal 

890 10 (4%) 46 (7%) 1.548 [0.776,3.08
7] 

0.215 1.279 [0.519,3.152
] 0.593 

 

ALT: Alanine amino transferase; PCR: Protein Creatinine Ratio; MgSO4 Magnesium sulphate;  

CTG: Cardiotocography 
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Supplemental Table 3. Definitions of the individual components of the composite 
outcomes evaluated in the PREP study* 

a. Maternal 

Outcome Definition 

Mortality Maternal death at any time in pregnancy after delivery until discharge  

Hepatic dysfunction INR8 >1.2 indicative of Disseminated Intravascular Coagulation 
(DIC) in the absence of treatment with Warfarin.  (DIC is defined as 
having both: abnormal bleeding and consumptive coagulopathy (i.e., 
low platelets, abnormal peripheral blood film, or one or more of the 
following: increased INR, increased PTT9, low fibrinogen, of 
increased fibrin degradation products that are outside normal non-
pregnancy ranges)) 

Hepatic hematoma or 
rupture 

Blood collection under the hepatic capsule as confirmed by 
ultrasound or laparotomy 

Glasgow coma score <13 From GCS scoring system39 

Stroke Acute neurological event with deficits lasting longer than 48 hours 

Cortical Blindness Loss of visual acuity in the presence of intact papillary response to 
light 

Reversible Ischaemic 
Neurologic Deficit 
(RIND) 

Cerebral ischaemia lasting longer than 24 hours but less than 48 
hours revealed through clinical examination 

Retinal detachment Separation of the inner layers of the retina from the underlying retinal 
pigment epithelium (RPE, choroid) and is diagnosed by 
ophthalmological examination 

Acute renal insufficiency For women with an underlying history of renal disease: defined as 
creatinine >200 uM; for patients with no underlying renal disease: 
defined as creatinine >150 uM 

Dialysis Including haemodialysis and peritoneal dialysis 

Transfusion of blood 
products 

Includes transfusion of any units of blood products: fresh frozen 
plasma (FFP), platelets, red blood cells (RBCs), cryoprecipitate 
(cryo) or whole blood 

Positive ionotropic 
support 

The use of vasopressors to maintain a Systolic Blood Pressure > 90 
mmHg or Mean Arterial pressure > 70 mmHg 

                                                           
8 International Normalised Ratio 
9 Partial thromboplastin time 

* Adapted from the PIERS study 
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Ultrasound and cardiotocography 

Uterine artery 
Doppler abnormal 

339 12 (14%) 79 (31%) 2.365 [1.536,3.63
9] 

<0.00
1 1.944 [1.077,3.510

] 0.027 

CTG findings 
abnormal 

710 10 (6%) 36 (7%) 1.395 [0.680,2.86
5] 

0.364 0.625 [0.254,1.538
] 0.306 

Estimated fetal 
weight <10th centile 

712 27 (15%) 261 
(49%) 

3.835 [2.453,5.99
5] 

<0.00
1 2.538 [1.462,4.405

] 0.001 

Liquor volume 
abnormal 

890 10 (4%) 46 (7%) 1.548 [0.776,3.08
7] 

0.215 1.279 [0.519,3.152
] 0.593 

 

ALT: Alanine amino transferase; PCR: Protein Creatinine Ratio; MgSO4 Magnesium sulphate;  

CTG: Cardiotocography 
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Supplemental Table 3. Definitions of the individual components of the composite 
outcomes evaluated in the PREP study* 

a. Maternal 

Outcome Definition 

Mortality Maternal death at any time in pregnancy after delivery until discharge  

Hepatic dysfunction INR8 >1.2 indicative of Disseminated Intravascular Coagulation 
(DIC) in the absence of treatment with Warfarin.  (DIC is defined as 
having both: abnormal bleeding and consumptive coagulopathy (i.e., 
low platelets, abnormal peripheral blood film, or one or more of the 
following: increased INR, increased PTT9, low fibrinogen, of 
increased fibrin degradation products that are outside normal non-
pregnancy ranges)) 

Hepatic hematoma or 
rupture 

Blood collection under the hepatic capsule as confirmed by 
ultrasound or laparotomy 

Glasgow coma score <13 From GCS scoring system39 

Stroke Acute neurological event with deficits lasting longer than 48 hours 

Cortical Blindness Loss of visual acuity in the presence of intact papillary response to 
light 

Reversible Ischaemic 
Neurologic Deficit 
(RIND) 

Cerebral ischaemia lasting longer than 24 hours but less than 48 
hours revealed through clinical examination 

Retinal detachment Separation of the inner layers of the retina from the underlying retinal 
pigment epithelium (RPE, choroid) and is diagnosed by 
ophthalmological examination 

Acute renal insufficiency For women with an underlying history of renal disease: defined as 
creatinine >200 uM; for patients with no underlying renal disease: 
defined as creatinine >150 uM 

Dialysis Including haemodialysis and peritoneal dialysis 

Transfusion of blood 
products 

Includes transfusion of any units of blood products: fresh frozen 
plasma (FFP), platelets, red blood cells (RBCs), cryoprecipitate 
(cryo) or whole blood 

Positive ionotropic 
support 

The use of vasopressors to maintain a Systolic Blood Pressure > 90 
mmHg or Mean Arterial pressure > 70 mmHg 

                                                           
8 International Normalised Ratio 
9 Partial thromboplastin time 

* Adapted from the PIERS study 



116

Chapter 4

112 
 

Myocardial ischaemia/ 
infarction 

Electrocardiography (ECG) changes (ST segment elevation or 
depression) without enzyme changes AND/OR any one of the 
following: 1) Development of new pathologic Q waves on serial 
ECGs. The patient may or may not remember previous symptoms. 
Biochemical markers of myocardial necrosis may have normalized, 
depending on the length of time that has passed since the infarct 
developed. 2) Pathological findings of an acute, healed or healing MI 
3) Typical rise and gradual fall (troponin) or more rapid rise and fall 
(CK-MB) of biochemical markers of myocardial necrosis with at 
least one of the following: a) ischaemic symptoms; b) development of 
pathologic Q waves on the ECG; c) ECG changes indicative of 
ischaemia (ST segment elevation or depression); or d) coronary artery 
intervention (e.g., coronary angioplasty) 

Require >50% oxygen 
for greater than one hour 

Oxygen given at greater than 50% concentration based on local 
criteria for longer than 1 hour 

Intubation other than for 
caesarean section 

Intubation may be by ventilation, Electrical Impedance Tomography  
or Continuous Positive Airway Pressure  

Pulmonary oedema Clinical diagnosis with x-ray confirmation or requirement of diuretic 
treatment and SaO2 <94%  

Postpartum 
Haemorrhage 

>1L of blood loss after delivery 

Early preterm delivery Delivery at gestational age of less than 34 weeks 

 

 

b: Fetal and neonatal  

Outcome Definition 

Perinatal or infant mortality 

 

Death of a fetus or neonate. Infant mortality is the death of a 
child less than one year of age 

Bronchopulmonary dysplasia Oxygen requirement at 36 weeks corrected gestation unrelated 
to an acute respiratory episode 

Necrotising enterocolitis include 
only Bell's stage 2 or 3 

Evidence of pneumotosis intestinalis on abdominal x-ray 
and/or surgical intervention 

Grade III/IV intraventricular 
haemorrhage 

Bleeding into the brain's ventricular system,  where ventricles 
are enlarged by the accumulated blood or bleeding extends 
into the brain tissue around the ventricles 
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Cystic periventricular 
leukomalacia 

Softening and necrosis in the hemispheric white matter in 
newborns that may result from impaired perfusion at the 
interface between ventriculopetal and ventriculofugal arteries 

Stage 3-5 retinopathy of 
prematurity 

Abnormal blood vessel development in the retina of the eye, 
where blood vessel growth is severely abnormal, where there 
is a partially or totally retinal detached retina  

Hypoxic ischaemic 
encephalopathy 

Apgar score ≤ 5 at 10 mins and/or pH 7.00 in first 60 minutes 
of life and/or Base deficit ≥ -16 in first 60 minutes associated 
with abnormal conscious level (lethargy, stupor or coma) and 
seizures and/or poor/weak suck and/or hypotonia and/or 
abnormal reflexes. 
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only Bell's stage 2 or 3 
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and/or surgical intervention 

Grade III/IV intraventricular 
haemorrhage 

Bleeding into the brain's ventricular system,  where ventricles 
are enlarged by the accumulated blood or bleeding extends 
into the brain tissue around the ventricles 
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Cystic periventricular 
leukomalacia 

Softening and necrosis in the hemispheric white matter in 
newborns that may result from impaired perfusion at the 
interface between ventriculopetal and ventriculofugal arteries 

Stage 3-5 retinopathy of 
prematurity 

Abnormal blood vessel development in the retina of the eye, 
where blood vessel growth is severely abnormal, where there 
is a partially or totally retinal detached retina  

Hypoxic ischaemic 
encephalopathy 

Apgar score ≤ 5 at 10 mins and/or pH 7.00 in first 60 minutes 
of life and/or Base deficit ≥ -16 in first 60 minutes associated 
with abnormal conscious level (lethargy, stupor or coma) and 
seizures and/or poor/weak suck and/or hypotonia and/or 
abnormal reflexes. 
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Supplemental Table 4: Changes since original application 

What was proposed in original grant 
application 

What was done in the PREP study 

1. The original target sample size was 500 women 
with confirmed diagnosis of pre-eclampsia  

The sample size was revised so we continued 
recruitment until 100 women had experienced an 
adverse events. The population did not change 
 

2. Update on maternal predictor variables Chest pain and dyspnoea were added as candidate 
predictors. Gestational age, maternal age and 
platelet count were also added to the maternal 
prognostic factors 
 

3. One general list of candidate prognostic factors Candidate prognostic factors were split into 
maternal and fetal predictor variables and only the 
fetal predictor variables included Ultrasound 

4. Symptoms of headache, epigastric pain, 
nausea, chest pain, dyspnoea or visual disturbance 
were one variable 

These were split and regrouped into  
1) symptoms of headache and visual disturbance 
2)  epigastric pain and  nausea  
3) chest pain and dyspnoea;  forming 3 variables 
relating to a particular body system 
 

5. Blood pressure was one variable  This was split into systolic blood pressure and 
diastolic blood pressure 
 

6. Outcome assessment by 48 hours and by 
discharge 

In the logistic model we had insufficient sample 
size to assess model performance at 48 hours. 
Hence we developed a second model, the survival 
model to provide risks at various time points 
including 48 hours. However, we censored at 34 
weeks, as one of the components of the outcome is 
delivery by 34 weeks 

7. Develop the PREP model in the ASTRONAUT 
cohort of women 
 

The ASTRONAUT study did not commence, and 
hence we were unable to work on its data 

8.Validate the PREP model in PIERS and PETRA 
cohort 

We validated rPREP-L in both external datasets. 
We were unable to validate the rPREP-S model in 
the PETRA dataset, dates and times of outcome 
occurrence were not reported  

  
9. Assess the added predictive contribution of 
biomarkers (sFlt1, sEng, PIGF) in maternal blood 
or urine. 

The ASTRONAUT study planned to provide data 
on biomarkers did not commence, and hence we 
were unable to work on its data 
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10. Update of maternal outcomes Platelet count and infusion of any third parenteral 
antihypertensive removed as maternal outcomes. 
Preterm delivery <34 weeks added as a maternal 
outcome.  
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Supplemental Table 4: Changes since original application 

What was proposed in original grant 
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Hence we developed a second model, the survival 
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including 48 hours. However, we censored at 34 
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The ASTRONAUT study did not commence, and 
hence we were unable to work on its data 
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We were unable to validate the rPREP-S model in 
the PETRA dataset, dates and times of outcome 
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9. Assess the added predictive contribution of 
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The ASTRONAUT study planned to provide data 
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were unable to work on its data 
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10. Update of maternal outcomes Platelet count and infusion of any third parenteral 
antihypertensive removed as maternal outcomes. 
Preterm delivery <34 weeks added as a maternal 
outcome.  
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Supplemental Table 5: Rates of individual complications in women with early onset pre-
eclampsia in the PREP study 

a. Maternal complications 

Adverse maternal outcome No. of women with complications 

N=946 

n (%) 

Maternal death - 

Neurological  

Eclamptic Seizures 12 (1.3%) 

Glasgow Coma score 3 (0.3%) 

Stroke or Reversible Ischaemic Neurological Deficit 
(RIND) - 

Cortical blindness - 

Retinal detachment - 

Posterior reversible encephalopathy 2 (0.2%) 

Bells palsy - 

Hepatic  

Hepatic dysfunction 12 (1.3%) 

Subcapsular haematoma - 

Hepatic capsule rupture - 

Cardiorespiratory  

Need for positive inotrope support 1 (0.1%) 

Myocardial ischaemia or infarction - 

At least 50% forced inspiratory oxygen (FIO2) for greater 
than 1 hr 7 (0.7%) 

Intubation 9 (1.0%) 

Pulmonary oedema 6 (0.6%) 

Renal  

Acute renal insufficiency 5 (0.5%) 

Dialysis 5 (0.5%) 

Haematological  
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Blood transfusion 51 (5.4%) 

Abruptio placentae 25 (2.6%) 

Postpartum haemorrhage  74 (7.8%) 

Preterm delivery  

Delivery at less than 34wks gestational age 580 (61.3%) 

At least one of the above occurred by discharge 633 (66.9%) 

At least occurred before 34 weeks of gestational age 584 (61.7%) 

 

b. Fetal and neonatal complications 

Adverse fetal outcome No. of pregnancies with 
complications 

N=945 
n (%) 

Stillbirth 16 (1.7%) 
Neonatal death 23 (2.4%) 
Bronchopulmonary dysplasia 41 (4.3%) 
Necrotising enterocolitis 34 (3.6%) 
Grade III/IV intraventricular haemorrhage 11 (1.2%) 
Cystic periventricular leukomalacia 5 (0.5%) 
Stage 3-5 retinopathy 7 (0.7%) 
Hypoxic ischaemic encephalopathy 2 (0.2%) 
Admission to Neonatal Intensive Care Unit at any 
time 681 (72.1%) 

At least one of the above occurred by discharge 702 (74.3%) 
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Supplemental Table 5: Rates of individual complications in women with early onset pre-
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Blood transfusion 51 (5.4%) 

Abruptio placentae 25 (2.6%) 

Postpartum haemorrhage  74 (7.8%) 
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At least one of the above occurred by discharge 633 (66.9%) 
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Supplemental Table 6: Characteristics of predictors available in the PREP study and 
external validation cohorts (PIERS and PETRA) 

Characteristics of women 

 PREP  PIERS  PETRA 

A
va

ila
bl

e 
da

ta
 

n=954 

A
va

ila
bl

e 
da

ta
 

n=634 

A
va

ila
bl

e 
da

ta
 

n=216 

Gestational age at 
diagnosis 

Mean (SD) 954 30.5 (2.9) 634 30.2 (3.0) 216 29.4 (2.6) 

Maternal characteristics  

Maternal age Mean (SD) 952 30.2 (6.1 634 31.2 (6.3) 216 30.0 (5.0) 

Number of fetuses in 
pregnancy 

Singleton 954 866 (91%) 634 542 (85%) 216 216 (100%) 

Twins 83 (9%) 88 (14%) - 

Triplets 5 (1%) 4 (1%) - 

History 

Summary score for 
medical history 

0 953 601 (63%) 634 284 (45%) 216 182 (84%) 

1 251 (26%) 251 (40%) 30 (14%) 

2 or more 101 (11%) 99 (15%) 4 (2%) 

Symptoms  

Symptoms of headache 
and/or visual 
disturbance 

Present 926 382 (41%) 634 319 (50%) - - 

Symptoms of epigastric 
pain, nausea and/or 
vomiting 

Present 907 202 (22%) 634 220 (35%) - - 

Symptoms of chest 
pain and/or dyspnoea 

Present 828 60 (7%) 634 42 (7%) - - 

Examination 

Clonus Present 551 95 /17%) - - - - 

Exaggerated tendon 
reflexes 

Present 601 139 (15%) - - - - 

Systolic blood 
Pressure 

Mean (SD) 949 159 (19) 634 168 (20) 216 157 (18) 

Diastolic blood 
Pressure 

Mean (SD) 949 99 (12) 634 105 (11) 216 104 (11) 

Oxygen saturation by 
Pulse Oximetry 

Mean (SD) 433 98.1 (1.6) 474 96 (2) - - 

                                                           
 Predictor is part of the survival model only and used as components of the final PREP model  
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Oxygen saturation: 
Abnormal (<94) 

Present 433 4 (1%) 474 72 (15%) - - 

Laboratory tests 

Haemoglobin Mean (SD) 917 11.9 (1.3) - - - - 

Platelet Count Mean (SD) 913 226 (78) 630 204 (77) 215 172 (87) 

Alanine amino 
transferase 

Mean (SD) 879 31.0 (71.0) 630 65.5 (157.6) 207 79.9 (139.3) 

Aspartate amino 
transferase 

Mean (SD) 275 36.9 (61.1) 600 74.3 (196.5) 212 91.9 (160.7) 

Serum uric acid Mean (SD) 789 0.6 (2.7) - - - - 

Serum urea Mean (SD) 884 4.6 (4.4) - - - - 

Serum creatinine Mean (SD) 916 61.9 (17.8) 626 69.3 (20.5) 214 67.8 (16.8) 

Urine dipstick 

None/Trace 935 39 (4%) 613 129 (21%) - - 

1+ 170 (18%) 69 (11%) - - 

2+ 314 (34%) 111 (18%) - - 

3+ 306 (33%) 141 (23%) - - 

≥4 106 (11%) 163 (27%) - - 

Urine PCR  Mean (SD) 845 273 (492) 437 276 (437) - - 

Treatment provided 

Anti-hypertensive 
therapy at baseline 

Present 948 753 (79%) 634 551 (87%) 216 123 (57%) 

Magnesium sulphate 
administration at 
baseline 

Present 948 144 (15%) 634 325 (51%) 216 34 (16%) 
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Supplemental Table 6: Characteristics of predictors available in the PREP study and 
external validation cohorts (PIERS and PETRA) 
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 Predictor is part of the survival model only and used as components of the final PREP model  
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Oxygen saturation: 
Abnormal (<94) 

Present 433 4 (1%) 474 72 (15%) - - 

Laboratory tests 

Haemoglobin Mean (SD) 917 11.9 (1.3) - - - - 

Platelet Count Mean (SD) 913 226 (78) 630 204 (77) 215 172 (87) 

Alanine amino 
transferase 

Mean (SD) 879 31.0 (71.0) 630 65.5 (157.6) 207 79.9 (139.3) 

Aspartate amino 
transferase 

Mean (SD) 275 36.9 (61.1) 600 74.3 (196.5) 212 91.9 (160.7) 

Serum uric acid Mean (SD) 789 0.6 (2.7) - - - - 

Serum urea Mean (SD) 884 4.6 (4.4) - - - - 

Serum creatinine Mean (SD) 916 61.9 (17.8) 626 69.3 (20.5) 214 67.8 (16.8) 

Urine dipstick 

None/Trace 935 39 (4%) 613 129 (21%) - - 

1+ 170 (18%) 69 (11%) - - 

2+ 314 (34%) 111 (18%) - - 

3+ 306 (33%) 141 (23%) - - 

≥4 106 (11%) 163 (27%) - - 

Urine PCR  Mean (SD) 845 273 (492) 437 276 (437) - - 

Treatment provided 

Anti-hypertensive 
therapy at baseline 

Present 948 753 (79%) 634 551 (87%) 216 123 (57%) 

Magnesium sulphate 
administration at 
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Present 948 144 (15%) 634 325 (51%) 216 34 (16%) 

 

 

  


