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What are the novel findings of this work?

Prediction models can support clinical decision-making
and inform women and their partners regarding obstetric
and neonatal management in complicated pregnancies.
We identified 41 unique prediction models that have been
derived for the prediction of fetal and neonatal outcomes
in patients with preterm manifestations of placental
insufficiency.

What are the clinical implications of this work?

At this time, none of the identified models is ready for
clinical use owing to methodological shortcomings in
model development and lack of external validation and
prediction-model impact studies. Higher-quality models
with external validation and prediction-model impact
studies are needed to inform clinical decision-making
based on prediction models.

ABSTRACT

Objectives To identify all prediction models for fetal
and neonatal outcomes in pregnancies with preterm
manifestations of placental insufficiency (gestational
hypertension, pre-eclampsia, HELLP syndrome or fetal
growth restriction with its onset before 37 weeks’
gestation) and to assess the quality of the models and
their performance on external validation.

Methods A systematic literature search was performed
in PubMed, Web of Science and EMBASE. Studies
describing prediction models for fetal/neonatal mortality
or significant neonatal morbidity in patients with preterm
placental insufficiency disorders were included. Data
extraction was performed using the CHARMS checklist.
Risk of bias was assessed using PROBAST. Literature
selection and data extraction were performed by two
researchers independently.

Results Our literature search yielded 22 491 unique pub-
lications. Fourteen were included after full-text screening
of 218 articles that remained after initial exclusions.
The studies derived a total of 41 prediction models,
including four models in the seiting of pre-eclampsia
or HELLP, two models in the setting of fetal growth
restriction and/or pre-eclampsia and 35 models in the
setting of fetal growth restriction. None of the mod-
els was validated externally, and internal validation was
performed in only two studies. The final models con-
tained mainly ultrasound (Doppler) markers as predictors
of fetal/neonatal mortality and neonatal morbidity. Dis-
criminative properties were reported for 27/41 models
(c-statistic between 0.6 and 0.9). Only two studies pre-
sented a calibration plot. The risk of bias was assessed as
unclear in one model and high for all other models,
mainly owing to the use of inappropriate statistical
methods.

Correspondence to: Dr J. Kooiman, Lundlaan 6, 3584 EA Utrecht, The Netherlands (e-mail: j.kooiman@umcutrecht.nl)

Accepted: 1 May 2023

© 2023 The Authors. Ultrasound in Obstetrics ¢& Gynecology published by John Wiley & Sons Ltd

on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

SYSTEMATIC REVIEW


http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2656-3421
https://orcid.org/0000-0002-7243-2115
https://orcid.org/0000-0003-3915-8609
https://orcid.org/0000-0003-1305-3825
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fuog.26245&domain=pdf&date_stamp=2023-11-01

Prediction models on fetal and neonatal outcomes

Conclusions We identified 41 prediction models for fetal
and nmeonatal outcomes in pregnancies with preterm
manifestations of placental insufficiency. All models
were considered to be of low methodological quality,
apart from one that had unclear methodological quality.
Higher-quality models and external validation studies
are needed to inform clinical decision-making based on
prediction models. © 2023 The Authors. Ultrasound in
Obstetrics & Gynecology published by John Wiley &
Sons Ltd on behalf of International Society of Ultrasound
in Obstetrics and Gynecology.

INTRODUCTION

Placental insufficiency comprises a spectrum of obstetric
complications, including gestational hypertension,
pre-eclampsia, HELLP syndrome and fetal growth
restriction (FGR)!. Neonatal health is affected negatively
by placental insufficiency, especially when clinical mani-
festations occur preterm (i.e. with onset before 37 weeks’
gestation)!. For instance, neonatal mortality has been
reported to be 4—10% after preterm delivery in mothers
with pre-eclampsia and as high as 52% in pregnancies
complicated by preterm FGR?>~*. Poor neonatal prognosis
is driven partly by the need for iatrogenic preterm birth
to prevent further maternal morbidity or fetal mortality
and partly by the disorder per se’.

As a general management strategy, pregnancies with
preterm manifestations of placental insufficiency are
continued as long as the balance of fetal and maternal
health risks does not sway the decision to expedite birth.
In this phase of active maternal and/or fetal surveillance,
patient-tailored prediction of fetal and neonatal outcomes
is attractive from a clinical point of view to indicate
intrauterine (maternal) transfer to a hospital with
appropriate facilities, such as a neonatal intensive care
unit®. Hence, prediction models that include available
antenatal predictors of fetal and neonatal outcomes
can facilitate clinical decision-making and counseling in
pregnancies complicated by preterm manifestations of
placental insufficiency.

Specific analytical steps are required from the devel-
opment of a prediction model to its bedside use’. After
development and internal validation, external validation
of a prediction model should determine whether the per-
formance remains adequate in other populations. Lastly,
a prediction-model impact study should be undertaken,
analyzing the effect of the use of the prediction model on
fetal and neonatal outcomes in daily practice®.

The aim of this systematic review was to identify all
prediction models for fetal and neonatal (not maternal)
outcomes in the setting of preterm manifestations
of placental insufficiency. We searched for models
that included antenatal predictors to facilitate clinical
decision-making during pregnancy. Second, we aimed to
appraise the quality of the models and their performance
in external patient populations. Lastly, we aimed to pool
their predictive performance measures in a meta-analysis.

© 2023 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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METHODS
Data sources and searches

A literature search was performed on 26 February
2023 in EMBASE, Web of Science and PubMed. The
search strings contained terms on placental insufficiency,
prediction models and adverse fetal or neonatal out-
comes (AppendixS1). No language or publication-date
restrictions were applied. The protocol of this systematic
review was registered with PROSPERO (https://www.
crd.york.ac.uk/prospero/), an international prospective
registry of systematic reviews (registration number:
CRD42020178976).

Study selection

Studies developing or validating a prediction model on
fetal or neonatal outcomes in the setting of preterm
manifestations of placental insufficiency (gestational
hypertension, pre-eclampsia, HELLP syndrome or FGR,
with its onset before 37.0 weeks) were eligible for inclu-
sion. Fetal and neonatal adverse outcomes were defined
as any of the following: fetal/neonatal mortality or signifi-
cant neonatal morbidity including but not limited to infant
respiratory distress syndrome, severe bronchopulmonary
dysplasia/chronic  lung disease, moderate-to-severe
hypoxic—ischemic encephalopathy, Grade III intraven-
tricular hemorrhage or venous infarct (previously known
as Grade IV intraventricular hemorrhage), cystic periven-
tricular leukomalacia, necrotizing enterocolitis > Grade
2 or retinopathy of prematurity requiring intervention.

Eligible studies were those that reported original data
and were published in the form of a research letter,
meeting abstract or full-text paper. Studies on term preg-
nancies, fetuses with congenital malformation or multiple
gestations were excluded. We also excluded studies on
prediction models containing neonatal outcome variables
(such as Apgar score) as predictors, as these models did
not fit with the timing of the research question. Study
selection for inclusion was performed by two independent
researchers (D.K. and C.V.) after duplicates had been
removed. Discrepancies were resolved by consulting a
third independent researcher (J.K.). Literature selection
was conducted in two stages. The first stage included title
and abstract screening, while the second phase included
full-text perusal of the remaining articles. Corresponding
authors were contacted in case of missing information
relevant for inclusion, data extraction or quality assess-
ment. Rayyan software (https://www.rayyan.ai) was used
for screening.

Data extraction and quality assessment

Data extraction of included prediction models was per-
formed by two independent researchers (D.K. and J.K.)
using the Prediction model Risk Of Bias ASsessment
Tool (PROBAST) and the CHecklist for critical
Appraisal and data extraction for systematic Reviews
of prediction Modelling Studies (CHARMS) using a stan-
dardized scoring form”10, Discrepancies were resolved
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by consulting a third independent researcher (E.S.).
CHARMS was used to extract information on study
design, population characteristics, predictors and out-
comes assessed by the prediction models, and sta-
tistical analysis, including handling of missing data,
model-building strategies and model-performance mea-
surements”!?, Relevant performance measures included
but were not limited to the c-statistic (or area under the
receiver-operating-characteristics curve), calibration mea-
sures (curve, slope, calibration-in-the-large), sensitivity,
specificity, positive predictive value and negative predic-
tive value, with corresponding 95% ClIs.

PROBAST was used to assess the risk of bias of the
included studies”>'°. This tool was developed to assess the
risk of bias and applicability issues in prediction-model
studies using four domains: participants, predictors,
outcome and analysis. Thereafter, an overall conclusion
on the risk of bias and applicability can be drawn.

Data synthesis

We planned to perform a meta-analysis if at least
two independent external validation studies provided
information on the same performance measures of the
same model.

RESULTS

The literature search yielded 22491 unique results. After
title and abstract screening, 218 full-text articles were
screened, of which 14 were included (Figure1). The
studies that were excluded after full-text screening are

Kleuskens et al.

listed in TableS1. All included studies were published
as full-text papers. The 14 included studies developed a
total of 41 individual prediction models®!1=23. All the
studies were derivation studies, meaning that, within the
study project, a new prediction model was developed
and none of the included studies validated a pre-existing
prediction model. Consequently, a meta-analysis of the
prediction model performance measures was not possible.
Characteristics of the included studies are reported in
Table 1. One study was performed in Brazil'® and one in
South Africa'l. The remaining studies were of European
or North American origin. A summary of candidate
predictors and predictors included in the final models
is presented in Figure 2.

Prediction models within setting of pre-eclampsia or
HELLP syndrome

Four studies were performed in women with
pre-eclampsia or HELLP, describing four models.
Detailed information on outcomes and models of each
study is presented in Table S2.

The first study was conducted by Geerts and
Odendaal'' and included 113 prospectively enrolled
patients diagnosed with pre-eclampsia between 24 and
34 weeks. The proportion of patients with concomitant
FGR was not reported. The authors developed a model
to predict a composite endpoint of neonatal morbidity,
starting with 20 candidate predictors, which were reduced
to seven predictors in the final model. A sensitivity of
79.0% and specificity of 88.2% were reported, without

Full-text articles excluded (7 =204):

Single risk factor (n=103)

Wrong population (7=69)

‘Wrong outcome (7 =26)

.5 Records identified through
g search (n=27721):
| PubMed (7=11031)
5] Web of Science (n=13146)
= EMBASE (= 3544)
»| Duplicates excluded
» il (n=5230)
§ Records screened after
3 removal of duplicates
(n=22491)
»| Records excluded
- il (n=22273)
E Full-text articles assessed
.80 for eligibility
= (n=218)
v
Studies included Review (1= 6)
(n=14)
=
.2
E
Q
=
- l v l
FGR study FGR and/or PE study | | PE or HELLP study
(n=9) (n=1) (n=4)

Figure 1 PRISMA flowchart summarizing study selection for systematic review. FGR, fetal growth restriction; PE, pre-eclampsia.

© 2023 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
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information on the c-statistic or calibration properties of
the model. No internal validation was reported.

The second study, by Gomez-Arriaga etal.'*, was
a prospective single-center study. The authors derived
a model to predict a composite outcome of perinatal
mortality and morbidity in pregnancies complicated by
pre-eclampsia before 34 weeks. The final model contained
three predictors, including gestational age at the time
of diagnosis, mean uterine artery pulsatility index and
the soluble fms-like tyrosine kinase-1 (sFlt-1)/placental
growth factor (PIGF) ratio. The model yielded a c-statistic
of 0.89 (95%CI, 0.79-0.99). Calibration was not
assessed and internal validation was not performed. Severe
FGR (birth weight < 10" percentile and umbilical artery
pulsatility index > 95 percentile) was reported in 19.6%
of patients in this study.

The third study, by Thangaratinam etal.'3, was a
prospective multicenter study (53 centers) that included
945 patients diagnosed with pre-eclampsia or HELLP
syndrome before 34 weeks. The model predicted a com-
bined outcome of perinatal or infant mortality/morbidity.
The authors analyzed 25 candidate predictors, of which
15 were dropped in the model-building process. Uniform
shrinkage factors were applied to all predictors in the
final model to correct for overoptimism. A c-statistic of
0.76 (95% CI, 0.73-0.79) and a calibration slope of 0.77
(95% CI, 0.63-0.91) were reported for the final model,
which was validated internally. The incidence of FGR
within this study population was not reported.

The fourth study, by Ganzevoort et al.'*, was a post-hoc
analysis of data from the Pre-eclampsia Eclampsia TRial
Amsterdam (PETRA) trial, which was a two-center,
open-label randomized controlled trial (RCT) studying
the effect of plasma volume expansion compared with
intravenous fluid restriction on maternal and fetal

1.12

Kleuskens et al.

outcomes in women with preterm manifestations of
placental insufficiency*»*’. The PETRA trial included
216 patients diagnosed with pre-eclampsia or HELLP
syndrome between 24 and 34 completed weeks. The
authors developed a model to predict a composite
endpoint of fetal and neonatal mortality and morbidity.
Out of 17 candidate predictors, two were included
in the final model (gestational age at inclusion and
randomization arm; the latter was forced into the
model). The model yielded a c-statistic of 0.91 (95% CI
not reported). Calibration performance and internal
validation were not reported. All patients had FGR
(defined as estimated fetal weight < 10 percentile).

For three of four models, the full regression formula
including intercept and predictor weights was presented
in the publication!'=13,

Prediction models within setting of FGR

Nine studies derived a total of thirty-five prediction
models for fetal or neonatal outcomes in pregnancies
complicated by FGR. Detailed information on outcomes
and models of each study is presented in Table S3.

Baido etal.’ developed a model for neonatal morbidity
and another model for overall mortality (i.e. stillbirth
combined with neonatal mortality before discharge) for
pregnancies complicated by FGR. Delivery was initiated
between 24 and 33 weeks. A total of 115 cases developed
neonatal morbidity, for which the authors evaluated
11 candidate predictors. The final model included two
predictors, which were absent end-diastolic flow in the
umbilical artery and reversed flow in the same vessel. Per-
formance measures of the final model were not reported.
For the outcome of overall mortality, which occurred in

S0r
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< % 4 .
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Baseline characteristics Delivery Sonography Doppler Biomarkers

Figure 2 Number of models for which each predictor was considered (0) and included (). apH, arterial umbilical cord pH; BW, birth
weight; CH, chronic hypertension; CPR, cerebroplacental ratio; DV, ductus venosus; EDF, end-diastolic flow; EFW, estimated fetal weight;
GA, gestational age; MCA, middle cerebral artery; PE, pre-eclampsia; PI, pulsatility index; PIH, pregnancy-induced hypertension;

PIGF, placental growth factor; sEng, soluble endoglin; sFlt-1, soluble fms-like tyrosine kinase-1; STV, short-term variation; UA, umbilical

artery; UtA, uterine artery; UV umbilical vein.
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45/265 fetuses or neonates, the same 11 candidate predic-
tors were analyzed. The final model included the Z-score
of estimated fetal weight and elevated pulsatility index of
the ductus venosus. Performance measures of the model
were not reported. The number of patients diagnosed
with concomitant pre-eclampsia was not reported.

Baschat etal.'® assessed which combination of fetal
Doppler parameters achieved the best prediction of still-
birth and perinatal/neonatal mortality in 224 pregnan-
cies complicated by FGR with delivery initiated before
37 weeks. All women underwent sonography 48 h prior
to delivery, and Doppler values were used for model-
ing. The same set of candidate and final predictors were
used for all three outcomes. For each outcome, two final
models were derived, the first model including abnormal
umbilical-vein flow (pulsatile instead of constant flow)
and abnormal ductus-venosus flow (absent flow during
the A-wave) patterns as final predictors (models A, C,
E for each outcome, respectively, in Table S3). The sec-
ond model for each outcome included the combination of
absent or reversed end-diastolic umbilical artery flow and
abnormal umbilical vein flow as final predictors (models
B, D and F for each outcome, respectively, in Table S3).
Test efficacy of the models was assessed using Bayesian
analysis, the y-square test, Fisher’s exact test and multi-
nomial logistic regression analysis, and ranged between
91% and 94%. Discrimination and calibration estimates
were not reported. Mild pre-eclampsia was reported in
23.2% of patients and severe pre-eclampsia was reported
in 4.5% (both not further defined).

Bilardo etal.'” developed three prediction models,
including two models for the combined endpoint of
adverse perinatal outcome (perinatal death or intracere-
bral hemorrhage or bronchopulmonary dysplasia) and
one model for adverse neonatal outcome (neonatal death,
intracerebral hemorrhage or bronchopulmonary dyspla-
sia). Seventy pregnancies complicated by preterm FGR
were included. Pre-eclampsia was diagnosed in 48.6% of
the study population. All three models included two final
predictors: gestational age and ductus venosus pulsatility
index, which were assessed at different time blocks (0-1,
2-7 and 8-14days prior to delivery). Discrimination
and calibration estimates were not assessed.

Hernandez-Andrade etal.'® developed a prediction
model for the endpoint of perinatal mortality. Within this
FGR study population, 58.8% of pregnancies were com-
plicated by pre-eclampsia. The authors included mainly
fetal ultrasound markers and started with seven candidate
predictors, which were reduced to three in the final model
(gestational age at ultrasound examination < 28 weeks,
absent or reversed A-wave of the ductus venosus and
myocardial performance index >95% percentile). The
final model was simplified to a risk score, with the
highest mortality rates in those with the highest score. No
discrimination or calibration measures were reported.

The paper by Odibo etal.’ describes the develop-
ment of a prediction model for a combined endpoint of
stillbirth, neonatal mortality and morbidity in 66 preg-
nancies resulting in 17 outcome events. They combined
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features of the biophysical fetal profile with a multi-
vessel Doppler assessment, starting with a model with
six candidate predictors, of which four were retained in
the final model (pulsatility index of the middle cerebral
artery < 5™ percentile, peak systolic velocity of the middle
cerebral artery, ductus venosus pulsatility index and cere-
broplacental ratio). The model yielded a c-statistic of 0.73
(95% CI, 0.59-0.87). No calibration measures or internal
validation steps were reported. The proportion of preg-
nancies complicated by pre-eclampsia was not reported.
Rodriguez-Calvo et al.>® developed 16 prediction mod-
els, including eight models for the prediction of perinatal
survival and eight for the prediction of a composite
outcome of severe neonatal morbidity. A total of 210 preg-
nancies complicated by preterm FGR were included. They
included five candidate predictors, which were estimated
fetal weight, gestational age at diagnosis, PIGF level,
PIGF-level multiples of the median and altered Doppler
findings, defined as absent or reversed flow of the umbili-
cal artery or middle cerebral artery pulsatility index < 5™
percentile. Different combinations of two of these five can-
didate predictors were combined in the final models for
both outcomes. The model containing PIGF multiples of
the median and estimated fetal weight yielded the highest
discriminative performance for the outcomes of perina-
tal survival and severe neonatal morbidity (c-statistic,
0.84 (95% CI, 0.75-0.92) and 0.73 (95% CI, 0.66-0.80),
respectively). Calibration and internal validation were
not reported. Concomitant pre-eclampsia was diagnosed
in 49.7% of pregnancies with perinatal survival and in
66.7% of pregnancies resulting in neonatal mortality.
Sharp etal.® developed prediction models in a post-hoc
analysis of the STRIDER UK trial, which was a
multicenter RCT of sildenafil vs placebo for the treatment
of severe early-onset FGR?°. They developed six models
including clinical features, sonographic measurements
and angiogenic biomarkers. Their analysis was restricted
to 78% of the cohort (105 patients) with complete
information on the angiogenic markers sFlt-1 and PIGF.
Of the six models that were developed, three were of
interest for this systematic review based on the predicted
outcome. The included models predicted overall survival,
neonatal morbidity and stillbirth and initially included
the same 17 candidate predictors. All final models were
reduced using the Akaike information criterion in the
forward stepwise selection process. The final models
included estimated fetal weight for all three outcomes and
the sFlt-1/PIGF-ratio for predicting overall survival and
stillbirth. All other candidate predictors were removed.
The models yielded varying discriminative values, with the
c-statistic ranging from 0.70 to 0.90. Internal validation
was performed by bootstrapping, resulting in a similar
c-statistic for all three models compared with the original
values. Calibration slopes ranged from 0.78 to 0.96 (for
detailed information, see the appendix of Sharp etal.®).
Concomitant pre-eclampsia was diagnosed in 17.1% of
pregnancies within this population (not further defined).
The study of Mendoza et al.>! was a prospective single-
center study describing two models predicting a composite
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of adverse perinatal outcome. A total of 173 patients were
included with an estimated fetal weight below the 10th
percentile between 20 4+ 0 and 31 + 6 weeks. The number
of patients with pre-eclampsia within this study was not
reported. The first model consisted of seven candidate
predictors and six final predictors (sFlt-1/PIGF ratio,
umbilical artery pulsatility index above 95% percentile,
umbilical artery absent or reversed end-diastolic flow,
uterine artery pulsatility index above 95™ percentile,
estimated fetal weight and gestational age at diagnosis
of FGR). For the second model, the sFlt-1/PIGF ratio
was dropped in the model-building process, while all
other predictors remained. The two models demonstrated
similar discrimination, with a c-statistic of 0.87 (95% CI,
0.82-0.93) and 0.86 (95% CI, 0.80-0.91), respectively.
Calibration and internal validation were not reported.

Vergani etal.?? included 39 patients with a mean
gestational age at diagnosis of 27.9 +2.6 weeks in the
favorable-outcome (survival without severe morbidity)
group and 26.4+2.2weeks in the adverse-outcome
(perinatal mortality or severe morbidity) group. In total,
16 patients developed an adverse outcome. The authors
selected 13 candidate predictors of the outcome, and
their final model included the cerebroplacental ratio and
estimated fetal weight at the last ultrasound scan before
birth as predictors. Besides a Nagelkerke R? of 0.72, no
other model performance measures were described. In this
study, 10.3% of pregnancies were complicated by severe
pre-eclampsia (not further defined).

For six out of 35 models, the full regression formula
including intercept and predictor weights was presented
in the publication®2122,

Prediction models within setting of FGR and/or
pre-eclampsia

The last study included in this systematic review was
published by Bruin etal.?? (TableS4). They included
367 patients with preterm FGR and/or pre-eclampsia,
of whom 61 participated in the Trial of Randomized
Umbilical and Fetal Flow in Europe (TRUFFLE), a
multicenter RCT in which delivery criteria in preterm
FGR were assessed”’. Within this combined set of 367
patients, two prediction models were developed, including
advanced cardiotocography characteristics, which were
phase-rectified signal averaging and short-term variation.
The outcome of interest was a combined endpoint of low
Apgar score, low arterial umbilical pH, need for resuscita-
tion after birth by intubation or cardiac compressions or
fetal death. In the study population, 98 % of neonates were
born with a birth weight below the 10 percentile, and
79% of pregnancies were complicated by pre-eclampsia.
The two models demonstrated similar discriminative val-
ues, with a c-statistic of 0.64 (95% CI, 0.58-0.70) for the
model including phase-rectified signal averaging and 0.67
(95% CI, 0.61-0.73) for the model including short-term
variation. Both models were not validated internally.
Calibration plots or full-regression formulae including
intercepts and predictor weights were not presented.

© 2023 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

Kleuskens et al.

i

2100 rpEn S e —
g il -
- 80 ] ]
g
b=
2 60
2
B a0
o
$ 20
g
a
[5]
5 S & > & S & S &
o N NG RN & P L
~ S Y D > N

O C W

FL FL FL & &L
A O A N

S < :
qu %& & s Qo& & %{9 42‘@ *&

PPN S O& & S @) 04@
Q‘b& g'o Qﬂ Q&Q‘ ) ,\G’Zr\
X0
.‘o‘b
<

Figure 3 Risk of bias and applicability assessment of included
models according to PROBAST tool. O, low risk; @, unclear risk;
|, high risk.

Risk of bias evaluation

Using PROBAST, applicability and the risk of bias
were assessed at a model level. For the participants,
predictors and outcome domains, the risk of bias and
concerns regarding applicability were generally low
(Figure 3). However, apart from the model described by
Thangaratinam etal.'3, which had a low risk of bias
in the statistical analysis domain, all other models were
regarded as having a high risk of bias in this domain,
mainly because of a low number of events per predictor
variable, use of complete case analysis or unclear handling
of missing data. Moreover, most models did not report on
the criteria for selection of candidate predictors into the
final model during the model-building process and lacked
internal validation steps to control for overfitting and
optimism. As a result, all studies were regarded as having
a high risk of bias in the overall assessment, apart from the
study of Thangaratinam ez al.'3, for which the overall risk
of bias was unclear (owing to an unclear risk of bias in the
outcome domain). Out of 41 models, 34 demonstrated
low concerns regarding applicability, while the remaining
models were classified as unclear in this aspect.

DISCUSSION

This is the first systematic review on prediction models
of fetal and neonatal outcomes in pregnancies with
preterm manifestations of placental insufficiency. We
identified 41 models, all of which lacked external
validation. In general, prediction models can be used in
clinical practice only when model derivation, external
validation and prediction-model impact studies have been
completed®. For the models identified in this systematic
review, this process did not progress beyond model
derivation. Moreover, their predictive performance
was often difficult to assess because discrimination
measures were under-reported and calibration was not
evaluated in most studies. The development methods of
most models were not in line with current standards.
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Prediction models on fetal and neonatal outcomes

Consequently, overfitting of the models to the source data
and subsequent overoptimistic performance estimates are
likely. This is also reflected by the high risk of bias for
almost all the included models.

Overall, the main conclusions of this systematic review
are in line with the conclusions and recommendations
of other systematic reviews on prediction-model studies
across different topics and medical specialties?$=32. The
identified methodological shortcomings strongly empha-
size the need for a better understanding of how to conduct
and report this type of study. Tools and initiatives such as
TRIPOD (Transparent Reporting of multivariable predic-
tion models for Individual Prognosis Or Diagnosis, https://
www.tripod-statement.org), PROBAST and CHARMS,
which are publicly available, can provide research groups
with key information on these important aspects’-?1%:33,

The timing of application of the prediction models
included in this systematic review is a concern that
needs to be addressed. The intended clinical use of the
models is to inform clinical monitoring and counseling
about obstetric and neonatal management at the time of
diagnosis or worsening of preterm pre-eclampsia or FGR.
Unfortunately, almost all the models were built using
ultrasound measurements taken at the timepoint closest
to delivery, not at the time of diagnosis or counseling.
Moreover, ideally, prediction models in the setting of
placental insufficiency should be dynamic, not static.
Dynamic models that can provide updated predictions on
fetal and neonatal outcomes using repeat measurements
during pregnancy would best reflect and support
decision-making in the management of pregnancies
complicated by preterm placental-insufficiency disorders.

Future research should focus on the external validation
of existing models instead of the construction of new
ones. The focus should be on improving their predictive
performance, and future studies should preferably aim for
a dynamic rather than static application in the evaluation
of the model. Deriving new models will not result in
new scientific knowledge, as the existing models already
have a broad overlap in the lists of predictors included
in their final models. Good candidate models for external
validation studies based on their discriminative properties
(area under the receiver-operating-characteristics curve)
include the models published by Gomez-Arriaga et al.'?
and Sharp etal.®. However, preferably, the model by
Gomez-Arriaga etal. should first be validated internally
before entering the stage of external validation.

Another aspect worthy of discussion is the variability
in disease, outcome and predictor definitions. Varying
definitions result in clinical generalizability issues and
hamper head-to-head comparisons of prediction models
created for the same patient populations and outcomes.
We also observed conflicting definitions of neonatal
outcome, mainly for the combined outcome of neonatal
morbidity. Future research should use endpoints based
on core outcome sets, such as those derived by COMET
(https://www.comet-initiative.org) or COSGROVE3*33,
With regard to predictor definitions, although most
models share common predictors in their final models,
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continuous variables, such as gestational age or estimated
fetal weight, were dichotomized at varying cut-offs,
based on the best fit to the studied population. This
is unfortunate, as dichotomization tends to lead to
loss of statistical power3®. Moreover, the cut-offs used
were not validated externally. As a result, prediction
models containing dichotomized predictors in general
have reduced predictive ability>’.

Incomplete reporting on the derivation process is
another important issue for most studies included in
this systematic review. For instance, handling of missing
outcome or predictor variables and selection criteria
for inclusion in the final model during multivariable
analysis were not mentioned by most studies. In addition,
important information on predictive properties of the
models, such as calibration and discrimination measures,
were under-reported®®. Moreover, the final regression
model equation, which is vital for external model
validation and model updating, was described for only
nine out of 41 models.

The strengths of this systematic review are underlined
by the systematic and comprehensive search of the liter-
ature and the thorough data extraction using PROBAST
and CHARMS by two independent researchers. More-
over, important analytical issues of the included studies
were identified and are discussed in this study, and this
knowledge could prevent similar methodological prob-
lems in future research. This systematic review was limited
by the fact that external validation studies were lack-
ing, and consequently a meta-analysis of performance
measures of the models in external populations was
not possible. Second, we restricted our literature search
to prediction models derived or validated in patients
with preterm placental insufficiency because prediction of
fetal and neonatal outcomes is especially interesting in
the preterm (and thus high-risk) period. Moreover, this
systematic review focused on perinatal and neonatal out-
comes, whereas in clinical practice, the timing of birth is
based on fetal, neonatal and maternal outcomes. The pre-
diction of maternal adverse events in pregnancies compli-
cated by placental insufficiency is outside the scope of this
systematic review but has been described in several studies,
including those of Ganzevoort et al.'* and Thangaratinam
etal.’3, and was reviewed systematically by Ukah etal.?®.

To conclude, although this systematic review identified
41 prediction models for fetal and neonatal outcomes
in pregnancies with preterm manifestations of placental
insufficiency, none of them is ready for clinical use.
Higher-quality models in terms of methodology in the
derivation process and reporting of test characteristics
followed by external validation and prediction-model
impact studies are needed to allow clinical management
based on prediction models in these high-risk pregnancies.
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Prediccion de resultados fetales y neonatales tras manifestaciones pretérmino de insuficiencia
placentaria: revision sistematica de modelos de prediccion

RESUMEN

Objetivos. 1dentificar todos los modelos de prediccion de resultados fetales y neonatales en embarazos con
manifestaciones pretérmino de insuficiencia placentaria (hipertension gestacional, preeclampsia, sindrome HELLP
o restriccion del crecimiento fetal con aparicion antes de las 37 semanas de gestacion) y evaluar la calidad de los
modelos y su precision en la validacion externa.

Meétodos. Se realizd una basqueda sistematica de bibliografia en PubMed, Web of Science y EMBASE. Se incluyeron
estudios que describian modelos de prediccion de mortalidad fetal o neonatal, o morbilidad neonatal significativa, en
pacientes con trastornos de insuficiencia placentaria pretérmino. La extraccion de datos se llevo a cabo usando la lista de
verificacion CHARMS. El riesgo de sesgo se evalud mediante PROBAST. La seleccion de la bibliografia y la extraccion
de los datos fueron realizadas por dos investigadores de forma independiente.

Resultados. La basqueda bibliografica produjo 22 491 publicaciones tnicas. Tras el cribado del texto completo de los
218 articulos que quedaron tras las exclusiones iniciales, se incluyeron catorce. De los estudios se obtuvieron un total
de 41 modelos de prediccion, entre ellos cuatro modelos en el contexto de preeclampsia o HELLP, dos modelos en el
contexto de restriccion del crecimiento fetal y/o preeclampsia y 35 modelos en el contexto de restriccion del crecimiento
fetal. Ninguno de los modelos fue validado externamente, y la validacion interna solo se realizd en dos estudios.
Los modelos finales contenian principalmente marcadores ecograficos (Doppler) como predictores de la mortalidad
fetal/neonatal y la morbilidad neonatal. Se mencionaron propiedades discriminatorias para 27 de los 41 modelos
(estadistico C entre 0,6 y 0,9). Solo dos estudios presentaron un grafico de calibracion. El riesgo de sesgo se evalud como
poco claro en un modelo y alto en todos los demas, debido principalmente al uso de métodos estadisticos inadecuados.

Conclusiones. Se identificaron 41 modelos de prediccion de resultados fetales y neonatales en embarazos con
manifestaciones pretérmino de insuficiencia placentaria. Todos los modelos se consideraron de baja calidad
metodologica, salvo uno cuya calidad metodologica estaba poco clara. Hacen falta modelos de mayor calidad y
estudios de validacion externa para fundamentar la toma de decisiones clinicas basadas en modelos de prediccion.
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