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CONTRIBUTION

What are the novel findings of this work?

In early-onset fetal growth restriction (eoFGR), a model
combining estimated fetal weight and placental growth
factor (PIGF) at the time of diagnosis provides the best
prediction of perinatal survival. Prenatal prediction of
severe neonatal morbidity in eoFGR is modest regardless
of the model used.

What are the clinical implications of this work?
Determination of PIGF at diagnosis of eoFGR should help
the clinician to assess the chances of perinatal survival.

ABSTRACT

Objective To analyze the ability to predict perinatal
survival and severe mneonatal morbidity of cases with
early-onset fetal growth restriction (eoFGR) wusing
maternal variables, ultrasound parameters and angiogenic
markers at the time of diagnosis.

Methods This was a prospective observational study
in a cobhort of singleton pregnancies with a diagnosis
of eoFGR (<32weeks of gestation). At diagnosis of
eoFGR, complete assessment was performed, including
ultrasound examination (anatomy, biometry and Doppler
assessment) and maternal serum measurement of the
angiogenic biomarkers, soluble fms-like tyrosine kinase-1
(sFlt-1) and placental growth factor (PIGF). Logistic
regression models for the prediction of perinatal survival
(in cases diagnosed at <28 weeks) and severe neonatal
morbidity (in all liveborn cases) were calculated.

Results In total, 210 eoFGR cases were included, of
which 185 (88.1%) survived perinatally. The median
gestational age at diagnosis was 27 + Oweeks. All cases
diagnosed at >28weeks survived. In cases diagnosed
< 28 weeks, survivors (vs mon-survivors) had a higher
gestational age (26.1 vs 24.4weeks), estimated fetal
weight (EFW; 626 vs 384 g), cerebroplacental ratio (1.1
vs 0.9), PIGF (41 vs 18 pg/mL) and PIGF multiples of the
median (MoM; 0.10 vs 0.06) and lower sFit-1/PIGF ratio
(129 vs 479) at the time of diagnosis (all P < 0.001). The
best combination of two variables for predicting perinatal
survival was provided by EFW and PIGF MoM (area
under the receiver-operating-characteristics curve (AUC),
0.84 (95% CI, 0.75-0.92)). These were also the best
variables for predicting severe neonatal morbidity (AUC,
0.73 (95% CI, 0.66-0.80)).

Conclusions A model combining EFW and maternal
serum PIGF predicts accurately perinatal survival in
eoFGR cases diagnosed before 28 weeks of gestation.
Prenatal prediction of severe neonatal morbidity in
eoFGR cases is modest regardless of the model used.
© 2022 The Authors. Ultrasound in Obstetrics &
Gynecology published by Jobn Wiley & Sons Ltd on
behalf of International Society of Ultrasound in Obstetrics
and Gynecology.

INTRODUCTION

Early-onset fetal growth restriction (eoFGR) without
demonstrable congenital anomaly is defined by a Delphi
consensus as a fetus that does not reach its growth
potential diagnosed before 32weeks of gestation!. It
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belongs to the spectrum of manifestations related to
severe placental dysfunction and affects approximately
one in 300 pregnancies. The estimated annual incidence in
Europe is 3.3 per 10 000 population, meeting the criteria
for a rare disease’. Efficient therapeutic interventions
have not been developed and eoFGR remains a leading
cause of iatrogenic prematurity, perinatal death and
long-term morbidity>.

The recognition of eoFGR is usually straightforward
with correct antenatal surveillance, as this condition leads
to a series of pronounced clinical and sonographic mani-
festations, such as decreased fundal height, pre-eclampsia
(PE), small measurements on fetal biometry and increased
resistance in the uterine and umbilical arteries. However,
obstetric management of eoFGR remains a major
challenge in terms of establishing adequate follow-up to
prevent stillbirth and to achieve timely delivery to avoid
postnatal death from prematurity*. Because of the lack
of effective treatments and difficulties in predicting the
intrauterine behavior of eoFGR, parental counseling at the
time of diagnosis has an element of uncertainty. Current
assessment is based on updated neonatal survival charts
for preterm infants adjusted by gestational age (GA)
at delivery, birth weight and gender’. Between-hospital
variation in outcome should also be considered, especially
in extremely preterm infants®. Additionally, fetal Doppler
status may have a prognostic role”-®. The main issue
is that the time-to-delivery interval after diagnosis is
highly variable depending on the rate of progression
of the fetoplacental deterioration, and none of these
parameters estimates it accurately’. Angiogenic factors
(soluble fms-like tyrosine kinase-1 (sFlt-1) and placental
growth factor (PIGF)) are surrogate markers of placental
dysfunction and are related to the time-to-delivery
interval in the setting of placental-dysfunction-related
disorders'®!!. Nevertheless, only recently have they been
proposed as useful tools for monitoring and prognostic
assessment in eoFGR!2714,

This study aimed to predict perinatal survival and,
secondarily, severe neonatal morbidity using maternal
variables, ultrasound parameters and angiogenic markers
at the time of diagnosis of eoFGR.

METHODS
Study population

This was an observational prospective cohort study
carried out in a tertiary hospital. All consecutive singleton
pregnancies that were diagnosed with eoFGR of placental
origin, i.e. in the absence of congenital anomalies’,
between February 2014 and September 2020 (those
recruited before October 2018 were also included in
a previous paper'?) were included. In our center, we
followed a previously described screening protocol for the
identification of early forms of PE/FGR'® based on the use
of uterine artery Doppler and sFlt-1/PIGF ratio in selected
women, but cases of eoFGR referred from other centers
were also included.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
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Complete assessment was performed at the initial diag-
nosis, including ultrasound examination, measurement
of serum levels of sFlt-1 and PIGF, and calculation of
the sFlt-1/PIGF ratio. Perinatal counseling involving an
expert neonatologist and psychological support when
needed was undertaken. We also measured maternal
blood pressure and screened for proteinuria (spot urine
protein—creatinine ratio) to determine the co-occurrence
of PE and to tailor management'®. The PE status was not
a cause for exclusion. Cases with a prenatal or postnatal
diagnosis of congenital anomaly, lack of sFlt-1/PIGF mea-
surement or incomplete follow-up were excluded. Written
informed consent was obtained prior to participation. The
study was approved by the local research ethics committee
(PI13/02405). The items of the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
statement for cohort studies were checked!”.

Data collection and outcomes

We recorded all maternal and ultrasound scan data
in our reporting system (ViewPoint 5; GE Healthcare,
Chicago, IL, USA). They included maternal age, weight,
height, smoking habit, race/ethnicity, mode of conception,
low-dose aspirin prophylaxis, low-molecular-weight hep-
arin prophylaxis and risk factors for PE (that are shared
with eoFGR) described by the guidelines of the National
Institute for Health and Care Excellence'®.

GA was estimated based on the last menstrual period,
which was corrected by the crown—rump length (between
9+0 and 14+ 0weeks’ gestation) if a discrepancy of
> 7days was present or by the biparietal diameter
(between 14 + 0 and 21 + 6 weeks) if there was a > 10-day
discrepancy'”. From 14 weeks of gestation onwards,
biparietal diameter, head circumference, abdominal cir-
cumference (AC) and femoral length were measured
systematically on all routine scans and estimated fetal
weight (EFW) was calculated using Hadlock’s formula??.
Customization was used to calculate the EFW centiles
by applying the GROW software for the Spanish popu-
lation?!. Whenever FGR was suspected before 32 weeks
(EFW/AC or fundal height below the 10 centile, decline
in growth centile, reduced fetal movements, low amniotic
fluid volume or non-reassuring fetal heart rate pattern),
the case was referred to our fetal medicine unit, in which,
once the diagnosis was confirmed and a detailed fetal
examination was carried out, TORCH screen of mater-
nal serum was ordered and a cytogenetic analysis via
amniocentesis was offered. Ultrasound examinations were
performed by one of the authors (J.R.-C., C.V., P.1.G.-A.,
M.S.Q. or LH., all maternal-fetal medicine specialists)
using high-quality equipment (Aplio 500; Canon Medical
Systems, Otawara, Japan). Fetoplacental Doppler eval-
uation included umbilical artery (UA)-pulsatility index
(PT), uterine artery-PI, middle cerebral artery (MCA)-PI,
cerebroplacental ratio (CPR) and ductus venosus (DV)-PL.
DV-PI was measured whenever UA-PI was > 95™ centile,
MCA-PI < 5™ centile or CPR < 5™ centile. PI centiles
were obtained using a free online calculator (http://
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medicinafetalbarcelona.org/calc/) based on the Doppler
charts of Arduini and Rizzo??, Hecher et al.?? and Baschat
and Gembruch?*. For the predictive purposes of this
study, altered Doppler was defined as absent/reversed
UA flow and impaired MCA-PI (<S5™ centile) since
this combination of parameters has recently shown the
best association with perinatal complications in eoFGR,
greater than that of uterine artery-PI and DV-PI®.

The diagnosis of eoFGR was established, according
to the Delphi consensus-based definition!, when an
ultrasound examination performed before 32 weeks of
gestation revealed (1) absent end-diastolic flow in the
UA, (2) EFW or fetal AC below the 3" centile or (3)
EFW/AC below the 10" centile combined with UA-PI
or uterine artery-PI above the 95™ centile. Although
this consensus was released after the start of this
study, we have reviewed carefully all cases and have
established the moment of eoFGR diagnosis coinciding
with the scan in which Delphi criteria were met for
the first time. Prenatal surveillance and decision to
deliver followed the stage-based protocol of Figueras
and Gratacos* for FGR management. In brief, Stage I
(antegrade UA end-diastolic flow) was monitored weekly
using ultrasound plus conventional cardiotocography,
and labor induction was planned around 37 weeks’
gestation. Stage II (absent end-diastolic UA flow) was
monitored every 48-72h, and delivery was planned
around 34 weeks by elective Cesarean section. Stage-III
cases (reversed end-diastolic UA flow or DV-PI above the
95™ centile) underwent daily in-hospital monitoring until
elective Cesarean section around 30 weeks. In Stage-IV
cases (reversed DV a-wave or spontaneous decelerations
on cardiotocography), elective Cesarean section within
12h was indicated. This was applied systematically
whenever 26 + 0 weeks of gestation had been reached
and EFW was greater than 500g, since these are the
criteria that are considered to establish the reasonable
limit of viability in eoFGR”*%. In all these cases, an
initial course of antenatal corticosteroid therapy for
fetal maturation consisting of two 12-mg intramuscular
doses of betamethasone was administered shortly after
confirming the eoFGR diagnosis. A repeat course of
corticosteroids was indicated if delivery was expected
within 7 days and before 34 weeks of gestation, provided
that the prior course had been administered more than
14 days before. Furthermore, magnesium sulfate was used
for fetal neuroprotection with a 6-g bolus followed by a
constant infusion of 2 g per h*® when imminent delivery
was expected before 32 + 0 weeks. In highly selected cases
and after extensive counseling, the same management
pathway could be offered at parental request even if the
prior viability criteria were not met. However, we did not
face this scenario in our sample.

The existence of PE was ruled out systematically.
At each visit, blood pressure and urine protein were
measured. A high degree of suspicion for PE was
always maintained, and whenever hypertension or an
sFlt-1/PIGF ratio > 85 (cut-off for the diagnosis of PE*’)
was found, the frequency of visits was doubled, even in the
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absence of proteinuria or other criteria of organ damage.
Nevertheless, for research purposes, PE was defined by the
demonstration of both hypertension and proteinuria?®.
If there was coexisting PE, expectant management was
intended until term, unless signs or symptoms of imminent
complications were present, or any severity criteria were
demonstrated after 34 + 0 weeks?’.

Measurement of sFlt-1 and PIGF in maternal serum was
carried out at diagnosis of eoFGR (+ 3 days). The concen-
trations in pg/mL of sFlt-1 and PIGF were analyzed using
an automated assay (Cobas® 6000 ¢701 module; Roche
Diagnostics, Penzberg, Germany). Absolute values were
transformed into multiples of the median (MoM) adjusted
by GA3C. Attending clinicians had full access to these
results, but the decision to deliver was made according
to previously described protocols'®?3. Nevertheless, the
indirect influence of angiogenic biomarkers when inter-
preting clinical, ultrasound and biochemical data that
could lead to a decision to deliver could not be avoided.

Perinatal data were collected from hospital records and
included the date and route of delivery, birth weight,
sex, 5-min Apgar score, umbilical cord arterial pH,
admission to the neonatal intensive care unit (NICU) and
days in NICU. Perinatal survival was defined as a child
surviving the first 28 days postpartum. Composite severe
neonatal morbidity in perinatal survivors was defined
as the presence of at least one of these complications
at discharge: bronchopulmonary dysplasia (need for
oxygen therapy or positive airway pressure, mechanical
ventilator support in babies born at or beyond 36 weeks
of GA), necrotizing enterocolitis requiring surgery,
periventricular leukomalacia > Grade 2, intraventricular
hemorrhage > Grade 3, sepsis (clinical or confirmed
sepsis by bacterial hemoculture isolation), retinopathy of
prematurity > Grade 3, patent ductus arteriosus requiring
surgical treatment and need for vasopressor therapy.
Postnatal follow-up was available for at least 12 months.

Statistical analysis

Sample size calculation was 85% powered for a 5% alpha
level, assuming that perinatal survival in eoFGR is about
85%, and that the best predictive model for perinatal sur-
vival prediction could differentiate between a group with
>95% of survival and another with <75% of survival.
With these assumptions, a minimum of 112 eoFGR cases
were required to have sufficient statistical power.

The main dependent variables were perinatal survival
(primary outcome) and composite severe neonatal mor-
bidity (secondary outcome). The independent variables
were selected in accordance with the previous literature
on the main determinants of perinatal morbidity and
mortality in eoFGR”-%1%31 and included baseline mater-
nal characteristics, GA at diagnosis of eoFGR, ultrasound
(EFW, altered Doppler) and biochemical (sFlt-1, PIGF)
data at diagnosis of eoFGR.

A descriptive analysis of the independent variables
was performed. Furthermore, a comparison between
perinatal survivors and non-survivors was performed for
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the subgroup of eoFGR cases diagnosed before 28 weeks’
gestation since no mortality was observed after this
GA. A descriptive analysis of the perinatal outcomes
was also presented. Fewer than 5% of data for vari-
ables obtained at diagnosis, follow-up and delivery were
missing, and they were treated as missing completely at
random (Table S1). Continuous variables are presented as
mean =+ SD or median (interquartile range) when normally
or non-normally distributed, respectively. Categorical
variables are presented as # (%). Univariate compar-
isons between independent variables and the primary and
secondary outcomes were performed using the appropri-
ate tests (Student’s t-test or Mann—Whitney U-test for
continuous and chi-square or Fisher’s exact test for cat-
egorical variables). Variables with a P-value <0.10 on
the univariate analysis were included in a logistic regres-
sion model for the prediction of perinatal survival and
neonatal severe morbidity. Due to the limited number
of cases developing the event in the study, only combi-
nations of two variables were included in these logistic
regression models. Diagnostic accuracy of each model was
assessed through sensitivity, specificity, predictive values,
receiver-operating-characteristics (ROC) curves and area
under the ROC curve (AUC) with 95% CI obtained by
bootstrapping (1000 replicates). Optimal cut-off values
were identified by Youden’s method (maximizing the sum
of the sensitivity and specificity). Paired ROC curves were
compared by the DeLong method. Two-sided P-values
of <0.05 were considered significant. Statistical analysis
was performed using statistical package STATA, version
14.1 (StataCorp. LLC, College Station, TX, USA).

RESULTS

Of 230 fetuses with eoFGR, 210 were included in the
analysis (FigureS1). The median GA at diagnosis of
eoFGR was 27 + 0 weeks. The majority (197/210, 93.8%)
of cases met the viability criteria. The remaining 13 (6.2%)
cases did not because the GA was < 26 + 0 weeks or EFW
was < 500g at the last ultrasound examination. Cases
of intrauterine death, as well as those of neonatal death
in which delivery was indicated for maternal reasons
and fetuses did not reach viability criteria, are shown in
Table S2. Perinatal survival rate was 88.1% (185/210),
with 13 intrauterine and 12 neonatal deaths.

Main baseline characteristics according to perinatal
outcome are presented in Table1. As stated in the
Methods section, given that all perinatal deaths occurred
in cases diagnosed before 28 weeks of gestation, com-
parisons were made between perinatal survivors and
non-survivors with a diagnosis <28 weeks. There were
no differences in baseline characteristics between the two
groups.

The main perinatal outcomes of liveborn cases are
shown in Table2. The median GA at delivery was
30+ 6 weeks and 32/197 (16.2%) cases had a term
delivery. In 4/32 (12.5%) term newborns, birth weight
between the 10™ and 20™ centiles was confirmed. All
four cases had normal PIGF at eoFGR diagnosis (between

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
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295 and 732 pg/mL). Antenatal corticosteroids and mag-
nesium sulfate were administered in 99.3% and 88.7%
of cases with perinatal survival, respectively. The main
indication for delivery among liveborn cases was related
to eoFGR (68.5%), but up to 20.3% (40/197) of cases
required delivery due to maternal complications associ-
ated with PE (HELLP syndrome in 4.6 %, renal failure in
2.0%, refractory hypertension in 1.5%, placental abrup-
tion in the context of PE in 1.5%, a combination of these
in 7.2%) or PE with or without severe features reaching 34
or 37 weeks of gestation, respectively (2.5% and 1.0%).
Additionally, in 6.6% of liveborn cases, placental abrup-
tion without PE warranted prompt delivery. Severe neona-
tal morbidity occurred in 42.7% of cases with perinatal
survival. The most frequent complication was neonatal
sepsis, which occurred in 27.0% of cases, followed by
need for vasopressor therapy in 17.8% of neonates.

Prediction of perinatal survival in eoFGR diagnosed
before 28 weeks

The most relevant sonographic parameters and angiogenic
biomarkers evaluated at diagnosis of eoFGR are presented
in TableS3. Among cases diagnosed before 28 weeks
of gestation, those achieving perinatal survival had a
significantly higher GA at diagnosis (26.1 vs 24.4 weeks;
P <0.001), EFW (626 vs 384¢g) and cerebroplacental
ratio (1.1 vs 0.9), and a less altered angiogenic profile,
with lower sFlt-1/PIGF ratio (129 vs 479) and a particular
difference seen in the PIGF levels, both in absolute (41 vs
18 pg/mL) and MoM values (0.10 vs 0.06).

Single- and two-variable models of statistically signifi-
cant variables on univariate analysis were tested and the
most relevant are presented in Table 3. The mean AUCs
after bootstrapping for all evaluated models are presented
in Figure 1a. Models including PIGF (or PIGF MoM) per-
formed significantly better than other models, and the best
performance was achieved by the combination of EFW
and PIGF (or PIGF MoM) at diagnosis, which was signif-
icantly better than the combination of EFW and GA at
diagnosis (P = 0.04). The cut-off for PIGF that yielded the
best sensitivity/specificity balance was 37 pg/mL (0.07 for
PIGF MoM). Cases with PIGF < 37 pg/mL at diagnosis
had lower survival rates (64% vs 95%; P < 0.001), shorter
time to delivery (14 vs 43 days; P < 0.001) and lower esti-
mated weight gain from diagnosis to delivery (302 wvs
674 g; P <0.001). The perinatal survival rate with PIGF
< 37 pg/mL and PIGF > 37 pg/mL was 58.1% vs 92.3%
(P=0.001), respectively, in normotensive pregnancies
and 71.0% vs 100% (P = 0.006), respectively, in PE cases.

Figure 2 illustrates the survival rates, time to delivery
and estimated weight gain from diagnosis to delivery
when stratified by EFW and PIGF at diagnosis.

Prediction of severe neonatal morbidity in eoFGR

The main Doppler characteristics and angiogenic
biomarker results stratified by composite severe neona-
tal morbidity are presented in TableS4. Those with
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Table 1 Baseline characteristics of pregnancies with early-onset fetal growth restriction (eoFGR) achieving perinatal survival and those
diagnosed before 28 weeks according to pregnancy outcome
eoFGR diagnosed <28 weeks (n=123)
All eoFGR with perinatal Perinatal survival Perinatal death
Characteristic survival (n=185) (n=98) (n=25) P
Referred from another center 95 (51.4) 51(52.0) 14 (56.0) 0.72
Maternal age (years) 32.2+5.9 32.3+5.7 34.2+4.7 0.15
Height (cm) 162+7 163+7 164+6 0.80
Prepregnancy weight (kg) 66.6+11.5 66.7+£12.6 64.0+14.6 0.32
Prepregnancy BMI (kg/m?) 24.8+4.9 24.8+4.9 25.1+4.7 0.51
Current smoker 22 (11.9) 11(11.2) 2 (8.0) 0.63
Cigarettes per day 7 (2-22) 6 (1-23) 9 (3-20) 0.61
Race or ethnicity 0.541
White or Caucasian 124 (67.0) 65 (66.3) 20 (80.0)
Hispanic 31 (16.8) 16 (16.3) 1 (4.0)
Asian 6(3.2) 4(4.1) 1(4.0)
Black or African American 16 (8.6) 7(7.1) 1 (4.0)
Other 8 (4.3) 6(6.1) 2 (8.0)
Risk factors for placental dysfunction
High
Previous PE 24 (13.0) 12 (12.2) 2 (8.0) 0.55
Chronic hypertension 17 (9.2) 9(9.2) 3(12.0) 0.68
Prepregnancy diabetes 3(1.6) 1(1.0) 0 (0) 0.61
Chronic kidney disease 1(0.5) 1(1.0) 0 (0) 0.61
Thrombophilia 3(1.6) 1(1.0) 0(0) 0.61
Systemic lupus erythematosus 1(0.5) 0 (0) 0 (0) NA
Moderate
Nulliparous 116 (62.7) 61 (62.2) 19 (76.0) 0.20
Age >40years 17 (9.2) 11 (11.2) 3 (12.0) 0.91
Prepregnancy BMI > 35 kg/m? 7(3.8) 4 (4.1) 1 (4.0) 0.99
Family history of PE* 9 (4.9) 3(3.1) 2(8.0) 0.31
More than one high-risk or two moderate-risk factors 58 (31.4) 29 (29.6) 8 (32.0) 0.82
Mode of conception 0.62
Spontaneous 165 (89.2) 86 (87.8) 21 (84.0)
In-vitro fertilization 20 (10.8) 12 (12.2) 4 (16.0)
Low-dose aspirin intake (100 mg/day) 0.05
No 139 (75.1) 69 (70.4) 22 (88.0)
Starting at or before 16 weeks 39 (21.1) 25 (25.5) 1 (4.0)
Starting after 16 weeks 7 (3.8) 4 (4.1) 2 (8.0)
Low-dose heparin prophylaxis 0.31
No 176 (95.1) 92 (93.9) 24 (96.0)
Starting at or before 16 weeks 8 (4.3) 5(5.1 0 (0)
Starting after 16 weeks 1(0.5) 1(1.0 1 (4.0)

Data are given as 7 (%), mean & SD or median (interquartile range). All cases diagnosed > 28 weeks survived, so comparisons according to
perinatal outcome were made among cases diagnosed < 28 weeks. *First-degree relative (mother or sister) with a history of pre-eclampsia

(PE). 1Significant differences between Caucasian and Hispanic women after Bonferroni adjustment. BMI, body mass index; NA, not

applicable.

any severe morbidity had lower EFW (702 vs 854 g;
P <0.001) and poorer Doppler status, although it did not
imply a more advanced FGR stage. Finally, neonates with
morbidity had a higher angiogenic imbalance, especially
in terms of lower PIGF values (32 vs 71 pg/mL; P < 0.001).

A prediction of composite severe neonatal morbidity
was attempted using the same models developed for
the prediction for perinatal mortality (Table4). The
performance of all models was low, with the AUC ranging
from 0.503 to 0.731. The best AUC was obtained by
PIGF MoM in two-variable combinations with EFW, GA
or altered Doppler (0.731 vs 0.722 vs 0.725), which were
all significantly better than other models. The mean AUCs
after bootstrapping for all evaluated models are presented
in Figure 1b.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
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The performance of the main predictive models for
perinatal survival and severe neonatal morbidity at fixed
false-positive rates is presented in Table SS5.

DISCUSSION

Main findings

This study showed that, at the time of eoFGR diagnosis,
perinatal survival is best predicted by combining EFW and
PIGF. Whenever EFW is > 500 g or PIGF is > 37 pg/mL,
the scenario is relatively optimistic since perinatal survival
is at least 80% and increases to more than 95% if
both conditions are met. With EFW of <500g, PIGF
< 37 pg/mL carries an ominous prognosis, and more than
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Table 2 Perinatal outcomes of liveborn cases with early-onset fetal growth restriction (FGR) according to survival

Outcome Perinatal survival (n=185) Neonatal death (n=12) P
GA at delivery (weeks) 31.0 (29.0-34.6) 26.6 (26.0-27.5) <0.001
Time from diagnosis to delivery (days) 19 (9-46) 7 (3-15) 0.01
Corticosteroids for fetal maturation* 140/141 (99.3) 11/11 (100) 0.78
Magnesium sulfate for fetal neuroprotectiont 94/106 (88.7) 10/11 (90.9) 0.02
PE 92 (49.7) 8 (66.7) 0.26
FGR stage at delivery 0.04
Stage [ 92 (49.7) 2 (16.7)
Stage II 18 (9.7) 2 (16.7)
Stage III 53 (28.6) 3(25.0)
Stage IV 22 (11.9) 5(41.7)
Onset of delivery 0.89
Spontaneous 4(2.2) 0 (0)
PPROM 3(1.6) 0 (0)
Maternal indication, related to PE 36 (19.5) 4 (33.3)
Fetal indication, related to FGR 127 (68.6) 8 (66.7)
Placental abruption without PE 13 (7.0) 0 (0)
Other indication 2 (1.1) 0 (0)
Birth weight (g) 1100 (800-1485) 540 (465-640) <0.001
Female gender 83 (44.9) 2 (16.7) 0.05
S-min Apgar score <7 15 (8.1) 6 (50.0) <0.001
Arterial pH <7.00 1(0.5) 0 (0) NA
Cesarean section 151 (81.6) 2 (100) 0.26
Neonatal morbidity among perinatal survivors}
Composite 79 (42.7) 12 (100) <0.001
BPD 5(13.5) 1(8.3) 0.66
IVH Grade Il or IV 2 (1.1) 1(8.3) 0.05
Necrotizing enterocolitis 14 (7.6) 0(0) 0.66
Sepsis 50 (27.0) 9 (75.0) <0.001
Retinopathy of prematurity Grade III or IV 4(2.2) 0(0) NA
Periventricular leukomalacia > Grade 11 4(2.2) 0 (0) NA
Patent ductus arteriosus 18 (9.7) 2 (16.7) 0.46
Need for vasopressor therapy 33 (17.8) 10 (83.3) <0.001
NICU admission 148 (80.0) 1(91.7) 0.32
Days in NICU 24 (12-47) 10 (4-13) <0.001

Data are given as median (interquartile range), 7/N (%) or n (%). *Including those liveborn between 24 + 0 and 34 + 6 weeks. fIncluding
those liveborn at or before 31 + 6 weeks. $More than one condition observed in some cases. BPD, bronchopulmonary dysplasia (defined as
need for supplementary oxygen at 36 weeks); GA, gestational age; IVH, intraventricular hemorrhage (Grade III, dilation of lateral ventricles;
Grade IV, intraparenchymal hemorrhage); NA, not applicable; NICU, neonatal intensive care unit; PE, pre-eclampsia; PPROM, preterm

prelabor rupture of membranes.

Table 3 Performance of different models for prediction of perinatal survival in fetuses with a diagnosis of early-onset growth restriction

< 28 weeks
Sensitivity Specificity PPV (95% CI) NPV (95% CI)

Model (95% CI) (%) (95% CI) (%) (%) (%) AUC (95% CI)
EFW* 74.5 (64.7-82.8) 64.0 (42.5-82.0) 89.0 (80.2-94.9) 39.0 (24.2-55.5) 0.692 (0.587-0.798)
GA at diagnosis* 98.0 (92.8-99.8) 56.0 (34.9-75.6) 86.4(77.0-93.0) 33.3(19.6-49.5) 0.637 (0.528-0.746)
PIGF* 59.2 (48.8-69.0) 88.0(68.8-97.5) 95.1(86.3-99.0) 35.5(23.7-48.7) 0.736 (0.655-0.817)
PIGF MoM* 68.4 (58.2-77.4) 72 0(50.6-87.9) 90.5(81.5-96.1) 36.7(23.4-51.7) 0.702 (0.601-0.803)
Altered Dopplert 98.0 (92.8-99.8) 0(0.1-20.4) 80.0 (78.6-81.3) 33.3 (19.6-49.5) 0.510 (0.468-0.551)
EFW + GA at diagnosis 95.9 (89.9-98.9) 20 0 (6.8-40.7) 82.5(74.2-88.9) 55.6(21.2-86.3) 0.765 (0.655-0.876)
EFW + PIGFf 98.0 (92.8-99.8) 36.0 (18.0-57.5) 85.7(77.8-91.6) 81.8 (48.2-97.7) 0.831(0.737-0.924)
EFW + PIGF MoM 95.9(89.9-99.4) 44.0 (24.4-65.1) 87.0(79.2-92.7) 73.3 (44.9-92.2) 0.835(0.747-0.923)
EFW + altered Doppler 95.9 (89.9-99.4) 20.0 (6.8-40.7) 82.5(74.2-88.9) 55.6(21.2-86.3) 0.766 (0.643-0.876)
GA at diagnosis + altered Doppler  98.0 (92.8-99.8)  28.0 (12.1-49.4) 84.2 (80.7-87.2) 77.8 (43.6-94.1) 0.751 (0.651-0.852)
GA at diagnosis + PIGF 98.3(95.2-99.7) 26.1(10.2-48.4) 91.2(89.1-93.0) 66.7 (34.9-88.1) 0.794 (0.690-0.817)
PIGF + altered Doppler 90.0 (55.5-99.7) 0(0-13.7) 26.5 (12.9-44.4) 0(0-97.5) 0.809 (0.706-0.913)
PIGF MoM + altered Doppler 98.9 (94.4-100) 0(0-13.7) 79.5 (71.3-86.3) 0(0-97.5) 0.724 (0.627-0.821)

*Evaluated at cut-offs obtained by Youden’s index (estimated fetal weight (EFW) < 501 g, gestational age (GA) at diagnosis < 25 + 0 weeks,
placental growth factor (PIGF) < 37 pg/mL, PIGF multiples of the median (MoM) < 0.07). Defined as absent or reversed umbilical artery
flow and impaired middle cerebral artery flow. fStatistically significant differences (P < 0.05) when compared to all univariate models and
bivariate models without PIGF. AUC, area under the receiver-operating-characteristics curve; NPV, negative predictive value; PPV, positive

predictive value.

© 2022 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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Figure 1 Mean area under the receiver-operating-characteristics
curve of different proposed models for prediction of perinatal
survival (a) and severe neonatal morbidity (b) after bootstrapping
(1000 replications) in cases with early-onset fetal growth
restriction. Altered Doppler was defined as absent or reversed
umbilical artery flow and impaired middle cerebral artery flow.
*Evaluated at cut-offs obtained by Youden’s index (for perinatal
survival: estimated fetal weight (EFW) < 501 g, gestational age at
diagnosis (GA) < 25 + 0 weeks, placental growth factor (PIGF)

< 37 pg/mL, PIGF multiples of the median (MoM) < 0.07; for
neonatal morbidity: EFW < 650 g, GA < 26 + 4 weeks, PIGF
<46 pg/mL, PIGF MoM < 0.07).

half of such cases will not survive. However, we did not
find adequate prenatal predictors of neonatal morbidity.

Interpretation of results

Accurate parental counseling in the context of eoFGR
remains challenging, especially when the diagnosis is
made around viability. It is known that, controlling
for GA, extremely preterm infants with eoFGR have
a 3-fold higher risk of mortality and a 2-week lag in
survival compared with normally grown fetuses; and their
viability is compromised when delivery occurs before
25-26 weeks of gestation’’. However, at the time of
diagnosing eoFGR, it is difficult to establish when delivery
will be indicated, especially at the earliest stages of fetal
deterioration. In the study of Story etal’3, including
20 eoFGR cases diagnosed before 24 weeks’ gestation,
four babies were delivered at term and did not require
neonatal admission. This also occurred in 15% of our
cases of eoFGR. Similarly, there is a wide variability in
the progression of Doppler abnormalities from diagnosis
to delivery in eoFGR3*. Therefore, our current ability to
predict survival in eoFGR is limited. This study supplies
new evidence regarding the utility of PIGF to better
predict survival in eoFGR diagnosed before 28 weeks. At

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd

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

187
(a) ) —
100% 100%
100 |- — % U /
925 90.9%
83.3%
- 80 76%
X
s
B eor 53.3%
2
=
s 40 -
£ 27.3%
?1-‘) . (o]
~
20
0 ! ! ! !
<300g 300-500 g 501-700 g >700g
(n=15) (n=27) (n=47) (n=34)
EFW at diagnosis
(b) 126 — —
112
. 98}
2
S 84+
g °
o701
2 [ ]
3 S6f
S plL
g
= 281+
=
0r I I I I
<300¢g 300-500 g 501-700 g >700 g
(n=15) (n=27) (n=47) (n=34)
EFW at diagnosis
(c) * * *
2500 -
® 2000 (-
£ °
& 1500
=
.eb
g 1000 - . I::—El .
e} [ ]
L
g 500 : y
£
= o ! é i
=500 I I I I
<300¢g 300-500 g 501-700 g >700 g
(n=15) (n=27) (n=47) (n=34)
EFW at diagnosis

Figure 2 Perinatal survival rates (a), time from diagnosis to delivery
(b) and estimated weight gain from diagnosis to delivery (c) in cases
with early-onset fetal growth restriction, according to estimated
fetal weight (EFW) and placental growth factor at diagnosis (PIGF)
(m, PIGF < 37 pg/mL; O, PIGF > 37 pg/mL). In boxplots, boxes with
internal lines are median and interquartile range, whiskers are
values 1.5-times the interquartile range and individual datapoints
are outliers. *P < 0.05.

diagnosis, the combination of EFW and PIGF provides

more accurate information than does GA or Doppler
status. This does not contradict that the GA at birth
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Table 4 Performance of different models for prediction of neonatal morbidity in surviving neonates with a prenatal diagnosis of early-onset

fetal growth restriction

Sensitivity Specificity PPV (95% CI) NPV (95% CI)

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

EFW* 75.5(66.2-83.3) 35.4(25.0-47.0) 61.1(52.2-69.5) 51.9(37.8-64.7) 0.555(0.487-0.621)
GA at diagnosis* 66.0 (56.2-75.0) 44.3(33.1-55.9) 61.4(51.8-70.4) 49.3(37.2-61.4) 0.552(0.480-0.623)
PIGF* 62.3(52.3-71.5) 70.9 (59.6-80.6) 74.2 (63.8-82.9) 58.3(47.8-68.3) 0.661 (0.597-0.734)
PIGF MoM* 49.4 (37.9-60.9) 17 9(11.2-26.6) 31.0 (23.3-39.8) 32.2 (20.6-45.6) 0.661 (0.593-0.730)
Altered Dopplert 98.1 (93.4-99.8) 5(0.3-8.9) 57.4(49.9-64.8) 50.0 (6.8-93.2) 0.503 (0.481-0.525)
EFW + GA at diagnosis 76.4 (67.2-84.1) 50 6(39.1-62.1) 67.5(58.3-75.8) 61.5(48.6-73.3) 0.682 (0.605-0.758)
EFW + PIGF+ 76.7 (67.3-84.5) 60.8 (49.1-71.6) 71.8 (62.4-80.0) 66.7 (54.6-77.3) 0.726 (0.651-0.801)
EFW + PIGF MoM 59.5(47.9-70.4) 72.8(63.2-81.1) 62.7(50.7-73.6) 70.1(60.5-78.6) 0.731 (0.656-0.804)
EFW + altered Doppler 78.3 (69.2-85.7) 32.9 (22.7-44.4) 61.0(52.3-69.3) 53.1(38.3-67.5) 0.640 (0.560-0.721)
GA at diagnosis + altered Doppler ~ 78.3 (69.2-85.7)  32.9 (22.7-44.4) 61.0(52.3-69.3) 53.1(38.3-67.5) 0.574 (0.490-0.658)
GA at diagnosis + PIGF 80.6 (71.6-87.7) 49.4(37.9-60.9) 67.5(58.4-75.6) 66.1(52.6-77.9) 0.722 (0.644-0.798)
PIGF + altered Doppler 82.5(73.8-89.3) 45.6(34.3-57.2) 66.4(57.5-74.5) 66.7 (54.5-77.9) 0.722 (0.648-0.797)
PIGF MoM + altered Doppler 53.2 (41.6-64.5) 80.6 (71.6-87.7) 67.7 (54.7-79.1) 69.2 (60.1-77.3) 0.725 (0.651-0.780)

*Evaluated at cut-offs obtained by Youden’s index (estimated fetal weight (EFW) < 650 g, gestational age (GA) at diagnosis < 26 + 4 weeks,
placental growth factor (PIGF) <46 pg/mL, PIGF multiples of the median (MoM) < 0.07). tDefined as absent or reversed umbilical artery
flow and impaired middle cerebral artery flow. fStatistically significant difference (P < 0.05) when compared to models without PIGF. AUC,

area under the receiver-operating-characteristics curve; NPV, negative predictive value; PPV, positive predictive value.

continues to be the main determinant of survival, nor
does it undermine the importance of prolonging the
pregnancy as long as possible in eoFGR?’. PIGF, which
is a known surrogate for placental function, correlates
well with the expected time-to-delivery in PE'%3¢ and the
sFlt-1/PIGF ratio has also been shown to be predictive of
the time-to-delivery interval in eoFGR!'>13, We have now
observed that eoFGR cases with PIGF values < 37 pg/mL,
which is the 1% centile at 20—32 weeks?’, have a 3-times
shorter time-to-delivery interval (14 vs 43 days), and they
achieve less than half of the estimated weight gain between
diagnosis and delivery (median, 59 vs 373 g). In short,
very low PIGF at eoFGR diagnosis increases the risk
of rapid maternal—fetal deterioration and lower fetal
weight gain. This translates to lower perinatal survival
irrespective of the presence of PE. In periviable cases, this
information could be used for guiding parental counseling
and decision-making options.

Our findings are in line with a secondary analysis
of the STRIDER UK study'* that recruited eoFGR
singletons between 22 + 0 and 29 + 6 weeks of gestation.
Multivariate regression analysis identified EFW and
angiogenic biomarkers as the independent predictors of
overall survival, with AUC of 0.88 (vs 0.83 in this study).
This further supports our choice of EFW as the parameter
associated with PIGF in the survival model, although
there were no differences among the different models
with PIGF in terms of their AUC. In addition, the model
with PIGF and EFW demonstrated a better fit to the data,
with more balanced sensitivity and specificity. In contrast
to the STRIDER UK study'#, in which the sFlt-1/PIGF
ratio was used, we did not find that sFlt-1 improved the
prediction. However, we still encourage its measurement
at diagnosis of eoFGR, as sFlt-1 is associated strongly
with the development of PE in the setting of eoFGR .

Regarding neonatal morbidity in eoFGR cases, it
remains difficult to predict prenatally. Recently, Meler

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

etal.® reported that, in periviable small-for-gestational-
age fetuses diagnosed at 22+ 0 to 25+ 6 weeks of ges-
tation, the combination of absent/reversed end-diastolic
UA flow and abnormal MCA Doppler had a sensitivity
of 87%, a false-positive rate of 14% and AUC of 0.89
(95% CI, 0.81-0.96) for the prediction of severe mor-
bidity. We used the same criteria to define our altered
Doppler outcome, but we were unable to replicate such
results (our AUC, 0.50 (95% CI, 0.48-0.53)). A possible
explanation is that we did not include fetuses with EFW
<10™ centile that did not meet the Delphi criteria for
eoFGR. A good prognosis in these cases is probably eas-
ier to predict when Doppler alterations are absent. The
addition of PIGF also improved our predictive models for
severe neonatal morbidity, but the results were modest.
We speculate that severe neonatal morbidity in eoFGR
depends largely on intercurrent factors that appear or
manifest after birth, such as sepsis (the main contributor
to severe morbidity in our series), which are unlikely to
be predicted prenatally.

Strengths and limitations

We acknowledge some limitations. First, this is a
single-center study, and our perinatal results may not
be extrapolated to other centers. However, our survival
rate (88%) is comparable with that observed in a recent
systematic review> (81%). Second, we included eoFGR
cases only if they fulfilled the Delphi criteria, which do not
account for brain-sparing features (MCA-PI or CPR < §th
centile), unlike the Figueras and Gratacos* criteria that we
have followed in clinical practice. However, this implied
a diagnostic delay in only 20 cases. Third, although
some measures have been included to reduce the risk of
overfitting, such as bootstrapping, our results need both
internal and external validation of the proposed cut-offs.
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Fourth, we used the Elecsys® (Roche Diagnostics, Basel,
Switzerland) platform for the measurement of PIGF,
which vyields slightly different results compared with
others®”, and we recommend the transformation of the
proposed cut-offs to the available platform?®. Finally,
clinicians were not blinded to angiogenic marker data, and
this could have biased the decision to deliver, although it
has been reported that the knowledge of the biomarkers
did not shorten the time until delivery>.

Conclusion

This study indicates that PIGF shows great potential to
improve capability to predict the chances of survival when
eoFGR is diagnosed.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article:

lall Table S1 Missing data of evaluated variables

Table S2 Cases of intrauterine death and neonatal death that did not reach 26 + 0 weeks of gestation or birth

weight of at least 500 g

Table S3 and S4 Characteristics of study population at diagnosis of early-onset fetal growth restriction
according to perinatal survival and gestational age at diagnosis (Table S3) or presence or absence of neonatal

morbidity (Table S4)

Table S5 Performance of four best predictive models for perinatal survival and severe neonatal morbidity at

5% and 10% fixed false-positive rates (FPR)

Figure S1 Flowchart of study population.
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