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CONTRIBUTION

What are the novel findings of this work?
Useful second-trimester biomarkers for prediction of a
small-for-gestational-age (SGA) neonate are estimated
fetal weight (EFW), uterine artery pulsatility index
(UtA-PI) and placental growth factor (PlGF). Measuring
PlGF in only 50% of the population, contingent on
the predicted risk from maternal risk factors, EFW and
UtA-PI, leads to a reduction in the false-positive rate
similar to that achieved by measuring PlGF in the whole
population.

What are the clinical implications of this work?
Cost savings and effective stratification for SGA prediction
at 22 weeks’ gestation are feasible by adding biomarkers
and by applying contingent screening strategies.

ABSTRACT

Objectives First, to investigate the additive value of
second-trimester placental growth factor (PlGF) for the
prediction of a small-for-gestational-age (SGA) neonate.
Second, to examine second-trimester contingent screening
strategies.

Methods This was a prospective observational study in
women with singleton pregnancy undergoing routine
ultrasound examination at 19–24 weeks’ gestation. We
used the competing-risks model for prediction of SGA.
The parameters for the prior model and the likelihoods for
estimated fetal weight (EFW) and uterine artery pulsatility
index (UtA-PI) were those presented in previous studies.
A folded-plane regression model was fitted in the dataset
of this study to describe the likelihood of PlGF. We
compared the prediction of screening by maternal risk
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factors against the prediction provided by a combination
of maternal risk factors, EFW, UtA-PI and PlGF. We also
examined the additive value of PlGF in a policy that uses
maternal risk factors, EFW and UtA-PI.

Results The study population included 40 241 singleton
pregnancies. Overall, the prediction of SGA improved
with increasing degree of prematurity, with increasing
severity of smallness and in the presence of coexisting
pre-eclampsia. The combination of maternal risk factors,
EFW, UtA-PI and PlGF improved significantly the
prediction provided by maternal risk factors alone for
all the examined cut-offs of birth weight and gestational
age at delivery. Screening by a combination of maternal
risk factors and serum PlGF improved the prediction
of SGA when compared to screening by maternal risk
factors alone. However, the incremental improvement
in prediction was decreased when PlGF was added to
screening by a combination of maternal risk factors, EFW
and UtA-PI. If first-line screening for a SGA neonate with
birth weight < 10th percentile delivered at < 37 weeks’
gestation was by maternal risk factors and EFW, the
same detection rate of 90%, at an overall false-positive
rate (FPR) of 50%, as that achieved by screening with
maternal risk factors, EFW, UtA-PI and PlGF in the whole
population can be achieved by reserving measurements
of UtA-PI and PlGF for only 80% of the population.
Similarly, in screening for a SGA neonate with birth
weight < 10th percentile delivered at < 30 weeks, the same
detection rate of 90%, at an overall FPR of 14%, as
that achieved by screening with maternal risk factors,
EFW, UtA-PI and PlGF in the whole population can
be achieved by reserving measurements of UtA-PI and
PlGF for only 70% of the population. The additive value
of PlGF in reducing the FPR to about 10% with a
simultaneous detection rate of 90% for a SGA neonate
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with birth weight < 3rd percentile born < 30 weeks, is
gained by measuring PlGF in only 50% of the population
when first-line screening is by maternal factors, EFW and
UtA-PI.

Conclusions The combination of maternal risk fac-
tors, EFW, UtA-PI and PlGF provides effective
second-trimester prediction of SGA. Serum PlGF is useful
for predicting a SGA neonate with birth weight < 3rd

percentile born < 30 weeks after an inclusive assessment
by maternal risk factors and biophysical markers. Similar
detection rates and FPRs can be achieved by application
of contingent screening strategies. © 2021 International
Society of Ultrasound in Obstetrics and Gynecology.

INTRODUCTION

Small-for-gestational-age (SGA) fetuses/neonates are at
increased risk for adverse outcome, which can be reduced
considerably if the condition is identified prenatally1–6.
We advocate a new rationale in SGA prediction that con-
siders SGA as a two-dimensional spectrum condition, con-
sisting of gestational age (GA) at delivery and birth-weight
(BW) Z-score for GA7–13. This contemporary approach
is essentially a model for the joint distribution of GA
at delivery and BW Z-score that uses the same tradi-
tional maternal risk factors and the known biomarkers
of impaired placentation, but in a completely new way.
The first step is to obtain a prior joint distribution of GA
at delivery and BW Z-score, driven by maternal demo-
graphic characteristics and medical history. The second
step is to obtain a multivariate likelihood of biomarkers.
The final step is use of Bayes’ theorem to combine the
prior distribution with the likelihood to obtain a poste-
rior distribution, which allows estimation of individual
patient-specific risk. A single universal model can be used
for any chosen cut-off of GA at delivery and BW Z-score,
at any stage of pregnancy by adding any desired new
biomarker. This approach is by far superior to risk-scoring
systems, as we have demonstrated previously13.

Placental growth factor (PlGF) in combination with
maternal risk factors and biophysical markers, has been
proven to be effective in the prediction of pre-eclampsia
(PE)14. Previous studies conducted in the second trimester
demonstrated that PlGF may also be useful in the predic-
tion of SGA15. However, maternal serum biochemistry
is not carried out routinely at 19–24 weeks’ gestation,
even though the infrastructure for such measurements is
already present for the 12-week integrated assessment16.
Additionally, in the UK for example, the second-trimester
anomaly scan is usually carried out by sonographers with-
out uterine artery pulsatility (UtA-PI) measurement17.
Women are referred to a fetal medicine unit for further
assessment with UtA-PI on the basis of risk-scoring sys-
tems derived from maternal demographic characteristics
and medical history17. These policies are chosen mainly
because of health-economic considerations.

The purpose of this study was to incorporate
second-trimester PlGF into the new competing-risks

model for SGA. We also examined contingent strategies
that involved, first, reserving PlGF for the high-risk
population identified by maternal risk factors, estimated
fetal weight (EFW) and UtA-PI, and, second, reserving
PlGF and UtA-PI for a high-risk population identified by
maternal risk factors and EFW.

METHODS

Study population and design

The data for this study were derived from prospective
screening for adverse obstetric outcome in women attend-
ing for routine pregnancy care at 19 + 0 to 24 + 6 weeks’
gestation at King’s College Hospital, London and
Medway Maritime Hospital, Gillingham, UK, between
2011 and 2020. At this visit, we, first, recorded maternal
demographic characteristics and medical history, second,
carried out an ultrasound examination for assessment of
fetal anatomy and growth, third, measured the left and
right UtA-PI either by transvaginal or transabdominal
color Doppler ultrasound and calculated the mean value
of the two arteries18,19, and, fourth, measured mean
arterial pressure using validated automated devices and a
standardized protocol20. The majority of UtA-PI measure-
ments were carried out transvaginally because cervical
length was being measured at that time; the transabdomi-
nal approach was used when women declined transvaginal
sonography. The ultrasound scans were carried out by
sonographers who had extensive training in ultrasound
scanning and had obtained the appropriate Fetal Medicine
Foundation Certificate of Competence in ultrasound and
Doppler examinations (http://www.fetalmedicine.com).
Fetal head circumference, abdominal circumference and
femur length were measured, and EFW was calculated
using the Hadlock formula21 because a systematic review
identified this as being the most accurate model22.
Serum PlGF was measured using a BRAHMS Kryptor
compact PLUS (Thermo Fisher Scientific, Hennigsdorf,
Germany), DELFIA Xpress (PerkinElmer Life and
Analytical Sciences, Waltham, MA, USA) or Cobas
e411 (Roche Diagnostics, Penzberg, Germany) system,
between March 2006 and March 2017 at King’s College
Hospital and between April 2010 and March 2017 at
Medway Maritime Hospital. GA was determined by the
measurement of fetal crown–rump length at 11–13 weeks
or fetal head circumference at 19–24 weeks23,24.

Outcome measures

Data on pregnancy outcome were collected from hospital
maternity records or the general medical practitioners
of the women. The outcome measures of the study were
birth of a neonate at or below different thresholds of BW
percentile for different cut-offs of GA at delivery, with
or without occurrence of PE. The obstetric records of all
women with pre-existing or pregnancy-associated hyper-
tension were reviewed to determine if the condition was
PE, as defined by the American College of Obstetricians
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and Gynecologists25. According to this definition,
diagnosis of PE requires the presence of new-onset hyper-
tension (blood pressure ≥ 140 mmHg systolic and/or
≥ 90 mmHg diastolic) at ≥ 20 weeks’ gestation and either
proteinuria (≥ 300 mg/24 h or protein-to-creatinine ratio
> 30 mg/mmol or ≥ 2 + on dipstick testing) or evidence
of renal dysfunction (serum creatinine > 97 μmol/L),
hepatic dysfunction (transaminases ≥ 65 IU/L) or hema-
tological dysfunction (platelet count < 100 000/μL). The
Fetal Medicine Foundation (FMF) fetal and neonatal
population weight charts were used to convert BW and
EFW to percentiles and Z-scores26.

Statistical analysis

The competing-risks approach for prediction of SGA is
based on the personalized joint distribution of BW Z-score
and GA at delivery7–13. This method assumes competing
events in two dimensions, which are merged into a joint
distribution. The elements of the prior joint distribution
were derived from maternal risk factors by using censored
regression models7,11. The likelihood for Z-scores of EFW
was obtained by fitting a regression model conditional
to BW Z-score and GA at delivery with an interaction
term, as described previously11. A folded-plane regression
model was fitted for the likelihood of the log10 multiples
of the median (MoM) values of UtA-PI and PlGF, as
described previously8–10,12. The new approach operates
beyond the conventional regression analysis, in which
parameters are determined mainly from pregnancies at
term with normal BW and normal biomarker values,
which are the vast majority of cases. The likelihood for the
biomarkers describes efficiently the levels of biomarkers in
pregnancies with a small baby. The combination of differ-
ent biomarkers was achieved by a multivariable Gaussian
distribution in which the covariance matrix was assumed
to be constant. We combined the prior joint distribution
of BW Z-score and GA at delivery with the likelihoods
of the biophysical and biochemical markers, according to
Bayes’ theorem, to obtain a pregnancy-specific joint pos-
terior distribution that allows the calculation of risk for
any chosen cut-offs for BW Z-score and GA at delivery.
The risk for SGA was the volume under the surface of the
joint distribution defined each time by the chosen cut-offs.

Comparison of different strategies

We compared the prediction provided from screening
by maternal risk factors against that of screening by a
combination of maternal risk factors, EFW, UtA-PI and
PlGF. We also examined the additive value of PlGF in a
policy that uses maternal risk factors, EFW and UtA-PI.
McNemar’s test was used to compare the detection rates
achieved by the different strategies at a 10% false-positive
rate (FPR). The comparisons were performed for SGA
neonates of different severities (BW < 10th and < 3rd

percentiles) at different GA cut-offs (< 30, < 37 and
≥ 37 weeks), with, without or independently of PE
occurrence.

Contingent screening

We examined the feasibility of measuring UtA-PI
and/or PlGF in different proportions of the population,
conditional on first-line screening. In the first strategy,
first-line screening in the whole population was carried
out by a combination of maternal risk factors and EFW
and measurement of UtA-PI and PlGF was reserved for
different proportions of the high-risk population. In the
second strategy, first-line screening was by maternal risk
factors, EFW and UtA-PI and measurement of PlGF was
reserved for different proportions of high-risk groups.
Each time, the updated risks for the high-risk group
with the risks according to the first-line screening for the
remaining population were used to calculate FPRs for a
fixed 90% detection rate.

We converted UtA-PI to MoM values, as described
previously27. Model fitting was carried out within a
Bayesian framework using Markov chain Monte Carlo28.
The statistical software package R was used for data
analyses29.

RESULTS

Study population

The maternal and pregnancy characteristics of the study
population that included 40 241 singleton pregnancies are
provided in Table 1. In the SGA (BW < 10th percentile)
group, compared with the non-SGA group, there was
lower median maternal age, weight, height and body mass
index, a lower prevalence of white women and a higher
prevalence of women of black, South Asian or mixed racial
origin, women with a history of chronic hypertension, sys-
temic lupus erythematosus or antiphospholipid syndrome,
smokers, women with family history of PE, nulliparous
women and parous women who had previously developed
PE or delivered a SGA neonate. Among parous women,
in the SGA group, compared with the non-SGA group,
there was a higher interpregnancy interval.

Competing-risks approach

The parameters that defined the joint prior distribution
of BW Z-score and GA at delivery were those obtained
in a previous study11. Similarly, we used previously pub-
lished parameters for the likelihoods of EFW Z-score and
UtA-PI11,12. A folded-plane regression model was fitted
in the dataset of this study to describe the distribution of
PlGF conditional on BW Z-score and GA at delivery. The
inferences for the parameters of the likelihood for PlGF are
presented in Table S1 and the correlation coefficients that
we used for the covariance matrices are given in Table S2.
The methodology for the computation of the risks for dif-
ferent cut-offs has been described in previous studies7–12.

Comparisons of different strategies

Comparisons of the detection rates of all SGA, SGA
with PE and SGA without PE, with delivery at < 30,

© 2021 International Society of Ultrasound in Obstetrics and Gynecology. Ultrasound Obstet Gynecol 2022; 59: 177–184.
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< 37 and ≥ 37 weeks’ gestation, of different methods of
screening, at a fixed FPR of 10%, are shown in Tables 2
and 3. Overall, the prediction of SGA improved with
increasing degree of prematurity, with increasing severity
of smallness and in pregnancies with PE occurrence.
Screening by a combination of maternal risk factors
and serum PlGF improved the prediction of SGA when
compared to screening by maternal risk factors alone.
However, the incremental improvement in prediction
was decreased when PlGF was added to screening by a
combination of maternal risk factors, EFW and UtA-PI.
In fact, the change it offers was not statistically significant
in predicting a SGA neonate with BW < 10th percentile
in any patient group. The exception was pregnancies
without PE delivered at ≥ 37 weeks but the observed
difference of 0.4% in detection rate is unlikely to be clin-
ically significant. Similarly, the additive effect of PlGF in
the prediction of a SGA neonate with BW < 3rd percentile
was significant only for pregnancies with PE delivered
at ≥ 37 weeks and for pregnancies without PE delivered
< 30 weeks’ gestation. However, for pregnancies with PE
delivered at ≥ 37 weeks, the significance was marginal
and the difference may therefore have resulted by chance.

Contingent screening

If the target of screening was prediction of 90% of SGA
neonates with BW < 10th percentile delivered at < 37 and

< 30 weeks’ gestation, using a combination of maternal
risk factors, EFW, UtA-PI and PlGF, the respective FPRs
would be 50% and 14%. The corresponding numbers
for a SGA neonate with BW < 3rd percentile were 39%
and 10%. If the method of screening was a combination
of maternal risk factors, EFW and UtA-PI, with the
objective of predicting 90% of SGA neonates with BW
< 10th percentile delivered at < 37 and < 30 weeks’
gestation, the respective FPRs would be 51% and 18%.
The corresponding figures for a SGA neonate with BW
< 3rd percentile were 40% and 21%.

If first-line screening for a SGA neonate with BW < 10th

percentile delivered at < 37 weeks’ gestation was by
maternal risk factors and EFW in the whole population,
the same detection rate of 90%, at an overall FPR of
50%, as that achieved by screening with maternal risk
factors, EFW, UtA-PI and PlGF in the whole population
can be achieved by reserving the measurements of UtA-PI
and PlGF for only 80% of the population (Figure 1a).
Similarly, in screening for a SGA neonate with BW < 10th

percentile delivered at < 30 weeks, the same detection
rate of 90%, at an overall FPR of 14%, as that achieved
by screening with maternal risk factors, EFW, UtA-PI
and PlGF in the whole population can be achieved by
reserving measurements of UtA-PI and PlGF for only
70% of the population (Figure 1b).

The additive value of PlGF in reducing the FPR to about
10% with a simultaneous 90% detection rate for a SGA

Table 1 Maternal and pregnancy characteristics in the study population of 40 241 pregnancies, overall and according to delivery of a
small-for-gestational-age (SGA) neonate with birth weight < 10th percentile

Variable Total (n = 40 241) Non-SGA (n = 35 468) SGA (n = 4773) P

Age (years) 31.9 (27.9–35.5) 32.0 (28.0–35.5) 31.4 (27.0–35.3) < 0.0001
Weight (kg) 67.2 (59.9–78.1) 68.0 (60.0–79.0) 63.8 (56.4–73.8) < 0.0001
Height (cm) 165 (161–170) 165 (161–170) 163 (158–167) < 0.0001
Body mass index (kg/m2) 24.6 (22.0–28.5) 24.7 (22.1–28.6) 24.0 (21.4–27.6) < 0.0001
GA at assessment (weeks) 21.6 (21.1–22.0) 21.6 (21.1–22.0) 21.6 (21.1–22.0) 0.2408
Racial origin

White 31 195 (77.5) 28 036 (79.0) 3159 (66.2) < 0.0001
Black 5226 (13.0) 4334 (12.2) 892 (18.7) < 0.0001
South Asian 1923 (4.8) 1487 (4.2) 436 (9.1) < 0.0001
East Asian 784 (1.9) 669 (1.9) 115 (2.4) 0.01642
Mixed 1113 (2.8) 942 (2.7) 171 (3.6) 0.00029

Conception
Natural 38 433 (95.5) 33 897 (95.6) 4536 (95.0) 0.1007
Ovulation induction 295 (0.7) 255 (0.7) 40 (0.8) 0.415
In-vitro fertilization 1513 (3.8) 1316 (3.7) 197 (4.1) 0.1672

Medical history
Chronic hypertension 425 (1.1) 323 (0.9) 102 (2.1) < 0.0001
Diabetes mellitus 354 (0.9) 315 (0.9) 39 (0.8) 0.6812
SLE/APS 85 (0.2) 68 (0.2) 17 (0.4) 0.03114

Cigarette smoker 3016 (7.5) 2324 (6.6) 692 (14.5) < 0.0001
Family history of PE 1451 (3.6) 1246 (3.5) 205 (4.3) 0.00738
Parity

Nulliparous 18 954 (47.1) 16 241 (45.8) 2713 (56.8) < 0.0001
Parous, with previous SGA 2818 (7.0) 2033 (5.7) 785 (16.4) < 0.0001
Parous, with previous PE and/or SGA 3563 (8.9) 2701 (7.6) 862 (18.1) < 0.0001

Interpregnancy interval (years) 2.7 (1.7–4.7) 2.7 (1.7–4.6) 3.2 (1.8–5.8) < 0.0001
PE 1197 (3.0) 846 (2.4) 351 (7.4) < 0.0001
Gestational hypertension 1095 (2.7) 859 (2.4) 236 (4.9) < 0.0001

Data are given as median (interquartile range) or n (%). Comparisons between outcome groups were performed by chi-square test or
Fisher’s exact test for categorical variables and Mann–Whitney U-test for continuous variables. APS, antiphospholipid syndrome;
GA, gestational age; PE, pre-eclampsia; SLE, systemic lupus erythematosus.

© 2021 International Society of Ultrasound in Obstetrics and Gynecology. Ultrasound Obstet Gynecol 2022; 59: 177–184.
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Table 2 Comparison of detection rate (DR), at a fixed false-positive rate of 10%, of all small-for-gestational-age (SGA) (birth weight < 10th

percentile) cases, SGA with pre-eclampsia (PE) or SGA without PE, with delivery at < 30, < 37 or ≥ 37 weeks’ gestation, for different
methods of screening

Method of screening N
Comparison of

DR (n (%) vs n (%))
Difference in

DR (n (%; 95% CI)) P

Delivery ≥ 37 weeks
All SGA

MF vs MF + PlGF 4014 1268 (31.6) vs 1337 (33.3) 69 (1.7; 1.3 to 2.1) < 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 4014 1654 (41.2) vs 1678 (41.8) 24 (0.6; 0.4 to 0.8) 0.050

SGA with PE
MF vs MF + PlGF 180 52 (28.9) vs 53 (29.4) 1 (0.5; −0.5 to 1.5) 0.763
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 180 70 (38.9) vs 71 (39.4) 1 (0.5; −0.5 to 1.5) 0.655

SGA without PE
MF vs MF + PlGF 3834 1238 (32.3) vs 1300 (33.9) 62 (1.6; 1.2 to 2.0) 0.0005
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 3834 1595 (41.6) vs 1610 (42.0) 15 (0.4; 0.2 to 0.6) 0.029

Delivery < 37 weeks
All SGA

MF vs MF + PlGF 759 275 (36.2) vs 344 (45.3) 69 (9.1; 7.1 to 11.2) < 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 759 421 (55.5) vs 428 (56.4) 7 (0.9; 0.2 to 1.6) 0.453

SGA with PE
MF vs MF + PlGF 171 63 (36.8) vs 78 (45.6) 15 (8.8; 4.6 to 13.1) 0.036
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 171 120 (70.2) vs 115 (67.3) −5 (−2.9; −5.4 to −0.4) 0.275

SGA without PE
MF vs MF + PlGF 588 214 (36.4) vs 266 (45.2) 52 (8.8; 6.5 to 11.1) 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 588 306 (52.0) vs 318 (54.1) 12 (2.1; 0.9 to 3.3) 0.146

Delivery < 30 weeks
All SGA

MF vs MF + PlGF 70 30 (42.9) vs 52 (74.3) 22 (31.4; 20.5 to 42.3) < 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 70 57 (81.4) vs 61 (87.1) 4 (5.7; 0.3 to 11.1) 0.103

SGA with PE
MF vs MF + PlGF 27 11 (40.7) vs 22 (81.5) 11 (40.8; 22.3 to 59.3) 0.002
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 27 26 (96.3) vs 26 (96.3) 0 (0; −0.3 to 0.3) 1

SGA without PE
MF vs MF + PlGF 43 19 (44.2) vs 30 (69.8) 11 (25.6; 12.6 to 38.6) 0.005
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 43 31 (72.1) vs 35 (81.4) 4 (9.3; 0.6 to 18.0) 0.103

EFW, estimated fetal weight; MF, maternal risk factors; PlGF, placental growth factor; UtA-PI, uterine artery pulsatility index.

neonate with BW < 3rd percentile born < 30 weeks, is
gained by measuring PlGF in only 50% of the population
when first-line screening is by maternal factors, EFW and
UtA-PI (Figure 2).

DISCUSSION

Main findings

There are three main findings of this study of mid-trimester
screening for a SGA neonate. First, the prediction of SGA
improves with increasing degree of prematurity (better at
< 30 weeks than at ≥ 37 weeks’ gestation), with increasing
severity of smallness (better for BW < 3rd percentile than
for BW < 10th percentile) and in pregnancies with PE
occurrence (better for SGA with PE than for SGA without
PE). Second, the performance of screening for a SGA
neonate by a combination of maternal risk factors and
PlGF is superior to that of screening by maternal risk
factors alone. Addition of PlGF in combined screening
by maternal risk factors, EFW and UtA-PI improves
significantly the discrimination for a SGA neonate with
BW < 3rd percentile born at < 30 weeks’ gestation. Third,
if first-line screening for a SGA neonate with BW

< 10th percentile delivered at < 37 weeks’ gestation is
by maternal risk factors and EFW, the same detection
rate of 90%, at an overall FPR of 50%, as that achieved
by screening with maternal risk factors, EFW, UtA-PI and
PlGF in the whole population can be achieved by reserving
measurements of UtA-PI and PlGF for only 80% of the
population. Similarly, in screening for a SGA neonate with
BW < 10th percentile delivered at < 30 weeks, the same
detection rate of 90%, at an overall FPR of 14%, as that
achieved by screening with maternal risk factors, EFW,
UtA-PI and PlGF in the whole population can be achieved
by reserving measurements of UtA-PI and PlGF for only
70% of the population. The additive value of PlGF in
reducing the FPR to about 10% with a simultaneous
90% detection rate for a SGA neonate with BW < 3rd

percentile born < 30 weeks, is gained by measuring PlGF
in only 50% of the population when first-line screening is
by maternal factors, EFW and UtA-PI.

The basic principle of contingent screening is that
first-stage screening identifies a group that is at such
low risk that further testing with additional biomarkers is
unlikely to change their classification from screen negative
to screen positive. Second-stage testing is restricted to a
group for which additional measurements are likely to

© 2021 International Society of Ultrasound in Obstetrics and Gynecology. Ultrasound Obstet Gynecol 2022; 59: 177–184.
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182 Nowacka et al.

Table 3 Comparison of detection rate (DR), at a fixed false-positive rate of 10%, of all small-for-gestational-age (SGA) (birth weight < 3rd

percentile) cases, SGA with pre-eclampsia (PE) or SGA without PE, with delivery at < 30, < 37 or ≥ 37 weeks’ gestation, for different
methods of screening

Method of screening N
Comparison of

DR (n (%) vs n (%))
Difference in DR
(n (%; 95% CI)) P

Delivery ≥ 37 weeks
All SGA

MF vs MF + PlGF 1462 547 (37.4) vs 594 (40.6) 47 (3.2; 2.3 to 4.1) 0.0004
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 1462 702 (48.0) vs 711 (48.6) 9 (0.6; 0.2 to 1.0) 0.413

SGA with PE
MF vs MF + PlGF 85 26 (30.6) vs 31 (36.5) 5 (5.9; 0.9 to 10.9) 0.132
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 85 43 (50.6) vs 47 (55.3) 4 (4.7; 0.2 to 9.2) 0.046

SGA without PE
MF vs MF + PlGF 1377 522 (37.9) vs 567 (41.2) 45 (3.3; 2.4 to 4.2) 0.0005
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 1377 661 (48.0) vs 663 (48.1) 2 (0.2; −0.04 to 0.4) 0.722

Delivery < 37 weeks
All SGA

MF vs MF + PlGF 475 176 (37.1) vs 244 (51.4) 68 (14.3; 11.2 to 17.5) < 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 475 308 (64.8) vs 315 (66.3) 7 (1.5; 0.4 to 2.6) 0.302

SGA with PE
MF vs MF + PlGF 129 50 (38.8) vs 63 (48.8) 13 (10.0; 4.8 to 15.2) 0.043
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 129 94 (72.9) vs 90 (69.8) −4 (−3.1; −5.0 to 0.2) 0.513

SGA without PE
MF vs MF + PlGF 346 129 (37.3) vs 181 (52.3) 52 (15; 11.2 to 18.8) < 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 346 215 (62.1) vs 225 (65.0) 10 (2.9; 1.1 to 4.7) 0.114

Delivery < 30 weeks
All SGA

MF vs MF + PlGF 59 25 (42.4) vs 45 (76.3) 20 (33.9; 21.8 to 46.0) < 0.0001
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 59 49 (83.1) vs 54 (91.5) 5 (8.4; 1.3 to 15.5) 0.025

SGA with PE
MF vs MF + PlGF 25 11 (44.0) vs 21 (84.0) 10 (40.0; 20.8 to 59.2) 0.004
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 25 25 (100) vs 25 (100) 0 (0; −0.4 to 0.4) 1

SGA without PE
MF vs MF + PlGF 34 14 (41.2) vs 24 (70.6) 10 (29.4; 14.1 to 44.7) 0.008
MF + EFW + UtA-PI vs MF + EFW + UtA-PI + PlGF 34 24 (70.6) vs 29 (85.3) 5 (14.7; 11.0 to 18.4) 0.025

EFW, estimated fetal weight; MF, maternal risk factors; PlGF, placental growth factor; UtA-PI, uterine artery pulsatility index.
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Figure 1 Relationship between the false-positive rate, at a fixed 90% detection rate, for the prediction of a small-for-gestational-age neonate
with birth weight < 10th percentile ( ) or < 3rd percentile ( ) delivered at < 37 weeks (a) or < 30 weeks’ gestation (b), and the
proportion of the population having second-stage screening by maternal risk factors, estimated fetal weight (EFW), uterine artery pulsatility
index (UtA-PI) and placental growth factor (PlGF) after first-stage screening by maternal risk factors and EFW.
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Figure 2 Relationship between the false-positive rate, at a fixed
90% detection rate, for the prediction of a small-for-gestational-age
neonate with birth weight < 3rd percentile delivered at < 30 weeks’
gestation, and the proportion of the population having
second-stage screening by maternal risk factors, estimated fetal
weight (EFW), uterine artery pulsatility index (UtA-PI) and
placental growth factor (PlGF) after first-stage screening by
maternal risk factors, EFW and UtA-PI.

make a difference to their final screening result. Previous
studies have demonstrated that contingent strategies
provide a cost-effective way of screening for Down
syndrome; the performance of screening by a combination
of first-trimester fetal nuchal translucency and first- and
second-trimester serum biochemistry in all pregnancies,
as in the integrated test, is similar to that of contingent
screening in which second-trimester testing is carried out
in only about 25% of the population30,31. Similarly,
contingent models have been proposed for cost-effective
screening for preterm PE32,33.

Implications for clinical practice

The competing-risks model for SGA has two important
advantages in relation to its clinical application. The
first is that any biomarker can be added in the same
model, and the second is the ability to examine any
cut-off without refitting the model to the data. A single
stable and effective Bayesian model applied at different
cut-offs leads to the conclusion that adding PlGF in an
integrated 22-week examination that includes maternal
risk factors and biophysical markers has an incremental
value restricted to SGA with BW < 3rd percentile delivered
before 30 weeks. However, a significant proportion of
stillbirths occur at these early GAs in fetuses with
extreme smallness34,35. Therefore, using PlGF to achieve
an improvement in the stratification of pregnancies at
22 weeks may have a clinical impact by intensifying
pregnancy care in pregnancies at high risk for a SGA
neonate born before 30 weeks.

We present an alternative policy to the one that uses
only fetal biometry and a risk-scoring system based on
maternal factors to define the subpopulation in need
for further assessment13,17. Overall, the addition of
UtA-PI and PlGF improves significantly the prediction
by maternal risk factors and EFW. A high performance
of screening with a simultaneous reduction in the FPR
is achieved by offering UtA-PI and PlGF in high-risk
subpopulations according to the baseline model that uses
maternal risk factors and EFW (Figures 1 and 2). The
desired metrics for clinical implementation of the model
would be defined by clinical elements, local conditions
and health-economic data.

Prediction of SGA is feasible with readily available
information at 19–24 weeks’ gestation. The second-
trimester routine anomaly scan is part of routine care
worldwide. UtA-PI can be measured universally at the
19–24-week scan, provided sonographers have received
adequate training. Similarly, PlGF can be measured
using the same machines as those used for first-trimester
biochemical markers. Measurement of UtA-PI and PlGF
is also useful in PE prediction14. However, addition
of serum PlGF to screening has cost implications and
the extent to which this will prove to be cost-effective
remains to be determined.

Strengths and limitations

The strengths of this study are: first, the large sample
size with prospectively collected data; second, use of a
continuous likelihood that best describes the distribution
of biomarkers; third, use of a joint probability model
that allows risk computation for any chosen cut-offs;
and, fourth, use of Bayes’ rule which allows extension of
a single unified model. Thorough internal validation has
been carried out in previous studies7,8,12. The dataset used
in this study is different from the one that had been used
to develop the maternal risk-factor model and likelihoods
for biophysical markers and the model remains highly
effective. External validation should precede widespread
implementation of our approach.

Conclusions

The combination of maternal risk factors, EFW, UtA-PI
and PlGF provides effective second-trimester prediction of
SGA. Serum PlGF is useful for predicting a SGA neonate
with BW < 3rd percentile born < 30 weeks after an inclu-
sive assessment by maternal risk factors and biophysical
markers. Similar detection rates and FPRs can be achieved
by the application of contingent screening strategies.

The new model provides the capability to examine
different screening options for the used cut-offs of GA at
delivery and BW and the combination of biomarkers7–13.
This ability is based on a unified perspective beyond the
previous belief of an early and late form of SGA and dif-
ferent BW cut-offs36. SGA is a two-dimensional outcome
in which severity is related continuously to an increasing
degree of prematurity and smallness. The examined

© 2021 International Society of Ultrasound in Obstetrics and Gynecology. Ultrasound Obstet Gynecol 2022; 59: 177–184.
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distribution of biomarkers has now been studied expli-
citly with the focal fit of the folded-plane models. This
mathematical approach has two important ramifications;
first, it reveals the exact usefulness of each predictor,
and, second, it proves that the levels of biomarkers are in
accordance with the spectrum nature of SGA.
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SUPPORTING INFORMATION ON THE INTERNET

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

Table S1 Fitted folded-plane regression model for the mean log10 placental growth factor (PlGF) multiples of
the median (MoM) conditional to birth-weight Z-score and gestational age at delivery (GA)

Table S2 Correlations for the examined biophysical markers
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