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ABSTRACT

Objective To evaluate the performance of sonographic
fetal biometry and Doppler parameters assessed at rou-
tine third-trimester ultrasound examination for predicting
small-for-gestational age (SGA) and fetal growth restric-
tion (FGR).

Methods This was a retrospective cohort study of
low-risk singleton pregnancies undergoing routine ultra-
sound examination between 35+ 0 and 37+ 6 weeks’
gestation and delivered at St George’s University Hospital,
London, UK, between December 2019 and February
2024. The study outcomes were SGA (birth weight < 5%
centile) and FGR (birth weight <3 centile or birth
weight < 10" centile with composite adverse perinatal
outcome). Composite adverse perinatal outcome com-
prised intrauterine death, neonatal death or admission
to the neonatal intensive care unit. Demographic char-
acteristics, estimated fetal weight (EFW) and abdominal
circumference centiles, as well as Doppler indices, includ-
ing pulsatility indices (PI) of the umbilical artery (UA),
middle cerebral artery (MCA) and uterine artery (UtA)
were evaluated. The cerebroplacental ratio (CPR) was cal-
culated, and all indices were converted to multiples of the
median (MoM). Multivariable logistic regression analysis
was performed to identify and adjust for confounders. The
area under the receiver-operating-characteristics curve
(AUC) was used to evaluate the model’s performance
for predicting small neonates.

Results A total of 14161 pregnancies were included in
the study. The prevalence of SGA and FGR neonates was
3.1% and 1.5%, respectively. Independent predictors of
SGA and FGR, respectively, were: EFW centile (adjusted
odds ratio (aOR) 0.91 (95% CI, 0.90-0.92); P < 0.001
and aOR 0.90 (95% CI, 0.89-0.91); P <0.001); AC
centile (aOR 0.91 (95% CI, 0.90-0.92); P <0.001 and
aOR 0.91 (95% CI, 0.90-0.92); P <0.001); UA-PI MoM
(aOR 4.60 (95% CI, 2.19-9.64); P <0.001 and aOR
2.53 (95% CI, 1.05-6.10); P=0.038); MCA-PI MoM
(aOR 0.37 (95% CI, 0.20-0.70); P=0.002 and aOR
0.26 (95% CI, 0.12-0.59); P=0.001); CPR MoM (aOR
0.23 (95% CI, 0.13-0.42); P <0.001 and aOR 0.25
(95% CI, 0.12-0.53); P<0.001); and UtA-PI MoM
(aOR 2.54 (95% CI, 1.68-3.83); P <0.001 and aOR
2.16 (95% CI, 1.31-3.58); P=0.003). The EFW centile
alone was associated with an AUC of 0.917 (95% CI,
0.907-0.929) for the prediction of SGA and 0.925
(95% CI, 0.908-0.939) for the prediction of FGR. This
was similar to AUCs of around 0.92 for the prediction of
SGA and AUCs of around 0.93 for the prediction of FGR
when the EFW centile was combined with any Doppler
parameters.

Conclusions Sonographic fetal biometry evaluation in
the late third trimester can predict delivery of a neonate
affected by SGA or FGR, including those at risk for
adverse perinatal outcomes. In an unselected population,
fetal arterial Doppler parameters were independent
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predictors of SGA and FGR, but the addition of Doppler
parameters to fetal biometry did not improve prediction
of the incidence of small neonates. © 2025 The Author(s).
Ultrasound in Obstetrics & Gynecology published by
John Wiley & Sons Ltd on bebalf of International Society
of Ultrasound in Obstetrics and Gynecology.

INTRODUCTION

Neonates that are small-for-gestational age (SGA) are
at higher risk of adverse perinatal outcomes, as well as
short- and long-term health complications'™*. Prenatal
identification of fetuses at risk of SGA improves perinatal
outcomes because targeted interventions can be imple-
mented, including enhanced antepartum surveillance and
timed delivery’. The ability to accurately identify fetuses
at risk of SGA is of paramount importance. False-positive
diagnoses can lead to unwarranted surveillance and
obstetric interventions, which not only increases maternal
morbidity and anxiety but also contributes to inefficient
allocation of healthcare resources®. Conversely, failure
to detect fetuses genuinely at risk of SGA can result in
increased perinatal morbidity and mortality”. Early stud-
ies on the predictive performance of sonographic fetal
biometry assessment, performed in the third trimester to
predict SGA, reported sensitivity varying between 29 %
and 53%3-19. Further studies attempting to enhance the
predictive accuracy of the detection of SGA have shown
that conducting ultrasound examinations at 36—37 weeks’
gestation, as opposed to 32 weeks, significantly improves
predictive capability, with reported sensitivities of up to
70%11-13, Other studies have investigated the role of
combining various maternal demographic characteristics,
Doppler parameters and biochemical markers with fetal
biometry to improve diagnostic accuracy. While some
studies showed that this approach improves the diagnostic
performance for detecting SGA'13 | others did not®-18,
Furthermore, while combined screening performs rela-
tively well at predicting which neonates will be SGA in
the preterm period, its performance for predicting SGA at
term is significantly worse!”.

Identifying fetuses that experience growth restriction
closer to term is particularly useful, as their risks of
stillbirth, neonatal death and adverse neurodevelopmental
outcomes significantly increase with advancing gestation
beyond term?®. Meanwhile, the cost associated with
the intervention, namely, indicated delivery, is relatively
small, owing to the relatively favorable prognosis of
neonates born after 37 weeks?!»22.

The aim of this study was to evaluate the performance
of sonographic fetal biometry and Doppler parameters
assessed at routine late third-trimester ultrasound, for
predicting SGA and fetal growth restriction (FGR) in an
unselected population.

METHODS

This was a retrospective cohort study of routinely
collected data from a single tertiary referral center.

© 2025 The Author(s). 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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All singleton pregnancies that underwent routine
third-trimester  ultrasound  between 3540 and
37 + 6 weeks’ gestation and delivered at St George’s Uni-
versity Hospital, London, UK, between December 2019
and February 2024 were included in the study. Cases
were identified by searching the ultrasound electronic
database (ViewPoint version 5.6.26.148; ViewPoint
Bildverarbeitung GmbH, WefSling, Germany) at the Fetal
Medicine Unit of St George’s Hospital. Pregnancies
complicated by major fetal abnormalities, aneuploidy
or genetic syndrome, and those with missing pregnancy
outcome data were excluded from the analysis. Gesta-
tional age (GA) was calculated using crown-rump length
measurement?> taken at 11-13 weeks for pregnancies
conceived spontaneously and from the date of embryo
transfer for those conceived via assisted reproductive
technology (ART). The following maternal demographic
characteristics were extracted from electronic hospital
records: maternal age; ethnicity; nulliparity; previous
Cesarean delivery; previous stillbirth; maternal height,
weight and body mass index; smoking or alcohol
consumption at booking; use of ART for conception;
and development of gestational diabetes or hypertensive
disorders of pregnancy (HDP).

In 2019, St George’s Hospital adopted a policy of uni-
versal routine third-trimester ultrasound examination at
36 weeks, which involves: fetal biometry measurements,
including fetal head circumference, abdominal circumfer-
ence (AC) and femur length; assessment of fetal Doppler
measurements, including those of the umbilical arteries
(UA), middle cerebral artery (MCA) and uterine arteries
(UtA); and examination of fetal presentation, amniotic
fluid volume and placental location.

Routine fetal biometry was measured in line with
the International Society of Ultrasound in Obstetrics
and Gynecology (ISUOG) guidelines**, and estimated
fetal weight (EFW) was calculated using the Hadlock-3
formula?*. AC and EFW were converted into centiles
according to GA%%27. Oligohydramnios was diagnosed
when the deepest vertical pocket of amniotic fluid
measured was <2 cm?*. Polyhydramnios was diagnosed
when the amniotic fluid index was > 25 cm?*. UA, MCA
and UtA Doppler waveforms were recorded using color
Doppler and pulsed Doppler as per ISUOG standards®*,
and the pulsatility index (PI) was calculated. The UA was
examined in a free loop of the umbilical cord and the
MCA was examined at its proximal one-third where it
originates from the internal carotid artery, with the angle
of insonation as close as possible to zero, at the point at
which it passes the sphenoid wing, close to the circle
of Willis. UtA Doppler was recorded by placing the
transducer over the iliac fossa and identifying the UtA as
it crosses the external iliac artery, 1 cm downstream from
the crossover point?*. Pulsed Doppler was then applied
and PI was measured using three similar waveforms. The
cerebroplacental ratio (CPR) was calculated as the ratio
between MCA-PI and UA-PI. The mean value of the left
and right UtA-PI was calculated. All Doppler indices were
converted into multiples of the median (MoM)?8-30, If a

Ultrasound Obstet Gynecol 2025.

85U8017 SUOWWOD BA IR0 3ded|dde 8y} Aq pausenob afe sl YO ‘@SN JO S3|NJ 1o Areiq1 8UIIUO AB]1M UO (SUORIPUOD-PUR-SUIBY WD A3 | 1M ARe.q 1 aut|uO/SANY) SUORIPUOD Pue swie | 8y} 88S *[5202/50/90] Uo A%eiqiaulluo A|1m ‘uopuo JO Aisieniun s861089 15 Aq £2262 BON/200T 0T/10p/Lw0o A8 1M Al jeuuo'uABgoy/sdiy wouy pepeojumoq ‘0 ‘S02069%T



Original Paper

woman had more than one sonographic fetal biometry
evaluation after 35 weeks, only the first examination was
included in the analysis to ensure that the scan was
performed for a routine indication. Birth-weight values
were converted into centiles according to neonatal sex
and GA at delivery®!. According to national guidelines,
birth was recommended by 39 + 6 weeks when the EFW
was between the 374 and 10 centiles and by 37 + 6 weeks
when the EFW was below the 3™ centile32.

Outcome measures

The primary outcome was prediction of SGA, defined
as birth weight < 5™ centile. A secondary outcome was
prediction of FGR, defined as birth weight < 3™ centile
or birth weight < 10™ centile with a composite adverse
perinatal outcome. A composite adverse perinatal
outcome comprised intrauterine death (fetal death prior
to delivery), neonatal death (death within the first 28 days
after delivery) or admission to the neonatal intensive care
unit (NICU).

Statistical analysis

Continuous variables are described using median and
interquartile range (IQR), while categorical and binary
variables are given as n (%). The Shapiro—Wilk test
was applied to examine the normality of the data.
Differences between groups were analyzed using the
independent samples #-test, Mann—Whitney U-test or
the chi-square/Fisher’s exact test, as appropriate. First,
we explored the difference in ultrasound measurements
between pregnancies with and those without SGA and
FGR, separately. Subsequently, univariable and multivari-
able (using the enter method) binary logistic regression
analysis was performed to identify potential independent
predictors for the outcome of interest. Results are reported
as adjusted odds ratios (aOR). Odds ratio estimates in the
regression analyses were reported for one standard unit
change in each variable. Procedures such as checking for
multicollinearity were included in standard postestima-
tion diagnostics. Adjustments were made for confounding
factors including maternal age, parity, smoking status,
presence of HDP, ethnicity and GA at delivery. The
predictive performance of individual variables, as well as
various combinations of variables, for the outcomes SGA
and FGR were evaluated. Model fit was assessed using the
Hosmer—Lemeshow test. Predictive accuracy measures
(sensitivity, positive and negative predictive value) were
calculated for a 10% false-positive rate to facilitate
comparisons between models. Calibration plots were
constructed for each model to compare the observed vs
the expected outcome rates, providing a visual assessment
of calibration. Internal validation of the area under the
receiver-operating-characteristics curve (AUC) for each
predictive model was performed using bootstrapping,
generating 95% CIs based on the 2.5% and 97.5%
centiles of the bootstrap distribution. Overall model
performance was evaluated using the Hosmer—Lemeshow

© 2025 The Author(s). Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

test, C-statistic, calibration plots and bootstrap-based CI
for all key metrics. Analysis was carried out using SPSS
version 24 (SPSS Inc., Chicago, IL, USA). P < 0.05 was
taken to indicate statistical significance.

RESULTS

A total of 18349 singleton pregnancies underwent
routine third-trimester ultrasound during the study
period. After excluding patients with missing outcome
data, fetal anomalies and repeat ultrasound scans,
14161 pregnancies were included in the final analysis.
There were 12 (0.1%) intrauterine deaths, 3 (0.02%)
neonatal deaths and 278 (2.0%) neonates admitted
to the NICU. Median maternal age was 35 (IQR,
31-38) years, while the median GA at ultrasound was
36.6 (IQR, 36.2-36.7) weeks and at delivery it was 39.9
(IQR, 39.0-40.6) weeks. The median interval between
ultrasound scan and delivery was 23 (17-29) days
and the median birth-weight centile was 46.7 (IQR,
25.3-70.5). There were 433 (3.1%) neonates with SGA
and 215 (1.5%) neonates with FGR. Tables1 and 2
present the demographic, fetal biometry and Doppler
characteristics of the patients with vs those without SGA
and FGR, respectively.

Prediction of SGA

Women who delivered a neonate that was SGA (birth
weight < 5™ centile) were more likely to be nulliparous
(67.2% vs 50.4%; P <0.001) and of Asian ethnicity
(31.9% wvs 16.1%; P <0.001), to have smoked during
pregnancy (7.9% vs 3.0%; P <0.001) and to have HDP
(6.0% vs 2.3%; P <0.001). They were also more likely
to have undergone induction of labor (57.5% vs 34.7%;
P <0.001), and delivered 6 days earlier than neonates
that were not SGA (39 +0 vs 39 +6; P <0.001). Median
AC centile (19.00 vs 56.20; P <0.001), EFW centile
(20.60 ws 62.22; P <0.001), MCA-PI MoM (1.12 wvs
1.25; P < 0.001) and CPR MoM (0.95 vs 1.06; P < 0.001)
were significantly lower in SGA fetuses compared with
the non-SGA group, whereas UA-PI MoM (1.03 vs 0.94;
P <0.001) and UtA-PI MoM (1.00 ws 0.92; P < 0.001)
were significantly higher in these cases compared with the
non-SGA group (Table 1). The results of the univariable
and multivariable analyses with aOR for each variable
for the prediction of SGA < 5™ centile are presented
in Table3. The following sonographic parameters
were found to be significant predictors of SGA after
adjusting for confounders: EFW centile (aOR 0.91
(95% CI, 0.90-0.92); P < 0.001), AC centile (aOR 0.91
(95% CI, 0.90-0.92); P<0.001), UA-PI MoM (aOR
4.60 (95% CI, 2.19-9.64); P <0.001), MCA-PI MoM
(aOR 0.37 (95% CI, 0.20-0.70); P=0.002), CPR MoM
(aOR 0.23 (95% CI, 0.13-0.42); P <0.001) and UtA-PI
MoM (aOR 2.54 (95%CI, 1.68-3.83); P <0.001).
Multiple models were constructed for the prediction
of SGA < 5™ centile. The predictive performance and
accuracy of these models are presented in Table4.
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EFW and AC centiles were both independently able
to predict SGA with a high degree of accuracy (AUC
of 0.917 (95% CI, 0.907-0.929) and 0.893 (95% ClI,
0.879-0.906), respectively). Maternal characteristics
(combination of maternal age, nulliparity, smoking and
HDP) and individual Doppler parameters had a poorer
predictive performance (AUC ranging from 0.587 to
0.663) (Table 4, Figure 1a). The combination of EFW cen-
tile and various Doppler parameters did not significantly
improve the predictive accuracy for SGA (AUC ranging
from 0.919 to 0.921) compared with the EFW centile or
AC centile alone (Table4, Figure 1a). Calibration plots
for each of the models are shown in Figures S1-513.

Prediction of FGR

Women who delivered a neonate affected by FGR
(birth weight < 37 centile or < 10% centile with composite
adverse perinatal outcome) were more likely to be
nulliparous (66.0% vs 50.6%; P <0.001) and of Asian
ethnicity (33.5% vs 16.3%; P <0.001), to have smoked
during pregnancy (10.2% wvs 3.0%; P <0.001) and to
have HDP (6.5% vs 2.4%; P <0.001). These patients

Lopian et al.

also had a significantly higher rate of induction of
labor (56.7% wvs 35.1%; P <0.001) and were delivered
1week earlier than the non-FGR group (38+6 wvs
39+ 6 weeks; P<0.001). Median AC centile (15.30
vs 56.00; P<0.001), EFW centile (16.98 wvs 61.80;
P <0.001), MCA-PI MoM (1.18 vs 1.24; P < 0.001) and
CPR MoM (0.93 vs 1.08; P <0.001) were significantly
lower in those with FGR, whereas UA-PI MoM (0.99
vs 0.94; P<0.001) and UtA-PI MoM (1.01 vs 0.91;
P=0.002) were significantly higher in those with FGR
compared with the non-FGR group (Table2). The
results of univariable and multivariable analysis with
aOR for each variable for the prediction of FGR
are presented in TableS5. The following sonographic
parameters were found to be significant predictors of FGR
after adjusting for confounders: AC centile (aOR 0.91
(95% CI, 0.90-0.92); P < 0.001), EFW centile (aOR 0.90
(95% CI,0.89-0.91); P < 0.001), UA-PI MoM (aOR 2.53
(95% CI, 1.05-6.10); P=0.038), MCA-PI MoM (aOR
0.26 (95% CI, 0.12-0.59); P=0.001), CPR MoM (aOR
0.25 (95% CI, 0.12-0.53); P < 0.001) and UtA-PI MoM
(aOR 2.16 (95% CI, 1.31-3.58); P=0.003). Multiple
models were constructed for the prediction of FGR. The

Table 1 Demographic, fetal biometry and Doppler characteristics of 14 161 singleton pregnancies that underwent routine third-trimester

ultrasound at 35-37 weeks, according to whether they had small-for-gestational-age (SGA) neonate (birth weight < 5™ centile)

SGA Not SGA

Characteristic (n=433) (n=13728)* p
Maternal age (years) 34.7 (29.2-37.7) 35.3(31.8-38.3) <0.001
Maternal BMI at booking (kg/m?) 24.0 (21.0-28.0) 24.0 (22.0-28.0) <0.001
Nulliparous 291 (67.2) 6913 (50.4) <0.001
Maternal ethnicity

White 144 (33.3) 6748 (49.2) <0.001

Black 50 (11.5) 1469 (10.7) 0.287

Asian 138 (31.9) 2212 (16.1) <0.001

Other 101 (23.3) 3299 (24.0) 0.368
ART 22 (5.1) 689 (5.0) 0.476
Previous CS 6(1.4) 152 (1.1) 0.293
Previous stillbirth 0 (0) 28 (0.2) N/A
Smoking during pregnancy 34 (7.9) 409 (3.0) <0.001
Alcohol consumption during pregnancy 1(0.2) 69 (0.5) 0.219
GDM 42(9.7) 1561 (11.4) 0.140
HDP 26 (6.0) 319 (2.3) <0.001
Birth weight (g) 2440 (2255-2580) 3400 (3120-3700) <0.001
Birth-weight centile 3.3(2.0-4.2) 47.9 (27.2-71.0) <0.001
Induction of labor 249 (57.5) 4769 (34.7) <0.001
GA at scan (weeks) 36.4 (36.2-36.7) 36.6 (36.3-36.7) 0.212
GA at birth (weeks) 39.0 (37.7-39.9) 39.9 (39.1-40.6) <0.001
Scan-to-birth interval (weeks) 2.6 (1.3-3.3) 3.3 (2.6-4.1) <0.001
UA-PI MoM 1.03 (0.91-1.12) 0.94 (0.84-1.03) <0.001
MCA-PI MoM 1.12 (1.06-1.33) 1.25 (1.13-1.38) <0.001
CPR MoM 0.95 (0.82-1.10) 1.06 (0.94-1.20) <0.001
UtA-PI MoM 1.00 (0.82-1.235) 0.92 (0.78-1.10) <0.001
EFW centile 20.60 (10.78-34.77) 62.22 (46.06-77.4) <0.001
AC centile 19.00 (9.40-31.10) 56.20 (39.0-72.90) <0.001
Oligohydramnios 3(0.7) 20 (0.1) 0.032
Polyhydramnios 0 (0) 85 (0.6) 0.117

Data are given as median (interquartile range) or 7 (%). *Non-SGA was defined as birth weight > 5™ centile and included some cases
defined as growth restricted (those with birth weight > 5™ centile and < 10 centile with adverse outcome). AC, abdominal circumference;
ART, assisted reproductive technology; BMI, body mass index; CPR, cerebroplacental ratio; CS, Cesarean section; EFW, estimated fetal
weight; GA, gestational age; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy; MCA, middle cerebral artery;

MoM, multiples of the median; N/A, not applicable; PI, pulsatility index; UA, umbilical artery; UtA, uterine artery.

© 2025 The Author(s). 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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predictive performance and accuracy of these models are
presented in Table6. EFW and AC centiles were both
independently able to predict FGR with a high degree
of accuracy (AUC of 0.925 (95% CI, 0.908-0.939) and
0.906 (95% CI, 0.886-0.925), respectively). Maternal
characteristics (combination of maternal age, nulliparity,
smoking and HDP) and individual Doppler parameters
had a poorer predictive performance (AUC ranging from
0.598 to 0.671). The combination of EFW centile and
various Doppler parameters did not significantly improve
the predictive accuracy (AUC ranging from 0.925 to
0.928) compared with the EFW centile or AC centile
alone (Table 6, Figure 1b). Calibration plots for each of
the models are presented in Figures S14-S26.

DISCUSSION
Summary of key findings

The results of this study demonstrate that fetal biom-
etry evaluated during a late third-trimester ultrasound
examination shows excellent predictive capabilities for

detecting SGA and FGR. The predictive performance of
fetal biometry was superior to that of Doppler parameters
or maternal characteristics alone, and predictive models
combining Doppler and fetal biometry parameters did not
significantly improve the predictive accuracy compared
with fetal biometry alone.

Interpretation of study findings and comparison
with published literature

Studies investigating the prediction of SGA based on
the sonographic assessment of fetal biometry alone in
the third trimester have reported detection rates (DR) of
50-70%8-10, To further enhance predictive accuracy,
studies have explored whether combined screening
models, incorporating combinations of demographic,
clinical and sonographic parameters, improve prediction
of the detection of SGA neonates. A prospective study
of 1590 singleton pregnancies evaluated between 32 + 0
and 36 + 6 weeks demonstrated that the combination
of maternal demographic characteristics, EFW centile,
UtA-PI and serum markers offered superior predictive

Table 2 Demographic, fetal biometry and Doppler characteristics of 14 161 singleton pregnancies that underwent routine third-trimester
ultrasound at 35-37 weeks, according to whether they had a growth-restricted neonate

FGR* Not FGR

Characteristic (n=215) (n=13946)t P
Maternal age (years) 33.0 (29.2-37.7) 35.2 (31.8-38.7) <0.001
Maternal BMI at booking (kg/m?) 24.0 (21.0-28.0) 24.0 (22.0-28.0) 0.093
Nulliparous 142 (66.0) 7062 (50.6) <0.001
Maternal ethnicity

White 72 (33.5) 6820 (48.9) <0.001

Black 21 (9.8) 1498 (10.7) 0.323

Asian 72 (33.5) 2278 (16.3) <0.001

Other 50 (23.3) 3350 (24.0) 0.397
ART 11 (5.1) 700 (5.0) 0.951
Previous CS 5(2.3) 153 (1.1) 0.094
Previous stillbirth 0 (0) 28 (0.2) N/A
Smoking during pregnancy 22 (10.2) 421 (3.0) <0.001
Alcohol consumption during pregnancy 1(0.5) 69 (0.5) 0.471
GDM 16 (7.4) 1587 (11.4) 0.021
HDP 14 (6.5) 331 (2.4) <0.001
Birth weight (g) 2340 (2170-2480) 3400 (3100-3700) <0.001
Birth-weight centile 2.0 (1.30-2.70) 47.40 (26.30-70.70) <0.001
Induction of labor 122 (56.7) 4896 (35.1) <0.001
GA at scan (weeks) 36.4 (36.1-36.6) 36.6 (36.3-36.7) 0.091
GA at birth (weeks) 38.9 (37.6-39.9) 39.9 (39.0-40.6) <0.001
Scan-to-birth interval (weeks) 2.3(1.1-3.3) 3.3(2.6-4.1) <0.001
UA-PI MoM 0.99 (0.90-1.12) 0.94 (0.84-1.04) <0.001
MCA-PI MoM 1.18 (1.04-1.30) 1.24 (1.13-1.38) <0.001
CPR MoM 0.93 (0.84-1.09) 1.08 (0.94-1.20) <0.001
UtA-PI MoM 1.01 (0.82-1.28) 0.91 (0.78-1.08) 0.002
EFW centile 16.98 (8.21-32.10) 61.80 (45.29-77.16) <0.001
AC centile 15.30 (6.20-28.03) 56.00 (38.70-32.50) <0.001
Oligohydramnios 1(0.5) 22 (0.2) 0.299
Polyhydramnios 0(0) 85 (0.6) 0.643

Data are given as median (interquartile range) or 7 (%). *Fetal growth restriction (FGR) defined as birth weight < 34 centile or < 10™
centile with composite adverse perinatal outcome. tNon-FGR defined as neonate with birth weight > 10™ centile or 3"4-10™ centile without
adverse outcome. AC, abdominal circumference; ART, assisted reproductive technology; BMI, body mass index; CPR, cerebroplacental
ratio; CS, Cesarean section; EFW, estimated fetal weight; GA, gestational age; GDM, gestational diabetes mellitus; HDP, hypertensive

disorders of pregnancy; MCA, middle cerebral artery; MoM, multiples of the median; N/A, not applicable; PI, pulsatility index; UA,

umbilical artery; UtA, uterine artery.

© 2025 The Author(s). 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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accuracy of SGA at term compared with the EFW  contributed independently to the prediction of SGA
centile alone (DR, 61% vs 52%)*. However, the overall (birth weight < 10" centile). However, adding Doppler
predictive performance was still considered modest, even ~ parameters and PIGF to the existing predictive model
with the combined approach. based on maternal characteristics and EFW Z-score alone

In contrast, another study evaluating 19209 low-risk  did not improve predictive accuracy'®. These results are
pregnancies at 36 + 0 to 36 + 6 weeks demonstrated that  in line with those of the current study and others that
maternal characteristics, EFW Z-score, UtA-PI MoM have failed to demonstrate added value for biomarkers of
MCA-PI MoM and placental growth factor (PIGF) MoM  placental dysfunction such as UtA-PI'7, soluble fms-like

Table 3 Univariable and multivariable logistic regression analyses for association of maternal, pregnancy and fetal characteristics with
delivery of small-for-gestational-age (SGA) neonate (birth weight < 5™ centile)

Variable OR (95% CI) P aOR (95% CI)* P
Maternal age (years) 0.96 (0.94-0.97) <0.001 1.02 (0.997-1.04) 0.083
Ethnicity
White 0.71 (0.54-0.93) 0.012 0.80 (0.58-1.12) 0.197
Black 1.13 (0.79-1.61) 0.514 1.18 (0.77-1.82) 0.441
Asian 2.06 (1.56-2.72) <0.001 1.46 (1.04-2.07) 0.031
Other 1.15 (0.68-1.92) 0.609 0.99 (0.52-1.89) 0.984
Nulliparous 2.01 (1.64-2.46) <0.001 2.16 (1.75-2.67) <0.001
Previous CS 0.80 (0.35-1.82) 0.592
ART 0.99 (0.64-1.53) 0.963
Smoking 2.77 (1.92-3.98) <0.001 3.81(2.62-5.63) <0.001
BMI (kg/m?) 0.96 (0.94-0.98) <0.001 0.99 (0.97-1.02) 0.468
GDM 1.17 (0.85-1.60) 0.346
HDP 2.64 (1.75-4.00) <0.001 2.27 (1.27-4.04) 0.006
GA at scan (weeks) 0.81 (0.61-1.09) 0.162
AC centile 0.91 (0.90-0.92) <0.001 0.91 (0.90-0.92) <0.001
EFW centile 0.90 (0.90-0.91) <0.001 0.91 (0.90-0.92) <0.001
UA-PI MoM 74.56 (39.53-140.63) <0.001 4.60 (2.19-9.64) <0.001
MCA-PI MoM 0.16 (0.09-0.28) <0.001 0.37 (0.20-0.70) 0.002
CPR MoM 0.02 (0.01-0.04) <0.001 0.23 (0.13-0.42) <0.001
UtA-PI MoM 5.94 (4.30-8.21) <0.001 2.54 (1.68-3.83) <0.001
Oligohydramnios 0.21 (0.06-0.71) 0.012 0.59 (0.13-2.16) 0.485
GA at birth (weeks) 0.52 (0.48-0.56) <0.001 1.01 (0.91-1.12) 0.851

*Adjusted for maternal age, nulliparity, smoking, ethnicity, hypertensive disorders of pregnancy (HDP), body mass index (BMI) and
gestational age (GA) at birth. High multicollinearity was observed between umbilical artery (UA) pulsatility index (PI) multiples of the
median (MoM), middle cerebral artery (MCA)-PI MoM and cerebroplacental ratio (CPR) MoM,; therefore, adjusted odds ratios (aORs)
were calculated in separate models to estimate their independent effects. A similar approach was applied for calculating aORs for abdominal
circumference (AC) and estimated fetal weight (EFW) centiles, which also showed high multicollinearity. aORs derived from model with best
fit and discriminative capacity. ART, assisted reproductive technology; CS, Cesarean section; GDM, gestational diabetes mellitus; OR, odds
ratio; UtA, uterine artery.

Table 4 Performance of prediction models for delivery of small-for-gestational-age (SGA) neonate (birth weight < 5™ centile)

Hosmer— Sensitivity PPV NPV
Model AUC (95% CI) P Lemeshow P (%) (%) (%)
Maternal characteristics™® 0.631 (0.603-0.657) <0.001 0.004 21.7 6.4 96.3
EFW centile 0.917 (0.907-0.929) <0.001 0.547 73.7 18.9 99.1
AC centile 0.893 (0.879-0.906) <0.001 0.134 66.1 17.3 98.8
UA-PI 0.645 (0.617-0.672) <0.001 0.231 25.9 7.6 97.5
MCA-PI 0.587 (0.556-0.616) <0.001 0.065 18.7 5.9 97.2
CPR 0.663 (0.635-0.689) <0.001 0.009 28.0 8.1 97.6
UtA-PI 0.604 (0.575-0.635) <0.001 <0.001 24.9 7.6 97.4
EFW centile + UA-PI MoM 0.919 (0.907-0.930) <0.001 0.251 73.7 18.7 99.1
EFW centile + CPR MoM 0.921 (0.910-0.932) <0.001 0.488 73.2 18.8 99.1
EFW centile + UA-PI MoM + MCA-PI MoM 0.921 (0.911-0.933) <0.001 0.397 73.0 18.9 99.1
EFW centile + UA-PI MoM + UtA-PI MoM 0.919 (0.908-0.930) <0.001 0.042 73.4 19.2 99.1
EFW centile + CPR + UtA-PI MoM 0.921 (0.910-0.931) <0.001 0.629 73.0 19.4 99.1
EFW centile + MCA-PI MoM + UtA-PI MoM 0.921 (0.911-0.933) <0.001 0.404 73.2 19.2 99.1

*Maternal age, nulliparity, smoking and hypertensive disorders of pregnancy. Hosmer—Lemeshow P > 0.05 implies model goodness-of-fit.
Sensitivity, positive predictive value (PPV) and negative predictive value (NPV) were calculated for a 10% false-positive rate. AC, abdominal
circumference; AUC, area under receiver-operating-characteristics curve; CPR, cerebroplacental ratio; EFW, estimated fetal weight; MCA,
middle cerebral artery; MoM, multiples of the median; PI, pulsatility index; UA, umbilical artery; UtA, uterine artery.

© 2025 The Author(s). Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2025.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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tyrosine kinase-1'8, PIGF'® or CPR!® for improving the
sonographic prediction of SGA at term.

was 36 +4 weeks, resulting in a longer scan-to-delivery
interval.

Our results may differ from those of Miranda et al.'* There is considerable evidence that measuring EFW
owing to the different GAs at ultrasound examination  at 35-37weeks is more accurate for detecting SGA
in the two studies. The median GA in the study of  than it is at 30-32weeks''~!3. Furthermore, preterm

Miranda etal.'* was 33 + 0 weeks, whereas that in ours SGA is more accurately predicted than term SGA using

(a) 1.0 (b) 1.0 4 e
0.8 0.8
5 0.6 S 0.6
g z
3 3
0.4 7 0.4 -
0.2 0.2
0.0 T T T T 1 0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity 1 - Specificity

Figure 1 Receiver-operating-characteristics curves for prediction of small-for-gestational-age neonate (birth weight < 5™ centile) (a) and
growth-restricted neonate (birth weight < 3™ centile or < 10™ centile with composite adverse perinatal outcome) (b) by maternal

characteristics (maternal age, nulliparity, smoking and hypertensive disorders of pregnancy) (——), Doppler umbilical artery pulsatility index
(UA-PI) (—), estimated fetal weight (EFW) centile (—) and combination of UA-PI and EFW centile (—).

Table 5 Univariable and multivariable logistic regression analyses for association of maternal, pregnancy and fetal characteristics with
delivery of growth-restricted neonate*

Variable OR (95% CI) P aOR (95% CI)t P
Maternal age (years) 0.96 (0.93-0.98) 0.001 1.03 (0.99-1.06) 0.101
Ethnicity
White 0.80 (0.54-1.18) 0.256 0.86 (0.56-1.34) 0.512
Black 1.04 (0.61-1. 78; 0.881 0.93 (0.52-1.67 0.805
Asian 2.38 (1.60-3.54 <0.001 1.57 (1.00-2.45 0.049
Other 1.70 (0.88-3.27) 0.115 1.41 (0.64-3.09) 0.391
Nulliparous 1.89 (1.42-2.50) <0.001 2.14 (1.52-2.83) <0.001
Previous CS 0.47 (0.19-1. 16; 0.101
ART 0.99 (0.54-1.82 0.974
Smoking 3.62(2.31-5.69) <0.001 5.00 (3.13-8.12) <0.001
BMI (kg/m?) 0.98 (0.95-1.00) 0.085
GDM 1.61 (0.98-2. 69; 0.067
HDP 2.80 (1.61-4.87 <0.001 2.20 (1.08-4.49) 0.030
GA at scan (weeks) 0.73 (0.49-1.11) 0.140
AC centile 0.90 (0.89-0.91) <0.001 0.91 (0.90-0.92) <0.001
EFW centile 0.90 (0.89-0.91) <0.001 0.90 (0.89-0.91) <0.001
UA-PI MoM 59.83 (25.88-138.24) <0.001 2.53 (1.05-6.10 0.038
MCA-PI MoM 0.08 (0.04-0. 18; <0.001 0.26 g0.12—0.59 0.001
CPR MoM 0.02 (0.01-0.04 <0.001 0.25(0.12-0.53 <0.001
UtA-PI MoM 6.15(3.99-9.47) <0.001 2.16 (1.31-3.58) 0.003
Oligohydramnios 0.34 (0.05-2.54) 0.294
GA at birth (weeks) 0.50 (0.45-0.56) <0.001 1.14 (0.98-1.31) 0.081

*Fetal growth restriction defined as birth weight < 3" centile or < 10™ centile with composite adverse perinatal outcome. TAdjusted for
maternal age, nulliparity, smoking, ethnicity, hypertensive disorders of pregnancy (HDP), body mass index (BMI) and gestational age (GA)
at birth. High multicollinearity was observed between umbilical artery (UA) pulsatility index (PI) multiples of the median (MoM), middle
cerebral artery (MCA)-PI MoM and cerebroplacental ratio (CPR) MoM; therefore, adjusted odds ratios (aORs) were calculated in separate
models to estimate their independent effects. A similar approach was applied for calculating aORs for abdominal circumference (AC) and
estimated fetal weight (EFW) centiles, which also showed high multicollinearity. aORs derived from model with best fit and discriminative
capacity. ART, assisted reproductive technology; CS, Cesarean section; GDM, gestational diabetes mellitus; OR, odds ratio; UtA, uterine
artery.

© 2025 The Author(s). 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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Table 6 Performance of prediction models for delivery of growth-restricted neonate*

Hosmer— Sensitivity PPV NPV
Model AUC (95% CI) P Lemeshow P (%) (%) (%)
Maternal characteristicst 0.630 (0.595-0.666) <0.001 0.305 24.2 3.6 98.7
EFW centile 0.925 (0.908-0.939) <0.001 0.08 74.9 10.4 99.6
AC centile 0.906 (0.886-0.925) <0.001 0.154 72.1 10.1 99.5
UA-PI 0.623 (0.583-0.664) <0.001 0.046 23.7 4.0 98.7
MCA-PI 0.611 (0.565-0.650) <0.001 0.101 21.9 3.5 98.7
CPR 0.671 (0.634-0.708) <0.001 0.115 25.0 3.7 98.7
UtA-PI 0.598 (0.553-0.638) <0.001 <0.001 27.0 4.1 98.8
EFW centile + UA-PI MoM 0.925 (0.908-0.942) <0.001 0.169 75.8 10.6 99.6
EFW centile + CPR MoM 0.927 (0.910-0.942) <0.001 0.339 77.4 10.6 99.6
EFW centile + UA-PI MoM + MCA-PI MoM 0.927 (0.910-0.942) <0.001 0.322 77.2 10.8 99.6
EFW centile + UA-PI MoM + UtA-PI MoM 0.925 (0.910-0.941) <0.001 0.311 76.3 10.5 99.6
EFW centile + CPR + UtA-PI MoM 0.927 (0.911-0.944) <0.001 0.317 76.9 10.5 99.6
EFW centile + MCA-PI MoM + UtA-PI MoM 0.928 (0.912-0.944) <0.001 0.452 77.2 10.8 99.6

*Fetal growth restriction defined as birth weight < 3" centile or < 10™ centile with composite adverse perinatal outcome. tMaternal age,

nulliparity, smoking and hypertensive disorders of pregnancy. Hosmer—Lemeshow P > 0.05 implies model goodness-of-fit. Sensitivity,
positive predictive value (PPV) and negative predictive value (NPV) were calculated for a 10% false-positive rate. AC, abdominal
circumference; AUC, area under receiver-operating-characteristics curve; CPR, cerebroplacental ratio; EFW, estimated fetal weight; MCA,
middle cerebral artery; MoM, multiples of the median; PI, pulsatility index; UA, umbilical artery; UtA, uterine artery.

combined third-trimester screening models with Doppler
parameters'S =19,

It is plausible that, when the interval between
ultrasound assessment and birth is short, as in our
study (23 days), the predictive accuracy of biometry is
high, thereby masking the added value of biomarkers of
placental dysfunction. On the other hand, there may be
a potential role for Doppler parameters to bridge the
gap and enhance the prediction of SGA when ultrasound
is performed remote from delivery, when the predictive
accuracy of EFW is reduced.

Doppler parameters may not improve the prediction
of SGA at term compared with preterm owing to
differing pathophysiological processes that distinguish
early- from late-onset FGR. In late-onset FGR, Doppler
values are usually normal or modestly abnormal®? and
50-70% of SGA neonates are constitutionally small4
with no placental pathology?*3¢ and normal Doppler
parameters>’.

Our study utilized data from routine ultrasound
examinations conducted at a median GA of 36 + 4 weeks
in an unselected population. Consequently, there was a
higher prevalence of constitutionally small neonates and
a lower prevalence of severely growth-restricted fetuses
with severe Doppler abnormalities, as these fetuses would
probably have been detected and delivered before term.

Clinical and research implications

Contemporary obstetric practice typically comprises a
first-trimester risk assessment combining maternal demo-
graphic and clinical characteristics with early ultrasound
findings and serum biochemical markers to identify
women at risk of placentally mediated adverse outcomes,
who would benefit from heightened antepartum surveil-
lance and pharmacological prophylaxis3$~42. While these
assessments are effective at predicting complications in the

© 2025 The Author(s). Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

preterm period, the predictive accuracy for complications
at term, particularly growth disorders, is poor*3.

Term-born neonates that are SGA are at increased
risk of a range of short- and long-term complications
compared with those that are appropriate-for-gestational
age**=3%. Neonates that are SGA owing to placental
insufficiency have poorer neurodevelopmental outcomes
than constitutionally small neonates®>. However, despite
being considered a variant of the norm, the neurological
function of constitutionally small neonates is inferior to
those who are born with a birth weight > 10™ centile’®.

Multiple studies demonstrating abnormal brain struc-
ture and metabolism i1 utero in small fetuses suggest that
a hostile intrauterine environment and chronic hypoxia
contribute to adverse neurodevelopmental outcomes as
well as impaired growth, even when there is no evidence
of placental disease’’, raising the question of whether
there is a neurodevelopmental benefit of earlier delivery
for these fetuses.

Of equal importance is the strong association between
unidentified SGA and perinatal death®®. More than half
of stillbirths are SGA, the majority of which have
no evidence of placental insufficiency prenatally’®=¢1,
Antenatal detection and implementation of antenatal
surveillance and indicated delivery can reduce the risk
of perinatal death’®%%. As a result, efforts have been
directed towards improving the detection of fetuses at
risk of SGA, particularly at term®3.

We propose that introducing a late third-trimester
routine ultrasound examination would provide an
opportunity to reassess risk as the pregnancy enters its
final stage. Performing such a risk assessment at this
stage of pregnancy is particularly important considering
that the cost of intervention (i.e. timed delivery), in
terms of neonatal morbidity, is relatively low?!*?> and
the prospective risk of stillbirth increases with advancing
GA after term?°, particularly for SGA neonates’.

Ultrasound Obstet Gynecol 2025.
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Our findings reveal that a late third-trimester examina-
tion accurately predicts fetuses at risk of being SGA and
having poor outcomes. Our finding that the incorporation
of Doppler indices did not enhance the predictive accu-
racy is consistent with the findings of other studies and is
valuable for resource-limited settings, where sonographic
expertise may be scarce and fetal Doppler evaluation less
available.

Strengths and limitations

The strengths of our study derive from including a
large population of unselected low-risk patients who
underwent a comprehensive sonographic evaluation in
the late third trimester within a short interval before birth
by trained operators in a real-life setting. This allowed
us to evaluate and compare the performance of a range
of variables including maternal characteristics, standard
fetal biometry and Doppler parameters (UA-PI, MCA-PI,
CPR and UtA-PI), widely considered markers of placental
insufficiency for the prediction of adverse outcomes in
pregnancies that have reached term, and adds important
data that could aid in the assessment and management of
pregnancies at term.

This study was limited by its retrospective nature
and the associated treatment selection bias. Managing
obstetricians were not blinded to the results of the
sonographic evaluation, therefore, according to our local
protocol, pregnancies at risk for SGA or with abnormal
fetal Doppler were more likely to have undergone elective
delivery. Indeed, the rate of induction of labor in our
study was 57% in fetuses that were SGA compared with
35% in those that were not. This finding is likely to
have attenuated the predictive performance of Doppler
parameters, as pregnancies deemed to be at risk were
likely to have been delivered earlier, prior to the onset of
Doppler abnormalities. Furthermore, perinatal outcomes
that are of most significance to parents, namely stillbirth
and neonatal death, were rare in this cohort, therefore the
study lacked sufficient power to detect an effect on these
outcomes.

Conclusions

Sonographic fetal biometry evaluation in the late third
trimester can predict the delivery of an SGA or FGR
neonate, including those at risk of adverse perinatal
outcomes. The addition of Doppler parameters to fetal
biometry did not improve the prediction of small neonates.

REFERENCES

1. Bukowski R, Hansen NI, Willinger M, et al. Fetal growth and risk of stillbirth: a
population-based case-control study. PLoS Med. 2014;11(4):e1001633.

2. Doctor BA, O’Riordan MA, Kirchner HL, Shah D, Hack M. Perinatal correlates
and neonatal outcomes of small for gestational age infants born at term gestation.
Am ] Obstet Gynecol. 2001;185(3):652-659.

3. Saenger P, Czernichow P, Hughes I, Reiter EO. Small for gestational age: short
stature and beyond. Endocr Rev. 2007;28(2):219-251.

4. Savchev S, Sanz-Cortes M, Cruz-Martinez R, et al. Neurodevelopmental outcome
of full-term small-for-gestational-age infants with normal placental function.
Ultrasound Obstet Gynecol. 2013;42(2):201-206.

© 2025 The Author(s). Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

10.

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Fratelli N, Valcamonico A, Prefumo F, Pagani G, Guarneri T, Frusca T.

Effects of antenatal recognition and follow-up on perinatal outcomes in
small-for-gestational age infants delivered after 36 weeks. Acta Obstet Gynecol
Scand. 2013;92(2):223-229.

. Hansen DN, Odgaard HS, Uldbjerg N, Sinding M, Serensen A. Screening for

small-for-gestational-age fetuses. Acta Obstet Gynecol Scand. 2020;99(4):503-509.

. Unterscheider J, O’Donoghue K, Daly S, et al. Fetal growth restriction and the

risk of perinatal mortality-case studies from the multicentre PORTO study. BMC
Pregnancy Childbirth. 2014;14:63.

. Callec R, Lamy C, Perdriolle-Galet E, et al. Impact on obstetric outcome of

third-trimester screening for small-for-gestational-age fetuses. Ultrasound Obstet
Gynecol. 2015;46(2):216-220.

. David C, Tagliavini G, Pilu G, Rudenholz A, Bovicelli L. Receiver-operator

characteristic curves for the ultrasonographic prediction of small-for-gestational-age
fetuses in low-risk pregnancies. Am | Obstet Gynecol. 1996;174(3):1037-1042.

De Reu PA, Smits L], Oosterbaan HP, Nijhuis JG. Value of a single early third
trimester fetal biometry for the prediction of birth weight deviations in a low risk
population. | Perinat Med. 2008;36(4):324-329.

Roma E, Arnau A, Berdala R, Bergos C, Montesinos ], Figueras F. Ultrasound
screening for fetal growth restriction at 36 vs 32 weeks’ gestation: a randomized
trial (ROUTE). Ultrasound Obstet Gynecol. 2015;46(4):391-397.

Mustafa HJ, Javinani A, Muralidharan V, Khalil A. Diagnostic performance of
32 vs 36 weeks ultrasound in predicting late-onset fetal growth restriction and
small-for-gestational-age neonates: a systematic review and meta-analysis. Am
J Obstet Gynecol MFM. 2024;6(1):101246.

Fadigas C, Saiid Y, Gonzalez R, Poon LC, Nicolaides KH. Prediction of
small-for-gestational-age neonates: screening by fetal biometry at 35-37 weeks.
Ultrasound Obstet Gynecol. 2015;45(5):559-56S5.

Miranda J, Rodriguez-Lopez M, Triunfo S, et al. Prediction of fetal growth restriction
using estimated fetal weight vs a combined screening model in the third trimester.
Ultrasound Obstet Gynecol. 2017;50(5):603-611.

Ciobanu A, Rouvali A, Syngelaki A, Akolekar R, Nicolaides KH. Prediction
of small for gestational age neonates: screening by maternal factors, fetal
biometry, and biomarkers at 35-37 weeks’ gestation. Am | Obstet Gynecol.
2019;220(5):486.e1-486.e11.

Triunfo S, Crispi F, Gratacos E, Figueras F. Prediction of delivery of
small-for-gestational-age neonates and adverse perinatal outcome by fetoplacental
Doppler at 37 weeks’ gestation. Ultrasound Obstet Gynecol. 2017;49(3):364-371.
Fadigas C, Guerra L, Garcia-Tizon Larroca S, Poon LC, Nicolaides KH. Prediction
of small-for-gestational-age neonates: screening by uterine artery Doppler and mean
arterial pressure at 35-37 weeks. Ultrasound Obstet Gynecol. 2015;45(6):715-721.

. Fadigas C, Peeva G, Mendez O, Poon LC, Nicolaides KH. Prediction of

small-for-gestational-age neonates: screening by placental growth factor and
soluble fms-like tyrosine kinase-1 at 35-37 weeks. Ultrasound Obstet Gynecol.
2015;46(2):191-197.

. Bakalis S, Peeva G, Gonzalez R, Poon LC, Nicolaides KH. Prediction of

small-for-gestational-age neonates: screening by biophysical and biochemical
markers at 30-34 weeks. Ultrasound Obstet Gynecol. 2015;46(4):446-451.

Muglu J, Rather H, Arroyo-Manzano D, et al. Risks of stillbirth and neonatal death
with advancing gestation at term: A systematic review and meta-analysis of cohort
studies of 15 million pregnancies. PLoS Med. 2019;16(7):¢1002838.
Gyamfi-Bannerman C, Thom EA, Blackwell SC, et al. Antenatal Betamethasone for
Women at Risk for Late Preterm Delivery [published correction appears in N Engl
J Med. 2023 May 4;388(18):1728. doi: 10.1056/NEJMx220010]. N Engl | Med.
2016;374(14):1311-1320.

Leone A, Ersfeld P, Adams M, Schiffer PM, Bucher HU, Arlettaz R. Neonatal
morbidity in singleton late preterm infants compared with full-term infants. Acta
Paediatr. 2012;101(1):e6-¢10.

Robinson HP, Fleming JE. A critical evaluation of sonar “crown-rump length”
measurements. Br | Obstet Gynaecol. 1975;82(9):702-710.

Khalil A, Sotiriadis A, D’Antonio F, et al. ISUOG Practice Guidelines:
performance of third-trimester obstetric ultrasound scan. Ultrasound Obstet
Gynecol. 2024;63(1):131-147.

Hadlock FP, Harrist RB, Sharman RS, Deter RL, Park SK. Estimation of fetal weight
with the use of head, body, and femur measurements — a prospective study. Am
J Obstet Gynecol. 1985;151(3):333-337.

Stirnemann J, Villar J, Salomon LJ, et al. International estimated fetal weight
standards of the INTERGROWTH-21st Project. Ultrasound Obstet Gynecol.
2017;49(4):478-486.

Snijders RJ, Nicolaides KH. Fetal biometry at 14-40 weeks’ gestation. Ultrasound
Obstet Gynecol. 1994;4(1):34-48.

Gomez O, Figueras F, Fernandez S, et al. Reference ranges for uterine artery
mean pulsatility index at 11-41 weeks of gestation. Ultrasound Obstet Gynecol.
2008;32(2):128-132.

Acharya G, Wilsgaard T, Berntsen GK, Maltau JM, Kiserud T. Reference ranges for
serial measurements of blood velocity and pulsatility index at the intra-abdominal
portion, and fetal and placental ends of the umbilical artery. Ultrasound Obstet
Gynecol. 2005;26(2):162-169.

Ciobanu A, Wright A, Syngelaki A, Wright D, Akolekar R, Nicolaides KH. Fetal
Medicine Foundation reference ranges for umbilical artery and middle cerebral
artery pulsatility index and cerebroplacental ratio. Ultrasound Obstet Gynecol.
2019;53(4):465-472.

Yudkin PL, Aboualfa M, Eyre JA, Redman CW, Wilkinson AR. New birthweight
and head circumference centiles for gestational ages 24 to 42 weeks. Early Hum
Dev. 1987;15(1):45-52.

NHS England. Saving babies’ lives: Version 3. NHS England; 2023, June 12
https://www.england.nhs.uk/long-read/saving-babies-lives-version-3/

Oros D, Figueras F, Cruz-Martinez R, Meler E, Munmany M, Gratacos E.
Longitudinal changes in uterine, umbilical and fetal cerebral Doppler indices
in late-onset small-for-gestational age fetuses. Ultrasound Obstet Gynecol.
2011;37(2):191-195.

Ultrasound Obstet Gynecol 2025.

85U8017 SUOWWOD BA IR0 3ded|dde 8y} Aq pausenob afe sl YO ‘@SN JO S3|NJ 1o Areiq1 8UIIUO AB]1M UO (SUORIPUOD-PUR-SUIBY WD A3 | 1M ARe.q 1 aut|uO/SANY) SUORIPUOD Pue swie | 8y} 88S *[5202/50/90] Uo A%eiqiaulluo A|1m ‘uopuo JO Aisieniun s861089 15 Aq £2262 BON/200T 0T/10p/Lw0o A8 1M Al jeuuo'uABgoy/sdiy wouy pepeojumoq ‘0 ‘S02069%T


https://www.england.nhs.uk/long-read/saving-babies-lives-version-3/
https://www.england.nhs.uk/long-read/saving-babies-lives-version-3/

10

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Broere-Brown ZA, Schalekamp-Timmermans S, Jaddoe VWV, Steegers EAP.
Deceleration of fetal growth rate as alternative predictor for childhood outcomes: a
birth cohort study. BMC Pregnancy Childbirth. 2019;19(1):216.

Parra-Saavedra M, Simeone S, Triunfo S, et al. Correlation between his-
tological signs of placental underperfusion and perinatal morbidity in
late-onset  small-for-gestational-age fetuses. Ultrasound —Obstet  Gynecol.
2015;45(2):149-155.

Himoto Y, Fujimoto K, Kido A, et al. Risk stratification for pregnancies diagnosed
with fetal growth restriction based on placental MRI. | Magn Reson Imaging.
2022;56(6):1650-1658.

Grif C, Radulescu C, Voidizan S, Popa C, Grama O. Analysis of doppler criteria in
the diagnosis of iugr. Acta Medica Marisiensis. 2013;59(3):133-136.

Nicolaides KH. Turning the pyramid of prenatal care. Fetal Diagn Ther.
2011;29(3):183-196.

Martin AM, Bindra R, Curcio P, Cicero S, Nicolaides KH. Screening for
pre-eclampsia and fetal growth restriction by uterine artery Doppler at 11-14 weeks
of gestation. Ultrasound Obstet Gynecol. 2001;18(6):583-586.

Pilalis A, Souka AP, Antsaklis P, et al. Screening for pre-eclampsia and fetal
growth restriction by uterine artery Doppler and PAPP-A at 11-14 weeks’ gestation.
Ultrasound Obstet Gynecol. 2007;29(2):135-140.

Spencer K, Yu CK, Cowans NJ, Otigbah C, Nicolaides KH. Prediction of pregnancy
complications by first-trimester maternal serum PAPP-A and free beta-hCG and with
second-trimester uterine artery Doppler. Prenat Diagn. 2005;25(10):949-953.
Rolnik DL, Wright D, Poon LCY, et al. ASPRE trial: performance of screening for
preterm pre-eclampsia [published correction appears in Ultrasound Obstet Gynecol.
2017 Dec;50(6):807. doi: 10.1002/uo0g.18950]. Ultrasound Obstet Gynecol.
2017;50(4):492-495.

Wright D, Wright A, Nicolaides KH. The competing risk approach for prediction of
preeclampsia. Am | Obstet Gynecol. 2020;223(1):12-23.e7.

Shirley SA, Jerry TAL, Shiji R. Incidence and risk factors associated with
hypoglycemia in the first 48 hours of life in small for gestational age neonates.
Int | Contemporary Pediatr. 2018;5(6):2300.

Miller SS, Lee HC, Gould JB. Hypothermia in very low birth weight infants:
distribution, risk factors and outcomes. | Perinatol. 2011;31(Suppl 1):549-S56.
Talisman S, Guedalia ], Farkash R, et al. NICU admission for term neonates in a
large single-center population: a comprehensive assessment of risk factors using a
tandem analysis approach. | Clin Med. 2022;11(15):4258.

Chauhan SP, Rice MM, Grobman WA, et al. Neonatal morbidity of small- and
large-for-gestational-age neonates born at term in uncomplicated pregnancies.
Obstet Gynecol. 2017;130(3):511-519.

Applegate JA, Islam MS, Khanam R, et al. Young infant mortality associated
with preterm and small-for-gestational-age births in rural bangladesh: a prospective
cohort study. | Pediatr. 2024;269:114001.

49.

50.

S1.

52.

53.

54.

55.

S6.

57.

58.

59.

60.

61.

62.

63.

Lopian et al.

Lu D, Yu Y, Ludvigsson JF, et al. Birth weight, gestational age, and risk
of cardiovascular disease in early adulthood: influence of familial factors. Am
J Epidemiol. 2023;192(6):866-877.

Shorer DT, Wainstock T, Sheiner E, Landau D, Pariente G. Long-term endocrine
outcome of small for gestational age infants born to mothers with and without
gestational diabetes mellitus. Gynecol Endocrinol. 2019;35(11):1003-1009.

Hollo O, Rautava P, Korhonen T, Helenius H, Kero P, Sillanpid M. Academic
achievement of small-for-gestational-age children at age 10years. Arch Pediatr
Adolesc Med. 2002;156(2):179-187.

Eves R, Mendonga M, Bartmann P, Wolke D. Small for gestational age-cognitive
performance from infancy to adulthood: an observational study. BJOG.
20205127(13):1598-1606.

Larroque B, Bertrais S, Czernichow P, Léger J. School difficulties in 20-year-olds who
were born small for gestational age at term in a regional cohort study. Pediatrics.
2001;108(1):111-115.

Strauss RS. Adult functional outcome of those born small for gestational
age: twenty-six-year follow-up of the 1970 British Birth Cohort. JAMA.
2000;283(5):625-632.

Parra-Saavedra M, Crovetto F, Triunfo S, et al. Neurodevelopmental outcomes
of near-term small-for-gestational-age infants with and without signs of placental
underperfusion. Placenta. 2014;35(4):269-274.

Figueras F, Oros D, Cruz-Martinez R, et al. Neurobehavior in term,
small-for-gestational age infants with normal placental function. Pediatrics.
2009;124(5):€934-¢941.

Sanz-Cortés M, Figueras F, Bargallo N, Padilla N, Amat-Roldan I, Gratacos E.
Abnormal brain microstructure and metabolism in small-for-gestational-age term
fetuses with normal umbilical artery Doppler. Ultrasound Obstet Gynecol.
2010;36(2):159-165.

Stacey T, Thompson JM, Mitchell EA, Zuccollo JM, Ekeroma AJ, McCowan
LM. Antenatal care, identification of suboptimal fetal growth and risk of late
stillbirth: findings from the Auckland Stillbirth Study. Aust N Z | Obstet Gynaecol.
2012;52(3):242-247.

Gardosi ], Kady SM, McGeown P, Francis A, Tonks A. Classification of stillbirth
by relevant condition at death (ReCoDe): population based cohort study. BM].
2005;331(7525):1113-1117.

Serena C, Marchetti G, Rambaldi MP, et al. Stillbirth and fetal growth restriction.
] Matern Fetal Neonatal Med. 2013;26(1):16-20.

Poon LC, Tan MY, Yerlikaya G, Syngelaki A, Nicolaides KH. Birth weight in live
births and stillbirths. Ultrasound Obstet Gynecol. 2016;48(5):602-606.

Gardosi ], Madurasinghe V, Williams M, Malik A, Francis A. Maternal and fetal
risk factors for stillbirth: population based study. BMJ. 2013;346:f108.

Perinatal Institute. Growth Assessment Protocol (GAP). 2024 Retrieved from
https://www.perinatal.org.uk/gap/

SUPPORTING INFORMATION ON THE INTERNET

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

lall Figure S1-S13 Calibration plots for the prediction of small-for-gestational age < S centile according to:
maternal characteristics (Figure S1); estimated fetal weight centile (Figure S2); abdominal circumference centile
(Figure S3); umbilical artery pulsatility index (Figure S4); middle cerebral artery pulsatility index (Figure S5);
cerebroplacental ratio (Figure S6); uterine artery pulsatility index (Figure S7); estimated fetal weight centile
and umbilical artery pulsatility index (Figure S8); estimated fetal weight centile and cerebroplacental ratio
(Figure S9); estimated fetal weight centile, umbilical artery pulsatility index and middle cerebral artery
pulsatility index (Figure S10); estimated fetal weight centile, umbilical artery pulsatility index and uterine
artery pulsatility index (Figure S11); estimated fetal weight centile, uterine artery pulsatility index and
cerebroplacental ratio (Figure $12); estimated fetal weight centile, middle cerebral artery pulsatility index and

uterine artery pulsatility index (Figure S13).

Figure S14-S26 Calibration plots for the prediction of fetal growth restriction according to: maternal
characteristics (Figure S14); estimated fetal weight centile (Figure S15); abdominal circumference centile
(Figure S16); umbilical artery pulsatility index (Figure S17); middle cerebral artery pulsatility index

(Figure S18); cerebroplacental ratio (Figure S19); uterine artery pulsatility index (Figure S20); estimated fetal
weight centile and umbilical artery pulsatility index (Figure S21); estimated fetal weight centile and
cerebroplacental ratio (Figure S22); estimated fetal weight centile, umbilical artery pulsatility index and middle
cerebral artery pulsatility index (Figure S23); estimated fetal weight centile, umbilical artery pulsatility index
and uterine artery pulsatility index (Figure S24); estimated fetal weight centile, cerebroplacental ratio and
uterine artery pulsatility index (Figure S25); estimated fetal weight centile, middle cerebral artery pulsatility
index and uterine artery pulsatility index (Figure 526).
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