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Preface

The studies described in this thesis comprise work performed at the Fetal Medicine Units
of King's College Hospital and Medway Maritime Hospital (United Kingdom). The project
was guided by Professor Kypros Nicolaides and funded by The Fetal Medicine

Foundation.

According to "Artigo 4°, Diario da RepuUblica, 22 série, N.° 111, 9" June 2015
(Regulamento n.° 320/2015)" and "Artigo 19°, Diario da Republica, 22 série, n° 153, 7th
August 2015 (Regulamento n.° 519/2015)", the results presented and discussed in this

thesis were published in the following scientific peer-reviewed journals:

e 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 May;45(5):559-65. doi: 10.1002/uog.14816. Epub 2015 Apr 9. Impact
factor: 5.654. Cited by 29 (Google Scholar, 28 Jan 2019).

e 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 35-37weeks. Ultrasound Obstet Gynecol. 2015 June;45(6):715-721.
doi: 10.1002/uog.14847. Epub 2015 May 4. Impact factor: 5.654. Cited by 15 (Google
Scholar, 28 Jan 2019).

e 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
Aug;46(2):191-7. doi: 10.1002/uog.14862. Epub 2015 Jun 18. Impact factor: 5.654.
Cited by 13 (Google Scholar, 28 Jan 2019).

Partial results of this thesis were presented at international congresses, as part of a wider
project, also lead by Prof. Kypros Nicolaides and funded by the Fetal Medicine
Foundation. The referred research project aims to predict appropriate timing for third
trimester growth scan, contingent to the second trimester scan. The meetings were the

following:



Poon C, Lesmes C, Bakalis S, Fadigas C, Nicolaides KH. Prediction of Fetal
Growth Restriction. Advances in Fetal Medicine Course 2014, London, United

Kingdom, 6-7 Dec 2014. [Oral presentation]

Poon C, Lesmes C, Bakalis S, Fadigas C, Nicolaides KH. Small for gestional age:
Timing for 3rd trimester scan. 14™ World Congress in Fetal Medicine, Crete,
Greece, 21-25 Jun 2015. [Oral presentation]

Poon C, Gallo D, Bakalis S, Fadigas C, Nicolaides KH. Contingent model for the
prediction of delivery of small-for-gestational-age neonates. 26th World Congress
on Ultrasound in Obstetrics and Gynecology, Rome, lItaly, 24-28 September 2016
[Oral presentation]. Abstract available in Ultrasound in Obstetrics and Gynecology, 48,
Suppl 1:2, September 2016. DOI: 10.1002/u0g.16029.


http://dx.doi.org/10.1002/uog.16029

Abstract

Small for gestational age (SGA) is common in preghancy and it has been associated with
an increase in adverse perinatal outcomes, predisposition for neurological and cognitive

delay in childhood and cardiovascular and endocrine diseases in adulthood.

The classification is not consensual, having been defined in different studies as estimated
fetal weight, abdominal circumference or birthweight below the 10", 5" or 3" percentiles,

with the prevalence varying with the definition that is used.

The increased risk of perinatal mortality and morbidity can be substantially reduced in
cases identified prenatally, as close monitoring, timely delivery and prompt neonatal care

can be undertaken, in comparison to those cases detected after birth.

Over time, several screening methods have been introduced, in order to optimize the
detection rate for SGA. These approaches range from abdominal palpation, symphyseal-
fundal height measurement, fetal biometries, uterine artery doppler assessment and, more
recently, biochemical markers.

The aim of this thesis is to develop a model for prediction of SGA neonates in the absence
of pre-eclampsia, based on maternal characteristics, clinical history, fetal biometry, uterine
pulsatility index (Ut PI), mean arterial blood pressure (MAP) and serum biochemical
markers (serum placental growth factor: PIGF; Soluble fms-like tyrosine kinase-1: sFlt-1)
at 35-37 gestational weeks.

This was a prospective screening project for detection of SGA neonates, in women
attending for their third-trimester hospital visit in pregnancy at King's College Hospital

(London) and Medway Maritime Hospital (Kent). The project comprised three studies.

The first study included biophysical measurements of 5515 pregnant women, including
278 that delivered SGA (<5") neonates. A SGA predictive model was developed based on

the combination of maternal factors, clinical history and estimated fetal weight.

In the second study, a subset of 5121 pregnant women was evaluated, 245 of which had
SGA (<5") newborns. A model was developed based on the combination of maternal

factors, clinical history, estimated fetal weight, mean arterial pressure and uterine artery



dopplers. It was found that the additional use of mean arterial pressure and pulsatility
index of the uterine arteries did not significantly improve the performance of screening for

delivery of SGA neonates in comparison to the first study.

In the third study, a subset of 3859 pregnant women was evaluated, comprising 158 SGA
newborns. The SGA prediction model combined the following parameters: maternal
factors, estimated fetal weight and biochemical values (serum placental growth factor,
PIGF; fms-like soluble tyrosine kinase-1, sFlt-1). It was found that sFlt-1, when combined
with maternal factors and fetal biometries, did not remain an independent factor in this
predictive model. Additionally, serum PIGF only marginally improved the SGA screening
performance when compared to the model of the first study.

Hence, based on the findings, the best prediction was provided by the combination of
maternal factors, estimated fetal weight and serum placental growth factor (PIGF). This
combined screening predicted, at a 10% false positive rate, 88, 96 and 94% of SGA
neonates with birth weight below the 10", 5" and 3" percentiles delivering at <2 weeks
following assessment. The respective values for SGA delivering 237 weeks were 64, 75
and 80%.

In conclusion, combined screening by maternal factors, biophysical and biochemical
markers at 35-37 weeks can identify a high percentage of pregnancies that will deliver

SGA neonates.

Keywords: Small-for-gestational age; Late third trimester screening; Fetal biometry;

Placental growth factor; Soluble fms-like tyrosine kinase-1.



Resumo

Ser leve para a idade gestacional (LIG) € comum na gravidez e tem sido associado a um
aumento nos resultados perinatais adversos, predisposi¢cdo para défices neurologico e

cognitivo na infancia e doencas cardiovascular e endocrinolégica na vida adulta.

A classificacdo ndo é consensual, tendo sido definida em diferentes estudos como peso
fetal estimado, circunferéncia abdominal fetal ou peso a nascenca abaixo dos percentis

10, 5 ou 3. Deste modo, a prevaléncia de LIG varia com a definicdo utilizada.

O aumento do risco de mortalidade e morbilidade perinatal pode ser substancialmente
reduzido nos casos identificados no periodo pré-natal, uma vez que a vigilancia apertada
da gravidez, com programac¢éao do parto na altura adequada e um atendimento neonatal
apropriado podem ser oferecidos, em comparagdo com 0s casos apenas detectados
apoés o parto.

Ao longo do tempo, varios métodos de triagem foram introduzidos, a fim de optimizar a
taxa de deteccdo de LIG. Essas abordagens incluem a palpacdo abdominal, a medicdo
da altura uterina, a avaliacdo da biometria fetal, a medicdo dos dopplers das artérias

uterinas e, mais recentemente, a utilizagdo de marcadores bioquimicos.

O objectivo desta tese é desenvolver um modelo para previsdo de recém-nascidos LIG
na auséncia de pré-eclampsia, baseado em factores maternos, histéria clinica, biometrias
fetais, indice de pulsatilidade das artérias uterinas, pressao arterial média e marcadores
biogquimicos (factor de crescimento placentario sérico: PIGF; FMS-like tirosina cinase

soluvel-1: sFlt-1) as 35-37 semanas de gestacao.

Este foi um trabalho prospectivo de rastreio de gestacdes simples as 35-37 semanas
gestacionais, que decorreu no Reino Unido, no King's College Hospital em Londres e no

Medway Maritime Hospital em Kent. O projecto foi organizado em 3 estudos distintos.
No primeiro estudo foram incluidas medidas biofisicas de 5515 gestantes, em que 278

gravidas tiveram recém-nascidos LIG (<p5) e foi desenvolvido um modelo de previsdo de

LIG com base na combinacao de factores maternos, historia clinica e peso fetal estimado.
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No segundo estudo avaliou-se um subgrupo de 5121 gestantes, das quais 245 tiveram
recém-nascidos LIG (<p5) e desenvolveu-se um modelo com base na combinacdo dos
factores maternos, historia clinica, peso fetal estimado, pressdo arterial média e
fluxometria das artérias uterinas. Constatou-se que a utilizacdo adicional da pressao
arterial média e do indice de pulsatilidade das artérias uterinas nao melhorou

significativamente a taxa de deteccdo de recém-mascidos LIG face ao primeiro estudo.

No terceiro estudo, avaliou-se um subconjunto de 3859 gravidas, incluindo 158 recém-
nascidos LIG. O modelo de previsdo de recém-nascido LIG combinou os seguintes
parametros: factores maternos, peso fetal estimado e valores bioquimicos (factor de
crescimento placentério sérico, PIGF; fms-like tirosina cinase soluvel-1, sFlt-1).
Verificou-se que o sFlt-1, quando combinado com os factores maternos e biometrias
fetais, ndo permaneceu como um factor independente neste modelo de previsdo.
Adicionalmente, observou-se que o PIGF sérico apenas melhorou marginalmente a taxa
de deteccao de LIG face ao modelo do primeiro estudo.

Assim, dos varios modelos avaliados, aquele com melhor taxa de detec¢do de recém-
nascidos LIG foi fornecido pela combinagéo de factores maternos, peso fetal estimado e
factor de crescimento placentario sérico (PIGF). Este modelo previu, com uma taxa de
falsos positivos de 10%, 88, 96 e 94% dos recém-nascidos LIG com peso ao nascer
inferior aos percentis 10, 5 e 3, respectivamente, e que nasceram <2 semanas apés a
avaliacdo em consulta. A taxa de detecgao para LIG com nascimento =37 semanas foi de
64, 75 e 80%.

Em concluséo, o rastreio pelo modelo combinado de factores maternos, marcadores

biofisicos e bioquimicos as 35-37 semanas pode identificar uma percentagem elevada de

gestacdes com recém-nascidos LIG.
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Abbreviation

AC Abdominal Circumference

ACOG American College of Obstetricians and Gynecologists
ADAM12 Metalloprotease Domain-Containing Protein-12
AGA Appropriate for Gestational Age
aOR Adjusted Odds Ratio

APH Antepartum haemorrhage

APLS Antiphospholipid Syndrome

aRR Adjusted Relative Risk

ART Assisted Reproductive Technology
AUC Area Under ROC (Receiver Operating Characteristic)
B-hCG free B-human chorionic gonadotropin
BMI Body Mass Index

BPD Biparietal Diameter

BW Birth Weight

Cl Confidence Intervals

CPR Cerebro-Placental Ratio

CS Cesarean section

DR Detection Rate

EFW Estimated Fetal Weight

FGR Fetal Growth Restriction

FL Femur Length

FPR False Positive Rate

GH Gestational Hypertension

HC Head Circumference

IGF Insulin Like Growth Factor

IQR Interquartile Range

iISUA Isolated Single Umbilical Artery

IVF In Vitro Fertilization

LGA Large for Gestational Age

LR+ Positive Likelihood Ratio

LR- Negative Likelihood Ratio
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MAP Mean Arterial Pressure

MCA Middle Cerebral Artery

MCI Marginal Cord Insertion

MoM Multiple of the Median

MRI Magnetic Resonance Imaging

NBAS Neonatal Behavioral Assessment Scale
NICE National Institute for Health and Clinical Excellence
OR Odds Ratio

PAPP-A Pregnancy Associated Plasma Protein-A
PE Pre-eclampsia

PI Pulsatility Index

PIGF Placental Growth Factor

PP-13 Placental Protein-13

RCOG Royal College of Obstetricians and Gynaecologists
RI Resistance Index

ROC Receiver Operating Characteristic

RR Relative Risk

SD Standard Deviation

SGA Small for Gestational Age

SFH Symphyseal-Fundal Height

sFlt-1 Soluble fms-like tyrosine kinase-1

SGA Small-for-Gestational Age

SLE Systemic Lupus Erythematosus

SUA Single Umbilical Artery

UA Umbilical Artery

UK United Kingdom

UtA Uterine Artery

VCI Velamentous Cord Insertion

VEGF Vascular Endothelial Growth Factor
WHO World Health Organization
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Figure Legends

Figure 1.1 - Risk assessment for SGA as set out by the RCOG.

Figure 3.1. Z-scores for fetal head circumference (a), abdominal circumference (b), femur

length (c) and estimated fetal weight (d) at 35-37 weeks.

Figure 3.2. Receiver-operating characteristic curves of maternal characteristics (black
line), combination of maternal characteristics of HC, AC and FL z-score (blue line) and the
combination of maternal characteristics with EFW z-score (red line) at 35-37 gestational
weeks in the prediction of SGA with BW below the 10" (a), the 5" (b) and the 3" (c)

percentile, delivering < 2 weeks following assessment (left) or 237 weeks' gestation.

Figure 4.1 Logio uterine artery pulsatility index (UtA-Pl) (a,b) and logio mean arterial
pressure (MAP) (c,d) multiples of median according to assessment-to-delivery interval
(a,c) and birth-weight Z-score (b,d) in pregnancies delivering small-for-gestational-age
neonates with birth weight <5" percentile, plotted on the 50" (solid line), 90" and
95" (dashed line) percentile of the appropriate normal range.

Figure 4.2. Receiver—operating characteristics curves of maternal factors (black) and
maternal factors with uterine artery pulsatility index (red), mean arterial pressure (blue),
estimated fetal weight Z-score (green) and their combination (purple), at 35-37 weeks'
gestation, in the prediction of small-for-gestational-age neonates with birth
weight < 10" (a), < 5™ (b) or < 3" (c) percentile, delivering <2 weeks following assessment

(top) or =37 weeks' gestation (bottom).

Figure 5.1. Logio placental growth factor (a) and logio soluble fms-like tyrosine kinase-1
(b) multiples of the median (MoM) according to assessment-to-delivery interval in
pregnancies delivering small-for-gestational-age neonates with birth
weight < 5" percentile, plotted on the 50" (solid line) and 10" (dashed line) percentile of

the normal range.

Figure 5.2. Receiver—operating characteristics curves of maternal factors (black line),
maternal factors with estimated fetal weight (EFW) (blue line), maternal factors with EFW
and placental growth factor (red line) at 35-37 weeks' gestation, in the prediction of small-
for-gestational-age neonates with birth weight <10 (a), <5™" (b) and <3 (c) percentile,

delivering within 2 weeks of assessment.
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Figure 5.3. Receiver—operating characteristics curves of maternal factors (black line),
maternal factors with EFW (blue line), maternal factors with EFW and placental growth
factor (red line) at 35—-37 weeks' gestation, in the prediction of small-for-gestational-age
neonates with birth weight<10™" (a), <5"(b) and<3"“(c) percentile, delivering

= 37 weeks' gestation.

16



Table Legends

Table 1.1. Common causes of growth restriction (Sankaran et al*®)

Table 1.2. Birthweight comparison (in grams) based on standard mother being defined as
of European origin, height 163 cm, weight 64 kg, first pregnancy, with baby sex averaged

between male and female (Gardosi et al*!)

Table 1.3. RCOG risk factors for SGA fetus/neonate from history at booking (Robson et
al, 2013).

Table 1.4. RCOG risk factors for SGA fetus/neonate from current pregnancy
complications (Robson et al®)

Table 1.5. Studies showing the differences in PIGF in normal and pregnancies delivering
a SGA neonate.

Table 1.6. Studies showing the differences in sFlt-1 in normal and pregnancies delivering

a SGA neonate.

Table 1.7. Difference in PIGF/sFIt-1 ratio in normal and pregnancies delivering a SGA

neonate

Table 3.1. Characteristics of the study population of women with a singleton pregnancy
with normal outcome or with a small-for-gestational age (SGA) neonate, in the absence of

pre-eclampsia (PE).

Table 3.2. Pearson correlation between Z-score values of head circumference, abdominal
circumference, femur length and estimated fetal weights at 35-37 weeks’ gestation in the

normal and small for gestational age groups.

Table 3.3. Fitted regression model with maternal characteristics and history for the
prediction of small for gestational age with birth weight below the 5" percentile, in the

absence of preeclampsia.

Table 3.4. Fitted regression models with maternal characteristics and history, fetal head
circumference (HC) Z-score, abdominal circumference (AC) Z-score, femur length (FL) Z-

score or estimated fetal weight (EFW) Z-score at 35-37 weeks’ gestation, for the
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prediction of small-for-gestational age with birth weight <5™ percentile, in the absence of

pre-eclampsia

Table 3.5. Performance of screening for small for gestational age (SGA) neonates with
birthweight <10th, <5th and <3rd percentiles, delivering within 2 weeks of assessment and
= 37 weeks' gestation, in the absence of pre-eclampsia, using maternal characteristics

and history, fetal biometry or estimated fetal weight at 35-37 weeks' gestation

Table 3.6. Detection rates (DR) in screening for small-for-gestational-age neonates with
birth weight < 10", <5™ and < 3™ percentile, delivering within 2 weeks of assessment, in
the absence of pre-eclampsia, using maternal characteristics and history, fetal biometry or
estimated fetal weight at 35—37 weeks’ gestation

Table 3.7. Detection rates (DR) in screening for small-for-gestational-age neonates with
birth weight <10, <5" and <3 percentile, delivering =37 weeks’' gestation, in the
absence of pre-eclampsia, using maternal characteristics and history, fetal biometry or
estimated fetal weight at 35—37 weeks’ gestation

Table 4.1. Characteristics of the study population of women with a singleton pregnancy
with normal outcome or with a small-for-gestational age (SGA) neonate, in the absence of

pre-eclampsia (PE).

Table 4.2. Uterine artery pulsatility index (UtA-Pl) and mean arterial pressure (MAP) at
35-37 weeks’ gestation in pregnancies that delivered small-for-gestational-age (SGA)
neonates with birth weight <5" percentile, in the absence of pre-eclampsia, and in

unaffected pregnancies

Table 4.3. Fitted regression models with maternal characteristics and history, estimated
fetal weight (EFW) Z-score, uterine artery pulsatility index (UtA-Pl) and mean arterial
pressure (MAP) at 35-37 weeks’ gestation for the prediction of small-for-gestational-age

neonates with birth weight < 5" percentile, in the absence of pre-eclampsia

Table 4.4. Performance of screening for small for gestational age neonates with birth
weight <10™, <5" and <3 percentile delivering within two weeks of assessment and at
>37 weeks’ gestation, in the absence of preeclampsia, with maternal factors, estimated
fetal weight, uterine artery pulsatility index and mean arterial pressure at 35-37 weeks’

gestation.

Table 4.5. Detection rates (DR) in screening for small-for-gestational-age (SGA) neonates

with birth weight < 10", <5" and < 3™ percentile, delivering within 2 weeks of assessment,
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in the absence of pre-eclampsia, using maternal factors, estimated fetal weight (EFW),
uterine artery pulsatility index (UtA-Pl) and mean arterial pressure (MAP) at 35-37 weeks’

gestation

Table 4.6. Detection rates (DR) in screening for small-for-gestational-age (SGA) neonates
with birth weight <10™, <5% and < 3" percentile, delivering = 37 weeks, in the absence of
pre-eclampsia, using maternal factors, estimated fetal weight (EFW), uterine artery

pulsatility index (UtA-PIl) and mean arterial pressure (MAP) at 35-37 weeks’ gestation

Table 5.1. Characteristics of the study population of women with a singleton pregnancy
with normal outcome or with a small-for-gestational-age (SGA) neonate, in the absence of
pre-eclampsia (PE)

Table 5.2. Placental growth factor (PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) at
35-37 weeks’ gestation in small for gestational age (SGA) neonates with birth weight
below the 5™ percentile, in the absence of preeclampsia and in the normal group.

Table 5.3. Fitted regression models with maternal characteristics and history (maternal
factors), estimated fetal weight (EFW) Z-score, placental growth factor (PIGF) and soluble
fms-like tyrosine kinase-1 (sFlt-1) at 35-37 weeks’ gestation for the prediction of small-for-
gestational-age neonates with birth weight <5" percentile, in the absence of pre-

eclampsia

Table 5.4. Performance of screening for small-for-gestational-age (SGA) neonates with
birth weight < 10", <5 and < 3" percentile delivering within 2 weeks of assessment, in
the absence of pre-eclampsia, using maternal characteristics and history, estimated fetal
weight (EFW), placental growth factor (PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-
1) at 35-37 weeks’ gestation.

Table 5.5. Performance of screening for small for gestational age (SGA) neonates with
birth weight <10™, <5" and <3 percentile delivering at >37 weeks’' gestation in the
absence of preeclampsia, with maternal characteristics and history, estimated fetal
weight, placental growth factor (PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) at

35-37 weeks’ gestation.

19


http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1
http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1
http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1
http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1
http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1

CHAPTER 1

Introduction

20



Chapter 1. Introduction

1.1. DEFINITION AND EPIDEMIOLOGY OF SMALL FOR GESTATIONAL AGE AND FETAL GROWTH

RESTRICTION

Small for gestational age (SGA) is usual in pregnancy?. It is associated with increased
adverse perinatal outcomes?, predisposition for neurological and cognitive delay in
childhood and cardiovascular and endocrine diseases in adulthood® . The classification is

not consensual and the prevalence will vary with the definition that is used.

Historically, a birthweight (BW) below 2500g and, occasionally, under 15009, was used as
a cut-off for the definition of SGA. The World Health Organization still uses the definition
of SGA as neonatal weight below 2500g at term®. This definition is especially useful in
developing countries, as it eliminates the impact of accurate pregnancy dating and since

low birthweight has long been used as an important public health indicator.

However, with the introduction of population based gestational age dependent BW charts
since Lubchenco®, there was a move to the use of percentiles, which has been widely
adopted in developed countries. The definition of SGA is not consensual and various
cut-off limits have been proposed, including estimated fetal weight (EFW), BW, abdominal
circumference (AC) or, more recently, BW charts comprising babies still in utero’ below
the 10", 5" or 3" percentiles or -2 standard deviations (SD) below the mean for
gestational age. The ideal cut-off remains uncertain.

The differentiation between constitutionally small and fetal growth restriction (FGR) and
the subsequent obstetric management is challenging. The distinction is important, since
SGA fetus have a good prognosis compared to FGR fetus. Some authors use the terms
SGA and FGR interchangeably, although the majority of SGA are constitutionally small.
FGR suggests an underlying pathology and refers to a fetus that has failed to achieve its
optimal growth potential & °. It affects up to 5-10% of all pregnancies'®. Fetus with a BW
below the 10™ percentile may not be growth restricted, but rather constitutionally small.
The incidence of FGR and SGA are approximately 10%** 12, Although they are not the
same population, there is an overlap, as FGR concentrates in the SGA population. Using
the 10" percentile as cut-off, it is estimated that in the SGA population, 40% neonates are
constitutionally small and 60% are growth restricted'* 3. The lower the weight percentile,
the higher the chances of pathology and, thus, growth restriction and problems after birth.

Lowering the threshold for SGA, increases the likelihood of the fetus being fetal growth
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restricted and lowers the false positive rate (FPR)*. Nevertheless, this definition fails to
recognize the fetus that have fallen across the percentiles, but still remain above the 10"

percentile!4.

The challenge is to differentiate constitutionally SGA from FGR fetus and to define FGR
fetuses in the group of appropriate for gestational age (AGA) or large for gestational age
(LGA). The risks of inaccurate definition of FGR within these different growth groups are
overtreatment of healthy SGA and undertreatment of FGR fetus with normal growth.

The traditional approach for identifying pregnancies with SGA fetuses by maternal
abdominal palpation and serial measurements of symphisis-fundal height has a detection
rate of 30-85%%%2!, as obesity and leyomiomas limit its accuracy.

A few studies comprising low-risk singleton pregnancies have examined the potential
value of sonographic fetal biometry during the third trimester in the prediction of SGA
neonates 2228 Of these, only one study?’, up until the end of the studies of this thesis,
examined the value of EFW in a late third trimester-ultrasound examination in low risk

pregnancies

The use of mathematical models, as well as customized charts!® adjusted for
physiological variables, might improve the classification of fetal growth. They would help
to identify fetuses that are small because of constitutional reasons and not because of

FGR, reducing unnecessary investigations and interventions 2°-32,

The advantage of serial ultrasound examinations for longitudinal growth assessment has

not been clearly demonstrated? 4,

Doppler studies of maternal and fetal circulation have also shown to improve the
diagnosis of SGA and FGR, as often SGA have normal doppler studies, whereas FGR

show doppler abnormalities, due to placental insufficiency®.

Histological studies report that in preeclampsia (PE) and SGA without PE there is
impaired placentation, with inadequate trophoblastic invasion of the maternal spiral
arteries. This leads to an altered placental production and systemic release of
antiangiogenic (soluble fms-like tyrosine kinase-1: sFlt-1) and proangiogenic (placental
growth factor: PIGF) factors®. Several studies, mainly case-control, reported that, in

pregnancies delivering SGA neonates, maternal PIGF is decreased and sFlt-1 is
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increased, both in the second and third trimesters of pregnancy. This translates into an
increase in the sFIt-1/PIGF ratio®%, which is not as high in late-onset FGR as in early
onset FGR®*" 4%, There has been a positive correlation in between sFlt-1/PIGF ratio and the

likelihood of complications*- 42,

1.2. ETIOLOGY AND PATHOPHYSIOLOGY OF GROWTH RESTRICTION

At a cellular level, fetal growth has three different stages 3:
o 0-16 weeks: Hyperplasia
o 16-30 weeks: Hyperplasia and hypertrophy
e 30 week - term: Hypertrophy

An exponential curve translates fetal growth between the end of the first trimester and the
last part of the third trimester, with only a slight tailing off around term. However, if we
consider the percentage of mass gained per week rather than absolute mass gain, the
greatest growth rate occurs in the early stages of pregnancy (in between conception and
middle of second trimester), whilst organogesis occurs, in a period of very rapid cell

division. From that point onwards, growth occurs mainly due to organs' maturation and

hypertrophy*4.

Normal fetal growth relies on the coordination of several components, namely, the genetic
growth potential of the fetus, the ability of the placenta to transfer nutrients and oxygen to
the fetus and the capacity of the maternal body to deliver these nutrients to the placenta.

All of which, are influenced by the surrounding environment**,

Hence, the etiology of fetal FGR can be categorized into maternal, fetal, placental and
environmental factors (Table 1.1)*. Even though the pathophysiology of the various
underlying conditions is different, the majority of the cases will lead to sub-optimal

placental perfusion and fetal nutrition®:°.

23



Table 1.1: Common causes of growth restriction (Sankaran et al 4)

Common causes for FGR

Maternal factors

Undernutrition

Low maternal weight gain

Low maternal BW

Extremes of maternal age

Low socio-economic status

Nulliparity

Medical conditions (eg, pregestational diabetes, renal insufficiency,
systemic lupus erythematosus, antiphospholid antibody syndrome,
hypertensive disease pregestational or pregnancy-related,
cyanotic cardiac disease)

Environmental factors

Substance use and abuse (tobacco, alcohol, cocaine or narcotics)
Teratogen exposure

Daily vigorous exercise

High altitude (above 1500m)

Irradiation

Fetal factors

Chromosomal abnormalities
Genetic diseases
Congenital malformations
Intrauterine infections
Multiple gestation

Placental factors

Abnormal placentation

Chronic abruption, infarcts and focal lesions
Chronic inflammatory conditions

Chorioangioma

Single umbilical artery, velamentous cord insertion
Confined placental mosaicism

1.2.1. Maternal factors

Nutrition

Animal studies have shown that both maternal undernutrition and overnutrition reduce
placental-fetal blood flows and reduce fetal growth, by decreasing placental synthesis of
nitric oxide (a major vasodilator and angiogenic factor) and polyamines (key regulators of
DNA and protein synthesis). There is some evidence that maternal nutrition status can
alter the epigenetic state of the fetal genome, which may provide a molecular mechanism

for the impact of maternal nutrition on both fetal programming and genomic imprinting“®.
Studies of pregnant women during famine times have shown an association between SGA

and maternal undernutrition. However, the American College of Obstetricians and

Gynecologists (ACOG)*"* reports that there is no high-quality evidence to support that an
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additional nutrient intake will improve the outcome of FGR, in the absence of true

malnutrition.

Weight, height, body mass index and low maternal weight gain

The median weight and the median height of women delivering an SGA fetus is lower than
those delivering an AGA fetus® 5. More often, the studies have assessed maternal
characteristics on the basis of body mass index (BMI) and several of these have shown
that the lower the BMI, the higher the risk of delivering a SGA neonate®? %2,

Low maternal weight gain has been shown to be associated with SGA, even when
adjusted for confounding factors as height, BMI, parity, race, toxemia and diabetes. The
relative risk (RR) was 1.8 (95% CI, 1.3-2.6) in the second trimester and 1.7 (95% CI 1.3-
2.3) in the third trimester®. This increased risk was observed across the spectrum of
maternal BMI®. Regardless, the Royal College of Obstetricians and Gynaecologists
(RCOG)® no longer recommends that women are routinely weighted during pregnancy as

a form of screening for SGA.

Low maternal birthweight

Parental contribution for fetal birthweight through inherited genes is estimated to be
around 30-70%°°. Potential interaction in between fetal genes and uterine environment
influences fetal size, with animal studies suggesting that growth is modified towards
maternal size. In general, fetal growth tends to be restrained by maternal environment and
this is more evident in the first pregnancy. This trace appears to be inherited through the
maternal line, with several genes being potentially associated, namely mitochondrial DNA
16189 variant and common variants of maternally only expressed genes, such as H19.
Several other genes have been reported to be in association with SGA and FGR (insulin-
like growth factor IGF-1, IGF-2, G-protein beta 3 subunit, inducible cytochrome P450,
genes encoding angiotensinogen, placental alkaline phosphatase and vitamin D
receptor?® 56 57 Paternally inherited genes seem to play a role when the maternal
component of restraining fetal growth is less evident. With paternal birthweight history of
SGA, a study®® reports a 3.47 fold increase risk of the fetus being SGA (95% ClI, 1.17-
10.27)
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Maternal age

Extremes of maternal age have been associated with a higher risk of SGA.

Women<17 years: A study®® reports the highest incidence of SGA in mothers <17 years
of age (3.2%). Nevertheless, young age did not remain as an independent risk factor,
when it was adjusted to other maternal factors, such as race, education, parity, marital
status and prenatal care. These results indicate that the higher incidence of SGA in
younger mothers apparently reflects their poor sociodemographic and prenatal care
status.

Advanced maternal age: Women over 35 years are at higher risk of many pregnancy

complications, mainly because they are more likely to have pre-existing medical
conditions than their younger counterparts, predisposing them to develop pregnancy
complications®®. It was observed that women over 40 years of age were at increased risk
of preghancy complications and this risk persisted even when the data was adjusted for
preexisting maternal disease®!. Hence, maternal age 40 years or older constitutes a major
risk factor for having a small-for-gestational-age neonate, with an odd ratio (OR) of 3.2
(95% CI 1.9-5.4) having been reported®.

Ethnicity

It has been referred that birthweight is affected by ethnicity. Gardosi's study®! to assess
the factors that affect fetal growth and birthweight in the population to derive the
coefficients to obtain customized charts, shows that african babies can weight less than
2189 less than European babies, whereas Chinese babies can weight 100g more (Table
1.2).

Table 1.2 - Birthweight comparison (in grams) based on standard mother being defined as of European origin, height
163 cm, weight 64 kg, first pregnancy, with baby sex averaged between male and female (Gardosi et al 3!

Ethnic origin United States England New Zealand Australia
African American -161.0 — — —
African Caribbean — -127.5 — —
African — -218.5 — -297.4
Hispanic -38.6 — — —
Middle Eastern. — -89.9 — -110.0
Bangladeshi — -79.3 — —
Indian/Pakistani — — — -162.0
Indian — -149.4 -149.5 —
Pakistani — -187.3 — —
Chinese — — 100.9 —
Maori — — — -66.8
Samoan — — — 84.2
Tongan — — — 124.1
Other -140.8 — — —
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This also impacts on the incidence of SGA neonates. In 2008, the Office of National
Statistics®® released its data on all deliveries in England and Wales from 2005. The data
showed that babies born to white mothers were larger than those of south Asian or black
mothers. Further dividing those two groups into Pakistani, Indian, Bangladeshi, African
and Caribbean, showed that the lowest mean BW was in Bangladeshi mothers. However,
the largest percentage of babies born either <2.5 kg or <1.5 kg was in the Caribbean
group. Further United Kingdom (UK) studies, documented that Afro-Caribbean, South
Asian, East Asian and mixed race women were statistically significantly more likely to
deliver an SGA baby than white women5°-51 64,

Parity

Nulliparity - The biological mechanisms by which parity and SGA are correlated are not
quite understood. Nulliparous women have significant associations with adverse
outcomes, particularly, when women are also of young age (<18 years). A review® has
shown an association with term SGA and nulliparity. For nulliparous aged under 18 years,
the adjusted odds ratio (aOR) was 1.80 (95% CI: 1.62-2.01)%. For nulliparous aged 18-34,
the association was not as strong, but still significant, with aOR of 1.51 (95% CI: 1.39-
1.64)%. Several studies have hypothesized that in young mothers, maternal-fetal
competition for nutrients and/or the mother’s incomplete physical growth might contribute

to adverse neonatal outcomes®® 66,

Grand Multiparity - Multiple studies have shown an association in between grand

multiparous and medical, obstetric and placental complications. Biological mechanisms
have been used to explain this association (eg: chronic hypertension for abruption or
atrophy of the endometrium for placenta previa)®. A study®’ reports that grand multiparity
in an economically stable population is not a major risk factor and that previous studies
reflect socio-economic factors and not parity itself. This was also shown in a meta-
analysis, where a higher risk of SGA was identified in the subgroup of less developed
countries, whereas the increase in uterine blood flow associated with increasing

multiparity leads to an higher BW in subsequent newborns®®.
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Maternal medical conditions

Medical conditions that are associated with vascular disease and interfere with utero-
placental circulation increase the risk of FGR. These include hypertensive disorders,
pregestational diabetes, auto-immune diseases (eg: systemic lupus erythematosus -
SLE), renal insufficiency and antiphospholid syndrome. As for hereditary thrombophilias
(eg, factor V Leiden or prothrombin gene mutations), the association with FGR is not
consistent!. The effects of placental underperfusion vary, whether the placental
insufficiency has early or late onset. Early onset insufficiency leads to the
underdevelopment of terminal villi, with terminal villous hypoplasia. Late onset
insufficiency leads to advanced maturation of the villi, with increased capillary branching,
which only compensates the degree of hypoxia temporarily*> . Where the maternal
supply of the placenta has been completely occluded, there will be infarctation of the
associated area.

The risks of SGA associated with pathology that affect placental perfusion are significant.
The adjusted relative risk (aRR) for chronic hypertension is 2.5 (95% CI 2.1-2.9) %°, being
associated with the inadequate conversion of the spiral arteries in the decidua and
myometrium. Diabetes with vascular disease has an OR of 6 (95% Cl1.5-2.3)"°, the
underlying mechanism involving small ischaemic villi, immature/dysmature villi and
inconsistent glucose supply to the fetus. For renal impairment, the aOR is 5.3 (95% CI
2.8-10)"t. SLE has an OR of SGA of 5.6 (95% CI 4.1-7-8)"2. The presence of
anticardiolipin antibodies gives a RR of SGA 6.22 (95% CIl 2.42-16.0)"3.

Previous pregnancy history

Having a previous SGA neonate, increases up until three-fold the risk of having another
SGA, using a cut-off of BW below the 10th percentile (OR 3.9; 95% CI 2.14-7.12)° 7. This
risk is further increased, after two SGA deliveries”™. The King’s College Group, in two
prospective studies® %4, showed, not only that women with a previous SGA neonate were
more likely to deliver another SGA baby than those who had previous normal babies, but
also that this risk remained significantly higher even if they had delivered a normal baby
after an SGA baby.
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Method of conception

In comparison with naturally conceived children, singletons born after assisted
reproductive technology (ART) have a higher risk of FGR and other adverse outcomes,
with studies reporting a risk of 40-60% of SGA in ART neonates®® 6, Regarding singleton
pregnancies after in vitro fertilization (IVF), a review’® reports an OR of 1.59 for SGA (OR
1.59; 95% CI 1.20-2.11). The results were in consistency with a meta-analysis’’, which
reported an OR of 1.8 (95% CI 1.4, 2.2) for low birth weight (<2500g), an OR of 2.7 (95%
Cl 2.3, 3.1) for very low birth weight (<1500g) and an OR of 1.6 (95% CI 1.3, 2.0) for small
for gestational age (<10™ percentile). Nevertheless, according to a study’®, the increased
risk of SGA observed among infertile couples, with or without infertility treatment,
suggests that infertility may be a risk factor itself for FGR.

1.2.2. Environmental factors

Substance use and abuse

Smoking tobacco, both active and passive exposures, leads to SGA through its hypoxic
effect. A variety of factors has been considered, including poor nutritional state of the
mother, toxins and carbon monoxide disruption of oxygen binding. The use during
pregnancy has been associated with a 3.5 fold increase of SGA™. Further studies have
shown that the risk is dose dependent, increasing with the number of cigarettes smoked.
A study® reported that women smoking up to 10 cigarettes per day have an OR of 1.54 of
having a SGA fetus (95% ClI, 1.39-1.70) and those who smoke more than 10 cigarettes
have an OR of 2.21 (95% CI, 2.03-2.40). A Cochrane review® of fifty-six randomised
controlled trials (over 20,000 pregnant women) and nine cluster-randomised trials (over
5000 pregnant women) has shown that smoking cessation interventions reduced low
birthweight (RR 0.83, 95% CI 0.73 to 0.95). Another study® indicated that stopping
smoking prior to 15 weeks reversed the risk of SGA to that of a non smoker, showing aOR
of SGA of 1.06 (95% CI 0.67-1.68) in women who stopped smoking by 15 weeks vs 1.76
(96% CI 1.03-3.02) in those who kept smoking.

Second and third trimester consumption of alcohol may result in SGA, with the impact
being dose dependent®. A meta-analysis® of 28 studies indicated an overall pooled RR of
SGA of 1.12 (95% CI 1.04-1.20) for mothers drinking before or during pregnancy.

However, this result was not significant when adjusted for confounders. The risk of SGA
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only becomes apparent when the consuption of alcohol exceeds an average of one drink
per day. The risk becomes two-fold for an average of four to five units per day, reaching a
maximum RR of 7.48 (95% CI 4.46-12.55)% for 12 units of alcohol per day. Conversely,
consuming less than one drink per day has a minimal effect on intrauterine growth
and birth weight®,

Cocaine acts on the central nervous system and, through its sympathomimetic
vasoconstritive effects, can cause hypertension in the mother and fetus, leading to infarcts
or hemorrhages in the placenta, at any time in gestation. Due to its high water content,
lipid solubility, low molecular weight, and low ionization at physiologic pH, it is believed
that it crosses the placenta by simple diffusion®. Cocaine use during pregnancy is
associated with SGA, with an OR of 3.66 (95% CI, 2.90-4.63)%,

Teratogen exposure

A variety of pharmacological substances has been implicated with FGR, with the
teratogenicity being dependent not only on the substance itself, but also on the dosage,
timing and duration of exposure and on the individual genetic predisposition®.

Vigorous exercise

Exercise is recommended in pregnancy. However, high intensity exercise is associated
SGA, with an aOR of 3.3 (95% Cl, 1.5-7.2%)%’. The mechanism in uncertain, but it can be

related with flow reduction in the uterine arteries during vigorous exercise®.

1.2.3. Fetal factors

Chromosomal abnormalities and genetic diseases

Growth potential is adversely influenced by genetic disorders and chromosomal
abnormalities. Genetic diseases affect the rate of cellular division, leading to poor growth

early in pregnancy. This growth restriction will be enhanced in later stages of pregnancy.

On the other hand, in fetus with chromosomal abnormalities, not only the rate of cell
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division is reduced, but also placental development is affected, resulting in an additional

factor of poor nutrient supply later in pregnancy*.

Congenital malformations

Fetus with congenital malformations (with a normal karyotype), are at an increased risk of
being SGA. Gastroschisis is frequently associated with FGR, being up to 25% of these
fetuses growth restricted® 8. Congenital heart problems also are correlated to SGA,

having being hypothesized that fetal hemodynamics impact on suboptimal fetal growth?.

Intrauterine infections

Intrauterine infections are responsible for around 5-10% of FGR cases!. All the common
bacterial, viral and protozoal infections have been associated with FGR. Cytomegalovirus,
toxoplasmosis, rubeolla, varicella, syphilis and malaria are the infections most commonly
involved with FGR, with the latter accounting for most of the cases of infection related
FGR worldwide. Infections in pregnancy can affect fetal growth not only at a fetal cellular
level, but also at a placental level, as inflammation and scarring of the placenta can

interfere with nutrient supply? 44.

Multiple gestation

The risk of SGA in multiple gestations is increased, having been reported as high as 25%
in twin pregancies and reaching 60% for triplets and quadrupletst. The prevalence will
vary, not only according to the number of fetus, but also in regard to chorionicity, as
complications as twin-to-twin transfusion and selective fetal growth restriction tend to arise
due to the uneven share of the placenta in monochorionic fetus.

Fetal gender

It has been shown that male fetuses and neonates have both an EFW and a BW larger

than females. Thus, the risk of a female being considered SGA is higher®.
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1.2.4. Placental factors

Placenta is the interface between maternal and fetal circulation. The development of
placental transport systems and the activation of endocrine and paracrine signaling
pathways between the mother, the placenta, and the fetus, will eventually coordinate fetal
growth.

The blastocyst implantation triggers the development of the placental vasculature. The
migration of the cytotrophoblast forms anchoring villi among the decidua and the uterus.
At the same time, hypoxia-stimulated angiogenesis forms vascular connections between
the maternal circulation and the intervillous space*® %8 °1 Fetal villous budding and
trophoblastic invasion of the maternal spiral artery, promotes further nutrient, waste and

gas exchange.

Trophoblast-induced vascular adaptation induces an increase in the diameter of the spiral
arteries from 15-20 to 300-500 mm during the second trimester®2. This process is
designated 'physiological changes of pregnancy', decreases the resistance to, and
increases the volume of blood flow within the placenta. Hence, it optimizes fetal-maternal

exchange in the intervillous space® L,

Further growth of the placenta results in a term placental exhange area of 12 m?, with
around 600 ml/min flow of maternal blood to be matched by 400 ml/kg/min of fetal flow.
Once all the placental transport systems have been established, growth is determined by
substrate availability, placental perfusion from the maternal circulation, transplacental

paracrine and endocrine signaling, and the perfusion of the fetal placental compartment*.
Abnormal placentation

Abnormal placentation, with impaired placental vessels development, can lead to a
reduction in fetal growth. The reduction in utero-placental blood flow can occur by a

reduction in the number the following structures: normal villi at the fetal-maternal interface,

arterioles in the tertiary stem villi, terminal capillary loops and villous tree elaboration*.
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The rate of DNA synthesis is decreased in the trophoblasts in FGR and the placental
cotyledon's cross-sectional area is reduced. These findings are suggestive of alterations

in placental development®.

A small placenta has been associated with a small neonate®. However, this evidence is
not consistent, as the placenta can hold up unto 30-40% functional inactivation of the
villous population without affecting fetal growth®. Clinically, the severity of placental
dysfuntion is assessed by Doppler ultrasound. Uterine artery (UtA) dopplers assess the
maternal blood flow to the uterus and umbilical artery (UA) doppler assesses the response
of the fetus to placental function. UA doppler resistance will only be raised when
approximately 30% of the villous are affected*®. That occurs due to the placenta's
potential for compensatory growth*345,

Placental disorders

Also, SGA can be caused by any factor that leads to a decrease in utero-placental
transfer of nutrients, such as placental abruption, infarcts, haematomas or abnormalities

(eg: chorioangioma)*®.

Umbilical cord abnormalities

Single umbilical artery (SUA) is a common finding, which is found in nearly 1% of liveborn
fetuses. Still, the association with SGA with isolated SUA (iSUA) is not consensual.
Regardless, it is reported an almost two fold increased risk of FGR for iISUA, even after
adusting for smoking, gestational diabetes, African-American race and pre-eclampsia
(aOR 1.9, 95% Cl 1.4-2.5)%,

Regarding abnormal cord insertion (velamentous cord insertion - VCI; marginal cord
insertion - MCI), in singleton pregnancies, it is stated that FGR neonates (BW<3"
percentile) are at higher risk for poor neurological outcomes. Namely, for cerebral palsy
the OR is of 10.1 (95% CI 2.4-41.5) for VCI and 4.3 (95% CI 1.6-11.9) for MCI*®. As for
developmental disorders, the OR is of 6.7 (95% CI 1.7-26) for VCI®. Also, for SUA it is
reported an increased risk for development problems, with an OR of 3.9 (95% CI 1.1-
14.2)°%,
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Confined placental mosaicism

Confined placental mosaicism occurs in up to 2% of pregnancies®’ and was found to be

three times more common in SGA rather than in AGA fetus®’.

1.3. ADVERSE OUTCOMES OF SMALL FOR GESTATIONAL AGE

In case of placental insufficiency, the fetus adjusts and adapts to the inadequate supply of
nutrients, in order to optimize its chances of postnatal survival. The adaptive mechanism
consists of several strategies, which lead to adjustment in fetal circulation, to spare the
brain and the axial skeleton®®.

A catabolic state, with consumption of subtracts to provide energy, is the immediate
response to malnutrition. If insufficient supply of nutrients persists, alterations in
metabolism occur, which are mediated by changes in hormonal synthesis, such as a
decrease the production of IGF-1 and the sensitivity of the tissues to it%. The initial
response to late fetal growth restriction, does not necessarily translate into a weight
change, but typically there is an increase in the brain-to-liver weight. This is followed by
fetal adrenal hypertrophy, with increased glucocorticoid activity and a decrease in thymus
weight. Further ahead, there will be a reduction in fetal growth and amniotic fluid, as well
as myocardium hypertrophy®®. If the compensatory mechanisms reach their limits, fetal

distress occurs and, ultimately, there may be intrauterine demise* 109,

1.3.1. Impact of placental insufficiency on organ functions

Brain

Sparing mechanisms aim to compensate oxygen brain supply during hypotensive
episodes. These mechanisms include an increased cerebral blood flow and a decreased
metabolic rate, by electrophysiological and behavioral states changes!®’. However, in
case of chronic placental insufficiency, it is uncertain whether these mechanisms of

protection are enough to ensure enough oxygen supply*.
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Cardiovascular

In FGR, there is cardiac hypertrophy as a result of increased cardiac afterload. Also, there
is a decreased cardiac output to the placenta. Both result in an increased recirculation of
deoxygenated umbilical flow within the fetus. The shunting through the ductus-venosus is

higher, with a reduction of the fraction of blood directed to the fetal liver'®2,

Lungs

In response to the increased levels of adrenocorticotrophic, there is accelerated lung
maturation, as an adaptative mechanism, for increasing the chances of extra-uterine
survivalt©s,

Skeletal muscle

The DNA synthesis is reduced in skeletal muscle. Hence, growth-restricted fetus have a
reduction in muscle mass, with a reduction in muscle fiber number, when compared with
their appropriate grown counterparts. Muscle hypertrophy can only partially compensate
for this limitation in fiber number04 105,

Gastrointestinal tract

Reduction of the mesenteric blood flow can be associated with the poor nutrient

absorption and postnatal intestinal motility syndrome, more frequently seen in FGR,

1.3.2. Adverse perinatal outcomes

FGR is associated with stillbirth, neonatal death, cesarean section (CS) delivery for fetal

distress, neonatal acidosis and neonatal unit admission?: 100 107-110,

The risk of stillbirth for SGA (EFW <10") is of 1.5%, which is twice as high as reported for

AGA! This is consistent with the findings in one study!®, which reported a higher
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incidence of neonatal death (1.1 vs 0.4/1000 births) in a cohort of uncomplicated term
pregnancies with SGA (BW <10™ percentile), with an aOR of 2.56 (95% CI, 1.83-3.57).

The more severely affected the fetuses are, the higher the risk is.

It is also reported an association between SGA (BW<10" percentile) and hypoxic
composite neonatal morbidity (5-minute Apgar score, hypoxic-ischemic encephalopathy,
seizures and neonatal death)!?’. After adjusting for potential confounders, hypoxic
composite neonatal morbidity was significantly higher in SGA (1.1%) compared with
normally grown babies (0.7%), with an aRR of 1.44 (95% CI, 1.07-1.93)7,

Another study showed that SGA (EFW<5™) had a higher risk of long neonatal hospital
stay (RR 2.7; 95%, CI 2.3-7.8), neonatal unit admission (RR 3.2; 95% ClI, 2.2-4.8) and
stillbirth (RR 7.7; 9% ClI 2.6-23)°8,

The higher risk for having a CS for SGA fetus (EFW<10" percentile) with normal dopplers
was shown by Savchev et al'®®, The risk for CS due to fetal distress was higher (22.0 vs
15.9%; p=0.21), but not the risk for intrapartum CS°, However, for fetus with EFW<3'
percentile, the risk was both higher for CS for fetal distress (25.0 vs 8.3%; p<0.01) and for
intrapartum CS (30.0 vs 15.3%; p 0.04)1%.

In order to prevent potential adverse outcomes, it is important to identify SGA, as there is
a four-fold increase of adverse fetal outcome (OR 4.1; 95% ClI, 2.5-6.8) in SGA fetuses
not recognised antenatally'!®. Breaking down the outcomes, considering SGA not
identified antenatally vs SGA identified antenatally, the risks are higher for the first, with
an aOR of 2.3 (95% ClI, 0.8-6.6; not statistically significant) for cerebral damage, 4.5 (95%
Cl, 2.1-8.5) for severe fetal distress and 4.2 (95% ClI, 2.1-8.5) for fetal/infant death!'°. In
the same study, by comparing the SGA group with the AGA group, it was observed that
the risk for umbilical pH<7 (OR 2.3; 95% CI 1.5-9.8) and Apgar score<4 at 5 minutes (OR
3.1; 95% ClI, 1.8-5.4) was higher for the SGA fetuses*?®.

1.3.3. Long-term adverse outcomes

Intrauterine remodeling is a process that alters gene expression due to an intrauterine
insult, leading to tissue hyperplasia, abnormal cell type balance or incorrect timing of gene
induction. These changes, that are part of a survival strategy, not only have short-term

impact, but also have long-term consequences* 111,
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It is described that FGR fetus have predisposition for neurological and cognitive delay in

childhood and cardiovascular and endocrine diseases in adulthood

Neurological and cognitive development

The main long-term concern regardind SGA, is the neurodevelopment outcome. A small
study*? showed that microstructural and metabolic brain changes are identifiable by fetal
Magnetic Resonance Imaging (MRI) spectroscopy and diffusion weighted imaging at 37
weeks in SGA fetuses. This suggests that the brain development of this population is
different.

A cohort'®® was designed to assess term SGA infants, with normal dopplers.
Neurobehavioral performance was evaluated at corrected age of 40 weeks, with the
Neonatal Behavioral Assessment Scale (NBAS). The results showed that there was a
trend to all of the neurobehavioral areas studied to be poorer in the SGA group. Namely,
the average mean differences in scores between the study groups were 0.77 (95% CI
0.38-1.14) for attention, 0.64 (95% CI 0.13-1.14) for habituation, 0.52 (95% CI 0.31-0.74)
for motor, 0.95 (95% CI 0.54-1.37) for social-interactive, and 0.68 (95% CI 0.23-1.13) for

regulation of state*?,

These differences persist in infants. Another study!'* assessed the neurodevelopmental
outcome at 2 years of age of children who had been SGA with cerebral blood flow
redistribution (middle cerebral artery pulsatility index MCA PI<5th percentile). These
children had a higher incidence of suboptimal neurodevelopmental outcome when
compared with those with normal MCA Pl (52% vs. 31%; P = 0.049)!!4. They also had a
lower mean percentile in communication (53.1 vs. 67.4; P = 0.006) and problem-solving
(39.7 vs. 47.4; P = 0.04) areas!*.

The differences persist later in life, being reported that all SGA groups (severe BW <-3SD;
moderate -3<BW<-2SD; mild -2<BW<-1 SD) were associated with increased risk of poor
school performance at time of graduation from compulsory school*!®. The aOR at a
95% ClI ranged from 1.85 (1.65-2.07) for severe, to 1.5 (1.43-1.58) for moderate and 1.25
(1.22-1.28) for mild SGA™*S,
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A meta-analysis'!® including 28 studies on neurodevelopment of term SGA babies
showed that SGA had a poorer performance in standardized neurodevelopment tests than
AGA (SD 0.31; 95% CI 0.25-0.38), though there was heterogeneity among studies.

Endocrine diseases

Studies!'” 118 suggest that SGA babies are predisposed in adulthood to metabolic
syndrome and adult-onset diabetes (OR, 2.42; 95% ClI, 1.44-4.07)8, when adjusted
for body mass index and parental history of diabetes.

A proposed model'®, whereby permanent structural and functional changes in organs and
tissues are followed by intrauterine remodeling, may help to explain the relationship
between FGR and development of diabetes later in life. In the pancreas, a decrease in
beta cell mass and beta cell insulin secretion is observed. In the liver, there is increased
gluconeogenesis. In the skeletal muscle, muscle mass is decreased, with decreased
insulin sensitivity and increased lipid oxidation. Adipose tissue has decreased insulin
inhibition of lipolysis and decreased insulin stimulated glucose uptake. All these four
factors, in association with increasing age and obesity, potentiate impaired glucose

tolerance, insulin resistance and type 2 diabetes.

Cardiovascular diseases

Primary cardiovascular changes are already present in the SGA fetus and persist at 6
months of age. Both, pre and postnatally, when compared with controls, the SGA group
showed a more globular cardiac shape, as well as signs of systolic longitudinal
dysfunction, tricuspid annular plane systolic excursion and diastolic dysfunction. In

addition, infants in the SGA group had increased mean blood pressure?® 121,

1.4. SCREENING FOR SMALL FOR GESTATIONAL AGE

The increased risk of perinatal mortality and morbidity of SGA can be substantially
reduced in cases identified prenatally, as close monitoring, timely delivery and prompt
neonatal care can be undertaken. For that, several methods of screening have been

attempted, to optimize the outcomes.
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1.4.1. Medical and obstetric history

In the United Kingdom, where a third trimester growth scan is not offered routinely, the

RCOG recommends that all women should be assessed at booking for risk factors for

SGA and, based on medical history, it will be determined who requires increased

surveillance®.

The strategy of risk assessment is based on OR associated with risk factors for SGA. Risk

factors from booking history and current pregnancy complications are taken into account

(Tables 1.3 and 1.4).

Table 1.3 RCOG risk factors for SGA fetus/neonate from history at booking®.

Risk category

Maternal risk factors

Definition of risk

Outcome
(BW percentile)

‘ Measure ‘

Estimate
(95% CI)

Age Age = 35 years < 10th population OR 1.4 (1.1-1.8)
Age > 40 years < 10th population OR 3.2(1.9-5.4)
Parity Nulliparity < 10th population OR 1.9 (1.8-2.0)
BMI BMI < 20 kg/m? < 10th customised OR 1.2 (1.1-1.3)
BMI 25-29.9 kg/m? < 10th customised RR 1.2 (1.1-1.3)
BMI 2 30 kg/m? < 10th customised RR 1.5(1.3-1.7)
Maternal substance Smoker < 10th customised AOR 1.4 (1.2-1.7)
exposure 1-10 cigarettes/day < 9.9th population OR 1.5(1.4-1.7)
> 11 cigarettes/day < 9.9th population OR 2.2(2.0-2.4)
Cocaine < 10th population OR 3.2 (2.4-4.3)
IVF conception Singleton pregnancy < 10th percentile OR 1.6 (1.3-2.0)
Vigorous exercise Daily < 10th customised AOR 3.3(1.5-7.2)
Pre pregnancy diet Low fruit intake < 10th customised AOR 1.9 (1.3-2.8)
Previous pregnancy history
SGA Yes < 10th customised OR 3.9(2.1-7.1)
Stillbirth Yes < 10th customised OR 6.4 (0.8-52.6)
Preeclampsia Yes < 10th population AOR 1.3(1.2-1.4)
Pregnancy Interval < 6 months SGA not defined AOR 1.3(1.2-1.3)
2 60 months SGA not defined AOR 1.39 (1.2-1.4)
Maternal medical history
Maternal SGA Yes < 10th population OR 2.6 (2.3-3.1)
Chronic hypertension Yes < 10th population ARR 2.5(2.1-2.9)
Diabetes Yes < 10th population OR 6 (1.5-2.3)
Renal impairment Yes < 10th population AOR 5.3 (2.8-10)
Antiphospholipid Yes No definition RR 6.2 (2.43-16.0)
Syndrome
Paternal medical history
Paternal SGA Paternal SGA < 10th population OR 3.5(1.2-10.3)




Table 1.4: RCOG
complications®.

risk factors for SGA fetus/neonate from current pregnancy

R atego De on o = O SIS ea e aEo e

B perce e 0
Vaginal bleeding Heavy: similar to menses < 10th population AOR 2.6 (1.2-5.6)
Ultrasound Echogenic bowel < 10th population AOR 2.1(1.5-2.9)
Preeclampsia Yes < 10th customised AOR 23(1.2-4.2)
Pregnancy induced Mild < 10th population RR 1.3(1.3-1.4)
hypertension Severe < 10th population RR 2.5(2.3-2.8)
Placental abruption Yes No definition OR -(1.3-4.1)
Unexplained APH Yes No definition OR 5.6 (2.5-12.2)
Low weight gain Yes < 10th population OR 4.9 (1.9-12.6)
Exposure to caffeine 2300 mg/day (3" trimester < 10th population OR 1.9 (1.3-2.8)
Serum PAPP-A < 0.4 MoM < 10th population OR 2.6

Based on this factors, RCOG uses the following risk assessment strategy (Fig 1.1)°%:

Booking assessment
(First trimester)

Minor risk factors

Maternal age =35 years
Nulliparity

BMI <20

BMI 25-29.9

Smoker 1-10 per day

Low fruit intake pre—pregnancy
Preeclampsia

Pregnancy interval <6 months
Pregnancy interval =30 months
Paternal SGA

Major risk factors

Maternal age >40 years

Smoker =11 cigarettes per day
Cocaine

Daily vigorous exercise

Previous SGA baby

Previous stillbirth

Maternal SGA

Chronic hypertension

Diabetes and vascular disease
Renal impairment
Antiphospholipid syndrome
Heavy bleeding similar to menses
Echogenic bowel

Preeclampsia

Severe pregnancy induced hypertension
Unexplained APH

Low maternal weight

PAPP-A <0.4 MoM

Women unsuitable for monitoring of
growth by SFH measurement

e.g. Large fibroids BMI > 35

3 or more

Reassess
at 20 weeks

Abnormal
Downs Syndrome
markers (minor)

Fetal echogenic

bowel (major)
One risk factor

Consider
asprin at
<16 weeks
if risk
factors for
preeclampsia

Risk 1t must always be individuali

medical therapies may increase an individual’s risk.

Assessment of
fetal size and
S umbilical
Uterine \w«“ artery Doppler
artery in 3rd Trimester
3/or more Doppler at
20-24 weeks

One risk factor

2
25, %

Reassess
during
3rd Trimester

Institute serial
assessment of
fetal size and
umbilical artery
Doppler

Serial if develop:

assessment
of fetals size

and umbilical
artery Doppler
from
26-28 weeks

Figure 1.1 - Risk assessment for SGA as set out by the RCOG?®°.

Severe pregnancy
induced
Hypertension
Preeclampsia
Unexplained APH

d (taking into account previous medical and abstetric history and current pregnancy history). Disease progression or institution of
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1.4.2. Clinical examination

Screening for SGA by clinical examination is considered an inexpensive and effective
method*?2, However, the National Institute for Health and Clinical Excellence (NICE) 2008
guidelines on routine antenal care suggest that this can be of limited use, due to a wide

variation in study results.

Abdominal palpation

Abdominal palpation has limited accuracy in the detection of SGA both in high and low
risk population. In low risk population, the detection rate (DR) rounds 19-21%, whereas in
high risk population the DR is of 37%% 2°, The results improve for severe SGA (<3"
percentile), with a DR of 28% in the low risk group and 53% in the high risk group?!® 20,
Regardless, RCOG advises not to perform routinely abdominal palpation as a method of
screening®. On the other hand, in Low and/or Middle Income Countries, the World Health
Organization (WHO) does not recommend replacing abdominal palpation with symphysis-
fundal height measurement for assessing fetal growth in order to improve perinatal
outcomes, due to the lack of clear evidence of accuracy or superiority of either method*?2,

Symphysis-Fundal Height Measurement

Studies vary widely, with a symphysis-fundal height (SFH) measurement DR for SGA
ranging from 27-86%'412’, The measurement is affected by fetal lie, maternal habitus,
fibroids, amniotic fluid and fetal head engagement. Serial SFH measurements might
improve the predictive accuracy*?®. Currently, RCOG® recommends serial measurements
of SFH, from 24 gestational weeks onwards, at each antenatal appointment. A single SFH
below the 10™ percentile or serial SFH measurements suggesting slow or static growth

should be referred for further investigation.

Plotting the measurements against customised charts might improve the prediction of
SGA%,

However, the impact of SFH measurement on perinatal outcome still remains uncertain®.
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1.4.3. Mean arterial blood pressure

Two studies reported that, as blood pressure increases between second and third
trimester of pregnancy, BW decreases®3! 132, At 28 weeks, an increase of 5mmHg (1 SD)
in diastolic blood pressure decreases BW by 68g, whereas at 36 weeks, the same change
reduced BW by 76g**L. Also, a study showed that lower BW was only associated with a

rise in blood pressure in the third trimester®3?,

1.4.4. Ultrasound fetal biometry

RCOG guidelines recommend that either EFW or AC <10™ percentile can be used to
diagnose SGA®. On the other hand, ACOG!? supports only the use of EFW<10™ percentile.
In fact, a study reports that after 24 weeks, AC and EFW < 10" percentile have similar
ability to predict SGA®,

Some studies have examined the potential value of third trimester sonographic fetal
biometry in low-risk singleton pregnancies in the prediction of SGA neonates??28, Three
studies examined 725-1000 pregnancies each at 26-36 weeks’ gestation and reported
that the EFW predicted 54-63% of SGA neonates with birth weight <10 percentile, at
false positive rate (FPR) of 20%2>24 A study of 1868 pregnancies at 30-32 weeks
reported that EFW predicted 73% of SGA neonates with birth weight <10" percentile, at
FPR of 25%2%°. Another study of 2310 pregnancies at 30-33 weeks, reported that EFW
predicted 60% of SGA neonates with birth weight <5 percentile, at FPR of 10%2.

Up until the publication of the articles of this thesis, only one study examined the value of
a late third trimester scan in low-risk pregnancies; the EFW in 2288 pregnancies at 34-37
weeks’ gestation predicted 75% of SGA neonates with birth weight <5" percentile, at
screen positive rate of 10%, which was superior to the detection rate of 58% in 3690

pregnancies examined at 30-33 weeks?’.

The use of customised charts adjusted for physiological variables might improve the
classification of fetal growth. They help identifying fetuses that are small because of
constitutional reasons and not because of FGR, reducing unnecessary investigations and
interventions, as well as improving the prediction of adverse outcomes® 2°. It is reported
that the risks of stillbirth, neonatal death and Apgar score below four at five minutes were

higher if SGA was classified by a customised, rather than by the population-based
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birthweight standard. For stillbirth, the OR were 6.1 (95% CI 5.0-7.5) for SGA by
customised standard only and 1.2 (95 % CI 0.8-1.9) for small for gestational age by

population standard in comparison to infants who were AGA / LGA for both standards®*.

1.4.5. Uterine artery dopplers

The uterine arteries (UtA) rise from the anterior divisions of the internal iliac arteries,
which supply the uterus with the majority of its blood. A smaller amount of blood is
provided from the ovarian arteries. These arteries anastomose at the level of the uterine
cornu and originate the arcuate arteries, that run around the uterus and infiltrate into the
outer third of the myometrium. Then, these vessels divide into the basal arteries and spiral
arteries, which respectively supply blood to the myometrium and intervillous space of the

placenta.

The doppler assessment of the UtA provide a non-invasive measurement of the
resistance of the uteroplacental circulation, which is increased in FGR%. According to a
study, UtA doppler studies provide an indication of the extent of placental pathology*®.

Screening for SGA, both in first'*14° and second trimesters!4!, have reported an increase

in UtA PI in pregnancies that deliver SGA neonates.

A review of 41131 patients from 61 studies has shown that UtA Dopplers perform more
accurately in the second trimester rather than in the first trimester. An increased pulsatility
index with notching was the best predictor for overall (positive likelihood ratio: LR+ 9.1)

and severe (LR+ 14.6) FGR among low risk patients!*2,

Second-trimester UtA resistence index (UtA RI) was associated with the risk of delivering
an SGA infant (OR = 1.45; 95% CI: 1.27-1.65)'*3. A stronger association was observed in
the third trimester, not only for UtA Rl (OR = 1.66; 95% CI. 1.46- 1.89), but also for the
presence of unilateral (OR 3.43; 95% CI, 2.36-4.97) and bilateral notching (OR 4.17; 95%
Cl, 2.54-6.82)43,

Studies have shown that abnormal UtA Doppler is associated with an increased risk of
adverse neonatal outcome, namely, delivery by CS, lower BW, low apgar scores and
admission into Neonatal Unit!44+147, Also, at diagnosis of abnormal UtA, a late SGA fetus
has a two-fold increased risk of developing abnormal brain dopplers before induction of

labour#8,
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1.4.5. Fetal Doppler
Umbilical artery doppler

The placenta is a structure of low resistance, in order to facilitate the blood exchanges.
Hence, the fetus blood flow from the umbilical arteries (UA) to the placenta is forward.
Once resistance in the placenta starts to increase, the resistance in the UA starts to
increase and progressively the blood flow changes from forward during the diastole, to
absent or even reversed. The UA PI starts to rise when 30% of the placenta is affected
and absent or reversed end-diastolic flow translate a damage of the villous vasculature of

at least around 60%%*.

A review in a high-risk population has shown that UA doppler has moderate accuracy to
diagnose SGA (LR+ 3.76; 95% Cl 2.96-4.76; LR- 0.52; 95% CI 0.45-0.61)%.

Figueras et al'**, studied a large population of 7645 women at 30-34 weeks. In the 369
cases of a SGA fetus identified antenatally, those who had an abnormal UA doppler were
more to likely to have neonatal morbidity compared to those of normal BW*°, If EFW is
below the 10" percentile, perinatal death rate can be reduced as much as 29% when the

UA doppler is added in fetal assessment51-154,

However, UA is not reliable to assess placental insufficiency in late-onset FGR. Hence,

other doppler studies need to be examined®:,

Middle cerebral artery doppler

When chronic fetal hypoxia is installed, there is redistribution of the blood flow to the brain
and other vital organs (heart, adrenals). The brain sparing mechanism translates into
cerebral artery vasodilation, with decreased resistance and increased velocity. Therefore,

this clinically translates into a low middle cerebral artery (MCA) PI.

There are no trials using MCA doppler to predict SGA fetuses in routine population. On

the other hand, the studies have focused on the use of MCA to predict adverse outcomes.
Focusing on late-onset FGR, studies have shown that of all term fetuses, with late-onset

FGR and normal UA doppler, 15-20% had low MCA PI and that this was associated with

poorer perinatal outcome and neurobehaviour'#> 155, Namely, a six fold increase in risk of
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CS for fetal distress (29% vs 4.8%; p<0.001) and a three fold increase in risk for neonatal
acidosis (7.6 vs 2.4%; p=0.01)¢,

Cerebro-placental ratio

It has been stated that combining UA and MCA in a ratio (cerebro-placental ratio - CPR),
reflects both the placental status and fetal response, being a more sensitive doppler index
for predicting perinatal outcome, as it is already decreased when both of its components
are still within normal range®’. In late SGA, CPR is abnormal in 20% of cases!®® 1%, A
review of 9 studies regarding SGA delivered after 32 weeks, has shown that calculating
the CPR with MCA Doppler might add value to UA Doppler assessment in the prediction
of adverse perinatal outcome in women with a singleton pregnancy. However, this is not

consensual and it is unclear to which subgroup of pregnant women this applies*®°.

1.4.6. Biochemical markers

The placenta plays a crucial role in SGA development because of multiple biological
processes underlying fetal growth. However, valid and reliable placental biomarkers have
not yet been determined. In late third trimester, placental growth factor and soluble fms-
like tyrosine kinase-1 are the most commonly studied biomarkers of fetal growth.
However, findings related to these and other biomarkers are often contradictory in their
relation to SGA. Thus, none of the biomarkers has yet been confirmed as reliable for
predicting SGA.

Placental growth factor

Placental growth factor (PIGF) is a member of the vascular endothelial family and is
implicated in angiogenesis and trophoblastic invasion of the maternal spiral arteries61-163,
Some studies, mainly case-control, have reported that maternal serum PIGF is decreased
both in the second and third trimesters®41%°, Focusing in the studies!’®1’? that include late

third trimester, the findings are the following (Table 1.5):
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Table 1.5: Studies showing the differences in PIGF in normal and pregnancies delivering a SGA
neonate.

GA Definition of SGA/FGR
EEO) SGA/FGR | n | pgm. | N [ pgmL |
16

N
245.74 15 48.4 0.0017

Wallner et 38 & 33 AC <5th and BW

al., 2007170 <10th

Shibata et 39-40 BW <10th 31 266 24 163 <0.0001

al., 2005171

Rizos et al., 28-35 BW <10th 88 780 14 512 0.002
2013172

These studies consistently show that the levels of PIGF are lower in SGA rather than in
their counterparts and the difference is statistically significant.

Soluble fms-like tyrosine kinase-1

Soluble fms-like tyrosine kinase-1 (sFlt-1) is a circulating antiangiogenic protein. It binds to
vascular endothelial growth factor (VEGF), a protein that regulates angiogenesis, and
PIGF. Thus, it inhibits their biological activity and has an antiangiogenic effect’t 173174,

Focusing in the studies’®172 174175 that include late third trimester, the results are mixed

and not consistent, as stated below (Table 1.6):

Table 1.6: Studies showing the differences in sFlt-1 in normal and pregnancies delivering a SGA
neonate.

Author GA Definition of

(WEELS) SGA/FGR
Wallner et al., 38&33 AC <5th and BW 16 2199.85 15 4479.17 0.0086
2007170 <10th
Shibata et al., 39-40 BW <10th 29 2472 22 1987 0.56
2005171
Rizos et al., 28-35 BW <10th 88 1616 14 1190 0.011
2013172
Chaiworapongsa 20-40 EFW <10th 135 1445 53 3603 <0.001
et al., 2008174
Romero et al., 40 BW <10th 46 - 56 - 0.8285
2008175

Both Wallner et al'”® and Chaiworapongsa et al'*’* have shown that sFlt-1 is significantly
higher in pregnancies delivering SGA. Also, by breaking down the results by Doppler
findings, it was seen that the concentration of sFlt-1 was highest in SGA fetuses with
abnormal UtA Doppler or abnormal UA and UtA dopplers.
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sFlt-1/PIGF ratio

As studies show a decrease in PIGF and an increase in sFlt-1 in SGA fetuses'®*16° there
is a potential to use the ratio sFlt-1/PIGF to improve the detection of SGA. The data

refering to late SGA, without PE is scarce and not significant, as shown in the table below.

Table 1.7: Difference in PIGF/sFIt-1 ratio in normal and pregnancies delivering a SGA neonate.

Author Definition SGA/FGR Controls SGA/FGR
Herraiz et >34 EFW <10th percentile + 171 11.0 8 116.8 <0.5
al., 20141° AFI| <10th percentile or UA

PI1>95th percentile

1.4.7. Combination models

Combination models for SGA fetuses without pre-eclampsia have focused mainly in the

first, second and early third trimester.

For first trimester, the algorithms combining maternal characteristics, biophysical and
biochemical tests have shown an improvement in the early detection of SGA. A screening
study at 11-13 weeks established an algorithm for the prediction of SGA in absence of PE
based on maternal characteristics, biochemical (PAPP-A, free R-hCG, PIGF, PP13,
ADAM12) and biophysical markers (UtA Pl, MAP and Nuchal translucency). It concluded
that half the pregnancies with SGA neonates, in the absence of PE, could be identified at
11-13 weeks®".

Models developed for the second trimester also showed an improvement in the detection
SGA without PE. A study using maternal characteristics, EFW and UtA Pl on the second
trimester was predictive for SGA (R? 0.225, AUC 0.815). It also demonstrated that the
additional use of a third trimester scan (EFW, UtA PI, UA PI) and maternal characteristics,
improved the prediction of SGA (combined model: R? 0.423, AUC 0.896)*76.

For early third trimester, a study comparing the detection rate for SGA between EFW and
EFW combined with uterine artery doppler showed that adding Doppler velocimetry to 30-
32 weeks EFW improves the specificity (84%) regarding SGA newborns, maintaining a
good detection rate (71%). Thus reducing the population needed to be rescreened from

27 to 17% according to the study model®.
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There is very limited data screening for SGA in late third trimester with combination
models. Regarding late-onset FGR, Crispi et al, developed a combination model of
UtA Doppler with PIGF, for identifying late-onset PE/IUGR. However, besides not
discriminating SGA with and without PE, it did not perform well, with a detection rate
below 11% for all parameters analyzed, for a specificity of 95% (UtA Pl and sFItl - DR
5.3; PIGF and sFlt1 - DR 5.3; UtA PI and sFIt1/PIGF ratio - DR 10.5)¢7.

Despite lack of models for late SGA screening, there is more data involving prediction of
adverse outcomes. Namely, a model combining SGA (EFW<3rd percentile) with Doppler
studies (CPR <10th percentile and UtA>95th percentile) increased the risk of predicting
adverse neonatal outcomes. The algorithm had a detection rate of 82.8% (95% ClI, 75.1-
88.6%) for prediction of adverse outcomes!’’.

1.5. OBJECTIVES OF THE THESIS

Up until the publication of the articles of this thesis, only one study examined the value of
a late third trimester scan in low-risk pregnancies to predict SGA neonates. Furthermore,
there is not a single trial that combined all the above described methods to predict SGA

late in pregnancy.

Hence, the objective of this thesis is to assess the combination of maternal factors and
biophysical and biochemical markers at 35-37 gestational weeks to predict SGA neonates

in the absence of preeclampsia.

This will facilitate targeted surveillance and early intervention. In order to develop a
clinically useful screening test, algorithms should be derived from multivariable logistic
regression analysis combining maternal characteristics, biophysical and biochemical
markers. Therefore, a new approach to antenatal care can be proposed, whereby the
patient-specific risk for a wide variety of pregnancy complications is estimated at 35-37
weeks, at the same time we perform the routine growth scan. This will be followed by an
individualized patient and disease specific approach, both in terms of the schedule and

content of subsequent antenatal care.
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CHAPTER 2

Patients and Methods
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Chapter 2. Patients and Methods

2.1 STUDY POPULATION

This is a prospective screening study for detection of SGA, in women attending for their
routine third-trimester hospital visit in pregnancy at King’s College Hospital (London) and
Medway Maritime Hospital (Kent), between February and December 2014. This visit, at
35-37 gestational weeks (gestational age being determined by the measurement of fetal
crown-rump length at 11-13 weeks or fetal head circumference after that), includes:

- Recording of information regarding maternal characteristics and medical history;

- Assessment of blood pressure and mean arterial blood pressure (MAP) by automated
devices;

- Ultrasound examination for estimation of fetal weight'’® from transabdominal
measurement of fetal biparietal diameter (BPD), head circumference (HC), abdominal
circumference and femur length (FL)'"°, as well as mesurement of UtA PI;

- Measurement of maternal serum metabolites PIFG and sFlt-1.

The entry criteria for the study are singleton pregnancies that resulted in live birth or

stillbirth of phenotypically normal babies.

2.2. ETHICAL COMITTEE APPROVAL

Written informed consent was obtained from the women agreeing to participate in a study
on adverse pregnancy outcome, which was approved by the Ethics Committee of each

participating hospital.

2.3. DATA COLLECTION

2.3.1. Maternal characteristics and history

The following information was recorded from a medical interview:
e Maternal age

e Racial origin (Caucasian, Afro-Caribbean, South Asian, East Asian and mixed)
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o Method of conception (spontaneous or assisted conception requiring the use of
ovulation drugs or in vitro fertilisation (IVF))
e Cigarette smoking during pregnancy (yes or no)
e History of chronic hypertension (yes or no)
e History of type 1 or 2 diabetes mellitus (yes or no)
e History of systemic lupus erythematosus (SLE) or antiphospholipid syndrome
(APLS) (yes or no)
e Family history of PE in the mother of the patient (yes or no)
e Obstetric history:
v' Parity (parous or nulliparous, if no previous pregnancies at or after 24
weeks)
v' Previous pregnancy with PE (yes or no)
v' Previous pregnancy with SGA babies (yes or no)
v Inter-pregnancy interval.
Maternal weight and height were also recorded.

2.3.2. Mean arterial blood pressure

Blood pressure (BP) was taken by automated devices (3BTO-A2, Microlife, Taipei,
Taiwan), which were calibrated before and at regular intervals during the study. Doctors
who have received appropriate training on the use of these machines made the record.
The women were in sitting position, with their arms supported at the level of the heart and
either a small (<22 cm), normal (22-32 cm) or large (33-42 cm) adult cuffs were used
depending on the mid-arm circumference. After rest for five minutes, two recordings of
MAP were made in both arms simultaneously. Final MAP was calculated as the average

of all four measurements.

2.3.3. Estimated fetal weight

Ultrasound was performed by operators trained by the Fetal Medicine Foundation and
who had a Certificate of Competence both for anomaly scan and fetal doppler

assessment.

The images recquired for assessing fetal biometry were:

- BPD and HC: Transverse view of the head at the level of the septum pellucidum cavum
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- AC: Transverse view of the abdomen at the level of the umbilical vein and stomach

- FL: Longitundinal view of the femur

EFW was calculated using Hadlock's formulat’e:

Logio EFW = 1.3596 — 0.00386 (AC x FL) + 0.0084 (HC) + 0.00061 (BPD x AC) + 0.0425 (AC) + 0.174 (FL)

2.3.4. Measurement of uterine artery doppler

Transabdominal colour Doppler ultrasound is used to visualize the left and right uterine
arteries at the apparent crossover with the external iliac arteries. Pulsed-wave Doppler is
then used with the sampling gate set at 2 mm to cover the whole vessel. Care is taken to
ensure that the angle of insonation is less than 30° and the peak systolic velocity is
greater than 60 cm/s to ensure that the uterine artery, rather than the arcuate artery, is
examined. When three similar consecutive waveforms are obtained the PI is measured

and the mean PI of the left and right arteries calculated.

2.3.5. Biochemical measurements

Maternal venous blood is processed within 15 minutes of blood sampling. Serum PIGF
and sFlt-1 are measured in parallel, using an automated electrochemiluminescence

immunoassay system (Cobas e411, Roche Diagnostics, Penzberg, Germany).

The interassay coefficients of variation for the low and high concentrations were 5.4% and
3.0% for PIGF and 3.0% and 3.2% for sFlt-1, respectively. The Cobas e411 covers a
measurement range from 3 to 10 000 pg/mL for PIGF and from 10 to 85 000 pg/mL for
sFIt-1.

2.3.6. Outcome measures

Data on pregnancy outcome was collected from the hospital maternity records or the

general medical practitioners of the women.
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The primary outcome of the study was SGA without PE. The newborn was considered to
be SGA if the birth weight was less than the 5" percentile after correction for gestational
age at delivery (SGA<5M)8 The definitions of non-proteinuric gestational hypertension
(GH) and PE were those of the International Society for the Study of Hypertension in
Pregnancy!®'. The obstetric records of all women with pre-existing or pregnancy
associated hypertension were examined to confirm if the condition was chronic

hypertension, PE or GH. The patients who developed pre-eclampsia were excluded.

2.4. STATISTICAL ANALYSIS

The observed measurements of fetal HC, AC, FL and EFW were expressed as the
respective Z-score and percentile, corrected for gestational age’® ¥2, Mann Whitney-U
test was used to compare the Z-score and percentile values of HC, AC, FL and EFW
between the SGA and unaffected groups. Regression analysis was used to determine the
significance of association between HC Z-score, AC Z-score, FL Z-score and EFW Z-

score with the time interval between assessment and delivery.

The values of uterine artery PI, MAP, PIGF and sFlt-1 were logio transformed to make
their distributions Gaussian. Each measured value in the outcome groups was expressed
as a multiple of the normal median (MoM) after adjustment for those characteristics found
to provide a substantial contribution to the logio transformed value®318¢_ Mann Whitney-U
test was used to compare the median MoM values of uterine artery Pl and MAP between
the outcome groups. Regression analysis was used to determine the significance of
association between logic MoM of uterine artery PI, MAP, PIGF and sFlt-1 with

assessment to delivery interval and birth weight Z-score.

The a priori risk for SGA<5" were calculated using multivariable logistic regression
analysis with backward stepwise elimination to determine which of the factors among
maternal characteristics and obstetric history had a significant contribution in predicting
SGA<5™M,

Multivariable logistic regression analysis was used to determine if the maternal factor-
derived logit (a priori risk), Z-score of biometries (HC, AC, FL or EFW) or logioMoM value
of the remaining biophysical and biochemical markers (MAP, UtA PI, PIGF and sFlt-1) had
significant contribution in predicting SGA<5". The performance of screening was

determined by receiver operating characteristic (ROC) curves. Similarly, the algorithm was
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used to determine the performance of screening for SGA defined by birth weight
<10" percentile (SGA<10") and SGA with birth weight <3 percentile (SGA<3™) delivering

<2 weeks following assessment and delivering 237 weeks' gestation.

The statistical software package SPSS 22.0 (SPSS Inc.,Chicago, IL) and Medcalc
(Medcalc Software, Mariakerke, Belgium) were used for all data analyses.
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CHAPTER 3

Screening by maternal charateristics
and fetal biometry at 35-37 weeks
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Chapter 3: Screening by maternal charateristics and fetal biometry at 35-37 weeks

ABSTRACT

Objective: To investigate the value of fetal biometry at 35-37 weeks’ gestation in the
prediction of delivery of small for gestational age (SGA) neonates, in the absence of

preeclampsia (PE).

Methods: Screening study in singleton pregnancies at 35-37 weeks, including 278 that
delivered SGA neonates with birth weight <5" percentile and 5237 cases unaffected by
SGA, PE or gestational hypertension. Multivariable logistic regression analysis was used
to determine if screening by a combination of maternal factors and Z-scores of fetal head
circumference (HC), abdominal circumference (AC) and femur length (FL) or estimated

fetal weight (EFW) had a significant contribution in predicting SGA neonates.

Results: Combined screening by maternal characteristics and history with EFW Z-scores
at 35-37 weeks, predicted 89% of SGA neonates with birth weight <5™ percentile
delivering<2 weeks following assessment, at 10% false positive rate (FPR). The detection
rate for the prediction of SGA neonates delivering after 37 weeks was 70%. The
performance of screening by a combination of Z-scores for fetal HC, AC and FL was
similar to that achieved by the EFW Z-score.

Conclusion: Combined testing by maternal characteristics and fetal biometry at 35-37
weeks could identify, at a 10% FPR, 90% of pregancies that subsequently deliver SGA
neonates within 2 weeks of assessment and 70% of those that deliver after 37 weeks.

This chapter is based on: Fadigas C, Saiid Y, Gonzalez R, Poon LC and Nicolaides KH.
Prediction of small-for-gestational age neonates: screening by fetal biometry at 35-37
weeks. Ultrasound Obstet and Gynecol. 2015; 45: 559-65.
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3.1. INTRODUCTION

Small for gestational age (SGA) neonates are at increased risk of perinatal mortality and
morbidity, but the risks can be substantially reduced if the condition is identified prenatally,
because in such cases close monitoring and appropriate timing of delivery and prompt

neonatal care can be undertaken'®.

A few studies have examined the potential value of sonographic fetal biometry in low-risk
singleton pregnancies during the third trimester in the prediction of SGA neonates??2,
The studies report that the estimated fetal weight (EFW) at 26-36 gestational weeks
predicted 54-63% of SGA neonates with BW <10™ percentile, at false positive rate (FPR)
of 20%2%2* and 73% of SGA at FPR of 25% with an ultrasound at 30-32 weeks?. For SGA
defined with neonate with BW<5th percentile, it was reported that EFW at 30-33 weeks
had a DR of 60%, at FPR of 10%2°. Only one study examined the value of a late third
trimester scan in low-risk pregnancies. For that, the EFW 34-37 weeks’ gestation, in 2288
pregnancies, predicted 75% of SGA neonates with BW <5" percentile, at a FPR of 10%,
which was superior to the detection rate of 58%, in 3690 pregnancies examined at 30-33

weeks?’.

Since completion of this thesis studies, colleagues from the same department reported the
findings from a screening study at 30-34 weeks in 30849 singleton pregnancies®.
Combined screening by maternal characteristics and history with EFW Z-scores, predicted
79%, 87% and 92% of SGA neonates in the absence of PE delivering at <5 weeks
following assessment with birth weights <10, <5 and <3 percentiles, respectively, at a
10% FPR. The respective detection rates for prediction of SGA neonates delivering at >5
weeks following assessment were 53%, 58% and 61%. Consequently, the performance of
screening for SGA at 30-34 weeks is acceptably high for those delivering preterm, but
disappointingly low for those delivering at term.

3.1.1. Objectives

The objectives of this study in a large cohort of singleton pregnancies undergoing routine
antenatal care are firstly, to investigate further the potential value of fetal biometry at
35-37 weeks’ gestation in the prediction of delivery of SGA neonates in the absence of PE
and secondly, combine these biomarkers with maternal characteristics and history to

develop specific algorithms for the calculation of patient-specific risks for SGA.
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3.2. METHODS

The data for this study was derived from prospective screening for adverse obstetric
outcomes in women attending for their routine hospital visit in the third trimester of
pregnancy at 35%-37*% weeks’ gestation. The methodology for recording of patient
characteristics, sonographic estimation of EFW, mean arterial blood pressure (MAP), UtA
Pl, maternal serum metabolites, outcome measures and statistical analysis was as

described in Chapter 2.

3.3. RESULTS

The study population comprised of 5515 pregnancies, including 278 (5.0%) that delivered
SGA<5" neonates in the absence of PE and 5237 (95.0%) cases that were unaffected by

these outcomes. The characteristics of the study population are given in Table 3.1.

Table 3.1 Characteristics of the study population of women with a singleton pregnancy with normal outcome
or with a small-for-gestational-age (SGA) neonate, in the absence of pre-eclampsia (PE).

Characteristic

SGA without PE

P-value

Maternal age in years, median (IQR)

31.2 (26.5-35.0)

30.1 (24.8-35.3)

0.067

Maternal weight in Kg, median (IQR) 79.0 (70.9-89.9) 73.2 (64.2-83.5) <0.0001
Maternal height in cm, median (IQR) 164 (160-168) 162 (157-165) <0.0001
Gestation at screening in weeks, median (IQR) 36.1 (36.0-36.4) 36.3 (36.0-36.4) 0.916
Racial origin
Caucasian, n (%) 3720 (71.0) 161 (57.9) <0.0001
Afro-Caribbean, n (%) 1034 (19.7) 64 (23.0) 0.190
South Asian, n (%) 199 (3.8) 34 (12.2) <0.0001
East Asian, n (%) 109 (2.1) 6 (2.2) 0.830
Mixed, n (%) 175 (3.3) 13 (4.7) 0.233
Past obstetric history
Nulliparous, n (%) 2537 (48.4) 172 (61.9) 0.001
Parous with no prior PE and SGA, n (%) 2481 (47.4) 73 (26.3) <0.0001
Parous with prior PE no SGA, n (%) 82 (1.6) 5(1.8) 0.459
Parous with prior SGA no PE, n (%) 127 (2.4) 27 (9.7) 0.002
Parous with prior SGA and PE, n (%) 10 (0.2) 1(0.4) >0.999
Inter-pregnancy interval in years, median (IQR) 3.1(2.1-5.1) 2.9 (2.1-5.5) 0.965
Cigarette smoker, n (%) 503 (9.6) 62 (22.3) <0.0001
Conception
Spontaneous, n (%) 5110 (97.6) 266 (95.7) 0.072
Ovulation drugs, n (%) 23 (0.4) 2(0.7) 0.362
In vitro fertilization, n (%) 104 (2.0) 10 (3.6) 0.079
Chronic hypertension 72 (1.4) 2 (0.7) 0.588
Pre-existing diabetes mellitus, n (%) 65 (1.2) 3(1.1) >0.999
Type 1, n (%) 31 (0.6) 2(0.7) >0.999
Type 2, n (%) 34 (0.6) 1(0.4) >0.999
SLE / APS, n (%) 13 (0.2) 0(0.0) >0.999
Gestation at delivery in weeks, median (IQR) 40.0 (39.0-40.9) 39.4 (38.4-40.4) <0.0001
Birth weight in grams, median (IQR) 3430 (3140-3745) 2550 (2347-2721) <0.0001
Birth weight in percentile, median (IQR) 50.3 (26.6-75.6) 2.7 (1.2-3.7) <0.0001

SLE = systemic lupus erythematosus; APLS = antiphospholipid syndrome; IQR = interquartile range; PE = preeclampsia;

SGA = small for gestational age
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In the SGA group, compared with the normal group, there was a lower median maternal
weight and height, a higher prevalence of South Asian racial origin, nulliparous women,
parous women with a prior history of SGA and cigarette smokers, and a lower prevalence
of Caucasian racial origin and parous women without prior history of SGA and PE. The
median gestational age at delivery and neonatal birth weight were significantly lower in the

SGA group than in the normal group.

There were significant (p<0.0001) intercorrelations between Z-score values of HC, AC, FL
and EFW in both SGA and normal outcome groups (Table 3.2).

Table 3.2 Pearson correlation between Z-score values of head circumference, abdominal circumference,
femur length and estimated fetal weights at 35-37 weeks’ gestation in the normal and small for gestational age
groups.

Head Abdominal

Estimated fetal
Z-score values cwcumference cwcumference weig ht

Head 1 0.373 0.381 0.146 0.234 0.592 0.545

Femur length

circumference n ; ; <0.0001 | <0.0001 | <0.0001 | 0.001 | <0.0001 | <0.0001
. & 0.373 0.381 1 1 0.238 0.254 0.916 0.867
Abdominal
circumference n <0.0001 | <0.0001 - - <0.0001 | <0.0001 | <0.0001 | <0.0001
0.146 0.234 0.238 0.254 1 1 0.469 0.622
Femur length
B <0.0001 | 0001 | <0.0001 | <0.0001 - - <0.0001 | <0.0001
. . 0.592 0.545 0.916 0.867 0.469 0.622 1 1
Estimated

fetal weight

<0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 - -

r = Pearson correlation, SGA = small for gestational age

3.3.1. Normal pregnhancy outcome

There was a significant linear association between HC Z-score and the assessment to
delivery interval (-0.298 + 0.040 x delivery interval; r=0.087; P<0.0001) and between EFW
Z-score with assessment-to-delivery interval (0.281 + 0.025 x delivery interval; r=0.047;
P=0.001) and there was a significant polynomial association between AC Z-score with
assessment-to-delivery interval (-0.146 + 0.077 x delivery interval — 0.010 x delivery
interval 2; r=0.040; P=0.015) and between FL Z-score with assessment-to-delivery interval
(-0.215 + 0.194 x delivery interval — 0.053 x delivery interval 2 + 0.005 x delivery interval 3;
r=0.043; P=0.022).
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3.3.2. Small for gestational age

In the SGA<5™ group, the median Z-score values of HC, AC, FL and EFW at 35-37 weeks
were significantly lower (p<0.0001). There was a significant linear association between
HC Z-score with assessment-to-delivery interval (-1.147 + 0.098 x delivery interval,
r=0.249; P<0.001 (Figure 3.1.a); AC Z-score with assessment-to-delivery interval (-1.684
+ 0.214 x delivery interval; r=0.481; P<0.0001; Figure 3.1.b); FL Z-score with assessment-
to-delivery interval (-1.263 + 0.190 x delivery interval; r=0.314; P<0.0001; Figure 3.1.c);
and EFW Z-score with assessment-to-delivery interval (-1.572 + 0.234 x delivery interval;
r=0.505; P<0.0001; Figure 3.1.d).
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Figure 3.1 Z-scores for fetal head circumference (A), abdominal circumference (B), femur length
(C) and estimated fetal weight (D) at 35-37 weeks

The a priori risk for SGA<5"™ is calculated from the following formula: odds/(1+odds),
where odds=eY and Y is derived from multivariable logistic regression analysis.
Regression coefficients and adjusted odds ratios of each of the maternal factors in the

prediction algorithms are presented in Table 3.3 (R>=0.106, p<0.0001).
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Table 3.3 Fitted regression model with maternal characteristics and history for the prediction of
small for gestational age with birth weight below the 5t percentile in the absence of preeclampsia.

Independent variable Coefficient SE OR P-value
95% CI
Intercept -0.89206 0.39700 - -
Weight (-75)t -0.02012 0.01094 0.980 (0.970-0.990) <0.0001
Height (- 165)8 -0.03839 0.01094 0.962 (0.942-0.983) 0.0004
Racial origin
Caucasian, East Asian, mixed (reference) 0 1
Afro-Caribbean 0.56782 0.15750 1.764 (1.296-2.403) 0.0003
South Asian 1.08597 0.21540 2.962 (1.942-4.518) <0.0001
Cigarette smoking 1.08264 0.16094 2.952 (2.154-4.047) <0.0001
Past obstetric history and pregnancy interval
Nulliparous 1.06018 0.16341 2.887 (2.096-3.977) <0.0001
Parous
No previous SGA, with or without PE (reference) | -3.23409 0.17404 0.021
Interpregnancy interval in years 0.06583 0.02655 1.081 (1.026-1.139) 0.003
Previous SGA, with or without PE 1.59429 0.23809 6.639 (4.163-10.587) | <0.0001

Subtracted from maternal weight in kgt. Subtracted from maternal height in cm§. SE, standard error.

The likelihood of SGA<5" decreased with maternal weight and height, and in parous

women the risk increased with inter-pregnancy interval. The risk was higher in women of

Afro-Caribbean and South Asian racial origin, in cigarette smokers, in nulliparous women,

and in those with prior history of SGA, with or without prior PE. The risk was lower in

parous women without prior history of SGA, with or without prior PE. The likelihood of

SGA<5" was not significantly altered by maternal age (p=0.911), method of conception
(p=0.083), chronic hypertension (p=0.502), diabetes mellitus (p=0.645) and SLE or APS

(P=0.998).

Multivariable logistic regression analyses demonstrated that, in the prediction of SGA<5™,

there were significant contributions from maternal characteristics and a combination of HC

Z-score, AC Z-score and FL Z-score or EFW Z-score (Table 3.4).
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Table 3.4 Fitted regression models with maternal characteristics and history, fetal head circumference (HC) Z-
score, abdominal circumference (AC) Z-score, femur length (FL) Z-score or estimated fetal weight (EFW) Z-
score at 35-37 weeks' gestation, for the prediction of small-for-gestational age with birth weight <5
percentile in the absence of pre-eclampsia

Independent variable ‘ Coefficient ‘ 95% ClI

HC Z-score, AC Z-score, FL Z-score (R?=0.385, P <0.0001)

Intercept -4.63644 0.17774 - - -
HC Z-score -1.69241 0.38801 0.184 0.086-0.394 <0.0001
HC Z-score? -1.38647 0.58648 0.250 0.079-0.789 0.018
HC Z-score® -0.57469 0.24992 0.563 0.345-0.919 0.021
AC Z-score -2.70720 0.31467 0.067 0.036-0.124 <0.0001
AC Z-score? -0.42986 0.15646 0.651 0.479-0.884 0.006
FL Z-score -0.58584 0.10142 0.557 0.456-0.679 <0.0001
Intercept -3.54921 0.10191 - - -
EFW Z-score -2.69024 0.12566 0.068 0.053-0.087 <0.0001
Maternal characteristics and history with HC Z-score, AC Z-score and FL Z-score (R>=0.404, P <0.0001)

Intercept -2.96574 0.30796 - - -
Logit (a-priori risk) 1.23133 0.19699 3.426 2.329-5.040 <0.0001
HC Z-score -1.58736 0.39123 0.204 0.095-0.440 <0.0001
HC Z-score? -1.43277 0.59159 0.239 0.075-0.761 0.015
HC Z-score® -0.60812 0.25210 0.544 0.332-0.892 0.016
AC Z-score -2.59686 0.31677 0.075 0.040-0.139 <0.0001
AC Z-score? -0.41541 0.15819 0.660 0.484-0.900 0.009
FL Z-score -0.55642 0.10197 0.573 0.469-0.700 <0.0001
Maternal characteristics and history with EFW Z-score (R?=0.402, P <0.0001)

Intercept -1.93604 0.25984 - - -
Logit (a-priori risk) 1.25042 0.19651 3.492 2.376-5.132 <0.0001
EFW Z-score -2.54708 0.12867 0.078 0.061-0.101 <0.0001

OR, odds ratio; SE, standard error.

The areas under the ROC curves (AUC) and the DRs at a false-positive rate (FPR) of 5%
and 10% and FPRs for DRs of 100%, 90% and 80% of SGA<10", SGA<5" and SGA<3"
delivering <2 weeks after assessment and = 37 weeks' gestation, when screening by
maternal characteristics and a combination of HC, AC and FL Z-scores or EFW Z-scores
are given in Table 3.5, 3.6 and 3.7 in and Figure 3.2.
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Table 3.5 Performance of screening for small for gestational age (SGA) neonates with birthweight <10t, <5t and <3 percentiles, delivering within 2 weeks
of assessment and = 37 weeks' gestation, in the absence of pre-eclampsia, using maternal characteristics and history, fetal biometry or estimated fetal weight

at 35-37 weeks' gestation

Screening test

SGA delivering <2 weeks following assessment

Small for gestational age <10 percentile
Maternal characteristics and history
Plus EFW z-score

0.735 (0.722-0.747)
0.961 (0.955-0.966)

Detection rate (%)

26.5 (18.1-36.4)
77.6 (68.0-85.4)

FPR 10%

41.8 (31.9-52.2)
87.8 (79.6-93.5)

DR 100%

98.4 (98.0-98.7)
53.5 (52.1-54.9)

FPR (%)
DR 90%

71.0 (69.7-72.3)
11.9 (11.0- 12.8)

DR 80%

52.1 (50.7-53.5)
5.8 (5.1-6.5)

Small for gestational age <5™ percentile
Maternal characteristics and history
Plus EFW z-score

0.804 (0.793-0.815)
0.972 (0.967-0.976)

35.9 (23.1-50.2)
84.9 (72.4-93.3)

50.0 (36.6-64.9)
88.7 (77.0-95.7)

73.6 (72.4-74.8)
34.6 (33.3-35.9)

57.9 (56.6-59.3)
11.1 (10.2-12.0)

44.8 (43.5-46.2)
3.0 (2.5-3.5)

Small for gestational age <3™ percentile
Maternal characteristics and history
Plus EFW z-score

SGA delivering 237 weeks' gestation

Small for gestational age <10 percentile
Maternal characteristics and history
Plus EFW z-score

0.807 (0.796-0.818)

0.709 (0.697-0.721)
0.887 (0.879-0.895)

38.9 (23.1-56.5)

19.7 (16.6-23.1)
46.9 (42.9-51.0)

50.0 (32.9-67.1)

32.2 (28.5-36.1)
66.0 (62.0-69.7)

62.4 (61.1-63.7)
17.1 (16.1-18.2

99.9 (99.8-99.9)
88.5 (87.6-89.4)

57.9 (56.6-59.3)

70.5 (69.2-71.7)
32.9 (31.6-34.2)

40.5 (39.1-41.8)

53.4 (52.0-54.8)
19.5 (18.4-20.6)

Small for gestational age <5 percentile
Maternal characteristics and history
Plus EFW z-score

0.734 (0.722-0.746)
0.906 (0.898-0.913)

22.4 (17.5-28.0)
53.6 (47.4-59.8)

35.7 (29.9-41.9)
70.0 (64.0-75.4)

98.1 (97.7-98.5)
83.4 (82.4-84.4)

68.8 (67.5-70.0)
25.0 (23.9-26.2)

49.7 (48.3-51.0)
13.5 (12.6-14.5)

Small for gestational age <3™ percentile
Maternal characteristics and history
Plus EFW z-score

0.772 (0.761-0.784)
0.928 (0.921-0.935)

24.8 (18.1-32.6)
63.8 (55.5-71.5)

37.6 (29.8-45.9)
77.2 (69.6-83.7)

90.7 (89.9-91.5)
69.3 (68.0-70.5)

56.3 (54.9-57.6)
19.6 (18.5-20.7)

41.7 (40.4-43.1)
10.6 (9.8-11.5)
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Table 3.6 Detection rates (DR) in screening for small-for-gestational-age neonates with birth weight < 10, <5t and < 3 percentile, delivering within 2 weeks
of assessment, in the absence of pre-eclampsia, using maternal characteristics and history, fetal biometry or estimated fetal weight at 35—37 weeks’ gestation

Screening test

DR (%)

FPR=5%

FPR=10%

DR =100%

FPR (%)
DR=90%

DR=80%

Small for gestational age <10 percentile

Maternal characteristics and history

0.735 (0.722-0.747)

26.5 (18.1-36.4)

41.8 (31.9-52.2)

98.4 (98.0-98.7)

71.0 (69.7-72.3)

52.1 (50.7-53.5)

Small for gestational age <5 percentile
Maternal characteristics and history

0.804 (0.793-0.815)

35.9 (23.1-50.2)

50.9 (36.8-64.9)

73.6 (72.4-74.8)

HC Z-score, AC Z-score, FL Z-score 0.954 (0.948-0.959) 77.6 (68.0-85.4) 82.7 (73.7-89.6) 48.1 (46.7-49.5) 16.4 (15.4-17.4) 5.8 (5.2-6.5)
EFW Z-score 0.959 (0.953-0.964) | 79.6 (70.3-87.1) 86.7 (78.4-92.7) 59.5 (58.1-60.9) | 13.8 (12.9-14.8) 5.4 (4.9-6.2)
Maternal characteristics and history plus
HC Z-score, AC Z-score, FL Z-score 0.957 (0.952—-0.963) 77.6 (68.0-85.4) 85.7 (77.2-92.0) 43.6 (42.2-45.0) 13.3 (12.3-14.3) 6.7 (6.0-7.4)
EFW Z-score 0.961 (0.955-0.966 77.6 (68.0-85.4 87.8 (79.6-93.5 53.5 (52.1-54.9 11.9 (11.0-12.8 5.8 (5.1-6.5)

57.9 (56.6-59.3)

44.8 (43.5-46.2)

HC Z-score, AC Z-score, FL Z-score 0.960 (0.954—0.965) 81.1 (68.0-90.6) 86.8 (74.7-94.5) 45.4 (44.1-46.8) 13.8 (12.9-14.8) 4.8 (4.3-5.4)
EFW Z-score 0.964 (0.959-0.969) | 83.0(70.2-91.9) 86.8 (74.7-94.5) | 43.4(42.0-44.7) | 13.1 (12.2-14.0) 3.7 (3.2-4.3)
Maternal characteristics and history plus

HC Z-score, AC Z-score, FL Z-score 0.969 (0.964-0.973) | 81.1(68.0-90.6) 90.6 (79.3-96.9) 38.1 (36.8—39.4) 10.0 (9.2-10.8) 3.9 (3.4-4.4)

EFW Z-score
Small for gestational age <3' percentile
Maternal characteristics and history

0.807 (0.796-0.818)

38.9 (23.1-56.5)

50.0 (32.9-67.1)

62.4 (61.1-63.7)

57.9 (56.6-59.3)

40.5 (39.1-41.8)

HC Z-score, AC Z-score, FL Z-score 0.973 (0.969-0.978) 86.1 (70.5-95.3) 88.9 (73.9-96.9) 20.0 (18.9-21.1) 13.7 (12.7-14.6) 1.6 (1.2-1.9)
EFW Z-score 0.980 (0.976-0.984) | 88.9 (73.9-96.9) 91.7 (77.5-98.2) 18.6 (17.5-19.7) 8.4 (7.6-9.2) 1.7 (1.3-2.1)
Maternal characteristics and history plus
HC Z-score, AC Z-score, FL Z-score 0.979 (0.975-0.983) | 83.3 (67.2-93.6) 91.7 (77.5-98.2) 17.4 (16.4-18.4) 9.1 (8.4-10.0) 1.1 (0.8-1.4)
EFW Z-score 0.983 (0.979-0.986) 91.7 (77.5-98.2) 91.7 (77.5-98.2) 17.1 (16.1-18.2) 3.8 (3.3-4.3) 0.9 (0.7-1.3)
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Table 3.7 Detection rates (DR) in screening for small-for-gestational-age neonates with birth weight <10, < 5t and < 3™ percentile, delivering = 37 weeks’
gestation, in the absence of pre-eclampsia, using maternal characteristics and history, fetal biometry or estimated fetal weight at 35-37 weeks’ gestation

Screening test

Small-for-gestational age <10 percentile

DR (%)

FPR (%)

FPR=5% FPR=10% DR=100% DR=90%

DR=80%

Maternal characteristics and history

0.709 (0.697-0.721)

19.7 (16.6-23.1)

32.2 (28.5-36.1)

99.9 (99.8-99.9)

70.5 (69.2—71.7)

53.4 (52.0-54.8)

HC Z-score, AC Z-score, FL Z-score

0.874 (0.865-0.883)

44.6 (40.6-48.7)

61.2 (57.1-65.1)

98.8 (98.5-99.1)

34.1 (32.8-35.5)

21.9 (20.7-23.0)

EFW Z-score

0.876 (0.867-0.885)

46.1 (42.1-50.2)

63.1 (59.2-67.0)

93.8 (93.1-94.4)

33.8 (32.5-35.1)

21.9 (20.8-23.1)

Maternal characteristics and history plus
HC Z-score, AC Z-score, FL Z-score

0.885 (0.876-0.893)

46.9 (42.9-51.0)

64.5 (60.5-68.3)

98.6 (98.3-98.9)

33.5 (32.2-34.9)

19.1 (18.0-20.3)

EFW Z-score
Small-for-gestational age <5 percentile
Maternal characteristics and history

0.887 (0.879-0.895)

0.734 (0.722-0.746)

46.9 (42.9-51.0)

22.4 (17.5-28.0)

66.0 (62.0-69.7)

35.7 (29.9-41.9)

88.5 (87.6-89.4)

98.1 (97.7-98.5)

32.9 (31.6-34.02)

68.8 (67.5-70.0)

19.5 (18.4-20.6)

49.7 (48.3-51.0)

HC Z-score, AC Z-score, FL Z-score

0.899 (0.890-0.907)

53.2 (47.0-59.4)

65.8 (59.7-71.5)

80.0 (78.9-81.0)

26.7 (25.5-27.9)

16.9 (15.9-17.9)

EFW Z-score

0.895 (0.887—0.903)

54.8 (48.5-60.9)

65.8 (59.7-71.5)

77.3 (76.1-78.4)

29.1 (27.8-30.3)

16.7 (15.7-17.8)

Maternal characteristics and history plus
HC Z-score, AC Z-score, FL Z-score

0.908 (0.900-0.916)

54.0 (47.8-60.1)

69.2 (63.2-74.7)

84.9 (83.9-85.8)

23.0 (21.9-24.2)

13.8 (12.8-14.7)

EFW Z-score
Small-for-gestational age <3™ percentile
Maternal characteristics and history

0.772 (0.761-0.784)

24.8 (18.1-32.6)

37.6 (29.8-45.9)

90.7 (89.9-91.5)

56.3 (54.9-57.6)

41.7 (40.4-43.1)

HC Z-score, AC Z-score, FL Z-score

0.919 (0.912-0.926)

61.1 (52.8-68.9)

73.2 (65.3-80.1)

67.4 (66.1-68.7)

20.0 (18.9-21.1)

13.7 (12.7-14.6)

EFW Z-score

0.918 (0.911-0.925)

62.4 (54.1-70.2)

725 (64.6-79.5)

71.2 (69.9-72.4)

20.2 (19.1-21.3)

13.5 (12.5-14.4)

Maternal characteristics and history plus
HC Z-score, AC Z-score, FL Z-score

0.928 (0.921-0.935)

64.4 (56.2-72.1)

77.2 (69.6-83.7)

63.5 (62.2-64.8)

17.4 (16.4-18.4)

10.4 (9.6-11.3)

EFW Z-score

0.928 (0.921-0.935)

63.8 (55.5-71.5)

77.2 (69.6-83.7)

69.3 (68.0-70.5)

19.6 (18.5-20.7)

10.6 (9.8-11.5)
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Figure 3.2 Receiver-operating characteristic curves of maternal characteristics (black line), combination of
maternal characteristics of HC, AC and FL z-score (blue line) and the combination of maternal characteristics
with EFW z-score (red line) at 35-37 gestational weeks in the prediction of SGA with BW below the 10th (a),
the 5th (b) and the 3rd (c) percentile, delivering < 2 weeks following assessment (left) or 237 weeks' gestation.
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Prediction of small for gestational age delivering <2 or 22 weeks following

screening at 35-37 weeks

The DRs, at a FPR of 10%, of combined screening by maternal characteristics and history
with EFW Z-scores for the prediction of SGA neonates with BW <10", <5" and <3™
percentiles, delivering 22 weeks following assessment, were 62.6% (95% CI, 58.3-66.7;
AUC 0.875 (95% CI, 0.866-0.884)), 67.1% (95% CI, 60.6-73.2; AUC 0.895 (95% ClI,
0.886-0.903)) and 74.4% (95% CI, 65.6-81.9; AUC 0.916 (95% CI, 0.909-0.924)),
respectively. The performance of screening was better for the prediction of SGA delivering
within 2 weeks of assessment with respective DRs of 87.8% (95% CI, 79.6-93.5;
AUC 0.961 (95% CI, 0.955-0.966)), 88.7% (95% CI, 77.0-95.7; AUC 0.972 (95% CI,
0.967-0.976)) and 91.7% (95% ClI, 77.5-98.2; AUC 0.983 (95% CI, 0.979-0.986)).

Prediction of small for gestational age delivering 237 weeks with screening at 35-37
weeks compared to 30-34 weeks

In combined screening by maternal characteristics and history with EFW Z-scores at
35-37 weeks the DRs, at a FPR of 10%, of SGA neonates with BW<10", <5 and <3
percentiles delivering = 37 weeks were 66.0% (95% CI, 62.0-69.7; AUC 0.887 (95% ClI,
0.879-0.895)), 70.0% (95% CI, 64-75.4; AUC 0.906 (95% CI, 0.898-0.913)) and 77.2%
(95% CI, 69.6-83.7; AUC 0.928 (95% CI, 0.921-0.935)), respectively. Using data from a
simultaneuos publication of colleagues, from the same Department, in combined
screening by maternal characteristics and history with EFW Z-scores at 30-34 weeks?®,
the respective detection rates were 53.0% (95% CI, 51.3-54.8; AUC 0.833 (95% ClI,
0.829-0.837)), 58.3% (95% ClI, 55.7-60.9; AUC 0.859 (95% CI, 0.855-0.863)) and 60.8%
(95% Cl, 62.6-85.0; AUC 0.875 (95% CI, 0.871-0.879)).

3.4. DISCUSSION
3.4.1. Main findings of the study
The findings of this study demonstrate that the risk of delivering SGA neonates in the

absence of PE, increases with a longer interpregnancy interval, decreases with maternal

weight and height, it is higher in women of Afro-Caribbean or South Asian racial origin
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than in Caucasian women, in cigarette smokers, nulliparous women and in parous women
with history of SGA.

In women who deliver SGA neonates in the absence of PE, the fetal HC, AC, FL and EFW
at 35-37 weeks’ gestation are reduced. The prediction of SGA provided by the fetal AC is
superior to that of HC or FL, but inferior to that of the combination of the three
measurements. The performance of screening by a combination of Z-scores for fetal HC,
AC and FL is similar to that achieved by the EFW Z-score.

Combined screening by maternal characteristics and history with EFW Z-scores at 35-37
weeks, predicted about 70% of pregnancies that subsequently delivered SGA <5
neonates, at a FPR of 10%. This was superior to the DR of 58% achieved by screening at
30-34 weeks. The performance of screening was better in the prediction of SGA delivering
within 2 weeks of assessment, with DR of about 90%.

3.4.2. Comparison with findings of previous studies

Our findings, that the prediction of SGA neonates with BW<5" percentile at 35-37
gestational weeks by sonographic estimation of EFW Z-scores is superior to that of
screening at 30-34 weeks (70% vs 58%), at a FPR of 10%, are similar to those of a
previous study that reported rates of 75% and 58% with screening at 34-37 weeks and 30-
33 weeks, respectively?’. In the latter study, all cases of SGA were included, whereas is

this study, the cases with associated PE were excluded.

A routine third trimester scan is by far superior to the traditional approach of abdominal
palpation in identifying pregnancies at high-risk of delivering SGA neonates. A population
based observational study of 6318 consecutive low risk singleton pregnancies reported
that abdominal palpation predicted only 21% and 28% of SGA neonates with birth weight
<10™ and 2.3 percentiles respectively, at FPR of about 5%2°. One randomized study
compared the effectiveness of abdominal palpation to that of serial measurements of
symphysial-fundal height in the prediction of SGA neonates with birth weight <10
percentile and reported no significant difference between the two methods (28% vs. 48%,
both at FPR of about 4%)?.

The advantage of using Bayes theorem to combine the prior risk from maternal

characteristics and medical history with fetal biometry is that individual patient-specific
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risks and the performance of screening for SGA of different severities, delivering at term,
can be estimated. This is an essential first step for establishing patient management

protocols.
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CHAPTER 4

Screening by maternal characteristics, fetal

biometry, uterine artery Doppler and mean
arterial blood pressure at 35-37 weeks
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Chapter 4: Screening by maternal characteristics, fetal biometry, uterine
artery Doppler and mean arterial blood pressure at 35-37 weeks

ABSTRACT

Objective: To investigate the potential value of uterine artery pulsatility index (PI) and
mean arterial pressure (MAP) at 35-37 weeks’ gestation in the prediction of delivery of

small for gestational age (SGA) neonates, in the absence of preeclampsia (PE).

Methods: Screening study in singleton pregnancies at 35-37 weeks, including 245 that
delivered SGA neonates with birth weight <5™ percentile and 4,876 cases unaffected by
SGA, PE or gestational hypertension (normal group). Multivariable logistic regression
analysis was used to determine if uterine artery Pl and MAP improved the prediction of
SGA neonates provided by screening with maternal characteristics and medical history
(maternal factors) and estimated fetal weight (EFW) from fetal head circumference,

abdominal circumference and femur length.

Results: In the SGA<5" group, compared to the normal group, the median multiple of the
median (MoM) values of uterine artery Pl and MAP were significantly higher. Combined
screening by maternal factors, EFW Z-score, uterine artery Pl and MAP at 35-37 weeks,
predicted at 10% false positive rate, 90%, 86% and 90% of SGA neonates with birth
weight <10", <5 and <3™ percentiles, respectively, delivering at <2 weeks following
assessment and the respective values for SGA delivering at >37 weeks were 66%, 74%
and 80%. Such performance was not significantly different from screening by maternal

factors and EFW Z-score alone.

Conclusion: Addition of uterine artery Pl and MAP to combined testing using maternal
factors and fetal biometry at 35-37 weeks does not improve the performance of screening

for delivery of SGA neonates.

This chapter is based on: Fadigas C, Guerra L, Garcia-Tizon Larroca S, Poon LC and
Nicolaides KH. Prediction of small-for-gestational age neonates: screening by uterine
artery Doppler and mean arterial pressure at 35-37 weeks. Ultrasound Obstet and
Gynecol 2015; 45: 715-21.
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4.1. INTRODUCTION

Small for gestational age (SGA) neonates are at increased risk of perinatal mortality and
morbidity, but the risks can be substantially reduced if the condition is identified prenatally,
because in such cases close monitoring and appropriate timing of delivery and prompt
neonatal care can be undertaken!'®, The traditional approach of identifying pregnancies
with SGA fetuses is maternal abdominal palpation and serial measurements of
symphysial-fundal height, but the detection rate (DR) of this approach is less that 30%2°22,
A higher performance in screening for SGA is achieved by a third-trimester assessment
which includes ultrasound examination for fetal biometry and the timing of such
assessment, at 32 or 36 weeks’ gestation, could be defined by the results of assessment

at 22 weeks187. 188,

Screening by a combination of maternal characteristics and medical history with estimated
fetal weight (EFW), uterine artery (UtA) pulsatility index (PI) and mean arterial pressure
(MAP) at 32 weeks’ gestation, predicted, at false positive rate (FPR) of 10%, 83%, 91%
and 93%, of SGA neonates delivering within five weeks of assessment with respective
birth weight <10, <5" and <3" percentiles in the absence of preeclampsia (PE).
However, the respective values for delivery at >5 weeks of assessment were only 53%,
60% and 63%.

4.1.1. Objectives

The objectives of this study in singleton pregnancies undergoing routine antenatal
assessment at 35-37 weeks’ gestation are firstly, to investigate the potential value of
uterine artery Pl and MAP on their own and in combination with maternal characteristics,
medical history and EFW in the prediction of delivery of SGA neonates in the absence of
PE and secondly, to develop specific algorithms for the calculation of patient-specific risks
for SGA.

4.2. METHODS

The data for this study were derived from prospective screening for adverse obstetric
outcomes in women attending for their routine hospital visit in the third trimester of

pregnancy at 35-37 weeks’ gestation. The methodology for recording of patient
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characteristics, sonographic estimation of EFW, UtA Pl, MAP, serum metabolites,

outcome measures and statistical analysis was as described in Chapter 2.

4.3. RESULTS
The characteristics of the study population of 5121 pregnancies, including 245 delivering
SGA <5" neonates in the absence of PE, are presented in Table 4.1.

Table 4.1. Characteristics of the study population of women with a singleton pregnancy with normal outcome
or with a small-for-gestational-age (SGA) neonate, in the absence of pre-eclampsia (PE).

SGA without PE

Characteristic

Maternal age in years, median (IQR) 31.2 (26.5-35.0) 30.1 (24.6-35.3) 0.061
Maternal weight in Kg, median (IQR) 79.0 (70.8-89.8) 73.5 (63.9-84.1) <0.0001
Maternal height in cm, median (IQR) 164 (160-168) 162 (158-165) <0.0001
Gestation at screening in weeks, median (IQR) 36.1 (36.0-36.4) 36.3 (36.0-36.4) 0.848
Racial origin
Caucasian, n (%) 3495 (71.7) 140 (57.1) <0.0001
Afro-Caribbean, n (%) 941 (19.3) 57 (23.3) 0.137
South Asian, n (%) 178 (3.7) 30 (12.2) <0.0001
East Asian, n (%) 101 (2.1) 6 (2.4) 0.644
Mixed, n (%) 161 (3.3) 12 (4.9) 0.200
Past obstetric history
Nulliparous, n (%) 2352 (48.2) 148 (60.4) 0.0002
Parous with no prior PE and SGA, n (%) 2318 (47.5) 67 (27.3) <0.0001
Parous with prior PE no SGA, n (%) 77 (1.6) 4(1.6) 0.795
Parous with prior SGA no PE, n (%) 121 (2.5) 25(10.2) <0.0001
Parous with prior SGA and PE, n (%) 8(0.2) 1(0.4) 0.357
Inter-pregnancy interval in years, median (IQR) 3.1(2.1-5.1) 2.9 (2.1-5.5) 0.965
Cigarette smoker, n (%) 464 (9.5) 59 (24.1) <0.0001
Conception
Spontaneous, n (%) 4758 (97.6) 235 (95.9) 0.136
Ovulation drugs, n (%) 20 (0.4) 2(0.8) 0.284
In vitro fertilization, n (%) 98 (2.0) 8 (3.3) 0.167
Chronic hypertension 64 (1.3) 2(0.8) 0.770
Pre-existing diabetes mellitus, n (%) 57 (1.2) 2(0.8) >0.999
Type 1, n (%) 27 (0.6) 1(0.4) >0.999
Type 2, n (%) 30 (0.6) 1(0.4) >0.999
SLE/APLS, n (%) 13 (0.3) 0(0.0) >0.999
Gestation at delivery in weeks, median (IQR) 40.0 (39.1-40.9) 39.4 (38.6-40.4) <0.0001
Birth weight in grams, median (IQR) 3435 (3,140-3,745) 2550 (2,350-2,718) <0.0001
Birth weight in percentile, median (IQR) 50.6 (26.8-75.6) 2.7 (1.2-3.8) <0.0001

SLE = systemic lupus erythematosus; APLS = antiphospholipid syndrome; IQR = interquartile range; PE = preeclampsia;

SGA = small for gestational age
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4.3.1. Normal pregnancy outcome

In the unaffected pregnancies with birth weight 25" percentile, the mean + SD, 90" and
95" percentile of logio MoM UtA Pl were -0.009 + 0.113, 0.134 and 0.187, respectively.
The mean + SD, 90" and 95" percentile of logio MoM MAP were 0.002 + 0.033, 0.044 and
0.056, respectively (Table 4.2). There was no significant association between logio MoM
values of UtA PI and MAP (r=-0.004, P=0.893). There was a significant inverse
association between logic MoM UtA Pl with assessment to delivery interval (r=-0.096,
P<0.0001) and birth weight Z-score (r=-0.096, P<0.0001), and between logio MOM MAP
with assessment to delivery interval (r=-0.080, P<0.0001) but not birth weight Z-score
(r=-0.022, P=0.113).

Table 4.2 Uterine artery pulsatility index (UtA-PI) and mean arterial pressure (MAP) at 35-37
weeks’ gestation in pregnancies that delivered small-for-gestational-age (SGA) neonates with birth
weight < 5" percentile, in the absence of pre-eclampsia, and in unaffected pregnancies

Outcome MoM Logio MoM > 95t percentile > 90" percentile
group (median (IQR)) (mean £ SD) (n (%, 95% Cl)) (n (%, 95% Cl))
Normal 0.690 0.967 —-0.009+£0.113 243 487

(0.590-0.820) | (0.824—1.146) (5.0, 4.4-5.6) (10.0, 9.2-10.9)
SGA 0.785 1.104 0.050+0.137* 42 65
(0.620-0.978)* | (0.873-1.385)* (17.1, 12.9-22.4)* | (26.5, 21.4-32.4)*
Normal 89.0 1.008 0.002+0.033 243 487
(83.9-93.8) (0.955-1.059) (5.0, 4.4-5.6) (10.0, 9.2-10.9)
SGA 90.3 1.045 0.014 +£0.037* 25 53
(85.2-95.6)* | (0.969-1.101)* (10.2, 7.0-14.6)* | (21.6, 16.9-27.2)*

Comparison between normal outcome and SGA by Chi square test or Fisher's exact test for
categorical variables and Mann-Whitney U-test or student's t-test for continuous
variables:*P < 0.05. IQR, interquartile range, MoM, multiples of the unaffected median.

4.3.2. Small for gestational age

In the SGA<5™ group, compared to the normal group, the median MoM values of uterine
artery Pl and MAP at 35-37 weeks were significantly higher (Table 4.2). There was no
significant association between logio MoM values of uterine artery Pl and MAP (r=0.109,

P=0.088). There was a significant inverse association between logio MoOM uterine artery
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Log,, uterine artery pulsatility index

Pl with assessment to delivery interval (r=-0.232, P<0.0001; Figure 4.1.a) and birth weight

Z-score (r=-0.157, P=0.011; Figure 4.1.b). There was no significant association between

logio MOM MAP with assessment to delivery interval (r=-0.100, P=0.107; Figure 4.1.c) and
birth weight Z-score (r=-0.057, P=0.354; Figure 4.1.d).
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Figure 4.1 Logse uterine artery pulsatility index (UtA-PI) (A, B) and log: mean arterial pressure (MAP) (C, D)
multiples of median according to assessment-to-delivery interval (A, C) and birth-weight Z-score (B, D) in
pregnancies delivering small-for-gestational-age neonates with birth weight < 5" percentile, plotted on the

50" (solid line), 90" and 95" (dashed line) percentile of the appropriate normal range.

Multivariable logistic regression analysis demonstrated that in the prediction of SGA <5"

there were significant contributions from maternal characteristics, EFW Z-score, uterine

artery Pl and MAP (Table 4.3). Combined screening by maternal characteristics and
history with EFW Z-scores, uterine artery Pl and MAP detected 66%, 74% and 80% of
SGA neonates with birth weight <10, <5" and <3 percentiles, respectively, at 10% FPR.
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Table 4.3 Fitted regression models with maternal characteristics and history, estimated fetal weight
(EFW) Z-score, uterine artery pulsatility index (UtA-PI) and mean arterial pressure (MAP) at 35-37
weeks’ gestation for the prediction of small-for-gestational-age neonates with birth weight <5t
percentile, in the absence of pre-eclampsia

Independent Coefficient SE (0] 33 95% CI

variable

Maternal characteristics and history with UtA-PI (R?=0.140, P<0.0001)

Intercept —0.14600 0.21172 - - -
Logit (a-priori risk) 2.35253 0.17513 10.512 7.458-14.817 <0.0001
Logio MoM UtA-PI 2.78497 0.60186 16.199 4.980-52.699 <0.0001
Log1o MoM UtA-PI? 7.78026 2.65846 2.39x10°3 1.31x10"t0 4.38x 105 0.003
Maternal characteristics and history with MAP (R?=0.122, P<0.0001)

Intercept -0.19178 0.21290 - - -
Logit (a-priori risk) 2.29773 0.17204 9.952 7.103-13.942 <0.0001
Logio MoM MAP 7.24939 1.85688 1.41x10° 3.70x10"to 5.36 x 10* <0.0001
Log1o MoM MAP? 86.92506 32.41269 5.64 x 10%7 1.45x10"°t0 2.19x 105 0.007
Maternal characteristics and history with UtA-Pl and MAP (R?=0.157, P<0.0001)

Intercept —0.32312 0.22619 - - -
Logit (a-priori risk) 2.34318 0.18198 10.414 7.290-14.878 <0.0001
Logio MoM UtA-PI 3.00152 0.63232 20.116 5.825-69.466 <0.0001
Logio MoM UtA-PI? 6.37356 2.76860 5.86 x 102 2.58 t0 1.33x10° 0.021
Logio MoM MAP 6.98422 1.96456 1.08x103 2.30x10"t05.08 x 10* 0.0004
Logio MoM MAP? 80.60922 34.82041 1.02x 1035 2.34x 105 to 4.44 x 1084 0.021
Maternal characteristics and history with EFW and .410, P<0.0001)

Intercept -1.99167 0.27112 - - -
Logit (a-priori risk) 1.32430 0.20436 3.760 2.519-5.612 <0.0001
EFW Z-score —2.49459 0.13358 0.083 0.064-0.107 <0.0001
Logio MoM UtA-PI 1.58376 0.66640 4.873 1.320-17.991 0.017
Logio MoM UtA-PI? 7.22373 3.02151 1.37x10° 3.68105.12x10° 0.017
Maternal characteristics and history with EFW and MAP (R?=0.408, P < 0.0001)

Intercept —2.09259 0.27670 - - -
Logit (a-priori risk) 1.23907 0.20366 3.452 2.316-5.146 <0.0001
EFW Z-score —2.53483 0.13339 0.079 0.061-0.103 <0.0001
Log1io MoM MAP 5.57999 211732 2.65x102 4.18 t0 1.68 x 10* 0.008
Logio MoM MAP? 79.80021 40.15720 4.54 x 103 2.98 to 6.90 x 10%8 0.047
Maternal characteristics and history with EFW, UtA-Pl and MAP (R?=0.413, P <0.0001)

Intercept —1.95863 0.27992 - - -
Logit (a-priori risk) 1.31289 0.21184 3.717 2.454-5.630 <0.0001
EFW Z-score —2.48639 0.13877 0.083 0.063-0.109 <0.0001
Logio MoM UtA-PI 2.48618 0.63132 12.015 3.486-41.410 <0.0001
Logio MoM MAP 5.90022 2.27286 3.65x 102 4.24 to 3.14 x10* 0.009

The areas under ROC (AUC), the detection rates (DRs) at FPRs of 5% and 10% and
FPRs for DRs of 100%, 90% and 80% of SGA <10", SGA <5 and SGA <3" delivering at
<2 weeks of assessment and at >37 weeks’ gestation in screening by maternal
characteristics, EFW Z-score, uterine artery Pl, MAP and their combination are given in
Table 4.4, 4.5 and 4.6 and Figure 4.2.
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Table 4.4. Performance of screening for small for gestational age neonates with birth weight <10t <5t and <3 percentile delivering within two weeks of
assessment and at >37 weeks’ gestation in the absence of preeclampsia, with maternal factors, estimated fetal weight, uterine artery pulsatility index and
mean arterial pressure at 35-37 weeks’ gestation.

DR (%) FPR (%)

Screening test

AUC curve

DR 80%

FPR 5% FPR 10% DR 100% DR 90%

SGA <10 percentile

Maternal factors
Maternal factors, EFW

Maternal factors, EFW, UtA Pl, MAP

0.744 (0.731-0.756)
0.961 (0.955-0.967)
0.963 (0.957-0.968)

25.9 (16.8-36.9)
77.8 (67.2-86.3)
76.5 (65.8-85.2)

40.7 (29.9-52.2)
86.4 (79.6-93.5)
90.1 (81.5-95.6)

79.8 (78.6-80.9)
53.4 (51.9-54.8)
51.2 (49.8-52.7)

64.4 (63.0-65.7)
11.6 (10.7-12.6)
9.3 (8.4-10.1)

48.6 (47.2-50.1)
5.6 (5.0-6.3)
5.7 (5.0-6.4)

SGA <5 percentile
Maternal factors
Maternal factors, EFW

Maternal factors, EFW, UtA Pl, MAP

0.800 (0.788-0.811)
0.969 (0.964-0.974)
0.972 (0.967-0.976)

34.1 (20.5-49.9)
84.1 (69.9-93.4)
84.1 (69.9-93.4)

50.0 (34.6-65.4)
86.4 (72.6-94.8)
86.4 (72.6-94.8)

735 (72.2-74.7)
34.0 (32.7-35.4)
34.3 (32.9-35.6)

57.6 (56.2-59.0)
13.4 (12.5-14.4)
12.0 (11.1-12.9)

44.7 (43.3-46.1)
3.6 (3.1-4.1)
3.0 (2.6-3.6)

SGA <3 percentile
Maternal factors
Maternal factors, EFW

Maternal factors, EFW, UtA Pl, MAP

0.813 (0.802-0.824)
0.982 (0.978-0.985)
0.985 (0.981-0.988)

36.7 (19.9-56.1)
90.0 (73.5-97.9)
90.0 (73.5-97.9)

50.0 (32.9-67.1)
90.0 (73.5-97.9)
90.0 (73.5-97.9)

60.2 (58.8-61.6)
16.7 (15.6-17.7)
13.1 (12.2-14.1)

52.8 (51.4-54.2)
3.6 (3.1-4.1)
2.8 (2.4-3.3)

38.1 (37.7-39.4)
0.9 (0.7-1.2)
0.6 (0.4-0.9)

SGA <10™ percentile
Maternal factors
Maternal factors, EFW

Maternal factors, EFW, UtA Pl, MAP

0.712 (0.700-0.725)
0.887 (0.878-0.896)
0.888 (0.879-0.897)

20.1 (16.8-23.7)
47.3 (43.1-51.6)
48.6 (44.3-52.9)

33.2 (29.2-37.3)
66.1 (62.0-70.1)
66.1 (62.0-70.1)

98.6 (98.2-98.9)
82.5 (81.3-83.6)
84.8 (83.7-85.8)

69.9 (68.5-71.2)
32.6 (31.3-34.0)
31.4 (30.1-32.8)

53.5 (52.0-54.9)
20.2 (19.0-21.4)
19.1 (18.0-20.3)

SGA <5 percentile
Maternal factors
Maternal factors, EFW

Maternal factors, EFW, UtA Pl, MAP

0.741 (0.729-0.753)
0.908 (0.900-0.916)
0.910 (0.902-0.917)

23.5 (18.2-29.5)
54.3 (47.7-60.8)
55.6 (48.9-62.0)

38.0 (31.8-44.6)
71.4 (65.1-77.1)
73.9 (67.8-79.4)

98.1 (97.7-98.5)
83.5 (82.4-84.5)
83.2 (82.1-84.2)

68.6 (67.3-69.9)
24.6 (23.4-25.8)
25.2 (24.0-26.5)

48.8 (47.4-50.2)
13.4 (12.5-14.4)
14.1 (13.1-15.1)

SGA <3 percentile
Maternal factors
Maternal factors, EFW

Maternal factors, EFW, UtA Pl, MAP

0.775 (0.764-0.787)
0.929 (0.922-0.936)
0.929 (0.921-0.936)

26.2 (18.8-34.6)
64.6 (55.5-71.5)

64.6 (55.8-72.8)

39.2 (30.8-48.2)
79.2 (71.2-85.8)
80.0 (72.1-86.5)

90.8 (90.0-91.6)
69.1 (67.8-70.4)
70.2 (68.9-71.4)

53.4 (52.0-54.8)
17.8 (16.7-18.9)
20.1 (19.0-21.3)

41.4 (40.0-42.8)
10.1 (9.3-11.0)
9.9 (9.0-10.7)

Values in parenthesis are 95% Cls. AUC, area under receiver operating characteristic curve. FPR, false positive rate. DR, detection rate.
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Table 4.5. Detection rates (DR) in screening for small-for-gestational-age (SGA) neonates with birth weight < 10t, < 5t and < 3™ percentile, delivering within 2
weeks of assessment, in the absence of pre-eclampsia, using maternal factors, estimated fetal weight (EFW), uterine artery pulsatility index (UtA-Pl) and
mean arterial pressure (MAP) at 35-37 weeks’ gestation

Maternal factors

0.744 (0.731-0.756)

25.9 (16.8-36.9)

40.7 (29.9-52.2)

79.8 (78.6-80.9)

64.4 (63.0-65.7)

48.6 (47.2-50.1)

Maternal factors plus
EFW Z-score
UtA-PI
MAP
UtA-Pl and MAP

0.961 ( )
0.798 (0.787-0.810)
0.743 (0.731-0.756)
0.795 (0.783-0.807)

0.955-0.967

77.8 (67.2-86.3)
34.6 (24.3-46.0)
33.3 (23.2-44.7)
22.3 (18.6-26.1)

86.4 (79.6-93.5)
457 (34.6-57.1)
42.0 (31.1-53.5)
32.4 (28.2-36.8)

53.4 (51.9-54.8)
84.3 (83.2-85.3)
81.9 (80.7-83.0)
86.6 (85.6-87.6)

11.6 (10.7-12.6)
61.6 (60.2-63.1)
64.7 (63.3-66.1)
54.6 (53.1-56.0)

5.6 (5.0-6.3)
39.3 (37.9-40.8)
52.1 (50.6-53.6)
34.9 (33.5-36.3)

Maternal factors and EFW plus
UtA-PI
MAP
UtA-Pl and MAP

0.965 (0.959-0.970)
0.958 (0.952-0.964)
0.963 (0.957-0.968)

77.8 (67.2-86.3)
76.5 (65.8-85.2)
76.5 (65.8-85.2)

87.7 (78.5-93.9)
87.7 (78.5-93.9)
90.1 (81.5-95.6)

46.3 (44.8-47.7)
56.9 (55.5-58.3)
51.2 (49.8-52.7)

10.5 (9.7-11.5)
12.2 (11.3-13.2)
9.3 (8.4-10.1)

5.4 (4.8-6.2)
6.6 (5.9-7.4)
5.7 (5.0-6.4)

Maternal factors

0.800 (0.788-0.811)

34.1 (20.5-49.9)

50.0 (34.6-65.4)

73.5 (72.2-74.7)

57.6 (56.2-59.0)

44.7 (43.3-46.1)

Maternal factors plus
EFW Z-score
UtA-PI
MAP
UtA-Pl and MAP

0.969 (0.964-0.974)
0.866 (0.856-0.875)
0.804 (0.793-0.815)
0.860 (0.850-0.870)

84.1 (69.9-93.4)
47.7 (32.5-63.3)
455 (30.4-61.2)
43.2 (28.3-59.0)

86.4 (72.6-94.8)
59.1 (43.2-73.7)
54.6 (38.8-69.6)
59.1 (43.2-73.7)

34.0 (32.7-35.4)
69.3 (67.9-70.6)
81.3 (80.1-82.3)
73.6 (72.3-74.8)

13.4 (12.5-14.4)
42.0 (40.6-43.4)
59.6 (58.2-61.0)
35.3 (34.0-36.7)

3.6 (3.1-4.1)
22.1(20.9-23.4)
46.5 (45.1-47.9)
25.5 (24.3-26.8)

Maternal factors and EFW plus
UtA-PI
MAP
UtA-Pl and MAP

0.971 (0.966-0.975)
0.968 (0.962-0.972)
0.972 (0.967-0.976)

84.1 (69.9-93.4)
84.1 (69.9-93.4)
84.1 (69.9-93.4)

86.4 (72.6-94.8)
86.4 (72.6-94.8)
86.4 (72.6-94.8)

31.7 (30.4-33.1)
38.0 (36.6-39.4)
34.3 (32.9-35.6)

13.1 (12.2-14.1)
10.8 (10.0-11.7)
12.0 (11.1-12.9)

3.5 (3.0-4.1)
3.3(2.8-3.8)
3.0 (2.6-3.6)

Maternal factors

0.813 (0.802-0.824)

36.7 (19.9-56.1)

50.0 (32.9-67.1)

60.2 (58.8-61.6)

52.8 (51.4-54.2)

38.1 (37.7-39.4)

Maternal factors plus
EFW Z-score
UtA-PI
MAP
UtA-Pl and MAP

0.982
0.875
0.823
0.873

0.978-0.985
0.866-0.884
0.812-0.833
0.863-0.882

e~ o~ o~ —~
— — ~— ~—

90.0 (73.5-97.9)
50.0 (32.4-67.6)
50.0 (31.9-68.1)
46.7 (28.3-65.7)

90.0 (73.5-97.9)
60.0 (40.6-77.3)
56.7 (37.4-74.5)
63.3 (43.9-80.1)

16.7 (15.6-17.7)
63.0 (61.6-64.4)
69.5 (68.2-70.8)
69.1 (67.8-70.4)

3.6 (3.1-4.1)
27.2 (26.0-28.5)
54.7 (53.3-56.1)
33.9 (32.6-35.2)

0.9 (0.7-1.2)
18.6 (17.5-19.7)
43.7 (42.4-45.1)
25.5 (24.3-26.8)

Maternal factors and EFW plus
UtA-PI
MAP
UtA-Pl and MAP

0.984 (0.980-0.987)
0.981 (0.977-0.985)
0.985 (0.981-0.988)

90.0 (73.5-97.9)
90.0 (73.5-97.9)
90.0 (73.5-97.9)

90.0 (73.5-97.9)
90.0 (73.5-97.9)
90.0 (73.5-97.9)

13.8 (12.8-14.8)
20.0 (18.9-21.2)
13.1 (12.2-14.1)

2.7 (2.3-3.2)
2.6 (2.2-3.1)
2.8 (2.4-3.3)

0.5 (0.4-0.8)
0.9 (0.7-1.2)
0.6 (0.4-0.9)
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Table 4.6. Detection rates (DR) in screening for small-for-gestational-age (SGA) neonates with birth weight < 10t, <5t and < 3™ percentile, delivering = 37
weeks, in the absence of pre-eclampsia, using maternal factors, estimated fetal weight (EFW), uterine artery pulsatility index (UtA-Pl) and mean arterial
pressure (MAP) at 35-37 weeks’ gestation

Screening test AUC curve DR (%) FPR (%)

FPR 5% FPR 10% DR 100% DR 90% DR 80%

Maternal factors

0.712 (0.700-0.725)

20.1 (16.8-23.7)

33.2 (29.2-37.3)

98.6 (98.2-98.9)

69.9 (68.5-71.2)

53.5 (52.0-54.9)

Maternal factors plus
EFW Z-score
UtA-PI
MAP
UtA-Pl and MAP

0.887 (0.878-0.896)
0.725 (0.713-0.738)
0.719 (0.707-0.731)
0.728 (0.716-0.740)

47.3 (43.1-51.6)
23.4 (19.9-27.2)
21.2 (17.8-24.9)
23.9 (20.4-27.8)

66.1 (62.0-70.1)
33.7 (29.7-37.9)
32.4 (28.5-36.5)
34.1 (30.1-38.2)

82.5 (81.3-83.6)
99.0 (98.7-99.3)
99.1 (98.8-99.3)
99.3 (99.0-99.5)

32.6 (31.3-34.0)
68.8 (67.4-70.1)
69.8 (68.5-71.2)
69.1 (67.7-70.4)

20.2 (19.0-21.4)
50.4 (48.9-51.8)
52.3 (50.9-53.8)
49.6 (48.1-51.1)

Maternal factors and EFW plus
UtA-PI
MAP
UtA-Pl and MAP

0.889 (0.880-0.897)
0.888 (0.879-0.896)
0.888 (0.879-0.897)

47.5 (43.2-51.8)
47.0 (42.7-51.3)
48.6 (44.3-52.9)

66.3 (62.1-70.3)
66.5 (62.3-70.3)
66.1 (62.0-70.1)

84.0 (82.9-85.0)
84.5 (83.4-85.6)
84.8 (83.7-85.8)

31.8 (30.5-33.2)
32.5 (31.2-33.9)
31.4 (30.1-32.8)

18.7 (17.6-19.8)
19.2 (18.0-20.3)
19.1 (18.0~20.3)

Maternal factors

0.741 (0.729-0.753)

23.5 (18.2-29.5)

38.0 (31.8-44.6)

98.1 (97.7-98.5)

68.6 (67.3-69.9)

48.8 (47.4-50.2)

Maternal factors plus
EFW Z-score
UtA-PI
MAP
UtA-Pl and MAP

0.908 (0.900-0.916)
0.762 (0.751-0.774)
0.756 (0.744-0.768)
0.770 (0.758-0.781)

54.3 (47.7-60.8)
28.2 (22.5-34.4)
26.1 (20.6-32.2)
28.6 (22.9-34.9)

71.4 (65.1-77.1)
39.3 (33.0-45.9)
39.3 (33.0-45.9)
415 (35.1-48.1)

83.5 (82.4-84.5)
98.7 (98.4-99.0)
97.2 (96.7-97.6)
94.1 (93.4-94.7)

24.6 (23.4-25.8)
61.8 (60.5-64.4)
65.3 (64.0-66.6)
61.9 (60.6-63.3)

13.4 (12.5-14.4)
44.0 (42.6-45.4)
45.2 (46.6-43.8)
43.8 (42.4-45.2)

Maternal factors and EFW plus
UtA-PI
MAP
UtA-Pl and MAP

0.909 (0.901-0.917)
0.910 (0.902-0.918)
0.910 (0.902-0.917)

56.4 (49.8-62.9)
57.3 (50.7-63.7)
55.6 (48.9-62.0)

70.9 (64.7-76.7)
69.7 (63.3-75.5)
73.9 (67.8-79.4)

82.2 (81.1-83.3)
85.5 (84.5-86.5)
83.2 (82.1-84.2)

22.5 (21.3-23.7)
21.4 (20.2-22.6)
25.2 (24.0-26.5)

13.8 (13.9-14.8)
13.1 (12.2-14.1)
14.1 (13.1-15.1)

Maternal factors

0.775 (0.764-0.787)

26.2 (18.8-34.6)

39.2 (30.8-48.2)

90.8 (90.0-91.6)

53.4 (52.0-54.8)

41.4 (40.0-42.8)

Maternal factors plus
EFW Z-score
UtA-PI
MAP
UtA-Pl and MAP

0.929 (0.922-0.936
0.797 (0.786-0.808
0.791 (0.779-0.802
0.804 (0.793-0.815

e ~— ~— ~—

64.6 (55.5-71.5)
30.0 (22.3-38.7)
30.8 (23.0-39.5)
33.1 (25.1-41.9)

79.2 (71.2-85.8)
40.8 (32.2-49.7)
42.3 (33.7-51.3)
43.9 (35.2-52.8)

69.1 (67.8-70.4
87.8 (86.8-88.7
86.5 (86.5-87.5
84.2 (83.2-85.2

— — ~— ~—

17.8 (16.7-18.9)
53.3 (51.9-54.7)
57.0 (55.6-58.4)
52.1 (50.7-53.5)

10.1 (9.3-11.0)
33.4 (32.1-34.8)
35.9 (34.6-37.3)
33.2 (31.9-34.5)

Maternal factors and EFW plus
UtA-PI
MAP
UtA-Pl and MAP

0.929 (0.921-0.936)
0.930 (0.923-0.937)
0.929 (0.921-0.936)

66.2 (57.3-74.2)
66.9 (58.1-74.9)

64.6 (55.8-72.8)

79.2 (71.2-85.8)
76.9 (68.7-83.9)
80.0 (72.1-86.5)

68.3 (67.0-69.6)
71.5 (70.2-72.7)
70.2 (68.9-71.4)

21.0 (19.9-22.2)
20.0 (18.9-21.1)
20.1 (19.0-21.3)

10.1 (9.3-11.0)
10.9 (10.0-11.7)
9.9 (9.0-10.7)
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Figure 4.2. Receiver—operating characteristics curves of maternal factors (black) and maternal
factors with uterine artery pulsatility index (red), mean arterial pressure (blue), estimated fetal
weight Z-score (green) and their combination (purple), at 35-37 weeks' gestation, in the prediction
of small-for-gestational-age neonates with birth weight <10t (a), <5% (b) or <3 (c) percentile,
delivering < 2 weeks following assessment (top) or = 37 weeks' gestation (bottom).

The DRs, at FPR of 10%, of combined screening by maternal characteristics and history
with EFW Z-scores for the prediction of SGA neonates with birth weight <10", <5 and
<3 percentiles, delivering at <2 weeks of assessment, were 86.4% (95% Cl, 79.6-93.5%;
AUC 0.961 (95% CI, 0.955-0.967)), 86.4% (95% CI, 72.6-94.8; AUC 0.969 (95% ClI,
0.964-0.974)) and 90.0% (95% CIl, 73.5-97.9; AUC 0.982 (95% CI, 0.978-0.985)),
respectively. The respective values for SGA delivering at >37 weeks, were 66.1% (95%
Cl, 62.0-70.1; AUC 0.887 (95% CI, 0.878-0.896)), 71.4% (95% ClI, 65.1-77.1; AUC 0.908
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(95% Cl, 0.900-0.916)) and 79.2% (95% CI, 71.2-85.8; AUC 0.929 (95% ClI, 0.922-
0.936)).

In combined screening by maternal characteristics and history with EFW Z-scores, UtA PI
and MAP at 35-37 weeks’ gestation, the DRs, at FPR of 10%, of SGA neonates with birth
weight <10", <5" and <3" percentiles delivering at <2 weeks of assessment were 90.1%
(95% CI, 81.5-95.6; AUC 0.963 (95% ClI, 0.957-0.968)), 86.4% (95% ClI, 72.6-94.8; AUC
0.972 (95% Cl, 0.967-0.976)) and 90.0% (95% CI, 73.5-97.9; AUC 0.985 (95% CI, 0.981-
0.988)), respectively. The respective values for SGA delivering at >37 weeks, were 66.1%
(95% ClI, 62.0-70.1; AUC 0.888 (95% ClI, 0.879-0.897)), 73.9% (95% ClI, 67.8-79.4; AUC
0.910 (95% ClI, 0.902-0.917)) and 80.0% (95% Cl, 72.1-86.5; AUC 0.929 (95% CI, 0.921-
0.936)).

4.4, DISCUSSION

4.4.1. Main findings of the study

The findings of the study demonstrate that in women who deliver SGA neonates in the
absence of PE, uterine artery Pl and MAP at 35-37 weeks’ gestation are increased and
EFW is reduced. The deviation from normal for uterine artery Pl is inversely related to the
severity of the disease reflected in the gestational age at delivery and the birth weight Z-

Score.

Combined screening by maternal factors, EFW Z-score, uterine artery Pl and MAP at 35-
37 weeks, predicted, at FPR of 10%, 90%, 86% and 90% of SGA neonates with birth
weight <10™", <5 and <3 percentiles delivering at <2 weeks of assessment and the
respective values for SGA delivering at >37 weeks were 66%, 74% and 80%. The addition
of uterine artery Pl and MAP at 35-37 weeks does not improve the performance of
screening for delivery of SGA neonates achieved by combined testing using maternal

factors and fetal biometry alone.
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4.4.2. Comparison with findings from previous studies

Previous studies examining pregnancies with SGA fetuses in the third-trimester reported
that the outcome was worse in cases with Doppler evidence of increased, rather than

normal impedance to flow in the uterine arteries*> 1%,

A screening study involving 1848 singleton pregnancies at 30-32 weeks’ gestation
reported that uterine artery Pl improved the prediction of SGA neonates provided by fetal
biometry alone with reduction in FPR from 27% to 16% for the same DR of about 71%%.

Simultaneously to this study, colleagues from the same Departments have done a
screening study of 30849 singleton pregnancies at 30-34 weeks’ gestation. Combined
screening by maternal factors, fetal biometry, uterine artery Pl and MAP at 30-34 weeks
predicted 91% and 60% of SGA<5™ neonates delivering at <5 and at >5 weeks of
assessment, respectively, at FPR of 10%°,
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Chapter 5: Screening by maternal characteristics, fetal biometry, placental
growth factor and soluble fms-like tyrosine kinase-1 at 35-37 weeks

ABSTRACT

Objective: To investigate the potential value of maternal serum placental growth factor
(PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) at 35-37 weeks’ gestation in the
prediction of delivery of small for gestational age (SGA) neonates, in the absence of
preeclampsia (PE).

Methods: Screening study in singleton pregnancies at 35-37 weeks, including 158 that
delivered SGA neonates with birth weight <5™ percentile and 3,701 cases unaffected by
SGA, PE or gestational hypertension. Multivariable logistic regression analysis was used
to determine if serum PIGF and sFlt-1 improved the prediction of SGA neonates provided
by screening with maternal characteristics and medical history (maternal factors), and
estimated fetal weight (EFW) from fetal head circumference, abdominal circumference
and femur length.

Results: In the SGA group, compared to the normal group, the median PIGF multiple of
the median (MoM) was significantly lower and the median sFlt-1 MoM was significantly
higher. Combined screening by maternal factors and EFW Z-score at 35-37 weeks,
predicted 90%, 92% and 94% of SGA neonates with birth weight <10", <5 and <3
percentiles delivering at <2 weeks of assessment, at 10% false positive rate; the
respective values for SGA delivering at >37 weeks were 66.0%, 73% and 80%. When
PIGF and sFlt-1 were added to a model that combines maternal factors and EFW Z-score,
sFIt-1 did not remain as a significant independent predictor of SGA <5". Combined
screening by maternal factors, EFW Z-score and serum PIGF, predicted 88%, 96% and
94% of SGA neonates with birth weight <10™, <5 and <3' percentiles delivering at <2
weeks of assessment and the respective values for SGA delivering at >37 weeks were
64%, 75% and 80%.

Conclusion: sFlt-1 does not provide significant independent prediction of SGA, in the
absence of PE, in addition to combined testing by maternal factors and fetal biometry at
35-37 weeks. Whilst addition of serum PIGF only marginally improves the performance of
screening.

This chapter is based on: Fadigas C, Peeva G, Mendez O, Poon LC and 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 and Gynecol. 2015;
46: 191-97.

84



http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1

5.1. INTRODUCTION

The traditional approach of identifying pregnancies with SGA fetuses is maternal
abdominal palpation and serial measurements of symphysial-fundal height, but the
detection rate (DR) of this approach is less that 30%2 22,

Chapter 3 shows that a higher performance in screening for SGA is achieved by a
combination of maternal characteristics and medical history (maternal factors) with EFW
from ultrasonographic measurements of HC, AC and FL. Such combined screening at 35-
37 weeks, predicted 66%, 70% and 77% of SGA neonates with respective birth weight
<10™, <5" and <3 percentiles delivering at >37 weeks in the absence of preeclampsia
(PE), at 10% false positive rate (FPR), The performance of screening was better for
prediction of SGA delivering within two weeks of assessment with respective DRs of 88%,
89% and 92%.

Placental growth factor (PIGF) is a member of the vascular endothelial growth factor
family and is implicated in angiogenesis and trophoblastic invasion of the maternal spiral
arteries?®163, Soluble fms-like tyrosine kinase-1 (sFlt-1) is a circulating anti-angiogenic
protein implicated in the pathogenesis of PE; the concentration of sFlt-1 is increased in
the placenta and serum of women with PE and exogenous sFlt-1 administered to
pregnant rats induces hypertension, proteinuria, and glomerular endotheliosis!®t. Several
studies, mainly case-control, reported that in pregnancies delivering SGA neonates
maternal serum PIGF is decreased and sFlt-1 is increased both in the second- and third-
trimesters of pregnancy 164169,

5.1.1. Objectives

The objective of this study, in singleton pregnancies undergoing routine antenatal
assessment at 35-37 weeks’ gestation, was to investigate the potential value of serum
PIGF and sFlt-1 in improving the prediction of delivery of SGA neonates, in the absence of
PE, achieved by the combination of maternal factors and EFW.

5.2. METHODS

The data for this study were derived from prospective screening for adverse obstetric
outcomes in women attending for their routine hospital visit in the third trimester of
pregnancy at 35%-37*% weeks’ gestation. The methodology for recording of patient
characteristics, sonographic estimation of EFW, MAP, UtA IP, maternal serum metabolites
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(PIGF and sFlt-1), outcome measures and statistical analysis was as described in Chapter

2.

5.3. RESULTS

The characteristics of the study population of 3859 pregnancies, including 158 delivering
SGA <5 neonates in the absence of PE, are presented in Table 5.1.

Table 5.1. Characteristics of the study population of women with a singleton pregnancy with
normal outcome or with a small-for-gestational-age (SGA) neonate, in the absence of pre-

eclampsia (PE)

Characteristic

SGA without PE

Maternal age in years, median (IQR) 31.6 (26.9-35.2) 29.9 (24.2-35.3) 0.012
Maternal weight in Kg, median (IQR) 78.8 (70.9-89.4) 72.7 (63.2-82.7) <0.0001
Maternal height in cm, median (IQR) 164 (160-168) 161 (158-165) <0.0001
Gestation at screening in weeks, median (IQR) 36.1 (36.0-36.4) 36.3 (36.0-36.4) 0.594
Racial origin
Caucasian, n (%) 2762 (74.6) 95 (60.1) <0.0001
Afro-Caribbean, n (%) 615 (16.6) 38 (24.1) 0.022
South Asian, n (%) 132 (3.6) 16 (10.1) 0.0003
East Asian, n (%) 82 (2.2) 3(1.9) >0.999
Mixed, n (%) 110 (3.0) 6 (3.8) 0.476
Past obstetric history
Nulliparous, n (%) 1789 (48.3) 94 (59.5) 0.007
Parous with no prior PE and SGA, n (%) 1761 (47.6) 43 (27.2) <0.0001
Parous with prior PE no SGA, n (%) 59 (1.6) 0(0.0) 0.175
Parous with prior SGA no PE, n (%) 86 (2.3) 20 (12.7) <0.0001
Parous with prior SGA and PE, n (%) 6 (0.2) 1(0.6) 0.254
Inter-pregnancy interval in years, median (IQR) 3.1(2.1-5.0) 3.9 (2.1-6.2) 0.026
Cigarette smoker, n (%) 325 (8.8) 37 (23.4) <0.0001
Conception
Spontaneous, n (%) 3599 (97.2) 151 (95.6) 0.214
Ovulation drugs, n (%) 15 (0.4) 1(0.6) 0.488
In vitro fertilization, n (%) 87 (2.4) 6 (3.8) 0.279
Chronic hypertension 49 (1.3) 1(0.6) 0.722
Pre-existing diabetes mellitus, n (%) 43 (1.1) 1(0.6) >0.999
Type 1, n (%) 20 (0.5) 1 (0.6) 0.585
Type 2, n (%) 23 (0.6) 0 (0.0) >0.999
SLE / APS, n (%) 11 (0.3) 0 (0.0) >0.999
Gestation at delivery in weeks, median (IQR) 40.0 (39.1-40.9) 39.6 (38.8-36.4) 0.002
Birth weight in grams, median (IQR) 3450 (3,160-3,760) 2587 (2,350- <0.0001
2,755
Birth weight in percentile, median (IQR) 51.6 (27.4-76.2) 2.8 (1.2-%.7) <0.0001

SLE = systemic lupus erythematosus; APS = antiphospholipid syndrome; IQR = interquartile range; PE = preeclampsia;

SGA = small for gestational age
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5.3.1. Normal preghancy outcome

In the unaffected pregnancies with birth weight 25" percentile, the mean + SD, 5" and 10%
percentiles of logip MoM PIGF were -0.019 + 0.343, -0.588 and -0.470, respectively. The
mean + SD, 90" and 95" percentiles of logio MoM sFlt-1 were -0.081 + 0.210, 0.199 and
0.285, respectively.

There was a significant inverse association between logio MoM values of PIGF and sFlt-1
(r=-0.400, P<0.0001). There was a significant positive association between logi, MoM
PIGF with assessment to delivery interval (r=0.152, P<0.0001) and birth weight Z-score
(r=0.179, P<0.0001). There was a significant inverse association between logic MoM
sFIt-1 with assessment to delivery interval (r=-0.168, P<0.0001) and birth weight Z-score
(r=-0.042, P=0.011).

5.3.2. Small for gestational age

In the SGA <5™ group, compared to the normal group, the median MoM PIGF at 35-37

weeks was significantly lower and the median MoM value of sFlt-1 was significantly higher
(Table 5.2).

Table 5.2. Placental growth factor (PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) at 35-37
weeks’ gestation in small for gestational age (SGA) neonates with birth weight below the 5t
percentile, in the absence of preeclampsia and in the normal group.

Biochemical pg/mL, MoM, Logio MoM, <5t (or >95') <10™" (or >90™)
markers Median (IQR) median (IQR) mean (SD) percentile, percentile,
%, 95% ClI
Normal 320.2 (181.2-576.6) 0.946 (0.548-1.654) -0.019 (0.343) 185 (5.0, 4.3-5.7) 370 (10.0, 9.1-11.0)
SGA 195.6 (106.8-377.6)* 0.568 (0.301-0.933)* -0.228 (0.362)* | 31(19.6, 14.2-26.5)* | 50 (31.6, 24.9-39.3)*
Normal 2,460.0 (1,831.0-3,447.5) 0.806 (0.598-1.122) -0.081 (0.210) 185 (5.0, 4.3-5.7) 370 (10.0, 9.1-11.0)
SGA 2,908.5 (2,023.5-4,470.0)* | 0.956 (0.654-1.435)* 0.005 (0.251)* 22 (13.9, 9.4-20.2)* 34 (21.5, 15.8-28.6)*

Comparisons between pregnancies with normal outcome and those with SGA: Chi square test or
Fisher's exact test for categorical variables and Mann—-Whitney U-test or student’s t-test: *P <0.05.
IQR, interquartile range; MoM, multiples of the unaffected median.

There was a significant inverse association between logio MoM values of PIGF and sFlt-1
(r=-0.375, P<0.0001). There was a significant positive association between logio MoM
PIGF with assessment to delivery interval (r=0.300, P<0.0001; Figure 5.1.a) and birth

87


http://en.wikipedia.org/wiki/Soluble_fms-like_tyrosine_kinase-1

weight Z-score (r=0.208, P=0.009). There was a significant inverse association between
logio MoM sFlt-1 with assessment to delivery interval (r=-0.260, P=0.001; Figure 5.1.b) but
not birth weight Z-score (r=-0.085, P=0.287).
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Figure 5.1. Loguw placental growth factor (a) and logi soluble fms-like tyrosine kinase-1 (b) multiples of the
median (MoM) according to assessment-to-delivery interval in pregnancies delivering small-for-gestational-

age neonates with birth weight < 5* percentile, plotted on the 50" (solid line) and 10" (dashed line) percentile
of the normal range.

Multivariable logistic regression analysis demonstrated that in the prediction of SGA <5"
there were significant contributions from maternal characteristics and history, EFW Z-
score, and PIGF or sFlt-1 (Table 5.3). When PIGF and sFlt-1 were added to maternal
factors and a model that combines maternal factors and EFW Z-score, sFlt-1 (P=0.509;
R?=0.921) did not remain as a significant independent predictor of SGA <5". Combined
screening by maternal factors with EFW Z-scores and PIGF detected 64.1%, 75.3% and
80.2% of SGA neonates with birth weight <10", <5 and <3 percentiles, respectively, at
10% FPR.

The areas under ROC (AUC), the detection rates (DRs) at FPRs of 5% and 10% and
FPRs for DRs of 100%, 90% and 80% of SGA <10", SGA <5" and SGA <3 delivering at
<2 weeks of assessment and at >37 weeks’ gestation when screening by maternal
characteristics, EFW Z-score, PIGF and sFlt-1 are given in (Table 5.4, Table 5.5, Figure
5.2 and Figure 5.3).
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Table 5.3. Fitted regression models with maternal characteristics and history (maternal factors),
estimated fetal weight (EFW) Z-score, placental growth factor (PIGF) and soluble fms-like tyrosine
kinase-1 (sFlt-1) at 35—-37 weeks’ gestation for the prediction of small-for-gestational-age neonates
with birth weight < 5t percentile, in the absence of pre-eclampsia

Independent variable ‘ Coefficient | 95% ClI

Maternal factors with PIGF (R2=0.182, P<0.0001)

Intercept —0.42984 0.27889 - - -
Logit (a-priori risk) 2.38807 0.22459 10.892 7.014-16.916 <0.0001
Log10MoM PIGF -2.06182 0.25619 0.127 0.077-0.210 <0.0001
Maternal factors with sFIt-1 (R2=0.136, P<0.0001)

Intercept —-0.09724 0.26777 - - -
Logit (a-priori risk) 2.49572 0.22265 12.130 7.841-18.767 <0.0001
Log1o MoM sFit-1 0.92718 0.35454 2.527 1.261-5.064 0.009
LogioMoM sFlt-12 2.93094 1.08731 18.745 2.225-157.912 0.007
Maternal factors, EFW and PIGF (R?=0.418, P<0.0001)

Intercept —2.10909 0.34712 - - -
Logit (a-priori risk) 1.40611 0.25842 4.080 2.459-6.771 <0.0001
EFW Z-score —2.52481 0.17865 0.080 0.056-0.114 <0.0001
Logio MoM PIGF —1.58096 0.28125 0.206 0.119-0.357 <0.0001
Maternal factors, EFW and sFit-1 (R2=0.397, P<0.0001)

Intercept -1.80207 0.33685 - - -
Logit (a-priori risk) 1.43451 0.25889 4.198 2.527-6.972 <0.0001
EFW Z-score -2.61927 0.17698 0.073 0.052-0.103 <0.0001
Log10 MoM sFit-1 1.05551 0.41636 2.873 1.271-6.498 0.011
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Table 5.4. Performance of screening for small-for-gestational-age (SGA) neonates with birth weight < 10th, < 5% and < 3 percentile delivering within 2 weeks
of assessment, in the absence of pre-eclampsia, using maternal characteristics and history, estimated fetal weight (EFW), placental growth factor (PIGF) and
soluble fms-like tyrosine kinase-1 (sFlt-1) at 35—-37 weeks’ gestation

Screening test

DR (%)
FPR 10%

FPR (%)
DR 100%

SGA <10t percentile

Maternal factors

0.818 (0.805-0.831)

30.6 (18.3-45.4)

53.1 (38.3-67.5)

77.6 (76.2-79.0)

47.1 (45.4-48.8)

34.9 (33.4-36.6)

Maternal factors plus

EFW Z-score 0.965 (0.958-0.971) | 83.7(70.3-92.7) | 89.8 (77.8-96.6) | 53.4 (51.7-55.0) | 10.8(9.8-11.9) 3.0 (2.5-3.6)
PIGF 0.862 (0.850-0.873) | 38.8(25.2-53.8) | 63.3(48.3-76.6) | 77.3(75.9-78.7) | 43.0 (41.4-44.7) | 22.9 (21.5-24.4)
sFIt-1 0.836 (0.823-0.848) | 38.8 (25.2-53.8) | 53.1(38.3-67.5) | 76.3 (74.9-77.7) | 44.2 (42.5-45.8) | 28.0 (26.5-29.5)

Maternal factors, EFW plus

PIGF

0.969 (0.963-0.974)

83.7 (70.3-92.7)

87.8 (75.2-95.4)

46.5 (44.9-48.2)

11.6 (10.5-12.7) 3.6 (3.0-4.3)

sFlt-1
SGA <5 percentile
Maternal factors
Maternal factors plus
EFW Z-score 0.977 (0.972-0.982)
PIGF 0.944 (0.936-0.951)

0.890 (0.879-0.900) | 40.0 (21.1-61.3) | 64.0 (42.5-82.0) | 48.7 (47.0-50.3) | 31.5(30.0-33.1) | 16.0 (14.9-17.2)

92.0 (74.0-99.0)
56.0 (34.9-75.6)

92.0 (74.0-99.0)
84.0 (63.9-95.5)

32.9 (31.3-34.4)
19.0 (17.8-20.4)

2.5 (2.0-3.0)
16.6 (15.4-17.8)

0.8 (0.5-1.1)
9.8 (8.8-10.8)

sFlt-1 0.912 (0.902-0.921) | 52.0(31.3-72.2) | 60.0 (38.7-78.9) | 42.9 (41.3-44.5) | 23.7 (22.3-25.1) | 13.8 (12.7-14.9)
Maternal factors, EFW plus

PIGF 0.987 (0.983-0.991) | 88.0(68.8-97.5) | 96.0(79.6-99.9) | 13.9(12.8-15.4) 5.2 (3.5-6.0) 0.3 (0.1-0.5)

sFlt-1 0.980 (0.975-0.984 92.0 (74.0-99.0 92.0 (74.0-99.0 20.1(18.8-21.4 3.3(2.8-4.0 0.5 (0.3-0.8

SGA <3 percentile

Maternal factors

Maternal factors plus
EFW Z-score
PIGF 0.948 (0.941-0.955)

0.904 (0.894-0.913) | 44.4 (21.5-69.2) | 66.7 (41.0-86.7) | 36.6(35.1-38.2) | 31.5(30.0-33.1) | 16.0 (14.9-17.2)

0.990 (0.987-0.993) | 94.4 (72.7-99.9)

61.1 (35.7-82.7)

94.4 (72.7-99.9)
83.3 (58.6-96.4)

13.5 (12.5-14.7)
19.0 (17.8-20.4)

0.8 (0.5-1.1)
16.6 (15.3-17.8)

0.7 (0.4-1.0)
9.8 (8.8-10.8)

sFlt-1 0.906 (0.896-0.915) | 61.1(35.7-82.7) | 61.1(35.7-82.7) | 42.9 (41.3-44.5) | 24.2 (22.9-25.7) | 18.3 (17.1-19.6)
Maternal factors, EFW plus

PIGF 0.991 (0.988-0.994) | 94.4 (72.7-99.9) | 94.4 (72.7-99.9) | 13.9 (12.8-15.1) 0.3 (0.1-0.5) 0.2 (0.1-0.4)

sFlt-1 0.988 (0.984-0.991) | 94.4 (72.7-99.9) | 94.4 (72.7-99.9) | 18.4 (17.2-19.7) 0.5 (0.3-0.8) 0.4 (0.2-0.7)
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Table 5.5. Performance of screening for small for gestational age (SGA) neonates with birth weight <10t, <5t and <3 percentile delivering at >37 weeks’
gestation in the absence of preeclampsia, with maternal characteristics and history, estimated fetal weight, placental growth factor (PIGF) and soluble fms-like
tyrosine kinase-1 (sFlt-1) at 35-37 weeks’ gestation.

Screening test

SGA <10t percentile

Maternal factors

DR (%)

FPR 5% FPR 10% DR 100% DR 90%

0.730 (0.716-0.744)

21.3 (17.2-25.8)

34.6 (29.8-39.6)

99.9 (99.8-99.9)

FPR (%)

68.0 (66.4-69.5)

DR 80%

48.7 (47.0-50.4)

Maternal factors plus
EFW Z-score
PIGF
sFit-1

0.888 (0.878-0.898)
0.762 (0.748-0.775)
0.731 (0.717-0.745)

47.3 (42.2-52.8)
23.1(19.0-27.7)
20.0 (16.0-24.3)

66.0 (60.9-70.7)
35.9 (31.1-41.0)
33.0 (28.2-38.0)

82.2 (80.9-83.5)
99.8 (99.6-99.9)
99.6 (99.3-99.8)

32.2 (30.7-33.8)
59.2 (57.6-60.9)
67.2 (65.7-68.8)

19.8 (18.5-21.2)
44.0 (42.4-45.7)
47.6 (45.9-49.3)

Maternal factors, EFW plus
PIGF
sFit-1
SGA <5 percentile
Maternal factors

0.893 (0.883-0.903)
0.886 (0.875-0.896)

0.769 (0.756-0.782)

47.9 (42.7-53.1)
48.1 (43.0-53.3)

23.4 (16.9-30.9)

64.1 (59.0-68.9)
63.8 (58.7-68.7)

40.9 (33.1-49.1)

73.7 (72.2-75.2)
81.9 (80.6-83.2)

97.9 (97.3-98.3)

29.8 (28.3-31.4)
32.5 (30.9-34.1)

58.2 (56.6-59.8)

18.0 (16.7-19.3)
20.4 (19.1-21.8)

41.4 (39.8-43.0)

Maternal factors plus
EFW Z-score
PIGF
sFit-1

0.918 (0.909-0.926)
0.807 (0.794-0.819)
0.769 (0.756-0.783)

53.9 (45.7-61.9)
26.6 (19.8-34.3)
25.3 (18.7-33.0)

72.7 (65.0-79.6)
44.2 (36.2-52.4)
38.3 (30.6-46.5)

79.1 (77.7-80.4)
98.6 (98.2-98.9)
96.1 (95.4-96.7)

19.9 (18.7-21.3)
51.5 (49.8-53.1)
60.5 (59.0-62.1)

12.2 (11.2-13.3)
32.5 (31.0-34.0)
42.9 (41.3-44.5)

Maternal factors, EFW plus
PIGF
sFlt-1
SGA <3 percentile
Maternal factors

0.922 (0.913-0.930)
0.918 (0.909-0.927

0.806 (0.793-0.818)

56.5 (48.3-64.5)

28.6 (19.2-39.5)

74.7 (67.0-81.0)

46.4 (35.5-57.6)

75.3 (73.9-76.7)

90.2 (89.2-91.1)

21.4 (20.1-22.8)

47.3 (45.6-48.9)

13.8 (12.7-15.0)
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Figure 5.2. Receiver—operating characteristics curves of maternal factors (black line), maternal
factors with estimated fetal weight (EFW) (blue line), maternal factors with EFW and placental
growth factor (red line) at 35-37 weeks' gestation, in the prediction of small-for-gestational-age
neonates with birth weight < 10t (a), <5" (b) and <3 (c) percentile, delivering within 2 weeks of
assessment.
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Figure 5.3. Receiver—operating characteristics curves of maternal factors (black line), maternal
factors with EFW (blue line), maternal factors with EFW and placental growth factor (red line) at
35-37 weeks' gestation, in the prediction of small-for-gestational-age neonates with birth
weight < 10" (a), < 5" (b) and < 3" (c) percentile, delivering = 37 weeks' gestation.

The DRs, at FPR of 10%, of combined screening by maternal factors with EFW Z-scores
for the prediction of SGA neonates with birth weight <10", <5" and <3 percentiles,
delivering at <2 weeks of assessment, were 89.8% (95% CI, 77.8-96.6; AUC 0.965 (95%
Cl, 0.958-0.971)), 92.0% (95% CI, 74.0-99.0 AUC 0.977 (95% CI, 0.972-0.982)) and
94.4% (95% CI, 72.7-99.9; AUC 0.990 (95% CI, 0.987-0.993)), respectively. The
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respective values for SGA delivering at >37 weeks, were 66.0% (95% CI, 60.9-70.7; AUC
0.888 (95% CI, 0.878-0.898)), 72.7% (95% CI, 65.0-79.6; AUC 0.918 (95% CI, 0.909-
0.926)) and 79.8% (95% Cl, 69.6-87.7; AUC 0.942 (95% ClI, 0.934-0.949)).

In combined screening by maternal factors with EFW Z-scores and serum PIGF at 35-37
weeks’ gestation, the DRs, at FPR of 10%, of SGA neonates with birth weight <10, <5t
and <3 percentiles delivering at <2 weeks of assessment were 87.8% (95% Cl, 75.2-
95.4; AUC 0.969 (95% ClI, 0.963-0.974)), 96.0% (95% ClI, 79.6-99.9; AUC 0.987 (95% ClI,
0.983-0.991)) and 94.4% (95% CI, 72.7-99.9; AUC 0.991 (95% CI, 0.988-0.994)). The
respective values for SGA delivering at >37 weeks, were 64.1% (95% ClI, 59.0-68.9; AUC
0.893 (95% CI; 0.883-0.903)), 74.7% (95% ClI, 67.0-81.0; AUC 0.922 (95% CI, 0.913-
0.930)) and 79.8% (95% Cl, 69.6-87.7; AUC 0.943 (95% ClI, 0.935-0.950)).

5.4. DISCUSSION

5.4.1. Main findings of the study

The findings of this study demonstrate that at 35-37 weeks’ gestation, in pregnancies that
deliver SGA neonates in the absence of PE maternal serum PIGF is reduced and sFlt-1 is
increased. The alterations in serum biochemistry are more pronounced in those with
severe disease reflected at lower birth weight (3™ vs. 10" percentile) and delivery within

two weeks from assessment.

Combined screening by maternal factors and EFW Z-score at 35-37 weeks, predicted
90%, 92% and 94% of SGA neonates with birth weight <10, <5 and <3 percentiles
delivering at <2 weeks of assessment, at FPR of 10%; the respective values for SGA
delivering at >37 weeks were 66%, 73% and 80%. Combined screening by maternal
factors, EFW Z-score and serum PIGF, predicted 88%, 96% and 94% of SGA neonates
with birth weight <10™, <5 and <3" percentiles delivering at <2 weeks of assessment and
the respective values for SGA delivering at >37 weeks were 64%, 75% and 80%.
Consequently, addition of serum PIGF only marginally improves the screening
performance for the delivery of SGA neonates, in the absence of PE, achieved by

maternal factors and fetal biometry alone.
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5.4.2. Comparison with findings from previous studies

Most previous reports on maternal serum PIGF and sFlt-1 in preghancies with SGA
fetuses / neonates were based on case-control studies involving a small number of
affected pregnancies'®*1%°, Such studies compared the median serum concentration of
the angiogenic and anti-angiogenic factors or their ratio in affected and unaffected
pregnancies or the percentage of cases above or below certain concentration cut-offs.
Our study involved screening of all pregnancies attending for a routine scan at 35-37
weeks and assessed the value of serum PIGF and sFlt-1 both individually and in
combination with maternal factors and fetal biometry in screening for SGA delivering at
term in the absence of PE.

The advantage of using Bayes theorem to combine the prior risk from maternal
characteristics and medical history, fetal biometry and biomarkers is that individual patient
risks can be estimated for any predefined severity of SGA and any interval from testing to
delivery. This is an essential first step for the establishment of patient management

protocols.
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Chapter 6: Conclusion

6.1. SUMMARY OF RESULTS

This study has shown that combined screening by maternal factors and EFW Z-score at
35-37 weeks, predicted 90%, 92% and 94% of SGA neonates with birth weight <10, <5
and <3 percentiles delivering at <2 weeks of assessment, at 10% false positive rate; the

respective values for SGA delivering at >37 weeks were 66%, 73% and 80%.

Addition of UtA Pl and MAP to combined testing using maternal factors and fetal biometry

at 35-37 weeks has not improved the performance of screening.

When PIGF and sFlt-1 were both added to a model that combines maternal factors and
EFW Z-score, sFlt-1 did not remain as a significant independent predictor of SGA <5".
Combined screening by maternal factors, EFW Z-score and serum PIGF, predicted 88%,
96% and 94% of SGA neonates with birth weight <10™, <5™ and <3" percentiles delivering
at <2 weeks of assessment and the respective values for SGA delivering at >37 weeks
were 64%, 75% and 80%. Hence, addition of serum PIGF only marginally improves the

performance of screening.

Such performance of screening is superior to that achieved by the current method in the

UK, which is based on maternal characteristics and measurement of SFH?!.

6.2. STRENGTHS AND LIMITATIONS

This study has several strengths. Firstly, this was the largest routine screening study
carried out at 35-37 weeks, a gestational age when there was few literature regarding
assessing fetal growth and wellbeing. Secondly, the study ensured that only appropriately
trained doctors, certified by the Fetal Medicine Foundation, using specific methodology
undertook the measurements of HC, AC FL, MAP and uterine artery PIl. Thirdly, it
assessed two biochemical markers (PIGF and sFlt-1), which have been associated with
impaired placentation at late third trimester. Fourthly, the study used Bayes theorem to
combine the prior risk from maternal characteristics and medical history with biomarkers,

to estimate patient-specific risks and the performance of screening for SGA of different
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severities delivering at selected intervals from the time of assessment, which is an

essential step for establishing patient management protocols.

The main limitation of the study is that the patient's obstetricians were made aware of the
screening results. This would have led to further monitoring of identified SGA fetuses and
possible delivery. Such intervention would positively bias the performance of screening,

particularly those delivering within 2 weeks of assessment.

6.3. IMPLICATIONS FOR CLINICAL PRACTICE

This study has the potential to influence clinical practice. Since completion of the studies
in this thesis, colleagues from the same department have examined the potential value of
screening for SGA neonates at 30-34 weeks’ gestation. They compared screening at 30-
34 weeks, also with biophysical and biochemical markers, namely, maternal factors, EFW,
UtA PI, MAP and the PIGF (sFlt-1 was not included, as the use of PIGF alone was better
predictor than PIGF and sFlt-1). The DRs, at a FPR of 10%, of SGA neonates with BW
<10th, <5th and<3rd percentiles delivering 237 weeks were 57%, 65%, 71%*°? compared
with our study's results of 64%, 75%, and 80%. Thus, the 35-37 weeks scan performed
better for detection of SGA = 37 weeks.

In the proposed new pyramid of pregnancy care!®®, an integrated clinic at 11-13 weeks’
gestation, in which biophysical and biochemical markers are combined with maternal
characteristics and medical history, aims to identify pregnancies at high-risk of developing
PE and/or SGA®" 1% and through pharmacological intervention (eg, aspirin) to reduce the

prevalence of these complications®>1%,

The objective of subsequent visits, at around 22 and 32 or 36 weeks’ gestation, are to
identify the high-risk group and through close monitoring of such pregnancies to minimize
adverse perinatal events by determining the appropriate time and place for iatrogenic
delivery. It was proposed that all women should be offered a third-trimester scan for
assessment of fetal growth and wellbeing and that the timing of such scan, at 32 and/or

36 weeks, should be contingent on the results of assessment at around 22 weeks!87-188.199,

The 19-24 gestational weeks' model, simultaneously proposed by colleagues of the same

Department!®®, uses maternal factors, fetal biometry, UtA-PI and serum PIGF and AFP as
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significant independent contributions to the prediction of SGA (<5" percentile). The
detection rate (DR) of such combined screening at 19-24 weeks was 100%, 78% and 42%
for SGA (< 5" percentile) delivering < 32, at 32-36 and = 37 weeks' gestation, respectively,
at a false-positive rate (FPR) of 10%. In a hypothetical model, it was estimated that if the
desired objective of prenatal screening is to predict about 80% of the cases of SGA < 5th,
at a FPR of 10%, it would be necessary to select 11% of the population at the 19-24-week
assessment to be reassessed at 32 weeks and 44% to be reassessed at 36 weeks; 57%

would not require a third-trimester scan.

Following a 35-37 weeks scan, on the basis of results from this thesis study, if the
assessment includes a combination of maternal factors, fetal biometry and serum PIGF,
potentially 80%, 90% and 100% of cases of SGA <5™ without PE could be detected at
respective FPRs of 14%, 21% and 75%. The subsequent management of the screen
positive group with the objective of reducing perinatal death and handicap remains to be
determined.

Regarding the timing of the 35-37 weeks routine appointment, which up until the
publication of the studies of this thesis there was very scarce information on, it can also be
useful, not only to predict SGA without PE, but also to predict term pre-eclampsia.
Colleagues from the same department?®® developed a model for prediction of term pre-
eclampsia (PE) based on a combination of maternal factors and late third-trimester
biomarkers. Screening for term PE by a combination of maternal factors, MAP, PIGF and
sFlt-1 at 35-37 weeks' gestation predicted about 85% of affected pregnancies, at a FPR
of 10%. Hence, the screening performance at 35-37 weeks for late PE is also superior to
that achieved by screening at 11-13, 19-24 or 30—-34 weeks, with respective DRs of 47%,
46% and 66%.

Since the publication and presentation of the data in this thesis, late third trimester routine

growth scans have been progressively implemented and further studies have been being

pursued in this field.

6.4. FUTURE STUDIES

The proposed model from this thesis for prediction of SGA neonates requires prospective

intervention studies that would firstly, evaluate the predicted performance of such
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screening and secondly, examine the extent to which such assessment and appropriate
management of the high-risk pregnancies can reduce the high perinatal mortality and

morbidity associated with SGA fetuses.

99



References

10.

11.

12.

13.

14.

15.

16.

American College of Obstetricians and Gynecologists. Fetal growth restriction.
Practice Bulletin No 134. Obstet Gynecol 2013; 121: 1122-33.

Resnik R. Intrauterine growth restriction. Obstet Gynecol 2002; 99: 490-6.

Barker DJ. Adult consequences of fetal growth restriction. Clin Obstet Gynecol 2006;
49: 270-83.

Pallotyo EK, Kilbride HW. Perinatal outcome and later implications of intrauterine
growth restriction. Clin Obstet Gynecol 2006; 49: 257-69.

Wardlaw T, Blanc A, Zupan J, Ahman E. Low Birth Weight - Country, Regional and
Global Estimates. World Health Organization, 2004.

Lubchenco LO, Hansman C, Dressler M, Boyd E. Intrauterine Growth as estimated
from liveborn birth-weight data at 24 to 42 weeks of gestation. Pediatrics 1963; 32:
793-800.

Nicolaides KH, Wright D, Syngelaki A, Wright A, Akolekar R. Fetal Medicine
Foundation and Neonatal Population Weight Charts. Ultrasound Obstet Gynecol 2018;
52: 44-51.

Gardosi J. Intrauterine growth restriction: new standards for assessing adverse
outcome. Best Practice & Research Clinical Obstetrics & Gynaecology 2009; 23: 741-
9.

Robson SC, Martin WL, Morris RK. The Investigation and Management of the Small-
for-Gestational-Age Fetus. RCOG March 2013: 1-34.

Bamfo JEAK, Odibo AO. Diagnosis and management of fetal growth restriction.
Journal of Pregnancy 2011; 2011: 1-15.

Lausman A, Kingdom. Intrauterine growth restriction: screening, diagnosis and
management. J Obstet Gynaecol Can 2013; 35: 741-748.

Gordijn SJ, Beune IM, Ganzevoort W. Building consensus and standards in fetal
growth restriction studies. Best Practice & Research Clinical Obstetrics and
Gynaecology 2018, https://doi.org/10.1016/j.bpobgyn.2018.02.002 (Article in Press)

Figueras F, Gratacos E. An integrated approach to fetal growth restriction. Best Pract
Res Clin Obstet Gynaecol 2017; 38: 48-58.

Vasak B, Koenen SV, Koster MP, Hukkeloven CW, Franx A, Hanson MA et al. Human
fetal growth is constrained below optimal for perinatal survival. Ultrasound Obstet
Gynecol 2015; 45: 162-7.

Leeson S, Aziz N. Customised fetal growth assessment. Br J Obstet Gynaecol 1997;
104: 648-51.

Jahn A, Razum O, Berle P. Routine screening for intrauterine growth retardation in
Germany: low sensitivity and questionable benefit for diagnosed cases. Acta Obstet

100



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Gynecol Scand 1998; 77: 643-8.

Sparks TN, Cheng YW, McLaughlin B, Esakoff TF, Caughey AB. Fundal height: a
useful screening tool for fetal growth? J Matern Fetal Neonatal Med 2011; 24: 708-12.

Goetzinger KR, Tuuli MG, Odibo AO, Roehl KA, Macones GA, et al. Screening for
fetal growth disorders by clinical exam in the era of obesity. J Perinatol 2013; 33:
352-7.

Kean LH, Liu DT. Antenatal care as a screening tool for the detection of small
gestational age babies in the low risk population. J Obstet Gynecol 1996; 16: 77-82.

Bais JMJ, Eskes M, Pel M, Bonsel GJ, Bleker OP. Effectiveness of detection of
intrauterine retardation by abdominal palpation as screening test in a low-risk
population: an observational study. Eur J Obstet Gynecol Reprod Biol 2004; 116:
164-9.

Lindhard A, Nielsen PV, Mouritsen LA, Zachariassen A, Sgrensen HU, Roseng H. The
implications of introducing the symphyseal-fundal height-measurement. A prospective
randomized controlled trial. Br J Obstet Gynaecol 1990; 97: 675-80.

Skovron ML, Berkowitz GS, Lapinski RH, Kim JM, Chitkara U. Evaluation of early
third-trimester ultrasound screening for intrauterine growth retardation. J Ultrasound
Med 1991; 10: 153-9.

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 J Obstet Gynecol 1996; 174: 1037-42.

De Reu PA, Smits LJ, 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. J Perinat Med 2008; 36: 324-9.

Di Lorenzo G, Monasta L, Ceccarello M, Cecotti V, D'Ottavio G. Third trimester
abdominal circumference, estimated fetal weight and uterine artery doppler for the
identification of newborns small and large for gestational age. Eur J Obstet Gynecol
Reprod Biol 2013; 166: 133-8.

Souka AP, Papastefanou I, Pilalis A, Michalitsi V, Kassanos D. Performance of third-
trimester ultrasound for prediction of small-for-gestational-age neonates and
evaluation of contingency screening policies. Ultrasound Obstet Gynecol 2012; 39:
535-42.

Souka AP, Papastefanou I, Pilalis A, Michalitsi V, Panagopoulos P, Kassanos D.
Performance of the ultrasound examination in the early and late third trimester for the
prediction of birth weight deviations. Prenat Diagn 2013; 33: 915-20.

Bakalis S, Silva M, Akolekar R, Poon LC, Nicolaides KH. Prediction of small-for-
gestational-age neonates: screening by fetal biometry at 30—34 weeks. Ultrasound
Obstet Gynecol 2015; 46: 446-51.

Gardosi J, Chang A, Kalyan B, Sahota D, Symonds EM. Customised antenatal growth
charts. Lancet 1992; 339: 283-7.

Gardosi J. Customized fetal growth standards: rationale and clinical application.
Seminars in Perinatology 2004; 28: 33-40.

101


http://www.ncbi.nlm.nih.gov/pubmed?term=Lindhard%20A%5BAuthor%5D&cauthor=true&cauthor_uid=2205286
http://www.ncbi.nlm.nih.gov/pubmed?term=Nielsen%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=2205286
http://www.ncbi.nlm.nih.gov/pubmed?term=Mouritsen%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=2205286
http://www.ncbi.nlm.nih.gov/pubmed?term=Zachariassen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=2205286
http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%B8rensen%20HU%5BAuthor%5D&cauthor=true&cauthor_uid=2205286
http://www.ncbi.nlm.nih.gov/pubmed?term=Rosen%C3%B8%20H%5BAuthor%5D&cauthor=true&cauthor_uid=2205286
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lindhard+A+et+al.+BJOG+1990%3B97%3A675%E2%80%9380.
http://www.ncbi.nlm.nih.gov/pubmed?term=Di%20Lorenzo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23122032
http://www.ncbi.nlm.nih.gov/pubmed?term=Monasta%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23122032
http://www.ncbi.nlm.nih.gov/pubmed?term=Ceccarello%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23122032
http://www.ncbi.nlm.nih.gov/pubmed?term=Cecotti%20V%5BAuthor%5D&cauthor=true&cauthor_uid=23122032
http://www.ncbi.nlm.nih.gov/pubmed?term=D%27Ottavio%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23122032
http://www.ncbi.nlm.nih.gov/pubmed/?term=European+Journal+of+Obstetrics+%26+Gynecology+and+Reproductive+Biology+166+(2013)+133%E2%80%93138
http://www.ncbi.nlm.nih.gov/pubmed/?term=European+Journal+of+Obstetrics+%26+Gynecology+and+Reproductive+Biology+166+(2013)+133%E2%80%93138
http://www.ncbi.nlm.nih.gov/pubmed?term=Souka%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=21858886
http://www.ncbi.nlm.nih.gov/pubmed?term=Papastefanou%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21858886
http://www.ncbi.nlm.nih.gov/pubmed?term=Pilalis%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21858886
http://www.ncbi.nlm.nih.gov/pubmed?term=Michalitsi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21858886
http://www.ncbi.nlm.nih.gov/pubmed?term=Kassanos%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21858886
http://www.ncbi.nlm.nih.gov/pubmed?term=Souka%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=23703542
http://www.ncbi.nlm.nih.gov/pubmed?term=Papastefanou%20I%5BAuthor%5D&cauthor=true&cauthor_uid=23703542
http://www.ncbi.nlm.nih.gov/pubmed?term=Pilalis%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23703542
http://www.ncbi.nlm.nih.gov/pubmed?term=Michalitsi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=23703542
http://www.ncbi.nlm.nih.gov/pubmed?term=Panagopoulos%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23703542
http://www.ncbi.nlm.nih.gov/pubmed?term=Kassanos%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23703542
http://www.ncbi.nlm.nih.gov/pubmed?term=Gardosi%20J%5BAuthor%5D&cauthor=true&cauthor_uid=1346292
http://www.ncbi.nlm.nih.gov/pubmed?term=Chang%20A%5BAuthor%5D&cauthor=true&cauthor_uid=1346292
http://www.ncbi.nlm.nih.gov/pubmed?term=Kalyan%20B%5BAuthor%5D&cauthor=true&cauthor_uid=1346292
http://www.ncbi.nlm.nih.gov/pubmed?term=Sahota%20D%5BAuthor%5D&cauthor=true&cauthor_uid=1346292
http://www.ncbi.nlm.nih.gov/pubmed?term=Symonds%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=1346292

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gardosi J, Francis A. A customized standard to assess fetal growth in a US
population. Am J Obstet Gynecol 2009; 201: 25.e1-7.

Gardosi J. Customised assessment of fetal growth potential: implications for perinatal
care. J Arch Dis Child Fetal Neonatal Ed. 2012; 97: 314-7.

Figueras F, Caradeux J, Crispi F, Eixarch E, PEguero A, Gratacos E. Diagnosis and
surveillance of late-onset fetal growth restriction. Am J Obstet Gynecol 2018; 218:
S790-802.el.

Tarca AL, Hernandez-Andrade E, Ahn H, Garcia M, Xu Z, Korzeniewski SJ, Saker H,
Chaiworapongsa T, Hassan SS, Yeo L, Romero R. Single and serial fetal biometry to
detect preterm and term small- and large-for-gestational-age neonates: a longitudinal
cohort study. PLoS One 2016; 11: e0164161. doi: 10.1371/journal.pone.0164161.
eCollection 2016.

Ott WJ. Intrauterine growth restriction and doppler ultrasonography. Journal of
Ultrasound in Medicine 2000; 16: 661-65.

Espinoza J, Uckele JE, Starr RA, Seubert DE, Espinoza AF, et al. Angiogenic
imbalances: the obstetric perspective. Am J Obstet Gynecol 2010; 203: 17.e1-8.

Verlohren S, Galindo A, Schlembach D, Zeisler H, Herraiz |, et al. An automated
method for the determination of the sFlt-1/PIGF ratio in the assessment of
preeclampsia. Am J Obstet Gynecol 2010; 202: 161:e.1-11.

Schlembach D, Wallner W, Sengenberger R, Stiegler E, Mortl M, et al. Angiogenic
growth factor levels in maternal and fetal blood: correlation with Doppler ultrasound
parameters in pregnancies complicated by pre-eclampsia and intra-uterine growth
restriction. Ultrasound Obstet Gynecol 2007; 29: 407-13.

Asvold BO, Vatten LJ, Romundstad PR, Jenum PA, Karumanchi, SA, et al.
Angiogenic factors in maternal circulation and the risk of severe fetal growth
restriction. Am J Epidemiol 2011; 173: 630-9.

Staff AC, Benton SJ, von Dadelszen P, Roberts JM, Taylor RN, et al. Redefining
preeclampsia using placenta-derived biomarkers. Hypertension 2013; 61: 932-42.

Rana S, Powe CE, Salahuddin S, Verlohren S, Perschel FH, et al. Angiogenic factors
and the risk of adverse outcomes in women with suspected preeclampsia. Circulation
2012; 125: 911-9.

Rana S, Schnettler WT, Powe C, Wenger J, Salahuddin S, et al. Clinical
characterization and outcomes of preeclampsia with normal angiogenic profile.
Hypertension Pregnancy 2013; 32: 189-201.

Baschat AA. Fetal Growth Disorders. In James D, Steer PJ, Weiner CP, Gonik B,
Crowther CA, Robson SC (eds). High risk pregancy management options.
Pennsylvania: Saunders Elsevier, 2011: 173-96.

Cox P, Marton T. Pathological assessment of intrauterine growth restriction. Best
Practice & Research Clinical Obstetrics & Gynaecology 2009; 23: 751-64.

Sankaran S, Kyle PM. Aetiology and pathogenesis of IUGR. Best Practice & Research
Clinical Obstetrics & Gynaecology 2009; 23: 765-77.

102


http://www.ncbi.nlm.nih.gov/pubmed?term=Gardosi%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22684160

46.

47.

48.

49.

50.

51.

52.

53.

54.

95.

56.

57.

58.

59.

60.

61.

62.

Wu G, Bazer FW, Cudd TA, Meininger CJ, Spencer TE. Maternal nutrition and fetal
development. J Nutr 2004; 134: 2169-72.

Antonov AN. Childres born during the siege of Leningrad in 1942. J Pediatr 1947; 30:
250-9.

Smith CA. Effects of maternal undernutrition upon the newborn infant in Holland
(1944-1945). J Pediatr 1947; 30: 229-43.

Say L, Gulmezoglu AM, Homfeyr GJ. Maternal nutrient supplementation for suspected
impaired fetal growth. Cochrane Database of Systematic Reviews 2003, Issue 1. Art
No.: CD000148.

De Paco C, Kametas N, Rencoret G, Strobl I, Nicolaides KH. Maternal cardiac output
between 11 and 13 weeks of gestation in the prediction of preeclampsia and small for
gestational age. Obstetrics & Gynecology 2008; 111: 292-300.

Poon LC, Syngelaki A, Akolekar R, Lai J, Nicolaides KH. Combined Screening for
Preeclampsia and Small for Gestational Age at 11-13 Weeks. Fetal Diagn Ther. 2013;
33: 16-27.

Bhattacharya S, Campbell DM, Liston WA, Bhattacharya S. Effect of Body Mass Index
on pregnancy outcomes in nulliparous women delivering singleton babies. BMC Public
Health 2007; 7:168.

Cnattingius S, Bergstrom R, Lipworth L, Kramer MS. Prepregnancy weight and the
risk of adverse pregnancy outcomes. N Engl J Med 1998; 338: 147-52.

Strauss RS, Dietz WH. Low maternal weight gain in the second or third trimester
increases the risk for intrauterine growth retardation. J Nutr 1999; 129: 988-93.

Dunger DB, Petry CJ, Ong KK. Genetic variations and normal fetal growth. Horm Res
2006; 65 (Suppl 3):34-40.

Petry CJ, Ong KK, Barratt BJ. Common polymorphism in H19 associated with
birthweight and cord blood IGF-II levels in humans. BMC Genet 2005; 6: 22.

Johnston LB, Clark AJL, Savage MO. Genetic factors contributing to birth weight.
Archives of Disease in Childhood - Fetal and Neonatal Edition 2002; 86: F2-3.

Shah PS; Knowledge Synthesis Group on determinants of preterm/low birthweight
births. Paternal factors and low birthweight, preterm, and small for gestational age
births: a systematic review. Am J Obstet Gynecol 2010; 202: 103-23.

Lee KS, Ferguson RM, Corpuz M, Gartner LM. Maternal age and incidence of low
birth weight at term: a population study. Am J Obstet Gynecol 1988; 158: 84-9.

Walker KF, Thornton JG. Advanced maternal age. Obstetrics, Gynaecology and
Reproductive Medicine 2016; 12: 354-7.

Jacobsson B, Ladfors L, Milsom |. Advanced maternal age and adverse perinatal
outcome. Obstet Gynecol 2004; 104: 727-33.

Odibo A, Nelson D, Stamilio D, Sehdev H, Macones G. Advanced Maternal Age Is an

Independent Risk Factor for Intrauterine Growth Restriction. Amer J Perinatol. 2006;
23: 325-8.

103


https://www.ncbi.nlm.nih.gov/pubmed/3337184
https://www.ncbi.nlm.nih.gov/pubmed/3337184

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Moser K. Office for National Statistics (2008). Health Statistics Quarterly. 2008;
39(3-4):1102.

Poon LC, Karagiannis G, Staboulidou I, Shafiei A, Nicolaides KH. Reference range of
birth weight with gestation and first-trimester prediction of small-for-gestation
neonates. Chitty LS, Lau TK, eds. Prenat Diagn 2010; 31: 58-65.

Shah PS. Parity and low birth weight and preterm birth: a systematic review and meta-
analyses. Acta Obstetricia et Gynecologica Scandinavica. 2010; 89: 862—75.

Kozuki N, Lee A, Silveira MF, Sania A, Vogel JP, Adair L et al; Child Health
Epidemiology Reference Group (CHERG) Small-for-Gestational-Age-Preterm Birth
Working Group. The associations of parity and maternal age with small-for-
gestational-age, preterm, and neonatal and infant mortality: a meta-analysis. BMC
Public Health. 2013; 13 (Suppl 3): S2.

Eidelman Al, Kamar R, Schimmel MS, Bar-On E. The grandmultipara: is she still a
risk? Am J Obstet Gynecol 1988;158: 389-92.

Pijnenborg R, Vercruysse L, Brosens |. Deep placentation. Best Practice & Research
Clinical Obstetrics & Gynaecology. 2011;25: 273-85.

Allen VM, Joseph KS, Murphy KE, Magee LA, Ohlsson A. The effect of hypertensive
disorders in pregnancy on small for gestational age and stillbirth: a population based
study. BMC Pregnancy Childbirth 2004; 4:17.

Howarth C, Gazis A, James D. Associations of Type 1 diabetes mellitus, maternal
vascular disease and complications of pregnancy. Diabetic Med 2007; 24: 1229-34.

Fink JC, Schwartz SM, Benedetti TJ, Stehman-Breen CO. Increased risk of adverse
maternal and infant outcomes among women with renal disease. Paediatr Perinat
Epidemiol 1998; 12: 277-87.

Yasmeen S, Wilkins EE, Field NT, Sheikh RA, Gilbert WM. Pregnancy outcomes in
women with systemic lupus erythematosus. J Matern Fetal Med 2001; 10: 91-6.

Yasuda M, Takakuwas K, Tokunaga A, Tanaka K. Prospective studies of the
association between anticardiolipin antibody and outcome of pregnancy. Obstet
Gynecol 1995; 86: 555-9.

Ananth CV, Peltier MR, Chavez MR, Kirby RS, Getahun D, Vintzileos AM. Recurrence
of ischemic placental disease. Obstet Gynecol 2007; 110: 128-33.

Kleijer ME, Dekker GA, Heard AR. Risk factors for intrauterine growth restriction in a
socio-economically disadvantaged region. J Matern Fetal Neonatal Med 2005; 18:
23-30.

McDonald SD, Murphy K, Beyene J, Ohlsson A. Perinatal outcomes of singleton
pregnancies achieved by in vitro fertilization: a systematic review and meta-analysis. J
Obstet Gynaecol Can 2005; 27: 449-59.

Jackson RA, Gibson KA, Wu YW, Croughan MS. Perinatal outcomes in singletons
following in vitro fertilization: a meta-analysis. Obstet Gynecol 2004; 103: 551-63.

Zhu JL, Obel C, Bech BH, Olsen J, Basso O. Infertility, Infertility Treatment and Fetal
Growth Restriction. Obste Gynecol 2007; 110: 1326-34.

104



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Ounsted M, Moar VA, Scott A. Risk factors associated with small-for-dates and large-
for-dates infants. Br J Obstet Gtnaecol 1985; 92: 226-32.

Kramer MS, Platt R, Yang H, McNamara H, Usher RH. Are all growth-restricted
newborns created equal(ly)? Pediatrics 1999; 103: 599-602.

Lumley J, Chamberlain C, Dowswell T, Oliver S, Oakley L, Watson L. Interventions for
promoting smoking cessation during pregnancy. Cochrane Database Sys Rev 2009
Jul 8; (3) CD001055.

McCowan LM, Dekker GA, Chan E, et al. Spontaneous preterm birth and small for
gestational age infants in women who stop smoking early in pregnancy: prospective
cohort study. BMJ 2009; 338: b1081.

Vandenbosche RC, Kirchner JT. Intrauterine Growth Retardation. Am Fam
Physician 1998; 58:1384-90.

Patra J, Bakker R, Irving H, Jaddoe V, Malini S, Rehm J. Dose-response relationship
between alcohol consumption before and during pregnancy and the risks of low
birthweight, preterm birth and small for gestational age (SGA)-a systematic review and
meta-analyses. Br J Obstet Gynaecol 2011; 118: 1411-21.

Addisa A, Morettib ME, Syedb FA, Einarsonc TR, Korenb G. Fetal effects of cocaine:
an updated meta-analysis. Reproductive Toxicology 2001; 15: 341-69.

Gouin K, Murphy K, Shah PS; Knowledge Synthesis Group on Determinants of Low
Birth Weight and Preterm Births. Am J Obstet Gynecol 2011; 204: 340.e1-12.

McCowan LM, Roberts CT, Dekker GA, Taylor RS, Chan EH, Kenny LC et al; SCOPE
consortium. Risk factors for small-for-gestational-age infants by customised
birthweight centiles: data from an international prospective cohort study. Br J Obstet
Gynaecol 2010; 117: 1599-607.

Erkkola RU, Pirhonen JP, Kivijarvi. Flow velocity waveforms in uterine and umbilical
arteries during submaximal bicycle exercise in normal pregnancy. Obstet Gynecol
1992; 79: 611-5.

Raynor BD, Richards D. Growth restardation in fetuses with gastroschisis. J
Ultrasound Med 1997; 16: 13-6.

Bryan SM, Hindmarsh PC. Normal and abnormal fetal growth. Horm Res. 2006;65
Suppl 3: 19-27.

Plaisier M. Decidualisation and angiogenesis. Best Practice & Research Clinical
Obstetrics & Gynaecology. 2011;25: 259-271.

Nicolaides KH, Rizzo G, Hecher K. Methodology of Doppler Assessment of the
Placental and Fetal Circulations. Vol (Nicolaides KH, Rizzo G, Hecher K, eds.).
Parthenon Publishing Group Ltd, 2000: 35-53.

Teasdale F. Idiopathic intrauterine growth retardation: histomorphometry of the human
placenta. Placenta 1984; 5: 83-92.

Fox H. Pathology of the placenta. 2nd Ed. Philadelphia: WB Saunders, 1997.

105



95. Hua M, Odibo AO, Macones GA, Roehl KA, Crane JP, James P et al. Single Umbilical
Artery and Its Associated Findings. Obstet Gynecol 2010; 115: 930-4.

96. Nakamura M, Umehara N, Ishii K, Sasahara J, Kiyoshi K, Ozawa K et al. A poor long-
term neurological prognosis is associated with abnormal cord insertion in severe
growth-restricted fetuses. J Perinat Med Dec 2017, doi: 10.1515/jpm-2017-0240.
(Ahead of print)

97. Wilkins-Haug L, Roberts DJ, Morton CC. Confined placental mosaicism and
intrauterine growth retardation: a case-control analysis of placentas at delivery. YMOB
1995; 172: 44-50.

98. Braems G. Fetal hypoxemia on a molecular level: adaptative changes in the
hypothalamic-pituitary-adrenal axis and the lungs. Eut J Obstet Gynecol Reprod Biol
2003; 110: S63-9.

99. Murotsuki J, Gagnon R, Han VK. Alterations in insulin like growth factors and binding
proteins during placental insufficiency. J Soc Gynecol Investig 1997; 350: 225.

100. Mendez-Figueroa H, Truong VT, Pedroz C, Khan AM, Chauhan SP. Small-for-
gestational-age infants among uncomplicated pregancies at term: a secondary
analysis of 9 Maternal-Fetal Medicine Units Network studies. Am J Obstet Gynecol
2016; 215: 628.e1-7.

101. Jensen A, Klonne HJ, Detmer A. Catecholamineand serotonin concentration in
fetal guinea-pig brain: relation to regional cerebral blood flow and oxygen delivery in
the growth restricted fetus. Reprod Fertil 1996; 8: 355-64.

102. Kiserud T, Kessler J, Ebbing C, Rasmussen S. Ductus venosus shunting in
growth-restricted fetuses and the effect of umbilical circulatory compromise.
Ultrasound Obstet Gynecol. 2006; 28: 143-49.

103. Harding R, Cock ML, Louey S, et al. The compromised intra-uterine environment:
implications for future lung health. Clin Exp Pharmacol Physiol. 2000; 27: 965-74.

104. Brown LD. Endocrine regulation of fetal skeletal muscle growth: impact on future
metabolic health. J Endocrinol 2014; 221: R13-29.

105. Brown LD, Hay WW Jr. Impact of placental insufficiency on fetal skeletal muscle
growth. Mol Cell Endocrinol 2016; 435: 69-77.

106. Robel-Tillig E, Knupfer M, Pulzer F, Vogtmann C. Blood flow parameters of the
superior mesenteric artery as an early predictor of intestinal dysmotility in preterm
infants. Pediatr Radiol 2004; 34: 958-62.

107. Chauhan SP, Rice MM, Grobman WA. Neonatal morbidity of small and large for
gestational age neonates born a term in uncomplicated pregnancies. Obstet Gynecol
2017; 130: 511-9.

108. Smith-Bindman R, Chu PW, Ecker J, Feldstein VA, Filly RA, Bacchetti P. Adverse
birth outcomes in relation to prenatal sonographic measurements of fetal size. J
Ultrasound Med 2003; 22: 347-56.

109. Savchev S, Figueras F, Cruz-Martinez R, llla M, Botet F, Gratacos E. Estimated
weight centile as a predictor of perinatal outcome in small-for-gestational-age

106



pregnancies with normal fetal and maternal Doppler indices. Ultrasound Obstet
Gynecol 2012; 39: 299-303.

110. Lindqvist PG, Molin J. Does antenatal identification of small-for-gestational age
fetuses significantly improve their outcome? Ultrasound Obstet Gynecol 2005; 25:
258-64.

111. Barker DJ, Thornburg KL. The obstetric origins of health for a lifetime. Clin Obstet
Gynecol 2013; 56: 511-9.

112. Sanz-Cortés M, Figueras F, Bargall6 N, Padilla N, Amat-Roldan |, Gratacos E.
Abnormal brain microstructure and metabolism in small-for-gestational-age term
fetuses with normal umbilical artery Doppler. Ultrasound Obstet Gynecol. 2010;
36:159-65.

113. Figueras F, Oros D, Cruz-Martinez R, et al. Neurobehavior in Term, Small-for-
Gestational Age Infants With Normal Placental Function. Pediatrics 2009; 124:
€934-41.

114. Eixarch E, Meler E, Iraola A, et al. Neurodevelopmental outcome in 2-year-old
infants who were small-for-gestational age term fetuses with cerebral blood flow
redistribution. Ultrasound Obstet Gynecol 2008; 32: 894-9.

115. Lindstrom L, Wikstrom AK, Bergman E, Lundren M. Born small for gestational age
and poor school performance - how small is too small? Horm Res Paediatr 2017; 88:
215-23.

116. Arcangeli T, THilaganathan B, Hooper R, Khan KS, Bhide A. Neurodevelopmental
delay in small babies at term: a systematic review. Ultrasound Obstet Gynecol 2012;
40: 267-75.

117. Newsome CA, Shiell AW, Fall CH, Phillips DI, Shiers R, Law CM. Is birth weight
related to later glucose and insulin metabolism? A systematic review. Diabet Med
2003; 20: 339-48.

118. Katanoda K, Noda M, Goto A, Mizunuma H, Lee JS, Hayashi K. Impact of birth
weight on adult-onset diabetes mellitus in relation to current body-mass index: the
Japan nurses' health study. J Epidemiol 2017; 27: 428-34.

119. Martin-Gronert MS, Ozanne SE. Experimental IUGR and later diabetes. J Intern
Med 2007; 261: 437-52.

120. Cruz-Lemini M, Crispi F, Valenzuela-Alcaraz B, Figueras F, Sitges M, Bijnens B,
Gratac6s E. Fetal cardiovascular remodeling persists at 6 months in infants with
intrauterine growth restriction. Ultrasound Obstet Gynecol 2016; 48: 349-56.

121. Crispi F, Figueras F, Cruz-Lemini M, Bartrons J, Bijnens B, Gratacos E.
Cardiovascular programming in children born small for gestational age and
relationship with prenatal signs of severity. AJOG 2102; 207: 121.e1-9.

122. Morse K, Williams A, Gardosi J. Fetal growth screening by fundal height
measurement. Best Practice & Research Clinical Obstetrics & Gynaecology 2009; 23:
809-18.

123. World Health Organization. Recommendation on symphysis-fundal height
measurement. 8 March 2018. https://extranet.who.int/rhl/topics/preconception-

107



pregnancy-childbirth-and-postpartum-care/antenatal-care/who-recommendation-
symphysis-fundal-height-measurement

124. Belizan JM, Villar J, Nardin JC, Malamud J, De Vicurna LS. Diagnosis of
intrauterine growth retardation by a simple clinical method: measurement of uterine
height. Am J Obstet Gynecol 1978; 131: 643-6.

125. Cnattingius S, Axelsson O, Lindmark G. Symphysis-fundus measurements and
intrauterine growth retardation. Acta Obstet Gynecol Scand 1984; 63: 335-40.

126. Mathai M, Jairaj P, Muthurathnam S. Screening for light-for-gestational age
infants: a comparison of three simple measurements. Br J Obstet Gynaecol 1987; 94:
217-21.

127. Persson B, Stangenberg M, Lunell NO, Brodin U, Holmberg NG, Vaclavinkova V.
Prediction of size of infants at birth by measurement of symphysis fundus height. Br J
Obstet Gynaecol 1986; 93: 206-11.

128. Pearce JM, Campbell S. A comparison of symphysis-fundal height and ultrasound
as screening tests for light-for-gestational age infants. Br J Obstet Gynaecol 1987; 94:
100-4.

129. Gardosi J, Francis A. Controlled trial of fundal height measurement plotted on
customised antenatal growth charts. Br J Obstet Gynaecol 1999; 106: 309-17.

130. Neilson JP. Symphysis-fundal height in pregnancy. Cochrane Database Syst Rev
2000; (2) CD000944.

131. Churchill D, Perry 1J, Beevers DG. Ambulatory blood pressure in pregnancy and
fetal growth. The Lancet 1997; 349: 7-10.

132. Bakker R, Steegers EAP, Hofman A, Jaddoe VWYV. Blood Pressure in Different
Gestational Trimesters, Fetal Growth, and the Risk of Adverse Birth Outcomes: The
Generation R Study. American Journal of Epidemiology 2011; 174: 797-806.

133. Blue NR, Yordan JMP, Holbrook BD, Nirgudkar PA, Mozurkewich EL. Abdominal
circumference alone versus estimated fetal weight after 24 weeks to predict small or
large for gestational age at birth: a meta-analysis. Am J Perinatol 2017; 34: 1115-24.

134. Clausson B, Gardosi J, Francis A, Cnattingius S. Perinatal outcome in SGA births
defined by customised versus population-based birthweight standards. Br J Obstet
Gynaecol 2001; 108: 830-4.

135. Khong TY, De Wolf F, Robertson WB, Brosens |. Inadequate maternal vascular
response to placentation in pregnancies complicated by pre-eclampsia and by small-
for-gestational age infants. Br J Obstet Gynaecol. 1986; 93: 1049-59.

136. Madazli R, Somunkiran A, Calay Z, llvan S, Aksu MF. Histomorphology of the
placenta and the placental bed of growth restricted foetuses and correlation with the
Doppler velocimetries of the uterine and umbilical arteries. Placenta. 2003; 24:
510-6.

137. Karagiannis G, Akolekar R, Sarquis R, Wright D, Nicolaides KH. Prediction of

small-for-gestation neonates from biophysical and biochemical markers at 11-13
weeks. Fetal Diagn Ther 2011; 29: 148-54.

108



138. 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: 135-40.

139. Melchiorre K, Leslie K, Prefumo F, Bhide A, Thilaganathan B. First-trimester
uterine artery Doppler indices in the prediction of small-for-gestational age pregnancy
and intrauterine growth restriction. Ultrasound Obstet Gynecol 2009; 33: 524-9.

140. Khalil A, Sodre D, Syngelaki A, Akolekar R, Nikolaides KH. Maternal
Hemodynamics at 11-13 weeks of gestation in pregnancies delivering small for
gestational neonates. Fetal Diagn Ther 2012; 32: 231-8.

141. Llurba E, Carreras E, Gratacos E, et al. Maternal history and uterine artery
Doppler in the assessment of risk for development of early- and late-onset
preeclampsia and intrauterine growth restriction. Obstet Gynecol Int. 2009; 2009:
275613-6.

142. Cnossen JS, Morris RK, Riet ter G, et al. Use of uterine artery Doppler
ultrasonography to predict pre-eclampsia and intrauterine growth restriction: a
systematic review and bivariable meta-analysis. CMAJ 2008; 178: 701-11.

143. Galllard R, Arends LR, Steegers EAP, Hofman A, Jaddoe VWYV; Second and third
trimester placental hemodynamics and the risks of pregnancy complications: The
Generation R Study. Am J Epidemiol 2013; 177: 743-54.

144. Vergani P, Roncaglia N, Andreotti C, et al. Prognostic value of uterine artery
doppler velocimetry in growth-restricted fetuses delivered near term. American Journal
of Obstetrics and Gynecology 2002; 187: 932-6.

145. Severi FM, Bocchi C, Visentin A, et al. Uterine and fetal cerebral Doppler predict
the outcome of third-trimester small-for-gestational age fetuses with normal umbilical
artery Doppler. Ultrasound Obstet Gynecol 2002; 19: 225-8.

146. Ghi T, Contro E, Youssef A, et al. Persistence of increased uterine artery
resistance in the third trimester and pregnancy outcome. Ultrasound Obstet Gynecol
2010; 36: 577-81.

147. Vergani P, Roncaglia N, Ghidini A, et al. Can adverse neonatal outcome be
predicted in late preterm or term fetal growth restriction? Ultrasound Obstet Gynecol
2010; 36: 166-70.

148. Cruz-Martinez R, Savchev S, Cruz-Lemini M, Mendez A, Gratacos E, Figueras F.
Clinical utility of third-trimester uterine artery Doppler in the prediction of brain
hemodynamic deterioration and adverse perinatal outcome in small for gestational age
fetus. Ultrasound Obstet Gynecol 2014; 45: 273-8.

149. Morris RK, Malin G, Robson SC, Kleijnen J, Zamora J, Khan KS. Fetal umbilical
artery doppler to predict compromise of fetal/neonatal wellbeing in a high-risk
population: systematic review and bivariate meta-analysis. Ultrasound Obstet Gynecol
2011; 37: 135-42.

150. Figueras F, Eixarch E, Gratacos E, Gardosi J. Predictiveness of antenatal
umbilical artery Doppler for adverse pregnancy outcome in small-for-gestational-age
babies according to customised birthweight centiles: population-based study. Br J
Obstet Gynaecol 2008; 115: 590-4.

109



151. Kingdom JC, Burrell SJ, Kaufmann. Pathology and clinical implications of
abnormal umbilical artery Doppler waveforms. Ultrasound Obstet Gynecol 1997,
9: 271-86.

152. Pardi G, Cetin I, Marconi AM, Lanfranchi A, Bozzetti P, et al. Diagnostic value of
blood sampling in fetuses with growth retardation. N Engl J Med 1993; 328: 692-6.

153. Nicolaides KH, Bilardo CM, Soothil PW, Campbell S. Absence of end diastolic
frequencies in umbilical artery: a sign of fetal hypoxia and acidosis. BMJ 1988;
297:1026-7.

154. Bilardo CM, Nicolaides KH, Campbell S. Doppler measurements of fetal and
uteroplacental circulations: relationship with umbilical blood gases measured at
cordocentesis. Am J Obstet Gynecol 1990; 162:115-20.

155. Hershkovitz R, Kingdom JC, Geary M, Rodeck CH. Fetal cerebral blood flow
redistribution in late gestation: identification of compromise in small fetuses with
normal umbilical artery Doppler. Ultrasound Obstet Gynecol 2000; 15: 209-12.

156. Cruz-Martinez R, Figueras F, Hernandez-Andrade E, Oros D, Gratacos E. Fetal
brain Doppler to predict cesarean delivery for nonreassuring fetal status in term small-
for-gestational-age fetuses. Obstetrics & Gynecology 2011; 117: 618-26.

157. Gramellini D, Folli MC, Raboni S, Vadora E, Merialdi A. Cerebral-umbilical Doppler
ratio as a predictor of adverse perinatal outcome. Obstetrics & Gynecology. 1992; 79:
416-20.

158. Oros D, Figueras F, Cruz-Martinez R, Meler E, Munmany M, Gratcos E.
Longitudinal changes in uterine, umbilical and fetal cerebral doppler indices in late-
onset small for gestational age fetuses. Ultrasound Obstet Gynecol 2011; 37: 191-5.

159. Veglia M, Cavallaro A, Papageorghiou A, Black R, Impey L. Small for gestational
age babies after 37 weeks: an impact study of a risk stratification protocol. Ultrasound
Obstet Gynecol 2017. doi: 10.1002/uog.17544 (Epub ahead of print)

160. Volgraff Heidweiller-Schreurs CA, De Boer MA, Heymans MW, Schoonmade LJ,
Bossuyt PMM, Mol BWJ, De Groot CMJ, Bax CJ. Prognostic accuracy of
cerebroplacental ratio and middle cerebral artery Doppler for adverse perinatal
outcome: systematic review and meta-analysis. Ultrasound Obstet Gynecol 2018; 31:
313-22.

161. Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG. Isolation of a
human placenta cDNA coding for a protein related to the vascular permeability factor.
Proc Natl Acad Sci 1991; 88: 9267-71.

162. Shore VH, Wang TH, Wang CL, Torry RJ, Caudle MR, Torry DS. Vascular
endothelial growth factor, placenta growth factor and their receptors in isolated human
trophoblast. Placenta 1997; 18: 657-65.

163. Vuorela P, Hatva E, Lymboussaki A, Kaipainen A, Joukov V, Persico MG, Alitalo
K, Halmesmaki E. Expression of vascular endothelial growth factor and placenta
growth factor in human placenta. Biol Reprod 1997; 56: 489-94.

164. Savvidou MD, Yu CK, Harland LC, Hingorani AD, Nicolaides KH. Maternal serum
concentration of soluble fms-like tyrosine kinase 1 and vascular endothelial growth

110



factor in women with abnormal uterine artery Doppler and in those with fetal growth
restriction. Am J Obstet Gynecol 2006; 195: 1668-73.

165. Stepan H, Unversucht A, Wessel N, Faber R. Predictive value of maternal
angiogenic factors in second trimester pregnancies with abnormal uterine perfusion.
Hypertension 2007; 49: 818-24.

166. Diab AE, El-Behery MM, Ebrahiem MA, Shehata AE: Angiogenic factors for the
prediction of pre-eclampsia in women with abnormal midtrimester uterine artery
Doppler velocimetry. Int J Gynaecol Obstet 2008; 102: 146-51.

167. Crispi F, Llurba E, Dominguez C, Martin-Gallan P, Cabero L, Gratacés E:
Predictive value of angiogenic factors and uterine artery Doppler for early- versus late-
onset pre-eclampsia and intrauterine growth restriction. Ultrasound Obstet
Gynecol 2008; 31: 303-9.

168. Savvidou MD, Noori M, Anderson JM, Hingorani AD, Nicolaides KH. Maternal
endothelial function and serum concentrations of placental growth factor and soluble
endoglin in women with abnormal placentation. th fetal growth restriction. Ultrasound
Obstet Gynecol 2008; 32: 871-6.

169. Herraiz |, Droge A, Gomez-Montes E, Henrich W, Galindo A, Verlohren S.
Characterization of the soluble fms-like tyrosine kinase-1 to placental growth factor
ratio in pregnancies complicated by fetal growth restriction. Obstet Gynecol 2014; 124:
265-73.

170. Wallner W, Sengenberger R, Strick R, et al. Angiogenic growth factors in maternal
and fetal serum in pregnancies complicated by intrauterine growth restriction. Clinical
Science 2007; 112:51.

171. Shibata E, Rajakumar A, Powers RW, et al. Soluble fms-Like Tyrosine Kinase 1 Is
Increased in Preeclampsia But Not in Normotensive Pregnancies with Small-for-
Gestational-Age Neonates: Relationship to Circulating Placental Growth Factor. The
Journal of Clinical Endocrinology & Metabolism 2005; 90: 4895-903.

172. Rizos D, Eleftheriadis M, Karampas G, et al. Placental growth factor and soluble
fms-like tyrosine kinase-1 are useful markers for the prediction of preeclampsia but not
for small for gestational age neonates: a longitudinal study. Eur J Obstet Gynecol
Reprod Biol 2013; 171: 225-30.

173. Ferrara N, Gerber H-P, LeCouter J. The biology of VEGF and its receptors. Nat
Med 2003; 9: 669-76.

174. Chaiworapongsa T, Espinoza J, Gotsch F, et al. The maternal plasma soluble
vascular endothelial growth factor receptor-1 concentration is elevated in SGA and the
magnitude of the increase relates to Doppler abnormalities in the maternal and fetal
circulation. J Matern Fetal Neonatal Med 2008; 21: 25-40.

175. Romero R, Nien JK, Espinoza J, et al. A longitudinal study of angiogenic (placental
growth factor) and anti-angiogenic (soluble endoglin and soluble vascular endothelial
growth factor receptor-1) factors in normal pregnancy and patients destined to develop
preeclampsia and deliver a small for gestational age neonate. J Matern Fetal Neonatal
Med 2008; 21: 9-23.

176. Papastefanou I, Pilalis A, Chrelias C, Kassanos D, Souka AP. Screening for birth

111


http://www.ncbi.nlm.nih.gov/pubmed?term=Diab%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18423468
http://www.ncbi.nlm.nih.gov/pubmed?term=El-Behery%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=18423468
http://www.ncbi.nlm.nih.gov/pubmed?term=Ebrahiem%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=18423468
http://www.ncbi.nlm.nih.gov/pubmed?term=Shehata%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18423468
http://www.ncbi.nlm.nih.gov/pubmed/?term=International+Journal+of+Gynecology+and+Obstetrics+(2008)+102%2C+146%E2%80%93151
http://www.ncbi.nlm.nih.gov/pubmed?term=Crispi%20F%5BAuthor%5D&cauthor=true&cauthor_uid=18058842
http://www.ncbi.nlm.nih.gov/pubmed?term=Llurba%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18058842
http://www.ncbi.nlm.nih.gov/pubmed?term=Dom%C3%ADnguez%20C%5BAuthor%5D&cauthor=true&cauthor_uid=18058842
http://www.ncbi.nlm.nih.gov/pubmed?term=Mart%C3%ADn-Gall%C3%A1n%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18058842
http://www.ncbi.nlm.nih.gov/pubmed?term=Cabero%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18058842
http://www.ncbi.nlm.nih.gov/pubmed?term=Gratac%C3%B3s%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18058842
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ultrasound+Obstet+Gynecol+2008%3B+31%3A+303%E2%80%93309
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ultrasound+Obstet+Gynecol+2008%3B+31%3A+303%E2%80%93309
http://www.ncbi.nlm.nih.gov/pubmed/?term=Henrich%20W%5BAuthor%5D&cauthor=true&cauthor_uid=25004342
http://www.ncbi.nlm.nih.gov/pubmed/?term=Galindo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25004342
http://www.ncbi.nlm.nih.gov/pubmed/?term=Verlohren%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25004342
http://www.ncbi.nlm.nih.gov/pubmed?term=Papastefanou%20I%5BAuthor%5D&cauthor=true&cauthor_uid=24659438
http://www.ncbi.nlm.nih.gov/pubmed?term=Pilalis%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24659438
http://www.ncbi.nlm.nih.gov/pubmed?term=Chrelias%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24659438
http://www.ncbi.nlm.nih.gov/pubmed?term=Kassanos%20D%5BAuthor%5D&cauthor=true&cauthor_uid=24659438
http://www.ncbi.nlm.nih.gov/pubmed?term=Souka%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=24659438

weight deviations by second and third trimester ultrasound scan. Prenat Diagn. 2014;
34: 759-64.

177. Figueras F, Savchev S, Triunfo S, Crovetto F, Gratacos E. An integrated model
with classification criteria to predict small-for-gestational-age fetuses at risk of adverse
perinatal outcome. Ultrasound Obstet Gynecol 2015; 45: 279-85.

178. 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.
YMOB 1985; 151: 333-7.

179. Snijders RJ, Nicolaides KH. Fetal biometry at 14-40 weeks' gestation. Ultrasound
Obstet Gynecol 1994; 4: 34-48.

180. Poon LC, Volpe N, Muto B, Syngelaki A, Nicolaides KH: Birthweight with gestation
and maternal characteristics in live births and stillbirths. Fetal Diagn Ther 2012; 32:
156-65.

181. Brown MA, Lindheimer MD, de Swiet M, Van Assche A, Moutquin JM: The
classification and diagnosis of the hypertensive disorders of preghancy: Statement
from the international society for the study of hypertension in pregnancy (ISSHP).
Hypertens Pregnancy 2001, 20: 9-14.

182. Hadlock FP, Harrist RB, Martinez-Poyer J: In utero analysis of fetal growth: a
sonographic weight standard. Radiology 1991; 181: 129-33.

183. Tayyar A, Guerra L, Wright A, Wright D, Nicolaides KH. Uterine artery pulsatility
index in the three trimesters of pregnancy: effects of maternal characteristics and
medical history. Ultrasound Obstet Gynecol 2015; 45: 689-97.

184. Wright A, Wright D, Ispas A, Poon LC, Nicolaides KH. Mean arterial pressure in
the three trimesters of pregnancy: effects of maternal characteristics and medical
history. Ultrasound Obstet Gynecol 2015; 45: 698-706.

185. Tsiakkas A, Duvdevani N, Wright A, Wright D, Nicolaides KH. Serum placental
growth factor in the three trimesters of pregnancy: Effects of maternal characteristics
and medical history. Ultrasound Obstet Gynecol 2015; 45: 591-8.

186. Tsiakkas A, Duvdevani N, Wright A, Wright D, Nicolaides KH. Serum soluble fms-
like tyrosine kinase-1 in the three trimesters of pregnancy:. Effects of maternal
characteristics and medical history. Ultrasound Obstet Gynecol 2015; 45: 584-90.

187. Lesmes C, Gallo D, Panaiotova J, Poon LC, Nicolaides KH. Prediction of small-for-
gestational age neonates: screening by fetal biometry at 19-24 weeks. Ultrasound
Obstet Gynecol 2015; 46: 198-207.

188. Lesmes C, Gallo D, Saiid Y, Poon LC, Nicolaides KH. Prediction of small-for-
gestational age neonates: screening by uterine artery Doppler and mean arterial
pressure at 19-24 weeks. Ultrasound Obstet Gynecol 2015; 46: 332-40.

189. Bakalis S, Stoilov B, Akolekar R, Poon LC, Nicolaides KH. Prediction of small-for-
gestational-age neonates: screening by uterine doppler and mean arterial pressure at
30-34 weeks. Ultrasound Obstet Gynecol 2015; 45: 707-14.

190. Ghosh G, Gudmundsson S. Uterine and umbilical artery doppler are comparable in
predicting perinatal outcome of growth-restricted fetuses. Br J Obstet Gynaecol 2009;

112



116: 424-30.

191. Maynard SE, Min JY, Merchan J, Maynard SE, Min JY, Merchan J, Lim KH, Li J,
Mondal S, Libermann TA, Morgan JP, Sellke FW, Stillman IE, Epstein FH, Sukhatme
VP, Karumanchi SA.. Excess placental soluble fms-like tyrosine kinase 1 (sFlt-1) may
contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J
Clin Invest 2003; 111: 649-58.

192. 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; 45: 551-8.

193. Nicolaides KH. Turning the pyramid of prenatal care. Fetal Diagn Ther 2011; 29:
183-96.

194. Akolekar R, Syngelaki A, Poon L, Wright D, Nicolaides KH. Competing risks model
in early screening for preeclampsia by biophysical and biochemical markers. Fetal
Diagn Ther 2013; 33: 8-15.

195. Bujold E, Roberge S, Lacasse Y, Bureau M, Audibert F, Marcoux S, Forest JC,
Giguere Y: Prevention of preeclampsia and intrauterine growth restriction with aspirin
started in early preghancy: a meta-analysis. Obstet Gynecol 2010; 116: 402-14.

196. Roberge S, Villa P, Nicolaides K, Giguére Y, Vainio M, Bakthi A, Ebrashy A,Bujold
E. Early administration of low-dose aspirin for the prevention of preterm and term
preeclampsia: a systematic review and meta-analysis. Fetal Diagn Ther 2012; 31:
141-46.

197. Roalnik DL, Wright D, Poon LC, O'Gorman N, Syngelaki A, de Paco Matallana C et
al. Aspirin versus placebo in pregnancies at high risk of preterm preeclampsia. N Engl
J Med 2017; 377: 613-22.

198. Tan MY, Poon LC, Rolnik DL, Syngelaki, de Paco Matallana C, Akolekar R et al.
Prediction and prevention of small-for-gestational_age neonates: evidence from
SPREE and ASPRE. Ultrasound Obstet Gynecol 2018. doi: 10.1002/ug.19077 (Epub
ahead of print).

199. Poon LC, Lesmes C, Gallo DM, Akolekar R, Nicolaides KH. Prediction of small-for-
gestational-age neonates: screening by biophysical and biochemical markers at 19-24
weeks. Ultrasound Obstet Gynecol 2015; 46: 437-45.

200. Andrietti S, Silva M, Wright A, Wright D, Nicolaides KH. Competing-risks model in

screening for pre-eclampsia by maternal factors and biomarkers at 35-37 weeks’
gestation. Ultrasound Obstet Gynecol 2016; 48: 72-9.

113


http://www.ncbi.nlm.nih.gov/pubmed/21389681
http://www.ncbi.nlm.nih.gov/pubmed/22906914
http://www.ncbi.nlm.nih.gov/pubmed/22906914

114



APPENDICES

115



Appendix A.1. Paper "Prediction of small-for-gestational-age neonates: screening
by fetal biometry at 35-37 weeks", published in Ultrasound in Obstetrics & Gynecology,
May 2015.

Ultrasound Obstet Gynecol 2015; 45: 559-565

Published online 9 April 2015 in Wiley Onlince Library (wileyonlinclibrary.com). DOI: 10.1002/uog. 14816

Ll

—

Prediction of small-for-gestational-age neonates: screening
by fetal biometry at 35-37 weeks

C. FADIGAS, Y. SAIID, R. GONZALEZ, L. C. POON# and K. H. NICOLAIDES#

Harris Birthright Research Centre for Fetal Medicine, King's College Hospital, London, UK

KEYWORDS:
small-for-gestational age; third-trimester screening

abdominal circumference; estimated fetal weight; fetal biometry; pre-eclampsia; pyramid of antenatal care;

ABSTRACT

Objective To investigate the value of fetal biometry at
35-37 weeks” gestation in the prediction of delivery of
small-for-gestational-age (SGA) neonates, in the absence
of pre-eclampsia (PE).

Methods This was a screening study in singlefon
pregnancies at 35-37 weeks’ gestation, comprising 278
that delivered SGA neonates with a birth weight < 5%
percentile and 5237 cases unaffected by SGA, PE or
gestational hypertension. Multivariable logistic regression
analysis was wsed to determine if screening by a
combination of maternal factors and Z-scores of fetal
head circumference (HC), abdominal circumference (AC)
and femur length (FL) or estimated fetal weight (EFW)
had a significant contribution to the prediction of SGA
neonates.

Results Multivariable logistic regression analysis demon-
strated that the likelihood of delivering a SGA
neonatewith a birth weight < 5% percentile decreased
with maternal weight and height, and in parous women
the risk increased with a longer interpregnancy interval.
The risk was bigher in women of Afro-Caribbean and
South Asian racial origins, in cigarette smokers, nulli-
parous women and in those with bistory of §GA, with or
without prior PE. Combined screening by maternal char-
acteristics and history with EFW Z-scores at 35-37 weeks
predicted 89% of SGA neonates with birth weight < 5%
percentile delivering < 2 weeks following assessment, at
a 10% false-positive rate (FPR). The respective detec-
tion rate for the prediction of SGA neonates deliver-
ing = 37 weeks’ gestation was 70%. The performance of
screening by a combination of Z-scores of fetal HC, AC
and FL was similar to that achieved by the EFW Z-score.

Conclusion Combined testing by maternal characteristics
and fetal biometry at 35-37 weeks could identify, at a

10% FPR, about 90% of pregnancies that subsequently
deliver SGA neonates within 2 weeks of assessment and
70% of those that deliver = 37 weeks. Copyright © 2015
ISUOG. Published by Jobn Wiley ¢ Sons Ltd.

INTRODUCTION

The increased risk of perinatal mortality and morbidity
associated with small-for-gestational-age (SGA) neonates
can be reduced substantially in cases identified prenatally,
as close monitoring, timely delivery and prompt neonatal
care can be undertaken!.

A few studies comprising low-risk singleton pregnancies
have examined the potential value of sonographic fetal
biometry during the third trimester in the prediction
of SGA neonates? 8. Three studies each examined a
range of 725 to 1000 pregnancies at 26-36 weeks’
gestation and reported that the estimated fetal weight
(EFW) predicted 54—63% of SGA neonates with birth
weight < 10" percentile, at a false-positive rate (FPR)
of 20%2~4. Di Lorenzo et al.’ assessed EFW at 30-32
weeks in the prediction of SGA neonates < 10 percentile
in 1868 pregnancies, and reported that the detection
rate (DR) was 73% at a FPR of 25%. Souka ef al.®
assessed EFW at 30-33 weeks in 2310 pregnancies and
reported that, at a FPR of 10%, the DR of SGA neonates
with birth weight < 5% percentile was 60%. Only one
study examined the value of EFW in a late third-trimester
ultrasound examination in low-risk pregnancies; EFW at
34-37 weeks’ gestation in 2288 pregnancies predicted
75% of SGA neonates with birth weight < 5% percentile,
at a FPR of 10%, which was superior to the DR of 58%
in 3690 pregnancies examined at 30-33 weeks’.

We have reported recently our findings from a screening
study at 30-34 weeks in 30849 singleton pregnancies®.
Combined screening by maternal characteristics and
history with EFW Z-scores predicted 79%, 87% and 92%
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of SGA neonates in the absence of PE delivering < 5 weeks
following assessment with birth weights <10th, <5t
and < 3* percentiles, respectively, at a 10% FPR.
The respective DRs for prediction of SGA neonates
delivering = 5 weeks following assessment were 53%,
58% and 61%. Consequently, the performance of
screening for SGA at 30-34 weeks is acceptably high
for those delivering preterm, but disappointingly low for
those delivering at term.

The objectives of this study in a large cohort of
singleton pregnancies undergoing routine antenatal care
were, first, to investigate the potential value of fetal
biometry at 35-37 weeks’ gestation in the prediction
of delivery of SGA neonates in the absence of PE,
and second, to combine these biomarkers with maternal
characteristics and history to develop specific algorithms
for the calculation of patient-specific risks for SGA.

METHODS

The data for this study were derived from prospective
screening for adverse obstetric outcome in women
attending for their routine hospital visit in the third
trimester of pregnancy at King's College Hospital,
London, and Medway Maritime Hospital, Kent, between
February 2014 and September 2014. This visit, which
was held at 3540 to 37 4+ 6 weeks’ gestation, included
recording of maternal factors and EFW® from trans-
abdominal ultrasound measurement of the fetal head
circumference (HC), abdominal circumference (AC) and
femur length (FL)', and measurement of uterine artery
pulsatility index, mean arterial pressure and maternal
serum metabolites. Gestational age was determined by
the measurement of fetal crown—rump length at 11-13
weeks or fetal head circumference at 19-24 weeks!%11,
Written informed consent was obtained from the
women agreeing to participate in this study on adverse
pregnancy outcome, which was approved by the ethics
committee of each participating hospital. This study is
part of a research program on the late third-trimester
prediction of PE and/or SGA. In this study, we present the
results on combined screening with maternal factors and
fetal biometry in the prediction of SGA in the absence of
PE. The pregnancies included in this study all resulted in
live birth or the stillbirth of phenotypically normal babies.

Patient characteristics

Patient characteristics that were recorded included mater-
nal age, racial origin (Caucasian, Afro-Caribbean, South
Asian, East Asian and mixed), method of conception
(spontaneous/assisted conception requiring the use of
ovulation drugs), cigarette smoking during pregnancy
(yes/no), medical history of chronic hypertension (yes/no),
diabetes mellitus (ves/no), systemic lupus erythemato-
sus (SLE) or antiphospholipid syndrome (APS), obstetric
history including parity (parous/nulliparous if no previ-
ous pregnancy = 24 weeks’ gestation), previous pregnancy
with PE (yes/no), previous pregnancy with SGA (yes/no)

Copyright @ 2015 ISUOG. Published by John Wiley & Sons Ltd.

Fadigas et al.

and the time interval (years) between last delivery and
conception of the current pregnancy. Maternal weight
and height were also measured.

QOutcome measures

Data on pregnancy outcomes were collected from the hos-
pital maternity records or the general medical practition-
ers of the women. The primary outcome of the study was
SGA without PE. The newborn was considered to be SGA
if the birth weight was < 5 percentile after correction for
gestational age at delivery (SGA < 5%)12, The definitions
of non-proteinuric gestational hypertension (GH) and PE
were those of the International Society for the Study of
Hypertension in Pregnancy®®. The obstetric records of all
women with pre-existing or pregnancy-associated hyper-
tension were examined to confirm if the condition was
chronic hypertension, PE or GH.

Statistical analysis

The observed measurements of fetal HC, AC, FL and EFW
were expressed as the respective Z-score and percentile,
corrected for gestational age™!?., Mann—Whitney U-test
was used to compare the Z-scores of HC, AC, FL
and EFW between the SGA and unaffected groups.
Regression analysis was used to determine the significance
of association berween HC Z-score, AC Z-score, FL
Z-score and EFW Z-score with the time interval between
assessment and delivery.

The a-priori risk for SGA < 5% were calculated using
multivariable logistic regression analysis with backward
stepwise elimination to determine which of the factors
among maternal characteristics and obstetric history had
a significant contribution in predicting SGA < 5,

Multivariable logistic regression analysis was used to
determine if the maternal factor-derived logit (a-priori
risk), HC Z-score, AC Z-score, FL Z-score or EFW
Z-score had significant contribution in predicting
SGA < 5%, The performance of screening was determined
by receiver—operating characteristics (ROC) curves.
Similarly, the algorithm was used to determine the perfor-
mance of screening for SGA defined by birth weight < 10t
percentile (SGA < 10%) and birth weight < 3™ percentile
(SGA < 37d).

The statistical software package SPSS 22.0 (SPSS Inc.,
Chicago, IL, USA) and Medcalc (Medcalc Software,

Mariakerke, Belgium) were used for all data analyses.

RESULTS

The study population comprised of 5515 pregnancies,
including 278 (5.0%) that delivered SGA < 5% neonates in
the absence of PE and 5237 (95.0% ) cases that were unaf-
fected by these outcomes. The characteristics of the study
population are given in Table 1. In the SGA group, com-
pared with the normal group, there was a lower median
maternal weight and height, a higher prevalence of South
Asian racial origin, nulliparous women, parous women
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Table 1 Characteristics of the study population of pregnant women with normal outcomes and those with small-for-gestational-age (SGA)

nconates without pre-eclampsia (PE)

Characteristic

Normal (n=5237)

Maternal age (years) 31.2 (26.5-35.0)

Maternal weight (kg) 79.0 (70.9-89.9)
Maternal height (cm) 164 (160-168)
GA at screening (weeks) 36.1 (36.0-36.4)
Racial origin
Caucasian 3720 (71.0)
Afro-Caribbean 1034 (19.7)
South Asian 199 (3.8)
East Asian 109 (2.1)
Mixed 175 (3.3)
Obstctric history
Nulliparous 2537 (48.4)
Parous with no prior PE or SGA 2481 (47.4)
Parous with prior PE, no SGA 82 (1.6)
Parous with prior SGA, no PE 127 (2.4)
Parous with prior SGA and PE 10 (0.2)
Interpregnancy interval (years) 3.1(2.1-5.1)
Cigarette smoker 503 (9.6)
Mode of conception
Spontancous 5110 (97.6)
Ovulation drugs 23 (0.4)
In-vitro fertilization 104 (2.0)
Chronic hypertension 72 (1.4)
Pre-existing diabetes mellitus 65 (1.2)
Type 1 31 (0.6)
Type 2 34 (0.6)
SLE or APS 13 (0.2)
GA at delivery (weeks) 40.0 (39.0-40.9)
Birth weight (g) 3430 (3140-3745)

Birth-weight percentile 50.3 (26.6-T5.6)

SGA without PE (n=278) P
30.1 (24.8-35.3) 0.067
73.2 (64.2-83.5) <0.0001

162 (157-165) =0.0001
36.3 (36.0-36.4) 0.916
161 (57.9) =0.0001
64 (23.0) 0.190
34 (12.2) <0.0001
6(2.2) 0.830
13 (4.7) 0.233
172 (61.9) 0.001
73 (26.3) <0.0001
5(1.8) 0.459
27 (9.7) 0.002
1(0.4) = 0.999
2.9 (2.1-5.5) 0.965
62(22.3) =0.0001
266 (95.7) 0.072
2(0.7) 0.362
10 (3.6) 0.079
2(0.7) 0.588
3(1.1) = 0.999
2(0.7) = 0.999
1(0.4) = 0.999
0(0.0) = 0.999
39.4 (38.4-40.4) <0.0001
2550 (2347-2721) <0.0001
2.7(1.2-3.7) =0.0001

Data arc given as median (interquartile range) or o {%). APS, antiphospholipid syndrome; GA, gestational age; SLE, systcmic lupus

erythematosus.

with a history of SGA and cigarette smokers, and a lower
prevalence of Caucasian racial origin and parous women
with no history of SGA and PE. The median gestational
age at delivery and neonatal birth weight were significantly
lower in the SGA group than in the normal group.

There were significant (P < 0.0001) intercorrelations
between Z-score values of HC, AC and FL in both the
SGA and normal outcome groups with r-values ranging

from 0.146 to 0.381.

Normal pregnancy outcome

There was a significant linear association between
HC Z-score and the assessment-to-delivery inter-
val (—0.298 4 (0.040 x delivery interval); r=0.087;
P<0.0001) and between EFW Z-score and the
assessment-to-delivery interval (0.281 +(0.025 x delivery
interval); r=0.047; P=0.001), and there was a
significant  polynomial association between AC
Z-score and the assessment-to-delivery interval
(—0.146 + (0.077 x delivery interval) — (0.010 x delivery
interval?); r=0.040; P=0.015) and berween FL
Z-score and the assessment-to-delivery interval
(—0.215 4+ (0.194 x delivery interval) — {0.053 x delivery
interval?) 4+ (0.005 x delivery  interval®);  r=0.043;
P=10.022).

Copyright @ 2015 ISUOQG. Publishcd by John Wiley & Sons Lid.

Small-for-gestational age

In the SGA <5™ group, the median Z-score values
of HC, AC, FL and EFW at 35-37 weeks were
significantly lower (P <0.0001) than those of the
normal group. There was a significant linear association
between HC Z-score and the assessment-to-delivery
interval (—1.147 4-{0.098 x delivery interval); r=0.249;
P < 0.0001; FigureSla); AC Z-score and assessment-to-
delivery interval (—1.684 +(0.214 x delivery interval);
r=0.481; P<0.0001; FigureS1b); FL Z-score and
assessment-to-delivery  interval (—1.2634+(0.190 x
delivery interval); r=0.314; P <0.0001; FigureSlc);
and EFW Z-score and assessment-to-delivery inter-
val (—1.5724-(0.234 x delivery interval); r=0.505;
P < 0.0001; Figure S1d).

The a-priori risk for SGA < 5% is calculated from the
following formula: odds/(1 + odds), where odds =¥ and
Y is derived from multivariable logistic regression ana-
lysis. Regression coefficients and adjusted odds ratios of
each of the maternal factors in the prediction algorithms
are presented in Table2 (R2=0.106, P <0.0001). The
likelihood of SGA < 5t decreased with maternal weight
and height, and in parous women the risk increased with
interpregnancy interval. The risk was higher in women
of Afro-Caribbean and South Asian racial origin, in

Ultrasound Obstet Gynecol 2015; 45: 559-565.
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Table 2 Fitted regression model with maternal characteristics and history for the prediction of small-for-gestational age (SGA) with birth

weight = 5 percentile in the absence of pre-cclampsia (PE)

Independent variable Coefficient SE OR (95% CI) P
Intercept —0.89206 0.39700
Weight (—75)% —0.02012 0.01094 0.980 (0.970-0.990) = 0.0001
Height (—165)1 —0.03839 0.01094 0.962 (0.942-0.983) 0.0004
Racial origin
Caucasian, Fast Asian, mixed (reference) 0 1
Afro-Caribbcan 0.56782 0.15750 1.764 (1.296—2.403) 0.0003
South Asian 1.08597 0.21540 2.962 (1.942-4.518) = 0.0001
Cigarcttc smoker 1.08264 0.16094 2,952 (2.154-4.047) = 0.0001
Obstetric history
Nulliparous 1.06018 0.16341 2.B87 (2.096-3.977) = 0.0001
Parous
No previous SGA £ PE (reference) —3.23409 0.17404 0.021
Interpregnancy interval in years 0.06583 0.02655 1.081 (1.026-1.139) 0.003
Previous SGA £ PE 1.59429 0.23809 6.639 (4.163-10.587) = 0.0001

*Subtracted from maternal weight in kg. $Subtracted from matcrnal height in cm. OR, odds ratio; SE, standard crror.

cigarette smokers, nulliparous women and in those with
a prior SGA pregnancy, with or without prior PE. The
risk was lower in parous women with no history of SGA,
with or without prior PE. The likelihood of SGA < 5t
was not altered significantly by maternal age (P=10.911),
method of conception (P =0.083), chronic hypertension
(P=0.502), diabetes mellitus {P=0.645) and SLE or
APS (P=0.998).

Multivariable logistic regression analyses demonstrated
that, in the prediction of SGA <5%, there were
significant contributions from maternal characteristics
and a combination of HC Z-score, AC Z-score and
FL Z-score or EFW Z-score (R2=0.407, P <0.0001;
Table 51).

The areas under the ROC curves (AUC) and the DRs
at FPRs of 5% and 10% and FPRs for DRs of 100%,
90% and 80% of SGA < 10th, SGA < 5t and SGA < 37,
delivering < 2weeks after assessment and > 37 weeks
gestation, when screening by maternal characteristics
and a combination of HC, AC and FL Z-scores or EFW
Z-score are given in Tables 3, 52 and §3 and Figure 1.

Prediction of SGA delivering < 2 or > 2 weeks
following screening at 35-37 weeks

The DRs, at a FPR of 10%, of combined screen-
ing by maternal characteristics and history with EFW
Z-scores for the prediction of SGA neonates with
birth weight < 10, < 5% and < 3™ percentiles, delivering
= 2weeks following assessment, were 62.6% (95% CI,
58.3-66.7; AUC: 0.875 (95%Cl, 0.866-0.884)),
67.1% (95% CI, 60.6-73.2; AUC: 0.895 (925% CI,
0.886-0.903)) and 74.4% (95% CI, 65.6—81.9; AUC:
0.916 (95% CI, 0.909-0.924)), respectively. The per-
formance of screening was better for the predic-
tion of SGA delivering within 2 weeks of assessment
with respective DRs of 87.8% (95% CI, 79.6-93.5;
AUC: 0.961 (95% CI, 0.955-0.966)), 88.7% (95% CI,
77.0-95.7; AUC: 0.972 (95% Cl, 0.967-0.976)) and
91.7% (95% CI, 77.5-98.2); AUC: 0.983 (95% CI,
0.979-0.986)) (Tables 3 and S2).

Copyright © 2015 ISUOG. Published by John Wiley & Sons Ltd.

Prediction of SGA delivering > 37 weeks with screening
at 35-37 compared to 30-34 weeks

In combined screening by maternal characteristics and
history with EFW Z-scores at 3537 weeks’ gestation,
the DRs, at a FPR of 10%, of SGA neonates
with birth weight <10, < 5% and <3 percentiles
delivering = 37 weeks were 66.0% (95% CI, 62.0-69.7;
AUC: 0.887 (95% CI, 0.879-0.895)), 70.0% (95% CI,
64.0-75.4; AUC: 0.906 (95% CI, 0.898-0.913)) and
77.2% (95% CI, 69.6-83.7; AUC: 0.928 (95% CI,
0.921-0.935)), respectively (Tables3 and S53). Using
data from our recent publication in combined screening
by maternal characteristics and history with EFW
Z-scores at 30-34 weeks®, the respective DRs were
53.0% (95%CI, 51.3-54.8; AUC: 0.833 (95%CI,
0.829-0.837)), 58.3% (95% Cl, 55.7-60.9; AUC: 0.859
(95% CI, 0.855-0.863)) and 60.8% (95% CI, 62.6—85.0;
AUC: 0.875 (95% CI, 0.871-0.879)).

DISCUSSION
Main findings of the study

The findings of this study demonstrate that the risk for
delivering SGA neonates in the absence of PE, increases
with a longer interpregnancy interval, decreases with
maternal weight and height, it is higher in women
of Afro-Caribbean or South Asian racial origin than
in Caucasian women, in cigarette smokers, nulliparous
women and in parous women with a history of SGA.

In women who deliver SGA neonates in the absence
of PE, the fetal HC, AC, FL and EFW at 35-37 weeks’
gestation are reduced. The prediction of SGA provided by
the fetal AC is superior to that of HC or FL, bur inferior
to that of the combination of the three measurements. The
performance of screening by a combination of Z-scores
tor fetal HC, AC and FL is similar to that achieved by the
EFW Z-score.

Combined screening by maternal characteristics and
history with EFW Z-scores at 35-37 weeks predicted

Ultrasound Obstet Gynecol 2015; 45: 559-565.
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Figure 1 Receiver—operating characteristics curves of maternal
characteristics (—), combination of maternal characteristics with
fetal head circumference, abdominal circumference and femur
length Z-score (—) and combination of maternal characteristics
with estimated fetal weight Z-score (—) at 35-37 weeks” gestation
in the prediction of small-for-gestational-age nconates with birth
weight < 108 percentile {a), < 5% percentile (b) and < 3
pereentile (c), delivering <= 2 wecks following asscssment (lcft)

or = 37 weeks’ gestation (right). FPR, false-positive rate.

Copyright @ 2015 ISUOG. Published by John Wiley & Sons Led.
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about 70% of pregnancies that subsequently delivered
SGA < 5™ neonates = 37 weeks, at a FPR of 10%. This
was superior to the DR of 58% achieved by screening at
30-34 weeks®. The performance of screening was better
in the prediction of SGA delivering within 2 weeks of
assessment, with DR of about 90%.

Strengths and limitations of the study

The strengths of this third-trimester screening study for
SGA in the absence of PE are first, examination of a
population of pregnant women attending for routine
assessment of fetal growth and wellbeing and second,
use of Bayes’ theorem to combine the prior risk from
maternal characteristics and medical history with fetal
biometry to estimate patient-specific risks and the
performance of screening for SGA of different severities,
delivering at term.

The main limitation of the study is that the results
of the 35-37 weeks’ scan were made available to the
obstetricians of the patients who would have taken specific
actions of further monitoring of the cases of suspected
SGA. Consequently, the performance of screening would
be positively biased.

Comparison with findings from previous studies

QOur findings, that the prediction of SGA neonates with
birth weight < 5 percentile at 35-37 weeks’ gestation
by sonographic estimation of EFW Z-scores is superior
to that of screening at 30-34 weeks (70% vs 58%), at
a FPR of 10%, are similar to those of a previous study
that reported rates of 75% and 58% with screening at
34-37 and 30-33 weeks, respectively”. In the previous
study’, all cases of SGA were included, whereas in our
study those associated with PE were excluded.

A routine third-trimester scan is by far superior to
the traditional approach of abdominal palpation in
identifying pregnancies at high risk of delivering SGA
neonates. A population-based observational study of
6318 consecutive low-risk singleton pregnancies reported
that abdominal palpation predicted only 21% and 28%
of SGA neonates with birth weight<10® and 2.37
percentiles, respectively, at a FPR of about 5%, One
randomized study compared the effectiveness of serial
measurements of symphysis—fundal height to that of
abdominal palpation in the prediction of SGA neonates
with birth weight < 10t percentile and reported no
significant difference between the two methods (28%
vs 48%, both at a FPR of abour 4%)15,

Implications for clinical practice

In the proposed new pyramid of pregnancy care'®, an

integrated clinical assessment at 11-13 weeks’ gestation,
in which biophysical and biochemical markers are com-
bined with maternal characteristics and medical history,
aims to identify pregnancies at high risk of developing PE
and/or SGA1™1® and, through pharmacological interven-
tion, reduce the prevalence of these complications!*2,

Ultrasound Obstet Gynecol 2015; 45: 559-365.
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The objectives of subsequent visits, at around 22 and
32 or 36 weeks’ gestation, are to identify the high-risk
group and, through close monitoring of such pregnancies,
to minimize adverse perinatal events by determining the
appropriate time and place for iatrogenic delivery. We
found that screening at 32 weeks can identify, at a FPR
of 10%, about 90% of SGA < 5% delivering preterm,
but < 60% of those delivering at term®. Although a
third-trimester scan at 36 weeks, rather than at 32 weeks,
would improve the prediction of SGA <5t deliver-
ing = 37 weeks from 58% to 70%, this would be at the
inevitable expense of missing preterm SGA. Future studies
will investigate the extent to which selection of the timing
of the third-trimester scan can be defined by the findings
of screening at 12 and 22 weeks; women at high risk of
early-onset SGA would be offered a scan at 32 weeks and
those at low risk would be offered a scan at 36 weeks.
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SUPPORTING INFORMATION ON THE INTERNET

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

il Figure S1 Z-scores for fetal head circumference (HC) (a), abdominal circumference (AC) (b), femur length
(FL) (c) and estimated fetal weight (EFW) (d) at 35—37 weeks’ gestation, according to assessment-to-delivery
interval, in pregnancies delivering small-for gestational-age neonates with birth weight < 5™ percentile.
Horizontal solid and dashed lines indicate the 50% and 10 percentiles of the normal range. Red line

Table 51 Fitted regression models with maternal characteristics and history, fetal head circumference Z-score,
abdominal circumference Z-score, femur length Z-score or estimated fetal weight Z-score at 35-37 weeks’
gestation, for the prediction of small for-gestational age with birth weight < 5™ percentile in the absence of

Table $2 Detection rates in screening for small-for-gestational-age neonates with birth weight < 10%, < 5% or
< 3 percentile, delivering within 2 weeks of assessment, in the absence of pre-eclampsia, using maternal
characteristics and history, fetal biometry or estimated fetal weight at 35-37 weeks” gestation.

Table 53 Detection rates in screening for small-for-gestational-age neonates with birth weight < 10%, < 5% or
< 3™ percentile, delivering = 37 weeks’ gestation, in the absence of pre-eclampsia, using maternal
characteristics and history, fetal biometry or estimated fetal weight at 35-37 weeks” gestation.
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Prediction of small-for-gestational-age neonates: screening
by uterine artery Doppler and mean arterial pressure

at 35-37 weeks
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ABSTRACT

Objective To investigate the potential value of uterine
artery (UtA) pulsatility index (PI) and mean arterial
pressure (MAP) at 35-37 weeks’ gestation in the
prediction of delivery of small-for-gestational-age (SGA)
neonates, in the absence of pre-eclampsia (PE).

Methods This was a screening study in singleton
pregnancies at 35-37 weeks, including 245 that delivered
SGA neonates with birth weight < 5% percentile and
4876 cases unaffected by SGA, PE or gestational
hypertension. Multivariable logistic regression analysis
was used to determine if UtA-PI and MAP improved the
prediction of SGA neonates provided by screening with
maternal characteristics and medical history (maternal
factors), and estimated fetal weight (EFW) from fetal
head circumference, abdominal circumference and femur

length.

Results Compared to the normal group, the median
multiple of the median (MoM) values of UtA-PI and
MAP were significantly higher in the SGA < 5% group.
Combined screening by maternal factors, EFW Z-score,
UtA-PI and MAP at 35-37 weeks predicted, at a 10%
false-positive rate, 90%, 86% and 90% of SGA neonates
with birth weight < 10, <5t and <3 percentiles,
respectively, delivering = 2 weeks following assessment;
the respective values for SGA delivering =37 weeks
were 66%, 74% and 80%. Such performance was not
significantly different from screening by maternal factors
and EFW Z-score alone.

Conclusion Addition of UtA-PI and MAP to combined
testing by maternal factors and fetal biometry at 35-37

weeks does not improve the performance of screening for
delivery of SGA neonates. Copyright © 2015 ISUOG.
Published by John Wiley & Sons Litd.

INTRODUCTION

The increased risk of perinatal mortality and morbidity
associated with small-for-gestational-age (SGA) neonates
can be reduced substantially in cases identified prenatally,
as close monitoring and appropriate timing of delivery and
prompt neonatal care can be undertaken!. The traditional
approach of identifying pregnancies with SGA fetuses is
maternal abdominal palpation and serial measurements of
symphysis—fundal height, but the detection rate (DR) of
this approach is less than 30%2-. A higher performance
in screening for SGA is achieved by third-trimester
assessment which includes ultrasound examination for
fetal biometry and the timing of such assessment, at 32
or 36 weeks’ gestation, could be defined by the results of
assessment at 22 weeks*?.

Screening by a combination of maternal characteristics
and medical history with estimated fetal weight (EFW),
uterine artery (UtA) pulsatility index (PI) and mean
arterial pressure (MAP) at 32 weeks™ gestation, predicted
83%, 91% and 93% of SGA neonates delivering
within 5weeks of assessment, at a false-positive rate
(FPR) of 10%, with respective birth weight < 10th, < 5th
and < 3 percentiles, in the absence of pre-eclampsia
(PE)®. However, the respective values for delivery=$
weeks following assessment were only 53%, 58% and
61%.

The objectives of this study, in singleton pregnancies
undergoing routine antenatal assessment at 35—37 weeks’

Correspondence to: Dr L. C. Poon, Harris Birthright Rescarch Centre for Fetal Medicine, Division of Women's Health, King's College
Hospital, Denmark Hill, London SE5 9RS, UK (c-mail: chiu_yec_lcona. poon@kcl.ac.uk)

#L.C.P. and K.H.N. are joint scnior authors.
Accepted: 9 March 2015
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gestation, were first, to investigate the potential value of
UtA-PI and MAP on their own and in combination with
maternal characteristics, medical history and EFW in the
prediction of delivery of SGA neonates in the absence
of PE and second, to develop specific algorithms for the
calculation of patient-specific risks for SGA.

METHODS

The data for this study were derived from prospective
screening for adverse obstetric outcomes in women
attending for their routine hospital visit in the third
trimester of pregnancy at King's College Hospital,
London, and Medway Maritime Hospital, Kent, between
February 2014 and September 2014. This visit, which
is held at 3540 to 37 +6 weeks' gestation, included
the recording of maternal characteristics and medical
history and estimation of fetal weight (EFW)” from
transabdominal ultrasound measurement of fetal head
circumference, abdominal circumference and femur
length® and measurement of UtA-PI, MAP and maternal
serum metabolites. Gestational age was determined
by the measurement of fetal crown-rump length at
11-13 weeks or the fetal head circumference at 19-24
weeks®.

Transabdominal color Doppler ultrasound was used
to visualize the left and right UtA at the apparent
crossover with the external iliac arteries!?. Pulsed-wave
Doppler was then used to obtain waveforms and, when
three similar consecutive waveforms were obtained,
the PI was measured and the mean Pl of the two
vessels was calculated. The scans were carried out
by sonographers who had received the Certificate of
Competence in Doppler of The Fetal Medicine Foundation
(http://www.fetalmedicine.com).

The MAP was measured by validated automated
devices (3BTO-A2, Microlife, Taipei, Taiwan), which
were calibrated before, and at regular intervals during,
the study. Recordings were made by doctors who had
received appropriate training on the use of these machines.
During measurements, women were in the sitting position
with their arms supported at the level of the heart and a
small {22cm), normal (22-32cm) or large (33—42cm)
adult cuff was used, depending on the mid-arm
circumference. After Smin of rest, two recordings of
blood pressure were made in both arms simultaneously.
We calculated the final MAP as the average of all four
measurements! 1,

Written informed consent was obtained from the
women agreeing to participate in a study on adverse
pregnancy outcome, which was approved by the ethics
committee of each participating hospital. This study is
part of a research program on the late third-trimester
prediction of PE and/or SGA. In this publication, we
present the results of combined screening with maternal
tactors and biophysical markers in the prediction of SGA
in the absence of PE. The patients included in the study
were all pregnancies resulting in live birth or stillbirth of
phenotypically normal babies.

Copyright @ 2015 ISUOG. Published by John Wiley & Sons Ltd.
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Patient characteristics

Patient characteristics that were recorded included mater-
nal age, racial origin (Caucasian, Afro-Caribbean, South
Asian, East Asian and mixed), method of conception
(spontaneous/assisted conception requiring the use of
ovulation drugs), cigarette smoking during pregnancy
(yes/no), medical history of chronic hypertension (yes/no),
diabetes mellitus (yes/no), systemic lupus erythematosus
(SLE) or antiphospholipid syndrome (APS), and obstetric
history including parity (parous/nulliparous if no previ-
ous pregnancy > 24 weeks’ gestation), previous pregnancy
with PE (yes/no), previous pregnancy with SGA (yes/no)
and the time interval between the last delivery and concep-
tion of the current pregnancy in years. Maternal weight
and height were also measured.

QOutcome measures

Data on pregnancy outcome were collected from the hos-
pital maternity records or the general medical practition-
ers of the women. The primary outcome of the study was
SGA without PE. The newborn was considered to be SGA
if the birth weight was < 5% percentile after correction for
gestational age at delivery (SGA < 5)12, The definitions
of non-proteinuric gestational hypertension (GH) and PE
were those of the International Society for the Study of
Hypertension in Pregnancy'®. The obstetric records of all
women with pre-existing or pregnancy-associated hyper-
tension were examined to confirm if the condition was
chronic hypertension, PE or GH.

Statistical analysis

The observed measurements of EFW were expressed as
Z-scores, corrected for gestational age'?. The values
of UtA-PI and MAP were logyy transformed to make
their distributions Gaussian. Each measured value in
the outcome groups was expressed as a multiple of
the normal median (MoM) after adjusting for those
characteristics found to provide substantial contribution
to the logyp transformed value'*". Mann—Whimey
U-test was used to compare the median MoM values
of UtA-PI and MAP between the outcome groups.
Regression analysis was used to determine the significance
of association between logijgMoM of UtA-PI and
MAP with the assessment-to-delivery interval and
birth-weight Z-score.

The a-priori risk for SGA < 5™ was determined using
the algorithm derived from the multivariable logistic
regression analysis of maternal characteristics and history,
as described previously'®. Multivariable logistic regres-
sion analysis was then used to determine if the maternal
factor-derived logit (a-priori risk), logijgMoM UtA-PI,
logigMoM MAP and EFW Z-score had a significant con-
tribution in predicting SGA < 5™. The performance of
screening was determined by receiver—operating charac-
teristics (ROC) curves. Similarly, the algorithm was used
to determine the performance of screening for SGA defined

Ultrasound Obstet Gynecol 2015; 45: 715-721.
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Table 1 Characteristics of the study population of women with a singlcton pregnancy with normal outcome or with a small-for-gestational-
age (SGA) neonate, in the absence of pre-cclampsia (PE)

Characteristic Normal (n=4876) SGA without PE (n=245) P
Maternal age (years) 31.2 (26.5-35.0) 30.1 (24.6-35.3) 0.061
Maternal weight (kg) 79.0 (70.8-89.8) 73.5 (63.9-84.1) =0.0001
Maternal height {cm) 164 (160—168) 162 (158-165) =0.0001
GA at screening (weeks) 36.1 (36.0-36.4) 36.3 (36.0-36.4) 0.848
Racial origin
Caucasian 3495 (71.7) 140 (57.1) =0.0001
Afro-Caribbean 941 (19.3) 57 {23.3) 0.137
South Asian 178 (3.7) 30{12.2) =0.0001
East Asian 101 {2.1) 6(2.4) 0.644
Mixed 161(3.3) 12 (4.9) 0.200
Obstetric history
Nulliparous 2352 (48.2) 148 (60.4) 0.0002
Parous with no prior PE and SGA 2318 (47.5) 67 (27.3) = 0.0001
Parous with prior PE no SGA 77 (1.6) 4(1.6) 0.795
Parous with prior SGA no PE 121 (2.5) 25(10.2) = 0.0001
Parous with prior SGA and PE 8(0.2) 1(0.4) 0.357
Interpregnancy interval (years) 3.1 (21-5.1) 2.9(2.1-5.5) 0.965
Cigarette smoker 464 (9.5) 59(24.1) = 0.0001
Mode of conception
Spontancous 4758 (97.6) 235 (95.9) 0.136
Ovulation drugs 20 (0.4) 2 (0.8) 0.284
In-vitro fertilization 98 (2.0) 8(3.3) 0.167
Chronic hypertension 64 (1.3) 2 {0.8) 0.770
Pre-existing diabetes mellitus 57(1.2) 2 (0.8) =0.999
Type 1 27 (0.6) 1(0.4) =10.999
Type 2 30 (0.6) 1(0.4) =10.999
SLE or APS 13 (0.3) 0{0.0) >10.999
GA at delivery (weeks) 40.0 (39.1-40.9) 39.4 (38.6-40.4) = 0.0001
Birth weight (g) 3435 (3140-3745) 2550 (2350-2718) = 0.0001
Birth-weight pereentile 50.6 (26.8-75.6) 2.7(1.2-1.8) < 0.0001

Data arc given as median (interquartile range) or n (%). APS, antiphospholipid syndrome; GA, gestational age; SLE, systemic lupus

crythcmatosus.

by birth weight < 10% percentile (SGA < 10%) and < 3+

percentile (SGA < 3rd),

The statistical software package SPSS 22.0 (SPSS Inc.,
Chicago, IL, USA) and Medcalc (Medcalc Software,
Mariakerke, Belgium) were used for all data analyses.

RESULTS

The characteristics of the study population of 5121
pregnancies, including 245 delivering SGA < 5™ neonates
in the absence of PE, are presented in Table 1.

Normal pregnancy outcome

In the unaffected pregnancies with birth weight = 5t
percentile, the mean £5D, 90" and 95% percentile of
logijoMoM UtA-PI were —0.009+0.113, 0.134 and
0.187, respectively. The mean4SD, 90® and 95t
percentile of logipMoM MAP were 0.002 £0.033, 0.044
and 0.056, respectively (Table 51).

There was no significant association between
logioMoM values of UtA-PI and MAP (r=—0.004,
P=0.893). There was a significant inverse asso-
ciation between logjgMoM  UtA-PI and the
assessment-to-delivery interval (r=—0.096, P =(0.0001)

Copyright ©@ 2015 ISUOG. Published by John Wiley & Sons Lid.

and birth-weight Z-score (r=—0.096, P < 0.0001), and
between logipMoM MAP and assessment-to-delivery
interval (r=—0.080, P < 0.0001), but not birth-weight
Z-score (r=-0.022, P=0.113).

Small-for-gestational age

In the SGA <5 group, compared to the normal
group, the median MoM wvalues of UtA-PI and MAP
at 35-37 weeks were significantly higher (Table 51).
There was no significant association between logipMoM
values of UtA-PI and MAP (r=0.109, P=0.088).
There was a significant inverse association between
logipMoM UtA-PI and assessment-to-delivery interval
(r=—0.232, P <0.0001; FigureS1a) and birth-weight
Z-score (r=—0.157, P=0.011; Figure 51b). There was
no significant association between logjgMoM MAP and
assessment-to-delivery interval (r=—0.100, P=0.107;
FigureS1c) and birth-weight Z-score (r=-0.057,
P =10.354; Figure 51d).

Multivariable logistic regression analysis demonstrated
that, in the predicion of SGA <5, there were
significant contributions from maternal characteristics,
EFW Z-score, UtA-PI and MAP (Table52). Combined

screening by maternal characteristics and history with

Ultrasound Obstet Gynecol 2015; 45: 715-721.
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EFW Z-scores, UtA-PI and MAP detected 66.6%,
74.7% and 80.9% of SGA neonates with birth
weight < 10®, < 5% and < 3™ percentiles, respectively,
at 10% FPR.

The areas under ROC (AUC) curves, detection rates
(DRs) at FPRs of 5% and 10% and FPRs for DRs
of 100%, 90% and 80% of SGA <10%, SGA < 5™
and SGA = 37 delivering < 2 weeks following assessment
and = 37 weeks’ gestation when screening by maternal
characteristics, EFW Z-score, UtA-PI, MAP and their
combination are given in Tables 2, 53 and 54 and Figure 1.

The DRs, at FPR of 10%, of combined screen-
ing by maternal characteristics and history with EFW
Z-scores for the prediction of SGA neonates with birth
weight < 10%, < 5% and < 3" percentiles, delivering <2
weeks following assessment, were 86.4% (95% CI,
79.6-93.5%; AUC: 0.961 (95%ClI, 0.955-0.967)),
86.4% (95% CI, 72.6-94.8%; AUC: 0.969 (95% CI,
0.964-0.974)) and 90.0% (95% CI, 73.5-97.9%; AUC:
0.982 {95% CI, 0.978-0.985)), respectively. The respec-
tive values for SGA delivering =37 weeks, were
66.1% (95% CI, 62.0-70.1%; AUC: 0.887 (95% ClI,
0.878-0.896)), 71.4% (95% CI, 65.1-77.1%; AUC:
0.908 (95% CI, 0.900-0.916)) and 79.2% (95% CI,
71.2-85.8%; AUC: 0.929 (95% CI, 0.922-0.936)).

In combined screening by maternal characteristics and
history with EFW Z-scores, UtA-PI and MAP at 35-37
weeks’ gestation, the DRs, at FPR of 10%, of SGA
neonates with birth weight < 10%, < 5% and < 3% per-
centiles, delivering < 2 weeks following assessment were
90.1% (95% CI, 81.5-95.6%; AUC: 0.963 (95% ClI,
0.957-0.968)), 86.4% (95%CI, 72.6-94.8%; AUC:
0.972 (95%CI, 0.967-0.976)) and 90.0% (95% CI,
73.5-97.9%; AUC: 0.985 (95%Cl, 0.981-0.938)),
respectively. The respective values for SGA deliver-
ing>37 weeks were 66.1% (95% CI, 62.0-70.1%;
AUC: 0.888 (95% CI, 0.879-0.897)), 73.9% (95% CI,
67.8-79.4%; AUC: 0.910 (95% CI, 0.902-0.917)) and
80.0% (95% CI, 72.1-86.5%; AUC: 0.929 (95% ClI,
0.921-0.936)).

DISCUSSION
Main findings of the study

The findings of the study demonstrate that, in women who
deliver SGA neonates in the absence of PE, UtA-PI and
MAP at 35-37 weeks’ gestation are increased and EFW
is reduced, compared to women with a normal pregnancy
outcome. The deviation from normal for UtA-PI is
inversely related to the severity of the disease, reflected
in the gestational age at delivery and the birth-weight
Z-score.

Combined screening by maternal factors, EFW Z-score,
UtA-PI and MAP at 35-37 weeks, predicted 90%, 86%
and 90% of SGA neonates with birth weight < 10%, < 5
and < 3 percentiles, at FPR of 10%, delivering < 2 weeks
following assessment and the respective values for SGA

delivering = 37 weeks were 66%, 74% and 80%. The

Copyright @ 2015 ISUOG. Published by John Wiley 8 Sons Ltd.
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addition of UtA-PI and MAP at 35-37 weeks does not
improve the performance of screening for delivery of SGA
neonates achieved by combined testing using maternal
factors and fetal biometry alone.

Strengths and limitations of the study

The strengths of this third-trimester screening study for
SGA in the absence of PE are, first, examination of a
population of pregnant women attending for routine
assessment of fetal growth and wellbeing at 3537 weeks’
gestation and, second, use of Bayes” theorem to combine
the prior risk from maternal characteristics and medical
history with fetal biometry, UtA-PI and MAP to estimate
patient-specific risks and the performance of screening for
SGA of different severities delivering at selected intervals
from the time of assessment.

The main limitation of the study is that the results
of fetal biometry at the 35-37-week scan were made
available to the obstetricians of the patients who would
have taken specific actions of further monitoring of
the cases of suspected SGA and, consequently, the
performance of screening, particularly those delivering
within 2weeks of assessment, would be positively

biased.

Comparison with findings from previous studies

Previous studies examining pregnancies with SGA fetuses
in the third trimester reported that the outcome was
worse in cases with Doppler evidence of increased, rather
than normal, impedance to flow in the UtAs'™>18. A
screening study involving 1848 singleton pregnancies at
30-32 weeks’ gestation reported that UtA-PI improved
the prediction of SGA neonates provided by fetal
biometry alone, with reduction in FPR from 27% to
16%, with the same DR of about 71%'. In our
screening study of 30849 singleton pregnancies at
30-34 weeks’ gestation, combined screening by maternal
factors, fetal biometry, UtA-PI and MAP predicted
91% and 60% of SGA <5™ neonates delivering <5
and =5 weeks following assessment, respectively, at

FPR of 10%5.

Implications for clinical practice

In the proposed new pyramid of pregnancy care’®, an
integrated clinical assessment at 11-13 weeks’ gestation,
in which biophysical and biochemical markers are com-
bined with maternal characteristics and medical history,
aims to identify pregnancies at high risk of developing PE
and/or SGA2122 and, through pharmacological interven-
tion, reduce the prevalence of these complications224,
The objective of subsequent visits, at around 22 and
32 or 36 weeks’ gestation, are to identify the high-risk
group and, through close monitoring of such pregnancies,
minimize adverse perinatal events by determining the
appropriate time and place for iatrogenic delivery. We
have proposed recently that all women should be offered

Ultrasound Obstet Gynecol 2015; 45: 715-721.
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Figure 1 Receiver—operating characteristics curves of maternal factors (——) and maternal factors with uterine artery pulsatility index
(——), mean arterial pressure (——), estimated fetal weight Z-score (—) and their combination (——), at 35-37 wecks' gestation, in the

prediction of small-for-gestational-age neonates with birth weight < 109 ja), < 5% {b) or < 3™ (c) percentile, delivering = 2 weeks following

assessment (top) or > 37 weeks' gestation (bottom).

a third-trimester scan for assessment of fetal growth and
wellbeing and that the timing of such a scan, at 32 or
36 weeks, should be contingent on the results of the
assessment made at around 22 weeks*®. On the basis of
the results from this study, screening for SGA at 36 weeks
does not benefit from measurement of UtA-PI and MAP.
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SUPPORTING INFORMATION ON THE INTERNET

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

(il Figure 51 Logyp uterine artery pulsatility index (UtA-PI) (a,b) and logip mean arterial pressure (MAP) (c,d)
multiples of median according to assessment-to-delivery interval (a,c) and birth-weight Z-score (b,d) in
preLEnancies delivering small-for-gestational-age neonates with birth weight < 5™ percentile, plotted on the
50 (solid line), 90* and 95™ (dashed line) percentile of the appropriate normal range.

Table §1 Uterine artery pulsatility index (UtA-PI) and mean arterial pressure (MAP) at 35-37 weeks’
gestation in pregnancies that delivered small-for-gestational-age (SGA) neonates with birth weight < 5t
percentile, in the absence of pre-eclampsia, and in unaffected pregnancies

Table 52 Fitted regression models with maternal characteristics and history, estimated fetal weight (EFW)
Z-score, uterine artery pulsatility index (UtA-PI) and mean arterial pressure (MAP) at 35-37 weeks” gestation
for the prediction of small-for-gestational-age neonates with birth weight < 5" percentile, in the absence of

pre-eclampsia

Table §3 Performance of screening for small-for-gestational-age (SGA) neonates with birth weight < 10%h,
< 5% and < 3 percentile, delivering within 2 weeks of assessment, in the absence of pre-eclampsia, using
maternal factors, estimated fetal weight (EFW), uterine artery pulsatility index (UtA-PI) and mean arterial

pressure (MAP) at 35-37 weeks’ gestation

Table §4 Performance of screening for small-for-gestational-age (SGA) neonates with birth weight < 10,
< 5% and < 39 percentile, delivering > 37 weeks, in the absence of pre-eclampsia, using maternal factors,
estimated fetal weight (EFW), uterine artery pulsatility index (UtA-PI) and mean arterial pressure (MAP) at

35-37 weeks’ gestation
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ABSTRACT

Objective To investigate the potential value of maternal
serum placental growth factor (PIGF) and soluble fms-like
tyrosine kinase-1 (sFlt-1) at 35-37 weeks’ gestation in the
prediction of delivery of small-for-gestational-age (SGA)
neonates, in the absence of pre-eclampsia (PE).

Methods This was a screening study in singleton
pregnancies at 35-37 weeks, including 158 that delivered
SGA neonates with birth weight < 5% percentile and 3701
cases unaffected by SGA, PE or gestational hypertension.
Multivariable logistic regression amalysis was used to
determine if measuring serum levels of PIGF and sFit-1
improved the prediction of delivery of SGA neonates
provided by screening with maternal characteristics and
medical history {maternal factors), and estimated fetal
weight (EFW) from fetal head circumference, abdominal
circumference and femur length.

Results Compared to the normal group, the median PIGF
multiples of the median (MoM) was significantly lower
and the median sFlt-1 MoM was significantly higher in the
SGA group. Combined screening by maternal factors and
EFW at 35-37 weeks predicted, at 10% false-positive rate
(FPR), 90%, 92% and 94% of SGA neonates with birth
weight < 10%, < 5% and <3 percentiles, respectively,
delivering < 2 weeks following assessment; the respective
values for SGA delivering = 37 weeks were 66%, 73%
and 80%. When PIGF and sFit-1 were added to a model
that combines maternal factors and EFW, sFlt-1 did not
remain as a significant independent predictor of SGA
< 5t Combined screening by maternal factors, EFW and
serum PIGF, predicted, at a 10% FPR, 88%, 96% and
94% of SGA neonates with birth weight < 10, < 5%
and <3 percentiles, respectively, delivering <2 weeks

following assessment and the respective values for SGA
delivering = 37 weeks were 64%, 75% and 80%.

Conclusion sFlt-1 does not provide significant indepen-
dent prediction of SGA, in the absence of PE, in addition
to combined testing by maternal factors and fetal biom-
etry at 35-37 weeks; whilst the addition of PIGF alone
marginally improves the performance of screening. Copy-
right © 2015 ISUOG. Published by John Wiley & Sons
Lid.

INTRODUCTION

The increased risk of perinatal mortality and morbidity
associated with small-for-gestational-age (SGA) neonates
can be reduced substantially in cases identified prenatally,
as close monitoring and appropriate timing of delivery and
prompt neonatal care can be undertaken’. The traditional
approach of identifying pregnancies with SGA fetuses is
maternal abdominal palpation and serial measurements
of symphysis—fundal height, but the detection rate
(DR) of this approach is less than 30%%°. A higher
performance in screening for SGA is achieved by a
combination of maternal characteristics and medical
history (maternal factors) with estimated fetal weight
(EFW) from ultrasonographic measurements of fetal head
circumference (HC), abdominal circumference (AC) and
femur length (FL). We have reported recently that such
combined screening at 35-37 weeks predicted, at a
10% false-positive rate (FPR), 66%, 70% and 77% of
SGA neonates with respective birth weight < 10th, < 5th
and < 34 percentiles delivering = 37 weeks, in the absence
of pre-eclampsia (PE)*. The performance of screening was
better for prediction of SGA delivering within 2 weeks of
assessment, with respective DRs of 88%, 89% and 92%*.
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Hospital, Denmark Hill, London SE5 SRS, UK (e-mail: chiu_yee_liona.poon@kcl.ac.uk)

#L.C.P. and K.H.M. arc joint scnior authors.
Accepted: 25 March 2015

Copyright © 2015 ISUOG. Published by John Wiley & Sons Ltd.

ORIGINAL PAPER

130




192

Placental growth factor (PIGF) is a member of
the vascular endothelial growth factor family and is
implicated in angiogenesis and trophoblastic invasion of
the maternal spiral arteries’ . Soluble fms-like tyrosine
kinase-1 (sFlt-1) is a circulating antiangiogenic protein
implicated in the pathogenesis of PE; the concentration
of sFl-1 is increased in the placenta and serum
of women with PE and administration of exogenous
sFle-1 to pregnant rats induces hypertension, proteinuria
and glomerular endotheliosis®. Several studies, mainly
case—control, reported that, in pregnancies delivering
SGA neonates, maternal serum PIGF is decreased and
sFle-1 is increased, both in the second and third trimesters
of pregnancy” 1

The objective of this study, in singleton pregnancies
undergoing routine antenatal assessment at 3537 weeks’
gestation, was to investigate the potential value of
measuring serum PIGF and sFlt-1 in improving the
prediction of delivery of SGA neonates, in the absence
of PE, achieved by the combination of maternal factors

and EFW.

METHODS

The data for this study were derived from prospective
screening for adverse obstetric outcomes in women
attending for their routine hospital visit in the third
trimester of pregnancy at King’s College Hospital,
London, and Medway Maritime Hospital, Kent, between
February 2014 and December 2014. This visit, which
is held at 3540 to 37+ 6 weeks’ gestation, included
the recording of maternal characteristics and medical
history and EFW' from transabdominal ultrasound
measurement of fetal HC, AC and FL'* and measurement
of uterine artery pulsatility index, mean arterial pressure
and maternal serum metabolites. Gestational age was
determined by the measurement of fetal crown—rump
length at 11-13 weeks or the fetal HC at 19-24
weeks!6:17,

Written informed consent was obtained from the
women agreeing to participate in a study on adverse
pregnancy outcome, which was approved by the ethics
committee of each participating hospital. This study is
part of a research program on the late third-trimester
prediction of PE and/or SGA. In this publication, we
present the results on combined screening with maternal
factors and biochemical markers in the prediction of SGA
in the absence of PE. The pregnancies included in the study
all resulted in live birth or stillbirth of phenotypically
normal babies.

Sample analyses

Serum levels of PIGF and sFlt-1 were measured in
parallel, using an automated Electro ChemiLuminescence
immunoassay system (Cobas e411, Roche Diagnostics,
Penzberg, Germany). The interassay coefficients of
variation for the low and high concentrations were 5.4%

and 3.0% for PIGF, and 3.0% and 3.2% for sFlt-1,

Copyright @ 2015 ISUOG. Published by John Wiley & Sons Led.
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respectively. The cobas e411 analyzer assay covers a
measurement range from 3 to 10000 pg/mL for PIGF
and from 10 to 85000 pg/mL for sFlt-1.

Patient characteristics

Patient characteristics that were recorded included mater-
nal age, racial origin (Caucasian, Afro-Caribbean, South
Asian, East Asian and mixed), method of conception
(spontaneous/assisted conception requiring the use of
ovulation drugs), cigarette smoking during pregnancy
(yes/no), medical history of chronic hypertension (yes/no),
diabetes mellitus (yes/no), systemic lupus erythematosus
(SLE) or antiphospholipid syndrome {APS), and obstetric
history including parity (parous/nulliparous if no previous
pregnancies = 24 weeks’ gestation), previous pregnancy
with PE (yes/no), previous pregnancy with SGA (yes/no)
and the time interval between the last delivery and con-
ception of the current pregnancy in years. The maternal
weight and height were also measured.

QOutcome measures

Data on pregnancy outcome were collected from the hos-
pital maternity records or the general medical practition-
ers of the women. The primary outcome of the study was
SGA without PE. The newborn was considered to be SGA
if the birth weight was < 5 percentile after correcting for
gestational age at delivery (SGA < 5518, The definitions
of non-proteinuric gestational hypertension (GH) and PE
were those of the International Society for the Study of
Hypertension in Pregnancy!”. The obstetric records of all
women with pre-existing or pregnancy-associated hyper-
tension were examined to confirm if the condition was
chronic hypertension, PE or GH.

Statistical analysis

The observed measurements of EFW were expressed as
Z-scores, corrected for gestational age!®. The values
of PIGF and sFlt-1 were log); transformed to make
their distributions Gaussian. Fach measured value in the
outcome groups was expressed as a multiple of the normal
median (MoM) after adjustment for those characteristics
found to provide a substantial contribution to the logg
transformed value?®2!, Mann—Whitney U-test was used
to compare the median MoM values of PIGF and sFlt-1
between the outcome groups. Regression analysis was
used to determine the significance of association berween
logigMoM of PIGF and sFlt-1 with assessment-to-delivery
interval and birth-weight Z-score.

The a-priori risk for SGA < 5% was determined using
the algorithm derived from the multivariable logistic
regression analysis of maternal characteristics and his-
tory, as described previously*. Multivariable logistic
regression analysis was then used to determine if the
maternal factor-derived logit (a-priori risk), EFW Z-score,
logigMoM PIGF and logjsMoM sFlt-1 had a significant
contribution in predicting SGA < 5. The performance
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Table 1 Characteristics of the study population of women with a singleton pregnancy with normal outcome or with a
small-for-gestational-age (SGA) neonate, in the absence of pre-cclampsia (PE)
Characteristic Normal (n=3701) SGA without PE (n=158) P
Maternal age (years) 31.6(26.9-35.2) 29.9(24.2-35.3) 0.012
Maternal weight (kg) T78.8 (70.9-89.4) 7.7 (63.2-81.7) < 0.0001
Maternal height (cm) 164 (160—168) 161 [158-165) = 0.0001
GA at cxamination (weeks) 36.1 (36.0-36.4) 36.3 (36.0-36.4) 0.594
Racial origin
Caucasian 2762 (74.6) 95 (60.1) = 0.0001
Afro-Caribbean 615 (16.6) 38 (24.1) 0.022
South Asian 132 (3.6) 16 (10.1) 0.0003
East Asian 82(2.2) 3(1.9) -~ 0.999
Mixed 110 (3.0) 6 (3.8) 0.476
Obstctric history
Nulliparous 1789 (48.3) 94 (59.5) 0.007
Parous with no prior PE and SGA 1761 (47.6) 43(27.2) = 0.0001
Parous with prior PE, no SGA 59 (1.6) 0(0.0) 0.175
Parous with prior SGA, no PE 86 (2.3) 200(12.7) = 0.0001
Parous with prior SGA and PE 6100.2) 1(0.6) 0.254
Interpregnancy interval (years) 3.1 (2.1-5.0) 39(21-8.2) 0.026
Cigarette smoker 325 (8.8) 37(23.4) = 0.0001
Mode of conception
Spontaneous 3599 (97.2) 151 (95.6) 0.214
Ovulation drugs 15 (0.4) 1{0.6) 0.488
In-vitro fertilization 87 (2.4) 6 (3.8) 0.279
Chronic hypertension 49 (1.3) 1{0.6) 0.722
Pre-existing diabetes mellitus 43 (1.1) 1{0.6) = 0.999
Type 1 20(0.5) 1{0.6) 0.585
Type 2 23 (0.8) 0 (0.00 = 0.999
SLE or APS 11(0.3) 0(0.0) = 0.999
GA at delivery (weeks) 40.0 (39.1-40.9) 39.6 (36.4-38.8) 0.002
Birth weight (g) 3450 (3160-3760) 2587 (2350-2755) < 0.0001
Birth-weight percentile 516 (27.4-Te.2) 2.8(1.2-3.7) = 0.0001

Data arc given as median (interquartile range) or 1 (%). APS, antiphospholipid syndrome; GA, gestational age; SLE, systemic lupus

crythematosus.

of screening was determined by receiver—operating char-
acteristics (ROC) curves. Similarly, the algorithm was
used to determine the performance of screening for SGA
defined by birth weight < 10™ percentile (SGA <10
and < 3™ percentile (SGA < 3™) delivering < 2 weeks fol-
lowing assessment and delivering = 37 weeks’ gestation.
The statistical software package SPSS 22.0 (SPSS Inc.,
Chicago, IL, USA) and Medcalc (Medcalc Software,
Mariakerke, Belgium) were used for all data analyses.

RESULTS

The characteristics of the study population of 3859
pregnancies, including 158 (4.1%) delivering SGA < 5t
neonates in the absence of PE, are presented in Table 1.

Normal pregnancy outcome

In the unaffected pregnancies with birth weight = 5t
percentile, the mean £5D and 5% and 10t percentiles
of logjgMoM PIGF were —0.019 £0.343, —0.588 and
—0.470, respectively. The mean 4 SD and 90 and 95t
percentiles of logigMoM sFlt-1 were —0.081+0.210,
0.199 and 0.2835, respectively.

Copyright © 2015 ISUOG. Published by John Wiley & Sons Lid.

There was a significant inverse association between
logipMoM  values of PIGF and sFlt-1 (r=—0.400,
P = 0.0001). There was a significant positive association
between logigMoM PIGF with assessment-to-delivery
interval (r=0.152, P<=0.0001) and birth-weight
Z-score (r=0.179, P <0.0001). There was a signif-
icant inverse association between logigMoM sFlt-1

with  assessment-to-delivery  interval (r=—0.168,
P =0.0001) and birth-weight Z-score (r=-0.042,
P=0.011).

Small-for-gestational age

In the SGA < 5% group, compared to the normal group,
the median MoM value of PIGF at 35-37 weeks
was significantly lower and the median MoM value
of sFlt-1 was significantly higher (Table $1). There
was a significant inverse association between logjoMoM
values of PIGF and sFlt-1 (r=-0.375, P<0.0001).
There was a significant positive association between
logipMoM PIGF with assessment-to-delivery interval
(r=0.300, P=0.0001; Figure S1a) and birth-weight
Z-score (r=0.208, P=0.009). There was a significant
inverse association between logjgMoM sFlt-1 with
assessment-to-delivery interval (r=—0.260, P=0.001;
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Figure 51b) but not birth-weight Z-score (r=—0.085,
P=0.287).

Multivariable logistic regression analysis demonstrated
that, in the prediction of SGA < 5%, there were significant
contributions from maternal characteristics and history,
EFW Z-score and PIGF or sFlt-1 (Table 52). When PIGF
and sFlt-1 were added to screening by maternal factors
and a model that combines maternal factors and EFW
Z-score, sFlt-1 (P=0.509; P =0.921) did not remain as a
significant independent predictor of SGA < 5. Combined
screening by maternal factors with EFW Z-scores and
PIGF detected 64.1%, 75.3% and 80.2% of SGA neonates
with birth weight <10®, <5® and <3 percentiles,
respectively, at a 10% FPR.

The areas under the ROC (AUC), the detection
rates (DRs) at FPRs of 5% and 10% and FPRs
for DRs of 100%, 90% and 80% of SGA <10,
< 5t and < 3 delivering < 2 weeks following assessment
and = 37 weeks’ gestation when screening by maternal
characteristics, EFW Z-score, PIGF and sFlt-1 are given
in Tables 2 and S3 and Figures 1 and 52.

The DRs, at a FPR of 10%, of combined screening
by maternal factors with EFW for the prediction of
SGA neonates with birth weight < 10, < 5% and < 3%
percentiles, delivering < 2weeks following assessment,
were 89.8% (95% CI, 77.8-96.6; AUC: 0.965 (95% CI,
0.958-0.971)), 92.0% (95% CI, 74.0-99.0; AUC: 0.977
{95% CI, 0.972-0.982)) and 94.4% (95% CI, 72.7-99.9;
AUC: 0.990 (95% CI, 0.987-0.993)), respectively. The
respective values for SGA delivering = 37 weeks, were
66.0% (95%ClI, 60.9-70.7; AUC: 0.888 (95%CI,
0.878-0.898)), 72.7% (95% CI, 65.0-79.6; AUC: 0.918
(95% CI, 0.909-0.926)) and 79.8% (95% CI, 69.6—87.7;
AUC: 0.942 (95% CI, 0.934-0.949)).

In combined screening by maternal factors, EFW and
serum PIGF at 35-37 weeks’ gestation, the DRs, at a
FPR of 10%, of SGA neonates with birth weight < 10th,
<5™ and <3 percentiles delivering < 2 weeks fol-
lowing assessment were 87.8% (95% Cl, 75.2-95.4;
AUC: 0.969 (95% CI, 0.963-0.974)), 96.0% (95% CI,
79.6-99.9; AUC: 0.987 (95% CI, 0.983-0.991)) and
94.4% (95% Cl, 71.7-99.9; AUC: 0.991 (95% Cl,
0.988-0.994)). The respective values for SGA deliv-
ering = 37 weeks, were 64.1% (95% CI, 59.0-68.9;
AUC: 0.893 (95% CI, 0.883-0.903)), 74.7% (95% CI,
67.0-81.0; AUC: 0.922 (95% CI, 0.913-0.930)) and
79.8% (95%Cl, 69.6-87.7; AUC: 0.943 (95%Cl,
0.935-0.950)).

DISCUSSION
Main findings of the study

The findings of this study demonstrate that, in pregnancies
that deliver SGA neonates in the absence of PE, maternal
serum PIGF is reduced and sFle-1 is increased at 35-37
weeks’ gestation. The alterations in serum biochemistry
are more pronounced in those with severe disease reflected

Copyright @ 2015 ISUOG. Published by John Wiley & Sons Led.
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as a lower birth weight (3° vs 10 percentile) and delivery
within 2 weeks of assessment.

Combined screening by maternal factors and EFW
at 35-37 weeks predicted, at a 10% FPR, 90%, 92%
and 94% of SGA neonates with birth weight < 10th,
< 5% and = 3 percentiles delivering < 2 weeks follow-
ing assessment; the respective values for SGA deliver-
ing = 37 weeks were 6%, 73% and 80%. Combined
screening by maternal factors, EFW and serum PIGF
predicted, at a 10% FPR, 88%, 96% and 94% of
SGA neonates with birth weight < 10th, < 5t and < 3¢
percentiles delivering < 2 weeks of assessment and the
respective values for SGA delivering = 37 weeks were
64%, 75% and 80%. Consequently, addition of serum
PIGF at 35-37 weeks only marginally improves the per-
formance of screening for delivery of SGA neonates, in
the absence of PE, achieved by combined testing using
maternal factors and fetal biometry alone.

Strengths and limitations of the study

The strengths of this third-trimester screening study for
SGA in the absence of PE are, first, examination of a
population of pregnant women attending for routine
assessment of fetal growth and wellbeing at 35-37
weeks’ gestation and, second, use of Bayes’ theorem to
combine the prior risk from maternal characteristics and
medical history with fetal biometry and maternal serum
biochemistry to estimate patient-specific risks and the
performance of screening for SGA of different severities
delivering at selected intervals from the time of assessment.

The main limitation of the study is that the results
of fetal biometry at the 35-37 weeks’ scan were made
available to the obstetricians of the patients who would
have taken specific actions of further monitoring of cases
of suspected SGA and, consequently, the performance of
screening, particularly those delivering within 2 weeks of
assessment, would be positively biased.

Comparison with findings from previous studies

Most previous reports on maternal serum PIGF and
sFlt-1 in pregnancies with SGA fetuses/neonates were
based on case—control studies involving a small number
of affected pregnancies® !, Such studies compared the
median serum concentration of the angiogenic and
antiangiogenic factors or their ratio in affected and
unaffected pregnancies, or the percentage of cases above
or below certain concentration cut-offs. Qur study
involved screening of all pregnancies attending for a
routine scan at 35-37 weeks and assessed the value
of serum PIGF and sFlt-1 both individually and in
combination with maternal factors and fetal biometry
in screening for SGA delivering at term in the absence
of PE.

The advantage of using Bayes’ theorem to combine
the prior risk from maternal characteristics and medical
history, fetal biometry and biomarkers is that individual
patient risks can be estimated for any predefined severity
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Figure 1 Receiver—operating characteristics curves of maternal factors (- - --), maternal factors with estimated fetal weight (EFW) (oo ),
maternal factors with EFW and placental growth factor (——) at 35-37 wecks’ gestation, in the prediction of small-for-gestational-age
neonates with birth weight < 10® (a), < 5% {b) and < 3™ (c) percentile, delivering = 37 weeks® gestation.

of SGA and any interval from time of testing to delivery.
This is an essential first step for the establishment of
patient management protocols.

Implications for clinical practice

In the proposed new pyramid of pregnancy care??, an

integrated clinical assessment at 11-13 weeks’ gestation,
in which biophysical and biochemical markers are com-
bined with maternal characteristics and medical history,
aims to identify pregnancies at high risk of developing PE
and/or SGAZ32* and, through pharmacological interven-
tion, reduce the prevalence of these complications™2.

The objective of subsequent visits, at around 22 and
32 or 36 weeks' gestation, are to identify the high-risk
group and, through close monitoring of such pregnancies,
minimize adverse perinatal events by determining the
appropriate time and place for iatrogenic delivery. We
have proposed recently that all women should be offered
a third-trimester scan for assessment of fetal growth
and wellbeing and that the timing of this scan, at 32
and/or 36 weeks, should be contingent on the results
of assessment at around 22 weeks?2, On the basis
of results from this study, if screening for SGA at
36 weeks includes a combination of maternal factors,
fetal biometry and serum PIGF, potentially 80%, 90%
and 100% of cases of SGA < 5t delivering = 37 weeks
could be detected at respective FPRs of 14%, 21% and
75%. The subsequent management of the screen-positive
group, with the objective of reducing perinatal death and
disability, remains to be determined.

ACKNOWLEDGMENTS

This study was supported by a grant from The Fetal
Medicine Foundation (Charity No: 1037116) and by

the Furopean Union 7th Framework Programme -

Copyright @ 2015 ISUOG. Published by John Wiley & Sons Lid.

FP7-HEALTH-2013-INNOVATION-2 (ASPRE Project #
601852). The machine and reagents for the assays were
provided by Roche Diagnostics Limited.

REFERENCES

1. Lindgvist PG, Molin J. Does antenatal identification of small-for-gestational age
fetuses significantly improve their outcome? Ultrasonmd Obstet Gynecol 2005; 25:
258264,

2. Bais JM], Eskes M, Pcl M, Bonsel G], Bleker OP. Effectivencss of detoction of
intrauterine retardation by abdominal palpation as screening test in a low-risk
populztion: an observational study. Enr | Obstet Gymecol Reprod Biol 2004; 116:
164-169.

3. Lindhard A, Mielsen PV, Mouwritsen LA, Zachariassen A, Serensen HU, Rosena
H. The implications of introducing the symphyseal-fundal height-measurement. A
prospective randomized controlled trial. Br ] Obstet Gynaecol 1990; 97: 675680,

4. Fadigas C, Saiid Y, Gomzalez R, Poon LC, Nicolaides KH. Prediction of
small-for-gestational-age neonates: screening by fetal biometry at 35-37 weeks.
Ultrasosmd Obstet Gymecol 2015; 45: 559-545.

5. Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG. Iolation of a
human placenta cDNA coding for a protein related to the vascular permeability
factor. Proc Natl Acad Sci 1991; §8: 9267 -9271.

6. Shore VH, Wang TH, Wang CL, Torry R], Caudle MR, Torry DS. Vascular
endothelial growth factor, placenta growth factor and their receptors in isolated
human trophoblast. Plecenta 1997; 18: 657665,

7. Vuorela P, Hatva E, Lymbowssaki A, Kaipainen A, Joukov V, Persico MG, Alitalo
K, Halmesmaki E. Expression of vascular endothelial growth factor and placenta
growth factor in human placenta. Biol Reprod 19597; 56: 489494,

8. Maymnard SE, Min J¥, Merchan ], Maynard SE, Min J¥, Merchan J, Lim KH, Li |,
Mondal 5, Libermann TA, Morgan [P, Sellke FW, Stillman IE, Epstein FH, Sukhatme
VP, Karumanchi $A.. Excess placental soluble fms-like tyrosine kinase 1 (sFltl) may
contribute to endothelial dysfunction, hy pertension, and proteinuria in preeclampsia.
J Clim Invest 2003; 111: 6496585

9. Sawvidou MD, Yu CK, Harland LC, Hingorani AD, Nicolaides KH. Maternal serum
concentration of soluble fms-like tyrosine kinase 1 and vascular endothelial growth
factor in women with abnormal uterine artery Doppler and in those with fotal growth
restriction. Am | Obstet Gynecol 2006; 195: 16681673,

10. Stcpan H, Unversucht A, Wessdd N, Faber R Predictive value of maternal

angiogenic factors in second trimester pregnancies with abnormal uterine perfusion.

Hypertension 2007; 49: §15-824.

Diab AE, El-Bchery MM, Ebrahicm MA, Shchata AE. Angiogenic factors for the

prediction of pre-eclampsia in women with abnormal midtrimester uterine artery

Doppler velocimetry. Int | Gynaecol Obstat 2008; 102: 146—151.

12. Crispi F, Llurba E, Dominguez C, Martin-Gallin P, Cabero L, Gratacds E. Predictive
value of angiogenic factors and wterine artery Doppler for early- versus late-onset
pre-eclampsia and intrauterine growth restriction. Ultrasound Obstet Gynecol 2008;
31: 303-309.

13. Sawvidou MDDy, Noori M, Anderson JM, Hingorani AD, Nicolaides KH. Maternal
endothelial function and serum concentrations of placental prowth factor and soluble
endoglin in women with abnormal placentation. Ultrasound Obstet Gynecol 2008;
32: §71-876.

Ultrasound Obstet Gynecol 2015; 46: 191-197.

135



Late third-trimester biochemical markers for SGA

14.

Herraiz 1, Droge A, Gomez-Montes E, Henrich W, Galindo A, Verlohren S.
Characterization of the soluble fms-like tyrosine kinase-1 to placental growth factor
ratio in pregnancies complicated by fetal growth restriction. Obstet Gynecol 2014;
124: 265-273.

. Hadlock FP, Harrist RE, Martincz-Poyer J. In utcro analysis of fetal growth: a

sonographic weight standard. Radiology 1991; 181: 125-133.

- Snijders RJ, Micolaides KH. Fetal biometry 2t 14—40 weeks’ gestation. Ultrasosnd

Obstet Gynecol 1994; 4: 34—48,

7. Robinson HP, Fleming JE. A critical evaluation of sonar crown-rump length

measurements. Br | Obster Gymaecol 1975; 82: 702-710.

. Poon LCY, Volpe N, Muto B, Syngelaki &, Nicolaides KH. Birthweight with gestation

and maternal characteristics in live births and stillbirths. Fetal Diggn Ther 2012; 32:
156-165.

. Brown MA, Lindheimer MD, de Swict M, Van Assche A, Moutquin M. The

classification and diagnosis of the hypertensive disorders of pregnancy: Statement
from the international society for the study of hypertension in pregnancy (ISSHP).
Hypertens Pregnancy 2001; 20: 19-24.

. Tsiakkas A, Duvdevani M, Wright A, Wright D, Nicolaides KH. Serum

placental growth factor in the three mimesters of pregnancy: effects of maternal
characteristics and medical history. Ultrasoumd Obstet Gymecol 2015; 45:
591-594.

. Tsiakkas A, Duvdevani N, Wright A, Wright D, Nicolaides KH. Serum soluble

fms-like tyrosine kinase-1 in the three wmimesters of pregnancy: effecs of

197

maternal characteristics and medical history. Ultrasound Obstet Gymecol 2015; 452
SE4-590.

. Nicolaides KH. Turning the pyramid of prenatal care. Fetal Diagn Ther 2011; 29:

183-196.

. Karagiannis G, Akolckar R, Sarquis R, Wright D, Nicolaides KH. Prediction of

small-for-gestation neonates from biophysical and biochemical markers at 11-13
weeks. Fetal Diagn Ther 2011; 29: 148-154.

. Akolekar R, Syngelaki A, Poon L, Wright D, Nicolaides KH. Competing risks model

in carly screening for precclampsia by biophysical and biochemical markers. Fetal
Diagn Ther 2013; 33: §-15.

. Bajold E, Roberge 5, Lacasse ¥, Bureau M, Audibert F, Marcoux S, Forest JC, Giguere

Y. Prevention of procclampsia and intrauterine growth restriction with aspirin started
in early pregnancy: a meta-analysis. Obstet Gymecol 2010; 116: 402414,

. Roberge 5, Villa P, Nicolaides K, Giguére Y, Vainio M, Bakthi A, Ebrashy A, Bujold

E. Early administration of low-dose aspirin for the prevention of preterm and term
preeclampsia: a systematic review and meta-analysis. Fetal Diagn Ther 2012; 31:
141-146.

7. Lesmes C, Gallo DM, Panaiotova ], Poon LC, Nicolaides KH. Prediction of small-

for-gestational-age neonates: screening by fetal biometry at 19-24 weeks. Ultrasound
Obstet Gymecol 2015; 46: 198-207.

. Lesmes C, Gallo DM, Saiid ¥, Poon LC, Nicolaides KH. Prediction of small-for-

gestational-age neonates: screening by uterine artery Doppler and mean arterial pres-
sure at 19-24 weeks, Ultrasound Obstet Gynecol 201 5. DOT: 10.1002/u0p. 14855,

SUPPORTING INFORMATION ON THE INTERNET

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

lail Figure S1 Logo placental growth factor (a) and logig soluble fms-like tyrosine kinase-1 (b) multiples
of the median (MoM) according to assessment-to-delivery interval in pregnancies delivering
small-for-gestational-age neonates with birth weight < 5% percentile, plotted on the 50% (solid line) and

10th (dashed line) percentile of the normal range

Figure 52 Receiver—operating characteristics curves of maternal factors {black line), maternal factors with
estimated fetal weight (EFW) (blue line), maternal factors with EFW and placental growth factor (red line) at
3537 weeks’ gestation, in the prediction of small forgestational-age neonates with birth weight < 10

(a), < 5% (b) and < 3™ (c) percentile, delivering within 2 weeks of assessment.

Table S1 Placental growth factor (PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) at 35-37 weeks’
gestation in pregnancies that delivered small-for-gestational-age (SGA) neonates with birth weight < 5t
percentile, in the absence of pre-eclampsia, and in unaffected pregnancies

Table 52 Fitted regression models with maternal characteristics and history (maternal factors), estimated fetal
weight (EFW) Z-score, placental growth factor (PIGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) at
35-37 weeks’ gestation for the prediction of small-for-gestational-age neonates with birth weight < 5t

percentile, in the absence of pre-eclampsia

Table $3 Performance of screening for small-for-gestational-age (SGA) neonates with birth weight < 10,
< 5th and < 3 percentile delivering within 2 weeks of assessment, in the absence of pre-eclampsia, using
maternal characteristics and history, estimated fetal weight (EFW), placental growth factor (PIGF) and
soluble fms-like tyrosine kinase-1 (sFlt-1) at 35— 37 weeks’ gestation
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