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Screening for fetal growth restriction using fetal

biometry combined with maternal biomarkers
Francesca Gaccioli, PhD; Irving L. M. H. Aye, PhD; Ulla Sovio, PhD; D. Stephen Charnock-Jones, PhD;

Gordon C. S. Smith, MD, PhD

“Fetal growth restriction” and “small

for gestational age”: differences

between 2 commonly used terms and

clinical implications

“Fetal growth restriction” (FGR) is

defined as the failure of the fetus to reach

its genetically determined growth

potential. FGR is a major determinant of

perinatal and childhood morbidity and

mortality, and is associated with the risk

of chronic diseases in later life.1-3 An

obstacle to the study of FGR is that there

are no gold standard definition and

diagnostic criteria for this condition.

The size of the fetus or newborn is

quantified with reference to the normal

range for gestational age (GA) and those

with birthweight (BW)<10th percentile

are called “small for gestational age”

(SGA). Inaccurately, the small size of the

baby often becomes synonymous with

FGR, and different thresholds for these

measurements are used to define a FGR

infant (eg,<2500 g,<10th percentile, or

<3rd percentile).

Although SGA and FGR are some-

times used interchangeably, the 2 terms

are distinct, as many SGA infants are

constitutionally small and healthy.

Hence, clinical research on screening for

FGR has to address 2 main issues: (1) the

sensitive and specific detection of SGA

fetuses, and (2) the ability to discrimi-

nate between FGR and healthy SGA. The

causes of FGR can be broadly categorized

into maternal (eg, pregnancy-associated

hypertensive diseases, autoimmune dis-

ease, poor nutrition, substance abuse,

and teratogen exposure),4-6 fetal (eg,

multiple gestations, infections, genetic

and structural disorders),7,8 or placental.
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Fetal growth restriction is a major determinant of perinatal morbidity and mortality.

Screening for fetal growth restriction is a key element of prenatal care but it is recognized

to be problematic. Screening using clinical risk assessment and targeting ultrasound to

high-risk women is the standard of care in the United States and United Kingdom, but the

approach is known to have low sensitivity. Systematic reviews of randomized controlled

trials do not demonstrate any benefit from universal ultrasound screening for fetal growth

restriction in the third trimester, but the evidence base is not strong. Implementation of

universal ultrasound screening in low-risk women in France failed to reduce the risk of

complications among small-for-gestational-age infants but did appear to cause iatro-

genic harm to false positives. One strategy to making progress is to improve screening by

developing more sensitive and specific tests with the key goal of differentiating between

healthy small fetuses and those that are small through fetal growth restriction. As

abnormal placentation is thought to be the major cause of fetal growth restriction, one

approach is to combine fetal biometry with an indicator of placental dysfunction. In the

past, these indicators were generally ultrasonic measurements, such as Doppler flow

velocimetry of the uteroplacental circulation. However, another promising approach is to

combine ultrasonic suspicion of small-for-gestational-age infant with a blood test indi-

cating placental dysfunction. Thus far, much of the research on maternal serum bio-

markers for fetal growth restriction has involved the secondary analysis of tests

performed for other indications, such as fetal aneuploidies. An exemplar of this is

pregnancy-associated plasma protein A. This blood test is performed primarily to assess

the risk of Down syndrome, but women with low first-trimester levels are now serially

scanned in later pregnancy due to associations with placental causes of stillbirth,

including fetal growth restriction. The development of “omic” technologies presents a

huge opportunity to identify novel biomarkers for fetal growth restriction. The hope is that

when such markers are measured alongside ultrasonic fetal biometry, the combination

would have strong predictive power for fetal growth restriction and its related compli-

cations. However, a series of important methodological considerations in assessing the

diagnostic effectiveness of new tests will have to be addressed. The challenge thereafter

will be to identify novel disease-modifying interventions, which are the essential partner

to an effective screening test to achieve clinically effective population-based screening.

Key words: A-disintegrin and metalloprotease 12, alpha fetoprotein, biomarker, fetal

biometry, fetal death, human chorionic gonadotropin, human placental lactogen, inhibin,

models, placenta, placental growth factor, placental protein 13, prediction, pregnancy-

associated plasma protein-A, randomized controlled trial, review, screening, small for

gestational age, soluble endoglin, soluble fms-like tyrosine kinase-1, stillbirth, study

design, ultrasound
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It is thought that placental dysfunction

accounts for the majority of FGR cases.9

Hence, one of the most promising ap-

proaches to screening for FGR is to

combine ultrasonic fetal biometry with

measurement of biomarkers of

abnormal placentation in the mother’s

blood.

Current status of screening with fetal

biometry

In many countries, including the United

Kingdom and United States, ultrasound

scanning after the 20-week anomaly scan

is only performed on the basis of clinical

indications as universal ultrasound is not

supported by the most recent Cochrane

review.10 It is worth noting that the evi-

dence base can be described as an

absence of evidence rather than

compelling high-quality evidence of the

absence of clinical effectiveness of

screening. This is due to a number of

problems with the 13 studies analyzed in

the systematic review, including limited

statistical power and lack of an effective

interventional strategy.11 Nevertheless,

the current approach to screening for

FGR is to assess the women for preex-

isting risk factors, acquired complica-

tions of pregnancy, and clinical

examination (eg, symphysis-fundal

height measurements) (Figure 1).

Women identified as high risk using

these methods are then selected for

ultrasonographic assessment. Screening

for FGR is just one element of the uni-

versal ultrasound.12 Other elements

includemacrosomia, late presentation of

fetal anomalies, abnormalities of amni-

otic fluid volume, and diagnosis of un-

detected malpresentation.

Ultrasonic markers of FGR

Fetal biometry and Doppler flow veloc-

imetry are the primary methods used

currently to diagnose FGR. The use of

ultrasound markers of FGR is discussed

in detail elsewhere in this issue, and will

be only briefly summarized here. An

estimated fetal weight (EFW) is derived

from ultrasonic measurements of head

size, abdominal circumference, and

femur length, and an EFW centile is

calculated using a reference stan-

dard.13,14While a single measurement of

fetal size and the EFW<10th centile cut-

off appears to be insufficient to

discriminate growth-restricted and

healthy small fetuses, serial fetal biom-

etry reveals the growth trajectory of the

fetus, and this helps differentiate be-

tween healthy SGA and FGR.15,16

Doppler flow velocimetry provides in-

formation on the resistance to blood

flow in the fetoplacental unit and it fea-

tures in several proposed FGR defini-

tions.17 High-resistance patterns of flow

in the uterine and umbilical arteries in

early and mid pregnancy have been

associated with an increased risk of

preeclampsia, FGR, and stillbirth.18-22

Other measurements associated with

adverse pregnancy outcomes are middle

cerebral artery and ductus venosus flow

resistance, and cerebroplacental ratio

(reviewed elsewhere).17,18,23

Biochemical biomarkers for FGR

Abnormal placentation leads to inade-

quate remodeling of maternal spiral ar-

teries, altered uteroplacental blood

perfusion, and impaired materno-fetal

exchange of nutrients, gases, and waste

products. These defects, collectively

referred to as placental insufficiency, are

thought to be underlying mechanisms

of placentally-related complications

including FGR, preeclampsia, and still-

birth. Hence, biochemical markers

reflective of placental insufficiency

become attractive tools to identify

women at risk of these adverse preg-

nancy outcomes (Figure 1 and Table 1).

First-trimester screening

It is increasingly recognized that

placental dysfunction leading to disease

in the second half of pregnancy has its

origins in the first trimester of preg-

nancy.24 Studies of associations have

been facilitated by the secondary analysis

FIGURE 1

Standard antenatal care in United Kingdom (UK) and biochemical markers
measured throughout pregnancy

Measurement of pregnancy biomarkers in relation to UK antenatal care schedule. Biomarkers

measured in clinical and research settings during pregnancy are plotted on a time scale representing

standard antenatal care for nulliparous women in UK, which includes 10 routine midwife visits and

additional visits for women delivering >40 weeks of gestation.

ADAM12, A-disintegrin and metalloprotease 12; AFP, alpha fetoprotein; DLK1, delta-like 1 homolog; hCG, human chorionic gonad-
otropin; hPL, human placental lactogen; PAPP-A, pregnancy-associated plasma protein A; PlGF, placental growth factor; PP, placental
protein; sENG, soluble endoglin; sFLT1, soluble fms-like tyrosine kinase-1; uE3, unconjugated estriol
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of first-trimester biomarkers derived

from the placenta, which were evaluated

in screening studies for aneuploidies.

Down syndromemarkers: PAPP-A and fb-
hCG. Low maternal circulating levels of

pregnancy-associated plasma protein A

(PAPP-A) and high concentrations of

the free beta subunit of human

chorionic gonadotropin (fb-hCG) are

both associated with the risk of Down

syndrome.25 PAPP-A determines the

availability of the insulin-like growth

factors, key pregnancy growth

hormones, as it is a protease that acts

on insulin-like growth factor binding

proteins. A causal role for PAPP-A in

controlling fetal growth has been

established in the PAPP-A knockout

mouse.26 In women, low serum

concentrations of PAPP-A in the first

trimester are associated with an

increased risk of FGR, preterm delivery,

preeclampsia, and stillbirth.27-33 The

last of these associations is particularly

strong for stillbirth associated with

placental dysfunction (preeclampsia,

FGR, and abruption).34 In the United

Kingdom, and many other countries,

low first-trimester PAPP-A levels are an

TABLE 1

Maternal circulating biochemical markers for predicting fetal growth restriction

Biomarker Main function

Changes in maternal circulating levels frequently
associated with FGR

1st Trimester 2nd Trimester 3rd Trimester

Down syndrome biomarkers

PAPP-A � Protease activity toward IGFBPs
� Decrease of IGF bioavailability and signaling

hCG � Maintenance of progesterone secretion from
corpus luteum

AFP � Protein of fetal origin with similar function to
albumin in adult

� Carrier-molecule for several ligands (bilirubin,
steroids, and fatty acids)

uE3 � Estrogen agonist

inhibin A � Negative feedback on pituitary follicle-stimulating
hormone secretion

� Preventing ovulation during pregnancy

Angiogenic factors

PlGF � Member of VEGF family
� Proangiogenic factor

sFLT1 � Decrease of PlGF and VEGF bioavailability
and signaling

, , ¼

sFLT1:PlGF ratio

sENG � Decrease of TGF-b1 and TGF-b3 bioavailability
and signaling

PP-13 � Promoting trophoblast invasion and spiral
artery remodeling

, ¼

Hormonal factors

ADAM12 � Protease activity toward IGFBPs
� Decrease of IGF bioavailability and signaling

hPL � Induction of maternal insulin resistance
and lipolysis

� Induction of mammary glands development
and milk production

DLK1 � Adipose tissue homeostasis
� Maternal metabolic adaptation to pregnancy

ADAM12, A-disintegrin and metalloprotease 12; AFP, alpha fetoprotein; DLK1, delta-like 1 homolog; FGR, fetal growth restriction; hCG, human chorionic gonadotropin; hPL, human placental

lactogen; IGF, insulin-like growth factor; IGFBP, insulin-like growth factor binding protein; PAPP-A, pregnancy-associated plasma protein A; PlGF, placental growth factor; PP, placental protein; sENG,

soluble endoglin; sFLT1, soluble fms-like tyrosine kinase-1; TGF, transforming growth factor; VEGF, vascular endothelial growth factor; uE3, unconjugated estriol.
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indication for late pregnancy ultrasonic

assessment of fetal growth.35,36 Human

chorionic gonadotrophin (hCG) is

predominantly produced by the

placental syncytiotrophoblast cells.37

hCG is a glycoprotein composed of an

a-subunit (common to luteinizing

hormone, follicle-stimulating hormone,

and thyroid-stimulating hormone) and

a b-subunit (unique to hCG). In first-

trimester Down syndrome screening

the fb-hCG is measured.25 In general,

extremes of fb-hCG in the first

trimester are less strongly associated

with adverse outcome than low PAPP-

A.27,30-33

Other placental markers: PlGF, sFLT1,

sENG, PP-13 and ADAM-12.While

many of the largest studies of first-

trimester markers have focused on sec-

ondary analysis of Down syndrome

screening research, other investigators

focused on measuring proteins on the

basis of a known role in placentation.

Angiogenic factors play a key role in the

extensive vasculature remodeling of the

uterus during pregnancy. The placenta

itself produces several factors with

proangiogenic or antiangiogenic activity

and regulation of their expression and

secretion is necessary for optimal

placentation, maternal adaptation to

pregnancy and, consequently, fetal

development and growth. Preeclampsia-

like changes were induced in pregnant

rats by adenoviral-mediated expression

of soluble fms-like tyrosine kinase-1

(sFLT1)38 or soluble endoglin (sENG)

alone or in combination with sFLT1.39

Placental growth factor (PlGF) is a

proangiogenic factor highly expressed in

placenta throughout all stages of preg-

nancy. It is readily detectable in maternal

circulation where it may have direct

effects on endothelial maintenance and

well-being. Consistent with this role, low

first-trimester levels of this factor have

been shown to be associated with an

increased risk of later adverse perinatal

outcome, including preeclampsia and

SGA.31,40,41 The results are variable for

antiangiogenic factors. High maternal

levels of sENG in the first trimester were

associated with preeclampsia and SGA.41

However, results are less consistent for

sFLT1.40,42,43 A large-scale study

employing correction of analyte levels

using multiples of the median (MoMs)

actually demonstrated that low sFLT1

levels were associated with an increased

risk of SGA, preterm birth, and still-

birth,40 whereas data in later pregnancy

indicate the opposite association (see

below). These findings indicate that the

commonly used sFLT1:PlGF ratio

should be interpreted cautiously in the

first trimester. Finally, increased atten-

tion has been paid to longitudinal

changes of these factors during preg-

nancy, but the results are

inconclusive.41,44,45

Data exist from a number of other

proteins. Low maternal first-trimester

levels of placental protein-13 (PP-13),

another protein regulating placental

vascular development, have been re-

ported in pregnancies complicated by

SGA,31,46 but results are, again, incon-

sistent.47,48 Similarly, A-disintegrin and

metalloprotease 12 (ADAM12), a pro-

tease with similar function to PAPP-A,

was reduced between 11-14 weeks in

mothers who subsequently delivered

small infants (BW <5th or <10th

centile).31,49,50

Second and third trimester

The screening efficacy of tests performed

in the second and third trimester was

assessed for 2 main reasons: (1) the

availability of data collected during

screening studies for the identification of

aneuploidies and birth defects during

the second trimester; and (2) the idea

that measurements performed in the

third trimester may have better predic-

tive ability due to being temporally closer

to the onset of disease.51

Down syndrome and anomaly screening:

AFP, total hCG, uE3 and inhibin A. The

second-trimester quadruple screening is

performed at 15-22 weeks of gestation

and includes measurements of alpha

fetoprotein (AFP), hCG (intact and/or its

b-subunit), unconjugated estriol (uE3),

and inhibin A.52 These factors may also

provide information on placental

permeability (AFP) and endocrine activ-

ity (hCG, uE3, and inhibin A). Hence,

many studies have addressed their ability

to predict placentally-related pregnancy

complications.

Elevated maternal serum levels of AFP

are associated with SGA (BW <5th

centile) with or without preterm

delivery53,54 and stillbirth due to reduced

BW (<5th centile).55 The combination

of low PAPP-A in the first trimester and

high AFP in the second trimester is

particularly strongly predictive of severe

FGR.56,57 In the FASTER trial, fb-hCG
alone (�2.0 MoM) was not associated

with any adverse outcome studied. In

contrast, maternal circulating AFP (�2.0

MoM), inhibin A (�2.0 MoM), and uE3

(�0.5 MoM) were significantly associ-

ated with an increased risk of delivering

SGA infant.58 The risk was particularly

high when measurements were com-

bined. In other studies, women with an

elevation of hCG alone (threshold

starting at >2.5 MoM) or in combina-

tion with high AFP had an increased risk

of SGA.54,59 Low levels of uE3 alone or in

combination with AFP and/or hCG were

associated with SGA (BW <5th

percentile).54,60

Other placental markers: sFLT1, PlGF,

sENG, hPL, uE3. A number of large-

scale studies have analyzed biomarkers

in the second and third trimester with

the aim of identifying useful candidates

for FGR screening. The SCOPE study

recruited >5000 low-risk women and

reported that maternal levels of sFLT1

and PAPP-A were decreased in preg-

nancies with SGA without maternal hy-

pertension, whereas PAPP-A and PlGF

were decreased in pregnancies with SGA

and maternal hypertension.61 Multi-

center studies conducted by Prof Kypros

Nicolaides have assessed the predictive

associations of a number of circulating

biomarkers at different stages in the

second and third trimesters. At 19-24

weeks of gestation, maternal PlGF was

lower andAFPwas higher inwomenwho

subsequently delivered a SGA infant

preterm. Term SGA was associated with

lowermaternal levels of PlGF, sFLT1, and

PAPP-A.53 When measured at 30-34

weeks low PlGF and high sFLT1 were

associatedwith delivery of a SGA infant62

and the associations were stronger for

preterm SGA. At 35-37 weeks PlGF and

Expert Review ajog.org
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sFLT1 concentrations in the lowest and

highest 5th centile, respectively, were

associated with SGA.63 Moreover, ex-

tremes of the ratio have also been asso-

ciated with the subsequent risk of

intrauterine fetal death.64

Mothers with a reduced rate of

decrease of the antiangiogenic factor

sENG between the first and second tri-

mesters had a higher risk of adverse

pregnancy outcome, including SGA (BW

<10th centile).65 Moreover, as

mentioned above, maternal plasma

sENG concentrations remained elevated

throughout the second and third

trimester in patients destined to deliver a

SGA neonate.41Maternal serum levels of

the hormones human placental lactogen

and uE3 were shown to be reduced in

pregnancies with SGA fetuses in the

second and third trimesters.66,67

Strength of prediction. A systematic

review evaluated the strength of associ-

ation between a wide range of bio-

markers and uteroplacental Doppler and

different causes of stillbirth. The review

concluded that only high-resistance

patterns of uterine Doppler in the sec-

ond trimester and low PAPP-A in the

first trimester had associations in the

clinically useful range, with positive

likelihood ratios of 5-15.68 Moreover,

these strong associations were only

observed for the subtypes of stillbirth

attributed to placental dysfunction.

However, the review did not report the

combination of ultrasound and bio-

markers. The same authors also evalu-

ated 53 studies and 37 potential

biomarkers for FGR screening, and

suggested that none of the proposed

maternal circulating factors had a high

predictive accuracy.69 Their conclusion

was that combining biomarkers with

biophysical measurements and maternal

characteristics could be a more effective

strategy. Table 2 summarizes the stron-

gest associations identified in the 2meta-

analyses.

Combined assessment using ultrasonic

biometry and biomarkers. An interna-

tional, prospective, multicenter obser-

vational study determined the prediction

of SGA achieved by the combination of

ultrasonic fetal biometry and maternal

serum PlGF in women who were iden-

tified as clinically small for dates between

24-37 weeks of gestation. While the

study demonstrated that median PlGF

concentrations were lower in SGA

pregnancies,70 these authors reported

that the combination of EFW and of

PlGF had only modest test performance.

However, it should be borne in mind

that many SGA infants are healthy, ie,

they are constitutionally small. It would

not be expected that PlGF, a test for pa-

thology, would be strongly associated

with the delivery of a healthy small in-

fant. A study by Valino et al63 reported

that placental biomarkers measured at

35-37 weeks performed poorly as a

screening test for perinatal morbidity.

An important feature of that study was

that the results of ultrasound scans,

performed at the same time as the

biomarker, were reported and would

have influenced clinical care. Both of

these studies raise important questions

about the methodological approach to

future studies attempting to develop

novel screening tests for FGR, and these

are discussed below.

We performed a prospective study of

unselected nulliparous women, the

Pregnancy Outcome Prediction (POP)

study, which combined the use of ultra-

sound and biochemical markers, where

the results of both were blinded.71,72 The

analysis of this study is ongoing. How-

ever, we have published a preliminary

report that the combination of ultra-

sonic EFW <10th percentile and an

elevated sFLT1:PlGF ratio at 36 weeks of

gestation was strongly predictive for late

FGR (BW <10th centile plus perinatal

morbidity and/or preeclampsia), with a

positive likelihood ratio of 17.5 and a

sensitivity and specificity of 38% and

98%, respectively.73

Future directions
Despite years of research, screening for

FGR remains clinical. Implementation

of ad hoc screening using ultrasound

appears to cause more harm than

good.11 This probably reflects the fact

that, currently, the primary intervention

to manage FGR is delivery of the infant.

In the event of a false-positive diagnosis

in the preterm or early term weeks of

gestational age, the effect will be to cause

harm through the associations between

earlier delivery and neonatal morbidity.

The lack of progress could lead to the

perception that the task being attempted

is futile. However, there are a number of

issues about the approach to this prob-

lem that have been relatively neglected.

We believe that addressing some of the

issues outlined below may help accel-

erate research into clinically useful tools

for screening and intervention

(Figure 2).

Identifying populations to screen.One of

the most important screening parame-

ters is the positive predictive value (PPV)

of the test. For the individual woman,

this might, indeed, be her primary in-

terest: how likely is it that she will

experience an adverse event? The PPV is

determined by 2 factors: the prior odds

of disease and the positive likelihood

ratio of the test. Much of the research on

screening has focused on the latter.

However, if a woman has a very low prior

risk of an outcome, even a highly pre-

dictive test may result in a low absolute

risk that she experiences disease. This

issue suggests that screening efforts

might initially focus on high-risk and

nulliparous women. In the latter group

the key marker of risk in pregnancy, ie

previous pregnancy outcome, is neces-

sarily absent. Screening studies that

include a high proportion of parous

women with previous normal pregnan-

cies will tend to yield results with low

PPVs.

High-quality studies of diagnostic effecti-

veness.With the increasing awareness of

the importance of evidence-based med-

icine, it is universally recognized that

new interventions, such as novel drugs,

must be evaluated, wherever possible, by

a double-blind, randomized controlled

trial (RCT). This is due to the biases that

result from patients and their caregivers

being aware of allocation to the novel

treatment. The equivalent approach in

studies of diagnostic effectiveness is to

blind the results of the new test. If a

research study of screening reveals the

test result, it ceases to be purely a

ajog.org Expert Review
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TABLE 2

Predictive accuracy of maternal circulating biomarkers for stillbirth and fetal growth restriction

Biomarker Outcome
Positive LR
(95% CI)

Negative LR
(95% CI)

Sensitivity, %
(95% CI)

Specificity, %
(95% CI) Population, n

Down syndrome biomarkers

PAPP-A Stillbirth 3.3 (1.8e6.0) 0.9 (0.8e1.0) 15 (8e26) 95 (95e96) 21,15897,98

Placental abruption and/or
SGA-related stillbirth

14.1 (9.3e21.4) 0.3 (0.1e0.8) 70 (40e89) 95 (95e96) 791934

hCG Stillbirth 2.8 (1.9e4.3) 0.4 (0.2e1.0) 70 (40e89) 75 (73e77) 240699

AFP Stillbirth 4.0 (3.4e4.7) 0.9 (0.9e0.9) 9 (8e11) 98 (98e98) 186,80260,100e106

uE3 Stillbirth 4.0 (3.0e5.3) 0.9 (0.8e0.9) 15 (11e20) 96 (96e96) 58,41758,60,107

Inhibin A Stillbirth 6.1 (4.0e9.3) 0.8 (0.8e0.9) 19 (12e27) 97 (97e97) 33,14558

PAPP-A þ maternal
characteristics

Stillbirth 3.5 (2.8e4.4) 0.7 (0.6e0.8) 35 (28e43) 90 (90e90) 33,452108

þ US markers SGA-related stillbirth 4.4 (3.2e5.9) 0.6 (0.5e0.8) 44 (31e57) 90 (90e90) 33,365108

Inhibin A þ

maternal
characteristics

Stillbirth 4.1 (2.8e6.0) 0.8 (0.8e0.9) 20 (14e29) 95 (95e95) 35,253109

Angiogenic factors

PlGF FGR 1.3 (1.2e1.5) 0.9 (0.8e0.9) 38 (35e42) 71 (70e72) 570945,110e118

FGR with BW <5th centile and
abnormal UT-Doppler

2.0 (1.3e3.0) 0.5 (0.3e1.0) 65 (43e82) 67 (58e76) 124119,120

FGR with placental pathology 19.8 (7.6e51.3) 0.0 (0.0e0.3) 100 (70e100) 95 (88e98) 88117

sFLT1 FGR with BW <5th centile and
abnormal UT-Doppler

1.9 (1.3e2.6) 0.4 (0.2e0.9) 75 (53e89) 60 (50e69) 124119,120

sFLT1:PlGF ratio FGR with BW <5th centile and
abnormal UT-Doppler

1.7 (1.2e2.4) 0.4 (0.2e1.0) 75 (53e89) 57 (47e66) 124119,120

sENG FGR with BW <5th centile 1.8 (1.4e2.3) 0.6 (0.5e0.7) 61 (52e69) 67 (60e7) 35545

sENG slope FGR with BW <10th centile 2.4 (1.4e4.3) 0.9 (0.8e1.0) 19 (14e27) 92 (88e95) 34665

VEGF FGR with BW �2SD 4.4 (1.6e12.2) 0.5 (0.2e1.1) 56 (27e81) 88 (74e95) 49121

Angiopoietin FGR with BW <10th centile and
UA-Doppler

4.3 (1.9e9.4) 0.1 (0.0e0.7) 92 (67e99) 78 (58e90) 36122

Hormonal factors, endothelial stress markers, and cytokines

ADAM12 FGR with BW <5th centile 2.2 (1.6e3.1) 0.9 (0.9e1.0) 12 (10e14) 95 (93e96) 194750,123,124

IGFBP-1 FGR with BW <10th centile 2.7 (1.1e6.5) 0.8 (0.7e1.0) 24 (12e43) 91 (85e95) 172125

PP-13 FGR with BW <5th centile 3.6 (2.8e4.7) 0.7 (0.6e0.8) 34 (27e42) 91 (90e92) 385446,126,127

Leptin FGR with BW <10th centile 2.2 (1.4e3.5) 0.5 (0.3e0.9) 63 (41e81) 72 (63e79) 139128

Fibronectin FGR with BW <10th centile 13.3 (5.0e35.0) 0.5 (0.2e0.8) 57 (33e79) 96 (90e98) 130129

Homocysteine FGR with BW <10th centile 2.3 (1.7e3.1) 0.8 (0.8e0.9) 26 (19e33) 89 (87e90) 2088130,131

sVCAM-1 FGR with BW <10th centile 9.0 (3.9e20.7) 0.9 (0.7e1.0) 16 (7e30) 98 (97e99) 1404132

sICAM-1 FGR with BW <10th centile 19.2 (11.5e32.1) 0.6 (0.5e0.8) 42 (28e58) 98 (97e99) 1404132

IFN-g FGR with BW <10th centile 2.8 (1.4e5.6) 0.7 (0.6e0.9) 35 (24e48) 87 (78e93) 128133

IL-1Ra FGR with BW <10th centile 3.0 (1.7e5.1) 0.6 (0.4e0.8) 54 (42e67) 82 (71e89) 128133

Based on Conde-Agudelo et al.68,69

ADAM12, A-disintegrin and metalloprotease 12; AFP, alpha fetoprotein; BW, birthweight; CI, confidence interval; FGR, fetal growth restriction; hCG, human chorionic gonadotropin; IFN, interferon;

IGFBP, insulin-like growth factor binding protein; IL-1Ra, interleukin-1 receptor antagonist; LR, likelihood ratio; PAPP-A, pregnancy-associated plasma protein A; PlGF, placental growth factor;

PP, placental protein; sENG, soluble endoglin; sFLT1, soluble fms-like tyrosine kinase-1; sICAM, soluble intercellular adhesion molecule; sVCAM, soluble vascular cell adhesion molecule; UA,

umbilical artery; uE3, unconjugated estriol; US, ultrasound; UT, uterine artery; VEGF, vascular endothelial growth factor.

Gaccioli. Screening for fetal growth disorders. Am J Obstet Gynecol 2017.

Expert Review ajog.org

6 American Journal of Obstetrics & Gynecology MONTH 2017

http://www.AJOG.org


research study and becomes an ad hoc

screening program. Such an approach

may arise from a perception that it would

be unethical to conceal the result of a

screening test and is based on the

assumption that revealing the result of

the test would produce a net benefit. This

is true for some situations, such as

diagnosis of major placenta previa by

ultrasound scan. However, given that

screening for SGA in France actually

seemed to result in net harm11 and given

that routine ultrasound screening has

not been shown to be safe and effective,10

it could equally be argued that revealing

the result of an unproven screening test

and intervening on the basis of the result

is unethical. Similarly, there are several

studies evaluating the combination of

ultrasound and biomarkers where the

ultrasound scan result is revealed but the

biochemical tests are not. In these cases,

the ability of the biochemical test to

predict the adverse outcome may be

underestimated due to interventions

initiated by an abnormal ultrasound

result. These issues underline the value

of studies where all new elements of the

approach to screening are conducted

blind, wherever possible. These exam-

ples indicate that blinding of test results

in studies of diagnostic effectiveness is

justified. Otherwise, it is very hard to see

how progress on screening using new

diagnostic tests in pregnancy can be

achieved.

Classification of SGA. SGA is defined on

the basis of an arbitrary threshold of BW

percentile. It follows that many infants

born SGA were healthy. Using unquali-

fied SGA as an outcome may, therefore,

lead to weaker associations with an

effective screening test than would have

been obtained if the analysis was focused

on cases of SGA where the baby was

small due to FGR. A number of studies of

candidate biomarkers have shown

stronger associations with preterm

compared to term SGA. These results

might indicate that FGR is more com-

mon at preterm gestational ages. How-

ever, another interpretation is that the

population of SGA infants delivered

preterm is enriched with cases of true

FGR compared to SGA births at term.

Similarly, the association between a true

test of placental dysfunction and SGA is

likely to be stronger when the outcome

of SGA is combined with an indicator of

maternal or perinatal morbidity, such as

preeclampsia or asphyxia, respectively.

Therefore, studies that simply report the

screening statistics for all SGA without

reference to whether there was evidence

supporting a pathological cause may

underestimate the screening perfor-

mance of an informative test.

Assessment of new biomarkers may

also be facilitated by phenotyping SGA

using prenatal ultrasound. We have

recently shown an association between

SGA and low maternal plasma levels of

the noncanonical NOTCH1 ligand

delta-like 1 homolog (DLK1).74 Using

FIGURE 2

Summary of key points to improve fetal growth restriction screening

FGR, fetal growth restriction; SGA, small for gestational age.
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genetically modified mice, it was

demonstrated that during pregnancy

maternal circulating DLK1 is mostly of

fetal origin. This protein appears to

provide a link between fetal demand and

maternal metabolic adaptation to preg-

nancy. Altered maternal levels of DLK1

were recently measured in pregnancies

complicated with preeclampsia.75 In our

cohort, low DLK1 levels were associated

with SGA only in presence of �1 ultra-

sonic indicators of FGR, and levels were

not different in SGA without such

markers (Figure 3). Interestingly, in

every case of SGA with a high-resistance

pattern of umbilical artery Doppler,

maternal serum DLK1 was lower

than in the matched control. This also

suggests that biomarkers might help

define subgroups of causes of FGR.

Recent studies in human placenta have

demonstrated a correlation between

methylation in the DLK1 domain and

BW.76

Developing multiparameter models. It is

possible in the future that a single highly

informative marker for FGR, or a sub-

type of FGR, might be identified on the

basis of mechanistic understanding of

the cause of the disease. However, in the

meantime, it is more likely that screening

tests for FGR will include multiple

measurements, which are derived from

both imaging procedures and measure-

ment of biomarkers. Several studies

adopting this approach have been

described above.61-63,73 Development of

screening models based on a multipa-

rameter assessment raises several chal-

lenges. These include measuring and

scaling the given parameter to generate

consistent associations in different cen-

ters, combining multiple measures into a

single predictive model, and accounting

for interactions between parameters.

Approaching this task has a number of

common pitfalls, such as overfitting

statistical models leading to overly opti-

mistic prediction. These issues necessi-

tate the use of statistical methods that

account for optimism77 and underline

the value of studies that assess the

development and validation of the novel

test in separate groups of patients.78,79

These issues are particularly important

when using “omic” methods that might

yield hundreds or thousands of data

points per patient. These methods carry

a high risk of generating overly opti-

mistic prediction and they require a

rigorous methodological approach.

Nevertheless, next-generation

sequencing allows for unbiased interro-

gation of genomes or transcriptomes in

clinical specimens, providing unprece-

dented opportunities to accelerate the

discovery of novel biomarkers in FGR

screening. A successful application of the

next-generation sequencing techniques

to the biomarkers discovery field has

been maternal circulating cell-free fetal

DNA measurement for Down syndrome

and trisomy 18 screening.80,81 Elevated

maternal cell-free fetal DNA levels have

also been measured in pregnancies

complicated by FGR compared to

normal pregnancies,82 but more recent

data were not always consistent with

these initial findings.83,84

Given the key role of the placenta in

the etiology of FGR, an alternative

approach is to study the differences in the

placental transcriptome comparing cases

of FGR and controls. This may allow

identification of placental pathways

altered in FGR and potential biomarkers

for the condition; although, so far, this

approach has been extensively utilized

in relation to preeclampsia.85-87 Devel-

opment of biomarkers would follow

either by measurement of differentially

expressed RNA molecules (messenger

RNAs [mRNAs],microRNAs [miRNAs],

and long non-coding RNAs [lncRNAs])

or by measurement of the proteins

encoded by the differentially expressed

FIGURE 3

Lowmaternal delta-like 1 homolog (DLK1) levels are associated with fetal
growth restriction (FGR)

Maternal circulating DLK1 and fetal growth. Scatterplot of differences in maternal plasma con-

centrations of DLK1. DLK1 concentration was measured in maternal plasma from pregnancies with

small for gestational age (SGA) (birthweight [BW]<10th centile) and normally grown infants (n¼ 43

matched pairs; matching was based on maternal age, body mass index, smoking status, fetal sex,

and mode of delivery). FGR indicators are: uterine artery (UT)-pulsatility index (PI) in 10th decile at 20

weeks of gestational age (n ¼ 8 pairs); umbilical artery (UA)-PI in 10th decile at 36 weeks (n ¼ 10

pairs); abdominal circumference growth velocity (ACGV) in 1st decile at 20-36 weeks (n¼ 12 pairs).

Horizontal bars represent means of differences. Modified from Cleaton et al.74
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genes. The exemplar of this approach is

the identification of the role of sFLT1 in

preeclampsia: microarray studies identi-

fied up-regulation of FLT1 as one of the

key changes in the preeclamptic placenta

and this was paralleled by elevated levels

of sFLT1 protein in the maternal circu-

lation.38 Prof Stephen Tong’s group has

used the alternative approach of

measuring mRNAs in the mother’s

plasma and they have identified a num-

ber of placental transcripts measured in

maternal blood at 26-30 weeks of gesta-

tion, which were associated with the

subsequent risk of term FGR.88,89 Pro-

teomic and metabolomic technologies

offer theoretical advantages, because

proteins and metabolites are potentially

more closely linked to the phenotype

under investigation than mRNA. One

example of a validated proteomics study

of FGR identified apolipoproteins CII

and CIII in maternal serum of mothers

with FGR compared to gestational age

matched controls.90 Despite the vast

opportunities of omic research, there are

still many challenges, including the dif-

ficulty related to handling large and

highly complex data sets. To date, most

omic studies assessing pregnancy disor-

ders display several limitations: small

sample sizes, lack of predictive ability,

and the absence of validation experi-

ments. A set of guidelines published by

the Institute of Medicine91 may help

standardization of future omic research.

Identifying novel biomarkers. It is

apparent from the summary above that

many biomarkers identified for FGR

were originally developed as predictive

tests for other conditions, such as Down

syndrome and preeclampsia. A PubMed

search yields approximately 3 times the

number of citations for genetic array

studies of the placenta in preeclampsia

compared with FGR. Moreover, given

the issues of phenotyping discussed

above, application of omic methods to

the placenta in cases of SGA will require

detailed phenotyping of the patient.

Hence, a further approach to improving

screening for FGR would be to

increase the efforts to identify the bio-

logical pathways underlying placental

dysfunction in optimally phenotyped

cases of FGR.

Meaningful clinical outcomes. An exten-

sion of the issues relating to phenotyping

is the identification of clinically impor-

tant outcomes when studying FGR.

Studies that focus on SGA have a limited

potential as this would not be a likely

primary outcome in trials of screening

and intervention until disease-modifying

therapies are available. The most serious

adverse outcome of FGR is intrauterine

fetal death. However, this outcome af-

fects about 4 per 1000 pregnancies. Even

the highest estimates indicate that 50%

of stillbirths might be due to FGR.92

Other studies suggest that the propor-

tion may be lower.93 To be powered to

study stillbirth related to FGR, tens of

thousands of women or, in the case of a

very strongly predictive test, many

thousands of women would need to be

recruited. Given the expense involved,

many studies use nonlethal proxies of

stillbirth due to FGR. While it is likely

that true FGR has common features

whether the baby survives or dies, the use

of weak proxies will tend to obscure as-

sociations. One commonly used proxy is

cesarean delivery for fetal distress, which

is particularly problematic when it is

employed in situations where the novel

test result has been revealed. If the

attending clinician is aware that a scan

has identified a baby as suspected FGR,

this could lead to an association with

antepartum or intrapartum cesarean

delivery for fetal distress even where the

new test is not informative. There are a

number of possible approaches to

developing meaningful clinical out-

comes. One might be to combine an

assessment of the infant’s BW with

anthropometric measures that support a

diagnosis of FGR. This would allow some

degree of separation between healthy

SGA and FGR. However, this assumes

that such measures are reproducible and

will correlate with clinically meaningful

outcomes. One approach we have used is

to combine SGA birth weight with clin-

ical complications consistent with FGR.

These include signs of fetal asphyxia

or compromise, such as depressed

5-minute Apgar score, the presence of

metabolic acidosis in cord blood gases

obtained at delivery, and admission to

the neonatal intensive care unit.16 The

last of these could reflect asphyxia or it

could reflect other complications of

FGR, such as hypoglycemia. Finally, the

coexistence of SGA and maternal pre-

eclampsia is suggestive that the baby’s

small size is more likely to be due to

placental dysfunction and this could also

have utility in differentiating between

healthy and pathological SGA infants.

The future for RCTs of screening and

intervention.Given the capacity for

screening to cause harm, any future

program of screening and intervention

will need to be evaluated by an RCT. We

have previously discussed some of the

issues around the design of such studies

(Figure 3).51,94 If the primary outcome is

clinically important it is likely that any

trial will have to be very large (>10,000

women). Sample size can be reduced by

randomizing screen-positive women to

revealing the result plus intervention vs

concealing the result. It should also be

self-evident that a trial of screening will

only improve outcomes if the screening

test is coupled to an effective interven-

tion. At present, the primary disease-

modifying intervention is to deliver the

baby. Given the strong associations be-

tween preterm birth and perinatal

morbidity and mortality, we have sug-

gested that this provides a rationale for

focusing initial efforts on screening for

FGR at term. However, mechanistic

understanding of the causes of FGR

could lead to the development of novel

therapeutic approaches, such as repur-

posing of existing drugs95 and gene

therapy.96 -

REFERENCES

1. Barker DJ, Osmond C. Infant mortality,
childhood nutrition, and ischemic heart disease
in England and Wales. Lancet 1986;1:1077-81.
2. Hales CN, Barker DJ. Type 2 (non-insulin-
dependent) diabetes mellitus: the thrifty pheno-
type hypothesis. Diabetologia 1992;35:
595-601.
3. CooperC, Fall C, EggerP,HobbsR, Eastell R,
Barker D. Growth in infancy and bone mass in
later life. Ann Rheum Dis 1997;56:17-21.

ajog.org Expert Review

MONTH 2017 American Journal of Obstetrics & Gynecology 9

http://refhub.elsevier.com/S0002-9378(17)32476-6/sref1
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref1
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref1
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref2
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref2
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref2
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref2
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref3
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref3
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref3
http://www.AJOG.org


4. Ounsted M, Moar VA, Scott A. Risk factors
associated with small-for-dates and large-for-
dates infants. Br J Obstet Gynaecol 1985;92:
226-32.
5. Smyth A, Oliveira GH, Lahr BD, Bailey KR,
Norby SM, Garovic VD. A systematic review and
meta-analysis of pregnancy outcomes in
patients with systemic lupus erythematosus and
lupus nephritis. Clin J Am Soc Nephrol 2010;5:
2060-8.
6. American College of Obstetricians and Gy-
necologists. Fetal growth restriction. Practice
bulletin no. 134. Obstet Gynecol 2013;121:
1122-33.
7. Desai M, ter Kuile FO, Nosten F, et al.
Epidemiology and burden of malaria in preg-
nancy. Lancet Infect Dis 2007;7:93-104.
8. Hendrix N, Berghella V. Non-placental cau-
ses of intrauterine growth restriction. Semin
Perinatol 2008;32:161-5.
9. Mifsud W, Sebire NJ. Placental pathology in
early-onset and late-onset fetal growth restric-
tion. Fetal Diagn Ther 2014;36:117-28.
10. Bricker L, Medley N, Pratt JJ. Routine ul-
trasound in late pregnancy (after 24 weeks’
gestation). Cochrane Database Syst Rev
2015;6:CD001451.
11. Monier I, Blondel B, Ego A, Kaminiski M,
Goffinet F, Zeitlin J. Poor effectiveness of ante-
natal detection of fetal growth restriction and
consequences for obstetric management and
neonatal outcomes: a French national study.
BJOG 2015;122:518-27.
12. Committee on Practice Bulletins, Obstet-
rics and American Institute of Ultrasound in
Medicine. Ultrasound in pregnancy. Practice
bulletin no. 175. Obstet Gynecol 2016;128:
e241-56.
13. Hadlock FP, Harrist RB, Sharman RS,
Deter RL, Park SK. Estimation of fetal weight
with the use of head, body, and femur
measurementsea prospective study. Am J
Obstet Gynecol 1985;151:333-7.
14. Hadlock FP, Harrist RB, Martinez-Poyer J.
In utero analysis of fetal growth: a sonographic
weight standard. Radiology 1991;181:129-33.
15. Altman DG, Hytten FE. Intrauterine growth
retardation: let’s be clear about it. Br J Obstet
Gynaecol 1989;96:1127-32.
16. Sovio U, White IR, Dacey A, Pasupathy D,
Smith GC. Screening for fetal growth restriction
with universal third trimester ultrasonography in
nulliparous women in the Pregnancy Outcome
Prediction (POP) study: a prospective cohort
study. Lancet 2015;386:2089-97.
17. Dall’Asta A, Brunelli V, Prefumo F, Frusca T,
Lees CC. Early onset fetal growth restriction.
Matern Health Neonatol Perinatol 2017;3:2.
18. Kalache KD, Duckelmann AM. Doppler in
obstetrics: beyond the umbilical artery. Clin
Obstet Gynecol 2012;55:288-95.
19. Yu CK, Smith GC, Papageorghiou AT,
Cacho AM, Nicolaides KH. Fetal Medicine
Foundation Second Trimester ScreeningGroup.
An integrated model for the prediction of pre-
eclampsia using maternal factors and uterine
artery Doppler velocimetry in unselected low-risk

women. Am J Obstet Gynecol 2005;193:
429-36.
20. Smith GC, Yu CK, Papageorghiou AT,
Cacho AM, Nicolaides KH. Fetal Medicine
Foundation Second Trimester ScreeningGroup.
Maternal uterine artery Doppler flow velocimetry
and the risk of stillbirth. Obstet Gynecol
2007;109:144-51.
21. Brar HS, Platt LD. Reverse end-diastolic
flow velocity on umbilical artery velocimetry in
high-risk pregnancies: an ominous finding with
adverse pregnancy outcome. Am J Obstet
Gynecol 1988;159:559-61.
22. Gordijn SJ, Beune IM, Thilaganathan B,
et al. Consensus definition of fetal growth
restriction: a Delphi procedure. Ultrasound
Obstet Gynecol 2016;48:333-9.
23. Schreurs CA, de Boer MA, Heymans MW,
et al. Prognostic accuracy of cerebroplacental
ratio and middle cerebral artery Doppler for
adverse perinatal outcomes: a systematic re-
view and meta-analysis. Ultrasound Obstet
Gynecol 2017.
24. Smith GC. First-trimester determination of
complications of late pregnancy. JAMA
2010;303:561-2.
25. Spencer K, Macri JN, Aitken DA,
Connor JM. Free b-hCG as first-trimester
marker for fetal trisomy. Lancet 1992;339:1480.
26. Conover CA, Bale LK, Overgaard MT, et al.
Metalloproteinasepregnancy-associatedplasma
protein A is a critical growth regulatory factor
during fetal development. Development
2004;131:1187-94.
27. Smith GC, Stenhouse EJ, Crossley JA,
Aitken DA, Cameron AD, Connor JM. Early
pregnancy levels of pregnancy-associated
plasma protein a and the risk of intrauterine
growth restriction, premature birth, preeclamp-
sia, and stillbirth. J Clin Endocrinol Metab
2002;87:1762-7.
28. D’Antonio F, Rijo C, Thilaganathan B, et al.
Association between first-trimester maternal
serum pregnancy-associated plasma protein-A
and obstetric complications. Prenat Diagn
2013;33:839-47.
29. Khalil A, Sodre D, Syngelaki A, Akolekar R,
Nicolaides KH. Maternal hemodynamics at
11-13 weeks of gestation in pregnancies deliv-
ering small for gestational age neonates. Fetal
Diagn Ther 2012;32:231-8.
30. Ong CY, Liao AW, Spencer K, Munim S,
Nicolaides KH. First trimester maternal serum
free beta human chorionic gonadotrophin and
pregnancy associated plasma protein A as
predictors of pregnancy complications. BJOG
2000;107:1265-70.
31. 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.
32. Dugoff L, Hobbins JC, Malone FD, et al.
First-trimester maternal serum PAPP-A and
free-beta subunit human chorionic gonado-
tropin concentrations and nuchal translucency
are associated with obstetric complications: a

population-based screening study (the FASTER
Trial). Am J Obstet Gynecol 2004;191:1446-51.
33. Krantz D, Goetzl L, Simpson JL, et al. As-
sociation of extreme first-trimester free human
chorionic gonadotropin-beta, pregnancy-asso-
ciated plasma protein A, and nuchal trans-
lucency with intrauterine growth restriction and
other adverse pregnancy outcomes. Am J
Obstet Gynecol 2004;191:1452-8.
34. Smith GC, Crossley JA, Aitken DA, et al.
First-trimester placentation and the risk of
antepartum stillbirth. JAMA 2004;292:2249-54.
35. Saving Babies’ Lives. A care bundle for
reducing stillbirth. England (United Kingdom):
NHS; 2016.
36. Small-for-gestational-age fetus, investiga-
tion and management green-top guideline no.
31. Royal College of Obstetricians and Gyne-
cologists; 2013.
37. HoshinaM, BoothbyM, Boime I. Cytological
localization of chorionic gonadotropin alpha and
placental lactogen mRNAs during development
of the human placenta. J Cell Biol 1982;93:
190-8.
38. Maynard SE, Min JY, Merchan J, et al.
Excess placental soluble fms-like tyrosine kinase
1 (sFlt1) may contribute to endothelial dysfunc-
tion, hypertension, and proteinuria in pre-
eclampsia. J Clin Invest 2003;111:649-58.
39. Venkatesha S, Toporsian M, Lam C, et al.
Soluble endoglin contributes to the pathogen-
esis of preeclampsia. Nat Med 2006;12:642-9.
40. Smith GC, Crossley JA, Aitken DA, et al.
Circulating angiogenic factors in early pregnancy
and the risk of preeclampsia, intrauterine growth
restriction, spontaneous preterm birth, and
stillbirth. Obstet Gynecol 2007;109:1316-24.
41. 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.
42. Bergen NE, Bouwland-Both MI, Steegers-
Theunissen RP, et al. Early pregnancy maternal
and fetal angiogenic factors and fetal and
childhood growth: the Generation R Study. Hum
Reprod 2015;30:1302-13.
43. JacobsM,NassarN,RobertsCL,HadfieldR,
Morris JM, Ashton AW. Levels of soluble fms-like
tyrosinekinaseone infirst trimester andoutcomes
of pregnancy: a systematic review. Reprod Biol
Endocrinol 2011;9:77.
44. Triunfo S, Crovetto F, Rodriguez-Sureda V,
et al. Changes in uterine artery Doppler veloc-
imetry and circulating angiogenic factors in the
first half of pregnancies delivering a small-for-
gestational-age neonate. Ultrasound Obstet
Gynecol 2017;49:357-63.
45. Asvold BO, Vatten LJ, Romundstad PR,
Jenum PA, Karumanchi SA, Eskild A. Angio-
genic factors in maternal circulation and the risk
of severe fetal growth restriction. Am J Epidemiol
2011;173:630-9.

Expert Review ajog.org

10 American Journal of Obstetrics & Gynecology MONTH 2017

http://refhub.elsevier.com/S0002-9378(17)32476-6/sref4
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref4
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref4
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref4
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref5
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref5
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref5
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref5
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref5
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref5
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref6
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref6
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref6
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref6
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref7
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref7
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref7
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref8
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref8
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref8
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref9
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref9
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref9
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref10
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref10
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref10
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref10
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref11
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref11
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref11
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref11
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref11
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref11
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref12
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref12
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref12
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref12
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref12
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref13
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref13
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref13
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref13
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref13
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref14
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref14
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref14
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref15
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref15
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref15
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref16
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref16
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref16
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref16
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref16
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref16
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref17
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref17
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref17
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref18
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref18
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref18
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref19
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref20
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref20
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref20
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref20
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref20
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref20
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref21
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref21
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref21
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref21
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref21
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref22
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref22
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref22
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref22
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref23
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref23
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref23
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref23
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref23
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref23
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref24
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref24
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref24
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref25
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref25
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref25
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref26
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref26
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref26
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref26
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref26
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref27
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref28
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref28
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref28
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref28
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref28
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref29
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref29
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref29
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref29
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref29
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref30
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref30
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref30
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref30
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref30
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref30
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref31
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref31
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref31
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref31
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref31
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref32
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref33
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref34
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref34
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref34
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref35
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref35
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref35
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref37
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref37
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref37
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref37
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref37
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref38
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref38
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref38
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref38
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref38
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref39
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref39
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref39
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref40
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref40
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref40
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref40
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref40
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref41
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref42
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref42
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref42
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref42
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref42
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref43
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref43
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref43
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref43
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref43
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref44
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref44
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref44
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref44
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref44
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref44
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref45
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref45
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref45
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref45
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref45
http://www.AJOG.org


46. Schneuer FJ, Nassar N, Khambalia AZ, et al.
First trimester screening of maternal placental
protein 13 for predicting preeclampsia and small
for gestational age: in-house study and sys-
tematic review. Placenta 2012;33:735-40.
47. Seravalli V, Grimpel YI, Meiri H, Blitzer M,
Baschat AA. Relationship between first-
trimester serum placental protein-13 and
maternal characteristics, placental Doppler
studies and pregnancy outcome. J Perinat Med
2016;44:543-9.
48. Cowans NJ, Spencer K, Meiri H. First-
trimester maternal placental protein 13 levels in
pregnancies resulting in adverse outcomes.
Prenat Diagn 2008;28:121-5.
49. Yu N, Cui H, Chen X, Chang Y. First
trimester maternal serum analytes and second
trimester uterine artery Doppler in the prediction
of preeclampsia and fetal growth restriction.
Taiwan J Obstet Gynecol 2017;56:358-61.
50. Cowans NJ, Spencer K. First-trimester
ADAM12 and PAPP-A as markers for intrauter-
ine fetal growth restriction through their roles in
the insulin-like growth factor system. Prenat
Diagn 2007;27:264-71.
51. Smith GC. Researching new methods of
screening for adverse pregnancy outcome: les-
sons from pre-eclampsia. PLoS Med 2012;9:
e1001274.
52. Aitken DA, Wallace EM, Crossley JA, et al.
Dimeric inhibin A as a marker for Down’s syn-
drome in early pregnancy. N Engl J Med
1996;334:1231-6.
53. Lesmes C, Gallo DM, Gonzalez R, Poon LC,
Nicolaides KH. Prediction of small-for-
gestational-age neonates: screening by
maternal serum biochemical markers at 19-24
weeks. Ultrasound Obstet Gynecol 2015;46:
341-9.
54. Odibo AO, Sehdev HM, Stamilio DM,
Macones GA. Evaluating the thresholds of
abnormal second trimester multiple marker
screening tests associated with intra-uterine
growth restriction. Am J Perinatol 2006;23:
363-7.
55. Smith GC, Shah I, White IR, Pell JP,
Crossley JA, Dobbie R. Maternal and biochem-
ical predictors of antepartum stillbirth among
nulliparous women in relation to gestational age
of fetal death. BJOG 2007;114:705-14.
56. Smith GC, Shah I, Crossley JA, et al. Preg-
nancy-associated plasma protein A and alpha-
fetoprotein and prediction of adverse perinatal
outcome. Obstet Gynecol 2006;107:161-6.
57. Proctor LK, Toal M, Keating S, et al.
Placental size and the prediction of severe
early-onset intrauterine growth restriction in
women with low pregnancy-associated plasma
protein-A. Ultrasound Obstet Gynecol
2009;34:274-82.
58. Dugoff L, Hobbins JC, Malone FD, et al.
Quad screen as a predictor of adverse preg-
nancy outcome. Obstet Gynecol 2005;106:
260-7.
59. Benn PA, Horne D, Briganti S, Rodis JF,
Clive JM. Elevated second-trimester maternal
serum hCG alone or in combination with

elevated alpha-fetoprotein. Obstet Gynecol
1996;87:217-22.
60. Yaron Y, Cherry M, Kramer RL, et al. Sec-
ond-trimester maternal serum marker
screening: maternal serum alpha-fetoprotein,
beta-human chorionic gonadotropin, estriol,
and their various combinations as predictors of
pregnancy outcome. Am J Obstet Gynecol
1999;181:968-74.
61. McCowan LM, Thompson JM, Taylor RS,
et al. Prediction of small for gestational age in-
fants in healthy nulliparous women using clinical
and ultrasound risk factors combined with early
pregnancy biomarkers. PLoS One
2017;12e0169311.
62. Valino N, Giunta G, Gallo DM, Akolekar R,
Nicolaides KH. Biophysical and biochemical
markers at 30-34 weeks’ gestation in the pre-
diction of adverse perinatal outcome. Ultra-
sound Obstet Gynecol 2016;47:194-202.
63. Valino N, Giunta G, Gallo DM, Akolekar R,
Nicolaides KH. Biophysical and biochemical
markers at 35-37 weeks’ gestation in the pre-
diction of adverse perinatal outcome. Ultra-
sound Obstet Gynecol 2016;47:203-9.
64. Chaiworapongsa T, RomeroR, ErezO, et al.
The prediction of fetal death with a simple
maternal blood test at 24-28 weeks: a role for
angiogenic index-1 (PlGF/sVEGFR-1 ratio). Am
J Obstet Gynecol 2017;217:682.e1-13.
65. Erez O, Romero R, Espinoza J, et al. The
change in concentrations of angiogenic and
anti-angiogenic factors in maternal plasma
between the first and second trimesters in risk
assessment for the subsequent development
of preeclampsia and small-for-gestational
age. J Matern Fetal Neonatal Med 2008;21:
279-87.
66. Markestad T, Bergsjo P, Aakvaag A, et al.
Prediction of fetal growth based on maternal
serum concentrations of human chorionic
gonadotropin, human placental lactogen and
estriol. Acta Obstet Gynecol Scand Suppl
1997;165:50-5.
67. Stefanidis K, Solomou E, Mouzakioti E,
Stefos T, Farmakides G. Comparison of
somatomedin-C (SMC/IGF-I), human placental
lactogen and Doppler velocimetry between
appropriate and small-for-gestational-age
pregnancies. Clin Exp Obstet Gynecol
1998;25:20-2.
68. Conde-Agudelo A, Bird S, Kennedy SH,
Villar J, Papageorghiou AT. First- and second-
trimester tests to predict stillbirth in unselected
pregnant women: a systematic review and
meta-analysis. BJOG 2015;122:41-55.
69. Conde-Agudelo A, Papageorghiou AT,
Kennedy SH, Villar J. Novel biomarkers for pre-
dicting intrauterine growth restriction: a sys-
tematic review and meta-analysis. BJOG
2013;120:681-94.
70. Griffin M, Seed PT, Webster L, et al. Diag-
nostic accuracy of placental growth factor and
ultrasound parameters to predict the small-for-
gestational-age infant in women presenting
with reduced symphysis-fundus height. Ultra-
sound Obstet Gynecol 2015;46:182-90.

71. Pasupathy D, Dacey A, Cook E, Charnock-
Jones DS, White IR, Smith GC. Study protocol.
A prospective cohort study of unselected pri-
miparous women: the Pregnancy Outcome
Prediction study. BMC Pregnancy Childbirth
2008;8:51.
72. Gaccioli F, Lager S, Sovio U, Charnock-
JonesDS, SmithGCS. ThePregnancyOutcome
Prediction (POP) study: investigating the rela-
tionship between serial prenatal ultrasonogra-
phy, biomarkers, placental phenotype and
adverse pregnancy outcomes. Placenta
2017;59:S17-25.
73. Sovio U, Gaccioli F, Hund M, Charnock-
Jones DS, Smith GCS. Screening for late fetal
growth restriction using ultrasound and the sFlt-
1:PlGF ratio. Am J Obstet Gynecol 2017;216:
S104.
74. Cleaton MA, Dent CL, Howard M, et al.
Fetus-derived DLK1 is required for maternal
metabolic adaptations to pregnancy and is
associated with fetal growth restriction. Nat
Genet 2016;48:1473-80.
75. Schrey S, Wurst U, Ebert T, et al. The adi-
pokine preadipocyte factor-1 is downregulated
in preeclampsia and expressed in placenta.
Cytokine 2015;75:338-43.
76. Prats-Puig A, Carreras-Badosa G,
Bassols J, et al. The placental imprinted DLK1-
DIO3 domain: a new link to prenatal and post-
natal growth in humans. Am J Obstet Gynecol
2017;217:350.e1-13.
77. Smith GC, Seaman SR, Wood AM,
Royston P, White IR. Correcting for optimistic
prediction in small data sets. Am J Epidemiol
2014;180:318-24.
78. Steyerberg EW, Vergouwe Y. Towards
better clinical prediction models: seven steps for
development and an ABCD for validation. Eur
Heart J 2014;35:1925-31.
79. PavlouM, Ambler G, SeamanSR, et al. How
to develop a more accurate risk prediction
model when there are few events. BMJ
2015;351:h3868.
80. Chiu RW, Akolekar R, Zheng YW, et al. Non-
invasive prenatal assessment of trisomy 21 by
multiplexed maternal plasma DNA sequencing:
large scale validity study. BMJ 2011;342:c7401.
81. Bianchi DW, Parker RL, Wentworth J, et al.
DNA sequencing versus standard prenatal
aneuploidy screening. N Engl J Med 2014;370:
799-808.
82. Illanes S, Parra M, Serra R, et al. Increased
free fetal DNA levels in early pregnancy plasmaof
women who subsequently develop preeclamp-
sia and intrauterine growth restriction. Prenat
Diagn 2009;29:1118-22.
83. Stein W, Muller S, Gutensohn K, Emons G,
Legler T. Cell-free fetal DNA and adverse
outcome in low risk pregnancies. Eur J Obstet
Gynecol Reprod Biol 2013;166:10-3.
84. Poon LC, Musci T, Song K, Syngelaki A,
Nicolaides KH. Maternal plasma cell-free fetal
and maternal DNA at 11-13 weeks’ gestation:
relation to fetal and maternal characteristics and
pregnancy outcomes. Fetal Diagn Ther
2013;33:215-23.

ajog.org Expert Review

MONTH 2017 American Journal of Obstetrics & Gynecology 11

http://refhub.elsevier.com/S0002-9378(17)32476-6/sref46
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref46
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref46
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref46
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref46
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref47
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref47
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref47
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref47
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref47
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref47
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref48
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref48
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref48
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref48
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref49
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref49
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref49
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref49
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref49
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref50
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref50
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref50
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref50
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref50
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref51
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref51
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref51
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref51
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref52
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref52
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref52
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref52
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref53
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref53
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref53
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref53
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref53
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref53
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref54
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref54
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref54
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref54
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref54
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref54
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref55
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref55
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref55
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref55
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref55
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref56
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref56
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref56
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref56
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref57
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref57
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref57
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref57
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref57
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref57
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref58
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref58
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref58
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref58
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref59
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref59
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref59
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref59
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref59
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref60
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref61
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref61
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref61
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref61
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref61
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref61
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref62
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref62
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref62
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref62
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref62
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref63
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref63
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref63
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref63
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref63
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref64
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref64
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref64
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref64
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref64
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref65
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref66
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref66
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref66
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref66
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref66
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref66
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref67
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref68
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref68
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref68
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref68
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref68
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref69
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref69
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref69
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref69
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref69
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref70
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref70
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref70
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref70
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref70
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref70
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref71
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref71
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref71
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref71
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref71
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref71
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref72
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref73
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref73
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref73
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref73
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref73
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref74
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref74
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref74
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref74
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref74
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref75
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref75
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref75
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref75
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref76
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref76
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref76
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref76
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref76
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref77
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref77
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref77
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref77
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref78
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref78
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref78
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref78
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref79
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref79
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref79
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref79
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref80
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref80
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref80
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref80
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref81
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref81
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref81
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref81
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref82
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref82
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref82
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref82
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref82
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref83
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref83
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref83
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref83
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref84
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref84
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref84
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref84
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref84
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref84
http://www.AJOG.org


85. Kleinrouweler CE, van Uitert M,
Moerland PD, Ris-Stalpers C, van der Post JA,
Afink GB. Differentially expressed genes in the
pre-eclamptic placenta: a systematic review and
meta-analysis. PLoS One 2013;8e68991.
86. Brew O, Sullivan MH, Woodman A. Com-
parison of normal and pre-eclamptic placental
gene expression: a systematic reviewwithmeta-
analysis. PLoS One 2016;11e0161504.
87. Sheikh AM, Small HY, Currie G, Delles C.
Systematic review of micro-RNA expression in
pre-eclampsia identifies a number of common
pathways associated with the disease. PLoS
One 2016;11e0160808.
88. Whitehead CL, McNamara H, Walker SP,
et al. Identifying late-onset fetal growth restric-
tion by measuring circulating placental RNA in
the maternal blood at 28 weeks’ gestation. Am J
Obstet Gynecol 2016;214:521.e1-8.
89. Whitehead CL, Walker SP, Mendis S,
Lappas M, Tong S. Quantifying mRNA coding
growth genes in the maternal circulation to
detect fetal growth restriction. Am J Obstet
Gynecol 2013;209:133.e1-9.
90. Wolter M, Rower C, Koy C, Rath W,
Pecks U, Glocker MO. Proteoform profiling of
peripheral blood serum proteins from pregnant
women provides a molecular IUGR signature.
J Proteomics 2016;149:44-52.
91. Micheel CM, Nass SJ, Omenn GS, et al,
eds. Evolution of translational omics: lessons
learned and the path forward. Washington (DC):
National Academies Press; 2012.
92. Smith GC, Fretts RC. Stillbirth. Lancet
2007;370:1715-25.
93. Moraitis AA, Wood AM, Fleming M,
Smith GC. Birth weight percentile and the risk of
term perinatal death. Obstet Gynecol 2014;124:
274-83.
94. Flenady V, Wojcieszek AM, Middleton P,
et al. Stillbirths: recall to action in high-income
countries. Lancet 2016;387:691-702.
95. Ganzevoort W, Alfirevic Z, von Dadelszen P,
et al. STRIDER: sildenafil therapy in dismal
prognosis early-onset intrauterine growth
restrictionea protocol for a systematic review
with individual participant data and aggregate
data meta-analysis and trial sequential analysis.
Syst Rev 2014;3:23.
96. Krishnan T, David AL. Placenta-directed
gene therapy for fetal growth restriction. Semin
Fetal Neonatal Med 2017;22:415-22.
97. Yaron Y, Heifetz S, Ochshorn Y, Lehavi O,
Orr-UrtregerA.Decreased first trimesterPAPP-A
is a predictor of adverse pregnancy outcome.
Prenat Diagn 2002;22:778-82.
98. Marttala J, Peuhkurinen S, Laitinen P,
Gissler M, Nieminen P, Ryynanen M. Low
maternal PAPP-A is associated with small-for-
gestational age newborns and stillbirths. Acta
Obstet Gynecol Scand 2010;89:1226-8.
99. Lepage N, Chitayat D, Kingdom J, Huang T.
Association between second-trimester isolated
high maternal serum maternal serum human
chorionic gonadotropin levels and obstetric
complications in singleton and twin pregnancies.
Am J Obstet Gynecol 2003;188:1354-9.

100. Burton BK. Outcome of pregnancy in pa-
tients with unexplained elevated or low levels of
maternal serum alpha-fetoprotein. Obstet
Gynecol 1988;72:709-13.
101. Waller DK, Lustig LS, Cunningham GC,
Golbus MS, Hook EB. Second-trimester
maternal serum alpha-fetoprotein levels and the
risk of subsequent fetal death. N Engl J Med
1991;325:6-10.
102. Roop AP, Boughman JA, Blitzer MG.
Study of the relationship between elevated
maternal serum alpha-fetoprotein and adverse
pregnancy outcome. Md Med J 1991;40:
779-84.
103. Pejtsik B, Rappai G, Pinter J, Kelemen A.
Correlation between elevated maternal serum
alpha-fetoprotein, certain pregnancy complica-
tions and fetal death [in Hungarian]. Orv Hetil
1992;133:2621-4.
104. Maher JE, Davis RO, Goldenberg RL,
Boots LR, DuBard MB. Unexplained elevation in
maternal serum alpha-fetoprotein and subse-
quent fetal loss. Obstet Gynecol 1994;83:
138-41.
105. Krause TG, Christens P, Wohlfahrt J, et al.
Second-trimester maternal serum alpha-
fetoprotein and risk of adverse pregnancy
outcome. Obstet Gynecol 2001;97:277-82.
106. Anfuso S, Soncini E, Bonelli P, Piantelli G,
Gramellini D. Second-trimester maternal serum
alpha-fetoprotein elevation and its association
with adverse maternal/fetal outcome: ten years
experience. Acta Biomed 2007;78:214-9.
107. Duric K, Skrablin S, Lesin J, Kalafatic D,
Kuvacic I, Suchanek E. Second trimester total
human chorionic gonadotropin, alpha-
fetoprotein and unconjugated estriol in predict-
ing pregnancy complications other than fetal
aneuploidy. Eur J Obstet Gynecol Reprod Biol
2003;110:12-5.
108. Akolekar R, Bower S, Flack N, Bilardo CM,
Nicolaides KH. Prediction of miscarriage and
stillbirth at 11-13 weeks and the contribution of
chorionic villus sampling. Prenat Diagn 2011;31:
38-45.
109. Dugoff L, Cuckle HS, Hobbins JC, et al.
Prediction of patient-specific risk for fetal loss
using maternal characteristics and first- and
second-trimester maternal serum Down syn-
drome markers. Am J Obstet Gynecol
2008;199:290.e1-6.
110. Tjoa ML, van Vugt JM, Mulders MA,
Schutgens RB, Oudejans CB, van Wijk IJ.
Plasma placenta growth factor levels in mid-
trimester pregnancies. Obstet Gynecol
2001;98:600-7.
111. Bersinger NA, Odegard RA. Second- and
third-trimester serum levels of placental proteins
in preeclampsia and small-for-gestational age
pregnancies. Acta Obstet Gynecol Scand
2004;83:37-45.
112. Krauss T, Pauer HU, Augustin HG. Pro-
spective analysis of placenta growth factor
(PlGF) concentrations in the plasma of women
with normal pregnancy and pregnancies
complicated by preeclampsia. Hypertens Preg-
nancy 2004;23:101-11.

113. Thadhani R, Mutter WP, Wolf M, et al. First
trimester placental growth factor and soluble
fms-like tyrosine kinase 1 and risk for pre-
eclampsia. J Clin Endocrinol Metab 2004;89:
770-5.
114. Espinoza J, Romero R, Nien JK, et al.
Identification of patients at risk for early onset
and/or severe preeclampsia with the use of
uterine artery Doppler velocimetry and placental
growth factor. Am J Obstet Gynecol 2007;196:
326.e1-13.
115. Poon LC, Zaragoza E, Akolekar R,
Anagnostopoulos E, Nicolaides KH. Maternal
serum placental growth factor (PlGF) in small for
gestational age pregnancy at 11(þ0) to 13(þ6)
weeks of gestation. Prenat Diagn 2008;28:
1110-5.
116. Vandenberghe G, Mensink I, Twisk JW,
Blankenstein MA, Heijboer AC, van Vugt JM.
First trimester screening for intra-uterine growth
restriction and early-onset pre-eclampsia. Pre-
nat Diagn 2011;31:955-61.
117. Benton SJ, Hu Y, Xie F, et al. Can placental
growth factor in maternal circulation identify
fetuses with placental intrauterine growth restric-
tion? Am J Obstet Gynecol 2012;206:163.e1-7.
118. Boucoiran I, Thissier-Levy S, Wu Y, et al.
Risk for preeclampsia and intrauterine growth
restriction: effective value of PlGF, Sflt-1 and
inhibin A in singleton and multiple pregnancies.
Am J Obstet Gynecol 2012;206:S336-7.
119. 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.
120. Diab AE, El-Behery MM, Ebrahiem MA,
Shehata AE. Angiogenic factors for the predic-
tion of pre-eclampsia in women with abnormal
midtrimester uterine artery Doppler velocimetry.
Int J Gynaecol Obstet 2008;102:146-51.
121. Bersinger NA, Odegard RA. Serum levels
of macrophage colony stimulating, vascular
endothelial, and placenta growth factor in rela-
tion to later clinical onset of pre-eclampsia and a
small-for-gestational age birth. Am J Reprod
Immunol 2005;54:77-83.
122. Wang Y, Tasevski V, Wallace EM,
Gallery ED, Morris JM. Reducedmaternal serum
concentrations of angiopoietin-2 in the first
trimester precede intrauterine growth restriction
associated with placental insufficiency. BJOG
2007;114:1427-31.
123. Pihl K, Larsen T, Krebs L, Christiansen M.
First trimester maternal serum PAPP-A, beta-
hCG and ADAM12 in prediction of small-for-
gestational-age fetuses. Prenat Diagn 2008;28:
1131-5.
124. Poon LC, Chelemen T, Granvillano O,
Pandeva I,NicolaidesKH.First-trimestermaternal
serum a disintegrin and metalloprotease 12
(ADAM12) and adverse pregnancy outcome.
Obstet Gynecol 2008;112:1082-90.
125. Bewley S, Chard T, Grudzinskas G,
Cooper D, Campbell S. Early prediction of ute-
roplacental complications of pregnancy using
Doppler ultrasound, placental function tests and

Expert Review ajog.org

12 American Journal of Obstetrics & Gynecology MONTH 2017

http://refhub.elsevier.com/S0002-9378(17)32476-6/sref85
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref85
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref85
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref85
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref85
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref86
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref86
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref86
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref86
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref87
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref87
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref87
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref87
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref87
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref88
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref88
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref88
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref88
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref88
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref89
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref89
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref89
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref89
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref89
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref90
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref90
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref90
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref90
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref90
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref91
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref91
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref91
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref91
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref92
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref92
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref93
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref93
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref93
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref93
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref94
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref94
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref94
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref95
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref96
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref96
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref96
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref97
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref97
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref97
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref97
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref98
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref98
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref98
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref98
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref98
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref99
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref99
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref99
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref99
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref99
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref99
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref100
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref100
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref100
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref100
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref101
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref101
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref101
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref101
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref101
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref102
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref102
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref102
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref102
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref102
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref103
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref103
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref103
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref103
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref103
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref104
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref104
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref104
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref104
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref104
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref105
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref105
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref105
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref105
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref106
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref106
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref106
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref106
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref106
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref107
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref108
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref108
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref108
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref108
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref108
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref109
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref109
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref109
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref109
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref109
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref109
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref110
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref110
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref110
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref110
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref110
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref111
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref111
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref111
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref111
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref111
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref112
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref112
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref112
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref112
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref112
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref112
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref113
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref113
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref113
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref113
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref113
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref114
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref114
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref114
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref114
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref114
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref114
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref115
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref116
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref116
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref116
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref116
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref116
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref117
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref117
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref117
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref117
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref119
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref119
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref119
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref119
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref119
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref120
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref120
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref120
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref120
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref120
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref121
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref121
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref121
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref121
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref121
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref121
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref122
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref122
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref122
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref122
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref122
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref122
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref123
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref123
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref123
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref123
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref123
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref124
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref124
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref124
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref124
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref124
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref125
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref125
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref125
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref125
http://www.AJOG.org


combination testing. UltrasoundObstet Gynecol
1992;2:333-7.
126. Chafetz I, Kuhnreich I, Sammar M, et al.
First-trimester placental protein 13 screening for
preeclampsia and intrauterine growth restriction.
Am J Obstet Gynecol 2007;197:35.e1-7.
127. Than NG, Romero R, Meiri H, et al. PP13,
maternal ABO blood groups and the risk
assessment of pregnancy complications. PLoS
One 2011;6e21564.
128. Franco-Sena AB, Goldani MZ, Tavares do
Carmo M, Velasquez-Melendez G, Kac G. Low
leptin concentration in the first gestational
trimester is associated with being born small for

gestational age: prospective study in Rio de
Janeiro, Brazil. Neonatology 2010;97:291-8.
129. Wang Z, Xiong G, Zhu Y. The predictive
value of plasma fibronectin concentration on fetal
growth retardation at earlier stage of the third
trimester. J Tongji Med Univ 2001;21:253-5.
130. D’Anna R, Baviera G, Corrado F, Ientile R,
Granese D, Stella NC. Plasma homocysteine in
early and late pregnancies complicated with
preeclampsia and isolated intrauterine growth
restriction. Acta Obstet Gynecol Scand
2004;83:155-8.
131. Dodds L, Fell DB, Dooley KC, et al. Effect of
homocysteine concentration in early pregnancy

on gestational hypertensive disorders and other
pregnancy outcomes. Clin Chem 2008;54:
326-34.
132. Krauss T, Emons G, Kuhn W,
Augustin HG. Predictive value of routine circu-
lating soluble endothelial cell adhesion molecule
measurements during pregnancy. Clin Chem
2002;48:1418-25.
133. Georgiou HM, Thio YS, Russell C, et al.
Association between maternal serum cyto-
kine profiles at 7-10 weeks’ gestation and
birthweight in small for gestational age in-
fants. Am J Obstet Gynecol 2011;204:415.
e1-12.

ajog.org Expert Review

MONTH 2017 American Journal of Obstetrics & Gynecology 13

http://refhub.elsevier.com/S0002-9378(17)32476-6/sref125
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref125
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref126
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref126
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref126
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref126
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref127
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref127
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref127
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref127
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref128
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref128
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref128
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref128
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref128
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref128
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref129
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref129
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref129
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref129
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref130
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref130
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref130
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref130
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref130
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref130
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref131
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref131
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref131
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref131
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref131
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref132
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref132
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref132
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref132
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref132
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref133
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref133
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref133
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref133
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref133
http://refhub.elsevier.com/S0002-9378(17)32476-6/sref133
http://www.AJOG.org

