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Foreword

Fetal growth restriction remains as one of the most common pregnancy complications
which can have devastating consequences for both mother and fetus or neonate.
Growth restricted fetuses suffer increased risks for stillbirth, neonatal death, preterm
birth, neonatal morbidity, and abnormal neurodevelopment. Long-term risks include
adult chronic disorders such as obesity, diabetes, metabolic syndrome, and
cardiovascular disease. One of the most recent fascinating observations is that the
diagnosis of fetal growth restriction also carries a significant risk for the mother
including recurrent ischemic placental disease: preeclampsia and placental abruption
in the pregnancies to follow, and increased risk for ischemic cardiac disease and
premature death following the birth of the growth restricted neonate.

Given the huge impact of fetal growth restriction on both maternal and fetal/
neonatal health, this book is an extremely significant and timely contribution. The
book is unique because of its international scope written by world-renowned experts
that represent seven countries and span four continents! Given the short- and long-
term health consequences for both mother and baby, it remains vital for the
international community to be familiar with cutting-edge information regarding the
prenatal and postnatal diagnosis of fetal growth restriction as well as its
pathophysiology, management, prognosis, neurological sequalae, and maternal
cardiovascular involvement. This book covers everything!

The book, “Fetal Growth Restriction: Current Evidence and Clinical Practice,” is
the result of a combined effort of four distinguished editors, Drs. Edward Araujo
Junior, Luciano Marcondes Machado Nardozza, Giuseppe Rizzo, and Russell Lee
Deter. These individuals are well-recognized authorities who dedicated their careers
to the field of fetal medicine and specifically in the area of fetal growth restriction.
These editors have undertaken a successful task of recruiting individuals known for
their innovative research and technologies to contribute to the various chapters of
the book.

The book presents the most current thinking about fetal growth restriction
including: the concept of fetal growth potential which is an individualized approach
for each fetus to be used as its own control; the early detection of growth restriction
and transition from adaption to fetal growth pathology; the pathophysiology and
causes of fetal growth restriction; the genomic factors regulating the process of
fetal-placental vasculogenesis; early and late onset fetal growth restriction; the
value of current biochemical, biophysical, ultrasound, and Doppler markers in the
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prenatal diagnosis and prognosis; current and future treatment; obstetrical
management and interventions; and evaluation, treatment, and follow-up after birth
including neurodevelopmental complications. The book concludes with the maternal
cardiovascular long-term consequences for the woman after the birth of a growth
restricted infant.

In my view, this book, “Fetal Growth Restriction: Current Evidence and Clinical
Practice,” covers every aspect of the topic of fetal growth restriction and provides
up-to-date information like no other text or monograph before. This book will serve
as the source for valuable information for clinicians and investigators and also as the
basis for future research. I remain confident that this comprehensive book will come
to stay as a classic reference in the area of fetal growth restriction and I strongly
recommend its reading by all those health-care providers who are involved in the
care of pregnant women and their fetuses.

Anthony M. Vintzileos, MD
Deputy Editor for Obstetrics,
American Journal of Obstetrics
and Gynecology

Mineola, NY, USA



Preface

Fetal Growth Restriction: Current Evidence and Clinical Practice was conceived as
ameans for keeping the health professional up to date on a subject of great relevance
to Obstetrics. It was written in clear and objective language, reflecting the experience
of the authors in their respective fields. The book addresses aspects of normal
intrauterine growth, as well as placental function, etiopathogenesis, and
pathophysiology of this disease process. Clinical evaluation of fetal growth
restriction (FGR) is described through its classification, diagnosis, and management.
Long-term consequences of growth restriction are considered from the neurological
and cardiovascular points of view.

We address recent knowledge about the new definition and recent classification
of FGR, merging with the still important clinical evaluation. The presented proposal
of pathology management appears as a consensus in the world literature.

This is a book for all professionals involved in Perinatology. It is the result of
teamwork between professionals from different countries. However, this is not an
exhaustive presentation of the subject but rather an update of the most important
aspects of this topic.

We would like to thank all the professionals and friends from different countries
who participated in this important work, especially the group that studies restriction
of fetal growth at the Federal University of Sao Paulo, which encouraged us to
undertake this important project.

Sao Paulo, SP, Brazil Edward Araujo Janior
Sao Paulo, SP, Brazil Luciano Marcondes Machado Nardozza
Rome, Italy Giuseppe Rizzo

Houston, TX, USA Russell Lee Deter
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Standards for Fetal Growth
and Neonatal Growth Outcomes

Russell L. Deter

Introduction

While the focus of this book is on fetal growth restriction, this condition cannot be
discussed without defining normal growth in more general terms. The purpose of
this chapter is to review how growth in both the fetus and neonate is assessed, and
it will examine various ways of defining what is normal. With normal growth
defined, growth restriction can be identified.

Growth Assessment

There are several fundamental aspects of growth assessment that are common to all
methods now in use.

Choice of Growth Parameters

Fetal growth and development is a process by which a single cell evolves into an
organism with 7500 named structures of different sizes [1, 2]. However, before the
advent of obstetrical ultrasonography, this process could only be monitored nonin-
vasively by measuring birth weight [3]. With ultrasound, the main components of
the fetus can be visualized and measured [4]. For historical reasons [5], consider-
able effort has also been made to estimate fetal weight, a parameter that cannot be
directly measured with ultrasound [6].

R. L. Deter (D<)
Department of Obstetrics and Gynecology, Baylor College of Medicine, Houston, TX, USA
e-mail: russelld @bcm.edu
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Table 1.1 Prenatal and neonatal growth profiles

Prenatal growth profile

Growth variable Measured parameter

Head size Head circumference (HC)

Trunk size Abdominal circumference (AC)

Soft tissue Partial thigh volume (TVol) [ThC included]

Length Femur diaphysis length (FDL)

Weight Estimated weight (EWT)

Neonatal growth profile

Growth outcome Measured parameter

variable

Head size Head circumference (HC)

Trunk size Abdominal circumference (AC)

Soft tissue Thigh circumference (THC), arm circumference (ArmC), percent
body fat

Length Crown-heel length

Weight (WT)

This table presents the anatomical variables that provide a comprehensive evaluation of prenatal
growth and neonatal growth outcomes

Studies of growth abnormalities in both fetuses and neonates suggest that a com-
prehensive assessment of growth is needed as these abnormalities manifest them-
selves in different anatomical parameters in individual fetuses/neonates [7—10].
These observations have led to the development of a prenatal growth profile and a
neonatal growth profile (Table 1.1) [11]. The prenatal growth profile provides a
comprehensive evaluation of the major anatomical components of the fetus and can
detect most, but not all, growth abnormalities [8].

All components of the prenatal growth profile can be measured directly with ultra-
sound except weight. Fetal weight estimations are obtained from functions relating
sets of measureable anatomical parameters [obtained within 1-3 days of delivery] to
birth weight [12, 13]. The weight estimation functions are obtained by multiple regres-
sion analysis and may have increased systematic errors if not sample specific [14, 15].

Choice of Measurement Parameters

A quantitative description of anatomical parameter growth during pregnancy
requires the use of dimensional measurements [length, surface area, volume]. Since
assessment is primarily with ultrasound, direct measurements of length are used
primarily. However, profile area [16, 17] and volumes [18, 19] can be measured.
Weight is estimated from sets of length and volume measurements [14].

Selecting the appropriate measure for an anatomical parameter involves the use
of latent and observable variables [20, 21], the former having multiple definitions
while the latter precisely defined (Table 1.2). This process involves having a clear
concept of the information needed and establishing (through a chain of latent vari-
ables) that the observable variable contains this information. The observable vari-
able chosen for each anatomical parameter needs to be specifically justified.
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Table 1.2 Procedure for selecting a fetal growth parameter

Selection of an observable variable (accessible to ultrasound measurement) that can be used to
quantify fetal growth requires a logical process involving latent variables. Given below is an
example of such a process:

Latent variable 1 (definition of “growth assessment”): size or change in size with change in age
Size: Change in size with age is more appropriate but cannot be carried out if only one
measurement is available

Latent variable 2 (anatomical parameter): head, abdomen, thigh, or femur
Head: All would be more appropriate since they represent different aspects of fetal growth,
but head was chosen to simplify this example

Latent variable 3 (measure of size): profile circumference, profile area, volume
Profile circumference: Head volume would be more appropriate as it is not affected by
shape changes, but complex technology is required for measurement. A head profile with
unique anatomy can be defined

Latent variable 4 (method of measurement): tracing of perimeter of head profile or use of elliptical tool
Elliptical tool: It has been shown to give similar results as tracing, is less operator
dependent and much faster

Latent variable 5 (standard to which measurement is compared): reference range, local

prescriptive standard, national prescriptive standard, or international prescriptive standard

The observable variable in this example is the HC measured on the BPD plane with the
elliptical tool and compared to the appropriate prescriptive standard

This table gives an example of the procedure used for selecting a growth parameter based on latent
variables. Such a procedure provides a well-defined observable variable with the characteristics
needed for a specific evaluation of a growth process

Choice of Age Estimate

As standards are age-specific, it is essential that the chosen fetal age be biologically
justifiable and be determined as accurately as possible.

Types of Age Estimates

Menstrual age (MA) is the most widely used age estimate. It is measured from the
first day of the last menstrual cycle [22]. This age includes a 2-week (on average)
period before there is a fertilized zygote [22].

Conceptual age (CA) is measured from the date of either ovulation or fertiliza-
tion and is synonymous with biological age [22].

Gestational age (GA) is synonymous with menstrual age even though its name
suggests conceptual age. Because of this name discrepancy, it is not recommended
as an age designation even though widely used.

Determining Age Estimates

Menstrual age is primarily determined from the patient’s history. Estimates can also
be obtained by ultrasound [4]. The most accurate estimates are provided by crown-
rump length [CRL] measurements, followed by sets of biometric measurements
made in the early 2nd trimester [22].
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Fig. 1.1 Determination of start point. This figure gives an example of how the start point [SP] used to
generate the time variable [7] of individualized growth assessment [IGA] is obtained [t = MA-SP]. A
linear function [solid line] is fitted to three second trimester measurements of HC [red dots] and then
extrapolated [broken line] back to where it crosses the menstrual age [MA] line. The crossing point
[6.4 weeks in this example] is the start point for HC in this example. (HC head circumference)

Conceptional age can be determined by direct observation (IVF) and the LH
surge or from basal body temperature and intercourse records [22].

Duration of growth {t} involves both menstrual age and a start point
[t = MA — SP]. Start point values can be obtained by extrapolating a line fit to 2nd
trimester measurements back to where it crosses the MA axis (Fig. 1.1) [10]. On
average, SP values are in good agreement with the embryological appearance ages
for various anatomical structures [10]. However, because of variation among indi-
viduals, better results are obtained when individual SP values are used [23].

Processing Fetal Measurements Related to Growth
Group Approach

Conventionally, the primary means for defining normal growth involves comparing an
individual to the group to which he/she can reasonably be considered a member. Past
studies have defined these groups on a local, regional, national, or international basis.
The issue of which group should be used in these comparisons is currently a major
topic of discussion among investigators [24—26], and no consensus has been reached.

Types of Reference Samples

Descriptive In past studies, biometric data has been collected on unselected
samples from a given race, ethnic group, geographical location, or economic class
[24-28]. Such samples provide a simple description of the distribution of measure-
ments within the group. Adequate sample size to assure representativeness is the
main requirement for such sampling.
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Table 1.3 Criteria for selecting prescriptive samples

Criterion

Maternal age (years)
Maternal BMI (kg/m?)
Maternal height (cm)
Singleton pregnancy
Fetal age

Type of pregnancy
Medical history

Socioeconomic constraints

Tobacco/drug use

Villar et al. [30]

>18 to <35

>18.5 to <30

>153

Yes

Known, normal MA
Natural

No previous problems
None

None in this pregnancy

Kiserud et al. [29]

>18 to <40

>18 to <30

Yes

CRL confirmed MA
Not stated

No previous problems
None

None in this pregnancy

Alcohol use <50 ml/week Not stated

Recurrent miscarriage None None
Premature/LBW delivery None None

Congenital disease None Not in this pregnancy
Vascular disease of pregnancy None Not stated

Rh disease None Not stated

Urinalysis Negative Not stated

Blood pressure (mm Hg) <140, <90 Not stated

Anemia None Not stated

Sexually transmitted disease None Not stated

Environment/physical work Not adverse to pregnancy Not adverse to pregnancy

This table lists the criteria used in two recent studies for selecting a patient sample which optimizes
fetal growth and minimizes growth abnormalities

Prescriptive More recent studies have specified conditions that maximize normal
growth and minimize factors causing growth pathology (Table 1.3) [29, 30]. Fetal
growth in pregnancies meeting these criteria has been presented as how fetuses
should grow. Results obtained using these samples have been proposed as interna-
tional standards for normal growth since similar growth was found in different
countries, at least for skeletal parameters [31].

A second type of prescriptive sample is chosen on the basis of a particular desir-
able neonatal characteristic [e.g., normal neonatal growth outcome as determined
with the modified neonatal growth assessment score and a sample-specific reference
range] [32]. Fetuses having this desired characteristic were assumed to have grown
normally so were used to define size and growth reference ranges.

A third precriptive approach has been applied only to birth weight. The relation-
ships between birth weight and known size determinants [maternal height, weight
in early pregnancy, parity and ethnic group, as well as fetal sex] were established in
a large, unselected sample using regression analysis [33, 34]. A function containing
these variables was then used to determine the “term optimal weight” for any neo-
nate at 280 days.

Classification of Size

With selection of a specific measurement, a fetal age parameter, and an appropriate
sample, regression analysis is used to create cross-sectional, population size charts
(Fig. 1.2) [29]. These charts usually present a set of continuous lines that represent
group percentile lines. Comparison of individual biometric measurements to such a
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Fig. 1.2 Example of size standard for a specified group. This figure shows the conventional size
[estimated weight] reference range used in comparing an individual measurement to the group. In
this example, the Sth, 50th, and 95th percentile lines are plotted for both males (blue lines) and
females (red lines). (These curves were obtained from the prescriptive sample of Kiserud T, et al.
PLOS Med. 2017;14:1-36. [Figure used with permission])

group standard requires calculation of the appropriate percentiles. The percentile
for a given measurement involves determining the number of standard deviation
(SD) units between the measurement value and its expected, or 50th percentile,
value in a normal distribution. The difference between the measurement and its
expected value is calculated (deviation), and this difference is divided by the SD
value (z-score [21]). The z-score value can be converted to a percentile, assuming a
normal distribution, using a look-up table [35]. Obtaining expected and SD values
for percentile calculation requires mathematical techniques found in the regression
analysis literature and is age-specific [36].

Obtaining Expected and SD Values for Percentile Calculation

Cross-Sectional Data If all measurements are independent (one measurement per
fetus), ordinary least squares regression analysis can be used to generate the expected
value function with respect to fetal age and calculate the variability. If the variability is
uniform with respect to age, a single SD value can be obtained and used at any age in the
percentile calculation [37]. If there is a change in variability with respect to age, regres-
sion analysis has to be used to generate a function relating variability to age [38].
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Longitudinal Data The use of longitudinal data to generate expected values and
SDs is a relatively recent development but has the advantages of being more effi-
cient and providing knowledge of growth outcomes which can be used to select a
more appropriate reference sample. However, in addition to variability variation
with age, the repeated measurements in each fetus are correlated with each other
[autocorrelation] [39]. This results in biased estimates of the variability [40].

These statistical problems can be solved by using two-level, hierarchical linear
modeling (first level, characteristics of the group; second level, characteristics of the
individuals in the group) and generalized least squares regression analysis [41].
These procedures generate expected value and total variance functions that are age-
dependent. With these functions, the expected value and SD at any age can be
obtained.

Customized Percentiles In this procedure, the term optimal weight, based on known,
physiological size determinants, is taken as the expected value at 40 weeks [33, 34].
The 40-week standard deviation of the birth weight sample used for specifying the
term optimal weight function (expressed as a percent of the 40-week mean value) is
taken as the variability parameter. These statistics are used to determine the percentile
of the measured birth weight if delivery is at 40 weeks. In deliveries before 40 weeks,
the term optimal weight is adjusted using a “proportionality curve” obtained by com-
paring 50th percentile estimated weights at ages before 40 weeks to the 50th percen-
tile estimated weight value at 40 weeks [34]. The SD, as a proportion of the adjusted
term optimal weight, is considered to be the same as that determined at term [34].

Distribution-Free Percentile Values A new technique, called quantile regression, is
now available for obtaining age-specific percentile values directly from the data [42,
43]. This method makes no distributional assumptions and is more robust against
the influence of outliers than conventional methods.

Criteria for Classifying Percentiles

The traditional, though still arbitrary, definition of a group of values is the 95% range
because there are usually outliers due to errors of different kinds. This definition is
independent of any distributional assumptions. For a normal distribution (usually
assumed by most reference range studies), this is equivalent to the 2.5-97.5 percen-
tile range. However, beginning in 1967 with birth weight [44], many clinical studies
have used the <10th, 10-90th, and >90th percentiles to define abnormally low, nor-
mal, and abnormally high values for biometric parameters. More recently [45—47],
below the 5th or the 3rd percentile has been used to define abnormally low values.
However, as pointed out by Deter and Harrist [11], what actually needs to be
done is to find boundaries empirically that optimally separate normal and abnormal
cases (Fig. 1.3). The objective of this approach is to choose a boundary that mini-
mizes misclassification. However, this approach has the disadvantages of giving
boundaries that change with different types of abnormalities and even with the same
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Fig. 1.3 Overlap of normal
and abnormal size
distributions. (a) shows an
acceptable degree of overlap
between the distributions of
normal [N] and abnormal
[A] values for a specific size o
parameter. This degree of
overlap gives reasonable
numbers for false positives
and false negatives. (b)

Relative
Frequency

Parameter Value

shows an unacceptable Relative

degree of overlap because Frequency

the number of false

positives and false negatives

would be too high Parameter Value

abnormality, in different samples. Such boundaries are also subject to change with
sample size until representativeness has been reached. However, such boundaries
provide the most definitive information on the quality of the separation boundary in
any given sample.

Finally, it must be pointed out that most symmetric distributions have theoretical
limits of plus and minus infinity, so no matter what boundary is chosen, there will
be some normal values below the boundary and some abnormal values above the
boundary. The best that can be done is to minimize misclassification.

Problems with Conventional Classification

Descriptive Reference Ranges Reference ranges from unselected samples may
contain individuals with growth abnormalities since growth outcome is not evalu-
ated. They also may or may not be representative, and as they do not take differ-
ences in growth potential into account, this source of variation is included in the
“normal variability.” Group percentile lines cannot be considered individualized
size trajectories [5].

Prescriptive Standards Because of the strict and comprehensive inclusion criteria,
growth abnormalities are likely to be rare but still possible unless sample selection
includes neonatal growth outcome information. Differences in growth potential are
not taken into account so are again part of “normal variability.” Again, group per-
centile lines cannot be considered individualized size trajectories [5].

There is also controversy over which biometric parameters to include in interna-
tional standards [24-26]. Only skeletal parameters [more invariant between coun-
tries] have been proposed by one group [31], while other groups also include soft
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tissue measures and estimated weight (more sensitive to socioeconomic factors
[31]) [28, 29]. This difference in approach appears to be due to what the standards
are designed to do. The former would provide a means for evaluating overall obstet-
rical performance of different groups [e.g., countries]. The latter would be most
useful in determining the growth status of individuals in different groups.

Customized Percentiles These percentiles are limited by their availability only for
birth weight. Previous studies have shown that birth weight may not be affected in
neonates with clear evidence of growth restriction [9, 47, 48]. The demographic
parameters in the “term optimal weight” function only account for <10% of the
birth weight variability [49-51], and including sex and birth age increases the per-
centage to around 25% [49, 50]. Adding pathological variables [50] or using a more
comprehensive set of size determinants [52] increased the percentage to no more
than 36% of the variability. These results indicate that the “term optimal weight” is
being derived from only a fraction of the birth weight determinants and thus is very
unlikely to be “optimal.”

The “proportionality curve” used to adjust for delivery before 40 weeks may or
may not be valid as it is based on weight estimates, not actual weight measurements,
that are derived from a parameter set that does not include a measure of fat/muscle
[12]. Its use also assumes that group percentile lines are the actual growth trajecto-
ries of individual fetuses. This assumption has been tested against individualized
growth trajectories generated from empirical estimates of individual growth poten-
tial in fetuses with normal neonatal growth outcomes [53]. The use of percentile
lines as individual trajectories resulted in significantly larger systematic and random
prediction errors, indicating that an individual’s growth does not follow group per-
centile lines.

Individualized Approach

An alternative to the group approach described above is called individualized
growth assessment [IGA] [10]. This procedure uses each fetus as its own control,
generating individual- and parameter-specific size trajectories and predicted birth
characteristics from empirical estimates of growth potential. A detailed presentation
of IGA and its implementation (individualized growth assessment program [iGAP])
has recently been published [5].

Estimating Growth Potential and Start Points

Growth in the 2nd trimester has been shown to be quite linear in fetuses with normal
growth outcomes and those with growth restriction for one-dimensional measurements
[54]. This has also been found for two-dimensional and three-dimensional parameters
after linearization with the appropriate mathematical manipulation [2D, square root;
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3D, cube root] [10]. Linear functions fit to 2nd trimester measurements can be used for
two purposes: estimating growth potential and determining start points for all anatomi-
cal parameters in each fetus.

Start Points [SP] Fetal age is customarily determined from the first day of the
last menstrual period [menstrual age {MA}] [22]. However, this is, on average,
2 weeks before there is a fertilized zygote and over a month before embryologi-
cal development has produced the first structure [head] that will be measured as
part of the prenatal growth profile [1, 22]. Since it is not logical to talk about the
growth of an anatomical structure before it exists (at least microscopically), an
estimate of the start point [5, 10] for each measured anatomical parameter is
needed for all fetuses. Start point values can be obtained by extrapolating the
line fit to 2nd trimester measurements back to where it crosses the MA axis
(Fig. 1.1). On average, SP values are in good agreement with the embryological
appearance ages for various anatomical structures [10]. The availability of SP
values allows definition of a new time variable for IGA, the duration of growth
[t =MA — SP] [5, 10].

Growth Potential Linear growth in the 2nd trimester implies that the nutritional
requirements of these very small fetuses are easily satisfied in normal pregnancies
and even those with future growth restriction [54]. Under these circumstances,
growth of the fetus is being determined by other growth controllers, both known
and unknown [5, 54]. This is one of the several characteristic of 2nd trimester
growth velocities (Table 1.4) that has led to these empirical measurements being
proposed as estimators of growth potentials [each biometric parameter has its own
growth potential] [54]. Second trimester growth velocities can be calculated
directly if only two measurements are available. With three or more, regression
analysis can be used to fit a linear function. The slope of this linear function is

Table 1.4 Second trimester growth velocity estimates of fetal growth potentials

Characteristics of second trimester growth velocities
Measures of change in size with age, not size alone, so most appropriate growth
measurements
Empirical measures reflecting the effects of both known and unknown growth determinants
Measured during pregnancy when fetal nutritional requirements are low, thus primarily
reflecting intrinsic determinants of growth
Remain constant during the second trimester, consistent with intrinsic control of growth and
adequate nutritional supply
Specify Rossavik size models that accurately predict third trimester size trajectories and birth
characteristics in fetuses with normal neonatal growth outcomes
Similar second trimester growth in fetuses with normal growth, growth restriction, and
macrosomia

This table gives the characteristics of second trimester growth velocities that support their use as
estimators of the growth potential of different anatomical parameters
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taken as an estimate of the growth potential for that parameter in the fetus being
studied. At least two sets of measurements (anatomical measurement and men-
strual age measurement) separated by 2-3 weeks must be available between 14 and
26-28 weeks, MA [5].

Rossavik Size Model Specification

Rossavik Model 1GA utilizes the Rossavik size model [55, 56] to generate 3rd tri-
mester size trajectories and predict anatomical birth characteristics:

P= C(Z)k + st

1. P = anatomical parameter value
2. t = time variable [t = MA—SP]
3. ¢, k, s = model coefficients

A Rossavik size model is completely specified when values for the start point and
for coefficients c, k, and s are known. The method for determining SP values is
given in Fig. 1.1. Values for coefficients c, k, and s have been determined for nine
anatomical parameters [BPD, HC, AC, FDL, ThC, HDL, ArmC, AVol, and TVol]
by regression analysis in 118 fetuses with normal neonatal growth outcomes [32].
Coefficient k was found to represent the anatomical characteristics of the mea-
sured parameters (Table 1.5). Since coefficient k reflects anatomical characteris-
tics that do not change, it is held constant at its mean values (Table 1.5). Repeated
regression analysis with a fixed k gave new sets of coefficients ¢ and s [c*, s*], c*
being linearly related to growth velocity (Fig. 1.4) and s* being linearly related to

Table 1.5 Coefficient k Head measurements Abdominal measurements
values for different anatomi- HC: 1.405 BPD, 1.367 AC: 1.043
cal parameters HA: 2.624 AA:2.180

HV: 4.056 AV: 5.206

Upper arm measurements Thigh measurements

HDL: 1.355 FDL: 1.258

ArmC: 0.844 ThC: 0.878

AVol: 2.927 TVol: 3.030

This table presents the empirically determined mean val-
ues for the coefficient k of the Rossavik size model,
obtained from fetal samples with normal neonatal growth
outcomes. They illustrate how this coefficient is related
to the anatomy of what is being measured

Deter et al. [32, 56]

HC head circumference, HA head profile area, HV head
volume, BPD biparietal diameter, AC abdominal circum-
ference, AA abdominal profile area, AV abdominal volume,
HDL humerus diaphysis length, ArmC arm circumference,
AVol partial arm volume, FDL femur diaphysis length,
ThC thigh circumference, 7Vol partial thigh volume
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Table 1.6 Mathematical functions used to obtain estimates of Rossavik size model coefficients

log.(c*) = by + b, log.(slope)

s* =cy— ci(c*)

Measurement k b, b, R? @ @ R?

HC 1.405 —-0.9326 1.4979 97.2 0.0013 0.0144 91.3
AC 1.043 —0.1306 1.3381 97.1 0.0060 0.0064 83.1
FDL 1.258 —-0.0223 1.3665 97.7 0.0026 0.0448 88.7
HDL 1.355 —-0.0196 1.4766 98.4 0.0016 0.0664 94.7
ThC 0.878 0.2952 1.1340 96.2 0.0076 0.0070 53.9
ArmC 0.844 0.4627 1.1779 96.2 0.0073 0.0084 53.9
AVol 2.927 2.0079 3.8187 97.1 0.0071 4.5928 75.3
TVol 3.036 1.2257 3.6705 97.5 0.0047 1.8970 69.5
BPD 1.367 —0.2207 1.4880 97.9 0.0016 0.0464 90.5

This table provides the functions needed to calculate estimates of the coefficient c* from the slope
of the linear function fit to second trimester measurements (growth velocity). It also gives the func-
tions used to calculate estimates of coefficient s* from coefficient ¢*. Values for the coefficients k,
c*, and s* specify a Rossavik size model in the second trimester

Deter et al. [32]

Note: HC head circumference, AC abdominal circumference, FDL femoral diaphysis length, HDL
humeral diaphysis length, ArmC mid-arm circumference, 7hC thigh circumference at level of mid-
femoral diaphysis, Hcube head cube, Acube abdominal cube, AVol and TVol fractional arm and thigh
volume, BPD biparietal diameter. HC and AC determined from short- and long-axis diameters
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coefficient ¢* (Fig. 1.5) {now known as coefficient predicted s*}. Estimates of c*
and predicted s* can be obtained for any growth velocity measurements using the
functions shown in Table 1.6. This approach is able to specify models for two-
dimensional parameters (e.g., head profile area, abdominal profile area [16, 17])
and three-dimensional parameters (e.g., head volume, abdominal volume, head
cube, abdominal cube, partial thigh and arm volumes [10, 32, 56]).

Third Trimester Size Trajectories, Percent Deviations,
and Pathological Percent Deviations

Third Trimester Size Trajectories Using models specified from 2nd trimester
growth velocities [growth potential estimates], predicted anatomical measurements
at various times in the 3rd trimester can be calculated. These predicted values form
the predicted size trajectory for each anatomical parameter in any specified fetus
(Fig. 1.6) [5, 32]. Such trajectories represent individualized size standards against
which subsequent anatomical measurements can be compared.

Third Trimester Growth Evaluation
40

-
30 = ,/.
.
"%
g

204

Abdominal Circumference (cm)

10 LI L I I I O B B I O
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Menstrual Age (weeks)

Fig. 1.6 Predicted size trajectory generated by IGA. Individualized growth assessment [IGA]
provides third trimester size standards for each fetus as shown for the abdominal circumference
[AC] in this figure. A linear function [solid line] was fitted to second trimester measurements [red
dots], providing the growth velocity measurement [slope] needed for Rossavik size model specifi-
cation. This model was then used to generate the expected size trajectory [broken line], which is
the individualized size standard for this fetus. Subsequently, actual AC measurements at different
time points [black dots] were placed on this graph to show how well actual growth followed the
predicted trajectory. The blue area represents normal variation determined in fetuses with normal
neonatal growth outcomes. (Deter et al. [5], figure used with permission)
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Percent Deviation (%Dev)
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Fig. 1.7 Percent deviation and pathological percent deviation. In IGA, percent deviations [%Dev]
are used to compare actual measurements to predicted measurements. This figure shows how this
parameter is calculated. However, percent deviations are composed of random variations and
potentially the effects of growth pathology. The growth pathology can be quantified using the
pathological percent deviation [%Dev,]. This figure shows how both positive and negative %Dev,
values are determined by calculating the differences between the %Dev’s and the appropriate
upper or lower boundary of the age-specific 95% reference range. (Deter et al. [5], figure used with
permission)

Percent Deviation Third trimester measurements are not compared to those of a
group but to what the measurements should have been if growth continued as
described in the 2nd trimester. The statistic carrying the information about such com-
parisons is called the percent deviation (%Deyv, Fig. 1.7) [5, 47]. Percent deviations
in normally growing fetuses reflect the effects of random variables such as measure-
ment errors, modeling errors, and intrinsic biological control variability. They are
independent of differences in growth potential and trajectory shape. Reference ranges
for the percent deviations of ten anatomical parameters have been determined in
fetuses with normal neonatal growth outcomes [32]. It has been shown that %Dev
values are proportional to the difference between observed and expected average
third trimester growth velocities so are measures of growth, not size [10].

Pathological Percent Deviation Percent deviations outside the appropriate refer-
ence range indicate the presence of growth pathology. The magnitude of this pathol-
ogy can be determined by calculating the difference between the appropriate
reference range boundary [upper boundary, accelerated growth; lower boundary,
decelerated growth] and the percent deviation value, as shown in Fig. 1.7 [5, 47].
These differences are called pathological percent deviations [%Dev,] and can be
either positive [comparisons with the upper boundary] or negative [comparison with
the lower boundary]. Differences not giving information about the pathology being
evaluated are assigned a value of zero (see Fig. 1.7) [5, 47].



1 Standards for Fetal Growth and Neonatal Growth Outcomes 15

Growth Potential Realization Index (GPRI)
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Fig. 1.8 Growth potential realization index and pathological growth potential realization index. In
IGA, growth potential realization index [GPRI] values are used to compare actual neonatal mea-
surements to predicted neonatal measurements. This figure shows how the GPRI is calculated.
However, GPRI values are composed of random variation and potentially the effects of growth
pathology. The growth pathology can be quantified using the pathological GPRI [pGPRI]. This
figure shows how both positive and negative pGPRI values are determined by calculating the dif-
ference between the GPRI value and the appropriate upper or lower boundary of the 95% reference
range. (Deter et al. [5], figure used with permission)

Growth Potential Realization Index [GPRI], Pathological
Growth Potential Realization Index, and Modified Neonatal
Growth Assessment Score

Evaluation of growth outcome in the neonate follows a similar pattern to evaluation
of fetal growth except there is only one time of measurement. Previous studies [57]
of late fetal growth have shown continued growth up to 38 weeks, MA. Beyond that
point, very little growth is seen in fetuses with normal neonatal growth outcomes.
For this reason, 38 weeks is considered the growth cessation age [57].

GPRI As with fetal growth, neonatal growth outcome assessment is based on
comparisons of measured and predicted birth characteristics [WT, HC, AC, ThC,
CHL, ArmC]. Direct measurements at birth provide the sizes of anatomical struc-
tures, while Rossavik size models are used to obtain predicted values, at birth age
up to 38 weeks and at 38 weeks if delivery occurs later. For some parameters,
systematic prediction errors have been observed due to differences in prenatal and
postnatal measurement procedures [58]. These can be eliminated using appropri-
ate correction factors [57]. The statistic containing the information about com-
parisons of measured and predicted birth characteristics is the growth potential
realization index (GPRI, Fig. 1.8) [5, 47]. This parameter is the ratio of the mea-
sured value to the predicted value multiplied by 100 [ideal GPRI value = 100%].
The GPRI is independent of differences in growth potential, age at delivery,
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growth cessation, and systematic measurement errors. GPRI reference ranges
have been established in pregnancies with normal neonatal growth outcomes [5,
10]. The GPRI has been shown to be proportional to the difference in measured
and predicted average, 3rd trimester growth velocities so is a measure of growth,
not size [10].

Pathological GPRI As with percent deviations, GPRI values can be compared to
the boundaries of their reference ranges and differences between the boundary value
and the GPRI calculated. This difference is called the pathological GPRI (pGPRI,
Fig. 1.8) and is a quantitative measure of growth pathology present in the anatomi-
cal parameter of the neonate. Again, it can be positive [comparison to the upper
boundary] or negative [comparison with the lower boundary]. GPRI values contain-
ing no information about the pathology being evaluated are assigned a pGPRI value
of zero (see Fig. 1.8) [5, 47].

mNGAS Finally, the ultimate parameter for determining neonatal growth outcome
is the modified neonatal growth assessment score [NNGAS] [9]:

m;NGASs, = 0.660(GPRIy;) + 0.602 (GPRIpc) + 0.394 (GPRI) + 0.159
(GPRIg) + 0.146 (GPRI ).

This comprehensive, composite parameter utilizes multiple GPRI values (with
all their advantages) and weighs them according to their importance to the
mNGAS. The mNGAS has separated growth restricted, normal, and macrosomic
neonates with accuracy of 96.9% in a previous study [9].

Prenatal-Postnatal Growth Assessment Concordance

As indicated above, IGA provides evaluations of 3rd trimester fetal growth and
neonatal growth outcomes. These evaluations are independent of each other [i.e.,
information about 3rd trimester fetal growth is not needed to assess neonatal growth
outcomes and vice versa] [5]. Agreement between these two assessments provides
definitive information on growth status. This is because the alternative interpreta-
tion, that the different prenatal and postnatal sources of error cancel each other out
to give the same wrong answer, is extremely improbable. Concordance can be con-
sidered the most definitive determinant of growth status.

Summary

Group standards are needed for assessments of single measurements or growth
velocities calculated from two sets of measurements. With three or more sets of
measurements, if obtained early in pregnancy, individualized standards based on
growth potential estimates can be used. IGA evaluations of growth provide a wealth
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of information not available in the “snapshots” provided by the cross-sectional
approach. A web-based computer program (individualized growth assessment pro-
gram {iGAP} [5]) for implementing IGA is freely available at https://igap.reseach.
bem.edu. Particularly in high-risk pregnancies, this new information may prove use-
ful in improving management and outcomes in these difficult cases.

Acknowledgment The author would like to thank Ms. Rajshi Gandhi for her help in the prepara-
tion of this chapter.
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Small for Gestational Age Versus Fetal 2
Growth Restriction

Russell L. Deter

Introduction

A discussion of this topic has to begin by pointing out that small for gestational age
(SGA) is a neonatal growth outcome classification based on birth weight [1], while
fetal growth restriction (FGR) is a process by which the fetus tries to adapt to in
utero malnutrition [2]. It is often assumed that the latter results in the former, but as
this chapter will show, that is frequently not true if proper growth assessment meth-
ods are used [3-5]. However, both terms can signify the presence of a growth abnor-
mality, which can increase the risk for perinatal complications [6]. The etiology of
these growth abnormalities will be discussed in another chapter (Chap. 3). This
chapter will deal with how to correctly identify growth restriction in both the fetus
and neonate.

Evolutionary Perspective

In order to detect and evaluate a fetal growth abnormality, it is important to consider
the evolutionary aspects of human pregnancy. Recent paleoanthropology studies of
Homo sapiens remains [7] indicate that humans have been procreating for at least
250,000-300,000 years, long before recorded history (10,000-15,000 BCE) or
“modern times” (after 1400 CE). Therefore, the current reproductive system is pri-
marily designed for “cave women and cave fetuses.” As with all systems resulting
from “survival of the fittest” evolution, its primary objective is to perpetuate the
parents’ DNA in the next generation. This requires survival of the fetus in utero and
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the neonate during the first month after delivery in a hostile environment where his/
her caretakers know very little about the survival requirements. In essence, given
this level of ignorance, the system had to perform automatically almost all the time
or none of us would be here!

Beginning around 28 weeks, menstrual age (MA) (after which postnatal survival
of “cave” babies might even be possible [8]), the fetus starts to deposit muscle and
fat on the limbs [9, 10] to provide stores of energy for use postnatally. Only after
38 weeks, MA, does normal growth stop [3], most likely to shift energy to those
processes preparing the fetus for extrauterine life in the “cave.” If the nutrient sup-
ply supporting the growth process is compromised (for whatever reason), adaption
must occur or the “cave fetus” would die since there was no understanding of the
situation and technical help was not available. If the fetus died, without antibiotics
and operative delivery, the “cave mother” would also die and her genetic line would
be gone.

Fetal Adaption to Compromised Nutrient Supply

Modern scientific studies of malnourished primate and human fetuses have shown
various adaptions to growth restriction including (1) increased red cell production
during hypoxia [2], (2) metabolic downregulation of growth processes [11] and
blood redistribution to vital organs [12]. Various regulatory systems are involved
[2], and differential vasoconstriction/vasodilatation produce blood flow changes
[12]. Since quantification and characterization of growth restriction evolution has
only recently been possible [5, 13], it is not known how these adaptive processes are
related to the severity and progression of different types of growth restriction.
However, it would be logical to speculate that if growth restriction developed slowly
and was not too severe, metabolic downregulation would predominate and only at
the latter stages (provided the abnormality was severe enough) would vascular
changes be seen. If severe and rapidly developing, vascular changes would be
expected to predominate since they maximize protection of the brain [12].

Small for Gestational Age (SGA)
Definition

In the early 1800s, birth weights became the first measurement to reflect fetal growth
in utero [14], even though it is a measure of size not growth [15]. By the 1960s, it
was recognized that neonates with small birth weights had higher incidences of
perinatal complications and death [16, 17]. This resulted in a number of studies
concerned with outcomes in low birth weight (LBW, <2500 g) infants [17]. Later,
however, it was recognized that a neonate could be LBW because it was growth
restricted, premature, or both [17]. To eliminate this confounding, Battaglia and
Lubchenco published their now classic paper [1] which considered both age and
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weight in classifying neonatal birth weights. This system, still in use today, subdi-
vides neonates into three groups, small for gestational age {SGA} (less than the
10th percentile for birth age), appropriate for gestational age { AGA} (between the
10th and 90th percentiles for birth age), and large for gestational age {LGA} (above
the 90th percentile for birth age). The only justification given for these boundaries
was that the 10th percentile values in various studies of birth weight were similar
[1]. This is a classification of size (not growth) with respect to the group (not the
individual). However, the SGA-AGA-LGA system did provide a means for relating
size and prematurity to neonatal mortality [18].

For many years following publication of the Battaglia-Lubchenco system, SGA
neonates were considered growth restricted and the designation used to identify
fetuses with this growth abnormality [19]. With the advent of obstetrical ultrasound
in the late 1970s, direct studies of fetal growth became possible. Given the history
with birth weight, investigators focused on developing ways to estimate fetal weight
(EFW) [20-22] since this is a parameter that cannot be measured directly with ultra-
sound. As a result, some obstetrical organizations have defined fetal growth restric-
tion as an estimated weight below the 10th percentile for age [23]. Considerable
effort has been made to use EFW to predict birth weight categories so that the
relationships between birth weight and perinatal complication/developmental
abnormalities could be used in risk assessment. However, recent studies have con-
cluded that such predictions are not accurate enough for clinical use [24, 25].

Fetal Growth Restriction (FGR)

Even if EFW or some other prenatal measurement could predict SGA status accu-
rately, there is another major problem. A birth weight categorization of SGA does
not necessarily mean that the fetus was growth restricted. This categorization is
based on comparison of the individual to a group and does not take into account the
growth potential of the individual [26]. Normally growing, genetically small fetuses
would also be classified as SGA, and genetically larger fetuses with growth restric-
tion would be classified as AGA. Therefore a different approach to identifying
growth-restricted fetuses and neonates is needed.

Definition of FGR in Individual Fetuses

The most logical definition of growth restriction is failure to achieve growth poten-
tial [15]. However, this definition requires a definition of growth potential to be
meaningful. Deter et al. [26-28] have proposed the use of the second trimester
growth velocity as an empirically determined parameter that can be used to estimate
growth potential. As can be seen in Table 2.1, these velocities have properties that
make them appropriate estimators of the latent variable, growth potential [28].
However, use of this definition results in multiple growth potentials, one for each
anatomical parameter measured. Therefore, there are multiple growth restrictions,
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Table 2.1 Specific fetal growth pathology parameters

Trimester Parameter name  Abbreviation Description and use
Second  Abnormal Growth AGVS Difference between the reference range
Velocity Score boundary and the measurement; classifies growth
velocities as abnormally high or low and gives
abnormality magnitudes. This score can be used
to detect growth abnormalities beginning in
either the first or second trimester
Third Pathological %Dev,, Difference between the reference range
Percent Deviation boundary and the measurement (Fig. 1.7, Chap
1). This parameter provides a measure of growth
pathology for individual anatomical parameters
at specified time points

Anatomical apPGAS Average pathological percent deviation for a
Parameter Prenatal single anatomical parameter during the third
Growth trimester. This score provides a measure of
Assessment Score growth pathology during the third trimester for
individual anatomical parameters
Individual icPGAS Average pathological percent deviation for a set
Composite of anatomical parameters at a specific time point.
Prenatal Growth This score provides a way to evaluate growth
Assessment Score abnormalities that manifest themselves
differently among fetuses (Fig. 2.1)
Fetal Growth FGPS Average pathological percent deviation for all
Pathology Score available anatomical measurements at specific

time points in the third trimester (Fig. 2.2). The
FGPS measures growth pathology found in the
third trimester using all anatomical parameters
and time points

This table presents the five parameters utilized by individualized growth assessment [IGA] to
detect and quantify growth pathology in the second [AGVS] and third [%Devp, apPGAS, icPGAS,
FGPS] trimesters. On the right-hand side are the descriptions and uses of these growth pathology
parameters Deter et al. [15], table used with permission

one for each anatomical parameter, or set of parameters, regardless of how they may
be defined at different times in pregnancy. What is not clear is how clinically signifi-
cant growth restriction should be defined.

Second Trimester FGR

Previous studies [29] have shown that a small percentage (>10%) of fetal growth
restriction can be caused by abnormalities in the first trimester (e.g., genetic prob-
lems, congenital infections, exposure to toxins, etc.). These cases may be detected
in the early second trimester using growth velocity measurements. Velocities mea-
sured later in the second trimester might identify early growth restriction due to
other causes (e.g., smoking).

In a previous publication [27], Deter et al. presented second trimester growth
velocity reference ranges for nine anatomical parameters (BPD, HC, AC, FDL, ThC,
HDL, ArmC, AVol, and TVol) in pregnancies with normal neonatal growth outcomes.
Comparison of growth velocity measurements made in the second trimester to these
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reference ranges can be used to detect very early growth restriction. For individual
anatomical parameters, the growth restriction is quantified by calculation of the
Abnormal Growth Velocity Score (AGVS) [28]. This Score sets all growth velocities
above the lower reference range boundary equal to zero. It uses the difference between
the boundary and the actual velocity as the measure of growth pathology magnitude.
The AGVS is one of several IGA parameters that can quantify growth pathology.

Single Anatomical Parameter Third Trimester FGR

In certain fetuses, growth restriction can be limited to a single anatomical parameter
(head [4], soft tissue [30]). As this condition cannot be detected at every third trimes-
ter time point, more consistent results can be obtained by using the modified anatomi-
cal parameter Prenatal Growth Assessment Score (apPGAS, Fig. 2.1) [31]. The
apPGAS (e.g., hcPGAS, thcPGAS) is the average of the negative, pathological per-
cent deviations (—%Dev,; see Chap. 1) obtained for the studied parameter during the
third trimester. Reference ranges for these parameters, determined in fetuses with nor-
mal neonatal growth outcomes, are found in Ref. [31]. Since apPGAS values are
derived from —%Dev, values, they quantify the growth pathology (Table 2.1) [15].

Modified Prenatal Growth Assessment Scores (MPGAS)

Menstrual Age (wks)
30 32 34 37

HC Example 1
Q
A 2| 00 | 47 | 00 | 50 ANATOMIC PARAMETER PGAS (apPGAS)
3 -acPGAS = (0.0 - 4.7 +0.0 -5.0) +4= -2.4%
FDL S
EFW
30 32 34 37
HC 00 Example 2
AC S e INDIVIDUAL COMPOSITE PGAS (icPGAS)
= :
3 -icPGAS = (0.0 - 4.7 +0.0 -5.1) +4= -2.5%
FOL 3 0.0
EFW -5.1

Fig. 2.1 Modified Prenatal Growth Assessment Scores. This figure presents the calculation of an
anatomical parameter Prenatal Growth Assessment Score [apPGAS]. This IGA parameter provides a
means for summarizing growth pathology for a single anatomical parameter during the third trimes-
ter [see Table 2.1]. Also presented is the calculation of an individual composite Prenatal Growth
Assessment Score [icPGAS]. This IGA parameter provides a summary of growth pathology at a
single time point (see Table 2.1). (HC head circumference, AC abdominal circumference, FDL femur
diaphysis length, EFW estimated fetal weight. Deter et al. [15], figure used with permission)
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Single Time Point Third Trimester FGR

In many longitudinal studies of fetal growth, serial ultrasound scans are comple-
mented by intermittent scans using other imaging modalities (e.g., MRI), physio-
logical assessments (e.g., Doppler evaluations of blood velocity; see Chap. 10), or
measurement of biochemical parameters (e.g., placental biomarkers; see Chap. 7).
In these situations, fetal growth status at the same time points where additional
information was acquired is needed for making comparisons. These assessments are
more consistent between fetuses if a set of anatomical parameters is used since dif-
ferent fetuses manifest growth restriction in different ways [15, 26]. EFW has been
used for this purpose by many investigators, but it has a number of significant prob-
lems: (1) it is estimated, not measured [32]; (2) the accuracy of estimates in the
second trimester may not be well defined because the number of birth weights avail-
able for comparison within 3 days of the scan is often small [32]; (3) normal vari-
ability is large (12-20% [20-22]); (4) estimation coefficients are related to birth
weight, which may produce errors since all growth-restricted fetuses do not have
abnormal birth weights [33]; (5) estimation coefficients often need to be sample-
specific [34, 35].

An alternative to EFW is the individual composite Prenatal Growth Assessment
Score (icPGAS, Fig. 2.1) [31]. The icPGAS is the average of the -%Dev values
obtained for each of a set of growth measures at a specific time point. As the set can
be defined in different ways, a number of different icPGASs can be specified. The
only one used to date was composed of HC, AC, FDL, and EWT [13]. The icPGAS
is also a quantifier of growth pathology (Table 2.1) [15].

General Third Trimester FGR

In ongoing as well as completed pregnancies, it is frequently important to have an
overall view of growth restriction in the third trimester. With IGA, the quantitative
measures of growth restriction, —%Dev,, values, are being collected for a set of
anatomical parameters sequentially at each time point studied. These data can be
used to calculate the desired general measure of growth restriction, the Fetal Growth
Pathology Score (FGPS) [5]. As shown in Fig. 2.2, the FGPS is the cumulative mov-
ing average of all the —%Dev, values collected up through the current scan. This
method of calculation retains the history of the growth restriction process and allows
for variations in the parameter and time of occurrence of pathological findings fre-
quently observed in growth restriction processes [15, 26]. As an average of all avail-
able —%Dev,, values, it is the best general statistic for representing third trimester
growth restriction in any given fetus. Any number of FGPSs can be defined, depend-
ing on the composition of the anatomical parameter set; so many types of growth
restriction can be investigated. However, only one (FGPS1) has been used to date.
Its set includes the conventional biometric parameters HC, AC, FDL, and EWT [5,
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a
Fetal Growth Pathology Score (FGPS1)
Menstrual age (weeks) | 30 | 32 | 34 | 37
Negative Pathological Percent Deviation (-%Dev ;)
HC 0.0 0.0 0.0 0.0
AC 0.0 -4.7 0.0 -5.0
FDL 0.0 0.0 0.0 0.0
EWT 0.0 -5.1 -0.4 -8.8

FGPS1,,=0.0%

HC 0.0 0.0 0.0 0.0
AC 0.0 -4.7 0.0 -5.0
FDL 0.0 0.0 0.0 0.0
EWT 0.0 51l -0.4 -8.8

FGPS1,,=-1.23%

HC 0.0 0.0 0.0 0.0
AC 0.0 -4.7 0.0 -5.0
FDL 0.0 0.0 0.0 0.0
EWT 0.0 -5.1 -0.4 -8.8

FGPS1,, = -0.85%

HC 0.0 0.0 0.0 0.0
AC 0.0 -4.7 0.0 -5.0
FDL 0.0 0.0 0.0 0.0
EWT 0.0 -5.1 -0.4 -8.8
FGPS1,, = -1.53%
b 55,
2.0-
1.5
1.0
& 0.5
= At
wn 0.0 °
o
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[ )
—1.04 e Aty
-1.54 At, °
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Fig. 2.2 Fetal Growth Pathology Score. (a) presents the serial calculation of a Fetal Growth
Pathology Score [FGPS1] at each fetal age when the anatomical parameters were measured. This
Score is the cumulative moving average of all %Dev, values available up through the current scan.
The shaded areas indicate which -%Dev, were used in the FGPS1 calculation at a particular age.
The non-zero -%Dev, values are indicated in red. The FGPS1 values at each time point are given
in the purple shaded areas. (b) is a plot of the FGPS1 values obtained in this example. After the first
scan, growth restriction was indicated by the negative value. There was some improvement
between the second and third time points, but further progression was seen between the third and
fourth time points. (HC head circumference, AC abdominal circumference, FDL femur diaphysis
length, EFW estimated fetal weight. Deter et al. [15], figure used with permission)
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13]. In a retrospective study (no control of the number of scans, the fetal age at the
time of scan, or the composition of the neonatal growth assessment set) of SGA
singletons, concordance between fetal and neonatal growth assessments was nearly
70%, with 42% of these confirmed cases showing normal growth [5].

An unexpected benefit of using the FGPS to characterize growth restriction in
this SGA sample is shown in Fig. 2.3 [13]. Plotting of FGPS1 values after each scan
in the 73 fetuses with confirmed growth restriction gave five patterns in 70/73
(95.9%) of these cases [13]. These patterns represent different evolutions of growth
restriction during the third trimester: Pattern 1, continuously getting worse; Pattern
2, abnormality only at the last scan (70% were within 2 weeks of delivery); Pattern
3, initial significant abnormality that was relatively constant afterward; Pattern 4,
initial abnormality followed by partial recovery and then further worsening; and
Pattern 5, initial abnormality followed by a progressive recovery back toward nor-
mal. These patterns are distinct, few in number, repeated in different fetuses and
have reasonable biological interpretations. Such characteristics suggest that they are
not due to random processes but their exact significance is currently unknown.
However, they strongly suggest that fetal growth restriction in the third trimester is
NOT a single biological process!

FGPS1 Pattern Types

S:g ] Pattern 1 (37%) g:g ] Pattern 2 (27%)
1.5 1 1.5 1
1.0 A 1.0 A
< 05+ T 05
~ 00 - 0.0
2 051 205 .
& 101 . 2104
1.5 4 15 1
2.0 { ° 2.0 1
2.5 2.5
3.0 -3.0
26 28 30 32 34 36 38 40 26 28 30 32 34 36 38 40
Menstrual Age (weeks) Menstrual Age (weeks)
2.5 4
2.0 Pattern 3 (12%) 1 Pattern 4 (11%) 1 Pattern 5 (8%)
1.5 4 1 1
1.0
§ 0.5 4 _
=~ 00 S
& 05 95 = .
G 10 = . b4 L.
1.5 ] ® e o o 2 ) ° E
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Fig. 2.3 Patterns of growth restriction found in the third trimester. This figure presents the five
FGPS1 patterns found in 70/73 SGA singletons with fetal growth restriction, confirmed by neona-
tal growth outcome. Pattern 1 was most frequent [37%] followed by Pattern 2 [27%]. This latter
pattern was found within two weeks of delivery in 70% of the cases. The significance of these
patterns is not known but they are few in number, distinctly different, occur repeatedly in other
fetuses and have plausible biology interpretations. (Deter et al. [15], figure used with permission)
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Neonatal Growth Restriction (NGR)

As discussed in Chap. 1, fetal and neonatal growth assessments are made indepen-
dently with IGA. Therefore, the strongest evidence for the presence or absence of
growth pathology is concordance between fetal and neonatal evaluations [15]. This
necessitates a comprehensive approach to neonatal growth assessments (Neonatal
Growth Profile; see Chap. 1) rather than the limited evaluation used by conventional
methods (weight, length, head circumference). However, such assessments are
rarely done [3, 27, 30, 36] even in prospective research studies.

Single Anatomical Parameter NGR

Any anatomical parameter can be evaluated using the Growth Potential Realization
Index (GPRI; see Chap. 1) if it can be measured prenatally and postnatally (e.g., HC,
AC) or prenatal measurements can be used to estimate postnatal measurements (e.g.,
EWT parameter set for predicted WT; FDL for predicted CHL) [4]. To identify and
quantify the presence of NGR in individual anatomical parameters, GPRI values are
compared to their reference ranges [3] and pathological GPRIs calculated (see Chap.
1). These pGPRI values are specific neonatal growth abnormality parameters which
quantify the growth pathology of individual anatomical parameters (see Table 2.2).

An unpublished study [5] of 112 cases in neonates with normal growth outcomes
has shown that -pGPRIyr, -pGPRIyc, -pGPRIcy;, -pGPRI,c, and -pGPRIy,c values
were primarily zero (545/560 {97.3%}), indicating normal growth. However, 1-5
values (depending on anatomical parameter) were non-zero. This is probably due to
the use of GPRI 95% reference ranges in -pGPRI calculations. Such ranges classify
2.5% of normal values as being outside the normal range. Since only 1-2 -pGPRI
values for any of anatomical parameter were more negative than —2.0%, we con-
sider those less negative than —2.0% to be abnormal but potentially normal.

Table 2.2 Specific neonatal growth pathology parameters

Parameter name Abbreviation Description and use

Pathological pGPRI Difference between the reference range boundary and the
Growth Potential measurement for a single anatomical parameter (Fig. 1.8,
Realization Index Chap 1). This outcome parameter can be used to detect

abnormal growth outcomes that express themselves
differently in different individuals

Average av. pGPRI  Average pGPRI value for a set of anatomical parameters.
Pathological This composite parameter provides a comprehensive
Growth Potential measure of neonatal growth pathology

Realization Index

Pathological pNGAS Difference between the reference range boundary and the
Modified Neonatal mNGAS measurement. The pNGAS provides a

Growth Assessment comprehensive assessment of neonatal growth outcome
Score based on multiple anatomical parameters weighted for

their importance in detecting abnormal growth outcomes

This table presents the three parameters utilized by individualized growth assessment [IGA] to
detect and quantify growth pathology at birth [pGPRI, av pGPRI, pNGAS]. On the right-hand side
are the descriptions and uses of these growth pathology parameters Deter et al. [15], table used
with permission



30 R. L. Deter

General NGR

Due to the differences in NGR in individual neonates [30], there is a need for com-
posite parameters that can identify and quantify this condition in groups of neo-
nates. There are two such composite parameters, the average, negative, pathological
GPRI (av. -pGPRI) and the modified Neonatal Growth Assessment Score (NNGAS)
{Table 2.2} [5, 15]. The former is simpler and easier to use since no special ana-
tomical parameters or mathematical procedures are required. However, all parame-
ters are given equal weight even though it is known that some are more important
than others in detecting NGR [33, 37]. The unpublished study of Deter et al. [5]
cited above found that the 95% reference range for the five members (WT, HC, AC,
ThC, CHL) av. -pGPRI was 0.0 to —0.72% in neonates with normal growth out-
comes. For the three members (WT, HC, CHL) av. -pGPRI, it was 0.0 to —0.40%.
Since these ranges were obtained in neonates with normal growth outcomes, those
with av. -pGPRIs outside these ranges are considered to have NGR. These statistics
are corrected for most confounding variables (differences in growth potential, birth
age, growth cessation age, systematic measurement error, normal variation) so are
much less subject to error than conventional standards.

The principal confounding variable not corrected for in the av. -pGPRI are differ-
ences in the sensitivity of values for any of the anatomical paramters for detecting
growth abnormalities. Previous studies [33, 37] have shown that ThC and WT are the
most important variables in NGR identification; AC has an intermediate importance,
while CHL and HC are of minor importance. These results indicate that anatomical
parameters used to detect and quantify NGR should be weighted, and this can be
done using GPRI values in a principal component analysis (PCA) [38]. The optimal
function obtained for separating normal and growth-restricted neonates is:

m,NGASs, = 0.685 (GPRIpc) + 0.600 (GPRIyr)
+0.349 (GPRI) + 0.169 (GPRIcyy) + 0.142 (GPRI0).

This function correctly classified 97.3% of cases. Despite this (and other [3])
evidence for the importance of neonatal ThC measurements in detecting NGR, ThC
is rarely measured prenatally or postnatally. Previous studies of the mNGAS have
shown detection of NGR with the m;NGAS;, dropped from 98.6% to 86.5% when
ThC was omitted [37]. This lack of adequate postnatal measurements was found to
be a major cause of discordance between prenatal and postnatal growth assessments
using the -FGPS and av. —-pGPRI in SGA singletons [5]. Without appropriate mea-
surements (ThC prenatally; ThC and AC postnatally), the use of this powerful tool
for detecting NGR is greatly restricted.

Special Uses of IGA

Although definitive interpretations of IGA cannot be made until they are compared
to physiological parameters, perinatal complications, and long-term neurobehav-
ioral outcomes [15], current observations allow some comments to be made.
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More accurate assessment of growth status: As IGA evaluations are based on
empirical estimates of growth potential [28], utilize sets of anatomical parameters
instead of single parameters [5, 31], and quantify growth pathology [15], they pro-
vide a more complete and accurate assessment of fetal/neonatal growth status. This
information can be obtained for singletons, twins, and triplets [36]. Use of the Fetal
Growth Pathology Score [5] has, for the first time, revealed differences in the evolu-
tion of growth restriction [13]. This allows more precise classification of the growth
restriction processes, which may have different outcomes.

Improved detection of early FGR: As expected by eliminating the differences in
growth potential, IGA is more sensitive to growth abnormalities since the normal
reference ranges are smaller. For example, the conventional 2SD reference range
value for HC at 30 weeks [39], expressed as a percent deviation from the 50th per-
centile (mean) value, is 7.8%. The similar IGA value is 5.3% [27], a 32% decrease.
This indicates that IGA is very likely to detect growth abnormalities earlier in preg-
nancy. This has been demonstrated in 73 fetuses with proven FGR [5]. In 46/73
(63%) cases, there was clear evidence of FGR before 34 weeks. In 15/46 (33%),
FGR was seen before 30 weeks. With conventional methods, early FGR has an inci-
dence of only 20-30% [40]. These results suggest that IGA can improve the detec-
tion of early FGR.

Separation of normal and growth-restricted small fetuses/neonates: The vexing
problem of which small fetus is truly growth restricted has been resolved using IGA
[5]. Based on standards derived from estimates of individual growth potential [30]
and using composite growth parameters [5], it has been possible to conclusively
separate 69% of 184 SGA singletons into normally growing or growth-restricted
categories (in this retrospective study, most of those misclassifications were due to
lack of appropriate scans or inadequate neonatal growth assessment methods) [5].
Of the 126 cases with prenatal-postnatal concordance, 42% showed normal prenatal
growth. Smaller studies using more complete neonatal growth assessment [3] or
inclusion of placental evaluation [4] confirm these findings. During pregnancy, plots
of the Fetal Growth Pathology Score clearly show differences that can be used to
identify these two subgroups [15].

Identification of end of adaption process: As described above (Fetal Adaption
to Compromised Nutrient Supply), the early response to an inadequate nutrient
supply could be an adaption process in the “cave fetus” to enhance survival.
However, when the magnitude of the pathological process reaches a certain level,
physiological changes within the fetus become necessary to protect vital organs.
As IGA provides quantitative assessments of growth pathology [15], it might be
possible to determine the point where this change becomes likely. In a small,
preliminary study (unpublished) of fetuses with progressive FGR (Pattern 1),
FGPS1 and middle cerebral artery pulsatility index (MCA PI) values were com-
pared. In subgroups with [17] and without [10] decreased MCA PI values (1-5
tests/fetus), mean FGPS1 values were —4.12% and —2.29%, respectively. This
difference was statistically significant. Although these sample sizes are small, it
may be possible to find a FGPS1 value beyond which changes in fetal physiology
begin to occur.
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Summary

Although conventional comparisons of the individual to the group provide the only
means for detecting FGR through the first two scans, they are far from ideal.
Beginning with the third scan, such evaluations can shift to individualized methods
(each fetus is its own control) based on empirical estimates of growth potential
(IGA). Subsequent longitudinal studies (through delivery) can be carried out which
provide new and more comprehensive information about both normal and abnormal
growth. IGA utilizes parameters based on differences in growth velocities and pro-
vides both qualitative and quantitative information about the growth process and
any abnormalities. This approach can be used with multiple anatomical parameters
(which are in a form allowing formation of composite parameters), thus signifi-
cantly reducing the problems associated with growth abnormalities manifesting
themselves differently in different fetuses. NGR can be detected and quantified
using these methods. Since fetal and neonatal growth assessments are independent
of each other, their concordance can be used to definitively establish growth status.
The way is now prepared for making new comparisons of growth with physiologi-
cal/biochemical changes, perinatal/long-term complications, and new methods of
managing growth abnormalities.
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Introduction

Fetal growth restriction (FGR) refers to a poor growth of the fetus while inside the
mother’s womb during gestation and is to be distinguished from small for gestational
age (SGA) fetuses. FGR is defined as a birth weight less than the 10th percentile
[1]: the fetus has not reached its genetic determined growth potential at a given
gestational age due to one or more causative factors. In contrast to this, the SGA
fetus has reached its growth potential, and there is no pathology causing the poor
growth. This fetus grows with a constant velocity, parallel to a specific percentile
through the pregnancy. A normal postnatal outcome is to be expected. Differentiation
can be very difficult, and umbilical artery Doppler can be useful to differentiate the
constitutionally small fetus from the pathologically small fetus [2—6].

Since birth weight is a strong predictor of pregnancy outcomes, it is important to
identify the causes of FGR, which can be divided into fetal, maternal, and placental
causes. Regulation of fetal growth is multifactorial and complex. It is known that
fetal weight is directly associated with placental size. Placental insufficiency is
associated with most cases of FGR. There are many causes not primarily caused by
placental insufficiency but indirectly leading to it [7]. So placental and maternal
causes for FGR have a common final pathway of decreased placental perfusion and
transfer of nutrients to the fetus. Fetal-induced FGR is caused secondarily through
genetic or infectious diseases.

Until 20 weeks of gestational age, fetal growth is characterized by hyperplasia,
which means through growth of the number of cells. Later on, fetal growth is
primarily characterized by hypertrophy, the growth of existing cells [4]. FGR in the
first half of pregnancy is caused especially by intrinsic factors like chromosomal
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aberration or infections, whereas FGR in the second half of pregnancy is primarily
caused by extrinsic factors that lead to placental insufficiency. If FGR is caused by
intrinsic factors, FGR is symmetric. Extrinsic factors cause asymmetric FGR. In
these cases, there is an increase in the head circumference to the abdominal
circumferences, the so-called brain sparing.

Fetal Causes

Fetal causes are numerous and range from genetic and structural malformations to
infective diseases. Genetic diseases lead to 5-20% of causes of FGR [7]. Trisomies
are often associated with fetal growth restriction, which is more severe with trisomy
18 than trisomies 13 and 21 [5, 6]. FGR is also associated with trisomy 16 as well
as with Wolf-Hirschhorn syndrome (4q deletion) and Cri du chat syndrome (5q
deletion). Also to be taken into consideration is monosomy X, also known as Turner
syndrome. Triploidy and an extra set of chromosomes are also highly linked to fetal
growth restriction. Since incidence of FGR is high in fetuses with genetic
abnormalities, an amniocentesis or placental biopsy should be considered in cases
of unexplained and early occurring FGR.

Congenital malformations without genetic cause are responsible for 1-2% of
FGR. This includes malformations like congenital heart disease, diaphragmatic
hernia, omphalocele, gastroschisis, and anencephaly [6, 8].

Infections during gestation are important to mention when talking about causes
for FGR. In fact they make up to 10% of the cases. The TORCH (toxoplasmosis,
other (syphilis), rubella, cytomegalovirus, and HIV) organisms are considered the
leading organisms causing FGR. In developed countries toxoplasmosis and cyto-
megalovirus are considered the most important infections and should be therefore
tested in pregnancy in order to control costs [9]. There is no evidence for testing all
TORCH organisms also considering rising costs. However it should be taken into
consideration that malaria is the most common cause of FGR worldwide [10, 11].
Single umbilical artery is also considered as a cause for FGR.

Multiple gestations are also associated with FGR and make 3% of the cases.
Twin pregnancies should be under constant control. After 28 weeks of gestation,
growth rate decreases. FGR of one fetus could indicate genetic abnormalities or
infections of the fetus or be a hint for twin-to-twin transfusion syndrome [12, 13].

Maternal Causes

Size at birth depends on numerous factors including race, sex, parity, maternal
weight, and height [14, 15]. Fetal nutrition depends on the ability of the mother
to provide oxygenated blood. Maternal causes of FGR are usually related to pla-
cental insufficiency, the main reason for FGR that can concern up to 3% of all
pregnancies. Pathogenesis is not totally clear yet, but it seems that defects in
placental circulation and transport affect nutrient transport to the fetus and there-
fore lead to FGR.



3 Etiopathogeny 37

Placental insufficiency and FGR are risk factors for stillbirth. In fact up to 43%
of stillborn are FGR fetuses [16]. Placental insufficiency is not a specific placental
disease, in fact there a numerous factors leading to it. Abnormal fetal genome as
well as chronic infection and many maternal diseases can affect placental tissue and
therefore cause FGR. To conclude decreased uteroplacental blood flow, reduced
blood volume, and reduced oxygen transport capacity are responsible for placental
insufficiency [17].

Decreasing fetal perfusion leads to hypoxia and therefore to FGR. Chronic
hypertension, preeclampsia, pregestational diabetes, chronic renal insufficiency,
systemic lupus erythematodes, and antiphospholipid syndrome affect fetal
microcirculation. This causes decreasing fetal perfusion. Chronic hypertension,
whether isolated or in the form of preeclampsia, is the most important maternal
factor influencing fetal growth: severe, pregnancy-induced hypertension reduces
birth weight by approximately 10%. A history of prior low-birth-weight infants is
responsible for the same amount of reduction in birth weight. Interestingly, a
preexisting, uncomplicated maternal hypertension does not reduce fetal growth.

In addition to maternal disorders, also poor nutrition status, substance abuse, and
pharmacotherapy affect fetal growth and can lead to FGR. Women with lower
socioeconomic status as well as women living in developing countries are at higher
risk of a poor nutrition status but also of maternal anemia, poor prenatal care, and
substance abuse problems. Smoking during gestation, especially smoking of more
than 15 cigarettes per day, is highly associated with a lower birth weight and associ-
ated with reduced oxygen transport capacity. Important to mention is that especially
smoking in the third trimester of the pregnancy leads to FGR [18, 19]. If pregnant
women quit smoking until 16 weeks of gestation, birth weight does not differ from
women who never smoked before [20]. Therefore women should be motivated to
quit smoking in early pregnancy. Women living in high altitudes are also at risk of
FGR, also because of reduced oxygen transport capacity.

Placental Causes

Placental causes for [IUGR are placental abruption, maternal floor infarct, placental
mosaicism, velamentous cord insertion, as well as placenta accreta [7, 17, 21].
Genetic and environmental factors can influence early placental development
including poor placental growth, inadequate trophoblast invasion, and altered
immuno-regulatory environment. These processes in turn can trigger altered nutrient
delivery, hypoxic response, and/or a variety of inflammatory responses that are
linked to adverse perinatal outcomes.

Placental-Mediated Complications

There are multiple obstetrical concerns for which placental biomarkers can have
beneficial clinical applications. Early prediction of poor fetal growth, premature
delivery, and maternal preeclampsia (PE) is important, as careful monitoring and
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interventions can improve outcomes and save the lives of babies and mothers.
However, these are heterogeneous conditions for which a variety of genetic and
environmental influences (e.g., maternal obesity, diabetes, low socioeconomic
status, and poor nutrition) can contribute to risk. Defining abnormal placental health
is also challenging as, even in normal pregnancies, there is extensive within and
between placenta variation in terms of gross pathology and molecular changes [22].
Recently, protein and nucleic acid biomarkers have been identified by modern
genomic technologies which have been discussed to be related to placental and fetal
health outcomes. In the future it is expected that incorporation of a combination of
biomarkers along with clinical maternal and fetal parameters will serve to a better
understanding of placental pathology and would optimize risk assessment.

Conclusion

The ethiopathogeny of intrauterine growth restriction is diverse. Besides well-
established maternal, extrinsic, and intrinsic causes, recent improvements in
genomic technologies and increase in knowledge have directed the interest toward
biomarkers in investigating placental and fetal status. A combination of clinical data
along with new results from biomarkers is probably the way to go forward in diag-
nosing and surveilling the fetus at risk for fetal growth restriction in the future.
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The Role of Abnormal Trophoblastic Invasion

Trophoblast cells derive from the trophectoderm of the developing blastocyst. They
differentiate into main lineages: syncytiotrophoblasts and invasive trophoblasts.
Syncytiotrophoblasts are the outer component of the chorionic villi and are involved
in nutrient and gas exchange. Invasive trophoblasts, on the other hand, originate
from the cytotrophoblast columns and can be interstitial or endovascular. Interstitial
invasive trophoblasts invade the uterine tissues, assuring placental anchorage,
whereas endovascular invasive trophoblasts migrate to the uterine spiral arteries,
replacing endothelial cells and promoting degeneration of the parietal smooth
muscle cells. This process, called conversion, allows the uterine spiral arteries to
become vessels with low resistance and high capacitance, promoting adequate
blood flow and feto-maternal exchange. Defective placentation, such as trophoblast
failure in the conversion of spiral arteries, underlies many diseases in pregnancy,
especially fetal growth restriction (FGR) and preeclampsia (PE) [1].

The conversion of decidual arteries is indirectly modulated by intravascular tro-
phoblasts that prompt endothelial cells to secrete chemokines. These molecules
attract natural killer cells (NK) and macrophages, which in turn induce vascular
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smooth muscle cell apoptosis, likely via the Fas/FasL system. In FGR, the number
of trophoblast cells within the spiral arteries is reduced, a condition associated with
increased apoptosis and a narrow vascular lumen. Impaired trophoblast invasion is
associated with high-pressure placental blood flow, which indirectly damages the
developing villous tree. This leads to hypoxia and impaired blood flow, as observed
by aberrant Doppler ultrasound waveforms in FGR [2]. Impaired decidual artery
remodeling can have different causes other than increased apoptosis within the
placental bed. In FGR, trophoblast invasion is normal or even increased, but the
cells fail to migrate into the vascular wall. This is probably due to anomalous
interactions with maternal natural killer cells, which determine inhibitory reduction
of protease secretion.

Improperly converted spiral arteries have negative consequences for placental
blood flow. In this condition, maternal blood flow into the intervillous space
maintains high velocity and pulsatility, leading to mechanical damage to the villous
tree. Furthermore, the presence of arterial smooth muscle cells in the spiral arteries
promotes vasoconstriction and intermittent placental perfusion, inducing recurrent
ischemia- or reperfusion-type injuries. Furthermore, deficient arterial remodeling is
the main cause of changes due to acute atherosis, with macrophage recruitment and
luminal narrowing. This effect further impairs uteroplacental blood flow, exposing
the placenta to oxidative stress. Excessive levels of reactive oxygen species (ROS)
are caused by an overpowering of the cellular detoxification system. As a
consequence, DNA and other biomolecules, such as proteins and lipids, can be
randomly damaged, leading to abnormal cellular functionality or even death. ROS
production particularly increases during hypoxia and ischemia-reperfusion injuries
when the placenta is exposed to intermittent cycles of hypoxia and reoxygenation.
ROS production within the mitochondria may influence endoplasmic reticulum
(ER) protein synthesis via direct calcium signaling. In particular, as misfolded pro-
teins are toxic for the cell, ER in the presence of oxidative stress activates the evo-
Iutionarily conserved signaling pathways, known as the unfolded protein response
(UPR). This regulatory mechanism is incredibly quick and prevents unnecessary
protein synthesis, thus sparing cellular reserves. This is enabled by phosphorylation
of the alpha subunit of eukaryotic initiation factor 2 (eIF2alpha), which reduces the
assemblage of ribosomal complexes on the messenger RNA (mRNA). Therefore,
the UPR pathway is a conservative homeostatic mechanism essential to balancing
feto-placental growth to oxygen levels [3]. In an in vitro experimental study, pleck-
strin homology-like domain, family A, member 2 (PHLDA2), a maternally
expressed imprinted gene, was tested on cell lines. The results showed that PHLDA2
overexpression inhibited cell proliferation, promoting apoptosis via the mitochon-
drial pathway and accumulation of ROS. In particular, PHLDA?2 promoted cyto-
chrome c releasing, loss of mitochondrial membrane potential, and ROS buildup in
trophoblasts [4].

Hypoxia determines shallow extravillous trophoblast (EVT) invasion, inducing
the expression of E3 ubiquitin ligase, Mcl-1 ubiquitin ligase E3 (MULE), through
factor 1-alpha (HIF-la). Elevated levels of HIF-la further increase MULE
expression, promoting trophoblast apoptosis by targeting Mcl-1, a pro-survival
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Bcl-2 family member. Moreover, during hypoxia, the vascular endothelial growth
factor (VEGF) family of growth factors and receptors is activated, as they regulate
angiogenesis through endothelial cell proliferation, migration, and new vessel
formation. In fact, hypoxia indirectly enhances VEGF-A gene expression. Soluble
fms-like tyrosine kinase-1 (sFlt-1), a soluble truncated variant of the type 1 VEGF
receptor (Flt-1), produced and secreted from the placenta, binds to pro-angiogenic
factors VEGF and PIGF, reducing their levels. For example, in women with pre-
eclampsia, high amounts of sFlt-1 and a high sFlt-1/PIGF ratio have been detected,
indicating disequilibrium in angiogenetic factors. In FGR, endocrine gland-derived
vascular endothelial growth factor (EG-VEGF) levels are elevated in the placenta
and in the maternal circulation. In fact, hypoxia induces EG-VEGF, which interacts
with the prokineticin receptor (PROKR1), and their deregulation is considered a
cause of FGR.

Anomalous maternal inflammatory response is also responsible for failure in
trophoblast migration and spiral artery transformation. In FGR, pro-inflammatory
cytokines interleukin-8 (IL-8), interferon gamma (IFN-y), and tumor necrosis
factor-alpha (TNF-a) are elevated, whereas anti-inflammatory cytokines IL-13 and
IL-10 are reduced. In addition, complement activation induces dysregulation of
angiogenic factors. In vitro studies have demonstrated that complement activation
induces sFltl secretion in human monocytes. In a mouse model, neutrophil
infiltration in the placenta and TNF-a release determined excessive C3 deposition
and reduced levels of VEGF. EVT invasion is also regulated by decidua basalis and
its microenvironment, composed of leukocytes, natural killer cells, macrophages,
and T lymphocytes. During physiological conditions, developing fetal tissue is
protected by maternal inflammatory response in different ways. For example, EVT
invasion could transform CD4+ T cells to resting regulatory T cells expressing
CD4+, CD25HIFOXP3+, and CD45RA+. NK cells interact with EVTs, regulating
their migration and spiral artery remodeling through natural killer cell receptors
(NKR) and major histocompatibility complex (MHC). EVTs express human
leukocyte antigen class I ligands (HLA-E, HLA-G, and HLA-C), recognized on NK
receptors CD94/NKG2, LILR, and KIR. The binding frequency of KIR to HLA-C2
leads to decreased or increased secretion of cytokines, regulating angiogenesis and
EVT invasion. Decidual NK cells express sphingosine-1-phosphate receptor-5
(S1PRS). Specific inhibition of this pathway decreases VEGF levels, and trophoblast
migration is impaired. Moreover, in FGR, decidual NK cells not only are reduced,
but they express by activating KIR2DL/S1PRS5 and LILRB1 receptors. HLA-C and
HLA-G receptors on EVTs in decidual tissue are significantly reduced. NK cells
with decreased LILRB1 binding capacity show higher expression of TNF-a and
lower expression of CXCL10. On the whole, this reflects a pro-inflammatory feature
of FGR placenta dysregulated by NK release of cytokines [5].

As mentioned above, macrophages are important cells involved in the regulation
of trophoblast invasion. Physiologically, they secrete IL-10, prostaglandin E2
(PGE2), TGF-B, IL-1b, TNF-a, IFN-y, and indolamine 2,3-dioxygenase (IDO).
They also have low-level expression of CD80 and CD86, preventing maternal T
lymphocyte activation. Macrophages are also able to phagocytize apoptotic cells
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and debris, especially apoptotic EVTs. In FGR, macrophages are aberrantly
activated, secreting TNF-a, nitric oxide (NO), and TGF-p. TNF-a can induce apop-
tosis in trophoblast cells. On the contrary, in vitro studies have shown that macro-
phage-derived NO reduces trophoblast migration associated with decreased levels
of urokinase plasminogen activator receptor (WPAR) on the surface of trophoblast
cells. TGF-f enhances trophoblast expression of plasminogen activator inhibitor 1
(PAI-1), which inhibits trophoblast invasion. Moreover, TNF-a and IFN-y promote
trophoblast apoptosis, increasing the expression of the pro-apoptotic factor XAF1
via the caspase-dependent death pathway [6].

EVT migration is also influenced by microRNAs (miRNAs), which are small
noncoding, single-stranded RNAs (made up of 22 nucleotides) that silence genes by
targeting mRNAs at the posttranscriptional level. miRNAs are first transcribed by
RNA polymerase II. Two enzymes, DROSHA and DICER, process pri-miRNA to
pre-miRNA and pre-miRNA to mature miRNA in the nucleus and cytoplasm,
respectively. Mature miRNAs are then transferred to a multiprotein complex, which
contains the RNA-induced silencing complex (RISC), involved in silencing specific
genes. In human placenta, most miRNAs originate from two miRNA clusters, the
chromosome 14-miRNA cluster (C14MC) and the chromosome 19-miRNA cluster
(C19MC). In vitro studies have shown that CI9MC miRNAs reduce EVT migra-
tion, as they specifically target genes associated with invasion, such as CXCL6,
NR4A2, and FOXL2. However, miRNA dysregulation may partially explain FGR,
as miRNAs are involved in trophoblast cell invasion. For example, miR-125b-1-3p
targets SIPR1, whereas miR-210 acts through extracellular signal-regulated kinase
(ERK) signaling. miRNA-144 inhibits titin and then reduces the expression of
ERK1/2 and the activity of MMP2/9. miR-29b inhibits its target genes, myeloid cell
leukemia sequence 1 (MCLI), MMP2, VEGF-A, and ITGBI (integrin Pl1).
miRNA-424, a hypoxia-related miRNA, is highly expressed, reducing mRNAs and
proteins of mitogen-activated protein kinase 1 (MEK1) and fibroblast growth factor
receptor 1 (FGFR1) genes. FGFR1 is associated with the functions of VEGF;
therefore increased miRNA-424 may affect placental vascularity. Moreover,
enhanced levels of miRNA-141 downregulate E2F3 and PLAGI target genes,
reducing corresponding miRNAs and protein levels of PLAGI1 [5]. miR-346 and
miR-582-3p target and bind EG-VEGEF, suppressing its expression. This results in
matrix metalloproteinase (MMP 2 and MMP 9) downregulation, which affects
trophoblast invasion [7].

Under normal conditions, the H19 gene promotes EVT migration and invasion
by inhibiting microRNA let-7. The H19 gene encodes a polyadenylated, long
noncoding RNA (IncRNA) of 2600 nucleotides mainly located in the cytoplasm but
with a minor fraction in the nucleus. H19 is predominantly expressed during fetal
life and downregulated after birth in adult tissues. In mice, H19 IncRNA recruits
nuclear repressive histone markers to differentially methylated regions of imprinted
network genes, preventing their transcription and indirectly regulating embryo
growth and development. Nuclear H19 serves as precursor for microRNA miR-675
that inhibits placental growth in late pregnancy. In the cytoplasm, H19 binds
microRNA let-7, reducing its bioavailability and consequently preventing its action
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on repressing target gene expression at the posttranscriptional level. In a recent
in vitro study, impaired trophoblast invasion was demonstrated by H19 knockdown,
which decreased type 3 TGF-p receptor (TGF-p) signaling via the Par6/Smurf1/
RhoA pathway activated by TBR3 [8]. In another study, TGF-f signaling was altered
via the canonical SMAD pathway, leading to an elevated sphingosine/ceramide
ratio, which was responsible for increased trophoblast cell death [9].

Many other molecular events are involved in abnormal trophoblast migration and
invasion. Connective tissue growth factor (CTGF), also known as CCN2, is a
matricellular protein highly expressed in FGR placentas. In a human trophoblast
cell line, HTR-8/SVneo, TGF-p1 treatment upregulates CTGF expression,
preventing trophoblast cell invasion, via the SMAD?2/3 signaling pathway [10].
Racl, Cdc42, and ROCK via prostaglandin E2 induce trophoblast cell migration,
which is inhibited by RhoGDI2 suppressing Rac1 activity. Decreased Racl levels
are reported in PE, and genetic knockout of mouse ROCK2 determines placental
dysfunction and FGR [11-16]. Table 4.1 summarizes regulatory agents, localiza-
tion, and mechanisms of trophoblastic cell invasion.

The expression of the transcription factor glial cell missing 1 (GCM1) is
decreased in PE and FGR. GCM1 targets the synapse defective 1 (SYDEI) gene,
which encodes a RhoGAP that promotes cytoskeletal reshaping and cellular move-
ment. In a mouse model experiment, SYDE1 knockout resulted in FGR and abnor-
mal placental vascularization. The results also showed altered expression of renin-1,
angiotensin I-converting enzyme 2, angiotensin II type la receptor, and membrane
metalloendopeptidase of the renin-angiotensin system [17].

The Role of Fetal-Placental Angiogenesis

Fetal growth restriction (FGR) involves multifactorial causes affecting the normal
development potential of the fetus. FGR may be harmful not only for the fetus itself
but is also associated with a series of diseases that may appear later in childhood or
in adulthood, such as cardiovascular disease and diabetes [18], intellectual
impairment, and psychiatric disorders [19, 20].

Reduced activity of the placenta may involve altered cytotrophoblastic invasion
of the maternal uterine arteries as well as thrombotic lesions to the villous tree or
placental maldevelopment [21-23]. A prevalence of thrombotic activity may be
related to a decrease in the expression of placental dermatan sulfate [24], a biglycan
that is highly concentrated in the placenta [25, 26], as well as a decrease in decorin
(DCN) expression, especially in idiopathic FGR [27]. Glycosaminoglycans are the
major component of the extracellular matrix and play an important role in the
control of collagen fibrillogenesis and matrix remodeling [28, 29], modulating cell
adhesion [24] by binding TGF-p [30].

The reduced expression of dermatan sulfate and decorin may reduce thrombin
inhibition at the endothelial level of the fetal circulation, predisposing to thrombosis
of the vascular bed [31-33]. Although thrombin concentration during pregnancy is
largely due to placental production, the true mechanism by which this mechanism
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Table 4.1 Regulatory agents and mechanisms of trophoblastic cell invasion

Regulatory
agents Localization/action site Biological effects
Chemokines Decidual arteries Induce vascular smooth muscle cell apoptosis
Attract natural killer cells and
macrophages through the Fas/
FasL system
PHLDA2 Placenta; reduced thrombin Prevalence of thrombotic activities
inhibition at the endothelial
level
HIF-1x 1 Levels of HIF-1ae 1 MULE 1 MULE expression favors trophoblast
expression apoptosis by targeting Mcl-1, a pro-survival
Bcl-2 family member
EG-VEGF Placenta and maternal VEGEF interacts with PROKR1: a deregulation
circulation is considered a cause of FGR
Binds to VEGFR-1/flt-1 and
KDR/flk1
IL-8, TNEF, Maternal inflammatory Failure in trophoblast migration and spiral
IFN-y response artery transformation
1 IL-8, TNF, IFN-y in FGR
C3 C3 induces sFltl secretionin ~ C3 activation favors dysregulation of
human monocytes angiogenic factors; neutrophil infiltration in
the placenta and TNF-« release determined
excessive C3 deposition and reduced levels of
VEGF
NK Decidua basalis NK receptors regulates 1 or | secretion of
Regulates extravillous cytokines, regulating angiogenesis and
trophoblast and spiral artery invasion of EVT
remodeling Decidual NK cells express SIPRS: inhibition
of this pathway decreases VEGF levels with
impaired trophoblast migration
H19 gene Encodes a IncRNA Nuclear H19 serves as precursor for
microRNA miR-675 that inhibits placental
growth in late pregnancy
H19 gene favors EVT migration and invasion
TGF-$ Regulates SMAD pathway 1 Sphingosine/ceramide ratio, responsible for
increased trophoblast cell death
TGF-B1 upregulates CTGF expression
preventing trophoblast cell invasion, via
SMAD signaling pathway
RACI, Prostaglandin E2 Induces trophoblast cell migration
CDC42,
ROCK1

EG-VGEF, endocrine gland-derived vascular endothelial growth factor; EVT, extravillous
trophoblast; C3, complement; CDC42, cell division cycle 42; CTGF, connective tissue growth
factor; HIF-1a, factor 1-or; IL-8, interleukin-8; IFN-y, interferon gamma; IncRNA, long noncoding
RNA; MULE, Mcl-1 ubiquitin ligase E3; NK, natural killer cells; PHLA2, pleckstrin homology-like
domain, family A, member 2; ROCKI, Rho-associated coiled-coil-containing protein kinase 1;
S1PRS, sphingosine-1-phosphate receptor-5; SMAD, Specific E3 ubiquitin protein ligase 1; TGF-
B, tumor growth factor-f; TNF, tumor necrosis factor



4 Physiopathology 47

acts is yet to be completely elucidated [34]. Murthi et al. have demonstrated that
reduced expression of decorin (DCN) may contribute to the pathogenesis of idio-
pathic FGR; idiopathic FGR accounts for 70% of all cases of uteroplacental insuf-
ficiency [34]. The cellular mechanism by which DCN exerts its action may be
related to its binding to heparin cofactor II (HCII) [35] and regulation of angiogenic
growth factors such as epidermal growth factor (EGF) and vascular growth factor
(VGFA) [30]. Chui et al. [34] demonstrated that fibroblast growth factor 17 (FGF17),
interleukin-18 (IL18), and myostatin (MSTN) represent targeted genes of DCN on
primary placental microvascular endothelial cells (PLECs). The downstream regu-
lation by DCN on these targeted genes and a reduction of DCN gene expression
imply a decrease in human microvascular endothelial cell (HMVEC) type prolifera-
tion in FGR-affected placentas [27, 34] and decreased expression of VEGA, IGFR1
(insulin growth factor 1), and PLGF (placental growth factor) [34]. As a final con-
sequence, the reduced expression of DCN in HMVECs promotes increased throm-
bin generation in the microvascular system [25].

More recently, Murthi et al. [24] demonstrated that DCN mRNA was signifi-
cantly decreased in first-trimester placental tissue by analyzing 15 chorionic villus
samplings of FGR pregnancies over 50 normal controls (p < 0.03). The remodeling
of the spiral arterioles by extravillous cytotrophoblasts (EVCTs) [36], which replace
the maternal endothelium, is essential in the process of normal placental develop-
ment [37], and a reduction in DCN expression may disrupt trophoblast proliferation
and migration [38, 39]. It has been postulated that DCN may have gestation-depen-
dent effects: early in pregnancy, DCN regulates cytotrophoblast proliferation,
migration, and syncytium formation and interacts with the critical growth factor
signaling pathway. As demonstrated, decreased DCN expression during the first
trimester is associated with small for gestational age (SGA) fetuses late in preg-
nancy [40], since DCN also interacts with IGFR1 [41].

The process of fetal-placental vessel formation derives from vasculogenesis, a
process that takes place very early in pregnancy and soon after implantation (from
day 21 postconception to day 32). In order to occur, vasculogenesis requires endothe-
lial progenitor cells (EPCs), extracellular matrix (ECM) components, and a series of
soluble molecules [42, 43]. From day 32 until approximately 24 weeks of gestation,
the process of vasculogenesis will end in the formation of 1016 generations of stem
villi [44, 45] (Fig. 4.1). Abnormal villous vasculogenesis may further lead to preg-
nancy complications such as PE with superimposed FGR [46, 47] (Fig. 4.2).

The fetal-placental vessels are composed of different cells, such as mesenchymal
stem cells, fibroblasts, and tissue macrophages [48]. An important role in angiogen-
esis is played by M2 macrophages activated by IL4/IL13 to promote ECM construc-
tion and cell proliferation, called Hofbauer cells, which are numerous in the villous
stroma [49-51]. Characteristically, Hofbauer cells produce vascular endothelium
growth factor (VEGF), participating in the process of vasculogenesis of fetal-placen-
tal vessels [52-54]. Loegl et al. demonstrated that Hofbauer cells promote in vitro
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Fig. 4.1 Term placenta: the image shows mature intermediate villi (blue arrow) and terminal villi
(circle). The first type of villi has abundant cellular stroma, and capillaries are less than 50%.
Terminal villi are small, mainly composed of capillaries and scant stromal tissue (hematoxylin and
eosin 4HPF)

angiogenesis of feto-placental endothelial cells (fpEcs) [55]. The process of fetal-
placental vasculogenesis is very complex at the cellular level and is regulated by a
large number of growth factors with their pathways, mainly represented by VEGF
with its binding protein and placental growth factor (PIGF). VEGF and PIGF exert
their biological effects by binding to their fms-like tyrosine kinase (Flt-1) receptors,
namely, VEGFR-1/flt-1 and kinase insert domain-containing region (KDR)/flk1
(VEGFR2), respectively, whereas PIGF acts by binding to VEGFR2 [56]. The activa-
tion of VEGFR receptors is dependent upon partial oxygen pressure (p02) induced
by hypoxic-ischemic changes occurring to the placenta, where VEGFR receptors are
activated by a low p02 and PIGF by an elevated p02 [57, 58]. During hypoxic-isch-
emic insults to the placenta, VEGF and KDR concentrations are increased by para-
crine secretion, whereas PIGF and flt-1 are enhanced in villous trophoblasts by
autocrine regulation [59, 60]. Moreover, VEGF-C increases vascular permeability
and stimulates endothelial cell proliferation and migration, and reduced VEGF-C
and the protein expression of its receptors VEGFR-3 (localized on trophoblasts) have
been documented in the placenta of severe cases of FGR [58]. The lack of PIGF and
VEGFR-2 observed in placentas from pregnancies with FGR may predispose to the
development of FGR and might explain the loss of normal vascular branching and
villous trees in such complications [61]. VEGF is the most effective angiogenetic
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Fig. 4.2 Placenta at 28 weeks of gestational age with FGR (fetal growth restriction) and pre-
eclampsia (PE): there is accelerated villous maturation with small villi and increased syncytial
knots (blue arrows)

molecule, and its biological effects are partly regulated by PIGF and its receptors
[62]. Interestingly in PE, there are an overproduction of VEGFRI1 that inhibits
VEGFR and PIGF and a downregulation of the membrane-bound form (VEGFR-1)
in the placental bed that may contribute to causing abnormal placental development
[63], which may be an antecedent of PE [64—67] (Figs. 4.3 and 4.4).

In addition, women who develop PE have a higher concentration than controls of
soluble endoglin (sEnd) as well as soluble VEGFR-1 [68, 69]. sEnd is a glycopro-
tein and functional co-receptor for transforming growth factors (TGF)-p1 and TGF-
B3 [70, 71] that display its antiangiogenic effects by inhibiting endothelial function
in vitro, and endoglin mRNA is upregulated in women with PE and localized to the
syncytiotrophoblast [68]. Chaiworapongsa et al. [72] demonstrated that the mater-
nal plasma concentrations of sSVEGFR1 increase 5-10 weeks prior to the develop-
ment of PE and that increased concentration of sEnd and decreased concentration of
PIGF are antecedents of delivering a small for gestational age (SGA) neonate [73].
On the contrary, while confirming that the concentration of PIGF is lower and the
concentration of sFlt-1 is increased in women who later develop PE, no alterations
could be found regarding angiogenic factor concentrations in women giving birth to
SGA neonates in a case-control study of 12 mothers who developed PE, compared
to 104 randomly selected controls [74]. Using a logistic model, Bakalis et al. [75]
demonstrated that the best model for predicting, at a 10% false-positive rate (FPR),
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Fig.4.3 Placenta at 28 weeks of gestational age with FGR and PE: there is distal villous hypopla-
sia with small and slender shaped villi (blue arrow)

89% of the deliveries of neonates with a birth weight <10 percentile was based on a
combination of maternal risk factors, estimated fetal weight (EFW), uterine artery
pulsatility index (Ut-A-PI), mean arterial pressure (MAP), and PIGF but no sFlt-1.

Angiopoietin 1 (Ang-1) and angiopoietin 2 (Ang 2) are another interesting
recently discovered group of molecules acting as angiogenic factors by binding to
their endothelium-specific receptor tyrosine kinase-2 [76]. Ang-1 and its antagonist
Ang-2 act on the endothelial cell Tie-2 receptor to regulate vascular integrity, and
fetal-placental artery remodeling and angiopoietin mRNA levels are a process
dependent on placental oxygen tension [77]. Trophoblast outgrowth is regulated by
Ang-1 and Ang-2 via stimulation of the Tie-2 receptor, promoting trophoblast
proliferation and migration [78]. The angiogenic effect of Ang-1 and the
angiopoietin/Tie2 signal is involved in the survival and migration of endothelial
cells, which are important in maintaining the vascular integrity of newly formed
blood vessels by binding to its angiopoietin-like proteins (Angptls) [79], whereas
Ang-2 seems to have a destabilizing effect [80, 81].

Endothelin-1 is released from the maternal endothelium and is one of the most
potent vasoconstrictors known. It has been demonstrated that maternal concentra-
tion of endothelin-1 is increased, while placental endothelin-1 synthesis is reduced
in PE as a possible adaptive mechanism due to reduced blood flow to the placenta
in PE placentas [82]. Moreover, it has been suggested that early and late PE might
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Fig. 4.4 Placenta at 28 weeks of gestational age with FGR and PE: decidual arteries show fibri-
noid necrosis and lack of physiological conversion with persistence of smooth muscle in the wall
(blue arrows)

be two distinct diseases, as early PE (<34 weeks) with or without FGR is associ-
ated with an increased expression of the endothelin-1-endothelin receptor (ET/
ETR) system, whereas late PE is associated with an opposite effect [83].
Interestingly, in women developing FGR, the concentration of endothelin-1 is also
increased in the amniotic fluid [84]. In the animal model, endothelin-1 has been
shown to regulate placental perfusion, as ET-1 is upregulated in the setting of nitric
oxide synthase (NOS) inhibition and NOS inhibition results in hypoxia-mediated
FGR [85, 86]. ET-1 also counteracts the effect of leptin in pregnancy with FGR,
where an increased fetal concentration of ET-1 and a decreased concentration of
fetal leptin are observed [87]. In order to reduce the vasoconstrictor effect of ET-1
inducing hypoxia-FGR, a potential adaptive effect may be the reduced localization
of ET-1 on placental tissue (capillary endothelial cells of villi, endothelial, decid-
ual, and trophoblastic cells of the basal plate of the placenta) in pregnancies associ-
ated with FGR [88]. Table 4.2 summarizes the biologic effects of the major
fetal-placental angiogenetic factors.

Severe FGR-complicated PE may also be associated with a tumor necrosis factor
(TNF)-alpha G-308A single nucleotide polymorphism (SNP), as one study
demonstrated that this mutant allele was statistically significantly higher among
preeclamptic mothers with FGR compared with controls [89].
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Table 4.2 Fetal-placental vasculo-angiogenetic factors and biological effects

Angiogenic factor
Decorin (DCN)

| Dermatan sulfate
expression
Hofbauer cells
(M2 macrophages)

VEGF

PIGF
S-End

Ang-1

End-1

Localization/action site
Extracellular matrix: modulates
cells adhesion by binding TGF-f
and binding HCII; regulation of
EGF and VGFA

DCN regulates cytotrophoblastic
proliferation, migration, and
syncytium formation
FGF17,IL18, and MSTN are
targeted genes of DCN on primary
PLECs

Reduced thrombin inhibition at the
endothelial level

Placenta; reduced thrombin
inhibition at the endothelial level
Produce VEGEF in the villous
stroma

Binds to VEGFR-1/fit-1 and KDR/
fik1

Binds to VEGFR?2 and regulates
VEGEF expression

Co-receptor for TGF-p1 and
TGF-p3

Inhibition of endothelial function
in vitro; endothelial cell Tie-2
receptor

Maternal endothelium
Regulates placental perfusion

Biological effect

Collagen fibrillogenesis and matrix
remodeling

Prevalence of thrombotic activity
(| decorin expression in idiopathic
type of FGR)

Decrease in HMVECs in FGR-
affected placentae and a decreased
expression of VEGF, IGFR1, and
PLGF

Increased thrombin generation in
the microvascular system

Prevalence of thrombotic activities

Promote in vitro angiogenesis of
fpEcs

VEGF interacts with PROKRI: a
deregulation is considered a cause
of FGR

Increases vascular permeability,
stimulates endothelial cell
proliferation and migration

| PIGF causes loss of normal
vascular branching and villous trees
Inhibition of endothelial function

in vitro

Regulates vascular integrity and
fetal-placental arteries remodeling
by binding to its Angptls; promotes
trophoblast proliferation and
migration

ET-1 is upregulated in the setting of
NOS inhibition and NOS inhibition
results in hypoxia-mediated FGR
ET-1 counteracts the effect of leptin
in pregnancy with FGR

(1 ET-1 fetal concentration and

| leptin fetal concentration)

Ang-1, angiopoietin-1; Angptls, angiopoieting-like protein; DCN, decorin; EGF, epidermal growth
factor; ET-1, endothelin-1; FGR, fetal growth restriction; FGF17, fibroblast growth factor 17; Flt-
1, fms-like tyrosine kinase (VEGFR-1/flt-1); fpEcs, feto-placental endothelial cells; HCII, heparin
cofactor II; HMVECs, human microvascular endothelial cells type proliferation; IGFR1, insulin
growth factor, IL18, interleukin; KDR, kinase insert domain-containing region; NOS, nitric oxide
synthase; PROKR1, prokineticin receptor; PLECs, primary microvascular endothelial cells;
MSTN, myostatin; PIGF, placental growth factor; TGF, tumor growth factor; VGFA, vascular

growth factor A; VEGF, vascular endothelial growth factor
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The Role of Spiral Artery Remodeling

Spiral artery remodeling in the fetus is one of the most critical events that takes
place in order to modify the maternal vascular bed and plays an essential role in
preventing the development of PE, a disease affecting 4-6% of overall pregnancies
[90] and capable of causing FGR. An abnormal impairment of this process, along
with reduced extravillous cytotrophoblast invasion, is an important mechanism in
the development of PE [91]. Altered spiral artery remodeling during pregnancy may
be facilitated by different pathologic mechanisms involving the cytotrophoblast,
such as inhibited proliferation [92], antiangiogenesis [93], and decreased migration
and invasion of the decidual stroma of the maternal spiral arteries [94]. The
underlying genetic mechanism predisposing to abnormal uteroplacental artery
remodeling and consequent PE may be the deregulation of noncoding RNAs
(IncRNAs) [95-97]. Interestingly, it has also been demonstrated that upregulation
of IncRNA SPRY4-IT in the nucleus modulates apoptosis and suppresses
cytotrophoblast migration into uteroplacental vessels in PE [98]. In addition,
downregulation of IncRNA MEG3 in PE also promotes trophoblast apoptosis and
impaired trophoblast invasion as well as IncRNA MVIH (microvascular invasion in
hepatocellular carcinoma) [98, 99]. Zou et al. [100] have very recently demonstrated
that IncRNA MVIH is downregulated in the placental tissue of PE and that MVIH
acts synergically with the Jun-B protein. Jun-B is an endonuclease of 299 amino
acids that along with other proteins constitutes the activator protein 1 [101], which
regulates the proliferation and migration of trophoblast cells [100] and tumor
angiogenesis [102]. Embryologically, the process of spiral artery remodeling starts
very early in gestation, approximately 5 days postfertilization, when the trophoblast
cells that form the outer layer of the blastocyst start to migrate [103]. This process
occurs under hypoxic conditions, and the placental oxygen gradient regulates
whether some types of trophoblast cells will migrate or proliferate [104—106]. The
cytotrophoblast cells are considered stem-like, and column trophoblasts facilitate
the passage of extravillous trophoblasts (EVTs) through the maternal decidua, a
process called migration. The interstitial trophoblasts will then destroy the arterial
media (invasion), and the endothelial trophoblasts will replace endothelial cells that
have undergone apoptosis [107].

EVTs act in a manner that resembles that of cancer cells as regards their capacity
for proliferation, migration, and invasion [108], and it is likely that EVT invasions
are also promoted by elastin-derived peptides (EDPs) that are released during
elastolysis early in pregnancy when the arterial wall of the uterine spiral arteries are
transformed into dilated, high-flow and low-resistance vessels [109]. SPRY4-IT1
inhibits trophoblast cell migration and invasion by regulating the epithelial-to-
mesenchymal transition (EMT) process via the Wnt/p-catenin pathway [110, 111],
resulting in abnormal spiral artery remodeling. Furthermore, SPRY4-IT1 is overex-
pressed, and the Wnt/p-catenin pathway is activated in PE placentas [112].
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Ephrin B2, which belongs to the largest family of receptor tyrosine kinases
[113], participates in the process of uteroplacental artery remodeling [114], as it
regulates embryonic vascular development and postnatal angiogenesis [115]. The
Notch pathway is a regulator of ephrin B2 expression and could potentially interact
with ephrin B2 in their role in migration and invasion and could promote angiogenesis
repair in women with PE [114, 116, 117]. Furthermore, the Notch pathway is
implicated in trophoblast function and differentiation [118—121], and Notchl has
been detected in vivo in extravillous trophoblast progenitors and clusters of villous
trophoblasts initiating the invasive differentiation program [122].

In addition, endothelial progenitor cells (EPCs) and MMP-14 and MMP-15 also
appear to play an important role in uteroplacental artery remodeling [123, 124], as
well as the absence of decidual mesenchymal stem cells (DMSCs) in the vascular
niche surrounding fully transformed spiral arterioles, implying that DMSCs are
involved in replacement or destruction by extravillous trophoblast cells [125]. In
PE, a reduction in the number of EPCs has been documented [107, 126].

The leucocyte population in the uterine decidua is another important mechanism
involved in the local cytokine balance that may affect trophoblast invasion and
spiral artery remodeling, as demonstrated by reduced CD56+ uNK (uterine natural
killer) cells from FGR decidua [127, 128]. Nonetheless, decidual natural killer cells
(dNK3s) regulate vascular stability, contributing to uteroplacental artery remodeling
[129].

Epigenetics

It is well known that maternal factors influence fetal growth more than paternal fac-
tors. However, increased paternal age does not seem to affect fetal growth or poor
perinatal outcomes [130]. Genomic influences on FGR have been scantily investi-
gated in the medical literature compared to placental and fetal factors, even though
it has been reported that genomic mechanisms may be responsible for 40-80% of
fetal growth development [131]. Genomic imprinting and DNA methylation play a
critical role [132, 133]. Different methylated positions of DNA involved in gene
regulation and transcription pathways related to organ development and metabolic
function can be found in placentas and cord blood from fetuses and neonates
affected by in utero FGR [134].

DNA methylation is an epigenetic mechanism which involves the addition of a
methyl group to a cytosine base in the DNA, forming a methylated cytosine-
phosphate-guanine (CpG) dinucleotide which is known to silence gene expression.
One of the major fetal somatotrophic regulators of fetal growth is represented by the
insulin growth factor (IGF) system. Insulin-like growth factors 1 and 2 (IGFI,
IGF2) are expressed in the placenta and contribute to the regulation of fetal growth
[135]. The biological expression of IGF is regulated by its seven binding proteins
(IGFBP), of which IGFBP1 appears to play a major role in fetal growth [136]. The
IGF1 gene is underexpressed, and IGFBP1, IGFBP2, IGFBP3, IGFBP4, and
IGFBP7 are overexpressed in the placenta of SGA neonates [137].
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Stewart et al. were the first to demonstrate that high methylation of HSB11B2,
a key gene involved in glucocorticoid metabolism in the human placenta, is asso-
ciated with FGR [138-140]. Epigenetic or genetic defects affecting specific
imprinted genes, such as those involving the 11p15 region, may produce signifi-
cant effects on fetal and postnatal growth. Imprinted genes are highly expressed
in the placenta and play a key role in placental morphology and function [141,
142]. IGF2, which is imprinted in tandem with H19, is the most intensively stud-
ied imprinted gene. It has been demonstrated that the critical 11pl5 region
encoded for IGF2/H19 and mutations at this level, as well as on chromosomes 7
and 14, have been documented in cases of Silver-Russell syndrome (SRS) or
Beckwith-Wiedemann syndrome (BWS), which represent two opposite pheno-
types of fetal growth [143]. SRS and BWS are useful clinical models for fetal
growth disturbances and are caused by a loss of paternal and maternal methyla-
tion of the imprinted control region (ICR1) at the IGF-2/H19 domain and of the
imprinted control region (ICR2) at the KCNQ1/CDKNI1C domain, respectively
[144, 145].

In addition, mutations involving transcriptional insulators such as CTCF and
OCT-binding sequences are involved in the fetal growth mechanism [146, 147].
Very recently, it was discovered that mutation of the oncogenic HMGA2-PLAGI-
IGF2 pathway is involved in the pathogenetic mechanism of SRS [148]. Methylation
of the IGF axis may contribute to FGR, as the expression of mRNA and protein
levels of IGF1 were found to be lower in the placenta of SGA newborns, while
IGFBPs were higher compared to AGA neonates [137]. Furthermore, high WNT?2
promoter methylation (WNT2ProMe) in human placentas, an epigenetic variant of
the WNT family of genes located in the 7q31.2 region, has been shown to be
associated with FGR [149].

Nonetheless, DNA methylation and gene expression of WNT2, IGF2/H19,
SERPINA3, HERVWEI, and PPARG have not shown to be altered in first-trimester
placental samples from pregnancies with SGA newborns, indicating that the clinical
effects of the downregulation of such genes are visible only at a later stage of fetal
development [150]. Tabano et al. have demonstrated that ICR1 methylation status is
anecessary and sufficient condition to drive the imprinting of IGF2 and H19 present
in embryonic as well as in extraembryonic tissues and that hypomethylation of H19
promoter and DMR2 does not influence the expression pattern of IGF2 and H19
[151]. Interestingly, reduced methylation of ICR1 is associated with normotensive
FGR, but not FGR associated with PE, suggesting a different etiology of FGR in
this subgroup [152].

Decreased synapse defective gene 1 (SYDE1) expression has been seen in cases
of preterm or term FGR. SYDEI promotes cytoskeletal remodeling and cell
migration and invasion and is a target gene of transcriptional factor glial cell missing
1 (GCM1) that regulates trophoblast differentiation and function during placentation
and is implicated in the pathogenesis of PE [17]. A case-control study on 250
pregnancies with FGR reported that rs6046 polymorphism of the FVII gene is
associated with the development of FGR, confirming the role of thrombophilia as
one of several pathogenetic mechanisms [153].
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The upregulation of maternal PHLDA?2 and IGF2R expression in FGR infants
supports the “parental conflict hypothesis” [154]. PHLDA?2 might be influenced by
environmental factors, and its use as a placental marker of FGR should be encouraged
[155]. It is known that maternal inheritance of a promoter variant in the imprinted
PHLDAZ2 gene increases birth weight [156]. Pleckstrin homology-like domain,
family A, member 2 (PHLDAZ2), located on 11p15.4, is close to the 11p15.5,a 1 Mb
region that contains several genes, such as H19, IGF2, and CDKNIC, involved in
Beckwith-Wiedemann syndrome.

Conclusion

Maternal, placental, and fetal factors interact to promote embryo and fetal growth.
Trophoblastic invasion with uterine spiral arteries remodeling is a key-point event
occurring at endothelial level and is critical for physiologic development of the
embryo and fetus. The process of fetal-placental vasculogenesis is regulated by
genomic factors and by multiple regulatory molecules and interactive pathway
mechanisms. An altered expression of this process at different levels may cause
defective intervillous perfusion, leading to preeclampsia and fetal growth
restriction.
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Introduction

Fetal growth restriction (FGR) is a common complication of pregnancy that has
been associated with several adverse outcomes [1, 2]. Despite advances in fetal
medicine, there is still lack of consensus regarding definition and diagnostic criteria
for fetal growth restriction [3] with uncertainty surrounding the optimal management
and timing of delivery for the growth-restricted fetus [1].

In light of these facts, standardized classification of FGR represents an important
tool not only for clinical and management reasons but also for research and
epidemiological purposes. Throughout time, FGR classification has evolved from
one rooted in the phases of fetal growth (hyperplasia/hypertrophy) — in which the
antepartum or postpartum morphometric measurements of the fetal head and
abdomen distinguish symmetric (type I) from asymmetric (type II) growth-restricted
fetuses and neonates [4] — to those based on the onset during pregnancy and the
clinical stages of the condition [5]. Therefore, the objective of this chapter is to pres-
ent current classification of FGR.

It is important to highlight that, since failure to achieve growth potential is a
concept difficult to gauge, fetal size is used in the definition of FGR, with all its
limitations. Therefore, traditionally, a small for gestational age (SGA) fetus has
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been regarded as equivalent of FGR. However, a distinction between FGR (with an
increased risk of perinatal complications) and low-risk SGA is desirable [6].

Classification According to the Onset of Fetal
Growth Restriction

FGR can be classified according to the onset, if early or late in pregnancy. Specialist
consensus agrees that the demarcation should be gestational age at diagnosis before
or after 32 weeks [3]. This classification differentiates two phenotypes determined

25

EARLY ONSET
AU Doppler abnormal

T Ncases
LATE ONSET
AU Doppler normal
30 35 40 ~  Ncases
32W

GA at diagnosis

Fig. 5.1 Distribution of early- and late-onset fetal growth restriction. (Adapted from Savchev

et al. [8])

Table 5.1 Main differences between early- and late-onset forms of fetal growth restriction

Prevalence
Challenge

Evidence of
placental disease
Pathophysiology
Clinical course

Clinical impact

Early-onset FGR
0.5-1%
Management

(GA at delivery, balancing risk of fetal

compromise and risks of prematurity)
High
(abnormal UA Doppler, higher

association with PE, severe angiogenic

disbalance)
Severe hypoxia
(systemic CV adaptation)

Higher tolerance to hypoxia (sequence

of Doppler alterations)
Higher mortality and morbidity

Adapted from Figueras et al. [6]
FGR fetal growth restriction, GA gestational age, UA umbilical artery, PE preeclampsia,

CV cardiovascular

Late-onset FGR
5-10%
Detection and diagnosis

Low

(normal UA Doppler, lower
association with PE, mild
angiogenic disbalance)

Mild hypoxia

(central CV adaptation)

Lower tolerance to hypoxia
(shorter natural history)
Lower mortality and morbidity
but higher prevalence
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by the severity of placental disease and the adaptive response and deterioration [7,
8]. Consequently, late FGR does not present the same Doppler sequence of altera-
tions as early FGR [9]. Figure 5.1 represents the distribution, and Table 5.1 depicts
the main differences between these two phenotypes of FGR.

Early-Onset Fetal Growth Restriction

Early-onset FGR is less prevalent and represents 20-30% of all FGR cases. The
association with early preeclampsia is common [5, 10], and the association with
severe placental insufficiency and chronic fetal hypoxia is high [5]. Placental histol-
ogy of preterm FGR neonates reveals numerous pathologies that reflect uteropla-
cental insufficiency and abnormal blood supply [11].

Because the fetus is still immature, there is a higher tolerance to hypoxia, and
deterioration normally takes weeks [5, 12]. This explains the natural history of the
disease, when the umbilical artery (UA) Doppler is abnormal in a high proportion
of cases [5, 13]. Fetal condition deteriorates with progression to decompensated
hypoxia and acidosis, which is reflected by escalating abnormalities in the UA
(from elevated pulsatility index [PI] to absent and reversed end-diastolic velocity
[AEDV/REDV]) and increased PI in the ductus venosus (DV) [5]. This cascade of

Pl tal di Advanced Seri n
acental disease . i idosi erious inju

> Hypoxia/Acidosis jury
Increased resistance Hypoxia Reduced cardiac compliance Death
Chronic/Diagnostic Markers (weeks) Acute/Prognostic Markers (7-10 days)

UtA P1 > P95

CPR <P5
UA Pl > P95 | UA AEDV | UA REDV
MCA Pl < P5 DV Pl > P95

DV rever. atrial

cCTG STV <3 ms

BPP <4

CTG decelerations

Fig. 5.2 Cascade of events in early fetal growth restriction. UtA uterine artery, PI pulsatility
index, CPR cerebroplacental ratio, UA umbilical artery, MCA middle cerebral artery, AEDV absent
end-diastolic velocity, REDV reverse end-diastolic velocity, DV ductus venosus, cCTG computer-
ized cardiotocography, STV short-term variation, BPP biophysical profile. (Adapted from Figueras
and Gratacos [5])



68 T. M. Helfer et al.

changes reflected in the pattern of Doppler changes allows for monitoring the pro-
gression of fetal deterioration and tailoring elective delivery. Figure 5.2 represents
the sequence of events that is commonly observed in early FGR. Individual param-
eters are explained in other sections of this book.

The screening of early FGR in first or second trimester is more feasible than for
the late-onset one. A model that combines uterine Doppler velocimetry, biochemical
markers (angiogenic factors), and maternal characteristics may detect early-onset
growth restriction in up to 90%. Such result could be explained, at least in part, by
the strong association between early SGA and preeclampsia [10].

Even though the diagnosis and detection of early-onset FGR based on ultrasound
and Doppler parameters are relatively easy, the management is challenging, because
it frequently requires striking a balance between the risk of intrauterine fetal
compromise and the risks of extreme prematurity [5].

In the early-onset form of the disease, there is a high rate of perinatal morbidity
and mortality [5]. The best results in terms of short-term and 2-year outcomes were
reported by the TRUFFLE study. Perinatal death occurred in 8%, and 31% of babies
met criteria for a composite outcome of death or severe morbidity. Major contributors
to severe morbidity were sepsis (18%) and bronchopulmonary dysplasia (10%).
Less frequent complications were germinal matrix hemorrhage (2%) and cystic
periventricular leukomalacia (1%). Maternal hypertension, in particular if severe,
shortens the interval to delivery and influences neonatal outcome negatively [14]. In
addition, extremes of blood flow resistance and cardiovascular deterioration, prema-
turity, and intracranial hemorrhage increase the risks for psychomotor delay and
cerebral palsy in early FGR [15].

Late-Onset Fetal Growth Restriction

On the other hand, late-onset FGR represents 70-80% of FGR [16] and has a lower
association with preeclampsia [16]. Histologically, it is characterized by the
presence of uteroplacental vascular lesions (especially infarcts) in the placenta,
although the incidence of such lesions is lower than in preterm fetal growth
restriction [6].

The degree of placental disease is mild; thus UA Doppler is normal in the major-
ity of cases. Despite normal UA PI Doppler, there is a high association with abnor-
mal cerebroplacental ratio (CPR) values and middle cerebral artery (MCA) PI <5th
percentile [5, 17]. Advanced signs of fetal deterioration with changes in the DV are
rarely observed [5, 17]. The natural history of the disease is different, and the cas-
cade of sequential fetal deterioration described for early FGR does not occur.
Consequently, a combination of biometric parameters (severe smallness usually
defined as estimated fetal weight or abdominal circumference <3rd centile) with
Doppler criteria of placental insufficiency (either in the maternal [uterine Doppler]
or fetal [cerebroplacental ratio] compartments) is needed as a classification tool that
correlates with the risk for adverse perinatal outcome [6]. Because the fetus is more
mature, there is a lower tolerance to hypoxia and a higher risk of acute fetal
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deterioration and intrapartum fetal distress. Therefore, late FGR may undergo rapid
deterioration leading to severe injury or death without predictable deterioration pat-
tern, as in early FGR [5, 18].

Late-onset growth restriction is still largely unpredicted by first- or second-
trimester screening; for this reason, early screening for late FGR is of limited value.
However, at third trimester, compared to clinically indicated ultrasonography, uni-
versal screening triples the detection rate of late SGA/FGR [6, 19]. In addition, as
opposed to early third-trimester ultrasound, scanning late in pregnancy (around 37
weeks) increases the detection rate for birth weight <3rd centile [6, 20].

Compared with early-onset FGR, diagnosis of late-onset one is more challeng-
ing, while the management should not present difficulties [5]. There is association
between late-onset FGR and cesarean delivery for fetal distress, neonatal acidosis,
and admission to the neonatal unit [21]. Moreover, not only is late smallness
associated with hypoxic neonatal complications and cerebral palsy but also with
altered brain metabolites and poorer neurodevelopmental scores. At long term, late-
onset compromise of fetal growth seems to be associated with poorer school
performance, and as a consequence of fetal programing, such late small fetuses may
have higher incidence of metabolic syndrome [6].

Classification According to Clinical Stages
of Fetal Growth Restriction

Even though the classification according to the gestational age of diagnosis (onset)
is important for the understanding of different clinical presentations of FGR as well
as for standardizing study of the disease, from a clinical perspective, it is helpful to
classify small fetuses in stages according to indices or signs that are associated with
similar fetal risks and prognosis. Such approach indicates similar follow-up
intervals, timing of delivery, and other management strategies, depending on the
stratification of risk. A stage-based classification was proposed by Figueras and
Gratacos [5, 7]:

SGA: Includes those fetuses with EFW <10th and >=3rd percentile with normal
Doppler parameters including mean uterine artery (UtA) PI, UA PI, MCA PI,
and CPR. Perinatal results of this group are good. Follow-up every 2 weeks is
safe and induction of labor at 40 weeks is recommended [7].

Stage I FGR: Includes fetuses with EFW <3rd percentile or <10th percentile with
abnormalities in at least one of the following Doppler parameters: mean UtA PI,
UA PI, MCA PI, or CPR. Evidence suggests a low risk of fetal deterioration
before term [22]. Weekly monitoring seems reasonable. Delivery beyond 37
weeks is acceptable, and induction of labor is not contraindicated, even though
the risk of intrapartum fetal distress is increased [7].

Stage II FGR: This stage is defined by the presence of AEDV in UA. Twice-weekly
monitoring is recommended and delivery should be after 34 weeks. The risk of
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emergency cesarean section in labor induction exceeds 50%. Therefore, elective
cesarean section is a reasonable option [7].

Stage III FGR: The stage is defined by REDV in AU or DV PI >95th centile. There
is an association with higher risk of stillbirth and poorer neurological outcome.
However, since signs suggesting a very high risk of stillbirth within days are not
present yet, it seems reasonable to delay elective delivery to reduce the possible
effects of severe prematurity. Monitoring every 24-48 hour is recommended.
Delivery should be recommended by cesarean section after 30 weeks [7].

Stage IV FGR: It is defined by the presence of abnormal cardiotocography (CTG)
(spontaneous FHR decelerations or reduced short-term variation [<3 ms] in the
computerized CTG) or reverse atrial flow in the DV. FHR deceleration is an
ominous sign, normally preceded by the other two signs, and thus it is rarely
observed, but if persistent it may justify emergency cesarean section. Abnormal
c¢CTG and DV are associated with very high risks of stillbirth within the next 3—7
days or disability; therefore, monitoring every 12-24 hour should be performed
until delivery. Cesarean section at a tertiary center after 26 weeks’ gestation is rec-
ommended. Intact survival exceeds 50% only after 2628 weeks’ gestation, and,
before this threshold, parents should be counseled by multidisciplinary teams [7].

Particularly at early gestational ages, and at whatever stage, coexistence of severe
PE may distort the natural history, and strict fetal monitoring is warranted since fetal
deterioration may occur unexpectedly at any time [7].

Further management aspects of FGR according to clinical classification are dis-
cussed in other sections. However, it is important to mention that FGR cases seem
to benefit from close monitoring by expert obstetric and neonatal care teams. When
a protocol of classification and follow-up is established, there is an improvement in
care [14].

Conclusion

Classification of FGR is an important aspect of the management and study of the
disease. Globally, there is still lack of standard classification. Nevertheless, even if
evidence-based protocols are somehow adapted to local context, when a protocol is
established, there are benefits and the clinical care is optimized.
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Introduction

Fetal growth restriction (FGR) is considered as the most common and complex prob-
lem of modern obstetrics by the American College of Obstetricians and Gynecologists
[1]. It is associated with increased fetal and neonatal morbidity and mortality,
accounting for up to 50% of fetal deaths. It is also linked to diseases in childhood
(such as delayed psychomotor development, learning disabilities, and language dis-
orders) and in adulthood (obesity, hypertension, and type 2 diabetes) [1].

It is known that the majority of deaths with fetal growth problems are potentially
avoidable through better assessment of risk factors and surveillance of growth
during pregnancy. Antenatal detection of the fetuses with growth restriction can
lead to appropriate investigations during pregnancy and improve outcome by
reducing the stillbirth risk through appropriate timely delivery (Fig. 6.1) [2, 3].

Recent studies have demonstrated that aspirin started before 16 week’s gestation
can significantly reduce the incidence of small for gestational age (SGA) and FGR
(Table 6.1). The clinical impact of such finding is important because screening in
the first trimester can identify women at higher risk of developing FGR, thus select-
ing the pregnancies who would potentially benefit from the use of aspirin [4, 5].

Screening for FGR and SGA in the first trimester can be achieved by a combina-
tion of maternal characteristics, biophysical parameters, and biochemical factors.
Reported detection rates for such screening range between 20% and 67%, being the
performance lower for SGA than for FGR [5, 6].
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Fig. 6.1 Rate of stillbirth 20,0
per 1000 birth in England
(FGR defined as BW <10th 160
centile corrected by GA at 12,0
delivery)
80 S
4,0
0,0
all non FGR detected FGR undetected
FGR
Table §-1 Aspirin in Started aspirin Dose Relative risk
prevention of FGR (FGR Before/at 16 weeks 100 mg  0.45
defined as BW <10th centile) 150 mg  0.29
After 16 weeks 100 mg 0.96
150 mg 0.90
Table 6.2 Odds ratio for Maternal characteristics 0dds ratio
matern'al characteristic in Age (years) 1.03
screening for small for Weight (kg) 0.99
gestational age (SGA) Height (cm) 0.97
Previous SGA 2.1
Smoking 3.5
Chronic hypertension 4.2
Type 2 diabetes mellitus 3.8

Systemic lupus erythematosus 4.8

Clinical Findings

Clinical findings include maternal factors, personal and family history, and fetal
factors.

The association between maternal characteristics and fetal birth weight has been
extensively studied and reported. Some studies have shown that the likelihood of
SGA or FGR fetuses increases with maternal age and decreased with maternal
weight and height. The risk appears to be higher in women of Afro-Caribbean and
South Asian ethnic background compared to Caucasian women. The likelihood of
being affected by SGA or FGR also increases in parous women with prior SGA or
FGR, in cigarette smokers and illicit drugs users, and in women with a history of
chronic hypertension, type 2 diabetes mellitus, and systemic lupus erythematosus.
The use of ovulation drugs also has an influence on this risk (Table 6.2). In relation
to fetal factors, multiple pregnancies, congenital infections, and aneuploidies are the
most common and important variables related to fetal growth restriction [1].
Maternal factors alone can provide a detection rate of about 37%, for a 10% false
positive for SGA and FGR fetuses [7, 8].

Studies show that the accuracy in predicting FGR at birth through ultrasound
measurements, such as estimated fetal weight below the 10th percentile (p), is asso-
ciated with a sensitivity ranging from 49% to 59%. Other measures, such as
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abdominal circumference (AC) and AC development, can also be evaluated.
However, the study concludes that further research should focus on the use of bio-
markers associated with fetal biometry [9].

Biophysical Markers
Uterine Artery Doppler

It is thought that one of the mechanisms for fetal growth restriction is the impaired
placentation. Uterine artery (UtA) Doppler examination provides important infor-
mation on the conversion process of spiral arteries into uteroplacental arteries.
Reflecting the underlying process of placentation therefore provides a noninvasive
method for evaluating uteroplacental blood flow (Figs. 6.2 and 6.3) [10]. Several
studies conducted since the 1980s have shown the importance of this marker in both
the first and second trimesters.

The pulsatility index (PI) and resistance index (RI) have been the most com-
monly used measurable indices. PI is better as it is the one who describes the shape
of the waveform better, as it includes the area below the curve in the formula [11].
In the first trimester, uterine artery pulsatility index (UtAPI) is increased in FGR
and SGA pregnancies. A screening for preterm SGA and FGR at 11-13 weeks by a

Rt Ut-PS -98.2Tcmis
Rt Ut-ED -24.70cm/s
Rt Ut-S/D 398
Rt Ut-P1 1.67
Rt Ut-RI 0.75
Rt Ut-MD -2417cmls
Rt Ut-TAmax -44.12cm/s
Rt Ut-HR ?abpnj

Fig. 6.2 Doppler velocimetry of the right uterine artery in the first trimester
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Fig. 6.3 Doppler velocimetry of the right uterine artery in the second trimester

combination of maternal characteristics and UtAPI has a detection rate of about
43% for a 10% false-positive rate (FPR) [12].

It is possible to include the assessment of UtAPI in the second and third trimester
of pregnancy routine ultrasound. Such evaluation, in the second trimester, when
combined with maternal characteristics and other biophysical and biochemical mark-
ers, can detect about 88% of the preterm SGA fetuses for a 10% FPR. In the routine
third-trimester ultrasound examination (30-34 weeks), about 32% of the pregnancies
resulting in preterm SGA fetuses will have an UtAPI above the 95 centile [13, 14].

Biochemical Markers

In an attempt to improve the prediction of FGR, biochemical markers were intro-
duced in the early 2000s. Placental function is critical for fetal growth; therefore,
placental insufficiency is an important component of intrauterine fetal growth
restriction. A vast array of biochemical markers are present in maternal blood
and are determinants of placental function and angiogenic factors. These metab-
olites have been described and studied as potential markers for SGA and FGR,
like A disintegrin and metalloprotease-12 (ADAM-12), placental protein 13
(PP13), soluble endoglin (sEng), placental growth factor (PIGF), soluble fms-
like tyrosine kinase-1 (sFlt-1), and pregnancy-associated plasma protein-A
(PAPP-A). In this chapter we will focus on the more commonly used and studied
markers: placental growth factor (PIGF), soluble fms-like tyrosine kinase-1
(sFlt-1), and pregnancy-associated plasma protein-A (PAPP-A) as they are, to
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Fig. 6.4 Three-
dimensional (3D)
representation of PIGF
structure

the date, the most relevant in respect of prediction of FGR and SGA. Another
advantage of PIGF, sFlt-1, and PAPP-A is that they are known to be useful in
screening for aneuploidies and preeclampsia. This makes easier to incorporate a
screening for SGA and FGR in a daily clinic as the biochemical markers used
are, in many countries, already in use.

The levels of pregnancy-associated plasma protein-A (PAPP-A) depend on pla-
cental function and volume; therefore, decreased levels of this protein are described
in the literature as possible predictors of FGR, with sensitivity ranging from 8% to
33% [1]. Poon et al. [7] described that in the first trimester, the association of mater-
nal characteristics and PAPP-A can predict 44% of preterm SGA fetuses for a 10%
FPR. There is currently no evidence that PAPP-A can be useful in prediction of
SGA or FGR if measured in the second or third trimester.

PIGF (Fig. 6.4) is reduced in pregnancies resulting in fetal growth restriction,
particularly preterm FGR and SGA (requiring delivery before 37 weeks). This bio-
chemical marker has high levels of specificity (98%), medium sensitivity (75%),
high negative predictive values (99.2%), and low positive predictive values (58%)
for preterm FGR [15]. The association of PIGF with maternal factors and biophysical
markers in the first trimester can predict about 62% of the pregnancies resulting in
FGR and about 48% of SGA for a 10% FPR [6, 7, 16]. It is also possible to use PIGF
in the second and third trimester of pregnancy to predict SGA. In the second
trimester, the association of PIGF with maternal factors and biophysical markers
can predict 64% of the preterm SGA fetuses for a 10% FPR. In the third trimester,
a similar association can predict 88% of the preterm SGA and 51% of the term SGA
(birth after 37 weeks) [8, 12—-14].

Soluble fms-like tyrosine kinase-1 (sFlt-1) is useful in the prediction of FGR. In
the first trimester, the ratio between sFlt-1 and PIGF (sFlt-1/PIGF ratio) is a better
predictor than sFlt-1 alone. The sFlt-1/PIGF ratio at 11-13 weeks can detect 61% of
the pregnancies resulting in fetal growth restriction for a 10% false-positive rate [8].

Combined Screening

There is a significant variation in relation to detection rates in different studies. This
can be partially explained by the different classifications in terms of FGR and the
combination of markers used.
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First-Trimester Screening for SGA, Early FGR, and Late FGR

Poon et al. [7] demonstrated that a combination of maternal characteristics and bio-
physical (uterine artery PI, mean arterial pressure) and biochemical markers (PAPP-A
and PIGF) in the first trimester can be used as a screening method for SGA. The detec-
tion rates of such screening are 52% and 32% for preterm and term SGA, respectively,
for a 10% FPR. Crovetto et al. [8] show a similar result for total SGA (term and pre-
term) with a detection rate of 42% for 10% FPR, although this study used different
biochemical markers (sFlt-1/PIGF ratio) compared with Poon et al. [7].

For FGR, a similar screening test can be used; the detection rate is higher
when compared to the detection rates of SGA. In the first trimester, the detection
rate for FGR based on a combination of maternal characteristics and biophysical
(uterine artery PI, mean arterial pressure) and biochemical markers (sFlt-1/
PIGF ratio) is about 62% for a 10% false-positive rate. If the FGR is divided into
early and late onset, the detection rate increases for early (71%) without chang-
ing significantly for late FGR (61%) for the same 10% FPR. This shows that it
is better to use specific algorithms for early and late FGR rather than using an
overall algorithm.

Second-Trimester Screening for SGA

Screening can also be conducted in the second trimester. Familiari et al. retrospec-
tively evaluated 23,894 women between 19 and 24 weeks of pregnancy. The study
included maternal characteristics (age, body mass index, and ethnicity), fetal biom-
etry, birth weight, and uterine artery PI. The results showed that the combination of
all markers led to detection rates of 40%, 66%, and 89% for small for gestational
age (births below the 5th percentile) at term, preterm, and early preterm, respec-
tively, with 10% false-positive rates [17]. In 2015, Poon et al. have shown a statisti-
cal model to predict pregnancies with small-for-gestational-age fetuses based on
maternal characteristics, biophysical markers (fetal biometry and uterine artery
Doppler), PIGF and alpha-fetoprotein (AFP) levels in the second trimester. This
screening method has a detection rate of 100% for severe SGA requiring delivery
before 32 weeks, 78% for the ones requiring delivery between 32 and 36 weeks, and
42% for the ones requiring delivery after 37 weeks for a 10% FPR [18].

Third-Trimester Screening for SGA

The prediction of late FGR in the third trimester is also important. Late restriction
is often difficult to diagnose, being unnoticed by the obstetrician, and it is responsible
for a considerable percentage of near-term fetal deaths.

Longitudinal monitoring of only the measurement of AC and estimated fetal
weight showed a very low sensitivity of 28%, with 10% false positives [19]. Miranda
et al. developed a screening model for the prognosis of adverse perinatal events in
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fetuses of adequate weight and small-for-gestational-age fetuses in the third trimester
(between 32 and 36 weeks). The model considered maternal characteristics, estimated
fetal weight, maternal-fetal Doppler velocimetry, and levels of estriol, PIGF, lipo-
calin-2, and inhibin-A. The prevalence of adverse perinatal events was 9.3% in the
adequate weight group and 27.4% in the SGA fetus group. The adverse effects predic-
tion model had a detection rate of only 26% in the general population and 62% in the
SGA group [20]. Bakalis et al. conducted a study with 9472 women between 30 and
34 weeks of pregnancy in order to evaluate a model intended to predict small-for-
gestational-age fetuses in the absence of PE. The model included maternal character-
istics, estimated fetal weight, uterine artery Doppler, mean arterial pressure, PIGF, and
sFlt-1. With 10% false positives, the prediction rate for neonates born between 32 and
36 weeks was 89% for those whose weight was below the 10th percentile and 96% for
those whose weight was below the 3rd percentile. For neonates born after 37 weeks,
the prediction rate was 57% for those whose weight was below the 10th percentile and
72% for those whose weight was below the 3rd percentile [21].
Main results of the studies are summarized in Table 6.3.

Table 6.3 Main results of the studies presented in the chapter

Author Markers Results

Papageorghiou Uterine artery Doppler Prediction rate: 20%

et al. [10]

Benton et al. PIGF Sensitivity: 75%

[15] Specificity: 98%

Albuetal. [I] PAPP-A Sensitivity: 8-33%

Albuetal. [1] ADAM-12 Sensitivity: 7.16-20%

Karagiannis 1° trimester: Maternal characteristics, ~ Detection rate: 73%

etal. [16] biophysical and biochemical markers

Crovetto 1° trimester: Maternal characteristic, Detection rate for SGA: 42%

et al. [8] mean blood pressure, uterine artery Detection rate for FGR: 67%
Doppler, PIGF, and sFlt-1

Familiari 2° trimester: Maternal characteristic, Detection rates for SGA births are

etal. [17] fetal biometry, birth weight, uterine 40% for terms, 66% for preterm, and
artery Pl 89% for early preterm

Poon et al. [18] 2° trimester: Maternal factors, fetal Detection rates for SGA births are
biometry, uterine artery Doppler, PIGF, 100% for <32 w, 78% for 32-36 w,
and PAPP-A and 42% for >37 w

Miranda 3° trimester: Maternal characteristic, Detection rate for adverse effects:

et al. [20] estimated fetal weight, maternal-fetal ~ 62% in SGA group
Doppler, estriol, PIGF, lipocalin-2, and
inhibin-A

Bakalis 3° trimester: Maternal factors, Prediction rates for SGA births are:

etal. [21] estimated fetal weight, uterine artery Between 32 and 36 w: 89% for
Doppler, mean blood pressure, PIGF, ~ <p10th and 96% for <p3rd
and sFlt-1 After 37 w: 57% for <p10th and

72% for <p3rd
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V47.75 cm*

Fig.6.5 Calculation of first-trimester placental volume using virtual organ computer-aided analy-
sis (VOCAL)

Other Markers

In addition to maternal, biometric, and Doppler velocimetry findings and angio-
genic factors, other markers were studied in order to assist in predicting the FGR.
Placental volume determined by three-dimensional (3D) ultrasound in the first tri-
mester was studied for predicting pregnancies with small-for-gestational-age
fetuses. A systematic review conducted by Farina et al. analyzed 12 studies on pla-
cental volume between 11 and 14 weeks. They concluded that placental volume as
an isolated marker shows very low prediction rates and can be better used in combi-
nation with other markers [22]. Virtual organ computer-aided analysis (VOCAL)
software can be used to measure blood volume and flow in a region of interest
(Fig. 6.5). A 2008 study by Guiot et al. showed that blood flow changes can be iden-
tified by 3D power Doppler before abnormalities are diagnosed using conventional
umbilical artery Doppler [23].

Conclusion

FGR is a complex obstetric condition responsible for a considerable percentage of
perinatal morbidity and mortality. Screening for FGR remains a challenge, and
numerous studies are being conducted with an aim of improving its sensitivity.
Effective screening helps to identify patients at risk, who would then be monitored
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more frequently in an attempt to minimize adverse perinatal effects. After a well-
established prediction model of good accuracy is achieved, the challenge will be to
identify interventions that can modify the history of the condition that justify popu-
lation screening. To this date, studies show that aspirin started before 16 weeks may
reduce the prevalence of this condition.
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LDLs Low-density lipoproteins

LGA Large for gestational age

mtDNA Mitochondrial DNA

NO Nitric oxide

NPY Neuropeptide Y

NTDs Neural tube defects

PAPP-A Pregnancy-associated plasma protein A

pGF Placental growth factor

pGH Placental growth hormone

pL Placental lactogen

PO, Partial pressure of oxygen

PPI13 Placental protein 13

PSGI Glycosylated pregnancy-specific glycoprotein 1

PTH-rP Parathyroid hormone-related protein

RAAS Renin-angiotensin-aldosterone system

RFM Reduced fetal movements

ROS Reactive oxygen species

SENG Soluble endoglin

sFLT1/sVEGFR-1  Soluble fms-like tyrosine kinase-1 or soluble VEGF
receptor-1

SGA Small for gestational age

VEGF Vascular endothelial growth factor

p-hCG B-Human chorionic gonadotropin

The Placenta: A Key Organ in Fetal Programming

As is well-known, the placenta is an intrauterine organ with central functions in
pregnancy, supporting normal growth and development of the fetus [1]. The
main placental functions will be discussed in the subsequent sections, including
nutrient and oxygen supply to the fetus, as well as hormone and growth factor
production and secretion that may affect mother, fetus, or both [2-4]. Changes
in placental development, physiology, and function have notable effects on
the intrauterine environment, the fetus, and its ability to deal with such
environments [1, 4].

The placenta participates in fetal nutrition by providing oxygen, water, carbohy-
drates, amino acids, lipids, vitamins, minerals, and other nutrients to the fetus, as
well as removing carbon dioxide and other waste products. Moreover, this organ
metabolizes several molecules to generate metabolic products that will be released
into maternal and/or fetal circulations. In addition to metabolic and transport func-
tions, the placenta can operate as a barrier: it can prevent infections, the dispersion
of maternal diseases, and fetal transport of certain xenobiotics that could be harmful
for fetal development [1]. Additionally, the placenta can produce and secrete several
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hormones into both maternal and fetal circulations, thus affecting pregnancy out-
comes, fetal growth and development, and parturition [1, 4].

Functions of the Human Placenta During Pregnancy

Nutrient Transport and Metabolism

Several decades ago, it was believed that the placenta only functioned as a passive
barrier, preventing transfer of maternal metabolites, hormones, proteins, bacteria,
viruses, xenobiotics, and drugs to the fetus and the simultaneous transport of essen-
tial nutrients [1, 5]. This concept has evolved to provide greater emphasis on other
placental functions: proper implantation and placental development is needed to
ensure the suitable enlargement of the fetoplacental unit necessary for fetal growth
and development. Obviously, placental expansion is a regulated process where sev-
eral mechanisms take part. It becomes more noticeable in the second and third tri-
mesters of human pregnancy where nutrient uptake and metabolism generate the
cellular energy essential for protein synthesis [5].

The primary determinant for fetal growth is the nutrient concentration in the
maternal circulation and the blood supply to the placenta. This organ responds to
environmental prompts such as maternal stress, energy intake, and dietary composi-
tion by adapting its morphological and functional phenotype to optimize fetal devel-
opment in relation to the availability of existing resources [6-9]. Therefore, the
placenta is metabolically active; it can sense nutrient availability and adapt placental
metabolism to sustain fetal growth in the different stages of pregnancy, maintaining
the maternofetal nutrient transport [10]. This flux is essential to preserve nutrient
intraplacental levels, being crucial for cell growth and survival in deprivation condi-
tions [5]. It is important to notice that nutrient transport in early pregnancy is differ-
ent from that observed at term [1, 11]. This alteration could be due to changes in the
expression of transporter proteins as a result of oxygen tension and blood flow to the
intervillous space [1, 12]. During the first trimester of pregnancy, nutrition is histo-
trophic with trophoblast phagocytosis of glycogen and several glycoproteins [1, 12].
After the onset of maternal blood flow to the intervillous space (10-12 weeks),
maternal blood is in contact with the terminal villi of the placenta and consequently
leads to the transport of respiratory gases, nutrients, and waste products between
mother and fetus across the placental membrane. The following is a detailed descrip-
tion of the transport and metabolism of several compounds crucial for the develop-
ment of pregnancy.

Transport and Metabolism of Respiratory Gases

Nutrient and oxygen supply are the primary determinants for fetal growth and devel-
opment [13, 14]. Like other cellular membranes, the placental membrane is extremely
permeable to respiratory gases, allowing the rapid exchange of oxygen and carbon
dioxide from maternal to fetal blood and vice versa (Fig. 7.1) [1, 5, 15, 16]. There are
two factors that facilitate the movement of oxygen in the maternofetal direction: (1)
a marked difference in pO, between maternal and fetal blood, as a result of a high
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Fig.7.1 Placental transport of nutrients, ions, and respiratory gases during pregnancy. AAs, amino
acids; CHs, carbohydrates; FFAs, fatty acids; FGR, fetal growth restriction; GLUTs, glucose
transporters

oxygen consumption by the placenta itself and/or the mixture of arterial and venous
bloods in the intervillous space, causing a significantly lower pO, in the umbilical
vein (34-41 mmHg) than that observed in maternal arterial blood (100 mmHg); and
(2) a higher hemoglobin concentration in fetal blood [1, 13]. Also, fetal hemoglobin
(HbF) has a higher affinity for oxygen as compared to maternal hemoglobin (HbA),
favoring oxygen transport to the fetus.

Alterations in respiratory gases supply, specially oxygen, could lead to preg-
nancy complications, such as fetal growth restriction (FGR) and preeclampsia. Both
pathologies have direct adverse consequences in the neonate, disturbing its growth
and development and also increasing adult morbidity and mortality [17-20]. One of
these stated neonatal alterations is hypoxia, a common complication of pregnancy
as a result of several exogenous insults, such as smoking, anemia, cord occlusion,
and/or poor placental vascularity [9, 21-23]. Hypoxia responses are mediated by
HIF-1 (hypoxia-inducible factor-1), and it would be activated in the placenta as a
result of the diminution in oxygen supply and the reduced intervillous pO, that takes
place in FGR and preeclampsia pregnancies [5]. Several adaptations are observed in
in vivo experimental models, such as adjustments in placental nutrient transport
capacity, helping to maintain fetal growth and development in the abovementioned
situations. Studies in human and ovine placentas have revealed that, at high altitude,
both types of placentas can increase fetal vascularity and a thinning of the diffusion
barrier between maternal and fetal circulations, hence improving oxygen diffusion
capacity [23-28]. Likewise, studies in rodents disclosed that in hypoxic conditions,
there are several modifications in placental vascularity, barrier thickness, passive
diffusion, nutrient transport, and nutrient transporter expression which compromise
placental growth and development depending on the severity of the hypoxic insult



7 Biochemical Assessment of Placental Function 87

[25, 29—42]. All these studies demonstrate that the placenta can sense oxygen sig-
nals, possibly through the insulin-IGFs (insulin-like growth factors) pathway. This
adaption of phenotype optimizes maternal resource allocation to fetal growth during
these abnormal circumstances [9].

Transport and Metabolism of Carbohydrates

Glucose is the primary source of energy for the fetus and the placenta; the majority
of fetal glucose comes from maternal carbohydrate metabolism. This demand is
highly increased during the third trimester of pregnancy [43]. The maternal circula-
tion is the only supply for fetoplacental glucose, as there is no gluconeogenesis in
the fetus and placental gluconeogenesis contributes slightly [1, 5, 10]. Glucose
transport across the placenta occurred generally via facilitated diffusion by several
glucose transporters (GLUTSs), due to the low permeability of syncytiotrophoblast
plasma membranes (Fig. 7.1) [43-45]. Five isoforms of these transporters (GLUT]I,
3,4, 8, and 12) have been identified in human and rodent placentas, where they are
found embedded asymmetrically in both microvillous (maternal-facing) and basal
(fetal-facing) membranes of the syncytiotrophoblast, the main placental barrier

Table 7.1 Characteristics and localization of glucose transporters (GLUTS) in the placenta

Glucose transporter Localization Characteristics References
GLUT1 Syncytiotrophoblast, Involved in glucose Gude et al. [1];
cytotrophoblast, transport across the Baumann et al.
endothelium, vascular term placenta [43]; IlIsley (2007)
smooth muscle, stromal
cells

At term: microvillous and
basal membranes with an
asymmetric distribution

GLUT3 First trimester: extravillous  Regulation of glucose Baumann et al.
trophoblast, cytotrophoblast levels [43]; Illsley (2007)
At term: endothelial cells
lining the fetal capillaries

GLUT4 Placental stromal cells Insulin-responsive Baumann et al.
glucose transporter [43]; Xing et al.
Involved in glucose [47]

transport and its
conversion to
glycogen in response
to insulin in fetal

circulation
GLUTS Blastocyst Involved in glucose Baumann et al.
uptake within the [43]

placenta and transport
to the fetus

GLUTI12 First trimester: extravillous  Involved in facilitation Baumann et al.
trophoblast, cytotrophoblast, of glucose transport [43]
syncytiotrophoblast

At term: vascular smooth
muscle, stromal cells
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layer (Table 7.1) [1, 43, 46, 47]. As expected, there are several differences in cellular
distribution of these GLUTSs between the first trimester of pregnancy and term pla-
centas, suggesting divergences in function in early and late pregnancy [1, 43].

Maternal-fetal glucose transfer is regulated by several factors: (1) glucose sup-
ply, determined by both blood glucose concentration and blood flow; (2) placental
glucose metabolism; and (3) placental glucose transporter density. Glucose transfer
across the placental barrier is a prompt process limited by the movement to and
from the transfer site [43]. Alterations in maternal or fetal plasma glucose concen-
trations will change the maternal-fetal glucose concentration gradient, hence vary-
ing glucose transfer. In this way, changes in blood glucose will modify glucose
delivery to the fetus, as seen in diabetic hyperglycemia and hypoglycemia, where
glucose deprivation can disturb fetal growth [10]. The reduction in uteroplacental
blood flow observed in FGR will also alter glucose supply, changing glucose trans-
fer to the fetus [48]. Likewise, the reduction in oxygen delivery under hypoxic con-
ditions will change placental metabolic demand for glucose, producing alterations
in maternal transport [49]. For example, GLUTI gene transcription is increased in
hypoxic conditions [50] in order to try to compensate the high glucose consumption
[43]. Also, GLUT]1 is positively regulated by IGF-1 (insulin-like growth factor-1),
placental growth hormone (pGH), and hypoxia [43].

The placenta has a very high rate of glucose consumption. In the syncytiotropho-
blast, glucose can have different destinies: (1) it can be metabolized via glycolysis
to obtain energy; (2) it can be converted in placental glycogen (non-triose phosphate
pathways); (3) it can be metabolized into pentose phosphate; and (4) it can be trans-
ported to fetal circulation [1, 5]. As expected, the aforementioned glucose destinies
vary throughout pregnancy. In early pregnancy, almost 75% of glucose is metabo-
lized through the glycolytic pathway, 15% via non-triose phosphate pathways and
10% via the pentose phosphate pathway. At term, the glycolytic pathway reaches
90% and 10% for non-triose phosphate and pentose phosphate pathways [5].
Alterations in these metabolic pathways, such as glycogen depositions, have been
observed in diabetic and preeclamptic pregnancies at term, possibly as a response to
hyperglycemia, suggesting how important is the metabolic and transport capacity of
the placenta itself for suitable fetal growth and development [5]. Placental glucose
consumption is reduced during periods of maternal undernutrition, where maternal
hypoglycemia induces uteroplacental tissues to use less glucose due to its low avail-
ability, hence saving glucose for the fetus [10, 51].

The high rate of placental glucose consumption has led to an increased placental
production of lactate; at least 70% of syncytial glucose consumption ends up as
lactate in normal pregnancy. This metabolite is also transported to the fetus by the
placenta as the lactate transport capacity of the syncytial microvillous membrane is
greater than the fetal-facing basal membrane. Under hypoxic conditions, such trans-
port arrangement changes because the fetus becomes a net lactate producer and the
placenta removes lactate from the fetus [1, 5, 51, 52]. As stated with glucose metab-
olism, placental lactate production in sheep decreases under maternal nutrient depri-
vation making glucose less promptly available for fetal consumption and producing
fetal malnutrition [10, 51].
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Transport and Metabolism of Amino Acids

Amino acids are required by the fetus for protein synthesis and energy purposes.
Fetal amino acids come from maternal amino acid pools, where essential amino
acids (obtained from the diet) and others can be synthetized by the placenta from
metabolic intermediates, such as glycine and serine [1, 5, 10]. Fetal concentrations
of virtually all amino acids are greater than maternal concentrations, suggesting
that the placenta dynamically transports amino acids from the maternal compart-
ment to the developing fetus [53-55]. Some of these amino acids taken up by
the placenta may return to the maternal circulation rather than being transported
to the fetus [56-58]. Consequently, amino acid transport from maternal to fetal
circulation occurs by a concentration gradient along with transporters located in
the microvillous and basal membranes of the syncytiotrophoblast (Fig. 7.1) [59].
These transporters interact not only with their principal substrates but also with
ions (co-substrates) and other amino acids present in the intrauterine environ-
ment. Such interactions stimulate or inhibit plasma membrane and trans-syncytial
transport [60].
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Fig.7.2 Amino acid transport between mother and fetus during pregnancy. There are two types of
amino acid transporters: (1) heterodimeric transporters, such as system L that transports neutral
amino acids, system y*L that uses the inwardly directed Na* gradient and neutral amino acids to
drive cationic amino acids into the syncytial cells, and system b** that uses the outwardly directed
gradients of specific amino acids to drive the inward transport of other amino acids with related
structures, and (2) monomeric transporters, such as system y* that transports cationic amino acids,
system X, that uses the ionic gradient for active transport of anionic amino acids (Glu, Asp),
system ASC that transports short-chain neutral amino acids (Ala, Ser, Cys), and system A that
transports neutral amino acids. Na*-dependent transporters are represented with squares, and Na*-
independent transporters are represented with circles
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These transporters involved in amino acid transport can be classified in heterodi-
meric and monomeric transporters (Fig. 7.2) [1, 5, 58, 60-67]. Many of them have
overlapping specificities; that is why the net flux of specific amino acids will depend
on the amino acid concentration at both sides of the membrane through which the
transport of these molecules is taking place [5].

In addition to the amino acid transport across the placenta, there are several pla-
cental metabolic processes concerning these molecules: amino acid metabolism for
energy production (besides there is significant amino acid oxidation in the fetus),
amino acid utilization for the synthesis of other constituents (tetrahydrofolate,

Table 7.2 Amino acid metabolic processes in the human placenta

Energy generation

Amino acid Metabolic processes Destination
Branched-chain Transamination in the placenta to ~ Tricarboxylic acid cycle
amino acids (Leu, branched-chain keto acids and

Val, Ile) decarboxylation to produce

acyl-CoA derivatives
Biosynthesis

Amino acid Metabolic processes What is it for?

Ser Conversion to Gly in the carbon Supplies methyl groups for folate
cycle where THF is converted to cofactors necessary for nucleotide
methylene-THF synthesis and homocysteine

remethylation to Met

Ser Synthesis of phosphatidylserine (major membrane component)

Gly Produced in the placenta as the primary source for transfer to the fetus
via the action of the enzyme serine hydroxymethyltransferase

Pro Synthesis of polyamines (spermidine, spermine)

Arg Essential for placental generation of NO

Ala Production from Glu and pyruvate to provide a source of Ala to be
transferred to the fetus

Ser Cofactor in transsulfuration pathways responsible for the

interconversion of Met, homocysteine, and Cys

Amino acid shuttling

Amino acid Metabolic processes Destination

Glu Taken up from the placenta from  Released into the fetal circulation
both maternal and fetal circulations
and conversion to Gln

Gln Conversion to Glu by the fetal liver Released into the fetal circulation
and shuttle back to the placenta
Ser Taken up from the placenta from Released into the fetal circulation

both maternal and fetal circulations
and conversion to Gly

Gly Conversion to Ser by the fetal liver
Protein synthesis and degradation (catabolism)
Protein synthesis Under hypoxic conditions, it is supported by glycolytic generation of

energy. It is higher in term placentas

Protein catabolism It may not be a significant process

FGR Diminution in protein synthesis due to substrate restriction
Increase in protein catabolism in order to provide substrates for
oxidative metabolism

FGR fetal growth restriction, NO nitric oxide, THF tetrahydrofolate
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phosphatidylserine, nitric oxide), conversion as a part of the placental-fetal shuttle
system, and protein synthesis in the syncytiotrophoblast supported by both oxida-
tive and anaerobic metabolism [5] (Table 7.2).

Alterations in maternal and/or fetal amino acid circulating levels would change
their transport characteristics, leading to modifications in the efflux of amino acids
into the fetal circulation and the alteration of placental amino acid metabolism, thus
manipulating the availability of substrates for metabolism. All of these variations
lead to insufficient amino acid fetal supply. Consequently, fetal growth and develop-
ment would be compromised, resulting in several pregnancy pathologies such
as FGR.

Transport and Metabolism of Lipids

Numerous lipids (including free fatty acids, essential fatty acids obtained from
diet — linoleic and linolenic acids — triacylglycerols, phospholipids, glycolipids,
sphingolipids, cholesterol, cholesterol esters, fat-soluble vitamins, etc.) are bound
to transport proteins in plasma; e.g., free fatty acids bind to serum albumin, while
phospholipids, cholesterol, and triacylglycerols bind different proteins to form sev-
eral types of lipoprotein complexes. Hence, the maternal surface of the placenta
expresses lipoprotein lipase, an enzyme that can release free fatty acids and glycerol
from the maternal circulating lipoprotein complexes. Both lipophilic molecules can
cross the placental syncytiotrophoblast membranes via simple diffusion and
membrane-bound, cytosolic fatty acid-binding proteins [1, 10, 68]. Long-chain
polyunsaturated fatty acids are preferably transported by the placenta, enriching
fetal blood in such molecules, compared to maternal blood [69]. In addition to the
placental role in fatty acid transport, the placenta can synthetize substantial concen-
trations of fatty acids, this process being less active in term human placentas than
their oxidation [10].

As soon as fatty acids reach the cytoplasm of the placental trophoblast, they can
undergo three pathways: (1) they can bind to cytosolic binding proteins, (2) they can
be transported out of the trophoblast, and/or (3) they can be oxidized or esterified [1,
70]. Placental microsomes contain enzymes necessary for the synthesis of glycolip-
ids from glycerol-3-phosphate, free fatty acids, and other precursors. Also, the pla-
centa can synthetize cholesterol. However, under normal circumstances cholesterol
is derived from maternal circulating LDLs (low-density lipoproteins). Essential
fatty acid consumption is an essential process, as is seen in low birth weight neo-
nates where low intake of essential fatty acids corresponds with the observed low
birth weight at term [10]. FGR placentas usually show a deficiency in oxidative
enzymes, bringing about an excess in lipid peroxidation and reactive oxygen spe-
cies (ROS) formation, both processes injurious to maternal endothelial cells [10].

Transport of Water, Inorganic lons, Minerals, and Vitamins

In addition to the aforementioned transported molecules, water transport across the
placenta is also important and depends on hydrostatic and osmotic pressures. Water
moves passively throughout the placenta across a water channel-forming integral
protein expressed in the trophoblast (Fig. 7.1) [71]. Ions, such as potassium,
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magnesium, calcium, and phosphate, are transported through the placenta actively,
whereas sodium and chloride are transported passively [71]. In consequence, there
are several active ion-transporting systems in the placenta, e.g., Na*/K* ATPase,
Ca?* ATPase, and Na*/H* exchangers, among others [72]. As a result of this placen-
tal transport, sodium and chloride levels in fetal and maternal blood are similar,
unlike potassium, calcium, and phosphate levels, which are higher in fetal blood
[73]. Conversely, vitamins and minerals are transferred from the maternal to the
fetal circulation. For example, iron dissociates from transferrin at the placental
interface and is transported through the placenta [1].

All of these transport systems are crucial for appropriate placental and fetal
development. The malfunction of one of these transport systems or a combination
of several of them would be detrimental to placental and fetal growth and develop-
ment, leading to the occurrence of several pregnancy disorders, such as FGR.

Endocrine Functions of the Placenta

The placenta is a neuroendocrine organ that produces several hormones to manage
the communication between mother and fetus. Such hormones have endocrine,
paracrine, and/or autocrine purposes. The placenta releases these hormones into
both maternal and fetal circulations, and their synthesis and secretion are responsive
to environmental changes. A dysregulated placental hormone secretion is associated
with FGR, among other abnormalities [1, 74].

Most placental hormones are synthetized and secreted from cytotrophoblast,
syncytiotrophoblast, or both throughout pregnancy. Hofbauer cells (villous stromal
cells and macrophages) are also a source of hormones and growth factors [74].
These placental hormones include protein hormones, e.g., chorionic gonadotropin,
IGFs, placental lactogen, placental growth hormone, and glucocorticoids, and ste-
roid hormones, e.g., estrogen and progesterone (Table 7.3) [2, 4, 75-101]. For
example, placental lactogen and progesterone affect maternal metabolism to sup-
port glucose delivery to the fetus [102]; IGF-1 modulates growth, cell division, and
differentiation [103]; IGF-2 (insulin-like growth factor-2) modulates trophoblast
development at the feto-maternal interface [103]; and glucocorticoids regulate
organ development and maturation [104].

Analysis of altered maternal serum levels of placental hormones is helpful for
risk assessment in prenatal diagnosis; their measurement is less harmful than amnio-
centesis for predicting pregnancy abnormalities such as aneuploidy, FGR, preterm
birth, and placental abnormalities. In the first trimester of pregnancy, several mater-
nal serum parameters have been analyzed to determine the risk for aneuploidy, pre-
eclampsia, FGR, trisomies 21 and 18, and fetal demise. These parameters include
hCG (human chorionic gonadotropin), PAPP-A (pregnancy-associated plasma pro-
tein A), a disintegrin and metalloprotease 12 (ADAM12), and placental protein 13
(PP-13) [74, 105]. During the second trimester of pregnancy, altered maternal serum
levels in parameters such as hCG (human chorionic gonadotropin), inhibin A, and
unconjugated estriol are suitable for risk assessment of trisomies 21 and 18, anen-
cephaly, steroid sulfatase deficiency, and Smith-Lemli-Opitz syndrome [74, 105].
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Table 7.3 Placental hormones

Hormone
Activin

CRH
(corticotropin-
releasing
hormone)

Eicosanoids

Estrogens
(estrone,
estradiol, and
estriol)

GHRH (growth
hormone
releasing
hormone)

hCG (human
chorionic
gonadotropin)

hPGH (human
placental growth
hormone)

hPL (human
placental
lactogen)

Site of production in
placenta
Syncytiotrophoblast
and cytotrophoblast

Syncytiotrophoblast,
amnion, musculature
of umbilical vessels,
maternal decidua

Chorionic
membranes and the
decidua

Placenta?

Trophectoderm and
syncytiotrophoblast

Syncytiotrophoblast

Syncytiotrophoblast

Production
during normal
pregnancy
At term, labor

Late pregnancy

Late pregnancy

From 6 to 8
weeks

Preimplantation
embryo and
from 1 to 12
weeks with a
rise late in

pregnancy

From 13 to 28
weeks

Early in
pregnancy
(from 13 to 28
weeks)

Functions

Stimulates FSH, prostaglandins, and
oxytocin secretion

Modulates cytotrophoblast
proliferation and differentiation
Stimulates ACTH and DHEA-S
secretion

Promotes labor and initiation of
parturition

Vasodilation of placental vessels
Accelerates pulmonary maturation
Promotes myometrium contractility
Controls blood flow in the placenta

Influences uterine blood flow
Progesterone production and steroid
metabolism

Prepares breasts for lactation
Initiation of labor

Stimulates fetal pituitary

Regulates fetal and placental growth

Stimulates corpus luteum to produce
progesterone

Increases fetal testosterone
production, affecting male sexual
development

Prolongs the corpus luteum life in
early pregnancy

Vasodilation and smooth muscle
relaxation

Somatogenic, lactogenic, and
lipolytic functions

Regulates IGF-1 levels

Increases the availability of glucose
and amino acids for the fetus
Stimulates maternal food intake and
maternal weight gain

Fetus: increases insulin, IGFs,
adrenocortical hormones, and
pulmonary surfactant levels
Modulates embryonic development
Involved in angiogenesis
Participates in calcium absorption
and breast development

Increases the availability of glucose
and amino acids for the fetus

(continued)
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Table 7.3 (continued)

Site of production in

Hormone placenta

IGF-1 Syncytiotrophoblast

IGF-2 Trophoblast

Inhibin A Syncytiotrophoblast
and cytotrophoblast

Leptin Syncytiotrophoblast
and cytotrophoblast

NPY Cytotrophoblast

(neuropeptide Y)

Oxytocin Uterus

PAPP-A Syncytiotrophoblast

(pregnancy- and maternal

associated plasma decidua
protein A)

Progesterone Syncytiotrophoblast
Prolactin Trophoblast

PTH-rP Syncytiotrophoblast,
(parathyroid trophoblast, and
hormone-related  cytotrophoblast
protein)

Production
during normal
pregnancy
During
pregnancy

From 1 to 10
weeks

Increases
during
pregnancy

From 1 to 40
weeks

Early
pregnancy
until term,
decreases after
delivery
Increases
throughout
pregnancy
Increases
throughout
pregnancy

From 6 to 8
weeks,
increases
during
pregnancy and
labor

At term

Decrease
during
pregnancy

Functions

Stimulates placental growth
Involved in steroidogenesis
Glucose and amino acid uptake
Fetal and placental growth,
differentiation, and development
Its concentrations correlate with
fetal body weight

Stimulates placental growth
Participates in embryonic
development

Modulates trophoblast development
at the feto-maternal interface

Key role in placental growth
Inhibits FSH release

Controls steroidogenesis, peptide
hormone, and prostaglandin
secretion

Regulates maternal food intake
Inhibits insulin secretion

In the fetus, mediates insulin’s
anabolic actions

Regulates placental and uterine
blood flow

Stimulates CRH from placental cells
Contributes to uterine contractility

Myometrium contractions

It is an IGFBP-4 proteinase:
increases IGF bioavailability

Maintenance of uterine quiescence
Prime breasts for lactation
Stimulates weight gain and fat
deposition

Inhibits uterine contraction
Increases the availability of glucose
for the fetus

Influences successful implantation
Stimulates maternal hyperphagia
Regulates fetal growth and
development

Promotes maternal gastrointestinal
absorption of calcium

Increases insulin production in
pregnancy

Primes the breast for lactation



7 Biochemical Assessment of Placental Function 95
Table 7.3 (continued)
Production
Site of production in during normal
Hormone placenta pregnancy Functions
Relaxin Endometrium and ? Softens the symphysis pubis during
decidua pregnancy
Reduces collagen synthesis in the
cervix
Increases water, protein, collagen,
and glycogen levels in the uterus
Promotes angiogenesis
Renin Trophoblasts and Increases Regulates maternal blood pressure
decidua during and uteroplacental blood flow
pregnancy
(after the 6th
week)
VEGEF (vascular ~ Decidua and Increases Initiates vasculogenesis
endothelial trophoblast villi during Stimulates angiogenesis
growth factor) pregnancy; Modulates trophoblast survival and
important function
during first
trimester

All these analyses support the idea that a suitable and worldwide placental profile
measurement of several placental hormones will be useful in the early diagnoses of
common pregnancy disorders.

Protective Functions of the Placenta

In addition to the aforementioned functions, the placenta has a role in protecting the
fetus from small xenobiotics that could circulate in maternal blood, due to their simple
diffusion across the placenta via transcellular or paracellular routes and/or their trans-
port by one or more placental transport systems [1]. To exert such protective function,
the placenta exhibits several features that could reduce placental transport of toxic sub-
stances: export pumps in the maternal-facing membrane of the syncytiotrophoblast and
cytochrome P450 enzymes that can metabolize drugs and other xenobiotics (alcohol,
thalidomide, anticonvulsants, lithium, warfarin, and isotretinoin) which, if not
degraded, can cross the placenta and have damaging effects on the fetus [1, 106, 107].

To strengthen the protective functions of the placenta, several proteins, including
maternal antibodies, are transported throughout the placenta by pinocytosis. Such trans-
port is responsible for providing passive immunity to the neonate [1, 108]. Also, the pla-
centa forms an obstacle against bacterial, protozoal, and viral infection from mother to
fetus, infections that could be detrimental and related to poor pregnancy outcomes [109].
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Regulation of Maternal and Fetal Blood Supplies
to the Placenta

One of the crucial roles of the placenta is to provide a physiological communication
mechanism between mother and fetus, which serves as an exchange system for
numerous substances (nutrients, oxygen, hormones, water, and waste products)
between both units. All of these substances are necessary for proper fetal and pla-
cental growth and development [110]. For this reason, an appropriate placental cir-
culation is necessary for a successful pregnancy [111-113].

Uterine and umbilical blood flows, which are responsible for the circulation to
the maternal and fetal portions of the placenta, respectively, increase exponentially
during pregnancy, facilitated by the decrease in umbilical blood resistance through-
out the third trimester of pregnancy in humans [110, 113, 114]. In addition to
changes in the placental circulation, an increase in the rate of substance extraction
from uterine or umbilical blood permits an augmented oxygen, glucose, and water
transport necessary for increased fetal growth [110, 113, 115]. All these observa-
tions suggest that increased placental blood flow is the key mechanism of transpla-
cental exchange during gestation.

A suitable blood flow to the placenta could be decisive for normal fetal growth, as
observed in normal pregnancies where there is an increase of specific transporters and
arise in the maternofetal concentration gradient of several metabolites. In pregnancies
compromised nutritionally or by environmental heat stress, a reduced placental mass
and blood flow leads to FGR [113, 116-118]. In conclusion, angiogenesis is respon-
sible for the increase in placental blood flow throughout pregnancy [113, 119-121].

It has been observed in several animal models that diminished uterine and/or
umbilical blood flows lead to reduced fetal growth due to the decrease in nutrient
transport between mother and fetus. These results suggest that alterations in fetal
growth are associated with altered placental development and may be due to an
altered expression of angiogenic factors, which results in fetal hypoxia [113, 121,
122]. Several of these altered angiogenic factors, such as vascular endothelial
growth factor (VEGF) and endothelial nitric oxide synthase (eNOS), can be modi-
fied due to a distorted placental blood flow. It should be noted that eNOS produces
nitric oxide (NO), a key regulator of angiogenesis and vasodilatation [111, 123,
124]. This molecule regulates normal blood flow to the uterus and contributes to low
fetoplacental vascular resistance during pregnancy. In several models of compro-
mised pregnancy in humans and sheep (e.g., FGR conditions and multiple fetuses),
eNOS placental expression is reduced, whereas circulating NO and its metabolites
are elevated, suggesting that impaired NO synthesis could provide the explanation
of the development of FGR during pregnancy [125—133]. This suggests that restora-
tion of placental blood flow and proper placental vascularity could provide an opti-
mal therapeutic target in compromised pregnancies. Placental expression and
production of angiogenic and vasoactive factors could be powerful indicators of
pathologies associated with FGR.
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Placental Biomarkers: Their Usefulness in the Diagnosis
of Pregnancy Disorders

During pregnancy, there is an increase in the labor of almost every maternal organ
along with the concurrence of several physiological changes in order to develop an
appropriate environment for fetal and placental growth and development [134-136].
However, these physiological changes and the inability of an organ system to meet
the increased physiological requirements, which increase throughout pregnancy,
could enhance the risk of developing several disorders, impairing fetal development
and resulting in acute and/or chronic diseases during adult life [134]. Truthfully,
pregnancy is the supreme physiological “stress assessment” that a woman can expe-
rience in her life.

Most pregnancy syndromes develop in the third trimester of pregnancy, and most
could be due to the dysfunctional regulation of trophoblast invasion and placental
development in early pregnancy [134, 137]. Until now, expected traditional risk fac-
tors and maternal history are not enough to predict complications during pregnancy,
such as preeclampsia, FGR, gestational diabetes, hypertension, preterm birth, and
thyroid, liver, and kidney diseases [134, 138—140]. There are numerous factors that
raise the risk for development of pregnancy complications (e.g., advanced maternal
age, undernutrition, maternal obesity, poor cardiovascular or metabolic health,
maternal parity, and pregnancy history) [141, 142]. It is important to state that,
unexpectedly, numerous women may develop pregnancy difficulties without any
known risk factors. For this reason, the detection and analysis of placental biomark-
ers, which are released by the placenta into the maternal circulation, could be useful
in the diagnosis and prediction of the incidence and severity of the aforementioned
diseases and might contribute to the development of numerous therapies to prevent
maternal and fetal consequences related to pregnancy disorders [134, 143, 144].

To date, even though several placental biomarkers have been associated with
pregnancy complications, no biomarker has been effectively used in clinical prac-
tice to diagnose and predict such diseases. Table 7.4 shows the existing placental
biomarkers that are measured during gestation and related to several pregnancy dis-
orders [145-161].

Abnormal Placental Biomarker Expression in the Development
of Pregnancy Diseases

There are several placental biomarkers whose altered levels are related to a particu-
lar pregnancy disorder (Tables 7.4 and 7.5). One of the most common syndromes
during pregnancy that has several complications in fetal and adult life is FGR. This
is an important obstetric condition defined as the inability to achieve the expected
weight or size for gestational age [162, 163]. FGR has a multifactorial etiology, and
its incidence embraces approximately 5-10% of newborns worldwide, the fre-
quency being greater in underdeveloped and South American countries [4]. This
pregnancy disorder is the second greatest cause of perinatal mortality and morbidity
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Table 7.4 Placental biomarkers and their implication in pregnancy disorders

Placental biomarker

Pregnancy disorder

Placental hormones and proteins

Activin A

A disintegrin and
metalloprotease 12
(ADAM12)

A-fetoprotein (AFP)

Angiotensin |
Angiotensin II

Angiotensin I-VII (the

smaller angiotensin
fragment)

Autoantibodies against

angiotensin II type 1
receptor

C-type natriuretic
peptide

Corticotropin-releasing

hormone (CRH)

Folic acid

Glycosylated
pregnancy-specific

glycoprotein 1 (PSG1)

Homocysteine

B-Human chorionic

gonadotropin (f-hCG)

Preeclampsia, FGR,
and gestational
hypertension

Preeclampsia,
SGA, and FGR
LGA

Open spina bifida,
preeclampsia, and
FGR

Preeclampsia
Preeclampsia
GDM

GDM and preterm
birth
Preeclampsia
Preeclampsia and
FGR

Hypertension,
preeclampsia,
placental disorders,
SGA, LGA, and
GDM

Preterm birth,
preeclampsia, and
FGR
Preeclampsia,
spontaneous
abortion, placental
abruption, and FGR
GDM

Preeclampsia,
spontaneous
abortion, placental
abruption, and FGR
Preeclampsia and
preterm birth

FGR

Levels in
pregnancy
disorder

Increased

Reduced
Increased

Increased

Reduced
Reduced
Increased
Reduced

Increased
Increased

Unchanged

Increased

Reduced

Increased

Increased

Increased

Reduced

Characteristics of the placental
biomarker

Produced by the decidua, placenta,
and fetal membranes; regulates
menstrual cycle and enhances FSH
biosynthesis. It is a biomarker for
the diagnose of trophoblast
dysfunction

Synthetized by trophoblasts,
involved in growth and
differentiation; screened for Down
syndrome

Produced by the fetal liver and
gastrointestinal tract; important in
the maintenance of uteroplacental
blood flow

Components of the renin-
angiotensin-aldosterone system
(RAAS) that acts as a mediator of
fluid homeostasis

Role in maintaining fetal-maternal
homeostasis

Regulates parturition

Important in the proper
development of spinal cord and
placenta; prevents defects at birth

Produced by the
syncytiotrophoblast, role in the
establishment of the vasculature at
the maternal-fetal interface
Correlated with the occurrence of
blood clots; related to placental
vascular diseases

Secreted by the trophoblast;
important in the implantation and
maintenance of the blastocyst and
corpus luteum at the beginning of
pregnancy. Marker for Down
syndrome in pregnancies
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Table 7.4 (continued)

Placental biomarker
IGF-1
IGF-2

IGFBP-1

IGFBP-3

Inhibin A

Leptin

Placental growth factor
(pGF)
Placental lactogen

Placental protein 13
(PP13)

Placental vascular
endothelial growth
factor (VEGF)

Pregnancy-associated
plasma protein A
(PPAP-A)

Pregnancy disorder
Acromegaly
Preeclampsia and
FGR

Preeclampsia

FGR

Preeclampsia

Preeclampsia,
gestational
hypertension, and
FGR

Miscarriage
Preeclampsia, FGR,
and gestational
hypertension

FGR

Type 1 diabetes,
preeclampsia, and
GDM

Preeclampsia,
SGA, and FGR
GDM and FGR

Preeclampsia and
FGR

Preeclampsia and
FGR

Preeclampsia, FGR,
infant death,
preterm birth, and
SGA

Levels in
pregnancy
disorder

Increased
Reduced

Unchanged
Reduced
Increased

Reduced

Reduced

Increased

Reduced

Increased

Reduced

Reduced

Reduced

Increased

Reduced

Characteristics of the placental
biomarker

Regulator of placental and fetal
development. In FGR increases
arterial resistance

Important in the stimulation of
placental growth

Important in differentiation,
proliferation, and decidualization
of the endometrium, as well as in
trophoblast invasion, implantation,
and fetal growth

Major carrier protein for IGF-1 and
IGF-2

Modulates the secretion of other
placental hormones and maintains
the ovarian quiescence throughout
pregnancy; biomarker for placental
function produced by the decidua,
placenta, and fetal membranes. It is
a hormonal marker of placental
oxidative stress
Produced by the trophoblast during
late pregnancy; role in
implantation, placental endocrine
function, and conceptus and fetal
development
Biomarker of syncytial stress and
placental dysfunction
Role in p-cell expansion that
occurs during pregnancy,
biomarker of placental dysfunction.
Its levels correlate with RFM
Modulator of immune function,
expressed by the
syncytiotrophoblast
Involved in angiogenesis and
vasculogenesis; important in
proliferation, migration, and
metabolic activity of the
trophoblasts. It is expressed in the
syncytiotrophoblast and invasive
chorionic trophoblast
Important during villous
differentiation and trophoblastic
invasion of the decidua, produced
by trophoblasts; biomarker for
placental dysfunction, commonly
screened for Down syndrome
(continued)
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Table 7.4 (continued)

Levels in
pregnancy  Characteristics of the placental
Placental biomarker Pregnancy disorder disorder biomarker
Progesterone FGR Reduced Important role in implantation,
pregnancy, menstrual cycle, and
embryogenesis. Its levels correlate
with REM
Prorenin Preeclampsia Increased ~ Components of the renin-
Prorenin receptor Preeclampsia Increased  angiotensin-aldosterone system
(RAAS) that acts as a mediator of
fluid homeostasis
Soluble endoglin Preeclampsia, Increased  Biomarker of syncytial stress
(SENG) SGA, and preterm
delivery
Soluble fms-like Preeclampsia, Increased  Biomarker of syncytial stress; it is
tyrosine kinase-1 SGA, FGR, and an indicator of placental disease
(sFLT1) or soluble late miscarriage
VEGEF receptor-1
(sVEGFR-1)
Placental stress markers
Advanced glycation GDM Increased  Oxidative stress products
end products (AGEs)
Glucose-regulated GDM and Low Tissue marker of endoplasmic
protein 78 (GRP78) preeclampsia GRP78 reticulum stress, expressed by
C-terminal/ cytotrophoblasts in the placenta
full length
Heat shock protein 70  Preeclampsia and  Increased =~ Marker of cellular stress, systemic
(Hsp70) preterm birth inflammation, and hepatocellular
injury
Oxidized DNA GDM and FGR Increased  Oxidized nucleoside of DNA,
(8-hydroxydeoxy- detected in urine, biomarker for
guanosine) DNA lesion, oxidative stress, and a
risk factor for cancer,
atherosclerosis, and diabetes
Protein carbonyls Preeclampsia, Increased  Biomarker of oxidative stress
GDM, FGR, and

preterm birth
Placental debris and extracellular vesicles
Mitochondrial DNA Preeclampsia and ~ Increased  Indicates mitochondrial

(mtDNA) FGR dysfunction, leading to placental
anomalies

Placenta-derived Preeclampsia and  Increased  Indicate placental metabolic state

€X0Somes GDM and function; these bodies include

proteins, RNAs, and

DNA. Preeclampsia is associated
with increased DNA-positive and
altered lipid composition
microvesicles

RFM reduced fetal movements, FGR fetal growth restriction, GDM gestational diabetes mellitus,
SGA small for gestational age, LGA large for gestational age
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[164]. FGR newborns could experience several clinical complications (hypoglyce-
mia, neonatal asphyxia, hypothermia, ventricular hemorrhage, polycythemia, etc.)
that can result in pathological conditions during early life, thus affecting height,
weight, and neurological development [165, 166]. Consequently, FGR newborns
might have medical problems during adult life, such as cardiovascular disease, insu-
lin resistance, diabetes, hypertension, and obesity [166, 167].

In FGR pregnancies, several anatomical abnormalities in the placenta have been
observed, such as inadequate trophoblastic invasion, abnormal insertion of the
umbilical cord, and placental thrombosis, among others. These abnormalities pro-
duce an atypical distribution of amino acid transporters and an aberrant endocrine
function, leading to an abnormal expression of placental biomarkers [4]. In accor-
dance with the literature, reduced or increased levels of several hormones important
in implantation and placental and fetal growth and development have been found.
For example, it has been observed in FGR a decrease in placental lactogen, leptin,
placental growth factor (pGF), IGF-1, IGF-2, and IGFBP-3 (insulin-like growth
factor-binding protein-3), suggesting an abnormal placental development and
implantation of the embryo. These aberrations result in anatomical placental altera-
tions that could restrict nutrient and oxygen exchange between mother and fetus,
hence producing a hypoxic intrauterine environment that compromises blood sup-
ply, growth, and development of the fetus. Augmented concentrations of placental
VEGEF, inhibin A, and activin A have been observed in FGR pregnancies, suggesting
that the hyper-expression of hormones involved in placental growth and develop-
ment is also harmful and leads to placental defects that affect fetal development.

Another common pregnancy disorder is preeclampsia. As with FGR, preeclamp-
sia is a heterogeneous syndrome that impinges on multiple organs, hence progress-
ing to maternal multiorgan failure, coagulopathy, and maternal and fetal death in its
acute form [168, 169]. For this reason, preeclampsia is a complicated pathology to
be diagnosed or treated. Even though its incidence is unknown, it has been esti-
mated that this disorder affects approximately 2—-8% of all pregnancies worldwide
[170]. The physiopathology of preeclampsia is not completely understood, but it
includes an atypical placentation (trophoblast invasion and impairment of the
maternal-fetal interface) and an intensified vascular reactivity that result in endothe-
lial damage, as observed several weeks or months prior to the clinical recognition of
the disease [169, 171, 172].

It has been shown that numerous placental biomarkers affecting the progression
of pregnancy and fetal growth and development are altered throughout gestation in
preeclampsia. Decreased levels of placental protein 13 (PP13), pGF, angiotensin I
and II, angiotensin I-VII, pregnancy-associated plasma protein 12 (PAPP-A), and a
disintegrin and metalloprotease 12 (ADAM12) are observed. All of these hormones
are related to placental growth and development, and decreased levels indicate pla-
cental dysfunction that could compromise fetal blood flow and further development.
Analogous to FGR, increased levels of soluble fms-like tyrosine kinase-1 or soluble
VEGF receptor-1 (sFLT1/sVEGFR-1), VEGF, soluble endoglin (SENG), inhibin A,
activin A, A-fetoprotein (AFP), and p-human chorionic gonadotropin (f-hCG) are
found in pregnant women with preeclampsia. All of them are implicated in placental
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growth and development, the progression of implantation, and blastocyst mainte-
nance during pregnancy. As a result, altered levels of these placental biomarkers
may produce a distorted fetal blood flow with the consequences that are found in
this disease state. Several studies previously disclosed that IGFs and their binding
proteins (IGFBPs) may play a key role in paracrine functions at the maternal-fetal
interface throughout pregnancy [173, 174]. Reduced levels of IGF-1 and IGFBP-3
and increased levels of IGFBP-1 are crucial for proper fetal development and pla-
cental progression (appropriate differentiation, proliferation, decidualization of the
endometrium, trophoblast invasion, and implantation), respectively, all indispens-
able for the suitable advance of pregnancy [159, 161, 175].

In conclusion, these placental biomarkers could be effective in the detection and
analysis of pregnancy disorders and, also, may be used as markers for worsening
severity. Nevertheless, the observed biomarker levels in pregnancy disorders such as
FGR and preeclampsia could be confused with chronic medical diseases (e.g.,
chronic hypertension, collagen vascular diseases, renal diseases, etc.) where altered
concentrations determine exacerbations of such chronic disorders. Therefore, it is
important to avoid the confusion between pregnancy disorders and chronic diseases
that might be present in the mother even long before the onset of gestation, prevent-
ing inadequate treatments and their future consequences.

Biochemical Placental Function Profile as a Proposal
for the Diagnosis of Pregnancy Disorders

Prenatal screening is a reputable part of antenatal care in developed countries. It
allows the detection of abnormalities in the fetus before birth. This routine arose due
to the amount of information acquired over the last few years about hormone and
cytokine production by intrauterine tissues (placenta, amnion, chorion, and decidua),
thus playing an important role in maternal-fetal physiological interactions, the
reprogramming of maternal endocrine system, and the signaling mechanisms that
determine parturition [176]. It is known that in several pregnancy disorders, there is
a disproportionate release of various placental hormones, being a placental and fetal
adaptive response to hostile intrauterine environmental conditions, e.g., hyperten-
sion, hypoxia, infections, and/or placental and fetal malformations. For this reason,
placental hormones have been investigated as biochemical markers of pregnancy
disorders, because there are quite a lot of experimental assays that can detect high
levels of these hormones in maternal serum, umbilical cord blood, and amniotic
fluid. The frequent disorders being screened include fetal neural tube defects
(NTDs), chromosomal and structural abnormalities, and maternal conditions such
as preeclampsia [177]. A screening test can be based on a single marker or a combi-
nation of several markers, the latter being most recommended for use due to the
validity of the results obtained (<7% of false-positive results observed in pregnant
women) [178].
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Standard Biochemical Components Measured in Maternal Serum

Ordinarily, between 15 and 21 weeks of gestation, a maternal serum sample is
screened for four different hormones: AFP, estriol, hCG, and inhibin A. AFP was
the primary protein marker to be screened and is associated with fetal aberrations:
increased AFP levels in maternal serum are associated with open NTDs, spina
bifida, and anencephaly, whereas reduced AFP levels are associated with Down syn-
drome. Conversely, estriol, hCG, and inhibin A are markers used in the diagnosis of
chromosome and pregnancy abnormalities, such as Down syndrome, preeclampsia,
FGR, and preterm birth. Table 7.5 shows the principal placental biomarkers evalu-
ated in the diagnosis of the aforementioned pregnancy disorders. As it can be
noticed, several placental biomarkers have the same altered levels in the studied
pregnancy disorders (Down syndrome, preeclampsia, FGR, and preterm birth), sug-
gesting that the evaluation of more than one biomarker could be more useful to
diagnose and prevent such diseases. Otherwise, there are some placental biomark-
ers, such as hCG, B-hCG, pGF, and estriol, among others, that have different altered
levels in the abovementioned diseases, suggesting that these biomarkers are not
specific enough for the diagnosis of these pregnancy disorders. Conclusively, the
diagnosis and prevention of conventional screened disorders throughout pregnancy
would be more functional and advantageous if an analysis of a set of placental bio-
markers is used [176].

For example, in Down syndrome, the screening of AFP levels along with mater-
nal age, at a fixed 5% false-positive rate, has an average detection rate of 28% of
pregnancies. If in this screening the measurement of more placental biomarkers is
combined, the results are better: the determination of hCG plus unconjugated estriol
and inhibin A levels shows an average detection rate of 60% and 70% of pregnan-
cies with Down syndrome, respectively [177, 179]. These data suggest that the asso-
ciation of maternal age with different serum protein levels would be suitable for the
screening of this disorder throughout pregnancy (Table 7.6). Furthermore, an
expanded Down syndrome screening protocol may lead to the early identification of
preeclampsia, another pregnancy disorder [180].

In preeclampsia the screening of several placental biomarker levels (PAPP-A and
pGF) along with maternal characteristics, uterine artery Doppler pulsatility index,
and mean arterial pressure can detect approximately 90% of early-onset preeclamp-
sia pregnancies in the first trimester (Table 7.6) [176, 180].

However, not all placental biomarkers are powerful indexes of placental func-
tion, e.g., maternal serum progesterone and Sa-dihydroprogesterone levels are use-
less index markers of the abnormal placental function developed in preeclampsia
[176, 180]. Similarly, maternal leptin levels do not predict fetal birth weight as this
placental biomarker is ineffective for the antenatal detection of FGR [176, 180]).
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Table 7.6 Placental biochemical biomarkers related to pregnancy disorders

Pregnancy
disorder
Down
syndrome

Fetal growth
restriction
(FGR)

Neural tube
defects
(NTDs)

Placental biomarker

and other Altered
measurements levels
hCG Increased
Free subunit f-hCG Increased
PAPP-A Reduced
Inhibin A Increased
Ultrasound nuchal -
translucency (NT)

AFP Reduced
Maternal age -

(>35 years)

pGF Reduced
Dehydroepian- Reduced
drosterone sulfate

(DHEA-S)

PAPP-A Reduced
AFP Increased
hCG Reduced
Unconjugated estriol ~ Reduced
Inhibin A Increased
Free subunit B-hCG Reduced
Estriol Reduced
Placental lactogen Reduced
GH Reduced
IGF-1 Reduced
IGFBP-1 Increased
AFP Increased

Trimester of

pregnancy where the

biomarker is altered  Observations

Second trimester
First trimester

Second trimester

Second trimester

First trimester

First trimester
Third trimester
Second trimester

Second trimester
Third trimester
First trimester

Third trimester

Third trimester

Second trimester

Third trimester

Second trimester
Second trimester

Provides the highest detection
rate for Down syndrome at early
screening

In the mid-1980s, AFP was
shown to be a Down syndrome
marker, only used in young
women. Both markers have high
risk to justify amniocentesis, an
invasive test to observe the
presence of Down syndrome

DHEA-S levels are reduced in
maternal serum, placental tissue,
and fetal liver. This suggest that
the reduction of estriol levels is
linked to the reduced fetal
DHEA-S synthesis

It is important to notice that
during the third trimester, there is
an increase in hCG levels
together with pathological
umbilical artery flow cytometry

It is associated with poor
pregnancy outcome and [UGR
Reduced maternal serum and
urinary estriol and placental
lactogen levels are tools for the
monitoring of fetal welfare and
fetal growth

GH levels are reduced in
maternal serum and placental
tissues

IGF-1 levels are reduced in
maternal serum

Marker screened for anencephaly
and spina bifida

(continued)
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Table 7.6 (continued)

Placental biomarker Trimester of
Pregnancy and other Altered  pregnancy where the
disorder measurements levels biomarker is altered  Observations
Preeclampsia PAPP-A Reduced  First trimester It is more associated with
preeclampsia
pGF Reduced  First trimester
Mean arterial pressure — First trimester
(MAP)
Uterine artery Doppler — First trimester
Free subunit $-hCG Increased First trimester
hCG Increased Second and third
trimesters
Activin A Increased First trimester Marker screened in hypertensive
disorders and preeclampsia
Inhibin A Increased First trimester Marker screened in hypertensive
disorders and preeclampsia. It is
a more accurate marker than hCG
and other routine markers in
predicting preeclampsia
AngiotensinTand I’ Reduced Third trimester In hypertensive disorders, there is
Active renin Reduced Third trimester a diminution of vasoactive system
Aldosterone Reduced Third trimester and an augmented response to the
Activity of Reduced Third trimester pressor effect of angiotensin II
angiotensin-

converting enzyme

N-terminal peptide of Increased Third trimester
pro-ANP (atrial

natriuretic peptide)

Endothelin-1 mRNA  Increased —

and immunoreactive

proteins

Allopregnanolone Increased — Promising marker for
preeclampsia

CRH Increased Second trimester CRH levels are increased in
maternal serum, umbilical cord
plasma, and venous cord blood.
During pregnancy, it is observed
the secretion of CRH from the
placenta into fetal circulation

Leptin Increased Third trimester

Preterm birth  Short cervix - - Detects approximately 1/3 of the

preterm births

PAPP-A Reduced  First trimester

Plasma granulocyte Increased Third trimester

colony-stimulating

factor levels

CRH Increased Third trimester

Angiogenin Increased Second trimester Angiogenin levels are increased
in amniotic fluid. It is a potential
prognostic marker of preterm
labor

Activin A Increased — Activin A levels are increased in
maternal serum

Estriol Increased Second and third

trimesters

Free subunit f-hCG Increased Second trimester
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The Next Step: Proposal of a Profile of Placental Specific Components to Be Used
for the Diagnosis of Pregnancy Disorders

In order to maximize the performance of routine serum tests during pregnancy, it
would be beneficial to include in this analysis the study of various placental bio-
marker levels that can be related to the most common diseases found during preg-
nancy (FGR, preeclampsia, gestational diabetes mellitus, and Down syndrome),
avoiding in this way invasive techniques. For example, the inclusion of leptin and
B-hCG serum levels could discern the possible occurrence of FGR or preeclampsia
during the first and second trimesters of pregnancy, and their levels change in oppo-
site directions in these diseases. Moreover, IGF-1, IGF-2, IGFBP-3, pGF, placental
lactogen (pL), and leptin serum levels can detect abnormal placental development
and implantation of the embryo that could lead to nutrient and oxygen restriction
between mother and fetus, resulting in a hypoxic intrauterine environment which
would compromise fetal perfusion. Likewise, circulating levels of sFLT1/
sVEGFR-1, VEGF, inhibin A, activin A, AFP, and B-hCG can identify placental
defects that alter fetal development. It should be noticed that almost all placental
biomarkers are important during the first trimester of pregnancy, where most fetal
development takes place and where the fetus is more susceptible to external and/or
internal risk factor exposure. For this reason, the first trimester of pregnancy is the
period of maximum care for pregnant women. In this fashion, the measurement of
the abovementioned placental biomarker serum levels plus hematological and endo-
crine parameters, maternal history, and ultrasound tests during gestation could pro-
vide significant information about the presence or absence of numerous pregnancy
disorders, such as FGR, preeclampsia, gestational diabetes mellitus, and Down syn-
drome, thus avoiding invasive techniques (Table 7.7).

A novel biomarker that is becoming important during pregnancy in recent
years is IGF-1 circulating levels. This hormone is an unusual placental biomarker
to be evaluated in gestational serum tests, mainly due to its cost. So, why is IGF-1
getting this relevance? This anabolic hormone is secreted throughout pregnancy
and is produced mainly by the placenta, but also there is a limited production by
the mother and the fetus. For instance, an alteration in its production and/or secre-
tion by any of the three gestation entities (placenta, mother, or fetus) could lead to
the development of FGR, a disease characterized by placental IGF-1 deficiency
that compromises fetal perfusion, resulting in a hypoxic intrauterine environment
that enhances oxidative stress and produces an abnormal fetal growth and devel-
opment (Table 7.7).

In conclusion, although anatomical and physiological consequences of pregnancy
disorders do not manifest themselves until the third trimester, it is important to discern
their existence from the first trimester, in order to initiate the treatment to prevent their
fetal consequences. For this reason, the analysis of placental biomarker serum levels
is an important tool that could allow the clinicians to rule out or suggest the presence
of a particular pregnancy disease. Almost all biomarkers are secreted by the placenta;
hence placental anomalies during gestation (e.g., unusual trophoblast invasion, spiral
artery disorganization, etc.) could produce an excess or decrease in the expression of
certain biomarkers, indicating in this way the importance of such analysis.



108

I. Martin-Estal et al.

Table 7.7 Proposal of a profile of several placental biomarker levels screened during first trimes-
ter of pregnancy for common pregnancy disorders

Screened placental
biomarker

Activin A

A-fetoprotein (AFP)

Inhibin A

Soluble fms-like tyrosine
kinase-1/soluble VEGF
receptor-1 (sFLT1/
sVEGFR-1)

Placental vascular
endothelial growth factor
(VEGF)

p-Human chorionic
gonadotropin (f-hCG)

IGF-1

IGF-2
IGFBP-3

Leptin

Pregnancy-associated

plasma protein A (PAPP-A)

Placental growth factor
(pGE)
Placental lactogen (pL)

Abnormality
detected

Placental defects

Abnormal placental
development and
implantation of the
embryo, leading to
hypoxic conditions

Pregnancy disorder
Preeclampsia, FGR,
gestational
hypertension

Open spina bifida,
preeclampsia, FGR
Preeclampsia, FGR,
gestational
hypertension,
miscarriage
Preeclampsia,
SGA, FGR, late
miscarriage

Preeclampsia, FGR

Preeclampsia,
preterm birth,
infant death
Acromegaly,
preeclampsia, FGR
Preeclampsia, FGR
Preeclampsia,
gestational
hypertension, FGR
FGR, Type 1
diabetes,
preeclampsia,
GDM
Preeclampsia, FGR,
preterm birth, SGA,
infant death
Preeclampsia,
SGA, FGR

GDM, FGR

In combination
with...

Measurement of
hematological and
endocrine parameters
Maternal history
Ultrasound tests
(nuchal translucency,
chromosomal
abnormalities)

FGR fetal growth restriction, GDM gestational diabetes mellitus, SGA small for gestational age

In future years, it will be necessary to establish a worldwide clinical profile of
these biomarker levels in order to analyze and detect pregnancy disorders. Until
now, different clinicians only study some placental biomarkers, based on the sus-
picion of a particular disease, avoiding the analysis of other placental biomarkers
of potentially greater importance. Consequently, it is crucial to unify the placental
biomarker levels of scrutiny, because a complete analysis of such biomarkers in
early pregnancy could allow the clinicians to identify and start the appropriate
treatment or, at least, minimize and/or prevent pregnancy complications related

to risk factors.
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Introduction

Because of the wide variety of clinical presentations associated with fetal growth
restriction (FGR), the exact definition and best management of this condition are
elusive. In clinical practice, a fetal weight estimation below the 10th percentile
remains the most commonly accepted condition for identifying fetuses with FGR
[1]. However, not all fetuses whose estimated weight is below the 10th percentile
are true growth-restricted fetuses. In a significant percentage of these pregnancies,
there are no placental insufficiency and low neonatal morbidity; these fetuses are
classified as small for gestational age (SGA) [2]. However, monitoring these fetuses
is as important as monitoring true growth-restricted fetuses because up to 23% of
SGA fetuses are admitted to neonatal intensive care units [3].

The importance of early detection of fetuses that are SGA or experiencing FGR
can be seen in the association between these conditions and high rates of adverse
perinatal outcomes [4]. Clinical evaluation appears to be an adequate tool for

A. B. Peixoto (<)
Discipline of Fetal Medicine, Department of Obstetrics, Paulista School of Medicine,
Federal University of Sao Paulo (EPM-UNIFESP), Sao Paulo, SP, Brazil

Discipline of Obstetrics and Gynecology, University of Uberaba (UNIUBE),
Uberaba, MG, Brazil

Department of Obstetrics and Gynecology, Federal University of Triangulo Mineiro (UFTM),
Uberaba, MG, Brazil

L. M. Lopes
Department of Obstetrics and Gynaecology, Schulich School of Medicine and Dentistry,
University of Western Ontario, London, ON, Canada

E. Araujo Junior
Discipline of Fetal Medicine, Department of Obstetrics, Paulista School of Medicine,
Federal University of Sao Paulo (EPM-UNIFESP), Sao Paulo, SP, Brazil

© Springer Nature Switzerland AG 2019 117
L. M. M. Nardozza et al. (eds.), Fetal Growth Restriction,
https://doi.org/10.1007/978-3-030-00051-6_8

8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00051-6_8&domain=pdf

118 A. B. Peixoto et al.

screening FGR in low-risk populations because there is no clear evidence that serial
ultrasound improves perinatal outcomes compared with clinical evaluation [5, 6].
This surveillance is performed based on maternal clinical history, symphysis-fundal
height (SFH), obstetric ultrasonography, or a combination of the latter two [4].

In low-risk populations, healthcare professionals have achieved more success in
detecting FGR using third-trimester ultrasonography than measurements of the
uterine height (40-80% vs. 16%) [7-9]. However, when obstetric ultrasonography
is not available and the last menstrual period (LMP) is not known, SFH measurement
is an important tool for estimating the gestational age [10] and fetal weight [11].
Although this procedure has not yet been tested for cost-effectiveness, SFH
measurement can be used as a screening tool to refer patients with decreased SFH
for obstetric ultrasonography, when applicable [12].

In this chapter, we will address the clinical diagnosis of FGR based on SFH mea-
surement as a screening tool.

Clinical Identification of Fetal Growth Restriction
Calculating Gestational Age

The precise determination of the gestational age is crucial for the diagnosis of FGR
to establish obstetric guidelines and care strategies because the classification of the
fetal weight as normal or abnormal is established using reference curves that
compare it to the gestational age [13]. Several methods can be used throughout
pregnancy to calculate the gestational age. The most commonly used tools in clinical
practice are date of LMP, SFH measurement, and ultrasonography.

Until recently, date of LMP was the most commonly used method to estimate the
gestational age; however, this method is not reliable because several issues can
interfere with its validity [14—17]. For this reason, ultrasound is currently the method
of choice for calculating the gestational age [18]. According to the International
Society of Ultrasound in Obstetrics and Gynecology, this calculation should be
performed based on the measurement of the crown-rump length, preferably at a
gestational age between 10 and 13 + 6 weeks [19]. Even in the absence of first-
trimester ultrasonography, ultrasound performed at 24 weeks is more accurate in
determining the gestational age than LMP [20, 21].

A very common problem in developing countries is that pregnant women lack
access to ultrasound exams to calculate the gestational age [22]. In addition, not all
women are sure of their LMP or have irregular menstrual cycles, which decreases
LMP reliability. SFH measurement is a widely available method that is simple to
perform and is routinely used in almost every prenatal setting in the world. Although
Neilson [23] concluded in a review that there is insufficient evidence to assess the use
of SFH measurement during prenatal care, this may be the only piece of data col-
lected and reported on prenatal cards in most underdeveloped countries that is indica-
tive of gestational age [22]. In this context, White et al. [22] developed and compared
the accuracy and power of three formulae used to calculate the gestational age based
on SFH measurement. The authors produced an Excel spreadsheet that used the most
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predictive mathematical model to estimate the gestational age. The model requires a
minimum of three SFH input values with their respective dates of measurement and
can be accessed for free at the website http://www.tropmedres.ac/gestational-age.

Measuring Symphysis-Fundal Height

SFH should be measured in low-risk pregnancies using a nonelastic measuring tape
and by the same healthcare professional. When SFH is measured, the pregnant
woman must lie on her back on a firm surface and must have an empty bladder [12]
(Figs. 8.1 and 8.2). To obtain this measurement, we start from the upper edge of the
pubic symphysis (fixed point) to the fundus of the uterus (variable point), holding the
tape using the cubital edge of the hand according to the technique described by
Belizan et al. [24]. Although the name of the procedure is “symphysis-fundal height,”
some authors argue that the measurement should begin at the fundus of the uterus so
that both hands are available for palpation. From the fundus of the uterus, the tape
runs along the longitudinal axis of the uterus to the top of the pubic symphysis [12].

SFH measurement should be obtained as soon as the fetal viability limit is
reached (24-26-week gestation) to monitor fetal growth [20, 25]. SFH measurements
should be taken during the prenatal visit every 2 weeks, preferably by the same
examiner, to assess the fetal growth. Measuring SFH at intervals shorter than
15 days is not recommended because the increase in fetal growth is less than the
error of measurement [25].

SFH measurement is not indicated for all pregnancies; these exceptions require
fetal biometry using ultrasound technology (Table 8.1). Pregnancies that do not
benefit from SFH typically fall into the following categories [25]: (1) measurement
of fundal height unsuitable because of conditions such as fibroids or high maternal
body mass index (BMI); (2) pregnancy risk and considered high risk and requiring
serial ultrasonography owing to aspects such as history of SGA, history of pre-
eclampsia, or multiple pregnancy; and (3) pregnancies with positive results on
screening tests, such as first-trimester serologic markers or second-trimester uterine
artery Doppler.

Once SFH is measured, the obtained value should preferably be plotted on a
customized chart of uterine height throughout pregnancy to determine whether the
value is appropriate for the gestational age [26]. We should avoid the rule that “1
week of gestation equals 1 cm of the uterine fundus” because SFH values vary
between populations and change over time, thus requiring graphic representation.

A prospective study was recently conducted in eight countries INTERGROWTH
21st) to determine international SFH standards derived from healthy pregnancies
with good maternal and perinatal outcomes [27]. The reference curves are available
free of charge at the following website: https://intergrowth21.tghn.org/site_media/
media/medialibrary/2017/04/04_SFH.pdf. We use these reference values in our
department when monitoring low-risk pregnant women.

Once the SFH measurement is plotted upon the chart, the findings will be con-
sidered abnormal whenever the measurement is below the 10th percentile for gesta-
tional age. Longitudinal evaluation of SFH measurements also helps identify
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Fig. 8.1 Method of
symphysis-fundal height
measurement following the
symphysis-fundus
technique.

(a) Identification of the
upper edge of the pubic
symphysis; (b and ¢) use
of the cubital edge of the
hand to hold the tape to the
fundus of the uterus
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Fig.8.2 Symphysis-
fundal height measurement
according to different
gestational ages

Table 8.1 Recommendations  Measurement of ~ Low-risk pregnancies

for symphysis-fundal height SFH Start gestational age of 24-26 weeks
(SFH) measurements and Two-week interval
serial ultrasound in screening Same examiner
for fetal growth restriction Serial ultrasound  Unable to measure SFH
(FGR) Large fibroids
BMI >35 kg/m?
Idiopathic polyhydramnios
Increased risk of FGR
Multiple pregnancy
History of FGR

Fetal death in prior pregnancy
Chronic arterial hypertension
History of preeclampsia
Thrombophilia

Autoimmune diseases

Kidney disease

Diabetes prior to pregnancy
Maternal age >40 years

Use of alcohol or illicit drugs
Levels of PAPP-A <0.4 MoM
Mean PI of uterine arteries >95th percentile

BMI body mass index, PI pulsatility index, PAPP-A pregnancy-
associated plasma protein A

low-risk patients with probable fetal growth abnormalities. Fetal growth is
considered abnormal when measurements reveal static growth, slow growth, or
excessive growth (Fig. 8.3) [12]. In the presence of any of these findings, the patient
should be referred for obstetric ultrasonography (Fig. 8.4) [25].
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Fig. 8.3 Abnormal patterns in symphysis-fundal height measurement. (a) First measurement
below the 10th percentile; (b) longitudinal evaluation suggesting static growth; (c) longitudinal
evaluation suggesting slow growth; (d) longitudinal evaluation suggesting accelerated growth
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Fig. 8.3 (continued)
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SFH measurement
(every 2 weeks)

Static growth

SFH < 10th percentile Accelerated growth

Slow growth
I I |
Obstetric Doppler ultrasound Obstetric ultrasound
(determine estimated fetal weight, amount of (to determine estimated fetal
amniotic fluid, and fetal vitality) weight and amount of amniotic fluid)

| Refer for specialist evaluation|

Fig. 8.4 Flowchart of fetal growth restriction (FGR) screening in low-risk patients through the
symphysis-fundal height (SFH) measurement

Evidence of Symphysis-Fundal Height Measurement in Fetal
Growth Restriction Screening

The measurement of SFH is recommended every 2 weeks starting at 24 weeks of
gestation to increase the chances of detecting SGA fetuses or fetuses with FGR
[25]. To date, however, there is insufficient evidence from high-quality clinical trials
to fully assess the effect of the routine use of SFH measurement during prenatal care
on pregnancy outcomes [28]. Data from the literature is inconsistent in terms of the
methodology used, the inclusion criteria, and the results [12, 24, 29].

Cohort and case-control studies conducted in low-risk populations have shown
that SFH measurements have limited accuracy in the detection of newborns that are
SGA and newborns with FGR (<2nd or 3rd percentile) [7, 30]. In unselected
populations, sensitivity (S) increases to 32—44% [31, 32]. In high-risk populations,
S was 37% among SGA neonates and 53% among FGR cases (<2nd or 3rd
percentile) [30].

Martinelli et al. [33], in their evaluation of the use of SFH measurement to diag-
nose FGR in a high-risk population wherein they used the known curves of uterine
height evolution from their own practice as the standard [34], obtained an a S of
78%, a specificity (SPC) of 77.1%, a positive predictive value (PPV) of 47.6%, and
a negative predictive value (NPV) of 92.9%, considering a measurement of the uter-
ine height below the 10th percentile. Using 5th percentile as the limit, the results
were S = 64%, SPC = 89.9%, PPV = 62.7%, and NPV =90.4% for FGR diagnosis.
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A meta-analysis evaluated the accuracy of SFH measurement in detecting SGA
and low-birth-weight fetuses [35]. The analysis included 26 articles (n = 16, 750),
which mainly included hospital patients. In the case of SGA detection, S and SPC
were 58% and 73%, respectively, whereas in case of low-birth-weight detection, S
and SPC were 72% and 73%, respectively. The authors concluded that the SFH
measurement is unsuitable able for screening for SGA and low-birth-weight fetuses;
however, the results of this review may be biased because it included studies across
a broad range of ethnic groups, clinical contexts, and spectrums of diseases. Despite
a mix of such diverse cases, the study did not evaluate the effect of these factors on
pooled estimates, thus making it difficult to interpret the findings in the context of
low-risk pregnancies.

Maternal obesity, anomalous fetal presentation, large fibromas, polyhydramnios,
and fetal head engagement contribute to a decrease in the PPV of SFH measurements
and are also associated with significant intra- and interobserver variation [12].
However, serial SFH measurement can improve PPV [36].

Pay et al. [37] found that the quality of the estimates of low birth weight and
SGA is low in early pregnancy but increases as the pregnancy reaches full term.
Important but fewer intuitive results are that the detection rate of SGA does not
improve with serial SFH measurement because these changes are commonly
considered to be signs of an increased risk of SGA. However, increasing or
decreasing trends in SFH measurements did not contribute to the predictive capacity
beyond what was already obtained using the most recent SFH measurement.

Haragan et al. [38] compared SFH and fetal abdominal circumference measure-
ments using a portable ultrasonography device to predict FGR or large for gesta-
tional age fetuses. They found that portable ultrasound produced S and SPC higher
than SFH measurements for the detection of FGR (100% vs. 42.86% and 92.62%
vs. 85.24%, respectively).

The impact of SFH measurements on perinatal outcomes is unclear. A systematic
review found only one study of 1639 women that demonstrated that SFH
measurement did not improve any of the perinatal outcomes evaluated [23]. To date,
there are no clinical trials comparing customized SFH charts with non-customized
SFH charts or their effectiveness in identifying adverse perinatal outcomes [24].
However, observational studies suggest that customized SFH charts improve the
detection of low birth weight [26].

Conclusion

SFH may be the first parameter to alert healthcare providers to suspect SGA fetuses
and FGR; however, its use in the prenatal routine should be restricted to the
surveillance of low-risk and unselected pregnancies. SFH is useful in prenatal care
in places with limited access to ultrasonography and in cases in which primary care
is provided by nursing professionals to ensure the identification of signs that suggest
SGA fetuses or FGR.
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Introduction

Fetal growth is a dynamic process determined by a combination of genetic, intra-
uterine, and environmental influences. Fetal growth restriction (FGR) is defined as
the failure of a fetus to meet its growth potential as a consequence of impaired pla-
cental function [1]. Accurate dating of pregnancy is essential to assess fetal size, and
ultrasound measurement of the embryo or fetus in the first trimester (up to and
including 13 + 6 weeks of gestation) is the most accurate method to establish or
confirm gestational age and is vital for determining the appropriateness of fetal
growth later in pregnancy. Guidelines are available for estimating the due date based
on ultrasonography and the last menstrual period in pregnancy; however, when
pregnancy results from assisted reproductive technology (ART), the ART-derived
gestational age should be used to assign the estimated due date (EDD). For instance,
the EDD for a pregnancy that resulted from in vitro fertilization should be assigned
using the date of the conception or in case of frozen embryo the date of transfer
corrected by the age of the embryo [2].

When gray-scale ultrasonography alone is used to screen for fetal growth
restriction, different approaches are put in place to identify those fetuses who fail
to achieve their own individual growth potential; these include: (1) sonographic
fetal weight estimation, (2) customized growth charts, (3) use of serial ultra-
sound evaluations to assess fetal growth, and (4) assessment of fetal body
proportions.
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Sonographic Fetal Weight Estimation

Assessment of fetal growth with a onetime measurement is standard clinical prac-
tice, despite recognition that a single measurement can only indicate size, not
growth. The most accurate method to determine fetal size is to estimate the fetal
weight. For this purpose, the fetal biometric measurements commonly used are
biparietal diameter (BPD), head circumference (HC), abdominal circumference
(AC), and femur length (FL). These biometric measurements can be combined into
an estimated fetal weight (EFW) using various formulae to provide a more
straightforward and clinically relevant estimate of fetal growth. A number of
different formulas for estimating EFW from ultrasound measurements have been
described. Nonetheless, the 1985 model published by Hadlock et al. [3] remains one
of the most accurate and widely employed [4].

The most commonly adopted screening approach is through ultrasonography as it
allows to assess the deviation of the fetal size from a reference population defining
empirically as small for gestational age (SGA) those fetuses with an estimated fetal
weight (EFW) below the 10th percentile for gestation. However, the majority of SGA
fetuses are constitutionally small and healthy rather than growth restricted and are at
low risk for adverse perinatal outcome [5]. This approach is further limited by the fact
that it may overlook those fetuses with impaired growth and an increased risk of
adverse outcome in which abdominal circumference and EFW remain above the 10th
percentile for gestation [6]. Thus, additional measures to identify failure to achieve
individual growth potential are needed to establish the diagnosis of FGR, and in clini-
cal practice, the definition of FGR is often based on a combination of measures of fetal
size and abnormal Doppler studies [1]. Severe SGA fetuses however have unfavorable
long-term outcome even in the absence of abnormal functional parameters; therefore a
recent consensus identifies AC or EFW <3rd percentile for gestation, in the absence of
congenital anomalies, as stand-alone biometric parameters that allow the diagnosis of
FGR [1]. Growth charts should be based on EFW rather than actual birth weight as the
latter is unavailable for obstetric decision-making in the antenatal and intrapartum peri-
ods. In routine practice, the EFW is often compared with the distribution of birth
weight. However, it should really be compared to an adequate and specific reference
range. EFW estimates should not be plotted on newborn birth weight charts, since
these include a large proportion of FGR fetuses delivered early in gestation and, there-
fore, a diagnosis of FGR could be missed [7]. Salomon et al. highlighted this important
discrepancy between birth weight and EFW at the same gestational age in fetuses that
eventually are delivered preterm [8]. They reported that EFW and birth weight charts
tend to merge toward the end of pregnancy, which supports the evidence that EFW at
term provides a good estimate of the actual birth weight [9].

There are many published fetal growth charts available, and the choice of chart
used also requires careful consideration as several potentially confusing terms and
concepts associated with fetal size and growth are reported in the literature. The dis-
tinction between fetal growth “standards” and fetal growth “references” is one of the
main issues. Descriptive fetal growth charts that have been developed based on popu-
lations of fetuses from normal and complicated pregnancies are called “references,”
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whereas prescriptive growth charts are called “standards” [10]. Prescriptive charts
describe growth under optimal conditions, i.e., they provide ranges for what should
be expected when women are healthy and arise from normal pregnant populations.
The main difference, put in simple words, is that fetal growth “references” describe
how fetuses are growing, while fetal growth “standards” describe how a fetus should
grow [7]. The NICHD fetal growth study [11], WHO [12], and Intergrowth-21st [13]
percentiles for international use are three examples of prescriptive growth charts
(“standard”). An area of controversy is whether a single growth reference is repre-
sentative of growth, regardless of ethnic or geographical origin: Intergrowth-21st
studies introduced standards for fetal growth and birth weight based on the concept
of “one size fits all”; the NICHD fetal growth study [11] also used the expression
“standard” but acknowledged variation and established ethnic-specific curves;
finally, the WHO fetal growth study also acknowledged that variation across popula-
tions exists [12]. Intergrowth-21st [13] made the assumption that there would be no
differences internationally among countries or racial/ethnic groups in fetal growth
when conditions were optimal, and they found differences in crown-rump length and
head circumference among countries but interpreted the differences as not meaning-
ful and presented a pooled standard. The WHO Multicentre Growth Reference Study
[12] was designed to create a pooled reference, although they evaluated for and pre-
sented country differences, along with discussion of the implications. The NICHD
study [11] was designed to assess whether racial-/ethnic-specific fetal growth stan-
dards were needed, in recognition of the fact that fetal size is commonly estimated
from dimensions (head circumference, abdominal circumference, and femur length)
in which there are known differences in children and adults of differing racial/ethnic
groups. A pooled standard would be derived if no racial/ethnic differences were
found. Highly statistically significant racial/ethnic differences in fetal growth were
found resulting in the publication of racial-/ethnic-specific-derived standards.
Despite all three studies including low-risk status women, the percentiles for fetal
dimensions and estimated fetal weight varied among the studies [14]. When applying
these standards to a clinical population, it is important to be aware that different per-
centages of SGA fetuses will be identified. Also, it may be necessary to use more
restrictive cutoff points, such as the 2.5th percentile for SGA fetuses. Ideally, a com-
parison of diagnostic accuracy, or misclassification rates, of small-for-gestational-
age and large-for-gestational-age fetuses in relation to morbidity and mortality using
different criteria is necessary to make recommendations and remains an important
data gap [14]. In clinical practice identification of the appropriate percentile cutoffs
in relation to neonatal morbidity and mortality is needed in local populations,
depending on which fetal growth chart is used.

Customized Growth Charts

Differences in fetal growth have been shown between countries and between indi-
vidual maternal characteristics such as height, weight, and parity [11-13].
Customized charts adjust for constitutional or physiologic variation and exclude



132 N. Fratelli et al.

pathologic factors that affect growth, thereby defining an optimized standard that
represents the growth potential of each individual fetus [15, 16]. In the customized
model, the variables for adjustment are derived from birth weights of normally
formed term fetuses delivered after uncomplicated pregnancies. The model adjusts
for the physiologic but not pathologic variables and results in a constant that rep-
resents an expected optimal birth weight at the end of an uncomplicated pregnancy.
Maternal characteristics are entered into a software program (GROW; Gestation
Network; Birmingham, UK, www.gestation.net) to calculate an individually
adjusted term optimal weight for 40.0 weeks (280 days) of gestation. This pre-
dicted weight endpoint is then combined with a standard proportionality function
[16] to provide a gestation-related optimal weight (GROW) curve. The standard
Hadlock EFW curve [17] was used and converted it from a fetal weight-by-
gestation curve to a percent of term weight-by-gestational age curve, with the
Hadlock 40-week weight assigned 100%. This allows any term optimal weight to
be substituted for 100%, thereby specifying the expected weight for gestational age
trajectory (GROW curve) up to that predicted endpoint. The normal range around
the GROW curve is derived from the standard error of the multiple regression
model and the term optimal weight that together give a coefficient of variation
(CV) of 11%; the 90th and 10th percentile limits are then reached by 1.28 CV or
14% of the term optimal weight [16]. The use of a fetal, rather than a neonatal,
weight-based standard helps to highlight the association between fetal growth
restriction and preterm birth because the standard is derived from normal term
pregnancies; the prevalence of SGA in preterm babies tends to be hidden by the use
of a neonatal curve that is derived from preterm birth weights that are abnormal by
definition [8]. For antenatal surveillance, customized GROW charts are produced
at the beginning of pregnancy, once the expected date of delivery is confirmed by
the ultrasound dating scan. The chart is either printed out at the beginning of preg-
nancy or can be displayed electronically. A global version of the GROW percentile
calculator was recently released and includes coefficients for over 100 ethnic or
country of origin groups [18]. Although Gardosi et al. [19] reported that, in
England, regions with a high uptake of an accreditation program in customized
fetal growth experienced a significant reduction in stillbirths when compared with
areas in which uptake was low, a recent systematic review of the published data
performed in order to assess if customized models can better detect fetal growth
disturbances associated with adverse perinatal outcomes concluded that custom-
ized charts are not better than population charts in identifying pathologically small
fetuses at higher risk [20]. Therefore, prospective randomized controlled trials are
required to determine whether applying customized models would reduce the
occurrence of perinatal death and other severe complications. Other approaches to
generating customized growth charts involved including paternal characteristics in
the model, as well as using quantile regression analysis for a more accurate centile
calculation [21, 22]. Also these approaches require however a prospective assess-
ment of clinical validity.
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Use of Serial Ultrasound Evaluations to Assess Fetal Growth

As fetal growth is a dynamic process, and its assessment requires at least two obser-
vations separated in time, an intuitive approach to improve the diagnosis of FGR is
the use of serial ultrasound evaluations. In infants it has been shown that growth
velocity is more predictive of size later in life than any single measurement of infant
size; however, the best approach to interpret the information obtained from serial
measurements of the same fetus remains unclear [23]. Serial ultrasound evaluations
can be interpreted as fetal growth velocity, conditional percentiles, projection-based
methods, or individualized growth assessment (IGA).

Fetal growth velocity can be defined as the change in fetal size between two points
during gestation [23]. This approach can be applied to the change in either a specific
fetal biometric index (e.g., AC) or in EFW and is usually expressed as the change in
absolute value of the biometric index per time unit (e.g., mm/wk or g/d) or as the
change in z-score (i.e., the value of the biometric index normalized for gestational age)
per time unit. The methodology used to generate growth velocity standards can be
broadly divided into two types. The first and most commonly used (“average growth
velocity”) is based on the assumption that fetal growth is linear throughout the time
interval studied. After the measurement of fetal size on two time points along gestation,
the average growth velocity is calculated by dividing the difference in fetal size by the
time interval between these two points. In the case of >2 sets of measurements, the
average growth velocity can be calculated using linear regression [23]. The second
methodological approach for the calculation of fetal growth velocity (“instantaneous
growth velocity”) describes the change of the individual biometry as a function of ges-
tational age [24]. This approach may be more accurate for the generation of growth
velocity standards since, in contrast to the average growth velocity approach, it is not
limited by the assumption that fetal growth is linear within a given time interval [23].

Conditional centiles are an alternative method for defining fetal growth potential.
EFW percentile is calculated taking into account the previous weight estimation of
the same fetus earlier in pregnancy. With this approach the EFW calculated during
the first scan (conditioning scan) is used to adjust the standard growth curve to the
expected growth trajectory of the individual fetus, and the EFW percentile at the
time of the subsequent scan is determined based on this new adjusted curve. This
method is discussed in detail elsewhere in the book [25].

Projection-based methods use linear mixed-effects models to predict EFW at a
later point in gestation based on two or more observations of EFW. A projected
EFW below a fixed cutoff, usually 5th or 10th percentile for gestational age, suggests
fetal growth restriction [23, 26].

Individualized growth assessment relies on the interpretation of third trimester
fetal size assessments on the basis of the degree to which they deviate from the
expected growth curve of the same individual fetus; this curve is based on two
sonographic assessments performed <26 weeks of gestation, presumably prior to
the onset of any pathologic factor that may affect fetal growth [27].
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When growth restriction is suspected, serial ultrasound scans can be used to
assess fetal growth. However, even if serial AC measurements are used in clinical
practice, there is no clear definition of what constitutes normal fetal growth and
which fetal biometric parameters should be evaluated. Given that repeated
measurements in a short time interval are highly inaccurate, the International
Society of Ultrasound in Obstetrics and Gynecology (ISUOG) recommends that
serial growth scans are optimally performed at least 3 weeks from a previous scan
when indicated [28].

All the approaches described in this paragraph are used to quantify any decrease
in EFW associated with adverse perinatal outcome [29] and might be useful in high-
risk pregnancies where they appear to improve the detection of FGR at increased
risk of adverse perinatal outcomes, decreasing the risk of falsely diagnosing healthy
constitutionally SGA fetuses as growth restricted [23]. However further studies are
needed to quantify the predictive accuracy of these tools, to determine the optimal
timing of the conditioning ultrasound, the optimal time interval between scans, and
the overall cost-effectiveness of the screening program. Ideally these approaches
should be validated in different populations using perinatal death and other severe
complications as clinically relevant outcomes [23].

Assessment of Fetal Body Proportions

It has been suggested that because of the brain-sparing phenomenon, fetal AC would
be the first biometric index to be affected in cases of placental insufficiency, leading
to the assumption that growth-restricted fetuses with small AC in relation to another
reference biometric index that is unaffected by fetal malnutrition (asymmetric
pattern) are more likely to be the result of placental insufficiency and are at higher
risk of adverse perinatal outcome [30]. Fetal body proportions used to assess fetal
asymmetry are based on a ratio between AC and a reference biometric index
assumed to be less sensitive to placental insufficiency. The most commonly used
ratio is the HC/AC ratio, as fetal HC is only minimally affected by placental
insufficiency or by external pressure. The median HC/AC ratio in early pregnancy
is about 1.2 and decreases along gestation, being about 1.0 at term [23]. Although
abnormal ratios are associated with SGA at birth and with adverse perinatal out-
comes, the literature shows that HC/AC has a lower predictive accuracy than other
more specific measures of placental function, such as maternal and fetal Doppler
evaluation [23]. Moreover it has been traditionally assumed that assessment of fetal
body proportions may provide information on the etiology of FGR, so that fetal
causes of FGR such as chromosomal abnormalities were thought to be associated
with early-onset symmetric pattern, while placental insufficiency was considered to
be associated with late-onset asymmetric pattern. However, it seems that the timing
of insult is more important than the etiology of FGR in determining fetal growth
pattern, with early insults (placental or fetal) resulting in symmetric patterns, while
insults taking place later in pregnancy result in asymmetric patterns [23]. Further
studies are needed to determine whether the assessment of fetal body proportion can
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contribute to the diagnosis of late FGR, where umbilical artery Doppler is typically
normal, improving the diagnosis of FGR and adverse perinatal outcome.

Timing of Ultrasound Assessment

The routine use of late ultrasound (after 24 weeks) in low-risk or unselected preg-
nancies is not associated with significant variations in the incidence of perinatal
mortality (8 studies, n = 30.675; RR 1.01; 95% CI, 0.67—1.54), preterm birth before
37 weeks (2 studies, n = 17.151; RR 0.96; 95% CI, 0.85-1.08), induction of labor
(6 studies, n=22.663; RR 0.93;95% CI, 0.81-1.07), or caesarean section (6 studies,
n =27.461; RR 1.03; 95% CI, 0.92-1.15) [31]. Due to this lack of efficacy, most
guidelines do not recommend routine assessment of fetal growth by ultrasound in
the third trimester of pregnancy, suggesting to prescribe it only in the presence of
clinical indications. In recent years, there has been a large debate in the international
literature on the possibility of reducing term mortality through a more effective
recognition of FGR cases [32]. However, in countries like Italy and France where a
routine ultrasound examination is offered within the national health system at
28-32 weeks, such strategy seems to be able to identify less than 30% of fetuses
destined to be term SGA newborns [33, 34]. Recent studies of high methodological
quality suggest instead a greater sensitivity of ultrasound examinations performed
at 35-37 weeks [35, 36], but the eventual effect of this approach on pregnancy
outcomes has yet to be demonstrated with a high level of evidence.

Conclusion

To conclude, it must be highlighted that fetal growth is a dynamic process. Fetal
growth restriction refers to a fetus that has failed to reach its biological growth
potential because of placental dysfunction. However FGR has considerable overlap
with SGA even if it is more difficult to define in practice, as not all FGR infants have
a birth weight <10th centile. Suboptimal fetal growth is important as placental
insufficiency is a major contributor to the pathophysiology in SGA pregnancies and
contributes to the adverse perinatal outcome. The best ultrasound approach to
identify failure to achieve individual growth has yet to be determined. Ideally, such
approach should be validated in different populations against perinatal death and
other clinically relevant outcomes.
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Introduction

Fetal growth restriction (FGR) is a disorder affecting the fetal development and an
acknowledged risk factor for poor neonatal condition at birth and impaired neuro-
development and diseases such as hypertension, metabolic syndrome, and obesity
in the adulthood [1-6].

FGR may be secondary to a number of other conditions which include congenital
anomalies or genetic syndromes, intrauterine infections, and drug or substance mis-
use; however, most cases of FGR occur as a consequence of placental insufficiency
leading to fetal hypoxia [7]. Currently, it is not possible to reverse the progressive
nature of FGR; therefore, timed delivery remains the only effective intervention [7, 8].

FGR is currently subclassified into two entities, namely, early FGR and late
FGR, which differ in terms of clinical manifestations, association with hyperten-
sion, Doppler features and patterns of deterioration, and severity of the placental
dysfunction [7, 9-11] other than for the gestational age at diagnosis, which is con-
ventionally set at or below 32 weeks for early FGR and beyond 32 weeks for late-
onset FGR. As a general rule, early FGR is defined by fetal smallness and abnormal
umbilical artery (UA) pulsatility index (PI) and shows a 60-70% association with
hypertensive disorder or the pregnancy; on the other hand, late FGR is most com-
monly characterized by normal UA Doppler and only rarely co-existent with gesta-
tional hypertension or preeclampsia [7, 9].

Fetal adaptation to chronic placental insufficiency and hypoxia leads to the pref-
erential diversion of the fetal cardiac output in favor of the left ventricle, which is
ultimately responsible for the redirection of the fetal blood flow to the brain and the
heart [12—14]. When fetal hypoxia worsens, adaptive mechanisms result in abnor-
mal arterial and venous flow [15].
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Fetal smallness is not a synonym of FGR as fetuses whose estimated fetal weight
is below the 10th percentile for the given gestation may be constitutionally small
but healthy and not necessarily growth restricted. These are defined as small for
gestational age (SGA) fetuses. On the other hand, available evidence has suggested
that an estimated fetal weight >10th percentile does not necessarily denote normal
fetal growth, particularly at late gestation [16—19]. Therefore, FGR should be
referred to fetuses with pathological smallness caused by an underlying functional
problem, and hence a definition including not only a biometric cutoff but also
Doppler indices of feto-placental function is currently agreed in most fetal medicine
units [9, 16, 20, 21].

As stated by the Society for Maternal and Fetal Medicine, antenatal detection of
FGR can improve outcomes by allowing selection of appropriate fetal surveillance
and optimizing the timing of delivery [3].

Doppler ultrasound has become an essential tool in maternal and fetal medicine
and particularly in the diagnosis and the surveillance of the growth-restricted fetus.
Abnormalities of placental and fetal blood flows are a prominent feature of FGR
caused by underlying placental dysfunction. In this chapter, we synthesize and
assess the evidence-based role of the umbilical artery (UA), middle cerebral artery
(MCA), ductus venosus (DV), and fetal cardiac Doppler in the diagnosis and moni-
toring of non-anomalous singleton fetuses with FGR of suspected placental
origin.

Pathophysiology of Fetal Growth Restriction of Placental
Origin

FGR is a complex process of adaptation of the growing fetus to the restricted meta-
bolic supply of the placenta, unable to negotiate the full requirements of fetal genetic
potential [20]. Each metabolic pathway, organ, and function reshapes a strategy to
cope with this deprived environment [14].

Doppler assessment of the FGR fetus relies on the evaluation of the fetal well-
being by examining hypoxemia-triggered compensatory signs in the fetal circula-
tion. Available data suggest that there are in fact various patterns of Doppler
deterioration occurring in a truly sequential manner, meaning that an initial abnor-
mal Doppler finding is followed by another and another over time [22, 23]. In 2008,
Turan et al. described “mild placental dysfunction,” “progressive placental dysfunc-
tion,” and “‘severe early-onset placental dysfunction” as three different patterns of
Doppler deterioration in FGR [23]. These presumed sequences and their potential to
anticipate fetal deterioration form the basis for Doppler diagnosis and surveillance
in FGR. According to the most common of them (i.e., “progressive placental dys-
function”), which occurred in almost 50% of all cases, placental insufficiency
results in increased resistance of the feto-placental unit and in compensatory hemo-
dynamic changes which include blood flow redistribution toward essential fetal
organs (brain, heart, and adrenal glands) at the expense of other organ systems [14,
23, 24]. This phenomenon is attributed to a “brain sparing” adaptive response of the
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cerebral blood vessels to the local effects of fetal hypoxemia with or without hyper-
capnia and is due to their autoregulatory capability to vasodilate in the event of
reduced perfusion. As a result, decreased resistance to blood flow is found in the
MCA.

These initial - “early” - changes are followed by elevations in venous Doppler
indices. Abnormal DV Doppler waveforms either may be related to the vasodilata-
tion of the isthmus of the DV, which is dependent on local mediators such as nitric
oxide or prostaglandins [25], or may reflect an increased pressure in the right atrium
as a result of the relative inability of the cardiac systolic function to overcome the
increased peripheral resistance and the metabolic needs of the myocardium [26].
Therefore, DV flow abnormalities are regarded as “late” Doppler abnormalities
which indicate that the adaptive mechanisms are overwhelmed and impending
decompensation resulting in metabolic acidemia and cerebral hypoxia will shortly
result in pathological fetal heart rate patterns and stillbirth [27-29].

It is important to note that the velocity of the Doppler deterioration as a sign of
fetal adaptation to placental insufficiency varies depending on the gestational age
[14]. This latter parameter is of paramount importance when considering the moni-
toring frequency, the administration of antenatal steroids and delivery [23].

Targets for Doppler Examination in the Fetus
Umbilical Artery

Umbilical artery Doppler allows the assessment of the resistance to blood perfusion
of the feto-placental unit. Umbilical arteries are paired vessels carrying blood
mostly pumped in the descending aorta by the right ventricle through the ductus
arteriosus which obliterate after birth. The flow features of the umbilical artery can
be assessed in a noninvasive qualitative manner using continuous or pulsed-wave
Doppler ultrasound [30]. There is a significant difference in the impedance of the
umbilical cord [31] — and therefore in the Doppler indices — at the fetal end, in the
free loop, and at the placental end, being such impedance highest at the fetal end.
Reference ranges for umbilical artery Doppler indices at these sites have been pub-
lished [32, 33]. In clinical practice, Doppler waveforms of the umbilical artery can
be obtained from any segment along the umbilical cord [3]; however, according to
the International Guidelines, measurements of the Doppler indices of the umbilical
artery should be made in a free cord loop in singletons [34]. Again, International
Guidelines state that in multiple pregnancies and/or when comparing repeated mea-
surements longitudinally, recordings from fixed sites, i.e., fetal end, placental end,
or intra-abdominal portion, may be more reliable [34].

As a general rule for all Doppler measurements, the angle of correction is not
necessary when measuring the PI; however, the angle of insonation should be <30
degrees, ideally as close to O degrees as possible. Additionally, Doppler indices
should be obtained in the absence of fetal breathing and when the waveform is uni-
form [34].
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Although there are other quantitative assessments of umbilical artery Doppler
(e.g., resistance index) available, the systolic to diastolic (S/D) ratio and pulsatility
index (PI) represent those most commonly used as they allow to manage most cases
of suspected IUGR. Qualitatively, UA Doppler is assessed in terms of patterns of
the end-diastolic flow (EDF), which is positive under normal circumstances; how-
ever, pathological increase of the vascular resistance caused by an obliteration of the
placental vascular bed by over 50% progressively leads to absent EDF (AEDF) and
reversed EDF (REDF) (Fig. 10.1).

Evaluation of placental function by UA Doppler has become a clinical standard
to distinguish between SGA and FGR [7, 9, 16, 20]. Studies conducted on animal
models and placental pathology have demonstrated that the obliteration of more
than 50% of the placental vessels is required before absent or reversed end-diastolic
velocities appear [35, 36]. On the other hand, small fetuses with normal UA Doppler
are now considered as SGA or constitutionally small [16, 20, 21, 37, 38]. This may
not be true for late-onset cases, in which a substantial proportion of cases with a
normal UA have true FGR and are at risk of adverse perinatal outcome [39—42].

Umbilical artery Doppler is related to fetal acidemia [43] and is the only measure
that provides both diagnostic and prognostic information for the management of
FGR [44]. A Cochrane systematic review reported that the use of UA Doppler was
associated with a reduction in perinatal deaths, inductions of labor, and cesarean
deliveries [45]. According to the Royal College of Obstetricians and Gynecologists,

Fig. 10.1 Doppler assessment of the umbilical artery. (a) Umbilical artery Doppler showing high
pulsatility index and positive end-diastolic flow (EDF, pointed by the arrow). (b) Umbilical artery
Doppler with absent end-diastolic flow (AEDF). (¢) Umbilical artery Doppler showing reverse
end-diastolic flow (REDF)
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the use of UA Doppler in a high-risk population reduces perinatal morbidity and
mortality and should be the primary surveillance tool in the SGA fetus [46].

Umbilical artery flow identifies different degrees of impaired placental function.
Absent end-diastolic flow (AEDF) and/or reversed end-diastolic flow (REDF), often
considered a unique entity as absent/reversed end-diastolic flow (AREDF), indicate
an important reduction of the function of the placenta. Longitudinal studies on high-
risk pregnancies have shown that the transition from AEDF to REDF may be slow
and gradual. AEDF can last for days and weeks before abnormal heart rate pattern
or delivery [47], while REDF, which represents an extreme abnormality in wave-
form, has been related to a significant perinatal morbidity and mortality [47, 48] and
to a higher incidence of long-term permanent neurologic damage compared to FGR
fetuses with positive EDF [7, 49]. Absent or reversed EDF are mostly found in early
FGR, and these patterns have been reported to be present on average 1 week before
acute fetal deterioration. Up to 40% of fetuses with acidosis show this umbilical
flow pattern [50]. Despite the fact that an association exists between the presence of
REDF in the umbilical artery and adverse perinatal outcome (with a sensitivity and
specificity of about 60%), it is not clear whether this association is confounded by
prematurity [7]. Absent or reversed EDF in the umbilical artery is commonly asso-
ciated with severe FGR with birthweight <3rd percentile for gestational age and
oligohydramnios [3].

Middle Cerebral Artery

The middle cerebral arteries (MCAS) are two of the major branches of the circle of
Willis and carry >80% of the cerebral circulation in the fetus [3, 34]. The MCAs are
the most accessible cerebral vessels for ultrasound imaging in the fetus and can be
sampled on an axial section of the brain including the thalami and the sphenoid
bone wings [3, 34]. Color flow mapping should be used to identify the circle of
Willis, and Doppler sampling should be performed at the proximal third of the
MCA in order to obtain the best reproducibility [34, 51] (Fig. 10.2).

Under normal conditions, the cerebral circulation is characterized by high
impedance and shows high PI with continuous forward flow present throughout the
cardiac cycle [52]. A reduction of the PI of the MCA identifies a process of adapta-
tion by vasodilatation which is known as the “brain sparing effect” and has been
associated with adverse fetal and perinatal outcome and suboptimal neurodevelop-
ment at 2 years of age not only in early severe FGR flagged by an abnormal umbili-
cal arterial PI but also in late and term FGR fetuses with normal UA PI [42, 53-55].
Despite these associations, available data have shown that cerebral Doppler is not
useful for the diagnosis and the management in early FGR [56]. As regards late
FGR, a potential role of MCA Doppler for the differential diagnosis between SGA
and late FGR has been demonstrated [57-60]. Nevertheless, MCA Doppler testing
of suspected late FGR fetuses has not been evaluated in randomized trials, and to
date no specific intervention has been shown to improve outcomes based on abnor-
mal findings [3].
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Fig. 10.2 Doppler assessment of the middle cerebral artery (MCA). (a) On gray-scale ultrasound,
the MCA can be sampled on an axial section of the brain including the thalami and the sphenoid
bone wings (left). Color flow mapping can identify the circle of Willis (right). Doppler sampling
should be performed at the proximal third of the MCA (circled) in order to obtain the best repro-
ducibility. (b) Normal MCA Doppler waveform showing low diastolic flow suggestive of high
intracerebral resistance

MCA Doppler can be combined with the UA Doppler in the cerebroplacental
ratio (CPR), also named as cerebro-umbilical (C-U) ratio; the umbilico-cerebral
(U-C) ratio represents an inverted ratio of the same parameters and is suggested to
be a better discriminator within the context of abnormal findings [56]. The cere-
broplacental ratio (CPR) quantifies the redistribution of cardiac output by dividing
the Doppler indices of the MCA with that of the UA. This ratio has been demon-
strated to be more sensitive to hypoxia than its individual components on their own
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and to better correlate with adverse outcome in SGA/FGR fetuses [61, 62] but also
in apparently normally grown fetuses close to term [17-19, 63, 64]. Recent data
suggest that reduced CPR together with uterine artery (UtA) Doppler represents
the parameters which allow a differential diagnosis between SGA and late FGR
fetuses with normal UA Doppler [42, 57-60].

Ongoing and planned trials are likely to provide further insights into the actual
role of the cerebral Doppler — on its own or paired with UA within the context of
the CPR or the U-C ratio — in the management of late FGR, particularly clarifying
whether anticipating delivery based on abnormal CPR findings may improve the
neurodevelopmental outcome in the infanthood (http://www.truffle-study.org/
research/).

Ductus Venosus

The ductus venosus (DV) is one of the three arterial-to-venous shunts existing in
fetal life and is responsible for the diversion of well-oxygenated blood from the
umbilical vein to the inferior vena cava and the right atrium, thus bypassing the
intrahepatic vascular system. Anatomically the DV consists in a narrow inlet whose
diameter may vary depending upon local mediators such as nitric oxide and prosta-
glandins, thus determining a variation in the percentage of blood shunted through
the DV. Under normal circumstances, the DV diverts a percentage of venous blood
ranging between 30% at midgestation and 15% at term pregnancy; however, FGR is
associated with increased ductus venosus (DV) shunting. Among the precordial ves-
sels available for Doppler assessment in FGR fetuses (the others are represented by
the inferior vena cava and the umbilical vein), the DV represents the most important
one both for prognostic and diagnostic purposes in early FGR fetuses as demon-
strated by the results of the TRUFFLE study [9, 65-69].

The DV can be visualized both with gray-scale ultrasound and with color or
power Doppler either in a midsagittal or a transverse section of the fetal abdomen as
a narrow vessel arising from the umbilical vein and a vertical oblique course to the
inferior vena cava just below the diaphragm. Color flow mapping at its isthmic por-
tion demonstrates the high velocity with “aliasing” at the narrow entrance of the DV
and indicates the standard sampling site for Doppler measurements [3, 34].

Continuous forward flow throughout the cardiac cycle is seen in the normal fetus
[3, 34, 72]. The correct sampling of the DV most commonly determines a biphasic
waveform constituted by the “S” component, which represents the first increase in
venous forward velocities as a result of the ventricular systole; the “D” component,
which represents the second peak of velocity occurring during the passive ventricu-
lar filling of the ventricular diastole of the cardiac cycle; and finally the “A” compo-
nent representing the late ventricular filling dependent on the atrial contraction
which occurs in the late diastole of the cardiac cycle [3, 34] (Fig. 10.3). Rarely,
non-pulsating recordings may be seen in healthy fetuses [34]. The DV Doppler can
be assessed quantitatively by means of the DV PI, which is low under normal cir-
cumstances and increases as a result of the vasodilatation of the isthmus of the DV
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Fig. 10.3 Doppler assessment of the ductus venosus (DV). (a) DV showing biphasic waveform
characterized by an “S” component, which corresponds to the ventricular systole; a “D” compo-
nent, which represents the second peak of velocity occurring during the passive ventricular filling
of the ventricular diastole of the cardiac cycle; and a late diastole “A” component corresponding to
the late ventricular filling dependent on the atrial contraction. In (b) reversed “A-" wave at 30 weeks

and of cardiac dysfunction both in terms of increased preload and afterload resis-
tance. Qualitative evaluation of the DV Doppler includes the assessment of the “A”
component of the waveform which in the case of decreased, absent, or reversed flow
represents myocardial impairment and increased ventricular end-diastolic pressure
resulting from an increase in right ventricular afterload. This abnormal waveform in
the ductus venosus has been documented in FGR fetuses and linked to increased
neonatal mortality rate [71, 72]. A semiquantitative evaluation of the DV Doppler
has also been suggested; however, there is no evidence-based data supporting its
usefulness for the management of early or late FGR fetuses [73].

There is no available data on DV Doppler in late FGR fetuses. As regards early
FGR, evidence from the Trial of Randomized Umbilical and Fetal Flow in Europe
(TRUFFLE study) has shown the crucial role of DV Doppler for the management of
preterm growth-restricted fetuses before 32 weeks of gestation [9, 65-69]. In con-
trast to the alterations of the UA and the MCA Doppler, which represent early signs
of impaired placental function, DV flow waveforms become abnormal only in
advanced stages of fetal compromise [27, 74, 75]. It has been shown that the PI of
the DV is related to acidemia at cordocentesis [28] and low pH at birth, being
the DV PI inversely related to the UA pH at birth [76]. Absence or reversal of the
DV “A-wave” represent signs of late adaptation to chronic hypoxia and impending
decompensation similar to the REDF in the umbilical artery. In 2001, Hecher et al.
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described the time sequence of changes in fetal monitoring variables in early FGR
and demonstrated that DV Doppler and short-term variation (STV) of fetal heart
rate, which can be measured by means of computerized cardiotocography (cCTG),
are important indicators for the optimal timing of delivery before 32 weeks of gesta-
tion [27]. More recent data have shown high specificity of the absence or reversal of
the DV A-wave for the prediction of low UA pH at birth [24] and significant asso-
ciation with perinatal death regardless of the gestational age at delivery [76]. These
findings were confirmed by the results of the TRUFFLE study [9, 65-69].

Cardiac Function in Fetal Growth Restriction: Rationale
for the Doppler Investigation of the Fetal Heart

During fetal life, the right and the left ventricles work in parallel and have indepen-
dent outputs, with a right ventricular dominance [13]. As a result of the “early”
changes described by the most common pattern of Doppler deterioration occurring
in FGR fetuses, which we have detailed, increased umbilical resistance leads to an
increase in the right ventricular afterload. Conversely, the onset of the “brain spar-
ing” effect leads to a reduction in left ventricular afterload leading to a preferential
shift of the cardiac output to the left ventricle and hence to the brain and to the coro-
nary vessels arising from the ascending aorta.

Other than the “brain sparing effect,” additional evidence has shown an increase
in the coronary flow in FGR fetuses which was called the “heart-sparing effect”
[77]. Such increased blood supply, together with the intrinsic mechanisms respon-
sible for the autoregulation of the coronary flow - which are dependent upon the
relative concentrations of oxygen and carbon dioxide, hydrogen ions, potassium,
lactate, adenosine, and other metabolites and are activated in cases of chronic
hypoxia such as FGR [77] - seem to explain why the coronary vessels can be imaged
at earlier gestation in FGR fetuses compared to normally grown ones [78].
Nevertheless, no quantitative comparisons of the coronary flow between FGR and
normal fetuses have been undertaken, and no prospective evaluation of the coronary
flow in FGR and its correlation with Doppler and infant outcomes has been
performed.

Following cerebral — and cardiac — redistribution, no further blood shifting
occurs; however, a longitudinal reduction in the cardiac output occurs as a result of
worsening hypoxia which leads to a progressive increase both of the left and the
right ventricular afterload as well as an increased venous return from the superior
vena cava secondary to the “brain sparing” process. These ultimately increase the
filling pressure of the right atrium and lead to the Doppler abnormalities of the DV
[25, 26]. Such scenario of progressive systolic and diastolic overload in fact repre-
sents a continuum of abnormal filling and emptying pressures which need to be
overcome by the fetal heart of the growth-restricted fetus, and it seems reasonable
to hypothesize that different steps of cardiac overload are responsible for the three
different phenotypes of morphological remodeling of the fetal heart in FGR which
have been very recently described [79].
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Based on these assumptions, the analysis of fetal cardiac function in FGR might
provide important information on the hemodynamic status and the cardiovascular
adaptation of the fetus and help in the differential diagnosis between FGR and
SGA [80]. A broad range of US techniques have been applied for evaluation of
fetal cardiac function, and several fetal myocardial functional parameters have
been evaluated and suggested as potentially useful within the context of fetal
smallness. Nevertheless, their use in early and late FGR is not supported by any
clinical evidence, and today none of them leads to changes in the perinatal man-
agement compared to the “conventional” assessment of peripheral arteries and the
venous system [81].

Doppler of the Aortic Isthmus

The aortic isthmus (Aol) is the segment of the aorta located between the origin of
the left subclavian artery and the connection of the ductus arteriosus to the descend-
ing aorta. The Aol is the only arterial connection between the right ventricle, which
supplies mainly the systemic and placental circulations, and the left ventricle,
which supplies essentially the cerebral vascular network [8, 82]; therefore, its
blood flow pattern reflects the balance between ventricular outputs and the relative
difference in vascular impedance in either vascular system. The rationale for the
Doppler assessment of the Aol is represented by the fact that during diastole, when
the aortic and pulmonary valves are closed, the direction of blood flow in the Aol
solely reflects the differences between the downstream impedances of the right
(mainly placental vascular resistance) and left (mainly cerebral vascular resistance)
ventricles [8].

The Aol can be visualized using gray-scale (B-mode) ultrasound either on the
longitudinal view of the aortic arch or on the cross-sectional view of the upper tho-
rax at the level of the three-vessel/trachea views [83, 84] (Fig. 10.4). Once the vas-
cular segment is identified, pulsed-wave Doppler velocimetry can be performed
after the adjustment of the size of the sample gate according to the size of the Aol,
which is dependent upon gestational age [85].

Antenatal Doppler study of the Aol includes the quantitative assessment of the
peak systolic (PSV), end-diastolic (EDV), and time-averaged maximum
(TAMXYV) velocities through the Aol itself; the semiquantitative evaluation of the
PI and/or of the isthmic flow index (IFI), which was devised in order to include
the amount and direction of blood flow and is computed as (PSV + EDV)/PSV
[86]; and the qualitative description of antegrade or retrograde flow [87-90].
Under normal conditions, Aol velocity waveforms show antegrade flow during
systole and diastole because the placental resistances are lower than those present
in the fetal upper body. The normal waveform of the Aol is characterized by a
quick systolic upstroke (short acceleration time) with mean peak systolic veloci-
ties ranging between 30 and 100 cm/s followed by a more gradual deceleration of
the velocity and a narrow incisura at the end of systole, which is usually absent
before 20 weeks of gestation. Retrograde flow during diastole or net blood flow
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Fig. 10.4 Gray-scale (B-mode) and color Doppler imaging of the aortic isthmus (circled) on the
longitudinal view of the aortic arch (a) and on the cross-sectional view of the upper thorax at the
level of the three-vessel/trachea view (b)
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reversal is always abnormal and can be observed in the case of chronic placental
insufficiency associated with increased peripheral resistance and vasodilatation
of the cerebral circulation.

As before mentioned, in the absence of randomized or prospective data, there is
no role for the Doppler of the Aol for the diagnosis and the monitoring of early or
late FGR. Even though from a pathophysiology point of view it is reasonable to
hypothesize a relationship between the Doppler indices through the Aol and UA and
DV Doppler features as a consequence of the changes in peripheral and cerebral
resistances, controversial results have emerged from the studies evaluating such cor-
relations [82, 89, 91, 92]. Regarding postnatal assessment, available data suggest an
association between adverse perinatal outcome and neurodevelopmental deficits
and abnormal Doppler recordings in the Aol in terms of predominant reversed dia-
stolic blood flow and IFI <0.70 with net reversed diastolic flow through the Aol
[82], even though this relationship has shown a low sensitivity [93].

E/A Ratio

Doppler ultrasound allows the evaluation of the diastolic component of the fetal
cardiac cycle and has been suggested in the assessment of FGR fetuses based on the
assumption that increased afterload and chronic hypoxia ultimately lead to increased
preload and impairment of the diastolic function in the case of advanced fetal
compromise.

The E/A ratio is one of the parameters suggested for the evaluation of the cardiac
diastolic function in the fetus. It is defined by the ratio between the E (early or pas-
sive) velocity, which is measured during the early passive ventricular filling and is
related to the process of myocardial relaxation and negative pressure applied by the
ventricles, and the A (atrial, active, or late) velocity, which represents the active
ventricular filling during atrial contraction.

The E/A ratio can be measured by evaluating the transmitral or the transtricuspi-
dal waveforms obtained with pulsed-wave Doppler and continuous wave Doppler.
Recordings are obtained at the level of the four-chamber view of the fetal heart, in
which the Doppler sample gate is located just below either atrioventricular valve,
where a biphasic waveform is usually displayed in the normal fetus (Fig. 10.5). It is
recommended to keep the Doppler sample gate between 2 and 3 mm in order to
avoid contamination with artifacts from wall motion and from the outflow tracts.
The biphasic nature of the E/A waveform is lost if the Doppler gate is located too
deep within the ventricle. There are some mild differences between both sides of the
heart which are constantly observed in all normal pregnancies as the right E and A
waveforms have higher velocities and their ratio is slightly lower than that of the left
side [94]. Recordings must be performed in the absence of fetal breathing and with-
out maternal and fetal movements.

Uncomplicated pregnancies show a progressive increase of the E/A ratio across
gestation [95]. Conversely, in SGA fetuses the E/A ratio does not increase, and its
values are significantly lower than in normal fetuses. A reduced E/A ratio indicates
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Fig. 10.5 Pulsed-wave
Doppler assessment of the
E/A ratio at the level of the
tricuspid valve. (a)
Four-chamber view of the
fetal heart, in which the
Doppler sample gate is
located just below the
tricuspid valve. (b)
Biphasic waveform which
is displayed in the normal
fetus, representing the
passive ventricular filling
in early diastole (E
component) and the active
ventricular filling (“A,”
atrial, active, or late
component) which occurs
during atrial contraction

that the process of ventricular filling depends more on the atrial contraction than on
the negative pressure during relaxation. The two main conditions affecting the
ratios - i.e. chronic hypoxia and cardiac overload - might affect the relaxation pro-
cess, thus reducing the E/A ratios. On a small cohort of FGR fetuses, Figueras et al.
reported lower E/A ratios in both atrioventricular valves compared to normally
grown fetuses with early deterioration of the right E/A ratio [96]. More recent data
suggested that there is a “continuum” in the deterioration of the E/A ratio, with
monophasic diastolic waves associated with abnormalities in all prenatal cardiac
parameters in fetuses with severe FGR who eventually died or developed neurologi-
cal damage [97]. However, this observation was not confirmed in prospective stud-
ies; therefore, to date there is no clinical role for the E/A ratio in the diagnosis and
management of FGR fetuses.

Myocardial Performance Index

The myocardial performance index (MPI) — also named as Tei index — is a param-
eter that reflects both systolic and diastolic functions as the sum of the isovolumetric
contraction time (ICT) and isovolumetric relaxation time (IRT) divided by the ejec-
tion time (EJT): (ICT + IRT)/EJT [98].
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The MPI can be measured either with pulsed-wave (PW) or tissue Doppler tech-
nique. From a cross-sectional view of the fetal thorax, recordings must be performed
from the four-chamber view of the heart with an apical projection and an angle of
insonation below 20°. Using PW Doppler, a sample gate of about 3—4 mm needs to
be placed to include both the lateral wall of the ascending aorta and the mitral valve
where the clicks corresponding to the opening and closing of the two valves can be
clearly visualized [99]. This allows the sampling of the E/A and of the aortic ejec-
tion waveforms. The isovolumetric contraction time (ICT), ejection time (ET), and
isovolumetric relaxation time (IRT) can be calculated using the clicks of the mitral
and aortic valves as landmarks as shown in Fig. 10.6. Briefly, the isovolumetric
contraction time (ICT, ms) represents the time from closure of the mitral valve to the
opening of the aortic valve; the isovolumetric relaxation time (IRT, ms) represents
the time from closure of the aortic valve to the opening of mitral valve; the ejection
time (ET, ms) or systolic time interval represents the time from opening of the aortic
valve to its closure. Using Tissue Doppler technique, the MPI can be measured by
placing a 2-3 mm pulsed-wave gate in the basal part of the left and right ventricular
free walls (at the level of the mitral and tricuspid valve annulus, respectively). Peak
annular velocities need to be measured during early diastole (E), atrial contraction
(A), and systole (S) and provide the same waveform landmarks used with PW

Fig.10.6 Pulsed-wave
Doppler assessment of the
myocardial performance
index (MPI). (a)
Recordings must be
performed from the
four-chamber view of the
heart with an apical
projection of the heart; the
sample gate needs to be
placed to include both the
lateral wall of the
ascending aorta in order to
sample the E/A and the
aortic ejection (S)
waveforms (circled in
yellow). (b) The
isovolumetric contraction
time (ICT) (comprised
between the yellow lines),
ejection time (ET) (red
arrow), and isovolumetric
relaxation time (IRT)
(comprised between the
blue lines) are calculated
using the clicks of the
mitral and aortic valves as
landmarks
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Doppler. Using either technique, measurements of all the components need to be
obtained from the same cardiac cycle.

A significantly higher MPI in FGR compared to appropriately grown fetuses was
demonstrated by Hassan et al. [100]. Raised MPI is seen in the early stages of car-
diac adaptation to FGR, presumably secondary to hypoxia, and remains elevated
throughout the different stages of deterioration in FGR deterioration, similarly to
the Aol and DV PI. Available evidence from longitudinal studies has demonstrated
that an abnormal increase of the MPI can be detected prior to the UA Doppler
becoming abnormal [93] and showing absent or reversed end-diastolic blood flow
[101].

The finding of increased MPI has been suggested as a potential discriminator
between FGR and SGA in fetuses showing reduced biometry but normal Doppler
[102, 103]. Hernandez-Andrade et al. suggested that the combination of these
parameters might be useful for defining the monitoring strategy and the optimal
time of delivery [104]; however, there is no evidence-based strategy including the
MPI among the parameters for the monitoring of FGR fetuses.

Maternal Doppler and Fetal Growth Restriction
Doppler Examination of the Uterine Arteries

Uterine arteries are paired vessels responsible for the blood supply of the uterus in
the nonpregnant state and of the uterus and the feto-placental unit during pregnancy.
These vessels, whose impedance is physiologically elevated with low diastolic flow
in the nonpregnant state, undergo major anatomic and functional adaptation during
pregnancy as a result of the trophoblastic invasion of the maternal spiral arterioles —
named as “remodeling” — in the first half of gestation. Under normal conditions, a
sharp decrease in uterine artery (UtA) impedance to flow occurs as placental implan-
tation progresses, which is reflected by the increased flow in diastole and disappear-
ance of the notch present in the nonpregnant UtA [105, 106]. The “remodeling” of
the spiral arteries is usually completed by 24 weeks, and indeed less prominent
changes in UtA Doppler occur in the third trimester.

While absolute velocities have been of little or no clinical importance, semiquan-
titative (PI) and qualitative assessment of the velocity waveforms is commonly
evaluated. Qualitatively, the persistence of the protodiastolic “notch” of the a uter-
ine artery Doppler waveform in the late second and third trimesters has been used to
identify abnormal uterine circulation in pregnancy (Fig. 10.7) [71, 107]. Caution,
however, should be used against relying solely on the presence of a notch in the
uterine artery Doppler waveform to define an abnormal uterine circulation as clini-
cians should consider also the semiquantitative measurement of the PI, with a value
>95th percentile for gestational age considered abnormal [108].

Different techniques for the assessment of the UtA Doppler have been described
for the first vs the second and third trimesters [34]; however, FGR of placental origin
manifests as early as the second trimester. From this gestation, UtA can be
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Fig. 10.7 Doppler assessment of the uterine artery Doppler. (a) Normal waveform showing high
diastolic flow and absent notch. (b) Abnormal waveform showing low diastolic flow with notching
(arrow)

visualized either transabdominally or transvaginally. Different reference ranges
have been published for each approach [109, 110]; however, given its high accuracy
and reproducibility, the transabdominal approach is performed unless a transvaginal
scan is deemed as necessary for other reasons [111]. Transabdominally, the probe
needs to be placed longitudinally in the lower lateral quadrant of the abdomen,
angled medially. The UtA can be demonstrated by color Doppler velocimetry as it
originates from the anterior division of the hypogastric artery and just before it
enters the uterus at the uterine-cervical junction. Pulsed Doppler velocimetry of the
uterine artery should be obtained 1 cm downstream from the crossover point between
the UtA and the hypogastric artery and before the UtA divides into the uterine and
cervical branches [3, 34]. In a small proportion of cases the uterine artery branches
before the intersection of the external iliac artery and the sample volume should be
placed on the artery just before the bifurcation of the uterine artery.

Abnormal UtA Doppler best identifies the severe early-onset complications of
impaired placentation. The systematic review and meta-analysis conducted by
Cnossen et al. in 2008 further demonstrated the role of UtA Doppler ultrasonogra-
phy as a predictor of FGR, particularly when performed in the second trimester and
particularly for early FGR [107]. It is important to note that there is a continuum of
Doppler abnormality of the UtA ranging from mild increase of the PI above the 95th
percentile for the gestation to severe abnormality of the PI with bilateral protodia-
stolic notching, which seems to impact on the likelihood of complications during
the index pregnancy.

There is also evidence that a high impedance to flow in the uterine arteries during
the third trimester is associated with an increased risk of adverse perinatal events
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regardless of fetal size in pregnancies with normal UA Doppler [113-115], thus
supporting the concept that abnormally raised UtA PI in the third trimester may help
in discriminating between SGA and late FGR, as discussed later in this chapter [57,
58, 116].

Maternal Hemodynamics and Fetal Growth Restriction

Placental perfusion and function are among the determinants of the intrauterine
growth of the fetus, the remaining being represented by the intrinsic growth poten-
tial of the fetus. In the last decade, great interest has arisen toward maternal cardio-
vascular function in order to understand how placental perfusion is sustained under
normal circumstances [117, 118] and which are the features of suboptimal hemody-
namic adaptation to the pregnancy. This research field, which traditionally relies on
dedicated cardiology evaluation by means of echocardiography, has been further
implemented with the advent of novel semiautomated devices such as the ultra-
sound cardiac output monitor (USCOM) [119-121], which allows the measure-
ments of the cardiac systolic parameters by means of pulsed-wave Doppler.

Normal pregnancy is characterized by a longitudinal increase of the cardiac out-
put (CO) which is coupled with a reduction of the systemic vascular resistance
(SVR). According to the historical pathophysiology theory, hypertensive disorders
of the pregnancy (HDP) are secondary to impaired placental function as a result of
suboptimal remodeling of the spiral arteries, which precludes the reduction of the
resistance of the uterine circulation, which is characterized by high resistance in the
nonpregnant state and in early pregnancy, into a low resistance circulation. Such
abnormality of the implantation process can also explain FGR within the context of
HDP [122, 123]. Nevertheless, available evidence has shown that placental pathol-
ogy does not invariably demonstrate the obliteration of the placental villi in pre-
eclampsia, particularly at late gestation [124], and fetal size is not invariably small
in preeclampsia [125].

As early as 2008, Valensise et al., within a cohort of women identified at risk of
HDP based on abnormal midtrimester uterine artery Doppler, demonstrated the
existence of two different hemodynamic patterns in the context of preeclampsia, the
former, which was eventually defined as “early” preeclampsia, being associated
with reduced CO, increased systemic vascular resistance SVR, and small fetal size,
and the latter, named as “late preeclampsia,” showing the opposite hemodynamic
pattern and associated with normal size or large fetuses [126]. This hypothesis of
the existence of two phenotypes of preeclampsia associated with specular incidence
of FGR and large for gestational age has been further supported Verlohren et al.
[127].

Other authors have suggested that placenta should not be considered in isolation
without regard to the fact that its function is dependent on the perfusion by the
maternal circulation [128]. Low CO and high SVR represent the hemodynamic sur-
rogates of abnormal cardiovascular adaptation to the pregnancy with placental
underperfusion, and it is not surprising that both of them have been related to FGR
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[129]. Very recently Ferrazzi et al. suggested that the presence or the absence of
FGR may represent a better discriminator than gestational age at onset of the two
different phenotypes of preeclampsia, the “early preeclampsia” one being associ-
ated with FGR and the “late preeclampsia” one being related with normal or
increased fetal size [130]. It is important to point out that all the above represent
research findings with no acknowledged role in the diagnosis or in the management
of FGR; however, these data suggest that the assessment of the maternal cardiovas-
cular function during pregnancy may become a reliable tool for a pathophysiology
approach for the diagnosis and the treatment of conditions of abnormal placental
function such as HDP and FGR.

How to Diagnose Early and Late Fetal Growth Restriction

A prerequisite for the correct diagnosis of FGR is accurate dating of the pregnancy,
ideally in the first trimester [131]. Furthermore, based on the assumption that fetal
size is influenced by ethnicity, sex, parity, maternal size, and genetic factors, ante-
natal growth charts customized for maternal characteristics have been developed in
order to improve the detection of abnormalities of the fetal growth [132—136]. Such
approach has recently been challenged by the results from the Intergrowth study,
which has shown that fetal growth patterns do not seem to be influenced by ethnic
factors in healthy pregnancies under optimal environmental conditions [137].
Additionally, the quantitative comparison of the published fetal growth charts shows
minimal differences which are unlikely to be of clinical impact. There is currently
no evidence that routine use of customized growth charts can improve the detection
and clinical outcomes in early FGR, in which the underlying severe placental dys-
function is almost invariably associated with fetal smallness and Doppler abnor-
malities. On the other hand, some authors suggest that a customized approach may
improve the detection of third trimester SGA fetuses with normal UA Doppler but
at risk of perinatal complications, although this is not widely agreed and does not
represent the standard of care [132, 133, 135].

Multiple definitions of FGR have been suggested over the decades by national
and international societies which have been summarized in Table 10.1 [20]. As it
can be noted, most of them do not distinguish between early and late FGR; however,
current thinking on the natural history of FGR differentiates these two types of FGR
in terms of biochemical, histological, and clinical features and not only in terms of
gestational age at diagnosis, which is conventionally set at or below 32 weeks for
early FGR and beyond 32 weeks for late-onset FGR.

An EFW <10th percentile is acknowledged as the best clinical surrogate of FGR
[138]. However, it is important to point out that EFW below the 10th centile for the
gestation, albeit being diagnostic for fetal smallness, does not necessarily implies
FGR, particularly when detected beyond 32 weeks [20, 21]. According to the crite-
ria recently agreed through a Delphi procedure by a panel of International Fetal
Medicine experts, early FGR is defined either by severe fetal smallness (EFW or AC
<3rd centile) or “late” UA Doppler abnormalities (AEDF, REDF) taken in isolation
or by a combination of fetal smallness and UA PI above the 95th percentile for
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Table 10.1 Fetal growth restriction definition in recent literature

Institution/author FGR definition
Baschat et al. 2007 Combination of small fetal abdominal circumference (AC) with elevated
umbilical artery Doppler blood flow resistance

Cochrane 2013 Failure to reach the growth potential

DIGITAT 2012 Estimated fetal weight or an abdominal circumference below the 10th
centile for gestational age

ACOG 2013 Fetuses with an estimated fetal weight that is less than the 10th
percentile for gestational age

RCOG 2013 Small for gestational age (SGA) refers to an infant born with a

birthweight less than the 10th centile
Fetal growth restriction (FGR) is not synonymous with SGA
SOGC 2013 Intrauterine growth restriction refers to a fetus with an estimated fetal
weight <10th percentile on ultrasound that, because of a pathologic
process, has not attained its biologically determined growth potential
PORTO 2013 EFW <5th percentile and umbilical artery PI >95th percentile
TRUFFLE 2013 AC <10th percentile and umbilical artery PI >95th percentile

Reproduced from Dall’ Asta et al. [20]
EFW estimated fetal weight, PI pulsatility index

gestation or UtA PI above the 95th percentile for the gestation detected before
32 weeks [16]. Such definition — which includes not only a biometric cut off but also
Doppler indices of feto-placental function and is currently endorsed by most Fetal
Medicine specialists [9, 16, 142] — summarizes the current understanding on the
pathogenesis of FGR, which consists in pathological smallness caused by an under-
lying functional problem.

Late FGR is more common but less severe with absent or mild placental abnor-
malities. UA Doppler may be normal and cannot be relied for its diagnosis, how-
ever late growth restricted fetuses may react with decreased MCA impedance in
response to hypoxemia. The recently agreed diagnostic criteria for late FGR include
either severe fetal smallness detected beyond 32 weeks (EFW or AC <3rd percen-
tile for gestational age) or two out of three among (1) EFW or AC <10th percentile
for gestation, (2) longitudinal reduction of the fetal growth in terms of EFW or AC
reduced by over two quartiles compared to those measured in the second trimester,
and (3) CPR below the 5th percentile for the gestation or UA PI above the 95th
percentile for gestational age [16]. As before mentioned, it is uncertain whether
such growth assessment should be performed using population-based [136], cus-
tomized [132-135], or universal fetal growth charts [137]. Additionally, there is
great uncertainty as regards which is the optimal screening strategy — either uni-
versal or selective or contingent assessment of the fetal growth [140-142] — and
which is the optimal gestational time frame for the evaluation of the fetal growth
at late gestation. Recently published randomized data have shown that the univer-
sal screening of the fetal growth can identify up to three times higher number of
late FGR fetuses [141] and that screening at 36 weeks performs better than the
screening at 32 weeks [143]. Finally, it is important to note that beyond 32 weeks,
an EFW or an AC >10th percentile for the gestational age does not necessarily
exclude late FGR. Several groups have demonstrated that even apparently
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normally grown third trimester fetuses with reduced CPR are at increased risk of
perinatal complications, thus suggesting that a reduced CPR per se may represent
a Doppler sign of misdiagnosed placental insufficiency and failure to reach the
growth potential [17-19, 63, 144].

Doppler Ultrasound and Management of Early Fetal Growth
Restriction

The Trial Randomizing Umbilical and Fetal Flow in Europe (TRUFFLE) is the only
randomized controlled trial which has evaluated and demonstrated the effectiveness
of a standardized monitoring and delivery protocol for early FGR fetuses.

Based on the assumption that cCTG and DV represent those parameters which
safely allow to delay delivery before fetal compromise occurs, the TRUFFLE
protocol has demonstrated that the 2-year neurodevelopmental outcome of sur-
viving early FGR fetuses is significantly better among those delivered based on
late DV changes [9, 65-67, 69], even though no differences were noted among
the three randomization arms of the TRUFFLE as regards the primary outcome —
i.e., survival without neurodevelopmental impairment. DV has been demon-
strated to be the most important Doppler parameter in the prediction of the
short-term risk of intrauterine death (IUD) in early FGR [44]. Absent or reversed
DV A-wave has been associated with increased risk of IUD (40-70%), and late-
stage acidemia independently forms gestational age at delivery and shortly pre-
cedes spontaneous decelerations at CTG monitoring. DV PI above the 95th
centile has also been related to a high risk of adverse outcome, although at lesser
extent than that of reversed or absent DV A-wave [65]. Similarly, STV becomes
abnormal in the case of advanced fetal deterioration [76], providing information
similar to those of late DV changes for the short-term prediction of IUD. Although
the optimal cutoff value of the STV for delivery has yet to be clarified, it is
important to point out that, between 26 and 32 weeks, expectant management is
accepted as long as either the DV or the STV is abnormal but not if both are
abnormal [9, 65]. The lower cCTG-STV cutoff was chosen assuming the STV
lowest cutoff clinically appropriate given the high chance of hypoxemia/acide-
mia below that. The presence of spontaneous, repetitive fetal heart rate decelera-
tions or maternal indications should trigger delivery independently of DV and
cCTG-STV evaluation.

The concept that perinatal outcomes in FGR fetuses are not negatively affected
by expectant management is not novel, as it was also reported in a former random-
ized trial on FGR [145]. Nevertheless, the inclusion criteria in the GRIT study were
not as strict as those of the TRUFFLE study, and the decision on how to monitor and
when to deliver FGR fetuses was not standardized.

Safety nets for delivery within the late DV group of the TRUFFLE cohort
included, other than absent or reversed “A-" wave of the DV, also STV <2.6 msec
below 29 weeks and <3.0 msec between 29 and 32 weeks, spontaneous decelera-
tions at CTG, UA REDF between 30 and 32 weeks, UA AEDF between 32 and
34 weeks, or UA PI >95th centile beyond 34 weeks. Umbilical artery Doppler per
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se is therefore not informative as to when delivery should be undertaken, unless the
gestation is above 30 weeks [9, 65-67].

Within the TRUFFLE protocol, and particularly in the late DV group, safety nets
accounted for a significant amount of indications for delivery, both in the primary
[9, 65] and in a recently published secondary analysis of the datasets [69]. A sub-
analysis of babies delivered <32 weeks’ gestation, in other words those whose man-
agement was strictly defined by the protocol, showed that more than one third
delivered based on safety net criteria and another one third for other fetal or mater-
nal reasons. Hence, in clinical practice, a significant proportion of fetuses will be
delivered because of cCTG-STV abnormalities, even before DV changes occur.
However, overall data from the TRUFFLE trial and its subanalyses have shown a
better outcome by the integrated use of both DV and cCTG-STV [9, 65-67].

Beyond 32 weeks of gestation, the timing of delivery should no longer rely on
DV and STV but should be based on UA Doppler. More specifically, delivery should
be undertaken if AEDF between 32 and 34 weeks and if UA PI >95th centile when
the gestation is above 34 weeks.

According to the TRUFFLE protocol, there is no role for the MCA Doppler or
CPR in the management of early FGR fetuses. A secondary analysis of the datasets
from the TRUFFLE cohort could not demonstrate any impact of the MCA PI mea-
sured close to delivery and its change over time on neonatal and 2-year neurodevel-
opmental outcome, thus concluding that gestational age at delivery remains the
most important factor in determining neonatal survival without adverse outcome
and, together with birthweight, infant outcome [56].

As regards the timing for fetal monitoring, a secondary analysis of the TRUFFLE
cohort has shown that it is not possible to predict the occurrence of abnormal STV
or A-wave indicating delivery, concluding that STV should be monitored at least on
a daily basis [146]. On the other hand, fetal Doppler can be measured twice a week
or on alternate days in the case of advanced fetal compromise.

Within the TRUFFLE protocol, there is no role for the biophysical profile and
conventional CTG in the monitoring of early FGR fetuses. Similarly, the evaluation
of uterine artery Doppler is not recommended given the lack of data supporting its
usefulness in the management of early FGR [42, 147]. Furthermore, there is no data
as regards the decision for inpatient versus outpatient management of FGR fetuses.
Most cases of isolated FGR are monitored in an outpatient setting even though the
decision for inpatient monitoring can be taken on a subjective basis. Of note,
60-70% of cases of early FGR are associated with hypertensive complications of
the pregnancy [9]. In such cases, particularly in the case of PE, admission seems
advisable despite the lack of clinical evidence.

Doppler Ultrasound and Management of Late Fetal Growth
Restriction

Given its relatively high frequency, late FGR is estimated to be responsible for over
50% of cases of IUD and misdiagnosed in most of them. Differently from early
FGR, for which an evidence-based protocol for diagnosis, monitoring, and timing
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of delivery exists, there is no prospective nor randomized trial which has led to an
evidence-based approach for the management of late FGR.

The Prospective Observational Trial to Optimize Pediatric Health in Intrauterine
Growth Restriction (PORTO) study demonstrated that EFW <3rd centile for gesta-
tion is associated with adverse perinatal outcomes regardless of UA, MCA, and
other Doppler parameters, thus showing that EFW <3rd centile represents an indica-
tor of severity of the restriction of the fetal growth [139].

The CPR was first described for the monitoring of FGR fetuses [61] and is cur-
rently considered an early sign of placental chronic hypoxia, hence among the dis-
criminators between constitutionally small fetuses and growth-restricted ones [16,
57-59]. However, its actual clinical significance is yet to be determined as it has not
been clarified whether abnormally reduced CPR represents an adaptive mechanism
or an indicator of ongoing functional compromise [148, 149]. Available data sug-
gest that late FGR fetuses with low CPR are at increased risk of IUD and of obstet-
rics intervention due to intrapartum distress and neonatal morbidity regardless of
birthweight [42, 150] and also of adverse neurodevelopmental outcomes [54].
Therefore, even though the CPR is currently widely used for the monitoring of FGR
fetuses beyond 32 weeks, it is uncertain whether delivery based on reduced CPR is
beneficial [148].

As regards maternal Doppler, abnormalities of the UtA PI in the third trimester
have been associated with SGA and with an increased risk of adverse perinatal out-
comes including stillbirth, obstetric intervention due to fetal distress, and neonatal
acidemia [58]. Computerized CTG also represents a primary tool for the monitoring
of late FGR fetuses; however, it has not been clarified which STV cutoff should be
considered indicative of fetal acidemia and lead to the decision to expedite delivery
before term.

In conclusion, albeit in the absence of grade A evidence and guidelines, available
data suggest that an EFW <3rd centile and abnormalities of the CPR and of the UtA
PI are to be considered risk factors for severity of adverse perinatal outcomes and
perinatal death in late FGR [58]. Therefore, in the presence of such abnormal find-
ings, we suggest close Doppler and cCTG monitoring — i.e., twice weekly between
32 and 37 weeks — and delivery at 37 weeks.

A randomized study is needed in order to overcome such uncertainty as regards
the optimal monitoring strategy and timing of delivery of late FGR. In these fetuses,
the risk of IUD or perinatal death is low. On the other hand, late preterm and early-
term delivery are risk factors for mild but relevant neonatal complications which
may impact on short-term and potentially also on long-term outcome and neurode-
velopment [151, 152]. Therefore, we believe that the implementation of a protocol
for the antenatal management of late FGR to be tested within a randomized trial will
need a joint risk-benefit assessment by obstetricians and neonatologists. The ongo-
ing trial by the TRUFFLE group and the planned TRUFFLE 2 randomized con-
trolled study are likely to provide further insights into the actual role of the cerebral
Doppler — on its own or paired with UA within the CPR — in the management of
late-onset FGR and particularly to clarify whether anticipating delivery based on
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abnormal CPR is beneficial for the short- and long-term health of the late FGR fetus
(http://www.truffle-study.org/research/).

Conclusion

e UA Doppler is related to fetal acidemia and provides both diagnostic and prog-
nostic information for the management of FGR. The use of UA Doppler in a
high-risk population reduces perinatal morbidity and mortality and is considered
the primary surveillance tool in small fetuses. UA AEDF or REDF is mostly
found in early FGR and has been reported to be present on average 1 week before
acute fetal deterioration.

e Cerebral Doppler is not useful for the diagnosis and the management in early
FGR. A potential role of MCA Doppler for the differential diagnosis between
SGA and late FGR has been demonstrated; nevertheless MCA Doppler testing of
suspected late FGR fetuses has not been evaluated in randomized trials, and to
date no specific intervention has been shown to improve outcomes based on
abnormal findings.

e The CPR has shown a good correlation with adverse outcome in FGR but also in
apparently normally grown fetuses close to term and has been suggested for the
differential diagnosis between SGA and FGR fetuses with normal UA Doppler.

e DV flow waveforms become abnormal only in advanced stages of fetal compro-
mise, and the DV PI is inversely related to cord pH at birth. Evidence from the
TRUFFLE has shown the crucial role of DV Doppler for the management of
preterm growth-restricted fetuses before 32 weeks of gestation. There is no avail-
able data on DV Doppler in late FGR fetuses.

e The “heart-sparing effect” is the result of intrinsic mechanisms responsible for
the autoregulation of the coronary flow which are activated in cases of chronic
hypoxia — such as FGR — and leads to an increased blood supply to the fetal
heart. No role of the “heart-sparing effect” for the diagnosis or the management
of early or late FGR has been demonstrated to date.

* Doppler of the aortic isthmus, myocardial performance index, and E/A ratio rep-
resent Doppler cardiac parameters which have been studied in the context of
FGR. There is no evidence-based role for any of them for the management or the
diagnosis of early or late FGR.

e Abnormal UtA Doppler best identifies the severe early-onset complications of
impaired placentation, particularly when performed in the second trimester and
particularly for early FGR. There is also evidence that a high impedance to flow
in the uterine arteries during the third trimester is associated with an increased
risk of adverse perinatal events regardless of fetal size in pregnancies with nor-
mal umbilical artery Doppler, thus supporting the concept that raised UtA PI in
the third trimester may help in discriminating between SGA and late FGR.

e There is no evidence-based role for Doppler assessment of the maternal cardiac
function for the diagnosis or the management of FGR.
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e According to the randomized evidence from the TRUFFLE study, beyond

32 weeks, the timing of delivery should be decided either based on late DV
changes or safety net criteria, which include STV <2.6 ms below 29 weeks and
<3.0 ms between 29 and 32 weeks, spontaneous decelerations at CTG, UA REDF
between 30 and 32 weeks, UA AEDF between 32 and 34 weeks, or UA PI >95th
centile beyond 34 weeks. Umbilical artery Doppler per se is not informative as
to when delivery should be undertaken unless the gestation is above 30 weeks.
Albeit in the absence of grade A evidence and guidelines for late FGR, avail-
able data suggest that an EFW <3rd centile and abnormalities of the CPR and
of the UtA PI are to be considered independent indicators of severity of adverse
perinatal outcomes and perinatal death in late FGR. These parameters should
be taken into account when considering the option of delivery in late FGR.
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Introduction

Fetal growth restriction (FGR) is a complication in which the fetal weight is below
the 10th percentile. It affects 5—10% of pregnancies [1] and is the second leading
cause of perinatal mortality, responsible for approximately 30% of stillbirths and for
increasing the frequency of premature births and intrapartum asphyxia. It is also
associated with neonatal complications, including meconium aspiration, metabolic
and blood disorders, cognitive dysfunction, and cerebral palsy [2]. Hypoxia/
acidemia is estimated to be present in 30% of fetuses with growth restriction at birth
[3]. Unfortunately, no effective therapy is currently available to reverse or at least
interrupt the progressive course of placental insufficiency. Follow-up comprises
optimizing care and appropriately timing childbirth and balancing the risks inherent
in prematurity and those arising from acidemia with intrauterine permanence. While
obstetric expectant management is adopted, fetal well-being is monitored through
examinations such as ultrasound, antepartum cardiotocography, Doppler
velocimetry, and fetal biophysical profile [4].

Within this context, the use of omega-3 (»-3), vitamin D, sildenafil, statins, and
nitric oxide has emerged as treatment options, in addition to bed rest and gene
therapies, because of their ability to promote fetal development and growth.

L. M. M. Nardozza (0<) - A. C. R. Caetano - A. C. P. Zamarian
Discipline of Fetal Medicine, Department of Obstetrics, Paulista School of Medicine,
Federal University of Sao Paulo (EPM-UNIFESP), Sao Paulo, SP, Brazil

© Springer Nature Switzerland AG 2019 171
L. M. M. Nardozza et al. (eds.), Fetal Growth Restriction,
https://doi.org/10.1007/978-3-030-00051-6_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00051-6_11&domain=pdf

172 L. M. M. Nardozza et al.

Omega-3

Omega-3 (w-3) fatty acids (FAs) are polyunsaturated carboxylic acids with the first
double bond at the third carbon atom. FAs are carboxylic acids (-COOH) containing
an aliphatic chain, and they are produced by the breakdown of fat molecules.
Therefore, FAs are organic compounds (their molecules contain carbon and hydro-
gen) and are classified as monounsaturated, polyunsaturated, and saturated FAs [5,
6]. Saturated FAs are compounds in which the carbon atoms are linked by single
bonds; these are mainly found in animal products in the solid form. Unsaturated FAs
contain carbons linked by one or more double bonds; these mainly exist in vegetables
in the liquid form. Such FAs can be either monounsaturated (with one carbon—carbon
double bond) or polyunsaturated. Omega () is a classification of unsaturated FAs
according to the position number of the carbon linked by the first double bond (3, 6,
or 9), counting from the methyl radical (Fig. 11.1). Thus, we have the following ®
FAs: (1) -3, alpha-linolenic acid, eicosapentaenoic acid (EPA), and docosahexae-
noic acid (DHA); (2) »-6, linoleic acid and arachidonic acid; and (3) -9, oleic acid.

Some FAs are termed “essential” because they cannot be synthesized by the
body and must be obtained through the diet (w-6/w-3 = 5:1). Western diets and diets
consumed in industrialized countries are rich in w-6 polyunsaturated FAs (PUFAs)
because of the consumption of vegetable oils and saturated fats and low in ®-3
PUFAs because of the low consumption of fish. Western diets have a ®-6/w-3 ratio
of approximately 10-20:1. Omega-3 (»-3) and ®-6 FAs compete with each other for
the A-6-desaturase enzyme, which is a common key enzyme for both metabolic
pathways. Thus, each type of FA can interfere with the metabolism of the other and
create nutritional implications. Omega-3 (w-3) and w-6 FAs are also precursors for
eicosanoids, which are mediators of the lipid origin that modulate inflammatory and
immune responses (Fig. 11.2).

These FAs influence cytokine production and the corresponding tissue response.
In general, w-3 FAs reduce systemic inflammatory response and -6 FAs increase it.

H2 H2 H2 H H2 H2 H2 H2 0
HSC\C/C\C/C\C/C\ C/C\\C/C\C/C\C/C\C/C\Ci/
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Fig. 11.1 Graphical representation of fatty acid nomenclature
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Fig. 11.2 Graphical representation of eicosanoid synthesis

Eicosanoids that result from the metabolism of w-6 FAs are of the even-numbered
series, 2-series prostaglandins, 4-series leukotrienes, and thromboxanes A2, and are
important biochemical mediators involved in infection, inflammation, and tissue
injury (TPGE2). Eicosanoids of the odd-numbered series that result from the metab-
olism of -3 FAs, such as 3-series prostaglandins, 5-series leukotrienes, and throm-
boxanes A3, have a smaller inflammatory effect and a greater effect on the defense
mechanism of the immune system (JPGE2). Several benefits of ®-3 FAs have been
described, including reducing triglyceride and LDL cholesterol levels, increasing
HDL levels, playing an important role in allergies and inflammatory processes,
increasing immune system protection, decreasing blood pressure and coronary artery
diseases, rejuvenating skin, and improving depression and cognitive skills. Their use
in obstetrics is controversial. Preterm labor prevention and intellectual development
promotion have been reported [7-9]. Other researchers have reported that -3 sup-
plementation does not influence the gestation period or fetal weight and have no
effect on fetuses with growth restriction [10, 11]. Further studies must be conducted
to demonstrate the real influence of m-3 FAs on fetal growth and development.

Vitamin D

Vitamin D (Fig. 11.3), which promotes fetal development and growth, is an emerg-
ing treatment option for FGR. Vitamin D is a steroid that is involved in intestinal
calcium absorption and calcium homeostasis regulation and is essential for the
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Fig. 11.3 Chemical
structure of vitamin D

formation and maintenance of strong and healthy bones. Vitamin D deficiency can
be caused by inadequate sun exposure, ineffective food intake, decreased absorp-
tion, abnormal metabolism, or resistance to vitamin D. Recently, several chronic
diseases, such as cancer, hypertension, and osteoporosis, and several autoimmune
diseases have been associated with vitamin D deficiency.

Humans have two sources of vitamin D: an exogenous source, provided by diet,
in the forms of vitamin D, and D; and an endogenous source, in which cholecalciferol
(Ds), which is the main source of vitamin D, is synthesized in the skin when
ultraviolet B (UVB) radiation causes the photolysis of 7-dehydrocholesterol and its
conversion to vitamin Ds. Exposure to sunlight or UVB radiation up to 18 TU/cm? in
3 h is sufficient. This process has two stages. The first stage occurs in the dermis and
comprises the photoconversion of 7-dehydrocholesterol to previtamin Ds or pre-
cholecalciferol (Fig. 11.4). The second stage comprises a chemical isomerization
that occurs depending on the body temperature, in which previtamin D slowly and
progressively gets converted to vitamin D;, which has a high affinity for vitamin
D-binding protein (DBP), while previtamin D, which has a lower affinity, remains
in the skin. When it reaches the skin capillary bed, vitamin D is bound to DBP and
gets transported to the liver, where its metabolic transformation begins [12].

The two types of vitamin D undergo complex processing to become metaboli-
cally active. Initially, the prohormone undergoes 25th-carbon hydroxylation in the
liver via the action of 25-vitamin D 1-hydroxylase (1-OHase), which is a part of an
enzymatic system dependent on cytochrome P-450 (CYP27B), present in the liver
microsomes and mitochondria. This reaction generates 25-hydroxyvitamin D
[25(OH)D], which is the most abundant circulating form of vitamin D, with an
average blood concentration of 20-50 ng/ml (50-125 nmol/L) and a half-life of
approximately 3—4 weeks. Its pool in the bloodstream is estimated to be in dynamic
equilibrium with the reserves of 25(OH)D (muscles and adipose tissue). This makes
the blood concentration a reliable measurement of vitamin D in the body. Under
normal conditions, the percentage of conversion to 25(OH)D is low, with an almost
50% distribution in the fat and muscle compartments. If vitamin D ingestion is
excessive, then most of it gets fixed in fat tissues [12]. Because of its low biological
activity, 25(OH)D is transported to the kidneys, where it undergoes a second
hydroxylation, resulting in the active forms calcitriol (1,25-dihydroxyvitamin D
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Fig. 11.4 Vitamin D synthesis, metabolism, and action regulating calcium and phosphorus levels
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[1,25(0H),D]) and calcitroic acid (24,25-dihydroxyvitamin D [24,25(OH),D]) via
the action of 1-OHase enzymes and vitamin D-24-hydroxylase (24-OHase) present
in the mitochondria of cells of the proximal convoluted tubule. DBP and 25(OH)D
are filtered by the glomerulus and absorbed in the proximal tubule by low-density
lipoprotein receptors, which control the capture of the 25(OH)D-DBP complex
within the cells of the tube and the subsequent hydroxylation of 1,25(OH),D.
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Several factors regulate 1,25(OH)2D levels, such as 1-OHase, the hydroxylation
of which is activated by parathyroid hormone (PTH), and calcitonin, which is
inhibited by the plasma levels of calcium, phosphorus, and 1,25(OH),D itself,
whose half-life is 15 days. The blood concentration of phosphorus directly acts,
without PTH intervention, and hypophosphatemia increases the production of
1,25(0H),D [12] (Fig. 11.4).

Recent studies have emphasized on the importance of the nontraditional roles of
vitamin D in pregnancy and in the placenta and have reported an association of
vitamin D deficiency in pregnancy with preeclampsia, insulin resistance, gestational
diabetes, bacterial vaginosis, increased prematurity, and placental abruption, as well
as FGR. Currently, nutrition in early life and other exogenous factors have been
recognized to play a key role in the pathogenesis of and predisposition to diseases,
which seem to go on to subsequent generations. Epigenetic changes establish a
connection with the nutritional status during the critical periods of development and
cause changes in gene expression that can lead to the development of disease
phenotypes. However, whether vitamin D influences fetal growth, particularly in
cases of growth restriction, remains unclear. Further, maternal vitamin D deficiency
has been linked to numerous adverse health outcomes, but its association with FGR
remains unclear. Population-based studies have confirmed that vitamin D deficiency
is considered a public health problem worldwide, particularly in the developing
countries, which affects all age groups and has more concerning effects on pregnant
women.

In 2010, Bodnar et al. [13] tried to elucidate the association of maternal serum
concentrations of 25-hydroxyvitamin D [25(OH)D] in early pregnancy with the risk
of small-for-gestational-age (SGA) size and to explore the association between
single-nucleotide maternal polymorphisms in the vitamin D receptor gene. Serum
25(0OH)D was related to the risk of SGA among white mothers but not among black
mothers. The findings suggest that vitamin D has a complex relationship with fetal
growth that can vary according to ethnicity. In 2011, Robinson et al. [14] conducted
a study aimed at identifying the association of vitamin D levels with the occurrence
of SGA in patients with severe and early-onset preeclampsia. They found that
vitamin D deficiency was associated with an increased risk of preeclampsia and its
diagnosis in the severe and early clinical manifestations. Vitamin D levels were
lower among patients with SGA and those with a diagnosis of severe, early-onset
preeclampsia than among those without growth restriction. Thus, the authors
suspected that vitamin D impacts fetal growth via placental mechanisms [14]. In
2013, Gernand et al. [15] confirmed the association of maternal vitamin D deficiency
with FGR, but the mechanisms involved were unclear. They tested the hypothesis
that maternal 25(OH)D was associated with an increased risk of placental
insufficiency. The result was that the relationship between 25(OH)D and vascular
damage was modified by the child’s sex. No association was observed between
maternal 25(OH)D and vascular disorder in mothers with female fetuses. Therefore,
the findings suggested complex relationships among vitamin D, placental vascular
damage, and birth weight, which differed according to the child’s sex. Maternal
vitamin D status may be beneficial for male and female descendants through
different mechanisms. In 2014, Gernand et al. [16] examined the association of
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maternal serum concentrations of 25(OH)D with the risk of SGA newborns. The
mean 25(OH)D concentration was lower in women with SGA newborns than in
those with newborns with an adequate weight. Maternal obesity and ethnicity
influenced this relationship. Maternal vitamin D status in the second trimester is
associated with the risk of SGA in all women and in the subgroups of white and
nonobese women.

In 2015, Khalessi et al. [17] found that maternal hypovitaminosis D harms fetal
growth and causes adverse results in pregnancy, including FGR and low birth
weight. The mean maternal vitamin D level was lower for newborns with low birth
weight than for those with an adequate birth weight. All mothers of newborns with
a head circumference of <33 cm also had vitamin D deficiency. In 2016, Miliku
et al. [18] examined maternal vitamin D concentrations during pregnancy, fetal
growth patterns, and the risk of adverse outcomes at birth and reported an association
of low maternal 25(OH)D concentrations with FGR and with an increased risk of
preterm birth and SGA size at birth. Further studies are needed to investigate the
causality of these associations and the potential for public health interventions. In
2017, Wookey et al. [19] investigated whether DBP expression is altered in placental
dysfunction associated with FGR. Their results showed significantly reduced
placental DBP levels, which were strongly associated with idiopathic FGR. Thus,
DBP may be a factor in unexplained placental dysfunction associated with idiopathic
FGR and can potentially serve as a biomarker for this disease [19].

Sildenafil

Recently, one of the most widely studied treatments has been sildenafil, which is a
phosphodiesterase type 5 inhibitor; it blocks the enzyme phosphodiesterase,
preventing the degradation of cyclic guanosine monophosphate (cGMP) and
potentializing the action of nitric oxide [20]. Maternal spiral arteries that have not
undergone complete remodeling in the beginning of pregnancy present muscle
layers that are still responsive to nitric oxide and can go through vasodilation,
leading to an increased blood flow [21].

In November 2017, a meta-analysis by Paauw et al. [22] evaluated 24 studies on
sildenafil and FGR published before November 2016. Of these, 22 were conducted
using animal models, such as mice, rats, rabbits, sheep, and pigs, and the two studies
with humans were randomized clinical trials. The meta-analysis found a significant
increase in the fetal weight gain in the group that presented FGR and preeclampsia
but not in the pregnancies without any complication. The maximum weight gain
was approximately 10% [22]. Furthermore, it showed that differences between the
studies, such as different medication dosages and administration methods, did not
significantly influence the treatment effectiveness. However, a trend for a better
effect was observed when the drug was orally and continuously administered and
administered throughout the pregnancy [22]. Finally, the authors warned that few
studies have evaluated the safety of using sildenafil during pregnancy because this
medication crosses the placental barrier and may cause embryotoxicity at high
doses. Further, adverse maternal effects such as intense headaches can occur.
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A study including five placebo-controlled randomized multicenter clinical trials
on the use of sildenafil and the prognosis for early-onset FGR (STRIDER) is in
progress [23], encompassing Australia and New Zealand, the Netherlands, the
United Kingdom, Ireland, and Canada. Pregnant women between 18 and 30 weeks
with a diagnosis of early-onset, severe FGR are included. Each patient receives a
25 mg dose of sildenafil or a matching placebo thrice a day until 32 weeks of preg-
nancy. Although each center presents an autonomous clinical trial with a few differ-
ences expected between results, it is believed that the multicenter character of
STRIDER may help elucidate the role of sildenafil on fetal growth and its safety and
efficacy for use in clinical practice.

Nitric Oxide

Nitric oxide has been considered an important bioregulatory molecule acting on
vascular tone [24]. It causes vasodilation, relaxes smooth muscle, and inhibits
platelet aggregation and leukocyte adhesion. In pregnancies without any disease,
uterine arteries increase the endothelial nitric oxide synthase activity and its protein
expression, thereby improving uterine perfusion. This enzyme is also expressed in
the placenta and the umbilical artery endothelium, where nitric oxide production
contributes to a low resistance in fetal-placental circulation [24].

The exogenous administration of nitric oxide can present an important role in
pregnancies with preeclampsia or FGR by increasing uteroplacental perfusion [25].
A randomized clinical trial, published in 2017, used nitroglycerin patches and
placebo in pregnant women with FGR. The patches released 10 mg every 24 h and
were used for 3 consecutive days. The result was decreased uterine and umbilical
arteries resistance and pulsatility. Another study from the same year compared nitric
oxide plus maternal plasma expansion with placebo in pregnant women with
FGR. Glyceryl trinitrate transdermal patches releasing 5 mg every 24 h were used
only 12 h a day to prevent tolerance. Fluid intake was increased to 2.5 1 of water per
day. After 2 weeks, a decrease in the systemic vascular resistance and an increase in
the cardiac output were noticed in the group receiving the treatment. At birth,
newborns from the medication group were at a greater weight percentile [26].

New technologies are being tested, such as using a vasodilator (SE175) that also
releases nitric oxide combined with a peptide that would act only on the uterine and
placental region, thereby minimizing tolerance and side effects. The group
responsible for this research already has promising results in animals, with increased
weight percentiles and decreased vascular resistance, showing that this may be a
part of clinical practice in the coming years [27].

Bed Rest

Bed rest at the hospital or at home is widely prescribed for several obstetric compli-
cations, including preterm labor, hemorrhagic syndromes, multiple gestation, preg-
nancy hypertension, and FGR [28]. It is estimated that 700,000 patients are
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prescribed bed rest every year in the United States [29]. Patients with FGR are
routinely advised to rest in an attempt to improve uteroplacental perfusion. Bed rest
supposedly decreases the peripheral blood flow and inferior vena cava compression
and improves the venous return and cardiac output, thereby increasing the
uteroplacental circulation [30]. Furthermore, several patients are hospitalized for a
stricter control of fetal well-being [28]. However, prolonged bed rest can be harmful
to patients and may be associated with an increased risk of thromboembolism [31],
muscle atrophy, constipation, and stress, as well as higher costs for the health system
[30, 32].

A 2004 study with 104 high-risk patients in bed rest at a hospital showed mater-
nal weekly weight gain to be less than the recommended gain and fetal weight at
birth to be lower than the average weight (compared with newborns of the same
gestational age, ethnicity, and sex). The study suggested that maternal weight loss
associated with bed rest is related to a lower birth weight and an increased risk of
FGR [29]. A Cochrane systematic review was conducted to evaluate the effects of
bed rest in the hospital on patients with FGR. Only one study, with 107 patients,
comparing hospital bed rest with outpatient management (with medical leave from
work) was included in the review [33]. No statistically significant differences were
observed in weight, gestational age at birth, and neonatal prognosis. The review
concluded that there is not enough evidence for prescribing bed rest in the hospital
for patients with FGR but pointed out that studies are too scarce to exclude any
benefit with a reasonable degree of certainty. Although widely practiced, hospital-
ization for bed rest in FGR has no benefits proven by scientific evidence and is
inconvenient to patients and their families, in addition to the increasing costs [28].

Maternal Gene Therapy with Vascular Endothelial Growth
Factor (VEGF)

Inadequate trophoblast invasion results in an incomplete spiral artery remodeling
and high-resistance, low-flow circulation [34, 35]. This mechanism leads to reduced
placental perfusion, oxidative stress, and an imbalance between the angiogenic
factors, such as VEGF and placental growth factor, and the anti-angiogenic factors,
such as soluble fms-like tyrosine kinase-1 (sF1T-1) and soluble endoglin [36, 37]. A
possible approach for the treatment of FGR would be increasing the VEGF levels in
the uterine arteries, leading to vasodilation and an increase in angiogenesis. This
can be accomplished by injecting the uterine arteries with adenovirus vectors coding
for VEGF through interventional radiology, leading to a short-term increase in
VEGF expression [21].

A study in normal sheep pregnancies, published in 2008, showed an increased
flow in the uterine arteries due to decreased vasoconstriction. This effect was noticed
4-7 days after injecting the vector, and the increased flow was sustained for up to
6 weeks (until the end of sheep pregnancies) probably because of neovascularization
and the modification of vascular reactivity [38, 39]. In 2014, a study in sheep
afflicted by FGR and treated using gene therapy with VEGF showed an increase in
the growth rate and a decrease in the brain-sparing effect (assessed using the BPD/
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AC or brain weight/liver weight ratio) in comparison with the group treated with
placebo [40]. A 2016 study on Guinea pigs with induced FGR (the placental
physiology of Guinea pigs is more similar to the human one than that of other
animals) concluded that the treatment led to an increase in the growth rate and fewer
fetuses were affected by severe FGR at birth [41]. Animal model studies have not
shown evidence that the vector crosses the placental barrier or that VEGF is
expressed in fetal tissues [38].

A multicenter clinical trial termed “Does vascular endothelial growth factor gene
therapy safely improve outcome in severe early-onset fetal growth restriction?”
(EVERREST) is being conducted since 2013 aiming to evaluate the safety and effec-
tiveness of maternal gene therapy with VEGF in severe early-onset FGR [42]. At the
moment, the group is conducting a prospective observational study in pregnancies
with severe early-onset FGR to define the inclusion criteria, probably pregnant women
with severe early-onset FGR with greater risks of fetal and neonatal death [43].

Although the method is invasive, no ethical or legal objections to the use of this
therapy in clinical studies in pregnant women were found because the disease still
lacks effective treatment and gene therapy with VEGF has the potential to cause
vasodilation in maternal uteroplacental circulation [44].

Nanotechnology and Treatment Strategies Targeted at
Uteroplacental Circulation

Numerous studies have focused on treatment strategies that may locally act on
uteroplacental circulation or on trophoblastic tissue to improve placental function
and increase uterine circulation [21].

Peptide sequences that selectively bind to the placenta and, therefore, do not inter-
fere with the normal development can be used to carry proteins such as insulin-like
growth factor type 2 specifically to the placental tissue. Insulin-like growth factors
stimulate cell proliferation in the placenta and promote a greater placental supply of
glucose and amino acids [45, 46]. Studies in mice have shown an increase in the
placental and fetal weights [47]. Another treatment currently under study uses
microRNA inhibitors, particularly miR145-3 and miR675, that have been identified
as placental growth inhibitors. In rats, an increase in the placental and fetal weights
was found when compared with controls. Tests with human trophoblastic tissue have
also been conducted in the first trimester, decreasing miR 145 expression and increas-
ing cytotrophoblast proliferation [48]. Although these new treatment strategies seem
promising, all of them require further studies to prove their safety and effectiveness.

Statins

Statins inhibit 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA
reductase), which is known for its cardioprotective effect by acting on lipids.
However, statins also have anti-inflammatory and antioxidant effects, making
them potentially beneficial for inadequate placentation [49]. Statins were
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classified into Food and Drug Administration (FDA) pregnancy category X in the
1980s. This happened mostly because, at that moment, there were no benefits
justifying their use in pregnancy [50]. However, records of exposure to pravastatin
in the United States (20 cases) and Canada (288 cases) show no association with
fetal malformations [51, 52]. In addition, a prospective observational study con-
ducted in Canada with 64 patients found no greater incidence of fetal malforma-
tions resulting from the exposure to pravastatin in the first trimester [53]. If studies
with pravastatin show benefits during pregnancy, then this classification will prob-
ably be reviewed [54].

A study, published in 2013, on rats with reduced uteroplacental perfusion showed
that rats treated with pravastatin improved maternal hypertension, decreased sFlt-1,
and increased VEGF and fetal weight compared with controls [55]. In a study on 21
patients with antiphospholipid antibody syndrome treated with aspirin and low-
molecular-weight heparin, 11 of these patients were also treated with pravastatin
after developing preeclampsia or FGR. The results revealed an increase in the
gestational age at delivery and an apparent improvement in the perinatal prognosis
in patients who received pravastatin [56].

In England, a randomized double-blind clinical trial is being conducted in
patients with early-onset preeclampsia between 24 weeks and 31 weeks and 6 days.
The study will measure sFlt-1 levels 48 h after randomization and evaluate neonatal
morbidity and mortality [49]. Another randomized double-blind clinical trial is
being conducted in the United States with pregnant women between 12 weeks and
16 weeks and 6 days with a history of preeclampsia in prior pregnancies to evaluate
the safety and pharmacokinetics of pravastatin in preeclampsia and FGR [57].

Conclusion

Since FGR is diagnosed, there are no proven effective therapies to reverse or at least
interrupt the progressive course of placental insufficiency. Fetal surveillance and
decision time to delivery are still the main strategies in the management of these
fetuses. Some recommendations, like bed rest, despite widely prescribed, are not
established to be benefic. Several studies with potential new possibilities of therapies
are done, but we have to wait for the results before implementing these treatments
in clinical practice.
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Introduction

The biggest challenges in the management of fetal growth restriction (FGR) are the
precise diagnosis of fetuses at risk of adverse perinatal outcomes, prevention of fetal
death, and timing of delivery [1]. Because there is no effective treatment to reverse
or stop the progression of placental insufficiency yet, fetal vitality assessment and
the decision regarding timing of delivery are the main strategies in the management
of these fetuses [2]. However, despite numerous studies, the literature lacks a con-
sensus on how to monitor and when and how to delivery in FGR (expectant manage-
ment, labor induction, or elective cesarean section) [1].

A clinical trial titled The Growth Restriction Intervention Trial randomly divided
pregnant women with FGR between 24 and 36 weeks into two groups: immediate
delivery (n = 296) and expectant management (n = 292); the patients were assigned
when obstetricians were in doubt about when to recommend delivery. Of these
patients, 40% had absent or reversed end-diastolic flow in the umbilical artery
Doppler. The number of fetal deaths was lower in the immediate delivery group than
in the expectant management group (two versus nine). There was no statistically
significant difference in the combined rates of neonatal death and severe disability
at the age of 2 years between the immediate delivery group and the expectant man-
agement group [19% versus 16%, odds ratio (OR) 1.1, confidence interval (CI) 95%
(0.7-1.8)]; however, the percentage of pregnancies under 31 weeks was 13% in the
immediate delivery group and 5% in the expectant management group [2]. The
follow-up of children aged 6—13 years showed no difference between the groups in
terms of cognition, language, and motor and behavioral development [3]. These

A. C. R. Caetano (0<) - L. M. M. Nardozza
Discipline of Fetal Medicine, Department of Obstetrics, Paulista School of Medicine,
Federal University of Sao Paulo (EPM-UNIFESP), Sao Paulo, SP, Brazil

© Springer Nature Switzerland AG 2019 185
L. M. M. Nardozza et al. (eds.), Fetal Growth Restriction,
https://doi.org/10.1007/978-3-030-00051-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00051-6_12&domain=pdf

186 A.C.R.Caetano and L. M. M. Nardozza

data suggest that expectant management of very premature growth-restricted
fetuses, when there is doubt about the timing of delivery, results in more fetal deaths,
but immediate delivery resulted in a greater number of neonatal deaths and that
neither of the two produced a better neurological prognosis [3, 4].

The study “TRUFFLE—Trial of Randomized Umbilical and Fetal Flow in
Europe” assessed neurological development in infants aged 2 years with early FGR
born before 32 weeks of pregnancy. The patients were divided into three groups of
recommended timing of delivery according to different strategies of assessing fetal
vitality, such as reduction in the computerized cardiotocography short-term varia-
tion, early changes in the ductus venosus (DV) Doppler (pulsatility index
above 95th percentile), and late changes in the DV Doppler (absent A-wave). Most
of the infants had their deliveries recommended for reasons other than those in the
protocol for each group (maternal or other fetal conditions). Only 32% of the
patients had their delivery recommended based on study criteria. The groups based
on DV Doppler used cardiotocography as a safety criterion, whereas the reverse
did not apply, i.e., DV Doppler was not a safety criterion for the cardiotocography
group. Survival without impairment at the age of 2 years in the group based on the
reduction in cardiotocography short-term variation was worse (77%) than that in
the two groups that used DV Doppler (83%), without any statistically significant
difference. However, on analyzing the surviving infants, the groups that used DV
Doppler showed half the prevalence of neurological impairment in comparison to
the cardiotocography group (7% versus 15%, p = 0.049). The hypothesis was that
the slightly worse prognosis in the cardiotocography group is explained by the
absence of information on the DV Doppler. Therefore, they concluded that, in
order to optimize the decision on the timing of delivery in early FGR, fetuses
should be monitored longitudinally with the DV Doppler and computerized car-
diotocography [5].

A 2010 clinical trial with women with suspected FGR between 36 and 41 weeks
showed no increased neonatal morbidity or incidence of cesarean section or opera-
tive vaginal delivery, when comparing groups of labor induction and expectant man-
agement. The authors concluded that expectant management could be conducted
with strict control of fetal vitality, but it would be wise to induce labor at term in
order to prevent neonatal morbidity and fetal death [6]. A 2017 study by Pilliod
et al. concluded that at 38 weeks and later, the risk of fetal death in expectant man-
agement for another week exceeded the risk of immediate delivery, regardless of
whether the estimated fetal weight was below the 10th, 5th, or 3rd percentile.
However, the lower the percentile, the higher the risk [7]. A retrospective study
published in 2018 assessed 2232 patients with FGR (characterized in the study as
estimated fetal weight below the 10th percentile) and compared labor induction
with expectant management between 34 and 38 + 6 weeks. The authors concluded
that labor induction at 37 weeks decreases the prevalence of fetal death and, addi-
tionally, in late preterm, it is associated with lower rates of neonatal death and non-
reassuring cardiotocography pattern [8].

Although many studies have been conducted, there is a lack of consistent evi-
dence to safely recommend the timing of delivery in FGR. The aim of a FGR
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clinical management protocol is to combine the existing evidence on the various
methods of evaluation of fetal vitality (cardiotocography, fetal biophysical profile,
and Doppler), in order to achieve the best growth and lung maturity and thus mini-
mize the risks of fetal and neonatal morbidity and mortality. This decision is often
based on gestational age, etiology of growth restriction, and degree of fetal vitality
impairment, in addition to the experience and technological resources available to
assess the fetus and treat the neonate, who preferably should be delivered in a ter-
tiary hospital. One type of management considered ideal by many authors and used
in our service is longitudinal monitoring of fetal vitality, starting between 24 and
26 weeks (depending on the viability gestational age used by the service), with
ultrasound, biophysical, and Doppler velocimetry methods. Combining multiple
tests in the evaluation of fetal vitality improves the prediction of acidemia and fetal
death in comparison to isolated tests [9]. The intervals for this evaluation depend on
gestational age and signs of placental insufficiency.

In the management of these fetuses, the first important step is trying to distin-
guish actual FGR, associated with placental insufficiency and worse perinatal prog-
nosis, from fetuses of small constitution, with practically normal perinatal prognosis
[10]. Early and late FGRs are distinguishable when considered in groups. Early
FGR usually starts with an abnormal umbilical artery Doppler, progressing to brain-
sparing, abnormal venous Doppler, abnormal computerized cardiotocography, and
finally abnormal fetal biophysical profile [9]. The primary change in late FGR is
observed in the middle cerebral artery Doppler or the umbilical artery Doppler,
without significant changes in the venous Doppler. Changes in the cerebroplacental
ratio (CPR) might be the only existing sign of hypoxemia. Furthermore, fetal death
is faster and more unexpected in late FGR; thus, fetal vitality control must be inten-
sified from 34 weeks onward [9].

Despite pathophysiological differences in placental insufficiency, when dealing
with individual fetuses, clinical features can overlap, especially at borderline gesta-
tional age. Therefore, the same management protocol can be used to monitor and
decide the timing of delivery in both groups [10]. Grouping patients according to
the stage of evolution, with similar monitoring, timing of delivery, and fetal risks is
a type of management described in the literature [10]. Based on evidence available
in the literature and the features of our service and of the population of patients and
obstetricians in the Department of Obstetrics, Paulista School of Medicine — Federal
University of Sdo Paulo (EPM-UNIFESP), Brazil, we follow a management proto-
col based on the stages of evolution of FGR [11]. The protocol is summarized in
Table 12.1.

Small for Gestational Age Fetuses

In fetuses with estimated weight between the 3rd and 10th percentiles, without
changes in the Doppler, fetal vitality (Doppler and fetal biophysical profile) and
fetal growth can be assessed every 2 weeks [10]. If the patient does not go into labor
spontaneously, it can be induced at 40 weeks. Prostaglandins can be carefully used
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Table 12.1 Management of fetal growth restriction according to the stages of evolution proposed
in the Department of Obstetrics, Paulista School of Medicine — Federal University of Sdo Paulo

Stage  Description Viability monitoring Birth

SGA  3rd > EFW < 10th Monitor vitality every Birth at 40 weeks

fetus 2 weeks

Stage 1| EFW < 3rd Monitor vitality every Birth at 38 weeks
EFW < Ist 2 weeks until 34w and Birth at 37 weeks

every week after 34w
Stage 2 Abnormalities in UA, MCA, or CPR  Monitor vitality twice a  Birth at 37 weeks

week
Stage 3 Absent-end diastole in UA Hospitalization and daily Birth at 34 weeks
monitoring (elective cesarean)
Stage 4 UA with reversed-end diastole or DV Hospitalization and Delivery when
PI >95th delivery viable
(2628 weeks)
(elective cesarean)
Stage 5 Reversed wave DV/STV in cCTG Hospitalization and Delivery when
<3 ms or FHR decelerations delivery viable

26-28 weeks
(elective cesarean)

SGA small for gestational age, EFW estimated fetal weight, UA umbilical artery, MCA medial
cerebral artery, CPR cerebroplacental ratio, PI pulsatility index, DV ductus venosus, cCTG com-
puterized cardiotocography, STV short-term variation, FHR fetal heart rate

for labor induction, with strict control of intrapartum vitality, owing to the risk of
hyperstimulation in fetuses that could present some degree of placental injury [11].

Stage 1: Fetal Growth Restriction with Normal Doppler (Mild
Placental Insufficiency)

Stage 1 is characterized by an estimated fetal weight below the 3rd percentile, with-
out changes in the Doppler. Fetal growth and vitality (Doppler and fetal biophysical
profile) can be assessed every 2 weeks up to 34 weeks and weekly after that [11].
Delivery can be carefully induced at 38 weeks, avoiding, however, the use of pros-
taglandins [1]. If the estimated weight is below the 1st percentile, delivery is consid-
ered at 37 weeks [10, 11] (Fig. 12.1).

Stage 2: Fetal Growth Restriction with Moderate Placental
Insufficiency (with Changes in the Doppler)

Stage 2 is characterized by the following changes in the Doppler: umbilical artery
pulsatility index (PI) >95th percentile, middle cerebral artery PI “5th percentile, or
CPR <5th percentile. Weekly assessment of fetal vitality (Doppler and fetal bio-
physical profile) is acceptable [10, 12]. In our service, we monitor fetal vitality
twice a week and consider hospitalization of the patient after 34 weeks to optimize
clinical control and check vitality daily [11]. Evidence suggests a low risk of fetal
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Fig.12.1 Stage 1 — Fetal growth restriction (in the figure: abdominal circumference below the 3rd
percentile), with normal Doppler velocimetry (in the figure: normal umbilical artery Doppler
velocimetry)

deterioration before term, but it also shows no benefits in maintaining pregnancy
after reaching term. Delivery induction at 37 weeks is acceptable, avoiding, how-
ever, the use of prostaglandins. There is a higher risk of intrapartum fetal distress
[12]. Resolution by elective cesarean section is acceptable for patients with an unfa-
vorable cervix and changes in the CPR [in our service, we consider it altered when
it is less than 1] [13].

There are FGR management protocols in the literature that include mean uter-
ine artery PI >95th percentile in the category above and recommend the resolution
of delivery at 37 weeks [10]. A few studies showed that small fetuses with changes
in the uterine artery Doppler have twice the risk of developing changes in the
middle cerebral artery Doppler before delivery, which could be useful in planning
fetal surveillance [14, 15]. However, longitudinal studies with serial assessment
of uterine arteries failed to show any worsening of Doppler from diagnosis to
delivery, so its use as a method to evaluate fetal vitality is questionable [15]. At
our service, we use uterine artery Doppler as one of the FGR diagnostic criteria
[according to the Delphi consensus [16]] but not as a management criterion
(Fig. 12.2).

Stage 3: Fetal Growth Restriction with Severe Placental
Insufficiency (Umbilical Artery Doppler with Absent End-Diastolic
Flow)

Stage 3 is defined by the absence of end-diastolic flow in the umbilical artery
Doppler or reversed end-diastolic flow in the aortic isthmus Doppler. Fetal moni-
toring every 2 days is acceptable [5]. To optimize the control of fetal vitality, in
our service, patients are hospitalized after the limit of viability and evaluated on
a daily basis (Doppler, fetal biophysical profile, and computerized cardiotocog-
raphy) [11]. Delivery is recommended at 34 weeks by elective cesarean section,
because the risk of fetal distress in labor induction exceeds 50% [10, 11]
(Fig. 12.3).
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Fig.12.2 Stage 2 -
Umbilical artery Doppler
velocimetry with increased
resistance

Fig. 12.3 Stage 3 — Absence of end-diastolic flow in the umbilical artery, with normal ductus
venosus Doppler

Stage 4: Fetal Growth Restriction with Advanced Fetal
Deterioration (Umbilical Artery Doppler with Reversed End-
Diastolic Flow or Ductus Venosus with Pulsatility Index 95th
Percentile)

Stage 4 is defined by reversed end-diastolic flow in the umbilical artery Doppler or a
DV Doppler with PI *95th percentile. There is a high risk of fetal death and impairment
of neurological development, and the following protocol should be followed: hospital-
ization and daily monitoring of fetal vitality with Doppler, fetal biophysical profile, and
computerized cardiotocography. Some protocols in the literature recommend delivery
from 30 weeks onward [10]; however, in our service, we have adopted delivery by elec-
tive cesarean section, after the neonatal intensive unit care (NIUC) limit of viability
(26 weeks and estimated fetal weight >500 g or 28 weeks regardless of estimated fetal
weight) [11]. In this stage, before 30 weeks, we can use the fetal biophysical profile to
evaluate the possibility of expectant management at least for corticosteroid therapy and
transfer to a tertiary service [9]. A fetal biophysical profile score of less than 6/10 is a
recommendation for birth at the limit of viability due to its high association with acide-
mia [1]; nonetheless, we must emphasize that the fetal biophysical profile before
28 weeks changes on an average of 1 week after the changes in the venous Doppler
[17], a period that could increase neonatal survival by 14% [1] (Fig. 12.4).
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Fig.12.4 Stage 4 -
Umbilical artery Doppler
with reversed end-diastolic
flow

Stage 5: Fetal Growth Restriction with a High Probability of Fetal
Acidosis and a High Risk of Fetal Death (Ductus Venosus Doppler
with Reversed A-Wave, Computerized Cardiotocography 3 ms, or
Fetal Heart Rate Decelerations)

Stage 5 is defined by ductus venosus Doppler with reversed A-wave, computerized
cardiotocography short-term variation “3 ms, or fetal heart rate decelerations. Delivery
is recommended by elective cesarean section at the moment of diagnosis, depending
on the NIUC limit of viability [10, 11] (Fig. 12.5). In earlier gestational ages, parents
should be advised according to the available data of viability without impairment, and
their opinion should be taken into account in the decision on delivery [10]. We must
emphasize that the survival rate described in the literature for newborns between 24
and 26 weeks with FGR is less than 50%, and the risk of severe morbidity is more than
80% [18]. Survival rates surpass 50% when fetuses reach 500 g or 26 weeks [1].

In any of these stages, whenever any change can indicate accelerated progression
of the disease (e.g., the co-occurrence of preeclampsia) or any signs of fetal deterio-
ration arise, the frequency of fetal vitality assessment must be increased until the
gestational age for delivery is reached [1].

Amniotic Fluid Assessment

A systematic review conducted in 2008 with low- and high-risk pregnancies com-
pared the amniotic fluid index with the deepest vertical pocket measurement, con-
sidered normal when greater or equal than 20 mm, as a method of amniotic fluid
assessment. The authors concluded that the deepest vertical pocket measurement is
more beneficial because assessing the amniotic fluid index increases oligohydram-
nios and labor induction rates without improving perinatal prognosis [19]. A meta-
analysis including 18 clinical trials showed that an amniotic fluid index less than
50 mm is associated with a lower 5-min Apgar score and increased intrapartum
fetal distress; however, it showed no association with fetal acidosis or perinatal
death [20]. To date, the inclusion of oligohydramnios in FGR management proto-
cols has found no consensus in the literature, and more studies are needed to vali-
date its use [14].
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Fig.12.5 Stage 5 -
Reversed ductus venosus
Doppler

Corticosteroids and Magnesium Sulfate

Antenatal corticosteroids should be used between 24 and 34 weeks and preferably in the
week prior to the scheduled delivery (maximum 2 cycles) to accelerate fetal lung matu-
rity and reduce the risk of intracranial bleeding [21]. A systematic review of the litera-
ture with a meta-analysis published in 2016 showed the benefits of using corticosteroids
between 34 and 36 6/7 weeks in patients with immediate risk of late preterm birth [22].
It also concluded that, in cesarean sections planned between 37 and 38 + 6 weeks, par-
ents can be advised about the benefits of a single dose of corticosteroids, such as
decreased respiratory distress syndrome [22]. Nevertheless, soon after the use of corti-
costeroids, Doppler indices may show only a transitory improvement. For births before
32 weeks, the use of magnesium sulfate is recommended for neuroprotection [20].
Further studies on the use of corticosteroids and magnesium sulfate in specific groups of
patients, such as those of restricted fetal growth, must be conducted [23].

Conclusion

As there is no effective treatment of FGR, the optimal clinical management is the
main goal in these fetuses. There is no consensus in the literature on how to monitor
and when and how to delivery in FGR. Besides that, a uniform management, based
on protocol, improves perinatal outcome. A stage-based management protocol, as
described in this chapter, can help the clinicians minimizing practice variations.
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Fetal growth restriction (FGR) lacks a widely agreed upon definition in the litera-
ture. The most commonly used definition includes the presence of a fetus that does
not reach its maximum growth potential owing to several pathological insults.

The causes of FGR may be related to the following conditions: (1) maternal
problems: infections, chronic hypertension, diabetes mellitus, cardiovascular
disease, or substance abuse (as smoke); (2) placental problems: inadequate vascular
supply, chorioangioma, infarct, circumscribed placenta, confined placental
mosaicism, or obliterative placental vasculopathy; (3) fetal problems: infections,
chromosome disease, or genetic disease; (4) idiopathologies.

The etiology commonly understood to be the most frequent appears to be placen-
tal insufficiency [1-6]. There is, thus, vascular compromise, which inevitably leads
to an increase in vascular resistance in the umbilical artery, limiting blood flow and,
therefore, nourishment to the fetus [2, 4, 5]. The fetus implements compensation
mechanisms that allow delivery of most nutrients to the major organs, i.e. adrenal
glands, heart, and brain [7]. Cardiac output is also redistributed in favor of the left
ventricle. This hemodynamic adaptation leads to a doubling of oxygen delivery
from the umbilical vein to the myocardium and fetal brain [8]. A further mechanism
of control and local compensation is activated at the cerebral level. In fact, by dilat-
ing the vessels that supply the nuclei of the brain base with blood, there is preferen-
tial flow toward these structures and away from the cerebral cortex. The reduction

E. Cosmi (<)
University of Padua School of Medicine, Deparment of Woman and Child Health, Padua, Italy

Department of Woman and Child Health, Maternal Fetal Medicine Unit, University of Padua,
Padua, Italy

M. Andolfatto - M. Arata - M. Calanducci - S. Visentin
Department of Woman and Child Health, Maternal Fetal Medicine Unit, University of Padua,
Padua, Italy

© Springer Nature Switzerland AG 2019 195
L. M. M. Nardozza et al. (eds.), Fetal Growth Restriction,
https://doi.org/10.1007/978-3-030-00051-6_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00051-6_13&domain=pdf

196 E. Cosmi et al.

of cardiac flow to certain organs places them in a suboptimal condition. When the
liver, the main producer of fetal proteins, receives 30% less blood than usual it
becomes limited in its operation, which results in a low fetal body weight from
FGR. From an ultrasound point of view, the evaluation of maternal vessels (uterine
arteries) plays a predominantly diagnostic role and has a high negative predictive
value [9, 10]. These vessels are generally assessed during the first and second tri-
mesters of pregnancy. Normal pulsatility index values preclude, with high probabil-
ity, the emergence of pre-eclampsia or FGR [9, 10]. With regard to fetal vessels, the
first Doppler abnormality corresponds to an increase in the pulsatility index in the
umbilical artery (PIUA).

In normal fetuses, in fact, a large percentage of cardiac output supply the vascu-
lar bed, one third during II trimester and one fifth near term [11]. In FGR fetuses, a
lower quantity of blood is directed to the placenta while normal cardiac output is
maintained. The purpose of this is so that umbilical blood can recirculate widely in
the fetal body to obtain a more efficient extraction of oxygen and nutrients. A reac-
tive polycythemia is often present as a further compensation method [8, 11]. At this
stage the fetus enters a phase of compensation. Specifically, the compensation state
allows a satisfactory fetal condition that could continue for a long time. As long the
fetus in in this condition, there are only Doppler changes. With the progression of
the pathology, and therefore of the obstruction of vascular flow, absent end diastolic
flow (AEDF) and reverse end diastolic flow (REDF) develop [12]. The cerebral
compensation is manifested itself by changes in the Doppler reading, such as a
vasodilatation of the middle cerebral artery [12]. When the metabolic stress becomes
more intensive, the fetus is no longer able to meets the demands of single organs,
which leads to a state of decompensation and fetal suffering. Absolutely late sign
and acute cardiac compromise index is represented by the absent or the reverse at
the level of the venous duct, which leads to a state of hypercarbia and cardiac com-
promize resembled by absent or reverse A wave in Doctus venosus [13].

Following a morphofunctional alteration of the placental bed, in fact, the fetus is
not allowed to reach its (genetically predetermined) maximum development and
lacks in fact the environmental and metabolic requirements for such development.

The gestational age in which the pathology develops is also fundamental in the
diagnostic, therapeutic, and prognostic framework. The development of the disease
below 32 weeks (early FGR) greatly increases the risk of rapid progression of the
disease itself, thus having a more precocious and more severe prognosis than late
FGR [6]. The fetal response to placental dysfunction evolves from early
compensatory reactions to late multiple organ failure disorders. This response
contributes to fetal intrauterine programming and, as a result, short- and long-term
morbidity [6]. The consequence is a smaller fetus than expected. Fundamental,
however, both in terms of management and prognosis, is the correct classification of
a small fetus, specifically a correct differentiation between the small for gestational
age (SGA) and a true FGR.

Recently the Delphi definition, formulated by expert consensus, both for early
and late FGR [14], has emerged as the most widely used classification. It divides
early and late FGR as follows:
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e Early FGR (<32 weeks)
— Solitary parameters
1. Abdominal circumference (AC) < 3(rd) centile
2. Estimated fetal weight (EFW) < 3(rd) centile
3. AEDF in the umbilical artery (UA)
— Contributory parameters: AC or EFW < 10(th) centile combined with a pulsa-
tility index (PI) > 95(th) centile in either the UA or uterine artert
e Late FGR (>32weeks)
— Solitary parameters
1. AC < 3(rd) centile or
2. EFW < 3(rd) centile
— Contributory parameters:
1. EFW or AC < 10(th) centile
2. AC or EFW crossing centiles by > two quartiles on growth charts
3. Cerebroplacental ratio < 5(th) centile or UA-PI >95(th) centile

Furthermore, a series of functional morphological modifications is made. From
a hemodynamic point of view, there is a tendency to increase pressure. The main
determinants of this condition are vascular and renal factors. The whole vascular
bed is in fact characterized by the presence of forces that constantly act on the
endothelium in a varied and turbulent manner, changing in intensity, direction, and
frequency. Thus we have both forces acting perpendicular to the vessel and forces
acting tangentially [15]. Thus, an increase in the average arterial pressure causes
greater trauma to the vessel, leading to unavoidable cellular modifications, including
cell proliferation, apoptosis, and matrix modification, with its destruction and new
synthesis [15].

A condition of chronic hypoxemia, when decompensated, can negatively involve
different organs. At the heart level, hypoxemia can result in hypoxia. Fibrocells
furthest from the vessel are the first to undergo cell death. This results in the
formation of scars that further limit the contractile capacity of the heart. The
remaining myocytes undergo compensatory hypertrophy in an attempt to meet the
increased peripheral and cardiac muscle demands. This situation puts the heart in a
suboptimal condition already in the fetal phase of life.

Thus, as an adult, a person who experienced FGR is more likely to have difficul-
ties meeting increased cardiac and peripheral muscle demands in the course of
physical exertion, making the heart more fragile and, therefore, prone to damage or
acute myocardial infarction [16, 17].

Developments in molecular biology have allowed for the creation of microarrays
that facilitate the evaluation of gene expression during stressful fetal conditions
[18]. They might also lead to a deepening of the molecular mechanisms of this
phenomenon from a therapeutic point of view, making it possible to regressively
remodel cardiac muscle (and therefore help to develop a more normal heart) already
in utero.

Another very important organ in the context of FGR is the kidney. In fact, fetuses
suffering from FGR, which typically shows up as a vitamin A deficiency [19], see a
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reduction in the number of glomeruli and nephrons, followed by renal hyperfiltra-
tion with the result of glomerulosclerosis and an increased risk of developing hyper-
tension in adulthood [20]. However, this is a risk factor for renal damage too, so it
can trigger a self-perpetuating cycle of renal and hemodynamic damage. Some stud-
ies in the literature have shown that these fetuses undergo genetic reprogramming
with an increase in apical sodium transporters in the nephrons [21, 22]. This could
increase the risk of salt-dependent hypertension in adulthood.

In fact, it seems that already during intrauterine life there is a genetic program-
ming of the fetus to help it cope with the difficulties of living in its environment. But
this also changes fetal hemodynamics, unavoidably affecting adult life. This consid-
eration was already hypothesized in 1997 in a very large cohort study of nearly
150,000 adolescents in Sweden that demonstrated that systolic blood pressure was
significantly higher in young men with the lowest birth weight [23].

Endothelial dysfunction is thought to be an innate trait in individuals with FGR
and that this innate predisposition inevitably also affects neonatal and adult life.
Useful methods for assessing endothelial dysfunction may be aorta intima-media
thickness (aIMT), carotid intima-media thickness (cIMT), carotid stiffness, central
pulse wave velocity, brachial artery flow-mediated dilation, endothelium-dependent
microvascular vasodilatation, and echocardiographic evaluation [24-30]. Recent
studies have shown that prenatal programming leads to an increase in apical sodium
transporters in multiple nephron segments that could lead to salt-sensitive
hypertension, as described in models of developmental hypertension and
glucocorticoids and placental dysfunction [21].

Barker theory considers what may happen to a fetus in a condition of maternal
malnutrition. In the case of nutritional deprivation, endocrine-metabolic changes
occur in the unborn child. The ultimate aim is to strengthen the fetus, make it less
needy in terms of nutrients for development, which represents a prophylactic
mechanism in case of subsequent food shortages. This may certainly be very useful
in acute conditions, and perhaps also from an evolutionary point of view if the
conditions and the environment in which the newborn and then the adult will live
are difficult to sustain. In the case of subsequent abundance of food, in contrast,
typically this intrauterine imprint inevitably predisposes the fetus to developing
diseases such as metabolic syndrome or diabetes. And this is generally what happens
later in life. The lack of nourishment is not due to an actual lack of food but to a
placental dysfunction.

Unfortunately, the fetus cannot understand the difference, so it is “forged” in a
counterproductive way. In fact FGR will occur, but the child will be predisposed to
rapid weight gain in the first years of life, as well as to adolescent obesity and
increased risk of cardiovascular disease (CVD), stroke, glucose intolerance, and
type II diabetes in adulthood [31-33]. Thus, FGR leads to intrinsic vascular dam-
age, which contributes to hemodynamic alterations. However, additional factors
damage a vessel that has already been structurally altered. In fact, we have seen that
in this type of fetus suffers from an increase in sympathetic tone and an alteration of
the lipid condition, leading to dyslipidemia [22, 34]. Thus, multiple actors and con-
ditions arise, including nutritional and metabolic ones, that contribute to the
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formation of atherosclerotic plaques. Endothelial cells, smooth muscle cells, and
cells of the immune system are definitely involved, and later, calcium crystals are
also deposited [35, 36].

In fact, first of all, various types of cells migrate and move in the intimal space,
contributing to its thickening. The cells present are leukocytes, monocytes, macro-
phages (identified by the specific marker CD68), smooth muscle cells, and quies-
cent (identified by the specific marker CD31) or activated (identified by the specific
E-selectin marker) endothelial cells , the latter two typical of preinjury atheroscle-
rosis [37]. The condition is further exacerbated by the deposition of interstitial gly-
cosaminoglycans, always at the level of this layer [38].

Some authors [24-26] have confirmed that ultrasound-based measurement of
aIMT was inversely proportional, both in fetuses and in newborns, to EFW, hypothe-
sizing how various Doppler anomalies of UA and low birth weight (LBW) could be
correlated with an abnormal vascular structure and endothelial damage. It is hypoth-
esized that such histological changes cause greater arterial stiffness and that this cor-
relates with an increase in the aortic PI [25]. This fact is not to be underestimated,
because it represents, from a cardiovascular point of view, a higher risk factor, similar
to hypertension [39]. This applies to both single pregnancies and twin pregnancies
[40]. When twins have both biometric and flowmeter alterations (thus falling within
the definition of FGR placenta dependent), it has been shown that they also have a
greater thickness of the aorta in the studied ultrasound, leading to hemodynamic
changes in the vascular tree. This happens regardless of gender or chorionicity.

Unfortunately these lesions do not have only a histological significance, but they
manifest themselves clinically and, depending on the degree of development of ath-
erosclerotic plaques, can also lead to massive compromise, with the final result
being death. Some studies report autopsies on children (aged between 2 and
15 years) in which a possible cardiovascular cause has been excluded, showing the
presence of lipid striae and fibro-atherosclerotic lesions on the wall of the aorta
[41]. Specifically, anatomical pathological analysis of these lesions showed that
they actually generated a thickening of the intima, thus confirming the ultrasound
data. Immunohistochemical investigations have revealed the presence of condensed
elastic fibers to form a strongly defined and marked internal elastic membrane [37].
Therefore, in conclusion, the plaques that involve marked functional morphological
alterations of the vessels develop progressively over time, starting from an intrinsi-
cally pathological vascular structure, eventually leading to very unfavorable
prognosis.

The importance of differentiating between an adequate gestational age (AGA)
fetus and an FGR one was mentioned previously. In addition to the biometric and
flowmetry parameters, a valid aid may also be provided by metabolomics, based on
a different distribution of the essential amino acids [42—44]. Specifically, we have
seen how sphingosine 1-phosphate, a molecule expressed in the cardiovascular
system, is involved in the pathophysiology of diseases associated with endothelial
dysfunction [45]. This molecule has as its precursor the ceramide, which, if
increased, can induce an endothelium-dependent release of thromboxane A2,
involved in hypertension and inflammation and has a vasoactive effect [45].
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Therefore, during intrauterine life, these changes must also be considered in the
large pathophysiological picture that determines the vascular bed in a pathological
way, predisposing such fetuses to pathologies such as hypertension and nephropathy,
especially glomerulonephritis, with a decrease in the number of nephrons in
proportion to body weight at birth [24, 34, 46]. Even the heart muscle suffers from
this systemic remodeling. A prospective cohort study (FGR children aged 3—6 years)
showed that the prevalence of globular hearts and impaired myocardial relaxation
increased. This leads to an inevitable increase in postload and compromise of
cardiac compliance [21].

Numerous studies show an increase in aIMT and microalbuminuria in FGR
fetuses compared to AGA fetuses, both in single and twin pregnancies, probably
contributing also to an early and pathological stiffening of the arterial vascular tree.
It is important to underline that intrauterine fetal remodeling does not occur only in
severe FGR, typically early FGR, but can also occur in late FGR. Some studies on
SGA infants have shown a correlation between weight recovery after birth (therefore
substantial fat accumulation) and increase in blood pressure in subsequent ages,
regardless of birth weight [34, 47—49]. Not all studies agree on this, but very likely
the diversity of results also depends on the different statistical methods of analysis
used and the different sample groups considered [50].

Other studies showed that infants with the lowest birth weight and who had a
strong nutritional reward in the postbirth period developed a higher cIMT in
adulthood compared to those adults who had been normal size fetuses and with
normal postnatal growth [47, 51]. It is clear that the rapid accumulation of fat in the
postnatal period should be avoided in order to limit the risk of developing increased
blood pressure in adulthood. Further research is needed to understand more thor-
oughly whether FGR with postnatal weight recovery also carries a greater risk of
developing cardiovascular adverse events and obesity in adulthood [52].

Prospective Studies

Baker’s hypothesis was corroborated by numerous in vivo prospective studies,
which related FGR patients with the development of cardiovascular, metabolic, and
blood diseases in adulthood [53, 54]. Until recently, most studies focused on the
phenotype resulting from changes in maternal nutrition. Today there is a greater
interest in the study of the mechanisms through which this phenotype is created. In
this contextitis fundamental to investigate the role of overnutrition and undernutrition
at the prenatal age with experimental and epidemiological methods, thereby
allowing for a balancing of the link between genotype and saver phenotype.

The deepening of the molecular and epigenetic pathways involved in this field
might make it possible to reveal the mechanisms underlying CVD and renal diseases
in adulthood. In this sense, in vitro research is fundamental, mainly through animal
models. The fundamentals of research for the future will be represented by the
medicine of reproduction, nutrition, and the study of the vascular system, as well as
metabolomics. Evaluation of these aspects will allow researchers to reach new
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therapeutic targets with important implications for the wellbeing of the general
population [55].

In this context it is important to note the role of FGR diagnosis and in particular
follow-up during adulthood. To date, pediatric guidelines do not include FGR as a
risk factor for childhood diseases, but it would be desirable for it to be considered.
This would make it possible to monitor on a large scale the cardiovascular,
hypertensive, and metabolic problems in these children and to intervene with
primary and secondary prevention. It has been shown that lifestyle interventions,
such as physical activity promotion, passive smoking protection, and weight control,
greatly improve cardiovascular wellbeing of these children [56]. It is interesting to
note, then, recent evidence showing that high doses of omega-3 fatty acids help to
reduce cases of hypertension and can slow down the progression of atherosclerosis
in FGR children [57, 58] and play a preventive role in the thickening of the arterial
part that occurs in these children after birth [59].

In conclusion, such evidence suggests the desirability for postnatal monitoring of
FGR fetuses to become routine, allowing for important interventions to improve the
quality of life of patient using strategies that include lifestyle changes and possibly
pharmacological or nutraceutical interventions.
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Introduction

Fetal growth restriction (FGR) encompasses a heterogeneous group of anomalies
characterized by the inability of the fetus to achieve its growth potential in utero.
Placental insufficiency is the most common cause of FGR, affecting about 5-10%
of all pregnancies, and is characterized by progressive placental dysfunction
commonly leading to altered fetal metabolism, blood redistribution, and impaired
fetal growth [1].

FGR represents one of the most common causes of perinatal mortality and mor-
bidity and has also been shown to be associated with a large variety of adverse long-
term outcomes, including impaired cardiac function, metabolic and hematological
disorders, cognitive dysfunction, and cerebral palsy [2-5].

Assessing the neurodevelopmental status of children affected by early FGR may
be challenging; gestational age at birth remains the main determinant of perinatal
outcome in singleton pregnancies, and the higher prevalence of neurologic and
developmental complications reported in fetuses affected by FGR may be the
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consequence of severe prematurity rather than growth restriction per se, with only
few studies reporting stratified analyses for early and late FGR. Furthermore, the
large majority of published studies do not try to correlate the neurodevelopmental
outcome of FGR infants with the different parameters of fetal well-being used in
clinical practice, such as umbilical artery (UA), middle cerebral artery (MCA),
ductus venosus (DV), and cardiotocography (CTG). This is fundamental because
early FGR may present with different phenotypes characterized by several degrees
of hemodynamic and metabolic compromise which may be quantified on ultrasound
[1]. In this scenario, labeling a FGR fetus exclusively according to the time at deliv-
ery and magnitude of fetal smallness may not account for the large variety of clini-
cal phenotypes a FGR fetus can present with. Lack of outcome stratification
according to the Doppler findings represents the main weakness of postnatal
imaging studies on early FGR. Prenatal management and counseling of early FGR
is based upon the magnitude of Doppler anomalies, and lack of information on such
parameters makes prenatal counseling inaccurate.

Objective quantification of the actual burden of neurologic and developmental
disabilities in fetuses affected by FGR is also affected by the large heterogeneity in
the definition of FGR reported in the published literature. Fetal smallness is
commonly used as a surrogate for FGR and an estimated fetal weight (EFW) or
abdominal circumference (AC) less than the 10th centile the most commonly
adopted cutoffs to define a fetus as growth restricted. The term “small for gestational
age” (SGA) has also interchangeably used with FGR. By arbitrary convention,
placental-related cases are usually defined as (true) FGR, while “nonplacental”
cases are referred as SGA. FGR is commonly defined as SGA with abnormal
Doppler indices such as UA pulsatility index (PI) above the 95th centile or mean
uterine artery (UtA) PI above the 95th centile [6].

Despite this, it is important to understand that a fetus does not need to be small
to be growth restricted and that FGR and SGA are not synonymous. The majority of
FGR are SGA, while 50-70% of SGA are constitutionally small and have grown
appropriately [7].

The term neurodevelopmental outcome is also misleading and inappropriate
when dealing with neurodevelopmental anomalies, because it includes a wide
spectrum of signs that are not always easily measured and that represent a continuous
interaction between pathological, environmental, and adaptive factors. Time at
assessment represents another peculiar issue; early neuropsychological examination
may not accurately predict neurodevelopmental outcomes during later life, while
late assessment may be biased by the influence of socioeconomic, parenting,
environmental, and educational factors, which may significantly affect developmental
measures, especially when looking for subtle difference. Finally, assessment of a
control population may represent another considerable source of bias when assessing
the diagnostic performance of children affected by brain anomalies. The risk for a
given abnormal neurodevelopmental measure is commonly computed upon a
control population which should theoretically include “health” individuals, free
from the anomaly, and implies the knowledge of how this measure is abnormal in
the cohort not affected by the anomaly.
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Severity of growth disturbance, magnitude of Doppler anomalies, and gesta-
tional age at birth are the main determinants of perinatal outcome in fetuses affected
by FGR [1]. In clinical practice, FGR is commonly classified according to the time
at occurrence in early and late FGR which reflects two conditions with different
pathophysiology, clinical phenotype, and prognosis.

Therefore, in the present chapter, we will report the neurological outcome of
fetuses and infants affected by early and late FGR, respectively.

Early Fetal Growth Restriction

Early FGR is defined as growth restriction occurring before 32 weeks of gestation
and presenting with a AC/EFW <3rd centile and abnormal UA flow pattern (absent
end-diastolic flow) or with AC/EFW <10th centile combined with uterine artery or
UA pulsatility index >95th centile [8].

Early FGR is characterized by a progressive reduction of placental perfusion due
to a decrease in villous cross-sectional vascular area, leading to reduced substrate
availability in the liver. Progressive fetal hypoxemia induces proportional elevation
in the umbilical artery (UA) Doppler PI and a peculiar redistribution of cardiac
output especially toward the frontal and median regions of fetal brain, aiming at
preserving normal cell processes when oxygen availability is low [9, 10]. On ultra-
sound, such redistribution translates into a reduced PI of the anterior and especially
middle cerebral artery (MCA). With advancing stages of placental deterioration,
absent and reverse diastolic flow in the UA occurs, and there is a loss of the com-
pensatory cerebral vasodilatation with normalization or increase in MCA PI. Cardiac
performance deteriorates due to chronic hypoxemia and nutritional deprivation
leading to increase atrial pressure and progressive reduction of the diastolic flow in
the DV. Preterminal stages of early FGR are characterized by the presence of reverse
atrial flow in the DV and pulsatile umbilical venous flow which usually anticipate
death.

Early FGR has been shown to be associated with an increased risk of abnormal
neurodevelopmental measures, such as cognitive function, attention capacity, and
school performance [9, 10]. Although the pathophysiology of the brain-related
damage in early FGR has not been completely elucidated yet, recent evidences
suggest abnormal cerebral perfusion as one of the main determinants in inducing
abnormal brain development and function. Fetal cardiovascular adaptation to
impaired placental function and chronic hypoxemia induces a peculiar redistribution
of cardiac output to the brain, especially to those areas perfused by ACA and
MCA. Classically considered a protective mechanism to preserve cerebral functions
when oxygen availability is low, brain sparing does not entirely seem to protect
brain development [1].

Infants affected by early FGR have been shown to have smaller head circumfer-
ence, brain, and cortical gray matter volumes compared to age-matched appropri-
ately grown infants [2, 11, 12] on magnetic resonance imaging (MRI) and that such
findings correlate with neurodevelopmental outcome. Fetal size is one of the main
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determinants of neurological outcome in infants, and reduced fetal head volume has
been associated with cerebral palsy and psychomotor and cognitive development
[11, 13]. Furthermore, decreased white matter in the hippocampus and cerebellum
has been also reported in fetuses affected by early FGR compared to controls [14—
16]. Preterm FGR infants with brain sparing and who underwent MRI at term-
equivalent age further demonstrate a slowdown in myelination and reduced posterior
white matter volume in the absence of white matter lesions [17]. These differences
could be related to some results of epigenetic mechanisms derived from the adapta-
tion of the developing brain to a hypoxic environment, which can lead to fetal repro-
gramming in brain organization, rather than true brain damage [2, 14, 18].

Recent evidences on the suboptimal brain development come also from studies
using new imaging technique such as diffusion tensor imaging and connectome
analysis which showed altered white matter organization in the prefrontal and
limbic networks in preterm children born with FGR, compared with preterm chil-
dren with appropriate birth weight [19]. These structural brain network measures
also correlate with neurobehavioral impairments such as hyperactivity or cognitive
deficits, in the executive function domain at school age [20]. However, it is impor-
tant to underline the fact that some of the neurological complications observed in
postnatal studies on early FGR may be the consequence of prematurity rather than
placental insufficiency.

Two randomized controlled trials have tried to assess the neurodevelopmental
status of fetuses affected by early FGR. In the Growth Restriction Intervention
(GRIT) trial, 587 small babies at 24-36 weeks of gestation were randomized to
immediate delivery or expectant management. Mode of delivery and monitoring
strategies for the delayed delivery group was left up to the attending obstetrician.
The risk of intrauterine death was higher in the delayed delivery group, while at
2 years of age, the prevalence of disability tended to be higher in the immediate
delivery group. However, no major differences between the two management
options were observed with comparable Griffiths developmental scores between the
two groups. More importantly, a reevaluation of the study population at 6—13 years
of age showed no differences in motor or intellectual disabilities between the two
groups [21]. The major weaknesses of the study were the inclusion of cases likely
to be affected by late FGR, lack of standardized protocol for antenatal monitoring,
and thresholds for delivery based exclusively upon clinician’s uncertainty on
whether to deliver or continue the pregnancy. The TRUFFLE trial has evaluated the
2-year neurodevelopmental and intermediate perinatal outcomes in infants with
very preterm fetal growth restriction, randomizing singleton pregnancies affected
by early FGR (at 26-32 weeks of gestation), defined as AC <10th percentile and
UA-PI >95th percentile, to three timing of delivery plans, which differed according
to antenatal monitoring strategies: reduced short-term variation (STV) at CTG,
early DV changes (pulsatility index >95th percentile), or late DV changes (A wave
at or below baseline). Primary outcome of the study was survival without cerebral
palsy or neurosensory impairment or with a Bayley III developmental score 33 of
>85, at 2 years of age [22]. Intrauterine demise occurred in 2.5% of the study popu-
lation, while 5% experienced neonatal death; 24% of children had severe morbidity.
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There was no difference in the proportion of infants surviving without neuroimpair-
ment between the three different monitoring strategies. However, among survivors,
delivery based upon late DV changes was associated with a higher prevalence of
infants free from neurodevelopmental disabilities compared with that based upon
CTG (95%, 95%, 95% CI 90-98 vs 85%, 95% CI 78-90). These findings suggest
that optimal time at delivery may preserve cerebral function in infants affected by
early FGR in utero, thus highlighting the need for an appropriate antenatal monitor-
ing once prenatal diagnosis of early FGR is achieved.

Ultrasound is the primary imaging tool to diagnose and follow up fetuses affected
by early FGR, and several studies have tried to correlate individual ultrasound
parameters with different neurodevelopmental measures. UA Doppler anomalies,
such as AREDF, have been linked with mental retardation, lower psychomotor
development, and Bayley and Kaufman score at 2 years of age in infants affected by
FGR delivered preterm compared to controls [12, 23-25]) although such associa-
tion was not consistently reported in the published literature. In the study by
Brodszki et al., the risk of cerebral palsy was not different in FGR fetuses with
UA-AREDYV compared with AGA controls [26]. Shand et al. reported no correlation
between UA Doppler anomalies and neurodevelopmental outcome at 2 years of age
once the analysis was corrected for gestational age at birth; however, fetuses with
UA-AERDF had a higher prevalence of major and minor neurological sequelae at
6 years of age compared to controls, although the QI was similar between the two
groups [27]. Interestingly, in children delivered at later gestation, UA findings seem
to strongly correlate with neurodevelopmental outcome. Wienerroither et al.
reported that children delivered at around 34 weeks of gestation, FGR infants with
previous UA-ARED, had lower score in fine motor and Kaufman tests compared to
controls at 6 years of age, while in the study by Schreuder et al., cognitive delay and
visual impairment were more commonly observed in infants presenting in utero
with UA Doppler anomalies even after correction for gestational age [28].

Classically considered a protective mechanism to preserve cerebral performance,
brain sparing does not entirely seem to protect brain development, and several
studies have tried to correlate Doppler findings in the MCA with neurodevelopmental
outcome. Scherjon et al. explored the association between umbilico-cerebral ratio
(UCR), maturation of visual evoked potentials (VEP), and cognitive outcome in
infants delivered at 25 and 33 weeks’ gestation over an 11-year period. At 6 months,
infants with a raised UCR had shorter visual evoked potential latencies compared to
controls, suggesting a potential beneficial and protective mechanism of brain
sparing on cerebral development. These findings were confirmed at 3 years of age,
when, after adjustment for obstetric variables, adverse outcome was related to
neonatal cranial ultrasound abnormality and low head circumference but not U/C
ratio [29]. At 5 years of follow-up, mean IQ score was significantly lower for chil-
dren born with a raised U/C ratio compared with children with a normal U/C ratio,
while VEP latencies decreased significantly in infants with a normal U/C ratio, sug-
gesting that brain sparing may be associated with a poor cognitive outcome later in
childhood [30]. Finally, at the final follow-up (11 years), the authors reported no
association between brain sparing itself and behavioral problems. When
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interpreting the results of this study, it is important to highlight the fact that steroids
were administered exclusively to small fetuses presenting with abnormal UCR
values; in this scenario, it is entirely plausible that the reported failed association
between brain sparing and neurodevelopmental outcome might have been the result
of the lack of steroid administration.

More recently, in a sub-analysis of the TRUFFLE trial, Stampalija et al. reported
that higher MCA PI at inclusion but not within 1 week before delivery was associ-
ated with neonatal survival without severe morbidity, while MCA PI index and
umbilico-cerebral ratio Z-score at inclusion were associated with 2-year survival
with normal neurodevelopmental outcome as were gestation at delivery and birth
weight/p50 ratio. Despite this, the authors concluded that the impact of MCA and
its ratios in determining survival free from neurological impairment was less rele-
vant than gestational age at delivery and birth weight and unlikely to be informative
in optimizing the timing of delivery in early FGR [31].

Late stages of placental insufficiency are characterized by progressive cardiac
performance deterioration leading to increase atrial pressure and progressive reduc-
tion of the diastolic flow in the DV, commonly associated with fetal academia. Only
few studies look at the association between DV Doppler findings and abnormal
neurodevelopmental outcome; such studies are affected by the small sample size,
heterogeneity in inclusion criteria, and management option. Baschat et al. prospec-
tively followed 72 survivors affected by early FGR at 2 years of age. The authors
reported that gestational age at delivery was associated with cerebral palsy,
UA-AREDYV with global developmental delay, and birth weight with neurodevelop-
mental delay, while no association was found between abnormal venous Doppler
findings and outcome (Baschat 2009). The findings from the TRUFFLE trial are
discussed above. Likewise, in the study by Leppanen et al., abnormal UA-PI and
UA-PI/MCA PI ratio but not DV were associated with adverse cognitive outcome at
2 years of age, while Torrance et al. reported that abnormal neurodevelopmental
outcome at 2 years was exclusively predicted by low birth weight, fetal acidosis,
and placental villitis [32, 33].

Late Fetal Growth Restriction

Early FGR is defined as growth restriction occurring before 34 weeks of gestation
and presenting with a AC/EFW <3rd centile or at least two out of the following
criteria: AC/EFW <10th centile, AC/EFW crossing centiles >2 quartiles on growth
centiles, or cerebroplacental ratio (CPR) <5th centile or UA-PI >95th [8].
Identification of fetuses affected by late FGR is more challenging; in the gen-
eral population, fetal smallness presents with a large variety of different clinical
phenotypes: those reflecting the presence of placental insufficiency, defined as
“true FGR,” and those not presenting signs of impaired placental function, com-
monly labeled as “constitutional” small (for gestational age (SGA) fetuses.
Distinction between late FGR and SGA is fundamental as they represent two
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peculiar clinical conditions with different natural histories, pathophysiologies,
and prognoses. FGR is affected by a high burden of short- and long-term adverse
outcomes, while SGA fetuses are associated with virtually normal perinatal out-
come. Despite this, prenatal identification of true FGR in late pregnancy may be
difficult; UA Doppler does not predict adverse outcome and may be normal in
such cases, while assessment of MCA Doppler is not routinely performed in
fetuses at term [1].

Such difficulties in prenatal identification of true FGR are responsible for the
large heterogeneity in the reported incidence of abnormal neurodevelopmental
outcome in small babies at term with the large majority of the previously published
literature differing as regards definition of fetal smallness, neurodevelopmental tool
used, and stratification according to Doppler findings.

In the systematic review by Arcangeli et al., the authors reported that standard-
ized neurodevelopmental scores in SGA babies were 0.32 SD (95% CI, 0.25-0.38)
below those for normal controls, while insufficient data were available for FGR
babies [34]. However, there was large heterogeneity in the clinical definition of
SGA, with most studies not reporting data on Doppler; furthermore, neurodevelop-
mental assessment varies among the included studies.

Decreased PI in the MCA has been recently reported to represent an additional
risk factor for abnormal neurodevelopmental performance in small babies at term.
Eixarch et al. reported that small fetuses with MCA PI <5th centile had a higher
incidence of suboptimal neurodevelopmental outcome, especially in communication
and problem-solving areas, compared with those with normal MCA PI, while there
was no difference in the short-term perinatal outcomes between the two groups [35].
Furthermore, a recent systematic review exploring the role of brain redistribution in
determining the outcome of small fetuses at term reported that cerebral redistribution
was associated with increased risk of motor, state organizational problems, and lower
mean percentile scores in communication and problem-solving at 2 years of age [3].

In this scenario, reduced MCA pulsatility index may represent a status of subop-
timal brain perfusion and worsening chronic hypoxemia due to impaired placental
function. The role of abnormal Doppler findings in the MCA on brain structure and
function has been recently explored by studies using new imaging techniques to
assess fetal brain, such as MRI spectroscopy and connectomics, which showed that
SGA fetuses with signs of cerebral blood flow redistribution have peculiar abnor-
malities in brain structure and metabolism compared to AGA fetuses [4, 12, 19,
36]. More importantly, these studies showed that even SGA fetuses not presenting
with abnormal Doppler findings may show signs of impaired brain structure and
metabolism, although the magnitude of such changes was generally lower than in
FGR fetuses.

Despite this growing body of evidence suggesting that small fetuses at term pre-
senting with abnormal Doppler findings in the MCA are at higher risk of abnormal
neurodevelopmental outcome, further studies are needed in order to clarify whether
elective delivery may prevent adverse outcome or preserve the neurodevelopmental
performance of these children.
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Conclusions

FGR is associated with a high burden of neurologic and neurodevelopmental compli-
cations compared to appropriately grown fetuses. The magnitude of such complica-
tions is primarily determined by gestational age at birth in early FGR, while abnormal
cerebral Doppler increases the risk of neurodevelopmental delay in late FGR. Despite
this, in view of the large heterogeneity in inclusion criteria, outcome measures, and
times at follow-up, further studies sharing objective protocols of prenatal manage-
ment and postnatal assessment are needed in order to elucidate the actual incidence
of abnormal developmental outcome in fetuses affected by growth restriction, iden-
tify optimal cutoff to predict compromise, and explore whether elective delivery may
improve the neuropsychological performance of these children.

Appendix

Summary of the main abnormal neurodevelopmental measures observed in infants
affected by early fetal growth restriction in utero.

* Lower scores on cognitive testing

* Difficulties in schools or require special education

* Gross motor and minor neurologic dysfunction

e Behavioral problems (attention deficit hyperactivity syndrome)

e Growth failure

* Lower strength and work capacity

e Cerebral palsy

* Low social competence

e Poor academic performance

* Lower levels of intelligence

» Hyperactive behavior

* Poor perceptual performance

e Poor visuomotor perception, motor incompetence, reading, and mathematics
learning

Structural Anomalies

* Reduced head circumference

* Reduced total and gray matter volume

* Reduced hippocampal and cerebellar volume
* Reduced total number of cells

* Reduced myelin content

e Thinning cortex

e Delayed myelination

e Reduced connectivity
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Motor Anomalies

e Reduced gross and fine motor skills
¢ Reduced visuomotor skills

¢ Clumsiness

e Cerebral palsy

Cognitive and Learning Anomalies

¢ Reduced IQ/executive function
¢ Reduced verbal 1Q

e Poor memory

¢ Reduced IQ/executive function
¢ Reduced verbal 1Q

e Poor memory

Behavioral Anomalies

e Attention and interaction
e Hyperactivity

e Mood and irritability

* Anxiety
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Measurement of Cardiac Function

The measurement of cardiac indices is important in understanding the maternal hae-
modynamic changes that occur in both physiological and pathological states of
pregnancy. Traditionally, the invasive Swanz Ganz pulmonary artery catheter was
the gold standard for measuring cardiac function. However, non-invasive
transthoracic echocardiography has shown excellent correlation with these invasive
techniques and as a result has become an equivalent gold standard [1].

More recently, there has been increasing interest in the use of other non-invasive
cardiac monitors such as Ultrasound Cardiac Output Monitor (USCOM®), Non-
invasive Cardiac Output Monitor (NICOM®) and an inert gas rebreathing method
(INNOCOR®). The main advantage of these monitors is that healthcare professionals
with different levels of experience can use them as point-of-care systems to assess
cardiac function. Various studies have validated these cardiac monitors in non-
pregnant individuals and have shown good reproducibility and correlation with
echocardiograms and pulmonary artery catheterisation [2, 3]. Furthermore, studies
in pregnancy have also demonstrated a reasonable correlation between the USCOM
and NICOM cardiac output monitors when compared with echocardiography [4, 5].
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Echocardiograms Explained: What Information Can You Obtain?

Heart rate and rhythm, cardiac output, and stroke volume

Valvular morphology and function

Cardiac morphology

This is valuable in assessing atrial and ventricular dilation, and concentric
and eccentric ventricular hypertrophy. Left ventricular hypertrophy is
measured through the thickness of the inter-ventricular septum and posterior
left ventricular wall.

Systolic function

This can be evaluated through assessing stroke volume, cardiac output and
left ventricular ejection fraction. Measurement of myocardial contractility is
also valuable in assessing systolic function.

Diastolic function

This is evaluated through measuring the flow across the mitral valve during
diastole as well as through assessment of left atrial size and volume. Diastolic
dysfunction is an important factor in cardiovascular disease and often precedes
systolic dysfunction. It is characterized by:

—_

Increased left atrial size

2. Increased isovolumetric relaxation time (IVRT): this is the time between
closure of the aortic valve at the end of systole and the opening of the
mitral valve at the beginning of diastole, i.e. the time taken to build an
adequate pressure gradient between the left atrium and ventricle.

3. Abnormal E/A ratio: the E/A ratio is a measurement of flow through early
and late diastole. Due to the large pressure gradient, early diastole is
characterized by rapid flow across the mitral valve resulting in a peak in
flow called the E wave. The “a wave” is a reflection of increased filling
velocities in late diastole due to an atrial contraction.

4. Prolonged Deceleration time: the deceleration time refers to the interval
between the peak of the E wave and the beginning of diastasis. Diastasis
refers to the period where flow across the mitral valve decreases as a result
of rising ventricular pressures.

5. Increased E/e’ ratio: this refers to the ratio of flow across the mitral valve

through early diastole (the E wave) and the mitral annular early diastolic

velocity (e’ wave). This is reflective of increased atrial pressures.

Measurement of Vascular Function

Peripheral arterial measurements are also valuable in assessing physiological and
pathological changes of pregnancy. Pregnancy is characterized by vascular
remodelling across the entire arterial tree. In general, the physiological changes
within this vasculature are designed to increase flow so as to allow for greater
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perfusion of the uteroplacental unit. Vascular function is predominantly assessed
through measurement of arterial stiffness across the aortic, brachial, carotid, oph-
thalmic and uterine arteries. The main measures of arterial stiffness include:

1. Central and brachial blood pressure—traditional measurements of blood pres-
sure are performed at the brachial artery. Systolic pressures, however, vary
through the arterial tree, and more recent studies have shown that arterial pres-
sures measured at the level of the aorta (central BP) are better correlated with
cardiovascular events [6]. In pregnancy, while both brachial and central blood
pressures decrease with gestation, central BP appears to have a more pronounced
decline [7].

2. Augmentation index (AIx)—the augmentation index is a measure of systemic
arterial stiffness and can indicate left ventricular workload and endothelial
function [8]. This index is a reflection of the components of blood pressure and
is made up of two discrete parts. The first component is forward flow and
encompasses the blood that is pumped out from the heart into the bloodstream at
the point of measurement. The second component is the backward flow that
occurs due to the reflected wave of blood. As a result of changes in arterial
calibre, arterial pathway and vessel plaques through the arterial tree, some
proportion of blood flow is reflected back up the arterial tree and forms this
reflected wave [9]. The augmentation index is the percentage of pulse pressure
due to the reflected wave. Through the use of non-invasive blood pressure
equipment, the arterial waveform, central blood pressure and central augmentation
pressure can be detected [9]. These non-invasive techniques have been well
validated in catheterization laboratories [9]. While the AIx remains within the
normal range throughout pregnancy, it does show a slight decrease over the first
two trimesters before increasing towards term [8].

3. Pulse wave velocity (PWV)—“PWV is defined as the velocity at which the pres-
sure waves, generated by the systolic contraction of the heart, propagate along the
arterial tree” [10]. Practically, it is measured over the carotid and femoral arteries
through the use of non-invasive pressure sensors to measure arterial tonometry
[11]. Measurement of PWYV is considered the gold standard for assessing arterial
stiffness and is inversely proportional to arterial elasticity and compliance [11].
PWYV follows a similar course to Alx through pregnancy [8].

Normal Cardiovascular Adaptation to Pregnancy
Cardiac Output, Stroke Volume and Heart Rate

Cardiac output rises steadily through pregnancy, increasing to a maximum of
30-50% above non-pregnant values near term (Fig. 15.1) [13]. The sharpest rise
incardiac output occurs in the first 8 weeks of gestation with a continued increase
throughout the second trimester [13]. The rise in cardiac output is a result of an
interplay between factors affecting preload and afterload including:
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—_—

Preconception
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Time

Fig. 15.1 Haemodynamic changes in pregnancy, labour and postpartum. Time on the x-axis
changes scale. (Adapted from the Cornette and Roos-Hesselink [12], with permission from
Springer). CO cardiac output, MAP mean arterial pressure, PP postpartum, SVR systemic vascular
resistance

(a) Increased blood volume—this results in a rise in left ventricular preload, which
can be assessed through measuring left atrial diameter and left ventricular end-
diastolic dimensions [14].

(b) Drop in systemic vascular resistance—this is largely a reflection of vasodilation
and results in a decrease in afterload [14].

(c) Increased maternal heart rate—resting heart rate increases by 10-30 beats per
minute, reaching a peak in the third trimester. While in early pregnancy the rise
in cardiac output is mainly related to a rise in stroke volume, in later pregnancy,
this rise in heart rate plays a larger role [14].

Contractility, Ejection Fraction and Cardiac Remodelling

The haemodynamic changes in pregnancy create a state of volume overload,
which results in femporary eccentric cardiac remodelling and left ventricular
hypertrophy [15]. Studies have shown that the left ventricular wall thickness and
mass increase by 28% and 52%, respectively [16]. Despite these changes, cardiac
contractility, and right and left ventricular ejection fraction are preserved in preg-
nancy [15].

Blood Pressure and Systemic Vascular Resistance

During pregnancy, systemic vascular resistance (SVR/TVR) drops to 30% below
non-pregnant values. SVR declines throughout pregnancy, reaching a trough in the
early third trimester (Fig. 15.1) [15]. The drop in SVR contributes to a decrease in
arterial pressures, which reach a nadir in the second trimester (a drop of 5-10 mmHg)
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[17]. Mean arterial pressure (MAP) begins to rise in the third trimester and returns
to non-pregnant levels in the puerperium [17].

These changes to blood pressure and SVR are mediated by a rise in oestrogen,
progesterone, nitric oxide and relaxin [16]. Furthermore, the decrease in SVR can
also be attributed to trophoblast invasion of the spiral arteries and the subsequent
drop in uteroplacental resistance. In fact, some studies have suggested that this
contributes to 20-26% of the reduction in SVR in the second trimester [18].

Changes in Blood Volume

The vasodilation and drop in SVR in pregnancy cause activation of the renin-
angiotensin-aldosterone system, which in turn increases circulatory volume [16].
As a result, plasma volume increases by 40-45%, reaching a peak at 30-34 weeks’
gestation [16]. This rise in plasma volume has an important role in maternal
haemodynamics as it (1) contributes to the rise in preload, which plays an important
role in increasing cardiac output, (2) facilitates the delivery of nutrients and removal
of waste products from the uteroplacental unit, and (3) provides a reserve for blood
loss during delivery. Due to an increase in plasma erythropoietin levels, red blood
cell mass also rises in pregnancy to 15-20% above non-pregnant levels [19]. This
helps support the higher oxygen requirement of pregnancy. As the increase in red
blood cell mass is lower than the rise in plasma volume, a dilutional anaemia ensues

[16].

The Role of Maternal Haemodynamics in the “Placental
Syndromes” of Pre-eclampsia and Fetal Growth Restriction

PE and FGR are conditions that are thought to arise from the common pathological
pathway of placental dysfunction. The underlying mechanisms leading to placental
dysfunction and contributing to these “placental syndromes” are likely multifactorial
and the focus of much debate. Traditionally, it has been hypothesized that impaired
fetal growth and placental insufficiency are a product of inadequate trophoblast
invasion, causing incomplete remodelling of the spiral arteries and the persistence
of a high resistance placental vascular bed. This results in placental ischaemia-
reperfusion injuries and poor fetal perfusion, which thereby impairs fetal growth.
Placental ischaemia also triggers the release of anti-angiogenic factors into the
maternal circulation. This causes an imbalance of pro-angiogenic and anti-
angiogenic factors, resulting in endothelial dysfunction and the subsequent clinical
manifestations of PE (Fig. 15.2) [20, 21]. Predictive models for PE and FGR use
markers of placental function such as uterine artery Dopplers, PAPP-A and
PIGF. While these markers have shown promise in predicting early-onset disease,
their value in late-onset FGR and PE is somewhat limited. Thus, while the placental
hypothesis is likely central to the pathogenesis of FGR and PE, it does not explain



222 M. Reddy et al.

| Early pregnancy | | Placental intervillous space | | Two pathophysiological stages |

Stage 1

Poor endometrium and inner (junctional zone)
myometrium preparation

1

| Impaired trophoblast invasion of myometrial arteries |

i

[ Poor spiral artery adaptation |

| Ischaemia-reperfusion |

1

| Placental oxidative and endoplasmic reticulum stress |

Stage 2 l

Release components from the intervillous space into
the systemic maternal circulation (sFit-1 and other
mediators)

Enhanced matemal intravascular systemic
inflammatory response

1

Generalised endothelial dysfunction and leucocyte,
complement, and clotting activation

1

Decreased intravascular volume and increased
vascular reactivity

Fig. 15.2 Possible pathophysiological processes in pre-eclampsia. (Figure adapted from Steegers
et al., with permission from Elsevier [21]). AV anchoring villus, COE coelomic cavity, CY cyto-
trophoblast, DB decidua basalis, DC decidua capsularis, DP decidua parietalis, EN endothelium,
ET extravillous trophoblast, FB fetal blood vessel, FV floating villus, GL gland, IS intervillous
space, JZ junctional zone myometrium, MB maternal blood, leaving the intervillous space with
various components such as anti-angiogenic factors. MV maternal vein, SA spiral artery, SM
smooth muscle, ST stroma, SY syncytiotrophoblast, TM tunica media, UC uterine cavity, sFlt-1
soluble form of the vascular endothelial growth factor receptor

the entire picture, and perhaps, this has hampered the ability to predict and prevent
the outcomes of these complex disease processes.

More recently the role of the maternal circulation in the pathogenesis of FGR has
received greater attention. While there are some differences between studies, a
common finding is that in comparison to normal pregnancies, FGR is associated
with a less dramatic rise in maternal heart rate, stroke volume and cardiac output.
Furthermore, women whose pregnancies are complicated by FGR display higher
mean arterial pressures and total vascular resistance and an element of both systolic
and diastolic dysfunction. These markers of cardiovascular function have been
examined in both the preclinical and clinical phases of FGR.

Cardiac Output, Stroke Volume and Heart Rate

Various studies have shown a lower heart rate, stroke volume and cardiac output in
pregnancies complicated by FGR when compared to uncomplicated pregnancies
[22-24]. Interestingly, the lower stroke volume and cardiac output appear to
correlate with a smaller end-diastolic volume and left atrial diameter [25]. This
suggests that this relatively smaller rise in stroke volume and cardiac output is a
result of inadequate plasma volume expansion and thus a lower preload [25, 26].
Supporting this hypothesis are the findings of lower renin, angiotensin and
aldosterone (RAAS) levels in women with PE and FGR [27, 28]. These hormones
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play a key role in regulation of plasma volume and blood pressure. Furthermore,
studies have reported these disparities in cardiovascular adaptation as early as
5-8 weeks’ gestation, suggesting that such haemodynamic maladaptation precedes
the clinical manifestations of FGR [29, 30]. As a result, cardiovascular markers
have shown some promise as screening tools, particularly in the high-risk population
[30, 31]. However, further research into the predictive value of these cardiac indices
is required.

Mean Arterial Pressures and Total Vascular Resistance

Studies have consistently shown that maternal total vascular resistance (TVR) and
mean arterial pressures are higher in pregnancies complicated by FGR [1, 25, 32].
The rise in systolic and diastolic blood pressures, and TVR is not only independent
of concomitant hypertension or PE but also appears to precede the clinical phase
[18, 32]. This suggests at least some element of causality. In fact, TVR can be used
as a predictive marker for “placental syndromes of pregnancy” [18]. Vasapollo et al.
showed that, in high-risk pregnancies, TVR >1400 dynes at 24 weeks’ gestation has
a 89% sensitivity, 94% specificity, 77% positive predictive value (PPV) and 97%
negative predictive value (NPV) for predicting the likelihood of a pregnancy
complicated by a “placental syndrome”. In this particular study, TVR performed
better than the standard uterine artery Doppler indices currently used for predicting
pregnancy complications [18]. However, further research is required to confirm the
value of TVR as a screening tool in the general obstetric population.

Cardiac Morphology and Remodelling

The findings of abnormal cardiac remodelling in FGR pregnancies have been
reported some decades ago. Scandinavian studies from the 1960s have shown that
women with smaller heart volumes are at a higher risk of delivering small for
gestational age infants [33]. More recent echocardiographic studies have shown that
FGR pregnancies are characterized by smaller left atrial diameters, left ventricular
outflow tracts and left ventricular diastolic dimensions [25, 29, 34, 35]. Pregnancies
complicated by “placental syndromes” have also been associated with a depressed
left atrial function and altered concentric hypertrophy of the left ventricle, in contrast
to the eccentric hypertrophy that normally takes place [18]. The underlying causes
of this maladaptation may be attributed to a number of factors. Firstly, the smaller
left atrial diameters and diastolic volumes are suggestive of decreased preload [25].
This may be a result of inadequate compensation to the vasodilation and decreased
intravascular volume seen in early pregnancy [26]. Secondly, the concentric left
ventricular hypertrophy is likely a reflection of the pressure overload that is
characteristic of “placental syndromes” of pregnancy [36]. This is in contrast to the
volume increase seen in physiologically normal pregnancies accompanied by
eccentric left ventricular hypertrophy.
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Diastolic Dysfunction

There is significant disparity between studies with regard to diastolic dysfunction in
the “placental syndromes” of pregnancy. Some echocardiographic studies have
suggested an element of diastolic dysfunction in pregnancies complicated by FGR
and PE, demonstrating a decreased E/A ratio and longer isovolumetric relaxation
time [22, 34, 35]. This suggests mild diastolic dysfunction and impaired relaxation
of the left ventricle [22, 34, 35]. However, this has been contradicted in other studies
[25] where no difference has been identified in diastolic function between FGR and
normal pregnancy population groups. Further research with larger sample cohorts is
required to clarify these findings.

Vascular Dysfunction

The association between vascular dysfunction and “placental syndromes” of
pregnancy has received somewhat less attention than the heart. The few studies
within this area have mainly focused on PE rather than FGR and have shown a
positive correlation between PE and arterial stiffness (increased central BP, PWV
and Alx) [37, 38]. Such vascular remodelling is evident in the carotid artery,
which has proven to be a well-established marker for cardiovascular morbidity
and mortality [38]. These changes in arterial function appear to precede the clini-
cal phase of the disease. When used in the first trimester, in addition to maternal
history in the screening for PE, these indices improve the detection rate signifi-
cantly from 33% to 43% at a 5% FPR [37]. However, the overall low detection
rate renders the changes in arterial function a poor predictive tool. There is a
paucity of research examining vascular remodelling in FGR with these studies
showing conflicting results [39, 40].

The relationship between “placental syndromes” and vascular dysfunction has
also been examined through assessment of cerebral vasculature. The ophthalmic
and middle cerebral artery Doppler studies are thought to reflect hyperperfusion of
the central nervous system (CNS) as a result of endothelial dysfunction. Supporting
the CNS hyperperfusion hypothesis are various studies, which have shown that
FGR and PE patients exhibit lower ophthalmic artery resistance, that is, an increase
in vascular flow [41-43]. While these findings again predate the clinical phase of
the disease, the predictive value of the ophthalmic artery Doppler requires further
evaluation [42, 44, 45].

Issues with the Cardiac Hypothesis
Inconsistent Study Results

The discrepancy between studies examining maternal cardiovascular changes in
FGR pregnancies can be attributed to two main reasons:
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1. Definition of the population group: studies that include small for gestational age
fetuses and neonates as a marker of FGR tend to show less dramatic differences
between cases and controls. However, when FGR is defined by fetal weight,
abdominal circumference and abnormal umbilical artery Doppler indices, there
are more drastic differences between population groups. The latter method is
more representative of the pathological process of FGR, while fetuses that are
constitutionally small confound the former.

2. Sample size: the majority of studies in this research area have a small sample
size and are likely underpowered to detect a difference between population
groups. Larger prospective studies and meta-analyses are required in order to
better identify the trends in cardiovascular function in FGR and PE.

The Uncertainties Around Cause Versus Effect,
and Early Versus Late FGR

It is unclear whether cardiovascular maladaptation causes or is the result of utero-
placental dysfunction. Pregnancy is a physiological stress test. Cardiovascular mal-
adaptation may therefore be a reflection of failing this stress test, and the resultant
impaired fetal perfusion and fetal growth restriction are just symptoms of underly-
ing cardiovascular dysfunction. Alternatively, it is also plausible that cardiovascular
maladaptation is itself a symptom of a poorly functioning uteroplacental unit and
abnormal placentation. Lastly, it may be the failure of both processes that manifests
in “placental syndromes”. Defective placentation results in a high-resistance pla-
cental bed, which causes changes in the maternal cardiovascular system. However,
not everyone with abnormal placentation develops PE or FGR. One way to explain
this contradiction would be to surmise that the clinical syndrome develops only in
those unable to undergo the necessary cardiovascular adaptations in response to
defective placentation. All three of these hypotheses currently remain conjecture,
and hopefully longitudinal studies including the pre-pregnancy period will clarify
this issue.

It has also been proposed that early- and late-onset FGR represent separate path-
ological processes, and perhaps cardiovascular maladaptation may explain the dif-
fering pathologies [46]. There is a strong consensus that early-onset FGR is a result
of true placental insufficiency. Supporting this, the current screening methods of
low PAPP-A and raised uterine artery Dopplers can reliably predict early-onset dis-
ease. However, 70—-80% of cases of FGR are defined as late onset, and within this
population group, these placental markers are of modest value [47]. It has thus been
proposed that such late-onset disease is not a result of true placental insufficiency
but rather the inability of the maternal cardiovascular system to meet the increasing
demands of pregnancy [46]. There is certainly evidence that placental histology is
different between early- and late-onset FGR, with the former reflecting abnormal
placentation and ischaemia and the latter reflecting more heterogeneous changes
[48]. Supporting these findings is also evidence of lower cardiac output and higher
TVR in pregnancies complicated by late-onset FGR [24].
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The single largest risk factor for stillbirth is undiagnosed fetal growth restriction
[49]. Perhaps, through a better understanding of the role of maternal haemodynamics
in the pathogenesis of early- and late-onset FGR, we will be able to better predict
and monitor the population groups at risk of what is essentially a preventable
adverse outcome.

Long-Term Cardiovascular Implications of Fetal Growth
Restriction to the Mother

Placental syndromes of pregnancy are associated with long-term maternal cardio-
vascular sequelae. Studies have shown that mothers with FGR infants have a two-
fold increased risk of cardiovascular disease and cardiovascular disease-related
deaths [50, 51]. These findings have also been replicated in the pre-eclamptic
population [52, 53]. Mothers of FGR infants have also been shown to have higher
rates of glucose impairment, abnormal lipids, persistent endothelial dysfunction and
evidence of subclinical atherosclerosis [54, 55]. It is unclear whether this vascular
impairment is a result of PE and FGR causing a permanent vascular insult, or a
reflection of underlying cardiovascular dysfunction in this population group in the
first place. Nonetheless, it does appear that these women could benefit from closer
long-term follow-up and risk modifications for prevention of cardiovascular
disease.

Key Points

e Adequate cardiovascular adaptation is essential to meeting the metabolic
demands of the mother, fetus and uteroplacental unit. Cardiovascular
changes in pregnancy include a drop in total vascular resistance; a rise in
stroke volume, heart rate and cardiac output; a significant expansion of
blood volume; and temporary eccentric remodelling of the heart.

* Evidence suggests that pregnancies complicated by FGR are associated
with cardiovascular maladaptation. Mothers of FGR fetuses have been
shown to have a higher systemic vascular resistance and a lower stroke
volume and cardiac output in comparison to normal pregnancies.

e Itis unclear whether such maladaptation is the cause or the result of abnor-
mal placentation or whether it is a combination of both pathological pro-
cesses that results in the clinical phenotype of FGR.

* The cardiovascular maladaptation associated with FGR appears to predate
the clinical phase of the disease, and as such, cardiovascular indices may
have a role in predicting early- and late-onset FGR. Further research is
required to explore and validate the use of these markers in predictive
models.
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