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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
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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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